
,pte5v- ^ 

if -^ - -

Jft-

GMtion 
Doe. onrae. H 
W TRM t " " 
D»ttlnatlon z_ jJN-PyP 

> 

s*V 
3 y-** 

r 

4 

i "**K* , * * *« * 

» « * ' j - •> ( » « 

* ^ < * ' ^ v 1 4-«*< 

'-'%*&. ^ ' * ' • ''" « > ' 
! J,i. . r « , 7 « 

, '^Jl-S ^ * f. 
^X - -> / -< , 
<- ***r.« , * j „W*«1. „ ' « 

/fc^t ^ - . . " 

EPORT 

S8#,*^ 

SKi 



THE 
INTERNATIONAL 

INTRAVAL 
PROJECT 

TO STUDY VALIDATION OF GEOSPHERE 
TRANSPORT MODELS FOR PERFORMANCE ASSESSMENT 

OF NUCLEAR WASTE DISPOSAL 

PHASE 1, Summary Report 

December, 1993 

The Coordinating Group of the INTRAVAL Project 
Swedish Nuclear Power Inspectorate (SKI) 

NUCLEAR ENERGY AGENCY 

ORGANISATION FOR ECONOMIC CO-OPERATION AND DEVELOPMENT 

NEA SKI 



ORGANISATION FOR ECONOMIC CO-OPERATION 
AND DEVELOPMENT 

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which 
came into force on 30th September 1961, the Organisation for Economic Co-operation and 
Development (OECD) shall promote policies designed: 

— to achieve the highest sustainable economic growth and employment and a rising 
standard of living in Member countries, while maintaining financial stability, and thus to 
contribute to the development of the world economy; 

— to contribute to sound economic expansion in Member as well as non-member countries 
in the process of economic development; and 

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis 
in accordance with international obligations. 

The original Member countries of the OECD are Austria, Belgium.Canada, Denmark, France, 
Germany, Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, 
Sweden, Switzerland, Turkey, the United Kingdom and the United States. The following countries 
became Members subsequently through accession at the dates indicated hereafter: Japan (28th April 
1964), Finland (28th January 1969), Australia (7th June 1971) and New Zealand (29th May 1973). 
The Commission of the European Communities takes part in the work of the OECD (Article 13 of 
the OECD Convention). 

NUCLEAR ENERGY AGENCY 

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name 
of the OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, 
when Japan became its first non-European full Member. NEA membership today consists of all European 
Member countries of OECD as well as Australia, Canada, Japan, Republic of Korea and the 
United States. The Commission of the European Communities lakes part in the work of the Agency. 

The primary objective of NEA is to promote co-operation among the governments of its 
participating countries in furthering the development of nuclear power as a safe, environmentally 
acceptable and economic energy source. 

This is achieved by: 
— encouraging harmonization of national regulatory policies and practices, with particular 

reference to the safety of nuclear installations, protection of man against ionising radiation 
and preservation of the environment, radioactive waste management, and nuclear third party 
liability and insurance; 

— assessing the contribution of nuclear power to the overall energy supply by keeping under 
review the technical and economic aspects of nuclear power growth and forecasting demand 
and supply for the different phases of the nuclear fuel cycle; 

— developing exchanges of scientific and technical information particularly through 
participation in common services; 

— setting up international research and development programmes and joint undertakings. 
In these and related tasks, NEA work' in close collaboration with the International Atomic Energy 

Agency in Vienna, with which it has concluded a Co-operation Agreement, as well as with other 
international organisations in the nuclear field. 

©OECD 1994 
Applications for permission to reproduce or translate all or part of this 

publication should be made to: 
Head of Publications Service, OECD 

2, rue Andre-Pascal, 75775 PARIS CEDEX 16, France 



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, institutional and regulatory 
aspects as well as research and development activities 
related to the selection and characterisation of potential 
sites for high-level waste disposal. Among these 
activities, safety issues are a common concern, and, 
therefore enjoy a high priority in international co
operative programmes. 

INTRAV AL is an international study that addresses 
the validation of models of the transport of radioactive 
substances through groundwater in the geosphere. The 
project was started in 1987 on the initiative of the 
Swedish Nuclear Power Inspectorate and with the 
general support of the OECD Nuclear Energy Agency. 
The study has two phases, of which the first is now 
being reported. 

Twenty-two organisations from twelve countries 

have participated in INTRAVAL Phase 1. Details of 
the organisations are given in Appendix 1 to this 
report 

During the course of the INTRA VAL projects, 
many reports have been published, including progress 
reports, reports on test cases for the project, and 
reports on studies and results of the test cases. A list 
of published reports is given in the References 
(page 132). This report presents a summary of the 
reports, together with some general remarks on the 
achievements of the project The reader interested in 
greater detail on specific aspects of the study should 
consult the final reports for the various test cases. 

This Summary Report was prepared by the project 
secretariat with the aid of many participants in the 
study. The report is being published after approval by 
the coordinating group for the project Neither the 
coordinating group nor the project secretariat takes any 
legal responsibility for results presented in 'his report 
or for their future use. 
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Abstract 

INTRAVAL is an international project that addresses 
the validation of models of transport of radionuclides 
through groundwater in the geosphere. Such models 
are used in the assessment of the long-term safety of 
nuclear waste disposal systems. 

INTRAVAL is the third in a series of international 
projects concerned with related issues. The INTRA-
COIN project (1981-1986) addressed verification of 
geosphcre transport models, that is checking the accu
racy of computer programs; and the HYDROCOIN 
project (1984-1990) addressed verification, validation, 
and sensitivity and uncertainty analysis for groundwa
ter flow models. The INTRAVAL study has built upon 
the experiences gained in these previous projects. 

Twenty-two organisations from twelve coun
tries took part in this first phase of INTRAVAL, 
including both organisations responsible for the dis
posal of radioactive waste and regulatory agencies. 
The Swedish Nuclear Power Inspectorate (SKI) was 
responsible for initiating the study and acts as man
aging participant. Each organisation ha: set up one 
or more project teams responsible for work within 
the project. Kemakta Consultants Co. has acted as 
principal investigator and provides the secretariat in 
collaboration with OECD/Nuclear Energy Agency 
and Her Majesty's Inspectorate of Pollution, U.K. 

This first phase of the INTRAVAL study started in 
1987 and lasted for three years. The second phase of 
INTRAVAL started in 1990, and the study will con
clude at the end of 1993. Final reports of the study will 
be published in 1994. 

The purpose of INTRAVAL is to increase under
standing of mathematical models that describe various 
geophysical, hydrogeological and geochemical proc
esses of importance in the safety assessment of nuclear 
waste repositories. This has been addressed systemati
cally using information from laboratory and field ex
periments and from natural analogue studies. Together 
these provide information on a wide range of processes 
on various length and time-scales. INTRAVAL has also 
sought to study the validation process itself. 

Work on Phase I was structured around seventeen 
test cases, of which thirteen were extensively analysed. 
The test cases were based on experimental studies 
performed within a number of national and interna
tional programmes. The test cases addressed different 
rock types relevant to waste disposal, such as clays, 
fractured crystalline rocks, soils and fractured tuff, and 
involved a wide range of physical processes, including 
saline flow and unsaturated flows. Pilot groups were 
responsible for compilation of data and the formulation 

of the test cases. Close interaction between modellers 
and experimentalists has been an important part of the 
project. 

At the end of Phase 1 the results from the studies 
of the various test cases were presented in a series of 
reports. A summary of the descriptions of the test cases 
was also prepared. The present report summarises the 
results for the test cases and presents some additional 
remarks. All reports are being published by SKI-
OECD/NEA. 

Various types of transport models were used, in
cluding continuum porous medium models, channel 
and channel-network models and fracture-network 
models. The models were all variants of what may be 
described as the standard model that includes the ef
fects of advection, hydrodynamic dispersion, diffu
sion, sorption, radioactive decay and matrix diffusion. 

Each test case has been analysed using several 
models. Often more than one model was considered to 
give acceptable descriptions of the available data. 

Different models might give very different predic
tions when extrapolated to the length and time-scales 
that must be considered in a repository performance 
assessment. This extrapolation provides information 
on the uncertainty in the application of the models in a 
performance assessment. 

Various techniques for calibrating models have 
been used within INTRAVAL. There has been a ten
dency to use automatic calibration methods, although 
experience from some test cases shows that such me-
tods must be used witfidue care as they may otherwise 
lead to unphysical parameter values. 

For some of the test cases predictions of the models 
could be made using a data set which was independent 
of the data used to calibrate the models. Matches of 
such predictions with the data leads to increased con
fidence in the adequacy of the model. However, al
though the test cases were the best available, there were 
often insufficient data to tesi predictions. In this case 
all that can be done to assess the adequacy of the model 
is to examine the quality of the fit to the data, assess 
the physical reasonableness of the data, and perhaps to 
calibrate the model using part of the data and test 
predictions using the rest of the data. All these ap
proaches were used by the project teams. 

One basic difficulty in validating models for use 
in repository performance assessments is that predic
tions have to be made for the far future. It is not 
possible to test such predictions directly. Instead con
fidence must be built in the adequacy of the extrapola
tion of the models. Information from natural analogue 
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studies provides some help here, but there are consid
erable uncertainties associated with natural analogues. 

The uncertainties in extrapolating models to re
pository conditions were considered within the IN
TRAVAL project. Another important and related issue 
is that of extrapolating tc repository length scales. 

taking account of the heterogeneity in rocks. Stochastic 
models for the treatment of heterogeneity were consid
ered within INTRAVAL. 

Work within Phase 1 of INTRAVAL has laid the 
foundation for the second phase of INTRAVAL. Evalu
ation of some of the test cases continues into Phase 2. 
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INTRAVAL PHASE 1 
Executive Summary 

1. Introduction 

During recent years, organisations and regulatory bod
ies responsible for nuclear waste disposal have become 
increasingly aware of the need for a comprehensive 
and systematic effort on validation of models for nu
clide transport in the geosphere that might be used in 
the assessment of the safety of radioactive waste re
positories. There appears to be a general consensus 
among those concerned that such an undertaking 
should include evaluation of the validity of different 
conceptual models for transport processes and hydro-
geologic structures, making use of information from 
laboratory and field experiments as well as from natu
ral analogues. A good, well-established interaction 
between model developers and experimentalists is 
judged to be of great importance for making progress 
in the validation process. 

In 1981 the Swedish Nuclear Power Inspectorate 
(SKI) initiated the first of a series of international 
cooperation projects devoted to validation of computer 
models for radionuclide and groundwater transport in the 
geosphere. This first project, INTRACOIN, was later on 
followed by a second project, HYDROCOIN. The two 
studies were performed at three levels dedicated to code 
verification, model validation and uncertainty analysis. 
Extensive verification efforts were made within the stud
ies and the potential impacts of different uncertainties on 
the calculation results were clarified. 

The INTRACOIN study being finished and the 
HYDROCOIN study under way, it became apparent to 
the participants that further efforts were required in 
order to more fully address the process of validation of 
computer models for hydrology and nuclide transport. 
Meeting the wish of the participants, SKI in 1984 
introduced the proposition of an international coopera
tion project with the emphasis on geosphere transport 
model validation. In the beginning of 1986 an ad-hoc 
group was organised to elaborate on this idea. The 
work of the ad-hoc group resulted in a status report on 

geosphere model validation [SKI, 1987] and a pro
posal by SKI for the INTRAVAL project [SKI, 1987]. 

In the status report the ad-hoc group commented 
that the term mode! validation usually refers to testing 
how accurately the models describe observed natural 
processes and hydrogeological structures. In the con
text of waste management, several organisations have 
formulated definitions of the term validation. These 
definitions generally indicate that the validated models 
should give a good representation of the real system 
and that the validation process should be performed by 
comparing modelling results with experimental results 
or other empirical observations. 

Model validation involves the testing of different 
aspects of the conceptual models and could, for in
stance, give answers to questions such as: 

- D o e s the model include and describe all relevant 
processes? 

— Is the geometrical structure of the system well de
scribed by the model? 

- A r e the underlying assumptions valid for the 
physico-chemical environment? 

— Can appropriate experiments be well enough simu
lated using the model? 

— Does the model take the spatial and temporal scale 
of the experiments into account? 

The ad-hoc group suggested that the models 
should be tested using information from experiments 
on different scales in space and tims using a combina
tion of laboratory experim?nts, field experiments and 
natural analogue studies. 

The objective of INTRAVAL, as proposed by SKI, 
wa.; to address validation of different models aimed at 
describing the transport of radioactive substances in 
the geosphere. In formulating this objective, it was 
recognised that complete validation of performance 
assessment models can never be fully achieved, The 
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concept of model validation should rather be inter
preted as an iterative process with the attempt to arrive 
at a reasonable assurance that the models would give a 
sufficiently good representation of important proc
esses and geometrical factors. 

The validation process is a task which calls for a 
long-term strategy. The strategies employed vary be
tween different countries due to several reasons, such 
as differences in time schedules and stipulated per
formance criteria for final repositories. A general ob
jective for a strategy would be to find a common basis 
among the organisations concerned to make it possible 
to reach consensus on the range of applicability of 
different modelling approaches and also on important 
assumptions for the modelling. 

The goal of the INTR AVAL project was to provide 
:i framework for international cooperation that could 
meet some major demands in the development of 
strategies for the validation of performance assessment 
models. 

In modelling the transport of groundwater and 
radionuclides in geologic media, it is useful to differ
entiate between physico-chemical processes and geo
metrical factors. The division between the two types of 
factors depends on the scale and also on the objective 
of the modelling. For a successful modelling study, 
proper identification and description of the relevant 
processes and proper geometry characterisation are 
needed. Failure to match modelling results with experi
mental data could be due to errors in process identifi
cation, geometry characterisation, or both. 

Based on experiences from experiments and pre
vious modelling exercises, factors identified as impor
tant in geosphtre transport are listed in Tables 1.1 and 
1.2. SKI pointed out that the processes and geometrical 
factors in the lists are merely examples to be consid
ered in the validation of geospherc transport models. 

Table I.I. List of physico-chemical processes affect-
ing transport in the geosphere. 

Retardation (Kd, Ka) 

Matrix diffusion (pore diffusion, surface diffusion) 

Particle transport 

Complexing with organics 

Redox reactions 

Precipitation and dissolution reactions 

Coprecipitation 

Mineralisation 

Dispersion, channelling 

Table 1.2. List of geometric factors affecting trans
port in the geosphere. 

Porous medium 

Fracture properties (apertures, conductivities, 
fracture filling) 

Fracture-network 

Channel structure and geometry (mixing frequencies, 
variability of apertures etc.) 

Scaling properties 

Variability, randomness and representativity of 
geometric factors 

Other problems of importance in the validation 
procedure can also be identified, such as: 

— gas generation and gas transport effects 
— the role of organics and microbes in radionuclide 

geosphere transport 
— dilution factors. 

The INTRAVAL project was formally started at a 
meeting in Stockholm in October 1987. According to 
the project agreement, "the purpose of INTRAVAL is 
to increase the understanding how various processes 
and geohydrological structures of importance for the 
transport of radionuclides from a repository to the 
biosphere can be properly described by mathematical 
models and how models developed for this purpose can 
adequately simulate nuclide transport during short as 
well as very long time periods". The study should 
comprise: 

— "testing the validity of different geosphere perform
ance assessment models using data from laboratory 
experiments, field experiments, and natural ana
logues" 

— "effecting interaction between model developers and 
experimentalists in order to enhance the validation 
process'. 

The original time schedule for INTRAVAL com
prised three years. In the agreement the possibility of 
extending the project to a second phase for an addi
tional three-year period was also envisaged. The deci
sion to proceed with this second phase was taken by 
the coordinating group at a meeting in Cologne in 
1990. The present Summary Report covers the first 
phase of INTRAVAL (1987 to 1990). 
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2. Organisation 

The organisation of the INTRAVAL study is regulated 
by an agreement signed by al! participating organisa
tions (parties). The study is directed by a coordinating 
group with one member from each party. The Swedish 
Nuclear Power Inspectorate acts as managing partici
pant. The managing participant set up a project secre
tariat in cooperation with Her Majesty's Inspectorate 
of Pollution (HMIP/DoE), U.K., and the Organisation 
for Economic Cooperation and Deve'opment/Nuclear 
Energy Agency (OECD/NEA). Kemakta Consultants 
Co. was contracted by SKI to function as principal 
investigator within the project secretariat. 

The structure of trie INTRAVAL organisation is 
given in Figure 2.1. A list of the different participants 
is found in Appendix 1. 

The parties have organised project teams for the 
actual project work. Each party has covered the costs 
for its participation in the study and has been respon
sible for the funding of its own project team or teams, 
including computer costs, travelling expenses, etc. 

Due to the inherent complexity of the validation 
process and the technical structure of INTRAVAL, 
special efforts were taken to integrate and focus the 
project. To this end, a validation overview and integra
tion committee (VOIC) was set up by the coordinating 
group for the development of a strategy for the system
atic application of experiences and knowledge gained 
from the various test cases of INTRAVAL. 

Coordinating 
Group 

Project 
Secretariat VOIC 

Party 

Project 
Team 

Project 
Team 

Party 

| 

r 
Project 
Team 

| 
Project 
Team 

~Z2. 

r . . . . -L .__^ r . . . . . . . . . ^ 

.j i. 

Figure 2.1. INTRA VAL organisational chart. 
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3. Technical Realisation and Reporting of Results 

3.1 General 

Test cases were set up as validation exercises for mod
elling and calculations. Each party organised one or 
several project teams for the different test cases which 
they wanted to attempt. 

Pilot groups were created for the different test 
cases to define the cases before the beginning of the 
calculation phase. The pilot groups were also assigned 
the task of facilitating communication between experi
mentalists and modellers. 

Workshops have usually been held at eight or nine 
month intervals. They were scheduled for five days; 
the end of the fifth day was ordinarily reserved for a 
coordinating group meeting. The presentations of the 
project teams at the workshops often resulted in inter
esting discussions that gave important feedback. Dur
ing the course of the project, Progress Reports were 
issued, giving the status of the project. Lists of presen
tations related to the test cases that were made at the 
workshops are included in the reports. 

Members of the VOIC committee participated in 
the workshops and had also separate meetings to con
sider how results obtained by the project teams could 
be interpreted as part of the general validation proce
dure and what conclusions of relevance for future work 
within the INTRAVAL projects could be drawn. 

Table 3.1 shows times and locations for the work
shops and coordinating group meetings of INTRAVAL 
Phase I. 

Table 3.1. Workshops and coordinating group meet
ings. 

Meeting 

CG 

WS + CG 

WS + CG 

WS + CG 

WS + CG 

WS + CG 

Location 

Stockholm 

Barcelona 

Tucson 

Helsinki 

Las Vegas 

Cologne 

CG = Coordinating group meeting 
WS = Workshop 

Time 

October 1987 

April 1988 

November 1988 

June 1989 

February 1990 

October 1990 

To facilitate the work of the secretariat and to 
involve the project 'earns in the reporting stage of the 
first phase of INTRAVAL, a report summarising the 
test cases and the analyses carried out were prepared. 
In some instances, several test cases were presented in 
one report. Six working groups were created for the 

final reporting and an editor was appointed for each 
test case. 

In addition, a test case report was prepared that 
gives a description of all the test cases and the experi
ments behind them. 

The secretariat was given the responsibility for 
drafting the present Summary Report, that summarises 
the study and its results. This report also includes 
conclusions and general comments on INTRAVAL 
Phase 1. 

3.2 Selection of Test Cases 

The selection of the experiments that were included as 
test cases in the INTRAVAL project was based on the 
following criteria: 

- The piienomena involved in the experiment should 
be relevant to the process of the transport of radio
nuclides in the geosphere surrounding a repository. 

- The experiments should be well documented to en
sure that the modelling teams would be well ac
quainted with the experiment to make it possible to 
achieve as comprehensive a data base as possible. 

- It should be possible to acquire additional informa
tion 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 indepen
dently determined data as possible to avoid the mod
elling ending simply as a parameter fitting exercise. 

It was also considered beneficial if additional experi-
mems could be undertaken to secure supplementary in
formation needed by the modellers. In such cases infor
mation interchange between modellers and the people 
designing experiments would be most useful. 

At the early stages of the selection phase of test 
cases it became clear that it was difficult to find cases that 
corresponded to all the indicated criteria. Finally, seven
teen cases were defined. As two of the cases were not 
attempted by the project teams and as it was later on 
decided to treat two of the cases in INTRAVAL Phase 2, 
thirteen cases remained to be studied by the working 
groups. 

Test case descriptions of the experiments were 
prepared by appointed pilot groups. The descriptions 
were distributed to the project teams and formed the 
basis for the modelling work. The modelling results 
from the project teams were compiled by the project 
secretariat and discussed at workshops. 

A list of the test cases is given in Table 3.2. 
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Table 3.2. List of test cases. 

Test Case 1 a 

Test Case lb 

Test Case 2 

Test Case 3 

Test Case 4 

Test Case 5 

Test Case 6 

Test Case 7a 

Test Case 7b 

Test Case 8 

Test Case 9 

Test Case 10 

Test Case 11 

Test Case 12 

Test Case 13 

Test Cases 14a and 14b 

Radionuclide migration through clay samples by diffusion and 
advection, based on laboratory experiments performed at Harwell 
Laboratory, United Kingdom 

Uranium migration in crystalline bore cores, based on experiments 
performed at PSI, Switzerland 

Radionuclide migration in single natural fissures in granite based on 
laboratory experiments performed at KTH, Sweden 

Deleted 

Flow and tracer experiments in crystalline rock, based on the Stripa 3-D 
experiment performed within the International Stripa Project, Sweden 

Tracer experiments in a fracture zone at the Finnsjon research area, 
Sweden 

Synthetic data base based on single-fracture migration experiments 
in the Grimsel Rock Laboratory, Switzerland 

Redox-front and radionuclide movement in an open pit uranium 
mine; natural analogue studies at Pocos de Caldas, Brazil 

Deleted 

Natural analogue studies at the Koongarra site in the Alligator 
Rivers area of the Northern Territory, Australia 

Radionuclide migration in a block of crystalline rock performed at 
AECL, Canada 

Evaluation of unsaturated flow and transport in porous media using 
an experiment with migration of a wetting front in a superficial 
desert soil performed within the U.S. NRC Trench Study at Las 
Cruces, New Mexico, United States 

Evaluation of flow and transport in unsaturated fractured rock using 
studies at the U.S. NRC Apache Leap tuff site, Arizona. United 
States 

Experiments with changing near-field hydrologic conditions in 
partially saturated tuffaceous rocks in the G-Tunnel Underground 
Facility at the Nevada Test Site, performed by the Nevada Nuclear 
Waste Storage Investigation Project of the U.S. DOE, United States 

Experimental study of brine transport in porous media performed at 
RIVM, the Netherlands 

Carried over to INTRAVAL Phase 2 
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4. Test Cases, Description and Results 

4.1 Test Case la. Mass Transfer through 
Clay by Diffusion and Advection 

4.1.1 Introduction 

This test case was based on a set of laboratory experi
ments performed at Harwell Laboratory in the U.K. 
The experiments addressed a number of processes and 
geometrical structures relevant for radionuclide trans
port in clay-rich sedimentary formations, such as dif
fusion, dispersion, ion-exclusion, preferential path
ways for transport, and effects of stress changes on 
hydraulic conductivity and diffusivity. 

The Harwell transient and steady-state experi
ments were performed to determine the diffusivity, 
permeability, dispersivity and porosity of London clay. 
The length scales of the experiments were up to a few 
centimetres, and the duration was up to a few months. 

The primary set of experiments included in-diffu-
sion experiments, through-diffusion experiments, and 
permeation experiments, of which the latter two were 
performed both parallel and perpendicular to the plane 
of bedding. The tracers used were deuterated water, 
tritiated water and sodium iodide. 
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Figure 4.1.1. Perspex diffusion cell used in the in-dif-
fusion experiments and in the through-diffusion experi
ments for measuring the vertical diffusivity. 

4.1.2 Experimental Design 

In-diffusion Experiments 

Six or seven replicate cylindrical samples of clay with 
the axis perpendicular to the plane of bedding were 
confined in the central port of Perspex diffusion cells 
(Figure 4.1.1). At the start of the experiment, both the 
measurement cell and the reservoir for each diffusion 
cell were filled with simulated clay water containing 
10"3 M Nal and deuterated water. Diffusion took place 
axially into each end of the clay sample. Reservoir and 
measurement cell concentrations were maintained at a 
constant value throughout the experiment. 

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 ac
cessed by the tracer was calculated. 

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. After the sample had been 
stressed until the clay sealed into the holder, the reser
voir 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. Samples were withdrawn from the 
measurement cell at regular intervals, and the tracer 
concentrations determined. 

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 disag
gregated 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 dif
fusivity, a cylindrical sample with the axis of the cyl
inder lying in the plane of the bedding was sealed into 
a large diffusion cell. The sample was confined be
tween stainless steel sintered discs having a diffusivity 
of 1.2'10"'0m2-s"' and a porosity of 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 

14 



Nal) and the other face was contacted with the same 
water, but without any tracer. The increase in concen
tration of tracer in the measurement cell as a function of 
time was monitored by sampling in the measurement cell. 

Hydrodynamic Dispersion Experiments 

A high pressure stainless steel cell was used to deter
mine the vertical component of the hydrodynamic dis
persion. A sample was sealed between stainless steel 
sinters in the cylinder of the cell. The permeability of 
the sinters was approximately six orders of magnitude 
higher than that of the clay. Simulated clay groundwa
ter containing the tracers was circulated against the 
face of one sinter at a pressure of approximately 10 
MPa, which caused additional consolidation of the 
clay. The solution in the measurement cell, initially 
free from tracers, was circulated against the low pres
sure face of the clay sample. Water samples were 
withdrawn from the measurement cell and replaced by 
equal volumes of groundwater without tracer. 

To measure the horizontal component of the hydrody
namic dispersivity, a clay sample was confined in a large 
diffusion cell. Pipe-inflow/pipe-outflow conditions were 
used. The eluate was collected directly and the concentra
tions of tracer in the eluates were determined. 

Two types of hydraulic conductivity experiments 
were performed: fixed head experiments and uniaxial 
consolidation experiments. The porosity of the clay 
was determined by an oven drying technique. 

4.1.3 Available Data 

Results were also available from eight through-
diffusion experiments with transport perpendicular to 
the bedding. Deuterated and tritiated water were used 
as tracers in four of the experiments, deuterated water 
and sodium iodide were used as tracers in three of the 
experiments, and deuterated water only was used as 
tracer in one of the experiments. 

Additional results were obtained from five experi
ments, in which high purity water was used instead of 
simulated clay groundwater. 

Primary data given for the through-diffusion ex
periments were: 

— sample length and diameter 
— tracer concentration in the reservoir during the ex

periment 
— 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. 

Results from four dispersion experiments under 
aerobic conditions with transport perpendicular to the 
plane of bedding were available. In two of the experi
ments tritiated water and sodium iodide were used as 
tracers, in one deuterated water and sodium iodide 
were used, and in one only sodium iodide was used. 

Results were also available from two experiments 
with transport parallel to the bedding, one with tritiated 
water and sodium iodide as tracers and the other with 
only tritiated water as a tracer. These experiments were 
performed under aerobic conditions using ultra high 

Results from three sets of in-diffu-
sion experiments were given to the 
project teams. The tracers used 
were deuterated water and sodium 
iodide. Primary data available for 
each sample in the set were: 

- sample length and diameter 
- contact time with tracer solution 
- tracer concentration in the reser

voir during the experiment 
- volume of solution into which 

the sample was placed for out-
diffusion 

-concentration of solute out-dif
fused into a known volume of 
solution. 

From the primary data the po
rosity of each sample accessed by 
the tracer during the in-diffusion 
experiment was calculated. The 
accessible porosity as a function 
of contact time for one set of sam
ples is shown in Figure 4.1.2. 
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Figure 4.1,2. Results from in-diffusion experiments. 
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purity water and with "pipe-inflow/pipe-outflow" 
boundary conditions. 

Primary data from the dispersion experiments 
given to the project teams were: 

- sample length and diameter 
- tracer concentration in the reservoir during the ex

periment 
- 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 bound
ary 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 

those cases in which an ion selective electrode was 
used. 

Data from two constant-head experiments and 
three uniaxial consolidation experiments were avail
able to the project teams. The results were given as 
hydraulic conductivity versus effective consolidation 
stress. Porosity versus effective consolidation stress 
was also determined from the uniaxial consolidation 
experiments. 

Additional information was: 

- mineralogical content of the London clay as deter
mined by X-ray diffraction 

- mean cumulative pore size distribution in London 
clay determined by mercury intrusion porosimetry 

- results from a single through-diffusion experiment 
under varying confining stresses reported as a reduc
tion in intrinsic (effective) diffusivity of 8.1 10'" to 
5.110"" m2-s"' over a stress range of 0.7 to 6.9 MPa. 

- supporting data on size and distribution of the poros
ity and on the accessibility of the pore space to 
deuterated water in a similar clay (Oxford clay). 

4.1.4 Validation Methodologies and Models 

Seven project teams attempted this test case. The SNL 
team developed a methodology for validation of mod
els that sought to address the issues of uncertainties in 
the data input and in the experimental results, and to 
examine separately validation for the structure of the 
model and the input to the model. The first step in their 
approach was to estimate the uncertainty in the calcu
lated results using the model. This was done by propa
gating the uncertainty in the model input to the output 
using a Monte-Carlo approach with Latin-Hypercube 
sampling. The uncertainty in the input parameters was 
assessed by expert judgment on the basis of parameter 
values in the literature and those reported by the ex
perimentalists. 

For examination of the model structure, the best-fit 
simulation from the Monte-Carlo analysis was deter
mined. The differences between the results of the ex
periments and the best-fit simulation were analysed. 
For the test case, the differences between the time taken 
to reach measured concentrations in the experiment 
and the time to reach the same concentration calculated 
using the model were evaluated. The structure was 
judged to be acceptable if the residuals did not exhibit 
any trend. Conversely, the model structure was judged 
to be unacceptable if the residuals exhibited a trend. To 
check for a trend, the vartogram for the residuals was 
examined. It was con„.dered that this would be pure 
nugget if there was no trend in the residuals. 

The RIVM project team implicitly used what 
might be described as the standard general approach to 
validation in the context of repository performance 
assessments. This approach involved: 

— review of models 
— review of the data 
— calibration of a model against part of the data 
— making predictions and comparing these with the 

rest of the data 
— analysis of discrepancies 
— comparison of alternative models 
— consideration of the implications for performance 

assessments. 

The Intera project team analysed the results of the 
hydrodynamic dispersion experiments, calibrating 
their model against the available data. They examined 
the benefit of combining a model for a retardation 
process based on dead-end pores with the standard 
advection-dispersion porous medium model. Their ap
proach was to analyse the compatibility of the break
through times with the subsequent pseudo-steady tracer 
flow rate. 

The UPC project team started from the conceptual 
models, which were considered to include the proc
esses and the model structure. Numerical models were 
set up and calibrated, using maximum likelihood pa
rameter-estimation. The estimation procedure took the 
experimental errors into account as well as prior infor
mation. The qualities of the fits for different models 
were compared using various quantitative criteria for 
comparing different models, followed by an error 
analysis. The team analysed the case using three mod
els, a single-porosity model, a dual-porosity model and 
a triple-porosity model. 

The PNC project team adopted a methodology 
involving estimation of the parameters of the model 
using least squares. Confidence intervals for the pa
rameters were determined and compared with inde
pendent data, Predictions of the calibrated model were 
tested against independent data and a statistical analy
sis of the models was undertaken to assess the reliabil
ity of the experimental data. 
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The AEA project team derived values for the model 
parameters from the experimental data. 

All teams applied the standard model for tracer 
transport that represents the effects of advection, dif
fusion, dispersion, linear equilibrium sorption and ra
dioactive decay. As decay could be neglected and the 
dispersion was zero, a one-dimensional variant of the 
equation was regarded as a good approximation of the 
general multi-dimensional form, except for the per
meation experiments. It was also possible to find ana
lytical solutions for cases relevant to the experiments, 
e.g., for the in-diffusion experiments. Such analytical 
solutions were used by the AEA, Intera, PNC and GSF 
teams in their analyses. Other teams used numerical 
methods for the purpose. 

Two different treatments were adopted by the pro
ject teams for the outlet boundary conditions for the 
through-diffusion experiments. Some teams used the 
approximation of neglecting the diffusion from the 
outlet reservoir back into the sample and took the outlet 
boundary condition for transport in the sample to be 
zero concentration. The concentration in the outlet 
reservoir would depend on the amount or tracer that 
had been removed and replaced by tracer-free water. 
However, neglecting the diffusion back into the sample 
is an approximation and some project teams (UPC, 
RIVM and SNL) adopted a more accurate treatment, in 
which the outlet boundary condition was assumed to be 
a specified concentration that was determined by solving 
the mass-balance equation for the outlet reservoir simul
taneously with the diffusion equation in the sample. 

Some teams (RIVM, UPC, SNL and Intera) also 
investigated variants of dual-porosity models. 

4.1.5 Results 

The experiments, on which this test case was based, 
gave considerable information on the diffusion prop
erties of clay. Several different types of experiment 
were used which potentially provided scope for com
paring parameters evaluated from one type of experi
ment with the same parameters evaluated from differ
ent experiments, or for testing predictions for one 
experiment based on parameters obtained from other 
experiments. 

Data for the in-diffusion experiments were ob
tained from several replicate samples. Although every 
care was taken to ensure that the samples were as 
identical as possible, it is conceivable that there were 
variations between the properties of the replicates. 
Some concern was expressed regarding this point dur
ing discussions in the INTR AVAL workshops, particu
larly by the SNL team. 

Some doubts were also expressed in the work
shops about the way in which the outlet concentrations 
were measured in the through-diffusion experiments. 
As pointed out by the UPC project team, for some of 
the samples the concentration in the output reservoir 

Figure 4.1.3. UPC Results: Model fit of HTO A14 
through-diffusion experiment using (1) corrected con
centrations (2), raw concentrations with a sink term in 
the sampling reservoir and (3) by multiplying corrected 
concentrations by a 0.4 reduction factor. The saw-teeth 
aspect of the fit to raw concentrations is caused by the 
sampling procedure. In a perfect fit, raw concentrations 
should fall on top of the peaks of each "tooth". 

reached levels high enough that significant diffusion 
back into the sample occurred (Figure 4.1.3). Unless 
this back-diffusion was taken into account by model
ling the measurement process, estimates of the parame
ters obtained by, for example, fitting calculated con
centrations based effectively on a zero concentration 
in the output reservoir, would be biased. 

Calibration 

To apply their model structure test the SNL project team 
obtained their calibrated mode! as the best fit from among 
the Monte-Carlo simulations that were used to examine 
the effects of uncertainty in the input data. 

The RIVM project team calibrated their first model 
(without matrix diffusion) using the equilibrium re
sults of the in-diffusion experiments. The root-mean-
square of the differences between experimental results 
and calculated values was used as the measure of the 
fit. The calibration led to the mean values for porosity 
from the in-diffusion experiments of 0.474 and 0.183 
for HDO and Nal respectively. The mean values of the 
diffusion coefficient obtained from the through-diffu-
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sion experiments were 7.74-10'' m2s"' and3.70T0~" 
m2 s*1 for HDO and Nal. However, the calibrated model 
did not give good predictions at small times for the Nal 
tracer for the in-diffusion experiments. 

The RTVM team then tried to select values for the 
parameters for each experiment separately, but found that 
it was necessary to apply different values of porosity and 
diffusion coefficients for each Nal experiment to obtain 
a reasonably good fit. The team also calibrated their 
model with matrix diffusion (dual porosity model). 

The RIVM team concluded that the single-poros
ity model was inadequate to explain all the data, 
whereas the dual-porosity model provided a much 
better and acceptable explanation of the data and, in 
particular, allowed all the experiments to be described 
with a unique set of parameters. 

The Intera team analysed the in-diffusion experi
ments to derive the rock capacity factor as a function 
of time (Figure 4.1.4). They also analysed the hydro-
dynamic dispersion experiments. The asymptote to the 
breakthrough curve was determined graphically. On 
the basis of the analytic expression, values of the 
transport velocity and the Peclet number were deter
mined from the slope of the asymptote and its intercept 
on the time axis. In several cases it was not possible to 
solve simultaneously for the transport velocity and the 
Peclet number because the slope of the asymptote was 
too large relative to the intercept. This was interpreted 
as being due to the available rock capacity decreasing 
with time, suggesting that diffusion into dead-end pores 
or some other transient mechanism was playing a role. 
Such processes would lead to the observed behaviour 
since they would have the effect of retarding the break
through, without affecting the long-term flux of tracer 
(which would correspond to a pseudo-steady-state). 

The UPC project team calibrated all their models 
against the data using maximum likelihood. They com
pared the single- and dual-porosity models using two 
quantitative criteria for comparing fits obtained with 
different models. In many cases the automated parame
ter-estimation procedure used led to values of the porosity 
with low confidence, which were unphysical, being greater 
than 1.0. In cases for which physical values of porosity 
were found, the porosity accessible to Nal was generally 
about half that accessible to HDO. It appeared from the 
permeation experiments that the porosity accessible to 
Nal in these experiments was greater than that in the other 
experiments. The UPC team concluded that the single-
porosity model gave a sufficient explanation of all the 
data. Figure 4.1.5 shows the fits for this model to one set 
of Nal experiments. 

The PNC project team estimated the porosity ac
cessible to the tracers from the out-diffusion experi
ments. The results for the HDO and Nal are summa
rised in Figure 4.1,6. 

The AEA project team obtained values of the in
trinsic diffusion coefficient and rock capacity factor 
by analysing the data for the through-diffusion experi-
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Figure 4.1.4. Accessible capacity as a function of time 
determined by Intera project team from the in-diffusion 
experiments. 

1 
! 

8. 

: 

t 

1 1 
JOINT INTERP 

O O D OM1 

PEIM No. 6.1 
MHITID MODIL 1 
U1UMD 

o 

/ 

y. 

/ 

TIM! (i) ('10*) 

• 

"' t 1 
JOINT INTEIP. TH 

o o o OHIAS 

~T* 

0 

X 

R. CTLL 1,1 
UrtO MODtL 1 
JIID JS* i 

0 1 1 J 1.1 1.1 

TIMl(i) CIO*) 

\ ° 0 

— ' — 1 — ' ^~ 
10INT INTEIP. IN 

o o o c-MHSUlET. 

0 

„ , 

5.1 
D MOML 1 

o 

F i —T> 
t 93 CI 01 II II II 

T1M[(|) ("lO*) 

Figure 4.1.5. UPC Results: Joint interpretation of 
thre- jdine experiments using model I. 
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Figure 4.1.6. PNC Results: Scatter diagrams of porosity (a) Nal, (b) HDO. 

ments and values for the sum of the pore water diffu
sion coefficient and the product of the longitudinal 
dispersion length and the transport velocity obtained 
from the hydrodynamic-dispersion experiments. The 
values of porosity for HDO were approximately twice 
those for Nal, which was interpreted as being due to anion 
exclusion. 

TheGSF project team made a preliminary analysis 
of the test case and tried to fit a simple mode) that 
included the effects of advection, diffusion and disper
sion to the data for the experiment using the SWIFT 
code to solve the equations for the model. They judged 
that the quality of the best fit was not good enough and 
concluded that matrix diffusion should be included in 
the model. 

Prediction 

The RIVM project team attempted to test the quality 
of their model based on the estimated parameters by 
comparing the predictions of the model with the ex
perimental data for the transient parts of the in- and 
through-diffusion experiments. It was found that for 
the model without matrix diffusion the match between 
the predictions of the model and the experimental data 
was not very good for the in-diffusion experiments, 
although the match for the through-diffusion experi
ments was quite acceptable (Figure 4,1.7). For the 
model with matrix diffusion the match between the 
predictions of the model and the experimental data 

from the in-diffusion experiments other than those 
with Nal was much better. 

The PNC project team tested their calibrated model 
using the data from in-diffusion and through-diffusion 
experiments which had not been used in the calibration. 
Figure 4.1.8 illustrates the comparison between the pre
dictions and the results of the in-diffusion experiments for 
Nal tracer. All of the experimental measurements fall 
inside the range predicted by the model, whereas the 
corresponding measurements for HDO at early tim js fall 
outside the predicted range. 

Parameter Assessment 

Several project teams encountered difficulties with 
simple automatic parameter-estimation procedures, 
which on occasion led to unphysical values of porosity, 
giving values greater than 1.0. Such unphysical values 
were frequently obtained in cases in which the confi
dence in the estimate of the porosity was low, implying 
that a wide range of values gave similar values of the 
measure used in the fitting process. 

Statistical Analysis 

The UPC project team analysed the errors in their best 
fit by examining the eigenvalues and eigenvectors of 
the covariance matrix, In some cases very large eigen
values were found, indicating that the calioration was 
very insensitive to the related parameter combination 
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Figure 4.1.7. Comparison of results obtained by RIVM for 
simulation of in-diffusion experiments (upper) and through-
diffusion experiments (lower) with analytically derived pa
rameters (Nal). 

determined by the eigenvector. If this 
corresponded to a single parameter then 
the parameter could not be determined 
reliably, h the eigenvector correspoi ded 
to a non-trivial combination of parame
ters, then only the independent combina
tions of these parameters could be deter
mined reliably. The first condition oc
curred for the molecular diffusion pa
rameter of the dual-porosity model, 
which could not be estimated reliably. 
The second condition occurred for the 
porosities of the triple-porosity model, 
for which it was only possible to esti
mate the total porosity. The partition 
between mobile and immobile water 
could not be evaluated. 

As can be seen from Figure 4.1.6 the 
porosities determined by the PNC pro
ject team seem to fall into two groups, 
with out-diffusion porosities determined 
from in-diffusion samples being smaller 
than those determined from through-dif
fusion samples. The PNC team under
took a statistical analysis of the data and 
concluded that the hypotheses of all the 
samples having the same porosity or dif-
fusivity could be rejected at the I % sig
nificance level. Thus, almost certainly, 
the porosity derived from the in-diffu
sion experiments was less than that de
rived from the through-diffusion experi
ments. They were unable to determine 
whether this difffence was due to the 
nature of the samples or to the experi
mental techniques. 
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Figure 4.1.8. Comparison by PNC of predicted ranges for the 
diffusion experiments with the data for Nal tracer. 

Structure Tests 

When the SNL project team applied their test of 
model structure, they were led to conclude that the 
model structure was invalid for both the single-po
rosity and dual porosit; models, with the single 
exception of the results from the through-diffusion 
experiment 91. Figure 4.1.9 shows the variogram 
calculated for the best fit to experiment 81 using the 
dual porosity model which clearly shows structure, 
leading to the judgment that the model was invalid. 
Figure 4.1.10 shows the variog^am calculated for 
the best fit to experiment 91 using the dual porosity 
model, which is pure nugget, leading to the judg
ment that the model was "not invalid". 
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Figure 4.1.9. Variogram obtained by SNLfor the re
siduals from the dual porosity model compared with 
experiment 81. 

Figure 4.1.10. Variogram obtained by SNLfor the 
residuals from the dual porosity model compared with 
experiment 91. 

4.1.6 Concluding Remarks 

Many of the teams concluded that their models were 
insufficient to explain all the data of the experiments 
of the test case. Thus, the RIVM team concluded that 
the single-porosity model was inadequate, but that the 
dual-porosity model provided a better and acceptable 
explanation of the data. The Intera team found that their 
model, which included the effects of rock-matrix dif
fusion into dead-end pores, was able to represent all 

the data, provided that different porosities were used 
for the HDO and Nal tracers. 

There was general agreement that it was necessary 
to use different porosities for HDO and Nal in order to 
represent the experimental data, with the porosity ac
cessible to Nal being about half that accessible to 
HDO. The teams were divided in their opinions as to 
whether it was necessary to include the effects of 
matrix diffusion in order to adequately model the ex
periments. 
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4.2 Test Case lb. Uranium Migration in 
Crystalline Bore Cores, Small Scale Pres
sure Infiltration Experiment 

4.2.1 Introduction 

The test case was based on laboratory experiments 
performed at the Paul Scherrer Institute in Switzerland. 
The experiments addressed important phenomena in 
radionuclide transport in crystalline rocks, including 
sorption, matrix diffusion, dispersion, geometry of water 
flow paths, and effects of stress changes. 

The test case was set up to examine laboratory infil
tration experiments in which a pulse of distilled water and 
of a sorbing tracer (233U(VI)) were injected into bore 
cores from deep drillings. The peak of distilled water 
breakthrough defined an elution volume, and full break
through curves of 233U were measured. The aspects of 
validation included methodology and model properties, 
such as geometry of water flow paths, dispersion, chan
nelling, retardation and matrix diffusion. 

