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GEOPHYSICAL WELL-LOG ANALYSIS OF FRACTURED CRYSTALLINE ROCKS AT
EAST BULL LAKE, ONTARIO, CANADA

F. L, Paillet and A. E, Hess

ABSTRACT

Various conventional geophysical borehole measurements were made in
conjunction with measurements using a recently designed, low-frequency,
acoustic-waveform probe and slow-velocity flowmeter for characterization of a
fractured mafic intrusion in southern Ontario, Canada. Conventional
geophysical measurements included temperature, caliper, gamma, acoustic,
single-point resistance, and acoustic televiewer logs. Hole-stability problems
prevented the use of neutron and gamma-gamma logs, because these logs require
that a radioactive source be lowered into the borehole, Measurements were made
in three boreholes as much as 850 meters deep and penetrating a few tens of
meters into granitic basement. All rocks within the mafic intrusion were
characterized by minimal gamma radiation and acoustic velocities of about 6.9
kilometers per second, The uniformity of the acoustic velocities and the
character of acoustic-waveform logs indicate that mechanical properties of all
unfractured rock types within the intrusion are nearly identical. Acoustic
tube-wave amplitude logs made with a conventional high-frequency logging source
correlated with the density of fractures evident on televiewer logs. Sample
intervals of high-frequency waveform logs were transformed into interpretations
of effective fracture opening using a recent model for acoustic attenuation in
fractured rocks, The new low-frequency sparker source did not perform as
expected at depths below 250 meters because of previously unsuspected problems
with source firing under large hydrostatic heads, A new heat-pulse,
slow-velocity flowmeter was used to delineate in detail the flow regime
indicated in a general way by temperature logs. The flowmeter measurements
indicated that water was entering 2 of the boreholes at numerous fractures
above a depth of 200 meters, with flow in at least 2 of the boreholes exiting
through large isolated fractures below a depth of 400 meters,

INTRODUCTION

The U.S. Geological Survey is conducting a long-—term research project to
investigate the application of borehole geophysics to the characterization of
fractured crystalline rocks. Several currently important geotechnical
applications require fracture characterization; this study addresses those
aspects of fracture mechanics and fracture hydrology relevant to the siting a
nuclear-waste repository in a crystalline-rock body. Because the unfractured
crystalline rocks possess negligible primary porosity and permeability, the
principal means for nuclear-waste migration from a repository would be through
fractures, Borehole and surface-to-borehole geophysical techniques provide one
of the primary means for identifying and characterizing fractures in situ. The
continued development of such techniques will be an important part of the
development of technology required to predict the performance of a nuclear
waste repository that might be established in crystalline rocks.



Interest in the feasibility of developing a crystalline-rock repository
for nuclear waste has caused Atomic Energy of Canada Limited (AECL) to
establish several research sites for the intensive study of large crystalline-
rock masses, One of these, the Underground Research Laboratory (URL), located
about 10 km north of the Whiteshell Nuclear Research Establishment in
southeastern Manitoba, eventually will be developed with a full-scale model
repository chamber suitable for the performance of engineering tests (fig. 1).
Three other research sites (Atikokan, Chalk River, and East Bull Lake) have
been established in Ontario (fig. 1). The extensive geophysical and
geochemical data available from these research sites has made them extremely
useful for testing newly developed borehole equipment and data-analysis
techniques.

Results of previous borehole—-geophysical studies at various AECL
crystalline-rock research sites are given by Paillet (1980, 1983a, 1984),
Davison and others (1982), and Keys (1984). U.S. Geological Survey personnel
have made annual field trips to the AECL research sites since 1978, A suite of
geophysical logs have been made on each of these trips, with the exception of
those areas where commercial logs were available. Overall characterization of
lithology based on the composite analysis of log suites cuntinues to be a topic
of interest; however, recent research has focused on several specific
techniques for characterizing fracture hydrology. These techniques include: (1)
Acoustic characterization of fracture permeability, (2) slow-velocity flow
metering to identify those fractures transmitting water to or from the borehole
under undisturbed and pumped conditions and (3) nuclear-log characterization of
alteration minerals and radioisotopes indicative of water transport in
fractures. The third technique continues to be studied by means of relatively
conventional nuclear logs in conjunction with an advanced gamma-spectral
logging system. The other two techniques, however, are being studied by means
of entirely new borehole equipment designed and fabricated for this research
project; this equipment includes the low-frequency sparker source for acoustic
logging and the heat-pulse, slow-velocity flowmeter. The specific objective of
the research described in this report was the on site testing of the latest
versions of these two devices.

