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FOREWORD

In 1973, Atomic Energy of Canada Limited ap-
proached the Federal Department of Energy, Mines
and Resources for geoscientific advice with respect
to assessing the suitability of various geological for-
mations in Canada for disposal of radioactive waste.
The Canadian Nuclear Fuel Waste Management Pro-
gram was thus initiated and is currently focused on
the concept of disposal of radioactive waste in crys-
talline rock in the Canadian Shield. A large part of
the program is geoscience research and develop-
ment aimed at obtaining information to quantify the
transport of radionuclides through the geosphere
and at determining the geotechnical properties re-
quired for disposal vault design. The general ap-
proach adopted is to try to characterize the geo-
sphere at potential disposal sites using a combina-
tion of remote-sensing (geophysics) methods, surface
geological mapping and geological history, detailed
information obtained from core extracted from a
limited number of boreholes and hydrologic studies.

An important factor governing the consideration
of prospective waste disposal sites was the realiza-
tion that the province of Ontario would be the
main area of nuclear power in Canada. A decision
was made, therefore, to study igneous rock types
in the Canadian Shield of Ontario. In 1975, propo-
sals and budgets for the inclusion of geoscientific
activities in the AECL program were formulated.
One of the activities that year was a preliminary
examination of igneous rock masses in Ontario.
Another was the evaluation of exploration tech-
niques for determination of the structural integrity
of igneous rock masses.

In 1976, geoscientific field work was expanded
in Ontario, but early in 1977 growing concern by
the public regarding the disposal of radioactive
waste resulted in field work being curtailed and re-
stricted to the site of Chalk River Nuclear Laborato-
ries (CRNL). This site became the principal area for
geoscientific studies throughout the remainder of
the seventies. Although the CRNL property is not
likely to be used for disposal of significant quan-
tities of high-level wastes, it is a potential site for
disposal of low- and intermediate-level wastes.
There is thus a direct interest in its geological and
hydrologic characteristics. The prime objective, how-
ever, has been to use the site to develop, evaluate
and compare various techniques in order to op-
timize the methods for obtaining geoscience infor-
mation. The intent was to apply methods tested at
Chalk River to other research sites; this goal has
been realized.

Data have been collected in three discipline
categories: geophysics, geology and hydrogeology.
Most of the investigations have been carried out in
a concentrated area around Maskinonge Lake,

where they have been supported by, and/or have
utilized, about thirty boreholes sunk into bedrock.
The boreholes provide subsurface geological infor-
mation that can be used as a reference to compare
the responses of various geophysical methods and
equipment. Studies of a regional nature (e.g., geol-
ogy and airborne geophysical surveys) have also
been conducted.

Increased involvement in other research areas,
such as Atikokan in 1979 and East Bull Lake in
1980, led to a movement of effort away from Chalk
River. The increasing demands on personnel re-
sulted, in some cases, in projects being unfinished,
either because of insufficient analysis or insufficient
documentation. This is not to say that a wealth of
data has not emerged from the Chalk River pro-
gram: over one hundred and fifty documents have
been produced. Unfortunately, as far as the outside
geoscientific community is concerned, many of these
documents remain as unpublished internal reports
and contractors reports.

In 1982 a proposal was made to produce a sum-
mary volume devoted to the results of geophysical
studies at the Chalk River research area. To this
end, a workshop on Geophysical and Related Geos-
cientific Studies at Chalk River, Ontario, was or-
ganized for 1983 December 14th and 15th. The prin-
cipal objectives of the workshop and the ensuing
summary volume were 1) to provide an incentive to
conclude unfinished business, and 2) to provide a
medium for producing comprehensive documenta-
tion of the most significant results of geophysical
studies and to ensure that these are made available
to as wide a sector of the geoscientific community
as possible. The volume and workshop, by and
large, have been successful in meeting these objec-
tives. With few exceptions, most disciplines are
covered. The reference lists in the various papers
provide further related reading. A secondary objec-
tive of the workshop was an evaluation of the
geophysical techniques in terms of their utility to
the requirements of the Nuclear Fuel Waste Man-
agement Program. Although no specific paper is de-
dicated to that subject, the topic is extensively dis-
cussed in Chapter 10 - Panel Discussion.

This special volume provides an interim docu-
ment that will facilitate any future attempt at a
comprehensive synthesis of all data from the re-
search area. Although the region is not considered
a potential site for high-level nuclear waste, it is
being evaluated for suitability as a site for a dis-
posal vault to store intermediate- and low-level
waste. In this regard, therefore, the volume pro-
vides many data and information pertinent to char-
acterization of the site.
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AECL-9085/1
CHALK RIVER NUCLEAR LABORATORIES - ITS HISTORY AND PURPOSE

D.F. Dixon
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Atomic Energy of Canada Limited
Whiteshell Nulear Research Establishment

Pinawa, Manitoba ROE 1L0

ATOMIC ENERGY OF CANADA LIMITED:
ORGANIZATION AND MANDATES

Atomic Energy of Canada Limited (AECL) is a
Crown Corporation with three broad mandates:

1) To provide the scientific and technical base for
Canada's nuclear program;

2) To design and market CANDU* reactor systems,
components and related technologies in Canada
and abroad; and

3) To develop and market products and services
worldwide using nuclear technology for medical
and industrial applications.

As outlined in the AECL annual reports (e.g.,
AECL, 1982-83), the main responsibilities for each of
the three mandates are given to the three operating
units of the company: the Research Company,
CANDU Operations, and the Radiochemical Com-
pany.

The head office for AECL and the Radiochemical
Company are in Ottawa. CANDU Operations has
its main facilities in Mississauga, and the Research
Company has laboratories at two sites: the
Whiteshell Nuclear Research Establishment (WNRE)
near Pinawa, Manitoba; and the Chalk River Nucle-
ar Laboratories (CRNL) near Chalk River, Ontario.

The mandate for the Research Company in-
cludes providing "leadership in research for
Canada's nuclear waste disposal program" (AECL,
1982-83).

The major part of this role is fulfilled through
the Nuclear Fuel Waste Management Program
(NFWMP), centred at WNRE. The geophysical and
geoscientific studies conducted at CRNL, which are
the focus of this Workshop, are part of this pro-
gram.

CRNL HISTORICAL HIGHLIGHTS

For the Workshop participants, I have extracted
some historical highlights (AECL, 1983; Eggleston,
1965) as background information on CRNL.

AECL had its origin at the CRNL site. The pro-
grams throughout the company have foundations
built on early wartime nuclear fission work by
Canadians. Dr. G.C. Lawrence was working on the

fission of uranium atoms at the National Research
Council (NRC) in Ottawa in 1940. Then., he and
Dr. B.W. Sargent of Queen's University worked
jointly on a nuclear chain reaction in 1941 and
1942.

Events taking place in Europe during the same
period also affected the direction of atomic energy
research in Canada. In August 1942, the Cavendish
heavy water team in England, headed by Dr. Hans
von Halban, moved to Canada to work with Ameri-
can and Canadian scientists. They brought their
precious supply of heavy water with them. Dr. C.J.
Mackenzie, then president of the NRC and later
president of AECL, found laboratory space for the
group at the University of Montreal.

As work by the group progressed, a decision
was made in 1944 to build a Canadian pilot plant
to produce plutonium from uranium using heavy
water in a nuclear reactor. The English scientist,
Dr. J.D. Cockcroft, was appointed project director
and he arrived in Canada in April 1944. By sum-
mer 1944, Chalk River had been approved as the
site for the project known first as The Defence In-
dustries Limited Petawawa Works and later called
CRNL. Construction started immediately after site
approval.

The site was well suited to its purpose. It was
sufficiently isolated for safety and security; yet, it
was accessible by rail and road from Ottawa, To-
ronto and Montreal. There were adequate power, a
good spot for a townsite nearby and an abundant
supply of cooling water, the Ottawa River.

As it turned out, the first major achievement of
the project came after the war ended. In September
1945, the Zero Energy Experimental Pile (ZEEP), the
first reactor in the world to operate outside the
U.S., went into operation. Even though many for-
eign nationals assigned to the project returned
home after the war, it was decided to continue the
work as a Canadian project.

In 1947, the CRNL site came under the direction
of the NRC. By then, a second reactor, National
Research Experimental (NRX), had been constructed
and began operation in July, 1947. Although it suf-
fered an accident in 1952, it was rehabilitated and
returned to service. With its high neutron flux,
NRX proved to be a valuable research reactor.
Among its early achievements are the testing of
fuel for the first U.S. atomic submarine "Nautilus"
and the fuel for Britain's Calder Hall.

CANada Deuterium Uranium
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By 1949, design of a second large reactor was
started. Known as the National Research Universal
(NRU) reactor, it went into operation at CRNL in
November 1957. The NRU reactor provided a more
intense neutron flux for research and also added in-
creased capability to produce radioisotopes for medi-
cal and industrial applications. This permitted AECL
to become one of the foremost producers of
radioisotopes in the world.

The first reactor in the world with on-power
fuelling, NRU incorporated advanced facilities for
testing fuels and materials and for heat transfer ex-
periments. Thus, it served as the main test facility
for the CANDU power reactors. Research and de-
velopment have continued to the present for cur-
rent and advanced CANDU reactor systems. The in-
stalled nuclear gross electrical capacity in Canada,
starting in 1962 with the Nuclear Power Demonstra-
tion (NPD) reactor at 25 MW(e), has increased to
more than 7,000 MW(e) today and is forecast to ex-
ceed 15,000 MW(e) by 1990. In addition, CANDU
reactors have been supplied to India, Pakistan,
Argentina, South Korea and, recently, Romania.
Many scientists and engineers from these customer
countries are on attachment to AECL for training.

CRNL participates in AECL's basic research, not-
ably in physics, chemistry and biology. For in-
stance, an outstanding research tool is the tandem
accelerator used to reveal information about the
basic structure of atoms. Installed in 1968 with a
power of 10 MeV, increased later to 13 MeV, it is
presently being linked to a superconducting cyclot-
ron (SCC). This new hybrid machine will be ready
later in the 1980s with ten times the power of the
tandem accelerator.

The approach of having research and develop-
ment laboratories, such as CRNL and WNRE, pro-
vide direct scientific and technical support to an in-
dustry pays off in performance, as illustrated in the
continuing high capacity factors for CANDU reac-
tors. Another advantage is having a diversified
group of applied scientists and technologists who
can respond quickly to problems. For example, at
present, AECL personnel are involved in a team ef-
fort with others from Ontario Hydro to examine
failed pressure tubes removed from CANDU reac-
tors at Pickering, and to determine the cause of
failure. Based on the consistent record of success in
the past, the Canadian public can have every confi-
dence that this most recent problem will also be
solved by these experts.

A recent success of note is the development and
use of the SLOWPOKE* research reactor (Hilborn

and Burbidge, 1983; Glen and Hilborn, 1983). The
first SLOWPOKE, a prototype, started up in 1970 at
CRNL. It was followed by a commercial model,
SLOWPOKE-2. Six of these have been installed in
Canada and a seventh is near completion in
Jamaica. The 20-kW(t) SLOWPOKE-2 produces a
thermal neutron flux of TO12 r rcm'V 1 and is used
mainly for neutron activation analysis. Because
SLOWPOKE operates at low temperature (less than
100°C), it has a simple design, inherent safety and
low cost. These advantages have encouraged AECL
designers to examine the feasibility of SLOWPOKE
reactors in the 2- to 20-MW(t) size for heating
buildings. The conceptual design of a 2-MW(t) pro-
totype is complete and detailed design and develop-
ment is in progress. Results to date point toward
another success. At the time of the Workshop, a
decision to build the prototype was imminent."

CRNL WASTE MANAGEMENT AND
GEOSCIENCE

Of course, SLOWPOKE and all nuclear facilities
generate radioactive wastes. An important point in
regard to AECL's mandate is that nuclear waste
management is an integral part of the nuclear pro-
gram. In particular, nuclear waste management
started within AECL soon after ZEEP went critical
in 1945. Throughout AECL, we manage our own
wastes arising from research and radioisotope pro-
duction and also, at CRNL, we provide a waste
management service to many of the approximately
2000 licensed users of radioactive materials in
Canada.

Since 1976, the CRNL property has been one of
the sites where geoscience research and develop-
ment are conducted as part of NFWMP (Rosinger
and Dixon, 1982). CRNL is considered by some
people to be fairly isolated, but for the groups of
earth scientists and hydrogeologists who call Ottawa
home, it is conveniently located. A short, two-hour
drive gets them from office to field experiment. An
added advantage is availability of the diversified
pool of technicians and craftsmen available on-site
to support their needs.

It is fitting that the CRNL property was chosen
as a geoscience research site. Although it will not
be used for disposal of significant quantities of
high-level wastes, it is a potential place for disposal
of low- and intermediate-level wastes. Therefore,
many of the geoscience techniques developed and
tested at CRNL may also have an early application
there.

* SLOWPOKE - Safe LOW POwer Critical(K)
Experiment.

The 2-MW(t) SLOWPOKE Demonstration Reactor
(SDR) is expected to begin operation at WNRE in
1987.
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AECL-9085/2 GEOLOGY OF THE REGION SURROUNDING CHALK
RIVER NUCLEAR LABORATORIES, ONTARIO

M.D. Thomas
Gravity, Geothermics and Geodynamics Division

Earth Physics Branch
Energy, Mines and Resources

1 Observatory Crescent
Ottawa, Ontario K1A 0Y3

ABSTRACT
The site of Chalk River Nuclear Laboratories is located within a region dominated by high metamorphic
grade gneisses of the 1,000-million-year-oId Grenville Structural Province of the Canadian Shield. Several
phases of folding related to the Grenvillian and earlier orogenies have produced complex folding of the
gneisses. In the neighbourhood of Chalk River, this is manifested in a basin and dome tectonic style. Mere,
relatively tight recumbent folds with northwest-trending axes predominate and are overturned towards the
west. Statistically, in spite of the complexity, structural patterns have a regular and simple geometry. Fault-
ing on a regional scale is dominated by northwest-trending normal faults related to the Ottawa graben hav-
ing a history dating from around 700 million years ago. Major activity related to the graben has occurred as
recently as 120 million years ago, and minor activity continues ai the present time as evidenced by the as-
sociation of earthquakes. The normal faults dissect the region into a series of blocks and have displace-
ments of up to 450 in. There is growing evidence that the region is also dissected by Grenvillian tectonite
zones, dipping at shallow angles to the southeast, which are interpreted as the loci of overthrusting towards
the northwest.

OUTLINE OF GEOLOGICAL HISTORY

The Chalk River research area (RA2) is located
in the Precambrian Grenville Structural Province of
the Canadian Shield (Fig. I). The last major defor-
mation of this structural province took place during

the Grenvillian Orogeny, which commenced, culmi-
nated and terminated approximately 1,141), 1,04(1
and 1,0110 million vears ago, respectively (Stockwell,
I<JK2). Following this orogeny, the region remained

Figure 1: Regional setting of Chalk River Nuclear Laboratories within the Grenville Structural Province and
Ottawa graben.
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relatively stable, apart from two episodes of rifting
that superimposed upon the Grenville Province the
large fracture systems defining the Ottawa, Nipis-
sing and Timiskaming grabens of the St. Lawrence
Rift System (Kumnrapeli, 1976). The Chalk River
area lies within the Ottawa graben, near its north-
ern margin (Fig. 1).

The first episode of rifting, marked by tensional
faulting and the emplacement of east-southeast
trending diabase dykes (Grenville dyke swarm), oc-
o; ied 700 to 600 million years ago and was related
to the opening of a proto-Atlantic Ocean (Tapetus)
(Kumarapeli, 1976). The Ottawa graben probably de-
veloped as the failed arm of a triple-junction, the
opening arms giving rise to the Tapetus Ocean that
occupied the region corresponding to the present-
day Appalachian Orogen (Kumarapeli et al., 1981).
Also related to this rifting phase was the intrusion
of alkaline-carbonatite complexes, widely distributed
along the St. Lawrence Rift System, which yield K-
Ar ages of about 565 million years. Evidence for
continuity or a separate period of extensional tec-
tonics is provided by the occurrence of alkaline
syenites giving ages of around 430 million years
(Kumarapeli, personal communication, 1985).

A second episode of rifting, related to the open-
ing of the present Atlantic Ocean, took place in the
mid-Meso/oic around 120 million years ago
(Kumarapeli, personal communication, 1985). Evi-
dence for this phase is based on the series of al-
kaline-carbonatite intrusions known collectively as
the Monteregian Hills. This Meso/oic phase may be
largely responsible for the present form of the rift
system, although the movements were probably
superimposed on faulting produced during the first
episode (Kumarapeii, 1976).

At the present time tectonic activity is man-
ifested in the form of earthquakes that generally
have Richter magnitudes less than 5, but in histori-
cal times have attained magnitudes greater than 6
(Forsyth, 1981).

GEOLOGICAL SETTING WITHIN THE
GRENVILLE PROVINCE

Much of the Grenville Province is formed of a
basement complex consisting of reworked Archean
(• 2,50(1 million years) and Aphebian (2,500 to
1,750 million years) rocks (Wynne-Edwards, 1972).
The province has been subdivided into a number of
lithotectonic domains by Wynne-Edwards (1972).
The Chalk River area lies within a domain known
as the Ontario Gneiss Segment, roughly 35 km
west of the boundary with a domain called the
Central Metasedimentary Belt (Fig. 2). There is a
marked contrast between these two domains as far
as lithologies, metamorphic grade, structural trends

and ages are concerned.

Ontario Gneiss Segment

According to Wynne-Edwards (1972), the Ontario
Gneiss Segment consists of gneisses with a struc-
tural or deposition^] age(s) that is are possibly Arc-
hean and'or Aphebian. A geological map
(1:1,000,000) compiled by Baer et al. (1977) shows
the region of the Ontario Gneiss Segment surround-
ing the Chalk River research area (Fig. 2) to consist
mainly of Aphebian gneisses; some smaller areas of
Archean gneisses are also present. Aphebian gneis-
ses to the immediate south and southwest of Chalk
River constitute a major gneiss dome named the Al-
gonquin batholith (Schwerdtner and Lumbers, 1980).
The metamorphic grade in the segment is generally
upper amphibolite fades, but granulite fades is at-
tained locally. Foliations and structures trend predo-
minantly northwestward, a direction somewhat
anomalous within the Grenville Province where
northeastward trends generally prevail (Wynne-Ed-
wards, 1972). The northwest-trending structures are
thought to be relicts of Hudsonian deformation.

Recent structural studies within the Ontario
Gneiss Segment (e.g., Davidson et al., 1982;
Culshaw et al., 1983) have led to the conclusion
that the segment comprises a series of tectonic
slices of crust separated by tectonite /ones dipping
shallowly to the southeast. The development of this
structural picture is believed to have taken place by
stacking of the slices through repeated northwest-
ward ductile thrusting at the tectonite zones. It has
been suggested that the driving mechanism was
Himalaya-type collision (Davidson et al., 1982), an
idea that lends support to an island-arc scenario
proposed by Brown et al. (1975) for the Central
Metasedimentarv Belt. Culshaw et al. (1983) demon-
strated that the northwest boundary of the belt is
also tectonic and is probably n locus of northwest-
ward ductile thrusting.

Central Metasedimentary Belt

The Central Metasedinientary Belt is comprised
of extensive areas of supracrustal rocks belonging to
the Grenville Supergroup. Typically, these include
marble, calc-silicate rocks, quart/.ite, paragneiss, am-
phibolite and metavolcanic rocks (Fig. 2). The
metasedinientary belt is widely intruded by acidic
intrusions, such as granite and syenite, but basic
diorite and gabbro bodies also occur. Baer (1976)
has suggested that the supergroup rocks were de-
posited in the interval 1,300 to 1,200 million years
ago, during the Helikian era (1,750 to 1,000 million
years).



78°30' 46°45'

45°15'

PHANEROZOIC

ORDOVICIAN

PROTEROZOIC

APHEBIAN

Sedimentary Rocks

PROTEROZOIC

HADRYNIAN OR YOUNGER

Biotite Gneiss,
Hornblende Biotite Gneiss

Various Gneisses, Mainly Biotitic
Quartzofeldspathic Gneisses

Im

HELIKIAN

Grenville Dykes

Granite, Syenite
ite, Gabbro

ml
JH I BioJ Biotitic Migmatite

PROTEROZOIC OR ARCHEAN

Marble

Andesite

S^S>SS>^S>23Various Gneisses,
'-•^.^rfvrf^cj Amohibolite

'• '• '• '• '• '• ' I Granite

Hornblende Gneiss

ARCHEAN

3 Amphibolite

HELIKIAN OR APHEBIAN
I Migmatite,
J Granitic Gneiss FAULTS

Granodiorlte

Amphibole Garnet Biotite Gneiss

kilometres

Figure 2: Regional geology of an area approximately 200 by 170 km surrounding Chalk River Nuclear Labo-
ratories. Heavy solid line marks boundary between Ontario Gneiss Segment and Central Metasedimentary
Belt. Geology from Baer et a\. (1977).
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Baer (1976) proposed that the supracrustal rocks
of the metasedimentary belt were deposited in a
northeast-trending aulacogen whose origin was re-
lated to the opening of an early proto-Atlantic
ocean to the south. It represents a failed arm off a
triple junction located somewhere to the south of
Lake Ontario. The western margin of the aulacogen
is believed to be a major lineament, called the Ban-
croft-Renfrew lineament, associated with nepheline
syenites that line up along it.

Brown et al. (1975) view the history of the
metasedimentary belt in a different light. They be-
lieve it was the site of an island arc associated with
subduction at converging oceanic plate margins
around 1,300 million years ago. They related calc-al-
kaline volcanism and intrusion of granodioritic plu-

tons to a subducting slab and proposed uplifted
basement and external mature elastics as sources of
a clastic-carbonate succession. Continental collision
around 1,050 million years ago terminated the de-
velopment of the belt. The belt is believed to be
underlain by a collision zone, the form of which is
not described.

Metamorphism in the Central Metasedimentary
Belt is variable, ranging from low greenschist to
granulite facies. Structures are oriented north-south
and northeastward, and pre-Grenvillian structures
are generally absent (Wynne-Edwards, 1972). The
pronounced difference in the structural trends of
the Ontario Gneiss Segment and Central
Metasedimentary Belt are clearly reflected in the
trends of aeromagnetic anomalies (Fig. 3).

fftf.VX

if- V

lit % • - ' ,

Figure 3: Aeromagnetic shaded relief map in which contrasting structural trends of Ontario Gneiss Segment
(northwestward) and Central Metasedimentary Belt (northeastward) are reflected. Based on map NL-18-M,
1984, provided by Resource Geophysics and Geochemistry Division of Geological. Survey of Canada.
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LITHOLOGIES

A more detailed picture of the geology in the
region immediately surrounding the Chalk River re-
search area is shown in Figure 4. This geological
map is a compilation of geological maps prepared
by (he Ontario Geological Survey tor the region
south of the Ottawa River (Lumbers, 1976a; I,um-
bers and Vertolli, ISM)) and by the Quebec Depart-
ment of Natural Resources for the region north of
the river (Kat/, 1%9). Correlation of the gneisses
north of the river with those to the south has not
been attempted because of evident differences in
mapping procedures and nomenclature. A major
fault, believed to run along the Ottawa River (Lum-
bers, 1976a), is a continuation of the Mattawa River

fault that forms the northern boundary of the Ot-
tawa graben farther west (Lumbers, 1972). Brown et
al. (1979) refer to this fault as the Mattawa River-
Ottawa River fault. This fault may be a part of the
reason for difficulties in correlating units across the
river. North of the river, Kat/ (1969) has mapped
units that trend northwestward in the western part
of the area, but which swing into a northeastward
trend in the eastern part in harmony with struc-
tures in the nearby Central Metasedimentary Belt.
The predominant lithologies are biotite gneiss and
garnet gneiss. Quart/ofeldspathic gneiss, hornblende
gneiss and amphibolite are also present.

South of the Ottawa River, most of the rocks
belong to two principal groups. The older one is

QUATERNARY
I I Glocial till S fluvial,gloclo-
I I fluviol a lacustrine deposits

ANORTHOSITE SUITE INTRUSIONS
FTTTviGneissic to massive
r.-.-l-.-igranite,monzonite 8 syenite

H ^ H G n e i s s i c anorthositic gabbro,
^ H ^ l gabbroic anorthosite Bgobbro

CALCAREOUS METASEDIMENTS

liiiiliMliJ Hornblende gneiss
CLASTIC SILICEOUS METASEDIMENTS

I..'.: '• IMigmntitir biotite gneiss

I \ \ ' \ 'I Trend of gneissosity

J Garnet gneiss

J Hornblende gneiss

J Biotite gneiss

LIMITS OF GEOLOGY
•46-15'

Figure 4: Local geological map of area surrounding Chalk River Nuclear Laboratories compiled from maps
by Lumbers (1976a), Lumbers and Vertolli (1980) and Katz 1969). Difficulties in matching the map by Kate
to the topographic base adopted for maps south of the Ottawa River results in slight discrepancies between
positions of latitudes and longitudes for the respective areas. The amount of the discrepancy is indicated by
the position of the line labelled "limits of geology" that should coincide with the adjacent map boundary
on the basis of latitude and longitude.
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metasedimentary and consists of clastic siliceous
metasediments labelled as mimatitic biotite gneiss
(Fig. 4). The younger group is metal-igneous and
includes metamorphosed igneous rocks that gener-
ally range in composition from granite through
monzonite to syenite (Fig. 4), although small de-
velopments of anorthositic and gabbroic varieties
also ocur. A third group of calcareous metasedi-
ments (= hornblende gneiss) developed locally. The
metasedimentary migmatitic biotite gneiss consists
largely of impure sandstone (biotite-potassium
feldspar-quartz-plagioclase gneiss and biotite-quartz-
plagiodase gneiss) that contains locally minor to
abundant intercalated arkose-arkosic sandstone
(potassium feldspar-oligoclase-quartz gneiss), oiotite-
rich argillite (garnetiferous biotite-feldspar-quartz
gneiss and schist), calc-silicate gneiss and, rarely,
quartz-rich sandstone (Lumbers, 1976a; Lumbers and
Vertolli, 1980). Textures in the group of meta-igne-
ous rocks are gneissic to massive. Near Chalk River
(Fig. 4), the gneissosities of the meta-igneous and
metasedimentary groups are generally conformable.
Most of the surface and borehole geophysical inves-
tigations within the Chalk River Nuclear Laborato-
ries property have taken place in a body of mon-
/onitic gneiss immediately east of Maskinonge Lake.

FAULTING AND FRACTURING

In the region shown in Figure 2, the major
faults have a predominantly northwestward trend
and are located mainly to the south of the Ottawa
River (Baer et al., 1977). These are related to the
Ottawa graben and cut across both the Ontario
Gneiss Segment and Central Metasedimentary Belt.
The area to the west and immediately south of
Chalk River itself is shown as being devoid of
faults, presumably because relevant information was
not available at the time Baer et al. were compiling
their map. However, the maps prepared by Lum-
bers (1976a) and Lumbers and Vertolli (1980) show
that there are numerous faults in the region and
these generally have a northwestward trend (Fig. 5).
The second most pronounced trend varies between
approximately west-northwest and west-southwest.
Immediately north of the Ottawa River, few large
faults have been identified in the areas mapped by
Katz (1969) and Rive (1970). Katz describes most
fractures in his area as joints or lineaments. Many
of the northwestward-trending faults are undoub-
tedly related to the Ottawa graben, as described by
Kay (1942) and Kumarapeli (1976). Several of them
control down-dropped fault blocks containing Or-
dovician sedimentary rocks (Fig. 2).

The Mattawa River-Ottawa River fault, regarded
as the northern boundary of the Ottawa graben, is
largely hidden by the Ottawa River, but, where it
is observed along (he banks of the river, it com-
prises a zone of fault gouge, cataclastic and myloni-

tic rocks up to several hundred metres wide (Lum-
bers, 1976a). Just east of Chalk River this fault may
merge with the Coulonge fault, which, according to
Kay (1942), is a normal fault with a minimum
southward downthrow of about 300 m in this orea.
Faults within the graben have vertical displacements
as great as 450 m (Kay, 1942). Kay found joint pat-
terns within the Ottawa graben to be similar to
those of faults and thought (hat fault trends were a
result rather than a cause of joint trends. He con-
cluded, therefore, that the trends of faults followed
those of earlier Precambrian joints and he was op-
posed to the idea that the faults were redeveloped
Precambrian faults. Kumarapeli (1976) aiso believed
that a Precambrian fracture pattern controlled the
fault pattern of the rift system, although he also
advocated that mid-Meso/oic movements were
superimposed on faults developed about 700 to 600
million years ago. Kay (1942) and Kumarapeli (1976)
agree that the formation of the faults took place in
post-Palaeozoic times, the most recent information
indicating that it was around 120 million years ago
(Kumarapeli, personal communication, 1985).

Brown et al. (1979), on the basis of regional
studies of aerial photographs and more localized
outcrop' mapping within the Chalk River research
area itself, have demonstrated that the pattern of
faults and fratures in the region is extremely com-
plex, with maybe as many as 13 fracture sets de-
veloped. Northwest-trending faults related to the
Ottawa graben are numerous in the region. One of
the most prominent is the Mattawa River - Ottawa
River fault, which Brown et al. (1979) believe may
have originated during a phase of isoclinal folding.
Another major fault zone runs along Maskinonge
Lake.

Hanmer and Ciesielski (1984) have recently con-
ducted reconnaissance investigations along the entire
northwest margin of the Central Metasedimentary
Belt. They conclude that the regional kinetic pattern
is consistent with overthrusting towards the north-
west. South of the Ottawa River, foliation and
layering dip to the southeast at less than 40",
whereas north of the river, foliations and lithologi-
cal contacts have irregular and often vertical dips.
Hanmer and Ciesielski (1984) do not specify the
limits of the boundary zone, but, apparently, it is a
few tens of kilometres wide. North of the river
where marbles are juxtaposed abruptly with gneiss,
there is a discrete lithological boundary to the Cen-
tral Metasedimentary Belt (Fig. 2). In addition to
the component of northwestward thrusting, these
authors suggest that the boundary of the belt con-
tains a component of dextral transcurrent shear
north of the Ottawa River; these components could
be contemporaneous. South of the river there is
evidence for sinistral transcurrent motion along sev-
eral shear zones.
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Figure 5: Faults and fractures in the region surrounding Chalk River Nuclear Laboratories based on maps
by Lumbers (1976a), Lumbers and Vertolli (1980), Katz (1969) and Rive (1970). Katz (1969) describes most
fractures in his area as joints or lineaments. Dashed line is boundary between Ontario Gneiss Segment
(OGS) and Central MetasedimenUry Belt (CMB).
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In spite of the strong north to northeastward
structural grain of the Central Metasedimentary Belt,
only a few faults with such trends are shown on
the map by Baer et al. (1977) and none of them
falls in the areas shown in Figures 2, 4 and 5.
Even the lineament proposed by Baer (1976) to de-
fine the western margin of his aulacogen does not
manifest itself in the form of faults. The lineament
was described as passing through Bancroft, Renfrew
and Lake Baskatong, but no other details were
given. It should be noted that this lineament does
not necessarily coincide with the margin of the
metasedimentary belt, because, as pointed out by
Baer (1976), a thin veneer of limestone and minor
elastics was deposited outside the aulacogen. The
western margin of the Central Metasedimentary Belt
lies to the west of the lineament.

FOLDING

Regional studies within large tracts of the Gren-
ville Province have shown that Grenvillian deforma-
tion has produced flow folding on axial planes
trending northeast and generally dipping southeast.
They are a remarkably consistent feature of the pro-
vince (Wynne-Edwards, 1972). The effect of Grenvil-
lian deformation on the basement complex, contain-
ing Archean and Aphebian elements that have un-
dergone earlier phases of folding, is to produce
complex structures as a result of the interference of
two or more major fold sets; some rocks of the
Grenville Supergroup are similarly affected. Statisti-
cally, in spite of the map patterns being very com-
plex, the geometry is regular and simple (Wynne-
Edwards, 1972).

An idea of the structural complexity is
exemplified by a study near the western margin of
the Central Metasedimentary Belt where at least 5
phases of deformation in presumed pre-Grenvillian
basement and 3 phases in the basal portion of Ihe
Grenville Supergroup have been identified
(Appleyard, 1974). Appleyard (1974) agrees with
Wynne-Edwards (1972) that even though deforma-
tion patterns are complex they are consistent -
"They are not wild-folded in the sense of being in-
decipherable".

Wynne-Edwards (1972) notes that, generally, in
basement and cover rocks, axial plane foliation dis-
tinct from compositional layering is absent or
scarce, the folds being the product of flow folding,
refolding and continuous recrvstallization without
loss of cohesion. One of the characteristics of flow
folding is the development of a single foliation,
parallel to lithologic layering, which functions as a

passive marker tracing out the shapes of structures.
Wynne-Edwards (1972) notes also that "primary

lithologic orientations" were established in Archean
and Aphebian rocks of the Grenville Province by
earlier orogenies, (n areas of thick Helikian
metasedimentary sequences, such as the Grenville
Supergroup, the northeasterly trend of Grenvillian
folding is readily apparent because it established the
primary lithologic distribution of these rocks, which
had not suffered earlier orogenic deformation. Once
established the primary lithologic trend tends to
persist. In the Ontario Gneiss Segment, for exam-
ple, the dominant trend is northwesterly and was
probably established in the Hudsonian Orogeny.

Trends of gneissosity mapped by Lumbers (1976
a,b) in a region extending west of the Ottawa River
as far as longitude 79°W (north of latitude 46"N)
are predominantly northwestward and reflect the
primary control of structure with Hudsonian trends.
However, the polyphase deformation suffered by
the region is apparent in patterns of gneissosity
that indicate basin and dome structures and plung-
ing synforms and antiforms. Lumbers (1972) de-
scribes the metasedimentary and most of the meta-
igneous rocks as being complexly folded with rela-
tively tight, recumbent folds predominating. In an
adjoining area south of latitude 46°N, mapped by
Lumbers and Vertolli (1980), trends of gneissosity
are considerably more variable, possibly reflecting
the influence of younger northeastward Grenvillian
trends that are more strongly developed in the
Central Metasedimentary Belt. North of the Ottawa
River, a basin and dome-tectonic style has been ob-
served by Katz (1969), a result of interference of
northeastward and northwestward structures. How-
ever, contrary to the relationship expected from re-
gional considerations, the northwestward structures
are interpreted as younger. Folds with northwest-
ward-trending axes are overturned towards the

west.
According to Brown et al. (1979), the rocks at

the Chalk River Nuclear Laboratories property and
immediate vicinity are located on the eastern recum-
bent limb of a north- to northwest-trending anti-
form. The core of the antiform is located several
kilometres to the west of Maskinonge take, in the
paragneisses of the metasedimentary group of clastic
siliceous metasediments. Orthogneiss occurs east of
the lake and is located structurally above the parag-
neiss. Here, the dominant structure is believed to
be a parasitic antiformal-synformal fold related to
the major antiform. This fold has been refolded
about an east-west axis to produce interference fold
patterns described as type 2 by Ramsay (1967).
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ABSTRACT

The area of the Grerville Structural Province surrounding the site of Chalk River Nuclear Laboratories is
one that is relatively seismically active compared to other more stable parts of the Canadian Shield. Some,
but not all, of thi'i activity is probably related to faults associated with the Ottawa graben of the St. Law-
rence Rift System, which was active in late Precambrian-early Palaeozoic and mid-Mesozoic times. Earth-
quakes as large as magnitude 7 (Richter scale) have occurred along the system; for instance, the Lake
Timiskaming earthquake of 1935 had a magnitude of 6.2. Studies of glacial varves indicate that seismicity
in the Lake Timiskaming region has been continual since at least 8,500 years ago. New probabilistic ground
motion maps of Canada show Chalk River located between the 16 and 23% g (g = gravitational attraction)
contours of peak horizontal acceleration, which translate roughly into earthquakes of magnitudes 5.2 and
5.8, respectively. The maps are based on the premise that indicated values have a 10% chance of being ex-
ceeded in 50 years. A variety of evidence suggests that regional crustal stresses are consistent with a thrust-
fault or strike-slip seismotectonic regime. The observed seismicity may reflect adjustment to the resultant of
stress fields arising from regional density variations, deglaciation and intraplate forces induced by interac-
tion of lithospheric plates.

INTRODUCTION

Although the site of Chalk River Nuclear Labo-
ratories is within the Precambrian Grenville Struc-
tural Province, and shield areas are generally re-
garded as relatively stable components of conti-
nents, the nature of recent, historic and prehistoric
seismicity in the Chalk River region is a cause of
concern for the Nuclear Fuel Waste Management
Program. This paper summarizes the seismicity and
its relationship to geology and describes briefly pos-
sible causes of regional stresses that give rise to the
seismicity and new probabilistic ground motion
maps that pertain to the Chalk River region.

RECENT AND HISTORICAL REGIONAL
SEISMICITY

A map of recent and historical seismic events
within areas of Quebec and Ontario lying adjacent
to the Ottawa River (Forsyth, 1981) is shown in
Figi're 1. Forsyth (1981), who studied a much larger
area than covered in Figure 1, noted that most
epicentres are located within the Grenville Province,
many of them clustering in the Central
Metasedimentary Belt and near the boundaries of
the belt to the north of the Ottawa River. In con-
trast, the portion of the belt lying south of the
river is apparently aseismic. In spite of the greater
occurrence of earthquakes in terrain of Grenvillian
age, Forsyth (1981) observed that the two largest
earthquakes, the magnitude 6.2 earthquake near
Lake Timiskaming and magnitude 5.7 earthquake
near Cornwall, were associated with the younger
grabens of the St. Lawrence Rift System. The influ-
ence of this rift system on the siting of earthquakes

may be significant as Forsyth has indicated that one
area of earthquake concentration is near the junc-
tion of rift structures associated with the Ottawa
Valley, St. Lawrence River and Lake Champlain.
Larger earthquakes (magnitude 7) have been re-
corded farther east in the rift system in the Char-
levoix area of the St. Lawrence River, where many
earthquakes have foci in Precambrian rocks.

A small, isolated cluster of earthquake epicentres
occurs immediately to the north-northwest of Chalk
River. All epicentres are positioned within 40 km of
the research area, close to., and on both sides of,
the northern boundary of the Ottawa graben
(Fig. 1). As recently as September 12th, 1983, an
earthquake of magnitude 2.4 was located just 4 km
west of the seismometer at Chalk River. The largest
earthquakes recorded in this area had Richter scale
magnitudes of 4.1 and 4.2. These earthquakes have
not been correlated with any specific geological fea-
ture. On the basis of a relationship suggested by
Liu et al. (1981), earthquakes of magnitude falling
between 4 and 5 as measured on the Richter scale
(instrumental determination of ground motion) may
be compared approximately with magnitudes V and
VI of the Modified Mercalli Intensity Scale (based
on ground motion effects on people, man-made
structures and terrain) for which damage to struc-
tures and property is negligible to slight, e.g., fall-
ing plaster, damaged chimneys.

According to Housner (1970), for earthquakes
with magnitudes less than about 5, the ground mo-
tion is unlikely to be damaging because of its very
short duration and moderate acceleration. Earth-
quakes of magnitude 5 or greater, however, gener-
ate ground motions that are severe enough to be
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Figure 1: Map of historical and recent seismic events in region surrounding Chalk River Nuclear Laborato-
ries (after Forsyth, 1981). Magnitudes are those of Richter scale.

potentially damaging to structures.
Whereas the largest earthquakes in the neigh-

bourhood of Chalk River are in the magnitude
range 4 to 5, the correlation of the Timiskaming
and Cornwall earthquakes with the St. Lawrence
Rift System (Forsyth, 1981) suggests that earth-
quakes as large as about magnitude 6 are possible
in the Chalk River area; the Timiskaming earth-
quake with a magnitude of 6.2 occurred just 150 km
away to the northwest. The Cornwall earthquake of
1944 with a magnitude of 5.7 caused damage esti-
mated at one million dollars both in Cornwall and
Massena, New York (Stevens, 1977). In Cornwall,
the liiimneys of 90';; of 3,000 homes and buildings
were either cracked or knocked down at the roof
level, but no building collapsed. This gives some
idea of damage produced by an earthquake with a
magnitude approaching 6.

PREHISTORIC REGIONAL SEISMICITY

Studies of glacial varves (Adams, 1983) have
shown that the region close to the Ontario-Quebec
border near Lake Timiskaming has been affected by
earthquakes for at least the last 8,500 years.
Sedimentation in glacial lakes took place under
quiet conditions, allowing settlement of sediment in

continuous layers extending over thousands of
square kilometres. During a single year, two bands
of fine-grained sediments are characteristically pro-
duced. One is dark and the other light, a feature
that has been attributed to seasonal changes gov-
erning the availability of organic material. In the
glacial lake Barlow-Ojibway, it has been possible,
on the basis of thickness variations of individual
varves, to trace bands over distances exceeding
100 km. Carbon-14 dating has established that the
varves range in age from about 10,000 to 7,900
years.

tontorted /ones within the evenly bedded var-
ves have been attributed by Adams (1982) to earth-
quake shaking based on 1) synchronous deforma-
tion, 2) large areal extent of deformation, 3)
sedimentary structures similar to those formed by
earthquakes, 4) a crude regional pattern that has
greatest deformation in the centre. Zones of con-
torted varves are dated within ±2 years on a rela-
tive time scale. By analogy with the effects of mod-
ern earthquakes observed in sediments, Adams esti-
mated that one particular deformation event, which
had occurred at approximately 8,500 BP (based on
carbon-14 dating and the relative time scale) and
had affected an area of 12,000 square kilometres,
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had a magnitude greater than, or equal to, 5.7.
One section of varves with three contorted zones
indicated that three earthquakes of similar mag-
nitude had occurred over a time span of 1,150
years.

PROBABILISTIC GROUND MOTION

For purposes related to the National Building Code,
Canada has been subdivided into a number of seis-
mic source /ones (Basham et al., 1982); Chalk River
is located in the Western Quebec Zone. Each zone
is assigned a cumulative recurrence relation, derived
from estimated rates of past earthquakes, terminated
at an upper bound magnitude; for the Western
Quebec Zone it is 7 (Fig. 2). For example, from
Figure 2, it can be seen that in the Western
Quebec Zone a magnitude 5 earthquake will occur
on average 0.097 times per year, i.e., approximately
once every 10 years.

100
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Mi 0.1

<
_)

'Vl

\
\

= i

0.01

0.001

5 6 7 8
MAGNITUDE

Figure 2: Cumulative recurrence relation for earth-
quakes in the Western Quebec Zone (after Basham
et al., 1982).

A knowledge of ground accelerations is essential
to an understanding of how structures will react
during an earthquake (Housner, 1970) and, there-
fore, it is of fundamental importance for earthquake
engineering. In most earthquakes, the vertical
ground acceleration is from one-third to two-thirds
as intense as the horizontal acceleration. Basham et
al. (1982), in preparing new probabilistic ground
motion maps of Canada, have emphasized that it is
necessary to choose an appropriate probability and
strong ground motion parameters that are most use-
ful for engineering design. They choose two ground
motion parameters; peak horizontal acceleration (in
units of '/, of gravitational attraction (g)) and peak

horizontal velocity (cm/s) (Fig. 3a,b).
The Chalk River research site falls in the range

of peak horizontal acceleration 16 to 23%. g
(Fig. 3a). The probabilistic maps are based on the
premise that the indicated values have a 10%
chance of being exceeded in 50 years. The range of
peak horizontal accelerations 16 to 23% g equates
approximately with Modified Mercalli intensity VII
(Qamar and Stickney, 1983), which in turn equates
with earthquakes having Richter scale magnitudes
between 5.2 and 5.8 (Liu et al., 1981). The probabil-
ity levels used by Basham et al. (1982) are adequate
for the design of common structures. However, for
major facilities, such as a nuclear fuel waste dis-
posal vault, a more rigorous analysis of probability
levels to establish design parameters will likely be
required by regulators.

REGIONAL CRUSTAL STRESSES

Present, historical and prehistorical earthquake
activity in the Western Quebec Seismic Zone is a
reflection of a crustal stress field in eastern Canada
that has a high horizontal stress component, as
pointed out by Hasegawa and Adams, 1981. These
authors have presented a comprehensive review of
crustal stresses and seismotectonics in eastern
Canada. The available data, based on diverse obser-
vations and measurements (e.g., in situ stress mea-
surements, quarry-floor buckles, postglacial faults,
pop-ups, fault plane solutions of shield earth-
quakes), indicate that, from the surface to mid-crus-
tal depths, the maximum horizontal stress compo-
nent is greater than the vertical component. This is
consistent with a thrust-fault or strike-slip fault seis-
motectonic regime. There is considerable scatter in
the azimuth of the maximum principal stress com-
ponent as measured in situ and based on surficial
features, although there is a tendency towards an
east-west trend with a scatter of ±45°. Postglacial
features (formed in the last 7,000 years) indicate
north-south compression, but this may well be re-
lated to crustal flexure induced by glacial unloading
and would, therefore, be controlled by the
geometry of the ice front. There is also appreciable
scatter in the azimuths of the deviatoric (horizontal)
compression vectors estimated from fault-plane solu-
tions. Because of the inherent uncertainty in deduc-
ing principal stress directions from such estimations,
the possibility of a uniform stress at mid-crustal
depth cannot be ruled out (Hasegawa and Adams,
1981).

In the northeastern U.S.A., the orientation of
the maximum principal stress direction is relatively
uniform (ENE-WSW) and attributed to plate tectonic
forces associated with spreading at the mid-Atlantic
ridge; local remanent stresses apparently are not an
important feature in this region (Hasegawa and
Adams, 1981). The stress pattern predicted for east-
ern Canada, based on the ridge model, varies
gradually from ENE in Quebec to NE in Manitoba.
Hasegawa and Adams (1981) attribute the scatter in
the orientation of the maximum horizontal stress
component in Canada to the influence of local or
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Figure 3: Probabilistic seismic ground motion contour maps of (a) peak horizontal acceleration and (b) peak
horizontal velocity at a probability of exceedence of 10% in 50 years (after Basham et al., 1982).

regional stresses dominating the plate tectonic stres-
ses. Such stresses can be generated by a variety of
phenomena that include erosion, postglacial heating,
residual stress from cycles of glaciation-deglaciation,
differential postglacial uplift, contrast of density and
elastic parameters between intrusions and host
rocks, lateral variations in crustal density, pro-
nounced topography, presence of faults and cracks,
and groundwater flow.

For the Western Quebec Zone, Forsyth (1981)
concluded that the seismicity may reflect adjustment
to the resultant of stress fields produced by region-
al density variations, deglaciation and the interac-
tion of lithospheric plates. He also pointed out that
the relative effect of each field and the reason for
the greater seismicity in the Central Metasedimen-
tary Belt were unclear. An interesting observation
by Forsyth was the relationship of seismicity to
belts of relatively steep regional Bouguer gravity
gradients that probably reflect major crustal struc-
ture associated with a significant change in rock
density. The association has been noted elsewhere
and the explanation advanced that earthquakes are

triggered by stress concentrations at density bound-
aries. Forsyth (1981) notes, however, that the pres-
ence of structural weaknesses coincident with the
gradient is necessary because the stresses produced
by such intracrustal density inhomogeneities are of
the order of tens or perhaps hundreds of bars,
which is insufficient to produce rock failure. The
geology of the region, with its numerous faults,
would certainly seem to fill this requirement.

SUMMARY

The general area of Chalk River is seismically
active in contrast to many other parts of the Shield,
which are generally regarded as relatively more
stable. The history of seismicity in the region and
the presence of numerous major faults dictate that
extreme caution be taken in selecting a site for a
nuclear fuel waste disposal vault. Any critical struc-
tures should be suitably designed to withstand se-
vere ground motion from strong earthquakes that
may occur in the Chalk River area, albeit their
probability is very low.

- 2 0 -



REFERENCES

Adams, J. 1982. Deformed lake sediments record
prehistoric earthquakes during deglaciation of the
Canadian Shield. (Abstract) EOS, Transactions,
American Geophysical Union, v. 63, no. 18, p. 436.

Basham, P.W., Weichert, D.H., Anglin, F.M., and
Berry, M.J. 1982. New probabilistic strong seismic
ground motion maps of Canada: A compilation of
earthquake source zones, methods and results.
Earth Physics Branch (E.M.R.), Ottawa, Open File
No. 82-33, p. 205.

Forsyth, D.A. 1981. Characteristics of the western
Quebec seismic zone. Canadian Journal of Earth Sci-
ences, v. 18, p. 103-119.

Hasegawa, H.S. and Adams, J. 1981. Crustal stres-
ses and seismotectonics in eastern Canada. Earth

Physics Branch (E.M.R.), Ottawa, Open File No. 81-
12, p. 42, plus 19 figs.

Housner, G.W. 1970. Strong ground motion. In
Earthquake Engineering, edited by Wiegel, R.L.,
Prentice-Hall, Eaglewood Cliffs, New Jersey, p. 75-
91.

Liu, B.C., Hsieh, C.T., Gustafson, R., Nuttli, O.,
and Gentile, R. 1981. Earthquake Risk and Damage
Functions: Application to New Madrid. Westview
Press, Boulder, Colorado, p. 297.

Qamar, A.I. and Stickney, M.C. 1983. Montana
earthquakes 1869-1979. Montana Bureau of Mines
and Geology, Memoir 51, p. 79

Stevens, A.E. 1977. Some twentieth-century Cana-
dian earthquakes. Geoscience Canada, v. 4, p. 41-
45.

- 2 1 - jll



CHAPTER 2

GEOLOGICAL STUDIES

-Ilk



AECL-9085/4 QUATERNARY SEDIMENTOLOGY AND STRATIGRAPHY OF
THE CHALK RIVER REGION, ONTARIO AND QUEBEC

N.R. Catto
Department of Geology

University of Alberta
Edmonton, Alberta T6G 2E3

W.A. Gorman
Department of Geological Sciences

Queen's University
Kingston, Ontario K7L 3N6

R.J. Patterson
Contaminant Hydrogeology

Groundwater Division
National Hydrology Research Institute

Ottawa, Ontario K1A 1C8

ABSTRACT

The Quaternary sediments of the Chalk River region have been divided into a lower sequence, consisting
of tills and glaciofluvial gravels produced by two distinct glacial advances separated by a marine phase,
and an upper sequence, dominated by channel sands and aeolian sediments.

The two till units of the lower sequence can be subdivided into four major facies, based on sedimentologi-
cal and lithological characteristics. The recognized facies include basal melt-out, lodgment, englacial, and
supraglacial tills. Basal melt-out sediments form the majority of the deposits. Study of these deposits has
led to a greater understanding of the nature of the glaciation of the region. The initial advance moved to-
wards the southeast, while the final advance moved to the southwest in the northern portion of the region,
southeast in the southeast portion, and did not reach the western portion. The tills deposited by the initial
glacial advance are correlated to the Gentilly till of Quebec. The marine sediments are primarily silts and
clays, with associated nearshore sands, and were deposited in the Champlain Sea between 11,300 and 11,000
years ago. Marine silts and clays are not found at elevations higher than 139 m.

The upper sequence was formed after the withdrawal of ice from the North Bay outlet, which permitted
drainage of the Upper Great Lakes and Lake Agassiz through the Upper Ottawa Valley. Terraces formed
during the period of this drainage are recognized at several elevations throughout the region. Reworking of
the channel sands by winds and modern streams commenced after the North Bay outlet was closed by
glacioisostatic rebound, approximately 5,000 years ago.

Analysis of the Quaternary deposits of the Chalk River region has aided in the investigation of the migra-
tion patterns and adsorption mechanisms for radioactive nuclides. The implications of this research for
radionuclide migration are briefly considered.

INTRODUCTION

The Chalk River region contains a varied suite
of Quaternary sediments. Interpreting the geology
of these units is of importance in understanding the
migration patterns of radionuclides, which have
been injected into the ground at the Chalk River
Nuclear Laboratories (CRNL) site. As well, an un-
derstanding of the Quaternary geology aids in plan-
ning future development of the site and provides
information relevant to the interpretation of the gla-
cial and postglacial history of the upper Ottawa
Valley.

This report summarizes the research discussed
by the authors elsewhere (Catto et al., 1981, 1982).
New information concerning the sedimentology of
some of the deposits is presented. The implications
for the migration of radioactive nuclides are briefly
discussed.

PREVIOUS WORK

The Quaternary geology of the Chalk River area
was first investigated by Gadd (1958, 1959, 1963).
He postulated a sequence of events involving a
single glacial advance, the formation of a large
proglacial meltwater lake after deglaciation, the in-
vasion of the Champlain Sea from the southeast,
and the construction of a delta into this sea at
Petawawa during a high stage of the Ottawa River.
After the Ottawa River receded to its present level,
aeolian reworking of the deltaic sediments produced
the capping sand deposits. Gadd later reconsidered
his conclusion that the Champlain Sea invaded the
area (personal communication, 1977). Instead, he
envisaged a large proglacial lake ponded to the
north of the Indian Point Moraine, which crosses
the Ottawa River 5 km north of Petawawa (Fig. 1).
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Figure 1: Environs of the Chalk River Nuclear Laboratories (CRNL).

Following Gadd's studies, two areas on CRNL
property were investigated in greater detail. Parsons
(I960, 1961) described the Quaternary stratigraphy
in the vicinity of Perch Lake (Fig. 1) as comprising
till covered by a layer of varved clay and silt reach-
ing 7 m in thickness, overlain in turn by 15 to
24 m of Irminated sands with minor interstratified
silt units. Further investigation in the Perch Lake
area (Morgan, 1974; Cherry et al., 1975) added
more detail and suggested a much more complex
stratigraphic succession, consisting of multiple inter-
stratified sand, silt and clay units overlying the till.
As the till unit was never completely penetrated in
these studies, it was not known whether it actually
was the basal sediment in the Perch Lake area.

The Port Hope Site (Fig. 1) was investigated by
Macauley et al. (1976) and Killey (1977) prior to the
impoundment of radioactive contaminated soil from
Port Hope, Ontario. Bedrock contours, as outlined
by Macauley et al. (1976), suggest the presence of a
channel to the east of the site, paralleling Chalk
Lake. The stratigraphic data collected by Killey
(1977) indicate that fluvial channel sands are predo-

minant in the area. Aeolian reworking of the sands
resulted in the construction of a long seif dune of
the impoundment site. In addition, a stiff, grey,
clayey silt unit beneath a till was noted in two
boreholes and two surface exposures, but no effort
was made to explain the presence of this unit. A
similar silt unit near the Port Hope Site was de-
scribed by Gadd (1958) who also noted silt and clay
units overlain by till. Gadd concluded that these
units were interbedded with the till; however, no
direct evidence was presented to indicate that till
occurs below the silt and clays.

BEDROCK GEOLOGY

The bedrock in the area is dominantly a hornblende
gneiss, with variable amounts of biotite and garnet
as accessory minerals (Baer et al., 1977). During the
field work, other rock types, such as chlorite schist,
diabase, pegmatite, skarn and marble, were noted
to crop out at some localities. All of the bedrock in
the area is of Precambrian (Grenville) age (Baer et
al., 1977).
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QUATERNARY DEPOSITS

Figure 2 illustrates the general succession of
sedimentologic units that have been defined in this
study of the Chalk River area. This composite re-
gional section is based on field investigations at
more than 300 locations where Quaternary deposits
crop out and form a natural basis for a chronologi-
cal discussion of the events during the Late Quater-
nary. Thus, in the following section, each of the
principal units in the sequence is described in detail
and interpreted. The time scale used in the discus-
sion is outlined in Table 1.

SOIL, PEAT. GYTTJA

AEOLIAN SAND WITH

FOREST FIRE BANDS

CHANNEL SANDS
MINOR FLUVIAL
GRAVEL AND SILT BEDS

AEOLIAN SAND

VARVhO CLAY AND SILTS

UPPER TILL ( ST NARCISSEI

OUTWASH GRAVEL AND SAND

AEOLIAN SAND

MARINE BEACH AND
NEARSHORE SANDS

MARINE AND BRACKISH

WATER CLAY AND SILTS

LOWER TILL

GNEISSIC BEDROCK

Figure 2: Composite stratigraphic section showing
unconsolidaied sediments of the Chalk River Area
(after Catto et al., 1982). Reproduced by permission
of the Canadian Journal of Earth Sciences.

The Quaternary section in Chalk River divides
naturally into an early glaciomarine sequence and a
later fluvial-aeolian sequence. The lower sequence
consists of an older till followed by fossiliferous
marine clays, silts and nearshore sands, a thin aeo-
!ian sand layer, and a younger till with associated
glaciofluvial gravels and sands. The upper sequence
comprises predominantly channel sands deposited
during high stages of the Ottawa River. Some of
the sands have undergone aeolian reworking. The
distribution of these deposits is illustrated on Fig-
ure 3.

Lower Sequence

For the following discussion, the marine se-
quence will be considered first, because the two
tills can only be differentiated reliably on the basis
of stratigraphic relationship with the marine sedi-
ments.

Marine Sediments

Marine sediments in the lower sequence crop
out in the Maskinonge Lake-Chalk Lake Valley, at
the Port Hope Site, in Perch Creek Valley, and in
other valleys directly abutting the Ottawa River in
the southeastern portion of the Chalk River region.
The lowest elevation at which the marine sediments
are found is 125 m, in the Port Hope Creek Valley.
Marine clays and silts are not found at elevations
greater than 139 m, and where they are present at
this elevation, they are invariably overlain by near-
shore, beach or deltaic sands, which in turn are
overlain by till. These relationships indicate that 139
m represents the maximum elevation at which the
depth of marine water was sufficient to permit the
deposition of silt and clay.

The lowermost marine unit is a laminated clay,
composed of alternating dark grey layers, 1 cm
thick, separated by light grey bands varying in
thickness from 1 cm to 2.5 cm. This banding is al-
ways present in undisturbed sections and becomes
more pronounced upon dessication. Complete tex-
tural analyses, conducted using both the hydrome-
ter and pipette techniques, showed that there is no
difference in grain-size distribution between the
dark and light bands in the clay unit: both contain
an average of 20% fine sand and 40% clay. Similar
banded sediments have been observed in other
Champlain Sea deposits (Antevs, 1925; Pryer and
Woods, 1959; Crawford, 1968). The clay grades up-
ward into a massive light grey silt unit with minor
sand interbeds, some of which display herringbone
cross-stratification. The silt, in turn, grades upward
into a brown medium-grained sand that may be un-
stratified, bedded, or cross-bedded. The brown sand
locally contains discoid peddles showing low-angle
imbrication and laminae with increased concentra-
tions of hornblende, magnetite and other heavy
minerals.

Mineralogically, both the clay and silt are domi-
nated by non-clay minerals, primarily quartz and
feldspars. The clay mineral fraction (predominantly
illite-group clays eroded from chemically weathered
gneiss and granite) commonly constitutes less than
40% of the sediment samples, and in some silts
more than 85% of the sediment is finely ground
quart/ and feldspars. The high rock flour content
suggests that the marine environment was domi-
nated by fluvially mobilized glacial sediments. A
difference in mineralogical composition exists be-
tween the dark and light clay bands, with oxidized
material and clay minerals being enriched in the
dark bands, and quartz and feldspar being more
abundant in the light bands. The silt units tend to
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Figure 3: Quaternary Geology of the Chalk River Region.

be richer in feldspar and quartz than the underly-
ing clay sediments. The sand interbeds are predo-
minantly feldspar and quartz, with clay minerals
composing 5% or less of the sediment.

The palaeosalinity of the depositional environ-
ment of the clays and silts has been inferred on
the basis of the boron and vanadium contents of
the sediments and interstitial waters, as has been
described by Catto et al. (1981), and from the pres-
ence of the foraminifera Elphidium clavatum and E.
subarcticum. The geochemical and palaeontological
data indicate that the salinity of the marine incur-
sion during the formation of most of the sediments
was between 12 and 22 parts per thousand (Catto
et al., 1981). Normal marine salinity values were
never reached in the embayment.

The relatively low salinity values obtained and
the large proportions of fluvially mobilized quartz
and feldspar indicate that the marine embayment
was very limited in area and that contact with the
remainder of the Champlain Sea was also limited.
This conclusion agrees with that inferred from the
location and elevation of the deposits. The bay was
dominated by influxes of fresh water resulting from
fluvial and glaciofluvial runoff and calving. The
presence of herringbone cross-stratification in the
sand indicates that the area was subject to some

tidal influence. Although the magnitude of the tidal
range cannot be determined quantitatively, the
sedimentology of the deposit and the inferred
palaeobathymetry suggest that the range was low,
possibly 2 m or less.

At present, the origin of the banding in the
marine sediments is not known. The bands may
represent periodic seasonal or storm-induced over-
turns in the water mass, as has been suggested by
Gross et al. (1963) for similarly banded sediments in
Pacific fjords. However, the modern sediments are
characteristically found in restricted, deep fjords,
and thus the hypothesis would require some mod-
ification if it is to successfully account for the pres-
ence of banded deposits in the low-salinity environ-
ment of the Chalk River embayment.

Alternatively, the deposits may have been
formed by basal traction currents flowing aiong the
palaeo-isobaths. Deposits formed in this manner,
termed contourites, have been recognized in marine
sediments (Heezen et al., 1966; Stow, 1979) and in
Lake Superior (Johnson et al., 1980). The textural
characteristics of the sediments at Chalk River,
however, differ significantly from the characteristics
proposed for contourites. Further research on the
banded sediments of the Ottawa Valley region is
required to resolve this problem.
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Till Deposits

Two stratigraphically distinct tills are present in
the Chalk River area. These units, referred to as
the lower and upper tills, are locally separated by
marine sediments. The lower and upper tills are
very similar lithologically and, despite a total of 452
analyses of till samples from 126 localities, it was
found that the two tills can be reliably distin-
guished only when their stratigraphic positions rela-
tive to the marine sequence are known.

Comparison of till occurrences in locations
where the stratigraphic relationships are evident in-
dicates some criteria fiat could help assign isolated
till outcrops to either the lower or upper till unit.
The lower unit is usually grey, well to moderately
indurated, stony, and contains little silt or clay. The
upper till may be grey or brown, is moderately to
poorly indurated, and locally contains as much as
33% silt and clay within the matrix. Mineralogically,
the upper till is enriched in sericite, biotite, and
muscovite relative to the lower till, but much over-
lap exists between the ranges for the two sedi-
ments. The remainder of the matrices of the tills

are composed of feldspars, quartz, ferromagnesian
minerals (garnet, hornblende and others) and other
heavy minerals (such as fluorite). The carbonate
concentration seldom exceeds trace amounts, and
many samples are devoid of calcite and dolomite.
Locally, the upper till may contain clasts derived
from the marine sediments, such as aggregated clay
clasts and (in one instance) foraminifera. At some
locations, primarily in the northeastern and north-
em portions of the study area, the tills may be dis-
tinguished on the basis of fabric orientation. The
fabric of exposures of basally formed till, associated
with the first advance, suggests ice movement to-
wards the southeast. In the northern portion of the
area, the fabric patterns indicate that the final ice
advance was directed towards the southwest. This
conclusion is supported by the presence of south-
east- and southwest-trending striae and distinctive
trails of till clasts from easily recognizable bedrock
sources.

In the southeastern portion of the region, both
ice advances moved in a southeasterly direction.
This indicates that the second glacial advance in
this area was deflected by the Ottawa River Valley,
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causing it to deviate from its original southwest
orientation. The fabric patterns, therefore, cannot be
used in this area to distinguish between the tills.

In the western portion of the region, southern
Rolph Township and western Wylie Township, no
indicators of southwestward movement or multiple
southeastern movement are present. This suggests
that the second ice sheet did not advance over the
entire region, and that it was confined to the to-
pographically lower area of the Ottawa Valley ond
excluded from the Algonquin Provincial Park high-
land. These conclusions concur with the lithostratig-
raphic data obtained from till exposures.

Use of mineralogical, textural and fabric data to
distinguish between the two tills is complicated by
the presence of several sedimentary facies associated
with the sediments of each glacial event. Both till
units contain tills deposited through lodgment, bawl
melt-out, and supraglacial melt-out, and transported
basally, englacially and supraglacially. Each of these
facies has distinctive textural, mineralogical, and
fabric characteristics. In practice, the facies are
easier to distinguish than the stratigraphic position
for many isolated outcrops of till, although for
many outcrops neither can be determined. Four
major facies are recognized in the Chalk River re-
gion: basal melt-out, lodgment, englacial and sup-
raglacial. Identification of these facies depends prin-
cipally upon the determination of texture, clast
shape, fabric and mineralogy. In many instances
these distinctions are extremely subtle. These
sedimentary parameters also serve as the major in-
dicators of the glacial environments responsible for
producing the tills.

The majority of till deposits can be classified as
basal melt-out sediments, incorporated in the glacier
during active ice movement and deposited upon
ablation. The sand content of these tills is high,
commonly between 70'/, and 90% of the matrix,
with the remaining matrix material composed
mainly of silt. Granule and larger clast content var-
ies between 5% and 60%. The texture of the till re-
flects the resistant nature of the gneissic bedrock.
Variations in bedrock composition or pre-till sedi-
ment cover have a marked influence on sediment
texture. Thus, younger tills partially derived from
pre-existing ti l l , such as the upper till at Chalk
River, generally have a slightly higher proportion of
silt and total matrix than the older tills. Till derived
partially from lacustrine or marine sediments is sig-
nificantly enriched in silt and clay. The clasts are
generally subangular to subrounded. Pebbles and
cobbles in the basal melt-out tills are predominantly
discoid or spherical. The abrasion and crushing in-
duced by glacial transport tends to round and
shorten the bladed and roller-shaped clasts pro-
duced by the initial incorporating process (Drake,
1972). This trend can be obscured, however, by the
incorporation of large amounts of previously altered
clasts, such as fluvial gravel, into the glacier. The
large clasts are rarely preferentially scoured on one
or more faces, producing bullet-shaped clasts. Boul-

ton (1978) suggested that the clasts would be prefe-
rentially scoured on the up-ice side, and hence,
their orientation could be used to deduce the direc-
tion of motion of the glacier. However, in the
Chalk River region, the orientation of the scoured
surfaces does not, in general, conform to the direc-
tion of ice motion inferred from the clast trails of
distinctive lithologies. Several examples of elongate
clasts scoured at both ends were observed.

The fabric of basal melt-out tills is strongly
oriented in the direction of ice motion. Such fabrics
are characteristic of sediments believed to be melt-
out tills (Harrison, 1957; l.awson, 1979; Haldorsen,
1982; Shaw, 1982) and are preserved when the pri-
mary fabric pattern is undisturbed during the abla-
tion process. In many sediments in the Chalk River
region, a strongly to moderately developed trans-
verse component is present in the fabric pattern.
This component is attributed to the development of
shearing forces within the glacier, caused either by
the presence of subglacial topographic obstacles or
by relatively warm glacial ice deforming over cold
ice frozen to the glacier sole. Similar transverse
orientations have been noted to form in dispersions
sheared experimentally (Rees, 1983).

The mineralogy of the basal melt-out tills indi-
cates that the transport distance of the majority of
the sediment was very limited. Approximately 50%
of the lithologically distinct clasts, such as those de-
rived from basalt, diabase and skarn outcrops, were
transported 5 km or less, and over 85% were trans-
ported less than 10 km. The tills are slightly en-
riched in quartz, garnet and magnetite relative to
the gneissic bedrock, and are correspondingly de-
pleted in feldspar, biotite and hornblende.

Haldorsen (1982), Shaw (1982), and Haldorsen
and Shaw (1982) have recently proposed several
criteria for the recognition of basal melt-out tills: 1)
the presence of unlithified, sorted, stratified sedi-
ments with diamictons; 2) the presence of clast fab-
ric with a preferred orientation related to ice flow
direction; 3) the presence of incorporated angular
clasts of pre-existing sediment; and 4) the predomi-
nance of angular and subangular clasts and the
general scarcity of highly abraded or striated clasts.

The classification of sediments as basal melt-out
tills is based upon these criteria. At several
localities, sand, gravel, and silt lenses are found in-
terbedded with the ti l l . The lenses are well sorted
and some are normally graded-bedded. Although
small sand lenses can form during lodgment
(Kruger, 1979), such lenses tend to be oriented in
the direction of glacial flow. At Chalk River, the
lenses are randomly oriented with respect to the
clast fabric of the tills. The tills display fabric pat-
terns that conform to the inferred direction of ice
flow, as deduced from the lithologically distinctive
clast trains. Although no pre-existing sediments are
recognizable in tills deposited during the first glacial
event, angular aggregated clay clasts are present in
some upper till exposures. Finally, subangular clasts
are dominant in the sediment and highly abraded,

- 3 0 -



tapered, or striated clasts are rare. Since the sedi-
ments fulfill all of the criteria, they can be classified
as basal melt-out tills formed by passive ablation.

Lodgment tills are deposited by ice while it is
actively flowing. The particles are forced onto the
substrate from the sole of the glacier by the com-
bined actions of pressure melting induced by flow
and basal drag. Thus, in contrast to the basal melt-
out tills that form during glacial ablation, lodgment
tills are deposited during periods of glacial advance.
In the Chalk River area, such tills are uncommon.
They are characterized by an abundance of sub-
rounded to rounded clasts; spherical to discoid-
shaped boulders, pebbles and cobbles, often with
one or more tapered faces; and an absence of inter-
bedded sorted sediments. Generally, the lodgment
tills are less stony, more silty, and more indurated
than basal melt-out tills, although considerable over-
lap exists in the ranges of these parameters. Iso-
lated exposures often cannot be reliably classified.
The characteristics observed in the Chalk River
lodgment tills correspond to the criteria suggested
in other regions for the identification of lodgment
tills (e.g., Boulton, 1978; Eyles et al., 1982; Haldor-
sen, 1982).

The mineralogy of the lodgment tills is similar
to that of the basal melt-out sediments. The tills are
enriched in quartz and garnet relative to the bed-
rock and are depleted in feldspars, hornblende and
biotite. Analyses of lithologically distinctive clasts in-
dicate that approximately two thirds were trans-
ported less than 5 km from the bedrock source.

The third till fades recognized in the Chalk
River region is englacial till. This till is composed of
material that has been transported for long dis-
tances within the body of the glacier and was de-
posited upon ablation of the ice. Texturally, the till
is finer than basal melt-out or lodgment till when
the sediments are compared locally. However, the
range of textural variation of the till types is simi-
lar. The clasts are predominantly spherical and dis-
coid, and subangular to angular. Tapered clasts are
rare. Fabrics of englacial tills are less well oriented
than the basal .nelt-out tills in general, although
they show a preferred alignment parallel to the in-
ferred ice direction. Transverse orientations are
often well developed. The englacial tills are en-
riched in quartz relative to the gneiss and are de-
pleted in feldspar, biotite and hornblende.

The presence of sorted, stratified sand and silt
lenses, aligned clast fabric, and the preponderance
of angular and subangular clasts indicate that the
sediments were deposited by passive melt-out be-
neath ablating glaciers, in the same manner as basal
melt-out tills. Distinguishing between the two types
of till is difficult. The only criterion that can be
used is the presence of lithologically distinctive
clasts indicative of long-distance transport. In the
englacial tills in the Chalk River region, the pres-
ence of clasts of anorthosite, pyroclastic and other
volcanic rocks, and ultramafic intrusive rocks are
used to identify this facies. All of these lithologies

were transported from the Superior Province of the
Canadian Shield, and have therefore travelled a
minimum of 150 km. The angular nature of these
clasts indicates that abrasion was minimal, which
suggests :hat they were transported within the
glacier body rather than being dragged along the
sole of the ice sheet.

The fourth till facies type in the Chalk River re-
gion is supraglacial till, deposited by passive melt-
out on the glacier surface. These tills commonly
grade laterally into glaciofluvial gravels and sands.
The tills are characterized by the presence of many
well-rounded elongate, spherical, and discoid clasts,
very low (usually less than 15%) silt and clay con-
tents, and high percentages of granule and larger-
sized clasts (25% to 60%). The coarser texture and
increased proportion of elongated clasts reflects re-
working of tills by running water during the abla-
tion process.

Supraglacial till can be readily distinguished
from the other genetic varieties of till by the char-
acteristic irregular, non-oriented fabric. Post deposi-
tional mobilization of the other till, which could
produce a non-orierted fabric, is generally not sig-
nificant in the Chalk River region because of the
sandy texture of the sediment. The supraglacial till
is enriched in quartz and depleted in feldspar rela-
tive to the gneiss. The characteristics of the till ful-
fill the criteria suggested by previous researchers
(e.g., I.undqvist, 1969; Drake, 1971; Dreimanis, 1976;
Shilts, 1976) for the supraglacial tills produced by
continental glaciers.

The stratigraphic distinction between the upper
and lower tills is thus complicated by the presence
of different facies. Reliable assignment of isolated
exposures depends upon either the presence of
marine sediments between, above or below till
units, or an indication of ice flow direction that can
be correlated with the regional flow pattern. How-
ever, despite the differences in facies composition,
the tills of the Chalk River region may be consid-
ered as a single unit for most geotechnical and
geophysical purposes.

Other Deposits

During the initial stages of the retreat of the
glacier, a short period of aeolian deposition resulted
in the formation of a thin discontinuous layer of
quartz-rich loess. The retreating ice also caused
ponding, forming several small, short-lived lakes
and producing scattered lacustrine clay and silt de-
posits, some of which are varved. The lake sedi-
ments are dominantly quartz and feldspar, with
minor amounts of ferromagnesian minerals, chlorite,
vermiculite and illite.

The lacustrine units are discontinuous, limited in
areal extent, and differ widely in elevation at vari-
ous localities. Therefore, the sediments are consid-
ered to have formed in many widely separated
small lakes rather than a single large basin. The
sedimentary structures and textural distribution pat-
terns in the sediments also indicate that the lakes
were small and of short duration.
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Upper Sequence

Fluvial Deposits

The final retreat of the ice from the upper Ot-
tawa Valley resulted in the opening of the North
Bay-Mattawa outlet, allowing the Great Lakes and
the Lake Agassiz basin to drain through the Ottawa
River Valley. The resulting rapid increase in dis-
charge caused the deposition of a thick blanket of
channel sands, forming the Petawawa-Deep River
sand plain. No deltaic deposits were recognized in
this unit (Catto et al., 1982).

Texturally, the channel deposits are coarse- to
medium-grained sands at the base, becoming finer-
grained near the top of the unit. Gravel and coarse-
sand lenses are present, possibly reflecting tempo-
rary periods of higher stream velocities. The con-
centration of granules and pebbles reaches a
maximum of 20%. Fine-grained sand was deposited
near the shores, while coarser-grained sediments
formed near the thalwegs of the channels. As the
water level dropped and higher channels south of
the present Ottawa River became dry, the fine-
grained sands overlapped the coarse-grained units
until finally the entire extent of the sand plain was
covered with fine-grained material. Subsequent
downcutting by the Ottawa River along its present
channel and the Balmer Bay-Maskinonge Lake chan-
nel removed much of the channel sand from the
area between CRNL and Chalk River. Higher chan-
nels, such as a southeast-trending valley that termi-
nates in Perch Lake, were not subjected to exten-
sive downcutting and retained their fluvial channel
sands.

The sands are composed predominantly of
feldspars and quartz, with accessory hornblende,
muscovite, magnetite and biotite partially altered to
vermiculite. The trace mineral composition indicates
that transport of sediment from the North Bay-Mat-
tawa area was occurring. Among the distinctive
minerals present in the channel sands are kyanite
(to 1.57r), andalusite (to 1.0%), rutile (to 2.39f), and
fluorescent fluorite (to 3.2'/r). The concentrations of
other ferromagnesian minerals (e.g., pyroxene) also
show that a substantial proportion of the sediment
was transported from distant, upstream sources.

During the period of operation of the North Bay
outlet, several extensive and well-defined terraces
were formed along the gently sloping south side of
the Ottawa River Valley. The north side of the Ot-
tawa River Valley, a steep fault-scarp, was generally
unsuitable for the formation of terraces, except in
the valleys of tributary streams. Figure 4 shows the
locations and elevations of terraces in the Chalk
River area. Major terraces, formed in response to
fluctuating discharge levels and the gradual lower-
ing of the Champlain Sea to the east, are located at
elevations of 208 m, 181 m, 160 m, and 129 m and
other less distinct features are present at inter-
mediate elevations. The river level is presently at

an elevation of 111 m. The formation of these ter-
races is discussed in further detail by Catto et al.
(1982).

Aeolian Deposits

Isostatic recovery of the North Bay-Mattawa re-
gion eventually caused the diversion of the drainage
of the upper Great Lakes to the St. Clair River.
The extensive deposits of channel sand uncovered
as a result of the decline in volume of the Ottawa
River were immediately subjected to aeolian rework-
ing, producing parabolic and seif dunes and loess
deposits. Development of these aeolian features was
aided by a series of extensive forest fires, as indi-
cated by the presence of wood ash, charcoal, and
charred soil horizons. Because of later subaerial ex-
posure, sediment reworking by various organisms
and groundwater activity, none of the charcoal
layers exposed proved suitable for 14C dating. At
least six fire events affected the Chalk River area
between the time of withdrawal of the Ottawa
River and the present.

At some localities, active parabolic dunes are
still present and are migrating to the southeast. In
addition to these dunes, current geological activity
is confined to the formation of fluvial deposits by
the modern Ottawa River, and the development of
paludal deposits in small basins and depressions.

CHRONOLOGY

The absence of I4C dates for the lower sequence
at Chalk River means that the chronological succes-
sion must be established by correlation with other
sediments in the Ottawa Valley. On the basis of
elevation and stratigraphic position, the marine sedi-
ments are correlated to Champlain Sea clays depo-
sited between 11,300 and 11,000 years ago in the
lower Ottawa Valley (Catto et al., 1981, 1982). This
period corresponds to the middle portion of the
Hiatella phase of Elson (1969a, b) and the early
portion of the Portlandia arctica phase of Rodrigues
and Richard (1983). The period was characterized by
a glacial retreat and has been termed the Ottawa
Interpliase (Catto et al., 1981, 1982).

Since the lower till predates the incursion of the
Champlain Sea, it must have been deposited during
the Greatlakean Stadial or earlier. Because this till
always overlies bedrock or (locally) a thin grus de-
veloped from bedrock, it was desposited by the last
ice sheet capable of removing any previously depo-
sited Quaternary sediments. Hence, it could have
been deposited at any time during the Quaternary
prior to 11,300 BP. However, since the majority of
the till in the area appears to have formed through
passive basal melt-out and supraglacial melt-out, the
time of deposition of the lower till was most proba-
bly 12,000 to 11,300 BP. It is correlated to the Gen-
tilly till of southern Quebec, as defined by Gadd
(1972).
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The upper till has been correlated to the St.
Narcisse phase of southern Quebec, as recognized
by Osborne (1951) and LaSalle and Elson (1975).
This glacial advance occurred between 11,000 and
10,600 BP, and is the last glacial event prior to the
opening of the North Bay outlet at 10,500 BP
(Karrow et a!., 1975), which permitted the discharge
of water from the upper Great Lakes and Lake
Agassiz through the Ottawa Valley.

The advance moved southwest across the Ot-
tawa River Valley in the northern portion of the re-
gion, but in the eastern area the valley was suffi-
ciently wide to deflect the ice flow to the southeast.
The maximum southerly extent of ice flowing
through the Chalk River area is marked by the In-
dian Point moraine. In the western portion of the
area, southern Rolph and western Wylie Townships,
no evidence of this advance is present. Till depo-
sited during the first glacial event is directly over-
lain by glaciofluvial gravels and fluvial channel
sands. This stratigraphy indicates that this area re-
mained ice-covered throughout the marine episode.
The ice, which covered the western area, initially
advanced from the Algonquin Park highland. Dur-

ing the Ottawa Interphase, it became partially de-
tached from the main glacial mass through ablation
along the Ottawa Valley. As a result, the Algon-
quin Park lobe moved semi-independently of the
main glacier during the St. Narcisse phase, remain-
ing stationary in Wylie Township and advancing
slightly towards the north in western Rolph and
southern Head Townships. The changes in the
drainage of the Upper Great Lakes and Lake Agas-
si/, caused a series of terraces at several elevations
to be constructed along the Ottawa River. The
chronology of the formation of the terraces and flu-
vial sediments of the Chalk River region is pre-
sented in Table 2. The region received discharge
from the Lake Agassiz Basin between 10,500 and
10,050 BP, and again from 9,750 to 8,500 BP, and
from the upper Great Lakes and Lake Barlow-Ojib-
way between 10,500 and 5,000 BP. After 5,000 BP,
isostatic recovery at North Bay resulted in the clos-
ing of the outlet and the diversion of the drainage
oi the upper Great Lakes through the St. Clair
River. The exposure of the deposits of channel sand
after the drainage diversion permitted the develop-
ment of aeolian dunes and loess, a process which
continues to the present.

O >m 5

Figure 4: Locations and elevations of river terraces in the Chalk River Area (after Catto et al., 1982) Repro-
duced by permission of the Canadian Journal of Earth Sciences.
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TABLE 2

Estimated Time,
Start of Terrace

Formation (Years BC)

10,500

10,450

10,050

9,750

9,650

8,500

8,400

7,900

5,000

Significant
Events Agassiz

Basin

Eastern outlet
of Agassiz
opens Agassiz
level drops

Agassiz stabi-
lizes at Burn-
side level

Rise to Campbell
level starts.
End of eastward
flow.

Agassiz drops to
MacauleyviUe
level eastward
flow again

Agassiz drops to
Burnside level

Agassiz dischar-
ges into Hudson
Bay

-

-

Significant
Events Eastern

Basins

North Bay outlet
of Algonquin
opens Algonquin
level drops

Stanley-Hough
levels in Huron
Basin

Ice front stabi-
lizes or readvan-
ces slightly

-

-

Cochrane Advance

Ojibway Barlow
drains into
Hudson Bay

North Bay
outlet closes
Modern Ottawa
River forms

Elevation of
Terrace Formed

m

208

181

*

170

160

141 .

137

129

111

* None recognized

INJECTION OF SOLUTIONS CONTAINING
RADIONUCLIDES

During the 1950s, experimental injections of liq-
uids containing radionuclides, particularly ""Sr and
137Cs, were made at CRNL in the Perch Lake Basin
(Fig. 1). The migration of the radionuclides through
the subsurface has been closely monitored in order
to understand transport processes and mechanisms.

Some radionuclide solutions were injected in an
area underlain by up to 25 m of upper sequence
fluvial sands. The fluvial sands constitute an uncon-
fined aquifer system. The water table in one injec-
tion area is generally less than 2 m from ground
surface and groundwater flow direction is toward
Perch Lake at a rate of about 15 to 20 cm per day
(Cherry et al., 1975). Monitoring of the subsurface
movement of the radionuclides has indicated that
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the waste components are migrating more slowly
than the groundvvater. In the area studied by
Cherry et al. (1975), ""Sr moves at about 3% of
groundwater velocity and l17Cs at approximately
0.3%.

The definition of the Quaternary sedimentology
and stratigraphy has played a fundamental role in
the studies of radionuclide migration. Knowledge of
the geological framework of the area has been es-
sential for understanding the subsurface pattern of
migration of radionuclides and for predicting proba-
ble future transport paths. Also, the observed retar-
dation of radionuclides relative to the rate of
groundvvater flow as a result of interactions with
thf sediment has emphasized the need for sedimen-
tological and mineralogical investigations that can
identify and characterize reactive mineral phases. Tn
this regard, experiments with carefully segregated
mineral fractions of whole sediments showed that
vermiculite, which is only a minor mineral, interacts
strongly with wSr and significantly influences the
rate of migration of this radionuclide (Patterson and
Spoel, 1981). These results demonstrate that relative-
ly minor components in the sediment may exert a
disproportionate effect on transport rates and, there-
fore, that the sedimentological and mineralogical
characterizations must be comprehensive and de-
tailed.
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Discussion - Paper No. 4

M.D.Thomas - You mentioned that the marine sediments encountered are restricted to small valleys?

N.R.Catto - Yes.

M.D.Thomas - Then one would imagine that a more continuous presentation of such sediments would
be observed.

N.R.Catto - In this case the area is near the northern limit of the sea. The sea was able to reach a
maximum elevation of only about 144 m. So most of the area remained above the sea
level. No shoreline has been found although we have looked very intently. Part of the
problem is the nature of the gneissic bedrock. It is difficult to develop shorelines in it.
We do have marine sands in numerous areas, so we are fairly confident in ascribing the
shoreline level to about 144 to 150 m maximum; that puts the sea into only very narrow
valleys.

S.H.Whitaker - What kind of areas are involved in the individual occurrences of the tills?

N.R.Catto - Basically the region has had an entire blanket of till. Much of the till has been sub-
sequently washed off, so there are large areas of exposed bedrock. As far as differences
in the upper and lower tills, the entire area was covered by the glacier that produced the
lower till, so lower till should be found at all localities if it hasn't been eroded away. The
upper till is exposed throughout the Chalk River site, but not extending more than 15 to
20 km west of Highway 17. As far as individual facies of each till are concerned, they are
scattered throughout the site with no pattern in the distribution. At least 70 percent of
the till exposures are basal melt-out. This implies that the site is very near the marginal
position of the last glaciation.

W.A.Morris - How did you establish the ages of the tills?

N.R.Catto - We do not have too much of a problem establishing the age of the youngest till be-
cause we do have carbon dates from the lake sediments overlying it and from fluvial sed-
iments in the Pembroke area as well. The age of the lower till is based on the fact that it
is overlain by marine sediments which have been dated at 11,500 to 11,300 years BP. So
we know it is older than 11,500 years, but we don't know exactly how much older. It
could be as much as two million years older.

W.A.Morris - Is age determined by carbon dating the fragments?

N.R.Catto - For the most part, yes.

S.H.Whitaker - If there is no apparent difference between the two tills, that is, if you must use stratig-
raphy to identify them, then the lower till may be deposition from the original glacial ad-
vance.

N.R.Catto - Yes. It is quite possible the original glacier advanced over the area two million years
ago and sat there until the sea finally came in and replaced it. We have no evidence at
all to show that the area was ever exposed in between the time of the initial advance and
the final retreat.
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ABSTRACT

The Chalk River area is underlain by deformed and metamorphosed gneissic, monzonitic and gabbroic
rocks of the Grenville Province of the Canadian Shield. Tectonic events, which span a period of approxi-
mately 1,000 million years, include formation of the gneisses during the Grenville Orogeny, intrusion of
gabbro, asymmetric folding, upright folding, pegmatite intrusion, and diabase dyke intrusion. Analyses of
outcrop fracture data indicate that (1) the area is highly fractured, (2) the fractures formed in response to a
number of separate and discrete tectonic events, and (3) variations in the surface fracture environment are
compatible with variations in the subsurface fracture environment.

The major fracture systems in the area formed prior to the intrusion of the diabase dykes (570 million
years). However, since their formation, the fractures have been repeatedly reactivated by subsequent tectonic
events. A detailed assessment of reactivation history is a prerequisite for any future long-term stability
analyses.

INTRODUCTION

The Chalk River area in S.E. Ontario is one of
several research areas currently under investigation
by Atomic Energy of Canada Limited as part of its
Nuclear Fuel Waste Management Program to
evaluate the potential of plutonic rocks as hosts for
nuclear fuel waste disposal. Field work consisted of
(1) geological mapping, (2) detailed mapping of
faults and fractures, and (3) drilling and borehole
television surveys. The major objectives of the sur-
veys were to define the fracture environment and
how it varied throughout the area, to determine if
the surface fracture environment could be extrapo-
lated to depth and to outline the history of the
fracture system.

GEOLOGICAL SETTING

The Chalk River region is underlain by parag-
neiss and subordinate monzonitic gneiss and gab-
broic rocks of the Grenville Province of the Cana-
dian Shield. Exposure is generally poor because of
extensive cover of Quaternary deposits.

The paragneisses are the oldest rocks in the
area and are probably Aphebian in age (Lumbers,
1972; Bourne and Rey, 1976). They are derived from

sandstones and intercalated units of shale, siltstone
and calcareous sandstone (Pourret and Bergeron,
1970).

The meta-igneous rocks, which intrude the
gneisses, are in general variably deformed sheet-like
bodies conforming to the regional structure pattern.
Most of these intrusions form part of the Anortho-
site Suite described by Lumbers (1974).

The metasediments and most of the intrusive
rocks have been subjected to polyphase deformation
and metamorphism to amphibolite and granulite
facies. This climaxed in relatively open folds, which
are recumbent to the southwest, and refolded by
local, upright east-west trending folds. Foliations
generally dip less than 40° to the east-northeast.

The area contains numerous northwest-trending
faults forming part of the Ottawa-Bonnechere Gra-
ben (Kumarapeli and Saull, 1966; Kay, 1942). The
most prominent of these, the Mattawa River fault,
can be traced along the Ottawa River and defines
the northern margin of the graben (Lumbers, 1972).
The fault has had a long and complex history and
is marked by prominent zones of mylonite, cataclas-
tite, and breccia.
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Figure 1: General geology and structure of Chalk River.

GENERAL GEOLOGY

The rock units around Maskinonge Lake at
Chalk River (Fig. 1) lie on the upper limb of a
north- to northwest-trending overturned antiform.
The area to the west of the lake forms the core of
the antiform and consists essentially of paragneiss.
Eastwards, and structurally above the paragneiss,
the dominant rock is mon/onitic orthogneiss. Lenses

of gabbro occur close to the paragneiss-orthogneiss
contact. The dominant structure is a parasitic, anti-
formal-synformal, asymmetric fold related to the
major antiform in the local area. This fold has been
subsequently refolded about an east-west axis, re-
sulting in local type-2 (Ramsay, 1967) interference
patterns.
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274 POLES

Figure 2: Stereoplot of poles to gneissic banding
showing a single concentration at 315730°.

The paragneisses are grey to pink, equigranular,
medium- to fine-grained rocks with a well-de-
veloped gneissosity trending 300" to 330° and dip-
ping 20° to 40° to the east-northeast (Fig. 2). The
gneissic bands are composed of various proportions
of garnet, biotite, potassium feldspar, quartz and
plagioclase. Thin discontinuous units of amphibolite
and biotite schist are locally abundant.

The mon/.onite is a pink to grey, strongly
foliated, coarse- to medium-grained, garnet-biotite-
hornblende(-clinopyroxene)-quartz-plagioclase-potas-
sium feldspar orthogneiss. The fabric is defined by
orientated biotite and hornblende that parallel the
gneissic banding. Garnet, which is ubiquitous, oc-
curs both in bands parallel to the fabric, and, more
commonly, as euhedral interstitial crystals randomly
distributed throughout the rock. Uralite-chlorite
knots, which may represent a relic of pyroxene, are
locally present where quartz is subordinate.

The monzonite shows broad mineralogical verti-
cal zoning (Fig. 3). The upper levels consist of
leucocratic granite and syenite with relatively little
garnet or pyroxene. These rocks are underlain by
monzonite-monzodiorite containing garnet but little
or no pyroxene. The lower levels are dominantly
granite containing garnet but no pyroxene. Local
complexities in the mineralogical zonation are, at
least in part, due to intense small-scale folding.

The gabbro is a dark green, coarse-grained, mas-
sive to locally schistose pyroxene-hornblende-plagioc-
lase rock. It occurs as discontinuous lenticular
bodies intrusive into the paragneiss and spatially re-
lated to the paragneiss-orthogneiss contact. At fold
culminations, the gabbro occurs as a massive rock
with original, well-preserved igneous textures.
Along the fold limbs, the gabbro forms a series of
small discontinuous pods.
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Figure 3: Lithological variation within the quartz
monzonite.

Pegmatite pods and dykes are common through-
out the area and consist of coarse-grained potas-
sium feldspar-quartz-biotite rocks with or without
garnet. The pods are diffuse segregations developed
in the monzonite. They were deformed with the
host rock and thus formed early in the tectonic his-
tory of the monzonite. The dykes, which crosscut
the gneissosity and the early segregations, can be
separated into an early set, slightly folded and con-
taining a weak fabric, and a later undeformed set.
Dykes of the early set, relatively uncommon, gener-
ally trend between 030° and 070" and show a vari-
able degree of deformation. Those belonging to the
later set (2 to 20 cm in width), common within the
area, crosscut the early set and preferentially fill
fractures orientated at 020°, 090°, 150° and 160°. In-
tersections of these late pegmatites indicate that
they were intruded as a single swarm.

TECTONIC HISTORY

At Chalk River, tectonic events span a period of
approximately 1,000 million years, from folding dur-
ing the Grenville Orogeny to formation of, and sub-
sequent activity along, the Ottawa-Bonnechere Gra-
ben. The sequence of events includes formation of
the gneisses, intrusion of the gabbro, asymmetric
folding, upright folding, pegmatite intrusion and
late fracturing.

Formation of the Gneisses

During the Grenville Orogeny, a sequence of
sandstone and intercalated units of shale, siltstone
and calcareous sandstone of probable Aphebian age
(Pourret and Bergeron, 1970; Lumbers, 1972; Bourne
and Rey, 1976) were multiply deformed and
metamorphosed to granulite facies to form the pre-
sent paragneiss basement. The monzonite, which is
the dominant rock type in the Upper and Lower
Bass Lakes area, contains a well-developed, banded,
composite-type fabric, which parallels the gneissic
banding. The monzonite was metamorphosed to
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granulite fades (Kamineni, 197H). These features in-
dicate that the intrusion of the monzonite occurred
early in the tectonic history of the area.

Intrusion of Gabbro

The gabbro occurs as discontinuous lenses and
pods close to the lower monzonite-paragneiss con-
tact. The margins show a well-developed schistosity.
The central portions are relatively undeformed and
original igneous textures are preserved. The general
absence of a penetrative composite tectonic fabric
and metamorphic recrystallization indicates that the
gabbro was intruded after both the major tectonism
and the metamorphism that formed the early parag-
neiss and the monzonitic orthogneiss.

Asymmetric Folding

The paragneiss, mon/onite and gabbro were de-
formed about a northwest axis to form a large
asymmetric antiform with the axial plane dipping at
a moderate-to-steep angle to the northeast. The
Upper and Lower Bass Lakes area is situated on
the eastern limb of this major antiformal structure
(Fig. I). The metamorphism associated with this
folding event was retrogressive.

The gabbro was technically thickened at fold
hinges and strung out and altered along fold limbs
to form thin, discontinuous pods of actinolite schist.
Early pegmatite and quartz veins were folded.

Local zones of minor cataclasis and mylonitiza-
tio'i were formed during the asymmetric folding;
however, the major zones crosscut the folds. Thus,
the mylonitization, which may be related to the
Mattawa River-Ottawa River fault, was probably in-
itiated during this event.

Upright Folding

A second phase of folding occurred after, or
perhaps synchronously with, the earlier asymmetric
folding. The deformation produced upright folds
about east-west axes and resulted in development
of type-2 (Ramsay, l%7) interference patterns.

The gabbro appears to occur preferentially at the
culmination of the overturned and upright fold
hinges, suggesting that it was remobilized a second
time; it occurs as separate pods within the parag-
neiss-mon/onite sequence. The major mylonite
zones may have continued io be loci of movement
throughout this deformation. The main fault zone
in the Chalk River area, the Mattawa River-Ottawa
River fault, trends approximately 125° to 130° and is
marked by prominent zones of mylonitization, catac-
lasis, brecciation and hematization (Lumbers, 1972).
A second major discontinuity, running along the
length of Maskinonge Lake, trends 150° to 160°.
Minor zones of flattening, with the development of
a weak tectonic banding, trend 150°.

Pegmatite Intrusion

Late, undeformed pegmatites are abundant
throughout the area. They are generally in the
order of 2 to 20 cm in width and locally occur as
swarms that preferentially fill fractures oriented 000
to 020" (Fig. 4), but also occur locally within frac-
tures trending at 035" to 045\ fo1 to 70", 04(> and
120° to 130°. Where more than one pegmatite trend
is present at an outcrop, they intersect. Nowhere
do these intersections show crosscutting age re-
lationships, indicating that the pegmatites must
have been intruded into the fracture system as a
single event. That the fractures were in existence
prior to the intrusion is evidenced by the fact that
pegmatites, which intrude fractures displaying shear
characteristics (as evidenced by rotation and dis-
placement of the rock fabric), do not show any evi-
dence of shearing. The intrusion of the pegmatites
was thus accompanied by an extensional regime.

% OF POLES

• 5*
• 10%

• 15%

• 20%

200 POLES

Figure 4: Stereoplot of poles io the late,
undeformed pegmatites.

The pegmatites occur dominantly in fractures
oriented at 020° that show no evidence of shear or
offset either before or after pegmatite intrusion.
They also occur as swarms, indicating extension of
up to 5%.

