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LA CARACTÉRISATION DE LA ROCHE PLUTONIQUE POUR L'ÉVACUATION

DES DÉCHETS DE COMBUSTIBLE NUCLEAIRE PAR DIAGRAPHIES GÉOPHYSIQUES DES

SONDAGE ET ESSAIS HYDROLOGIQUES

par

C.C. Davison, W.S. Keys et F.L. Paillet

RESUME

Le choix d'un massif de roche ignée pour l'évacuation des déchets
de combustible nucléaire nécessitera probablement le forage et l'essai d'un
certain nombre de trous de sondage de recherche profonds dans ce massif.
Bien qu'il sera indispensable de carotter au moins un trou dans chaque zone
de recherche, on peut employer des techniques de mesure géophysique et hy-
drologique in situ â la place d'un carottage étendu et ainsi économiser du
temps et de l'argent.

On a employé un certain nombre de techniques de sondage dans
l'étude de roches plutoniques à l'Établissement de recherches nucléaires de
Whiteshell et aux Laboratoires nucléaires de Chalk River au Canada.

Les techniques de diagraphie géophysique de sondages permettent
l'extrapolation latérale des données â partir d'un trou de sondage. La
réponse de l'appareil de diagraphie est fonction du type de roche, de l'al-
tération de la roche et de la situation et la nature des fractures. Les
moyens de diagraphie géophysique particulièrement utiles à ces fins sont la
télévision, le téléviseur acoustique et la forme d'onles acoustiques, les
neutrons et rayons gamma, la résistivité, la température et le calibre. La
diagraphie de la paroi du trou de sondage par téléviseur acoustique peut
permettre d'obtenir des données à hauts résolution sur l'orientation et la
largeur apparente des fractures. Les essais hydrauliques in situ de simples
fractures ou de zones de fractures isolées par packer permettent d'obtenir
des renseignements quantitatifs sur la perméabilité, l'étendue et l'inter-
connexion. L'analyse par ordinateur de formes d'ondes acoustiques conver-
ties en numérique a identifié une partie de la forme d'ondes dont les varia-
tions d'amplitude dépendent de la perméabilité mesurée dans les trous de
sondage par les essais de packer.

L'Energie Atomique du Canada, Limitée
Etablissement de recherches nucléaires de Whiteshell

PInawa, Manitoba ROE 1L0
1984 mai

AECL-7810



THE USE OF BOREHOLE GEOPHYSICAL LOGS AND HYDROLOGIC TESTS

TO CHARACTERIZE PLUTONIC ROCK FOR NUCLEAR FUEL WASTE DISPOSAL

by

C.C. Davlson, W.S. Keys and F.L Paillet

ABSTRACT

The selection of an igneous rock body for the disposal of nuclear
fuel waste will likely require the drilling and testing of a number of deep
Investigative boreholes in the rock body. Although coring of at least one
hole at each Research Area will be essential, methods for making In situ
geophysical and hydrologlc measurements can substitute for widespread coring
and result in significant savings In time and money.

A number of borehole methods have been applied to the investiga-
tion of plutonic rocks at Whiteshell Nuclear Research Establishment and
Chalk River Nuclear Laboratories in Canada.

Borehole-geophysical logging techniques permit the lateral extra-
polation of data from a core hole. Log response is related to rock type,
alteration, and the location and character of fractures. The geophysical
logs that are particularly useful for these purposes are television, acous-
tic televiewer and acoustic waveform, neutron and gamma, resistivity, tem-
perature, and caliper. The acoustic-televiewer log of the borehole wall can
provide high-resolution data on the orientation and apparent width of frac-
tures. In situ hydraulic tests of single fractures or fracture zones iso-
lated by packers provide quantitative Information on permeability, extent,
and interconnection. The computer analysis of digitized acoustic waveforms
has Identified a portion of the waveform that has amplitude variations that
are related to the permeabilities measured in the boreholes by packer
tests.
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1. INTRODUCTION

The purpose of this paper is to summarize some borehole methods
that can contribute to the investigation of in situ geologic and hydrologic
factors essential for the selection of a plutonic rock mass for the safe
disposal of high-level radioactive materials.

The interpretation of borehole data as an aid to the understanding
of the hydrology of igneous and metamorphic rocks is in its infancy, because
very low permeability plutonic rock has not been a subject of much hydro-
logic interest until the last few years. Currently, in North America and
Europe, a number of plutonic rock bodies are being evaluated either as
potential radioactive waste-disposal sites or as technique-assessment re-
search areas, and the development of borehole methods is now progressing
more rapidly.

Recent exploration for geothermal energy in the United States
has provided some experience in igneous and metamorphic rock because
fractured plutonic rocks constitute one of the most important types of
geothermal reservoir (Keys and Sullivan, 1979). Although some experience
can be transferred from geothermal reservoir studies, modified borehole-
measurement techniques and equipment are required to characterize plutonic
rocks with low fracture frequency and permeability which are being con-
sidered for nuclear waste disposal.

The continuous coring of every investigation hole at each site
is very expensive, and intentionally deviating these holes in order to
obtain oriented core further increases the cost of test drilling. This
paper describes methods for making geophysical and hydrologic measurements
in site-investigation boreholes that can largely substitute for continuous
coring. At any new area, however, it will be necessary to drill at least
one corehole*. The corehole is required to provide calibration data for
geophysical logs as well as quantitative information on mineralogy and
rock properties.

This paper describes a cooperative study by Atomic Energy of
Canada Limited (AECL), Environment Canada, National Hydrologic Research
Institute (NHRI), and the U.S. Geological Survey (USGS), with support and
data provided by Energy, Mines and Resources, Canada (EMR). Two AECL re-
search areas, the Whiteshell Nuclear Research Establishment (WNRE) in
Manitoba and Chalk River Nuclear Laboratories (CRNL) in Ontario, were
chosen for this study because boreholes, cored to a depth of 1 000 m, were
available for both geophysical logging and hydrologic testing. The de-
tailed core descriptions and analyses that had been carried out previously

The term "corehole" refers to a hole produced by diamond-bit rotary
drilling with core recovery.
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by EMR provided a basis for log interpretation. The locations of the
WNRE and CRNL research areas are presented in Figure 1, and the locations
of boreholes used in this study are shown in Figures 2 and 3.

Both Canada and the United States are interested in the develop-
ment of criteria for the selection of sites for the permanent disposal
of nuclear fuel waste. Massive bodies of igneous or tnetamorphic plutonic
rock are among those geologic environments being considered. Because
this report is intended to describe borehole measurements made by re-
searchers from NHRI and USGS, only a small part of the large volume of
data collected at the two research sit2s is presented here. Other
methods have been carried out in some of these boreholes by workers from
both the Earth Physics Branch (EPB) and the Geological Survey of Canada
(GSC) of EMR. Several of the AECL technical record report series document
these investigations.

The approach in this report is to describe the general inter-
pretation of the various kinds of borehole-geophysical logs made in
plutonic rock at WNRE and CRNL, with a few specific examples for illustra-
tive purposes. Emphasis is then placed on the very important subject of
detecting fractures and characterizing their hydraulic properties by
these methods. Newer methods of hydrologic testing for determining
fracture interconnectivity and the analysis of acoustic waveforms generated
in fractures are described in considerable detail because they relate
directly to permeability. Finally, the cost-effectiveness of methods
for obtaining geologic and hydrologic information from test holes drilled
in plutonic reck is discussed.

2. METHODS OF INVESTIGATION

2.1 BOREHOLE GEOPHYSICS

Geophysical logs were run in the boreholes to characterize the
lithology, fractures, and hydrologic properties of the plutonic rocks.
The logs made were television, acoustic televiewer, acoustic velocity,
acoustic waveform, neutron, gamma, gamma—spectra, gamma-gamma, spontaneous
potential, several kinds of resistivity, caliper, and temperature. Some
logs were made under contract by a Canadian service company*. The
service company used standard commercial equipment and recorded the logs
in analog form only. It was necessary to later digitize these analog
records, in order to change scales for comparison with other logs and
for publication.

Most of the borehole logs used in this study were made with
research equipment utilized by personnel of the USGS located in Denver,

Roke Oil Enterprises Ltd., Calgary, Alberta.
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Colorado working on a research project on bornhoJe geophysics as applied
to groundwa ter hydrology. One of the objectives of their research is
the development of special equipment and log-interpretation techniques
for studies related to radioactive waste disposal. Most of Liie equipment
has been manufactured to unique specification by a number of companies;
some have been been fabricated and modified by USCS personnel. The USGS
geophysical probes are attached to a 2 450-m length of four-conductor
armoured cable spooled on a truck-mounted winch. All logs, except the
acoustic televiewer, were simultaneously recorded in analog and digital
forms on a four-channel pen and ink recorder and on computer-compatible
magnetic tape. A data sample was digitized every 0.15 m. The acoustic-
televiewer log was recorded on a Polaroid film and some intervals were
simultaneously recorded on video tape.

The scales on all of the resistivity logs should be regarded
as semi-quantitative at best, particularly at higher resistivities. In
contrast, thf acoustic-velocity values on logs are consistent with core
values and are probably quite accurate. Temperature-log values are
probably accurate within 0.03°C but there is no assurance that water in
the holes was in equilibrium with the surrounding rocks since some logs
were made shortly after drilling was completed.

In order to evaluate and analyze the large amount of borehole-
geophysical data collected and to present part of it in this paper,
extensive use was made of several minicomputers at the Denver Laboratories
of the USCS. All logs were digitized and replotted at compatible scales,
and several were replotted for publication. Computer smoothing routines
have made some logs easier to interpret. A large number of frequency-
distribution plots and cross plots were made to better understand rela-
tionships between the various logs and other data. Some fracture data
were entered in the computer for subsequent plotting; other data were
plotted by hand.

There were several logging problems unique to the boreholes at
WNRE and CRNL. Borehole deviation required special modification of
several logging probes and had a detrimental effect on some of the data.
These boreholes were intentionally deviated 15° in order to use a gravity-
dependent device to orient the core. However, the deviation of some of
the holes increased with depth up to a maximum of 43°. Intentional hole
deviation, to provide an orientation datum for cross-cutting geological
features, would not be necessary if more reliance were placed on the geo-
physical logs. The caliper, acoustic-velocity, and especially the acoustic-
televiewer probe must be centered in the hole for best results, and de-
viated boreholes create special problems when using these tools.

It was necessary to construct special rubber centralizers for
the acoustic probes. These custom centralizers fit the holes tightly,
so it was not possible to pass by a major fracture zone at a depth of
424 m in WN-4 at WNRE with the televiewer. When the diameter of the
centralizers was reduced sufficiently to pass the fracture zone, the
probe was not well centered in the lower part of the hole and the log
quality deteriorated. All metal parts of the acoustic-velocity probe
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were covered with cape or rubber to reduce "road noise" caused by the
body of the tool rubbing against the wall of the hole. The probe then
provided good quality data. Similarly, the three-arm caliper probe could
not be centered properly, and two arms had to be removed for logging
several holes. High-resolution caliper logs were then made with the re-
maining arm cut short to provide maximum deflection in the small hole.

A second borehole condition lowered the quality of some acoustic-
televiewer logs at WNRE and CRNL. A number of depth intervals in several
boreholes were rifled like a gun barrel. The effect of borehole rifling
has been observed on logs of boreholes in igneous rocks elsewhere, and
the interpretation was confirmed by the retrieval of rifled core segments
from the Canadian boreholes. The rifling starts most frequently at a
fracture, probably due to a slight deflection of the drill bit by the
fracture. Rifling may be related to the changes in hole deviation that
were observed to occur at major fractures. It may be possible to reduce
rifling by drilling with less pressure on the bit, particularly when
fractures are encountered.

The relatively small diameter of the cored drill-holes (7.6 cm)
placed significant limitations only on gamma-spectral logs, but was es-
pecially favourable for acoustic-waveform logs. The larger diameter of
a rotary, air-hammer drilled hole, WN-3, made possible the use of a 10-cm
diameter spectral probe with a 7.6-cm by 30.5-cm sodium iodide crystal.
This unusually large crystal permitted the recording of statistically
significant spectra in 100 s. In coi'trast, 500 s to 1 000 s were neces-
sary for the smaller probe that had to be used in the 7.6-cm coreholes.
The larger crystal also permitted the recording of three continuous
gamma-spectral logs with energy windows across major peaks representing
thorium, uranium and potassium.

The borehole-television and televiewer logs are particularly
usefull in obtaining data on fractures. Each of these logs has unique
advantages and disadvantages.

The borehole-television surveys were made by Lau and Bisson of
AECL/GSC. Lau and Bisson also calculated the orientation and interpreted
the type of fractures, their width, and the mineralogy of the filling
material from television logs. The side-viewing television, which was
manufactured by Sperry Support Services, records on magnetic tape. The
television logging unit used had a maximum depth capability of about 610 m
and a maximum focus range of 127 mm. The strike and dip of planar features,
such as fractures, dikes or veins, were measured with a compass clinometer
with a resolution of about 5°. This compass is subject to the same errors
as the magnetometer in the televiewer, described later.

The acoustic televiewer is expensive and less reliable than
most other logging probes. Considerable experience is required to
obtain the most useful logs. However, televiewer logs can be recorded
with mud, oil, or water in the hole and also with some mud cake on the
borehole wall. A hard copy is obtained immediately, and the data
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may be simultaneously taped for later playback at different scales, m
with changes in various adjustments. High-resolution, oriented, hole-
diameter information can also be obtained when the same equipment is
used to record an acoustic-caliper log (see Figure 4). The aoustic-
caliper log can be recorded in the field, or later from magnetic tape.
The televiewer probe can be run on either four- or seven—conductor
standard logging cable, so most logging trucks can be used and depth
measurement is relatively accurate. Logging speed is usually less than
2 m/min.

