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ABSTRACT

This section of the Characterization of the Yucca Mountain
Unsaturated Zone in the Exploratory Studies Facility Study Plan
describes the Intact Fracture Test in the Exploratory Studies
Facility (Site Characterization Plan activity 8.3.1.2.2.4.1). The
objective of this activity is to conduct detailed laboratory
analyses of the hydraulic and transport properties of single,
variably-saturated fractured rock cores collected from the
Exploratory Studies Facility. The results of the Intact Fracture
Test will be used to test models for fluid flow in fractured rock
(Characterization of Fluid Flow in Unsaturated Fractured Rock,

Study 8.3.1.2.2.8, R1).

The raticnale for the Intact Fracture Test is described in
Sections 3.1.3 (regulatory rationale and justification) and 3.1.4
(technical rationale for activity selection). The general approach
to the activity and a summary of the tests is included in Section
3.1.6. The Intact Fracture Test in the ESF is described in detail
in section 3.1.7. Sections 3.1.8 and 3.1.9 discuss data analysis
and the application of the results. A list of equipment, a
schedule, and the references cited are mentioned in sectlons 3.1.9,
3.1.10, and 3.1.11, respectively.
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Intact-fracture test
3.1.1 Objectives of activity p

The objectives of this activity are to conduct detailed
laboratory analyses of the hydraulic and transport properties of
single, variably-saturated natural fractures collected from the
Exploratory Studies Facility (ESF) .

3.1.2 DPurpose of activity

The purpose of this test is to evaluate fluid-flow and
chemical-transport properties of single, relatively undisturbed
fractures. The test will provide: (1) a better understanding of
the physics of fluid flow and chemical transport through variably-
saturated fractures under a range of stress conditions; (2) a way
to estimate the hydrologic properties of single fractures in
various tuffaceous units underlying Yucca Mountain; and (3) direct
measurements of unsaturated hydraulic properties of fractured rock
for comparisons with results of the unsaturated zone fractured rock
modeling efforcs (Study Plan 8.3.1.2.2.8). These results will also
help address many of the hydrologic issues and technical positions
listed in the Site Characterization Plan (DOE, 1988). The SCP
describes the geohydrology testing strategy in Section 8.3.1.2 and
the issue-resolution strategies for performance assessment in
Sections 8.3.2 through 8.3.5.

3.1.3 Regqulatory rationale and justification

The results of the Intact Fracture Test will be used to test
preliminary numerical models for fluid flow in fractured rock. The
choice of initial and boundary conditions for these models is
inherently subjective. Te~ting methols based on actual
measurements taken under controlled laboratory conditions are
preferred. Testing these models will help detect fundamental
problems that may occur as the models are applied to the hydrologic
system at Yucca Mountain.

The Intact-Fracture Test will provide data for various
hydraulic parameters for individual fractures. These parameters
include: (1) permeabilities to water and air, (2) characteristic
curves that define the degree of saturation as a function of matric
potential, (3) critical saturations (i.e., to initiate fracture
flow), (4) relations between stress and effective permeability, (5)
breakthrough curves and effective porosities, and (6) flow-channel
geometry to evaluate the applicability of different fracture-flow
equations.

The results of the Intact-Fracture Test will contribute to
resolving the following issues and technical positions in the SCP:
pre-waste emplacement travel time (Issue 1), vapor transport (Issue
7), hydrologic: flow paths (Issue 9), size effect and extrapolation
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(Technical Position 2), host-rock variability (Technical Position
3), testing of the conceptual model (Technical Position 5), gaseous
travel time (Technical Position 6), and mathematical models
(Technical Position 8). This activity does not address post-waste
emplacement conditions.

These issues and technical positions are addressed by studying
the following in the Intact-Fracture Test: 1) the conditions for
fluid flow in unsaturated, fractured rock; 2) the nature and role
of channeling processes; 3) the influence of fracture-matrix
interaction on fluid flow; 4) the relative permeability of
unsaturated, fractured rock as applied to the estimation of fluid
flux; 5) the etfects of stress changes on permeability and relative
permeability of rough-walled natural fractures; and 6) spatial
heterogeneity in fractured-rock permeability.

The proposed Exploratory Studies Facilities (ESF) Intact
Fracture Test will evaluate fluid-flow and chemical-transport
properties of single, relatively undisturbed fractures. The
objectives of the test are to provide the following: (1) a better
understanding of the physics of fluid flow through variably
saturated fractures under a range of stress conditions; (2) a means
of testing numerical and analytical fracture-flow models; and (3)
a way to estimate the hydrologic properties of various tuffaceous
units underlying Yucca Mountain. These objectives will be
accomplished by conducting stress-permeability tests in the
laboratory which will provide hydraulic transport parameter
measurements under a range of mechanical conditions. These
permeability tests would include single- and two-phase permeability
studies using conservative tracers for transport investigations.
Also, flow-channelization tests will be conducted, which will
provide infoimation on the geometry of the fluid-phase
distributions and fracture apertures. These results will help
address many of the hydrology-related site characterization issues.

3.1.4 Technical rationale for activity selection

Fractures are potential flow paths in the unsaturated zone at
Yucca Mountain. However, . characterizing fracture flow is
complicated by numerous problems, three of these are: (1) the
possibility of non-Darcian flow; (2) the interaction of the
three-dimensional stress field and three-dimensional flow field in
the rock; and (3) extrapolating individual discrete fracture
methods to large-scale, equivalent porous media representations.

The first problem complicating the characterization of
fracture flow occurs as a result of nonlinear flow in rock
fractures, which can result from turbulent flow (sharp and Maini,
1972) and gas-slip phenomena (Klinkenberg, 1941). Turbulent flow
is probably not significant in deep sections of the unsaturated
zone at Yucca Jountain. However, flow of the nonwetting phase

3.1-2



N

" — —’
(air) through unsaturated fractures may be nonlinear at small flow
rates (Montazer, 1982).

The second problem arises from the interaction of stress and
rock-mass properties. Changes in stress can change the fracture
aperture and affect the permeability and effective porosity of the
fracture. A change in the effective porosity of the fracture can
correspond to a change in fracture saturation. Permeability is a
function of saturation, and therefore, any changes in saturation
conditions could result in a second order permeability change
(Montazer and Wilson, 1984).

The third problem,. extrapolation of.discrete fracture methods
to equivalent porous media representations, results from the
scale-dependence of applying Darcian flow theory; and, the limited
access to the fracture network. Developing an equivalent porous
media representation would depend on defining a Representative
Elementary Volume (REV). If an REV was defined, at the scale of
the REV, the medium being represented could be replaced,
conceptually, with an equivalent porous medium. Due to the highly
heterogeneous medium expected at Yucca Mountain, an REV is
questionable. These approaches are described in the Study Plans
8.3.1.2.2.8 and 8.3.1.2.2.9.

These problems are addressed partially by investigating flow
phenomena in individual, relatively undisturbed fractures under
controlled, steady-state and transient conditions. The result of
tests on single fractures then can be used as building blocks for
designing, testing, and interpreting larger-scale tests, including
the following Site Characterization Plan activities: ' the
Percolation (8.3.1.2.2.4.2), Radial Boreholes (8.3.1.2.2.4.4), and
Excavation Effects (8.3.1.2.2.4.5) Tests.

The ESF intact fracture test will conduct detailed laboratory
analyses of the hydraulic and transport properties of single,
variably saturated natural fractures collected from the ESF.
Minimally disturbed core samples with a single fracture will be
collected from cifferent rock types, locations, and orientations in
the ESF that are representative of natural, rough-walled fractures
in the unsaturated zone. Information collected by the Radial
Boreholes Test and the Major Faults Test (SP 8.3.1.2.2.4) will
provide guidznce selecting fractures based on the measured
permeabilities and calculated pneumatic apertures. Laboratory
analyses performed under controlled laboratory conditions will
provide hydraulic, transport, and geometric parameters in fractured
rock and an opportunity to directly observe fluid-flow processes
over a range of hydraulic and mechanical conditions.

The most common flow model, the Poiseuille flow equation,
assumes smooth parallel plates as a fracture analogy. Experimental
evidence by Maini (1971), however, shows that flow in natural
fractures occurs over paths that are anastomosing and irregular.
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Maini's (1971) experiments also demonstrate that flow tends to
deflect around narrow portions of the fracture openings.
Consequently, flow pathg in a fracture conduct flow in a manner
analogous to several attached conduits of different sizes. Only
when aperture variation along a flow path is small can the flow be
well approximated by parallel plate flow with an opening equal to
the mean flow path aperture (Iwai, 1976; Neuzil and Tracy, 1981).
Based on these observations, idealized fracture models can be
constructed in which the flow paths are represented by an opening
that varies continuously normal to the flow, but with a constant
aperture in the flow direction.

Numerous. models have been developed to investigate fluid flow
in fractures. One approach is a stratified percolation model to
analyze saturated and unsaturated fluid flow through single
fractures (Pyrak-Nolte et al., 1990). The type of flow geometry
observed in laboratory experiments was reproduced based on the
fractal characteristics of contact area, flow path tortuosity, and
aperture variations. Firoozabadi and Hauge (1990) proposed a
phenomenological model to describe capillary pressure measurements
of fractures between matrix blocks. The model depicted fracture
surfaces as covered with cones, each contacting the tip of an
opposing cone. Data collected from centrifuge tests were compared

with simulations using the cone phenomena. A conceptual and
numerical model describing multiphase flow was proposed by Pruess
and Tsang (1990). A rough-walled rock fracture was viewed as a

two-dimensional heterogeneous porous medium. It was found that the
sensitivity of the relative permeabilities depended on the type and
range of spatial correlation between apertures.

Permeability tests will be conducted in the laboratory under
varying stress conditions that simulate the natural stress
environment. The intact fracture samples will be subjected to a
range of stresses similar toc the lithostatic pressures that are
present in the ESF. The effects of these incremental variations in
stress are exhibited primarily as changes in the size of the
fracture aperture (Gale, 1982). The geometry of fracture surfaces
is the most important variable in determining the ability of a
fracture to transmit water (Snow, 1966, 1970; Neuzil and Tracy,
1981; Witherspoon, 1981). Therefore, characterization of fracture
flow must include an assessment of fracture geometry and its
variation within the in situ stress environment.

Numerous studies have  been ccnducted concerning multiphase
flow in fractures. Some of these studies indicate that two-phase
flow in fractures is similar to flow in porous media (Pruess and
Tsang, 1990; Keuper and McWhorter, 1991; Reistma and Keuper, 1994).
Phase structure or occupancy of the void space in fractures can
strongly affect fluid permeability. Interference between fluid
phases can influence the sum of wetting and nonwetting phases such
that the sum of the relative permeabilities does not equal one
(Pruess and Tsang, 1990; Persoff et al., 1991; Persoff and Pruess,
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1993). This is contrary to previous work that has indicated that
the sum of the relative permeabilities equal one (Romm, 1966;
Pruess et al. 1983, 1984; Bodvarsson et al. 1987). This test will
obtain relative permeabilities primarily based on the energy status
of the fracture plane and the rock matrix, inflow and outflow data
(using mass flowmeters, pressure transducers, and gravimetric
measurements), and resistivity values. Phase structure will
probably influence these measurements.

Conservative tracers (bromide, iodide, and/or meta-
(trifluoromethyl) benzoic acid (m-TFMBA) will be introduced_during
the hydraulic tests. Breakthrough curves (tracer concentration vs.
time), for example may be used to evaluate the effect of diffusion
on environmental-tracer movement through the unsaturated zone.
These results will also be used to compare actual measurements of
hydraulic properties to the results of computer model simulations.

In addition, flow-channelization tests will be conducted.
These tests will provide another means of characterizing fracture
flow. Flow channelization along the fracture plane is one of the
major uncertainties and one of the most important variables when
analyzing unsaturated flow and chemical transport through natural
fractures. Because the ability of a fracture to transmit water
depends primarily on the size of the opening (fracture aperture),
attempts have been made at defining the relations between fracture
geometry and hydraulics. A knowledge of aperture roughness
properties anc¢ flow hydraulics provided by flow-channelization
experiments can indicate whether or not flow paths in fractures can
be represented by simple hydraulic flow models (Montazer and
Harrold, 198S).

To summarize, the Intact-Fracture Test will provide hydraulic
parameters for individual fractures. These include: (1)
permeabilities to water and air, (2) characteristic curves that
define the degree of saturation as a function of matric potential,
(3) critical saturations (i.e., to initiate fracture flow), (4)
relations between applied stress and effective permeability, (5)
breakthrough curves and effective porosities, and (6)
flow-channelization simulations that evaluate the applicability of
different fracture-flow equations.

3.1.5 Constraints on Study
3.1.5.1 Potential impacts of activities on the site

Samples will be collected from the drifts, walls,
alcoves, and ramps of the ESF. Core samples will be collected
from numerous locations in the following five informal
hydrogeologic units in the ESF: 1) the Tiva Canyon welded
(the North and/or South ramp), 2) the Paintbrush nonwelded
(the North and/or South ramp), 3) the Topopah Spring welded
(main test level), 4) the vitric Calico Hills nonwelded, and
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5) the zeolitized Calico Hills nonwelded. Samp%e locations
will be chosen by the PI using detailed mapping information.

¥

An alcove may be needed if the core samples are collected
where a drill rig and dust collector may block through
traffic. The PI will work with the ESF Test Coordination
Office to identify and specify design requirements related to
potential interferences with traffic in the ramps and/or
drifts. If alcoves are required, dry construction is
required.

Suitable sample locations will be chosen by the PI. No
interference envelope is- defined, but the envelope will be
small since only rock cores are to be collected.

Flexibility in sampling locations is required to locate
suitable fractures. Drilling and overcoring will be done
using dry methods. Only sample collection will be conducted
in the ES#; therefore, no hydrological, chemical, or thermal
disturbance is expected from this activity.

The core samples do not have to be collected during
construction. However, these cores shall be collected as soon
as possible so the lengthy laboratory tests to be conducted
can be started. The rock cores should be collected before any
lining material is installed in the ESF or the sample
locations marked before any lining material is installed so
the samples can be collected later.

3.1.5.2 Interrelationships of tests involving
significant interference with other tests

This test should not interfere with other tests conducted
in the ESF. When possible, these cores will be collected in
coordination with the following tests: a) Overcore Stress
Test (SCP Activity 8.3.1.15.2.1.2), b) Excavation Effects Test
(SCP Activity 8.3.1.2.2.4.5), c) Fracture Mineralogy Activity
(SCP Activity 8.3.1.3.2.1.3), and d) Radial Boreholes Test
(SCP Activity 8.3.1.2.2.4.4) and Major Faults Test (SCP
Activity 8.3.1.3.2.4.10). The core samples will be collected
so that data collected from the four previously mentioned
tests can be used to interpret, collaborate, or bound the
laboratory tests conducted on the collected core samples.

The Overcore Stress Test will provide in situ stresses.
The Excavation Effects Test will provide information regarding
air permeability changes due to excavation. The Fracture
Mineralogy Activity will provide data concerning fracture
coatings and matrix mineralogy-. Lastly, the Radial Boreholes
Test and the Major Faults Test will provide information on
fracture permeability and pneumatic apertures. However, these
tests are not required to collect core for this test. The
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core samples can be collected without collaborating with these
tests. The data collected by these tests will enhance the
conduct of the Intact-Fracture Test. The core can be
collected wherever competent, single fractures occur.

3.1.6 General approach and summary of tests and analyses

Intact-fracture core samples will be collected from the ramps,
main drifts, and test rooms of the ESF. Suitable sampling sites
will be chosen using the fracture mapping data collected
(Underground Geologic Mapping, Study 8.3.1.4.2.2) and by visual
inspections. Relatively undisturbed rock cores containing a
single, through-going fracture will be collected. These cores will
have fractures of two different orientations. The first type,
radial fractures, will have a fracture approximately perpendicular
fo the axis of the core. The second type, axial fractures, will
have a fracture approximately parallel to the axis of the core.

A number of core samples will be collected for the stress-
permeability studies. Six to twelve core samples of each fracture
orientation (axial and radial) will be collected from each
hydrologic unit sampled. The fractures will be. subjected to a
series of laboratory tests including air and water permeability
tests, tracer tests, and flow-channelization tests.

3.1.7 Detailed Description
3.1.7.1 Test configuration

The intact fracture laboratory test will include the
following major tasks: 1) input to computer modeling (codes
developed under Study Plan 8.3.1.2.2.8), 2) stress-
permeability tests, 3) tracer tests, 1%) flow-channelization
tests, and 5) data analysis. These tasks will be performed
specifically to better understand fluid flow in fractured rock
for two fracture orientations, radial (perpendicular to the
core axis) and axial (parallel to the core axis).

Figure 3.1-1 illustrates the overall approach to the
intact fracture laboratory test. The development of
unsaturated zone fractured rock computer models are discussed
in Study Plan 8.3.1.2.2.8 (Characterization of Fluid Flow in
Unsaturated, Fractured Rock). Axial and radial fractures will
be tested. A blank sample .s used to test the vessel and
fluid flow field. Samples previously collected from the G-
Tunnel Underground Facility at the Nevada Test Site, NV will
subsequently be tested (i.e., stress-permeability, tracer, and
flow charnnelization tests). The direct measurements of
unsaturat:d hydraulic properties of fractured rock will be
compared with results of the unsaturated zone fractured rock
preliminary modeling efforts (Study Plan 8.3.1.2.2.8). The
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Figure 3.1-1. Intact fracture test configuration.
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samples collected from the ESF will be tested and the results
used to test the preliminary models of fluid flow in
unsaturated rock. R

3.1.7.2 BSample Collection

Drilling and excavation activities disturb the natural
state of fractured rock and hamper the collection of
undisturbed, intact-fracture samples. Success in obtaining a
minimally disturbed fracture depends on rock type and the
nature and extent of the fractures in the sample. Preliminary
testing of the sampling procedures was performed in the
G-Tunnel, Nevada .Test Site, NV, with similar rock types
(Severson and Boernge, 1991). Fracture samples in the ESF
will be selected based on the results of fracture mapping in
the ESF and visual inspections. Three-dimensional projections
of individual fractures will be determined from the
two-dimensional fracture maps and fracture-orientation data
provided as part of the Underground Geologic Mapping Study
during ESF construction.

Core samples will be collected from numerous locations in
the following five informal hydrogeologic units in the ESF:
1) the Tiva Canyon welded (the North and/or South ramp), 2)
the Paintbrush nonwelded (the North and/or South ramp), 3) the
Topopah Spring welded (main test level), 4) the vitric Calico
Hills nonwelded, and 5) the zeolitized Calico Hills nonwelded.
Sample locations will be chosen by the PI using detailed
mapping information if available. Samples will be selected
that contain a single fracture exhibiting as little mechanical
disturbance as possible and that are visually representative
of the range of fractures observed regarding aperture,
roughness, and shape. I~ is important to emphasize that
specific requirements of the field-phase activities will be
developed in subsequent, detailed test planning documents.

When possible, these cores will be collected in
coordination with the following tests: a) Overcore Stress
Test, b) Excavation Effects Test, c) Fracture Mineralogy Test,
and d) Radial Boreholes Test, and e) Major Faults Test. The
core samples will be collected so that data collected from the
three previously mentioned tests can be used to interpret,
collaborate, or bound the laboratory tests conducted on the
collected core samples. The core can be collected wherever
competent, single fractures occur.

3.1.7.2.1 Radial Fracture Sampling

Radial fracture sampling will progress in a step-wise
manner as summarized here. A fracture will be considered
suitable for sampling if it has a minimal number of
intersections with other fractures and is oriented so that it
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can be intersected by a pilot hole perpendicular or
approximately perpendicular to the plane of the fracture. A
25.4-cm (10-inch), inside diameter core barrel will be started
15.2 to 25.4 cm (6 to 10 inches) into the rock face to pass
initial surface irregularities. The pilot hole then will be
drilled with a 1.9-cm (0.75 in) outside diameter core barrel
using a centering template.

The pilot hole will be drilled, the core barrel removed
and a downhole video camera will be used to inspect and locate
the fracture. When a possible fracture is identified with the
video camera, the length from the top to the bottom of the
planned core sample and pilot hole will be calculated and the
corehole will be cored with the 25.4-cm (10-inch) core barrel
to the top of sample depth.

Next the pilot hole will be extended to the calculated
bottom of the pilot hole dimension. The video camera will
again verify the condition of the pilot hole. If the pilot
hole does not have additional fractures or unacceptable
geologic conditions, the anchoring system (comprised of a rock
bolt, three mechanical anchors, spacer, nuts, and washers)
will be installed, holding the fracture in compression.

Securing the fracture is followed by overcoring to 5.1 cm
(2 inches) beyond the bottom of the pilot hole. A wedge tool
is used to separate the core from the rock mass near the
bottom of the corehole. The core sample is removed from the
corehole, labeled, neasured, waxed, wrapped, placed in a
shipping crate, and then shipped to the USGS Denver laboratory
for testing.

3.1.7.2.2 BAxial fracture sampling

The clamp-core method was included as a core sampling
technique per recommendations by Lawrence Livermore National
Laboratory to obtain fracture core samples with 1less
disturbance than the rock bolt-overcore method (Yow, 1986).
This sampling method provides core samples necessary to study
axial fluid flow in fractured rock.

Axial fracture core samples are collected by coring
parallel to the centerline of a fracture perpendicular or
approximately perpendicular to the mined surface. A 25.4-cm
(10-in) diameter coring bit is used to core the rock on the
centerline of the fracture. After full depth coring is
completed, several circumferential straps are placed around
the core after the core barrel is removed and tightened using
tools that can be used in the core annulus. The sample is
broken off at the bottom of the coring depth using a wedge
tool that fits in the core annulus. The core is then removed
with a core shovel and packaged for shipping.

3.1-10



3.1.7.3 s8ample Preparation

The core samples will be examined closely for small
fractures and mineralogical discontinuities. Initial
laboratory procedures will prepare the fracture samples for
the two vessel types, a hydrostatic pressure vessel for axial
fractures and a uniaxial pressure vessel for radial fractures.
The core samples will be trimmed to size. The matrix
properties for each core will be obtained from the trimmings.
In addition, fracture coating material and the rock matrix
will be analyzed using x-ray diffraction techniques. Small
access Holes will be «cored to install thermocouple
psychrometers. and tensiometers (pressure transducer-type) in
the core sample,.

The radial core samples will be instrumented with linear
variable Jdifferential transformers (LVDTs). The LVDTs will be
placed approximately every 120 degrees on the circumference of
the core and across the fracture plane. The deformation of
the matrix material of the core samples will also be measured
using LVDTs. The LVDTs will be used to collect measurements
of the changes in the mean fracture aperture and the mean
overall sample deformation.

The core will also be instrumented with pressure
transducer-tensiometers (PTTs), electrical resistivity
electrodes, and thermocouple psychrometers (TPs) as shown in
Figure 3.1-2. The TPs and PTTs will be placed in small
drillholes at different locations within the core to
differentiate between matrix and fracture properties. The TPs
and PTTs will measure the energy status of the water (matric
plus osnotic and matric water potentials, respectively) and
electrode pairs will mor‘tor changes in the electrical
resistivity of the core. Both surface area and point of
attachment of the electrical resistivity electrodes will be
varied to obtain an optimal configuration. Electrode pairs
for electrical resistance measurements will be evenly spaced
on opposite sides of the core/fracture plane so that the
electrical current is perpendicular to the sample axis. The
number of instruments will vary from sample to sample,
depending on the fracture roughness properties and the
location and frequency of physical and/or mineralogical
discontinuities located on the core surface or within the
core.

Similar instruments will monitor the axial fracture
samples which will be confined in a hydrostatic test vessel to
maintain core integrity (Figure 3.1-3). Fracture movement
will be measured with LVDTs mounted across the axial fracture
near the ends of the core sample. Two LVDTs will be mounted
diametrically opposed to each other on each side of the
fracture. Overall sample deformation (i.e., length of the
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fracture permeability studies.
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axial fracture core) will also be measured with LVDTs mounted
on each "half-cylinder" of the core.

3.1.7.4 Stress-Permeabiliﬁy tests

Stress-permeability studies will provide hydraulic
parameter measurements under a range of mechanical conditions.
Both single- and two-phase permeability tests will be
conducted in the laboratory. These tests will be conducted in
the laboratory by injecting liquids and gases into the core
sample under varying, applied stress conditions using a
hydrostatic test apparatus (axial fractures) or a 1loading

.frame apparatus (radial fractures). Nitrogen will be used for

the air permeability tests. The fluid for the 1liquid
permeability tests will be water from well J-13 from the
Nevada Test Site. This well water is formation water but
would be adjusted to be similar to the pore water in the unit
the samples are collected. Particular attention would be paid
to the SAR of the fluid used. The UZ Hydrochemistry Test,
activity 8.3.1.2.2.4.8, results will be used to ensure the
liquid used has the same SAR to avoid dispersion or chemical
changes to the fracture coatings present.

The loading frame or test apparatus, in which the intact
fracture samples will be mounted, will be equipped with a
control unit capable of loading, displacement, or strain rate
control. Following a preliminary check for system leaks, a
local data acquisition system (DAS), will be connected to the
various instruments to record the measurements to be taken.

Laboratory determinations will be made of the hydraulic
properties of the rock matrix of each intact fracture sample
collected: This test will study fluid flow in fractured rock
core samples. The matrix properties of these samples must be
well-defined to correctly interpret the tests conducted. The
matrix parameters to be determined include bulk density
(liquid displacement), porosity, liquid and gas permeability
(steady state), relative permeability (diffusivity),
unconfined compressive strength, Young's modulus, and
Poisson's ratio. The samples for matrix testing will be rock
material from the corehole the sample is collected from,
and/or material remaining after the core is trimmed for the
confining vessel.

When any sample (rock, soil, gas, water, etc.) is removed
from its in situ environment it is expected that the physical
and chemical equilibrium of the sample has been altered. In

general, when collecting a sample from the physical
environment it is desirable to minimize the extent of this
disturbance as much as possible. In situ disturbance

assessment during fracture sampling has very little precedent
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in the scientific literature and is usually regarded as a
formidable technical challenge to field investigatcrs.
However, under controlled laboratory conditions the samples
may be subjected to a relatively standardized load-cycling
procedure which is designed to regain a natural load condition
and a reasonable approximation of the original fracture
aperture geometry. A brief review of disturbance assessment
as it has been addressed in the scientific literature is
described below. The effects of sampling disturbance on the
axial and radial intact fracture core samples will be
minimized in the laboratory by a load-cycling procedure
described in this section.

Applied hydrostatic pressures to axial fractures will be
similar to the in situ stresses expected at various levels in
the ESF and in the proposed repository. Each load increment
will be maintained until flow, pressure, fracture aperture,
and overall sample deformation have achieved steady-state
conditions. Steady-state conditions may take greater than 30
days depending on the desired water potential/water content.
Bulk moisture content (as determined Dby electrical
resistivity), water potential, pressure, and flow will be
nonitored and their interactions defined. Computer codes
necessary to account for unsaturated hysteretic effects (Niemi
and Bodvarsson, 1991) will be incorporated into the computer
models that will simulate fluid flow through variably
saturated discrete fractures under varied stresses.

Water will be introduced into the center hole of the
radial fractures under constant loading. Applied loads will
be determined by the in situ stresses expected (or by those
measured in the Overcore Stress Test) at various elevations in
the ESF and in the propose’ repository. Each load increment
will be maintained until steady-state conditions of flow, rock
strain, and fracture aperture have been achieved. It is
expected that 1 to 10 days will be required to achieve
steady-state conditions; hence, one test will be run about
every two weeks, excluding setting up and dismantling the
confining cell. Water potential, pressure, resistivity, and
flow will be monitored.

This basic procedure .will be repeated with three
variations. First, the initial saturation of the sample will
be varied during liquid and gas injection so the complete
scanning curves of the water characteristic relations curves
can be constructed. Secondly, incremental loading variations
will be made while flow rates are held constant, indicating
how permeability is affected by stress-induced aperture
changes. Flow rates, fracture displacement, overall sample
deformation, and water/gas pressures (air-entry values for
capillary pressures) will be monitored at each loading step up
to the maximum and every unloading step back to zero. The
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data collected will include water potential values for the
rock matrix and the fracture plane. The third variation will
include a load applied and removed as many as 2-3 times during
each test run so that hysteresis due to repeated applied loads
may be evaluated.

The permeability of fractured rock core analyzed in the
laboratory typically decreases with applied lcad and then
returns to a permeability which is often less than the
original starting value as the load is reduced to its initial
level. This hysteretic phenomena is usually attributed to
stress-induced, permanent deformation of the fracture aperture
by asperity crushing (Iwai, 1976; Engelder and Scholz, 1981).
Hysteresis is indicated when the elastic stress-strain curve
derived trom a loading test returns to an original strain
value of zero by a different path during the subsequent
unloading phase. Thus, perfect elasticity is not evident in
most load-cycling investigations (Jaeger and Cook, 1979).
Both fracture-deformation and fracture-flow rate curves during
loading and unloading can be nonlinear with pronounced
hysteresis. This has been observed with both natural and
induced fractures (Jones, 1975; Kranz et al, 1979; Nelson and
Handin, 1977; Raven and Gale, 1985).

Stress-induced hysteresis poses an obvious problem when
measuring permeabilities in the laboratory where it is often
desirable. to analyze fluid-flow processes or fractures that
are ideally undisturbed and not subject to re-seating and
asperity crushing. This general desire has been brought about
in part by the recognition that fluid flow in fractures is a
very sensitive function of normal stress (Iwai, 1976; Gangi,
1978). Witherspoon et al. (1979) observed that the standard
equation describing fluid flow in idealized parallel plate
fractures, the so-called "cubic law", generally applies to
natural rough fractures because the magnitude of the aperture
is the dominant controlling factor in determining
permeability. A slight change in aperture can easily mask out
the effects of otler changes in the aperture geometry.

Stress-induced hysteretic effects are generally most
evident during the initial loading cycles (Reda and Hadley,
1985). Studies by Bandis et al. (1983) also show that
repeated load cycles can Dbe used to obtain single,
reproducible stress-closure curves that are void of this
stress-induced hysteretic phenomena. In their investigations,
extensive stress-closure data was obtained for rock joints
subjected to three cycles of loading and unloading using 64
samples selected from a variety of rock types. If it is
assumed that rock joints in the natural in situ stress
environment have undergone repeated closures throughout their
history, one would expect a "hardening" effect to minimize
hysteresis in totally undisturbed samples. However, since
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disturbance is considered to be inevitable during the sampling
process, investigators have frequently subjected the samples
to repeated lgad cycling in the laboratory in order <o
consolidate joints at loads comparable to those in the in situ
environment.

Ravea and Gale (1985) observed that larger samples (i.e.,
0.245-m (9.65-in) diameter) undergo less deformation than
smaller samples under the same loading conditions and are,
therefore, less subject to stress-induced hysteresis. This
was attributed to the larger samples having more asperities in
contact and therefore lower contact point stresses and more

" tortuous flow channels.

Due to the uncertainties and limitations of disturbance
minimization techniques in the field, it is anticipated that
all fracture samples used in laboratory permeability tests
will be initially cycled through a minimum of three loading-
unloading intervals. These loading cycles will not exceed the
in situ stresses present. A sample will be selected at the
beginning of the laboratory analyses for a preliminary
determination of the load cycling requirements (i.e., number
of cycles required, load ranges, etc.). In addition,
relatively large-diameter (0.254 m [10-in]) core will be
obtained in order to further minimize hysteretic effects.

It is accepted that the resulting fracture geometry will
not be identical to the original in situ geometry. However,
it is believed that load-cycling will ensure that the fracture
surface will be representative of natural, undisturbed
fractures. In addition, it is emphasized again that the
reliability and interpretation of these laboratory analyses is
not contingent on the acyu.isition of undisturbed fractured
core. Fractures that have a reasonable similarity in both
load and aperture conditions to natural fractures are adequate
and appropriate for the scope of the laboratory
investigations. :

Testing efficiency will be increased using preliminary
computer moudels (developed under SP 8.3.1.2.2.8) for simple
one-dimensional, single- and dual-phase flow to predict the
hydraulic response of the fracture samples. These preliminary
models will be tested and revised based on the tests conducted
under this activity. Models that demonstrate the highest
accuracy in simulating single-fracture flow under controlled
laboratory conditions will be used to assist in the design of
other subsequent SCP activity field tests and in the
preliminary estimation of flow properties.

3.1-17



3.1.7.4.1 Tracer tests

The tracer tests will be performed as an integral part of
the stress-permeability tests. Conservative tracers (bromide,
iodide, and/or meta-(trifluoromethyl) benzoic acid (m-TFMBA)
will be introduced during these hydraulic tests. Samples of
the injected fluid will be collected as outflow from the
fracture at predesignated time increments, and the tracer
concentration determined.

Tracers will be injected into the fracture samples and
their concentrations will be monitored during the steady-state

flow tests. The data collected will be used to construct
breakthrough curves and to obtain values for effective
porosities and dispersivities. Small sample sizes and

anticipated uncertainties in measurement accuracy may limit
the direct application of the tracer test results. However,
a signifi:ant gain in the understanding of the fluid flow and
transport processes will be obtained. Preliminary computer
models developed under SP 8.3.1.2.2.8 will be used to predict
experimental results and to design the conditions for each
test run. These simulations will also serve to

evaluate model efficiency and applicability for subsequent
larger-scale field tests.

3.1.7.4.2 8ingle~Phase permeability tests

The single-phase liquid permeability tests are similar to
methods cited in both the soil physics' and petroleum
literature. Porous ceramic plates will be used on each end of
the core szmple. The water flow regime will be controlled by
a water reservoir system to obtain different head values.
Positive pressures at the inlet may be required for outlet
hydraulic gradients greater than approximately -152 cm of
water. In situ water potential measurements and inflow and
outflow reasurements will be used to determine when steady

state conditions are achieved or approached. Electrical
resistivity measurements will also be used to evaluate in situ
moisture redistribution in the sample. A series of

unsaturated permeability determinations will be made over the
full range of imposed suctions during both the wetting and
drying cycles to evaluate the ragnitude of hysteresis effects
in the fracture sample. A conservative tracer will be
injected into the flow system at various steady state
intervals and breakthrough curves will be constructed based on
the tracer concentration measured from the outflow collected.
While determining a gas permeability, the phase saturation
within the fracture plane and possibly the fracture saturation
will change. Water potential, resistivity, and linear
displacement (LVDTs) measurements will continue to be
collected.
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The water reservoir system will hold the pressure heads

constant. Changes in applied stresses will indicate how
permeability is affected by stress-induced aperture variaticns
for the permeability tests. Flow rates and fracture

displacement (LVDT measurements) will be measured at each
loading step up to a maximum load and then every unloading
step back to zero. Loading-unloading cycles will be repeated
so that permeability hysteresis attributed to asperity
deformation can be evaluated.

3.1.7.4.3 Two-Phase permeability tests

Laboratory permeability tests will also evaluate
simultaneous two-phase flow properties, i.e., the permeability
to water and air at varying stages of saturation. The steady-
state outflow of the gas and liquid phases will be monitored
for each constant loading condition applied. Saturations will
be changed during simultaneous flow by changing the ratio of
the gas and liquid flow rates.

Flow rates of injected liquids and gases will be held
constant to indicate how permeability is affected by stress-
induced aperture variations. Flow rates, fracture
displacement, and overall sample deformation will be measured
at each: loading step up to the maximum and then every
unloading step back to zero. Loading-unloading cycles will be
repeated so that permeability hysteresis attributed to
asperity deformation can be evaluated. Hysteresis due to
applied loads is previously discussed in section 3.1.7.4,
Stress-Permeability tests.

3.1.7.4.4 Flow-channelization tests

In addition to obtaining permeabilities of radial and
axial intact fractures under applied stress and variably
saturated conditions, it is proposed to collect fracture plane
geometry data. Flow-channelization in the fracture plane will

be described using several laboratory methods during the final

phase of laboratory testing. Fracture plane geometry data
collected would include aperture, surface roughness, flow path
tortuosity, asperity height and distribution, and contact
area. It has been shown that fracture permeability is a
function of both contact area (Iwai, 1976) and surface
roughness (Kranz et al., 1979). Iwai showed both numerically
and experimentally that permeabilities lower than those
predicted by the cubic law occurred as a result of increasing
fracture contact area because the available flow paths
decreased and the flow-path tortuosity increased. Tracer
experiments conducted both in situ (Abelin et al., 1984) and
under laboratory conditions (Neretnieks et al., 1982) indicate
that flow through natural fissures occurs along preferred
channels.

3.1-19



e —~—

The fracture plane geometry data will be obtained using
the fractire surfaces and casts collected using a low-melting
point metal injection technique and a resin impregnation

technique. The digital contours of the fracture
surfaces/casts will be obtained using a moire projection
technique described below. The fracture geometry data

collected will be used to physically verify an aperture-
generator algorithm used in a numerical, single-fracture
characteristic curve program developed under SCP Activity

8.3.1.2.2.8.
3.1.7.4.4.1 Moire projection method

The moire projection method will allow three-dimensional,
adjustable resolution contouring of variably-sized fracture
plane surfaces (Cardenas-Garcia et al, 1991) and/or fracture
plane casts. The moire projection method uses a white light
source and gratings to generate an interference pattern
corresponding to contours cof elevation on the fracture
surface. A schematic diagram of the optical arrangement is
shown in rigure 3.1-4. The method is totally non-destructive
and permits resolving contours to less than 0.01 mm, as the
system is currently designed. The projection system can be
configured so that it can be taken to the field if desired.
The optical record will include still photographs as well as
video tape. When a rock surface is scanned the system will
digitize the frames obtained. This data can then be displayed
in various forms, to a monitor screen, as a graphical
representation (plotter), photographs, etc. However, the
principle use of the digital files will be to provide fracture
plane geometry data for analyzing and interpreting the
permeability results of the Intact Fracture Test.

3.1.7.4.4.2 Low-Melting point metal injection

Similar low-melting point metal injection methods have
been used previously (Pyrak et al., 1985; Swanson, 1979; Yadav
et al., 1984) to obtain casts of fracture planes to determine
void shapes, contact area; and flow paths. Dullien and Dhawan
(1975) obtained pore <casts primarily at very high
saturations. Swanson (1979) was able to modify the technique
so that casts could be obtained at various nonwetting phase
saturations.

After Pyrak et al. (1985), the non-wetting material used
is Wood's metal, an alloy of lead, tin, bismuth, and cadnium.
The Wood's metal is melted in a double boiler at 90 deg. C.
and the core confining vessel is flooded with it.
Approximately 10 MPa of positive pressure is necessary to push
the alloy into a 0.1 micron aperture and 1 Mpa for a 2,0
micron aperture in granitic rock. After the metal cools, the
fracture is taken apart and a cast of the flow channels is
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obtained which can be used to determine the void shapes,
contact area, and flow paths in the fracture plane.
x

Observations under scanning electron microscope (SEM)
reveal damage to the cast when broken away from the rock is
limited t©o only several microns (Nolte et al., 1989).
Apertures of 0.2 microns appear to be the smallest pores which
can be penetrated at 2 MPa of confining pressure. An image
analyzer was used to obtain contact area fractions from the
work by Pyrak et al. (1985). This study proposes to use moire
projection methods (section 3.1.7.4.4.1) to digitize the
topography of the fracture casts obtained using low-melting
point injections.

