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Abstract

The Moderately Fractured Rock (MFR) experiment is conducted at Atomic Energy of
Canada Limited's Underground Research Laboratory (URL) as part of Ontario Power
Generation's Deep Geologic Repository Technology Program. The MFR experiment
was initiated in the mid-1990's with the purpose of advancing the understanding of
mass transport in MFR (fractures 1-5 m"1, k ~10~'5 m2) in which groundwater flow and
solute migration occurs through a network of interconnected fractures. The experi-
mental program has involved a series of multi-well forced gradient tracer tests at scales
of 10-50 m within a -100,000 m3 volume of MFR accessed from the 240 m level of the
URL. The tracer tests conducted with non-reactive, reactive and colloidal tracers have
served to explore the applicability of continuum models for prediction of groundwater
flow and mass transport. Recently, a Modeling Task Force was created to re-examine
tracer test experimental methodologies, MFR flow and transport conceptual models and
provide a broader forum in which to apply alternative dual-permeability, discrete frac-
ture and hybrid mathematical codes for flow system analysis. This paper provides a
description of the MFR experiment, preliminary research findings and plans for the
future.

1 Introduction
The prediction of mass transport in fractured crystalline rock settings is complicated by
the spatial variability of physical and chemical properties within the flow domain. As a
consequence, the development of a technically defensible Safety Assessment (SA)
requires that confidence in methods used to characterise and predict geosphere barrier
performance be demonstrated. It is within this context that the Moderately Fractured
Rock (MFR) Experiment was undertaken at Atomic Energy of Canada Limited's
(AECL) Underground Research Laboratory (URL) (Figure 3c-1). The primary purpose
of the MFR experiment is to demonstrate predictive numerical modeling capabilities
and assess the validity of the Equivalent Porous Media (EPM) approximation for flow
and mass transport in porous-fractured media. Further, the experiment is used to illus-
trate the derivation and uncertainty in effective geosphere transport properties, a critical
issue associated with justification of parameter input to simplified SA models.

The MFR experiment was initiated in 1993 and is comprised of two stages: i) MFR
groundwater flow domain characterisation; and ii) non-reactive/re-active/colloid tracer
tests and numerical simulation. Stage I activities involved the excavation of drifts to
access the -100,00 m3MFR test area and the drilling and instrumentation of 10 bores for
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Figure 3c-l. Moderately Fractured Rock Experiment: Underground Research Laboratory flow domain
and instrumented borehole network.

characterisation purposes. Characterisation activities were multi-disciplinary including
the integration of geologic, geophysical, hydrogeochemical and hydrogeologic data into
a conceptual flow system model /Frost et al., 1998/. This conceptual understanding of
the MFR flow domain has served to allow 3-dimenisonal numerical simulation of a
series of forced gradient, multi-well tracer experiments. These experiments have
furthered the understanding of the effect of flow system heterogeneity and anisotropy on
advective-dispersive-diffusive transport in fracture networks. Recently, Ontario Power
Generation (OPG) created a MFR Modeling Task Force to broaden the understanding of
processes and mechanisms that influence mass transport in MFR, to re-examine tracer
test methodologies to facilitate post-test analysis, and to allow application of alternative
numerical models to simulate flow and transport in MFR. The Task Force and a series
of renewed tracer experiments are a new initiative in the MFR experiment planned into
2003.

This paper provides an overview of the MFR experimental program. Abbreviated
descriptions of key aspects in the program are described with cited references for
readers requiring more detail. The focus of the paper is on the evolution of the MFR
experiment that, in particular, has revealed the importance of integrated conceptual flow
and transport model development. This recognition has lead to an increased role for
application of alternative numerical methods in the MFR program, and peer review in
developing a common understanding of the process and mechanisms most influencing
solute transport in complex interconnected fracture systems.
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2 Moderately Fracture Rock Experiment: Stage I

Flow domain characterisation

The characterisation of the MFR flow domain involved a multi-disciplinary approach
over a 4-year period ending in late 1997. The period of characterisation involved
excavation of the access drifts and a phased drilling program in which 10 (MF-series)
well bores either intersecting or bounding the MFR flow domain where instrumented
(Figure 3c-1). Characterisation activities included litho-structural mapping /Everitt et
al., 1995/, fracture mineral characterisation/Ejeckham, 1997/, conventional and nuclear
geophysical logs, single and cross-hole seismic and radar tomography surveys, hydro-
geochemical sampling and multi- and single well hydraulic testing. These data were
integrated into a conceptual model of the flow domain as described by Frost et al.
/1998/.