Since the probe must be accurataly centered, highly deviated
holes can be a problem for the acoustic televiewer. In Figure 5, how-
ever, the apparently open fracture, at a ^epth of 728.5 m in WN-4, can
still be seen in spite of the black band caused by poor centralization.
In this part of the hole, the deviation was about 43° from the vertical.
Borehole roughness at the major fracture zone in WN-4, at 392 m to 394 m.
caused the televiewer probe to stall in the hole, and it was necessary to
reduce the diameter of the centralizers in order to log deeper. Note that
the fractures are still quite clear on the log, even though this interval
was cemented to keep the hole open (Figure 5). Significant changes in
hole diameter may require several acoustic-televiewer runs at different
gain adjustments to obtain the best data.

Interpretation of acoustic-televiewer data is somewhat subjec-
tive because of the effect of equipment adjustments and drilling techniques.
There may be questions as to whether a planar opening is a fracture or
a hole enlargement parallel to rock fabric. Actually, some openings
parallel to layering in igneous and metamorphic rocks, at other localities,
have been found to transmit ^ater. The acoustic televiewer will not detect
closed or filled fractures unless there is a difference in acoustic re-
flectivity. Such differences occasionally permit the location and orien-
tation of contacts between rock types. The altered gabbro in CR-6 at
CRNL, for example, is clearly less reflective than the fresh gabbro
(Figurt 6); however, the hole diameter is slightly larger in the altered
interval. In WN-2, where the hole diameter is very consistent, an in-
crease was observed in the uniformity of the reflected acoustic signal
below 96 m, which is the bottom of a gneissic interval.

The strike and dip of a large number of fractures on the
acoustic-televiewer logs were calculated, but for this report only a
small number were corrected for magnetic declination or hole deviation.
Most of the large fractures in WN-1 and WN-4 were practically perpendic-
ular to the borehole axis, so that fracture orientation could be deter-
mined from borehole orientation alone.

Magnetic-orientation data from the televiewer and television
are subject to error due to the relatively steep dip of the magnetic
lines of force at the WNRE and CRNL sites. The magnetometer or compass
in the probes responds to the horizontal component of the earth's magnetic
field, the magnitude of which is affected by both dip of the lines of
fcee and the deviation of the borehole. Experimental measurements showed



a 0 to 6° variation in orientation of the magnetometer when the magnetic
field was decreased to one-third of the Denver value.

2.2 HYDROLOGIC TESTING

A wide variety of hydrologic measurements was conducted in f.he
WNRE and CRNL boreholes by NHRI for AECL. The measurements were essential
for the evaluation of geophysical logs in this study. Both single-
borehole tests and multiple-borehole tests were made for the determination
of permeability. Straddle packers were used to isolate particular frac-
ture intervals within the boreholes. The single-borehole tests involved
transient pressure response tests (pulse tests), step-pressure injection
tests (modified Lugeon test), and pressure fall-off tests. These
measurements yielded information regarding the permeability of" a relatively
small volume of rock surrounding the borehole-test interval. During
part of the hydroiogic program in the CRNL boreholes, straddle-packer
equipment was installed in adjacent boreholes in order to conduct multiple-
borehole pressure interference tests. The multiple-borehole tests were
used to investigate the borehole-to-borehole continuity of specific
fractured, and also to quantify the hydraulic characteristics of that
part of the rock mass between adjacent boreholes.

The downhole equipment in the tested boreholes consisted or a
set of straddle packers, a pressure sensor for continuous monitoring of
the pressure in the packer zone, and a pneumatically operated downhole
valve to open or close the fluid-injection line. The various tubings,
electrical leads, and strain-support cable were bundled into a single-
sheathed, multicore umbilical cable, which facilitated rapid hoisting of
the downhole equipment. The test-zone pressure was continuously moni-
tored at the surface, using a strip-chart recorder, paper tape, and a
magnetic-tape data storage system. When multiple-borehole interference
tests were performed, a small minicomputer was used to simultaneously
record the pressure data being transmitted from several downhole probes.
A series of pressurized water tanks was used to conduct the fluid-
injection tests. These injection tanks were equipped with fluid-level
manometers for very low flow-rate measurements and wicfi turbine f.Tcwmeters
for confiiiuous flow monitoring. Flow rates in the range 6 x 10 mL/s to
4 x 10 mL/s could be delivered using this injection-tank system. A
schematic diagram illustrating the various equipment components used by
NHRI to perform the hydrologic measurements during this study is shown
in Figure 7.

3. LITHOLOGY AND FRACTURES FROM GEOPHYSICAL LOGS

There are two general approaches to the interpretation of geo-
physical logs when the specific rock type is unknown. Both have been
used to some degree in this study. The first app oach is empirical;
frequency-distribution plots of log response or cross plots of two logs
where clusters of points may uniquely represent a lithologic type can be
made. The second approach considers the mineralogical composition of
each rock type, and what the trieoretical response of each log should be.
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With the present state of knowledge regarding borehole geophysics
in igneous rocks and the general lack of adequate laboratory measurements,
theoretical predictions of log response must first be proven by comparisons
of core data and logs. Figure 8 is an example of this approach. In agree-
ment with theory, the response of the gamma log should be related, in a
general way, to the amount of orthoclase and biotite. This is due to
the potassium-40 in the orthoclase and biotite, and the fact that uranium
and thorium are often concentrated in biotite. Significant changes 1 roni
this norm may be due to redistribution of uranium along fractures. This
simple example demonstrates why a basic understanding of the relationships,
between the physical principles of the measuring device and the mineralogy
and structure of the rocks being measured, is essential.

The rocks logged at WNRE and CENL range in structure from cqui-
granular through gneissic to schistose, and in composition from granite,
quartz monzonite, granodiorite and diorite, to gabbro. Superimposed on
this matrix are randomly distributed fractures with various widths,
fillings, and orientations, which partly control the occurrence of
weathered or altered zones. Dikes and veins also intersect the boreholes.
These features affect the response of most geophysical probes and must
be understood in order to correctly interpret the lithology of igneous
rocks from geophysical logs. In this section, the response of each type
of log to varying lithology will be demonstrated with examples from the
holes logged at WNRE and CRNL. Because it is impossible to separate log
response due to lithology, from response due to fractures and associated
alterations, a preliminary discussion of the response of the various logs
to fractures is also included. A more detailed description of the results
of fracture logging is included in subsequent sections.

3.1 CALIPER LOGS

Accurate caliper (borehole-diameter) logs are absolutely essential
to the correct qualitative or quantitative interpretation of other geo-
physical logs. Significant changes in borehole diameter cause deflections
on most logs, even though the logs may be described as borehole compensated.
Drill holes in igneous rock tend to be very smooth and for the most part
this is true of the holes at the two Canadian sites. Most rough intervals
(and hence sharp deflections on the caliper logs) in these boreholes can
be jhown to represent fractures, but not all fractures are detected by
caliper logs. Some of the longer intervals of boreholes showing a diameter
increase are represented by anomalies on other types of logs, but it is
difficult to determine if the effect is due to borehole-diameter change,
the Dresence of open fractures, or rock alteration. Mechanical caliper
logs usually indicate a greater than true length of borehole diameter
increase or fracture width because of the tendency for the sharp edge
created bv the diameter increase or fracture to break away during drilling.
In the case of a fracture this apparent lengthening is partly controlled
by the angle of intersection of the fracture and the borehole. A steep
fracture will have two depth intervals where the angle of intersection
will be acute. These two intervals may be represented by borehole en-
largements on the en!iper log, which would be mistakenly interpreted as



two separate fractures. Furthermore, a three-arm mechanical caliper probe
may intersect a steeply dipping fracture at three different depths, which
might record as three separate anomalies for the same fractjre.

In order to detect the maximum number of very small fractures,
it is necessary to run the caliper log at the highest resolution possible.
The arras should have a small diameter and their length should be tailored
to optimize response in the hole-diameter range expected. In significantly
deviated holes, all but one arm may have to be removed from any caliper
probe that does not have independent arm movement. It is quite difficult
to properly centralize probes when borehole deviation exceeds 12° to
15°. When all these modifications are made, it is possible to resolve
changes in a hole diameter of 0.8 mm. Single-arm caliper logs eliminate
ambiguities caused by three arms entering a steep fracture at different
depths.

The high-resolution, single-arm caliper log of WN-1 shows a
number of changes in hole diameter that range from 0.8 mm to 6 mm. Most
of these changes are meaningful because other logs show that they are
due to either fractures or lithologic changes. The majority of the
caliper probes available for commercial-service logging do not provide
useful data where such high resolution is required.

Oriented acoustic—caliper traces may be recorded as a different
kind of output from the acoustic-televiewer probe. Acoustic-caliper
logs ware not run in most of the boreholes during this study because of
time limitations, but in other holes in igneous rocks, they have clearly
defined fracture locations (Keys, 1979).

3.2 ELECTRIC LOGS

Electric logs, including various kinds of resistance, resisti-
vity, conductivity, and spontaneous-potential measurements of the borehole
and surrounding rocks are very useful, under the right conditions, for
the location of fractures and lithologic changes in igneous rocks. In
general, however, much of the current flow from single-point resistance,
electric-logging probes may be in the borehole because of the extremely
high resistivity of the surrounding rocks. Furthermore, it is unlikely
that the resistivities recorded by the multiple-electrode logs will be
correct at these high values. Therefore, calculation of porosity from
resistivity logs will not provide reasonable values.

3.2.1 Single-Point Resistance

Single-point resistance logs are not quantitative but can
provide high-resolution information on the location of major fractures
and useful data on lithology. There are two general kinds of single-
point resistance logs. The differential probe measures voltage changes
across a thin insulator in the probe and provides high resolution simi-
lar to a short-focused or guard log (Keys and MacCary, 1971). The
conventional single point uses a return electrode at the surface and the
resolution is reduced. Both types of logs detected the major fracture
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zones in the boreholes at WNRE and CRNL, but neither provided useful
information on the smaller fractures.

Single-point resistance logs are often superior to multiple-
electrode logs because their response to changes in resistivity is unique,
the trace always moves to the right in rocks of higher resistivity unless
hole-diameter effects are excessive. In contrast, multiple-electrode
devices frequently exhibit reversals due to thin-bed effects. The
single-point systems are quite susceptible to changes in hole diameter,
particularly if the hole is filled with conductive fluids and the sur-
rounding rocks are highly resistive.

The conventional single-point log for CR-6 contains more re-
sisistivity detail and is easier to interpret in the gabbro of CR-6
than either the normal or focused curves (Figures 9a and 9b). The re-
sponse of the single-point devices is compressed at high resistivities,
which reduces off-scale deflections such as those on the guard log of
CR-6.

3.2.2 Normal Resistivity

The normal-resistivity probes usually have an electrode spacing
of 10 cm to 160 cm. Spacings of approximately 40, 80, and 160 cm (conven-
tionally called 16-, 32-, and 64-in normals) were used for logging at
the two study sites, and most significant lithologic changes and major
fractures were detected. Although the normal curves are generally
amenable to quantitative interpretation, the validity of values in rocks
with resistivity greater than 1 000 fi-m to 2 000 fl*m is questionable,
and they are definitely not useful for measurements at 10 000 il'm or
greater. Laboratory resistivity measurements on 42 core samples from
WN-2 by Katsube et al. (1978) ranged from 9 000 fi-m to 37 000 fi-m. Re-
sistivities on the multiple-electrode logs were much less than the
laboratory values. Furthermore, resistivities on several different logs
of the same hole did not agree. The 16-in normal log for CR-6 showed no
clear relationship to iithology. The gabbro is, however, less resistive
than most of the felsic rocks.

The normal—resistivity logs of WN-1, made in 1978 October,
showed a major decrease in resistivity below a depth of approximately
395 m. The other logs do not suggest a major change in lithology below
this depth, and the guard log made in 1979 February does not show the
same change (Figure 10). Davison (1980) points out that fresh water was
moving down the hole from a casing leak during this period. The tempera-
ture log, made as the first in the suite of logs run in October, showed
a sharp 0.2°C increase in temperature at 416 m, then nearly isothermal
conditions below this depth with slight cooling near the bottom of the
hole. The acoustic televiewer logged a major fracture zone at about 395 m
and another open fracture at 416 m. The normal resistivity curves sug-
gested that there was an increase in fluid conductivity in the lower
part of the borehole. An electronic water sampler took samples at three
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depths. Following are the results of field measurements on these sam-
ples, which were subsequently corroborated in the laboratory at WNRE:

Depth Temperature Resistivity
(m) of sample (fl'm)

91 7.2°C 38
408 8.4°C 38
424 8.4°C 11

These data suggest that the fracture at about 395 m is trans-
mitting water and that a different groundwater system with more saline
water has been intersected by the deeper part of WN-1. This was subse-
quently confirmed by hydrologic testing and fluid sampling carried out
in the borehole. The normal resistivity logs not only provided the
first evidence of the existence of this saline water, but the two major
fractures in the hole are marked by larger negative deflections than any
others on the log.

3.2.3 Focused Resistivity

The focused, or guard, logs run on several of the coreholes do
not appear to offer significantly more information about lithology than
the single-point or normal curves. Both major lithologic changes and
open fractures are detected by the guard system, yet the logs seem to be
the most- difficult of the resistivity curves to interpret because of the
many sharp deflections (see Figure 9a). Guard logs should be less
affected by hole-diameter changes, yet most hole-diameter changes were
due to the presence of fractures. A microguard log or dipmeter log
might offer improved resolution of very tight fractures, but experience
elsewhere indicates that the interpretation of fractures from these
logs is quite difficult (Keys, 1979).

The guard log of WN-1 appears to be particularly useful for
locating fractures at depths greater than 150 m (Figure 10). Above this
depth, there is considerable ambiguity in the interpretation of fractures
from the guard log. This may be due to heterogeneous lithology or
hole-diameter changes, or both. At depths greater than 150 m in WN-1,
the correlation of low-resistivity anomalies on the guard log with
fractures appears to be comparable to the correlation of fractures with
the acoustic-velocity log.

