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Abstract

The hydraulic characteristics of a small ground-water
flow system active in a block (200 m by 150 m by 50 m
deep) of fractured monzonitic gneiss located at Chalk
River, Ontario, have been determined from surface and
borehole investigations. Surface investigations including air
photo lineament analysis, ground and airborne geophysics
and fracture mapping were used to define the local and
regional fracture system, locate the study site, and direct
the exploratory drilling program. Subsurface investigations
were completed in 17 boreholes and included fracture log-
ging, systematic straddle-packer injection testing, hydraulic
interference testing, and long-term hydraulic head moni-
toring. The interference tests and monitoring were con-
ducted in 90 packer-isolated test intervals created by instal-
lation of multiple-packer casings in each borehole, Hydraulic
interference tests provided detailed information on the
equivalent single-fracture aperture and storativity of four
major (>50-m extent) fracture zones and the vertical
hydraulic diffusivity of the rock mass of the study site.
Fracture logs and injection test data were combined to
generate a tensoral representation of hydraulic conductivity
for each test interval. The results of the detailed investiga-
tions are presented and interpreted to provide a complete
three-dimensional description of the ground-water flow
system,

A gravity-controlled flow system occurs at the Chalk
River study site. Ground-water flow in the rock is primarily
vertical to a low hydraulic-head fracture zone at a depth of
33 to 50 m, with a horizontal component of flow deter-
mined by surface topegraphy. An impermeable diabase
dyke and three additional high-permeability fracture zones
are important hydrogeologic features influencing flow at
the study site. The results of the investigations also show
that characterization of the geometric and hydraulic prop-
erties of large structural discontinuities is essential to
understanding the flow of fluids in fractured rock.

Résumé

Les propriétés hydrauliqgues d’'un petit systéme
d'écoulement souterrain dans un bloc de gneiss monzoni-
tique fracturé de 200 m par 150 m par 50 m de profordeuft
situé & Chalk River, Ontario, ont été déterminées & partir
d’études en surface et de sondages. Des études en surface,
notamment des analyses par photographie aérienne des
arrangements structuraux, des examens géophysiques au sol
et aériens et la cartographje des fractures, ont permis de
déterminer le systéme de fractures a I'échelle locale et
régionale, de connaitre les caractéristiques du site étudié
et d’orienter le programme de forages d'exploration. Des
études de reconnaissance du sous-sol (17 trous de sondage)
ont été achevées et comportaient, notamment |’obtention
de diagraphies de fractures, des essais systématiques d’injec-
tion & packer double, des essais d’interférence hydraulique
et la surveillance 3 long terme des hauteurs piézométriques.
Les essais d’interférence et la surveillance ont été effectués
dans 90 intervalles d’essais isolés par l'installation de
tubages & packers multiples dans chacun des trous de son-
dage. Des essais d'interférence hydraulique ont fourni des
renseignements détaillés sur I'ouverture calculée pour une
seule fracture et le coefficient d’emmagasinement équiva-
lents de quatre grandes zones de fractures (supéfieures &
50 m), et sur la diffusivité hydraulique verticale de la masse
rocheuse a {'étude- Les diagraphies de fractures et les
données obtenues lors des essais d’injection ont permis de
produire une représentation tensorielle de la conductivité
hydraulique de chacun des intervalles soumis aux essais.
Les résultats des études détaillées de reconnaissance sont
présentés et interprétés afin de fournir une description
tridimensionnelle compléte du systéme d’écoulement
souterrain.

Un systéme d‘écoulement par gravité existe au site a
I’étude de Chalk River. Dans la roche, I’écoulement souter-
rain est essentiellement vertical et atteint une zone fracturée
3 faible hauteur piézométrique située entre 33 et 50 m de
profondeur; ia composante horizontale de I'écoulement est
régie par la topographie de {a surface. Un dyke imperméable
de diabase et trois autres zones fracturées a grande permé-
abilité sont des caractéristiques hydrogéologiques impor-
tantes qui influent sur I'écoulement dans le site 3 I’étude.
Les résultats des études de reconnaissance montrent égale-
ment qu’il est essentiel de déterminer les propriétés géo-
métriques et hydrauliques des grandes discontinuités
structurales afin de connaitre I'écoulement des liquides
dans des roches fracturées.

vii
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Hydraulic Characterization of a Small Ground-Water Flow System
in Fractured Monzonitic Gneiss

K.G. Raven

INTRODUCTION

This report describes the results of borehole investiga-
tions completed on the property of the Chalk River Nuclear
Laboratories (CRNL) to define the physical hydrogeology
of a small ground-water flow system in fractured monzo-
nitic gneiss. The work contained in this report forms part of
a broad research project supported by Atomic Energy of
Canada Limited (AECL) and the National Hydrology
Research Institute (NHRI) of Environment Canada to study
ground-water flow in shallow fractured rock. The activities
in this report were completed in the period 1981 to 1983.
Some of the 1981 research activities are also found in
Raven and Smedley (1982).

Activities completed as part of the CRNL ground-
water flow study include the colléction and interpretation

SURFACE & SURFACE &
BOREHOLE BOREHOLE
MAPPING GEOPHYSICS

GEOLOGY & FRACTURE GEOMETRY

GEOLOGICAL-STRUCTURAL

MODEL
HYDRAULIC | | TRACER LERACTURE 1| StRess
TESTS TESTS . MEASURE-
, TETTS MENTS
Kij'vSs_ Kij, & 8,8 i
A R | Y

MATHEMATICAL FLOW MODEL

GROUND - WATER FLOW RATE, VELOCITY

HYDRAULIC GR(?:ENMDI-;I;TYER
_ HEAD ISOTOPES

Figure 1. Approach for investigating the ground-water flow
characteristics of fractured rock,

of surface and borehole geological, geophysical and hydro-
geological data; geemechanical studies; and numerica)
ground-water flow simulation. The approach adopted in
this study to combine these various investigations (Raven
et al., 1985) is shown in Figure 1. The central components
of the approach include development of a geological-
structural model to guide hydrogeological investigations
and a mathematical flow model to integrate hydrogeological
data. In reference to Figure 1, this report includes the
results of (1) borehole and surface fracture geometry
characterization studies; (2) hydraulic tests for the measure-
ment of hydraulic conductivity (Kij), specific storage (Sg)
and natural ground-water flow and pressure boundaries:;
and (3) hydraulic head monitoring.

The data assembled in this report provide a detailed
description of the fluid flow properties and hydraulic
boundaries of a block of fractured monzonitic gneiss
measuring 200 m by 150 m by 50 m deep. Hydraulic con-
ductivity tensors and both steady-state and transient (from
long-term pump tests) hydraulic head data for 90 packer-
isolated test intervals in 17 boreholes are reported. In
addition to information on the fundamental nature of flow
systems in fractured rock, the CRNL ground-water flow
study site provides a relatively complete three-dimensional
data set for the comparison and validation of numerical’
ground-water flow codes under both steady-state and
transient conditions.

SITE DESCRIPTION
Location

The study site is located on the property of the Chalk
River Nuclear Laboratories of Atomic Energy of Canada
Limited, 200 km northwest of Ottawa, Ontario, near the
town of Chalk River (Fig. 2). Since 1978, the National
Hydrology Research Institute has developed several test
sites on the CRNL property in the general area bounded by
Maskinonge, Upper Bass and Lower Bass lakes. The CRNL
ground-water flow study site is located on the eastern side
of Maskinonge Lake in the upper half of the rectangular
area identified as the NHRI hydrogeologic test site in
Figure 3. l ' :
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Geology

The geology of the Chalk River area has been studied
in detail by several workers (Lumbers, 1974; Brown and
Thivierge, 1977; Brown and Rey, 1984), The area is both
lithologically heterogeneous and structurally complex, The
Chalk River area is underlain by rocks of the Grenville
Province of the Canadian Shield and is situated within the
Ottawa-Bonnechere graben system, a major fault zone
striking northwesterly across the region. The main rock unit
is a folded sheet of quartz monzonite, which is overiain
and underlain by paragneiss and numerous inclusions of
metagabbro, diabase and pegmatite. The early tectonic-
metamorphjc history includes polyphase deformation
culminating in the formation of large-scale recumbent
antiformal-synformal structures (Brown and Rey, 1984)
and a highly complex fracture system, Faults and fracture
zones from the centimetre to kilometre scales transect the
Chalk River area.

The study site was selected on the basis of the results
of air photo lineament analysis and surface and airborne
EM (electromagnetic) surveys (Dence and Scott, 1980;
Scott, 1984; Sinha and Hayles, 1984). These surveys were
used to locate a 200-m by 150-m area of relatively uniform
fracturing and presumably uniform subsurface fluid flow
properties. Figure 4 shows the location of the selected site
with respect to major and minor fracture zones and faults
as identified by air photo lineament analysis (Raven and
Smedley, 1982) and ground EM-VLF (very low frequency)
surveys (Dence and Scott, 1980). The most notable struc-
tural feature in the vicinity of the study site strikes east-
west, bisects the NHRI hydrogeologic test site, and forms
the southérn boundary of the CRNL ground-water flow
study sité. Two minor air photo lineaments trend north-
westerly and intersect the northwest and southwest corners
of the study site. A minor conductive zone identified by
EM-VLF surveys transects the northwest corner of the
study site. ldentification of these large-scale structural
features intersecting or bordering the study site is impor-
tant, as these structures are likely to control the develop-
ment of ground-water flow systems by acting as either
constant pressure boundaries owing to enhanced perme-
ability or impermeable boundaries as a result of reduced
permeability.

The area selected for study is a well-exposed
upthrown rock mass bounded on three and possibly four
sides by faults or major fracture zones. The study area is
presentéd in detail in Figure 5, which shows ground eleva-
tion and the location of boreholes, outcrops and surface
water bodies. Bedrock exposure represents approximately
20% to 30% of the surface area. Local outcrops are com-
posed of foliated granitic and monzonitic gneisses with

numerous pegmatite dykes and stringers. Local gneissosity
reflects regional trends at 315°/30° NE, although outcrops
in the southern end of the study area show more east-west
strikes, possibly réflecting the major east-west trending
structural fracture discussed above. A thin veneer of clean,
medium-grained sand covers the remaining 70% of the site,
generally thickening to a maximum of 1 to 3. m in the
northwest.

DRILLING PROGRAM

Seventeen boreholes (FS-series) were drilled at the
study site in the period 1981 to 1983. The average depths
of the boreholes are 45 to 50 m. In May 1981, nine 155-mm
diameter boreholes (FS:-1 to 9) were drilled using air-
percussion or downhole-hammer drilling techniques. Bore-
holes were drilled with air to prevent contaiination of
formation waters with drilling fluids, A polyvinyl chloride
surface casing was grouted approximately 3 m into the
bedrock for each air-percussion borehole, In May 1982, one
borehole (FS-7) was deepened and five additional 155-mm
diameter boreholes (FS-10 to 14) were air-percussion
drilled. in June 1983, three HQ-size boreholes (FS:15 to 17)
were diamond cored to provide detailed lithologic informa-
tion and overcore stress measurements for the study site.

Both vertical and inclined boreholes were drilled.
Boreholes FS-7, 8, 9, 12, 13, 14 and 17 were targeted to
intersect major structural discontinuities. Boreholes FS:2,
8, 9 and 11 were inclined normal to the strike of the major
joint sets identified from surface mapping (see section on
“Surface Fracture Mapping’’). Average borehole spacing i$
about 30 m. The location of the borehales is shown in
Figure 5. A summary of boreholé length and orientation
statistics is given in Table 1. Borehole collar elevations
and locations determined from field surveys are listed in
Table 2.

Lithology logs for each borehole were assermbled from
the recovered core and from chip samples collected during
the air-percussion drilling process. These lithology logs are
incorporated on fracture hydrology logs presented in
Appendix A. Based on these logs the subsurface lithology
of the site is characterized by a garnetiferous quartz-
monzonitic gneiss with numerous lenses of pegmatite and
metagabbro. A b- to 10-m thick diabase dyke occupies
the east-west striking lineament that forms the soUthern
boundary of the study site.

Prior to geophysical logging and hydraulic testing,
each air-percussion borehole was developed and cleaned
using air flushing, pumping and brushing. Diamond drilled
boreholes were developed with repeated pumping using a
submersible electric pump.
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Table 1. Summary of Borehole Length and Orientation Statistics -

Borehole Drilling method Length (m B.C.T.*) Orientation
FS1 AP} 43.26 Vertical
Fs-2 AP 43.60 130°/65°
F$-3 AP 41.50 Vertical
FS-4 AP 42.50 Vertical
F§5 AP 41.60 Vertical
FS$-6 AP 41.60 Vertical
FS-7 AP 74.15 Vertical
FS-8 AP 41.86 276°/70°
F$-9 AP 42.18 236°/70°
FS-10 AP 48.25 Vertical
FS$11 AP 43.53 0°/69°
FS-12 AP 43.50 Vertical
FS$13 AP 43.30 Vertical
FS-14 AP 42.13 Vertical
FS15 DCt ' 48.51 Vertical
F§16 DC 50.34 Vertical
FS-17 DC 60.75 Vertical

* Below casing top.
+Denotes 155-mm diameter air percussion drilled.
i Denotes HQ-size diamond core drilled.

Table 2. Summary of Borehole Collar Elevation and Location
Statistics

Collar lo-c,at,io,n'f

Borehole Collar elevation* (m.a.s.l.) Northing  Westing
FS$-1 130.03 1114.54 4857.09
F§-2 131.82 1070.36  4885.72
FS§-3 131.22 1144.52  4900.63
FS-4 132.48 1109.32  4911.95
FS-5 132.63 1077.28 4928.21
FS$-6 134.54 1038.89  4935.39
Fs-7 129.48 1164.09 4945.66
FS-8 130.61 1130.50 4958.48
FS-9 132.74 1102.26  4967.31
FS10 137.34 1054.38 4964.52
FS$-11 ’ 135.22 1002.62 4954.37
FS-12 135.01 958.29 4965.77
F$13 134.78 984.74 4977.23
FS-14 135.90 970.55 4997.21
FS-15 134.23 1026.19 4936.05
FS-16 133.99 1067.12 4938.86
FS$-17 133.00 1135.80 4916.34

*Denotes.elevation of low point on top of surface casing.
tLocations are relative to CRNL plant co-ordinates which are
rotated 22° counterclockwise from true north.

FRACTURE SYSTEM CHARACTERIZATION

The fluid flow properties of fractured crystalline rock
are generally controlled by a system of interconnected and
discontinuous fractures, Detailed knowledge of the hydrau-
lic and geometric properties of such discontinuous fracture
systems is required to understand the patterns of fluid and

ties of fractures are usually expressed as an equivalent
hydraulic epening or aperture, while the geometric proper-
ties of fractures include orientation, spacing and size. Data
on the hydraulic and geometric properties of fractures may
be integrated to describe the fluid flow properties of a fock
mass using either deterministic. (Snow, 1965) or statistical
(Rouleau, 1984) methods. In this report (see section on
“Hydraulic Conductivity Tensor Determinations’’), data
on fracture location, orientation and aperture have been
combined using the deterministic approach of Snow (1965).

The geometry of the fracture system at the study site
was investigated using surface mapping and borehole logging
techniques.

Surface Fracture Mapping

Scan-line surveys were used to -map the fracture
system in outcrops at the study site. The location of these
scan lines is shown on Figure 5. Fracture location, orienta-
tion, trace length, termination index (Priest and Hudson,
1981), and infilling characteristics were recorded for each
fracture mapped in surface outcrops. Fractures with trace
lengths less than 1.0 m were not mapped.

Fracture orientation data were plotted as poles to
fracture planes and contoured on a lower-hemisphere equal-
area projection to identify pole clusters or fracture sets. The
fesultant plot corrected for sampling orientation bias using .
the Terzaghi (1965) technique is shown in Figure 6, The
contour diagram indicates the existence of three major
fracture sets. In order of decreasing fracture density, the
mean orientations of the sets determined from visual inspec-
tion are 105°/75° S, 235°/70° N and 150°/90°, The rela-
tive strengths of these fracture sets vary spatially in the
study area outcrops, indicating statistically nonhomoge-
neous fracture characteristics at the scale of the study site
{(about 150 to 200 m). The dominant 105°/75° S fracture
set is strongest in the most southerly outcrops proximal to
the major east-west striking diabase dyke discussed pre-
viously and diminishes to a secondary set in the most
northerly outcrop. Conversely, the 235°/70° N fracture
set is dominant in the northern outcrop and diminishes
significantly to the south. The 150°/90° fracture set main-
tains relatively uniform expression in all surface outcrops.

Borehole Fracture Logging

Borehole television surveys (Lau, 1980) and acoustic
televiewer logging (Zemanek et a/., 1969) were carried out
by the Geological Survey of Canada {Lau et a/., 1984) to
map the subsurface fracture system intersecting each bore-
hole. Fracture and vein orientation, location and character
were identified in both borehole surveys. A}l boreholes were
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surveyed using borehole television. Acoustic televiewer
logging was completed in all boreholes except boreholes
FS-15 and 16. The results of these surveys are included in
fracture hydrology logs in Appendix A. Fractures and veins
identified by borehole television have been plotted on the
fracture hydrology logs as a straight line connecting the
high and low points of the elliptical borehole wall trace.
Acoustic televiewer fracture and vein logs have been sche-
matically represented on the fracture hydrology logs as they
appeared on 360° photographs of the borehole wall over
0.5-m intervals.

Orientation data from the fractures intersecting each
borehole have been combined, plotted and contoured using
the method described for surface fracture analysis. Figures
7 and 8 show the contoured polar plots for fractures identi-
fied by borehole television surveys and borehole acoustic
televiewer logging, respectively. Fracture orientations
measured within the highly fractured diabase dyke inter-
sected by the top half of borehole FS-12 and the entire
length of borehole FS-14 are excluded from both figures;
indeed, these data were unreliable because of poor fracture
definition and detection. The plot of acoustic televiewer
data (Fig. 8) includes fracture orientation data for boreholes
FS-15 and 16 measured by borehole television surveys,

The contoured polar plots from both borehole
fracture mapping methods indicate the occurrence of
sifnilar subsurface fracture sets. The mean orientations of
the major surface and subsurface fracture sets are listed in
Tabie 3, in order of relative strength, decreasing from left
to right. At the site scale, the surface fracture mapping
identified all steeply dipping fracture sets. The relative

strengths of the two dominant fracture sets, however, were
reversed between surface and subsurface mapping. This
reversal reflects the spatial variation in fracture orientation
and the bias of surface outcrops to the southern and central
areas of the study site,

Spatial variability of subsurface fracturing was also
investigated by grouping fracture orientation data into
three subareas: northern, including data from boreholes
FS-1, 2, 3, 4, 7 and 17; central, with data from boreholes
FS5, 6, 8, 9, 10 and 16; and southern, with data from
boreholes FS-11, 12, 13 and 15, For this comparison we
selected fracture orientation data determined from borehole
acoustic televiewer logging. This data source was preferred
to data from borehole television surveys because of the
superior ability of the acoustic televiewer logs to identify
fractures within hydrogeologically important miafi¢ layers.
The resulting contoured polar diagrams and the tabular
listing of the major subsurface fracture sets are shown in
Figuré 9 and Table 4 for each of the three subareas of the
study site. Figure 9 also shows the location of three major
structural discontinuities that intersect the study site. The
fracture orientation data in Figure 9 show a relative increase
from north to south in the strength of the fracture set
oriented at 240° to 260°/75° N and a relative decrease in
the strength of the 150°/90° fracture set. The 105°/80° S
fracture set shows relatively uniform expression in all three
subareas. The relative strengths of the subsurface fracture
sets reflect, among other geologic factors, the proximity of
the boreholes to major structural features, The observed
spatial variation in fracturing suggests that the fluid flow
properties of the rock mass will also show significant spatial
variability or heterogeneity. Because this variability in fluid

Table 3. Mean Orientation of Major Fracture Sets Identified by Surface and Borehole Fractiire Mapping

Fracture detection method

Mean orientation of major fracture sets

Surface fracture mapping 105°/70° § 235°/70° N 150°/90° -
Borehole acoustic televiewer 250°/70° N 105°/75° S 145°/90° Subhorizontal
Borehole television 250°/70° N 100°/65° S 145°/90° Subhorizontal
Table 4. Mean Orientation of Major Subsurface Fracture Sets by Three Subareas
Subarea and boreholes Mean orientation of major fracture sets
North
F$1,2,3,4,7,17 105°/80° § Subhorizontal 145°/90° 255°/80° N
Centrg . Subhorizontal
F$-56,8,9,10,16 105°/80° S 260°/80° N 250°/65° N 150°/90°
South
F$-11,12,13,15 240°/75° N 105°/75° S 200°/80° N Subhorizontal
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Figure 7. Contoured plot of poles to fractures surveyed in FS-series boreholes using borehole television,
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flow properties will, in part, be related to the presence or
absence of major structural discontinuities, definition of
such discontinuities will be critical to the characterization
of a rock mass for detailed hydrogeologic evaluation,

BOREHOLE CASING INSTALLATION

Each borehole was completed with a multiple-packer,
multiple-standpipe casing to provide long-term access to
hydraulically isolated test intervals. The casing system
designed by NHRI, described by Raven and Smedley (1982)
and shown schematically in Figure 10, provides simulta-
neous and continuous access to five to seven packer-isolated
test intervals in each borehole, Each test interval is accessed
by either 25-mm diafeter polyvinyl chloride standpipes or
13-mm diameter nylon tubing. Air-inflated reinforced
packers provide hydraulic seals in each borehole, Each
packer is pressurized with air from sufface using individual

- inflation lines. Monitoring of packer-inflation pressures at
surface ensures long-term inflation and the integrity of test
interval seals. Location of the casing packefs in each bore-

2.5-cm DIAMETER
PV.C. STANDPIPES

SURFACE

PACKER INFLATION
MANIFOLD

11.4-cm DIAMETER
P.V.C. CASING

INDIVIDUAL PACKER
INFLATION LINES

P.V.C. SURFACE CASING

SUBSURFACE
—_—— 15.5-cm DIAMETER
o AIR PERCUSSION

INDIVIDUAL PACKER BOREHOLE

INFLATION LINES — =]

ACCESS PORT

TO TEST SECTION
__REINFORCED

RUBBER PACKER

4

25 & _DIAMETERA ;

P.V.C. STANDPIPE ~
TEST SECTION
5 T0. 7 PER BOREHOLE

11.4-cm DIAMETER __ ...
P.V.C. CASING

REINFORCED
RUBBER PAGKER

Figure 10. Scheifidtic of multiple-packer, multiple-standpipe casing
installed in each FS-series borehole.

hole is shown on fracture hydrologyA logs in Appendix A.

Prior to casing installation, all packers and O-ring-
sealed casing lengths were pressure-tested &t surface to
ensure integrity of the casing system, Casing was installed in
each borehole shortly after completion of drilling, geophys-
ical surveys and straddle-packer testing. Casing was installed
in boreholes FS-1 to 9 in August 1981, in boreholes FS-7
and FS-10 to 14 in July 1982, and in boreholes FS-15 to 17
in August 1983. A total of 78 packers were installed in the
17 boreholes at the study site. As of February 1985, orily
two of the 78 packers had failed. These failurés occurred in
packers FS 2-5 and FS 8-4.

Ninety test intervals in 17 boreholes provide the data
base for study of the ground-water flow system at CRNL.