The small-scale pressure infiltration experiments 
were carried out on intact crystalline rock cores from 
the deep drilling programme in northern Switzerland. 
The length and time-scales of the experiments were up 
to a few centimetres and 150-350 hours. 

In the primary experiments, breakthrough curves 
of 233U in four cores were established. A schematic 
description of the equipment is shown in Figure 4.2.1. 

After placing the core assembly into the pressure 
vessel the confining pressure was set to the desired 
starting level by a hydraulic pump. The infiltration 
pressure was slowly raised by another pump to such a 
level that a steady-state flow rate of 1 to 5 (il/min was 
reached. The electrical conductivity was continuously 
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(E) end plwsM, (F) flexible siaav* 

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

measured at the output of the infiltration pipe. The 
outflowing solution was collected in fractions in a 
fraction sampler, triggered by a drop counter. Drop and 
fraction events as well as pressures were registered. 

Natural granitic groundwater was used as infiltra
tion fluid. It had a fairly high salt content and was not 
equilibrated with the rock samples prior to the experi
ments. The infiltration fluid had a natural uranium 
concentration of 0.011 mg/l. 

The flow rate through the sample as a function of 
time at levels of increased confining pressures was 
recorded. The hydraulic conductivity at each pressure 
level was then determined from the flow rate and the 
infiltration pressure. The dynamic porosity of the sam
ple at each level of confining pressure was determined 
by introducing a pulse of distilled water into the infil
tration line by the injection valve. The dynamic poros
ity 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 effec
tive porosity (sum of dynamic and stagnant porosities) 
of the sample was determined. 

At the desired level of 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 inlet. The outflowing solution 
was collected 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 pressures were adjusted once or twice 
during two of the runs. 

After terminating the uranium infiltration experi
ment 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 autora
diography in order to obtain information on 
flow paths and sorption sites. 

Sorption/desorption experiments were 
also carried out on granite powder from the 
Bottstein location using the reference ground
water on a size fraction of 0-500 (im. The 
same type of experiments were also undertaken 
on granite from the Grimsel site. 

Primary data provided to the project teams 
included: 

(Pc) Confining pressure (040 MPs). 
(Pa) infiltration pressure (0-23 MPs), 
(Pm) Pore pressure 

Figure 4.2.1. Schematic illustration of the ptessure 
infiltration apparatus. 

- 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 
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— input concentration of tracer 
— concentration of tracer in each fraction 
— a-track distribution of sectioned sample. 

The project teams were also provided with a tracer 
breakthrough curve for each sample. The breakthrough 
curve for sample BOE 1093 from Bottstein is shown 
in Figure 4.2.2. 

Results from batch sorption experiments on finely 
ground Bottstein granite were given as Kj-values rang
ing from 2 to 15 ml/g at uranium concentrations in the 
interval 20 to 110 ng/ml. Results from batch sorp-
tion/desorption experim its on finely ground Grimsel 
granite were also available, showing that uranium 
sorption and desorption are concentration dependent, 
exhibiting a Freundlich isotherm. One project team 
interpreted the experimental sorption data using a Lang-
muir isotherm that had the advantage, when neglecting 
the natural uranium concentration, of not introducing 
singular behaviour into the transport equation as the 
relevant dissolved concentration goes to zero. 

4.2.2 Calibration and Validation Methodologies 

Various models were applied to the experimental break
through curves by the seven teams that attempted this 
case. The main problem was explaining the long tails 
of the breakthrough curves. Standard one-dimensional 
advection-dispersion models for porous or equivalent 
porous media could not adequately account for the tail 
without introducing multiple channels. Best fits were 
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Figure 4.2.2. Breakthrough curve for uranium in sample from Bottstein, 
BOE 1093. 

examined, either qualitatively by visually comparing 
calculated and experimental breakthrough curves, or 
quantitatively by statistical methods involving a good-
ness-of-fit measure. 

Parameters were extracted from best fit curves. 
Except for the (unimportant) decay constant all pa
rameters were unknown and all values were more or 
less model dependent. One project team chose to fit the 
parameters with a partial set of breakthrough values 
utilising the initial data from the beginning of the 
experiment to the peak. They then used the fitted 
parameters to predict the complement (i.e. the tail of 
the data set). 

Given the experimental information in the form of 
breakthrough curves, acommon problem with parame
ter estimation was that only combinations of inde
pendent physical parameters could be estimated. In 
order to extract the physical parameters, information 
from the literature and from other experiments, such as 
sorption experiments, was needed. Most project teams 
were of the opinion that the consistency of estimated 
parameters for the experiments could be judged for 
some models despite these difficulties. 

Due to the incompleteness of the experimental 
data and the differences in the structure of the cores, 
only limited tests of the predictive capability of the 
models could be made. Data were not available to test 
predictions of a complete breakthrough curve. The 
available experimental information was not fully used 
in model validation. 

4.2.3 Models 

Table 4.2.1 gives an overview of 
the various geometrical structures 
and physico-chemical processes 
of the different models used by 
the teams: 

All teams assumed one-di
mensional advective transport that 
corresponded to the experimen
tal layout. One team also used the 
concept of a two-dimensional 
velocity field in the flow chan
nels and diffusion transverse to 
the flow direction. All project 
teams used a pulse input concen
tration for the upstream bound
ary. For the downstream bouncl-

"'""""" I-I ary a free outflow boundary was 

used by all but one team that 
investigated the effect of a flow
ing concentration downstream 
boundary. 

A variety of codes and nu
merical methods were used to 
solve the transport equations: 
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UPC project team - TRANSIN-I1. finite-element 
code with automatic calibration, Galerkin's method, 
mafrix diffusion by a semi-analytic hybrid method. 

EDM project team - Analytical Laplace transform 
and numerical inversion, least squares method for 
best fit. 

Intera project team - Finite-difference in space and 
time. 

PSI project team - RANCHMD and RANCHMDNL 
methods of lines, Gear's method, Marquardt-Leven-
berg least squares fit. 

Table 4.2.1. Models used for Test Case lb calculations'. 

Model 

Geometrical structures: 
single porosity medium 

double porosity medium 

one single flow channel 

multiple flow channels 

planar geometry of water 
conducting zones 

tubular geometry of water 
conducting zones 

Physico-chemical processes: 

advection 

dispersion 

matrix diffusion 

sorption on surface of water 
conducting zones 

sorption in rock matrix 

linear sorption equilibrium 

non-linear sorption 
equilibrium 

linear sorption kinetics 

radioactive decay 

UPC 

B C D 

X X 

X 

X X 

X 

X 

X X X 

X X X 

X 

X X X 

X 

X X X 

( X) ( X ) ( X ) 

EDM 

B D 

X 

X 

X X 

X 

X X 

X X 

X X 

X 

X X 

X X 

Intera 

Generic 
invest. 

X 

X 

X
 

X
 

X
X

X
 

Harwell 

B D I 

X X 

X 

X X X 

X 

X
 

X
 

X
X

X
 

X
 

X
X

 
X

 X
 X

 
X

 

X
X

 
X

X
X

 

Letters B to K identify Ihc models used by the different project teams. 
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VTT project team - Analytical solutions to the gener
alised Taylor dispersion or matrix diffusion. 

Harwell project team - Analytical Laplace transform 
and numerical inversion, least squares method for 
best fit. 

KTH project team - Analytical solution to the trans
port problem, least squares method for best fit. 



Table 4.2.1. Models used for Test Case lb calculations (Cont.). 

Model 

Geometrical structures: 

single porosity medium 

double porosity medium 

on single flow channel 

multiple flow channels 

planar geometry of water 
conducting zones 

tubular geometry of water 
conducting zones 

Physico-chemical processes: 

advection 

dispersion 

matrix diffusion 

sorption on surface of water 
conducting zones 

sorption in rock matrix 

linear sorption equilibrium 

non-linear sorption 
equilibrium 

linear sorption kinetics 

radioactive decay 

PSI 

C D E F G H 

X X 

X X X X 

X X X X X 

X 

X X 

X X 

X
 

X
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X

X
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VTT 

C K 
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KTH 

B J 
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X X 
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4.2.4 Results 

The uranium breakthrough curves cannot be uniquely 
interpreted when using the chosen models. The lack of 
a breakthrough curve for a non-sorbing tracer is par
ticularly important. Such a curve would enable tracer-in
dependent parameters to be determined and the impor
tant flow and transport mechanisms in the bore cores 
to be clarified. The spike of distilled water yielded a 
residence time only. For some of the experiments there 
were only a few data points in the peak region, although 
the data points were very dense in the tail. During the 
modelling, several questions to the experimentalists 
could be settled, although others remained unresolved. 
However, it was generally felt that the body of data 
were of sufficient size and quality to justify a consid
erable effort in modelling. 

The data available for testing predictions were 
very limited. For example, it was not possible to test 
a predicted breakthrough curve for a tracer other than 

uranium. One project team chose to calibrate the mod
els using da'u in the peak region and to predict the full 
breakthrough curve. They found that the model with 
matrix diffusion gave a good fit to the data at long 
times. 

For calibration and parameter assessment, combi
nations of the physical parameters were determined 
and presented or additional independent information 
was used to derive individual parameter values. 

The simplest model (B) yielded a very poor fit to the 
data, unless a scaling factor violating mass balance was 
introduced and unphysical ranges were applied for the 
parameter values. This can be seen in Figure 4.2.3. The 
employment of more complex sorption models, such as 
the non-linear sorption model F or the sorption kinetics 
model I, did not improve the situation. Even though 
independent sorptior measurements showed a Freund-
lich isotherm, the impact of sorption non-linearity could 
not be seen, nor could the geometry of the water conduct
ing zones be discriminated, as is apparent in Figure 4.2.4. 
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One team employed a Langmuir isotherm to fit the 
sorption data for uranium. They demonstrated that the 
resultant non-linear transport equation is amenable to 
both analytical and numerical analysis. Of particular 
interest was the travelling wave solution available in 
closed form and the numerical solution using finite dif
ferences. Another team took account of the natural ura
nium concentration of the infiltration fluid, thus avoiding 
the formal singularity from a Freundlich isotherm. 

Dual porosity models with Fickian dispersion (D, 
E, G, H, J) generally yielded good fits to breakthrough 
curves (Figure 4.2.4) and also to uranium distribution 
in the core (Figure 4.2.5). 

One parameter that could be uniquely determined for 
these models was the longitudinal dispersivity. The re
sulting values were reasonable, especially considering the 
error bars. For the other physical parameters, consistency 
tests could be made using independent data from other 
experiments. With this approach, project teams arrived at 
consistent physical parameters (Table 4.2.2). 

Table 4.2.2 The values of the flow velocity V and the 
physical parameters that have been determined by 
the best-fit parameters for model D. 

Parameter 

BOB 
1093 

Experiment 

BOE KAI817 
856R2 

BOE 
856R 

V(ms ' ' ) 9.63 10"6 1.04 10'5 8.81 I0"6 3.9810"6 

aL(m) 8.04-10'3 3.16 103 2.26 10"4 3.24-10'6 

R (-) 191 17.0 21.9 22.5 
V= velocity, a^ = dispersion length, R = retardation. 

50 tOO ISO 200 250 300 380 

Tim* (houri) 

KAI SI 7 
(Unoor sorption) 

••Mmficnttii doto 

Tim* [hour) 

Figure 4.2.4 Fit to the uranium breakthrough curve 
with an advection-dispersion model with matrix diffu
sion for the sample KAI 817. Two different geometries 
for the water conducting zones were assumed, planar 
fractures (Model D) and tube-like veins (Model E) 

A dual porosity model (K) without dispersion also 
reproduced the breakthrough curves well (Figure 4.2.6). 

One project team arrived at unphysical total frac
ture widths. This might be an effect of neglecting 
dispersion and sorption on fracture surfaces. 

Overall, parameter estimation using many differ
ent models led to considerable insight into model per
formance. 

Sensitivity analyses were performed by two project 
teams. One team varied the fitted parameters, i.e. ap
propriate independent combinations of physical pa
rameters, and the team showed strong dependencies of 
the breakthrough curves. The other team varied one 
single physical parameter and investigated the influ
ence on the best fits for the remaining parameters, 
which showed appreciable variation in their values. 

Two teams presented a covariance matrix and stand
ard deviations for the fitted physical parameters, respec
tively. From a comprehensive statistical analysis per
formed by one of the teams the conclusion was drawn that 
model selection criteria did not clearly discriminate be
tween models C and D. 

Figure 4.2.3. Results for experiment BOE 1093 showing the nor
malised tracer concentration (C/C0 times lO"4) as a function of time. 
The points are the experimental data; the lines are the best-fit curves 
for model B (short dashes), model D (solid line) and model 1 (long 
dashes). The first 41 points were used to calibrate the model. 
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Figure 4.2.5. Uranium mass per unit length of sample 
for test BOE 1093 computed with model D (straight 
lines; circles and full circles) and model C (sinusoidal 
curves; diamonds and squares), respectively, for the 
two sets of best-fit parameters (A and B in this figure). 

4.2.5 Concluding Remarks 

It was noted that statistical methods to judge pa
rameter values fr>m a single model have become more 
and more important in the last years. There are still 
unresolved issues relating to the statistical comparison 
of different models. On the other hand, methods for 
validation are sufficiently established which, of course, 
does not imply that particular models are sufficiently 
validated. The experimental information presented in 
the breakthrough curves was not sufficient to fully 
validate any particular model. More complete data 
would be required before such validation could be 
achieved. Nevertheless, models including matrix dif
fusion clearly performed better than possible alterna
tive models. Thus considerable support was provided 
for the concept of matrix diffusion and for the use of 
such models in safety assessments. 

For models with essentially unlimited number of 
parameters, excellent fits are possible. However, un
less some relationship between the parameters can be 

Figure 4.2.6 Fit to the uranium breakthrough curve 
for the sample BOE 856R using the matrix diffusion 
model without dispersion (Model K). 

derived that effectively reduces the number of parame
ters, such models cannot be used for predictive pur
poses in performance assessment. 

Models that do not yield an adequate match to the 
data or for which the parameter values are not reason
able, maybe due to the neglect of an important transport 
mechanism or an erroneous interpretation of experi
mental conditions, have to be ruled out. For these 
models, mostly the model concepts are generally too 
simplistic. Yet the application of such models to a test 
case can prove to be very useful, since the degree of 
insufficiency can be quantified. 

Models for the Test Case lb that yielded accept
able fits and reasonable parameters included advec-
tion-dispersion models with matrix diffusion. 

Analysis of the test case has provided considerable 
support for the concept of matrix diffusion, albeit on 
the scale of the experiment. The experiments have 
shown that nuclides can be transported in a connected 
pore space over distances of centimetres and that they 
are sorbed on matrix surfaces to an extent expected 
from batch sorption experiments. 

It has to be pointed out, however, that scaling up 
io repository length and time-scales is still an open 
question. 

Finally, the interaction between modellers as well 
as between experimentalists and modellers during the 
course of the study, has proved useful in suggesting 
various improvements for further experiments and in
vestigations. 
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4.3 Test Case 2. Radionuclide Migration 
in Single Natural Fractures in Granite 

4.3.1 Introduction 

Test Case 2 was based on a set of laboratory experi
ments performed at the Institute of Royal Technology 
in Sweden on granite cores from the Stripa mine. The 
experiments were selected because of their relevance 
to the study of fluid flow in natural fractures. Each core 
contained a single natural fracture running parallel to 
the core axis. 

4.3.3 Available Data 

The following primary data were available from each 
run: 

— 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 
— activity in outlet solutions as a function of time 
— optical absorption in the outlet solutions as a func

tion of time. 

4.3.2 Experiments 

The experiments were performed using non-sorbing 
and strongly sorbing tracers. Artificial granitic ground
water with tracers was introduced into the fracture at 
one end of the core and the tracer breakthrough curves 
were monitored at the other end of the core. The spacial 
scales of the experiments were 20-30 cm for moder
ately sorbing tracers and 8-10 cm for 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. 

Complementary sorption experiments were per
formed on crushed granite and on material from the lining 
of the fractures, as well as on intact fissure surfaces. The 
experimental setup is shown in Figure 4.3.1. 

Artificial groundwater was fed into the inlet chan
nel by means of a peristaltic pump. The effluent was 
continuously fed to a fractional collector for analysis 
of the tracer concentration. 

The experiments of interest to INTRAVAL were 
made on three types of rock samples, 30, 18 and 27 
cm in length and 20, 10 and 10 cm in diameter, 
respectively. 

Migration experiments performed with strongly 
sorbing tracers generated curves of effluent concentra
tion versus time as well as of radionuclide distributions 
on the fracture surfaces. A small fraction of the total 
activity of I52Eu, 235Np, 241Am, and "TcflV) was 
transported through the fissure with nearly the same 
velocity as water. Inserting a filter between the tracer 
solution reservoir and the inlet channel greatly .educed 
the fast-moving fraction, indicating that the activity 
was carried by particulate matter. No fast-moving frac
tion was observed with 237Pu. 

Results from complementary sorpiion experi
ments using crushed granite and fissure-filling materi
als from the same location as the cores used in the tracer 
experiments were also available. 

4.3.4 Validation Methodology and Models 

Three project teams, KTH, JAERI and PNL, worked 
with this test case. The teams used an approach involving: 

— review of the data 
— calibration of models against data 
— calibration assessment 
— checking of parameters for physical reasonableness 
— comparison of alternative models. 
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Figure 4.3,1. Experimental setup. 

The KTH team used models describing migration 
in a fracture, including advection, dispersion and mo
lecular diffusion into the rock matrix which were cali
brated against results from experiments with non-sor
bing tracers. The best estimates of the hydraulic pa
rameters were then used in a model that also included 
sorption. This model was calibrated against results 
from experiments with sorbing tracers. The estimated 
sorption parameters were compared with results from 
independent sorption measurements. A comparison 
was made between two ways of modelling velocity 
variations in the fracture, hydrodynamic dispersion 
and channelling dispersion. 

The KTH team used an analytical solution to the 
advection-dispersion equation with sorption and ma
trix diffusion for the case with constant fracture aper
ture. For the case with varying fracture aperture an 
analytical solution to the transport equation without 
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hydrodynamic dispersion was applied to calculate the 
breakthrough curve for each channel. 

The conceptual model used by the JAERI team 
included advection, dispersion, sorption and diffusion 
from the fracture into the rock matrix. They tested the 
hydrodynamic dispersion model, comparing constant 
fracture aperture and channelling dispersion with chan
nels with varying aperture. 

The JAERI team employed semi-analytical solu
tions to the model with constant fracture aperture. A 
particle tracking method was employed for variable-
fracture apertures. The fracture plane was then mod
elled as a rectangular network system. The flow field 
was described in two dimensions, while a one-dimen
sional solution to the transport equation was used to 
calculate the travel time of the particles. 

The PNL team used the same conceptual model as 
KTH and JAERI. They calibrated their model against 
results from an experiment, in which moderately sor-
bing tracer strontium was used. A model without ma
trix diffusion was also calibrated against the same 
experimental data and compared with results for the 
model with matrix diffusion. 

The PNL team used a code which implemented the 
analytical solution to the advection-dispersion equa
tion for solute transport in a fracture, accounting for 
sorption, matrix diffusion and radioactive decay. 

4.3.5 Results 

Data Review 

A large amount of data from runs with both non-sor
bing and sorbing tracers were available to the model
lers as well as results from independent sorption meas
urements. The JAERI team observed that the flow 
velocities available to the teams were not proportional 
to the pumping rates in the experiments. They inter
preted this as an effect of the presence of areas with 
stagnant water in the fractures. They also noted that 
there were plateaux in the experimental breakthrough 
curves, indicating channel transport in the fracture. 

Calibration and Prediction 

The KTH team determined hydraulic parameters by 
calibrating the hydrodynamic dispersion model and the 
channelling dispersion model using experimental 
breakthrough curves for non-sorbing tracers. The pa
rameters obtained were used in fitting the models to 
experimental breakthrough curves for sorbing tracers. 
Curves fitted with the two models and an experimental 
breakthrough curve are shown in Figure 4.3.2. The 
effect of omitting different mechanisms in the hydro-
dynamic dispersion model is shown in Figure 4.3.3 

In order to obtain best-fit values of the parameters 
describing the tracer-rock interaction the JAERI team 
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Figure 4.3.2. KTH team. Curves fitted with the hydro-
dynamic dispersion model (solid line) and channelling 
model (dashed line) 

TIME, MIN 

Figure 4.3.3 KTH team. Curves fitted using the hydro-
dynamic dispersion model for strontium (solid line), 
omitting matrix diffusion and matrix sorption (dashed 
line) and omitting fracture surface sorption (long 
dashed line). 

used values of the flow velocity, fracture aperture and 
dispersion length determined as part of the experimen
tal programme, and calibrated breakthrough curves 
calculated with the constant aperture model with ex
perimental data from runs with sorbing tracers. The 
variable-aperture model was calibrated against experi
mental breakthrough curves for the non-sorbing tracer 
HTO. They then selected a fracture aperture distribu
tion that reproduced solute transport in two channels, 
based on the shape of the experimental breakthrough 
curves. The best fit to the experimental data resulted in 
a fracture porosity that was proportional to the ratio of 
the water flux and the velocity of the tracer in the 
fracture. They concluded that the use of a variable-frac
ture aperture resulted in curves that fitted the experi
mental data better than curves produced by the constant 
aperture model. Examples of best-fit curves are shown in 
Figure 4.3.4. 
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Figure 4.3.4. JAERI team. Experimental and calcu
lated breakthrough curve for HTO in core L Upper: 
constant aperture model, lower: variable-aperture 
model. 

The PNL project team calibrated the advection-
dispersion model with matrix diffusion against an ex
perimental breakthrough curve for the sorbing species 
strontium to obtain best-fit values of the dispersion 
coefficient, the water velocity in the fracture, the frac-

Figure 4.3.5 PNL team. Best fit comparison of instan
taneous and time-averaged sampling. 

ture aperture and the retardation of the tracer in the 
fracture. The time-averaged concentrations obtained 
were found not to be appreciably different from those 
obtained from instantaneous sampling (Figure 4.3.5). 

Parameter Assessment 

There are too many unknown parameters in the trans
port equation to make it possible to uniquely determine 
each parameter by curve fitting. At best only combina
tions of parameters can be determined by fitting to the 
breakthrough curves. Therefore, the project teams pro
duced best-fit values for such combinations of parame
ters or assigned values to individual parameters on the 
basis of data found in the literature. 

The KTH team determined best estimates of the 
Peclet number and the water residence time for the 
hydrodynamic dispersion model by fitting the break
through curves for a non-sorbing tracer. The best-fit 
values of the Peclet number and the fracture aperture 
were then used in the modelling of the runs with 
sorbing tracer. For the channelling dispersion model, 
the project team determined best-fit values of the 
standard deviation of the lognormal distribution of the 
channel aperture and the water residence-time using 
breakthrough curves for the non-sorbing tracers. 

Using values obtained by the KTH team the PNL 
project team calculated initial values for the model 
parameters and coefficients and assigned values for 
matrix tortuosity, Peclet number and free solution dif-
fusivity of the tracer. The values of the sorption pa
rameters determined by two teams were in fair agree
ment. 

The JAERI project team used the experimental break
through curves determined for the 30 cm core. In applying 
the variable-fracture aperture model, values were assigned 
to the standard deviation in the aperture density distribution, 
to the correlation length and to the mean fracture aperture. 
For runs with a low flow rate, best-fits were obtained with 
a fracture porosity less than one. The team concluded that 
this could be due to the areas in the fracture with stagnant 
water being larger at lower flow rates. 

The JAERI team also estimated best-fit values of the 
fracture retardation factor and the matrix retardation fac
tor by using experimental breakthrough curves for the 
sorbing species strontium and cesium. 

The JAERI team calibrated their models against 
strontium runs in the 30 cm core, whereas the KTH and 
the PNL teams used the 18 cm core. The difference in 
size between the cores seemed not to effect the esti
mated sorption parameters to any large degree. 

When the best-fit values of the fracture surface sorp
tion coefficient and fracture retardation for strontium 
were compared with strontium measurements from sorp
tion experiments on crushed granite obtained from the 
same location in the Stripa mine, the latter values were 5 
to 10 times lower than the best estimates of the KTH and 
the PNL teams. 
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Sensitivity and Uncertainty Analysis, Statistical 
Analysis 

The PNL team performed a sensitivity analysis for all 
model parameters by calculating the sensitivity coeffi
cients about the best-fit values of the parameters. This 
was done for the original experimental set-up and also 
for a sample three times as long as the sample in the 
experiment. The analysis showed that the model sensi-
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Figure4.3.6 PNLteam. Modelwithout matrix diffusionfitted to synthetic data 
generated with a model including matrix diffusion. The residuals, right y-axis, 
are plotted against the predicted value ofC/Cg, on the top x-axis. 
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Figure 4.3.7 PNL team. Model withtjOTmatrix diffusionfitted to experimental 
data. The residuals, right y-axis, are plotted against the predicted value of 
C/C0, on the top x-axis. 

tivity to velocity, fracture aperture, matrix porosity and 
matrix retardation increased for a long core. This 
would imply that the uncertainty in the best-fit values 
of these parameters decreased. 

The PNL team used residual plots as a qualitative way 
to discriminate between competing or plausible models. 
Synthetic data were generated using the best-fit parameter 
values in the advection-dispersion model with matrix diffu
sion, then the model without matrix diffusion was fitted to the 

synthetic data (Figure 4.3.6). The differ
ence in concentration between the 
synthetic curve and the fitted curve 
was calculated. These residuals ex
hibit a marked trend, implying a sys
tematic error caused by using an in
correct model. The model without 
matrix diffusion was also fitted to the 
original experimental data (Figure 
4.3.7). A similar trend in the residuals 
was found which was interpreted as 
a systematic error due to the use of a 
model without matrix diffusion. 

4.3.6 Concluding Remarks 

Advection, dispersion, sorption onto 
the fracture surface, matrix diffusion 
and sorption within the rock matrix 
were processes considered in the test 
case. Models without matrix diffusion 
and sorption within the rock matrix 
gave rather poor fits to the experi
mental data, or residuals with a trend, 
which implied a poor model. The 
KTH team concluded that for a 
model with matrix diffusion, the 
best-fit values of the parameters deter
mining the interaction between tracer 
and rock were in fair agreement with 
independently measured sorption and 
diffusivity data, suggesting the need to 
include matrix diffusion and matrix 
sorption in models representing data 
for this test case. They also concluded 
that it was not possible to distinguish 
between hydrodynamic dispersion and 
channelling dispersion as equally good 
fits were obtained with both models. 

The temporal and spatial scales of 
laboratory experiments were much too 
small to give data on geometrical struc
tures and scale-dependent parameters 
that were relevant for performance as
sessment. Laboratory experiments can, 
however, help to increase our under
standing of transport processes and 
mechanisms, especially processes 
acting on a small scale. 
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4.4 Test Case 4. Flow and Tracer Experi
ment in Crystalline Rock Based on the 
Stripa 3-D Experiment 

4.4.1 Introduction 

The test case was based on the three-dimensional tracer 
tests that were performed in the Stripa mine in Sweden. 
The experiments formed part of the OECD/NEA Inter
national Stripa Project. The main purpose of the 3-D 
experiment was to investigate the spatial distribution 
of water flow paths in a large block of rock. The 
experiment gave an opportunity to validate geosphere 
transport models in terms of dispersion, channelling 
and geometrical factors with water flowing in fractured 
crystalline rock over distances up to SO m. 

4.4.2 Experiment 

The experiment was conducted in a 75 m long test drift 
provided with two 12.5 m long side-arms at 360 m 
depth. Prior to the start of the tracer tests, the natural 
water flow into the drift was mapped. The intention 
was to determine the disturbance on the flow field 
caused by the injection drill hole.. Seeping water was 
collected by covering the ceiling and large parts of the 
walls in the drift with a number of 2 m2 plastic sheets. 
In all about 375 sheets served as sampling areas for 
water emerging into the upper part of the test drift, 
covering a surface area of roughly 700 m2. 

The monitoring of the flow showed that the water 
flow into the drift was very unevenly distributed, and 
was localised to certain wet areas with large dry areas 
in between. Measurable amounts of water emerged into 
only 145 of the 375 sampling sheets. About 50% of the 
total water inflow occurred in approximately 3% of the 
covered area. The sheet with the largest inflow of water 
contained about 10% of the total inflow. 

For the tracer tests, three vertical holes for injec
tion of tracers were drilled upwards with lengths of 70 
m. Conservative tracers were injected in nine highly 
permeable zones of the boreholes, located between 10 
and 55 m above the test drift. The length of each 
injection zone was about 2.5 m. The tracers were in
jected continuously over nearly two years. The injec
tions were carried out at a constant pressure, approxi
mately 10-15% above the natural pressure. The con
centrations of the injected tracers varied between 1000 
and 2000 ppm, and the flow rates fluctuated between 
! and 20 ml/h. The tracers injected were: Uranine, 
Eosin B, Eosin Y, Phloxine B, Acid R;d Y, Elbenyl, 
Duasyn, bromide, and iodide. 

Six months after the start of the injection, tracers 
from at least five injection zones could be found in 
about 35 sampling areas. Seven of the injected tracers 
were detected in 65 sampling sheets. After almost two 
years about 200 different tracer breakthrough curves 

had been obtained. Each curve was typically based on 
more than 1000 individual measurements. 

A ventilation experiment was carried out to deter
mine the total water inflow to the experimental and the 
access drift. The average water content in the air com
ing from the experimental drift was estimated to be 
about 21/h. 

4.43 Available Data 

The following data were available to the modellers: 

- rates of water flow 
- tracer concentrations in water collected in the drift 
- rock characteristics and fracture data 
- water chemistry 
- injection pressures and injection flow rates 
- hydrostatic pressures 
- diffusivity and sorption data 
- daily logs. 

The major 100 fractures in the test site were 
mapped to make it possible to compare the fracture 
characteristics with water flow rates and tracer occur
rences. It was found that the areas having a higher 
number of fracture intersections had also higher water 
flow rates. This was in accordance with observations 
elsewhere. 

The following fracture characteristics (per surface 
area within 2 m sections) were compared to the water 
flow rates: 

- total fracture lengths 
- total zone lengths 
- number of fracture intersections 
- presence of different fracture filling materials 
- fracture length within four fracture sets. 

4.4.4 Models and Modelling Approaches 

The test case was tackled by four project teams: 
KTH/SKB, LBL/USDOE, KTH/SKI, and In-
tera/AEA/Nirex. The KTH/SKB team were concerned 
with the spatial distribution of flow paths and their 
representation via continuum models, the verification 
and modification of such models, and the development 
of methods for large scale water and tracer sampling 
techniques and subsequent data analysis. In order to 
predict breakthrough curves for the test case and to 
cover the issues addressed in a more general way, they 
applied combinations of ad.ection-dispersion, chan
nelling, and matrix diffusion models. 

Theadvection-dispersion model used a linear one-
dimensional advection-diffusion equation, while the 
second approach, with an advective-channelling 
model, assumed that all dispersion was caused by 
channelling was based on the assumption of a number 
of uniform channels conducting flow independently 
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from the inlet to the outlet. In addition to these models, 
the team also employed an advection-dispersion-ma-
trix diffusion model, which vas similar to the advec-
tion-dispersion model except that the dissolved spe
cies might diffuse from the fracture into the surround
ing porous rock, and also out from the rock into the 
fractures. This resulted in a retardation of the transport. 
The tracer within the rock matrix is subject to diffusion 
and volume sorption, with diffusive transport taking 
place into the rock orthogonal to the direction of the 
fracture. Thus, the one-dimensional linear advection-
dispersion model would be augmented by an additional 
diffusion equation. Finally, the team applied a variant 
of the "ivection-channelling model, namely the ad-
vection-channelling-matrix diffusion model. The 
model was similar to the advection-channelling model, 
except that diffusion into the matrix was represented. 

The LBL/USDOE team assumed that tracer trans
port in fractured media took place in two-dimensional 
planes embedded heterogeneously within a three-di
mensional space. There was thus a variability of aper
ture over the fracture planes themselves, which re
sulted in a high degree of channelling. Accordingly, the 
majority of the water flow took place along a few 
low-resistance flow paths. The LBL/USDOE team ex
tended and applied the variable-aperture model devel
oped over the recent years. 

The variable-aperture channel concept suggests 
that tracers travel along a number of one dimensional 
tortuous channels. Taylor dispersion was not included 
in the channel flow, and matrix diffusion and chemical 
retardation were ignored on the basis that the tracers 
were conservative and the travel times were relatively 
small. The implicit and crucial assumption was that the 
travel distances corresponded to only a few fracture 
spacings, so that a full 3-D network effect could be 
ignored and the transport was dominated by a few 
variable-aperture channels. Flow rate variation was ac
counted for through a discrete deconvolution method. 

Employing the variable-aperture channelling con
cept, there was a need to adopt mathematical method
ologies which allowed for a number of flow regimes 
(one for each possible independent flow path) to be 
superposed. The analysis of the Stripa 3-D data was 
complicated by the variation in the input data; the 
injection flow rates are shown in Figure 4.4.1. Accord
ingly, the simplest approach — that of using a number 
of superposed advection-diffusion-dispersion one di
mensional models to account for the whole range of 
data - was likely to be unreliable when applied to the 
whole range of observed behaviour. Two complemen
tary approaches were adopted. The first-peak analysis 
represented a straightforward analysis of the early be
haviour itself, reflecting the flow properties of the 
fastest channel. As a complement to this, the second 
approach involved the development of a discretised 
deconvolution procedure called the Toeplitz method 
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Figure 4.4.1. Injection flow rates. 

which was able to account for the injection flow rate 
fluctuations numerically over the full time period. 

In addition to the input variability, there was also 
an unknown dilution factor, since the injection flow 
was much less than the total exit flow to the drift. 
Accordingly, the absolute values for tracer concentra
tions were not used. Instead, normalised breakthrough 
curves were used to obtain the relevant flow charac
teristics. 

The KTH/SKI project team noted that the problem 
of flow channelling together with large-scale network 
effects is very complex, and it is particularly difficult 
when there are anomalously fast paths on a scale simi
lar to the scale of the transport problem. For large scale 
applications to flow in fractured rock, computational 
resources provide a limit to the detail that may be 
considered, to the etfect that continuum models are 
usually employed. The validity of such models rests on 
the determination and of suitable effective parame
ters. 

The KTH/SKI project team employed synthetic 
transport experiments based on the field data from the 
Stripa 3-D experiment in order to address these aspects. 
They used a discrete fracture-network program, 
D1SCFRAC, which generates realisations of fracture 
networks in three dimensions and solves the associated 
steady flow and transport problems. A knowledge of 
scale effects on parameters is crucial since results of 
experiments may well need to be extrapolated before 
being used in predictive calculations. The models con
sidered enabled the KTH/SKI team to investigate 
this. 

In an introduction to the description of their work, 
the Intera/AEA/Nirex team pointed out that Fickian 
dispersal processes are inappropriate in a number of 
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applications to tracer transport through groundwater, 
particularly at low particle densities. The observed 
dispersion is anomalous and has given rise to a number 
of modelling efforts for fast diffusion processes, in
cluding channelling models. There are fundamental 
modelling issues involved. A crucial assumption is that 
a representative elementary volume exists for porous 
or fractured rock. Such volumes can then be connected 
to form a model for the transport processes over a much 
larger domain. 

It is possible to produce anomalous effects (for 
short times) by the superposition of many Fickian 
diftusion-advection processes (channelling models). 
But once the spatial scale becomes large, the network 
effect, allowing interaction between channels, reduces 
the transport process to that of generalised Taylor dis
persion and the dispersion becomes essentially 
Fickian. Within a tracer ^periment, there are many 
paths between source a.. nk, some direct, some 
tortuous. Each such path possesses its own scale and 
supports a corresponding advection-diffusive process. 
Locally these paths or channels are effectively inde
pendent, giving rise to fast, non-Fickian dispersion. 
The fundamental point is that as any elementary vol
ume of rock is increased in size it must admit structural 
elements (pores, fractures, etc.) on an ever larger scale. 

The choice of conceptual model made by the In-
tera/AEA/Nirex team, was based on the wish to get a 
better representation of the flow in interconnected 
channel-like features, regardless of the scale consid
ered. The fractal approach is designed to model this 
(idealised) self-similarity property of the rock. The 
pore-fracture-fault network is represented by a self-
similar fractal structure (which is, by definition, geo
metrically independent of a particular scale). Thus, 
intrinsic to this approach is a means of incorporating 
larger scale effects over larger distances. 

44.5 Results 

The KTH/SKB team identified topics of interest when 
judging the capability of their models to predict the 
breakthrough curves of the tracer tests as 

— water transport travel times (yielding flow porosities) 
— dispersion 
— the effects of matrix diffusion 
— wetted area 
— channelling characteristics. 

A range of models were employed, the simplest 
model having just two free parameters (travel time and 
dispersivity), and the more complicated models having 
four. 

The solutions of the mathematical models were 
fitted to the experimental results by a least squares 
method. Each observed breakthrough curve was 

smoothed by eliminating outliers containing obvious 
errors, and secondly fitting a curve (by hand) through 
the remaining data. This resulted in a continuous smooth 
curve. 

AH of the selected curves were fitted by the advec-
tion-dispersion model. A subset of five curves were 
selected for each tracer and were studied in more detail 
with the advection-channelling and advection-disper-
sion-matrix diffusion models; the last being employed 
to investigate the possible effects of diffusion into 
nearby stagnant volumes of water and/or the pore-
space. 

167 individual breakthrough curves were fitted. 
As the model was thought to be inappropriate for Peclet 
numbers less than 3 the values were restricted to be 
greater than 4. The fits were generally good for Eosin 
Y and iodide but showed poor agreement for Uranine. 
Some results for the 25 curves selected for closer 
analysis are given in Table 4.4.1. 

Table 4.4.1. KTH/SKB team. Representative values for 
the parameters obtainedfrom the advection-dispersion 
model. 

Eosin B 
Uranine 
Elbenyl 
Eosin Y 
Iodide 

number 

4.0 
4.0 
5.0 
5.0 
30 

time 
(hours) 

6000 
5000 
2000 
7000 
8000 

injection 
(m) 

31 
35 
11 
24 
41 

The advection-dispersion-matrix diffusion model 
requires determination of the Peclet number, the resi
dence time, and a parameter taking account of the 
diffusion into the rock matrix, and a scaling propor
tionality factor (A). A subset of the results is given in 
Table 4.4.2. 

The proportionality factor varied over several or
ders of magnitude. To test the sensitivity of the fitting 
process to the influence of dispersion, further fits were 
made, with the restriction that the Peclet number a 100, 
assuming that all spreading is due to matrix diffusion. 

By assuming Darcy's Law and radially-conver
gent flow into the drift, the flow porosity could be 
estimated. Then, by integrating all of the breakthrough 
curves the recovery for different tracers could be deter
mined. There was a trend for the total recovery percentage 
of tracers to decrease with injection distance. By using 
the advection-dispersion-matrix diffusion model to fit 
the recovery, estimates could be made for the specific 
surface area (the fracture or channel surface area per 
unit volume of rock). This fitting gave erratic values 
for the Peclet numbers and the residence time but 
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Table 4.4.2 KTH/SKB team. A subset of resets obtained using the 
advection-dispersion-matrix diffusion model A constraint that the Peclet 
number should be greater than 4.0 was imposed. 

Tracer 

EosinB 

Uranine 

Elbenyl 

Eosin Y 

Iodide 

Peclet 
number 

5.1 

19.8 

5.8 

6.5 

18.6 

Residence 
time (hours) 

7035.0 

15.1 

1402.0 

5067.0 

7206.0 

A-parameter 

3.10105 

28.9 

3632.0 

1.81 107 

4.94 107 

Dilution 
factor 

150.1 

946.1 

239.9 

130.4 

126.8 

Standard 
deviation 

0.14 

0.29 

0.11 

0.10 

0.08 

relatively stable estimates for the specific surface area. 
If the Peclet number or the residence time were fixed 
to give values previously obtained, the value obtained 
for the specific surface did not change much from its 
value when all parameters were fitted. Table 4.4.3 
gives ranges for the values of the specific surface 
(wetted fracture surface per volume of rock). 

Table 4.4.3 KTH/SKB team. Values of specific surface. 

Tracer Injection 
distance (m) 

Specific surface 
(m2/m3) 

Eosin B 
Uranine 
Elbenyl 
Eosin Y 
Iodide 

19 
32 
10 
19 
29 

14-27 
5.1-12 
15-20 

4.7-7.7 
0.49-1.1 

When the adequacy of the models applied and the 
validation aspects were judged, it was concluded that 
the porosities decreased with distance from the drift, 
due to the local disturbance of the drift itself (flow 
porosities were calculated using water flow rates and 
residence times). However, the highly variable nature 
of the observations suggested that caution should be 
exercised in the use of such averaged properties. 

Three mechanisms for dispersion were modelled: 
hydrodynamic dispersion, channelling and matrix dif
fusion. The evaluated Peclet numbers ranged from 
below 4 and up to 35. Values below 4 are evaluated 
with increasingly larger errors and a cut of of 4 was 
usually applied in the analysis. The models could not 
describe the multiple peaks observed in the experimen
tal curves, which were due in part to the variable 
injection rates. The lack of similarity between curves 

from adjacent sheets indicated that 
strong channelling mechanisms were 
present. 

When matrix diffusion was included, 
the curve fits improved only margin
ally. Both matrix diffusion and diffu
sion into stagnant water were sug
gested as causes for the loss of tracers. 
Extreme, slow flow paths or transport 
to other locations could not be ruled out 

All the models employed required 
calibration to account for the tracer 
transport. Given the highly variable na
ture of the rock, it was suggested that 
such results would be strongly influ
enced by the local behaviour. It was felt 
that the issues involved should be stud
ied further. 

The LBL/USDOE project team ap
plied analytical solutions for one dimensional advec-
tion-diffusion in the first-peak analysis, using the early 
time injection (ita to determine a couple of parameters 
associated with the injection itself. At a fixed distance 
from the injection point the solution relied on two 
unknowns, one parameter controlling the shape of the 
breakthrough curve, and the other determining the 
arrival time of the first peak. The early breakthrough 
behaviour was used to determine these values. A typi
cal fit is shown in Figure 4.4.2, which exactly fitted the 
observed values between 2 000 and 4 000 hours. 

From the later values, as evaluated from Figure 
4.4.2, it was possible to calculate the mean arrival time, 
the dispersion length, and the Peclet number. 
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Figure 4.4.2. LBL/USDOE team. A first-peak fit to the 
early breakthrough behaviour. 
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Toeplitz analysis was applied in order to account 
for the tracer breakthrough data over a much larger 
time range, paying more attention to the variable injec
tion flow rates. Formally, the relationship between the 
input and output of any time-invariant linear system 
might be written as a convolution. That is, the output 
at time t is simply a suitable convolution over the 
history of the input data (plus a possible term taking 
account of any tracer initially present). The Toeplitz 
method was used to handle this. The solutions for a 
subset of the tracers are shown in Figure 4.4.3, repre
senting the derived breakthrough behaviour for a sin
gle-pulse tracer injection. The solid lines show solu
tions of the one-dimensional advection-diffusion equa
tion (with delta function tracer injections) superimposed 
so as to fit the Toeplitz output data, one solution for each 
peak. 

Thus for each tracer, a value for the arrival time 
and the parameter controlling the shape of the early 
breakthrough curve was obtained for each observed 
channel. No clear dependence of Peclet number on 
travel distance was found, which would be the most 
obvious sign of scale-dependent dispersion. However, 
when the mean travel time versus the Peclet number 
was plotted, the same trend was seen in the results of 
both experiments (using the 1st channel data for each 
tracer from the Toeplitz analysis), namely, the Peclet 
number was found to be increasing with travel time 
implying a decrease in dispersion. 

In conclusion, the fractured medium analysed here 
represents a strongly heterogeneous system, with trac
ers emerging at the drift ceiling at isolated sheets, and 
the modelling approach was required to cope with 
highly channelled flow. Accordingly, the variable-ap
erture channel model was applied and parameters for 
the different channels were obtained. These were re
lated to each other and to the basic parameters describ
ing the fracture distribution. 

It was concluded by the team, that the methods 
chosen confirmed the concept of multiple variable 
aperture channels as evidenced by the multiple peak 
results from the Toeplitz analysis. These results were 
used in turn to find the constants describing the local 
fracture plane system. The spatial variability of the 
tracer arrival at the drift was suitably represented by 
this multiple channel approach. An interesting feature 
was the dependence of the Peclet number on the travel 
time. This was consistent with results for channel mod
els with series of fractures. 