3.1.7.4.4.3 Resin impregnation

The resin impregnation method offers the added benefit of
measuring surface roughness on both sides of the fracture
plane. This technique 1is conducted on a fracture sample
contained within a confining vessel. When the permeability
tests are complete. i.e., the final locad cycle complete; the
stress level is constant; the fracture plane drained; and the
sample flushed with carbon dioxide and nitrogen (Gale, 1987).
The fracture plane is then placed under vacuum and injected
with a room-curing resin. The fracture cast can then be
studied to obtain a direct measure of fracture aperture
distribution, contact area, resin thickness (aperture width),
and roughness. These surfaces will be studied using the moire
projection methods (section 3.1.7.4.4.1). This impregnation
method differs somewhat from previous resin studies such as
those conducted by Yadav et al. (1984).

3.1.7.5 Computer Modeling

A preliminary computer model (s) (developed under SP
8.3.1.2.2.8) of fluid flow in discrete fractures will be used to
design and predict the results of the intact fracture tests. More
than one model may be used to predict the hydraulic response of the

fracture samples to 51ngle- and two-phase flow. The codes
developed will assist in determining the conditions necessary to
optimize the test procedures. The prellmlnary nodel(s) will be

evaluated during the initial stages of testing and modified, if
necessary, for greater efficiency and accuracy.

The preliminary discrete fracture model (SP 8.3.1.2.2.8) is a
semi-analytical flow model for a 51ng1e rough fracture that
combines the equations for capillary rise and the cubic law to
predict the relative permeability of a fracture at various
saturations (Kwicklis and Healy, 1993). The model accounts for the
capillary-controlled distribution of the liquid phase. The model
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assumes that the water is supplied to the fracture at the contact
points between the fracture walls.

The  aperture-generating algorithm uses a digitized
representation of a real or artificial fracture wall. The fracture
wall is replicated numerically and laterally offset to simulate an
aperture. The walls can be manipulated in a compressional or shear
sense to create the simulated in situ fracture. The aperture is
then discretized in three dimensions and coupled with the flow
portion of the computer code.

The measured fracture aperture geometrical properties obtained
from the flow-channelization 'experiments will be compared with
those predicted by the aperture generator contained within the
single-fracture flow model. An assessment will then be made as to
the adequacy of the aperture generator that has been conditioned by
the measured fracture geometry data. The specific geometrical
parameters will be compared for both measured and predicted values
and uncertainties in the aperture generator estimations will be
established.

The measured unsaturated permeability values will be compared
and regressed against predicted values obtained from the model
(which has been conditioned by measured fracture geometry data).
These permeability values will also be compared and regressed
against semi-empirically derived estimates of the unsaturated
permeability values obtained from the pore-size distribution data
and/or the moisture retention data.

Meaningful estimates of transport parameters such as
mechanical dispersion (in the fracture domain) or diffusion (in the
matrix domain) may not be possible to determine due to the small
size of the samples and the fact chat the core sample will probably
not represent the rock mass as a whole. However, the breakthrough
curves constructed using laboratory-collected data will be compared .
with the predicted curves from numerical models with transport
capabilities. These comparisons will be made to better understand
the nature of the transport mechanisms at the microscale and to
evaluate the applicability of transpcrt modeling approaches in a
larger scale, fracture-dominated flow system.

When sufficient data has been obtained from the previously
described tests (i.e., single-, two-phase permeability, and flow-
channelization), the results of the laboratory tests will then be
used to test models used in subsequent larger-scale tests
(Percolation and Bulk Permeability/Radial Boreholes Tests as
described in Sections 8.3.1.2.2.4.2 and 8.3.1.2.2.4.3) where
fracture flow properties will also be studied. Study Plan
8.3.1.2.2.8 (Characterization of Fluid Flow in Unsaturated,
Fractured Rock) describes the relationship between the scale-based
tests (i.e., the Intact Fracture, Percolation, and Bulk
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Permeability/Radial Boreholes Tests) and associated conceptual and
numerical modegs.

: 4
3.1.8 Data analysis

Two types of data analysis will be performed during the
Intact-Fracture Test. The first type will analyze data collected
directly from the tests e.g., determining the relations between
incremental loading and fracture permeability, tracer concentration
versus time or distance traveled, and critical saturations to
initiate fracture flow. These results will be wuseful in
determining characteristic relations and responses. The results
will also be used to test and calibrate preliminary numerical
models for fluid flow in fractured rock. In addition, the data
will help choose initial and boundary conditions for modeling
efforts applied to the hydrologic system at Yucca Mountain.

The second type of data analysis will be computer modeling
(developed under SP 8.3.1.2.2.8) at various stages of the testing.
Initially, discrete fracture flow models (variable aperture model,
see Study Plan, YMP-USGS-SP 8.3.1.2.2.8, R1) will be used to design
the test and to predict its results so that independent parameters
may be selected for optimum test performance. These models will
also be used to evaluate test results from both prototype and ESF
versions of the test procedures. Models will be calibrated and
probably altered for more efficient applicability and accuracy
during this phase. This process of modeling and testing is shown
schematically in Figure 3.1-1.

3.1.9 Application of Results

The experimental results will be used to test unsaturated flow
models developed under SP 8.3.1.2.2.8. From the known fracture and
matrix properties, boundary conditions, and potential distribution
within ‘a sample, a flux will be calculated. The calculated flux
will be compared with the measure flux. The comparisons will
indicate model accuracy in predicting the flux at different
boundary conditions under applied stresses.

3.1.10 Materials and equipment for the intact-fracture test
A list! of the equipment necessary to perform the
Intact-Fracture Test is provided in Table 3.1-1. The equipment

listed is for the Intact Fracture Test in and ESF and for
developmental and prototype work.

3.1-24



~ S~

wle 3.1-1. Instrumentation, equipment, and material for the Intact-
» icture Test. :
S

Item

Drill rig for core collection.
Dust collection unit, an Atlas-Copco model 220 or equivalent.

Air compressor; capable of supplying sufficient air volume for drill
rig.

Diamond-impregnated, Norton Christiansen yellow matrix or equivalent,
core bits with an inside diameter of 10 inches (welded rock material).

Carbide core bits with an inside diameter of 10 inches (nonwelded rock
material).

Surface-set,'diamond core bits with an outside diameter of 0.75 inches
(welded rock material).

Carbide core bits with an outside diameter of 0.75 inches (nonwelded
rock material).

Rock bolts with a 0.375-inch outside diameter, flat washers to 2-1/2
‘hes diameter, and hexagonal nuts (9/16-inch).

\Béanhole videoprobe, 12-mm outside diameter.

Wedge tool. |

Core shovel for 10-inch core.

Slab saw.

High capacity loadiaig frame.

Hydrostatic confining cells and confining assembly.

Uniaxial load confining cells.

Mass flow meters and monitor for gas injection.

Flow meter apparatus for liquid injection (these include flow tanks,
pressure transducers, N2 supply, servovalves, and orifice

meters) and outflow collection.

Linear variable differential transformers (LVDTs).
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ble 3.1-1 (continued) . Instrumentation, equipment, and material for
2 Intact-Fracture Test.

Item

Thermocouple psychfometers and tensiometer equipment (including packers
for instrumenting cores).

Moire projection equipment and accessories
for flow channelization topography.

Electrical resistivity equipment (electrodes, LRC meter).
Isothermal bath.

Balances.

Vacuum oven.

Vacuum saturation table.

Programmable DC volfage sources.

Digital multimeters.
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3.1.11 B8chedules and milestones

A tentative schedule for the tests to be conducted under the ... .. .

Intact Fracture Test activity is presented in Figure 3.1-5. These
figures illustrate the approximate durations and interrelations of
the tasks that will be accomplished under this activity.
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ABSTRACT

This study plan is a supporting activity for SP 8.3.1.2.2.8, Development of Conceptual and
Numerical Models of Flow in Unsaturated, Fractured Rock. The objective is to provide data
that can be used in SP 8.3.1.2.2.8 to test models of fluid flow in variably saturated and
fractured rock. Flow experiments will be performed in the ESF on blocks of fractured rock.
Experiments will be repeated at several locations where matrix and/or fracture properties are
expected to significantly vary.

Blocks with well characterized matrix and fracture properties will be instrumented.
Boundary conditions will be controlled. Inflow and outflow rates will be measured at different
boundary conditions. The measured flow rates will be compared with calculated flow rates.
The comparison will indicate model accuracy in predicting flux at different conditions.
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3.2 Percolation Tests in the ESF
3.2.1 Objective and rationale of activity
3.2.1.1 objective

This activity is a supporting test for SP 8.3.1.2.2.8, Development of Conceptual and
Numerical Models of Flow in Unsaturated, Fractured Rock. The objective is to provide field
data from well characterized systems that can be used in SP 8.3.1.2.2.8 to develop and test
conceptual and numerical models of fluid flow and transport in variably saturated and
fractured rock at the proposed repository site. Since the permeability of the fractured system
at Yucca Mountain is expected to be spatially variable, the limited number of experiments as
proposed in this activity is not expected to yield hydrologic properties that are statistically

. reliable.

3.2.1.2 rationale

Field measurements are required for SP 8.3.1.2.2.8 to examine existing hypotheses and
generate alternative hypotheses, if necessary, to explain the behavior of fluid flow in
unsaturated, fractured rock. The hypotheses will be used to develop and test conceptual and
numerical models of fluid flow and transport in variably saturated and fractured rock. The
models will later be used in SP 8.3.1.2.2.9, Unsaturated-Zone Modelling and Synthesis, to
predict long-term behavior of the proposed repositery.

Models in SP 8.3.1.2.2.8 will be tested at different scales. Activity 8.3.1.2.2.4.1, Intact
Fracture Test, will provide samples at the laboratory scale. Activity 8.3.1.2.2.4.2, this activity,
will provide samples at a larger scale.

3.2.2 Constraints on activity
3.2.2.1 timing

This activity is not a construction-phase test. It may be started any time after access is
available to the desired testing locations. Results from this test are required for SP 8.3.1.2.2.3
milestone "RI'T, INTERMED. FRACTURE-FLOW MODEL OF YM", due in September
1996. A minimum of 1 year of testing time is required for each test site.

3.2.2.2 initiation of field work

Field work may not be started until an approved Job Package is completed in accordance
with AP-5.21Q, Field Work Activation. The testing procedure as described in this study plan
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may be changed to meet field conditions not yet identified. Changes may be made provided
the test objectives will be met.

3.2.2.3 interference with and impacts on other field tests

This test may be conducted in (a) locations specifically excavated for this activity, or (b)
locations shared with existing or planned ESF tests. Sharing test locations with other activities
will be considered if it becomes cost effective, and the other activities will not interfere with
this test. This. test. will. be. conducted away. from the main access tunnel in rooms that will be
constructed using drilling and blasting. A wire saw will be used to cut blocks as will be
explained in sec. 3.2.4.3. Water will be used for cooling the wire saw cable during sample
cutting. Therefore, test locations should be such that blast effects and cooling water will not
interfere with or affect other neighbouring activities.

3.2.3 Scope of work
3.2.3.1 data required from this test

As explained earlier, this activity is a supporting test for SP 8.3.1.2.2.8. The information
required from this test will help resolve some of the technical issues listed in SP 8.3.1.2.2.8,
section no. 3.1.4. Sufficient experimental measurements are required to minimize parameter
guessing and unsupported model adjustments during the modelling phase in SP 8.3.1.2.2.8.
The measurements include: :

(a) well-defined fracture networks and fracture properties, including fracture maps,
equivalent pneumatic apertures, and fracture fillings (mineral types and areal
distribution);

(b) well-defined matrix hydrologic properties. such as porosity, permeability, and
moisture characteristic curves;

(c) known boundary conditions, such as inflow and outflow water rates, boundary
matric potential, atmospheric pressure, and temperature;

(d) water and matric potential distribution within the tested samples in both the
fractures and the matrix.

In addition to the above mentioned measurements, fracture samples will be prepared and
tested according to SP 8.3.1.2.2.4.1, Intact Fracture Test in the ESF.

3.2.3.2 test locations
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The objective of this test is to gather information that will be used to test the performance

of unsaturated flow models in fractured rock. Experiments will be conducted at several
locations in the ESF. The locations will reflect the different horizons where hydrologic
properties are expected to significantly change. If the properties show sharp changes between
unit contacts, then at least one block will be cut to include such a contact. The preliminary
test repetitions and locations are:

(a) one at the geologic contact of the Tiva Canyon welded unit (TCw) - Paintbrush Tuff
nonwelded unit (PTn);

(b) one at the contact of the Paintbrush Tuff nonwelded unit (PTn) - Topopah Spring
Welded unit 1 (TSwl);

(c) two in the Main Test Level at the Core Test Area;
(d) two in the Calico Hills formation, if excavated.

The first two locations will be in the North Ramp Alcoves where the above mentioned
geologic contacts are sighted.

If it is cost effective, the tested samples may be removed from the ESF and tested in a
laboratory.

3.2.3.3 test conﬁgumﬁon

The objective of this study is to make water flow measurements in well-defined systems.
The test measurements as listed in section 3.2.3.1 need to be made. The following
experimental requirements will be needed to meet the test objectives:

(2) minimization of flow uncertainties: to minimize uncertainties in the outflow water
measurements, all potential hydraulic paths between a sample and its surrounding need to
be identified. All inflow and outflow amounts nced to be measured. This will necessitate
sealing or isolating all potential paths between sample faces and the surrounding.

(b) access .or visual fracture mapping; fracture s in the tested samples need to be fully
identified to minimize uncertainties in flow paths. Fractures can be mapped along the
sample faces. Three-dimensional fracture maps can be constructed if all sample faces are
exposed and mapped; however, uncertainties in the spatial extent of some fractures can
not be avoided. Such fractures include those that are visible along a face and end inside a
tested block, or those that start and end inside 2 block without intersecting any of the
exposed surfaces. Video camera logging through instrumentation holes will clarify some
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fracture uncertainty.

(¢) access for instrumentation: access for instrumentation is required to install devices that

will be used to measure pneumatic apertures, water and matric potentials, and inflow and

outflow rates. Aperture and water and matric potential measurements will be done with

devices installed in holes that intersect fractures or matrix. To drill the instrumentation

holes, access from some or all the sides will be required. Sufficient clearance will be

needed for the drill and saw used to drill holes and cut the samples. Access to the top and
" bottom faces ‘of a sample is also required to control the inflow and outflow rates.

3.2.3.4 sample size

The hydrologic properties of fractured rock are extremely heterogeneous (SP 8.3.1.2.2.8,
sec. 3.1.7.5). The size of a field sample needs to be large enough to include sufficient
variations in properties, and small enough to instrument and monitor. A preliminary estimate
of the sample size is 2-m (6.6-ft) cube. Such a size will be large enough to include several
fractures, and small enough to be manageable for drilling and instrumentation. Preliminary
modelling will be done under SP 8.3.1.2.2.8 to select a proper sample size. Subsequent '
samples may vary in size depending on results from the first experiment.

3.2.4 Detailed test description

The experimental design given here is preliminary. It may be changed following
evaluation studies which will be conducted under SP 8.3.1.2.2.8. Furthermore, the
experimental design may be changed following the first field experiment to account for any
changes that may improve the design of successive tests.

3.2.4.1 sample location and access

Based on fracture maps, a preliminary sample location will be identified. A location is
required where a continuous path through fractures exists since fracture flow measurements
between the top and bottom of fractured blocks will be made during this study.

All excavations will be done with methods that will minimize damage, e.g. controlled
blasting. Afier a test location is identified along a main drift, two parallel drifts will be
excavated as shown in Figure 3.2-1, plan view. They will provide access to a pillar from
which a sample will be cut. The drifts need to extend beyond the sample location to provide
sufficient space for a drill that will later be used to drill the back face of the sample. Drift
dimensions will depend on the space required to fit and operate the drilling and cutting
machines; they will be determined by the organization responsible for drilling. The pillar
width will depend on the sample size plus thickness of the two end slabs.
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3.2.4.2 initial examination and supporting

initial examination

Several holes between the two drifts will be drilled to examine the interior part of the
pillar. The pillar will be examined to choose a block that will include fractures that appear
conductive and continuous between the top and bottom. The examination will be achieved
with a video camera and gas injection probes. Hole diameter will be determined shortly
before excavation. The hole: size should be sufficient to fit the instruments and proper for
anchoring rock bolts as described below.

installation of initial support system

After removing the gas injection probes, rock bolts will be installed in the same holes to
hold the identified sample together while it is cut. This is required to prevent sample breakage
along fractures that are continuous through a sample. To avoid fracture plugging, grout, if
used with rock bolts, should be prevented from intruding extensively into fractures. It will be
difficult to enforce fractures parallel to section B-B as shown in Figure 3.2-1. Therefore, a
sample has to be chosen such that fractures parallel to section B-B are less likely to occur.
This can be achieved after mapping the surface fractures along the two access drifts.

3.2.4.3 sample cutting

The identified sample block will be cut from the pillar. All six faces of a sample will
successively be exposed by removing slabs from the pillar between the two access drifts using
a wire saw (see Figure 3.2-1). Except the end slabs, ail other slabs will be tapered to facilitate
their removal. '

The slabs may be cut with a wire saw. Cooling water will be required to operate a wire
saw. Water will be tagged with a tracer (see section 3.2.4.10 for a list of tracers) to estimate
the amount that may go in the matrix and fractures. Excessive cooling water may need to be
collected if it affects other neighbouring tests.

Holes will first be drilled to outline the tapered slabs that will be cut with the wire saw.
Ten holes wi'l initially be required as shown in Figure 3.2-1, section A-A. The diameter of
the holes will depend on the size of the wire saw that will be used for this operation. The saw
cable will be threaded through a pair of holes that define a cutting plane. After a cutis
finished, the tapered slab will be pushed into the drift adjacent to the wider end. Bottom cuts
should first be made to prevent a slab from falling on and jamming the saw cable.

The bottom slab will first be cut so that a support system can be installed. Holes C2, C3,
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D2, and D3 in Figure 3.2-1, section A-A, outline the bottorn slab. Planes D2-D3, C2-D2, C3-
D3, and C2-C3 will successively be cut. The four cuts will free the bottom slab. Hydraulic
rams or chain hoists may be used to remove the slab. A Jack hammer may also be used to
break the slab and remove it in pieces. The bottom face will be mapped for fractures using a
video camera.

A support system will be installed beneath the block. The support system needs to be
mobile such that the sample can be maneuvered between the two access drifts.
Maneuverability is required to. provide access. for cutting the side slabs and to drill and
instrument the front and back faces. Tracks may be used to support the block after leveling
the ground between the two drifts.

Next, the top slab will be cut. This stage will be the most difficult since the top slab will
rest on the block and not on the floor as with the bottom and side slabs. It is preferred to cut
the top slab before the side slabs to preserve the integrity of the block while removing the top
slab. Planes B1-B4, Al-A4, A1-B1,and A4-B4 will successively be cut. Slab removal will be
similar to that of the bottom slab.

Next, the side slabs will be cut to free the block from its surrounding. Planes D1-D2, B2-
C2, and B1-D1 for one slab, and planes D3-D4, B3-C3 and B4-D4 for the other slab will be

cut.

The end slabs will be last to cut. Holes B6, B7, C6, and C7 will first be drilled (Figure
3.2-1, section B-B). Cuts along planes B6-C6, and B7-C7 will free the end slabs. After they
are free, the slabs will rest on the bottom support system. They may be broken with jack
harimers and removed in pieces. Access to drilling and cutting the side slabs will be possible
by moving the block between the two access drifts.

3.2.4.4 preliminary fracture mapping

After exposing the six faces of a block, all-surface fractures will be mapped. A
preliminary three-dimensional map of the fracture planes will be created. This map will be
used to determine locations for instrumentation boreholes. Fracture filling (mineralogy and
extent) will be examined from the cut side slabs.

3.2.4.5 borehole drilling
Based on the preliminary fracture map, boreholes will be drilled to intersect fractures
where the water and matric potentials will be monitored (number of holes has not yet been

determined and will vary with different samples). While drilling these holes, they will be
examined with a borehole video camera to detect fractures not visible along the outer faces of
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the ‘block. The fracture data from this examination will be used to supplement the preliminary
fracture map and complete it. Based on the updated map, other instrumentation boreholes may
be dnlled.

3.2.4.6 fracture permeability measurements

After dnilling is completed, the permeability of the intersected fractures will be measured
using packer gas-injection strings. Zones with identified fractures will be isolated and tested at
several injection pressures: Both inflow rate and injection pressure will be monitored. Pressure
will also be monitored in several surrounding holes to detect fracture interconnectedness.
Method of estimating equivalent fracture aperture will be similar to the method outlined by
Thamir et al. (1994).

3.2.4.7 borehole instrumentation

Following permeability measurements, the holes will be instrumented with thermocouple
psychrometers and tensiometers. The choice will depend on the initial water and matric
potentials of the block matrix. Thermocouple psychrometers will be used if the water potential
in the block is between -7000 kPa and -100 kPa. Tensiometers will be used if the matric
potential in the block is above -100 kPa. Thermocouple psychrometer and tensiometer probe
design was described by Thamir et al. (1993).

3.2.4.8 infiltrometer design

The matric potential along the top and, if possible, the bottom faces will be controlled.
Sand layers along these two faces will be used to evenly distribute the water pressure along
the sample surfaces. Tensiometers will be installed in the upper sand layer to evaluate the
matric potential along the top boundary as was the case in a previously conducted prototype
test (Thamir et al., 1993, 1994). A water spraying system with controllable flow rate will be
installed above the block to regulate the matric potential along the upper face. A water
collection and measuring system will be installed below the block. Scales will be used to
measure the inflow and outflow. The proposed system will be similar to a prototype system
descnibed by Thamir et al. (1994). It will allow the application of controllable inflow rates or
matric potentials along the top boundary.

3.2.4.9 data acquisition system
All sensors will be connected to a data acquisition system which will be used to control
the experiments and collect the data. Control functions will be required to (a) apply constant

flow rates or constant matric potential along the top toundary, and (b) apply heating and
cooling currents to the thermocouple psychrometers. Data collection will be required to record
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sensor readings from all instruments.

The ESF IDS will not be used to collect data from this test. The data acquisition system
for this test will be supplied and operated by the PI's organization because the following
features, which will not be offered by the ESF IDS, are required:

(a) control functions: control functions will be required to operate the thermocouple
psychrometers and to regulate water flow rate and matric potential; and

(b) low voltage measurements: the thermocouple psychrometers require a data acquisition
system with accuracy of at least 0.5 uVDC.

These features were incorporated in the data acquisition system for the Prototype Percolation
Test (Thamir et al., 1993). A similar system can be used for the ESF field test.

The following additional information, not needed for the data acquisition system of the
laboratory prototype experiment, will be required from the ESF IDS group:

(a) wiring methods: methods for wiring and shielding in the ESF to minimize
measurement error in what may be an electrically noisy environment will be required;

(b) equipment housing methods: computer and data acquisition system housing
specifications will be required to minimize ESF environmental effects on the equipment;

(c) interfacing methods: interfacing methods and specifications, for software and hardware,
will be required to connect the data acquisition system to the ESF IDS. The format of the
data collected by this test will need to conform to the format required by the organization
responsible for data archiving and distribution (currently LANL). Such conformance will
minimize accidental changes to data files by reducing the number of stages through which
data have to go through before archiving. The data will be transferred to the ESF IDS for
archiving and distribution. Facilities for data transfer, e.g. networking, need to be provided
by the IDS group; and

(d) calibration responsibility: the group responsible for calibrating the measuring
equipment, e.g. voltmeters and scanners, needs to be identified; it will be the IDS group or
the PL This responsibility must be identified before the test starts. Sensor calibration will
be the PI responsibility.

3.2.4.10 experimental procedure

The experimental procedure will be similar to 2 previously conducted prototype laboratory
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test (Thamir et al., 1993, 1994). Water will be applied at the top of a block. Inflow and
outflow water rates, water and matric potential of the boundaries, and water and matric
potential distribution in the block will be measured. Water will be tagged with tracers of
known concentrations, e.g. iodide, bromide, and borate. The tracers will be used to track each
batch of water and to estimate the travel time at different boundary conditions through each
block. To be able to account for all inflow and outflow amounts, the block sides will be
isolated from the surrounding atmosphere to minimize water evaporation. Flow rate through
each block, at different boundary matric pressures, will be measured. Lateral flow between the
top and each side ‘may be measured if a water collection system along the bottom of each face
proves to be successful; otherwise, the sides will be sealed to prevent lateral flow.

Matrix properties such as porosity, permeability, and moisture characteristic curves, will
be measured from samples that will be retrieved from the side slabs of each sample block.
Fracture properties such as coatings and areal distribution of filling will also be estimated
from the side slabs. Fracture samples will also be taken from the side slabs; the sampling and
testing procedure will be according to SP 8.3.1.2.2.4.1, Intact Fracture Test in the ESF.

Bacterial growth is expected to occur in the tested blocks as it did during the prototype
test (Thamir et al.,, 1994). The bacterial concentration in both the input and output water will
be measured. Clean water needs to be used while preparing and testing the blocks to insure
that new bacteria or nutrients are not added to the blocks. If the bacterial effect appears to
significantly alter fracture permeability, then further studies need to be made since they are a
part of the natural system.

3.2.4.11 factors that may affect experimental duration

From the previously run laboratory prototype test (Thamir et al., 1993, 1994), trapped gas
may impede water movement in fractures. Initially, water pressure along the top of a block
may need to be increased to values above 0.2 kPa (20 cm of water) to flush gas out of
fractures and initiate flow. The outflow may periodically and temporarily stop after flow
through the block is established; however, the stoppage may depend on the experimental
design rather than being a property of fracture flow.

Steady state may not be achieved in a reasonable time. Output flow rate may not stabilize
under a const:nt boundary pressure (Thamir et al. 1994). There are two possibilities for an
unstable flow rate to happen: (1) continuous trend (increasing or decreasing), and (2)
continuous fluctuation (increasing and decreasing). With a continuous trend, other factors will
need to be investigated, eg. air entrapment and bacterial growth. With a continuous
fluctuation, the definition of steady state may need to be revised to be considered over longer
periods. With either case, naturally occurring effects will need to be differentiated from
experimental artifacts.
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3.2.5 Application of results

Several field tests will successively be conducted under this activity. The experimental
results will be used to test unsaturated flow models under SP 8.3.1.2.2.8. From the known
fracture and matrix properties, boundary conditions, and potential distribution within a sample,
a flux will be calculated. The calculated flux will be compared with the measured flux. The
comparison will indicate model accuracy in predicting flux at different conditions.

3.2.6 Schedule
All dates are based on the ESF excavation schedule prepared in June, 1994.

Initial results from this test are required for SP 8.3.1.2.2.8 milestone "RPT, INTERMED.
FRACTURE-FLOW MODEL OF YM", which is due in September 1996. To meet this
requirement, an initial data report will need to be finished 3 months earlier, i.e. in May 1996.
Data for this milestone will be from tests in the North Ramp Alcoves.

Final results from this test will be required to prepare the final report of fracture flow
model under SP 8.3.1.2.2.8. This report will be due between 1997 and 2000 (date has not yet
been determined). Results for this milestone will be from all block tests as listed in section
3.23.2.

The laboratory prototype test took approximately one year to conduct after water went
through the block. Therefore, it is estimated that at least one year will be required to conduct
each of the ESF block tests since the ESF blocks are larger than the prototype test block. Test
preparation will take about 3 months; it will include block cutting, fracture mapping, drilling
of instrumentation holes, permeability measurements, and instrumentation. Sufficient time
needs to be given to purchase and calibrate sensors and data acquisition systems.

To meet the May 1996 date, block testing in the North Ramp Alcoves needs to start at the

beginning of 1995. Tests in the main test level will start when the core test area is prepared.
Currently, this area is scheduled to be ready for testing during the first quarter of 1996.

3.2.7 References

Thamir, F., EM. Kwicklis, and S. Anderton, 1993, "Laboratory Study of Water Infiltration
into a Block of Welded Tuff", Proceedings of the 4™ Annual International Conference on
High Level Radioactive Waste Management, American Nuclear Society, April 26-30, p.
2071-2080.

Thamir, F., EM. Kwicklis, D. Hampson, and S. Andertoﬁ, 1994, "Observations of Water
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Movement in a Block of Fractured Welded Tuff", Proceedings of the §* Annual
International Conference on High Level Radioactive Waste Management, American
Nuclear Society, May 22-26, p. 2020-2029.
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ABSTRACT

This study plan describes the plans for four of the five unsaturated-zone
hydrologic site-characterization activities to be performed in and adjacent to
the Yucca Mountain exploratory-studies facility (ESF) during construction. These
USGS underground activities are expected to contribute to an understanding of the
in-situ hydrologic characteristics of the unsaturated zone, to provide an
understanding of the impacts of the ramps and drifts construction on the in-situ
characteristics, and to provide hydrologic-parameter input for the resolution of

. design.and.performance issues. .The four activities include:

o Radial-borehole tests,

o Perched-water tests,

o Hydrochemistry tests, and
o Excavation-effects tests.

Plans for the fifth activity, hydrologic properties of major faults, will be
included in a subsequent revision of the study plan.

The plans for in-situ hydrologic testing in the ramps and drifts of the ESF
will be included in a subsequent revision of the study plan. These three

activities include:

o Intact fracture tests,
o Percolation tests, and
o Bulk-permeability tests.

The rationale of the overall unsaturated-zone ESF study is described in
Sections 1 (regulatory rationale) and 2 (technical rationale). Section 3
describes the specific activity plans, including the tests and analyses to be
performed, the selected and alternate methods considered, and the technical
procedures to be used. Section 4 summarizes the application of the study results
and Section 5 presents the schedules and associated milestones.

December 28, 1992
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1 PURPOSE AND OBJECTIVES OF STUDY

1.1 Purpose of the study plan

The U.S. Geological Survey (USGS) is conducting studies at Yucca
Mountain, Nevada, as part of the Yucca Mountain Project (YMP). The
purposes of the USGS studies are to provide geologic and hydrologic
information to evaluate the suitability of Yucca Mountain for development
of a geologic high-level nuclear-waste repository and the ability of the
mined geologic-disposal system (MGDS) to isolate the waste in compliance
with regulatory requirements. In particular, the project is designed to
acquire information necessary for the U.S. Department of Energy (DOE) to
demonstrate in its environmental-impact statement and license application
that the MGDS can meet the requirements of federal regulations 10 CFR
Part 60, 10 CFR-Part 960, and 40 CFR Part 191.

This study plan describes the USGS plans for in-situ hydrologic
characterization of Yucca Mountain from the ramps, drifts, and associated

boreholes of the exploratory-studies facility (ESF). The study is now
organized into eight activities:

8.3.1.2.2.4.1 - Intact-fracture test,
8.3.1.2.2.4.2 - Percolation test,
8.3.1.2.2.4.3 - Bulk-permeability test
8.3.1.2.2.4.4 - Radial-borehole test,
8.3.1.2.2.4.5 - Excavation-effects test,

. 8§.3.1.2.2.4.6 - Calico Hills test
(ACTIVITY DELETED)

8.3.1.2.2.4.7 - Perched-water test,
8.3.1.2.2.4.8 - Hydrochemistry tests,

. 8.3.1.2.2.4.9 - Multipurpose-boreholes testing near the
exploratory shafts (ACTIVITY DELETED), and

8.3.1.2.2.4.10 - Hydrologic properties of major faults
encounterec. in the ESF,

Note that the numbers (e.g., 8.3.1.2.2.4.1) used throughout this plan
provide references to specific sections of the YMP Site Characterization
Plan (SCP) (U.S. DOE, 1988). The SCP describes the technical rationale
of the overall site-characterization program and provides general
descriptions of the activities described in detail in Section 3 of this
study plan.

Figure 1.1-1 illustrates the location of the study within the SCP
Geohydrology Program. This study in the ESF is one of nine studies
planned to characterize the unsaturated zone at Yucca Mountain; the

1.1-1 December 28, 1992
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Figure 1.1-1. Diagram showing the location of the ESF characterization of the YM unsaturated zone study
within the unsaturated-zone investigation and the Geohydrology Program.
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~chers are part of the surface-based evaluations. The eight activities
in the -tudv were selected on the basis of warious Zfactors. Time and
schedule resquirements were consicered in determining cthe number and types
,7 ~ests chosen o obtain the reguired data. Tests were designed on the
~asis of desizn and performance carameter needs. available test and
raivsis metnods. aind test scale and interference. These factors are
escribed in 3ecz:ions 1 and 3.

-
-
-

1)

- Wb

-
-

The descriptions and plans for each accivicy are presented in Section
3 The descriptions include (a) objectives and parameters, (b) technical
-ationale. a2 .4 (c; tests and analyses. Alternate Iest and anal/sis
wethods are summarized. and cross references are provided for .echnical

;roceduree.

Five hvdrologic test activities are planned during the ESF
construction phase. They are the radial-borehole tests (Activicy
3.2.1.2.2.4.4), excavation-effects tests (Activity 8.3.1.2.2.4.5),
-erched-water tests (Activity 8.3.1.2.2.4.7), hydrochemistry tests
sctivity 8.3.1.2.2.4.8), and hydrologic properties of major faulcts
‘activity 8.3.1.2.2.4.10). Revised plans for the first four of these
activities were inciuded in Revision 1 of the study plan, in Sections
34, 3.5, 3.7. and 3.8, respectively. Plans for tre major-faults
activity is included in this revision of the study plan. Three other
sctivities will be conducted as part of the in-situ testing in the drifts
of the ESF: the intact-fracture tests (Activity 8.3.1.2.2.4.1),
percolation tests (8.3.1.2.2.4.2), and bulk-permeability tests (Activity
8§ 3.1.2.2.4.3). The plans for these activities will also be presented in
a subsequent revision.

The Calico Hills tests (Activity 38.3.1.2.2.4.6) and the multipurpose-
borehole testing (activicy 8.3.1.2.2.4.9) have been dropped from the
study, for reasons presented in Sections 3.6 and 3.9, respectively.

Application of the study results is summarized in Sections 1.3 and 4,
schedules and milestones are presented in Section 3, and a study-plan

5

reference list is presented in Section 6.
1.1.1 Objectives of the study

Hydrologic evaluation of the unsaturated zone will be conducted
as an integrated set of surface-based and ESF activities with a
common objective to provide an understanding of the past, present,
and future fluid flow characteristics in the unsaturated zone at
Y :ca Mountain.

Surface-based testing will be conducted on the land surface and
in vertical and horizontal holes drilled into the repository host
rock and surrounding units. Surface-based borehole studies designed
to investigate the deep unsaturated zone are described in YMP-USGS SP
8 3.1.2.2.3 (Unsaturated-zone percolation - surface-based studies),
and are integrated with the ESF activities (described in this plan)
in terms of technical objectives, spatial locations. and parameter
determinations. (Parameter is used in this plan to mean a property,

1.1-3 March 29, 1994
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characterrstic, and/or the numerical value of a constant that is used
to describe the unsaturated-zone hydrologic system) .

The north and south ramps, underground drifts, and associated
boreholes of the ESF will provide (1) an opportunity to evaluate the
in-situ unsaturated-zone hydrologic properties in orientations not
achievable from surface-based boreholes, (2) an opportunity to
directly inspect the structure and stratigraphy of the rock walls of
the ramps and drifts, and (3) an opportunity to evaluate the rock-
matrix and fracture-hydrologic parameters for a wide range of test
scales. Figure 1.1-2 illustrates the map location of the ESF at
Yucca Mountain. Figure 1.1-3 illustrates the conceptual layout of
the ESF.

The cbjectsi ‘e of this ESF unsaturated-zone study is to understand
the spatial dj tribution of present water flow within the unsaturat: .
zone. Plans .or studies of past and future unsaturated-zone flow
characteris.ics are described in YMP-USGS SP 8.3.1.2.2.7
(Unsaturated-zone hydrochemistry) and YMP-USGS SP 8.3.1.2.2.9
(Unsaturated-zone modeling and synthesis). Hydrologic studies of
infiltration from the land surface (YMP-USGS SP 8.3.1.2.2.1), and
site-saturated zone studies (YMP-USGS SP 8.3.1.2.3.1), provide
boundary condition information for models of unsaturated-zone
percolation. A more detailed discussion regarding the modeling
activities associated with this study can be found in the
*Characterization of fuild flow in unsaturated, fractured rock® study
plan (YMP-USGS-8.3.1.2.2.8). The site-scale unsaturated-zone
modeling activities are in study plan YMP-USGS-8.3.1.2.2.9.

The salient conditions to be characterized in the unsaturated
zone include the hydraulic and matric potential gradients that extend
from the land surface to the water table (350 to 750 m; 1,150 to
2,460 ft beneath Yucca Mountain). These potential gradients may vary
discontinuously between geohydrologic units. Figure 1.1-4 shows the
relation between the stratigraphic and gechydrologic units at Yucca
Mountain. The characterization of flow beneath Yucca Mountain must
include, for all geohydrologic units, the determination of flow
distribution under a variety of conditions. As flux is difficult to
measure at either the infiltration boundary (land surface) or the
water table, it must be estimated from either the potential water
distribution and the conductive properties of the rocks or by other
indirect metheds.

From the viewpoint of waste isolation, the most significant site-
characterization findings will be to predict the transport of
radionuclides from the repository, beneath Yucca Mountain, to the
water table. SCP Sections 8.3.5.12 (Ground-water travel time) and
8.3.5.13 (Total-system performance) describe the need for this
essential information. The hydraulic-properties data that will be
used for these unsaturated-flux calculations will be collected by the
USGS in the surface-based and ESF unsaturated-zone percolation
studies.

1.1-4 ey 17, 1994
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Figure 1.1-4. Diagram showing the relation of geohydrolbgic units to stratigraphic
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N

Gas flow in the unsacturated zone nas an important hvdrologic
role, as well zs providing a mechanism for :ransport of gaseous
radionuclides to the accessible environment. <“hereas che coexisting
macrix cores and fractures greatly compiicate computations of tocal-
svstem dehavior under present or est:imated furture conditions, cthe
possible existence of large-aperture fractures provides for large
celative gas rermeabilicy. Natural zas-phase flow is driven by
seasonai atmoscneric-density differsnces between :he mountain slopes
and mountain summit. and by geothermal heat. Vapor discharges from
the air-filled fractures may inhibit water percolation from rain and
snow meit because 0” convective and diffusive vapor discharge to the
iand surface. If .ir flow reduces the matrix water content, by
drving the matrix tmmediately adjacent to the fractures, the
resulting incre sed water tension would aid in damping infiltratic
pulses that mav be channeled in fractures. It is important to be
able to quantifv vapor flow because it may be opposite in direction
to liquid flow. and of similar flux. Current knowledge of and site-
characterization efforts for unsaturated-zone gas flow appear in YMP-
USGS 5P 8.2.1.2.2.6 (Yucca Mountain unsaturated-zone gaseous-phase
movement) .

Hydraulic. pneumatic, and hydrochemical testing and analysis will
be conducted as part of this ESF unsaturated-zone study to provide an
underszanding of the conditions and processes described above.
Integration of this information with the results of other hydrologic
studies (Figure 1.1-1) will provide the basis for cthe development of
the unsaturated-zone hydrologic model described in Section 2.

1.1-8 March 29, 1994
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1.2 Regulatory rationale and justification

The results of unsaturated-zone testing conducted in the ESF
ramps and drifts will provide hydrologic data for calculations of
the unsaturated-zone ground-water travel time and the predictions of
radionuclide releases to the accessible environment. Hydrologic
properties determined in the study will be used in design analyses
of the underground facility, repository seals, and waste packages.