Late Fractures

The late fractures are defined as those that
crosscut the pegmatites, but do not contain any.
They may be either a rejuvenation of preexisting
fractures or new fractures. The major trend that
falls into this category is 080° with secondary trends
at 090°, 100° and 110°.
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DISTRIBUTION OF FAULTS AND FRACTURES

Aerial photograph lineaments (observed on
1:36,000 scale photography) within the Upper and
Lower Bass Lake region of Chalk River are shown
in Figure 5. The majority of lineaments are small
valleys representing linear zones of enhanced ero-
sion. These valleys are commonly interpreted as
structural discontinuities in the rock (Parkinson,
1962; Nur, 1982; Brown et al., 1984) based on the
assumption that erosion is enhanced along the sur-
face trace of the discontinuity. However, other bed-
rock features, such as geological contacts, variation
in intensity of rock fabric, gneissic banding, or de-
gree of alteration, may also contribute to enhanced
erosion and thereby potentially may form linea-
ments. Conversely, structural discontinuities may
exist where enhanced erosion does not occur. Thus,
additional evidence is necessary to evaluate which
of the lineaments represent structural discon-
tinuities.

AIR PHOTO
LINEAMENT
BOREHOLE

\

Figure 5: Aerial photograph
within the Chalk River area.

lineaments

Ground VLF-EM surveys were run along north-
south and east-west grid lines spaced at 100-m in-
tervals (Scott, 1987). The resulting anomalies (Fig. 6)
show relatively little spatial correspondence with the
lineaments defined from aerial photographs (Fig. 5),
and those lineaments that do correspond to a VLF-
EM anomaly tend to run parallel to, but are dis-
placed from, the anomaly. This lack of compatibility
does not, however, extend to the orientation of the

VLF-EM CONDUCTORS
— - - STRONG

% WEAK
» » * • BOREHOLE

Figure 6: VLF-EM conductors within the
Chalk River area (after Scott, 1987).

VLF-EM
LINEAMENT

45° 90° 135°
ORIENTATION

Figure 7: Length-weighted histogram of
lineament and VLF-EM conductor
azimuths.
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defined structures. Length-weighted histograms of
lineaments from both surveys indicate two major
trends, i.e., 070° to 110° and 150° to 180° {Fig. 7),
and both show a minor peak at 10" to 20°. The
major discrepancy between the two is the VLF-EM
peak at 120° that has few lineaments associated
with it.

Therefore, in general, the aerial photograph line-
ament analyses and the VLF-EM ground survey ap-
pear to be identifying linear features with similar
trends. The lack of spatial compatibility between
these structures may be due to the following:

(1) The VLF-EM survey is only identifying conduc-
tive zones, i.e., an . aerial photograph lineament
may be tight and non-conductive. In addition,
the lineaments preferentially filled by glacial de-
bris (and not identified by aerial photograph
lineament analysis) may result in a VLF-EM ano-
maly related to the overburden and not to the
underlying structure.

(2) Lineaments parallel to, but displaced from, VLF-
EM conductors may represent moderate- to shal-
low-dipping structures. Furthermore, at the scale
of analysis presented here, the spatial incompati-
bility may be due to lack of precision in locating
the aerial photograph lineament.

SURFACE FRACTURE DATA

Fracture data were collected from some 300 out-
crops distributed throughout the area. At each out-
crop, the composition, texture and fabric of the
rock were described and the fractures visually
segregated into sets according to their orientation. If
possible, at least 3 fractures from each set were in-
dividually described in terms of their strike, dip,
length, filling material, shear displacement and
other characteristics. The frequency of each set was
measured perpendicularly to the set and expressed
as the number of fractures per 10 m.

A stereoplot of all fracture orientation data
(Fig. 8) indicates that there are four major and one
minor sets developed in the area (Table 1).

TABLE 1

MAJOR FRACTURE ORIENTATION
GROUPINGS AT CHALK RIVER

Set 1 145° to 165790° to 70°

Set 2A 080° to 100790° to 70°

Set 2B 100° to 120790° to 70°

Set 3 355° to 015790° to 80°

Set 4 185° to 205775° to 55°

Set 5 030° to 050790° to 80°

2A"

Figure 8: Stereoplot of 1,637 fracture data from the
Upper Bass-Lower Bass Lakes area.

The two dominant fracture orientations are set 1
and set 2 and these correspond to the two major
aerial photograph lineament and VLF-EM conductor
orientations (Fig. 7). Fracture sets 3 and 4 corres-
pond to preferred orientations defined by both the
lineaments and the VLF-EM conductors (Fig. 7). Set
5 corresponds to a preferred lineament orientation
(Fig. 7). The VLF-EM conductors trending 130° do
not correspond to either a lineament or fracture
orientation.

The fractures show considerable variation locally
and regionally throughout the area. Stereoplots of
fracture data from (1) north of, and including,
Upper Bass Lake (Fig. 5); (2) a central region be-
tween Upper and Lower Bass Lakes (Fig. 5); and (3)
south of, and including, Lower Bass Lake (Fig. 5)
are shown in Fig. 9. In the north, the major frac-
ture orientation, both regionally and around
boreholes CR-2, -3 and -5 (1A in Fig. 9), trend 100°
to 120°. Aerial photograph lineament analyses
(Fig. 5) and the VLF-EM conductors (Fig. 6) indicate
that the major structures in this area trend east-
west.

In the central region, set 1 fractures trending
155° dominate the fracture pattern (2 in Fig. 9). In
detail, the northern part of this area (2A in Fig. 9)
shows excellent agreement, in terms of fracture
orientation, with the entire central block. However,
in the southern part, around boreholes CR-6, -7
and -8, north-south and east-west trending fractures
become dominant. The change is coincident with an
east-west trending lineament and VLF-EM conduc-
tor.

To the south, the major structures, as defined
by the lineaments (Fig. 5) and the VLF-EM conduc-
tors (Fig. 6), trend both east-west and north-north-
west. These orientations are reflected in the stereo-
plot of fractures from the southern region (3 in
Fig. 9) and the detailed area around borehole CR-1
(3A in Fig. 9).
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Figure 9: Stereoplots of regional data from the northern (1), central (2), and southern (3) regions
and detailed data from the northern (1A), central (2A, 2B), and southern (3A) regions.
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Therefore, in terms of fault-fracture orientation,
there is considerable agreement between aerial
photograph lineaments, VLF-EM conductors, and
outcrop fracture data. It is suggested that the lack
of spatial correspondence between lineaments and
VI.F-EM conductors is due to the fact that they rep-
resent different physical conditions within the rock
mass, and hence, the precise location of a VLF-EM
conductor need not necessarily correspond tu the
location of a lineament.

FRACTURE FREQUENCY

The variation in the development of fractures
from outcrop to outcrop and throughout the area is
assessed in terms of the bulk fracture density de-
fined as the sum of the individual fracture frequen-
cies of all sets developed at an outcrop, i.e., there
is one bulk fracture density measurement for each
outcrop. The log-probability plot of all bulk fracture

density values throughout the area defines a cur-
vilinear, concave upwards trace (Fig. 10), suggesting
that the distribution of values does not follow a
lognormal distribution. However, the distribution of
fracture frequency of each of the four major fracture
orientations appears to approximate linear trace,
i.e., conform to a lognormal distribution (Figure 10).
Since the bulk fracture density is defined as the
sum of frequencies of the sets, the divergence of
the bulk fracture density curve from lognormality
suggests that the components of the summation
process are not strongly correlated (Aitchison and
Brown, 1957). Thus, the statistical inference is that
the frequency values of each of the four sets vary
independently and, hence, the development of a
given set is not controlled by the development of
the existing fractures. If this is indeed the case,
then the fracture pattern at Chalk River is the
product of a number of separate and distinct tec-
tonic events.
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Figure 10: Log-probability plot of bulk fracture density and frequency values of Sets 1, 2, 3 and 4.
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The area around boreholes CR-2, -3 and -5 is
dominated by set 2B and the surface bulk fracture
density data from outcrops in the vicinity of these
boreholes approximate a lognormal distribution with
a median value of 170 fractures/10 m (Fig. 11). The
subsurface data from the three boreholes show simi-
lar lognormal distributions with a median value of
210 fractures/10 m. The differences between the sur-
face and subsurface data are probably a reflection of
surface undersampling within a highly fractured
fault environment. In contrast, results from the cen-
tral area around boreholes CR-6, -7 and -8 show
that the surface bulk fracture density is essentially
equivalent to the subsurface values with a median
value of 50 to 60 fractures/10 m (Fig. 12). At this
location, the surface data were obtained from
cleaned and hosed outcrop. In the southern area,
around borehole CR-1, both the surface data and
the subsurface data are irregular, although compati-
ble in terms of median value, i.e., 50 fractures/10 m
(Fig. 13). The irregularity is probably due to the fact
that the two major sets, set 1 and set 2, are both
well developed in this region.

In general, the variation of bulk fracture fre-
quency as defined by surface data is compatible

with the bulk fracture frequency defined from drill
core data. Furthermore, CR-2, -3 and -5 show the
highest subsurface and surface median bulk fracture
density value, i.e., 210 fractures/10 m and 170 frac-
tures/10 m, respectively. These boreholes were
drilled into a major lineament and VLF-EM conduc-
tor, which are considered to signify a highly frac-
tured fault environment.

TECTONICS OF FRACTURE FORMATION

The fractures at Chalk River show a complex
and protracted history. This complexity precludes a
definitive evaluation of the tectonics of fracture for-
mation. However, they can be separated into three
broad age sequences and one may speculate about
the origin of the fractures in each sequence. The
age sequences are defined in relation to the intru-
sion of the pegmatites, i.e., (1) pre-pegmatite frac-
tures - those which are filled by the pegmatites and
generally do not show crosscutting relationships, (2)
syn-pegmatite fractures - those which formed co-
evally with the intrusion of the pegmatites, (3)
post-pegmatite fractures - those which do not con-
tain pegmatites and consistently crosscut the pegma-
tites.
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Figure 11: Log-probability plot of bulk fracture density data from boreholes CR-2, -3 and -5, and
surface data in the immediate vicinity of boreholes CR-2, -3 and -5.
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Figure 12: Log-probability plot of bulk fracture density data from boreholes CR-6, -7 and -8, and
surface data in the immediate vicinity of boreholes CR-6, -7 and -8.

Pre-pegmatite Fractures

Two fracture orientations show direct evidence
of predating the intrusion of the pegmatites. Frac-
tures trending 010°, i.e., set 3, crosscut the gneissic
fabric at a high angle, and locally, this fabric is ro-
tated into parallelism with the fracture plane. The
sense of rotation indicates a sinistral sense of dis-
placement. Pegmatites, which fill these shear frac-
tures, show no evidence of shear.

Within the monzonitic orthogneiss, local zones
of flattening resulted in a re-orientation of K-
feldspar crystals and the development of a weak
tectonic banding trending 150° to 160°. Pegmatites,
which crosscut the tectonic banding, show no tvi-
dence of folding or displacement. If the 150° to 160°
trend is related to the asymmetric folding, then
fractures trending 000° to 040° should show a right
lateral sense of shear, i.e., the left lateral shear
fractures trending 010° do not appear to be related
to the early asymmetric folding.

The episode of upright folding produced axial
planes trending 070°, and hence, fractures orientated
at 000° to 040° should show a left lateral sense of
shear. Therefore, the 010° fractures (set 3) may be
related to this fold episode.

It is possible, using the inferences above, to
develop a simple model to outline other fracture
orientations related to the asymmetric folding, the

upright folding. However, lack of definitive field
evidence precludes such a modelling exercise at the
present time.

Syn-pegmatite Fractures

Fracture set 4, oriented at 020°, is interpreted as
being syntectonic with respect to the intrusion of
the pegmatites. Generally, it is poorly developed
throughout the ares, but, where present, the frac-
tures tend to occur in swarms. Where this set is
well developed, pegmatites are common. Where it
is poorly developed, pegmatites are rare. There is
no evidence of displacement along the fracture
planes and the pegmatites that fill them are gener-
ally in the order of 2 to 20 cm in width. It is
suggested that this fracture set formed synchron-
ously with the intrusion of the pegmatites and that
the set reflects an overall extensional environment.
Up to 5% extension can be observed at specific out-
crops.

Post-pegmatite Fractures

Post-pegmatite fractures are defined as those
that consistently crosscut the pegmatites and contain
a filling material that also crosscuts the pegmatites.
The dominant fractures, which show these charac-
teristics, trend 080° to 115°, i.e., set 2. However,
the tectonics that resulted in the development of
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Figure 13: Log-probability plot of bulk fracture density data from borehole CR-1 and surface data
in the immediate vicinity of borehole CR-1.

these sets also rejuvenated essentially all of the pre-
existing fracture sets and this leads, locally, to com-
plex and often conflicting age relationships, i.e.,
some of the earlier fractures may locally crosscut
the pegmatites, notably set 1.

These late fractures tend to occur in spatial pro-
ximity to each other, and in the field, it is exceed-
ingly difficult to separate them into specific sets in
terms of their orientation. This feature plus the fact
they tend to occur symmetrically with respect to
major fault-fracture zones suggest they formed syn-
chronously and may represent splay features from a
major shear fault (Stone, 1984). To the west of
Upper Bass Lake, east-west trending fractures occur
in association with an east-west trending fault, as
defined by aerial photograph lineament analyses
(Figure 5) and a VLF-EM conductor (Figure 6). To
the south of this major discontinuity, the fractures
show a consistent variation in orientation from 080°
close to the fault to 110° with increasing distance
southward away from the fault. These characteristics
are similar to those defined by Stone (1984) from
shear faults within the Eye Dashwa Pluton, Atiko-
kan. On the basis of Stone's model, this structure
represents a right lateral shear fault.

The only other fractures at Chalk River, which
systematically crosscut the pegmatites, are related to
set 1, i.e., trend 150° to 160°. These fractures proba-

bly formed during the asymmetric folding episode,
i.e., pre-pegmatite and, therefore, must have been
rejuvenated after intrusion of the pegmatites. This
rejuvenation may have occurred synchronously with
the development of east-west trending of right lat-
eral faults and thus represents the conjugate left
lateral shear faults of this system.

The age of this conjugate shear system is uncer-
tain. However, one of the east-west trending frac-
ture zones contains an undeformed diabase dyke.
North of Chalk River, east-west trending diabase
dykes are relatively common and form part of the
Grenville Swarm dated at 570 million years. If the
dyke at Chalk River forms part of this swarm then
this would suggest that the conjugate fault system
formed prior to 570 million years.

Subsequent tectonic activity involved deposition
of Palaeozoic sediments and development of the Ot-
tawa-Bonnechere Graben. Continued activity along
faults related to the graben resulted in erosion of
these sediments to give the present-day exposure of
the basement rocks. No new major fracture systems
appear to have formed in response to this activity.

CONCLUSIONS

The Chalk River area is a highly fractured ter-
rain with a complex and protracted fault-fracture
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history. This complexity precludes a definitive anal-
ysis of the development of the fracture systems in
the region. A number of discrete events are recog-
nized:

(1) initial fracturing (set 1 and set 3) related to the
asymmetric and upright-fold episodes during the
Grenville Orogeny;

(2) post-folding intrusion of pegmatite dykes (set 4)
in an overall extensional environment;

(3) conjugate system of right lateral (set 2) and left
lateral (reactivated set 1) faults; and

(4) intrusion of east-west trending diabase dykes
(reactivated set 2), which form part of the Gren-
ville Swarm dated at 570 million years.

Statistical inference from the distribution of bulk
fracture density and set frequency also suggests the
fracture pattern at Chalk River is the product of a
number of separate and discrete tectonic events.

Aerial photograph lineament analyses and
ground VLF-EM anomaly patterns show good corre-
lation in terms of the orientation of discontinuities
but have poor spatial correlation. Ground fracture
data indicate there are considerable variations, both
in terms of orientation and fracture density,
throughout the area. These variations are reflected
in the subsurface borehole data and suggest that
the surface fracture conditions may be extrapolated
to depth.

REFERENCES

Aitchison, J. and Brown, J.A.C. 1957. The Log
Normal Distribution. Cambridge University Press,
London.

Bourne, J.H. and Rey, N.A.C. 1976. Geology, Deep
River map-area (31 K), Ontario and Quebec. In Re-
port of Activities, Part A, Geological Survey of
Canada, Paper 76-1A, p. 413-416.

Brown, P.A., Stone, D., and Rey, N.A.C. 1984.
Criteria for selection of new areas for geological in-
vestigation within the Eye-Dashwa Lakes Pluton.
Atomic Energy of Canada Limited Technical Re-
cord,* TR-237.

* Unrestricted, unpublished report available from
SDDO, Atomic Energy of Canada Limited Re-
search Company, Chalk River, Ontario KOJ 1J0

Kamineni, C. 1978. Petrology of the Drill Hole (CR
1). Unpublished Report.

Kay, C M . 1942. Ottawa-Bonnechere Graben and
the Lake Ontario homocline. Bulletin of the Geolog-
ical Society of America, v. 53, p. 585.

Kumarapeli, P.S. and Saull, V.A. 1966. The St.
Lawrence Valley Rift System: A North American
equivalent of the East African Valley Rift System.
Canadian Journal of Earth Sciences, v. 3, p. 639-
658.

Lumbers, S.B. 1972. Mattawa-Deep River area, Dis-
trict of Nipissing and County of Renfrew. In On-
tario Department of Mines Summary of Field Work,
1972, Miscellaneous Paper 53.

Lumbers, S.B. 1974. Mattawa-Deep River area, Dis-
trict of Nipissing and County of Renfrew. In On-
tario Department of Mines Summary of Field Work,
1974, Miscellaneous Paper 59.

Nur, A. 1982. The origin of tensile fracture linea-
ments. Journal of Structural Geology, v. 4, no. 4,
p. 31-40.

Parkinson, R.M. 1962. Operation Overthrust. In
The Tectonics of the Canadian Shield, edited by J.S.
Stevenson, Royal Society of Canada, Special Paper,
no. 4, p. 90-101.

Pourret, G. and Bergeron, R. 1970. Les schistes
cristallins grenvilliens de la region du Lac McGilliv-
ray. Canadian Journal of Earth Sciences, v. 7, p.
1109-1116.

Ramsay, J.G. 1967. Folding and Fracturing of
Rocks. McGraw-Hill, 568 p.

Scott, W.J. 1987. VLF-EM surveys at Chalk River,
Ontario. In Geophysical and Related Geoscientific
Studies at Chalk River, Ontario. Atomic Energy of
Canada Limited Report, AECL-9085/14.

Stone, D. 1984. Sub-surface fracture maps predicted
from borehole data: An example from the Eye-
Dashwa Pluton, Atikokan, Canada. International
loumal of Rock Mechanics and Mining Sciences, v.
21, no. 4, p. 183-194.

- 5 0 -



Discussion - Paper No. 5

W.J. Scott - In three areas, one at the south end of Maskinonge Lake, one at the middle and one at
the north end, would you get exactly the same distribution of fracture orientations, or
would there be some systematic variation? It seems to me that there is some arcuate
shape to all of this structure.

P.A. Brown - You do get variations both large scale and also from outcrop to outcrop.

W.J. Scott — But there is also some systematic variation from generally northwest to generally north-
east. Am I right?

P.A. Brown - No.

W.J. Scott - If you look at something larger, that channel which is represented in part by Mas-
kinonge Lake and the lakes and swamps below it, that is generally arcuate in its shape
and it must reflect some major curving in the general structures.

P.A. Brown - But you see that curvature in the fracture sets at outcrops. There is an outcrop sampl-
ing bias, so it is very difficult to differentiate trends and to validate arcuate structures.

W.J. Scott - It also depends on how large an area you take what variation there is within a given

set.

P.A. Brown - Yes.

W.J. Scott - What we have to do is to take only one outcrop to do all the comparison.

P.A. Brown - I'm not sure that you can make valid comparisons just from that one outcrop.

W.J. Scott . - Agree. Another point is that fractures mapped are not necessarily electrically conductive.

P.A. Brown - Yes.

W.J. Scott - So the distributions can be quite skewed.
P.A. Brown - Yes. But if we consider the structural history, the suggestion would be that set 1 is a

late set. It was the last one, I think, that was open; that does not mean it is open now
but certainly the potential is there for that one to be open. In general, the major east-
west VLF-EM anomalies around Upper Bass Lake correlate with fracture highs.

W.J. Scott - Yes.

P.A. Brown - So I think that there is a major structure running through there. It is just that the vari-
ations in fractures occur on such a small scale that we really cannot define it properly.

J.A. Cherry - Has the surface mapping of lineaments and fractures correlated very well with what has
been found in the boreholes?

P.A. Brown - Yes. In fact N.A.C. Rey has done some statistical work in the area around boreholes
CR-6, -7, and -8. Variations in fracture density radially outward from the boreholes (using
surface data) show a reasonable correlation with variations in fracture density with increas-
ing depth (using borehole data).
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ABSTRACT

In 1977, 1978 and 1979, nine inclined cored boreholes, ranging in length from 113 to 704 m, were drilled in
the Chalk River Research Area in order to define the geological subsurface characteristics of the rock mass
at several selected test areas. A total of 2,458 metres of NQ-3 and HQ-3 core was obtained from the nine
boreholes.

Orthogneiss was the most predominant rock type intersected by the boreholes. Pyroxenite, amphibolite,
metagabbro and dykes of diabase, pegmatite and aplite were also encountered. The crosscutting relation-
ships and textures within the rocks indicate that the relative ages of the rock units, from youngest to old-
est, are diabase; aplite and pegmatite dykes with no defined fabric; pyroxenite; meta-ferrogabbro; amphibo-
lite; aplite and pegmatite dykes and pegmatite pods with a defined fabric; and orthogneiss.

Textural characteristics and mineral assemblages indicate that the orthogneisses in the Chalk River Area are
a product of regional, medium- to high-grade metamorphism and belong to the upper amphibolite to granu-
lite facies.

A total of 35,597 fractures (an average of 14.5 fractures per metre) was observed in the core. Brecciated
zones and open fractures were noted in the core from all of the boreholes, and major faults were identified
in four of the nine boreholes. Nearly all of the fractures have a thickness between 0.4 and 1.2 mm and
contain one or more types of filling. Chlorite and calcite are the most common types of filling. Epidote,
hematite, clays, sulphides, talc, sericite, and rock fragments also occur in the fractures.

The crosscutting relationships between fractures and the sequence of filling layers within the'fractures indi-
cate that several episodes of fracturing have occurred and that fractures containing more than one filling
have probably been reactivated.

A comparison of the geological logs from one of the boreholes with natural gamma, neutron-neutron and
magnetic susceptibility logs indicates that certain rock types and highly fractured zones can be identified by
one or a combination of geophysical methods.

INTRODUCTION

In 1975, Atomic Energy of Canada Limited
(AECL), in co-operation with the Department of
Energy, Mines and Resources, began a research
program to assess the concept of storing nuclear
fuel waste in intrusive igneous and metamorphic
rocks. As part of the overall program, several core
drilling and detailed core logging projects have been
conducted to obtain subsurface geological and
geotechnical information from five research areas in
the Canadian Shield (Fig. 1).

fn 1977, 1978 and 1979, drilling and core logging
operations were conducted in the Chalk River Re-

search Area on lands owned by the Chalk River
Nuclear Laboratories (CRNL), Chalk River, Ontario.
A total of 2,458 m of core was obtained from seven
NQ-3 and two HQ-3 inclined boreholes to provide
information on the lithology, the orientation and
characteristics of discontinuities (e.g., veins and
fractures), the type of fracture fillings and gouge
materials, and some engineering properties of the
cored rocks.

This report describes the petrography of the
rocks, the metamorphic facies and conditions of
metamorphism for the gneisses, the occurrence of
fractures, and the types of fracture filling and
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Figure 1: Location map of the Chalk River Research Area.

gouge material recovered in the core from the
Chalk River Research Area. An attempt is made to
correlate some of the borehole geophysical logs with
the lithology and the occurrence of fractures and fil-
lings in the core.

GEOLOGICAL SETTING

The Chalk River region is within the Ontario
Gneiss belt of the Grenville Province of the Cana-
dian Precambrian Shield. It is situated in the Ot-
tawa-Bonnechere Graben, a large, seismically active,
northwest-striking fault zone.

Rock exposure in the area ranges from poor to
excellent, with several large regions of essentially
no outcrops, as a result of extensive Quaternary de-
posits of sand, gravel and minor amounts of till
and clay. Bedrock exposure ranges from 5 to 20%
and averages 10% in the general study area.

The paragneisses, reerystallized derivatives of
moderately to well sorted sandstones containing
numerous intercalated units of shale, siltstone, and
calcareous sandstone, are the dominant and oldest
rocks (probably Aphebian) in the area (Lumbers,
1974; Bourne and Rey, 1976; Pouret and Bergeron,
1970). They are grey to pink, fine- to medium-
grained, and they are characterized by a garnet,
biotite, potassium feldspar, quartz, plagioclase com-
position and a well-developed gneissosity (Fig. 2).

Large areas of quartz monzonitic orthogneiss
and a few small outcrops of metagabbro are found
within the paragneiss. The orthogneisses intruding
the paragneiss are generally sheet-like bodies con-
forming to the regional structural pattern. The
metagabbro occurs as irregular, pod-shaped bodies
along the contact between the paragneisses and or-
thogneisses. The metagabbro is regionally
metamorphosed, but local massive phases with pri-
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METAGABBRO

Figure 2: General geology of the Chalk River area
(modified from Brown et al., 1979). Dashed lines
represent assumed contacts.

mary igneous textures are present.
These metasediments and intrusive rocks were

subjected to Late Precambrian polyphase deforma-
tion and metamorphism that transformed them to
gneisses of the middle to upper aimandine-
amphibolite facies (Lumbers, 1974). Granitic pegma-
tite dykes formed throughout the gneisses in wan-
ing stages of metamorphism. Diabase and lam-
prophyre dykes, some Phanerozoic in age, were
later emplaced along fault zones in the Ottawa-Bon-
nechere Graben (Lumbers, 1974).

The complex folding resulting from the polyph-
ase deformation produced relatively open antiformal-
synformal structures recumbent to the northwest
and local upright east-west trending folds (Brown et
al., 1979).

Several west- to northwest-trending faults form-
ing part of the Ottawa-Bonnechere Graben are
found in the area. The Mattawa River Fault, the
most prominent, can be traced along the Ottawa
River and defines the northern margin of the Gra-
ben System (Lumbers, 1974). This fault with its
zones of mylonitization, cataclasis, brecciation, and
hematization has a long and complex history.

GENERAL GEOLOGY OF THE
CHALK RIVER RESEARCH AREA

The study area around Maskinonge Lake at
Chalk River (Fig. 3) lies on the eastern limb of a
north- to northwest-trending antiform (Brown et al.,
1979). The core of the antiform is located on the
west side of Maskinonge Lake and is composed es-
sentially of paragneiss with locally abundant, thin,
discontinuous units of amphibolite and biotite
schists. On the eastern side of the lake and struc-
turally above the paragneiss, the dominant rock
type is a pink to grey, weakly to strongly foliated,
fine- to medium-grained, garnet-biotite-quartz mon-
zonitic orthogneiss. Around the paragneiss-orthog-
neiss contact, elongated lenses of metagabbro are
found. The metagabbro occurs as a massive rock
with well-preserved, original igneous textures at

fold culminations and as a series of strung out, dis-
continuous pods along the fold limbs (Brown et al.,
1979).

A small area of pyroxenite and amphibolite oc-
curs on the northeast side of Upper Bass Lake and
just north of the northeast-trending fault shown in
Figure 3. This area was originally mapped as
metagabbro by Brown et al. (1979), but examination
of the core from three boreholes in the area re-
vealed the presence of pyroxenite and amphibolite.

Biotite-quartz-potassium feldspar pegmatite pods
and dykes are common throughout the area. The
pods within the monzonitic gneiss occur as diffuse
segregations that were deformed with the monzo-
nite. The dykes have been separated into an early
and a late set. The early set contains a weak fabric,
is folded, and crosscuts the monzonitic gneiss and
pegmatite pods. The late set is undeformed, and
hence, post-tectonic (Brown et al., 1979).

The area is moderately to highly fractured. The
major sets, defined by Brown et al. (1979), strike
020°, 010°, 080°, 090°, 100°, 110°, 150°, and 160°.
Most of the fractures were observed to have dips
greater than 60°. A complete description and expla-
nation of the formation of the fracture sets can be
found in the report by Brown et al. (1979).

BOREHOLE SUMMARIES

Seven inclined NQ-3 boreholes (diame-
ter = 75.8 mm) and two inclined HQ-3 boreholes
(diameter = 96.0 mm) were drilled at CRNL between
1977 and 1979 (Fig. 3). Table 1 lists the trend,
plunge, length, depth, and relevant technical details
of the boreholes drilled in the study area. A brief
summary of the rocks encountered by the boreholes
is presented below. A more detailed description of
the lithologies and fracture characteristics is pre-
sented in the remaining sections of the paper.

Borehole CR-1 is located 70 m south of Lower
Bass Lake in a garnet-rich, foliated to gneissic mon-
zonite. The main rock units intersected by borehole
CR-1 were monzonitic and quartz monzonitic gneiss
(Fig. 4). Granitic, syenitic, quartz syenitic and
granodioritic gneiss were also encountered. All of
the rocks contained between 3 and 20% garnet and
several of the garnetiferous granitic and syenitic
gneisses had garnets as large as 1.5 cm in diame-
ter. The variable composition of the gneisses is il-
lustrated in Figure 5.

Boreholes CR-2, 3, 4, 5 were drilled east of
Upper Bass Lake to intersect a major NE-striking
fault. Boreholes CR-2, 3 and 4 were located in an
area of amphibolite and pyroxenite on the north-
west side of the fault. Borehole CR-5 was drilled in
granitic quartz monzonitic gneiss on the southeast
side of the fault.

Borehole CR-2 intersected amphibolite and
pyroxenite in the upper 112 m and mainly quartz
monzonitic-granitic gneiss in the lower portions of
the borehole (Fig. 6). Several diabase dykes and
pegmatites were also noted in the core. The upper
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Figure 3: Geology of the Chalk River Research Area and location of boreholes CR-1 to CR-9.

40 m of the core is moderately to highly fractured
(4 to 20+ fractures/m). Below this, between 40 to
100 m, the rock becomes well to highly fractured (8
to 20+ fractures/m) with several brecciated and
open zones. Between 100 and 130 m, a lar^e fault
occurs with open zones and hematite-stained brec-
ciated zones (fragments range from s.05 mm to »2
cm) of amphibolite and quartz-monzonitic-granitic
gneiss. Below 130 m, the rock is moderately to
highly fractured with many small brecciated and
open zones.

The lithology of the core from borehole CR-3 is
similar to that of the core from CR-2 (Fig. 7). Am-
phibolite and pyroxenite occur in the upper 95 m
and monzonitic and quartz monzonitic-granitic
gneiss occur in the lower sections of the borehole.
The fracture pattern is also similar, but instead of
one, three distinct fault zones were identified.

Amphibolite and pyroxenite were encountered in
the upper 85 m and monzonitic and quartz mon-
zonitic-granitic gneiss in the lower portions of
borehole CR-4 (Fig. 8). Two diabase dykes and two
distinct fault zones were also intersected by the
borehole.

Borehole CR-5 was drilled through two main
rock types consisting of granitic and monzonitic to
quartz monzonitic gneisses (Fig. 9). Sections of
granodioritic gneiss, dioritic gneiss, amphibolite, and
dykes of pegmatite and diabase were also encoun-
tered. The upper 60 m of the core is well to highly
fractured, while the deeper sections are moderately
to highly fractured. No major faults were encoun-
tered by the borehole.

The generalized lithology and location of the
main fault determined by boreholes CR-2, 3, 4, and
5 is shown in Figure 10. Although the fault occurs
along the contact of the pyroxenite and granitic-
quartz monzonitic gneiss in the boreholes, it is dif-
ficult to determine the extent of this contact with-
out additional subsurface information.

Boreholes CR-6 and CR-7 were drilled in a well-
exposed area of granitic-quartz monzonitic gneiss,
between Upper and Lower Bass Lake. Borehole
CR-7 was drilled 10 m away from, and parallel to,
CR-6.

Granitic augen gneiss extends from the surface
to 55 m along the lengths of boreholes CR-6 and 7
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core samples from borehole CR-1 (from Kamineni,
1980).

(Figs. 11 and 12). Between 55 and 208.9 m (153.4 m
for borehole CR-7), several sections of granodioritic,
quartz monzonitic, granitic, dioritic and monzodiori-
tic gneiss were encountered. In borehole CR-6, from
208.9 to 289.2 m, an 80.3-m section of fresh and al-
tered diabase was recovered in the core. Hayles
(1982 and personal commmunication) has inferred
that this diabase dyke strikes east-west, dips 60° to
the north and surfaces about 400 in south of the
drill collar in the bottom of an east-west striking
lineament. Below the dyke to the bottom of CR-6,
several more sections of granitic, granodioritic and
quartz mon/.onitic gneiss were intersected.

CR-8 was located 65 m east of CR-6 in an ex-
posed area of granitic to quartz monzonitic gneiss.
It was drilled to pass beneath boreholes CR-6 and
CR-7.

About three quarters of the rock intersected by
borehole CR-8 is granitic and dioritic gneiss (Fig.
13). The remainder is composed of quartz monzoni-
tic, granodioritic, and dioritic gneisses, amphibolite,
pegmatite, and metagabbro. The metagabbro, occur-
ring between 260 and 272 m, is coarse-grained and
has a garnet content of 10 to 20% (by volume).

Borehole CR-9 was located northeast of the
northern end of Lower Bass Lake in monzonitic or-
thogneiss. It was drilled to intersect a number of
major lineaments and geophysical anomalies that

TABLE 1

TECHNICAL DETAILS OF THE CHALK RIVER RESEARCH AREA BOREHOLES

Borehole No.
(year of drilling)

CR-1 (1977)

CR-2 (19771 1

Type of
borehole

NQ-3

MO-3 orieinallv

Length of
borehole

(m)

270.6

213.77

Vertical depth
of borehole

(m)

265.40

185.13

Starting Trend/
Plunge

N16779°NNK

N133760°SK Cased

Comments

with perforate:

Reamed to IIQ
size in 1978

plastic pipe to 152.4 m.
Blocked at 152.4 m.

CR-3 (1977)

CR-4 (1978)

CR-5 (1978)

CR-6 (1978)

CR-7 (1978)

CR-8 (1979)

CR-9 (1979)

NQ-3

IIQ-3

HQ-3

NQ-3

NQ-3

NQ-3

NQ-3

160.63

113.39

230.43

305.50

153.44

306.3

704.25

150.94

102.77

199.56

293.54

148.05

292.25

571.50

N135770°SK

N134765°SE

N314760°NW

184775°S

184776°S

245775°SW

235°/60°SW

Produced water at surface
during drilling

Continues to produce water
at surface

Bottom 15.85 m filled
with cuttings from CR-7
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Figure 7; Number of fractures per metre and rock types encountered by borehole CR-3.
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Figure 8: Number of fractures per metre and rock types encountered by borehole CR-4.

Figure 9: Number of fractures per metre and rock types encountered by borehole CR-5.
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Figure 10: Block diagram of the generalized lithol-
ogy and fault intersected by boreholes CR-2, 3, 4
and 5.
pass around and through Lower Bass Lake (Brown
et al., 1979; Raven, 1980; Hayles, 1982).

Borehole CR-9 is the longest cored borehole in
the Chalk River Research Area. It encountered
mainly quart/ monzonitic gneiss, granitic gneiss,
metagabbro (from 578 to 606 m), mon/.ogabbroic
gneiss, and gabbroic gneiss (Fig. 14). Granodioritic
gneiss, quart/, mon/.odioritic gneiss, amphibolite,
diabase, pegmatite, and fault rock were also inter-
sected .

Between 490 to 510 m, the rock is poorly to
highly fractured (1 to 20+ fractures/m) and contains
several brecciated /ones that are usually cemented
by calcite and chlorite, and a number of fault zones
containing very fine- to coarse-grained brecciated
material. These fault /ones may represent the sub-
surface expression of one of the surface lineaments
identified by Brown et al. (1979) and Raven (1980).

SUBSURFACE PETROLOGY

The main gneissic lithological units observed in
the core from the Chalk River boreholes have been
classified according to Streckeisen (1976). This classi-
fication considers only the quartz, plagioclase and
alkali feldspar contents of rocks with a mafic con-
tent of less than 90%. For example, a gneiss with a
composition of a granite would be classified as a
granitic gneiss even if it contained as much as 40%

mafics. The mineral contents of the cores were de-
termined by a combination of point counting and
visual estimation.

In addition to the gneisses the other rock units
observed in the core were diabase, amphibolite,
metagabbro, pyroxenite, pegmatites and aplites. A
general description of these follows. Figures 4, 6, 7,
8, 9, 11, 12, 13, and 14 illustrate the lithological
logs for boreholes CR-1 to CR-9.

Orthogneiss

The orthogneiss is the most abundant rock type
in the core. It consists of a wide variety of gneisses
that have been subdivided into the following rock
types: 1) granitic and granodioritic gneiss; 2) quartz
syenitic gneiss; 3) quartz monzonitic and monzonitic
gneiss; and 4) monzodioritic, monzogabbroic and
gabbroic gneiss.

Granitic and Kranodioritic gneiss

The granitic and granodioritic gneisses are
medium- to coarse-grained, generally leucocra-
tic and rich in quartz (may contain up to 30%
by volume). Compared to the granodioritic
gneiss, the granitic gneiss contains large
amounts of microcline. Frequently, the micro-
cline occurs as augens in a matrix of quartz
and plagioclase and commonly exhibits perth-
ite lamellae, as shown in Figure 15.

Biotite flakes may exhibit a strong align-
ment that commonly wraps around the
feldspar augens. Garnets and occasionally
hornblende are the other minerals present in
these rock types.

Quartz svenitic gneiss

The quartz syenitic gneiss is a medium- to
coarse-grained rock found only in borehole
CR-1 between 50 to 120 m and 242 to 245 m.
Microcline is the predominant feldspar and
quartz may constitute up to 10% by volume.
Garnet, biotite, hornblende, and minor
amounts of apatite and ilmenite are also pre-
sent.

Quartz monzonitic and monzonitic gneiss

The quartz monzonitic and monzonitic
gneisses are the most abundant gneisses in
the boreholes. They are generally medium-
grained, inequigranular and weakly foliated.
Alternating bands of feldspars and garnets are
common. Clinopyroxene may be present in
amounts of up to 10% by volume. Quartz
content varies from less than 1% in the mon-
zonitic gneiss to over 10% in the quartz mon-
zonitic gneiss. Apatite, sphene, zircon, and
ilmenite are present as accessory minerals.
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Figure 11: Number of fractures per metre and rock types encountered by borehole CR-6.

Mon/odioritic, mon/ORabbroic and
gabbroic gneiss

The monzodioritic, monzogabbroic and gab-
broic gneisses contain an abundance of fer-
romagnesian minerals and are thus mesocratic
to melanocratic. They are characterized by a
granoblastic texture (Fig. 16) and generally
contain clinopyroxene and orthopyroxene. Gar-
net (up to 20% by volume), microcline,
plagioclase, hornblende, and biotite are the
other major minerals found in these gneisses.
Apatite, ilmenite and magnetite are also pre-
sent as accessory minerals.

Diabase Dykes

Diabase is found in all the boreholes except
CR-1 and CR-7. It is inequigranular with well-de-
veloped subophitic to ophitic texture (Fig. 17).
Euhedral to subhedral clinopyroxene crystals gener-
ally enclose laths of plagioclase. The plagioclase also
occurs as euhedral grains that usually show oscillat-
ory zoning. The feldspar boundaries are occasionally
corroded and chloritized and some of the pyroxenes
are altered to chlorite and biotite. Opaques, proba-
bly magnetite, are also frequently noted in thin sec-
tion.
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Figure 12: Number of fractures per metre and rock types encountered by borehole CR-7.

The diabase dykes occurring in highly fractured
or faulted zones are extremely altered. They contain
pyroxenes and plagioclase that are completely al-
tered to chlorite. Thin veins filled with prehnite
and zeolites, such as natrolite and thompsonite (Fig.
18), also occur in the highly altered diabase dykes.

Amphibolite

The amphibolite is a fine- to medium-grained,
strongly foliated rock. The foliation is defined by
the alignment of hornblende prisms. Plagioclase,
hornblende and garnet are the most abundant min-
erals. Biotite, clinopyroxene, and to a lesser extent,
sphene and magnetite, are also present. The
hornblende and plagioclase are altered slightly to
chlorite and epidote. The mineralogy of the am-
phibolite suggests that the original rock may have
had a basaltic composition.

Metagabbro

The metagabbro occurs in the lower sections of
boreholes CR-8 and CR-9. As it contains up to 18%
total iron, it can be classified as a meta-ferrogabbro
(Wager and Deer, 1939). It is coarse-grained, in-
equigranular and contains orthopyroxene,
clinopyroxene, hornblende, plagioclase, biotite, gar-
net, and magnetite. In thin section, the metagabbro
displays two types of corona structures:

1. Coronas developed around cores of either mag-
netite (Fig. 19) or orthopyroxene. These coronas
consist of three distinct layers: an inner
hornblende layer (with or without biotite), a cen-
tral garnet layer, and an outer layer of plagio-
clase.

2. Coronas developed around clinopyroxene and or-
thopyroxene cores. These coronas also consist of
three layers. The inner layer comprises
hornblende; the central, plagioclase; and the
outer layer, garnet.

Pyroxenite

The pyroxenite is an inequigranular, massive,
melanocratic rock found in the top 110 m of
boreholes CR-2, 3, and 4. It contains subhedral
grains of orthopyroxene, clinopyroxene, hornblende,
biotite and chlorite.

The chlorite is a secondary mineral derived from
the pyroxenes and hornblende. Except for the local
deformation of biotite grains displaying kinking (Fig.
20), no preferred mineral orientation is observed.
This implies that the intrusion of the pyroxenite,
like the diabase dykes, is a late- or post-Grenvillian
event.

Pegmatites

The pegmatites are equigranular and comprise
mainly quartz, potassium feldspar and plagioclase.
Biotite and magnetite (up to 2% by volume) are
found occasionally in the pegmatites. The potassium
feldspars commonly exhibit a distinct cross-hatched
appearance along cleavage planes and/or microfrac-
tures. The plagioclase grains are usually partly al-
tered to sericite, and microfractures filled with seri-
cite commonly transect these grains.

Aplites

The aplites have a mineralogy similar to the
pegmatites. Some have a metamorphic foliation de-
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Figure 13: Number of fractures per metre and rock types encountered by borehole CR-8.

fined by biotite prisms, while others are massive.
The absence or presence of this fabric within the
aplites indicates that there are at least two genera-
tions of aplite dykes, i.e., pre-Grenville and post-
Grenville.

The rock types in the Chalk River cores, in de-
creasing order of relative abundance, are:

Monzonitic and quart/, mon/.onitic gneiss,
Granitic gneiss,
Pyroxenite,
Amphibolite,
Granodioritic gneiss,
Quartz mon/.odioritic and dioritic gneiss,
Diabase,
Metagabbro,
Gabbroic and mon/.ogabbroic gneiss,
Quartz syenitic gneiss,

Pegmatite, and
Aplite.

Based on crosscutting relationships and textures
of the various rocks in the core and on work per-
formed by Brown et al. (1979) and Lumbers (1974),
the relative ages of the rock units, in increasing
order, are:

Diabase (undeformed),
Aplite and pegmatite dykes (no defined fabric),
Pyroxenite,
Metagabbro (generally deformed but primary

structures are locally preserved),
Amphibolite,
Aplite and pegmatite dykes and pegmatite

pods (defined fabric),
Orthogneiss, and
Paragneiss.
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Figure 14: Correlations of natural gamma, neutron-neutron and magnetic susceptibility logs with the
number of fractures per metre and rock types encountered by borehole CR-9. Magnetic susceptibility results
were provided by Coles et al. (1987). The data plots for the neutron-neutron and natural gamma were fur-
nished by J. Goddard, Earth Physics Branch, Energy, Mines and Resources.

- 6 5 -



Figure 15: Photomicrograph of a microcline (Mi)
porphyroblast in a granitic gneiss showing perthite
lamellae arid kinking.

Figure 18: Photomicrograph showing prehnite (Pr)
and natrolite (Na) in an altered diabase.

Figure 16: Photomicrograph showing granoblastic
texture in a granulite. The dark minerals comprise
garnet, orthopyroxene, clinopyroxene, and
hornblende.

Figure 19: Photomicrograph showing corona struc-
ture in a metaferrogabbro. Note the zones of am-
phibole and garnet around the magnetite core.

Figure 17: Photomicrograph showing subophitic
texture in a diabase dyke. Note well-developed
crystallites of plagioclase enclosed in a grain of
clinopyroxene.

Figure 20: Photomicrograph of kinked biotite (Bi)
in a pyroxenite. Note the development of chlorite
(Chi) along (001) cleavage.
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METAMORPHIC FACIES AND CONDITIONS
OF METAMORPHISM

Textures and typical mineral assemblages indi-
cate that the Chalk River rocks are a product of re-
gional medium- to high-grade metamorphism and
belong to the upper amphibolite to granulite facies
of metamorphism. Granulose or granoblastic texture,
which is characteristic of granulites, is well de-
veloped in many of the orthogneisses. The abun-
dance of biotite and hornblende, with only scattered
occurrences of orthopyroxene throughout the Chalk
River rocks, suggests they belong to the hornblende
granulite facies.

The occurrence of garnet-bearing assemblages in
granulites is believed to be due to the influence of
high-load pressures (De Waard, 1965). Within the
andalusite-sillimanite field (Fig. 21), under the influ-
ence of lower load pressures, cordierite would

Figure 21: Pressure-temperature fields of the Chalk
River orthogneisscs inferred from the stability of
relevant mineral phases.
A. Aluminum silicate polymorphs' stability field

(Holdaway, 1971).

B. Cordierite-garnet boundary (Winkler, 1975).

C. Hpidote breakdown curve (l.iou, 1973).

D. Muscovite * quartz breakdown curve (Evans,
1965).

E. K-feldspar solvus (Luth et al., 1974).

F. Basalt melting (Hollaway and Burnham, 1972).
Arrow represents the inferred field of
metamorphism of the Chalk River area ortho-
gneisses.

develop in place of garnet (Hietanen, 1967). There-
fore, depending upon whether cordierite or garnet
is a stable phase, the granulites can be subdivided
into (cordierite-bearing) low-pressure granulites and
(garnet-bearing) high-pressure granulites. In the
Chalk River rocks, the presence of garnet rather
than cordierite implies that these rocks belong to

the high-pressure type and experienced PH,o in the
range of 3.5 to 4.5 kbar* (see Fig. 21).

Although a number of experimental investiga-
tions delineating the stability fields of minerals that
occur in rocks of the Chalk River area are available,
most of the data has limited applications as it refers
only to pure end members. Yet, some broad limits
may be placed on the temperature and pressure of
metamorphism based on the experimental data.

A lower limit of temperature can be obtained
from the upper stability of epidote (Liou, 1973). The
equilibrium reaction is

Epidote = grossularite + anorthite + magnetite
+ water

The equilibrium curve is shown in Figure 21.

A lower temperature limit can also be obtained
by the upper stability field of muscovite + quartz
(Evans, 1965)

Muscovite + quartz = sillimanite + K-feldspar
+ water

Muscovite is not present in the Chalk River rocks,
but sillimanite and quart/, are present approximately
95 km away in parts of the Grenville Province,
e.g., the Leslie-Litchfield area, SW Quebec (Kretz,
1959). It is believed the absence of sillimanite in the
present case is only a local peculiarity in bulk com-
position. Consequently, the rocks of the present
study probably did crystallize within the stability
field of sillimanite + K-feldspar.

Since perthites are common in the present
rocks, the temperature corresponding to the top of
the alkaline feldspar (1:1 perthites) solvus would
provide a lower limit of temperature of crystalliza-
tion. From the data of Luth et al. (1974), if the
pressure was 4 kbar, the temperature of
metamorphism must have exceeded approximately
700°C.

An upper limit for metamorphic temperature
may possibly be inferred from the breakdown of
amphibole. For the Mg-end member of the am-
phibole series (at 1 kbar) this temperature is 850°C
(Boyd, 1954). The presence of iron in the amphibole
would lower the equilibrium considerably. Binns
(1964), in an experiment on a natural rock, showed
that the amphibole to orthopyroxene reaction oc-
curred at 850°C (at 1 kbar). He suggested a temper-
ature of 800°C for the reaction in the granulite
facies rock used in the experiment.

The breakdown of phlogopite mica to produce
orthopyroxene occurs at a temperature of 111O°C at
3 kbar PHiO (Yoder and Eugster, 1954). However,
although breakdown temperatures for Fe-Mg biotites
have been determined by Eugster and Wones (1962)
and Wones and Eugster (1965), these reactions are

* 1 kbar = 100 MPa
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preferentially controlled by oxygen fugacity. Con-
sequently, this reaction, as it occurs in nature, is
not well understood. According to Turner (1968),
the breakdown of biotite in nature, at a pressure of
about 5 kbar, may take place within a temperature
range of 500 to 900°C.

Both amphibole and biotite are observed in the
Chalk River orthogneisses, and hence, it can be
stated that the upper limit of metamorphic tempera-
tures must have been below the breakdown temper-
atures of amphibole and biotite.

At about 650°C, a lower pressure limit of 3 kbar
(Richardson, 1968; Hietanen 1967) is probable if the
occurrence of garnet rather than cordierite is consid-
ered. A lower limit of pressure can also be ob-
tained from the intersection of the muscovite and
quartz breakdown with the andalusite to sillimanite
transition curve (Fig. 21). As sillimanite is the com-
monly observed aluminosilicate polymorph in the
high-grade terrains of the nearby parts of the Gren-
ville Province, the pressures must have exceeded

4 kbar.
In conclusion, the temperature of regional

metamorphism can be inferred to have been around
650 to 750°C, with pressures ranging from 4 to
5 kbar. The approximate field of metamorphism is
represented by an arrow in Figure 21.

FRACTURE FREQUENCY

The core obtained from the Chalk River
boreholes is moderately to highly fractured. Figures
4, 6, 7, 8, 9, 11, 12, 13, and 14 illustrate the total
number of fractures per metre encountered in the
nine boreholes. Several of the figures also indicate
the number of possible open fractures per metre.
The open fractures are defined as those that could
either be open to fluid movement or contain fluid.
These include fractures with clay and/or sand or
soft iron oxides. Fractures with fillings that have
connecting vugs are also considered as being open.

Figures 4, 6, 7, 8, 9, 11, 12, 13, and 14, and
fracture data obtained from the core, indicate that
all of the holes contain brecciated and open zones
and that major faults occur in boreholes CR-2, 3, 4,
and 9.

Figure 22A shows the total number of metres of
core containing X number of fractures per metre for
boreholes CR-1, 6, 7, 8, and 9. These five boreholes
are all in areas of orthogneiss with similar surface
fracture intensities. Fracture data from boreholes
CR-2, 3, 4, and 5 are grouped in Figure 22B, as
these boreholes either intersect or are located in the
immediate vicinity of a large fault. A comparison of
the data presented in Figures 22A and 22B re-
veals that, as expected, the number of fractures per
metre is much higher (average of 25.7 versus 9.8)
in the immediate vicinity of the fault around
boreholes CR-2, 3, 4 and 5.

Figure 22C shows the total number of fractures
per metre for all nine boreholes. A total of 35,597
fractures was observed in the 2,458 m of core from

boreholes CR-1 to CR-9. With 1,740 m of moder-
ately to well fractured (4 to 10 fractures/m) and 718
m of well to highly fractured (8 to 20+ fractures/m)
core, the average fracture frequency for the 2,458 m
of core is 14.5 fractures per metre.

Although some correlation can be made between
fracture frequency and lithology or depth for indi-
vidual boreholes (see Figures 4, 6, 7, 8, 9, 11, 12,
13, and 14), no general correlations can be estab-
lished for the data obtained from all boreholes.

FRACTURE FILLINGS

Nearly all of the fractures observed in the core
contain one or more fillings or gouge material. In
general, chlorite is the most dominant type of fil-
ling and is found throughout the core.

Calcite is the second most dominant type of fil-
ling. Hematite, epidote, clays, sulphides, talc, seri-
cite, and rock fragments are also found in the frac-
tures. Much of the hematite (and hematite staining)
and rock fragments are confined to the highly frac-
tured and/or fault areas, whereas the clays and soft
hematite are found in the naturally open fractures.

Figure 23 illustrates the type of fillings distri-
buted along the borehole length for borehole CR-1.
The most dominant filling for each five-metre seg-
ment of core is listed in column 1, the second in
column 2, the third in column 3, and the fourth in
column 4. Occurrences of less dominant fillings,
such as clay, hematite (occurring as a stain) and
rock flour and fragments, are indicated in the re-
maining three columns.

As previously noted, the same fillings and order
of dominance observed in CR-1 are also observed in
all boreholes, except CR-5, where hematite is a
more abundant filling than calcite. Epidote is also
recorded in a few fractures in the core from
boreholes CR-2, 3, 4, 5, and 9 within the vicinity of
the larger fault zones indicated in Figures 6, 7, 8,
and 14.

In general, the thickness of the fractures (frac-
ture filling plus estimated aperture) in the core
from boreholes CR-1, 6, 7, 8, and 9 increases
slightly with depth. The mean thickness for con-
tinuous fractures crossing the core ranges from 0.4
to 0.6 mm (faults greater than 4 cm thick are not
included). The thickness of the fractures in borehole
CR-2, 3, and 4 ranges from 0.7 to 1.2 mm (faults
exceeding a thickness of 4 cm are not included). In
borehole CR-5, the mean fracture thickness is
1 mm, with the thickest fracture measuring 13.0
mm.

Examination of the crosscutting relationships of
fractures and the sequence of filling layers within
the fractures is useful in inferring the relative ages
of fracture formation. The relationships and se-
quences indicate that epidote is the oldest filling in
the Chalk River core. Chlorite and probably sericite
are the second oldest, followed by talc and sul-
phide, calcite, and, finally, hematite and clay. Frac-
tures containing more than one filling are probably
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Figure 22: Distribution of fractures in the Chalk River Research Area boreholes.

reactivated fractures, while those containing only
one filling material have probably not been rejuve-
nated.

Faults containing brecciated material (rock frag-
ments) may, like joints and smaller faults (with
slikensides), contain only epidote, cholorite and cal-
cite or a combination of these fillings with or with-
out hematite and clay. This indicates the faults
were formed at different times and some faults
have not been reactivated.

SOME CORRELATIONS BETWEEN DETAILED
GEOLOGICAL LOGS AND GEOPHYSICAL LOGS

Several standard borehole geophysical surveys
(produced by Roke Oil Enterprises Ltd., Calgary,
Alberta, and digitized by the Earth Physics Branch

of the Department of Energy, Mines and Resources)
have been done in the Chalk River area. These in-
clude single-point resistance, 6.3-cm and 12.6-cm re-
sistivity, focused beam, spontaneous potential, natu-
ral gamma, gamma-gamma, neutron-neutron, tem-
perature, and caliper logs. Magnetic susceptibility
measurements along the core have also been taken
by the Earth Physics Branch of the Department of
Energy, Mines and Resources. Segments of the nat-
ural gamma, neutron-neutron and magnetic suscep-
tibility logs for borehole CR-9 are examined below
in detail and correlated with the geological logs to
show their usefulness in determining rock types
and fracture zones (Fig. 14).

The natural gamma log is a measurement of the
total quantity of the natural radioactivity (i.e.,
uranium, thorium and potassium-40) in the forma-
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tions or in the groundwater. The naturally occurring
radioisotopes are generally concentrated in the alter-
ation products usually found in highly fractured
zones, microcline-rich pegmatites and biotite-rich
rocks. The radioisotopes may also be present in
crystalline rocks as essential constituents, inclusions
in primary minerals and in trace quantities in frac-
tures.

The neutron-neutron log responds chiefly to the
presence of hydrogen atoms in crystalline rocks. If
the pore space in the formation is liquid-filled, the
response is basically a measure of porosity (the
amount of water present if all of the voids are
water-filled). Generally, an increase in the porosity
is represented by a decreased count rate on the
neutron logs. However, without additional data, it
is impossible to distinguish between altered zones
(which may contain hydrous minerals, such as clay
and chlorite with a greater hydrogen content than
primary minerals, such as feldspar and quartz),
major fracture zones that contain open fractures and
altered rock, large individual fractures, and concen-
trations of primary minerals, such as biotite, be-
cause the neutron log responds chiefly to the hy-
drogen content regardless of its chemical form.

Magnetic susceptibility is a measure of the abil-

ity of a sample to become temporarily magnetized
in a magnetic field. It is mainly controlled by the
presence of iron-titanium oxide minerals (e.g., mag-
netite), their grain size and relative abundance. Var-
iations in magnetic susceptibility values may arise
from changes in lithology, alteration of primary iron
oxides and possibly iron sulphide species, or by the
introduction of secondary iron oxide and/or iron
sulphide species via fluid migration along fracture
planes (Lapointe et al., 1984).

The natural gamma log in Figure 14 shows a
general background reading of 100 A.P.I, units, cor-
responding to the quartz monzonitic and mon-
zogabbroic gneiss found along the borehole. Numer-
ous troughs and crests respresenting negative and
positive anomalies are also noticeable in the log.
The troughs correspond to a change in rock type
from quartz-monzonite or monzogabbroic gneiss to
diabase dykes, amphibolite, gabbroic gneiss or
metagabbro. The crests correspond to pegmatites
and granitic gneiss.

The first noticeable positive anomalies occur be-
tween 12 and 18 m in borehole CR-9. These peaks
are correlated with the pegmatites that occur at ap-
proximately 12, 14 and 18 m in the core. Below
these positive anomalies, a broad trough occurring
between 42 and 56 m corresponds to a fine-grained
diabase dyke. From 65 to 75 m, a broad peak coin-
cides with a granitic gneiss that is bounded by
quart/ monzonitic gneiss on both sides. The in-
crease in potassium-40 bearing minerals (biotite and
microcline) in the granitic gneiss is responsible for
this positive anomaly.

The natural gamma logs show numerous posi-
tive and negative anomalies between 120 and
180 m. The positive anomalies correlate with pegma-
tites and granitic gneiss, while the negative
anomalies occur in sections of amphibolite or gab-
broic gneiss.

Five prominent positive anomalies occur between
430 and 530 m. The first peak corresponds to a
pegmatite at 442 m, while the last four (occurring
at 448, 462, 489 to 500, and 522 m) correspond to
altered monzonitic gneiss with numerous intercon-
nected vugs or one or more open fractures. High
porosities are suggested by the neutron-neutron log
and by low density values in the gamma-gamma
log (not shown here) for the last four anomalies.
Unlike the first positive anomaly, the last four are
not due to high potassium-40 bearing minerals but
to large concentrations of uranium. The high
uranium concentrations were revealed through scan-
ning electron microscopic examination coupled with
energy dispersive spectra of samples from the frac-
ture zones in the last four anomalies.

The last of the notable natural gamma anomalies
are concentrated between 578 and 656 m. The three
positive anomalies at 616, 621 and 626 m corres-
pond to pegmatites occurring in a metagabbro. The
metagabbro unit is responsible for the broad trough
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TABLE 2

A COMPARISON OF GEOLOGICAL FEATURES ENCOUNTERED BY
BOREHOLE CR-9 AND THEIR CORRESPONDING NATURAL GAMMA,
NEUTRON-NEUTRON AND MAGNETIC SUSCEPTIBILITY SIGNATURES

Geological Feature

Pegmatites

Granitic gneiss

Quartz monzonitic gneiss

Monzogabbroic gneiss

Diabase dykes

Amphibolite

Gabbroic gneiss

Metagabbro

Highly altered and
porous fracture zones

Natural Gamma
Log

A.P.I. Units

20

100

to 400

to 200

-100

-100

10

20

30

20

200

to 50

to 50

to 100

to 50

to 250

Neutron-Neutron
Log

A.P.I. Units

4000 to 5000

4800 to 6000

4000 to 4800

3000 to 4000

= 1800

= 1800

1800 to 3000

1800 to 2500

700 to 1500

Magnetic
Susceptibility

Log
S.I. x 103 Units

1

1

4

50

5

6

14

2

to 3

to 3

~4

to 25

to 100

to 16

to 8

to 60

to 5

or negative anomaly in the natural gamma log be-
tween 578 and 656 m.

A general background of 4,000 to 4,800 A.P.I,
units in the neutron-neutron log in Figure 14 cor-
responds to the quartz monzonitic and monzogab-
broic gneiss. Readings of 4,800 to 6,000 A.P.I, units
correspond to zones of granitic or granodioritic
gneiss. Values of approximately 1,800 A.P.I, units
correspond to diabase dykes, amphibolites, metagab-
bro and partly healed, open fracture zones. Porous
or open fracture zones have neutron counts of 700
to 1,500 A.P.I, units and are visible in the log be-
tween 480 and 550 m.

A comparison of the lithology log with the
smooth magnetic susceptibility log in Figure 14 indi-
cates that amphibolite, gabbroic gneiss and mon-
zogabbroic gneiss generally show values of 5 to
8 S.I. x 10'3 (a few have values as high as 28
S.I. x 10'3). The diabase dykes, with readings be-
tween 50 and 100 S.I. x 10"3, have the highest mag-
netic susceptibility values. Granitic gneiss and open
fracture zones have the lowest susceptibility values,
with readings between 1 and 3 S.I. x 10"3. The
quaitz monzonitic gneiss has a general background
reading of 4 S.I. x 10'3, while the metagabbro has
values between 14 and 60 S.I. x 10"3.

Several of the above observations concerning the
correlation of geological units and fracture zones
with natural gamma, neutron-neutron and magnetic
susceptibility logs for borehole CR-9 are listed in
Table 2. However, it must be pointed out that no

one geophysical log is capable of indicating with
certainty the type of lithology and location of open
fracture zones in a borehole. In fact, several
geophysical logs must be correlated with the core
from one or more representative borehole(s) in each
study area before any reliable interpretation of
geophysical logs from percussion boreholes can be
attempted. Fracture data from borehole TV or
acoustic televiewer surveys would further facilitate
this interpretation.

SUMMARY AND CONCLUSIONS

In 1977, 1978 and 1979, nine inclined boreholes,
ranging in length from 113 to 704 m, were drilled
on land owned by the Chalk River Nuclear Labora-
tories at Chalk River, Ontario, to investigate the
subsurface geological and geotechnical characteristics
of these rock units. A total of 2,458 m of NQ-3
and HQ-3 core was obtained from the drilling oper-
ations.

The most predominant rock type intersected by
the nine boreholes was orthogneiss. Pyroxenite, am-
phibolite, metagabbro, and dykes of diabase, peg-
matite and aplite were also encountered.

The orthogneiss can be subdivided into granitic,
granodioritic, quartz syenitic, quartz monzonitic,
monzonitic, monzodioritic, monzogabbroic, and gab-
broic gneiss. Of these, quartz monzonitic and mon-
zonitic gneiss are by far the most dominant of the
orthogneisses.

The relative ages of the rock units as deter-
mined based on crosscutting relationships and tex-
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tures of the various rocks in the core and on work
performed by Brown et al. (1979) and Lumbers
(1974) are, from youngest to oldest, diabase; aplite
and pegmatite dykes with no defined fabric; pyroxe-
nite; meta-ferrogabbro; amphibolite; aplite and peg-
matite dykes and pegmatite pods with a defined
fabric; orthogneiss; and paragneiss.

Textures and mineral assemblages within the
core samples indicate that the ortliogneisses are a
product of regional metamorphism of medium to
high grade and belong to the upper amphibolite to
granulite facies. The temperature of regional
metamorphism is inferred to have been around 650
to 750°C with pressures ranging from 4 to 5 kbar.

The core is moderately to highly fractured. Brec-
ciated zones and open fractures occur in all the
boreholes and major faults exist in boreholes CR-2,
3, 4, and 9. A total of 35,597 fractures (an average
of 14.5 fractures per metre) were identified in the
core from the nine boreholes. The boreholes can be
separated into two groups, one representing moder-
ately to well fractured rock (boreholes CR-1, 6, 7, 8,
and 9, with an average of 9.8 fractures per metre)
and another representing well to highly fractured
rock (boreholes CR-2, 3, 4, and 5, with an average
of 25.7 fractures per metre).

The thickness of most fractures is between 0.4
and 1.2 mm (excluding faults ~4 cm thick). Most
fractures contain one or more types of filling mate-
rial, with chlorite and calcite being the most com-
mon. Epidote (found only in the vicinity of large
fault zones), hematite, clays, sulphides, talc, sericite,
and rock fragments are also found in the fractures.
An examination of the crosscutting relationships be-
tween fractures and the sequence of filling layers
within the fractures indicates that several genera-
tions of fracturing have occurred. Fractures contain-
ing more than one filling are probably reactivated
fractures, while those containing only one filling
material have probably not been rejuvenated.

A comparison of the geological log from
borehole CR-9 with the natural gamma, neutron-
neutron and magnetic susceptibility logs indicates
that certain rock types and/or highly fractured zones
can be identified by one or a combination of
geophysical signatures. If the geophysical logs are
correlated with the core from several representative
boreholes in a study area, it should be possible to
produce fairly representative geological logs for per-
cussion boreholes from standard borehole geophysi-
cal logs.
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W.J. Scott - In borehole CR-9 did the fault zones correlate with the linears from the airphoto interpre-
tations?

I.J.B. Dugal - We have no quantitative data so I can't connect the fault zones with any lineaments on
the surface.

W.J. Scott - But are they roughly correct? If you plotted borehole CR-9 in a vertical section, do the
fractures lie anywhere near the surface traces?

I.J.B. Dugal - I believe Peter Brown plotted it and it came out pretty close.

P.A. Brown - Yes. There are three surface VLF anomalies and there are three fault zones in CR-9. If
they are correlated, on a vertical section, the zones appear to be essentially vertical, with a
slight dip to the east, but essentially vertical, and they show very good conductivity.

M.D. Thomas - John, you make a distinction between the metagabbro and the pyroxenite encountered in
boreholes CR-2, 3 and 4; is there a strong distinction?

I.J.B. Dugal - There is a very strong distinction.

M.D. Thomas - They are quite unrelated then?

I.J.B. Dugal - There are only two pyroxenes in the pyroxenite and some amphibole, but in the metagab-
bro it is totally different. It is very coarse-grained, it has garnets, small garnets, and two
pyroxenites. They are two distinct units. I cannot tell whether it is a distinct intrusive layer.
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P.G. Killeen - I was interested to see that you found in some locations in some of the holes, an associa-
tion of gamma-ray log anomalies with some of the fractures. You mentioned that they may
have been interpreted as being related to uranium in some of the fractures. We had done
gamma-ray spectrometry work in borehole CR-1. Of course from the natural gamma log you
cannot tell whether it is thorium, uranium or potassium that is causing the anomalies with-
out actually analyzing the core. But with the spectral log we can tell the difference, and in
fact many of those fractures seemed to relate more to thorium and potassium than to
uranium. However, the reports in the literature indicate that uranium is what we should ex-
pect.

W.A. Morris - We did see uranium in the core.

P.G. Killeen - So it is really there. We tried to find that association and we could not confirm it.

K.C. Kamineni - On analysis, uranium was present in quite a high concentration.
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ABSTRACT

Petrographic analyses of core samples collected at 5-m intervals from the 701-m length of borehole CR-9 il-
lustrate the compositional complexity and inhomogeneity of rocks at the Chalk River Research Area. Seven
metamorphic rock units are defined based on modal analyses. These include four thin (26 to 65 m), fairly
homogeneous leucocratic units; two thick, compositionally complex units; and a metamorphosed gabbro. An
unmetamorphosed diabase dyke is present near the top of the borehole.

Textures of leucocratic gneisses are generally inequigranular, interlobate-platy granoblastic. Original subophi-
tic to intergranular textures are preserved within the finely banded metagabbro. The metagabbro contains
coronas representing reactions between primary clinopyroxene and plagioclase, titano-magnetite and plagioc-
lase, and possibly olivine and plagioclase. The coronas consist of zonal arrangements, from core to rim, of
1) primary clinopyroxene, hornblende, hypersthene + plagioclase; 2) hypersthene + plagioclase, plagioclase,
garnet; 3) magnetite - ilmenite, biotite, hornblende, garnet. Corona textures in gabbroic rocks are thought to
form by mineral reactions during cooling through 850 to 500°C, at pressures of 800 MPa.

The CR-9 samples lack aluminosilicate minerals, making estimation of metamorphic conditions difficult.
However, the sporadic occurrence in the gneisses of stable hypersthene in association with diopside, garnet
and hornblende indicates that conditions reached the hornblende granulite facies of regional metamorphism.
Temperatures and pressures were likely less than those during corona formation. Late fractures in the gneis-
ses possess mineral assemblages that formed at temperatures of more than 300°C.

INTRODUCTION

One of the many elements of the Canadian Nuclear
Fuel Waste Management Program is the study of
the petrography of a variety of crystalline rocks in
the Canadian Shield. The results are used in evalu-
ations of the suitability of geological environments
for the disposal of nuclear wastes. They are pro-
vided to other task groups in the program as basic
information in modelling various rock properties,
particularly the thermal conductivity of large rock
bodies.

This paper presents the descriptive petrography
of samples from the Chalk River Research Area. Al-
though samples from many boreholes at the facility
have been examined petrographically, the rocks in
borehole CR-9 were chosen as representative of the
gneisses in the Chalk River area. The borehole pro-
vides the longest section through the gneisses, con-
tains a wide variety of rock types, and is the only

hole sampled in detail. CR-9 serves as an example
of the compositional complexity and inhomogeneity
of the rocks that underlie the Chalk River Research
Area. Petrography of the samples is complemented
by a small number of chemical analyses.

Borehole CR-9 is located north of Lower Bass
Lake and plunges between 59° and 48° to the
southwest under the northern tip of the lake (Fig.
1). The area is underlain by rocks identified by
Brown and Rey (1987) as orthogneisses. The core
from CR-9 was sampled at 5-m intervals over its
downhole length of 701 m to obtain specimens for
thermal conductivity studies. Thin sections were
prepared and the textures and modal compositions
of these specimens are described. Conditions of
temperature and pressure that prevailed during
metamorphism are estimated from the mineral
parageneses.
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Figure 1: Location of boreholes in the Chalk River Research Area.
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MODAL AND CHEMICAL COMPOSITIONS
AND DESCRIPTIVE PETROGRAPHY

Modal Compositions

Modal analyses were performed on thin sections
cut at right angles to the core axis (Table 1). The
plane of gneissic banding or foliation is generally at
a high angle to the plane of the thin sections, so
that the iarge-size, thin sections (1,500 mm2 approx-
imately) transect portions of rock equivalent to
about 15 to 30 mm in a direction perpendicular to
the foliation. Analyzed areas were approximately
30 x 30 mm, and 1,200 points were counted on each
section. Normally, analysis of such small samples
would not be representative for specimens with a
broad banding or where the long axis of large
augen is oriented nearly perpendicular to the core
axis. Most specimens, however, are fine- to
medium-grained with fine-scale banding and highly
flattened lenticular structures; therefore, many layers
were sampled in each analysis. The results of
modal analyses appear to be little affected by the
angle between the foliation and the plane of thin
section. For example, analyses of unit 5 are quite
uniform even though the angle between the folia-
tion and the core axis ranges from 40° to 75°.

Leucocratic specimens (colour index 30%) range
in composition from syenogranite to diorite (Fig. 2).
One specimen has a tonalitic composition. Most of
the granite gneiss specimens are monzogranites
(Fig. 2). The more potassic syenogranites, syenites
and quartz syenites found in borehole CR-1 (Kami-
neni, 1980) are not well represented in borehole
CR-9. Mesocratic specimens (colour index 30 to
60%) are generally diorite, quartz diorite, amphibo-
lite or metagabbro. The colour index of a few
melanocratic metagabbro samples exceeds 80%.

Chemical Compositions

Chemical compositions of the samples from
borehole CR-9 (Tables 2, 3) also reflect the diversity
of the rocks. The SiO2 contents of gneissic speci-
mens range from 52.6% to 77.7%; A12O3 content
ranges from 12.4% to 19.1%. Ratios of AI2O.V
(CaO + Na2O + K2O) are low (< 1.53), indicating
that these rocks are probably orthogneisses
(Hyndman, 1972). Their general composition is not
unlike that of average granodiorite (analysis 13,
Table 2).

Chemical analyses and norms of eight metagab-
bros are listed in Table 3. For comparison, chemical
analyses of two amphibolites in CR-9 and an aver-
age the' iitic basalt are included in Table 3. The
amphibolite at 566.7 m is similar in composition to
the metagabbro and may be a fine-grained, recrys-
tallized equivalent. The amphibolite at 120 m has
lower Fe20;i + FeO and Ti02, and higher AI2O3 con-
tent than the metagabbro. The coarse-grained
metagabbros are differentiated rocks, most likely de-
rived from a parent magma of continental tholeiitic
basalt. All samples are relatively rich in iron and
titanium. This reflects the elevated content of mag-
netite-ilmenite, which may reach 25 modal percent.

Some samples contain less than 45% SiO? and
are ultramafic. Silica content is roughly inversely
proportional to iron content. The somewhat elevated
Na2O content probably reflects the composition of
the primary oligoclase-andesine, which retained orig-
inal normal zoning and twinning. Specimens with
less than 45% silica have olivine in the CIPW
norms'. No olivine was identified in thin sections
of the metagabbro.

* CIPW norm - A norm in which the reported con-
tent of a mineral represents its weight percentage
and in which the minerals are all anhydrous min-
erals of simplified composition.

AVEBACE HOPES ( x ) AKD SPECIFIC GRAVITIES ( { R / C H 3 )
OF HETAMORPHIC ROCK UHITS IM BOREHOLE CR-9

UNIT

1 4.7
1 .65

42.0
4.SI

29.4
6.89

Spn

0.9
1.11

2.0
3.73

8.1
6.40

2.8
2.37

9.2
1.79
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0.6
0.24

1.4
1.86

7 X
S
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4

devil

.3

.92

it Ion
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5
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.31
36

5
.1
.52

U
0 .60
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2.51

0.4
0.26

1.6
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1.7
0.70
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2.84
0.0S9

2

3

4

5

6

x
s

X

S

X

S

X

s
X

s
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15.21

13.0
9.58
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0.6
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51.4
4.86

39.6
3.82

38.9
11.45

22.2
13.2

15.0
9.49

-

45.3
3.24

1.3
2.74

3.7
4.24

8.7
5.28

11.6
2.18

0.2
0.26

9.1
7.76

2.4
6.44

0.9
1.37

0.3
0.29

0.2
0.19

0.7
1.11

4.7
9.69

2.6
3.35

7.8
11.66

2.4
1.01

27.0
12.9

1.9
3.13

1.6
2.17

10.1
7.84

0.8
1.41

9.5
7.41

-

-

1.9
2.23

-

t

3.6
2.64

3.3
2.22

7.2
2.54

5.9
0.45

2.3
2.99

0.4
0.44
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0.28

1.2
0.67

0.2
0.11

1.1
0.83
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-

1.
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5
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0.

2.
0.

2.
0.

3 .
0.

:?5

116

94
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73
062

73
015

12
084

2.81
0.046

Mineral abbreviation!, fron Kretz, (1983):
A? - apatite, Bt - bloelte , Chi - chlorite,
Cpx • cllnopyroxene, Grt - garnet, Hy • hyperathenet Hbl • hornblende, Kfi « K-feldapar,
Knt • •ontaoril lonlte. Op * opaque nlnerala,
PI • plagloclase, Qtz • quarts, Spn • sphene, t • trace aaKmnt.
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COMPOSITIONS (WEIGHT PERCEMT) OF CR-9 FELSIC GNEISSES
SEE TABLE 1 FOR HIKEKAL ABBBEVIATIOHS

(1 )17 .6 (2)68 .8 (3 )80 .3 (4)166.1 (5) 265.5 (6)303 .6 (7)313.6 (8)376.8 (9)419 .8 (10)480.7 (11)513.8 (12)682.6 (13)GRD

sio2TiO*
A12O3

Pe6
HnO
MgO
C<0
N.,0
K,0
K,0
CO,

^2 b
S
Total

Source:

55.2
1.16

17.8
2 . 1
7 . 3
0.19
1.13
5.13
3 .8
3.90
0 . 4
0 . 2
0.35
0.16

98.82

Choayn

75.6
0.12

12.4
0 . 1
1.2
0.93
0.13
1.05
2 . 6
4.92
0 . 4
0 . 1
0.04
0.05

99.64

(1981)

62.8
0.66

17.6
1.3
3.9
0.10
0.97
4.31
3.5
4.01
0 . 5
0 . 2
0.20
0.07

100.12

77.7
0.08

12.5
0 .6
0 .2
0.01
0.13
1.31
2 .1
5.31
0 . 5
0 . 1
0.01
0.01

100.56

62.5
0.68

17.8
0 .7
3 .9
0.09
0.97
4.64
3.9
3.05
0 . 8
0 . 3
0.20
0.03

99.56

59.5
0.75

18.0
1.1
4 . 4
0.11
1.29
4.65
4 . 2
3.60

6.8
0 . 3
0.23
0.11

99.04

72.4
0.22

14.7
0 . 2
1.4
0.02
0.27
1.94
3.2
4.64
0 . 9
0 . 4
0.06
0.08

100.43

58.9
0.63

19.1
1.2
4 . 3
0.11
0.40
3.30
3.5
6-U4
0 . 2
0 . 3
0.15
0.03

98.16

65.2
0.44

17.4
0 . 6
2 . 6
0.05
0.53
3.23
3 . 5
5.03
0 . 8
0 . 2
0.11
0.08

99.77

57.6
0.83

18.9
1.2
5.1
0.12
1.49
4.91
3.9
3.56
1.0
0 . 2
0.24
0.09

99.14

52.6
1.51

16.3
2.4
8 .1
0.19
4.54
7.34
3.2
0.64
2 .5
0 . 3
0.45
0.17

100.24

56.4
1.09

17.4
1.9
7 .9
0.19
1.01
4.02
3.2
4.63
0 . 5
0 . 1
0.28
0.08

98.70

66.9
0.57

15.7
1.3
2 .6
0.07
1.57
3.56
3.84
3.07
0.65

0.21

100^0*4

1 - aonzadiorlte gneiss; Bt + Hy + Hbl + Cpx + Ore + qtz + Pi + Kfs
2 - granite gneiss; Bt + Hbl + Crt + Qtz + PI + Kfs
3 • quartz aonzonite gneiss; Bt + Hbl -I- Grt + Qtz + Pi + Kfs
4 - granite gneiss; Cpx + Grc + Hbl + Bt + Qtz + PI + Kfs
5 - quartz sonzonlte (nelss; Hbl + Cpx + Grt + Bt + Qtz + PI + Kfs
6 • quartz •onzodlorit
7 - granite gneiss; Grl
8 - aonzonlte gneiss; :
9 • granite gneiss; Cp;
10 - quartz Monzodiorlt<
11 • quartz dlorlte gne

gneiss; Grt + Hbl + Bt + Qtz + PI +
+ Hbl + Be + Qtz + Pi + Kfs

It + Cpx + Hbl + Grt + Qtz + PI + Kfs
+ Bt • Grt + Hbl + Qtz +• PI +• Kf«
gneiss; Hbl + Cpx + Grt + Qtz + PI + Kfs

BS; Hbl + Cpx + Grt + Qti + Pi
12 - aonzonlte gneiss; Bt + Cpx + Crt + Hbl + Qtz + PI + Kfs
13 GKD - average granodiorlte (Nockolds and Allen, 1954)

CH9
• THERMAL CONDUCTIVITY

SAMPLE

©AVERAGE

% » * * » : « T . diorite » X • *

10 90 35 65 mohzonite 6535 90(0 W i f e /
gabbro

Figure 2: Modal quartz-alkali feldspar-plagioclase
feldspar of samples from borehole CR-9.
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TABLE 3

COMPOSITIONS (WEICHT PERCENT) OF CB-9 HETAGABBBOS

S u p l « : 582.1 587.2 592.8

S102

TlOj

HnO
MgO
CaO
Na,0

h«
B,0

45.10
«.20

16.20
6.60

10.40
0.20
5.5«
7.58
3.25
0.93
n.in
0.60P2O5 0.60 0.70

4«.9O
4.27

16.80
6.23
9.57
0.21
4.43
6.79
3.65
1.11
0,40
0.70

43.10
5.96

U.70
3.90

12.60
0.21
4.44
8.30
3.20
0.90
0.60
0.54

45.10
4.69

U.20
6.54

10.58
0.24
4.59
8.46
3.50
1.11
1.00
0.67

44.70
4.62

17.90
5.81

10.99
0.21
4.6}
6.86
3.60
1.18

101.00 99.06 98.45 100.68

42.60
5.B9

11.70
6.64

12.43
0.28
6.00
8.81
2./9
0.82
0.30
0.40

98.66

42.60
6.42

11.90
7.59

12.47
0.27
5.24
n.67
2.95
0.88
0.20
0.40

99.59

42.40
6.76

13.00
7.72

11.45
0.24
4.86
8.95
3.14
0.77
0.20
0.50

99.99

120.4

48.3
2.63

16.90
2.20
9.50
0.20
4.51
8.78
3.20
1.18
1.4
0.74

99.5'i

A.T.B.

50.83
2.03

14.07
2.B8
9.06
0.18
6.34

10.42
2.23
0.82
0.23
0.91

100.00

Sources: J. Dugal (peraonal coaaunicaclon); Choayn (1981) (CR9-592-8)
120.4 - Blotlce aaphlbollte (Cho.yn, 1981)
566.7 • flypersthene - garnet aaphlbollce (Chonyn, 1981)
A.T.B. - Average Tholelltlc Baaalc (Nockolde and Allen, 1954)

FELSIC MINERALS
NORMALIZED MODAL <%>

0 20 40 60 80
J I I I L

MAFIC MINERALS
NORMALIZED MODAL (%) a COLOUR INDEX

100 20 40 60 80 100

160

180-

200-

220-

240-

all NO SAMPLE NO SAMPLE

.^co lour ,y,-.i ' i «•.;•«.; .•
;->.^in_dex ;'.-'-'.V-:-'.-;--:.::;-/-'-'-'-.":'.-'i''•.•.•.«'

^ / HORNBLENDE
AND PYROXENE

Figure 3: Provisional subdivision of rock units in borehole CR-9. Left column: Variation of salic minerals
(quartz, alkali feldspar, plagioclase feldspar, normalized to 100%). Right column: Variation of mafic miner-
als (biotite, pyroxene + hornblende, garnet, normalized to 100%), and colour index (% mafic minerals). A
diabase dyke (D) occurs in the 40- to 50-m interval in unit 1. Boundaries of units shown are approximate.
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Figure 3 (cont'd) NORMALIZED MODAL (%) NORMALIZED MODAL (%) a COLOUR INDEX
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700
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DESCRIPTION OF UNITS

Seven metamorphic rock units have been iden-
tified based on uniformity of modal composition
and colour index (Fig. 3). Average modes, standard
deviations, and specific gravities for the metamor-
phic units are found in Table 1. From the top of
the hole downward, these units are:

Unit 1. Monzonite gneiss, 0 to 65 m (Plate 1)

Gneissic rocks of monzonitic composition ac-
count for 80% of unit 1. Remaining rocks are

quartz monzonite, biotite-diopside amphibolite, and
quartz monzodiorite gneisses. The quartz content of
these grey to green, fine- to medium-grained, well-
foliated rocks is less than 10%. The colour index of
the rocks ranges from 20 to 30%. The chief mafic
minerals are hornblende, garnet and pyroxene, with
subordinate biotite. Hypersthene is present in two
specimens. A diabase dyke occurs in the hole be-
tween the 40- to 52-m interval (Plate 2). The non-
metamorphic rock is massive, fine-grained, dark
green, and has a subophitic texture. It is composed
chiefly of plagioclase and pyroxene.

Plate
unit

i 1 Elongated pods of mafic minerals define a foliation in the fine- to medium-grained monzonite gneiss,
1 (CR-9-29.74). 1A. plane-polarized light, IB. crossed nicols. Long edges of photos are 7.5 mm.

Plate 2 Subophitic texture in diabase dyke (CR-9-51.2). 2A. plane-polarized light, 2B. crossed nicols. Long
edges of photos are 7.5 mm.
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Unit 2. Mixed gneisses, 65 to 115 m,
145 to 245 m, 395 to 580 m (Plate 3)

This unit is composed of gneisses of the follow-
ing compositions: 30% quartz monzonite to monzo-
nite, 30% quartz monzodiorite to monzodiorite, 13%
granite, 13% quartz diorite to diorite, and 10%
granodiorite. Amphibolite occurs at the 85-m, 515-m,
and 540-m levels. Gneisses are principally finely
banded and light grey, but they include pink, white
and mottled dark grey to green gneiss, and black

amphibolite. Some specimens contain small pegmati-
tic veins. Colour index is generally less than 20%.

Unit 3. Quartz diorite to diorite gneiss,
115 to 145 m (Plate 4)

This relatively homogeneous unit is lineated and
only weakly foliated. Quartz content ranges up to
30%, but is usually less than 10%. The colour index
is generally 40 to 50%. There are sub-equal
amounts of biotite, garnet and pyroxene (diopside
and hypersthene), but little hornblende.

Plate 3 Mosaic texture of quartz monzonite gneiss from the mixed gneisses, unit 2 (CR-9-195.70). 3A. plane-
polarized light, 3B. crossed nicols. Long edges of photos are 7.5 mm.

PLATE 4A

Plate 4 Inequigranular polygonal texture with comparatively weak foliation in diorite gneiss, unit 3 (CR-9-
130.57). 4A. plane-polarized light, 4B. crossed nicols. Long edges of photos are 7.5 mm.
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Unit 4. Dominantly quartz monzodiorite gneiss, 245
to 365 m (Plate 5)

This unit contains approximately 55% quartz
monzodiorite gneiss, with subordinate quartz diorite
gneiss (17%), and granodiorite gneiss (13%). Quartz
monzonitic, granitic, and monzodioritic gneisses col-
lectively account for the remaining 75% of the
specimens. This unit is more uniform than unit 2

and has proportionally more biotite with respect to
garnet, hornblende and pyroxene. Colour index is
about 20%.

Unit 5. Monzonite gneiss, 365 to 395 m (Plate 6)

This homogeneous leucocratic gneiss is light
grey and finely banded. Mafic minerals are garnet,
hornblende, and locally diopside. Colour index is
just over 10%.

Plate 5 Thin mafic bands alternating with relatively thicker quartzofeldspathic bands in quartz monzodiorite
gneiss, unit 4 (CR-9-275.00). 5A. plane-polarized light, 5B. crossed nicols. Long edges of photos are 7.5 mm.

PLATE 6A

Plate 6 Inequigranular interlobate texture in monzonite gneiss, unit 5. Note the porphyroblastic tendency of
perthitic orthoclase (CR-9-375.00). 6A. plane-polarized light, 6B. crossed nicols. Long edges of photos are 7.5
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Unit 6. Metagabbro, 580 to 655 m (approximately)
(Plates 7 to 11)

The bulk of this unit is dark green, finely
banded to schistose gneiss that consists of elongate
pods of hornblende pseudomorphic after
dinopyroxene, magnetite-ilmenite, and biotite inter-
banded with laminae of fine-grained plagioclase.

The gneiss has distinctive massive, coarse-grained
portions with subophitic to intergranular texture. It
comprises subhedral to anhedral grains of
clinopyroxene and magnetite-ilmenite, up to 20 mm
in size, which are interstitial to relict lath-shaped
plagioclase. Corona textures are well developed in
places.

PLATE 7A

Plate 7 Corona structure in metagabbro, unit 6. Core of hypersthene and partial rim of hornblende. Thin
rims of fine-grained plagioclase, and subhedral garnet surround the hypersthene (CR-9-590.00). 7A. plane-
polarized light, 7B. crossed nicols.

PLATE 8A

Plate 8 Corona structure in metagabbro, unit 6. Core of hypersthene + hornblende, rim of garnet +
hornblende + plagioclase + hypersthene (CR-9-595.00). 8A. plane-polarized light, 8B. crossed nicols. Long
edges of photos are 7.5 mm.
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PLATE 9A

Plate 9 Corona structure in metagabro, unit . Core of magnetite-iimenite, with incomplete rims of biotite and
hornblende, and an outer sheath of garnet (CR-9-590.00). 9A. plane-polarized light, 9B. crossed nicols. Long
edges of photos are 7.5 mm.

10B

Plate 10 Primary clinopyroxene partly converted to secondary clinopyroxene, hornblende, and hypersthene in
metagabbro, unit 6 (CR-9-650.00). 10A. plane-polarized light, 10B. crossed nicols. Long edges of photos are
7.5 mm.

PLATE HA

Plate 11 Relict intergranular texture in metagabbro, unit 6 (CR-9-590.00). 11A. plane-polarized light, 11B.
crossed nicols. Long edges of photos are 7.5 mm.
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Unit 7. Monzonite to quartz-monzonite gneiss,
660 m to 701 m (Plate 12)

This green to grey, finely banded unit is uni-
form in composition, and has a colour index of ap-
proximately 20%. The mafic minerals are chiefly
hornblende and garnet.

With the exception of the diabase and metagab-
bro, the gneisses intersected by borehole CR-9 are
similar enough texturally that they may be de-
scribed collectively. Leucocratic rocks comprise fine-
to medium-grained grey, green, pink, or rarely
white, lineated augen gneisses and layered to
foliated gneisses, with occasional pink to white peg-
matite and aplite. Melanocratic rocks are medium-
grained saccharoidal gneisses with well-developed
banding and/or lineation, and range in colour from
dark green to dark grey or black. Garnet,
hornblende, and pyroxene porphyroblasts are visible
in the majority of specimens, although it is not al-
ways possible to distinguish pyroxene from
hornblende with the unaided eye. Plagioclase and
K-feldspars are pink to white, or green.

Microscopic Descriptions

Mineral Characteristics: l*eucocratic and Melanocratic
Gneisses

Gneissosity of banded specimens is produced by
alternating feldspar and quartz-rich bands, and
layers enriched in mafic minerals. Felsic augen is
composed of a mosaic of interlobate untwinned K-
feldspar mantled by plagioclase. Grains are sutured,
and textures are inequigranular, interlobate-
platy granoblastic, indicating that recrystalli/.ation
outlasted deformation. Mineral grains are usually
elongated from 2:1 to 10:1 in the plane of foliation.

Quartz, typically with weak undulatory extinc-
tion, occurs chiefly as ribbons composed of elon-
gated grains up to 9 mm long, as spherical inclu-
sions in garnet and hornblende, and as myrmekitic
intergrowths with plagioclase.

Plagioclase ranges from albite to andesine, with
oligoclase being most common. The plagioclase in
the diabase is labradorite, and in the metagabbros it
is oligoclase to andesine. Alteration products of
plagioclase are sericite, calcite, hematite, chlorite, K-
feldspar and epidote.

K-feldspar is probably orthoclase, generally un-
twinned, but bleb microperthite is also common.
Multiple grains commonly form augen, and smaller,
deeply scalloped grains occur between plagioclase
porphyroblasts.

Mafic minerals may occur as trains of anhedra
or euhedra or they may form polymineralic lensoid
clusters. Biotite has straw-yellow to fox-red pleo-
chroism, and is usually parallel to the plane of foli-
ation or banding. Rarely, it may be aligned within
a weak, oblique secondary foliation. Biotite is vari-
ably replaced by chlorite and prehnite. Olive-green
to brown hornblende occurs as anhedral and euhed-
ral prisms, up to ! mm in length, parallel with the
foliation, and in places defining a lineation.
Clinopyroxene is typically equant and forms anhed-
ral to subhedral, pale green grains that range from
fresh to entirely replaced by chlorite or montmoril-
lonite. Orthopyroxene is pleochroic green to pink
hypersthene. Morphologically, it is similar to
coexisting clinopyroxene, although hypersthene
grains tend to be relatively smaller and are com-
monly altered along cleavage planes, or replaced by
pale brown, platy montmorillonite (X-rayed). Gar-
nets are mostly anhedral to subhedral, with sparse
inclusions of quartz. Fractures may be filled with
chlorite, calcite, epidote, pyrite, quartz, prehnite,
sphene, or laumontite.

Mineral Characteristics: Diabase and Metagabbro

The diabase in thin section exhibits a subophitic
texture; fresh plagioclase laths are partially enclosed
by sub-calcic augite with pigeonite cores.
Pseudomorphs of olivine consisting of biotite +
chlorite ± serpentine are contained within cores of

PLATE 12A

Plate 12 Trains of garnet and hornblende in foliation in quartz monzonite gneiss, unit 7 (CR-9-675.00). 12A.
plane-polarized light, 12B. crossed nicols. Long edges of photos are 7.5 mm.
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some pyroxene grains. The mesostasis consists of
chlorite and symplectite.

Original subophitic to intergranular texture is
preserved in some metagabbro specimens, although
shearing has resulted in development of schistose
or gneissic textures. Samples exhibiting relict igne-
ous texture are composed of large (•= 10 mm) sub-
hedral to anhedral, prismatic, primary pale green
clinopyroxene, which is clouded with minute
opaque inclusions and is interstitial to subhedral
plagioclase with normal zoning (An47-An2l)) and
complex twinning. The primary plagioclase is
clouded with minute inclusions of spinel, pyroxene,
hornblende, biotite, and apatite. In gneissic speci-
mens, primary pyroxene is largely replaced by
poikilitic hornblende with feldspar (or possibly
quartz) inclusions, and plagioclase has recrystallized
as equant granoblastic mosaics. Small anhedral
grains of pale green clinopyroxene and pale brown
orthopyroxene occur around the edges of some
large, primary clinopyroxene augen in the gneissic
specimens.

Corona structures

Corona structures are present in the specimens
exhibiting relict primary textures, and consist of

1) Poikilitic, anhedral garnet separated from cores of
hypersthene ± hornblende by a single-grain,
thick layer of secondary plagioclase (Plate 7);

2) Cores of orthopyroxene + hornblende, and rims
of garnet + hornblende + plagioclase + or-
thopyroxene (Plate 8);

3) Biotite, hornblende, and aggregates of garnet
around magnetite-ilmenite cores (Plate 9);

4) Hypersthene + plagioclase, and hornblende with
or without spinel symplectite, around cores of
primary clinopyroxene (Plate 10).

The coronas are generally not well developed;
individual layers may surround the core grain, or
they may be only partially developed. In places,
primary pyroxene remains in contact with unde-
formed, unrecrystallized primary plagioclase prisms.
Garnet also occurs as equant euhedra in unrecrys-
tallized plagioclase grains, apparently unrelated to
corona structures. Hypersthene is stable with garnet
and hornblende, and probably is iron-rich (i) =
0.048, 2V = 45°).

METAMORPHIC CONDITIONS AT THE
CHALK RIVER RESEARCH AREA

Corona structures in the massive parts of the
metagabbro unit preserve mineral assemblages pre-
dating the major metamorphic event affecting the
rocks in the Chalk River area. Similar corona struc-
tures have been found in olivine-bearing anortho-
sites and gabbros in Precambrian granulite terrains
around the world. It is believed coronas formed by

mineral reactions during cooling at sub-solidus tem-
peratures, by reaction between olivine and plagioc-
lase, pyroxene and plagioclase, or ilmenite and
plagioclase. A model, proposed by Shand (1945)
and Murthy (1958) and supported by Grieve and
Gittins (1975), assumes that diffusion of Fe and Mg
from olivine and Ca, Na, Al, and Si from plagioc-
lase in the presence of an intergranular H20-rich
fluid phase resulted in the formation of or-
thopyroxene, hornblende, spinel, and garnet.
Coronas in the Hadlington Gabbro are estimated to
have formed below 850°C (Grieve and Gittins,
1975). Because in the Chalk River rocks alumina has
gone into the formation of garnet rather than
spinel, the coronas are of a higher temperature
than those of the Hadlington Gabbro (Grieve, per-
sonal communication, 1983). Griffin (1971) estimated
that coronas in Norwegian anorthosites had formed
during slow cooling between 850 to 500°C and pres-
sures of 800 to 1,200 MPa. Three-zone coronas
(biotite, hornblende, garnet) around magnetite-ilme-
nite, as found at Chalk River, are also present in
the Hadlington Gabbro (Grieve and Gittins, 1975),
in coronites in India, the Aditondacks and Norway
(Murthy, 1958).

The absence of aluminosilicates in the gneissic
samples and a lack of quartz in the metagabbros
from borehole CR-9 makes estimation of conditions
of the subsequent metamorphism difficult. Further-
more, the presence of garnet rather than cordierite
does not conclusively indicate high metamorphic
pressures, as the absence of cordierite may have
been controlled by the bulk composition of the
gneisses: specimens from CR-9 fall outside the sta-
bility field of cordierite on the AFM diagram of
Reinhardt (1968). Kamineni (1980) estimated that
temperatures and pressures at the nearby borehole
CR-1 were in the range of 650 to 750°C and 400 to
500 MPa, respectively, based on the occurrence of
stable biotite and hornblende, perthitic lamellae in
K-feldspar, the absence of muscovite and a lack of
hypersthene as well as the coexistence of sillimanite
and K-feldspar in adjacent pelitic rocks.