The KTH/SKI project team calibrated the 
DISCFRAC fracture-network model so as to generate 
flow networks commensurate with the data from the 
Stripa 3-D experiment. The tracer tests provided data 
for the validation of the predicted transport behaviour 
observed in the discrete model. 

The validity of the use of effective transport pa
rameters within an appropriate continuum model was 
assessed by fitting one-dimensional breakthrough 

curves to the synthetic breakthrough curves generated 
from the discrete model. Estimates for the porosity, 
Peclet number, and specific rock surface (available for 
sorption) were made. A major objective was to analyse 
the scale and degree of spatial variability indicated by 
the Stripa 3-D data. 

The model embodied within DISCFRAC gener
ates synthetic fractured rock via discrete fracture-net
works and solves for steady flow and transport. Frac
tures are modelled as discs with stochastically gener
ated radii and orientations. Flow takes place in one-di
mensional channels leading from the centre of one 
fracture, through an intersection to the centre of an
other fracture. The channels might be either rectangu
lar, parallel plate channels, or tubes. Fracture-channel 
transmissivities are assumed to follow a lognormal 
distribution whose mean and standard deviation can be 
specified. 

The problem of describing heterogeneous fracture 
systems via effective transport parameters was ad
dressed by analysing the output (breaktrough curves) 
from the synthetic simulations in the discrete model. 
Three different methods to derive effective parameters 
were compared: 1) averaging the geometrical proper
ties in the discrete fracture-networks, 2) averaging the 
transport simulation results (breakthrough curves) in 
the discrete model, and 3) fitting a one-dimensional 
advection-dispersion-sorption model to the break
through curves from the discrete model using the 
method of least squares. 

By comparing the first two methods for estimation 
of effective transport parameters, the team was able to 
quantify the effects of flow channelling (preferential 
flow) and other effects of heterogeneities in a fractured 
medium. By means of fitting the continuum model to 
the breakthrough curves from the discrete model it was 
possible to obtain estimates of water residence time, 
Peclet number, porosity, and specific fracture surface 
data. The consistency between these parameter esti
mates and the corresponding parameter values derived 
directly from the discrete model simulations was taken 
as an indication of the validity of approximating trans
port in a heterogeneous medium with a simple one-di
mensional transport equation. 

Figure 4.4.4 depicts a typical block domain used 
in the discrete fracture realisations. 

Figure 4.4.5 (a) - (d) illustrates four breakthrough 
curves (solid) from transport over a 20 m distance in 
geometrically identical fracture-network realisations. 
The value of o )n/- (the standard deviation of the log of 
channel transmissivities) was varied. In each plot, the 
dashed curves represent the best-fit breakthrough 
curve obtained from the one-dimensional continuum 
model. Simulations with low or zero variability of the 
fracture transmissivities, 0 \nT - 0, resulted in smooth 
breakthrough curves which, in general, were well rep
resented by the fitted continuum model. Increasing the 
value of 0 |„ r led to a redistribution of transport paths. 
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F/'gu/-e 4.4.3. LBL/USDOE team. Normalised breakthrough curves derived from the Toeplitz analysis together 
with subsequent fits using one-dimensional, pulse injection solutions. 
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Figure 4.4.4. KTH/SKI project team. The domain em
ployed in the discrete fracture tracer tests. 

Transport became dominated by a few high flux chan
nels. Accordingly, the continuum fit became worse as 
o | n r was increased (Figure 4.4.5 (b) - (d)). 

The dispersive behaviour of the discrete model 
was strongly dependent on the value of o inT. In the 
case when a \nT = 0, the dispersion length appeared 
constant, indicating a Fickian dispersal process. For 
o )ny = 4 or 6 there was no observed increase in Peclet 
number with transport distance, indicating the pres
ence of non-Fickian dispersion and a dispersion length 
proportional to transport distance. 

Occasionally, low dispersive realisations with 
high Peclet numbers and fast transport were obtained. 
Such cases resulted from extreme channelling. The 
frequency of such realisations increased with a inT , 
indicating the importance of channelling in transport 
through fractured rock with variable fracture widths. 
Figure 4.4.5 (e) illustrates the normalised break
through curve (solid) and the fitted continuum model 
(dashed) for one of these realisations. The continuum 
model poorly represented the irregular breakthrough in 
such cases. 

A second set of synthetic transport experiments 
were designed to distinguish between the effects of the 
fracture-network as opposed to the effects of the ge
ometry of the flow channels. Three different geome
tries were selected: 

- Channel type 1: tube flow channels 
- Channel type 2: parallel plate channels with fixed 

widths 
- Channel type 3: parallel plate channels with variable 

widths 

The three different flow channel geometries pro
vided a range of values for the global flow porosity and 
specific surface when the channel transmissivity was 
kept the same for the different channel types. Particles 
were injected with equal concentration in all fractures 
intersecting the injection area on the upstream face of 
the simulation domain and the simulations were per

formed in a cubic domain with a side length equal to 
25 m. 

The result of these simulations demonstrated the 
importance of the local flow geometry in the fracture 
planes. The effective porosity and specific surface area 
differed several orders of magnitude for the different 
channel types used. Figure 4.4.6 displays ensemble 
mean values of simulated porosity for three different 
channel types and different values of o )n7-. Solid 
curves represent the true porosity (determined in the 
discrete model) and dashed curves represent the poros
ity parameter in the fitted continuum model. 

For small values of a inT the parameters of the 
fitted continuum model agreed well with those of the 
discrete model. In simulations with high values of 
a lnT (equal to 4 and 6) the fitted continuum model 
consistently overestimated the ensemble mean poros
ity and specific surface area by a factor of 2 to 3, and 
in occasional realisations the overestimation was as 
high as an order of magnitude. 

Because of network effects, flow channelling, etc., 
the medium average values (geometrical estimates) of 
porosity and specific surface were not representative 
for transport in the medium. In some realisations with 
pronounced channelling (high a lnT cases) the spe
cific fracture surface area, available to sorption and 
other surface retardation mechanisms, was reduced to 
only a few percent of the medium average value. 

Table 4.4.4 gives the effective transport parame
ters calculated from the Stripa 3-D field experiment 
together with predicted values from the synthetic ex
periments, in the discrete model. In both cases the 
one-dimensional continuum equation was used to esti
mate the effective parameters from the breakthrough 
curves. When comparing the predicted values to the 
experimental ones, it was concluded that the flow 
calibrated discrete model was able to account for the 
seemingly erratic results of Stripa 3-D field migration 
experiment in terms of the uneven spatial tracer distri
bution, non-Fickian dispersion, low Peclet numbers 
and channelling effects. 

The possibility of estimating effective transport 
parameters for predictive use in fractured rock was 
highly dependent on the variability of the flow chan
nel transmissivity. The advection-dispersion equation 
provided reliable estimates from migration experiments 
in synthetic rock with low values of a ]nT. Increasing 
the value of a inT resulted in more pronounced chan
nelling behaviour with non-Fickian dispersion and ex
treme channelling, which raised doubts on modelling 
transport with a continuum model in this case. 
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Figure 4.4.5. KTH/SKI team. Tracer breakthrough curves calculated for various realisations of fractured rock. 
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Figure 4.4.6. KTH/SKl team. Ensemble mean of esti
mated porosity as a function of a |ny and channel 

type-

Table 4.4.4. KTH/SKl team. Compilation of estimated 
effective transport parameters from the Stripa 3-D mi
gration experiment and model predictions in simula
tions with O ]„j- equal to 4. Values within parentheses 
indicate occasional anomalous observations. 

Peclet Flow porosity Specifi* 
number surface 

On-') 

Experiment 

Stripa3-D l-6-(30) 3.4 lO"5-I5.5 I0'5 0.5-27 

Synthetic experiments 

Channel 0.2-6- 1.5 i0"7± I.2-I0"7 0.00I9± 
type l (> 100) 0.0013 

Channel 6.4 10'6± 4.3 106 0.32± 
type 2 0.30 

Channel 4.8 10'5± 2.7I0"5 5.9±5.5 
type 3 

Channel (ype I: lube flow channel 
Channel type 2: parallel plate channels with fixed widths 
Channel type 3: parallel plate channels with variable widths 

Because of network effects and preferential flow, 
small-scale laboratory experiments or field experi
ments over a few fracture lengths or less may result in 
a significant overestimation of the specific surface 
area accessible to a migrating solute on a larger scale. 
This is of special concern in a performance assess
ment, because it leads to a subsequent overestimation 

of the capacity for radionuclide retardation on fracture 
surfaces. A direct implication of this result is that 
field-scale tracer tests over several fracture lengths are 
needed to assess effective transport parameters in frac
tured media with high variability of fracture transmis-
sivities. 

A fractal conceptual model was employed by the 
Intera/AEA/Nirex project team in order to investigate 
the potential use and adequacy of fractional dimen
sional flow models. An advantage of this approach was 
that the flow path dimension was a completely free 
parameter. Thus a result close to 2 would indicate the 
presence of radially-convergent flow within an ap
proximate fracture plane, whereas a result close to 3 
would indicate a radial flow pattern within a highly 
fractured domain, densely filled with almost radial 
flow paths. Given the intermittent and sparse distribu
tion of fractures observed within the rock and the 
spatial variation in the experimental breakthrough 
curves, a result close to 1 was anticipated, correspond
ing to highly channelled flow. 

The team concluded that the main difficulties in 
the modelling of the Stripa experiment, were: 

- the different shapes of breakthrough curves 
- the large spatial variability 
- the loss of tracers to unknown sinks 
- the lack of knowledge of the rock mass characteristics 

When analysing the results, th project team plotted 
the five tracer arrival times (for each sampling sheet) versus 
the flow distance on a log-log graph. A line was fitted by 
the method of least squares, yielding an estimate for the 
fractal dimension D. The results are shown in Table 4.4.5. 
The pattern for nearly all of the sheets was similar, in that 
the arrival times for Elbenyl, Uranine and iodide lay quite 
close to the fitted line, while the arrival times for Eosin Y 
and Eosin B were further away. Data for other tracers was 
not reliably available within the published data. The close
ness of the data to the fitted curve is indicated by the 
correlation value (Table 4.4.5). 

The team outlined, that it was not appropriate to 
associate detailed conclusions with these fits, How
ever, it was noted that the slope of the fitted lines is 
generally close to unity. This supported the basic prem
ise of transport through a simple geometric pipe-like 
structure. The sheet with the highest linearity in the 
data for which fits were obtained, had a slope of 1.34, 
suggesting an influence of planar fractures, and less 
channelled flow. 
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Table 4.4.5. Intera/AEA/Nirex team. Calculated 
fractional dimensions of the flow paths between the 
injection sites and sheets. Each sheet yielded arrival 
times for five tracers. 

Sheet 

66:3 + 1 
64:31 + 2 
62:33 + 1 
60:33 + 2 

110:29-1 
108:29 + 0 
65:29 + 1 
67:29 + 2 

106:27 - 1 
68:27 + 1 
69:27 + 2 
70:27 + 2.5 

Dimension 
D 

1.3642 
1.3404 
0.90126 
1.1353 
0.95826 
1.1676 
1.1885 
1.0437 
0.75843 
1.4777 
1.2779 
0.69144 

Correlation 
value 

0.698 
0.749 
0.565 
0.744 
0.565 
0.625 
0.681 
0.613 
0.506 
0.682 
0.633 
0.544 

In their discussion of model adequacy and valida
tion aspects, the team pointed out that their attempt at 
modelling the Stripa experiment was regarded by 
themselves as a first step towards a fractal dimensional 
description of flo v in fractured media. The team fur
ther noted that the fractional dimension obtained in 
their analysis, was between 1 and 2. The team also 
remarked that the generalised fractional dimension ge
ometry may well be inappropriate at very large distances 
from the sinks (i.e. the sheets in this case). Despite this, 
they found it encouraging to see their estimates lie 
between 1 and 2. Finally, they state that it would be 
possible to build a generalised radial transport model 
which includes generalised geometric descriptions (i.e. of 
a fractional dimension type) of flow and diffusion paths. 
It would be of interest to see whether such models provide 
a natural explanation for the often observed increase of 
dispersivity with distance from a source. 

4.4.6 Concluding Remarks 

The Stripa data was perceived by the four teams that 
attempted the case to be representative of flow through 
fractured granite. All of the teams validated either or 
both of the issues: 

— highly channelled flow path models 
— the role of local variations of transmissivities in 

providing a dispersive mechanism. 

The exercise of validation within the test case could 
be regarded as a two stage process. Firstly qualitative and 

subsequently quantitative agreement was sought be
tween the data and the model results. The agreement 
was achieved by fitting the smoothed data by known 
model solutions. The Toeplitz analysis (the LBL/US-
DOE team) was the only 'non specific' approach, al
lowing the system to be represented by any appropri
ately constrained discrete convolution. The remaining 
models were based upon specific conceptual and 
mathematical models, and possessed a limited number 
of degrees of freedom to be set via the calibration 
process. 

The discrete fracture-networks generated by 
DISCFRAC were particularly well suited to simulating 
the highly heterogeneous breakthrough behaviour. By 
generating synthetic tracer breakthrough experiments, 
calibrated against Stripa data, the KTH/SKI team was 
able to support the strongly heterogeneous break
through behaviour observed in the experiment. 

The second stage required estimation of effective 
transport parameters, which could be used in calculations 
over similar or distinct spatial and temporal scales. The 
calculation of effective parameters from the synthetic 
breakthrough data by the KTH/SKI project team was of 
special interest, since having replicated the Stripa 3-D 
type of experiment, the ensemble means were directly 
interpreted by fitting to known breakthrough curves from 
continuum models. The KTH/SKB team estimated the 
same set of parameters: Peclet number, porosity and 
specific surface. The LBL/USDOE team also calculated 
Peclet numbers via the two modelling techniques em
ployed within their programme. 

For a fractured medium the conceptual model must 
take account of scale effects. On small scales, flow 
paths are independent channels giving rise to anoma
lous, fast dispersion (as described by the KTH/SKB 
team). As the flow paths become larger, each comprises 
a number of individual channels, resulting in a reduc
tion in the fast dispersion effect as embodied by the 
variable-aperture approach of the USDOE/LBL team, 
each flow path becoming more representative of the 
ensemble. On larger scales, interconnections between 
channels induce a network effect which reduces vari
ability due to channelling and gives rise to a slower, 
Fickian type of dispersive behaviour, albeit incorporat
ing an effective hydrodynamic dispersion term. 

Since the dimension of the flow regime was al
lowed to vary, the fractal geometry introduced by the 
Intera/AEA/Nirex team was found to be relevant. The 
model could account for radially-convergent flow in 
three-dimensional highly fractured media, two-dimen
sional fracture planes, one-dimensional channels, and 
applying intermediate states. However, the results of 
this approach to the Stripa data showed that the fractal 
channelling geometry was close to one-dimensional, 
providing an independent validation (direct from the 
data) of the adoption of one-dimensional flow paths by 
other project teams. 
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4.5 Test Case 5. Tracer Experiments in a 
Fracture Zone at the Finnsjon Research 
Area. 

4.5.1 Introduction 

The test case was based on a set of tracer tests in a 
fracture zone in crystalline rock at the Finnsjon re
search area in Sweden. The main objective was to 
determine parameters important for the understanding 
of radionuclide transport in major fracture zones and 
to use the results for calibration and verification of 
radionuclide transport models. An additional objective 
was to develop and improve experimental equipment 
and methods for application in future field experi
ments. 

The experiments were designed to study important 
phenomena in geosphere transport of radionuclides, 
such as advection, dispersion, channelling, dilution, 
matrix diffusion, and heterogeneity on a rather large 
geometrical scale. At the start of the INTRAVAL pro
ject the tracer tests were still in the planning stage, 
which made it possible for the INTRAVAL participants 
to comment on the design of the experiments and also 
to carry out predictive modelling of the tests. 

Two major fracture zones have been identified at 
the Finnsjon study site, the Brandan fracture zone, 
Zone 1, and a low-angle zone, Zone 2 (Figure 4.5.1 and 
Figure 4.5.2). 

The fracture zone chosen for the tracer experi
ments, Zone 2, was well defined in seven boreholes 
(Figure 4.5.3). 

The rock was dominated by granodiorite and the 
fracture infillings were mainly calcite. In the area of 
the tracer test experiments, the zone was almost planar 
with the upper surface located 100 to 240 m below 
ground. The zone had a thickness of about 100 m and 
seemed to consist of three subzones with hydraulic 
conductivities of 210"4 m/s. Close to the upper pervi
ous layer there was an interface between fresh water 
and sa't water in the fracture zone, with the salt content 
of the groundwater being higher below the zone than 
above. The water in Zone 2 was a mixture of salt and 
fresh water, indicating the appearance of two circulat
ing groundwater systems, one above and one below the 
zone. Both drained into Zone 2, and from there into the 
Brandan zone. The estimated groundwater gradient in 
Zone 2 was 1/350 to 1/150 m/m. 

4.5.2 Experiments 

Three hydraulic interference tests were performed in
volving withdrawal from different isolated intervals in 
borehole BFi02 within Zone 2, from the upper and lower 
parts (Test I and 2) and from the entire zone (Test 3). 
Pressure responses were registered in 3 to 6 intervals 
in all boreholes in the Brandan area as well as in six 
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Figure 4.5.1. Borehole location in the Brandan area. 

Figure 4.5.2 Block diagram of fracture zones in the 
Brdndan area. 
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Figure 4.5.3 Cross section through the BrUndan area showing Zone 2. 

boreholes outside the area up to a distance of 1500 m 
from the pumping well. Results from the hydraulic 
interference tests were 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 were given, together with graphs of the flow 
rate, electrical conductivity, temperature of the water 
discharged from BFi02, and barometric pressure. Time-
dependent and distance-dependent drawdown curves 
were used to evaluate hydraulic parameters, such as 
transmissivities and storativities. 

Tracer tests were performed in conjunction with 
the second interference test. Primary data available 
were concentration and volumes of tracers injected, 
volumes of borehole sections and tubing, duration of 
tracer injection, pumping capacity and duration of 
pumping in the selected borehole, and tracer concen
tration versus time in the borehole. Tracer break
through curves were used to evaluate hydraulic pa
rameters, such as hydraulic fracture conductivity, frac
ture aperture, flow porosity and dispersivity. 

Two sets of tracer tests were completed, a ra
dially-converging experiment and a dipole tracer ex

periment. In the radially-converging experiment, hole 
BFi02 was used as withdrawal hole and tracers were 
injected into Zone 2 in three peripheral holes, BFiOl, 
KFi06 and KFi 11 (Table 4.5.1). 

The distance along Zone 2 between the withdrawal 
hole and the nearest of the injection holes was 155 m. 
Eleven different tracers were injected, eight of them 
continuously for five to seven weeks and three as 
pulses. The tracer solution was injected with a constant 
flow rate into a closed system of water circulating from 
a packed-off section to the ground level and back to the 
packed-off section. The groundwater flow rate through 
the injection section was estimated by introducing a 
tracer pulse into the circulation system and measuring 
the dilution of the tracer versus time. 

The tracers were withdrawn by pumping at a rate 
of 2.0 l/s in hole BFi02 from a packed-off section 
covering the whole thickness of Zone 2. During the 
period of tracer injection, the water discharged from 
the hole was continuously sampled for tracer analysis. 
The hydraulic heads in the pumped section and the 
groundwater level were also registered. 

The dipole test was conducted by injecting in one 
well and pumping in another. The experiment was 
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Table 4.5.1 Injection intervals and tracers in the radially-
converging test. 

Hole 

BFiOI 
Upper 

Middle 

Lower 

KFi06 
Upper 

Middle 

Lower 

KFill 
Upper 

Middle 

Lower 

Interval 
(m) 

241.5-246.5 

263.5-266.5 

351.5-356.6 

212.0-217.0 

236.5-239.5 

252.5-271.5 

221.5-226.5 
221.5-226.5 
221.5-226.5 

282.5-294.5 

329.5-338.5 

Tracer 

In-EDTA 

Uranine 

Ho-EDTA 

Iodide 

Yb-EDTA 

Re04 

Gd-DTPA 
Tm-EDTA 
Amino G 

Er-EDTA 

Dy-EDTA 

Type of 
injection 

Cont. 

Cont. 

Cont. 

Pulse 

Cont. 

Cont. 

Cont. 
Pulse 
Pulse 

Cont. 

Cont. 

performed in a recirculating system between BFiOI 
(injection) and BFi02 (withdrawal). The holes KFi06 
and KFi 11 were used as observation holes. 

Only the upper highly-conductive part of Zone 2 
was used for tracer injection in hole BFiOI. Fifteen 
tracer injections involving twenty different tracers 
were made during a period of seven weeks. Two of the 
injections were made in the upper part of the observa
tion hole KFi 11. Both radioactive and non-radioactive 
tracers were used, including sorbing as well as non-sor-
bing species. The tracers were sampled in the upper 
part of Zone 2 in the holes BFi02 and KFill. Occa
sional samples were also taken in the water from the 
lower intervals of hole KFi 11 and in the water from the 
sections in hole KFi06. 

As the chemistry of the circulating water was of 
importance for the sorbing tracers, a comprehensive 
chemical analysis of the sampled water was made at 
the end of the dipole experiment 

Porosity and diffusivity were determined from 
laboratory measurements on drill core samples from 
boreholes KF106 and KFill. 

Both the radially-converging experiment and the 
dipole tracer experiment showed that tracers could 
move between trie layers in the fracture zone. Break
through cur /es were available for the radially-converg
ing experiment. They were measured as tracer concen

trations versus time from start of injection in the with
drawal hole for all eleven tracers, which were injected 
at nine locations, three in each injection hole. Other 
supporting data were also provided, such as concentra
tions in the injection sections during the time of con
tinuous injection, first arrivals of the tracers in the 
withdrawal hole, total mass of tracers injected, and 
tracer recovery. 

In the dipole experiments, tracers were detected 
both in the withdrawal hole and in the two observation 
holes. Breakthrough curves for the nineteen injected 
tracers have been available in the form of concentra
tions, normalised to injection concentrations versus 
elapsed time after injection. First arrivals of tracers, 
mean residence times and peak concentrations for 
breakthrough in the withdrawal and in the observation 
holes were also recorded, as well as a number of 
additional data. 

4.5.3 Models and Modelling Approach 

Seven project teams, including the pilot group who 
developed the test case, studied and analysed test case 
5. Key features and other factors included in the con
ceptual models used by the teams are presented in 
Table 4.5.2. 

The SGAB/SKB team carried out flow and trans
port modelling as part of the sequence of the field 
experiments: hydraulic interference tests, the radially-
converging tracer test and the dipole tracer test. Their 
purpose was prediction of the field experiments based 
on available information and comparison of the results 
with the actual outcome of the experiments. Ground
water flow and solute transport were to be estimated. 
Model simulations were also performed in order to 
assist in the design of the different experiments. In 
addition, the models were used to evaluate and inter
pret experimental data with respect to injection schedules, 
observed occurrence of multiple flow paths, etc. 

The low-angle fracture Zone 2 was generally mod
elled as a porous medium, for which flow and transport 
could be described using averaged properties of the 
medium. 

Most of the transport modelling was performed for 
the upper, 0.5 m thick, highly conductive part of the 
fracture zone. Some of the flow modelling was also 
made with the fracture zone being represented as 
equivalent to a multi-layered aquifer. The transport 
processes considered were advection-dispersion, ra
dioactive decay and linear equilibrium sorption. 

The intent of the team was to use a simple model 
as a tool to support interpretation of experimental data, 
considering variable injection schemes, different inlet 
boundary conditions, multiple flow paths, retardation, 
etc. Only water residence times were studied as the 
purpose of the modelling was to make it possible to 
interpret the transport connectivity between the differ
ent injection sections and the sampled borehole. 
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The 2-D confined-aquifer finite-element model 
code SUTRA was used when effects of hydraulic 
boundaries on the flow field had to be accounted for. 
1-D models were used when flow conditions could be 
neglected and when only water residence times had to 
be considered. 1-D models were also used for evalu
ation of some of the tracer tests. 

In the flow modelling, the fracture zone was rep
resented as a horizontal band of layers having varying 
permeabilities. Radial symmetry was assumed with the 
pumping section being located along the left border. 

The KTH/SKB team assumed that solute transport 
could be described by a 1-D model and that equations 
for one-dimensional transport could be used for ra

dially-converging systems, if the Peclet number was 
large. They used two models, the advection-dispersion 
model (ADM) and the advection-dispersion—matrix-
diffusion model (ADDM). 

Available analytical solutions for pulse and con
tinuous injection were used for the ADM model, giving 
the effluent concentration as a function of the Peclet 
number and residence time. A proportionality factor 
was incorporated in order to account for the dilution 
effect in the pumping hole. 

For the ADDM model an analytical solution was 
used which gave the concentration as a function of 
Peclet number, water residence time, and a parameter 
(A-parameter) which accounted for the diffusion into 

Table 4.5.2 Summary of conceptual models used by project teams. 

Team 

SGAB/SKB 

SGAB/SKB 

Intera 

KTH/SKB 

KTH/SKB 

Representation 

Porous medium with subregions 

Linear advective dispersive system 

Horizontal constant aperture 
fracture allowing radial advection 
and dispersion 

Linear advective dispersive system 

Linear advective dispersive system 
with matrix diffusion 

Dimension 

2-D 

1-D 

2-D 

1-D 

1-D 

Examples of effects considered 

Dispersion 
Sorption 
Matrix diffusion 
Radioactive decay 

Dispersion 
Multiple flow paths 

Dispersion 
Two parallel fractures 

Dispersion 

Dispersion 
Matrix diffusion 

VTT 

JAERI 

JAERI 

Hazama 

EMP 

Channels 

Variable-aperture fracture with 
channelling effect 

Porous medium 

fracture-network (3 subregions) 

Multiple channels 

2-D Advective diffusion 
Generalised Taylor dispersion 
Multiple flow paths 

2-D Advective dispersion 
Local dispersion 
Multiple flow paths 
Matrix diffusion 

2-D Advective dispersion 
Matrix diffusion 

2-D Advective dispersion 
Matrix diffusion 
Multiple flow paths 

2-D Advective dispersion 
Multiple flow paths 
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the rock matrix. This latter effect is also influenced by 
the residence time of the tracer. Therefore, the impor
tance of matrix diffusion in the tracer tests was studied 
by defining the F-parameter which besides diffusion 
into the rock matrix also considered the residence time. 
If this parameter was introduced in the analytical solu
tion, the effluent concentration became only a function 
of the Peclet number, the relative residence time, and 
the F-parameter. An estimation of this parameter 
might be made from water residence time, fracture 
aperture, diffusion coefficient, and rock porosity. The 
KTH/SKB team found that diffusion into the rock 
matrix was important if the F-parameter was larger 
than 0.3. 

The Intera team concentrated its efforts on pulse 
injection tests, arguing that pulse breakthrough was 
likely to be more sensitive to the assumed geometry of 
the fracture, since both a wave-front and a wave-back 
had to be considered, and furthermore, in the two tests 
carried out simultaneously from borehole KFil 1, there 
was evidence of a double pulse breakthrough in the 
case when only one pulse was injected. 

Data for a radially-convergent test may be fitted 
by a one-dimensional fracture model with a constant 
advection term. This rules out a priori any effects of the 
radial convergence of the groundwater flow. For that 
reason Intera considered the two-dimensional radial 
flow problem. The team was able to develop an analyt
ical solution for a simple advection-dispersion prob
lem. If molecular diffusion of the solute was taken into 
account, then the Laplace transform of the solution 
would be available, although the inversion would gen
erally require a numerical algorithm. 

Using the data of the experiments and break
through pulses of a form developed by Intera, the team 
sought numerical best-fit curves by minimising the 
sums of squares of the residuals over the time frame of 
the experiments. 

The VTTteam developed and applied a concept of 
varying aperture channels to calculate flow. One appar
ent drawback is the additional number of parameters 
that have to be introduced. 

In their conceptual model, water flow in the frac
tures was assumed to be concentrated to channels. 
Furthermore, the actual tortuous three-dimensional 
channels were flattened and straightened to give a 
two-dimensional channel-network in a fracture plane. 

Boreholes for injection and pumping penetrate the 
fracture plane and the channel-network connects the 
planar borehole sections. The aperture variation was 
taken into account in the model and a mean effective 
width was assumed to describe the varying widths. As 
the channels in a rock fracture usually have very small 
apertures compared to the widths, the transport of a 
tracer can be described by a two-dimensional geometry 
in the fracture flow. 

The flow field in a flat fissure depends strongly on 
the possible variations of the aperture across the chan

nel width and a wide range of different flow velocity 
distributions exist. The VTT team analysed a linear 
flow velocity field as a first approximation, since they 
believed that it would reveal the essential features of 
the coupling between velocity field and diffusion. 

The JAERI team applied two different conceptual 
models to the tracer test, an equivalent single fracture 
model in which the fracture aperture was constant in 
the two-dimensional plane, and a variable-aperture 
channelling model. The two models were used to model 
the upper highly conductive part of Zone 2. 

In the equivalent single fracture approach an ana
lytical solution to the flow equation was used to calcu
late the groundwater flow field. The tracer transport 
was calculated by numerically solving the advection-
dispersion equation in two dimensions taking into ac
count sorption and matrix diffusion. In the variable-ap
erture model the flux was calculated for different real
isations of the aperture distribution and solute transport 
through the fracture was calculated using a particle-
tracking method. 

The Hazama team analysed the radially-converg
ing tracer experiment using a fracture-network model. 
The fractures were generated using statistical descrip
tions of their directions, extents and positions. The 
water was assumed to flow symmetrically towards the 
pumping borehole. A parallel plate model was used for 
water flow in each fracture element and the conductiv
ity of each fracture was calculated by using the cubic 
law. Using one-dimensional finite elements, the total 
heads at all intersections of the fractures and the veloc
ity field could be calculated. 

The tracers were considered to be transported 
through the fractures mainly by advection. Complete 
mixing was assumed to occur at the intersections of the 
fractures and hydrodynamic dispersion and molecular 
diffusion in the fractures were supposed to be negli
gible. Advection and matrix diffusion were treated as 
the major physical transport mechanisms. 

The modelling work of the team from Ecole des 
Mines was limited to tests concerning conservative 
tracers injected in the upper sections of Zone 2. Models 
were proposed for the radially-converging experiment. 
Three subsystems were treated: the injection loop, the 
fracture system and the recovery well. The purpose for 
the model for the injection loop was to check for flow 
anisotropy by comparing different injection intervals. 
However, it appeared that their formulation produced 
unrealistic variations of the aquifer flow rate through 
the loop. 

The tracer movement through the fractured me
dium was described by a model relying on the assump
tion of an equivalent porous medium and transport by 
advection and dispersion. The source term should ide
ally be the output of the injection loop model. As the 
analysis of the injection loop model called into ques
tion the reliability of this, the flow rate through the 
entire system was considered steady-state, repre-
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senting conditions averaged over time. The injected 
mass of tracer was deduced from the product of the 
injection rate into the loop and the concentration of the 
tracer injected into the loop. The latter value was 
reliably known, as the tracer level in the storage tanks 
was tegularly measured. 

The tracers were assumed to move through a set of 
channels carrying the total flow. An equation for the 
dilution inside the set of channels would describe the 
geometric dilution due to the converging flow pattern. 
The concentration in steady-state would be independent 
of the flow rate through the channels used by the tracer. 

The team also elaborated on the fate of the tracers 
through the channels. Making certain hypotheses it 
was possible to tell the proportion of the total flow 
carrying tracer that went through each channel. If they 
assumed that the partition, found on a localised radial 
test, between different classes of channels or different 
classes of porosities was valid over the entire conduct
ing layer, then they could attribute a global flow to each 
porosity class and determine the porosity. 

4.5.4 Results 

Predictions were made for four different scenarios for 
the hydraulic interference tests by the SGAB/SKB 
team: pumping in the upper, middle and lower sub-
zone, and pumping in the entire fracture zone (3B). 
One example for test 3B is presented in Figure 4.5.4. 
The interference test results are plotted together with 
the predicted primary responses and predicted ground
water level responses. The comparisons show that the 
predictions generally are not very accurate. However, 
by analysing the discrepancies some valuable informa
tion can be gained about the zone. 

In the calibration of the model the modelling was 
performed only in a horizontal plane representing the 
entire thickness of Zone 2 as one single hydraulic unit. 
The calibrated flow model was arrived at by adjusting 
the hydraulic para,Meters and boundary conditions un
til a satisfactory fit between observed and simulated 
drawdown behaviour was obtained. One example of 
the simulated and observed transient drawdown curves 
for boreholes within the Zone 2, using the calibrated 
model, is shown in Figure 4.5.5. The transient curves 
generally show a relatively good agreement between 
simulated and observed primary responses. 

The numerical simulations proved to be very use
ful when analysing the hydraulic properties of the 
fracture zone. Although data cf high quality were avail
able from the interference teste for calibration of the 
flow model, no means could be found to verify that the 
calibrated model was a unique solution to this particu
lar system. 

The effects of parameter changes on the simulation 
results v/ere not examined systematically. However, 
during the calibration process two main features of the 
flow system became apparent: I) the total drawdown 

within the fracture zone was generally governed by the 
nature of surrounding boundaries and changes of the 
transmissivity within Zone 2 had very little effect on 
the magnitude of the drawdowns in the different bore
hole, and 2) hydraulic gradients within the zone were 
entirely governed by the transmissivity. 

The steady-state hydraulic distribution during the 
radially-converging test was predicted on the basis of 
the calibrated flow model. The steady-state flow field 
was in turn used to calculate transient solute transport. 
The predictive simulations were oriented towards pre
dicting tracer behaviour in horizontal planes repre
senting the different subzones. All the subzones were 
assigned the same thickness. Variations between them 
consisted of different hydraulic conductivities. The 
results of the predictions were obtained in the form of 
concentrations versus time in the pumped borehole. In 
addition, areal plots of tracer distribution were pro
duced. Boundary conditions for the transport domains 
were constant hydraulic head along all boundaries. 

Table 4.5.3 summarises the observed head differ
ences for all the nine injection intervals as well as the 
predicted head differences. 

It can be seen that the groundwater flow model 
does not explain hydraulic heads in borehole BFiOI. 
For boreholes KFi05 and KFil 1 the agreement is sig
nificantly better, although not perfect. 

Table 4.5.3. SGAB/SKB team. Comparison of meas
ured and predicted head differences. 

Bore- Section Measured1 Average1 Predic-
hole (m) (m) ted 

(m) 

KFi06 Lower 0.62 (-0.15) 

Middle 0.64 (0.28) 0.62 (-0.07) 0.42 

Upper 0.59 (-0.34) 

KFill Lower 0.81(0.42) 

Middle 0.74(0.33) 0.77(0.0) 

Upper 0.77 (-0.74) 

0.47 

BFiOI Lower 1.14(0.80) 

Middle 1.25(0.84) 1.27(0.73) 0.46 

Upper 1.41(0.55) 

'Values wilhin parentheses denote levelling after detailed 
sampling. 
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[Time (min)] 

F«,£fMre 4.5.4. SGAB/SKB team. Comparison of predicted (solid line) and measured transient drawdown re
sponses during interference test 3B in boreholes BFW2 (top) and BFiOl (bottom). 
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Figure 4.5.5. SGAB/SKB team. Simulated {solid line) and observed drawdown responses in bore
holes KFi06 {top) and KFi09 (bottom). 
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Table 4.S.4 presents a comparison between meas
ured and predicted first arrival times, as obtained for 
the measured and predicted breakthrough curves. 

Table 4.5.4. SGAB/SKB team. Comparison of meas
ured and predicted first arrival times. 

was applied without boundary conditions and with a 
natural gradient of 1/300. 

Figure 4.5.6 shows predicted and observed break
through curves for the "conservative" tracer l 3 lI in the 
dipole experiment. 

Borehole Section Measured Predicted 
to(h) to(h) 

KFi06 

KFill 

BR01 

Lower 

Middle 

Upper 

Lower 

Middle 

Upper 

Lower 

Middle 

Upper 

194 
1250-1350 

106 

3600 

850 

24 

1250 

700 

75 

1 
50 

1 

1 
50 

1 

1 

50 

1 

The comparison between measured and predicted 
travel times revealed several interesting features. Pre
dicted arrival times were significantly underestimated 
for all sections. The assumption that both the upper and 
lower intervals essentially represented layers with high 
fluid velocity during the tracer experiment was not 
accurate. The only case where this assumption would 
hold was for borehole KFi06. Furthermore, the differ
ences in measured first arrival times between boreholes 
did not correspond to the prevailing hydraulic gradi
ents. 

An analysis of the possible reasons for the large 
discrepancies revealed that the assumed flow poros
ity used for the predictions represented an assumed 
thickness of the zone of 75 m while in reality the 
transport would occur in a 0.5 m thick layer. Conse
quently, the flow porosity was adjusted from 310"4 

to 2.25-10"2 and also some minor adjustments of the 
hydraulic conductivities were made. These updated 
parameters were then used for the prediction of the 
dipole experiment. 

Some preliminary flow modelling was carried out 
for the dipole tracer experiment in order to investigate 
the influence of hydraulic boundaries and natural gra
dients on the flow field. It was found that the assumed 
hydraulic boundaries were not important, whereas the 
natural gradient, which was measured in a limited 
number of boreholes, had a significant influence on the 
dipole flow field. Therefore, a simplified flow model 
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Figure 4.5.6. SGAB/SKB team. Comparison of model 
predictions and experimental results from the dipole 
tracer test. 

A comparison with observed data shows that the 
average travel time and the peak level were predicted 
relatively well, but it was evident that more than the 
predicted 10 percent of the injected tracer mass was lost. 
Measurements of salinity during the experiment, indi
cated that some of the discharged water originated from 
below the place where the salinity increased sharply. 
Thus, the flow field, assumed to be two-dimensional, 
would have a three-dimensional component. 

As far as predicting the flow field, the observed 
head difference between the injection hole and the 
discharge hole was almost identical to that predicted. 

1-D modelling of the radially-converging tracer 
test, using advection-dispersion transport models, was 
carried out to evaluate the breakthrough curves in order 
to get some information about the transport connectiv
ity between the different injection sections and the 
sampled borehole. The analysis assumed steady-state 
flow, but accounted for variable injection schemes. The 
general approach was to estimate transport parameters 
by a non-linear regression procedure. The analysis 
performed on data from the radially-converging ex
periment proved to be very useful as a starting point of 
evaluating experimental data. In particular, the effects 
of variable injection and occurrence of multiple flow 
paths could be evaluated readily. Figure 4.5.7 demon
strates the breakthrough curve for In-EDTA and a 
model estimate, which was made assuming two main 
flow paths. 

The SGAB/SKB modelling should be seen primar
ily as an initial modelling for the purpose of evaluating 
transport parameters, such as flow porosity, hydraulic 
fracture conductivity, and dispersivity. The sequence 
of tests and the use of predictive modelling as a design 
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Figure 4.5.7. SGAB/SKB team. Regression estimate 
for In-EDTA with a two-path model. 

tool served as a catalyst for the interaction between the 
modellers and experimentalists involved in the project. 
The predictive modelling with the 2-D porous medium 
model showed that it was possible to predict the head 
distribution of the system fairly well on scales beyond 
300-500 m, while in the near-region the modeller had to 
include local heterogeneities in order to make good pre
dictions. The transport could be predicted fairly well after 
the first calibration process, but local heterogeneities 
should be considered in a more detailed manner. 

The KTH/SKB team selected seven breakthrough 
curves from the radially-converging experiment for 
analysis with the ADM model. The results from the 
fitting procedure showed that dispersion of the tracer 
was large in most cases, the Peclet number being in the 
range of 4 to 5. The water residence times varied from 
about 100 to 2000 hours. The fracture aperture could not 
be calculated from the mass balance because the flow of 
water in the fracture carrying the tracer was not known. 

The first step in the analysis with the ADDM 
model was to investigate tiie importance of matrix 
diffusion for the different tracers. The F-parameter was 
calculated for different effective diffusion coefficients 
and different water residence times. The selected val
ues of the effective diffusion coefficient were based on 
results from laboratory diffusion experiments with 
Uranine (a large molecule) and iodide (a relatively 
small molecule) in rock samples from Finnsjon. It was 
found that for the tracer tests with large molecules, the 
liffusion into the rock matrix was important if the 
residence time was longer than 100-200 hours. 

From the best-fit values of the residence time 
obtained by the ADM model, the diffusion into the rock 
matrix seemed to be of importance for the tracer tests 
with In-EDTA and Uranine. For the small molecules, 
ReG4 and iodide, matrix diffusion would greatly influ
ence the breakthrough curves. 

The results of fitting these tracer tests using the 
ADDM model showed that, in most cases, the tracer 
tests with large molecules gave smaller values of the 
F-parameter. 

In all cases the calculated residence times using the 
ADDM model were less than for the ADM model. This 
was an effect of including matrix diffusion in the model. 

Two parameters were used to characterise the 
mechanisms leading to spreading of the tracer: the Peclet 
number for the dispersion mechanism and the F-parame
ter for the diffusion into the rock matrix. By fitting the 
model to the tracer breakthrough curves, values of the 
Peclet number of about 1 0 - 20 and of the F-parameter of 
about 12 were obtained. This implied that both mecha
nisms were simultaneously active. To test if the spreading 
in the breakthrough cmve could be explained by the 
diffusion into the rock matrix only, a Peclet number of 
100 was used. A large Peclet number was compensated 
for by a large F-parameter (large diffusion into the rock 
matrix). The goodness of fit was sii..ilar in both cases. 

In the evaluation of tracer tests, the fracture aper
tures could be calculated from the water residence time 
and the flow rate. Because some tracers arrived at two 
or more locations in the pumping hole, the flow rate in 
the fractures could not be clearly determined. 

Different approaches were used for estimation of 
fracture apertures (Table 4.5.5). 

The interpreted results of the tracer tests depended 
strongly on the model used. This means that the prop
erties of the medium, calculated by using results from 
tracer tests, were determined by the processes which 
were included in a certain model. 

Table 4.5.5 KTH/SKB team. Fracture apertures de
termined by different approaches. 

Tracer Fracture apertures 

Cubic 
(ADM)1 (ADDM)1 (ADDM)2 Law2 

mm mm mm mm 

In-EDTA 

Gd-DTPA 

Re04 

Iodide 

Uranine 

18.9 

7.1 

12.3 

0.12 

0.8 

9.34 

2.73 

1.84 

0.04 

0.27 

0.19 

0.10 

0.09 

0.18 

0.21 

1.30 

1.30 

0.98 

0.25 

0.25 

1 Values show the total aperture for a 2 m section. 
2 Values show the aperture for an individual fracture. 
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The dispersion of the tracer might be caused by 
mechanical dispersion (Peclet number) or by diffusion 
into the rock matrix. In practice, the two mechanisms 
work simultaneously, and from the tracer tests it was 
difficult to determine the relative effect of each of these 
mechanisms. When the two parameters (Pe and A) 
were simultaneously fitted, similar results could, in 
some situations, be obtained with very different values 
of the parameters. 

The fracture aperture calculated using different 
approaches varied within a wide interval. The calcula
tions were made, assuming that the flow took place in 
one or several parallel-walled fractures and that the 
water flow was homogeneously distributed around the 
pumping hole. There was experimental evidence, how
ever, that the fracture aperture is not constant but varied 
in the fracture plane. This condition might strongly 
influence the results of the tracer tests. 

The Intera team fitted the pulse breakthrough data 
for the tracers Tm-EDTA and Amino G Acid in bore
hole KFi 11 in the radially-converging tracer test. Ex
amples of the fitted breakthrough pulses are shown in 
Figures 4.5.8 and 4.5.9. 

The team concluded that the apparent double-
peaks in Figures 4.5.8 and 4.5.9 were not artifacts 
caused by stopping withdrawal or inconsistencies in 
the tracer release. Indeed, the tracer release data were 
available and the duration of the input pulse was so 
short as to rule out the superposition of two pulses. 
The interpretation by Intera was that the double peaks 
must be a consequence of flow path geometry, but that 
there was no unique way to determine this from the 
available data. Further analysis suggested that just one 
or two parallel fractures, subject to radially-converg
ing flow, were inadequate to model the observed pulse 
breakthrough. 

The VTTteam modelled Zone 2 as three separate 
parallel subzones, although some flow routes from 
the middle and lower subzones came via the upper 
subzone. No anisotropy in the transmissivity of Zone 
2 was assumed. 