The overall regulatory-technical relations between the SCP
design and performance information needs and the data collected in
this study are presented in the geohydrology testing strategy
presented in SCP Section 8.3.1.2 and the issue-resolution strategies
(repository, seals, waste package, and performance assessment)
presented in SCP Sections 8.3.2 through 8.3.5. The description
presented below provides a more specific identification of these
relations as they apply to this study.

Project-organization interfaces between this ESF unsaturated-
zone study and the YMP performance and design issues are illustrated
in Figure 1.2-1. The figure also indicates project interfaces with
other site studies; these relations are described further in Section
4.2. The relations between the design and performance issues noted
below and the regulatory regquirements of 10 CFR 60 and 10 CFR 960
are described in Section 8.2.1 of the SCP.

Information derived from the study will principally support the
determinations of pre-waste-emplacement, ground-water travel time
(Issue 1.6) and the predictions of radionuclide releases to the
accessible environment (Issue 1.1). Study results will also provide
information for the resolution of the issues concerned with the
near-field hydrologic environment of the waste-package emplacement
holes (Issue 1.4) and releases from the repository engineered-
barrier system (Issue 1.5).

Physical, hydrologic, and hydrochemical information about the
unsaturated-zone rocks obtained from this study will be used in the
analyses for repository design (Issue 4.4) and in the assessments of
repository post-closure performance (Issue 1.11). Unsaturated-zone
information on fracture characteristics and hydrologic conditions
will be used in developing the design requirements for ramp and
borehole seals (Issue 1.12). .Information on the moisture conditions
and chemistry of the unsaturated-zone water will be used in the-
analyses of waste-package performance (Issue 1.10).

The following portion of this section summarizes from the SCP the study-
level interfaces between this study and the performance and design
issues. The discussion of the uses of site-characterization data from
this study in resolving those issues is based upon performance measures
and performance parameters identified in SCP Sections 8.3.2 through

8.3.5.

1.2-1 December 28, 1992
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Performance Issue 1.1
(Total-system radionuclide relesse to whe accesyivle -environment;
10 CFR 60.112 and 40 GFR 151.33)

In calculating the complementary cvmalative dihsrribution function
(CCDF) for estimating radiormclide releases after wepository closure, the
DOE intends to take into account all those naturasl processes and events
that are sufficiently credible to warrant consideration. Impacts of
processes and events initiated by human activities will also be
considered in the system-performance assessments for Issue 1.1.

Selection of processes and events considered credible enough to affect
future repository performance has resulted in the identification of a set
of scenarios grouped in scenario classes, according to features which the
scenarios have in common. The expected partial-performance measure
(EPPM) for a scenarios class is a term that expresses the probability of
occurrence of that scenario class. Significant scenario classes are
those which have the highest EPPM values. (A detailed treatment of
scenario classes and the EPPM concept appears in SCP Section 8.3.5.13.)

Scenario Class E, alsc called the nominal case, describes the
undisturbed performance of the repository; it takes into account the
legitimate, distinguishable alternative conceptual models that are
supported by the available information. This class is associated with
anticipated or expected conditions, and it describes the predicted
behavior of the repository and the uncertainties in predicted behavior,
considering only likely natural events.

Disruptive scenario classes (disturbed cases) are also developed in
Issue 1.1. These classes are considered sufficiently credible to warrant
consideration, but are outside the range of probability considered for
the nominal case.

Site information resulting from this study will be used to
satisfy the requirements of numerous supporting parameters needed to
evaluate the nominal case of Scenario Class E of the issue-
resolution strategy for total system performance. The study results
will also provide baseline data for the disturbed cases. These
supporting parameters (e.g., hydrologic characteristics of the rock
matrix, fracture network, or fault zomes specific to the repository
area) are used in calculations of the performance parameters for the
different scenarios. :

In 3Scenario Class E, the unsatu: ated and saturated zones are
considered the primary barriers to radionuclide migration, and the
engineered barrier system is considered as a backup. SCP Table 8.3.5.13-
9 is a description of the performance parameters for this scenario.
Examples of performance parameters for the nominal case to which site-
characterization data from the present study can contribute include
average flux and average effective porosity in the unsaturated zone in
the repository area. Supporting performance parameters needed to
evaluate the nominal case and to serve as baseline data for the disturbed
cases are listed in SCP Table 8.3.5.13-17. Supporting parameters
pertaining to the unsaturated zone include effective porosity, relative

1.2-3 December 28, 1992
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liquid permeability, and saturated permeability. Site data from the
present study also contribute to these supporting parameters.

Unsaturated-zone hydrologic properties measured in this study
(e.g., matrix and fracture permeability, porosity, and water
content), as well as altitudes of stratigraphic contacts, contribute
to the Issue 1.1 supporting parameters employed in the following
calculations.

Calculation of the specific-discharge field in the
unsaturated zone, moisture content of unsaturated-zone
units, and hydrodynamic response times in the overburden
units.

. Calculation of the specific-discharge field in fault zones
in the unsaturated zone, moisture content in fault zones,
and hydrodynamic response times of fault zones.

Calculation of coupling factors and radionuclide retardation
factors in the unsaturated zone.

Calculation of model validation coupling factors in the
unsaturated zone.

Calculation of gas-phase carbon-14 transport in the
overburden units.

Model calibration and validation of gas-phase carbon-14
transport in the unsaturated-zone overburden units.

Performance Issue 1.6
(Pre-waste-emplacement ground-water travel time; 10 CFR 60.113)

Issue 1.6 addresses the question of whether or not the candidate
repository site can meet the Nuclear Regulatory Commission (NRC)
performance objective for ground-water travel time. The performance
objective is that the geologic repository shall be located so that the
pre-waste-emplacement ground-water travel time along the fastest path of
likely radionuclide travel from the disturbed zone to the accessible
environment shall be at least 1,000 yr (or such other time approved or
specified by the NRC). Briefly, the qualitative description of the
disturbed zone is the part of the controlled area where physical and
chemical properties are expected to change due to underground facilities
construction or the effects of waste-generated heat, such that the
properties changed may have a significant effect on repository
performance. The controlled area is a location which on the surface
encompasses no more than 100 km? and extends no further than 5 km from
the outer boundary of the radioactive wastes, and which includes the
subsurface underlying the area defined by these limits. The accessible
environment is the atmosphere, the land surface, surface water, oceans,
and the portion of the lithosphere that is outside the controlled area.

As in Issue 1.1, site information from the study will be used to
satisfy numerous supporting performance parameters needed to assess

1.2-4 December 28, 1992
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ground-water travel time in individual unsaturated-zone units.

These supporting parameters (e.g., unsaturated-zone rock matrix
permeability in the repository area) are used to define various
aspects of the unsaturated-zone model, spatial correlation structure
model, and fracture-hydrologic-characteristics model. These aspects
include initial and boundary conditions, material properties, system
geometry, and validation of model concepts. The results of the
ground-water travel-time model calculations yield performance
parameters for each of the unsaturated-zone units. Examples of
these performance parameters are discharge and distances along flow
paths; these are applied to the performance measure of ground-water
travel time for each of the hydrogeologic components of the ground-

water regime.

Rock hydrologic and physical properties (e.g., rock matrix bulk
density, bulk permeability), altitudes of geohydrologic-unit
contacts, and water chemistry measured in this study are required as
input for the supporting parameters for the unsaturated-zone ground-
water travel-time model initial and boundary conditions, material
properties, and system geometry. Porosity and fracture properties
(e.g., fracture orientation, fracture distribution) are required in
the fracture-hydrologic-properties model for supporting parameters
for validation, material properties, and system geometry.

Performance Issues 1.8 and 1.9
(Favorable and potentially adverse conditions; 10 CFR 60.122)
(Qualifying and disqualifying conditions; 10 CFR 960.3-1-5)

The results of this study have indirect applications to the NRC
siting criteria - Favorable Condition 7 (pre-waste-emplacement,
ground-water travel time) through Issue 1.6, and Favorable Condition
8 (unsaturated-zone hydrogeologic conditions) through Issue 1.1.

The study also has indirect applications to the higher-level
findings for the geohydrology qualifying and disqualifying
conditions through Issues 1.1 and 1.6.

Design Issue 1.10
(Characteristics and configuration of the waste package; 10 CFR

60.135)

Unsaturated-zone water chemistry. transmissive properties (e.g,
transmissivity, hydraulic conductivity), and water-content
information obtained from this studv will be used to characterize
the near-field (pre-waste-emplacement) environment of the waste

packages. -

Information on the quantity and quality of unsaturated-zone
water obtained from this study will be used in assessing the
performance of the engineered-barrier system in limiting the release
of radionuclides. Hydrologic properties data (e.g., bulk
permeability) of the Topopah Spring welded unit will be obtained
from this study and will be used in calculating the flow and
transport in the near-field host rock. The applicable performance
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measures are concentrations of radionuclide species in the gas
phase, liquid water, and adsorbed to solid phases within the near-
field host rock. The performance parameters receiving site
information are host-rock hydrologic properties.

The results of the this study will also support (indirectly
through Issue 1.10) resolution of performance issues concerned with
releases from the engineered-barrier system (Issue 1.5) and the
performance of the waste package (Issue 1.4), where the applicable
performance measure is the quality of water that can contact the
waste container. The water-chemistry data collected in the study
will apply to the hydrochemical performance parameters of the issue.

Design Issue 1.11
(Characteristics and configurations of repository and engineered
barriers - post closure; 10 CFR 60.133)

The characteristics and configurations of the repository
underground openings will rely, in part, on the rock physical,
thermal, mechanical, and hydrologic properties information derived
from this study. These information will be used in (a) assessments
of the layout of the underground facility and the thermal-mechanical
stability of the repository underground openings and (b) drainage
and moisture control plans.

The rock physical (e.g, fracture aperture, fracture weathering),
thermal (e.g., fractured-rock temperature), mechanical (e.g.,
fracture deformation), and hydrologic (e.g., volumetric rock matrix
water content) properties derived from the matrix-properties testing
for the radial-boreholes tests (Activity 8.3.1.2.2.4.4) and
excavation-effects tests (Activity 8.3.1.2.2.4.5) will support
assessments of the usable underground area for waste emplacement,
Water-seepage and perched-water testing parameters (e.g, flow rates
in the perched-water zones, discharge in the perched-water zones) in
the ramps, drifts, and boreholes (Activity 8.3.1.2.2.4.7) and
hydrologic-properties testing of major faults (Activity
8.3.1.2.2.4.10) will support the design of drainage and moisture-
control systems for the repository underground facilities.
Information (e.g., fracture orientation, fracture deformation)
derived from the excavation-effects tests (Activity 8.3.1.2.2.4.5)
will be used in evaluations of design constraints to limit
excavation-induced changes in the rock-mass permeability.

Unsaturated-zone physical and hydrologic properties (e.g, rock
matrix bulk density, rock matrix gravimetric water content) derived
from this study indirectly support the assessment of the underground
safety of the repository workers (Issue 2.2 and 4.2) and repository
design criteria (Issue 2.7).
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Design Tssue 1.12
(Characteristics and configurstion of reprsitory xud dorehole seals;
10 CFR 60.134)

Unsaturated-zone information deriwed from rhis svady will be
used in the design of repository seals. Infermztios on rock-
hydrologic properties (e.g., hydraalic conductivity}, in-situ
stress, rock-mechanical properties (e.g., bulk permeability),
fracture characteristics, and water chemistry will be obtained from
ramp and drift construction-phase testing and berehcle testing
within the ESF.

Bulk-rock conductivity, extent and conductivity of the modified-
permeapility zone around the ramps and drifts , rock-mass fracture
characteristics, and hydrogeologic contact information will be
obtained from the radial-borehole tests (Activity 8.3.1.2.2.4.4).
Information obtained about the extent and hydraulic conductivity of
permeability zones in tuff units in the repository will be used for
the design of borehole and ramp seals.

The excavation-effects tests (Activity 8.3.1.2.2.4.5) will
provide information on the in-situ stress, the modified-permeability
zones around the ramps and drifts, and the unsaturated hydraulic
conductivity and fracture characteristics of the rock mass around
the openings. These data will be used in the design of ramp and
drift seals.

Results of water-sample analysis (Activity 8.3.1.2.2.4.8) from
perched-water zones or from fractures and faults will provide
hydrochemical information needed for ramp, drift, and borehole seal
design. Discharge rates from perched-water zone tests results
(Activity 8.3.1.2.2.4.7) will also be used in designing repository
seals.

Design Issue 4.4
(Repository design and technical feasibility)

The altitudes of rock-unit contacts derived from the geologic
mapping in the ramps and drifts (Activity 8.3.1.4.2.2.4) will
provide information to assess the thickness of the rock units. This
information will be used to determine the underground space
available for repository construction and waste emplacement.

In-situ stresses, rock-mechanical properties, and fracture
geometry and deformation information obtained in the excavation-
effects tests (Activity 8.3.1.2.2.4.5) will support the assessments
of developing usable repository underground openings (ramps, drifts,
emplacement rooms, and boreholes) of required size under normal and
credible abnormal conditions. Information from this activity will
be used in evaluating the rock-mechanical and rock-hydrologic
property changes in the disturbed rock around the underground
openings and the impacts of these changes on the repository design.
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Condensate from seeps and natural water inflow from perched-
water zones (if encountered) will be evaluated in the ramps, drifts,
and boreholes (Activity 8.3.1.2.2.4.7), and the radial boreholes
(Activity 8.3.1.2.2.4.4). Water-flow rate information (e.g.,
discharge in perched-water zones) will be used in the design of
systems for water control in the ramps, drifts, boreholes and
repository openings. Water-chemistry data (Activity 8.3.1.2.2.4.8)
will also be used in underground facility design.

It should be noted that the principal data on rock-deformation
properties for the resolution of design and performance issues are taken
from Investigation 8.3.1.15.1 (Spatial distribution of rock thermal and
mechanical properties), from Investigation 8.3.1.15.2 (Spatial
distribution of ambient stress and thermal conditions), and for rock-unit
contacts and fracture geometry and properties from Investigation
8.3.1.4.2 (Geologic framework of Yucca Mountain). Data acquired in Study
8.3.1.2.2.4 are primarily for the understanding of unsaturated-zone
hydrologic properties and have a secondary utility in supplementing data
needs outside the study. For example, in-situ stress data gathered in
Activity 8.3.1.2.2.4.5 (Excavation-effects tests) are measured mainly to
estimate permeability changes caused by repository construction;
however, these data will also contribute to Study 8.3.1.15.2.1 (Site
ambient stress conditions).

The following briefly summarizes the information to be obtained by
the activities of this study. More detailed descriptions of information
to be obtained are presented in Section 3.

The intact-fracture tests (Activity 8.3.1.2.2.4.1) will provide an
understanding of fracture-flow processes at an in-situ scale of one to
two fracture spacings. These determinations will be used to improve on
estimates of matrix-fracture flow transition and flux needed for ground-
water model validation.

The percolation tests (Accivity 8.3.1.2.2.4.2) will provide direct
evidence of water-percolation rates at an intermediate in-situ scale at
several locations in the Topopah Spring welded unit (TSw). These
determinations will have application to ground-water flow path and
travel-time determinations.

The bulk-permeability tests (Activity 8.3.1.2.2.4.3) will provide
intermediate in-situ scale measurcments of the Topopah Spring welded unit
conductivity. These determinations will have application to water-vapor
and gas-flux calculations in the assessments of ground-water and gas
travel times in the TSw. The radial-borehole tests (Activity
8.3.1.2.2.4.4) will provide cross-hole test information within each of
the tuff units in the unsaturated zone and across selected contacts
between these units. The permeability measurements obtained from the
radial boreholes will provide, with similar scale information obtained
from the bulk-permeability tests (Activity 8.3.1.2.2.4.3) and surface-
based boreholes testing (Activity 8.3.1.2.2.3.2), broad spatial coverage
of the hydrogeologic properties of Yucca Mountain.
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The excavation-effects tests (Activity 8.3.1.2.2.4.5) will provide an
estimate of stress-induced changes on permeability as a result of ramp
excavation. These changes will provide estimates of flow-path
adjustments for ground-water travel-time calculations as a result of

excavation of the underground openings.

Perched-water zones (if encountered) will be monitored and tested
(Activity 8.3.1.2.2.4.7) to determine flow paths and rates. Test results
will be applicable to ground-water travel-time calculations and

repository-design analyses.

Chemical testing of water and gas samples obtained from core samples
and from boreholes drilled in the ESF (Activity 8.3.1.2.2.4.8) will
provide independent data (from the hydraulic characteristics) of flow
paths and travel times. The chemical and isotopic data will be used as
means of confirming conceptual models and validating numerical models of
ground-water and gas-flow paths and travel times.

The major-fault hydrologic-properties activity (Activity
8.3.1.2.2.4.10) will collect matrix, rock-mass, and chemical data to
evaluate the permeability and flow conditions of principal faults
encountered in the ramps and drifts of the exploratory-studies facility.
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2 RATIONALE FOR STUDY
2.1 Technical ratiomals awd jostificwsiocy

Section 3 of this plan pravides sdditivnal dewad) For the specific
activities, tests and analyses, and wethsds of this wrudy. This section
provides an overview and justificstion of the wverayl study.

2.1.1 Statement of problemr and test justificazion

Understanding the unsaturated-zone flow system at Yucca Mountain
is essential to the site-characterization program because it is
within this interval of partially saturated rocks that the repository
is proposed to be constructed. The geologic evaluation of the site
{s a multi-discipline effort. Programs and investigations are
planned to study the geochemical and geologic characteristics (SCP
Section 8.3.1.3, Geochemistry; 8.3.1.4.2, Stratigraphy and structure;
and 8.3.1.15.1, Thermal and mechanical properties). It is not within
the scope of this study plan, however, to discuss the geologic and
rock-characteristics studies. The reader is referred to the SCP and
associated study plans for descriptions pertaining to the particular
studies or activities of interest. This study plan discusses only
the unsaturated-zone hydrologic tests in the exploratory-studies
facility.

In the unsaturated zone, water is presumed to be present both in
liquid and vapor phases within the interstitial, fracture, and
lithophysal openings. It is important to evaluate water flow and
storage within the repository block because water is the expected
major medium for any transport of radionuclides to the accessible
environment. Water flow and storage is envisioned to be complexly
three dimensional, controlled by the structural, stratigraphic, and
climatological settings, and, in general, liquid-water flow is
expected to occur within interconnected pores and fractures, as well
as advective and diffusive vapor-phase flow within interconnected
air-filled fracture openings.

In addition to understanding water movement within the repository
block, there is a need to consider and account for the occurrence of
dissolved constituents in both the liquid and gas phases. The
concentrations and transport of solutes within the unsaturated zone
are coupled to the occurrence and movement of water (liquid and
va, or) and may also be affected by chemical interactions with the
surrounding rock matrix. Furthermore, because liquid-water and vapor
are expected to be in local thermodynamic phase equilibrium, liquid-
water saturation and water-vapor and solute concentrations are
coupled through the prevailing geothermal regime. Consequently, the
hydrologic evaluation of the site constitutes a problem of two-phase,
multi-component, coupled heat (geothermal) and water flow within a
layered sequence of tilted, faulted and fractured, variably saturated
tuffaceous geohydrologic units.

Hydrologic testing in the ramps, underground drifts, and
underground boreholes will (1) supplement and complement surface-
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based hydrologic information with in-situ hydrologic characterization
of the rock mass, (2) provide an opportunity for directly inspecting
the structure and stratigraphy of the rock walls, and (3) provide an
opportunity to evaluate rock-matrix and fracture-hydrologic
parameters for a wide range of test scales. The ESF unsaturated-zone
tests are designed with the objective of ultimately providing an
understanding of the spatial and temporal water movement within the
unsaturated zone.

The ESF unsaturated-zone tests will provide hydrologic
jnformation that is not readily obtainable from surface-based
boreholes. The ESF provides a testing environment that is suitable
for three-dimensional characterization of the rock mass, and the
percolation tests are designed to study hydraulic parameters in
multiple directions. Lateral variations will be studied through
horizontal drifts and boreholes and by careful mapping of underground
rock exposures. Excavation of the ramps and drifts will produce
large volumes of rock that can be used for determination of water
chemistry (Activity 8.3.1.2.2.4.8, Hydrochemistry tests) and for
laboratory analysis of rock/hydraulic properties. Samples of rocks
containing intact fractures can be readily obtained from within the
ramps and drifts. Results of hydraulic tests (Activity
8.3.1.2.2.4.1, Intact-fracture tests) on such samples will be more
representative of in-situ conditions, thereby increasing confidence
in correlations between hydrologic and geologic data and, ultimately,
in-situ characterization. Percolation tests can be conducted in a
rock mass that has not been disturbed by recent weathering and is
representative of the repository host rock.

In addition to determination of specific hydrologic parameters
and relations, the effects of excavation on the host rock can be
studied directly in the ESF. The radial-boreholes (Activity
8.3.1.2.2.4.4), percolation (Activity 8.3.1.2.2.4.2), bulk-
permeability (Activity 8.3.1.2.2.4.3), and perched-water (Activity
8.3.1.2.2.4.7) tests will indirectly provide multi-scale information
on geohydrologic properties invaluable to the analysis of the design
and performance of the repository. The excavation-effects tests
(Activity 8.3.1.2.2.4.5) will directly estimate the magnitude and
extent of the modification of the TSw geohydrologic unit caused by
excavation. The major-fault hydrologic properties test (Activity
8.3.1.2.2.4.10) will provide data on permeability and flow conditions
of discrete major fault zones.

The ESF will provide an ideal enviromment for in-situ hydrologic
tests of the unsaturated zone beneath Yucca Mountain, the objective
of the tests being to quantitatively define geohydrologic parameters
influencing water flow in the TSw and CHn. Because the spatial and
temporal extrapolation of water flow within the unsaturated zone
involves complex interactions that can only be described with the aid
of hydrologic models, preliminary data from the ESF hydrologic tests
will be used as a basis for multiscale, numerical modeling of the
unsaturated zone. These models will provide a description of the
important components of the geohydrologic system and will reflect an
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understanding of the hydrologic parameters, the initial and boundary
hydrologic conditions and processes, and their relations.

The geohydrologic program will develop two hydrologic models that
will describe two distinct zones of the hydrologic system: the
unsaturated zone and the saturated zone (Figure 2.1-1). A surface-
water hydrologic model will be developed to provide input to these
two hydrologic models. The hydrologic models will be used at many
stages of site characterization to perform preliminary analyses, to
design and analyze tests and experiments, and to analyze and
interpret field data. The principal hydrologic modeling effort is to
construct mathematical representations to simulate the natural
geohydrologic system and its components.

The ESF unsaturated-zone tests and corresponding hydrologic model
concentrate on the deep part of the unsaturated zone. The
unsaturated-zone hydrologic model will be developed at site scale,
whereas the surface-water and saturated-zone hydrologic models will
be developed at both site and regional scales. The hydrologic zones
described by these models are those that significantly affect the
resolution of hydrologic-related design and performance issues; these
zones therefore are the principal subjects of hydrologic
investigations. The logic diagram of Figure 2.1-1 shows the
relations among the hydrologic models and the overall geohydrologic
program. The diagram expands the unsaturated-zone hydrologic model
to show the components and parameters categories that are used in
that model. The diagram shows that the unsaturated-zone model
consists of numerical and conceptual models, which in combination
will provide a hydrologic description of the unsaturated zone.

The unsaturated-zone hydrologic model consists of three major
components: (1) the geohydrologic framework, (2) rock properties, and
(3) initial and boundary conditions. The geohydrologic framework
establishes the unsaturated-zone system geometry. Rock properties
include unsaturated-zone hydraulic and gaseous-phase properties.
Boundary conditions include hydrclogic infiltration (land surface)
and water-table boundaries. These components form the basis for
developing the numerical models that quantitatively describe various
aspects of the zone and are used as a basis for developing the
technical rationale for the planned work.

2.1.2 Parameters and testing strategles

In SCP usage (U.S. Department of Energy, 1988) activity
parameters are those parameters that are generated by testing and
analysis in the field, laboratory, or office; they represent the most
basic measurements that will be used to characterize the geohydrology
of Yucca Mountain and vicinity. Many of the activity parameters are
building blocks to support various aspects of the project. Some,
such as hydraulic conductivity, support design and performance issues
directly. Others primarily provide bases for analyses and
evaluations to be conducted within the Geohydrology Program or within
other characterization programs.
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In SCP Table 8.3.1.2-1, activity parameters for the Geohydrology
Program are grouped according tec parameter categories. The activicty
parameters associated with activities of this study also appear in
the figures and tables of Section 3 of this study plan. Parameter
categories serve to group similar types of performance and design
parameters supporting performance-assessment and design issues
resolutions (SCP Sections 8.3.2 through 8.3.5) and match them with
groups of similar types of activity or characterization parameters to
be obtained during site characterization. Parameter categories in
the SCP teere introduced as a classification scheme to aid in
assessirg nhe appropriateness and completeness of the data collection
progr 'm. In Figure 2.1-1, the parameter categories are shown
suppo.t ng specific model components that make up the site
unsaturated-zone model. This figure corresponds to SCP Figure
8§.3.1.2-3, and in that document is accompanied by parallel logic
diagrams for the surface-water and saturated-zone components of the
Geohydrology Program.

In SCP usage, a characterization parameter is a parameter,
obtained by a characterization progran, that has a logical, direct
tie to a performance or design parameter, and for which a testing
basis can be defined. Most characterization parameters will be
developed from some combination of activity parameters, and will be
the products of data reductionm, tests and analyses, and modeling.
Hydrologic analyses generated in this study can be traced from
activity parameters through characterization parameters and to their
intended use in satisfying performance-assessment requirements for
jssues resolutions.

In this and other study plans, it has been useful to group the
measured or calculated parameters of the various activities (activicty
parameters) into a limited set of characterization parameters, more
broadly defined parameters that encompass activity parameter data
collected in the field and laboratory, or generated by modeling. By
jntroducing these parameters, it becomes easier to understand how the
study relates to satisfying the information requirements of
parameters in the design and performance issues. The grouping of
activity parameters according to characterization parameters is given
in Table 2.1-1. Characterization parameters also appear in the logic
diagrams accompanying the activity descriptions of Sections 3.4, 3.5,
3.7, and 3.8.

Characterization parameters will be expressed as functions of
space and (or) time and will be presented in formats that will
facilitate use of the data in resolving design and performance
jssues. In future SCP progress reports, & testing basis will be
developed for each characterization parameter, and will comsist of
some means of expressing the goals, confidence limits, and accuracy
associated with each characterization parameter, so that requirements
of performance parameters can be satisfied. An example of a testing
basis could be that some statistical measure of the parameter, such
as the mean, be known to a specific degree of accuracy.
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Table 2.1-1. pApgociation ol aclivity parameters with uite characleriz. oy parametery

Activity Characterization Activity Parameters Associated with Characterization
Purameter Parameter
Activity 8.3.1.2.2.4.4 - Hydraulic conductivity Permeability, water

Radial -borehole tests

Gas permeability

Water permeability

Hydraulic gradient

Gaseous diffusion

Pormeability, relative, gas, rock mat:ix

Permeability, saturated, gas, rock mat:ix

Pneumatic permeability, bulk, fractured rock

Permeability, pneumatic

Fault permeability

Gas permeability, excavation effects

Porosity pore-size distribution, matrix

Porosity, bulk, fractured rock

Porosity, matrix

Porosity

Bulk density, rock matrix

Grain density, rock matrix

Fault characteiistics: distribution, apertute,
weathering

Anisotropy

Moisture retention, rock matr. :

Water content, gravimetric, rock matrix
Water content, volumetric, rock matrix
Permeability, relative, water, rock mat:ix
Porosity pore-size distribution, matrix
Porosity, bulk, fractured rock
Porosity, matrix

Porosity

Bulk density, rock matrix

Grain density, rock matrix

Anisotropy

Fracture aperture

Fracture permeability

Water potential, distribution and fluctuastlion

Water potential, rock matrix, and total fractured rock

Pneumatic potential, distribution and fluctuation
Pore-gas composition

Radioactive isotopes

Stable isotopesn

Gaseous diffusion coeffici.. ", fractured rock units
Diffusive tortuosity, fractu. - rock and rock mass
Temperature, distribution and .. :ctuations )
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Table 2.1-1. Maszcin;mn_gt_.nmivnx.ue[emn:am_ﬂm_nns:-_L'lmn_':.!s&.s:xize&iszu.um‘emuum {eong )

Activity

Characterization
Parameter

Activity Parameters Aspociated with Characterization
Parameter

Activity 8.3.1.2.2.4.5 -
Excavation-effects tests

Activity 8.3.1.2.2.4.7 -
Perched-water tests

Fracture permeability

Fracture effective
porosity

Fracture saturation

Hydraulic conductivity

Initial fracture permeability around excavations

Changes in fracture permeability due to excavation
effects :

Changes in rock stress due Lo excavation cttectu

Fracture locations

Fracture characteristics

In-situ 10ock stress and mec.anical property
measu: ement 8

In-situ stress changes, magnitue. and diirection

Fracture deformation

Changes in rock stress due to excavation effectsd

Effects of stress changes on fracture aperture

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness

Changes in fracture effective porogity due to
excavation effects

Rock density

Rock porosity

Fracture locations

Fracture characteristics

In-situ rock stress and mechanical property
measpurements

Changes in rock utiess due LO excavalion ettectu

Effects of stress changes on fracture aperture

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness

Moisture content, in-situ degree of saturation

Changes in fracture saturation due to excavation
effects

Fracture locations

Fracture aperture

Fracture distribution

Fracture orientation

Fracture roughness

Mydraulic conductivity, perched-water zones
Transmissivity
Poxosity, rock units near ramps and driifrw

o
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Table 2.1-1. Association of activity parameters with site-characterizat... parameters (co nt inued)

Activity

Characterization
Parameter

Activity Parameters Associated with Characterization
Parameter

Activity 8.3.1.2.2.4.7 -
Perched-watex tests

Activity 8.3.1.2.2.4.8 -
Hydrochemistry tests

Activity 8.3.1.2.2.4.10 -
Hydrologic properties of
major faults encountered
in the ESF

Hydraulic gradient

Ground-water flux

Storage coefficient

Flow paths, ground
water and guB

Travel times, ground
water and gas

Hydraulic conductivity

Gas permeability

Water potential (total), perched-water zones
Hydraulic head, perched-water zones
Radioactive imotopes

Stable isotopes

Water quality

Potential

Infiltration rate
Discharge rate
Flow rates, perched-water ._es

Storage coefficient, perched-wa. *r zones

Radioactive-isotope activity

Stable isotopes

Pore-gas composition

Water quality, cations and anions

Flow paths, hydrochemical determination

Radioactive-isotope activity

Stable isotopes

Pore-gas composition

Water quality, cations and anions

Travel times, hydrochemical determination

Permeability, water

Pexmeability, relative, gas, ck matrix

Permeability, saturated, gas, rock matrix

Pneumatic permeability, bulk, fractured rock

Permeability, pneumatic

Fault permeability

Gas permeability, excavation effectas

Porosity pore-size distribution, matrix

Porosity, bulk, fractured rock

Porosity, matrix

Porosity

Bulk density, rock matrix

Grain denaity, rock matrix

Fault characteristices: distribution, aperture,
weathering

Anisotropy (

.
)
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Table 2.1-1. A

- ™.

ivi rameters with gite-characterization parameters (continued)

Activity

Characterization
Parameter

Activity Parameters Associated with Characterization

Parameter

Activity 8.3.1.2.7.4.10 -
Hydrologic properties of
major faults encountered
in the ESF

Water permeability

Hydraulic gradient

Gaseous diffusion

Moisture retention, rock matrix

Water content, gravimetric, rock matrix
Water content, volumetric, rock matrix
Permeability, relative, water, rock mat:iix
Porosity pore-size distribution, matrix
Porosity, bulk, fractured rnck
Porosity, matrix

Porosity

Bulk density, rock matrix

Grain density, rock matrix

Anisotropy

Fracture aperture

Fracture permeability

N
Water potential, distribution and fluctuation

Water potential, rock matrix, and total fractured rock

Pneumatic potential, distribution and fluctuation
Pore-gas composition

Radioactive isotopes

Stable isotopes

Gaseous diffusion coefficiert, fractured rock units
Diffusive tortuosity, fractuied rock and rock mass
Temperature, distribution and ictuations
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A common Teuyuirement of the activity parameters is that
sufficient confidence war be pisced in their wamerical values and in
the understanding of their Telations for dydrolwgic modeling and
hypothesis testing. That is, confidence im the cmlibration of a
model to a given level is dependent on the #xtent to which the input
data and observations are wel)l characterized awd credible. These
empirical data are affected by uncertainties dus to measurement
errors and to presence of both random and correlated large-scale
spatial variability (heterogeneities). The presence of these
uncertainties must be considered in order to assess the accuracy with
which numerical hydrologic models simulate the natural geohydrologic
system. The sensitivity of the performance measure to various
parameters can, nevertheless, be investigated, and such models can be
used as tools to improve understanding of the functioning of each
zone, to test hypotheses, and to further guide data collection.

Some of the specific parameters listed in Table 2.1-1, although
not required directly for resolving performance and design issues,
are required to accomplish satisfactory hydrologic modeling, which in
turn increases confidence in the accuracy of the parameters that are
required for performance and design analyses. Because model
parameters cannot be known explicitly everywhere throughout the
modeled area, the input parameters must be expressed as statistical
distribution functions. Numerical models will be used as a principal
approach to assess whether the data collected to describe the present
and expected geohydrologic characteristics provide the information
required by the performance and design issues.

A principal testing strategy of the study, therefore, is to
utilize approaches that minimize uncertainty of the activity
parameters and in the understanding of their relations within the
constraints of available resources. Some degree of uncertainty is
inevitable, because parameters vary in space and time, measurements
contain errors, and hydrologic processes are slow and difficult to
measure. As described below, however, the strategy of the study is
to increase confidence by utilizing multiple approaches for °
determining parameters not readily amenable to measurement or
analysis, by testing hypotheses, and by developing acceptable models.

A major advantage to using multiple approaches for determining
parameters is that, in general, reliance is not placed only on one
test to determine a parameter. Some tests will provide only partial
information, whereas others will provide extensive information
necessary for determination of a hydrologic parameter. By combining
the test results and studying their relations, a greater
understanding and confidence of any particular parameter can be
achieved. For example, the estimation of fluid-travel times (a
critical issue) can be addressed with multiple approaches. Fluid
travel time can be estimated by calculating the residence of
environmental tracers in the pore water or by calculating the
velocity at which fluid flows through the rock from the bulk
hydrologic parameters. The hydrochemistry tests will provide
residence times for pore and fracture fluids at the repository site.
The combination of intact-fracture, bulk-permeability, percolation,
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radial-borehole, and major-fault hydrologic properties tests will
provide data on permeability, effective porosity, and pore-size
distribution necessary for the calculation of travel time. In
addition, the percolation tests will provide velocities at various
steady-state infiltration rates in small volumes of rock. Fluid
potential distributions will be obtained from the radial-borehole and
major-fault hydrologic-properties tests, and if perched water is
encountered, hydrologic tests and hydrochemical tests will be
conducted to evaluate water flux, flow paths and travel times.

Because of the nonstandard nature of some of the tests, the
possibility that one or more tests may fail in achieving the desired
objectives is recognized. The use of multiple approaches for
determining parameters increases confidence that the failure or the
partial failure of one or more tests will not severely inhibit the
ability of the characterization activities in providing the
information required. Prototype tests for site characterization,
especially those related to characterization of the unsaturated zone,
have been performed (see Dennis, 1991) which has increased the
confidence level that test objectives can be achieved.

For some activity parameters, it is necessary to measure them at
different scales. For example, various tests are designed to measure
unsaturated fracture hydraulic conductivity, from the conductivity of
discrete fractures to that of increasingly more extensive fracture
networks. The smallest-scale test is the intact-fracture tests which
entails direct observation and measurement of fluid and mass
transport within a single fracture. The purpose of the small-scale
testing is to develop an empirical foundation for modeling flow and
transport through single fractures. When this discrete-fracture
model is evaluated (calibrated and validated), it can be used to
simulate a larger network of discrete fractures. The pexcolation
tests will then be used to evaluate the fracture-network model. In
turn, another numerical model, based on this fracture-network
approach, will be applied to simulate the percolation tests. The
error in evaluating flow through the percolation test block by the
fracture-network modeling approach may be large, because’ the
percolation-tests scale may not be representative of the entire rock
mass. For this reason, the bulk-permeability and radial-borehole
tests will be conducted to evaluate the effect of size on variations
of hydrologic properties. In the bulk-permeability tests, the
pneumatic permeabilities of different volumes of rock will be
evaluated directly from cross-hole tests, data that will then be used
to estimate the scale at which the continuum approach is valid. The
variable-scale discrete model developed from intact-fracture tests
will be used to predict the hydrologic properties of a large volume
of rock that will be tested later in the main test level of the ESF.
Results from this model will be compared with results using the
fracture-network model developed from percolation tests. If
predictions prove to have insignificant error, the technique can be
used to extend results of the bulk-permeability tests to other parts
of the ESF and repository block. In turn, the validity of this
extrapolation method will be tested directly by the radial-borehole
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tescs (Activity 8.3.1.2.2.4.4), the surface-based vertical- and
horizontal-borehole tests (Study £.3.1.2.2.3), and gaseous-phase
movement study (Study 8.3.1.2.2.6) which averages permeabilities for
very large volumes of rock by recording pressure changes at various
levels in boreholes caused by barometric fluctuations.

The process of variable-scale testing and modeling will delineate
the scale at which the continuum approach can be used with minimum
error as well as provide large-scale understanding of the host rock.
The results will increase confidence that an understanding has been
gained of the relations between hydraulic conductivity and fracture
characteristics, and that the appropriate scale has been selected for
modeling and testing of the hydrologic hypotheses. The testing and
refinement of hydrologic hypotheses provide a logical and systematic
approach to improving our understanding of how the geohydrologic
system functions. The result will be an improved conceptual model
which, in turn, leads to increased confidence in the hydrologic
models and, ultimately, in the geohydrologic program (Figure 2.1-1).
In turn, results of the study will provide a basis for updating and
revising the hypotheses.

2.1.3 Hydrologic hypotheses

The unsaturated-zone hydrologic hypotheses describe in general
terms the manner in which fluids (water and gas) may move through the
unsaturated zone. The testing and refinement of hypotheses provide a
logical and systematic approach to the ultimate definition of how the
geohydrologic system functions. The results will be an improved
conceptual model which, in turn, leads to increased confidence in the
geohydrologic evaluation of the repository site.

The hypothesis component shown in Figure 2.1-1 is tied to
Table 2.1-2, which lists current hypotheses for the unsaturated zone.
The table also shows objectives and approaches of the activities that
are directly involved in testing these hypotheses.

In conducting preliminary performance and design analyses,
assumptions must be made regarding parameters and hydrologic
processes and conditions. These preliminary analyses may include
assumptions involving parameters such as flow paths, velocities,
fluxes, gradients, conductivities, anisotropies, boundary conditions,
and structural and geohydrologic-unit controls on unsaturated flow.
Concepts that may affect these a.pects of the hydrologic system
include the potential for lateral flow and capillary barriers in the
unsaturated zone, conditions under which matrix and fracture flow
occur, and accumulation of perched water. The ongoing process of
hypothesis testing helps to increase confidence that the assumptions
made in preliminary analyses are reasonable.

