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Session 1. Introduction

The First Stage of the Tracer Retention Understanding Experiments (TRUE-1) was
initiated in 1994 and the experimental activities were officially concluded in December
1998 with the termination of the final test with radioactive sorbing tracers. The pro-
gramme also included a laboratory programme focused on both generic (Äspö HRL)
and site-specific (Feature A) geological material. Modelling, both scopings, predictions
and evaluation of the final tests with sorbing tracers has been performed parallel to the
experimental work. The work and conclusions of the SKB TRUE project team have
been published in a SKB technical report /Winberg et al., 2000/. The TRUE-1 experi-
ments have also been subject to blind prediction and evaluation by an international
group of modelling teams within the auspices of the Äspö Task Force on Groundwater
on Modelling of Groundwater Flow and Solute Transport. A list of relevant reports and
publications related to the First TRUE Stage are presented in Appendix A.

The present seminar provides a venue to present and discuss the results of the TRUE-1
experiments in terms of identified transport and retention processes and concepts/
approaches used to model. However, given the fact that may international programs,
including that of SKB, are either underway or preparing for site characterisation
programs, the seminar provides a possibility to discuss research priorities and the
specific data needs for development of a geological repository.

In his opening address, the director of the Äspö Hard Rock Laboratory Olle Olsson
emphasised the need to carefully integrate available experience from other research
sites, e.g. Grimsel (Switzerland), Stripa (Sweden) and El Berrocal (Spain). The two
important questions to be asked are;

– What do we know?
– What is the way forward?

For the subsequent discussions four different discussion themes were identified;

1. Identification of transport processes.

2. Model concepts.

3. Site-specific data needs for a geological repository.

4. Research priorities.

1. Identification of transport processes

•  Have the dominant transport processes active on the TRUE-1 spatial and temporal
scales been identified?!

•  If not, what alternative/new transport processes need to be resolved?!

•  Have the relevant parameters been collected from field tests, and in sufficient
amounts (statistical aspects)?!

•  If not, what complementary data are required?!
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2. Model concepts

•  A conductive single fracture is by necessity connected to a surrounding fracture
network. Under what conditions do this surrounding network have to be taken into
account!? Do we need to improve understanding of the altered rim zone around a
fracture? If so, what are the urgent needs?

•  How handle the unknown parts of the flow paths between borehole intercepts?

•  Are the modelling concepts based on realistic descriptions of fractured rock, and can
adequate data be collected in the field?!

•  Are the modelling approaches feasible and useful for modelling of radionuclide
migration and retention?!

3. Site-specific data needs for a geological repository
•  TRUE-1 has shown that the detailed characteristics of altered rim zone of the

studied feature needs to be considered in order to account for the noted retention
over the spatial and time scales of the TRUE-1 experiments. To what extent do we
need to consider the characteristics of fracture rim zones for the time perspective of
a geological repository?

•  To what extent can the results and data from TRUE-1 be extrapolated?! This applies
both to Äspö itself (including upscaling to larger scales) and transferability to other
sites.

•  Tracer tests are time and resource intensive elements of site characterisation. For
future site characterisation, what types of tests are required to fulfil the data needs of
PA (spatial and temporal scales)?!

•  Breakthrough curves are an integrated/averaged result of the transport phenomena
studied. Detailed information on the flow path geometry and its variability are
required to fully differentiate/distinguish effects of transport processes from effects
introduced by geometry, e.g. channelling. How far do we need to push the detailed
characterisation of a potential repository site? Is it satisfactory to rely on data
/extrapolation from detailed pore space information from e.g. the TRUE-1 site?

4. Research priorities

•  Is the relation between (the needs of) PA and the TRUE programme satisfactory
met?

•  Are additional laboratory transport data required?! If yes, of what and in what
quantities are data required? In this context, what are the prospects of assessing
diffusion properties and variability from electrical well logs.

•  Integration of laboratory, detailed and block scale results are considered important
to enable a adequate representation of the site scale. Regarding the issue of
upscaling, what material parameters need to be addressed?

•  Heterogeneity: detailed understanding of pore space of fractures (epoxy resin
impregnation), assessment of relative role of internal heterogeneity of fractures
relative to that introduced by fracture intersections!

•  Improvements in future field tracer experiments.

•  Characterisation techniques and methodology.
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•  Testing techniques (development of single hole tracer test techniques!?)

•  Duration of experiments.

•  What should the “next” tracer experiment in the TRUE series look like?!

•  Scale (integration of scales).

•  Configuration of experiment (flow field).

Session 2. SKB project team interpretation of
experimental results

Chairman: Peter Wikberg, SKB

No specific written account of the results and conclusions by the SKB TRUE Project
Team presented as part of Session 2 is provided here, nor is any written account of the
TRUE-1 related papers presented as part of Sessions 3a /Birgersson et al./, 3c /Selroos/,
and 4 /Cvetkovic/. The reader is instead referred to Winberg et al. /2000/ and the
supporting reports listed in Appendix A.

In the ensuing discussion the following items were discussed;

Geometry of studied feature

The TRUE-1 tracer tests were carried out in an interpreted single fracture denoted
Feature A. The investigated reactivated mylonite which makes up Feature A does not
intercept the tunnel. Near its projected intersection with the tunnel, however, a dry,
apparently non-reactivated mylonite is present with a more gentler slope than Feature A.
This feature is visible in the major part of the northern tunnel wall and in the roof. This
observation has bearing on the continuity and singularity of Feature A.

As pointed out by the project group, there exists an uncertainty in whether the studied
feature is a single feature with an undulating surface, or alternatively, a hydraulic
structure made up of a few sub-parallel interconnected conductive structures.

Hydraulic situation

A decrease in hydraulic head in the vicinity of the tunnel has been observed as time has
progressed, and has been interpreted to be associated with drainage of the pore spaces in
the immediate vicinity of the tunnel. This is also reflected in an increased gradient
towards the tunnel. However, the increase in hydraulic gradient is inconsistent with the
reduced inflow to the tunnel segment during the corresponding time period.

A plausible explanation for this inconsistency is that that the spatial window for the
pressure registrations (TRUE-1 site, L=20 m) is much smaller than the spatial window
used for monitoring of water inflow (L=100 m). This implies that activities at lower
elevations in the laboratory may have affected the inflow to Zone NNW-4, assumed to
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dominate the inflow to the tunnel section which include the TRUE-1 site. Alternatively,
the observation may be caused by development of a low-permeable skin around the
tunnel perimeter.

However, the magnitude of the pressure responses, clearly shows that disturbances in
Feature A, show well defined responses in other sections including Feature A, with
magnitudes significantly higher than in the remainder of the network. In addition the
chemical signature in the TRUE-1 block supports the singular and well controlled
nature of Feature A.

Retention in the laboratory scale

Porosities in the range of 0.3–1% have been presented for the various lithological units
in the immediate vicinity of Feature A. It was argued by various parties (data from
Grimsel, Stripa) that the porosity of lab specimens can be up to a factor 2 higher than a
porosity measured in-situ. Diffusivity values for in-situ conditions were reported which
were 1–2 orders of magnitude lower than values obtained on corresponding drill cores
from in-situ diffusion experimentation at the Canadian URL.

Internal structure
The SKB project group presented the hypothesis that the studied fracture (Feature A) is
either an undulating single fracture plane, partly affected by a dual intercept (cf. Bore-
hole KXTT4), or a system of near parallel connected shorter fractures along the direc-
tion of the average orientation of the interpreted Feature A, and also aligned with a
reactivated mylonite. Further, that there is a zone of altered Äspö diorite with a higher
porosity. A gradient in material properties (porosity and diffusivity) has been inter-
preted from the fracture surface into the intact rock. Larger fragments of wall rock
(Altered Äspö diorite) may exist in the fracture. Fine-grained fault gouge has not been
observed. However, its existence cannot be ruled out.

Session 3. Alternative evaluation of TRUE-1
results and related studies

Chairmen: Olle Olsson and Mansueto Morosini

Session 3a  Detailed characterisation of transport-related properties, see page 13.

Session 3b  Alternative evaluation of TRUE-1 results, see page 49.

Session 3c   Related studies, see page 135.
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Session 4. Understanding of retention processes
in a single fracture

Moderator: Johan Andersson, Streamflow AB

The moderator of the session identified the most important issues to be discusssed
during the concluding session;

– Do we understand the basic principles for retention in a single fracture/TRUE-1
Feature A?

– Have we seen matrix diffusion demonstrated!?
– Can we defend that values in retention parameters derived from in situ experiments

are not over-conservative?!
– Is there a way to extrapolate the TRUE-1 results to performance assessment time

scales!?
– What data/analysis are needed in the perspective of the explicit needs of

performance assessment?!
– What is the role in the future of experiments of TRUE-1 type!?

Active processes

It was pointed out that practically every modeller uses the Advection-Dispersion (AD)
model and obtain a good fit! However, this is not necessarily a good qualifier for the
validity of the AD concept. There is a need to see the transport problem at hand in other
ways. Assume that matrix diffusion (MD) is non-existant. The observed retention in the
TRUE-1 experiments can in such a case be explained by e.g. pure surface sorption.
However, there is a need to invoke multiple parallel flow paths!

A conceptual model needs to be to be tested also for alternative test set ups. Otherwise it
is impossible to clearly differentiate between models.

When assuming diffusion into matrix rock to be dominant we introduce a factor 30–40
discrepancy between observed laboratory and in situ retention parameters. Are we in
fact wrong with this assumption Alternative explanations may include effects of e.g.;

– zones of stagnant water with fracture in-fills,

– non-correct flow rates,

– fracture network effects (intersecting fractures).

The above list of alternative processes/effects may according to one analyst explain up
to a factor 10–20 of the noted discrepancy between laboratory and in situ retention. It
was concluded that a number of alternative explanations are available and it was recom-
mended that the Project Team should pursue their plans for resin injection and subse-
quent excavation and detailed analysis of the excavated material. Three-dimensional
effects could be analysed and Cs would still be detectable in the fracture. There is a
clear need for independent information to assess the relative effects of different pro-
cesses/properties.
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It was further commented that the internal structure of the flow path is important and
could result in an enhanced flow wetted surface area, and if fault gouge is present, it
could play an important role. However, the collected breakthrough curves from the
experiments (with -3/2 slopes) support the existence of matrix diffusion effects.

It was emphasised that the observed retention is likely to be the result of a combination
of effects. It is not a question of either or, with regards to active processes and/or
effects! Further, indications of limited or unlimited diffusion can be derived from devia-
tions from the –3/2 slope in a breakthrough curve. Fault gouge could in this context
(depending on sorbtivity of the individual radionuclide) result in limited diffusion. This
type of information can be obtained by extending the experiment duration.

Fault gouge has not been collected from Feature A. However, the amount of gouge
material to be expected in a typical fracture at Äspö as observed in the REX experiment
is estimated at about 110 mg/cm2 .

It was concluded that fault gouge present or not, the internal structure of Feature A still
needs to be resolved. Another issue is to what extent the values on flow wetted surface
area as determined from the TRUE-1 experiments are relevant for performance assess-
ment (PA)? However, it is important to note that higher retention than assumed in PA
has been observed in the TRUE-1 experiments! The discussion theme was then oriented
from assessment of understanding of the TRUE-1 experiments towards what type of
experiments that should be part a site characterisation programme, and what experi-
ments (at Äspö or elsewhere) that should be made in support of PA.

The principal challenges are to;

– show that the modelling concepts used are defensible,
– assess retention in the long-term perspective,
– understand implications of (modelling results for) extrapolation to longer spatial

and temporal scales,
– assess whether additional experiments of TRUE type are necessary?
– come to some kind of common agreement on the above issues.

Flow wetted surface

It was argued that the water residence time in the PA time perspective is irrelevant.
Further that the flow wetted surface (FWS) can be obtained from borehole logs where
the FWS per volume of rock ar ∼  4/H, where H is the average distance between con-
ductive fractures along the borehole. It was commented that the latter approach to assess
FWS from flow data in boreholes has been adopted in the SKB SR 97 study. The
question is whether this approach can be defended.

