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Abstract
A comprehensive set of the non-sorbing tracer experiments were run in the granodiorite
of the Kamaishi mine located in the northern part of the main island of Japan-Honshu.
A detailed geo-hydraulic investigation was carried out prior to performing the tracer
migration experiments. The authors conducted a detailed but simple investigation in
order to understand the spatial distribution of conductive fractures and the pressure
field. Seven boreholes were drilled in the test area of which dimension is approximately
80 meters by 60 meters, revealing hydraulic compartmentalization and a heterogeneous
distribution of conductive features. Central three boreholes which are approx. 2 to 4
meters apart form a triangle array. After identifying two hydraulically isolated fractures
and one fractured zone, a comprehensive non-sorbing tracer experiments were con-
ducted. Four different dipole fields were used to study the heterogeneity within a frac-
ture. Firstly, anisotropy was studied using the central borehole array of three boreholes
and changing injection/withdrawal wells. Secondly, dipole ratio was varied to study
how prume spread could affect the result. Thirdly, reversibility was studied by switch-
ing injection/withdrawal wells. Lastly, scale dependency was studied by using outer
boreholes. The tracer breakthrough curves were analyzed by using a streamline, analy-
tical solution and numerical analysis of mass transport. Best-fit calculations of the
experimental breakthrough curves were obtained by assigning apertures within the
range of 1-10 times the square root of transmissivity and a dispersion length equal to
1/10 of the migration length. Different apertures and dispersion lengths were also
interpreted in anisotropy case, reversibility case and scale dependency case. Fractured
zone indicated an increased aperture and increased dispersivity.
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1 Introduction
Performance assessment of a high-level waste repository in fractured rock requires a
clear understanding the geometry, hydrology and mass transport properties of the
natural fracture network /Ijiri et. al., 1998/. In a previous performance assessment (PA)
report, the Power Reactor and Nuclear Fuel Development Corporation of Japan (PNC)
used a simple homogeneous, one-dimensional parallel plate model which assumed a
cubic relationship between fracture aperture and transmissivity /PNC, 1992/. This
simple model assumes equivalent parameters, which are difficult to determine from the
various field data. A major goal of the experimental work supporting PA is to develop
more realistic flow models with a better understanding of in-situ conditions. Speci-
fically, determining the existence, connectivity and spatial distribution of water-
conducting fractures (flowing fractures) is critical for PA.

In crystalline, recently, a several in-situ experiments have focused on flow and transport
in fracture networks /e.g. Uchida and Sawada, 1995; SKB, 1997; Frost et al., 1997/.
Nuclide migration is explained by a combination of several phenomena, including
advection, dispersion, adsorption onto the fracture surface or infilling, and diffusion and
adsorption into the rock matrix /PNC, 1992/. Advection and dispersion are dominated
by heterogeneity at the scale of the fracture network (several tens meter scale) and the
heterogeneity of channels on single fractures (from several tens centimeter to several
meter scale). Adsorption and diffusion are dominated by the micro-scale around the
channel /Uchida et al., 1997/.

In this study, we focussed on transport at the fracture network scale and conducted a
series of investigations of the conductive fracture network, and its hydraulic and
transport properties. Once the fracture and hydraulic conditions at the test site were
well-determined, two single fractures and a fracture zone were chosen for the mass
transport portion of the study. That is; the experiments consist of the three major stages:

1. Geometrical and geological fracture system characterization.

2. Hydraulic characterization of the fracture system.

3. Dipole tracer tests.

Experimental activities employed to improve this understanding included:

• investigating the conductive fracture network at the borehole scale,

• obtaining geometric, hydraulic and mass transport properties of conductive
fractures, and

• developing an approach to investigate the hydrogeology of fractured rock.

The experimental area is located on the 550 m level of the Kamaishi Mine at the
northern end of the KD-90 drift, approximately 350 m below the surface. The study area
is near the center of the Kurihashi granodiorite rock body (Figure 3c-9).
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Figure 3c-9. Location and geological map at test area.