2.1.4 Hydrologic modeling
In assuming that the overall hydrologic system within the

unsaturated zone at Yucca Mountain can be described by conventional
theories of fluid storage and movement in porous and fractured media,
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Table 2.1-2. Relations between unsaturated-zone hydrologic conceptual model hypothese
and the activity objectives of Study 8.3.1.2.2.4

Hypothesis

SCP number

Activity objectives

Fractures and fracture systems and barriers to or
conduits for liquid-water flow, depending on
ambient matrix saturation,

Discrete fractures and fracture networks can be
modeled as equivalent porous media.

Orientation of fractures and fauits influences
degree of transmissiveness, thereby introducing a
fundamental system anisotropy.

8.3.1.2.2.4.1

8.3.1.2.2.4.2

8.3.1.2.2.4.1

8.3.1.2.2.4.2

8.3.1.2.2.4.3

8.3.1.2.2.4.3

8.3.1.2.2.4.3

8.3.1.2.2.4.4

8.3.1.2.2.4.4

To evaluate fluid-flow and chemical-
transport properties of single, relatively
undisturbed fractures.

To determine the hydrologic conditions
that control the occurrence of fluid
flow within fractures and matrix and to
provide experimental data against
which the validity of numerical models
can be tested.

See above objectives.

See above objectives.

To determine the scale at which the
host rock behaves as an equivalent
anisotropic porous medium.

To compare hydraulic test results
against a distribution of simulated
results caiculated from a large number
of realizations of the possible fracture
networks conditioned on average
fracture orientation and/or fracture
density data.

To use a numerical fracture-flow model
to establish the minimum dimensions at
which other rock masses with the
same fracture characteristics behave as
equivalent porous media and to
examine the dependence of ~ock-mass
dimensions on changing saturation.

To evaluate the potential for lateral
flow of water within dipping units.

To evaluate the potential for lateral
flow of water along geohydrologic-unit
contacts.
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Relations between unsaturated-zone hydrologic conceptual model hypotheses

and the activity objectives of Study 8.3.1.2.2.4 (continued)

Hypothesis

SCP number

Activity objectives

Hydrologically interconnected fracture systems
and rock matrix define a macroscopic composite
or equivalent porous medium.

Unsaturated latera! flow can occur at the contact
between the Tiva Canyon welded (TCw) and -
Paintbrush nonwelded (PTn) units, depending on
the flux and the permeability contrast across the
contact.

Lateral flow can occur within the PTn, because of
intercalation of layers with contrasting hydraulic
properties within the unit.

“low in the Topopah Spring welded unit (TSw) is
downward and occurs under steady-state
conditions. Flow is primarily in the matrix when
the flux is less than some value related to the
saturated matrix hydraulic conductivity, and flow
is primarily in fractures at fluxes larger than that
value.

The nearly vertically oriented fault zones and their
associated fractures can be highly effective
pathways for vertical liquid-water flow with large
flux, especially in the competent TCw and TSw.
Under some conditions, faults can impede lateral
flow and thus produce perched-water bodies
where the faults intercept significant lateral flow.

Perched-water bodies and capillary-barriers may
be temporarily present within the UZ system.

8.3.1.2.24.4

8.3.1.2.2.4.2

8.3.1.2.2.4.3

8.3.1.2.2.4.4,
8.3.1.2.2.4.8

8.3.1.2.2.4.4

8.3.1.2.2.4.4

8.3.1.2.2.4.7,
8.3.1.2.2.4,10

8.3.1.2.24.7

8.3.1.2.24.7

8.3.1.2.24.7

To detect vertical flows of water, as
both vapor and liquid, in the
unsaturated zone.

See above objectives.

See above objectives.

To evaluate the potential for lateral
flow of water along geohydrologic-unit
contacts, using radial borehole tests in
the ESF, and to evaluate
hydrochemical-isotopic data from any
gas and pore water collected.

To evaluate the potential for lateral
flow of water within dipping units,
using radial borehole tests in the ESF.

To detect vertical flow of water, as
both vapor and liquid, in the
unsaturated zone using radial borehole
tests in the ESF.

To detect the occurrence of any
perched water, estimate the hydraulic
properties of the zones, and determine
the implication of existence of such
zones of flux, flow paths, and travel
times.

To detect the occurrence of any
perched-water zones.

To estimate the hydraulic properties of
the zones.

To determine the implications of the
existence of such zones on flux, flow
paths, and travel times.

.’\_/
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Table 2.1-2. Relations between unsaturated-zone hydrologic conceptual model hypotheses—~
and the activity objectives of Study 8.3.1.2.2.4 (continued)

Hypothesis SCP number Activity objectives
Volumes containing many pores and fractures are 8.3.1.2.2.4.8 To understand the gas transport
definable such that changes in boundary fluxes processes within the unsaturated zone
equal changes in internal moisture storage. and to provide independent evidence of
flow direction, flux, and trave! time of
gas.

B8.3.1.2.2.4.8 To design and implement methods for
extracting uncontaminated pore fluid
from rock excavated during ramp
construction.

8.3.1.2.2.4.8 To determine the flow direction, flux,
and travel time of water in the
unsaturated zone by isotopic
geochemistry techniques.

8.3.1.2.2.4.8 To determine the extent of water-rock
interaction so that geochemical
modeling can be performed to deduce
the flow path and to understand the
geochemical evolution of the
unsaturated zone water. —
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the presenmt and probable Futere spatial disvrilurion and magnitude of
hydrologic parameters «an be predivted from mppragriately constructed
hydrologic mudels. The successful dewelopmemt of calibrated
numerical models of <he hydrologic systes wiil idzerease confidence
that the geohydrologic frzmework, distributivm ol input parameters,
and nature of initial and boundary cenditioms @re appropriate for
utilization in performance and design analyses.

Hydrologic modeling produces the velocirty field essential for
defining flow paths and computing ground-water travel time. Such
modeling requires sufficiently detailed knowledge of the
geohydrologic framework and the three-dimensional distribution of
hydrologic parameters. The importance of these ESF unsaturated-zone
tests for determining the magnitude and distribution of these
hydrologic parameters is emphasized. In-situ, underground, multiple-
approach, variable-scale testing is necessary for developing a
complete and accurate geohydrologic program of the repository block
under Yucca Mountain.
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2.2 Constraints on the study

2.2.1 Prototype testing

The USGS investigators responsible for the activities described
in Section 3 have chosen and proposed testing procedures that they
expect will work as planned. The investigators recognize, however,
that there is a degree of risk associated with many of the tests that
have not been previously tried and have therefore planned and
conducted prototype tests to validate the performance of the proposed
testing methods. For a summary of results of prototype tests, see
Dennis (1991).

Prototype testing serves several purposes, including the
development of reasonable and adequate quality-assurance procedures
and an assessment of the data-acquisition and storage needs of
jndividual tests. Primarily, prototype testing provides an
opportunity to understand, implement, refine, and practice testing
procedures prior to the actual testing. For example, certain
hydrology tests (bulk permeability, percolation, and excavation
effects) have never been performed at the proposed scales.
Similarly, many of the proposed testing methods have never been
applied to unsaturated, densely welded, fractured tuffs, such as the
Topopah Spring welded unit at Yucca Mountain (Figure 1.1-4).

Equipment selection and development is a major objective of the
prototype testing. As such, specification of equipment to be used
during site characterization cannot be completely defined until this
testing is done. For standard testing methods, equipment lists may
be found in the technical procedures noted for each activity
described in Section 3 of this plan.

Because the underground facilities have not been constructed at
Yucca Mountain, geologic and hydrologic prototype testing has been
conducted at G-tunnel in Rainier Mesa, which is located at the Nevada
Test Site (NTS) about 60 kilometers (40 miles) from Mercury, Nevada.
Prototype testing and equipment development for the air permeability
testing activity was conducted at the Apache Leap Tuff site near
Superior, Arizona. Prototype drilling, instrumentation, and testing
established procedures that will be needed for site-characterization
tests to provide quality-assured data for the licensing process.

References are made to specific prototype tests in each of the
activity descriptions of Section 3.

2.2.2 Representativeness of repository-scale and correlation to
repository conditions

The ESF is located witlin the repository area and will penetrate
the same gechydrologic units as does the repository. Because of
this, the environment in which ESF tests will be conducted is an
approximate representation of the repository area and representative-
ness should be enhanced by the current ramp-based rather than shaft-
based design. How well each test will represent future or present *
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conditions of the repository at the scale of the repository depends
on a number of factors relating to the particulars of the test.

The ESF hydrologic-test results will be extrapolated across the
site on the basis of an integrated drilling plan (SCP Section
8.3.1.4.1, Development of an integrated drilling program) and an
integrated geologic- and hydrologic-characterization program.
Geologic studies (Study 8.3.1.4.2.1, Vertical and lateral
distribution of stratigraphic units within the site area;
8.3.1.4.2.2, Structural features within the site area; and
8.3.1.4.2.3, Development of a three-dimensional geologic model of the
site area) will provide larger-scale models that will allow ESF-scale
test results to be extrapolated across the site surface-based
hydrologic testing in boreholes (Activity 8.3.1.2.2.3.2, Site
vertical-borehole studies) and will also increase confidence in the
ability to extrapolate across the repository site.

The representativeness of the current testing plans is considered
to be much more representative than what was described in the SCP
Section 8.4.2.1.5 (Representativeness of planned testing) for tests
in a vertical shaft. The current ESF will have a minimum of two
ramps with drifts in the TSw2, with an option for two additional
ramps and drifts in the CHn. Drifts will extend from the ramps to
the Ghost Dance Fault, Solitario Canyon Fault, and Imbricate Fault
zone. Figure 1.1-3 illustrates the appropriate locations of where
the ramps and drifts will cross major geologic structures that will
allow for a visual and a hands-on inspection for geologic and
hydrologic rock properties.

2.2.3 Accuracy and precision of methods

Selected and alternate methods for testing in each activity are
summarized in tables at the end of each activity description (Section
3). These methods were selected on a basis of their precision and
accuracy, duration, and interference with other tests and analyses.
The accuracy and precision of thc exploratory-studies facility
hydrologic tests is difficult tc quantify prior to testing and
implementation of the methodology. The degree of accuracy and/or
precision of each method within activities is a qualitative, relative
judgement based on current knowledge and familiarity with, and
understanding of, the method. Prototype testing was also helpful in
assessing the accuracy and precision of the methods proposed for
collecting site characterization data. For selected methods, if
values for accuracy and precision exist, they will be listed in the
USGS technical procedures which are referenced in the activity
descriptions of Section 3.

2.2.4 Potential impacts of activities on the site

The current ESF design consists of the following:
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1. Two ramps: Designated as the North and South Ramps, will
extend from the surface and connect underground with the Main
Drifct;

2. Main Drift in the TSw2 that connects the North and South
Ramps;

3. Core test area of the Main Test Level: Principal area in the
Topopah Spring Member where the majority of testing will be
conducted;

4., Calico Hills Ramps: Ramps that provide access from the
Topopah Spring Member to the Calico Hills geologic barrier
and provide access to the Imbricate, Ghost Dance, and
Solitario Canyon fault zones;

5. Calico Hills Main Drift: A lateral drift through the Calico
Hills unit that will provide access for the exploratory
drifts to the Imbricate, Ghost Dance, and Solitario Canyon
fault zones;

6. Lateral Drift Extension from Main Drift: A drift constructed
by the drill and blast method. The diameter has not yet been
determined;

7. East-West Drift to test Ghost Dance Fault;

8. Drifts from ramps to test Ghost Dance Fault, Solitario Canyon
Fault, and Imbricate Fault zone (see Figure 1.1-3).

Surface facilities will include a power substation, sewage
treatment lagoons, construction and testing-support buildings,
various trailers, and an access road,

After construction is completed, additional in-situ tests will be
conducted, principally in the Main Test Level. The in-situ test
activities described in this plan will have relatively little impact
on the natural-state site conditions. Hydrologic disturbances from
ESF testing activities could potentially impact site performance by
increasing the water flux at the repository horizon, changing the
hydrologic properties of the unsaturated zone, and creating
preferential pathways for liquid and gaseous transport of
radionuclides. The only tests that currently have been identified to
be performed in the ESF that may introduce water into the unsaturated
zone are the percolation and the hydrologic properties of major
faults tests. Since the test blocks for the percolation test will be
separated from the rock mass and isolated within the drift, the water
added to the rock can be recovered. If the decision to use water
following air injection tests in fault zones is made, the quantity of
water used will be tagged with a tracer and kept to a minimum. Test
areas will be limited to fault zones away from other tests.
Therefore, there is no indication that the testing activities will
introduce a significant amount of water to the unsaturated zone or
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tha.: the use of water will result in permanent changes to the in-situ
hydrologic properties of the rocks.

2.2.5 Time required versus time available
The in-situ hydrologic tests described in this study plan are

constrained by the schedule for the start and completion of the ramps
and drifts. The ESF testing is also constrained by the need to

- complete the in-situ tests for input to the YMP environmental impact

statement-performance assessment and license application. Section
5.1 presents current schedules for the four activities described in

this plan.
2.2.6 Limits of analytical methods

Although numerical modeling of tests planned in this study will
be performed, the problem remains of identifying parameters in a
distvibuted system with many degrees of freedom available.
Measurements in the tests will be made at a few locations in a system
in which the numerical mesh of the model may have thousands of
unknowns. The use of all available data can reduce uncertainty, but
some uncertainty will remain. Uncertainty analyses may be considered
as an alternative to the solution of those problems that incorporate
the unknown features of the system.

2.2.7 Potential for interference among activities, and from ESF
construction

YMP requires that all construction and testing must go through
analysis to evaluate test interference due to construction and
interference from other tests. Such analysis will ensure that
interference has been eliminated or minimized. Generally, the
selected tests of this study will have little or no interference with
other planned tests. In cases where tests do interfere, the USGS
investigators have planned the testing sequence accordingly, in oxder
to maximize data collection and minimize interference. All of the
water that will be used in hydrologic tests will be tagged with a
tracer to determine if any interference is occurring in adjacent test
areas. The decision as to which tracers are to be used will be made
on a case-by-case basis as part of the test planning process.

SCP Section 8.4.2.3.1, Exploratory studies facility testing
opecations, layout constraints, and zones of influence, discusses the
constraints imposed on the underground layout by each experiment and
the estimated zone of influence of each experiment. The design
requirements generally arise from requirements that the in-situ
conditions such as stress state, degree of saturation, and
temperature in the region where the experiment is to be conducted not
be altered by other activities in the ESF. Flexibility in choosing
the final location and orientation of an experiment may also be an
important constraint because of local variations in geology and
fracture orientation. The zone of influence is intended to describe
the extent to which each experiment alters or influences the
surrounding region. In the conduct of each test, it is vital to
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jnsure that the data derived from the test are not influenced by
other experiments that mav be underway at the same time. The
criteria for determining if a potential interference existed was
taken to be whether the zone of influence of one experiment impinged
on another experimental area to such a degree that the results of the
experiment could be affected. To insure conservatism in this
approach, the potential for interference was considered high if the
zones of influence of two experiments overlapped. Because the
maximum zones of influence of each test were overlaid onto a layout
to check for potential interference, timing of the test was not taken
into consideration during the analysis. If interference concerns
showed up during the analysis, timing of the tests involved was
considered to determine if the tests were separated sufficiently in
time to preclude the interference problem (i.e., one test may have
been completed, leaving no permanent alteration of the rock, before
the second was begun). If potential interferences were found during
the analysis, the adjustments to the timing of the experiments or the
layout were considered.

The test-to-test interferences concerns were evaluated (SCP
Section 8.4.2.3.1) as outlined above only for the experiments
proposed for the Main Test Level. Experiments and observational
activities planned for the underground excavations were evaluated
with regard to potential zones of influence, but further evaluation
was not considered necessary due to the nature of the tests
(primarily observational and sample collection) or the limited amount
of rock affected, or the large physical separation between these
tests and others.

The interference analysis of all experiments proposed for the
Main Test Level was performed based on the current test definitions,
available analysis results, and prototype test data. The designs of
several of the experiments mzy change as site evaluation proceeds.
These changes will require a reevaluation of potential interferences
among the applicable tests.

On the basis of analyses presented in the SCP Section 8.4.2.3.6.1
(Potential for interference between tests), the locations and
separation distances between tests are considered to be acceptable.
Hydrologic interference between drifts is not likely to be observed,
although the possibility of flow in large-aperture fractures from one
drift to another cannot be ruled out. Additionally, no mechanical
interference or unacceptable vibratory interference is expected. A
portion of the hydrochemistry testing is expected to be performed at
the same location as the radial boreholes tests, the use of an air
tracer will enable recognition of potential interferences between
these tests. '
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3 DESCRIPTION OF ACTIVITIES
The study is organized into ten activities:

o) 8§.3.1.2.2.4.1 Intact-fracture tests

o £.3.1.2.2.4.2 Percolation tests

o 8.3.1.2.2.4.3 Bulk-permeability tests

o 8.3.1.2.2.4.4 Radial-borehole tests

o 8.3.1.2.2.4.5 Excavation-effects tests

o 8.3.1.2.2.4.6 Calico Hills tests
(ACTIVITY DELETED) ’

o 8.3.1.2.2.4.7 - Perched-water tests
o 8.3.1.2,2.4.8 - Hydrochemistry tests

e} 8.3.1.2.2.4.9 - Multipurpcse-boreholes testing near the
exploratory shafts (ACTIVITY DELETED), and

o 8.3.1.2.2.4.10 - Hydrologic properties of major faults
encountered in the ESF.

Five test activities are planned during the ESF construction phase:
radial borehole, excavation effects, perched water, hydrochemistry, and
hydrologic properties of major faults. This study plan includes the
plans for radial-borehole, excavation-effects, perched-water, and
hydrochemistry; which are described in Sections 3.4, 3.5, 3.7, and 3.8,
respectively. The plans for hydrologic properties of major faults will
be described in Section 3.10 in a subsequent revision of this plan.

Three other activities will be conducted as a part of the in-situ testing
in the ramps and drifts of the ESF: intact fracture, percolation, and
bulk permeability. The plans for these activities will be described in a

subsequent revision of this plan.
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3.1 Intact-fracture test

The intact-fracture tests will be conducted in a USGS laboratory.
The rock samples for this test will be obtained from the ESF. Because
the test is not a part of the ESF construction-phase testing, the plan
for this activity will be presented in a subsequent revision of this
study plan.
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3.2 -Percolation test

The percolation tests will be conducted in ramps and drifts of the
ESF. Because the tests are not part of the ESF construction-phase
testing, the plan for this activity will be presented in a subsequent

revision of this study plan.
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3.3 Bulk permeability tests

The bulk permeability tests will be conducted in the ramps and drifts
of the ESF. Because these tests are not part of the ESF construction-
phase testing, the plan for this activity will be presented in a
subsequent revision of this study plan.
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3.4 Radial-borehole tesis
3.4.1 Objectiwves
The objectives of this zstivity ave T

1. quantify the gas permeability and anisotropy of the
geohydrologic units within the unsaturated zone.

2. evaluate the effects of excavation in the ramps and drifts on
hydrologic properties of unsaturated-zone geohydrologic
units.

3. estimate tortuosity and effective porosity of the drained
pore spaces of the unsaturated geohydrolegic units;

4. quantify the boundary effects at the geohydrologic unit
contacts;

5. compare pneumatic and hydraulic test results especially at
the geohydrologic unit contacts; and

6. monitor for flow of water, as both vapor and liquid, in the
unsaturated zone;

3.4.2 Rationale for activity selection

It is hypothesized that most fractures in the unsaturated zone
beneath Yucca Mountain probably are drained and devoid of significant
liquid water (Montazer and Wilson, 1984; Wang and Narasimhan, 1985).
The air in these fractures, as well as within the unsaturated pores,
is nearly saturated with water vapor. This vapor-saturated air
probably is mobile in the more extensively fractured tuffs and, to a
lesser degree, in the moderately to nonfractured tuffs. Two
mechanisms cause flow of the vapor-saturated air: the natural
geothermal gradient and the trancient pneumatic-potential gradient
that results from atmospheric-pressure fluctuations.

Two simplified cases of water flow in the unsaturated zone
include upward movement of water vapor and downward migration of
l1iquid water. Upward migration of vapor-saturated air may indicate
the potential for upward migration of gaseous radionuclides. 1In
addition, downward water movemer.t may be indicative of potential
radionuclide-solute transport. In both cases, the natural vapor and
liquid-water fluxes may be influenced by the thermal field created
after emplacement of high-level radiocactive waste.

Although water vapor in the unsaturated zone probably cannot
transport significant amounts of radionuclides, the transport of
gaseous radionuclides in the vapor-saturated air is a concern.
GCaseous radionuclides, such as tritium and carbon-14, may be
transported to the atmospheric environment by natural gradients or
disturbed gradients imposed by repository emplacement. Therefore,
permeabilities, anisotropy, porosities, travel time, and transport
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mechanism in the air-filled voids of the unsaturated zone are
important in assessing the performance of a potential repository.
Tortuosity, air-filled effective porosity, and air permeability
should be determined in order to evaluate the potential transport
rate of the gaseous radionuclides. Tortuesity and air-filled
effective porosity are needed to calculate the effective coefficient
of diffusion of the gases through the rock and thus to evaluate
diffusive transport. Gas permeability is needed to calculate flow
velocity so that convective transport can be evaluated. Porosity,
tortuosity, air permeability and anisotropy will be determined by
testing (gas injection into the rock), passive monitoring of
pneumatic pressure, and gas sampling and analysis. These activities
are described in greater detail in Section 3.4.3.

Flow of liquid water in the unsaturated zone is expected to be
downward: however, heterogeneity in tuff properties could result in
deviation of flow from the vertical. Two situations could cause this
deviation: (1) anisotropy in permeability within geohydrologic units
and (2) contrasts in permeability between adjacent geohydrologic
units. 1In the latter case, if a large contrast in permeability
exists between units, then perched-water or capillary-barrier
conditions may form. If these conditions occur along dipping
geohydrologic-unit contacts, water may flow laterally. The existence
of major structural features, such as faults, may result in diversion
of water. The case of water diversion caused by marked contrasts in
permeability of different geohydrologic units will be investigated by
the hydrologic properties of major faults tests (Activity
8.3.1.2.2.4.10).

Understanding the potential for lateral flow of water along
geohydrologic-unit contacts is crucial in calculating the rate at
which water may percolate through the repository host rock and the
travel time to the accessible environment. Large contrasts in
hydrologic properties exist at the TCw-PTn and PIn-TSwl contacts.
The potential for a capillary barrier between the matrix of the TCw
and the matrix of the PTn and a potential barrier between the matrix
of the PTn and the fractures of the TSwl will be investigated. In
addition, the potential for perched water and lateral flow at the
PTn-TSwl contact and at contacts in the layered anisotropic PTn unit
will be examined on both small and large scales. Diversion of
downward flow by the welded unit could significantly reduce the
downward flow of water to the proposed repository. The upper and
lower contacts of the PTn have been identified as test sites; ramp
construction may identify additional contacts of highly variable
permeabilities in the PTn that will require testing. Initial testing
will consist of injecting gas across the contacts followed by long
term monitoring and ultimately water will be injected across the
geohydrologic contact during the final phase of testing.

Free drainage of the repository host rock is considered a
favorable condition for a repository in the unsaturated zone. Free
drainage will assure that, with wetter climatic conditions, saturated
conditions may not develop within the repository host rock. Air-
filled pore and fracture space is available to transmit any recharge
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pulse; hence, air permeability is an indicator of the potential for
free drainage in the unsaturated zone.

Excavation of underground openings alters the natural state of
stress within rock. Stress redistribution will cause fractures and
pores to open or close depending upon their location in the newly
established stress field. In turn, bulk permeability and porosity of
the rock will change as a result of changes in fracture and pore
sizes. Changes in porosity directly affect the saturation level of
the rock; therefore, saturation alsc is sensitive to stress changes.
The effects of excavation on tuff hydrologic parameters are important
for two reasons: (1) the excavation of ramps and drifts may affect
the interpretation of hydrologic information obtained from the radial
boreholes, and (2) the disturbed zone surrounding the ramps may
create new pathways for radionuclide migration and thus may require
corrective measures. Gas-injection packer tests will quantify the
hydrologic characteristic changes around ramps and drifts.

In order to develop a standard cross-hole pneumatic and hydraulic
test system that can be used in the ESF hydrologic tests (radial-
borehole tests, bulk-permeability tests, and excavation-effects
tests) and also can be applicable to the surface-based air
permeability testing, prototype testing was conducted at the
University of Arizona’s Apache Leap Tuff site located near Superior,
Arizona. The test system was made up of several components,
including testing and preparation of hardware, software, technical
procedures, data analyses, and field-test configuration. The
prototype testing identified both strong and weak components of the
system. In summary, the measurement instruments, pressure
transducers, thermistors, thermocouple psychrometers (TCPs), mass
flow controllers, etc. all functioned well while the packer systenm,
used to isolate test intervals, had some deficiencies. The constant-
rate test methods and pressures-squared differences analysis methods
(Brar, 1975) were found to work well and a Scientific Notebook Plan
(HP-241T) for conducting surface-based air permeability testing has
been written and approved.

3.4.3 General approach and summary of tests and analyses

The radial-borehole tests were originally conceived as
construction-phase tests designed to quantify the effects of vertical
shaft excavation; however, the tests have undergone several
modifications in design since they were first envisioned.

The radial boreholes testing configured for two ramps, (see
Figure 3.4-1), consists of four test Programs: 1) air permeability-
anisotropy testing of the geohydrologic units using a three-borehole
arrangement, 2) air-injection testing across the geohydrologic
contacts using a four-borehole arrangement, 3) long-term monitoring
of selected intervals in one or more boreholes at each site, and 4)
water-injection testing at the contact sites following completion of
the long-term monitoring. Because the two ramps offer some
duplication of tests, one or more of the contact sites may be
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Main Test
Level

Figure 3.4-1. ESF configuration
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selected for hydraulic testing before long-term monitoring. This
would supply data on possible perched-lateral flow and capillary
barriers sooner than originally proposed. In addition, it will allow
long-term monitoring of the drying process.

Air permeability-anisotropy testing of the geohydrologic units
will be conducted in a alcove perpendicular to the ramp. The alcove
will contain three 30-m HQ boreholes also orientated quasi-
perpendicular to the ramp. The actual location and drill angle of
the boreholes will be determined after the fracture-mapping data is
reviewed. The three boreholes will be instrumented with pneumatic
packers and/or downhole liner system and sensors. Single and cross-
hole air injection testing and cross-hole tracer testing will be
conducted. The goals of the testing are to quantify the: 1)
permeability, 2) anisotropy, 3) effective porosity, and 4) tortuosity
of the geohydrologic units. Testing will be conducted in alcoves
located in the north and south ramps (see Figure 3.4-2). The
following is a list of alcove stratigraphic locations.

NORTH RAMP
1. Alcove in upper TCw
2. Alcove in lower TCw
3. Alcove in middle PTn
4. Alcove in TSwl

SOUTH RAMP
5. Alcove in upper TCw
6. Alcove in lower TCw
7. Alcove in middle PTn
8. Alcove in TSwl
9, Alcove in TSw2

Air and water injection testing across and along the
geohydrologic contacts will also be conducted in alcoves
perpendicular to the ramp. Testing will require four 30-m boreholes,
two on each side of the contact, also drilled perpendicular to the
ramp. The boreholes will be instrumented with pneumatic packers
and/or a downhole liner system and sensors. Following installation,
single and cross-hole air-injection testing, and possibly a limited
number of water injection tests, will be conducted. At the
coapletion of the testing all or some of the boreholes will be
instrumented for long-term monitoring. The long-term monitoring
instrumentation will consist of pneumatic packers, pressure
transducers, thermistors, and thermocouple psychrometers (TCPs). The
isolated intervals will also have surface gas lines so that gas
samples can be taken. The long-term monitoring program is expected
to last approximately 5 years. Following completion of the long-term
monitoring program, single and cross-hole water injection tests will
be conducted at all sites. The goals of the geohydrologic unit
contact testing are to: 1) quantify the boundary effects of the
contacts on air flow, 2) monitor for any long-term change in
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Note: Figure not to scale

Figure 3.4-2. Stratigraphic locations of permeability-anisotropy test sites.,
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pressure, temperature, or water potential at the contacts,and 3)
quantify the boundary effects of the contacts on water flow. Testing
will be conducted in the north and south ramps at but not limited to
the following locations (see Figure 3.4-3):

NORTH RAMP

. Alcove at TCw-PTn contact
. Alcove at PTn-TSwl contact

N

SOUTH RAMP

3. Alcove at TCw-PTn contact
4, Alcove at PIn-TSW1 contact

Because the ramp is expected to be generally unlined it will
influence the moisture content, temperature, and pneumatic pressure
of the surrounding rock. In order to quantify these influences on the
pneumatic testing and long-term monitoring, pneumatic testing and
long-term instrumentation must be conducted as soon as possible
following the ramp reaching an identified test level. This early
baseline data is required in order to ascertain the degree to which
the moisture and temperature state of the rock is impacted by the
ramps.

Figure 3.4-4 summarizes the organization of the radial-borehole
activity. A descriptive heading for each test and analysis appears
in the boxes of the second and fourth rows. Below each test/analysis
are the individual methods that will be utilized during testing.
Figure 3.4-5 summarizes the objectives of the activity, site-
characterization parameters, and activity parameters. Cross-
references to other study plans which provide input to the radial-
borehole tests also appear in both figures.

The two figures summarize the overall structure of the planned
activity in terms of methods to be employed and measurements to be
made. The descriptions of the following sections are organized on
the basis of these charts. Methodology and parameter information are
tabulated as a means of summarizing the pertinent relations among (1)
the activity parameters to be determined, (2) the information needs
of the performance and design issues, (3) the technical objectives of
the activity, and (4) the methods to be used.

The exact scheduling of the radial borehole testing and
associated activities is dependent on the ramp construction schedule
and the access provided during ramp construction.

3.4.3.1 Borehole drilling and coring

3.4.3.1.1 Permeability-anisotropy boreholes

The permeability-anisotropy borehole test sites will
consist of three 30-m HQ boreholes. The boreholes will be
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Figure 3.4-3. Stratigraphic locations of geohydrologic contact test sites.
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located in alcoves off the main ramps. Each alcove will be
perpendicular to the ramp and the boreholes will be drilled
in the far end of the alcove. The boreholes will be drilled
in a conical configuration based on an expanding triangle as
shown in Figure 3.4-6. The borehole drill locations are
configured in an equilateral triangle with 2-m sides. The
boreholes are then drilled at an 8-degree angle off
perpendicular of the triangle and away from the center of the
triangle. This drilling will expand the equilateral triangle
so that the equilateral sides will measure 9.3 m when the
boreholes are 30 m in length. However, this configuration
may be modified based on future information on fracture
orientation, etc. obtained in the ramps. The boreholes will
be dry drilled with tracer-tagged compressed air. The HQ
core will be collected, packaged, labeled, and transported to
an off-site laboratory for hydrologic analysis. The alcove
must be large enough to allow the drilling operations and
sample handling operations to proceed concurrently.

Following drilling the boreholes will be logged. Nine
preliminary test sites for permeability-anisotropy testing
have been selected (see Figure 3.4-2). The final test site
locations will be selected during ramp construction.

The length of the radial boreholes was chosen to insure
that the testing is conducted in both the zone of stress
redistribution associated with the ramps and in the
undisturbed zone outside the stress redistribution zone. The
stress redistribution zone is predicted to extend for two
ramp diameters from the ramp wall into the surrounding rock.
This prediction is based on the solution derived from the
theory of elasticity for a circular opening. The borehole
length of 30 m extends well beyond the predicted disturbed
zone of 16 m and will allow testing of both disturbed and
undisturbed rock.

3.4.3.1.2 Geohydrologic unit contact boreholes

The geohydrologic unit contact testing borehole test
sites will consist of four 30-m HQ boreholes arranged in a
rectangle straddling the contact (see Figure 3.4-7). The
boreholes will be drilled in alcoves off the main ramps. The
alcoves will intersect the geohydrologic contacts and be
perpendicular to the rarps. The alcove size will depend on
the angle at which the ramp intersects the contact. The
boreholes will be drilled perpendicular to the ramps,
parallel to the contact, and parallel to each other (see
Figure 3.4-7). Two of the boreholes will be located
approximately 1.5 m above the contact and separated by 2 m,
and two boreholes will be located approximately 1.5 m below
the contact and separated by 2 m. These dimensions will
probably be altered based on geologic and hydrologic
information obtained at the contact test sites. Four
preliminary test sites for contact testing have been selected
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(see Figure 3.4-3). However, information obtained during
ramp construction, such as identification of zones with large
changes in permeability and/or porosity within geohydrologic
units, may require addition of test sites. Following
drilling the boreholes will be logged.

Like the permeability-anisotropy boreholes, the contact
boreholes also will be dry drilled using tracer-tagged
compressed air as the drilling medium to provide bit cooling
and removal of cuttings. The length selection for these
holes is also based on the same stress redistribution
rationale as in the permeability-anisotropy boreholes. The
HQ core will be collected, packaged, labeled, and transported
for off-site hydrologic analysis.

3.4.3.2 On-site laboratory hydraulic-parameter testing of
core and drill cuttings.

Core and drill-cutting samples obtained during the drilling
process will immediately be sealed in wax, or placed in air-tight
canisters and transported to a field laboratory, where
gravimetric-water content of selected core and cuttings will be
determined. Information obtained by this method will be used in
the interpretation of gas-injection tests and will serve as
baseline data for the newly drilled boreholes.

Table 3.4-1 indicates that an alternative to waxing or
sealing the samples in containers is to transport the samples to
the laboratory without preparing or preserving them first.
Drilling and sampling downtime could be reduced if this practice
were adopted, but the samples also could begin to dry out if they
were not quickly processed and analyzed.

3.4.3.3 Off-site laboratory hydraulic- and physical-parameter
testing of core

Core and cutting samples not utilized during on-site
hydrologic testing will be sent off site to laboratories for
testing the following properties: volumetric water content,
grain density, porosity, bulk density, water potential, water
retention, saturated-water permeability, and relative water and
gas permeability. The information obtained from these tests will
be used in the interpretation of gas injection tests and will
serve as baseline data for the newly drilled boreholes. Methods
used to measure these important hydrologic parameters are
described in the matrix hydrologic properties testing activity
(Activity 8.3.1.2.2.3.1) in YMP-USGS SP 8.3.1.2.2.3,
(Unsaturated-zone percolation - surface-based studies), along
with possible alternatives. Table 3.4-1 gives the activity
parameters addressed by these tests.
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Table 3.4-1. Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4.4)
(continued)

Methods (selected and aiternate) Activity parameter
Fracture logging of core
Off-site detailed examination for fracture Fracture characteristics: distribution,
characteristics used in test analysis aperture, weathering, roughness, and
(selected) frequency

On-site cursory examination for fracture
characteristics used to locate test intervals

(selected)
Borehole television surveys
Television logging to determine fracture Fracture characteristics: distribution,
characteristics aperture, weathering, frequency, and
{selected) orientation
Borehole geophysical surveys
Neutron-moisture survey to determine Water content, volumetric, rock matrix
volumetric water content
(selected)
In-situ pneumatic and gas-tracer testing

Single-hole and muiltihole, steady-state, gas- Permeability, Gas
injection and -withdrawal tests
{selected)

" Anistropy

. Fracture aperture

" Fracture permeability

* Excavation effects
Single-hole and multihole, gas-injection, Permeability, Gas
constant-flow-rate, transient tests
(selected)

" Anistropy

" Porosity

" Gas permeability, excavation effects
Single-hole and multihole, gas-injection, Permeability, Gas
constant-pressure, transient tests
{alternate)
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Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4 .4)

Methods (selected and alternate} Activity parameter .

Borehole drilling and coring

Drill and core boreholes dry {No activity parameters)

{selected)

Cross-reference to YMP-USGS SP 8.3.1.4.2.2 {See YMP-USGS SP 8.3.1.4.2.2)
(Geologic mapping in the ESF)

n-site laboratory hydraulic-parameter testing of core and drill cuttings

Prepare samples by waxing, or place in airtight {No activity parameters)
containers, and transport to on-site surface field

laboratory
(selected)

Measure gravimetric water content by drying Water content, gravimetric, rock matrix
and weighing preserved sample to estimate
water potential indirectly

{selected)

' Measure gravimetric water content by drying

and weighing non-preserved sample

(alternate)

Off-site laboratory hvdraulic- and physical-parameter testing of core

Matrix hydrologic properties testing Bulk density, rock matrix

{selected)

Grain density, rock matrix

Moisture retention, rock matrix

Permeability, relative, gas, rock matrix
Permeability, relative, water, rock matrix
Permeability, saturated, water, rock matrix
Permeability, saturated, gas, rock matrix
Pneumatic permeability, bulk, fractured rock
Porosity pore-size distribution, matrix

Porosity, matrix

Water potential, rock matrix

Laboratory determination of gravimetric wate- Water content, volumetric, rock matrix
content of cores only '

(selected)
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Summary of tests and methods for the radial-boreholes activity (SCP 8.3.1.2.2.4.4)

Methods {selected and aiternate)

Activity parameter

In-situ pneumatic and pas-tracer testing {continued)

Single-hole and muitihole, gas injection,
constant-pressure, transient tests
(alternate)

Cross-hole gas tracer testing, cross reference to

8.3.1.2.2.4.8
{selected)

Anistropy

Porosity

Gas permeability, excavation effects

Travel time

Estimate tortuosity

Borehole instrumentation and monitoring

Stem and instrument using removable-packer
system
{selected)

Monitor atmospheric pressure changes within
test intervals using pressure transducers
(selected)

Monitor changes in chemical composition of
rock-unit gases .
(selected)

Monitor changes in temperature within borehole
using temperature sensors
{selected)

Monitor changes in water potential within
boreholes using psychrometer
(selected)

{No activity parameters)

Pneumatic-potential distribution and
fluctuation

Diffusive tortuosity, fractured rock and rock
mass

Gaseous diffusion coefficient, fractured rock

units

Tempefature, distribution and fluctuations

Water potential, distribution and fluctuation

Collection and transport of gas samples from thev radial boreholes

Cross reference to 8.3.1.2.2.4.8 ESF
hydrochemistry tests
{selected)

3.4-17

Pore-gas composition

Radioactive isotopes

Stable isotopes

December 28, 1992




— Yr:r-USGS-SP 8.3.1.2.2.4, R1

3.4.3.4 Fracture logs of core

If continuous coring is possible, a cursory examination of S~
the core for fracture characteristics (i.e., type of fracture,
frequency, depth to fracture, etc.) will be made on-site during
drilling. In the laboratory, a more detailed examination of the
core will be made to develop detailed fracture-characteristic
logs. Fracture data from boreholes will be used in conducting
the permeability-anisotropy and geohydrologic contact testing
‘along with selection of the long-term monitoring zones. No
alternative methods for this activity were identified, although
borehole-television cameras will also be used to view fractures
in situ.

3.4.3.5 Borehole television surveys

Following completion of drilling, all boreholes will be
logged with an oriented television camera for fracture
characteristics and lithology. The survey will be used for
fracture orientation and to determine whether the fractures
intersecting the horehole are open or closed. The fracture data
will be used to supplement geologic mapping in the ESF and to
determine the location of test intervals and long-term monitoring
zones. An alternative to borehole-television surveys is to
maintain orientation of the core during drilling. This would
require a special oriented-core barrel. The oriented core could
be used to determine fracture orientation; however, it is often
difficult to determine from core whether fractures are open or
closed, and if they are drilling-induced or natural, especially
at greater depths where weathering is not as prominent.

