GEOPHYSICAL WELL LOG ANALYSIS OF FRACTURED GRANITIC ROCKS
AT ATIKOKAN, ONTARIO, CANADA

By F. L. Paillet and A. E. Hess

U.S. GEOLOGICAL SURVEY

Water Resources Investigations Report 87-4154

Lakewood, Colorado
1987




DEPARTMENT OF THE INTERIOR
DONALD PAUL HODEL, Secretary
U.S. GEOLOGICAL SURVEY

Dallas L. Peck, Director

For additional information, write to: Copies of this report may be
purchased from:

U.S. Geological Survey U.S. Geological Survey
Mail Stop 403, Box 25046 Books and Open-File Reports
Denver Federal Center Federal Center, Bldg. 810

Denver, CO 80225 Denver, CO 80225



CONTENTS

Page
AD S LT A0 = e e e e e e e e e e e e e e 1
Introduction=——==—==—cmmmm e S 1
Description of The Study Site=———=—————m s e 3
Geophysical Logging Equipment————====————====—=m—m=——— —— ——— 3
Characterization of Fracture Permeability---- et e e e e e e e e e e 7
Characterization of Sparsely Fractured Intervals~—- -— ---= 26
Heat-Pulse Flowmeter Logging-—-—--~———-——---- it 29
Conclusions e e e e e e e e e e e e e e e e e e e e e 33
Acknowledgements—————====——mm——— e e N e —————————— 34
Cited ReEFETENCEE™mmm o e e e e e e e e e e ot o e e e e e e e e e e e e e i 34

Figure 1.

2.

4a.

4b.

9.

10.

11.

ILLUSTRATIONS

Location of the Atikokan boreholes, surface exposure of

contact of grantic rocks with gneiss, and location of surface
lineationg=——=— == e e e e e e e e e e e e 4
Photographs of hydraulically exposed outcrop adjacent to borehole
ATK5 showing: A) discontinuous fractures connected by fracture zone
of multiply splaying fractures; B) one of many small pegmatitic
intrusions (Canadian quarter gives scale in both photographs)--=--- 5
Depth-correlated borehole logs for ATK8 showing acoustic-—
transit~time, single-point resistance, spontaneous potential,
caliper, epithermal neutron, natural-gamma, and temperature

profiles on logs collected by the U.S. Geological Survey---------- 8
Depth-correlated borehole logs for ATK5 showing A) acoustic-—
transit-time, single-point resistance, spontaneous potential, and
caliper profiles on logs collected by the U.S. Geological Survey-- 9
Spontaneous potential, single-point resistance, natural—-gamma
gamma-gamma, and epitermal-neutron profiles on logs collected by
Atomic Energy of Canada Limited —===—==——=m——ee————————— -- 10
Distribution of geophysical-log anomalies indicative of fracturing

in borehole ATK8 based on borehole logs collected by the

U.S. Geological Survey-——-———=====m—m==—- ————— 12
Distribution of geophysical log anomalies indicative of fracturing
compared to the distribution of core fractures in borehole ATK5

based on borehole logs collected by the U.S. Geological Survey

and Atomic Energy of Canada Limited; core fracture data given for

C O T 18 O™ = e e 13
Geophysical-log anomalies compared to acoustic-televiewer log for
fracture zone near 640-meters in depth in borehole ATK8-—-————-——-= 15

Acoustic tube-wave amplitude log, and acoustic televiewer fracture-
density log for fracture zone near 640-meter depth in borehole

ATK8; acoustic televiewer log shown for comparison——-—————=———=—————— 16
Geophysical-log anomalies compared to acoustic televiewer log for
fracture zone near 540-meter depth in borehole ATK8-=——===——————-- 17

Acoustic tube-wave amplitude log, and acoustic televiewer fracture-
density log, for fracture zone near 540-meter depth in borehole

ATK8; acoustic televiewer shown for comparison- - -- 18
Geophysical-log anomalies compared to acoustic televiewer log for
fracture zone near 390-meter depth in borehole ATK8--—-----~—————- 19

iii



12.