2 Geological and hydrological investigation
The main investigation of the hydraulic structure of the study area was conducted using
7 boreholes including existing KH-19 borehole as illustrated in Figure 3c-10, which
were drilled in the following order: KH-20, KH-23, KH-21, KH-25, KH-22 and KH-24.
Boreholes KH-20, 24 and 25 were drilled to make a trianglar array in vertical cross
section with about two meter spacing for the tracer migration experiments. During
drilling of each new borehole, the flow rates and pressures in the new borehole were
measured daily. At the same time, water pressures were monitored continuously in
previously drilled boreholes.

The main purpose for flow and pressure monitoring was to detect conductive fractures
in the new borehole and to identify their hydraulic connections to other boreholes. The
intersection of a conductive fracture in the new borehole was often accompanied by an
increase in outflow from borehole hole, an increase in the pressure readings when the
new borehole was closed, at night, a drop in pressure in a monitoring interval of pre-
existing hole, or all of these effects.

Figure 3c-10. Drifts and boreholes layout.
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Depth (m)

Figure 3c-ll. Inflow distribution along each borehole by flow logging.

After completion of drilling, additional data was collected in each borehole through
high-resolution television logging (BHTV) and core observation in order to map
fractures, and flow logging using 1-m spaced double packers to measure the location
and flow rate of groundwater into the hole. After completing the logs, multi-packer
piezometers were prepared to isolate the major conducting zones, while providing
access for measurements and water injection or withdrawal.

More than three thousand fractures were observed in the seven boreholes. The mean
strike and dip of the fractures are about N70-80E and 70-80N, respectively. Conductive
fractures identified by BHTV and core logging were characterized by a "orange" altera-
tion halo or mineral infillings of chlorite, calcite, stilbite; and/or fine-grained dark green
minerals.

The fractures located in high fracture density zones around 35m and 55m from access
drift of KH-20, 24 and 25 boreholes tend to have the highest degree of alteration.

At each borehole, flow logging was conducted initially using a 5 m spaced packer
system, followed by measurements using a i m system over those 5 m intervals that had
measurable flow. This approach provided inflow data at a 1-m resolution. Figure 3c-11
shows the inflow distribution of each borehole. From West to East the borehole layout
is KH-22, KH-23, KH-20, KH-24, KH-25, KH-21, and KH-19. From the flow logs,
high inflow rate was observed in eastern part of the study area and decreased to the
west.

An analysis of the transient pressure response observed existing boreholes during
drilling new borehole indicate that some piezometer sections had similar patterns of
responses to the drilling of new holes. The grouping of the similar patterns provides a
strong indication that the flow system was compartmentalized; that is, the flow system
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consisted of conductive networks of fractures separated by less conductive regions. In
the experimental area, six compartments were identified (Figure 3c-12). These were
denoted compartment (or zones) A, B, C, D, E and F. In addition to the similar
responses to drilling, each piezometer section within a compartment had similar
pressure values. Each piezometer section responded relatively rapidly to pressure
interferences within the compartment, but not to interferences from other compartments.

The groundwater flow system above the experiment area involves flow from shallow
groundwater near the surface to the mine openings at depth. The hydraulic head in a
given compartment reflects its connectivity to the hydraulic boundaries at shallow
depth or to the mine. Compartments that are better connected to the surface have high
hydraulic heads, while compartments that are better connected to the mine show effects
of de-pressurization. The compartmentalization is most readily recognized when there is
a large hydraulic gradient across the region of interest, such as in our experimental area.
Previous studies at Kamaishi also encountered hydraulic compartments, however they
went unrecognized because the compartments had similar low hydraulic heads due to
connections to mine openings.

