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RESUME

Cet atelier a été organisé dans le cadre du Programme canadien de

gestion des déchets de combustible nucléaire en vue d'examiner certains

aspects historiques du bouclier canadien susceptibles d'influencer l'évacua-

tion des déchets de combustible nucléaire en profondeur, dans la roche plu-

tonique du bouclier canadien. L'atelier a porté en particulier sur les

futurs processus climatiques et géologiques probables qui pourraient influ-

encer le transport des radionuclldes à travers la géosphère qui constitue la

barrière principale entre une enceinte d'évacuation et la biosphère. Le

présent rapport contient les exposés qui ont été présentés au cours de l'a-

telier et certaines des discussions qui ont eu lieu à la suite des présenta-

tions.
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ABSTRACT

This workshop was arranged, as part of the Canadian Nuclear Fuel

Waste Management Program, to examine some aspects of the natural history of

the Canadian Shield that could have a bearing on t'.ie disposal of nuclear fuel

waste deep in plutonic rock in the Shield. It also focused on probable future

climatic and geological processes that could affect radionuclide transport

through the geosphere, the major barrier between a disposal vault and the

biosphere. This report contains the papers presented at the workshop and some

of the discussions that followed the presentations.
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FOREWORD

W.F. Helnrlch
Atomic Energy of Canada Limited

Whiteshell Nuclear Research Establishment
Pinawa, Manitoba ROE 1L0

Estimating the Impact on man of a sealed nuclear fuel waste disposal
vault deep in plutonic rock of the Canadian Shield requires assumptions about
the future behavior of the vault and Its environment. A probabilistic analy-
sis of the impact on man over the next one million years Is being carried out
at the Whiteshell Nuclear Research Establishment. The current analysis is of
a hypothetical vault existing under present conditions somewhere In the Cana-
dian Shield. Events similar to those that occurred In the past, such as cli-
mate changes, glaciations and earthquakes, *3ay also occur in the future.
Understanding their impact on the geology and hydrogeology of the Canadian
Shield should lead to better prediction of the response of a disposal va-jlt
and Its environment to such events should they occur in the future.

This Workshop was arranged to analyze some aspects of the natural his-
tory of the Canadian Shield that could have a bearing on the safety analysis
of a disposal vault. It focused on how probable future climatic and geologi-
cal processes may affect radionuclide transport through the geosphere, the
major barrier between a disposal vault and the biosphere. The Workshop was
attended by over forty scientists working in areas relevant to the problem.
The papers presented at the Workshop are published in these proceedings.

Discussion among participants was an Important ispect of the Workshop.
To provide sufficient time for this, geocliemical changes In the geosphere and
the thermal effects of a waste vault were not covered during the Workshop.
They are, however, being studied In research projects within the Canadian
Nuclear Fuel Waste Management Program.

It is a pleasure to acknowledge the cooperation and the help of the many
people who contributed to the successful organization of the Workshop and to
the preparation of the proceedings. Among these are the authors and invited
speakers who made high-quality contributions; the staff of the Earth Physics
Branch of Energy, Mines and Resources Canada in Ottawa who made local arrange-
ments and supplied the facilities; the participants in the Workshop who con-
tributed so well to the discussions; and the staff of Technical Information
Services of the Whiteshell Nuclear Research Establishment who provided exten-
sive editorial services.



INTRODUCTION TO TRANSITIONAL EVENTS
WORKSHOP

J. S. Scott
Energy, Mines and Resources Canada

Geological Survey of Canada
601 Booth Street

Ottawa, Ontario K1A 0E8

As chairman of the first session of this workshop I would like to extend
to you, on behalf of both Atomic Energy of Canada Limitedt and Energy, Mines
and Resources Canada (EMR), a warm welcome to what I am sure will be a most
interesting and informative two days of presentations and discussions.
Special thanks are extended to our colleagues at Earth Physics Branch, EMR,
for providing facilities for the workshop and to Werner Heinrich, AECL/
WNRE*,for his initiative and organizational efforts that have brought us
together.

Multidisciplinary research pertaining to the management and eventual
disposal of high-level nuclear fuel wastes has been underway in Canada for
almost 10 years. While numerous conferences, seminars and workshops have
been heid during this period on many facets of nuclear waste management, this
workshop is the first to be held in Canada on the subject of transitional
events that will have an important bearing upon the future operational cap-
ability and safety of a waste disposal vault. Accordingly, the purpose of
the workshop is:

"to develop a conceptual model of the effects of probable
future climatic, geological and other processes and how these
may affect radionuclide transport through the geosphere."

Since a number of participants in this workshop have not had any previous
direct contact with the Canadian Nuclear Fuel Waste Management Program
(CNFWMP), it may be useful to provide a brief commentary on the organization
and objectives of the geoscience components of the Program. As shown on
Figure 1, research programs in Geology, Geophysics, Rock Properties and
Hydrogeology, as well as other components in CNFWMP, are being undertaken to
provide the necessary scientific data to assess the concept of geological
disposal, particularly as it relates to plutonic igneous rocks of the Ontario
portion of the Canadian Shield. These research programs comprise more than
three dozen specific tasks that range in scale from broad regional studies
through detailed surface and borehole surveys at specific research areas to
laboratory studies of rock and mineral properties at the microscopic scale.
Each of these tasks contributes in its way to an understanding of the cap-
ability of rock masses to contain radionuclides or to retard their migration
from a waste disposal vault to the biosphere.

Data and information from each specific task within the program, as well
as from other national and international waste management programs, must then
be digested and synthesized to form the basis for the development of a series
of submodels representing major components of the waste management system.

t AECL
* Whiteshell Nuclear Research Establishment
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Submodels include those for the dosphere, Vault and Biosphere, which col-
lectively provide the input for a Systems Variability Analysis Code (SYVAC).
The output from SYVAC, along with other supporting documentation describing
and evaluating a generic waste disposal vault and its forecast performance,
then forms the basis for a Concept Assessment Document (CAu) that will be
presented to regulatory agencies and to the public as a necessary preliminary
step in the licensing and approvals process that will precede site selection.

Stages in the process for review of the Concept Assessment Document are
shown schematically in Figure 2. Although the exact date for submission of
the final CAD has not been firmly established, it is expected that this docu-
ment will be in place well before 1991, which is the presently scheduled time
for conclusion of the Concept Assessment and Generic Research phase of the
Canadian Nuclear Fuel Waste Management Program.

Assessment of the concept of geological disposal, both intrinsically and
for regulatory purposes, will require consideration of the magnitude and
probability of occurrence of natural events that affected the near-surface
part of the earth's crust during recent and more distant geological time.
Thus, in the geosciences we now have both the challenge and the opportunity
to employ our studies of the earth and its processes in a form of "Reverse
Huttonianism" in which the past and the present become a key to the future.
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CAN_AOA/OHTAH I n_ NUT.LJAJ! FUEL WASTE HAHA1EHEKT "RQCRA't

CONCEPT ASSESSMENT ANO GENERIC RESEARCH
Atomic Energy of Canada Limited with Energy, Mines and Resources, Ontario Hydni,
universities, private contractors

INITIAL
CAD

RESEARCH EVALUATION
1AC

CONCEPT EVALUATION

PUBLIC

GOVERNMENTS

INITIAL
STATEMENT ON
RESEARCH ANU
ASSESSMENT

FEEOBACr
ON CAD AND ON
AECL STATEMENT

F1 NAl
STATEMENT ON
KESEARr.H AND
ASSESSMENT

PUBLIC
ANNOUNCEMENT

CAO -- Concept Assessment Document
TAC -- Technical Advi50i*y ComittPf
AECR -- Atomic Energy Control Board
IRC -- Internal Review Comroittep

FIGURE 2: Schematic Schedule for Concept Assessment, CNFWMP
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DISCUSSION

G. West: What exactly is SYVAC and what does it do?

D.M. Wuschke: SYVAC is a computer code that links submodels describing a
waste disposal vault and its environment. At the moment SYVAC has t'.
submodels - for the vault, the geosphere and the biosphere.

The input parameters to SYVAC are represented by probability den-
sity functions rather than single values. Sampling a value for each
parameter from its distribution characterizes a possible state of the
system and defines a "scenario". SYVAC then estimates the transport of
radionuclidas, through the vault, the geosphere and the biosphere, and
calculates a "consequence", which is presently taken as the maximum
annual radiation dose to an individual in the most exposed population
group, during the first million years after disposal (Wuschke et al.
1981). By repealing the sampling and the transport and doee calcula-
tions, a "consequence" is calculated for many scenarios, and a histogram
of probability versus consequence (dose) is constructed.

The assessment document (Wuschke et al. 1981) describes the SYVAC
analysis and other analyses used to assess the impact of the vault on
man.

REFERENCE

Wusckhe, D.M., K.K. Mehta, K..W. Dormuth, T. Andres, G.R. Sherman, E.L.J.
Rosinger, B.W. Goodwin, J.A.K. Reid and R.B. Lyon. 1981. Environmental
and safety assessment studies for nuclear fuel waste management. Volume
3: Post-closure assessment. Unrestricted, unpublished Atomic Energy of
Canada Limited Technical Record, TR-127-3, available from SDDO, Atomic
Energy of Canada Limited Research Company, Chalk River, Ontario KOJ 1J0.
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BATTELLE EXPERIENCE WITH GEOLOGIC SIMULATION MODELING

Michael G. Foley and Gregg M. Petrie
Battelle Pacific Northwest Laboratories

P.O. Box 999
Richland, Washington 99352

INTRODUCTION

Geologic simulation modeling has been pursued for the past six years
under U.S. Department of Energy sponsorship at the Pacific Northwest Lab-
oratory administered by Battelle Memorial Institute. A preliminary Geologic
Simulation Model (GSM) has been completed for the Columbia Plateau, and one
is under development for the Nevada Test Site. These GSMs are quasi-deter-
ministic process-response models that simulate the development of the geologic
and hydrologic systems of a specific groundwater basin containing a high-level
nuclear waste (HLW) repository for a million years into the future. This
report discusses GSMs briefly and, based on Battelle's experience with geo-
logic simulation modeling, suggests considerations that will influence the
incorporation of transitional events and gradual changes into the Canadir.n
Systems Variability Analysis Code (SYVAC") .

GEOLOGIC SIMULATION MODELS

Geologic simulation modeling is one of three principal analyses in the
HLW repository performance-assessment technology developed by Battelle's
Pacific Northwest Laboratory (see Figure 1). The central analysis in this
approach is a detailed, physically based simulation of the hydrology, release
of radionuclides from the waste containers, and subsequent transport of the
released radionuclides through the hydrologic system and eventually to man.
Geologic simulation modeling provides the changes in hydrologic system
boundary conditions that can be expected, or are possible, during the very
long travel times characteristic of a well-chosen repository location. The
geochemical simulation provides the boundary conditions on release and trans-
port of radionuclides in the hydrologic system.

In the GSMs, effects of natural processes on the groundwater hydrologic
system are modeled principally by rate equations. The combined effects and
synergistic interactions of different processes are approximated by linear
superposition of their effects during discrete time intervals in a stepwise
integration approach (see Figure 2).

Knowledge of natural processes and the modeling of the consequences of
those processes are subject to varying degrees of uncertainty. Uncertainties
may arise because of inhomogeneities of the geologic/hydrologic system that
preclude accurate characterization at a reasonable level of data collection
and model complexity, because of lack of knowledge of the underlying physics
driving some phenomena, or because some phenomena are inherently stochastic.
The GSMs accommodate these uncertainties by treating many of the input data
as probability density functions (PDFs). Data whose behaviour is better
known, for example, scalar quantities or polynomial combinations of other
variables, may carry additional PDF terms to express uncertainties in their
values. Modeling of a specific site is usually critical to the success of



- 6 -

such an effort, if uncertainties are to be reduced to a reasonable level.

The Battelle GSMs have been developed on mini-computers with extensive
interactive graphics capabilities. The reason for this is that many geolo-
gists are not computer-oriented, but their inputs are needed both for GSM
development and critical review. The interactive GSMs allow these geolo-
gists to explore the structure of the model at the display terminal through
the use of successive levels of self-explanatory flow charts, from general
(see Figure 3), to specific (see Figure 4), to the actual code (see Figure 5)
Input data can be viewed variable-by-variable (see Figure 6) ; and the user
can explore the effects of changing input variables by making changes at the
display terminal and running a simulation. The GSM automatically records
what changes were made during this process.

This structure allows the review of each part of the logic and each
input variable by experts who may not be computer-oriented. This enhances
the credibility of the GSM and, through coding of the simulation logic,
storage and display of input data as shown in Figure 6, and recording of all
changes in input data, provides an unsurpassed bookkeeping and auditability
function.

COORDINATED VERSUS COUPLED MODELING

The Battelle approach to performance assessment of HLW repositories
(Figure 1) is a "coordinated" approach in which a GSM is used to explore the
possible changes that may occur in hydrologic boundary conditions, but sep-
arate physically based hydrologic, transport, and dose models are used to
analyze the consequences cf those changes. The reason is that the GSM has
several hundred PDF input variables, and must be run hundreds or thousands of
times in a Monte Carlo mode to explore the variability of the output vari-
ables (see Figure 7). Each million-year simulation, then, must take no more
than five minutes if the analysis is to be performed in a reasonable amount
of computer time. However, the detailed hydrologic, transport, and dose
models each require lengthy computer runs, and cannot be used as submodels of
the GSM. Further, the results of all of these models must be reviewed at
intermediate stages to test the validity of their results. Thus, the princi-
pal hydrologic, transport, and dose simulations cannot be integral, coupled
parts of the GSM using present computer technology.

However, depending upon the complexity of the hydrologic system, a
simple consequence submodel abstracted from the more complex, physically
based models may be included in the GSM. Such a submodel is preferable
because possible future developments of the geologic system can be screened
more adequately for potential adverse effects on the hydrologic system if a
simple hydrologic simulation is included in the GSM. The GSM for the
Columbia Plateau contained a consequence submodel, and the results in Figure
7 show the range of possible future changes in the hydrologic system caused
by geologic developments. However, the regional hydrologic system could be
adequately simulated using a simple, one-dimensional flow model. The GSM
being developed for the Nevada Test Site does not have a simple hydrologic
submodel because the regional hydrology must be simulated in at least two
dimensions.
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Thus, Battelle experience suggests very strongly that a GSM-type sub-
model is appropriate to provide for cransitional events and gradual changes
in SYVAC. However, our experience also suggests that the complexity of the
hydrologic system to be simulated and the capabilities of the computers to
be used will control the philosophy of a "coupled" versus a "coordinated"
approach.

CONCEPTUAL
SITE-SPECIFIC

MODEL

GEOCHEMICAL
SIMULATION

HYDROLOGIC
SIMULATION

GEOLOGIC
SIMULATION

1
SOURCE TERM
(NEAR FIELD)

CONTAMINANT TRANSPORT
(FAR FIELD)

i
DOSE MODELING

(OPTIONAL)

FIGURE 1: Analyses in the High-Level Waste Repository
Performance-Assessment Technology
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COLUMBIA RIVER BASflLT MODEL
GENERAL MODEL OUTLINE

HEAD IN OATA
INITIALIZE

OPEN OUTPUT FILES
INITIALIZE

CALL UNCETECTED FEATURES SUBHODEL

i-
READ CLIMATE FILE

CALL CLIMATE SUBMODEL

CALL EACH OF THE FOLLQWIN6
SUBMODELS IN RANDOM ORDER

CONTINENTAL 6LACIATI0N

MA6MftTIC EVENTS

DEFORMATION

SEP LEVEL FLUCTUATIONS

6EMORPHIC EVENTS

HETEOHITE iMPfiCT

SU9-BASALT FAULTIN6

CALL HYDR0L06IC SUBMODEL

WRITE OUTPUT DATA

WRITE SUMMARY OATA
CLOSE FILES

PftEPARED BY- S.M.PETRIE REVISION i ON ae/21/sa PG6E I OF

FIGURE 3: Example of a General Flow Chart
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COLUMBIA RIVER BASALT MODEL
SUBMODEL. CLIMATE NOTE'

V
REOO VARIABLES

TIME. DTINE. ICLIH.

ICLIM8, flND IFORCE FROH

FILE TABLE.CLM IN THE

BIN PROGRAM

LNEUCL • TRUE

WRITE TO HISTORY FILE

LflSHFL ' FfiLSE

LCLIM • ICLIH

PREPARED G.M.PETRIE 8EVI5I0M 1 ON O8/Z1/S0 POGE 1 OF 2

FIGURE 4: Example of a Specific Flow Chart
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B.C. of Grande Rondc Basalts in the NE
Density Curve 7 8 .
Submodel(s) :

Undetected Features

Data From Relative Frequency
No transform on X
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0.13(312)190(31313 t o

Point by Point
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3. 0.0(91921191901300
60.1801223754
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The hydraulic conductivity (m/day) of the Grande Ronde
formation in the northeast recharge area.

FIGURE 6: Example of Display Available for One Variable
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CLIMATIC VARIABILITY OF NORTHWESTERN ONTARIO
FOR THE NEXT MILLION YEARS

by

B.F. Findlay, G.A. McKay and B.E. Goodison
Canadian Climate Centre

Atmospheric Environment Service
Downsview, Ontario M3H 5T4

Introduction

Climatic forecasts are useful to many operations. Agriculturalists are
interested in the climate and weather of a forthcoming growing season.
Designers and engineers require information on possible damage to buildings,
bridges and other structures over several decades. Conditions over an un-
usually long period into the future are critical to nuclear fuel waste man-
agement. Atomic Energy of Canada Limited (AECL) has beea examining the
repercussions to an underground disposal vault for nuclear fuel waste,
situated 500-1000 m below the earth's surface in plutonic rocks of the Pre-
cambrian Shield of northwestern Ontario. Climatic change is one stress that
might affect the disposition of escaping radioactive material from a rupture
in the enclosing vault.

Scientists agree that continental glaciation and deglaciation are the
likely repetitive climatic extremes over the next million years, the period
during which the radionuclides may decompose to non-dangerous substances.
Other catastrophic events influencing climate, such as continental uplift,
subsidence or lateral movement, or drastic changes to earth-sun astronomical
relations, are less likely. Continental glaciation interrelates with major
changes to the atmospheric and oceanic circulations, altering the regional
climate expressed by seasonal temperature, precipitation and wind regimes,
and, more fundamentally, the energy and water budgets between the geosphere,
(oceanosphere), biosphere and atmosphere.

It is considered that the principal climatic impact on the vault's
contents would be expressed through the supply of surface water to the
groundwater system, which is controlled by th-j ambient precipitation, air
temperature, and surface cover, which in turn rre driven by processes of the
global climate system in force at the time. The groundwater supply is res-
ponsible for the transport of fugitive radionuclides to the biosphere and,
while factors such as the presence and repeated displacement of a massive
ice sheet 3000 m thick could have stress repercussions on the underlying
rock structure, the water supply and its subsurface behaviour are seen to be
the paramount influencing factors of a climatological nature.

This paper is divided into two main sections in order to (a) present
scenarios of the kinds of climatic episodes associated with stadial(glacial)
events and intervening periods of deglaciation and (b) document the timing
of such events and their predictability.
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All users of climatic information want to know about prediction. A
realistic perspective needs to be set at this time. Weather forecasts having
reasonable accuracy are valid for about five days. They are improving
slowly. Seasonal climatic forecasts are accurate 60-65% of the time, not
much better than a coin toss (50%). Predictions for several years are based
on suppositions regarding changes to climatic controls, including anthro-
pogenic influences. Carbon dioxide predictions fall into this category.
Predictions for periods corresponding to geological time are based on his-
torical evidence and on theories concerning long-term astronomical and geo-
physical processes (Barry 1966, 1973, Berger et al. 1980, Denton and Hughes
1981, Flint 1971). No precise confidence limits may be specified. The projec-
tions suggested by this paper are based on the authors' views of scientific
consensus at this time. We have had the benefit of drawing on a similar
project undertaken by the U.S. Department of Energy (Stottlemyre et al.
1981) and several reports of the Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba (Atomic Energy of Canada Ltd. 1981).

The Climate System

(a) Characteristics - Incoming solar radiation essentially controls world
climate (see Figure 1). Solar energy receipts at the outer atmosphere vary
with latitude and season. They also vary with long-term astronomical motions
and possibly changes in solar output over time. Some of this energy is
absorbed and reflected as it passes through the atmosphere. Some of the
energy received at the surface of the earth is reflected according to the
albedo. Some absorbed solar radiation is re-emitted (long-wave), but the
rest is used to heat the atmosphere and the ground, and to evaporate water.
Photosynthesis uses a small amount. Energy availability, and its use and
transport at the earth's surface, are quite variable among the major divi-
sions of the physical world, i.e., the oceanosphere, the blosphere-geosphere,
and the cryosphere. The oceans mainly absorb energy through their depth,
later re-transmitting considerable heat and moisture to the atmosphere. The
biosphere-terrestrial world differentially reflects, absorbs and exchanges
energy according to surface-cover characteristics. Ice- and snow-covered
regions reflect a high proportion of incoming solar radiation, absorb lit-
tle, and are supplemented seasonally by horizontal transport of energy by
the ocean and atmosphere from the temperate and tropical zones. Changes in
the geographical extent of these realms, of the cryosphere especially, can
have important climatic implications.

(b) Fluctuations - Fresh snow will reflect more than 80% of the incoming
solar radiation; open water bodies will retain about 95% of this energy.
Obviously, such a seasonal or longer-term alteration of the earth's surface
cover could induce a climatic fluctuation or change. This is a simple exam-
ple and, in general, climatic fluctuations have causes so complex (in terms
of forcing factors and feedback mechanisms) that explanations are difficult.
Interannual variability of climatic elements in a region is accounted for by
differences in three-dimensional receipts and dispersements of heat, mois-
ture and momentum through the climate system. Long-term fluctuations or
climatic changes are influenced primarily by variations in the earth's
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orbital elements, which may be triggered and the effects modified through
major, relatively rare, geophysical events such as volcanism, mountain
building, continental subsidence and lateral movement. The behaviour of the
orbital elements is deterministic; the geophysical events are largely random
or, if you like, stochastic.

The orbital elements affect the quantity of solar radiation received at
the top of the atmosphere (Qo)- Milankovitch (1941 )y following the 19th
century work of Croll in particular, described the three principal motions
and computed Qo for Pleistocene time (see Figure 2) . Details are described
by Vernekar (1972) and Imbrie and Imbrie 1979 (popularized):

(a) The eccentricity of the sun from the geometric centre of the
ecliptic - recurrence-92 000 years.

(b) The tilt cycle of the earth's rotational axis relative to
the plane of the ecliptic (obliquity). This has a recurrence
of 41 000 years and affects the high latitudes in particular.

(c) The precession of the equinoxes - the angular distance to the
point of the earth's closest approach to the sun from the au-
tumnal equinox - 21 000 years - main effect in low latitudes.

Vernekar (1972) has re-computed Qo for 2 million years into the past
and 100 000 years into the future using improved procedures. Weertman
(1976) notes that the long-term variability of absorbed radiation ;it
latitude 50°N is +50 ly* to -35 ly. Everyone concurs that this is insuffi-
cient to bring about glacierization on its own. However, it bears noting
that the three cycles are only the principal orbital elements. Others exisi.
that have not been sufficiently studied in this perspective (Floh.i 1979).
Kukla (in Stottlemyre et al.1981) employs the Milankovitch theory to develop,
from harmonic analysis, a climatic index (ACLIN), which may be used to post-
ulate major climatic states: stadial, interstadial and interglacial. The
actual states would require some terrestrial triggering factor, such as ex-
ceptionally frequent volcanic eruptions or man-made partlculate pollution,
for enactment. Kukla supports the work of Hays et al. (1976), which ident-
ifies the 100 000 year periodicity as being dominant.

Recent studies (Kominz and Pisias 1979, Kerr 1981), using ocean corings
over a 60 million-year period have questioned this for the time prior to 5-
8.5 x 106 years BP (Before Present)and have suggested that astronomic cycles
are much less important in bringing on climatic change than previously
thought. This does not obviate ACLIN as a workable procedure for the problem
being considered here. Cores from ocean sediments and from existing ice caps
may be analysed for oxygen isotopes and carbon-bearing organisms. The result
can be related to temperatures and the size of the cryosphere at discrete
time periods (Imbrie and Imbrie 1979) . This work has been a major

*1 ly = 41.8 kj/m2
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breakthrough in paleoclimatology, but new discoveries are necessitating
redrafting of many concepts and theories.

The quantity of polar ice is clearly of major significance over time
because of the albedo effects and feedback processes through the climate
system (see Figure 3). Koerner (1980) has shown from microclimai:olegical
experiments over snow surfaces, how quickly climatic change can be enacted.
Theories have been developed where major calving of the Antarctic sheet and
the spread of ice cover through the southern polar sea would have an impor-
tant climatic fluctuation associated. There is, however, no geological evi-
dence that this has ever happened. Oxygen isotope studies have indicated
that prior to 3 x 10' years BP there was much less polar ice and less varia-
bility over time. The occurrence of the ice may have had a masking effect
in determining the signal described in corings over time of the orbital
elements, in particular the 100 000-year cycle.

Chin and Yevjevich (1974) calculate that 59% of the variation of the
global ice volume is stochastic in nature. Recent papers (Andrews et al.
1980, Ruddiman and Mclntyre 1981) have supported the theory of a relatively
ice-free Arctic at the end of the Pliocene epoch, as a moisture source for
the buildup of continental ice caps.

Some scientists have suggested that changes in solar output could be
significant to climatic change. They cite the correspondence of the Maunder
minimum of sunspot activity with the Little Ice Age in the 17th and 18th
centuries. However, there is insufficient evidence over time either to sup-
port adequately or to deny this theory (Flohn 1979).

While the approach of Kukla to address the million-year climate problem
for the U.S. radionuclide release scenario, as summarized by Stottlemyre e*:
al. (1981), may have some contentious aspects, we conclude that it is a sat-
isfactory "state of the art" procedure. Ongoing sea bottom and ice core stu-
dies may, within a short period, cause a re-evaluation of this conclusion so
that close attention to scientific papers being produced over the next de-
cade is warranted.

Future Climate States

Kukla's ACLIN model (see Figure 4) identifies gross climatic states for
the next million years, based on the Milankovitch theory. The characteris-
tics of these states may be documented by reference to the geological and
glaciological records where preserved pollen, other biological evidence,
indicators of erosion and sedimentation, lithological characteristics of
deposits, entrapped gases in ice and densification of ice suggest discrete
climatic regimes. The states may also be documented by reference to present
climatic regions similar to their paleoclimatic counterparts. As these exist
at different latitudes, adjustments of seasonal radiation distribution and
attendant effects on the energy budget are necessary. Here the analogue
approach is used. The analogues are placed in time using the ACLIN sequence,
with details supplied by the paleoclimatic records.
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The Northwestern Ontario Region

Characteristics of the present climate may be documented by data from a
number of observing stations in northwestern Ontario that have been in oper-
ation for many years. Some regional studies are also useful (Poulton 1972,
Pugsley 1970), However, for purposes of comparison with other states in this
case, the figures may be very general, and pertain to a broad area (see
Table 1). The region is moderately humid, experiences a long,cold and snowy
winter, and supports a boreal forest in the north and a mixed forest in the
south. Over the past million years, there have been warmer periods during
other interglacials and during the present interglacial (ca. 6500 BP the
climatic optimum or hypsithermal when the mean annual temperature was
1-1.5°C higher than present - which is equivalent to conditions in the
southern extremes of the territory). Interglacial periods historically have
lasted 10 to 12 000 years.

TABLE 1

PRESENT CLIMATIC CHARACTERISTICS IN NORTHWESTERN ONTARIO
(INTERGLACIAL)

Characteristic

Mean annual temperature (°C)
Frost-free period June-Aug. (d)
Mean January temperature (°C)
Mean July temperature (°C)
Mean annual precipitation (mm) and

(snow/rain ratio)
Maximum depth of snow (m)
Annual global radiation (kJ/cm2)
Annual absorbed solar radiation

(kJ/cm2)
Annual net radiation (kJ/cra2)
Free-water evaporation (mm)
(ratio to net radiation)
Actual evapotranspiration (mm)
January albedo (ratio)
July albedo (ratio)
Runoff (mm)

Value

0.9
110
-20
15

700 (0.35)
0.7-1.0
460-480

355 albedo =0.7
145
500

(0.7)
480
0.5
0.16
250

Superimposed on the present regime is the possibility of atmospheric
warming resulting from increases in carbon dioxide. The combustion of fossil
fuels and massive deforestation of tropical areas, in particular, are held
responsible for a current 4%/a increase, which, if continued, would double
the present atmospheric concentration (334^L/L) by the year 2030. Increased
absorption of terrestrial long-wave radiation by the CO2 would lead to an
increase in surface temperature of 3° + 1.5°C on a global basis with higher
values at high latitude (United States NRC 1979, Harvey 1982). Even at the
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present emission level, models indicate the doubling would take place by the
22nd century. The effects could be expected to last over a 500-year period.
The warming could also result in changes in the precipitation regime. Where
surface water is abundant, the precipitable atmospheric water content could
increase through evapotranspiration, but sub-humid regions would likely
become more arid.