Table 5. FS Test Interval Statistics

Intervaj

Interval depth Interval
Interval (m B.C.T.*) length (i) volunie (L)
FS 1-1 37.19-43.26 ‘ 6.07 47.2
FS1-2 26.81-36.45 9.64 74.7
FS1-3 16.44-26.06 9.62 74.6
FS 1-4 7.59-15.69 8.10 62.8
FS 1-5 2.03- 6.84 4.81 53.3
FS 2-1 34.31-43.60 9.29 72.1
FS 2-2 25.34-33.53 8.19 63.5
FS 2-3 16.58~-24.63 8.05 62.4
FS 2:4 9.25-15.81 6.56 50.9
FS 2-5 3.05- 8.47 5.42 102.1
FS 3-1 32.10-41.50 9.40 72.9
FS 3-2 23.25-31.33 8.08 62.7
FS 3-3 15.91-22.47 6.56 50.9
FS 3-4 7.97-15.14 7.17 55.6
FS 3-5 4,59~ 7.18 2.59 20.0
FS 3-6 3.05- 3.82 0.81 38.7
FS 41 33.00-42.50 9.50 - 134.0
FS 4-2 22,60-32.18 9.58 74.3
FS 4-3 15.15-21.81 6.67 51.7
FS 4-4 7.93-14.51 6.58 51.0
FS 4-5 5.18- 7.15 1.97 15.3
FS 4-6 3.05- 4.40 1.35 34.7
FS 5-1 32,25-41.60 9.35 72.5
FS 5-2 21.85-31.47 9.62 74.6
FS 5-3 12.97-21.09 8.12 63.0
FS 5-4 7.16-12.22 5.06 39.2
FS 5-5 2.06- 6.40 4.34 49.8
FS 6-1 30.70-41.60 10.90 84.5
FS 6-2 21.83-29.92 8.09 62.7
FS6-3 16.94-21.06 4,12 31.9
FS 6-4 8.07-16.17 8.10 62.8
FS 6-5 2.03- 7.32 5.29 41.0
FS 7-1 61.65-74.15 12.50 96.9
FS 7-2 52.79~60.95 8.16 63.3
FS 7-3 44.82-52.10 . 7.28 56.5
FS 7-4 30.78-44.12 13.34 103.5

*Below casil:lg top.
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Table 5. Continued

Interval depth Interval Interval

Interval (m B.C.T.) length (m) volume (L)
FS 7-5 18.85-30.07 11.22 87.0
FS 7-6 7.89-18.17 10.28 79.7
FS 7-7 3.05- 7.16 4.11 64.3
FS 81 34.11-41.86 7.75 60.1
FS 82 23.73-33.33 9.60 74.5
FS 83 14.86-22.95 8.09 62.8
FS 84 4.16-14.11 9.95 77.2
FS &5 © 3.05- 3.42 0.37 56.3
FS 9-1 35.84-42.18 6.34 49,2
FS 9-2 28.50-33.03 6.53 50.6
FS 9-3 19.64-27.72 8.08 62.6
FS 9-4 9.25-18.90 9.65 74.9
FS9-5 4.31- 8.49 4.18 32.4
FS 9-6 3.05- 3.55 0.50 57.2
FS 10-1 39.31-48.75 9.44 73.2
FS 10-2 28.92-38.59 9.67 75.0
FS 10-3 23.08-28.19 5.11 39.6
FS 10-4 15.13-22.37 7.24 56.2
FS 10-5 9.28-14.44 5.16 40.0
FS 10-6 1.50- 8.62 7.12 16.4
FS 11-1 37.13-43.53 6.40 49.6
‘FS$11-2 28.29-36.45 8.16 63.3
FS 11-3 20.92-27.56 6.64 51.5
FS 11-4 12.93-20.20 7.27 56.4
FS 11-5 4.09-12.25 8.16 63.3
FS 11-6 2.00- 3.38 1.38 36.6
FS12-1 35.61-43.50 7.89 61.2
FS 12-2 27.66-34.93 7.27 56.4
FS 12-3 19.71-26.95 7.24 56.2
FS 12-4 7.76-19.01 11.25 87.3
FS 12-5 3.50- 7.07 3.57 89.3
FS 131 35.33-43.30 7.97 61.8
F§13-2 29.54~34.67 5.13 39.8
FS 13-3 22.21-28.86 6.65 51.6
FS 13-4 14.86-21.51 6.65 51.6
FS 13-5 7.48-14.13 6.65 51.6
FS 13:6 1.50- 6.80 5.30 57.3
FS 14-1 38.10-42.13 4.03 31.3
FS 14-2 30.77-37.41 6.64 51.5
FS 14-3 18.88-30.10 11.22 87.0
FS 14-4 7.86-18.18 10.32 80.0
FS 14-5 5.80- 7.15 1.35 133.7
FS 15-1 45.49-48.51 3.02 13.3
FS 15-2 38.17-44.84 6.67 29.3
FS 15-3 30.85-37.49 6.64 29.2
FS 154 15.95-30.10 14.15 62.1
FS 15-5 . 0.70-15.26 14.56 53.8
FS 16-1 47.90-50.34 2.44 10.7
FS 16-2 37.50-47.21 9.71 42,6
FS 16-3 30.20-36.83 6.63 29.1
FS 16-4 16.39-29.49 13.10 57.5
FS 16-5 0.52-15.70 15.18 49.2
FS17-1 51.78-60.75 8.97 39.4
FS17-2 40.45-51.12 10.67 46.8
FS 17-3 27.01-39.79 12.78 56.1
FS 17:4 19.70-26.37 6.67 29.3
18.36 63.9

F§ 17-5

0.69-19.05
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Depth, length and annulus volume statistics of these test
intervals are given in Table 5. Test interval lengths vary
from3to 13 m,

Vertical and lateral hydraulic interference and tracer
tests, ground-water sampling, ahd forig-term hydraulic-head
monitoring have been completed using the packer-standpipe
casing. This casing system provides more accurate test data
for this type of field study than are ottierwise obtainabie
from open boreholes because it reduces (1) natural intra-
borehole ground-water flow and (2) the interval volume,
mixing and storage effects. A series of small diameter tools
have also been developed (Raven and Smedley, 1982) for
testing in conjunction with the casing system.

STRADDLE-PACKER INJECTION TESTS
Method

A comprehensive program of straddle-packer-injection
testing was completed to measure the near-field hydraulic
properties of each borehole. Air-inflated straddle-packers
were used to isolate systematically test intervals of 1.5 to
2.0 m in length. Over 350 injection tests were completed
in 17 boreholes.

During an injection test, the steady-state flow rate
(Q) into a test interval was measured for an injection pres-
sure or hydraulic head (AH) imposed above ambient. or
equilibrium conditions. A single injection head was used in
each test. Step injection or multiple flow-rate tests were not
conducted as part of the injection test program,

Completion of straddle-packer injection tests requires
the assembly of surface and borehole teést equipmerit,
Schematics of the surface and borehole test equipment used
at the CRNL ground-water flow study site are shown in
Figures 11 and 12. Detailed descriptions of these equipment
and testing procedures are given by Raven (1980) and
Raven and Smedley (1982). Figures 11 arid 12 also show the
surface and borehole equipment used to complete pump or
withdrawal tests from multiple-packer, multiple-standpipe
casings.

During each test fluid injection pressure was
monitored continuously using downhole pressure trans-
ducers and maintained constant with the use of large sur-
face pressure reservoirs. A triple transducer probe, as shown
in Figure 12, was frequently used to monitor injection pres-
sure in the test interval and pressures above and beiow the
packer assembly. Monitoring of pressures above and below
the test interval assists in the detection of leakage of injec-
tion fluid around the packer seals. Combined nonlinearity,
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Figure 12. Schematic of subsurface test equipment used during
straddle-packer injection tests and casing-packer with-
drawal tests.

repeatability and sensitivity specifications of the downhole
pressure transducers and surface recording equipment result
in a system sensitivity of 0.01-m hydraulic head. Injection
heads of 5 to 25 m were used during most of the tests.

Injection flow rates were measured at surface using a
series of constant-head fiow tanks of different diameters
(Raven, 1980), a turbine flow meter and a bubble-tube flow
meter (Gale et a/., 1979). This flow rate measurement sys-
tem is effective over a measurement range of about six
orders of magnitude. The lowest reliable measurement of
flow rate was approximately 4 x 1071% m3-.571 . This lower
limit was determined by thermal expansion -and compres-
sibility effects of the injection fluid and the test equipment
{flexible tubing, packers; etc.). The upper flow rate measure- -
ment limit was approximately 1.0 x 10 m3+s™!. This
limit was determined from the frictional head lass charac-
teristics of the injection tubing and the requirement of a
minimum downhole injection head of 0.10 m.

Fluid injection periods for each test varied from 30 to
120 min. During this period, measurements of flow rate,
injection pressure and fluid temperature were recorded in
digital form and graphically with muitiple-pen sttip chart
recorders.

Prior to testing in each borehole, the straddle-packer

probe was tested at surface for leaks and accuracy of flow
rate measurement in a 6-m length plastic pipe.
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Results

Each borehole was systematically tested from the
static water table down to the bottom of the hole with test
interval overlap of 0.05 to 0.27 m. The measured flow rate
(Q) and injection head (AH) data expressed as a ratio
Q/AH reflect the conductive properties of the test interval.
The flow rate per unit injection head (Q/AH) data for the
test site based on 1.5- to 2.0-m test interval lengths range
from 5.0 x 107 m2s™! to less than 1.5 x 1071 m2.s7!,

The flow rate per unit injection head data have been
plotted on summary fracture hydrology logs for each bore-
hole in Appendix A and tabulated for each borehole in
Appendix B.

Two conceptual flow models may be appropriate in
analyzing the injection test data. Assuming flow is equally
distributed through a porous media equivalent of the
section of fractured rock under test, an equivalent rock
mass hydraulic conductivity (Kerm) may be calculated
(Hvorsiev, 1951):

Q
Kerm = AH27L n (rp/rw) (1)

where L is the test interval length, rp is the radius to con-
§tant pressure boundary, and ry is the radius of borehole.

Alternatively, if one assumes all of the measured flow
is the result of a single fracture intersecting the test interval,
the injection test data may be used to calculate an equiv-
alent single-fracture aperture (2besf). This flow model
assumes laminar, radial flow in a horizontal fracture repre-
sented as a smooth parallel-plate opening. This flow model
with injection test data is schematically represented
in Figure 13. The equivalent single-fracture aperture is
determined from (Gale, 1977):

! Q 1/3
2besf = {AH 00 n (rb/rw)} (2)

where 1 is dynamic viscosity of the fluid, p is fluid density,
and g is acceleration of gravity.

Assuming the equivalent porous media flow model
and rp to be equal to 10 m, the minimum and maximum
Q/AH correspond to equivalent rock mass hydraulic con-
ductivities of 2.9 x 10712 mes™! and 2.4 x 107 m-s™".
These Q/AH data also represent equivalent single fracture
apertures of 2.7 and 900 um. Because most test intervals
intersect more than one fracture and the apertures of the
fracture system are nonuniform, a realistic model of flow
t0 ana|ysé the injection test data is likely intermediate
between these two models.
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Figure 13. Schematic of straddle-packer injection test of a single
fracture.

The results of the injection testing identified several
zones of significantly high permeability. In many instances
these zones are associated with fracturing in thin (<1 m
thick) metagabbro layers within the monzonitic gneiss. The
high-permeability zones also define large single fractures or
narrow interconnected fracture zones at the study site.
Four major fracture zones were identified at the study site
based on the resuits of hydraulic interference tests. These
fracture zones are discussed in detail in the section on
results of hydraulic interference tests.

The lowest permeability test intervals were located in
borehole FS-14. Borehole FS-14 vvas drilled into & 5- to
10-m wide vertical diabase dyke. The ifjection test results
in borehole FS-14 confirm the results of hydrauli¢ inter-
ference tests completed across the dyke, which indicate
that the dyke behaves as a local impermeable barrier to
ground-water flow.

The results of all injection tests and some withdrawal
tests have been analyzed to determine the distribution of
equivalent rock mass hydraulic conductivity {Kerm) at the
study site. The distribution of the common logarithm of
340 measurements of hydrauli¢ conductivity is shown in
Figure 14. The distribution is truncated at approximately
10" m+s™! (lower measurement limit for injection tests)
and is skewed to the right to higher hydraulic conductivity
values. THe geometric mean of all hydraulic conductivity
determinations for the study site is 2.1 x 107° m*s™.

The results of the injection tests completed on test
intervals of 1.5 to 2.0 m length have also been summed to
determine the Q/AH values for the longer test intervals
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Figure 14. Distribution of the common logarithm of equivalent
rock mass hydraulic conductivity, Kepp, in boreholes
FS-1 to FS-17 measured with straddle-packer injection
tests.

isolated by the multiple-packer casings. The Q/AH values as
well as estimates of isotropic equivalent rock mass hydraulic
conductivity (Kepm) for each casing interval are listed in
Table 6. Hydraulic conductivity was determined for the
casing intervals because equilibrium and transient hydraulic
head data and ground-water geochemistry were measured
in the casing intervals. To evaluate the ability of numerical
models of gréund-water flow to describe the CRNL ground-
water flow system requires field measurements of hydraulic
head, hydraulic conductivity and ground-water geochem-
istry on the same test intervals.

Estimates of anisotropic hydraulic conductivity (Kjj)
were also calculated for each casing interval by integrating
fracture ofiefitation data measured with borehole acoustic
televiewer and fracture apertures calculated from injection
tests. The method and results of these hydraulic conductiv-
ity tensor determinations are discussed in the section on
"Hydraulic. Conductivity Tensor Detérminations.”’

HYDRAULIC INTERFERENCE TESTS
Method

Hydradulic interference tests were completed from
open boreholes and in casing test interaI_s to evaluate the
hydraulic. propéfties of the rock mass. Both constant dis-
charge and constant drawdown pump tests were conducted
at the study site during the period 1982 to 1984,

Table 6. Hydraulic Properties of FS Test Intervals

Equivalent rock mass
Flow rate per unit hydraulic conductivity,

Interval

head Q/AH (m?+s7!) Kerm (mrs™t)®

FS 1-1 6.3x10°"° 8.0x10™M
FS 1-2 1.3x10°® 1.0x 10°°
FS 1-3 8.0x10°® 6.4x107°
FS 1-4 1.8x107° 1.7x10°°
FS 1-5 6.2x 107 1.0x107%°
FS 2-1 2.5x107° 21x10°'°
FS 2-2 29x107° 2.7x107'
FS 2-3 1.1x10°° 1.0x 1077
FS 2-3% 6.5x1077 6.2x 1078
FS 2-4 44x107® 5.2x10°°
FS 2-5 3.9x107® 5.5%10°°
FS 3-1 2.9x10°® 23x10°°
FS 3-2 ' 8.5x10°¢ 8.1x10°°
FS 3-2¢ 7.8x 107 7.4x107°
FS 3-3 4.9x 1078 57x10°?
FS 3-4 80x10°° 8.6 x 107"
FS 3-5 2.7x1071° 8.0x 107
FS 3-6 N.D. - -

FS 4-1 2.8x107° 23x107'°
FS 42 2.9x10°¢ 1.5x1077
FS 4-2% 2.2x10°° 1.8x 1077
FS 4-3 2.8x10°¢ 3.2x10°7
FS 4-4 1.6 x10°° 1.9x10°°
FS 4-5 N.D. - -

FS 4-6 N.D. - -

FS 5-1 6.5x1077 53x10°"
FS 5-1% 8.0x 1077 6.6x 1078
FS 5-2 1.5x10°® 1.2x107°
FS 5-3 5.4x10°° 5.1x10°%°
FS 5-4 7.2x107° 1.1x10°°
FS 5-5 2.3x1077 41x10°®
FS 6-1 5.1x10°° 3.6x1077
FS 6-1% 8.0x 1077 56x107°
FS 6-2 5.3x10°° 5.0x 107
FS 6-3 5.5%10°° 1.0x10°°
FS 6-4 9.8x107° 9.3 x 107
FS 6-5 N.D. - _

FS 7-1 29%x10°° 1.8x10°°
FS 7-2 1.4x1077 1.3x10°®
FS 7-3 5.0x10™* 5.3x107°
FS 7-4 5.0x 107 29x 1077
FS 7-5 1.7x 1078 1.2x10°°
FS 7-6 4.4x10°° 3.3x 1071
FS 7-7 3.0x 1077 5.6x10°°
FS 81 4.0x107° 4.0x 107
FS 82 1.8x10°°% 1.4x10°°
FS 83 1.7x10°° 1.6x 10
FS 84 2.5x107° 1.9x 107
FS 85 N.D. — _

* Determined from 1.5- to 2,0-m interval, 30- to 120-min duration
constant-pressure injection tests unless otherwise indicated.

T Determined from 72-h duration, constant-pressure withdrawal test
in casing interval.

fDetermined from bail recovery test in casing interval.

N.D. — Not determined owirig to insufficient data.
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Table 6. Continued

Equivalent rock mass

Flow rate per unit hydraulic conductivity,

Interval head Q/AH (m?-s7!) Kerm (m-s™!)
FS 9-1 2.2x1077 2.7x1078
FS 9-2 1.3x10°* 1.5%10°°
FS 9-3 3.0x107® 2.8x10°°
FS 9-4 54x107® 43x10°°
FS$ 9-5 N.D. - -

FS 9-6 N.D. - -

FS 10-1 3.4x10°° 2.8x 1078
FS 10-2 9.4x10°° 7.5x 107"
FS10-3 1.7x10°° 2.5x1071°
FS 10-4 3.7x10°° 3.9x10° "
FS 10-5 8.3x 107° 1.2x107°
FS 10-6 N.D. - -

FS 11-1 1.5x10°¢ 1.8x 1077
FS 11-2 2.7x107¢ 2.5x 1077
FS 11-2t 1.3x10°° 1.2x 1077
FS 11-3 1.7x107° 1.9x 107'°
FS 11-4 1.1x107*° 1.2x10°1!
FS 11-5 7.0x10°° 6.6 x 1071°
FS 11-6 N.D. - -

FS 12-1 2.2x107% 21x107°
FS 12-2 9.3x107"° 9.8x 101
FS 12-3 1.3x10°8 1.4%107°
FS 12-4% 4,5x 1078 3.1x10°
FS 12-5 N.D. - —

FS 13-1 2.4x10°¢ 2.3%x1077
FS 13-2 6.7x1078 1.0x 1078
FS 13-3 1.1x 1078 1.3x107°
FS 13-4 6.6 x 1077 7.6x 107
FS 13-5 1.7x 1077 2.0x107°
FS 13-6 N.D. - -

FS 14-1% 1.5x 107 29x10° 1
FS 14-2% 2.0x107"° 23x107M
FS 14-3¢ 3.3x10°% 2.3x 10°°
FS 144+ 3.3x1078 2.4x%x10°°
FS 14-5 N.D. - -

F§ 15-1 1.6 x 107 4.5x 1077
FS 15-2 2.9x 1077 3.7x 1078
FS 15-3 3.7x 1078 47x1077
FS 15-4 2.8x107° 1.7x 1077
FS 15-5 1.5x 1077 8.7x107°
FS 16-1 1.6 x 1075 56x 107
FS 16-2 1.4x 107 1.2x 1077
FS 16-3 8.1x10°% 1.0x 1078
FS 16-4 3.0x10°% 1.9x 10°°
FS 16-5 3.4x10°® 1.9x 10°°
FS17-1 . 7.6 x 107¢ 7.2x 1077
FS17-2 1.2x10°° 9.5x 1077
FS17-3 41x10°° 2.7x10°¢
FS 174 8.9x1077 1.1x1077
FS§ 17-5 9.8x 1077 45x107®

Most of the interference tests were configured and
analyzed as constant discharge or pump tests. The principles
of a constant discharge or pump test are shown schemat-
‘ically in Figure 15. Drawdown versus time response in an
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observation interval is monitored for a constant discharge
or injection stimulus in an activation interval. The résponse
measured at the observation interval is typically a function
of the hydraulic properties of the medium or rock mass and
the response characteristics of the activation and observa-
tion test intervals. One of the most important response
characteristics of both the activation and observation
test intervals is theit storage capacity. Thi§ capacity is
expressed as a dimensionless wellbore storage coefficient
C (Earlougher, 1977):

€ -2 &
rwS

where V is the test interval volume, § is the test interval

compressibility, ry is the radius of the borehole, and S is

the storativity of medium tested. The compressibility § is a

measure of the changing volume (AV) and ¢handing hydrau:

lic head (AH) relationships of the test interval:

AV

HYDRAULIC INTERFERENCE TEST

ACTIVATION BOREHOLE

Q
ﬂ CONSTANT

OBSERVATION BOREHOLE

(2]l

.

é ¢ 'w?s
=1.6x10% -OPEN BOREHOLE
=2.0x10%-2.5 ¢m(ISTANDPIPE
=1.3x10* PRESSURE TRANSDUCER
COMPLETION

Figure 15. Schematic of a two-borehole constant-discharge hydrau-
lic interference test. Drawdown response data, P(t),
used to determine interborehole hydraulic properties are
influenced by wellbore storage € at both activation and.
observation boreholes. The magnitude of T is propor-
tional to the volume (V) - compressibility (8) prodict of
the borehole test interval and equipment.

Wellbore or test interval storage capacity will often
mask the early-titne drawdown response during interference
tests and failure to consider such effects in conventional
(Theis) analyses will underestimate transmissivity and over-
estimate storativity of the medium. The magnitude of this
error increases with decreasing borehole spacing, decreasing
transmissivity (T) of the medium and increasing dimension-
less wellbore-storage coefficient.




Jargon (1976) has shown that the time at which the
activation test interval storagé effect will become negligible
at an observation test interval is given by:

E }0.86 _Sr_2

el T (5}

t = (230 + 155){

where s is the dimensionless skin factor (Agarwal et a/.,
1970} and r is the borehole spacing. Application of
Equation 5 to an open borehole with zero skin yields the
approximadte equation.of Papadopulos and Cooper (1967)
for the time after which wellbore storage is negligible in a
pumping well:

t ~ 260 — (6)

Because fractured crystalline rocks typically possess
low transmissivity, it is essential to design interference tests
to minimize test interval storage effects. At the CRNL
étudy site, boreholes were completed with multiple-packer,
multiple-standpipe casings, and pressure transducers were
often used to monitor drawdowns. As shown in Figure 15,
this typically resulted in a decrease in dimensionless well-
bore storage coefficient, C, from 1.6 x 10° for an open
borehole to 1.3 x 10% for a borehole completed with a
packer and pressure transducer. For an interference test in
fractured rock with T =1 x 107 m?-s?, § =2 x 1075,
¥ =25 m and ryy = 0.08 m, this reduction in pumping
borehole storage capacity reduces the period of storage-
dominated flow at an observation interval from 7300 to
160 min. This feduction is significant, particularly as
long-term drawdown data from pumping tests in fractured
rock may often reflect complex and uncertain far-field
boundary effects. Therefore, assessment of interborehole
hydraulic properties often requires reliable test data at early
to intermediate time.

For the interference tests completed at the CRNL
site ground water was withdrawn from (1) open boreholes
using a 76-mm diameter submersible electric pump and (2)
casing test intervals using either air-lift pumping or a surface
peristaltic pump. Discharge flow rates were monjtored using
a turbine flowmeter and medsured with a stop watch and
graduated cylihder of bucket.

Drawdown response was measured in open pumped
boreholes using either an électric-contact, water-level tape
or a submersible pressure transducer. Both level-sensing
devices have sensitivity of 0.01 m. No drawdown was
measured in casing test intervals subjected to air-lift
pumping. Drawdown was measured in casing test intervals
pumped with a peristaltic pump. The peristaltic pump was
connected to 22-mm diameter packer-piezometer probe

inflated at the bottom of the 25 mm-diameter PVC stand-
pipe (Fig. 12). The packer-piezometer probe significantly
reduced the wellbore storage coefficient of the pumped
interval, resulting in more reliable drawdown data. A pres-
sure transducer housed within the packer-piezometer probe
measured drawdowns to within 0.01 m.

Drawdown in observation test intervals was measured
in three ways: (1) using an electric-contact, water-level
tape; (2) with a submersible pressure transducer both with
and without inflatable packer; and (3) with water-leve]
probes based on the capacitance principle. The first two
methods accurately measured drawdowns to within 0.01 m.
The water-level probes were accurate to within 1.0 mm.
Packers were used with the submersible pressure transducers
to reduce observation test interval storage effects and to
obtain reliable early-time drawdown data.