At the time of predictive modelling the results of 
the interference tests were not available. After getting 
these results the head differences and transport times 
were recalculated. The relatively good agreement be
tween the head values indicated that the 'otal transmis
sivity of Zone 2 was evaluated quite .ell. From the 
results the conclusion was drawn that the average 
transmissivity of Zone I was due to several very con
ductive channels and that the boreholes were con
nected to the most conductive channel-network by 
smaller, less transmissive channels. 

The short transport times especially in the upper 
subzone were predicted quite successfully. Any dis
crepancy could be explained as being due to local 
heterogeneities of the channel properties. 

In the calculations of the tracer transport in the 
radially-converging test, one transport route, repre-
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Figure 4.5.8. Intera team. Pulse breakthrough for 
tracer Tm-EDTA, borehole KFi 11 
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Figure 4.5.9. Intera team. Pulse breakthrough for 
tracer Amino G Acid, borehole KFi 11. 
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senting the fastest connection between the injection 
and collection places, was assumed between the injec
tion borehole section and the pumping borehole. The 
mass flux was normalised to the experimental value. It 
was believed that the route might be a flat channel in 
the rock having an aperture of 1 mm or less and a width 
of 10 cm. The injection sections were assumed to be 
well mixed volumes with the groundwater flow inter
acting and mixing with the volume. The analysis was 
performed with constant groundwater flows and time 
dependent tracer concentrations. Breakthrough curves 
were calculated, adjusting the groundwater velocity 

and using a normalisation factor for the transported 
mass. Examples of the calculated results for the con
centrations in injection sections and breakthrough curves 
(solid lines) together with experimental results (dots) 
are given in Figure 4.5.10. The case of "BFiOl Upper" 
showed that the concentration in the injection section 
decayed fast, when the injection was stopped. The 
breakthrough curve showed a fast response to changes 
in the injection concentration indicating a high ground
water flow rate. In "BFiOl Lower" case the measured 
concentration in the injection section seemed to follow 
the theoretical concentration rather well. 

0 500 1000 1500 M M 1500 JC30 0 500 1000 1500 2000 1ST, 3000 
TkM(h) 

MOO 

MO ION 1100 MOO 2500 MOO 
Hm(h) 

• 500 1000 1500 MOO 2500 MM 
Ttaw(h) 

m 10M ItM MM 2SM MM 
TllM(li) 

0 f M 1000 1M0 2000 2500 MOO 
TkM(h) 

Figure 4.5.10. VTT team. Experimental and calculated injection and breakthrough curves for long release pulses. 
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The VTT team remarked that the results showed 
that the groundwater flow through the injection section 
had not been constant during the experiment. In their 
opinion the experimental results from the radially-con
vergent test could be satisfactorily explained. This 
could indicate some degree of validity for the model, 
but more checks were needed to test the adequacy of 
the conceptual hydraulic and transport model. The 
team noted the experimental difficulties in controlling 
the source term, keeping the hydraulic situation stable 
and measuring hydraulic boundary conditions and 
natural gradient extensively. This affected the assess
ment of the model parameter values. 

In the analysis of the dipole experiment the con
ceptual model for the subzone was the same as that 
used in the modelling of the radial experiment, i.e. flow 
in flat channels from the injection borehole to the 
withdrawal borehole. The channel-network was 
thought to be so dense that an ideal dipole field was 
established for the potential. However, the flow was 
supposed to take place in confined channels. When the 
number of channels, their lengths and the flow veloci
ties in the channels were defined, the problem could be 
reduced to parallel flow routes between two locations. 

In the predictive modelling three active flow 
routes were assumed. The losses of tracer per cycle 
were assumed to be 25 percent. The predicted relative 
concentration as a function of time compared to a 
measured curve is shown in Figure 4.5.11. The overall 
agreement was fair. 

100 200 300 
Timi (h) 

Figure4.5.11. VTTteam. Comparison of the predicted 
breakthrough curve (solid line) with a measured curve 
(>3lI)in the observation borehole BFi02. The predicted 
curve is calculated using four transport routes at 90 
degree angles. The side routes are identical and there 
is no flow to the 180 degree route. Recirculation and a 
loss of 25% per cycle is taken into account. 

In order to "explain" or fit the measured curves the 
relative flow rates were varied as well as the velocities. 
A loss of 35 percent of the tracer per cycle was mod
elled but the first arrival was without any losses. The 
concept of the fitted modelling is illustrated in Figure 
4.5.12. 

Figure 4.5.12. VTT team. The applied conceptual 
model for the dipole experiment with three flow routes 
having different relative flow rates than those for the 
predicted ideal case. The losses per cycle were assumed 
to he 35%. The flow routes were modelled to go via or 
very near the observation boreholes and only a small 
fraction of the modelled flows was actually sampled in 
the observation boreholes. 

The parameters of the predictive modelling and of 
the fitted modelling are presented in Table 4.5.6. 

Table 4.5.6. VTT team. Parameters used in the pre
dictive and final modelling of the dipole experiment. 

Flow route Relative Velocity Relative 
flow rate (m/s) length 

(%) 

Predicted 

ViaKFill 25.6 7 .1610 4 1.57 

Straight 48.8 1.3710'3 1.0 

ViaKFi06 25.6 7.1610'4 1.57 

Fitted 

ViaKFill 45.0 3.3010'3 1.9 

Straight 50.0 1.25 10'3 1.0 

ViaKFi06 5.0 8.5010"4 2.0 
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The calculated results for the relative , 31I concen
trations in borehole BFi02 are presented in Figure 
4.5.13 together with the experimental results. The 
width of the peak indicated a contribution from more 
than one channel. In Figure 4.5.14 the calculated break
through curve is presented together with two of the 
measured curves ( ,31I and 82Br). The second peak is 
mainly due to the recirculating concentration. 

1E-3 

8E-4 

6E-4 

4E-4 

2E-4 

Tim* (It) 

Figure 4.5J3. VTT team. Comparison of the calcu
lated breakthrough curve (solid line) with a measured 
curve (l3lI) in the observation borehole BFi02. (The 
concept used is shown in Figure 4.5.12 and model 
parameters are presented in Table 4.5.6.) 

Tim|h) 

Figure 4.5.14. VTT team. Modelled (solid line) and 
measured breakthrough curves (ml and S2Br) in the 
observation borehole KFill. The peak value of the 
modelled concentration may be too low because of the 
very conservative nature of the fast transport which 
cannot be modelled very accurately at short times. 

The JAERI team used the variable-aperture method 
to analyse the breakthrough curves resulting from pulse 
injectior in the upper parts of boreholes KFill andKFi06 
and from continuous injection in the uppr-. part of bore
hole BFiOl in the radially-converging test. The resulting 
breakthrough curves for non-sorbing tracers were com
pared with the numerical breakthrough curves. 

Flow and solute transport calculations were made 
with a two-dimensional model for different realisa
tions of the variable-aperture in a single fracture. 
Fractures with specified aperture parameters were 
generated, and the head differences between injection 
and sampling hole and breakthrough curves of tracers 
were studied (Table 4.5.7). 

Table 4.5.7. JAERI team. Calculated and measured 
head differences between the injection sections and the 
pumping section in the borehole BFi02 (averaged val
ues of 28 runs). 

BFiOl(U) KFi06(U) KFill(U) 

Measured 

Calculated 

1.14 

1.13 

0.62 

0.97 

0.81 

1.00 

Figure 4.5.15 gives an example of the calculated 
(the average of 28 runs) and observed breakthrough 
curves at the borehole BFi02(U), A conductive area 
where the mean apertures were 2.00 and 1.52 times 
larger than the rest of the fracture. 

Radially converging test KR11 

Variable aperture model 

EH". 

• CAL. 

400 600 

Time (hours) 
too 1000 

The VTT team concluded that the presented con
ceptual model seemed to explain well the overall fea
tures of the dipole experiment. 

Figure 4.5.15. JAERI team. Calculated and measured 
breakthrough curves of radially-converging test (Tm-
EDTA, borehole KFill). 
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Best-fit parameters are summarised in Table 43.8. Best-fit parameters are summarised in Table 4.5.9. 

Table 4.5.8. JAERI team. Best-fit parameters for the 
radially-converging experiment. 

Table 4.5.9. JAERI team. Best-fit parameters for di-
pole test. 

Parameters Values Parameters Values 

Correlation length (x-direction)(m) 5.0 
Correlation length (y-direction) (m) 2.5 
Input standard deviation 0.5 
Input mean aperture (m) 0.000955 
Obtained standard deviation 0.554 
Obtained mean aperture (m) 0.00111 
Effective diffusion constant 
in rock mass ( n V ) 5.01C12 

For the dipole tracer experiments the breakthrough 
curve for non-sorbing tracer l 3 lI with pulse input was 
analysed by both the equivalent single aperture and the 
variable-aperture models. Using die equivalent single ap
erture model the observed breakthrough curve was influ
enced by the effect of tracer recirculation and radioactive 
decay; at least four recirculations of tracer were supposed 
to have occurred. Examples of the calculated and measured 
breakthrough curves are shown in Figure 4.5.15. 

Dipole lest 

Equivalent single aperture model 

no no 
Tiea (hour*) 

Figure 4.5.16. JAERI team. Calculated and measured 
breakthrough curves for dipole test, l3lI, equivalent 
single aperture model. 

Longitudinal dispersion length (m) 8.0 

Transverse dispersion length (m) 4.0 

Effective thickness of aquifer (m) 0.015 

Simulations with the variable-aperture model were 
performed using the parameter values obtained from 
the analysis of the radially-converging experiment, 
with the exception of the value of the mean aperture. 
Two sets of calculations were made, one based on the 
assumption that pumping and injection rates were 40% 
less than the real values (case 1) and the other that the 
injection rate was 40% less than the experimental value 
(case 2). The calculated heads are shown in Table 4.5.10. 

Table 4.5.10. JAERI team. Measured and calculated 
head differences between BFiOl and BFi02 holes. 

Head differences 
(m) 

Measured 

Case 1 calculation 

Case 2 calculation 

2.9 
2.73 

2.37 

0.001 

8 
§ 
8 

u 0,0005 

I 

Dipole lest (CASE1) 

Variable aperture model 

100 ISO 209 

Time (hours) 

250 300 

Figure 4.5.17. JAERI team. Calculated and measured 
breakthrough curves for dipole test (case 1, variable-
aperture model). 
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Figure 4.5.18. JAERI team. Calculated and measured 
breakthrough curves for dipole test (case 2, variable-
aperture model). 

The fitted breakthrough curves were obtained for 
mean apertures of 0.00158 m (case 1) and 0.00198 m 
(case 2). These values are larger than those of the 
radially-converging experiment. Averaged break
through curves for case 1 and case 2 are shown in 
Figures 4.5.17 and 4.5.18 together with the measured 
curve. The effect of tracer recirculation is not so im
portant in these cases due to the channelling effects. 

The results of the radially-converging experiment 
showed the existence of multiple flow paths from the 
injection holes to the pumping hole. Both models se
lected by the team could be used in the modelling of 
the dipole test, but breakthrough data from KFi 11 and 
KFi06 could not be explained by the equivalent single 
aperture model. It would indicate that dipole data ob
tained from two holes only were insufficient for the 
analysis of the transport medium. In order to simulate 
the dipole breakthrough data from the boreholes KFi 11 
and KFi06 a variable-aperture model was needed. The 
differences between the mean apertures derived from 
the radially-converging and the dipole experiments 
might arise from the effects of a stagnant portion of the 
fracture water. 

The Havana team modelled the radially-converging 
test with a fracture-network model. Three fracture-net
works were generated stochastically. The results showed 
that multi-peak breakthrough curves tended to be pro
duced because of multiple flow paths if matrix diffusion 
was not considered (Figure 4.5.19 and 4.5.20). 

If matrix diffusion was included, the calculated 
curves seemed to agree with the measured curves. Both 
steep rises and long tails of the breakthrough curves 
were simulated well in the runs. The fracture aperture 
ranged from 0.4-10'•* to 0.5 !0"3 m and the porosity of 
the rock ranged from 0.015 to 0.03. 
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Figure 4.5.19. Hazama team. Measured breakthrough 
curves. 

Figure 4.5.20. Hazama team. Calculated breakthrough 
curves (network 2). 

The team from Ecole des Mines analysed both the 
injection curves and the breakthrough curves for the 
radially-converging test. They found that the injection 
curve for In-EDTA indicated a decrease with time of the 
flow rate through the injection section. This was in gen
eral agreement with the measurements obtained by point 
dilution, but there was a discrepancy between the values 
deduced from the concentration curve and the values 
obtained by point dilution. They explained this discrep
ancy as being due to an influence of pumping stof s. 

Instead of the curve for the concentration inside 
the injection section the team chose to treat the source 
as a continuous injection of a concentration equal to 
985 ppm in a flow rate of 2.35 ml/min. The expected 
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steady-state concentration was then 19 ppb. In the 
experiment the recovery curve for In-EDTA increased 
rather sharply after 200 hours and then exhibited a 
plateau around 11 ppb for 200 hours before rising 
again. The team therefore arbitrarily simplified the 
recovery curve into two steps (flow paths). The con

centration value before the injection stopped was close 
to 19 ppb, which seemed to indicate that all important 
pathways had been completely invaded. 

With these simplifications in simulating the In-
EDTA tracer experiment with the METIS code the 
EdM team assumed: 
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Figure 4.5.21. EdM team. Modelling of In-EDTA curve with a two-path model. 
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- a radially symmetric flow geometry 
- a conductive thickness of 5 m 
- a flow rate of 701/min 
• a prescribed concentration of 11 ppb 
-an exact reproduction of the history of injection 
stops. 

The purpose of the model was to calibrate the poros
ity. The best fit was obtained for a kinematic porosity of 
1.6% and a dispersi vity of 10 m. They then simulated the 
second path. Figure 4.5.21 shows a comparison between 
the 2-paths model and the measurements. 
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Figure 4.5.23. EdM team. Prediction of the iodine curve during the two-well test with a two-path model. 

o „ BFI01 :U -1-131 - SINGLE PATH MODEL 

X 

o 

O 

o 
" 8 
CO 

1 

s 

3 

8 

• • 

•' •• 

\ * • * 

1 1 
MOI DELCHARACTERISTI 

JONDUCTIVE THICKNESS: 5 m 

cs 

FLOW RATE: 120 Umn 

1 

' • ' . . . 

"'". 

JISPERSIVITY: 

•. • • 

torn 

0.00 50.00 100.00 150.00 200.00 250.00 300.00 

ELAPSED TIME (HOURS) 

Figure 4.5.24. EdM team. Prediction of iodine curve with a single-path model. 

59 



The EdM team concluded that the recovery curve of 
In-EDTA could be modelled with a multiple-path 
model, though they noted that there was no direct 
physical evidence for the paths. They also assumed the 
existence of a certain tracer circulation within the 
investigated domain: a flow through a "fast" structure 
carrying most of the flow rate and a secondary flow 
through several structures with lower velocity. 

In contrast, the interpretation of the Gd-DTPA 
tracer injection curve did not appear to show any such 
structure. The theoretical steady-state concentration for 
the Gd-DTPA tracer should be 47.5 ppb, which was in 
good agreement with the measurements and also with the 
very good recovery rate obtained after 4500 hours (89%). 

The team attempted to model the general shape of 
the recovery curve with a single path, radial model. 
Figure 4.5.22 shows the fit with the dispersivity equal 
to 10m and the porosity equal to 2.5-10'3. For this tracer 
also, the most appropriate model seemed to be a mul
tichannel model. 

Iodine-131 appeared to be the best tracer for the 
dipole tracer experiment. The interpretation of the ra
dially-converging experiment showed that a porous 
medium model was appropriate at the scale of the 
experiments performed in Zone 2, and the team se
lected a model that relied on the same principles as for 
that experiment, namely, equivalent porous medium and 
transport by advection and dispersion. Figure 4.5.23 
shows the simulated recovery curve together with the 
measured curve. 

Although the peak time was fairly well repro
duced, the general shapes of the curves were different. 
A refined prediction was then made, based on the 
iodine injection being made in a single, infinite plane 
structure, with a flow rate equal to 120 1/min. The 
modelled curve obtained for a porosity equal to 2.5 10" 
is shown in Figure 4.5.24. 

In order to more correctly reproduce the experi
mental conditions the team suggested that three addi
tional mechanisms should be considered, namely, re
circulation of the tracer, the regie->al gradient and the 
leakage from lower levels. The l31I curve was repro
duced rather well with a model taking into account 
advective-dispersive flux in a flow field influenced by 
the dipole system and by regional flow, recirculation 
and leakage from lower levels in Zone 2 (Figure 
4.5.25). However, it was concluded that it would be 
pointless to try any curve fitting procedure which 
might lead to a perfect fit, but would not be sustained 
by independent estimations. 

The global interpretation of the radially-converg
ing and the dipole experiments by the team was that 
most of the flow rate (up to 70%) took place in the 
topmost 15 metres of Zone 2, and probably in a much 
narrower interval, and furthermore, that the flow was 
discharged through ill-defined paths towards at least 
one secondary structure, situated about 30 m below 
(238 m level). 

As a final comment they concluded that the Finn-
sjon data set to their knowledge was the best available 
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at this scale in a fractured medium. Nevertheless, im
provements could be made in experimental setup, 
measurements, and selection of tracers. 

The work showed a possibility of partial validation 
of the mass transfer processes in the upper section of 
Zone 2. Starting from the interpretation of the radial 
test, dispersion parameters were identified, and the 
second test was correctly predicted. The parameters 
identified were characteristic of a specific domain be
tween boreholes BFiOl and BFi02. It meant that proc
ess and parameter identification were correct in that 
domain. However, the model used by Ecole de Mines 
failed to make correct predictions for boreholes KFil 1 
and KFi06. This showed that the horizontal heteroge
neity of the medium was not correctly introduced in 
their model. 

4.5.5 Concluding Remarks 

The Finnsjon experiments constitute one of the most 
comprehensive hydrogeologic studies ever conducted 
of groundwater flow and tracer movement in a major 
zone of fractured crystalline rock. The experiments 
generated a wealth of information and data about the 
hydrogeology of the zone; its ambient hydrologic and 
hydrochemical conditions; its response to various 
stresses created within it by small- and large-scale 
hydraulic tests; and its ability to transport and retard a 
variety of conservative, sorptive and radioactive trac
ers over distances of up to 400 m under two different 
flow regimes. They provide a unique opportunity for 
hydrogeologists to investigate the hydraulic and trans
port properties of fractured crystalline rocks, and for 
theoreticians as well as computer simulation specialists 
to check their conceptual, mathematical and computa
tional models against data carefully generated and 
collected under relatively controlled conditions, within 
a broad range of space and time-scales. 

Despite the wealth of data that gradually became 
available throughout the course of INTR AVAL Phase 1 
at the Finnsjon site, the fracture zone of interest re
mains far from fully characterised. Although the data 
are comprehensive and appear reliable, they are limited 
for the most part to observations and measurements 
conducted in a relatively small number of boreholes. 
As such, the data provide only a glimpse of Zone 2 and 
the complex hydrologic processes that act within it 
under ambient and experimental conditions. The com
plexity and heterogeneity of the underground flow 

environment manifest themselves indirectly through a 
large variability of transmissivities obtained from in
terference (pumping) tests and hydraulic model cali
bration. However, the avai'able hydraulic conductivi
ties and transmissivities are strongly scale-dependent 
and too few to allow mapping their spatial variability 
on a scale, and with a level of confidence, sufficient to 
predict or even interpret quantitatively the outcomes of 
tracer experiment at Finnsjon, not to speak of deline
ating preferred flow paths with any certainty. The 
tracer experiments do support the notion that Zone 2 is 
strongly heterogeneous and that flow may occur pref
erentially within more or less distinct paths of rela
tively high permeability. Much of the analyses done by 
the project teams constitute more or less independent 
attempts by them to shed some light on this problem. 

A number of conceptually different models were 
used by the project teams to interpret the available 
tracer test data. One of the most important differences 
between these models was that some assumed homo
geneous porous layers whereas others assumed fo
cused flow through one or more discrete fractures or 
channels with various degrees of interconnection. Vir
tually all the teams were able to reproduce, with at least 
some success, a number of salient features exhibited 
by several measured tracer breakthrough curves. Since 
this partial success was accomplished with models 
incorporating a diversity of internal flow patterns and 
geometries, one cannot escape the conclusion (prelimi
nary as it may be) that the available tracer test data are 
insufficient, by themselves, to distinguish between dis
parate models of advection at Finnsjon. In other words, 
the tracer test data cannot be used to validate specific 
ideas about the topology and geometry of subsurface 
openings in Zone 2. The most that can be said based on 
the tracer test interpretations to date is that some degree 
of flow channelling seems to take place during these 
tests, causing the occasional appearance of double 
breakthrough peaks. 

Although at best one of the project teams concluded 
that matrix diffusion occurred, other teams did not need 
matrix diffusion to fit their models to the data. There
fore the extent to which matrix diffusion actually oc
curred in the Finnsjon experiments is unclear. 

Sorption was clearly seen in the experiments but 
not all the teams attempted to reproduce it with their 
models. The question how to represent surface sorption 
phenomena in transport models has received relatively 
little attention by the project teams. 
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4.6 Test Case 6. Synthetic Migration Ex
periment 

4.6.1 Introduction 

This test case was based on hydraulic and tracer migra
tion tests at a "synthetic site". A highly detailed, real
istic, but synthetic, geosphere was developed whose 
geometry, processes and parameter ranges were condi
tioned with data from the Grimsel Rock Laboratory. A 
limited number of transient and steady-state pumping 
experiments were conducted by numerical simulation. 
The project teams were provided with data in the form 
of simulated measurements from the numerical experi
ments and information of the type used to design the 
numerical experiments and condition the data sets used 
in the synthetic geosphere. They could also request 
further data. 

As the site was synthetic, it existed only as mathe
matical concepts embodied in a set of computer pro
grams. The ability to construct a realistic synthetic 
geosphere was limited by the understanding of physi
cal phenomena in the real world and the degree to 
which the problem could be represented and solved in 
a reasonable way on a computer. In order to make this 
a tractable exercise, the synthetic geosphere was re
stricted to a subset of a complete reality. The synthetic 
experiments were not intended to determine which 
laws are operative in nature. As a result the laws that 
were assumed to describe the various mechanisms in 
the synthetic reality were spelt out in advance. Wher
ever possible, the laws of nature for the synthetic 
geosphere were similar to laws that govern the proc
esses in the real world. 

The objective of this synthetic experiment was to 
help improve understanding of the "identifiability 
problem" that plays an important role in the validation 
process. Identifying the correct processes and struc
tures operative at a site can be difficult because of the 
variability (both spatial and temporal) in geometry, 
parameters, boundary conditions, and competing proc
esses (competing in the sense that they produce similar 
effects in terms of observable transport results). In turn, 
the variability problem leads to the important and 
related issues of measurement scale, sampling density 
and location, interpretation and interpolation. These 
problems can be examined to some degree with syn
thetic experiments. 

The synthetic migration experiment was per
formed in the following steps: 

— The "experimentalist" (i.e., modeller who ran the 
computer codes representing the synthetic 
geosphere) generated a highly detailed field of syn
thetic hydraulic and transport properties. 

— The experimentalist generated a steady-state field of 
hydraulic heads by imposing boundary conditions 

and solving the necessary differential equations us
ing a very fine grid. Models were also used to calcu
late the steady-state flows to or from boreholes and 
tunnels. The steady-state models were used to simu
late the transport of tracer in a dipole test. The tracer 
was introduced either passively or under pressure. 

— The experimentalist performed a limited number of 
simulated tests on the synthetic data base with a 
transient hydraulic model to estimate the hydraulic 
properties. The only data presented to the "model
lers" (i.e., the persons charged with analysing the 
data and validating the models) were those from the 
indirect, simulated sampling of the synthetic 
geosphere. The synthetic data themselves were not 
provided. 

— The modeller calibrated the performance model with 
the available hydraulic and transport data. 

— The modeller computed the performance measure 
(the breakthrough of tracer between the boreholes 
and from the boreholes to the experimental drift) and 
the confidence in the result. 

— The modeller recommended additional data to be 
collected and repeated the previous two steps until 
satisfied with the results. 

— At the conclusion of the calibration and prediction 
steps, the modeller compared the results of the pre
diction to the "true" results calculated and supplied 
by the pilot team using the complete synthetic 
geosphere. The performance measures were qualita
tive and quantitative comparisons of the modelled 
and measured tracer breakthrough curves. In some 
cases, the "true" transmissivities and heads were 
compared in some cases to the transmissivity and 
head fields estimated by the modellers. 

The test case was developed by a joint effort of a 
pilot team comprising: U.S. Nuclear Regulatory Com
mission (USNRC),Battelle Pacific Northwest Labora
tories, U.S.A. (PNL), and Nationale Genossenschaft 
fur die Lagerung Radioaktiver Abfalle, Switzerland 
(NAGRA). 

Model validation ano interpretation of results were 
undertaken by tecms from: U.S. Nuclear Regulatory 
Commission (USNRC), Center for Nuclear Waste 
Regulatory Analyses, U.S.A. (CNWRA), and 
Versuchsanstalt fur Wasserbau, Hydrologie und 
Glaziologie, Eidgenossische Technische Hochschule, 
Zurich, Switzerland (ETH). 
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4.6.2 Description of Synthetic Experiment 

The synthetic geosphere was generated in four steps: 

— The hydraulic head on the scale of about 5000 m was 
generated with a finite-difference computer pro
gram using a 107 x 47 uniform grid with spacing of 
45.5 m (coarse-scale modelling). The effect of the 
tunnels was taken into account, and the transmissiv
ity was assumed to be uniform throughout the grid. 
The hydraulic head was considered to be equal to the 
land or water surface elevation along the top bounda
ries and no-flow boundary conditions were imposed 
on the other three boundaries. 

— The intermediate scale modelling dealt with a 
182 x 182 m domain divided into a regular 513 x 513 
finite-difference grid. The transmissivity field was 
obtained by arithmetic averaging from a 4097 x 4097 
fractal data set, based on observed data at the Grimsel 
site. Boundary conditions for the hydraulic head on 
the boundary of the domain were taken from the 
coarse model. 

— The finest-scale model was represented by a 
29.9 x 22.75 .TI area (Figure 4.6.1) discretised into a 
673 x 513 grid. Boreholes were modelled separately 
in a radial coordinate system and matched to the 
rectangular grid. The boundary conditions on the 
edges ofthe rectangular domain were specified from 
the output of the intermediate scale model. The fin
est-level solution was used to simulate the dipole test 
and to calculate the steady-state inflows to the ex
perimental tunnel and boreholes. 

— Borehole tests were simulated with a transient 
model. For the sake of computer run times, the 
transient hydraulic tests were performed using a 
337 x 257 grid which gave only minor differences 
from the finer grid results. 

Examples of the assumptions that had to be made 
to generate die synthetic data were: 

— The entire domain modelled was considered to be 
two-dimensional, in that flow was assumed to take 
place in a single fracture plane. 

— Advective flow in the fracture would follow Darcy's 
law. 

— Tracer would move strictly in die fracture plane. It 
would not diffuse into the rock, nor would it be 
retarded by sorption. 

-There was no uncertainty in the measurements of 
head in the boreholes, or of flow from boreholes and 
tunnels. 

The synthetic geosphere was defined in terms of a 
large two-dimensional array of transmissivities, effec
tive thicknesses, storage coefficients, sources and 
sinks, and boundary conditions. Transmissivity for the 
synthetic migration experiment was generated to give 
values similar to observed data at the Grimsel site. The 
transmissivity was uniform at the coarsest scale and 
spatially varying in the intermediate and fine scale 
models (Figure 4.6.2). Effective thickness was calcu
lated from the transmissivity using the mbic law, ad
justed to give breakthrough results in the synthetic 
experiment similar to those actually observed at the 
Grimsel site for inert tracers. 
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Figure 4.6.1. Grimsel site - meter scale with experimental drift and boreholes (fine scale model area). 
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Figure 4.6.2. Smoothed synthetic transmissivity for the fine scale region. 

The models were run to produce the following 
(simulated) hydraulic and tracer data that became 
available to the pilot groups: 

- steady-state hydraulic head at closed boreholes 
- transient and steady-state outflow to or from open 

boreholes and tunnels 
- response to transient pressure tests in all boreholes 

resulting from a pressure stress in one borehole 
- dipole tracer tests between two pairs of boreholes, 

boreholes 4-6 and 9-7 
- response in tunnels to borehole tests (e.g., increased 

or diminished flow or appearance of tracer) 
- validation tracer tests in which tracer was released 

with very small borehole flow and collected at other 
boreholes and the experimental drift. 

Hydraulic tests were available from eight simu
lated boreholes and the four simulated tunnels that 
penetrated the fracture plane. A data set from three 
additional simulated boreholes was also generated at 
the request of the USNRC project team to refine the 
results from one of the interpretations. The simulated 
experiment covered a lateral distance of a few tens of 
metres and time-scales of seconds to minutes. 

The finite-difference calculations for the syn
thetic geosphere were confirmed using a finite-ele
ment code. The purpose of this confirmation was to 
assure the project teams that the synthetic data were 
accurate and did not depend on the numerical algo
rithms used to generate the data. Calculations with the 
two different codes compared well; that is, the trends 
and nature of results of the two models were the same. 

4.6.3 Models and Modelling Approaches 

The project teams used a variety of methods to analyse 
the data, formulate models and validate them. Six 
approaches were employed: 

- Potential flow modelling 
-finite-difference modelling with kriged heads and 

transmissivities 
- finite-difference modelling with kriged heads and 

conditional simulation using turning bands to gener
ate realisations of transmissivity 

- finite-difference modelling with manually adjusted 
transmissivity zones 

- finite-element modelling with maximum likelihood 
estimation of boundary heads and transmissivities at 
pilot points 

- finite-element modelling with maximum likelihood 
estimation of zoned transmissivities. 

The first two approaches involved straightforward 
parameter estimations using measured or interpreted 
values of model parameters directly in a forward 
model. The last four approaches were "inverse" mod
els, in which model coefficients were adjusted on the 
basis of performance of the model judged by compli
ance with objective functions. Only the first three 
approaches were finally completed to the validation 
stage, but partial results are available for the other 
approaches. 
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4.6.4 Results 

The purpose of the modelling was to validate the 
parameter identification and modelling schemes to the 
extent possible, and to compare schemes of increasing 
complexity, to find out if they led to more accurate 
results in terms of a performance objective. The stated 
performance objective in this exercise was the tracer 
breakthrough curve in terms of arrival time and frac
tion breaking through. A further purpose was to test the 
notion that modellers, using the results of their models, 
could direct the experimentalists to collect additional 
data to refine the predictions. Validation of the models 
was narrowly defined as demonstrating reasonable 
agreement between tracer breakthrough curves for 
non-sorbing tracers between the calibrated model and 
prototype. Models were calibrated on the basis of data 
collected on the prototype, excluding data sets used for 
validation only. 

Table 4.6.1 summarises the capture and median 
arrival times for the breakthrough curves for the tracer 
tests (first row) and the available modelling results 
(subsequent rows). 

USNRC Project Team 

The USNRC project team tried several modelling 
approaches: 

— potential flow modelling 
— kriging of head and transmissivity 
— conditional simulation of transmissivity with kriged 

head 
— zonation of transmissivity with manual adjustment. 

Potential Flow Modelling 

The USNRC team used steady potential flow in uni
form isotropic media with constant effective thick
ness for predicting tracer breakthrough. The two 
parameters of the transport model - dispersivity and 
effective thickness - were determined by simulating 
the two given dipole tracer tests with the potential 
flow model and adjusting the parameter values in 
order to get the best match between the simulated and 
measured breakthrough curves. The closest match be
tween model and data were obtained with a dispersiv
ity of 0.1 m and an effective thickness of 0.01 m. 
Figure 4.6.3 gives the calibration run for the dipole 
test between boreholes 4 and 6. The calibrations from 
the dipole tests between boreholes 9-7 and 4-6 were 
used to model breakthrough for releases from bore
holes 4, 5 and 11. For releases in boreholes 5 and 11, 
the model correctly predicted that all tracer would 
arrive at the experimental drift, but the breakthrough 
times were in poor agreement with the measured break
throughs. Tracer released from borehole 4 was pre
dicted to arrive mostly at the experimental drift, 
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Figure 4.6.3. USNRC project team. Dipole tracer test 
between boreholes 4 and 6. 

whereas the synthetic data indicated that nearly all 
tracer would be captured in borehole 9. Results ofthe 
validation runs against the tracer breakthrough results 
are summarised in Table 4.6.1. 

As the model could not take the transient borehole 
data into account it had to assume homogeneous, iso
tropic transmissivity and fracture thickness. Neverthe
less, the results of the modelling were credible and in 
some cases better than the results of much more com
plicated models. 

Kriging 

The data fields for the parameters of transmissivity, 
head and porosity were determined from interpreted 
values of transmissivity, head and effective thickness, 
generalised to cover the computational domain by 
kriging. Unlike the potential flow model, this model
ling approach took advantage ofthe information avail
able from transient borehole and interference tests, 
measured heads from the boreholes and tunnels, and 
the (given) information that transmissivity and effec
tive thickness were related by the cubic law. The meas
ured and predicted breakthrough of tracer released 
from borehole 4 and collected at borehole 9 is shown 
in Figure 4.6. V Agreement is excellent both for arrival 
time and capture fraction for this test, except at the 
high-capture end ofthe curve, where the kriging model 
predicts a much larger fraction of late-arriving parti
cles. The model failed to predict any breakthrough for 
tracer released at borehole 5 and collected at the ex
perimental drift, even though there was 100 percent 
capture for the synthetic data (see Table 4.6.1). 

On the basis ofthe data interpretation and modelling, 
the USNRC team requested additional borehole test data. 
New steady-state heads for the model were generated 
from the kriged head and transmissivity fields. The 

65 



Table 4.6.1. Characterisation of measured and simulated breakthrough curves. 

Method 

Measured 

Breakthrough 
Median time (s) 

Calculated 

Potential flow 
Breakthrough 
Median time (s) 

Kriging, old data 
Breakthrough 
Median time (s) 

Kriging, new data 
Breakthrough 
Median time (s) 

Conditional 
simulation 

Breakthrough 
Median Time (s) 

Conditional 
simulation, new data 

Breakthrough 
Median time (s) 

Manual zonation, 
second attempt 

Breakthrough 
Median .ime (s) 

ETHJieldA 
Breakthrough 
Mtdian time (s) 

9-7 

0.475 
34 500 

0.428 
37 000 

0 

9-Drift 

0.525 
117 000 

0.572 
69 500 

Tracer release and capture locations 

4-6 

1.0 
43 600 

0.906 
50500 

0.8 
41000 

0.984 
44 000 

0.6 
75 000 

1.0 
48 000 

1.9 

1.3 

0.98 
105. 

4-9 

0.916 
61300 

0 

1.0 
63 000 

0.996 
63 000 

i, 0.74, 0.56 
4.7 10*,4.6-10* 

0.43, 0.43, 
•105, 5.310*. 

0 

0.4 
1.6 105 

5-Drift 

1.0 
181300 

1.0 
36 000 

0 

0.867 
140000 

0 

0 

1.0 
99 000 

11-Drift 

1.0 
52 240 

0.996 
180 000 
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Figure4.6.4. USNRC team. Modelled and predicted tracer 
breakthrough release at borehole 4, collected at borehole 9, 
kriging and conditional simulation models. 

newly kriged head and transmissivity fields were then 
used to simulate breakthrough of tracer. Tracer break
through for release at borehole 5 was simulated quite 
well when the additional data were added. However, in 
neither case could the dipole tracer test between bore
holes 9 and 7 be correctly simulated. 

Conditional Simulation of Transmissivity with 
Kriged Head 

In this approach, the transmissivity values were not 
assumed to be smoothly interpolated values between 
data points as in kriging. Instead, 200 realisations of the 
input parameter fields were generated and input to the 
flow and transport models. Each transmissivity realisa
tion was a spatially correlated random field, condi
tioned by the data at the given points. The 200 realisa
tions were then ranked according to how close the 
observed borehole heads and drift inflows were to the 
measured values. The rank of the realisation corre
sponded quite well to the rank of a performance meas
ure based on the fraction <•' acer breakthrough be
tween boreholes 4 and 9. Results of the three highest-
ranked conditional simulations are presented in Figure 
4.6.4. The best realisation from the conditional simu
lation analysis agrees in fraction breakthrough to the 
synthetic data, but is otherwise very dissimilar. The 
second and third-ranked conditional simulations ap
pear to predict slightly better in terms of early arrival. 
None of the conditional simulations were as good as 
the kriging analysis. 

The conditional simulation was repeated with 
data from the three additional boreholes, but the 

agreement between the simulations and the true break
through curve did not improve (see Table 4.6.1). 

Manual Variation of Zoned Transmissivities 

In this approach, specified zones of transmissivity 
were used. The transmissivities of the zone were inter
preted values of cross-hole transmissivities, where 
those were available. In regions of the computational 
field where estimates of transmissivity were not avail
able, the zoned values were adjusted manually. Trans
missivities in these zones and the head boundary con
ditions were adjusted to improve the match between 
observed values of head at the boreholes. When the 
USNRC project team was satisfied with the match for 
the borehole heads and drift inflow, the head and 
transmissivities from the model were used to generate 
a velocity field to model the transport of tracer particles 
for the dipole tracer tests. 

The modeller was fairly successful in simulating 
the 4-6 dipole test and the 5-drift tracer test with the 
zoned model, but was unable to satisfactorily simulate 
the 9-7 dipole tracer test. Therefore, the zoned trans
missivities and the shape of the adjusted zones were 
readjusted to improve the matches of the dipole tracer 
test. Results from the validation runs in terms of frac
tional breakthrough and median travel time are com
piled in Table 4.6.1. Although additional transmissivity 
data from boreholes A, B and C were not used when 
they became available, the modeller noted that the final 
zonation was consistent with the new data. 

Observations 

The USNRC project team recorded the following ob
servations and conclusions for the validation efforts 
using the different models: 

- No clear-cut distinction could be made between the 
validation success and the degree of model sophisti
cation. 

- No model was able to successfully simulate all of the 
tracer data. The kriging rr.jdel performed best over
all, but could not simulate one of the dipole tracer 
tests correctly, and could only correctly simulate the 
release from borehole 5 after additional data were 
made available. 

-The team successfully tested the notion that the 
modeller could direct the collection of additional 
data for the purpose of improving the modelling 
result in the case of the kriging approach. It was not 
possible to demonstrate an improvement in the per
formance measure in the case of the conditional 
simulation approach. 
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ETH Project Team 

The ETH project team chose this test case as a first 
application of a newly-developed inverse-modelling 
scheme. The objective of their study was to test the 
current code under "realistic" (known) conditions. The 
aquifer parameters of the synthetic geosphere were 
estimated by calibrating a finite-element model with 
the hydraulic test data. In addition to steady-state data, 
three transient borehole tests were analysed. Finally, 
the breakthrough data from the dipole experiments 
were used to verify and validate the parameters gener
ated by the inverse hydraulic test analysis. 

An indirect approach to the inverse problem was 
applied, in which the unknown model parameters were 
estimated from measurements and from prior informa
tion on the aquifer parameters. In practice, this was 
achieved by running the forward problem several 
times, updating the parameters until the model output 
was sufficiently close to the observations. 

Lack of time prevented a direct validation of the 
method with tracer tests for releases at boreholes 4, 5 
and 11, but the breakthrough of tracer for the 4-6 dipole 
tracer test was examined for the three sets of head and 
transmissivity values that came out of the inverse mod
elling exercise. The tracer migration test was simulated 
by means of a particle-tracking algorithm by injecting 
at borehole 4 and pumping at borehole 6. Four different 
steady-state flow fields were computed, based on the 
four transmissivity distributions generated by the in
verse analysis. Effective thicknesses were computed 
for each field and element according to the cubic law. 
Two hundred particles were released and captured at 

borehole 6 with the breakthrough statistics shown in 
Figure 4.6.5 and summarised in Table 4.6.1. Except for 
the curve generated by use of field B the computed 
arrival time distributions exhibited a similar shape to 
that observed in the experiment. 

The ETH project team concluded that the analysis 
of several tests independent of each other was not able 
to provide a unique solution of the inverse problem. 
Systematic analysis of the hydraulic tests incorporat
ing increased knowledge on the model parameters via 
prior information was required to overcome this prob
lem. 

CNViRA Project Team 

The purpose of the CNWRA project team effort was to 
demonstrate the use of inverse modelling techniques to 
identify the hydraulic parameters and structure for the 
prototype system. Because of lack of time their effort 
was focused on performing parameter-estimation stud
ies for a small suite of transient flow models of the 
synthetic site using a groundwater-flow inverse-mod
elling program. This inverse program was based on the 
program INVERT II for Maximum Likelihood (ML) 
estimation of model parameters for steady and tran
sient confined flow. 

The finite-element mesh constructed for this in
verse study was centred on the experimental drift and 
extends 20 meters above, below, left and right of the 
centre of the drift (Figure 4.6.6). The 1600 square 
metres flow domain was divided into 400 equally sized 
quadrilateral elements, each of which was in turn sub
divided into two triangular elements. 

20000 30000 100000 200000 
Time [MC] 

Figure 4.65. ETH model. Breakthrough results for dipole test 4-6. 
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Figure 4.6.6. Finite-element mesh for CNWRA model. 

Each of the seven tests was used separately to 
estimate one or more of the transmissi vity zone values. 
The inverse runs were conducted in stages starting with 
the interference test data recorded when borehole 4 
(BH4) was opened to atmospheric pressure. From the 
test in BH4, transmissivities were estimated in zones 
2,3,4 and 5 which contain BH4, BH9, BH6 and BH7, 
respectively. Transmissivity was set to a constant value 
in zones 1, 6,7 and 8. Estimates of the transmissivity 
from test BH4 for zones 2, 3, 4 and 5 were used as 
initial values or fixed values for the inverse run using 
the data from test BH6. This staged procedure was also 
used for tests in BH7, BH5, BH8, BH9 and BH10 with 
the transmissivity in zone 1 kept constant. Lack of time 
prevented the CNWRA project team from calculating 
tracer breakthrough so it was difficult to assess the 
quality of the results in any meaningful way. 

4.6.5 Concluding Remarks 

Several of the objectives of this INTRAVAL problem 
were met by ihe project teams, despite the fact that only 
the USNRC team was able to complete the demonstra
tion of tracer breakthrough for the validation experi
ments. The project teams used methods ranging from 
simple manual adjustment to sophisticated mathemati
cal inverse and geostatistical procedures to estimate the 
parameters and in some cases predict breakthrough. 
The results failed to indicate a clear advantage of more 
complicated methods of analysis over simpler ones. 
However, several of the teams using more sophisti
cated methods did not have adequate time to complete 
their analyses. 

The synthetic migration experiment provides a 
unique opportunity to assess the validation results in 
terms of a "post mortem" analysis of the synthetic data, 
i.e. the questions: 'How well did the validation exer
cises predict the actual heads and transmissivity 
fields?', and 'To what extent did the deviation of the 
actual and predicted fields influence the error in the 
tracer breakthrough comparisons?' can be examined. 

Figure 4.6.7 illustrates the major differences be
tween predicted and actual transmissivities for those 
fields that gave reasonable simulations of the break
through curves. In the cases of the inverse solutions, it 
was generally possible to get very good minimisation 
of the objective functions by adjusting the transmissiv
ity and the boundary conditions for head, and yet to get 
incorrect values of the transmissivity and the fracture 
thickness parameter. In the ETH case, there was also 
good agreement both qualitatively and quantitatively 
for the dipole tracer experiment. 

Overall, this exercise demonstrated the great diffi
culty of predicting site performance on the basis of a 
small number of tests. 
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4.7 Test Case 7. The Po^osdeCaldas Natu
ral Analogue: Studies of redox-front Move
ment 

4.7.1 Introduction 

The Pogos de Caldas region and Morro do Ferro in 
particular has been identified as one of the places on 
earth with the highest natural surface radioactivity. 
Because of this circumstance it has attracted consider
able international interest. Since the early seventies the 
area has been the subject of long-term studies, particu
larly focused on the thorium and rare earth ore deposit 
of Mono do Ferro. 

In 1984, a group representing SKB (Sweden), NA-
GRA (Switzerland) and the Department of Energy 
(U.S.A.) visited the area to assess the possibilities of 
extending the previous investigations. When visiting 
Morro do Ferro, the group became aware of the well-
defined natural oxidation fronts (redox-fronts) dis
played in the nearby Osamu Utsumi uranium mine and 
judged that the redox-fronts might provide information 
of greatest importance to repository safety assessment 
models. 