S

3.4.3.6 Borehole geophysical surveys

Following television logging all boreholes will be neutron-
logged. Neutron surveys also will be conducted in the
permeability-anisotropy boreholes on a periodic basis. These
data will be used to look at long-term drying trends in the far-
field environment.

3.4.3.7 In-situ pneumatic and gas-tracer tests

Single and cross-hole gas injection tests will be conducted
at the permeability-anisotropy and geohydrologic unit contact
sites. Testing will use a downhole liner to isolate numerous
sections of each borehole. These isolated sections can then be
used as monitoring or injection zones. The fracture-log data
obtained from the drill core and video-camera surveys will be
used to select the test zones. The early test site boreholes
will probably have their full lengths tested. After some
experience and initial analysis, the testing density can probably
be reduced.
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Fluid-injectiem or ~withdrawal (profduriien) field tests are
used to evaluate the ilw-situ permeshility s~d storativity of rock
subjected ts natural everburdening and vepfining stresses.
Laboratory testing of core is another metiod commonly used to
evaluate rock permeability and porosity. TUnfortunately,
laboratory permeability tests reyuire subjecting the drill core
to stress conditions expected in the field in order to accurately
determine in-situ permeabilities; this requires prior knowledge
of the stress conditions, including stress directions and
magnitudes. In addition, the in-situ permeability of fractured
rocks with large fracture permeability would be grossly
underestimated if laboratory-test results on core, which usually
represent matrix permeabilities, were used exclusively.

Another alternative to measuring permeability directly from
cores or in-situ field tests is to use a fracture model to
estimate permeability indirectly (Dershowitz, 1991; Van Golf-
Racht, 1982; Rissler, 1978; Snow, 1965). Fracture data,
including fracture orientations, surface roughness, densities,
and apertures, are collected from drill-hole video, core, and
geophysical logs and then used directly in a fracture model to
compute rock permeability. This method is somewhat restrictive
because a large fracture data base is required to characterize
the rock and determine permeability; there is a great deal of
uncertainty associated with measuring in-situ fracture apertures
accurately because borehole unloading can result in near-borehole
fracture deformation, and fracture lengths are very difficult to
determine if only one drill hole is present or the distance
between multiple holes is large. Due to the inherent problems
associated with using fracture models and laboratory
permeabilities to determine in-situ rock permeability, fluid-

_injection or -production field tests provide the most effective

method of determining this important parameter.

Prototype testing has determined that several gas-injection .
and -withdrawal methods will be utilized during the testing
program. They include: (1) single-hole, constant-flow-rate,
transient tests; (2) single-hole steady-state, gas-injection and
-withdrawal tests:; (3) cross-hole constant-flow-rate transient
tests; and (4) cross-hole steady-state gas injection and
withdrawal tests.

Single-hole fluid injec'ion or withdrawal (production) field
tests are commonly used to evaluate reservoir or aquifer
permeability. These tests utilize only one active well and no
observation wells. Rock parameters are evaluated from data {flow
rates, pressure, and temperatures) collected from a single
borehole (Earlougher, 1977). The two single-hole methods listed
above and in Table 3.4-1 are briefly described below. A thorough
treatise on each method can be found in the references
accompanying each description.

Steady-state, gas-injection and -withdrawal tests will be
used to determine the permeability of individual fractures. '
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Steady-state tests consist of injecting gas into or withdrawing
gas from the rock until the downhole pressure and uphole measured
injection (withdrawal) flow rates remain constant. Trautz (1984)
used this method to characterize fractures in unsaturated
fractured tuffs. Schrauf and Evans (1984) also used this method
to evaluate the relation between the gas conductivity and
geometry of natural fractures in the laboratory.

The single-hole constant-rate transient test consists of
injecting gas into the rock at a constant rate and at the same
time monitoring the transient pressure response (i.e., change in
pressure with time). Constant-production-rate, transient tests
are commonly used in the oil industry to evaluate gas-reservoir
parameters (Earlougher, 1977). An alternative to this method,
which is listed in Table 3.4-1, is a constant-pressure, transient
test. As the name implies, gas is injected or produced from the
rock at a constant pressure while the change in gas-flow rate is
monitored with time. Such a test is seldom made because it is
much easier to measure pressure accurately than it is to
accurately measure flow rate (Earlougher, 1977). Constant-rate
tests, however, may inadvertently become constant-pressure tests,
and so it is desirable to be able to analyze both types of tests.

Cross-hole pneumatic and hydraulic field tests, commonly
referred to as "interference tests" in the petroleum industry,
are used to evaluate reservoir properties such as permeability
and storativity, determine the location of structural features
such as faults, no-flow and recharge boundaries, and evaluate
isotropic versus anisotropic conditions in reservoirs
(Earlougher, 1977) and fractured aquifers (Hsieh and Neuman,
1985; and Hsieh and others, 1985). Cross-hole testing is a
descriptive phrase used to describe a multiple-well test.
Multiple-well tests require at least one active (producing or
injecting) well and at least one observation well; however, only
one active well will be utilized at any given location and time
during this study. Gas will be injected or produced from an
isolated test interval in one of the boreholes and the response
of the formation to the change in fluid pressure will be
monitored in numerous nearby observation intervals located in the
other boreholes. The test results, namely active- and
observation-well fluid pressures, and injection or production-
flow rates, are used to calculate reservoir aquifer parameters.
Analysis of the test resulits is dependent upon flow-domain
boundary conditions, the type of fluid injected into the
formation, the saturation state of the formation, and the type of
test conducted (e.g., steady-state or transient).

The methods described with regard to single-hole tests apply
equally to cross-hole testing. The greatest difference between
the two test configurations is the quality of results that can be
determined from the test data. Single-hole test results can be
heavily influenced by wellbore conditions (i.e., skin effects
caused by wellbore damage or improvement), making it difficult or
impossible to calculate reservoir parameters. In addition, it is
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impossible to characterize the anisctropic mature of a reservoir
using a single-hole test. The wross-hole wxsts provide a
convenient test configuration for gaining impwrtant hydraulic
information about the geohydrrlogic wmits pemetrated by the
ramps, information that could not be =btained from single-hole
testing methods alone. Types of cross-hole tests to be conducted
ijnclude: (1) constant-rate transient gas-injection tests; and
(2) steady-state, gas injection and withdrawal. A possible
alternative to these methods could be constant-pressure, gas-
injection tests.

3.4.3.7.1 Permeability-anisotropy pneumatic testing

Single and cross-hole gas injection tests will be
conducted at the permeability-anisotropy test sites. During
single-hole testing, intervals will be tested and analyzed
for spatial correlations (Winberg, 1991). During cross-hole
testing, two boreholes will be used as monitoring boreholes.
They will be fitted with downhole liners isolating up to 30
intervals in each borehole. These intervals will be
connected to the alcove by small-diameter tubes. The tubes
can be attached to pressure transducers and used to monitor
the pressure in the downhole interval or attached to pumps to
obtain gas samples. The third borehole will be fitted with a
liner with a single large-capacity injection zone. The
injection zone is adjustable and can be moved throughout the
borehole. The single large-capacity injection zone will be
connected to the surface with a large-diameter tube through
which gas can be injected or pumped. The tube will be
connected to a surface gas source and used to conduct
pneumatic tests. Each of the three boreholes will be used as
the injection borehole while the remaining two boreholes are
monitored.

Cross-hole pneumatic tests between the permeability-
anisotropy boreholes will be used to define the three-
dimensional permeability tensor in the same manner that Hsieh
and Neuman (1985) used cross-hole hydraulic tests to
determine the hydraulic-conductivity temsor of saturated,
fractured rock. Hsieh and Neuman's (1985) method will be
modified to account for gas flow. An important feature of
Hsieh and others’ (1985) method is that it allows the
investigator to determine the anisotropic nature of the
medium without prior knowledge of principal-permeability
directions or magnitudes. Virtually all of the previously
proposed methods required that one or more principal
directions be known prior to the test (Papadopulos, 1965;
Hantush, 1966; Snow, 1965).

3.4.3.7.2 Geohydrologic unit contact pneumatic testing
Single and cross-hole gas injection tests will be

conducted at the geohydrologic contact test sites. During
single-hole testing, intervals will be tested and analyzed
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for spatial correlations (Winberg, 1991). During cross-hole
testing, three of the boreholes will be fitted with downhole
liners isolating up to 30 intervals in each borehole. These
intervals will be connected to the alcove by small-diameter
tubes. The tubes can be attached to pressure transducers and
used to monitor the pressure in the downhole interval or
attached to pumps to obtain gas samples. The fourth borehole
will be fitted with a downhole liner with one large-capacity
injection interval. The large-capacity injection interval is
adjustable and can be moved throughout the boreholes. A
single larger-diameter tube will connect the large-capacity
injection interval to an alcove gas source and will be used
to inject or pump gas. Each of the four boreholes will be
used as injection boreholes while the remaining three are
used as monitoring boreholes.

Cross-hole pneumatic tests between the geochydrologic unit
contact boreholes will be used to quantify the hydrologic
characteristics of the geohydrologic contacts. Compressed air
will be injected into an isolated interval in one borehole
and the pressure response monitored in numerous intervals in
monitoring boreholes on both sides of the contact. The
boreholes will be placed so the influence of the contact on
the injection zone and monitoring zones in boreholes on the
same side of the contact will yield information as to what
type of boundary the contact represents. Numerous isclated
intervals in all four boreholes will be used as the injection
zone. Use of numerous injection intervals over the full
lengths of all the boreholes will evaluate contact
characteristics over a large area and evaluate the
geohydrologic units’ near-contact permeability and effective
porosity over a large area.

3.4.3.7.3 Gas tracer testing

Following pneumatic testing, cross-hole tracer testing
will be conducted at both the permeability-anisotropy and
geohydrologic unit contact test sites. Tracer travel times
between selected intervals can be compared to velocities
calculated from pneumatic testing and used to estimate
tortuosity. Tracer testing will be conducted in cooperation
and under guidelines of the geochemistry staff using methods
referenced in Section 3.8,

3.8 In-situ hydraulic testing

Following pneumatic and tracer testing, one or more of the

permeability-anisotropy and geohydrologic unit contact test sites
may be selected for hydraulic testing. Pneumatic and hydraulic
test results will differ due to gravity, air entrapment,
Klinkenberg effect, and other possible influences. However, an
opportunity to compare pneumatic and hydraulic test results is an
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important meed ir the site cbaracterizsatiom program. If reliable
techniques cap be derived for sstimating permeability (and
hydraulic conductiwity} from air- and -water-imjection test data
at the field-scale {that scale which «urrespends to the zone
which is evaluated in the air- ©r water-phmss testing), then
pneumatic testing results may be more efficient and provide a
more comprehensive assessment of the permeability of the
formations. It will be necessary to perform single and cross-
hole hydraulic tests at select locations in order to determine
- the usefulness of effective air permeability in calculating
hydraulic conductivity, and may provide some insight into
questions on water flow across geohydrologic unit contacts.

Obviously, sites chosen for a comparative analysis of
hydraulic and pneumatic testing should be representative of other
locations in both welded and nonwelded units. However, they
should also be situated away from areas where water might
interfere with other test activities. The selected hydraulic
test sites should provide the confidence needed for correlating
pneumatic and hydraulic parameters. All water will be tagged to
facilitate identification,

Hydraulic testing will also allow for long-term monitoring
following water injection. Because the two ramps provide
matching test sites, this will allow long-term monitoring of the
same formation following air versus water injection.

Those sites not tested before long-term monitoring will be
tested following the long-term monitoring program.

Figure 3.4-4 lists the types of cross-hole pneumatic and
hydraulic tests that will be conducted during cross-contact
testing. Constant flow-rate transient tests and steady-state
tests will be utilized.

3.4.3.9 Borehole instrumentation and monitoring

The second phase of the tests consists of instrumenting and
monitoring selected intervals in one or more boreholes at all
radial borehole sites and periodically withdrawing rock-gas
samples. Permanent instrumentation will be installed in selected
boreholes and continuously menitored for in-situ water potential,
pneumatic pressure, and terverature changes for a period up to 5
years.

Long-term monitoring of the radial boreholes will enable
detection of changes in the water potential, pneumatic pressure,
and temperature associated with possible water pulses, barometric
influences, or ramp influences that are occurring in the
unsaturated zone. During infiltration events, percolation of
water will disturb the in-situ water potential and temperature.
Water potential will be monitored with thermocouple psychrometers
that measure relative humidity in the unsaturated zone. This is
related to water potential iIn the voids by Kelvin's equation
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(Hillel, 1971). Prototype testing by the USGS has shown that
thermocouple psychrometers can be calibrated with salt solutions
to a sensitivity of 0.05 bars and accuracy of 0.7 bars over a
range of -1 to -75 bars. Prototype thermistor testing has
developed thermistors with sensitivity of 0.001 deg C, and
accuracies of 0.005 deg C over a range of 10 to 50 deg C.
Prototype pressure transducer testing and development has
resulted in units with sensitivities of 10.0 Pascals, and
accuracies of 20.0 Pascals over a range of 0.5 to 1.5 atms.

A preliminary data analysis of the pneumatic tests and
borehole television logs will be used to determine optimal
emplacement of the long-term monitoring stations. At least three
stations will be installed in each selected borehole. Each
station will be instrumented with a thermocouple psychrometer,
pressure transducer, thermistor, and access tube for gas
sampling. Sensor leads will be connected to a local data-
acquisition system (DAS) located near the collar of the borehole
in the ramps or drifts. The DAS will convert analog to digital
signals which will be sent to the integrated data system (IDS).
The design and operation of the system is based on the prototype
systems developed in G-tunnel and during the Hydrologic Research
Facility prototype boreholes work.

After the sensors and data-acquisition system are installed,
data monitoring will continue throughout the in-situ phase tests
being conducted throughout the ramps and Main Test Level. No
alternatives were identified for the methods presented in Table
3.4-1.

3.4.3.10 Collection and transport of gas samples from radial
boreholes

Gas sampling (collecting, transporting, and analyzing gas
samples) will be conducted as part of the plans described in
Section 3.8 (Hydrochemistry tests). A brief description of
activities is presented here so that the reader has a better
understanding of the interface between the radial-borehole tests
and the hydrochemistry tests.

Two sets of gas samples will be taken from the radial
boreholes. The first will be for analysis of the general
composition of air in the unsaturated zone, including nitrogen,
oxygen, argon, and carbon dioxide. Drilling and injected gas
will be identified by the tracers. This sampling will be
conducted approximately every three months and will continue
throughout the in-situ phase tests. The second set will be for
analysis of gaseous radioactive and stable isotopes: carbon-14,
carbon-13, tritium, oxygen-18, and deuterium. Sampling for the
second set is complicated and may last about five weeks. For
this reason, this sampling will be repeated only annually but
will continue throughout the duration of the in-situ phase
testing.
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3.4.3.11 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.4-1. Also listed are the selected and alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables. The selected
methods in Table 3.4-1 were chosen wholly or in part on the basis
of accuracy, precision, duration of methods, expected range, and
interference with other tests and analyses.

The USGS investigators have selected methods that they
believe are suitable to provide accurate data within the expected
range of the activity characterization parameter. Models and
analytical techniques have been or will be developed to be
consistent with test results.

3.4.4 Quality assurance requirements

The USGS Quality Assurance Program Plan for the YMP (USGS, 1989)
requires technical procedures for all technical activities that
require quality assurance.

Table 3.4-2 provides a tabulation of technical procedures
applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.

Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, and calibration needs, quantitative or
qualitative acceptance criteria nf results, description of data-
documentation, identification, treatment and control of samples, and

records requirements are included in these documents.
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Technical procedures for the radial-borehole activity (SCP 8.3.1.2.2.4.4)

Technical procedure number (YMP-USGS-)

Technical Procedure

HP-12

HP-38

TBD
TBD

HP-32

HP-73

HP-28

TBD

TBD

GP-11
TBD

Borehole drilling and coring

Method for collection, processing, and
handling of drill cuttings and core from
unsaturated-zone boreholes at the well site,
NTS

Method for measuring humidity, pressure, and
temperature of intake and exhaust air during
vacuum drilling

Borehole cleaning and verification techniques

Borehole drilling and coring horizontal holes dry

On-site laboratory hvdraulic-parameter testing of core and drill cuttings

Method for monitoring moisture content of
drill-bit cuttings from the unsaturated zone

Calibration and use of the Sartorius Electronic
Toploader (balance) Model 1507 MP8

m——

Off-site laboratory hvdraulic- and physical-parameter testing of core

Laboratory procedures for the determination of
moisture-retention curves on rock core

Procedures for the measurement of (1)
volumetric water content, {2) bulk density, (3)
porosity, (4) saturated water and gas
permeability, (5} relative permeabifity

Cross-reference to 8.3.1.2.2.3.1 for a
complete listing of matrix hydrologic-properties
technica! procedures

Fracture logging of core

Logging fractures in core

On-site fracture logging of core
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Technical procedures for the radial-borehole activity (SCP 8.3.1.2.2.4.4)

(continued)

Technical procedure number {YMP-USGS-)

Technical Procedure

GP-10
TBD
TBD
TBD

HP-62

TBD
TBD
TBD

TBD

TBD

HP-14

HP-17

Borehole television surveys

Borehole video fracture logging

Borehole video logging in horizontal boreholes

Operation of borehole television

Method for cleaning borehole walis prior to

television camera survey

Borehole geophysical surveys

Method for measuring subsurface
content, using a neutron moisture

In_situ pneumatic and gas-tracer testing

Air permeability testing in the ESF

moisture
meter

Operation of borehole liner system in ESF

Calibration of pressure transducers for air

permeability testing

Calibration of thermistors for air permeability

testing

Calibration of TCPs for air permeability testing

Borehole instrumentation and monitoring

Method for calibrating Peltier-type

t ‘ermocouple psychrometer for measuring
water potential of partially saturated media

Method of calibration and testing for operation
of pressure transducers for air-permeability

studies in the unsaturated zone
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p——

Technical procedures for the radial-borehole activity (SCP 8.3.1.2.2.4.4)
{continued)

Technical procedure number (YMP-USGS-)

Technical Procedure

TBD
TBD

TBD

TBD

TBD

TBD

TBD

TBD

HP-56

HP-131

TBD

Borehole instrumentation and monitoring {continued)

Data-acquisition system operations check

Field procedure for connection of sensor leads
and initializing data-acquisition system

Field procedure for in situ calibration of
pressure transducers

Field procedure for in situ evaluation of
thermocouple psychrometer sensor
performance

Field procedure for stemming and
instrumentation boreholes

Flow-test data identification, shipping,
handiing, and archiving

Laboratory procedures for calibration of
thermal sensors

Final checkout and acceptance of
instrumentation packages and emplacement
into radial test holes, exploratory studies
facility NTS (preliminary plan)

Collection and transport of gas_samples from the radial boreholes

Gas and water-vapor sampling from
unsaturated-zone test holes

Methods for handiing and transporting
unsaturated-core and rubble samples for
hydrochemical analysis

Procedure for shipping and handling gas
samples
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3.5 Excavation-effects Test
3.5.1 Objective of sexivity

The objective of this activity is to ssiimete the magnitude and
extent of modification to the Topopah Spring welded unit (TSw)
hydrologic properties caused by excavatiecu and the mechanical
supports of the ESF openings.

3.5.2 Rationale for activity selection

Permeability before and after excavation is a parameter required
in SCP Table 8.3.1.2-1. This parameter is required to estimate
errors that may be introduced in evaluating hydrologic properties in
other tests in the ESF. Data from the percolation (Section 3.2),
bulk-permeability (Section 3.3), and radial-borehole (Section 3.4)
tests may be influenced by hydrologic properties of the rock around
openings constructed to conduct the tests. Therefore an evaluation
is needed to determine the significance of excavation effects and to
develop methods to correct for changes in physical properties that
may be introduced by modification of the rock hydrologic properties
near these openings.

3.5.2.1 Theoretical background

Excavation in fractured rocks can significantly alter the
physical properties of the rock near an underground opening
(Montazer, 1982). Olsson (1992) reported a factor of eight in
the reduction of water flow rate through a fractured zone into
one drift after excavation using blasting. The location was at
the Swedish Stripa project site, which is in the saturated zone.

These changes are a concern because modification of the
hydrologic properties, such as permeability, may alter existing
pathways or introduce new pathways for gas and liquid flow. The
travel time of liquids and gzses along these changed or new
pathways may be significantly different from those along natural
pathways. If travel time is significantly changed, then the
effects of excavation will have to be considered during other
hydrologic tests.

The magnitude of changes in fracture permeability, effective
porosity, and saturation derends on the excavation method, in-
situ stress tensors, and fracture orientation around the opening.
Fracture permeability may increase or decrease, depending on the
orientation of the excavation with respect to fractures and to
in-situ stress. Fractures that are parallel to the long axis of
the opening (but not radial from this axis) and in close
proximity to the walls are expected to open due to the stress
relaxation in the radial direction. However, radial fractures
are expected to close due to stress increase in the tangential
direction. In addition, deformation of fracture apertures may
significantly change saturation within the fractures, so that
some fractures attain larger water saturation. These complex
relative permeability relations may be evaluated by monitoring
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fracture deformation, saturation, stress changes, and
permeability during construction.

3.5.2.2 Parameters required for evaluation

To evaluate the excavation effects, some or all of the
following parameters will be required. The choice will depend on
the approach that will be followed as described in Section 3.5.3.
The parameters are:

(a) pre-mining fracture permeability around the excavation,
(b) pre-mining state of rock stress,

(c) pre-mining water saturation,

(d) mechanical propertizs of the in-situ rock,

(e) stress changes after the opening is made,

(f) fracture deformation, and

(g) permeability changes due to excavation.

3.5.3 General approach

In order for the excavation effects to be considered significant,
the changes in fracture permeability around underground openings need
to be measurable and the final permeability values statistically
different from the initial wvalues, as well as, those of the
surrounding vicinity.

There are two approaches that may be utilized to evaluate the
excavation effects. The first approach is a deterministic one where
the physics of the process is investigated. It is achieved by
measuring all the parameters mentioned above in Section 3.5.2.2 and
using them to support a geomechanical model. The model may allow
prediction of excavation effects at other locations within the ESF
where rock stress and properties are different. This approach will
need to be evaluated at least twice at two locations where the stress
and rock properties are different. It will be desirable to measure
parameters (e) through (g) in Section 3.5.2.2 during and after
excavation. - This will give more case studies to verify the
geomechanical model to predict changes in the study vicinity. An
advantage to this approach is that a physical model may be applied to
predict changes in permeabilities where conditions are different.

The second approach is a statistical one. The changes in
fracture permeability before and after an excavation is made are
measured. The same set of measurements is repeated at several other
locations to gather enough data to minimize uncertainty levels in
predicting permeability changes at different locations. An important
restriction to this approach is that predictions will be valid only
to areas where the physical properties and stresses of the in-situ
rock are similar to those where the measurements were made, provided
that the same excavation method is used. The number of repetitions
required to achieve a given uncertainty level can be estimated after
making a few initial in-situ measurements at two or more locations.
This approach will have little interference with construction and
will not require an extensive instrumentation scheme.
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3.5.4 Test approaches

Figure 3.5-1 summarizes the objectives and organization of the
excavation-effects tests. Cross-references %te other study plans
which provide input to the excavation-effects tests also appear in
Figure 3.5-1. Figure 3.5-2 lists the test procedures. A brief
description of each method appears in the boxes below each procedure.

Figures 3.5-1 and -2 summarize the overall structure of the
planned activity in terms of approaches and procedures to be employed
and measurements to be made. The descriptions of the following
sections are organized on the basis of these figures. Methodology
and parameter information are tabulated as a means of summarizing the
pertinent relations among (1) the activity parameters to be
determined, (2) the information needs of the performance and design
issues, (3) the technical objectives of the activity, and (4) the
methods to be used.

3.5.4.1 Initial evaluation

Since a prototype to this test has not been made, at least
one statistical test is required to verify that (a) changes in
permeability are measurable, and (b) that the final
permeabilities are statistically different from the initial
values as well as those of the surrounding vicinity. If either
condition is shown not to be true, then the tests will not be
continued. However, if both conditions are shown to be true,
then either approach, as listed above in Section 3.5.3, or a
combination of the two approaches, can be employed. The choice
will depend on the cost and interference with construction
involved with each approach.

This stage will be accomplished by conducting a comparison of
air-permeability profiles around a planned opening before and
after its excavation. The measurements will be made in the ESF
from boreholes drilled parallel to a proposed opening.

The test will be conducted from two alcoves excavated along
both sides of a planned excavation as shown in Figure 3.5-3. The
location of the site will be determined based on drift-wall
mapping such that the opening will intersect many fractures.
Although this selection will result in a biased sample, it will
be a sample that may indica e worst-case scenarios.

Following the completion of each alcove, up to twelve
boreholes, six on each side, will be drilled for permeability
measurements. These boreholes will have a maximum length of 30 m
(100 £ft) and be parallel to the planned excavation with a minimum
length of 25 m (80 ft). The boreholes will be within one
excavation diameter (or width) from the wall of the planned
excavation., This interval is chosen because the stress
redistribution, and hence, expected permeability changes around
circular openings is mostly effective within two radii. If
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required, additional undisturbed zone permeability estimates
beyond the two-radii zone will be estimated in the radial-
boreholes tests (Section 3.4).

After the boreholes are drilled, they will be logged with
geophysical surveying devices to estimate the water saturation,
density, and porosity in the vicinity of the proposed excavation.
Then an initial permeability profile along the boreholes will be
measured. Rock excavation will proceed until it is past the
depth of the boreholes. A second geophysical log, using the
neutron moisture and epithermal neutron tools, will be run in the
boreholes prior to additional permeability tests. Finally, a
second permeability profile will be made in the same boreholes.

If it can be demonstrated that permeability changes are
measurable and that the final values can be differentiated from
the initial values as well as those of the surrounding vicinity,
then either of the following approaches can be followed to
complete this test.

3.5.4.2 Physical approach

After verifying that the effects are significant, and if this
approach is chosen, calibrated instruments will be installed
around another planned excavation to measure all the parameters
listed above in Section 3.5.2.2. 1Initial fracture permeability,
state of stress, water saturation, and mechanical properties of
the in-situ rock will be measured. Rock stress and permeability
changes, and fracture deformation during and after the
excavation, also will be measured. These measurements will be
conducted from up to 30 boreholes drilled around a proposed
opening in the ESF as shown in Figure 3.5-4. However, since this
approach requires extra instrumentation, the decision to
implement it needs to be made at least six months in advance so
that enough time is allowed for stress and deformation instrument
procurement and calibration.

A coupled hydrologic-mechanical model will be used to analyze
the results and predict excavation effects at other locations
within the ESF where rock stress and properties are different.
Uncertainty will be associated with the in-situ measurements.
This uncertainty will propagate to the predicted results. It is
yet to be determined whethe: the level of uncertainty from
physical models is different from that resulting from statistical
models to justify one approach over the other.

Although the borehole density in this approach seems high,
the stress disturbance caused by the drill holes is expected to
be very small compared to the disturbance that will be caused by
the excavation. This is based on the assumption that if the rock
behaves as a linear elastic material then most of the stress
redistribution will take place within two radii (one diameter) of
a circular opening. Since the biggest borehole is not expected
to be larger than 150 mm (6 in) in diameter, the disturbed zone

3.5-7 December 28, 1992




— YMP-USGS-SP 8.3.1.2.2.4, Rl

W = Excavation Diameter (or width)

N’
Deformation
Boreholes oo
Permeability
Borehqles
Boreholes
WJ
FRONT
VIEW
Permeability o e e
Boreholes r 7
Stress » s ! |
Boreholes | | (Symmetric) L
' |
/' !
/ | Planned |
/ IZxcavation |
/ 4! |
AV
AU |
A
A | NI |
dhir
L/ [
Deformation q | |
Boreholes | \
Side Side
Alcove Alcove
PLAN
VIEW

Figure 3.5-4. Excavation effects test plan for the physical approach

3.5-8 December 28, 1992



h .

YMP-USGS-SP 8.3.1.2.2.4, Rl

around these boreholes is not expected to extend beyond one
diameter from the borehole wall.

3.5.4.3 Statistical approach

If the statistical approach is chosen to complete the test,
then the experimental procedure will be similar to that described
earlier in the section on initial evaluation (Section 3.5.4.1 and
Figure 3.5-3). No extra instrumentation will be needed. The
number of repetitions will depend on the required level of
uncertainty which has not yet been defined.

3.5.5 Test procedures

All boreholes will be instrumented after they are logged for
fractures with a video camera. This will allow instrument
installation to be more precise such that the measurements will
reflect values in fractured zones. The following procedures will be
utilized during this test. The first seven procedures will be
required for both approaches. The latter three will be required only
if the physical approach is implemented.

3.5.5.1 Drift-wall mapping

Locations of the proposed testing sites will be based on
fracture maps which are a part of Activity 8.3.1.4.2.2.4,
(Geologic mapping of the ESF) in Study 8.3.1.4.2.2 (Structural
features in the site area).

3.5.5.2 Borehole drilling and coring

Boreholes will be drilled following the completion of side
alcoves, if needed. The tentative borehole locations are shown
in Figures 3.5-3 and 3.5-4. A predetermined drilling scheme,
rather than a random one, will be used for this study. A random
drilling scheme will not be vsed since a limited and small number
of boreholes will be drilled. A few boreholes will not have a
uniform distribution to cover the area surrounding the opening.

3.5.5.3 Borehole-deviation survey

All boreholes will be logged using a deviatometer. This is
essential for the analysis stage of this test where the locations
of the instruments, which will be installed later, relative to
the opening are required. The line-of-sight method will be used
for boreholes that appear to be straight.

3.5.5.4 Borehole fractuie logging

All boreholes will be logged with a video camera to locate
the fractures and possibly fractured or damaged zones. USGS
personnel will log the cores of the same boreholes for sections
that cannot be viewed clearly with the video camera. This is
required in order to determine the depth settings of the
different instruments needed for this test and for updating the
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fracture map which is required for the analysis stage. The
television log is preferred over the core-logging method where
wall smoothness can be observed. Additionally, some of the
fractures seen on cores may be induced by drilling rather than
being natural fractures.

. 3.5.5.5 Borehole geophysical surveys

All boreholes will be logged using neutron-moisture,
epithermal neutron (porosity), and gamma-gamma tools before and
after excavation. These parameters will be needed for the
analysis stage of this test. Laboratory methods will be used to
determine more accurate estimates for porosity and density.
Laboratory determination of water content is another alternative
to geophysical surveying, although not as accurate.

3.5.5.6 In-situ stress and mechanical property measurements

The in-situ stress and mechanical property measurements will
be required in the vicinity of the proposed testing locatioms.
This information will be performed under Investigation 8.3.1.15.1
(Spatial distribution of thermal and mechanical rock properties).

3.5.5.7 Air-permeability measurements

Yermeability boreholes will be drilled after completing the
side alcoves as shown in Figures 3.5-3 and 3.5-4. Based on
borehole fracture logging, the depth settings of the packers will
be determined. This is done in order to monitor fracture
permeability in the permeability boreholes. Permeability will be
measured before excavation is started to gather baseline values.
Another set of measurements will be taken after the opening is
complete, i.e., past the permeability boreholes. 1If the physical
approach is chosen, then measurements during excavation will be
desirable. The testing methods are described in Section 3.4
(Radial borehole tests).

3.5.5.8 Rock stress and fracture deformation measurements

Boreholes for monitoring stress changes and fracture
deformations will be instrumented after the completion of the
side alcoves. Stress changes and axial borehole deformation are
required for the modeling stage of this test. The borehole
pressure cell (Haramy and Kneisley, 1991) will be considered for
measuring changes in rock stress. The U.S. Bureau of Mines
three-component borehole deformation gage (Bickel, 1978) is
another alternative provided that one gage is used in a borehole
located in an area where vibrations will not affect gage
sensitivity. Borehole extensometers will be utilized to monitor
axial deformation (strain) in the angled boreholes (Figure 3.5-
4). All instruments will be commected to a data-acquisition
system for continuous monitoring. :
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3.5.5.9 Stress-aperture relationship of fractures

Since fracture aperture is stress-dependent (Olsson, 1992), a
relationship between fracture aperture, which is related tc
permeability, and stress will be required to model fractured rock
behavior. This information will be collected under the Intact-
fracture test in the exploratory studies facility (SCP Volume IV,
Part B, Section 8.3.1.2.2.4.1).

'3.5.5.10 Excavation-effects test modeling

Fracture data (statistical and mechanical parameters),
permeability profiles, fracture deformation, stress-aperture
relationships, and rock mechanical properties will be utilized to
validate coupled hydrologic-mechanical models to predict
permeability changes around different underground openings in the
potential repository. There are several models that may be used
to simulate such a behavior. Examples of such models are
reported by Olsson (1992). ’

3.5.5.11 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.5-1. Tests that are part of other studies are not included in

this table.

The table lists selected as well as alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. 1In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables. The selected
methods in Table 3.5-1 were chosen wholly or in part on the basis
of accuracy, resolution, duration of methods, expected range, and
interference with other tests.

The USGS investigators have selected methods which they
believe are suitable to provide accurate data within the expected
range of the activity parameter. Models and analytical
techniques have been or will be developed to be consistent with

test results.

6 Quality assurance requirements

The USGS Quality Assurance Program Plan for the YMP (USGS, 1989)

requires technical procedures for all technical activities that
require quality assurance.

Table 3.5-2 provides a tabulation of technical procedures

applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.
Technical procedures that belong to tests that are part of other
studies are not included in this table.
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Table 3.5-1. Summary of tests and methods for the excavation-effects activity

(SCP 8.3.1.2.2.4.5) '
Methods (selected and alternate} Activity parameter
Drift-wall mapping {Activi .3.1.4.2.2.2
Drift-wall mapping Fracture characteristics

Borehole fracture logging

Borehole deviation survey using a deviatometer -
(selected)

Using the line-of-sight method -
{alternate)

Borehole television survey for locating setting Fracture aperture
depths of instruments
{selected)

Fracture distribution

Fracture orientation

Oriented-core for locating setting depths of Fracture distribution
instruments
{alternate)

Fracture orientation

Fracture roughness

Borehole geophysical surveys

Neutron logging to estimate water content Moisture content, in situ degree of
(selected; saturation

Laboratory determination of water content from "

cores i

((alternate)

Porosity (epithermal neutron) logging to estimate in Rock porosity
situ porosity
{selected)

Laboratory determination of porosity "
(alternate)
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Table 3.5.1. Summary of tests and methods for the excavation-effects activity
(SCP 8.3.1.2.2.4.5) (continued)

Methods {selected and aiternate)

Activity parameter

Borehole geophysical surveys (continued)

Gamma-gamma {density) logging
(selected)

Density determination from laboratory
measurements
(alternate)

Rock density

In-situ stress and mechanical pr erties
Investigation 8.3.1.15.1

In-situ stress and mechanical properties
measurements

In-situ stress and mechanical properties

Air permeability measurements

Cross-hole pneumatic and hydrologic tests
(selected)

Initial fracture permeability around
excavations '

Changes in fracture permeability due to
excavation effects

Rock stress and fracture deformation measurements

In situ measurements of stress, using borehole
pressure cells
{selected)

In situ measurements of stress, using U.S. Bureau of
Mines 3-component borehole deformation gage
{alternate)

In situ stress changes, magnitudé and
orientation

Changes in rock stress due 10 excavation
effects

In-situ stress changes, magnitude and
direction

Changes in rock stress due to excavation
effects

3.5-13

December 28, 1992



— A YMP-USGS-SP 8.3.1.2.2.4, Rl

Table 3.5.1. Summary of tests and methods for the excavation-effects activity
(SCP 8.3.1.2.2.4.5) {continued)

Methods (selected and alternate) Activity parameter

Rock stress and fracture deformation measurements (continued)

Measurement of longitudinal deformation using Fracture deformation
borehole extensometers
(selected)

" Changes in rock stress due to excavation
effects

Stress-aperture relationships in fractures {Sec. 3.1)

Stress-aperture relationships from core Effects of stress changes on fracture
samples aperture

Excavation-effects test modeling

Test using numerica! hydrologic-mechanical model Changes in fracture effective porosity due
{selected) to excavation effects
" Changes in fracture saturation due to

excavation effects

" Changes in fracture permeability due to
excavation effects
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Table 3.5-2. Technical procedures for the excavation-effects activity

{SCP 8.3.1.2.2.4.5)
Technical procedure number (YMP-USGS-) Technical procedure
Borehole drilling and coring
HP-12 Method for collection, processing, and handling of
drill cuttings and core from unsaturated-zone
boreholes
TBD Method for measuring humidity, pressure, and

temperature of intake and exhaust air during
vacuum drilling

Borehole-deviation surveys
T8D Borehole deviation surveys

T8D Oriented core logging

Borehole fracture logging
GP-10 Borehole video fracture logging

TBD Borehole fracture logging from oriented cores

Borehole geophysical surveys

TBD Method for measuring in situ porosity, using
porosity (epithermal neutron) logs

TBD Method for measuring in situ density, using
gamma-gamma logs

HP-62 Method for measuring subsurface moisture
‘ content, using a neutron moisture meter

Rock stress and fracture deformation measurements
TBD Method for assembling, calibrating, installing, and
using rock stress gages in boreholes

TBD Method of assembling, calibrating, installing, and
using extensometers

Excavation-effects test modeling

TBD Method for evaluating the correctness of a
coupled-hydraulic-mechanical finite-element mode!
{bench-mark problems)
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Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, quantitative or qualitative acceptance criteria
of results, description of data documentation, identification,
treatment and control of samples, and records requirements are
included in these documents.
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3.6 Calico Hills test

The Calico Hills test has been deleted from this current ESF
unsaturated-zone study. If the YMPO decides to expand ESF testing to
include the Calico Hills geologic unit, the following tests will include
tests in this unit: Radial boreholes, Perched water, Hydrochemistry,
Excavation effects, Hydrologic properties of major faults, Intact
fracture, Percolation, and Bulk permeability. Preliminary test locations
have been selected in the Calico Hills for in-situ hydrologic
characterization tests for these eight tests.
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3.7 Perched-water test
3.7.1 Objectives of acviwity
The objectivesz of this actiwiry aye To
1. detect the ovccurrence of any perched walet;

2. estimate the hydraulic properties of perched-water zones; and

3. determine the implication of the existence of such zones on
water flux, flow paths, and travel times.

3.7.2 Rationale for activity selection

Perched water in the hydrogeologic system may imply a particular
flow path for water (Montazer and Wilson, 1984). In addition,
temporal variations in occurrence and characteristics of such perched
water could indicate dynamic or static conditions of the unsaturated
zone. Therefore, analysis of the spatial and temporal occurrence of
perched water would help identify various flow paths of water. When
the flow paths are identified, calculations of flux and travel time
become possible. The Darcian flux is determined by dividing the flow
rate by the cross-sectional area that is perpendicular to the
direction of flow (Freeze and Cherry, 1979). Travel time is
estimated by dividing the length of the flow path by the flux and
estimated effective porosity. Direct estimation of the travel time
from land surface to the perched water is also possible through
analysis of the ages of pore, fracture, and perched water at known
depths. The age-dating methods are described in hydrochemistry tests
in Section 3.8.3.

The activity is designed to detect and estimate properties of any
perched-water zones in the part of the unsaturated zone penetrated by
the ESF. This evaluation is needed to understand the hydrogeologic
conditions causing accumulation of perched water; the implication of
such a zone on flux, flow paths, and travel time; and whether perched
water is a transient or permanent feature.