3.2.4 Spontaneous Potential

The spontaneous potential (SP) log is routinely run as an
extra curve with many kinds of resistivity logs. The classical explana-
tions for the response of this simple log do not apply in plutonic
rocks, and there is very little practical experience to use as a guide.
Several SP logs were run at the two sites, but they provided no informa-
tion not available from other logs. The SV log of CR-6 appears to be
valid, but only because it follows the typical reversed response of the
single-point curve. The S? log of WN-4 is useless due to uninterpretable
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noise in the upper part and a straight line with several deflections in
the lower part of the hole.

Spontaneous potential logs have proven useful in locating inter-
vals of active fluid flow in igneous rocks (Keys and MacCary, 19 71, p. 30).
Noisy intervals on the SP logs, which are thought to be due to streaming
potential, may indicate fracture zones where water is moving. This
phenomenon only seems to take place where the volumes of water moving
are much greater than those found to date in the WNRE and CRNL boreholes.

3.3 NUCLEAR LOGS

The nuclear logs used in this study were gamma, gamma-spectra,
gamma-gamma, and neutron. They have unique advantages in that they can be
made through casing and cement if necessary, and regardless of whether
there is air, water, or mud in the hole. There are several variables that
can be changed in the way that nuclear logs are run, so there may be
some differences between logs made at different times with various kinds
of equipment. Most nuclear probes are not collimated to achieve the
high resolution possible with acoustic or mechanical logs. It is possible
to improve the resolution of gamma-gamma probes by collimation and very
short spacing, but this was not done for this investigation. The conven-
tional nuclear probes tend to measure the average response of a volume
of rock that may have a maximum dimension of a few metres depending on
rock density and hydrogen content, and thus do not resolve narrow fractures.
This characteristic also introduces a difficulty when attempting to cali-
brate logs using core analyses that represent a very small volume of
nonhomogeneous rock. In spite of the fact that many igneous rocks are
thought of as being quite uniform, laboratory analyses of such character-
istics as resistivity, density, and acoustic velocity of core specimens
from the WNRE boreholes show a rather wide range of values.

3.3.1 Gamma and Gamma-Spectra

The response of a gamma probe is a function of the total
amount of the naturally occurring uranium, thorium anu potassium-40 in
the rocks, and any artificial gamma-emitting radioisotopes that may have
migrated in groundwater. A gamma-spectral probe permits the identifica-
tion of these radioisotopes as a function of the gamma energy and the
estimation of concentration. The naturally occurring radioisotopes may
be present in plutonic rocks as essential constituents or inclusions in
primary minerals, in alteration products, or concentrated in trace amounts
along fractures. Silicic rocks are usually more radioactive than basic
rocks.

Tl i.iretically, most of the gamma radiation from an unfractured
igneous rock should derive from the potassium in the orthoclase and bio-
tite. A plot of gamma-log response versus the percentage of potash
feldspar and biotite from core analyses from CR-6 is shown in Figure 8.
Although the data are scattered, it is obvious that gamma radiation does
increase in rocks with a higher percentage of these two minerals. Unlike
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orthoclase, the radioactivity of biotite is variable because the trace
amounts of uranium and tnorium range widely in this mineral.

Although gamma logs are widely used to correlate lithologic
units in sedimentary rocks, this application may be much more difficult
in the rocks of the Canadian Shield. The holes logged at CRNL are only
10 m to 20 vn apart, yet correlation of rock types between these holes is
quite difficult with the gamma logs alone. Several lithologic units in
the lower parts of these holes do apparently correlate, but the differ-
ence in character of the anomalies is significant.

The irregular gneissic structure at CRNL may, in part, account
for the large and numerous variations on the gamma logs. At WNRE, above
a depth of approximately 150 m, three major lithologic units can be cor-
related between holes WN-1 and WN-2 using the gamma logs. The contacts
between these units are at approximately 45 m to 49 m, 96 m to 97.5 m,
and 149 m to 152 m in WN-1 and WN-2. The middle unit, which is character-
ized by distinct and wide-range variations in gamma intensity, is mostly
granodiorite with veins of pegmatite and concentrations of biotite. The
rocks with higher gamma intensity are granite, with 45 to 65 percent
orthoclase, in contrast to the 10 to 15 percent orthoclase in granodiorite.
The deeper granite is also more radioactive than the shallow granite,
but it is not known if this is due to primary differences in lithology
or to leaching of the shallow rocks.

Neutron logs define these different rock types even more
clearly than the gamma logs. The combination of gamma and neutron logs
is excellent for the identification of different igneous rock types, and
the subject will be covered in more detail in Section 3.3.3.

Gamma-spectral data are also useful for identifying zones that
are hydrothermally altered (Keys, 1979). Potassium has been shown to
migrate from the central portion to the margin of hydrothermally altered
zones. Although reaction temperatures are not known, an altered zone is
described within the gabbro in CR-6 from 244.5 m to 250 m. This depth
interval is marked by an increase in radioactivity, largely due to
enrichment of potassium-40. The fact that this chloritized rock appar-
ently has a higher concentration of potassium than the adjacent gabbro
would suggest low-temperature alteration and migration, and precipitation
of potassium.

In groundwater, under oxidizing conditions, uranium is the
most soluble of the naturally occurring radioisotopes and may be depleted
or enriched along fractures. Several examples of the leaching or precipi-
tation of uranium along fractures are reported in the literature (West et
al.f 1975). An example of the apparent enrichment of uranium along frac-
tures is found at a depth of approximately 132 m in CR-6 (see Figure 9b).
The maximum positive deflection on the gamma log of CR-6 is found at
this depth, which is near the top of a major fracture zone. A gamma
spectrum recorded at this depth indicates a significant increase
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in uranium in comparison to potassium and thorium. A positive uranium
anomaly, at a depth of about 40 m in CR-10, is spatially related to an
open-fracture zone, but similar anomalies in CR-11 and CR-12 do not
appear to be related to presently open fractures.

At WNRE, relatively thin concentrations of uranium occur at
several depths on the gamma logs and these may be caused by redistribu-
tion along fractures. In WN-1. the uranium concentration appears to be
significantly greater at 395 m, the top of the major fracture zone in
the borehole, than at 397.5 m, which is below most of the open fractures
that constitute a fracture zone. The maximum gamma radiation recorded
in any of the holes at 327 m in WN-1 is mostly due to uranium, but does
not coincide with a fracture that is now open at that depth. In WN-3,
gamma anomalies at 79.5 m and 90 m appear to be related to fractures at
these depths. Although positive gamma anomalies that are caused by an
increase in uranium may indicate fractures that are or were, at one
time, sufficiently open to permit groundwater movement, other fracture
evidence is necessary to substantiate this interpretation.

3.3.2 Gamma-Gamma

Dual-detector gamma-gamma density logs were only run in the
boreholes at WNRE because they did not appear to offer any more informa-
tion than was available from other logs at CRNL. A major fracture zone,
at a depth of 36.5 m to 38.4 m in WN-3, caused a significant anomaly on
the gamma-gamma log, but this was partly due to a hole-diameter effect.
Smaller fractures in this and other boreholes were not clearly defined
on gamma-gamma logs. In general, the density logs of WN-1 and WN-2
confirmed the three major lithologic units in the upper part of the
boreholes, but the interpretation was somewhat ambiguous. Possibly, the
small radius of investigation and low sensitivity of a gamma-gamma
system in high-density rocks will limit its usefulness in this type of
environment. A well-collimated, shorter spaced, gamma-gamma probe would
probably provide higher resolution fracture information.

3.3.3 Neutron

Neutron logs have been found to be highly useful in igneous
rocks. A non-collimated, single-detector, epithermal neutron probe was
used in these studies. The response and radius of investigation of
neutron-logging systems are maximized in high-density rocks that have
low porosity and low hydrogen content. However, the resolution is low
because of the large volume of investigation. In spite of this short-
coming, most of the major fracture zones at both study sites are repre-
sented by reduced count rates on the neutron logs. Some of this response
may be due to alteration and microfracturing in the vicinity of fractures
that are, or have been, capable of transmitting significant quantities
of water. Alteration due to groundwater movement usually produces hy-
drous minerals, such as clay and chlorite, that have a higher hydrogen
content than the primary minerals, such as feldspar and quartz. Major
concentrations of hydrous mica minerals ir. gneiss and schist also cause
a negative shift on neutron logs.
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Basic rocks, such as the gabbro penetrated by CR-6, often have
a higher hydrogen content than unaltered acidic rocks such as granite.
The frequency-distribution plot of the neutron log of CR-6 is an example
of this type of response (Figure 11). The distribution in this plot is
bimodal; acidic rocks are represented by the peak at about 4 000 c/s
(counts per second). The peak at about 2 300 c/s represents the underlying
gabbro, and the small peak at 500 c/s represents the altered zone in the
gabbro. Because neutron logs respond chiefly to hydrogen content,
regardless of its chemical form, it is impossible to distinguish between
altered zones, major fracture zones, and concentrations of primary
minerals, such as biotite, without supplemantary data.

The consistent response of the USGS logs in CR-10, CR-11 and
CR-12 indicates that quantitative interpretation of in situ porosity may
be possible, given the proper calibration data for these rocks and a
separate method to correct for the concentration of hydrous minerals.
However, calibration must be performed in igneous rocks in order to
place a porosity scale on any of the neutron logs at WNRE or CRNL. The
relatively unfractured rock has a consistent count rate of 4 000 c/s in
all three holes, and this probably represents a porosity of less than
one percent. A major fracture zone encountered in the three boreholes has a
count rate of 1 400 c/s to 1 900 c/s, which represents a relatively
high, but non-uniformly distributed, porosity.

In both WN-1 (Figure 10) and WN-4, the negative deflections on
the neutron log are similar for both the biotite-rich granodiorite in
the interval 95 m to 150 m and the highly altered fracture zone at
approximately 396 m. Although the neutron log of the altered zone indi-
cates a greater hydrogen content, another type log, such as the acoustic-
velocity log, is needed for clear distinction. For example, the fracture
zone at 396 m has a much lower acoustic velocity than the granodiorite.
The neutron log of WN-4 clearly substantiates that the slight changes in
acoustic velocity that occur at fractures are significant. The lowest
apparent neutron porosity in WN-4 occurs in the interval 613 m to 725 m,
which is clearly bounded by relatively open fractures. A similar change
in lithology across the major fracture zones at depths of 50 m and 100 m
in WN-2 would seem to support the idea that fractures may be localized
at, or near, contacts between different rock types. It is possible,
however, that the reduction in apparent neutron porosity, and increase
in acoustic velocity, may be due to a decrease in the number of micro-
fractures.

3.3.4 Cross Plotting

A combination of gamma and neutron logs is particularly useful
in providing identification of different types of plutonic rock litho-
logies. A computer cross plot of these two logs for WN-2 is shown in
Figure 12. Two types of granite and biotite-rich granodiorite are
clearly distinguished on this plot. A similar plot for WN-1 showed a
cluster of points, representing the fracture zone at 396 m, slightly off
the diagram to the right, at a gamma intensity of approximately 250 c/s.
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The neutron logs exhibit a wider useful-response range in these holes
than the gamma logs.

A similar gamma-neutron cross plot for CR-6 is illustrated in
Figure 13. Different symbols are not used for the different rock types in
Figure 13 because this method of plotting is more time consuming and
expensive. The granitic rocks and gabbro are clearly distinguished, as
are the fractured and altered zones in each rock type. The granite,
quartz monzonite and granodiorite overlap, but the gamma log does show
differences in radioactivity that can be used to distinguish these three
rock types.

At CRNL there are also apparent hole-to-hole correlations
evident from neutron logs alone. A number of these anomalies are also
represented on acoustic-velocity and gamma logs indicating that they are
real changes in lithology, or fractures, which can be defined by cross
plotting.

3.4 ACOUSTIC-VELOCITY LOGS

Acoustic-velocity logs are very useful for locating and charac-
terizing fractures, but much less useful for identifying igneous and meta-
morphic rock types than neutron or gamma logs, in general, the acoustic-
velocity logs made in this study demonstrate a consistently small range of
velocities in unaltered, unfractured rock. Furthermore, the values mea-
sured in the boreholes agree closely with core measurements. The average
velocity in the silicic igneous rocks at both study sites is 5.75 km/s to
5.96 km/s. The observed trends in WN-1 and WN-4 (where mineralogy and
texture are nearly uniform) are almost identical to those found by Nur
and Simmons (1969) for samples of Westerly granite at various confining
pressures. In the latter case, the increase of velocity with pressure
was attributed to closure of microfractures. Intervals of gneiss have
above the same average velocity but demonstrate much wider fluctuations
than the equigranular rock. The lower velocity layers in gneiss are
probably due to an increase in biotite content. The highest velocities
were recorded in the granulite and gabbro in CR-6 at 6.60 km/s and
6.50 km/s, respectively. Slight increases in velocity were recorded in
the deeper parts of WN-1. In WN-4, there is an increase from the average
of 5.80 km/s to 5.92 km/s at 416 m, which returns to 5.80 km/s below
477 m. A major permeable fracture occurs at 416 m in WN-1, and the fact
that a similar change was measured at the same depth in both holes sug-
gests that the fracture may have been localized near a contact. Neutron
logs of WN-1 and WN-4 also show a decrease in apparent porosity at about
the same depth, which indicates that the change in acoustic velocity is
real.

The lowest consistent acoustic velocities were recorded in
altered and fractured rocks. The altered and fractured gabbro in CR-6
has a velocity generally less than 3.80 km/s, although lower velocities
are apparently recorded on the logs. The prevalence of off-scale cycle
skips, due to fractures, makes these lower values questionable. Cycle
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skips are one of the most unequivocal indicators of the presence of open
fractures found on any log, except the televiewer. The effect of fractures
on the propagation of acoustic signals is discussed later in much more
detail.

A cross plot of acoustic-velocity and neutron logs for CR-6
is shown in Figure 14. Again, the silicic and basic rocks are clearly
distinguished and the fractures are included in a wide range of points
with relatively low acoustic velocity and high apparent neutron porosity.
Note that the acoustic velocities exhibit less variation in these rocks
than either the neutron or gamma logs.