Figure 3c-13 shows the geologic map of fractures intersecting in the experimental area.
The fractures in this map were extrapolated across holes based on their location, simi-
larity of orientation, and similarity of other properties such as alteration or minerali-
zation. The fractures exposed in the Kamaishi Mine's underground workings are often
very extensive and have trace lengths of several meters to tens of meters. The geologic
map in Figure 3c-13 shows fracture connections across some of the compartment
boundaries such as the C-zone's boundary with the D-zone around the KH-21 and
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Figure 3c-13. Estimated conductive fracture distribution.

KH-25 boreholes. This inconsistency between the fracture and the hydraulic data sug-
gests that fractures that are geologically continuous are not necessarily hydraulically
continuous. The tracer migration test target fractures and fracture zones were selected
by the following criteria :

• a single-fracture across KH-20, 24, 25 (center three )boreholes,

• a hydraulic connection among center three boreholes, and

• no other fractures within the lm packer sections.

Based on these criteria, two fractures, called SF-1 in Zone F and SF-2 in Zone E, were
selected. In addition to the single fractures, portions of the D-zone were targeted to
provide test intervals in a more complex fracture zone. In order to confirm the hydraulic
connectivity, and pressure interference, preliminary tracer migration tests were con-
ducted between the center three boreholes. The preliminary tests involved injecting
saline solutions in a packed off section of one hole, and logging the electrical conduc-
tivity of the water in adjacent open holes to determine the inflow points. These tests
confirmed the connectivity of SF-1 between KH-20, 24 and 25 boreholes, and SF-2
between KH-20 and KH-24.

After all piezometers was replaced for tracer migration experiments, a set of pressure
interference tests was run by withdrawing water from selected packer intervals in order
to estimate hydraulic properties of tracer target fractures.
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3 Non-sorbing tracer migration experiments
Each piezometer interval used a system of fixed-end packers with stiff extension tubes
made by stainless-steel. The system had a constant outer diameter of 70-mm, largely
filled the 76-mm boreholes, thus minimizing the water storage in the monitoring
intervals. Up to ten zones were isolated in each borehole. Electrical conductivity and
temperature sensors were used to measure tracer concentrations in the test zones. Flow
and pressure measurement tubes provided independent access to each packer section.
The pressure lines were instrumented with pressure transducers connected to a central
data-acquisition system. At the borehole collar, a Cl" ion-specific electrode provided
real-time concentration data. Water samples were also collected for adsorption spectro-
photometer analysis to confirm the tracer breakthrough (Figure 3c-14). NaCl (0.8 wt%)
was used as the tracer. The tracer tests used dipole geometry consisting of injection at a
source well and a higher withdrawal rate at the receiving well AVelty and Gelhar, 1989/.
The flow field was controlled by a constant rate pump at the injection hole and by a
constant-rate valve at the withdrawal hole. The tracers were injected into a nearly steady
flow field established by prior injection and withdrawal.

The tracer tests used a variety of source and receiver sections (Table 3c-1). For some
source-receiver combinations, the dipole ratio (ratio of withdrawal to injection flow
rate) was varied, and/or the injection and withdrawal zones were reversed. The selection
of test sections and flow rates was designed to study anisotropy, reciprocity, and scale
dependency. Fifteen tracer experiments were run successfully. The tracer recovery
percentages were high (>80%) from the single fractures and were lower in the fracture
zone tests (varying between 20% and 80%).

Injection/Withdrawal hole lonmeter

Withdraw Control Valve Fraction Collector
Flow Meter

Figure 3c-14. Equipment for tracer tests.
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Table 3c-1. Tracer test cases.
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Figure 3c-15. Tracer test results: an example conducted at SF-1 fracture.
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Figure 3c-15 shows an example of test results conducted on single fracture, SF-1, in
which tracer was injected in KH-24 and recovered from KH-25. The mass recovery of
the test was over 80%.