Flow rate, pressure and water-level data were recorded
using a real-time datalogger and multiple-pen strip charts.
The pressure and water-level measurements recorded with
the datalogger were converted to hydraulic head and
tabulated as drawdown versus time. The drawdown and
time data were plotted on diagnostic iog-log diagrams
(Gringarten, 1982) and analyzed using various type-curve
techniques.

Results

Many hydraulic interference tests were completed at
the CRNL ground-water flow study site. Nineteen of these
tests provided response data suitable for detailed analysis
and interpretation. In each interference test, drawdown
response was monitored in several test intervals. Table 7
summarizes the 19 interference tests giving information on
activation borehole or test interval, date of test, withdrawal
flow rate, test duration, responding observation intervals
and the hydrogeological features evaluated in each test.
Hydraulic interference tests provided detailed information
on the hydraulic properties of discrete narrow fracture
zones and of the bulk rock mass.

During interference tests at the CRNL study site,
drawdown response was observed initially along horizontal,
high hydraulic-conductivity fracture zones and subsequently
in test intervals located vertically above and below the
fracture zones. This response sequence indicates that
the interference tests provide information on the lateral
flow properties of the horizontal fracture zones and the
vertical flow properties of the surrounding rock mass. The
response sequence also demonstrates the importance of
high hydraulic-conductivity fracture zones on the response
characteristics of a rock mass to pumping and some of the
potential difficulties in analysis and interpretation of
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Table 7. Summary of Hydraul_ic Interference Tests

Activation borehole Flow rate Q Responding observation _
or test interval Date (m?ss7") Test duration (min) interval, FS Hydrogeological features evaluated

FS-7 82/05/15 Variable* 150 5-1,8-2,9-2 Fracture zone No. 1

FS-10 82/07/20-27 1.5x 10°* 10 060 5-1,7-3,8-2,9-2,13-2 Fracture zone No. 1
All remaining intervals in ~ Vertical flow properties of rock mass
FS-1 to 14

FS-10 82/08/20-27 1.5x107* 14 430 5-1,7-3,8-2,9-2,13-2 Fracture zone No. 1
All remaining intervals in ~ Vertical flow properties of rock mass
FS-1to 14

FS 7-3 82/10/01 6.0x107° 270 5-1,8-2,9-2,10-1,13-2 Fracture zone No. 1

FS 8-2 82/10/02 3.0x10°°% 180 5-1,7-3,9-2,10-1,13-2 Fracture zone No. 1

FS 9-2 82/10/04 6.0x 1075 180 5-1,7-3,82,10-1,13-2 Fracture zone No, 1

FS 10-1 82/10/05 3.0x10°° 180 5-1,7-3,8-2,9-2,13-2 Fracture zone No, 1

Fs-10 83/06/17-21 2.0x10°° 6 145 5-1,5-2,5-3,5-4,5-5 Drawdown response for geomechanical
6-1,6-2,6-3,6-4,6-5 experiment

FS-10 83/09/27-29 2.2x107* 2 900 9-2,15-1,16-2,17-1 Fracture zone No. 1
All remaining intetvals in ~ Vertical flow properties of rock mass
F$-15,16,17

FS 2-3 82/09/25-28 3.5x10°° 4 200 3-2,4-4,4-2,5-2 Fracture zones No. 2 and No. 4
2-1, 2-2 Vertical flow properties of rock mass

FS 4-2 82/08/16-19 3.5x10°¢ 3 400 1-2,2-1,2-3,3-2,5-2,7-4 Fracture zones No. 2 and No. 4
4-1,4-3,44,45 Vertical flow properties of rock rass

FS 42 83/10/25 1.0x10°° 295 17-3 Fracture zones No. 2 and No. 4
17-1,17-2,17-4 Vertical flow properties of rock mass

FS 6-1 82/10/13-16 3.3 x10°¢ 4 400 2-1,10-4,11-2,13-4 Fracture zone No. 3
6-2,6-3,6-4,10-3,10-4, Vertical flow properties of rock mass
11-1,11-3,11-4

FS 6-1 83/10/27 9.5x10°¢ 770 11-2,15-3,16-3 Fracture zone No. 3
11-1,11-3,11-4,15-1 Vertical flow properties of rock mass
15-2,15-4,16-1,16-2,16-4

FS 11-2 82/10/27-29 3.5x 1078 2 900 2-1,6-1,10-4,13-4 Fracture zone No. 3
6-2,6-3,6-4,11-1,11-3 Vertical flow properties of rock mass
11-4

FS11-2 83/09/8-9 83x10°¢ 1 240 6-1,15-3 Fracture zone No. 3
6-2,15-1,15-2,15-4 Vertical flow properties of rock mass

FS 153 83/10/24-26 1,7x10°° 1340 6-1,11-2 Fracture zone No. 3
6-2,6-3,6-4,11-1,11-3 Vertical flow properties of rock mass
11-4,15-1,15-2,15-4

FS 5-1 82/10/7-8 1.3x10°¢ 1380 5-2,5-3,5-4 Vertical flow properties of rock mass

FS 3-2 82/09/23-25 2.5x1077 2 800 3-1,3-3,3-4 Vertical flow properties of rock mass

*Constant drawdown test.
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pump tests in fractured rack, when the location of fracture
z6nes is poorly defined and the monitoring intervals are
excessively long.

It is beyond the scope of this report to present the
results of all the hydraulic interference tests completed at
the CRNL ground-water flow study site. However, the
results of most of the important tests conducted to evaluate
the flow properties of the fracture zones are given. Several
examples of vertical résponse to pumping the high hydraulic-
conductivity fracture zones are also presented; Complete
records of the vertical response for the entire study site are
included in Appendik C.

The program of . hydraulic interference testing
identified four narrow fracture zones or large single frac-
tures at the study site. These four fracture zones (identified
as No. 1 to No. 4) have lateral extent greater than 50 m.
Two of the fracture zones aré subhorizontal (No. 1 and
No. 2), one is inclined (No. 3) and the other is vertical
(No. 4). The fracture zones are shown on a central north-
south cross section of the study site in Figure 16. The
results of the hydraulic interference tests are discussed for
each fracture zone.

Fracture Zone No. 1
FS-10 Pump Tests

Fracture zore No. 1 is a narrow subhorizontal
fracture zone intersected by nine test intervals (FS 5-1,
7-3, 8-2, 9-2, 10-1, 13-2, 15-1, 16-2 and 17-1) at depths of
33 to 50 m. The fracture zone is associated with a thin
(<1 m thick) mafic layer and appears to be present through-
out the study site. Two open-borehole pump tests were
conducted from borehole FS-10 on August 20-27, 1982,
and on September 27-29, 1983, to evaluate interborehole
properties to test intervals FS 5-1, 7-3, 8-2, 9-2, and 13-2,

and FS 15-1, 16-2 and 17-1, respectively. The layout of test
boreholes and plots of drawdown versus log-time for the
two pump tests are shown in Figures 17 and 18. The
second pump test was conducted because boreholes FS-15,
16 and 17 were not drilled at the time the first pump test
was completed in borehole FS-10.

The drawdown responses shown in Figures 17 and 18
are similar and indicate (1) a straight line response at late
time for both the pumping and observation intervals, (2)
similar drawdown response for all observation test intervals
regardless of position relative to the pumping borehole, and
(3) a difference in drawdown of approximately 4 to 5 m
between the pumping and observation interval responses.

Initial interpretation of the late-time drawdown
responses using Cooper and Jacob (1946) approximation to
the Theis solution suggests that the boreholes are located
within a homogeneous isotropic fracture zone with trans-
missivity of 4°x 107 m?:s™! and variable storativity.
Using the parallel-plate model, an equijvalent single-fracture
aperture 2begf may be determined from the transmissivity:

12#1-}1/3
2b =q{— 7
esf { 29 {(7)

The late-time transmissivity is equivalent to a fracture
opening of 190 um. Results from injection tests and addi-
tional pump tests, however, indicate that the late-time data
after approximately 500 to 1000 min reflect a reduced-
permeability boundary and that interborehole permeabili-
ties are significantly higher than an equivalent fracture
aperture of 190 um.

In the presence of a reduced-permeability boundary,
early- to intermediate-time drawdown data are necessary to
evaluate interborehole hydraulic properties. Early-time
data, however, may be dominated by wellbore storage

CENTRAL CROSS SECTION

FRACTURE ZONE 4 N
FS-4 Fs-3
—\ o ST

ZONE 2
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Figure 16. Vertical cross section through centre of CRNL ground-water flow study site showing four fractire

zones identified from hydraulic testing,
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effects. Use. of Equation 5 theoretically predicts that the
storage effects in the activation wellbore may influence
drawdewn fesponse up to and beyond 1000 min. Therefore,
no portion of the drawdown curve may be analyzable for
interborehole hydraulic properties. To confirm this theoret-
ical prediction, the drawdown data for both FS-10 pump
tests weére plotted on log-drawdown versus log-time scales
(Figs. 19 and 20). The log:log plot (Gringarten, 1982)
permits identification of dominating flow regimes. Wellbore
and/or fracture storage-dominated flow regimes are identi-
fied by a characteristic unjt slope in the drawdown-time
data on a log-log plot {(Ramey, 1970). Wellbore storage
effeéts are usually considered negligible 1 to 1.5 log cycles
in time after the end of the unit slope (Earlougher, 1977).
The unit slope is apparent in the drawdown responses
(Figs. 19 and 20) of both the pumping well and in some of
| the observation ‘intervals. Stordge-dominated flow is per-
B sistent to approximately 100 to 500 min in both tests.
Therefore, no portion of the drawdown curve may be
reliably analyzed using conventional (Theis) techniques to
determine intetborehole hydraulic properties. These pump
tests do, however, provide important qualitative informa-
tion on interborehole hydraulic properties, types of bound-
-aries, hydraulic connections and the behaviour of a large
fracture zone subject to puriping. Based on the observed

drawdown response, fracture zone No. 1 shows high ber-
meability in the vicinity of the test boreholes (in excess of
190 um) and a far-field boundary of reduced permeability.

The 4- to 5-m drawdown offset observed in the
pumping borehole is likely a consequence of a positive skin
effect or reduced permeability in the immediate vicinity of
the pumping borehole. A positive skin effect causes a drop
in hydraulic head as fluid enters a borehole.

This permeability reduction may be due to clogging
of fractures with drill cuttings or it may result from
natural permeability heterogeneities within fractures.
Van Everdingen {1953) and Hurst (1953) repiesented the
skin effect as a skin factor, s, based on an infinitesimally
thin layer with permeability differing from the medium
permeability and located on the face of the borehole wall,
The dimensionless skin factor, s, is related to the head loss
(Hg) through the skin by:

_ 2nTHs
T aQ

$ (8)

where T is the medium transmissivity and Q is the borehole
pumping rate.
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Evidence for the existence of a positive skin effect at
the pumping borehole is shown clearly in Figure 21 in
which water-level recovery data are plotted versus log-ratio
of time since pumping started to time since pumping
stopped. Recovery response of the pumping borehole
(FS-10) is plotted with an observation-interval (FS 9-2)
response representative of recovery within the fracture
zone. At late-time or small-time ratio the recovery responses
are identical. At early-time or large-time ratio, however, the
responses differ by a maximum of about 4 to 5 m. This
maximum difference represents the head loss, Hg, owing to
a positive skin éffect. Although not shown in this report,
the skin factor may also be evaluated by plotting recovery
data versus t'2 where t is time on a Cartesian plot
(Raghavan, 1977). This aralysis yields similar vaiues of Hg
for the pumping borehole and a small negative skin effect
in the obsefvation interval FS 9-2.

Using Equation 8 and assuming an average value of
transmissivity determined from interference and injection
tests, a skin factor of 5.6 is calculated for fracture zone
No. 1 in borehole FS-10. This skin factor determined from
the pumping test may also be checked with the resuits of
straddle-packer injection tests which measure near-borehole
fluid flow propertiés. Assuming all of the injection head
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(AH) is dissipated during flow through the skin, the injec-
tion test data (Appendix B) vield an identical skin factor of
5.6, indicating that the Hg value determined from the pump
test recovery data is reliable; and also that the head loss at
the borehole-fracture interface is linearly proportional to
filow rate in the range 6.7 x 1075 m3+s™! (injection test) to
1.5 x 107* m3+s~! (pump test). This linearity in flow rate
and head loss further suggests that the flow is laminar in the
fracture zone in the vicinity of the pumping borehole.

Although the drawdown versus time data from both
FS-10 tests are, in general, not useful in determining the
interborehole hydraulic properties of fracture zone No. 1
by conventional methods, the data may be amenable to
analysis using other models, In particular, the single,
horizontal, uniform-flux fracture model (Gringarten and
Ramey, 1974) may. be appropriate in providing infermation
on the anisotropic permeability (K, K3} and storativity (S)
of the rock mass i which the horizontal fracture zone
No. 1 is imbedded. The flow conceptualization used in
this model is schematically shown in Figure 22. A high-
permeability fracturé of radius rf is imbedded in an aniso-
tropic porous medium of infinite radial extent and thick-
ness h. The porous medium is horizontally bounded by

the horizontal fracture has sufficient permeability that
negligible hydraulic gradients exist along the fracture to the
pumping borehole.

Available geologic and hydrogeologic inforfhation
suggests that the Gringarten fracture model is applicable to
the flow system tested by pumping fracture zone No. 1
from borehole FS-10. The near-uniform response in obsér-
vation intervals intersecting the fracture zone indicates a
negligible gradient within the fracture zone. Straddle-packer
injection tests also show the high permeability of the
fracture zone relative to the bulk of the rock mass. The
rock mass also shows vertical flow regimes or drainage to
the fracture zene during pumping.

The drawdown data for the fracture zone from the
two FS§-10 pump tests are shown in Figure 22 using data
from observation intervals FS 8-2, FS 9-2 and FS 16-2. The
drawdown data from the pumping borehole were not used
because of the positive skin effect discussed previously. The
data are plotted on a log-log plot with the visually best-fit
type curves of Gringarten et a/. (1972). The type curves
show three distinct flow regimes; borehole and fracture
storage-dominated flow at early time characterized by a

impermeable layers. The model further assumes that unit slope, vertical linear flow to a horizontal fracture at
T 1 I T
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borehole FS-10, with best-fit type curves of the Gringarten and Ramey (1974) single horizontal,
uniform-flux fracture model,
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intermediate times characterized by a half slope, and radial
flow response at late times, The drawdown data for both
pump tests show storage-dominated flow and vertical linear
flow but do not indicate radial flow at late time. The draw-
down data suggest the persistence of vertical linear flow
from intermediate time to the end of the test.

The type curves of the Gringarten fracture model
were visually fit to the drawdown data to determine
hydraulic properties of the bulk rock mass. Fracture radius,
rf, was selected as 100 m based on available borehole
information. A rock mass thickness, h, of 656 m, was used,
based on observed vertical drawdown response during the
pump tests. The resultant model parameters Ky, Kz and S
are shown ih Table 8. The three model fits indicate a
vertical hydraulic conductivity of about 2 x 1075 m-s™!, a
radial hydraulic conductivity of 2 x 1077 m+s™!, and a
storativity of 2 x 107°. The calculated hydraulic conduc-
tivities indicate a ratio of vertical permeability to radial
permeability of about 10 to 170.

Thé Kydraulic conductivity values determined by the
Gringarten model may be compared with the results of
straddle-packer injection tests. The straddle-packer injection
tests for the entire study site showed a geometric mean of
hydraulic conductivity equal to 2.1 x 10~ m-*s~!. Because
most of the boreholes are vertical, the mean from the
injection tests likely reflects the radial or horizonta! hydrau-
lic conductivity of the rock mass and to a lesser extent an
average of both horizontal and vertical hydraulic conduc-
tivity. The Grihgarteh model yielded radial hydraulic¢ con-
ductivity of about 2 x 1077 m-s™ and an average of radial
and vertical hydraulic conductivity (K; Kz)''? in the range
5% 10°7 to 3 x 10™ m*s~!. Therefore, the hydraulic con-
ductivity of the rock mass determined by the Gringarten
model is 4bout two to three orders of magnitude higher
than injection test results. The discrepancy in hydraulic
conductivity determined by the two methods may result

from the presence of vertical high-permeability fractures.
Vertical fractures would provide most of the flow to the
horizontal fracture and to the pumping borehole, resulting
in overestimation of the hydraulic conductivity of the rock
mass between the vertical fractures, Alternatively, our
injection tests likely measure the hydraulic conductivity of
the rock mass between vertical fractures because most of
the boreholes are drilled vertically. The estimate of stora-
tivity determined by the Gringarten model is probably also
a measure of the storage properties of a rock mass con-
taining vertical high-permeability fractures or fracture
zones. It is likely an unreliable estimate of specific storage
for uniformly fractured rock between vertical fractures or
fracture zones.

FS 7-3, 8-2, 9-2 and 10-1 Pump Tests

Four pump tests were completed in fracture zZone
No. 1 using the multiple-packer, multiple-standpipe casing.
The withdrawal flow rates were decreased to 3.0 x 10~° and
6.0 x 107 m3:s™! to reduce the onset of vertical flow
regimes and far-field boundary effects and thus extend the
period of infinite-acting radial flow in the fracture zone for
analysis of interborehole hydraulic properties. Storage
effects in activation test intervals were minimized by
using air-lift pumping techniques in the 25-mim diameter
standpipes.

The log-drawdown versus by log-time plots for these
four pump tests are shown in Figures 23 to 26. Visually
best-fit Theis curves through the data are also shown en
these figures. The Theis curves generally provide a good fit
to the drawdown data throughout the duration of the tests.
Some early-time ({less than 5 min) and late-time (greater
than 100 min) deviations between the data and the type
curves are evident. These deviations reflect storage-
dominated flow at early time and far-field boundary or
vertical leakage effects at late time.

Table 8. Hydraulic Properties of the Rock Mass Surrounding Fracture Zone No. 1 Determined from FS-10
Pump Tests Using Gringarten Uniform-Flux Fracture Model*

Hydtﬁuli;: conductivity (m-s™')

Data hp K, K, Anisotropy K,/K, Storativity
Case A S
FS 8-2, 9-2 0.05 1.5%1077 2.5x10°% 165 3x10°
Case B 5
FS 82, 9-2 0.2 1.6x 1077 1.7x 107 . 10 2x10°

Case C
FS 16-2 0.05 4.4x107° 170 1x 1075

2.6x 1077

*With rg=100m, h =65 m.
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Figure 23. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 1 with best-fit
Theis curves, FS 7-3 pump test, October 1, 1982,
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Figure 25. Log-drawdown versus log-time response for observation
intervals iletﬁrsecting fracture zone No. 1 with best-fit
Theis curves, FS 9-2 pump test, October 4, 1982,

Fracture transmissivities and storativities were

determined from the pump tests using conventional match-
point caléuldtions. The transmissivity data were expressed
as eduivalent single-fracture aperture 2bggf using Equation
7. The equivalent single-fracture aperture and the storativity
data for fracture zone No. 1 are listed in activation interval
= observation interval matrices in Tables 9 and 10. Aperture
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Figure 24. Log-drawdown versus log-time response for observation
intervals intefsecting fracture zone No. 1 with best-fit
Theis curves, FS 8-2 pump test, October 2, 1982,
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Figure 26. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 1 with best-fit
Theis cuives, FS 10-1 pump test, October 5, 1982,

estimates in Table 9 listed for the same activation and
observation interval were determined from the results of
staddle-packer injection tests. The equivalent single-fracture
apertures range from 45 to 900 um, with highest values in
the northwest corner of the study site and lowest values in
the south. Fracture zone No. 1 has average aperture values
of about 375 um in the northern half of the study site and
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150 um in the southern half. The southern edge of the frac-
ture zone is bound by an impermeable diabase dyke. Stora-
tivities range from 4 x 107 to 1 x 107, with an average
site value of about 2 x 1075,

Table 9. Equivalent Single-Fracture Aperture — Fracture Zone
No. 1 (2bggf in um)

Activation Observation interval

interval  FS51 7-3 82 92 101 13-2 151 162 17-1
FS51 * 105 - - - - - - - -
FS7-3 285 900 390 360 350 235 — - —
FS 8-2 290 385 290 390 350 305 - — @ —
FS 9-1 275 366 490 558 465 380 -— —  —
FS 10-1 325 390 380 400 350 260 420 490 410
FS13-2 - - - - - 45 = - -
FS151 - - - - - - 130 - -
FS 16-2 - - - - - - - 110 -
F$17-1 - - - - - - - - 1%

Fracture Zone No. 2

Fracture zone No. 2 is a narrow, subhorizontal
fracture zone intersected by seven test intervals (FS 1-2,
2-1, 32, 42, 5-2, 7-4, 17-3) at depths of 25 to 30 m.
This fracture zone is located in the northern half of the
study site.

A three-day duration pump test was conducted from
test interval FS 4-2 to evaluate the interborehole hydraulic
properties of fracture zone No. 2. Drawdown response was
recorded in all six observation test intervals. Plots of log-
drawdown versus log-time for the observation intervals
FS 1-2, 2-1, 2-3, 3-2, 5-2 and 7-4 together with the visually
best-fit Theis curves are shown in Figure 27.

Interpretation of the drawdown response in observa-
tion test intervals FS 2-1, 2-3, 74 and 17-3 is complicated
by the proximity of vertical fracture zone No. 4 to these
test intervals. Fracture zone No. 4 is the subsurface expres-
gion of a northwest trending lineament identified in Figures
4 dnd 9. Fracture zone No. 4 is located within a few metres
for boreholes FS-7, FS-4 and FS-2. The lineament and pre-
sumably the fracture zone terminate in the vicinity of

borehole FS-2. Drawdown response in intervals FS 2-1, 2-3,
7-4 and 17-3 therefore reflects the combined hydraulic
properties of fracture zones No. 2 and No. 4.
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Figure 27. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 2 with best-fit
Theis curves, FS 4-2 pump test, August 16-19, 1982.

Equivalent single-fracture apertures 2begf and
storativities were determined for fracture zones No. 2 and
No. 4 from interference tests and are listed in Tables 11 and
12. Apertures listed for similar activation and observation
test intervals in Table 11 were determined from straddle-
packer injection tests. Tables 11 and 12 also include inter-
ference test data from a pump test completed from test
interval FS 2-3 on September 25-28, 1982,

Estimates of equivalent single-fracture aperture for
fracture zone No. 2 range from 13 to 355 um with an
average value of about 100 um. The fracture zone has the
highest permeability in the vicinity of boreholes FS4,
FS-7 and FS-17 and pinches ot in all directions at a
radial distance of about 50 m from boreholes FS:4 and
FS-17. An average fracture storativity of 7 x 1075 was
determined for fracture zone No. 2 from three observation
interval responses.

Table 10. Fracture Storativity — Fracture Zone No. 1

Observation interval

Activation -
interval FS 5-1 7-3 82 9-2 10-1 13-2 15-1 16-2 171
FS§ 7-3 2x10°° - 6x10° 2x10°° 8x10°°* 8x10°° - - -
FS 82 3x10°* 5x10°° - 7x10% 5x10°¢% 2x10°° = — -
FS9-2 1x10°°% 2x10°% 4x10°t - 3x10°° 6x10°° - - -
FS 101 2x10°° 1x10"° 8x10°° 1x107° - 1x10°% 1x10™* 1x10™* 9x10°°
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Table 11. Equivalent Single-Fracture Aperture — Fracture Zones Nos, 2 and 4 (2begf in um)

Observation interval
FS1-2 2-1 2-3 3-2 4-2 4-4 5-2 7-4 17-3

Activation
interval

FS1-2 19* - - - - - - - -
FS 2-1 - 13* - - - - - - -
FS 23 - 63+ - - 195 116 116 - -
FS 3-2 - - - 40* - - - - -
FS4-2 108* 123 140 131*  145* 60+ 90* 165 196
FS 5-2 - - - - - - 22¢ - -
FS 7-4 - - = - - - - 186* -
FS17-3 - - - - - - - - 355¢

*Property of fracture zone No. 2 only.
FProperty of fracture zone No. 4 only determined from vertical pulse test.