Surface boreholes, drilled in advance of construction of the
North and the South Ramps, may encounter perched water. If perched
wat.r is detected in any of the iorth or South Ramp geology
boreholes, it will allow full preparation for sample collection and
testing in the ramps. If perched water has not been detected in the
North or South Ramp geology boreholes, it will be necessary to
visually inspect ramp walls for indications of perched water, and to
sample and test, if any is encountered. All ramp and drift walls
will be visually inspected for the occurrence of perched water during
ESF construction.

At the Nevada Test Site and vicinity, pefched water is known to

occur principally within or above the tuff and lava-flow aquitards,
as described by Winograd and Thordarson (1975). 1In the underground.
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workings beneath Rainier Mesa, the perched water occurs only within
the tuff aquitard. Nine perched springs occur within the tuff
aquitard and lava-flow aquitard. Perched water has not been
positively identified in the bedded- or welded-tuff aquifers.
Perched water within or above the tuff aquitard generally occurs in
poorly connected fractures. The general absence of perched water in
the welded-tuff aquifer is attributed to both abundant hydraulically
connected fractures and absence of a perching bed; these prevent
accumulation of perched water.

Beneath Yucca Mountain, man-induced or natural perched water has
been encountered during drilling of test well USW H-1 (Rush and
others, 1984) and during drilling of test hole USW Uz-1 (Whitfield,
1985). In test well USW H-1, water was perched above an underlying
5.m-thick bedded or reworked ash-flow tuff at the base of the Topopah
Spring Member of the Paintbrush Tuff. This may have been
contaminated water resulting from the large amount of water used
during drilling, with water and detergent as the circulating media.
In test hole USW UZ-1, drilling in the Topopah Spring Member was
discontinued at a depth of 387 m (1,269 ft) because a large volume of
water was encountered, and the water level could not be lowered
significantly. All or part of this water may be contamination from
geologic test hole USW G-1 located 305 m (1,000 ft) to the southeast
of test hole USW UZ-1.

The conceptual model of flow in the unsaturated zone indicates
that perched water may occur within or immediately above the
Paintbrush Tuff nonwelded unit (PTn) and the Calico Hills nonwelded
unit (CHn) (Montazer and Wilson, 1984). This water could occur where
displacement along faults has created permeability contrasts on
opposite sides of the fault. The occurrence of perched water would
probably be by percolation downward into underlying units, by flow
down the fault planes or zores, by lateral flow along contacts, or by
combinations of these pathways.

No perched water is expected in the host rock, except perhaps
immediately above the CHn. The presence or potential for future
perching of water in the host rock, however, might interfere with
construction, operation, and ultimate performance of a repository at
Yucca Mountain. In addition, perched water could cause substantial
modification of geochemical interactions, transport processes, flow
paths, and travel times. For example, inflow of perched water during
construction of the ESF or repository might substantially affect
construction techniques, schedules, and safety concerns because of
the potential for flooding. Perched water in the PTn, above the host
rock, could affect the spatial and temporal distribution of flow in
the host rock by modulating pulses of infiltration and by diverting
flow laterally to faults. Perching of water beneath the host rock in
the CHn could affect trave)l times and flow paths to the accessible
environment. Perched-water zones could result from barriers
obstructing flow, which could increase travel time, or from barriers
creating shorter preferential pathways, which would decrease travel
time.
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Because the ESF has not been constructed at Yucca Mountain,
geologic and hydrologic prototype testing has been conducted at G-
tunnel in Rainier Mesa, which is located at the Nevada Test Site
about 60 km (40 mi) from Mercury, Nevada. This prototype testing has
helped to develop and test hydraulic methods for determining the rate
of flow, hydraulic head, and procedures for collecting representative
water samples from a mined ramp or drift wall. 1In addition,
instrumentation needed to provide long-term hydrogeologic data in
perched-water zones has been identified.

3.7.3 General approach and summary of tests and analyses

The perched-water test will be conducted only if perched water is
encountered during construction of the ESF. As the tunnel boring
machine (TBM) advances, prior to the walls being prepared for
geologic mapping, seeps or saturated zones will be looked for in
conjunction with mapping activities. If the inflow of appreciable
quantities of perched water is reported, hydraulic tests will be
initiated as soon as the ramp or drift becomes accessible. If
perched water or fracture flow is observed, boreholes will be drilled
laterally into the ESF walls to test and sample the zone. A flow-
rate measurement will precede the borehole drilling if the flow rate
into the ESF is sufficiently large.

Data from hydraulic tests of the perched-water zone will be
analyzed in the field to determine the hydraulic characteristics of
the zone and to estimate its lateral extent. These hydraulic tests
will help to define the occurrence and to estimate the hydraulic
properties of the zone so that the hydrologic conditions and flow
characteristics of the perched-water zone can be modeled. Various
conditions occur under which water may perch in the unsaturated zone
beneath Yucca Mountain. Two possibilities are (1) as saturated zones
within porous nonwelded tuffs and (2) within isolated single
fractures or fracture networks that are poorly connected or are
truncated against some network overlying relatively impermeable
material. Depending on the hydrcgeologic characteristics of each
zone, the rate of discharge intoc the ESF may vary significantly; in
fact, this rate of discharge will determine the type of hydraulic
tests required. For example, a saturated zone within a porous
nonwelded tuff and an isolated single fracture may yield only seeps
or wet zones that require boreholes and piezometers for hydraulic
tests. A saturated zone in a well-connected fracture network may
yield appreciable flows of water and can be tested by pumping.

Excavation of the ESF may affect the interpretation of the
hydrogeology of the perched-water test. The disturbed zone around
the ESF and the stress changes caused by excavation and drilling that
alter the bulk permeability and porosity of the rock may create new
pathways for flow, thereby altering the performance and results of
the pumping and in-situ borehole tests. In addition to excavation
effects, the possibility of lining portions of the ESF with concrete
may modify the hydrogeologic properties of the rocks surrounding the
ESF. Water from the wet concrete may enter fractures in the ESF
walls and may invade fractures, altering flow paths.
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Uncertainties and limitations which effect interpretation of data
may result from perched-water zones of limited areal extent and/or
loss of early-time data because of drainage into the ESF before
access can be gained to the perched-water zone. The limited access
afforded by the TBM could enhance these uncertainties and
limitations. It will be necessary to assess the magnitude of these
effects during analysis and interpretation of test results.

The perched-water test, conducted with either pumping or borehole
tests, will determine both the type of occurrence of any perched
water and the hydraulic properties necessary to predict flux, flow
paths, and travel times through the unsaturated zome as influenced by
intervening perched water. The effects of perched-water bodies on
the construction and operatior. of a repository would be estimated, as
would the potential for existing or future perched water near the
repository. In addition, the possibility of a small-conductivity
unit above the repository, directing water away from the repository,
would be evaluated. The perched-water data would also be important
in formulating mathematical models of the flow in the unsaturated
zone.

Any perched water encountered by the ESF will be sampled and
analyzed for water quality and for stable and radioactive isotopes.
Relative ages of pore and fracture water will be estimated from these
data in the hydrochemistry tests. These data will help determine
flow paths, flux, and travel time~, as described in Section 3.8.3.

Figure 3.7-1 summarizes the organization of the perched-water
test. A descriptive heading for each test and analysis appears in
the shadowed boxes of the second and fourth rows. Below each
test/analysis are the individual methods that will be utilized during
testing. Cross-references to other study plans which provide input to
the perched-water tests also appear in Figure 3.7.1. Figure 3.7-2
summarizes the objectives of the activity, site-characterization
parameters, and activity parameters. These appear in the boxes in
the top left side, top right side, and below the shadowed
test/analysis boxes, respectively, in Figure 3.7-2.

The two figures summarize the overall structure of the planned
activity in terms of methods to be employed and measurements to be
made. The descriptions of the following sections are organized on
the basis of these charts. Methodology and parameter information are
tabulated as a means of summarizing the pertinent relations among (1)
the activity parameters to be determined, (2) the information needs
of the performance and design issues, (3) the technical objectives of
the activity, and (4) the methods to be used.

The methods utilized in this activity will provide information
that is approximately representative of the repository area. The
spatial variabilities of existing conditions within the repository
block, and the correlations to present and potential future
repository conditions are represented by the perched-water tests.
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The perched-water tests will be comducted dm the ESF, which will
penetrate the same hiydrogaelogic wnits @s the repssitory. Because of
this, the ewviromment in which these tests will be conducted is an
approximate representativs of the wepesitery avex. The perched-water
tests will help identify warious flow paths of wacer in the
repository block. When the flow paths ace idenrified, calculations
of the spatial and temporal occurrence of perebed water and travel
times within the repository become possible. Furthermore, an
understanding of the TSw hydrogeologic conditions causing the
accumulation of perched water, whether perched water is a permanent
or transient feature, and the implications of such a zone on flux,
flow paths, and travel times will be useful in predicting potential
future hydrologic conditions within the repository.

3.7.3.1 Ramp- and drift-wall seepage measurement

In the event that perched water is encountered during
construction, the rate of seepage from ramp- and drift-walls will
be measured or estimated before any holes are drilled. One
method of seepage measurement is installation of a small
collector system such as a small inclined ledge to concentrate
small flows of water in order to facilitate measurements with a
container. A second method of seepage measurement is estimation
of flow rate that is made by visual inspection. Boreholes
drilled into perched-water zones will allow access for
instrumentation and seepage or flow measurements. In lined
portions of the ESF, block-outs and subsequent boreholes will
allow easy access for later instrumentation and seepage or flow
measurements. No viable alternatives are available in place of
the three methods that were selected. A summary of the tests,
analyses, and methods is presented in Table 3.7-1 (Section
3.7.3.9).

3.7.3.2 Perched-water sampling

Any perched water found in the ESF will be sampled. These
samples will be analyzed for water quality and for stable and
radioactive isotopes. Relative ages of pore and fracture water
will be estimated from these data in the hydrochemistry tests.
These data will help determine flow paths, flux, and travel
times, as described in Section 3.8.3.

One method is perched-water sample collection by natural
large or intermediate flow into a container. A second method is
small-flow-rate sample collection by lysimeter or container. The
third, fourth, and fifth tests are to use methods to sample water
quality, radioactive isotopes, and stable isotopes by cross
reference to Section 3.8.3. As in Section 3.7.3.1, there are no
viable alternate methods to use in place of the five methods that
were selected. The five selected methods are presented in Table
3.7-1 in Section 3.7.3.9.
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3.7.3.3 Pore-water extraction

Pore-water samples will be obtained from core. The pore
water will be extracted from the core by methods indicated by
cross reference to Section 3.8.3.6. There are no alternate
methods to the methods selected. The selected methods are
presented in Table 3.7-1 in Section 3.7.3.9.

3.7.3.4 Borehole drilling of perched-water zones

The drilling of holes into perched-water zones will be
accomplished using dry-drilling methods. These dry-drilling and
coring methods have been developed during prototype testing. Dry
drilling and coring is the selected method because representative
rock samples and cores that are uncontaminated by drilling liquid
can be obtained and because positive identification of perched-
water zones is obtainable.

3.7.3.5 Measurement of large flows

The selected methods of measuring the rate of perched water
flowing from either the drift or ramp wall or a borehole are
using a stopwatch and container, flow meter, or a weir. These
data will be used to estimate hydraulic conductivity and
transmissivity. There are no viable alternate methods to use in
place of the three methods selrcted. The three selected methods
are presented in Table 3.7-1 in Section 3.7.3.9.

3.7.3.6 Testing, instrumentation, and monitoring in boreholes

If a wet zone or seep is encountered, and if the amount of
water is inadequate to justify a pumping test, a hole will be
drilled into it to increase flow; this hole will penetrate beyond
the region disturbed by ESF construction and will be cased to the
outer edge of the disturbed zone. If an isolated water-bearing
fracture is encountered, holes will be drilled to intersect the
fracture and possibly along and perpendicular to the fracture
plane.

Following any pumping test, two to four lateral holes will be
drilled and completed with borehole instrumentation packages to
further test and sample the perched-water zone. If the amount of
water is inadequate to justify a pumping test, short boreholes
will be drilled into the walis of the ESF for testing of the
water-bearing zone. N

In addition to easily measurable yields of perched water, wet
zones or seeps may be encountered, or the water saturation in the
rock may be so large (for example, 95 or 100 percent water
saturation) that a search for perched water of small yield may be
necessary. If a wet zone or seep of small discharge is found, a
long or short borehole will be drilled in the general direction
of production in an effort to develop and concentrate the flow.
The length of the hole will depend on the width of the disturbed
zone as determined by other tests (Sections 3.4 and 3.5). Long
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lateral borehsies may = drilled #nd completad with borehole
inscrumentation packages for lowg-terme monitwring. The diameter
of thz boreheie will be smali, buat wiii srfll allow installation
of a burehole instrumentziiorn package, swirlh as piezometers. The
borehole imstrumerntation will be designed o enable monitoring of
the in-situ pressure, sampling of the water, and testing of the
perched-water zone. The decision on whethexr to drill a borehole
will be made on sire by a USGS hydrologist. The direction of the
borehole will be guided by the direction of the apparent fracture
system from which water is being produced. The borehole should
penetrate beyond the disturbed zone and be cased to its outer
edge. If the developed water flow is sufficiently large, it will
be sampled upon completion of the lateral borehole; if not, it
will be plugged and sampled later. The casing will be capped and
will protrude through any concrete lining for later sampling. In
the event that the borehole is in a lined portion of the ESF, a
special block-out will be necessary to protect the casing and
allow access to the casing cap.

The selected methods for testing boreholes include using
instruments to monitor saturated and unsaturated conditions to
ensure the detection of transient boundaries. These may include
(1) pressure transducers to measure hydraulic head; (2)
lysimeters for collecting water samples; (3) tensiometers to
measure matric potential; (4) hydraulic tests similar to those
used in Section 3.7.3.7 to determine hydraulic conductivity,
transmissivity, and storage coefficient; (5) geophysical logging;
and (6) temperature sensors. There are two alternate methods.
The first alternate method involves using thermocouple
psychrometers, but this was not selected because it is used to
measure matric potential in rocks that contain less water than
would be present in a perched-water zone. The second alternate
method consists of periodic visual observations of the borehole,
but this is less satisfactory than using borehole instruments.
The selected methods and the alternate methods are presented in
Table 3.7-1 in Section 3.7.3.9. :

The boreholes will be especially useful if pumping tests of
long duration are not practical during ESF excavation. All
boreholes will be subjected to long-term hydraulic tests and
monitoring in order to estimate the extent and hydraulic
properties of the perched-water zones. Monitoring of the
boreholes may also be useful in measuring temporal changes in a
perched-water zone due to changes in percolation rates. Although
the infiltration rate is estimated to range from 0.5 to 4.5 mm/yr
(Montazer and Wilson, 1984), temporal changes that might occur
due to locally large infiltration along a fault zone may cause
increased hydraulic head in a borehole after heavy rainfall or
snowmelt. This probably would indicate that a perched-water zone
is directly influenced by recharge. 1If the perched-water zone in
a borehole decreased in hydraulic head during a period of
drought, a possible change of the flow path, flux, and travel
time through the unsaturated zone might be determined.
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Hydraulic-head data from boreholes may provide information on
the vertical component of percolation within a perched-water
zone. This measurement may be accomplished by horizontal
boreholes spaced vertically throughout a perched-water zone
(Figure 3.7-3).

All tests will provide water samples for chemical and
isotopic analyses. Boreholes that are cased will be capped for
later sampling; a special block-out will be used to protect the
casing and allow later access to the casing cap in portions of
the ESF where a liner is installed. All boreholes will be
subjected to long-term hydraulic monitoring to estimate the
extent and hydrologic properties of the perched-water zone.

3.7.3.7 Hydraulic tests for large flow rates

Pumping tests will be conducted in the ESF if water flows at
a sufficient rate into the underground openings. Pumping tests
will be designed to determine the yield of the perched water.
Extent of perched-water zones will be determined by a combination
of surface and subsurface testing. For example, a long-term test
might detect a decreasing rate of inflow, with a change in
chemical constituents in the water; or a decline in static water
level after repeated pumping might indicate that the perched
water is of limited extent. If pumping tests show a constant
rate of inflow and a constant static water level, a perched-water
zone of great extent would be indicated. These pumping tests
must be conducted with great care because a pumping rate that is
too large might flush out sediment or clay from a weak zone or
form a clay gouge within a fault; thus, hydraulic properties such
as transmissivity and the storage coefficient would be increased
or decreased artificially, as noted by Stuart (1955). A pumping
rate that is too small, however, might indicate only storage of
water within the ESF due to its large diameter, which is similar
to the effects of well-bore storage. Following any pumping test,
two to four lateral boreholes will be drilled and completed with
piezometers and/or lysimeters to further test and sample for
perched water at a later time.

Inflows to the ESF may not be analyzable by standard
hydraulic-test methods. Hydrologic assessment will need to be
planned and formed on a case-by-case basis.

3.7.3.8 Perched-water sample analysis

Any perched water encountered in the ESF will be sampled.
These samples will be analyzed for major anions and cations, and
for stable and radicactive isotopes. The water quality methods
of analysis of the hydrochemical and age-dating data will be done
as part of the perched-water test. Relative ages of pore and
fracture water will be estimated in the hydrochemistry tests.
These data will help determine flow paths, flux, and travel times
(Section 3.8.2). : '
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Figure 3.7-3. Séhematic diagram of instrumentation of a perched-water zone
within the ESF.
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There are no viable alternate methods to use in place of the
selected methods which are presented in Table 3.7-1 in Section
3.7.3.9.

3.7.3.9 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.7-1. Also listed are the selected and alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables. The selected
methods in Table 3.7-1 were chosen wholly or in part on the basis
of accuracy, precision, duration of methods, expected range, and
interference with other tests and analyses.

The USGS investigators have selected methods that they
believe are suitable to provide accurate data within the expected
range of the activity parameter. Models and analytical
techniques have been or will be developed to be consistent with
test results.

3.7.4 Quality assurance requirements

The USGS Quality Assurance Program Plan for the YMP (USGS, 1989)
requires procedures for all technical activities that require quality
assurance.

Table 3.7-2 provides a tabulation of technical procedures
applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.
Many of the needed technical procedures depend on the selection and
procurement of borehole instrumentation and cannot be completed until
that is accomplished.

Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, calibration needs, quantitative or qualitative
acceptance criteria of results, description of data documentation,
identification, treatment and control of samples, and records
requirements are included in these documents.
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Table 3.7-1. Summary of tests and methods for the perched-water activity (SCP 8.3.1.2.2.4.7)

Methods (selected and alternate)

Activity parameter

Ramp- and drift-wall seepage measurement

Installation of collector system
{seiected)

Estimate flow rate by visual inspection
(selected)

Measurement of natural flows by borehole instrumentation

{selected)

Perched-water sampling

Large-flow- and intermediate-flow-rate sample collection by natural

flow into container
(selected)

Small-flow-rate samples by lysimeter or container

{selected)

Cross reference to 8 3.1.2.2.4.8 ESF hydrochemistry test

(selected)

Cross reference to0 8.3.1.2.2.4.8 ESF hydrochemistry tests

{selected)

Cross reference to 8.3.1.2.2.4.8 ESF hydrochemistry tests

{selected)

Hydraulic conductivity, perched-water
zones

Transmissivity
Discharge rate

Water potential (total}, perched-water
zones

Hydraulic conductivity, perched-water
zones

Transmissivity
Discharge rate

Water potential (total), perched-water
zones

Hydraulic conductivity, perched-water
zones

Transmissivity
Discharge rate

Water potential (total), perched-water
zones

Flow rates, perched-water zones

Radioactive isotopes

Stable isotopes

Water quality

3.7-13

December 28, 1992



~ YMP-USGS-SP 8.3.1.2.2.4, Rl

Table 3.7-1. Summary of tests and methods for the perched-water activity (SCP 8.3.1.2.2.4.7) (continu.

Methods (selected and alternate) Activity parameter

Pore-water extraction

Cross reference to 8.3.1.2.2.4.8 ESF hydrochemistry tests Radioactive isotopes
(selected)

Cross reference to 8.3.1.2.2.4.8 ESF hydrochemistry tests Stable isotopes
_{selected) '

Cross reference to 8.3.1.2.2.4.8 ESF hydrochemistry tests Water quality
{selected)

Borehole drilling of perched-water zones
Dry drilling and coring -

{selected)
Wet drilling and coring -
{alternate)
Measurement of large flows

Stopwatch and a container Discharge, perched-water zones
{selected) .

- Infiltration rate

" Transmissivity

" Water potential {total), perched-water

zones

" ’ Hydraulic conductivity
Flow meter "
{selected)

Infiltration rate
Transmissivity

Water potential (total), perched-water
zones

Hydraulic conductivity
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Table 3.7-1. Summary of tests and methods for the perched-water activity (SCP 8.3.1.2.2.4.7) (continued)

Methods {selected and alternate)

Activity parameter

Yesting, instrumentation, and monitoring of boreholes

Pressure transducer
{selected)

Hydraulic tests
(selected)

Periodic visual inspection
{alternate)

Theis recovery test
{selected)

Cyclic-discharge test
{seiected)

Cyclic-discharge test
{selected)

Constant-drawdown pumping test
{selected)

Constant-rate pumping test
(selected)

~——Constant-rate pumping test

Water potential, total, perched-water
zones

Hydraulic conductivity, perched-water
zones

Storage coefficient, perched-water zones
Transmissivity, perched-water zones

Water potential, total, perched-water
zones

Hydraulic tests for large flow rates

Discharge, perched-water zones

Hydraulic conductivity, perched-water
zones

Storage coefficient, perched-water zones

Transmissivity, perched-water zones
Discharge, perched-water zones

Hydraulic conductivity, perched-water
zones

Storage coefficient, perched-water zones
Transmissivity, perched-water zones

Discharge, perched-water zones

Hydraulic conductivity, perched-water
zones

Storage coefficient, perched-water zones
Transmissivity, perched-water zones

Discharge, perched-water zones

Hydraulic conductivity, perched-water
zones

Transmissivity, perched-water zones
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Methods (seiected and alternate)

Activity parameter

Cross reference to 8.3.1.2.2.4.8 ESF
hydrochemistry tests
{selected)

Cross reference to 8.3.1.2.2.4.8 ESF
hydrochemistry tests
{selected)

Cross reference to 8.3.1.2.2.4.8 ESF
hydrochemistry tests
{alternate)

Perched-water sample analysis

Radioactive isotopes
Stabie isotopes

Water quality
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Table 3.7-2. Technical procedures for the perched-water activity
(SCP 8.3.1.2.2.4.7)

Technical Procedure Number

Technical Procedure

TBD

TBD

HP-06

HP-63

HP-17

HP-108

HP-103

Sampling, testing, and monitoring perched-water
seepage in the exploratory studies facility

Sampling, testing, and monitoring perched-water zones
in boreholes in the exploratory studies facility

Hydrologic pumping test
Method for calibrating digital and analog watches

‘Method of calibration and testing for operation of

pressure transducers for air-permeability studies in the
unsaturated zone

Long-term monitoring of boreholes in perched-water
zones in the exploratory studies faciiity

Pumping tests of perched water in the exploratory
studies facility
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3.8 Hydrochemistry tests
3.8.1 Objectives of activity
The objectives of this activity are:

1. to extract unaltered pore water and gas samples from core
samples, and gas and water vapor samples from boreholes;

2. to obtain hydrochemical and isotopic data that will help in
understanding the transport mechanism, flow direction, and
travel time of gas and water in the unsaturated zone; and

3. to determine the'geochemical evolution of unsaturated- zone
water by hydrochemical and isotopic technigues.

3.8.2 Rationale for activity selection

Understanding the unsaturated-zone flow system at Yucca Mountain
is essential to the site-characterization program because it is
within this interval of rocks that the proposed repository is to be
constructed. It is important to evaluate the flow and storage of
gas, vapor, and water within the repository block because moisture
(vapor and liquid) is the expected major medium for any transport of
radionuclides to the accessible environment. Furthermore, a chemical
evaluation of gaseous and liquid constituents is important in
understanding hydrologic processes, water/rock interactions,
geochemical evolution of ground water, and transport mechanisms in
the unsaturated zone. :

In the unsaturated zone, . water is presumed to be present both in
liquid and vapor phases. Water flow and storage is envisioned to be
complexly three dimensional, controlled by structural, textural,
stratigraphic, and climatological factors. In general, liquid-water
flow is expected to occur within interconnected pores and fractures,
together with advective and diffusive vapor-phase flow within
interconnected air-filled fractures. In the geohydrologic units
beneath Yucca Mountain, flow paths and fluxes are not clearly
understood, and the movement of moisture (gas and liquid) between
surficial units and the repository block has not been directly
quantified. Because liquid water and water vapor are expected to be
in local thermodynamic phase equilibrium, liquid-water saturation,
water-vapor, and solute concentrations are coupled through the
prevailing geothermal regime. Consequently, hydrologic evaluation of
the site constitutes a problem of two-phase, multi-component, coupled
heat (geothermal) and moisture flow within alluvium and a layered
sequence of variably-saturated, tuffaceous, geohydrologic units which
have been tilted, faulted, and fractured. Thus, a hydrochemical
evaluation of the unsaturated zone constitutes a study in which the
liquid and gaseous chemical interactions must be considered within an
already complicated hydrologic scenario. .. S

A study of unsaturated-zone chemistry and distribution of gases
will help evaluate chemical transport and flow processes within the
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repository block. 14¢ and tritium concentration measurements will
determine the residence time of gases in the unsaturated zone.
13¢/12¢ isotopic data will also be used in support of 18C age
estimates. Stable-isotope ratios (!%0/¢0 and D/H), which might
indicate the climatic and evaporative history of moisture, will
provide information on flow paths of gases through the unsaturated
zone as well as interactions with other minerals or transport
properties.

The inorganic composition of Yucca Mountain unsaturated-zone
water indicates the types of chemical processes within the
unsaturated zone. The chemistry of pore water reflects the results
of rock-water interactions within the matrix of the rock, and the
chemistry of fracture water reflects the results of chemical
processes along the rock-water interface. If fracture and matrix
water have similar chemical constituents, the amounts of dissolved
species may be different due to different lengths of contact time.

A progressive change in pore-water inorganic composition is
expected with depth in the unsaturated zone. This compositional
variation probably can be related to variations in the types and
compositions of primary minerals with which the pore water may come
in contact and to the duration of contact time. The composition of
fracture water may be useful in determining the degree of
interconnectivity of the fractures. Certain fractures may not extend
over long distances and hence may not intersect major water pathways.
The water composition in such fractures may be similar to adjacent
pore water, which has had long periods of rock/water interaction.
Water within interconnected fractures, however, probably has had
relatively short residence times and could be relatively dilute
compared with water from poorly interconnected fractures. A dilute
chemical concentration in water at great depths combined with a young
Uc age of water would imply a relatively fast travel time in the
unsaturated zone, and possibly periods of intense recharge at the
Jand surface. Conversely, nondilute concentrations at a great depth
and old !*C age of water would imply a slow travel time or overall
minor recharge at the site. Hydrochemical data and interpretations
will be used as a cross-check on travel times computed from hydraulic
parameters. : S

Pore-water chemistry data and mineralogic data for the matrix and
fractures in the unsaturated zome will be input-to geochemical models
to provide additional information from which to infer the water-rock
reactions occurring in the unsaturated zone. For example, the degree
to which a theoretical water composition (calculated to be in
equilibrium with a known mineral assemblage) matches the measured
data can be used to infer the extent of mineral/ground-water
reactions operating in the system. A close match implies an approach
to equilibrium, and possibly a long contact time (long residence
time), whereas a poor match indicates the relative importance of
reaction kinetics in controlling vadose-zone water composition.
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Rock-water intersctimn zffects the rrawspunt hehavior of
radionusiides learhed fron +he -waste packege. Processes and
conditions that may affect the pmem&pi&axionj.surpcion, and mobilicy
of radiomuclides can, therefoze, be iwferret Frow the inorganic
composition ot tise mnsaturaved-zone water, Rodk-water interaction
parameters, such as {onir strengths and manges wi Eh/pH, will also
provide infermation om solubility and resctivity of the natural
geochemical enwiromwent benesth Yuccz Mountain end of the artificial
environment created by the engineered-barrier systems.

Isotopic composition data can be used to interpret paleohydro-
logic conditions, including sources, times, and climate of recharge.
When ocean water evaporates, the lighter H,)%0 water molecules are
preferentially evaporated compared with H,;3%0 or HD!€0, and the
atmosphere becomes relatively depleted in the heavy isotopes. When
poleward- or landward-driven water condenses, the first precipitation
is enriched in the more condensable heavy isotopes. The remaining
water becomes further depleted of heavy isotopes, which causes
successive precipitation water to be progressively lighter. As a
result, precipitation is lighter farther inland and higher in the
mountains, and also lighter toward both poles. Thus, precipitation
at various distances from the coast and at various altitudes and
latitudes can be differentiated by the stable hydrogen- and oxygen-
isotope compositions. Isotopic variations resulting from these
effects can provide input to interpretations of a variety of
hydrologic processes at Yucca Mountain, as discussed below.

Although individual precipitation at the same location varies
greatly in composition with time due to local weather fluctuations
(temperature, humidity, and wind), water infiltrating the ground may
have relatively small isotopic compositional variation with time due
to an averaging effect. Thus, long-term climatic changes might be
inferred from significant differences in isotopic composition of
unsaturated-zone water. Precipitation at the Nevada Test Site during
a cooler climate should be comparatively more depleted in heavy
jsotopes than that from a warmer climate. Therefore, by analyzing
the compositions of oxygen-18 and deuterium in the unsaturated-zone
water, it might be possible to identify the climate at the time of
recharge (that is, recharged during the warm- or cold-climatic
regime). Hydrologic processes on a shorter time scale might also be
inferred from stable isotopes of hydrogen and oxygen. The possible
sources of Yucca Mountain’s precipitation are the Pacific Northwest,
California coast, Gulf of Calii ornia, and the Gulf of Mexico. Each is
probably tagged with different stable oxygen- and hydrogen-isotope
ratios. When the isotopic composition of unsaturated-zone waters is
compared with precipitation collected at Yucca Mountain from these
four sources, the water source possibly can be inferred.

Furthermore, from the age of water determined by 14¢ and 3H methods,
it is possible to identify the time of recharge, travel, and
_residence time (Yang and others, 1985). _

L1
v
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Tritium 3H analyses will be used to determine the residence time
of pore and fracture water up to about 100 yr; !*C analyses will
extend the determination range from 100 to 40,000 yr, and 3¢C]1 yields
dates from 50,000 to about 900,000 yr. Obtaining age estimates from
each of these isotopic analyses requires, at a minimum, evaluation of
all sources and sinks of the elements, and the isotopic signature of
each. To the degree that this is possible, four relative-age
scenarios will be tested:

(a) Very young (<200 yr) fracture water and near-fracture water,
and relatively old (>5,000 yr) pore water. This scenario
implies a short residence time for fracture water and that
most of the flow through the unsaturated zone is through the
fracture network.

(b) Relatively young (<1,000 yr) pore water and relatively old
(>5,000 yr) fracture and near-fracture water, and most
fractures are air filled. This unlikely situation implies
that most of the flow is through the matrix network and that
the fractures are poorly connected.

(c) Pore-water, fracture-water, and near-fracture-water samples
having the same age at a common depth, and age increasing
with depth. This situation implies that fractures are poorly
connected and behave as enlarged pores.

(d) General absence of fracture and near-fracture water, and the
occurrence of relatively old (>5,000 yr) pore water. This
scenario implies that the residence time of water entering
the fracture system is extremely short or that all water
transported by fractures is drawn into the matrix system by
capillary action. o
If enough pore water can be extracted from unsaturated-rock

samples (in addition to .he amount required for hydrochemistry tests,

as described herein), pore-water samples will be sent to Los Alamos

National Laboratory (LANL), and in turn sent to an outside contract

laboratory, for 3¢Cl/Cl ratio analysis (YMP-1ANL-SP 8.3.1.2.2.2,

water-movement test).

When water percolates primarily downward, travel time can be
estimated from the ages of pcre, fracture, near-fracture, and perched
water at known depths. In more complicated scenarios, when water
moves tortuously, assessment of flow paths will require input from
mineralogy, stable isotopes, and reaction modeling. After this flow
path information is combined with estimates of water age, travel time
can be calculated and compared with the value calculated from
hydraulic parameters. - ‘

The Calico Hills nonwelded unit (CHn) 1is a nearly saturated
zeolitized geohydrologic unit that probably functions as a porous
medium. The water table is in this unit beneath some parts of Yucca
Mountain. This unit probably retards the downward movement of pore
and fracture water. Radiocarbon ages of water determined for this

o
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zone will allow an estimation of the residence time of water in the
deepest part of the unsaturated zone.

Three prototype tests were undertaken prior to the ESF
hydrochemistry tests to design and validate methods of pore-water and
gas collection. The optimal rubble size test and the dry coring of
rubble tests are not described here because mining rubble will not be
available from the ramp and drift construction. The pore-water
extraction by compression testing is described in more detail in
Section 3.8.3.5. The pore water extraction prototype test has
indicated the potential of one-dimensional compression to obtain
water from nonwelded core samples, with a degree of saturation
greater than 16 percent and from welded core samples with a degree of
saturation greater than 37 percent. Additional research is being
attempted to determine if water can be obtained from welded core
having smaller degrees of saturation using fragmented core samples.

3.8.3 General approach and summary of tests and analyses

The activity is designed to collect gas and unaltered pore, near-
fracture, fracture, and perched water from long (45.7 m; 150 ft)
boreholes and borehole cores located in all geologic units, and near
significant geologic features throughout the ESF (Figure 3.8-1).
These long boreholes will be constructed from alcoves off of the main
drift. The alcoves will be perpendicular to the ramp/drift, and the
boreholes will be drilled in the far end of the alcove. The alcove
approximate dimensions are: width, 6 m; height, 5 m; and depth, 6 m.
The boreholes should be drilled as soon as the alcoves are completed.
Short (1-2 m) small diameter (2.5-5 cm) boreholes will be hammer-
drilled as close as practicable behind the tunnel boring machine
(TBM) using a jackleg. These short boreholes will be situated along
the wall of the 61-m (200-ft) starter tunnel and at the locations of
the long boreholes, prior to comstruction of the alcoves, to provide
a sample as nearly representative of pre-mining conditions as
possible. If it can be shown during initial testing that short
borehole analytical results are similar to long borehole results the
short borehole construction and testing will be discontinued. if
fnitial testing indicates the borehole length is too short to escape
effects of mining, then these short boreholes will be drilled deeper.

Core samples will be collected continuously during borehole
coring, and gas samples will be collected twice a year for three
years from the radial boreholes (Section 3.4), from most of the bulk-
permeability holes (Section 3.3), from most of the major fault holes
(Section 3.10), and from boreholes cored specifically for the
hydrochemistry tests. The possibility of construction of the Calico
Hills north and south ramps and exploratory drifts could provide
access for drilling hydrochemistry-test boreholes that would provide
critical information on water residence time in the Calico Hills
nonwelded unit and direction of water flow in this unit. Collection
of gas and core samples to determine these parameters is of paramount
importance to the site characterization for waste isolation. These
boreholes will be generally located as described in Table 3.8-1, and
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TSw Imbricate
Fault Drift

Main Test
Level

/ TSw
North~-South

- Drift

- Figure 3.8-1. ESF Option 30 configuration.
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Tabie 3.8-1.

ESF-NR-1
ESF-NR-2
ESF-NR-3
ESF-NR-4
ESF-NR-5
ESF-NR-6
ESF-NR-7
ESF-NR-8
ESF-NR-9
ESF-NR-10

ESF-SR-1
ESF-SR-2
ESF-SR-3
ESF-SR-4
ESF-SR-5
ESF-SR-6
ESF-SR-7
ESF-SR-8
ESF-SR-9
ESF-SR-10
ESF-SR-11

ESF-TSD-1
ESF-TSD-2
ESF-TSD-3

neralized | ions of boreholes for

North Ramp
Alcove upper TCw ‘
Alcove Bow Ridge Fault
Alcove lower TCw
Alcove TCw-PTn Contact
Alcove middle PTn
Alcove Imbricate Fault
Alcove PTn-TSw,
Alcove TSw,
Alcove Drill Hole Wash Fault

Alcove TSw,

South Ramp

Alcove Upper TCw

Alcove Dune Wash Fault
Alcove Lower TCw

Alcove TCw-PTn

Alcove middie PTn

Alcove imbrigate Fault
Alcove PTn-TSw, Contact
Alcove TSw,

Alcove Abandon Wash Fault
Alcove TSw,

Alcove Yucca Ridge Fault

Topopah Spring Dri

TSw North- b Dri

Alcove TSw, Horizontal
Alcove TSw, Vertical

Alcove TSw, Horizontal

3.8-7

in ESF H

YMP-USGS-SP 8.3.1.2.2.4, Rl

rochemis tin

(Radial Boreholes Anisotropy Test)
(Major Fauits Test)

(Radial Boreholes Anisotropy Test)
(Radial Boreholes Contact Tgst)
{Radial Bo}eholes Anisotropy Test)
{Major Faults Test)

(Radial Boreholes Contact Test)
(Radial Boreholes Anisotropy Test)
{Major Faults Test)
{Hydrochemistry Test)

(Radial Boreholes Anisotropy Test)
{Major Faults Test) '

(Radial Boreholes Anisotropy Test)
(Radial Boreholes Contact Test)
{Radial Boreholes Anisotropy Test)
{Major Faults Test)

(Major Faults Test)

{Radial Boreholes Anisotropy Test)
(Major Faults Test)

{Radial Boreholes Anisotropy Test)
(Major Faults Test)

(Hydrochemistry Test)
(Hydrochemistry Test)
{Hydrochemistry Test)
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Table 3.8-1. neralized | ions of boreholes for in ESF hemis
(continyed) ,
e’
TSw East-W, ri
- ESF-TSD-4 Alcove TSw, Horizontal {Hydrochemistry Test)
ESF-TSD-5 ' Alcove Ghost Dance Fault (Major Faults Test)
ESF-TSD-6 Alcove Solitario Canyon Fault {Major Faults Test)
TSw Imbrigate Fault Dri
ESF-TSD-7 "~ Alcove Imbricate Fault {(Major Faults Test)
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as shown in Figures 3.8-1, 3.8-2, 3.8-3, and 3.8-4. A stratigraphic
column indicating the location of anticipated geologic units in the
exploratory studies facility is shown in Figure 3.8-5.

Due to limited hydrologic and geologic data available at the
present, the geological locations of the boreholes may need to be
changed, or additional holes may be required as more information
becomes available.

A location for short-term core storage, measuring 3 m deep, 3 m
high and 3 m wide must be provided underground, out of traffic areas.

During gas sampling no other hydrologic testing should be done
within 25 m of the intervals being sampled.

Matrix pore water will be removed from borehole cores (collected
from the long boreholes) by one-dimensional compression. Near-
fracture matrix water samples will be extracted by compression of
fracture intersections from long borehole cores. Fracture water will
be collected in the short and long boreholes using absorbent pads.
Perched water will be pumped out of the short and long boreholes or
collected in the borehole using a borehole liner system.

These gas and water samples will be analyzed for their major
ions, and stable and radioactive isotope compositions. Table 3.8-2
summarizes chemical and isotope analyses. The information that can
be derived from these tests and how they can help to resolve issues
of site characterization have been described in detail in Section
3.8.2 (Rationale for activity selection) or 3.8.3 (Gemeral approach
and summary of tests and analyses).