Also affecting air temperature, but for a shorter period, is massive
volcanic activity, far greater in intensity and dust-loading than the recent
El Chichon and Mt. St. Helen's eruptions.

Flohn (1979) has summarized the volcanic effect on climate. He has
attempted to fit a Poisson distribution of rare independent events to long-
term volcanic activity as expressed by Lamb's dust veil index (DVI) (see
Table 2). However, observed small and large frequencies occur more often
than the Poisson curve indicates. Series of nearly simultaneous eruptions
seem to alternate with long periods of little volcanic activity (see Figure
5). The residence time of volcanogenic particles in the stratosphere has
some dependency on latitude. Flohn has proposed 3 to 5 years in the polar
stratosphere and 1 to 1.5 years in tropical latitudes. Prolonged volcanic
activity clearly could have important implications for the extent of polar
ice cover.

TABLE 2

RECURRENCE TIME OF N VOLCANIC EVENTS (POISSON DISTRIBUTION)

m (years)*

n

1

3
4
5
6
7
8
9
10
11
12
13
14
15

DVI

21

7
83
1
15

10-a

>1000

.3

925
870
700
.05 Ma
.9 Ma
-
-
-
-
-
-
-
-

period

>500

9

2
11
73
0
4

.01

133
480
200
630
500
53 Ma
35 Ma
-
-
-
-
-
—

>300

1
4
20
98
0

5.46

61
133
365
195
570
000
000
.54 Ma
-
-
-
-
—

25-a

>1000

300
1 025
4 360
22 300
0.13 Ma
0.89 Ma
6.2 Ma
-
-
-
-
-
—

period

>300

150
130
145
190
290
505

1 000
2 170
5 210
13 660
38 640
0.12 Ma
0.38 Ma

average recurrence time, data from Lamb (1970)
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Kukla (Stottlemyre et al. 1981), quoting Lamb, notes that, from
1500-1968, there were 25 individual eruptions equal to or greater than the
1883 eruption of Krakatoa. He assumed that the frequency of such eruptions
would correspond to 5 per 1000 years if the near-500 year sample could be
assumed to be representive of a longer period, in his case 1 x 106 years.
Cooling by volcanic dust loading could also lead to changes in precipitation
by reducing quantities of precipitable water in the atmosphere and suppres-
sing evapotranspiration.

A CO2 -induced increase of the annual mean temperature of northwestern
Ontario by 4°C would change the regime to correspond with that of the
Dundalk Highlands in southern Ontario. A cooling of 2°C would be comparable
to existing conditions at Norway House or Waboden, Manitoba or near the
shoreline of Hudson Bay in Ontario. Other periods of anomalous warmth or
cold during the present interglacial have been subject to considerable study
for many years, but the causes remain obscure. These are the climatic opti-
mum or hypsithermal (-6500 years BP) when annual temperatures were 1-1.5°C
higher than present and the Little Ice Age from 1550-1850 when temperatures
were a similar degree cooler than present. It should be noted that, for
convenience in operating his model, Kukla calls the present period an inter-
stadial and the hypsithermal, an interglacial. Terminology in this paper
follows earlier convention.

Transition from Interglacial to Stadial Climatic Regimes

The climate of northwestern Ontario is classified as a humid micro
thermal type using the Koeppen system (Trewartha 1954). The southern part of
the region has more than four months with a mean temperature greater than
10°C, but with no month over 22°C; the northern region has a shorter warm
season. The present distribution of global solar radiation and vegetation
according to Poulton (1972) is shown in Figure 6. A severe temperature de-
cline would lead to a tundra, and eventually an ice-cap climatic regime, the
differentiation being that in the former case some summer temperatures are
positive but a monthly mean of 10°C is not exceeded. A tundra climate would
experience precipitation less than currently occurs in northwestern Ontario.
(Williams 1975). In the ice-cap case, one could presume greater precipita-
tion to form the cap and possibly at deglaciation, but during the stable
mid-period, precipitation less than present, although possibly more than
twice the tundra regime at times because of uplift over the ice surface
(Voskresenskiy, 1982). Under such cooler and drier conditions local convec-
tive precipitation is not realistic. Snow/rain ratios would increase from
0.4 to 2.0. Precipitation variability, expressed as the coefficient of vari-
ation (Cv), would be expected to increase from 0.2 to 0.4. Temperature would
be less variable. Presently, July values have a Cv of 0.09 and January val-
ues have a Cv of 0.12. The winter values would be expected to stabilize at
a Cv of 0.10 and summer values to increase to a Cv of 0.18.

Current thinking favours a rather rapid change from interstadial to
stadial climates, but it appears that periods shorter than 20 000 years for
the building of a Wisconsin-type ice cap are not reasonable (Barry et al.
1975).
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Stadial Climate

Stadral periods may be considered in terms of early, Intermediate and
late stages to correspond with the ice formation, an equilibrium or slow-
change stage, and the eventual deglaciation. Table 3 is a summary of glacia-
tion events. Climatic values for each stage are listed on Table 4, in a
manner comparable to Table 1 (Interglacial). The stadial period is complex,
however, even during the intermediate stage. Two temporary ice recessions
have been recognized as interstadials. Evidence suggests that resumption of
the stadial can be abrupt, with forests being overridden by advancing ice.

TABLE 3

GLACIATION AND CLIMATE MILESTONES - NORTHWESTERN ONTARIO

Event

Late Precarabrian glaciation

Permocarboniferous glaciation
Beginning of Ctnozoic Ice Age

Several recurrent glacial and interglacials
Beginning of Last (Wisconsin) ice buildup
St. Pierre temperate interstadial
Port Talbot cold interstadial
Radiation minimum
Maximum ice extent
Cool, moist period
Radiation maximum, dry period begins,
Lake Agassiz (Allerod)
Brief stadial
Period of greatest aridity and heat
Cooler-wetter

Present conditions

Time (BP)

700 Ma
300 Ma
10 Ma

120 000
65 000
40 000
25 000
18 000

13-11 000
1.1-9000

9500
7300-6200
4500-3500

3500
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TABLE 4

STADIAL CLIMATIC CHARACTERISTICS - NORTHWESTERN ONTARIO

(E-early 80 000 BP; M-18 000 BP; L=late 10 000 BP)

Characteristic E

Mean annual teaperature (°C) -5
Frost-free period (d) 20
Mean January temperature (°C) -20
Mean July temperature (°C) 10
Mean annual precipitation (mm) and 800 (1-1)
(snow/rain ratio)

Maximum depth of snow (and ice) (m) 500
Annual global radiation (kJ/cm2) 314
Annual absorbed solar radiation 175
(kJ/cm*)

Free-water evaporation (mm) 15U
Actual evapotranspiration (mm)
January albedo 0.6
July albedo 0.4
Runoff (mm) 100

Wastage rate (mm f^O/a)

H

-20
0

-40
-2
600 (2.0)

3000
420
117

-
0.8
0.4
0

L

-2
40
-25

5
700 (0.8)

2500
670
444

-
0.5
0.3
1050

7000

The initial period of a stadial would require a condition allowing a
positive mass balance of 0.6 m/a, which could be accomplished by copious
snowfall, a cool melt season or some combination. A recent paper by Mayo and
Trabant (1982) showed that, between -2 and +5°C, the Wolverine Glacier
(Alaska) would grow rapidly but below -11°C, it would grow slowly, and above
+5°C, ablation would be rapid. The continental ice may have been initiated
at several centres and later coalesced to form a continuous sheet. Once the
sheet has reached an extensive distribution, its cold surface can be
expected to promote a relatively stable weather regime with reduced cloudi-
ness and precipitation. Net surface runoff from the ice sheet would be near
zero in most years; however, there is good evidence to suggest continental
glaciers have wet bases where friction and overburden pressure are responsi-
ble for contributing to ground infiltration all year. Bull (Battelle
Pacific Northwest Labs.1979) has suggested 5-30 mm/a would be available from
the frictional melt.

Temperatures over the ice sheet may be approximated by reference to
Antarctica or Greenland conditions. Surface sea temperatures during a
stadial period have been determined to be 5-6°C below present and such
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information has been used in general ci rculation models for 18 000 a BP
(CLIMAP 1976, Gates 1976). These models show patterns of pressure and tem-
perature that seem rational, and should provide important insight regarding
ire-age climate associations.

The deglaciation period is of considerable importance to the problem at
hand, as unprecedented water quantities are released from surface storage
for runoff and infiltration. Ponding is significant to the early period.
Most of northwestern Ontario was inundated by Lake Agassiz for several cen-
turies (see Figure 7). Bull (cited above) notes increases in groundwater
recharge pressures of 11 kPa/m water depth. (With glacier ice the overburden
pressure is 9 kPa/m).

Andrews (1973) calculated that the southern margin of the Wisconsin ice
sheet retreated at an average rate of 260 m/a, and suggested that a com-
bination of calving and melt were responsible. Andrews produced an estimate
of 25 cm/d melt during July at 10 000 BP which with allowance for seasonal
radiation and albedo changes would correspond to an annual gross melt of
7500-15000 mm without snowfall compensation. Contrary to Stottlemyre et al.
(op cit) who conclude that precipitation over the mountain and bolson region
of the USA was two to four times greater during deglaciation than present,
studies in the western Great Lakes region (e.g., Webb and Bryson, 1972) do
not show seasonal and annual amounts and kinds of precipitation at 10 000 BP
to be greatly different than today.

The appropriate annual water balance is estimated to be: (a) precipita-
tion 700 mm; (b) ice melt 700 mm; (c) free-water evaporation 350 mm; (d)
runoff 1050 mm where the sum of (a) + (b) - (c) = (d). Element (a) is de-
duced from Webb and Bryson (1972), (b) from Andrews (1973) and Terasraae
(1973), and (c) from Ohmura (1982a, b) and Webb and Bryson (1972).

The melt-back of the Wisconsin ice sheet took 4000 to 5000 years and
during the early period, northwestern Ontario had a huge lake surface.
Increasing aridity occurred, drying lakes throughout the region in the
period prior to the hypsithermal (Teller and Last 1981).

Interstadial states

While short-lived, 4000-8000 years, interstadials are important
periods during which ice withdrawal from the region may take place, with
associated melt, lacustrine and hot, dry stages, and an abrupt termination
as the stadial resumes. During the Allerod period in Europe (11 000 BP) a
short-lived ice r^advance destroyed spruce forests. The interstadial
scenario (see Table 5) is based on a tundra-boreal transition climate.



- 30 -

70

Areas covered by late- and post-glacial
marine deposits i (f "JV

Areas of glacial lake extent and sediments

ft '

70"

FIGURE 7: Extent of Glacial Lakes (Andrews 1973)



- 31

TABLE 5

INTERSTADIAL CLIMATIC CHARACTERISTICS FOR NORTHWESTERN ONTARIO

Characteristics

Mean annual temperature (°C)
Frost-free period (d)
Mean January Temperature (°C)
Mean July temperature (°C)
Mean annual precipitation (mm)
and (snow/rain ratio)

Maximum depth of snow (and ice)(m)
Annual global radiation (kJ/cm2)
Annual absorbed solar radiation (kJ/cm*)
Free water evaporation (mm)
Actual evapotranspiration (mm)
January albedo
July albedo
Runoff (mm)

Value

-1.9
90
-25
14

600 (0.7)

0.5
420
285
230
230
0.8
0.2
370

TABLE 6

EVENT FREQUENCIES

(after Kukla ch. 13 in Battelle 1979)

State

Interglaclal
Temp. Interstadial
Interstadial
Stadial

Duration
(a)

10 000
8 000
4 000

8-16 000

Probability

0.10
0.16
0.08
0.66 1

Climatic variability and predictability

Kukla (Stottlemyre et al. 1981) has estimated the probabilities after
major glacial states (Table 6) , while Mitchell (1976) has set out an over-
view of climatic variability and causal mechanisms through all time scales.
In setting a framework, Mitchell distinguishes between internal stochastic
and external forcing processes. The former, which are feedback climatic
processes between the atmosphere-ocean-ice surfaces, etc.,can be self-auto-
mated or set up by external forces, orbital motions, geophysical evants,
etc. These are illustrated in their appropriate position in the spectrum in
Figure. 8. In Figure. 9 (also from Mitchell), the process of incrementing
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Mechanisms (Mitchell 1976)
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natural variability of defined time/space processes to time scales that are
substantially longer is shown such that, at the longest time scales (e.g.
major ice age), the background level of variability has a low degree of
order, a high entropy and a low degree of predictabilty. This is contrast
with deterministic processes where predictability is relatively good. Imbrie
and Imbrie (1980) acknowledge that 25% of the observed variance in simple
linear climate models responding to orbital forcing is explainable. Combined
with recent improvements in the application of radiation balance models to
ice-age problems, this has caused Imbrie and Imbrie to make the optimistic
statement:

"Except for studies of the annual cycle, we know of no
other problem in climate dynamics where the primary
external, forcing terms are known so precisely".

The current problem among "deterministic" modellers Is to enhance the
spectral signal of the forcing terms as response functions in the geological
record, in particular to determine whether the 100 000 year eccentricity
cycle can be detected before 650 000 years BP.

But, as Mitchell (1976) notes, in the 103 to 105-year spectral band, a
considerable share of climatic variability is likely attributable to three-
way stochastic interactions between ice sheets deep oceans and the atmos-

C "7

phere. At scales of 10" and 10' years, stochastic processes may be per-
tinent, but effects are unknown. Chin and Yevjevich (1974), using a mathe-
matical model combining deterministic and stochastic components to study
long-range climatic changes,reached similar conclusions. Chin and Yevjevich,
determined the stochastic component by subtracting the deterministic com-
ponent from an oxygen-18 time series of sea cores. More complete geological
data and substitution of theoretical mathematical procedures for a grey-box
model to predict the deterministic elements were improvements for future
studies suggested by the authors.

In discussing the theory of stochastic climate models, Hasselraann
(1976) ascribes slow climatic changes to continuous random excitation by
short-period "weather" disturbances. The random-walk response characteris-
tics (akin to first-order Markov) are analogous to Brownian motion, where
large particles interact with an ensemble of much smaller particles. By
representing the excitation by diffusion terms in a Fokker-Planck equation,
the evolution of a climate probability distribution can be described. Feed-
back produces an ever-increasing climate variability until stabilization is
applied, which yields a statistically stationary probability distribution. A
finite degree of predictability now exists, but the skill is in the order of
0.5.

Conclusions

The present climate of northwestern Ontario is an interglacial phase of
an ice age that began following orogenic activity in the Pliocene epoch
10 million years ago. The main phase commenced about 1.8 million years ago,
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and the last great ice sheet built up about 120 000 years ago or earlier and
terminated about 10 000 years ago. Very cool periods have occurred since
this time, favouring mountain glacier activity and, based on preceding in-
terglacials, the termination date of the present phase should occur within
the next few thousand yearc. Glacial or stadial periods last about 100 000
years but are interrupted many times by short-periuu ice withdrawals, parti-
cularly in areas close to the sheet margins, such as northwestern Ontario.

Enormous quantities of water stored during the ice advance and stagna-
tion periods are released to form ponds, to enlarge stream systems and to
enter the ground. Between one and two metres per year are melted or evapo-
rated from the ice sheet or surface water which if continuous would oblit-
erate the ice in about 2000 years. However, cool net accumulation periods
may be expected to intervene, prolonging the melt. Near the ice margin,
calving likely accelerates the wastage uf ice.

Palynological and other evidence suggests that temperature and precipi-
tation in the region under study vary in an expected, and not especially
large, way over the roillenia. The presence of the ice substantially cools
the region in all seasons and locks up most water in a solid form most of
the year. Ablation does occur for brief periods, even during full stadials,
but a large percentage of the melt water may be expected to re-freeze in the
ice sheet at night or during cool days. Precipitation may be greater than
present during the 20 000 or so years required to build the glacier, but not
by a large amount; and it need not be greater, if the melt season is suffi-
ciently short to allow a net accumulation of ice over the years. Precipita-
tion may be less than present during a full stadial, as the air masses fre-
quenting the area may be expected to be generally cool and dry. However, a
300 m rise in elevation can be expected to force condensation and precipita-
tion from moist air of southerly origin, and the overall precipitation can-
not be expected to be greatly reduced.

Contrary to the situation in the western United States, precipitation
would be expected to increase only moderately at the time of deglaciation af
there would be a greater frequency of warm, moist air masses reaching the
region, and copious surface water locally would augment the rain and snow.
The ratio of rain to snow over the year has varied considerably and this can
be important in the timing and quantities of snowmelt runoff and flooding.
Another factor in flooding is permafrost distribution, which may be expected
along ice-marginal areas during stadials and into interstadials and early
interglacials. Under the ice, permafrost may be discontinuous or absent.

Interglacials, and particularly interstadials, may terminate very
rapidly, shifting the climate directly from a boreal to an ice-cap situation
without an intervening taiga-tundra situation.

The driving mechanisms for ice ages are becoming better understood, but
controversy will remain for some time. The solar-earth orbital relations, as
Milankovitch and later mathematicians have computed them, are necessary pro-
cesses in bringing on ice periods, but periods of extreme solar radiation
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range need to be contingent with other factors in order to effect a major
climatic change. Changes in polar ice may be either an ancillary cause (by
reflecting radiation and promoting atmospheric cooling) or a feedback from
cooling by other causes. Once established, the extensive polar ice helps
maintain cool melt seasons, but also establishes a stable atmospheric struc-
ture, antagonistic 10 buoyant air, condensation and precipitation.

Volcanic activity on a massive scale is currently felt by many to be
a likely triggering mechanism for glaciation, when other situations are
favourable.

A predictive model of glacial and interglacial climatic states needs to
incorporate both the deterministic orbital elements and the stochastic as-
sociated or catalysing processes, such as snow/ice cover and volcanism. It
has been mentioned that Kukla has developed the basis of such a model.
Other models might be developed using, for example, the work of Imbrie and
Imbrie (1980) and Chin and Yevjevich (197A) and guidance offered by
Hasselmann (1976).

In closing, it must be emphasized that any model based on current
knowledge may have to be modified over the next decade or so as new informa-
tion becomes available from geological evidence, particularly sea bottom and
ice cores, and as the development of statistical treatments of these data
progresses.
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THE ASTRONOMICAL CLIMATIC INDEX
AND ITS VALUE FOR PREDICTING

FUTURE CLIMATE

Dohn V. Matthews, 3r.
Geological Survey of Canada: Terrain Sciences Division

601 Booth Street, OTTAWA, Ontario K1A 0E8

INTRODUCTION

For a geologist the long-term instability of world climate is an indisputable fact.
One need only refer to past history of climate as revealed by the wealth of proxy data
in the geological record to conclude that future climate will not remain as it is at
present. Yet climatic stability is often assumed to be a fact by economic and scientific
planners- Fortunately the recent publicity on the possible climatic effects of increasing
levels of atmospheric carbon dioxide is forcing a change in this thinking. The future
climate projections associated with the carbon dioxide question apply only to the next
century at most and are based, for the most part, on extrapolations generated by
General Circulation Models (GCM's) (Manabe and Wetherald, 1980) rather than
retrospectives on past climate.

Though not as prominent an issue as is carbon dioxide, the need to safely store
nuclear wastes is also starting to rouse public interest in future climate, particularly
the prospect of glaciation in areas where the waste is buried. Projections relating to
nuclear waste storage probe much further into the future than those generated by
GCM's; consequently, they rely much more for their calibration on the geological record
of past climatic change.

One well known scenario for future climate is found in the Batt^ll^ Memorial
Institute report on nuclear waste disposal (Stottlemyre et al., 1981). It purports to
trace climate for the next one million years using an Astronomic Climatic Index
(ACLIN), which is based on orbital forcing (Berger, 19781 and calibrated to the marine
record of climate change and world ice volume (Kukla, 1979).

This paper discusses some of underlying assumptions of the ACLIN and compares
the accuracy of the projection that it generates with the record of past climate change.
It is apparent that the marine paieoclimatic record, to which the ACLIN projection is
calibrated, is not in every case an accurate reflection of terrestrial climatic events.
Furthermore other potential climate forcing functions must be considered when
projecting future climate. Some of them are undoubtedly important for determining
short-term climate fluctuations, but in doing so may act to trigger longer lasting shifts.

THE ASTRONOMICAL CLIMATIC INDEX

The only long-term climatic forcing function that can be shown to account for
climate fluctuations over the past several hundred thousand years is the shift in
seasonal and latitudinal distribution of incoming solar radiation caused by secular
changes of the earth's orbit - the so-called Milankovich effect. In recent years
the theory has been recast based on more accurate orbital calculations (Berger, 1978)
and statistical comparison of the frequency of orbital perturbations with changes in
world ice volume and temperature as recorded in deep-sea cores (Hays et al., 1976).
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Although there is disagreement as to how much climate variance is due to orbital
forcing (Kominz and Pisias, 1979), many paleoclimatologists now admit that orbital
perturbations are the "pacemakers" of the ice ages.

In the BattelJe simulation of nuclear waste disposal (Stottlemyre et al., 1981), an
"Astronomical Climate Index" (Kukla, 1979) is used to estimate the climatic effect of
orbital variations over the next one million years (see Figures 1 and 2). The index is
calibrated to the last 150 000 years of the marine climatic record, and really applies
only to an equivalent period of future climate. The formula used to calculate the
ACLIN sums the three primary inputs to the astronomical forcing function: (1) change
in the obliquity of the earth axis (40 000 year period); (2) precession of the axis (21-
23 000 year period); and (3) change of orbital eccentricity (92 000 year period). ACLIN
values exceeding 4.3 are judged to represent interglacial conditions. Values between
4.3 and 3.6 mark temperate interstadials; those in the range of 2.5-3.6, interstadials;
and indices of less than 2.5, stadials - periods of maximum cold and glaciation. Though
not stated in Kukla's (1979) description of the index, the low points on the curves
(Figures 1 and 2) correspond to times when orbital eccentricity and axial tilt were at
their minima and the longitude of the perihelion crossed near the centre of Eurasia and
North America (Kukla, 1975). The placement of the insolation minimum at 17 000 and
the maximum at 6000 years (Figure 2) also suggests that the extrapolation is based on
the assumption that the autumnal season is the one in which insolation minima and
maxima exert their greatest climatic leverage (Kukla, 1975). This contrasts with the
original Milankovich hypothesis, which held that summer was the critical insolation
period.

Further assumptions that are important for understanding the ACLIN are that it
represents only natural changes of climate, i.e., does not take into consideration any
anthropogenic lorcing, such as the rise of atmospheric carbon dioxide due to combustion
of fossil fuel. Nor does it take account of volcanism, nonstationarity ("almost-
intransitivity") of climate, solar variations, or other non-predictable (stochastic?)
elements of the climate system. Moreover, the ACLIN is not able to portray climatic
changes with periodicities of less than 10 000 years duration (cf. Figure 12 of
Stottlemyre et al., 1981) and it is not applicable at time scales longer than one million
years, because in that range lithosphere plate movements become an important,
indirect, climate forcing function.

Kukla (1979) has calculated the probability of occurrence for each of the ACLIN
climatic states. For interglacials the probability is low, 0.1, while that for stadials is
0.66. The relative duration of each of the climatic states is evident in Figure 1.
Interglacials last for approximately 10 000 years; temperate interstadials, 8000 years;
interstadials, 4000 years; and stadials 8000-16 000 years.

The ACLIN suggests that we are now in the final stages of a true interglacial.
The alternating cycle of glacials and interglacials will continue for the next million
years, and during that time the world will experience eight short but intense
interglacials similar to the present one. The next interglacial after the end of the
present one is expected in approximately 125 000 years. Note that this is the period for
which the prediction is thought to be most reliable (Kukla, 1979). Between now and the
next interglacial, climate should remain predominantly cold, except for two temperate
interstadials.
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FIGURE 1: Astronomical Climatic Index for the Period From -1 Million
Years to +1 Million Years (Stottlemyre et al., 1981).
Roman numerals mark the date of major termination events
(Ruddiman and Mclntyre, 1976). SL = high sea level (van
Donk, 1976); GL = major glaciation (van Donk, 1976).
Arrow at A marks approximate date of the first formation
of perennial ice cover on the Arctic Ocean (Herman and
Hopkins, 1980).
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ACLIN AND THE PALEOCLIMATE RECORD

The usefulness of the Astronomical Index as a tool for predicting future climate
can be assessed by comparing it with the actual climatic record. To be fair it must be
stated again that Kukla (1979) only claims the index as an indicator of climate over the
next 125 000 years, e.g., the next glacial-interglacial cycle, and the curve presented in
Figures 1 and 2 is only calibrated to the last glacial-interglacial cycle.

1. Mechanisms for Relating Orbital Fluctuations to Climate

Hays et al. 1976 argue for a linkage between insolation variations due to orbital
perturbations and the climatic cycle, yet they steer clear from suggesting specific
driving mechanisms. The orbital variations that form the basis for the ACLIN do not
involve great changes in the average annual insolation input. Only the eccentricity
factor has such an effect, and it amounts to an equivalent change in the solar constant
ox less than 0.27% (Schneider and Thompson, 1979). Variations of axial precession and
obliquity only cause solar insolation to be distributed differently on the earth's surface.
The precessional cycle is particularly important because it is the only forcing function
that can cause insolation increase in the low latitudes coincident with insolation minima
at high latitudes. Even though this may seem to be the obvious key to the way the
orbital variations drive glaciation (i.e., transport moisture to high latitude and freeze
it), the process is clearly much more complex (Schneider and Thompson, 1979), and
undoubtedly involves several as yet poorly understood feedback loops.

One puzzling enigma is the strong 100 000 signal in the deep-sea ice-volume and
temperature record (See Figure 3). It matches the cyclic change of orbital
eccentricity, even though, theoretically, eccentricity changes should have litt le
climatic impact. Ruddiman and Mclntyre (1981) attempt to explain this anomaly by
suggesting a mechanism by which the precessional signal is amplified in the North
Atlantic region, "forcing" rapid deglaciation and glaciation (See Figures k and 5). The
100 000 year peak in the marine record is interpreted by them as a reinforced 23 000
precessional signal that occurs only after significant accumulation of continental ice.
This hypothesis illustrates the complex feedback loops to be expected of astronomical
climate forcing. One must be aware of such potential complexities when viewing the
smooth swings of the curves shown in Figures 1 and 2.

2. The Marine Climatic Record

The climatic and ice-volume record from deep-sea sediments does not agree in
detail with the astronomical curves. In the lower parts of the cores, beyond the 300 000
year level, the phasing of astronomical and climatic fluctuations is not correct for a
causal relationship. This could be a reflection of the less precise dating oi the older
parts of cores, but the phasing discrepancies are not completely eliminated by revised
estimates of sedimentation rate (Hays et al., 1976).

The curve in Figure 1 also shows some major deviations between the astronomical
fluctuations and the "terminations" that mark the end of glacial cycles. Again this may
be due primarily to errors in extrapolating the ages of the "terminations" (Ruddiman
and Mclntyre, 1976), but as the figure shows, considerable adjustment would be required
to align some of the index peaks with the "terminations".
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FIGURE 3: Power Spectrum of Climatic Fluctuations During the
Last 600 000 Years (various sources. See Hays et al.,
1976 for details)
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In a study of oxygen-isotope record for the entire Pleistocene, van Donk (1976)
identifies three periods of high sea-level stand during the last million years. Though
there may also be dating problems associated with this work, note (Figure 1) that only
one of his sealevel events corresponds to an ACLIN maximum. The four major glacial
phases identified by van Donk also fail to correspond with ACLIN minima.

The isotope record also suggests a shift to greater glacial ice volume shortly after
750 000 years ago, at about the time when some workers conclude the Arctic Ocean
first became perennially frozen (Herman and Hopkins, 1980). Neither of these events is
evident in the ACLIN curve.

It is intriguing that one climate model (Adem, 1981) suggests tentatively *hat, in
order for the orbital mechanisms to act as "pacemaker" for glaciations, the world must
already have been in an ice-snow state. Formation of a perennial ice cover on the
Arctic Ocean could have acted as the trigger to this new climatic mode.