Table 12. Fracture Storativity — Fracture Zones Nos. 2 and 4

Observation interval

Activation .
interval F§1-2 2-1 2-3 3-2 4-2 44 5-2 7-4 17-3
FS23 - - - - 1x10™* 3x10°° 2x10°% —
FS 4-2 9%107%* 6x10°° 7x10°° 4x107%* - -

1x107%* 1x10°° 5x%x10°°

“*Property of fracture zone No. 2 only.

Fracture Zone No. 3

Fracture zone No. 3 is a narrow, inclined fracture
zone intersected by seven test intervals (FS 2-1, 6-1, 10-4,
11-2, 13-4, 15-3 and 16-3) at depths of 18 to 38 m. Based
on borehole data, the fracture zone is located in the
southern and central areas of the study site, strikes north-
west and dips about 25° to the northeast. The fracture zone
is likely the subsurface expression of the northwest trending
air photo lineament intersecting the southwest corner of
the study area shown on Figures 4 and 9. Fracture zone
No. 3 is also associated with thin mafic layering in the

from match-point calculations and are listed in Tables 13
and 14. Equivalent single-fracture apertures vary from 13
to 240 um, with average value of about 140 um in the
central and southern areas of the study site. The fracture
zone appears to pinch out to the northeast and northwest.
Storativities range from 1 x 1076 to 1 x 10~% with an
average value of 1 x 1075,

Table 13. Equivalent Single-Fracture Aperture — Fracture Zone
No. 3 (2besf in m)

Activation Observation interval

quartz monzonite of the study site. interval FS21 61 104 11-2 134 153 16-3
Five. pump tests were conducted in fracture zone Fs21 13 o N " . N A

- ’ o ) § : FS 6-1 137 190 120 110 240 132 135

No. 3 using test intervals FS 6-1, 11-2, and 15-3 as activa- FS 10-4 - - 14 - - - -
tion intervals. Observation interval responses to four of FS11-2 115 141 205 190 150 140 -
these pump tests are shown on log-log plots with visually Fs 13-4 - = - - 9% - -

_ best-fit Theis curves in Figures 28 to 31. Equivalent single- FS15-3 - 145 - 124 - 125 -

fracture apertures, 2bggf, and storativities were determined

FS 16-3 - - - - - - 42

Table 14. Fracture Storativity — Fracture Zone No. 3

Activation Observation interval

interval FS 2-1 61 T 104 11-2 13-4 153 16-3
FS6-1 ) 3x10°% - 1x10°* 1x10°¢ 1x10°* 7x10°¢ 2x10°°
FS11-2 2x 1078 1x10°° 5x10°° - 4x10°* 1x10°¢ -
F$ 153 - 5x10°¢ - 5x10°¢ — - -
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Figure 28. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 3 with bestfit
Thieis cuirves, FS 6-1 pump test; October 1316, 1982.
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Figure 30. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 3 with best-fit
Theis curves, FS 11- 2 pump test, October 27-29, 1982.

Fracture Zone No. 4

Fracture zone No. 4 is a narrow, vertical fracture
zone striking northwesterly through the north and central
sections of the study site. The fracture zone is the subsur-
face expression of the northwest trending lineament that
intersects the northwest corner of the study site and was
identified by air photo interpretation. Because the fracture
zone is vertical, there are few, if any, borehole intersections.
Borehole FS-17 may have intersected the fracture zone over
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Figure 29. Log-drawdown versus log-time response for observation
intervals intersecting fracture zone No. 3 with best-fit .
Theis curves, FS 6-1 pump test, October 27, 1983.
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Figure 31. Log-drawdown versus log-tlme response for observation
intervals intersecting fracture zone No. 3 with best-fit
Theis curves; FS 15-3 pump test, October 24-26, 1983.

a length of 10 to 20 m near the bottom of the borehole.
Eracturé zone No. 4 is located about 1 to 2 m from bore-
holes FS-2, FS-4 and FS-7. The fracture zone likely inter-
sects fracture zones No. 2 and No. 1 at depths of 25 and
45 m, respectively. Although the fracture zone has few
borehole intersections, data from vertical interference tests,
numerical ground-water flow modelling (Raven et a/., 1985)
and hydraulic head monitoring (see section on "Hydraulic
Heat Monitoring’") support the existence of a vertical high-
permeability fracture zone in the location of the minor air
photo lineament discussed above.




Vertical pulse interference tests were completed in
boreholes FS-2 and FS-4 and analyzed using the methods of
Hirasaki (1974) to determine a vertical hydraulic diffusivity
ky. Vertical response measured in test intervals in boreholes
FS-4 and FS-7, and FS-17 as a result of pumping fracture
zone No. 1, were also analyzed to determine vertical dif-
fusivity using the Neuman and Witherspoon (1972) ratio
method (see the following section). The vertical diffusivity
values were converted to equivalent single-fracture aper-
tures 2bgsf using Equation 7 and an estimate of storativity
(56 x 107°) determined from interference tests in fracture
Zones No. 2 and No. 4. Apertures of 63 and 60 um were
calculated for the FS-2 and FS-4 pulse tests, respectively
(Table 11). Vertical response measured in test intervals in
boreholes FS-2, FS-4, FS-7 and FS-17 during pumping of
fracture zone No. 1 yielded equivalent single fracture aper-
tures of 53, 76, 115 and 94 to 165 um, respectively.
Numerical model simulations of flow at the study site
required vertical permeabilities equivalent to single-fracture
apertures of 140 to 200 um to match the computed hydrau-
fic head values with field hydraulic head distributions.

In summary, fracture zone No. 4 likely possesses
equivalent single-fracture aperture of about 60 to 200 um,
with highest permeability in the northwest corner of the
study site near boreholes FS-7 and FS-17 and lowest per-
meability in the vicinity of borehole FS-2, Combined
equivalent single-fracture apertures and storativities deter-
mined from interference tests completed in fracture zones
No. 2 and No. 4 are listed in Tables 11 and 12.

Vertical Flow Properties of the Rock Mass

During pumping of fracture zones No. 1, No. 2 and
No. 3, drawdowns were monitored in the lower-permeability
rock loéated above and below the fracture zones. Draw-
downs in the surrounding low-permeability rock were
typically delayed in time and of lower magnitude than
drawdowns in the fracture zones, suggesting vertical flow in
the surrounding rock mass. Figures 32 and 33 show the
pattern of drawdown response in both the low-permeability
rock surrounding fracture zone No. 1 and in fracture zone
No. 1 during pumping from borehole FS-10. In Figure 32,
fracture zone No. 1 is intersected by borehole FS-7. In
Figure 33, fracture zohe No. 1 is located below the bottom
of borehole FS-3. Similar drawdown response is observed
i the overlying rock mass in both boreholes, suggesting the
response is likely a measure of vertical rock mass properties
and not merely casing leaks or poor packer seals.

If we assume that the fracture zones and the sur-
rounding I‘bw-permea,bilit'y rock mass hydraulically behave
as .aquifers and aquitards, respectively {i.e., horizontal flow
in the fracture zones, and vertical flow in the rest of the

rock mass), then the drawdown response in the fracture
zones and the surrounding rock mass can be used to cal-
culate the hydraulic diffusivity, k, of the rock mass. The
hydraulic diffusivity is defined as the ratio of the medium
transmissivity to the storativity of the medium or the ratio
of hydraulic conductivity (K) to specific storage (Ss).

K= T/S = KIS, (9)

Several methods (Hirasaki, 1974; Wolfe, 1970;
Hanshaw and Bredehoeft, 1968; Neuman and Witherspoon,
1972) can be used to determine the vertical diffusivity of
low-permeability rock surrounding a high-permeability
fracture zone. In general, the different methods yield
similar values. In this report we have used the ratio method
of Neuman and Witherspoon (1972) to determine vertical
hydraulic diffusivity of the low-permeability rock sur-
rounding fracture zone No. 1 during pumping from bore-
hole FS-10. Although vertical drawdown responses were
recorded for most of the other pumping tests completed in
fracture zones No. 1, No. 2 and No. 3 (Table 7), it is
beyond the scope of this report to present the analysis and
interpretation of all the data. In using the Neuman and
Witherspoon ratio method, we have assumed that both the
high-permeability fracture zone No. 1 and the lower-
permeability surrounding rock behave as equivalent porous
media. It was further assumed that the measured drawdown
response occurred approximately at the mid-point of each
packer-isolated test interval. Thé ratio method requires
drawdown data in both the low-permeability rock and the
fracture zone, and the hydraulic diffusivity of the fracture
zone. With additional information on vertical distance Z
between the mid-point of the test interval and the fracture
zone, application of the ratio method yields an average
vertical hydraulic diffusivity ky. For a heterogeneous
layered rock mass with N layers of thickness bj, the vertical
diffusivity of each layer, kyj, may be calculated from the
average value Ky, using (Neuman and Witherspoon, 1972):

N bj
Ky = Z/ E —_— (10)
i=1 Kyj

Drawdown data for test intervals that are located
above and below fracture zone No. 1 and that showed
response to FS-10 pump tests of fracture zone No. 1 are
presented in Appendix C. Data for all boreholes are plotted
as drawdown in metres versus log-time in minutes. No
drawdowns were observed in boreholes FS-12 and FS-14,
which were drilled into the impermeable diabase dyke. The
drawdown data of Appendix C were analyzed using the
ratio method and Equation 10 to determine the hydraulic
diffusivity of the low-permeability rock. The results are
shown on Table 15.
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Table 15. Vertical Hydraulic Diffusivity

Borehole Interval depth (m B.C,T.*) ky (m?s7)
FS$1 11.7-24.0 1.1x10°*
24.0-30.0 1.3x10°*

30.0-53.0 1.9x10°?

FS$-2 11.8-19.0 24x10°°
: 19.0-48.7% 1.9x 1072
24.5-31.7 4.0x 107

31.7-48.7% 1.3x10?

FS$3 13.0-19.2 1.4x 10
19.2-27.0 1.7x10*

27.0-44.1 1.7x10°?

39.3-44.1% 6.7x 107*

FS-4 11.2-45.6t 4,5x 1073
18.5-27.4 1.1x107?

27.4-45.6+ 6.8x 1073

37.7-45.6% 6.2%107*

FS-5 11.0-15.0 1.0x10°*
15.0-29.0 7.5x107*

29.0-40.8§ 24x10°°

FS-6 12.0-19.0 5.0x 1078
19.0-42.0 40x10°*

25.0-35.0 7.0x10°%

35.0-42.0% 20x10°*

FS-7 5.0-11.0 40x10°*
11.0-25.0 54x 1077

25.0-37.0% 1.1x10°?

FS-7 37.0-50.5%+§ 4.2 x107?
50.5-53.0% 2.6x10°3

50.5-67.0t 54x10°?

FS-8 12.2-16.0 1.0x10°*
16.0-27.5 41x10*

27.5-33.8§ 7.1x%10™*

FS-9 10.3-25.4 1.6x 1073
25.4-31.28 9.0x107*

31.2-40.0F 1.6 x 107!

FS-11 84-12.4 1.8x10°°
12.4-21.5 2.0x10™*

21.5-32.7 1.2x10°*

32.6-41.1 50x10°*

36.4-41.1% 2.0x107°

FS-13 19.0-27.0 2.6x10°°¢
27.0-33.0% 30x10°°

33.0-37.25 7.9 x 107*

F$-15 23.0~-34.0 8.6 x 107*
: 34.0-415 9.6 x 1073
41.5-47.08 3.8x 102

FS-16 23.0-335 54x10°*
33.5-40.08 1.5x 1073

40.0-48.7 8.3x10?

FS-17 23.2-33.5 2.8x1073
33.5-44.5% 1.1x10?

44.5-52.01§ 6.2x% 1072

* Below casing top.

+High diffusivity pathway, likely the result of a high-permeability
vertical fracture connecting the test interval and fracture zone
No. 1.

iDepth of fracture zone No. 1 inferred from projections based on
intersections in other boreholes.

§Depth of fracture zone No. 1 interpreted from borehole hydraulic
tests and fracture logs.

Vertical hydraulic diffusivities range from 2.4 x 10°%
to 1.6 x 107! m?:s7!, with an average value of about
2 x 107 m?-5s7!. In several instances, the observed draw-
downs suggested the existence of a high-diffusivity vertical
fracture between the monitoring interval and fracture zone
No. 1. These responses occurred in some intervals in bore-
holes FS-2, 3, 4, 6, 7 and 11. The responses observed in
boreholes FS-2, 4 and 7 are likely the result of flow along
the vertical fracture zone No. 4. The largest values of
vertical hydraulic diffusivity were measured in test intervals
in boreholes FS-7 and FS-17 located close to fracture
zone No. 4.

HYDRAULIC HEAD MONITORING

Measurements of the spatial and temporal distribu-
tions of hydraulic head are essential in the study of ground-
water flow. Spatial measurements of hydraulic head are
necessary to determine the pattern of ground-water move-
ment in a flow system as well as the degree of hydraulic
connection or isolation between particular test intervals.
Temporal variations in hydraulic head, in response to
changing surface infiltration or pumping, provide valuable
information on the boundary conditions and different
hydrogeologic regimes within a ground-water flow system.,
Evaluation of numerical simulation models of ground-water
flow under both steady-state and transient conditions
further requires detailed and reliable field measurements of
the spatial and temporal distribution of hydraulic head.

After casing installation, water levels were monitored
more or less continuously in each test interval using an
electric-contact, water-level tape. Water levels were recorded
in test intervals in boreholes FS-1 to 9 from August 1981,
in boreholes FS-10 to 14 from July 1982, and in boreholes
FS-15 to 17 from August 1983. Measurements of water
level in each of the 90 packer-isolated test intervals were
converted to hydraulic head values and plotted against tife
on borehole hydrographs.

Hydraulic Head Distribution

Rock Mass

Hydrographs of borehole test intervals were used to
identify periods with minimal hydraulic head transients for
determination of equilibrium hydraulic head distributions,
An example of the hydraulic head record for test intervals
in borehole FS-2 during the period January 1982 to
November 1984 is shown in Figure 34. It is beyond the
scope of this report to present hydrographs for test intervals
in all boreholes. Hydrographs for test intervals in boreholes
FS-1 to 9 for the period August 1981 to March 1982 are
given by Raven and Smedley (1982).
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Figure 34. Hydrograph for test intervals in inclined borehole FS-2 for the period January 1982 to November 1984. Borehole activities that caused perturbations in the hydraulic head
record are indicated.




Equilibrium hydraulic head data were determined for
the entire study site on two dates: December 15, 1982, and
November 1, 1984 (Table 16). As evidént in Figure 34 for
borehole FS-2, these dates are essentially free from hydrau-
lic head transients introduced by borehole pumping or rapid
changes in surface infiltration. The distribution of hydraulic
head given in Table 16 indicates a relatively simple re-
charging ground-water flow system directed north and
northwest toward Upper Bass Lake. The horizontal compo-
nent of flow is governed by surface topography. Vertical
and horizontal gradients at the site average 0.15 and 0.02,
respectively. ‘

Table 16. Equilibrium Hydraulic Head of FS Test Intervals

Hydraulic head (m.a.s.l.)

Interval 82/12/15 h 84/11/01
FS 1-1 125.89 125.64
F§1-2 126.63 12568
F§1-3 127.42 126.77
FS 1-4 128.02 127.61
FS1-5 128.70 128.23
FS§ 2-1 128.23 127.34
FS 2-2 128.66 128.09
FS 2-3 129.02 128.25
FS 2-4 = 130.37 130.31
FS 2:5 a 130.61 130.41
FS 3-1 126.44 125.49
FS 3-2 126.46 125.51
FS 3-3 127.50 126.52
FS 3-4 129.65 128.67
FS 3-5 N.A.* N.A,
FS 3-6 130.20 129.97
FS 41 126.99 125.76
FS$ 42 127.02 125.81
F§$4-3 - 128.74 127.87
FS 4-4 128.79 127.90
FS$ 4-5 N.A: N.A.
FS 46 130.40 131.21
FS 5-1 125.59 124.60
F$ 52 128.13 127.12
FS 53 _ 128.41 127.41
FS 5-4 129.06 128.05
FS 5-5 130.07 128.92
FS 6-1 129.58 128.44
FS.6-2 130.38 129.59
FS 63 130.48 129.92
FS 6-4 ' 130.90 130.36
F$6-5 132.32 130.51
FS 7-1 125.60 124.60
FS 7.2 125.59 124.61
FS 7-3 125.58 124.60
FS 7-4 . 126.16 125.34

* Test intetval not accessed.
+Open borehole..
I Test interval recoveéring from pump test.

Note: Dashes indicate borehole not drilled at time of measurement.

Table 16. Continued

Hydraulic head (m.a;s.].)

Interval 82/12/15 84/11/01
FS 7-5 126.42 125.60
FS 7-6 126.59 125.73
FS 7-7 127.91 125.94
FS 81 125.60 124.59
FS 82 125.58 124.60
FS 83 127.86 126.45
FS 84 129.15 127.31
FS 85 129.37 129.27
FS 9-1 125.59 124,58
FS 9-2 125.58 124.58
FS 9-3 125.69 124.62
FS 9-4 127.35 126.11
FS 9-5 130.70 131.32
FS 10-1 125.58 124.60+
FS10-2 125.64 124.60
FS 10-3 130.26 124.60
FS 10-4 130.68 124.60
FS 10-5 130.67 124.60
FS 10-6 131.00 124.60
FS11-1 129.86 129.16
FS 11-2 129.61 128.51
FS11-3 130.62 129.86
FS11-4 131.42 131.14
FS11-5 133.30 133.40
FS11-6 133.32 133.40
FS 12-1 135.20 134.28
FS12-2 135.60 134.00
FS 12-3 135.38 134.17
FS12-4 134.93 134.07
FS12-5 133.56 133.13
FS 13-1 125.59 124,63
FS13-2 125.61 124.65
FS13-3 131.21 130.65
FS 13-4 133.04 132.87
FS 13-5 133.66 133.20
FS13-6 133.68 133.66
FS$ 14-1 128.28% 131.46
FS 14-2 132.70 132.30
FS 14-3 134.49 134.23
FS 14-4 134.47 134,32
FS 14-5 134.90 134.75
FS15-1 - 125.50
FS 15-2 - 125.52
FS 15-3 - 128.54
FS 15-4 - 129.76
FS 15-5 - 131.95
FS 16-1 - 124.55
FS 16-2 - 124.60
FS 16-3 - 125.78
FS 16-4 - 127.53
FS 16-5 - 128.81
FS17-1 - 124.60
FS17-2 - 124.60
F§17-3 - 125.35
FS 17-4 - 126.96
F§17-5 - 128.37
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All test intervals at the study site show rapid response
to changing surface infiltration conditions. Typically, the
test intervals show increased hydraulic head owing to
increased surface infiltration during spring snow meit and
also when evapo-transpiration is reduced in the fall. De-
creased hydraulic head is observed with decreased surface
infiltration during winter freeze-up and when potential
evapo-transpiration exceeds precipitation in summer. These
general trends are evident on the hydrograph for test inter-
vals in borehole FS-2. Although these seasonal variations in
hydraulic head may be as large as 1.0 to 1.5 m, they do not
substantially changé the general pattern of ground-water
rhovement at the study site. The ground-water flow system
remains dorninated by vertical flow throughout the year.

The dominant vertical gradient at the study site is
controlied by the presence of a flat-lying, high-permeability
fracture zone {No. 1) of low hydraulic head located at a
depth of 33 to 50 m. The fracture zone, which intersects
the test intervals FS 5-1, 7-3, 82, -2, 10-1, 13-2, 151,
16-2 and 17-1, has uniform hydraulic head throughout the
study site and acts as a boundary of constant hydraulic
head. Analyses of the seasonal hydraulic head response in
fracture zone No. 1 and in the overlying rock mass (Raven
and Smedley, 1982) suggest that the hydraulic head within
fracture zone No. 1 is controlled by surface infiltration and
hydraulic head conditions acting in isolated areas within
the study site or outside the investigation area of the study
site. The influence of isolated or remote hydraulic head and
infiltration characteristics on the study site flow system is
alse shown in Table 16. Hydraulic head data for fracture
zone No. 1 and all intermediate to deep test intervals are
approximately 1.0 m lower during November 1984 than
during December 1982. Yet only a few near-surface test
intervals show any significant hydraulic head variation
between those two dates, suggesting relatively uniform
conditions of surface infiltration throughout most of the
study site. Therefore, the cause of the hydraulic head
change at depth is isolated to selected areas within or
remote from the study site. Test intervals in borehole FS-7,
located adjacent to the vertical fracture zone No. 4 in the
nofthwest corner of the study site, show the most con-
sistent lowering of hydraulic head from surface to depth.
These hydraulic response data in conjunction with other
hydrogeologic data from hydraulic testing and ground-
water sampling suggest the hydraulic head in fracture
zone No. 1 and ultimately in all intermediate to deep test
intervals is likely controlled through vertical fracture zone
No. 4 by a swamp located immediately northwest of
borehole FS-7.

The behaviour of the flow system studied at CRNL
under varying infiltration conditions indicates that ground-
water flow over an area of 200 m by 160 m and to a depth
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of 50 m may be controlled by hydraulic head conditions in
a remote, relatively small discharge area.

The hydraulic head record for intervals in borehole
FS-2 also shows the important short-circuiting gffect of
open or uncased boreholes on the distribution of hydraulic
head in adjacent cased boreholes. During May 1 983, bore-
holes FS-15, 16 and 17 were drilled and left uncased until
approximately mid-September, 1983. During diamond
drilling of borehole FS-17, a sharp increase in hydraulic
head was observed in test intervals FS 2-1, 2-2 and 2:3,
confirming hydraulic connection between the test intervals
and borehole FS-17. After completion of drilling the
hydraulic head data for intervals FS 2-1, 2-2 and 2-3 were
about 1.0 m lower than before drilling, This drop in hydrau-
lic head is greater than that attributable to decreasing sur-
face infiltration and reflects drainage of the rock mass in
the vicinity of borehole FS-2 along fracture zones No. 2
and No. 4 to borehole FS-17 and down borehole FS-17 to
fracture zone No. 1. With the installation of casing in bore-
hole FS-17 in mid-September 1983, fluid levels in the test
intervals FS 2-1, 2-2 and 2-3 began to rise to values more
representative of the rock mass surrounding borehole FS-2.

Complete and detailed records of hydraulic head
were collected for 90 test intervals during drawdown and
recovery phases of purip tests from borehole FS-10 in
August 1982 and in September 1983. The drawdown
records of responding test intervals (all intervals except
those in boreholes FS-12 and 14) are plotted on drawdown
versus log-time diagrams in Appendix C. These plots are the
most complete set of transient hydraulic head response data
for the study site. These data are currently being used to
evaluate specific storage properties of the rock mass and the
ability of numerical models to simulate flow under transient
conditions.