3.5 LITHOLOCY FROM COMPOSITE LOG INTERPRETATION

The hypothetical response of the more useful geophysical logs
to some of the common igneous and metamorphic rocks is summarized in
Figure 15. The figure is mostly based on the logs made at che WNRE and
CRNL sites during this study, but it also includes other experience from
USGS logging of a number of wells in similar rocks in the northeastern
and western United States. The figure demonstrates some of the general
rules for interpreting geophysical logs in such rocks, but there are
exceptions to most of the typical responses shown. A gamma log is not
included in Figure 15 because it has been found to be less useful than
the logs shown. In many holes in igneous rocks, the gamma-gamma response
is chiefly due to changes in hole diameter.

The rocks are shown changing from silicic to basic composition
with increasing depth. In general, fresh granite, rhyolite, or biotite-
rich rocks are more radioactive than gabbro or basalt. Pegmatities con-
taining orthocalse are usually more radioactive than intermediate igneous
rocks with a high content of plagioclase. Resistivity is much lower in
the basic rock than in silicic rock, and the apparent neutron porosity
tends to be higher, probably due to an increase in hydrated minerals.
The acoustic velocity may be higher in some basic rocks than in silicic
rocks if there is no alteration. Gneiss and schist are usually indicated
by a higher apparent neutron porosity because of the increase in mica
content. Gneiss is represented on several of the logs by distinct
fluctuations.

Log response due to the secondary features, alteration and
fractures, cannot be separated from response due to primary lithologic
changes without additional information. Altered zones, whether due to
hydrothermal fluids or near-surface weathering, are usually indicated by
high apparent neutron porosity and relatively low acoustic velocity and
resistivity. Hydrothermal alteration may be accompanied by a migration
of potassium from the center to the margins of altered zones, which may
be indicated by a high value on the gamma or spectral logs. Chloritic
alteration of biotite may reduce gamma radiation, but radioisotopes may
be concentrated in fractured and altered zones. Almost all alteration
is spatially associated with fractures that are sufficiently open to
permit the migration of altering fluids. Although many of these frac-
tures may have been subsequently sealed or filled with minerals, it is
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usually impossible to separate the effects produced by fractures and
alteration on most logs. Altered rocks are usually softer than their
unaltered equivalent, and thus produce a slightly larger drill hole.
Open fractures may show as a sharp increase in hole diameter on the
caliper log. A high-angle fracture may produce several anomalies on a
caliper log as the individual arms enter the fracture. These may he
misinterpreted as more than one fracture. Large open fractures may be
indicated by apparent high porosity on the neutron log, low velocity
or cycle skips on the acoustic-velocity log, and low resistivity. Con-
centration or depletion of uranium in, or adjacent to, fractures that have
transmitted water may be indicated by ganuna anomalies. Some gamma anoma-
lies associated with fractures may change with time due to continu-
ing migration of uranium or radon.

4. FRACTURE STUDIES

The permeability distribution of plutonic rock is controlled,
to a large degree, by the location, orientation, width, and continuity
of the fractures that pervade it. The fracture systems recorded on
geophysical logs and examined in the core vary from relatively open,
continuous cracks, to closed or filled fractures. Evidence is presented
to support the continuity and interconnection of some of these fractures,
and the suggestion is made that their distribution may be systematic,
rather than random. Almost all of the geophysical methods used at the
study sites produced anomalies that could be correlated with the location
of the larger open fractures within the boreholes. However, the most
useful geophysical techniques for investigating all fractures that might
transmit water were the acoustic televiewer, acoustic-waveform analysis,
and the borehole-television camera. Side-looking borehole-television
camera surveys were conducted in the boreholes by researchers from EMR
immediately after drilling and were used extensively to guide subsequent
investigations. The acoustic televiewer and borehole television pro-
vided data regarding fracture location, width, and orientation. A few
anomalies that were present on the temperature and gamma logs of the
USGS were indirectly related to fluid flow in fractures. Other detailed
thermal surveys of the water in the boreholes have been conducted by
workers from EMR and these are presented elsewhere.

No data were available on small-scale fractures and micro-
fractures, which undoubtedly affect the response of many logs. If suf-
ficient small, closely spaced fractures are present to change the resis-
tivity, porosity, or acoustic properties, then permeability may also be
increased. Such relationships can only be proved with quantitative data
on microfractures in core.

Most of the data on the location and apparent width of fractures
used in this report were obtained from amustic-televiewer logs. These
logs were recorded at vertical scales of 1 to 2 feet per inch to obtain
the maximum resolution. It was necessary to replot televiewer data to
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match the much compressed scales on the other logs and to produce illus-
trations with metric scales for publication. Some fracture plots were
made by hand from the televiewer logs in order to show location, apparent
width, and orientation. The televiewer data on depth and apparent width
of fractures at CRNL were entered in a computer so they could be plotted
at any scale for comparison with other logs.

All of the presently available borehole-geophysical methods
for logging fractures have quite limited resolution except the televiewer
and borehole television. The televiewer can resolve fractures somewhat
less than 1 mm wide and the resolution of the television is unknown, al-
though widths as small as 0.1 mm are recorded on the GSC television frac-
ture logs. The degree to which resolution limitations are a problem
depends on what fracture widths or apertures permit significant water
movement. Furthermore, fracture continuity, a major factor in water
movement, can only be inferred from logs.

The detailed core-log descriptions, borehole-television logs,
and acoustic-televiewer pictures were all used to locate straddle-
packer intervals for subsequent hydrologic testing. In this way, the
hydraulic conductivity of specific fractures or fracture zones was
evaluated in single drill holes.

Full acoustic-waveform data were digitally recorded at numerous
fractured and unfractured intervals of the boreholes to allow comparisons
with the other geophysical and hydrologic measurements. Finally, between-
hole hydraulic tests and borehole geophysics were used to obtain data on
the correlation or interconnection of fractures between wells.

4.1 FRACTURE LOCATION AND FREQUENCY

Fractures were intersected throughout the boreholes at both
study sites, although there were intervals of a few tens of metres that
appeared to be relatively free of fractures. The fact that some of the
longer intervals with few fractures were found in the deeper part of
WN-4 would seem to support the concept of decreased fracture frequency
with depth (Smedes, 1980). In spite of this apparent reduction in
fracture frequency with increasing depth in WN-4, major fractures were
logged at depths of 392.5 m, 613 m, 726 m, and 728.5 m, and acoustic-
waveform analysis suggests these fractures are open to the movement of
fluid (Paillet, 1980). Several of these open fractures in WN-1 and WN-4
have been shown earlier in Figure 5.

In CR-6 the number of fractures logged with the televiewer
increases with depth, showing greater frequency in the gabbro. The
computer-plotted fracture logs of CR-6 clearly demonstrate this increase
(refer to Figure 6). There are also shallow zones with relatively few
fractures that may be related to rock type. For example, there is an
interval of reduced fracture frequency from approximately 60 m to 90 m
in CR-6, CR-11, and CR-12 that is sufficiently consistent to suggest a
relationship to llthology.
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A comparison of the fracture-distribution plots obtained from
EMK television and USCS televiewer logs of CR-6 is also shown in Figure 6.
The correlation between the two fracture logs is excellent, even though
the television log also includes closed, or sealed, fractures. The tele-
viewer fractures were plotted at an expanded scale to emphasize the
changes in frequency with depth. Fracture-distribution plots do correlate
well with neutron, acoustic-velocity, and resistivity logs; however, there
are significant intervals of poor correlation. These differences are
probably due to the effect of fracture width and lithologic changes unre-
lated to fracturing.

There is evidence that fracture distribution is controlled by
rock type at both sites. In addition to the increased frequency of frac-
tures in the gabbro in CR-6, there is a quartz monzonite layer, from
132.6 m to 139.6 m, that is reported in the core description to be
highly fractured. All of the logs suggest a significant increase in
fractures in the quartz monzonite compared to the overlying granodiorite
gneiss and the underlying quartz—monzonite gneiss. This fractured
quartz monzonite is reported to be rich in pegmatitic material and there
is another concentration of fractures adjacent to a pegmatite dike at a
depth of 61 m. One of the major fracture zones in WN-1 and WN-4, at a
depth of approximately 395 m, is near the contact between rocks with
slightly different responses on several types of logs. This is also
true of the fractures at 610 in in WN-4. Two major fracture zones in
WN-2 also occur near the contacts between different rock types. Much
more liLhulogic information is needed in order to substantiate these
observations and to draw any general conclusions with regard to the
possible relationship of fracture distribution and rock type.

4.2 FRACTURE ORIENTATION

Data on the orientation of a few fractures from core, tele-
vision, and televiewer were compared and found to be in substantial
agreement (see Figure 16). The average error of measuring strike and
dip from a televiewer log is probably about 5°.

The suitability of televiewer data as a substitute for orien-
ted core can be explored by comparing data contained on the televiewer
log with the orientation of fractures listed on the core-fracture log.
The core data indicate whether the fracture is completely closed or
open, and include the approximate fracture width in millimetres. The
correspondence between core-fracture data and televiewer logs was
tested by plotting core-fracture planes in televiewer format. The
comparison was made for ten separate depth intervals in WN-1, WN-2 and
WN-4. In all of the test intervals, the televiewer data indicate the
presence of every open fracture listed on the core-fracture log, with
most orientations agreeing to within 20°.

The largest discrepancy between core-fracture data and tele-
viewer logs involves the detection of closed fractures. Many of the
fractures described as completely closed on the core log were not detec-
ted by the televiewer. Some sets of closely spaced, closed fractures
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that were described on the core log appeared on the televiewer log as a
single open fracture due to the spalling of rock between the individual
fracture planes. All of these effects are illustrated in Figure 16,
where television and core-fracture data are plotted as hypothetical tele-
viewer logs alongsi-ie the actual televiewer log for a 2-m interval in WN-2.
This borehole has the most uniform deviation of all the boreholes at WNRE,
minimizing the uncertainties due to magnetic orientation. Figure 16
demonstrates that the televiewer detected all five of the open fractures
listed in the core data. The television log has apparently missed two
of these major fractures, and lists some as closed that were labeled open
in the core log descriptions. The televiewer also indicates that the
set of subparallel fractures at the top of the zone constitutes a single
open fracture of about the same apparent vjidth as the largest core frac-
tures. Many of the other closed fractures in the core were either
detected by the televiewer, or they appeared as faint and discontinuous
features. Therefore, the most important limitations of the televiewer
are the inability to detect thin completely sealed fractures, and also
the resemblance of closely spaced, minor-fracture sets to a single open
fracture of relatively large aperture. In several instances, there were
indistinct televiewer features representing fractures perpendicular to
the borehole axis. The poor televiewer response apparently stems from
the possibility that the fracture image could fall between televiewer
sweeps.

The televiewer may offer some advantages over core logging
through the preservation of a consistent depth scale, but may be at a
disadvantage in areas where magnetic-orientation problems are significant.
Several minor errors in core data were noted during the comparison of
televiewer with core-fracture listing. These discrepancies were in
heavily fractured zones where the reconstruction of fragmented cere was
difficult. The televiewer log should, therefore, be helpful in the
interpretation of fragmented core.

4.3 FRACTURE WIDTH FROM BOREHOLE GEOPHYSICS

Amo'.ig the geophysical methods, only the acoustic televiewer and
borehole television offer the possibility of measuring fracture width.
Occasionally, a caliper log may also provide data related to the aperture
of very wide fractures. All of these logging devices, however, measure
fracture width at, or near, the borehole wall and do not penetrate the
rock. The lower frequency used in the acoustic-velocity probe does
penetrate the rock a short distance. The interpretation of those data
will be discussed later under acoustic-waveform analysis.

An illustration of how changing the gain on the televiewer may
be used to investigate the apparent width of a fracture a short distance
away from the wellbore is presented in Figure 17. In this example a
complex fracture, at a depth of 258 m in the gabbro in CR—6, appears to
be one of the widest in the borehole on both che televiewer and televi-
sion logs; however, hydraulic tests using straddle packers show that
this fracture does not transmit significant amounts of water. Figure 17
presents four televiewer logs of the complex fracture zone made with
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increasing acoustic signal gain. As televiewer gain is increased,
acoustic reflections are recorded from further back in the opening. The
logs show that the steeper fracture has almost disappeared at the
highest signal gain, and the apparent width of the fracture with the
shallower dip has decreased considerably. There appear to be partitions
of rock or fracture-filling material in the larger opening.

In summary, televiewer logs made with increasing gain indicate
that the opening of the fracture diminishes with distance away from the
drill hole. They also illustrate that this technique offers promise for
better understanding of fractures in the vicinity of drill holes. <Vn
acoustic-caliper log will also provide data on the third dimension.

Figure 18 illustrates one of the problems in measuring fracture
width from the acoustic-televiewer logs. The edge of a fracture at
acute intersections with the borehole wall may be sufficiently broken to
produce an apparent, but not real, widening of the fracture. Such frac-
tures are recognizable on televiewer logs and analogous breaks may be
seen in the core. If a fracture is widened by drilling action along
most of its trace, correct interpretation of width may not be obtained
from these logs. Fracture intersections also tend to break out and
increase the apparent width measured on a log, and soft fracture fillings
can be washed out during drilling. The horizontal to vertical scale
exaggeration of televiewer logs must also be considered when attempting
to measure fracture width. The ratio was approximately 1:5 on most of
the televiewer logs made on this project, although some logs v.'ere recorded
at 1:2.5.

A computer plot of the apparent width of each fracture in CR-6,
determined from the televiewer log, is included in Figure 19. The
addition of fracture-width data improves the correlation of this log
with the porosity-sensitive logs. The absolute values for apparent
fracture width, as measured on the televiewer log, may not be realistic,
but the relative widths are useful for comparison with other data.