The MFR flow domain is contained within a volume of 60 m x 50 m x 50 m on the
URL 240 m level. A fence diagram depicting the 3-dimensional geometry of principal
litho-structural features is shown in Figure 3c-2. The rock mass within the flow domain
is comprised primarily of fractured leucocratic and gneissic granites. The key structural
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Figure 3c-2. Moderately Fractured Rock Experiment: Flow Domain Geometry - Litho- Structural
Domains (Sub-region numbers denote numerical model domains).
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feature is Fracture Zone (FZ) 2.5, a sub-horizontal thrust fault that transects the flow
domain. Shear fractures within FZ 2.5 exhibit slickensides (point-loads) and dilatational
gaps that infer a structural control and channeling of permeability within the FZ plane.
Vertically, FZ 2.5 divides the flow domain into distinct fracture domains. Within the
footwall (below), two subvertical fracture sets extending from the base of FZ 2.5 are
evident (Fracture Domain C). Within the hanging wall (above), 3 sub-vertical fracture
sets are distinguished (Fracture Domain B), which cross cut FZ 2.5. Examination of
fracture mineral assemblages within the two fracture domains provides evidence of
active and more prolonged groundwater-rock interaction within the hanging wall. This
contention was found consistent with hydrogeochemical data.

As part of the MFR characterisation program, multi-level packer systems were installed
into each of the MF-series bores. The packer string design was guided primarily by core
log fracture frequency and measurements of wellhead water outflow recorded during
drilling (i.e. indicates intersection with transmissive feature). A single hydraulic line
accesses each interval to permit hydraulic testing and hydraulic head monitoring.
Selected tracer injection and withdrawal intervals were equipped with two hydraulic
lines to allow tracer circulation. These intervals were further fitted with volume
reducers to minimize equipment tracer residence time and well bore mixing.

Hydraulic testing within the instrumented bores reveal, perhaps not surprisingly given
moderate hydraulic diffusivities, that the MFR test area is hydraulically well connected.
Single well response tests (n = 70) yielded transmissitivities ranging between 3 x 10~13

and 1 x 10"6 m sec"1, with those reported in the footwall typically less than 1 x 10~8

m2sec"'.

Hydraulic heads within each of nearly 70 multi-level intervals to estimate hydraulic
boundary conditions and gradients fields were initially monitored with 0-3500 kPa
vibrating wire transducers attached to an Underground Data Acquisition System
(UDAS). Later, manometer tubes connected to selected transmissive intervals were
installed within the URL access shaft to improve the accuracy and precision of head
measurements, a problematic issue in high pressure (~ 2 MPa), low gradient flow
systems. The use of manometer standpipes altered the understanding of gradients within
the MFR flow field and, in particular, aided interpretation of hydraulic interference by
URL drawdown. Further, this approach has permitted flow system boundary conditions
to be defined more confidently.

Frost et al. /1998/ describes the conceptual flow model for the MFR domain. Develop-
ment of the model focused, in part, on identifying regions within the flow domain
favourable for tracer testing. Estimates of low transmissivities within the footwall
implied the existence of large drawdowns in tracer experiments (scale 10-50 m) during
reasonable periods of time and space. The heterogeneous and anisotropic nature of FZ
2.5 fracturing was determined to unnecessarily complicate tracer test analysis and
interpretation and thus, was purposely avoided. As a consequence, the focus for the
tracer experiments became the MFR hanging wall (Fracture Domain B) in which the
fracture framework homogeneity and moderate permeabilities existed.
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3 Moderately Fractured Rock experiment: Stage II
The following four sections provide a description of MFR Stage II activities. These
activities have included the design and execution of 3 TT-series tracer experiments, pre-
and post-test deterministic predictive modeling, geostatistical flow and transport ana-
lyses and more recently, creation of a MFR Modeling Task Force.

Tracer Test (TT-series) experiments

A series of tracer test (TT) experiments involving non-reactive, reactive and colloidal
tracers was initiated as part of MFR activities in mid-1998. Frost et al. /1998/ and, more
recently, Vandergraaf et al. /2000/ provide details of the experimental design and ana-
lyses.