Fracture Zones Nos. 1,2, 3and 4

Equilibrium hydraulic head data were obtained from
9, 7 and 7 test intervals intersecting fracture zones Nos. 1,
2 and 3, respectively. Assuming the fracture zoneés are open
or hydraulically connected at all points within the areas
defined by borehole intersections, the hydraulic head data
have been used to estimate the general pattern of ground-
water movement within the fracture zones. No effort has
been made to include far-field boundary conditions of each
fracture zone on the resulting flow pattern diagrams,

Fracture zone No. 1 is intersected by test intervals
FS 5-1, 7-3, 8-2, 92, 10-1, 13-2, 15-1, 16-2 and 17-1. As
evident in Table 16, the hydraulic head values for all those
test intervals except FS 15-1 are, within measurement
limits {£0.01 m), essentially identical. These hydraulic head




data suggest maximum hydraulic gradients of 0.0001 which
are likely directed to the north. Test interval FS 15-1 shows
an equilibrium hydraulic head 0.90 m higher than the value
within the rest of the fracture zone. This suggests a region
of reduced permeability in fracture zone No. 1 in the
vicinity of borehole FS-15 with recharge effects dominating
the local hydraulic head distribution within the fracture
zone. The low hydraulic gradients throughout fracture zone
No. 1 are consistent with the high hydraulic conductivity of
the fracture zone measured by hydraulie testing.

Fracture zone No. 2 is intersected by test intervals
FS 1:2, 241, 3:2, 42, 5-2, 7-4 and 17-3. As evident for
fracture zone No. 1, equilibrium hydraulic heads within
fracture zone No. 2 are approximately 1.0 m lower on
November 1, 1984, than on December 15, 1982. However,
the pattern of ground-water flow is similar on both dates.
Figure 35 shows theé estimated patterns of ground-water
movement within the fracture zone on these dates. Ground-
water flows to the north and northwest with an average
hydraulic gradient of 0.01 to 0.02. Some local recharge
indicated by hydraulic head mounding is evident in the
vicifity of borehole FS-3 on November 1, 1984.
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Figure 35, Patterns. of ground-water flow in fracture zone No. 2
estimated from equilibrium Hydraulic head data recorded
on December 15, 1982, and on November 1, 1984,

A Fracture Zone No. 3 is intersected by test intervals
FS2-1, 6-1, 104, 11-2, 13-4, 15-3 and 16-3 and dips about

25° to the northeast. Hydraulic heads in this fracture zone
are also about 1.0 m less on November 1, 1984, than on
December 15, 1982. However, the patteriis of ground-water
movement are significantly different on these dates, prin-
cipally as a result of lowering of hydraulic head in test
interval FS 10-4. The hydraulic head in test interval FS 10-4
was lowered about 5 m by removing the borehole casing
and permitting drainage between fracture zone No. 3 and
No. 1. The patterns of ground-water movement in fracturé
zone No. 3 on these two dates are shown in Figure 36. On
December 15, 1982, flow was directed down dip to the
northeast with hydraulic gradients of 0.02 to 0.1. On
November 1, 1984, ground-water movement was directed
to the northwest toward borehole FS-10 with hydraulic
gradients of 0.03 to 0.2. On both dates the lowest hydraulic
gradients were observed in the areas of highest fracture
perfmeability near boreholes FS-6, 11 and 15.

151282
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Figure 36. Patterns of ground-water flow in fracture zone No. 3
estimated from equilibrium hydraulic head data recorded
on December 15, 1982, and on November 1, 1984. Bore-
hole FS-10 was completed with multiple-packer casing
on December 15, 1982, and was uncased or open on
November 1, 1984.

Ground-water fiow patterns within vertical fracture
zone No. 4 are miore difficult to evaluate because of limited
borehole intersections. Howvever, if we assume that the test
intervals FS 4-2, 4-4, 7-1 to 7-7 and 17-1 10 17-3 are

37




sufficiently close to fracture zone No. 4 to reflect hydraulic
head conditions Wwithin the fracture zone, we can make
some general statements regarding ground-water motion.
Ground water appears to flow principally down fracture
sone No. 4 with a horizontal component directed toward
the northwest. Average vertical gradients decrease from 0.1
to 0.02 from baorehole FS-4 to FS-7, and average horizontal
gradients between borehole FS-4 and FS-7 are about 0.02.

HYDRAULIC CONDUCTIVITY TENSOR
DETERMINATIONS

The hydraulic conductivity of fractured crystaliine
rock is principally a function of the geometry (spacing,
continuity, degree of interconnection and aperture) of the
fracture system, as well as a function of the hydraulic con-
ductivity of the rock matrix and any fracture infilling
material present. In fractured crystalline rocks, matrix or
intact rock permeability is usually negligible compared with
the permeability resulting from the fractures. As fractures
and their hydraulic properties are distributed three dimen-
sionaily in a rock mass, the hydraulic conductivity of a
fractured crystalline rock will be both heterogeneous and
anisotropic. Attempts to describe the anisotropy and
heterogeneity of the hydraulic conductivity field require a
three-dimensional characterization of the hydrautic proper-
ties of the rock rhass. As a first attempt at describing the
hydraulic conductivity field at the Chalk River study site,
the results of straddie-packer injection tests and of borehole
fracture logs have been integrated to develop a tensoral
representation of the near-borehole hydraulic conductivity
of each test interval.

Model Description

A fracture orientation-aperture (FOA} model {Snow,
1965; Rocha and Franciss, 1975) was used to calculate the
hydraulic. conductivity tensor for each test interval. The
model assumes that fractures may be described as planar
conduits éontinuous in their own planes and that mutual
interference effects at fracture intersections are negligible.
Thie model also assumes single phase, non-turbulent flow of
an incompressible Newtonian fluid through rock fractures.
Rock fractures are represented as smooth paralle! plates
with uniform separation or opening. The permeability or
hydraulic conductivity (Kf) of a smooth parallel-plate
fracture is:

(2b)* pg
Kf & e——u=>
f 121
where 2b = aperture or opening of fracture,
g = acceleration of gravity,
1 = dynamic viscosity of fluid, and
p = fluid density.

(11)
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The hydraulic conductivity tensor, or ellipsoid, for a
test interval is determined by summing the permeability
contribution of individual fractures within the test interval.
The contribution of each fracture is determined by calcula-
ting the permeability of a cubic element of a continuous
medium having sides equal to the effective fracture spacing.
Thus discharge through the face of the cube is equal to
discharge of the fracture under the same gradient.

For fracture orientation data collected from borehale
investigations, the effective fracture spacing is the distance
between a fracture and its repetition image at a distance L
egual to the test interval or sampling line length (Bianéhi
and Snow, 1969). In equation form:

W=L‘ni-Di| (12)

where W = effective fracture spacing,
L = test interval or sampling line length,
n; = direction cosines of normal to fracture, and
D; = direction cosines of sample line.

The contribution of a single fracture with aperture 2b
to the continuous medium permeability tensor is (Snow,
1965):

- pa(2b)?
W q2uLn; - D

(845 - Mjj) (13)

where Ki] = hydraulic conductivity tensor of an equivalent
continuous medium,
6;1 = Kronecker delta, and
Mijj = a 3 x 3 matrix formed by the direction cosines
of the normal to the conduit.

By summing the contribution of individual fractures
and diagonalizing the resulting symmetric tensor, the
principal hydraulic conductivities and associated principal
directions of an equivalent continuous medium are cal-
culated. Thus the FOA model employed in this analysis
computes the permeability tensor of a continuous porous
media equivalent to the rock mass. However, these calcula-
tions are based upon individual fracture characteristics.
Because the fracture orientation-aperture model disregards
finite fracture length it can generally be expected to
overestimate rock mass hydraulic conductivity.

To determine the principal hydraulic conductivities,
information on fracture aperture and orientation is required.
Fracture orientation data were obtained from both bore-
hole television and acoustic televiewer surveys. For this
model, however, fracture orientations have been deter-
mined only from borehole acoustic televiewer surveys.




Fracture apertures were estimated indirectly from the
results of injection tests. For this initial calculation we have
assumed that all fractures within a 1.5- to 2.0-m injection
test interval are equally conductive. It is recognized that
fractufes within an injection test interval probably do not
contribute equally to flow. However, from a practical
standpoint, given the close spacing of fractures in several
borehole intervals, it would be impossible to resolve the
individual permeabilities of fractures with small packer
§$pacings and thus some averaging is inevitable. A distribu-
tion of fracture apertures is ensured in most ¢asing test
intervals, as these latter intervals generally are made up of
§everal injection test intervals,

Individual fracture apertures were determined from
flow raté per unjt head data by the application of the
following equation based on the parallel-plate model.

o fQ 12 /3
2bgff = {—A.H_N 2709 Qn(rb/rw)} (14)

where 2beff = effective fracture aperture,
rp = radius of influence of injection test, assumed
to be 10 m,
rw = radius of borehole;
Q/AH = flow rate per unit injection head, and
N = number of conductive fractures in an injec-
tion test interval.

As evident in Equation 14, no attempt has been made
to correct fracture aperture estimates for fractures which
intersect the borehole axis at angles other than 80°.

Over 1400 estimates of effective fracture aperture
were determined frfom injection tests and boreholé fracture
logs measured in 17 boreholes. Calculated apertures ranged
from 1.5 to 500 um with a geometric mean of 11.8 um.
The distribution of &ffective fracture apertures for the
entire study site is showi in Figure 37.

Results

A hydraulic conductivity tensor, Kjj. was determined
for each paéKer:isolated test interval by summing the effec-
tive permeability contributions of individual fractures. The
resultant symmetric tensor, Ki'j, was diagonalized to deter-
mine the principal hydraulic conductivities {eigenvalues)
and the: principal directions {eigenvectors), The principal
hydrauli¢ conductivities (K, K, and Kj) in three orthogo-
nal directions define a hydraulic conductivity ellipsoid, as

shown in Figure 38. The principal directions relative to

three geographic reference axes are defined by three direc-
tion cosines {i.e. I;, my, ny, for K;). Geographic referenice
axes used in this report are X, pointing south, X, pointing
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Figure 37. Distribution of the common logarithm of effective
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east and X5 pointing downward. The principal hydraulic
conductivities and principal directions for each packer-
isolated test interval are listed in Appendix D. The geo-
metric mean of the K,K;, principal hydraulic conductivity
plane and the anisotropy ratio K;/K3 were calculated and
are also shown in Appendix D.

Principal hydraulic conductivities listed in Appendix
D range from 107!! to 107° m-s™! with anisotropy ratios
between 1 and 10, although some values in exeess of 100
were calculated for test intervals with only a few fractures
and all of them with a similar orientation. Because of the
number and general scatter of fracture orientations (Figs. 8
and 9), the relatively low anisotropy ratios are not unex-
pected. However, it is important to note that the principal
hydraulic conductivities shown in Appendix D do not con-
sider the significant effect of individual high-permeability
fractures such as fracture zones Nos. 1, 2, 3 and 4. The
effects of these high-permeability fractures are averaged
with other less-permeable fractures located within a
straddle-packer test interval.

The hydraulic conductivity ellipsoids calculated for
each test interval in Appendix D are generally spheroidal to
oblate spheroidal. With increasing anisotropy ratio the
spheroids become more oblate or flattened as the minor
principal hydraulic conductivity Kj decreases. In general,
regardless of anisotropy ratio, the K, and K, hydraulic
conductivities are similar for each test interval. Thus each
hydraulic conductivity plane maybe defined in part by the
major (K;) and intermediate (K3) principal hydraulic con-
ductivities. The geometric mean and orientation of the
K,K, principal hydraulic conductivity plane have been
used to compare hydraulic conductivity ellipsoids on
stereographic plots.

The poles to the K;, K, principal hydraulic conduc-
tivity planes, or K3 axes, are plotted in Figure 39. The
magnitude of geometiic mean of the K,K; plane has been
represented by circles of variable diameter for each pole.
The circle diameters are proportional to the common loga-
rithm of the geometric mean of the K;K; plane calculated
in metres per second.

Figure 39 shows a large amount of scatter in the
orientation of the principal hydraulic conductivity planes.
Nevertheless, some clustering of K3 poles is evident on the
stereographic plot, suggesting preferred directions of per-
meability in the rock mass at the scale of the study site.
From visual inspection of Figure 39, the permeability
is greater in the following planes: subhorizontal, east-
northeast striking and steeply dipping to the northwest,
and to a lesser degree east-southeast striking and steeply
dipping to the southwest. These directions of higher per-
meability correspond to the orientation of three major
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fracture sets identified from borehole logging (Fig. 8 and
Table 3). This correspondence is not unexpected, as the
anisotropy of the hydraulic conductivity tensors is deter-
mined from the orientation of the borehole fractures. The
large number of poles to the K;K, principal hydraulic
conductivity plane clustered in the centre of the plot
relative to the borehole fracture polar plot (Fig. 8) suggests
the subhorizontal fractures may possess lafger apertures
than the subvertical fracture sets. However, the higher per-
meabilities in the horizontal plane may also result from
orientation bias. The Terzaghi correction for orientation
bias was not used in calculating the permeability tensors of
each test interval.

It is difficult to assess the reliability of the hydraulic
conductivity tensors determined from the FOA model.
Certainly, the geometric mean of the hydraulic conduc-
tivity ellipsoid, i.e. (KyK,K3)!/? for each test interval, s,
as expected, nearly identical with the equivalent rock mass
hydraulic conductivity (Kerm) determined from injection
tests (Table 6). However, an independent measure of the
hydraulic conductivity properties of the rock mass is
required for reliable assessment of the FOA modei.

Vertical response in the rock mass from pumping
fracture zone No. 1 provides an independent estimate of
the vertical flow properties of the rock mass for comparison
with the results from the fracture orientation-aperture
model. However, the comparison is not straightforward.
Vertical hydraulic diffusivity (see section on “\eitical Flow
Properties of the Rock Mass’’) is determined from the
vertical response monitoring, whereas vertical hydraulic
conductivity is calculated from the FOA model. An estimate
of specific storage, Ss, is required to calculate vertical
hydraulic conductivity from vertical hydraulic diffusivity.
To overcome this difficulty we have plotted (Fig. 40)
vertical hydraulic diffusivity Ky calculated from pump test
response (Table 6) against vertical hydraulic conductivity
Ky determined from the fracture orientation-aperture
model. Some averaging is necessary to compare the hydrau-
lic diffusivity, which measures the vertical flow properties
between FS test intervals, with the hydraulic conductivity,
which is calculated for each FS test interval. The harmonic
mean of vertical hydraulic conductivity was determined
between FS test intervals for comparison with the vertical
diffusivity in Figure 40. Lines identifying the range of
specific storages required for the hydraulic diffusivity values
to be equal to the hydraulic conductivity estimates are
shown on Figure 40. Most of the data points fall between
the specific storage lines 10-% to 1074, but with significant
scatter. The central or average value of specific storage is
about 1075, The spread in data points is similar for test
intervals that are close to high permeability fracture zones
(i.e. fracture zone No. 4) and for test intervals in more
uniformly fractured rock.
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The range of specific storages required for equivalence
between the hydraulic diffusivity and conductivity values
is cohsistent with storage values determined from other
hydraulic interference tests. Interference tests completed
in fracture Zones Nos. 1, 2, 3 and 4 yielded storativities of
10 to 10~ with an average value of 107° (results of
Hydraulic interference tests). For these fracture zones the
effective width is unity and therefore the storativities are
equal to specific storages.

Two-dimensional numerical simulations of steady-
state (Raven et al., 1985) and transient ground-water flow
at the study site were compared with field hydraulic head
data to evaluate the reliability of the hydraulic properties
deterniined by the fracture orientation-aperture model.
The results of the steady-state modelling suggest that the
FOA model provides reasonable estimates of anisotropic
hydraulic conductivity for the upper 30 m of the rock
mass but overestimates hydraulic conductivity below the
30-m depth. The transient ground-water flow modelling
indicated that an average specific storage value of 1075 was
appropriate in describing the drawdown response in the
rock mass above fracture zone No. 1.
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In summary, the FOA model used in this study
appears, based on independent hydraulic property measure-
ment and numerical model simulations, to provide an
adequate description of the anisotropic hydraulic conduc-
tivity of uniformly fractured rock masses above the 30-m
depth. The FOA model is expected to be less reliable in
describing the vertical flow properties of -a rock mass inter-
sected by high-permeability vertical fracture zones and
investigated with vertical boreholes. There is, however,
evidence (Fig. 40) to indicate the FOA model may provide
a reasonable estimate of the higher vertical hydraulic con-
ductivity resulting from the presence of vertical fractures
near the investigating boreholes.

SUMMARY

The hydraulic characteristics of a block of fractured
monzonitic gneiss, 200 m by 150 m by 50 m deep, have
been measured using surface and borehole methods as part
of a study investigating ground-water flow systems in
fractured rock. The surface and borehole methods included
air photo and geophysical lineament analysis, fracture




mapping and logging, injection and interference testing, and
hydraulfc head monitoring. The results of thesé investiga-
tions have been combined and interpreted to provide a
three-dimensjonal picture of the ground-water flow system
at Chalk River. The investigations also provided fundamen-
tal information on ground-water flow systems in fractured
rock and the usefulness of various investigative techniques
in defining such systems.

The results of studies summarized in this report
indicate that large structural features such as fracture zones
faults and dykes play an important role in controlling flow
systems in fractured rock. In the CRNL study, large struc-
tural discontinuities hydraulically behaved as (1) short-
circuiting ground-water flow pathways (i.e. fracture zone
No. 4); (2) impermeable ground-water flow boundaries {i.e.
diabase dykes); and {3) constant potential ground-water
flow: boundaries (i.e. fracture zone No. 1). Because of their
hydrogeological significance, identification of major struc-
tural diseontinuities is important in any detailed hydro-
geologic study. Air photo lineament analysis, surface and
airborne EM-VLF surveys, and surface mapping were
valuable tools in identifying and predicting the occurrence
of major structural discontinuities in the subsurface. All
inclined and steeply dipping major structural discontinuities
intersected by bofehéles were also identified by these
technigques. Subhorizonta! fracture zones intersected by
boreholes were not detected from surface investigations.

The flow properties of the rock blocks defined by
major structural discontinuities result from the interconnec-
tion of smaller-scale discontinuous fractures. Statistical
characterization of this fracture system is important in
estimating hydraulic properties and interpreting hydraulic
tests. Several methods of fracture system characterization
were. successfully used at the CRNL study site. Surface
fracture mapping using scan-line surveys identified all major
inclined fracture sets to depths of 50 m. Borehole television
surveys and borehole acoustic-televiewer logging identified
all major fracture sets, both horizontal and inclined. Bore-
hole acoustic-televiewer logging provided superior fracture
detection capability in mafic or dark-coloured rock.

Detailed analysis of fracture orientation data from
three subareas showed that the fracture system is not
statistically homogeneous at the scale of the study site.
This spatial variation if fracture characteristics is in part
related to the presence or absence of major structural dis-
continuities in different subareas. This nonhomogeneity
in fracture charactéristics at the site scale suggests that
different parafeters or parameter distributions would be
required to model reliably the CRNL study site using
equivalent porous medium or discrete-stochastic fracture
flow modelling methods. Analysis of individual borehole

fracture data (Lau et a/., 1984) indicates the suitable size
for discretization or characterization of flow properties for
use with equivalent porous median models is likely less
than a characteristic length determined by average borehole
spacing (25-50 m). For the hydraulic conductivity tensors
determined in the section on '“Hydraulic Conductivity
Tensor Determinations,” characteristic lengths were deter-
mined by the location of casing packers and ranged between
3and 13 m.

Single-borehole injection tests and multiple-borehole
interference tests have proven extremely useful in defining
the hydraulic properties of the rock mass. Injection tests
provide cost-effective and reliable information on the
hydraulic conductivity of the rock mass in the immediate
vicinity of the boreholes, Interference tests, which are more
difficult to complete and to interpret, provide information
on interborehole hydraulic properties. Interference tests re-
quire careful design to minimize the effect of borehole and
far-field boundary conditions on intetborehole hydraulic
response.

A fracture orientation-aperture model has been used
to integrate fracture orientation and injection test data and
calculate a hydraulic conductivity tensor for each FS test
interval. The hydraulic conductivity tensors calculated by
the model are not highly anisotropic. Aiso, based on
numerical model simulations and independent hydraulic
tests, these conductivity tensors appear to provide a reason-
able estimate of hydraulic properties of the rock mass above
the 30-m depth at CRNL. Below the 30-m depth the model
apparently overestimates hydraulic conductivity.

The results of hydraulic testing, fracture logging
and hydraulic head monitoring indicate a simple gravity-
controlled ground-water flow system occurs at the CRNL
study site. Flow in this system is primarily vertical to a
low-hydraulic head fracture zone (No. 1) located at 33- to
50-m depth. The horizontal component of flow is directed
to the northwest and reflects surface topography. An east-
west striking diabase dyke forms a southern impermeable
boundary for the flow system. The location of the low-head
fracture zone and the diabase dyke is shown together with
study site boreholes in Figure 41. The location and orien-
tation of fracture zone No. 1 shown in Figure 41 were
determined from nine borehole intersections and various
hydraulic intefference tests. Hydraulic head within fracture
zone No. 1 and most of the intermediate to deep test
intervals appear to be controlled th rough a vertical fracture
zone {No. 4) by a surface bog located northwest of the
study site.

Four major fracture zones of high permeability (No. 1
to No. 4) were identified at the study site. The locations of
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Figure 41, Isometric sketch of CRNL ground-water flow study site
showing the location of test boreholes, fracture zone

No. 1 and diabase dyke.

fracture zones Nos. 2, 3 and 4 are shown together with
study site boreholes in Figure 42. Fracture zones No. 1 and
N6. 3 and portions of fracture zone No, 2 are characterized
by high permeability and the presence of thin (<1 m thick)
mafic layers in the monzonitic gneiss. These mafic zones are

clearly important hydrogeological features at the CRNL
study site.
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%

Figure 42 Isometric sketch of CRNL ground-water flow study site

showing the location of test boreholes, fracture zones
Nos. 2, 3 and 4, and diabase dyke.
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The results of this study also suggest that undetected
vertical fractures may play an important role in controlling
flow within the shallow system at CRNL. Hydraulic inter-
ference tests to measure vertical hydraulic diffusivity indi-
cate the presence of vertical fractures and fracture zones
(i.e. No. 4). However, the ability to detect vertical frac-
turing at CRNL is limited by the dominant. borehole

orientation, i.e., vertical to steeply plungirig. Future inves-
tigations should include a higher percentage of inclined

boreholes in spite of the added difficulty associated with
drilling, logging and testing in such boreholes.
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APPENDIX A

FRACTURE HYDROLOGY LOGS, BOREHOLES FS-1 TO FS-17

Lithologic data were determined from 1.5-m interval chip
samples collected during drilling for boreholes FS-1 to
FS-14 and from recovered core for boreholes FS-15 to
FS-17.

Fractures and veins idéntified by borehole television are
plotted as a straight line connecting the high and low
points. of the elliptical borehole wall trace.

Fractures and veins identified by acoustic televiewer are

schematically represented as they appeared on the 360°

photographs of the borehole wall over 0.5-m intervals.
Borehole casing packers are identified as Py, P,, etc.

Flow rate per unit head data are from short-term, straddle-
packer injection tests.