Description of Study Site

The crystalline-rock study site is located near East Bull Lake, about 30
km north of the town of Massey, Ontario (fig. 2). The site is located on an
elliptically shaped upland corresponding to the surface exposure of an
erosionally resistant mafic intrusion in the granitic rocks of the Canadian
Shield. Geologic description of cores collected at the East Bull Lake site
characterize the intrusion as a layered gabbro—anorthosite body emplaced in a
granitic gneiss country rock. The complexity of the intrusive body is
indicated by the many intersecting veins, fractures, and shear zones visible in
surface exposures at the site (fig. 3).































































permeability units is discussed by Mathieu (1984) and Davison (1980). A
second important aspect of this work is that the Mathieu (1984) permeability
model is based on amplitude attenuation, whereas the tube-wave
amplitude~deficit log described by Paillet (1980, 1983b) is based on the
decrease in mean square wave energy in a certain gated window. Details
involved in making the conversion are given by Mathieu (1984).

The relationship between tube-~wave amplitude attenuation and effective
fracture width illustrated in figure 15 was then used to express the tube-wave
attenuation evident in figure 14 in terms of the attenuation that would be
produced by a single fracture of a given aperture located between the source
and receiver, This expression necessarily is an oversimplification because the
televiewer log in figure 14 indicates that the source-receiver separation
usually spans multiple fracture sets as the logging tool is being pulled
through the fracture zone. To translate tube-wave amplitude attenuation into
permeability expressed as effective single-fracture aperture, tube-wave
amplitude deficits for each waveform were calculated according to the
procedure given by Paillet (1983b). The resulting plot of amplitude deficits
for the waveform interval in figure 14 is given in figure 16. Because a
source-receiver separation of about 1 m occurs in this logging tool, the
amplitude-deficit log is considered as a series of discrete delta functions of
fracture permeability convolved with a 1-m wide step function., The amplitude-
deficit log in figure 16 has, therefore, been deconvolved into a series of
discrete delta functions of permeability. The percent amplitude deficits in
these delta functions then can be directly related to effective single-
fracture permeability according to the trend in figure 15. Using that
relationship, many of the amplitude-deficits calibrate to permeabilities of a
few hundred micrometers of equivalent single-fracture width.

The large fracture zone near the top of the interval gives an effective
fracture permeability well in excess of 500 ym. This fracture zone apparently
is so permeable that almost all tube-wave amplitude is attenuated, and the
tube-wave amplitude log is not very sensitive to such large permeabilities,
This lack of sensitivity is one of the major limitations of the high-
frequency, tube-wave logging procedures: the high frequencies do not provide
waveforms that can resolve the maximum permeabilities likely to be encountered
in the major fracture zones., Much lower logging frequencies are required to
achieve this resolution according to the calculations given by Mathieu (1984).
This requirement represents the primary motivation behind the current
emphasis on development of the low-frequency sparker source for acoustic
logging (Paillet, 1984).

The theoretical relation of tube-wave attenuation to fracture width given
in figure 15 cannot be checked until packer tests of fracture permeability are
run in the East Bull Lake boreholes. Averaged tube-wave amplitude-deficit
logs were run for the full depth range of boreholes EBL-2 and EBL-4. These
amplitude~deficit logs are given in figures 17 and 18. All plotted deficits
represent averages for 3-m intervals selected to approximately correspond to
intervals that might be used in future packer-injection tests. Although no
data are available to corroborate the relationship between amplitude deficit
and permeability, the peaks in amplitude deficit correspond to the major
fracture zones identified on core by Raven and others (1984).
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Figure 15.--Relation of tube-wave amplitude attenuation to
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Figure 17.--Tube~wave amplitude-deficit log for borehole EBL-4.
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SPARKER-SOURCE WAVEFORMS

Initial field tests of a sparker—source acoustic-logging system at
the URL in Manitoba are described by Paillet (1984). The sparker source was
found to provide a repeatable signal with a centerband frequency of about 5 kHz
in small diameter boreholes, The sparker-source firing system uses a bank of
capacitors to discharge across the gap of a conventional automobile spark plug.
Firing frequency is kept slow to allow time for capacitor recharge. Source-
receiver spacing is increased to provide about the same number of acoustic
wavelengths as provided by the high-frequency logging tool.