In this context it was argued that the quotient FWS cannot be dissociated with the acting
flow Q (FWS/Q). The notion that ar [L

2/L3] alone provide the necessary entity is wrong!

It was added that upscaling of FWS/Q involves both time and space, i.e. it is a scale-
dependent parameter. In addition the TRUE-1 has been a series of experiments which
have been driven towards minimising mixing. Of interest is to revisit the ideas pre-
viously brought forward by Ivars Neretnieks during the planning stages of TRUE Block



11

Scale where mixing is promoted e.g. by introducing a line sink (e.g. gallery of bore-
holes) providing multiple breakthrough points.

It was concluded that there exists a need on the part of SKB to unify the views and
concepts related to the flow-wetted surface (FWS/Q, ar, aw or k) and its estimation.

Internal structure of Feature A

It was observed that in the event the feature A is characterised by a number of parallel
flow channels/fractures, the apertures of these fractures would be in the order of 0.1
mm. In that case it is not important to characterise the aperture distribution of the frac-
ture in detail, i.e. retention will not be governed by aperture variability (and the β
parameter as used by the SKB project team). In response it was stated that small scale
characteristics and their variability should not be discarded before understanding has
been demonstrated.

Relevance to repository performance assessment

It was pointed out that the step to performance assessment scale is foremost a problem
of extrapolation in time. The planned resin impregnation at the TRUE-1 site will shed
light on the internal structure of the studied feature, but will not provide the answer to
the problem of the time aspect.

Implications for site characterisation

The discussion was then shifted to the implications of the TRUE-1 results for site
characterisation (SC) and the performance of possible new “TRUE-type” experiments.

It was stated that there is no need for tracer tests at SC spatial scales (kilometres), at
least not under the early phases of site characterisation.

In this context the correlation between hydro(geo)logy and transport was emphasised in
the SC perspective. The question is to what extent hydraulic information can be used to
infer about transport.

One should during SC collect whatever information possible with regards to flow/flow
distribution in boreholes. In this context Peter Andersson provided an outline of what is
planned for SKB tracer experimentation during future SC. One large scale (LPT-2 type
(Äspö)) tracer experiment has been proposed with the objective to improve geoscientific
understanding, and to provide parameters. In addition, the potential of single hole
injection-withdrawal (push-pull) tests is being explored.

In this context the use of environmental tracers as natural analogues for understanding
transport in the site scale should not be overlooked. A recent example is the support
provided by hydrogeochemistry as part of the analysis of Task 5 of the Äspö Task
Force.

Careful “sniffing” of CFCs during long-term pumping tests was suggested as an alter-
native/complement.
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Need for complementary investigations at the TRUE-1 site

More boreholes (test sections) and additional tracer dilution measurements (using
additional sink sections) were requested.

Conclusions of the seminar
The outcome of the 4th International Äspö seminar focused on the TRUE-1 experiments
can be summarised in the following main bullets;
 

– There is a general consensus that the observed retardation observed in the TRUE-1
experiments requires diffusion into geological material to be an active process. This
supported by the –3/2 slope noted in log-log BTCs. Whether this is due to diffusion
(and subsequent sorption) in the altered matrix rock, or in possible fault gouge
cannot be differentiated with available data,

– Some researchers claim that the observed enhanced retardation may be explained by
diffusion into stagnant water pools, pure surface sorption, or may be due to an
underestimation in the flow-wetted surface area. The latter effect may be attributed
to a more complex flow path (multi-layered structure) or three-dimensional effects,

– A clear differentiation between the principal active process can only assessed by
resin injection and subsequent excavation and analysis,

– It was identified that experiments of TRUE type are important for improving the
understanding of retention processes. However, this type of experiment will not be
part of a site characterisation programme,

– It was recommended to broaden the data base from the TRUE-1 site before
characterising pore space with resin techniques. This includes tracer dilution tests
using sinks in other features than Feature A.

End of seminar
Olle Olsson, Peter Wikberg and Anders Winberg thanked the discussion moderator
Johan Andersson and all participants for contributing to a good and stimulating
discussion and concluded the seminar.

References
Winberg A, Andersson P, Hermanson J, Byegård J, Cvetkovic V, Birgersson L,
2000. Äspö Hard Rock Laboratory. Final report of the first stage of the Tracer Retention
Understanding Experiments. SKB TR-00-07, Swedish Nuclear Fuel and Waste Manage-
ment Co.



Session 3a

Detailed characterisation of
transport-related properties



14

Contents

Page
Session 3 a   Detailed characterisation of transport-related properties

Alteration and diffusion profiles in two drill cores from Äspö 15

Uncertainty in rock properties: Implications for analysis of radionuclide
migration in heterogeneous bedrock 19

Visualization and quantification of heterogeneous diffusion rates in grano-
diorite samples by X-ray absorption imaging 31



15

Alteration and diffusion profiles in two drill cores
from Äspö
Ove Landström

Eva-Lena Tullborg, Terralogica AB, Gråbo

Executive summary
The effect of hydrothermal and subsequent low temperature alteration/diffusion, and
glacial/post-glacial weathering and diffusion have been studied in two cores of quartz
monzodiorite. One core (YA 1192) was drilled into the hydrothermally altered wall rock
of a water conducting fracture exposed at 170 m depth in the access tunnel to the Äspö
Hard Rock Laboratory. The other one (BAS 1) was drilled from an outcrop with a glaci-
ally polished surface, 1 km north of the YA 1192 site, c f Figure 3a-1. Both drill cores
were sectioned into mm thick slices perpendicular to the core axis. The fracture filling
of the YA 1192 core, the weathered surface of the BAS 1 core and the different slices
were analysed for major and trace elements and isotopes of U and Th.

This presentation summarises the major findings from the study reported by Landström
et al. /2001/.

The YA 1192 core

The altered zone of the YA 1192 core extends to approx. 2.5 cm from the fracture sur-
face. Alteration of plagioclase (plagioclase → albite + sericite + epidote + /-calcite)
dominates, and has resulted in a higher porosity and in formation of secondary minerals
with high sorption capacity (e.g. sericite). Br, Cs and the 234U/238U activity ratios are
increased in the alteration zone, relative to the host rock, indicating saline water (Br) in
pores and micro fractures (i.e. an indication of diffusion medium) and diffusion of U
and Cs from fracture groundwater (and probably subsequent sorption). The U migration
is geologically recent (< 1 Ma). The 2.5 cm altered zone (corresponding to the zone of
active matrix diffusion) significantly exceeds the visible red staining zone (0.5 cm)
caused by hematite/FeOOH micrograins, emphasising the need of microscopy to iden-
tify zones of alteration.

Matrix diffusion – comparison with other studies

Similar results were obtained in analyses of a drill core crosscutting a water-conducting
fracture at 317 m depth in the nearby Götemar granite; 234U/238U >1 and increase in Cs
relative to host rock in the 0–3 cm zone adjacent to the fracture /Smellie et al., 1986 and
discussed in Alexander et al., 1990/. The uranium data suggested a recent (< 1 Ma)
deposition of U and that at least part of the U originated in fracture groundwater; i.e. by
processes similar to those suggested for YA 1192. In a corresponding study from the
Kamaishi site in Japan, Ota et al. /1997/ report on a hydrothermally altered zone adja-
cent to a water-conducting fracture, extending 5 cm into the granodioritic wall rock. The
zone is characterised by connected porosity, decreasing with distance from the fracture.
They interpreted the increase in U, 234U/238U activity ratios > 1 and 230Th/234U activity
ratios < 1 as diffusion of U into the altered zone, occurring within the last 300 ka. A
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correspondence between the extent of alteration zones adjacent to water conducting
fractures and in-diffusion of U, evidenced by uranium series measurements, have also
been reported from several other sites e.g. Böttstein and Grimsel in Switzerland
/Smellie et al., 1986/, El Berrocal in Spain /Heath and Montoto, 1996/ and Eye-Dashwa
Lakes granite pluton in Canada /Gascoyne and Schwarcz, 1986/. Miller et al. /1994/
conclude in their review that; “Comprehensive geochemical and petrophysical charac-
terisation reveals that the region of enhanced trace element mobility in the vicinity of a
fracture often corresponds to zones of physical or hydrothermal alteration”

The studies cited above support the concept of matrix diffusion as a retardation mecha-
nism for uranium. They also emphasise that alteration processes in the rock adjacent to
fractures are, if not a prerequisite, crucial in creating conditions favourable to matrix
diffusion; e.g., increased porosity and secondary minerals susceptible to sorption.

The BAS-1 core

The conspicuous weathering at the BAS-1 site is confined to a narrow rim of the bed-
rock surface (approx. 0.2–0.5 cm thick). Mass balance calculations for this rim zone
(based on immobility of K) indicate that mechanical erosion has dominated over chemi-
cal dissolution processes (roughly 10 times greater). The chemical weathering has
affected mainly plagioclase and chlorite resulting in slight dissolution of these minerals.
Quartz and K-feldspar have remained almost unaltered. Pyrite grains in the outer 2 mm
show different degrees of oxidation whereas pyrite grains at 1.5 cm are unaltered.
Besides the thin weathered surface rim, slight alteration of plagioclase and increase in
porosity is indicated in the 2–3 cm zone below the surface. Decrease of U and Cs con-
centrations in this zone is then interpreted as being due to leaching/diffusion processes,
confined to the Weichselian glaciation (< 100 ka). The 234U/238U is close to unity indi-
cating bulk leaching of U under oxic conditions. This is in accordance with results
obtained from similar studies in Palmottu /Suksi and Raisilainen, 2000/ and Lac de
Bonnet /Gascoyne and Cramer, 1987/. It is suggested that alteration of pyrite and bulk
leaching of U are common results of interaction between oxygenated water and the
uppermost surface of the bedrock or in near surface fractures in areas exposed to the last
glaciation.

Indications of oxygenated glacial melt water

The deposition of U in Ya 1192 and leaching of U from BAS 1 are coeval to quaternary
glacial, interstadial and interglacial periods during which the hydrogeological and
geochemical conditions changed significantly. A main question in performance assess-
ment is whether oxygenated glacial melt water can penetrate to the repository depth
(500 m) and modify the redox conditions. We conclude that the bedrock surface at BAS
1 has been in contact with glacial melt water as well as meteoric water, resulting in oxi-
dation/alteration of pyrite, oxidation/mobilisation of U, and probably also desorption/
mobilisation of Cs. In contrast, no signs of oxygenated glacial melt water influence
were found in the YA 1192 core (170 m depth). In fact, the absence of Fe-oxyhydrox-
ides but presence of fresh pyrite in the fracture filling and the altered zone at YA 1192
as well as deposition of U are contradictory to interactions with oxidising glacial melt
water from the late glaciations. It is concluded that components of groundwater with
glacial melt water signature (δ18O values varying from –15.8 to –13.6 ‰) found at
depths from 134 to 450 m at Äspö /Laaksoharju et al., 1999/ are not associated with
oxidations processes at these depths (results from this study and mineralogical results
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Figure 3a-1. Schematic view of the two boreholes; Bas-1 at the surface of Äspö and YA 1192 intersecting
a fracture surface at 170 metres depth in the access tunnel to the Äspö Hard Rock Laboratory.

compiled in Tullborg /1997/ and references therein). This means that previous sugges-
tions about a high O2 content in glacial melt waters may be over-estimated and/or that
the O2 was consumed already in the near surface zone.
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Uncertainty in rock properties: Implications
for analysis of radionuclide migration in
heterogeneous bedrock
Anders Wörman and Shulan Xu,
Department of Earth Sciences, Uppsala University, Sweden

Abstract
A basic rationale for the current study is that site investigations in connection with the
planning of the final repository for high radioactive waste will provide only fragmentary
(discrete) information of the bedrock properties. Since the bedrock displays generally a
significant heterogeneity in most properties of relevance to radionuclide migration,
there will be uncertainties about the barrier effect provided by the bedrock towards
accidental leakage of radionuclides from the repository.