S.W.L. — Static water level,

B.C.T. — Below casing top.
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E T T T T T T T 1
N
L RBURDEN { , _
: N P.V.C. SURFACE CASING
N
— 2 A 7 OPENHOLE SW.L. -
N =
\
- 3 N —
A
——
., — BN i
A 5
5 \ /\ —
/—‘\ -
N LOWER |
— 7 ; TESTING '
P % oo
== o
- 9 A ]
— 11 N /\ i
|
— 12 ] - ]
—\
— 13 rv ]
e ~ ) |
— /\
FROM 1.5-m INTERVAL 3 PEGMATITE el METAGABBRO
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i
3_ I
[T
o a o -
o
o~ mnH
& w%w °r
B i1 Se
THE
gow [
oo
88w
= A
T
6'
~L ,
o o a
4 A T ’ .
Y3IM3IIATIAL , - { ‘
i LS0Y ST Y 2 >DCRPU <
» , — \
(L]
S
o |5 ‘AL \ | , [V
w| |G 310H3u08 |
u < V . :
=
w -
| @ + ADOTOHUIT
i X
[ i &
S SIYLIW NI
@ ;, HLIONTI L = % a m N & ~ S « & P a & = o
P ; | 1 | | ] i | | | ] | ] | i ] |
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FS-3

PAGE_3 _OF _3

 BOREHOLE o
" FRACTURE LOGS INJECTION TEST DATA
o 1 « LOG [Q/H (cm?/s])
- 4 o Lo ,
W o or e FLOW RATE PER UNIT HEAD
T = =] [] o
=D S T as z
(L] w =] wl 2w =
W = Q> Qu i)
== - @r <K 7 6 5 4 3 2 1 0
i P, T T N T T T T
= 33 -
§
- 35 § -
L 36 ] - =
\
\
—
]
— 38 < —]
— 39
L 40 -
'\ ]
— 41
[ BOTTOM OF HOLE = 41.50 m BC.T
— 42 -
— 43 -
e
— 44
— 45 7]
— 46 7
— 47 7
— 48 ]




BOREHOLE FS-4 ORIENTATION VERTICAL
CASING ELEVATION _. 132.48 m (434.66" PAGE_1 _oOF_3
FRACTURE LOGS INJECTION TEST DATA
. -4 LOG [Q/H (cm?/s]]
e 3 w - FLOW RATE PER UNIT HEAD
zE 2 =) e u o
bw 3 5 3 z
z= T x o J n
Wz 5 8 Q¢ 3
== = 7 6 5 4 3 2 1 0
OVERBURDEN : T J T T T T T
/ 5
5
’ /
] j P.V.C. SURFACE CASING
]
]
- 4
g
11
qd P -
Z OPENHOLE SW.L.
A 7
N
/— —
L-,-% b, Z
[ —— N ]
D 3 s —
'\
*FROM 1.5-m INTERVAL _ cyrove
CHIP SAMPLES MONZONITE {4R4 METAGABBRO
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BOREHOLE ______FS-4 PAGE_2 .. OF ._3

LENGTH

IN METRES
LITHOLOGY *
BOREHOLE
ACOUSTIC
TELEVIEWER

TV.

FRACTURE LOGS INJECTION TEST DATA

LOG [Q/H (cr?/s]
FLOW RATE PER UNIT HEAD

— 17

—18

—19

— 20

— 21

— 22

—23

— 24

— 25

— 26

27

=28

-—29

- 30

— 31

E CASING

N

—©




BOREHOLE. . FS-4

PAGE_3 _oOF _3

LENGTHI
IN METRES

LITHOLOGY *

FRACTURE LOGS

BOREHOLE
TV.

ACOUSTIC
TELEVIEWER

INJECTION TEST DATA
LOG [Q/H (cm%s))
FLOW RATE PER UNIT HEAD

— 33

=34

=35

— 36

»—38

— 39

— 40

— 41

42

— 43

— 44

— 45

== 46

- 48

Vi

NOT

LOGGED

PR 2>

!

NOT
LOGGED

y

BOTTOM OF HOLE

Py

m CASING

250 m B.C.T.
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BOREHOLE FS-5 ORIENTATION ____ VERTICAL ... .

CASING ELEVATION 132.63 m (435.13) PAGE__! oOF_3
FRACTURE LOGS INJECTION TEST DATA
« « LOG [Q/H (cm?/s)]
2 3 u o FLOW RATE PER UNIT HEAD
r& o ° ~
- - T ns (4]
oW 1] W 2w z
4 = E @ - [o e} 7]
Yz 3 ar 4= S
B 7 6 4 -3 2 1 0
1] ! ! T 1 1 1 T T
/B’
)
‘B P.V.C. SURFACE CASING 7
,
,
11
7H —
I y OPENHOLE SW.L. |
N | =

P,

Y
L

P,

N
1

AL A 2AT

*FROM 1.5-im INTERVAL

RON T
CHIP SAMPLES PEGMATITE

MONZONITE

R METAGABBRO
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OF

2

PAGE

FS-5

BOREHOLE

LOG [Q/H (cm?/s]]

INJECTION TEST DATA
FLOW RATE PER UNIT HEAD
4

ONISVYD

H3IM3IIATTAL
J11LSNOJY

‘AL
3T0H3IHO08

FRACTURE LOGS

« ADOTOHLIT

S$3413W NI
HLONI

N

-

A

ST £~ SRS X

a

M /I A

4

LA |

/

19

— 16
=17
—18
=20

=~ 21
— 22
1—23
24
— 25
— 36

— 27
—28

29
— 30

L 31




BOREHOLE,

FS-5

PAGE_3 _OF _3 _

3

LENGTH
IN METRES

LITHOLOGY *

FRACTURE LOGS

BOREHOLE
TV.

CASING

INJECTION TEST DATA
LOG [Q/H {cm?/s)]
FLOW RATE PER UNIT HEAD .

— 33

— 34

L35

36

— 37

== 38

I

41

— 42

— 43

— 44

— 45

— 46

— 47

— 48

/)

/]
Nk | o2

M/

BOTTOM

P,

y TELEVIEWER

\ ACOUSTIC

Sh(

OF HOLE = 41.

60 m B.C.T.




FS-6

BOREHOLE ORIENTATION VERTICAL
CASING ELEVATION 134.53 m (441.42") PAGE _1 _OF_3 _
FRACTURE LOGS INJECTION TEST DATA
« .4 LOG [Q/H (cm%/s]]
2 3 w ok FLOW RATE PER UNIT HEAD
€ o s w
L 3 2 2= 2
S= I & oY @
Wz 5 8z Qu S
| 7 6 5 4 3 2 1 0
1 | | 1 1 T T T 1
s
5
: /
7
— 1 4 P.V.C. SURFACE CASING —
s
1]
%
2 / N
k
- 3 —
- 4 —
z OPENHOLE SW.L.
| 5 \ /\ = _
§ ™"
_,-, N o\ |
—- 7 _
0.7
8 ] ) é -
P
S ]
— 9 _ gyl _
= 10 SN - - -
- _——
— 11 ——— <> -
= [ e
12 [ A
L O S _
N

*FROM 1.5-i INTERVAL
CHIP SAMPLES

]

3
(A

¥ METAGABERO
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OF

2

PAGE

FS-6

INJECTION TEST DATA

BOREHOLE

FRACTURE LOGS

"LOG [0/H (em¥/s)
FLOW RATE PER UNIT HEAD

ONISYD

HIM3IATTAL
211SNOJV

‘AL
3T0H3HO8

«AD0T0HLIT

SIYLIN NI |
HLON3IT |

AN

NN

L

N

-

S

DI

L EPD S < S0

i

/ /]

/1

v

— 16

— 17

— 18

— 19

20

= 21

—22

—23

— 24

25

=26

— 27

— 29

— 30

— 31
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- OF _.

3.

PAGE

INJECTION TEST DATA

FS-6

BOREHOLE

67

a e
%
w
.- -
N = |-
o Z '
E =
e
- W
z @ <L
o <
oI —
& i1
__ v
il |
O - it
' i 4
| |
| |
J t
ONISVYD

BOTTOM OF HOLE = 41.60 m B.C.T.

s BEE OSDELS <

S /Al

FRACTURE LOGS

+AD0TOHLIY

SIULIW NI |
HL9N3T, ;

— 43
— 44
= 45
= 46
= 47
— 48
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BOREHOLE F§-7 ORIENTATION VERTICAL
CASING ELEVATION 129.48 m (424.80") - ___ PAGE_! OF_3
FRACTURE LOGS INJECTION TEST DATA
. « LOG [Q/H (cm%/s]]
$ S w 0¥ FLOW RATE PER UNIT HEAD
zE 9 =) sw ©
oW 2 5 22 z
z= I . ou N
wz 5§ ar gu B
= 7 6 5 -4 3 2
4% 1 1 1 1 e T |
1]
7
% %
1 ‘ =
2
1 1 ,
OVERBURDEN 7 P.V.C. SURFACE CASING
7B ,
L 2 2 2 =4
A ]
9
g Z
— 3 4 “ p—
v OPENHOLE S.W.L.
L 4 F —
-/—
____/\
*——-—"
7 \/\ ]
b _———
- 8 | m————_ _
1 LOWER B
— 9 ] L~ TESTING -
T " -] LmMIT
N
— 11 A A~ —
e
L\ A
— 12 \ —
1 { -
U
*FROM 1.5-m INTERVAL PEGMATITE %% METAGABBRO
A MONZONITE XA METAGABBRO
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OF

-2

FS-7

PAGE

FRACTURE LOGS

BOREHOLE

INJECTION TEST DATA

LOG [Q/H (cm%/s]]
FLOW RATE PER UNIT HEAD

ONISVD

43IM3IIATTAL
J1LSNOJY

‘AL

370H3Y08

LADOTOHLN

SIYLIW NI
HIONIT

o
—
]

— 17
+—18
— 19
— 20
— 21
= 22

=23

24

26

=27

— 28

--29

— 30

TR S P B[] KBS SR
I T =77 TV

— 31
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r BOREHOLE FS-7 , v PAGE_3__ OF _5

FRACTURE LOGS INJECTION TEST DATA
o x 3 LG [0/H cms]
w o o] o= FLOW RATE PER UNIT HEAD
& o o T L)
= pur g » S
T e w S Z
2z x x - o] n
w = o> Quw <
~% 4 @ <+ ° 7 6 5 4 3 2 1
= - T T T ™
—
§
\
\
]
\
\

7 17T
PRI

N\

Py

+0.45 —>

V2
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OF

4

PAGE

FS-7

BOREHOLE ____

INJECTION TEST DATA

FRACTURE LOGS

(Q/H (cm?%/s]]

FLOW RATE PER UNIT HEAD

LOG

ONISVO

¥3IM3IAIT3L
J11SNOJ2Y

‘ANl

IT0HIYOS

+AD0TOHLIT

SIULIN NI
HLIONT

+0.50 ——

-

|
~—
[~
[ —
M
=
N
\
—
[
[
\

—52
—53
=54
—55
— 56
—57
—58
—59
— 60
— 61
— 62
—63
— 64
— 65
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BOREHOLE FS-7 - PAGE-5_ OF _5 _
FRACTURE LOGS INJECTION TEST DATA
o 3 = LOG [Q/H (cm?/s)]
w0 “ o=z FLOW RATE PER UNIT HEAD
TE S o = W @
gw 2 = 23 z
Z= T x . o 7]
iz ¢ & §E 2
== ar = 7 6 5 4 3 1 0
< - 1 1 1 1 1
— o) B
— 67 . B —
\ v
w
*
=69 — N -
'\ /N
SN - LOWER _
—72 TESTING
- LMt
73 —
=74 -
BOTTOM OF HOLE = 74.15 m B.C.T.
—77 -
—78 —
—79 —
—80 —
—81 —
— 82 —
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BOREMOLE ___FS-8

CASING ELEVATION 130.61 m (428.50")

ORIENTATION

TREND 276> PLUNGE 70°

PAGE

1

OF__3

FRACTURE LOGS

INJECTION TEST DATA

- s & ~LOG [Q/H (cm?/s]]
] ® w o2 FLOW RATE PER UNIT HEAD
Py =3 =
EL 3 2 %5 <
[T] Q w 2 =
z= I @® o @
42 5 gz 2B 3
— :‘,, 6 5 4 3 2 4
A B T T T T T T T
/]
;
5
— 1 OVERBURDEN 5
; P.V.C. SURFACE CASING
’
- /
2
/
4
— 3 ’
—
= 5
y__ OPENHOLE SWL.

PEGMATITE

73



OF

PAGE

FS-8

-2

BOREHOLE

FRACTURE LOGS

INJECTION TEST DATA

LOG [Q/ﬂﬁ(ﬁcmz/s)]
FLOW RATE PER UNIT HEAD

ONISYD

HaM3IIATIEL
J11SNOIY

‘Nl

310H3¥08

»A90T0HLEN

SIYLIW NI
HLONTT

P,

74




BOREHOLE ... .__FS-8 , _ PAGE_3 _oOF _3

FRACTURE LOGS 7 INJECTION TEST DATA
LOG [Q/H (cm?/s]]
FLOW RATE PER UNIT HEAD

LENGTH
IN METRES
LITHOLOGY. *
BOREHOLE
V.
ACOUSTIC
TELEVIEWER
_ CASING

= 33.

1/

P,
— 34

N

/

— 36

— 37

— 38

— 39 LOGGED

— 40

T7 7]

— 41

Y

BOTTOM OF HOLE =41.86 m B.C.T.

— 43

= 44

—:45

— 46

— 47

— 48
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BOREHOLE FS-9 ORIENTATION TREND 236° . PLUNGE 70

CASING ELEVATION 132.74 m (435.49") PAGE_1 _oF_3
FRACTURE LOGS INJECTION TEST DATA
. &« LOG [Q/H (em%/s]]
gj G w o FLOW RATE PER UNIT HEAD
& o 2 =g
-r =] I n>S =4
ow o b S =
= I T - o= 7]
z = >
w 2z — Q- o -4
-= - @ - < = o
= 7 6 5 4 3 2 1 0
- il T T T T T T T
5
1 Y
i N
— 1 OVERBURDEN 5 ; 7
”
‘B’ P.V.C. SURFACE CASING
7’
L 2 / ’ -
‘.
5
— 3 4 [ n
\ 7
B \ P % 7
L 6 \ -
[
\-
P
- ——__I —
] ESWL
7 hY_ OPENHOLE SW.L.
— 9 Py % = —
— 10 \ = - =
-~ P
—
= /
Q N4
— 12 ~— - ]
— 13 \ N
— 14 - _
\

*FROM 1.5-m INTERVAL

CHIP SAMPLES MONZONITE

PEGMATITE |69 METABABBRO
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OF .2 .

3

PAGE.

FS-9
FRACTURE LOGS

BOREHOLE

INJECTION TEST DATA

1 ) g fl
N - T 1 _ 1 I T [ | I I ]
a N
<
w
—x
S
NS ”
©E i
S
NN 1]
Ta .
ol T
o<
£
Sz
N [Te N =
9
‘e
=
o O
-]
£
(-]
~ ~
; 3
ONISYD % w
- )
a b
'S
) =1 S <
"43IM3IAITEL | ' w W
21LSNOJVY W C ‘ o> ¢
1 I/ - m
AL I ,
37043408 '
»ADOTOHLIN  esmaErtn
WW%%#WWV% N N N R L N %
S| = s 8 8 5 8 8 8 3 ¢ 3 3 9 ¢ 5 3
] | | | | | | ] | | ] | | ] | ]
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BOREHOLE

FS-10

CASING ELEVATION

137.34 m (450.61")

ORIENTATION

VERTICAL

PAGE_1 OF

LENGTH

IN METRES
LITHOLOGY *

FRACTURE LOGS

ACOUSTIC
TELEVIEWER

BOREHOLE

T.V.

INJECTION TEST DATA
LOG [Q/H (cm¥/s]]
FLOW RATE PER UNIT HEAD

i
w

T
-

— 10

— 11

|

LOGGED

[/

/[ L /]
S (& <R

Y

Ps

i CASING

N
)

| NAANRNANANNG A
|
-1

N\

_
-
-
-
-

P.V.C. SURFACE CASING

OPENHOLE S.W.L.

4

<— LOWER TESTING LIMIT

1

MONZONITE
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3

OF

-2

PAGE

FS-10

BOREHOLE

INJECTION TEST DATA

FRACTURE LOGS

[Q/H (cm?/s]]

FLOW RATE PER UNIT HEAD

LOG

ONISVYD

Y3IMIIAIT3EL
J1LSNOJV

‘AL

JIT0HIHO08

«AD0TOHLN

SFULIN NI
HIONIT

LOWER

TESTING
Limt

A\

S\

L]

~
o

D 2P

¢S L |

AVNy/

/

A7 [T,
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-

PAGE

FSs-10

BOREHOLE

INJECTION TEST DATA

FRACTURE LOGS

LOG [Q/H 1cm?/s)]
FLOW RATE PER UNIT HEAD

ONISVD

4IM3IIAIT3L

J11SNOIY

‘Nl

3T0H3Y08

« AD0T0HLN

S3ULIN NI
HLONIT

LSS T DEWTBTD

A

BOTTOM OF HOLE = 48,75 m B.C.T.

| | .l

l

(17

T7L 171 1T
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82

ORIENTATION TREND 0° ., PLUNGE 69"

CHIP SAMPLES

PEGMATITE

BOREHOLE FS-H
CASING ELEVATION 135.22 m (443.62) PAGE_l _oOF_3
FRACTURE LOGS INJECTION TEST DATA
. x LOG [Q/H (cm?/s)]
2 > w of FLOW RATE PER UNIT HEAD
T Q o -
= or = 14
Sw 9 5 22> =
4 = E [+ 4 > Q "_‘," )
wz 3 8 qu hi
7 6 5 -4 3 2 1 0
[ T 1 T T T T T T T
‘B’
] U
— 1 / 2 P.V.C. SURFACE CASING =
'
’ 4
4
— 2 % 14 el
— 3 [ —] -
% NOT Ps 7
- 4 \ LOGGED Z T
- 5 \ . -
[ - OPENHOLE S.W.L.
— 6 '\ X _
— 7 » —
'
— 8 = —
—
L, — |
S
] s
— 11 \ k}\ —
- 12 — "\ _
y 7
- 14 | —
<« LOWER TESTING LIMIT
*EFROM 1.5-m INTERVAL Z¥ ETAGABBRO
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2

PAGE

FS-11

BOREHOLE

INJECTION TEST DATA

FRACTURE LOGS

~LOG [Q/H (cm?/s]]
FLOW RATE PER UNIT HEAD

ONISVD

HIM3IATTAL
J11SN0oJY

‘AL

370H3408

+ADO0T0HLIT

SIULIN NI
H19NI:

RN 7%* I «J‘/Z
T K TP SR €HE
2| L 1 T
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BOREHOLE FS-11 PAGE_3_OF_3
FRACTURE LOGS INJECTION TEST DATA
w > i LOG [Q/H (cm?/s]]
w ] ot Q= FLOW RATE PER UNIT HEAD
B2 2 ®s 2
oW =} w >S4 =z
Zz= x x Qd 4]
w = o> ocw 5
== - @r <« 7 6 5 4 3 2 1 0
f — T T T T T
[N e
— [ V
— 33 < V= =
— ] |
[ B
- 34 = "7;‘\ 7]
L 35 —
S ]
I\ S _
o \ - ! —
36 %
— "A? P %
l— 37 § <y
— 38 9 -~
— 39 C = —
\
- 40 % ~ -]
I ==
*A
— 42 —— — =
—Z
= 43 -
\
BOTTOM OF HOLE = 43,53 m B.C.T.
44 ]
— 45 m
— 46 I
— 47 I
- 48 ]




BOREHOLE
CASING ELEVATION

FS-12

135.01 m (442.93")

ORIENTATION ____. VERTICAL _

PAGE_! OF__3

LENGTH

IN METRES
LITHOLOGY *

FRACTURE LOGS

BOREHOLE

TV.

ACOUSTIC
TELEVIEWER
. CASING

INJECTION TEST DATA
LOG [Q/H (cm?%/s]]
FLOW RATE PER UNIT HEAD

6 5 4 3 2 1

i

10

12

13

= 14

Al latiT ittt R R
e ———

[1/

Y »
LS T T T T
OPENHOLE S.W.L.

P.V.C. SURFACE CASING

NN

]

*FROM 1.5-im INTERVAL

CHIP SAMPLES

WITHDRAWAL
TEST DATA

\, X
PEGMATITE B3\ METAGABBRO



BOREHOLE _ FS-12 . . PAGE_2 _OF _3

FRACTURE LOGS INJECTION TEST DATA

n > v LOG [Q/H (cm?/s)]
w Q o e FLOW RATE PER UNIT HEAD
r& Q =) - W o
-E - I 75
(&1 w Q wi 2w E
=4 = I @x - Q N
w = o> O w <
- 4 @ <F © 6 5 4 3 2 1 0
T I T T T T T T

WITHDRAWAL
TEST DATA

S -

/

— 18

[l

—19
P,

A\

— 20

— 21

I

- 22

e

) P ) 18 I WV \2PARD B

— 26

)

— 27
P,

NN

— 28

/

> B

- 30

— 31

//




BOREHOLE FS-12

3

PAGE_3 OF _3 _

FRACTURE LOGS

INJECTION TEST DATA

| 38
— 39
40
=41
42

= 44

— 45

— 46

— 47

— 48

HOLE

= 43.50 m B.C.T

- s @ LOG [Q H cm? s]]
W oo pr o=z FLOW RATE PER UNIT HEAD
zE S e - ]
B © = a8 > z
2= I g 34 >
Sz E o= Sm <
== - s <k © g 6 5 4 3 2 1
' = = T T T T T
1 LOWER
— 33 TESTING
<] LIMIT
— 34 S I
— 35 7
d
— 36 e
— 37

87



BOREHOLE FS-13 . ORIENTATION VERTICAL
CASING ELEVATION _____13478m (442.20) ' PAGE_1 OF_3 _

FRACTURE LOGS INJECTION TEST DATA
. « LOG [Q/H (cm?/s]]
8 o w 0¥ FLOW RATE PER UNIT HEAD
& Q =] =]
=4 P I as Qo
ol [~] w = z
Z= T x o4 0
bz 5 87 Qi 3
T . 7 -6 5 4 .3 .2 1 0
o OVERBURDEN [ T T T T T T T T
- P.V.C. SURFACE CASING
P 2 —
OPENHOLE S.W.L.
NOT = j
— 3 [ LOGGED -
— 4 \ —
\

Ps

N

5 D XK=

[ /L VAU

P

MONZONITE

*FROM 1.5-m INTERVAL

CHIP SAMPLES PEGMATITE

S METABABBRO
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OF

=2

PAGE

FS-13

BOREHOLE

FRACTURE LOGS

" INJECTION TEST DATA

[Q/H (cm?%/s))
FLOW RATE PER UNIT HEAD

LOG

ONISVD

43IM3IAIT3L
J1LSNOJY

‘AL

310H3YO8

» ADOT0HLIN

‘SIYLIN NI
LILER]

HC2 R SIE2
T 7707 1T A W77 1T

89




90

BOREHOLE e Fs' 13 I PAGE 3 OF 3
FRACTURE LOGS INJECTION TEST DATA
w > = LOG [Q H cm? s)]
i 2] “ o FLOW RATE PER UNIT HEAD
zE 3 g 5e )
G w = w ) u>.1 z
Wz = o= ow <
- = - o - < - 2 5 4 3 2 _,,_”_j"];__,_‘ i 0
~ ~N | = 1 T | T
- = A -
\ .
| 35 % P, % _
—— :
— 38 ’ . _
L 39 \ =
— 40 E /‘\‘\‘ C = =
L 42 \U/ i _]
=43 —
BOTTOM OF HOLE = 43,30 m B.C.T.
— 44 —
— 45 —
— 46 —
- 47 —
— 48 —




BOREHOLE ______FS-14 ORIENTATION VERTICAL

CASING ELEVATION ____135.90 m (44586 PAGE_l OF_3_
FRACTURE LOGS INJECTION TEST DATA
3 « __LOG [Q/H (cm2/s]]
g2 & u oz FLOW RATE.PER UNIT HEAD
zE S 2 = .
Bu 3 z 2= 2
4z 5 2F < 3
- - 7 6 5 4 3 2 1 0
e 7B [ i I 1 I T T
‘I
1 1
7 ;
L /A’ -2 OPENHOLE S.W.L. B
1 -
1 [
1
-2 N i
ERBURDEN ‘I
/ /]
1 1
9
L 3 ? 4 —
' 7 . .
7 7 P.V.C. SURFACE CASING
o
— 4 /N -
7’
.
4 V)
7’
— 5 7 -]
‘.
/B’
g o
o 6 _
d
b 8 —
— 10 WITHDRAWAL
TEST DATA ]
— 11 —
12 -
- 13 |
— 14
XA
8] omease

*FROM 1.5-m INTERVAL

CHIP SAMPLES P2 METAGABBRO




BOREHOLE ______FS-14

FRACTURE LOGS INJECTION TEST DATA
A > & LOG [Q/H (cm¥%/s))
2 o w 0 FLOW RATE PER UNIT HEAD
& 9 5] ] )
=0 a T o> Z
(L} wl Dw <
z= I € 5 g @
42 3 @+ E 9% 5, 6 5 4 3 2 1 0
e e SRR I l l I l l l
LAY
16 9% 3 -
— 17 - — ‘
18 o , _
19 b =
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BOREHOLE ____ FS-14 PAGE_3 oF _3
FRACTURE LOGS INJECTION TEST DATA
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BOREHOLE __FS-15 N

ORIENTATION _VERTICAL

CASING ELEVATION _ _134.23 m (440.39 ft) PAGE _.1.. OF
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BOREHOLE _FS - 15 7 PAGE_2 OF 3 _
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BOREHOLE _FS-16

CASING ELEVATION __133.99 m (439.60 ft)

ORIENTATION __VERTICAL

PAGE__3' OF__4

FRACTURE LOGS

INJECTION TEST DATA
LOG [Q/H (cm¥/s)]

* [- 4
@ % w o¥ FLOW RATE PER UNIT HEAD
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BOREHOLE tfs::?ﬁ N . PAGE_2 OF _4

!
!
i
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BOREHOLE _FS-16 S . PAGE__3__OF _4
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BOREHOLE __FS-16 i . . . PAGE.4._. OF 4
, FRACTURE LOGS INJECTION TEST DATA
- > & LOG [Q/H (cm?/s)]
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BOREHOLE _FS-17 ORIENTATION _VERTICAL
CASING ELEVATION ___133.00m (43635 ft) . i . PAGE_1__ OF_4
FRACTURE LOGS INJECTION TEST DATA
: « LOG [Q/H em%/s]]
2 w o FLOW RATE PER UNIT HEAD
& S Q - Iz
g@ 2 o gs z
z= I & o4 b
4z 5 2r =30 S
o= 7 6 5 -4 3 2 1 0
[~ \ T T T T T S B o
[
STEEL SURFACE CASING
— 1 =
L 4 [ _
7 OPENHOLE S.W.L.
— 5 ® -
NOT
l LOGGED
— —
— 9 \ —
— 10 y . _
T~
— 11 B -
§ e
- 13 _ |
e N —
= 14 Q ] -
b
= — a1 - J o
* FROM RECOVERED N iy
HQ-SIZED CORE MONZONITE PEGMATITE 734 METAGABBRO

101




BOREHOLE FS-17 . , PAGE_2 OF _4
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BOREHOLE _FS-17 . _ PAGE_3__ OF _4
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BOREHOLE

.4 _ OF _4._

. ES -17 PAGE

LENGTH
IN METRES:

LITHOLOGY *

FRACTURE LOGS INJECTION TEST DATA
LOG [Q/H (cm?/s])
FLOW RATE PER UNIT HEAD

BOREHOLE
ACOUSTIC
TELEVIEWER

* CASING

— 63

- 64

— 65

Z)

P,

-

BOTTOM OF HOLE = 60.75 m B.C.T.