13.

14,

15.

l6.

17.

18.

19,

20.

21.

Acoustic tube-wave amplitude log, jand acoustic televiewer fracture-
density log, for fracture zone near 390-meter depth in borehole

ATK8; acoustic televiewer log shown for comparison—-- 20
Geophysical-log anomalies compared to acoustic televiewer log for
fracture zone extending from 60- to 90-meters in depth in borehole
ATK8--- - —————————————— e 21
Acoustic tube-wave amplitude log, and acoustic televiewer fracture-
density logs, for fracture zone exkending from 75- to 100-meters in
depth in ATK8; acoustic televiewer log shown for comparison———----- 22
Comparison of acoustic tube-wave amplitude logs constructed from
separate logging runs using A) 2 microsecond sampling; and B) 1
microsecond sampling; fracture zone in borehole ATK8----———-—————- 24
Comparison of acoustic tube-wave amplitude logs for fracture zone in
borehole ATK8, extending from 80 to 100 meter in depth, comstructed
by using waveforms obtained with: A) 35-kiloHertz (high-frequency)
magnetrostrictive source, and B) 5 kiloHertz (low-frequency)

sparker source - - -—=- 25
Acoustic televiewer, acoustic transit-time, and acoustic tube-wave
amplitude logs for core-defined fracture zone in borehole ATK5

near 1250-meter depth--- - == 27
Acoustic televiewer, acoustic transit-time, and acoustic tube-wave
amplitude logs for core-defined fracture zone in borehole ATK5

near 1070-meter depth - 28
Heat-pulse flowmeter measurements showing distribution of artesian
flow in the upper portions of borehole ATK8- ——— 30

East-west section through borehole ATK8 showing projection of
of fractures based on acoustic televiewer-log data, with probable

flow path for water entering the borehole - -- 31

Heat-pulse flowmeter measurements showing distribution of

downward flow in the upper portions of borehole ATKS5--------—————- 32
TABLES

Table 1. Geophysical logs from boreholes ATK5 and ATK8 obtained by the

U.S. Geological Survey, September 9-18, 1986—-- 6

CONVERSION FACTORS

Multiply SI units By To obtain inch-pound units
meter (m) 3.281 foot (ft)

centimeter (cm) 0.3937 inch (in.)

millimeter (mm) 0.03937 inch (in.)

kilometer (km) 0.6214 mile (mi)

Liter (L) 0.2641 gallon (gal)

Liter per minute (L/min)
Liter per second (L/s) 15.85 gallon per minute

The following units are listed to define abbreviations:

kilohertz (kHz
microsecond (ps)

iv



GEOPHYSICAL WELL-LOG ANALYSIS OF FRACTURED GRANITIC
ROCKS AT ATIKOKAN, ONTARIO, CANADA

by

F. L. Paillet and A. E. Hess

ABSTRACT

Two boreholes, drilled to approximate depths of 750 and 1,260 meters in a
granitic intrusion located near Atikokan, Ontario, were studied by obtaining a
full suite of conventional borehole geophysical logs. In addition, selected
intervals in these boreholes were logged with a borehole acoustic televiewer
that produces a high-resolution image of the borehole wall, an acoustic
waveform—-logging system using 34-kiloHertz magnetostrictive and 5-kiloHertz
sparker sources, and a highly sensitive heat-pulse flowmeter. Emphasis in this
study was on identifying and characterizing fracture zones that represent
ground-water conduits in deeper portions of the granite, and on characterizing
the properties of the largest intervals of unfractured granite. Major fracture
zones were indicated by correlating geophysical-log anomalies detected on the
suite of conventional logs (unpublished data from Atomic Energy of Canada).
However, several other anomalies, were identified as mafic intrusions of
approximately the same thickness as major fracture zones. Geophysical-log
anomalies are compared for all major fracture zones that could serve as
significant ground-water conduits, and fracture-zone permeability 1is estimated
on the basis of acoustic tube-wave attenuation in these intervals. Acoustic
televiewer logs obtained at depths below 1,000 meters in the deeper well
indicate that most of the few fractures identified on core at these depths do
not remain open enough under in situ conditions to produce detectable anomalies
in acoustic refraction. Flowmeter data indicate that some ground-water
circulation occurs in the upper portion of both boreholes. Water in the
shallower of the two holes was observed to flow at 2.0 liters per minute; most
of this flow entered the borehole at a depth less than 25 meters, and no flow
occurred below a depth of 100 meters. Downflow at rates less than 0.5 liters
per minute was determined to enter the deeper borehole within 20 meters of the
surface, and to exit at various fractures down to a depth of 250 meters.