Correlation of Marine and Land-Based Records

Differences of opinion on what defines an interglacial have defeated easy
comparison of the land-based interglacials with those in the marine record. The
problem stems from what has been a tenuous correlation between the terrestrial and
deep-sea record. Now, however (Mangerud et al., 1979), the Eemian interglacial of
western Europe (thought to be equivalent to the Sangamon of North America) has been
positively correlated with stage 5e in the marine record (Figure 2). But the record of
warm "interglacial" events on land does net always agree with the isotopic ice-volume
minima recorded in marine sediments. In the long pollen record from Grand Pile (see
Figure 6) (Woillard, 1975) the St. Germain I and St. Germain II phases are both seen as
interglacials on the basis of their vegetational signal, yet clearly do not coincide with
an ice-volume minima like stage 5e (Figure 2). Another example of an "interglacial"
apparently missing from the marine record comes from East Beringia (Alaska-Yukon).
The fortuitous occurrence of a dated early Wisconsinan volcanic tephra at several key
sections and one lake (Imuruk Lake, Figure 7) reveals a phase of very warm,
interglacial-type climate that almost certainly postdates stage 5 of the marine record
(Matthews and Schweger, in press). The marine isotopic record suggests that the
climate should have been as warm only during stages 1 and 5e (Figure 2).

OTHER POSSIBLE CLIMATE FORCING FUNCTIONS

The way in which orbital perturbations have modulated continental glaciation has
not remained constant through the late Tertiary and Pleistocene (Moore et al., 1982),
and it appears unlikely that orbital factors can account for the initiation of continental
glaciation, which began as early as the Miocene in the Antarctic and around 3.2 million
years ago in the Northern Hemisphere (Kennet, 1977; Shackleton and Opdyke, 1977).
Instead, the initiation of our present phase of glacial climates probably results from
lithosphere plate movements that have placed continents near the poles and reorganized
marine currents so as to transport moisture toward the poles. The emergence of the
Panamanian Isthmus was probably an important (but not the only) cause for the marine
isotopic shift, at 3.2 million years ago, that signals the first worldwide glacial episode
of the Cenozoic,
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FIGURE 6: Grand Pile Pollen Diagram (simplified from Woillard, 1975).
Lined areas represent trees (relatively warmer climate).
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1. Solar variability

Solar variability has been suggested as a probable climate forcing function
(Anon., 1982; Newkirk, 1982; Pittock and Shapiro, 1982, Sonnenfeld, 1978). That the
energy output of the sun does vary has been known for some sixty years (Anon. 1982);
however, the difference in energy output is probably much less than 1 °o oi the total
radiative flux, which means that it is less than that caused by changes of orbital
eccentricity and far less than the change in insolation at the earth's surface due to
varying cloud cover. Furthermore, the most variable portion of the solar spectrum is at
the extreme ends of the radiation envelope, which places it outside the spectral zone
within which most sun-earth energy exchange occurs. The most energetic fraction of
the variable solar spectrum, i.e., that which penetrates deepest into the atmosphere, is
absorbed or dispersed well above the earth's surface. Thus, if the observed variations of
solar energy do affect cl imate, the mechanism is obscure. It must involve either
(J)some unknown type of reinforcing lever, (2) a trigger mechanism that would cause a
change of cl imatic state, or (3) electrical charging effects rather than heating.

Pittock (1978) and Pittock and Shapiro (1982) discuss many of the proposed
cJimate-sun relationships and dismiss virtually all of them (including those linked to the
11 and 22 year sunspot cycles) as flawed by autocorrelations or inadequate statistical
veri f icat ion. The only two interactions that they concede as probable are the short-
term variations of the Vorticity Area index as a function of magnetic sector crossings,
and the apparent correlation of periods of cool, moist climate with minimal solar
act iv i ty, as indicated by increased production of carbon-1^ (carbon-!'* production is
directly related to the galactic cosmic ray flux, which is inversely correlated with solar
activi ty) (Newkirk, 1982; Pittock and Shapiro, 19221. The former applies mainly to
variations of weather rather than climate. The latter (see Figure 81. A real (see
Stuiver, 1980), must involve solar variability of a greater magnitude or a different
character than that measured during instrumental observations of the sun. It is the
type of interaction that can only be explored bv use of paleoclimate proxv data.

2. Volcanism

In the Battelle simulation (Stottlernyre et al., 19811 transient increases of
atmospheric turbidity due to explosive volcanism are assumed to be random events that
wil l continue to occur at their present frequency (averaged over the last few centuries)
for the next million years. It is conceded that volcanir eruptions may trigger climatic,
shifts to colder conditions, but only when the ACLIN index is fal l ing, i.e., reinforcing a
change already in progress.

There are several reasons to question such assumptions. The incidence of recent
voJcanism does not appear to be random (Flohn, 1979) and, since the frequency of
volcanism is probably related in some way to lithosphere plate movements, volcanism
should not be expected to be random (Vogt, 1979). Furthermore, historic measurements
of the volcanic dust veil may not be a true index of its importance over the entire
Quaternary. Many Pleistocene tephras seem to represent volcanic explosions or pulses
of volcanic activity of a much greater magnitude than that which has occurred during
recorded history (Bray, 19791. Finally, the triggering capabilities of volcanic aerosols
may be sufficient to reverse long-term climatic trends rather than to simply reinforce
them. For example. Flohn (1979) suggests that pulses of explosive volcanism are
probably responsible for short pulses of cooling (abortive glaciations) that typify the
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FIGURE 8: Relationship Between Climate and Solar Activity (Newkirk,
1982). Top line:C-14 production. Intervals 3 and 2 cor-
respond, respectively, to the Sporer and Maunder minima.
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paleoclimatic record of some interglacials. One of the studies in which such short-term
cooling episodes are evident is the pollen analysis of the Grand Pile core in France
(Woillard, 1975).

E/en though there is reason to believe volcanism may be a more important
climate forcing function than the Battelle report concludes, modeling experiments that
assume a doubled "dust veil input" fail to reveal significant temperature departures.
However, the authors of one such study (Schneider and Mass, 1975) are careful to state
that the model may not account for the complexity of atmosphere-dust interactions.

".. warming and cooling" as a result of atmospheric dust loading "is a
complicated function of the wavelength-dependent absorbtion and
backscattering coefficients of the particles, the particle size distribution, the
optical depth of the aerosol layer, the vertical distribution of the aerosol
concentration, the vertical temperature and humidity profiles of the
atmosphere, the zenith angle of the sun, and even the albedo of the lower
atmosphere" (Schneider and Mass, 1975).

Consequently, volcanic dust may have different effects (perhaps even of opposite
sign) at different latitudes, this being especially true if the residence time of volcanic
aerosols is longer at high latitudes (Flohn, 1979). In addition to atmospheric effects,
the heavier fraction of the volcanic eruptions - tephra - may cause albedo changes if
deposited in thick increments over large areas (Bray, 1979). Such ash falls have
occurred numerous times during the Pleistocene, but unfortunately their effect is
difficult to evaluate because of a lack of modern explosions of similar magnitude.

Atmospheric dust of surface origin probably also influences climate. During the
Pleistocene large areas of the North American mid-continent as well as unglaciated
areas of Alaska and Eurasia were blanketed by wind-blown silt (loess). This must have
increased the mean turbidity of the lower atmosphere. Loess deposition is not a random
process. It is closely tied to glacial events and thus might have acted as an important
climate feedback mechanism during glacial events. As well as darkening the lower
atmosphere, Pleistocene loess accumulation probably altered surface albedo over large
areas, either directly by creating large scantily vegetated expanses or darkening snow
in spring, or indirectly by promoting the development of particular types of vegetation.
An increase in atmospheric dust levels during the Pleistocene might also have
influenced rain drop formation and indirectly the dynamics of fluvial systems (Maley,
1982).

3. "Almost Intransitivity" of Climate

The possibility that climate change is stochastic or that the climate system is
"almost intransitive", i.e., that it can exist in several different states and will jump
randomly or with only slight forcing from one to the other, poses a serious question for
study of climatic change (Flohn, 1979; Hecht et al., 1979; Pittock and Shapiro, 19S2). If
true, it threatens the validity of long-term climatic projections such as the one
discussed here. However, the stochastic tendencies of the climatic system may be
constrained by the time lags and "memory" of the different climatic subsystems, such
as glaciers and the oceans (Florin, 1979). Jf so, stochastic behavior may take on greater
significance at times when some of the subsystem "memory" effects are relaxed, as
they were during intergiacials or during the time period of the Tertiary preceding the
development of the marine psychrosphere (cold bottom water) and Antarctic ice sheets.
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4. Anthropogenic Forcing

An important assumption of the Battelle climate projection is that man's industry
and land use will have little impact on future climate. Although the issue of carbon
dioxide and future climate is still controversial, most workers agree that, if the present
trend continues unabated, anthropogenic carbon dioxide will become a measurable
climatic forcing function. Schneider and Thompson (1979) suggest that the problem is
multifaceted and they identify, among others, several target areas for future research:

A. Behavioral assumptions: How will the carbon dioxide forcing function develop at
present or reduced rates of fossil fuel consumption? What other anthropogenic
activities add carbon dioxide to the atmosphere?

B. Carbon cycle: There is at present considerable uncertainty as to how much
atmospheric carbon dioxide comes from the biosphere. Very little is known about
how much carbon dioxide remains in the atmosphere, and the major unanswered
question concerns the carbon dioxide capacity of the oceanic reservoir.

C. Global equilibrium response: This refers to estimates derived from Global
Circulation models (GCM's). Paleoclimatic proxy data are used to evaluate the
validity of these models when run under different sets of boundary conditions.

D. Regional equilibrium response: The GCM experiments with carbon dioxide show that
the response is likely to differ from one area to another (Manabe and Wetherald,
1980; Manabe et al., 1981). In particular very arid conditions and a summer soil
water deficit are predicted for western Canada (Menabe et al., 1981). The climate
of the warmest phase of the present interglacial was probably analogous in some
ways to that expected after a doubling of atmospheric carbon dioxide (Flohn, 1979).
But such comparisons should be drawn with caution, and they are totally dependent
on an adequate paleoclimatic data base.

E. Transient responses: Schneider and Thompson (1979) predict that the effect of
carbon dioxide on climate may exhibit transient behavior and response lags
depending on the behavior of the ocean and hemispheric geography. The problem is
one of formulating models that accurately portray the behavior of the ocean, yet
are simple enough to be compatible with present computer technology and budgets
(Bryan et al., 1982).

F. Physical impact of carbon dioxide induced change: This involves snowline
fluctuations, changes in plant and animal distributions, and other such variables that
are routinely investigated by paleoclimatologists.

A specific issue related to the last point is the future of the Arctic Ocean ice
cover. An important result of the incorporation of albedo feedback into GCM's is to
show that, with increasing values of atmospheric carbon dioxide, the temperature
increase is highest near the poles (Manabe and Wetherald, 1980; Hare, 1981). Some
authors conclude that this differential response will result in thaw of the Arctic Ocean
toward the end of the next century when carbon dioxide levels are quadruple their
present value (Hare, 1981). This would represent a significant event in climate history,
being the first time in at least 700 000 years that the Arctic Ocean was seasonally ice-
free (Herman and Hopkins, 1980). A seasonally ice-free Arctic Ocean would
undoubtedly cause greater snowfall in the immediate region surrounding the basin.
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possibly triggering a glaciation. Some models also predict colder clir.iates within the
interior of the northern continents (Mason, 1976) as one of the outcomes of an open
Arctic Ocean. In fact, because the Arctic Ocean is also a source of Atlantic bottom
water (Schnitker, 1980), thaw of its perennial ice cover would likely have worldwide
effects.

DISCUSSION

Like several other lines of evidence, the ACLIN index predicts that the world is in
the final stages of an interglacial, and that climate will soon start to change in a
manner that will lead ultimately to a glacial state. The projection says nothing about
the probability of sudden downturns in climate like those that appear to have occurred
during previous interglacials (Flohn, 1979); nor can it possibly reflect stochastic
components of climate. Neither does the ACLIN projection address the question of
anthropogenic forcing. Changes resulting from increase of carbon dioxide will probably
take place over the next century, and though this is a much shorter time period than the
orbital perturbations, some of the changes, such as thawing of the Arctic Ocean, could
lead to a climatic state that is less receptive to astronomical forcing.

Hecht and Imbrie (1979) believe that the science of climatology is undergoing
change similar to a Kuhnian-type revolution except that there is no unifying paradigm.
Some have touted the astronomical hypothesis for that role, but it clearly does not deal
with many types of short-term climatic change and alternate forcing functions. If
climate is "almost intransitive", a unifying theory of climate change may be a long time
emerging.
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INTRODUCTION

The concept of disposal of used nuclear fuel 1 km below surface in
crystalline rocks is based on the premise that the engineered barriers that
will surround the used fuel will provide containment of radionuclides and that
the geological barrier that surrounds the engineered barriers will provide
additional containment and isolation. Since the only conceivable way that the
radionuclides could move through a crystalline rock barrier is by water trans-
port along fracture pathways, the assessment of suitability of these rocks as
hosts for used nuclear fuel disposal is largely an assessment of fracture
systems and groundwater flow through these fracture systems.

Thus, in general, the assessment process is perceived as a hydrogeological
problem, i.e. what is the present day flow system and how will this flow
system change in response to future variations in the stress field and clim-
atic conditions. From a geological point of view it is known that the
plutonic rocks and the fractures that they contain have been affected by a
number of changes in stress, variations in climate, and a number of glaciation
periods. Further, it is known that the fracture systems have not remained
passive since their formation, and that parts of the system show evidence of
structural and chemical rejuvenation. Thus, fracture systems have evolved
through time, with parts of the system having an active geological history.
An outline of this past history may provide a basis for evaluating the effects
of possible future events.

Fractures and fracture systems develop during the initial emplacement and
cooling of plutons in response to a number of conditions such as depth of
emplacement and prevailing stress conditions in the country rocks. Such
fracture systems may be overprinted or reactivated by later geological events.

Obviously, it is not possible to outline the flow system and detailed
stress conditions that prevailed at different times in the geological past.
However, it is possible to define the major tectonic events that occurred in
the geological past and to evaluate the effect of these events on the fracture
systems and, hence, outline the control of the past history on the present-day
system.

At the Atikokan research area, (a) the time of pluton emplacement and
subsequent tectonic history is known, (b) the evolution of fractures and
fracture-filling materials is known, and (c) the three-dimensional distribu-
tion of the major fracture zones and their associated filling materials has
been outlined within a 0.25-km volume of rock. Thus, in this region, it is
possible to evaluate the response of fractures and fracture systems that were
produced during the waning stages of Archean orogenies to variations in geo-
logical conditions that may have affected the Superior craton to the present.
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REGIONAL SETTING AND TECTONIC HISTORY OF THE EYE-DASHVA PLUTON

The Eye-Dashwa Pluton occurs within the Wabigoon volcanic belt of the
Superior Province of the Canadian Shield (see Figure 1), and was intruded into
the crust 2650 Ma ago (Kamineni, pers. com.) probably during the Laurentian
Orogeny (Stockwell, 1982). After initial intrusion and cooling of the pluton,
a long period of epeirogenic cooling, uplift, and erosion followed the orogeny,
with the change being heralded by the intrusion of numerous dykes and sheets of
diabase and gabbro and several granites and syenite stocks (Stockwell, 1982).
These conditions were terminated with the deposition of the Early Proterozoic
Animikie Group (dated at 2350 Ma) along what is now the southern margin of the
Archean Basement (Sims et al., 1981).

The depositional patterns of the Proterozoic supracrustal sequence in the
Lake Superior and Lake Huron-Grenville Basins (Figure 1) reflect increasing
crustal instability of the Archean craton. This involved progressive south-
ward differential downwarping, and a complete transition from a stable craton
to an unstable deep water environment in early Proterozoic time (Bayley and
James, 1973; Sims et al., 1981). This instability was marked by faulting
mainly along the margins, but also probably within the Superior Craton.

These Proterozoic rocks were subsequently deformed and metamorphosed
during the Penokean Orogeny approximately 1800 Ma ago (Goldich et al., 1961;
Van Schmus, 1980) and the effects of this deformation and metamorphism show
marked variations from west to east. Ir the western Lake Superior region, the
deformation and metamorphism were relatively low grade; here virtually un-
deforaed and unmetamorphosed Early Proterozoic sediments unconformably overlie
the Archean basement to the north, indicating that this deformation had little
effect on the old*. . basement rocks in this region (Morey, 1973; Floran and
Papike, 1975). Thus, the Eye-Dashwa Pluton was probably largely unaffected by
the Penokean Orogeny.

In Late Proterozoic time (1600-570 Ma), the Lake Superior rift system was
initiated with crustal rifting occurring between 1140 and 1120 Ma and ac-
companied by the outpouring of enormous volumes of subaerial tholeitic basalts
(Wallace, 1981). The effects of this rifting extended well into the Superior
Province with isolated magmatic activity occurring along the Kapuskasing
structure and major magmatic activity around Lake Nipigon (Franklin et al.,
1980). The Eye-Dashwa Pluton is crosscut by a diabase dyke that has been
dated at 1130 Ma (Kamineni, pers. comm.) and is thus correlated with the
rifting event. After rifting and volcanism had ceased, continued subsidence
of the region, accompanied by deposition of fluvial, lacustrine and shallow
marine sediments, was followed by mild compression, resulting in the formation
of the Lake Superior Syncline (Figure 1). Sedimentation continued through to
early Cambrian times.

By the beginning of Phanerozoic time, the Ontario Segment of the Canadian
Shield had been eroded to a peneplain (Ambrose, 1964). During mid-Ordovician
times, most of the peneplain was submerged and a blanket of marine sediments
deposited over the entire region, followed by uplift in Devonian and
Cretaceous times. The vertical movement associated with these latter events
resulted in renewed erosion leading to exhumation of the Precambrian pene-
plain in Ontario (Figure 1). Much of this activity was focussed along a series
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of northeast- and northwest-trending arches crossing the Ontario segment of
the Shield (B.V. Sanford, 1982, pers. comm.), one of which borders the
Atikokan region. In the last 1.8 Ma the region was probably affected by four
major continental glaciations (Prest, 1970).

FRACTURE HISTORY OF THE EYE-DASHWA PLUTON

Within the Eye-Dashwa Pluton (see Figure 2) fractures (defined here as
any break in the rock, whether or not they show displacement) are variably
developed throughout the entire rock mass and occur both as major, regionally
developed, discontinuities and as discreet single fractures in outcrop. They
contain a wide variety of filling materials ranging from pegmatite, aplite,
epidote, and chlorite to low-temperature minerals such as gypsum, calcite,
clay and goethite (Kamineni et al., 1980; Kamineni and Brown, 1981). Clas-
sification of the fractures, by orientation, indicates that there are three
major sets. These include east-west and north-south trending sets with sub-
vertical dips and a northeast-southwest trending set with a n.oderate to steep
dip (Brown et al., 1980; Stone, 1980). Classification of the fractures, by
the filling materials that they contain, shows that there is a quite distinct
time-temperature sequence of filling materials, i.e., aplite-epidote-chlorite-
gypsum-calcite-goethite and kaolin (Stone and Kamineni, 1982). This sequence
is based on the relative ages of filling material, as defined by crosscutting
relationships, some absolute ages, stable isotope analysis, and thermodynamic
temperature calculations. The results led Stone and Kamineni (1982) to the
conclusion that the majority of fractures formed shortly after intrusion and
during cooling of the pluton, and were sequentially filled with the high-
temperature and low-temperature filling materials (see Table 1).

Some fractures contain only high-temperature filling materials and, con-
sequently, are assumed to have remained sealed since essentially Archean
times. Other fractures contain both high-temperature and low-temperature
filling materials and this is interpreted to imply that they have subsequently
been reactivated and possibly reopened to flow (Kamineni et al., 1980).
Furthermore, detailed analysis of the distribution of filling materials in
surface fractures has shown that the dominant fracture system present in the
rock contains high-temperature filling materials and that the low-temperature
filling materials are restricted to small splays on the existing fracture
system and to rejuvenated parts of thai system (Table 1) (Stone and
Kamineni, 1982).

Comparison of the fracture filling history with the emplacement and sub-
sequent tectonic history of the Eye-Dashwa Lakes Pluton and surrounding
region indicates (see Figure 3) that
(a) the pegmatite and aplite, which are chemically dissimilar but related to

the pluton magma, were emplaced during the late phases of intrusion or
during subsequent cooling of the pluton (Kamineni and Brown, 1981);

(b) the epidote- and chlorite-filled fractures crosscut, and hence postdate,
the pegmatite- and aplite-filled fractures. Data on the temperature of
crystallization of these minerals in conjunction with the thermal modelling
of the cooling history of the pluton and preliminary oxygen isotope data
on the epidote and chlorite (Kerrich, pers. comm.) indicate that these
minerals were formed shortly after the emplacement of the pluton;

(c) no fractures or filling materials have been directly correlated with the
Penokean Orogeny; and
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(d) a diabase dyke, which crosscuts aplite-, epidote- and chlorite-filled
fractures, has been dated (Rb-Sr on hornblende) at 1130 Ma (Kamineni,
pers. conun.), and is thus directly correlatable, in time, with the Lake
Superior Rift Zone.

The dating of the dyke is important because the fractures that were
formed after its intrusion, i.e., from 1130 Ma to present, are quite distinc-
tive in that (a) they are centimetres rather than metres in length, (b) they
occur as splays on the existing fracture system, and (c) they are filled with
low-temperature filling materials such as gypsum, calcite, goethite and clay
(Stone and Kamineni, 1982).

Thus, within the Eye-Dashwa Pluton, the effects of the Phanerozoic
epeirogenic activity appear to be restricted to the rejuvenation, or opening,
of the existing fracture system rather than the development of new major
fracture systems. If this is indeed the case, then it would suggest that the
ancient fracture systems play a major role in determining how the rock responds
to variations in stress with time.

THREE-DIMENSIONAL DISTRIBUTION OF FRACTURES AND THEIR FILLING MATERIALS

Within the grid area of the Eye-Dashwa Pluton (see Figure 4), a 500 m by
50 m strip was cleared of all overburden and five boreholes drilled to a max-
imum vertical depth of 1000 m. The drill core was oriented and systematically
logged to yield data on the location, orientation, type(s) of filling material
and degree of alteration associated with all the fractures intersected by the
boreholes. The fracture data were grouped, according to both orientation and
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position in space, using a data clustering technique (Bailey, 1975). Three-
dimensional projection of these oriented fracture clusters, in conjunction
with the fracture filling, degree of alteration, fracture density and average
fracture thickness, was used to correlate specific fracture clusters with
similar properties and, hence, to outline potential interconnected fracture
pathways within the volume of rock. The resulting three-dimensiona] fracture
frameworks were plotted using the computer-plotting routine DISSPLA.

The three-dimensional configuration shown in Figure 5(A) is the cor-
related distribution of the major fracture clusters, which are rich in
epidote and chlorite. This configuration represents the earliest fracturing
developed in the area (that is not filled by co-magmatic material) and con-
stitutes the major fracture network within this volume of rock. Epidote is
dominant below 500 m depth; chlorite is daminant from surface to 500 m. Both
filling materials are, however, present throughout the entire rock mass.

The later, low-temperature filling materials such as calcite and clay-
goethite (Figure 5, (B) and (C)) are largely restricted to rejuvenated parts
of the pre-existing epidote-chlorite filled fracture system and preferentially
occur in the upper, near-surface part of the rock mass. Some of the near-
surface calcite has yielded 1Z|C ages of 20 000-40 000 years (Kamineni and
Stone, in prep.). However, the calcite that occurs at depth appears to be
morphologically dissimilar to the near-surface calcite, and may be older.
Furthermore, gypsum, which occurs preferentially below 500 m, has high ^
values, which suggest a hypogene origin and probable Precambrian age
(Kamineni, 1983). Zones rich in clay-goethite filling materials, which
represent the lowest temperature and hence potentially the most recently
active pathways, are largely localized to the upper part of the rock mass.

FIGURE 5: Fracture Pathways and Their Variation With Time as Shown by
Epidote and Chlorite (A), Calcite (B), and Clay and Goethite (C)
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Thus, the available geological evidence indicates that
(a) the dominant fracture network within the rock mass was developed

approximately 2500 Ma ago;
(b) subsequent tectonic activity resulted in a rejuvenation of parts of this

network and was accompanied by the deposition of late 'low-temperature'
filling materials;

(c) there is a general progressive restriction, with time, of the rejuve-
nated pathways to the near surface of the rock mass; and

(d) the most recent open pathways (as defined by clay and goethite) are re-
stricted to the top 200 to 300 m of the rock mass, and extend down to
400 to 500 m within the highly fractured fault zone.

The preliminary hydrogeological work in 1980-81 included reconnaissance
logging of ATK-1 and ATK-5 at 25-m intervals for hydraulic head and hydraulic
conductivity distributions (Lee and Kennedy, 1982) and groundwater sampling
in four sealed sections in ATK-1. The initial results, as reported by
Hillary (1982), indicate that the hydraulic conductivity values in the upper
200 m of the rock mass are extremely variable (see Figure 6 ) , ranging from
10~6 to 10 m/s. Below 200 m, narrow zones of high hydraulic conductivities
are superimposed on a general decrease down to 10~H to 10~13 m/s (these
values are based on porous medium analyses). Comparison of the zones of high
hydraulic conductivity with the geologically defined 'recently active' path-
ways shows that the major clay-goethite rich zone corresponds to a test
interval containing the highest hydraulic conductivity value (10~6 m/s)
measured in the boreholes (see Figure 6). Minor clay-goethite occurrences do
not, however, show a particularly good correlation with hydraulic conductivity.

The groundwater geochemistry samples from ATK-1 show that an alkaline
HCOo type water is present in the upper part of the rock mass. Below 500 m,
the water is characterized by high concentrations of calcium, strontium,
sodium and chlorine, and depletion of magnesium, i.e., it is highly saline and
is chemically quite distinct from the upper, near-surface, groundwater system.
The occurrence of saline groundwater has been documented from elsewhere in the
Canadian Shield (Fritz and Frape, 1982; Frape and Fritz, 1981, 1982) and,
although their genesis and age are still the subject of speculation, the chem-
ical and stable isotope analyses clearly show that these waters do not originate
as modern precipitation and that they are probably very old waters that may
once have been seawater (Fritz and Frape, 1982).

Thus, the geological and the preliminary hydrogeological data appear to
be compatible and indicate that
(a) the upper part of the rock mass is characterized by geologically recently

reactivated fracture pathways and is hydrogeologically active, with
groundwater composition analogous to 'normal' groundwater in granitic
environments as reported by Feth et al. (1964); and

(b) the lower part of the rock mass is characterized by a dearth of recently
reactivated fracture pathways, by hydraulic conductivity values comparable
to the matrix permeability values reported by Kamineni and Katsube (1982),
and by a groundwater composition that is quite distinct from the near-
surface waters.
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CONCLUSIONS

The analyses of fractures and their filling materials In conjunction with
the geologic-tectonic history of the region indicate that, at Atikokan,
(1) the dominant fracture systems, developed within the Eye-Dashwa Pluton

were initiated shortly after intrusion 2650 Ma ago and cooling of the
pluton;

(2) the effects of the Penokean Orogeny (ca. 1800 Ma) are not recorded in the
Eye-Dashwa Pluton;

(3) the diabase dyke provides a time horizon, at 1130 Ma, separating the early,
pervasive, fracture systems containing relatively high-temperature filling
materials from the later fractures, which are short, occur as splays on
the existing fracture systems, and contain low-temperature filling
materials;

(4) reactivation of the fracture systems, in response to changing geological
conditions, becomes progressively more restricted to the upper part of the
rock mass with increasing time to the present;

(5) the upper part of the rock mass (0 to 500 m depth) contains evidence of a
major zone that has been pervasively reactivated and has hydraulic con-
ductivity values ranging from 10~6 to 10 m/s; and

(6) the lower part of the rock mass (500 to 1000 m depth) contains a few
minor occurrences of clay and goethite and has hydraulic conductivity
values ranging from 10 m/s to 10 m/s.

These findings are relevant to the assessment of the suitability of plu-
tonic rocks as hosts for nuclear fuel storage and disposal in that
(1) the conclusion that the existing fracture system at Atikokan is essen-

tially Archean in age and that subsequent variations in geologic conditions
involving orogenesis (Penokean Orogeny), rifting (Lake Superior Rift Zone),
submergence in lower Paleozoic times, and uplift in the Devonian and
Cretaceous have largely failed to produce new, major, pervasive fracture
systems suggests that even if events such as these were to occur in the
next 1 Ma (which is extremely unlikely considering the short time span)
then the likelihood of such an event(s) forming major fracture systems
must be considered unlikely. Furthermore, the region is presently within

a seismically quiet zone.
(2) the conclusion that the response of the Archean fracture system to vari-

ations in geologic conditions through time appears to be largely confined
to a repeated reactivation, and possibly reopening, of the existing fract-
ure network, suggests that the effects of any future event will also be
largely restricted to a reactivation of parts of the existing network,
i.e., the potential flow paths through the rock mass are defined by the
ancient fracture system. Which parts of the system ŵ .11 reopen will be
dependent upon the nature of the future event being considered.