Figure 20 is a plot of total fracture width from the acoustic-
televiewer log for selected depth intervals, versus the response of
neutron and normal-resistivity logs for the same depth intervals in CR-6.
To reduce the effect of lithology changes on the logs, intervals of re-
latively constant lithology and log response were chosen within the
felsic-rock section only. The correlation coefficient (yxy) for the
total fracture width and the average neutron-log response is -0.91. The
yxy for the total fracture width and the 41-cm, normal-resistivity log
is -0.87. Thus, either of these logs can be used to estimate the total
fracture width at the borehole wall. Unfortunately, neither the total
fracture width nor the log response shows a statistically significant Yxy
with the results of the in situ permeability tests that were performed
in these holes using straddle packers. The most permeable intervals def-
initely have more closely spaced and wider (more open) fractures, and
these intervals can be detected with several logs, but none of the logs can
be used to make a quantitative prediction of the packer-test results.
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This is probably due to the hydrologic importance of fracture intercon-
nection away from the borehole, which cannot be detected by any geophysical
log measuring the vicinity of a single borehole.

A slightly different approach was followed for WN-1. A plot
comparing the total fracture width from the television log with the
equivalent single-aperture data determined from packer tests, minimum
neutron count rate, and minimum acoustic velocity for the same interval
is shown in Figure 21. The yxy for packer-test data and the television
data is 0.75, which is statistically significant. Fracture widths
measured on the acoustic-televiewer log are similar, but this log was
not run on all of the intervals tested. As Figure 21 indicates, the
correlation of fracture and hydraulic properties with the response of
other logs is not as good in WN-1 as for CR-6, possibly because insuffi-
cient data were available to permit the selection of intervals in WN-1
on the basis of consistent lithology. The highest yxy calculated for
other logs was -0.53 for the total fracture width, and minimum acoustic
velocity. As in CR-6, none of the logs provide an accurate quantitative
prediction of the packer permeability-test results, but interpreted as a
group, they can provide the location and help predict the relative magni-
tudes of permeability in fractured intervals. Because continuity and in-
terconnection of fractures is essential to water movement, knowledge of
the number or the width of the fractures that intersect the borehole is
not enough information to provide an estimate of the hydraulic conductivity.

Most of the fractures in the WNRE and CRNL boreholes that have
been shown to transmit water consist of several closely spaced, low-
angle fractures rather than single planes. When examined closely, even
what appears to be a single fracture may actually be several subparallel
breaks with wedges of included rock. Inspection of the fracture at 416 m
in the core from WN-1 shows that the sides are not parallel, and the
core is separated so that accurate measurement of fracture width is not
possible. Acoustic-caliper traces across this fracture are shown in
Figure 22. The width is not the same on the separate traces. The
apparent width ranges between 1.5 cm and 3 cm on the acoustic-caliper
and acoustic-televiewer log. The width interpreted from television logs
was 1.6 cm. Data from a packer test at this interval gave a calculated
single-fracture aperture of 265 ym, which is greater than any other
interval tested in WN-1. This is also the depth of the only significant
temperature anomaly recorded in WN-.l.

As the angle of intersection of individual fracture planes with
the borehole increases, the apparent width of the opening at the wellbore
becomes greater, as at 392.5 m in WN-4 (refer to Figure 5). This fracture
demonstrates another common characteristic of many of the permeable frac-
ture zones; the occurrence of numerous tight, high-angle, intersecting
fractures immediately adjacent to the more open fractures. If information
such as this is available, packer tests should be designed to determine
the permeability distribution adjacent to such fracture zones to assess
how much these high-angle fractures contribute to the permeability of the
main fracture zone.
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4.4 FRACTURE PERMEABILITY FROM HYDROGEOLOGIC TESTS

The step-pressure, fluid-injection tests that were conducted
in the WNRE and CRNL boreholes by NHRI were used to determine the perme-
ability of the straddle-packer interval according to the relation:

QINJ In (Ro/rw) .._-!. ...
era ~ 2TT L Ap L L i J W

INJ
where

K = equivalent rock mass permeability of the _
e m test zone; [LT l]

Q = fluid-injection rate at steady injection
pressure; [L T ]

R = the assumed radius of pressure influence
during the test; [L]

r = the wellbore radius; [L]
w
L = the length of the straddle-packer

interval; and [L]

AP = steady injection pressure [L]
JLIN J

The effects of turbulent-fluid flow, fracture dilation, or fracture
plugging can be determined from plots of Q ™ , versus AP for several
different injection pressures (Sharp, 1970; Haini, 1971; Zeigler, 1976).
During these studies, some of the fluid-injection tests showed that
fracture plugging was occurring during the test period (Davison, 1980,
1981). In such cases, the permeability value was estimated from the
first and lowest injection pressure drop. The radius of influence of a
fluid-injection test in fractured rock is a function of both time and
permeability. Depending on flow rate, values of R were selected within
the range 10 m < R < 100 m. °

The equivalent rock mass permeability of a test zone contain-
ing fluid-transmitting fractures is related to the fracture permeability

K = * (2)
erm L

where K = permeability of each of the n individual fractures.
n

The fracture permeability of an idealized, planar, uniform fracture is
determined by the width or aperture of the fracture, 2b, according to
the parallel-plate analogy (Sharp, 1970):
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where _,
p = the fluid density; l^.iJ i
m = the fluid viscosity; and I^.o T~ 1
g = acceleration of gravity. [LT ]

During this study, many of the packer tests were designed to
straddle only a single, large, open fracture, as identified on the vari-
ous geophysical logs. Therefore, for comparative purposes, the perme-
ability of each packer-test zone has been expressed in terms of an
equivalent single-fracture aperture value (2b , ) . Even in those cases
where more than one fracture was straddled during a test, inspection of
the acoustic-televiewer log or the television-camera log revealed that
the majority of the fluid flow might be attributed to a single, dominant,
large fracture in the test zone. The relative contribution of the sev-
eral fractures to permeability of the total interval tested cannot be
determined. As previously discussed, there is evidence that in some
cases apparently large fractures may, in fact, consist of multiple planes
very close together. There are also some high-angle fractures present,
but they were not tested separately. The equivalent single-fracture aper-
ture is related to K according to:

erm s
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The 2b . values were calculated from the fluid-injection tests using
the fluia-inji jtion pressure and flow rate data according to:

b
lui
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The transient-pressure pulse tests were analyzed using the
methods outlined by Wang et al. (1978) to determine the 2b f of the
straddle-packer interval. The data from the transient-pressure tests
were used at zones of extremely low permeability because of the dif-
ficulty in maintaining a constant, measurable, injection flow rate at
these zones (Davison, 1981). Generally, the transient-pressure method
was used to evaluate the aperture width of fractures narrower than 10 urn.

Tables 1 and 2 list all the single-borehole, straddle-packer
permeability test results and the calculated K and 2b , values for
the zones tested in the WNRE and CRNL boreholes.

4.5 FRACTURE PERMEABILITY FROM ACOUSTIC WAVEFORMS

One of the most difficult aspects of fracture investigation is
the interpretation of the in situ aperture of fractures that are either
observed in core samples or logged on the wall of the borehole. Labora-
tory experiments on small core samples and much larger quarried rock
slabs have demonstrated that fracture permeability and other rock pro-
perties are sensitive to effective confining pressure, pore pressure,
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saturation, and size distribution of microfractures. Physical damage
to core-fracture faces and fractures filled with drill cuttings in the
vicinity of the borehole can also influence measurements of effective
fracture aperture. Experimental studies, such as those of Trimmer et
al. (1980), have shown that the local state of stress controls the frac-
ture permeability of rock cores in a way that is strongly dependent upon
the nature of individual contact points on opposite sides of the frac-
ture. Such contact points are not adequately sampled by the small area
of fracture face available in core samples, or by the small portion of
fracture adjacent to the wall. Most geophysical measurements, that in-
vestigate large enough volumes of rock around the borehole to contain a
more representative sample of contact points and effective fracture
widths, average their response over such a large body of adjacent unfrac-
tured rock that fracture properties cannot be recognized in the log
response. For these reasons,the best estimates of effective fracture
widths are still made through the expensive and time-consuming process
of packer isolation of limited intervals and fluid injection or withdrawal.

One largely unused source of information concerning rock pro-
perties away from the borehole wall is in the acoustic waveforms produced
by acoustic-logging equipment. Acoustic-velocity logging systems measure
compressional velocity of the rocks around the borehole in the form of
transit time between two receivers located uphole from an acoustic tran-
smitter. Compressional arrivals are detected at each receiver through a
simple algorithm which selects the times when amplitude exceeds a preset
threshold. All other information concerning amplitudes and slower tra-
veling wave modes is rejected by the system. As discussed in other sec-
tions of this report, acoustic-velocity logs can provide good indications
of the location of fractured intervals along a borehole (see Figure 10).
The magnitude of the acoustic-log deflection at a fracture is determined
by the breakdown of the algorithm for a triggering threshold, and there-
fore, bears little quantitative relation to fracture properties. Proper
attention to system diagnostics can allow good estimates of compressional
travel time for at least some fracture zones, and previous studies
(Stierman and Kovach, 1979; and Sjogren et al., 1979) have shown that
compressional velocities can be related to the properties of fractured
rock, however, other modes of wave propagation and their measured
amplitudes may contain significant additional fracture information.

The composite acoustic waveforms consist of both body waves,
which are refracted back towards the receivers after propagating through
rock around the borehole, and guided fluid waves, which represent
trapped oscillations analogous to plane wave-guide propagation (Grant
and West, 1965). White (1965) suggested that shear body waves may be
much more sensitive to the presence of fluid-filled fractures than
compressional waves. Guided wave modes represent the composite of wall
waves and constructively interferring borehole-fluid waves in cases
where the acoustic wavelengths are substantially larger than the borehole
diameter. The physical nature of fluid resonances in the trapped modes
indicates that they may be especially sensitive to borehole-wall perme-
ability. This has been verified by the numerical experiments of Rosenbaum
(1974) and the analysis of acoustic-waveform data by Paillet (1980, 1981).
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Thus, the waveform information that is usually rejected by conventional
acoustic-logging equipment may contain much of the information needed to
characterize the fluid-transport properties of fractures as they extend
away from the borehole.

The acoustic-waveform data described in this report were
obtained by digitally recording the entire waveform as received by pres-
sure transducers located on a probe 60 cm and 90 cm uphole from a trans-
mitter emitting a center-band frequency (w ) of approximately 34 kHz
(see Figure 4) . Waveforms were normally recorded at; 15-cm depth inter-
vals in the borehole, with closer spacing at certain depths of interest.
The digital waveform records consist of 1 024 data points and a sample
rate ranging from 0.5 us to 2 ys for each receiver, or more than 2 000
data points per depth station. The amount of digital acoustic-waveform
data that must be processed, therefore, represents a major obstacle to
interpretation, which is further compounded by the complex nature of the
wave modes superimposed in the composite waveform record.

The analysis of acoustic data had two specific goals:

(1) The development of parameters representing specific
combinations of waveform data that can be correlated
with fracture permeability.

(2) The formulation of data scanning procedures that
facilitate the use of waveform data to characterize
fractures already identified on core logs or images of
the borehole wall.

The first objective is an extension of existing techniques, whereby pre-
programmed algorithms are used to extract data that may be quantitatively
related to fractures. Simple algorithms might attain the second objec-
tive, to produce traces in the field analogous to the acoustic transit-
time log. More complex algorxthms (especially those involving Fourier
analysis or waveform cross-correlation) will probably always be restricted
to the processing of digitized data in the laboratory. In either case,
standard statistical-regression techniques may ultimately be used to
extend a few expensive hydraulic measurements in a single calibration
corehole to many more uncored boreholes at little additional cost.

The first step toward achieving the two basic objectives was
the study of waveforms from the two deep coreholes at WNRE (WN-1 and
WN-4), which contain several intervals of coarse—grained, fracture-
free, granitic rock. A numerical model was then developed to describe
waveforms in homogeneous and isotropic unfractured rocks surrounding a
fluid-filled borehole. Typical waveforms for unfractured intervals in
WN-4 and CR-6 are illustrated in Figure 23. Compressional, shear, and
"fluid" waves can be tentatively identified, as indicated in the figure.
The fluid arrival apparently involves a fundamental guided mode known as
the tube wave (White, 1965). The numerical model confirms that the
tentatively identified shear arrival is a shear head wave, as defined by
Ewing et al. (1957) for body waves propagating along plane elastic
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interfaces. The complex shape of the waveforms, between shear arrival
and tube wave onset, is shown by the numerical model to represent the
first normal mode, as defined by Biot (1952). The normal modes result
from the hybridization of multiply reflected fluid waves in the borehole
and Rayleigh-like waves propagating along the borehole wall. These
modes thus propagate with a phase velocity intermediate between shear
and fluid acoustic velocity. The complex nature of this portion of the
waveform is due to the interference pattern resulting from the normal
mode superimposed on the latter portion of the shear arrival. The
numerical model further shows that the excitation of normal modes is
dependent on hole diameter for a given probe diameter, so that dominance
of the tube wave in Figure 24 can be directly attributed to the small
diameter of the coreholes. Additional discussion of waveform interpre-
tation is given by Pailiet (1980).

Shear velocities for unfractured zones in the wells at WNRE
and CRNL were determined from the digitized waveforms by cross-correla-
tion techniques, as described by Koerperich (1979), and Scott and Sena
(1974). The results from this analysis are illustrated in Figure 24 for
wells WN-4 and CR-6. The 2-ys sampling rate of waveforms decreases
resolution and limits the accuracy with which both shear and compressional
arrivals can be recognized. Within these accuracy limitations, the
rocks encountered by WN-4 appear as one homogeneous granitic body below
325 m. Reductions in seismic velocities within the waveform data are
closely associated with fractures or alteration around fracture zones.
The velocities determined for WN-4 also show a nearly linear increase in
velocity with increasing depth due to the increase in effective confining
pressure. This increase for the granitic rocks at WNRE closely resembles
the velocities obtained by Nur and Simmons (1969) for a single sample of
saturated Westerly granite. The degree of fracturing in CR-6 is much
greater, reducing the number of data points for unfractured rock. Only
one lithology change is resolvable from the digitized waveforms with the
degree of accuracy available. In CR-6, a higher velocity is measured in
the gabbro below a depth of 215 m. There is also an apparent reduction
in seismic velocities in the depth interval between 170 m and 215 m in
CR-6, but this observation is based on only a few unfractured zones, and
is quantitatively within the uncertainty imposed by the sampling rate.