The activity will be performed throughout the construction phase
of the North and South ramps, the Topopah Spring north-south drift,
the Topopah Spring east drift, the Topopah Spring west drift, and the
Imbricate Fault drift (see Figures 3.8-1, 3.8-2, 3.8-3, and 3.8-4).
Testing will continue for a period of as long as three years after
completion of the drifting. WVhen wet zones (water content of >50
percent) are encountered as the drifts are being mined, additiomal
samples will be collected. Core samples collected from the long
boreholes will be immediately sealed (according to technical
procedure HP-237T) for shipment (according to technical procedure HP-
131) to the USGS UZ Hydrochemistry Laboratory in Denver, Colorado, or
to the Raytheon Services Nevads (RSN) Materials Testing Laboratory

(MTL) in Mercury, Nevada.

A tracer gas (SF;) will be added to the compressed air during
borehole drilling to determine if contamination from ramp and drift
ventilation or compressed drilling air has occurred. The residual
SF, background will be checked before the data from core samples will
be used for site characterization. Any water used at the ESF site
will be tagged with a tracer. The universal water tracer will be
lithium bromide. Samples of any water, and samples of other
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North Ramp
Portal

NR-2 TCw

PTn

Bow Ridge
Fault
l _TSw, Imbricate
Fault
Driil Hole
Wash Fault
_ Figure 3.8-2 Generalized location of boreholes in the North Ramp
for use in the ESF hydrochemistry test . |
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South Ramp
Portal

Dune Wash
Fauit

Abandoned lm:;‘:l:t.
Yucca Ridge Wash

Fault Fault

Figure 3.8-3 Generalized location of boreholes in the South Ramp
R for use in the ESF hydrochemistry test
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L TSD-1,2 | o J

A\
© N TSD-3
TSw N-S Drift
O TSD-4
T
Solitario Canyon Fault VTSD-G

Figure 3.8-4. Generalized location of boreholes in the Topopah Spring drifts for
use in the ESF hydrochemistry test.
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Alluvium
{QAL)
Tiva Canyon
T‘::ec“mb"y r°" welded unit
(TCw)
Yucca
Mountain Paimbrush Tuff
Member nonwelded unit
(FTn)
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2
=
:
E Topopah Spring
S welded unit
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- Member 7" Zeolitized
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s Bulifrog Crater Fiat
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Note: Figure not to scale

Figure 3.8-5 Stratigraphic column of anticipated geologic units in the ESF

3.8-13 , : Decamber 28, 1992



Table 3.8-2. al a

Yi._~USGS-SP 8.3.1.2.2.4, Rl

Parameter

Chemical Species

Information

Inorganic
cations and
anions
Organic
compounds

Stable isotopes

Age dating

Gas diffusion

Na, Ca, Mg, K, HCO,,
so,, Cl, Si0;, Mn,
Fe, Al, pH, SC

Organic compounds
(trace amounts)
180,160 and D/H ratios

lic . 3H R 13cl12C
ratio, 3¢Cl

CO,, CH,, Ar, 0, N,
SFy, fluorocarbons

Types of ongoing chemical
reactions. Residence times of
fracture fluids.

Forming of organometallic
complexes that change the
mobility of radionuclides.

Timing of major recharge events.

Age and travel time of
unsaturated zone waters. Style
and pattern of fluid flow in the
unsaturated zone.

Diffusion of gases (}*C, °H)
into the unsaturated zone.

Contamination Li, Br, I, NO,, BO3 Washdown of tracers.
check
Note: Temperature and redox parameters will be determined for perched water

occurrences but are not applicable to extracted pore water.

"-23.8-14
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materials (grout, conrxele, wre, Y usad 4m the ESF sshould be provided
to the UZ hydrochemistry fest Prinwipal Investligator (PI1) for
analysis.

Figure 3.8-6 summarizes the organizatien o The activity. A
descriptive heading for each test and apalysis appears in the
shadowed boxes of the second and fourth rows. Below each
test/analysis are the individual methods thet will be utilized.
Figure 3.8-7 summarizes the objectives of the activity, site-
characterization parameters which are addressed by the activity, and
the activity parameters measured during testing. These appear in the
boxes in the top left side, top right side, and below the shadowed
test/analysis boxes, respectively, in Figure 3.8-7.

4

The two figures summarize the overall structure of the planned
activity in terms of methods to be employed and measurements to be
made. The descriptions of the following sections are organized on
the basis of these charts. Methodology and parameter information are
tabulated as a means of summarizing the pertinent relations among (1)
the activity parameters to be determined, (2) the information needs
of the performance and design issues, (3) the technical objectives of
the activity, and (4) the methods to be used.

The hydrochemistry tests will be conducted in the ESF, which will
penetrate the same geohydrologic units as will the repository.
Because of this, the environment in which these tests will be
conducted is an approximate representation of the repository area.
Furthermore, gaseous and aqueous chemical samples will be collected
from boreholes throughout the lateral extent of the drifting, to
provide information on horizontal variability of the host-rock
hydrochemistry around the ESF. The methods utilized in this activity
will provide information that is approximately representative of the
repository area. The spatial variability of existing conditions
within the repository block, and the correlations to present and
potential future repository conditions are represented by the
activity. Data from the hydrochemistry tests will be used to model
(1) the geochemical evolution of ground water, (2) the gas-transport
mechanisms and water (liquid and vapor) movement within the
repository host rock, and (3) residence time of water and directions

of water flow.
3.8.3.1 Collection and transport of gas samples from boreholes

Collection of gas samples from short boreholes will be
collected according to a technical procedure to be prepared at a
future date. Four types of gas samples will be collected from
long boreholes cored as part of the hydrochemistry, bulk-
permeability, radial-borehole, and major-fault tests: (1) gas-
composition samples, (2) 13c/12¢ ratio samples, (3) 14¢ samples,
and (4) water-vapor samples. The dimensions, orientations, and
instrumentation configurations are discussed in Sections 3.3,
3.4, and 3.10 and {1lustrated in Figures 3.4-6, 3.4-7, 3.8-2,
3.8-3, and 3.8-4. All boreholes will be cored (HQ3 size) and
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sulfur hexafluoride (SFy) will be used as a trace gas for
drilling air.

Gas samples will be collected from boreholes using a full
borehole liner that inverts down and up hole, horizontally or
vertically, and is.capable of transporting gas sampling tubes
from the collar to ported sampling locations downhole, Sampling
tubes will be pumped before sample collection to purge the tubes
of any atmospheric air that might have been introduced while
connecting the pumps to the system. Gases sampled from the ESF
‘boreholes will be analyzed for gas tracers introduced during the
construction phase. Sample collection will not begin until
drilling air tracer levels have been significantly reduced.
During sample collection, the sample gas will be pumped at a flow
rate of 500 mL/minute. (See Figure 3.8-8 for system apparatus.)

(1) Gas composition samples -- Two methods will be used for
gas-composition sample collection. The first method uses
a syringe inserted in the line of gas tubing pumped by
the peristaltic pump; gas is allowed to flow directly
into the syringe. The second method involves pumping the
gas sample into a 250-ml flow-through glass container.
Gas-composition sampling by syringe is preferred over
collection in a flow-through cylinder; the syringe method
is easier to perform and.allows the sample to be injected
directly from the syri-ge into a gas chromatograph for
analysis (according to technical procedure HP-160). Gas-
composition samples require no tracking because they are
immediately analyzed in the field.

(2) ¥C/32C ratio samples -- Two methods will be used. The
first method uses 5A molecular-sieve pellets to trap the
CO, gas. The gas sample is allowed to flow into a 300-ml
stainless-steel cylinder containing the 5A molecular-
sieve pellets which trap the CO,. The second method
involves allowing the CO, gas to flow into a 250-ml or
500-ml flow-through glass container, 3- or 10-liter
Tedlar bags, or 2.1-liter aluminum cylinders.

(3) 1“C samples -- Two methods will be used for C sample
collection. The first method employs a 5A molecular
sieve as discussed in (2) above. The second method (KOH
method) allows the gas to disperse through a fritted
plate and bubble into a container of 5 molar KOH
solution. The KOH solution traps the CO, by converting
it to potassium carbonate (K,C0;). The principal
advantage of the molecular-sieve method of *C sampling
over the KOH method is its simple design and insured,
nonbreakable transport between the sampling site and the
laboratory.
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G and 13C/12C ratio samples will be packed in
cardboard boxes and mailed directly from the field to the ‘
USGS UZ Hydrochemistry Laboratory at the Denver Federal S
Center in Colorade or hand-carried to the Hydrologic
Research Facility (HRF) laboratory for processing.

(4) Water-vapor samples -- Three methods will be used: cold
trap, silica gel, and 5A molecular sieve. The first
method involves pumping the gas sample through a glass
cold trap cooled by a dry-ice-alcohol slurry to remove
the water vapor. The second method allows the gas to
flow through a tower filled with silica gel to remove the
water vapor. The third method uses a 5A molecular sieve
similar to (2) above to collect the water vapor. All
three methods provide water volume measurements, however,
water-vapor sampling using a cold trap is preferred over
collection by silica gel tower or molecular sieve because
the water can be used for isotopic determinations. The
degas heating of the water vapor from the silica gel or
molecular sieve causes exchange of oxygen atoms in the
water vapor with oxygen atoms in the silicate minerals of
the silica gel and molecular sieve, causing errors in
oxygen-isotope measurements; the cold trap method is not
subject to this problem. Condensed water-vapor samples l

(in vials) are hand-carried to the USGS Hydrochemistry
Laboratory.

All data obtained by each group of methods (selected or
alternate) should be compared to insure the wvalidity of the
selected method. Gas sample collection methods are detailed in l
technical procedure HP-56.

3.8.3.2 Preparation of gas sampleé for analysis

Two methods are zvailable for preparing gas samples for
analysis: (1) degassing of CO, samples trapped in molecular sieve
by heating under a vacuum and collecting the released gases in
cold traps using liquid nitrogen, and (2) adding acid to a
potassium hydroxide (KOH) solution containing CO, to release the
CO, gas from potassium carbonate (K,CO;). The first method is '
detailed in technical procedure HP-86, and involves heating the
molecular sieve gas-collection cylinder to 300° C to drive off
the captured gases, collecting the water vapor as ice in a cold
trap cooled to -78° C by a dry-ice/alcohol slurry, collecting the
CO, as a solid in a cold trap cooled by liquid nitrogen and
storing the warm-up CO, gas in a storage cylinder. A simplified
diagram of the degassing system is shown in Figure 3.8-9. The ‘
CO; collected in the KOH solution is released by acidification
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and converted into benzene for !“C analysis by scintillation
counting. Water vapor collected using a glass cold trap requires
no further preparation. Water vapor collected on molecular sieve
or silica gel is removed by heating, then collected in a cold
trap immersed in a dry-ice/alcohol slurry.

Internal checks assure release of all of the CO, gas. For
example, near the end of the degassing procedure, the liquid-
nitrogen level is raised around the CO; cold trap. This exposes
a clean section of the collection tube in the trap to liquid
nitrogen; any CO, still solidifying in the trap will form a ring
of new white solid on this section of the tube - indicating that
the degassing process is not yet complete. No formation of new
CO, solid ensures that all of the CO, has been trapped.

3.8.3.3 Analyses of gas samples

Stable-isotope ratios (!%0/%0, !3C/12C, and D/H) will be
analyzed using mass spectrometry by the USGS Research lLaboratory,
Reston, Virginia, or by the USGS, Geologic Division, Branch of
Petroleum Geology, Organic Geochemistry Lab, Denver, Colorado.
Low-level gas counters will be used to determine 3H activity in
water vapor at the University of Miami, Miami, Florida and at the
USGS UZ Hydrochemistry Laboratory. Large “C samples (%CO, gas)
will be analyzed using conventional gas-counting methods by
Geochron, Inc. in Boston, Massachusetts. Small !*C samples will
be analyzed by tandem accelerator mass spectrometry (TAMS) at the
University of Arizona, Tucson, Arizona. Gas composition samples
will occasionally be analyzed for the presence of construction-
phase tracers (SFg; and fluorocarbons), using gas chromatography.

3.8.3.4 Collection and transport of core samples

Core samples will be collected by dry coring into the face of
the alcoves constructed adjacent to the ramps and drifts. These
samples should be collected at least 6.1 m (20 ft) from the line
of the ramp or drift to ensure that they are unaffected by the
drift and ramp mining. The samples for this activity will be
obtained by a dry-coring technique using traced (SFg) drilling
air, and will be HQ3 core with diameter of 6.1 cm (2.4 in).
Borehole core samples will be collected and sealed according to
technical procedure HP-237T.

The core will be transported to the Sample Management
Facility (SMF) to be stored in a refrigerated room as soon as
possible after collection. Portions of the core will be released
to the PI or his designate to be transferred to the RSN Materials
Testing Laboratory (MTL), Mercury, Nevada, or to the UZ
Hydrochemistry Laboratory.

The sealed core samples will be transported to the laboratory
in Denver in an air-conditioned vehicle to insure core-water
preservation during the movement of the core from the Nevada Test
Site to the permanent storage facility in Denver. The methods
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for transportation are detailed in technical procedure HP-131.
Coordination with the sample overview committee is required in
order to preclude sample-handling and sample-custody conflicts in
the ESF and SMF.

3.8.3.5 Extraction of water from core samples

Five methods are available to extract water from unsaturated
tuffs: (1) one-dimensional compression (technical procedures HP-
223, HP-248T, and HP-249), (2) triaxial compression (technical
procedure HP-125), (3) high-speed centrifugation, (4) vacuum
distillation, and (5) immiscible displacement. One-dimensional
and triaxial compression involve placing a core sample in a
compression chamber and applying axial pressure in step increases
to force water and air from the pore space (see Figure 3.8-10).
Using a sequence of step increases allows a maximum amount of
water to be recovered with a minimum potential for rock/water
interactions which might alter the original pore-water
composition. The centrifugation method (technical procedure HP-
110) uses the large centrifugal force developed in a high-speed
(8,000 to 18,000 rpm) centrifuge to drive pore water out of a
core (see Figure 3.8-11). The removal process can be simple
drainage, or an immiscible fluid can be introduced to displace
the pore water during centrifugation. The distillation method
(technical procedure HP-126) involves heating the core under a
vacuum and capturing the vaporized pore water in a low-
temperature (-78 °C) cold trap. The immiscible-displacement
method uses an immiscible fluid (usually a halogenated
hydrocarbon) to displace pore water from the core by a leaching
process. :

In extracting pore water from tuff samples, several of the
above methods can be used in sequence to achieve maximum water
recovery. A progression from one-dimensional compression to
vacuum distillation for a single sample ensures optimum water
removal. One-dimensional compression is favored over
centrifugation for two major reasons.

(1) The forces acting on the core are much better understood
for one-dimensional compression than centrifugation;
therefore, more information about the actual pore-volume
reduction process that occurs within the core will be
gained from one-dim:nsional compression.

(2) The one-dimensional compression method recovers gas from
the sample pore space, which is not possible using
centrifugation. The chemical and isotopic composition of
the gas in the sample may also be useful in pore-fluid
characterization.

Centrifugation and one-dimensional compression can be used on

crushed or broken cores which are unsuitable for triaxial
compression. One-dimensional compression, triaxial compression,
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Figure 3.8-10. Diagram showing apparatus for pore-wﬁter extraction by
one-dimensional compression. _
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and centrifugation are preferred over vacuum distillation because
cation and anion concentrations are not preserved through the
distillation process. Immiscible displacement is the least-
favored method, because by forcing a new fluid through the
sample, it introduces additional potential for error - either by
adding trace water present in the immiscible fluid or by chemical
reactions between the immiscible fluid and the core.
(Centrifugation would be performed only using simple drainage and
not incorporating an immiscible fluid for this same reason.)

Whether a representative water sample is extracted from a
core sample can be verified in two ways. First, by taking water
samples at each pressure level during the compression procedure,
corresponding chemical-concentration data relating cation and
anion concentrations to each axial pressure will be obtained. 1If
the ion concentrations de not change with increasing pressure,
then the compression process is not affecting the original pore-
water composition. (Also, if a sharp change in concentration is
noted at a higher pressure level, future testing can secure
representative samples by holding pressures below that level.)
Preliminary results from the pore-water extraction prototype
testing indicate that the mean concentration of dissolved ions
generally decreases slightly (= 15 percent) during compression.
The relative abundance of major cations does not vary with
increasing pressure, and the relative abundance of major anions
varies moderately with increa:zing pressure. However, these
changes are minor relative to differences in pore-, fracture-,
and saturated-zone-water chemistry from natural waters from
different geologic units (Peters and others, 1992). Second,
water-sample analyses from cores which were extracted by
centrifugation were compared to analyses from nearby cores
extracted by triaxial compression. Although not an unequivocal
demonstration, similar chemical concentrations obtained by both
methods support the validity of compression for producing
representative pore water samples (Yang and others, 1990).

The pore-water extraction by triaxial- and one-dimensional
compression prototype testing has determined proper extraction
procedures to produce representative water samples and has
determined that no particular rock-core orientation is more
favorable than another for water extraction (Yang and others,
1988). The methods developed during the prototype test will be
implemented during ESF hydrochemistry testing.

Core samples containing fractures will be used to determine
the chemical and isotopic composition of near-fracture pore-
water. The section of core near the fracture will be chipped off
of the core sample and the water extracted by one-dimensional
compression. These chemical results will be compared to chemical
results from the remaining intact core sample.

An absorbent rope segmented into one foot sections will be
inserted into the boreholes and pressed against the borehole wall
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using a borehole liner system. Upon retrieval any water will be
removed from each section of the absorbent rope for chemical
analysis. Borehole televiewer logs and core logs will be used to
correlate water collected in the absorbent rope segments tc
occurrent fractures,

I1f a perched-water zone is encountered, it will be sampled
according to technical procedure HP-231T or by using a specially
designed borehole liner system. The perched water study is
"further described in Section 3.7.

3.8.3.6 Analyses of water samples

Cation concentrations will be determined by using inductively
coupled plasma (ICP) by subcontractor laboratories, and anion
concentrations will be determined using ion chromatography at the
USGS Central Laboratory, Denver, Colorado or at the UZ
Hydrochemistry Lab, Denver, Colorado according to technical
procedure HP-202. Stable-isotope ratios will be analyzed using
mass spectrometry performed by the USGS Research Laboratory,
Reston, Virginia. Low-level-concentration gas counters or liquid
scintillation counters will be used to determine °H activity at
the University of Miami, Miami, Florida, or in Reston, Virginia,
or at the UZ Hydrochemistry Lab, Denver, Colorado according to
technical procedure HP-204. Large !“C samples will be analyzed
using conventional gas-counting methods by Geochron, Inc. in
Boston, Massachusetts. Small }¢C samples will be analyzed by
tandem-accelerator mass spectrometry (TAMS) at the University of
Arizona, Tucson, Arizona. 3¢Cl will be analyzed using TAMS at
the Lawrence Livermore National Laboratory, Livermore,
California. All water samples will be analyzed for the presence
of tracers (bromide, nitrate, iodide, borate, lithium, etc.),
using ion chromatography (IC) and high-pressure liquid
chromatography (HPLC) either in-house according to technical
procedure HP-202 or by a subcontractor laboratory.

~ 3Cl for age dating is dependent on the extent of in-situ
production in the subsurface. If this interference is minimal,
36Cc1 will be used for water-age dating. 180/%0, 13C/!2C, and D/H
stable-isotope ratios are preferred over other stable-isotope
ratios because more background data are available, and standard
analysis techniques already exist for these isotopes. Use of
ICP, IC, GCMS, HPLC, and TA“S is preferred over atomic adsorption
because these techniques can analyze more than one element at a
time, whereas atomic adsorption must determine each element
individually and so would require much more time to complete an
analysis.

14C dating will determine the age of the water in the
unsaturated zone, and 3H will be analyzed for use as an indicator
of recent meteoric water. Stable-isotope ratios will provide
informatidn on the flow path of the water through the unsaturated
zone and any high-temperature rock/water interactions. Age and
flow-path length together will be used to estimate travel times
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of water in the unsaturated zone. Ion concentrations will
provide information about chemical processes involving the rock
matrix and pore water. Tracer concentrations will help determine
the effects of ESF construction and drilling on water in the
unsaturated zone. Refer also to the beginning of Section 3.8.2
for more detail concerning the uses of the chemical and isotopic
analyses of pore water.

3.8.3.7 Methods summary

The activity parameters to be determined by the tests and
analyses described in the above sections are summarized in Table
3.8-3. Also listed are the selected and alternate methods for
determining the parameters. The alternate methods will be
utilized only if the primary (selected) method is impractical to
measure the parameter(s) of interest. In some cases, there are
many approaches to conducting the test. In those cases, only the
most common methods are included in the tables. The selected
methods in Table 3.8-3 were chosen wholly or in part on the basis
of accuracy, precision, duration of methods, expected range, and
interference with other tests and analyses.

The USGS investigators have selected methods that they
believe are suitable to provide accurate data within the expected
range of the activity parameter. Models and analytical
techniques have been or will be developed to be consistent with
test results.

3.8.4 Quality assurance requirements

The USGS Quality Assurance Program Plan for the YMP (USGS, 1989)
requires technical procedures for all technical activities that
require quality assurance.

Table 3.8-4 provides a tabulation of technical procedures
applicable to this activity. Approved procedures are identified with
a hydrologic procedure number. Procedures identified as "TBD" will
be approved prior to being needed for use in site characterization.

Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and stepwise
procedures for the use and calibration of equipment, limits,
accuracy, handling, calibration needs, quantitative or qualitative
acceptance criteria of results, description of data documentation,
jdentification, treatment and control of samples, and record
requirements are included in these documents.
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Table 3.8-3. Summary of tests and methods for the hydrochemistry activity

{SCP 3.3.1.2.2.4.8)
Methods (selected and alternate) Activity parameter
Analysis of gas samples
Age dating of carbon dioxide gas samples using Radioactive-isotope activity
conventional gas counter

{selected)

Age dating by scintillation counting of tritium in water
vapor
{selected)

Stable-isotopes analyses {'®0/*®*0 and D/H in water Stable isotope ratios
vapor, *C/'*C in carbon dioxide gas)
{selected)

Gas composition (including tracers} by gas Pore-gas composition
chromatography

{selected)

Argon-39 dating of gas Radioactive-isotope activity
(alternate)

Hydrochemical determination by sample analysis and Flow paths, hydrochemical
modeling determination

(selected)

Hydrological determination, other activities
(alternate)

Mass spectrometry Stable isotope ratios
{alternate)

Hydrochemical determination by sample analysis and Travel times, hydrochemical

modeling determination
(selected)
Hydrologic determination, other activities "
{alternate) '

Analysis of water samples
Carbon-14 dating on ground water ’ Radioactive-isotope activity
{selected)

Age-dating of carbon dioxide in water samples using
tandem-accelerator mass spectrometry
(selected)

Tritium dating of ground water
{selected)
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Table 3.8-3. Summary of tests and methods for the hydrochemistry activity

{SCP 8.3.1.2.2.4.8) (continued)

Methods (selected and alternate)

Activity parameter

Analysis of water samples (continued)

Stable-isotope analyses {®*0/'®Q, D/H, and *3C/*3C

ratios)
(selected) .

ICP and ion chromatography
{selected)

Chlorine-36 dating of ground water
(alternate)

Argon-39 dating of ground water
{alternate)

Mass spectrometry for other stable isotopes
{alternate)

Atomic absorption
(alternate)

Stable-isotope ratios

Water quality, cations and anions

Radioactive-isotope activity

Stable isotope ratios

Water quality, cations and anions
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Table 3.8-4. Technical procedures for the hydrochemistry activity {SCP 8.2.1.2.2.4.8)

Technical Procedure Number (YMP-USGS-) . Technical Procedure
Collection and transport of gas samples from boreholes

HP-56 Gas and water-vapor sampling from unsaturated-
zone test holes

HP-160 Methods for collection and analysis of samples for
gas composition by gas chromatography

HP-176 Procedure to collect gas composition at selected
depth intervals

HP-238T Method for removing traced drilling air from
unsaturated zone boreholes

TBD Method for installing a full borehole liner system
for collection of gas, water vapor and fracture
water

TBD Method for collecting carbon dioxide in KOH

- solution using a fritted glass plate bubbler

Preparation of gas samples for analysis

HP-86 Method for degassing carbon dioxide and water
(vapor) samples from unsaturated-zone test holes

HP-190T ' Silica gel dewatering

HP-194 Calculation of relative humidity at depth within
unsaturated zone test holes using a silica get
tower

Analyses of gas samples

HP-160 Methods for collection and analysis of samples for
gas composition by gas chromatography

HP-240 Method for analysis of CO, and CH, gas sample
concentrations using Summit Interest SIP 1000

HP-242 Method for analyzing the concentration of
hal carbon gases with an ITI Leakmeter 120

Collection and transport of core samples

HP-07 Use of a trace gas for determ'ining atmospheric
contamination in a dry-drilled borehole

HP-12 Method for collection, processing, and handling of
drill cuttings and core from unsaturated-zone
boreholes at the well site, NTS
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Table 3.8-4. Technical procedures for the hydrochemistry activity (SCP 8.3.1.2.2.4.8)
{continued)
—
Technical Procedure Number (YMP-USGS-) Technical Procedure
Collection_and transport of core samples {continued

HP-131 Methods for handling and transporting unsaturated-
zone core and rubble samples for hydrochemical
analysis '

HP-237T Methods for sealing unsaturated-zone borehole
core samples to preserve moisture content

HP-238T Injection of a trace gas for determining
atmospheric contamination in a dry-drilled borehole

TBD Method for boring short (1-2 meter) small diameter
{2.5-5 cm) boreholes

T8D Gas sampling from short boreholes

TBD Method for injecting a trace gas into drilling air
using an automated injection system

Extraction of water from core samples

HP-110 Extraction of pore waters by centrifuge methods

HP-125 Method for extraction of pore water from tuff
cores by triaxial compression S

HP-126 Extraction of residual water from tuff samples by
vacuum distillation

HP-223 Method for pore water extraction using one-
dimensional compression

HP-231T Identification, monitoring, and sampling of perched
or ground water encountered while drilling surface-
based boreholes

HP-249 Method for pore water extraction using high

: pressure one-dimensional compression
TBD Method for extraction of pore water using
: immiscible displacement

T8D Method for preparing core for pore water
extraction

TBD Method for collection of near-fracture pore water
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Table 3.8-4. Technical procedures for the hydrochemistry activity (SCP 8.3.1.2.2.4.8)

{continued)
—
Technica!l Procedure Number (YMP-USGS-) Technical Procedure
Analyses of water samples

HP-202 Analysis of water samples for anion and cation
concentrations by lon Chromatography

HP-204 Liquid Scintillation spectrometry method for tritium
measurement of H,0 samples

HP-209 Method for preparing tracers for addition to a
water supply system

HP-228 Determination of water content and physical
properties for laboratory rock sampies

~—

3.8-33 December 28, 1992



YMP-USGS-SP 8.3.1.2.2.4, Rl

3.9 Multipurpose-boreholes testing near the exploratory shafts

The multipurpose-boreholes testing has been deleted because the
original concept of the construction of exploratory shafts has been
changed to an exploratory-studies facility with ramps and drifts. The
orignal purpose for the multipurpose-boreholes was to provide hydrologic
and engineering properties data in the immediate areas of the shafts
prior to their construction and to provide for the monitoring of changes
in ambient conditions that may have resulted from shaft construction.

These needs are no longer valid.
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3.10 Bydrologic propertins ot wajey feuite smcounrsred in the ESF

3.10.1 Cbiwctives of ActIvity
The object:ves «f this Seriwity &ne Tou

1. measurs The pReumaric and tedrauiic permestpility, porosity,
and ar-sotropy of the majox Faules and Their associated fault
zones. In this study plan, fau"+ refers to a planar feature
aiong waich movement has oooarred.  Fault zone refers to the
fault z~d any rock whose fractures andfor other alterations
are diractly attributed to the fault:;

2. conduc: ong-term monitoring for wertical flow of gas, water
vapor, .d water in the major faults of the unsaturated zone;

3. conduc: tracer tests to estimate the rortuosity and effective
poros:izy of the faults and their associated fault zones.

4. conduc: geothermal logging in selected boreholes to determine
the re-ure, if any, of recharge occurring along high-angle
faults a2nd fault zones.

1.10.2 Rationale for activity selection

while quan:ifying the hydrologic properties of the major faults
is absolutely necessary for understanding and modeling of the
proposed repository site, attempts to quantify the hydrologic
properties of _arge features, such as faults, by testing on a much
smaller scale 2t one, or at the most a few, selected test sites will
be far from ccnclusive. A fault may vary from a simple planar
structure with little associated fracturing, to an extensive broken
-one (tens of zeters wide) where the actual fault plane is no longer
identifiable. The faults hydrologic properties are dependent on both
random spatia. factors and non-random factors such as rock type and
depth below land surface. Attempts to extrapolate the fault char-
acteristics mezsured at one point in one rock type to a larger area
should be dore only with great care and a large amount of supporting
information exgciaining how and why the extrapolation is justified.

Selectior =f the fault and fault zone test sites will attempt to
address two xey issues: (1) jdentify and test sites that are
considered to represent the potentially fastest pathways that could
allow rapid transmission of water from the surface to depth and/or
rapid transmission of gas and water vapor from depths to the surface,
and (2) identiify and test sites that are representative of the
existing moisture conditions and average permeability of the rock
mass. The mazsr fault test sites will be selected at locations where
the following conditions exist (listed in descending order of
priority):

ident:iZication of water flow in the fault or fault zone,

. large cpen main fault trace, ‘

high density of fractures,

large aperture fractures,

. proxizity to the proposed repository,

fracture mineral coatings, :

. observed changes in rock moisture content over relatively
short distances, and

temperature gradients.

® ~NoaunmbWwhE

Yucca Mcu—mcain contains and is bounded by west-dipping high-angle
normal faults that, depending on location and ambient hydrologic
conditions, msy serve as pathways for or barriers to gas, vapor, oOr
water flow. Aas currently conceived, the repository would be
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excavated mainly in the relatively unfaulted western part of one
structural block in the mountain. The repository would be bounded c¢cn
the west by the Solitario Canyon fault, on the northeast by Drill
Hole Wash structure, and on the east and scutheast by the western
edge of an imbricate normal fault zone. The Ghost Dance fault is
expected to approximately bisect the repository area. In the case of
dual-ramp access to the uncderground testing facility (see Referernce
Configuration Option 30, Figure 3.10-1l), the Bow Ridge fault may ke
intercepted by the north ramp at an approximate distance of 1.5 km
from the repository area. These faults are major structural features
found typically at intervals of 1 to 2 km and generally have offsets
of more than 100 m.

Addicional faults of a second type will be encountered at the
eastern and southeastern boundary of the repository. Within the
structural blocks at Yucca Mountain are nurerous steep, west-dir- in
normal faults. They generally strike north to north-northwest: _hey
are closely spaced and typically have less than 3 m of offset,
forming an imbricate pattern.

It is possible that structural flow paths may sometimes be trun-
cated a:t the contact between the gechydrologic units. It has also
been okserved that some fault zones contain clay gouge. More ductile
rock, like the nonwelded tuffs, typically produces sealing gouge
material along fault zones and thus has greater “healing properties.®
Thus, it is expected that hydraulic conductivity probably varies
significantly along fault zones and is perhaps greater in the welded
units (e.g., TCw and TSw) than in the nonweided units (e.g., PTn).

Generalized conceptual models for moisture flow within the
unsaturated zone beneath Yucca Mountain have accounted for the
presence of these structural features (Montazer and Wilson, 1984;
Sinnock et al., 1986). It is generally believed that major faults
affect flow significantly in the unsaturated zone. The precise
nature of that impact, however, will depend on a number of inter-
related hydrologic and geologic parameters. It is conceivable, for
example, that under relatively low ambient moisture conditions,
faults may impede any lateral moisture flow in the repository block
(caused by anisotropy in matrix hydraulic properties or contrasts in
such properties at contacts between geochydrologic units). Under such
conditions, perched-water bodies may form where the faults transect
zones or horizons of significant lateral flow.

Conversely, under conditions of relatively high moisture, faults
may serve as highly conductive pathways for vertical water flow.
This phenomenon may be especially important in the more competent
units TCw and TSw. The conceptual models at Yucca Mountain presently
suggest that fractures and faults (especially the high-angle normal
faults) are the principal conduits of downwardly transmitted
infiltration (see Section 3.4.2).

Under present climatic conditions, the general understanding of
the major faults at Yucca Mountain is that they are dry above the
water table and therefore dry above and immediately below the
repository. This means that if the major faults are highly permeable
they may provide a potentially fast pathway to the surface for vapor
and other gases from the repository horizon.

Fluid flow in fractures and faults is a complicated phenomenon
that is highly sensitive to hysteresis, air entrapment, the presence
of fracture coatings, fracture roughness, and a host of other
hydraulic and geological parameters. For example, fluid flow is
strongly influenced by matric potential. Small increases in bulk
saturation may lead to sudden increases in fluid flux through
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fractures and faults. Faults may be bounded by zones of extensive
disturbance, such as Imbricate zones, which may further enhance the
conductivity of the overall structure. 1In more ductile units (e.g.,
zhe Pain:iZrush Tuff ncnwelded unit), clay gouge may actually reduce
zhe corcduczivity of the fault and form an impermeable barrier to flow
across the zorne of disturkance. Although the amount of fluid flow in
major fa:l:s is considered to be small under present moisture
condizicns, additional understanding of the factors controlling that
flow must ze ortained in order o meet site-characterization
requirements. The information gathered from the tests described
herein wiil be used to improve this understanding and refine
conceptual models which account for the presence of faults or fault
zones.

Protctype testing was conducted to develop equipment and
methodolcgy for determining pneumatic and hydraulic properties of
structural features such as fractures and faults. One of the
specific purposes of prototype testing was to design and evaluate a
cross-hole pneumatic and hydraulic test system that could be used in
a number of ESF hydrologic tests, including the test described in
this study plan. Developing, testing, and refining each of these
components during prototype testing increased the likelihood that ESF
tests which utilize cross-hole pneumatic and hydraulic tests will be
successful in meeting their objectives.

3.10.3 General approach and summary of tests and analyses

Hydraulic and pneumatic properties of the major faults
intercepted by the ESF will be quantified by this activity. The
proposed dual-ramp access to the ESF (Reference Configuration Option
30) will provide a greater opportunity to inspect and characterize
both the geology and hydrology of the major faults than was provided
in earlier test plans. It is anticipated that all major faults will
be intercepted by either the ramps, main test-level drift, by the
east and west access drifts excavated off the main test level, or in
any excavations in the Calico Eills nonwelded unit (Calico Hills
drifts). Some major faults will be intercepted at more than one
location. Such access will provide a higher degree of confidence in
the characterization of major faults in and near the repository by
allowing tests to be performed at multiple locations along the plane
of a fault or fault zone. It may also be possible to visually
inspect faults and fault zones at the contacts of geohydrologic
units.

The major faults and/or fault zones expected to be tested are:

1. North Ramp a) Bow Ridge fault
b) imbricate fault zone
c) Drill Bole Wash structure

2. South Ramp a) Dune Wash fault
b) imbricate fault zone
¢) Aba.adon Wash fault zone
d) Yucca Ridge fault

3. Main Test Level a) Ghost Dance fault

4. TSw East a) Ghost Dance fault
5. Calico Hills a) Sclitario Canyon fault
drifts b) Ghost Dance fault

c) Imbricate fault zone

6. Imbricate drift a) imbricate fault zone

3.10-4 nay 26, 199¢
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Qzner major fmglrs enmcsungred, parciculariy those where moisture
flow is derected, will alze me corsidiered Zfox testing .

-: =gF design wnd LYIErST Lt scradules permir, toreholes
drilled specifically %or geshermal resnine should be drilled to
intercept selectad majer Favew and faelt zones. This can be
accormp.ished by constraaiizng a sma’l slowwe oIf whe ramps or main
rest .eve. Zrifr and condacsing re dri : amd resting operations
from —he alcove. The propssal s o 2Ty *~ a mear-horizontal
(inci:ned siightly downward) borehole o iwversect the fault. The
geothermal iogging will cersist of logging The porzhole at an
interval of one to two days initially, and weekly thereafter, until
the érilling disturbs..ces rave subsided and zhe ventilation in the
€aule :ad,cr fault o.ne can be measured. Ton€ geothermal logging will
invo.w . pusihing the temperature probe inte zhe geothermal borehole.
The :crehole may € either cased or uncasec. depending upon borehole
condé.-ions. If thne borehc.e is cased, the I may elect to fill the
casirg with water to facilitate thermal contact with the surrounding
rock. The principal investigator for the geothermal investigations at
Yucca Mountzain, or his designated represencactive, will determine the
exact -ocation and orientaczion of any geothermal boreholes drilled in

the ESF.

~-e identification of faults and the ch racterization of their
physical properties comprise a portion of the geologic mapping
activity in the ESF (SCP Activity 8.3.1.4.2.2.4 in YMP-USGS SP
g.3...4.2.2, Structural features in the site area). Upon
jdentificazion of major faults by the geolegic mapping activity, the
pI wiil determine if the major fault will be tested according to the
criteria outlined in Section 3.10.2. If the major faults is selected
for testing., one or two test alcoves containing HO3 boreholes will be
installed (see Figure 3.106-2). The borehole drilling will use
tracer-tagged air to remove the cuttings. In addition, all fluids
used in drilling and/or testing will be tracer-tagged to insure

future identification.

-~ orcer to quantify thre fault and asscciated fault disturbed
zone permeability and porosity, it will be necessary also to quantify
the undisturbed tuff. perceabilities and porosities of the faults,
faul- disturbed zones, and undisturbed tuff will cover several orders
of magnitude. Because the testing requires that all three of these
be quantified, the equipment and test configuration was designed to
maximize the testing range and allow for modification as more
information is obtained. Vaximizing the range of the mass flow
controllers and sensitivity of the pressure transducers the
equipment, will allow single hole testing in rock with permeability
ranging from 107%m 2 up to 107°n’. Using three boreholes (#1, #2, and
#3) in a triangular configuration with approximately 5 meter sides
(see Figure 3.10-2), scoping calculations show that, for the gas
injection ranges and pressure trarsducers available, cross-hole
testing can be conducted in rock with permeability ranging from
appreximately 10-%m® to 10°m’ ané porosity ranging from .001 to .1.
Permeabilities less than 10-"m? would generally require long test
times for cross-hole testing and would be Zimited to single hole
testing. Single-hole testing at the high end range of 10-°m?
corresponds to the permeability of a permeable gravel, however it is
possible that the faults may be more permeable than this. If this is
the case and it is determined that accurate measurements of
permeabilities greater than 10°m’ are required, then the system will
have to be modified to handle higher flow rates and the boreholes
ljoca-ed closer together if cross-hole testing is to succeed.
Permeability of the undisturbed tuff will be characterized in
borexoles #1, #2, and #3, if possible. If it is not possible to
characterize the undisturbed tuff in these boreholes, a fourth
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toreho.e (#4) will be drilled into undisturbed (minimally fractured
arnd faulted) tuff. This borehole will be drilled away from the fault
crace, as shown in Figure 3.10-2.