(3) the most likely future event, in this region, is renewed glaciation with
concommitant loading and rebound from the ice sheet. The deposition of
clay and goethite (and some of the near-surface calcite) almost certainly
encompasses a time span incorporating the last major ice advance and retreat
(Kamineni and Stone, in prep.). Therefore, the distribution of these
minerals may give an indication of the possible effects of the glaciation.

As outlined in Figure 6, the major occurrence of clay and goethite is
restricted to an intensely fractured pre-existing (Archean) fault zone. This
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fault is defined by aerial photography lineament analyses, airborne geophysical
surveys and ground geological-geophysical surveys, and is 2 to 3 km in length,
50 to 100 m in width, and (from borehole data) is certainly 500 m, and probably
at least 1 km, in depth. It is a major feature.

Within the top 500 m of the rock mass adjacent to, but not contained
within, this major fault fracture zone, there are three clay-goethite rich
zones and five clay-goethite poor zones. In the lower part of the rock mass
(from 500 m to 1000 m depth) , there are no clay-goethite rich zones and only
four clay-goethite poor zones, two of which (in ATK-1) may be related to the
depth extension of the major fault fracture zone.

Thus, if the occurrence of clay and goethite is accepted as an indication
of the 'geologically recent' pathways incorporating the time span of at least
the last major glacial event, then it would suggest that
(1) the effects of this glaciation are restricted to a reactivation of the

existing fracture network;
(2) within pre-existing major fault fracture zones, this reactivation extends

to at least 500 m, and possibly 1 km depth; and
(3) in volumes of roc<c that do not contain major fault fracture zones, the

reactivation appears to be largely restricted to the upper 200 to 300 m
of the rock mass.
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DISCUSSION

Question: What can you say about the age of groundwaters at Atikokan?

P. Brown: Peter Fritz at the University of Waterloo concluded from 35C1,
36C1 ratios that the groundwaters are at least 1.5 million years old.

Question: What do you mean when you say these waters are 1.5 million years
old?

P. Brown: It takes 1.5 million years to reach that equilibrium and that is
all he is willing to say. They may be much older, perhaps Paleozoic, but
we don't know.

Question: Does that mean the groundwater has been sitting at that spot for
at least 1.5 million years?

P. Brown: The geological evidence and the fracture-filling material do not
indicate a deep active flow system.
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INTRODUCTION

Geological investigations at three Atomic Energy of Canada, Ltd. research
areas (Chalk River and Atikokan, Ontario, and Lac du Bonnet, Manitoba) have
demonstrated that fracture systems in these widely separated Precambrian
terranes have undergone a long and complex history of development. They further
indicate that many fractures were initially formed at an early stage of orogenic
activity, and were repeatedly rejuvenated at successive periods of geological time.
Much of the early rejuvenation was apparently in response to major Precambrian
tectonic events, although further movements are believed to have occurred at
various intervals of the Phanerozoic period. The evidence of basement arch
movements preserved in the Phanerozoic cratonic basins suggests that the
intervening Canadian Shield must have also undergone the same succession of
geodynamic processes as did the basins and basin margins. The stresses associated
with these processes must have given rise to rejuvenation and re-opening of old
fractures in many parts of the craton, and may have given rise to the development
of new fracture systems where epeirogeny was most intense. Consequently, the
reconstruction of the origin, periodicity and intensity of Phanerozoic events that
gave rise to repeated fracture rejuvenation are important in the modeling and
assessment of these fracture systems as pathways for migration of magmatic and
hydrothermal fluids in the geologic past and as pathways for the migration of
groundwater now. Such modeling will be valuable to the Canadian Nuclear Fuel
Waste Management Program in its assessment of the deep disposal of nuclear fuel
waste in plutonic rock of the Canadian Shield,

Phanerozoic tectonic reconstructions of the eastern craton have a major role
to play in terms of understanding present-day geodynamic processes and possible
long-term implications these may have on the development and use of major
engineering structures underground, including those for deep underground disposal
of nuclear wastes. Such a study is currently in an initial stage at the Geological
Survey of Canada, and this paper outlines briefly the results to date in terms of:
(i) devising a methodology of dating Phanerozoic epeirogeny, (ii) reconstructing
the magnitude and intensity of cratonic-basin and basement-arch movements,
(iii) determining the broad relationship of Phanerozoic geotectonic motions to
present and future seismic events and regional horizontal stress fields, and
(iv) utilizing Landsat imagery for the more accurate definition of major fracture
systems and post-Precambrian rejuvenation along these systems.

TIMING OF PHANEROZOIC TECTONIC EVENTS - A METHODOLOGY

Reconstruction of the rejuvenation of fractures in cratonic basins usually
requires a substantial amount of subsurface information in the form of borehole
data from which to establish time-stratigraphic divisions, to delineate thickness
and facies variations of rock stratigraphic successions, and to determine the
structural configuration of marker horizons from Precambrian basement
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to surface. Combinations of su^h information have enabled the mapping of major
fracture systems along the eastern rim of the Michigan Basin in Ontario, and the
•econstruction of the history and extent of structural movements. Regional
investigations to date suggest that fault movements in tht Michigan Basin were
[.iObably triggered by orogenic events in the nearby Appalachian Orogen. Similar
fault movements in the Hudson, Arctic and Interior Platforms were apparently
contemporaneous with the St. Lawrence Platform, although deep bcehole
information from which to accurately document specific geological events in the
former regions is substantially less abundant. In southwestern Ontario, fault
movements are known to have occurred in post-Late Cambrian to pre-Middle
Ordovician, late Middle to Late Ordovician, Middle Silurian, Late Silurian, and at
various intervals of Middle and Late Devonian time. Some of the best documented
examples of fracture rejuvenation in Ontario occur in the successions of strata that
overlie the Upper Silurian salt beds bordering the Michigan Basin. Salina salt units
were initially deposited over a very broad area of southern Ontario, but were
reduced to their present distribution by dissolution (see Figure 1). In
reconstructing the mechanisms that triggered the salt leaching, the authors have
only recently come to recognize the critical importance of fracture framework,
and the role that periodic vertical movements along these systems has played in
the salt removal process.

Although leaching was intermittent over many millions of years of geological
time, the most intensive and widespread event was near the close of the Silurian
period, coincident with a major phase of the Caledonian Orogeny. The variation in
thickness of the Bass Islands Formation in Ontario (Figure 2) clearly demonstrates
the direct relationship of fracture rejuvenation to salt dissolution. Here, three-
fold fracture sets oriented in northwest, northeast and east-west directions
provided the network of fluid pathways along which the salt leaching occurred. All
three orientations are defined by the anomalous thicknesses of carbonate that
collapsed or were otherwise funnelled as lime muds into the narrow elongated
depressions that were developing on the sea floor, due to selective leaching of the
underlying Salina salt beds along the fracture sets.

Similar subsurface mapping techniques for the dating of fault movement have
been applied to Cambrian, Ordovician and Silurian rock stratigraphic sequences
below the salt beds in Ontario. These reconstructions clearly demonstrate the
rotation of fault-bounded blocks.

RECONSTRUCTION OF BASIN AND BASEMENT ARCH MOVEMENTS

Extrapolation of Phanerozoic basin tectonics to adjarent segments of the
Canadian Shield involves stage-by-stage reconstructions of the depositional and
tectonic processes that were in motion at any given time over very broad segments
of the craton. The present study is focused principally on Precambrian crystalline
rock terrane in the Ontario segment of the Canadian Shield and adjacent areas, as
outlined in Figure 3. The sedimentary basins contained within this very simplified
geological map comprise the Williston, Hudson Bay, Moose River, Michigan and
Allegheny Basins, all of which have many well-known geological characteristics in
common. This diagram also shows the approximate axes of the major Precambrian
arches that intersect the region.

Even on this very simplistic scale of mapping, some of the major arch
movements bordering Phanerozoic belts are readily observable. The more obvious
examples are the movements that have taken place along the Sweetgrass and
Fraserdale Arches bordering the Interior and Hudson Platforms, respectively,
where uplift can be inferred to have taken place bt ween the Silurian and Devonian
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depositional cycles, and during the Mesozoic, as indicated by the distribution of the
various systems. The Ordovician and Silurian Systems share a common fault
boundary bordering the Hudson Platform on the west and north implying broad
uplift of the Keewatin and Bell Arches, respectively, in post-Silurian times.
Perhaps the most convincing reason for assuming widespread basement uplift on a
major scale during the Phanerozoic is the almost total absence of Paleozoic rocks
over the length and breadth of what is now the Canadian Shield.

One other important consideration to be kept in mind is that the Phanerozoic
rock sequences that comprise the various systems shown in Figure 3 contain
conclusive biostratigraphical and sedimentological evidence that certain units of
the Paleozoic terrane were once continuous across the intervening Canadian Shield,
and were subsequently removed by processes of uplift and subaerial erosion. It is
thus important to establish a reliable correlation and lithological comparison of
rock units from one basin to another, from which to determine when and to what
extent these may once have been interconnected by seaways across the intervening
Shield. The highly generalized table of depositional cycles shown in Figure H-
(keyed to Figure 3) is a first attempt to compare rock stratigraphic sequences from
basin to basin, showing which units are believed to have been continuous across the
Shield during periods of apparent cratonic subsidence. Because of the preliminary
nature of this report, no attempt is made to describe any of these cycles in detail,
other than to point out three of the more significant items that may have a direct
bearing on the interpretation of the tectonic history of the overall region. First,
there is close similarity in the timing of depositional events and unconformities
over a wide region of the craton, suggesting a common triggering mechanism for
the alternating marine submergence and emergence of the craton. Second, there
are repeated and simultaneous positive movements of the various arches, shown by
the vertical arrows, at times relating to some of the more intensive pulses of the
Taconian and Acadian Orogenys, which are indicated by the surges of orogen-
derived elastics onto the craton at various intervals of Ordovician, Silurian,
Devonian and Carboniferous time. Third, there is deposition of craton-derived
elastics in basins during various time intervals, which reflect tectonic movement of
arches and provide reliable dating as to when the epeirogenic movements may have
taken place.

In the Phanerozoic, there were numerous marine transgressions onto the
craton, several of which are known to have been continuous across large segments
of the Canadian Shield. Figures 5, 6 and 7 are highly simplified examples of the
probable depositional limits and tectonic elements in motion during the early
Paleozoic, from Cambrian to Late Ordovician inclusive. Although initial marine
transgression of the Shield began in the Early Cambrian, some brief mention must
be made of the major tectonic movements that are known to have taken place in
the immediately preceding Late Precambrian Hadrynian period. This major
tectonic event, extensional in nature and presumably triggered by early breakup of
the North American and European plates, was intensive and widespread on the
eastern craton, and resulted in the emplacement of dyke swarms and major
rejuvenation of the Fraserdale, Frontenac, Saguenay and Beauge Arches. All of
this was accompanied by extensive faulting, and deposition of redbed elastics of
continental origin in fault-bounded troughs in widely separated parts of the craton,
from Lake Superior to western Newfoundland and southern Labrador. This late
Precambrian to early Paleozoic rifting event set the stage for the opening of a
proto-Atlantic Ocean (Iapetus), and the initiation of sea-floor spreading processes
off the continental margins of eastern North America, and subsequent marine
transgression onto the craton during the succeeding Cambrian and Early Ordovician
periods.
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At the onset of the Cambrian-Lowe- Ordovician cycle, the Mid-Continental,
Fraserdale, Algonquin, Frontenac, Saguenay and Beauge Arches were undergoing
active uplift as evidenced by the substantial thickness of siliclastics that
accumulated in the immediately adjacent Lloydminster, Michigan, Quebec and
Labrador Embayments and elsewhere along the eastern continental shelf of North
America (see Figure 5). Deposition of Cambrian elastics gave way gradationally in
the Early Ordovician to carbonates, which were abruptly terminated in turn by an
early phase of the Taconian Orogeny. This orogenic activity was accompanied by
epeirogenic uplift, resulting in widespread subaerial erosion and normal faulting in
much of the southeastern craton. Subsequent depositional cycles encroached
farther and farther onto the craton, one overlapping the other (see Figure 6), until
the entire Shield eventually became blanketed by sediments in the late Middle
Ordovician, a condition that prevailed through the succeeding Late Ordovician
(see Figure 7) and early Middle Silurian periods. This widespread encroachment and
ultimate submergence of the craton were apparently accompanied, and presumably
controlled, by Taconian events operative along the Appalachian Orogen, as
evidenced by the thick orogen-derived re-ibed and marine clastic sequences that
were deposited in the northeast-trending foredeep (St. Lawrence marginal trough)
and spilled over onto the craton to intertongue with carbonates and evaporites.
This widespread depositional and tectonic activity was accompanied by two
principal events on the craton: (i) thu initiation of embryonic cratonic basins,
namely the Williston, Hudson Bay and Michigan Basins, and the continuation of the
Labrador Embayment, the latter lying between what is now Labrador and southern
Greenland, and (ii) the rejuvenation of basement arches, namely the Sweetgrass-
Keewatin, Fraserdale, Frontenac, Severn, Mid-Continental, Bell, Algonquin,
Wisconsin, Saguenay and Beauge Arches, respectively. These events are recorded
on the craton by major facies changes brought about by fluctuations of eustatic sea
level, controlled by vertical uplift of basement arches and corresponding
subsidence of adjacent basin areas. The vertical basement movements that
accommodated basin subsidence and arch rejuvenation during these late Middle
Ordovician, Late Ordovician and Middle Silurian events were the triggering
mechanisms for the extensive faulting that is known to have occurred during these
periods in the St. Lawrence, Hudson, Arctic and Interior Platforms.

The largely submergent conditions that prevailed throughout much of the
Late Ordovician and early Middle Silurian were abruptly changed for all time in the
Late Silurian by a major phase of the Caledonian Orogeny (see Figure 8). The
broad depositional and tectonic movements of the accompanying epeirogeny were
important in terms of the severe deformation effects that were triggered in very
broad segments of the Canadian Shield and adjacent platform regions. One can
only assume from this that the cra+on was under enormous comptessional stress at
this time, from perhaps all four of the Appalachian, Greenland Caledonian,
Innuitian and Cordilleran Orogens, resulting in widespread uplift, emergi nee of
arches, onset of faulting and widespread dispersal of craton- and orogen-derived
elastics into the basin areas. In southeastern Canada, renewed uplift of Frontenac
and Saguenay Arches and simultaneous foreshortening of the Appalachian
structural front may have been the mecnanisms for the segmentation of the
St. Lawrence .Marginal Trough into the Allegheny, Quebec and Anticosti Basins
(Figure 8). Evaporites, which were common to Upper Silurian (and later in the
Lower and Middle Devonian) basins, were obviously attributable to the now more
narrow seaways and positive structural configuration of arches, which served as
restrictive barriers between the respective basin depocentres.

Subsequent to widespread Late Silurian epeirogeny, marine transgression of
the Shield continued in the late Early, Middle and Late Devonian periods, although
the seaways changed slightly during the latter periods to afford interconnection of
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the St. Lawrence and Hudson Platforms and severing, for the most part, of a
marine connection between the Hudson, Arctic and Interior Platforms. Although
the last widespread marine inundation of the Shield was during the Late Devonian,
this was by no means the last recorded tectonic event to occur within this region.
Intensive and widespread basement movements, in fact, have been recorded in
Carboniferous, Jurassic and Cretaceous times, the latter resulting in widely
separated dyke and pluton emplacement and deposition of terrigenous elastics of
continental origin in various basins on, and bordering, the Canadian Shield.

PHANEROZOIC GEOTECTONICS - RELATIONSHIP TO PRESENT AND
FUTURE SEISMICITY AND HORIZONTAL STRESS FIELDS

The driving mechanisms that undoubtedly controlled the foregoing
Phanerozoic depositional and tectonic processes were the widely separated
Appalachian, Greenland Caledonian, Innuitian and Cordilleran Orogens that
bordered the North American continent on the south, east, north and west,
respectively (see Figure 9). This is particularly true of the northeast- and
northwest-trending positive basement trends or arches that prevailed in the
Phanerozoic and that served as the stable marginal shelf areas to the cratonic and
cratonic margin basins that formed on, and peripheral to, the Canadian Shield.
Some of these positive basement elements were apparently subjected to only minor
rejuvenation, whereas others were reactivated repeatedly, particularly those
segments that were in immediate and direct line of horizontal compression by
Appalachian, Innuitian or Cordilleran orogenic events.

Some of the basement arches are tectonically active still, as indicated by the
preponderance of earthquake epicentres that occur along their summit and/or
margins (Figure 10). Nowhere is this better illustrated than along the
2500 kilometre Boothia-Bell Arch trend that extends from the central Arctic
Archipelago, south and southeastward across Northern Hudson Bay to the northern
extremity of Quebec. Heavy concentrations of earthquake epicentres are also
recorded marginal to each of the southeast-trending Frontenac and Saguenay
Arches in the southern part of the Shield in Ontario and Quebec, respectively, the
southwestward-trending Mid-Continental Arch in northwestern United States, and
the Algonquin Arch in southwestern Ontario. An important item to note here is
that all four of the above arches trend towards orogenic belts (see Figure 9) and, in
fact, plunge beneath allochthonous sequences of the Innuitian, Appalachian and
Cordilleran Orogenf.. The anomalous seismicity occurs along the deepl/ buried
sections of these arches and/or immediately adjacent areas of the Shield wh >re the
arches emerge from beneath Phanerozoic cover. The foregoing would suggest that
these arch segments are in a present-day state of tectonic rejuvenation. Major
crustal me /ements are also defined by anomalous seismic events where the
Precambrian basement is buried beneath the Appalachian, Cordilleran and Innuitian
Orogens, as further illustrated in Figure 10.

The concept that structural movements in the stable platform areas were
triggered and controlled by comprersional and/or extensional forces centred beyond
the margins of the craton, and that some of these elements are currently active, is
important for differentiating those areas of the Shield that may have undergone
frequent and intensive fracture rejuvenation from those that have remained
relatively stable.

A clear understanding of the relationship of stresses generated at the
continental margin and deformation within the stable platform is critical in the
prediction of future crustal movements. The series of arches that intersect the
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craton in dominant northwest and northeast directions (see Figures 9 and 10) were
undoubtedly conductors of the high horizontal stresses within the craton that were
generated by the succession of orogenic events that prevailed in one place or
another throughout the Phanerozoic period. These stress fields were presumably in
a dominant northwest direction durine the Paleozoic, and in a northeast direction
in the Mesozoic-Tertiary period. Regional present-day stress-field directions on
the craton favor a northeast direction, presumably due to the continued state of
compression of the North American continent between the European and Pacific
plates on the east and west, respectively. Strong, but subordinate, regional
stresses undoubtedly parallel the southeast-trending Boothia-Bell Arch, and
northwest-trending Frontenac and Saguenay Arches due to their current state of
uplift. Where these dominant and intermediate stress fields intersect, there has
been a strong tendency for fault blocks to rotate. The distribution of earthquake
epicentres, as illustrated in Figure 10, is evidence of this process. Because
regional stress fields appear to proliferate along, and marginal to, the principal
arch axes, future seismic events will likely occur at, or near, those points where
principal and intermediate stress fields cross. This will undoubtedly continue to
greatest extent in those regions bordering the Appalachian and Innuitian Orogens.

LANDSAT IMAGERY - A TECHNIQUE FOR MAPPING MAJOR FRACTURE
SYSTEMS AS A BASIS FOR DEFINING FAULT BLOCK ROTATION

To more accurately assess the structural imprint of Phanerozoic and more
recent regional stress fields on the Canadian Shield and adjacent platform areas, a
study of Landsat imagery was initiated to map large-scale fracture systems. The
map is used to delineate the occurrence of fault-block rotation and the effects that
rotation might have in triggering present and future seismic events in various parts
of the craton. Thus far, satellite photos such as illustrated in Figure 11, covering
an area of some 1 300 000 km2 of eastern Ontario and adjacent western Quebec,
have been examined. Identical studies are in progress for the remainder of the
craton.

The Ontario-Quebec segment of the study (Figure 12) is, for the most part,
underlain by Precambrian terrane of the Canadian Shield, comprising parts of the
Grenville and Superior structural provinces. These are bounded on the south by
Paleozoic remnants of the St. Lawrence Platform, the latter in turn bounded on the
south by the Appalachian Orogen. Of the numerous lineaments observed in the
satellite images of these regions, only those believed to reflect bedrock fracturing
were recorded, and all other features, including those of glacial origin, were
omitted. The linear features recorded commonly correlate with documented
faults, but in most areas more extensive fracturing was noted in the present study
than had been previously indicated. Because of the paucity of observable bedrock
features in areas of thick glacial cover (i.e. northern Ontario and Quebec), there
are naturally great discrepancies in the frequency of data recorded (see Figure 13).
Post-Precambrian fracture movement is assumed where these systems intersect
Paleozoic or younger rocks, as illustrated in the satellite photo of south central
Ontario (see Figure 11). Formation or rejuvenation of fractures in the Phanerozoic
is assumed in many other parts of the craton. as outlined below.

The St. Lawrence Platform and immediately adjacent areas of the Grenville
Province (including the Adirondack .Mountains) are characterized by northeast-
trending fractures that extend from southwestern Ontario to the mouth of the
Saguenay River in Quebec. They parallel the Appalachian Orogen and were thus
presumably rejuvenated during various Cambrian, Ordovician, Silurian and
Devonian periods by Taconian and Acadian orogenic events. Phanerozoic
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FIG"RE 11: Landsat Image of South-Central Ontario (note contact between Paleozoic
and Precambrian terranes, and location of major fracture systems)
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movements are also recorded along the Frontenac Arch by the dominant northwest-
trending fractures that extend from the upper reaches of the St. Lawrence River to
Cochrane, and generally parallel the Temiskaming Graben and eastern segments of
the Ottawa-Bonnechere Graben system. Major Phanerozoic movements are
recorded on the northeast and northwest margins of the Saguenay Arch bordering
the Anticosti and Quebec Basins, respectively. This is particularly evident along
the Saguenay Graben near the southwest margin of the arch, where west-northwest
fracture movements (down-faulted blocks) have preserved large lower Paleozoic
outliers at Chicoutimi and Lac St. Jean. Movements on the northeast side of
Saguenay Arch are recorded by north-south fracture sets that trend into the
promontory where the St. Lawrence River widens to form the Gulf of
St. Lawrence. Paleozoic and Mesozoic movements of the Fraserdale Arch and
immediately adjacent Moose River Basin are also recorded by the northeast-
trending fracture sets that generally parallel these two major tectonic elements.

Although many of the fracture systems shown in Figure 13 appear to be
arranged in random orientation, they do in fact display a remarkable degree of
uniformity in detail that enables the various segments of the craton to be divided
into major blocks based on orientation of the various fracture patterns (see
Figure 14). The northeast-trending fracture systems that generally parallel the
St. Lawrence Platform and extend through the Adirondack Mountains contain a
succession of sharp inflections that suggest major fault-block rotation during the
Phanerozoic period. Similarly, a long history of vertical and horizontal fault-block
rotation is also assumed for those areas on and bordering the northwest-trending
Frontenac Arch, and Ottawa-Bonnechere Graben, based on the succession of highly
contrasting fracture orientations that are readily observable in this region. Major
fault blocks are not well defined on the axis of the Saguenay Arch, but appear to be
more pronounced along its southwest and northeast margins.

Although much of the fracture rejuvenation recorded along the succession of
Arches in eastern Canada probably occurred in Paleozoic and .Vtesozoic times, more
recent tectonic movements are also very much in evidence. Earthquake epicentres
recorded in Figure 1̂  point to repeated movements of selected fault blocks along
the Saguenay, Frontenac, Fraserdale and Algonquin Arches. The principal areas of
recent movement along the southwest margin of the Saguenay Arch are largely
confined to the Quebec, Malbaie and Tadoussac blocks, and on its northeast margin
to the Baie Comeau block. Along the northeast margin of the Frontenac Arch,
large concentrations of epicentres are recorded in the Adirondack East, Cornwall,
Montreal, Maniwaki and Cabonga blocks. Scattered, but significant, epicentres are
recorded elsewhere in Figure l*f, notably in the Niagara block along the south side
of the Algonquin Arch, in the Ottawa block of the Ottawa-Bonnechere Graben, and
in the Abitibi block on the Fraserdale Arch near its intersection with the Frontenac
Arch.

One very important finding to emerge from the foregoing research is the
close association of apparent fault-block rotation, as demonstrated by the sharp
inflections of fractures at block boundaries, to the frequency of seismic events.
Typical cases in point are the Malbaie, Cornwall and Adirondack East blocks, which
exhibit the greatest degree of rotation and, in turn, contain substantial numbers of
recent seismic events. Such a relationship, if found to be consistent, could prove
invaluable in the future prediction of earthquakes, not only in areas of presently
recorded seismicity, but in more isolated parts of the country where seismic
information is relatively sparse due to the general lack of recording facilities.



•• >•••;. V ' ,

• BLOCK BOUNDARIES
" (DEFINED, ASSUMED)
' EARTHQUAKE EPICENTRES

•» MAGNITUDE

/ : • • • :

<3.
>3.
>4.
>S.
>6. . . . »

200 km

CO

I

FIGURE It: Major Fault Blocks in Southeastern Ontario and Western Quebec
(note concentration of earthquake epicentres in various blocks)



- 94 -

THE PRACTICAL APPLICATION OF PHANEROZOIC PALEOGEOLOGICAL
RECONSTRUCTION AND FAULT BLOCK ROTATION CONCEPT TO THE

CANADIAN NUCLEAR FUEL WASTE MANAGEMENT PROGRAM

Assuming that the regional paleogeological reconstructions and related fault-
block rotation cc-icept discussed herein are scientifically valid, a final step in the
synthesis will be to convert the information to a more objective format that will
help to assess, and delineate, the more stable areas of the Shield for nuclear fuel
waste disposal. This could conceivably be in the form of a tectonic map, as
illustrated in the highly speculative and preliminary representation in Figure 15,
that will serve to define the magnitude and intensity of basement fault-block
movements in various parts of the Shield.
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RELATIONSHIP BETWEEN THE 1'RESENT FRACTURE STATE
AND THE LONG-TERM (ARCHEAN TO PRESENT) TECTONIC

AND UPLIFT HISTORY OF NORTHWEST ONTARIO

G. F. West
Geophysics Laboratory

Dept. of Physics
University of Toronto

1 . Introduction

When examining any bedrock site located in the Archean

Superior Province of the Canadian Shield, we are confronted

with a very comolex geological history embodyinq at '.east

one and possibly several stages of p;ofcund tectonic

disturbance that have distorted, fractured and otherwise

transformed the rocks from the state in which they were

originally formed. At first glance, this seems to make our

task of predicting the present and future state of hydraulic

transport systems in these rocks a very complicated one.

However, there are two reasons why this is not really so.

First, the Shield has been tectonics 11y quiescent for a very

long period of time. Thus, the stresses, deformation and

uplift that accompanied cycles of Quaternary glaciation

were by far the strongest events of the last 10 Ma.

Secondly, the relatively intense Kenoran orogenic period,

which affected all of the Superior Province about 2.65 Ga

ago has, to a large extent, homogenized the physical state of

the shield rocks, at least in a statistical sense, so that I

believe one can usefully generalize about the hydraulic

systems in these rocks without reference to the geology of a

specif ic site.



2 . f racture Systems

Rocks of the Superior Province are all iqneous or

metarnorphic racks where virtually none of the present

porosity or permeability is attributable to the original ,

intrinsic structure of the rock. Whatever interconnected

porosity exists is due to innumerable microscopic,

macroscopic, and even megascopic fractures of *"he rock

fabric, and these fracture systems will generally have

greatly altered their state through geological time. The

fractures are created in response to changes in mechanical

stress in the rocks and in the i"inerals of which they are

made. Once created, the fractures may eventually heal by

chemical precipitation or mineral regrowth. Subsequent

stress changes then reay induce new fractures, or (more

commonly) will reopen healed ones, and thus the process

continues. If a network of microscopic (mainly

interqranular) cracks particioates in a cycle of fracture

opening and healing, the mineralogy of the cracked formation

may be substantially altered in a geologically short period

of time by fluid transport in the cracks. If connected

microcrack systems do not arise, diffusion in solid crystals

is so slow that most of the rock's minerals can remain

chemically closed throughout their geological life.

We wish to connect the history of the fracture systems

to the tectonic history of a site. Fracturing is a response

to mechanical stress and particularly to a relatively rapid

change in stress state. However, the rplationship between

the two is exceedingly complex, involving not only the

regional stress field, but patterns of local 1nhomooene1ty.

anisotropy of the rock fabric, pre-existing fracture

systems, and the state of the existing hydraulic system. It

is also important to remember that rocks may fail (usually

by shear) in a campressive environment or in tension, with

the latter requiring a much lower stress magnitude. Tension



- 99 -

fracture can aiso be induced in a compressive stress regime

if pressure in a pore fluid system rises above the minimum

compressional stress 01 the rock matrix's stress elliusoid.