The acoustic waveforms for apparently unfractured intervals
are more variable at depths above 50 m for all of the boreholes at WNRE
and CRNL. This is attributed to the opening of microfractures along
grain boundaries due to very low confining pressures. This effect is
very pronounced in the tube waves, which show a drastic reduction in
amplitude at these shallow depths (Figure 25). The population and size
distribution of microfractures probably varies on a spatial scale that
is larger than the typical volume sampled by the acoustic waveforms.
The depths at which the rate of increase in tube-wave amplitude is
greatest probably correspond to the effective overburden confining
pressures at which the largest sized, lowest aspect ratio microfractures
are closed (Figure 25).
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The comparison of waveforms obtained in unfractured intervals
to the numerical model predictions gives a firm understanding of the
wave modes that are superimposed in the composite waveform. The next
step in the analysis was a study of waveform changes in the vicinity of
isolated fractures within the sparsely fractured zones of WN-1 and WN-4.
The intervals selected for study included the portions of WN-1 below
360 m and that portion of WN-4 between 360 m and 700 m. A typical set
of waveforms for an isolated set of fractures is illustrated in Figure 26.
This interval was shown to have a large fracture apertum. (2b = 188 y;m)
from in-hole packer testing. The fractures comprising this zone appear
as a single major and several minor subhorizontal planes in the televiewer
image (Figure 26). Depths given in the figure correspond to the midpoint
between the short-spaced receiver and the transmitter. The waveforms
are typical of those in the more permeable fractured intervals, in that
distinct anomalies are only apparent for the major fracture that is
evident on the televiewer log, indicating that most of the very faint
televiewer fractures are probably completely closed. The waveform
changes associated with the major fracture in Figure 26 are representative
of waveform anomalies observed for most of the more permeable fractures
in the wells at WNRE and CRNL. These anomalies may be divided into four
distinct types:

(1) A consistent reduction in mean square tube-wave amplitude of
up to 50 percent in the vicinity of large isolated fractures.

(2) A somewhat less consistent reduction in shear amplitude when
the fracture is located between source and receiver.

(3) A significant increase in shear amplitude when either source
or receiver is located directly opposite the fracture opening.

(4) A pronounced amplitude increase throughout the time interval
between shear arrival and tube-wave onset under the same con-
ditions as in (3) for some of the larger fractures.

These effects are also evident in Figure 27 where the tube-
wave and shear amplitudes are compared to the televiewer image for the
same fracture set in Figure 26. The width of the acoustic-waveform
anomaly corresponds roughly with the source-receiver spacing of 60 cm,
confirming that the amplitude anomalies are related to the presence of
the single large fracture with no additional effects from the group of
surrounding closed fractures. The same results were obtained for the
major fractures near 416 m, 451 m, and 458 m in WN-4. Huang (1981) and
Huang and Hunter (1981) have independently observed that tube waves
produced by passage of compressional waves from surface seismic sources
are closely correlated with the passage of open fractures.

Tube-wave and shear-wave attenuation are attributed to the
obstacle to propagation imposed by a fluid-filled fracture. The fre-
quent increases in shear amplitude associated with the edges of the
low-amplitude anomalies at fractures are attributed to mode-conversion
effects. These amplitude increases apparently occur because certain
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locations of either transmitter or receiver are especially effective at
coupling shear motions in the solid to acoustical propagation in the
borehole fluid. The filling-in of the time interval between shear
arrival and tube-wave onset also appears to be due to effective mode
conversion, which increases the normal-mode amplitude. It thus appears
that the location of either a receiver or transmitter directly opposite
an open fracture promotes the conversion of transmitter-induced fluid
oscillations into shear and wall waves, or the conversion of shear
vibrations in the wall into measurable fluid waves.

Most of the more permeable fractures that intersect the bore-
holes at WNRE and CRNL sites are nearly perpendicular to the borehole.
An important question, therefore, concerns the extent to which the
results described apply to the acoustic response of permeable fractures
that are more nearly vertical. Most of the irregular, high-angle
fractures, indicated by the televiewer in the CRNL boreholes, produce
small acoustic anomalies, and other measures of fracture permeability
suggest that these fractures have a very small effective hydraulic
width. A recognizable tube-wave anomaly for a relatively high-angle
fracture in WN-1 is illustrated in Figure 28. The most important effect
associated with near-vertical fractures appears to be the broadening of
the anomalies due to a greater interval of intersection. Additional
conclusions cannot be based on this one example, but permeable vertical
fractures produced significant amplitude anomalies in a fractured-
iimestone reservoir described by Paillet (1981) .

The consistency with which specific types of acoustic-
waveform distortion can be related to more open fractures, as shown in
the preceedir? analysis, indicates that carefully chosen combinations of
waveform data might bear a quantitative relationship to fracture perme-
ability. Several possible combinations of data were considered in an
effort to identify waveform parameters that could be correlated with
fracture permability. The results of this analysis are summarized in
Table 3. Some of the negative results in the table are due to the typ°
of logging equipment used and should not be considered as negative for
all equipment. Some of the results may also be related to the predom-
inantly horizontal orientation of the more permeable fractures in the
boreholes at WNRE and CRNL. A study of the attenuation of different
Fourier components within the data was not pursued in detail due to the
relatively narrow frequency band of the acoustic transmitter used in
this investigation. A comparison of amplitudes associated with different
frequency components within the source band may still be a fruitful line
of investigation for data sets based on acoustic excitation with a much
broader source spectrum. The comparison of amplitudes at near and far
receivers was expected to remove the effects of source coupling with the
formation from the effects of attenuation during propagation. It appears,
however, that the presence of fractures introduces important effects into
the source-coupling process, and this information should not L-e removed
before processing. Also, since the near- and far—receiver offsets span
different populations of fractures in the more heavily fractured intervals,
the amplitude-interpretation process is greatly complicated. For these



- 30 -

reasons, the simplest measure of acoustic attenuation associated with
fractures is given by the mean square amplitude in a prescribed time win-
dow. The mean square amplitude is generally proportional to wave-mode
energy if the sampling window is confined to a portion of the wave train
where modes are not superimposed. Repeat runs with various window widths
and centerpoints always indicated that amplitude logs gave essentially
the same anomalies for all data passes as long as measurement windows
were roughly confined to the portion of the waveform representing a
single wave mode. Tube-wave and shear-amplitude logs are compared to
conventional sonic travel-time, televiewer, and core-fracture data in
Figure 29.

The final step in the acoustic-waveform analysis of the WNRE
and CRNL data was correlation of acoustic anomalies with fracture perme-
abilities as determined by packer tests. The study of anomalies associa-
ted with individual fractures in the boreholes at the WNRE site indicated
that, of all of the acoustic parameters listed in Table 3, tube-wave
attenuation gave the best correlation with packer-test results. The
ability of tube-wave amplitude data alone to predict fracture permeability
was tested by comparison of integrated tube-wave anomalies and measured
permeabilities of selected fracture zones in the CRNL boreholes. The
CRNL boreholes intersect many more fractures and fracture zones than the
WNRE boreholes, so additional averaging had to be accomplished before
the tube-wave anomalies could be compared to the packer test results.
The acoustic data were processed by taking the mean square amplitude in
the tube-wave window for the near receiver at each depth station. The
tube-wave amplitude deficit (difference between local tube-wave ampli-
tude and average tube-wave amplitude over the 3-m section of borehole
centered on the data point) was integrated over each 1.5-m depth inter-
val for CR-6, CR-10, and CR-11. Local deficits were also corrected to
account for the increasing values of averaged tube-wave amplitude with
increasing depth according to the formula:

A(z) - A(z) A(ZO'1

A(z) l f A ( Z ) -< A ( Z )
 ( 6 )

0 if A(z) < A(z)

where

A(z) = 20-point average of tube-wave amplitude

A(z ) = average tube-wave amplitude at bottom of well in CR-6
A(z; = mean square tube-wave amplitude at depth z

This method of correction allows comparison of amplitude deficits at
different depths, but also serves to magnify noise at depths above 50 m
where tube-wave amplitudes become very small and waveforms are generally
unsteady. The integrated deficits were then compared to the effective
single-fracture aperture as calculated from the isolation and fluid
injection tests (Figures 30, 31 and 32). The depths characterized by
the largest tube-wave deficits are almost always the same as those with
the largest measured single-fracture aperture or permeability.
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The most densely spaced packer-test measurements that are
available for correlation with tube-wave anomalies are in the depth in-
terval from 60 m to 70 m in CR-6 (Figure 31). The maximum effective
fracture aperture from the packer tests corresponds very closely with
the largest integrated tube-wave deficit for this interval. The appar-
ent large tube-wave deficit at depths above 30 m in CR-6 are probably
not due to the large effective fracture apertures that were measured.
The averaged tube-wave amplitudes plotted in Figure 26 indicate that the
large attenuation is mostly noise amplified by the normalization procedure.

Permeability tests were not as closely spaced for some of the
deeper portions of CR-6, and the possible error in identifying and iso-
lating individual fracture zones was also much greater at these depths.
The problems in identifying fracture zones in CR-6 were especially
severe because the televiewer logs had not been run before the tests
were conducted. In spite of these difficulties, the high values of
measured permeabilities in the intervals 100 m to 105 m, 135 m to 150 m
and 180 m to 185 m all correspond to local peaks in the integrated
tube-wave amplitude deficit. The actual measured values do not closely
correlate with the individual heights of the amplitude deficits, but
both measurements indicate permeabilities substantially higher than the
nearby interval of low fracture density. The differences in actual
values are probably related to differences between the interval isolated
in L:.e injection tests and the integration interval for the amplitude
deficit, and to the much deeper penetration of the injection tests. The
measured permeability may, therefore, be more sensitive to fracture
interconnectivity.

A major discrepancy between the amplitude deficit log and the
measured permeabilities appears to exist in the depth interval between
255 m to 265 m in CR-6. The acoustic-amplitude deficit log indicates
very high permeabilities while the measured values appeared anomalously
low. Part of the discrepancy may be due to the fact that only the lower
portion of the major fracture zone was apparently isolated during the
injection test. Differential cable stretch and other factors make the
exact correlation between depth scales on the televiewer and pressure
test data uncertain to within approximately 0.5 m.

Under the assumption that at least part of the major fracture
zone near 260 m in CR-6 was treated by the pressure injection tests, the
measured values appear to contradict the integrated amplitude deficit
log. The core obtained from this fracture zone during drilling was
described as heavily weathered, and contained significant amounts of clay
as infilling material. Much of this weathered rock and clay has apparently
been washed out of the fracture zone in the vicinity of the borehole. The
televiewer logs in Figure 17 substantiate this interpretation. The pressure
transients during drilling indicated that permeability decreased with time
as flow extended away from the borehole. The permeability calculations de-
pend upon the assumption of a very large radius of influence, so that the
permeability values given in Figure 30 correspond to the large depth of
penetration where the effects of clay plugging may be important. It has
also been noted that the tube-wave amplitudes excited by the acoustic
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logging source become very sensitive to effective confining pressure at
shallow depths. The intensity of major fracturing in this zone may have
allowed partial stress release in the vicinity of the borehole, accounting
for an anomalously high amplitude deficit.

The discrepancies between tube-wave amplitude deficit and mea-
sured permeabilities in CR-6 may also represent the effects of the differ-
ent radii of investigation of the two types of measurements. The acoustic-
amplitude data are probably affected by fracture permeability within a
metre of the borehole wall, while the fluid-injection tests may average
the fluid flow characteristics of substantially greater radial distances
depending on the fluid volumes involved. The fracture apertures measured
by the packer tests, therefore, depend on continuity and interconnections
with adjacent fractures as well as on the effective width of those indi-
vidual fractures that intersect the wellbore. This effect could explain
much of the difference between the magnitude of the peaks in tube-wave
and fracture aperture values. Some of the scatter may also be related
to slight differences in the intervals spanned by the packers compared
to the 1.5-m integration interval for the amplitude deficits.

Although there is a smaller number of permeability tests in
CR-10 and CR-11, these also confirm the close relationship between re-
duced tube-wave, amplitudes and high fracture permeabilities (see Figures
31 and 32). The permeabilities measured for the fractures just above a
depth of 100 m in CR-10 appear somewhat low in comparison with the
tube-wave amplitude deficit at that depth, but the major permeable zone
in each of these wells can be clearly identified on the basis of acoustic-
amplitude data alone.

A major tube-wave anomaly in the vicinity of 245 m in CR-6 is
shown in Figure 31; however, this depth interval was not packer tested.
There are several large fractures on the televiewer log at approximately
this depth. A comparison of these results with effective fracture-
permeability results from WN-1 indicates that this depth interval in
CR-6 may not be as permeable as first suggested by the rube-wave deficit.
For example, in the results presented by Paillet (1980) for WN-1, the
major fracture zone near 395 m produced a tube-wave anomaly much larger
than the anomalies produced by isolated, large-aperture fractures of
much higher effective permeability. This difference in response is at-
tributed to the effectiveness of intensely fractured or brecciated zones
in attentuating tube waves. These intensely fractured zones are not nec-
essarily high-permeability zones as previously described. The televiewer
log for depths from 245 m to 250 m in CR-6 indicates that the rocks in
this interval are characterized by low acoustic reflectivity, which may
be the result of extensive alteration. The very large tube-wave deficit
in this depth interval may, therefore, be caused by the same mechanism
that produced a disproportionate tube-wave anomaly at 395 m in WN-1.

The reduction in tube-wave amplitude, observed at depths above
50 m in CRNL boreholes (Figure 26), could explain the especially large
amplitude reductions that appear at heavily fractured and altered zones.
The presence of multiple-intersection fractures around the borehole may
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act to partially release lithostatic confining stress, causing dispropor-
tionately large decreases in tube-wave amplitude. Amplitude reductions
caused by stress relief represent a mechanism that is entirely distinct
from amplitude reductions across isolated, fluid-filled fractures and
probably are not as closely related to fracture permeability.