Although the seismic velocities of the mafic rocks at the East Bull Lake
site are much faster than the seismic velocities of the granitic rocks at URL,
the waveforms obtained with the sparker source at relatively shallow depths in
borehole EBL-2 compare very closely with the waveforms obtained in the same
diameter boreholes at URL. In both cases, the waveforms are completely
dominated by large, low-frequency tube waves (fig. 19). However, it was
decided to concentate on the investigation of some of the deeper fracture zones
in boreholes EBL-2 and EBL-4 with the sparker source. The character of the
sparker-source waveforms changed substantially at depths below 250 m, The
amplitude of the waveforms suddenly decreased, then begin to increase slowly
with depth. The waveforms at these greater depths had an apparent frequency of
about 12 kHz and they appeared highly irregular and nonrepeatable.

The change in sparker-source waveforms with depth in borehole EBL-2 is
illustrated in figure 20, All illustrated waveforms correspond to unfractured
intervals, and the sequence of waveform types followed exactly the same depth
trend in all three boreholes logged. Good low-frequency waveforms were
provided by the sparker source at depths above 250 m, whereas the waveform
signal contains much higher frequencies and much lower amplitudes at greater
depths. The irregularity of the sparker—source-waveform signal at depths below
250 m is indicated by the comparison of repeat sparker-amplitude logs for a
fracture zone in borehole EBL-4. The amplitude logs have major fluctuations
unrelated to fractures indicated in the televiewer logs, and the trend in
sparker amplitude clearly is not repeatable (fig. 21).

The failure of the sparker source to provide good data at depths below 250
m was unexpected. The situation was not fully understood in the field, and
much of the data obtained with the sparker source came from the deeper fracture
zones, Consideration of the various factors involved in the generation of the
sparker signal indicates that capacitor discharge, discharge triggering, and
receiver-frequency response probably are not depth dependent. However, the
nature of the discharge process involving substantial current and negligible
voltage may indicate why the source is not functioning at depths greater than
250 m, The low frequencies observed at shallow depths probably are produced by
resonant oscillation of a vapor bubble created by fluid heating after sparker
discharge. This vapor bubble may not form when hydrostatic pressures exceed a
certain threshold. Such a process would explain the abrupt disappearance of
the low-frequency signal below a depth of 250 m in all 3 boreholes. The much
more gradual increase in amplitude with depth below 250 m seems to correspond
to a gradual increase in tube-wave amplitude with depth previously noted for
tube waves generated by conventional magnetostrictive sources (Paillet, 1983b).
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FLOWMETER MEASUREMENTS

Conventional spinner-type borehole flowmeters function very poorly and
inaccurately at slow discharge rates in boreholes, For this reason we have
developed a new heat-pulse flowmeter for the measurement of slow velocities in
boreholes. A detailed review of the heat-pulse flowmeter development is
given by Hess (1983), and a discussion of flowmeter applications to the
interpretation of velocities in boreholes at the URL is given by Hess (1984,
1985) and Keys (1984).

This flowmeter measures velocity of water passing through the measurement
section of the tool by heating a small volume of water and measuring the time
required for that heated volume to travel a few centimeters up or down the
borehole., Such travel times can be calibrated in terms of flow velocity or
borehole discharge according to the methods given by Hess (1983). One of the
primary objectives of the experimental work described in this report was
further testing of an improved version of the heat-pulse flowmeter.

Flowmeter tests require substantial time when discharge
velocities are slow because long periods are required for the borehole to
return to quiescent conditions between tests, Therefore, it was decided to
concentrate flowmeter measurements in boreholes EBL-2 and EBL-4 where
temperature logs had given an estimation of where measurements should be made
effectively to describe flow conditions. It also was suspected that downward
flow might be occurring around the stuck packer in borehole EBL-1, so that the
complete flow regime in this borehole could not have been measured even if
time had permitted.