Finally, it is important to remember that rocks can deform

by various creep mechanisms, particularly when they are hot,

and this may be the main def ormat iana 1 response to long

continued, steady stress regimes.

The list of possible causes of mechanical stress and

stress change in the crust is long. Firstly there is the

lithostatic pressure of about 27 MPa/km of depth. Secondly,

there are inhomageneous regional horizontal stresses in the

1 i thos.pheric plates,which are observed to be of the order of

10 MPa and are presumably related to present mantle

convection patterns and to the current global pattern of

plate motions. There are also local bending stresses due to

isostatic loading, postglacial recovery, erosional

unloading, etc. Also, local changes in stress state may

arise due to local changes in strain. For instance,

movement along a fracture plane that tends tG relieve

stress in that location can cause stress concentration in

another nearby area.

Finally, and very significantly for our problem, there

are stress changes due to temperature change. To see,

crudely, the order of magnitude of this, we can calculate

the stress change necessary to restrain a strain due to

thermal expansion. Typical constants for a granite indicate

that a one Kelvin temperature change is equivalent to a

pressure change of about 1.5 MPa. This figure may

overestimate the magnitude of stress changes that could

actually arise from a local temperature change, but

nevertheless it demonstrates that a major factor in causing

stress changrs in the crust is a change in the temperature

regime. As both temperature and lithostatic pressure ace

related to depth of burial, one expects to find that the
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ages of fractures at a given site correlate with times of

rapid change in depth of burial. In particular, the

pervasive open fracture systems seen in the uppermost few

hundred metres at Atikokan and at WNRE and thought to be

present virtually everywhere on the Shield were probably

produced directly by the approach of the free surface in the

last major erosion period.

The effectiveness of the free surface in opening

fractures may be due to several factors, but principally to

the lack of lithostatic pressure. Long—term temperature

fluctuations of a few degrees, coupled with geologic and

topographic irregularity, can then create tensional cracks.

As these open and new hydraulic flow systems are created,

the temperature field is locally altered and more minor

fractures are produced. The presence of a regional

horizontal stress field could enhance the process, as

initial fractures would cause substantial redistribution of

the regional stresses.

There are, of course, some open fractures which

penetrate to great depth, and it is certainly less obvious

that these are related in any way to the free surface. As

with the surface-related system, most seem to be ancient

fractures reopened by more recent events. Since these

fractures are of larger extent (generally of kilometre

dimensions), they are likely to be a direct response to

tectonic stress changes. However, they may owe continuing

existence to their role as hydraulic pathways to the free

surface. Trapped fluids in the earth are subject to

lithostatic pressure, which is about 2.5 times the

equilibrium hydrostatic pressure for fluids in an open

fracture system at the same depth. A fracture that opens

to a great depth becomes a pathway far the relief of fluid

overpressure in the adjacent rocks, and the fracture will

not easily heal until the overpressure is more or less
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permanently relieved.

3. Geologic History

Turning to the geological history of the Superior

Province, I have tried in Figure 1 to provide a graphical

display of the depth at which a block of rock such as we

examine at the surface today in one of our test sites might

have found itself throughout geological time. Also shown is

a guess at amount of cover material that was present on top

of it.

Although it is very tempting to use a logarithmic or

similar non-uniform time scale for the figure in order to

accommodate our more detailed knowledge of the recent past,

1 have refrained from doing so, in order that the prediction

problem be shown in its proper perspective. Plotting at a

scale where 2800 million years of geological history is 70

cm long, the million years through which we need to predict

the vault life is only a 0.25 mm extension of the axis. We

see immediately that the history of profound orogenic

disturbance, which is so vividly displayed in the geology, is

essentially irrelevant to the prediction problem, except as

it enables us to understand the present physical and

geological state of the rocks, for instance by showing what

ancient fracture systems are available for re-opening by

modern stress changes. There is no evidence whatever to

suggest any immediate (~ 1 Ma) change from the current

quiescent tectonic history of the Shield. Thus, all

attention can be directed to considering such stimuli as

postglacial rebound or other isostatic adjustment, eustatic

sea level changes, possible reg1aciation, or other profound

climatic change.



- 102 -

Although the early history of the Shield is largely

irrelevant to predicting the next million years, it does

provide the stage setting for the Quaternary events, and

therefore is worth reviewing. The rocks now exposed at the

surface are a mixture mainly of 1) granitoid rocks formed by

melting Cor partial melting) and crystallization at a depth

of at least a few kilometres after some amount of upward

transport through the crust and 2) deformed volcanic and

sedimentary (supracruutal) rocks that were originally laid

down on the earth's surface. At about -2.75 Ga, the

Superior Province was very active volcanica 1 ly, but mostly a

sea in which numerous volcanic islands were created.

Periods of widespread submarine tholeitic voleanism were

succeeded by the creation of more localized and more felsic

calc-alkaline volcanic centres. As great thicknesses of

supracrustal rocks built up, orogenic deformation and

intrusion of granites took place so that supra crustal rocks

and plutonic rocks became crudely mixed. At the same time,

the ground surface was elevated greatly in relation to sea

level, presumably in response to some mechanism of crustal

thickening, possibly a general north-south compression.

By -2.60 Ga, the Kenoran orogeny was spent, and erosion

had begun rapidly cutting down the newly formed high

plateau. As erosion removed material from the top, the

crust rebounded isostatical ly, so that by -2.5 Ga most of

the rocks now found at the surface were within a very few

kilometres of the surface. The amount removed by erosion

was probably quite variable, lying in the range of 3-15 km.

Soon the Superior Province became a peneplane, and by -2.2

Ga platform sediments were being laid upon it in various

places; the material presumably coming from some of the more

elevated parts that were still eroding. Fragments cf these

sediments remain today in the Cobalt Plate, in the Huronian

and Animikie sediments of the Southern Province, the

Labrador Trough, the circumUngava geosyncline, the Thompson
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belt and other margins of the Superior Province. Some

remain relatively undeformed; others have participated in

later orogenies of the marginal basins and troughs.

The Kenoran orogeny was the final episode of

penetrative deformation for most of the Superior Province.

Subsequent tectonic events have involved only uplift and

burial, dyke injection, local penetration by a few intrusive

stocks, warping and various fault adjustments, except at the

margins of the Province and possibly along the Kapuskasing

Structural Zone. During the Kenoran orogeny, virtually all

the rocks now found at the surface were heated above 300*0

and most were much hotter (e.g., melt temperature for the

intrusives). Major faulting accompanied the Kenoran

deformations and innumerable fractures and joints developed

in the subsequent cooling. However, most of these fractures

healed due to the substantial depth of burial.

The post-Kenoran history of sites on the Superior

craton depends on their location relative to the margins of

the Province. Although orogenic events on the margins were

felt through the craton,- the intensity of uplift and

depression varied a good deal. The graphs in Figure 1 are

schematic only.

In the first two thirds of Aphebian time, the craton

was first peneplaned and then at least partly covered by

platform sediments. Several swarms of dykes cut through it

as the sediment piles built up. Then, about -1.8 Ga, the

Hudsonian orogeny, which strongly affected most of the

marginal basins,produced a sharp uplift and renewed erosion

of the Superior craton. The graph shows all the accumulated

sediments being removed and a kilometre or so of erosion of

the craton. Clearly, this is an oversimplification. Some

parts of the craton may not have received a sedimentary

covering and others (where Aphibian sediments are preserved
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today) were not uplifted sufficiently to remove all the

cover. Numerous normal faults cut the otherwise? little

deformed platform sediments indicating that fracturing of

the craton accompanied its subsidence and uplift.

The end of Hudsanian orogeny and the beginning of

Helikian time brought a gradual return of passive, nearly

submergent conditions to the craton, particularly to its

southern margin. This persisted until the Qrenville orogeny

at about -1.0 Ga caused another upheaval. The -1.0 Ga event

strongly affected the whole Grenville Province and also

included development of the Keweenawan rift system through

Lake Superior. Again, some remnant sediments and sills were

left on the craton at places, such as the Sibley sediments

and diabase sills near Thunder Bay and Lake Nipigon. They

are all somewhat faulted, indicating renewed small-scale

fracturing of the cratcn during Helikian time.

At the close of the Grenville orogeny, calm platform

conditions again returned to the Superior Province.

Sediments accumulated in the newly formed Keweenawan

marginal trough, but only by Paleozoic time were parts of

the Superior Province submerged. The part most affected was

that facing Hudson and James Bay, where the present

Paleozoic Basin is now found. Ordovician and Silurian

outliers found here and there on the rest of Superior

Province suggest that most of the Province was submerged at

least briefly. Events taking place on the eastern and

western margins of the continent were certainly reflected to

some extent in the uplift history of the craton, and are

recorded in the Paleozoic stratigraphy of Hudson Bay and

the continental platform from the St. Lawrence Lowlands,

through the Michigan Basin, to Manitoba and the NWT. I have

indicated oscillations schematically on the graph without

attempting ta map out the known history. Again, the

remaining sedimentary rocks record minor normal faulting
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that accompanied the various warpings of the crust.

The Paleozoic closed with uplift, probably related to

the construction of the Appalachians. Removal of the

Paleozoic cover and final erosion to near present levels

occurred in the early liesozoic. Normal faulting, such as

produced the Ottawa-Bonnechere graben, preserved a few

paleozoic outliers. A few spots such as the Moose River

Basin received lower Cretaceous sediments, but on the

exposed Superior craton and its marginal basins deep

weathering was recorded in a number of iron formations such

as at Steep Reck, the Mesabi range and in the Labrador

Trough.

The final events of the geological record of the

Superior Province are as significant tectonically as any in

the last two billion years. The Quaternary glaciations

that occupied the last 1 Ma (possibly as much as A

Ma) subjected the craton to rapid loadings and unloadings of

a few kilometres of ice. In direct load, the glaciers would

have been comparable to a kilometre or so of sediments, but

insofar as rapidity of load change and possible hydrological

pressure gradients are concerned, they were a more drastic

tectonic disturbance than simple isostatic uplift,

subsidence and sedimentation, or warping. It is therefore

not surprising that a variety of faults, fractures and some

modest earthquake activity has been produced.
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4. Conclusions

What conclusions can we draw from the geological

history except that we must predict the effects of post-

glacial tectonic activity and possible reglaciation on our

site? I believe an important point to make is that the

Shield has recently survived all the sorts of tectonic

events that we can predict for the next million years. Thus

we may avoid a priori prediction of what sort of damaging

events might occur by directly examining the Shield to see

what did actually happen. Statistics on Quaternary fracture

frequencies and magnitudas, and on Quaternary hydrological

events, are directly applicable to the prediction problem,

without our needing to know or understand exactly the nature

of the predicted events or the mechanics of how they could

affect a site.

There are, of course, some problems with the foregoing.

Firstly, we need to know the effect of tectonic events on a

site with a. vault installed in it t not the effect on a site

in its natural state, and this complication will have to be

dealt with by a. priori model studies, since post priori

experience is not available. Secondly, the average

incidence of Quaternary damaging events may be quite

variable from one part of the Superior Province to another,

due for instance to correlation with specific structures

such as (say) the Ottawa-Bonnechere graben. Obviously, the

regional setting of any site will have to be considered in

equating it with any geological analogue.

My personal view, which is not founded on any

comprehensive knowledge of recent structures, is that the

menace of new fracture systems is likely to be minimal.

Perhaps the only case where the danger of new fractures

might be serious is where an extremely effective exploration

program has been carried out so that the vault can be sited
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in a region that is exceptionally free of medium-to-larae

seal? fractures, and the escape prognosis has been based on

the exceptionally tight character of that site. Then few

new fractures might alter the site's hydrology appreciably.

A hazard that seems to me somewhat more serious is the

transient hydraulic gradients that could conceivably be

asaociated with an advancing or retreating glacial front.

It is hard to guess what conditions might really be

produced, but some potential exists for hazardous

interaction with the hydraulic pathways created by vault

construction. Any circumstances analogous to the natural

catastrophe described by Christiansen, Gendzwill and Meneley

(1982) must certainly be avoided.
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INTRODUCTION

It has been well established that during
the Quaternary period of Earth history in North
America, at least four major glacial ice sheets
covered significant proportions of the northern
part of the continent. Ontario was covered during
each of these major events by the massive ice
that extended to the south of the Great Lakes
basin. The majority of knowledge and understanding
of the Canadian record of the Pleistocene glaciations
and of related geological effects has been developed
from study of the last or Wisconsin glacial age and
of the recent postglacial or Holocene age. This
is due to the fact that each succeeding continental
glaciation over-rode and removed or re-worked many
of the deposits from previous events and hence has
obscured the record of the earlier glacials and
interglacials. For the Laurentide sheet of the
Wisconsin glacial, the ice thickness has been
estimated to have been in the order of 3 000
to 3 750 metres (Cathles, 1975; Paterson, 1972).

The following examination of the epeirogenic
crustal deformation, which resulted from the Laurentide
ice mass, outlines an approach to the determination
of the aggregate amount of crustal depression that
occurred in Ontario. This analysis is based on a
simplified evaluation of the crustal relaxation or
uplift component, which is related to the postglacial
portion of the cycle. It is considered that similar
ice-induced subsidence and rebound cycles were incurred
with each of the major glaciations.

WISCONSIN GLACIATION AND DEGLACIATION

The Wisconsin Laurert-ide glacial ice began
about 75 000 years B.P. and built up to its maximum
extent at about 20 000 years B.P. The thick mass
of ice covered all of Ontario and extended to about
250 kilometres south of the Great Lakes (Figure 1).
Amelioration of the global climate is thought to
have initiated the recession of the glacier at about
the time of the maximum. The southern peripheral
zone was subjected to a fluctuating ice front as
the glacier alternately receded and re-advanced in
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FIGURE 1: Maximum Extent of the Four Principal Glacial

Stages in the Central and Northeastern United

States. (Compiled from various source's.)
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pulses in the period about 15 000 years to 12 000
years B.P. in the Great Lakes area. The ice had
receded northward to the North Bay vicinity by about
11 000 years B.P. and still further northward toward
the James Bay lowland by about 9 000 years B.P. The
James Bay and Hudson Bay area is thought to have
become ice-free by about 8 000 years B.P.

CRUSTAL DEPRESSION

The supracrustal load of glacial ice resulted
from the mass transfer of a large volume of water from
the ocean basins. This water was retained in storage
in the form of glacial ice and snow on the continent.
This addition of mass above the geoid surface in turn
resulted in an isostatic depression of the crust as
the crustal elevation adjusted to compensate for the
mass redistribution. Deeper within the earth, transfer
by viscous flow or plastic creep of the mantle away
from the ce.itre of crustal loading and toward the
unloaded ocean basins is required to accommodate the
subsiding crust. The glacially induced depression
caused bending, warping and perhaps fracturing of the
crust.

In the central portions of the ice cap, where
sufficient 'loaded' time passed for equilibrium to be
achieved, the crustal depression is considered, for
this analysis, to have been simple and entirely
glacio-isostatic, The deflection of the crust near
the peripheral ice margins,where the 'loaded' time
was shorter lived, is considered to have produced a
down-warped surface, generally tilted toward the ice
centre. When the ice sheet waned, a postglacial crustal
surface, which was not in equilibrium, remained. In
addition, the ice load was transferred back to the
ocean basins as water.

CRUSTAL UPLIFT OR REBOUND

The succeeding crustal uplift, or rebound, is
both predicted by theory (i.e., Gutenberg, 1951) and
documented by many observations of deformed sequential
proglacial and postglacial lake shorelines. Such
differentially tilted and warped features are well known
in North America, northern Europe and Scandinavia.
They present direct evidence of recent crustal uplift
and unwarping. The order of magnitude of uplift and
tilting has been assessed from the relative or
differential uplift of now-abandoned shorelines of
pre-existing lakes and marine incursions. In the case
of the lakes, they occupied basins and sub-basins in
the depression(s) adjacent to the receding ice front(s)
(Figure 2). It is implicit that a former water plane
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FIGURE 2: Idealized Sections Showing Progressive
Upwarping of Crust During Deglaciation.

A - Glacial lake ( phase A ) has formed between the
receding glacial margin and higher ground to the
left . B - Uplift has affected the area to the right
of the vertical dotted l ine, bending the strandline
of phase A to a higher position. Point x has been
lifted to position x ' . A new lake phase, B, has
formed at a lower level . C - Renewed uplift has
affected the area to the right of the vertical l ine,
bending the strandline of phase B, and warping a
litt le more the extreme r igh t -hand end of A .
Point x has been lifted to position x " . A third
phase, C, has formed at a stil l lower level .
( Flint, 197? )
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defined a then-horizontal surface. Any shoreline
features formed by the particular water plane register
the spatial and temporal existence of the horizontal
plane. Therefore, an evaluation of the contemporary
distortions of the once-horizontal datura permits the
development of a physically based model for the
relaxation of the crustal depression in which the
water plane existed. In the case where former lake
levels overlap more than one sub-basin, a cumulative
deformation model may be developed (Bowlby and Price,
1983) .

Many previous studies of postglacial uplift
have concentrated solely on the uplift or discrete
basins and therefore have not developed an overall or
integrated summation of the larger basinal uplift. It
is the intention of this paper to indicate a methodology
for the determination of the aggrecate uplift from the
evaluation of t'.e cumulative differential uplift. This
approach to better quantification of the magnitude of
the recent glacio-isostatic deformation has been
specifically developed in the Great. Lakes basin. The
approach has significant, application for the Canadian
nuclear fuel waste management program geological
disposal concept in the assessment of transitory
phenomena fh.it may affect radionuclide migration.

Glacio-isostatic deformation and the
directlv .ir.ferrod chances in rock stresses, as discussed
in Asmi:s ana Leo (IPS'.) , form dr. ir. vo-::ral part of
transitory phenomenon assessment fo; repository vault
integr iv.v . Evidence from nresen ;:-,i:> v lake basin tiltings
indicate that the relaxation of the iiaciai depression is
still continuing in the Great Lakes region, some 11 000-12 000
years after ice unload! rv:. ".'his cci;:;;asi:es the scale of
the phenomenon to be considered.

ASSESSMENT OF DII-TERENTIAL A.\"D AGGREGATE LFLIFT

Many liî 'h-levei postgl ici.i! lakes existed
in the ntajor basins of the Laurent ian Great Lakes.
These lakes generally persisted for some time with
surface levels above the elevations of the present
lakes. In addition, a number of l̂ w lake stages were
also formed in the Dasms as the water drained over
controlling .sills and through out lens that were
lower due to the differential depression that remained
after the ice had receded. Figure 3 illustrates
representative high-level lakes that were selected
to illustrate the cumulative modeling approach. These
lakes, Whittlesey (12 950-12 300 years B.P.) in the
Erie basin, Iroquois (12 300-12 100 years B.P.) in
the Ontario basin, .Algonquin (12 400-11 000 years B.P.)
in the liuron basin, were selected because of their
persistence and generally strong geomorphic expressions.
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FIGURE 3: Representative High-Level Lake Phases at Various Stages in
Deglaciation History. Plotted over present-day lake outlines.
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In addition, Agassiz (12 900-12 500 years B.P.) and
Barlow-Ojibway (̂9 000 years B.P.) are shown to indicate
that the model may be extended into northern and
northwestern Ontario in future work. The ranges
of ages are given in radiocarbon years and as such
may only approximate the chronology (Fullerton, 1980;
Prest, 1970; Elson, 1967).

The differential uplift for a basin may be
determined by examination of the elevations of a
high-level strandline within the basin. A high-level
strandline is chosen because it most probably represents
an earlier lake stage, which in turn may more completely
reflect the relaxation of the deformation. The highest
location on the strandline was, at the time of formation,
at the same elevation as the lowest point on the same
strandline. The current difference in elevation is the
direct measure of the differential uplift or tilting
of the crust since the time of formation of the strandline.
Should there be a sequence of falling high-level lakes
in a basin, a rate curve for the uplift may be developed
from the various differentially uplifted planes.

Figure 4 summarizes the zero and maximum
differential uplift isobases for the selected lakes.
Nipissing ("̂6 000 years B.P.) is shown in the Huron and
Superior basins to illustrate the changing rate of
uplift with time. Section A-A' through the Erie-Ontario
basins and section B-B' through the Erie-Huron basins
are shown in Figures 5 (A) and 5(B), respectively . Figure 5 (A)
shows the differential uplift curves for Lakes Whittlesey
and Iroquois. As is understood, the separate deformation
planes are in reality one continuous plane. Therefore the
Iroquois differential curve was adjusted vertically
to form a continuous or colinear curve with the
Whittlesey curve. The adjustment required was +45 metres
at the location of the Iroquois zero isobase. This
then reflects the amount of uplift to be applied to the
Iroquois deformation plane to make it relative to the
Whittlesey zero isobase. The Lake Ontario outlet to
the St. Lawrence River has been determined to have
undergone approximately 120 metres of uplift, relative
to the Iroquois zero isobase (Bowlby and Price, 1983).
Following the aggregate approach, this uplift value
may be restated to be 3.65 metres. .•.s is shown in
Figure 5 (A) , the Whittlesey differential curve becomes
asymptotic to the horizontal at about -13 metres. This
suggests that there is a yet unaccounted for uplift of
the Whittlesey (Erie) basin. Careful analysis of earlier
lakes in the Erie basin (Maumee, 14 400 years B.P.;
Arkona, 13 500 years B.P.) may lead to the determination
of an aggregate correction factor for the Whittlesey data.
Such a factor would then cumulate into the Iroquois data.
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FIGURE 4: Differential Uplift of Lake Levels (in metres)
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FIGURE 5: (B) Aggregate Uplift Analysis of the Algonquin
Nipissing Levels, Lake Huron Basin Related to
Differential Uplift of the Lake Erie Basin,
Whittlesey Level
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Figure 5(B) shows the differential uplift curves
for Lakes Whittlesey and Algonquin. As was discussed
for the Erie-Ontario deformation plane, the Erie-Huron
planes were similarly adjusted to be co-linear through
a +30 metre correction applied at the Algonquin zero
isobase. The differential uplift of the North Bay
area may therefore be restated as 300 metres of aggregate
uplift, relative to the Whittlesey zero. As previously
discussed, there may also be a +13 metre correction
applicable to the Whittlesey zero isobase, which would
then be applied to the Algonquin data. A differential
curve for the later Nipissing phase is also shown on
Figure 5 (B)and related to the aggregate uplift curve.
Interrelating Figures 5(B) and 6, it may be seen that
the Nipissing uplift of 30 metres in 4 000 years is a
component of the Algonquin uplift of 300 metres in
11 100 years. From further analysis in this area, it
may be possible to define an uplift rate curve.

The uplift isobases, corrected for the aggregate
approach outlined herein, are shown in Figure 6, The
segments show a general northwesterly trend across the
major portion of Ontario. This is consistent with
analyses of present-day lake surface trends (Walcott, 1972)
Figure 7 shows the results of trend analysis on the
upper Great Lakes. The land surface is still rising,
differentially to the northeast, in the order of a few
millimetres per year. This continued motion implies
that the state of stress in the crustal rocks may also
be changing with time.

CONCLUSIONS

It is considered that the aggregate value
method of determining isostatic uplift, as outlined
in this paper, more accurately reflects the magnitude
of the glacio-isostatic deformation of Ontario. The
observed uplift response of the crust is the integration
of all the components and processes involved. The
aggregate technique assumes an averaging of the
components into one plane. As such, it does not account
for individual or independent block movements on
postglacial faults. However, the method does permit
an improved approximation of the full uplift cycle to
be made. This will be important for the determination
of crustal stress changes over geologically significant
time periods.
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FIGURE 6: Aggregate Uplift of Lake Levels (in metres)



- 121 -

FIGURE 7: VaLuus ol Recont Uplift Contoured Relative to
Milwaukee Level Baaed on Lake Gauge Differentialw
(Walcott, 1972)
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DISCUSSION

P. Brown: What effect does uplift have on the rock itself?

J. Bowlby: Near the surface, one would expect some fracturing. Stresses

would occur In the rock that may perhaps reach levels to induce fractur-
ing or activate pre-existing fractures. Changes of Che hydrostatic heads
on water in fractures could be Important.

Compared to the lithostatic component of stress, the glacial compon-
ent becomes smaller and smaller with depth. The increment of stress will
not have a significant effect. Glacially induced fracturing is primarily
a near-surface effect.
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Ontario Hydro
700 University Avenue

Toronto, Ontario M5G 1X6

INTRODUCTION

From a geomechanics point of view, the glacially
induced deformation described in the preceding article
(Bowlby, 198 4) implies that significant changes took
place in the state of stress in the Earth's crust during
the Pleistocene. Maximum thicknesses on the order of
3 000-3 750 m have been deduced by Paterson (1972) and
Cathles (1975) for the Laurentide ice Sheet, based on
ice flow considerations. This means a maximum vertical
load of 21-28 MPa on much of the Canadian Shield during
the Wisconsin Glaciation. A reconstruction of the stress
history through glaciation and deglaciation is difficult,
in light of the transient nature of this glacial load —
both laterally and vertically, caused by the numerous
retreats and re-advances of the ice front. However, some
conceptual models of stress changes under glacial load
could be developed, in order to gain insight into the
stability and integrity of crustal rocks during future
glaciations. This article examines a number of such
models and relates them to contemporary seismic occurrence
in an intraplate environment.

CURRENT STATE OF STRESS

To appreciate the effect cf continental glaciation
on the crustal stress field, an understanding of the
current state of stress is required. It is generally
recognized that a state of high horizontal stress exists
in many of the rock formations of Eastern North America.
These horizontal stresses generally reach or exceed 10 MPa
in competent bedrock formations with a tendency to further
increase with depth (Sbar and Sykes, 1973; Herget et al.,
1975; Herget, 1980; Lee, 1981). While the orientation of
the maximum horizontal stress varies from site to site,
there is a general north-northeasterly trending detected
at many of the stress measurement locations in the
region. Figure 1 shows the variation of average
horizontal stress with depth in the Canadian Shield, as
summarized in Herget (1980) . Figure 2 indicates such a
variation at the Darlington Nuclear Generating Station
site in southern Ontario, covering both the Paleozoic
strata, and the Precambrian basement of granitic gneiss
(Haimson and Lee, 19SO).
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A number of possible mechanisms for the buildup
of horizontal stresses in these rocks have been postulated
in the past, including erosion, plate tectonics, and the
angular momentum associated with the Earth's rotation
(i.e. Sbar and Sykes, ]973; Herget, 1974; Lee and Asmis,
1979). However, the glacial history of the region was
also considered to be a prime factor in the evolution of
the present stress regime. Under a glacial load of Aa ,
the horizontal stress would theoretically increase by an
amount Aa.., given by

H

where y = Poisson's ratio.

Equation (1) above is derived on the basis of
linear elasticity. It follows that, upon deglaciation,
Aov vanishes, and so does Ao . The buildup of horizontal
residual stress hence cannot be accounted for solely on
the basis of linear elasticity. An alternative mechanistic
model would be required if glaciation is to be credibly
related to the current stress regime.

STRESS CHANGES AT INTERIOR OF ICE SHEET

A hypothesis relating horizontal residual stresses
to the occurrence of creep or viscoelastic compression
under sustained glacial loading was described in Lee (1977) ,
and Lee and Asmis (1979). Assuming a condition of rigid
lateral confinement (or zero lateral strain) in a rock
mass in the interior of a glacially loaded region, it can
be shown that a viscoelastic vertical compression of Ac
can result in an incremental lateral compressive stress
Aa given byn

iCH ~ 2(1 - 2u) "JV (2)

where E = Young's modulus.

In Equation (2) shown above, the
time element is incorporated through the Aa term, which
is a time-dependent variable under viscoelastic conditions.
Calculations indicated that a relatively small increase
in vertical compression under sustained vertical loading
and rigid lateral confinement could result in a relatively
large increase in the horizontal compressive stress. The
significance of Equation (2) lies in the fact that, while
elastic strain defined in Equation (1) could be fully



- 127 -

recovered upon deglaciation, viscoelastic (or creep) strain
defined in Equation (2) could only be recovered to a large
but limited extent. Figure 3 shows a typical creep curve
for rock, indicating the permanent deformation upon
unloading from secondary creep. Figure 4 further
exemplifies this permanent deformation (or set) using
actual measurements obtained on Hucknall shale (Hobbs, 1970)
The magnitude of permanent set in crystalline rocks is
generally smaller than that for argillaceous rocks.
However, significant amounts of viscoelastic compression
have also been observed on crystalline rocks such as
granite, gabbro and granodiorite (Hardy et al., 1970;
Lomnitz, 1956) . Corresponding to the amount of permanent
set, a significant portion of the viscoelastic horizontal
stress calculated using Equation (2) would be retained in
the rock mass as residual stress, subsequent to deglaciation
and elastic rebound of the crust. Such a process of
residual stress buildup would occur during each glaciation,
and, indeed, during each cycle of glacial retreat and
re-advance within each glaciation. The same mechanistic
model can also be applied to erosion, with each cycle of
deposition and erosion similar in effect to glaciation
and deglaciation, insofar as the buildup of horizontal
residual stress is concerned.