A three-year project was devised with the follow
ing objectives: 
- to assist in the validation of equilibrium thermody

namic codes and databases used to evaluate rock-
water interactions and the solubility-speciation of 
elements 

- to determine interactions of natural groundwater col
loids, radionuclides and mineral surfaces with re
spect to radionuclide transport processes and colloid 
stability 

- to produce a model of the geochemical evolution of 
redox-fronts, specifically aimed at understanding 
long-term, large-scale movements of redox-sensitive 
natural series radionuclides 

- t o model the migration of rare earths elements 
(REEs) and uranium-thorium series of radionuclides 
during hydrothermal activity. 

The redox-front objective was formulated as a test 
case for INTRAVAL. 
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Figure 4.7.1. Cross-section showing the relationships of the boreholes and groundwater sampling locations to the 
geology, geochemistry and hydrogeology of the Osamu Utsumi mine. 
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4.7.2 The Test Case 

The redox-fronts treated in the test case lie within 
the Osamu Utsumi open pit uranium mine, operated by 
Uranio do Brasil. The mine covers an area of about two 
square kilometres, located in the soft h lly landscape 
surrounding Pocos de Caldas. Drainage of the area is 
controlled by a network of small, shallow valleys 
which discharge into the main valley heading towards 
the north, north-west. 

The uranium deposit is defined by a primary low 
grade U-Zr-(REE-Mo)-mineralisation and a high grade 
Zr-REE-Mo-(Th-U) mineralisation emplaced in vari
ous host rocks that have been altered by hydrothermal 
solutions in a roughly concentric zonal pattern. The 
host rocks are comprised of hydrothermally and meta-
somatically altered volcanic to subvolcanic phonolites 
and nepheline-syenites. The hydrothermal alteration 
and primary mineralisation are closely related to the 
intrusion of two major breccia-pipes. Intense weather
ing under semi-tropical conditions has led to the altera
tion of the uppermost exposed rock and to a secondary 
supergene enrichment of uranium along redox-fronts, 
assumed to be the result of downward migrating oxi
dising groundwaters (Figure 4.7.1). 

The redox-fronts are observed as a marked colour 
change from reddish-brown to bluish-gray. The transi
tion is sharp, in the order of a few millimetres. The 
reddish-brown coloration results from the precipitation 
of iron oxyhydroxides. 

The part of the mine investigated in the project is 
dominantly phonolite, which has been hydrothermally 
altered throughout the complete thickness drilled. 
Fracturing of the bedrock is widespread, especially 
within the upper 50-80 m; at greater depths, fracturing 
is less uniform and there is a trend to more discrete 
fractures or highly porous zones, often hydraulically 
conductive and lined with fresh pyrite, indicating a 
dominantly reducing groundwater environment. 

Studies at the mine involved the drilling of five 
intermediate to deep boreholes and three shallow 
holes. Drill core samples were supplemented by mate
rial from surface exposures. Routine groundwater sam
pling was carried out in all boreholes. 

All the major rock-units are extremely altered by 
hydrothermal and later weathering processes. Studies 
of the opaque phases showed that the oxidised phono
lites were devoid of sulphides. The reduced phonolites 
were characterised by impregnations of pitchblende 
associated with pyrite set in a clay. 
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Figure 4.7.2. Distribution of clay mineral content, uranium and thorium with depth from the original (pre-mine) 
ground surface to the bottom of borehole Fl. 
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A detailed petrographical/mineralogical and geo-
chemical cross-section through the mine has been re
constructed (Figure 4.7.2) 

WeatheredZone (1450-1410 m). This zone iscom-
pletely argillised comprising material composed of 
K-feldspar (7%) and clay minerals (90%). The rock 
chemistry, compared with the underlying rocks, is 
characterised by a decrease in Si0 2 and K20 and an 
increase in AI2O3. 

Oxidised Zone (1410-1256 m). The lower end of this 
profile extends into the top of borehole Fl. The original 
rocks were porphyritic phonolites; in some cases, pseudo-
leucites are common. Of the < 5% mafic constituents, 
only pseudotnorphs are present. Nepheline and pseudo-
leucite are now completely hydro thermally altered to 
illite and kaolinite; apatite and zircon are accessories. 
The rock consists of 50% K-feldspar and 45% clay 
minerals together with Fe-oxyhydroxides and apatite 
and zircon accessories. The bulk rock chemistry is little 
different front that of the underlying reduced bedrock. 

Reduced Zone (1256-1198 m). Porphyritic phono
lites continue to dominate, differing only from the 
preceding zones in textural variations; they comprise 
62% K-feldspar, 33% clay minerals, with accessory 

amounts of pyrite, fluorite and barite. Mineralogically, 
the main difference between the oxidised and reduced 
rock is the presence of pyrite in the reduced horizons. 
Bulk chemistry, in common with oxidised rocks, dif
fers from the primary unaltered phonolites by having 
extremely high K2O and contrastingly low Na 20 con
tents. 

Prior to development of the open-cast mine the 
area comprised a series of quite deeply incised, steep-
sided valleys containing ephemeral streams. Ground
water flow at this time would have recharged on the 
interfluves and upper valley sides and discharged into 
the streams in the valley bottoms. Water recharging the 
interfluves would be oxidising and water discharging 
into the streams a mixture of reducing groundwaters 
from depth in the aquifer and shallow oxidising waters. 
The rock is highly fractured and such fractures would 
be expected to act as conduits carrying the bulk of 
groundwater. Exploitation of the ore has lowered the 
local water table and gradually disturbed the old 
groundwater flow patterns. Figure 4.7.3 shows the 
relationship between the original topography, the mine 
and its influence on groundwater flow patterns. 
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Figure 4.7 J. Simulated groundwater flows in the Osamu Vtsumi mine: a) prior to excavations, b) subsequent to 
excavations. The thick line shows the original topography in (a) and the present topography in (b). Due to 
excavations, the same area of rock now receives the upward movement of predominantly reducing water. 
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The range of analysed groundwater compositions 
was highly unusual compared to most reported ground
water compositions and suggested intense weathering 
from actively circulating fresh groundwaters in contact 
with a highly leached potassic rich rock mass. Deute
rium and , sO isotopic analyses showed that the 
groundwaters were meteoric in origin, lying on or near 
the meteoric water line. The highest concentrations of 
iron, uranium, fluoride and sulphate were found in the 
surface and near-surface waters, which also exhibited 
the lowest pH and a low alkalinity. Pyrite was dispersed 
throughout the hydrothermally altered rock and oxida
tion of pyrite produced the highly concentrated acid 
mine waters. The F3 borehole and shaft waters con
tained the highest concentrations of iron, sulphate and 
fluoride, reflecting a significant contribution of acid 
mine waters even at increased depths. With increasing 
depth the concentrations of iron, uranium, fluoride and 
sulphate generally decreased and the pH and alkalinity 
increased. The concentration changes with depth sug
gested strongly oxidising conditions and very active 
circulation of groundwaters in the top 10 m and then, 
perhaps, moderately oxidising conditions combined 
with active groundwater circulation down to about SO 
m. Geochemical model computations revealed that the 
dominant processes were the production of CO2 by 
aerobic decay of organic material in the soil zone 
and/or by anaerobic microbial activity at depth, the 
dissolution or pyrite and sphalerite, and the precipita
tion of ferric oxides, silica and kaolinite. 

The redox-fronts exposed in the Osamu Utsumi 
mine were obvious to the eye. The total number of redox 
fingers amounted to 134 over an area of 216000 m2 but 
the fingers in the excavated rock could not be recon
structed. Borehole Fl intersected fingers of oxidised 
rock at 33.4 and between 42.0 and 66.2 m. The reduced 
rock was above and the oxidised rock below the 42.0 
m level. Within the oxidised part, the 'inverse' front at 
42.0 m showed a type of oscillatory zoning of iron 
hydroxides. The basic mineralogy at the redox-fronts 
were identical to that of the hydrothermally altered 
('reduced') and the oxidised phonolites, nepheline 
syenites and breccias. 

The porosities of samples across four redox-fronts 
were determined on the basis of rock and grain densi
ties. The oxidised rocks had a porosity of about 18% 
and the reduced rock about 10%. 

The natural decay series as well as a range of stable 
elements were investigated on samples from the Fl 
drill core. Additional redox-front transects were ana
lysed using samples collected from surface exposures 
of the mine or from hand sections of rock. 

The section of the drill core below 75 m lay well 
away from any redox-front and consisted entirely of 
reduced rock. This section represented the best avail
able material to characterise the composition of the 
phonolite before it became influenced by the penetra
tion of oxidising water. 

Above 75 m, the uranium content of the rock 
increased sharply and remained generally high but with 
a pronounced series of maxima and minima between 
70 and 30 m. 

While dissolution of uranium evidently is occur
ring precisely on the redox-front, the distribution of 
uranium indicated that the general area around the 
fronts was a zone of uranium deposition. 

The most likely mechanism to have generated the 
observed uranium distribution in the Fl drill core 
would involve advective flow of groundwater down
wards through the rock in a direction approximately in 
line with the redox-fronts, i.e. parallel with the line of 
the fracture that intersected the core at 50 m. Preferen
tial flow of oxidising water down the fracture would 
lead initially to the extension of oxidised conditions 
along the line of the fracture and subsequently out
wards into the adjoining rock. 

A one-dimensional system involving a propagat
ing redox-front is not capable of generating the very 
high concentrations of uranium observed on the re
duced sides of the redox-fronts, if there is any signifi
cant diffusion or advection of uranium into the oxi
dised rock. The distribution of uranium in the Fl drill 
core suggested that the long-term direction of ground
water flow at this location has been downwards, ap
proximately parallel with the fracture sysiem that in
tersects the drill core at 50 m depth. 

Most geochemical data on the distribution and 
behaviour of uranium and other elements across the 
redox-fronts only became available during the course 
of INTRAVAL Phase 1, as the Pocos de Caldas Project 
was running on a parallel time-scale. The INTRAVAL 
test case was aimed at modelling the physics and 
chemistry of the redox-front propagation mechanism 
and represented the first attempt to apply mass-trans
port, reaction and diffusion models, developed for 
near-field assessments, to real natural systems. 

The task was to use existing models and mathe
matical approaches to analysing advection and diffu
sion in both porous media and in fractures to try to 
simulate: 
- the shape of the front • 
- the observed mineralogical transformation 
— the disposition of uranium 
— the postulated rate of front movement. 

4,7.3 Redox-front Process Models 

A number of simple models have been developed to 
predict the reactions occurring at redox-fronts and the 
rate at which they move. Fundamental components of 
a redox-front model are a qualitative description of 
solute transport through the redox-front and a formu
lation of the key chemical processes occurring in the 
area. 
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The supply of oxidants at the Osamu Utsumi mine 
is derived from infiltrating meteoric water that is satu
rated with atmospheric oxygen and picks up additional 
possible oxidants (e.g. S04, N03 , C0 3 and Fe(III)) 
during transport through the upper layers of soil and 
weathered rock. 

The most evident chemical processes occurring at 
the front involve oxidation of pyrite to form iron oxy-
hydroxides, which are responsible for the marked col
our change observed. On the reduced side of the front, 
pitchblende formation is noted, often associated with 
secondary pyrite. In the transition from oxidising to 
reducing zones, the groundwater pH stays relatively 
constant or increases slightly, sulphate increases and 
Eh decreases. 

The earliest work of the Po^os de Caldas was 
mass-balance modelling performed at the Royal Insti
tute of Technology in Sweden (KTH), followed by 
thermodynamic modelling (Harwell Laboratory and 
Atkins, U.K.). The most recent work is a kinetic model 
(NAGRA, Switzerland) which has not been presented 
in the context of 1NTRAVAL. 

In the simplest mass-balance model KTH esti
mated the rate of movement of the redox-front from the 
supply of oxidants by infiltrating water. The model 
made the global assumption of: 

- rainfall infiltration in excess of 100 mm/year 
- oxygen saturation (10 ppm) 
- 2% pyrite by weight in the reduced rock 
- complete pyrite oxidation by dissolved oxygen 
- no other redox active components in the system. 

These assumptions resulted in a predicted redox-
front movement rate of about 25 m during 1 million 
years. This numerical value is not unreasonable but the 
assumptions of constant conditions over 1 million 
years, oxygen being the only oxidant and the produc
tion of very acidic waters at the redox-front, do not 
match field observations. 

The first calculation assumed an ideal homogene
ous, porous, anisotropic rock. In reality, the redox-front 
showed marked fingering. In order to analyse these 
redox fingers a conceptual model was developed in 
which advective flow occurs only within fracture 
zones. 

The mathematical approach adopted essentially 
used a one-dimensional flow and transport description 
based on the streamtube concept. Within the stream-
tube, different transport mechanisms for the dissolved 
reactive species, oxygen, were included: purely advec
tive transport, purely diffusive transport, advective 
plus diffusive transport, all in a homogeneous porous 
medium. 

In a different fracture-flow model concept, in 
which the medium in the streamtube is fractured or 
contains independent channels, water flows in discrete 
fractures or channels and the oxygen it carries with it 

intrudes the rock matrix by molecular diffusion. In the 
fractured/channelled medium, the water flow rate may 
also vary in time and be different in different paths. 

The hydrology was simplified to that of a 
streamtube, that is transverse diffusion was neglected. 
The simplest form of a streamtube is the circular 
straight tube with constant diameter. Variation of the 
cross-sectional area can be handled by a simple mathe
matical transformation. 

In the streamtube, a large number of reactions take 
place. Oxygen reacts with the pyrite, the sulphuric acid 
formed reacts with the K-feldspars and other minerals. 
Carbon dioxide intruding with the air also reacts with 
the K-feldspar and other minerals and the uranium is 
dissolved and reprecipitated. In the simulations it was 
demonstrated that the redox-front movement could be 
treated independently of the other reactions, because it 
dominates over them due to the large mass of oxygen 
(relative to other constituents) which intrudes. The 
most advanced modelling of this type assessed the 
development of the redox-front by oxygen inflow with 
water, with flow along a fracture or channel and diffu
sion into the rock matrix. 

The rock was modelled as a fractured porous me
dium containing sparse channels in the fracture planes. 
At early times, the advance lines of the redox-front 
perpendicular to the channel into the matrix may be 
represented by a linear model. The oxidised zone is 
nearly rectangular initially but, with time, this zone 
becomes oval and finally circular. This is shown in 
Figure 4.7.4, for a cross-section of the channel. 

slit with 
flowing 
water 

advance lines 
of redox front 
with time 

Figure 4.7.4. KTH team. Redox-front develops out
ward from channel by diffusion. With time, the redox-
front expands outward, changing from linear to cylin
drical symmetry. View perpendicular to flow direction. 

When the penetration of the front is large com
pared with the width of the slit, a cylindrically sym
metrical model is used. Forboth these cases, analytical 
models have been developed. 

Figure 4.7.5 shows trie development of the reduc
ing finger along a fracture or channel seen from the 
side. 
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oxygenated water 
infiltrates 

Figure 4.7.5. KTH team. Development of redox-
front along a fracture or channel seen from the side. 

The rock is assumed to contain a large number of 
channels. The channels may have different flow rates 
and widths. The effects of erosion may be added to any 
of the modelling approaches used. For the cases where 
the front propagation rate decreases with time, as in the 
diffusive case and in the fracture-flow or channelling 
cases during the period when the fronts at the surface 
of the ground have not met, there will be a competition 
between the erosion rate and the front velocity. After 
very long times, when stationary conditions have been 
reached, the front velocity will just balance the erosion 
rate and the depth of the front will become constant. 

It is highly probable that flow rates have varied 
over time in the individual channels. One reason for 
this is that fracturing and the conductivity of fractures 
have changed, another that the channels form a net
work which is eroded from above, and which changes 
the upstream flowpaths. A further reason is that the 
topography has changed over time. This leads to a 
changing overall flow pattern. Calculations accounting 
for a stochastically changing flow rate with time were 
also performed. 

in the rock and also to some extent flow in the porous 
matrix of the rock itself. 

Observations in several tunnels in crystalline rocks 
in Sweden have shown that channel widths may range 
from a few centimetres to tens of centimetres and even 
up to one metre in extreme cases. The frequency of 
channels range from 1 per 20 m2 in the Stripa research 
facility to about 1 per 100 m2 in the repository for low 
and intermediate level waste at Forsmark (SFR). 

To calculate the movement of a redox-front by 
channelling, it is necessary to know the geometrical 
characteristics of the channels, the flow distribution 
and channel density. Having no site specific data, the 
calculations were made using the relative SFR flow 
rate distribution applied to the conditions at the Osamu 
Utsumi mine. Given the relative flow rate distribution 
among the channels, the absolute flow rate is sought. 
In the computations the assumed total infiltration flow 
rate, 0.1 m3/m2 per year, is divided up among six 
channel categories derived from the SFR flow distri
butions in proportion to their frequency, and each chan
nel is treated as if it is independent of all others. The 
consequences of this assumption, as to the rate of 
movement of the redox fingers, were explored and, 
where necessary, the overall flow rate adjusted. 

The redox-front develops outwards from a fracture 
or a channel like a growing wedge or cone. This is 
illustrated in Figure 4.7.6. 

FRONT DEVELOPS FROM 

SLIT 

4.7.4 Results of Simulations of Redox-front 
Development 

There is no direct information on the flow rates in the 
fractures and fracture zones in the deeper lying rock at 
Pocos de Caldas. To have some first basis for the 
calculations, it was assumed that 0.1 m3/m2 per year 
oxygen-equilibrated rainwater infiltrates into the 
ground to the depth of the redox-front. This oxygen
ated water will divide between the different channels 

Figure 4.7.6. KTH team. Development of redox-front 
from a long fracture and from a narrow slit. 

Simulations of the development of the front were 
made usi ng all the models described. The basic data for 
the simulations are given in Table 4.7.1. 
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85 

0.31 

4.61 

1/85 

Table 4.7.1. KTH team. Data used in the calcula
tions. 

Flux at 1 m depth (and in all streamtubes 0.1 

in constant flux cases) (m /m year) 

Channel width (m) 

Fracture aperture (m) 

Spacing of fractures (m) 

Annulus radius (m) 

Outer radius (m) 

Channel density (spot/m3) 

Oxygen concentration (mol/m3 water) 0.313 

Effective diffusivity (m2/s) 1.2 10"10 

Flow porosity 10"5 

Porosity 0.15 

Stoichiometric factor 3.75 

Pyrite concentration (mol/m3 rock) 350 

As the fronts grow further sideways, they will 
eventually meet the fronts from neighbouring chan
nels. At the mouth of the channel, all fronts grow 
equally fast sideways, irrespective of the flow rate into 
the channel. This implies that, if there is a large number 
of small channels, the surface will all be oxidised 
quickly. 

When only diffusion is active, after one million 
years, the front would have reached 1.3 m. Considering 
(hat (he rate of erosion is in the order of tens of metres 
per million years, this implies that the redox-front 
cannot have developed to the depths observed by dif
fusive processes only. Solving for the penetration 
depth at which the erosion rate (30 m per million years) 
is equal to the rate of front propagation, we find that 
the front driven by diffusion only stabilises at 0.03 m 
depth. 

For a streamtube with constant cross-section, the 
front propagation velocity for purely advective trans
port is 2.4 10 s m/year, using the data in Table 4.7.1. In 
one million years, the front would move 24 m. This is 
more comparable with the estimated erosion rate and 
it is conceivable that the front would just balance the 
erosion. However, it should be noted that with this 
concept, the front moves with a velocity independent 
of depth. If erosion is a little faster, the front disappears 
and, if the erosion is slower for a long time, the front 
would reach very large depths. 

The observations that the front develops deeper 
around fractures and fracture zones led to development 
of the channel-flow plus matrix-diffusion models. In a 

later development, a variable inlet flow rate was also 
introduced. 

Calculations were made for times up to 80 million 
years using 100 different channels. Two types of cal
culations were made. In the first case, it was assumed 
that the condition of change of inlet flow rate would 
take place every one hundred thousand years and, in 
the second case, the change of inlet flow rate would 
occur every one hundred metres of the advance of the 
peak of the redox-front. 

The results for the first case gave channel lengths 
in the order of 10 000 m. Obviously, the lengths of the 
channels were far too large. 

In the second case, the channel property (flow rate) 
would change each time 100 m of rock had eroded 
away. From the results in Figure 4.7.7 it can be seen 
that the effect of channels with high flow rates is 
limited by the assumed conditions (changes each 
100 m of advance of the redox-front). 

<250 250- 350- 450- 550- &50- 750- 850- 950-
350 460 550 680 750 850 950 1050 

Length (m) 

Figure 4.7.7. KTH team. Histogram, number of chan
nels vs. length of the redox 'fingers 'for changing of flow 
rate each 100 metres of advance of the peak of the 
redox-front. 

4.7.5 Results from the Use of Thermodynamic 
Models 

Two independent attempts to simulate the redox-front 
were carried out using the CHEQMATE and 
CHEMTARD coupled equilibration/transport codes, 
The CHEQMATE calculations (Harwell) were per
formed for both advective flow (0.7 m/year) and for a 
pore-diffusive case. 
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The reactive minerals in the origi
nal reduced rock are pyrite, K-feld-
spar, kaolinite and 'uranium'. 

The CHEMTARD modelling 
(Atkins) was predominantly aimed at 
elucidating U transport over the re
dox-front. The simulations run were 
based on a conceptual model includ
ing: 

— percolation of oxygenated waters 
through the profile; rapid conver
sion of pyrite to iron oxyhydrox-
ides, 

- slower dissolution of primary pitch
blende ore; release of U(VI) species 
to solution, 

- fixation of U(VI) hydroxy and hy-
droxy-carbonate species by iron ox
ides, 

— diffusion and reduction across frac
ture-controlled redox interfaces; lo
calised redistribution of uranium 
and formation of secondary pitchblende ore. 

Sorption on iron oxyhydroxides, which is not nor
mally included in thermodynamic models, was repre
sented by a triple-layer model. 

Typical results of such modelling (1 million years 
simulation) are shown in Figure 4.7.8, which depicts a 
predicted profile of U concentration/speciation over 
the redox-front. Figure 4.7.9 shows the location of 
uraninite precipitation and indicates how the amount 

lg concentration (mol dm-3) 

IgftJlppt (mol dm-3 solution) 

x (cm) 

0-1.OE-10 m2i-1 

O'lOE-12 m2»-1 

D-1.0E-11 m2«-1 

D-1.0E-13 i»2»-1 

Figure 4.7.9. CHEMTARD modelling. Precipitation ofuraninite (cal
culated as uranium) at the redox-front att= l(fi years (Read 1991). 

of precipitation (normalised to the pore water content) 
varies with the assumed diffusivity. 

However, when examined in detail both models 
deviate from reality both in their predictions of the 
alterations of water chemistry and, in particular, their 
inability to simulate the observed formation of secon
dary pyrite. 

Although the interpretation of individual profiles 
is complex, from the natural series measurements there 
is clear evidence of general removal of uranium from 
the oxidised side of the front and deposition on the 
reduced side. Comparison of the three fronts in bore
hole (Fl) shows that the rate of movement of the 
individual fronts is variable and may range from 10 m 
per million years to < 1 m per million years. Such low 
rates of movement are supported by measurements of 
pitchblende nodules, which indicate growth rates of 
centimetres per million years or less on the reduced 
side and similar dissolution rates on the oxidised side 
of the front. 

The mineralogical analysis illustrates that, al
though the iron oxidation front may be very sharp, 
remnant pitchblende nodules are found in oxidised 
zones indicating that the model assumption of a homo
geneous medium is inapplicable on the fine scale. 

Figure 4.7.8 CHEMTARD modelling. Change in 
uranium concentration across the redox-front at 
t= 1&1 years (Read, 1991). 
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4.7.6 Concluding Remarks 

The evolution of the major chemical changes in the 
rock compares well with that predicted by a transport 
mass balance model based on the local equilibrium 
assumption such as CHEQMATE. The special condi
tions of the present system made it possible to model 
the movement of the redox-front independent of other 
reactions, because of the presence of one dominating 
oxidant, the dissolved oxygen, and one dominating 
reducing agent, the pyrite. The secondary reaction, in 
which the sulphuric acid produced by the pyrite oxida
tion reacts with the feldspars to form clays, is also 
predicted by the model, as well as the dissolution and 
reprecipitation of the uranium. 

The overall rate of front movement was predicted 
to be in the order of a few tens to about one hundred 
metres per million years, based on estimates on the 
flow rate of infiltrating rainwater. This seems to be 
reasonable considering the independent estimates of 
the erosion rates. The two competing mechanisms 
would make the redox-front stabilise a little ahead of 
the eroding surface, because the rate of redox-front 
movement will decrease with depth below ground sur
face. 

The redox-front is uneven and exhibits a large 
number of redox fingers. This can be caused by the 
variable hydraulic conductivity of the rock matrix but 
also by uneven fracturing. 

The mass-balance and fissure-flow modelling ap
proach showed that several mechanisms are active, 
contributing to the formation of the complex shape of 
the redox-front. 

The models applied have been able to match the 
apparent rate of movement of the front with varying 

degrees of acceptability. The current generation of 
coupled transport/chemistry models can be used to 
simulate a moving redox-front, although, in general, 
the models tend to over-predict rates of front move
ment. 

The models have also replicated successfully the 
principal mineralogical reactions and groundwater 
compositional changes using independent data sets. 
They have also predicted the formation and disposition 
of new mineral phases and simulated the transport and 
deposition of uranium as observed in the rock. How
ever, the models cannot simulate trace element re
moval by co-precipitation. 

Natural analogues offer a variety of means of 
validating modelling approaches. In the context of 
redox-fronts, critical issues that could affect the results 
of a performance assessment of a repository for radio
active waste are: 

— the rate and mechanism of propagation of a redox-
front through the rock 

— the mechanism of transfer of redox-sensitive ra
dionuclides across the front 

- the behaviour of non-redox-sensitive radionuclides 
at the front 

- mineralogical transformations ,n the rock that may 
affect radionuclide mobility. 

Prior to the Pocos de Caldas project the last two 
issues would not have been regarded as significant 
features of redox-fronts. The apparent concentration of 
a very wide suite of elements at the front was therefore 
a surprise and has caused a revision of the conceptual 
models of redox-front processes. This is an important 
validation achievement. 
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4.8 Test Case 8. Natural Analogue Studies at 
the Koongarra Site in the Alligator Rivers 
Area of the Northern Territory, Australia 

4.8.1 Introduction 

This test case is based on work conducted at the site of 
the Koongarra uranium deposit in the Alligator Rivers 
Region about 200 km east of Darwin, Australia. The site 
has been used for analogue studies since 1981. 

A comprehensive experimental and modelling 
program (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). The basic idea behind the 
project was that the results would assist in the long-
term prediction of the transport rate of radionuclides 
within geological environments in the assessment of 
the safety of radioactive waste repositories. Included 
in the project was the evaluation of the significance of 
processes which may play an important part in radionu
clide transport and the establishment of a radiochemi
cal database. 

The work within ARAP can be divided into four 
broad categories: 

— analysis of the radionuclide distribution in rock sam
ples and rock fractures 

— study of the role of groundwater and colloids in 
radionuclide transport 

— analysis of in situ production and mobilityof long-
lived fission products, such as 129I and ^Tc, and 
transuranic nuclides, such as 239Pu 

— development of modelling codes and evaluation of 
the Koongarra site for modelling studies. 

The ARAP project was essentially completed dur
ing the year 1992 and results will be reported during 
1993. 

The objective of the ARAPtest case in INTRAVAL 
was to develop a consistent picture of the processes that 
over time have controlled the transport in the weath
ered zone and the time-scales over which the processes 
have operated. 

4.8.2 The Test Site 

A natural uranium mineralisation occurs at Koongarra 
in two distinct but related ore bodies, separated by 
100 m of barren schists, which strike and dip broadly 
parallel to a fault, the Koongarra Reverse Fault. The 
main ore body (ore body 1), which is the subject of this 
study, persists to 100 m depth. It has a strike length of 
450 m and a width that averages 30 m at the top of the 
unweathered schists (Figures 4.8.1 and 4.8.2). 

orebocfy2 

Figure 4.8.2. Plan view of the Koongarra ore bodies, 
projected to the surface. 

fault 

water 
transport 

primary uranium 
mineralisation 

quartz chlorite schist 

, pitchblende, 
uranium silicates Iuranium 

phosphates Igraphite 
schist 

Figure 4.8.1. Cross-section of the Koongarra No. I ore body. 

The primary ore consists of pitchblende or 
uraninite-uranium dioxide veins and veinlets 
which either follow or cross cut the layering in the 
schist. Minor amounts of scattered sulphide miner
als, primarily galena (PbS) chalcopyrite (CuFeS2) 
and pyrite (FeS2), are associated with the high-
grade ore. Uranium in this primary ore zone was 
mobilised through oxidation and subsequently im
mobilised through the formation of a uranyl silicate 
zone. The schist is weathered from a level near the 
surface down to a depth of 25-30 m and in this 
weathered zone another secondary uranium miner
alisation, consisting of 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 sec-

79 



ondary minerals is perceived to have taken place dur
ing a period of well over one million years. 

The upper extension of ore body 2 is located about 
30 m below surface, which is below the base of weath
ering. As no weathering has occurred and no known 
mobilisation of uranium has taken place, ore body 2 
has not been studied further. 

Generally, groundwater migrates from the north, 
at the foot of a prominent escarpment facing towards 
the south, through the ore deposit. The natural ground
water discharge takes place by evapotranspiration and 
direct discharge into a stream in the southern part of 
the site during the wet season. Like much of northern 
Australia, the study region has a monsoonal climate 
with almost all rainfall occurring in a wet season be
tween November and March. This causes fluctuations 
in the water table of the order of 5 to 10 m between the 
wet and dry seasons. 

An extensive experimental program including 
both field and laboratory investigations has resulted in 
a large amount of data characterising the site. Hydro-
geological data were taken from drawdown and recov
ery tests and water pressure tests. Further hydro-
geologic work has determined possible trajectories and 
travel times. Geologic data are based on mineralogic 
and uranium assay logs from 140 percussion holes and 
107 drill cores in the immediate vicinity of the uranium 
deposit. Groundwater chemical data are compiled from 
more than 70 boreholes and give a general under
standing of the groundwater chemistry. The data show 
a geochemical evolution as the groundwater passes 
along aquifer paths. Distributions of uranium, thorium 
and radium isotopes have been determined in the dif
ferent mineralisation zones. The distribution of ura
nium and thorium between different mineral phases in 
the weathered zone has also been studied. Laboratory 
sorption experiments have been performed, using sam
ples from drill cores retrieved at the site. In addition, 
distribution coefficients have been measured on natu
ral particles in Koongarra groundwaters. 

4.8.3 Test Case 

The modelling work presented for this test case has 
been carried out as a joint effort between ARAP and 
INTRAVAL. The modelling tasks for Koongarra have 
been divided into three areas dealing with hydrology, 
geochemistry and geochemical processes, and radio
nuclide transport, The project teams involved in the 
modelling exercises are: University of Arizona, RIVM*, 
AEA Technology Harwell Laboratory*, Johns Hopkins 
University, CSIRO, ANSTO*. Kemakta/SKI*. 

•INTRAVAL participant 

4.8.4 Hydrology Modelling 

Hydrology modelling was carried out by four project 
teams: University of Arizona, RIVM, Harwell and 
CSIRO. 

The test case provided an opportunity for testing 
hydrology modelling procedures with only minor prior 
knowledge about the flow system. The emphasis of the 
test case was put on iterative selection and application 
of appropriate kinds of modelling tools, rather than on 
validating specific models from within a preconceived 
class of models. The objectives of the hydrology mod
elling were the calibration of flow models capable of 
describing present day conditions and the prediction 
of rates, directions and travel times of the groundwater 
flow for periods long enough to allow modelling of 
radionuclide transport. 

Most of the approaches considered the regional hy
drology at the Koongarra site, modelled in a 2-D vertical 
section; one team modelled the site on a local scale using 
a horizontal 2-D model and another team computed the 
local hydrology using a 3-D model. 

The objective of the work carried out by the project 
team from University of Arizona was to test the useful
ness of an inverse 2-D finite-element groundwater 
flow model, GWINV, as a meaningful and systematic 
alternative to the analytical analysis of aquifer test data 
and the ad hoc, trial and error procedure traditionally 
utilised in the generation of aquifer parameters neces
sary for modelling the transport of radionuclides in the 
subsurface environment. Specifically, GWINV was to 
be used to generate homogeneous anisotropic transmis-
sivities for a number of horizontal 2-D subregions or 
zones overlying the ore body 1. However, no results were 
reported during the course of INTRAVAL Phase 1. 

The project team from RIVM analysed the aquifer 
test data. They noted that the confidence intervals for 
the transmissivity and storativity values for different 
pumping tests and various observation holes were all 
within the same range. In addition, a mean ratio of 
approximately 15 between principal transmissivities 
was found. From these findings it was concluded that 
the aquifer should be treated as a statistically homogene
ous, but anisotropic, medium. 

The project team from Harwell used the NAMMU 
code for two-dimensional groundwater flow calcula
tions with the aim of obtaining a broad understanding 
of the nature of the groundwater flow at Koongarra. 
The Harwell team focused on the uncertainties in the 
permeabilities of the Koongarra fault and the weath
ered formation. They observed that the picture that 
appears to be most consistent with the development of 
the ore body is the one, in which the fault is highly 
permeable and the weathered layer acts as a aquifer. This 
case results in a strong horizontal flow where the fault 
"channels" the upstream flow towards the surface as seen 
in Figure 4.8.3. 
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Figure 4.8.3 Harwell team. Streamlines for the case 
with a highly permeable fault and an aquifer weathered 
layer. 

The project team from Johns Hopkins University 
has been studying the coupled hydrologic and geo-
chemical processes associated with the formation and 
alteration of uranium ore bodies. Preliminary results 
from 2-D modelling aimed at studying the influence of 
the fault zone at the Koongarra site show that ground
water flows through the orebody, independently of 
whether the fault zone is treated as a relatively imper
meable barrier or a permeable conduit. 

The project team from CSIRO made 2-D as well 
as 3-D modelling of groundwater flow through the 
Koongarra orebody. The 2-D modelling was carried 
out using the linear triangular finite-element model. 
The modelled vertical cross section had a length of 
26 km and a depth of 3 km. The results from the 
modelling indicated that the regional groundwater 
flows probably are topographically controlled, giving 
some confidence to the view that 3-D modelling of a 
smaller region near the orebody may be relatively 
insensitive to the thickness of the Kombolgie sand
stone and the depth to impermeable bedrock. The 3-D 
model, using a finite-difference code, covered a region 
3 km square and 1 km deep. The study has so far 
indicated that the assumption of a water table in the 
Kombolgie sandstone is sufficient to supply enough 
water for flow through the orebody and that the flow 
through the orebody may be in many directions. 

4.8.5 Geochemical Modelling 

Geochemical modelling was carried out by two project 
teams from Johns Hopkins University and RIVM. 

The overall goal of chemical modelling using re
action-path calculations was to identify the most im
portant chemi ;al reactions controlling the formation of 
mineral assemblages and to assess quantitatively the 
chemical mass transfer between solid and aqueous 
phases. 

The chemical mass transfer calculations carried 
out with the computer programs EQ3NR and EQ6 by 
the project team from Johns Hopkins University aimed 
s|>ecifically at establishing the kind of waters and re

actions that were associated with the formation of the 
uranyl phosphate zone at Koongarra. The composition 
of water from the well KDl, located at the upstream 
side of the fault (Figure 4.8.4) was used as a starting 
point. The initial mineral assemblages were assumed 
to correspond to those deposited by the hydrothermal 
event causing the formation of the uranium minerali
sation, namely Mg-rich chlorite, quartz, muscovite, 
graphite, pyrite and apatite. The uranium bearing min
erals were assumed to be pitchblende or the alteration 
products uranophane and sklodowskite. The reactions 
were considered to be either buffered by equilibrium 
with the atmosphert or isolated from the atmosphere. 
In contrast to the unbuffered calculations, the buffered 
calculations could simulate the formation of important 
minerals presently found in the weathering zone at Koon-
garra. 

The project team from RIVM made a preliminary 
geochemical modelling study to identify the control
ling reactions for the alteration of the pitchblende to 
uranyl silicates and the formation of the uranyl phos
phate zone in the Koongarra ore deposit utilising the 
EQ3NR computer code for aqueous speciation and the 
EQ6 code for reaction-path calculations. Groundwater 
analysis from five wells located along the direction of 
groundwater flow and perpendicular to the strike of the 
mineralisation were used as input data to calculate the 
uranium and phosphate concentrations in equilibrium 
with the uranyl phosphate mineral saleeite. The sam
pling locations were located in: the Kombolgie sand
stone formation (KDl), the silicate zone (PH49), the 
phosphate zone (PH55), the dispersion zone (PH58) 
and downgradient of the orebody (PH94) respectively. 
Figure 4.8.4 shows the sampling locations and Figure 
4.8.5 illustrates the concentration in the groundwater 
for some of the elements from the Kombolgie sand
stone downgradient through the successive zones. The 
calculated concentrations were 3 to 5 orders of magni
tude higher than the measured concentrations, which 
led to the conclusion that the composition of the pre
sent day groundwater cannot account for the formation 
of the uranyl phosphate minerals observed in the 
weathered zone. The present-day groundwater in the 
weathered zone is actively dissolving the uranyl phos
phates. 

Reaction-path calculations were performed with 
an initial water composition corresponding to the 
measured composition in hole KDl, and the initial 
minerals being chlorite, hydroxyapatite and uranyl sili
cates. These calculations did not result in precipitation 
of saleeite, which is the uranyl phosphate mineral 
observed in the weathered zone. One explanation to 
this is that reducing conditions were assumed in the 
calculations, while saleeite probably was formed under 
more oxidising conditions. 
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Figure 4.8.4. Map showing the location of the holes from which groundwater chemistry data and solid uranium 
concentrations have been reported. 
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Figure 4.8.5. Graphical representation of the concen
trations in the groundwater samples " ' some of the 
elements analyzed. 

4.8.6 Groundwater Transport * Ic ng 

Groundwater transport modelling was attempted by 
project teams from ANSTO, Harwell and Kemakta/SKI. 

One of the main motivations for studying the Koon-
garra analogue was to examine radionuclide transport. To 
do this with confidence requires that there is an ade
quate understanding of both the groundwater flow 

regime and the geochemistry of the environment. A 
common aim of the different approaches applied by the 
project teams was to explore whether information could 
be obtained on the time-scale of uranium migration. 

The project team from ANSTO/Harwell examined 
the disequilibria in the U series. A constant 1 -D flow 
field and two solid phases were considered; one of 
these solid phases would be in equilibrium with the 
porewater, whereas the other only would come into 
equilibrium on a longer time scale. Analysis suggested 
that a consistent picture would develop if the uranium 
had been migrating for around 1-3 million years. Even 
though these estimates were very preliminary, they 
indicated that the approach might be valuable for the 
understanding of transport in the weathered zone. 

The project team from ANSTO used several mod
els, most of them one-dimensional, to determine the 
time-scale and mobility rates for 238U, 234U, 230Th and 
226Ra. The models can be grouped into those which are 
based on generalised leaching/deposition concepts, and 
those which use the transport formalism. The gradual 
increase in rock weathering was not normally included 
in the conceptual assumptions and all parameters were 
considered to be constant in time. Furthermore, the 
flow direction was assumed to correspond to the shape 
of the uranium dispersion fan. The heterogeneity of the 
weathered zone was ignored in most models. 

In the leaching/deposition approach, the weath
ered-zone rock was treated as a series of sampling 
points at which uranium deposition and leaching oc
curred and the present day uranium concentrations of 
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the samples were linked to a common mobility event. 
Figure 4.8.6 shows the relationship between the calcu
lated rate of leaching/deposition and the position of the 
sample. In the region close to the primary ore body the 
leaching process was predominant during the whole 
formation period, whereas further from the original ore 
body the deposition process was dominant. The general 
qualitative trend of the curve was as expected and 
agreed with the hypothetical behaviour of a moving 
front. The time-scale of the process was not determined 
unequivocally, but appeared to be not less than 700 000 
years. 

Saleeite occurs extensively throughout the 30 m 
deep weathered zone of the deposit and originates both 
from in situ alteration of the primary pitchblende and 
from deposition of mobilised uranium. The 234U/238U, 
23nTh/234U and 227Ac/235U activity ratios were meas
ured in crystals from several locations, and showed 
largedeviations from secular equilibrium. Out of a few 
possible sequences that can explain the crystal growth 
and the development of the activity ratios, the case in 
which a crystal is formed in a short single event and 
then behaves as a system closed to groundwater activ
ity, was investigated using a model, where the general 
features of the leaching/deposition description were 
modified to account for the short formation (deposi
tion) period and the long closed (no leaching or depo
sition) evolution of the crystals. The fitting curve was 
used to calculate the ages for groups of crystal samples 
collected from the same locality in the dispersion fan. 
When an escape process for 227Ac and the effect of 
radiation damage in the aged crystal samples were 
included in the model, a total time-scale for the disper
sion zone was determined to be of the order of 1.2 
million years. 

Another model tested by the ANSTO team was 
based upon the assumption that a combination of the 
heterogeneous geology at Koongarra and the regular 
climatic effects have produced a specific uranium dis
tribution pattern. As an example, Figure 4.8.7 shows 
the uranium concentration distribution near the surface 
(curve S) and near to the base (curve B) of the weath
ered zone. 

The aim with this modelling work was to investi
gate whether a time signature is encoded in the present 
day shape of the uranium concentration curves. The 
model used described transport in a 2-D vertical cross 
section that was represented by only two transport-fa
cilitating 1-D pipes, which were separated by an inter
mediate zone in which no horizontal (lateral) transport 
was assumed. However, the intermediate zone acts as a 
vertical conduit for transfer of the uranium from the 
bottom layer (pipe) containing weathered ore to the 
upper pipe (surface layer). Adsorption/desorption of 
uranium on solid phases accessible to groundwater was 
assumed as well as transfer of uranium from accessible 
solid phases to inaccessible solid phases not in contact 
with flowing groundwater. Figure 4.8.8 presents an 
example of the effect of varying the value of the distri
bution coefficient, Kd, on the shape of the calculated 
uranium concentration profiles. Preliminary results 
supported the experimental values of Kd > 104 ml/g 
and a flow rate of 1-4 m/year. Furthermore, the time-
scale seems to be 'ess than 2 million years. 

When viewing the uranium mobilisation from 
different angles, the ANSTO team concluded that the 
time-scale in which the presently observed uranium fan 
was formed ranged from 0.7 million years to less than 
2 million years. The parallel formal transport models 
yielded values of 1-3 million years. 

Figure 4.8.6. ANSTO team. Modelling of Koongarra 
dispersion formation. Average uranium transport rates 
versus distance from the original deposit. 

Figure 4.8.7. ANSTO team. Uranium distribution 
along the dispersion fan. 
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Figure 4.8.8. ANSTO team. Effect ofKd value on the uranium distribution 
curves. 

The project team from Kemakta/SKI used the 
Koongarra Analogue to test and evaluate models gen
erally used in performance assessment of radioact've 
waste repository concepts. 

A review of reported groundwater chemistry data 
showed large variations in the uranium concentration 
between different samples. No clear trend of increasing 
or decreasing concentration with depth could be seen. 
However, the highest uranium concentrations were 
found in samples from holes Wl, PH49 and W4, all 
located in the zone of secondary uranium mineralisa
tion (Figure 4.8.4). Furthermore, the Eh-values re
ported for the Koongarra site indicate a rather oxk 
system with higher reJox potential at larger 
depths, which is somewhat dubious. 

Reported solid uranium concentrations 
originate mainly from the cross section includ
ing holes DDH52, DDH1, DDH2, DDH3, 
PH55, DDH4, PH58, PH60, PH89 and PH90 
(Figure 4.8.4). Bulk uranium concentrations in 
samples from 10-20 metres depth and from 
?" -30 metres depth in this cross section were 
, .otted versus sample position, and the result 
is shown in Figure 4.8.9. 

Due to the, large variations in the concen
tration data for the uranium in groundwater 
and the rather strange Eh values reported, the 
Kemakta/SKI team decided to focus on the 
data on solid uranium concentrations and use 
them for comparisons with results from mod
elling of uranium migration in the weathered 
zone. 