4 Preliminary analysis of tracer test results
This preliminary analysis assumed two-dimensional flow geometries, homogeneous
properties, and an absence of boundary in order to simplify the analysis, although flow
dimension analysis shows various geometry. Tracer tests were analyzed using analytical
solutions of dipole streamlines /Heer and Hadermann, 1994/. Each streamline was dis-
cretized into stream tubes as illustrated in Figure 3c-16. Advection-dispersion equation
was numerically solved by using Laplace Transform Galerkin (LTG) solution /Sudicky,
1990; Ijiri et al, 1998).

Transport aperture and longitudinal dispersion length were calculated by comparing
tracer test breakthrough curves. For the single-fracture tracer breakthrough curves,
the numerical analysis results were in good agreement with the experiment results.
Figure 3c-17 shows an example of comparison results. However, for the fracture zone,
it was difficult to fit the numerical results to the experiment results due to low recovery
and different geometry between two-dimensional homogeneous model and three-
dimensional fracture network in D-zone. For the single fractures, evaluated transport
aperture ranges from 0.2 mm to 1 mm.

Because tracer tests require long times and are challenging to perform, it is attractive to
find some method to relate transport aperture to more easily measured quantities such as
transmissivity. Uchida et. al, 1995 suggest a square root relationship between transport
aperture and transmissivity based on a pipe-bundle model of the fracture. This relation-
ship was used to develop transport aperture data for numerical predictions of tracer
tests. Figure 3c-18 compares transport aperture values with the transmissivity values for
the same fracture. The transport aperture values are about one order of magnitude larger
than apertures calculated from the flow rates using the cubic law and they range from
1 to 10 times square root of transmissivity. The spread in the data does not allow an
unambiguous confirmation the square root relationship. The fitted longitudinal disper-
sion length varied from 0.2 m to 1.2 m for dipole spacings ranging from 2 m to 6 m, and
suggest that dispersion coefficient has 1/10 of migration length relation (Figure 3c-19).
Different aperture and dispersion length were also interpreted in anisotropy case (Figure
3c-20) and reversibility case (Figure 3c-21). Fractured zone indicated an increased
aperture and increased dispersivity.
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(a) Stream line

Figure 3c-16. Conceptual illustration of discretization of each streamline.
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Figure 3c-17. Analyzed result of tracer breakthrough curve - the example of the SF-1-4 case.
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5 Conclusions and issues
The hydrologic investigations demonstrate clearly that variable connectivity of fracture
networks can lead to compartmentalized flow systems. These compartments may be
significant for understanding flow and transport in a repository site. The experimental
program shows that complex geometries of fracture networks can be deduced by
straightforward procedures, but careful monitoring of drilling and testing operations.
Inadequate isolation of conducting features during experiment area development may
short-circuit the flow system and make geometric assessment difficult or impossible.
Once conducting features are identified, tracer tests can successfully provide infor-
mation on transport properties. From the dipole tracer tests with varying combination of
injection/withdrawal section and dipole ratio and the preliminary analyses, scale depen-
dency of dispersion length, and anisotropy and reciprocity of transport properties were
evaluated.

One goal of the experiment is to map the location and to identify the water conductive
fractures. The flow logging approaches successfully identified conducting features to a
1 m resolution in the boreholes. However, given the high densities of fractures in core
and television logs, it was not possible to clearly associate water conductivity with
specific fractures, except in some cases where drilling responses could be precisely
located. Furthermore, conductive fractures are heterogeneous internally, and a con-
ductive fracture may not produce flow at all points of borehole penetration. Thus, while
the larger scale geometries of compartment structure are clearly established, the location
of individual conducting fractures has much uncertainty. It is possible the higher reso-
lution flow logging could have provided better resolution. LaPointe et al. /1995/ studied
the water conductive fracture identification by using neural network analysis with the
complex fracture geological data at Aspo Hard Rock Laboratory. This approach has an
advantage of taking into account both quantitative and qualitative data, and also ana-
lyzing non-linear relationship. In the future, with this kind of analysis, more high-
resolution flow logging technique and packer tests will have to be developed.
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