STRESS CHANGES AT EDGE OF ICE SHEET

In contrast with the interior of a glacially loaded
area, a rock mass at the edge of an ice sheet would
experience significant non-uniform loading and high stress
gradients, most probably on more than one occasion during
the ice age. The simplest mechanistic model is that
proposed by Walcott (1970), involving an ice front on an
elastic half-space (Figure 5). The ice front is very
gently sloping, as might be expected if the ice were
allowed to accumulate and advance on a relatively flat
surface without any external disturbances. The shear
stresses are approximately uniformly distributed in the
elastic half-s^-.ce, with the exception of the immediate vicinity
of the edge, below which a local concentration of shear
stress occurs. Some tensile stress also occurs near the
bedrock surface at the edge. However, simnle calculations
show that this would unlikely cause major disturbances to the

Earth's crust. For a greater impact, either the ice front
must have been steeper, or the material properties of the
crust must have been non-uniform. Both of these situations
are possible. The ice front could be made steeper in a
number of ways. During its advance, an obstruction or
rapid rise in topography could have made the leading edge
very steep. During advance or retreat, ice located on
or near water could experience rapid ablation, or perhaps
calving if icebergs at the front, resulting in high
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vertical cliffs of ice. Such a high gradient in ice load
would generate large shear stresses in the crust, which
might be sufficient to cause extensive new fracturing
or reactivation of old fracture systems. Likewise, if
the bedrock beneath the ice is non-uniform, then shear
stresses would be generated at the boundaries between
zones of different material properties. These shear
stresses could be of sufficient magnitude to fracture a
rock, especially when coupled with steep ice gradients.

The above scenario could be examined using the case
of a weaker rock overlying more rigid basement rock (Figure 6)
This upper layer could be either ai. intrinsically softer
material such as Paleozoic limestone, or simply a more
fractured zone. When a steep ice loading gradient is
applied, the upper layer is compressed and.deformed
towards the ice front. This deformation is resisted by
the firmer lower rock. The result is the generation of
high shear stresses on the vertical and horizontal planes
near the ice front. In a region of high horizontal stress,
this could result in horizontal fracturing near the
boundary between the upper and lower layers, as was
observed in southern Ontario. Once the upper layer becomes
decoupled from the basement rock through movement along
shear zones, then the horizontal compressive stresses in
the upper layer may become very large. The largest and
least confined stress would be near the ice margin, where
near-surface stress relief features such as pop-ups,
buckles, folds and minor thrusts could be generated.
However, such features would be limited in their depth of
penetration, as exemplified in the subsequent article on
post-glacial faulting and glacial effects on shield rock
(Adams, 198 4) .

STRESS CHANGES DUE TO SPHERICAL DEFORMATION

The Earth is basically a spherical body rather than
a flat elastic half-space. Because of the ice load and the
viscoelastic nature of the upper mantle, the surface
underneath the ice would be lowered by up to hundreds of
metres. This compresses the crust appreciably due to the
decrease in surface area associated with a decrease in
radius or distance from the centre of the Earth.

As a simple example, if it is assumed that the
local radius to the centre of the Earth is reduced by
500 m (Figure 7), then the circumferential compressive
strain can be calculated as 7.85 x 1 0 . Using the
plane stress assumption, a Poisson's ratio of 0.2, and
a Young's modulus of 70 GPa, the calculated tangential
compressive stress at the surface is approximately 7 MPa.
This tangential compressive stress would increase with
depth, due to the e-ffective increase in stiffness
resulting from an increased confinement of the rock.
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ISOSTATIC REBOUND

At the end of the glacial period, the crust
rebounds towards a state of isostatic equilibrium. As
the bedrock elevates away from the centre of the Earth,
tangential (or horizontal) stress is relieved, due to
radial extension. At first glance, it might seem logical
to assume that this continual relief of the main component
of crustal stress should result in a minimization of
seisrnicity, much as if the stress on California's San
Andreas Fault were to be decreasing rather than constantly
increasing. The presence of a significant amount of
contemporary seismicity in Eastern North America, however,
is an indication that crustal stability is not necessarily
increasing due to this stress relief and isostatic rebound.
There are mechanisms that could be used to explain this
phenomenon.

It has been observed that much of the seismicity
in Eastern North America is associated with high angle
reverse faults (Sbar and Sykes, 1977). For such a fault,
the high horizontal stresses act as a clamp on the fault,
resisting any relative movement. If vertical shear stresses
were locked in due to fault movements during past tectonic
activities or during glaciation (as a result of gradient
loading), then the relief of horizontal stress would reduce
the clamping effect and the stabilizing frictional resistance.
This process may brine the fault to the point of limit
equilibrium and incipient failure, causing rupture,
displacement and seismicity eventually. In other words,
it is possible that glaciation has cocked the gun, and
isostatic rebound is slowly squeezing the trigger. There
are other possible mechanisms that may lead to postglacial
seismicity, such as uneven rebound rates due to warping and
bending of different parts of the crust, causing increased

shear stresses. Another factor is the change in pore
water pressure due to lake level changes. The impact
of these factors or. the stability and integrity of the
rock mass around a disposal vault should be carefullv
evaluated.

FUTURE WORK REQUIREMENTS

For a better understanding cf glacially induced
stresses and the mechanical effect of future glaciation(s)
on a disposal vault, the following analytical and modeling
requirements are identified, based on group discussions
during the Workshop on Transitional Processes.
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(1) Definition of the geomechanical conditions
at the onset of the next continental
glaciation.

Using a reference site such as Atikokan for
study purposes, this work would attempt to
define the stress regime prior to the next
glaciation, combining the in situ, vault
excavation, thermal and time-dependent
components of rock stresses.- The time-
dependent component would incorporate the
effects of creep, isostatic uplift and
crustal bending.

(2) A finite-element simulation of the displacement
and stress changes under glacial loading,
taking into account

- the gradual buildup of glacial load, as
well as its retreats and re-advances;

- the elastic, plastic, viscoelastic and
viscoplastic properties of geologic
materials;

- the buildup and dissipation of pore water
pressure;

- the initiation (or re-activation) a-id
propagation of fractures; and

- the relative displacement between the
mean sea level and land surface.

While a reference site such as Atikokan would
be required for study purposes, it is apparent
that the finite-element simulation would have
to be carried out on a global scale.

(3) An assessment of the effect of permafrost
preceding glaciation, which may hydrologically
isolate the disposal vault.

(4) An assessment of induced seismicity due to
the impounding of glacial water, as well as
seismicity due to glacially induced stress
changes.

The above study requirements were developed in
group discussions involving B. Ladanyi, H.S. Hasegawa,
R. Slunga, J.R. Bowlby and C.F. Lee. It is apparent that
such requirements would require a few years of concentrated
analytical and modeling efforts .
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ABSTRACT

A prominent feature of the stress field in eastern Canada is the high
horizontal stress at shallow depths. Possible causative factors to this
shallow stress field are remanent stresses from a previous tectonic orogeny,
plate tectonic stresses and glacial-related stresses (glacial drag and flexual
stress). The inherent difficulty in differentiating residual from current
stress is one of the reasons why the relative contributions to the stress
field from the phenomena described above are not properly understood.

Maximum stress-strain changes an underground vault is likely to
encounter from natural phenomena should occur when the periphery of the
advancing or retreating glacier is near the vault. Theoretical calculations
indicate that lithospheric flexure, differential postglacial uplift and
possibly glacial drag may be able to generate significant horizontal stresses
around a vault. In order to calculate the earthquake potential of these
induced stress changes, the ambient tectonic stress field should also be
included and a suitable failure criterion (e.g. Coulomb-Mohr) used. For
earthquakes to generate appreciable stress-strain concentrations near a vault
(i) the seismic signal must contain appreciable energy at appropriate
frequencies (wavelengths comparable to vault dimensions)and be of appreciable
duration, (ii) the particle velocity must be high (>10 cm/s ) ; induced strain
is a function of particle velocity and (iii) the hypocentre must be less than
half a fault length from the vault for residual deformation (strain and tilt)
to be significant . The most severe case is when the causative fault
intersects the vault.
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INTRODUCTION

In situ stress measurements and earthquake fault-plane solutions in
eastern Canada are indicating general trends in the ambient stress field.
Stress measurements by the strain relief technique in mines and tunnels
(Herget, 1980) and by the hydraulic fracturing technique in near-vertical
boreholes (Haimson, 1978 and 1982) indicate a deviatoric horizontal
compressive stress field within the top few kilometres of the crust.
Fault-plane solutions of larger Shield earthquakes indicate a continuation of
this trend down to mid-crustal depths (Hasegawa and Adams, 1981). The
combined results indicate that the maximum principal stress is approximately
horizontal. Although the azimuthal pattern of the maximum principal stress is
not known in detail, general trends are becoming more discernible.

Prominent features of the ambient stress field at shallow Jepths (~a
kilometre) have been attributed to several natural phenomena, in particular to
previous tectonic orogenies, erosion and glaciation. In western Ontario some
of the principal directions determined from in situ stress measurements
correlate more closely with the last major tectonic episode than with current
plate tectonics (Herget, 1980). The mechanical effects of erosion can cause a
high horizontal stress field at shallow depths (Voight, 1966). However, when
associated cooling and isostatic rebound are also taken into consideration,
extensional horizontal stresses are also predicted (Haxby and Turcotte,
1976). Recent studies of glacio-isostacy in Finland indicate that intensive
faulting and fracturing coincided with the time at which the maximum rate of
glacio-isostatic uplift occurred (Morner, 1978). Postglacial faults have also
been identified in exposed parts of the Canadian Shield south of Hudson Bay
(e.g. see Hasegawa and Adams, 1981). Glaciation deglaciation may be able to
modify the stress field in several different ways: flexural stress due to
glacial loading (Walcott, 1970); drag stress due to a moving glacier
(N.H. Sleep, personal communication, 1981); shear stress due to on-going
differential postglacial rebound (Price, 1979); flexural stress due to
complete rebound (Stein et al., 1979); and thermoelastic stress due to cooling
and subsequent (postglacial) heating (Hasegawa and Adams, 1981).

Earthquakes can perturb the stress regime around a vault in two ways: by
transient (body and surface wave) vibrations and by residual ground
deformation (strain and tilt). Because transient vibrations decay much more
slowly with increasing epicentral distance than residual ground deformation,
which is a "near-field" phenomenon, only in the hypocentral region is the
latter effect significant (e.g. see Iwasaki et al., 1977; Press, 1965,
McGarr et_ajl. 1981, McGarr, 1981).

The purpose of this report is (i) to review available stress
determinations in the Canadian Shield,(ii) to discuss phenomena that may be
able to account for prominent aspects of the stress field,(iii) to discuss
natural phenomena that may be able to perturb, to a significant extent, the
stress field at shallow depths,(iv) to discuss, using simple phenomenological
models, earthquake disturbances such as transient signals and residual ground
deformation, to present proposed scaling li «/s for mid-plate earthquakes
(Nuttli, 1983), (v) to review, briefly, the seismotectonics of the
Timiskaming-Kapuskasing region, which lies to the northeast of the test site
at Atikokan, ,ind (vi)to discuss, using the Coulomb-Kohr failure criterion,
possible ways in which earthquakes could be triggered by some of the phenomena
discussed above.
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STRESS DETERMINATIONS FROM IN SITU STRESS
MEASUREMENTS AND EARTHQUAKE FAULT-PLANE SOLUTIONS

In situ stre66 measurements and earthquake fault-plane solutions in
eastern Canada are shown in Fig. 1. Since the data in Fig. 1 imply that ths
entire upper crust lies in a deviatoric horizontal compressive -stress regime,
it is reasonable to assume that the Atikokan research site (denoted by a. st»r
with letter A) is probably under deviatoric compression at a depth of 1 km.
However the azimuth of the maximum principal stress at the test site is less
certain because of the large spread or scatter in maximum principal stress
direction in peripheral areas. Recent stress measurements at two sites to the
NW (No. 14 in Fig. 1) have not resolved this uncertainty. For example,
Figs. 2 and 3 (right-hand sides), which were determined from 2 sets of
hydraulic fracture experiments in test holes 12 km apart, indicate maximum
principal stress azimuths that fall in the NE quadrant (URL-1) and in a
general NS direction (WN-4). The mean of these azimuths falls within the NE
quadrant, which is consistent with stress measurements at site No. 2 in Fig. 1
and with plate tectonic theory shown in Fig. 4. Stress measurements to the
east are less consistent. In situ stress measurements near the test site are
required to resolve the uncertainty.

Fig. 5 shows how the ratio of horizontal-to-vertical stress varies with
depth. The values represented by plus symbols are from in situ measurements
(Herget, 1980) whereas those represented by vertical bars are relative
(deviatoric) levels inferred from earthquake fault-plane solutions.
Earthquake fault-plane solutions and in situ stress measurements indicate a
predominantly thrust-fault seismotectonic stress regime down to mid-crustal
depths (e.g. see Hasegawa and Adams, 1981).

CONTRIBUTORS TO STRESS FIELD

Several theories have been proposed to account for different aspects of
the stress field in eastern Canada. Remanent stress from the last major
tectonic orogeny can account for some principal stress directions in western
Ontario (Herget, 1980). Plate tectonic theory (see Fig. 4) predicts azimuthal
stress patterns for the maximum principal stress that agree fairly closely
with observed patterns in much of eastern North America (e.g. Richardson
et al,, 1979; Zoback and Zoback, 1980). Hydrostatic pressure exerted against
the thicker continental lithosphere as shown in Fig. 6 is hypothesized as
being capable of generating a stress field for which the horizontal (E-W)
component increases towards the east (Wesnowsky and Scholz, 1980).
Theoretical calculations by McGarr (1982) indicate that viscous drag along the
base of a transition layer can generate a horizontal stress field that
increases linearly with depth in the adjoining tectonic province, as shown in
Fig. 7. Finite-element calculations by Goodacre and Hasegawa (1980) indicate
that gravitationally induced stresses exist near boundaries between tectonic
provinces; however, the induced stress at shallow depth as shown in Fig. 8 is
not great enough to fracture intact, rock. (The Coulomb-Mohr failure criterion
is described in a later section.)

Isolating possible contributors to the high stress field at shallow
depths has presented some problems. One of the problems is the inherent
difficulty in differentiating between remanent and current stress components.
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Phenomena that are capable of modifying, to a significant extent, the stress
field at shallow depths are described in the next section.

PERTURBATIONS TO THE STRESS FIELD AT SHALLOW DEPTHS

Erosion

The combined effects of mechanical erosion, accompanying thermoelastic
cooling and isostatic rebound are calculated using a simple phenomenological
model of the Shield. Consider a section of the Shield as shown in Fig. 9
(inset), which illustrates the boundary condition imposed on the model, i.e.
boundaries are constrained to lie in a radial plane. The formulations of
Haxby and Turcotte (1976) are used together with appropriate shield parameters
(see Hasegawa and Adams, 1981). Mechanical erosion results in horizontal
deviatoric compression, AcĴ  . The associated cooling results in
thermoelastic stresses that effect horizontal tension, flffc. Subsequent
isostatic rebound also generates horizontal tension, Affj. Postglacial
heating, Affp, contributes a relatively small amount of horizontal
compression. The resultant stress field is under deviatoric horizontal
extension, Affjj. Consequently the erosional process can be excluded from
being a significant contributor to the high horizontal stress field observed
at shallow depths over the Shield as a whole.

Glacial effects

Analysis of postglacial rebound in the Canadian Shield indicates that
the crust-upper mantle consists of a viscoelastic asthenosphere beneath an
elastic lithosphere (e.g. see Walcott, 1970; Peltier el al. 1978, Clark,
1980). Consequently if an elastic half-space were used to represent the
Shield (cf. Jurgenson, 1934), then the resulting stress calculations would be
incorrect; the largest error would occur just beyond (approximately several
hundred kilometres) the periphery of the glacier where a significant forebulge
is predicted for the viscoelastic model but not for the elastic (half-space)
model.

(i) Glacial loading

Fig. 10 shows where longitudinal stresses due to flexure are greatest.
If the lihhospheric flexure is severe enough, the extensional stress in the
forebulge (outward pointing pair of arrows) could change into a tensile
stress. However for a more complete assessment of failure, the ambient
tectonic stress component should also be included and an appropriate failure
criterion (e.g. Coulomb-Mohr) used. For a 2-km-thick glacier overlying a
200 km-thick elastic lithosphere (Canadian Shield), which in turn is resting
on a fluid asthenosphere, theory (e.g. see Walcott, 1970) predicts an
extensional stress of 20 HPa at a depth of 1 km in the forebulge. For an ice
load of arbitrary thickness H, the maximum extensional stress is (H/2) x 20
MPa. An anomalous uplifted zone in the Charlevoix region of Quebec is
attributed by Dunbar and Garland (1975) as being a remanent forebulge.

(ii) Glacial drag

Glacial drag is treated as Coulomb friction in the simplified model
representation of a moving glacier shown in Fig. ll(a). The horizontal
stress, q, which is imparted to the surface of the Shield, is a function of
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the following parameters: u is the coefficient of friction between ice and
rock; p is the density of the ice load; and g is the acceleration due to
gravity. An upper limit to q is governed by the shear strength of the ice
matrix that contains boulders and other debris near the leading edge of the
ice sheet. Fig. 11 part (b) shows the co-ordinate geometry and part (c) the
formula (Scott, 1963) used to calculate the tabulated values. The formula
becomes singular near the leading edge, where the largest induced stresses
occur.

The kinematics of ice flow in polar regions (Koerner, 1984) are quite
complex. Consequently,the simplified version described above is an
oversimplification of a more complex phenomenon, but is adequate for an
order-of-magnitude estimate of the induced stress due to glacial drag.

(iii) Differential postglacial uplift

Figure 12 shows contours (in m/100 years) of mean postglacial uplift in
Canada (Andrews, 1970). The insert shows how a spatial average of the shear
strain (<J>) and shear stress (t) generated by differential postglacial
uplift over the past 12 000 years in the Canadian Shield between Hudson Bay
and the Great Lakes is calculated. Recent determinations of differential
postglacial uplift rates in several areas north of the lower Great Lakes by
Bowlby (1984) indicate much steeper gradients (almost an order-of-magnitude) ,
which would imply that these areas are sites of greater shear stress
concentrations. This on-going differential postglacial uplift may be
contributing to the seismicity in eastern Canada but the details of the
relationship are not fully understood.

SEISMIC DISTURBANCES

Residual ground disturbances near a fault

Theoretical curves of residual ground displacement generated by a
vertical fault are used to illustrate how displacement, strain and tilt vary
with focal depth and epicentral distance in the hypocentral region. The
geometry of the fault and two representative types of faulting are shewn in
Fig. 13. The following three figures, Figs. 14, 15 and 16, show, for a 1-cm
mean relative slip (dislocation) along the causative fault (i.e. Uj or U3
equals 1 cm), the manner in which residual displacement, strain and tilt
contours, respectively, vary in the near field for 4 focal depths. Maximum
ground deformation occurs within a few kilometres (less than a fault length)
of the fault, with a rapid fall-off (up to the fourth power) with increasing
hypocentral distance. Ground deformation generally decreases with increasing
focal depth. Order-of-magnitude estimates of residual ground deformation near
the source of shallow mid-plate earthquakes can be readily derived from these
curves by referring to Table 1. For a specified earthquake magnitude (m^ or
M s) the average slip or dislocation (D), which is in metres in Table 1,
should be converted to centimetres and then applied to the curves in Figs. 14,
15 and 16 as a scaling factor. The scaling method described above gives
order-of-magnitude estimates of crustal deformation near the source where the
contribution from the slip, D, dominates over that from the finite
extent-of-source. At greater epicentral distances, the contribution from the
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size of the fault becomes increasingly more important (e.g. see Press, 1965).
Another restriction on the above scaling method is that the ground near the
earthquake is assumed to be free of uncmsolidated sediments, decoupled layers
and faults or weakened lineaments, any one of which can alter, significantly,
residual ground deformation near a cr.usative fault.

Seismic vibrations near a fault

Strong ground motion instruments have a response that is generally
constant with respect to ground acceleration over much of the frequency range
of interest. Consequently,strong motion records are basically accelerograms,
and the Fourier amplitude of ground acceleration (FS) indicates the spectral
content of the seismic signal. This aspect is of primary importance to
seismologists. However,there is another aspect i,o FS curves that is of
importance to earthquake engineers. Fig. 17 illustrates how FS is a lower
limit to a zero-damped linear oscillator response. Consequently,smoothed FS
curves are indicative of low-damped (~1% critical damping) velocity response
(SV) curves.

Theoretical Fourier amplitude spectral curves of ground acceleration,
FS, are used to illustrate general trends in spectral amplitude of ground
acceleration curves for different magnitudes. The earthquake model selected
is shown in Fig. 18 and the step-by-step procedure to generate FS curves from
the source displacement amplitude spectrum is shown in Fig. 19. The effect
upon FS curves of varying Q s, a quality factor, which varies inversely as the
coefficient of anelastic attenuation, is also shown in the lower part of
Fig. 19. A suite of FS curves for different magnitudes and epicentral
distances is shown in Fig. 20. The velocity response of low-damped
oscillators (SV) reaches a maximum in the central part (mid-frequencies) and
displacement and acceleration response reach a maximum at low and high
frequencies respectively. With decreasing magnitude FS curves become richer
in high-frequency energy.

For details of the source spectra at very high frequencies (>20 Hz),
strong ground motion records in the near field, i.e. epicentral distances less
than about 20 km, are required. Fig. 21 shows accelerograms (epicentral
distance 10 km) .ind associated FS spectra for a shallow, small-magnitude
(mn = 3.5) Miramichi, New Brunswick earthquake (from Cranswick et al•,
1982). An extrapolation of the suite of FS curves in the top part (R - 10 km)
of Fig. 20 to a magnitude 3.5 predicts a F'S curve that is remarkably similar
in overall shape to the actual FS curve shown in Fig. 21. However^ ;.he maximum
energy in the actual FS cu-ve lies in the range 20-40 Hz. Details of the
actual strong ground motion amplitude spectra of the Miramichi earthquake
sequence cannot be reproduced by the theoretical curves shown because the
latter assume a constant rupture velocity whereas the high-frequency
complexities are likely due to a very irregular (stick-slip) rupture process.
Although very high peak ground accelerations (~507<,g) were recorded (Weichert
et al., 1982), peak velocities were lower than the threshold level
(~10 cm/s), which is one reason why little damage was reported in the
epicentral area (e.g. see McGarr et al., 1981). Fig. 22 shows ground
acceleration, velocity and displacement recorded near the epicentre of the
Miramichi, New Brunswick,aftershock activity.

The variation with depth in amplitude of transient seismic vibrations
depends upon the nature of the surficial layering and the type of seismic
signal. Available data indicate that both body waves impinging from below
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upon a region where there are no unconsolidated surface sediments, and also
fundamental mode surface waves, tend to be largest at the surface. An
exception is the Lg phase, which consists of higher mode Love and Rayleigh
waves; eigenvalues of fundamental and higher mode surface waves are shown in
Fig. 23 (e.g. see Mitchell, 1980). Both (i igh-frequency) transient vibrations
and residual ground deformation could generate stress concentrations around an
open vault close to the causative fault but only the latter in a backfilled
vault. The minimum epicpritral distance required for Lg waves to become fully
developed is about two crustal thicknesses (Herrmann and Kijko, 1984). An
Eastern Canada Telemetered Network record of one of the events in the
Miramichi earthquake sequence is shown in Fig. 24. The epicentral distance to
EBN (Edmunston, New Brunswick) is 120 km. This record shows that the peak
amplitude in the Lg-wave has already surpassed that in the preceding body (Pg)
phase; the Lg phase (higher-mode surface waves) attenuates more slowly with
increasing epicentral distance than the Pg phase (body waves) (e.g. see
Hasegawa et al., 1981).

SEISMOTECTONICS IN WESTKRN ONTARTO

A detailed study of the geology, geophysical anomalies (gravity and
magnetics) and seismicity of the Timiskaming-Kapuskasing area has been carried
out by Forsyth et al. (198 3). Figure 25 shows known seismicity superimposed
on topographic trends, lineaments and tectonic provinces. In general,
seismicity tends to occur along prominent structural trends and to cluster
near junctions of different trends. These areas of higher seismic activity
are probably weakened zones in an enhanced stress field and appear to be a
re-activation of old zones of weakness (cf. Forsyth, 1981).

Although the focal depth distribution of earthquakes in northwestern
Ontario is not known in detail, preliminary estimates from neighboring seismic
rones indicate a range of 15-20 km (cf. Horner et al., 1978; Horner et al..
1979; Anglin and Buchbinder, 198 1; Hashizume, 1974).

Source mechanism analyses of the larger earthquakes in northwestern
Ontario have not yet been undertaken because of a lack of a sufficient number
of appropriate records. However intensity contours are available for the
largest (magnitude 6.2, Nov. 1, 1935) earthquake that is known to have
occurred in this region. Fig. 26 (Smith, 1967) shows the pattern of these
contours, which although i-regular, indicate circular patterns, as opposed to
intensity contours for lower St. Lawrence earthquakes that have an elongated
pattern parallel to the orientation of the St. Lawrence Valley. The maximum
intensity of VII in the epicentral area was large enough to dislodge railroad
tracks and to discolour lakes.

Figure 27 shows proposed additional stations to the Eastern Canada
Telemetered Network in western Ontario and eastern Manitoba (from Dence
et al. . 1982). The detection and location of low-level (M2-3) seismic
activity should provide an initial indication of where larger events may
occur. Subsequent geological and geophysical studies should provide
complementary information on the seismotectonics of western Ontario.
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EARTHQUAKES AND COULOMB-HOHR FAILURE CRITERION

Potential ways in which Shield earthquakes could be triggered at shallow
depth6 are shown in Fig. 28. Part (a) shows the Coulomb Mohr diagram for a
medium close to failure. Part's <b> to (g) illustrate different modes of
failure. In part (b) an increase in pore pressure could result from melt
water from a receding glacier. In part <c) a decrease in sliding friction
could result from gouge formation along a fault due to an influx of, for
example, glacial melt water. In part (d) flexural and shear stresses induced
by a glacier could generate minute cracks that reduce the effective cohesive
strength of the crust at shallow depths. In part (e) the sudden removal of a
glacial load that has been acting over a long period of time could decrease
the vertical stress. In part (f) glacial drag and thermoelastic stress due to
postglacial heating, fiffp in Fig. 9, could increase the horizontal
stress. In part (g) differential postglacial uplift could generate shear
stresses.

The causal relation between fault-plane solutions of Shield earthquakes
south of Hudson Bay and glacial-related residual stresses is not fully
understood. However any physically realistic treatment should take into
account the nature of the ambient stress field, glacial-postglacial related
stress changes and a suitable failure criterion (cf. Quinlan, 1981).

SUMMARY

(1) Both in situ stress measurements and earthquake fault-plane solutions
indicate a deviatoric horizontal compressive stress field down to
mid-crustal depths.

(2) A prominent feature of the stress field is the high horizontal stress
component at shallow depths, which may be due to a combination of
remanent stresses from a previous tectonic orogeny, plate tectonic
stresses and glacial related stresses

(3) Significant stress changes are predicted for glacial effects using a
realistic physical earth model consisting of an elastic litnosphere
overlying a fluid (viscoelastic) asthenosphere.

(4) Earthquake activity will likely be most intense during the advance and
retreat of the glacier and subsequently when postglacial rebound is at
a maximum. Possible earthquake trigger mechanisms are discussed using
the Coulomb-Mohr failure criterion. A complete account of how glacial -
related stress changes can tripper earthquakes should include the plate
tectonic stress field as well.

(5) With regards to the amplitude spectrum of transient waves radiated by an
earthquake, only appropriate frequency components with high particle
velocities and sufficient duration can generate appreciable strain
concentrations around a vault.

(6) Residual ground deformation due to an earthquake generates appreciable
strain only within half-a fault length from the causative fault. The
most severe case occurs when the fault intersects the vault.



- 144 -

ACKNOWLEDGEMKNTS

The author is grateful to the following: to M.J. Berry and P.W. Basham
for helpful comments; to W. Heinrich for many informative discussions on
various aspects of this report; to A. McG&rr for sending a preprint and
reprints of papers on strong ground motion near mines; and to O.W. Nuttli for
sending a preprint of a paper on scaling relations for mid-plate earthquakes.