This paper shows how the heterogeneity in the bedrock properties has two funda-
mentally different implications for an analysis of radionuclide transport. Firstly, the
actual variation of bedrock properties causes migrating nuclides to encounter a certain
(known) distribution of properties along their transport path. The associated effect does
not depend on the spatial correlation of properties (auto-covariance), but does depend
on the variance and cross-correlation between the properties. A second effect is due to
the uncertainty about the statistical representativity of properties along an individual
transport path, which is related to the discrete measuring technique. This effect can,
generally, be considered to be the main effect of the heterogeneity of the bedrock on
analysis of solute transport. By analysis of an ensemble of equally probable realisations
of the transport along an individual path we were able to express the expected values of
the mean and variance of the residence time PDF for radionuclides travelling in a single
fracture. The 'uncertainty effect' is significant if a certain sum of H-terms is much larger
than unity.

Based on geostatistical information for the Swedish granitic bedrock, the effect of
uncertainty of bedrock properties on the transport of radionuclides can be important for
fractures thinner than about 0.1 mm. The geostatistical information was obtained
through sampling drill-cores at the Äspö Hard Rock Laboratory and performing a large
number of batch tests in sub-samples taken in a certain pattern in the cores.

1 Introduction
One component in the system for disposal of radioactive waste in geological formations
is the bedrock itself. Migrating radionuclides (RNs) is assumed to be retarded by diffu-
sion into stagnant pore water (in micro-fissures and matrix pores) and adsorption onto
solid surfaces. A significant problem, however, in a performance assessment is to esti-
mate the barrier effect of the geosphere. The significant spatial variability of the rock
properties implies that migrating RNs encounter a distribution of bedrock properties and
mass-transfer mechanisms in different proportions along the transport paths. For practi-



20

cal reasons, we will never be able to know exactly this distribution of properties by
performing a reasonable amount of measurements in a site investigation.

On the contrary, recent experimental studies reveal that crystalline bedrock can possess
a marked heterogeneity of various physical and geochemical properties /Hakami and
Barton, 1990; Siitari-Kauppi et al., 1997; Xu and Wörman, 1998/ that potentially may
have a certain impact on the transport of RNs in fractured bedrock. Also current field
investigation techniques provide only fragmentary information of the properties of the
geosphere. This is a basic motivation for treating flows of water and solute elements in
groundwaters by means of stochastic continuum models /Gelhar et al., 1974; Dagan,
1989; Gutjahr et al. 1978; Gelhar et al., 1979; Gelhar and Axness, 1983/. The problem
is stated mathematically as a system of partial differential equations (PDE) with spati-
ally stochastic perturbations introduced in the coefficients. In such an approach we
recognise the spatial variability in bedrock properties along a specific pathway but also
a distribution of equally probable pathways that reflects our uncertainty of the bedrock.
Solution to the ensemble average of the transport along the distribution of pathways and
estimation of the uncertainty of the averaged solution are the aims of the stochastic
approach.

The stochastic analysis is based on the idea that we know only certain point values of
the property fields and use this information to estimate intermediate values. If we were
able to estimate the exact distribution of values from a large number of samples it would
be relevant to perform a deterministic analysis of the transport. Consequently, there are
two important problems (at least) related to the spatial variability of rock properties,
effects of the actual (real) spatial parameter variability along the pathway and effects
due to the uncertainty in our knowledge of the heterogeneous rock properties. The first
problem can be analysed based on a deterministic description of the parameter variabi-
lity, whereas the second problem requires a stochastic approach. The purpose of this
paper is to outline the implications of the two approaches and to show how the stochas-
tic approach can be supported by geo-statistical data obtained from rock samples. The
solute transport is assumed to occur in a single fracture and diffusion and equilibrium
sorption in the rock matrix affect the transport.

 In this paper we show also how rock samples taken at Äspö are analysed with respect
to effective diffusivity, porosity and sorption properties. The data is analysed and repre-
sented in the form of basic semi-variograms for Äspö diorite and Smålands granite.

2 General formulation of the problem
Transport of radionuclides in a single fracture in bedrock can be expressed as
/Neretnieks, 1980/:
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where c is the concentration of solute per unit volume of water [kg/ m3], cm is the
dissolved solute mass per unit volume of pore water in the rock matrix [kg/ m3], the
pore diffusivity Dp = DδD/τ2 [m2/s], D is the molecular (ionic) diffusion coefficient
[m2/s], δD is the constrictivity, τ is the tortuosity, u is the advection velocity of the
solute [m/s], t is the time [s], x is a length co-ordinate, h is the fracture aperture [m], ε is
the total porosity of rock matrix, εt is the porosity of rock matrix available to matrix
diffusion, ρ is the density of the rock [kg/ m3] and the partition coefficient KD = (ρ/ε)
(cw/cm). This formulation deviates from the one proposed by Neretnieks /1980/ in that
we have decided to differentiate between the porosity available to transport and the total
porosity (important to the accumulation capacity). Further, variables marked with a tilde
'~' are assumed to be spatially variable in the x-direction (either randomly or determinis-
tically).

We chose to analyse a case in which a short pulse is introduced at the upstream side of
the fracture, i.e. the boundary conditions are defined as:

c
∼
(x=0,t) = δ(t) 

M
Q (3)

c
∼

m(z=0,t) = c
∼
(x,t) (4)

c
∼

m(z=∞, t) = 0 (5)

where M is total solute mass [kg], Q is discharge [m3/s] and δ is Diracs delta function
[s-1]. By solving the problem in the Laplace domain with zero initial concentration and
using a standard transform /e.g. Rådhe and Westgren, 1989/ we obtain the solution on
the form:

c(x,t) = 
M
Q

 
x εt

u h

ε Dp (1 + KD)

π (t − x/u)3εt

 exp
 �

�
��− 

εt ε Dp (1 + KD) x2

h2 u2 (t − x/u)  �

�
��  θ(t − x/u)

(6)

where θ is the Heaviside unit function.

3 Deterministic analysis of solute transport with spatially
variable rock properties

A purpose of this section is to analyse the effect of a deterministic (known) variability
of rock properties on the solute transport in a single fracture. Such a solution is impor-
tant in order to understand the different effects of parameter heterogeneity related to the
actual (real) spatial variability along a specific transport path and the effect related to
our uncertainty of the exact variability.

For simplicity we start by consider a fracture that is divided in two parts of equal size.
Since there is no diffusive term in (1) we can obtain the solution S at the distance x=X
by using the solution from the first half (x=X/2) as a boundary condition for solving the
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transport in the second half. Formally, the solution can be expressed as a convolution
S = S1 · S2, where the subscripts 1 and 2 denote the first and second halves of the fracture
and · is the convolution operator. In terms of the solution (6), the result is;

c(x,t) = 
M
Q

 �
∞

0

X/2 εt2

u2 h2

ε2 Dp2 (1 + KD2)

π (t − τ − (X/2)/u2)3εt2

 exp
 �

�
��− 

εt2 ε2 Dp2 (1 + KD2) (X/2)2

h2
2 u2

2 (t − τ − (X/2)/u2)  �

�
��  θ(t − τ − (X/2)/u2)

X/2 εt1

u1 h1

ε1 Dp1 (1 + KD1)

π (t − (X/2)/u1)3εt1

 exp
 �

�
��− 

εt1 ε1 Dp1 (1 + KD1) (X/2)2

h2
1 u2

1 (t − (X/2)/u1)  �

�
��  θ(t − (X/2)/u1) dτ

We can see directly from convolution principles that the convolution (7) is identical to
the convolution in which the solutions S1 and S2 are interchanged with each other; i.e.
S1 · S2 = S2 · S1. The same conclusion can be reached by recognising the convolution as
an inversion rule for Laplace transforms, i.e. L[S] = L[S1] L[S2], and analysing the
appearance of the solution in the Laplace domain /Hautojärvi A, Poteri A, Personal
communication/. The implication is that the spatial order of the two halves does not
affect the convoluted solution. However, the variance of the properties affects the
solution. Since the different properties form a lumped parameter P that is a function of
the different variables P(KD;ε;εt;u;h), we cannot unconditionally use the expected values
of the individual parameters, i.e. E[P] ≠ P(E[KD];E[ε];E[εt];E[u];E[h]). This is because
of both possible cross-covariance between parameters and the fact that the expected
value of a function of a single stochastic variable is not generally the function of the
expected value of the stochastic variable.

Figure 3a-2.  Solution according to (7) to transport in a fracture in which the properties are different in
two half-parts (solid curves) and the solution according to (6) with expected value of the individual para-
meters (dashed curve). In the left-hand diagram the effective diffusivity Dp varies a factor 10 between the
two half-parts. In the right-hand diagram the fracture aperture h varies a factor 10 between the two half-
parts. The largest values of Dp and h were 3.6x10-7 m2/h and 5x10-4 m. Further, u = 0.198 m/h, KD = 540,
εt = 0.004 and ε = 0.006.

(7)
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The convolution can be performed for any arbitrary number of parts of any arbitrary
lengths, which means that the above conclusions can be generalised to a continuum.
Consequently, if we were able to take samples from the bedrock to the extent that we
are sure what properties migrating RNs will encounter, the auto-correlation of a rock
property would not be important. However, the variance of the properties could be
important. Figure 3a-2 shows how the solution varies between a case in which when we
consider the variance in the properties (solution is obtained as E[S]) and when the
properties are represented using expected values (solution is obtained as
S(E[KD];E[ε];E[εt];E[u];E[h])). The difference is generally not so great even if all
properties vary and, for moderate variances, we can use the expected values of the
properties as approximations.

4 Stochastic approach to account for parameter variability
From the previous section we have seen that there is a difference in the solution to the
RN transport in a rock fracture when we use mean values of the properties and when we
consider a known sequence of the properties. A purpose of this section is to express
the solution using effective values of the rock properties. Following the deterministic
approach of the previous section could lead to the objective, but this would require that
we ignore the uncertainty of the rock properties that is associated with a discrete infor-
mation of the bedrock. However, analysing an ensemble of equally probable realisations
of the real case can represent the uncertainty in the solution, where the ensemble of
realisations satisfies certain statistical requirements of the bedrock.

By assuming that the properties (denoted by tilde in (1) and (2)) are spatially random,
we are able to express both the expected value of the solution Ee[S] and the uncertainty
of the solution in terms of the variance Vare[S], where subscript e denotes evaluation
over the 'ensemble'. In order to do this, we de-couple the two-dimensional flow problem
from the one-dimensional mass-transfer problem using a Lagrangian way of description
/e.g. Cvetkovic and Selroos, 1999/. The one-dimensional solution applies along indivi-
dual transport paths or for a case in which the flow is uniform. By assuming small per-
turbations and exponential covariance functions of all rock properties, we are able to
solve the mass-transfer problem in terms of the expected values of the mean and the
variance of the residence times in the fracture /Wörman et al., 2000/ (cf. Figure 3a-3).
These quantities have been appointed as relevant performance indices by Cvetkovic and
Selroos /1999/.

Microstructural evidences and historical records of matrix diffusion indicate that the
diffusion is limited to a narrow zone adjacent to water conducting fractures /Heath and
Montoto, 1996/. From observations of the uranium series concentration profiles adjcent
to a fracture they concluded that the penetration seems to be limited to the order of
millimetres or tens of millimetres from the main fracture plane /Heath et al., 1992/.
Therefore, it seems justified to replace the boundary condition (5) with a no-flux con-
dition at a depth in the rock matrix equal to Z [m]. The solutions are then obtained in the
forms
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Figure 3a-3.  Principal sketch of how a breakthrough is characterised by the expected value and the
variance of the breakthrough (residence time probability density function).
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in which µt = expected value of residence time PDF, σ t
2  = variance of residence time

PDF, R = (1 + KD) (2 Z ε)/h, T = (ε/εt) (Z
2/Dp) (1 + KD) [s], Hi = (Ii bi)/( E[η1] E[η2] u T),

η1 = u/˜ u , η2 = ( ˜ D p / D p)
0.5    (˜ ε t ˜ ε /ε tε) 0.5 ((1 + ˜ K D )/(1+ KD))0.5  h / ˜ h  and variables without

a tilde should be regarded as expected values (e.g. u = E[u]). The correlation lengths Ii

and variances bi are defined in Table 3a-1. The uncertainty of (8) and (9) can be
expressed in terms of their variances in the Laplace domain and inverted numerically
/Wörman et al., 2000/.