The TT-series experiments were conducted as multi-well steady state forced gradient
non-recirculating tests. Specific tracer injection-withdrawal intervals were selected on
the basis of the homogeneity of MFR conditions and fracture interconnectivity as
determined through hydraulic testing. Individual test intervals were approximately 30-
40 m in length with separation distances of 13 to 50 m. Interval test configurations
varied with a single injection point and 1-3 withdrawal intervals. An example of a
4-interval test configuration used in test TT2 is shown in Figure 3c-2. Injection and
withdrawal rates were typically set to a total accumulative rate of 1 L min'1 with
resultant hydraulic gradients between injection-withdrawal intervals of unity or less.
Tracer solutions were comprised of a mixture of alkali metals (LiBr, Rbl), Lissamine FF
and fluorescent latex colloids (0.19, 0.22 and 0.56 [i). Ticknor and Vandergraaf/1998/
describe the results of batch sorption experiments with the alkali metals. Simultaneous
tracer injections were a Dirac input with peak breakthroughs for unretarded species
occurring at approximately 6 to 16 days. Tracer data collection ceased once i) back-
ground or analytical detection levels were approached; ii) further tracer recovery would
not materially contribute to the total mass recovery; or iii) the potential to detect mul-
tiple peaks (i.e. tracer pathways) had diminished. This typically required 2 months.

Type normalized breakthrough curves are shown for tests TT2 and TT3 in Figures 3c-3
and 3c-4. The results reveal a skewed single peaked tracer breakthrough. In one
example, TT3 (Figure 3c-4), evidence of a second 'peak' tracer arrival exists at approxi-
mately 20 days. Tracer breakthroughs were observed for Br, I, Li and Lissamine FF.
Interestingly, batch sorption experiments had indicated that Li was selectively sorbed on
illite-montmorillonite and that its retardation may indicate the presence of clays along
fracture pathways. Although mass loss is implied by the TT2 breakthrough (Figure
3c-3), the similarity with the conservative Br arrival suggests Li migration occurred
without significant retardation. The strongly sorbed Rb was not observed at any with-
drawal point. Perhaps more surprisingly, fluorescent colloids were not detected at any
of the withdrawal intervals suggesting effective filtration with the fracture network.
Mass recoveries for conservative ions did not exceed 30%. This, in part, is symptomatic
of divergent flow fields developed during the experiments, which promotes tracer
dispersal within large volumes of the flow domain. This aspect of the TT-series experi-
ments is being re-examined to reaffirm experiment scale, tracer concentrations, test
interval configurations and applicability of divergent or convergent flow fields to tracer
testing. As part of this re-assessment, a specific focus will be placed on improving the
tracer test design to facilitate post-test analysis and transport parameter derivation.
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Figure 3c-3, Moderately Fractured Rock Experiment: Normalized breakthrough curve for Br and I at
interval MF 9-3 in experiment TT2.
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Figure 3c-4. Moderately Fractured Rock Experiment: Normalized breakthrough curve for I and
Lissamine FF at interval MF 12-5 in experiment TT3.
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Deterministic analysis

Numerical simulation of flow and mass transport within the MFR flow domain was
performed using the 3-dimenisonal finite element code MOTIF. The finite mesh was
discretized through a volume of 360 m x 380 m x 200 m centered on the MFR flow
domain using approximately 18,000 3-dimensional and 'pipe' elements (Figure 3c-5).
Discretisation was conducted through matching the geometry of 17 fracture sub-regions
and intersecting MF-series bores. Grid boundaries were made coincident with fracture
zones, alteration zones or at distances assumed unaffected by MFR experimental acti-
vities (i.e. hydraulic perturbations). Refinement and calibration of the flow model was
achieved through a manual iterative process in which differences between observed and
predicted steady-state pump test drawdowns were minimized. Frost et al. /1998/ and
Vandergraaf et al. /2000/ describe specific details of the flow model development and
calibration.