The assemblage biotite + hornblende +
clinopyroxene + K-feldspar + plagioclase + quartz,
characteristic of the almandine-amphibolite facies
(Turner, 1968) is widespread. In the metagabbros, a
lack of quartz may have prevented further break-
down of hornblende in reactions that mark the be-
ginning of the hypersthene zone of the granulite
facies. In the felsic gneisses, on the other hand, the
sporadic occurrence of the assemblage garnet +
hornblende + biotite + clinopyroxene + or-
thopyroxene + K-feldpar + plagioclase + quartz
indicates that the conditions of the hornblende-or-
thopyroxene subfacies of the granulite facies were
reached.

Although the high alumina content (Table 2)
and the wide variation in composition and thickness
of interbedded layers of the gneisses favour a sup-
racrustal origin, the locally low ratio of A^O^CaO
+ Na2O + K2O) (< 1.53) of some specimens
suggests that these are orthogneisses (Hyndman,
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1972). In gneisses derived from plutonic igneous
rocks, the occurrence of such hydrous minerals as
hornblende and biotite suggests the presence of pri-
mary mica or amphibole in the protolith. Mineral
assemblages containing hypersthene could form at
lower temperature in the orthogneisses than in ad-
jacent wetter paragneisses.

Limits of metamorphic conditions (Fig. 4) are
defined by the occurrence of sillimanite rather than
andalusite, the absence of prograde muscovite in
nearby pelitic gneisses, the presence of hypersthene
and hornblende, and perthitic feldspar. The upper
pressure limit is not known, but is presumably less
than the formation pressure of the corona in the
metagabbro, which was likely around 800 MPa.

1000

800

o
Q.
•600

MOO

200

CORONA
FORMATION ?

400° 600° 800°
TEMPERATURE, °C

Figure 4: Boundaries of estimated metamorphic
conditions of rocks in borehole CR-9 (shaded area).
Reactions are:

1) Mu + Qtz (dry) = AI2Si05 4 Kfs + L (Storre,
1972);

2) Mu + Qtz = AI2Si05 + Kfs + H20 (Evans,
1965);

3) AI2Si05 (Holdaway, 1971);

4) Approximate appearance of hypersthene
(Hyndman, 1972);

5) Approximate upper stability of hornblende
(Hyndman, 1972);

6) Critical line of the alkali feldspar solvus (Morse,
1970).

The upper limits of temperature and pressure for
the formation of corona in the CR-9 metagabbros
are also shown.

ALTERATION

Fracture followed the regional metamorphism
when the rocks had cooled and could respond in a

brittle manner. Epidote, chlorive, calcite, sphene,
prehnite, pyrite, and laumontite formed in fractures.
Montmorillonite replaced hypersthene and chlorite,
calcite, hematite, albite, epidote/clinozoisite and sec-
ondary K-feldspar replaced plagioclase.

Rocks are strongly altered between the 480- to
520-m downhole length. Plagioclase is altered to al-
bite and dusted with dark-rimmed tubular pores, as
well as partially replaced by K-feldspar along cleav-
age traces and grain boundaries.

The albitiz.ation was accompanied by recrystalli-
zation of feldspar grain boundaries, which are now
finely scalloped. Calcium from the original plagio-
clase crystallized as anhedral calcite grains within
and between feldspar grains, and filled anastomos-
ing fractures. Mafic minerals have altered to chlo-
rite. Where plagioclase has been replaced by seri-
cite, K-feldspar is dusted with fine inclusions and
mafic minerals are chloritized. Salmon-coloured,
granulated rocks consisting of angular pieces of K-
feldspar in a pulverized matrix of extremely fine-
grained feldspar, calcite, and opaque dust are com-
mon throughout the zone. The matrix is porous,
and specific gravities of the rocks may be as low as
1.57 g/cm3. Some pores in the matrix are filled with
calcite.

With increasing alteration intensity, pale green
chlorite replaces plagioclase and K-feldspar, and
leaf-green chlorite accompanied by brown granular
epidote replaces the mafic minerals. Sulphides and
sphene are disseminated through the chloritized
feldspars. In zones of highest temperature altera-
tion, the mafic minerals have been replaced by tre-
molite, epidote, and chlorite, an assemblage charac-
teristic of the greenschist facies. Plagioclase is
epidotized, and K-feldspar is dusted with dark-rim-
med tubular pores.

The assemblage actinolite + chlorite + epidote
+ quartz has been synthesized at pressures of 200
to 300 MPa and a temperature of 350°C (Nitsch,
1971). The assemblage epidote + tremolite-actinolite
is reported to have formed at a temperature of
300°C by hydrothermal alteration of the diorites at
Al Hadah, Saudi Arabia (Marzouki et al., 1979).

SUMMARY

Based (in modal analyses, the metamorphic
rocks transected by borehole CR-9 are petrologically
diverse and can be divided into seven units:

1) monzonite gneiss,
2) mixed gneiss,
3) quartz diorite to diorite gneiss,
4) dominantly quartz monzodiorite gneiss,
5) monzonite gneiss,
6) metagabbro, and
7) monzonite to quartz monzonite gneiss.

The gneissic rocks consist of fine-grained, well-
banded, leucocratic quartzofeldspathic gneisses with
garnet + hornblende + biotite + 2 pyroxenes and
melanocratic saccharoidal, fine-grained, finely
banded or lineated gneisses. Metagabbro has por-
tions with massive subopliitic to intergranular tex-
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hires preserved locally within the generally finely
banded body. Corona structures in the metagabbro
record reactions that took place during cooling of
the intrusion prior to the regional metamorphism.
All the rocks were subjected to hornblende-granulite
fades metamorphism during the Grenville Orogeny,
as indicated by mineral assemblages containing
clinopyroxene, hypersthene, garnet, hornblende,
biotite and perthite. Late fractures were filled with
epidote, chlorite, caldte, sphene, pyrite, prehnite
and laumontite. Hypersthene was altered to
montmorillonite, and plagioclase is variably replaced
by chlorite, calcite, hematite, epidote, albite and
secondary K-feldspar. A zone of strong alteration
and fracturing is present between 480- and 520-m
downhole length. The highest temperature mineral
assemblage in the alteration zone - epidote + tre-
molite-actinolite + chlorite - indicates that tempera-
tures of hydrothermal solutions were likely greater
than 300°C. The gneisses were cut by a diabase
dyke, possibly part of a swarm of dykes emplaced
in eastern Ontario and western Quebec about 790
million years ago, during a period of crustal exten-
sion (Douglas, 1972).
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Discussion - Paper No. 7

R.L. Coles

- Did you look at polished sections of the metagabbro?

PJ. Chernis - No. I haven't examined any polished sections. It should be done.

R.L. Coles - What is the basis for saying the opaque in the metagabbro is magnetite?

K.C. Kamineni - It is magnetite. We identified it in thin sections.
P.J. Chernis — The opaque is black in hand specimens, and strongly magnetic. These are characteristics

of magnetite, rather than pyrrhotite. There is also a small amount of pyrite in the
metagabbro samples. It is yellow, and non-magnetic.

P.A. Brown - You said you found the same type of unit at the top (unit 1) and bottom (unit 7) of
borehole CR-9. Are they quite distinctive and is there anything else in-between that is the
same?

P.J. Chernis - They are similar mineralogically and texturally. I don't think there is anything the same

in-between.

P.A. Brown - So you really do see those two units as being equivalent.

P.J. Chernis - They could be, but more chemical analyses and petrography needs to be done before
equivalency can be established.
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ABSTRACT

Magnetic susceptibility measurements made on rock cores obtained from boreholes at the Chalk River Re-
search Area indicate that the foliated, granitic to granodioritic gneisses are weakly magnetic. Susceptibility
values are about 5 x 10"4 S.I., two orders of magnitude less than average values for the Atikokan or Lac du
Bonnet granites.

Interpretation of the variations recorded in the gneisses in all cores is difficult because the average magnet-
ic susceptibility level is near the limit of resolution of the measuring instrument used. However, in CR-6
and CR-9, mafic units intersect the boreholes and high magnetic susceptibility zones are seen. In CR-9 sus-
ceptibility values of the order of 5 x 10"2 S.I. characterize a dyke at depths of 40 to 60 m. A second high-
susceptibility zone, distinctly different from the shallower one, is recorded at depths of 580 to 670 m with
susceptibility of the order of 5 x 10'3 S.I. This difference in susceptibility suggests mineralogical differences
between the two units. The distinctive susceptibility signatures of these two units are better differentiated
than signatures obtained from the other geophysical logs. In CR-6 only one high-susceptibility zone (of the
order of 5 x 10'2 S.I.) is recorded in CR-6, at depths of 200 to 290 m. Its signature is similar in shape and
intensity to the shallower unit observed in CR-9. Preliminary interpretation suggests continuity between
these two zones.

In CR-2 and CR-5, significant correlations exist among magnetic susceptibility, temperature anomalies and
fracture occurrences. Contrary to observations at other research areas, fracture signatures in these two holes
correspond to slight increases in susceptibility values. Alteration products associated with the fractures have
higher susceptibility than the gneisses.

Even though most of the recorded variations of the magnetic susceptibility are near the detection limit of
the measuring instrument, significant features were observed and are discussed in this paper.
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INTRODUCTION

In 1978, Atomic Energy of Canada Limited
(AECL) undertook a research program in co-opera-
tion with Energy, Mines and Resources Canada
(EMR) to assess the suitability of igneous rocks for
the underground disposal of immobilized nuclear
fuel wastes. As part of this program, the Earth
Physics Branch of EMR has carried out a study of
magnetic properties of surface and subsurface rock
samples from several rock bodies of the Canadian
Shield. This paper discusses some results from the
Chalk River Research Area, in eastern Ontario
(F'g- 1).

CHALK RIVER RA-2

QUEBEC

Figure 1: Geographical location of the Chalk River
Research Area showing locations and extent of
boreholes CR-1 to CR-9.

During the past few years, a number of
boreholes have been sunk into the foliated, granitic
to granodioritic Grenvillian gneisses of the area.
Magnetic susceptibility measurements have been
made on the cores obtained from the holes CR-1 to
CR-9. The depths of the holes range from 113 m to
704 m. A total of 2,450 m of cores have been in-
vestigated and 3,708 measurements of susceptibility
were required over the length of the cores
(Table 1).

Downhole
Depth

(m)

269.2

213.5

159.8

113

230.1

304

152

304

704

2,449.6

Number of
Susceptibility

Measurements

328

327

272

185

378

414

217

447

1,140

3,708

TABLE 1

BOREHOLES CR-1 TO CR-9

DOWNHOLE DEPTH AND SUSCEPTIBILITY
MEASUREMENTS

Borehole

CR-1

CR-2

CR-3

CR-4

CR-5

CR-6

CR-7

CR-8

CR-9

TOTAL

TECHNIQUES AND BACKGROUND

Magnetic Susceptibility Definition

Magnetic susceptibility is the measure of the
ability of a sample to become temporarily magne-
tized in a magnetic field. In rocks, the observed
variation in the bulk magnetic susceptibility is con-
trolled largely by the presence of iron-titanium
oxides or certain iron sulphides, by their grain size
and relative abundance. Magnetite is the most im-
portant of the iron-titanium oxides because of its
abundance and high magnetic susceptibility. Varia-
tions in susceptibility may arise from lithology
changes, by alteration of primary iron oxide or iron
sulphide species, or by the introduction of secon-
dary iron oxides, sulphides, or oxyhydroxides via
fluid migration along fractures. Consequently, the
recognition of particular susceptibility signatures as-
sociated with alteration effects around fractures pro-
vides a direct qualitative estimate of the significance
of individual fracture sets for fluid movement
(Coles, 1981; Lapointe et al., 1983, 1984). Similarly,
the recognition of particular susceptibility patterns
associated with changes in lithology aids in resolv-
ing the geology of the rock body in question
(Lapointe et al., 1983).

Logging Procedures

The magnetic susceptibility of the cores was
measured using a Bison Instruments susceptibility
bridge, Model 3101 A, with a 63.5-mm-diameter coil,
accessory model 3110-6 (Bison Instruments, 1970).
The quantity determined is the volume, or bulk,
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susceptibility, i.e., the magnetic moment per unit
volume (A/m) divided by the magnetizing force
(A/m). Thus, true susceptibility is a dimensionless
quantity.

In the procedure adopted here, three measure-
ments 0.1 m apart were made in groups nominally
at 2-m intervals along the core. In most sections of
the Chalk River core, decreasing the sampling inter-
val would not significantly change the susceptibility
logs, because the variations from measurement to
measurement are generally small, and the values
are close to the limit of measurement for the instru-
ment.

The magnetic susceptibility data are displayed in
both unsmoothed and smoothed representations,
using a FORTRAN program MAGSUS (designed by
Coles and Morris and listed in Lapointe et al.,
1985). In addition to producing computer plots of
the susceptibility versus depth, the program produc-

es a histogram of percent frequency versus suscepti-
bility interval (not shown, but available on request).
The smoothing is a running average over nine indi-
vidual measurements consisting of three groups
(spaced 2 m apart) of three measurements each (at
0.1 m apart).

MAGNETIC SUSCEPTIBILITIES AT
CHALK RIVER

Most of the Chalk River core is weakly magnetic
with values of the order of 5 x 10"4 S.I., two orders
of magnitude less than average values for the
Atikokan (Coles et al., in prep.) or Lac du Bonnet
granites (Lapointe et al., 1983). In fact, in many
sections of core, the magnetic susceptibility is near
the limit of resolution of the measuring instrument,
10'5 S.I. Typical susceptibility logs are shown in Fig-
ures 2 to 10. In the unsmoothed log, the horizontal
bars show the range in susceptibility of the three
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Figure 2: Unsmoothed and smoothed magnetic susceptibility logs for CR-1 core.
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Figure 3: Unsmoothed and smoothed magnetic susceptibility logs for CR-2 core.
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Figure 4: Unsmoothed and smoothed magnetic susceptibility logs for CR-3 core.
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Figure 5: Unsmoothed and smoothed magnetic susceptibility logs for CR-4 core.

RAW SUSCEPTIBILITY SMOOTHED SUSCEPTIBILITY
(SIX10"4) (SIX10"4)

0 50 100 0 50 100
en
LJ
a:
r -
L±J

100

Q_
UJ

200

1 1 1 1 1 1 1 1 1 0-

100-

200-

I I I I I I I I I I

Figure 6: Unsmoothed and smoothed magnetic susceptibility logs for CR-5 core.
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Figure 7: Unsmoothed and smoothed magnetic susceptibility logs for CR-6 core.
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Figure 8: Unsmoothed and smoothed magnetic susceptibility logs for CR-7 core.
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Figure 9: Unsmoothed and smoothed magnetic susceptibility logs for CR-8 core.
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Figure 10: Unsmoothed and smoothed magnetic susceptibility logs for CR-9 core.
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measurements within each group; they are not error
bars. In Figures 7 and 10, the maximum values are
not shown because all logs are at the same scale
for comparison purposes.

The interpretations on the basis of magnetic sus-
ceptibility have been made prior to the availability
of detailed lithologic logs and fracture density logs.

Although very low values of susceptibility pre-
dominate, there are some interesting changes in
level, and also some rather spectacular anomalous
regions. For instance, in CR-6 and CR-9 high-sus-
ceptibility zones are seen corresponding to diabase
dykes intersecting the holes. In CR-9 (Figs. 10 and
11), susceptibility values of the order of 5 x 10'2

S.I. characterize a dyke at depths of 40 to 60 m. A
second high-susceptibility zone with susceptibility of
the order of 5 x 10"'1 S.I. is found at depths be-
tween 580 and 670 m. It is distinctly different in
character from the shallower one. Such a large dif-
ference in susceptibility suggests significant
mineralogical differences between the two units.
Chernis and Hamilton (1987) have examined the
petrography and petrology of rocks from CR-9, and
they confirm the difference between the two units.
The upper body is an unmetamorphosed diabase
dyke, whereas the lower body is a metagabbro,
metamorphosed during the same event as the sur-
rounding gneisses.. Furthermore, two distinct zones
can be distinguished within the metagabbro unit,
one from 580 to 615 m and the second from 615 to
670 in (Dugal and Kamineni, 1987). Both zones
have significantly higher susceptibility values than
the average values of the surrounding granitic-
granodioritic gneisses. But, the upper zone (580 to
615 m) has quite a distinct susceptibility signature
and intensity when compared to the lower zone
(615 to 670 m). This suggests a lithological differ-
ence between the lower and upper zones of the
metagabbro.

Although these two units do have recognizable
signatures in several other types of geophysical log,
the magnetic susceptibility logs define most clearly
the difference between the units (Fig. 11). The
neutron-neutron and gamma-gamma logs for CR-9
show little that distinguishes between the units.
The natural gamma log shows lower values for the
upper dyke than for the deeper unit.

The region from about 480 to 520 m is complex,
containing some highly magnetic dykes and some
gabbroic material. Another dyke occurs at 575 m
(Figs. 10 and 11). These have been later identified
by Dugal and Kamineni (1987).

In CR-6 (Fig. 12), only one high-susceptibility
zone of the order of 5 x 10"2 S.I. is intersected at
depths of 200 to 290 m. The signature is similar in
intensity to the shallow zone in CR-9. On this
basis, it is proposed that the two zones represent
intersections with a single dyke or at least dykes of
the same suite. The natural gamma log for CR-6
shows the dyke has low values similar to those for
the dyke found in the upper part of CR-9.

The vertical gradient, aeromagnetic anomaly
maps show two, near east-west, sublinear narrow
features, which may be interpreted as dykes. The
inclinations and azimuths of the boreholes CR-6 and
CR-9, the lengths of the borehole intersections with
high magnetic susceptibility zones (Figs. 7 and 10),
and the locations of the aeromagnetic anomalies,
suggest that the source body is a near-vertical dyke.

In CR-5 and CR-2, intersecting correlations exist
between magnetic susceptibility anomalies and
anomalies in the borehole temperature profiles de-
scribed by Judge (1979) (Figs. 13 and 14).

Judge suggested that water was flowing into
CR-5 at a depth of about 80 m and out at 55 m
and some water was flowing to the surface (Fig.
13). The increased magnetic susceptibility in this re-
gion as compared to the very low levels elsewhere
in the core may result from the production of small
amounts of secondary magnetic minerals by either
alteration of ferromagnesian silicates in the gneisses,
or by deposition from the circulating fluid. The
broad magnetic signature suggests that this region
may have been a significant pathway for fluid
movement in comparison to other, nonetheless frac-
tured, parts of the core. Another temperature ano-
maly occurs at a depth of about 134 m and is in-
terpreted by Judge as another open fracture. Again,
a significant magnetic signature is found. Similar
correlations are seen in CR-2 (Fig. 14) at a depth of
about 30 m. However, in CR-2, the susceptibility
anomaly at a depth of about 130 m is not related
to a temperature anomaly but corresponds to am-
phibolite bands.

Certain fracture and associated alteration signa-
tures in these two holes correspond to slight in-
creases in susceptibility values. The magnetic altera-
tion products or secondary precipitations associated
with these fractures have higher susceptibility than
the host rocks. By contrast, the reverse is found in
highly magnetic host rocks, such as those at Atiko-
kan (Coles et a!., in prep.) and Lac du Bonnet
(Lapointe et a]., 1984). Such an increase in suscepti-
bility around the fracture zones may indicate that
deposition, in this case most probably hematite,
through water flow, has been going on for a long
period of time.

DISCUSSION AND CONCLUSIONS

Even though most of the magnetic susceptibility
values in these cores are ne.ir the limit of resolu-
tion of the measuring instrument, significant fea-
tures have been found. It is important to realize
that the kinds of information and therefore the
forms of interpretation derived from magnetic sus-
ceptibility logs vory widely from one research area
to another. In Chalk River, rather subtle changes in
susceptibility can be correlated with temperatua-
anomalies. Both of these phenomena identify the
presence of fractures that may constitute significant
fluid pathways.
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Figure 11: Comparison of magnetic susceptibility with neutron-neutron, gamma-gamma, and natural gamma
logs for CR-9. See Figure 10 for details of smoothed magnetic susceptibility.
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Figure 12: Comparison of magnetic susceptibility
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gamma logs for CR-6. See Figure 7 for details of
smoothed magnetic susceptibility.
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Discussion - Paper No. 8

A.V. Dyck - What sort of scatter is there in the groups of three measurements?

R.L. Coles - It's very low, as you saw on the logs.

A.V. Dyck - The three measurements were plotted?

R.L. Coles - Yes. One set was smoothed; we took an average over three groups of three. One set showed
all the data. There was not great scatter except in a very highly magnetic region such as the
bottom of borehole CR-9.

W.J. Scott - I have the Dighem log that was done. It looks like CR-9 was drilled very close to parallel to
the edge of the magnetic feature and CR-6 was drilled into it from the other side; but CR-9 is
actually at an intersection of two, more or less, east-west trending features and is drilled paral-
lel to the stronger one which is trending a little south of west, so it could easily have intersec-
ted the edge of it twice, or it could have picked off the southern one first and then the north-
ern one along its length.

R.L. Coles - Yes.

W.J. Scott - Borehole CR-6 vv.is drilled into the major one from the north side.

R.I.. Coles - It seems possible, but one should go back and look closely at the Dighem magnetic log in rela-
tion to the gradiometer.

W.J. Scott - Well, if you do th.it, the two east-wesl trending magnetic structures may actually be different
rock types instead of being exactly the same diabase just as you represent them as the upper
and lower.
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R.L. Coles - Yes, but in the two holes CR-S1 and CR-6, it is the upper two that are very similar. Therefore,
even if they are not the same body, 1 think they are the same family. According to P.J. Cher-
nis' analysis, the upper one in CR-9 is fresh, whereas the one below is much older and more
highly metamorphosed.

W.J. Scott - Well, in a way that could be true because the lower one seems to be offset by the upper one.
If you follow that through, there is a weak piece of it beyond CR-6. But it looks as if it were
cut by the other one.

R.L. Coles - That's the way it appears.

W.J. Scott - So your later intersection might very well be the older one.
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ABSTRACT

Bulk rock resistivity and bulk surface resistivity measurements have been obtained for 40 gneissic rock sam-
ples from Chalk River, Ontario. Though bulk rock resistivity is a function of pore structure, pore-fluid re-
sistivity and pore-surface resistivity, the amount of data documented for pore-surface resistivity is small
compared to that for pore structure and pore-fluid resistivity. This study indicates that pore-surface resistiv-
ity has a significant effect on bulk rock resistivity. It is important that this fact be considered when inter-
preting resistivity data obtained by geophysical methods. In addition, a group of mafic gneiss samples had
pore-surface resistivity values that were much lower than those reported for clays, glass beads or petroleum
reservoir rocks. This is thought to be due to metallic minerals lining the pore walls. Other rock samples
collected from the same area showed pore-surface resistivity values similar to those reported in the litera-
ture.

INTRODUCTION

Electrical resistivity measurements have been
performed on rock samples from various research
areas over the last six years under the auspices of
the Canadian Nuclear Fuel Waste Management Pro-
gram (Katsube, 1981; Katsube et al., 1982; Wadden
and Katsube, 1982; Katsube and Kamineni, 1983).
The purpose of these measurements is to provide
information on pore structure that influences both
the migration and retardation of radionuclides.

Electrical resistivity of rocks is a function of
pore structure, pore-fluid resistivity and pore-surface
resistivity. To date, only information related to pore
structure and pore fluid has been used and
documented. Surface resistivity data have not been
used despite the fact these data have significant im-
plications for the interpretation of geophysical logs
and can provide geochemical information. The pur-
pose of this paper is to discuss the nature of pore-
surface resistivity, and how it relates to different
geological units in the Chalk River Research Area.

THEORY

Many investigators (e.g., Archie, 1942; Keller,
1967) have found that the resistivity (pR) of a rock
is a function of its pore structure and pore-fluid
chemistry. This may be expressed as follows:

PR = Fpw 0)

where pR = bulk resistivity of the rock,
F = formation factor, and
pw = pore water resistivity.

The formation factor, F, is the basic parameter
used to describe pore structure, since it provides
some insight into the volume of pore space in a
rock that is available for electrical conduction. Equa-
tion (1) is valid only if the sample is saturated with
an electrolyte solution and if the only means of
current conduction through the sample is via the
electrolyte solution filling the pore spaces. The sec-
ond condition implies that Equation (1) is valid only
if there is no possibility of current condition by the
solid matrix of the rock. Several authors (Patnode
and Wyllie, 1950; de Witte, 1950; Howell, 1953)
have indicated that this assumption is frequently in-
valid. In a situation where the second assumption
does not hold, the formation factor derived from
Equation (1) will not be representative of the pore
space geometry of the rock sample.

For a number of reasons, Equation (1) frequently
gives an apparent formation factor rather than the
true formation factor of a sample. For example, the
presence of highly conductive minerals in the rock
matrix, ion-exchange effects associated with a layer
of clay on the pore walls, and surface resistivity
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that arises at the solid-liquid interface formed by
the pore walls and the saturating electrolyte, can all
affect the validity of Equation (1). This paper will
focus on the question of pore-surface resistivity.

Patnode and VVyllie (1950) were the first to rec-
ognize the need to account for the effects of pore-
surface resistivity when determining formation fac-
tors. They suggested the use of the following equa-
tion:

J_ _ _j_ pw
F.! F P,i,

(2)

where pc = bulk surface resistivity,
F., = apparent formation factor, and
F = true formation factor.

Research into the surface resistivity phenomenon
was continued by de Witte (1950), Howell (1953),
Winsauer and McCardell (1953), Hill and Milburn
(1956) and Worthington (1975). All of these inves-
tigators proposed equations similar to that de-
veloped by Patnode and Wyllie (1950). Finally, the
research conducted by Brace et al. (1965) on the re-
lationship between the electrical resistivity and pore
structure of crystalline rocks supports the existence
of pore-surface resistivity effects.

When electrical resistivity is measured over a
frequency range of 1 Hz to 106 Hz, other factors af-
fecting the accuracy of the results are dielectric ef-
fects, Warburg impedance and electrode polarization
effects. These must be considered when analyzing
resistivities over this frequency range (Katsube,
1977). However, the resistivities discussed in this
paper were determined over a frequency range of
10 to 1,000 Hz by the analysis of Cole-Cole dia-
grams (Katsube, 1981). Therefore, these complicating
factors are assumed to be absent.

The following equations, based on the work of
Patnode and Wyllie (1950) and Archie (1942), sum-
marize the electrical theory as it pertains to pore
structure, pore-fluid chemistry and pore-surface re-
sistivity (Fig. 1):

Figure 1: Equivalent circuit for the flow of electrical cur-
rent through water-saturated pores in crystalline rocks:

PR = bulk rock resistivity, pp = pore resistivity, and
pc = bulk surface resistivity.

1 = 1 + 1
PR PP Pc

(3)

pp = Fpw (4)

Pc = Fdps (5)

where pp = pore resistivity,

ps = surface resistivity,
pc = bulk surface resistivity, and
d = pore aperture.

If permeability (k) and formation factor (F) are
known, the pore aperture (d) can be determined
from the following equation (Walsh and Brace,
1984):

d = 12kF (6)

If it is assumed that ps is a constant, then, accord-
ing to Equation (5), pc is also a constant, because F
and d represent intrinsic properties of the rock
sample. From Equations (3) and (4),

1
PR

1
Fpw

(7)

Therefore, if p w is varied, pR will also vary The
coefficients F and pc are determined by measuring
PR of a rock saturated with sodium chloride solu-
tions. Each solution has a different concentration
and, therefore, a different value of pw A linear re-
gression analysis of 1/pR versus l/pw determines the
values of F and pc. It is assumed that, if the pores
of a dry rock are saturated with distilled water, the
pore-water resistivity (pw) will be in equilibrium
with the surrounding rock matrix after 24 hours
(Katsube, 1981). It is further assumed that, at this
point, p w and PR are equivalent to the intrinsic in
situ values.

EXPERIMENTAL METHODS AND SAMPLES

A suite of 40 core samples was selected from 4
boreholes (CR-6, CR-7, CR-8, and CR-9) within the
property of Chalk River Nuclear Laboratories. Each
sample is about 4.5 cm in diameter and 10 cm
long. The rock samples consist of felsic to mafic
gneisses (Katsube et al., 1978; Chernis et al., 1979a,
b; Katsube et al., 1979). The techniques used for
the electrical measurements are described in Katsube
(1981). The method of sampling and specimen cut-
ting is described in a number of papers (e.g., Kat-
sube and Kamineni, 1983; Wadden and Katsube,
1982). The specimens used for electrical measure-
ments are circular cylinders with a length of ap-
proximately 1 cm and a diameter of 4.5 cm. The
geometric factor, b, is calculated for each specimen
prior to performing the resistivity measurements. A
geometric factor relates the measured resistance (R)
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of the specimen to its resistivity (PK) by R = bpr<.
For cylindrical samples,

where r = radius of cylinder (m), and

I' = length of cylinder (m).

For resistivity measurements the specimens are
placed under vacuum for 15 minutes and immersed
in distilled water (still under vacuum) for 15 min-
utes. The specimens are then allowed to stand in
the distilled water (in covered beakers) for 24
hours. The rocks are placed in a capacity-type sam-
ple holder (Katsube and Collett, 1973) with a
graphite electrode covering each face. The cylindri-
cal surfaces of the specimen are dried before the
measurement is started. The sample holder is then
placed in an enclosed space to reduce the move-
ment of air around it. This is a precautionary meas-
ure designed to minimize the evaporation of fluid
from the rock pores. The sample holder is con-
nected to an automatic system that measures the
resistance, as shown in Figure 2, and described in
Gauvreau and Katsube (1975).

GENERATOR

GAIN PHASE
METER

SAMPLE

Figure 2: Basic circuit for electrical rock property mea-
surements (from Gauvreau and Katsube, 1975).

RESULTS AND DISCUSSION

Electrical resistivity measurements and modal
analysis (Chernis, 1979a, b; 1980) were carried out
on all 40 samples. The results for F, pK, pc and the
mineral contents are listed in Table 1. The permea-
bility (k) was determined for only 21 of the 40 sam-
ples. The aperture (d) was determined by inserting
k and F into Equation (6). Then the surface resistiv-
ity (pj was determined by inserting F, d and pc

into Equation (5). The results for d and ps are listed
in Table 1.

Histograms for the surface resistivity (ps) are
shown in Figure 3 for the 21 samples with permea-
bility data. If we consider a mafic mineral content
(M) of 15% to be the dividing point between mafic-
rich and mafic-poor rock samples, then there are 11
mafic-rich (M > 15%) and 10 mafic-poor (M < 15%)
samples. The felsic-mineral content of the mafic-
poor samples is 87.1 to 99%. The data in Figure 3a
are distributed bi-modally and ps = 107 ft is chosen
as the dividing point for the two groups. If we de-
signate the two groups that have ranges of ps

values of 10s to 10; and 107 to 3 x 10K il as N, and
N2, respectively, then 75% of the samples that fall
within group Ni are mafic-rich. This is shown in
the table associated with Figure 3a. This is in con-
trast with group N? in which only about 40% of
the samples are mafic-rich. The mean value (ps) for
the mafic-rich samples is about three times smaller
than that of the mafic-poor samples (Fig. 3b). This
is due to the concentration of samples with low p.,
values in group N|. Based on the error ranges of
the formation factor measurements described in Kat-
sube (1981), the error range of ps is estimated to be
in the order of 20 to 40%.. These facts suggest that
the 21 samples from Chalk River can be divided
into two groups: one (N,), with low values of pw

consisting mainly of mafic-rich rocks; and another
(N2), with high values of p.,, consisting of both
mafic-rich and mafic-poor samples. In other words,
there are two groups of m.ific rocks: one contained
in group N t, and the other in group N?.

Surface resistivity values reported for glass
spheres are in the order of 2.6 x 107 to 4.0 x 10K $1
(Urban et al., 1935); for clay (kaolinite), 10" to
2.5 x 109n (Street, 1960); and for petroleum reservoir
rocks, 2 x 10* (1 (Street, 1961). Our values for group
N2 are in the same range as reported by others.
This is expected, because both the reported mate-
rials and our rocks consist mainly of non-metallic
materials. The values for group Nj are considerably
lower than the reported values. A scanning electron
photomicrograph (SEM) of a mafic-rich sample (CR-
6-227) is shown in Figure 4. It shows that some of
the micro-cracks are filled with opaque minerals
(iron oxides). It is possible that these opaque miner-
als are electrically conductive minerals, such as
magnetite or hematite. If this is the case, these
minerals may line some of the pore walls and
cause low surface resistivity in some of the sam-
ples.

The six mafic-rich samples contained in group
N, (Fig. 3a) are CR-6-93.2, -237.5, -245.7, -301.1 and
CR-8-43.3, -267.6. The mean value of the bulk rock
resistivity (pK) for these six samples is 6.8 x 101

H-m. The mean values of the bulk rock resistivities
for all 40 of the samples, all 21 samples in groups
N, and N2, all 11 of the mafic-rich samples in
groups N, and N, are 2.9 x 10\ 2.3 x 104 and
3.8 x ^04 ft«m, respectively. Therefore, the six mafic-
rich samples have lower bulk rock resistivity values
compared to the other samples; this may be a re-
flection of the lower surface resistivity of these sam-
ples.
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TAfflE 1

Sample No.

OB -
6 -
6 -
6 -
6 -
6 -
6 -
6 -
6 -
6 -

CR7 -
7 -
7 -
7 -

CR8 -
8 -
8 -
8 -
8 -
8 -
8 -
8 -
8 -
8 -
8 -

OS -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -
9 -

86.8
93.2

143.5
166.5
193.5
227.7
237.5
245.7
286.1
301.1

25.7
80.9

104.7
132.0

28.1
43.3
49.9
53.8
83.0

144.3
185.0
214.8
219.0
267.6
304.9

17.5
80.2

166.0-
208.2
265.4
304.3
313.8
376.9
419.9
480.8
513.7
567.1
592.7
682.7
701.4

FoniHticn
Factor
F&10')

110
13.0
25.0
8.1
2.6

33.0
530

0.21
230

2.0

4.9
9.6
8.2

97.0

5.1
25.2
17.4
11.3
23.2
54.8
24.8
7.8
9.6
8.2

21.3

141
11.5
6.3

19.5
15.1
14.8
28.8
8.1

49.5
42.0
41.5
72.3
6.9
6.0
4.43

^er ture

d

0.115
0.079
0.078
0.044
0.061
0.126
0.252
5.65
0.166
0.552

0.103
0.059
0.054
0.150

0.111
0.301

0.299
0.274
0.263
0.140
0.320

BulkRodc
Resistivity

PRCXIO')

280
7.0

83
8.4

28
200
290

0.14
350

2.8

28
21
5.1

85

55
21
60
44
58
16.2
50
71
53
5.8
59

79
18
20
25
11.4
17.3
99
8.3

46
67
81
19
14.4
2.7
6.9

Bulk Surface
Resistivity
PcCxl03)

610
7.5

34
5.3

18
170
320

0.29
490

2.4

11
11
18

120

43
19
23
30
36
44
18

100
111

11
19

180
11
7.1

46
7.5
6.6

31
6.7

21
26
48
21
10.2
3.0
9.9

Surface
Resistivity

PsCxl06)

43.2
8.63

17.4
14.9

ID
40.9
2.4
0.244

12.8
2.17

21.8
19.4

40.7
17.0

76.0
2.5

2.43
45.8
43.6
9.58
2.79

KF

24.7
15.3
39.8
49.4
36.7
0.0
0.0
0.0
0.0

11.4

29.4
32.4
19.5
9.5

19.1
8.2

33.9
24.8
16.8
23.1
24.0
80.0
30.3
0.0

42.2

16.0
31.1
39.1
35.3
32.9
17.3
33.0
45.0
25.5
17.7
0.0
0.0
0.0

38.8
47.2

Mineral
PC

31.6
55.0
42.4
38.4
32.8
54.9
53.6
50.0
48.9
54.7

41.2
43.2
55.9
67.9

57.2
61.1
31.5
52.8
50.6
49.9
43.4
10.0
41.8
29.1
25.4

49.2
45.5
22.0
39.9
42.0
54.0
40.0
38.8
42.6
49.4
54.8
33.7
61.1
36.9
35.7

Ccnposition
QZ

t r
7.1
3.7
1.8

25.8
t r
t r

5.0
0.0
7.1

17.3
16.4
5.1
6.3

10.1
12.6
21.5
11.0
7.3
5.9

20.8
10.0
19.0

tr
27.7

1.4
10.0
37.4
12.8
10.8
8.5

19.2
1.1

22.5
3.7
3.8
0.0
0.0
3.6
5.7

MAF

36.4
21.9
12.9
9.7
4.5

38.4
40.4
35.0
45.3
24.4

11.9
8.0

18.4
15.7

12.8
17.3
12.4
10.4
24.1
19.9
11.4

t r
6.5

66.9
4.2

30.6
12.5
1.1

10.6
13.0
19.5
7.1

12.8
8.4

24.9
32.5
58.1
34.5
19.3
10.3

OP

3.9
0.4
0.8
0.5

t r
6.2
5.4
5.0
5.5

t r

t r
t r

0.5
t r

0.3
0.5

t r
0.3
0.7
0.8

t r
t r

0.1
1.4
0.1

2.1
0.4

t r
0.8
0.9
0.1
0.4
0.9
0.6
2.5
2.4
1.4
3.2
1.0
0.7

Hats yn $2 in 0 in U % % % % %

KF • PotassuiB feldspars
PC - Plagioclase
QZ = Quartz
HAF » Hafic minerals
OF = Opaque minerals
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Figure 3: Histogram for surface resistivity (p,). Normal curves for mafic-rich and other samples are also shown in (b).
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Figure 4: Intragranular microcrack in plagioclase filled
with iron (sample CR-6-227).

The bulk surface resistivity (pc) is plotted against
resistivity of the rock (PR) in Figure 5. The regres-
sion lines of log pc on log PR and log PR on log pc

are

log (pc) = 0.905 log (pR) + 0.327

and

log (pc) = 1.14 log (pR) - 0.728

respectively, with the correlation coefficient (r) equal
to 0.890. The regression curve is represented by the
following equation if r is assumed to equal 1.0:

pc = 0.80pR (8)

These regression lines and curve indicate that pc is
almost equal to pR. From Equations (3) and (7), pc

should be larger than PR. The experimental results
indicate that pc is slightly smaller than pR. This dis-
crepancy may be due to measurement error since pc

and pR are nearly equal. It may also be due to an
error in assuming that pc is the same for both the
sodium chloride solutions (experimental conditions
when determining pc) and the intrinsic pore fluid
(experimental conditions when determining pR). The
fact that pc and pR are approximately equal implies
that surface conduction has a significant effect on

the bulk resistivity of these rocks.

CONCLUSIONS

A group of mafic-rich gneissic rocks, defined as
having mafic-mineral content above 15%, can be
characterized by their extremely low pore-surface
resistivity (ps). The ps values of these samples are
far below the values reported for clay, glass beads
or petroleum reservoir rocks. The rock samples not
contained in this group of mafic-rich samples, re-
gardless of their mafic-mineral content, show ps

values similar to those reported in the literature. It
is possible that metallic minerals lining the walls of
pores may be the cause of the low values. The
SEM micrograph supports this suggestion. The low
surface resistivities are also reflected, to a certain
extent, in the bulk rock resistivities; the mean bulk
rock resistivity value for these six samples is
6.8 x 103 n«m, compared to 2.9 x 10* to 3.8 x 104

ft-m for the other rocks.

This study indicates that the surface conductivity
of the pores is a significant electrical conduction
mechanism in these rocks. This contradicts the
existing concept of pore fluid being the dominant
electrical conduction mechanism. This is a fact that
should be taken into consideration, particularly in
the interpretation of geophysical logs.
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Discussion - Paper No. 9

J.J.B.Dugal - How do you calculate the path density?

T.J.Katsube - It is not that easy to explain. We use the permeability, porosity and electrical measure-
ments. We have the equation and we can calculate the value.

W.J.Scott - When you were talking about borehole CR-9, you said you thought the presence of the
metallic minerals reduced the resistivity to 100 {I'm. Is that characteristic of the core in
the whole section of the mafic minerals?

T.J.Katsube - Not the whole section, but it is more or less evident in all samples.

W.J.Scott - Is that a bulk measurement or a fairly small sample?

T.J.Katsube - It is a fairly small sample. The diameter is about 4.5 cm with a thickness of about 1.0
cm. But we take enough samples to characterize a fairly large size body of rock.

P.J.Chernis - It's possible that some of the opaque grains will be larger than the thickness of the
sample (1 cm), so they may give electrical connection from the top to the bottom of the
sample.

T.J.Katsube - Yes. But, as I mentioned earlier, a Russian study indicates a content of 10% mafic min-
erals will probably have interconnection too. The reason that I do raise this is that there
seems to be some sort of dyke.

W.J.Scott - Yes. I'm not really arguing that. I'm just interested that there are lots of those under
100 fi«m values over significant parts of CR-9. Except for the places where we think there
is fracturing, there does not seem to be any response electrically that correlates with that.
So, what I'm trying to get at is whether you feel that the samples are not large enough
to be representative or whether there is such extreme variability along that core that a
local 100 ft*m value may not represent significant thickness. I don't know what the sus-
ceptibility measurements show in terms of variability in that section, but it would be in-
teresting to know if R.L. Coles feels that a one-centimetre thickness actually gives a
model of response for that dyke.

P.J.Chernis - I think that the one-centimetre thickness is a little bit small for the metagabbro samples,
because some of the grains may be up to 2 cm to 2.5 cm in their long dimension. There
is also a tremendous variability in the amount of opaques, say from about 5% to 25% in
the metagabbro samples. A coarse-grained sample, 1 cm thick, with 25% mafics in it, will
have an anomalously low resistivity.

T.J.Katsube - I don't think it is necessarily the visible grain size that is the effective factor. As I
showed you in the SEM photograph, the very thin part of the grain boundaries could be
the contributor. So, the metal content needed to contribute to that connection may only
be about 0.2% or less. It is just that, when there is a relatively large amount of metallic
content, the probability of that 0.2% providing contact is high.
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W.J.Scott - Yes. I think we are talking about two different things. First, I am saying that we have a
dyke and from the map of the site it cuts right across the whole area. Second, you are
saying that the samples you have, at least from a large part of the site, tell you that
dyke has roughly 100 ftvn resistivity. When I look at the electrical results that people
have of profiles across the dyke, I don't see any 100 il«m rocks. Is what you have iden-
tified so weak that it is not visible from the surface? Or is it that it is only local pockets?
If you are arguing that your samples are representative of roughly a 0.5-cm section in
some tens of metres, for example, then we have to ask why this is not identified in the
electrical data, because it should be. That is almost a 1000 to 1 change in resistivity of the
country rocks.

T.J.Katsube - At this point I cannot say too much about how this fits. I think it is something we should look
into. However, I've been looking at the rough data from the electrical logs, and generally speaking,
those data are not corrected to the true resistivity. It may be that it would be worthwhile to look
into the corrected resistivity to see what kind of distribution it has. We would like to have that but
it is not available at present.

K.Shultz - In your tabulation of bulk pore parameters, you mentioned that they affect advection, diffusion,
thermal properties, etc., but you didn't mention electrical properties. Do you intend to include
them?

T.J.Katsube - Yes. You use the electrical measurements to figure these out.

R.W.D.Killey - I would like to know what your opinion is on the significance of these differences between granite
and more basic rocks in terms of radionudide transport. Is this a good argument for using a particu-
lar rock type?

T.J.Katsube - Yes, I think so. In the next paper, we have some more points to follow, and then to summarize.
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ABSTRACT

When rocks at depth undergo stress release due to the construction of subsurface cavities or development of
fractures, the porosity of the rock changes, and, as a result, the radionuclide migration and retardation char-
acteristics can change. Thus, it is necessary to study these porosity changes for different rock types.

This porosity change can be studied by measuring the non-linear stress-strain characteristics and the acoustic
velocity change with stress of rocks. The parameters used to represent the non-linear characteristics and vel-
ocity changes are the strain crack porosity (e) and the velocity crack porosity (ev).

The two crack porosities have been determined for a set of core samples from Chalk River. The results
suggest that certain rocks with mafic mineral contents greater than 15% show little change in porosity, and
thus, would show little change in radionuclide migration and retardation characteristics as a result of stress-
release.

INTRODUCTION

Pore si/e and pore structure have a significant
effect on radionuclide migration and retardation in
rocks. The magnitude of this effect in tight crystal-
line rocks is being studied under the auspices of
the Canadian Nuclear Fuel Waste Management Pro-
gram (Katsube and Kamineni, 1983; Katsube et al.,
1984). When rocks at depth (e.g., 500 to 1000 m)
undergo stress release, for example, as a result of
the construction of cavities or development of frac-
tures, the porosity of the rock increases. This invol-
ves an increase in the aperture of interconnecting
pores (Katsube, 1981), which in turn enhances the
potential for radionuclide migration and retardation
in the vicinity of the vault or fracture. The effect of
pore aperture on radionuclide migration has been
discussed by Katsube et al. (1982) and Katsube
(1982).

One of the methods used to study rock pore
structure is to measure strain and acoustic velocity
at various stresses, and then analyse the relation-
ships between these parameters. Such measure-
ments have been made on rock samples from the
Nuclear Fuel Waste Management Program research
areas over the last six years, and the non-linear
portions of the relationships have been analysed
(Katsube, 1981; Katsube, 1982; Annor and Katsube,
1983). The purpose of these investigations is to pro-
vide information about the changes in pore struc-

ture under varying stress conditions. Adams and
Williamson (1923) and Birch (I960, 1961) were
among the first to notice the non-linear elastic effect
in rocks. Walsh (1965a, b), Brace (1965) and Sim-
mons et al. (1974) were the first investigators to es-
tablish techniques for measuring this phenomenon.
Annor and Katsube (1983) describe how these tech-
niques are being applied to rock samples related to
the Canadian Nuclear Fuel Waste Management Pro-
gram. In this paper, the parameters used to express
the non-linear elastic properties of the rocks are de-
scribed, and the characterization of these rocks by
these parameters is discussed.

THEORY

Annor and Katsube (1983) adopted strain crack
porosity (e), originally introduced by Walsh (1965a)
and Brace (1965), to represent the extent to which
micropores close under pressure. Crack porosity is a
dimensionless parameter, and its method of deter-
mination is shown in Figure 1. In terms of Hooke's
Law, the linear part of the stress-strain curve
shown in Figure 1 can be expressed by:

» = E<{ - e)

where a = stress (MPa)
( = strain (dimensionless), and
E = Young's modulus (MPa).

(1)
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Figure 1: Nonlinear stress (rr) -strain (£) curve illus-
trating method to determine crack porosity (t),
after Walsh (1965a).

The theoretical basis for micropore closure has
been covered extensively by Walsh (1965a, b), Brace
(1965), Walsh and Crosenbaugh (1979) and Simmons
et al. (1974). Walsh (1965a) determined the expres-
sion related to the pressure required to close ellipti-
cal cracks under hydrostatic compression. Expressed
mathematically,

n Eo
Pc = (2)

4(1-7)

where Pc = pressure (MPa)
a = aspect ratio (length/width), and
7 = Poisson's ratio.

Walsh and Grosenbaugh (1979( found that the com-
pressibility (fJ) of a material containing continuous
fractures with rough surfaces is dependent upon
the fracture surface topography parameter, Ah/V:

(/>-4)"' = (4,-/'ff)"
1 + I>(Ah/v)-1 (3)

where ps = compressibility of matrix material,
pa = effective compressibility when no

asperitites are in contact, and
P = pressure (MPa).

The above three equations describe parameters
that affect both the non-linear and linear portions
of stress-strain curves. Annor and Katsube (1983)
have used the regression analysis technique to de-
termine the coefficients for the following polynomial
equation, so that strain at any given pressure can
be determined from actual stress-strain measure-
ments:

where ao...a5 = coefficients,
{ = strain, and
a = stress (MPa).

The increase in compressive and shear wave vel-
ocities with increasing stress at low pressures has
been attributed to a decrease in porosity (Birch,
1960, 1961) and crack closure (Walsh, i%5a, b;
Brace, 1965). Simmons et al. (1978) proposed an in-
direct method for estimating crack porosity for low-
porosity igneous rocks, based on the relatively good
experimental result obtained for a set of stress-
acoustic velocity measurements. They suggested that
the difference between compressive wave velocities
measured at zero pressure and at a higher pres-
sure, AV, is due to the presence of open cracks in
a rock sample. Hence, crack porosity in a sample
can be estimated from this difference. Based on this
concept, the following equation is used for estimat-
ing crack porosity from stress-acoustic velocity mea-
surements:

V | . V ,

V,
(5)

where V2 = acoustic velocity (m/s) determined at a
higher pressure,

V, = acoustic velocity (m/s) determined at a
. lower pressure, and

ev = velocity crack porosity.

The two crack porosities are used to express the
non-linear elastic properties of the rocks.

SAMPLES AND EXPERIMENTAL
PROCEDURE

Core specimens (diameter = 4.5 cm, length =
10 cm) used in this investigation originated from
depths ranging between 11.1 and 302 in from
boreholes CR-6 and CR-7 located at the site of the
Chalk River Nuclear Laboratories. The sample popu-
lation consisted of thirteen gneiss and four diabase
specimens. The gneissic rocks are highly foliated
and belong to the upper amphibolite to lower
granulite facies of regional fnetamorphism. The av-
erage mineral composition is approximately 4S'7,
plagioclase, 24% K-feldspar, 127r quartz, 77, biotite,
4% hornblende and 39f garnet. The remaining 27,
consists of minerals, such as chlorite, muscovite,
pyroxene, zircon, apatite and magnetite. The
diabase specimens are massive and fine-grained.
They are composed of about 52% plagioclase, 359!
pyroxene, 1% quartz, 5% biotite, 6% opaques and
1% accessory minerals, such as hornblende, chlorite,
musccite, zircon and apatite (Chernis, unpublished
report 1979).

Sample ends were ground until they were paral-
lel to each other (within ± 0.03 mm) and at right
angles to the longitudinal axis. This was accom-
plished by using hardened steel jigs and a lapping
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wheel. Sample preparation methods are described in
a paper by Annor and Wong (1984). To carry out
elastic deformation measurements, strain gauges
were placed on opposite sides of the specimen. The
axial and transverse gauges were connected in
series to form single active-gauges, which were
used in half-bridge configurations for strain mea-
surements. BLH Electronics Co. SR-4, FAE series
gauges were used (Gyenge and Herget, 1977).

The strain gauges were connected to two Phil-
lips PR9302 strain bridges and a Mosley Autograph
2FRA X-Y recorder. The bridges were used in a
half-bridge configuration. Axial- and transverse-strain
gauges were used to provide voltage analog outputs
of the axial and transverse strains produced in the
samples by axial loading. These analogs were used
to drive independently the two Y-axis plotters of
the 2FRA X-Y recorder. Axial and transverse stress-
strain curves obtained in this manner for each
specimen tested (Annor and Geller, 1979) were then
used to determine Young's modulus and Poisson's
ratio (Annor et at., 1979). Typical axial and cir-
cumferential stress-strain curves reproduced from re-
corder output are provided in Annor and Katsube
(1983), and the equipment is discussed by Annor
and Wong (1984).

The strain crack porosity («) for each sample
was determined by the extrapolation of the linear
portion of the axial stress-strain curve to the zero-
pressure intercept on the strain axis (Fig. 1). The
elastic modulus was determined from the linear
portion of the curve. The stress co-ordinate at the
point of tangency was assumed to represent the
total axial stress (P.,) required for pore closure.
When analysis of the stress-strain curve was neces-
sary, the polynomial regression analysis package
available for a Hewlett Packard H.P. 85 portable
mini-computer was used (Annor and Katsube, 1983)
to determine the coefficients in Equation (4).

The ti g equipment for acoustic velocity mea-
surements consists of transmitting and receiving
specimen platens containing piezoelectric transduc-
ers, a high-voltage pulse generator, a signal
amplifier and a Tektronix Type 555 dual beam oscil-
loscope with a delay sweep and a time base resolu-
tion of 0.01 (xs. The velocity equipment was used
with a 1.33 MN hydraulic press to measure speci-
men dilatational wave transit time as a function of
applied axial load.

Test specimens were placed between the platens
of the hydraulic press and pressure was applied in
increments of 2.7 MPa to a maximum pressure of
40 MPa. This is the structural limitation of the
transducer platens. At each pressure level, the
transmitter piezoelectric transducer excited by the
pulse generator was used to send compressive
waves into the specimen. The waves were then de-
tected by the receiver piezoelectric transducer. The
sweep of the oscilloscope was used with the time
delay circuit to display both the direct pulse and
the first arrivals of the transmitted pulse and to
measure specimen time delay.

Prior to individual specimen time delay measure-
ments, the transmitting and receiving transducers
were placed in direct contact with each other and
the zero delay time of the sonic system was deter-
mined (Annor and Geller, 1979; Gyenge and
Herget, 1977). Specimen acoustic velocity (V) at
each stress level was determined from the relation-
ship.

V =- L/(tP - U

where I. - specimen length (m)
tp = time of transit (s), and
t,, - zero delay time of the sonic

system (s).

The strains (£) and the acoustic velocities (V) at
various pressures ranging from 0-40 MPa were de-
termined for 11 samples from borehole CR-6, and
for b samples from borehole CR-7. The velocity
crack porosity (£J was determined by use of the
velocity measurements at confining pressures of 1.4
and 40 MPa. Examples of the velocity measure-
ments are shown in Figure 2. These two pressures
are intended to simulate zero pressure and higher
pressure when pore closure is expected to be com-
plete. The confining pressure at which permeability
measurements are made to simulate the zero pres-
sure condition is 1.4 MPa (Katsube, 1981). The
same confining pressure is used for these measure-
ments to enable J meaningful comparison with per-
meability data. As the confining pressure on the
sample increases, the extent of the pore closure ap-
proaches completeness. However, the current equip-
ment has a pressure limit of approximately 40 MPa,
so that this value is used to simulate the higher
pressure conditions.

RESULTS

The results for t, t w and V (V at 40 MPa) are
listed in Table 1 along with values of the connect-
ing porosity (c|>J of the interconnected pores (Kat-
sube and Kamineni, 1983). The connecting porosity
values were obtained from Katsube et al. (1984) and
Wadden and Katsube (1982).

The variation of these parameters with depth
is illustrated in Figure 3. The mafic mineral content
(MAF) and the quartz content (Qz) are also shown.
These results are obtained from Chernis, unpub-
lished report, 1979. The shaded areas in the figure
represent values of € below 0.019f, ev below 0.06%,
4, below 0.0257,, V above 6.16 km-s ', and MAF
above 15'/f. Note that the shaded areas for e, ev, <tv
and V generally correlate with each other and with
the shaded areas of MAF. The only exceptions are
the areas near CR-6-245 and several samples in the
CR-7 borehole. Sample CR-6-245 is a fractured sam-
ple containing a considerable amount of altered ma-
terial. Histograms for e, ew V and <bt are displayed
in Figures 4 and 5.
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Figure 2: Velocity (V) variation with stress (a) curves illustrating method to determine crack porosity (ev).
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TABLE 1

SAMPLE
DEPTH

CR-6-

CR-7-

(m)

43.9
86.8
93.2

143.5
16(1.5
193.5
227.7
237.5
245.7
286.1
301.1

10.8
25.7
67.6
30.9

104.7
132.0

€

0.026
0.002
0.024
0.010
0.014
0.014
0.003
0.006

-
0.002
0.009

0.020
0.015
0.010
0.025
0.010
0.004

Vl.4
(km/s)

4.86
6.39
4.88
4.88
5.42
5.18
6.21
6.21
3.14
6.59
5.76

4.71
5.05
5.22
4.76
5.24
6.03

V
(km/s)

5.65
6.48
5.75
5.75
6.01
5.70
6.27
6.39
3.93
6.65
6.08

5.70
5.74
5.68
5.65
5.77
6.06

e,

(%)

0.140
0.014
0.151
0.151
0.098
0.091
0.0096
0.028
0.201
0.009
0.053

0.174
0.120
0.081
0.158
0.092
0.005

<l>c
<%)

_

0.010
0.06*.
0.028
0.064
0.111
0.025
0.008
1.512
0.013
0.205

0.060
0.071
0.076
0.078
0.035
0.015

e - strain crock porosity determined by stress-strain measurements

e* = velocity crack porosity determined by acoustic velocity measurements

V|i4 = acoustic velocity nt confining pressure of 1.4 MPa

V - acoustic velocity at confining pressure of 40 MPa

dv "- connecting porosity
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Figure 3: Variations with depth for crack porosities (e, ev), connecting porosity (<f>c), acoustic velocity (V ),
and mafic mineral (MAF) and quartz content in boreholes CR-6 and CR-7.
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DISCUSSION

A good correlation exists between e and ev, as
can be seen in Figure 3. This correlation is more
obvious in the plot shown in Figure 4, which indi-
cates that the correlation coefficient (r) is 0.90.
Though studies on e and ev are not new, it is
probably the first time that a correlation as good as
this has been observed. The low value for e(e s
0.01%) will correlate with the relatively high mafic
mineral contents (MAFs=15%). Rocks with a mafic
mineral content above 15% will be referred to as
"mafic-rich rocks". The values of e are divided into
two groups, N] and N2, on the basis of the histog-
ram in Figure 5. If the dividing point between N]
and N2 is 0.01% the group Nj (shaded boxes in
Figure 5) consists of mafic-rich rocks only (the six
samples that fall within this group are CR-6-86, CR-
6-227, CR-6-237, CR-6-286, CR-6-301 and CR-7-132).
On the basis of these results, it may be concluded
that the mafic-rich rocks usually have low values of
€ (S 0.01%).

The values of ev can also be divided into two
groups, N, and N2, on the basis of the histogram
in Figure 5. If the dividing point is 0.063%, then
the seven samples that constitute group Ni
(shaded) are all mafic-rich rocks. The samples that
fall in this group are CR-7-67 plus all those in
group N]. The same method of grouping values
has been applied to the acoustic velocity (V ) and
connecting porosity (<i>v) in Figure 6. The group of
7 samples that fall within the high acoustic velocity
(V 2= 6.0 km), group N2 (shaded boxes in Figure 6),
includes the 6 mafic-rich samples of group N] of e
(Figure 5). The 4 samples that fall within the low
connecting porosity (ta55 0.016%), group Ni
(shaded), are also mafic-rich (MAF s= 15%) samples
included in group Ni of e (Figure 5).

>
Vl/

>
1—

P
O

R
O

S
I'

o

O.I

0.01

0.001 J

u
0.001 0.01 O.I

CRACK POROSITY (€) IN %

Figure 6: Distribution of acoustic velocity (V ) and
connecting porosity (<&,) values for boreholes CR-6
and CR-7.

It is obvious that there is a group of mafic-rich
samples (Ni of e, ev and <bc- and N2 of V ), which
are, in general, characterized by extremely low
values of e and ev- This implies that this group of
mafic-rich rocks will show little change in radionuc-
lide migration and retardation as a result of stress
release. This is because low values of e and ev

imply that the change in aperture or porosity of in-
terconnecting pores is small. The connecting poros-
ity (<bc) is low and the velocity V is high for these
samples. Results from another ongoing study
suggest that these samples have extremely low
values of t, €v and 4>c probably because the number
of interconn' cted pores per unit length (path den-
sity, n) is extremely low. It is interesting to note
that the apertures (d) of the microfractures of these
samples are relatively large. The mafic-rich samples,
which do not fall within this group, have similar
characteristics to the samples with mafic mineral
content below 15%. Since these observations are
based on a relatively small number of samples, it is
necessary to continue this study and verify the re-
sults with .' I., from a larger number of samples.

CONCLUSIONS

The non-linear elastic characteristics of rocks are
represented by the crack porosities t and ev. The
acoustic velocity (V ), determined at a confining
pressure of 40 MPa, and the connecting porosity
(4>c) are linear parameters, but have proven to be
useful in characterizing the rocks.

A group of six mafic-rich (MAF»=15%) samples
has distinctive characteristics. It has extremely low
values of crack porosity (e and ev and high acous-
tic velocity (V) at high confining pressures. These
characteristics may be explained by an extremely
low connecting porosity (<J>C), which is thought to
be due to an extremely low path density (n). These
characteristics suggest that this group of rocks will
show little change in radionuclide migration and re-
tardation as a result of stress release. However,
these conclusions should be verified by studying a
larger number of samples.
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Discussion - Paper No. 10

I.A.Cherry - Could you comment on actual diffusion experiments relative to properties.

T.J. Katsube - In the granite, if you go by theory you would expect the connected porosity to determine the
flux. It does not seem to be that way. It seems that if you go the other way and determine the
porosity from the diffusion it is better; that is, more similar to an effective porosity. This implies
that in fact, the pocket porosity is effective in diffusion through the rock.

J.A.Cherry - As microscopic sinks?

T.J.Katsube - Yes. Now, I would like very much to say something about the basic rocks. But all I can say
at the moment is that they show unusual traits that differ from granites. I'm a little reluctant at
this moment to explain why that is; all I can say is that there are differences.
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ABSTRACT

Gravity measurements at 50-m intervals along roadways and cut lines east of Maskinonge Lake and along
traverses on the frozen surface of the lake delineate the gravity field in the research area in the central re-
gion of Atomic Energy of Canada Limited (AECL) property at Chalk River. The area is dominated by a
positive Bouguer gravity anomaly that locally is about 2.5 mGal above background.

The anomaly coincides largely with a body of monzonitic orthogneiss, believed to be in folded contact with
adjacent and probably underlying paragneiss. Density measurements indicate that the orthogneiss is 0.04 g/
cm3 more dense than the paragneiss. This and local correspondence of the southwestern flank of the gravity
anomaly with the orthogneiss-paragneiss boundary suggest that the anomaly is the expression of orthogneiss
downfolded into less dense paragneiss. Modelling of the gravity field, however, constrained by borehole
logs, rock densities, surface geological contacts and dips of foliations, indicates that the anomaly is not the
product of orthogneiss alone. Instead, it is concluded that the anomaly is produced mainly by a high-den-
sity (3.08 g/cm3) metagabbro sheet occurring along, or near, the orthogneiss-paragneiss contact. This idea is
supported by the correlation of a prominent culmination of the anomaly with a small outcrop of metagab-
bro near the south end of Maskinonge Lake, and by borehole logs suggesting that metagabbro is continu-
ous beneath much of the area south of Upper Bass Lake. The metagabbro is modelled as a sheet generally
ranging in thickness from about 40 to 150 m. It undergoes a change in structure from being a subhorizontal
sheet (or discontinuous lenses) in the southeast to being folded into a synform-antiform pair in the north-
west. The antiform is cut by an east-west fault, which truncates the metagabbro and juxtaposes a body of
gneiss to the north that is much lower in density than the paragneiss.

INTRODUCTION

Gravity data obtained in surveys carried out in
1978, 1979 and 1981 have been used to compile a
Bouguer gravity anomaly map of Atomic Energy of
Canada Limited (AECL) Research Area 2 at Chalk
River, Ontario (Thomas and Tomsons, 1985). The
most prominent feature of this map is a roughly
oval-shaped, positive gravity anomaly located im-
mediately northeast of Maskinonge Lake and
centred near Lower Bass Lake (Figs. 1 and 2). The
anomaly has an average amplitude ot about 1.5
mGal and locally attains about 2.5 mGal above
background

Most of the region underlying the positive ano-
maly has been mapped as orthogneiss (Brown and
Rey, 1987). The orthogneiss extends outside the

limits of the anomaly to the north and northeast
(Fig. 3), but is in contact with paragneiss near, or
under, Maskinonge Lake along the southwestern
flank of the anomaly. The fact that orthogneiss is
more dense thar. paragneiss, and that there is cor-
relation between the southwestern flank and the or-
thogneiss-paragneiss contact locally, suggests that
the anomaly is the expression of a denser body of
orthogneiss downfolded in paragneiss. This interpre-
tation is consistent with a structural interpretation
proposed by Brown and Rey (1987). However, sev-
eral other factors led Thomas and Tomsons (1985)
to conclude that the primary source of the gravity
anomaly is a metagabbro formation that is largely
concealed. The factors are as follows: 1) a close cor-
relation between a local culmination of the anomaly
and an outcrop of metagabbro, 2) borehole evidence
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Figure 1: Geological map of the property of Chalk River Nuclear Laboratories compiled from Lumbers (1976)
and Brown et al. (1979); structural interpretation in lower right inset is from Brown et al. Black areas south
of Ottawa River represent glacial deposits. Superimposed Bouguer gravity anomaly map is contoured at an
interval of 0.25 MGal.

- 1 2 8 -



BOUGUER GRAVITY ANOMALY MAP
RA-2, CHALK RIVER

Figure 2: Bouguer gravity anomaly map of the property of Chalk River Nuclear Laboratories showing distri-
bution of gravity stations. Contour interval is 0.25 mGal. Locations of profiles (1 to 7) used to model crus-
tal structure are indicated. Closed contours with tick marks are gravity lows.
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Figure 3: Geological map of central research area (after Brown et al., 1979) with Bouguer gravity anomaly
field (contour interval: 0.25 mGal) superimposed. Location of CK series boreholes discussed in text and pro-
files (1 to 7) used to model crustal structure are indicated. HI to H4 are local positive anomalies (culmina-
tions); closed contours with tick marks are gravity lows.



that metagabbro is probably continuous at depth be-
neath the positive anomaly, and 3) the large posi-
tive density contrasts between metagabbro and the
orthogneiss and paragneiss formations. Thomas and
Tomsons (1985) reported that preliminary gravity
models indicated the metagabbro body had the
form of a lens-shaped sheet folded into a synform
under the northwestern part of the anomaly.

Fn this paper a case for a metagabbro body as
the main source of the positive gravity anomaly is
examined in greater detail and is supported by sev-
eral two-and-a-half-dimensional gravity models.

GEOLOGICAL SETTING

Chalk River is located in the Grenville structural
province of the Canadian Shield, in a subdivision
known as the Central Gneiss Belt (Wynne-Edwards,
1972). The local bedrock geology is described in
some detail by Brown et al. (1979) and Brown and
Rev (1987) and superficial Quaternary deposits are
described by Catto et al. (1987). Regional geological
descriptions of the area surrounding Chalk River
are provided by Lumbers (1976) and Thomas (1987).
A brief description of the local geology is presented
here.

There are three main rock formations in the
area (Figs. 1, 3). Two are extensively developed: the
orthogneiss and paragneiss formations. A third for-
mation formed of metagabbroic rocks is of limited
extent and occurs near, or along, the contact be-
tween orthogneiss and paragneiss. All of the rocks
have been subjected to high-grade granulite facies
metamorphism. The prevailing structural trend, re-
flected in foliations and fold axes, is northwest-
southeast. The folds are large-scale structures occur-
ring as a series of isoclinal antiforms and synforms
overturned towards the southwest. Brown and Rey
(1987) state that the area to the southwest of Mas-
kinonge Lake forms the core of a recumbent anti-
form; this lies in an area of paragneiss. The orthog-
neiss formation lies on the northeastern recumbent
limb of the antiform and is structurally above the
paragneiss. Here, it is believed that the dominant
structure is a parasitic antiformal-synformal fold re-
lated to the major antiform.

A large part of the region is covered by a ve-
neer of Quaternary superficial deposits, including
marine clays and silts, glacial till, glacio-fluvial
gravels, and post-glacial aeolian sands and channel
sands (Catto et al., 1987).

GRAVITY DATA

The Bouguer gravity anomaly map (Fig. 2) is
based on 592 observations, concentrated in a region
that includes most of Maskinonge Lake itself and
the land area immediately to the northeast. The
surveys, the processing and corrections applied to
the observed data have been described in detail by
Thomas and Tomsons (1985); accordingly, only a
brief synopsis is given here. The distribution of

gravity stations is shown in Figure 2. In the central
research area, stations were spaced 50 m apart
along roads, cut lines and profiles on the frozen
surface of Maskinonge Lake. Elsewhere, mostly
along roads, station spacing is variable and is 100
m, 200 m or greater.

Bouguer anomalies were computed using an
adopted uniform rock density of 2.67 g/cm-1 (inter-
mediate between the mean densities of surface sam-
ples of paragneiss and orthogneiss) and a common
datum of sea level. Corrections have been applied
to the anomalies to compensate for negative gravity
effects related to irregular terrain and the water
bodies of Maskinonge, Upper Bass and Lower Bass
lakes. The standard error for Bouguer anomalies on
land and on Maskinonge Lake, based on the square
root of the sum of squares of individual errors, is
estimated to be 0.08 and 0.11 mGal, respectively. In
Figures 1, 2 and 3, Bouguer gravity anomalies are
contoured at an interval of 0.25 mGal.

ROCK DENSITIES

Rock densities have been measured on samples
collected from surface outcrops during the course of
the gravity surveys, on drill core retrieved from
boreholes CR-1 through CR-9, and on rock chips
from drill hole CR-13 (hole locations are shown in
Fig. 3). The objective of these measurements was to
obtain representative mean densities of the major
geological formations, i.e., the orthogneiss, parag-
neiss and metagabbro formations. Unfortunately, the
rock masses are not homogeneous, and hence, esti-
mation of mean densities based on a number of
hand samples is uncertain. In the case of rock sam-
ples obtained from surface outcrops, the problem is
further complicated by the fact that outcrop distri-
bution is dependent to some degree on the resis-
tance of the rock to erosion, a charateristic influ-
enced by composition. Hence, a bias is introduced
into the sampling.

The difficulty in selecting a representative den-
sity for any one of the formations is best
exemplified by examining the nature of the orthog-
neiss formation that has been extensively drilled
and studied in some detail (Chernis and Hamilton,
1987; Dugal and Kamineni, 1987). Compositional
layering in gneissic rocks may occur on the scale of
millimetres, centimetres or metres and represents
relatively small-scale inhomogeneity in gneissic
rocks. But even in rocks where layering occurs on
the described scale, it is possible to map rocks in
units, each having a narrow range of composition
and mineralogy. Several such compositional units
are present in the orthogneiss formation and repre-
sent a broader-scale inhomogeneity. Lithologies in-
clude granitic gneiss, quartz monzonitic gneiss,
quartz syenitic gneiss, granodioritic gneiss, monzoni-
tic gneiss, dioritic gneiss and monzodioritic gneiss.
Mon/.onitic to quartz monzonitic rocks are most
abundant, followed by granitic gneiss (Dugal and
Kamineni, 1987). In spite of the difficulties involved
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in estimating mean formation densities using hand
samples, the method is the most practical and has
been used in this study.

Densities of Rock Samples
from Surface Outcrops

Rock samples were collected wherever an out-
crap was close to a gravity station; normally only
one sample was collected at each station. In total,
164 samples were measured: 122 from the orthog-
neiss formation, 36 from the paragneiss formation
and 6 from the limited exposures of the metagabbro
formation. Mean densities (and standard deviations)
tor these formations are 2.69 ?: 0.09 g/cm\ 2.65 +
0.06 g/cm3 and 3.07 ±0.05 g/cnv\ respectively. Ig-
noring a few high-density rock samples with ex-
tremely high garnet content included in the orthog-
neiss formation average, the ranges of densities of
the paragneiss and orthogneiss formations are very
similar, being 2.58 to 2.82 g/cnr1 and 2.53 to 2.87 g/
cm1, respectively; however, the modal values (his-
togram cell width 0.05 g/cm1) are 2.60 to 2.65 g'cm1

and 2.65 to 2.70 g/cm1, respectively (Fig. 4a). The
ranges in densities of the two formations reflect the
spectrum of acidic to intermediate meta-igneous
rock types that constitute both these units.

Such density variations, for such rocks, are gen-
erally related to variations in the proportions of the
major rock-forming minerals, such as quart/., potas-
sium feldspar and plagioclase feldspar. Densities of
minerals occurring in the Chalk River area are listed
in Table 1. In CR-9 Chernis and Hamilton (1987)
identify the potassium feldspar as probably orthoc-
lase, and oligoclase as the most comon variety of
plagioclase. Dugal and Kamineni (1987) have iden-
tified microcline as an important mineral in several
lithologies.

Mafic minerals, normally present in accessory
proportions, can also make a significant contribution
to variations in rock density. Such minerals in the
Chalk River rocks include biotite, chlorite,
hornblende and pyroxene. In CR-1, for example,
these minerals form collectively up to 40% of the
rock, although roughly 5 to 20% is a more common
range (Dugal and Kamineni, 1987); pyroxene in CR-
9 has been identified as hypersthene and diopside
(Chernis and Hamilton, 1987). Another important
influence on density of the Chalk River rocks is the
mineral garnet; it is widespread and locally forms
up to 20% of the rock (Dugal and Kamineni, 1987).
The garnet at Chalk River is almandine (P.J. Cher-
nis, personal communication, 1984); it has a very
high density, 4.25 g/cm3. The introduction of just
5% garnet to a gneiss of density 2.70 g/cm3 would
increase the density by 0.08 g/cm3.

Densities of Rock Samples
from Boreholes

Acidic and Intermediate Rocks

Densities of rock samples from boreholes CR-1
through CR-9 collected at intervals of roughly 3 m

TABLE 1

DENSITIES OF SOME ROCK-FORMING
MINERALS IDENTIFIED AT CHALK RIVER

Mineral

Microcline

Orthoclase

Quartz

Oligoclase

Chlorite

Biotite

Hornblende

Diopside

Hypersthene

Almandite

Density g/cm3

2.54 - 2.57

2.53 - 2.56

2.65

2.65 - 2.69

2.55 - 2.95

2.80 - 3.40

3.00 - 3.45

3.27

-3.45 - 3.80

-4.20

Density information from Correns (1969).

are displayed in Figures 5, 6 and 7. Each figure il-
lustrates a plot of density versus depth along the
borehole and lithological logs simplified from logs
presented by Dugal and Kamineni (1987). Mean den-
sities of acidic and intermediate mefa-igneous rocks
in boreholes CR-1 and CR-5 through CR-9 are listed
in Table 2. These range from 2.71 to 2.76 g/cm3

with the exception of that for CR-5, which is sig-
nificantly lower, at 2.63 g/cm3. The overall mean
density for all these boreholes, based on a total of
650 samples, is 2.73 g/cm3. If the low-density rocks
from Ctt-5 are ignored, then, based on 565 samples,
the mean density is 2.74 g/cm3.

Boreholes CR-6, CR-7 and CR-8 have densities
that are practically identical (2.71 or 2.72 g/cm3);
this is not surprising considering their close proxim-
ity. The mean densities for CR-1 and CR-9, how-
ever, are 2.76 g/cm3, although the lithological col-
umns of CR-1 and CR-6 through CR-9 are all domi-
nated by a combination of granitic, quartz monzoni-
tic and monzonitic gneisses. Boreholes CR-6, CR-7
and CR-8 may have lower densities because they
have more granitic gneiss, yet they also contain sig-
nificant proportions of denser dioritic, monzodioritic
and quartz monzodioritic rocks that would tend to
compensate for the lighter granitic gneisses. Further-
more, units of granitic gneiss do not always pro-
duce prominent density lows; this is particularly ap-
parent in CR-5 where densities vary little across al-
ternating units of granitic and granodioritic gneisses
(Fig. 6).
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20 ĜABBRO (31)3.0810.06^
DIABASE (22)2.9910.04

I I I I I I I
2.4 2.6 2.8 3.0

Density (g/cm3)
3.2

Figure 4: Histograms of rock densities: (a) measured on samples collected from the surface (orthogneiss and
paragneiss formations); (b) measured on samples of basic rock obtained at the surface and on drill core.
Number of samples (in parentheses), mean density and standard deviation are indicated.

- 1 3 3 -



u—

2 0 -

4 0 -

6 0 -

80 -

100-

120-

f40-

160-

160-

200-

220-

240-

260-
DEPTH

(m)

CR1 CR9
DENSITY (g/cm3) DENSITY (g/cm3)

2.4
i

***?
(titim

+ + +
+ + +
7777/

M

11
Pi
%

+ + +
i + r i+ + +
+ + +
+ + +
+ + +
+ + +
+ + +
+ + ++ + ++ + +

• " i * •

+ + +
+ + +
+ + +
+ + +

1 2 3
^y.f:>|||||||||B.'
!l"Iit*.:.||llllllll:

6 7 8

2.6 2.8
| 1

. ' :

•

•

* .
• •

•
•
•

• •

. •
. \

: /

^:s

. . '

! •
" •

• * .
•

*

• • *

• •

*

* m

4 5

W///A
W////A

9

3.0 2.4

III
- I I111 III
-IDI

-21
-

100-

v v

.>y,t

A

EHpGG

-
200-

-

_

280-

300-

3ZO-

DEPTH

• ! • ! •

~ ~ \ ' / '

r r j

»V
. <i

+ + +

A

(m)

2.6
i

.

* •

; • .

•

i

4

*

t'

\

2.8
1

•

*

• •

( * .

t

*i
i.
i

>

• * .

•
•
•

>

3.0 3.2
i i

k 3 6 0 -

380-

*.' 400-

420-

440-

460-
•

*. 480-

. FR 500H

520-

540-

560-

. . 5 8 ° ~
600-

620-

640-

. 660-

680-

700-
DEPTH

(ID)

CR9

2.4
I

+++

+ t +

A

•MGG
mm ml

III
IT
Is
| B
• B
| o

l - t -
} \ -' *

DENSITY (g/cm3)
2.6 2.8 3.0 3.2

i 1 1 1

•

• •

V .

. • *•

m

;V

•
•

•

Figure 5: Lithological logs (simplified from Dugal and Kamineni, 1987) and density profiles for boreholes
CR-1 and CR-9. Lithological legend: (1) overburden, (2) granodioritic/granitic gneiss, (3) monzogabbroic
gneiss, (4) quartz monzonitic/monzonitic gneiss, (5) granitic/quartz monzoftitic gneiss, (6) quartz monzodioritic/
monzodioritic gneiss, (7) granite, (8) mafic rocks: A, amphibolite; D, diabase; GG, metagabbroic gneiss, (9)
quartz syenitic/syenitic gneiss. FZ, zone containing several fault rocks close together; FR, section containing
several zones of fault rock.

- 1 3 4 -



CR2

0-

20-

DENSITY (g/cm3)
2.4 2.6 2.8 3.0 3.2

i i i i__ i

CR3 DENSITY (g/cm3)
2.4 2.6 2.8 3.0 3.2

i i I, I i

6 0 -

8 0 1

100-1] .

120-

140-

160-

180-

200-
DEPTH

(m)

+
+

+
•

T •+ •*

+ 4 4+ + +
+ + +

4 4H
4 44
4 4 +
44 4
4 + 4
4 4 +
+ + +
+ 4 4
4 + +
4 + 4
4 4 +
4 44
4 4 4

1

r p
JorJ

WHF
HA
BZ
OF

FZ

MHF
BZ
OF

. •

_

100-

—

160-
DEPTH

(m)

Hi
mmmmH A

si IFZ

JT7TJ T C 74 4 +
4 4 4
4 4 4
4 4 4
4 4 4

4 4 4
4 4 4
+ 44

IFZ j

WHF
BZ
OF

WHF

CR4

WHF

DENSITY (g/cm3)
2.4 2.6 2.8 3.0 3.2

I I I 1 I

CR5

100-
DEPTH

(m)

1 2 4 5 6 7 8 10 11
+ + +
4 4 4

100

120-

140-

160-

180-

200-

2 2 0 -
DEPTH

(m)

-#-;
^

DENSITY (g/cm3)
2.4 2.6 2.8 3.0 3.2

I I I I I

. «

•J
i

A

PG

Figure 6: I.illiological logs (simplified from Ougal and Kamineni, 1987) and density profiles for boreholes
CK-2 through CR-5. I.ithological legend: Numbers in the range 1 through 8 are the same as in Figure 5;
(10) pyroxenite, (11) dioritic gneiss; blank sections labelled GP (CR-2) and PG (CR-5) are garnet-pyroxene
gneiss and pyroxene granulite, respectively. WHF, well to highly fractured; MHF, moderately to highly frac-
tured; HA, highly altered; BZ, brecciated zones; OF, open fractures; FZ, fault zone.

- 1 3 5 -



CR6
DENSITY (g/cm3)

2.4 2.6 2.8 3.0 3.2
l i I i i

160- V'-':

l o o - ii>'pt

140-
DEPTH

(m)

CR7
DENSITY (g/cm3)

2.4 2.6 2.8 3.0 3.2
l l I I t

•r
100-

t
200 -

2 4 6 7 8 11

i

3 0 0 ^ ^
DEPTH6"^

(m)
300 -

DEPTH
(m)

DENSITY (g/cm3)
2.4 2.6 2.8 3.0 3.2

i i i l l

Figure 7: l.ithological logs (simplified from Dugal and Kamineni, 1987) and density profiles for CR-6
through CR-8. l.ithological legend: Numbers in the range 2 through 8 are the same as in Figure 5; (11)
dioritic gneiss.

There are some clear correlations betweeen den-
sities and lithology; for example, syenitic and
quartz syenitic bands in CR-1, quartz monzodioritic
and monzodioritic bands in CR-6, dioritic bands in
CR-8 and monzogabbroic bands in CR-9 tend to be
associated with higher densities. But, generally, var-
iations in lithology, as determined on the basis of
proportions of quartz, alkali feldspar and plagioc-
lase, are not always matched by distinct variations
in density. It is concluded, therefore, that accessory
mafic minerals and garnet are the main cause of
density variations of acidic and intermediate meta-
igneous rocks at Chalk River. A comparison of the
density log for CR-9 (Fig. 5) with a log of color
index based on modal analyses (Chernis and Hamil-
ton, 1987) supports this conclusion. The detailed
logs by Dugal and Kamineni (1987) indicate that the
proportion of combined mafic minerals plus garnet
in CR-1 is significantly greater than in CR-6, CR-7
and CR-8, and may be marginally greater in CR-9,
thus explaining the higher estimated mean densities
of CR-1 and CR-9.

The low density, 2.63 g/cm3, of CR-5 is anomal-
ous. Alternating bands of granitic and granodioritic
(or granodioritic-granitic gneiss) comprise slightly
more than half of the hole with the remainder
being formed largely of monzonitic gneiss. How-
ever, densities remain remarkably consistent, gener-
ally, in the narrow range between 2.59 to 2.64 g/
cm3 (Fig. 6). The detailed log of Dugal and Kami-
neni (1987) contains little reference to mafic miner-
als or garnet and it is speculated that the excep-
tionally low mean density for this hole reflects a
paucity of these minerals. In boreholes CR-2, CR-3
and CR-4, located very close to CR-5, similar low
densities are observed in the bottom parts of the
borehole logs in quartz monzonitic-granitic gneiss
(CR-2, CR-3) and in monzonitic-quartz monzonitic
gneiss (CR-4). In all of these holes, which contain
several faulted and brecciated zones, and where the
rocks are fractured to varying degrees, the effect is
a lowering of the density and a scattering in the
values (Fig. 6).
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TABLE 2

MEAN DENSITIES OF ACIDIC AND
INTERMEDIATE META-IGNEOUS ROCKS

FROM BOREHOLES CR-1, CR-5 THROUGH
CR-9 AND FROM SURFACE OUTCROPS

Source No. of
Samples

CR-1

CR-5

CR-6

CR-7

CR-8

CR-9

Surface

Surface

Orthogneiss

Paragneiss

93

85

69

56

107

240

122

36

Mean Density
& Standard
Deviation

(g/cm3)

2.76 ± 0.06

2.63 ± 0.06

2.72 ± 0.05

2.72 ± 0.06

2.71 ± 0.06

2.76 ± 0.10

2.69 ± 0.03

2.65 ± 0.06

Mafic and Ultramafic Rocks

Mafic rocks in the boreholes have been classified
as amphibolite, metagabbro and diabase. Amphibo-
lite occurs in most boreholes as narrow bands that,
generally, attain a thickness of only a few metres,
but in CR-2, CR-3, CR-4 and CR-9 they reach ex-
ceptional thicknesses of between 15 to 25 m; the
range of densities is large, 2.69 to 3.12 g/cm3. The
upper sections of CR-2, CR-3 and CR-4 are domi-
nated by high-density amphibolite and pyroxenite
(ultramafic). For these rocks, the degradation of
their integrity by fracturing and brecciation and
their variably altered state are reflected in a large
scatter of the densities between the extremes of
about 2.6 and 3.1 g/cm3, with the vast majority
lying between 2.7 and 2.9 g/cm3. Thin metagabbro
bands, a few metres thick, are found in CR-8 and
CR-9. In CR-9 there is also a major development of
metagabbro, almost 80 m thick, partitioned by a
narrow band of monzodioritic gneiss. Densities of
this metagabbro range from 2.88 to 3.27 g/cm3 and,
based on 20 samples, have a mean of 3.10 ± 0.09
g/cm3. The few densities from within this unit,
ranging from 2.61 to 2.71 g/cm3 (Fig. 5), were mea-
sured on quartz-feldspar core that may represent
veins of acidic material. The 3.10 g/cm3 mean den-
sity compares with a value of 3.01 ± 0.05 g/cm3

obtained on five rock chips from CR-13 and 3.07 ±
0.05 g/cm3 obtained on six surface samples. The
mean density for all 31 samples is 3.08 g/cm3, and
this value is adopted as representative of metagab-
bro. Diabase has been identified in the upper part
of CR-9 and lower part of CR-6; thicknesses of
about 12 m and 80 m, respectively, are intersected.
These represent oblique sections through a diabase

dyke(s) that, according to magnetic modelling, prob-
ably dips northward at a steep angle of around 60°
(Hayles, 1982). The mean density of the section in
CR-6, based on 22 samples, is 2.99 ± 0.04 g/cm3.
A histogram of the densities of metagabbro and
diabase is shown in Figure 4b.

Discussion

There is a noticeable difference in the mean den-
sity of the orthogneiss formation based on surface
samples (2.69 g/cm3) and that based on samples
from boreholes CR-1 and CR-6 through CR-9 (2.74
g/cm3). Considering the heterogeneous nature of the
orthogneiss formation, it may not be surprising that
two different populations have yielded different
means, and this may be a contributing factor to the
observed difference of 0.05 g/cm3. Another factor
that probably contributes is weathering; rocks from
surface outcrops, presumably less fresh than those
obtained from depth, will have a tendency to be
lower in density. Resistance to weathering of
quartz-rich varieties may also bias the densities to-
wards lower values.

In selecting representative densities for model-
ling, it is preferable to choose those based on fresh
samples. Unfortunately, in the present study, no
core was available from the paragneiss formation.
Therefore, it has been assumed that the difference
in density (0.05 g/cm3) between surface and
borehole samples of orthogneiss is entirely due to
weathering and a similar difference has been as-
sumed in the case of paragneiss. An estimated
fresh density of 2.70 g/cm3 is thus obtained for
paragneiss. For purposes of gravity modelling the
paragneiss density is regarded as background and
the following density contrasts are obtained: +0.04
g/cm3 for the orthogneiss formation (2.74 g/cm3) and
+ 0.38 g/cm3 for the metagabbro formation (3.08 g/
cm3). The exceptionally low density gneisses (2.63
g/cm3) within the orthogneiss formation, typically de-
veloped in CR-5, have a contrast of -0.07 g/cm3.
The amphibolite and pyroxenite in the upper sec-
tions of CR-2, CR-3 and CR-4 (Fig. 6) exhibit con-
siderable variation in density, because presumably
they are variably fractured (Dugal and Kamineni,
1987). Away from the fault zone that passes
through these boreholes, these rock types are likely
to be more competent. Therefore, for modelling
purposes, a mean density of 2.90 g/cm3, based on
the higher values in the boreholes, has been as-
signed to the amphibolite-pyroxenite sequence; this
translates into a contrast of +0.20 g/cm relative to
paragneiss.

RELATIONSHIP OF BOUGUER
GRAVITY FIELD TO GEOLOGY

The Bouguer gravity anomaly field for the Chalk
River research area, superimposed on a geological
map, is shown in Figure 1. Another diagram that
focuses on the relationship between gravity and
geology in the central part of the area is shown in
Figure 3.
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The Central Positive Anomaly

The centrally located positive anomaly is the
most prominent feature of the gravity map. It is
roughly oval in shape, with its long axis trending
northwest-southeast, in harmony with structural
trends observed in the rocks of the region (Lum-
bers, 1976; Brown et al., 1979). Ft extends southeast-
ward from Upper Bass Lake for approximately 3 km
to the vicinity of the Plant Road and attains a
maximum width of about 1.5 km near Lower Bass
Lake. More gravity surveys are required to map the
full extent of this anomaly to the southeast. The
anomaly has a general amplitude of about +1.5
mGal with respect to Bouguer anomaly values in
the southern part of Maskinonge Lake near the
western shore. Locally, it attains a peak amplitude
of almost 2.5 mGal. The anomaly is superimposed
on a regional gradient across which values decrease
from northeast to southwest at a rate of about 0.5
mGal/km. The regional gradient is related to struc-
ture associated with the western margin of the Cen-
tral Metasedimentary Belt, a major subdivision of
the Grenville Province.

Several factors suggest the anomaly is the ex-
pression of a relatively d f se synform of orthog-

1) the greater part of the central positive anomaly
coincides with the orthogneiss formation (Figs. 1,
3),

2) orthogneiss is 0.04 g/cm3 more dense than parag-
neiss,

3) orthogneiss in this area is folded into a synform
and is underlain by paragneiss (Brown et al.,
1979), and

4) gradients associated with the southwestern flank
of the anomaly coincide locally with the parag-
neiss-orthogneiss contact.

However, the northern flank of the anomaly,
defined by a belt of relatively steep gradients run-
ning east-west near Upper Bass Lake, and the east-
ern flank of the anomaly, generally more weakly
developed and sometimes diffuse, are located en-
tirely within the orthogneiss formation. If an inter-
pretation of the anomaly in terms of an orthogneiss
synform were accepted, the latter relationship
would indicate that paragneiss is present at no
great depth below the orthogneiss to the east of
the anomaly. This is not unreasonable because
Brown et al. (1979) have indicated that faulted anti-
forms cored by paragneiss may be present.

Thomas and Tomsons (1985) have argued, how-
ever, that the main contribution to the gravity high
is the metagabbro formation that occurs along, or
near, the boundary between the orthogneiss and
paragneiss and, as indicated by borehole evidence,
is present at depth beneath the positive anomaly.
This argument arose from the observation that the
principal culmination of the anomaly (HI) near the
south end of Maskinonge Lake coincides precisely

with an outcrop of metagabbro. It is the only such
outcrop observed by the authors in that area, but
mapping by Brown et al. (1979) indicates that the
body is much more extensive (Fig. 3). Given that
metagabbroic rocks are the most dense in the area,
0.38 g/m3 more dense than the paragneiss, it is an
obvious candidate for the source of the anomaly.
The close spatial association between HI and the
metagabbro had been noted by Liard (1980). He
modelled the metagabbro under the culmination as
a local synformal-shaped body with a maximum
thickness of 100 m.

Metagabbro has also been noted in CR-15, lo-
cated near gravity high H2 (Fig. 3), extending from
the surface to a depth of 62.5 m where the hole
bottoms (D.R. Lee, personal communication, 1982).
Two other gravity highs, H3 and H4, that lie along
strike to the northwest of H2, are probably also re-
lated to near-surface metagabbroic rocks. The pres-
ence of metagabbro farther north beneath the or-
thogneiss unit is indicated by evidence in boreholes
CR-9 and CR-13, where metagabbro is present
below Maskinonge Lake (the upper level used in
gravity modelling) at depths of 389 and 465 m, re-
spectively.

A case for the continuity of the metagabbro
even farther to the north and its eventual rise to
the surface again was at one time suggested by the
mapping of Brown et al. (1979) of metagabbro in an
antiformal axis immediately northeast of Upper Bass
Lake. However, boreholes CR-2, CR-3 and CR-4 are
all collared within this body and indicate that it is
composed of pyroxenite and amphibolite (Dugal and
Kamineni, 1987), which is unrelated to the metagab-
bro Q.].B. Dugal, personal communication, 1983).

Minor Negative Anomalies

Local negative anomalies occurring within, or
near, the flanks of the gravity high appear to be
related mainly to increases in the thickness of over-
burden. In Figure 8, the gravity field is shown
superimposed on a generalized map of overburden
thickness based on the results of shallow seismic
refraction surveys (Gagne, 1980). The two lows, LI
and L2, occur where the overburden has been map-
ped as being particularly thick (ranging up to 40 m)
in an irregular belt trending more or less eastward
from Upper Bass Lake. Maximum thicknesses in the
general area of these lows are 34 and 26 m, respec-
tively, comparing with values that range from about
0 to 5 m in most other places surveyed by Gagn6
(1980). The amplitudes of these lows are difficult to
estimate because of the strong gradient to the south
and because gravity stations are not sufficiently
close to outline these features in any detail. A com-
parison of values within the lows with values
further north indicates that the peak amplitudes are
probably of the order of several tenths of a mGal.
The lows L3 and L4 are also in areas where seismic
refraction indicates a local thickening of overburden
to maxima of 11 and 9 m, respectively. The low L5
coincides with a swamp; no seismic signal was re-
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turned from this area and Gagne (1980) was unable
to compute a thickness. Gravity modelling indicates
that superficial deposits attaining a thickness of 40
m are the source of this anomaly. The low L6 is
located within Maskinonge Lake; it is speculated
that a pod of low-density gneiss rather than lake-
bottom sediments is the principal cause of this ano-
maly, because a small island occurs within the ano-
maly.

TWO-AND-A-HALF-DIMENSIONAL
MODELLING OF GRAVITY
ANOMALIES

Quantitative models of the geological structure
have been derived by applying a two-and-a-half-di-
mensional interpretation technique to seven gravity
profiles that cross the central positive anomaly.
They are positioned so as to investigate variations
in the anomaly that occur axially from southeast to
northwest (Figs. 2, 3); separation between profiles
ranges from about 160 to 400 m. Positioning was
also influenced by the locations of boreholes CR-1
through CR-9, CR-13 and CR-15 and the subsurface
geological evidence from these holes.

The two-and-a-half-dimensional approach to
modelling gravity anomalies has the advantage over
two-dimensional modelling in that the interpreter is
allowed the option of selecting the half-strike length
of the modelled body, thus imparting to the proce-
dure a degree of refinement. In two-dimensional
modelling, the half-strike length is automatically as-
sumed to be infinity. Modelling was done interac-
tively on a graphics terminal using a gravity and
magnetic modelling program (MAGRAV), initially
developed by Wells (1979) for two-dimensional mod-
elling and later modified by P.H. McGrath (Geologi-
cal Survey of Canada) to accommodate two-and-a-
half-dimensional features. All bodies in the models
presented in this paper have been assigned half-
strike lengths of 1 km, with the exception of bodies
of overburden in Profile 7 (50-m strike length) and
Profile 5 (60 m) and of amphibolite-pyroxenite in
Profiles 6 and 7 (250 m). The regional gravity gra-
dient of approximately 0.5 mGal/km (anomalies in-
creasing towards the north to northeast) has been
accounted for by an identical, arbitrary, wedge-
shaped body of infinite strike length at depth in
each of the profiles; these hypothetical bodies are
not shown in the figures but their effect is incorpo-
rated in the modelled curves.

A vertical datum of sea level was used to calcu-
late the Bouguer anomalies, but the modelled crus-
tal sections have an upper limit that coincides with
the level of Maskinonge Lake (—114.3 m above sea
level), the lowest topographic feature in the area.
The selection of another datum as an upper level
for modelling is permissible because the gravity ef-
fect of the tabular rock mass between the two data
is a constant value along the profile.

Seismic refraction investigations (Gagne, 1980)
indicate substantial thicknesses of overburden near
the north flank of the anomaly (Fig. 8). The upper

limit for the density of unconsolidated saturated
sediments is generally about 2.0 g/cm3 (see, for ex-
ample, Jumikis, 1966). A similar value is suggested
for sandy overburden at Chalk River. R.W.D. Killey
(personal communication, 1984) has determined that
the average grain density and porosity of sands in
the area of Twin Lake are about 2.70 g/cm5 and
407r, respectively. Therefore, the dry and saturated
densities of these sands would be approximately 1.6
and 2.0 g/cm3, respectively. In the reduction of the
observed gravity data, the Bouguer correction elimi-
nates the effect of the column of rock between the
surface and the vertical datum (sea level); a density
of 2.67 g/cm3 was used. Consequently, wherever
overburden is present, the Bouguer correction has
overcompensated by a density of 0.67 g/cm-' and
the resultant gravity anomaly is more negative. As-
suming an overburden density of 2.0 g/cm1, positive
corrections were applied to Profiles 5, 6 and 7 for
sections of overburden occurring above the level of
Maskinonge Lake. Because seismic refraction data
indicate that overburden thicknesses can vary sub-
stantially over a short distance (of the order of 5 to
10 m over a distance of 10 m), these corrections
were based on the gravitational attraction of a verti-
cal cylinder whose diameter equals the depth of
overburden at a point. Sections of overburden oc-
curring below the level of the lake were incorpo-
rated into the models. Profiles 5 and 6 coincide
closely, within a few metres, with seismic refraction
profiles, so that the overburden thicknesses are rep-
resentative; however, for Profile 7, the seismic pro-
file diverges by up to 50 m and so corrections ap-
plied to this profile are probably less accurate.