Following cross-hole testing in the three perpendicular
toreholes, two additional 30 meter boreholes (#5 and #6) will be
installed. These boreholes will be located from 1 to 3 meters from
the main trace of the fault and will be parallel to the fault plane
{see Figure 3.10-2). These boreholes will be used to expand testing
cn the main trace of the fault plane and the rock in the first few
meters perpendicular to the main trace. In faults where it is more a
fault zone and there is no identifiable main trace, the boreholes
will be located at the zone of greatest fracturing with the purpose
> testing in the highest permeability zone of the fault. Testing in
- sese boreholes will utilize the same equipment as used in the first
:hree boreholes. Assuming a main trace of the fault is identified
toreholes #5 and #6 will be used to conduct tests across the fault or
define whether the fault is a constant head or impermeable boundary.
sing boreholes parallel to the main trace will allow testing over a
larger area of the fault than was possible with the perpendicular
boreholes. Preliminary modeling shows that for permeabilities
ranging from 10°¥*m® to 10¥m?’ the distance from the main trace to the
porehole should range from 1 to 3 meters. Assuming that a main trace
is identifiable a final 30 meter borehole (#7) will be drilled
parallel to and in the main trace. This borehole will allow single
nole testing in the main trace and will provide some statistical
evaluation of the range of the fault permeability. The equipment for
single hole testing has a maximum range of 10-°m?*. In faults zones
where a main trace is not identifiable borehole #7 will not be
required.

Figure 3.10-3 summarizes the organization of the testing strategy
for major faults. A descriptive heading for each test and analysis
appears in the boxes of the second and fourth rows. Below each
cest/arnalysis are the individual methods that will be utilized during
zesting. Figure 3.10-4 summarizes the objectives of the activity,
and the activity and site-characterization parameters measured during
zesting. Cross-references to other studies that provide input to the
major-£faults testing also appear in both figures.

The two figures summarize the overall structure of the planned
activity in terms of methods to be employed and measurements to be
made. The descriptions in the following sections are organized on
the basis of these charts. Methodology and parameter information are
tabulated as a means of summarizing the pertinent relations among (1)
the site-characterization parameters to be determined, (2) the
information needs of the performance and design issues, (3) the
technical objectives of the activity, and (4) the methods to be used.

3.10.3.1 Borehole drilling and coring

Geothermal boreholes, if drilled, should begin at preselected
site(s) where the major fault can ke intersected. The locations(s)
will be selected by the principal investigator or a designated
representative. The selection of the site(s) will be determined by
the results of the geologic mapping in the ESF. A small drilling
alcove will probably be required. The geothermal borehole will be
dry drilled to intersect the fault. Core need not be collected if
this will shorten the drilling time for the borehole, because time is
such a critical element in the geothermal logging. The length of the
geothermal borehole will be determined by the geometry of the ESF in
relation to the major faults(s) to be tested. The borehole will be
inclined slightly downward, approximately 3 to 5 degrees. The
geothermal logging will require a borehole that can handle standard

3.10-6 May 26. 1394



L-01"¢

26T ‘9T AW

4 st ==

- .
_.__.._........z:_..::::¢4 2 ==

:g:::_._

mbEm====== ===‘
T ':l “ e '.
as20m Faull - | “
Zone .-
- |
n-.
Alcove 1
a5 .7 " =8
Alcove 2
\ ar L
<+ 6m —>
ESF
. // ,, ......
Top View . - .
e . 2 .
A A
A-gm - Bm
s B8m j
l .'L“Sm 23
Alcove #1
porehole " Fault i
Contiguration -. Zone . L
4._'.!-' TM ——p
22 —EmmmEmEEEEE=R=
A-T.6m A 8m
=== = = =|==| #4
% l s1 8 #3 ==:::======:=
Side View
o —

Figur

e 3.10-2. Schematic of major faults

alcoves and borehole configuration.

'sfy-dRA

1°¢'g ds

-
-~

7

4!



P-USGS-SP 8.3...2.2.4, R2
.\/, —

weight pipe with a minimum 2.5 inch inside diameter: the probe :s
approximately 2.0 inches in Zdiameter. The pipe may be filled with
water to facilitate the thermal contact with the surrounding rock.
Keeping the air space betwesn the pipe and the borehole wall to a
minimum is also highly desirable :in order to minimize any air flow in
the borehole.

Cne or two alcoves will be reguired at each fault test location
in order to provide adeguate access to the fault and a suitable area
for staging drilling and testing cperations off the main drift. The
boreholes will be HQ3 size and will provide core. If possible, the
core should be oriented. 3 schematic diagram (Figure 3.10-2)
illustrates the desirable coanfiguration for fault testing. The
or: zise configuration of the boreroles, angle, and spacing, will
D cably vary according to zhe following local conditions: (1)
secmetrical relationship kezween the drifts, alcoves, and the plane
of the fault or fault zone; and (2) estimates of the permeability of
the fault(s) based on eithzr the geclogical mapping data or on a
preliminary pneumatic injection test performed in a single borehole
intercepting the fault. Txze first alcove will be parallel to the
fault. Alcove dimensions wil1l be determined by logistics and the
test requirements. Three coreholes, approximately 30 meters long,
will be drilled perpendicular to the fault, parallel to each other
and in the configuration of an equilateral triangle with
approximately S5-m sides. The exact dimensions are still open to
discussion and will probably be changed as we obtain more
information. The location of the alcove in relation to the fault
will depend on the width of the fault zone. It is preferable to
locate the alcove outside the fault zone so that the boreholes can be
drilled from undisturbed tuff through the fault zone and into the
fault. This will allow teszing of the fault and the fault zone.
However, air-permeability testing equipment limitations will probably
restrict the alcove locaticn to within 30 m of the fault. If the
width of the fault zone is such that the first alcove is constructed
in the fault zone, the fourth borehole will be drilled.

During ESF construction, geologic and fracture mapping will be
conducted continuously with ESF construction. This information on
lithology, fracture density, and fracture orientation as it relates
to the major faults and the associated fault zone will be available
to the PI to aid in locating the alcoves and in selecting the final
configuration of the borehcles. Information on the fault fillings,
fracture density, and f.acture fillings will be used to evaluate the
applicability of the approximately 5 meter triangular borehole
configuration, data on fault orientation will determine the
orientation of the boreholes and mapping of the horizontal extent of
the fault zone will determine the location of the alcoves. The rock
properties where the ramps cross the major faults are expected to
have a wide range of welding and therefore the associated fracture
zorne will be variable. In addition, the amount of fracture and fault
filling will vary with rock type. Judging from the large fault
displacement seen in the Yucca Mountain area, it is also possible
that testing at a major fault site may be conducted in two different
stratigraphic units. Such a condition will require a great deal of
input in determining the borehcle configurations. This input will
include results from matrix hydrologic properties testing such as
discussed in Section 3.4 of this study plan.

Following completion of the testing in the first alcove, drilling
of the boreholes in the second alcove will begin, if, in fact, the
second alcove is constructed. The second alcove, if constructed,

111 be located at the fault. The alcove, if constructed, will
extend from a minimum of 2 to 4 meters on both sides of the fault and
will be large enough to accommodate testing and instrumentation
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needs. The alccvz. if constructed, will e lawge emough to allcw
driliing of two X agp:@xi:a:eﬁy'SﬂwmwﬁerfbumaMmlas (#5 and #€, see
Figure 3..0-2), =7& on ezcrn side wf the #ault at distances of frzm o
to 3 meters perpandicular © e fauwlt. The bereihsies will be
drilled parallel o rive faulw. Followlng s oy im boreholes $3 and
46, cre additigzmas ‘bozekole 1#73) wWill e drilied. Borehole #7, =Q3
approximazely 3. meters in Lenoth, will be &rilled parallel to
boreholes 33 and $5 and directly along rhe fauwls plane (see Fig.re
3.10-2). If the major fault is more of 2 #aylr zone and no real
faulr plane 1is -fentified, =the second alcove, if constructed, will be
located in the =:&st intense.y fractured part of the fault zone and
only boreholes 2Z and #6 will be required. If there is more than one
major fault assc-.ated wi h the fault zone, the principal
investigator ma; raquest adéitional alcoves and boreholes similzar to
the second alcc

[{]

3.10.3.2 Or-site laboratory hydraulic-parameter testing of core
and drill cuttings

Selected cerz and drill-cuttings samples obtained during the
drilling process will immed:iately be sealed in wax, or placed :in air-
tight canisters and transperted to a field laboratory, where
gravimetric-water content of selected core and cuttings will be
determined. InZormation obtained will be used in the interpreta:zion
of gas-injecticn tests and will serve as baseline data for the newly
drilied boreho:zs. This activity is described in the matrix
hydrologic—properties testing activity (Activity 8.3.1.2.2.3.1.) in
YMP-USGS SP 8.3.2.2.2.3 (Unsaturated-zone percolation - surface-based
studies) .

3.10.3.3 off-site laboratory hydraulic- and physical-parameter
testing of core

Core and cuz:zings samples not utilized during on-site hydrologic
testing will be sent off site to laboratories for testing the
following proper-ies: volumetric water content, grain density,
porosity, bulk Zensity, water potential, matric potential, water
retention, saturated water and gas permeability, and relative
permeability. ~he information obtained from these tests will be used
in the interprezation of gas injection tests and will serve as
baseline data ZIcr the newly drilled boreholes. Methods used to
measure these izportant hydrologic parameters are described in the
matrix hydrologic-properties testing activity (Activity
8.3.1.2.2.3.1) in YMP-USGS Sp 8.3.1.2.2.3 along with possible
alternatives.

3.10.3.4 Fracture logs of core

1f continucus coring is possible, a cursory examination of the
core for fracture characteristics (e.g., type of fracture, depth to
fracture, etc.) will be made on site during drilling. In the
laboratory, a =ore detailed exe nination of the core will be made to
develop detailed fracture-characteristic logs. These logs will
include fracture freguency, width, coatings and fillings. Frac:ture
data from borezcles will be used in selecting test intervals for
singie and cross-hole testing along with selection of the long-term
monitoring zones. No alternative methods for this activity were
jdentified, although borehole-television cameras will also be used to
view fractures in situ.

3.10.3.5 Borehole television surveys
Following completion of drilling all boreholes will be logged

with an oriented television camera for fracture characteristics and
l1ithology. The survey will be used for fracture orientation and to
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determine whetrer the fractures intersecting the borehole are open or
closed. The fracture data will be used to supplement ramp- and
drift-wall mapring and to determine the location of test intervals
and long-term mcnitoring zones. An alternative to borehole-televi-
sion surveys is to maintain orientation of the core during drilling.
This would reguire a special oriented-core barrel. The oriented core
could be used o determine fracture orientation; however, it is often
difficult to determine from core whether fractures are open or
closed, and iZ they are drilling-induced or natural, especially at
greater depths where weathering is not as prominent.

3.10.3.6 Borehole geophysical surveys

" 5] owing television logging, all boreholes will be caliper-,
natt & gamma-, garma-gamma-, and neutron-logged. Neutron surveys
w .. '.2 conducted on a periodic basis. These data will be used to

ic>  at long-term drying or wetting trends. The neutron tool will be
caliprated as described in the USGS technical procedure.

3.10.3.7 Single-hole pneumatic testing

The first torehole of Figure 3.10-2 will be used for preliminary
single-hole air-injection testing. The hole will be oriented near
perpendicular to the plane of the fault and will be counted as one of
the three perpendicular boreholes. Constant-rate, steady-state and
transient tests will be used to estimate the fault-zone permeability
and fault permeability. Single hole pneumatic testing will use a
borehole packer-instrumentation system or a SEAMIST borehole liner
with a movable injection interval, flow meters, and pressure
transducers to conduct pneumatic testing in the fault zone and in the
fault. The test zones will be selected based on fracture mapping,
core examination, and borehole television and geophysical testing.

The SEAMIST single-hole testing system, if utilized, consists of
a borehole merbrane and screened injection interval that make up an
injection uni: (see Figure 3.10-5). The membrane is a balloon type
unit that unfolds down the borehole in an inversion installation
technique. The inversion installation allows the liner to be
essentially blown down the borehole thereby eliminating any need to
drag or push packers into the borehole. To conduct single-hole
injection tests, first the injection screen is installed at the
desired test interval and then the membrane is averted down the
borehole. The screened ‘nterval is on rollers and can be installed
at any location. The membrane forms a seal covering the entire
borehole except where the screened interval prevents the membrane
from contacting the borehole. Gas injection to the injection
interval is through a special injection line that connects the
injection interval to the alcove yet will not interfere with the
membrane. The system will allow the entire length of the borehole to
be tested and is superior to packers because the membrane eliminates
the potential of the injected air to short-circuit and flow back cut
the borehole. Because the SEAMIST system is new technology and has
had limited field testing, there is the possibility that the system
might not operate as hoped. If this happens, the SEAMIST system will
be replaced with a standard borehole-packer instrumentation system.

Prototype testing has determined that several gas-injection and -
withdrawal methods will be utilized during the single hole testing.
They include: (1) single-hole, constant-flow-rate, transient tests,
and (2) single-hole, steady-state, gas-injection and -withdrawal
tests.

Because the pneumatic permeability of the rock is dependent on

the moisture content, it is important to evaluate the influences the
air injection may have on the moisture content. Present theory on
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yucca Mountain holds that the matric potential is gererally dry
suchtha- the ‘ractures and.or large pores that are responsible for
most permeac:.ity are dry and therefore the testing will provide good
estimates of -—he rock permeability. As a general rule, the injection
pressures w:.. be limited to 1.0 bars and therefore will not change
the permeab:lity of any rock with a matric potential less than -1.0
bars. If t-z labcratory matric potentials of the core samples shcw
mazric poterzials greater than 1.0 bars, testing pressures will be
lcwered to _=ss than the matric potentials.

Single-=ole fluid injection or withdrawal (production) field
tests are ccomonly used to evaluate reservoir or aquifer
permeability. These~ tests utilize only one active well and no
observatior wells. Rock * :rameters are evaluated from data (flow
rates and prsssure colle ted from a single borenhclie (Earlougher,
1977; Govier, 197/). Tie two single-hole methods listed above are
briefly described below. A thorough treatise on each method can be
found in the references accompanying each description.

Steady-s-ate gas-injection and -withdrawal tests will be used to
determine the permeability of individual fractures and faults
(Govier, 1977). Steady-state tests consist of injecting gas into or
withdrawing gas from the rock until the downhole pressure and uphole
measured iniection (withdrawal) flow rates remain constant. Traut:z
{1984) useé -his method to characterize fractures in unsaturated
fractured t=ffs. Schrauf and Evans (1984) also used this method to
evaluate the relation between the gas conductivity and geometry of

natural frac:zures in the laboratory.

The sirngle-hole constant-rate transient test consists of
injecting gas into the rock at a constant rate and at the same time
monitoring the transient pressure response (i.e., change in pressure

with time). Constant-production-rate transient tests are commonly
used in the 2il industry to evaluate gas-reservoir parameters
(Earlougher, 1977). &An alternative to this method, which is listed

in Table 3..)-1, is a constant-pressure transient test. As the name
implies, gas is injected or produced from the rock at a constant
pressure while the change in gas-flow rate is monitored with time.
Such a test is seldom made because it is much easier to measure
pressure accurately than it is to accurately measure flow rate
(Earlougher, 1977). Constant-rate tests, however, may inadvertently
become conszant-pressure tests, and so it is desirable to be able to
analyze both types of tests.

The results of the initial single-hole tests will be compiled
with the information obtained from core, video logs, borehocle
geophysics, and geological mapping. Estimates of fracture
permeability will then be used to plan the optimal borehole
configuration for subsequent borehole drilling and cross-hole tests.
Although rarp excavation effects are believed to be minimized by the
20-m depth of the alcove, the effects of excavation in the vicinity
o7 the ramp and alcove will be considered in the preliminary
analyses. YMethods and data that are required to compensate for these
effects will be provided in the excavation effects test, as described
in Section 3.5. The results of a single-hole test, as just
described, can be heavily influenced by wellbore conditions, making
it difficul: or impossible to calculate effective porosity. 1In
addition, it is impossible to characterize the anisotropic nature of
a rock using a single-hole test. For these reasons, the data
obtained from the exploratory hole will have limited usefulness in
site characterization. 1Its purpose will be realized chiefly in
providing input for scoping calculations that can be used to optimize
subsequent test strategies at each testing location in the ESF.
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Schematic of SEAMIST system showing injection and monitor
units.
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In addition to fracture daua, rock-matrix lishology and
nycdrologic properties will be determimed for the cmre obtained from
-ne initial exploratiuIry hele. The phgsicalfproperxies that will be
determired from cure sarples imcloude AT ITLA pOre geometry, welding,
grain density,'bulk<ﬂensity,‘and porosity. Frachure or fault
geometry 2ata wwil]l dinclude oriencatian. zowghness, and, in the event
of multiple Fauits, Spacing. Mimeralization alunyg fracture or fault
walls will also craraccerized ii present. ‘the ydrologic properties
-nat will be determined £rpm the core samples include moisture
content (gravimetric and wolumetric}, water potential, matrix
potential, and moisture retention.

All core will be ex~mined on sive immediately before it is sealed
in wax or placed in ai--tigh' canisters (for shipment to the surface
zield laboratories). Jome ¢ mples will alsc be sent to laboratories
off the site for mo- 2 cocm .icated analyses (e.g., water potential,
—~atric potential, meisture retention, saturated water and gas
permeability, and relative permeability). This work is included in
-he matrix hydrologic properties testing activity (Activity
§.3.1.2.2.3.1) of Study 8.3.1.2.2.3.

An additional source of information will be the planned natural
gamma, gamma-gamma, neutron-moisture, and caliper geophysical logs.
Tn all boreholes, this suite of geophysical logs will be used to aid
in the location of fault zones and the determination of moisture-
content distributions. Periodic temperature logs will also be made
in some boreholes to help determine the thermal gradient across the
fault zone.

Although a one-point sample taken from a single borehole is an
inadequate representation of a large planar structure, some
informatrion obtained from the matrix-properties and geophysical-log
testing will be immediately useful in assessing the hydrologic
significance of a fault or fault disturbed zone under consideration.
Such an assessment would be used only in guiding decisions pertaining
+o the scheduling and implementation of subsequent testing activities
and not for actual site characterization. For example, a moisture-
content profile obtained from the core may provide information on the
recent history, if any, of moisture flow through the specified fault.
Structures, such as fracture coatings, which provide immediate
evidence of significant moisture flow (especially if it is determined
o be recent) will be given a relatively higher priority in the ESF
-est scheduling. Water flow, if present, will be measured using the
techniques described in the perched water test {Section 3.7).

3.10.3.8 Cross-hole pneumatic, hydraulic and tracer testing

Following the single-hole testing and preliminary data
evaluation, the location and drilling of the second and third
boreholes will be completed. Following completion of the drilling,
che second and third boreholes will be single-hole tested. All
previously given drilling and s ngle-hole testing requirements apply
to the second and third boreholes.

Once the boreholes have been cored, fracture mapped {(with video
camera), and logged with the suite of geophysical probes,
preparations will begin for cross-hole pneumatic (air or nitrogen)
testing. Cross-hole testing will be conducted between each of the
boreholes. The cross-hole testing will use the single-hole equipment
plus an additional two SEAMIST borehole monitor units. The SEAMIST
monitor units consist of a borehole membrane with up to 15 monitor
intervals (see Figure 3.10-5). The membrane operates the same as the
injection interval membrane but differs in that the membrane has up
to 15 monitor screens that are permanently installed in the membrane.
The monitor screens are connected to the alcove by small diameter
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tubing. These monitor screens allow the pPressure response at the
monitor interval to be mcritored in the alcove by connecting a
pressure transducer to the tube. The tube can also be used to
withdraw gas samples from -he monitor intervals. Once the monitor
unit is installed in a borehole, the borenhole changes from a single
line source to 15 point scurces. As with the injection unit, if the
SEAMIST menitor unit does not operate as needed, the system will be
replaced with an inflatable packers system. The single-hole-testing
SEAMIST inlection unit will then be used to conduct cross-hole
testing between injectior and monitoring intervals on the same side
of the fault, in the fault, and on opposite sides of the fault. (See
Sections 3.4 and 3.10.3.1 through 3.10.3.7 of this study plan.)

The e c¢: spacing and orientation of the holes will be determined
from an i.ysis of data obtained from fracture mapping, borehole
televis .n and geophysical logging, and the results of pneumatic
tests .om the single-hole testing. The boreholes will be oriented
to max:mize the number of fracture intersections. The boreholes will
be spaced :in order to maximize the distance between the boreholes
while still allowing a pressure transient response between boreholes
in a reasorable period of time. It is anticipated, however, that an
expected minimum spacing of 5 m between the holes will be required.

Cross-hole pneumatic and hydrauliec field tests, commonly referred
to as "interference tests” in the petroleum industry, are used to
evaluate reservoir permeability and storativity, determine the
location of structural features such as faults, no-flow and recharge
boundaries, and evaluate homogeneous versus anisotropic conditions in
reservoirs (Earlougher, 1977) and fractured aquifers (Hsieh and
Neuman, 1985S; and Hsieh and others, 1985). Cross-hole testing is a
descriptive phrase used to describe a multiple-well test. Multiple-
well tests require at least one active (producing or injecting) well
and at least one observation well; however, only one active well will
be utilized at any given location and time during this study. Gas
will be injected or produced from an isolated test interval in one of
the boreholes, and the response of the formation to the change in
fluid pressure will be monitored in numerous nearby observation
intervals located in other boreholes. The test results, namely
active- and observation-well fluid pressures, and injection or
production-flow rates, will be used to calculate reservoir or aquifer
parameters. Analysis of the test results is dependent upon flow-
domain boundary conditions, the type of fluid injected into the
formation, the saturatic.. state of the formation, and the type of
test conducted (e.g., steady-state or transient).

The methods described with regard to single-hole tests apply
equally to cross-hole testing. The greatest difference between the
two test configurations is the quality of results that can be
determined from the test data. Single-hole test results can be
heavily influenced by wellbore conditions {i.e., skin effects caused
by wellbore damage or improvement), making it difficult or impossible
to calculate reservoir parameters. 1In addition, it is impossible to
characterize the anisotropic nature of a reservoir using a single-
hole test. The cross-hole tests provide a convenient test
conflguration for estimating the permeability anisotropy of the fault
and fault zone. Types of cross-hole tests to be conducted include
(1) constant-rate transient gas-injection and recovery tests, and (2)
steady-state gas injection and withdrawal. A possible alternative to
these methods could be constant-pressure gas-injection tests.

Following pneumatic testing, cross-hole tracer testing will be

conducted. Tracer travel times between selected intervals can be
compared to velocities calculated from conductivities and porosities
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ard used %o estimate tor:uosity. Tracer testing will be conducted :=
cooperation and under guidelines of the geochemistry staff, using
methods described in Seczion 3.8.

Following preumatic and tracer testing, several test sites will
be selected for hydraulic testing. Faults that were tested at more
~nan one location should have one test site selected for hydraulic
resting. Pneumatic and nydraulic test results will differ due %o
gravity, air entrapment, Klinkenberg effect, and other possible
influences. However, an opportunity to compare pneumatic and
hydraulic test results is important in the site characterization
program. If reliable techniques can be derived for estimating
permeability (and hydrauli- co .ductivity) from air- and water-
injection test data at th fi 1d scale (that scale which corresponds
to the zone which is eval.atrd in the air- or water-phase testing),
then pneumatic testing ces lts may be more efficient and provicde a
more comprehensive assessment of the permeability of the formazions
containing faults or fault zones than an estimate provided by
laboratory experiments. It will be necessary to perform cross-hole
pneumatic tests followed by hydraulic tests at select locations in
order to determine the usefulness of effective air permeability in
calculating hydraulic conductivity. A full discussion of the use ol
multiple testing approaches for estimating hydraulic conductivity is
included in Section 2.1.2 of this study plan.

Obviously, sites chosen for a comparative analysis of hydraulic
and pneumatic testing should be representative of other fault-testing
ljocations in both welded and nonwelded units. However, they should
also be situated away from areas where water might interfere with
other test activities. The selected hydraulic test sites should
provide the confidence needed for correlating pneumatic and hydraulic
parameters.

Hydraulic testing will also allow for long-term monitoring
following water injection. Because some of the hydraulic test sites
have alternate sites where no water will be injected, this will allcw
long-term monitoring of the same fault following air versus water
injection.

3.10.4 long-term instrumentation and monitoring of borehclss

A final phase of testing major faults or fault zones consists ol
instrumenting and monitoring for long-term observation of in-situ
hydrologic properties. The long-term monitoring will last from S to
7 years. Packers will be used to isolate selected monitoring
intervals in the fault and fault zone. Monitoring will be done in at
ljeast one borehole at all major-fault test sites and one borehole
will be left for future logging and possible testing. Monitoring
will include pressure transducers for pneumatic pressure, thermistors
for temperature, and thermocouple psychrometers for relative
humidity. Prototype testing by the USGS has shown that thermocouple
psychrometers can be calibrated with salt solutions to a sensitivity
of 0.05 bars and accuracy of 0.7 bars over a range of -1 to -75 bars.
Prototype thermistor testing has developed thermistors with
sensitivity of 0.001 C°, and accuracies of 0.005 C° over a range of 10
to S0 C°. Prototype pressure transducer testing and development has
resulted in units with sensitivities of 10.0 Pascals, and accuracies
of 20.0 Pascals over a range of 0.5 to 1.5 atms.

Long-term monitoring in selected boreholes will monitor changes
in pressure, temperature and relative humidity in the faults and may
allow detection of any water pulses that might percolate through tke
unsaturated zone. This type of information will be especially
valuable if one or more of the major-fault test sites is also a
geohydrologic unit-contact site. This will provide an opportunity to
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investigate the hydraulic continuity of the major vertical structures
rassing through the gechydrologic unit contacts.

The long-term monitoring just described is based on the premise
zhat during infiltration events, percolation of water wiil diszurb
~he in situ matrix potential and temperature.

3.10.5 Methods summary

The parameters to be determired by the tests and analyses
described in the above sections are summarized in Table 3.10-1. Also
listed are the selected and alternate methods for determining the
parameters and -he current estimate of the parameter-value range.

The alterna*t : .ethods will be utilized only if the primary (selected)
method is 7 ip actical to measure the parameter(s) of interest. 1In
some cases, there are many approaches to conducting the test. In
zhose ca 2s, only the most common methods are included in the tables.
The selected methods were chose:x wholly or in part on the basis of
accuracy, precision, duration of methods, expected range, and
interference with other tests and analyses.

The USGS investigators have selected methods which they believe
are suitable to provide accurate data within the expected range of
the site parameter. The test results will be used to develop models
and analytical techniques that describe the site flow system. The
expected ranges of the site parameter have been bracketed by previous
data collection and computer modeling and are shown in Table 3.10-1.

3.10.6 Quality assurance

The USGS quality-assurance program plan for the YMP (USGS, 1989)
requires documentation of technical procedures for all technical
activities that require quality assurance.

Equipment requirements and instrument calibration are described
in the technical procedures. Lists of equipment and procedures for
cthe use and calibration of equipment, limits, accuracy, handling, and
calibration needs, quantitative or qualitative acceptance criteria of
results, description of data documentation, identification, treatment
and control of samples, and records requirements are included in
these documents.
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Table 3.10-1. - Summary of tests and methods for the major-fault activities
(SCP 8.3.1.2.2.4.10) in the Exploratory Studies Facility,

—— Methods (selected ana alternate) Site-characterizauon
parameter

On-site {aboratory hydraulic parameter tesung of core ang drill cuttings

Measure gravimetric water content by drying Water content, gravimetric,
and weighing sample rock matrix
{selected)

Oftf-site laboratory hydraulic- and c.,» ical-parameter testing of core

Matrix hydrotogic properties testng Bulk density, rock matnx
{selectea)

Grain density, rock matrix

Moisture retention, rock matrix
Permeability, relative, gas, rock matrix
Sermeability, relative, water, rock matrix

Matrix hydrologic properties testing Parmeability, saturated, gas, rock matrix
{selected}

Pneumatic permeability, buik, fractured rock
Porosity pore-size distribution, matrix
Porosity, butk, fractured rock

— Water potential, rock matnx. and total fractured
rock

Fracture logoing of core

Off-site detailed examination for fracture Fracture characteristics: distribution, aperture,
characteristics used in test analysis alteration

(selected)

On-site cursory examination for fracture Fault characteristics: width, coatngs
characteristics used to locate test

intervals

{selected)

Borehole television surveys

Television lqgginq to determine fracture Fracture characteristics: distribution, aperture,
characteristcs alteration

Fault characteristics: width, orientation, coatings
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Table 3.10-1. Summary of tests and methods for the major-faul activiti
(SCP 8.3.1.2.2.4.10) in the Exploratory Studies Facility. (continued)

Methods (selectea and aiternate) Site-charactenzation
paramezter

On-site laboratory nydraulic paramerer resting of core and drill cutpngs
Borehoie geophysical surveys

Neutron-moisture survey to deter une Water content, volumetric, rock matrix
volumetric water content

{selected)

Laboratory determination of volumetric water -
component of cores oniy
{selected)

In-site pneumartic testing

Single-hole and muitihole, steady-state, Permeability, pneumatic
gas-injection and -withdrawal tests
(selected)

N Anisotropy

Fault aperture

Single-hole and muitihole, gas-injection, Permeability, pneumatic
constant-flow-rate, transient tests
{selected)

) Anisotropy

) Porosity

Fault permeability

Single-hole and muitihole, gas injection, Permeability, pneumauc
constant-pressure, transient tests
(alternate)

) Anisotropy

' Porosity

Fault permeability
Gas tracer testing Tortuosity
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Table 3.10-1. Summary of tests and methods for the major-fauit activities
(SCP 8.3.1.2.2.4.10} in the Exploratory Studies Facility. (continued)

Mathods (seiected and alternate) Site-charactenizauon
paramezter
n-site | ra hydrauyti rameter tesung of core an niil cutnin
Borehole instrumentation_and monitoring

Monitof pressure changes within test Pneumatic-potennal distrnibution and fluctuation
intervals using pressure transducers
(seiected)
Monitor changes in chemical composition Diffusive tortuosity, fractured rock and rock
of rock-unit gases mass
{selected)

) Gaseous diffusion coefficient, fractured rock

units
Monitor changes in temperature within Temperature, distribution and fluctuations
borehoie using temperature sensors
(selected)
Monitor changes in water potential Water potential, distribution and fluctuation
within boreholes using psychrometers
‘selected) .
_ Collection and transport of gqas sampies
e

Cross reference t0 8.3.1.2.2.4.8 ESF Pore gas composition
hydrochemistry tests
{selected}

" Radioacuve isotopes

) Stable isotopes

Cross-hole hydraulic testing

Cross-hole, steady-state, water-injection Permeability, water
tasts across geohydrologic-unit contacts
{selected)
Cross-hole, constant-rate, water-injection, 4 "
transient tests across geohydrologic-unit
contacts
(selected}
Cross-hole, constant-pressure, -

water-injection, transient tests across
geohydrologic-unit contacts
(alternate)
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4 APPLICATION OF STUDY RESULTS

4.1 Application of results s resolerior @f desige snd performance issues

The results of this study will be used iw he rmsnlution of YMP
performance and design issues concerned wich Tiuid flow (both liquid and
gas) within the unsaturated zone beneath Yuccs Mpuntazin. The principal
applications will be in assessments of ground-water and gas travel times
(Issues 1.1 and 1.6), and design analyses related to the underground-
repository facilities (Issues 1.10, 1.11, and 4.4}). Issues concerned
with the waste-package containment and engineered-barrier system releases
(Issue 1.4 and 1.5) and repository seals (Issue 1.12) will also use the

hydrologic information resulting from this study.

The application of site information from this study to design- and
performance-parameter needs required for the resolution of design and
performance issues is addressed in Section 1.2. Logic diagram (Figure
2.1-1) and Table 2.1-1 are used to summarize specific relations between
performance- and design-parameter needs and activity parameters

determined from this study.
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4.2 Application of results to support other site-characterization
investigations and studies

Data collected in this study will be employed in other studies in
Investigation 8.3.1.2.2 (Description of the unsaturated-zone hydrologic
system at the site), as well as in studies concerning the following
investigations:

8.3.1.3.1 - Studies to provide the information on water chemistry
within the potential emplacement horizon and along
potential flow paths;

8.3.1.3.8 - Studies to provide the required information on
retardation of gaseous radionuclides along flow paths
to the accessible environment; '

8.3.1.4.2 - Geologic framework of the Yucca Mountain site;

8§.3.1.15.2 - Studies to provide the required information for
spatial distribution of ambient stress and thermal
conditions; and

8.3.1.16.3 - Ground-water conditions within and above the

potential host rock.

In Investigation 8.3.1.2.2, of which Study 8.3.1.2.2.4 is a
component, several other studies will employ data generated in this
study.

Study 8.3.1.2.2.6 (Characteristics of gaseous-phase movement in the
unsaturated zone) will employ gaseous-phase movement data generated in
Activity 8.3.1.2.2.4.4 (Radial-borehole tests) in the description of the
pre-waste-emplacement gas-flow field at Yucca Mountain, identifying
structural controls on fluid flow, determining the conductive properties
of the unsaturated zone for gas flow, and modeling the transport of water
and tracers in the gas phase. Among the data contributed would be
unsaturated-zone fluid-transmissive properties, fluid potential, fluid
flux, and fracture geometry and characteristics.

‘Study 8.3.1.2.2.7 (Hydrochemical characterization of the unsaturated
zone) will employ gas- and water-analysis data for radioactive isotopes,
stable-isotope ratios, pore-gas composition, and cation/anion
concentrations generated in Activity 8.3.1.2.2.4.8 (Hydrochemistry tests
in the ESF). The data will be used both in gas-phase chemical
investigations (gas-transport mechanism, flow direction, flux, and travel
time) and aqueous-phase chemical investigations (ground-water flow
direction, flux, travel time, and water-rock interaction). Data on
unsaturated-zone ground-water compositions resulting from the
hydrochemistry tests (Activity 8.3.1.2.2.4.8) will also be used to
support assumptions about ground-water compositions in the laboratory
sorption tests (Investigation 8.3.1.3.4). The water composition used in
sorption testing must be compared to that determined by the
hydrochemistry activity to assure that the laboratory-sorption data are
valid.
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Study 8.3.1.2.2.8 (Fluid flow in unsaturated, fractured rock) will
receive important information from Study 8.3.1.2.2.4 in order to select,
develop, verify, and validate numerical codes for modeling fluid flow in
the unsaturated zone. Virtually all data on unsaturated-zone hydrologic
processes collected in the four activities described in this study plan
will be used as input to the fracture-flow modeling in the unsaturated

zone.

In Study 8.3.1.2.2.9 (Site unsaturated-zone modeling, and synthesis),
the unsaturated-zone hydraulic properties listed above and derived in
part from Study 8.3.1.2.2.4 will be employed in the development of an
evolving conceptual model of their spatial distribution, the selection,
development, and testing of hydrologic-modeling computer codes,
simulation of the natural hydrogeologic system, and stochastic modeling
and uncertainty analysis.

In Investigation 8.3.1.3.1, Study 8.3.1.3.1.1 (Ground-water chemistry
model) will employ water-analysis data for radioactive isotopes, stable-
isotope ratios, and cation/anion concentrations measured in Activity
8.3.1.2.2.4.8 (Hydrochemistry tests in the ESF) as data for the
unsaturated-zone ground-water composition model.

In Investigation 8.3.1.3.8, Study 8.3.1.3.8.1 (Gaseous radionuclide
transport calculations and measurements) will employ the same gaseous-
flow analysis data from Activity 8.3.1.2.2.4.8 as data required for water
chemistry. The study will also employ analyses of gas samples from this
activity for radioactive isotopes, stable-isotope ratios, &nd pore-gas
composition as data required for identification of gaseous radionuclide
species and gas-phase composition. From Activity 8.3.1.2.2.4.4 (Radial-
borehole tests), the above study will employ data on unsaturated-zone
transmissive properties, fluid potential and temperature, and fluid flux,
as well as fracture geometry and properties as required data for
determining flow paths for gaseous transport.

In Investigation 8.3.1.4.2, both the component stratigraphic and
structural studies will employ geologic information generated in the ESF
percolation study. Study 8.3.1.4.2.1 (Characterization of the vertical
and lateral distribution of stratigraphic units within the site area)
will be the principal means of investigating the stratigraphy of the site
and will receive some lithostratigraphic data from Study 8.3.1.2.2.4.
Among these data will be rock-unit contact locations and configurations
and rock-unit vertical and lateral variability from Activity
8.3.1.2.2.4.4, Radial-borehole tests. Study 8.3.1.4.2.2
(Characterization of structural features within the site area) will
employ data on fracture geometry and characteristics collected in
Activities 8.3.1.2.2.4.4 (Radial-borehole tests) and 8.3.1.2.2.4.5
(Excavation-effects test).

Investigation 8.3.1.15.2 (Spatial distribution of ambient stress and
thermal conditions) will employ data generated in Activity 8.3.1.2.2.4.5
(Excavation-effects test) on in-situ stress magnitude and orientation and
fracture deformation.
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In Investigation 8.3.1.16.3, Study 8.3.1.16.3.1 (Determination of the
preclosure hydrologic conditions of the unsaturated zone at Yucca
Mountain, Nevada) will compile and synthesize data collected in Study

8.3.1.2.2.4 for use in addressing preclosure repository design
requirements, design analyses, and underground-facilities technology.
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5 SCHEDULES AND MILESTONES

5.1 Schedules

The proposed schedules presented in Figures 3.1-%, 5,1-2, 5.1-3, and
5.1-4 summarize the logic network and reports for the four activities of
the ESF construction-phase hydrologic zesting included in this study
plan. These figures represent a summary of the schedule information
which includes the sequencing, interrelations, and relative durations of
these activities. Specific durations and start and finish dates for
these activities are being developed as part of ongoing planning efforts.
The development of the schedule for the present study has taken into
account how the study will be affected by contributions of data or
interferences from other studies, and also how the present study will
contribute or may interfere with other studies.

Accurate characterization of unsaturated-zone percolation will

require several years of hydrologic testing and monitoring.
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5.2 Milestones

The milestone numbers, titles, levels, and corresponding work-
breakdown- structure (WBS) number associated with the four activities of
the ESF construction-phase hydrologic testing are summarized in Table

5.2-1.

The information presented in Table 5.2-1 represents major events or
important summary milestones associated with the activities presented in
this study plan as shown in Figures 5.1-1, 5.1-2, 5.1-3, and 5.1-4.
Specific dates for the milestones are not included in the tables, as
these dates are subject to change due to ongoing planning efforts.
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(WBS number 1.2.3.3.1.2.4)

Milestone Number

Milestone

Milestone Level

M640
M654

mag2z
3GUSO09M

3GUS103M

3GU5016M

3GUS014M
3GUSO1M

3GUS406M
3GUS408M

Radial-borehole tests in the ESF: 8.3.1.2.2.4.4
OFR: radial borehole testing data

Ramp construction complete

Excavation-effects testing: 8.3.1.2.2.4.5

Begin excavation effects tests (ESF)

Report: build, calibrate and test
equipment

TO81: Final report: excavation
effects testing

Perched-water testing: 8.3.1.2.2.4.7

M694: Final report: perched-water
results

Progress report: perched-water

Preliminary report/TDIF: borehole
instrumentation

Hydrochemistry tests in the ESF: 8.3.1.2.2.4.8

Status report: ESF hydrochemistry

M617: Hydrochemistry test of UZ
final report completed

5.2-2
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