In the first modelling attempt, a simple 
approach using the advection-dispersion 
equation was applied to the 218U migration. 
The part of the weathered zone that was 

located below the water table was 
considered. It was assumed that this 
part was homogeneous and that the 
system was static and defined by pre
sent day conditions. Uranium in the 
groundwater in the secondary miner
alisation was assumed to be trans
ported by flowing groundwater in the 
weathered zone. The processes con
sidered were 1-D advection, hydrody-
namic dispersion and sorption. It was 
assumed that the weathered zone was 
porous and that the sorption of ura
nium to the solid phase would occur 
instantaneously in proportion to 
the uranium concentration in the 
groundwater (the Kj-concept). 

The source term in the calcula
tions w. the uranium concentration 
in th» & jundwater in the mineralisa
tion zone. Values of 100 and 1000u.g/l 
were chosen, which were somewhat 

lower and higher respectively than the value measured 
in hole W1. Two values of the distribution coefficient, 
0.1 and 10 m3/kg, were used in the calculations, based 
on experimentally determined distribution coeffi
cients. Calculations were performed with water 
fluxes between 3.2 10"4 and 10 m/year. This range 
covers the water fluxes estimated by different groups 
within the ARAP. 

Figures 4.8.9 and 4.8.10 give examples of the 
measured solid concentrations of uranium in samples 
from the depth interval 10-20 metres in the cross 
section at about 6110 mN together with some model
ling results. In the two examples the source for the 
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Figure 4.8.9. Solid concentrations of uranium in samples from 
10-20 metres and 20-30 metres depth in the cross section at about 
6110 mN. 
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uranium migration was assumed to be located at 
3100 mE, which is approximately where the outer ex
tension of the orebody in the direction towards the fault 
is found. The modelling results were for a migration 
time of 2 million years. 

In the cases with the lower water flux, 0.001 m/y, 
(Figure 4.8.9) neither the migration distance nor the 
concentration level were near the measured values. 
W'h a water flux 10 times higher, the migration dis
tance was rather well simulated, but the concentration 

level was too low. In order to obtain a concentration 
level in fair agreement with the observed values a 
source concentration of about 10000 jig/1 had to be 
assumed. 

Calculated concentration curves assuming a Kd-
value of 10 m3/kg are shown in Figure 4.8.10. After 2 
million years, a Darcy flux of 0.1 m/y resulted in 
migration distances that were much too short. How
ever, with a water flux of 1 m/y, the migration distance 
was rather well simulated. With this flux and a source 
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Figure4.8.9. Kemakta/SKl team. Modelling results and observed concentrations. Kj =0.1m~/kg. 
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Figure 4.8.10. Kemakta/SKl team. Modelling results and observed concentrations. Kj =10 mVkg. 
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concentration of 100 ng/1 the concentration level was 
also in fair agreement with that observed. A source 
concentration of 1000 ug/1 led to an overestimate of 
the concentration level in the solid phase. 

All the modelling results were calculated for a 
migration time of 2 million years. A change to this 
would affect the migration distance and the steepness 
of the concentration front. The migration distance is 
directly proportional to the time of migration. For 
example, migration during 1 million years will result 
in a migration distance half as long as that obtained for 
2 million years. A shorter time of migration will also 
result in a steeper concentration front. 

To put some more constraints on the selection of 
parameter values the next step in the modelling work 
would be to include the decay of 238U to 23 U and 
23<>rh in the calculations, and to compare the modelling 
results with observed activity ratios of these radionu
clides. 

4.8.7 Concluding Remarks 

For the Alligator Rivers test case, much of what was 
attempted towards model validation during the Phase 
1 INTRAVAL study turned out to be model calibra
tion, since the emphasis was on iteratively selecting 
and applying appropriate kinds of modelling tools, 
rather than on validating specific models from a pre
conceived class of models. 

Even though there are several remaining issues and 
uncertainties for the hydrology, geochemistry as well 
as groundwater transport, some major findings 
achieved so far ought to be pointed out. Large scale 

2-D hydrology modelling indicated that the regional 
groundwater flows are probably topographically con
trolled giving some confidence that 3-D modelling of 
a smaller region near the ore body may be relatively 
insensitive to the thickness of the Kombolgie sand
stone and the depth to impermeable rock. The geo-
chemical modelling work has given an improved un
derstanding of the chemical reactions that have con
trolled the formation of the presently occurring mineral 
assemblages. Finally, groundwater transport models 
were found to be able to explain the reported data on 
solid uranium concentrations. A problem for the trans
port modelling teams was the large uncertainty in the 
input data. The values of the distribution coefficient, 
the water flux, the uranium concentration in the 
groundwater and some other parameters were not 
k.iown within order(s) of magnitude. 

Much of the emphasis of ARAP prior to IN
TRAVAL and into Phase 1 of INTRAVAL was on 
geochemistry. An important component of ARAP and 
a key component of many performance assessments 
involves radionuclide transport simulations or calcula
tions in order to assess risk. However, the hydrology 
of the site is an important component of the transport 
simulation along with the geochemistry. Work reached 
a point in the project where additional effort was 
needed on the hydrogeology before a synthesis of data 
could be completed for transport simulations. This 
need has resulted in a more balanced approach towards 
hydrogeologic and geochemical investigations in sup
port of performance assessment related transport cal
culations. 
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4.9 Test Case 9. Radionuclide Migration 
in a Block of Crystalline Rock Based on 
Laboratory Experiments Performed at 
AECL, Canada. 

4.9.1 Introduction 

This test case was based on laboratory experiments on 
migration of tracers in a single natural fracture in a 
large block of granite. The experiments were per
formed at AECL, Canada, and the aim was to calibrate 
relevant fracture transport parameters and transport 
models. The experiments address important phenom
ena, such as sorption, channelling, dispersion and ma
trix diffusion and fracture properties. 

4.9.2 Experimental Set-up 

Tracer experiments were performed in a granite block 
obtained from a surface quarry in Manitoba, Canada. 
The block was 91.5 cm long in the direction of the 
fracture, 86.5 cm wide, and 49.0 cm high ( Figure 
4.9.1). The aperture of the fracture was estimated to be 
about 800 urn. The block was positioned with the 
natural fracture in horizontal position. The outside of 
the block was 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 covered the fracture 
at the short sides of the block, thereby creating a 
uniform gradient across the entire width of the fracture. 

Synthetic granite groundwater was pumped 
through the fracture. When a fixed volumetric flow rate 
was established, a solution of known tracer concentra
tion was introduced 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 

SoltnoidVilvt 

Figure 4.9.1. Schematic plan view of the arrangement 
of inlet and nutlet reservoirs. 

the fracture probably forced the solution to enter pre
dominantly at one location. The outlet concentration 
was continuously analysed and breakthrough graphs 
made. 

The tracers used were non-sorbing (Uranine) as 
well as sorbing (cesium). Tracer breakthrough curves 
were monitored at five locations, which provided some 
information on the flow paths within the fracture. To 
minimise channelling in the fracture, the transport so
lution flow was allocated equally to the five compart
ments. 

In the first experiment, Uranine solution was in
jected 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 con
taining ,37Cs was injected at the same flow rate of 
20 ml/h. To reduce the time needed for this experiment 
with a sorbing tracer, 1000 mg/l of inactive cesium was 
also added to reduce retardation by taking advantage 
of the non-linear sorption of Cs. Comparison be
tween 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 
soiption coefficient, of 0.071 cm. This experiment 
lasted approximately 360 hours. 

4.9.3 Available Data 

Primary data available from the migration experiments 
were: 

— block, and fracture dimensions 
— water flow rates 
— concentration of Uranine and cesium in the in

jection solution 
- concentration of Uranine in the eluate relative 

to injection concentration as a function of time 
for each of the five outlet ports 

- concentration of cesium in the 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 outlet locations in the longitudinal disper-
sivity experiment with Uranine and in the '"Cs 
migration experiments are shown in Figures 4.9.2 
and 4.9.3. 

Different elution profiles for the different out
let locations indicate, as expected for a natural 
fracture, that the aperture was not constant across 
the entire width. The average fracture aperture 
was estimated from the Uranine elution profiles 
and was found to be between 475 and 835 iim at 
the five different outlet ports. 
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through E refer to the sampling locations shown in Figure 4.9.1. 

The results using the non-sorbing tracer together 
with independent measured parameters enabled simu
lation of the experiments with sorbing tracer. These 
independently measured parameters were surface and 
bulk adsorption coefficients, determined by static 
batch experiments, as well as average rock porosity. 

4.9.4 Validation Methodology 

The Test Case was tackled by four project 
teams: 

— Technical Research Center of Finland 
(VTT) 

— Hazama, Japan 
— Office of Waste Technology Development, 

U.S.A. (OWTD) 
— Central Research Institute for the Electric 

Power Industry, Japan (CRIEPI) 

All project teams worked within what 
might be described as a standard approach to 
validation in the context of performance as
sessment. This approach involves: 

— review of models 
— review of the data 
— calibration of a model against part of the 

data 
— making predictions and comparing these 

with the res: of the data 
— analysis of discrepancies 
— comparisor of alternative models 
— consideration of the implications for per

formance assessments. 

The VTT team carefully reviewed the 
available data before calibrating their models 
against the data by trial and error, using the 
Uranine breakthrough curves, the ratio of the 
breakthrough times for cesium and Uranine, 
and a value of the sorption coefficient for 
cesium based on measurements. Sub
sequently, they endeavoured to test their 
models by comparing their predictions for 
cesium with the data. The quality of the pre
diction was assessed by eye. 

The Hazama team compared the general 
behaviour of the res'ilts of their stochastic 
model with the experimental data. 

The OWTD project team fitted their 
model to the data for Uranine, and then tested their 
model by comparing their prediction for the cesium 
breakthrough curve based on batch values of sorption 
coefficients with the experimental data. 

The CRIEPI team fitted their dual-porosity model 
to the data for Uranine, investigated the sensitivity of 
the model, and predicted the breakthrough for the 
sorbing tracer cesium using parameters obtained from 
independent experiments. The effects of a non-linear 
sorption isotherm were also examined. 
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4.9.5 Models 

The VTT, OWTD and CRIEPI project teams all used 
variants of the standard transport model including the 
effects of advection, diffusion, dispersion, sorption, 
radioactive decay and rock-matrix diffusion. 

The VTT team treated the fracture in the block as 
comprising five independent equal-width channels 
(identified as A, B, C, D, and E, corresponding to the 
sample ports) (Figure 4.9.1). They considered two 
different mathematical models for radionuclide trans
port in the channels. The first of these was the standard 
transport model. The equations for this model were 
solved using the finite-element code FTRANS. 

They also used a diffusional-convection model 
that represents the dispersion due to flow with a vary
ing velocity in a confined channel. Analysis of trans
port under these circumstances leads to non-Fickian 
dispersion for transport over short distances, and 
asymptotically to transport equations with a disper
sion term that differs from the standard representation 
of dispersion. In addition, they developed a variant of 
this model that included a representation of irreversible 
sorption. 

The OWTD project team combined the break
through curves for the five ports to give a single aver
age breakthrough curve for each tracer. The code 
FRACFLO was used to solve the equations for the 
standard model. 

The CRIEPI project team combined the break
through curves for the five ports to give a single aver
age breakthrough curve for each tracer. They used two 
models of which the first was a variant of the standard 
dual-porosity model. The equation., for the model were 
solved using the finite-element code RMF. The second 
model used by the project team took an equivalent-po

rous-medium model for the matrix, i.e. a model that 
allowed diffusion in two directions in the matrix. 

The Hazama team treated the fracture as having a 
variable-aperture which was modelled numerically us
ing quadrilateral finite elements. Each element was 
assumed to have a constant aperture that was chosen 
randomly from a gamma distribution. The flow 
through the model was calculated treating each ele
ment as a porous medium with transmissivity propor
tional to the cube of the aperture. The porosity was 
assumed to be 0.5, i.e. the groundwater was supposed 
to effectively flow through channels that occupied half 
the area of an element. Figure '1.9.1 shows one typical 
realisation of the apertures and the corresponding flow 
fields. Transport through the model was calculated 
using the standard model including the effects of ad
vection, dispersion (which was taken to be isotropic) 
and sorption. 

4.9.6 Results 

The data for this test case mainly comprise the break
through curves for five outlet ports. Some kinks in the 
data for Uranine and cesium were interpreted by the 
VTT project team as due to experimental instabilities, 
which made it very difficult to assess the correctness 
of different conceptual models by comparing the 
model results and the experimental data. The VTT 
project team noted that the experiment was carried out 
for high flow rates in order to be practical within the 
limited time available to the experimental team. Con
sequently, rock-matrix diffusion was estimated to have 
little effect and the experiment cannot be used to test 
the applicability of models including rock-matrix dif
fusion. 
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Figure 4.9.4. One realisation of the apertures in the Hazama model and the corresponding velocities. 
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The VTT project team calibrated their models us
ing the data for Uranine together with the breakthrough 
times for cesium. In particular, the channel apertures 
were determined from the ratio of breakthrough times 
for Uranine and cesium and a surface distribution 
coefficient of 6 10"4 m3/m2. The parameters for die 
calibrated models are given in Tables 4.9.1 and 4.9.2 
for the standard model and the diffusional-convection 
model respectively. The project team found that the 
diffusional-convection model reproduced the observed 
shapes of the breakthrough curves much better than the 
standard model. Figure 4.9.S shows the fit of the diffu
sional-convection model to the data for the five chan
nels. However, a significant discrepancy was found for 
channel D, so the team tried to examine if the data 
could be better reproduced by treating this channel as 
comprising two physical channels. This led to better 
agreement between the measured and calculated val
ues, albeit at the cost of having introduced extra pa
rameters. 

The OWTD project team calibrated their model 
using the average breakthrough curve for Uranine. 
First the average fracture aperture was estimated on 
the basis of the time for the outlet concentration to 
reach half its final value. This led to an aperture of 
6.23-10"2 cm. Then the longitudinal dispersivity was 
calibrated. The value determined was 3 cm. The match 
between the calibrated breakthrough curve and the 
experimental data is shown in Figure 4.9.6. The experi
ment was insensitive to the value of the matrix diffu
sion coefficient because of the high flow velocity. As 
this parameter could not be calibrated, a value of 
1.8-10'4 cm2/h was obtained from the literature. 

The CRIEPI team calibrated their dual porosity 
model using the data for Uranine. Several values of 
dispersion lengths were tried (Figure 4.9.7) and it was 
concluded that a value of 2 cm gave the best match to 
the observed breakthrough curve. 

Table 4.9.1. Calibrated parameter values obtained by VTTfor the FTRANS simulations. 

Table 4.9.2. Calibrated parameter values obtained 
by VTTfor the diffusional-convection simulations. 

Channel 

A 

B 

C 
D 
E 

Maximum 
velocity 

(m/h) 

9.14-10'2 

1.06 10-' 

8.93 10"2 

7.78-10"2 

6.19 10"2 

Characteristic 
width 

(m) 

7.0 10"3 

3.0 10"3 

4.0 10 3 

24.5-10"3 

6.5 10 3 

Channel 

A 
B 
C 
D 
E 

Longitudinal 
dispersivity 

2.20 10'2 

5.00 10"3 

5.50 10"3 

4.0010"3 

1.10 10'2 

Aperture 
2fc(m) 

6.36-10'4 

4.14 10'4 

4.8610 4 

6.36 10"4 

5.63 10'4 

Velocity v; 

(m/h) 

3.72-10'2 

4.83 10"2 

3.95 10'2 

3.51 I0'2 

2.64 10"2 

Volumetric 
flow rate Qi 

(m3/h) 

4.09 10"6 

3 .4610 6 

3.32 I 0 6 

3.86 I0"6 

2.56 10"6 

'Width 
H-j(m) 

0.173 

0.173 

0.173 

0.173 

0.173 

The VTT team tested their predictions using the 
data for cesium. They found it necessary to vary the 
values of the matrix diffusion coefficient and the sur
face distribution coefficient slightly in order to obtain 
a good match between predicted and measured break
through curves. Predicted breakthrough curves are 
compared with measurements in Figure 4.9.8. The 
agreement is generally good. 

The VTT team noted that a simple linear equilib
rium model of sorption may not be sufficient to de
scribe the process of sorption in detail. Indeed, there 
was experimental evidence to support the concept of 
nonlinear sorption, and nonlinear sorption was ex
ploited in the design of this experiment to reduce the 
retardation to levels at which the experiment could be 
carried out in practical times. 

The diffusional-convection model developed by 
VTT was an attempt to model the flow and transport 
on the scale of the channel in order to derive the 
dispersion. The model is an idealisation; the physical 
channels are unlikely to be parallel-sided planar, and 
the flow in a channel is unlikely to vary linearly in the 

fashion assumed by VTT in 
the derivation of their 
model. However, provided 
that dispersion in a channel 
is mainly due to the velocity 
variation in the direction 
transverse to the flow, their 
model may provide a more 
realistic representation of 
tracer transport in a channel 
than the standard advection-
dispersion model. 
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Figure 4.9.7. Breakthrough curves calculated by CRIEPI for different values of the dispersion length compared 
with experimental data 

The Hazama team did not attempt to calibrate their 
model. They compared the general behaviour of results 
calculated with their model with the general behaviour 
of the experimental data. The simulated breakthrough 
curves for Uranine for the three aperture realisations 
shown in Figure 4.9.4 were in rough agreement with 
the average breakthrough curve, but the individual 
breakthrough curves for the various outlet ports tended 
to rise less steeply than the corresponding experimental 
curves. In contrast, the calculated and experimental 

breakthrough curves for cesium (Figure 4.9.9) matched 
much better than the corresponding curves for Uranine. 
The project team suggested that this might be due to 
the fact that their model represented the distribution of 
sorption and dispersion better than the distribution of 
velocities. The project team commented that the aper
ture distribution used in their model was probably not 
correct, but that many observations would have been 
necessary to determine an appropriate distribution, 
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c) Modelling using the FTRANS code including ^ydrody-
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d) Diffusion into stagnant pools modelled analogously to 
matrix diffusion. 

Figure 4.9.8. Comparison of the predicted breakthrough curves for cesium in channel Bfor different 
models used by VTT. 

The OWTD project team tested their model using 
the average breakthrough curvr for cesium and sorp
tion coefficients derived from batch experiments. The 
predicted curve was compared with the experimental 
one (Figure 4.9.10) and the agreement seemed to be 
reasonable. 

The CRIEPI project team used their calibrated 
dual-porosity model together with other parameters 
obtained from independent experiments to predict the 
breakthrough for the sorbing cesium tracer. The predic

tions were in reasonable agreement with the experi
mental data as shown in Figure 4.9.11. The predictions 
for a non-linear model of sorption using a Freundlich 
isotherm are also shown in the same Figure. As can be 
seen there was very little difference between the pre
dicted curves for the two models. 
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Figure 4.9.9. Comparison of the experimental breakthrough curves for cesium with the breakthrough curves 
predicted by Hazama for the three aperture realizations of Figure 4: (a) experimental results, (b), (c), and (d) 
predicted breakthrough curves (the solid line gives the arithmetic average of the experimental breakthrough curves). 

4.9.7 Concluding Remarks 

Overall, the experimental data provided some support 
for the standard model of radionuclide transport that 
includes the effects of advection, diffusion, dispersion, 
radioactive decay, sorption and rock-matrix diffusion, 
although as noted by VTT, the experiment may not 
provide much information on rock-matrix diffusion. 
However, there were small differences shortly after 
breakthrough between the shape of the breakthrough 
curves calculated by VTT and the measured break

through curves. This suggested that, although the ma
jor processes involved are included in the model, still 
a minor process has been omitted. The work of the VTT 
project team suggested that this process might possibly 
be a process of irreversible sorption. 

The experimental data provided considerable sup
port for the concept of channelling or at least for the 
view that the fracture aperture varies with position. 
However, the number of sampling locations and their 
positions were chosen before there was any informa
tion on possible flow channels in the fracture. It would 
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therefore be surprising if the experimental sampling 
locations matched the major physical channels in the 
fracture. Indeed, the VTT team found some discrepan
cies between their predictions and the experimental 
breakthrough curves that could be improved by assum
ing additional physical channels. 

The diffusional-convection model is based on un
likely assumptions regarding the geometry of the 
physical channels and the flow variation in the chan
nels. However, provided that dispersion in a channel is 

mainly due to the velocity variation in the direction 
transverse to the flow, the model may provide a more 
realistic representation of tracer transport than the 
standard advection-dispersion model. 

As the experiment addressed flow and transport in 
a single fracture of dimensions of the order of 1 m, it 
did not provide any information or means to scale up 
the results to the lengths of interest in a repository 
performance assessment. 
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4.10 Test Case 10. Unsaturated Flow and 
Transport Experiments Performed at Las 
Cruces, New Mexico, U.S.A. 

4.10.1 Introduction 

This test case was based on a series of experiments 
performed at the New Mexico State University College 
Ranch, 40 km northeast OL L is Cruces, New Mexico, 
U.S.A.. The Las Cruces Trench studies examined un
saturated flow and transport in porous media using 
wetting front and tracer migration and redistribution 
experiments in undisturbed soil profiles. The purpose 
of the experiments was to provide sufficient data to test 
the ability of stochastic and deterministic models to 
simulate flow and transport in spatially variable, un
saturated soils and to evaluate site characterisation 
methods for very dry site conditions. 

The test case is one of three test cases in 
INTRAVAL Phase 1 that involves flow and transport 
processes under unsaturated (partially saturated) con
ditions. The other two test cases dealing with unsatu
rated conditions are the Apache Leap Tuff experiments 
(test case 11) and the G-Tunnel experiments (test case 
12). The G-Tunnel experiments and the Apache Leap 
experiments were conducted in unsaturated fractured 
rock, while the Las Cruces experiments were con
ducted in unsaturated heterogeneous soils. The process 
of fluid flow, both in the matrix and the fractures, is 
common to all three test cases, whereas solute transport 
processes were considered only in the Apache Leap 
and Las Cruces Trench investigations. 

irrigation during several periods throughout the day. 
The irrigation plot and surrounding areas, including the 
trench, were covered with plastic sheets and other 
materials to prevent evaporation from the soil surface 
and to eliminate the input of rainfall or storm runoff 
water (Figure 4.10.1). 

A series of horizontal and vertical boreholes were 
drilled to monitor the movement of water below the 
soil surface using neutron probes and tensiometers. In 
addition, soil solution samples were taken to determine 
the movement of the tracer in the soil. The movement 
of water was monitored during infiltration and redis
tribution in both experiments. Tracer movement was 
monitored by solute samplers during infiltration for the 
Plot I experiment and during infiltration and redistri
bution for the Plot 2 experiment. 

A trench, 26.5 m long, 4.8 m wide and 6.0 m deep, 
was excavated in undisturbed soil to provide soil sam
ples foi site characterisation and to provide horizontal 
access to experimental plots located adjacent to the 
trench. The water movement on the trench face was 
visually observed. The walls of the trench were exca
vated vertically and reinforced to prevent cave-in. Dur
ing the construction of the trench, the physical proper
ties of the soil at the site were determined to allow 
estimation of statistical parameters needed in the sto
chastic and deterministic models. 

After excavation of the trench, nine soil layers 
were identified based on the observed morphological 
horizons on the west wall of the trench and on the 
hydraulic properties of each layer. 

4.10.2 Experiments 

The Las Cruces Trench experi
ments consist of two irrigation 
tests performed adjacent to a 
trench. Supporting laboratory 
experiments to characterise 
water flow and solute transport 
in spatially variable, unsatu
rated soils have also been made. 
In the irrigation experiments, 
water with tracers was applied 
to the surface of two plots at 
sufficiently low application 
rates to maintain unsaturated 
conditions. 

The irrigation system con
sisted of parallel trickle lines laid 
out on a fixed frame suspended 
above the soil surface. A known 
flux of water and solute was sup
plied from a timer-controlled 
pump and storage tank system 
designed for intermittent 
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Figure 4.10.1. Top view of the experimental trench. 
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Trench Experiment 1 

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 meth
ods used in later experiments. 

An area measuring 4 by 9 m was irrigated for 
85.75 days. The water was applied at a controlled rate 
of 1.82 cm/day. During the initial 10 days of the irriga
tion period, a conservative tracer, tritium, was added to 
the applied water. 

The advancing wetting front observed on the 
trench face is shown in Figure 4.10.2. Simultaneously, 
the wetting front advance and moisture content distri
bution were interpreted from daily tensiometer and 
neutron probe data. 

there were significant differences between the three 
sets of neutron probe data (Figure 4.10.3), indicating 
that appreciable three-dimensional flow occurred in 
the field. 

Laboratory experiments with approximately 600 
core samples and 600 disturbed soil samples and in situ 
experiments at approximately 600 locations indicate that 
significant spatial variability exists in the water retention 
curves and in the saturated hydraulic conductivities. 

The data available to the project teams from meas
urements or evaluations are hydraulic conductivity 
values, characteristic curves for the range of saturation 
to field water contents, specific water capacity, soil 
property parameters, moisture content or moisture pro
files as a function of time, tension data, visual observation 
of wetting front advances and tracer concentrations. 
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Figure 4.10.2. Plot 1. Visually observed advancing 
wetting front. Dashed line indicates location of irri
gated surface above the trench face. 

Trench Experiment 2a 

Irrigation continued for 75 days over an area measuring 
1.2 by 12 m. The water was applied at a controlled rate 
of 0.43 cm/day. During the initial 115 days of the 
irrigation period two tracers, tritium and bromide, were 
added to the applied water. These tracers were ex
pected to behave as ideal, non-reactive tracers. How
ever, field concentration monitoring data showed no
ticeable divergence of the tritium and bromide plumes. 
The probable cause was an influence of anion exclu
sion on bromide migration. 

Two-dimensional field water content distributions 
were available from three neutron probe rows installed 
parallel to the trench. If the actual flow regime in the 
field had been truly two-dimensional, then the total 
water content increase measured along each individual 
neutron probe row should have been equal. In reality, 

4.10.3 Validation Issues 

Although the three test cases (10,11 and 12) involving 
flow and transport processes under unsaturated condi
tions varied considerably in design, scope, and level of 
effort, a common validation issue was the need to 
further the basic understanding of flow and transport 
processes for geologic materials under unsaturated 
conditions. Research in this area is relatively sparse 
when compared to that for soil and rock under saturated 
conditions. 

Validation of water flow and solute transport mod
els for the Las Cruces Trench Site was primarily lim
ited to visual comparisons between contour plots of 
water content and solute concentrations, and compari
sons of spatial moments generated from experimental and 
predicted data. Validation has thus been largely qualitative 
rather than quantitative. 

4.10.4 Models 

To test models for water flow and solute transport, the 
observed water and tracer motions through the soil 
profile were compared to predictions from a series of 
numerical models. 

Water was modelled as flowing through an unsatu
rated porous media with a lack cf significant preferential 
flow induced by fractures, root channels, or cracks. The 
models used to describe the spatial variability of the 
hydraulic properties range from simple deterministic, 
isotropic, uniform soil models to three-dimensional, het
erogeneous, anisotropic, stochastic models. The models 
used to describe water flow and transport range from 
one-dimensional transient deterministic models to multi
dimensional transient stochastic models. 

Water retention was modelled by van Genuchten's 
relationship with the Mualem-van Genuchten model 
generally used for the unsaturated hydraulic conduc
tivity. The parameters included in these models were 
determined from laboratory experiments and from in 
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erties and their statistics. Water flow 
was modelled during infiltration and 
drainage for boundary and initial condi
tions analogous, but not directly compa
rable, to those that occurred at the site. 

The project team from Hydro-
GeoLogic used a transient, two-dimen
sional, finite-element code that models 
Richards' equation and the advection-
dispersion equation to simulate water 
flow and tritium transport for the Plot 2 
experiment. 

Several models for the spatial vari
ability of the soil hydraulic properties of 
the Las Cruces Trench Site were evalu
ated. These included: 

— uniform, isotropic soil model with hy
draulic properties of a typical sandy 
loam soil 

— uniform, isotropic soil model with hy
draulic properties obtained from the 
Las Cruces characterisation data 

-uniform soil model with an anisot
ropic saturated hydraulic conductivity 

- nonuniform, isotropic soil model with 
spatial variation of hydraulic proper
ties based on the spatial variation 
measured at the Las Cruces Trench 
Site 

- uniform, anisotropic soil model with a 
pressure-head-dependent, aniso
tropic, hydraulic conductivity based 
on stochastic arguments. 

Figure 4.10.3. Plot 2. Water content increase at day 276 in three neutron 
probe rows, y-value gives the distance in cm from trench face. 

situ borehole permeameter experiments. The water 
flow through unsaturated porous media was modelled 
using Richards' equation. The advection-dispersion 
equation was used to model solute transport. The ge
ometry of the irrigation system was such that the flow 
could be modelled deterministicaliy as two-dimen
sional over much of the experimental region. When 
2-D models were used, the three-dimensionality of the 
actual flow due to spaiial variability was either ignored 
or modelled through effective media approximations. 

A summary of the modelling efforts is presented 
in Table 4.10.1. 

The project team from CNWRA modelled water 
flow using a transient, three-dimensional, finite-differ
ence simulator for saturated or partially saturated flow 
in a fully heterogeneous porous media. A single van 
Genuchten function was used for the moisture reten
tion curve and a stochastic exponential model was 
assumed for the unsaturated conductivity. Data col
lected at the trench were used to infer hydraulic prop-

The Kemakta team used TRUST + 
TRUMP to model water flow and solute 
transport for the Plot 2 experiment. The 

codes are based on integrated finite-difference algorithms 
that model Richards' equation for an unsaturated porous 
media and the advection-dispersion equation. 

Several models for the soil properties were tested. 
These are: 

— homogeneous isotropic soil model based on the uni
form van Genuchten parameters provided in the Las 
Cruces database 

— homogeneous soil model with modified water reten
tion and unsaturated hydraulic conductivity curves 
allowing dry initial conditions to be better modelled 

— layered soil model based on the layered soil van 
Genuchten parameters provided in the Las Cruces 
database. 

The project team from MIT modelled water flow 
for the Plot I experiment assuming an equivalent-me
dium stochastic model. A finite-element algorithm 
with a modified Picard iteration was used to solve the 
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transient mass balance equation for water flow in two 
dimensions. The soil was assumed to be isotropic and 
homogeneous on the local scale, to behave as a station
ary stochastic medium on the large scale, and to pos
sess a lognormally distributed unsaturated hydraulic 
conductivity, a normally distributed local water con-

Table 4.10.I. Las Cruces Trench test a:se simulation groups. 

Group 

CNWRA 

HGL 

KCC 

MIT 

NMSU 

PNL 

SNL 

• 

1 .. _ _ 

Model 

BIGFLO 

VAM2D 

TRUST + TRUMP 

UNSAT-H 
UNSAT2 

TRACER3D 

VAM2D 

Comments 

Finite-difference code for high-resolution 
water flow simulations. Modelled a 3-D, 
randomly heterogeneous and stratified 
soil with boundary conditions similar to 
Plot 1, but with wetter initial conditions. 

Finite-element code for water flow and 
transport. Modelled Plot 2 with several 
levels of heterogeneities (isotropic and 
anisotropic) in 2-D. 

Integrated finite-difference code for water 
flow and transport. Modelled Plot 2 as a 
homogeneous and a layered soil in 2-D. 

Finite-element code for water flow using 
modified Picard iteration. Modelled Plot 1 
using 3-D effective media stochastic 
property models in a 2-D simulation. 

Water-content based finite-difference 
code for water flow and transport. 
Modelled Plot 2 as a homogeneous soil in 
2-D. 

I-D and 2-D finite-element codes for 
water flow. Modelled Plot 1 water flow 
with several levels of heterogeneities in 
2-D. 

Finite-difference code for water flow and 
transport. Modelled Plot 1 water flow with 
several levels of heterogeneities in 2-D. 

Finite-element code for water How and 
transport. Monte-Carlo simulation of 2-D 
water flow using the axle VAM2D with 
multiple realisations of a uniform soil model. 

CNWRA 
HGL 
KCC 
MIT 
NMSU 
PNL 
SNL 

Center for Nuclear Waste Regulatory Analyses 
• HydroGeoLogic. Inc. 
- Kemakta Consultants Co. 
- Massachusetts Institute of Technology 
- New Mexico State University 
- Pacific Northwest Laboratory 
• Sandia National Laboratories 

tent, and a normally distributed local tension. The 
parameters used were based on data obtained from the 
Las Cruces Trench Site and from data on Maddock soil 
unsaturated conductivities obtained from another site. 
Unsaturated conductivities for the Las Cruces Trench 
Site were not available. 

The project team from 
NMSU used a transient, two-di
mensional, water-content-based, 
finite-difference model for 
Richards' equation to simulate 
infiltration and redistribution for 
the Plot 2 experiment. Solute 
transport was modelled using a 
transient, two-dimensional fi
nite-difference algorithm for the 
advection-dispersion equation. 
The simulations assumed a uni
form, isotropic soil using the van 
Genuchten parameters provided 
in the Las Cruces database. 

The codes used by the pro
ject team from PNL to model 
water flow for the Plot 1 experi
ment were UNSAT-H and UN-
SATS, which are one- and two-
dimensional finite-element 
codes for Richards' equation, and 
TRACR3D, which is a finite-dif
ference code for Richards' equa
tion and the advection-disper
sion equation. Transient one- and 
two-dimensional water flow dur
ing infiltration was simulated us
ing: 

— homogeneous, isotropic soil 
model 

— three-layered soil model 
— three-layered soil model with a 

high conductivity /.one in the 
third layer. 

The soil property models 
were based on preliminary char
acterisation data obtained from 
the Las Cruces Trench Site. 

The SNL team used both a 
l-D analytical infiltration equa
tion and the numerical code 
VAM2D to model water flow in 
the Plot I and 2 experiments. 
VAM2D is a transient, two-di
mensional, finite-element-based 
code that models Richards' equa
tion and the advection-disper
sion equation. This code was ap
plied in a series of Monte-Carlo 
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simulations. The soil was assumed to be homogeneous 
and isotropic and the water flow was assumed to be 
transient and two-dimensional during each realization. 
Soil properties for each realisation were based on indi
vidual samples taken from the population of core sam
ples analysed during the Las (Truces characterisation 
experiments. 

4.103 Results 

Two experiments. Plot 1 and Plot 2, were performed at 
the Las Cruces Trench Site to monitor the movement 
of water and solute through the soil profile under 
transient conditions. Work will continue at the Plot 2 
site during Phase 2 of INTRAVAL. 

The project team from NMSU studied the Plot 2 
experiment using a simple deterministic model for 
water flow and tracer transport. This simple model 
provides a reference for more sophisticated models 
used by other teams to study the trench experiments. 

A comparison between observed and predicted 
change in water content between day 1 and day 71 is 
illustrated in Figure 4.10.4. 

The changes in predicted water contents show 
lateral spreading and vertical movement that agree 
qualitatively with the observations. The large degree of 
lateral spreading demonstrated in the numerical predic
tions suggested that the tension gradient rather than the 
gravity was the dominant driving force at the low flow 
rates present. There is little movement of water during 
the first 71 days at depths greater than 3 m. However, 
very small differences in the measured water content 
can result in negative changes in the water content at 
these depths. These small changes may be due to water 
movement or simply to random error in the neutron 
probe measurements. Most of the spatial variation in 

Observation 

L._. 

the changes in water content shown below the wetting 
front in Figure 4.10.4 is a result of these small differ
ences. 

The team compared observed and predicted changes 
in water content for day 276. Of die three planes studied, 
y = 2,6 and 10 m, the model underpredicted the maxi
mum depth of the wetting front for the y = 2 m case 
and overpredicts the wetting front location for 
the y = 10 m case. The match was best for the y = 6 m 
case. However, it is clear that the deterministic model 
used in this study cannot accurately predict point val
ues for water content due to spatial variation in field 
hydraulic properties, because this variation was not 
accounted for in the model. 

The NMSU team also modelled the tracer trans
port. The concentration contours on day 71 for the 
model predictions and the field observations for both 
tritium and bromide tend to show qualitatively similar 
downward and lateral motions of the solute front. 
However, the observed peak concentrations of tritium 
and bromide were found to be much higher than pre
dicted. Comparing days 71 and 276, the model pre
dicted a significant downward movement of the trac
ers. Tritium was however found to have moved only a 
short distance in the field during this time period. In 
contrast, bromide showed a significant downward and 
sideward movement during the same period. Compari
son between model predictions and measured relative 
bromide concentrations for day 276 showed similar 
depths of penetration for the tracer fronts, but signifi
cant differences in lateral motion. 

Results of flow modelling by HydroGeoLogic using 
three different scenario simulations as well as field results 
from the Plot 2 experiment are presented in Figure 4.10.5. 

Prediction 

- , :^ s > 

Figure 4.10.4 NMSU team. Plot 2, change in observed and predicted water content between day I and day 71. 
The results are for a 6 m deep by 6 m wide plane located 2 mfrom the north trench wall. 
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Figure 4.10.5. HydroGeoLogic team. Comparison of predicted water 
plumes at t =277 days for scenarios I, lla, and 111 with field results. 

The three scenarios illustrated in Figure 4.10.5 are: 
I: Uniform, isotropic soil with literature-derive' "n 
saturated hydraulic parameters. This case corresponds 
to a situation, not at all uncommon, in which computer 
modelling is performed when little or no site charac
terisation data are yet available and one has to estimate 
key model parameters. 

Ha: Uniform, isotropic soil with 
unsaturated hydraulic parameters de
termined by averaging individual sam
ple values. 

Ill: Non-uniform but isotropic 
soil with different soil material prop
erties assigned to each element in the 
computational grid in order to repre
sent the heterogeneity observed in the 
field as closely as possible. 

Two additional scenarios were 
considered which were modifications 
of scenario lla. 

The field data represent averages 
from the three rows of neutron probes. 
The field results show a distinct hori
zontal spreading of the moisture plume 
and rather irregular water content con
tours. The degree of horizontal spread
ing is not an artifact of the averaging 
applied to the field data, but was also 
exhibited by water content distribu
tions measured along individual neu
tron probe rows. The predicted mois
ture plumes for thedifferent modelling 
scenarios reproduced the observed re
sults to varying degree. The uniform 
soil scenarios I and Ha predicted mois
ture plumes that were smooth and 
symmetric. Differences between these 
scenarios were primarly due to differ
ences in the assigned soil moisture re
tention curves. Scenario HI resulted in 
quite good visual agreement with field 
observations. Although this heteroge
neous soil scenario did not necessarily 
result in accurate point-wise predic
tion of field results, it reproduced the 
observed non-symmetric plume shape 
and irregular water content contours. 
Comparison of scenario Ha and III re
sults indicates that explicit considera
tion of soil variability, as opposed to 
using averaged soil properties, results 
in better agreement with field observa
tions. 

The project team from Hydro
GeoLogic also predicted the migration 
of tritium, but did not obtain good 

agreement with observations. It was noted that sce
nario III, which resulted in the best flow predictions, 
did not result in the closest prediction of transport. This 
fact illustrates that if conceptualisation of important 
processes is incomplete or if sufficient data for model 
calibration and validation are lacking, a more complex 
model may not provide any more reliable results than 
a simpler model. 
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The project team from Kemakta simulated the Plot 2 
irrigation experiment using the deterministic integrated 
finite-difference codes TRUST and TRUMP. The water 
content distribution at 70 and 90 days were predicted for 
three different cases. Tne first case corresponded to a 
homogeneous soil with the original material data for the 
average material. Tr:- case gave higher water content at 
all times compared to those observed. The second case 
was a modification of the first case with the soil assumed 
to be initially dryer. This resulted in water content vari
ations in better agreement with observations. However, 
as in the first case, the wetting front had the same 
tendency to move more downwards and less to the 
sides than the observed movement. In the third case, 
the domain was divided into nine layers with different 
material data for each layer. This approach gave the 
best agreement between predicted and observed data. 
In particular, the observed lateral movement of water 
was better encountered for. 

The Kemakta team modelled tracer transport using 
the unsaturated version of the advection-dispersicn equa
tion. Two different values of the dispersion coefficient, 
210'8 and 5 10"9 m2/s, were used in the calculations. 
Using the higher value the team got peak concentrations 
far too low and a spreading far too large in comparison 
with the experimentally observed concentration plume. 
The lower value gave better, but still not good, agreement, 
indicating that even lower values of the dispersion coef
ficient should be used in the calculations. Observed 
and predicted tracer distributions, using the lower 
value of the dispersion coefficient, are given in Figure 
4.10.9. 

The team concluded that the large scatter observed 
both in water content and tracer concentration is due to 
local heterogeneities that are not accounted for in the 
deterministic models in which smooth profiles are 
obtained. 

The project team from SNL performed a detailed 
analysis of the saturated hydraulic conductivity data 
obtained from laboratory and field tests. Based on the 
Mann-Whitney and Lilliefors tests, it was concluded 
that the field data and the laboratory data were statisti
cally different at the 90% confidence level. What was 
causing this discrepancy could not be determined. The 
field data were found to be lognormally distributed, 
which was not the case for the laboratory data. 

The SNL team applied two models, a 1-D analyti
cal solution and a 2-D homogeneous Monte-Carlo 
analysis, for moisture-content time-series predictions. 
They concluded that both approaches failed to give 
acceptable predictions. The performance measure used 
for comparing the experimental observations to the 
model predictions was the change in moisture content 
versus time at the 1.5 m depth. However, using a 
different acceptance criteria and/or a different per
formance measure it is possible that a different conclu
sion might have been reached. 

The project team from PNL evaluated the useful
ness of the computer codes UNSAT2 and TRACR3D 
to model infiltration of water into dry soils. The models 
were applied for three different simulation cases: 

— a homogeneous isotropic soil 
— a horizontally layered heterogeneous system with 

three layers 
— a horizontally layered heterogeneous system with an 

embedded zone of high conductivity. 
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Figure 4.10.6. Kemakta team. Prediction and observa
tion of tracer distribution at day 70. 
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It was concluded that UNS AT2 was not well suited 
for very dry soils, but TRACR3D performed ade
quately giving similar average vertical pore water ve
locities as those measured in the field. 

The project team from CNWRA used the code 
BIGFLO, a transient, three-dimensional, finite-differ
ence simulator for saturated or partially saturated flow 
in a fully heterogeneous porous media, to model water 
flow during infiltration and drainage for boundary 
conditions analogous but not directly comparable to 
those that occurred at the Las Cruces site. 

The strip source simulations comprised an infiltra
tion phase and a natural drainage phase. Given the 
depth of the computational domain and the particular 
choice of initial conditions, infiltration was turned off 
after a relatively short time (10 days) and natural 
drainage was simulated foe 10 more days. The simula
tion outputs were expressed mainly in terms of three-
dimensional pressure fields. Output times were 5, 10 
and 15 days. 

The results showed that the detailed moisture pat
terns at any time differed considerably from section to 
section, showing the three-dimensional nature of the 
local flow process. A number of localised wet lenses 
appeared to be hanging over drier regions, reflecting 
statistical anisotropy, or imperfect stratification, of the 
synthetic soil. An interesting phenomenon was the 
relatively larger spread of the relatively dry margins of 
the moisture plume compared to the wet core of the 
plume. 

The project team from MIT performed simulations 
of the Plot 1 experiment using synthetic soil properties 
based on the Maddock soil data. It was necessary to use 

synthetic input data since unsaturated hydraulic con
ductivity data were not available at the time for the 
simulations. The results showed that, for this experi
ment, a deterministic model was unable to reproduce, 
even qualitatively, the experimental results, especially 
for large time scales. A stochastic model seemed to 
show better qualitative agreement with the experimen
tal results. 

4.10.6 Concluding Remarks 

The Las Cruces Trench experiments were modelled by 
several investigators with varying degrees of success. 
The comparisons between experimental data and 
model predictions were generally done by visually 
comparing contour plots of water contents and relative 
solute concentrations or through comparisons of the 
spatial movements of water contents and solute con
centrations. 

Both stochastic and deterministic models were 
developed to simulate the flow and transport behaviour 
of the soil system. Analytical techniques employed 
included finite-difference, finite-element and bound
ary-element methods. Although many models were 
able to simulate the general shape of the infiltration 
front, they had limited success in forecasting the loca
tion and concentration of the tracers. 

The transport of the tracers used appeared to be 
significantly more sensitive to the effects of spatial 
variability than the movement of water. This observa
tion highlights the importance of adequately incorpo
rating the effects of spatial variability in models for 
contaminant transport. 
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4.11 Test Case 11. Flow and Transport Ex
periment in Unsaturated Fractured Rock 
Performed at the Apache Leap Tuff Site, 
Arizona 

4.11.1 Introduction 

This test case was based on field and laboratory experi
ments carried out in unsaturated welded and non-
welded tuff at the Apache Leap Tuff Site, Arizona, 
U.S.A. The rock at the Apache Leap Tuff Site consists 
of ash-flow tuff. The entire formation originally cov
ered 1000 km2 with a maximum thickness of 600 m but 
has weathered at places to a thickness of approximately 
ISO m. Fractures at the site are ubiquitous and average 
approximately 0.77 per metre. The purpose of the test 
case was to validate parameters and models relevant 
for radionuclide transport in fractured unsaturated me
dia against measured data. 