The existence of more than one mechanism causing significant
waveform attenuation indicates that measured fracture permeabilities
should be correlated with more than one parameter constructed from
acoustic data. It appears that shear-mode conversion can be used as an
indicator of discrete, high-permeability fractures. This would provide
a criterion for distinguishing isolated fractures of high permeability
from those zones of heavily fragmented and altered rock that may be
effectively plugged with clay. The results from the present analysis
suggest that there are four important parameters that can be constructed
from waveform data for correlation with fracture permeabilitv. A regres-
sion between these four parameters and the independent fracture perme-
ability data (K) would produce a formula of the form:

K " A*T + B*SM + C*SA + D*NM ( 7 )

where the parameters on the right side represent

A, B, C, and D: regression coefficients

cj> = integrated tubewave amplitude deficit,

d> = integrated shear-wave amplitude above a given threshold,

(j> = integrated shear-wave amplitude deficit below a given
threshold, and

<}>._ = integrated normal-mode amplitude above a given threshold.

The use of such regression formulae, if based on a suitable number of
permeability measurements, may offer the opportunity to extend packer-
test data from a few calibration boreholes to many other exploratory
boreholes at nominal additional cost. The recording and analysis of
acoustic-waveform data are much more economical than packer testing.
The development of this methodology offers the hope that the large
number of data points necessary to characterize the hydrogeology of a
fractured rock body can eventually be obtained more economically.

4.6 CORRELATION OF FRACTURES BETWEEN BOREHOLES

In order to understand the movement of water through fractured
rocks, it is necessary to know the extent or continuity of individual
fractures or fracture zones. There are several hydraulic tests that can
be performed in a single borehole to provide evidence of fracture extent
(Kazemi et al., 1969; Crawford et al., 1976; Raghavan, 1976: Bennett et
al., 1981). Numerous assumptions must be invoked to analyze the data
from such field tests. This, in turn, leads to gross uncertainties in
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the calculated result. However, if individual fractures or fracture
zones can be correlated with a series of adjacent boreholes, a positive
measure of the fracture extent can be obtainted. A comparison of
fracture-orientation logs and various geophysical logs of adjacent
boreholes enables fractures to be correlated between holes as discussed
later. Pressure-interference tests can be performed in borehole arrays
to locate and quantify the hydraulic continuity of fractures between
adjacent boreholes.

Although there is a wide variety of multiple-well pressure
tests and analysis methods available (Earlougher, 1977), most inter-
ference tests that are performed in fracture-controlled regimes are
difficult to interpret due to the complex and uncertain boundary condi-
tions. Because of this, a modified version of the pulse-pressure,
interference-test method, commonly employed in the petroleum industry,
was selected for this particular study (Johnson et al., 1966; McKinley
et al., 1968; Rijnders, 1973; Kamal and Brigham, 1976). Figure 33
illustrates the equipment and technique that were used to perform these
pulse-pressure interference tests in the closely spaced borehole array
at the CRNL research site.

The pressure-pulse interference-test method considers only the
initial pressure-pulse transit time through the interwell media, and
therefore, does not attempt to resolve the effect of boundary conditions,
making it very suitable for the preliminary evaluation of fracture-
controlled systems. Pressure responses that occur at the monitoring
zone are affected by compressible fluid-storage factors, which must be
evaluated in detail before the pressure-pulse interference-test data can
be analyzed. Fluid-storage factors, such as the compressibility of the
fluid phase and trapped gases, and packer-equipment compliance cause
the pressure pulse, which is observed in the monitoring zone, to lag
behind the pressure pulse in the adjacent media. The lag depends on the
distance between the injection zone and the monitoring zone. The
dimensionless storage parameter can be used to quantify these effects
according to the relationship (Jargon, 1976):

V6s6s
(8)

where

C = the dimensionless storage parameter,

V = the fluid volume,

8 = the compressibility of the monitoring zone fluid volume
(includes effects of equipment compliance and the effects
of trapped gases),

6T = compressibility of the fluid volume in the adjacent media
(includes fluid and media compressibility), and
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<(),, = hydraulically effective porosity at the wellbore (such as
the void area responsible for the flow into or out of the
monitoring zone).

The pressure-pulse transit time, t, (refer to Figure 34) is
the length of time between the initiation of the pressure pulse in the
injection well and the time when the response is first observed in the
monitoring well. The observed t must be corrected using the calculated
C value for the monitoring zone to yield the true pulse transit time
(t ). The methods of Prats and Scott (1975) have been used in this
study to correct for monitoring wellbore storage.

The hydraulic diffusivity (K) of the interwell region can be
determined from t using the following relationship (Prats and Scott,
1975; Johnson et a?., 1966):

0.2488 R2 . 2 -1,
< = [m *s ] ^

tLo
where K = hydraulic diffusivity, and

RR = radial distance between the active zone and the monitoring
zone (in metres).

Hydraulic diffusivity is the ratio of the fluid transmissibility (T) of
the media to the fluid storage (S) of the media (for example, K = T/S
= K/S g).

Numerous pulse-pressure interference tests were carried out in
the array of boreholes at the CRNL research site during this study. For
many tests, there was no detectable pressure response observed at the
monitoring well, indicating that the interwell hydraulic diffusivity was
less than 1 x 10 m /s. The results of those tests which indicated
that discrete fractures or fracture zones were hydraulically connected
between the wellbores are presented in Table 4.

Geophysical logs in adjacent boreholes can be used to select
fr^.-tures that apparently correlate between boreholes for subsequent
hydraulic interference tests. The nearly horizontal fractures in CR-10,
CR-11 and CR-12 at depths of approximately 51.2 m, 60 m and 54.2 m, re-
spectively, probably represent a single-fracture syscem. The similarity
of character of these fractures on the televiewer logs, which are of
inferior quality because of some rifling of the boreholes, is shown in
Figure 3^. The neutr<;.. log deflections for these fractures are very
similar for the three boreholes: 1 400 c/s, 1 900 c/s and 1 600 c/s
from a baseline of 4 000 c/s in each hole.

Another fracture system that can apparently be correlated by
logs between CR-10, CR-11, CR-12, and CR-6 occurs at depths of 100 m,
102.4 m, 101 m and 102.4 m, respectively. Hydraulic tests of this
fracture zone provided high and relatively consistent permeabilities in
all four holes. An interference test between CR-6 and CR-11 indicates
hydraulic connection. Furthermore, the fracture is marked by significantly
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low gamma counts in both CR-11 and CR-12. Gamma spectra recorded at
these depths show that most of the radiation is due to potassium-40.
Apparently, the uranium and most of the thorium have been leached by the
water moving along the fracture.

Similar steep fractures, logged with the televiewer in CR-11,
CR-12 and CR-6, at median depths of 78 m, 72 m and 98 m, are shown in
Figure 36. The steep dip of these fractures prevents them from being
projected between these holes. Note that they appear to be partly con-
trolled by the schistosity, or layering, in CR-12 and CR-6. In both
holes, the fractures have an en-echelon character and are partly termin-
ated by, or deviated to become parallel with, the schistosity. It is
possible that such a zone of steep fractures may be confined to a single
lithologic unit.

At WNRE, several logs suggest that the major fracture zone
intersected at 395.5 m in WN-1, and 392.5 m in WN-4 is correlative. The
character of the fracture zone on the televiewer logs is similar in the
two boreholes. The magnitude of deflections on the acoustic-velocity
and neutron logs indicates that it is the most significant fracture zone
in each hole. The almost brecciated appearance of the rock in the tele-
viewer logs and the description of slickensides, and alteration in the
core logs suggest the zone from 392 m to 395 m may be a fault. In
contrast, the hydraulically conductive fracture at 416 m in WN-1 does
not appear on the logs of WN-4 at a depth appropriate for its orientation.

The general lack of correlation between individual fractures
in WN-1 and WN-4 raises several important questions because the two
wells are separated by less than 20 m in the depth range of 300 m to
500 m. Furthermore, most of the major fractures indicated on core and
televiewer logs appear nearly perpendicular to the borehole. The major
fracture zone encountered at approximately 395 m in WN—1 appears at
approximately the same depth in WN-4, but is more than twice as wide.
This seems to be a rather large change in character over such a small
horizontal distance.

The zone in WN-1, between the bottom of the fracture zone at
395 m and total depth, is characterized by a series of isolated major
fractures appearing at somewhat regular intervals. All of these frac-
tures have the same character on the televiewer logs, appearing as large
openings, nearly perpendicular to the borehole, and surrounded by several
faint, subparallel fractures. The spacing and orientation of the frac-
tures seem to suggest a regular system of joints such as are often
attributed to stress relief during uplift and erosion of plutonic rock
bodies. None of these low dip features, however, can he correlated with
similar features in the televiewer log of WN-4.

There are several sets of less significant, and more steeply
dipping fractures in WN-4 that can be correlated with major isolated
fractures in WN-1 within the accuracy to which their orientations can be
measured from the WN-4 televiewer log. There are two very large, isolated
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fractures on the televiewer log for WN-4 that are similar to the major
fractures in WN-1 at 436 m and 442 m. Both of these fractures show a
large apparent aperture on the televiewer log, orientation nearly per-
pendicular to the borehole, and major acoustic amplitude anomalies. The
two fractures in WN-4 are located at depths of 459 in and 468 m, and are
projected to pass just beneath the bottom of WN-1 on the basis of their
measured orientation and the local value of hole deviation for WN-4.
The lack of correlation between what appear to be major, gently dipping
fractures across very short horizontal distances raises doubt as to
whether the features on the televiewer log for WN-1 at 436 m actually
represent a single large-aperture fracture. One possibility is that
they represent low-angle intersections of multiple fractures.

Given that a number of permeable fracture zones at both sites
seem to result from the intersection of non-parallel fractures, the
lateral continuity of intersections should be considered. If a fracture
intersection is the focus of water movement, then these permeable zones
may be tubular, or pipe-like, rather thar tabular. If the angle between
two intersecting fractures is only a fp« degrees, such as at 416 m in
WN-1, then the more permeable zone of intersection will have a greater
width. If fracture intersections contribute to the high permeability of
the fracture in WN-1, this may explain the lack of a correlative fracture
at the projected depth in WN-4.

5. DISCUSSION

The most reliable fracture-logging data came from core des-
criptions, borehole television, and the acoustic televiewer. None of
the three techniques missed important fractures, but they all seemed to
miss an occasional, very tight, fracture. Thus, each of them has signi-
ficant limitations.

Continuous coring is, by far, the most expensive method for
obtaining fracture information; yet at least one corehole should be
drilled in each study area to provide lithologic descriptions and lab-
oratory analyses for calibration of the various borehole geophysical
logs. Core recovery in the holes at the WNRE and CRNL study sites was
generally excellent, but core was lost or badly shattered in the most
permeable fracture zones. The reconstruction of such core for fracture
measurements is of doubtful value. The method of drilling inclined
holes to permit orientation of core, and thus fractures, further increases
the cost and makes many borehole measurements difficult to carry out. The
orientation of fractures in boreholes can be derived from the televiewer
or television, so that coreholes do not have to be intentionally deviated
for the purpose of core orientation. Interpretation of the width and
character of fractures in core is somewhat subjective because some of
them can be opened, or their fillings washed out during drilling operations.

Although the televiewer and television are the best logs for
fracture location and orientation, a suite of other geophysical logs
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should be run in the borehole initially to selec1; specific intervals for
the detailed fracture logs. Acoustic-velocity, r.eutron, high-resolution
caliper and resistivity logs all respond to *bc major open fractures.
These logs should all be run along with the gamma and temperature logs
which may also provide information on past or present water movement
through fractures. This suite of borehole geophysical logs will also
provide lithologic information that is usually necessary for a complete
understanding of the hydrologic system, because fracturing appears often
to be controlled by rock type.

Although the analysis of acoustic waveforms is still in early
stages of development, it may be one of the only logs that can be re-
lated directly to permeability. In addition, acoustic-waveform analysis
may, in the future, allow borehole hydrologic test data from a specific
location to be extrapolated to other locations, thus reducing costs.