INTRODUCTION

Recent efforts to identify large rock bodies that might be suitable for
the storage of radioactive wastes has increased interest in characterizing
permeable fractures in otherwise impermeable crystalline rocks. The geologic
factors that control the development and evolution of fracture networks in
crystalline rocks is not well understood. Permeable fractures commonly
consist of fine-scale features that are difficult to detect from the surface;
yet, potential waste-storage sites cannot be drilled full of holes if the rock
mass being investigated is to function as an effective barrier to the
migration of radioisotopes. The problem is compounded because nondestructive
surface geophysical measurements require relatively long seismic and electro-
magnetic wavelengths to achieve penetration to large depths, even within an
undisturbed rock mass. The mechanical and hydraulic properties of crystalline
rocks are known to be sensitive to the local state of stress, so that



geophysical measurements need to be made under conditions as close to in-situ
as possible, if the results of those measurements are to be used to predict
rock-mass performance. With these considerations in mind, borehole geophysics
is a logical means for investigating the properties of rocks within a large,
sparsely-fractured rock mass.

Deep boreholes provide access to in situ conditions with relatively minor
disturbance in the immediate vicinity of the borehole wall. Most geophysical
logging devices provide sampling volumes that extend beyond the zone of
drilling damage and stress concentration, giving scales of investigation
consistent with the dimensions of individual fractures. A major task in the
design of geophysical logging studies is to optimize the compromise between
the need for high resolution of primary geological features, and the need for
measurement beyond the annulus of alteration and stress concentration.

This report describes the geophysical investigation of a moderately-sized
granitic intrusion located on the Canadian Shield in northwestern Ontario
(fig. 1). This investigation is the most recent in a series of such
investigations being conducted by the U.S. Geological Survey to improve
techniques for the characterization of fractured crystalline rocks. One of
the primary purposes of the program is to extend the methods previously tested
in rocks of various lithologies to a new sitej; this enlarges the geophysical
data base. Another objective was the field testing of two relatively new
geophysical devices: a highly sensitive flowmeter, and a low-frequency
acoustic-waveform logging system. One especially important objective is the
identification of significant fracture features by means of various geophysical
measurements having different volumes of investigation. In this case, one of
the boreholes logged for this study deliberately was drilled at approximately
20° from the vertical in order to encounter a nearby suspected near—vertical
fault or fracture zone identified from lineations on aerial photographs (Brown
and others, 1980). Additional information abput fracture properties also was
obtained by comparing geophysical logs obtained in the borehole penetrating the
observed fault or fracture zone with logs obtained in another borehole located
avay from major surface lineaments.

Previous studies (Keys, 1984; Davison and others, 1982) emphasized the
identification of fractures in boreholes, and the comparison of those fracture
indicators with results from borehole television surveys and core data. These
studies have resulted in many modifications and improvements in fracture
identification techniques applied to borehole geophysics; this report takes
the analysis one step further. Rather than surveying entire boreholes with
the full suite of geophysical logs, generalized fracture indicators were used
to identify specific fracture intervals., Additional effort was concentrated
on the two approaches to fracture characterization where results were most
likely to have the greatest relevance to the siting of radioactive waste
repositories: (1) Characterization of identifﬁed fracture zones that may serve
as significant ground-water conduits; and (2) Characterization of major
unfractured intervals that may correspond to locations suitable for repository
construction.









































































