In applying the calibrated MFR flow model to the TT-series experiments, pre-test
predictions were conducted to aid tracer test design and yield 'blind' quantitative results
for comparison with tracer experiments. Typical results illustrating the geometry and
concentration distributions within an evolving tracer plume for multi-well experiment
TT2 are shown in Figure 3c-6. As part of completing pre-test predictions, sensitivity
analyses were also completed to assess the influence of topographic and density gra-
dients on tracer breakthrough. Comparison of pre-test and observed breakthrough for
conservative elements Br and I demonstrate the complex nature of mass transport in
fracture networks and need for a carefully reasoned experimental design. While simula-
tions of flow with the single continuum approach appear reasonable, estimates of advec-
tive-dispersive-diffusive (AD) transport are more uncertain. This recognition, in part,
stems from the anisotropic and heterogeneous nature of the fracture network in which
'accurate' characterisation of porosity and permeability distributions is problematic.
The non-uniqueness inherent in model derived geometries and parameter distributions
should ideally be bound to best support Performance Assessment. Alternative and
complementary modeling tools that may enable this are being pursued.
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Figure 3c-5. Moderately Fracture Rock Experiment MOTIF Finite Element Mesh.
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Figure 3c-6. Moderately Fractured Rock Experiment: predicted Iodide concentrations - Tracer Test
(TT)2.

Geostatistical analysis

Numerical simulations of flow and transport within the MFR domain were coupled with
a geostatistical analysis of the MFR permeability field to further investigate the effect of
flow system geometry on advective-dispersive transport. As part of the analysis, several
innovative approaches were developed and tested including; i) a method to circumvent a
lack of common support in permeability data from packer testing; ii) the generation of
stochastic permeability fields to a multi-stage non-regular cubic grid; and iii) a method
of permeability up-scaling to finite-elements mesh of variable dimensions and geo-
metry. A complete description of the geostatistical flow system analysis is provided by
Chan et al. /2000/ and Chan et al. /2001A

In summary, the geostatistical analysis adopted a P-field conditional simulation
approach/Srivastava 1992; Froidevaux, 1993; Goovaerts, 1997/. Like other geosta-
tistical procedures, P-field simulation generates realizations that honour three criteria:
the available data, their histogram and their pattern of spatial variation. Each realization
is generated by randomly sampling the local probability distributions that describe the
range of possible values at each grid node. These local probability distributions are
typically generated using an estimation procedure like indicator kriging that provides
the entire probability distribution of the unknown value at a particular location rather
than merely a single "best" estimate of the mean of that distribution. Stochastic realisa-
tions of the permeability field were determined for a non-regular flexible multi-stage
grid (Figure 3c-7) ensuring that at least 5 points lie within each element. A logarithmic
mean was then used to estimate and assign element permeabilities.
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Figure 3c-7. Non-regular grid (2-dimensions) used in multi-grid procedure.

The approach above was used to develop 100 equally probable realisations of the MFR
permeability field. The finite element code MOTIF was then used to perform simula-
tions of flow and advective-dispersive transport. Simulations of flow were performed
for each of the 100 permeability field realisations. Particle tracking was used to investi-
gate the influence on advective transport through the release of 496 particles at a
selected injection interval. Simulations of advective-dispersive solute transport were
performed for 5Ih, 25lh, 50th, 75'h and 95lh percentile cases determined by peak particle
arrival times. An example of particle track and solute transport results for the 5lh per-
centile case is shown in Figure 3c-8. Although stochastic AD realisation captured
observed TT2 results, 4 of the 5 simulations reveal delayed peak concentrations and
arrival times, as well as increased dispersion. Particle tracking results were characteri-
zed by further delay in the peak arrival time. Effective dispersivities estimated from
particle tracking while variable were determined to be approximate 0.1 of the inter-well
or transport distance. Further work is planned to investigate whether increased disper-
sion and decrease mean transport velocities may have resulted from insufficient field
characterisation of MFR permeabilities.

The MFR Model Task Force (MTF) was created during the fall of 2000. The purpose of
the MTF is three fold; i) to promote a broader understanding of the processes and
mechanisms most influencing mass transport in MFR; ii) to re-examine experimental
tracer test methodologies to facilitate post-test analyses (i.e. minimize or constrain non-
uniqueness in derived parameters); and iii) to allow application of alternative dual-
continuum, discrete fracture and hybrid numerical codes in simulation of flow and
transport. In this role the MTF serves as a technical forum in which to test and reaffirm
concepts of flow and transport in MFR.
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Figure 3c-8. Comparison of observed and predicted (geostatistical) breakthrough curves for I- in Tracer-
Test (TT) 2 (right - transport simulations; left - particle tracking).