Consequently, there are three typical parameters governing the RN transport. The
R-parameter can be viewed as a retardation factor, the T-parameter is a typical residence
time for RNs in the rock matrix and the seven H-terms reflect the effect of the uncer-
tainty of the heterogeneous rock properties (i.e. the uncertainty of the rock properties
along a single arbitrary transport path). If the rock properties are completely spatially
uncorrelated (Ii = 0), there is no uncertainty of the distribution of parameters along a
transport path. In all realisations of the transport we will then have a complete represen-
tation of all properties and, in that case, their spatial correlation is of no importance
(cf. previous section).

The expected values E[η1] and E[η2] represent the effect of the actual (known) variabi-
lity in parameters that exists even if there is no uncertainty about the distribution of
properties along a specific transport path. This effect is the same as that described in the
previous section. These averages should be weighted by distance x and depend on the
cross-correlation of the properties but not their auto-correlation. For most practical
purposes, the expected values E[η1] and E[η2] can be regarded as being effectively
unity.
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To sum up, the main effect of heterogeneity of the rock properties is due to the uncer-
tainty of the properties associated with a discrete sampling technique; this is the effect
accounted for by the H-terms in (9).

Table 3a-1. Definition of covariance function for the auxiliary variable β β β β and    the
amplitudes (variance), ai, of the series representation.

5 Measuring variability of bedrock properties
Petrographic analyses of fractures in crystalline bedrock indicate that there is a
significant spatial variability of the properties affecting the migration of naturally
existing elements in the groundwater /Heath and Montoto, 1996/. Similarly, investi-
gations of the variation of the aperture in rock fractures at Äspö indicate a significant
variation /Hakami and Barton, 1990; Siitari-Kauppi et al., 1997/. In the stochastic
theory of the previous section, these variation in the problem variables can be repre-
sented in terms of the advection velocity u, the aperture h and the matrix property M
(Table 3a-1 defines M). This separation/limitation is proposed because u, h and M can
readily be treated independently. In the theory, the cross-correlation between u, h and M
have been neglected, whereas there is a possibility to design measurements so that the
cross-covariances between the parameters defining M can be taken into account.

In a real fracture, the aperture varies and distorts the flow field. The statistics of the rock
properties should thus be evaluated along the stream-lines by means of numerical
simulations of the flow. The general statistics of h and Mp, obtained in an arbitrary
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Figure 3a-4. Schematic of the sampling pattern used on drill cores taken at Äspö Hard Rock Laboratory.
Black squares represent slabs to be investigated with regard to certain parameters.

direction, should be converted to the statistics in u, h and Mp encountered along stream-
lines. In order to calculate the flow field (statistics in u) we need to know the aperture
statistics. The remaining requirement to facilitate the analysis of the solute mass trans-
port is then to obtain the statistics in the matrix property Mp.

In order to study the statistics of Mp in granitic bedrock, nine drill cores were taken from
the Äspö hard rock laboratory, Kalmar County in Sweden. The cores had a diameter of
20 cm, a length ranging from 50 to 90 cm and they were taken both in Äspö diorite and
Småland granite. The drill cores were used for certain migration tests (not reported
here), evaluation of mineral composition, and different batch tests like leaching, through
diffusion, in-diffusion and sorption tests on crushed rock /Xu and Wörman, 1998/. The
main minerals of Småland granite are quartz, potassium feldspar, muscovite and saussu-
ritized feldspar.

Rock slabs were taken in a certain pattern (Figure 3a-4) which facilitated a reliable
geostatistical analysis of the data in two dimensions. The size of each slab face was
20x20 mm and the thickness varied in the range 6–15 mm. The auto-covariance
function or semi-variagram of the data (porosity, effective diffusivity and sorption
properties) can be estimated from measurements on the individual slabs with appro-
priate separation distances. The correlation length in an arbitrary direction in the (x, y)-
plane, I, was evaluated based on the assumption of isotropic conditions. Figure 3a-5
shows the auto-covariance of the matrix property Mp when the cross-correlation
between properties is accounted for.
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Figure 3a-5. Auto-covariance vs separation distance for the effective matrix parameter ˜ M p  obtained for

a diorite taken at Äspö Hard Rock Laboratory, Sweden /Xu and Wörman, 1998, 1999/. The  curve repre-
sents the exponential covariance function.

By using the data obtained in this study and the statistics of fracture aperture variation
of Hakami and Barton /1990/ we found that typical statistics for Äspö diorite is given by

between fracture aperture and groundwater flow velocity, we can conclude that the
effect of heterogeneity (uncertainty) in the rock properties can significantly affect the
variance in the residence time PDF (cf. (9)) /Wörman et al., 2000/. The aperture needs
to be thinner than about 0.1 mm for this effect to be essential.

6 Discussion and conclusions
The isolation of spent nuclear fuel in a deep repository in bedrock relies to a certain
extent on geosphere retardation of radionuclides that accidentally escapes from the
repository. In the analysis of radionuclide migration we are facing two types of
problems related to the spatial variability of the bedrock properties. Firstly, a known
sequence of different values of the rock properties affects the solution. This is because
of both possible cross-covariance between parameters and the fact that the expected
value of a function of a single stochastic variable is not generally the function of the
expected value of the stochastic variable. In this case, where the exact distribution of
rock properties is known, the solution is independent, however, on the spatial correla-
tion between properties.

This type of “deterministic/actual” heterogeneity effect appears both in a deterministic
analysis of the spatial variability of the properties and in an analyses in which the pro-
perties are assumed to be spatially random. The latter approach reflects the fact that
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there is also an uncertainty about the exact appearance of the property fields, which in
many cases can be significant. Field investigations provide generally only discrete (and
sparse) information that implies marked uncertainties in the analysis of solute transport.

By means of a stochastic analysis we were able to represent the effect of the uncertainty
of the rock properties on the mean value solution and the uncertainty of the solution.
This additional effect of heterogeneity of the properties is generally more pronounced

consider the uncertainty in the rock properties, where u is advection velocity, T is resi-
dence time in the rock matrix, Ii is correlation lengths and bi are variances defined in
Table 3a-1. As a rule of thumb for conditions typical to the Swedish bedrock at a depth
of 500 m, the aperture needs to be thinner than about 0.1 mm for the effect of hetero-
geneity (uncertainty) in rock properties to have an essential impact on the variance in
the residence time PDF.
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Appendix 1: Definition of coefficients Table 3a-1
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Abstract
Matrix diffusion is one of the most important contaminant migration retardation pro-
cesses in crystalline rocks. Performance assessment calculations in various countries
assume that only the area of the fracture surface where advection is active provides
access to the rock matrix. However, accessibility to the matrix could be significantly
enhanced with diffusion into stagnant zones, fracture fillings, and through an alteration
rim in the matrix. Laboratory visualization experiments were conducted on granodiorite
samples to investigate and quantify diffusion rates within different zones of a Creta-
ceous granodiorite. Samples were collected from the Kamaishi experimental site in the
northern part of the main island of Japan. Diffusion of iodine out of the sample is
visualized and rates are measured using x-ray absorption imaging. X-ray images allow
for measurements of relative iodine concentration and relative iodine mass as a function
of time and two-dimensional space at a sub-millimeter spatial resolution. In addition,
two-dimensional heterogeneous porosity fields (at the same resolution as the relative
concentration fields) are measured. This imaging technique allows for a greater under-
standing of the spatial variability of diffusion rates than can be accomplished with
standard bulk measurements. It was found that diffusion rates were fastest in partially
gouge-filled fractures. Diffusion rates in the recrystalized calcite-based fracture-filling
material were up to an order of magnitude lower than in gouge-filled fractures. Diffu-
sion in altered matrix around the fractures was over an order of magnitude lower than
that in the gouge-filled fractures. Healed fractures did not appear to have different
diffusion rates than the unaltered matrix.

1 Introduction
Matrix diffusion is one of the most important retardation processes in fractured rocks. A
traditional Performance Assessment (PA) assumption for modeling matrix diffusion
assumes radionuclides only diffusion into the matrix adjacent to the advective path or
channel in the fractures. This available area for matrix diffusion is called the flow-
wetted surface (FWS) and the ratio of FWS is commonly 20 to 50% of the fracture
surface area. In many cases, a limited depth of rock matrix is assumed to be accessible
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by diffusion. Thus, traditional PA assumes a limited volume of rock matrix is accessible
for matrix diffusion.

However, geologic examination of crystalline rocks commonly shows an altered rim (or
halo) along the entire fracture surface indicated by orange, pink or white coloring. The
presence of this altered matrix gives evidence that there is access via diffusion along the
entire gouge-filled fracture surface. Therefore, the FWS could be assumed to be 100%
due to diffusion in geologic time.

Besides open void space in a fracture, there usually exist finely crushed materials, called
fault gouge and/or breccia, as well as calcite-based recrystalized material. The porosity
of these materials may be high relative to the rock matrix. However, these materials are
fragile and cover small areas and are thus difficult to measure.

The Japan Nuclear Cycle Development Institute (JNC) decided to apply a novel tech-
nique developed by Sandia National Laboratories (SNL) using non-destructive X-ray
absorption imaging to observe the porosity and tracer migration in fractured granite
rock at a sub-millimeter spatial resolution /Tidwell and Glass, 1994/. This method was
originally applied to the dolomite samples from the Waste Isolation Pilot Plant, the U.
S. Department of Energy’s deep geologic repository for transuranic nuclear waste site in
New Mexico, to observe and quantify heterogeneous tracer migration /Tidwell et al.,
2000/. However, prior to this study, this method had not been tested on crystalline rock.

The following objectives were defined for the preliminary experiments:

1. Test and refine the X-ray absorption experimental technique for optimal imaging of
diffusion processes occurring in fractured crystalline rock, specifically in fracture-
filling material, altered granodiorite and unaltered granodiorite. Of special interest
is whether the technique will be effective for the matrix samples with extremely
low-porosity.

2. Obtain qualitative and possibly quantitative information on the relative diffusion
rates of the different materials (gouge-filled fracture, recrystallized fracture filling,
altered and unaltered matrix).

These experiments are described in more detail in Altman et al. /2001/.

2 Experimental description

Sample descriptions

A core approximately 15 cm in diameter and a block, approximately 50 cm on a side,
taken from the Kamaishi mine in the northern part of the main island of Japan, were
used in this study. The core sample consisted of fracture-filling material as well as
altered and unaltered matrix. The fracture in the core was characterized as a Type-B
fracture, meaning it contains a zone of fracture fillings, altered and unaltered matrix
/Osawa et al, 1995/. Damage from shipping and handling of the core might have caused
fracturing in the fracture-filling material along the plane of the fracture. Samples
KC1c-FF, KC1a-alt and KC1a-unalt (Figure 3a-6) were taken from this core.
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The block contained several fractures running perpendicular to the diffusion face. Some
of the fractures were filled with high-porosity fault gouge and others were recrystalized.
Rock bolts were used to protect the integrity of the fractures during shipping. Altered
matrix was also present in the sample in the vicinity of several of the fractures. One of
the advantages of this block over the original core, described above, is that there was
less damage to the block during shipping. Therefore, the fractures have been left intact
and disturbance or loss of the fracture-filling material, especially the high-porosity
gouge material, was probably minimal. Sample KB1am-1 (Figures 3a-6 and 3a-7) was
taken from this block. The dimensions of each sample are listed in Table 3a-2.