Appendix B

Straddle-Packer Injection Test Data,
Boreholes FS-1 to FS-17




Table B-1. Injection Test Summary Borehole FS-1

Depth of test

Flow rate per unit

interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m®+s™!) head Q/AH (m?+s~!)

4.00- 6.27 18.6 1.0 X 1078 5.5 X 107
6.00- 8.27 18.3 41X 10°? 2.2 X 10710

8.00-10.27 18.8 2.1 X 1077 1.1 X 1078
10.00-12.27 19.0 1.1 X 1077 5.7 X 107°
12.00-14.27 18.7 1.7 X 1078 9.1 X 1071
14.00-16.27 18.3 2.7 X 1078 1.5 X 10°°
16.00-18.27 18.3 3.4X 10°® 1.9 X 107°
18.00-20.27 17.8 5.7 X 1078 3.2X10°°
20.00-22.27 17.8 7.6 X 1078 43X 10°°
22.00~24.27 18.7 6.7 X 1077 3.4x 1078
24.00-26.27 18.8 6.2 X 10°7 3.3X 10°®
26.00-28.27 18.3 6.7 X 10°% 3.7 X10°°
28.00-30.27 18.0 7.9 X 1078 4.4 X 10°°
30.00-32.27 17.5 8.0 X 10-® 46X 10°°
32.00-34.27 18.4 1.9 X 1078 1.1 X 10°°
34.00~36.27 17.3 2.5% 1078 1.4 X 10°°
36.00<38.27 18.3 1.9 X 10°% 1.1X107°
38.00-40.27 17.3 7.6 X 107104 44 %1074
40.00-42.27 5.9 X 10-1°

*Below casing top.

18.1 1.1x10°®

+Lowest measurable flow rate,

Table B=2. Injection Test Summary Borehole FS-2

Depth of test

Flow rate per unit

interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m?:s™!) head Q/AH (m?:s7?)

4.00- 6.27 155 - 59X 1077 3.8X 1078

6.00- 8.27 15.6 5.7 X 10°° 3.6 X 1071

8.00-10.27 15.7 50X 10°° 3.1X 10710
10.00-12.27 15.5 1.2 X 10°8 7.7 X 10710
12.00~-14.27 15.2 6.2 X 1077 4.1 X 1078
14.00-16.27 14.8 43X 10°® 29X 10°°
16.00-18.27 14.3 1.3 X 1078 8.8 X 10°1°
18.00-20.27 14.5 5.3X 10°° 3.7 x 107
20.00-22.27 10.4 1.1 X 10~° 1.1 X 10°¢
22.00-24.27 14.7 7.6 X 10~° 5.2 X 10-1°
24.00-26.27 15.2 3.8 X 10704 25X 10
26.00-28.27 14.8 3.7 X 10°® 2.5 X 10°°
28.00-30.27 18.1 3.8X 107+ 2.1 X101
30.00-32.27 15.7 3.8 X 10°° 2.4% 10710
32.00=34.27 15.8 9.1X 10°* 5.8 X 10-1°
34,00-36.27 15.6 : 2.7 X 10" 1.7 X 10°°
36.00-38.27 16.1 1.2X 10°® 7.5X 1071
38.00~40.27 16.3 52X 10°° 3.2x 1071
40.00-42.27 16.5 47X 10™° 2.8 X 1071

*Below casing top.

tLowest measurable flow rate.
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Table B-3. Injection Test Summary Borehole FS-3

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flowrate Q (m®+s~') head Q/AH (m?*:s™!)
4.00- 6.27 8.50 1.9 X 10~° 2.3 X 1071
6.00- 8.27 9.60 3.8% 10°1°¢ 4.0X% 10-4
8.00-10,27 92.20 2.3x10°® 2.5 %X 107°?
10.00-12.27 15.6 1.6 X 1078 1.0 X 10~°
12.00-14.27 15.5 6.3X10°® - 41X%X10°°
14.00-16.27 16.2 6.4 X 10°° 3.9 X 10°1°
16.00~18.27 17.5 1.3 X 1078 7.4 X 1071
18.00-20.27 15.4 6.0X 10°° 39X 10°°
20.00-22.27 15.5 30X 10°° 2.0Xx107*°
22.00~24.27 18.0 ' 3.6 X 107° 2.0% 107
24.00~26.27 15.6 1.0X 1078 6.5 X 1071
26.00-28.27 16.4 7.2 %1077 4.4 X 1078
28.00-30.27 16.4 6.4 % 1077 39X 107
30.00~32.27 16.0 1.5 X 1078 9.5 X 107*°
32.00-34.27 16.4 23X 10°° 1.4 X 10°%°
34.00-36.27 15.8 29X 10°® 1.8 X 10°°
36.00-38.27 15.8 99X 10°® 6.3 X 10°°
38.20-40.47 15.3 3.5X 1077 2.3 X 1078

*Below casing top.
+Lowest measurable flow rate.

Table B-4. Injection Test Summary Borehole FS-4

Depth of test , ' Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m?+s™}) head Q/AH (f?+s™")
4.00- 6.02 9.70 38X 1071%% 39%x 107"
6.00- 8.27 14.4 5.7 X 10°° 3.9 X 10°'°
8.00-10.27 14.9 11X 10°° 7.3 X 1071
10.00~12.27 3.80 39X 10°% 1.0 X 1075
12.00-14.27 4.10 3.3X10°° 7.9 X 10-°
14.00-16.27 9.30 17X 10°° 1.8 X 107
16.00-18.27 9.70 1.8X 107°% 1.9 X 10~¢
18.00-20.27 13.0 52X 107¢ 4.0 X 1077
20.00-22.27 14.1 3.1 X 10”7 2.2% 10"
22.00-24.27 15.4 2.9 X 1078 1.9 X 10°°
24.00-26.27 12.5 1.3 X 107° 1.0X 107
26.00-28.27 14.0 1.7 X 107¢ 1.2 X 1077
28.00~-30.27 149 1.9x 1077 1.2 X 1078
30.00-32.27 12.9 1.3 X 10°° 1.0 X 107
32.00-34.27 14.1 3.1X107% 2.2 X 10"
34.00-42.50 17.6 30x 107 1.7 X 107°

"Béi;ﬂv} casing top.
+Lowest measurable flow rate.
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Table B-5. Injection Test Summary Borehole FS-5

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m?®+s™!) head Q/AH (m?+s~1)
4.00- 6.27 10.3 24X 10 2.3x 1077
6.00~ 8.27 15.4 1.9 X 1078 1.2 X 10°°
8.00-10.27 15.4 2.6 x107® 1.7 X 10°*?
10.00-12.27 15.7 9.0x 107® 5.7 X 10°°
12.00-14.27 15.5 1.7 X 1078 1.1 X 10™°
14.00-16.27 15.5 22X 10" 1.4 X 10°°
16.00-18.27 15.5 1.9 X 1078 1.2 X 10°°
18.00~20.27 15.4 1.8 X 1078 1.2 X 10°°
20.00~-22.27 15.4 1.6 X 1078 1.1X10°°
22.00-24.27 15.2 20X 10 1.3X 10°°
24.00~-26.27 15.2 2,7 X 10°® 1.8 X 10°°
26.00~28.27 14.8 5.7 X 1078 3.9X 10°°
28.00-30.27 15.5 1.2 X 1077 8.0 X 10°°
30.00=32.27 16.7 99X 10~ 5.9 X 10°1°
32.00-34.27 18.1 7.9 X 107? 44X 10"
34.00-36.27 16.8 8.0x 10°? 48X 1071
36.00-38.27 18.8 54% 1077 29X 1078
38.00-40.27 18.5 1.0 X 10°¢ 5.5X 1078

40.00-41.60 0.30 1.7 X 1077 5.6 X 1077

*Below casing top.

Table B-6. Injection Test Summary Borehole F$-6

- Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m3-s™!) head Q/aH (m2+s71)

6.00- 8.27 15.5 3.8% 107 2.5 X 10°°

8.00-10.27 14.0 3.4Xx10°® 2.4 %X 10°°
10.00-12.27 14.2 1.1XxX10® 8.0Xx 107
12.00-14.27 14.3 1.1 X 1078 8.0 X 10-*°
14.00-16.27 13.4 9.1 x 1078 6.8 X 107°
16.00-18.27 14.5 ’ 1.1X10® 7.2 X 10-1°
18.00-20.27 14.3 7.6 X 10°® 53X 107
20.00~22.27 14.6 1.3X 1078 8.8 X 107
22.00-24.27 14.1 1.8 X 10°® 1.2 X 10°*
24.00-26.27 8.20 2.7 X 1078 3.3X10°°
26.00-28.27 8.00 53X 10°*° 6.7 X 10°1°
28.00-30.27 7.00 49X 10°° 7.1 X 10°1°
30.00-32.27 6.60 3.5X10°° 14X 10°°
32.00-34.27 6.10 3.3Xx10°° 54Xx10°®
34.00-36.27 2.90 15X 10°% 51X 107
36.00-38.27 5.10 1.6 X 10°® 3.1X10°°
38.00-40.27 4.80 6.0 X 10~° 1.3 X 10°*

*Below casing top.
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Depth of test
interval (m B.C.T.*)

Table B<7. Injection Test Summary Borehole FS-7

Injection head AH (rn)

Flow rate Q (m*<s")

Flow rate per unit
head Q/&H (m?+s™")

4.00~ 6.10
6.00- 8.10
8.00-10.10
10.00-12.10
12.00-14.10
14.00-16.10
16.00-18.10
18.00-20.10
20.00-22.10
22.00-24.10
24.00-26.10
26.00-28.10
28.00-30.10
30.00-32.10
32.00-34.10
34.00-36.10
36.00-38.10
38.00-40.10
40.00-42.10
42.00-44.10
44.00-46.10
46.00-48.10
48.00-50.10
47.00-49.10
49.50-51.60
50.00-52.10
52.00-54.10
54.00-56.10
55.00-57.10
57.00=59.10
58.00-60.10
60.00-62.10
62.00-64.10
64.00-66.10
66.00-68.10
68.00-70.10
70.00-72.10
71.00~-73.10

19.0
19.3
15.7
19.7
20.3
20.2
6.20
6.30
21.6
22.1
21.2
221
22.9
235
21.6
22.0
8.40
222
21.1
20.4
20.6
19.3
0.20
20.3
0.14
14.2
24.2
25.0
24.2
23.6
234
23.5
23.9
23.3
2255
23.1
21.9
229

2.6 X
3.1 X
6.7 X
2.7 X
2.4 X
1.7 X
6.1 X
1.5 X
8.7 X
6.9 X
1.4 X
1.9X
1.8 X
39X
2.6 X
1.4 X
40X
2.6 X
2.6 X
2.6 X
5.0 X
36X
6.5 X
25X
7.0 X
32X
2.7 X
1.5 X
1.5 X
1.1 X
2.8 X
1.7 X
3.7 X
2.6 X
5.7 X
29X
6.0 X
6.7 X

10°¢
107
10-10.".
1078
1078
10°%
10°-°
10-8
10-8
1078
10”7
108
10°®
10°8
107¢
1077
1078
1078
10—.7
10°¢
10°%
10°¢
10°%
10-8
10°%
10~%
10°¢
1077
10”7
1077
10”7
1077
10°%
10-8
1077
108
10~*°
10_"’1’

1.3 X
1.6 X
43X
1.4 %
1.2 %
8.3 X
9.8 X
24X
4.0 X
3.1 X
6.4 X
8.5 X
7.6 X
1.7 X
1.2 X
6.2 X
4.8 X
1.2 %
12X
1.3 %
2.4 X
1.9 X
2.8 X
1.2 %
5.0 X
2.3 X
1.1 X
6.1 X
6.1 X
4.7 X
1.2 X
7.4 X
1.6 %
1.1 X
25X
1.3 %
27X
2.9 X

1077
1077
10-11
10°*
10°°
10-1‘0
'10-10
10°°
10°°
10°°
10°°
10-10
10-10
10°*
1077
10°°
10°¢
10°°
1078
1077
10°*
10”7
107
107?
107
10°¢
1077
10°°
10°?
10.—.9
1078
10-°
10°?
10°°
1078
10°°
10-]0
10~

*Below casing top.

+Lowest measurable flow rate.




Table B-8. Injection Test Summary Borehole FS-8

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m3+s™!) head Q/AH (m?+s~1)

8.00-10.27 14.8 2.7 X 10~° 1.8 X 10-*°
10.00-12.27 14.8 5.7 X 10~° 3.9 X 10°'°
12.00-14.27 17.4 9.5 % 10°° 5.5 X 107'°
14.00-16.27 17.5 42X 10°° 2.4 X107
N 16.00~18.27 16.9 9.5 X 10°? 5.6 X 1071°
7 18.00-20.27 17.0 53X 10°° 3.1x 107"
/,\ 20.00-22.27 16.7 7.6 X 107° 4.6 X 1071°
i 22.00-24.27 18.6 7.6 X 10°? 4.1 x 107
24.00-26.27 16.7 1.3X 107® 8.0 x 1071
26.00-28.27 9.80 2.6 X 10°% 2.6 X 1078
28.00-=30.27 2.30 4.2x10°° 1.8 X 107}
30.00-32.27 16.8 6.2 X 1077 3.7X 10°®
32.00-34.27 17.8 1.9 X 107° 1.1 X 10~
34.00-36.27 17.7 3.6X 10°% 2.0 X 107?°
36.00-38.27 16.0 34X 10°® 21X 10°°

38.00-40.27 16.5 27 x10°® 1.6 X 1071°

*Below casirnig top.

Table B-9. Inijection Test Summary Borehole FS-9

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m?-s!) head Q/AH (m?+s7!)
8.00-10.27 12.6 1.3x 1078 1.0Xx 10°°
10.00-12.27 13.9 8.2X 1077 5.6 X 1078
12.00-14.27 15.4 5.7 x 107° 3.7 X 107*°
14.00-16.27 14.7 4.6 X 107° 3.1x 1071
16.00-18.27 15.1 22X 1078 1.5 X 1071°
18.00-20.27 14.2 42X 10°° 3.0X 107
20.00-22.27 16.6 7.6 X107 4.6 X 1071
22.00-24.27 16.1 9.1 X 10°° 5.7 X 107*°
24.00-26.27 15.3 2.1 x10°° 1.4 % 107
26.00-28.27 14.3 4.7 X 10”7 3.3% 1078
28.00-30.27 13.9 43X 1077 3.1 x10"®
30.00-32.27 14.7 8.6 X 1072 59X 10°°
32.00-34.27 0.40 51X 10°% 1.3 X 107
34.00~36.27 14.7 1.5X 10°° T 1.0X 107
36.00-38.27 14.3 1.7X10°% 1.2 X 10°°

38.00=40.27 15.3 3.4 %10 22X 1077

*Below casiﬁg tdjp.
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Table B-10. Injection Test Summary Borehole FS-10

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m®s!) head Q/AH (m?-s7!)
12.00-14.10 11.3 9.4 X 10°° 8.3 X 10!
14.00-16.10 11.5 6.7 X 107'°¢ 5.9 X 1071
16.00-18.10 10.7 20X 10°® v 1.9 X 107°
18.00-20.10 12.2 2.1%10°® 1.8 X 107°
20.00-22.10 12.5 6.7 X 1071°¢ 5.4 X 107 M
22.00~24.10 13.2 6.7 X 1071%% 5.1x 1071
24.00-26.10 12.4 1.1x 1078 8.7 X 107*°
26.00-28.10 14.4 8.7 X 10°° 6.1 X 10°1°
28.00-30.10 14.9 8.7 X 10°° 59X 107
30.00-32.10 15.6 54X 10°° 3.5 X 10°1°
32.,00-34.10 15.6 7.4 X 107° 4.7 X 1071°
34.00-36.10 12.8 1.8X 1078 1.4 X 10°°
36.00-38.10 12.6 8.7 X 10°* 6.9 X 10°°
38.00-40.10 14.7 4.0 X% 10°° 2.7 %X 107
40.00-42.10 12.3 1.9 X 1078 ’ 1.5 X 10°°
42.00-44.10 2.00 6.7 X 1075 34X10°°
44.00-46.10 22.2 1.5 X 1077 6.7 X 10°°

45.58-47.68 25.8 1.0 X 1078 39X 1071

*Below casing top.
+Lowest measurable flow rate.

Table B-11. Injection Test Summary Borehole FS-11

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m®+s™') head Q/AH (m?*s™')
6.00- 8.10 17.2 1.7 x 1078 9.7 X 107°
8.00-10.10 10.6 2.7 X 10°® 25X 10°°
10.00-12.10 17.2 13X 1078 7.8 x 107**
12.00-14.10 17.7 48X 10°% 2.7 X 107?
14.00-16.10 19.2 ‘ 6.7 X 10714 3.5 X 1o~
16.00-18.10 20.0 6.7 X 107'°% 34X 107"
18.00<20.10 14.8 6.7 X 1071%% 45 % 107"
20.00-22.10 18.8 6.7 X 1071°¢ 3.6 X 107!
22.00-24.10 16.6 2.8%10°* 1.7 X 107?°
24.00-26.10 17.7 6.7 X 1071%% 3.8 % 107"
26.00-28.10 18.1 6.7 X 1071°¢ 3.7 %1071
28.00-30.10 17.8 8.1 X 107° 4.5 X 107"
30.00-32.10 18.9 3.6 x 107° 1.9 X 107°
32.00-34.10 14.5 40X 1078 2.8 X 107°
34.00-36.10 8.10 2.2 X 1078 2.7 X 10°°,
36.00-38.10 18.8 6.7 X 10°° 3.6 X 1071
38.00-40.10 11.7 1.7 X 1075 1.5 X 107¢
40.00-42.10 23.9 3.1 X 1078 1.3x 10°?
40.42-42.52 23.5 1.5X 1078 6.3 x 107"

*Below casing top.
+Lowest measurable flow rate.
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Table B-12. Injection Test Summary Borehole FS-12

Depth of test Flow rate per unit

interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m?+s™!) head Q/AH (m?+s7!)

6.00- 8.10 5.80 1.0 X 10-8 1.7 X 10°°

8.00-18.00+ 7.46 3.3X 1077 4.4% 10
18.00-20.10 13.2 1.7 X 1078 1.4 X 10°°
20.00-22.10 12.1 6.1 X 107°® 1.0 X 10°¢
22.00-24.10 13.0 22X10°8 1.7 X 10°°
24.00-26.10 13.2 1.9x107? 1.4X 10°°
26.00-28.10 13.1 6.7 X 107° 5.1 X 1071°
28.00-30.10 13.3 47X 10°° 3.5 %X 10°1°
30.00-32.10 12.4 2.7 X 10°° 2.2 X 107
32.00-34.10 12.6 6.7 X 10°1°% 8.0Xx 1071
34.00-36.10 11.8 7.1 X 1078 6.0X 10°°
36.00-38.10 12.7 6.4 X 1078 5.0X 10°*
38.00-40.10 12.9 34X 1078 2.6 X 107°
40.00-42.10 12.8 3.6X 107 2.8x10°°

40.55-42.65 11.9 1.2 X 1077 9.7 X 107°

* Below casing top.
+Withdrawal test data.
 Lowest measurable flow rate.

Table B~13. Injection Test Summary Borehole FS-13

Depth of test Flovs; rate. per unit

interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m3-s™}) head Q/AH (m?-s™!)

8.00-10.10 16.2 52X 10°% 3.2x10°°
10.00-12.10 16.9 1.7 X 1077 1.0X10°®
12.00<14.10 16.8 54X 107® 3.2X10°°
14.00~-16.10 16.5 40X 1077 2.0x 1078
16.00-18.10 16.6 8.1 X10°° 49X 107"
18.00-20.10 13.4 8.7 X 10°¢ 6.5 X 1077
20.00-22.10 15.5 2.7 X 107° 1.7 X 107
22.00-24.10 15.5 4.7 X 10°° 3.0 X 10710
24.00-26.10 14.7 54X 10° 3.7 X 10~
26.00-28.10 11.2 1.1 X 1077 9.8 X 10°°
28.00-30.10 13.6 1.7 X 1078 1.2 X 10°°
30.00-32.10 12.2 4.6 X 10°® 3.8 X 10°°
32.00~34.10 121 7.6 X 1077 6.3 X 107®
34.00-36.10 15.1 1.1X 1077 7.5 % 107°
36.00-38.10 115 28X 10°° 2.4 X 10°¢
38.00-40.10 14.3 1.6 X 1077 1.1 X 1078

40.00-42.10 17.0 1.6 X 1077 _ 9.5 X 10°°

*Below casing top.