REFERENCES

Andrews, J.T. 1970. Present and postglacial rates of uplift for glaciated
northern and eastern North America derived from postglacial uplift
curves. Can. J. Earth Sci. , 7, 703-715.

Anglin, F. and Buchblnder, G. 1981. Microseismicity in the mid St. Lawrence
Valley Charlevoix zone, Quebec. Bull. Seism. Soc. Amer. _7_1» 1553-1560.

Bowlby, J.R. 1984. Glacio-isostatic deformation in Ontario. In Proceedings
of Workshop on transitional processes, Ottawa, Ont., Nov. 4-5, 198V,
(this volume).

Clark, J.A. 1980. The reconstruction of the Laurentide Ice Sheet of North
America from sea level data: method and preliminary results. J.
Geophys. Res., 85, 4307-4323.

Commission Hydro-Electrique du Quebec. 1967. Mesure des contraintes en place.
Centrale Ilydro-Electrique du Lac Beauchene, Temiscamingue. Contrat No.
1009-61.

Cranswick, E., Mueller, C., Wetmiller, k. and Sembera, E. 1982. Local
multi-station digital recordings of aftershocks of the January 9, 1982
New Brunswick earthquake. U.S.G.S. Open Fib- Report 82-777, pp. 275.

Dence, M.R. Basham, P.W. and Lee, C.F. 1982. A review of seismicity studies
in 1981-82. In Proceedings of Fourteenth Information Meeting of the
Nuclear Fuel Waste Management Program (1982 General Meeting), Atomic
Energy of Canada Limited Technical Record, TR-207,* 90-100.

Dunbar, U.S. and Garland, G.D. 1975. Crusta] loads and vertical movements
near Lake St. John, Quebec. Can. J. Earth Sci., 1_2, 711-720.

Forsyth, D.A. L98.1. Characteristics of the western Quebec seismic zone.
Can. J. Earth Sci., 18, 103-119.

Forsyth, D., Morel, P., Hasegawa, H., Wetmiller, R., Adams, J., Goodacre, A.,
Nagy, D., Coles, R., Harris, J. and Basham, P. 1983. Comparative study
of the geophysical and geological information in the Timiskaming-
Kapuskasing -area. Atomic Energy of Canada Limited Technical Record,
TR-238.*

Goodacre, A.K. and Hasegawa, H.S. 1980. Gravitationally induced stresses at
structural boundaries. Can. J. Earth Sci., 17, 1286-1291.



- 145 -

Haimson, B.C. J978. Hydrofracturing stress measurements, Hole UN-1.
Darlington Generating Station, Report No. 78250. Prepared for
Geotechnical Engineering Department, Ontario Hydro, pp. 30.

Haimson, B.C. 1982. Hydrofracturing in-situ stress measurements in the
Lac du Bonnet batholith drillholes URL-1 and WN-4. Prepared for Atomic
Energy of Canada Ltd., Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba, pp. 106.

Hasegawa, H.S. 1974. Theoretical synthesis and analysis of strong motion
spectra of earthquakes. Can. Geotech. J., 12, 278-297.

Hasegawa, H.S. 1975. Seismic ground motion and residual deformation near
a vertical fault. Can. J. Earth Sci., _12_, 523-538.

Hasegawa, H.S. and Adams, J. 1981. Crustal stresses in eastern Canada.
Earth Physics Branch Open File No. 81-12, pp.61.

Hasegawa, H.S. and Wetmiller, R.J. 1980. The Charlevoix earthquake of
19 August 1979 and its seismo-tectonic environment. Earthquake Notes,
51, 23-37.

Hasegawa, H.S., Basham, P.W. and Berry, M.J. 1982. Attenuation relations
for strong seismic ground motion in Canada. Bull. Seism. Soc. Amer.,
71, 1943-1962.

Hashizume, M. 1974. Surface wave study of earthquakes near northwestern
Hudson Bay, Canada. J. Geophys. Res. 2i> 5458-5468.

Haxby, W.F. and Turcotte, D.L. 1976. Stresses induced by the addition or
removal of overburden and associated thermal effects. Geology, 4,
181-184.

Herget, G. 1980. Regional stresses in the Canadian Shield. I_n. Proceedings
of 13th Canadian Rock Mechanics Symposium, Toronto, May 1980. CIM
Special Vol. 22, 9-16. CANMET, Energy, Mines and Resources, Canada,
Division Report MRP/MRL 80-8 (OP), 9-16.

Herrmann, R.B. and Kijko, A. 1983. Modeling some empirical vertical component
Lg relations. Bull. Seism. Soc. Amer., _73, 157-171.

Horner, R.B., Stevens, A.E., Hasegawa, H.S. and Leblanc, G. 19 78. Focal
parameters of the July 12, 1975, Maniwaki, Ouebec, earthquake - ,in
example of intraplate seismiciy in eastern Canada. Bull. Seism. Soc.
Amer., 68, 619-640.

Horner, R.B., Wetmiller, R.J. and Hasegawa, H.S. 1979. The St-Donat, Quebec,
earthquake sequence of Februarv 18-23, 1978. Can. J. Earth Sci., 16,
1892-1898.

Iwasaki, T., Wakabayaski, S. and Tatsuoka, F. 1977. Characteristics of
underground seismic motions for four sites around Tokyo Bay. U.S. Nat.
Bur. Stand., Special Publication No. 477, 1977, III.41 - III.56.



- 146 -

Jurgenson, L. 1934. The application of theories of elasticity and plasticity
to foundation problems. Contribution to Soil Mechanics 1925-1940.
Boston Society of Civil Engineers.

Koerner, F. 1984. Conditions of the ice/rock interface of large ice sheets.
In Proceedings of Workshop on transitional processes, Ottawa, Nov. 4-5,
1982 (this volume).

McGarr, A. 1981. Analysis of peak ground motion in terms of a model of
inhomogeneous faulting. J. Geophys. Res., ̂56_, 3901-3912.

McGarr, A., Green, R.W.E. and Spottiswoode, S.M. 1981. Strong ground motion
of mine tremors; some implications for near-source ground motion
parameters. Bull. Seism. Soc. Amer., 7JL, 295-319.

McGarr, A. (1982). Analysis of states of stress between provinces of constant
stress. J. Geophys. Res., 87_, 9279-9288.

Mitchell, B.J. 1980. Frequency dependence of shear wave internal friction in
the continental crust of eastern North America. J. Geophys. Res. 85,
5212-5218.

Morner, N-A. 1978. Faulting, fracturing, and seismicity as functions of
glacio-isostasy in Fennoseandia. Geology, 6, 41-45.

Nuttli, O.W. 1983. Average seismic source-parameter relations for mid-plate
earthquakes. Bull. Seism. Soc. Amer., 73_, 519-535.

Peltier, W.R., Farrell, W.E. and Clark, J.A. 1978. Glacial isostasy and
relative sea level; a global finite element model, Tectonophysics, 50,
81-110.

Press, F. 1965. Displacements, strains and tilts at teleseismic distances.
J. Geophys. Res., 7£, 2395-2412.

Price, N.J. 1979. Fracture patterns and stresses in granites. Geoscience
Canada, b_, 209-212.

Quinlan, G.M. 1981. Numerical models of postglacial relative sea level
change in Atlantic Canada and the eastern Canada Arctic. Ph.D. thesis,
Oceanography Dept. Dalhousie University, pp. 499.

Richardson, R.M., Solomon, S.C. and Sleep, N.H. 1979. Tectonic stress in
the plates. Reviews of Geophys. and Space Phys., 17_, 981-1019.

Scott, R.F. 1963. "Principles of soil mechanics". Addison-Wesley. New York.

Smith, W.E.T. 1967, Basic seismology and seismicity of eastern Canada.
Seismological Service of Canada, 1966-2, Dept. of Energy, Mines and
Resources.

Stein, S., Sleep, N.H., Geller, R.J., Wang, S.-C. and Kroeger, G.C. 1979.
Earthquakes along the passive margin of eastern Canada. Geophys. Res.
Lett. , 6, 537-540.



- 147 -

Trifunac, M.D. 1972. Response spectra. _In_ Analyses of strong motion
earthquake accelerograms, Vol. Ill Response spectra, Part A -
Accelerograms IIA 001 through IIA 020, Earthauake Engineering Research
Laboratory. California Institute of Technology, 3-26.

Voigt, B. 1966. Beziehung zwischen grossen horizontalen Spannungen in
Gebirge und der Tektonik und der Abtragung. Proc. 1st Cong. Int. Soc.
Rock Mech., Lisbon, I_I_, 51-56.

Weichert, D.H., Pomeroy, P.W., Munro, P.S. and Mark, P.N. 1982. Strong motion
records from Miramichi, New Brunswick 1982 aftershocks. Earth Physics
Branch Open File, 95 pp.

Wesnousky, S.G. and Scholz, C.H. 1979. Shield drag: A possible contributor
to the intraplate stress field of North America. EOS, f̂ O, 955.

Wesnousky, S.G. and Scholz, C.H. 1980. The craton: Its effect on the
distribution of seismicity and stress in North America. Earth Planet.
Sei. Lett., 48, 348-355.

Walcott, R.I. 1970. Isostatic response to loading of the crust in Canada.
Can. J. Earth Sei., ]_, 716-727.

Zoback, M.L. and Zoback, M. 198C. State of stress in the conterminous
United States. J. Oeophys. Res., 85, 6113-6156.

Unrestricted, unpublished report, available from SDDO, Atomic Energy of
Canada Limited Research Company, Chalk River, Ontario KOJ 1J0.



- 148 -

TABLE 1

3.0
3.5
4.0
4.5
5.0
5.5
6.0
6.5
7.0
7.2
7.4
7.5

k Assumes VR

AVERAGE

Ms

1.85
2.35
2.85
3.35
4.35
5.35
6.35
7.35
8.32
8.53
8.87
9.00

= 3 . 5 km/s,

SOURCfc

log M
(dyne-

20.7
21.2
21.7
22.2
23.2
24.2
25.2
26.2
77 .c
27.6
28.0
28.2

vr = 0

PARAMETERS

o ** T ol
cm) (s)

0.39
0.53
0.73
1.00
1.87
3.50
6.53

12.2
22.8
29 .3
37.7
42. 7

9 VR = 3.15

FOR MID-PLATE EARTHQUAKES* +

L
(km)

0.8
1.1
1.6
2.1
3.8
7.0

13
24
45
58
75
85

km/s.

T l 2

(s)

0.39
0.53
0.73
1.00
1.67
2.78
4.63
7.71

12.8
15.7
19.3
21.4

and u = 3.

W
(km)

0.8
1.1
1.6
2.1
3.8
6.4

11
18
29
36
44
49

3 x 10

(bar ) 5

2.4
2.6
3.2
4.2
7.0

13
23
43
82

102
129
143

11

<

0.
0.
0.
0.
0.
0.
0.
1.
3.
5.
9.

11.

D
m)

002
004
006
011
033
11
34
1
7
8
2
5

dyne
+ from Nuttli (1983) where mj-, = body-wave magnitude, Ms = surface-wave

magnitude, Mo = seismic moment, To^ and T]9 = corner periods, L =
fault length, W = fault width, A: - average stress drop, D = fault slip
or dislocation, \'[J = shear velocity, v,. = rupture velocity and :: =
rigidity modulus.

** 1 dyne = 10)JN
§ 1 bar = 100 kPa
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FIGURE 1: Stress Determination in Eastern Canada. Nos. 1 to 7 are from
in situ stress measurements by Herget (1980). No. 8 is from
hydrofracture experiment by Haimson (1978); line segments represent
strike of vertical fractures at different depths and correspond to
direction of maximum principal stress. No. 9 is from Commission
Hydro-Electrique du Quebec (1967), where azimuth and sense
(compression) of maximum principal stress are represented by inward
pointing arrows. No. 10 is from J. Levay (personal communication,
1980). Nos. 11, 12 and 13 are from Horner et al., (1978), Horner
et al., (1979) and Hasegawa and Wetmiller (1980) respectively and
No. 14 is from Haimson (1982) (after Forsyth et al., 1983)
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Surface. Symbol ARg represents thickness of eroded surface and
ARj, uplift due to isostatic compensation. Boundaries are con-
strained to fixed radial directions (after Haxby and Turcotte, 1976).
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FIGURE 10: Schematic Profile of Lithospheric Flexure Due to Ice Load Showing
Deviatoric Horizontal Stress Pattern at Shallow Depth (after
Walcott, 1970) for 2-km-Thick Ice Load on Elastic Lithosphere
Overlying Fluid (non-viscous) Asthenosphere (from Hasegawa and
Adams (1981).
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FIGURE 11: Stresses Due to Simplified Version of Moving Glacier (Uniform
Thickness) Over Homogeneous Elastic Shield (from Scott, 1963).
Part (a) shows how drag stress is calculated. Part (b) defines
parameters required to calculate induced (horizontal) stress,
Oj,. Part (c) shows formula used to calculate Cy and
corresponding tabulated values.



- 158 -

i0* IOO'W ao'w ««

r s 1500 km
T = 2 M P Q

FIGURE 12: Contours of Mean Rate of Postglacial Uplift in Metres/100 Years
(from Andrews, 1970). Insert shows average (spatial) shear strain
between point A in Hudson Bay and point B near the Great Lakes for
differential uplift accumulating over 12000 years.
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VERTICAL FAULT STRIKE SLIP

DIP SLIP

FIGURE 13: Schematic Diagram of Vertical Fault Geometry; Focal Depth is d,
Length is 2L, Width is D-d, Average Dislocations for Strike-Slip
and Dip-Slip Fault are U^ and U3, Respectively (from Hasegawa, 1975)
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FIGURE 14: Theoretical Residual Ground Displacement for Unit Dislocation.
Symbols are as described in Figure 13 (from Hasegawa, 1975).
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FIGURE 15: Theoretical Residual
Strain for Unit Dis-
location. Other
symbols are as described
in Figure 13 (from
Hasegawa, 1975).

STRIKE SLIP OIP SLIP

FTGURE 16: Theoretical
Residual Tilt for 5
Unit Dislocation. *- 'oa

Other symbols are ^
as described in •
Figure 13 (from « 9 /,,
Hasegawa, 1975). a o'ly-'
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SINGLE-DEGREE-OF-FREEDOM SYSTEM
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FIGURE 17: Response of Single-Degree-of-Freedom Oscillator to Ground Motion
z(t) li/here t is Time. Displacement response is X(t), velocity
response for zero damping (? = 0) is SV where t m a x is time at
which SV is a maximum, Fourier amplitude of ground acceleration
(z) is F(w) where u is angular freauency and expanded version of
Fourier amplitude of ground acceleration is FS where T is duration
of record (FS<SV) (after Trifunac, 1972).
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FIGURE 18: Schematic Diagram of (Vertical) Earthquake Fault Showing Rupture
Process: Lo and L^ are Rupture Lengths in +Xj and -X;L
Directions Respectively; Total Fault Length is L and Fault Width,
W: rupture velocity is Vj> and Average Dislocation, Do (from
Hasegawa, 1974)
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FIGURE 19: Step-by-Step Generation of Fourier Amplitude Spectrum (FS): u> is
Angular Frequency; Mo is Seismic Moment: |u

s| is Absolute Value
of Source Displacement Amplitude Density for Fault Shown in Fig.
18; VR is Rupture Velocity, R is F.picentral Distance; Qs is
Reciprocal of Attenuation; and Rest of Symbols are Described in
Fig. 18 (from Hasegawa, 1974)
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FIGURE 20: Fourier Amplitude Spectra of Ground Acceleration, FS. Curves for
Earthquake Fault Shown in Fig. 18 (from Hasegawa, 1974)
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FIGURE 21: Strong Motion Records (Accelerograms) and Associated FS Curves for
Magnitude 3.5 Mlramichi, New Brunswick Earthquake. Epicentral
distance is 10 km and focal depth about 5 km (from Cranswick et al.,
1982). (Note that SECS = s, CM/S**2 = cm/s2, HZ = Hz)
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CORRECTED ACCELERATION, VELOCITY AND DISPLACEMENT.

EARTHQUAKE OF MARCH 31,1982

M3.4-4.8

S
<*<->

-150-

1.90-1

F=24 Hz(20-40Hz)
ap=2%g -50%g

A 4-14km

f = 15Hz
Vp =0.2 -6cm/s

(SECONDS)

FIGURE 22: Strong Ground Motion Records of Miramichi, New Brunswick Aftershock
Sequence in_1982. Symbols are as follows: M = earthquake
magnitude; £ = average frequency of time signal; ap = peak ground
acceleration and Vp = peak ground velocity (from Weichert e_t al.,
1982). (Note CM = cm, SEC = s)
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FIGURE 23: Raylelgh Wave Eigenfunctions Plotted Against Depth for Fundamental,
First and Fourth Higher Modes at Period of 1 s (left); for Fund-
amental and First Higher Mode at Period of 6 s (centre); and for
Fundamental Mode at Period of 25 s (right) (from Mitchell, 1980)
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FIGURE 24: Eastern Canada Telemetered Network Record of Miramichi, New
Brunswick Aftershock. Epicentral distance is 120 km. Pg wave
precedes Lg wave (largest amplitude).
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FIGURE 25: Known Seismicity in Timiskaming-Kapuskasing is Superimposed on
Topographic Features, Linears and Geologic Provinces (from Forsyth
et al., 1983)
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FIGURE 26: Intensity Contours for Magnitude 6.2 Timiskaming Earthquake of
November 1, 1935 (from Smith, 1966)
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FIGURE 27: Westward Expansion of Eastern Canada Telemetered Network (from
Dence et al., 1982)



- 172 -

(e)

(f)

*r\ (g)

FIGURE 28: Part (a): Mohr Circle with Coulomb Failure Line. Symbols o-̂  and
a-j represent maximum and minimum principal stress, respectively;
a and T represent normal pnd shear stress, respectively; tan 8
is coefficient of friction; S is cohesive strength of material
and P is pore pressure. Different ways in which faulting can be
initiated are shown in parts (b) to (g) and are explained in text.
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DISCUSSION

J. Bowlby: This Is a comment rather than a question. In Bruce S=n*ord's
work and in the last three presentations, we see the effect of some of
the uplifting belts showing up. The basic framework of the geology seems
to be coming out In all these presentations.

H. Hasegawa: Seismicity, surprisingly, is related to old features and not
new ones.

P. Brown: Many structures in the Superior Province are Archean in age. The
implication is that those very old structures appear to be rejuvenated
again and again, that this is the major control in terms of what movement
we can expect.

H. Hasegawa: That is exactly what seismicity indicates.
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APPLICATIONS OF TECHNIQUES OF GLACIAL GEOLOGY TO
RADIOACTIVE WASTE DISPOSAL MODELLING

W.W. ShiJts
Energy, Mines and Resources Canada

Geological Survey of Canada
601 Booth Street

Ottawa, Ontario K1A0E8

INTRODUCTION

The purpose of this paper is to illustrate the types of glacial geological studies that
can have relevance in modelling or assessing the geological factors that bear on the
suitability of a site for the storage of high-level radioactive waste. Some of the studies
relate to the long-term suitability of a storage site, and some relate to short-term
stability.

QUATERNARY STRATIGRAPHY OF HUDSON BAY LOWLANDS

One facet of Quaternary geology that has implications for the long-term integrity of
a waste storage site is the frequency of giacial advances across a particular piece of
Canadian terrain. The timing and frequency of future glacial passages over a waste
repository can, to a large extent, be inferred from the glacial history of the site from the
onset of continental glaciation to present; in this respect one might recast the famous
geological axiom "the present is the key to the past" to "the past is the key to the
future".

Although a great deal is known about the oscillations of the last and previous
Laurentide Ice Sheets around their unstable southern fringes, particularly in the United
States, much less is known about giacial oscillations across the Canadian Shield, much
nearer to the more stable "heart" of the continental ice sheets. In the past decade and a
half, the first systeinatic studies of the pleistocene stratigraphy of the region that was
covered by this part of the ice sheet have been carried out, principally by examining
exposures among the hundreds of kilometres of stratigraphic sections (see Figure 1)
exposed along the rivers and streams of the Hudson Bay Lowlands. The results of these
studies have Jed to some rather controversial conclusions about the history of the
Laurentide Ice Sheet, conclusions that seem to be at odds with many of the traditional
interpretations of ice sheet history.

In the following section, an attempt will be made to summarize "maximum" and
"minimum" interpretations of the stratigraphic record as it is presently understood. It
should be borne in mind that only a small part of the stratigraphic information of the
Hudson Bay Lowlands has been tapped to date. The history inferred from what has been
done so far may change radically as further studies are made and new techniques for
correlation and dating are developed. Until the stratigraphy of the Quaternary deposits of
the Lowlands is understood adequately, any models designed to predict glacial
perturbations of a waste repository, whether the perturbations be seismic, isostatic,
hydrologic, erosional, etc., must be regarded as tentative and potentially subject to
substantial modification as more data pertaining to glacial history become available.

Figures 2 and 3 present two possible interpretations of the stratigraphic record oT
the Hudson Bay Lowlands, one suggesting a "maximum" number of glacial events and one
suggesting a "minimum" number. The stratigraphic interpretations suggested by the
figures have been deduced from the physical arrangement of glacial and nonglacial
sediments, from conventional carbon-14 dating of organic materials, and from a recently
developed relative dating method based on amino acid racemization rates of
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FIGURE 1: Rivers in the Hudson Bay Lowlands Where Major Studies of Glacial
Stratigraphy Have Been Carried Out. The glacial deposits of the
Lowlands are largely underlain by gently dipping Paleozoic, lime-
stones, dolomites, and clastic sedimentary rocks, except south
of James Bay, where Cretaceous clay and sandstone outcrop.
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HUDSON BAY REGION MINIMUM INTERPRETATION OF STRATIGRAPHY

EVENTS
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FIGURE 2: "Minimum" Stratigraphic Model for the Hudson Bay Lowlands.
The multiple tills and nonglacial units are accommodated by
proposing local oscillations of advancing and retreating ice
fronts during two major glaciations.
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HUDSON) SAY REGION! MAXIMUM INTERPRETATION OF STRATIGRAPHY
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Barlow-Ojibway)
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FIGURE 3 : "Maximum" Stratigraphic Model for the Hudson Bay Lowlands.
Most till units are assigned to glacial events marking as
many as seven major deteriorations and expansions of the
Laurentide Ice Sheet — four before deposition of the inter-
glacial Missinaibi Beds and three after their deposition.
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marine mollusks. Marine and fresh-water shell fragments occur as erratics in both glacial
units (till) and as erratics or in situ components in intervening nonglacial, water-laid units
(Andrews et al., 1983). The glacial events that occurred in the Hudson Bay Lowlands would
have affected the greater part of the Canadian Shield south of Hudson Bay.

The physical stratigraphy of the Hudson Bay Lowlands alone suggests that at least
four glacial events preceded an interglacial episode. The evidence for four pre-Wisconsin
glaciations is presently known at only one location, where four tills underlie the
interglacial forest beds of the Missinaibi Formation on the Missinaibi River. The
lowermost till is oxidized in its upper part, suggesting that its deposition was followed by
a period of weathering. It is overlain by three tills, which are separated by fluvial
deposits, suggesting that Hudson Bay was not blocked by glacial ice when the river gravels
were deposited. The uppermost till is directly overlain by the interglacial beds of the
Missinaibi Formation. The Missinaibi marine, forest, peat, fluvial and lacustrine beds
were deposited during a climatic interval analogous to that which has affected the
Lowlands during our present interglacial (Skinner, 1973). Data from deep sea cores
suggest that the Jast interglacial began roughly 130 000 years ago. Certainly it occurred
more than 72 500 years ago (Stuiver et al., 1978) based on carbon- 14 dating of wood from
the Missinaibi Formation.

Since the last interglacial, during the Wiscons in stage, as few as one and as many
as three major advances of the Laurentide complex have emanated from thf. region
surrounding Hudson Bay. In the region south of 3ames Bay, McDonald (1969) and
Skinner (1973) identified two glaaal events based on the observation of two till sheets
separated by glaciolacustrine sediments in and adjacent to the Moose River basin.
McDonald (1969) recognized this bipartite division of the Wisconsinan throughout the
western Hudson Bay Lowlands, at least as far north as Churchill, Manitoba.
Netterville (1974), Andrews et al. (1983), and Shifts (1982b) have suggested that some
parts of the Lowlands may have been subjected to three Wisconsinan glacial events, based
on physical stratigraphic relationships (three tills overlying interglaciai beds) and
aminostratigraphic evidence. The aminostratigraphic evidence consists of isoleucine
racemization ratios of shells found as erratics in till. These ratios are intermediate
between ratios calculated for interglacial marine shells and those calculated for
postglacial marine shells. This suggests that the sea penetrated to the south part of
Hudson-3ames Bay at least once after an initial early phase of Wisconsinan giaciation.

In assessing the implications of the stratigraphy of the Hudson-3ames Bay Lowlands
for glacial events that may have affected areas east, south, and west of them, it is
necessary to propose "minimum" and "maximum" glacial models; the true glacial history
of the last few hundred thousand years probably lies between these constraining models.

The "minimum" model (sec-i-igure 2), championed by Flint (194 3) and Denton and
Hughes (1981), and to a lesser extent by McDonald (19f>9, 1971) and Skinner (1973), would
suggest that during the pre-Missinaibi stage (presumably Illinoian) and during the post-
Missinaibi stage (Wisconsinan), the core of the Laurentide Ice Sheet was relatively stable
over and around Hudson Bay. Glaciers blocked the sea out on the north and blocked or
covered northward-- or eastward-draining river systems on the east, south, and west. The
minimum model suggests that the multiple till sequences observed both beneath and above
the Missinaibi Beds were deposited during glacial surges into proglacial lakes or as a result
of minor local oscillations of the ice front as it was advancing or retreating through the
Lowlands. Similar unpredictable oscillations would, of course, affect the Canadian Shield
outside the Lowlands, but basically both areas would have been covered by glacier ice
during two prolonged periods, the Illinoian and Wisconsinan Stages. Thus, glacial erosion,
glacio-isostatic adjustment, hydrologic perturbations related to giaciation, and all the
other phenomena associated with the passage of continental glaciers would have been
applied in two relatively long-lasting cycles over most of the Shield lying around
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Hudson Bay. The complex events associated with the passage of the ice front across a
particular site would have occurred twice (during advance and retreat), over a period of a
few hundred years at either end of two prolonged periods of thick glacier cover spanning
several tens of thousands of years (assuming that the presently exposed deposits of the
Lowlands represent only the Ulinoian and Wisconsinan glacial stages).

The "maximum" glacial model (see Figure 3), favoured by the author (Shilts, 1982b)
and by Andrews et al. (1983), and supported to some degree by Netterville (1974),
Skinner (1973), McDonald (1971), and Nielsen and Dredge (1982), suggests that most of the
tills identified in the Lowlands were deposited during major expansions of the Laurentide
Ice Sheet. The intervening water-laid sediments or weathering zones are interpreted as
marking major shrinkage of tie Ice Sheet, in many cases requiring evacuation of Hudson
Bay itself with incursion of marine waters into all or part of the Bay. The very fact that
the weathering zones and water-laid deposits, many of which are fluvial, occur near the
present border of the Bay (near the geographical centre of the Laurentide Ice Sheet) at
low altitudes (< 100 m a.s.l.) supports the idea that the Bay was not blocked by glaciers
during these intervals. Thus, the maximum model suggests that major cycles of expansion
and shrinkage of the Laurentide Ice Sheet mav have occurred as many as seven times
during the last two (Illinoian-Wisconsinan) glaciations. The implications for points on the
Shield surrounding Hudson Bay is that they may have been traversed by seven, rather than
two, glacial events and were therefore subjected to many more erosional, glacio-
hydrological, loading, etc. events than they would have been if the minimum model is
correct.

As shown by McDonald (1969, 1971) and Skinner (1973, p. 51), the minimum model
can be accomodated within the physical stratigraphic framework of the Hudson Bay
Lowlands as long as (1) nonglacial fluvial gravels (exclusive of those beneath the
Missinaibi at its type section) are correlated with the Missinaibi interglacial sediments,
(2) other fluvial gravels are interpreted to be glaciofluvial, and (3) till sequences
separated by glaciolacustrine or glaciofluvial sediments are considered to be deposited
during surges or local oscillations of the ice front during advance or retreat of the
Laurentide Ice Sheet.

The maximum model can also be accomodated by the physical stratigraphy, but also
can explain (1) major provenance differences sometimes seen between superposed tills
(I.M. Kettles and P. Wyatt, personal communication, 1983), (2) major weathering zones
seen on tills, and (3) most importantly for the post-Missinaibi sequence, amino acid
isoleucine racemization ratios that fall between those of proven interglacial marine shells
and postglacial marine shells (Andrews et al., 1983). It is for the latter reasons that the
author supports the maximum stratigraphic model for the Lowlands and, by extension and
comparison with multiple glacial events deduced from stratig>-aphic studies south of the
Shield, for the Shield itself.