The test case is one of three test cases in 
INTRAVAL Phase 1 that involves flow and transport 
processes under unsaturated (partially saturated) con
ditions. The other two test cases dealing with unsatu
rated conditions are the Las Cruces experiments (test 
case 10) and the G-Tunnel experiments (test case 12). 
The Las Cruces experiments were conducted in unsatu
rated heterogeneous soils, while the G-Tunnel experi
ments were conducted in unsaturated fractured rock. 

4.11.2 Experiments 

The Apache Leap experiments consisted of core, 
block, and field experiments. The laboratory experi
ments were conducted on unfractured tuff cores meas
uring 6 and 10 cm in length and on rock blocks with a 
single discrete fracture measuring approximately 50 cm 
in length. The in situ experiments were conducted over 
distances from I to 30 m. Time scales also varied, from 
minutes for small core samples, through months for 
discrete fracture block experiments, to years for large-
scale field experiments. The core experiments were 
performed to examine liquid, gas, and heat flow 
through the unsaturated rock matrix. A block contain
ing a single through-going fracture was used to study 
fracture/matrix interactions and field experiments pro
vided larger-scale data for investigation of the influ
ence of scale. 

Field Experiments 

The primary objective of the field experiments was to 
examine water flow and solute transport through unsatu
rated fractured rock under field conditions. The focus of 
the study was two related field experiments, one with and 
the other without imposed temperature gradients. 

The field experiments were performed in a piece 
of rock mass with dimensions 10x30x30 m. Nine in
clined boreholes used for in situ site characterisation 

were installed in three rows of three boreholes per row. 
The boreholes within a row were echelon at 10 m 
intervals. The rows were 5 m apart (Figure 4.11.1). The 
boreholes were drilled to a maximum depth of 30 m 
and at a vertical angle of 45° for the purpose of inter
secting vertical fractures at the site. The obtained cores 
were used for logging the fractures and characterising 
the rock matrix. 
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Figure 4.11.1. Apache Leap. Borehole configuration. 

The experiments in the boreholes included interval 
testing for temperature, water content, saturated hy
draulic conductivity and pneumatic properties. 

Water was maintained at constant total head within 
the boreholes for more than three weeks. Injection 
volumes were measured approximately every 20 hours. 
Rock matrix and rock characterisation parameters were 
determined using field and laboratory data. A sampling 
interval of 3 m was selected to evaluate the spatial 
variability of moisture-dependent hydraulic parame
ters in the boreholes. Over 270 m of oriented core was 
collected from the nine boreholes. Core segments, 
extracted from near the mid-point of the 3 m interval 
tested in the field, were used in laboratory experiments 
to estimate characterisation parameters. Noticeable 
differences were observed between field and labora
tory permeability measurements for a number of the 
test intervals. The differences were attributed to the 
presence of fractures, which were specifically excluded 
in the laboratory tests. 

Block Experiments 

Laboratory experiments were conducted on blocks 
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 lo
cated through the center of the block. The vertical sides 
of the blocks were insulated, whereas the top and 
bottom sides were attached to porous plates which 
would allow for controlled unsaturated flow through 
the block and the fracture. Two different blocks were 
used for flow and transport experiments within Phase 
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1 of INTRAVAL. A third partially-welded tuff block 
was proposed for future experi-nents. 

Block 1, dimension 20x20x50 cm, was used for 
preliminary flow and transport experiments aimed at 
refining the experimental set-up as well as testing and 
calibrating instrumentation. 

Block 2, dimension 20x20x66 cm, consisted of 
partially-welded tuff and was used for a series of 
steady-state flow and transport experiments. The ma
trix was held under constant suc'ion at the top and 
bottom of the block. An initial potential of 15 cm 
suction was applied beneath the porous plates at the top 
in the imbibition experiments. The bottom of the block 
was left open to the atmosphere allowing fluid to leave 
the block. Visual wetting front locations were meas
ured as function of time and it was noted that the 
wetting front advanced to the bottom of the block, 
66 cm, after 239 days. 

The block was also used for five tracer tests, four 
slug tests and one step test, using calcium chloride as 
tracer. A small suction, that varied between the tests, 
was applied at the top, while the bottom of the block 
was left open to the atmosphere. The time series of 
solute concentration.; at interio. sampling ports and at 
the outflow surface were monitored. 

Solute transport parameters were estimated from 
the tracer experiments using temporal moments analy
sis. Large variations in the results for the same fracture 
segment were observed between the different experi
ments. The average transport velocity in the fracture 
ranged from 2.12 10'5 to 51.910'5 m/s, the dispersion 
coefficient ranged from 1.0110"6 to 4.210'3 nr/s, and 
the longitudinal dispersivity ranged from 2.07 10"2 m to 
8.01 m. A spatial concentration distribution map of the 
fracture was also obtained at the end of one of the trans
port tests. The map strongly suggested the existence of 
preferential flow paths under saturated conditions. 

Parameter estimation for the matrix was ham
pered by insufficient data and the complex two-di
mensional solute concentration history in the test 
block. Monitoring of chloride breakthrough in the 
matrix sampling ports clearly indicated the influence 
of the fracture by matrix diffusion. The average 
travel velocity in the matrix ranged from 1.13 10"7 

to 2.86I0"7 m/s. The dispersion coefficient and the 
longitudinal dispersivity in the matrix could not be 
calculated due to insufficient data. 

Drillcore Experiments 

Laboratory experiments studying thermal, solute, liq
uid and air/vapor transport due to a thermal gradient 
have been carried out. 

A non-welded tuff core measuring 12.72 cm in 
length and 6.4 cm in diameter was oven dried and then 
partially wetted to a saturation of 48 % with a solution 
of potassium iodide. The core was then coated with a 

seal to prevent moisture or air from leaving the core. 
The core was also thermally insulated along its length, 
while constant temperatures (5° and 70°C) were main
tained at the ends for a period of 32 days. During the 
course of the experiment, temperature and saturation 
were measured on a daily basis at 1 cm intervals. The 
final solute concentration along the core was obtained 
by sawing the core into eight sections and analysing 
water collected from each section. 

Two additional heated-core experiments were per
formed, one with a vertically heated non-welded core 
and the other with a densely-welded core in horizontal 
position. 

These one-dimensional experiments under ideal 
conditions indicated that a zone of desiccation would 
develop near the heated end, and a /one of increased 
water content would develop near the cooler end. Sol
utes were observed to accumulate near the heated end 
of the unfractured rock core (Figure 4.11.2). 

4.11.3 Available Data 

The data that were available to the project teams origi
nated from field experiments, block experiments and 
drillcore experiments. 

The results from the field experiments included: 

- rock characterisation data from studies of 105 small 
cores in terms of bulk density, effective porosity, 
skeletal density, pore surface area, pore size distribu
tion, fracture location, fracture density and spacing, 
fracture orientation, saturated matrix conductivity, 
moisture characteristic curve, unsaturated hydraulic 
conductivity, pneumatic permeability, thermal per
meability dependence of saturation and initial water 
contents of the rock matrix 

-data from the field, such as hydraulic conductivity 
and air permeability 

- time series of water injection vc'umes in four bore
holes. 

The results from the block experiments included: 

- dimensions of the block and sample port locations 
-rock matrix and hydraulic properties including po

rosity, bulk density, moisture characteristic curve 
and unsaturated hydraulic conductivity 

- time series of matric potentials in fracture and rock 
matrix 

- f low rates and fluid potentials in the matrix and 
fracture at the inflow and outflow surfaces 

- time series of solute concentrations at interior sam
pling ports and at the outflow surface 

- applied suction 
- relative concentrations at the sample ports during 

experiment 
- estimated evaporation. 
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tions varied considerably in design, scope, 
and level of effort, a common validation 
issue was the need to further the basic 
understanding of flow and transport proc
esses for geologic materials under unsatu
rated conditions. Research in this area is 
relatively sparse when compared to that 
for soil and rock under saturated condi
tions. 
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Figure 4.11.2. Experimental results for drillcore experiment, re
corded along the drillcore length, include: (a) steady-state tempera
ture, (b) initial and final water contents and (c) initial and final solute 
concentrations. 

The results from the drillcore experiment included: 

- sample diameter and length 
- bulk densities 
- water content in the rock at 1 cm intervals during the 

experiment 
- initial and final iodine concentration in the rock sample. 

The experimental observations obtained from the 
Apache Leap experiments have been modelled by sev
eral investigators. Unfortunately, only three teams 
have made serious attempts to include their work in the 
INTRAVAL project, namely: 

- U.S. Nuclear Regulatory Com nission (USNRC) 
- Kemakta Consultants Co. 
- University of Arizona (UAz). 

4.11.4 Validation Issues 

Although the three test cases (10, II and 12) involving 
flow and transport processes under unsaturated condi-

4.11.5 Modelling and Codes Used 

The system to be modelled consisted of 
coupled liquid, vapor, solute and thermal 
transport in nonisothermal, variably satu
rated rock. Hydraulic processes are gov
erned by Richards' equation, which in
cludes Darcy's law. An equation similar 
to Darcy's law was used for describing air 
flow with modifications for slip flow us
ing the Klinkenberg model, gas com
pressibility and moisture-dependent 
pneumatic permeability. The heat con
duction equation was used to describe 
thermal transport, with the inclusion of 
moisture-dependent thermal conductivity 
and specific heat functions. 

The project team from University of 
Arizona developed a discrete fracture-net
work computer model allowing discreti
sation within the plane of the fracture, as 
well as the bounding matrix blocks using 
the boundary integral method to model the 
block experiments. The model generates 
estimates of fluid flow and solute trans
port through three-dimensional networks 

of discrete fractures. Variable saturation was included 
by assuming a constant capillary potential within each 
fracture, and a discrete air-water interface. Solute 
transport was modelled using calculated travel times 
along streamlines. 

The project team from USNRC applied the code 
TOUGH to model the laboratory experiments on heat 
flow through a rock core. An equivalent porous me
dium approach was used to simulate the water flow 
through a block of unsaturated rock using the code 
VAM2D, which is a two-dimensional, finite-element 
code that simulates moisture movement and solute 
transport in variably saturated porous media. Material 
heterogeneities and anisotropy were handled using 
quadrilateral finite-elements. The hydrologic proper
ties in the unsaturated zone were represented by char
acteristic curves describing moisture content and con
ductivity as a function of pressure head. Rock matrix 
data, such as effective porosity, saturated hydraulic 
conductivity and the moisture release curve were ob
tained from samples of the Apache Leap tuff blocks 
used in laboratory experiments. The fracture properties 
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used in the simulations were obtained from the litera
ture on similar rock types to the Apache Leap tuff. 

The USNRC team also modelled the field scale 
injection and redistribution data using the codes SU
TRA and VAM2D. 

The project team from Kemakta simulated the 
heated drillcore experiments. The water transport in 
liquid and vapor phase were simulated with the inte-
grated-finite-^iifference code TOUGH. The results 
from the water transport simulations were used to 
calculate tracer transport in the drillcore with the inte-
grated-finite-difference code TRUMP. 

The model used by Kemakta for water and heat 
transport calculations took into account fluid flow in 
both liquid and gaseous phases under pressure, viscous 
and gravity forces according to Darcy's law, with in
terference between the phases represented by means of 
relative permeability functions. Capillary and phase 
adsorption effects were taken into account for the liq
uid phase, using capillary pressure (moisture charac
teristic) curves. In addition, binary diffusion in the gas 
phase was considered, but no allowance was made for 
vapor-pressure lowering. Air was treated as an ideal 
gas, and additivity of partial pressures was assumed for 
air/vapor mixtures. Air dissolution in water was repre
sented by Henry's law, excluding the temperature de
pendence of Henry's constant. Heat transport occurs by 
means of conduction (thermal conductivity being de
pendent on the saturation) convection and binary dif
fusion. 

The team modelled the tracer transport as simulta
neous convective and diffusive/dispersive 
transport, for which the dispersion was as
sumed to be diffusion-like and dependent of 
temperature and saturation, but inde
pendent of velocity. 

4.11.6 Results 

The project team from University of Ari
zona interpreted flow and solute concentra
tion data in discrete fractures using a 
boundary integral numerical model. The 
model showed fracture-matrix flow interac
tion, especially near a fracture connected to 
porous plates. The team also performed 
simulations related to two-phase non-
isothermal transport. These simulations 
employed the TOUGH code to model a 
proposed field heater experiment assuming 
uniform material properties. The results 
from the simulations indicated drying 
around the heat source and development of 
a /one of near-saturation above and away 
from the shallow heat source. 

The project team from Kemakta simu
lated the heated core experiment. A number 
of calculations were performed in which the 

hydraulic permeability, thermal conductivity and van 
Genuchten parameters were varied. The calculations 
were performed in a transient mode simulating the 
process for the 32 days duration of the experiment. The 
saturation as a function of the length for the different 
calculation cases in comparison with the experimental 
data is shown in Figure 4.11.3. 

The measured saturation showed a rather erratic 
behavior with a gradual decrease towards the hot end 
of the core. In contrast, all the simulated results indi
cated that a steep gradient (front) in the saturation 
should occur, with almost complete dryness at the hot 
end. The anomalous result for case K3 was caused by 
the very low permeability, giving transient conditions 
even after 32 days. All other cases showed the same 
general shape during the transient period. Even when the 
hydraulic parameters were varied within large bounds, it 
was not possible to get a good agreement between experi
mental and simulated saturations. One explanation might 
be that the core was not homogeneous but contained 
cracks which provided fast transport of water. Calculated 
concentrations and the experimental data are shown in 
Figure 4.11.4. 

A fairly good agreement was obtained between 
experimental and calculated tracer concentration pro
files as indicated in Figure 4.11.4. However, since the 
agreement between experimental and calculated satu
rations was not very good (Figure 4.11.3), it was not 
possible to ascribe too much significance to this result. 

The Kemakta team concluded that simulating 
transport of water and heat in the tuff drillcore using 
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Figure 4,11,3. Kemakta learn, .saturation along the core, simula
tions compared to experiments. 
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the code TOUGH generally worked well and the satu
ration and temperature profiles obtained showed, 
qualitatively, the expected behavior. The agreement 
with the experimental results was less good and signifi
cant deviations occurred. One reason for this was due 
to uncertainties in material data, not originating from 
the used core. However, even varying the input pa
rameters within reasonable bounds still gave signifi
cant deviations from the experimental results. This 
may be caused by heterogeneities or measurement 
errors. Simulations of tracer transport with TRUMP 
using water flow data from tht TOUGH calculations 
also worked well and gave a fairly good agreement 
with the experimental data. 

The project team from USNRC modelled a hypo
thetical block of tuff with a single fracture using labo
ratory rock matrix data from Apache Leap. This exer
cise provided the opportunity to help to design future 
experiments and to test current groundwater flow and 
transport concepts for unsaturated fractured rock using 
a two dimensional equivalent porous media code. 

The initial simulations modelled a block of tuff in 
which all sides were no flow boundaries with the 
exception of the block bottom and the top left quarter 
boundary. The top left quarter boundary was defined 
as a constant potential boundary of-1000 cm, while 
the bottom of the block was designated a constant 
potential boundary of-1500 cm. Initial matric poten
tials for both matrix and fracture elements were set at 
-1500 cm over the rest of the block. This combination 
of initial and boundary conditions caused water to flow 
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Figure4.J1.4. Kemakta team. Relative iodine concentrations along 
the core, simulations compared to experiments. 

from the upper left corner of the block towards the 
bottom in the 2-D model. At most 30 days were simu
lated. 

The objective of this hypothetical experiment was 
to observe how the flow field changed as water from 
the top left corner of the block encountered a fracture. 
Two simulations were made to observe the effect of a 
fracture: simulation 1 without a fracture and simula
tion 2 with a fracture. In the latter case, the fracture 
performed as a barrier to flow, as fracture hydraulic 
conductivities were always very small because of the 
low moisture contents (Figure 4.11.5). 

Simulation 3 was similar to simulation 2, except 
that dryer initial conditions and a wetter top boundary 
were simulated. It was hoped that the increased con
trast between the wet and dry matrix properties would 
create a sharper wetting front and that water saturations 
would increase enough to allow water to cross over the 
fracture. As in the previous simulations, all boundaries 
were defined as no-flow boundaries with the exception 
of the block bottom and the top left quarter boundary. 
The top quarter boundary was designated a constant 
potential boundary of 0 cm, while the block bottom 
was defined as a constant potential boundary of 
-4000 cm. Initial matric potentials were set at 
-4000 cm over the rest of the block. Again this combi
nation of initial and boundary conditions caused water 
to flow from the upper left corner of the block towards 
the bottom. The model simulated a maximum of 35 
hours. The contrast between the initial conditions and 
the upper boundary condition produced a sharp wetting 

front. The fracture was found to act as a 
lateral flow barrier during the first 5 hours. 
Thereafter the water content in the fracture 
was high enough for water to cross the 
fracture. For all later time periods the frac
ture acted as a barrier to lateral flow when 
water contents were low and matric poten
tials high (large negative values). It was less 
of a barrier when water contents were high 
and matric potentials low (small negative 
values). Figure 4.11.6 gives the matric po
tential plot after 35 hours. 

The conditions assumed for simulation 
3 were used to model the block 2 laboratory 
imbibition experiment. This experiment 
continued for 30days and the visual wetting 
front was observed as the water moved 
down the block. Matric potentials and water 
contents were not known before, during, or 
after the experiment and it is not established 
how visual wetting fronts compare with 
water contents or matric potentials. How
ever, the experiment was simulated to see 
how close the matrix wetting front of the 
simulation approximated the visual wetting 
front of the imbibition experiment. At the 
end of 23.52 hours the wetting front in the 
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Figure 4.11.5. USNRC team. 2-D matric potential plots 
after 30 days. Results from simulation 1 (block without 
fracture) and simulation 2 (block with fracture). 

Figure 4.11.6. USNRC team. 2D matric po
tential plot after 35 hours for a block with a 
fracture. 

simulation had penetrated about 22 cm into the block. 
This compares rather poorly with the visual wetting 
front which had moved approximately 5 cm into the 
block. If the visual wetting front observed in the ex
periment is correlated with the steep matric potential 
front generated by the model, then the simulated wet
ting front moved faster than the visual wetting front. 

The simulations performed by the USNRC team 
were an attempt to assist in the development of experi
ments to test the hypotheses of unsaturated fracture 
matrix flow. According to these hypotheses, significant 
fracture flow would not occur until the flux of witer 
through the rock would approach the saturated conduc
tivity of the matrix. The simulations clearly demon
strated that the model did mimic the concept of a 
fracture acting as a barrier until moisture saturations 
increased sufficiently in the rock matrix. 

The USNRC team also modelled the laboratory 
experiments on heat flow through a rock core. The 

simulation did not suitably predict relative saturation 
variation along the drillcore, although the solute distri
bution was qualitatively represented using a particle 
tracking algorithm. 

Field imbibition and redistribution results were 
modelled by the USNRC team using the codes SUTRA 
and VAM2D. The effects of matrix-fracture interac
tions resulted in significant imbibition of flow into the 
rock matrix and diminished fracture flow between 
boreholes in spite of significant open fracture porosity 
between the two boreholes. The model and experimen
tal results were consistent for this experiment, demon
strating that although fracture flow was possible, up
take by the rock matrix bounding the fracture pre
vented significant movement of water away from the 
injection borehole. A flooding event on the order of 
three years would be required to induce measurable 
water content changes at distances corresponding to 
field borehole separation distances. 
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4.12 Test Case 12. Experiments in Par
tially Saturated Tuffaceous Rocks in the 
G-Tunnel Underground Facility at the Ne
vada Test Site, U.S.A. 

4.111 Introduction 

This test case was based on experiments performed in 
partially saturated tuffaceous rocks in the G-Tunnel 
Underground Facility (GTUF) at the Nevada Test Site, 
Nevada, U.S.A.. During a site characterisation study, 
much of the data collected rely on boreholes to re
motely access the rock mass from the surface or under
ground openings. The representativeness of such data 
is questionable because of the influence the drilling of 
a borehole may have on the intrinsic conditions of an 
unsaturated rock mass. The introduction of drilling 
fluid into the rock will make interpretation of certain 
types of testing difficult and will increase the uncer
tainty in the data. The G-Tunnel experiments were 
designed to investigate the relative influence of dry 
drilling on moisture content as opposed to wet drilling. 
This was done by studying the propagation of the 
disturbance in hydrologic conditions imposed by the 
drilling, as well as the long-term recovery and re-
equilibration of the system following disturbance ter
mination. 

The rock within GTUF is partially saturated, al
though the prevailing hydrologic conditions and the 
rock-matrix hydrologic properties remain largely un
known. The rock has a mean matrix porosity of 0.169 
and an in situ saturation of 0.79. 

Due to the special conditions regarding the pro
posed Yucca Mountain Repository, the experimental 
activities and especially the modelling activities have 
been very limited for this test case. The effort has 
mainly been focused on performing a few experiments 
and compiling the obtained data. The experiments have 
increased the understanding of the influence of differ
ent drilling methods on the rock mass to be investi
gated, but the collected data have not been used in 
modelling activities as initially planned. 

The test case is one of three test cases in 
INTRAVAL Phase 1 that involves flow and transport 
processes under unsaturated (partially saturated) con
ditions. The other two test cases dealing with unsatu
rated conditions are the Las Cruces experiments (test 
case 10) and the Apache Leap Tuff experiments (test 
case 11). The Las Cruces experiments were conducted 
in unsaturated heterogeneous soils, while the Apache 
Leap experiments were conducted in unsaturated frac
tured rock. 

4.12.2 Experiments 

The test case consists of a series of field and laboratory 
experiments. The impact of conventional drilling 

methods tc remotely access an unsaturated site was 
studied by the use of wet- and dry-drilling techniques 
to drill adjacent boreholes and then monitoring the 
moisture content of the surrounding rock mass. Core 
samples recovered from the drilling were used in labo
ratory investigations to estimate small-scale hydro-
logical properties and the behavior of tuff matrix. 

Borehole Drilling 

Two pairs of boreholes were drilled in welded and 
non-welded rock units. One borehole in each pair was 
drilled with water as drilling fluid and the other with 
air. Each borehole was approximately 10 m in length 
and had a diameter of 10 cm. The separation of the 
boreholes was about 6 m. Fluid loss (air and water) was 
monitored during drilling Neutron moisture logging 
was conducted immediately following the drilling and 
periodically thereafter whenever the borehole was 
open. Fracture data were collected from core and bore
hole television camera inspections. Rock temperatures 
at the bit contact were measured in the dry-drilled 
borehole, and water temperatures were monitored in 
the fluid-return system from the wet-drilled borehole. 
Gas-phase tracers were injected into the air and water 
drilling fluids in order to test for possible cross-hole 
hydrologic connections. As the coring proceeded, the 
cores were encased in plastic sheaths in order to mini
mise drilling fluid contact with the core. 

As expected for the non-welded tuff, the wet-
drilled borehole showed elevated water contents com
pared to the dry-drilled boreholes. Over time, the water 
content of the wet-drilled borehole decreased, whereas 
the dry-drilled borehole remained unchanged, indicat
ing that the water imbibed in the wet-drilled borehole 
was redistributed outside the area of influence of the 
neutron moisture meter, estimated to be 25 cm. The lack 
of change in the dry-drilled borehole indicated that air 
drilling had little effect on the surrounding rock matrix. 

For the long-term monitoring, three packed-off 
intervals in each borehole were equipped with thermo
couple psychrometers to measure ambient matric po
tential, pressure transducers to measure air pressure, 
and thermal sensors as schematically depicted in Fig
ure 4.12.1. In addition, gas-sampling tubes were in
stalled within each packed-off interval to measure gas-
tracer concentrations. 

Field Imbibition Measurements 

When the hydrologic conditions in the rock surround
ing the boreholes reached equilibrium, as determined 
by neutron logging and borehole instrumentation, im
bibition experiments were performed in the dry-drilled 
boreholes. Water was then introduced into the bore
holes. This was followed by neutron probe measure
ments. 
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4.122 b) is a result of alternating zeolitic 
and silicified beds being penetrated by 
the borehole. The range of each model 
variogram was 1.12 rr. in the case of the 
non-welded borehole, indicating that a 
sample may not be representative of the 
rock further away. 

Variograms for the core measure
ments originating from the welded 
borehole (Figure 4.12.2 c) indicate that 
there might be a weak correlation for bulk 
density and saturation. However, the de
gree of spatial correlation is extremely 
small and the application of geostatistics 
or any other technique utilising a spatial 
model may not provide any advantages 
over classical statistical methods in esti
mating mean values, confidence inter
vals, and minimum sample sizes fcr the 
purpose of characterisation. 

A comparison of sample variograms 
between the welded and non- welded sam
ples indicates that the absolute variability 
for all parameters is less for the welded 
samples. 

Figure 4.12.1. Schematic plan view of a borehole pair instrumented 
for long-term monitoring. 

Laboratory Measurements 

Laboratory measurements of rock hydrologic proper
ties were made on the core samples from all four 
boreholes. The laboratory measurements included de
termination of bulk density, particle density, porosity, 
water content, water potential, permeability to water 
and air and water desorption curves. 

Imbibition experiments were also conducted in the 
laboratory using samples from the recovered core 
Tests were performed with 16 non-welded and five 
welded core samples having a diameter of 6.1 cm. Ten 
of the samples (five welded, five non-welded) were 
used to examine the impact of the initial water content 
on the test results. The tests were repeated with smaller 
diameter samples, 3.2 cm in diameter, obtained from 
the 6.1 cm samples, 

Spatial Variability Analyses 

Geostatistics was applied to estimate the adequacy of 
a sample to describe the rock properties some distance 
away. Experimental variograms were calculated for bulk 
density, porosity, relative saturation and sorptivity for the 
non-welded and the welded dry drilled boreholes (Figure 
4.12.2). 

The undulation or "hole effect" in the variogram 
for the non-welded borehole (Figures 4.12.2 a and 

4.12.3 Available Data 

The data available from the drilling and 
borehole monitoring were: 

- borehole drilling and coring histories 
- time and spatial variation of psychrometric matric 

potential, air pressure, temperature, and tracer con
centration in gas samples. 

Results from laboratory measurements of rock-matrix 
properties from borehole core samples included: 

ri' 

- 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 
complementary imbibition and moisture release ex
periments performed on selected core samples from the 
boreholes were also available. 
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Figure 4.12.2. Variograms of a) bulk density, b) sorptivity, relative saturation and porosity for the non-welded 
borehole, and c) saturation, bulk density, sorptivity and porosity in the welded borehole. 

4.12.4 Validation Issues 

Although the three test cases (10,11 and 12) involving 
flow and transport processes under unsaturated condi
tions varied considerably in design, scope, and level of 
effort, a common validation issue was the need to 
further the basic understanding of flow and transport 
processes for geologic materials under unsaturated 
conditions. Research in this area is relatively sparse 
when compared to that for soil and rock under saturated 
conditions. 

4.12.5 Models 

The G-Tunnel Site was conceptualised as a porous 
medium in which flux of liquid water and pore gas may 
be calculated using Richards' equation. Although not 
enough data have been analysed, both the Brooks and 
Corey and van Genuchten formulations appeared to 
match the moisture characteristic data and predict an 
adequate value of the hydraulic conductivity as a func
tion of the volunr .c water content under certain 
circumstances, although this depends on having the 
correct moisture characteristic data, which were not 
known a priori. 
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4.12.6 Results 

The results from this test case have mainly been limited 
to experimental findings giving some insight into un
saturated zone processes in welded and unwelded tuff. 
A few noteworthy results are given below: 

- Water as a drilling fluid easily contaminates rock 
cores, even densely welded tuff, because of imbibi
tion processes. Large volumes of water are easily lost 
to the formation during drilling in the fractured 
welded tuff with smaller but still significant amounts 
being lost into the non-welded unit. 

— Air as a drilling fluid has minimal impact on welded 
and non-welded core samples. Although air drilling 

had no measurable impact on the non-welded unit, 
the saturation was measurably reduced in the highly 
fractured welded unit. Re-equilibration of the initial 
conditions was reached within two weeks. 

- Fracture flow occurs in areas of local saturation, but 
is minimised when the fractures terminate, as in the 
non-welded unit. Although fractures in the welded 
unit are believed to terminate in the underlying non-
welded unit, the large connectivity of the fracture 
system means that it has a high enough storage 
capacity that all the water lost to the formation during 
drilling and the imbibition experiment did not im
pede the flow. Fracture flow only occurred when an 
unlimited supply of free water was in direct contact 
with open fractures. 
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4.13 Test Case 13. Experimental Study of 
Brine Transport in Porous Media 

4.13.1 Introduction 

This test case was based on a set of laboratory experi
ments dealing with flow and dispersion of brine in a 
porous medium. The experiments were pe rmed at 
the National Institute of Public Health and Environ
mental Protection (RIVM) in Bilthoven, The Nether
lands, and had the following twofold purpose: 

- to investigate some of the relevant processes in brine 
transport in porous media 

- to provide sets of data to be used in the validation of 
transport models. 

The study was related to radioactive waste dis
posal in deep salt geological formations, where high 
concentrations of dissolved salts are encountered in the 
overlaying aquifers. 

The major validation issues addressed were: 

- process identification 
- conceptual model development 
- mathematical model building 
- model calibration. 

4.13.2 Experimental Set-up and Available Data 

The general layout of the experimental setup is de
picted in Figure 4.13.1. A nearly two-dimensional 
vertical column was constructed, consisting of two 
Plexiglas plates spaced 1 cm apart, having a height of 

*ff=?F=B ItowfTWW 3-1—1 valy» flmmMcr 

Figure 4.13.1. General configuration of the experimental set-up. 

125 cm and a width of 60 cm. The column was filled 
with glass beads with diameters ranging from 0.40 to 
0.52 mm. This gave a very homogeneous medium with 
a porosity of about 0.40. 

At the beginning of each experiment a fluid with 
low salinity resided in the column. This fluid was then 
displaced by a fluid with higher salinity, which was 
injected through nine holes at the bottom and with
drawn through nine holes at the top. The driving force 
for the flow was a difference in elevation between the 
inflow and outflow reservoirs. The salt water flow rate 
ranged between 0.01 and 0.60 ml/s in the different 
experiments. The duration of the experiments was from 
2 to 5 hours, except for one of the 2-D experiments. 

1-D and 2-D experiments were carried out. In the 
1 -D experiments ail nine valves were open, whereas in 
the 2-D experiment only a subset was used to inject 
brine. 

Quantities measured during the various experi
ments were: 

- volumetric flow rate 
- head distribution 
- salt mass fraction of fluid entering/leaving the column 
- distribution of salt mass fraction of the fluid in the 

column. 

The total head of flow was measured by means of 
manometers installed in two vertical rows along the 
two sides of the column. Unfortunately, during experi
ments in which large concentration differences weie 
encountered, the manometer representation of flow 
head became grossly inaccurate. 

The salt mass fraction of the solution outride the 
column was measured with a conductivity meter. In

side the column, it could be 
monitored by means of 16 pairs 
of electrodes at five different lev
els (Figure 4.13.2). Each pair 
consisted of two electrodes fac
ing each other and built into the 
Plexiglas plates in such a way 
that they did not protrude into the 
porous medium. The electrodes 
were calibrated over the full 
range of expected salt concentra
tions. 

Two types of displacement 
experiments were carried out, 
Low Concentration Gradient 
(LCG) and High Concentre ion 
Gradient (HCG) experiments. 

In the LCG experiments, the 
resident water in the column was 
displaced by water having a salt 
concentration of 2-4 g/1. This con
centration was high enough to 
enable the breakthrough curves 
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Figure 4.13.2. Location of inlet and outlet holes and 
electrodes on the back side of the column. 

to be measured with a high degree of accuracy. How
ever, the concentration was low enough to allow the 
effect of differences in fluid density to be neglected. 
The purpose of carrying out the LCG experiments was 
twofold: 

- to provide experimental data for determination of 
porosity and dispersivity of the porous medium 

- to provide experimental data for checking the nu
merical code used to evaluate the experiments. 

In the HCG experiments, the salt concentration of 
the displacing fluid was about 80-270 g/1, which gave 
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Figure 4.13.3. Breakthrough curves for experiment L1D0I. 

density differences high enough to have an effect on 
the displacement process. 

In all, seven displacement experiments were per
formed, four of the LCG type of which one was two-di
mensional, and three of the HCG type of which one was 
two-dimensional. The different experiments were identi
fied by code names. (For example, L1D01 stands for Low 
concentration gradient I D experiment number 01.) The 
electrodes were designated with a two character code, 
(Figure 4.13.2), where the first character is the row num
ber of the electrode and the second character the location 
number, L (left), C (center), and R (right). The break
through at different levels in the column for one of the 
experiments is given in Figure 4.13.3. 

Several sets of data were available which could be 
used independently for model calibration and comparison 
of predictions with observations (partial validation). 

4.12.3 Models and Codes 

Movement of brine in a porous medium is a coupled 
phenomenon. It involves dispersion of salt within a 
moving fluid. Variations in salinity correspond to 
variations in density, that affect the flow. Hence the 
flow affects the salt dispersion and vice versa. The 
basic equations describing fluid flow and solute 
transport in porous media are the equations of con
servation of mass supplemented by equations of 
conservation of momentum (motion). 

It is interesting to note that for one-dimensional 
experiments, the flow and transport equations are de
coupled, because flow rate (thus fluid velocity) is fixed 
by the boundary condition. This implies that the solu
tion of the transport equation will not be affected by 
Darcy's law. Unfortunately due to lack of pressure 
data, the I D experiments could not be used to inves
tigate the applicability of Darcy's law in high concen
tration gradient situations. However, it would be pos
sible to investigate the applicability of Darcy's law by 
studying the 2-D experiments. 

Five project teams representing 
the following institutes carried out 
simulations: 

-Bundesanstalt fur Geowissen-
schaften und Rohstoffe (BGR), 
Germany 

- GSF-Forschungszentrum fur Um-
welt und Gesundheit, GmbH, 
Institut fur Tiefiagerung (GSF), 
Germany 

- Gesellschaft fur Reaktorsicherheit 
(GRS), Germany 

- Ecole Nationale Suplrieure des 
Mines de Paris (ENSMP), France 

- Rijksinstituut voor Volksgezond-
heid en Milieuhygiene (RIVM), 
The Netherlands 
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In addition, the following institutes contributed to the 
evaluation of the experiments: 

— Technische Universitat Berlin (TUB), Germany 
— Universitat Hannover (UH), Germany 

Most cf the models used by the project teams were 
based on the classical Fickian-type equation for disper
sive mass flux. The RFVM project team also examined 
two other conceptual models, of which one was the 
classical Fickian Law with dispersivity depending non-
linearly on concentration or concentration gradient and 
the other was based on a non-linear dispersion equa
tion. The numerical codes employed by the different 
project teams to solve this transport problem are given 
in Table 4.13.1. 

The GRS team used a different approach in their 
simulation of the experiment. The porous media was 
represented by a network of interconnected pipes, in 
which flow and transport took place. Equations solved 
for were the continuity equation for the fluid assuming 
Darcian flow, but not taking into account dispersion 
for brine. Having obtained the pressure field, the ve
locities in the pipes could be calculated. These veloci
ties were then used to estimate the transport of water 
and brine through the network. The flow resistances of 
the pipes were assumed to vary statistically. The di
mensions of the pipes were chosen somewhat larger 

Table 4.13.1. Simulations of 1-D experiments carried out by the differ 
ent teams. 

Project 
team 

BGR 

GRS 

GSF 

RIVM 

TUB 

UH 

ENSMP 

Code 
used 

HST3D 
SUTRA 

BUSYB 

CHET 
SWIFT 

METROPOL 
SPRINT 

FAST 

ROCKFLOW 

METIS 

L1D01 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

Simulations 

L1D02 L1D03 H1D01 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

H1D02 

X 

X 

X 

X 

X 

X 

than those of the real pores. Nevertheless, the flow field 
simulated a pseudo-microscopic velocity distribution 
within a porous media. Since dispersion has its origin in 
the variation of the velocities within the pores and among 
different pores, it was possible to obtain a spreading 
(dispersion) of the tracer front in such a network model, 
even if only advective transport was considered. 

4.13.4 Results 

The modelling efforts were concentrated on the one-
dimensional experiments. However, the project teams 
from TUB and UH performed a few simulations of the 
L2D01 experiment and the H2D01 experiment was 
studied by the ENSMP team. 

1-D Experiments 

An overview of 1-D simulations carried out and codes 
used is given in Table 4.13.1. 

The porosity and the dispersivity in different re
gions of the medium were evaluated based on the break
through curves in the L1D01 experiment (Figure 4.13.3 
and Table 4.13.2). However, the porosity values obtained 
for the first and last regions are not very reliable, because 
of the influence of inflow and outflow holes. When 
simulating 1-D experiments, only the longitudinal dis
persivity could be estimated using an analytical solu

tion, since the flow rate was approxi
mately constant in the L1D01 ex
periment. The value of the dispersiv
ity coefficient was varied until the 
calculated analytical solution was in 
good agreement with the measured 
breakthrough curve. Alternatively, a 
computer program was used to nu
merically fit the data of experiments 
L1D01 and H1D02. The fitting was 
done for the complete set of avail
able measured data for each elec
trode. For the three electrodes in the 
middle part, the fit was satisfactory, 
resulting in a uniform dispersivity 
value of 0.9, 0.8, and 0.9 mm re
spectively. 

The evaluation of the longitu
dinal dispersivity was also carried 
out by assigning various values to 
the dispersivity coefficient and 
comparing the calculated break
through curves with the observed 
breakthrough curves. When there 
was a satisfactory match between 
the two curves, it was assumed that 
the correct value of dispersivity 
had been selected. The average 
value of dispersivity was estimated 
to be about 0.9 mm ± 0.1 mm. The 
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Table 4.13.2. Porosities, longitudinal dispersion length and variance of permeability for LI DO! (central electrodes). 

BGR 

GRS 

GSF/UH 

RIVM 

TUB 

ENSMP 

0-
50 

0.480 

0.4 

0.416 

0.395 

0.407 

0.414* 

50-
320 

0.467 

0.4 

0.466 

0.463 

0.462 

0.45* 

Porosity 
z[mm] 

320-
590 

0.381 

0.4 

0.380 

0.369 

0.375 

0.420* 

590-
860 

0.426 

0.4 

0.423 

0.411 

0.420 

0.422* 

860-
1138 

0.363 

0.4 

0.353 

0.336 

Dispersion 
length 

0-1138 

1.0 

0.8 

0.9 

0.9 

var(logA;) 

0-1138 

0.2 

These values are average porosity values from the entrance lo (he location of the electrode. 

very small value of dispersi vity observed was the result 
of a high degree of uniformity in the packing. 

In the GRS network model, two parameters had to 
be calibrated: the porosity to match the arrival time of 
the center of mass at the observation points (elec
trodes), and the variance of the permeabilities of the 
links to match the spreading of the front (dispersion) 
at the various observation points. Again the low con
centration experiment L1D01 was used for this pur
pose. Only one arrival time could be calibrated, since 
the porosity was kept constant along the flow path. The 
average porosity of the column was found to be 0.4. A 
log-normal distribution for the permeability with a mean 
value determined by the inflow measurements was as
sumed. The variance in the permeability was changed 
until a good agreement between calculated and observed 
breakthrough curves was obtained. The best fit was ob
tained with a variance of log k of 0.2. 

Porosities, longitudinal dis
persion lengths and variance of 
the permeabilities determined by 
the various project teams for ex
periment Ll iy i are given in Ta
ble 4.13.2. Measured and simu
lated breakthrough curves for 
electrode 4C in the column are 
compared in Figure 4.13.4. The 
agreement obtained between 
measured and calculated break
through curves indicated that the 
porosity values were estimated 
correctly. 

The porosity and dispersiv-
ity values obtained from various 
models calibrated to the L1D01 
experiment were used to simu
late the other LCG and HCG ex
periments. It appeared that the 
calculated and measured break

through curves for the LCG experiments were in rea
sonably good agreement. However, a slight shift in 
arrival time was observed for the L1D02 and L1D03 
experiments. This could be explained by changes in 
porosity in the periods between theexperiments. Such 
changes were probably brought about by alterations i n 
the column packing as a result of pore clogging, fluid 
movement or other mechanical disturbances. Several 
modelling teams (GSF, GRS, and TUB) chose to re
move the above mentioned shift in the arrival time 
by modifying the porosity values. 

Calculated and measured breakthrough curves of 
experiments L1D02 and L1D03 were found to match 
quite well, see Figure 4.13.5 for electrode 4C in experi
ment L1D02, Based on these results, it may be con
cluded that the conceptual model is not invalidated for 
low concentration gradients. A similar conclusion can 
be made for the pipe-network model of GRS. 

MOO 5500 «000 

limt(f) 

MOO 7000 

Figure 4.13.4. Measurements and simulation results for electrode 4C, 
experiment LIDO/. 
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Figure 4.13.5 Measurements and simulation results for electrode 
4C, experiment L1D02. 
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Figure 4.13.6. Measurements and simulation results for electrode 
4C, experiment H1D02. 

The main question is whether the same 
conceptual model, using the same set of pa
rameters found in LIDOI, is equally valid for 
high concentration gradients. This would be 
the case if an acceptable fit were obtained 
between measured and calculated break
through curves using the same value of disper-
sivities. Results of such simulations for the 4C 
electrode in experiment H1D02 are given in 
Figure 4.13.6. 

It is apparent that there is a rather large 
discrepancy between measured and calculated 
breakthrough curves. A similar discrepancy 
was obtained for experiment HI DO I. The lo
cation of the center of mass of the break
through curves are in fair agreement. How
ever, there is a large difference in the slope of 
the two curves, indicating that the dispersive 
transport was not properly modelled. This in

dicates that the conceptual model charac
terised by Fick's law with constant disper-
sivity is deficient for high concentration 
gradients. Different groups employed dif
ferent modifications to obtain better agree
ment between measured and calculated re
sults for the HCG experiments. These re
sults are shown for electrode 4C in Figures 
4.13.7 and 4.13.8. 

The RIVM team employed a number 
of non-linear relationships for dispersivity 
in the classical formulation. In total, seven 
different relationships were tried in which 
die dispersion length was taken to be a 
continuous function (either exponential or 
polynomial) of concentration or concentra
tion gradient. However, none of these mod
els could provide an acceptable fit to the 
data from an HCG-experiment. A success
ful approach by the RIVM team was to 
discard the linear Fickian dispersion equa
tion and employ a non-linear relationship 
which is second order in the dispersive 
mass flux. It was then possible to simulate 
all low and high concentration experiments 
with one set of medium properties. 

The modelling groups of GSF and 
BGR employed the same conceptual model 
as for the LCG experiment, but used a 
lower value of dispersivity for experiments 
H1D0I and H1D02 and obtained good 
agreement. This could be justified on the 
ground of the dispersivity being not just a 
property of the medium, but also of the 
fluid. Hence, depending on the concentra
tion difference across the front, the value 
of dispersivity may need to be adjusted. A 
lower dispersion value for higher concen
tration differences suggested that the 

Figure 4.T 7 Measurements and simulation results for elec
trode 4C, experiment HI DO I. Alternative models. 
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Figure 4.13.8. Measurements and simulation results for elec 
trode 4C, experiment H1D02. Alternative models. 

spreading mechanisms were suppressed in the case of 
high concentration gradients. This view was supported 
by the network approach of the GRS team, in which 
dispersion was simulated by velocity variations. 

2-D Experiments 

Modelling the 2-D experiments turned out to be a 
challenge for the codes, because the requirements of 
computer resources were very high on execution time 
as well as storage. 

Experiment L2D01 was modelled by two groups. 
The TUB team used the FAST-C code for coupled flow 
and transport simulations. The UH team employed 
ROCKFLOW to model transient transport in a 
steady-state flow field. 

The project team from TUB simulated the L2D01 
experiment based on the calibrated parameters of the 
l-D case. The stream-lines and concentration contours 
for the simulations of the 
L2D01 experiment are 
given in Figure 4.13.9 for 
the time when the mass 
center passed electrode IC 
in the experiment. The 
mass center of the break
through curve did not ar
rive at the measured time 
in IC or in 2L. In the case 
of IC the front was too 
slow and for electrode 2L 
the breakthrough curve 
was too fast. This result 
caused difficulties in the 
calibration of porosity, be
cause it was not known 
which electrode provided 
the better data. 