113




Table B~14. Injection Test Summary Borehole FS-14

- Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m®-s™!) head Q/AH (m?+s™!)
5.80-26.00% 8.43 56X 1077 6.6 X 10°¢
26.00-28.10 14.1 1.5 X 1078 1.0X 10°?
28.00-30.10 14.5 6.7 X 1071°% 46 % 10"
30.00-32.10 14.9 6.7 X 1071 % 45X 1071
32.00-34.10 14.4 6.7 X 10°1°% 4.7 X 107!
34.00-37.41% 9.71 1.9 X 10°° 20X 107

38.10-42.13} 129 1.9 X 107" v 1.5 X 107

* Below casing top.
+Withdrawal test data.
fLowest measurable flow rate.

Table B~15. Injection Test Summary Borehole FS-15

Depth of test Flow rate per unit
interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m3+s™") head Q/AH (m?+s7?)
7.50- 9.05 19.6 24X 107 1.2 x107°
9.00-10.55 20.8 25X 10°® 1.2 X 10°°
10.50-12.05 13.4 1.6 X 1078 1.2 x 1077
12.00-13.55 14.8 2.8% 10”7 1.9 X 1078
13.50-15.05 15.2 36X 1078 2.4 X% 10°°
15.00-16.55 16.7 8.5% 10°® 51X 107°
16.50-18.05 7.28 1.6 X 107¢ 2.2 X 1077
18.00-19.55 8.32 51X 107 6.1 X 107¢
19.50~21.05 7.16 1.9 X 10°¢ 2.7 X 1077
21.00-22.55 9.97 1.0 X 107¢ 1.0 X 1077
22.50-24.05 14.4 1.1X10°° 8.0X 1077
24.00-25.55 15.7 1.3 X 1078 8.2 X 1077
25.50-27.05 14.9 49%107° 3.3X 10°°
27.00-28.55 15.6 1.7 X 1078 1.1 x 107?
28.50-30.05 17.0 8.7 X 10°¢ 53X 1077
30.00-31.55 11.8 3.3X10°® 2.8 X 10°°
31.50-33.05 14.1 1.8 X 107° 1.3x 107
33.00-34.55 14.3 20X 107°% 1.4 X 10°¢
34.50-36.05 9.28 5.1x10°° 55X 1077
36.00~37.55 13.2 57X 107 4,3 X 1077
37.50-39.05 18.1 1.2x 1078 6.7 X 10°*°
39.00-40.55 20.2 1.7 X 1077 8.6 X 107°
40.50-42.05 19.7 7.4 X 107® 3.8x 107°
42.00-43.55 18.8 1.0X 107¢ 55X 107®
43.50-45.05 16.2 40X 107¢ 2.5 x 1077
45.00-46.55 20.5 40X 1077 1.9 X 1072
45.74-47.29 12.7 2.0 X 10°% 1.6 X 107¢

*Below casing top.
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Table B~16. Injection Test Summary Borehole FS-16

" Depth of test
interval (m B.C.T.*)

Injection head AH (m)

Flow rate Q (ri®+s~!)

Flow rate per unit
head Q/AH (m*-s™!)

10.50-12.05
12.00-13.55
13.50-15.05
15.00-16.55
16.50-18.05
18.00~19.55
19.50-21.05
21.00<22.55
22.50-24,05
24.00-25.55
25.50-27.05
27.00-28.55
28.50~30.05
30.00~31.55
31.50-33.05
33.00~34.55
34.50-36.05
36.00-37.55
37.50-39.05
39.00-41.55
40.50-42.05
42.00-43.55
43.50-45.05
45.00-46.55
46.50-48.05
47.48~49.03

20.9
19.6
19.4
25.6
23.8
24.1
22.4
24.0
23.7
23.2
23.6
23.2
23.3
244
24.2
23.6
23.7
24.9
25.0
20.9
17.6
15.8
9.22
10.0
8.94
1.57

4,9 X
9.9 X
9.9 X
2.1 X%
2.3 X
1.7 X
1.1 X
4.9 X
4.9 X
4.6 X
1.2 X
2.3 X
5.2 X
1.1 X
7.4 X
1.3 X
5.2 X
1.3 X
49 %
1.8 X
1.0 X
9.1 X
9.4 X
1.4 X
1.6 X
3.6 X

1077
10°8
1078
10-8
1077
107
1077
10-%
1078
108
108
10°%
10°°
10°%
10°®
10-¢
1077
10-®
1078
105
105
10°°
10°®
10°%
1078
1078

2.4 X
51X
5.1 X
8.3 X
9.9 X
7.2 X
4.9 X
2.1 X
2.1 X
2.0 X
5.0 X
9.8 X
2.2 X
4.3 X
3.1 X
5.6 X
22X
5.1 X
2.0%
8.6 X
5.8 X
5.8 X
8.1 X
1.4 X
1.8 X
2.3 X

10°%
107°
10-9,.
10—10
107°
10~*°
10°°
10-°
10~°
10-°
10-10
10-10
10-10
lo-lo
10°?
1078
1078
10-10
107?
1077
1077
10-!0
10°?
10°°
10°°
1078

*Below casing top;
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Table B-17. Injection Test Summary Borehole FS-17

Depth of test Flow rlartiemp_'er umt

interval (m B.C.T.*) Injection head AH (m) Flow rate Q (m3+s7!) head Q/AH (m?*+s!)

8.38- 9.93 : 12.6 8.1X 107° 6.4 X 10°1°

9.88-11.43 12.4 35X 10°° 2.8 X 10-1°
11.38-12.93 11.9 20X 1077 1.7 X 1078
12.88-14.43 11.2 2.9 X 1077 26X 10°®
14.38-15.93 12.2 1.2x 1077 9.5 X 10~°
15.88-17.43 12.1 6.3 X 107% 5.2 % 1077
17.38-18.93 11.4 6.5 X 107¢ 57 % 1077
18.88-20.43 14.8 9.0 X 107® 6.1 X 10~°
20.38-21.93 14.7 6.3 x 10”7 43X 10°®
21.88-23.43 12.2 8.8 X 107¢ 7.1 X 1077
23.38-24.93 13.8 1.7 X 10°¢ 1.2 X 1077
24.88-26.43 14.9 9.9 X 1078 6.6 X 107°
26.38-27.93 13.4 7.8 X 1077 5.8X 10°®
27.88-29.43 11.7 2.3%X 107 1.9 X 1077
29.38-30.93 13.3 6.4 X 1077 48% 10"°
30.88-32.43 8.80 1.4 X 10°°% 1.6 X 107¢
32,38-33.93 1.04 3.6 X 10°° 3.4 X 10°°
33.88-35.43 11.6 27 %X 1078 2.3% 107
35.38-36.93 12.1 1.7 X 107% 1.4 X 107
36.88-38.43 13.9 9.0 X 107° 6.5 X 1077
38.38-39.93 17.3 24 %1077 1.4x10°®
39.88-41.43 19.1 21X%x1077 1.1 X 10°%
41.38=42.93 18.8 8.7 X 10°® 4.6 X 107°
42.88-44.43 12.5 1.1 X 10°% 9.2 X 1077
44.38-45.93 2.97 29X 10°* 9.9 X 10°°
45.88-47.43 18.2 1.1 X 10”7 6.0 X 107°
47.38-48.93 17.1 6.3 X 10°° 3,7 X 107
48.88-50.43 16.7 1.7 X 107 9.9 X 10°®
50.38-51.93 6.03 29x10°° 4.9 X 107
51.88-53.43 5.82 2.7 X 10°% 4,6 X 10°¢
53.38-54.93 14.7 8.3 X 10°° 56X 1077
54.88<56.43 16.5 8.4 X 1077 51X 10°®
56.38-57.93 19.0 25X 1077 1.3x 107

57.18~58.73 18.7 1.4 X 1077 7.3X107°

*Below casing top.




Appendix C contains plots of drawdown versus log
time in response to pump tests of fracture zone No. 1 from
borehole FS-10, August 20-27, 1982, and September 27-29,
1983.

Appendix C

Plots of Drawdown Versus Log Time,
Borehole FS-10
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Appendix D contains hydraulic conductivity tensors
determined for FS test intervals based on injection test data
and borehole acoustic televiewer fracture logs.

Appendix D
Hydraulic Conductivity Tensors




Table D-1. Principal Hydraulic Conductivities and Principal Directions

Geometric

Principal hydraulic conductivities and principal directions®
1,* 1, ' 1, mean Anisotropy
m, m, m, (K,K,)"? ratio
Interval K, (m*s™) n, K, (ms™) n, K, (m-s™") n, (m-sv‘“) ] K, /K,
-0.157 -0.883 0.443
FS 1-1 1.1x10°" -0.873 1.1x10°" -0.086 4.0x 107" -0.480 1.1x 10! 2750.0
-0.462 -0.462 -0.757
0.216 0.591 0.777
FS 1-2 1.5x 10°° -0.933 1.4x10°° 0.359 4.4x 1071 -0.014 1.5%10°° 3.4
-0.288 -0,722 0.630
0.308 -0.040 0.950
FS 1-3 1.9x10"® -0.316 1.8x10°® -0.947 4.9x10°° 0.063 1.9%10°® 3.9
-0.897 0.319 0.305
0.325 -0.311 0.893
FS 1-4 3.3x10°° -0.834 2.0x10°° -0.540 1.7x 107° 0.115 2.7x10°° 1.9
~0.447 0.782 0.434
-0.247 -0.410 -0.878
FS 1-5 3.7x 107! -0.599 3.2x 107" -0.648 6.0x 101 0.471 3.5x10°1° 6.2
0.762 -0.642 0.086
-0.022 0.718 0.696
FS 21 4.3x10°1° -0.723 28x10°'* 0.470 1.7 x 107 -0.507 3.67x 107 2.5
0.691 0.514 -0.508
-0.272 -0.876 0.399
FS 22 7.3x10°° -0.317 6.7x107° -0.310 9.3x 107 -0.896 7.0x107° 7.8
~0.909 0.370 0.193
0.527 -0.817 0.232
FS 2-3 1.4x 1077 -0.705 1.3x1077 -0.574 6.1 x10°8 -0.418 1.4x10°7 2.3
-0.475 -0.057 0.878
~0.310 -0.090 0.946
FS 2-4 8.6 x10°® -0.917 84x10°% 0.293 5.8x10°° ~-0.273 8.5x10"°® 14.8
-0.252 -0.952 -0.173
0.123 ~0.992 -0.037
FS 25 2.1x10°*° -0.933 1.5x 107! -0.103 8.1x10°" -0.346 1.8x 107" 2.6
-0.399 -0.077 0.938
-0.169 0.907 -0.385
FS 31 3.4x10°° -0.973 2.5x10°° ~0.093 1.6 x10°° 0.210 3.0x10"° 2.1
0.155 0.411 0.899
-0.273 -0.894 -0.356
FS 3-2 23x10°® 0.418 1.9x10°® 0.223 7.3x 10°° -0.881 2.1x10°® 3.2
-0.866 0.389 -0.313
-0.805 -0.055 0.591
FS 3-3 4.4 x 10°* -0.379 41x10"° -0.150 4.4 % 1071° -0.801 4.3x10°° 10.0
0.133 -0.987 0.089
-0.787 0.270 0.554
FS 3-4 22x107° -0.602 1.6 x107° ~0.140 7.5x 1071 -0.786 1.9x10°° 2.9
-0.135 -0.953 0.273
0.095 -0.462 -0.882
FS 3-5 3.9x 1071 0.243 3.7x 107 0.870 21x10™" -0.429 3.8x 1071 18.6
-0.966 0.173 -0.195
0.290 -0.282 -0.914
FS 41 5.3x107"° 0.644  52x10°% 0.765  2.7x107"  -0.032 5.3x107"° 20.
. -0.708 0.579 -0.404
*Direction cosines r'elatb‘ive to geographic reference axes.
129




Table D-1. Continued

Geometric

Principal hydraulic conductivities and principal directions®
L* 1, L, mean Atiisotropy
m, m, _ m, (X, K)'? ratio
Interval K, (m-s') n, K, (m-s™?) n, K, (mss™') n, (m+s™) K, /K;
-0.982 o -0.108 0.157 T
FS 4-2 1.9x 1077 -0.087 1.8x 1077 0.987 3.1x10°® 0.135 1.9x%x 1077 6.1
0.169 -0.118 10.978
-0.463 -0.858 0.225
FS 4-3 3.0x 1077 -0.773 2.9% 1077 0.515 1.7x 1078 0.372 3.0x 1077 18.0
0.435 0.002 0.901
0.871 -0.455 -0.183
FS 4-4 4.6x10°° 0.352 3.1x10°° 0.321 1.7x107¢ 0.879 3.9x10°° 2.7
-0.342 -0.830 0.440
-0.716 -0.691 0.096
FS 5-1 1.7x 1077 -0.175 1.7x107"7 0.153 9.6 x 107° -0.949 1.7x 1077 18.0
0.642 -0.706 -0.300
-0.233 -0.496 -0.836
FS 5-2 6.1x10°° -0.278 5.0x10°° -0.790 1.8x107° 0.546 5.6 x107° 3.4
0.932 -0.360 -0.046
-0.391 -0.393 0.832
FS 53 1.6 x10°° -0.822 1.4x10°° -0.258 4.0x107'° -0.508 1.5%10°° 4.0
0.415 -0.882 -0.222
. -0.211 0.839 -0.503
FS 54 2.0%10°° -0.977 1.2x107° -0.187 8.4x 107" 0.100 1.6 x10°° 2.4
-0.011 0.512 0.859
-0.455 0.116 -0.883
FS 5-5 1.8x1077 -0.849 1.6x 1077 0.243 2.5x10°® 0.470 1.7x 1077 7.2
0.269 0.963 -0.012
0.120 0.574 -0.810
FS 6-1 6.1x107° -0.163 5.5x107° -0.794 7.4x 1077 -0.586 5.8x107¢ 8.2
0.979 -0.202 0.002
-0.225 0.098 0.969
FS 6-2 1.7x 107° 0.691 1.5x107% 0.718 3.2x107"° 0.087 1.6 x 1077 5.3
-0.687 0.689 -0.230
0.010 -0.180 0.984
FS 6-3 4.5x 1078 0.005 4.1x10°° 0.984 4.2x107° 0.180 4.3x 107" 10.0
-0.999 0.004 0.011
-0.070 0.322 -0.944
FS 64 2.4x107° -0.975 2.0x 107 0.179 4.8x 1071° 0.133 2.2%10°° 5.0
0.212 0.930 0.301
-0.996 0.075 -0.039
FS 7-1 3.0x10°° -0.058 1.9x10°° -0.281 1.3 x 10 0.958 2.5x10°° 2.3
0.061 0.957 0.284
-0.496 -0.749 0.440
FS 7-2 1.4x10°° 0.830 1.3x10°® -0.258 1.2x 10°° 0.495 1.4x10% 12.0
-0.257 0.611 0.749
-0.034 -0.775 0.631
FS 7-3 2.0x10°* 0.989 20x10°° 0.066 1.0x 1077 0.135 2.0x10°° 200.0
-0.146 0.629 0.764
0.076 -0.914 -0.400
FS 7-4 4.9%1077 0.670 4.4x10"7 0.344 6.2x107% =0.658 4.7x1077 8.1
-0.738 0.218 -0.639 )
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Table D-1. Continued

Principal hydraulic conductivities and principal directions* Geometric
1,* 1, 1, mean Anisotropy
m, m, m, (K,K,)"? ratio
Interval K, (m-s™!) n, K, (m-s™!) n, K, (m+s™?) n, (m-s™') o K,{K3 )
-0.109 -0.362 -0.926
FS 7:5 54x%10°° ~0.387 47x10° -0.842 1.9x10°° 0.375 51x10° 2.8
0.916 -0.399 0.049
-0.745 0.667 -0.015 .
F$ 7-6 6.9x10°° -0.667 44x10°° -0.745 2.7x107° 0.013 5.7x10"° 2.6
=0.003 0.020 1.000
-0.835 0.443 0.328
FS 7-7 4,0x 1078 -0.534 4.0x107% -0.795 9.3x 10°'° -0.287 4.0x 1078 43.0
0.134 -0.414 0.900
FS 81 No televiewer data
-0.076 0.076 -0.994
FS 8-2 4.2x10°% 0.992 4.1x10°° 0.108 1.4 %10°° -0.067 4,2x10°° 30.0
0.103 -0.991 -0.084
0.045 -0.183 -0.982
FS 83 1.2x 1078 0.280 1.2x 1078 0.946 4.7x 107! -0.164 1.2x 1078 25.0
-0.959 0.268 -0.094
-0.209 0.171 -0.963
FS 84 3.1x10°° 0.955 31x10°° -0.178 43x 10" ~0.239 3.1x10°° 72.0
-0.213 -0.969 -0.126
-0.214 0.919 -0.330
FS 9-1 4.1x108 -0.966 3.1x10® -0.148 1.1x10°® 0.214 3.6x10°° 3.7
0.148 0.364 0.920
-0.106 -0.198 -0.975
FS 9-2 3.2x10°% -0.984 1.9x10°% -0.123 1.4x10°° 0.132 2.5x10°° 2.3
0.146 -0.973 0.182
-0.075 0.507 -0.858
FS 9-3 59x107*? 0.886 58x107° -0.360 3.1x10°° -0.291 5.9%10°° 19.0
-0.457 -0.783 -0.423
0.586 0.041 -0.809
FS 9-4 1.0x107® -0.687 7.6 x 107° -0.505 6.2x 10°° -0.523 8.7x107° 1.6
0.430 -0.862 0.268
-0.079 -0.996 -0.035
FS 10-1 3.5x 10°¢ -0.961 2.5x 10°¢ 0.085 1.1x10°° -0.264 3.0x10°° 3.2
-0.266 ~0.013 0.964
-0.605 -0.049 -0.795
FS 10-2 1.6 x.10°° 0.445 1.2x10°° 0.807 5.8x 107" -0.389 1.4x10°° 2.8
-0.660 0.589 0.466
0.384 0.718 -0.581
FS 10-3 23%x10°° -0.254 2.2x10° -0.523 2.4x 107" -0.814 23x10°° 9.6
0.888 -0.460 0.019
-0.563 -0.449 -0.695
FS 104 7.6 x 1071° 0.826 7.0x 107 <0.282 7.4x10°" -0.487 7.3x107'° 10.0
0.023 -0.848 0.529
_ -0.987 0.061 0.148
FS 105 4.0x 107" -0.119 3.9x 107" 0.336 49x 107! -0.934 4.0x 107" 81.0
-0.106 -0.940 -0.325
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Table D~1. Continued

tivities and principal directions*

Pringiggl»hy_drauﬁc conduc Geometric
1,* 1, 1, mean Anisotropy
m, ‘ m, m, XK, K)"V? ratio
Interval K, (m-s!) n, K, (m<s™!) n; K, (m-s™!) n, (m-s~1) K, /K,
-0.809 ' -0.234 0.539
FS11-1 4.2x107" 0.542 3.5x 1077 ~0.652 9.4 % 107* 0.531 3.8x1077 4.5
0.227 0.722 0.654
-0.479 0.505 -0,718
FS 11-2 1.6 x10°° 0.387 1.6 x 107 -0.613 3.8x10°° 0.689 1.6x10°° 420. -
0.788 0.608 -0.099
-0.366 -0.210 0.907
FS 11-3 3.4x 107 -0.894 3.4x 1071 0.352 43x10™" -0.279 3.4x 107 79.0
-0.261 -0.912 -0.317
-0.845 0.247 ~0.474
FS11-4 3.6x 107" 0.466 34x10° M -0.094 1.2x 107" -0.880 3.5x 107" 3.0
-0.262 -0.964 -0.036
0.402 0.024 -0.916
FS11-5 5.8x 107" -0.369 3.1x107"° -0.911 29x10°° -0.185 4.2% 10710 2.0
0.838 -0.412 0.357
-0.607 -0.530 -0.593
FS 12-1 3.9x10°° -0.468 3.5x107° -0.365 1.5x10°° 0.805 3.7x10°° 2.6
0.643 -0.766 0.027
0.464 -0.872 0.159
FS 12-2 1.3x107° -0.836 1.2x107° -0.490 1.5x107'°  -0.247 1.3x107° 8.7
-0.293 0.018 0.956
-0.122 -0.642 0.757
FS 12-3 3.8x 10°° -0.496 2.7x107° 0.701 1.5x10°° 0.514 3.2x10°° 2.5
0.860 0.313 0.403
0.491 -0.380 -0.784
FS 12-4 7.2x10°° -0.177 7.0x10°° 0.838 2.1x10°° -0.517 7.1x%10°° 3.4
~0.853 -0.393 -0.344
0.629 0.441 -0.640
FS 13-1 5.7%x 1077 -0.368 4.3x1077 -0.556 21x1077 -0.745 50x 1077 2.7
0.685 -0.704 0.188
0.691 0.602 ~-0.400
FS13-2 2.4x10°° -0.419 1.7x1078 -0.118 7.1x10°° -0.900 20x10°° 3.4
0.589 -0.790 -0.171
-0.634 0.668 -0.391
FS 13-3 1.2x 107 0.269 1.2x10°* -0.284 1.6x107° -0.920 1.3x10°® 8.1
0.726 0.688 -0.001
0.484 -0.719 -0.500
FS 13-4 1.7x 1077 0.182 1.3x 1077 0.641 69x10° -0.746 1.5x 1077 2.5
-0.856 ~0.270 -0.441
0.507 -0.382 -0.773
FS 13-5 6.6x107° -0.268 5.4x107° 0.782 1.3x 10°? -0.562 6.0x10°° 5.1
-0.819 -0.492 -0.294
-0.203 0.090 0.975
FS 14-1 9.1x 107" 0.706 8.2x 107" 0.704 1.4x 107" 0.083 8.7x 107" 6.5
-0.679 0.705 -0.206
0.084 0.203 -0.976
FS 14-2 6.5x10™" 0.629 6.5x107% -0.770 3.7x 107! -0.106 6.5x 107" 1.8
0.773 0.605 0.192
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Table D-1. Concluded

Principal hydraulic conductivities and principal directions* Geometric
I* 1, N mean Anisotropy
m, m, m, (K, K,)"? ratio
Interval K, (m+s™") n, K, (m-s™") n, K; (m-s™!) n, (m-s™1) K,/K,
-0.088 -0.451 -0.888
FS 14-3 1.7x10°® 0.258 1.5x 1078 0.851 2.6 x 10°° -0.458 1.6x 1078 6.5
-0.962 0.269 -0.042
0.059 0.394 -0.917
FS 14-4 3.7x 1078 -0.128 3.1x1078 -0.908 8.1x10°° -0.399 3.4x10°8 4.6
0.990 -0.141 0.003
0.775 0.493 -0.397
FS 15-1 2.0x10°¢ -0.355 1.7x10°¢ -0.182 3.2x 1077 -0.917 1.9x10°¢ 6.3
0.524 -0.851 -0.034
0.482 -0.862 -0.157
FS 15-2 5.2x10°% -0.840 41x%x10°® -0.506 2.6x10°° 0.198 4.7x 1078 2.0
0.250 -0.037 0.968
0.535 0.273 -0.799
FS 15-3 4.5% 1077 -0.814 3.3x1077 -0.085 3.0x 1077 -0.575 3.9x 1077 1.5
0.225 -0.958 -0.177
0.247 0.321 -0.914
FS 15-4 1.8x10°¢ ~0.729 1.5x10°° -0.561 3.7x 1077 -0.394 1.7x10°¢ 4.9
0.639 -0.763 -0.096
-0.083 0.511 -0.856
FS 15-5 1.7x 1078 -0.986 1.4x1078 0.085 42x10°° 0.147 1.6 x 1078 4.1
0.147 0.855 0.497
0.069 -0.874 0.481
FS16-1 6.6 x 1078 0.956 6.1x10°¢ -0.080 4.7x10°¢ -0.281 6.4x10°¢ 1.4
0.284 0.479 0.831
0.707 -0.482 0.517
FS 16-2 2.0x 1077 -0.510 1.4x 1077 -0.855 1.3x 1077 -0.100 1.7x 1077 1.5
0.490 -0.193 -0.850
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