Table 3a-2.  Dimensions of samples.
____________________________________________________________________________________

Length Width Thickness Volume
Sample ID Description   (cm) (cm)      (cm)   (cm3)
____________________________________________________________________________________

KB1am-1 Fractured sample 10.024 14.989 2.423 364.010

KC1c-FF Fracture-Filling 7.840 9.241 2.289 165.787

KC1a-alt Altered matrix 4.940 7.330 2.625 95.034

KC1a-unalt Unaltered matrix 7.240 6.861 2.641 131.187
____________________________________________________________________________________

Figure 3a-6.  Rock samples and schematic of the different test cells for the experiments showing how the
configuration of the materials with the source terms differ.  Scales are in centimeters.

KC1c-FFKB1am-1 KC1a-alt KC1a-unalt

Legend

Recrystallized Fracture FillingReservoir

Altered Matrix FractureUnaltered Matrix
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Four samples were selected for the purpose of gaining an understanding of the variation
in diffusion rates in different materials (Figure 3a-6). Use of KC1c-FF focused on
evaluating diffusion rates through the recrystalized fracture-filling. Test cells KC1a-alt
and KC1a-unalt were selected to assess diffusion through the altered matrix and
unaltered matrix, respectively. Results from KB1am-1 were used to look at diffusion
through partially gouge-filled fractures. Note that the two predominant fractures in
KB1am-1 were partially opened and partially filled with gouge material. There were
also recrystalized fractures in the sample.

Diffusion

Diffusion Face

B

A

Figure 3a-7.  Photograph of two faces of sample for test cell KB1am-1. The upper face is the face over
which the X-ray images are taken (A). The lower face is the face where the diffusion boundary is located
(B). The scale is in centimeters.
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Test cell preparation

A schematic of the test system used in the diffusion experiment is shown in Figure 3a-8.
Each sample was housed in a separate test cell. Four bars of aluminum were cut to fit
around the four edges of each sample. The frame was used to provide rigidity to the test
cell and minimize X-ray scatter around the edges of the sample. A reservoir, used for a
controlled concentration boundary condition, was milled out of one of the aluminum
bars. The aluminum bars at the base of the test cell, consisted of two pieces. The piece
in contact with the sample has a hole providing access to tracer during saturating
process (Figure 3a-8, Piece A). The second piece was constructed so that it would fit in
the hole for final assembly (Figure 3a-8, Piece B). By inserting plumber’s putty (a very
low conductivity material) along the end of the sample, in contact with the area where
the two pieces join, a no-flow boundary was created.

Once the aluminum bars were constructed the frame and samples were potted in epoxy.
The epoxy was used so as to form no flux boundaries along the faces and edges of the
sample. A high viscosity epoxy was used to minimize inhibition into the rock. One
drawback of using the high viscosity epoxy was that air bubbles formed in the epoxy.

Figure 3a-8.  Schematic of a test cell showing oblique and side views. Pieces A and B comprise the
bottom aluminum bar on the test cell. Piece A, with its open center is attached with epoxy directly
onto the sample. This end remains open during the saturation period. Piece B fits into the open slot
of piece A. When inserted with plumber’s putty the end now becomes a no-flux boundary.
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Tracer solution

The iodide ion was selected as a tracer because it is geochemically conservative and has
favorable X-ray absorption characteristics /Tidwell et al., 2000/. Ten-weight-percent
potassium iodide (KI) was used as the tracer solution. Albuquerque, New Mexico tap
water was used as the solution and the zero-concentration circulated fluid because the
chemistry of the tap water appears to be similar to the chemistry of the groundwater
where the samples were obtained.

Saturating samples

After the samples were epoxied in their aluminum frame they were ready for saturating.
The dry samples were weighed then placed in a vacuum chamber. The samples were
first saturated with CO2 to minimize the possibility of entrapped air. The tracer was then
introduced and the samples were saturated under vacuum conditions. The samples were
left in tracer solution under vacuum conditions until the weight of the samples with
tracer stabilized (49 days).

X-ray absorption imaging set-up

High-resolution, X-ray absorption images were acquired by directing a beam of X-rays
at the face of the test cells while recording the transmitted X-rays on film secured in a
cassette behind the test system. The X-ray source was located at a sufficient distance
from the film (approximately 2.8 m) to expose the entire film while minimizing
parallax. X-ray source parameters used in imaging were tuned to the absorption
characteristics of the tracer. A source intensity of 60 kV at 26.6 mA was used. The
accompanying exposure time is set to maximize image contrast, which is a function of
sample thickness and tracer concentration. Exposure time determined by trial-and-error
was 17 minutes for samples KC1a-alt and KC1a-unalt and 13 minutes for KB1am-1 and
KC1c-FF. X-ray images were taken of the dry samples, saturated samples and samples
over time during the duration of the experiment.

Diffusion experiment

Once the samples are saturated, the diffusion experiment is ready to begin. The finished
test cells were mounted side by side on a steel frame (Figure 3a-9). A fixed density
wedge was also mounted to the frame. The test cells were arranged so that the reservoirs
were above the rock sample. This position was chosen so that the less dense fluid that
circulated through the reservoir was above the more dense tracer solution used to
saturate the rock sample. Therefore, mixing due to density differences was not expected.

A constant-tracer-concentration-boundary condition was achieved by circulating fluid
(tap water) through the reservoir (Figure 3a-10). Note the samples were originally
saturated with a KI tracer and therefore the concentration boundary condition is C = 0.
Therefore, the experiment visualizes diffusion out of the samples. The experiments
commenced with the circulation of clean water. After starting circulation, X-ray images
were taken periodically over a period of 202 days.
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Wedge

Outlet Connection

Steel Frame

X-ray Film Cassette
Cassette

Figure 3a-9.  Photograph of test cells mounted on steel frame and in position for X-ray imaging.

Specimen Test Cells

Upstream
Reservoir

4321

Pump

Downstream  Reservoirs

KB1am-1

KC1c-FFKC1a-unalt

Steel Frame

- Inflow tubing

- Outflow tubing

Figure 3a-10.  Schematic of experimental system.
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3 Analyses of images
Spatial variation in solute concentration within each sample was recorded as differences
in film density. To quantify these differences, digital imaging was employed. This was
accomplished by placing the exposed X-ray film in front of a diffused bank of high-
frequency (60 MHz), high-output fluorescent lights. A computer-controlled feedback
loop was used to maintain consistent light intensity during imaging. Variation in the
transmitted light intensity field, corresponding to differences in film density and hence
the solute concentration, was recorded by means of a charge-coupled device (CCD)
camera focused on the front of the X-ray film. The CCD camera output was digitised
into an array of at least 1024 x 1024 points, with each point assigned a gray level value
between zero and 4095 according to the transmitted light intensity. The array size of the
camera and the size of the test system determine the spatial resolution of the acquired
image. For this experiment each pixel will be measured approximately 0.3 mm on a
side.

Because data from multiple images are required to calculate the relative concentration,
total mass, and porosity at a given point, care in registering images is required. To aid in
this process, lead reference marks were strategically affixed to the test system.

To determine the relative tracer concentration at each point in the X-ray image, the
digitized gray-level values were modified through a two-step process. The first step
adjusted the image according to the fixed-density wedge included in each image to
correct for variations in the source intensity and variations in film quality. The wedge,
which varies linearly in thickness, was made of a hardened epoxy/tracer suspension.
This was accomplished by taking a transect through the wedge and then plotting the
gray-level intensity versus wedge thickness at each pixel. This process was repeated for
each image using the same transect. A polynomial function was then fit to the wedge
data. One curve was chosen as the reference and all other wedge intensity data were
mapped back to the reference. Once the reference mapping has taken place, the image
gray-level intensities were adjusted according to the mapping.

Porosity Estimates

The porosity (φi,j) at each pixel is determined from the X-ray images taken of the
tracerless (Id) and tracer saturated (Is) samples. The natural log transformed images are
subtracted and then normalized by the mean value and scaled by the bulk porosity:

where E[ln(Is)i,j– ln(Id)i,j] is the average difference between the tracer saturated and
tracerless images, φbulk is the bulk porosity of the rock slab, zi,j is the thickness of the slab
at point i,j, and zavg is the average thickness of the rock slab. As the samples were all
ground to have an even thickness, the zi,j/zavg term drops out of the equation. The bulk
porosity (φbulk) of each sample is needed to estimate the porosity distribution from the
image analyses. The bulk porosity was estimated by calculating the change in mass
between the dry samples and saturated sample as follows:
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where Msat is the mass of the saturated sample, Mdry is the mass of the dry sample, MRes is
the mass of the tracer in the reservoir, ρtracer is the density of the tracer and V is the
volume of the sample. Msat and Mdry are measured directly.

Estimates of C/Co and M/Mo

Relative concentration is calculated from the adjusted gray-level images by applying
linear absorption theory /Tidwell and Glass, 1994/. Specifically, at each point or pixel in
the image domain the following equation is applied:

C

Co

=
ln(I) − ln(Id )

ln(Is ) − ln(Id )
 (3)

where I is the transmitted light intensity at a fixed point, Is is the transmitted light
intensity at the same point on the image for the fully tracer saturated condition (image
C/Co = 1), and Id is the transmitted light intensity at the same point on the image before
the sample has been saturated with tracer (image C/Co = 0).

To assist in the analyses, the normalized cumulative mass (M/Mo) in the area of the
fractures in KB1am-1, the fracture filling material in KC1c-FF, and the altered matrix in
sample KC1a-alt was calculated as follows:
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where M is the mass of tracer in the area at a the time the X-ray image was taken and Mo

is the corresponding quantity when the sample is saturated with tracer, zi is the thickness
of the slab at a given pixel, φi is the corresponding porosity and N is the number of
pixels in the area.

Diffusion coefficient estimates

Two methods were used to estimate the diffusion coefficients for different portions of
the samples: an analytical method and a numerical (semi-analytical) method employing
multiple rates of mass transfer.

Analytical solution
The configuration of a constant tracer concentration boundary condition along one edge
of the test sample while the other edges and faces are maintained as zero flux
boundaries allows direct comparison with analytical solutions for 1-D diffusion in a
finite slab. According to Crank /1975/ the relative concentration is a function of position
and time C/Co(x,t) as given by:
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where De is the diffusion coefficient, l is the slab length, and n is a summation index.
Similarly consider M the total mass of tracer in the sample at time t and Mo the
corresponding quantity when the sample is saturated, their ratio is given by:
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Important assumptions made in these solutions are that the diffusion coefficient is
constant (i.e., independent of solute concentration), the porous medium is homogeneous
and isotropic, the tracer is conservative and the boundary conditions are constant
throughout the test.

Inversion and truncation of Equation 6 provides a direct means of calculating De from
the M/M

o
 profile. Crank /1975/ gives the relation:

5.0

2196.0
t

lDe =   (7)

where t0.5 is the time for which M/M
o
 = 0.5. The diffusion coefficient, De is defined as 

τoe DD = (8)

where Do is the free water diffusion coefficient and τ is the tortuosity. The error caused
by the truncation is reported to be approximately 0.001 percent.

Equations 5–7 will serve as the basis for analyzing the matrix diffusion. Specifically,
the relative concentration C/Co(x,t) and the mass removal M/M

o
 as measured by X-ray

imaging can be compared directly to equations 5 and 6 to assess whether matrix diffu-
sion in the JNC samples follows a constant rate. Equation 7 was used to calculate the
effective diffusion rate assuming uniform diffusion.