The UH project team 
used the same parameters 
as in experiment LI DO I 

except for the porosity and the inflow rate. 
Following the remark about changes in the 
porosity due to flushing of the column between 
the experiments or possible mechanical inter
actions, the porosity was adjusted to fit the 
breakthrough curves of the outer electrodes. 
The transverse dispersion length was assumed 
to be one tenth of the longitudinal dispersion 
length. Due to the very low fluid velocity, the 
dispersion in this experiment was so small that 
the influence of molecular diffusion began to 
be noticeable and was accounted for in the 
modelling. Calculated and measured break
through curves for the left and right electrodes 
are compared in Figure4.13.10for levels 1 to 
4. 

The difference in the corresponding 
breakthrough curves for left and rigu elec

trodes calculated with ROCKFLOW (UH team) was 
even larger than in the one dimensional experiment. 
This seemed to be the result of porosity variations in 
the horizontal direction. For this reason, only a rough 
fitting of the numerical results to the curves by modi
fying the porosity was done. The agreement with the 
measurements was quite good, although a slight differ
ence in the slope could be observed in the rows 2 and 
3, presumably caused by variations in the porosity 
rather than by neglecting density effects. 

The oscillations in the breakthrough curve calcu
lated with ROCKFLOW at the first electrode were 
caused by a fairly rough resolution of the curved 
streamlines in the vicinity of the inlet. They were 
damped out at the next row of electrodes. Despite the 
oscillations the slope of the numerically determined 
curve fits the measured data very well. 
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Figure 4.13.9. TUB team. Streamlines (unlabelled) and concentration contours for 
travel time t= 18520 s of FAST-C for L2D01. 
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Figure 4.13.10. UH team. Measured breakthrough curves and simula
tion with ROCKFLOWfor experiment L2D01. 
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Figure 4.13.11. ENSMP team. Simulation of the 2-D, high density experiments, 
effect of density. 

As expected, the simulation results 
showed that the effect of salinity on the 
flow pattern could be neglected in the 
case of the L2D01 experiment. This 
was clearly indicated by FAST-C simu
lations by the TUB team, where stream
lines only changed in the first time step, 
starting from no-flow initial condi
tions. In subsequent time steps the flow 
pattern remained constant, but the 
value of the stream functions did not, as 
it changed with the variation of the 
input velocity. The physical reason for 
this phenomenon is that concentration 
gradients were directed almost along 
the streamlines. The main exchange of 
salt due to the density gradient was 
therefore in the direction of flow lines. 
Hence, it seemed to be appropriate to 
model flow and transport decoupled in 

this experiment, as was 
done by the UH team. 

The ENSMP team in
vestigated the effect of the 
density variation on high 
density experiments in 2-D. 
For this purpose, the results 
of a 2-D simulation with 
coupling of flow were com
pared to the results of the 
same simulation, without 
coupling. The conditions 
for this simulation were 
close to those of experiment 
H2D01. In this experiment, 
valves 1 to 5 were open. The 
whole column had to be 
simulated, because there 
was no symmetry simplifi
cation. The dispersivity 
value was artificially in
creased to 3 mm to ensure 
numerical stability. Al
though this prevented a di
rect comparison of simula
tion to experimental results, 
it allowed the front move
ment to be described. The 
results of simulations with 
and without density effects 
are compared for electrodes 
2R, 3R and 4R in Figure 
4.13.11. 

Clearly, including den
sity effects greatly im
proved the fit between 
measured and simulated 
concentrations. It therefore 
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appears that the model correctly described the velocity 
field and the advective transport. However, the slope 
of the calculated curves was much less steep than that 
of the measurements. This was partly due to the fact 
that an abnormally high value of dispersivity (3 mm) 
was used for numerical reasons. 

4.13.5 Concluding Remarks 

Four different conceptual models describing disper
sion mass flux were examined in numerical simula
tions. 

The pipe-network model (GRS) simulated the 
LCG experiments satisfactorily. As concentration dif
ferences between displaced and displacing fluid in
creased, the model produced sharper fronts. A satisfac
tory agreement between calculated and measured break
through was obtained for the experiment HI DO. 

The classical Fickian law models (Scheidegger's 
formulation) (BGR, GSF, TUB, RIVM, UH and 
ENSMP) based on the classical Fickian equation for 
dispersive mass-flux were able to simulate LCG ex
periments satisfactorily with a single value of disper
sivity. However, for both HCG experiments a smaller 
value of dispersivity (a factor of 4-5 lower) was needed 
to obtain an acceptable fit (BGR and GSF). 

Various formulations of the classical Fickian law 
with dispersivity non-linearly dependent on concentra
tion or concentration gradient (RIVM), such as quad
ratic or exponential dependence of dispersivity on con
centration or concentration gradient, were attempted. 
However, it was not possible to obtain a satisfactory fit 
for any of thv;*- models. 

The non-linear dispersion theory model (RIVM), 
which is second order in the dispersive mass flux 
involves two coefficients. It was possible to simulate 
all LCG and HCG experiments with a single set of 
values for these two coefficients. 

The studies proved that the Fickian dispersion law 
(Scheidegger's formulation) with a constant dispersiv
ity was not valid over the whole range of concentration 
values. A definite conclusion on an appropriate con
ceptual model to describe dispersion over the investi
gated range is pending, awaiting the availability of 
additional experiments. 

There were difficulties in modelling the 2-D ex
periments, because of the very high demand on com
puter resources. However, a few computer simulations 
of L2D01 (by TUB and UH) showed that it was possi
ble to follow the same procedure as in the 1-D experi
ments. The H2D01 experiment was studied qualita
tively by ENSMP. It was shown that, for high concen
tration gradients, the effect of gravity led to concentra
tions that were almost constant horizontally. This was 
in good qualitative agreement with measurements. 
However, the study of the validity of Darcy's law at 
high concentrations in the two-dimensional experi
ments was hampered by extremely high demand on 
computer resources. Although a number of efforts were 
made, which were qualitatively satisfying, a conclu
sion could not be reached on this question. 

Deviations from classical conceptual models have 
been observed at laboratory scale. In safety assessment 
studies, the scale of interest is much larger and it is 
important to investigate the question of the adequacy 
of Darcy's law and the Fickian law of dispersion at 
field scale. 
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5. Discussion 

5.1 Introduction 

The ultimate goal of INTRA VAL is to contribute to the 
determination of what is required in order to obtain 
confidence in results of models used in performance 
assessment of nuclear waste repositories focused on 
geosphere transport. To attain this goal, the first re
quirement is documented sound scientific reasoning 
identifying those aspects of the performance assess
ment model that are based on accepted science and 
those aspects that are potential sources of uncertainty. 
A careful review based on such reasoning often results 
in wide ranges of uncertainty in the modelling results. 
This implies that an increase in model confidence must 
be based on further experimental evidence. The experi
ences gained in INTRAVAL give suggestions on how 
to do this in practice. 

One of the major problems of validation con
cerns the evaluation of models using experimental 
data. The focus of the INTRAVAL study has been 
to determine how well a model can describe an 
experiment and how much uncertainty is invoh ~d. 

5.2 Evaluation of Experimental Set-up 
and Data 

The evaluation of the test cases has contributed to 
experience and improvements regarding experimental 
set-up and techniques. In analysing the different test 
cases, many project teams have noted that careful 
evaluation of the experimental set up and data is 
needed. Difficulties in performing the experiments can 
often introduce biases or artifacts, such as dispersion 
in tubings ana unstable boundary conditions which, if 
not explicitly accounted for, would be attributed to the 
medium or process measured. In practice, such experi
mental problems cannot be avoided. Some of the analy
ses within INTRAVAL suggest how experimental 
problems can be considered and demonstrate the im
portance of taking them into account. 

In all runs of the small-scale pressure infiltration 
experiments in case lb, the injection flow rate de
creased with time at a constant infiltration pressure. In 
addition, the infiltration pressure was increased dis-
continuously at one time during two of the runs. The 
continuous decrease in flow rate was not considered in 
the modelling, but one project team explicitly exam
ined the influence of the discontinuous change in flow 
rate due to the pressure readjustment, They found that 
it was not possible to discriminate between an advec-
tion-dispersion model with and without matrix diffu
sion, if all breakthrough data were considered, while 
the model with matrix diffusion was clearly favoured 

if only breakthrough data from the start of the experi
ment up to the pressure readjustment were included. 

In the Stripa 3-D experiment, case 4, the tracer 
injection flows varied substantially in time. This varia
tion could, a priori, be one reason for the different 
peaks observed in the breakthrough curves. Conse
quently, some project teams chose to examine the time 
for first arrival, which is independent of the injection 
history, but this approach did not make use of all 
information in the experiment. In order to account for 
the varying injection flow, one team represented the 
injection curves by a sequence of square (step) pulses. 
However, the modelling results could not describe the 
multiple peaks observed in the experimental curves. 
Another team applied a deconvolution technique to the 
measured breakthrough curve. Ideally, this transforma
tion should result in the breakthrough that would have 
been obtained with a pulse injection. Further develop
ment of this technique is under way in Phase 2. 

In analysing the radially-converging tracer test in 
case 5, some teams carefully evaluated the source-term 
boundary conditions. One team arrived at the conclu
sion that the measured tracer concentrations in the 
injection section were of questionable reliability and 
that the flow rate through the injection section de
creased with time. Therefore, they redefined the 
source-term as being the injected mass of tracer, calcu
lated as the product of the injection rate into the injec
tion section and the concentration of the tracer injected. 
Another team fitted the measured concentrations in the 
injection section by adjusting the groundwater flow 
through the section, also taking into account possible 
injection stops or other changes in the injection proce
dure. One team showed the importance of considering 
the varied injection flow in order to avoid an erroneous 
interpretation of the breakthrough curve. They were 
able to explain the observed breakthrough curve either 
with the assumption of an instantaneous pulse injection 
or with variable injection estimated from the tracer 
injection data. However, the fitted parameter values 
differed. 

For the analyses of natural analogues, the evaluation 
of the large experimental data sets represented a major 
effort. Analysing data on solid uranium concentrations 
from the Alligator Rivers Natural Analogue, case 8, re
vealed that elevated concentrations exist not only in one 
direction, as indicated by the contour plots initially pro
vided. As a result, updated contour plots based on an 
extended data set were provided, clearly showing ele
vated uranium concentrations in two major directions. 

In the modelling of the small-scale infiltration 
experiments, case I b, problems with the definition of 
the boundary conditions arose. Based on suggestions 
from the modellers, the end pieces in the experimental 
set-up were modified to allow for a better definition of 
the boundary conditions. 
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Several important results were obtained from the 
Las Cruces Trench experiments, case 10. For example, 
it was found that it was possible to provide a surface 
no-flux condition by the use of a thick pond liner; and 
neutron probes to monitor water movement proved to be 
much more useful than tensiometers. Inconsistencies 
were found between hydraulic conductivities measured 
in situ and measured in core samples in the laboratory. 
The need to develop efficient techniques to uniquely 
determine unsaturated hydraulic conductivity at low 
water content was recognised. 

In many test cases potential experimental prob
lems were identified but could not properly be ac
counted for. In the Stripa 3-D experiment, case 4, the 
potential effects of a disturbed zone around the drift 
and the presence of unknown sinks, may be the reason 
for the observed loss of tracer. In the migration experi
ment in a long block, case 9, the number and position 
of the sampling locations were chosen before any 
information was obtained on possible flow channels in 
the fracture. The sampling locations might not have 
matched the major physical channels in the fracture, 
which may have led to difficulties in interpretation. 

5.3 Application of Different Models to the 
Test Cases 

One key feature of INTRAVAL is that a test case 
could be analysed using several different models. 
Often the experimental data did not suffice to dis
criminate between these models. However, the 
spread of different models that could be fitted to an 
experiment gives information on the degree of con
ceptual uncertainty or non-uniqueness. 

In applying different models to the small-scale 
infiltration experiments, case lb, it was noted that the 
experimental breakthrough curves could be simulated 
with advection-dispersion models including matrix 
diffusion or with multiple-flow-path models. The num 
ber of parameters in a multiple-flow-path model is in 
principle open, and it could be argued that complex 
models with many, uncontrolled parameters can al
ways be adjusted to give better fits than simpler ones. 
Although a particular set of parameters could look 
reasonable, it would be difficult to verify these with 
independent measurements, unless the number of para
meters could be reduced by deriving a relationship 
between the parameters. 

In analysing the migration experiments in rock 
cores with natural fractures, case 2, one team con
cluded that sorption was needed in order to obtain any 
reasonable fit to the data. However, the experimental 
results did not enable discrimination between a model 
assuming matrix diffusion with sorption and a model 
with fracture surface sorption and no matrix diffusion. 

Four different approaches were employed by the 
project teams analysing the Stripa 3-D experiment, 
case 4, namely a continuum advection-dispersion 
model with and without matrix diffusion, a heteroge
neous fracture-plane model based on the concept of 
channels with variable aperture, a discrete fracture-net
work model and a model assuming fractal channelling 
geometry. It was found that all models could be applied 
on the Stripa 3-D data and resulted in a good under
standing of the system from different, yet complemen
tary points of view. 

A number of conceptually different models were 
also used by the project teams analysing the tracer tests 
at Finnsjon, case 5. The models differed in the flow 
pattern and geometry, ranging from diffusive seepage 
through one or more homogeneous layers to focused 
flow through one or more discrete fractures or channels 
with various degrees of interconnection. Since it was 
possible to reproduce the characteristics of several of 
the measured breakthrough curves with all these mod
els, it was concluded that the available tracer test data 
were insufficient to distinguish between disparate 
models. However, extending the analyses to a joint 
interpretation of the available hydraulic and tracer test 
data, as well as other supporting field data, may con
strain the range of models applicable to tracer transport 
in the fracture zone at Finnsjon. 

The models used in the evaluation of the natural 
analogue test cases differed mainly in the complex
ity of the physical and geochemical descriptions of 
the system studied. The formation and movement of 
the redox front at Po^os de Caldas, case 7, could be 
described in very general terms by models that 
greatly simplify the geochemical processes that are 
known to have occurred. Better simulations were 
obtained with coupled transport/chemistry models, 
although in general the models tended to over-pre
dict the rate of movement of the redox front. The 
models used to analyse the uranium migration 
around the uranium ore deposit in Alligator Rivers, 
case 8, all involved large simplifications. Although 
the models differed in their simplifications of the 
hydrological and geochemical processes, they all 
gave results that were generally consistent with one 
another and were also in accordance with inde
pendent information. 

The main question addressed in the laboratory 
experiment for salt transport, case 13, was the applica
bility of Darcy's and Fick's laws. Due to the failure to 
properly measure the pressure, only Fick's law could 
be studied under conditions with low and high concen
tration differences between resident fluid in the column 
and displacing fluid. Various models describing disper
sion were investigated. Some teams recalibrated the 
dispersivity to match the experimental results when 
simulating experiments with high concentration gradi
ents, but there was no possibility to identify a func
tional dependency of dispersion from salt concentra-
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tion or from salt concentration differences. However, 
when using a non-liir IT dispersion term in the trans
port equation, a'! experiments could be simulated with 
a single data set. By using a model which simulates the 
structure of the porous media, a sensitivity analysis 
revealed that gravity was the main contributor to the 
change of dispersivity near salt-freshwater interfaces. 

5.4 Calibration 

In most cases, some of the parameters of the model 
being used will not have been measured. It will be 
necessary to choose values of these parameters to 
match, in some sense, some of the available data. 
Various techniques can be used, and some lessons 
learned about this process of calibration are summa
rised below. 

It may be difficult to test the models used for 
performance assessments of radioactive waste reposi
tories by comparing predictions for quantities inde
pendent of those used to calibrate the model. However, 
although the fact that it is possible to calibrate a model 
to give an acceptable match to data does not per se 
provide much confidence in the model, the fact that the 
parameters are reasonable as judged by comparison 
with measured values for similar materials or systems 
does increase confidence in the model to some extent. 
The quality of the fit may also give some confidence 
in the model. Using arguments such as these to build 
confidence in the models used may be all that can be 
achieved for some aspects of models relating to the 
long term performance of a repository. (It should be 
noted that if the values measured for similar materials 
or systems were derived using an inappropriate model 
then similarities between the measured and the values 
for the system of interest do not give any confidence 
in the model.) 

It is almost always necessary to calibrate the models 
used, that is determine appropriate values of some 
parameters, which are not given by the experimental 
data so that the model best represents the system of 
interest. There is a trend towards increased use of 
automatic calibration methods based on approaches 
such as maximum-likelihood, in which the values of 
the parameters are chosen to give the best chance of the 
observed data given the model. Such methods must be 
used with due care. Unless the method is suitably 
constrained, the resulting parameters may be unphysi-
cal. 

Ad hoc "by eye" methods of calibration were also 
used in the analyses of the test cases. Whichever 
method is used, the resulting parameters depend on the 
criterion chosen. It should be noted th '.t in many cases 
the experimental data did not suffice to determine all 
the physical parameters, but only certain combinations 
of the parameters. As part of validation it is necessary 

to check that the values of the parameters are physi
cally reasonable and consistent with other data. 

In the analyses of the migration experiments in 
clay samples, case la, calibration to a straightforward 
single-porosity diffusion model gave values of the 
diffusivity and porosity that were assessed to be rea
sonable when compared with literature values. 
However, simple automatic parameter-estimation pro
cedures occasional1-- led to unreasonable porosity values 
greater than 1.0. Matrix-diffusion models calibrated to 
the small-scale infiltration experiments, case lb, re
sulted in values of the matrix diffusivity of the same 
order as those measured in crystalline rock in other 
types of experiments. Similar conclusions were drawn 
from the analysis of the migration experiments in cores 
with a single fracture, case 2, where the estimated 
parameter values were in fair agreement with inde
pendently measured sorption and diffusivity data. 

In the analyses of natural analogues, the large data
base that was available made it possible to assess the 
modelling results and parameter values against indepen
dent data from the site. In the modelling of the redox-front 
movement at Pocos de Caldas the calculated rate of 
movement based on estimates of the flow rate of infiltrat
ing rainwater was judged to be reasonable with respect to 
independent estimates of erosion rates. The modelling of 
uranium migration around the ore body at Alligator Riv
ers, case 8, showed that it was possible to simulate the 
observed migration distances with values of the water 
flux, sorption and migration time in accordance with 
independent estimates and observations at the site. 

Another example is the application of the TOUGH 
code to laboratory imbibition experiments carried out 
as part of the G-tunnel experiments, case 12. It was 
shown that under some circumstances, Richards' equa
tion together with the van Genuchten model (or Brooks 
and Corey) appeared to match the moisture charac
teristic data and to predict an adequate hydraulic con
ductivity as a function of moisture content. Large-scale 
modelling has not yet been done. 

Another way in which confidence in the results can 
be gained is through the use of statistical analysis of 
the fit. If an automatic inverse method based on a 
statistical technique is used, it can be applied to rank 
models and to evaluate confidence intervals of the 
estimated parameters. The drawback is that this infor
mation is only valid under the tested hypothesis. Some 
examples of the application of inverse methods on the 
INTRAVAL test cases arc given below. 

Maximum-likelihood parameter-estimation were 
used by one team to calibrate their different models 
against the breakthrough curves in the migration 
experiments in clay samples, case la. Experimental 
errors were taken into account, and the quality of the 
fits for the different models were compared using dif
ferent statistical criteria. The team concluded that one 
of their models, a single-porosity model, gave a satis
factory explanation of all the data. They also found that 
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the procedure in many cases led to parameter values 
having low confidence, such as porosity values larger 
than 1. There is of course no reason why an automatic 
procedure should restrict the calculated value of poros
ity to be less than 1, unless such a constraint is imposed. 
This illustrates the need for care in the use of automatic 
procedures for parameter estimation. 

Many teams used least-squares methods for calibra
tion. In analysing the small-scale infiltration experiments, 
case lb, one team compared the automatic Marquardt-
Levenberg procedure with calibration based on best-fit 
by eye. They found that the estimated prrameters did not 
agree within the error ranges, but both sets of parameters 
were assessed to be reasonable. They noted that the 
difference in parameter values resulted from different 
weighting procedures. In the automatic fit, all data points 
were equally weighted, but in the fit by eye, the small 
number of data points in the peak region received more 
weight. 

Inverse methods were used to calibrate the models 
used in the analysis of the synthetic migration experi
ments, case 6. It was generally possible to get very 
good minimisation of the objective functions by ad
justing the transmissivity values and the boundary 
conditions for hydraulic h;ad. One team also obtained 
good agreement, both quantitatively and qualitatively, 
between simulated and actual breakthrough in the syn
thetic dipole-tracer experiment. However, the esti
mated values of transmissivity and fracture thickness 
clearly deviated from their actual values in the syn
thetic geosphere. This shows that the application of 
statistical inverse techniques gives no guarantee that 
the resulting model is a good description of reality let 
alone that it is the best description, given the data and 
the particular conceptual model analysed. 

5.5 Testing Predictions 

The most effective way to build confidence in a model 
is to demonstrate that it can successful'y predict quan
tities independent of those used to calit rate the model. 
This prediction makes it possible to put further con
straints on the applicability of a model. Again, appli
cation of different models in the predictions adds in
formation. If a certain model predicts a data set better 
than other models, the credibility of this model is 
obviously higher. If several models predict equally 
well, more information is needed to distinguish be
tween the models. 

Predictions were tested for several of the test cases 
in Phase I of INTRAVAL. One of the teams, analysing 
the migration experiments in clay samples, case la, cali
brated their models against the equilibrium results of the 
experiments and then predicted the transient part of the 
same experiments. Based on the results, it was concluded 
that one of the models, a dual-porosity model, provided 
a much better and acceptable explanation of the data and 

allowed all die experiments to be described by a unique 
set of parameters. 

A similar approach was taken by another team that 
evaluated the small-scale infiltration experiments, case 
1 b. The models were calibrated using the first few data 
points for each experiment and the calibrated models 
were then assessed by comparing their predictions for 
the remaining data points. The results clearly showed 
that a model with matrix diffusion was the most appro
priate model to describe all the experiments. 

In the above cases the calibrations and predictions 
were carried out using different parts of the data from 
the same experimental set. It could be questioned 
whether the prediction in these cases really is assessed 
against independent data, and if similar results might 
be obtained with calibration only, using all data from 
the experimental curve but with different weights. 

A slightly different approach was used by one team 
evaluating the migration experiments in clay samples, 
case la. By calibrating their model against data from 
some of the experiments, confidence intervals for the 
parameters were determined assuming that the results 
were sampled from a normal distribution. The calibrated 
model was then tested by comparing the determined 
ranges with data from the remaining experiments. This 
showed that almost all of the experimental measure
ments fell in the range predicted by the model. 

In evaluating the tracer tests at Finnsjon, case 5, 
several teams used data from the radially-converging 
experiment to calibrate their models and then used their 
calibrated models to predict the results from the dipole 
tracer experiment. By taking into account differences 
in experimental conditions it was in general possible 
to reproduce the experimental breakthrough in the 
withdrawal hole. However, horizontal heterogeneity 
had to be considered in the models to simulate the 
breakthrough curves in the observation holes. 

The experiments with radionuclide migration in a 
block of crystalline rock, case 9, involved measure
ments of breakthrough curves for both non-sorbing 
(Uranine) and sorbing (cesium) tracers as well as inde
pendent measurements of the surface sorption coeffi
cient for cesium. Several teams calibrated their model 
against data for the non-sorbing tracer and then pre
dicted the breakthrough of the sorbing tracer using the 
measured value of surface sorption. Reasonable agree
ment between predicted and measured breakthrough 
was obtained using a dual-porosity model. One team 
was able to simulate the cesium data with both a 
diffusion-convection model and a dual-porosity 
model, but the calibrated values of the matrix diffusiv-
ity and the surface sorption coefficient had to be 
slightly adjusted. They also noted that a simple, linear 
model for sorption may not be sufficient to describe the 
process of sorption in detail. 

Water flow and solute transport during the experi
ments at the Las Cruces Trench Site, case 10, were 
predicted using hydraulic parameters estimated by 
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calibrating van Genuchten's water retention model to 
water retention curves measured in samples from differ
ent locations at the site. The applied models simulated 
water flow and transport assuming Richards' equation 
and advection-dispersion. The differences between the 
models are embodied in their geometrical complexity, 
which ranged from a homogeneous medium through 
layered structures to a 3-D stochastic field. All the 
models were fairly successful in simulating the experi
mental results. However, infiltration into the dry soil 
was better modelled than was water movement during 
redistribution or solute transport during infiltration and 
redistribution. Incorporation of a more accurate de
scription of the actual geometrical structure tended to 
result in better predictions of the water flow, but not 
necessarily of the solute transport. Furthermore, the 
lateral spreading in the water plumes during redistribu
tion was generally larger than predicted by simple 
uniform models. So far the results have shown that 
Richards' equation appears to be applicable on the 
local scale to the unsaturated soils at Las Cruces 
Trench, but there are no conclusive results on the 
effects of incorporating spatial variability over a larger 
scale. 

The analyses of the Apache Leap Tuff Site - :peri-
ments, case 11, involved estimation of hydraulic para
meters from laboratory experiments. These parameters 
were then used to model laboratory experiments on 
heat induced flow through rock cores from the site. The 
simulations did not adequately predict relative satura
tion variation along the core, although the solute dis
tribution was qualitatively represented. 

In the evaluation of the brine transport experi
ments, case 13, experimental data from one of the runs 
with low-concentration brine was used for model cali
bration and parameter estimation. Predictions with the 
calibrated models were then compared with the results 
of the remaining low-concentration runs as well as 
with experiments with higher concentration of salt. 
All teams used models based on Darcy's law, but 
with d'fferent descriptions of dispersivity. It was 
possible to simulate the low-concentration experi
ments with all models, but the high-concentration 
experiments could not be reproduced by models as
suming the same value for the dispersivity constant 
as used for the low-concentration experiments. This 
lead to the conclusion that a Fickian type of disper
sion equation with constant dispersivity is not valid 
over the investigated range of salt concentrations. 

Hydraulic and tracer test data available in the 
synthetic migration experiment, case 6, allowed fo. 
both model calibration and prediction on independent 
data sets. The model approaches applied ranged from 
simple models assuming homogeneous and isotropic 
conditions to sophisticated methods involving kriging 
and inverse modelling. No model could successfully 
simulate all tracer data. Furthermore, there was not a 
clear-cut correlation between the degree of model so

phistication and how well the model simulated the 
data. In fact, in some cases the simplest model gave 
better results than the more complex models. 

A basic difficulty in validating models to be used 
in assessing the performance of a nuclear waste reposi
tory is that the predictions have to be made for the far 
future for which no data are available. Different sug
gested models can be compared by extrapolating the 
results of the models to situations relevant for waste 
disposal. It could certainly be argued that such a com
parison of extrapolated results illustrates the (practical) 
degree of uncertainty related to the problem. For ex
ample, in evaluating the tracer experiments in clay 
samples, case la, one team concluded that extrapolat
ing the different models applied to the experiment did 
not result in very different results. From a practical 
point of view it may be stated that the uncertainties 
associated with model applicability and parameter val
ues are negligible in this particular case, and that the 
models considered are equally good for the actual 
purpose. 

The opposite situation is illustrated by the results 
from extrapolating the models used in evaluating the 
small-scale infiltration experiments, case 1 b. One team 
calibrated a dual-porosity model and a multiple-flow-
path model without matrix-diffusion to the same set of 
experimental data. In spite of similar fits at the range 
of the data set, the two models led to very different 
results at expanded time and space scales. Also, para
meter uncertainty was shown to be more significant for 
the dual-porosity model than for the multiple-flow-
path model. 

This approach of testing the models on larger time 
and space scales has so far been applied only to a very 
limited extent. It is believed that a more systematic use 
of extrapolation in the validation process in perform
ance assessment is needed, for example to give indica
tions whether it is necessary to differentiate between 
models as well as to show if phenomena of importance in 
short-term experiments are also important on the scales 
relevant to performance assessment. However, as pointed 
out by one team analysing the small-scale infiltration 
experiments, case lb, it is not always sensible to extrapo
late a model directly. Flow and transport in a small sample 
in the laboratory may be described by a single fracture or 
channel model. However, over the distances relevant to 
performance assessment it is not reasonable to expect that 
flow and transport will be limited to one single fracture 
or channel. 

5.6 Evaluation of Information in Experi
ments-Design of New Experiments 

Experiences within the project have shown that an 
important part of validation work is to propose new 
experiments and see if these are more sensitive to the 
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critical parameters and to the differences between al
ternative conceptual models. Such exercises are impor
tant in the actual design and planning of new experi
ments. A few examples of this latter approach can be 
found in INTRAVAL. 

As part of the evaluation of the migration experi
ments in clay samples, case la, one team developed a 
systematic approach to the design of experiments for 
differentiating between models. The idea was to simu
late a proposed experiment with one model and then 
try to fit the other model to both experimental and 
simulated data. If the fit was successful, the proposed 
experiment cannot be used to distinguish between the 
two .odels. Conversely, if the fit was not adequate 
then the proposed experiment would be a candidate for 
differentiating between the models. This was checked 
by interchanging the roles of the two models in the 
described procedure. The proposed experiment is a 
good discriminator between the two models only if it 
satisfies both tests. 

In general, modelling prior to carrying out the 
experiment will contribute to optimising the experi
mental design in order to discriminate between models 
and to reduce the uncertainty in best-fit values of model 
parameters. Analyses of the laboratory experiments, 
cases lb and 2, showed that this was insufficient infor
mation to make conclusive statements on the impor
tance of matrix diffusion. It was concluded that experi
ments in cores with different lengths were needed to 
discriminate between channelling dispersion and hy-
drodynamic dispersion with matrix diffusion. One 
team showed that the sensitivity of several of the model 
parameters increased when simulating the migration 
experiments in a natural fracture, case 2, with a dual-
porosity model and assuming a core three times longer 
than actually used in the experiments. 

Sensitivity tests carried out by some of the teams 
analysing the migration experiment in a block of crys
talline rock, case 9, revealed that the modelling results 
for this case were mostly insensitive to the process of 
rock-matrix diffusion. In order to examine possible 
effects of matrix diffusion, it was concluded that ex
periments should be carried out for several flow veloci
ties, including very slow velocities. 

Both the tracer tests at Finnsjon, case 5, and the 
experiments carried out at the Apache Leap Tuff Site, 
case II, are examples, in which modelling was per
formed in order to assist in the design of the experi
ments. Analysis and modelling of the fractured block 
experiment in case 11 showed inadequacies in the 
present design and gave information for a redesign of 
the experiment. A prediction of the field-scale injec
tion and redistribution experiment in case 11 demon
strated a very slow wetting around the flooded injec
tion boreholes, and a very slow redistribution of water, 
once the injection of water was terminated. With the 
suggested experimental design, a flooding event of the 
order of three years would be required to induce 

measurable water content changes at distances corre
sponding to field borehole separation distances. 

The natural analogues provide the opportunity 
for an integrated evaluation of hydrologic, geo-
chemical and transport processes over time scales 
relevant to performance assessments. Experiences 
from the analyses of both the Pocos de Caldas and 
the Alligator Rivers natural analogues show the im
portance of a joint interpretation of hydrology and 
geochemistry in transport calculations. Performance 
assessment related transport modelling has continu
ously been used as a guide to help focus the interpre
tation of hydrology and geochemistry on relevant 
issues. In addition, site characterisation and collec
tion of data have to a large extent been directed by 
requirements identified by modelling. 

It may also be worthwhile to point out that many 
experiments contain more information than modellers 
usually care to consider, probably due to lack of time 
and resources. For example, few project teams used the 
hydraulic data from case 5. The teams that did use this 
information claimed that calibrating the flow field to 
the hydraulic data made later predictions of tracer 
breakthrough more successful. 

5.7 Assessment of Model Adequacy 

In performance assessment the question arise how well 
different models can make predictions into the far 
future. The INTRAVAL experience illustrates that va
lidity of the models in its absolute sense cannot be 
proven. Most project teams mainly claim that they 
have applied, studied and established how well their 
models (including the parameter values) described the 
analysed experiments. Ultimately, statements on valid
ity of predictions into the far future must be based on 
a combination of scientific reasoning and the outcome 
of such analyses. 

A model with acceptable fits and with parameters 
that are physically reasonable, which gives an overall 
consistent picture, will enhance the confidence in the 
model, even if this is not a proof of the validity of the 
model. However, when assessing the reasonableness of 
the parameters by comparing with independent esti
mates, it should be kept in mind that a similar type of 
model may have been used to derive the independent 
estimate of the actual parameter, and if the model was 
not appropriate in the circumstances of the measure
ment, then the parameter estimate may be important. 

Another factor that contributes to the confidence 
in a model is if it can provide a consistent picture of all 
data measured in an experiment or at a site. Clearly, if 
a model fails to predict all measured quantities, one 
needs to show why that is so. 

Quantitative criteria were used in the analysis of 
some of the test cases for testing a model prediction. 
One team tested the validity of the structure of their 
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model by examining the variogram for the residuals 
between calculated and experimental results. The 
model structure was judged to be acceptable if there 
was no trend in the residuals, and conversely the model 
structurewasjudgedtobeunacceptableifthe residuals 
exhibited any trend. However, the problem with this 
approach is that it may invalidate models that indeed 
are applicable, although they might not conform to the 
judgment. 

Residual plots were also used by another team to 
discriminate between models. Synthetic data were gen
erated using one model and the other model was cali
brated to the generated data. The residuals between the 
synthetic data and the data obtained with the calibrated 
model were then compared with residual plots from 
calibration of the model to experimental data. If a 
similar trend in the residuals was found, the model was 
judged to be invalid. 

To find out which model performed the 'among 
several models that all led to a good fit (by residual 
analysis) with reasonable parameters, one team used 
quantitative model selection criteria. The criteria were 
calculated for each calibrated model, and the model 
leading to minimum values of the criteria was selected 
as the best. 

To some extent quantitative acceptance criteria 
have been used to judge the quality of a model predic
tion of experimental results. For example, a model 
prediction was considered not to be invalid if it fell 
within the experimental error band, but invalid if it fell 
outside the experimental error band. One may question 
whether this type of acceptance criteria is too rigid. 
Even if a model does not predict all point measures it 
may to some extent be useful for the purpose of per
formance assessment. 

5.8 Progress in Important Performance Is
sues 

The analyses of the test cases in Phase 1 of INTRAVAL 
have increased the understanding of some physical and 
chemical processes that are of great importance for 
performance assessments of repositories. Because of 
the nature of the test cases, the validation issues were 
focused on flow and solute-transport processes, but the 
analyses of the natural analogues have also highlighted 
the importance of various geochemical processes. An
other somewhat different but important issue, in which 
valuable experience has been gained, concerned the 
amount and representativeness of required data for site 
characterisation. 

5.8.1 Flow and Transport 

For the clay experiments studied, case 1, there was 
general consensus that the applied class of advection-

dispersion type transport models was adequate, even if 
there was some difference in opinion whether or not 
matrix diffusion was needed. In clays such matrix 
diffusion is probably not important for repository per
formance, but it may influence the interpretation of 
parameter values obtained from short-term experi
ments performed in clay. 

There was also an agreement that the accessible 
porosities for deuterium and iodine differ, and it was 
proposed that the cause was ion-exclusion and ion-ex
change effects. The dependence of porosity on dissolved 
species may influence repository performance. 

In crystalline rock, one of the more important 
questions is to what extent radionuclides can diffuse 
from the flowing water in fractures into the rock 
matrix. The analyses of the laboratory experiments 
generally give support for the process of matrix 
diffusion, and case lb, in particular, strongly sup
ports the existence of an interconnected pore space 
over distances of at least a few centimetres in unfrac-
tured rock. However, channelling effects may pro
vide an alternative explanation. Even at laboratory 
scale, there is strong support for pronounced spatial 
variation in the fracture plane (case 9), leading to 
channelling effects. This makes the estimation of the 
matrix diffusion very difficult. 

The conventional model of radionuclide transport 
assumes that sorption is linear and reversible. In the 
laboratory scale experiments, cases lb and 9, there was 
experimental evidence of non-linear sorption. How
ever, the results of the modelling showed that the 
effects of sorption non-linearities were weak in these 
migration experiments. The results of the analysis of 
the migration experiments in a large block, case 9, 
indicated that a minor process may have been omitted 
in the modelling. The possibility of this process being 
irreversible sorption was suggested. Although these 
results indicate that the impact of non-linear and/or 
irreversible sorption is very small in these experiments, 
the situation may be different under repository condi
tions. 

The analyses of the field experiments have shown 
that unambiguous interpretations of the data are ex
tremely difficult, due to the pronounced heterogeneity 
of the rock properties. Spatial variability is present on 
many scales ranging from the aperture variations in the 
individual fracture, through differences between dif
ferent fractures or channels, up to structures with large 
networks of conductors. The modelling studies show 
that variabilities on different scales produce dispersion 
effects on different scales. Spatial variability is a cur
rent research topic. 

On the other hand, the analysis of the large fracture 
zone at Finnsjon, case 5, supports the original concep
tual model that the identified fracture zone is a major 
conductor of water and solutes, even if the uncertain
ties about its properties are relatively large. This infor
mation is useful as major fracture zones are usually 
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considered to be important deterministic featwes in 
performance assessment exercises. 

The analyses of flow of highly saline water have so 
far concentrated on laboratory experiments. The analyses 
have shown that the classical Fickian dispersion with a 
constant dispersivity may be an inappropriate model for 
describing transport of brine into less saline water. In 
Phase 2 of DNTRAVAL the analyses of saline flows are 
directed towards field-scale problems, and the questions 
of the validity of Darcy's law and the Fickian Law of 
dispersion on a larger scale will be investigated. 

The analyses of unsaturated media have focused 
on the description of flow in heterogeneous soil and in 
fractured tuffaceous rocks. In tuffaceous rock special 
attention has been given to the description of coupled 
flow in fractures and in rock matrix and to simultane
ous heat and water transport. Some tracer experiments 
have also been analysed. It was concluded that t.iere 
currently exists an adequate description of individual 
processes, but that understanding of the coupling of 
these processes is incomplete. It was also concluded 
that the spatial variability of the medium properties 
contributes significantly to the uncertainty in predict
ing flow and transport. Transport appears to be more 
sensitive to spatial variability than flow. Traditional 
continuum descriptions as well as different stochastic 

models have been applied in order to describe this 
situation. 

5.8.2 Geochemistry 

Few of the INTRAVAL test cases have involved com
plicated geochemistry. However, the study of natural 
analogues highlights the importance of geochemistry 
in predicting transport over time scales relevant to 
performance assessment. The analysis of the redox 
front migration at Pocos de Caldas provided general 
support to the present modelling of redox front migra
tion, but also identified effects, like co-precipitation, 
not being predicted with current models. The Alliga
tor Rivers Case provides support for very strong sorp
tion of thorium in weathered materials (clays) and 
also indicates that complex sorption mechanisms may 
be needed in order to understand uranium migration. 
However, this does not necessarily mean that such 
complicated models are needed in the performance as
sessment. Furthermore, there are indications that slow 
weathering processes in minerals incorporate radionu
clides, leading to strong retardation. This would mean 
that present performance assessment migration mod
els may be overly conservative. 
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6. Final Remarks 
The International INTRAVAL project builds upon 
experiences gained in the preceding projects 
INTRACOIN and HYDROCOIN. Almost all coun
tries with a nuclear energy programme within the 
OECD participate in the study. Furthermore, in most 
participating countries both the regulatory agencies 
and the organisations responsible for implementing 
radioactive waste disposal have set up project teams. 

In INTRAVAL, models used for predicting 
groundwater flow and radionuclide transport in per
formance assessments of nuclear waste repositories 
have been applied to a number of experiments. The 
work performed has increased the knowledge of the 
conditions under which these models can be used. 

More specifically, INTRAVAL project teams have 
substantially developed the capability of transferring 
the often large and unstructured information of labora
tory experiments, field measurements and natural ana
logues into models. As a consequence, INTRAVAL 
demonstrates the significant advantage in using mod
elling in assisting experimental design. In particular, 
by pre-modelling a proposed experiment it can be 
established if the proposed experiment is sensitive to 
information sought or not. For completed experiments, 
modelling is used to account for experimental biases, 
testing dif/erent hypotheses etc. 

Evidently the adequacy of models predicting con
ditions into the far future cannot be proven. However, 
several project teams have applied or developed pro
cedures for establishing how well a model (including 
its parameter values) describes the analysed experi

ments. Ultimately, statements on adequacy of predic
tions into the far future must be based on a combination 
of scientific reasoning and the outcome of such analyses. 

Validation is not only a matter of comparing 
(blind) predictions with data. Other aspects of valida
tion include assessing reasonableness of parameters, 
consistent explanation ofall data, and consideration of 
alternative models. In assessing the quality of fits, 
systematic analysis of the origin of residuals and other 
statistical techniques, all have their merits and pitfalls. 
If a prediction does not coincide with an experiment it 
is necessary to explore why the experiment and the 
prediction differ and if the difference has any impact 
on the predictive power of the model. 

Finally, it must be stated that the performance 
assessment of a nuclear waste repository concerns 
modelling of an integrated system of processes. For the 
problem of interest in the performance assessment of 
release and transport of radioactivity, all parts of this 
integrated system need not be known with equal preci
sion. This means that the demands on model adequacy 
vary substantially between different processes in the 
assessment. In INTRAVAL Phase I there are a few 
examples of how extrapolation of model results can put 
uncertainties into perspective. Such extrapolation ex
ercises are highly recommended for INTRAVAL Phase 2 
and other studies. The question of model adequacy for 
use in performance assessment is strongly coupled to 
the process of performance assessment. The experi
ences gained in INTRAVAL should be of great value 
for performance assessment exercises. 
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Federal Republic of Germany 

Forschungszentnimfiir Umwelt und 
Gesundheit, 
Federal Republic of Germany 

Her Majesty's Inspectorate of 
Pollution, United Kingdom 

Industrial Power Company Ltd, Finland 

Japan Atomic Energy Research 
Institute, Japan 

(ANDRA) Commissariat a I'Energie (CEA/DEMT) 

Atomique 

(AECL) Atomic Energy of Canada Ltd (AECL) 

(ANSTO) Australian Nuclear Science (ANSTO) 
and Technology Organisation 

(BGR/BFS) Bundesanstalt fur Geowissen- (BGR) 
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Ecole Nationale Superieure des 
Mines de Paris 

Universidad Pof i technica de 
Cataluiia 

Gesell'diaft fur Reaktorsicherheit mbH 

Forschungszentnimfiir Umwelt und 
Gesundheit, 

British Geological Survey 

Atkins Engineering Sciences 

Technical Research Centre of Finland 

Japan Atomic Energy Research 
Institute 

(BFS) 

(EDM) 

(UPC) 

(GRS) 

(GSF) 

(BGS) 

(AES) 

(VTT) 

(JAERI) 

Central Research Institute 
for the Electric Power Industry 

(CRIEPI) 

Nationale Genossenschaft fur die Lager- (NAGRA) 
ung Radioaku. er AbfSlle, Switzerland 

National Institute of Public Health and (RTVM) 
Environmental Hygiene, The Netherlands 

National Radiological Protection (NRPB) 
Board, United Kingdom 

Swiss Federal Nuclear Safety (HSK) 
Inspectorate, Switzerland 

HazamaLtd. 

Paul Scherrer Institute 

National Institute of Public 
Health and Environmental Hygiene 

National Radiological Protection 
Board 

(HAZAMA) 

Swiss Federal Nuclear Safety Inspectorate 

(PSI) 

(RTVM) 

(NRPB) 

(HSK) 
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Management Co, Sweden 
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Project Team 

Power Reactor and Nuclear Fuel 
Development Corporation 

The Royal Institute of Technology 

(PNC) 

(SKB/KTH) 

Swedish Nuclear Power Inspectorate, Sweden (SKI) 

U.K. Nirex Ltd, United Kingdom (NIREX) 

U.S. Department of Energy, 
United States 

U.S. Environmental Protection 
Agency, United States 

U.S. Nuclear Regulatory 
Commission, United States 

Organisation for Economic 
Cooperation and Development/ 
Nuclear Energy Agency 

International Atomic Energy Agency 
(observer) 

(OECD/NEA) 

(IAEA) 

The Royal Institute of Technology (SKI/KTH) 

AEA Technology, (HARWELL) 
Harwell Laboratory 

(US DOE) 

(US EPA) 

(US NRC) 
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(PNL) 

(OWTD) 

(NNWSI) 

(US EPA) 

(US NRC) 
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(PNL) 
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(TBEG) 
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