Results of the flowmeter tests in borehole EBL-2 and EBL-4 are shown in
figures 22 and 23. Flowmeter measurements indicate that downward recharge is
occurring as suspected from the temperature logs. Data in both figures
indicate that water is entering the boreholes at multiple points in the upper
fracture zones. The data indicate that water is leaving borehole EBR-4 at the
largest fractures near the bottom. The greater scatter in the data for
borehole EBR-2 and the inconclusive data from deeper in the borehole make it
difficult to identify where water is leaving the borehole, There is less
scatter in the data for borehole EBL-4 because the flow is somewhat greater in
this borehole, and because the measurements were made with a larger diameter
(64 mm) flowmeter. The measurements indicate virtually all flow in
borehole EBL-4 is exiting at the fracture zone at a depth of about 485 m. The
data also indicate that some inflow is occurring above the static water level
in the borehole, and, therefore, must be trickling down the inside of the open
hole.

The measurements in borehole EBL-2 were made with a smaller diameter
flowmeter (44 mm) which performs poorly in the 8~cm diameter boreholes at the
East Bull Lake research site., These results indicate that flowmeter
performance is best when the flowmeter measurement section fills most of the
borehole cross section, which implies that a different flowmeter be used for
each diameter borehole., A more effective approach would be to design a
borehole-~packer system or set of flow concentrators to force most of the flow
to pass through the flowmeter measurement section., Such a packer system need
not require great rigidity because the system components would sustain minimal
stresses at slow-discharge rates, Flowmeter modifications to include such a
packing mechanism are now underway.
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SUMMARY

Field tests of various conventional and experimental borehole equipment
for the geophysical characterization of fractured crystalline rocks were
conducted at the Atomic Energy of Canada Limited's research site at East Bull
Lake, Ontario, during September, 1984, Radioactive sources could not be used
in the boreholes at these sites because of possibly hazardous borehole
conditions, and because the natural radioactivity of the gabbroic rocks
penetrated by the boreholes produced gamma logs with very slow count rates.,
Therefore, geochemical characterization of these rocks on the basis of
geophysical logs was nearly impossible. The uniformly rapid acoustic velocity
of unfractured rock within the gabbroic intrusion indicated that mechanical
properties of unfractured rock in the intrusion were effectively constant,
even though core descriptions recognized several different rock types. The
similarity of such mechanical properties as compressive strength, shear
modulus, and Poisson ratio is confirmed by the similarity in waveform
character for unfractured zones of all rock types within the intrusion,

Acoustic-waveform logs were used to construct acoustic—amplitude-
deficit logs, which have been shown to be indicative of the distribution of
fracture permeability. A representative interval of amplitude-deficit log
was expressed in terms of fracture permeability (equivalent single-fracture
aperture) by applying the results of a model relating permeability to
tube-wave attenuation., Data obtained with the low-frequency sparker source
were not very useful because the expected low-frequency response of the
sparker source deteriorated substantially at depths below 250 m., This
deterioration probably was related to the inability of the spark discharge to
produce an oscillatory vapor bubble at relatively large hydrostatic pressures.,
We have, therefore, undertaken an experimental effort to determine how such
factors as discharge energy, spark gap, and electrolyte type relate to the
depth dependence of the vapor-bubble oscillation,

Application of the new slow-velocity heat-pulse flowmeter was successful
in delineating the flow conditions in one of the East Bull Lake boreholes.
Comparison of results obtained with two different flowmeters indicated the
important,effect of sensing section diameter on flowmeter resolutions.
Flowmeter tests confirmed a hypothesis based on temperature-log data: Water
enters the borehole EBR-4 via numerous fractures in the upper 200 m, and exits
via large fractures located near the bottom of the borehole. This model is
consistent with assumed recharge conditions at the site. Flowmeter tests also
indicated that improvement in flowmeter efficiency can be achieved by making
the flowmeter measurement section nearly fill the borehole cross section,
Because it would be inefficient to have a different diameter flowmeter for
each borehole diameter, currently we are developing a flowmeter model with a
flow concentrating system to force most borehole flow through the measurement
section for a wide range of borehole diameters,
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