At present, however, there is no substitute for hydrologic
testing in boreholes with straddle-packer equipment to measure the
permeability of fractures in plutonic rocks. Geophysical logs can,
however, aid in the selection of intervals for packer testing and also
aid in the interpretation of the packer-test data. Detailed borehole
geophysical logging can, therefore, save time and money in. investigating
the geologic and hydrologic properties of plutonic rocks by reducing the
requirement for cored boreholes and by helping to guide subsequent
hydrologic test programs.
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TABLE 1

RESULTS FOR SINGLE BOREHOLE PERMEABILITY TESTS AT WNRE

Interval
(m)

erm
(CWB)

2bes£
(pro)

4 x 10" '
1 x HT 7

4 x 10"8

6 x 10"7

2 x 10~7

7 x 10"8

1 I 10" '
9 x lO"9

3 x lu" 9

9 x 10- 1 0

7 x 10"6

1 x 10" '
2 x 10" '
1 x 10" s

4 x 10- 1 0

2 x 10"5

5 x 10"7

4 x 10-"
1 i 1 0 ' '
4 x lO"5

1 x 10-"
2 x 10-"
2 x 10" e

6 x 10- 1 0

12
18
12
31
21
15

5
10

6
5

68
20

6
5
3

105
29

265
18

126
1 88
197

10
4

36 .16-39 .16
37 .92 -41 .84
48 .48-53 .00
56 .00-60 .57
71 .16-76 .71
8 3 . 5 7 - 8 8 . 4 3
93 .48-98 .05

100.53-105.11
104.69-109.44
114.26-118.84
123.15-128.76
127.00-131 .99
146 .91-151 .49

WH-fr

78 .25-81 .25

278.75-282.25
466.25-469.75

10"
io-
10"
10~
i o - B

10 - B

1 0 - 9

i o - 5

10 -

i o - 7

1 0 - 9

1 0 - 8

I O - 1 1

101 0 - ' (closed at
short R_)

i o - e F

E
0

x 10 - E

9
27
23

7
11
20

8
145

5
23

8
12

1

38

6.5
46

* t 30 percent
** i 25 percent
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TABLE 2

RESULTS FOR SINGLE BOREHOLE PERMEABILITY TESTS AT CRNL

Interval

(m)

CR-6

6.71-9.75
9 .75-12 .80

12 .80 -15 .85
15 .85 -18 .91
18 .91 -21 .95
21 .95 -24 .99
2 4 . 9 9 - 2 8 . 0 4
28.04-31 .09
3 1 . 0 9 - 3 4 . 1 4
3 4 . 1 4 - 3 7 . 1 9
37 .00 -40 .50
40.23-43 .28
43 . 28 -46 .33
55 .47-58 .42
58 .52 -61 .57
509 .00 -62 .5
61 . 50 -65 .00
64 .00 -67 .50
6 7 . 6 6 - 7 0 . 7 1
70 .71 -73 .76
79 .86-82 .91
84 .50-88 .00

102 .00-105 .50
121 .00-124 .50
131 .00-134 .50
134 .00-137 .50
145 .00-148 .50
149 .00-152 .50
181 .00-184 .50

4- 249 .50-253 .00
+ 249.50-253 .00
^ 256 .50-260 .00
^ 258.00-261 .50

K *erm
(cm/s)

6 x 10~5

2 x 10~ 7

3 x 10~G

2 x 10~6

1 x 10-"
1 x 10" 7

2 x 10" 6

1 x 10-*
6 s 10~5

5 x 10~ 5

8 x 1 0 - '
10 x 1 0 " 5

» < 1 x 10" 8

œ<l x 10~8

9 x 10~7

3 x 10~6

6 x 1 0 - 6

2 x 10" ?

8 x 10~8

B<1 x 1 0 - 8

(S<1 x 10~8

2 x 10" 9

1 x 10~5

2 x 10~7

8 x 10~8

3 x 1 0 - 5

8 x 10~ s

1 x 10~ 5

1 x 1 0 " 5

3 x 10" 9

2 x 10 - 9

3 x 1 0 - I S

2 x I Q " 1 0

2b , **esf
(um)

148
22
57
43

192
19
49

183
148
141

341-371
81
<8
<8
36
52

68-91
24
16
<8
<8

5
94-101

23
17

36-71
78
87
87
12

5
2 . 7
2 . 4

* + 30 percent

** + 25 percent

*Lower l im i t of 1978 t e s t i n g procedure

i/< De termined from decay of packer i n f l a t i o n pressure pu l s e ;
a l l other measurements made by f l u i d - i n j e c t i o n methods.

continued.
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TABLE 2 (concluded)

Interval K *
erm

(cm/s)

2b . «*
esf

(um)

CR-7

38 .00-41 .50
59 .00-62 .50
63 .00-66 .50
65 .00-68 .50
69 .50-73 .00
73 .00-76 .50

79.00-
87.00-
98.00-
97.00-

100.50-
106.50-
132.50-
135.00-

• 8 2 . 5 0
• 9 0 . 5 0
• 1 0 8 . 0 0
• 1 0 0 .
104.
110
136,
138,

.50

.00

.00

.00

.50
142.00-145 .50

44 .94 -50 .27
47.99-53 .32
61 .60 -70 .95
6 4 . 0 0 - 7 3 . 3 8
91 .44-100 .81
94.48-103 .85

57 .91 -62 .66
76.20-81 .53
94 .48-99 .06
99 .00-104 .33

1 x 10" 5

8 x 10 ~5

2 x 10"6

3 x 10"7

2 x lO"7

4 x 10"7

( c losed a t £L,
3 x 1 0 - 8 ^
3 x 10- 7

1 x 10- 5

3 x 10- 6

1 x 10 - 5

2 x 1 0 - 5

8 x 10- 8

3 x 10- 7

2 x 10- 6

5 x 10 - 7

1 x 1 0 - 3

8 x 1 0 - 7

4 x 10 - 7

3 x 10 - 8

4 x 10 - 8

6 x 1 0 - 5

4 x 10 - 9

6 x 1 0 - a

3 x 10- 6

= 20 tn)

85
171

50
25
22
28

12
28

122
58
91

100
17
26
48

37
500

52
42
17
15

175
7

17
65

48 .40 -61 .00
98 .67-107 .31

x 1 0 - 6

x 1 0 - 7
98
46

-v jt- 30 percent

** + 25 percent



TABLE 3

SYNTHETIC LOGS FROM COMBINATIONS OF WAVEFORM DATA

FOR CORRELATION WITH FRACTURE HYDROLOGY

MEASUREMENT ALGORITHM RESULTS -

CoiapressioDfll
travel time

Shear travel time

Ratio of first
shear peak to
first compressional
peak

Compressional
amplitude

Shear amplitude

Tube-wave
amplitude

Ratio: shear to
compression
amplitudes

Differential
attenuation of
Fourier components

Shear attenuation

Tube-vave
at tenuation

Fourier attenuation

Normal-mode
anpli tude

Ratio of normal-
mode anpli tude to
hear acpli tude

First arrival delay between
near and far receivers

Shear arrival delay between
receivers ; recognition by
cross-correlation

Identify first large peak
in shear window

Mean-square wave
amplitude in compressional
window

Mean-square amplitude
in shear window

Mean-square amplitude
in tube-wave window

Ratio of mean-square
amplitude in shear window
to mean-square amplitude
in compression window

Ratio of absolute value
of Fourier amplitudes
for frequencies

oj] < OJ0 and Oj > OJ-

Difference between mean
shear amplitude at
near and far receivers

Difference between tube-
wave amplitude at near
and far receivers

Differential attenuation
of Fourier components at
near and far receivers

Mean square amplitude in
window extending from end
of shear window to start
o£ tube-wave window

Ratio of mean square
normal-mode amplitude
to nean square shear
anpii tude

Indicates fracture

presence.

More erratic than
compressional travel
time; analogous to
above.

Difficulties in
locking onto shear
peak when fractures
present.

Not very sensitive
to fractures.

Very large amplitude
increase and some
decrease associated
with open fractures.

Very regular and
con sis tent atopl itude
reduc tion for
isolated fractures;
nearly complete
reduction in heavily
fractured zones.

Very similar results
to shear-amplitude
log.

No consistently
recognizable
fracture response;
very noisy.

More erratic than
shear amplitude at
near receiver alone.

Less consistent than
tube—wave
amplitude at near

Does not correlate
we11 with fractures;
very noisy.

Very similar to shear
amplitude but more
pronounced response
for some of the
largest fractures.

Emphasizes largest
fractures.
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TABLE 4

PULSE PRESSURE INTERFERENCE TESTS

Active Zone

Borehole Interval

CR-6

CR-6

CR-6

CR-6

CR-6

CR-6

CR-6

CR-6

CR-6

CR-10

CR-11

CR-12

CR-10

37

61

61

61

61

iO2

102

102

101

44

94

15.

44.

.0—40

.5—65

.5—65

.5—65

.5—65

.0-105

.0-105

.0-105

.6-107

9—50

4-104

0—18

9—50

(m)

.5

.0

.0

.0

.0

.5

.5

.5

.0

.3

.2

.0

.3

Monitoring Zone

Borehole Interval

CR-7

CR-7

CR-7

CR-7

CR-7

CR-7

CR-7

CR-7

CR-11

CR-6

CR-7

CR-11

CR-7

38

59

63

65

65

97

100

106

94

101

96

13

96.

.0—41

.0—62

.0—66

.0—68

.0—68

.0-100

.5-104

.5-110

.4-104

.6-107

0—99

0—15

0—99

(m)

.5

.5

.5

.5

.5

.5

.0

.0

.2

.0

.1

.5

.1

Interwell Hydraulic

Diffusivity (m /s)

2

2

1

4

8

6

1

2

1

3.

8.

large

6.

.6

.7

.3

.1

.7

.2

.1

2

8

9

8

>

5

X

X

X

X

X

X

X

X

X

X

X

4

X

102

101

10°

10° early time*

10" * late time*

101

102

102

102

101

101

x 102

101

*Multiple pressure pulse observed at monitoring well.
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FIGURE 1: Location of the Whiteshell Nuclear Research Establishment
and the Chalk River Nuclear Laboratories
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FIGURE 3: Location of the Drill Holes at CRNL



- 50 -

1

5 cm

Far receiver

-7l-; 30 err

Near receiver

Transmitter

-•-Centralizing pads

7.5 cm

FIGURE 4: Schematic of Acoustic Sonde Showing Source and Receiver Spacing
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FIGURE 5: Acoustic-Televiewer Logs of Boreholes WN-1 and WN-4
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FIGURE 6: Fracture-Distribution Plots Using Borehole Television
and Acoustic Televiewer at Borehole CR-6
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FIGURE 7: Schematic of Equipment Used by the National Hydrology Research
Institute to Perform the Hydrologic Measurements
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FIGURE 8: The Relationship Between Total Orthoclase and Biotite
Content and Gamma Log Response for CR-6
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FIGURE 9a. The Relationship of Guard, 16-inch Normal, Single-Point Resistance and Neutron Logs

to Lithology, Borehole CR-6
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FIGURE 9b: The Relationship of Neutron, Acoustic-Velocity, Caliper,
and Gamma Logs at CR—6
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FIGURE 10: Temperature, Guard, Neutron, Acous t ic -Veloc i ty , and
Gamma Logs for Borehole WN-1
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FIGURE 11: Frequency-Distribution Plot from the Neutron
Log for Borehole CR-6
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FIGURE 12: Computer Cross-Plot of Gamma and Neutron Logs
for Borehole WN-2
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FIGURE 13: Computer Cross-Plot of Gamma and Neutron
Logs for Borehole CR-6
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FIGURE 15: Hypothetical Response of Gamma, Neutron, Acoustic-
Velocity, Caliper, and Resistivity Logs to Various
Igneous and Metamorphis Rocks. All measurements
increase to the right
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FIGURE 16: Comparison of Hypothetical Wall Image Reconstructed from Television and Core Fracture
Data with Televiewer Log for a Representative Interval in Borehole WN-2
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FIGURE 17: Acoustic Televiewer Logs of a Fracture Zone
at a Depth of 258 m in Borehole CR-6

FIGURE 18: Schematic of a Steep Fracture Intersection in a
Drill Hole, and the Appearance of the Same Fracture
on an Acoustic-Televiewer Log
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FIGURE 19: Fracture Frequency and Width Compared with Neutron and Acoustic-Velocity Logs for Borehole CR-6
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FIGURE 20: Total Fracture Width in Selected Depth Intervals Versus
Neutron and Resistivity Log Response for Borehole CR-6



- 67 -

6.0 5.7

• Acoustic velocity, km/s

5.4 5.1 4.8 4.5 4.2

A Neutron, c/s

2300 2100. 1900

100 iOO

Q Single-fracture aperture from hydraulic test, pm

FIGURE 21: Total Fracture Width Versus Hydraulic Single Aperture,
and Minimum Neutron and Acoustic-Velocity Deflections
for Borehole WN-1
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FIGURE 22: Repeat Acoustic Caliper Logs for the Major Fracture at a
Depth of 416 m, in Borehole WN-1. (Note that traces are
offset to eliminate o ^



- 69 -

(b)

FIGURE 23: Typical Far Receiver Waveforms for Unfractured
Intervals in (a) Borehole WN-4 and (b) Borehole
CR-6
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FIGURE 24: Seismic Velocities for Unfractured Intervals
from (a) Borehole WN-4 and (b) Borehole CR-6
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FIGURE 25: Tube-Wave Amplitude Averaged over 20 Adjacent Depth Stations
as a Function of Depth in the Chalk River Boreholes
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FIGURE 26: Waveform Anomalies in the Vicinity of a Major Fracture at
442 r. in Borehole WN-1 Compared to the Televiewer Log
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FIGURE 27: Amplitude Anomalies Compared to Televiewer Log for
a Major Fracture at 442 m in Borehole WN-1
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FIGURE 28: Tube-Wave Amplitude Anomaly Associated with a Relatively High
Dip Angle Fracture Near a Depth of 132 m in Borehole WN-1
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FIGURE 29: Acoustic Amplitude Logs Compared to a Conventional Transit-
Time Log, Televiewer, and Open Fractures Listed on the Core
Log for a Representative Interval in Borehole WN-4
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FIGURE 30: Comparison of Integrated Tube-Wave Anomalies with Measured
Permeabilities Given in Total Effective Fracture Aperture
Per Unit Depth Interval for Borehole CR-6
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FIGURE 31: Comparison of Intergrated Tube-Wave Anomalies with Measured
Permeabilities as Given in Total Effective Fracture Aperture
Per Unit Depth Interval for Borehole CR-10
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FIGURE 32: Comparison of Integrated Tube-Wave Anomalies with Measured
Permeabilities Given in Total Effective Fracture Aperture
Per Unit Depth Interval for Borehole CR-11



- 79 -

LOW FLOW BY-PASS

rCOMPRESSED-
AIR TANK

WATER-SUPPLY
RESERVOIR

COMPRESSED AIR
FOR PACKER INFLATION

COMPRESSED
3,/AIR FOR

PACKER
INFLATION

TRANSDUCER. P AND T

DOWNHOLE VALVE

INJECTION
ZONE

LOWER
PACKER n

FIGURE 33: The Equipment and Technique Used to Perform Pressure-Fulse

Interference Tests at CRNL
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FIGURE 34: Typical Pressure-Time Data from Cross-Hole
Pressure-Pulse Interference Test
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FIGURE 35: Acoustic Televiewer Logs of a Frac ture Zone a t Depths
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FIGURE 3t: Acoustic Televiewer Logs of Similar Fractures in Boreholes
CR-11, CR-12, and CR-6 at Median Depths of 78, 72, and 98 m,
Respectively
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