In the following discussion of models, the for-
mat of presentation of the gravity models is the
same in each of the figures. The upper section dis-
plays the observed (corrected for overburden in
some cases) and modelled gravity profiles, the cen-
tral section illustrates a topographic and near-surface
geological section (vertical exaggeration ~3) and the
lower section contains the gravity model (natural
scale). The position marked by an arrow labelled L
is the northeastern limit of geological mapping by
Brown et al. (1979). The angles accompanying sym-
bols for synform and antiform axes are the angles
at which the axes intersect the line of the profile.
The various geological contacts at surface were used
as constraints in the modelling, although it is noted
that the contact may not always correspond in hori-
zontal position with its counterpart at the upper
surface of the gravity model; this is a consequence
of some contacts being modelled as sloping. Gneiss-
ic foliations mapped by Brown and Rey (1987)
were also used as a control in deriving the
geometry of the folded metagabbro sheet in Profiles
5, 6 and 7.

Profile 1 (Fig. 9)

This profile crosses the main outcrop of
metagabbro mapped in the area by Brown et al.
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(1979). The most prominent culmination (HI) of the
positive anomaly coincides with part of this out-
crop, and is traversed by the profile. A subsidiary
culmination (H2) centred in Maskinonge Lake to the
southwest is also traversed by the profile. Geologi-
cal information northeast of detailed geological map-
ping by Brown et al. (1979) is based on Lumbers
(1976) whose map shows glacial cover and Iwo
small outcrops of orthogneiss (A and B in Fig. 9).
Therefore, the nature of the paragneiss-orthogneiss
contact is highly conjectural.

Constraints available for modelling were the
broad outcrop of gabbro and the northeastern con-
tact of the gabbro with paragneiss. Three bodies of
metagabbro are interpreted. The largest body, be-
neath the surface outcrops of gabbro, has two
prominent keels that attain depths of roughly 300
and 150 m beneath culminations HI and H2, re-
spectively. Elsewhere, it has the form of a narrow
horizontal sheet, generally about 25 to 75 m thick.
The sheet-like arm to the northeast of the larger
keel has been modelled as horizontal and, at shal-
low depth, it has been based on the mode! ob-
tained in Profile 2, where the metagabbro outcrop
is much wider and where it seemed to be most
reasonable to model its subsurface projection to the
northeast as a thin horizontal sheet.

It is speculated that the main keel is related to
synform axis No. 2 and, if this is correct, it implies
that the axial plane dips steeply to the northeast
and may itself be gently folded about a horizontal
axis. This is not unreasonable, given that a block
diagram of the geology (inset in Fig. 1, after Brown
et al. (1979)) indicates a series of isoclinal folds
with axes dipping steeply to the northeast. Brown
et al. (1979) note further that metagabbro is tectoni-
cally thickened at fold hinges.

The thinning of the metagabbro sheet towards
Maskinonge Lake and the subsequent abrupt thick-
ening below the lake in the secondary keel may be
a result of fault control. A major discontinuity is in-
terpreted to coincide with the lake (Brown and Rey,
1987); it is possible that this may be a zone of
faulting and, because the keel has steep sides, it is
suspected that it is a fault-controlled block.

Two smaller bodies of metagabbro, modelled
under the northeastern part of the profile, are hori-
zontal lens-shaped sheets attaining a maximum
thickness of about 50 m. The outcrops in the region
indicate that orthogneiss underlies this section and
variations in densities within the orthogneiss forma-
tion (Figs. 5, 6 and 7) or underlying paragneiss
could equally well account for the two small
anomalies that have been modelled in terms of
metagabbro sheets. However, higher seismic vel-
ocities estimated by Wright (1982) along the Plant
Road in this area were interpreted to indicate prop-
agation through gabbro.

Profile 2 (Fig. 10)

Constraints used in modelling Profile 2 were the

outcrop width of the metagabbro formation and
northeastern paragneiss-metagabbro contact. The
minimum thickness of the metagabbro near the
shore of Maskinonge Lake was constrained by the
log of borehole CR-15 that penetrated metagabbro
to a depth of 59.4 m below the water level of the
lake, at which depth the hole bottomed (D.R. Lee,
personal communication, 1984). Modelling suggests
that the lower boundary of the metagabbro is very
close to this depth. As for Profile 1, there is uncer-
tainty in the geological section to the north of the
limit of detailed mapping. Overall, the model for
Profile 2 resembles that for Profile 1, with the ex-
ception that the two prominent keels underlying HI
and H2 are reduced to maximum thicknesses of 150
and 60 m, respectively.

Profile 3 (Fig. 11)

Profile 3 is north of the main outcrop of
metagabbro and traverses paragneiss and orthog-
neiss; however, the presence of metagabbro at
depth is indicated from the gravity pattern. The
only geological constraint for modelling is the
paragneiss-orthogneiss contact. The gravity culmina-
tion H3 (Fig. 3), which is collinear with H2 under-
lain by metagabbro in CR-15, is also a constraint
because, by analogy, it indicates the presence of
metagabbro very close to the surface. The depth of
the central metagabbro body, shown enclosed in
paragneiss, was constrained in a crude fashion by
burying the metagabbro model derived for Profile 2
at various depths and computing its gravity effect
for each depth. When the amplitude of this effect
matched that of Profile 3, the Profile 2 model at
the corresponding depth was used as an initial
model for Profile 3 and then, subsequently, mod-
ified until the desired match with the observed ano-
maly was obtained.

The small block of metagabbro under Mas-
kinonge Lake is about 90 m thick and has vertical
sides. As for the on-strike blocks in Profiles 1 and
2, it is believed that this block is a product of
faulting along Maskinonge Lake. The other two
metagabbro bodies are sheet-like, horizontal to
gently dipping and attain a maximum thickness of
about 150 m. The northeasternmost body has been
placed arbitrarily at the paragneiss-orthogneiss con-
tact. The thickening at the southeastern end of this
body may be related to an antiform axis.

Profile 4 (Fig. 12)

This profile traverses paragneiss and orthogneiss
and the only geological constraint for modelling is
the contact between these units. In addition, a local
gravity high, on strike with H3 to the southeast
and H4 to the northwest (Fig. 3), is indicative of
near-surface metagabbro. The model consists of a
gently dipping, sheet-like metagabbro body that ex-
tends for about 1.7 km from Maskinonge Lake to
the northeast. It has variable thickness reaching
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around 110 m in the vicinity of an antiform. Im-
mediately northeast of the lake, the metagabbro lies
entirely within paragneiss, but, to the northeast., it
has been placed arbitrarily at the paragneiss-orthog-
neiss boundary. There is a noticeable mismatch be-
tween the observed and modelled curves in the re-
gion of M. This can be accounted for by a local
thickening of the overburden, as indicated by the
seismic refraction estimates of Gagne (1980); a
maximum thickness of 11 m was estimated at the
point where the gravity profile crosses the seismic
profile.

Profile 5 (Fig. 13)

Profile 5 is oriented north-south and is the first of
three profiles to be described to traverse the north-
western half of the positive anomaly where the sig-
nature of the profiles is somewhat different. A
prominent feature of Profile 5 is the steep gradient
that defines the northern flank of the anomaly. The
constraints used in modelling were the paragneiss-
orthogneiss contact taken from the geological map
of Brown et al. (1979), gneissic foliations shown on
that map, and lithological information from borehole
CR-1. Borehole CR-1 is located just 95 m west of
the profile line, penetrates a variety of lithologies
(Fig. 5) that constitute the orthogneiss unit, and
bottoms at a vertical depth of 253.8 m below Mas-
kinonge Lake; no metagabbro was encountered by
this borehole. Modelling of Profile 5 was also influ-
enced by the section of the model obtained for Pro-
file 4 near Maskinonge Lake where the two profiles
intersect. The local culmination near the northeast-
ern shore of the lake strongly suggests that
metagabbro is present very close to the surface.
Based on the model for Profile 4, the metagabbro
along Profile 5 is modelled as a gently dipping
sheet in the southern part of the profile; however,
at some point the dip of the sheet must increase
rapidly in order to avoid detection by borehole CR-
1. The increase in dip has been positioned near the
paragneiss-orthogneiss contact and is supported by
sur/ace measurements of foliations in the area that
attain a dip of 75° northward (Brown et al. 1979).

The rationale for positioning the metagabbro
sheet at higher levels further north is based primar-
ily on the requirement to match the steep observed
gradient. Exploratory modelling indicated that this
gradient could be better matched by a relatively
thin, relatively high density body (i.e., metagabbro)
than by a relatively thick, relatively low density
body (i.e., orthogneiss). To some extent this inter-
pretation is supported by the few foliation determi-
nations that lie close to the profile. The picture that
emerges for the section of crust between Mas-
kinonge Lake and the steep northern gradient is a
synform-antiform pair with axial planes dipping
steeply to the north. A similar picture has been ob-
tained independently from geological data (Brown
and Rey, 1987). The thickness of the metagabbro
sheet varies gradually and ranges generally between

40 and 80 m, and rarely, between about 10 and 120
m. The orthogneiss attains a maximum thickness of
380 m in the centre of synform.

The metagabbro has been terminated at the
northern gradient by a fault. Evidence for the fault
is based on the necessity for a rapid disappearance
of the metagabbro in order to match the gradient,
and the presence of low-density gneiss (2.63 g/cm1)
in CR-5 that is distinctly different in density from
gneisses in other boreholes (see Table 2), where
mean densities range from 2.71 to 2.76 g'cm\ In
the model (Fig. 13), two separate possibilities for
faults are indicated and the corresponding gravity
effects are also shown, but are not significantly dif-
ferent. Fault AB dips at 28°M, whereas fault CD is
near-vertical (dips 74°N). The model with fault AB
is favoured based on the excellent fit between ob-
served and modelled profiles obtained in the region
of the gradient for Profile 6 for a gently dipping
fault. Rather significant mismatches in the regions
of Ml and M2 may be explained by variations in
density within the various gneiss units, although
M2, being a positive feature, may relate to a small
body of basic rock such as metagabbro.

A small body of overburden attaining a
maximum depth of about 40 m below Maskinonge
Lake has been modelled beneath the swamp, to the
immediate south of the paragneiss'orthogneiss con-
tact. Gagne (1980) did not receive any seismic sig-
npls in the area of the swamp and, consequently,
was unable to estimate the depth of overburden
there.

Profile 6 (Fig. 14)

Profile 6 is more or less parallel to Profile 5
over the northern two thirds of its course, which is
oriented north-south, and is positioned roughly 390
m to the northwest. The southern third of the pro-
file follows a southwesterly direction to maintain a
perpendicular relationship with the contours. In
Profile 6, the positive anomaly is characterized by a
steep gradient on both its northern and southern
flanks, although the northern flank is less steep
than it is in Profile 5. Constraints on the position
of the metagabbro under the central part of the
positive anomaly are provided by information from
boreholes CR-13 and CR-9. Borehole CR-13 is lo-
cated just 25 m off the line of the profile (Fig. 3)
and it is a vertical hole drilled by the air percus-
sion method. Rock chips obtained from the
borehole and natural gamma logging suggest that
the contact between orthogneiss and metagabbro oc-
curs at a depth of 354 m below Maskinonge Lake,
although it is probably gradational in nature to a
depth of 389 m below the lake (Bottomley et al.,
1987). The metagabbro continues to a depth of 599
m below Maskinonge Lake where the hole was ter-
minated. Borehole CR-9 is inclined with a starting
plunge and trend of 60° and 235°, respectively
(Dugal and Kamineni, 1987), and crosses beneath
Profile 6 close to the north end of Lower Bass Lake
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(Fig. 3). Metagabbro was encountered in this
borehole between vertical depths below Maskinonge
Lake of 465 and 524 m.

The main features of the gravity model are simi-
lar to those of the model for Profile 5, namely, a
broad synform and faulttd antiform. The synform-
antiform pair is outlined by the folds in the
metagabbro sheet that, generally, varies in thickness
from about 40 to 75 m. The orthogneiss in the syn-
form attains a thickness of about 500 m. Both limbs
of the synform are very steep and, in the case of
the southern limb, where modelling shows the gab-
bro sheet approaches very close to the surface,
there is some support for the interpretation in the
steep surface foliations indicated on the geological
map by Brown et al. (1979). The map shows very
few foliations, but there are two significant ones
immediately east of CR-13; they dip at angles of 89°
and 75" towards the north.

As for Profile 5, two fault models are shown for
the contact between the body of low-density gneiss
to the north and the formations of orthogneiss,
metagabbro and paragneiss to the south. Fault AB,
dipping 25" north, provides an excellent fit with the
corrected observed curve and this is the preferred
model. Fault CD is vertical and does not provide a
good match. The body of low-density gneiss has
been modelled as a tabular body with a horizontal
lower contact (perhaps with paragneiss); it has a
thickness of 240 m.

A small body of amphibolite-pyroxenite has been
modelled within the low-density gneiss. This is an
eastward subsurface extension of the amphiboiite-
pyroxenite unit logged by Dugal and Kamineni
(1987) in boreholes CR-2, CR-3 and CR-4, surfacing
just east of Upper Bass Lake in an antiform map-
ped by Brown et al. (1979). The borehole logs indi-
cate that the southern boundary of this unit coin-
cides with a prominent steep northward-dipping
fault.

Profile 7 (Fig. 15)

Profile 7 is very close to the western flank of
the anomaly and, therefore, is not particularly well-
positioned for two-and-a-half-dimensional interpreta-
tion. Nevertheless, because of the control afforded
by the groups of boreholes, CR-6, CR-7 and CR-8,
and CR-2, CR-3, CR-4 and CR-5, it was considered
that a model along the line would be instructive. In
the central part of the anomaly holes, CR-6, CR-7
and CR-8 provide geological information to a depth
of about 275 m below Maskinonge Lake. Apart
from very thin occurrences, a few metres thick, in
CR-8, no significant development of metagabbro
was encountered. Horizontally, the lower contact of
the metagabbro in CR-9 is only about 150 m from
the profile and roughly 200 m from the cluster of
holes CR-6, CR-7 and CR-8. Standard geophysical
logs from these holes have been analyzed by
Thomas and Hayles (1985) and a number of signa-
tures have been matched. Lines joining matching

signatures in CR-8 and CR-9 are parallel and may
reflect the trend of the gneissosity, which, on this
basis, dips about 30° eastward when viewed in an
east-west section. If the assumption is made that
the metagabbro unit in CR-9 is conformable with
the gneissosity, it is possible to estimate its position
beneath the bottom of CR-8 by extrapolation parallel
to the assumed gneissosity. This has been done
and used as a control in the modelling.

The model obtained lor Prolile 7 is similar to
those derived for Profiles 5 and (•>; a s\nform and a
truncated •intiform aiv the main features. Hie
metagabbro sheet flooring the synlorni ranges in
thickness from about (>l> ID 130 m and (lit1 orthog-
neiss attains 415 m in ihe cent re ol the syntorm.
To the southwest, near the eastern shore ot Mas-
kinonge Lake, the nietagabbro has been modelled
as thinning out to disappearance at the paragneiss-
orthogneiss contact at a depth ol about 9(1 m below
the level of Maskinonge Like. Information from the
vertical borehole C K-17 located 2S=> m northwest of
the profile (Fig. 3) indicates that gneisses, described
as biotite-quartz-leldspar gneisses and granitic gneis-
ses (D.R. Lee. personal communication, ll'84),
dominate to a depth of 5') m below Maskinonge
Lake; the information from this borehole extrapo-
lated along the isogals was used as a constraint for
modelling.

Two faults, AB and CD, have been modelled at
the southern boundarv ol the low-density gneiss,
following the approach for Profiles 5 and b. Die
match with the observed curve is slightly better for
the near-vertical fault CD, but, considering that the
overburden corrections are based on information
from a seismic line displaced by up to 50 in trom
the gravity profile, the mismatches tor both the
near-verticil fault CD and the sloping km It AB (dip
25 N) in this region are not considered significant.
The preferred model is AB based on the excellent
fit for a sloping fault obtained for Profile h.

It is noteworthy that, b\ adopting the same at-
titude (25 dip) for the sloping ki. t in Profile 7 as
that modelled in Profile h, the fault plane passes
very close to Ihe bottoms of holes CR-2 and ( R o .
The last few metres of CR-2 have been logged as
garne!-pvro\ene-feldspar gneiss, whereas the last
do/en or so metres ol CR-5 are described as gar-
netiferous pyroxene granulite (Dugal and Kamineni,
1W7). Densities ot samples trom within both of
these units range from 2.85 to 2.94 gem', while in
overlying gneisses densities generally range from
about 2.55 to 2.65 gem1 (Fig. (•>). Therefore, con'acl
/one is interpreted. The dip of this contact in the
plane of the section of Profile 7 is 22.5', almost
exactly the same as thai of the gravity model fault
AB (25). Neither the contact in CR-2 nor the one
in CR-5 is described specifically as a fault /one by
Dugal and Kamineni (1987). However, there is a
great deal of fracturing throughout CR-2 and the
contact in CR-5 coincides with a local peak in frac-
ture frequency. Based on this borehole evidence,
there is a reasonable case for proposing a faulted
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boundary between the low-density gneiss and the
garnet-rich gneisses below.

Within the low-density gneiss, boreholes CR-2,
CR-3 and CR-4 penetrate in their upper sections in-
terbedded amphibolite and pyroxenite. At the sur-
face, they are collared in a small area of rock map-
ped by Brown et al. (1979) as gabbro that is located
on an antiform axis. The more detailed studies of
Dugal and Kamineni (1987) suggest that the rock is
not gabbro but amphibolite-pyroxenite. Using the
control afforded by CR-2, CR-3, CR-4 and CR-5 and
the surface contacts, a sheet-like body of amphibo-
lite-pyroxenite has been modelled. It attains a
maximum thickness of about 100 m and length (in
the section) of almost 500 m. The southern bound-
ary is marked by a fault dipping steeply northward
(Dugal and Kamineni, 1987).

DISCUSSION OF GRAVITY MODELS

Using a variety of controls, such as surface geol-
ogy (lithological contacts, foliations), borehole logs
and density information, the Bouguer gravity field
of the Chalk River area has been quantitatively in-
terpreted using a two-and-a-half-dimensional model-
ling technique. Interpreted crustal sections have
been derived along seven profiles. The positive ano-
maly is attributed in large part to a buried sheet of
metagabbro with a thickness ranging between 40 to
150 m, but attaining locally 300 m.

To the southeast of Lower Bass Lake, the struc-
ture of the gabbro is characteristic of a single sub-
horizontal sheet or series of subhorizontal lens-like
sheets. A prominent keel attaining a thickness of
about 300 m has been modelled under the most
prominent culmination of the gravity anomaly that
coincides with the outcrop of metagabbro near the
southeastern end of Maskinonge Lake. Minor culmi-
nations occurring in a belt near the eastern shore of
the lake have been modelled in most cases as
steep-sided blocks, sometimes completely detached
from the main sheet. This geometry may reflect
control by a major fault that runs along Mas-
kinonge Lake (Brown et al., 1979). Apart from the
prominent keel in Profile 1, the metagabbro sheet is
generally restricted to the uppermost 200 m.

From Lower Bass Lake northwestward, the
structure of the metagabbro sheet is interpreted to
change significantly. The dominant feature is a syn-
form-antiform couple with the antiform being trun-
cated by a roughly east-west trending fault.
Throughout this region the metagabbro sheet has a
thickness that is usually in the range from 40 to 80
m, but rarely ranges from 10 to 150 m. In the
centre of the synform, the base of the metagabbro
descends to depths of up to 600 m compared with
the 200 m value that is typical for southeast of
Lower Bass Lake. It is estimated that the metagab-
bro sheet must dip northwestward at around 30°
between Profiles 4 and 5 along the axial part of the
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positive anomaly.
The synform is flanked to the northeast by an

antiform truncated by a fault that juxtaposes a body
of gneiss of much lower density (2.63 g/cm3) than
gneisses encountered by boreholes elsewhere in the
area. The mean densities of gneisses in the
boreholes range from 2.71 to 2.76 g/cm3. Two types
of fault have been modelled: a near-vertical fault,
and one that dips at about 25° to the north. The
evidence for choosing one model over the other is
not compelling, but it seems to favour the sloping
fault.

The chief support for a sloping fault comes from
Profile 6 where an excellent fit between the ob-
served gravity profile and model profile is achieved.
A near-vertical fault is obviously not the solution in
the case of this profile, as evidenced by the large
mismatch between the observed and modelled pro-
files. Evidence for discontinuities dipping at moder-
ate angles northward is provided by the borehole
TV and acoustic televiewer logging carried out by
Lau et al. (1987) in the neighbourhood of CR-6,
CR-7 and CR-8. They find that one of the predo-
minant directions of fracture orientation is 290° to
344° for which dips are 13° to 30° northeastward.
Additional support is provided by the lithological
logs of CR-2 and CR-5, which indicate a contact be-
tween low-density gneiss and denser underlying
garnet-pyroxene gneisses. The contact dips north at
22.5° and, while the evidence from borehole logs is
not conclusive, it does not rule out a faulted con-
tact. The fact that the sloping fault modelled for
Profile 7, based on the dip of the fault modelled
for Profile 6, is located within metres of the
borehole contact and dips at approximately the
same angle to the north, is strongly suggestive that
the sloping-fault model is reasonable.

Airphoto lineaments and geophysical lineaments
based on a variety of electromagnetic and electrical
methods are plotted in Figure 16, together with the
surface traces of the near-vertical (V) and sloping
(S) faults based on Profiles 5, 6 and 7. Neither
trace coincides exactly with any of the lineaments,
although both are subparallel to and intersect some
lineaments. Therefore, a choice of models based on
lineaments is not possible. However, some surface

evidence for a sloping fault is provided by densities
determined on samples obtained at gravity stations.
It is noticeable that these are generally lower in a
broad belt bounded to the south by the surface
trace (S) of the proposed sloping fault. Only 12
samples were collected within this area; signific-
antly, 11 were less dense than 2.64 g/cm3, whereas
elsewhere such low densities are sporadic. It
suggests that the low-density gneiss is indeed pre-
sent at the surface, as the gravity models predict,
and is in faulted contact with orthogneiss along the
trace (S).

Independent support for a vertical fault is not as con-
vincing. For example, a fault interpreted by Wright (1987)
along a seismic profile, where smoothed seismic vel-
ocities dip to a low of 4.9 km/s from an average of about
5.5 km/s, is very close (-30 m) to the trace of the vertical
fault (Fig. 16). However, it is equally close to an east-
west, strong VLF-EM conductor mapped by Scott (1987),
so that it cannot be used as categorical evidence in sup-
port of the vertical-fault model.

The low-density gneiss is regarded as a formation
that is distinct from the orthogneiss and paragneiss for-
mations, but more detailed geological studies are re-
quired to determine its pr<?cise relationships with these
formations. As a working hypothesis, it is suggested that
it forms the core of an antiform that has been displaced
upwards along a gently dipping thrust fault. Possibly, it
originates from a position below the paragneiss forma-
tion.

CONCLUSIONS

Gravity studies in the Chalk River area have
made a useful contribution to the understanding of
the local geological structure. Models have been de-
rived along several profiles and these have been
constrained by density information, surface geologi-
cal contacts and foliations and several borehole logs.
Although certain parts of the models are not neces-
sarily unique due to inherent problems of ambiguity
in modelling potential fields, it is felt that the gross
picture provided by the gravity models is reasona-
ble. It is certainly compatible with structure inferred
from a purely geological base (Brown et al., 1979;
Brown and Rey, 1987).
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Figure 16: Heavy lines marked S and V represent interpreted surface traces of sloping fault (AB) and near-
vertical fault (CD) based on gravity models shown in Figure 13, 14 and 15. Airphoto lineaments are taken
from Raven and Smedley (1982). Conductor axes are mainly those determined from VLF-EM surveys (Scott,
1987) with the addition of some defined on the basis of audio-frequency magnetotelluric surveys (Strangway
et al., 1980) and resistivity surveys (Hallof, 1980). Shaded area is one wherein densities measured on sam-
ples obtained at gravity stations are generally lower; it may represent the surface distribution of the low-den-
sity gneiss formation modelled in Figures 13, 14 and 15.
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ABSTRACT

Several seismological experiments have been undertaken at Chalk River to define the spatial variations of
seismic velocities within crystalline rocks in the frequency range 50 to 250 Hz. Variations in near-surface P-
and S-wave velocities and amplitudes have been measured along profiles less than 2 km in length. The P-
and S-wave velocities were generally in the range 2.9 to 3.2 km/s, respectively. These results are consistent
with propagation through fractured gneiss and quartz monzonite, which form the bulk of the rock body.
The P-wave velocity falls below 5.0 km/s in a region where there is a major fault and in an area of high
electrical conductivity; such velocity minima may therefore be associated with fracture systems. For some
paths, the P- and S-wave velocities were in the ranges 6.2 to 6.6 km/s and 3.7 to 4.1 km/s, respectively,
possibly indicating the presence of thin sheets of gabbro. Temporal changes in P-travel times of up to 1.4%
over a 12-h period were observed where the sediment cover was thickest. The cause may be changes in the
water table. The absence of polarized Secondary Horizontal (SH) wave arrivals from specially designed
shear-wave sources indicates the inhomogeneity of the test site. A Q value of 243 ± 53 for P waves was
derived over one relatively homogeneous profile of about 600 m in length. The P-wave velocity minima
measured in a borehole between depths of 25 and 250 m correlate well with the distribution of fractures in-
ferred from optical examination of borehole cores, laboratory measurements of seismic velocities and tube-
wave studies. The quantitative interpretation of the results in terms of fracture parameters is hampered by
inadequate spatial sampling, the sparseness of the S-wave data and incomplete development of the theory
of elastic-wave propagation in fractured rocks.

INTRODUCTION

Variations in elastic-wave velocities in near-sur-
face rocks are controlled partly by mineralogical
constitution and partly by pore fluids and the con-
centration and geometry of cracks, joints and other
pore space. Knowledge of fractue parameters is of
primary importance in assessing a crystalline rock
body as a potential nuclear fuel waste disposal site.
Therefore, the use of seismological techniques to
determine these fracture parameters is both logical
and appealing. The practical application of seismol-
ogy, however, requires the existence of both suita-
ble mathematical models of cracked solids and a
large set of travel-time and amplitude data mea-
sured over vertical and horizontal distances of 500
m or more; an efficient generator of polarized S
waves is also an advantage.

Wright (1982) described some of the seismologi-
cal studies undertaken at Chalk River and showed
how they might be interpreted in terms of fracture
parameters using the theoretical results for an isot-
ropic network of thin, fluid-filled cracks in a
homogeneous elastic solid (O'Connell and
Budiansky, 1974, 1977). However, Henyey and Pom-
phrey (1982) have argued that O'Connell and
Budiansky (1974) incorrectly specified the crack-inter-
action energy and, consequently, overestimated the
effects of a given crack configuration on the elastic
moduli. Hence, the estimates of fracture parameters

provided by Wright and Langley (1980) and Wright
(1982) require revision to accommodate the correc-
tions to the theory.

Wright and Langley (1980) suggested that seis-
mic velocities should be measured with experimen-
tal errors being 2% or less if useful crack parame-
ters are to be derived, thus emphasizing the need
for accuracy and dense spatial sampling in any seis-
mological field experiment. Crampin et al. (1980)
have described a method of inverting P-wave veloc-
ity anisotropy in terms of crack parameters and pre-
ferential crack orientation. Although sufficiently de-
tailed data to undertake the kind of analysis pro-
posed by Crampin et al. (1980) are not yet avail-
able, some approximate crack parameters have been
derived.

Since the completion of the work of Wright
(1982), more reports of other geological and
geophysical studies at Chalk River have become
available, so the relationships between the seis-
mological results and some of these other studies
are more apparent. It has been suggested that the
evaluation of methodologies should be an important
ingredient of the papers on the Chalk River site.
However, I should emphasize that, because compar-
able seismological results are not available for other
areas, which are less fractured and with simpler
tectonic histories, evaluation of the seismological
methods would be premature. Consequently, the
objectives of this paper are twofold: first, to com-
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pare field measurements of seismic velocities,
amplitudes and attenuation in the rocks at Chalk
River with laboratory measurements and indepen-
dent information ori fractures; and second, to use
the seismological data to quantify rock integrity,
emphasizing the deficiencies of the present data
and suggesting how such deficiencies may be over-
come in future experiments.

SEISMOLOGICAL EXPERIMENTS
AT CHALK RIVER

The rock body at Chalk River consists largely of
quartz monzonite or monzonitic orthogneiss and a
more mafic paragneiss, overlain by a thin veneer of
glacia1 sediments with some outcrops in the vicinity
of Maskinonge Lake (Fig. 1); the sediments become
thicker towards the northeast. Unfortunately, the
presence of sheets of gabbro, a few metres thick in
some parts of the area, complicates the analysis of
the seismic data.

The Earth Physics Branch conducted two experi-
ments in October 1977, and a third at the end of
October 1979. Figures 1 and 2 show the locations of
these surveys. The first experiment (experiment 1)
involved the continuous monitoring of P- and S-
wave velocities over a period of three days to de-
termine possible changes in seismic velocities due to
the deformation of cracks and joints by the solid
earth tide. We also wished to test a mechanical
hammer and a shear-wave gun as sources of P and
S waves, respectively. The clusters of vertical-com-
ponent geophones, shown as Xs, were placed at
approximately 100-metre intervals along each profile.
These profiles radiate at azimuths of 33°, 133° and
331° from the central borehole CR-1. The seismic
energy was also recorded by a string of twelve hy-
drophones spaced at 10-metre intervals within the
borehole. The sources were operated at a single
shot point over a period of 24 h, the shear-wave
gun firing during daylight hours and the hammer
operating during the night; six shots were recorded
per hour. The methods by which information on P-
and S-wave velocities were extracted from the data
recorded during this experiment have b*en de-
scribed by Lam and Wright (1980).

A shallow reflection survey (experiment 2) using
the hammer as a source (Mair and Lam, 1979) was
also undertaken in the Chalk River area in October
1977. The two reflection lines of about 2 km in
length were recorded along roads running from
northwest to southeast and from northeast to south-
west (Fig. 1). The extent of the lines, labelled A
and B, respectively, is marked on Figure 1 by the
open circles. The spacing of adjacent geophone ar-
rays was 30 m. One reflection line covers essen-
tially the same terrain as profiles 2 and 3 of the
tidal-stress experiment, while the second reflection
line is almost parallel to profile 1, but offset to the
east by a distance of roughly 1 km.

The data from this reflection experiment may be
analyzed as a series of overlapping reversed refrac-
tion profiles to give detailed P-wave velocity varia-

tions in the uppermost layers of the rock body. I
emphasize here, however, that, because each 9-ele-
ment geophone array was spread in line over 50
metres to enhance reflection signal-to-noise ratios,
the first arrival refraction signals were broader and
less clearly recorded than they might have been if
recorded at single surface points.

Two methods of reversing the profiles were cho-
sen, as shown in Figure 3(a) and (b). These choices
were dictated by two factors: the need to use sig-
nals resulting from propagation within the gneiss,
and the lack of clarity of the first breaks at dis-
tances beyond 300 m. In Figure 3(a), common re-
corders were used for the forward and reversed
shot points. Thus, if locations 1 and 12 are the two
shot points, seismic records for stations 4 to 9 are
involved in the analysis. In Figue 3(b), locations 1
and 9 are the forward- and reverse-shot points, so
that the geophone locations required are 4 to 9 and
1 to 6, respectively. The data for the configurations
in Figure 3(a) and (b) were analyzed for all possible
sets of reversed profiles. The computed velocity, V2,
in the rock body was assigned a position corres-
ponding to the midpoint between the projections of
the shot points onto a line joining the end stations
of the profile (Fig. 3(c)). Thus, two series of vel-
ocities at points corresponding to the star were ob-
tained iS.id plotted in Figures 4 and 5. The method
of calculating the velocities has been described by
Wright et al. (1980).

At the end of October 1979, a third experiment
(experiment 3) was undertaken at Chalk River to
test a shear-wave hammer, designed and built by
Mr. Earl Fulkerson of Canton, Michigan. The ham-
mer consisted of a 700-kg weight that could be
dropped vertically onto a steel base plate firmly em-
bedded in the glacial overburden above the rock
body. To produce horizontally polarized shear
waves, the weight could be made to slide down a
steel ramp inclined at 45° to the vertical from a
height of 0.9 m. During the experiment the weight
was dropped from the right and left inclined posi-
tions in a plane at 90° to the line of geophone ar-
rays.

The objectives of the experiment were fourfold:
(i) to determine if it was possible to generate hori-
zontally polarized shear waves at any location on
the Chalk River site, (ii) to find the distance range
over which the source gave useful P- and S-wave
energy, (iii) to compare the seismic-wave amplitudes
produced when the source was operated over dif-
ferent thicknesses of overburden, and (iv) to meas-
ure approximate P-and S-wave velocities within the
rock body. The surface spread consisted of twelve
arrays, six of which consisted of nine vertical-com-
ponent geophones, alternating at 15-m intervals
with arrays of eight transverse horizontal-component
geophones. This spread was deployed at locations
Tl, T2, and T3 in Figure 2. The shot points were
at roughly 60-metre intervals starting 30 m from the
end of the geophone spread and moving out to
about 500 m. Data were recorded at location T2 for
only three shot points, 11, 12 and 13. Descriptions
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Figure 1: Map of the Chalk River site showing the shot and geophone positions (stars and crosses, respec-
tively) for experiment 1, and the location of the two reflection profiles, AA and BB, for experiment 2. The
thick lines are roads.
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Figure 2: Map of the Chalk River site showing the deployment of the hammer source (SP) and geophone
arrays. The sediment cover becomes thicker towards the northeast. Tl, T2, and T3 denote the extent of the
three positions of the geophone spread.
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(a)
12

(b)
8 10

(C)

v2

B

Figure 3: (a) and (b) are two schemes used for reversing refraction profiles using six recorders for each shot
position. Shot-recorder positions are shown on the surface of a medium of P-wave velocity V], below which
there is a sloping interface dividing it from the rock body of velocity V2.

Figure 3(c): Plan of 16 stations, equally spaced, but not in a straight line. A and B correspond to the pro-
jections of the forward and reversed shot points onto a line XY joining the end stations of the network.
The refractor velocity between A and B was plotted at the midpoint of AB, marked by a star.

of the experiment have been provided by Wright
and Johnson (1981, 1982).

In October and November 1979, the Geological
Survey of Canada undertook an experiment (experi-
ment 4) to measure P-wave velocity variations in
borehole CR-1 by the crystal cable method, and to
study tube waves generated in CR-1 and other
boreholes on the Chalk River test site (Huang and
Hunter, 1980b, 1981). In the context of this paper,
the P-wave velocity variations in CR-1 are of special
interest, because the high degree of data redun-
dancy in the crystal cable survey enables detailed
velocity variations to be resolved. The array of
twelve hydrophones, each 1.13 m apart, was usu-
ally raised one metre between shots. The borehole

has a depth of 270 m, and the region between
depths of 20 and 247 m was studied using 183 sur-
face-explosions that yielded a total of 2,000 P-wave
travel times. The experimental procedure has been
described by Huang and Hunter (1980a) and Wright
and Huang (1984).

Other seismic refraction surveys have been un-
dertaken at Chalk River primarily to determine
overburden thickness, and provide additional esti-
mates of P-wave velocities in the rock body itself.
The range of seismic velocities in the bedrock is
similar to that of the experiments described in this
paper, and the results have been summarized by
Gagne (1980).

- 1 5 7 -



•f

PROFILE 1
(a)

SMOOTHED
PROFILE B

paragneiss gabbro

I

.0
o

paragneiss

i i I i
250 500 750 1000 1250 1500

DISTANCE FROM STATION 1 (m)
1750 2000

7 -

6 -

i 5

4 -

3 -

1 r

PROFILE 1 / ^

+ +

paragneiss

I i

1

N«/ v

gabbro

1

V

or
th

og
ne

is
s

ga
bb

ro

1 1 1 1

(b)

—

+ SMOOTHED PROFILE B

/ \ / \ A
/ V \J+ ^ .
h + + + +

paragneiss

I 1 I 1
250 500 750 1000 1250 1500

DISTANCE FROM STATION 1 (m)
1750 2000
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A of Wright et al. (1980). (a) and (b) display data derived according to the methods of Figure 3(a) and (b),
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Lam and Wright (1980) and the average velocities for profile Tl of Wright and Johnson (1981) are also
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RESULTS OF SEISMOLOGICAL
EXPERIMENTS

In this section, the most important results of the
four experiments outlined in the previous section
are summarized.

Experiment 1 : Temporal Velocity Variations

The attempt to detect velocity variations that
might be associated with the earth tides was not
successful. Significant changes in P-wave travel
times were observed between geophone clusters
along profile 1 (Fig. 1). However, they are too large
to be associated with the earth tides. Figure 6
shows the time differences between geophone clus-
ter ] at a distance of about 100 m from the ham-
mer source and clusters 3, 4 and 8 at distances of
approximately 300, 400 and 800 m, respectively. The
standard errors in the points plotted in Figure 6 lie
in the range 0.03 to 0.16 ms. Station 3 shows an
almost linear drift of 0.8 ms (1.4% in travel time)
over a twelve-hour period, while station 4 shows a
smaller drift of about 0.4 ms (0.6% in travel time).
Station 8 exhibits some small drift in the same di-
rection as geophone clusters 3 and 4 for the first
six hours, and then seems to shift abruptly to
shorter time differences.

It is possible, but unlikely, that instrument ef-
fects are responsible for the observed drifts, espe-
cially since no similar temporal changes were ob-
served for the other two profiles. A much greater
thickness of glacial overburden lies beneath profile 1
than below the other two profiles, and there was a
certain amount of rain during the experiment. The
observed changes in travel times are probably due
to varying saturation conditions in the glacial over-
burden resulting from variations in the water table
over a twelve-hour period and, therefore, are not
directly related to fractures in the rock body.

The earth tides could produce a peak-to-peak
variation in travel time of about 0.1% (Reasenberg
and Aki, 1974; Bungum et al., 1977). Because the
required time resolution was obtained for profiles 1
and 3, any tidal effects at Chalk River are appar-
ently less than 0.1%.

Experiments 1, 2 and 3.
Lateral P- and S-Wave Velocity Variations

The individual P-wave velocity determinations
derived by processing the data from the reflection
survey (experiment 2) are displayed in Figures 4
and 5 for profiles A and B, respectively. Also
shown are the approximate lithological boundaries
inferred from a map of the surface geology (P.
Brown, personal communication).

The 54 individual velocities of profile A (Fig. 4)
show considerable scatter, regardless of whether
they were determined by method (a) or (b) of Fig-
ure 3. The smooth curves show little variation be-
tween 300 and 1500 m from the northwest end of
profile A; the velocities remain close to 5.5 km/s.

Between 100 m and 300 m, however, the smoothed
velocities show a distinct dip, reaching a minimum
of about 4.9 km/s at a distance of 210 m from the
northwest end. A fault intersects the profile in this
region; its presence has also been inferred from the
Bouguer anomaly profile of Liard (1980). A similar
dip is present at the southeast end of the profile,
the velocities attaining a minimum of 4.5 km/s at
1730 m and then increasing to 5.6 km/s at 1900 m.
This minimum coincides with a zone of conductors
inferred from a low-level airborne EM survey
(Hayles, 1982), thus suggesting that the decrease in
velocities of about 1 km/s is associated with exten-
sive fracturing near the contact between the two
types of gneiss.

Figure 4 also sh ws the average P-wave vel-
ocities determined for profiles 2 and 3 of experi-
ment 1. They are higher than those derived from
the reflection data, but this is expected since the
seismic energy in this experiment had traversed the
deeper and, presumably, less fractured and weath-
ered regions of the rock body. The velocity for pro-
file 2, however, is so much higher than the smooth
curves that propagation through a medium of much
higher velocity than the gneiss-monzonite body is
implied. Velocity measurements on cored samples of
gneiss and monzonite from borehole CR-1 (Simmons
et al., 1978) and from the crystal cable survey in
CR-1 to be discussed in a later section (Wright and
Huang, 1984) are in the range 4.8 to 6.3 km/s, ag-
reeing fairly well with the smooth curves. A
borehole roughly halfway along profile 2, however,
intersected gabbro, and this body may have produc-
ed the higher velocity for profile 2.

The average P-wave velocities derived from ex-
periment 3 (Fig. 2) are also plotted in Figure 4. The
P-wave velocity from this third experiment (profile
Tl(SE)) agrees fairly well with the smooth curves
for profile A to the southeast of CR-1. Moreover,
the S-wave velocity averaged over the same region
is 2.90 ± 0.05 km/s, slightly less than the value of
3.18 km/s for profile 3. Profile Tl(NVV) of experi-
ment 3 yields a P-wave velocity of 6.35 ± 0.10 km/s
(Wright and Johnson, 1981). This P-wave velocity is
higher than either profile 2 or profile A velocities
and probably results from a relatively greater per-
centage of propagation through the gabbro body.
Although a reliable P-wave velocity could not be
derived for profile T2, the S-wave velocity for this
adjacent profile (3.66 ± 0.11 km/s) supports this in-
terpetation.

The velocity data of Figure 5 (profile B of Figure
1) are more scattered than those of Figure 4, and
the smooth curves show little correlation with the
rock types inferred from the map of the surface
geology. Moreover, the apparent periodicity of the
velocities of Figure 5(a) does not correlate well with
the features of Figure 5(b). The structure of the
smooth curves beyond 300 m from the northeast
end of profile B is, therefore, unlikely to be due to
real velocity variations. The only safe inference is
that the velocities are on average close to 5.5 km/s
with the suggestion of a slight decrease towards the
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southwest end. The high velocities (=s6.2 km/s) at
the northeast end of the profile are probably due to
propagation through gabbro rather than paragneiss.
The average P-wave velocity for profile 1 of the
tidal stress experiment, which is almost parallel to
profile B but displaced a kilometre to the west, has
also been plotted. The high P-wave velocity of 6.56
km/s and an S-wave velocity of 4.1 km/s imply that
the seismic energy has travelled largely through
gabbro.

Profile T3 of experiment 3 (Fig. 2) is an unre-
versed refraction profile that samples much of the
same region as profile 1 on Figure 1. The apparent
velocities of P and S waves (Wright and Johnson,
1981) are 7.31 ± 0.17 km/s and 4.36 ± 0.06 km/s,
respectively. Assuming that the true P-wave velocity
is 6.56 km/s, the S-wave velocity becomes 3.^2 km/s,
in reasonable agreement with the result for profile
1. Both profile 1 (Fig. 1) and profile T3 (Fig. 2)
cover regions where the presence of gabbroic dykes
have been inferred from aeromagnetic surveys of
the Chalk River site (Hayles, 1982).

Experiment 4. P-Wave Velocities Measured
in Borehole CR-1

A method of deriving optimum P-wave velocity
depth profiles from crystal cable well surveys has
been developed by Wright and Huang (1984), and
the results for CR-1 (Figs. 1 and 2) cover the depth
range of 20 m to 247 m. The P-wave energy used
in this study has wavelengths predominantly in the
range 20 to 25 m. Velocity minima caused by major
fractures or concentrations of smaller fractures with-
in several metres of the borehole might, therefore,
be observed. Because of the comparatively long
wavelengths of the signals, a good correlation with
data on specific fractures intersecting the borehole is
not necessarily expected. Nevertheless, comparison
with these other data is interesting, and some rele-
vant results are shown in Figure 7.

In the left portion of Figure 7, the optimum so-
lution and its 95% confidence limits are shown, to-
gether with layered crack-free P-wave velocities de-
lived from laboratory measurements on dry
borehole cores at pressure of 250 MPa (Simmons et
al., 1978). The division into eight layers is based on
petrological data, as discussed by Wright and Kami-
neni (1980). The horizontal dashed lines mark rela-
tively abrupt changes in the mineralogy of the
cores. As expected, the borehole velocities are gen-
erally much lower than the crack-free values; these
are not accurate, since only 18 such velocity mea-
surements were made over the entire borehole.
There is no clear correlation of the variations in
borehole velocities with petrological changes; frac-
tures undoubtedly control most of the observed var-
iation.

The P-wave velocities measured by Simmons et
al. (1978) on saturated cores at 100-kPa pressure are
also plotted in Figure 7 (triangles). The correlation
coefficient between the laboratory velocities obtained
at 100 kPa and the in situ velocities is statistically

significant (0.54 ± 0.22), suggesting that high con-
centrations of microfractures in the borehole cores
may be closely associated with larger fractures or
networks of fractrres that perturb the seismic vel-
ocities measured at the lower frequencies of field
surveys.

The middle section of Figure 7 shows a histog-
ram of the number of fractures observed in the
borehole cores averaged over five-metre intervals.
The increases in fracture counts between depths of
120 and 135 m, 155 and 175 m, 205 and 215 m,
and between 220 and 235 m correlate well with
pronounced minima in the velocity profile.

The depths at which tube waves are generated
by open fractures have been plotted on the right of
Figure 7 using data prepared by Huang and Hunter
(1981). Ten of the 12 medium- or large-amplitude
tube waves can be directly correlated with velocity
minima, although only 10 of the 25 small-amplitude
tube waves show a similar association. Therefore,
the open fractures responsible for the larger tube
waves influence significantly the measured P-wave
velocities. One very large tube wave was generated
at a depth of 124.2 m in the vicinity of a fracture
zone. It is clearly associated with the most promi-
nent and rapid velocity decrease of the profile, but
the minimum velocity of 4.82 km/s occurs 3.9 m
below, at a depth of 128.1 m. A possible explana-
tion of this difference is that the large open fracture
is almost vertical, and only its uppermost regions
intersect the borehole.

Experiment 3. Amplitude Ratio Measurements
and S-Wave Polarization

As in experiment 1 (Lam and Wright, 1980), no
Secondary Horizontal (SH) wave polarization was
observed, and some sample seismograms are shown
in Figure 8. Surprisingly, there is little difference
between the vertical, left and right shots; odd- and
even-numbered channels are vertical-component and
transverse horizontal-component arrays of geo-
phones, respectively. Since good polarized SH-wave
arrivals have been observed in sedimentay rocks
using the same source (R. Stewart, personal com-
munication), in an experiment described by Stewart
et al. (1980), the absence of polarized SH waves at
Chalk River does not appear to be due to a techni-
cal deficiency of the source. The preferred explana-
tion is that the high velocity and density contrasts
and the irregularity of the contact between the
overburden and the rock body result in loss of
polarized SH-wave energy. Amplitude ratio mea-
surements provide support for this explanation and
are discussed below.

In Figure 9, the amplitude ratios AR/AV and AtJ
Av have been plotted for the seismic enery gener-
ated at the shot points of profile T3 and recorded
at three vertical-component arrays (1, 3 and 5) and
three horizontal geophone arrays (2, 4 and 6). Only
rarely is the S-wave amplitude on the horizontal-
component instruments enhanced relative to P and
S waves on the vertical-component instruments in
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VERTICAL

L 100 ms

Figure 8: A set of seismograms to illustrate the similarity of the signals produced by the weight drop de-
vice for the vertical, right and left positions. Shot point is on profile T3 of Figure 2, distances to nearest
and farthest geophone arrays are 203.7 and 339.3 m, respectively.
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changing from vertical to right or left shots. The re-
maining data yield a similar result. Therefore, the
observed relative amplitudes of P, Secondary Verti-
cal (SV) and SH waves are almost independent of
source orientation. Local inhomogeneiries dominate
the radiation of P- and S-wave energies, irrespective
of the thickness of sediments.

I
Experiment 3. Attenuation Measurements

The anelastic attenuation of seismic waves in the
top few kilometres of the earth's crust is believed
to be partly due to fluid flow within or between
cracks. The dimensionless ratio Q is a measure of a
system with periodic behaviour to store energy,
where

Energy Stored

Change in Energy per Cycle

Determination of Q may, therefore, provide infor-
mation on both the concentration of fractures within
a rock body and the manner in which these frac-
tures are interconnected.

Wright and Hoy (1981) have attempted to use
the pulse rise-time method of Gladwin and Stacey
(1974) to measure Q using P-wave data from the
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weight drop source. For profiles Tl and T2 of Fig-
ure 2, no systematic broadening of the P-wave
pu'.ses was observed as a function of travel time.
This absence of any systematic degradation of the
P-wave pulse is attributed to extensive scattering
and P- to S-wave conversions along these profiles,
which masks the effects of anelasticity. Support for
this explanation is provided by the amplitude mea-
surements along the same paths of P- and S-waves,
which decay very slowly as a function of distance
(Wright and Johnson, 1981). For profile T3, how-
ever, for which the P- and S-wave amplitudes
decay inversely as the square of the distance
(Wright and Johnson, 1981, 1982), a systematic in-
crease in pulse rise time with increasing travel time
was observed (Fig. 10). Using independent estimates
of the observational errors in rise times and travel
times, the straight line through the data was calcu-
lated by the modification of the least-squares tech-
nique of York (1966) described by Williamson
(1968). Assuming the validity of the linear pulse-
broadening model of Azimi et al. (1968), an approx-
imate value of Q, 243 ± 53, for the uppermost
layers of the rock body was calculated from the
slope of the least-squares line. This derived value of
Q is at least reasonable, since laboratory measure-
ments of Q for gneisses at room temperature and
pressure lie in the range 44 to 546 (Ramana and
Rao, 1974).
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Figure 10: Pulse rise time plotted as a function of travel time for P-wave arrivals along profile T3 of Figure
2.
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INTERPRETATION IN TERMS OF
FRACTURE PARAMETERS

To specify uniquely a crack density parameter €
and a saturation parameter £ (O'Connell and
Budiansky, 1974, 1977), the crack-free and in situ P-
and S-wave velocities are required. Because of the
variability of the rock types that occur at Chalk
River, ranging from gneiss of granitic composition
to gabbro, only the seismic velocities measured in
CR-1 and along paths to the southeast of CR-1
have been measured in media of sufficiently uni-
form composition to enable crack parameters to be
defined.

The crack-free P-wave velocity of 6.19 km/s for
the gneiss and quartz monzonite has been esti-
mated by taking the average of 17 measurements
made by Simmons et al. (1978) on dry cores from
CR-1 at'a pressure of 250 MPa (Table 1). The crack-
free S-wave velocity of 3.97 km/s is the average of
four values measured at 200 MPa by R.M. Stesky
(unpublished data) on gneisses from two other
boreholes in the Chalk River area; these four sam-
ples yield an average P-wave velocity of 6.25 km/s
at 200 MPa. In the subsequent calculations, the
crack-free P- and S-wave velocities have been taken
as 6.20 and 3.98 kni/s, respectively. Because mea-
sured S-wave velocities at the frequencies of labora-
tory experiments are almost independent of satura-
tion at a pressure of one atmosphere (Nur and
Simmons, 1969), all crack parameters have been es-
timated using the saturated isobaric model of
O'Connell and Budiansky (1977). At the lower fre-
quencies of in situ measurements, the saturated
isobaric model is certainly valid, but at frequencies
-1 kHz, a transition to the saturated isolated model
probably occurs when the S-wave velocities become
dependent on saturation (O'Connell and Budiansky,
1977). The original equations of O'Connell and
Budiansky (1974, 1977), used by Wright (1982) and
Wright and Langlev (1980) for the condition of par-
tial saturation, have been modified to derivatives of
the elastic parameters with respect to crack density
in the manner described by Henyey and Pomphrey
(1982). These derivatives were integrated numerically
to determine the P- and S-wave velocities as func-
tions of the crack density e and saturation parame-
ter fj.

The average crack density and saturation param-
eters have been estimated for propagation paths to
the southeast of CR-1 using (i) the velocities of pro-
file 3 of experiment 1 (Fig. 1), and (ii) the velocities
of profile Tl(SE) of experiment 3 (Fig. 2). The re-
sults are listed in Table 1. It should be noted that
the errors in both sets of velocities are greater than
the values (29,) suggested by Wright and Langley
(1980) for the reliable determination of fracture pa-
rameters.

The P-wave velocities measured on saturated
cores from borehole CR-1 (Fig. 7) and the measured
S-wave velocities, both at 100 kPa pressure, have
been averaged, and representative values of e and £
have been calculated (Table 1). Wright (1982) ob-

tained considerably smaller saturation parameters
than the ones calculated using the measured ve-
locities of Table 1 and the original equations of
O'Connell and Budiansky (1974, 1977). The modifi-
cations of these equations, using the results given
by Henyey and Pomphrey (1982) yield higher crack
densities and increase the saturation parameters to
values slightly less than one, closer to what would
be expected for both the saturated borehole cores
and the rock body itself. Also listed in Table 1 are
the values of e and ij calculated for a granite for
which P- and S-wave velocities were measured in
the laboratory by Feves et al. (1977). The saturation
parameter for this sample, 1.00, is higher than the
values for Chalk River.

The velocities measured on borehole samples
from CR-1 (Fig. 1), at 250 MPa (Simmons et al.,
1978), have a standard deviation, of 0.16 km/s. This
suggests that the in situ P-wave velocities in the
Chalk River gneisses are unlikely to vary locally by
more than about 0.3 km/s due to changes in min-
eral constitution. Thus the variations in P-wave vel-
ocity ( — 1.0 km/s) are good indicators of fracture den-
sity. The in s/iu S-wave velocities are more sensi-
tive to variations in fracture density but are more
difficult to measure accurately than P-wave ve-
locities. The use of the in situ F-wave velocities
without the corresponding S-wave velocities to esti-
mate e is justified since the results of Table 1 are
consistent with almost total saturation of fractures,
so that £ -- 1.0 can be assumed.

The use of seismic velocities to estimate e,
which can be used as a measure of rock integrity,
is a logical development of ideas discussed by
Onodera (1963) and Jaeger and Cook (1976). Using
€ instead of the rock quality index of Deere (1964)
used in rock mechanics, has the important advan-
tage that a sample of the rock is not required to
specify its integrity. However, a disadvantage is
that e contains no information on the crack dimen-
sions since a single large fracture has the same ef-
fect as a host of small ones.

The problems of estimating the size distribution
oi fractures and their role as pathways for the mi-
gration of radioactive wastes have been discussed by
Brown et al. (1982). To contribute significantly to-
wards quantifying the fracture distribution, seismic
P- and S-wave velocities and amplitudes need to be
measured at frequencies ranging from 50 Hz to sev-
eral kHz for both surface-to-borehole and borehole-
to-borehole paths. Some progress in the frequency
range 1 to 6 kHz has been described by Wong et
al. (1983). The advantages of the superior resolving
power of higher frequency data, however, are offset
somewhat by the relatively small distance range
that can be used, .in.! possibly, by the smaller ef-
fect of a given assemblage of water-filled fractures
on the seismic velocities owing to the transition
from saturated isobaric to saturated isolated condi-
tions (O'Connell and Budiansky, 1977).

To show how seismic velocity measurements
might be used to qualify rock integrity, the crack
density parameters have been calculated at 50-m in-
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TABLE 1

SEISMIC VELOCITIES Al ' ESTIMATES OF THE

CRACK DENSITY AND PARTIAL SATURATION PARAMETERS

Intrinsic Velocities**
km/s Remarks

'PI VSI

6.19 - Average of 17 measurements on cores from borehole CR-1
at a pressure of 250 MPa (Simmons et al., 1978)

6.25 3.97 Average of 4 measurements on gneisses at 200 MPa from
other boreholes at Chalk River (R.M. Stesky,
unpublished data)

Measured Velocities Crack Saturation
km/s Density Parameter Remarks

Primary Secondary Parameter
V_ V. e r

6.20

6.20

6.20

6.50+

3.98

3.98

3.98

3.82

5.40

5.26

5-47*

6.26

3.18

2.90

3.29*

3.39

0.27

0.38

0.23

0.12

084

0.94

0.78

1.00

Data from
profile 3 of
Figure 1

Data from
profile Tl
(SE) of
Figure 2

Laboratory
data at 100
kPa from
Simmons et
al. (1978)

Sample 1336
(granite) of
Feves et al.
(1977)

** VPI ~ intrinsic primary wave velocity. V g i - intrinsic secondary wave velocity.

* The P- and S-wave velocities are the average of 18 values for cores from
borehole CR-1. The measurements of V were all on saturated specimens.

+ The crack-free velocities are assumed to be those measured at a pressure of
200 MPa. Vp was measured on a saturated specimen-
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tervals for the smoothed curve of Figure 4(b) over
the distance range 1250 to 1900 m. A saturation pa-
rameter of 1.00 and the crack-free velocities of Table
1 have been assumed, and the results are plotted
in Figure 11. It may be possible to establish a sim-
ple criterion to distinguish between low- and high-
integrity rock. For example, as shown in Figure 11
a region of a rock body with an € value that ex-
ceeds 0.36 might be considered as low-integrity rock
and might be doubtful for a disposal site; the cor-
responding cut-off velocity is 5.38 km/s. Thus, the
region between distances of 1565 and 1875 m from
the northwest end of profile A (Fig. 1) could be a
questionable site for nuclear waste disposal. Al-
though the data presented apply only to the top 10
to 20 m of the rock body, the method described
could be extended to greater depths using recorders
and, possibly, sources within boreholes.

DISCUSSION

A summary has been given of the results of
four seismological experiments undertaken at Chalk
River, Ontario. There are clearly some deficiencies
in the data. In particular, the absence of properly
reversed refraction profiles, apart from the data
from the reflection experiment, needs to be re-
medied at future test sites. The recording of refrac-
tion profiles with a high degree of data redundancy
over dimensions of about 500 m would assist great-
ly in quantifying rock integrity. Wright and Huang
(1984) have described a method that makes
maximum use of the data redundancy by deriving

P-wave velocity profiles in boreholes from crystal
cable surveys. The computational scheme can easily
be adapted to the interpretation of data from small-
scale refraction surveys, or the analysis of tube-
wave velocity variations described by Huang and
Hunter (1981). This method has already been suc-
cessfully applied to the related problem of analyzing
earthquake travel times at a regional network of
seismographs (Wright, 1983; Wright et al., 1984).

The failure to observe polarized 51 [ waves is be-
lieved to result from the complexity of the Chalk1

River site. Attempts to detect anisotropy in elastic-
wave velocities have failed because of the presence
of several different types of crystalline rocks in the
area. The presence of thin sheets of gabbro with P-
wave velocities at about 6.5 km/s within the gneiss
or monzonite with P-wave velocities close to 5.4
km/s has hampered the interpretation of P- and S-
wave velocities in terms of fracture parameters. The
absence of S-wave velocities measured in CR1 and
other boreholes in the area may be remedied by
use of a three-component, lock-in transducer.

Some of the foregoing deficiencies and problems
in Chalk River data may be overcome in an experi-
ment undertaken at Pinawa, Manitoba, in 1980, in a
relatively homogeneous granite rock body. A pre-
liminary analysis of that data indicates the absence
of polarized SH waves on transverse-component
geophones placed on the surface. There are, there-
fore, limitations on S-wave studies at potential dis-
posal sites where the crystalline rocks are covered
by glacial overburden.
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CHAPTER 5

ELECTRICAL, ELECTROMAGNETIC
AND MAGNETIC SURVEYS
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ABSTRACT

A DIGHEM" airborne electromagnetic/resistivity/magnetic/VLF survey was carried out over the Chalk River
research area in early 1979, along north-south and east-west flight lines spaced approximately 100 m apart.
The results indicate that the geological environment in the survey area is relatively resistive with typical ap-
parent ground resistivity values ranging from about 2,000 (I'm to more than 4,000 f>m. Several lower resis-
tivity zones were detected, which were associated with numerous weak but identifiable EM anomalies (con-
ductance values lower than 10 S) that are believed to reflect geological features of concern to the Nuclear
Fuel Waste Management Program, e.g., faults or fracture zones. Three identified prominent zones showed
good correlation with the VLF-EM and magnetic data sets.

The first group of EM anomalies, correlating with apparent resistivities as low as 200 fi'in, is confined to
Maskinonge Lake. It appears to reflect the combined effects of near-surface conduction (e.g., conductive
lake-bottom sediments) and of a geological structure. The strike of the geological structure within this zone
is close to north-south in the central part of the lake, and about N15°E in its northern part.

The second group of EM anomalies crosses the southern end of Maskinonge Lake and is structurally com-
plex. It is associated with 500 to 700 Jl'm resistivities and well-defined VLF anomalies.

The third group striking north-south and occurring in the eastern part of the survey area is characterized by
a narrow low-resistivity zone and a well-defined VLF anomaly.

Numerous other EM, resistivity, magnetic and VLF trends occur with strikes close to 10° to 20°, 45°, 80°, 90°
to 120°, and 140" to 160°. All of these show good correlation with ground VLF and surface fracture analysis
data.

INTRODUCTION

In the Canadian Nuclear Fuel Waste Manage-
ment Program, the detection and mapping of near-
surface, subvertical fractures and determination of
the nature and thickness of the overburden are im-
portant considerations. For this purpose, the
DIGHEM" (Fraser, 1979), which is a helicopter-
borne electromagnetic (EM) mapping system, has
proven very useful. The EM device consists of two
orthogonal transmitter-receiver coil pairs mounted in
a nine-metre-long capsule called a bird, which is
towed 30 m below the helicopter. The system also
carries a Very Low Frequency (VLF) sensor and a

magnetometer to simultaneously record the VLF and
magnetic response of the ground. The system has
been flown over the Chalk River, Whitesiiell and
Atikokan research areas of Atomic Energy of
Canada Limited for rapid airborne detection of both
large- and small-scale electric and magnetic
anomalies. The EM sensors'have provided estimates
of the apparent resistivity/of the ground and thick-
ness of the top layer, assuming the top layer to be
highly resistive, and have^detected discrete conduc-
tors. The airborne VLF system has been very useful
in detecting shallow, poorly conductive features like
water-filled fracture and shear zones, while magnet-
ic anomalies have provided insights on the structure
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and composition of basement rocks.
DIGHEM" survey with electromagnetic/resistivity/

magnetic/VLF sensors was flown over the Chalk
River research area (Fraser and Dvorak, 1979) in
late January and early February 1979. The survey
area was flown along two perpendicular flight direc-
tions (i.e., north-south and east-west, as shown in
Figure 1) by an Alouette II turbine helicopter at an
average air speed of 100 km/h and an average fly-
ing height of 70 m. The flight line spacing was 100
m during the survey. The bird of DIGHEM" elec-
tromagnetic system is shown in Figure 2. Both
transmitter coils were operated at approximately
3,600 Hz. The primary field at the receiver coils
was "bucked out" and in-phase and out-of-phase
components of the secondary field were recorded at
the rate of two samples per second. A Barringer
eight-channel hot pen analog recorder arid a
Geometries G-704 digital data acquisition system
with a Cipher 70 seven-track 200 bpi magnetic tape
recorder were used to record and store the data in
analog and digital forms. A Geometries 803 proton
precession magnetometer with a sampling rate of
one reading per second was used with its sensor
suspended 10 m below the helicopter. The flying
height was monitored using a Sperry AA 215 radio
altimeter. A Geocam 35-mm frame camera photo-
graphed the ground below the helicopter. The
frame camera film was later used to recover the
flight path. A Herz Totem 1A VLF-EM system was
employed during the survey with its sensor towed
5 m below the helicopter. The east-west lines were
flown with the VLF receiver tuned to the VLF
transmitter NSS located at Annapolis, Maryland,
which operated at 21.4 kHz. The north-south lines
were flown with the VLF receiver tuned to the
transmitter NAA located at Cutler, Maine, which
operated at 17.8 kHz. The analog equipment re-
corded four channels of EM data at approximately
3,600 Hz, one ambient EM noise monitor channel
(for the coaxial receiver), two multiplexed VLF out-
puts (total field and the out-of-phase component of
the vertical field), one channel each of magnetics
and radio altitude, and two 60-Hz fiducial markers.
The digital equipment recorded the electromagnetic
data to a sensitivity of 0.2 ppm, the magnetic data
to 1 nT, and the VLF field to 0.1%.

SURVEY RESULTS AND DISCUSSION

DIGHEM" electromagnetic data collected during
the Chalk River survey were processed by computer
and evaluated in terms of two general types of re-
sponses, i.e., discrete and broad. The discrete re-
sponses are those that display narrow, sharp, well-
defined anomaly shapes. They are indicative of dis-
crete conductors, such as steeply dipping sheets of
graphite or sulphide, sulphide lenses, or those
geological structural features that can be approxi-
mated as steeply dipping planes or tabular bodies.
Faults, fractures and shear zones fall into the latter
category. In contrast, the class of broad responses

consists of wide anomalies arising from conductors
having large horizontal dimensions, such as conduc-
tive overburden, gently dipping graphite or sul-
phide sheets, sedimentary formations containing
saline water, etc.

The vertical-sheet model is commonly used for
the analysis of discrete conductors. All anomalies
plotted on the electromagnetic map (Fig. 3) were in-
terpreted according to this model. The survey iden-
tified 306 anomalies, of which 295 have conduc-
tances lower than 5 S. The remaining 11 anomalies
have conductances between 5 and 9 S. A number
of anomalies were caused by cultural features such
as power lines, metal objects, etc. They occurred
mainly ir the north, south and southeast parts of
the survuv grid.

An attempt was made to correlate individual
anomalies from line to line in order to define con-
ductor axes that may reflect zones of weakness.
Three large prominent groups of EM anomalies
were identified; these may indicate major geological
features. The first group, confined to Maskinonge
lake, appears to reflect the combined effects of
near-surface conduction, most likely conductive lake-
bottom sediments, and a geological structure. The
general strike direction of the conductor axis in the
northwest part of the lake is close to N20°W, be-
coming approximately N60°W in the southeastern
part of the lake. These trends show a good correla-
tion with one of the major fault and fracture sets
discussed by Brown and Thivierge (1977). There are
indications, however, that the strikes of the conduc-
tors within this group vary locally. The EM
anomalies in the central part of the lake tend to
align closely to the north-south direction, whereas
the preferred strike direction just north of the cen-
tral part of the lake appears to be approximately
N15°E. It is interesting that all these local trends
correlate with well-defined VLF responses, as will
be shown later.

The second group of EM anomalies crosses the
southern end of Maskinonge Lake in a curved man-
ner, roughly in an east-west direction. This group
appears to consist of a number of linear segments
of variable strike direction.

The first segment (labelled 1 in Figure 3) is lo-
cated about 500 to 1,400 m southwest of the lake; it
exhibits a strike close to N80°E. It continues for
350 m (segment number 2) at about N15°E strike,
perhaps reflecting a cross-fault responsible for the
offset of the adjacent segments. The next segment
(number 3) crosses the lake, striking approximately
east-southeast. The last segment (number 4) occurs
southeast of Lower Bass Lake, and exhibits a south-
easterly strike. Except for this last segment, all
other segments strike along directions almost coinci-
dent with three of the five dominant fracture sets
described by Brown and Thivierge (1977) who re-
ported strike directions of N80°E, N10°E, and
N115°E. A lineament analysis from aerial photo-
graphs in the area of Upper and Lower Bass Lakes
(Brown et al., 1979) suggests that the last EM ano-
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Figure 1: The Chalk River survey area. Flight lines 1 to 33 were flown east-west and lines 51 to 83 were
flown north-south.
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Figure 2: DIGHEM" bird schematic.

maly segment with southeastern strike may be an
extension of one of the main photo-lineaments. The
most interesting feature of this segment is its corre-
lation with a 150 to 200 (I'm resistivity /.one.

The third group of prominent EM anomalies oc-
curring near the eastern edge of the survey area is
covered only by the east-west flight lines. This
group, displaying a north-south strike, indicates the
presence of a narrow conductive zone with 200 to
900 ll'm resistivities, agreeing with a well-defined
VLF anomaly.

Resistivity

Apparent resistivity measurements made with
the DIGHEM" system (Fraser, 1978) are analogous
to measurements made with d.c. or electromagnetic
ground equipment. The dipole moment of a trans-
mitter coil and the voltage measured by the receiver
coil are combined with the geometric factor of the
system to yield the apparent resistivity of the
ground. The model used to obtain the apparent re-
sistivity data from the DIGHEM" system is a simple
half-space model that may be below a resistive
overburden. The results can be presented as profiles
in sectional view or as contours on a plan map.
The apparent resistivity is then used as input to
various interpretation schemes. The primary advan-
tage of a half-space model lies in its simplicity. The
apparent resistivity data can be interpreted reasona-
bly well on a qualitative basis regardless of whether
the ground is horizontally or vertically layered, or
whether there are discrete inhomogeneities.

The DIGHEM" computer software used two
half-space models. One, referred to as the
homogeneous half-space model, uses the amplitude
of the EM field and bird altitude, a, to define the
apparent resistivity of the half space (Fig. 4a). The
other model, referred to as the buried, or pseudo-
layer, half-space model, uses the amplitude and the
phase of the recorded EM field to calculate the ap-
parent resistivity. The apparent height, h, of the
system above the half space is also obtained as a
by-product of this calculation (Fig. 4b). Differences
between the apparent height and measured bird al-

titude, a, may be ascribed to the existence of a
highly resistive upper layer of thickness, t. Fraser
(1987) has described in detail the procedures for ob-
taining apparent resistivity from DIGHEM" data.

Although both models may be applicable, the
second model (buried half-space) is superior because
the interpretation is done assuming a pseudo two-
layer medium with an estimate of the top-layer
thickness. Therefore, only this model will be dis-
cussed in this paper.

It is important to realize that the apparent thick-
ness parameter will contain errors that may exist in
the measured altitude, such as those caused by a
thick tree cover. In the interpretation of the Chalk
River data, altitude errors appear to be minimal. In
this case, a zero value of the apparent thickness
implies that the ground is homogeneous in the
upper 105 m, and the apparent resistivity is likely
to be the true resistivity of the earth. However, this
conclusion can only be verified if more than one
frequency is used and identical results are obtained.

Non-zero values for the apparent thickness indi-
cate that the earth is not homogeneous. A positive
value of the apparent thickness is evidence that a
resistive upper layer is present. The apparent thick-
ness approaches the true thickness of the upper
layer as the resistivity of this layer and the resistiv-
ity contrast between the two layers increase. A
negative value of the apparent thickness means that
conductive upper layer overlies a more resistive
lower layer (Fraser, 1978). The negative thickness
values are artifacts of the algorithm used for deter-
mining the thickness parameter.

For the Chalk River survey, maps of apparent
resistivity and of apparent thickness were made in-
dependently for each flight direction using the cop-
lanar coil-pair information, since this coil configura-
tion is best for mapping horizontal strata (Sinha,
1973). However, only east-west flight line results
are presented here in Figures 5 and 6. The appar-
ent thickness map (Fig. 5) shows that a resistive
cover of appreciable thickness (i.e., positive thick-
ness values up to 50 m) extends over approximately
half of the area. The remainder of the area displays
negative thickness values, generally between zero
and 10 m, indicating the presence of a thin conduc-
tive cover. The apparent resistivity map (Fig. 6)
shows several lows over the Maskinonge Lake, to
the east of its southern extremity and at a few
other locations. The resistivity lows have been indi-
cated by I- in the diagram.

The apparent thickness information can be used
in conjunction with the apparent resistivity map to
derive an approximate model of the ground. For ex-
ample, the two diagrams (Figs. 5 and 6) indicate
that the uniformly resistive zone west of Mas-
kinonge Lake and north and northeast of Upper
Bass Lake is overlain by a conductive upper layer
characterized by negative apparent thickness values.
Similarly, most of the Maskinonge Lake is conduc-
tive and the apparent thickness values are negative,
indicating the existence of a conductive upper layer.
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Figure 3: DIGHEM" electromagnetic anomaly map where conductor axes are indicated by heavy lines. Seg-
ments of the second group of EM anomalies crossing the southern part of Maskinonge Lake are labelled 1,
2, 3 and 4.
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(a)

apparent resistivity = f (amplitude,altitude)

(b)

apparent resistivity = flamplitude,phase)

apparent thickness = f (amplitude,phase,altitude)

Figure 4a: The homogeneous half-space model. The top of the conductive earth coincides with the ground
surface as defined by the altimeter (a = elevation of bird).

Figure 4b: Buried, or pseudo-layer, half-space model. The top of the half-space is defined numerically by
the output parameter h. This is equivalent to a two-layer model with infinitely resistive top layer (t = ap-
parent thickness of resistive surface layer).

Figure 5; Apparent thickness map for the east-west flight lines. Negative values of apparent thickness are
indicated by hachures.
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L
Figure 6: Buried half-space apparent resistivity map in ii«m for the east-west flight lines. There are eight
contour intervals per decade, e.g., 100, 133, 177, 237, 316, 421, 562, 750.

There is sufficient evidence, however, that bedrock
features also occur. For example, the well-defined
resistivity low southwest of Lower Bass Lake just
east of the southern tip of Maskinonge Lake (Fig.
6) is characterized by positive thicknesses, suggest-
ing that this feature occurs at depth.

Correlation between the EM anomaly groupings
shown in Figure 3 and the patterns of the resistiv-
ity map should also be noted. A close correlation is
evident for the second and third EM anomaly
groups. The western part of the second group is
confined to a poorly defined resistivity gradient
(Fig. 6), perhaps indicating a contract between two
different rock units. It is interesting that these EM
anomalies occur along, or in the vicinity of, the
zero value on the apparent thickness map (Fig. 5).
North of this line of conductors, the resistive lower-
half space appears to be overlain by a more con-
ductive layer (zone with negative apparent thick-
ness), whereas the unit south of this line appears
to consist of rock types with apparent resistivity
values more than 2,000 ft«m. Isolated positive
values of apparent thickness may be the result of a
thick tree canopy. It is possible that the negative
apparent thickness values in the central part of the
second group of EM anomalies (Fig. 5) may be in-
dicative cf faulting and of water seepage along a
fault. This would arise if water seepage caused an
increase in near-surface conductivity.

The third group of the EM anomalies may not
be of an immediate interest in the context of the

present study because it occurs outside the main
area of investigation. However, its similarity with
the western part of the second grouping is quite
clear. It would suffice to note that the EM
anomalies correlate with a well-defined low-resistiv-
ity /one (Fig. 6) and that they occur along, or in
the vicinity of, the zero value of the apparent thick-
ness map (Fig. 5).

Magnetics

The magnetometer data were digitally recorded
at the rate of one sample per second to an accu-
racy of 1 nT. The data were levelled and processed
by a computer to yield a standard total-field mag-
netic map. The magnetic data were also treated
mathematically to enhance the magnetic response of
the near-surface materials and an enhanced magnet-
ic map was produced with a 100-nT contour inter-
val. The response of the enhancement operator in
the frequency domain is shown in Figure 7a. Two
modified enhanced magnetic maps with 200-nT con-
tour interval are shown in Figures 8 and 9.

Normally, the enhanced magnetic map bears a
resemblance to a ground magnetic map. Therefore,
it simplifies the recognition of trends in the rock
strata and the interpretation of geological structures.
A 200-nT contouring interval is suitable for defining
the local near-surface geology while de-emphasi/.ing
regional deep-seated features.
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Figure 7: Frequency response of filter operators: (a) magnetic filter, (b) VLF filter.

Figure 8: Enhanced total field magnetic map for the east-west flight lines; contour values are in nT.
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Figure 9: Enhanced total field magnetic map for the north-south flight lines; contour values are in nT.
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The enhanced magnetic maps were made inde-
pendently for each flight direction because the en-
hancement operator is one-dimensional. This one-di-
mensional operator is used to take advantage of the
high sampling density along the flight lines. Figures
8 and 9 show that, while the two maps provide
mutually complementary information, substantial dif-
ferences are caused by the flight direction. Gener-
ally, features perpendicular to the flight line direc-
tion are more easily detected.

Little direct correlation exists between the EM
and magnetic data. However, the magnetic maps
show trends having strikes close to those observed
on the EM and resitivity maps. They fall close to
N10°E, N45°E, *-30°E, N110°E, N140°E, and N160°E.

VLF

VLF anomalies differ from the D1GHEM" EM
anomalies because they primarily respond to a non-
inductive, current-gathering phenomenon. In con-
tract, the DIGHEM" anomalies respond primarily to
eddy currents in the conductors, which have been
energized inductively by the transmitted primary
field. In the case of VLF, the primary field sets up
weak, streaming currents flowing in rocks and over-
burden. These currents tend to collect in /ones of
low resistivity or along conductive inhomogeneities.
The total field yields peaks over VLF current con-
centrations and the quadrature component tends to
yield crossovers. Preferential enhancement occurs for
conductive features whose axes lie close to azimuth
of the transmitting station. Consequently, separate
maps for the individual transmitting stations were
prepared (Figs. 10 and 11).

The total-field VLF data were treated mathemati-
cally using a filter operator (Fig. 7b) similar to the
magnetic enhancement operator. The filtered output
yields a readily contourable quantity. The data are
normally displayed in the form of maps with a con-
tour interval of one percent to facilitate the recogni-
tion of trends in the rock strata and the interpreta-
tion of geological structures.

The contour patterns obtained from VLF trans-
mitters NSS (east-west lines Fig. 10) and NAA
(north-south lines, Fig. 11) show substantial differ-
ences, which arise because of the apparent enhance-
ment of conductive features with axes close to the
azimuth of the transmitting stations. This is in full
agreement with ground measurements conducted
using the same two transmitting stations (Scott,
1979; Hayles and Sinha, 1982). The ground data col-
lected along the east-west and north-south oriented
lines showed characteristics and pattern distributions

almost identical with those obtained from the air-
borne surveys. Figure 12 shows the locations of
conductor axes derived from the airborne VLF sur-
vey using transmitters NAA and NSS. As expected,
the conductor axes mapped using NAA are mostly
east-west, whereas those using NSS are generally
north-south. Discrete plate-type conductors using
DIGHEM" EM systems are also shown.

A good to excellent correlation exists between
the VLF anomalies and other geophysical parame-
ters. All three major groups of EM anomalies are
associated with well-defined VLF trends. Since air-
borne VLF anomalies generally indicate broad
geological features, it is likely that the EM
anomalies are also caused by such features. The
VLF data provide complementary information when
there is some doubt regarding the origin of some
weak EM responses and poorly defined resistivity
and apparent thickness anomalies. For example, the
VLF anomalies in the southeast part of the Mas-
kinonge Lake would suggest that the EM data arc
indicative of a bedrock structure rather than being
caused by near-surface conduction.

The two VLF data sets indicate the presence of
numerous conductive trends with strikes close to
N30°W, N-S, N20°E, and between N90°E and
N120°E, in good agreement with the strikes of do-
minant fracture sets mapped by Brown and
Thivierge (1977).

CONCLUSIONS

An airborne electromagnetic/resistivity/magnetic/
VLF survey of the Chalk River research area iden-
tified a large number of linear features of possible
structural origin. No single parameter appears suffi-
cient to delineate and describe fully all the geologi-
cal features present in the survey area. They can be
properly evaluated on a multi-parameter basis only.
The anomalous trends defined by one or more of
EM, resistivity, magnetics, and VLF can be grouped
in the following manner: north-south to 20°E
strikes, N45°E and N80°E strikes, strikes between
N90°E and N120°E, and strikes between N140°E and
N160°E. In comparison, the dominant fracture sets
described by Brown and Thivierge (1977) and by
Brown et al. (1979) can be grouped into the follow-
ing five groups: N10°E to N20°E, N35°E to N45",
N65°E to N80°E, N90°E to N130°E, and N150°E to
N160°E. The similarity of the two distributions
suggests that the airborne survey has identified the
principal trends of fracture sets in the Chalk River
area.
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Figure 10: Filtered total field VLF for the east-west flight lines. The contours represent the VLF field inten-
sity as percentage of the primary field multiplied by 10. Transmitter used was NSS, Annapolis, frequency
= 21.4 kHz.
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Figure 11: Filtered total field VLF for the north-south flight lines. The contours represent the VLF field in-
tensity as percentage of the primary field multiplied by 10. Transmitter used was NAA, Cutler, frequency
= 17.8 kHz.
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CONDUCTOR LOCATION MAP

DIGHEM" AIRBORNE VLF SURVEY

CHALK HIVER, ONTARIO

VLF-NSS
CTO/T»I^ ANOMALY >5%

»— — -INTERMEDIATE ANOMALY 1-5%
POSSIBLE CONDUCTORS

VLF-NAA
STRONG ANOMALY >5%

— I N T E R M E D I A T E ANOMALY 1-5%
POSSIBLE CONDUCTORS

, OISCRETE PLATE-TYPE
CONDUCTORS
POSSIBLE CONDUCTORS

Figure 12: Conductor map of the survey area derived from VLF-EM and DIGHEM" EM surveys.
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Discussion - Paper No. 13

T.J.B.Dugal - You were going to say something about that positive element over Lower Bass Lake.

A.K.Sinha - Yes. Southeast of the Lower Bass Lake, the thickness was positive and with a low resistivity.
On the basis of that information, we would say there is a resistive top layer there. That is not
true for Upper Bass Lake.

W.J.Scott - I find it hard to believe that the water in Lower Basr Lake is different than the water any-
where else in the drainage system.

A.K.Sinha - I don't think it is the water. It is the nature of sediments, probably. I have not done much
study on this, so I can't be very convincing. We are saying that the lake-bottom sediments there
are more resistive. Now, this should be checked out by somebody.

W.J.Scott - There is some unpublished information on work that we did earlier, suggesting the resistivity
of sediments in all the lakes is essentially the same. The work was done early in this program
on DC resistivity and none of the lakes have particularly conductive sediments. 1 suspect that
there may be a problem with the approach used to interpret this information. I was hoping that
Z. Dvorak would be here to talk about it. I think the concept of finding the depth of something
of significant resistivity, if the thickness is negative, is a little tricky in an area like this.

I.G.Hayles - Well, that location does have the strongest VLF conductor in the entire property as seen by
ground VLF. It has a crossover of plus 100 to minus 100 in 25 metres.

W.J.Scott - Yes. That may well be because it is the strongest area in terms of structure.

I.G.Hayles-Yes.

W.J.Scott - It is the place where there is an intersection of two very strong conductive trends in different
directions, so it would be surprising if it weren't.

A.K.Sinha - Yes. I would suggest that that particular area be studied in greater detail. I agree with you
that the approach for resistivity mapping is very simplified. But it has to be like that when you
are using the airborne system where you have millions of data points. In such cases, you have
to have a simple model. If you have a very elaborate model the computer takes too long to in-
terpret millions of data points. I am not sure whether every datum is checked, and whether all
are correct or not. In practice, you feed the tape to the computer and out corru the results, and
the survey is interpreted. Now, I would be very surprised if the computer did not work well.
One possible explanation for this result could be the presence of a two-
dimensional feature. The theory assures the model to be a layered feature, which is a very re-
strictive assumption. It is not right in many cases, certainly not in a situation like Chalk River.

- 1 8 8 -



AECl-9085/14
VLF-EM SURVEYS

AT CHALK RIVER, ONTARIO
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ABSTRACT

Airborne DIGHEM" electromagnetic (EM) and airborne and ground Very Low Frequency Electromagnetic
(VLF-EM) surveys were carried out at Chalk River prior to September 1979. All surveys were run in two di-
rections perpendicular to the azimuths of the two VLF transmitters used (NAA, Cutler, Maine and NSS,
Annapolis, Maryland).

Both airborne and ground data show responses corresponding to the fracture sets mapped geologically. The
order of increasing sensitivity of the techniques to small rock fractures is airborne DIGKEM", airborne
VLF-EM and ground VLF-EM.

Comparison of azimuthal distribution of EM anomaly sets with geological mapping demonstrates that a
VLF-EM survey in one direction only will not give a complete picture of fracture distribution. With two
transmitters whose azimuths are roughly orthogonal, and with a survey in the corresponding two directions,
responses will be observed from all fractures that are electrical conductors.

In the Chalk River area, overburden is generally resistive, and does not strongly influence results. In areas
of thick or conductive cover, VLF-EM techniques should be used with caution.

INTRODUCTION

This paper discusses the results of airborne and
ground Very Low Frequency Electromagnetic (VLF-
EM) surveys carried out at Chalk River, Ontario.
These surveys were carried out prior to September
1979.

The airborne VLF system, n Her/. Totem 1A,
was flown at the same time as a DIGHEM" induc-
tive EM system and a total-field magnetometer.

A ground VLF survey was carried out over a
large part of the area covered by the airborne sur-
vey (Fig.1). Ground EM measurements were made
with a Geonics EM 16.

Both airborne and ground surveys were run in
two directions perpendicular to the a/.imuths of the
two available transmitters at Cutler, Maine (NAA)
and Annapolis, Maryland (NSS).

CONDUCTORS AND THEIR
ELECTRICAL RESPONSES

Most of the work to be described in this report
concerns the location and characteristics of conduc-
tive zones or conductors. It is therefore important
to define the meaning of the term conductor in the
context of this report. In the geophysical sense, a
conductor is any geological structure that carries
electrical current more readily than its surroundings.
Prior to the advent of the Nuclear Fuel Waste Man-
agement Program (NFWMP), the geological conduc-
tors of most interest were metallic sulphide de-

posits. Such bodies can be very strong electrical
conductors. Conductor strength is normally ex-
pressed in terms of the product of the conductivity
of the material (cr) and its thickness (or width) (t).
This product (o-t) has units of fl"1 or Siemens (S).
The <rt of typical sulphide deposits may range from
less than 5 to greater than 1,000 S.

Graphitic zones are often good conductors as
well. Graphitic conductors can have a range of at
values that overlaps the low end of the metallic
sulphide range, and the high end of the water-filled
fracture range.

The conductors of interest in the NFWMP, how-
ever, are water-filled shear zones and fractures.
These features have lower at values than those dis-
cussed earlier. Typical conductivity-thickness prod-
ucts are of the order of 0.1 to 1 S for strong,
water-filled fracture systems and are considerably
less than 0.1 S for weaker fractures. In geophysical
prospecting for metallic sulphide deposits, the
weaker responses from poor conductors, such as
water-filled fracture zones, are considered part of
the geological noise. For the NFWMP, however,
this type of response becomes the signal of interest,
which must be interpreted in terms of geological
significance.

It is important to emphasize that geological
structures, such as fractures, or shear zones, be-
come conductors only when they contain conductive
minerals, water, or a combination of these in suffi-
cient concentration to conduct electricity. Most com-
mon rock-forming minerals do not possess signifi-
cant intrinsic conductivity. Thus, a fracture that
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Figure 1: Map of Chalk River research area showing areas covered by VLF-EM surveys.

once was open but now is completely healed with
secondary minerals may not be detectable as an
electric conductor.

It should be noted that fine-grained soils such
as silts and clays, when their pore spaces contain
water, can be electrically conductive. A bedrock
trough filled with clay can have a significant at
value. Its response may well be indistinguishable
from that of a water-filled fracture. A uniform con-
ductive overburden can also mask the response
from weak conductors lying under it. Many fracture
systems tend to be eroded below the general bed-
rock level. In such cases, the electrical response
may arise partly from the bedrock structure, and
partly from the trough filled with conductive mate-
rial. Frequently, the relative contributions from the
two sources cannot be separated to determine the
parameters of the bedrock structure.

In general, the response of a conductor to elec-
tromagnetic excitation is dependent upon the con-
ductivity-thickness product, the geometry (size,
shape, attitude, depth, etc.) of the conductor and
the frequency used to excite that conductor. Elec-
tromagnetic prospecting systems are normally de-
signed to operate at relatively low frequencies to
weaken the response from poor conductors. How-
ever, for the work described in this report, some
operating frequencies were revised upwards to
strengthen the response from poor conductors.

VLF-EM TECHNIQUES

VLF anomalies can be generated in two ways.
In the first way, the VLF field interacts inductively
with a local conductor to produce a local elec-
tromagnetic field, which is seen as a perturbation
or anomaly in the primary field. This electromagne-
tic interaction produces significant phase shift be-
tween the primary or excitation field and the secon-
dary field. An interaction of this sort produces a
significant anomaly only when the conductor is
reasonably strong.

The other way of generating VLF anomalies is
from current channelling. The remote transmitter
may be thought of as a source of current, radiating
energy out through the atmosphere in all directions.
The resulting current flow in the earth is uniform if
the earth is homogeneous. However, if there are
large low-resistivity zones in the earth striking to-
wards the transmitter, the current flow can become
highly concentrated in such zones. The concentra-
tion of current flow gives rise to a VLF anomaly.

For both inductive and current channelling
cases, conductors produce maximum anomalies
when they strike towards the exciting transmitter. A
conductor whose strike is perpendicular to the
transmitter azimuth will show little, if any, ano-
maly. Thus, to ensure that all conductors in an
area have been discovered, it is necessary to survey
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the area with at least two transmitters having
azimuths as nearly orthogonal as possible. At Chalk
River this condition is fulfilled, but at Pinawa, the
three transmitters useable in North America, NAA
(Cutler, Maine), NSS (Annapolis, Maryland) and
NLK (near Seattle), have azimuths that are within
20° of each other.

The latter situation holds throughout northwest-
ern Ontario. To ensure full coverage of any site in
this region, it would be necessary to use a local
transmitter, established specifically for this purpose.
A recent report by Hayles and Sinha (1982) de-
scribes the use of a local VLF transmitter in initial
tests at Chalk River, Ontario.

VLF surveys may be carried out by measuring
the inclination and eccentricity of the ellipse of
polarization of the electromagnetic field, as is done
in ground surveys with the Geonics EM 16, or by
measuring variation in the strength of components
of the total electromagnetic field strength, as is
done in the airborne system used in this work.

SURVEY RESULTS

At Chalk River, the work described in this re-
port has concentrated on the mapping of fracture
systems by means of airborne and ground elec-
tromagnetic systems. The DIGHEM" airborne elec-
tromagnetic system was flown at Chalk River in
two mutually perpendicular flight directions, north-
south and east-west, for a total of 425 km of line
surveyed. A Herz Totem 1A VLF-EM system and a
Geometries 803 magnetometer were also flown with
the DIGHEM". During flight, the height of the
DIGHEM" capsule (known as the bird) was on av-
erage 35 m, while the magnetometer height was
about 55 m and the Totem 1A sensor was at a
height of about 60 m. The east-west lines were
flown with the VLF-EM receiver tuned to NSS (An-
napolis, Maryland, 21.4 kHz), and the north-south
lines with the VLF-EM receiver tuned to NAA (Cu-
tler, Maine, 17.8 kHz). For both flight directions,
the line spacing was 100 in. Figure 1 is a location
map showing the outline of the airborne survey
grid and the approximate outline of the ground
grid. The detailed description of the airborne sur-
veys and the interpreted results are presented in
the report by Fraser and Dvorak (1979). Con-
sequently, the only results shown in this paper are
those that are compared with other results. The
VLF results, presented by Fraser and Dvorak (1979)
as contours, have been interpreted to identify con-
ductor axes and azimuthal distributions. Before
being contoured, the VLF data were subjected to
band-pass filtering, which effectively eliminated spa-
tial wavelengths below 100 m and above 3,000 m.

In the discussion of results, conductive systems
have been identified by letters, and individual con-
ductors within the system by letters and numbers;
for example, conductor system K may be composed
of conductors Kl and K2.

Airborne VLF-EM Results

The Totem 1A airborne VLF-EM system flown with
the DIGHEM" system at Chalk River measures vari-
ation in the total VLF field and presents these vari-
ations as a percentage of the undisturbed VLF field.
This system also records the magnitude of the verti-
cal-field component in quadrature with the horizon-
tal-field component.

Figure 2a shows the VLF-EM contours of varia-
tion in total field for station NAA recorded on the
north-south flight lines. Figure 2b shows the con-
ductor axes interpreted from Figure 2a. The conduc-
tor axes are graded in strength according to the
anomalous total-field magnitude they represent. The
conductors PI, P2, and P3 in Figure 2b are caused
by electric power lines. The conductors in Figure 2b
are aligned approximately east-west, as is to be ex-
pected from the 82° azimuth of NAA.

Figure 3a shows contours of variation in the
VLF-EM total field for the station NSS, observed on
east-west flight lines. Figure 3b shows the interpre-
ted conductor axes for the total-field data of Figure
3a. Most of the conductor axes in Figure 3b have
north-south trends, again as would be expected
from the 177° azimuth of NSS. Conductors P4 and
P5 are caused by power lines. It is worth noting,
however, that conductor PI in Figure 2b is part of
a power line crossing both east-west and north-
south survey areas. Another part of the same line
does not give rise to an anomaly in Figure 3b. Fur-
thermore, P2 in Figure 2b and P4 in Figure 3b are
parts of the same power line. Although power lines
give rise to some VLF anomalies, it is not clear
why this response is not more consistent.

Figure 4a is a composite of the interpretation
contained in Figures 2b and 3b. The power line
conductors PI through P5 have been excluded from
Figure 4a. Figure 4b shows, for comparison, the in-
terpreted conductors from the DIGHEM" surveys.
Figure 4b includes anomalies detected on both
north-south and east-west flight lines and thus
should be directly comparable to Figure 4a.

Comparison of Figures 4o and 4b shows that
most of the major DIGHEM11 anomalies have strong
expression in the VLF results as well. The strongest
DIGHEM" anomalies in Figure 4b are the conductor
systems A', B', C , and the long conductors D' and
E'. These conductors, although strong in the
geological sense, have a at of approximately 1 S.
These conductor systems are essentially coincident
with the systems A, B, C, D and E of Figure 4a,
which are anomalies greater than 6% in the VLF
total-field data. However, the VLF conductor system
F, which appears at least as strong as the systems
A, B, C, D and E, shows in the DIGHEM" data
only as two small anomalies F', occurring near the
northern end of the VLF anomaly F. The pro-
nounced VLF anomaly G, which ranges in
amplitude mostly from 4 to 6%, does not have an
expression in the DIGHEM" data. Similarly, many
VLF conductors with amplitudes less than 4% have
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Figure 2: Airborne VLF-EM results from NAA (N-S flight lines).
a) Contours from DIGHEM" report; units are percent of primary field times 10.
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b) Conductor axes interpreted from Figure 2a.
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Figure 3: Airborne VLF-EM results from NSS (E-W flight lines).
a) Contours from DIGHEM" report; units are percent of primary field times 10.
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b) Conductor axes interpreted from Figure 3a.
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Figure 4: a) Combined VLF-EM conductor axes from NAA and NSS.
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b) Interpreted DIGHEM" conductor axes.
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no consistent expression in the DIGHEM" data, al-
though there may be in the DIGHEM11 results the
occasional single-profile anomaly, which correlates
with part of one of these weaker VLF anomalies.
This greater abundance of VLF anomalies probably
arises both from the higher excitation frequency of
the VLF system, which enhances the inductive re-
sponse of weaker conductors, and from the
mechanism of current channelling.

Ground VLF-EM Results

VLF-EM measurements were carried out on the
ground under the central part of the airborne sur-
vey. Traverse lines were cut at 100-m intervals both
in north-south and east-west directions. The north-
south lines were read with NAA as the exciting
station and the east-west lines were read with NSS.
The total length of the survey was nearly 100 km,
including some profiles read on lake ice in the
winter.

The instrument used in the ground surveys was
a Geonics EM 16 that measures the dip* and quad-
rature* of the surface VLF field. A good description
of this instrument and method is given by Paterson
and Ronka (1971).

Figures 5a and 5b show, respectively, the pro-
files of dip and quadrature measured on the north-
south lines using station NAA. Figure 5c shows an
interpretation of conductor axes based primarily on
the amplitude and crossover position of the dip
data of Figure 5a. The one anomaly marked P (Fig.
5c) arises from the same power line that gives rise
to anomaly P4 in the airborne data (Fig. 2b).

Figures 6a and 6b show the dip and quadrature
measurements for station NSS observed on east-
west traverse lines. Figure 6c is an interpretation of
conductor axes, based again on crossover amplitude
and position. The anomaly marked P in Figure 6c
is part of the same power line shown as anomaly
P4 in the airborne data (Fig. 3b). The ground sur-
vey area was chosen so that no other power line
crossed it and, consequently, all the other conduc-
tors shown in Figures 5c and 6c are presumed to
arise from geological causes.