Multirate modeling

The data analysis methods of Haggerty and Gorelick /1998/ were also used to evaluate
whether multiple rates of diffusion are present during the course of the experiments. To
understand the multirate model of mass transfer, one can consider a system as having a
distribution of diffusion rates. The scale (both time and length) of the system controls
which diffusion rates are important. At large scales, for example, features contributing
to fast diffusion rates may become saturated with solute and no longer contribute to the
diffusive response of the system. Also at larger scales, more surface area becomes
accessible for diffusion. A model of multirate diffusion has been shown to be important
in the Culebra dolomite at the WIPP site /Haggerty et al., 2001/ and has potential
implications for Performance Assessment (PA) calculations /McKenna et al., 2001/. A
conventional model of mass transfer with only a single rate coefficient may be an
adequate conceptualization only if the time and spatial scale of the experiment being
modeled and the total system being assessed are the same. At the laboratory and field
scale it may be possible to determine an adequate integrated single-rate diffusion
coefficient. However, such measurements are often not possible at the PA scale. To
more appropriately perform PA calculations one must address the scaling issues that



41

influence the mass transfer rate coefficients. One approach is to use a distribution of rate
coefficients or calculating an integrated single-rate coefficient that accounts for the
multiple rates of diffusion that are appropriate at the PA scale /McKenna et al., 2001/.

The curve-matching and Laplace transform methods described by Haggerty and
Gorelick /1998/ were used to calculate the distributional properties of the diffusion
coefficients (i.e., mean and variance of a log-normal distribution). Fleming /1999/
developed a code specifically to estimate both multirate and single-rate parameters from
experiments with this specific set-up (referred to as static diffusion experiments). Using
Fleming /1999/ approach for this analysis provides estimates of µd (the mean of the
natural log distribution of De), and σd (the standard deviation of natural log distribution
of De, calculated for multirate diffusion only). The assumed multirate distribution of
diffusion coefficients is lognormal. The correct distribution for the materials in these
experiments is currently unknown.

The code estimates µd and σd by normal inversion. The code iteratively simulates the
experiment and compares the log-space simulation data to the log-space observed data
(M/Mo versus time). Root mean square error (RMSE) was used as a measure of fit, as
log-transformed data shows a greater sensitivity to the late-time, low mass ratios at
which multirate effects are greatest. The parameter estimation statistics have been
provided for the multirate and single-rate interpretations. This information is a useful
statistical estimate of the reliability of the modeling results, and is the primary advan-
tage of using formal parameter estimation techniques as opposed to conventional
manual calibration of the model to the data. The 95% confidence intervals presented in
the results section (Section 4) represents ± 2 standard deviations about the best-fit value
of the parameter.

4 Results of image analyses
Results at this time are focused on the fractures in sample KB1am-1, the recrystallized
fracture material in sample KC1c-FF, and the altered material in sample KC1a-alt. It
was determined that the porosity of the unaltered matrix was too low such that there was
not enough tracer in sample KC1a-unalt to make this technique effective.

Porosity estimates

Porosity distributions of the four samples are presented in Figures 3a-11a–e. A range of
0–25% was used to emphasize the high porosity areas, specifically the gouge-filled frac-
tures and the recrystalized fracture-filling material. When the bulk porosity as measure
in Equation 2 is used to calculate the porosity distribution of KC1a-alt (Figure 3a-11d)
an area of high porosity is seen in upper right-hand portion of the sample. This area is
thought to be unrealistically high based on other porosity measurements of the altered
matrix. It is likely that there is an error in the bulk porosity measurement. If a more
realistic bulk porosity value of 3.2% /Ota, 1998/ is used, then the porosity distribution
of the sample (Figure 3a-11e) seems more realistic.
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Figure 3a-11.  Porosity distribution for each sample ((A) KB1am –1 (sample containing gouge-
filled fractures), (B) KC1c-FF (sample containing recrystallized fracture-filling material), (C)
KC1a-unalt (sample containing unaltered matrix), (D) KC1a-alt assuming a bulk porosity of 6.6%
and (E) KC1a-alt, assuming a bulk porosity of 3.2%) (sample containing altered matrix).  Note the
range of porosity values shown in each image is 0–25%.
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The partially gouge-filled fractures showed a range in porosity of 7–21% with an aver-
age value of 13% in the left-hand fracture and 9% in the right-hand fracture (Figure 3a-
11a). The recrystalized fracture fillings showed a porosity range of 5–24% with an
average value of 13% (Figure 3a-11b) and the altered matrix showed porosity ranging
from 3–12% (assuming a bulk porosity of 3.2% for the whole sample) with an average
porosity of 4% (Figure 3a-11e). The reason why the recrystalized fracture fillings
showed higher porosity than the partially gouge filled fracture is not clear. One possible
explanation is that these porosity values are calculated over the integrated sample thick-
ness. The partially gouge-filled fractures are rather narrow in width and the fracture
plane is not parallel to the X-ray beam. Thus some matrix could be included in the inte-
gration over the thickness of the sample. It is also possible that there was some sample
damage to the recrystallized fracture-filling material during shipping and sample prepa-
ration leading to some inappropriately high-porosity fractures in the sample.

Estimates of C/Co and M/Mo

The distribution of C/Co was calculated for all of the film that was digitized. C/Co

distributions at various times in the fractures in sample KB1am-1 are shown in Figure
3a-12. It can be seen that the iodide concentration is clearly decreasing in the fractures.
In addition, the rates at which they are decreasing are different for the two fractures
(note that the same times are shown for both fractures). Finally, the fractures themselves
are clearly heterogeneous with areas where concentrations decrease faster than other
areas. The recrystalized fracture-filling material also shows heterogeneous behavior as
the concentrations decrease non-uniformly in the material through time (Figure 3a-13).

Diffusion Coefficient estimates

As stated in Section 3, two different methods were used to estimate the diffusion
coefficients for different portions of the samples: an analytical method and a numerical
method employing multiple rates of diffusion.

For both methods of analyses significant assumptions were made. Diffusion is assumed
to be one-dimensional when in fact the materials are heterogeneous and diffusion paths
could be tortuous. It is also assumed that there is there is no diffusion between the por-
tion of the sample analyzed (e.g. the gouge-filled fracture) and the surrounding area. For
example, it is assumed that the diffusion from the surrounding matrix to the fracture is
significantly slow compared to diffusion within the fracture.

Analytical Solution

Diffusion-coefficient values calculated using the methods described in Section 3.3 are
reported in Table 3a-3. The calculations were conducted for each gouge-filled fracture
in KB1am-1, the recrystallized fracture-filling material in KC1c-FF and the altered
matrix in KC1a-alt. Diffusion rates clearly differ between the gouge-filled fracture,
recrystalized fracture filling material, and altered matrix by as much as an order of
magnitude. These values are approximately an order of magnitude higher than those
reported by Ota /1998/.
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Figure 3a-12.  C/Co images of two fractures in sample KB1am-1.  Observe diffusion out of the
sample in the upward direction.  For scale, each fracture is approximately 10 cm long.  Pixel size
is approximately 0.3 mm on a side.

Time =
202 days

Time =
92.0 days

Time =
42.2 days

Time =
22.3 days

Time =
10.2 days

Time =
7.27 days

Time =
3.23 days

Time =
1.26 days

Time =
0.30 days

Time =
0.01 days

Time =
202 days

Time =
92.0 days

Time =
42.2 days

Time =
22.3 days

Time =
10.2 days

Time =
7.27 days

Time =
3.23 days

Time =
1.26 days

Time =
0.30 days

Time =
0.01 days

0.0        0.2        0.4        0.6        0.8        1.0

C/Co



45

0.0        0.2        0.4        0.6        0.8        1.0

C/Co

Time = 202 days

Time = 92.0 days

Time = 42.2 days

Time = 22.3 days

Time = 10.2 days

Time = 7.27 days

Time = 3.23 days

Time = 1.26 days

Time = 0.01 days

Time = 0.30 days

Figure 3a-13.  C/Co images of recrystalized fracture-filling material in sample KC1c-FF.  Observe diffu-
sion out of the sample in the upward direction.  The region shown is approximately 9.4 x 2.6 cm.  Pixel size
is approximately 0.3 mm on a side.



46

Table 3a-3. Diffusion coefficient estimates based on analytical method described in
Crank /1975/.
____________________________________________________________________________________

KB1am-1 KB1am-1 KC1c-FF KC1a-alt
Left-hand Right-hand Fracture-filling Altered
fracture fracture material material

____________________________________________________________________________________

De (m
2/s) 1.1 x 10-9 9.5 x 10-10 2.0 x 10-10 3.8 x 10-11

De, Ota /1998/ – – 2.4 x 10-11 1.8 x 10-11

_______________________________________________________________

Multirate modeling

Numerical modeling results are reported in Table 3a-4. In general, the inverse modeling
did a good job at matching the observed data. At approximately 10 days there is a sharp
break in the data that the inverse model had difficulty in matching, especially when
using the single-rate model. The results from the inverse modeling approximately match
the diffusion coefficients calculated using the analytical solution (see Section 5 for more
discussion on the comparison).

Table 3a-4. Diffusion coefficient estimates based on multirate inverse modeling. De

reported in m2/s.
_______________________________________________________________________________

KB1am-1 KB1am-1 KC1c-FF KC1a-alt
Left-hand Right-hand Fracture-hilling Altered
 fracture fracture material matrix

_______________________________________________________________________________

De single rate 7.5 x 10-10 4.5 x 10-10 4.3 x 10-10 3.6 x 10-11

95% confidence 2.9 x 10-10– 2.1 x 10-10– 1.4 x 10-10– 2.5 x 10-11–
range De single rate 1.9 x 10-9 9.6 x 10-10 1.4 x 10-9 5.1 x 10-11

De multirate 1.2 x 10-9 6.2 x 10-10 9.6 x 10-11 3.8 x 10-11

95% confidence 4.2 x 10-10– 3.3 x 10-10– 3.4 x 10-11– 2.3 x 10-11–
range De multirate 3.7 x 10-9 1.1 x 10-9 2.7 x 10-10 6.3 x 10-11

σd  multirate 1.1 1.5 1.3 0.77

95% confidence 0.9–1.4 1.1–1.8 1.3–1.3 0–2.9
range σd  multirate

De, Ota /1998/  – – 2.4 x 10-11 1.8 x 10-11

_______________________________________________________________________________

There is not a significant difference between the diffusion coefficients calculated using
the single-rate and multirate model for the fractures in sample KB1am-1. To more fully
evaluate multirate diffusion over two orders of magnitude variation in M/Mo data are
needed. These results indicate that multirate behavior may not be important within the
fractures, however more late-time data is needed to be confident in this interpretation.
The difference in single-rate and multirate De values as well as the shorter range in σd

values, indicate that multirate behavior might be more important in the fracture-filling
material.
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5 Summary and discussion
These experiments have successfully demonstrated that diffusion can be an active
process in the different environments of the Kurihashi granodiorite. Specifically, these
experiments have provided the direct observation of diffusion in gouge-filled fractures,
recystallized fracture-filling material and altered matrix. Analogous evidence of diffu-
sion in the Culebra dolomite at the WIPP site was important in convincing an inde-
pendent oversight group (the Environmental Evaluation Group), the State of New
Mexico’s Attorney General’s Office and the regulatory agency (the U. S. Environmental
Protection Agency) that diffusion is a realistic retardation mechanism. Visualization of
the relative concentration distributions supports different rates of diffusion in the three
types of materials. Through X-ray absorption visualization techniques it is clear that the
materials and diffusion rates are heterogeneous. Based on these interpretations, qualita-
tive comparisons of diffusion rates in the different materials can be made (Figure
3a-14):

•  diffusion rates in the fracture gouge are potentially one order of magnitude higher
than diffusion rates in the recrystalized fracture-filling material,

•  diffusion rates in the recrystalized fracture-filling materials are approximately a five
times higher than the diffusion rates of the altered material.