MFR Modeling Task Force

The MTF is comprised of three Canadian research groups, AECL, University of Water-
loo and Universite Laval. As a first step, the MTF is to re-examine the basis of the
conceptual flow and transport model for the MFR domain. As part of this process a
renewed characterisation program was initiated in early 2001, which among other acti-
vities involves the drilling of four new bores into the MFR test domain. These bores
have been sited to improve knowledge of small-scale variability in MFR properties, as
well as, to enable improved tracer test designs and well configurations. Other planned or
associated activities include:

• A hydraulic testing program within the 14 MF-series bores to reassess MFR trans-
missivities, storativities, well bore influence, and flow dimensions (i.e. fracture
geometry, interconnectivity);

• The application of VULCAN and Gocad visualisation software to aid integration
and traceability of multi-disciplinary data used in development of flow and transport
conceptual models;

• A new P-field geostatistical analysis of the MFR flow domain permeability field
incorporating new hydraulic testing data;

• Aligned research and development with the In-situ Diffusion and Quarried Block
experimental programs at the URL. These experiments are focused on improving
the understanding of advective-dispersive-diffusive mass transport in the intact
granitic rock and single fractures (scale - 1 m2).

Once a conceptual model has been reaffirmed, revised numerical simulation will be
completed using control volume finite element codes such as FRAC3DVS /Therrien and
Sudicky, 1996; Therrien et al., 2000; VanderKwaak, 1999/. Confidence building in
assignment of spatial geometry and boundary conditions will be developed through
calibration to both steady state and transient well interference data. Upon completion,
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'blind' pre-test prediction of conservative tracer transport will be performed for a series
of 5-10 tracer tests beginning in fall 2001. These tests, conducted at length scales of 5 -
50 m will include forced gradient convergent and injection-withdrawal configurations.
The MTF is a 3-year initiative scheduled for completion in 2003.

4 Summary and conclusions
The Moderately Fractured Rock experiment is conducted within AECL's URL to
advance the understanding of mass transport in fractured granitic rock. One objective
of the experiment is to evaluate the applicability of the Equivalent Porous Media
approximation for flow and solute transport within fractured-porous media. The
experiment, initiated in 1993, is comprised of two stages; i) flow domain characteri-
sation and conceptual flow/transport model development and ii) multi-well tracer test
and numerical analysis. Stage 1 characterisation activities were completed in late 1997
/Frost et al. 1998/. These activities included a multi-disciplinary effort in which a
100,000 m3 volume of MFR (1-5 fractures m"1, permeability ~ 10"15 m2) was identified
and investigated from the URL 240 m level. As part of the MFR flow domain investiga-
tions, 10 bores were used to characterize litho-structural domains, hydraulic and
hydrogeochemical properties and geophysical (cross-hole radar and seismic tomo-
graphy). These data were used to develop a conceptual flow system model, which
served as a basis to rationalize a 3-dimensional numerical analysis of the flow and
solute transport. These analyses were performed using the AECL finite element code
MOTIF /Frost et al., 1998/.

Tracer testing within the MFR area began in 1998. The experiments have been
performed using non-sorbed (I, Br, Lissamine FF), sorbed (Rb, Li) and colloidal (0.19,
0.22 and 0.56p, latex spheres) tracers in forced gradient 'dipole' type flow fields at
scales of approximately 10 to 50 m. Breakthrough curves for non-sorbed ions, with one
exception, were characteristically single peaked with long skewed tails that yielded
mass balances of 30% or less. There was no evidence of colloid breakthrough suggest-
ing effective fracture network filtering. Pre- and post-test 3-dimensional numerical
simulations of tracer breakthrough were conducted using the finite-element code
MOTIF. Representations of the flow domain permeability field, with values ranging
between 10"'4 and 10"19 m2 were developed using deterministic and geostatistical tech-
niques. Adequate matches to field data are obtained, but significant spatial permeability
and porosity field variability is required, which complicates uniqueness of tracer test
results and uncertainty in derived transport parameters.

Recent developments in the MFR experiment include the creation of a Modeling Task
Force (MTF). The intent of the MTF is; i) to promote a broader understanding of the
processes and mechanisms most influencing mass transport in MFR; ii) to re-examine
experimental tracer test methodologies to facilitate post-test analyses; and iii) to allow
application of alternative dual-continuum, discrete fracture and hybrid numerical codes
in simulation of flow and transport. In this role, the MTF serves as a technical forum
in which to test and reaffirm concepts of flow and transport in MFR. The MFR experi-
ment will begin an anew set of tracer experiments in fall 2001. The MFR experiment is
scheduled for completion in 2003.
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