Figure 7 is a composite of the conductors shown
in Figures 5c and 6c. Figure 7 may be compared
with the composite airborne VLF interpretation
shown in Figure 4a. The single conductor C inter-
preted from the airborne data appears in the
ground survey as a complex series of conductors
marked Cl, C2 and C3. Similarly, the apparently
simple conductors H and J in the airborne data are
resolved by the ground survey into a complex of

The quantities measured are the inclination of the
major axis of the ellipse of polarization of the
total VLF field, or dip, and the eccentricity of the
ellipse of polarization, or quadrature. For small in-
clinations, the dip is proportional to the in-phase
component of the anomalous local field.

intersecting conductors. The single conductor F from
the airborne data, on the other hand, is still a
single conductor F in the ground results. On the
ground, however, the conductor appears to be ap-
proximately 50 m west of the location determined
in the airborne survey. The reason for this offset is
not understood, nor is a similar offset observed in
most of the other conductors. The airborne conduc-
tor system Kl, K2 is resolved by the more detailed
ground measurements into two separate conductors,
Kl and K2, offset almost 100 m under Upper Bass
Lake.

The airborne VLF survey process is not particu-
larly selective and does not distinguish a weak con-
ductor near a strong one. Even a strong conductor
causes only a few percent variation in signal
strength. Thus, K2 on the ground is at least an
order of magnitude stronger than K3 (Fig. 7). The
conductor Z2 (Fig. 7), for example, is not present
in the airborne data, or at least was not picked as
a conductor, and yet it is somewhat more continu-
ous than K3, and comparable in strength.

The real problem is that the combination of fil-
tering and contouring enhances strong conductors at
the expense of weak ones, and homogenizes small
offsets and variations in strike direction. When
Totem VLF data are presented in profile format,
even after filtering, the interpretation tends to be
more consistent with ground results.

In the ground survey, conductor L appears to
be a continuation of conductor Kl (Fig. 7), whereas
in the airborne survey L appears to be an indepen-
dent conductor arising out of the fracture system
under Upper Bass Lake (Fig. 4a).

Conductor L, as defined by the ground survey
(Fig. 7), is worthy of note because it was intersec-
ted by holes CR-2, -3, -4 and -5. Even though
these holes intersected conductor L at one of its
weaker points, they encountered significant fractur-
ing over a section of several tens of metres and a
gouge zone of approximately 50 cm. Figure 8 shows
the ground VLF-EM profile over conductors L and
K2 on Line 103E, one of the lines near holes CR-2,
-3, -4 and -5.

Most of the anomalies observed on the airborne
VLF interpretation are present on the ground as
well. In addition to the conductors identified in the
airborne survey, however, there are many weaker
conductors shown in the ground measurements.
These weaker anomalies probably represent real
conductors even though they are only slightly
stronger than the noise level. Evidence for this is
the intersection of shear /.ones in hole CR-9 in the
appropriate positions to correlate with conductors
M, N and Q (Fig. 7).

It is evident, therefore, that an airborne
DIGHEM" survey can identify the strongest conduc-
tors in the area and give estimates of their conduc-
tivity-thickness products. An airborne VLF survey
carried out with transmitters at appropriate
azimuths can supplement the DIGHEM" data by in-
dicating the stronger conductor axes. The airborne
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Figure 7: Ground VLF-EM composite interpretation of conductor axes (NAA and NSS).
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VLF data, however, are not easily interpretable in
terms of conductivity-thickness products. The
ground VLF-EM survey carried out at 20- to 25-m
intervals on lines 100 m apart provides considerably
more information than can be derived from the air-
borne data. This greater resolution arises from the
close proximity of the ground survey to the conduc-
tors. The airborne VLF system is flown with a sen-
sor height of 60 m. This large separation between
conductor and receiver tends to smooth out small
variations. The airborne data is further smoothed by
the application of the filtering and contouring pro-
cesses in the presentation of the data. These pro-
cesses tend to enhance responses from strong con-
ductors at the expense of weaker responses, and to
homogeni/.e small offsets and variations in strike di-
rection.

It appears from analysis of the Chalk River data
that a good geophysical picture of conductive frac-
ture distribution and density can only be obtained
by careful VLF-EM measurements on the ground,
based on suitably orientated transmitters. A good
idea of the locations of major conductive fractures
can be obtained from the airborne survey, and this
information can be used to plan the detailed
ground follow-up.

Ths overburden at Chalk River appears to be
quite resistive. It is probable that most of the con-
ductors identified in the DIGHEM" survey, and in
the airborne and ground VLF-EM surveys, are bed-
rock conductors. This weakly conductive overburden
makes Chalk River a good site for VLF-EM work.
Not all of the research areas are so well suited in
this regard.

COMPARISON OF VLF RESULTS
WITH KNOWN GEOLOGY

Before continuing with the discussion of inter-
pretation of the VLF data, it is important to enquire
whether the fracture system mapped by VLF corre-
lates with the fracture system observed in the local
geological mapping. Figure 9, after Brown et al.
(1979), shows an aerial photograph lineament analy-
sis for approximately the same area at Chalk River
as is covered by the ground VLF survey grid. Fig-
ure 10, also after Brown et al. (1979), shows that
the azimuthal distribution of aerial photograph line-
aments agrees with that of fractures mapped on the
ground. Thus, Figure 9 is probably a reasonable de-
piction not just of lineaments but also of fracture
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systems. In comparing tho conductors of Figure 7
with the lineaments of Figure 9, three things
should be borne in mind:

1) Not all fractures are necessarily conductors. As
pointed out earlier, unless a fracture is open and
contains conductive materials, such as
water, graphite, or metallic sulphides, it will not
produce an electromagnetic anomaly.

2) Many of the strongest electromagnetic anomalies
represent zones that are heavily fractured and,
consequently, weather and do not appear in out-
crop. These zones are thus difficult to map
geologically.

3) Not all conductive zones noted here are neces-
sarily in the bedrock. Some zones could occur
within the overburden, if bedrock depressions
were filled with conductive soils, or if the nor-
mally coarse-grained overburden were locally re-
placed with fine-grained materials, such as silts
or clays. Bedrock depressions may reflect struc-
tural features, however, so that responses from
such depressions may still provide geological in-
formation.

There are obviously some good correlations be-
tween the VLF conductor system and the lineament
system. Conductor C3 in Figure 7 corresponds to
lineament marked C3 in Figure 9. The northwest-
trending lineaments Q, N and M in Figure 9 corre-
late with the conductors Q, N and M in Figure 7.
The two northeast-trending lineaments L and K2 in
Figure 9 correlate with the conductors I, and K2 in
Figure 7. The northwest-trending conductor F in
Figure 7 coincides with the lineament F in Figure 9.
Thus, it is clear that there are correlations between
major VLF conductors and major fracture lineaments
interpreted from the photo-geology.

It is also clear, however, that there are some
lineaments that do not give rise to VLF anomalies.
The lineaments marked AA, BB and CC in Figure 9
are strong features with no corresponding VLF-EM
anomalies. These lineaments should all be coupled
to the VLF station NSS as is lineament F, for exam-
ple. The fact that they do not give rise to VLF-EM
anomalies implies that these features are neither
water-filled nor graphitized within the depth range
of VLF fields and, consequently, are not strong
enough conductors to be excited by the VLF field.
On the other hand, the conductor system R-S-T in
Figure 7 does not appear to correlate with any line-
ament in Figure 9. There is less outcrop in the
eastern part of the area and, consequently, it is not
surprising that a feature may be missed in the
geological mapping and yet show as a conductor in
the VLF survey.

It appears, then, that the VLF data represent
fracture sets, most of which have been mapped
geologically. Some fractures observed geologically
are not open, are not conductive and, therefore, do
not show up in the VLF response. On the other

hand, some fractures observed in the VLF data as
conductors are not observed in the mapping results,
possibly because of overburden cover. Provided
overburden anomalies are not significant, the VLF
data can provide reliable information on fracture
distribution.

As a further confirmation of the coincidence be-
tween the VLF interpretation and geological obser-
vations, a comparison can be made between the
distribution of anomaly azimuths observed in the
VLF data and the distribution of fracture azimuths
observed in the geological mapping.

Conductor distributions interpreted from airborne
and ground surveys were analyzed to produce his-
tograms of total conductor length as a function of
conductor azimuth. Figures 2b, 3b, 5c and 6c were
analyzed by summing the total conductor length in
each 5° increment of azimuth without regard to
conductor strength. Figures lla and l ib show the
histograms for airborne measurements with NAA
and NS:--, respectively, and Figure l ie shows a
composite histogram for the total airborne interpre-
tation. Similarly, Figures 12a and 12b show the his-
tograms of azimuth distribution for conductors iden-
tified with stations NAA and NSS, respectively, in
the ground survey, while Figure 12c shows the
composite histogram for the ground VLF interpreta-
tion.

Figures 11a, l ib, 12a and 12b show a strong
correlation between the azimuths of the exciting sta-
tions and the azimuths of conductors excited by the
stations. This correlation is much more pronounced
in the ground data for two reasons. In the first
place, the airborne surveys cover a considerably
larger area with some variation in regional strike. In
the second place, the filtering and contouring pro-
cess used to produce the airborne results may make
the determination of the strike of a particular con-
ductor somewhat less accurate. The ground results,
on the other hand, come from a smaller area where
the regional strike shows less variation. Since con-
ductor axes were determined from the plots of raw
field data, there is less blurring of conductor
azimuths by data processing.

Some of the azimuth blurring in the processing
of airborne data could be avoided by identifying in-
dividual conductors from their anomalies on the
raw flight data. The possible degree of improve-
ment attainable should be investigated.

Figure 10, after Brown et al. (1979), shows his-
tograms of fracture distribution, lineament distribu-
tion from airphotos, and pegmatite distribution as a
function of azimuth. The pegmatite-filled fractures
are those least likely to contain significant amounts
of electrically conductive fluid. The measured-frac-
ture distribution curve from Figure 10 has been
superimposed on Figure 12c for comparison. There
are four main peaks in the conductor azimuth dis-
tribution. One is at 0°, one at approximately 20°,
one at approximately 90° (which probably includes
peaks at 70°, 85°, and 100°) and one at approxi-
mately 140°. The conductor peak at 0° appears to
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correlate only with a slight increase in pegmatite
frequency. The other three peaks correlate roughly
with peaks in the fracture frequency distribution as
mapped by the geology.

The geological fracture set at 20° has the highest
portion of pegmatite filling, and in this set, the
geological frequency appears to be greater than the
electrical conductor frequency. The conductor sets at
90° and 140° appear to be proportionally stronger
than the 20° conductor set, and Figure 10 shows
that the corresponding fracture sets contain propor-
tionally fewer pegmatite fillings. The offsets in
peaks between the conductor azimuth distribution
and the fracture azimuth distribution should be in-
vestigated further. This offset likely arises because
the geology maps show only the outcrop areas,
while the VLF-EM senses all fractures including
those concealed by overburden. The strike of the
northwest-trending structures veers towards the
north in the northerly parts of the area. Thus,
some data taken on Maskinonge Lake, for example,
may skew the distribution of azimuths observed
with VLF-EM away from the distribution observed
by the geological mapping limited to outcrop areas
on land. The strongest conductors in the 0° azimuth
set arise from anomalies under Maskinonge Lake,
which cannot be geologically mapped and, thus, the
lack of correlation in this fracture set is explainable.

It appears that, in general, the VLF-EM data
show responses corresponding to the fracture sets
mapped by the geology. Lack of response from spe-
cific fractures or lineaments can be interpreted to
mean that those fractures or lineaments are essen-
tially sealed and do not contain significant amounts
of water within the depth of investigation

DISCUSSION

From the comparison of airborne and ground
EM survey results, it appears that the systems in
order of increasing sensitivity to small rock fractures
are the airborne DIGHEM" (electromagnetic), the
airborne VI.F-EM and the ground VLF-EM systems.
Although the DIGHEM" electromagnetic results do
not show the weaker fractures, they have the ad-
vantage of providing an estimate of the conduc-
tivity-thickness products of the major fracture sys-
tems and thus, perhaps, grading them in terms of

their water content. This may be related to their
potential for hydraulic conductivity. The combina-
tion of DIGHEM" electromagnetic and airborne VI F-
EM results allows an evaluation of a research area
to be made rapidly and efficiently on the basis of
an airborne survey. Ground survey areas for de-
tailed studies can be chosen on the basis of the
presence or absence of fracturing from the com-
bined airborne results.

A series of comparisons among the azimuth dis-
tributions of anomalies from airborne and ground
VLF, and of fracture systems from geological map-
ping, suggests that the ground and airborne VLF
results are sensitive to most of the fracture systems
being mapped by geological means. A comparison
of the geological and the geophysical assessment of
a particular fracture can indicate whether or not
that fracture contains water. It is recommended that
a detailed correlation of this sort be undertaken for
at least part of the Chalk River survey area, and
that some effort be made to ascertain the reliability
of water-content estimates made in this manner.
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Discussion - Paper No. 14

P.A.Brown - A comment rather than a question. I think the reason that you are getting that 20°
peak in the airborne data is that the rock was refractured in that direction and that loc-
ally, in the Upper Bass - Lower Bass Lakes area, those are filled with pegmatite dykes;
that need not necessarily be the case elsewhere - those fractures may be open elsewhere.
The point is that you do have thai direction.

W.J.Scott - I think they are open just the other side of Maskinonge Lake. That is what makes that
distribution go up. Also, it is just fortuitous that the ground study area is better sealed
off than the rest of it, which is why there is more outcrop, which is why we work there.

- 2 1 2 -



P.A. Brown

There is also a slight philosophic difference between what you look at and what we look
at. We look at conductors that, generally speaking, are the weaker parts of the rock. They
tend to be eroded glacially, they tend to be under overburden. So that when you map
surface fractures, you don't see the things that we see. In the places where the rock
sticks up, generally speaking, the fractures are better healed and the rock is more resis-
tant to weathering. So there is already a bias between our data sets because we are not
looking at exactly the same things.

- Yes. The methods are complementary.

D.H.Charlesworth - Dr. Katsube (Paper No. 9) talked about contributions to resistivity of bulk pore water
and surfaces. Do you think lhere are any surface contributions to the conductors you are
seeing?

W.J.Scott - I doubt you could tell where it comes from based on what we are looking at. There are
possible contributions from surface effects if the /one is chlorified, but 1 think there has
to be a fairly wide fracture zone and a fairly large amount of water in it before we see it
as a gross conductor. We are talking about things that are kilometres long and metres
wide. At that level, it is really a bulk volume conductivity that probably arises mostly
from the pore water itself. But it really is difficult to say that because you cannot tell
from what we are measuring. A network of fine fractures is just going to show as a bulk
conductor.

T.J.Katsube - If in the fractured /one many fractures are filled with clay, I would assume that there
is more conduction through the surfaces.

W.J.Scott - Yes.

T.J.Katsube - However, I don't know how that would respond to the VLF or the airborne. There
may be a difference in response to the current (dipole-dipole) type and EM. Maybe that is
something to look into in the future.

W.J.Scott - I think that almost all the conductors we looked at are the result of what we call cur-
rent channeling, not inductive responses to the magnetic field. What this means is that
you can think of the VLF transmitter in two ways. One way is that it has electric current
flowing up into the sky and, as a result, there is a magnetic field that is concentrically
distributed around it. If that magnetic field cuts a conductor, it induces eddy currents and
you get a low voltage response, that is, an inductive response. For that to happen, the
conductor has to be up in the range of S»m' rather than mS'm"1. On the other hand, this
transmitter also generates a uniform current sheet in the rock around it and that current
sheet is essentially pointed toward the station in all directions. If there is a local area
where the resistivity is lower than in the surroundings, the current tends to be concen-
trated in that area. For that, you can be talking about resistivity, in the so-called conduc-
tive zone, of thousands of ft«m, but if you have tens of thousands of ft'm outside the
conductive zone, then the current will concentrate in the conductive zone and you will
see it as a VLF response, even though you won't see it as an inductive response. I think
in almost all of the anomalies we have here, the results are primarily from current chan-
neling and not from induction. That is why the DIGHEM" survey showed so few. It only
showed the ones that are inductively coupled.

A.K.Sinha - Response from VLF or from any source is normally directional. So I think we should
explore whether it is just the overburden or lake bottom sediment that is causing the re-
sponse or whether it is something else. From my studies, I think there is one area with a
very large VLF response that matches well with an area with thick overburden as mapped
with the seismic refraction method. So it is very likely that the large VLF response is
coming from a sort of flat-lying overburden. We should be very careful while interpreting
VLF data to see whether it is a steeply dipping fracture-type conductor or whether it is a
flat-lying overburden. Unfortunately, there is no foolproof method of distinguishing be-
tween the two just on the basis of VLF; I don't think any method exists for doing that.
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ABSTRACT

Experimental field surveys were carried out with five surface electromagnetic (EM) systems at the Chalk
River research area in 1980 and 1981. The purpose of the surveys was to test the usefulness of some new
and a few existing KM systems for mapping fracture and shear zones in the highly resistive monzonite
gneiss in the survey area. Fractures in the gneiss are often filled with water rich in ions, making the frac-
tures medium- to poor-grade conductors. The detection of these fractures by surface electromagnetic surveys
depends on their conductance values (product of conductivity (s) and thickness (t)), the conductivity of the
host rock, depth of the conductors, and strength, orientation, and frequency of the exciting field.

The five hM systems used in the test surveys were (i) the local loop VLF-EM system, (ii) Max-Min II hori-
zontal loop KM system, (iii) Ceonics KM-34 ground-mapping system, (iv) Geonics KM-37 and (v) Maxi-
I'robe systems. The Geonics KM-37 is a transient KM system, whilst the Maxi-Probe is a multifrequency
system. Both systems are capable of detecting conductors several hundred metres below the surface. The
local loop VI.F-KM transmitter was designed at the Geological Survey of Canada to be used in areas where
signals from U.S. Navy VIF- stations were unsuitable or unavailable.

Analysis of the field results shows that:

(i) The local loop VI.F transmitter is a suitable substitute for Navy VLF stations.

(ii) VI.F and Max-Min II systems can detect poor conductors coincident with geologically defined linea-
ments and fracture zones. However, it is difficult at the moment to distinguish between near-vertical
conductors in the bedrock and conductive overburden filling depressions in the bedrock surface.

(iii) Geonics KM-34 is not suitable in highly resistive terrain or in the presence of near-vertical conductors.

(iv) The Geonics KM-37 and Maxi-Probc systems detected possible subhorizontal conductors at depths of
over 200 m. The presence of these could not be verified because of the lack of borehole control in
those areas.

An evaluation of the five systems indicates that VLF-EM and Max-Min II systems are most useful for detec-
tion of vertical and near-vertical fracture zones in the top 100 m, while KM-37 and Maxi-Probe systems are
useful for detecting fracture zones at greater depths.
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INTRODUCTION

The Chalk River research area, located about 200
km northwest of Ottawa, has been extensively used
as a test site for evaluating plutonic rock masses as
possible sites for future disposal of radioactive
waste products from nuclear reactors. Investigations
have been mainly directed towards the development
and testing of suitable geological, geophysical,
geotrhemical and liydrogeological techniques for
characterizing the rock mass in the concept assess-
ment phase of the Nuclear Fuel Waste Management
Program (NFWMP) of Atomic Energy of Canada
Limited (AECL). However, the Chalk River site is
only a test site for evaluation of existing techniques
and development of new techniques, and is not
considered a possible location for a disposal vault
lor high-level nuclear waste.

The Chalk River test site has been studied ex-
tensively by various geophysical techniques encom-
passing seismic, electrical, electromagnetic, gravity,
magnetic, thermal and radioactive methods. Among
the geophysical techniques, electrical and elec-
Iromagnetic (EM) methods have played an impor-
tant role in identifying and characterizing favourable
areas (relatively few fractures) in the plutonic rock
masses for possible disposal vaults.

Fractures are common in most crystalline rocks
near the earth's surface and may be caused by ten-
sional, compression^ or shear stresses. Generally,
these fractures are filled with groundwater and/or
clay, which gives them moderate to weak conduc-
tivity. Dissolved radioactive constituent in wastes
stored in such a fractured rock mass could be
transported to She .•urface by groundwater through
the fractures. Consequently, an evaluation of the
rock-mass characteristics is important in determining
iiie suitability of a site as a potential disposal vault.
Since the electrical characteristics of such a rock
mass are mostly controlled by the presence and dis-
tribution of water and clay-filled fracture /ones,
studies of the electrical properties of such rock mas-
sis should reveal the presence and the extent of
tin' fractures.

Direct current (DC) profiling and sounding and
Very Low Frequency (VI.F) methods are commonly
used in geophysical surveys and were used early in
the NFWMP. The resistivity of plutonic rock masses
is generally high and the DC methods did not
work well because of the difficulty in sending ade-
quate current into the ground as a result of high-
contact resistance. Furthermore, all DC methods
have difficulty in detecting thin, poorly conductive
/ones. VI.F methods, on the other hand, were suc-
cessful in detecting thin, weakly conductive features
such as fracture and shear /ones within 100 m of
the surface (Scott, 1987). Analysis of both airborne
and ground VLF results at Chalk River indicate,
however, that only those conductors striking ap-
proximately parallel to the direction of propagation
of the VLF energy are detected. Conductors striking

normal to the direction of propagation remain unde-
tected because of poor electrical coupling with the
VI.F signal. The primary magnetic fields from U.S.
Navy stations are normal to the direction of propa-
gation. Therefore, at least two sources of VI.F
energy with their primary magnetic field vectors at
right angles to each other are needed for a com-
plete fracture mapping of ^n area. At the Chalk
River site, this did not pose a problem because the
magnetic vectors from two L'.S. Navy VLF stations.
NAA (17.8 kHz) at Cutler, Maine, and \SS (2!.4
kHz) at Annapolis, Maryland (Fig. I), were approxi-
mately at right angles to each other. At other re-
search areas, Atikokan in northwest Ontario and
Pinawa in Manitoba, shown in Figure 1, the mag-
netic field directions from all available U.S. Navy
stations are within 31" of each other and generally
oriented north-south. Hence, only east-west trend-
ing conductive zones could be mapped at these
sites using the U.S. Navy VI.F stations. In order to
map north-south trending conductors, a local VLF
transmitter had to be installed to generate VI.F
fields with proper orientation. Tests with the local
VLF transmitter at the Chalk River site will be dis-
cussed in this paper.

VLF methods, however, have limited depth ot
investigation because the frequencies used are rela-
tively high (15 to 25 kHz). Also, these are essen-
tially single-frequency systems, which make inter-
pretation of VLF results difficult. Consequently, two
commercially available multifrequency, multi-separa-
tion EM systems, Max-Min II horizontal loop EM
and Geonics EM-34, were tested at the site for their
ability to detect and map deeper conductive /ones.
MuItifrequency systems also permit quantitative in-
terpretation of field data. In order to undertake the
quantitative interpretation, modifications and im-
provements in standard field procedure were neces-
sary. Since the targets in NFWMP test sites were
usually poor conductors, they produced weak sec-
ondary fields. Hence, the two EM systems, de-
signed for detection of highly conductive sulphide
deposits and mapping, were used with extreme
care. These two systems were operated on several
lines of the survey grid over which ground VLF
surveys had been carried out. In addition, two
deep-penetration EM-sounding systems, the Maxi-
Probe multifrequency and the Geonics EM-37 trans-
ient EM systems, were used over several grid lines
to assess their ability in detecting conductive frac-
ture zones at depths greater than the depth ranges
of the other EM systems used at the test site.

GEOLOGY OF THE AREA

The Chalk River research area is underlain by
rocks of the Grenville Province of the Canadian
Shield (Brown et a!., I97N). The dominant rock type
is paragneiss with subordinate mon/onitic orthog-
neiss and metagabbro. Bedrock exposure is gener-
ally poor because of extensive glacial drift over
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most of the area. The paragneisses are the oldest
rocks in the area and are probably Aphebian in age
(Bourne and Rev, 1976). They are derived from
sandstones with intercalated units of shale, siltstone
and calcareous sandstone. The igneous rocks intrud-
ing the gneisses are variably deformed sheet-like
bodies conforming to the regional structure pattern.

The sediments and most of the intrusive rocks
have been deformed and metamorphosed to am-
phibolite and, possibly, granulite fades (Brown and
Rev, I1W7). High-grade metamorphism and struc-
tural deformation have led to the formation of open
antiformal synformal structures, which are recum-
bent to the southwest. Local upright east-west
trending folds have been superimposed on the re-
cumbent folds. Generally, the foliation surfaces dip
east-northeast at angles less than 40". The area also
contains numerous northwest-trending faults related
to the seismically active Ottawa-Bonnechere Graben.
Pegmatite intrusions, consisting of coarse-grained
potassium feldspar, quart/ and biotite rocks and oc-
curring as pods or dykes, are common throughout
the area. Brown and Rev (1W7) have given a de-
tailed description of the geology of the area.

LOCAL LOOP V l> SURVEYS

The local loop VI.F svstem was developed for
areas where VLF signals from Navv transmitters
were unsuitable (Hayles and Sinha, )S>82). Figure 1
shows the location of the Chalk River research area
with respect to Navv VI.F stations NAA (Cutler,
Maine) and NSS (Annapolis, Maryland).

Figure 2a shows the electromagnetic field for
signals from a Navy VI.F transmitter. The primary
field from such a transmitter in the far /one con-
sists of horizontal magnetic field, HM,, and a verti-
cal electric field, E,,,, the two being in a vertical
plane at right angles to the direction of propaga-
tion, which is the line joining the transmitter to the
observation point. The interaction of a buried con-
ductive /one with the primary magnetic field pro-
duces a secondary magnetic field, which is normally
shifted in phase with respect to the primary field.
Generally, the secondary field has both horizontal
and vertical field components. The resultant field is,
therefore, elliptically polarized, as shown in Figure
2d. The tilt angle and ellipticity values defined in
Figure 2a may be measured with a ground VI.F re-
ceiver. The VI.F receiver used for the Chalk River
survey was a Geonics KM-Id, which measures the
two parameters as percentages of the primary field.

A horizontal loop antenna placed on the ground
can also produce horizontal primary magnetic field
at a large distance from the loop, similar to that
produced by a U.S. Navy VI.F station. A horizontal
loop source placed on the ground produces hori-
zontal and vertical magnetic field components at
any point outside the loop (Sinha and Bhattacharya,
l%h; Wait, 1931). The primary magnetic field is al-
most vertical close to the loop. However, away
from the loop, the horizontal field component be-
comes stronger relative to the vertical field compo-

nent. Figure 2b shows the change in the orientation
of the total magnetic field with distance. At a large
enough distance from the loop, the primary mag-
netic field is almost horizontal and is radially distri-
buted.

Figure 3 shows the variation of the primary
field tilt angle between distances of 1 km to 20 km
from a square loop for two values of ground resis-
tivity. The loop has 500-m sides and has a current
of 10 amperes at a VI.F frequency of 16.55 kHz.
The field becomes almost horizontal at a shorter
distance over conductive ground than over a resis-
tive ground. The field strength aiso decreases faster
with distance for the more conductive ground
(Hayles and Sinha, 1982). It is clear that, when the
survey location is at least 3 km from the centre of
the loop over a reasonably resistive ground (1,000
to 3,000 (I'm), the primary magnetic field has a
very small tilt and closely approximates the horizon-
tal plane wave primary magnetic field from U.S.
Navy transmitters.

Figure 4 shows the VI.F loop locations and the
survey area at the Chalk River research site. Previ-
ous ground and airborne V i > surveys using U.S.
Navy stations NAA and NSS situated east and
south of the area, respectively, detected several
long linear conductors trending either east-west or
north-south in the vicinity of the northern end of
Maskinonge Lake. Four boreholes are also located
in the survey area.

Loop locations I and 2 were used to simulate
the VI.F fields for stations NAA and NSS, respec-
tively. Loop 3 was located in such a way that the
azimuth of the VI.F field was 45 degrees from
either NAA or NSS. It should be noted that the
primary magnetic field from a loop source is radial
and, hence, in the direction of propagation of the
wave, while the primary magnetic field from a
Navy VI.F transmitter is perpendicular to the direc-
tion of propagation.

Simulations of the two VI.F Navy stations, NAA
and NSS, were done first to evaluate the perfor-
mance of the local loops relative to measurements
made using the Navy transmitters. The surveys
were carried out along parallel lines, 100 m apart,
at station spacings of 25 m (Fig. 5). At each sta-
tion, the tilt angle and the vertical quadrature com-
ponents (proportional to the ellipticity) were mea-
sured using the fields from one of the Navy sta-
tions and from the local loop antenna simulating
that Navy station. The local loop antenna was not
ideally positioned because its location was deter-
mined by accessibility using available roads in the
area. Thus, the loop positions were a compromise
between desired and practical considerations. For
example, loop 1 was much closer to the survey
area than Figure 3 suggests.

Figure 6 shows a comparison of the tilt angle
measurements along four north-south lines, 100 m
apart, for NAA and the simulated NAA signal from
local loop 1. The results are similar despite the dif-
ferent mode of generation of the primary fields for
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Figure 1: Location map of Chalk River and other AECL research sites.
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the two cases. The different responses are probably
caused by (i) slightly different azimuths for the two
VLF sources, as shown in Figure 6; (ii) too close a
proximity of the loop source to the survey area (1.5
km); and (iii) presence of topographic relief in the
survey area. Accessibility problems prevented the
loop from being placed at the ideal location,
thereby causing the azimuth of the local VLF field
to differ from that of NAA by about ?.O degrees.
Since the loop was placed only 1.5 km from the
survey area, the primary magnetic field should have
a significant upward tilt, as shown in Figure 3, as-
suming the rock resistivity over the path is between
1,000 and 3,000 il«m. Hence, the tilt angles mea-
sured with the local loop should have been greater
than those using NAA. However, on lines 105E
and 106E, the tilt angles measured using NAA are
generally higher south of 117N. This paradox may
be explained by the presence of two-dimensional
conductors in the area, or by considering the effect
of topography in this survey area.

Loop 1 was placed on a southward-sloping, ele-
vated ground with the survey lines 105E and 106E
also sloping southward. Hence, the primary field on
these lines was tilted downward because the field
follows the topography. This effect is opposite to
the proximity effect. On these two lines, it appears
that the effect of topography was somewhat
stronger than the effect of close proximity. On lines
103E and 104E located on more level ground, the
tilt angles measured using N.vA are generally less
than those using the loop, thereby implying that
the proximity effect has the greater effect over
those lines.

In spite of the above difficulties, the remarkable
similarity in conductor axes determined from the
loop source and NAA proves that a local loop an-
tenna may be used instead of a Navy station for
location of conductor axes. Figure 7 shows the com-
parison of the vertical quadrature components from
the two sources. Again, the results are very similar
except towards north, where the measurement
points are closest to the loop. In that region, the
fields from the loop source depart significantly from
the plane-wave nature of the NAA field. It may be
noted that the quadrature responses over the con-
ductors shown in Figure 7 are rather weak in com-
parison to the tilt-angle responses and not very
diagnostic. This response agrees with the view that
VLF secondary fields over resistive terrain are not
caused by induction but rather by current channel-
ling, which would produce mostly in-phase or tilt-
angle anomalies.

Figure 8 illustrates the comparison of tilt-angle
response over three east-west lines using the VLF
station NSS and the local loop simulation of NSS
(loop 2). Similar to the NAA simulation, the loop
could not be placed at the preferred location be-
cause of access problems. The azimuths of the two
VLF sources differed in the survey area by about 20
degrees, as shown in Figure 8. In addition, a
power line lay between the loop and the survey

area. The tilt-angle responses over lines 112N and
113N for NSS and the loop show an almost con-
stant level difference. This could be explained by
the finite tilt of the primary field due to the loop
resulting from its proximity to the survey area. On
line 114N, this level difference decreases consider-
ably, especially toward the west where the stations
are farther from the loop. In spite of the absolute
differences between the responses, the locations of
mapped conductor axes were virtually unchanged,
again demonstrating that local loop VLF sources
may be used instead of a Navy station.

Figure 9 shows the tilt-angle response over four
parallel lines trending southeast-northwest when the
loop was placed at location 3 (Fig. 4). The loop
generated a VLF field whose azimuth was 45" from
either NAA or NSS. All four VLF conductors, 1, 2,
3 and 4, detected earlier with NAA and NSS were
also mapped while using this loop source (loop 3).
Conductor 5, mapped while using NSS, was not
detected because the survey lines for this loop loca-
tion did not intersect it. Instead, an additional con-
ductor (conductor 6) was detected in an area not
covered by NAA and NSS survey lines.

This experimental survey demonstrated that a
linear conductor lying within a strike of 45 to 90°
from the direction of the primary magnetic field
would still be mapped. If the angle is less than 45J,
the conductor may remain undetected as has been
demonstrated earlier (Scott, 1987). The mapped pos-
itions of the conductors from local loop VLF sur-
veys with three survey orientations are shown in
Figure 10. It is apparent that, in most cases, the
positions of conductor axes remain identical irres-
pective of orientation, although the orientation does
have minor effects at some locations, especially for
weak anomalies. The cause for this apparent shift is
not properly understood. However, it is likely that
the conductors are broad en-echelon-type fractures
and some parts may be preferentially excited by
VLF sources coming from a particular direction.

MAX-MIN II SURVEY

Max-Min I I , manufactured by Apex Parametrics Ltd.
of Toronto, is a multifrequency, multi-separation
ground EM system that uses a small horizontal coil
(vertical magnetic dipole) as the transmitter.
Another coil, acting as the receiver, may be placed
horizontally or vertically, producing maximum or
minimum coupling between the coils; this explains
the system's name. This instrument is often used in
complex exploration environments, where conductive
overburden may cover a massive sulphide conductor
(Betz, 1975). The transmitter is powered by a re-
chargeable battery pack and is capable of transmit-
ting at five frequencies: 222, 444, 888, 1,777 and
3,555 Hz. Six separations between the coils are pos-
sible: 25, 50, 100, i50, 200 and 250 m. A direct
cable link between the transmitter and the receiver
provides the primary field reference at the receiver.
Direct voice communication between the transmitter
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and receiver operators is also possible via the direct
cable link. The depth penetration with this system
depends on ground conductivity, conductance (irt)
of the target, frequency of operation and the sep-
aration between the coils. Therefore, a test was car-
ried out to examine the ability of the system to de-
tect weakly conductive fracture zones at depths
beyond the limits of VLF systems.

In the horizontal mode, the transmitted primary
field at the receiver is cancelled out, so that only
the secondary fields due to anomalous bodies in
the neighbourhood of the system nre measured. A
phase comparator in the receiver provides the in-
phase and quadrature components of the secondary
field in terms of percentage of the primary held.
The mid-point between the coils is used as the
plotting point and the distance between measuring
points is usually one-half to one-and-one-quarter of
the coil separation.

The primary field from the transmitter obeys an
inverse cube law with distance, and hence, it is
very important to keep the distance between the
transmitter and the receiver correct. A one-percent
error in the distance between the coils results in a
three-percent error in the in-phase component,
while the quadrature is unaffected by small errors
in coil separation. The depth of investigation with
the system is close to half the coil separation if the
ground is not highly conductive. However, greater
penetration is achieved only with a considerable
loss of resolution, as will be shown later.

During the present survey, the system was used
only in the horizontal coplanar mode. Care was
taken to reduce errors in the separation and orien-
tation of the coils using the method suggested by
Betz (1975).

Figure 11 is a composite response plot over line
103E. The VI.F response at the top indicates that
there are several moderately strong conductors on
the line, especially the two conductors identified by
numbers 2 and b. The Max-Min 11 response over
the line is shown for several combinations of fre-
quency and coil separation. Increasing frequency or
coil separation normally leads to higher secondary
fields, although the depth penetration is reduced by
the use of higher frequencies. Since the water-filled
fracture /ones are rather weak conductors (conduc-
tance values less than 1), responses for small coil
separations are low even for high frequencies. For
example, with a coil separation of 50 m, the secon-
dary fields are low even at the highest frequency of
3,555 Hz and little diagnostic information can be ex-
tracted from the data. A repeatability test was car-
ried out on a 200-m section of line 103E on three
separate days with a 50-ni coil separation. The in-
phase repeatability was O.S'-f, whilst for the quadra-
ture component it was 0.\'/t..

For a coil separation of 100 m, the response in-
creases substantially for the two highest frequencies.
Conductor 2 is distinctly visible, especially in the
quadrature component. The in-phase components
are almost always noisy, presumably because of the

difficulty in completely cancelling the effects of the
primary field. Over rugged terrain like that at
Chalk River, it is extremely difficult to keep the coil
separation constant at the designated values. Since
there is no contribution to the quadrature compo-
nent from the primary field, this component is far
less sensitive to small errors in coil separation
values. The survey line was relatively short for this
coil separation, and hence, conductors 6 and 7 were
not detected. The response at the two highest fre-
quencies for coil separations of 200 m produces the
most diagnostic responses over the VLF conductors,
possibly because of good coupling obtained with
the conductor at this coil separation. The positions
of the conductors are determined by the positions
of minima or troughs in the response. A few points
may be noted from Figure 11:

1. The quadrature components at large coil separa-
tion and high operating frequencies produce the
most diagnostic signature in the response in this
location. The locations of the troughs closely
match with the locations of VLF conductors.

2. At one location, e.g., at I ION, the Max-Min II
system produces a distinct minimum with a coil
separation of 200 m, while the VLF system does
not indicate the presence of any conductor at the
position. This could be explained if the top of
the conductor (fracture zone) at the location is at
a depth greater than the depths of other conduc-
tors and beyond the depth of investigation of
VLF systems.

3. The in-phase component is generally erratic,
especially over rough terrain, and can rarely be
used in the detection of conductors at the Chalk
River area. This follows from the difficulty of
maintaining the coil separation precisely at the
designated value over rough terrain.

4. The VLF survey shows the response of conduc-
tor 2 to be stronger than that of conductor 6.
Max-Min II results at short separations (3,555 Hz/
50 m) seem to confirm that the anomaly over
conductor 2 is much greater than that over con-
ductor 6. But, an increase in coil separation to
200 m causes conductors 6 and 7 to produce
about as large an anomaly as conductor 2. One
possible implication is that conductors 6 and 7
are located at greater depths and, therefore,
there is a rather low Max-Min 11 response for 50-
m separation but a much greater response for
200-m separation. Another possibility is the pres-
ence of a depression filled with overburden at
conductor 2, which would produce small in-
phase response at both coil separations, but
would show a substantial increase in quadrature
response when coil separation is increased from
50 to 200 m (Villegas-Garcia, 1979). This illus-
trates the versatility of multi-separation, multifre-
quency systems in analyzing overburden and
deep-seated conductors.
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Figure 11: Composite response over line 103E from VLF, Max-Min II and EM-34 surveys, and near-surface,
simplified geological section. Conductor positions are indicated by numbered dashed lines.
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The bottom port of Figure 11 shows the topog-
raphic section over line 103E and the locations of
several boreholes in the area. The dashed line
shows the thickness of overburden over the line
based on seismic refraction data (Gagne, 1981). It
appears likely that overburden conductors are re-
sponsible to a large extent for the VLF anomalies
over conductors 2 and 5. The seismic survey did
not extend far enough to the north to measure the
overburden thicknesses over conductors 6 and 7.

Figures 12 and 13 show the VLF and Max-Min
II responses over lines 104E and 105E, respectively.
As in Figure 11, the Max-Min IT responses at high
frequency and coil separation values detect almost
all VLF conductors. However, VI.F conductors 6
and 7 are detected even at the lower separation of
50 m for frequencies of 1,777 and 3,555 Hz and
would have probably been detected at 888 Hz. The
inference is that either the two conductors are at
relatively shallow depths or their conductance
values are higher on lines 104E and 105E than on
103E. When the coil separation increases from 50 m
to 200 m, the resolving power of the system be-
comes lower. For example, conductors 2 and 2a,
and 7 and 6 in Figures 12 and 13 merge into single
conductors and can no longer be distinguished indi-
vidually. Road building activity, in progress on line
I05E when the survey was undertaken, prevented
collection of data over 150 m on this line. As on
line 103E, an additional conductor, not found previ-
ously by the VLF survey, was detected by the Max-
Min II system on lines 104E at 110.5N. Seismic re-
fraction data (Gagne, 1981) indicated that conductors
2 and 2a were likely to be surficial in origin as the
conductor locations coincided with those of thick
overburden cover.

Figure 14 shows the response of the VLF and
Max-Min II systems over three parallel east-west
lines. Strong Max-Min II quadrature anomalies were
obtained on lines 113IM and 114N over two VLF
conductors (3 and 4) for coil separations of 100 m
for the two highest frequencies. On line 112N,
however, the Max-Min II responses are very small,
even over conductor 3. On line 114N, a weak VLF
conductor (7) was detected that was not detected
on the other two lines. The Max-Min II response
on this line for the short coil separation (50 m) in-
dicates the presence of a conductive feature (large
in-phase, small quadrature) of small width and lim-
ited depth extent. The limited depth extent of the
conductor is deduced from the lack of a significant
Max-Min II response for the 100-m coil separation
survey. Good in-phase response and lack of signifi-
cant quadrature response over the features might
indicate the presence of shallow conductive bodies
at these locations. VLF conductors 3 and 4 are de-
tected by Max-Min 11 surveys on lines 113N and
114N, while conductor 5 is detected over line 112N
only. Seismic refraction surveys indicate that VLF
conductor 3 could be due to conductive surficial
material, as shown in Figure 14.

The area bounded by 111N to 114N, and 102E
to 103E contains the hydrologic flow study area of
Environment Canada. Seventeen shallow boreholes
have defined a sub-horizontal highly permeable /one
about 2(1 to 50 m below the surface (Raven and
Smedley, 1981). This /one is approximately parallel
to the local gneissic foliation. It appears from pre-
sent data that the highly permeable /one may not
have sufficient conductance and is too narrow (1 to
2 m) to provide observable Max-Min II response,
especially in the presence of nearby vertical conduc-
tive /ones.

Max-Min II data are normally interpreted using
argand diagrams obtained from scale-model results
over thin-sheet conductive models in air (Ketola,
1%8; Nair et al., 1%8). That approach did not
work in the area principally for two reasons. First,
scale-model results, and hence argand diagrams, are
not generally available for weak conductors of low-
conductance values, as is the case here. Secondly,
the difficulty of maintaining the distance between
the coils at exactly the specified separations produc-
ed fairly noisy in-phase data. Therefore, the data
are unusable over much of the area and the argand
diagram approach had to be abandoned. The pres-
ence of conductive overburden of nonuniform thick-
ness adds another uncertainty to the interpretation.
Scale-model studies have shown that for horizontal
loop EM systems, nonuniform overburden can gen-
erate anomalies very similar to that obtained from
bedrock conductors (Villegas-Garcia, 1979). The coin-
cidence of several strong VLF and Max-Min II
anomalies with the location of thick overburden in
the survey area is compatible with this possibility.
Nevertheless, it appears that the quadrature compo-
nent of the Max-Min II response is quite diagnostic
as far as conductor location is concerned. By using
several combinations of frequency and coil separa-
tion, it is possible to infer from the data whether a
particular conductor is deep or shallow and to ob-
tain some idea about i*s conductance and attitude
when other geophysical data are available.

GEONICS F.M-34 SURVEY

Geonics EM-34 is a portable, two-man, direct
conductivity reading instrument. The instrument
consists of a small loop transmitter powered by 8
D-type dry cells. The receiver consists of another
small loop placed at distances of 10, 20 or 40 m
from the transmitter. A reference cable (10, 20 or 40
m long), which carries the phase reference and a
part of the primary field, is connected between the
transmitter and the receiver loops. This field is
compared to the field recorded by the receiver and,
when the two loops are separated exactly at the de-
signated distance, they are equal (Sinha, 1980).
Since the distance is determined electronically, one
does not need a surveyed line for EM-34 survey
work.
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Two modes of operation are possible with this
system, vertical copianar or horizontal coplanar. The
former is the preferred mode for use over rough
terrain, because it is almost impossible to keep the
coils horizontally coplanar over undulating terrain.
The system is illustrated in Figure 15 and has been
described by Sinha (1980) and Sinha and Stephens
(1983). In theory, when the loop separation is much
less than the electrical skin depth in the ground,
the quadrature part of the secondary field is
linearly proportional to the ground conductivity.

The depth penetration of the system depends
on the separation between the coils and, in the ver-
tical coplanar mode, it has a maximum value of 30
m for a coil separation of 40 m. Hence, its depth
penetration is less than that of the Max-Min II sys-
tem. When the distance between the transmitter
and the receiver is set correctly., the re'al dial reads
zero and the conductivity dial in the receiver yields
the apparent conductivity of the ground directly in
mS/m (mmho/m). The system provides three values
of apparent conductivity at each point for three coil
separations either in the vertical or horizontal mode
of operation; this helps in determining whether the
ground conductivity is increasing or decreasing with
depth. Since the EM-34 is an inductive system, no
electrodes are used to make physical contact with
the ground. This makes the field operation quite
fast. The system operates best for ground resistivity
values in the range of 5 to 500 fl-m (200 to 2 mS
in conductivity range)., For ground resistivity values
less than 5 il'tn, the apparent conductivities ob-
tained with the instrument are lower than the ac-
tual conductivity since the quadrature component of
the field is no longer proportional to conductivity.
When the ground resistivities are above 500 ft«m,
the induction effect is very small, and hence, the
secondary fields are small. As a result, the low sig-
nals are overridden by atmospheric noise. Con-
sequently, the usefulness of the EM-34 in the Chalk
River area was severely jeopardized because the re-
sistivities over most of the area exceeded 1,000
Sl»m, except over areas covered by overburden.
Over such highly resistive ground, the system gen-
erally provides zero apparent conductivity of the
ground, which is unrealistic. Furthermore, when
vertical or subvertical conductive dykes are present,
the quadrature response becomes negative. Since
the apparent conductivity values are linearly propor-
tional to the quadrature response, the system pro-
vides negative ground conductivity values under
such conditions. Useful qualitative inferences may
be drawn when the apparent conductivity of the
ground is negative.

The system was tested over three north-south
trending lines (lines 103E, 104E and 105E) and three
east-west lines (112N, 113N and 114N). The EM-34
results are shown below the Max-Min II responses
in Figures 11, 12 and 13 for the north-south lines.
Zones with zero apparent conductivities indicate
areas where the measured conductivity values were
either zero or negative. It is obvious from the data

that the system does not detect conductive fractures
or shear zones as high-conductivity areas. On the
other hand, it appears to map horizontal conduc-
tors, like overburden, reasonably well, since over-
burden areas mapped by a previous seismic refrac-
tion survey (Gagne, 1981) yield moderately large ap-
parent conductivity values in EM-34 surveys. In Fig-
ures 11 and 12 the system produces very low or
negative conductivity values over a diabase dyke
(conductor 4), which shows up as a strong VLF
conductor. Since such a feature produces negative
conductivity values with the EM-34 system, conduc-
tor 4 is likely to be steeply dipping.

Experience with the EM-34 system at Chalk
River indicates that, although the system may not
directly detect conductive fracture zones, it may be
used in conjunction with ground VLF or Max-Min
II data to differentiate between overburden type of
conductors and steeply dipping bedrock conductors.
EM-34 data with a coil separation of 20 m was
found to be the most useful at the Chalk River site;
the instrument had a limited depth penetration with
10-m coil separation and was found to be noisy at
the 40-m coil separation.

GEONICS EM-37 SURVEY

Geonics EM-37 is a transient deep EM sounding
system capable of depth penetration of the order of
100 to 500 m. The prototype unit of the system
was used in the Chalk River research area, on an
experimental basis, to test its detection capability for
weak conductors at large depths.

The transmitter for the system consists of a
large loop (300 m x 300 m for this survey) through
which a high but steady current is passed long
enough for the turn-on transients to dissipate. The
current is then abruptly terminated, leading to the
collapse of the magnetic flux within a very short
period. This, in turn, induces a large secondary
field in the subsurface proportional to the rate of
change of the magnetic flux and the magnitude of
the peak current. The induced current decays with
time in a characteristic fashion determined by
ground conductivity and other structures within the
ground. After the termination of the current pulse,
the decay of the secondary field is sampled at 20
well-separated time periods or channels, the system
has two base frequencies of operation, 30 Hz and
3 Hz, the latter being useful for greater depth pen-
etration. Analysis of the various channel amplitudes
helps in resolving the subsurface structure. At
Chalk River, the system was operated at a fre-
quency of 30 Hz. The system has been described
by McNeill (1980) and Sinha (1983).

Figure 16 shows the EM-37 transmitter and re-
ceiver locations on the geophysical grid at Chalk
River. The decay of the vertical component of the
magnetic field was recorded every 25 m on two
parallel lines, 103E and 105E. Line 105E was sur-
veyed only on the south side of the transmitter be-
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cause of instrument problems. From the size of the
loop, the current and the moment of the receiver
dipole, the apparent resistivities of the ground can
be computed at each of the 20 channels. The 20
channels cover a time interval from 0.089 ms to 7.1
ms for the base frequency of 30 Hz. Early channel
data are equivalent to high-frequency data corres-
ponding to responses from structures at shallow
depths. Later channels are equivalent to lower fre-
quencies and hence represent responses from great-
er depths. Therefore, a study of the variation of the
resistivity of the ground with channel numbers pro-
vides an idea about the variation of resistivity of
the ground with depth.

A prototype instrument was used for the survey
and, consequently, the data quality was poor for
channel numbers greater than 15. Figures 17, 18
and 19 are pseudo-section plots of apparent resistiv-
ity versus channel numbers on the south end of
lines 103E and 105E and on the north end of line
103E, respectively. The positions of low-resistivity
/ones, as detected by the EM-37 survey, are shown
in Figures 17, 18 and 19 along with the positions of
VLF conductors detected on the lines. The locations
of the low-resistivity zones sometimes agree with
those of VLF conductors. For example, in Figure 17,
a resistivity low was detected on line 103E at 115N
on channel 12. This would seem to indicate the
presence at that location of a conductor at moderate
depth.

It should be mentioned that the depth penetra-
tion of the EM-37 is much greater than that of
VLF. Therefore, the moderately deep conductors de-
tected by EM-37 may not have an equivalent VLF
response. Since data quality was poor, quantitative
interpretation or additional processing of the data
has not been attempted. However, the measured
data prove the viability of the method.

MAXI-PROBE EM SURVEY

Maxi-Probe is a multifrequency deep-EM sound-
ing system with up to 128 discrete frequencies from
1 Hz to 60 kHz. The depth of investigation
achieved with this system varies from 100 to 500
m, or more, depending on the combination of the
transmitter and receiver coil separation and the fre-
quencies used. The transmitter consists of one to
three loops lying flat on the ground surface and
powered by one or two gasoline-driven generators
and a transmitter console, which selects the fre-
quency to be transmitted. The receiver consists of a
pair of orthogonal ferrite-cored coils placed inside a
spherical fibreglass shell to reduce wind-induced EM
noise. The receiver ball antenna is aligned towards
the transmitter for measuring the horizontal magnet-
ic field and levelled with a bubble level for measur-
ing the vertical magnetic field. A cable, about 5 m
long, connects the output from the receiver antenna
to the receiver console. The receiver, when tuned
to the same frequency as that of the transmitter
current, can be used to measure the in-phase and

quadrature components of the total horizontal and
vertical magnetic fields or the amplitude ratios of
the fields and their phase differences. The system
has been described by Sinha (1979).

Although 128 frequencies are available with this
system, only about 30 to 40 are needed to perform
a sounding. After a few trial soundings, the fre-
quencies to be used in an area are selected on the
basis of depth of investigation desired, the separa-
tion between the transmitter and the receiver and
the resistivity values of the ground layers. The
ratios of field amplitudes are plotted against fre-
quency and may be interpreted in terms of a
layered-ground model by comparison with previ-
ously plotted master curves or by direct inversion.
Before the survey, the transmitter and the receiver
are synchronized with the help of a crystal clock,
thus obviating the need for a connecting cable be-
tween the transmitter and the receiver. This is a
distinct advantage when working over rugged ter-
rain. As mentioned before, the system is capable of
depth penetration of up to 500 m or more when
using the large transmitter system consisting of
three loops and using the more sensitive Mark HI
receiver. One disadvantage of the system is that the
present interpretation schemes are based on one-di-
mensional layered-earth models and hence the pres-
ence of vertical discontinuities may not be interpret-
able. The system may be useful, however, for map-
ping conductors formed by subhorizontal fracture
/ones containing conductive fluids.

Figures 20 and 21 exhibit plots of apparent re-
sistivity versus apparent depth over two north-south
lines, 103E and 104E, in the survey grid, 100 m
apart. In Figure 20, there is little indication of any
change of resistivity with depth at sounding point
115+ 13N, except at a depth of 65 m and possibly
at a depth of 121 m. For the next three sounding
points, each approximately 50 m toward south from
the previous ones, a distinct change of resistivity
with depth is apparent. Layers 1, 2 and 3 at ap-
proximate depths of 55 m, 120 m and 250 m, re-
spectively, show good continuity from 114 + 63N to
113+76N. Similarly, on line 104E (Fig. 21), three
soundings 25 m apart revealed the existence of
three subhorizontal interfaces at average depths of
70, 140 and 165 m, respectively.

The sounding points were not extended farther
to the south for two reasons: (1) the signals became
weak and noisy when the receiver was moved
farther to the south with the transmitter at a fixed
location, and (2) there were few other suitable loca-
tions (flat ground) for the transmitter toward the
southern ends of the lines. It should be mentioned
here that the transmitter must be placed on level
ground to simulate a vertical magnetic dipole. Un-
fortunately, few spots in the Chalk River survey
area satisfied this criterion. However, it appears
from Figures 20 and 21 that the system was able to
detect subhorizontal conductivity discontinuities up
to depths of 250 m. The field survey was carried
out in 1981 with our prototype Maxi-Probe unit
with limited depth-sounding capability. Therefore, it
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Figure 17: Pseudo-section plot of apparent resistivity versus channel numbers on southern end of line 103E.

- 2 3 9 -



GEONICS EM-37
TRANSIENT EM SURVEY, CHALK RIVER

LINE 105 E

I I 5 N

UJ
GO

UJ

o

20 I -

C0NT0URS IN ohm-mx|OO
§ VLF CONDUCTOR
: EM-37 LOW RESISTIVITY

Figure 18: Pseudo-section plot of apparent resistivity versus channel numbers on southern end of line 105E.
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Figure 21: Plot of apparent resistivity versus apparent depths for three Maxi-Probe soundings on line 104c.
Apparent resistivities are plotted on log scale along the horizontal direction.

is likely that our present Mark lit system would be
able to detect discontinuities at greater depths. Un-
fortunately, there are no boreholes in the area of
the Maxi-Probe survey and the presence of those
conductive discontinuities has not been proved by
drilling. Incidentally, the primary structure under
much of the grid area appears to be subhori/.ontal,
based on borehole VLF and other standard borehole
surveys in nearby areas (Hayles and Dyck, 1987).

CONCLUDING REMARKS

Experimental field surveys were carried out with
five surface electromagnetic systems at the Chalk
River research area to evaluate their usefulness for
detecting water-filled fracture and shear zones in
the bedrock. Two methods were standard EM ex-
ploration systems, while the others were either new
or recent techniques in the development stage. All
the methods have been developed either for ground
mapping or for detection of highly conductive
bodies, such as sulphide ores. It was hoped that an
evaluation of these five different systems for the
detection of weak conductors would be of use in
determining iheir future use in the NFWMP.

VLF-EM and local loop VLF-EM methods were
consistently successful in detecting weak conductors

at shallow depths, less than about 100 m, possibly
caused by water-filled fracture zones in gneiss. But
VLF methods are also sensitive to flat, overburden-
type conductors. It is not possible at the moment
to distinguish between vertical and horizontal con-
ductors from VLF response alone. The local loop
VLF system was found to be an adequate substitute
in the test area for Navy transmitters.

The Max-Min II EM system was successful in
detecting nearly all VLF conductors, especially when
large transmitter-receiver coil separations and high
frequencies were used. Since the system can be
used with large coil separations, it has the ability to
detect conductors at depths greater than is possible
with the VLF system. Consequently, a few conduc-
tors were detected by the Max-Min II that were not
found by the VLF system. The advantage of having
two variable parameters of coil separation and fre-
quency is that the detection of shallow as well as
deeper conductors is possible. The resolution of the
system, however, deteriorates significantly for larger
coil separations, i.e., close, multiple conductors can-
not be resolved into separate conductors. A disad-
vantage of this method is the requirement for ex-
tremely precise locations of the transmitter and re-
ceiver coils, to within a few centimetres in 50 m,
which is difficult in rough terrain. Since the in-
phase response over weak conductors is low, small
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errors in distance measurement can make the in-
phase response meaningless. The quadrature re-
sponse, on the other hand, is less dependent on
the exact coil separations and was found to be
more useful than the in-phase response at Chalk
River.

The present horizontal loop EM techniques are
primarily aimed at good electrical conductors in the
presence of fairly uniform and less conductive over-
burden. Wet fracture and fault zones present a low
electrical conductivity contrast with their host and
are comparable in strength with the conductivity
contrasts observed between the overburden and the
bedrock. The separation of near-surface EM effects
caused by layered Quaternary deposits from effects
of faults or fractures is a relatively new area of re-
search. It is difficult to separate these effects with-
out detailed knowledge of the overburden thicknes-
ses from seismic or radar surveys. The direct con-
ductivity reading EM system, EM-34, is useful for
mapping flat-lying conductors, such as overburden.
Its performance, however, degrades significantly
when the overall resistivity of the ground is high,
as in this area. In addition, subvertical conductive
features can produce negative apparent conductivity
values, something the instrument is not equipped
to measure and something that has no physical
meaning. However, when the system is used in
conjunction with VLF-EM systems, it is possible to
distinguish between flat-lying and subvertical con-
ductors. For example, if VLF-EM systems provide a
good response at a site but the EM-34 provides
very low or negative conductivity response, the
anomalous body is likely to be a vertical or subver-
tical conductor. If, however, both VLF and EM-34
systems provide Urge anomalies at a point, the
source of that anomaly is likely to be a flat conduc-
tive feature like overburden.

The results from two deep EM systems (Geonics
EM-37 and Maxi-Probe) showed the potential of the
methods. Since both systems have been designed
for the detection of good conductors at large
depths, the anomalies generated by weak conduc-
tors, like shear /ones and fracture /ones at large
depths, tend to be small. Moreover, the two sys-
tems, by virtue of their designs, are inadequate for
detecting shallow conductors, something for which
VLF systems, Max-Min II and EM-34, are more
suited. The Maxi-Probe system, designed for detect-
ing flat-lying conductors, was able to map two sub-
horizontal conductive features in the survey area.
The EM-37 detected the presence of a few deep
conductive features close to previously detected VLF
conductors. It is possible that the system was de-
tecting deeper sections of the conductors since it
does not respond well to shallow features, while
the VLF systems were responding to the shallower
sections. Hence, a combination of VLF and EM-37
results may be used for predicting the attitudes of
inclined conductors. Unfortunately, the lack of
borehole control in the area where the conductors
were detected prevented a verification of this con-
cept.
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Discussion - Paper No. 15

T.J.Katsube - About the reason for current concentration: just for the sake of discussion, you said
that in this case the effect of the metallic mineral is irrelevant. I don't think 1 should let
you get off that easy for that.

A.K.Sinha - Alright. You have to give good reasons though.

T.J.Katsube - 1 think there can be three reasons for current concentration:

1. As you say, the current channeling in water in rock.

2. The surfaces. I think there are a number of cases in Chalk River and at the URL
where the current concentration is due to surfaces; this is considering permeability and
the number of fractures, and so on. It has to be the surfaces in the fracture zones.

A.K.Sinha - There was water in those fracture zones, wasn't there?

T.J.Katsube - Yes.

A.K.Sinha - Then we are talking about 1 and 2 being the same thing.

T.J.Katsube - No. You have to have a wet surface to have surface conduction. So in all those cases, I
think, there has to be conduction through the surfaces in the fractures.

3. In the past, it was thought that, if the metallic mineral content is low, it is irrelevant if
the metallic mineral grains are isolated. Recent studies by the Russians show that if you
have, say, 5% to 10%, which in a number of cases of Chalk River rocks we do have that
sort of metallic mineral content (or opaque mineral content, shall we say), there is a good
possibility, going by probability theory and actual experiments, that there can be intercon-
nections. In some of the mafic rocks that we have measured, we draw the conclusion that
that is the cause of low resistivity. Generally, mafic rocks have relatively high resistivity,
but there are cases where it is pretty low. Our conclusion is that it must be because of
metallic minerals. They do not have to be present in such large quantity and they do not
have to be in mass form.

A.K.Sinha - My response is, that is the bottom of the scale. You are measuring on a small sample,
and you can have a good conductive response. Now I am talking about something at a
certain depth. Regarding the effect of a 5% mineral content, sure you could take a mea-
surement in a laboratory and that might be appreciable, but a measurement on the sur-
face will yield much, much smaller response.
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T.J. Katsube - I don't think it has to be.

A.K.Sinha - In those current channeling effects, a huge mass of the rock is involved, probably a
square kilometre or of that order. On the surface, that would produce much greater re-
sponse than that by a rock containing 5% sulphide, unless, as I said, you have a massive
sulfide extending, say, 40 m by 50 m with concentration much greater than 5%.

T.J.Katsube - These rocks, when the resistivity can be, say, 100 ft»m and it can be, say, 10 times or
100 times lower than the surrounding rocks, that is the range it comes out to.

A.K.Sinha - What would be the crt? Make it 0.1. This is going to produce a very small response on
the surface.

T.J.Katsube - I am just saying the whole rock body can have a low resistivity, it does not have to be
one sample. For instance, it can be a rock body 10 m by 50 m that has relatively high
mineral content to bring down the resistivity.

W.J.Scott - I wan! to know what sulfide is there in quantities like that.

T.J.Katsube - I do not know. It does not have to be sulfide. It can be magnetite or hematite, I'm not
quite sure.

W.J.Scott - There are two things. One is that if you have 10% magnetite in the rock and you fly
over it with an airborne magnetometer you're going to see a tremendous response. In the
actual survey, such responses are absent everywhere except over the diabase dyke in that
central region. The second point is, if you see 10'7r of a metallic sulfide that is really con-
ductive and it is over any large volume, then, for example, on surface you will see gos-
sans. That is how you find metallic sulfides. My experience in the area leads me to be-
lieve there really is not a very large concentration of sulfides, except perhaps in some
small pockets.

T.J.Katsube - I'm not saying it is sulfides. There is some metallic content such as hematite.

R.L.Coles - Really, there isn't much hematite there either.

W.J.Scott - Generally speaking, you cannot tell from the bulk resistivity studies done by Dr. Sinha
and me whether you have surface conduction because of platey minerals or whether you
have ionic conduction because of moisture in the pores. So what I believe is that the
large bulk conductivities seen are not due to metallic sulfides.

T.J.Katsube - I'm not saying it is sulfides. There could be other conductive minerals.

A.K.Sinha - Good conductors would have been picked up by the DIGHEM" system, which is very
efficient in picking up metallic-type conductors, whereas most methods do not.
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ABSTRACT

A dipole-dipole resistivity survey was carried out at the Chalk River research area in 1980 by Phoenix
Geophysics Ltd. (under contract). The purpose of the survey was to evaluate the effectiveness of dipole-
dipole measurements in determining the variations of resistivity and other physical properties, such as the
porosity of the underlying rocks in the area. Zones of lower resistivity normally indicate zones of higher
porosity, due either to a change of rock type or to fracturing. The survey was performed on three parallel
lines, 100 m apart, one of which was surveyed with five dipole separations ranging from 300 m to 12.5 m,
while the other two lines were surveyed with three dipole separations ranging from 100 m to 25 m.

Measurements made with large dipole separations generally detect conductive features of substantial width
at large depths, while the effects of shallow and thin conductors are suppressed in the response. Con-
versely, with short dipole separations, the response from shallow and narrow conductors is emphasized,
while that from deeper conductors is usually too small to be detected. Hence, a comparative study of the
field response with different dipole separations determines the resistivity of the underlying rocks at various
depths.

The results of the survey are presented in the pseudo-section format in which computed apparent resis-
tivities are plotted in a fashion simulating a geological section. Analysis of the pseudo-sections indicates an
almost total absence of horizontal contour patterns, suggesting an absence of substantial thickness of con-
ductive overburden in the area. Hence, the thickness of the overburden has been interpreted to be less than
five to ten metres in most places in the survey area. Using a dipole separation of 300 m, a deep conductive
feature was detected along the central part of the longest line (line 103E). The same feature was also de-
tected on all three lines using a dipole separation of 100 m. A rather weak conductivity anomaly about 600
m to the north of this feature is resolved into two or more segments at smaller dipole separations, i.e., at
shallower depths. Several shallow conductive features are detected only when using smaller dipole separa-
tions. Generally, the positions of these conductors coincide with lineaments and fracture zones mapped by
geologists and with conductors detected with two ground electromagnetic systems: Very Low Frequency
(VLF) and Max-Min" horizontal loop EM systems.

INTRODUCTION

A direct current resistivity survey with the di-
pole-dipole electrode configuration was undertaken
in the Chalk River research area in 1980 (Hallof,
1980). The purpose of the survey was to evaluate
the effectiveness of dipole-dipole measurements in
determining the electrical characteristics of the un-
derlying rocks at various locations and depths in an
igneous environment. In general, the electrical resis-
tivity can be correlated with rock texture both in
terms of rock types and integrity of the rock
(cracks/fracturing, etc.). The survey was carried out
on three parallel lines, 100 m apart, east of Mas-
kinonge Lake. The location of the three survey lines
is shown in Figure 1. The north-south trending
lines traversing the area between Upper and Lower
Bass lakes were chosen because this area has been
surveyed intensively with several ground geophysi-
cal systems. Several deep boreholes are also located
in the area. A part of the longest line, line 103E,
passes over the Maskinonge Lake (Fig. 1). Boats

had to be used for placing the electrodes at the re-
quisite points on the water surface. The measure-
ments were made with several dipole separations
ranging from 12.5 m to 300 m. The longest line,
103E, was surveyed with all five dipole separations
of 12.5, 25, 50, 100 and 300 m. The other two
lines, 104E and 105E, were shorter and were sur-
veyed with only three dipole separations of 25, 50
and 100 m. Table 1 shows the survey coverage on
the three lines.

TABLE 1

DIPOLE-DIPOLE RESISTIVITY SURVEY COVERAGE,
CHALK RIVER, ONTARIO

Length of Survey Dipole Separations Used
Line No. Line (km) (m)

103E
104E
105E

3.6
1.8
1.8

12.5, 25, 50, 100, 300
25, 50, 100
25, 50,100
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RESISTIVITY SURVEY, CHALK RIVER GRID
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Figure 1: Location of the dipole-dipole resistivity survey lines. Chalk River.
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Resistivity measurements made with large dipole
separations generally detect conductive and resistive
/ones of substantial width at large depths. The responses
of shallow and thin conductors are suppressed in such
measurements. Conversely, measurements made with
short dipole separations emphasize shallow and thin
conductors, while the responses from deeper features are
too small to be detected. A comparative study of apparent
resistivity values measured with different dipole separa-
tions, therefore, affords a means of distinguishing be-
tween shallow and deeper inhomogeneities in an area.
Zones of lower resistivity would normally indicate rocks
with higher porosity, resulting from a change of rock type
or from fracturing, since resistivity changes caused by the
presence of conductive metallic minerals would be ex-
tremely unlikely in this area.

DESCRIPTION OF THE SURVEY AREA

The Chalk River research area is underlain by rocks
of the Grenville Province of the Canadian Shield (Brown
et al., 1978). Paragneiss is the dominant rock type in the
survey area; subordinate monzonite orthogneiss and
metagabbro are also present. Bedrock exposure is poor
because of extensive glacial drift cover. However, the
drift cover is thin over most areas. Brown and Rey (1987)
have discussed the geological setting of the area in detail.

The electrical resistivity of the rocks in the survey area
is fairly high (Fraser and Dvorak, 1979), ranging from
1,000 fl»m to 10,000 fi»m. The topographic relief in this
area varies from fairly flat to semi-rugged cliffs. Seismic
refraction surveys in the area have revealed the presence
of recent Quaternary deposits of up to 40-m thickness in
some places (Gagne, 1981), which have been shown to be
much more conductive than the bedrock (Sinha and
Hayles, 1987), the resistivities of such formations varying
in most places from 100 to 500 ft*m. In the survey area,
several east-west and northwest-southeast trending frac-
ture zones have been detected by ground mapping
(Brown et al., 1978), by borehole television logs (Lau and
Bisson, 1980) and by ground geophysical surveys (Scott,
1987; Sinha and Hayles, 1987). Often these fracture zones
are saturated with slightly saline groundwaters, making
them medium- to poor-grade conductors. Such conduc-
tors as well as those formed by conductive overburden fil-
ling depressions in bedrock may be detected by dipole-di-
pole resistivity surveys. Conductivity contrasts caused
by changes in lithology are also detectable by such sur-
veys.

DESCRIPTION OF THE METHOD

The dipole-dipole method of resistivity measure-
ments is one of the most commonly used techniques for
geoelectrical soundings and mineral exploration. The
method uses direct current, or, more commonly, low-fre-
quency alternating current, for energization of the
ground. The electrode assembly consists of two current
electrodes, Ci and C2, usually metal stakes driven into
the ground, through which several amperes of current in
the frequency range of 0.1 Hz to 10 Hz is passed. A
gasoline-driven generator is generally used as the source
for supplying power to the current electrodes, especially

if the current electrode separation is greater than 100 m.
A pair of potential electrodes, Pi and P2, are placed col-
linearly with the current electrodes so that their separa-
tion is identical to that between the current electrodes.
The electrode arrangement is shown in the upper part of
Figure 2. This figure indicates the common electrode sep-
aration, a. The separation between the current and po-
tential electrode systems is na, where n is an integer. The
values of the integer n generally range from 1 to 6. Thus,
with an electrode separation of 100 m, the separation be-
tween the electrode systems may range from 100 to 600
m for any one position of the current electrodes.

DIPOLE-DIPOLE SYSTEM

Pseudo-Section
Plot

Plot for electrodes
4-5 and 7-8

2-3 and 6-7

Apparent. Resistivity Pa =7Tn(ntl) (n+2)a -5L

Figure 2: Geometry of the dipole-dipole measure-
ments and illustration of pseudo-section plots.

The field procedure with this system involves the
measurement of the potential difference, V, between the
potential electrodes for a current, I, passing through the
current electrodes for several values of a and n. A sharp
band-pass filter is used to reduce the noises originating
from telluric and self-potential fields. Use of low-fre-
quency alternating current eliminates any electrode
polarization effects. The apparent resistivity of the
ground may be obtained from equation (Telford et al.,
1977)

= im(n »4 0)

where

p, = apparent resistivity of the ground in ft«m,

a = dipole separation in metres,

n = integer,

V = voltage between potential electrodes
in volts, and

I = current passing through the current
electrodes (A).

- 2 4 9 -



Normally, the apparent resistivity values are com-
puted for all values of n for a fixed dipole separation, a.
The procedure is then repeated with the same separation
after the current electrodes are moved to a new position.
The surveys are repeated with a new value of dipole sep-
aration, a, after the whole survey line is covered with a
particular value of a. The field results are generally pre-
sented in the form of pseudo-sections. The method of
generating a pseudo-section is described below and illus-
trated in the lower half of Figure 2.

Assume that the current electrodes are located at pos-
itions 1 and 2 (Fig. 2). The locations of the potential elec-
trodes may range from 3-4 to 7-8 and beyond, if neces-
sary. In the first case (current electrodes at 1-2 and poten-
tial electrodes at 3-4), the dipole-dipole array will have n
= 1. In the latter case (receiver electrodes at 7-8), the di-
pole-dipole array will have n = 5. Values of apparent re-
sistivity, as given by Equation (1), are plotted for each
combination of a and n for any combination of current
and potential electrode positions. The plotting point for
apparent resistivity for any combination is given by the
intersection of two lines dipping at an angle of 45° to-
wards each other from the midpoints of the current and
potential electrode positions. The plotting positions for
two locations of the electrode arrays are shown in the
lower half of Figure 2.

It is clear from Figure 2 that apparent resistivity
values for a particular value of n will lie at a con-
stant depth. Resistivity values measured for increas-
ing separation between the current and potential
electrode systems are more influenced by responses
from deeper strata in the survey area. Therefore,
increasing the value of n is equivalent to increasing
the depth penetration of the exciting currents.
Hence, the resistivity values measured for the smal-
lest value of n are plotted closest to the surface
since the measurements are most influenced by the
shallowest part of the ground. Therefore, this type
of representation gives a qualitative idea about the
relative depths of anomalous conductive zones. The
plotted apparent resistivity values are normally con-
toured to provide a general picture of the distribu-
tion of conductive and resistive bodies in the sur-
vey area. It should be borne in mind, however,
that pseudo-section plots do not provide a picture
of the true distribution of conductivity with depth
in a quantitative sense as the apparent resistivity
values depend not only on the true distribution of
conductivity in an area, but also on the electrode
arrangement employed.

Pseudo-section plots may be interpreted by com-
paring them with theoretically computed plots over
various types of one- and two-dimensional models.
Figure 3 illustrates the theoretically computed
pseudo-section plots over two possible conductive
models with dipole-dipole electrode arrangements.
The model at left is a two-dimensional, vertical
tabuW model of low resistivity (10 fl'm) placed in
a half-space of higher resistivity (1,000 fl'm). The
pseudo-section produces a sharp apparent resistivity
low over the conductor for small values of n. With
increasing n, the apparent resistivity values increase
on both sides of the conductor because the resistive

half-space contributes increasingly to the measured
data.

The model at right (Fig. 3) shows the response
of two discrete and thin conductive overburden
zones. The material between the overburden zones
consists of the same resistive material that underlies
the conductive overburden. The pseudo-section plot
over such a feature produces a high apparent resis-
tivity over the area not covered by the conductive
overburden for small values of n. The apparent re-
sistivity values above the conductive overburden are
lowered significantly for small values of n, reflecting
the contribution of the conductive overburden. Wi'h
increasing values of n, however, the pseudo-section
indicates a low-resistivity zone right over the resis-
tive region. This is an artifact caused by the par-
ticular type of electrode arrangement employed and
indicates the possible pitfalls of interpreting dipole-
dipole sounding data. For quantitative interpreta-
tion, one may invert pseudo-section results on a
computer to yield the parameter of a tabular con-
ductor by comparing theoretically computed results
with field data until a good match is obtained with
one set of model data having the lowest least-
square error.

DISCUSSION OF THE RESULTS

It is known from modelling results that a
layered ground produces horizontal contour patterns
in the pseudo-sections. Such patterns were not
found in the survey area except over a section on
line 103E between 116N and 117N with dipole
length of 12.5 m, and on line 105E between 120.5N
and 123N with dipole length of 50 m. Hence, it
was concluded, based on some theoretical model-
ling, that the glacial drift is generally thin, possibly
less than 5 to 10 m in the area covered by the sur-
vey.

Since all three lines were surveyed with three
common dipole lengths, pseudo-sections for the
three lines have been presented stacked one over
another (Figs. 4 to 8). This facilitates comparison of
common features present in the data. Computer in-
versions with one- and two-dimensional models
were attempted over a few anomalies, but matches
between theoretical and field data were poor. This
possibly reflects the presence of irregular, three-
dimensional inhomogeneities in the survey area,
such as small lenses of conductive material, which
are very difficult to model theoretically.

Figure 4 shows the resistivity pseudo-section
plot over line 103E for the dipole length of 300 m.
The apparent resistivity values indicate a generally
high-resistivity environment on the line, thereby im-
plying a general lack of conductors at large depths
on this line. In the central part of the line, there
are two distinct resistivity lows with apparent resis-
tivity values dropping below 1,000 ft*m. Zone B3 is
a deep resistivity low centred near 112N. Zone A3,
however, is a shallow resistivity low centred near
118N. Zone B3 has also been detected on all three
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MODEL RESPONSES FROM DIPOLE-DIPOLE SYSTEM

IOfl-m- IOOO fl-

TABULAR
CONDUCTOR

CONDUCTIVE
OVERBURDEN

RESISTIVE HALF SPACE

Figure 3: Model responses from two types of conductors with dipole-dipole system.
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DIPOLE - DIPOLE SURVEY, CHALK RIVER
DIPOLE LENGTH = 300m

LINE 103E
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Figure 4: Pseudo-section plot on line 103E with dipole length of 300 m.
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lines with dipole lengths of 100 m, but it is too
deep to respond to measurements with shorter elec-
trode separations. Zone A3, on the other hand, has
been traced across all three lines with shorter di-
pole lengths. But, as the dipole lengths get shorter,
more details about this zone are revealed and its
complex nature at shallow depths becomes appar-
ent.

Figure 5 illustrates the stacked resistivity
pseudo-sections on three lines for the dipole length
of 100 m. Zone B (B3, B4, and B5), as defined in
Figure 4, is detected quite ciearly on all three lines,
even with the reduced depth of investigation result-
ing from a shorter dipole length. The anomaly is
somewhat weak on line 104E. Still, the presence of
a conductive body is clearly visible in the response.
To the north of zone B, zone A appears to break
up into two distinct zones. For example, on line
103E, zone A13 is a shallow and narrow conductive
zone centred at about 116N. This is a conductor
with very high resistivity contrast with surrounding
rocks. Zone A23, on the other hand, is deeper and
somewhat wider, centred at about 119N. On line
104E, zone A14 is the narrow and shallow conduc-
tor, while A24 is wider and deeper. On line 105E,
zone A15 appears to be deeper than A13 and A14,
while zone A25 seems to have weakened signific-
antly. A shallow and weak conductor D (D3, D4,
D5) appears further to the north. The nature of this
conductor is not very well defined since it occurs
almost at the ends of the survey lines. To the
south, zone C (C3, C4, C5) is a shallow and weak
conductor that gets progressively deeper towards
the east. The characteristics of this zone may be
examined better with data with shorter dipole
lengths.

The pseudo-section resistivity plots on the three
lines with dipole lengths of 50 m are shown in Fig-
ure 6. Zone B is no longer detectable on the lines
with this value of dipole length. On the other
hand, the complex nature of zone A begins to un-
ravel in this diagram. Zone A is seen as two dis-
tinct features only on line 103E. Zone A23 on this
line is a weak and relatively deep feature, which
does not show up on lines 104E and 105E. Zone
A13 shows up as a wide zone encompassing a
broad region of variable, low resistivities. On line
104E, zone A14 is somewhat deeper with a total
width exceeding 350 m. On line 105E, this conduc-
tive zone A15 occurs at some depth, but the total
width of zone A is approximately the same (about
400 m) on all three lines.

A two-dimensional computer inversion of this
feature (A15) produced good agreements between
the field and computed data sets. The feature was
shown to have a depth-to-top of about 90 m and a
conductance value of 1.5. To the north of zone A,
/.one D appears clearly on all three lines, but not
so shallow as it appears in Figure 5. At the south-
ern extremities of the lines, zone C is again clearly
visible on all lines. A new shallow, but narrow
zone (zone E) appears north of zone C. The fact
that this /.one was not detected in Figure 5 (a =
100 m) indicates that this is a weak and shallow
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zone. A narrow, shallow conductive zone F5 was
detected on line 105E south of zone E5 centred at
HON. There is no equivalent conductive feature on
the other two lines. A power line crosses line 105E
in the vicinity of this conductive zone and it is
possible that this feature is related to that. At the
northern end of line 105E, the apparent resistivity
contours are nearly horizontal. A one-dimensional
computer inversion suggested that there may be as
much as 38 m of fairly resistive glacial drift in this
area.

Figures 7 and 8 show the pseudo-section plots
on the lines for a dipole length of 25 m. It should
be noted that as dipole lengths are decreased — for
example, halved from a previous value — the
number of recorded and plotted data points is dou-
bled to cover the same length of the line. Thus, to
maintain the same resolution in the plots, the scales
of plotting are increased as dipole lengths are de-
creased, resulting in plots that are double the
length of those with twice the dipole length value.
Therefore, the data for dipole length of 25 m have
been plotted on two separate sheets, one for the
south end (Fig. 7) and one for the north end (Fig.
8) of the lines. In Figure 7, the plots begin at
104.5N for line 103E, while for the other two lines,
the first plotted data appear at 106E only. This re-
sulted from a deliberate decision to make the sur-
vey line slightly longer for line 103E.

The extreme variability of the character of near-
surface materials, as seen in zones C and E in Fig-
ure 7, should be noted. Zone E still appears to be
a shallow, narrow feature although the character of
the anomaly varies from line to line. There is little
evidence of overburden with significant thickness in
this area. The zone F5 again appears only on line
105E without any corresponding feature on the
other lines. A ground VLF survey conducted on
this line (Scott, 1987) detected a weak conductor at
this location. It is difficult to say whether this fea-
ture is a genuine conductor or an artifact caused by
a power line passing nearby. The presence of a
power line could also generate spurious VLF
anomalies in ground VLF-EM surveys.

In Figure 8, the zone A13 on line 103E becomes
an almost continuous low-resistivity zone of consid-
erable width. To the east, on lines 104E and 105E,
this continuous zone splits into two distinct zones
separated by relatively high resistivity materials.
Zone D to the north of zone A becomes more com-
plex and consists of two distinct conductors on all
three lines with the area between them consisting
of higher resistivity materials. One of the conduc-
tors of zone D appears to be very shallow, while
the other is intermediate in depth. The survey lines
on line 105E did not extend far enough to the
north to map the quasi-horizontal overburden layers
evident in Figure 6. The survey was extended up
to 123N on line 103E. However, since no conduc-
tive features were detected beyond 121N, data
north of that position are not shown in the dia-
gram.

Figure 9 shows the pseudo-section plot along
line 103E for a dipole length of 12.5 m. With such
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Figure 5: Stacked pseudo-section plots on lines 103E, 104E and 105E with dipole length of 100 m.

- 2 5 4 -



DIPOLE-DIPOLE SURVEY, CHALK RIVER
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Figure 6: Stacked pseudo-section plots on lines 103E, 104E and 105E with dipole length of 50 m.
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Figure 7: Stacked pseudo-section plots on the southern end of lines 103E, 104E and 105E with dipole length
of 25 m.
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Figure 8: Stacked pseudo-section plots on the northern end of lines 103E, 104E and 105E with dipole length
of 25 m.
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Figure 9: Pseudo-section plot on line 103E with dipole length of 12.5 nt.
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a short dipole length, zone A13 is again shown to
be a very broad /.one of low resistivity with some
evidence of layering close to the surface. The top
layer is seen to be more resistive than the second
layer from 115.5N to 118N, with the second layer
resistivity values being less than 500 linn. Zone E3
to the south of A13 shows up as a strong, narrow
and shallow conductor centred at about 111.5N and
contrasts sharply with the pattern of the zone A13.
Only the northern edge of zone C is outlined at
the southern end of the line. The contact of this
low-resistivity zone with the highly resistive
(~ 6,000 H*m) zone to the north is very sharp.
Zone A13 appears to have a width as large as 400
m, while zone E has a width of less than 13 m.

Figure 10 shows the indicated locations of the
anomalous zones detected by the dipole-dipole mea-
surements using three larger dipole lengths of 300
m, 100 m and 50 m. Broad conductive zones have
been classified as definite, probable and possible in
nature on the basis of anomaly strength. For nar-
row conductors, another type of symbol has been
used. When a narrow, conductive, anomalous zone
is strong and correlates well with anomalies on ad-
jacent lines, it is classified as definite and indicated
by a solid inverted triangle. Moderate strength
anomalies with reasonable correlation between adja-
cent lines are classified as probable (semi-solid in-
verted triangles). Weaker anomalies with poor line
to line correlation are classified as possible and
shown by open inverted triangles. When narrow
conductors are detected, their axes are indicated by
three types of lines: solid, solid with dots and dots
to indicate definite, probable, and possible conduc-
tor axes, respectively. Locations of several deep
boreholes in the area (CR-2, CR-4, etc.) are also in-
dicated.

It should be noted that conductor B has been
classified as a definite conductor on line 103E, but
a probable one on the other two lines. Conductors
Al and F are shown as shallow, definite conduc-
tors, while conductors A2 and D are interpreted to
be probable conductors at intermediate depths, al-
though on line 105E conductor A2 is barely detecta-
ble. Conductor C is shallow to intermediate in
depth and has been classified as possible. Conduc-
lor V. is classified as possible at shallow depth since
il is only detected with dipole length of 50 m.

Figure 11 is a similar plot of the locations of the
conductive zones based on results obtained with
three shorter dipole lengths of 50 m, 25 m and
12.5 m. The conductive zone D is definite on line
103E with dipole length of 50 m, but for shorter di-
pole lengths, it splits into two distinct conductors
(both possible types), which almost merge with
each other east of line 105E. Conductor Al occurs
in the midst of a broad, low-resistivity zone, as in-
dicated in Figure 11. Conductor A2 is detected only
on line 103E for dipole length of 50 m and remains
undetected for shorter dipole lengths and on other
lines. Hence, conductor A2 has been shown only
on line 103E as A23 in Figure 11. Conductor Al
appears as two distinct features separated by about

200 m on the results obtained with shorter dipole
lengths. At shorter dipole lengths, conductor C is
also distinguished as two distinct conductors on
lines 103E and 104E, while on line 105E only a
single conductor is distinguishable. On all the lines,
the northern limb of conductor C appears as defi-
nite, while the southern conductor is weaker and
may be classified as possible. There is also a broad
zone of low resistivity around the two limbs of
conductor C, although the average resistivity there
is higher than that near conductor Al. The extent
of the low-resistivity zone is shown in Figure 11.
The nature of conductor E changes from definite on
line 103E to probable on iine 104E to possible on
line 105E. A lithological change from line 103E to-
ward the east or a decrease in the porosity of the
rocks toward the east might explain this.

Figure 12 shows a comparison between the loca-
tions of broad and narrow conductors mapped by
the dipole-dipole system employing three larger di-
pole lengths and those from two ground EM sys-
tems, namely, VLF-EM and Max-Min" systems. The
agreement is not very good. One possible reason
for the discrepancies may be the different depths of
investigation of the three systems. For example, the
deep conductive zone B is certainly too deep to re-
spond to either the VLF-EM or Max-Min" system.
A computer inversion of the data on conductive
zone B with a dipole length of 100 m on line 103E
produced a poor fit with theoretical data. It indi-
cated, however, the depth of the feature to be
about 400 m. An inversion done on the data for the
feature A1 on line 105E, which is narrow with a
large contrast in resistivity with the surrounding
rocks, indicated a depth of about 90 m and conduc-
tance of 1.5. The indicated depth of 90 m is
perhaps beyond the detection capability of both
Max-Min" and VLF-EM systems in this area, since
the conductance of this body is so small. Hence,
this conductor has no corresponding VLF-EM or
Max-Min" anomalies. The shallow conductor F al-
most coincides with a VLF conductor on line 105E,
although the presence of a power line in the vicin-
ity makes it difficult to judge if the anomalies are
genuine.

VLF and Max-Min" anomalies detected from
113N to 117N have no corresponding dipole-dipole
resistivity anomalies. This could be explained by the
fact that some of the EM anomalies are too narrow
to be detected with dipole-dipole measurements
using larger dipole lengths. However, these conduc-
tive anomalies lie in a broad low-resistivity zone de-
termined from dipole-dipole measurements with
shorter dipole lengths, as shown in Figure 13.

Figure 13 shows a comparison between the con-
ductive zones mapped by dipole-dipole measure-
ments using shorter dipole lengths (a = 50, 25 and
12.5 m) and those from ground VLF-EM surveys.
Conductor A2, intermediate in depth, is not detect-
able with shorter dipole lengths, except on line
103E with a 50-m dipole length; hence, it is not
shown in this figure. The two axes of conductor
Al, however, agree very well with two VLF con-
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Figure 10: Plot of the conductive anomalous zones and axes in the survey area using data obtained with
three largest dipole lengths.
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Figure 13: Comparison of the anomalous conductive zones detected by dipole-dipole measurements using
three shorter dipole lengths with conductors detected by VLF-EM surveys.
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ductors. In fact, all these conductors lie within a
broad low-resistivity zone. The northern axis of con-
ductor C agrees very well with a VLF conductor,
while the weaker southern axis lies in a broad low-
resistivity zone but has no corresponding VLF re-
sponse. The two axes of conductor D (possible
types) do not agree very well with mapped VLF
conductors. However, the northern limit of D on
line 103E shows up as a definite conductor and has
a VLF conductor very close by. It is likely that con-
ductor D is at an intermediate depth, except at line
103E where its northern axis is shallower, making it
detectable by shallow EM systems like VLF and
Max-Min".

CONCLUDING REMARKS

The dipole-dipole resistivity survey at Chalk
River with several dipole lengths demonstrated the
usefulness of this technique in determining the dis-
tribution of resistive and conductive features in the
survey area. Since bulk resistivities may be corre-
lated to the porosity and nature of the underlying
rocks, determination of these properties may be
possible from dipole-dipole measurements, electrical-
ly, the rocks at the survey area are fairly resistive,
the resistivities generally ranging from 1,000 to
10,000 Om. Within this resistive environment, there
are conductive zones in the bedrock that have resis-
tivities well below 100 fl«m.

Two conductive zones, B and A2, were detected
in the area using large dipole lengths of 300 and
100 m. Computer inversions of the data over these
two zones produced relatively poor fits with ob-
served data, indicating the complex nature of the
two zones. These two zones were not detected
when shorter dipole lengths were employed. Zone
D appears as a probable to possible conducti'e
zone at an intermediate depth, based on the field
data with dipole lengths of 100 and 50 ni. With
shorter dipole lengths, it was resolved into two dis-
tinct conductors and the anomaly pattern became
less definite and more complex.

Zone Al appears as the dominant anomaly in
the survey area. It lies along the northern edge of
a topographic low. The anomaly is especially strong
on line 103E. Measurements with shorter dipole
lengths indicate the presence of a zone of low re-
sistivity (100 to 500 n-m) with a width of at least
400 m. The low-resistivity rocks probably extend
very close to the surface and extend to fairly large
depths, at least to 100 m, since this feature is de-
tected in all dipole-dipole measurements with dipole
lengths from 12.5 to 100 m. Zones C, E and F ap-
pear to be intermediate to shallow in depth. The
characteristics of these zones became clearer when
data with shorter dipole lengths were examined.
Zone C is resolved into two distinct zones when
dipole length is decreased from 50 to 25 rn. Al-
though this zone is detected with the dipole length
of 12.5 m, its characteristics are not made clearer
since it occurs at the southern end of the pseudo-
section.
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It is worthwhile mentioning that dipole-dipole
measurements are rather sensitive to lateral resistiv-
ity variations due to the second derivative nature of
the measurements. This may give rise to complex
anomaly patterns if sharp resistivity variations are
encountered at shallow depths. At the edge of an
outcrop, for example, the second derivative effect
may give rise to sharp, narrow, spurious anomalies.

Evidence of horizontal resistivity contour pat-
terns are rare in the survey area even with the
shorter dipole lengths. This suggests a lack of sub-
stantial thickness of overburden except at specific
locations. Evidence for the presence of moderately
thick overburden is shown in Figure 6. There, at
the northern end of line 105E, the presence of up
to 38 m of overburden is inferred from computer
inversion on the field data. Unfortunately, no seis-
mic refraction or borehole data are available at that
site. It is hoped some of the more prominent di-
pole-dipole anomalies will be verified in the future
using other geophysical techniques and drilling will
be done so that comparison can be made with the
conclusions of this survey.
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Discussion — Paper No. 16

J.S. Devgun - You said that the conductivity profile maps were divided into definite, probable and
possible. What were the criteria you used and what confidence do you attach to them?

A.K.Sinha - They are based on the nature of the response in those sections. A definite response is
the response of a good conductor. I showed you a low with resistivity increasing on both
sides. If you get that, you can be assured that that is a definite conductor. Of course,
very rarely you get such perfect, good quality response. But we can still make a judg-
ment as to whether it is due to a definite conductor or a possible conductor. When I say
possible, it means that the response is weak and that any surface material could produce
it; e.g., overburden material could produce it. Their signatures are also quite different. So
it is somewhat judgmental what is definite and it depends very much on the interpreter.
Two interpreters may not agree exactly on what is a definite and what is a possible con-
ductor.

M.D.Thomas - From the resistivities that you calculated, are you able to determine whether they are
representative of actual rock or, when you say conductors, are you talking about fractures
that may be filled with water?

A.K.Sinha - All we can get is the resistivity from this survey. But I don't think you can make that
decision just on the basis of the dipole-dipole resistivity survey itself. You have to use it
in conjunction with other survey data.

M.D.Thomas - So the resistivities are not diagnostic enough to say this is A and this is B. They over-
lap; the resistivity of a water-filled fracture overlaps that of quartz-monzonite, for instance,
or something like that?

A.Sinha - Exactly. So it is not unique by itself.
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ABSTRACT

The property of Atomic Energy of Canada Limited at Chalk River Nuclear Laboratories (CRNL), located at
Chalk River, Ontario, has been the site of extensive ground probing radar testing and investigations for
several years. Initial radar surveys were carried out in the vicinity of Perch Lake in 1976. Since then
numerous experimental surveys have been carried out in a number of places on the CRNL property. Most
of these surveys have been in conjunction with groundwater flow studies that contribute to evaluating the
feasibility of subsurface disposal of low- and medium-level radioactive wastes. Part of that program con-
cerns disposal vaults in crystalline rocks and, to this end, radar borehole surveys have been carried out in
the vicinity of Maskinonge Lake, Upper and Lower Bass lakes and Twin Lake.

The CRNL site is an ideal area for utilization of ground probing radar. For the most part, the overburden
is fluvial sands and gravels lying on electrically resistive bedrock. Most of the radar surveys have been car-
ried out utilizing wide-band impulse-type radar systems with a centre operating frequency of 100 MHz.
Depths of penetration of 30 to 40 m have been achieved in some areas. Resolution of depth-to-bedrock has
been very good and accuracies of better than 0.5 m have been achieved in a number of areas, as deter-
mined by comparison with borehole results. The radar was also used to map strata below an 8-m-decp
lake. Cables lying on the bottom of the lake were also detected. The radar was used to a depth of 140 m
in boreholes drilled in crystalline rock. The radar signal penetrated through 50 m of rock and detected
changes of rock type and fractures of the order of a millimetre thick along the borehole.

The results obtained at the CRNL indicate the effectiveness of ground probing radar as a general investiga-
tive tool for groundwater studies. Work at CRNL has helped to establish radar as a viable technique and,
as instrumentation improves, even more striking and exciting results will be obtained.

INTRODUCTION

The Chalk River Nuclear Laboratories (CRNL)
site at Chalk River, Ontario, is one of the most in-
lensely studied sites in terms of ground probing
radar investigations. Over a period of seven years,
,i large amount of data has been collected. This
paper presents highlights of the obtained results
and indicates the usefulness of the data in terms of
groundu'iikT studies and general problems of nucle-
ar waste disposal in crystalline rock.

A general overview of the ground probing radar
method is presented first and is followed by a re-
view of the areas investigated with radar at the
C'R\T. site. I'inally, the composite results are dis-
cussed, and conclusions regarding the utility of
radar for geotechniial investigations at the CRNL
siU' are presented.

DESCRIPTION OF GROUND PROBING
RADAR METHODS

Instrumentation for ground probing radar studies
has been described in a number of articles. Morey

(1974) and Annan and Davis (1976) describe the
basic principles of the technique and, therefore, no
further discussion regarding the details of in-
strumentation will be presented here.

As a general statement, the ground probing
radar method must be viewed as a technique in its
infancy. The instrumentation currently available is
primitive and offers only a first-order solution to a
complex problem. It is anticipated that the next ten
years will see a major revolution in instrumentation
in the ground probing radar field. As this occurs,
the use of radar and its areas of application will in-
crease tremendously.

Most of the results presented in this paper were
obtained with a Geophysical Survey Systems Inc.
(GSSI) radar modified by the Geological Survey of
Canada; it operates at a centre frequency of around
100 MHz. The 100-MHz operating frequency is the
most common because it is the lowest operational
frequency available with that instrument. In many
instances, a lower operating frequency of the radar
would have been very beneficial. The 100-MHz
operating frequency represents a compromise be-
tween radiating sufficient power to get good signal
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penetration into the ground and keeping the an-
tenna size within practical limits for transport.

The methodology of carrying out the ground
probing radar surveys can be divided into two
classes: reflection profiling and physical property
measurements. In reflection profiling mode, an an-
tenna system of fixed geometry is transported over
the ground surface or lowered down a borehole to
detect the presence of reflections. By keeping the
system geometry fixed, the remaining variable is the
variation of the electrical properties in the surround-
ing ground. Moving the antenna system with re-
spect to features in the ground permits mapping of
their position.

In the other mode of operation, the antenna-sys-
tem geometry is varied while the subsurface zone
of interest remains fixed. The objective is to esti-
mate the physical properties of the ground. The
changes of antenna geometry are known and thus
the electrical properties in the ground versus depth
can be determined.