There is clearly agreement between the diffusion coefficients calculated using the
analytical solution and by numerical modeling. Differences between the single-rate and
multirate diffusion coefficients are small, especially for the fractures in sample
KB1am-1. There is a notable difference between the diffusion coefficients calculated
from these experiments and those reported by Ota /1998/, which are approximately 1 to
1.5 orders of magnitude lower. There are several reasons why these experiments would
lead to estimates of larger diffusion coefficients than other methods for measuring
diffusion such as through diffusion experiments: 1) X-ray absorption imaging can study
more fragile fracture filling materials whereas through-diffusion experiments require
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Figure 3a-14.  Effective diffusion coefficient estimates using a single-rate and multirate model as
compared to the analytical solution results.
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more solid sample which allows sample fabrication, 2) through-diffusion experiments
measure only that diffusion that is able to pass completely through the sample (i.e.,
connected porosity) where as the visualization technique measures diffusion in all
regions.. The diffusion coefficients estimated by these experiments are now being used
in PA-scale calculations to determine the impact of diffusion to increase the FWS on
releases.
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Learning from recovery: Thoughts on Feature A
transport experiments
Bill Dershowitz,, Thomas Doe, Aaron Fox,
Golder Associates Inc

Masahiro Uchida,
Japan Nuclear Fuel Cycle Development Corporation

Trenton Cladouhous,
WebPE.com

Abstract
This paper summarizes discrete fracture network (DFN) analysis of the Tracer Reten-
tion Understanding Experiments “TRUE-1” carried out at the Äspö Hard Rock Labo-
ratory in Sweden from 1995 through 2000. These studies confirmed the ability of the
DFN approach, together with conventional advection-dispersion-diffusion assumptions
to calibrate and predict solute transport in a single fracture at the 5 to 10 meter scale.
The analysis also indicated the possibility that alternative formulations of reactive trans-
port constitutive laws may also be useful.

In addition to addressing issues of ADD transport, the “TRUE-1” experiment raised and
addressed important issues regarding solute transport pathways and the effect of fracture
network connectivity on flow and transport in fractured rock.

1 Introduction
Solute transport in fractured rock is controlled by unique combinations of transport
properties, transport pathway geometry, and hydraulic head field. Minor changes in the
head field can radically alter the transport pathways, producing completely different
transport results.

The Tracer Retention Understanding Experiments (TRUE) are part of a research pro-
gram at Äspö, the Swedish Hard Rock Laboratory, designed to study the transport of
radionuclides in crystalline rock /Winberg, et al., 2000/. The TRUE-1 experiment was
carried out in a 50-m scale block of fractured rock at the northern end of the Laboratory,
at the 450 m level (Figure 3b-1). Tracer experiments focused on a geologically and
hydrogeologically identified structure, “Feature A” (Figures 3b-2 and 3b-3) at the 5 to
20 meter scale. The purpose of this paper is to point out several of the interesting
aspects of this experiment, particularly as they relate to improving the understanding of
flow and transport in fractured rocks.
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Figure 3b-1. Setting of TRUE-1 Experiment /after Winberg et al., 2000/.
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Figure 3b-2.  Feature A in the TRUE-1 rock (after Winberg et al., 2000).

Figure 3b-3.  Tracer test geometry in the plane of the interpreted “Feature A” /after Winberg et al.,
2000/.
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The JNC/Golder modeling group used stochastic discrete feature network (DFN)
models for analysis and modeling of the TRUE-1 experiment /Dershowitz et al., 2000/.
This effort included identification of conductive features, their geometry, and proper-
ties, stochastic discrete fracture simulations, and flow and transport modeling. Most
DFN analyses were carried out using stochastic models, reflecting the underlying
uncertainty in fracture geometry and properties even for as well characterized a rock
block as TRUE-1. However, by the end of the project, transport was reduced to a
network of less than 10 pipes between injection and collection boreholes, with
deterministically calibrated properties. The details of these analyses are described in
Dershowitz et al. /1996/ and Dershowitz et al. /2001/.

This paper will address four major issues which arose during the project:

1. Identification of flow and transport pathway geometry.

2. Network connectivity and head.

3. Transport process constitutive approaches.

4. Calibration and prediction.

Resolution of these issues is essential to understanding solute transport processes in
fractured rock, and developing an ability to predict transport at larger time and distance
scales.

2 Pathway geometry
Figure 3b-3 shows the geometry of tracer tests carried out in “Feature A”. Although the
goal of the experiment was to test a single discrete fracture, evidence from borehole
images clearly demonstrates that at the 10 meter scale of the experiment, “Feature A” is
not a single fracture, but rather a structure made up of multiple fractures, intersected by
and interacting with a fracture network. The orientation of “Feature A” at each of its
intersections with the five experimental boreholes is illustrated in Table 3b-1. The strike
of these intercepts varies from N25W to N46W, with dips between 76 and 80 degrees.
Thus, even while “Feature A” is a relatively well defined feature at the scale of 10 to 50
meters, it is clearly not a single planar structure. In particular, at borehole KXTT4,
“Feature A” consists two distinct fractures with hydraulic response – which indicates
that at least two distinct transport pathways should not be unexpected (Figure 3b-4).

Table 3b-1.  Orientations of “Feature A” at intersections with boreholes.
___________________________________________________________________

Borehole Strike of fractures Dip of fractures
at “Feature A” at “Feature A”

intercept intercept
___________________________________________________________________

KXTT1 N36W 78

KXTT2 N25W 76

KXTT3 N35W 78

KXTT4 N34W, N46W 76, 80
___________________________________________________________________
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Figure 3b-4. Intersection of interpreted “Feature A” with boreholes KXTT3 and KXTT4 /after Winberg
et al., 2000/ .

Figure 3b-5 illustrates the orientation distribution of potentially conductive features
identified by the project geologist, Jan Hermanson from borehole images, borehole
flow logging and hydraulic interference measurements. The intensity of potentially
conductive fractures in each of the boreholes defining “Feature A” is shown in Figure
3b-6. Based on this analysis, the conductive fracture intensity P32 in the rock block of
“Feature A” is on the order of 3.15 m2 /m3 . For a five meter transport path, this results in
3 to 7 intersecting conductive fractures with transmissivities similar to “Feature A”, i.e,
on the range of 10-6 to 10-8 m2/s. This is illustrated in the DFN model of Figures 3b-7 and
3b-8.

Figure 3b-5. Orientation of conductive fractures in boreholes transection the TRUE-1 rock block.
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Figure 3b-6. Results of single packer flow logging in boreholes penetrating the TRUE-1 Rock Block. If
intensity is to be illustrated perhaps this figure is obsolete!?

Figure 3b-7. a) DFN Model for “Feature A”, with 5% of Conductive Background Fractures., b) Fracture
Network View of “Feature A” with Conductive Fractures.

a)      b)
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Figure 3b-8.  DFN Model with close up of plane of “Feature A” with traces of intersecting conductive
background fractures. KXT-boreholes intercepts indicated in red.

The network aspect of “Feature A” is confirmed by the results of flow dimension
analysis of hydraulic tests conducted in “Feature A”. From the five boreholes inter-
secting “Feature A”, Dershowitz et al. /1996/ evaluated the flow dimension based on
fractional dimension type curve approaches /Doe, 1991/. The flow dimension from four
of five of these tests is 2.6 – indicating a leaky aquifer or fracture network behavior.
Only one test, at KA3005A, away from the focus of the tracer experiments is near 2.0,
the dimension for a single fracture or confined aquifer.

Given this level of structural complexity, it is to be expected that transport in “Feature
A” will follow multiple pathways, and it is perhaps someway surprising when
breakthrough exhibits only a single peak, possibly indicating a single pathway! Further,
borehole intersections show that “Feature A” itself is a combination of multiple splays
and coalesced fractures, as can be seen in the borehole image logs. Additional pathway
structure can be provided by the internal structure of the fracture including mylonites,
breccia, and gouge, as well as variations in fracture aperture (Figure 3b-9).
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Figure 3b-9.  Internal structure of “Feature A” /after Winberg et al., 2000/.

3 Connectivity and hydraulic head
Hydraulic interference was used to evaluate the connectivity of the rock block con-
taining “Feature A.” This hydraulic testing indicates that “Feature A” is connected
hydraulically to many of the discrete features in the surrounding 100 m scale rock
volume, but is also hydraulically isolated many conductive structures within the rock
block, even at distances as low as ten meters from “Feature A”. This is consistent with
interference behavior observed elsewhere at Äspö and other fractured rock sites /Uchida
et al., 2001/. During the tracer experiments, heads and drawdowns were to be predicted
together with tracer breakthrough. In many cases, this proved to be one of the more
difficult aspects of the modeling, particularly for the DFN approach. In the early tracer
experiments, there was a clear “groundwater” divide within “Feature A”, caused by
intersections between “Feature A” and different fractures connecting hydraulically to
the Äspö tunnels. Over time, as the heads in the “Feature A” rock block equilibrated,
this groundwater divide disappeared, and the natural gradient of 0.1% toward the drift
was asserted throughout “Feature A”. (Figure 3b-10).

Figure 3b-10.  Hydraulic head in “Feature A” during sorbing tracer test STT-2.
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Figure 3b-11.  Drawdown pattern during tracer test PDT-4. In which test section?! Bad positioning of
legend!

Hydraulic responses are thus the key to understanding the connectivity of “Feature A”,
and its place in the surrounding fracture network. For any realization of a discrete
fracture network, stochastic fracture properties and the connectivity to boundary con-
ditions are different. This results in differences in drawdown patterns between different
DFN realizations. Figure 3b-11 illustrates drawdown patterns for 10 DFN realizations
of the PDT-4 tracer test. Each of these realizations is consistent with the fracture
statistics and hydraulic tests in the TRUE-1 rock block. However, each realization also
produces different heads and thus significantly different gradients and flow fields within
“Feature A”. This allows the quantification of the level of uncertainty in tracer predic-
tion due to geometry and connectivity of intersecting fractures. For the purposes of
“prediction” however, JNC/Golder took the DFN realization which provided the best
match for the drawdown pattern of PDT-4, and used this for prediction of sorbing tracer
transport along the same pathways and under the same boundary conditions.

Table 3b-2 illustrates the use of the calibrated DFN model to produce a probabilistic
prediction of drawdown in response to PDT-4.

A variety of stochastic continuum approaches have been used to model “Feature A”,
placing emphasis on the pattern of transmissivity and transport aperture within the
single fracture, and generally ignoring connectivity to the intersecting fracture networks.
This approach has the advantage of simplicity, but misses the important physical
phenomena described above – it is easier to calibrate heads when you don’t need to
consider the uncertainty in fracture intersections and connectivity, but it is not
necessarily better!
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Table 3b-2.  Calibration of head field of DFN model prior to prediction of sorbing tracer
test STT-1.
_________________________________________________________________________________

Measured Calc. mean Defference Min. Max. St. Dev.
m m m m m m

_________________________________________________________________________________

KA3005A -49.90 -49.58 0.32 -49.80 -49.425 0.139
KXTT1 -49.09 -49.25 -0.16 -49.32 -49.138 0.065
KXTT2 -49.36 -49.27 0.09 -49.35 -49.142 0.077
KXTT3 -48.97 -49.24 -0.27 -49.31 -49.124 0.074
KXTT4 -49.04 -49.37 -0.33 -49.49 -49.28 0.090
_________________________________________________________________________________

This is illustrated by the distance drawdown relationship from tracer tests carried out on
“Feature A”. Figure 3b-12 shows the drawdown at borehole KXTT4 as a result of
pumping from borehole KXTT3, only 4.7 m away. At the same pumping rate of 0.2
liters/minute, the drawdown during experiment STT-2 is four times greater than that
observed in experiment PDT-2. At the same time, the recovery from PDT-2 is over 10
percent larger than for STT-2, even though the hydraulic response is smaller. The
pumping rate of experiments RC-1 and PDT-3 is 0.4 liters/minute, doubled that of
STT-2. However, the drawdown due to RC-1 is lower than that from STT-2, and the
recovery of STT-2 is similar to that in RC-1. Neither of these behaviors can be pre-
dicted by a model which does not consider the complexity of the connectivity of the
fracture network in the TRUE-1 block, and the interaction between fractures and the
changing head field during the TRUE-1 experiment.

Figure 3b-12.  Hydraulic responses during tracer tests in “Feature A” between KXTT4 (source) and
KXTT3 (sink).
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Figure 3b-13. Mass recovery (%) along schematic pathways between boreholes KXTT1, KXTT3, and
KXTT4 in the plane of the interpreted Feature A.

This enigma of connectivity is further illustrated in Figure 3b-13. Experiments between
KXTT4 and KXTT3, and between KXTT1 and KXTT3 show strong connectivity, with
on the order of 90 to 100% recovery for conservative tracers. At the same time, experi-
ments between KXTT1 and KTXX4 in Feature A show only 5% recovery! This beha-
vior is inconsistent with the idea of pathways controlled by the stochastic pattern of
apertures on fractures. However, it is reasonably, when considering that the actual
connections are through the multiple fractures which make up “Feature A”, and that
small changes in the head field can completely change the transport pathways in the
fracture network. Clearly under the head field based on pumping in KXTT4, the trans-
port pathways do not follow the route via KXTT3!

4 Transport processes
One of the goals of the TRUE-1 experiments was to improve our understanding of
transport processes. It is hoped that deeper evaluation of the results from the TRUE-1
experiments will help to clarify the fundamental uncertainties regarding flow and
transport in porous media:

•  What is dispersion and what is the best way to parameterize dispersion to under-
stand both symmetric (Gaussian) and non-symmetric dispersion? Can non-
symmetric dispersion be explained in terms of multi-rate advection, or is it related
solely to mobile-immobile exchange?

•  What is the nature of exchange between mobile and immobile zones along transport
pathways. Is this primarily a diffusional phenomenon, or are there other mechanisms
such as locally turbulent mixing involved?
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Going into the TRUE-1 project, JNC/Golder assumed that the important processes for
transport are:

•  Advection – transport of solutes at the same velocity as groundwater motion.

•  Dispersion – variations in solute transport velocity due to variations in groundwater
velocity.

•  Immobile Zone exchange – exchange of mass between the mobile (advective)
portions of the fracture pore-space and immobile zones such as infillings, stagnant
pools, altered rock, fracture coating minerals, and the rock itself.

•  Sorption – chemical attachment between certain tracers and certain minerals.

Figure 3b-14.  Advection-Dispersion-Diffusion (ADD) transport constitutive approach for
PAWorks/LTG.
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Of these processes, there is the most uncertainty concerning immobile zone exchange. Is
this purely a diffusive process proportional to differences in concentration, or is it the
result of local turbulent mixing (advective exchange). Is immobile zone exchange
controlled strictly by the available surface area, as some theorize, or is it controlled by
the geological structure and material distribution within the fracture ?

JNC/Golder utilized three different solute transport approaches to examine the extent to
which the important issues of immobile zone exchange can be resolved within the
context of the TRUE-1 experiments: Conventional advection/dispersion/diffusion
(ADD), Immobile zone exchange (IMX), and Continuous time random walk /CTRW;
Berkowitz et al, 2000/.

The ADD approach is illustrated in Figure 3b-14 /Dershowitz et al., 1998/. The Laplace
Transform Galerkin solution for solute transport ADD assumes steady-state flow and a
second-order approach to describe the diffusive mass transfer of a solute between the
groundwater in a pipe and the multiple immobile porosity zones attached to it, the
advective-dispersive transport of solute species n in a pipe network is given by
/Sudicky, 1990/:

( ) ( ) ( ) ( )

0)()()'(

)(

0
1

**

111

*'

=
∂

∂
+−−+−±

�
�

�
�
�

� −+
∂

∂
∂
∂−

∂
∂

+
∂

∂

=
=

•

−−−

��� w

im
n

IM

im
imimimnn

nnnnnn
n

l
nn

n

w
CDVCCQM

CRCRCDCq
t

CRA
n

θδδ

λλ

λ

λλλλ

λλ
λ

λ
λλ

λλ

λ

(1)

where:
n = nuclide index [-]
im    = immobile zone class number (note: if desired im can equal 0) [-]
IM( λ ) = total number of immobile zones attached to pipe λ  [-]

A( λ )  = pipe cross-sectional area [L2]

Rn( λ ) = retardation factor [-]

)(λq  = specific discharge (≡ Pipe velocity v) [L/T]

)(λλ n
D = dispersion coefficient = οα nDv +  [L2/T]

α        = pipe longitudinal dispersivity [L],
ο
nD = free-solution diffusion coefficient  [L2/T]

λn       = decay constant [1/T]

Q       = external fluid source/sink [L3/T]
)( λλ ′−δ  = dirac delta [1/L]

)( *λλ−δ = dirac delta [1/L]

Vim = block surface area per unit volume of matrix and fissures [1/L]
Dim = matrix effective diffusion coefficient [L2/T]
θim = immobile zone porosity for immobile zone “im”
Cn        = pipe concentration [M/L3]

*
nC     = concentration of injectate in external fluid source  [M/L3]
im
nC     = Immobile zone concentration [M/L3]

λ        = Distance along interconnected pipe network [L]

′λ      = Location of solute mass source/sink [L]
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*λ      = Location of external fluid source/sink [L]
w    = Distance perpendicular to plane of fracture [L]
t      = time [T]

The second order approach implemented for diffusive exchange of solute mass between
the pipes and any on the im immobile zones attached to them is described by:
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where:

θim(im, λ ) = Immobile zone porosity for immobile zone “im” attached to pipe

“ λ” [-]
im
nR  (im, λ ) = Immobile zone retardation factor for immobile zone “im” attached

to pipe “ λ” [-]
im
nC = Concentration in matrix [M/L3]

Dim = Matrix effective diffusion coefficient [L2/T]

         = 0
nD  τ

ο
nD = Free-solution diffusion coefficient  [L2/T]

τ    = Tortuosity [-]

The above equations used for the ADD approach recognize that we do not fully
understand immobile zone exchange by providing the option of multiple immobile
zones, each with its own diffusion rate, thickness, tortuosity, and porosity. Providing for
multiple immobile zones is particularly useful in considering transport at multiple time
and distance scales. While fracture infillings may be the primary immobile zone for
transport at the 5 meter and one month scale, intact rock is more likely to be the most
important immobile zone for distance scales of kilometers and time scales of hundreds
or thousands of years. For the purposes of the TRUE-1 experiment, only a single
immobile zone is used, and this immobile zone represents the short terms, small
capacity immobile zone of gouge, breccia, and altered rock which is most likely to be
important in the short time and distance scale. However, the same model can be used for
longer time frames by adding additional immobile zone porosities to the porosities in
the TRUE-1 model.

Advective exchange (AX) /Miller, 1996/ assumes that the process of exchange between
mobile and immobile zones occurs at a fixed rate of exchanges per meter of advection,
rather than at a rate proportional to differences in concentration. This model is illus-
trated in Figure 3b-15. The approach is based on two parameters: β, the number of
advective exchanges per meter, and fimm, the ratio of the immobile zone volume to the
mobile zone volume.
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Figure 3b-15.  Advective eXchange (AX) transport constitutive approach /Miller, 1996/.

Continuous Time Random Walk (CTRW) was developed by Berkowitz et al. /2000/ to
explain the frequent occurrence of non-symmetrical (non-Gaussian) dispersion on the
basis of multi-rate advection. CTRW treats both diffusion and Gaussian dispersion as
special cases of multi-rate advection, and can reproduce both diffusive and Gaussian
transport on the basis of a single parameter β, the power for the assumed powerlaw
(Pareto) distribution of velocity. The CTRW method is summarized in Figure 3b-16
/after Berkowitz et al, 2000/.

Figure 3b-16.  Continuous Time Random Walk (CTRW) transport constitutive approach /Berkowitz et al.,
2000/.
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Figure 3b-17.  ADD transport prediction for conservative tracer Uranine, STT-2 experiment.

While it was hoped that the TRUE-1 experiments would distinguish between different
fundamental theoretical approaches to dispersion and immobile exchange, all three of
the approaches implemented were able to fit experiments to some level of accuracy.
Example ADD, AX, and CTRW fits to TRUE-1 experiments are shown in Figures 3b-
17, 3b-18, and 3b-19. In addition, the LaSAR approach for multi-rate advection
/Cvertkovic et al., 1999/ was also successful in matching the TRUE-1 experiments. The
only conclusion from this is that, at present, multiple and conflicting theories about
transport in fractures can reproduce the TRUE-1 experiments, and additional experi-
ments will be required to distinguish between them.

Figure 3b-18.  AX transport calibration for conservative tracer Uranine, STT-2 experiment.
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Figure 3b-19.  CTRW transport calibration for conservative tracer Uranine, RC-1 experiment.

5 Calibration and prediction
JNC’s goal in participating in the TRUE-1 project was to improve our understanding of
transport in fractures and fracture networks, not to demonstrate the predictive abilities
of DFN approaches. Nevertheless, we are somewhat gratified when our calibrated DFN
models demonstrate a certain degree of predictive power. The calibration process itself
was quite edifying, since it showed to what extent model parameters needed to be
adjusted to provide a match to transport experiments.

Over the course of four years JNC/Golder used a series of increasingly refined DFN
models to produce predictions for tracer breakthrough in “Feature A”. These experi-
ments went from the initial radially converging tests RC-1 and RC-2, dipole tests DP-1
through DP-4, and sorbing tracer experiments of the tracer retention experiment STT-1,
STT-2, and STT-1b. The accuracy of calibrations and predictions improved conti-
nuously over this period, and in the end the prediction of STT-2 and STT-1b was quite
accurate. Predictions for breakthrough of STT-2 tracers are illustrated in Figures 3b-17,
3b-20, 3b-21, and 3b-22. These predictions were based on calibrations to STT-1b
transport behavior, and it should therefore not be too surprising that the predictions,
although blind, are fairly accurate.

The key parameter which determined the success of transport calibrations and predic-
tions was the immobile zone exchange parameters in Equation (2) above. In particular,
the calibrated immobile zone retardation factor Rim

Rim = 1 + ρim Kd
’ / θim                                                                                                                                                      

         (3)
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Figure 3b-20. ADD transport prediction for 134Cs, STT-2 experiment.

where ρim is the immobile zone bulk density, θim is the immobile zone porosity, and Kd’
is the effective distribution coefficient for the immobile zone. The calibrated value of
Rim indicates that either the effective distribution coefficient is 10 times the laboratory
measured values, or the immobile zone porosity is on the order of 15%. Geological
information /Hermanson, 2000/ indicates that the porosity of 15% is not unreasonable if
immobile zone diffusion is primarily to gouge materials. This is also supported by
research described in Altman et al. /2001/.

The other important immobile zone transport parameter is the perimeter of the pipe
pathways. This controls the rate and amount of possible diffusion. The calibrated value
for this parameter is on the order of 5 to 7 meters, for a pipe flow width of 2.5 to 3.5

Figure3b-21. ADD transport prediction for 86Rb, STT-2 experiment.
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Figure 3b-22. ADD transport prediction for 22Na, STT-2 experiment.

meters divided by the number of surfaces on which diffusion occurs. For a simple
tabular channel, the number of surfaces is 2. However, with matrix infillings, the
effective number of surfaces may be much larger, resulting in effective transport path
widths more on the expected order of magnitude of 0.1 to 1 m.

Unfortunately, the TRUE-1 experiments did not resolve the issue of the actual mecha-
nism behind the parameters which work for calibrating and predicting ADD solute
transport. However, they did demonstrate that, at least for “Feature A”, the ADD
transport assumptions are not inconsistent with observations.

6 Conclusions
The TRUE-1 experiment made major progress in improving the understanding of flow
and transport in fractured rock. The experiment was successful in demonstrating the
usefulness of discrete fracture network methods for characterizing fracture rock and
understanding the geometry of transport pathways, and the possibility of calibrating
DFN models for transport predictions. The experiment did not succeed in resolving the
nature of transport within fracture planes, or in resolving between competing consti-
tutive approaches to solute transport. It is hoped that future transport experiments on
single fractures and fracture networks will further advance the scientific understanding
of flow and transport in fractured rock.
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