Figure 1 shows a conceptual drawing of the
ground probing radar system when it is used in
surface profiling mode. In this diagram, two anten-
nas, namely, a transmitter and receiver antenna, are
transported over the ground surface in a fixed
geometry. In the diagram, the transmitter and re-
ceiver are indicated as separate entities. In some in-
stances, the same antenna may be used for both
transmission of the signal and reception of echoes.

Figure 2 shows the conceptual drawing of the
data that would be obtained in the situation of Fig-
ure 1. The event at time 0 is the transmit pulse
generated by the transmitting antenna and observed
at the receiving antenna. This pulse propagates into
the ground and reflects off any feature that causes
a change in electrical properties. The receiving an-
tenna monitors the resulting field for a fixed dura-
tion of time. The radar unit displays the amplitude
of the observed electrical signal versus delay time.
Energy is reflected and diffracted from subsurface
features and discontinuities. The resulting section
shows the reflections from rock as well as the dif-
fraction hyperbolae from an anomalous zone. The
data are in every way analogous to those of a seis-
mic reflection section.

There are two major variables in surface reflec-
tion profiling: the geometry of the antennas, and
the character of the transmit pulse. As indicated
previously, currently available instrumentation has
limited the transmit pulse to an impulse with a
centre frequency of around 100 MHz. System
geometry is limited only by the practicality of mov-
ing the system through the bush and over the ter-
rain at a given site. In open country, this is rela-
tively simple. Both antennas can be fastened to a
sled, toboggan or wheeled vehicle and easily trans-
ported. In bush terrain, where the access is much
more limited, difficulties are often encountered in
attempting to do any systematic profiling. Again,
the reason for this is primarily in the instrumenta-
tion packaging and not related to limitations of the

method itself. Lighter and more compact antenna
systems are being constructed.

Reflection profiling can also be used in tunnels
and boreholes. Figure 3 shows a conceptual illustra-
tion of a borehole-profiling survey where the objec-
tive is to map the presence of reflectors in the soil
or rock surrounding the borehole. This type of sur-
vey is similar to a surface-profiling survey. The
only limitation is the geometry of the antennas.
Since the antennas normally used tend to be omni-
directional, it is impossible to determine the travel
direction of the reflection. The only way that this
can be resolved with existing instrumentation is by
surveying a number of boreholes and performing
triangulation on the feature. Some directional
borehole antennas are being developed and are de-
scribed by Davis and Annan (1986). This may al-
leviate some of the ambiguity with single-borehole
profiling data.

A third mode of profiling is called the transil-
lumination profile mode. For this mode of opera-
tion, access in the ground must be available
through two boreholes, two tunnels, or a similar ar-
rangement. The transmitter is moved in one entry,
or borehole, while the receiving antenna is moved
parallel to it in the adjacent entry or borehole. This
method is most effective for detecting shadow
zones (i.e., zones of higher attenuation) or velocity
variations within the material between the two en-
tries or boreholes. This type of survey is schemati-
cally illustrated in Figure 4.

The other modes of survey operation are those
where the system geometry is varied at a spatial lo-
cation. When these types of surveys are carried out
on the ground surface, they are referred to as wide
angle reflection refraction (WARR) soundings, or
common depth point (CDP) soundings, depending
on the procedure used for moving the antenna sys-
tem. The WARR- or CDP-type survey is schemati-
cally illustrated in Figure 5. The objective is to
move the antennas with respect to a subsurface re-
flecting feature or known radar reflection. Since the
reflection or refraction event must vary in a known
manner as the antenna-system geometry varies, it is
possible to infer propagation velocities as well as
distance to targets by how the radar response var-
ies. Similar surveys can also be carried out in
boreholes or in tunnel entries.

Another survey approach where the antenna
geometry is varied is schematically shown in Figure
6. This is called a transillumination sounding tech-
nique. An antenna is fixed in one borehole and the
other antenna is moved in the second borehole.
The material between the boreholes is then mapped
in a fan pattern, as sketched in the illustration. The
survey is done several times by changing the loca-
tion of the fixed antenna in the borehole and then
repeating the movement of the other antenna. In
this way, a total composite section of the ground
between the two holes can be built up. The data
can then be utilized in some of the most recent
computerized tomography display procedures (Lyttle
and Dines, 1978; Witterhold et al., 1982).
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Figure 1: Conceptual drawing of the ground probing radar in the surface profiling mode.

-271 -



POSITION

o -

U J

DIRECT TRANSMITTER
TO RECEIVER SIGNAL

REFLECTIONS FROM
ANOMALOUS ZONE

REFLECTION FROM
ROCK

Figure 2: Radar data obtained when profiled over the geology shown ;.n Figure 1.
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Figure 3: Conceptual drawing of the radar in the borehole profiling mode.
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Figure 4: Conceptual drawing of the radar in the borehole transillumination profile mode.
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Figure 5: Principles of WARR or CDP sounding.
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Figure 6: Conceptual drawing of the radar in the borehole transillumination sounding mode.

- 2 7 6 -



In general, the radar data are displayed as a
wiggle trace or variable grey level plot versus an-
tenna position. In the case of profiling operations,
the measurement position is in the middle of the
two antennas with respect to the ground surface or
depth position in a borehole. For electrical proper-
ties and target depth, the position shown is usually
thai of the moving antenna with respect to the
fixed antenna. Figure 7 shows a wiggle-trace radar
record and alongside it is the grey-scale record. The
latter is most often used for unprocessed real-time
data display. The grey-level record is a three-dimen-
sional plot showing position horizontally, travel
time to a reflector vertically, and intensity of the re-
flection as the grey level on the plot. All early
ground probing radar systems utilized the grey-scale
data display procedure. With the advent of digital
processing in the field, more seismic-like, variable
area wiggle-trace plots have become available.

The radar response is controlled by the electrical
properties (dielectric constant and conductivity) of
the ground. The signal propagation velocity is
primarily controlled by the dielectric constant and
the sign/il attenuation is mainly controlled by the
conductivity in the materials. The radar signal is re-
flected when it meets any changes in electrical
properties in the material. The dielectric properties
of geological materials in the radar frequency range
of 1 to 1,000 MHz are primarily controlled by the
water content of the material. Intrinsic composition
of the host material is important in rock, but in soil
the water content is a dominant factor controlling
propagation velocity and signal attenuation.

Extensive work on the variation of soil electrical
properties with water content at these frequencies
has been carried out by Topp et al. (1980, 1982)
and Topp and Davis (1982). In general, coarse-
grained soils tend to be very transparent to radar,
whereas finer-grained silts and clays tend to be
more absorptive. Dielectric constant is directly re-
lated to the volumetric water content of the soil.
Propagation velocity varies almost linearly with the
volumetric water content. As the water content of
the soil or rock increases, the wave propagation
velocity decreases. In dry sands and gravels, propa-
gation velocities are about half that of the speed of
light (dielectric constant of 4). In water-saturated
sands and gravels, the velocity is about one-fifth
the speed of light (dielectric constant of 25). The
slowest velocity is observed in pure water and is
about one-ninth the speed of light (dielectric con-
stant of 80).

SITE DESCRIPTIONS

CRNL is adjacent to the Ottawa River; the site
extends south and west from the river towards
Highway 17. Figure 8 shows a general location map
for the CRNL site.

Ground probing radar surveys have been carried
out at a number of locations on the site. The sur-
veys have been on land, on ice-covered lakes, and

in boreholes. A brief description of each survey
area is provided below.

Perch Lake

Ground probing radar was applied first on the
CRNL site at the Perch Take area. A very limited
test was carried out on the east side of Perch Lake
in association with a groundwater infiltration experi-
ment being done by AECL personnel in conjunction
with a University of Waterloo Groundwater Re-
search group. An area no larger than 15 m x 15 m
was investigated in this initial survey in 1976. Sub-
sequently, in association with the Nuclear Fuel
Waste Management Program (NFWMP), another in-
vestigation was carried out at CRNL and further
surveys were conducted near Perch Lake. More
radar profiles were collected along the road around
the lake and across the ice-covered surface of the
lake. Figure 9 shows the Perch Lake area and the
locations of the radar profiles collected in the area.

Twin Lake

Figure 10 is a map of the Twin Lake - Mas-
kinnnge Lake area showing the radar profiling
routes and the locations of the boreholes in which
the radar has been tested.

The first indication that the ground probing
radar would be an extremelv useful subsurface
mapping tool at the CRNI. site was given by
Annan and Davis (1977). The first boreholes for the
NFWMP were drilled at the edge of a gravel pit at
Upper Bass Lake. The Geological Survey of Canada
was planning to carry out borehole radar surveys.
As part of an initial assessment of the site, some
surface profiling was carried out prior to borehole
survey work. A reconnaissance run along a road
leading from the gravel pit out to the main entry
road and passing through the Twin Lake area.
Here, extremely detailed subsurface radar sections
were obtained. The bedrock surface was mapped to
depths in excess of 30 m, and resolution of very
subtle variations in the overburden stratigraphy was
possible. This general vicinity has been surveyed
several times. A detailed grid was profiled on the
Twin Lake site in 1982 and is described in a report
(A-Cubed Inc., 1983) prepared for AECL in 19H2.

Roads

Upon discovery that the soils at the CRNL site
were highly transparent to radar, extensive recon-
naissance surveys were carried out. Every accessible
road near the hardrock borehole test site was
traversed. In general, the resulting data confirmed
that the radar had widespread application at the
site. Unfortunately, in many instances, subsurface
control information was not available.

- 2 7 7 -



RADAR WAVELET

0

GRAPHIC REPRESENTATION

THRESHOLD
VOLTAGE

_! \ WHITE
\ BAND
/ ZERO

u" / CROSSINGS

Figure 7: A radar wiggle-trace record and a graphic recorder grey-scale record of the same signal.
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Figure 8: A general location map of the CRNL site at Chalk River, Ontario. Rectangles outline areas shown
in Figures 9 and 10.
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RADAR SURVEY LINES

Figure 9: A map of the Perch Lake area. The radar
survey lines are marked by the solid line. Lake
profile radar record and interpreted section are
shown in Figures 18 and 19, respectively.

Maskinonge Lake and Chalk Lake

As pail of a groundwater study, a series of
radar profiles was surveyed on the ice and short- of
both Maskinonge Lake and Chalk Lake (directly
southeast of Maskinonge Lake). In general, these
surveys demonstrated the utility of radar for map-
ping water depth and sub-bottom stratigraphy in
the gyltja-filled lake bottoms of the area (A-Cubed
Inc., 1W1).

Boreholes

As part of the NI-'VVMP, a number of deep
boreholes were drilled into bedrock in the vicinity
of Upper and Lower Bass lakes. Experimental radar
antennas were developed at the GSC for sounding
in these boreholes. Standard profiling as well as
transillmnination profiling and transillumination
soundings were carried out. Data from these experi-
ments are described in (\n extensive report by Davis
and Annan (I9H6).

EXAMPLES OF FIELD RESULTS

The volume of data collected with radar surveys
at the CRNL site is large. Much of the information
is still not analyzed in detail. In this discussion, we

will attempt to present examples ot results obtained
at the site. More detailed data are available in tech-
nical reports prepared for AF.CL by the CSC Electri-
cal Methods Section of the Resource Geophysics
and Geochemisln Division.

Surface Profiling

Some of the early indications that ground prob-
ing radar was a very effective mapping tool at the
CR\I . site came as part o\ an experimental test in
conjunction with the borehole work at CR-1; a pro-
file was surveyed along the road Irom the gravel
pit located near CR-I, past Twin Lake, and out to
the paved main road. Figure 1 1 shows an example
of the data collected during that test run. This was
perhaps the most spectacular example <>f ground
probing radar data collected up to thai lime. Very
little geological control intormation was available in
fhe ,iriv> where the data were collected. The only
statement that could be made with confidence was
that the deep reflector was the bedrock surface.

Subsequent to that initial discovery that the
radar method could penetrate deep into the ground,
numerous surveys were carried out in the Twin
Lake area. Figure 12 shows an example of a de-
tailed profile in the area. A hydrogeological
borehole program had been carried out in conjunc-
tion with thai survey. Further details are given in a
paper by Killey and Annan (1987, this volume). The
raw data shown in Figure 12 were processed to
compensate for topographic variations and propaga-
tion velocity variations in the ground as determined
by WARR and CDP soundings. The resulting sec-
tion shown in Figure 13 is an indication of just
how effective the radar survey was for the site in-
vestigation. This area is still under investigation by
hydrogeologists at CRNL. Determination of ground-
water flow and the migration of contaminants in
the groundwater are {he objectives of the study as
an input to the safe disposal of low-level radioac-
tive wastes by burial in surficial deposits. Ground
probing radar surveys have been an invaluable ad-
junct to the general investigation program in the
area.

The bedrock peak shown on the transect in Fig-
ures 12 and 13 was not detected by any of the dril-
ling programs. This feature is a major factor con-
trolling groundwater flow in the area and explains
a number of surface features, such as seeps and
springs at the edge of Twin Lake, which were pre-
viously unexplained.

Digital enhancement and processing of radar
data is possible. At A-Cubed Inc., the conversion of
the conventional analog radar system to a com-
pletely digital system is an ongoing project. Figure
14 shows a digital section from Fire Road A, just
north of the Twin Lake area (Fig. 10). These data
have been obtained in digital format and processed
using some of A-Cubed Inc.'s processing software.
The data are displayed in variable-area wiggle-trace
format. Further digital processing can be applied to
these data, and much can be done to enhance the
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Figure 11: Radar data obtained in the Twin Lake area.
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subtle features in the section. This makes correla-
tion with stratigraphic sections simpler and much
more effective. The interpretation for the geological
section is presented in Figure 15.

WARR and CDP Soundings

WARR and CDP soundings have been carried
out at numerous places over the site to calibrate
propagation velocities in the overburden. An exam-
ple of WARR sounding data is shown in Figure 16.
In this case, the receiver location is fixed and the
transmitter is moved away in a uniform fashion, as
shown in Figure 17. These data indicate that the
propagation velocity in the dry soils at the site is
approximately half the free-space velocity of elec-
tromagnetic waves. In water-saturated areas, the
dielectric constant is approximately 25, which corres-
ponds to a propagation velocity of about 0.2 times
ihe free-space velocity. Dry soils at CRNL generally
have a propagation velocity of 0.14 to 0.15 m/ns.
Water-saturated soils have velocities in the range of
0.06 to 0.08 m/ns.

Lake-surface Profiling

Ground probing radar is an ideal tool for map-
ping lake bottom stratigraphy in shallow lakes,
especially when used in the wintertime on the ice
surface. To be most effective, the radar survey
should be carried out in the early winter when the
ice surface is just sufficiently strong to support man
and equipment. Later in the year, heavy snow falls
occur. Laminated ice-water conditions can arise, and
this degrades the performance of the radar system.
In most instances, surveys on ice at the CRNL site
have been carried out late in the winter and have
been hampered by laminated ice-water conditions.
In spite of these difficulties, excellent subsurface
profiling results have been obtained.

Figure 18 shows an ice-surface profile obtained
on Perch Lake. This profile shows the water depth
in remarkable detail and the sub-bottom stratigraphy
as well as some localized features on the gyttja sur-
face. Figure 19 shows the interpretation of the data.
The localized features were subsequently identified
as data transmission cables that were connected to
a meteorological station located in the middle of
Perch Lake. The radar data show layering within
the gyttja. To date, these data have not been of
much practical value. The results do indicate varia-
tions in the depositional history of the lake-bottom
sediments. This work is described by Annan and
Davis (1977).

Subsequent to the Perch Lake studies, several
profiles were surveyed on Maskinonge Lake. Figure
20 shows one of the profiles. In some instances
where there are pinnacles in the bottom, the bed-
rock is exposed directly to the water. Hollows be-
tween bedrock pinnacles are infilled with gyttja.
The radar survey provides a means of mapping
water depth as well as type of bottom material and
also provides information about depositional history

in the gyttja-covered areas.
The radar syslem used for these surveys was

not optimal for attempting to map sub-bottom
stratigraphy in the water-covered areas. A lower
frequency radar system would be much more effec-
tive in achieving penetration and mapping sub-bot-
tom information. Despite the limitations of in-
strumentation, excellent results have been obtained.
The radar technique is a viable tool for lake investi-
gation in the Chalk River area. Similar results have
been observed in many lakes in northern Canada.
In general, one can safely assume that if the water
is fresh and has low electrical conductivity, radar
will be an effective tool for mapping sub-lake bot-
tom and stratigraphic structures.

Borehole Results

Experiments in boreholes at CRN1. have dem-
onstrated the viability of radar as a borehole inves-
tigation tool. The fact that the radar is very sensi-
tive to variations in water content means that it is
a useful tool for hydrologic investigations. The
radar responds most strongly to water-filled joints
and fracture zones. As discussed previously, there
are three modes of deploying the radar for borehole
surveys.

Figure 21 shows a borehole profile from CR-8.
In this situation, the transmitter and receiver are
both lowered down the borehole. The resulting data
show a number of steeply sloping reflectors. In
fact, these reflections are not sloping horizons but
rather reflections from more flat-lying water-filled
fracture zones intersecting the borehole. Figure 22
shows the mechanism for generation of these
events. The imperfections in the radar antenna sys-
tem preferentially caused energy to be radiated up
the support cable used for lowering the system
down the hole. The energy propagates up the
borehole and cable combination as a guided wave
and reflects at any variations in electrical character
in the wall rock of the borehole. This type of pro-
file method is a very useful means for detecting
variations in electrical structure of the wall rock.
Since variations are primarily controlled by water
content of fracture zones, the method is potentially
a very effective one for detecting water-filled frac-
ture zones. Signal penetration into the rock around
the borehole is typically of the order of the pulse
wavelength in the rock, which is in this case about
0.5 m.

Another mode of operation is a hole-to-hole
transillumination profile. Data of this nature are
shown in Figure 23. Variations in the arrival time
of the transmit pulse permit estimations of propaga-
tion velocity between the two holes. Variations in
the propagation velocity indicate changes in the
rock type and electrical character of the rock. Data
from this borehole indicated an average dielectric
constant of 9 for the host rock.

In areas where more detailed information was
required, borehole transillumination soundings were
carried out. This type of data (Fig. 24) permits esti-
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- 2 8 6 -



ANTENNA SEPARATION

NOTE • Velocity decreases with depth for this model.

Figure 17: WARR sounding wavefront arrival diagram.

- 2 8 7 -



POSITION (m)

100-!

2 200- .

300-t

4 0 0 -

100 200 300 400 500 600 700 800 900

;' SURFACE
» • — WATER
A,. EFFECTS^' '

Figure 18: Radar record obtained from the ice surface of Perch Lake (see Figure 9 for location of profile).
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mation of both propagation velocity and attenuation
characteristics of the host rock. In addition, repeti-
tion of this procedure at several positions within
the borehole permits a qualitative picture of the
rock between the holes to be estimated.

The borehole data shown here indicate that it is
possible with currently available instrumentation to
map reflections out from the boreholes to a range
of 20 to 30 m. In addition, the physical properties
of the rock can be measured with high reliability in
situ. This type of information can then be trans-
lated into data useful for hydrogeology.

DISCUSSION AND CONCLUSIONS

Ground probing radar has been extensively used
at CRNL. The site provides a good test ground for
testing future instrumentation and is a good step-
ping off point for other investigations using radar.

In general, the radar can be applied to a
number of current problems at the CRNL site and
similar sites. The radar is the most effective tool for
rapidly mapping bedrock to 30-m depth. The
method can provide high resolution and more de-
tailed information about the bedrock topography
than any other available method, including borehole
drilling.

In addition to the mapping of depth-to-bedrock,
the radar method is useful in mapping subsurface
stratigraphy and, in many instances, the depth of
the water table. The radar is very sensitive to
minor variations in soil porosity and water content.
As a result, the radar quite often identifies minor
porosity variations in geological stratigraphy not de-
tected in borehole sampling. Only by continuous
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Discussion - Paper No. 17

K.W.Dormuth - How would you rate soil bottom profiling with radar compared to sonar?

A.P.Annan - Radar is comparable to what you would get with sonar in terms of major stratigraphic
information. One of the problems we have had with radar is that the system tends to
run out of energy if water depths are in the region of 10 to 12 m below surface. That is
a limitation of the instrumentation currently available rather than the method.

D.H.Charlesworth - In outcrop areas, working from the surface, can you detect the water table?

A.P.Annan - Not usually. We can detect joints and fractures in the area.

D.H.Charlesworth - But you cannot distinguish between flooded and dry?

A.P.Annan - I would not say that it is not possible, just that it has not been done. We have never
had any controlled situation with a wet and a dry joint where we could test whether it is
possible to distinguish between the two. One major problem with radar, even in the
Chalk River area, was that we seldom had enough control on the geology of the site to
be able to explain some of the subtle information that is contained in the data. The paper
by R.W.D. Killey will show that it can be done if you spend enough time and effort to
look at the subtle details in the data and correlate them with the known geology to make
sense of the information.

J.S.Devgun - Fn one of the techniques you mentioned where you have a transmitter in one borehole
and a receiver in another, is there any limitation on maximum distance between
boreholes?

A.P.Annan - In principle, no practical limit. In practice, with the current equipment we were getting
close to the maximum range, which was about 50 m. The attenuation of about 0.1 dB«m"'
indicated that the appropriate equipment with a lower frequency and more power could
be used in boreholes separated by 0.5 km. That is probably a practical distance range. In
a tight granite, separations of a kilometre may be possible.

J.A.Cherry - In terms of aperture, how small a fracture do you think you are able to see in a
borehole?

I.L.Davis - I think what we see is a set of fractures that group as a number of fractures per metre.
That is what we correlated with in the TV logs. As for how small, smaller than expected,
when accounting for the transmitted wave length and the size of the reflector. We have
detected a 1 mm, wide open fracture with the radar in a hard rock mine.

A.P.Annan - 1 know that in the mining situation in Saskatchewan, we could see air-filled cracks that
were a couple of millimetres. I would expect this work to be a similar situation. The
method should detect pretty thin features.

- 2 9 4 -



AECL-9085/18
STRATIGRAPHIC INFORMATION FROM IMPULSE RADAR

PROFILING OVER UNCONSOLIDATED SANDS

R.W.D. Killey
Environmental Research Branch

Chalk River Nuclear Laboratories
Atomic Energy of Canada Limited

Chalk River, Ontario KOJ 1J0

A.P. Annan
A-Cubed Incorporated

5566 Tomken Road
Mississauga, Ontario L4W 1P4

ABSTRACT

Field experiments to study the process of hydrodynamic dispersion in porous media required detailed
geological and hydrogeological information in the area of Twin Lake at Chalk River Nuclear Laboratories.
Continuous cores of overburden material were recovered from 25 boreholes in the 0.2-km2 study area.
Sedimentological analyses revealed a sequence of aeolian sands overlying fluvial sands, generally deposited
directly onto an irregular bedrock topography. To improve stratigraphic correlations between boreholes, an
impulse radar survey was carried out in 1982 March, yielding continuous records of radar reflections along
5.4 km of line. The radar signal was operated at a centre frequency of 100 MHz, providing 0.5- to 1-m re-
solution of the depth of reflectors. A two-layer velocity model, with the velocity change at the water table,
was selected based on the results of wide-angle reflection and refraction soundings.

Impulse radar profiling provided excellent resolution of the bedrock surface lying 0 to 30+ m below grade.
Several contacts between overburden strata could be identified and correlated with the borehole logs. There
was good resolution of a metre-thick, slightly silty sand stratum lying 2 to 5 m below grade. Radar reflec-
tions could often be correlated with the contact between aeolian and fluvial sands, a zone of heavy, min-
eral-enriched sand 5 to 7 m below surface. Faint, near-horizontal reflections from within the fluvial sand
could not be consistently correlated with changes from fine-medium to medium sands observed in core sam-
ples.

Impulse radar has provided accurate and unique information on the stratigraphy of a sand aquifer. The
continuous profiles of reflector locations were obtained rapidly and allowed confident correlation of features
observed in the boreholes. The resolution of some of the overburden structures could not have been pro-
vided by any other geophysical technique. In fact, the detection of such overburden features (mcit probably
minor changes in porosity) requires that a limited number of detailed borehole logs be available to fully
interpret the impulse radar results.

INTRODUCTION

In recent years, the demand for predictions of
contaminant migration behaviour in groundwater
flow systems has increased markedly. With this de-
mand has come the need for much more accurate
resolution of flow-controlling geological features, be
they stratigraphic sequences in unconsolidated mate-
rial or fracture networks in rock. Geophysical
methods, and particularly those that can provide in-
formation on structures deep underground, are be-
coming important tools in contaminant migration
studies. Ground probing radar (GPR) has provided
unparalleled subsurface stratigraphic information in
an important class of unconsolidated sediments. In
this report we present results of a GPR survey of a
site on the property of the Chalk River Nuclear
Laboratories (CRNL). The report begins with a sum-
mary of geological and hydrogeological information

collected from boreholes and test wells. Then radar
results are presented, the interpretation of site
stratigraphy is discussed, and some comments on
GPR's contribution to defining hydrogeological con-
ditions are made.

SETTING AND BOREHOLE INFORMATION

Members of the Environmental Research Branch
at CRNL are currently engaged in studies of the
dispersion of contaminants undergoing transport
through porous media. Part of the program calls for
field experiments involving the controlled addition
of tracers to well-defined groundwater flow systems.
In 1981, preliminary drilling at several locations on
CRNL property indicated favourable conditions for
such an experiment in an area adjacent to Twin
Lake (Fig. 1) (Killey, 1981). Surficial materials on
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Figure 1: Property of the Chalk River Nuclear Laboratories.
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the site are all wind-blown sands. Figure 2 shows
the study area, bounded on the west by a dune
ridge. Boreholes, up to number TL-20, were drilled
in 1981. Based on data from piezometer nests at
these locations, the grid was established with the
0.0 North line approximately parallel to groundwa-
ter flow (Fig. 2). Flow is west-northwesterly, with
recharge from Twin Lake moving toward a ground-
water discharge area around the stream in the
northwest corner of the map. The ground probing
radar survey was performed over the grid in 1982
March. Subsequently, boreholes 20 through 30 were
installed.

Details and results of the drilling and testing
procedures can be found in Killey and Munch (in
preparation). Briefly, during drilling, continuous
cores of relatively undisturbed sediments were col-
lected, extruded, logged in the field and sampled
(generally at 50- to 75-cm intervals) for laboratory
analyses. Boreholes were instrumented with 2 to 5
short-screen piezometers and a water-table
standpipe. Grain-size analyses were used to classify
the sediments and estimate hydraulic properties.
Several single-well techniques and permeameter
tests were used to determine hydraulic conductivity.
Most of the permeameter tests, performed on intact
sections of core, were accompanied by measurement
of porosity by weight loss after drying a saturated
sample.

Figure 3 displays borehole stratigraphy based on
grain size and mineralogical variations in 4
boreholes located on lines 20S and 30S; units en-
countered in all of the study area boreholes are
represented. A general stratigraphic sequence de-
rived from borehole information is as follows:

Aeolian Fine-Medium Sands

Surface morphology of the Twin Lake area
shows that the area is covered with wind-deposited
sands. Most of the aeoiian sequence consists of
fine-medium sands (mean grain size, m = 0.200
mm), with units of medium-fine sands (m = 0.185
mm) present throughout but more abundant in the
eastern portion of the area. All of these sands are
laminated (layering 1 to 5 mm thick). The sands
exhibit a moderate degree of compaction, requiring
30 to 35 blows by a standard 59-kg hammer to
drive the thin-wall soil sampler 1 m. Comparisons
of the mean grain sizes of magnetite to quartz and
feldspar grains in these sands confirm the aeolian
origins of these sands (Killey and Munch, in prepa-
ration).

Interstratified Fine Sand
and Silty Sand

Many boreholes encountered 1 to 2 m of lami-
nated fine sands with minor silty sand layers (fn =
0.10 mm) within the aeolian sand deposit. This unit
was encountered 2 to 5 m below ground surface.

Gametiferous Sand

Many boreholes penetrated a zone containing
fine-medium sand (fn= 0.205 mm) with prominent
laminae (5 to 20 mm thick) highly enriched in
heavy minerals, most notably garnet. This stratum
is between 0.5 and 2 m thick, with the upper sur-
face near 150 m above sea level. This sand appears
to define the contact between wind- and water-lain
sands.

Fluvial Sands

Almost all of the deeper unconsolidated material
on the site consists of well-sorted, predominantly
fine- to medium-grained (mean grain size in = 0.12
mm) sands. However, there are zones where
medium-grained (m= 0.246 m) sands are up to 3 m
thick. Laminae are visible in most cases. The fine-
to medium-grained sands can be distinguished from
overlying aeolian sediments only in the ratio of
mean grain sizes of heavy and light minerals and
by the degree of compaction. From 90 to 120 blows
with a standard hammer were required to advance
the core barrel 1 m.

Bedrock

Drilling indicated that in most locations the
sands rest directly on crystalline bedrock, although
an occasional patch of stony, sandy basal till was
encountered. In local outcrops, the bedrock is mon-
zonite gneiss. Bedrock outcrops were mapped 30 m
south of borehole TL-15 (Fig. 2) and along the
southwest shore of Twin Lake. Borehole refusal
depths indicated an irregular subsurface topography.
Proven overburden thickness ranged from 0 to 25
m.

Based on the data from the initial 20 boreholes,
the site appeared to be underlain by several areally
extensive stratigraphic features. Positions of most of
the contacts between boreholes, however, were un-
certain. This was particularly true with respect to
the bedrock surface. It was also not possible to cor-
relate occurrences of the medium-grained fluvial
sand between boreholes.

Refraction seismic surveys have been made at
several locations at CRNL to determine overburden
thickness (Gagne, 1975, 1980; Greenhouse et al.,
1975), and they have provided fairly reliable point
measurements of the depth to till or bedrock. Also,
some experimental ground probing radar profiles
were collected by Geological Survey of Canada
(GSC) personnel (Annan and Davis, 1979; Davis
and Annan, 1979; Dence and Scott, 1979). In addi-
tion to good agreement between seismic and radar
mapping of the bedrock surface, GPR often re-
turned reflections from within the overburden. It
also provided continuous data along survey lines.
In March 1982, a GPR survey of the site was car-
ried out by A-Cubed Inc. of Mississauga, Ontario.
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Figure 2: Borehole and radar survey line locations in the Twin Lake area.
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Figure 3: Borehole logs and GPR reflectors along the composite section.

- 2 9 8 -



BACKGROUND AND PRINCIPLES OF
GROUND PROBING RADAR

Pilots of aircraft with radar altimeters flying over
icecaps were among the first to learn of radar's
ability to penetrate ice sheets. Radar has since been
used to map icecap thickness and finds commercial
applications in the measurement of sea-ice thick-
ness. With the realization that high-resistivity mate-
rials had some transparency to radar, it was applied
to locating internal features in salt and permafrost.
Initial applications on soils were directed at shallow
targets, such as locations of buried wastes, but
more recently radar has been used to locate fea-
tures in sands and gravels. In coarse-grained soils
containing groundwater with low concentrations of
dissolved salts, current equipment can detect radar
reflections from depths of 30 to 40 m.

In materials with low electrical loss, the phase
velocity of a radar-frequency signal (V) is

V = c (1)

Attenuation of the radar wave (a) is

'/2(T
Z., (2)

where C = speed of light, 3 x 10H m»s'';
K = material dielectric constant;
cr = electrical conductivity, (S*m"'); and
Z,, = free-space impedance, 377 il.

Dielectric constants and electrical conductivities from
common geological materials are listed in Table 1.

From these data, it is evident that timing
mechanisms capable of resolving down to 1 ns are
required for accurate spatial resolution of features.
Also, it is seen that signal attenuation limits depth
penetration in fine-grained sediments from 1 to 10%
of that possible in sands and gravels. Penetration in
granite and dry salt will be roughly equivalent to
that possible in sands.

Changes in the dielectric constant in subsurface
materials cause changes in the velocity of propaga-
tion of the radar wave, and part of the signal will
be reflected from the interface. In soils, the dielec-
tric constant is primarily a function of water con-
tent. Work performed by the GSC and by the Soil
Sciences Research Institute of Agriculture Canada
(Topp et al., 1980) has provided an empirical re-
lationship between volumetric water content (fl) and
dielectric constant (K):

TABLE 1

DIELECTRIC CONSTANT AND ELECTRICAL
CONDUCTIVITY OBSERVED IN

COMMON GEOLOGICAL MATERIALS

MATERIAL

Air
Distilled Water
Fresh Water
Sea Water
Dry Sand
Fresh Water Saturated Sand
Limestone
Shales
Silts
Clays
Granite
Dry Salt

Dielectric
Constant

K

1
80
80
80
3-5

20-30
4-8
5-15
5-30
5-40
4-6
5-6

Electrical
Conductivity

(mS-m1)

0
0.01
0.5

3,000
0.01

0.1-1.0
0.5-2
1-100
1-100

2-1,000
0.01-1
0.01-1

K = 3.03 + 9.3H + 1466 (3)

In saturated soils, variations in water content reflect
variations in porosity.

Ground probing radar equipment contains three
main elements: a signal generator and transmitter, a
receiver, and a recording and display unit. Short-
duration (1 to 20 ns) pulses of low-frequency radar
signals (100 to 500 MHz) are generated repetitively
and transmitted through a broad-band antenna.
Pulse repetition rates between 50 and 100 kHz are
normally used. Reflections from subsurface inter-
faces between materials with differing dielectric con-
stants are detected by a receiving antenna. The re-
flected signals are not analyzed directly but are first
reduced to an audio frequency facsimile through the
use of a sampling head oscilloscope. This audio fre-
quency signal is normally recorded on magnetic
tape and often displayed on a gray-scale recorder.
Recent advances in equipment have provided lighter
and more compact antennas and other electronic
components. The equipment is now portable, mak-
ing it possible to collect continuous records of radar
reflectors in off-road terrain.

SURVEY METHODS

Radar signal generation and conversion of the
reflected signals to audio frequency were provided
by a Geophysical Survey Systems Inc. (GSSI) con-
trol unit. Antennas developed by A-Cubed Inc.
were lightweight, resistively loaded dipoles. A 10-ns
pulse (100-MHz centre frequency) was generated
with a repetition rate of 50 kHz. For profiling
work, the antennas were kept at a fixed 2-m sep-
aration. Most profiles were made with a radar win-
dow length (or range) of 500 ns, long enough to
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include reflections 17 m deep in saturated sands.
Selected profiles were also made with the range set
at 1,000 ns, providing time for the return of reflec-
tions from depths up to 34 m in wet sand.

During surveying, data were displayed on a
small portable oscilloscope and recorded on cassette
tape. Tapes were replayed in the field through the
gray-scale recorder to allow inspection of the re-
cord, a display of arrival time of radar reflections
versus time elapsed since the start of the record.
To facilitate the conversion of the data to plots of
reflector depth versus position along the survey
line, the reflectors displayed on the gray-scale
charts were digitized.

GPR surveys were carried out on snow, nor-
mally with a two-man crew on snowshoes. At-
tempts were made to survey at a constant speed,
but terrain sometimes made this impossible. Voice
comments identifying chainage markers (at 10-m in-
tervals) and other mappable features were recorded
on a separate track of the cassette tape. These com-
ments were used to adjust lateral positioning on
the record, when the digitized reflection data were
being replotted. Errors in lateral positioning are esti-
mated to be less than 2 m. Wide-angle reflection
and refraction soundings (WARR) (following proce-
dures similar to those used in seismic studies) were
used to determine the velocity of radar signal prop-
agation versus depth. Details of the survey
methodology and complete results are presented in
Vaughan and Annan (1983).

RESULTS

A total of 5.4 km of grid lines and local roads
were profiled with the GPR. Line 30S, which ex-
tends for almost 500 m across the study area (Fig.
2), provides a good example for discussion. How-
ever, to allow for more comparison with borehole
data, a composite vertical cross section along line
30S east of the baseline and along line 20S west of
the baseline is considered.

Figure 4 displays the gray-scale record of the
raw GPR data for this cross section. The two hori-
zontal lines at the top of the record represent the
portion of the transmitted pulse that travels directly
through the air to the receiving antenna. The 10-ns
spacing between them is the duration of the trans-
mitted pulse. Subsurface reflectors also generate a
minimum of two peaks on the records; strong re-
flectors often generate multiple peaks. These fea-
tures limit depth resolution to between
10 and 20 ns, or to between 0.5 and 1 m in the ma-
terials of interest.

Several laterally extensive reflectors are clearly
evident on the field record. There are also several
faint reflectors that are barely visible, but which
could be traced following filtering and enhancement
of the field records. The vertical dotted lines on the
field record are event markers denoting the position
of chainage markers or mappable features. Reflec-
tors and location markers were digitized, along with

ground surface topography. Conversion of reflection
arrival times to depths below surface was made
using a two-layer velocity model, with a signal
propagation velocity at 0.15 m-ns1 above the water
table and 0.065 nvns'1 in saturated sands.

Figure 3 displays both the radar reflectors and
borehole information along the cross section. Solid
lines denote subsurface features defined by both
GPR data and stratigraphic contacts defined in the
borehole logs. Broken lines denote stratigraphic fea-
tures that can be defined with confidence from the
borehole information, although no clearly defined
radar reflection was returned. Dashed lines repre-
sent radar reflections that could not be correlated
with stratigraphic features in the boreholes. The
position of the deepest radar reflector was variably
adjusted by up to 0.75 m to correspond with the
depth of refusal in boreholes.

As the gray-scale record (Fig. 3) indicates, GPR
provided excellent resolution of the bedrock surface
with a continuous reflection, except where time for
signal return exceeded 500 ns. Within the sequence
of unconsolidated sediments, a radar reflector is
closely correlated with the upper surface of the in-
terstratified, very fine sand and silt unit. In the
western half of the section, there is good agreement
between the upper and lower contacts of the gar-
netiferous sand and radar reflections. There are also
some radar features that are not correlated with fea-
tures in the borehole cores and vice versa. A sum-
mary of the interpreted stratigraphy of the section
follows.

Figure 5 displays the interpretation of the com-
bined borehole and GPR data. Low-density, high-
water-content gyttja, with a dielectric constant al-
most identical to water, fills the lower portion of
the bed of Twin Lake. No radar reflection occurred
at the water/gyttja interface. The interstratified, very
fine sand and silt unit is shown as thickening to
the east. In fact, it may entirely underlie Twin
Lake, but attenuation of the radar signal in the
lake's water column has masked weaker reflectors.
Borehole data show that this unit contains an in-
creasing proportion of sand towards the east. Gar-
netiferous sands defining the contact between aeo-
lian and fluvial sediments are also interpreted as
extending almost the full length of the section.
Their presence beneath and east of the lake is in-
ferred from the double radar reflectors and from in-
formation from boreholes not on the line of section.

On the section shown, a portion of the bedrock
surface more than 15 m beneath the lake was not
defined, but in other areas (with stronger and more
rapid radar-pulse penetration through an unsatu-
rated zone), bedrock was defined at depths greater
than 25 m. Apart from some short gaps, bedrock
surface was clearly and accurately resolved under
the study area. The prominent bedrock high be-
neath Twin Lake (Fig. 5) is part of a ridge trending
just east of north (Fig. 6). Bedrock surface contours
(here plotted in feet to allow correlation with
ground surface topography) are accurate to within
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Figure 4: Gray-scale record of unprocessed GPR data from lines 30S and 20S.
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Figure 5: Stratigraphy of the composite section.
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0.75 m, based on excellent correlations between
radar and borehole information.

There remain some GPR reflectors that are not
correlated with features observed in boreholes, and
some stratigraphic features recognized in cores that
do not have associated radar reflectors. As noted in
the Methods section, radar reflections are most
commoniy generated at interfaces between /ones
with differing water contents. Reflections in the un-
saturated zone, such as the shallow reflector pas-
sing through location TL-9 on Figure 5, may define
a lithologic change not recognized in the core or
may represent a wetting front. Within the zone of
saturation, changes in water content are caused by
changes in porosity. Such a change in porosity may
be the cause of the widespread reflector observed
deep in the fluvial sands. Porosities of undisturbed
sections of saturated core were measured by weight
loss on drying at 105°C; 50 determinations yielded
no apparent trends with depth, but the probable
error in the measured values (ranging from 36 to
42%) may be great enough to mask changes. An
increase in density (as measured by core penetra-
tion resistance) was often noted near the base of
the fluvial sands, but the coring observations were
erratic and cannot be directly correlated with the
deep radar reflector.

Field observations and grain-size distribution
analyses of cores of the fluvial sands did reveal
strata of medium sand within the predominant fine-
medium sands. The mean grain sizes were 0.25 mm
and 0.20 mm, respectively; the degree of sorting in
both units was not significantly different. The grain
size differences, which have at least local hydrologic
significance, do not affect sediment porosity enough
to generate radar reflections.

HYDROGEOLOGICAL IMPLICATIONS

The objective of both the borehole and ground
probing radar studies was to define hydrogeological
conditions at the site. At this location, accurate
mapping of the bedrock surface has provided the
greatest benefit to preliminary analyses of ground-
water flow. Analyses of the various overburden
units have shown that, with the exception of the
interstratified sands and silts, all the sands have no
statistically significant differences in horizontal hy-
draulic conductivity. The pronounced bedrock to-
pography, however, is the major control on trans-
missivity, the total carrying capacity of a vertical
slice of the aquifer. Observed distributions of hy-
draulic head are consistent with the transmissivity
distribution provided by the GPR data. A flow-net
analysis of groundwater flux distribution provided
increases in flux along flowtubes in areas remote
from Twin Lake that are consistent with the known
amounts of precipitation recharge (Killey and
Munch, 1983). The analysis also highlighted the im-
portance of Twin Lake as a source of groundwater
recharge; it provides approximately 85% of the total
groundwater flow through the 175VV line (Fig. 2).

Ground probing radar information on positions
and thicknesses of the interstratified sands and silts
and the garnetiferous sands will be incorporated in
digital flow simulation modelling that is just begin-
ning. These units have vertical hydraulic conduc-
tivities that are significantly lower than horizontal
hydraulic conductivities. Both the flow-net analysis
and field measurements of hydraulic-head distribu-
tion show that a considerable portion of the re-
charge from Twin Lake to Ihe deep aquiter occurs
from a water-table mound extending west of the
lake. This is in qualitative agreement with the pres-
ence of units that impede vertical water movement,
and the good definition of stratigraphic contacts
provided by the GPR will enhance our ability to
quantify flux distribution.

Two tracer tests, using a nonreactive tracer to
study transport and dispersion in the aquifer, have
now been completed. TL-25 was selected, based on
the GPR and borehole data, as the tracer injection
point and it was equipped with a well screened
(open to the aquifer) over the entire saturated thick-
ness of the aquifer. Pulse injections of water label-
led with iodine-131 were monitored in the subsur-
face for downgradient distances of 20 m and 40 m
in 1982 and 1983, respectively. A summary of re-
sults from the 1982 experiment is presented in Mol-
tyaner and Killey (1983). Detailed reports on the
1982 and 1983 experiments are in preparation.

The tracer tests confirm the general groundwater
flow conditions inferred from GPR and borehole
data. Flow directions and velocities are in good
agreement with predictions. The tracer tests show
that dispersion of contaminants, however, is
strongly controlled by the presence of thin (0.3 to I
m thick), areally extensive strata within the fluvial
sands. Small differences in the permeabilities of
these layers have marked effects on the spreading
of the tracer. These small-scale stratigraphic features
could not be defined from either borehole or GPR
information. Tracer-test results indicate that several
hundred metres of groundwater transport may be
necessary before tracer distributions can be simu-
lated without accurate definition of all strata in the
aquifer. In situations where very accurate predic-
tions of contaminant distribution are required, tracer
tests may be the only available means of providing
information for deterministic modelling.

CONCLUSIONS

GPR profiles over a sequence of unconsolidated
sands have successfully defined major stratigraphic
features at depths up to 25 m below surface. Using
a two-layer velocity model to convert reflection arri-
val times to depths (with the velocity change at the
water table) resulted in good correlations between
radar and borehole data, in addition to accurately
locating bedrock surface, GPR was able to resolve
contacts between minor stratigraphic features within
the unconsolidated sands over much of the study
area. The continuous profiles provided by the radar
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survey give unparalleled confidence in defining site
stratigraphy.

Other geophysical techniques can be used to lo-
cate major subsurface lithologic changes. Refraction
seismology has been moderately successful in defin-
ing depth to bedrock in similar sediments but has
not provided any information on features within the
overburden. It only provides measurements at rela-
tively widely spaced points and considerable inter-
polation is still required.

Uncertainty in the spatial distribution of hydrau-
lic properties has always been a major limitation in
the analyses of groundwater flow systems, particu-
larly in Quaternary terrestrial sediments that charac-
teristically feature rapid lateral and vertical changes
in lithology. At the Twin Lake site, calculated
groundwater flux distributions and directions based
on the combined borehole and radar data are con-
sistent with observations from borehole dilution
analyses and from two tracer tests. Excellent agree-
ment between observations and digital model simu-
lations of groundwater flow is anticipated.

At present, there are still some factors limiting
GPR's application. The greatest restriction is im-
posed by the rapid attenuation of the radar signal
in high electrica1 conductivity materials, such as
clays or in aquifers with highly mineralized ground-
waters. Increased signal power or lower signal fre-
quency will increase penetration, although lowering
the frequency will decrease resolution of reflector
locations. The sensitivity of radar wave propagation
to small changes in water content is both a benefit
and a limitation. This sensitivity allows detection of
overburden features that no other geophysical tech-
nique will resolve. On the other hand, some mois-
ture content changes may not be correlated with
geologically or hydrogeologically important features.
Full benefit from a GPR survey can only be
achieved if there is also at least a moderate amount
of borehole information available.

From the above, we can see that conventional
GPR is best applied when detailed subsurface infor-
mation is needed for sand and gravel deposits.
There are clearly direct applications to the evalua-
tion of aggregate resources. There are also many
potential applications for evaluation of groundwater
contaminant transport from waste disposal sites. Be-
cause of man's predilection for filling convenient
holes with garbage, in the past, many sand and
gravel pits have been used for waste disposal. GPR
would be a very valuable aid in the definition of
hydrogeological conditions around such sites.
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Discussion - Paper No. 18

W.M.Scott - How exact do you think the boreholes are in indicating the uniformity of the layers of
sand? That is, if you get an intersection at the top of coarse sand in the top of one hole,
how representative do you think that is; if you take it to a centimeter in the hole do you
feel it is really uniform to within a centimetre in that region, or is it that the surface of
the sand is irregular and you just got a spot point on it?

R.W.D.Killey -Certainly the surface is probably somewhat irregular. The major features are not hori-
zontal. The contacts between fine-medium and medium sands probably are not horizontal
either. On the other hand, the results of the tracer test indicated that there was an al-
most uniform feature through that zone. The amount of actual dispersion of tracer that
was found indicated that the high-velocity zone was extremely homogeneous and there
was no indication that there was a series of disconnected layers.
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CHAPTER 7

BOREHOLE GEOPHYSICS
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ABSTRACT

The use of borehole electrical measurements is shown to be a feasible approach to mapping electrically con-
ductive fracture -ones in the Chalk River crystalline rock mass. An integrated approach to interpretation
combines short-range and long-range electrical techniques to extrapolate information outwards from the
borehole. The techniques include conventional electric well logs and the novel borehole VLF-EM method.

The study concentrated on electrical surveys in boreholes CR-1, CR-6, and CR-9. The highly fractured na-
ture of the Chalk River gneisses combined with lithological changes precludes the evaluation of individual
anomalies. However, the evidence suggests that the structure of the rocks in the vicinity of CR-6 is nearly
horizontal, and this trend may extend as far to the east as CR-9. This suggestion is supported by apparent
hole-to-hole correlations in the conventional geophysical log data and by visual inspection of the core. The
borehole VLF results in CR-1 indicate that the trend of the structure near the bottom of the hole is proba-
bly steeply dipping with a north-south strike, a condition quite different from the top of the hole.

INTRODUCTION

The general aim of the feasibility study was to
determine if crystalline rock masses such as occur
in the Chalk River test area (Fig. 1) could be char-
acterized using borehole electrical measurements.
The study was carried out by the Geological Survey
of Canada as part of the Nuclear Fuel Waste Man-
agement Program. More specifically, a variety of
electrical techniques was employed to map fracture
/.ones on the basis that fracture /.ones often have
lower electrical resistivity than the neighbouring
rock.

The techniques employed covered a range of
scales. Small-scale resistivity arrays (electric well-log-
ging tools) were used to locate fracture /ones inter-
sected by the borehole. Larger-scale methods were
used to sample a larger volume of rock around the
hole. The latter included large-spacing (up to 15 m)
resistivity/induced polarization measurements and
experimental surveys with a prototype borehole
electromagnetic system designed to measure electric
fields in the earth produced by distant U.S. Navy
transmitters (Very Low Frequency or VLF-EM). The
approach consists of identifying /ones of low resis-
tivity at the borehole with the small-scale measure-
ments and extrapolating this information radially
outwards using the large-scale information. In the
process, it is hoped that lateral extent and attitude
of an electrically conductive fracture zone can be es-
timated. Under ideal conditions (otherwise
homogeneous and unfractured rock) it may be pos-

sible to detect fracture zones not intersected by the
borehole.

The assessment of the electrical results includes
corroboratory evidence gained from visual inspection
of the core and data sets from several other logging
surveys (e.g., gamma-gamma density log).

A brief description of the novel borehole VLF-
EM system and standard electric logging techniques
is presented first. Then, a qualitative approach to
integration of electric-log information with the VLF-
EM results is outlined and is followed by a discus-
sion of results, including their tentative structural
implications derived from VLF-EM measurements
made in boreholes CR-1, -6, and -9. Finally, a set
of hole-to-hole correlations is proposed based on
geophysical logging data and visual inspection of
the core from boreholes CR-6, -7, -8, -9, -10, -11,
and -12.

BOREHOLE VLF-EM METHOD

Ground and airborne VLF-EM techniques have
been shown to be effective in mapping electrically
conductive fault zones (Scott, 1987) as well as being
a useful tool in mineral exploration (Paterson and
Ronka, 1971). Here, we describe a system that uses
the same primary EM fields generated by U.S.
Navy transmitters (e.g., NAA in Cutler, Maine, and
NSS in Annapolis, Maryland), but measures both
electric and magnetic field components with a sen-
sor coaxial with the borehole. A schematic diagram
of the Geological Survey of Canada prototype sys-
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HYDROGEOLOGY
TEST SITE

metres

Figure 1: Location of boreholes on the Atomic
Energy of Canada Limited test site at Chalk River,
Ontario. Open circles denote boreholes drilled by
Environment Canada (EC) and closed circles denote
boreholes drilled by the Geological Survey of
Canada (GSC). Note that the directions for VLF
stations NAA and NSS are about 80 degrees apart.

tern is shown in Figure 2a. The receiver at the sur-
face continuously compares both in amplitude and
in phase the downhole signal to a surface reference
signal. The in-phase and quadrature-phase outputs
of the receiver are recorded and displayed as a
function of distance down the hole. The process of
data acquisition and display is performed digitally
via a microcomputer system (Fig. 2b).

The normal, or undisturbed, components of the
electric and magnetic fields in the earth are both
horizontal, as indicated in Figure 2a and described
by Scott (1987). There is evidence (Scott, 1987) that
current channelling is the dominant mode of excita-
tion of large fracture zones in the Chalk River area.
This means that the primary VLF field induces, in
a regional sense, currents that are driven by the
horizontal electric field. These currents are then dis-
torted by relatively local conductivity in-
homogeneities such as fracture zones, which are al-

most always more electrically conductive than the
host rocks.

Therefore, it seems valid, as an approach to in-
terpretation, to consider that anomalies observed in
borehole measurements of the electric (E) field are
caused by current channelling. This approach essen-
tially ignores the time-dependent or inductive na-
ture of the electromagnetic fields and allows us to
describe the fields with Laplace's equation (direct
current (DC) theory). The electric field is a sensitive
indicator of comparatively poor quality conductors.
This is evident from mineral exploration experience
showing that the geological noise level in electric
field data is usually high (West et al., 1984). The
fracture zones, which are our targets in structural
mapping, would be considered as one example of
geological noise when prospecting for highly con-
ducting massive sulphide ore bodies.

QUADRATURE

IN-PHASE

TO TRANSMITTER

Figure 2a: The basic configuration of the GSC
borehole VLF-EM system and microcomputer-con-
trolled data acquisition system. The directions of
the (undistorted) surface and subsurface fields are
shown.

Bazinet (1979) showed in his computer studies
that anomalies in the vertical component of the E-
h'eld are indicative of current distortion. This obser-
vation can be applied to the problem of determin-
ing location and attitude of elongated, tabular
bodies such as fracture zones. Figure 3a shows the
typical S-shaped response of a spherical conductor;
in fact, this general shape of anomaly would be ex-
pected for any shape of conductor. Figure 3b illus-
trates the response of an irregularly shaped body. It
is evident from this diagram that the shape of the
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Figure 2b: Schematic diagram of the GSC prototype
borehole VLF-EM system operated in this study.

DEPTH

Typical anomaly signature

Figure 3a: The typical anomaly signature for a
borehole E-field survey that passes near a conduc-
tive sphere in a uniform E-field (after Bazinet,
1979).

anomaly is strongly dependent on the azimuth of
the background E-field.

A useful model for further study of the E-field
response of fracture zones is a conductive oblate
spheroid (ellipsoid of revolution) within a uniformly
resistive host medium. The solution to the oblate
spheroid problem has been outlined by several au-
thors (e.g., Morse and Feshbach, 1953; Smythe,
1968). The application of spheroidal models to
geophysical problems has been documented by, for
example, Grant and West (1965), Van Nostrand and
Cook (1966), Dyck (1968) and Macnae (1981). The
spheroid in a uniform field is one of a few simple
shapes for which analytical solutions to Laplace's
equation may be found. For our purpose the oblate
spheroid can be made very thin, approaching a cir-
cular disc, to approximate a thin conductive fracture
zone. The size, attitude, and conductivity contrast
can be varied with ease to suit the range of cases
that could occur. The model has been programmed
for use on a Hewlett-Packard system consisting of a
9825 microcomputer and 7245A printer/plotter. More
recently, Yang and Ward (1985a, 1985b) have pub-
lished results of a numerical computation for an ob-
late spheroid excited by a nearby current electrode.
The uniform-field model corresponds to that of
Yang and Ward when the current electrode is re-
moved to a great distance from the inhomogeneity.

DEPTH AZIMUTH
DEPENDENCE

PLAN

DRILLHOLE

Elongated irregular conductor

Figure 3b: Anomaly signatures for a borehole E-
field survey near an irregularly shaped conductive
plate for three different directions of primary E-
field (after Bazinet, 1979).
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Figures 4 and 5 show examples of a rather flat
oblate spheroid with resistivity of 100 ft*m within a
medium with resistivity of 5,000 ft»m. This might
represent a water-filled fracture in a granitic host
rock. The spheroid ib depicted in each diagram in
plan and section in a uniform horizontal field of 1
mV/m. Profiles in various boreholes around and
through the model are of the electric potential and
of the electric potential difference over 10 m. The
latter, an approximation to the E-field, is the quan-
tity measured by *he field system. The model itself
as presented in Figures 4 and 5 differs only in size
of its focal length (50 m and 5 m, respectively).

The significant features of the model are:

1. When the body is more conductive than the host
rock, the current streamlines are concentrated
into the body (current channelling) and the po-
tential contours (equipotentials) are warped away
from the body. The distortion of the equipoten-
tial surfaces is what makes the body detectable
by E-field or potential difference measurements.

2. The pattern of current flow and the associated
pattern of potential distortion is dependent only
on the shape of the body and the resistivity con-
trast between body and host. Therefore, bodies
of large lateral extent produce wider and larger
amplitude anomalies than smaller bodies, pro-
vided that shape and resistivity contrast are the
same.

3. While the results shown are only for a body 50
times more conductive than the host, this con-
trast produces anomalous response close to the
maximum attainable for the given geometric pa-
rameters. Decrease of conductivity contrast by a
factor of 10 decreases the anomalous response by
a factor of approximately three. This is in agree-
ment with the results of Yang and Ward (1985a).

4. The characteristic antisymmetric response (S-
shaped) is obtained in borehole profiles around
and through the body. The amplitude of the re-
sponse is sensitive to the azimuthal position of
the conductors with respect to the borehole and
the direction of the primary field, as shown in
Figure 4, with null res'-onse being obtained on
the plane of symmetry (Y-Z plane). Responses of
opposite sign are obtained on opposite sides of
the Y-Z plane. The fence of profiles through the
spheroid in Figure 5 shows that the maximum
response is to be observed on profiles that pass
through the body relatively close to its edge.

ELECTRIC LOGGING TECHNIQUES

The conventional electric logging techniques (see
Fig. 6) applied to the fracture mapping problem are
single-point resistance, and short (0.4 m) and long
(0.8 m) normal resistivities. More esoteric techniques
consisting of longer spacing arrays for measuring

resistivity and induced-polarization effects (Roy,
1984) were also applied. As the principles for all
these techniques are readily available (e.g., Schlum-
berger Limited, 1972; Sumner, 1976), only a few es-
sential points will be emphasized here.

The single-point resistance log is a display of
variations in the contact resistance of the downhole
electrode. The contact resistance depends on the na-
ture of the contact as well as on the resistivity of
the material in the immediate vicinity of the elec-
trode; therefore, this log is reliable for accurate loca-
tion of the point of intersection of a fracture zone
(good spatial resolution) but not for quantitative
analysis.

It is known that a larger volume of rock around
the borehole can be investigated by increasing the
size of the resistivity array, as illustrated in Figure
6. The actual radius of investigation is a compli-
cated function of the properties of the model as
well as noise conditions, and so it is difficult to de-
termine. However, it is clear that there is a size of
conductive zone, probably comparable to the size of
the array, beyond which an array will not yield in-
formation about the lateral extent of the zone that
has been penetrated. Furthermore, because such ar-
rays have azimuthal symmetry, it is not possible to
extract a/.imuthal information about the conductor.

INTEGRATION OF BOREHOLE
ELECTRICAL MEASUREMENTS

This section outlines the approach taken to ob-
tain a qualitative understanding of the results and
is not intended as a rigourous procedure for analy-
sis of borehole electrical data. Figure 6 illustrates
schematically how the various methods discussed
above provide different indicators that might be
useful in identification and diagnosis of conductive
fault and fracture zones. The left-to-right progres-
sion on the diagram signifies the ability of the par-
ticular measurement to sample a greater volume of
rock. The single-point resistance log and normal re-
sistivity log are both useful for identifying the point
along the borehole where the conductive zone has
been intersected. The former has somewhat better
spatial resolution; the latter gives information that
can be used in a comparative sense (i.e., to esti-
mate the conductivity and size of the conductor).
The larger arrays (up to 15-m spacing) provide bulk
resistivity information. A zone of low bulk resistiv-
ity values might indicate that a fairly large volume
of rock was extensively fractured.

The VLF E-field method is depicted with both
large sampling volume and direction to its sampl-
ing. The basis for this is derived from the model
results. It should be possible to use the amplitude
and width of the VLF anomalies to sort the con-
ductors by size (i.e., lateral extent), and it should
also be possible to estimate the trend of fracture
zones by comparing the responses for the two or-
thogonal directions of excitation (NAA and NSS). It
is somewhat arbitrary to choose either the in-phase
or quadrature component of the VLF-EM response
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Figure 4: E-field anomaly signature for four boreholes around the edge of a conductive oblate spheroid
within a resistive medium. The spheroid has been made flat to approximate a fracture zone. Note that the
voltages on the scales shown have been rounded to the nearest integer.
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Figure 6: Illustrations of the volume sampled by various borehole electrical surveys.

for analysis. Phase, of course, has no meaning in
DC interpretation and the apparent phase behaviour
would depend strictly on the phase of the back-
ground field at depth, a parameter that has not
been determined here.

The above indicators have been applied in a
comparative way only, but the theoretical results
demonstrate the possibility for more quantitative ap-
plication.

RESULTS

Electrical Surveys in CR-6, -9 and -1

The data for boreholes CR-6, -9, and -1 are pre-
sented in Figures 7 to 13 (as shown in Table 1).
VLF-EM surveys were carried out in three boreholes
using two orthogonal primary field directions. These
directions are provided in the Chalk River area by
stations NAA and NSS, as shown in Figure 1.

TABLE 1

SUMMARY OF INFORMATION
ON FIGURE 7 to 13 INCLUSIVE

Database Logs

Comparison of Fracture

Logs to Electric Logs

CR-6

Figure 7

Figure 8

CR-9

Figure 10

CR-1

Figure 12

Vl.F-F.M results Figure 9 Figure 11 Figure 13

Borehole CR-6 is one of a cluster of boreholes
just to the south of the National Hydrogeological
Research Institute test site, so there is much infor-
mation in the immediate neighbourhood. The hole
passes through gneisses to a depth of 205 m,
where it penetrates a thick, highly magnetic diabase
dyke. The highly fractured nature of the rock is re-
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fleeted in the great variability of the conventional
logs (Fig. 7), including the electric logs. A detailed
comparison (Fig. 8) shows a strong correlation be-
tween high fracture density and high electrical con-
ductivity (reciprocal of resistivity log) on the small
spacing (0.8-m array). The large-spacing (15-m array)
resistivity log shows a considerably smoothed pro-
file indicative of a high bulk conductivity associated
with two blocks of highly fractured rock separated
by the low-conductivity zone around 200-m depth.

The VLF-EM results (Fig. 9) also reflect the
highly fractured nature of the rock mass and are
typical of the Chalk River area. The several large
excursions in VLF E-field suggest that some of the
fracture zones are relatively extensive. The three
zones marked in the diagram also correspond to re-
sistivity log and neutron-neutron log anomalies,
tube-wave events (Huang and Hunter, 1981), and
geological descriptions such as 'highly fractured'
and 'rubble zone'.

There is a marked similarity in VLF response
using the two stations, NSS and NAA, for the por-
tion of the hole from 80 to 200 m. Since the fea-
tures encountered in this borehole appear to be ex-
cited equally well by rri.n..,y fields that are nearly
orthogonal, it would seem that mainly horizontal
structure controls the borehole VLF anomalies. It is
less likely that vertical features are the cause: sur-
face VLF data show that vertical or nearly vertical
features in the area are fortuitously aligned so they
are excited by one or the other station (Scott, 1987).
The similarity was also observed in nearby
boreholes CR-7 and CR-8 in early tests of the VLF
method (data not shown).

Figure 9 also shows a wide scatter in the distri-
bution of poles to fracture planes within the inter-
vals of strong VLF response. This scatter does not
support our interpretation particularly well.

The summary logs for CR-9 of fracture fre-
quency, geophysical response, and geology are
shown in Figure 10. The intersected rocks are
mainly gneisses, but a diabase dyke is intersected
in the interval 40 to 60 m, and gabbroic rock occurs
in the interval 570 to 660 m. The variable response
in the geophysical logs and VLF profiles (Fig. 11)
again reflect the highly fractured nature of the rock
mass. The VLF anomalies coincide with geophysical
log anomalies, tube-wave events and geological ob-
servations of fracture zones. The remarkable similar-
ity between NAA and NSS VLF responses (Fig. 11)
throughout the borehole is believed to be indicative
of horizontal structure because the subsurface struc-
ture, as in CR-6, does not favour one signal over
the other.

Support for this interpretation appears in the
fracture data interpreted from borehole television
surveys (Lau et al., 1987), also shown in Figure 11.
The strong clustering of poles at the centre of the
stereographic projections indicate that a majority of
fractures in the hole are approximately horizontal.

The summary log for CR-1 is shown in Figure
12. This borehole again intersects gneisses, but the
local structure is unknown because of limited out-
crop, and there are no other holes in the vicinity.
The VLF anomalies coinciding with geophysical log
anomalies and geological observation of fracture
zones are shown in Figure 13. The main point of
interest is that the NSS anomaly amplitudes in the

CR-6 FRACTURES, GEOPHYSICS, « GEOLOGY LOGS

C IGMNODIOHITIC GNEISS

Z^}(H>A*ri MONZOMTrC GNEISS

H I QUARTZ MOhZOOlORITiC GNEiSS

Figure 7: Main geological and geophysical logs for borehole CR-6 from the database.
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Figure 9: VLF E-field results in CR-6 for stations NAA and NSS. Six equal area stereonets are shown for
the poles to fracture planes determined by borehole television for certain intervals (shaded sections) in the
hole.

bottom 100 m of the hole are much stronger than
the corresponding NAA anomalies. This is in
marked contrast to the situation at the top of the
hole and in CR-6 and -9 where amplitudes of NAA
and NSS anomalies are generally similar. Because
some structural features at depth "are preferentially
channelling north-south current (from NSS) over
east-west current (from NAA), the interpretation is
that these structures are aligned in the north-south
direction and, probably, are steeply dipping. As for
CR-6, the stereographic projections of fractures ob-
served by borehole television surveys offer no con-
clusive evidence in support of, or contrary to, this
interpretation.

Hole-to-Hole Correlations

A set of hole-to-hole correlations is shown in
Figure 14 for the tight cluster of boreholes CR-6, -7,
-8, -10, -11, and -12 (plan shown also in Fig. 1).
These correlations were first observed by the strik-
ing similarity in the single-point resistance log for
all six holes (Fig. 15). It then became apparent that
good correlation); were also possible on the neutron-
neutron, natural gamma, and gamma-gamma logs
(see Figs. 16, 17 and 18). The major correlations
coincide with four thin mafic units, which, charac-
teristically, give lows in apparent resistivity, neut-
ron-neutron and natural gamma count rate and a
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Figure 10: Main geological and geophysical logs for borehole CR-9 from the database.
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Figure 11: VLF E-field results in CR-9 for stations NAA and NSS. Ten equal-area stereonets are shown for
the poles to fracture planes determined by borehole television for certain intervals (shaded sections) in the
hole.
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Figure 12: Main geological and geophysical logs for borehole CR-1 from the database.
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Figure 13: VLF E-field results in CR-1 for stations NAA and NSS. Seven equal-area stereonets are shown
for the poles to fracture planes determined by borehole television for certain intervals in the hole.
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Figure 14: Hole-to-hole correlations for CR-6, -7, -8, -10, -11 and -12. Note the shallow NE dip of the inter-
preted structures. See Figures 15 to 18 for the detailed geophysical logs and correlations.

high in apparent density. The similarity of the
geophysical responses is good even between these
major markers, suggesting the existence of parallel
structure in the rock between the mafic units. Fig-
ure 14 shows the trend of the interpreted structure
to be striking NW and dipping gently NE.

The correlations shown in Figure 14 are also ap-
parent in the drill core when the core from several
holes is viewed simultaneously. Other studies also
support the above correlations, for example, the
analysis of fracture orientations as determined by
borehole television logs by McEwan (1981, personal
communication) and by Lau (1987). Davison et al.
(1982) briefly discussed a similar rock correlation

based primarily on neutron-neutron log response,
although no illustrations were given. Furthermore, a
thin, almost horizontal, mafic horizon with a NW
strike and NE dip has been studied in the hydro-
logy test site just 100-200 m north of these holes
(see Fig. 1 for location). This similarity in attitude
and material suggests a structural continuity be-
tween the two areas. However, the geophysical in-
formation provides no evidence of direct correlation.

The good correlations between CR-6, -7, -8, -10,
-11 and -12 were unexpected because Grenville
gneisses are known for their structural complexity.
Even more surprising is the apparent continuation
of this correlation further afield to CR-9 (400-500 m
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Figure 16: Hole-to-hole correlation of the neutron-neutron (porosity) log for boreholes CR-6, -7, -8, -10. -11
and -12.

- 3 2 3 -



NEUTRON - NEUTRON (POROSITY)
100

I—

U
N

I"
A

.P
.I

.
IT

S
A

.P
I.

 U
N

6000

4000

2000

0

5000

3000

1000

5000

3000

1000

5000

3000

1000
6000

Depth ( m ) - ^
200

4000 - -

2000
7000

5000

3000

1000

CR-II

CR-12

Depth (m)—••
200

Figure 17: Hole-to-hole correlation of the natural gamma ray log for boreholes CR-6, -7, -8, -10, -11 and -12.

- 3 2 4 -



m 3.0

0 2.8

V) 2 . 6 -

1 2.4-

GAMMA- GAMMA (DENSITY)
100

i
g

2.0-

2.8-

2.4

2.0

2.8

2.4

2.0

Depth (m)
200

MAFIC 1 MAFIC 4

100

-- r
100

CR-6

CR-7

" " \^-*^r*^»^nri1*~^t^^

C R - I 2

Figure 18: Hole-to-hole correlation of the gamma-gamma (density) log for boreholes CR-6, -7, -8, -10, -11
and -12.

- 3 2 5 -



SURFACE
VLF-EM

\ CONDUCTORS

\
\

BOREHOLE GEOPHYSICAL CORRELATION

CR-8 to CR-9

a

1 1
SINGLE POINT
RESISTANCE

200m

0

NEUTRON-NEUTR

200m

0

NATURAL
GAMMA

vi-cLs—-A~—/•

100m

300

100

rA

)N

300

100

up
W

200m Isbol

0 MOol
I

OAMMA-GAMMA
1

200m 300m

400

200

400

200

400

200

SOOm

300 m

SOOm

300m

500m

SOOm

1 CR-9

300n
MAFIC 2

400m
MAFIC 4

Figure 19: Correlation of geophysical signatures across a distance of more than 300 metres between CR-8
and CR-9. Examination of drill core indicates the signatures are related to thin mafic horizons. The logs
used in the correlation are shown on the right-hand side of the diagram.

away). Figure 19 shows the similarities in the
geophysical data that exist between the widely
spaced holes. Although the correlation is somewhat
less striking than in the other instance, it is once
again supported by visual inspection of the core.

CONCLUSIONS

The results of borehole VLF-EM logging, to-
gether with electric log data, permit identification of
fracture zones where they are intersected by the
borehole, sorting of fracture zones by their size
(i.e., lateral extent) and estimation of the trend of
fracture zones. The VLF-EM method appears to be
a viable technique for corroborating or supplement-
ing hole-to-hole fracture correlation and analysis.
The method should be considered complementary to
other techniques such as conventional and tube-
wave logs.

The single-hole and hole-to-hole analyses of elec-
trical and other geophysical data suggest that the
structure in the vicinity of boreholes CR-6, -7, -8, -9,
-10, -11, and -12 is nearly horizontal. Observations
in CR-1 indicate that the trend of structure near the

bottom of that hole is quite different from the top
of the hole and is probably steeply dipping with a
north-south strike.

So far, interpretation has been largely qualita-
tive, but the theoretical results indicate that more
quantitative interpretation is possible. The assump-
tion of applicability of DC theory to VLF-EM inter-
pretation should be examined in greater detail. The
lack of understanding of the phase relationships at
depth indicates that there is still much to be learn-
ed about the propagation of VLF fields in geological
media.
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Discussion - Paper No. 19

A.K.Sinha - Could you explain how you determine the conductive zones position within the
boreholes?

I.G.Hayles - The conductive zones in CR-1 are defined from the standard electrical log. Increased
fracturing usually corresponds to increased conductivity. The borehole VLF-EM, however,
responds to a much larger volume of rock than these other near-borehole techniques, so
the conductive zones located by VLF-EM may not always coincide with them. The great
extent of conductive zone out from the borehole and the orientation of the primary field
also affect the observed VLF-EM electric field response.

A.K.Sinha - But you are saying that the VLF electric field conductors are at the inflection point of

the curve?

I.G.Hayles - Yes, this is true for an isolated conductive zone intersected by the borehole.

A.K.Sinha - This top conductor in CR-1, how do you detect it? Is it an inflection point on the VLF-
EM electric field response?
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I.G.Hayles - It should be. But since there are two zones that are close together, they interfere with
each other. So one is not seeing a single anomaly but a fairly complex superposition of
several conductive/resistive anomalies.

A.K.Sinha - My point is that the two anomalies from NAA and NSS, on the top one, don't look
very similar, but they still show a nice-looking red line. On what basis do you say there
is a conductor there?

I.G.Hayles - The red line is based on the geological and TV log information that show a highly frac-
tured zone in this location. The rather strong borehole VLF crossover in the same vicinity
is thought to be caused by this highly fractured zone but we can not prove this at pre-
sent.

A.K.Sinha - Horizontal conductive structures were suggested in the Maxi-Probe, EM data and no
other system predicted that. Although the Maxi-Probe soundings are not in the same area
exactly, it does show that there may be quite a few conductors.

K.Shultz - Do the cross-hole hydraulic tests confirm horizontal features?

I.G.Hayles - Yes. The cross-hole hydraulic 'ests done to date have found mainly horizontal to sub-
horizontal interconnections. In the FS-series of holes 100 to 200 m to the north of this
site, the most hydrologically significant feature is a mafic unit that extends for 6 or 7
boreholes, fairly shallow dipping, one or two metres broad, and it will not maintain hy-
draulic head for pump tests. It is just wide open. There is a family of these features
probably underlying much of the ONCR site.

l.J.B. Dugal - What depth is the lower mafic unit, mafic unit 3 in CR-6?

I.G. Hayles - The lower mafic unit in CR-6 is at 180 m. It is close to the dyke. As you can see, the

diabase starts at 206 to 207 m. It may be a zone that isn't well represented in the core.

l.J.B. Dugal - Probably amphibolite.

|.G. Hayles - Yes. It could be an amphibolite. We would like to know.
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ABSTRACT

This paper presents the results of studies of the fracture distribution and fracture orientation encountered in
23 boreholes at the National Hydrology Research Institute's Hydrogeological Research Area in Chalk River.
Borehole television camera and acoustic televiewer data were used to determine (1) the fracture distribution
as a function of depth, (2) the aperture distribution as a function of depth, and (3) the predominant frac-
ture sets. Fracture frameworks of the rock mass were constructed based on these data. The rock mass was
found to be moderately to well fractured. Many open fractures were detected in the CR-series boreholes,
especially in the upper 70 m. Three interconnecting, highly fractured zones are intersected by the CR-series
boreholes between elevations of 96.80 m and 56.56 m, 34.91 m and -22.42 m, and -56.56 m and -61.31 m,
while two interconnecting fracture zones are encountered by the FS-series boreholes between elevations
103.89 m and 96.64 m, and 108.20 m and 95.08 m. The predominant fracture sets strike east-west, northwest
and indeterminably subhorizontal. The predominant set of veins strikes to the south. The subsurface frac-
ture patterns and vein patterns were found to be similar to those observed on surface outcrops.

INTRODUCTION

A joint project was initiated in 1975 by Atomic
Energy of Canada Limited (AECL) and the Geologi-
cal Survey of Canada (GSC) to determine if plutonic
rocks in the Canadian Shield are suitable host rocks
for the disposal of nuclear fuel waste (Gale et al.,
1977). Since 1975, the program has grown to be-
come the Canadian Nuclear Fuel Waste Manage-
ment Program, with the pjrticipation from several
federal and provincial departments, industry and
the academic community. The Canadian Nuclear
Fuel Waste Management Program involves research
and development of technologies for interim stor-
age, transportation, immobilization and subsequent
safe disposal of nuclear fuel waste deep in a stable,
plutonic rock within the Canadian Shield (Rosinger
and Dixon, 1982).

A large part of the program is geosciene re-
search and development of methods and techniques

for characterizing and quantifying geological features
in plutonic rock bodies that could be important in
the design and construction of a disposal vault. It
is generally acknowledged that fracture patterns are
fundamental to the assessment of any plutonic rock
body. Because of the importance of fractures in
governing groundwater flow in plutonic rocks and
in characterizing the regional tectonic structures, a
task was initiated in 1976 to use a television camera
to map subsurface fractures intersected by boreholes
in order to generate a three-dimensional fracture
framework within the rock body. In 1977, a
borehole television survey system was acquired by
AECL for use by the GSC. On its acquisition, a
technique was developed to determine the orienta-
tion of fractures in addition to measurements of
depth, width and aperture. In 1979, an acoustic
televiewer logging system was acquired as an addi-
tional tool to carry out the task and as an alterna-
tive tool when the environments of the rock bodies
are unfavorable for the use of the television camera.
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The geoscience field research is conducted at a
few specific research areas (Rosinger et al., 1983) in
the Canadian Shield. This paper summarizes the re-
sults of the borehole television surveys and the
acoustic televiewer logging carried out at the Na-
tional Hydrology Research Institute's Hydrogeologi-
cal Research Area in Chalk River (Research Area
No. 2) and presents the three-dimensional fracture
frameworks generated by the fracture data. The test
site is located on the property of the Chalk River
Nuclear Laboratories (CRNL) in the area bounded
by Maskinonge, Upper Bass and Lower Bass Lakes.
Since 1978, 23 boreholes have been drilled in this
area and the locations of these boreholes, together
with the major and minor airphoto lineaments, are
shown in Figure 1.

GEOLOGY

The Chalk River area is underlain by gneissic,
monzonitic and gabbroic rocks of the Grenville Pro-
vince of the Canadian Shield and is situated close
to the northern margin of the Ottawa-Bonnechere
Graben. The area is lithologically heterogeneous and
structurally complex. The formation of the parag-
neiss and the intrusion of the monzonite were ac-
companied by intense deformation and metamorph-
ism related to the Grenville Orogeny (Lumbers,
1974). The region contains numerous crosscutting
faults and fractures showing a complex history of
evolution (Brown et al., 1980). The oldest fracture
systems are related to the asymmetric and upright
folding episodes of the Grenville Orogeny. The
younger systems are the northerly trending fracture
systems accompanied by the intrusion of pegmatite,
crosscut by the dominant east-west trending fracture
systems related to the development of the
Ottawa-Bonnechere Graben.

TECHNIQUES

The two techniques used in this study to map
the subsurface fractures and veins are the borehole
television survey and acoustic televiewer logging.
The borehole television survey has been described
by Lau (1980) and the acoustic televiewer logging
method by Zemanek et al. (1970), Lau et al. (1981,
1982), and thus these two techniques will be dis-
cussed only briefly in this paper.

The television camera provides a measure of the
location, orientation, width and aperture of any dis-
continuity (width not less than 0.1 mm) intersected
by a borehole. The equipment (manufactured by
Sperry Support Services of Huntsville, Alabama)
consists of a camera probe, control unit, cable,
cable storage reel, cable drive, video tape recorder
and TV monitor. An inclined planar discontinuity
intersected by a borehole appears as an elliptical
trace on the borehole wall (see Fig. 2). As the cam-
era rotates through an angle of 360 degrees, an in-
tersection line shows on the TV monitor as a
sinusoidal curve. The azimuth of the low point of
the sinusoidal curve, measured by means of a com-

pass in the camera probe, represents the direction
of the dip of the discontinuity. The angle between
the fracture and the axis of the borehole, a, can be
measured directly midway between the high and
low points of the sinusoid where the width is also
measured, or computed, from the maximum-to-
minimum distance of the sinusoid and the diameter
of the borehole. These measurements provide the
true orientation of the discontinuity if the borehole
is vertical. If the borehole is inclined, direct mea-
surements provide only the apparent orientation,
which in turn must be converted to the true orien-
tation by graphical or mathematical techniques.

The acoustic televiewer provides information
about the locations and orientations of discon-
tinuities. The equipment (Simplec Model CH man-
ufactured by Simplex Manufacturing Company, Inc.,
Dallas, Texas) consists of a televiewer probe, tele-
viewer surface panel with oscilloscopes, Polaroid
camera, cable and wireline hoisting unit. The tele-
viewer records oriented images of fractures on
Polaroid pictures as if the borehole walls were split
vertically along magnetic north and laid out hori-
zontally. An inclined fracture will show up on the
Polaroid picture as a sinusoidal curve similar to that
obtained in the borehole television survey, and
hence, the orientation of the fracture can be deter-
mined by measuring the direction of the dip of the
low point of the sinusoid and the angle a, as de-
scribed above in the television survey.

Each of these two techniques affords certain ad-
vantages over the other. The television camera takes
better and much more detailed pictures, especially
in shear zones and highly fractured zones, and ob-
tains more accurate measurements of fracture
widths and aperture openings. The televiewer, how-
ever, operates much better in less favorable envi-
ronments, such as dark-coloured rock bodies and
muddy water in the borehole. It also has the ability
to operate to a depth of 2000 m, compared to
600 m for the television survey.

RESULTS

The test site is bisected by a major east-west
trending fault, which was identified initially from
aerial photographs (see Fig. 1). Six boreholes (CR-
series) were drilled south of the fault, whereas se-
venteen (FS-series) were drilled north of the fault as
part of the CRNL Groundwater Flow Study (Raven
and Smedley, 1982). Television surveys were carried
out on all 23 boreholes and acoustic televiewer log-
ging was conducted on 18 boreholes. The results of
the survey and the logging of each of those
boreholes have been published (Lau and Bisson,
1980; Lau et al., 1982) and are listed in Tables 1
and 2.

CR-series Boreholes

The rock penetrated by boreholes CR-6, CR-7,
CR-8, CR-10, CR-11, and CR-12 was found to be
well fractured (fracture frequency greater than, or
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Figure 1: Location of boreholes at the National Hydrology Research Institute's Hydrogeological Research
Area in Chalk River.
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Figure 2: The measurements of the azimuth of the low point, the angle a and width.

equal to, 4/m but less than 8/m). Figure 3 illustrates
the bar chart diagram of fracture frequency in rela-
tion to the downhole length of each of the
boreholes, using television data. Open fractures are
defined as fractures with aperture, and tilled frac-
tures as fractures filled with infilling materials, in
accordance with the definition suggested by the In-
ternational Society for Rock Mechanics (1978). Partly
open fractures are fractures that are partly filled
with infilling materials and have aperture. Numer-
ous highly fractured zones (fracture frequency great-
er than, or equal to, 8/m) are intersected by the
boreholes and the significant ones were observed
between the downhole lengths of 57.47-64.07 m,
133.30-140.50 m and 208.52-220.78 m in CR-6; be-
tween 59.32-67.19 m in CR-7; between 80.67-89.28
m, 123.06-128.81 m, 162.31-172.72 m and 199.86-
207.32 m in CR-8; between 48.23-53.54 m and 93.88-
95.51 m in CR-10; between 57.30-63.50 m in CR-11;
and between 52.32-56.09 m and 109.93-119.43 m in
CR-12. Similar fracture distribution was obtained
from the acoustic televiewer logging of boreholes
CR-10, CR-11 and CR-12 (see Fig. 4), with signifi-
cant, highly fractured zones observed between the
downhole lengths of 48.07-54.25 m and 94.05-
95.09 m in CR-10; between 57.15-62.97 m in CR-11;
and between 52.16-56.21 m and 113.95-119.85 m in
CR-12.

TABLE 1

LIST OF PRELIMINARY REPORTS ON
BOREHOLE TELEVISION SURVEYS

BOREHOLES ATOMIC ENERGY OF CANADA
LIMITED TECHNICAL REPORTS

CR-6

CR-7

CR-8

CR-10

CR-11

CR-12

FS-1 to FS-17

TR-115-4

TR-115-5

TR-115-6

TR-115-17

TR-115-19

TR-115-20

TR-115-36
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TABLE 2

LIST OF PRELIMINARY REPORTS ON
ACOUSTIC TELEVIEWING LOGGING

BOREHOLES ATOMIC ENERGY OF CANADA
LIMITED TECHNICAL REPORTS

CR-10

CR-11

CR-12

FS-1 to FS-17

TR-215-1

TR-215-2

TR-215-3

In preparation

A large number of open fractures were iden-
tified, especially in the upper 70 metres of
boreholes CR-6, CR-7 and CR-8. In Figure 5, the
total aperture, in millimetres per metre, is plotted
against the downhole length. Large apertures can
be observed at the downhole lengths of 59-63 m,
133-136 m and 249-251 m in CR-6; at 59-65 m in CR-
7; at 84-85 m and 202-203 m in CR-8; at 50-52 m in
CR-10; at 102.03 m in CR-11; and at 54-55 m in
CR-12. It should be noted that most of these large
apertures were found in the highly fractured zones.
Packer test results from Davison (1981) show that,
generally, zones containing the largest open frac-
tures have the greatest permeability, except for the
zone at 249-251 m in CR-6. The cross-hole pressure
pulse interference tests indicate that open fractures
or fracture zones located at 40 m, 60-65 m and 95-
110 m are hydraulically continuous between
boreholes CR-6 and CR-7 (Davison, 1981). No test
results are available for other zones.

Poles to fractures observed in the television sur-
vey of each of the CR-series boreholes were con-
toured in percentages of one percent area to define
the predominant fracture sets. The contoured dia-
grams (equal-area net, lower hemisphere projection)
are shown in Figure 6. At least two maxima are
observed in the contoured diagram for each
borehole. Calculation of the mean orientation of
each maximum treats each orientation of the frac-
ture population as a vector and the resultant vector,
R, represents the mean orientation. The calculated
mean orientations are shown in Table 3 and it can
be seen that most of those fracture sets fall into
four groups.

These four groups represent the predominant frac-
ture sets in the rock mass penetrated by the CR-
series boreholes. It should be noted that the right-
hand system is used in the measurement of strike/
dip. The east-west striking fracture sets (Groups I
and IV) are probably related to the east-wost trend-
ing fault that bisects the test site, and correlate well
with the fracture sets observed on surface outcrops
by Brown et al. (1980). The airborne and ground
electromagnetic (EM) surveys also show a strong set
of east-west trending anomalies in this region
(Dence and Scott, 1980).

A similai analysis was applied to vein data. Fig-
ure 7 illustrates the contoured diagrams of poles to
veins for each borehole and the calculated mean
orientations of the maxima are shown in Table 4.
The south-striking vein set (186°-196<758°-70°W) is
predominant in every borehole, except for CR-7,
and appears to strike at right angles to the mean
orientations of the predominant fracture sets. There
is again good correlation between the orientations
of the veins observed in the CR-series boreholes
and those observed on the surface by Brown et al.
(1980).

The highly fractured zones were analyzed sepa-
rately in order to define the major fracture sets in-
tersected in those zones. Table 5 shows the mean
orientations of the major fracture sets. A compari-
son of Tables 3 and 5 indicates that, in most cases,
the orientations of the major fracture sets in the
highly fractured zones are similar to those of the
predominant fracture sets when data of the entire
boreholes are considered. Thus, the fracture pat-
terns in most of these highly fractured zones are
orientationally similar subsets of the patterns found
throughout the boreholes.

By combining the results of fracture distribution
analysis and fracture orientation analysis, a picture
of the three-dimensional fracture framework of the
rock mass emerges (see Fig. 8). It is postulated that
there are three interconnecting highly fractured
zones existing in the rock mass bored by the CR-
series boreholes. Zone I intersects CR-10 at an ele-
vation of 96.80 m and dips steeply to the northeast
to an elevation of 56.56 m at CR-8. Zone II is de-
tected at an elevation of 34.91 m at CR-12 and dips
steeply also to the northeast to an elevation of
-22.42 m at CR-8. Zone III dips shallowly to the
southwest from an elevation of -56.66 m at CR-8 to
an elevation of -61.31 m at CR-6. It should be
noted that these are mean elevations. Large aper-
tures are found in these zones (see Fig. 5), and
thus, these zones are probably hydraulically con-
tinuous. Hydrogeological test results (Davison, 1981)
indicate that Zone I is hydrologically conductive be-
tween CR-6 and CR-7. No test results are available
for Zone II anH Zone HI yet. Table 5 shows the
orientations of the major fracture sets in the highly
fractured zones that comprise each of these three
zones and the orientations are found to be rather
similar within the same zones:

Zone I: 261o-320o/15°-28°NE
Zone n: 294o-330733°-51°NE
Zone III: 267°-270757o-64°N

FS-series Boreholes

The bar chart diagrams of fracture frequency of
the FS-series boreholes are shown in Figures 9 and
10. Figure 9 shows the television data and Figure
10 shows the televiewer data. Both figures indicate
that the rock mass bored by the FS-series boreholes
is generally moderately to well fractured (fracture
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TABLE 3

MEAN ORIENTATIONS OF PREDOMINANT FRACTURE SETS OBSERVED
IN THE CR-SERIES BOREHOLES

Boreholes

CR-6

CR-7

CR-8

CR-10

CR-11

CR-12

Group I

264°/66°N

265750°N

280°/46°N

249°/61°N

248764°N

246757°NW

Predominant

Group II

302716°NE

307°yi4°NE

344713°E

309721°NE

305720°NE

297°/13°NE

290729°N

329°/30°NE

Fracture Sets

Group m

4774°SE

9874-S

11074°S

4974°SE

9472°S

7575°S

Group I\

106764°S

100765°S

101766°S

TABLE 4

MEAN ORIENTATIONS OF PREDOMINANT VEIN SETS
OBSERVED IN THE CR-SERIES BOREHOLES

Boreholes

CR-6

CR-7

CR-8

CR-10

CR-11

CR-12

186764°W

194758°W

192768°W

196770-W

195769°W

Predominant Vein Sets

317733°NE

214773-NW
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BOREHOLE TELEVISION LOG
FREQUENCY

CR 10 CR 6 CR 7

Figure 3: Bar chart diagrams of fracture frequency (television data) along the downhole lengths of the CR-
series boreholes.
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Figure 4: Bar chart diagrams of fracture frequency (televiewer data) along the downhole lengths of boreholes
CR-10, CR-11 and CR-12.
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TABLE 5

MEAN ORIENTATIONS OF MAJOR FRACTURE SETS OBSERVED
IN THE HIGHLY FRACTURED ZONES INTERSECTED BY THE

CR-SERIES BOREHOLES

Boreholes

CR-6

CR-7

CR-8

CR-10

CR-11

CR-12

Highly Fractured Zones

57.47- 64.07 m

133.30-220.78 m

208.52 - 140.50 m

59.67- 67.9 m

80.67 - 89.28 m

162.31 - 172.72 m

199.86 - 207.32 m

48.23 - 53.54 m

57.30 - 63.50 m

52.32 - 56.09 m

109.93-119.43 m

Zone No.

I

II

III

I

I

II

III

I

I

1

II

Major Fracture Sets

302715°NE

313°/41 "NE

270764°N

303715°NE

308722°NE

294719°NE

267°/57°N

261728°N

294719°NE

320719°NE, 244757°NW

330733°NE, 243755°NW

BOREHOLE TELEVISION LOG

FRACTURE AKKTWIE (null

It »» # t ! • >• »

" CII-IO t- C»-» H CR-I

t :

r
J-

L

Figure 5: Bar chart diagrams of total aperture per metre along the downhole lengths of the CR-series
boreholes.
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LOWER HEMISPHERE, EQUAL-AREA DIAGRAMS FOR FRACTURES OBSERVED IN
CHALK RIVER BOREHOLES

CR-6 CR-7

41S POLES

CR-B

1178 POLES r1 347 POLES " I — 12S« POLES
CR-10 _ _ U _ CR-11 __l CH-12

47g POLES 45t POLES

Figure 6: Contoured diagrams (equal-area net, lower hemisphere projection) of poles to fractures observed in
each of the CR-series boreholes.

LOWER HEMISPHERE, EQUAL-AREA DIAGRAMS FOR VEINS OBSERVED IN
CHALK RIVER BOREHOLES

CR-6

17 POLE* 20 POLES

CR-8

30 POLES

Figure 7: Contoured diagrams (equal-area net, lower hemisphere projection) of poles to veins observed in
each of the CR-series boreholes.
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CHALK RIVER CR BOREHOLES

BOREHOLE
NUMBER

CR-6
CR-7
CR-8
CR-10
CR-11
CR-12

ELEVATION
(TOP OF CASING)

145.379 m
143.300 m
138.631 m
147.685 m
147.959 m
148.584 m

Figure 8: Three-dimensional diagram of interconnecting, highly fractured zones observed in the rock mats
bored by the CR-series boreholes.
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BOREHOLE TELEVISION LOG

FS-1 FS-2 FS-3 FS-4 FS-5 FS-6 FS-8 FS-9 FS-7

10 0 10 0 10 0 10 0 10 0 10 O 10

FS-10 FS-11 FS-12 FS-13 FS-14 FS-15 FS-18 FS-17

10 0 10 0 10 0 10 0 10 0 1011 0 10 0 10

1=1 OPEN FRACTURE
m PARTLY OPEN FRACTURE
• • FILLED FRACTURE
E 3 ZONE OF DISCONTINUOUS FRACTURES

Figure 9: Bar chart diagrams of fracture frequency (television data) along the downhole lengths of the FS-
series boreholes.
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BOREHOLE ACOUSTIC TELEVIEWER LOG

FS-8 FS-9 FS-7FS-1 FS-2 FS-3 FS-4 FS-5 FS-6

10 0 10 0 10 O 10 O 10 O 10 O 10 O 10 0 10

FS-10 FS-11 FS-12 FS-13 FS-14 FS-17

10 0 10 0 10 O 10 0 10 0 10 20

4«

c=> OPEN FRACTURE
EZ3 PARTLY OPEN FRACTURE
• H FILLED FRACTURE
esa ZONE OF DISCONTINUOUS FRACTURES

Figure 10: Bar chart diagrams of fracture frequency (televiewer data) along the downhole lengths of the FS-
series boreholes.
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frequency greater than or equal to 1/m but less
than 4/m). Highly fractured zones were observed
between the downhole lengths of 16.06-18.73 m in
FS-9, 40.26-44.78 m in FS-15, 34.02-41.77 m in FS-16
and 48.06-49.92 m and 51.95-58.14 m in FS-17. Al-
though only one fracture was observed in the tele-
vision survey of FS-14, televiewer data show that
FS-14 is moderately fractured. The reason for the
discrepancy is that the rock penetrated by FS-14 is
metagabbro and the performance of the television
camera in the dark-coloured rock is unsatisfactory.
Considerably more fractures were observed in FS-15,
FS-16 and FS-17 than in all the other FS-series
boreholes, probably because they were diamond-
drilled holes, whereas the others were percussion-
drilled holes. Percussion-drilled holes have rough
walls, whereas diamond-drilled holes have smooth
walls and thus allow detection o( more fractures.

Although a high-conductivity mafic zone is re-
ported by Raven and Smedley (1982) to occur at
the bottom of boreholes FS-5, FS-6, FS-8 and FS-9,
a total of only two open fractures was observed in
those four boreholes. Most of the open fractures
were found in FS-15, FS-16, and FS-17. It should be
noted that it is also easier to detect an open frac-
ture in a diamond-drilled hole than in a percussion-
drilled hole. Figure 11 shows the total fracture aper-
ture per metre for these three boreholes. Only one
large aperture was found at the downhoie lengths
of 36-37 m in FS-15. No relationship could be estab-
lished of the size of aperture with the highly frac-
tured zones.

The contoured diagrams of poles to fractures for
each of the FS-series boreholes are illustrated in
Figures 12 and 13. Table 6 presents the calculated
mean orientations of the maxima in the contoured
diagrams. Television data were used in all cases.
Most of the predominant fracture sets intersected by
the FS-series boreholes are grouped into three main
sets.

The east-west striking fracture sets are found
again to be dominant. The east-striking fracture sets
(Group I) are strongest in boreholes FS-6, FS-10, FS-
11, FS-15 and FS-16 located in the southern part of
the study area, whereas the west-striking fracture
sets (Group II) are strongest in FS-1, FS-4, FS-8 and
FS-9 located in the northern part. Both sets are
equally strong in FS-2 and FS-5 located in the cen-
tral part of the study area. The fracture patterns
suggest the existence of a local upright east-west
trending fold. Raven and Smedley (1982) observed
similar fracture patterns on outcrops. This analysis
indicates again that surface fracture patterns at the
research area reflect the subsurface fracture patterns.

Poles to veins encountered in all seventeen FS-
series boreholes were contoured in one equal-area
diagram (see Fig. 14). The maximum shows that the
predominant vein set strikes 199° and dips 68°W.
The orientation of the predominant vein set ob-
served in the FS-series boreholes is found to be the
same as that observed in the CR-series boreholes.

Fracture data from the highly fractured zones
were also contoured and the mean orientations of
the major fracture sets are presented in Table 7.
The orientations of the major fracture sets in the
highly fractured zones are similar to those of the
predominant fracture sets when the entire boreholes
are considered (see Tables 6 and 7).

By correlating the information on fracture distri-
bution and fracture orientations with the hydro-
geological test results reported by Raven and Smed-
ley (1982), two interconnecting fracture zones can
be generated (see Fig. 15). Zone I dips shallowly to
the east from elevations of 102.75 m at FS-9 and
103.89 m at FS-8 to an elevation of 96.64 m at FS-
5. Zone II is encountered at elevations of 108.20 m
at FS-10 and 104.97 m at FS-11 and dips shallowly
to the northeast to elevations of 95.08 m at FS-15
and 97.11 m at FS-16. Table 8 presents the mean
orientations of the major fracture sets in these two
interconnecting fracture zones and the orientations
are found to be similar within the same zones.
Note that the televiewer data were used for FS-5
and FS-6. There is indication that Zone II may ex-
tend to Zone I at FS-5. Zone II can be projected to
the surface and appears to coincide with a minor
lineament identified from aerial photographs and
stream located approximately 60 m west of FS-10
(see Fig. 1).

CONCLUSIONS

From the experience gained in using the
borehole television survey and the acoustic tele-
viewer logging systems at the Chalk River site over
<i period i>t seven years, it can be concluded that
they are probably two of the most useful borehole
logging tools currently available for mapping sub-
surface fractures. Both systems also have been used
to advantage in other research areas.

The results of the studies show that the rock
mass penetrah d by boreholes CR-6, CR-7, CR-8,
CR-10, CR-11 and C..-12 is well fractured. A large
number of open fractures are present, especially in
the upper 70 m of boreholes CR-6, CR-7 and CR-8.
Many highly fractured zones are intersected in each
of these boreholes and three interconnecting, highly
fractured zones are assumed to exist on the basis of
fracture frequency and fracture orientation. Zone I
is located between elevations 96.80 m and 56.56 m,
and dips steeply northeast; Zone II, between eleva-
tions 34.91 m and -22.42 m, also dips steeply
northeast; and Zone III, between elevations -56.56
m and -61.31 m, dips shallowly southwest. The
four predominant orientational fracture sets are 246°-
280746°-66°N, 290°-344713°-30°NE, subhorizontal and
100°-106764°-66°S and the predominant vein set is
186°-196758°-7O°W.

The rock mass bored by boreholes FS-1 to FS-17
is moderately to well fractured. Highly fractured
zones were found in boreholes FS-9, FS-15, FS-16
and FS-17. Two interconnecting fracture zones are
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postulated. Zone I is located between elevations
103.89 m and 96.64 m, and dips shallowly east
while Zone II, located between elevations 108.20 m
and 95.08 m, dips shallowly northeast. The three
predominant fracture sets are 68o-106745°-80°S/ 247°-
2760/59°-85°N and subhorizontal. The orientation of
the predominant vein set is 199768°W.

The east-west striking fracture sets are dominant
in the test site. The northwest-striking fracture set
is missing in the domain north of the fault, but it
should be noted that only the upper 50 m of the
rock mass was studied. The predominant vein set
strikes south approximately at 90° to the predomin-
ant fracture sets. The veins represent early, healed
fractures and at present show no aperture. Hence
the dominant groundwater pathway system likely
strikes east-west.

The interconnecting highly fractured Zone I that
was tested and is depicted in Figure 8, and the in-
terconnecting fracture Zone I depicted in Figure 15
are also found to be hydrogeologically conductive.
These results show that at the Chalk River site, the
fracture frequency, aperture and orientation data ob-
tained in the television surveys and acoustic televie-
wer logging can be used to characterize most of the
hydrogeological pathways.

No borehole was drilled to intersect the east-
west striking fault that bisects the research area. It
is recommended that at least one south-plunging
borehole be drilled to intersect the fault in order to
find out whether or not it is a fault at depth and
to see if there is any interconnection between the
fracture zones on both sides of the fault.

Boreholes

TABLE 6

MEAN ORIENTATIONS OF PREDOMINANT FRACTURE SETS OBSERVED
IN THE FS-SERIES BOREHOLES

Predominant Fracture Sets

FS-1

FS-2

FS-3

FS-4

FS-5

FS-6

FS-7

FS-8

FS-9

FS-10

FS-11

FS-12

FS-13

FS-15

FS-16

FS-17

Group I

105745°S

96763°S

93767°S

102754°S

87767°S

98750°S

101766°S

70774°S

106769°S

68780°S

96766°S

98755°S

97749°S

Group II

248759°N

273/85°N

276767°N

255764°N

247761 °NW

262769°N

248773°N

256760°N

259768°N

261773°N

Group HI

26679°N

9371 °S

23471 °NW

297712°NE

211717°NW

18071°W

17373°W

9871 °S

7171°S

28872°N

Other Sets

180743°W, 183771 °W

261746°N/152788°SW

104730°S

205739°NW

279750°N

214763°NW

148720°SW

312728°NE. 115767°SV\
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TABLE 7

MEAN ORIENTATIONS OF MAJOR FRACTURE
SETS OBSERVED IN THE HIGHLY

FRACTURED ZONES INTERSECTED BY
THE FS-SERIES BOREHOLES

Boreholes

FS-9

FS-15

FS-16

FS-17

Highly Fractured Zones

16.06 - 18.73 m

40.26-44.78 m

34.02-41.77 m

48.06 - 49.92 m

5 ) . 9 5 - 58.14 m

Major Fracture Sets

255763-N

7476°S

86724°S, 99751 °S, 33673°NE

6876°S, 313734-N1

312726°NE

TABLE 8

MEAN ORIENTATIONS OF MAJOR FRACTURE SETS OBSERVED IN THE INTERCONNECTING
FRACTURE ZONES ENCOUNTERED BY THE FS-SERIES BOREHOLES

Boreholes

FS-5

FS-8

FS-9

FS-6

FS-10

FS-11

FS-15

FS-16

Fracture Zones

31.53-40.46 m

23.90 - 32.% m

28.38 - 35.45 m

32.04 - 39.88 m

24.33 - 33.95 m

28.72 - 36.08 m

33.30 - 44.78 m

31.01-41.77 m

Zone No.

I

1

I

II

II

II

II

II

Major Fracture Sets

247760°NW, 99763°S, 3710°E

255770°N

249759°N

100764°S

103771°S, 205739°NW

106762°S, 117>/5°SW

84765°S, 9674°S, 155722°SW

99755°S, 4174°SE, 86724°S
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Figure 11: Bar chart diagrams of total aperture per metre along the downhole lengths of boreholes FS-15,
FS-16 and FS-17.

LOWER HEMISPHERE, EQUAL-AREA CONTOURED DIAGRAMS FOR FRACTURES OBSERVED IN
FS BOREHOLES

FS-t 1

•o

10* POIEI

Figure 12: Contoured diagrams (equal-area net, lower hemisphere projection) of poles to fractures observed
in each of boreholes FS-1 to FS-8.
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LOWER HEMISPHERE, EQUAL-AREA CONTOURED DIAGRAMS FOR FRACTURES OBSERVED IN
FS BOREHOLES

FS-11 .___ L.

°
FS-12 1

Figure 13: Contoured diagrams (equal-area net, lower hemisphere projection) of poles to fractures observed
in each of boreholes FS-9 to FS-13 and FS-15 to FS-17.

64 POLES

Figure 14: Contoured diagram (equal-area net,
lower hemisphere projection) of poles to veins ob-
served in all the FS-series boreholes.
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CHALK RIVER FS BOREHOLES

f

BOREHOLE
NUMBER

FS-5

FS-6

FS-8
FS-9

FS-1O

FS-11

FS-15

FS-16

ELEVATION
(TOP OF CASING)

132.628 m

134.S4S m

130.607 m

132.737 in

137.344 in

135.215 m

134.122 m

133.502 m

Figure 15: Three-dimensional diagram of interconnecting fracture zones observed in the rock mass penetrated
by the FS-series boreholes.
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Discussion - Paper No. 29

F.A. Cherry - How big an aperture can you detect by the two methods? Or how small, I should say?

T.S.O. Lau - For the television camera under ideal conditions, that is, when the borehole is clean and
the water is clean, you can see fractures as small as 0.1 mm. For the televiewer, theoreti-
cally, we can see fractures as small as 1 mm in width. But in some cases, for instance at
the URL, we did detect some vertical fractures that are smaller than 1 mm.

M.D.Thomas - You mentioned fractures that strike east and fractures that strike west. Could you explain
this further. Anything that has a strike east also has a strike west.

T.S.O, Lau - We use a system where the dip is always on the right-hand side of the strike.
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ABSTRACT

Experimental gamma-ray spectral logging was conducted in Chalk River borehole CR-1 in 1978 and 1979,
using the truck-mounted research logging system of the Geological Survey of Canada. The gamma-ray
energy spectra were digitally recorded during a continuous logging operation at 3.0 and 0.3 m/min. The ob-
jective was to produce quantitative logs of potassium, uranium and thorium (K-log, U-log, and Th-log) that
could be related to lithology, fractures and veins. In particular, we hoped to investigate the increase of
uranium in sealed fractures as reported in the literature.

The gamma-ray spectral logging technique was inadequately tested at the time the project was terminated in
1979 primarily because the technique was new, and the calibration procedure and data processing software
were still under development. In addition, much of the now-available geological/geophysical information on
CR-1 had not yet been obtained. For the purpose of this publication, the 1979 data have been reprocessed
and an attempt has been made to provide some tentative interpretations relating to the objectives given
above. Some background to the gamma-ray spectral logging is also briefly reviewed.

A number of fractures and veins have been reported in the geological log of borehole CR-1. Some of the
quartz-potash feldspar veins tend to correlate with peaks shown on the K-log and Th-log, although this
cannot be considered a general correlation. There appears to be nc significant correlation between fracture
zones and the gamma-ray spectral logs of CR-1. More holes need to be logged to establish any definite cor-
relation between an increased gamma-ray activity and fractures or veins.

INTRODUCTION

The concentrations of the naturally occurring
radioelements - potassium, uranium and thorium (K,
U, and Th) - can vary with the origin of rocks as
well as with their history of metamorphism or other
geological events that might have remobilized the
radioelements. Therefore, a knowledge of the
radioelement distribution can provide valuable infor-
mation about the homogeneity and nature of the
rocks penetrated by a borehole. Kowalski and Ase-
kun (1979) indicated that anomalies in the uranium
channel of the gamma-spectral log were related to
/ones of increased permeability in sedimentary
rocks. They state, "The products of the uranium
decay series were much more soluble in water than
those of thorium and potassium, and they have
been able to migrate in solution, and be redepo-
sited.... Thorium's by-products are not very soluble
in water...." They indicated that permeable path-
ways in rock formations through which these solu-
tions have moved could be detected by the pres-
ence of the precipitated uranium.

West and Laughlin (1976), working in crystalline
basement rocks, found correlation between LJ peaks
in the spectral log and fracture zones: "The peak of
U with no corresponding Th or K peaks suggests
that the more mobile U or its daughters have
moved into the fractures. We have seen such corre-
lation between U peaks and fracture zones at sev-
eral other places in the logs.... Within this zone are
several U peaks that are unaccompanied by Th or
K peaks. These peaks are interpreted as sealed frac-
tures...." Keys and Sullivan (1979), working with
volcanic rocks, also found they could identify
anomalous concentrations of U, Th, and K, which
they attributed to transportation by hydrothermal
solutions. It is clear, however, from their paper
that much more work is necessary to positively as-
sociate altered zones with K, U, and Th anomalies
measured by spectral logging. Eggers (1976) de-
scribed the application of spectral logging to the
selection and monitoring of nuclear waste disposal
sites (primarily the latter). Again from this paper it
is evident that a routine interpretation of results
from spectral logging was still lacking.
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The objective of this study was to produce
quantitative logs of potassium, uranium and
thorium (K-log, U-log, and Th-log) that could be re-
lated to lithology, fractures and veins. In particular,
we hoped to investigate the increase of uranium in
sealed fractures as reported in the literature.

PRINCIPLES OF GAMMA-RAY SPECTRAL
LOGGING

The gamma-ray log (also known as the natural
gamma log, gross count log or total count log) can-
not distinguish between gamma radiation from
potassium, uranium or thorium in rocks. It has
been commonly used in uranium exploration
(wherein the main contribution of the gamma radia-
tion originates from the uranium decay series) and
in petroleum exploration (wherein the gamma radia-
tion originates primarily from potassium in argillace-
ous rocks). However, in the crystalline rocks being
studied for disposal of radioactive waste, the K, U
and Th each contribute a significant percentage to
the total gamma radiation.

Spectrometric gamma-ray logging equipment re-
cords count rates in specific windows in the energy
spectrum of the gamma-rays to separate out and
determine the contribution of each of the three
radioelements. It is also known as gamma-ray spect-
ral logging, the spectralog, or KUT logging. The re-
quired instrumentation is necessarily more complex
and expensive than for gross gamma-ray counting.
The calibration procedures and requirements are
also more elaborate, in keeping with the more de-
tailed infonnation the technique provides.

An appreciation of the complex nature of the
spectral gamma-ray measurement and calibration can
be gained by considering briefly the gamma-ray
energy spectra shown in Figure 1. Figure la illus-
trates a spectrum recorded with a spectral logging
probe located inside a concrete calibration model
borehole containing the radioelement thorium and
its decay products. The energy spectra recorded in
a u.-anium model and in a potassium model are
shown in Figure lb and lc, respectively. The K, U,
and Th spectral windows are also shown, centred
at 1.46, 1.76, and 2.62 MeV, respectively. A
gamma-ray energy spectrum recorded in a borehole
in rock would be some combination of all three of
these energy spectra. The spectrum can be resolved
into its three components by applying the calibra-
tion constants and the stripping factors that account
for the interference between the three basic spectra
in the three energy windows. These calibration fac-
tors are obtained by making measurements in
model boreholes (see Fig. 2) constructed for this
purpose, such as those at Bells Corners near Ot-
tawa (Killeen and Conaway, 1978).

A gamma-ray spectral logging system produces
four logs: the total count log, K log, U log and Th
log. These logs represent the gamma-ray count rates
in the K, U, and Th windows, as described above.

These are measured by accumulating counts for a
finite period (e.g., one second) and recording the
four count rates. This can be done continuously
while moving the gamma-ray spectral logging tool
up the borehole. The fully corrected spectral log
then represents the depth distribution of the three
radioelements, K, U, and Th, in the rocks intersec-
ted by the borehole. Stationary measurements may
also be made, using long accumulation times, to
provide improved accuracy for spot assays in the
borehole.

1 2

gamma-ray energy (MeV)

Figure 1: Gamma-ray energy spectra obtained in
model boreholes using a 32-mm x 12-mnt sodium
iodide detector: (a) spectrum from a model
borehole containing Th (thorium); (b) from a U
(uranium) model; (c) from a K (potassium) model.
These spectra were obtained with a 256-channel
spectrometer, each channel being about 1-keV
wide. The K, U and Th spectral windows centred
at 1.46, 1.76 and 2.62 MeV, respectively, are indi-
cated. The "contents" of these three windows are
stripped and then plotted beside the total-count
window (i.e., all gamma rays with energies greater
than some predetermined minimum such as 0.4
MeV) against depth to give the 4-channel spectral
tog.
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plan
view
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Figure 2: Construction schematic showing one of
the Geological Survey of Canada test columns at
Bells Corners, Ottawa, Ontario (after Killeen and
Conaway, 1978). Diameters of boreholes are A, 48
mm; B, 60 mm; N, 75 mm.

MODEL BOREHOLES FOR CALIBRATION
OF SPECTRAL LOGS

For calibration of borehole gamma-ray spec-
trometers under controlled conditions, nine concrete
test columns have been constructed by the Geologi-

cal Survey of Canada (G.S.C.) along the wall of an
inactive rock quarry at Bells Corners near Ottawa
(Killeen and Conaway, 1978). Each of these columns
(see Figure 2) is 3.9 m in height, with a single
simulated ore zone (e.g., a concrete-pitchblende
mixture), 1.5 m thick, sandwiched between upper
and lower barren (ordin-.ry concrete) zones. Each
test column contains 3 boreholes with nominal di-
ameters of 48 mm (size A), 60 mm (size B), and 75
mm (size N) intersecting the ore zones in order to
be able to calibrate in the appropriate hole size. Of
the nine test columns, three contain ore zones with
different concentrations of potassium, three have
different thorium concentrations, and three have dif-
ferent uranium concentrations. The radioelement
concentrations in these nine ore zones and further
details about their use in calibrating gamma-ray
spectral logging systems have been given by Killeen
(1979), Conaway and Killeen (1980), and in IAEA
Technical Report (1982).

THE G.S.C. BOREHOLE GEOPHYSICS R&D
LOGGING SYSTEM

The gamma-ray spectral logging at Chalk River
in 1978 and 1979 was carried out with the newly
developed logging system of the Geological Survey
of Canada (Bristow, 1979). This sophisticated sys-
tem, called the DIGI-PROBE logger, for DIGItal Pro-
cessing of Radiometric Observations in the Borehole
Environment, is capable of recording full" energy
spectra of 256 or 1,024 channels each second while
the probe moves up the borehole. The components
of the system are shown in Figure 3.

This system has been used to determine the
best energy window widths and positions for use
in less-sophisticated, commercial, portable gamma-
ray spectral logging systems. At present, there are
several four-window spectral logging systems avail-
able, as well as at least one commercial gamma-ray
spectral logging service for mining applications,
which could be used to extend the studies de-
scribed here.

THE CHALK RIVER GAMMA-RAY
SPECTRAL LOGS

Experimental gamma-ray spectral logs were re-
corded in Chalk' River boreholes in 1978 using the
DIGI-PROBE logging system and the largest gamma-
ray detector (25 x 75 mm Nal) for borehole work
available at that time to the G.S.C. These early
tests confirmed the necessity for a larger detector to
improve the counting statistics when logging in the
relatively low-radioactivity geological environment of
Chalk River. In 1979 a larger detector (32 x 125 mm
Csl) was acquired and CR-1 was logged at speeds
of 3 and 0.3 m/min. Sample times were adjusted to
give sample lengths of 10 or 20 cm (i.e., depth in-
crement in the borehole per sample time). The en-
tire 256-channel gamma-ray energy spectra were re-
corded on magnetic tape for each sample time.
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GEOLOGICAL SURVEY OF CANADA

"DIGI-PROBE" GAMMA-RAY SPECTRAL LOGGING SYSTEM

SPEED
CONTROL

CRT DISPLAY

E N C O D E R ^
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BIT
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MINICOMPUTER
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9 TRACK TAPE

Figure 3: DIGItal Processing of Radiometric Observations in the Borehole Environment. The G.S.C. DIGI-
PROBE logger utilizes a minicomputer to acquire data from the detector in*the borehole probe. Pulses are
amplified (AMP), passed through an analog to digital convenor (ADC), and entered into the computer
where they are stored in memory in the form of an energy spectrum. The gamma-ray spectra are written on
9-track tape. Read-after-write tape heads guarantee accurate recording. Data may be displayed in different
forms on a CRT display during logging. A 6-pen chart recorder provides in situ gamma-spectral logs for
ease of identification of anomalous zones in the hole. A hard-copy terminal provided communication with
the system for start-up commands and for changes in the displayed data either on the CRT or strip chart.
Accurate depth information is provided by an optical encoder on a well-head pulley, which produces 1,000
pulses per metre of cable movement. Electronic feedback to the winch ensures a constant logging speed
(after Bristow, 1979).
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At the time of recording the logs, the technique
was relatively new, and the calibration procedure
and data processing software were still under de-
velopment. The calibration model boreholes were
the first to be constructed in the world for spectral
logging and their use for calibration was a develop-
ment project in itself. Consequently, the 1978-79 FY
summary report by Killeen (Gamma-ray spectral log-
ging, unpublished report for Radwaste Project No.
303430) consisted of computer plots of ten energy-
window logs, without application of spectral strip-
ping or correction factors. Preliminary interpretation
was difficult at that time because much of the now-
available geological/geophysical information about
the Chalk River boreholes was only becoming avail-
able. The report recommended comparison and cor-
relation with other new geophysical logs. This was
not done, however, as the project was not funded
after 1979.

A SECOND LOOK AT THE 1979 DATA

For the purpose of a more complete report in
this publication, the 1979 data have been reproces-
sed and an attempt has been made to provide
some additional information relating to the objec-
tives given above.

Figures 4 and 5 show the four gamma-ray spect-
ral logs from borehole CR-1: raw total count log
(TC) and the K, U, Th assay logs. The term
"assay" logs is used to distinguish these fully cor-
rected quantitative logs from logs that are simply
the count rates recorded in the K, U, and Th win-
dows. The conversion of the count rates to the
assay logs follows the method described by Cona-
way and Killeen (1978). Because of the low count
rate in this environment, we have poor counting
statistics in the U and Th windows. The count
rates in these windows can at times show negative
values after stripping and deconvolution. Also
shown in the figures is a fracture-frequency log of
CR-1. The hatched areas on the geological log indi-
cate /ones with quartz-potassium feldspar veins.
Possible correlations of these logs are discussed
below.

Figure 4 shows an apparent correlation, at a
depth of 57 to 64 m (shaded area), between the

quartz-potassium feldspar veins and four narrow
peaks in the total count log and two highly frac-
tured zones. Of the four peaks in the total count
log, the upper one (57 m) appears to be in part
caused by an increase in potassium and thorium,
whereas the lower three peaks appear to be related
primarily to an increase in thorium. The 57-m peak
appears to coincide with a narrow zone in which
fracturing is more highly developed.

For clarity of discussion, in Figures 4 and 5,
five zones with highly developed fracturing have
been numbered on the fracture-frequency log and
delineated across all of the logs at their indicated
depths. These fracture zones are between (1) 79
and 80 m, (2) 123 and 129 m, (3) 131 and 135 m,
(4) 155 and 158 m, and (5) 160 and 162 m. Also,
for clarity, peaks in the gamma-ray spectral logs
discussed in this paper are shaded.

In Figure 4, fracture zones (1), (2) and (3) do
not appear to have any peaks in the gamma-ray
spectral logs associated with them. There are veins
associated with the fracture zone (1) and at least in
the lower parts of zone (2). There appears to be a
small peak in the K log just below zone (2) and a
small peak in the Th log just below zone (3). These
appear to be associated with veins and are more
clearly seen in Fig. 5, which provides more detail
because of the slower logging speed of 0.3 m/min.
Also shown in Fig. 5 are the two fracture zones,
(4) and (5), which like zone (1) do not appear to
have any significant correlation with any of the
logs. In Figure 5, at about 150-m depth, small
peaks in the K log and Th log do not correlate
with veins or significant fracturing either. The high-
est peak in the U-log, occurring at 75 m (see Fig.
4), is probably not statistically significant because its
contribution to the total count log is negligible and
it was not even detected in the U-log of Fig. 5.

In summary, there appears to be no general cor-
relation between fracture zones or veins, and the K,
U and Th logs of Chalk River borehole CR-1, as
might be inferred from the literature. More holes,
however, need to be logged and further research of
this nature is required to confirm and quantify
these observations. Although it is believed that
there are no depth discrepancies between the
geological and geophysical logs, these should also
be investigated for proper correlation of parameters.
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Figure 4: TC, K, U and Th assay logs recorded over a section of CR-1 using a 32 mm x 125 mm Csl (Na)
detector, logging velocity V = 3 m/min and a sample time of 4 s <AZ= 20 cm). The hatched areas in the
column on the left side of figure indicate the location of zones with quartz-potassium feldspar veins. Also
shown is the fracture frequency (after Dugal, 1983).
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Figure 5: TC, K, U and Th assay logs recorded over a section of CR-1 using a 32 mm x 125 mm Csl (Na)
detector, logging velocity V = 0.3 m/min and a sample time of 20 s (AZ= 10 cm). The hatched areas in the
column on the left side of figure indicate the location of zones with quartz-potassium feldspar veins. Also
shown is the fracture frequency.
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Discussion - Paper No. 21

D.F. Dixon - I wonder if you are considering expanding your capability to look at other discrete
gamma energy levels for short-lived radionuclides used for tracers. The NHRI (National
Hydrology Research Institute) have been doing radionuclide tracer tests using short-lived
Sr-85 and Br-82 in their six-borehole array. Also, we have these contaminated plumes in
overburden at Chalk River. Perhaps your equipment could be adapted to delineating
plumes containing gamma emitters such as radioactive cesium.

P.G. Killeen - That would be very easy to do because we record the whole spectrum; therefore, we
can review the data at any time. In fact, if you had radioactive cesium in one of the
holes before we logged it, we could go back to those tapes now and set up a cesium
window to see if it was recorded. The data for any gamma rays observed up to 3 MeV
are on the tape and you could certainly find a tracer.
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ABSTRACT

Tides observed in water-level records from open boreholes that are cased off, except for a short section lo-
cated in crystalline rock, are interpreted assuming the tide is produced by the elastic strain of a single in-
tersecting fracture plane. Theory suggests that, in favourable circumstances, the fracture-plane orientation
and the aperture may be deduced by fitting the observed tide to that predicted on the basis of earth tide
models and an estimate of the regional elastic parameters. The results of such fitting are presented for the
case of records from 23 sections of boreholes located at Chalk River; 8 out of 11 determinations of fracture-
plane strike and 7 out of 8 determinations of aperture were found to be consistent with borehole television
and hydrology measurements. No tides were observed in 7 cases, and for these boreholes, television re-
vealed either no fractures or a nearly horizontal fracture for which the theory predicts no tidal response.
There was one case where borehole television reported no fractures, but a large tidal response was ob-
served. The subsequent hydrology tests confirmed the existence of significant conductivity. No comparison
data were available for the remaining data or the monitoring period was too short for an interpretation.

Although the results are generally supportive of the theory, a precise evaluation of the tidal method of frac-
ture characterization could not be made, partially because of limitations of the experimental technique
(piezometer measurements would be preferable) and partially because of incomplete and imprecise compari-
son data.

THEORY

Tides observed in water-level records from
boreholes located in crystalline rock are assumed to
be due to the tidal strain of fractures rather than of
the unfractured rock matrix. In favourable cir-
cumstances, the physical features of a single
dominating fracture can be inferred from this well-
level tide. The theory for this interpretation has
been presented previously (Bower, 1983), but will
be summarized and somewhat extended here.

The simple model assumed is illustrated in Fig-
ure 1. The fracture is represented by a water-filled
parallel plate opening, propped open by deformable
pinnacles of rock (asperities), and embedded in an
otherwise impermeable medium. The fracture is in-
tersected by a borehole that is packed off every-
where except for a short interval above and below
the intersecting point. Both the fracture plane and
the borehole may be independently inclined with
respect to the vertical, but cylindrical flow is as-
sumed.

Compressive tidal stress acting perpendicular to
the fracture plane causes water to be forced into
the borehole and to reach an elevation proportional
to the stress but subject to the equations describing
dynamic fluid flow and conservation of mass. The

tidal stress acting on a plane of given orientation
can be predicted (subject to assumptions on the re-
gional elastic constants) and turns out to be a
quasi-periodic function of time. This is inconvenient
to deal with in analysis, but fortunately, it can be
represented to a high degree of accuracy by the
summation of a large number of periodic functions,
mainly with periods near 24 hours and 12 hours.
The two principal members of these functions, and
the ones that will be separated from the others and
used here, are called the 0,, with a near-diurnal
period, and the M2, with a near-semidiurnal period.

THE UNDRAINED CASE

The effect of the M2 tidal constituent on a frac-
ture of given strike and dip is illustrated in Fig. 2.
Here it is assumed that the intersecting borehole is
vertical and flow effects (loss of pressure and time
delay) are negligible, i.e., the borehole diameter is
very small. The well tide is the level to which the
water in the borehole will rise as a result of stress
caused by the M2 constituent. The neglect of flow
effects amounts to assuming the fracture to be "un-
drained", and the illustration is so labeled. When
the fracture is not allowed to drain, the external
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Figure 1: The fracture model referred to in the
text.

stress change is supported entirely by the fluid
rather than by the asperities, and there are no time
delays invui-. ed due to flow. The effects of draining
will be discussed later.

The M2 constituent is the larger of the two tidal
constituents used. It is confined to the horizontal
plane and is greater in magnitude in the north-
south direction than in the east-west direction. For
these reasons the amplitude is greater for vertical
dip and for east-west striking fractures. Notice too
that the amplitude response is ambiguous with re-
spect to the sign of the angle that the fracture
strike makes with the east-west axis. We will see
later that this ambiguity can be resolved by the be-
haviour of the phase response as a function of frac-
ture strike.

The amplitude response to the Oj constituent is
illustrated in Fig. 3. This constituent has a period
of nearly 24 hours, and although it lies in the hori-
zontal plane, it is greater in magnitude in the east-
west direction. Notice that the amplitude response
to the Oi is also ambiguous with respect to the
sign of the angle that the fracture strike makes
with the east-west axis. This ambiguity will be re-
moved when we consider the phase response. A
basic ambiguity that remains in both cases, how-
ever, is whether the fracture plane dips to the right
or to the left of a given strike. The Oi constituent
is not as useful as the M2 constituent in the tidal
analysis of borehole data because of interference
from weather and man-made activities, which also
tend to be diurnal.

The observed response to both tidal constituents
in time is characterized by reference to the corres-
ponding tide-producing potential determined at any
particular time by the positions of the Earth, Moon
and Sun. In the undrained case, the physical re-
lationship is such that the observed response will

differ in phase from this reference phase in a char-
acteristic manner dependent on the strike of the
fracture plane. This is shown in Fig. 4, where the
ratio of the amplitudes of the two constituents is
also shown. Notice how this phase behaviour re-
solves the ambiguity referred to earlier with respect
to the east-west axis. This behaviour and the ones
illustrated in Figures 2 and 3 are used as parame-
ters in fitting the well-tide observations to a fracture
model.

THE DRAINED CASE

The discussion to this point has assumed that
the tidal stress acting on the fracture is supported
entirely by the fluid in the fracture and that there
is virtually no flow to the observation borehole be-
cause of the very small assumed diameter. The con-
sequences of flow are pressure loss due to flow
friction and the transfer of some of the external
stress from the fluid to the asperities as fluid is lost
to the borehole. This is described (Bower, 1983) in
the solution of the continuity equation for fluid
flow in a fracture that deforms with time (Duguid
and Lee, 1977). The parameters in this solution in-
clude the aperture of the fracture (2b), the stiffness
of the fracture (C), the radius of the borehole and
the radius of the plastic casing in which the water
rises. The closed outer boundary of the fracture at
a distance R from the borehole determines one of
the boundary conditions and is a further parameter
(R).

Figures 5 and 6 illustrate how the well-level tide
is attenuated and phase-shifted as a function of
these parameters. Notice that there is no phase lag
when the aperture is greater than about 200 urn,
but there may still be attenuation. This attenuation
represents the loss of water from the fracture to the
borehole and is a consequence of mass conserva-
tion. Notice too that, when the fracture stiffness is
increased by two orders of magnitude, the bound-
ing radius must be increased by a factor of ten to
restore the original results. This demonstrates that
either the bounding radius or the fracture compres-
sibility must be known independently if die other is
to be determined by this technique. A consequence
of this is that, in the drained-fracture models to be
discussed later, a fracture of greater dip can always
be fitted to the data by assuming a smaller radial
extent or a greater fracture stiffness. This lack of
constraint on dip is in addition to that due to un-
certain knowledge of the local elastic constants.

Similar results can be determined for stresses of
different frequency. The results for the lower fre-
quency Oi constituent, for example, show less at-
tenuation and phase lag for the same given condi-
tions of aperture and fracture stiffness. The attenua-
tion and delay of barometric effects can be deter-
mined in this way as well, but we have not done
so in this paper.
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Figure 2: Amplitude of the M2 well tide as a function of fracture orientation.
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Figure 4: Predicted M2 and O, phases and amplitude ratio versus fracture strike.
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M 2 W£LL-TIDE ATTENUATION
VS FRACTURE APERTURE
(FRACTURE STIFFNESS=0.4 x1O9Pa/m)

1000 100
Fracture Aperture (10'6m)

Figure 5: M 2 well-tide attenuation and pha«e lag versus fracture aperture for fracture ttirfneM = 0.4 x 10*
Pa/m.
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Figure 6: M2 well-tide attenuation and phase lag vereus fracture aperture for fracture stiffness = 0.4 x 10"
Pa/m.
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WELL TIDE IN AN UNFRACTURED
BOREHOLE ZONE

The unfractured crystalline rock itself is elasti-
cally strained by the tidal stresses, but water-level
changes (i.e., the "drained tide") due to this strain
will be very small because of the normally small
hydraulic conductivity of the solid rock. This is
demonstrated in Table 1. The well-level tide due to
tidal strain of the matrix, based on the dimensions
of the instrumented well casing (the diameter is 37
mm) and a packed-off borehole length of 10 m, will
be less than 10 percent of that for the undrained
case if the matrix permeability is iO"9 m/s. In fact,
the permeability of the solid rock is probably less
than 10"10 m/s and the undrained tide is typically
less than 2 cm.

TABLE 1

WELL TIDE IN UNFRACTURED BOREHOLE
ZONES

where H = undrained tide
h = drained tide

irr2

KT(2RL)1/Z

where r = radius of standpipe
R = radius of borehole
L = length of open borehole zone
T = period of tidal constituent
K = hydraulic conductivity of rock mass

3.012 x 10"8

where r = 0.019 m
R = 0.038 m
L = 10.00 m
T = 12.00 h

Examples: £r = 0.315 for K = Iff* m/s

£r = 0.037 for K = 10* m/s

Note: Katsube (in press) reports that the hydraulic
conductivity of unfractured core samples from
Chalk River ranges from 10*" to 10 '" m/s.

RESULTS

Data from 25 borehole intervals have been inter-
preted and selected results are presented in Tables
2-7. The parameters referred to in the interpretation
are listed in column 1 in each table. The -ymbols
h2 and hq refer to the observed amplitudes of the
M2 and Oi tidal constituents in centimetres, respec-
tively, and G2 and Gi refer to the observed phase
differences relative to the corresponding theoretical
potentials for these constituents. B.E. refers to the
barometric efficiency, a term useful in groundwater
hydrology to refer to the ratio of water-level change
in an open well to the atmospheric pressure change
that caused it. Application of the present tidal
theory to predict the well-level change due to at-
mospheric loading of an embedded fracture intersec-
ted by the well indicates that B.E.= 1 - cos2(D!P).
B.E. is predicted for each model according to this
formula as a possible measure of dip independent
of the elastic parameters of the embedding medium.
The B.E. listed in the "observed" column on the
other hand was determined from the ratio referred
to above. Experience suggests that B.E. may not be
a stable, useful parameter in this application and it
will not be discussed here any further.

The procedure used in interpreting the well-level
observations depends on whether or not friction ef-
fects due to draining are apparent. According to the
theoretical results illustrated in Fig. 4, the phase
differences G) and O2 must be of opposite sign and
G2 must be about twice Gi in magnitude when the
friction effects of draining are negligible. If the ob-
servations suggest that this is the case (CR-10 Port
10 is the only example in the present data), then
the solution for the undrained case, as a function
of dip and strike, that best fits the observations,
can be selected. We then infer that this dip and
strike is the actual orientation of the observed frac-
ture. Assumptions regarding the regional elastic
constants and the radial extent of the fracture can
be avoided completely in the part of this interpreta-
tion which determines strike by fitting to the ratio
of the observed tidal amplitudes (see Fig. 4) rather
than to their individual amplitudes (Figs. 2 and 3).
This fitting method is not applied in the present
case, however, because the uncertainty in the obser-
vation of O] amplitude is so much greater than for
M2.

Friction effects accompanying draining become
significant when the fracture aperture is less than
about 200 n-m and cause both phase differences to
become more negative (i.e., lag the tide-producing
potential). When this is apparent in the observa-
tions (FS-13 Port 2 is an extreme example), the de-
phasing effect must be estimated and removed be-
fore a fit to the undrained solutions and a determi-
nation of dip and strike can be attempted. In the
general case, a solution is not possible because
there are seven unknown model parameters - dip,
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strike, aperture, fracture stiffness coefficient, radial
extent and two elastic constants for the embedding
medium - and only four observed data - the
amplitude and phase of two constituents. In the
present case, estimates of the elastic parameters are
available from core samples (Annor and Geller,
1978) and the theory indicates that the dependence
of the observations on fracture stiffness coefficient
and fracture radial extent is on their ratio (actually
on C/R2). This reduces the number of unknowns to
four, but the conditioning of the equations and the
uncertainties associated with the observations are
such that, although aperture and strike are effec-
tively constrained, the effects of dip and the param-
eter C/R2 cannot be separated. This is the reason
for the range of values for these parameters shown
in the tables.

The procedure used to remove the friction ef-
fects consists, in effect, of passing the observations
backwards through the draining-effects model (Figs.
5 and 6), and adjusting the aperture and the pa-
rameter OR2 to restore the phases 0i and ©2 to a
range acceptable to an undrained model. We find
that this adjustment is much less dependent on CJ
R2 than on the aperture and that requiring the re-
stored phases to be of opposite sign generally con-
strains the aperture within a narrow range of possi-
ble values. On the other hand, the amplitudes h]
and h2 are liable to be highly dependent on OR2,
and because this ratio is poorly contained, the cal-
culated "restored" amplitudes hi and h2 will be
similarly uncertain. This effect of OR2 on the tidal
amplitudes, however, is largely independent of fre-
quency, so the ratio h2/h, should be unaffected and
remain diagnostic of strike in the manner illustrated
by Figure 4.

The "corrected" values obtained through the use
of one or more of these draining-effect models are
listed in the model columns entitled "corrected"
and it remains then to list parameters for the un-
drained model whose tidal response is most consis-
tent with these "corrected" observations. These are
listed in the immediately adjacent column, entitled
"predicted". Thus in appraising the fit between ob-
served and modelled results, it is the matching of
"corrected" and "predicted" columns that should be
compared.

In this example, the observed phases are consis-
tent with no-friction conditions and a direct match
with a solution for an undrained model can be
looked for. A range of possible solutions is rep-
resented by the two models shown. Model 1 yields
a better fit for h2 and 6 2 than model 2, but a
poorer fit for h,. The relatively large hydraulic con-
ductivity evident in this case was not apparent in
the television survey (in the form of fractures, al-
tered or broken rock, etc.), although it is confirmed
by the hydrologic measurement. The range in strike
represented by the models is well constrained by
the obssrvations, but as previously explained, the
dip angle is dependent on the elastic constants as-

sumed for the embedding medium and the assump-
tion that the radius of the fracture is greater than
some limiting distance, typically 10-15 m. If either
of these assumptions does not hold, the observed
amplitude will most likely represent an attenuated
version of the pore pressure tide in the fracture
and the true dip then will be greater than that of
the models.

The agreement between observed and modelled
B.E. is supportive of the modelled dip. This is of
some interest because the modelled B.E. is relatively
independent of the elastic parameters on which the
tidal response is based. It is dependent, however,
on the same assumption regarding the radius of the
fracture.

CR-8 Port 10 (Table 3)

The two "corrected" models listed here illustrate
the ambiguity that sometimes arises in attempting
to work backwards through the draining model.
Two solutions are sometimes permissible with ©2

opposite in sign to 61. These reflect the mirror-
image relation between ©2 and 6] about the strike
azimuth 090°-270" (see Fig. 4). There is little basis
for choosing between the corresponding model pre-
dictions (2 and 4), but the TV log suggests that
model 4 is the correct one.

Two "corrected" models are permissible here be-
cause of the large experimental error in determining
61. The corresponding model predictions are good
fits, except for ©, of model 4. The strike suggested
by model 4 is consistent with that observed in the
borehole TV log. The dip is somewhat larger than
that of the TV log, but is consistent with the ob-
served barometric efficiency.

The most direct interpretation here is that rep-
resented by model 1, despite the poor fit for 6 ] .
The other models are added to illustrate the effects
of draining dominated by mass loss due to small
radial extent rather than friction loss due to small
aperture. Notice that the aperture assumed in both
models 2 and 4 is very large and thus these mod-
els do not disturb the phases ©2 and 6,. Neverthe-
less, the models do differ greatly in their influence
on the amplitudes h, and h2 and this is reflected in
the dip angles required in their matching model
predictions 3 and 4. As explained previously, be-
cause the attenuation of amplitude is independent
of frequency, their ratio in each case is the same
and is equal to that observed (1.34). The strike of
model 1 is similar to that of the set of intersecting
fractures observed by borehole television. Although
these fractures are termed "filled", there is no in-
formation on the permeability of the infilling, and
because the holes were air-drilled (and the rock
pulverized), the fractures may in fact be simply
plugged with rock flour. Alternatively, because
borehole TV does not generally detect fractures of
aperture less than 100 |im, these "filled" fractures
may be associated with narrow open fractures.
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CR-10 Port-10 (Table 2)

TABLE 2

BOREHOLE NO. CR-10 PORT 10

Depth: 116-120 m Period: 86 Days

MODEL: 1

Type:

h2(cm)

hi(cm)

B^deg)

extdeg)

B.E.

Dip (deg)

Strike (deg)

Aperture

C

R

Observed

1.69 (±0.02)

1.33 (±0.07)

-6(±1)

+2 (±3)

0.25

384 |un

Predicted

1.63

0.%

-6

+ 4

0,19

26

290

>200 |tn

2

Predicted

1.70

1.37

-11

+5

0.25

30

310

>200 |im

TV log: No open fractures

TABLE 3

BOREHOLE NO. CR-8 PORT 10

Depth: 197-240 m Period: 27 Days

MODEL:

Type:

h2 (cm)
hi (cm)
62 (deg)
0, (deg)

B.E.
Dip (deg)

Strike (deg)
Aperture

C
R

Observed

1.69 (±0.02)
1.61 (±1.15)

-21 (±1)
-7 (±5)

0.5

1

Observed
"corrected"

for
draining

5.73
4.62
+ 5
- 6

44 |un
1.4 x 109

3 m

2

Predicted

5.69
4.58
+ 12
-5

0.83
66

230

3

Observed
"corrected"

for
draining

2.65
1.99
-14
+ 12

65 |xm
1.4 xlO9

100 m

4

Predicted

2.68
1.93
-10
+5

0.36
36
304

TV log (dip/strike in degrees): 36/313, 54/326 (rubble zones)
Note: Ambiguity with respect to 270 degrees.

- 3 6 6 -



CR-7 Port 6 iTable 4)

MODEL:

Type:

h2 (cm)
hi (cm)

9 , (deg)
O2 (deg)

B.E.
Dip (deg)

Strike (deg)
Aperture

C
R

Observed

0.70 (±0.03)
0.50 (± 0.09)
- 3 4 (± 2)

- 2 9 (+ 10)
0.5

TABLE 4

BOREHOLE NO. CR-7 PORT

Depth: 66-68

1

Observed
'corrected'

for
draining

1.06
0.63
+ 4
- 8

25 |jim
1.4 x 10"

10 m

m Period: 87

2

Predicted

1.10
0.64
+ 6
- 4

0.13
21
251

55 |xm

6

Days

3

Observed
'corrected'

for
draining

2.22
1.44
- 5

- 1 4

1.4 x 10"
30 m

4

Predicted

2.24
1.44
- 8
+ 5

0.28
32

296
50 (im

TV log (dip/strike in degrees): 17/327, 14/308 (open fractures)

FS-13Port4(Table5)

TABLE 5

BOREHOLE NO. FS-13 PORT 4

Depth: 15-23 m Period: 58 Days

MODEL:

Type:

h2 (cm)
hi (cm)
©2 (deg)
6 , (deg)

B.E.
Dip (deg)

Strike (deg)
Aperture

C
R

Observed

0.75 (±0.04)
0.56 (±0.10)

+ 14 (± 3)
+ 6 (±10)

<0.1

1

Predicted

0.73
0.58
+ 12
-8

0.11
19

231

2

Observed
"corrected"

for
draining

1.35
1.01
+ 14
+ 6

>200 fim
1.4 xlO9

3 m

3

Predicted

1.33
1.05
+ 12
-6

0.19
26
231

4

Observed
"corrected"

for
draining

6.73
5.02
+ 14
+ 6

>200 fim
1.4 xlO10

3 m

5

Predicted

6.71
5.29
+ 12
-6

0.97
80

231

TV log (dip/strike in degrees): 73/263, 75/253, 80/243, 42/233, 69/213, 51/213
(filled fractures)
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FS-13 Port 2 (Table 6)

The two "corrected" models, with their match-
ing model predictions, represent a range of accept-
able models. As is usually the case, the strike angle
and the aperture are well constrained, but the dip
angle is not.

CR-8 Port 12 (Table 7)

This is an example of a well-level tide appar-
ently due to tidal strain of a porous homogeneous
medium rather than to a plane fracture. Theory
predicts that the ratio of h2 to hi in such a case
and for this latitude should be 1.20; this is in fact
observed. The other fracture models shown are also
acceptable models, although it seems likely that the
apertures they require are too small to be accounted
for by the rubble zone indicated in the TV log. Un-
fortunately, this borehole zone could not be reoc-
cupied to confirm this by a hydrogeological test be-
cause subsequently other ports in the plastic casing
became jammed in the open position and could not
be freed.

DISCUSSION - FRACTURE STIFFNESS (Table 8)

According to Walsh and Grosenbaugh (1979),
fracture stiffness can be equated to the normal
stress acting on the fracture divided by the stan-
dard deviation of the height of the asperities.
Walsh and Grosenbaugh claim also that the fracture
aperture is usually approximately equal to twice the
standard deviation of the heights. If this is so and
if we assume that the normal stress is equal to the
overburden weight, then the fracture stiffness will
vary with depth and aperture according to the equ-
ation. When this is applied to some of the sample

zones, we obtain the results shown in Table 8.
These estimates should be on the low side be-

cause the horizontal stress is usually greater than
the vertical stress in this region, and the aperture is
probably larger than twice the standard deviation of
the heights of the asperities. Notice that the one
observed value, reported by Gale (1975), is consis-
tent with the estimate.

These values are generally a little larger than
those we have used in the tables, and when they
are substituted in the calculations, larger values of
R are obtained.

SUMMARY AND CONCLUSIONS

The results to date are summarized in Table 9.
It is interesting to note that tides were observed in
4 out of 10 cases where the TV log showed no
fractures. Hydrology tests in at least two of these
tide-present cases confirmed the existence of signifi-
cant hydraulic conductivity (see CR-10 Port 10 in
particular). We find 8 out of 11 strike determina-
tions are consistent with the TV log and 7 of 8
aperture determinations are consistent with hydro-
logy. (We consider the determinations consistent if
the strike is within 20 degrees or if the apertures
are within 40% of their mean.) This simple com-
parison is not adequate to fully evaluate the tidal
method. What is required is evidence that the
hypothesized fracture model intersects neighbouring
boreholes at the predicted point. This is being
looked into now.

Another desirable step is to monitor some of
these intervals again, using a pressure transducer
packed off below the standing water level in the
casing. This should eliminate the need to correct for
draining effects and permit fitting directly to an
oriented undrained fracture model.

- 3 6 8 -



TABLE 6

BOREHOLE NO. FS-13 PORT 2

MODEL:

Type:

h2 (cm)
h, (cm)
0 2 (deg)
©i (deg)

B.E.
Dip (deg)

Strike (deg)
Aperture

C
R

Observed

0.36 (±0.03)
0.50 (±0.05)

-54 (±5)
-43 ( + 6)

0.20

Depth: 30-35

1

Observed
"corrected"

for
draining

1.77
1.47
+ 9
+ 6

21 ;im
1.4 xlO9

3 m

Period: 73 Days

2

Predicted

1.73
1.48
+ 12
-6

0.26
31
227

3

Observed
"corrected"

for
draining

6.00
5.46
+ 6
-2

16 |xm
1.4x10"

10 m

4

Predicted

6.05
5.38
+ 13
- 5

0.%
78

225

TV log (dip/strike in degrees): 80/328, 75/263, 85/243, 70/233, 51/233, 67/228, 74/223, 60/223, 71/213,
65/213, 60/213, 57/213, 55/213, 51/213 (filled fractures)

CR-S Port 12 (Table 7)

MODEL-

Type:

h2 (cm)
hi (cm)
G2 (deg)
e , (deg)
B.E.
Dip (deg)
Strike (deg)
Aperture
C
R

Observed

2.04 (±0.07)
1.69 (±0.26)

-1 (± 2)
-9 (±9)

-0.3

TABLE 7

BOREHOLE NO. CR-8 PORT 12

Depth: 275-281

1

Homogeneous
medium

prediction

2.04
1.69 »
0
0
0.11

200 (Jim

m Period:

2

Observed
"corrected"

for
draining

2.45
1.98
+ 12
-1

80 p.m
1.4 x 109

10 m

19 Days

3

Predicted

2.47
1.99

. +12
-6

0.30
37

230

4

Observed
"corrected"

for
draining

5.86
4.73
+ 12
-2

55 |tm
1.4 xlO9

3 m

5

Predicted

5.84
4.98
+ 12
-6

0.51
71

227

* denotes enforced value
TV log (dip/strike in degrees): 31/248 (Rubble zone)
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Pc

TABLE 8

FRACTURE STIFFNESS (AN ESTIMATE)

C = — (Walsh and Grosenbaugh, 1979) where Pc is the normal stress and 2h
^ is the standard deviation of the height of the asperities.

Examples, assuming Pc - overburden weight and 2h= 2b (the aperture):

BOREHOLE DEPTH (m) 2b bun) C (Pa/m)

CR-11-3

CR-10-4

CR-7-11

CR-7-8

CR-8-12

GALE (1975)

39

52

102

80

277

8.8

150

217

91

12

239

183

0.67 x 1010

0.62 x 1O10

0.29 x 10"

0.17 x 1012

0.30 x 10"

0.13 x 1010 (0.20 x 1010 observed)

Borehole/
Zone

CR7-6
CR7-8
CR7-11

CR8-5
CR8-8
CR8-9
CRB-10
CR8-12
CR8-13

CR10-4
CR10-6
CR10-7
CR10-8
CR10-10

CR11-1
CR11-3
CR11-5
CR11-7
CR11-8

CR12-1
CR12-3
CR12-5
CR12-9

FS13-2
FS13-J

Zone
Depth

(m)

66-68
78-83

100-104

92-114
157/160
181-197
196-241
275-281
282-288

47-57
80-81
83-89

90-103
116-120

4-17
3M3
58-63
74-80
84-89

4-17
38-48
62-83

110-125

30-35
15-23

D*yt

15
23
48

40
27
55
48
20
8

8
47
26
8
13

8
47
11
8
21

54
7
34
15

73
58

TABLE

SUMMARY OF

Fntctum front
TV, Dip/Strike

(degrees)

17/327, 14/308
79/215
66/252

30/279, 15/225
67/270

20/280, 53/246
0/0, 36/313, 54/316

31/248
none

30/270, several
none
none
none
none

01/290
none
30/273
none
none

26/111, 8/032
none
14/109

35/325, 13/331

50-80/213-328
50-80/213-263

9

RESULTS

•HYD Test
Aperture

((im)

25
12
91

_
-

235
_

239
46

217
10
43
10

384

_
_

175
7
-

_
_
_
-

Single Fracture Model
According to Tidal Results

32/296, 2b = 50 |im, B.E. DIP = 33°
24/297, 2b = 39 |im, B.E. DIP < 30°
40/247, 2b = 40 |un, B.E. DIP = 34°

32/324, 2b = 65 (im
Not yet interpreted. l*arge tides present.
35/309, 2b > 200 urn
66/230 or 66/315, 2b = 50 (im, B.E. DIP
37/230, 2b = 80 (im, B.E. DIP =33°
No tides present. B.E. DIP < 30°

Period too short
No tides present
Not yet interpreted - tides present
Period too short - tides present.
26/290, 2b > 200 (im, B.E. DIP - 30°

No tides present, B.E. DIP = 0°
35/332, 2b = 50 |im, B.E. DIP = 37°
32/291, 2b = 150 (im
No tides present, B.E. DIP = 0°
No tides present, B.E. DIP = 0°

Small tides and barometric effect
No tides present, no barometric effect
29/113, 2b > 200 |tm
Period too short. Large tides present

22/236, 2b - 39 |tm, B.E. DIP - 27"
19/231, 2b> 200 urn, B.E. DIP - 33°

45°

' Taken from Raven (1980)
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Discussion - Paper No. 22

J.E.Gale

D.R.Bower

- In trying to fit the different models, have you attempted to look at the response with
the boundary condition as a variable? For example, you may have an axi-symmetric case,
but the boundary condition could be asymmetric, such as represented by a partially inter-
connected fracture. Some work you might want to look at was done in applied soil
mechanics by Berger at the University of California some years ago in simulating an
asymmetric case numerically, but looking at it with a non-symmetric boundary condition.
That very well could be applied here in a modified form.

- Before I introduce any more variables, I'd like to know what I have, then see which di-
rection to go.
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CHAPTER 8

UTILIZATION OF GEOPHYSICS
IN HYDROLOGIC STUDIES
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ABSTRACT

Surface and borehole geophysical techniques have been applied at three National Hydrology Research Insti-
tute (NHRI) hydrogeological project areas at the Chalk River Nuclear Laboratories (CRNL). Within a
groundwater flow system study area, surface geophysics has assisted in the identification of major structural
and hydrogeological features such as fracture and fault zones and mafic dykes. Standard borehole geophysi-
cal logs have been used to construct detailed lithologic logs for air-percussion boreholes and to provide
qualitative information on the degree of fracturing intersected by the boreholes. Subsurface fracture loca-
tions and orientations determined from borehole television and acoustic televiewer surveys have been used
to identify intervals for subsequent hydraulic testing and for monitoring with multiple packer casings. Frac-
ture orientation data obtained from the acoustic televiewer have been used as input to a numerical model
of groundwater flow at this site.

Borehole geophysical logging has assisted in the definition and hydraulic characterization of a tracer site.
Subsequent experiments at this site have included the application of in situ gamma spectroscopy in observa-
tion wells to detect and monitor migration pathways of radiotracers (131I and 85Sr) introduced in an injection
well. This technique enables the simultaneous identification of tracer migration pathways and determination
of transport velocities of conservative (e.g., 131I) and non-conservative tracers (e.g., 85Sr).

Natural gamma logging has been conducted in hydrogeochemical borehole CR-13 to identify the position of
a major lithologic contact that may be a factor in the hydrogeochemical zonation observed in this borehole.
Gamma spectra analysis has also identified a thick uraniferous pegmatite vein that has influenced the
uranium isotope geochemistry of the groundwater in contact with this zone.

INTRODUCTION

In 1978 the National Hydrology Research Insti-
tute (NHRI) of Environment Canada began hydrau-
lic testing in three boreholes (CR-6, 7 and 8) on an
outcrop at the Chalk River Nuclear Laboratories
(CRNL) property. In the following years, the scope
of the hydrogeological activities conducted by NHRI
at CRNL broadened considerably and evolved into
three distinct projects, each having specific research
objectives.

In 1980 three more boreholes (CR-10, 11, and
12) were drilled on the outcrop in response to in-
adequacies in the degree of hydraulic characteriza-
tion of the rock mass inferred from hydraulic test-
ing and a tracer test conducted the previous year
(Davison, 1980). This radial array of boreholes was
instrumented for the purpose of conducting further
tracer experiments and the outcrop area became
known as the tracer site (Fig. 1).
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Figure 1: Location map of the CRNL tracer site and flow system study area at the NHRI hydrogeological
test site, and hydrogeochemical borehole CR-13.
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Also in 1980, a deep, 610-m borehole (CR-13)
was drilled for dedicated hydrogeochemical research
about 600 m south of the tracer site and 20 m west
of Lower Bass Lake (Fig. 1). In 1981-82 several tests
were conducted in this borehole to develop a
borehole methodology for hydrogeochemical investi-
gations in fractured rock.

In 1981 a flow system study area was estab-
lished north of the tracer site to define groundwater
flow patterns in a fractured block of granite gneiss.
This involved the drilling of 17 boreholes to an av-
erage depth of 50 m. These boreholes were com-
pleted with multiple-packer casings to facilitate
numerous hydraulic tests conducted in 1981-83.

The purpose of this paper is to focus on those
geophysical techniques that were applied at each of
these three project areas and that provided particu-
larly useful information for conducting and interpre-
ting the results from various hydrogeological and
hydrogeochemical experiments. The most extensive
application of geophysical techniques toward the
solution of hydrogeological problems has been at
the flow system study area, and for this reason,
this area will be discussed first.

APPLICATION TO GHOUNDWATER FLOW
SYSTEM INVESTIGATIONS

Definition of groundwater flow systems in frac-
tured plutonic rocks is fundamental to the assess-
ment of such mediums for the storage and disposal
of nuclear fuel wastes. In order to predict potential
radionudide migration pathways from an under-
ground waste vault to the biosphere, it is necessary
to identify the local and regional groundwater flow
systems active in the vicinity of a vault and to de-
termine how these systems may change in response
to both vault construction and longer-term geologi-
cal events. Because the flow characteristics of frac-
tured rocks are dominated by the presence of frac-
tures, groundwater flow system investigations need
to quantify the geometric and hydraulic properties
of fractures. Geophysical studies may often assist in
these hydrogeological investigations.

In 1981 a groundwater flow system study was
initiated in a 200-m by 15>J-m by 50-m-deep block
of fractured granitic gneiss located on the property
of CRNL (Fig. 1). The objectives of the study were
to define the physical and chemical hydrogeology of
this rock mass in order to evaluate the usefulness
of various investigative tools in defining and pre-
dicting groundwater flow patterns in fractured
media. As part of this study, airborne, surface and
borehole geophysical techniques were used during
hydrogeological characterization of the test site,
which included

1) Surface fracture zone identification for study site
selection,

2) Borehole geological characterization for test inter-
val selection, and

3) Borehole fracture characterization for numerical
groundwater flow modelling studies.

Study Site Selection

Investigations of groundwater flow systems re-
quire detailed information on the three-dimensional
distribution of hydraulic conductivity, slordtivity and
porosity as well as on the location and nature of
hydrogeological features or boundary conditions that
control the development of flow fields. In fractured
granitic rocks, the flow properties and boundary
conditions are often the result of the interconnec-
tion of discontinuous fracture systems of variable
aperture, orientation and extent. Description of this
inhomogeneous flow property field is required for
prediction of radionudide migration pathways using
appropriate numerical groundwater flow, heat and
solute transport models. Because it is impractical to
define the flow characteristics of each fracture in a
fractured medium, some averaging of flow proper-
ties is required for mode! input. The size or volume
of medium that must be sampled to obtain repre-
sentative flow property measurements (Hubbert,
1956; Bear, 1972) is dependent upon the relative
scale of flow property inhomogeneity to the defined
flow domain. For groundwater flow studies in frac-
tured gwnitic rocks, this sample size is poorly un-
derstood because of the existence of flow property
inhnmogeneity due to fracturing at scales ranging
from microscopic to megascopic with respect to the
size of flow domain.

Selection of a site and the effective design of an
exploratory drilling program to investigate ground-
water flow systems require information on the scale
of flow property inhomogeneity within potential
study areas. This scale strongly influences the
choice of borehole locations, spacings and test inter-
val lengths in such investigations. Surface and air-
borne geophysical techniques can often provide in-
formation of the existence of large-scale conductive
fracture zones and other flow property in-
homogeneities and thus guide the selection of a
study site and the design of drilling programs.

In the Chalk River flow system study, we at-
tempted to reduce the range and scale of flow
property inhomogeneity and thus the complexity of
the flow system by selecting a site absent of major
structural features. Airphoto lineament analyses and
surface and airborne electromagnetic surveys (Scott,
1987; Sinha and Hayles, 1987; Dence and Scott,
1980) were used to identify major structural features
and thus locate a 200-m by 150-m area of relatively
uniform fracturing. Figure 2 shows the location of
the selected site with respect to major and minor
fracture zones and faults identified by airphoto line-
ament analysis and ground EM-VLF (electromagne-
tic, very low frequency) surveys (Scott, 1987). The
study site is located in the northern half of the
area identified as the NHRI hydrogeological test
site. Surface fracture mapping (Raven, 1980) also
shows uniform and relatively low fracture trace
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Figure 2: Location of the NHRI hydrogeological test site area with respect to major and minor fracture
zones and faults identified by airphoto lineament analysis and ground EM-VLF surveys. The flow system
study ana is located in the upper half of the NHRI hydrogeological test site.
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length density (0.5 to 1.0 m/m2) within outcrops in
the study area.

Detailed subsurface hydrogeological investigations
have allowed evaluation of the flow properties of
the fracture zones and faults identified in the vicin-
ity of the study site and shown in Figure 2. An
impermeable diabase dyke constitutes the major
east-west striking structure that bisects the NHRI
hydrogeological test site. This structure was iden-
tified by both airphoto lineament analysis and
ground EM-VLF surveys. The minor northwest-strik-
ing airphoto lineament intersecting the southwest
corner of the flow system study area is a discon-
tinuous high-hydraulic-conductivity fracture zone
(No. 3) associated with mafic layering in the grani-
tic gneiss. The minor northwest-striking airphoto
lineament intersecting the northwest corner of the
study area is a high-hydraulic-conductivity, ::ear-ver-
tical fracture zone (No. 4). This fracture zone ex-
tends to the centre of the study site. The poorly
conductive north-south trending EM-VLF anomaly
located near the western border of the study area
was not associated with any observable subsurface
hydrogeological feature.

Surface geophysical investigations did not iden-
tify two major flat lying fracture zones in the study
area. One, an extensive open fracture or fracture
zone (No. 1) associated in some boreholes with
mafic or metagabbro layering, was intersected by
nine boreholes over a distance of 175 m at about
45-m depth. This fracture zone possesses low, uni-
form hydraulic head in all boreholes and controls
groundwater flow in the overlying bedrock. The
second, an intermediate depth, fracture zone (No.
2) at 25-m depth, was intersected by seven
boreholes over a distance of 100 m. The locations
of fracture zones No.1 to No. 4 are shown
schematically on the central north-south trending
cross section of the study site in Figure 6.

Borehole Test interval Selection

Seventeen boreholes were drilled in the flow
system study area to an average depth of 50 m on
a modified grid pattern (Fig. 3) using air-percussion
(FS-1 to FS-14) and diamond-core (FS-15 to FS-17)
drilling techniques. Most of the boreholes were
drilled using air-percussion drilling techniques to re-
duce contamination of groundwaters with nonindi-
genous drilling fluids. Each borehole was completed
with a multiple-packer casing to provide hydrauli-
cally isolated test intervals for long-term hydraulic-
head monitoring, groundwater sampling, and multi-
ple-well interference testing. Borehole geophysical
and hydrogeological measurements were completed
in the boreholes prior to casing completion to assist
in the selection of casing test intervals. Five to
seven test intervals varying in length from 3 to 13
m were completed in each borehole for a total of
90 test intervals. Data collected from the test inter-
vals provided the basis for study of the groundwa-
ter flow system. Each test interval attempted to iso-
late distinct hydrogeological zones identified on the

basis of lithology, fracture characteristics, near-well
hydraulic conductivity, and hydraulic head.

Identification of borehole lithology was particu-
larly important at the Chalk River study site be-
cause of the strong correlation between mafic or
metagabbro layering and enhanced bedrock fractur-
ing and hydraulic conductivity. Chip samples col-
lected during the air-percussion drilling process pro-
vided only an estimate of borehole lithology based
on relative percentages of the dominant rock types:
quartz monzonite, me tagabbro, pegmatite, and
diabase. More detailed lithologic logs were obtained
from interpretation of standard geophysical logs
completed in six boreholes by Roke Oil Enterprises
Ltd., Calgary.

Subsurface fracture characteristics, including frac-
ture location, orientation and qualitative aperture es-
timate, were obtained primarily from borehole tele-
vision and acoustic televiewer surveys completed in
each borehole by the Geological Survey of Canada
(Lau et al., 1987). Standard geophysical logs and
borehole EM-VLF surveys (Hayles, 1983) also pro-
vided qualitative information about the degree of
fracturing intersecting each borehole.

Near-well hydraulic conductivity and hydraulic-
head distributions were obtained for the entire
length of each borehole from the analysis of short
interval (1.5- to 2.0-m length) straddle-packer injec-
tion tests. Over 350 straddle-packer tests were com-
pleted in 17 boreholes.

Based on information on borehole lithology, frac-
turing, and hydraulic properties, casing test inter-
vals were selected for study of long-term flow prop-
erty characteristics. Examples of composite geologi-
cal, geophysical, and hydrogeological logs that pro-
vided this information are given in Figures 4 and 5.
Figures 4 and 5 show sections of boreholes FS-7
and FS-IO displaying chip sample lithology, acoustic
televiewer fracture logs, standard radioactive and
sonic logs, and equivalent rock mass hydraulic con-
ductivity (Kti-nn)- Both boreholes intersect a low-hy-
draulic-head, high-hydraulic-conductivity fracture
zone (No. 1) associated with metagabbro layering.
The fracture zone is continuous over the 75-m dis-
tance between the two boreholes and is intersected
at approximately 49 m in FS-7 and 42 m in FS-10.
In both boreholes, the density, neutron and
gamma-ray logs suggest a mafic layer at these
depths, while the sonic log response shows in-
creased transit time, reflecting increased fracturing
and hydraulic conductivity. Although we have not
conducted any quantitative evaluation of the re-
lationship between fracturing, hydraulic conductiv-
ity, and sonic log response, we did observe a posi-
tive correlation between sonic travel time and the
degree of near-well fracturing. This correlation did
not always extend to hydraulic conductivity. An ex-
ample is shown in Figure 4. A major sonic anomaly
at 53- to 56.5-m depth in borehole FS-7 is as-
sociated with a highly fractured pegmatite vein of
low hydraulic conductivity. The increased fracturing
is likely an artifact of air-percussion drilling in a
relatively brittle quartz-rich pegmatite vein.
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Figure 3: Map of the CRNL flow system study area showing details of boreholes and geology.
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Figure 4: Selected standard geophysical logs, lithology logs from chip samples, acoustic televiewer fracture
logs, and rock mass hydraulic conductivity data based on injection tests conducted in a section of borehole
FS-7 containing a low-hydraulic-head, high-hydraulic-conductivity fracture zone (No. 1) at 49-m depth.
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Figure 5: Selected standard geophysical logs, lithology logs from chip samples, acoustic televiewer fracture
logs, and rock mass hydraulic conductivity data based on injection tests conducted in a section of borehole
FS-10 containing a low-hydraulic-head, high-hydraulic-conductivity fracture zone (No. 1) at 42-m depth.
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Numerical Groundwater Flow Modelling

Numerical models of groundwater flow using
either continuum or discrete fracture network for-
mulation require, as input, the directional hydraulic
properties of the rock mass resulting from fractures.
Subsurface fracture orientation measurements ob-
tained from borehole television surveys and acoustic
televiewer logging contribute to the database from
which these directional flow properties may be
evaluated.

At the flow system study area, two-dimensional
steady-state numerical flow modelling was underta-
ken to evaluate the continuum approach in predic-
tion of a groundwater flow regime in fractured rock
based on field measurements of single- and multi-
ple-well hydraulic conductivity and flow boundary
conditions. An anisotropic, porous-media-based, fi-
nite-element flow code STEADY was used to simu-
late groundwater flow in several vertical sections
through the study site. The model uses a Galerkin
formulation with linear basis functions for space de-
rivatives and triangular elements to represent the
space domain. Discrete high-permeability fracture
zones are represented by several closely spaced ele-
ments.

The central cross section trending north-south
through the study area and including test intervals
in boreholes FS-3, 4, 5, 6, 11, 13 and U has been
modelled and is shown in Figure 6. The location of
major fracture /ones and other hydrogeological in-
formation important for flow boundary condition as-
sessment is also shown in this section. The resul-
tant discreti/.ed mesh and imposed boundary condi-
tions are also shown in Figure 6. The southern
boundary of the inesh was considered to be im-
permeable based on available geological and hydrau-
lic test data, whereas the northern boundary was
assigned a constant fluid potential distribution rep-
resentative of general vertical fluid potentials ob-
served in boreholes FS-3 and FS-4. The lower
boundary was selected as the high-permeability,
low-hydraulic-head fracture /.one No. 1, and was
specified as constant fluid potential based on hy-
draulic head measurements of the fracture /.one in
nine boreholes. The upper or surface boundary con-
dition was given a constant fluid potential distribu-
tion based on near-surface borehole test interval hy-
draulic head measurements and local surface water
levels.

As a first approximation of anisotropic hydraulic
conductivity for input to the flow model, a fracture
orientation aperture model (Snow, 1965) was used.
The model assumes that fractures may be described
as planar conduits continuous in their own planes
and that mutual interference effects at fracture inter-
sections are negligible. The model also assumes
single-phase, non-turbulent flow of an incompress-
ible Newtonian fluid through rock fractures. Frac-
tures are represented as smooth parallel plates. The
equivalent continuous medium permeability tensor,
K,j, of a test interval is

where

P
g
V-

2b,
N

1.
n.

M,, =

£ 12uLln..D.I CSii - Mi<> 0 )

fluid density,
acceleration of gravity,
dynamic viscosity of fluid,
fracture aperture or width,
number of conductive frai tures in
test interval,
test interval length,
direction cosines of normal to fracture,
direction cosines of borehole,
Kronecker delta, and
3 x 3 matrix formed by direction cosines
of the normal to the fracture.

Fracture orientation data were obtained from the
results of acoustic televiewer fracture logging com-
pleted in each borehole by the Geological Survey of
Canada (Lau et al., 1987). Acoustic televiewer frac-
ture location and orientation data were used in the
model because of the poor fracture definition pro-
vided by borehole television surveys in hydro-
geologically significant mafic zones. Fracture orienta-
tion data determined from acoustic televiewer log-
ging for boreholes FS-1 to FS-9 are shown in Figure
7 in a stereographic polar plot. The data shown in
Figure 7 are plotted and contoured on a lower
hemisphere, equal area projection using a weighted
version of the Schmidt technique to reduce popula-
tion sampling bias (Terzaghi, 1965).

Fracture aperture estimates were determined
from analyses of short interval (1.5 to 2.0 m) strad-
dle-packer injection tests using the relationship

where
2bj = effective fracture aperture,
rh = radius of test influence,
rw = radius of well,

Q/ti = steady-state flow rate per injection well
head,

N = number of conductive fractures in an
injection test interval.

For this initial flow simulation, we have as-
sumed a uniform aperture distribution for fractures
tested during each straddle-packer injection test.
The fracture aperture estimates (2bj) determined
from injection test results measure the hydraulic
connection of the fracture system and so reflect the
degree of fracture interconnection associated with
fractures in a test interval.

Diagonalizing the symmetric tensor resulting
from application of Equations 1 and 2 to acoustic
televiewer fracture data and borehole injection test
aata yields the principal hydraulic conductivities
(eigenvalues) and associated principal directions
(eigenvectors) of an equivalent continuous medium.
These eigenvalues and eigenvectors were deter-
mined for each of the 90 test intervals isolated with
casing packers at the study site. Each diagonaliza-
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Figure 6: Vertical central cross section through the Chalk River flow system study area schematically show-
ing the natural hydrogeoiogical system and discretized system for mathematical flow modelling.
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POLES TO PLANES PROJECTED
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EQUAL AREA PROJECTION
USING SCHMIDT METHOD
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Figure 7: Stcreonet plot of fractures logged in air-percussion boreholes FS-I to FS-9 uiing the borehole
acoustic televiewer.
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tion generates a hydraulic conductivity ellipsoid
characterized by three principal hydraulic conductiv-
ity axes (Fig. 8).

HYDRAULIC CONDUCTIVITY
ELLIPSOID,

X,. X2. X , - GEOGRAPHIC REFERENCE AXES
X,'. x;. X; - PRINCIPAL HYDRAULIC

CONDUCTIVITY REFERENCE AXES
K,. K,. K, - PRINCIPAL HYDRAULIC

CONDUCTIVITY AXES

II,. m,, n,l - DHIECTIONAL COSINES OF
PRINCIPAL HYDHAULIC
CONDUCTIVITY AXES

Figure 8: Hydraulic conductivity ellipsoid and re-
ference axes in three directions.

The principal hydraulic conductivities for the test
intervals ranged from 10'5 m/s to 10'12 m/s. Anisot-
ropy ratios (K|/Ks) were generally between 1 and
10, although some values in excess of 100 were cal-
culated for test intervals with few fractures of pre-
ferred orientation. Because the hydraulic conductiv-
ity ellipsoids calculated for each test interval are
generally spheroidal to oblate spheroidal in shape,
the ellipsoid may be characterized by a principal
hydraulic conductivity plane defined by the major
(Kj) and intermediate (K2) principal hydraulic con-
ductivities. The geometric mean and orientation of
the KiK2 principal hydraulic conductivity plane for
test intervals in boreholes FS-1 to FS-9 have been
plotted on a lower hemisphere stereographic projec-
tion in Figure 9. The magnitudes of the geometric
means of the K]K2 planes have been represented by
circles of variable diameter. The centres of the cir-
cles represent the normals to the planes or the K3

axes.
Assuming uniform aperture distributions in all

borehole fractures, equal area polar plots for
borehole fractures and K,K2 principal hydraulic con-
ductivity planes should show similar clustering. De-
viations of the K]K2 principal hydraulic conductivity
plane poles from the fracture plane poles show the
relative hydraulic conductivity of individual fracture
sets. Comparison of Figures 7 and 9 shows that the
clustering of K,K2 principal hydraulic conductivity
plane poles coincides with the three major fracture
set orientations (strike/dip) of 250770°N, 100765°S
and 145790°. A disproportionate number of K]K2

principal hydraulic conductivity plane poles are clus-

tered in the centre of the plot, suggesting that the
encountered horizontal fractures possess higher hy-
draulic conductivity or larger apertures than the
subvertical fracture sets.

Intersection of the hydraulic conductivity ellip-
soid with a vertical plane of a cross section de-
scribes the two-dimensional hydraulic conductivity
ellipse. The hydraulic conductivity ellipse, character-
ized by two principal hydraulic conductivities and
directions, was used as input to the flow model
STEADY. The hydraulic conductivity ellipses were
assumed to have a radius of influence equal to half
the distance to adjacent boreholes. Hydraulic con-
ductivity estimates from both vertical and radial hy-
draulic interference tests were not included in these
initial model runs. Only single-well hydraulic test
results were used. An elemental flux plot resulting
from a run of STEADY based on the above data for
the central cross section is shown in Figure 10,
which shows the direction and magnitude of ele-
ment flux per unit area. The flux plot suggests a
simple groundwater flow system, dominated by ver-
tical flow and controlled by the presence of the
low-fluid potential fracture zone No. 1.

The steady-state hydraulic-head distribution de-
termined from the above simulation was compared
to field measurements of hydraulic head for test in-
tervals in boreholes FS-6 and FS-11 located in the
centre of the cross section. The comparison is
shown in Figure 11. An improved fit between the
model simulation and the field data for both
boreholes was obtained by lowering the hydraulic
conductivity of the elements adjacent to fracture
zone No. 1. This suggests the estimates of hydrau-
lic conductivity determined from straddle packer in-
jection tests and the fracture orientation aperture
model are too high in this section of the mesh. The
overestimation of hydraulic conductivity may be the
result of negative skin effects caused by drilling
(i.e., wall damage), the increasing importance of
fracture discontinuity with depth, and/or the influ-
ence of a discrete, high-hydraulic-conductivity frac-
ture (fracture zone No. 3) on the determination of
the hydraulic conductivity ellipsoid for this test in-
terval.

Surface infiltration fluxes were also estimated
from the best fit model simulation of the 1983 Janu-
ary 5 field data. Infiltration fluxes ranged from 1 x
10'9 m/s (3.1 cm/a) to 2 x 1 0 " m/s (0.06 cm/a), with
highest infiltration near the south end of the sec-
tion, intermediate infiltration at the north end, and
lowest infiltration in the vicinity of boreholes FS-6
and FS-11. Tritium (3H) data obtained by groundwa-
ter sampling during 1981-82 show general agree-
ment with the flow system defined by the model
simulation. The tritium plot for the central cross
section is shown in Figure 10. The tritium plot
suggests a system dominated by vertical flow, with
the shortest transit times in the south end of the
study site, intermediate transit times in the north-
ern end and slowest transit times in the area of
boreholes FS-6 and FS-11.
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Figure 9: Stereonet plot of pole* to K,K2 principal
hydraulic conductivity planes for FS-1 to FS-9 test
intervals. Hydraulic conductivity tensors were de-
termined from acoustic televiewer fracture logs and
injection test data.
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Figure 10: Steady-state elemental flux vector plot as determined by the numerical flow code STEADY with
tritium data for the central cross section. Chalk River flow system study area. One tritium unit (T.U.) is
one 3H atom in 101* H atoms.
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FS-11 HYDRAULIC HEAD IN M.A.S.L. FS-6 HYDRAULIC HEAD IN M.A.S.L.
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Figure 11: Companion of steady-state hydraulic head profiles determined by the finite element flow model
STEADY and field dab for boreholes FS-6 and FS-11 (M.A.S.L. = metres above sea level).
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APPLICATION TO GROUNDWATER
TRACER EXPERIMENTS

In order to develop a better understanding of
the processes controlling solute (and contaminant)
transport in fractured rock, a field test site was es-
tablished and instrumented at Chalk River for the
purpose of conducting groundwater tracer experi-
ments. Commonly, such field investigations involve
one or more groundwater tracer experiments where
tracers are introduced into a natural or forced gra-
dient flow field and migration through the forma-
tion is monitored at observations wells. Of all po-
tential groundwater tracers, radioactive ionic species
(and some complexes) have been found to be most
useful, primarily because of the ease and accuracy
of detection in groundwater systems. Furthermore,
with the aid of standard natural gamma logging
equipment, migration of gamma-emitting radioactive
tracers can be monitored in situ without drawing
groundwater samples to the surface for analysis.

To investigate the solute transport properties of
a moderately fractured monzonitic gneiss, two tracer
experiments were conducted at Chalk River in a ra-
dial array of six N-size boreholes. Five observation
wells are located 10 to 40 m from the central injec-
tion borehole CR-6. Two radioactive tracers, I31I
(half-life of 8.07 days) and 85Sr (half-life of 64 days),
were introduced over a 100-hour period into a ra-
dial injection, flow field established within an iso-
lated section at 100-m depth in CR-6. The objective
in conducting this type of experiment was to com-
pare the relative velocities of the conservative (low-
adsorbing) tracer 131I and the reactive (high-adsorb-
ing) tracer 85Sr, as well as to monitor the rate at
which the 1311 is dispersed by the formation.

The five radial observation wells are cased with
PVC casing strings incorporating a series of water-
inflated packers that isolate various hydraulic re-
gimes along the boreholes. Access to the formation
from the interior of the casing strings is gained
through specially designed ports that can be opened
and closed from surface. With all of the access
ports closed, the interior of the casing string is sea-
led from the borehole annulus. Thus the gamma
logging probe can travel the interior of the casing
string in the observation wells without becoming
contaminated with effluent tracer or disturbing the
tracer particle field in the borehole annulus.

In order to detect the breakthrough depths and
monitor the amount of gamma activity at the obser-
vation wells, a gamma logging unit with a 3.18-cm
(1.25-inch) probe coupled to an electric cable winch
was employed (Fig. 12). A second gamma probe
was also installed in the injection test section to
monitor the input concentration of the tracers. Each
probe consisted of a 1.91-cm-diameter (0.75-inch) by
7.62-cm-long (3-inch) Nal (thallium-doped) scintilla-
tion crystal fitted to a photomultiplier tube and
sealed in a stainless-steel housing. The photomultip-
lier tube output was monitored at surface in two
ways. First, the pulse output was collected on a
standard four-channel analyzer. Window widths on

two channels were modified to bracket the respec-
tive 131 and H5Sr peaks in the gamma energy spec-
trum, while the remaining two channels had win-
dow widths for 40K energy and the full gamma
spectrum. Experience with this particular type of
equipment had shown that, because the borehole
probe was continually changing temperature as it
was moved from borehole to borehole, the mea-
sured energy spectrum was constantly shifting de-
spite frequent calibrations at surface with a 137Cs
source. Therefore, because the window widths and
positions on the four-channel analyzer remained
constant, inconsistent values for 131I and K5Sr were
obtained as the energy spectrum shifted. To circum-
vent this problem, the gamma energy pulses from
the photomultiplier were also collected on a pulse-
height analyzer. The pulse-height analyzer was set
to collect counts over 1024 channels (approximately
1 MeV of the energy spectrum). After each count-
ing period, the collected data were stored digitally
and the individual 131I and 8SSr peaks correlated to
gamma energy at a later date.

Because of the inefficiency of Nal spectroscopy,
the energy peaks for 131I and a5Sr often overlap,
particularly when counting very active samples.
Therefore, some method of increasing resolution
was necessary. This was achieved by installing a
pulse-shaping amplifier that modifies the pulse out-
put from the gamma detector. When the count rate
is high, incident pulses tend to fall on the tailing
energy of previously counted pulses, which in turn
creates a larger energy spread to the peak on the
spectrum. The pulse-shaping amplifier removes
some of the tail energy on the pulses (modifies
them to a boxcar shape) before they are collected in
the pulse-height analyzer. This has the effect of
deepening the valley between the 131I and ^ r
peaks on the spectrum, facilitating resolution of the
individual isotopes. Figure 13 shows the gamma
spectra obtained from the injection-well test section
during tracer injection. The relative counts per sec-
ond for each radioisotope were calculated by strip-
ping the background and Compton edge from the
areas of the individual peaks.

Once the tracer injection had been initiated, a
set procedure was followed in which each of the
five observation boreholes were logged in succession
over its entire length. When a breakthrough point
was detected, the borehole probe was stationed loc-
ally and the pulse-height analyzer allowed to count
for a minimum of 100 seconds to collect a gamma
spectrum of the effluent tracer.

Tracer breakthrough was only observed in the
two boreholes (CR-11 and CR-7) closest to the injec-
tion borehole (CR-6) at radial distances of approxi-
mately 10 and 12 m, respectively. The first arrival
of tracer was detected in boreholes CR-11 and CR-
7, 6.9 hours and 11.2 hours, respectively, after in-
itial tracer injection in borehole CR-6. One break-
through point was observed in CR-11 and three
breakthrough points were observed in CR-7. Figure
14 shows the temporal trend in 131I gamma activity
breakthrough in borehole CR-11 during the tracer ex-
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gamma activity in an observation well during a radial injection radioactive tracer experiment.
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fracture pair intersects only CR-6 and CR-7.
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periment. The eluting fracture was identified at 102-
m depth, seven hours after the tracer was initially
injected. Successive logs in Figure 14 show how the
tracer particle field developed around the eluting
fracture.

The attitude in space for each of the eluting
fractures was estimated by correlating the individual
breakthrough point depths to existing acoustic tele-
viewer and borehole television fracture logs. Figure
15 shows an interpretation of the tracer migration
pathway as constructed from these attitudes. It is
apparent from this schematic that the flow path
length can be significantly longer than the direct in-
terwell distance. For example, the path length be-
tween the uppermost breakthrough point in CR-7
and injection borehole CR-6 is 25% greater than the
direct radial distance.

APPLICATION TO HYDROGEOCHEMICAL
STUDIES

Borehole CR-13 was drilled using air-percussion
methods to a depth of 610 m in order to conduct
hydrogeochemical investigations, and to provide a
deep borehole for the testing of recently developed
instrumentation required for this purpose. Rock chip
samples collected during drilling indicated two prin-
cipal rock types: monzonitic gneiss in the upper 400
m and gabbro from 400 to 610 m. Pegmatite veins
intrude both, rock types. Multi-level ported casing
(7.5-cm nominal diameter) was installed in the
borehole to a depth of 580 m in order to provide
permanent, packer-isolated zones for hydrogeoehem-
ical testing. The casing consists of 166 x 3.05-m-long
PVC casing sections, 45 x 1.52-m-long external cas-
ing packers, and 14 x 30-cm-long pumping ports. A
condensed version of the casing components is
shown in Figure 16.

The selection and positioning of test zones rela-
tive to the distribution of open fractures intersected
by the borehole is critical to the optimization of hy-
drogeochemical data collection. The depths of the
major water-producing fractures can usually be
identified by monitoring the discharge of water that
is blown from the hole during air drilling. In the
case of core drilling, open fractures cart often be
observed directly in the core. For hydrogeochemical
investigations, however, air-drilled holes are pre-
ferred to diamond-drilled holes in order to eliminate
the problem of groundwater contamination by drill
water.

The drilling of borehole CR-13 was completed in
late 1980 October. Tn order to "shut-in" the
borehole until the next field season, the multi-level
ported casing was installed in December. Because
borehole hydraulic conductivity testing of the entire
borehole could not be conducted at that time, the
borehole television camera operated by the Geologi-
cal Survey of Canada was used in an attempt to lo-
cate open fractures. This proved unsuccessful. In
fact, although approximately 425 discontinuities
were observed, only one open fracture (at 86 m)
could be confirmed. The television camera has ap-

„ 0 DAT.
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CASING SECTION

PUMPING POUT

- — MAJOR WATER PRODUCING FRACTURE

' END OF LOG

BOTTOM OF PVC CASING-580 m
BOTTOM OF BOffEHOLE-610 n>

Figure 16: Condensed representation of the multi-
level ported casing installed in borehole CR-13.

parently less resolution in the 15-cm-diameter
boreholes than in the N-size (7.6-cm-diameter)
boreholes. Therefore, the positioning of test zones
in CR-13 was determined on the basis of 1) hydro-
geological observations at the time of drilling (i.e.,
water production, drilling rate, etc.), 2) an inspec-
tion of the rock chip samples collected during dril-
ling for evidence of open fractures, as suggested by
the presence of secondary fracture-infilling minerals
(usually calcite), and 3) the intensity of fracturing
and the occurrences of fracture zones as identified
by the television camera.

Borehole hydrogeochemical studies were con-
ducted in CR-13 in 1981 and 1982. After the 1981
field season, the inside of the casing was inspected
with the television camera for damage to the PVC
casing incurred through the operation of the
geochemica! probe or the wire-line tool that opens
and closes the pumping ports. The diameter and
white colour of the PVC casing resulted in excellent
resolution of features observed with the television
camera. Two hairline cracks were observed in the
PVC casing, one of which was later confirmed by
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injection testing. As well, one of the pumping ports
was observed to be "open" despite efforts to close
the port at the end of the previous field season.
The television camera thus provided valuable infor-
mation on the physical integrity of the casing,
which had to be considered when interpreting some
ot the more controversial aspects of the hydro-
geochemical data, and in evaluating the reliability of
the methodology used for collection of these data.

A summary of the hydrochemistry of borehole
CR-13 is presented in Table 1, a discussion of
which can be found in Bottomley et al. (1984a and
b). Also listed are the equivalent rock mass per-
meabilities (KL.rm) of the test zones calculated from
pressure drawdown measurements recorded during
pumping. The major ion chemistry of the ground-
water is of the Na/HCO3 type at port 14 (86 m),
with a very low chloride concentration of ~ 1
mg-l. . The chloride concentration, however, in-
creases rapidly with depth so that at ports 10 (217
m), 9 (248 m), and 8 (341 m) the water chemistry
is ot the Na/Cl variety but of relatively low ionic
strength when compared to the salinity of many
other Na/Cl groundvvaters found on the Shield
(Fritz and Frape, 1982). At ports 6 (423 m), 4 (486
m), and 1 (576 m) the groundwater is again of the
W H C O T type. The isotope geochemistry of these
groundwaters suggests that the increase in chlorin-
ity with depth may be the result of an infiltrated
component of Champlain Sea water that, inundated
the Chalk River area about 11,000 years ago (Catto
et al., 1981). The reversion to Na/HCO;, ground wat-
ers from test zones in the gabbro below 400 m, to-
gether with the relatively low K,.rm values for the
gabbro, suggest the gabbro may be acting as a low
permeability "barrier" to the downward flow of
groundwater.

In order to determine the position of the contact
between the monzonitic gneiss and the gabbro more
precisely, natural gamma logging was conducted
through the PVC casing of the borehole to a depth
of about 505 m. The gamma log suggests the mon-
/onitic gneiss-gabbro contact may be as shallow as
365 m, but is lithologically gradational in nature
until about 41X1 m (Fig. 17). Thus pumping ports I-
7 access primarily gabbroic rock, whereas port 8,
which produces groundwater with the highest
chloride concentrations, is positioned just above the
monzonitic gneiss-gabbro contact. The apparent
coincidence between the highest chlorinity ground-
water and the monzonitic gneiss-gabbro contact may
be evidence that the gabbro represents a low-per-
meability boundary to downward groundwater flow
and solute transport.

The gamma log also confirms the presence of a
major pegmatite vein from 223 m to 230 m. Spect-
ral gamma logging at this depth indicated that
much of the gamma activity in the pegmatite is due
to the presence of uranium. Indeed, a scanning
electron microscope inspection of feldspar surfaces
from the rock chip samples at 230 m revealed the
presence of a uranium oxide mineral, presumably
uranitite. The influence of the uraniferous pegmatite

on the uranium geochemistry of the groundwater in
CR-13 is clearly shown in Table 1. At port 14, the
uranium concentration is low, but the 234U/238U ac-
tivity ratio is relatively high, presumably because of
the recoil of the parent isotope of 234U (234Th) into
microimperfections in crystal lattices, which ulti-
mately favours preferential solution of 234U to 238U
(Osmond and Cowart, 1976). At port 10, however,
the dissolved uranium concentration is high, but
the 234U/23HU ratio is considerably reduced. This
suggests that dissolution of the uranium oxide min-
eral in the pegmatite swamped the uranium isotope
disequilibria that evolved in the upper 220 m of the
bedrock, where average Precambrian rock uranium
concentrations are present. The uraniferous pegma-
tite appears to have influenced the uranium
geochemistry of the groundwater to a depth of at
least 340 m (port 8), implying that groundwater
flow in the past has had a strong downward com-
ponent.

In summary, the gamma log is considered to be
a potentially important tool for complementing hy-
drogeochemical investigations in fractured igneous
rocks. Several of the potential groundwater age-dat-
ing techniques and models (i.e., helium dating,
234U/23HU disequilibria, 22"Ra 222Rn dating) assume
that the important radioelement concentrations in
the rock are known and their lithologic distributions
are predictable. Borehole gamma logging with spect-
ral resolution is one relatively rapid method of test-
ing this assumption. In deep, air-drilled holes, the
gamma log should also help define gross lithologic
changes since rock chip samples collected during
deep drilling often provide less than ideal control
on the nature of lithologic variability in the
borehole.

CONCLUSIONS

Surface and borehole geophysical techniques
have been applied at CRNL to assist in the solution
of a variety of hydrogeological problems. Surface
and airborne electromagnetic surveys and ground
EM-VLF surveys were used to identify major struc-
tural features and to locate a flow system study site
of relatively uniform fracturing. Standard borehole
geophysical logs (density, neutron, gamma, and
sonic) provided more detailed lithologic logs than
could be constructed from chip samples collected
during air-percussion drilling.

Subsurface fracture locations and characteristics,
particularly fracture orientation and estimates of
fracture aperture, were obtained from borehole tele-
vision and acoustic televiewer surveys. Qualitative
information on the degree of fracturing intersecting
a borehole was also provided by standard geophysi-
cal logs, particularly logs of sonic travel time and
borehole EM-VLF surveys. Borehole geophysical sur-
veys in conjunction with straddle-packer injection
testing identified fractures and fracture /ones for
subsequent long-term hydraulic testing and monitor-
ing. Fracture location and orientation data obtained
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CR-11

TABLE 1

GROUNDWATER CHEMISTRY OF BOREHOLE CR-13 (mg-L1 UNLESS INDICATED OTHERWISE)

SO.,2 Cr B r F Si U pH EH " O 214U/""U K e r m "
<mV) (%oSMOW) (A.R.C (cm/s)

Pumping
Port

Number

14

10

9

8

6

4

.1

Depth
(m)

86

217

248

341

423

486

576

Lower Bass Lake

C>2'

17.0

13.6

15.5

35.1

15.3

8.1

18.6

5.1

Mg*

2.8

1.8

1.7

2.4

2.8

1.5

2.8

1.7

N a '

36.0

92.0

96.6

209.0

69.6

91.9

53.0

2.3

K

0.4

1.0

0.8

1.1

2.6

5.8

2.8

1.2

Sr2 '

0.9

0.7

0.5

1.7

0.5

0.3

0.6

0.4

HCO,

158.0

93.9

91.0

50.1

155.0

171.0

159.0

15.0

8.0 1.0 s-0.2 0.4 3.8 0.6 8.5 I 350 -12.1 3.7 -HV

19.0 98.0 0.6 2.5 5.0 17.8 8.5 I 190 -13.5 1.79 >3xUr'"

23.6 121.0 1.9 2.3 5.0 13.7 8.3 I 350 -13.1 1.76 i xUP

53.8 325.0 3.0 2.5 3.5 1.2 7.9 1330 -12.9 1.73 2x10"

21.9 36.8 0.3 0.7 3.5 3.5 7.3 1325 -12.1 1.86 3xK)7

8.2 48.1 0.5 0.7 3.5 1.3 8.3 -100 -11.0 1.69 2x10"

8.8 29.0 <0.1 0.7 6.0 0.8 8.1 0 -11.8 1.6 2xl()7

7.0 2.9 - - 5.0 - 6.6 -

* activity ratio

** equivalent rock mass permeability
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from acoustic television surveys were also used
with injection test data to describe the directional
hydraulic properties of the rock mass for input to
numerical model studies of groundwater flow. Ft is
worth emphasizing, however, that borehole
geophysical techniques provide information only on
"near-borehole" fracture characteristics. Hydraulic
continuity of fractures in the "far field" can best be
evaluated through hydraulic testing involving two
or more boreholes.

In situ gamma detection and spectrciscopy was
used at the tracer site to define migration pathways
during a radial injection tracer experiment using the
radioisotopes ' ' 'I and s'Sr. Borehole gamma logging
can also be used successfully to identity lithologic
variations in radioelement concentrations that influ-
ence the isotope geochemistry of groundwaters and
that must be considered in the evaluation of poten-
tial groundwater age-dating methods.
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ABSTRACT

Convincing evidence for groundwater flow through crystalline bedrock to Maskinonge Lake was obtained
using two borehole techniques: a lake-level response test and borehole dilution measurements.

For the lake-level response test, four boreholes were drilled into bedrock near the shoreline of the lake.
The holes were tested for hydraulic conductivity and fitted with packers and standpipes, so that each hole
provided three piezometers and one water-table well in the rock around the lake. Lake level was main-
tained at an artificially high level for several months while water levels in the piezometric network were
monitored and found to be above lake level. When the lake level was lowered by 0.6 m over a 4-day
period, piezometric levels around the lake also declined by 0.6 m over a 4- to 25-day period. The degree of
connection with the lake was assumed to be measured by the rate of change of piezometric level relative to
the rate of change of lake level. The rate of piezometric decline was inversely proportional to the initial
steady-state difference in hydraulic head between the lake and the point of piezometric measurement within
the rock.

Borehole-dilution tests were applied in one of five additional boreholes that were drilled to intersect frac-
ture zones identified from ground VLF-EM surveys and aerial photographs. Measured dilution rates ranged
from less than 0.1 mL per minute to 118 mL per minute in 1.1-m-long sections of the 76-mm-diameter
borehole. Because hydraulic heads in the near-lake boreholes were higher than lake level, it was concluded
that, at some locations, groundwater may be flowing into the lake through fractured rock at unexpectedly
high rates.

INTRODUCTION

This work was focused on groundwater/surface-
water connections near regional topographic lows
because it is in such areas that regional groundwa-
ter discharge is likely to occur.

A theoretical section parallel to the regional gra-
dient (Fig. 1) shows groundwater recharge on the
topographic highs and discharge in the lows. This
general pattern was postulated through theoretical
studies by Hubbert (1940), Toth (1963) and Freeze
and Witherspoon (1967) and has also been observed
on a regional scale in studies of groundwater flow
in western Canada (e.g., Meyboom, 1966; Freeze,
1969). Although no field study in Shield terrain in
Canada has yet been undertaken to test it, it forms
a reasonable starting hypothesis. A vertical borehole
at point N (Fig. 1) would be expected to intersect
water of increasing head, age, and dissolved solids
with increasing depth.

Another consequence of regional groundwater
flow of the form shown in Figure 1 would be the
development of evaporite deposits in discharge
areas. Such deposits have been observed in western
Canada where their occurrences generally support
regional groundwater flow models. To the author's
knowledge, however, there have been no observa-
tions of salt buildups in soils. This contrast between
east and west may be due to the fact that dis-
charge into dry or poorly drained land simply does

TOPOGRAPHIC
^ HIGH

TOPOGRAPHIC
LOW

M
N

Figure 1: An idealized section of regional ground-
water flow along the regional hydraulic gradient.
Where this pattern exists, a piezometer nest in a
borehole at point M would show a decrease in ele-
vation head with increasing depth. A piezometer at
point N would be expected to show increasing
head with depth and increasing groundwater "age"
with depth over a much smaller vertical distance
than at M.

not occur in humid regions; virtually all discharge
is directed into topographic lows that are well-
drained by surface run-off. Therefore, if regional-
scale flow exists in southeastern Canada, then any
dissolved salts must be carried to the sea via sur-
face drainages as fast as salts are borne to the sur-
face.
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This study in Precambrian bedrock terrain was
conducted at Maskinonge Lake on the property of
Chalk River Nuclear Laboratories (CRNL), beginning
in 1981. The following methods appeared to offer
the greatest potential for determining where and to
what extent surface and groundwaters are con-
nected: 1) shallow borehole techniques, including
lake-level response testing and borehole dilution; 2)
lake-bed examination using scuba; and 3) airborne
thermal imagery. The thermal imagery results have
not yet proven useful in the study of bedrock
ground water flows (Lee and Tracey, 1984).

METHODS AND RESULTS

Lake-level Lowering Experiment

Four boreholes (CR-14 to 18) were drilled verti-
cally to a depth of 60 m (Fig. 2). Lake ice was
used as an access road for the drilling equipment.
Hydraulic conductivity was measured using falling
or constant head tests (Hvorslev, 1951) on 3-m-long
borehole intervals sealed between 1-m-long inflated
packers. Hydraulic conductivity values ranged from
10"10 to 4 x KT* m/s with a log mean of about
lO-'m/s These values and their range are typically
seen in shallow rock, but they pertain only to the
region near the borehole; they were not expected to
be directly related to the degree of connection with
the lake.

»CR18

Figure 2: Location of four 76-mm boreholes (CR-14
to 17) drilled to depths of 60 m on the shore of
Maskinonge Lake in February 1981. Four additional
holes (CR-18 to 21) were drilled in 1982.

The boreholes were then instrumented with
lightweight removable packers and PVC standpipes
(Fig. 3) that provided continuous piezometric and
water-sampling access to selected sections of each
borehole (Lee and Welch, in preparation). Lake
level was held 0.7 m above the base of three 0.9-
m-diameter culverts at the lake outlet and water

lake

60m

lake

levels:
lake<A<C

Figure 3: Schematic of the near-lake piezometer
monitoring system. 3a shows a typical installation
involving 5 packers, each 3 m long. The upper-
most interval (WT) was a water-table well as the
holes were cased only 0.5 m into bedrock.
Maximum lake depth was 17.4 m. 3b shows in a
schematic manner the general piezometric condition
of the rock mass in bedrock around Maskinonge
Lake.

levels in the borehole piezometers were monitored
over a three-month period. Culverts were then
opened and the lake level and piezometric levels
were recorded.

Results are shown in Figure 4. The lake drained
at a rate of about 10 cm/d from the 15th of De-
cember to the 20th. Piezometric levels responded to
the decline in lake level. Some of the piezometric
records followed in remarkable concert with the
lake. This indicated that much of the rock mass
around the lake was hydraulically connected with
it. Examination of a graph of piezometric level and
rate of water-level decline on December 17 (Fig. 5)
shows that the degree of connection was related to
the magnitude of the difference between the initial
piezometric head and the head of the lake.

The lake-level lowering experiment showed that,
in some areas, there were good connections with
the lake. Gradients were such that measureable vol-
umes of water could be flowing toward the lake
through this rock. During a scuba survey of the
lake bed, iron-oxide minerals were noted in some
underwater fractures. Chemical measurements had
indicated that some of the bedrock groundwaters
contained appreciable quantities of iron in solution.
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14B

3 0

TIME.days
Figure 4: Hydraulic head near the lake and within
the lake (dashed line) in 1981 December. Numbers
(e.g., 14B) indicate piezometric intervals in the
rock mass. 16C was same as 17A. Lake outlet was
opened on December 15 (dotted line).
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RATEOFDROPlN WATER LEVEL cm/d

Figure 5: Graph of stable piezometric head versus
rate of decrease in water level on 1981 December
17.

It was expected that, where fractures intersected the
lake, fracture infilling of iron-oxide would be pre-
cipitated at the lake water/groundwater interface.
These underwater fracture infillings were found
only along some parts of the western shores of the
lake. No such infilling was seen on the eastern
shores. This pattern of infilling may correspond to
the effects of a regional hydraulic gradient that is
directed from the northwest to the southeast.

Hydrogeochemical Results

The intention was to use as much topographic
and geophysical information as possible when siting
additional boreholes. Of particular interest was the
significance of very low frequency electromagnetic
(VLF-EM) conductors and topographic lineaments in
the transport of bedrock groundwaters to the lake.

In February 1982, four (CR-18 to 21) additional
holes were drilled to depths of 30 to 60 m on the
shore of Maskinonge Lake (Fig. 2). Except for CR-
20, these boreholes were drilled to intersect topog-
raphic and VLF-EM lineaments. CR-20 was on a
VLF-EM lineament but not on a topographic line-
ament. Before drilling, a VLF-EM survey was con-
ducted on a series of parallel lines, 25 m apart, and
normal to topographic lineaments in the vicinity of
each of the boreholes CR-18 through CR-22. (CR-22
was located at the north end of Chalk Lake, 600 m
south of CR-16.) Three of these boreholes produced
flowing wells (CR-19, 20, 21). CR-19 ceased flowing
within two days of its drilling, but continued to
maintain a non-pumping static water level above
Maskinonge Lake.

Two holes have been studied in some detail.
CR-19 was used for borehole dilution tests, de-
signed to measure, in situ, the fluxes of water to-
ward the lake. CR-20 was used for detailed chemi-
cal and isotopic work.

If groundwater from bedrock is entering Mas-
kinonge Lake, then bedrock wells located on the
upgradient or western side of the lake (e.g., at pos-
ition N on Figure 1) should provide information
consistent with the pattern as shown in Figure 1.

In general, increasing heads with depth have
also been found in the existing piezometric inter-
vals, although head conditions frequently are seen
to increase and decrease along the borehole length.
This is presumably a reflection of the strong hy-
draulic conductivity contrasts seen in this rock and
the varying degrees of connectivity between fracture
zones. Water with surprisingly great C-14 "ages" of
4,640 ± 560 years and 6,580 ± 1140 years was ob-
served in the deeper sections of CR-20 (Milton and
Brown, 1983).

An increase in dissolved solids has been ob-
served on the western side of Makinonge Lake in
borehole CR-20 (Lee and Welch, unpublished re-
sults).
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Borehole Dilution Results REFERENCES

One potential method for flux measurements is
the borehole dilution method. This method yields
an estimate of flux across the diameter of a
borehole from measurements of the dedine in con-
servative tracer concentration over time. If the vol-
ume in the measurement zone is well-mixed, a
straight-line relation will be found between the log
of tracer concentration and time. The slope of this
line is proportional to flux. In fractured rock, this
technique must be regarded as giving semi-quantita-
tive results unless the ratio of cross-section area of
the borehole to the cross-section area of fracture
flow is known and is used to convert the measured
flux to a fracture velocity. Previous attempts to use
the borehole dilution method at Chalk River had
met with failure. Problems appeared to be due to
the use of complex downhole injection and mixing
equipment and (perhaps as a result of this) a lack
of time to survey a number of potential flow zones.

I reduced the mixing volume with a cylinder
that filled four fifths of the borehole interval. This
reduced by a factor of five the time required for
natural flow to produce a satisfactory tracer dilu-
tion. Details are given by Lee (in preparation).
Borehole dilution measurements in CR-19 gave dilu-
tion rates that ranged from 0.02 to 118 mL per
minute across 21 1.1-m-long, 76-mm-diameter sec-
tions of borehole.

CONCLUSIONS

Evidence for bedrock groundwater flow to Mas-
kinonge Lake came from two approaches: a lake-
level response test and borehole dilution tests. The
lake-level test showed that all the tested zones were
hydraulically connected with the lake, some zones
responding very closely to the decline in lake level
and other zones moving to new static levels more
slowly over a 25-day period.

A VLF-EM survey was used to locate three drill
sites that produced flowing artesian wells. Measure-
ments of head, dissolved solids and age (from CR-
20) generally supported the hypothesis that regional
water is moving through the rock toward Mas-
kinonge Lake.

Borehole dilution results in borehole CR-19
showed that fluxes at least as high as 118 mL per
minute occurred through borehole intervals that
were 1.1 m long and 76 mm in diameter within
50 m of the lake. Because heads were strongly posi-
tive with respect to the lake, it was concluded that
these flows were into the lake.
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Discussion - Paper No. 24

P.A.Brown - Were all the VLF linears that you drilled through trending east-west or were there vari-
ous orientations?

D.R.Lee - There were various orientations. The ones trending north-south did not yield very well.
On the north end of Maskinonge Lake, there is a linear that did not yield much water
and water levels in there are nearly the same as lake levels. Most of the fracture zone,
which is huge and packed with calcite - a very old one, I guess - does not have heads
that indicate strong flow toward the lake. The one on a linear connecting Maskinonge and
Chalk Lakes may give about the same result. Again, it is a north-south trending conduc-
tor; the east-west ones produced flowing wells. This agrees with your hypothesis that the
east-west features are more recent and more open.

D.H.Charlesworth - Do you have any indication in the wells that are coupled to the lake what depth the
coupling is? Is there any way of differentiating where the coupling path comes into the
borehole?

D.R.Lee - No. Not yet. We are working on some things that I hesitate to mention now. Anything
we have tried hasn't worked so far.

I.A.Cherry - How do flux values from your borehole dilution tests compare to classical Darcy-based
calculations based on hydraulic conductivity and estimates of hydraulic gradient?

D.R. Lee - The hydraulic conductivity measurements are all borehole-derived. Later, I will get some
values from the zone between the boreholes and the lake with another lake-level response
test. However, assuming flow path of 50 m and with hydraulic conductivities of the mag-
nitude measured at the borehole CR-19 when we did the dilution tests, many of the re-
sults did compare with a rough calculation of what flow might exist.
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ABSTRACT

Low- and intermediate-level wastes (L&ILW) are produced at the Chalk River Nuclear Laboratories (CRNL)
by the operation and development and by the production of radioisotopes. CRNL also manages L&ILW pro-
duced by Canadian research laboratories, universities, hospitals and some industries. These wastes are cur-
rently being safely stored. Surveillance is required during storage and it is recognized that some of these
wastes will remain hazardous beyond the useful lifetime of the storage facilities. These longer-lived wastes
will require disposal where disposal means emplacement with no further action required for safety.

One option that is being considered for the disposal of some of these wastes is to emplace them in a shal-
low rock cavity in fractured crystalline bedrock on the CRNL property. To design such a disposal facility
and to evaluate its long-term performance, data must be obtained on the geological and hyrogeological char-
acteristics of the site. In particular, investigations must obtain data that will help locate discontinuities in
the bedrock and evaluate their geomechanical and hydraulic properties.

Over the past several years, a variety of airborne, ground surface and borehole geological, geophysical and/
or hydrogeological methods have been used to acquire data on some rock mass discontinuities at CRNL.
The techniques that are apparently more useful for acquiring these data are described and a proposed ap-
proach to site characterization for a shallow rock cavity at CRNL is outlined.

INTRODUCTION AND SCOPE

The disposal of low-level waste (LLW) and inter-
mediate-level waste (ILW) on the Chalk River Nu-
clear Laboratories (CRNL) property (Fig. 1) is cur-
rently being evaluated by Atomic Energy of Canada
Limited (AECL). Two concepts that are being con-
sidered are shallow land burial (Feraday, 1982) and
disposal in a shallow rock cavity (SRC) (Dixon,
1981). The former facility would be situated in a
well-drained sand deposit above the water table.
The latter facility would be located in the fractured
Precambrian crystalline rock mass on the CRNL
property and is the focus of the following discus-
sion.

The scope of this paper is limited to brief de-
scriptions of the SRC concept, the types of LLW
and ILW involved and the geological data that must
be obtained at a potential site in fractured crystal-
line rock. The most important geological information
required in this type of rock concerns the nature
and distribution of the rock mass discontinuities.
These largely control the geomechanical and hy-
draulic properties of the rock mass. Descriptions of
site investigation techniques for obtaining these data
are based on experiences gained in the investigation
of the bedrock at the CRNL property. The overall
objective of this paper is to outline an approach to

choosing a potentially suitable location for a SRC
and to characterizing the geological and hydro-
geological conditions at that location.

DESCRIPTION OF LOW- AND
INTERMEDIATE-LEVEL WASTES

Radioactive waste at CRNL is currently being
stored in a variety of facilities, which are described
by Morrison (1975) and Feraday (1982). The
80,000 m3 of stored waste accumulated by 1982 is
categorized as being about 80 pprcent LLW, 15 per-
cent ILW and about 5 percent high-level waste
(HLW). The LLW consists mainly of trash arising
from the operation and maintenance of nuclear fa-
cilities. Typically, it contains discarded protective
clothing and cleaning materials (e.g., mops and
rags), worn out and outdated equipment and tools,
contaminated scrap metal and other miscellaneous
materials. The ILW includes ion exchange resins, fil-
ters, Co-60 sources, residues from radioisotope pro-
duction and some redundant reactor components.
The small quantity of HLW is mainly irradiated ex-
perimental fuel and in-core reactor components con-
taining long-lived activation products. Up to 1982,
about 3000 m1 of space had been used annually to
store the waste. Since that time, a new Waste
Treatment Centre has become partially operational
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Figure 1: Location of Chalk River Nuclear Laboratories and the watte management areas.
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with the prospect of eventually decreasing the vol-
ume of waste requiring disposal to about 1500 nr1

each year (Beamer, 1981; Buckley and Pettipas,
1981; Pettipas, 1982).

THE CRNL SHALLOW ROCK CAVITY
DISPOSAL CONCEPT

Preliminary engineering design studies have
been conducted for the SRC concept primarily to
estimate the cost of disposal by this method
(Schonherr and White, 1981). The studies were
generic; they did not take into account any geologi-
cal or hydrogeological data specific to the bedrock
at the CRNL property.

Multi-level and single-level vault layouts were
evaluated. A single-level layout is shown in Figure
2. All the layouts are based on the modular princi-
ples where the waste emplacement room is the
basic unit (Fig. 3). The emplacement rooms vary in
size depending on the concept, but could have vol-
umes ranging from 7,500 m3 to 38,000 m3, cross-
section areas no larger than 600 m2 and maximum
widths of 20 m. The emplacement rooms are
positioned off secondary haulage ways, which in
turn are connected to the main haulage ways. The
main haulage ways are joined to the ground surface
by a shaft, ramp or adit. The areal dimensions of a
single-level disposal vault at CRNL would be in the
order of 200 m by 200 m.

Before emplacement, the waste material would
be reduced in volume, when appropriate, and im-
mobilized (e.g., in bitumen or concrete). After the
emplacement room is filled, it would be backfilled
with a suitable buffer material. Once the entire
vault is filled, the haulage ways and entrance
would be backfilled and sealed.

GEOLOGICAL SETTING AND SEISMICITY

Brown (1981) has provided a description of the
geological conditions at the CRNL property. The
property is within the Ontario Gneiss belt of the
Grenville Province of the Canadian Shield and is
underlain by three main rock types: paragneiss,
monzonitic gneiss and a diabase. The diabase is lo-
cated spatially along the paragneiss-monzonitic
gneiss contact. In some locations, the diabase has
been altered to chlorite, for example, in borehole
CR-6 between 209 and 289 m (Raven, 1980; Davi-
son, 1981). All three rock units have undergone
strong compressional folding and several mylonite
zones were created by this process. Many of the
discontinuities present in the rock mass are related
to this folding. Superimposed upon the discon-
tinuities created by these geological processes are
those related to the creation of the Ottawa-Bon-
nechere graben. In the area of the CRNL site, the
Ottawa River fault forms the northern margin of
the system of faults associated with the graben.
Perpendicular to the Ottawa River fault is a system
of later cross faults. In more recent geologic times,
the area was subjected to glacial erosion and uplift.

These processes have also created fracturing in the
bedrock. In general, the CRNL property has been
subjected to several periods of deformation, which
have resulted in a highly complex fractured bed-
rock.

The CRNL property is located within the west-
ern boundary of a seismically active area known as
the Western Quebec Zone (WQZ) (Basham, et al.,
1979). This zone has been delineated on the basis
of an apparent clustering of historic earthquake ac-
tivity in eastern Canada. The WQZ includes a great
number of small to moderate, and a few large, his-
torical earthquakes. An earthquake of about Richter
magnitude 6 occurred near Montreal in 1732, of
Richter magnitude 6.25 at Timiskaming in 1935 and
of Richter magnitude 5.6 near Cornwall in 1944. In
a circular area with radius of 450 km surrounding
the CRNL property, including the WQZ and East-
ern background area, there are occurrence reports
of some 28 earthquakes with Richter magnitudes
greater than 5 since 1661. The tectonic reasons for
the concentration of seismic activity in this zone are
not yet understood, although much research is
being undertaken in this direction.

DATA REQUIREMENTS FOR THE DESIGN
OF A SHALLOW ROCK CAVITY

To design and construct a SRC disposal facility
in the bedrock at the CRNL property and to
evaluate its long-term safety, the following informa-
tion must be obtained:

1. Ground water Flow Patterns

The control of groundwater flow through the
rock mass during the construction and operation of
a SRC and following its closure will be an impor-
tant consideration in its design. In particular, cogni-
zance must be taken of the fact that the potential
migration of radionuclides away from the vault will
be the result of groundwater inflow and associated
leaching of the waste material. Predictions of
radionuclide migration will, therefore, require the
determination of groundwater flow pathways
through the system of rock mass discontinuities.

Figure 4 depicts the important role that large-
scale discontinuities, such as fracture zones, faults
and shear zones, may have in controlling ground-
water flow patterns (Davison and Pearson, 1982;
Gale, 1982). The large-scale discontinuities may be
either permeable or impermeable and will thus
drain or impede the movement of water from the
adjacent rock mass. The flow of water in the rock
mass between the large-scale discontinuities will be
governed by the location and geometry of the joints
and fractures. In particular, it will be the aperture
and the interconnectivity of the joints and fractures
which govern the rates and direction of water
movement through the entire system of joints and
fractures (Louis, 1972; Gale, 1982). Since flow
through a fracture is proportional to the cube of
the aperture (Witherspoon et al., 1979), it is ex-
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Figure 3: Typical emplacement room in a (hallow
rock cavity disposal facility (from Schonherr
and White, 1981).
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Figure 4: Hypothetical groundwater flow system in a fractured crystalline rock mass (after
Davison and Pearson 1982; Gale, 1982).

pected that flow through a rock mass is dominated
by a series of interconnected joints and fractures
having the larger apertures.

Thus, a site characterization program is required
to define the geometry of the discontinuity network
to determine groundwater flow patterns.

2. Location of Major Weak Zones

Faults, shear zones and zones of highly frac-
tured rock should be avoided during the construc-
tion of an underground opening. In addition to act-
ing as potential conduits for groundwater flow,
these features may create rock instability problems.
Therefore, it will be necessary to locate these poten-
tially weak zones prior to construction and then to
situate a SRC between them in relatively unfrac-
tured rock.

3. Rock Mass Quality

Between the major zones of weakness, the rock
mass deformation will be controlled by the system
of joints and fractures. The joints and fractures of
varying orientations, spacing and persistence often
intersect and bound blocks of unfractured rock. The
size of the blocks, the interblock strength, the dis-
continuity pore pressure and in situ stress field will
determine the mechanical response of a rock mass

to the presence of an underground opening (Barton
et al., 1975).

The accurate prediction of the mechanical be-
haviour of a rock mass is not currently, and may
never be, possible (Hoek and Brown, 1980). This is
due mainly to an inability to locate and describe all
discontinuities in a rock mass. Also, an incomplete
understanding of the complex mechanical behaviour
of fractured rock masses does not permit predic-
tions of deformation. To overcome this problem, de-
sign decisions on configuration and rock support for
the underground openings are made on the basis of
past experiences in similar rock types. The condi-
tions at one site are related to i.iother by using
rock mass classification systems (e.g., see Deere,
1966; Barton et al., 1975; Hoek and Brown, 1980).
Most of these systems require information on the
location, geometry and surface characteristics of the
discontinuities. This information may be obtained
from the observations on rock core, borehole walls
and other rock surface exposures.

4. Description of Discontinuities

A factor common to all of the above data re-
quirements is the important role of the rock mass
discontinuities. Therefore, the collection of data de-
scribing the location and characteristics of discon-
tinuities will be a fundamental requirement of a site
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investigation in crystalline rock.
Table 1 summarizes the ten parameters that

must be obtained for each rock mass discontinuity
to obtain a complete description of a system of dis-
continuities (Barton, 1978). A variety of site investi-
gation techniques will have to be employed to ob-
tain this information.

5. Radionuclide Migration Properties

In the event of a radionuclide release from the
SRC, the spatial and temporal distribution of
radionudides would be largely controlled by the
groundwater flow patterns in the discontinuity net-
work. However, during groundwater transport,
there would be dilution of radionuclide concentra-
tions by dispersion, diffusion and geochemical
radionuclide attenuation processes. Data describing
these processes must be obtained to assess the
long-term performance of the SRC.
6. Seismirity

Since the CRNL property is located in a seismi-
cally active region, an assessment of the potential
effects of seismicity on the SRC ability to contain
the radioactive waste material should be evaluated.

TABLE 1

PARAMETERS THAT DESCRIBE
DISCONTINUITIES IN A

ROCK MASS (BARTON, 1978)

1. Orientation is the attitude of a discontinuity in
space.

2. Spacing is the perpendicular distance between
discontinuities.

3. Persistence refers to the trace length of a dis-
continuity as observed in an exposure.

4. Roughness is the inherent surface roughness
and waviness relative to the mean plane of a
discontinuity.

5. Aperture is the perpendicular distance between
adjacent blocks of intact rock.

6. Wall Strength is the compressive strength of
the adjacent rock walls.

7. Filling is the material that separates the adja-
cent rock walls of a discontinuity.

8. Seepage is the observation of groundwater
movement through the discontinuity.

9. Number of Sets is the number of joint sets
comprising the intersecting joint system.

10. Block Size is the rock block dimensions result-
ing from the mutual orientation of intersecting
joint sets and resulting from the spacing of in-
dividual sets.

PAST SITE INVESTIGATION EXPERIENCES
AT THE CRNL PROPERTY

Since 1977 the CRNL property has been used as
a research area in the Canadian Nuclear Fuel Waste
Management Program (Boulton, 1978) and was
seiected for the purpose of developing techniques to
characterize fractured crystalline rock. Investigators
from the National Hydrology Research Institute (En-
vironment Canada), Geological Survey of Canada
(Energy, Mines and Resources), Earth Physics
Branch (Energy, Mines and Resources), and con-
tracting agencies have used numerous techniques,
with varying degrees of success, to characterize
lithologies and discontinuities in the CRNL property
bedrock (for example, see other papers within this
volume). These techniques have been used mainly
in a small area of the CRNL property centred in
the vicinity of Upper and Lower Bass Lakes (Fig.
1). Many of these site investigation techniques have
been reviewed and the techniques that appear use-
ful for providing SRC design rlata have been iden-
tified. This review, however, is neither exhaustive
nor unbiased.

Techniques that have been reviewed are divided
into three categories based on the vantage point
from which they examine the rock mass, i.e., air-
borne, ground surface and borehole techniques.
These are listed in Table 2 and are discussed in
more detail below.

TABLE 2

SITE INVESTIGATION TECHNIQUES FOR
DESCRIBING ROCK MASS DISCONTINUITIES

Airborne Techniques:

Aerial Photography
Airborne Geophysics

- aeromagnetic surveys
- electromagnetic surveys

Ground Surface Techniques:

Ground Surface Geological Mapping
Ground Surface Geophysics

- electromagnetic methods
- electrical methods
- seismic methods

Borehole Techniques:

Analysis of Drill Core
Borehole Geophysics
Borehole Television Camera
Borehole Acoustic Telev'^wer
Borehole Hydraulic Testing
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AIRBORNE TECHNIQUES

Discussion of Reported Results

Aerial photography and airborne geophysics are
the two airborne remote-sensing techniques that
were used to study the geological conditions in the
vicinity of Upper and Lower Bass Lakes. Raven
(1980) and Brown (1981) have used aerial photo-
graphs of the CRNL property to identify topog-
raphic lineaments. An example of an airphoto linea-
ment interpretation is shown in Figure .'. Most of
the lineaments that were observed on the aerial
photographs were valleys or depressions. Many of
the lineaments are believed to represent major
structural features such as faults and shear zones.
However, some of these lineaments may represent
zones of selective weathering or areas that were
preferentially eroded by glacial ice. In addition, the
analysis of airphoto lineaments is partially subjective
and different investigators may see different linea-
ments. Aerial photographs taken under differing
conditions also show different lineaments. Thus,
several independent lineament surveys should be
conducted.

Raven (1980) has reported that a combination of
airphoto lineament analysis and surface geological
mapping was successful in establishing the location
and orientation of a major east-west fault zone run-
ning through Upper Bass Lake. Raven and Gale
(1977) (cited in Raven, 1980) have shown that simi-
lar techniques employed at three Canadian mines
were useful in predicting the occurrence of faults
and shear zones to depths of 1000 to 1500 m.
However, Merritt and Baecher (1981) state: "Region-
al geology or local geology may be of use in pro-
jecting faults or large shears to unexplored parts of
the rock mass, but poor correlation of the predicted
and encountered geology in tunnelling casts doubt
on the accuracy with which structural features at
the surface can be projected into the rock mass".

Hayles (1982) has reported the use of the two
types of airborne geophysical techniques on the
CRNL property: aeromagnetic (total-field and vertical
gradient) and airborne electromagnetic surveys. The
aeromagnetic surveys were successful in identifying
two parallel east-west striking diabase dykes run-
ning across the property. These are part of the
Grenville diabase dyke swarm found in the area.

Implications of Results

If all of the lineaments in Figure 5 represent
structural features such as faults and shear zones,
then it is evident that the CRNL property com-
prises a series of rock blocks with dimensions in
the order of hundreds of metres. To host a SRC, a
suitably large rock block would have to be located
and the location and properties of the bounding
faults and shear zones determined.

On the CRNL property, the results of airborne
electromagnetic surveys would be useful for iden-
tifying large-scale water-filled discontinuities in the

rock mass. In addition, several airphoto lineament
surveys should be conducted to identify possible lo-
cations of faults and shear zones. Detailed informa-
tion at depth, however, cannot be obtained by
using airborne techniques alone.

GROUND SURFACE TECHNIQUES

Discussion of Reported Results

Surface geological mapping of bedrock outcrops
and ground surface geophysics were used on the
CRNL property to identify discontinuities at the
bedrock surface. Raven (1980), Brown (1981) and
Raven and Smedley (1982) conducted surface frac-
ture mapping surveys of the bedrock outcrops in
the vicinity of the east side of Maskinonge Lake.
The fracture data recorded during these investiga-
tions included some or all of the following: orienta-
tion, persistence, aperture, filling and roughness.
These data were then further analyzed, in some
cases by using computer-aided techniques (e.g., see
Raven and Smedley, 1982), to identify fracture sets,
mean orientation, lengths, and spacing of the frac-
tures. These studies have shown that within the
large-scale rock blocks, the rock is intersected by
joints and fractures that have spacings in the order
of metres. At least three fracture sets were iden-
tified in this highly complex geological setting.

Of the numerous ground surface geophysical
techniques employed on the CRNL site, the elec-
tromagnetic and electrical methods appear to have
been the most successful in defining the near-sur-
face location of discontinuities. The Very Low Fre-
quency-Electromagnetic (VLF-EM) technique and, to
a lesser degree, the resistivity technique have met
with some success in detecting weak conductors
created by water-filled fracture zones in the top 100
to 200 m of bedrock (Hayles, 1982; Hayles and
Sinha, 1982; Scott, 1987). Hayles (1982), however,
states that the VLF-EM technique responds to all
resistivity contrasts in the subsurface, including
those created by differences in the conductive prop-
erties of the overburden and bedrock. This may
pose problems in uniquely identifying rock discon-
tinuities by the VLF-EM technique in overburden-
covered areas. The interpretation of data produced
by these electrical methods is limited to identifying
the strike of a vertical to subvertical discontinuity.
The depth to the feature and its structural dip are
uncertainties because of limitations in these electrical
methods.

Ground surface seismic techniques have been
used on the CRNL property in an attempt to char-
acterize the discontinuity network in the bedrock.
For example, Wright (1982) has described seismolog-
ical experiments (surface and surface-to-borehole
seismic velocity measurements) that were able to
distinguish zones of different rock mass quality. In
one case, a seismic velocity minimum was corre-
lated with a fault. Wright has suggested that the
measurement of seismic wave velocities would be a
useful method for assessing the quality of large
blocks of rock.
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Figure 5: Traces of lineaments identified on 1:4800 scale air photograph (from Raven, 1960).
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Gagne (1980) conducted a seismic refraction sur-
vey on the CRNL property. Data from this survey
was limited to depth-to-bedrock values and rock
quality at the bedrock surface.

The high-resolution reflection seismic technique
was employed with little success on the CRNL
property (Mair and Lam, 1979). Experience else-
where has shown, however, that this method, com-
bined with an exploratory drilling program, is a
very useful technique for detecting subhorizontal
fractures (Mair and Green, 1981; Green and Mair,
1983). Investigations performed by Raven and
Smedley (1982) indicate that subhorizontal structural
features in the bedrock at the CRNL property are
hydraulically significant. Thus, any combination of
site investigation techniques that shows some prom-
ise of detecting such features should be employed
in a search for a suitable disposal site.

Implications of Results

The purpose of fracture mapping at the bedrock
surface is to predict fracture patterns in the subsur-
face. The usefulness of this approach has been
demonstrated by Raven and Smedley (1982) at
CRNL at least to a depth of 50 m. It is unlikely,
however, that data on such fracture characteristics
as aperture, filling and roughness can be extrapo-
lated to the subsurface because of the effects of
bedrock surface weathering and fracture closure by
larger compressive stresses at depth. It may also be
difficult to accurately predict subsurface fracture pat-
terns or rock mass quality using bedrock surface
data beyond a depth of 50 m. This is evident from
the rock mass characteristics in the vicinity of CR-6
(see Fig. 5). The fracture log for this borehole
(Dugal and Kamineni, 1987) shows the significant
increase in fracture density with depth below 50 m.
This evidence suggests that a suitable location and
design for the SRC must use boreholes to supple-
ment the discontinuity data obtained by the ground
surface methods.

BOREHOLE TECHNIQUES

Discussion of Reported Results

Thirty-nine boreholes have been drilled at vari-
ous locations in the vicinity of Maskinonge Lake
since 1977. Twenty-four of these were cored (CR-1
to 12, CR-14 to 22, FS-15 to 17) and 15 of the holes
were air-percussion drilled (CR-13, FS-1 to 14). Sev-
eral borehole techniques have been used to define
the lithologies and discontinuities intersected by
these boreholes, including the analysis of drill core,
borehole geophysical logging, borehole television
camera and acoustic televiewer logging, and
borehole hydraulic testing.

The principal advantages of obtaining an
oriented drill core is that the lithology and the frac-
ture surfaces can be observed directly and the spa-
tial attitude of the fractures and joints can be accu-
rately determined. Direct observation of small-scale

fracture surfaces will be useful for obtaining infor-
mation on fracture surface roughness and wall
strength. The drilling process limits the possibility
of obtaining accurate data on discontinuity aperture
because of disturbances caused by drilling. The di-
rect observation of large-scale discontinuities, such
as shear zones or fault zones, in drill core, may be
hampered by the fact that the rock core is highly
disturbed during the drilling and core removal pro-
cess (Merritt and Baecher, 1981). A discontinuity in
the rock mass that is filled with a soft clayey mate-
rial could have this infilling washed out by the dril-
ling process. Having accurate data about such weak
zones is important for predicting the geomechanical
and hydraulic behaviour of a rock mass.

A possible alternative to the use of drill core for
defining lithology and discontinuities is to use per-
cussion drilling techniques and to log the drill hole
using borehole geophysical tools, a borehole televis-
ion camera and/or acoustic televiewer. Davison et
al. (1982) have found that the use of multiple
borehole geophysical logging techniques (e.g.,
acoustic velocity, neutron, high-resolution caliper,
gamma, resistivity and temperature) produce a set
of signatures that contain anomalies. These
anomalies could be correlated with the location of
large open fractures. These techniques, however,
have limited resolution and cannot be used to de-
fine fracture geometry.

The acoustic televiewer and borehole television
camera have been used extensively in CRNL
boreholes to provide fairly accurate data on discon-
tinuity location, orientation, spacing, filling and
aperture at the borehole wall. However, neither the
acoustic televiewer nor the borehole television cam-
era could accurately identify those discontinuities
that are hydraulically significant; that is, there may
be many open fractures intersecting the borehole,
but all of them are not necessarily interconnected
with other fractures and are thus not able to trans-
mit water. Davison et al. (1982) state: "At the pre-
sent state-of-the-art, there is no substitute for hy-
drological testing to definitely establish the permea-
bility of fractures in crystalline rock".

Davison (1981) conducted numerous borehole
hydraulic tests in a group of boreholes in the vicin-
ity of CR-6 to define the interconnectivity and aper-
ture of the discontinuities intersected by these
boreholes. The most commonly used technique was
one which isolated a fracture or group of fractures
with straddle packers. Water was injected into these
fractures under known pressure gradient and vol-
umetric fluid flow conditions. In the case where the
tests were conducted on a group of fractures, it
was often not practical to isolate individual fractures
to determine their hydraulic properties; therefore,
an equivalent aperture was calculated. The tests
typically determined the hydraulic characteristics of
the fractures in the immediate vicinity of the
borehole. This part of the fracture is often damaged
by drilling (either plugged or opened). Therefore,
testing may have produced poor estimates of frac-
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ture aperture if the zone influencing the test was
not extended beyond the damaged zone.

The results of these borehole hydraulic tests
show that the equivalent rock mass hydraulic con-
ductivity ranges from 5 x 10"6 m/s (a single open
fracture with an equivalent aperture = 350 microns)
to less than 1 x 10"11 m/s in the intensely fractured
and highly altered diabase unit (Davison, 1981). It
is worth noting that this range in hydraulic conduc-
tivity is characteristic of the gneiss as well as the
diabase. Most of the fractures that have been
shown to transmit water are complex rather than
single planes (Davison et al., 1982).

Hydraulic interference and tracer tests were con-
ducted in the group of boreholes in the vicinity of
CR-6 and FS group of holes (Davison, 1981;
Novakowski et al., in press; Raven et al., 1983).
These multiple borehole tests have shown that dis-
crete and permeable fracture zones are intercon-
nected over distances ranging from 10 to 40 m.
(These zones were not identified by other borehole
techniques or surface geophysical methods.) The
tests were also used to determine the equivalent
aperture of fractures at a distance from the
boreholes that was not attainable by single-borehole
testing techniques. The multiple-borehole test proce-
dures are not routine and are expensive to conduct.

A number of experimental borehole geophysical
techniques have been employed in the CRNL prop-
erty bedrock in an attempt to define the hydraulic
characteristics of discontinuities intersected by a
borehole. Included in this group are the analysis of
seismic tube waves (Huang and Hunter, 1981), well-
tide data (Bower, 1983) and acoustic waveforms
(Paillet, 1983). Of these three techniques, the analy-
sis of acoustic waveform data appears to be the
most promising method of predicting fracture aper-
ture and permeability. Davison et al. (1982) state,
however, that this technique is still in the early
stages of development and is presently not suitable
for routine use.

Implications of Results

Groundwater flow in rock will most likely be
dominated by large discrete discontinuities or sets
of discontinuities. Predictions of groundwater flow
and radionuclide migration through the rock mass
will require that these features be located and char-
acterized by borehole hydraulic testing procedures.
To achieve this at a scale that is necessary to pre-
dict radionuclide migration for a SRC disposal facili-
ty may be an elusive task. In addition, based on
tracer test experiences (Raven et al., 1983) in the
fractured crystalline rock, it will be difficult to pre-
dict radionuclide migration along well-defined dis-
continuities.

The borehole techniques are the most reliable
methods for obtaining data that describe the discon-
tinuities in a rock mass. However, it must be em-
phasized that they can only provide data in the vic-
inity of the borehole. Even the combination of
borehole data with information from remote-sensing

and ground surface methods will only give an ap-
proximate picture of the complex geological condi-
tions that exist in the bedrock at the CRNL prop-
erty. A pilot shaft or adit may have to be con-
structed at the selected site to confirm that the

, geological and hydrogeological conditions are as
predicted. If unfavourable conditions are encoun-
tered during these test excavations, design changes
may be warranted or a new site may have to be
selected.

CONCLUDING REMARKS

The construction of a SRC for a LLW and ILW
disposal facility will require that site-specific investi-
gations be conducted on the CRNL property. The
purpose of these investigations will be to find a
suitable rock mass for hosting the facility, to obtain
the necessary geological and hydrogeological data
for designing the facility and for the assessment of
its long-term performance.

Based on the observations of rock mass discon-
tinuities in the vicinity of Upper and Lower Bass
Lakes and on the aforementioned discussion about
investigation techniques, the following approach to
investigating the entire CRNL property bedrock is
proposed. The objective of the site investigations
will be to locate a relatively large and unfractured
block of rock in which a SRC can be suitably lo-
cated. A reconnaissance investigation of the entire
CRNL property using a combination of airphoto
lineament analysis, ground surface geological map-
ping and ground surface geophysics (in particular
the electrical and electromagnetic methods) would
be used to locate and assess large-scale vertical to
subvertical discontinuities. The usefulness of these
techniques, however, will be hampered by the pres-
ence of overburden. In all locations, the orientation
and characteristics of large-scale discontinuities
would have to be confirmed by drilling.

Large-scale rock blocks that appear to be suita-
ble for hosting a SRC would be further evaluated
using a drilling technique to determine rock-mass
quality. Because drilling can determine rock mass
quality only at discrete locations, other methods
that are suitable for assessing larger volumes of
rock should be used. The propagation of seismic
energy through large volumes of fractured rock
using either surface-to-borehole or cross-borehole
techniques might be a useful method of comparing
the overall rock mass quality in potentially suitable
large-scale rock blocks. In particular, geophysical
cross-hole probing techniques probably hold the
most promise for characterizing discontinuities in a
volume of rock with dimensions up to 100 m on a
side (Nelson, 1982). High-resolution seismic tech-
niques supported with borehole information appear
to be the optimum method of obtaining data de-
scribing the presence of large-scale horizontal to
subhorizontai bedrock discontinuities.

Based on information acquired by the site inves-
tigations as well as other siting considerations, a
suitable site for the SRC would be selected. At this
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stage more detailed site-specific information would
be obtained regarding the location and characteris-
tics of rock discontinuities and groundwater condi-
tions at the selected site by using a combination of
drill core analysis, borehole geophysical logging
techniques, borehole television camera and acoustic
televiewer logging and borehole hydraulic testing.
These activities are costly and would only be used
to acquire enough geological and hydrogeological in-
formation to conduct site-specific design studies and
safety assessments for a SRC. For example, the data
from these studies would be used to evaluate vari-
ous configurations for a SRC, types of rock mass to
take grout and potential groundwater flow patterns
in the vicinity of a SRC. The ability of a SRC facili-
ty to safely contain the LLW and ILW during its
hazardous lifetime would be evaluated using the
geological and hydrogeological information.
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Discussion - Paper No. 25

[.A.Cherry - Presumably, some water will flow into the rock cavity during construction and opera-
tion. At that stage, inflow would be a nuisance, but inflow could also indicate outflow at
some point in terms of contaminant migration. How will you decide what is a suitable
rock mass?

R.J.Heystee - No attempt has been made to establish criteria for selecting a suitable rock mass on the
CRNL property. However, a qualitative criterion might be that the block of rock contain-
ing the vault should have few fractures. This would help to minimize the ingress of
water into the vault. No water ingress is preferable, but I do not think we can expect
this on the CRNL property because of the fractured nature of the bedroc.;. Therefore, em-
phasis will be on engineered barriers to inhibit water movement through the vault in the
long-term and thus reduce leaching of the radioactive material.

I. Convey - At this time, what depth is being considered for a shallow rock cavity?

R.J.Heystee - The reference depth for preliminary design purposes is between 100 and 200 m. A final
selection would have to rely on geological and hydrogeological information. The preferred
option is to enter with an adit or ramp into the side of a hill outcrop to provide easy ac-
cess.

I.A.Cherry - In some types of rock that may be encountered, could not grout be used to alleviate
water ingress?

R.J.Heystee - Possibly. I am not too familiar with grouting. I think it might be a problem to grout for
all water problems. The effectiveness of grouting this rock mass would have to be care-
fully evaluated.
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FIRST PRESENTATION

J.S. Scott
Perhaps 1 am not qualified to even be here, having missed most of the session

yesterday. However, having read most of the abstracts of the papers presented yester-
day and having some long-standing familiarity with the work going on in geophysics,
perhaps I can consider myself to be requalified and take this particular place.

In sitting through the papers presented this morning, I was reflecting somewhat
on the overall Nuclear Fuel Waste Management Program and the geoscientific activities
that have been ongoing in that program for a considerable number of years. I thought
that my remarks should be against the backdrop of the objectives of the overall pro-
gram. 1 think that most of us are aware that we have had a somewhat tortuous path to
follow in undertaking the generic research in the program, with the overall objective to
assess the concept of subsurface disposal in igneous rock terrain of the Canadian
Shield.

There is very little question in my mind that the geophysical component of that
program has made a very significant contribution to it. Not only through reading the
abstracts but from the talks I heard this morning, I think it is fair to comment that 1
see a most encouraging progress in the geophysical work, particularly since much of
the information presented this morning was actual results. Now whether we are able to
integrate and make specific use of those results is perhaps an issue for further discus-
sion by this panel. I also recognize the relatively high degree of commitment and en-
thusiasm on the part of the contributors of the various geophysical techniques.

If I might be permitted, I would submit to you that that measure of progress
and enthusiasm is certainly an enormous strength in this program. But I think we
might also discover it is one of the weaknesses, which is somewhat paradoxical. Maybe
I can explain this a little bit by using the commercial phenomenon of this year, the
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cabbage patch dolls. If we were to liken Chalk River to the cabbage patch and the
various dolls to the variety of geophysical techniques that are being applied in that
area, we find that their adoptive parents in terms of the project leaders are very
possessive of their particular technique. I think, going down the road, what we are cer-
tainly not heading for is any kind of a beauty contest amongst cabbage patch dolls. A
lot of them, in some measure, are a bit homely, but the hope in the final program is
that this cabbage patch family will somehow or other come together and make its
overall contribution to the Nuclear Fuel Waste Management Program. Perhaps this is a
crude analogy, but nonetheless, I think it does focus on what I suggest might be one
of the very real weaknesses.

Each of the presentations, in some measure, comes across as a gem, a pearl.
What we are very much in need of is a string to put through those pearls in some
manner that will contribute to the overall concept assessment exercise.

Now we are grappling with this in some measure. Dick Gibb and 1 have been
charged with the responsibility for trying to undertake an evaluation of the various
geophysical techniques. The members of the Technical Advisory Committee will
recognize that as one of their recommendations. This is an activity that has been
started and we have achieved some progress. But I think I would like to comment
upon that one in this way. I do not believe it is possible for us, or for anyone, to
evaluate these techniques totally in isolation. None of them are stand-alone techniques
in my view. Each of them has a contribution to be made to the program. The ultimate
evaluation will be not on the intrinsic merits of the technique itself, but on the manner
in which those various geophysical techniques along with the geological information
and rock properties and hydrogeological methods all contribute to our understanding
of the containment characteristics of the igneous rock masses and in identifying and
evaluating the pathways that exist within those rock masses.

Therefore, having said this, it seems to me that we have made significant pro-
gress in the realm of geophysics. But, where are we going? I think that one of the ma-
jor tasks, one of the major problems that I see, not only arising from the geophysical
side of the program but from the other sides of the program as well, is what is the
most effective method for us all, not just individually but collectively, to synthesize the
data, not only arising from geophysics but also from other streams in the program,
and how do we do this in a timely fashion. Time has now become somewhat shorter.
The concept assessment deadline of 1987, or thereabouts, looms very much larger on
the horizon. So we are now being very much constrained by time. I think that those of
us who have responsibilities for management of the program are going to attempt to
get the best that we can out of all of the past program contributions, not only from
geophysics but also from the other sides of the program.
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I would like to pose that as a major question for discussion, not only by the
panel but with your participation, as to how we go about doing this task in the most
effective manner. We all have a collective interest in it and I think we all have a
responsibility. This is the question 1 would like to leave, not only for the panel but for
the audience as well.

SECOND PRESENTATION

D.H. Charlesworth
First, I would like to start out by thanking all the speakers. When I got the

abstracts for the workshop to read, 1 started to have very grave doubts as to how I
was going to sit on a panel to discuss something where many of the terms that I saw in
the abstracts were not known to me, let alone understood. But, as I say, I want to
thank the speakers for doing a great job of explaining in such a way that a chemical
engineer could get something out of it. I could not expect you to do miracles, but you
did a job that allowed me to struggle along and at least stay in sight of it if not to
stay on top of it.

I would like to focus my comments on the paper by Richard Keystee. He talked
about the current Chalk River Waste Disposal Project that is now underway and is
designed to make the transition from interim storage of low-level wastes to their per-
manent disposal at Chalk River. I will refresh your memories. We are considering two
disposal concepts. One is an intrusion-resistant shallow land burial (SLB) concept,
which is very much related to some of the activities in shallow land burial we are doing
now, but has the added features of intrusion resistance and of engineered barriers to
supplement the natural ones that are there. The second concept that is also in the pro-
gram is the shallow rock cavity (SRC). I will refer mainly to it in my remarks. Accord-
ing to the information presented in the last two days about rock at Chalk River, we
will have to rely very heavily on engineered barriers in this concept as well. If, in fact,
we are going to rely on the combined effects of waste form, container, buffer, backfill
and structural concrete to restrict releases to very low levels so that the rate of migra-
tion of radionuclides out of the waste is very slow, then does that really say that the
geological setting is not relevant to our project? The quick answer is, of course, by no
means. Richard Heystee pointed ouJ. that one very important aspect is the geotechnical
one; that is, how do you go about building a cavity at shallow depth on the Chalk
River property? But as well as that we have the question of safety. There is no doubt
that our situation will bring a very different emphasis to the geological information
than there is in the deep geological disposal concept of the Nuclear Fuel Waste
Disposal Program.

How is this going to affect our choices of site characterization methods? Two of
our key objectives are:
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1. Build a facility that will be safe for the full hazardous lifetime of our wastes.
Incidentally, I should mention that the hazardous lifetime is in the order of
hundreds of years, not thousands.

2. We want to build a facility the safety of which can be evaluated over the
period of the hazardous lifetime of the wastes.

Those are two very different objectives in what they require from our program.

I think John Cherry, after Richard Heystee's presentation, asked a question
about the specifications we are putting on the facility. And really, we must say that
that is not determined. In fact this is a real chicken and egg problem. We won't know
what specifications to put on site characterization until we know what site characteriza-
tion can be done. I would like to reinforce that a bit by stating a grossly simplified
picture and in it look at what is bound to be one of the major pathways we must con-
sider and that is well water being used for drinking and irrigation.

If we consider the Chalk River property, where are we going to want to build
our vault? In the fuel waste disposal concept, a tight rock is always an advantage; the
tighter, the better. But for us it is not all that clear.

Let us consider a number of places where we might put our disposal vault.
First, I'm suggesting the classical one, akin to the nuclear fuel waste disposal vault,
where we put it in a piece of tight rock. Then any well nearby will draw very little
water from the vault region. Another possibility is to put a vault in higher ground,
perhaps even above the water table, but if not above the water table, at least in an
area where the water supply is very limited and, therefore, any well is likely to by-pass
the facility and go to a depth where water is abundant. Another possibility is to locate
the vault in a region under one of the lakes. That makes sure that any well is displaced
from the vault by some geographic distance and it possibly means that the water flows
will either be recharged or discharged so that we can relate them to a large body of
water. Finally, and this is a real possibility I think, we might locate the vault in a
region that is heavily fractured and where there is a high-flow aquifer very near the
vault, so that we can ensure dilution of the radionuclides as they are released at a very
low rate through the engineered barriers.

For a real project, we have to concentrate on the certainties that we can put in-
to the project. We will tend to choose whichever concept avoids uncertainties.
Whereas, I think, the fuel waste disposal program up till now, being a generic pro-
gram, has tended to focus on uncertainties, we are going, in fact, in the opposite direc-
tion. So we have questions about the uncertainties. Can we really be assured of the
absence of permeable fractures if we choose an area of tight rock, and we would like
to know before we start excavation, not after. If we choose higher ground, what can
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we say about the most pessimistic location of a well? For a location under a lake, can
we characterize that region adequately? For a heavily fractured location, what dilution
factor would be assured in the future? Can we put a minimum on the water flow
rather than a maximum?

All of these certainties and uncertainties are going into our choice of the real
type of concept we are going to build. 1 would like to leave you with this question.
Can you point us to where you think the certainties are as well as to where the uncer-
tainties are?

THIRD PRESENTATION

J.A. Cherry
My experience is almost entirely in overburden deposits. I have done quite a few

field studies in clay and silt and sand and gravel. Over the last 10 to 15 years, I have
been involved in a number of site studies where it was desired to put a waste mass at a
particular location. People commonly say to the hydrogeologists who conduct such
studies: "What will happen?" Usually, we try to determine the flux of water, the flux
of contaminants, the migration rate of contaminants and the arrival time of con-
taminants. These parameters are the hydrogeologists' part in the pathways analysis.

When evaluating the proposals to put waste into subsurface systems, one has to
work with a model, whether it is an informal conceptual model or a formal
mathematical model. For a mathematical model, we define the boundary conditions.
Sometimes we arbitrarily draw a circle on a map and say that is the domain, while in
other cases, there may be a topographic high or a topographic low that will become a
mathematical boundary condition, or it mav be a geological boundary such as a change
from one sediment type to another. So we define the boundary conditions and then
assign values to the internal characteristics; the internal characteristics are, of course,
hydraulic conductivity and porosity. If it is a solute-transport model, another
characteristic needed is the dispersion parameter and, if it is a solute-transport model,
then a geochemical term is required.

I think that over 10 to 15 years the capability to model solute transport in over-
burden materials has progressed to the point where, for some materials, there is good
reason to actually use formal mathematical models. One can assign appropriate boun-
dary conditions and internal parameters and then run the model to obtain useful
outputs.

In this workshop two things have happened to me. First, the information has
caused me to think more about fractured rock. I have only been dealing with fractured
rock in my own projects over the last year or so. Secondly, it has caused me to listen
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to a group of geophysicists very eloquently present a series of talks on a whole variety
of geophysical methods that I know very little about and, in many cases, have not
heard of before.

I must admit that I am quite surprised and delighted to see that there is a major
geophysics effort and that in many cases geophsics is providing some insight into the
physical nature of the system. From my perspective as a hydrogeologist, when I hear a
geophysical technique being described, my immediate reaction is: "How can we,
hydrogeologists, use i t?" In the context of waste disposal modelling, that is, flow and
solute-transport modelling, hydrogeologists are asking: "Are geophysicists giving us a
better basis for choosing the parameters that we will put into our flow model or solute-
transport model?" It boils down to getting a better handle on a few parameters.

One of the main differences between fractured rock and overburden, such as
sand, gravel, silt or clay, is that, in fractured rock, the porosity or the aperture of the
fractures are critical parameters, whereas in overburden you can estimate the values
with no difficulty. You do not even have to measure it, the porosity is between 0.2 and
0.4 and that is good enough for most purposes. But in fractured rock porosity can
vary over orders of magnitude. This difference, coupled with the difficulty of
parameter measurement, is the main area that separates the levels of difficulty of
fractured-rock hydrogeology from overburden hydrogeology.

When I listen to geophysically oriented talks, 1 wonder whether or not the
geophysicists are providing useful information on such items as the location of
permeable lineaments, the hydraulic conductivity, the aperture or bulk fracture porosity
and the lateral extend of major lineaments or fractures. These are the parameters the
hydrogeo'ogists need to provide a better basis for quantification.

When thinking of fractured-rock geophysics vs. overburden geophysics, it is
useful to recognize that a main consideration in overburden studies is that you can
generally afford to drill many boreholes. If the waste disposal problem is important,
you can drill dozens, perhaps hundreds, of boreholes. In that circumstance, what
geophysics seems to offer is economy through drilling fewer boreholes. For instance,
geophysics, such as with ground-probing radar, may offer the possibility of providing
information on the structure of the formation. But when hydrogeologists are looking at
overburden deposits and trying to decide whether they need geophysical tools, they
always have an option. If the geophysics is too qualitative, they can drill another
borehole or take some more samples. But in fractured rock studies, particularly ones
related to radioactive wastes, it seems to me that the offering of geophysics is not just
one of saving money by drastically reducing the number of boreholes. It seems to me
that geophysics offers the possibility of providing information that cannot be obtained
even if you tested boreholes in all the ways that hydrogeologists have available.
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Because a borehole in fractured rock is so expensive and because so few will be
drilled, the hydrogeologist can afford to run all of the techniques that have the poten-
tial to quantify parameters that will be used in modelling. In this context, we want to
know which geophysical techniques should be used in addition to the normal borehole
techniques such as pressure testing and response testing, television and acoustic view-
ing. The critical useful information that geophysics might provide pertains to the
magnitude of the aperture of individual fractures. This is very difficult to get using
nongeophysical methods. Another parameter that geophysics may provide is the
distance that fractures extend from the borehole.

Then my first question to geophysicists is: "Which of your techniques offers the
best potential for determining aperture values more accurately than can be done using
current methods?" And my second question is: "Which of your techniques would
allow some resolution of how far an individual fracture or a fracture set extends from
a borehole?" In the group of studies reported on here, done by various groups from
various departments at various times, these two questions could have been focused on,
but were not specifically addressed. In retrospect, looking hydrogeologically to the
future, it seems that fracture dimensions could be where geophysics may contribute in
a way that cannot be achieved through hydraulic testing in boreholes.

The type of transport models that I think are going to be used for fractured
rock will be of two or three different types. In one type it will be assumed the frac-
tured rock is like a porous medium except that we will put various lineaments through
it. We cannot treat the medium as if it were sand and gravel. So there may be big
lineaments running through this idealized equivalent porous medium to represent it as
fractured. When we treat the rock mass as an equivalent porous medium, the bulk ef-
fective porosity becomes the overriding parameter for migration rate and for
geochemical attenuation studies of many types. In a second type of model, the field
data and borehole data on fractures will be handled statistically; in such models, frac-
tures can be simulated with statistical packages. A model that one of our Waterloo
graduate students has been using recently generates the fracture network in which flow
and solute transport are simulated. The statistical data for fracture dimensions must be
specified to generate the fracture network. Currently, information on fracture aperture
and extent is generally not much better than a guess.

The challenge to the geophysicists from the hydrogeologists pertains to the pro-
vision of useful information on the main parameters for our flow and solute-transport
models. And, I guess, after we get to it, it would be useful if geophysicists commented
on which of their techniques would have the greatest potential to provide that type of
hydrogeological information.
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FOURTH PRESENTATION

S.H. Whilaker
I think it is clear from the presentations over the last two days that the Chalk

River site has been used as an experimental development site. The work at Chalk River
was not meant to be a site evaluation. It has been a place where we have developed
research methods and equipment and analytical techniques.

Doing site evaluation for low-level waste disposal is quite different than doing
research. For disposal, geotechnical and engineering evaluations would be done leading
to licensing an engineered structure for the site. When you start doing investigations
from that point of view, you should look at techniques that are operational, ones
where the interpretations have been demonstrated, so that you can go to hearings and
present data and interpretations of that data that a wide group of experts would accept
as standard interpretations. You are also going to be presenting and defending an in-
terpretation of the site that is deterministic rather than statistical as much of the
modelling is. You will be talking about where discontinuities are at Chalk River, in a
three-dimensional sense, that affect either fluid flow, that is, permeable discontinuities,
or discontinuities that are a contrast between particular rock properties, lithological
contacts in the area that might have effects on the strength of the materials and the
stability of the structure you are building or an opening that you are creating in the
rock mass. So from the point of view of site evaluation, you will consider operational
techniques that help identify where those discontinuities are.

Certainly, for an evaluation of the Chalk River area in terms of a waste
disposal site, I think you would automatically do many of the surface geophysical
techniques that have been reported on here (gravity, magnetic VLF-EM) and you
would extend them over the entire area of the site. You could select the area to include
features that were basically the discharge boundaries. For instance, you would include
the Ottawa River and Maskinonge Lake within the coverage, so that you had complete
areal coverage over something of the order of 40 km2.

When you start looking at borehole evaluation, you are certainly going to con-
sider techniques that identify discrete fractures, and there are many of those. Several
of the normal geophysical logs have the capability of identifying fractured intervals. As
John Scott pointed out, virtually none of these techniques is sufficient on its own. You
should always use them in some combination. Since there are many useful operational
borehole logging methods, you should run a fairly large suite of surveys. Certainly
ones like the acoustic televiewer, the television, the electrical logs and some combina-
tion of radiation logs would normally be run. The other thing we are interested in,
besides what we see at the borehole wall, is the character of the rest of the rock mass.
This we often cannot deduce from surface geophysical techniques if there are no large
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contracts or if the technique itself is attentuated by discontinuities. So cross-hole
techniques, such as cross-hole seismic, where you can do a visual presentation using
tomographic methods of something that is related to physical properties in the rocks,
are very interesting because they go from known features of discontinuities at the
borehole wall through the rest of the rock mass between two boreholes.

The other thing you have to know is what the natural groundwater flow system
is in the area if you are going to predict what is going to happen when you perturb it
with some structure or when you put in pollutants. In order to understand a natural
groundwater flow system, you must monitor it over some period of time, because it is
an active system that is changing all the time. The hydraulic head at any point may
fluctuate annually, monthly, sometimes even daily. This can change the gradients or
even the direction of flow. A single head measurement taken in a packer-isolated inter-
val during a test may tell you nothing about the long-term flow system behavior. You
need isolated intervals that are monitored over a period of time to see the responses in
all those intervals to changes imposed at the surface by recharge to the water table
from precipitation and discharge from the system to streams and lakes.

So the constraints on things when you start looking at site evaluation as oppos-
ed to generic evaluation or development of techniques are somewhat different. When
you have to go to site evaluation, then you want to emphasize methods that are
available and generally accepted. If you wait longer before you start evaluating a site
then you may have another technique to use that is in development, but has not yet
been demonstrated to the scientific community.

1 think I will let it go at that, so we can go to questions and to discussion from
the floor.

DISCUSSION FOLLOWING THE PANEL

R.A. Gibb
Some of the techniques suggested for site selection by Sid Whitaker are still

under development and are not yet proven and are not yet ready to be used for site
selection. Over what period of time do you see support coming before you select
specific techniques? What is your policy?

S.H. Whitaker
Well, I don't know whether we actually have a policy on that. My remarks were

really pointed at the Chalk River site, which presumably is going to require evaluation
much sooner than any site we will be dealing with in the Nuclear Fuel Waste Manage-
ment Program.
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R.A. Gibb
But it is a general question that applies to all sites and all methods.

S.H. Whitaker
Would Ken Dormuth like to say something about that?

K.W. Dormuth
In general, I would say that we should pick the most promising methods where

it is clear that there will be a payoff in terms of the technique telling us something
other techniques do not tell us and we can afford to develop it. I would say we do not
have a policy of turning off those projects. On the other hand, where it looks like a
technique is far from coming to the practical stage, interpretations are questionable
and/or they do not tell us anything different than established techniques tell us, then 1
think we are obligated to cut back on that support in order to use the dollars that we
are given to the best effect. I hope that answers the question in terms of policy.

J.A. Cherry
I see a real problem with fractured rock in deciding which technique gives you

the best answer or even whether any technique gives you an answer that is reliable in a
hydrologic-modelling context. You want to get the parameter values into a model. In
sand and gravel, you can solve that problem by creating a big experiment by injecting
a tracer and tracking it for a year. You can test all your techniques at relatively low
cost. For fractured rock, I think it is very difficult to decide which geophysical techni-
ques are worth developing further, which ones are suitable to apply in their present
state and which ones should be avoided. Hydrogeologists will not have values on all
the critical parameters the geophysicists can compare their results with. There are two
or three additional parameters in fractured rock that we do not have to evaluate in
sand and gravel.

I wonder what type of large-scale experiments or field tests should be mounted
in fractured rock to allow the greatest number of disciplines or techniques to be com-
pared and tested. I think Dave Lee's "pulling the plug on Maskinonge Lake" experi-
ment is an example of pulsing a fractured rock system in a big enough way to obtain
responses on a scale that is interesting in terms of modelling. I think that the work by
Doug Killey, Peter Annan and others is similar where they used geophysics to look at
the geology and then did a tracer test to assess the geophysical interpretation. In fact,
the tracer actually followed the stratigraphic zone that appeared to be the most
reasonable from both the geophysics and the geology. This is an example of a small-
scale, yet definite way of bridging the geology-geophysics gap.

The Underground Research Laboratory is in effect a big integrating test. In
other environments, for instance, on a smaller scale, it is going to be difficult to decide
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which field test one uses and which disciplines and sub-disciplines will benefit and how
much budget is put into the field test vs. putting funds into refining the techniques
already being worked on.

D.H. Charlesworth
I almost look at our project at CRNL as, perhaps, being one on the menu of

big tests that might be looked at and chosen for other purposes than the immediate ob-
jective of the project of getting into disposal. I think that, as far as further work on
methods, we would have to put emphasis on making those final improvements and get-
ting the most out of the existing methods rather than looking down the road for
something that is a bit better.

As I looked at the presentation of data in the last couple of days, it was very
reassuring to see some correlations in comparison of methods. What was discouraging
was that each method usually produced unique signals at other depths that were not
apparently distinguishable from those that were in locations common with signals from
other methods. Thus, if you use only one method, how do you tell the meaningful
signal from the others that come from rock features that are not of significance? In a
licensing hearing we would have to assume all signals represented significant features.
This would put a very high level of uncertainty into any analysis. As I indicated in my
introduction, we are likely to favour a site and concept that has poorer containment
performance but few uncertainties in its predicition over a potentially high-performance
site requiring a very subjective interpretation because of uncertainties in the discrimina-
tion of data.

I feel that we have to concentrate for our project on removing the uncertainties
and moving them into the certainties region rather than looking at the biggest uncer-
tainties that are there. Let us really develop the methods that we have now.

W.J. Scott
As a geophysicist with a lot of experience in making mistakes, it scares me to

hear people talking about expecting certainty from geophysical techniques. I do not
think there will ever come a time when any geophysical technique or even any group of
techniques will give a certain answer. It is the desire of people using geophysical results
to be certain of the interpretation. It is the desire of the people preparing the inter-
pretations never to be asked to guarantee a certainty. The only possible way to have a
meeting of these two is to ensure that the methods are indeed redundant, so that there
is more than one estimate of the parameter you are looking at, taken from different
viewpoints. When you find a coincidence among all these, you do not have certainty,
but at least you know that either there is a whole lot of people being wrong at once or
there is a reasonable chance that you are right. But users of geophysics should always
bear in mind that there is no certainty in geophysics. That is why it is such an in-
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teresting field.

J. Convey
Following along these remarks, in the downhole probes that produce results

usually depicted in a very complex wave form, I realize that the hyperfine structure of
these waves is directly related to the resolving power of the incident wave you put
down the hole. Do the geophysicists ever think of taking measurements using more
than one frequency to try to smooth out some of these echoes or wave anomalies and
eventually arrive at the position whereby they may make an analysis of the wave pat-
tern, particularly in those areas where you suspect fractures? In the analysis of that
wave pattern, in those particular areas, you could come up with at least an educated
guess as to the distribution of the pore sizes of the fractures you are examining. Most
of the results I have seen in the past two days confuse me a little when I see the com-
plex wave pattern that you compare with another result obtained by a technique
wherein the resolving power is not as discriminate and the resultant waves are smooth-
ed out. Why not change your frequency in the one test to try and produce a closer
probable similarity with that of another technique? I admit it would entail much more
work to repeat a full analysis of modulated resultant wave pattern, but I really believe
such additional effort would be worthwhile.

T.J. Katsube
I do not intend to disagree with Bill Scott, but I have a little different concept

about the geophysical techniques. The set of standard logs used in oil exploration, for
example, are supposed to give you information on, for instance, porosity, permeability
and storage capacity. The data produced are actually used for exploration or evalua-
tion purposes. So I think, with given uncertainties, the results are certain enough to
make evaluations of the rock type, the reservoir or whatever.

What is not being shown here is whether, in fact, what applies to the geological
conditions in the oil exploration field also applies to the kind of rock with which we
are dealing. I think if a certain relationship can be shown, for example, if we are able
to say, "Yes, those techniques can be applied to the rock types we are working with,"
we can obtain a reasonably certain evaluation of results for our purposes.

K.R. Sliultz
Has anyone done anything about constructing calibrating standards for common

types of igneous rocks? There was one reported earlier for gamma spectral logs. We
saw the slides for some selected minerals, containing thorium, potassium and uranium.
Are there any standards for more common rock, some with fractures, some without,
etc., so that the response of different logging methods can be calibrated against them?
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J.S. Scott
So far as I know in terms of standard borehole logging, and I am getting rapid-

ly into very deep water here, I am not aware of any industry standard or any standard
that has been developed within this program for the application of a variety of
geophysical logs in boreholes. Is that true John Katsube, are you aware of any?

T.J. Katsube
Regarding the porosity A' rocks, I asked Pat Killeen (who is not here now) the

other day if that was possible; whether we could set up some calibration or whether
one exists. He said probably there could be one in about a year if AECL provides the
money to do it. To answer your question then, I do not think there is one.

S.H. Whitaker
You can develop your own calibration if you want to as long as you know what

it is the tool is measuring and the theory behind tool response is well established. None
of the oil industry tools measure permeability nor do they directly measure porosity.
They measure something else, such as electrical resistance or gamma-ray scattering,
from which the permeability or the porosity is inferred.

A.V. Dyck
The point is that they are sensitive to various things; but how to separate those

sensitivities and get estimates of those particular parameters is the problem.

A.K. Sinha
Existing relations are based on sedimentary rocks, almost exclusively.

S.H. Whitaker
Most of those for the oil industry are done in limestone and so on.

A.K. Sinha
Yes. They relate properties such as permeability and porosity, for example, to

sandstone. They do not relate to igneous rocks.

P.A. Brown
We have known that for six years now, and I ask you why we have not

calibrated?

A.K. Sinha
It is a big job.
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S.H. Whitaker
Well, you certainly calibrate radiation logs.

A.K. Sinha
Somebody should make a start at it, but where is the money? Somebody has to

come up with a lot of money, not only expert resources. Very little has been done
anywhere.

£. Hillary
I spent several months in the last year trying to correlate the geology with the

different geophysical logs that have been run by the d'fferent contractors for AECL. It
is just a straight eyeball correlation with rock types and anomalies on the geophysical
logs. There are some very good correlations and there are also a lot of question marks.
It does take a lot of money to do any further work. For instance, the porosity log ac-
tually measures hydrated minerals, so it picks up the amount of chlorite in a rock type,
for instance, in a metamorphic rock, so that at Chalk River the chloritized rocks have
very good neutron anomalies, i.e., very good porosity anomalies, all of which have
nothing to do with any free water in the anomalous areas, just chloritized rock. It is
the same with the resistivity anomalies: they measure resistivity drops in altered zones
that in almost all cases have no free water or flow in them. So the geophysical inter-
pretations that are put on these logs by the oil industry are not always applicable to
our problems and we do have to spend a lot of time on them.

I know that the Americans and Swedes have spent some time on individual log
types. The Swedish people use one type of resistivity almost exclusively for their work
and they have people working full time on it. They have gotten good results with it,
but it has taken a long time and a lot of money. The Americans have spent quite a lot
of time and money using Chalk River and Whiteshell; that is a joint program with
AECL. They put out a paper and their work is good, but as they say in the paper, it is
not nearly as good as it should be for what we are trying to do. What we have to be
able to do is to locate water-bearing fractures with geophysics, and that is very dif-
ficult. The oil probes are not designed for that. There are the problems with different
borehole sizes, salinity with depth and so on. Salinity zones smooth out resistivity logs.
The number of problems is incredible; the more you look at it, the more you see the
problems of different rock types and different water types.

•I.A. Cherry
It seems to me that the hydrogeologists are going to have a core from the holes

that were drilled. From the core, one will have a pretty got,d idea where the fractures
are; there will be a problem interpreting some of the packer hydraulic tests, but one
has a pretty good idea where the permeable zones are, based on the fractures in the
core. So that is what one is going to get out of standard geological inspection. Then,
from the television camera and the acoustic televiewer one is going to have additional
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information on open fractures down to, John Dugal mentioned, 0.1 mm. So, as a
hydrogeologist wondering what we are going to get out of a borehole, I see those three
pieces of information being at the top of the list. They are direct and appeal to us who
do not understand a lot of geophysics. If you can afford to drill a hole, you can pro-
bably get the three things I mentioned; what in addition can geophysics offer? Quite a
few things were mentioned: orientation, distance out from the borehole and aperture
size. Then, which of the geophysical techniques have the potential for improved resolu-
tion in terms of aperture, orientation and lateral extent?

J.S. Scott
I think there were several techniques that were talked about his morning. For ex-

ample, geothermal measurements to interpret groundwater flow within the borehole. Of
significance also, tube waves require for their generation a water-filled fracture, as I
understand it. Therefore, it is somewhat diagnostic for the purpose. Don Bower's work
on tides, for example, obviously depends on two things: one, the existence of the frac-
ture and two, the presence of water in the fracture in order to get a tidal response. So
there are three techniques at least that actually address themselves specifically to the
hydrogeological question.

J.A. Cherry
I agree. But not adequately in terms of resolution and parameter magnitude, and

not competitively with what hydrogeologists obtain from standard techniques.

P.A. Brown
Can I comment on that. One of the important things, from a geological point of

view, that we get out of cored borehole data is the fracture-filling materials and the se-
quence of fracture-filling materials. For example, at Atikokan we find a quite distinctive
time-temperature sequence of fracture-filling materials, starting with 2.5-billion-year-old
epidote working right down to 10,000-year-old calcite and clays. Careful examination of
filling materials in any given fracture and of the sequence of filling materials indicates
that some fracture zones are repeatedly opened throughout time. Other fracture zones
contain only epidote and so these have remained sealed for 2.5 billion years.

By building the fracture-filling history, we can assess specific fracture zones. For
those that have been repeatedly opened through time, there should be a very high pro-
bability that

a) they are hydrogeologically active at the present moment, and
b) they will continue to be for the next million years.

Going to the other extreme, where we have zones containing only filling materials that
are 2.5 billion years old, the probability should be high that
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a) they will be sealed now; and
b) they remain sealed over the next million years given a similar stress history.

I think that this is a really important aspect of the geological work. To take it further,
if you have a basic geological understanding of the fractures, how they formed, when
they opened and how often they opened, then that understanding becomes a very
powerful tool for explaining geophysical anomalies. For example, at Chalk River most
of the strong VLF anomalies trend east-west. The geological history suggests that these
are the late, or most recent, major fracture system to be developed in the region. Fur-
thermore, results from Dave Lee's boreholes indicate that the major flowing zones oc-
cur along these east-west anomalies. The north-south anomalies (which are part of the
old fracture system) show very little flow, presumably because they have been filled by
pegmatite. Thus the geological history, and specifically the fracture history, is an ex-
ceedingly important tool in terms of interpreting geophysical data and hydrogeological
data.

I think that the geological history provides the link between the geophysics and
hydrogeology and, in fact, provides basic understanding for interpreting the data.

J.A. Cherry
That is a good point as a fourth item of value for a borehole. 1 think Dave

Lee's borehole dilution testing does give a direct measurement of existing flux. What
one can get out of a borehole with the core and hydraulically oriented testing is then
quite a bit. In the geological history and in the gamma-spectral borehole geophysics, it
was mentioned that some geological-historical-hydrological interpretations might be
developed. The question would be, "Is there a future for correlating that side of
geophysics with the apparent solution history of the fractures?"

P.A. Brown
Certainly it seems so at Atikokan; Chalk River, I cannot really say. At

Atikokan, for example, the magnetic susceptibility and resistivity drops dramatically in
fracture zones which have been repeatedly opened through time. So we do see some of'
the geophysical parameters correlating with the geological story and, in fact, backing
up the geological story. I think that is an important way of looking at it. You can
develop a fluid history from the fracture-filling data and then evaluate the geophysical
parameters in relation to the geologically defined fluid history. If they agree, then it
should be possible to build a picture of how fluids moved in the past, which, I think,
gives you the basis for evaluating how they are moving now and how they will move in
the future.

W.J. Scott
Moving back a bit, there has been at least one attempt to build a standard hole
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for testing purposes, other than the ones at Bells Corners. This is an installation that
Scintrex developed when they were attempting to do gamma-spectral logging develop-
ment work. The problem with developing a standard hole for calibrating a range of
tools at the moment is that, while the oil industry people have had 50 years of cor-
relating responses with a variety of measurements and turning them into geological
common sense, in igneous and metamorphic rocks, the same depth and breadth of
background is not present. To start to develop a standard hole that would allow you to
calibrate a number of different tools would be extremely difficult because we do not
understand yet what the standard tools are responding to in an igneous environment as
compared to a sedimentary environment.

What is still lacking is the synthesis of all the present geophysical results and the
camparison with the geology to find out what is generating the responses. One problem
is that there are many people, each of whom is promoting a technique, and no one is
making these people talk to each other enough to find the correlations.

In the presentations of yesterday and today, 1 can think of several indications of
people having talked to each other. One of them is Dave Lee talking to John Hayles,
another is Peter Brown talking to some of us about the geophysics. But there were a
lot of measurements shown, on the basis of which people gave their opinion what
other people should have seen. But people have not interacted to modify their inter-
pretations. In some ways the program has not moved that far in the last year or two,
because nobody is being forced to do this. The synthesis is going to be the foundation
for designing the next step.

J.S. Scott
I take your point. I might object a little bit to forcing scientists to talk to one

another, and 1 endeavored to couch my challenge to this particular group. If Dave Lee
is talking to John Hayles, that is splendid, and if Dave Lee wants to talk to everyone
else in this workshop, that is even more splendid, and vice versa. I could exercise a
managerial prerogative and issue the instruction, "Thou shalt talk to thy neighbour!"
The degree of response to that, I suspect, would be rather dismal. I would much prefer
that the group recognize the value of each geophysical method for the individual
himself and for the requirements of the program, brought about by the desire of the
individual to say, "How can I make my contribution that much better?" We face this
constantly. There are some horses that pull very well in tandem and there are others
that go in opposite directions. We have to live with this. Nonetheless, the most suc-
cessful exercises that I know of are where people get together because they have a com-
monality of both purpose and need. I would hope that one of the purposes and points
of this particular workshop has been to heighten the awareness among everyone here to
recognizing the benefits of co-operating. I can be a soloist and I can be a soloist
forever, but I may be a voice crying in the wilderness. If I want to make my voice
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heard then I had better join the choir where we will all make music together; hopeful-
ly, all that we do will be then recognized. I think that the people here have the capaci-
ty and the capability to interact with one another to bring it about. I would not want
this to be seen as the edict, "Thou shalt do this!" I would like to see the action, "1
want to do this!"

W.J. Scott
I was not suggesting that an edict is the answer, because I do not think that

would work. On the other hand, most choirs have a conductor, and the conductor is
probably at least as well versed in the music as any of the singers in the choir. What
most choirs have also is a fund-raising board. This program has a powerful fund-
raising board, but there is no conductor. It seems to me the approach to generating a
synthesis is to appoint a conductor who can speak to each member and point out what
is either lacking or powerful in each approach.

What is going to come out of this workshop is a volume of proceedings contain-
ing a series of papers, each describing one technique, and a few will discuss their im-
pact on otners. But there will be, unless I am mistaken, no paper at the end that ac-
tually puts them into one geological context and says, "This is where we are and this is
what we can say, geologically, in terms of the geophysics we found." It is the conduc-
tor who brings the basses, tenors, contraltos and sopranos together into a work of art.
I do not really see a conductor in the present operation. 1 think it is time to force the
choir to sing together by appointing a serious conductor.

K.W. Dormuth
I have to point out that we did appoint a conductor last year at this time. 1

guess it has had marginal success from the comments we have heard so far.

P.A. Brown
The integration work has been related to Atikokan and Lac du Bonnet, NOT to

Chalk River.

W.J. Scott
You have tried to appoint as conductor one of the basses or one of the tenors.

What you need is someone who is not carrying a project. This is a problem; anyone
who is carrying a project does not have time to be the conductor.

D.H. Charlesworth
If I might push the analogy even further, maybe we can get away from a choir

and get down to a duet. Sid Whitaker has referred to the geophysics of hole-to-hole
methods and I know that there has been some hole-to-hole hydrogeology done, have
the two been done in concert? Or is there still a nice duet yet to be performed?
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S.H. Whitaker
They have been done nearby but not in direct concert. At the URL the equip-

ment for the cross-hole seismic for going beyond 200-m depth was not available to do
the work until fairly late in 1983. This limited the number of available holes because
we have a requirement to have a monitoring system in place. However, some cross-hole
results go through the area where we have hydrologic responses from the pump tests
that were done this year as well. But the results have not been compared yet. Certainly
we see characterization of the rock mass that appears to be related to the fracturing
observed in the boreholes at each end.

D.H. Charlesworth
But is it adding to our knowledge of those fractures that are important

hydrogeologically and those which are not? I understand that is one of the main ques-
tions we have to address.

S.H. Whitaker
The main correlations that are seen are related to the highly permeable zones.

However, nobody has had a chance yet to look at whether there is a direct relationship
to the cross-hole reponses we get when a well is pumped.

D.H. Charlesworth
It seems to me that such a set of tests would be a smaller scale experiment akin

to what Dave Lee has been doing on a bigger scale, but is a little harder to do because
of the scale.

S.H. Whitaker
But we are looking at responses in the interval from 200-m to 400-m depth bet-

ween holes.

M.D. Thomas
At any research area, site selection is the ultimate goal of the hydrogeological,

geophysical and geological work. The URL site has been selected and there was some
geophysics done, I believe, prior to selection. Here is an example where selection has
already been done. Were some of the selection criteria based on geophysics?

S.H. Whitaker
Ken Dormuth can correct me if I am wrong. The site was selected before I was

involved. My understanding is that the site was selected because, first, it had a lot of
outcrop, second, it was on crown land that we could lease from the province, third, it-
was on the same batholith as the Whiteshell site, fourth, it was relatively nearby, and
fifth, it had good access. That was done before any of the detailed geophysics was
done on the site, other than, I believe, an aeromagnetic survey. Is that right, Ken?
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K.W. Dormuth
That's pretty well it. A large factor, besides the large amount of outcrop, was

the fact that it was near WNRE. I might ask the geophysicist who worked on the pro-
ject, if they are here, if their interpretation of their own results would have put the
URL somewhere else. I would point out that in siting, not in selecting the leased area,
but in siting the URL itself on the leased area, we did detailed seismic surveys that
were used by the designers and for locating borehole to orientate the URL facilities,
principally because it had to be located properly with regard to fracture zones so we
could do hyrdrogeological experiments.

But maybe the geophysicist would care to comment on the selection of the area.

A.K. Sinha
We had the Dighem airborne survey done on that site, which delineated the area

where the URL was going to be situated as one with very high resistivity. We did not
find any conductors there. The airborne magnetic survey did identify a zone going
through, but generally the area was relatively unaffected by magnetic anomalies. Then,
we had ground surveys with dipole-dipoie systems, over several lines, we also had a
VLF survey done. All surveys seemed to indicate that particular area, near the north-
east corner, to be a particularly resistive area, with very few fractures. We also did a
transient-EM profile with a prototype GSC system and again we came to the same con-
clusion. Seismic work was certainly done too; I am not too familiar with that, but 1
think they all came to the same conclusion. That particular parcel, say 500 m by
500 m, seemed to be the best with the least amount of fracture. I know that geological
mapping was going on at the same time and I did happen to see a bit of that; the
geologists also came to the same conclusion. So that is how the URL site was selected.

J.S. Scott
As 1 recall, there were other factors. One was the hydrogeological requirement

with respect to the spacing of wells surrounding it. And I do recollect attending a
geophysics workshop some time ago in which Norm Paterson was talking about that
monstrous anomaly to the south. I suspect that if Norm Paterson had been responsible
for selecting shaft location, it would have been directly over that.

W.J. Scotl
It seems to me that selection of sites will flow the way you described this one

has gone. The primary selection is not going to be based on any geological evaluation;
it is going to be based primarily on politics. Getting into an area and picking a region
from which to start looking for a local site is definitely going to be a political decision
in terms of priority. Selection of the URL is an example. The purpose of doing a
geotechnical evaluation was to pick the part that is most amenable to the operation. I
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think we are all fooling ourselves if we think that we have the whole of Canada to
choose from and that the most sound geological site is the one that is going to be
chosen.

S.H. Whitaker
Well we already know that we only have Ontario to choose from.

W.J. Scott
Well even with all of Ontario to choose from, the fact is that you are not going

to choose the site just on geological terms. There are all the political and logistical
reasons for choosing the site.

K.W. Dormuth
The geological considerations loom very large though. Politically, the most expe-

dient thing to do would be to have the URL on the WRNE site, and for purely
geotechnical reasons that was not done.

D.H. Charlesworth
The Chalk River Project, on the other hand, is a good demonstration of what

you say. The region is chosen from non-geological considerations. Since we have such
a variable site, at least there is scope for influencing where on the property we build
our vault.

K.R. Shultz
Regardless of the site that is to be chosen, one of the nagging questions to be

answered is, "How many boreholes will be enough?" Looking at vault size in the
Canadian Nuclear Fuel Waste Management Program, they extend to more than a
kilometre. And yet we are talking today about cross-borehole techniques that are only
probing about 200 to 300 m. It would seem to me that there is some incentive to try to
develop methods that probe beyond the expected dimensions of a vault. Otherwise, it
may be necessary to accept a site on faith that the micro-scale extends to the macro-
scale because you just cannot see that far.

S.H. Whitaker
Well, that is true in essence. Certainly, the reference that was used for the used

fuel vault in the original conceptual design studies is 1.7 by 3.8 km. The reprocessed
waste disposal vault was half that size.

K.R. Shultz
Project this to five years from now in a public hearing. Earlier Don

Charlesworth alluded to a safety analysis on the life cycle of a proposal. One of the
objectives of a safety analysis for any proposed nuclear facility is to provide enough
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information so society can say, "Yes, it's OK." But if the methods of information
gathering are only capable of looking into the rock a maximum of say 100 m with any
reliability, and these methods are being used to try to justify something that is 2 km by
4 km, that is going to be a very difficult task. 1 do not know what the answer is if you
wish to avoid penetrations that may be a direct pathway to the surface in the future.

S.H. Whitaker
Well, I will be very surprised if we do not have some holes within the perimeter.

In fact, even for the operation of the facility you are going to need some holes within
the perimeter because you need more than one shaft and you need air circulation
vents. So you get some free holes. Economically, we are not going to go to the full
perimeter from day one because of the associated cost. So we are not going to have
vents outside the perimeter area at the start without taking a tremendous cost penalty.

J.A. Cherry
If the analysis depends very much on hydrogeology and geophysics, you are not

going to get very far. Hydrogeological and geophysical data surely cannot play a major
role in whether the vault is safe or not.

K.R. Shultz
Hydrogeology is a major factor in how you determine your pathways analysis.

The pathways analysis is a major input to the safety decision because it determines the
expected dose commitment.

J.A. Cherry
Surely all the many barriers you are going to have between the radionuclides

and the hydrogeological environment outside the caverns are going to play a major
role. If they are not, I would not want to be associated with any of this. In surficial
material we have a difficult time modelling hydrogeology on a small site that is, say,
two hectares in area; we can put in a lot of boreholes and we only have two or three
parameters to deal with, not five or six as is the case with fractured rock. We have
great difficulty in the province of Ontario convincing people at public hearings in
regard to normal landfills that you can make a reliable pathways analysis, including
flux and arrival time.

K.W. Dormuth
I want to question the concept that when we come down to a site-specific case,

we have to eliminate the uncertainties. I would not think that is necessary at all. I do
not see what is wrong with continuing along the lines that we are currently on, which
is to develop a consequence histogram, and you do not have to model the site in the
sense that you say this is exactly what will happen. You model it so that you have
bounds on your consequences and a justifiable reason for saying what the likelihood of
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the different consequences is. Is there anything wrong with continuing that when you
are developing an environmental impact statement for an individual site? Why do we
have to eliminate the uncertainties rather than deal with them?

D.H. Charlesworth
The wording I used was wrong if I indicated we have to eliminate the uncertain-

ties. We certainly have to define them so that we can put some bound on what we
honestly believe are the uncertainties in the situation. But the design of the system has
to be built on the certainties rather than on the uncertainties. If we are talking about
large-magnitude uncertainties then the order of magnitude difference between a water
flux of 1 L»a' and 10 L»a~' leads to a greater problem in safety assessment than, to
pick a number, a difference between flows of 10,000 L»a' and 20,000 L»a' where the
uncertainties in an absolute sense may be large but in a factor sense are much smaller,
which really is what ends up with being important in determining the uncertainties in
the dose. So yes, you have to deal with the uncertainties.

J.A. Cherry
I thought that the example, although it's not in rock, that Les Davis, Peter An-

nan and Doug Killey provided was a particularly nice one, because in that case the
geophysical data were interpreted by the hydrogeologist who had some geological data.
To me that was a very convincing way of arriving at the conclusion. That particular
geophysical tool is an exceptionally valuable one in certain hydrogeological
environments.

S.H. Whitaker
In identifying zones for hydrologic testing at the URL, Cliff Davison uses

routinely the resistance, the neutron, the gamma, the acoustic televiewer and the TV
data whenever it is available. That is the standard basis of his intial interpretaion to
select zones of interest.

R.W.D. Killey
What about areal extent though? You mentioned seismic.

S.H. Whitaker
The cross-hole seismic equipment was not available so we did not have the

benefit of that as an operational tool when the hole locations were being selected at the
URL.

R.W.D. Killey
But what about after the fact?
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S.H. Whitaker
The cross-hole information that was used for going outward from the shaft, that

is, for siting each additional hole was based on the responses observed in existing
boreholes that were monitored during the drilling of each new hole. Virtually every air-
drilled hole produced a response just as if you had done a pump test on the system,
because air drilling acts as an air-lift pump if you encounter a permeable zone. When
we went through a major permeable zone, we conducted a 6- to 12- or 18-h pump test
that was monitored in all the existing holes that had instrumentation in them. Even in
holes that did not have instrumentation, the water levels were recorded manually. On
the basis of that, we decided where additional holes would be desirable and expanded
out. During most of the drilling program at the URL that was the only cross-hole in-
formation available.

A.P. Annan
I have a comment on the work that Doug Killey has done with the radar at

Chalk River. It has been a very satisfying exercise from my point of view. What John
Cherry and Bill Scott have said, I agree with. You have to integrate the geophysics
data with the geology and hydrogeology. That was the first time in my association with
accumulating radar data that I have seen that done to that degree and that extent of
correlation. It took an awful lot of effort on Doug's part and also on our part to
make a coherent picture. What you saw in our presentation was one line out of 15
lines and it has taken over a year to analyze that one set of data. That has not hap-
pened, I know, with a lot of other geophysical data.

J.L. Davis
Just to extend Peter Annan's point. With respect to the borehole radar work and

the very preliminary interpretation that has been made, much of my time in making the
interpretation was spent in trying to figure out where the boreholes went underground,
where they were geographically, and I did not feel that was my job. We also had to sort
out borehole logs, and I spent most of my time pulling together all the borehole infor-
mation I could to show that the radar data did correlate with real physical features
detected by other techniques, and also the geology. Most of my time was not spent on
improving the radar technique, it was spent on the interpretation of many other
geophysical and geological techniques. We need to get that information together in an
efficient fashion. I think that may have happened since then. But there are still question
marks, John Katsube mentioned that. We are not really sure what some of those logs
mean. We have got to pull it all together. What the borehole radar saw is, indeed, very
exciting. It was correlating with open fractures. There is indication that those fractures
are not just at the borehole; we were looking from one borehole to another, and rather
then just seeing it at the same depth in both boreholes, we were seeing fractures that
looked like they were going at some angle, as expected. But more time and effort is
necessary to develop confidence in that information and to understand it.

- 4 4 6 -



P.A Brown
I would like to comment on that. I think it is going to take an enormous

amount of work to put the Chalk River story together in terms of correlations between
geophysical techniques and geology. First, the overall geological environment at Chalk
River is exceedingly complex. Second, some of the data is inadequate, for example, the
core could not be orientated properly because it is so highly fractured that it kept
breaking. Third, Chalk River was the first area we looked at in detail. We were at the
base of the learning curve. In the context of the overall program, in 1979 we started
mapping East Bull Lake. All of those areas have been drilled, they all have geophysical
data, they all have hydrogeological data. We have been integrating that data, and in
part, they are less complex environments; we have concentrated on these regions. It is
recognized that the Chalk River data is going to have to be integrated. However, in the
sense that Chalk River was first, and is highly complex, I do not think it should be a
surprise that a lot of the data has not been correlated.

W.J. Scott
That defeats the whole purpose of it being a test area to evaluate techniques.

A.P. Annan
If it is that complicated, it obviously should not have been selected to test

techniques. We should have gone to a simpler area.

P.A. Brown
Well, I think we go to Bill Scott's comments on that. Chalk River was selected

because it was available at the time.

W.J. Scott
I know why it was selected, but that is beside the point.

P.A. Brown
So we started out in a very complex environment. One good point about that is

that the rest of the research areas appears relatively simple in comparison to Chalk River.
So in many ways, it may have been beneficial to start out in a complex environment.

A.P. Annan
I'm not quite sure that really answers the question though. What about testing

new techniques or evaluating techniques for specific applications, such as aperture
sizes, extent of fractures and so on? What you really want is a situation where you
know what you have. Then you can tell whether a technique will work or not. If you
do not have that, then you are guessing.
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P.A. Brown
What about the techniques that have been applied elsewhere as well?

A.P. Annan
Lots of techniques can be applied at lots of places. What I am saying is, if you

want to get answers to specific problems, you have to set up to see if you can make
those kinds of measurements or not.

T.J. Katsube
I think one of the advantages at Chalk River is that there are a great variety of

rocks, and you can get a whole spectrum if you work in Chalk River as opposed to
Atikokan or Lac du Bonnet.

P.A. Brown
That is possibly good in one way, but in another way it makes life exceedingly

difficult. Because we have a highly fractured environment and the rock type varies so
dramatically over very short distances, then we have great difficulty calibrating the
results. On the other hand, when we go to some other area like URL or Atikokan, we
can correlate grey granite with unfractured rock and pink, altered granite with frac-
tured rock. It is then possible to make reasonable correlations between results from a
variety of techniques. As Beth Hillen has shown from the Atikokan data, we have
some good correlations between certain geological-geophysical data. We cannot really
do that at Chalk River because of the rapid fluctuations and variations in both rock
type and fracture characteristics.

J.A. Cherry
A lot of hydrologic information is available on the Chalk River boreholes. The

fractures have been mapped, the frequencies are known, the apertures are known to
some extent. In that context it still seems to me that Chalk River is a very valuable
site. If AECL goes ahead to the point of planning a shallow cavity for low-level waste,
then the Chalk River site, in fact, offers potential for a good large experiment that
would have value in its own right, completely separate from the URL experiment,
which is a different hydrologic environment. The Chalk River hydrogeology and all of
the geophysical techniques applied to it, certainly would be of great interest in terms of
interpreting the data already available and maybe focusing on others.

D.H. Charlesworth
I would like to make a comment on that. Right now, the shallow rock cavity

project at Chalk River is aimed specifically at a job to be done; that is disposal of
wastes at Chalk River. That is the stated objective. But that does not stop some input
into the program, and another objective should be to supplement the work that
has already been done on the site, and therefore, in choosing the vault location, put it
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where this past work has an influence rather than go off into the other corner of the
property because it has a higher hill and we want an adit entrance because it is
cheaper.

We need that to feed the objectives of the project very early on. Otherwise, we
could very well end up gcing into that high hill that is not anywhere near the existing
boreholes.

K.W. Dormuth
I am surprised that, so far, nobody has responded to John Cherry's rather pro-

vocative statement that hydrogeology would have nothing at all to do with the safety
analysis. Because, if that statement is taken verbatum, one would have to ask, "Why
are we out there studying hydrogeology?" If it does not have anything to do with the
safety analysis, why should we look at it at all?

Everybody in the program tends to look at the complications in their own area.
If you ask the people who are looking into the problems of fuel leaching whether you
are going to rely on a specific analysis of fuel leach rates, they would say no, that bet-
ter not have anything to do with it! You had better rely on the geosphere.

But AECL feels they have come up with an approach that resolves that. It is to
look at the system in its entirety and incorporate the uncertainties that people have
about their components of the system. 1 would hope that hydrogeology is going to fit
directly into that system.

J.A. Cherry
Well I'm not sure how I worded it. I think that, for fractured rock where there

are four or five key barriers and where maybe we can get a handle on two, heavy
dependence on the hydrogeological part of the pathway analysis is going to be extreme-
ly difficult, at least in the next five years. Particularly, I think, it will bring up uncer-
tainties, depending on how one plays the game, that will make the public wonder what
we are all about.

My particular concern is the continuity of fractures and magnitude of apertures.
The numbers are going to have to go into the model. It is convenient these days to
say, "Well, we are not going to be deterministic, we are going to be statistical."
Nevertheless, packages of statistical data are going to have to come from boreholes
and from surface features. To a major extent, I think, they are going to have to come
from geophysics. Given all of this happening over the next few years, it seems to me
there is a great need for any potential geophysical tools that will relate to apertures
and lateral extent of fractures. I think there is a great need to be able to quantify. At
a meeting like this, with only a few years left before we have to go into the big time,
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we are wondering which geophysical techniques are going to be useful. We find out
here that a lot of the geophysical techniques that have been used, have not really had
their data evaluated, certainly not in harmony with geology. That seems like quite a
weakness at this point if we are expecting the groundwater part of the pathway
analysis to be important in the decision-making process. If it is not going to be impor
tant, I guess one can be more casual and expect results in a longer term.

K.R. Shultz
I'll just make one comment. I think that the role to be played by groundwater is

described in one of the first comments of the TAC and I believe it is also described in
a statement in the first draft of the concept assessment document for the NFWMP,
that is, one of the few ways to the surface from the vault is throught the water. This
appears to be the most significant pathway by which radionuclides will get to the sur-
face, so you cannot afford to ignore the hydrogeology.

J.A. Cherry
A few weeks ago, at a committee meeting with one of our graduate students,

some sheets were presented showing a grid and a whole bunch of lines representing
simulated fractures generated statistically, either a statistical input that you make or
one obtained from fracture mapping. The apertures and the extent of fractures were in
the two-dimensional statistical package. What I found quite bothersome (not unex-
pectedly) was that, when you make only minor changes in your major lineaments, or
minor changes in the distribution of apertures, you can get marked changes in the
pathways and transport rate much greater than you get when you play around with
models for transport in sand and gravel, silt or clay. Because the hydrologic modelling
for transport in fn ctured rock is in its infancy, we cannot do sensitivity analyses in
three dimensions. It is hard to appreciate how important the four or five major
parameters are going to be. If we could stand up with a three-dimensional model now
and say, "See, when I change these fractures here or those fractures, it drastically
changes the pathway analyses" then there would be some cause to focus on the im-
portance of data gathering. But since hydrogeologists cannot do that right at this mo-
ment, it is easy to float along. But it is going to happen in the next four of five years.
All of a sudden, we may be wondering why we have not been paying more attention to
the lateral extent and aperture of fractures, or whatever else may be important.

S.H. Whitaker
In effect, our entire hydrogeological program is based on trying to deal with

establishing what the extent of the hydraulic inter-connectivity of the fracture system
is, and how the system responds regardless of what the measured aperture is. We know
that the fracture aperture measured at the borehole wall need not have anything to do
with how the overall syystem is going to respond. No matter how many individual
apertures we measure, it is not going to tell us how the overall system performs. For
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that, there is no substitute for installing long-term monitoring equipment in boreholes.

K.R. Shultz
A few months ago, Professor Witherspoon was here describing some work being

done in California to define a minimum rock volume for a porous-media equivalent
model. Has there been any useful output from that work? How does it apply to what
you are doing?

J.A. Cherry
In the work a student showed me a few months ago, the equivalent porous-

media properties could be defined. If you define the distribution of fractures with the
statistical parameters, then you can probably define the equivalent porous media pro-
perties. From what I know about it, I do not see any major breakthrough.

M.D. Thomas
I think we have achieved three things from this workshop:

1. We have induced people to go back to Chalk River to conclude certain pro-
jects that remained unfinished. They have now completed some key pieces of
work, which improve and broaden geophysical information on the area.

2. We will publish this information in a comprehensive volume.
3. That document will give us a stepping stone toward answering the vital ques-

tion that keeps coming up: "When are we going to take a look at the whole
geophysical package and start evaluating it?" I think, as several people have
said, this has to be done fairly soon. Otherwise, another year, another two
years will go by and we will still be in the same position. Another area will
need more attention and Chalk River will be forgotten. Maybe all the
geophysical techniques will still be used or some may have been discarded for
one reason or another. But there never will have been any real evaluation of
their capabilities. So I think somebody or some team from this room should
address this problem with suitable direction from our conductors.

I want to thank the panel. They have done an excellent job. I also want to
thank the members of the Technical Advisory Committee who attended and also all the
authors and participants, particularly those who traveled some distance to be here.
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