In summary, we should probably be considering multiple major glacial events during
each major glacial cycle, as many as seven having occurred during the last two glacial
stages.

Estimates of Amount of Glacial Erosion During a Single Glaciation

A second type of glacial geological study that has application in estimating the long-
term security of waste repositories derives from studies of transport (dispersal) of
glacially eroded debris, carried out mainly in aid of mineral exploration. By estimating
the volume of debris glacially displaced from a particular rock mass, it is possible to
estimate the average thickness of rock removed during a single glacial event by dividing
the volume of debris by the area of outcrop of the rock mass.



- 180 -

The amount of glacial erosion will not be equal everywhere, being generally greater
in depressions and Jess on hills and will vary according to the mineralogical properties and
structure of the rock being traced. Nevertheless, by calculating the average erosion for a
number of rock types in a number of topographic settings, it should be possible to
estimate whether average erosion during a single event is metres, tens of metres, or
hundreds of metres. Preliminary discussions of glacial erosion studies based on dispersal
have been presented by Kaszycki and Shilts (1980) and Shilts (1982a); Rutter (1980) has
presented a comprehensive summary of the pre-1980 literature bearing on magnitude of
glacial erosion.

For this paper I wilf describe an example of calculation of glacial erosion that is
based on geochemical dispersal data from the region around the asbestos-bearing
ultramafic rocks of the Thetford Mines region in the Quebec Appalachians. Glacial
dispersal from these outcrops has been discussed in a number of papers because of its
classic form and implications for regional ice flow history (see, for example Shilts, 1976).

As is typical of ultramafic suites, the ultramafic rocks (serpentinized peridotite,
pyroxenite, etc.) of the Thetford Mines region carry very high average contents of nickel,
with a bulk composition ranging from 2000 to 2500 ppm* (0.2-0.25%) (Nickel, J971). If
the average nickel content is taken as 2000 ppm for the ultramafic outcrops eroded by the
last glacier to pass over this region, then a till composed of 100% ultramafic debris should
have a bulk nickel content of 2000 ppm. In fact, no such "pure" ultramafic tills exist, as
there is always some admixture of debris transported from the nickel-poor rocks that
occur both up-ice and down-ice from the ultramafic outcrops. This non-ultramafic debris
has some nickel in it, and it averages about 40 ppm Ni throughout the Appalachians.
Therefore, a hypothetical till sample collected a few kilometres down-ice from the
ultramafic source outcrops, in the glacial dispersal train, might have a bulk nickel content
of 1040 pprn Ni. If 40 ppm Ni is subtracted from the bulk an • ysis, 1000 ppm Ni can be
attributed to debris derived from the ultramafic source. This suggests that
1000 ppm Ni till sample i , .. , t , , . . , ,
. . . . r r — . . . ., ....—c ;—TnTTT—rz T o r 2 °' the volume of debris in the sample
2000 ppm Ni if till sample 100% ultramafic, K

is from the ultramafic source.
To use this type of information to estimate the depth of erosion of the ultramafic

outcrops, a grid was drawn over a map of the nickel dispersal train (see Figure 4). For
each cell of this grid, the total volume of the surface till (from the last glaciation) was
calculated by multiplying the area of the cell by the average thickness of till, taken to be
3 m (surface till thicknesses in this region range from 0 m to as much as 20 m in some
buried valleys). A simple average of the nickel contents of all samples from the cell was
calculated; the background value of 40 ppm was subtracted from the average, and the
resulting average nickel content was divided by the average nickel content of ultramafic
rocks, conservatively estimated as 2000 ppm. The till volume was then multiplied by the
latter ratio to obtain the average volume of ultramafic debris transported into the ceil.

The average ultramafic debris values thus obtained for each cell were summed,
giving a total volume of 393 x 106 m 3 of ultramafic debris transported from ultramafic
outcrops onto the grid. Dividing this figure by the outcrop area of ultramafic rocks lying
at the up-ice end of the grid, 91.53 km , yielded an average depth of rock removed during
the last glaciation of 4.3 m.

Calculations using a similar strategy, but using percentages of lithologies of the
source rock instead of geochemical surrogates, were made for granodiorite plutons in the
Appalachians, and for late Proterozoic volcanogenic rocks in the District of Keewatin
(Shilts, 1982b). The granodiorite yielded average erosion depths of about 2 rn and the
volcanogenic rocks yielded a range of estimates from 6 to 11 m. In the latter case,
uncertainties about the possible location of the Keewatin ice flow centre during the time
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FIGURE 4: Glacial Dispersal Train of Nickel from Lltratnafic Outcrops of
Southeastern Quebec. The average amount of glacial erosion
of the ultramafic source rocks is obtained by summing the
volumes of nickel-rich ultramafic debris from each of the
cells and dividing by the area of outcrop exposed to erosion.
(1 pptr. = 1 Ug/g)
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that these erratics were eroded and transported probably contribute to significant errors
in calculation.

Thus, the experiments designed to estimate average depths of erosion during a single
pass of the Laurentide Ice Sheet yield a range of values from 2 to i 1 m, in contrast to
estimates of much deeper erosion for the whole of Pleistocene time made by White (1972)
and Laine (1980). Because we performed our calculations in such a way as to make our
estimates conservatively high, we feel that these are reasonable figures for average
erosion. They imply that if glaciers passed across the southern Canadian Shield as many
as seven times during the Illinoian and Wisconsinan, anywhere from 14 to 77 m of rock
could have been removed during the past 200 000 to 250 000 years. It is important to
note, however, that this erosion was likely to have been highly asymmetric, greater
erosion occurring in depressions and very little erosion occurring on the tops or up-ice
side of hills.

If glaciations continue over the next I06 years with the frequency that they may
have over the past 200 000 years, we can estimate that 70 to 350 m are the depths below
which radioactive wastes would be reasonably protected against exhumation by
continental glaciers.*

Sonar Profiling of Lake Basins - Hydrology and Seismicity

A third technique that recently has been applied to glacial geological studies is low-
frequency sonar profiling of small Jakes. This technique, with which we have been able to
penetrate more than 30 m of unconsolidated sediment beneath lake bottoms, is capable of
resolving structures to less than 0.3 m (Klassen and Shilts, 1982; Shilts and Farrell, 1982).

Sonar profiling has two potential applications: (1) in assessing hydrological
conditions in lake basins adjacent to sites of radioactive waste storage, and (2) in
assessing the short-term stability of waste disposal sites with respect to seismic
disturbance of lake bottoms.

An appreciation of the amount and type of sedimentary fill in lakes is important and
is quickly obtained by sonar profiling. The sediment fill in lake basins ranges from a few
metres of watery organic sediment, called gyttja, over bedrock or till to several tens of
metres of proglacial lacustrine silty clay or sand overlying till or bedrock and underlying a
few metres of gyttja. In some cases it is possible to recognize sites of groundwater inflow
into lakes by noting zones of subbottom sediment disruption and by observing reflections
caused by density differences in the water column.

In 1982 we completed sonar profiles of lakes east of the south end of Lake
Timiskarning near the epicentre of a strong (6.2 on Richter scale) earthquake that
occurred in 1935 (Hodgson, 1936). The earthquake was reported to have disturbed the
sediment of at least one of these lakes, Tee Lake. The sonar surveys were designed to
show the nature of the disturbance so that similar sediment disturbance in other lakes
could be related to the seismic stability. The presence or absence of seismically disturbed
lake sediments could have an important bearing on estimation of the short-term seismic
stability of sites considered for storage of radioactive waste.

Tee Lake (see Figure 5) was subjected to a strong horizontal movement to the east
during the initial shock of the 1935 earthquake (Hodgson, 1936). Our sonar records
confirm this conclusion in that postglacial organic lake sediment has been consistently
thrown off the steeper parts of the west-facing sublacustrine slopes of the lake (see
Figure 6). The sediment thus dislodged moved downslope, probably in the form of mud
flows, onto the flat sediment-filled bottoms of the depressions in the lake, forming a
hummocky mass that is distinctly different in appearance from the normal gyttja-covered
surface of most lake bottoms. The slopes from which the sediment was displaced lie at

In <vrr. :n areas of the high arctic where continental glaciers were cold-based,
virtually no erosion occurs during a glacial event and large regions are covered
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FIGURE 5: Bathymetric Map of Tee Lake Showing Zones of Redeposition of Gyttja
Thrown from West-Facing Sides of Lake During 1935 Earthquake



- 184 -

FIGURE 6: Sonar Profile Showing Hummocky Cyttja Surfaces (arrows) Where
Sediment has Slumped from West-Facing Slopes Into Trenches.
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angles of 22° to 25°, and it is possible that the earthquake would not have dislodged
sediment from less steep slopes.

It should be possible, if enough lakes are present in the vicinity of an earthquake
epicentre, to locate the epicentre by mapping the orientations of sublacustrine slopes
from which sediment has been displaced. Lines drawn normal to the a2imuths of the
slopes should converge roughly over the epicentre.

Once the morphology and structure of earthquake-disturbed sediment were
established for Tee Lake, it was possible to find evidence of similar slumping in a few of
the more than 50 lakes we have profiled over the last two years. Although such slumping
can be triggered under non-seismic conditions, such as avalanching down foreslopes of
deltas (Shaw, 1977; Church and Gilbert, 1975), collapse of sediment on steep slopes when
thicknesses are too great to be supported by internal shear strength (Prior et al., 1982),
increased groundwater flow, human disturbance of the bottom, etc., its presence should be
further investigated to determine whether there might be a relationship to local
seismicity.

Massive slumping of gyttja, very similar to that noted in Tee Lake, was found in the
northwest arm of Lake Megantic, in the Appalachians of southeastern Quebec. Detailed
sonar profiling of the site revealed a channel eroded through the gyttja on the slope from
which the sediment slumped and a mass of deformed gyttja rests on the lake's flat floor at
the base of the slope (see Figure 7). Ridges representing surface ripples in the mud flow
have relief of as much as 1.5 m.

Seismic events are known in this part of the Appalachians and displacements of
glacially striated bedrock surfaces were first identified in this region by Oliver et al.
(1970; see also Adams, 1981) as evidence of extensive postglacial tectonic activity in the
region.

An ancient and extensive sediment slump feature Jies along the east shore of Lake
Dore, near Eganvillc, Ontario, about 100 km west of Ottawa (see Figure 8). Lake Dore
lies in a graben in which Paleozoic carbonate rocks are preserved as outliers in
Precambrian terrane. The faulted contact between Paleozoic and Precambrian rocks lies
along the west shore of the lake. This general region of the Ottawa valley is still
seismically active, minor earthquakes (4.0 or less) occurring regularly.

The sediment slump feature must have been formed near the end of a period of
marine or proglacial lake sedimentation, shortly after the last glaciation 11 000
to 10 000 years ago. This is evident from the fact that inorganic laminated sediments,
typical of marine or proglacial sedimentation, have been displaced and are now buried
beneath several metres of the organic gyttja that is typical of postglacial (modern)
sedimentation.

Beneath the bottom of the middle of Lake Dore, the thick laminated sediment
sequence is deformed by numerous faults that penetrate the sediments to bedrock and
seem to be related to an updoming in the bedrock surface. Although similar soft sediment
deformation structures in other lakes have been related to collapse of sediment over
melting buried glacier ice, the configuration of this disturbance seems more likely to be
related to disruption of the bedrock surface. Perhaps the bedrock deformation is a form
of the "pop-up" (Adams, 1981) typically observed in quarry floors, and thought to be
related to release of load (in this case the weight of the glacier). Whatever the origin of
the faulted sequence and of the sediment slump, their appearance in early postglacial
time is consistent with Morner's (1978) observation that seismic activity is likely to be
intense in the short period of rapid isostiitJc recovery that folJows deglaciation.
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FIGURE 7: Sonar Profile Across Sublacustrine Slump, Possibly Related
to Seismic Activity in Lac Megant>c in Quebec Appalachians
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FIGURE 8: Faulting and Buried, Late-Glacial Sublacustrine Slump (arrow), Thought
to be of Tectonic Origin in Lake Dore, near Eganville, Ontario
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That the slump feature is related to some form of seismic shock is strongly
suggested by the continuity of the westward displacement of sediment all along the
eastern shore of the lake. If the slumping had resulted from gravity sliding, induced by
unstable angles of repose on the sublacustrine slope, or from changes in hydrologic
conditions, it would be expected to have been diachronous, individual mud flows occurring
at various times during laminated sediment accumulation. Furthermore, similar slumping
would be expected all around the basin, and not just on the eastern side. The
configuration of the slumped mass is reminiscent of the consistently westwardly displaced
sediment in Tee Lake and, as at Tee Lake, suggests failure associated with a strong
eastwardly directed, horizontal movement generated from an epicentre lying west of Lake
Dore.

The examples cited above indicate the potential for low-frequency sonar studies to
provide information bearing on the short-term seismic stability of sites where small, deep
lakes are abundant. It is a technique uniquely applicable to Canadian radioactive waste
disposal problems because of the density of lakes on the Canadian Shield. Where lakes are
present in other geologic terranes, such as the Appalachian or Cordilleran regions, the
technique is also applicable to assessment of local seismic stability, although lakes are not
nearly so common in these regions as they are on the Shield.

CONCLUSION

This paper has presented brief summaries of three aspects of glacial geological
studies that have some bearing on the assessment of potential sites for the storage of
high-level radioactive wastes on the southern Canadian Shield over the next 106 years.
Glacial stratigraphic studies in the Hudson Bay Lowlands suggest that as few as two and
as many as seven major expansions of the continental Laurentide Ice Sheet have taken
place during the Illinoian and Wisconsinan glaciations, a period of perhaps 200 000 years.
If we are indeed presently in an interglacial period, and if the driving mechanisms for
continental glaciations will be the same as they have been for the past I06 years, we may
expect from 10 to 30 future glacial events at any particular location on the southern
Canadian Shield in the next 10 years.

By studying the patterns of glacial dispersal of debris eroded from specific outcrops,
estimates of the total volume of debris produced during a single glacial event have been
calculated. Dividing this volume by the area of outcrop of the source rocks, estimates of
2 to l l m of average erosion have been calculated. Combining these results with
inferences from the stratigraphic studies, a range of thicknesses of rock that may be
eroded by glaciers over the next 106 years is calculated as a minimum of 20 m to a
maximum of 385 m. Probably the most reasonable maximum value for erosion should be
about IWm of erosion, based on an average of 4 m of erosion per glaciation and on a
maximum number of seven glaciations during the past 200 000 years.

It is the author's opinion, notwithstanding the calculations presented here, that
average glacial erosion of the southern Canadian Shield over the past W6 years has been
considerably less than even the minimum figure of 20 m, a conclusion suggested by
Ambrose (1964) and Flint (1957) many years ago. My opinion is based mainly on the lack
of significant modification of the low-relief preglacial drainage patterns (even on the
"soft" Paleozoic strata that underlie Hudson Bay), on the similarity of relief both on
exposed Precambrian rocks and on those buried beneath Paleozoic cover, on the lack of
obliteration of structural control of Shield geomorphology, and on extensive remnants of
apparently preglacial regoliths that are observed on the Shield of southeastern Ontario.
Even in continentally glaciated areas of high relief, the Appalachian Mountains of
southern Vermont and northern Massachussets for instance, thick Tertiary regoliths,
kaolin, and other very soft deposits are preserved virtually intact, even where they would
have been most exposed to glacial erosion.



- 189 -

Finally, sonar profiling of lakes has demonstrated the form and structure of
sediment disrupted by seismic activity. The sonar technique can be used to survey lakes
in areas considered for storage of radioactive wastes with the objective of ascertaining
their stability over 10 000 to 12 000 years since the last glaciation. Ai riough a lack of
evidence of sediment disruptic I does not necessarily imply stability (low bottom slopes
and sediment composition may preclude slumping under any but the most severe shocks),
the presence of evidence of slumping could well indicate potential seismic instability.
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INTRODUCTION

Cyclic glaclal-deglacial loading represents one of the largest and cer-
tainly most recent perturbations to crustal stresses in Canada. The direct
evidence for past stress states in Ontario and Quebec comes from old slrcss-
relief phenomena and I summarize the nature of these below before placing then
in a conceptual context and inferring their implications for rock f r.irt •;. 1 nt;.

POSTGLACIAL FAULTS

Before the glaciers retreated from eastern Canada between 14 01)0 and
7 000 years ago, tl.ey smoothed and striated the bedrock of the region. in
many areas, this bedrock now shows the effects of pervasive postglacial fault-
ing (Adams, 1981). The faults have minute throws (c-immonly a few tens of mni
or less), and are only detected because the surfaces tlt'_ v displace are so
smooth. The displacements occur on bedding planes, cleavages or joints, or
other high-angle planes of weakness. Where the di j> o( the plane can in- ob-
served, the faulting is always reverse (thrust) and so the postglacial faults
appear to represent compression normal to the fault.

Figure 1 shows the location of known postglacial faults from Adams fl'itfl),
Hasegawa and Adams (1981) and TabLe 2C of H.-'segawa ot al . (submitted). Al-
though the individual fault throws are small, thev are systematic ,imi could
cumulate to a significant displacement ii~ faulting were as widespread beneath
surficial cover as it appears to be on outcrops. I] interpreted as modern
thrust faults, the easternmost faults indicate southeast-northwest compression,
and the westernmost, north-south compression. In each place the laults a re
roughly (±20°) parallel to the ice margins mapped bv Prest (1970), and on this
basis they may well represent the transient stresses that occurred during
deglac iat ion.

Pop-ups:

"Pop-ups" are postglacial surficial folds that occur within the Paleozoic
sedimentary cover of southern Ontario. Thev resemble the buckles that" occur
on quarry floors when overburden is removed, and for similar reasons are in-
ferred to indicate the orientation of maximum horizontal stress in the area
(Lo, 1978). A typical pop-up is an anticlinal ridge of broken rock 'i to 10 m
wide and 50 to "500 m long, with flank dips of about 20°, that may rise 1 to 2
m above the level of the surrounding ground. Pop-ups probably form because
the bedded nature of the flat-lving sedimentary rocks in which thev occur
allows the decoupling of the topmost 1 to 2 m along some bedding plane or
shale layer, and because the horizontal stresses of 5 to i0 MPa found in the
region then exceed the bending strength of the rock beam.
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FIGURE 1: Postglacial Faults and Pop-ups in Eastern Canada. Modified from
Figure 3 of Adams (1981) with addition of new occurrences near the
Ontario-Quebec border (see Table 2C of Hasegawa et al. (submitted)).



- 193 -

A typical pop-up occurs near Wellman (44.33°N 77.63°W) in southern
Ontario. It is about 12 m wide, nearly 1 km long and stands about 4 m above
the surrounding ground. At its north end, the pop-up is decidedly asymmetric
with a very steep (30°) northwest flank and an almost horizontal southeast
flank. The axis of the pop-up is a gaping fissure, 300 to 400 mm wide, that
forms an open hinge about which the two planar flanks have broken. The fissure
is not completely straight but winds around the edge of blocks and probably
followed some pre-existing joints.

The pop-up was first described as "an anticline with a height of 12 feet
trending parallel with the stream" (Winder, 1954, p. 10) and was considered to
represent "a secondary relief of pressure by removal of overburden along a
line of weakness such as a joint" (p. 10). Winder's map shows the pop-up as a
line of rock outcrops about 600 m long that strikes 065°. Carson (1981, p. 15)
further notes that the feature is in the Bobcaygeon Formation and extends
northeast-southwest for about 1 km. The southwestern end of the pop-up is
outlined by the shape of the 400-ft contour on the 1:50 000 topographic map of
the area.

The pop-up trends 037° and is inferred to represent the relief of roughly
northwest-southeast directed stresses. ]t seems unlikely that the pop-up - a
ridge of broken rock 4 m high and hundreds of metres long - could have survived
being overridden by the ice sheet and, hence, it is thought to be postglacial
in age. The degree of solution weathering of the axial fissure further sug-
gests that the pop-up is an old feature that may have formed soon after de-
glaciation.

Buckles

Contemporary examples of stress relief are shown by quarry-floor buckles
like those in the McFarland quarry in the west end of Ottawa (Adams, 1982a).
Twenty-five metres of limestone have been removed from the quarry, and the
floor has buckled up to 0.2 - 0.7 m along six anticlinal ridges. The McFarland
buckles indicate contemporary, high horizontal stresses with northeast- south-
west directed principal compression (perpendicular to the compression direction
recorded by the Wellman pop-up) that is in agreement with the directions in-
ferred from other quarry-floor buckles in the area.

Thickness Affected by the Surficical Stress-Relief Features

The question that immediately arises from a study of surficial stress-
relief features is whether they represent stress relief in only the surface
rocks. It seems plausible that near the surface stresses are released by
block-like movements within a layer of rock perhaps 10, 100 or 1000 m thick,
simply because it is this surficial layer that is the most fractured and it is
also the layer most susceptible to flexural failure because it lacks signifi-
cant overburden pressure.

Postglacial faults are candidates [or features that extend relatively

deep, but the small throws of those so far found in eastern Canada argue

against their extrapolation to extreme depths.

Pop-ups, because of their similarity to quarrv-floor buckles, which are
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only a few metres thick (Lo, 1978), are unlikely to extend to any great depth.
However, .some authors have suggested that pop-ups may be the surface expression
of faults (see examples cited by Adams, 1981, p. 13), and as none has been
excavated, their deep structure remains uncertain.

Conceptual Model

Here I suggest a simple model for near-surface glacially induced stresses
by concentrating on the flexural stresses in the lithosphere that are induced
near the edge of a large ice sheet (Walcott, 1970), and -Ignoring the ex-
tremely rapid release of confining pressure that occurs when the thick ice
sheet melts. A 2-km-thick ice sheet induces flexural compression of about 20
MPa under the ice sheet and tension of 20 MPa on the forebulge outside the ice
sheet (see Figure 2). While Waleoft's model is static, we can imagine that,
as the ice sheet advances and retreats, the rock in any one place n. would be
initially under compression and then (with ice retreat) it would be at B and
so would go from compression to tension.

There is a great deal of evidence for multiple glaciations in the last
million years, and so the rocks of the Canadian Shield have repeatedly moved
back and forth between compressional and less compressional (or in some in-
stances even tensional) stress states as the glaciers waxed and waned.

Flexural stresses of ± 20 MPa are larger than contemporary horizontal
stresses in the uppermost 300 to 1000 m of rock (Herget,1980) and might dom-
inate any regional stresses in this upper layer. Furthermore, the fractured
nature of the upper rock would suggest that such stresses are partially, if
not wholly, relieved nnd are not stored elastically as they might be deeper in
the crust. Such deeper stored stresses might be relieved suddenly by earth-
quakes either during or after deglaciation. The flexural stresses would act
radially to the ice margin and, as an approximation, I take them to act in the
north-south direction in southern Ontario.

If we take a simple stress model for the Shield with near-surface stresses
of o, = 15 MPa east-west and o = 10 MPa north-south (an approximation to the
contemporary stress field in southern Ontario), and if we superimpose the
glacially induced stresses at A, at B, and, long after the glaciers nave
melted, at C, (see Figure 2 and Table 1), we can see by adding the stresses
that, instead of o being 15 MPa east-west as it is at present, it would be
30 MPa north-south at time A. Tensional stresses may be large enough at ]5 to
get tensional crack opening in a north-south direction. Finally at C we would
again have o, east-west and high horizontal compressive stresses in all di-
rections. The consequences of this additive stress model are these: For
points very close to the ice sheet (A), where o is in a north-south direction
because of the added compression, we could get east-west striking thrust
faults or pop-ups. For the transitional stage (B), where there is the pos-
sibility of tension in the north-south direction, we get north-south striking
pop-ups and thrust faults due to high horizontal "regional" str sses in the
east-west direction, with the possibility of open or tensional east-west
striking cracks. To the best of my knowledge, I have seen no evidence for
these, and it is hard to be certain just what evidence of them would be pre-
served. Finally under the present stress condition (£) , we get north-south
striking thrust faults and buckles.
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TABLE 1

ADDITIVE STRESS MODEL FOR SOUTHERN ONTARIO

A

B

C

Regional
E-W

15

15

15

Stress
N-S

10

10

10

Glacial Stress
N-S

20

-20

0

Resultant
E-W

15

15*

15*

Stress
N-S

30*

-10

10

Consequences

thrusting on E-W striking

thrusting on N-S striking
(?) open cracks striking

thrusting on N-S striking

planes

planes
E-W

planes

Note: near-surface stresses given in MPa in each direction; negative values represent
tensional stresses.

* magnitude and direction of principal horizontal stress.

I

I—'

I
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Evidence that the stress field in southern Ontario has changed with time
comes from an analysis of the stress-relief phenomena discussed above. Tin-
postglacial faults (and to a weaker extent, the pop-ups) indicate north-soulh
compression in postglacial times while the quarry-floor buckles and direct
stress measurements indicate northeast-southwest contemporary compression
(see Figure 3). The difference is significant at the 95T level and confirms
that the lust deglaciation of the Canadian Shield was accompanied by stresses
that changed in a fashion similar to that discussed conceptually above.

The additional glaciallv induced stresses discussed above are sufficient
to cause reactivation of old faults and to cause additional earthquakes during
glacial advance or retreat. A project underway at the Earth Physics Branch
will document a one-thousand-year slice of earthquake history during the de-
glaciation of northeastern Ontario for comparison with the current level of
seismicity (Adams, 1982b,c) .

CONCLUSIONS

(1) Glacially induced stresses (CIS) during the deglaciation ol the
Canadian Shield were probably comparable to contemporary near-
surface stresses believed to be of a more regional nature.

(2) Surficial stress-relief features of different age show that there
has been a significant change in the orientation of the stress field
due to CIS.

(3) The release of CIS stored deeper in the crust probably caused manv
add i t ional earthquakes.

(4) In addition to the compression.il stress-re 1icf features that are
preserved, CIS mav have induced tension.ll crack opening for which
evidence is not vet apparent.

(5) it is unlikely that the stress-relief features discussed here extend
to great depth (several km), but they probably extend far enough to
significantly affect the permeability along cracks in the rock
overlving and reaching down towards a vault at 500 m depth.

((->) The many glaeial-deglacial cycle.s that have already occurred have
obviously caused a great deal of cyclic opening and closing of
near-surface cracks. Hence most of the cracking that is going to
occur in the topmost rock has already occurred and the present day
cracks are a good indication of the nature and amount of cracking
that should be anticipated during future glaciations in the next
10'' wars.
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DISCUSSION

S. Whitaker: Are the pop-ups you investigated in the quarry related to more

apparent fracturing in the rock than elsewhere?

J. Adams: Within the quarry, they seem to be associated with some pre-exist-
ing Ordovician normal faults. The pre-existing features may be control-
ling the orientation to some degree. The buckles in the quarry probably
lie within about 20 degrees of the actual stress direction. That was a
fault with about the right orientation for movement to occur. An esti-
mate of the upper limit of stress was made from this. It was of the
order of 10 to 20 MPa.

W.C. Brisbin: Do the features you are referring to as faults represent dis-
placement along an existing fracture or are fractures generated by the
stresses induced?

J. Adams: All the postglacial faults I have seen were along zones of weak-
ness, pre-existing fractures and/or bedding planes.

W.C. Brisbin: Is it possible that some of the displacement observed or near-
surface fractures could be induced by the actual movement of glaciers?
Is the pore pressure sufficient along the fracture to induce movement
along some of the surfaces?

J. Adams: The advance of glaciers will produce faults 10 m or so across.
The features I am discussing are all past the last ice or they would
otherwise have been planed off. We see sharp breaks in the glacial pave-
ment, which would have been smoothed by ice moving over them.
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CONDITIONS AT THE ICE/ROCK INTERFACE OF
LARGE ICE SHEETS

F. M. Koerner
Polar Continental Shelf Project

Energy, Mines and Resources Canada
Ottawa, Ontario KIR 6K7

INTRODUCTION

The concept of the disposal of nuclear fuel waste in stable areas of the
Canadian Shield is being assessed. Because of the long half-life of some of
the fission products, an undisturbed life expectancy of a deep disposal vault
(1000 m) of about 1 x 106 a (1 Ma) is desirable. As the Canadian Shield has
been ice-covered (by the Laurentide Ice Sheet) for about 90% of the past 1 Ma,
a knowledge of conditions at the ice/rock interface is of the utmost impor-
tance. This is especially true in view of a previous study (Bull, 1979) that
considers the location of a nuclear waste vault in an area likely to be
glaciated in the future as undesirable.

The main problems concerning vault integrity under a thick ice sheet are
(n) erosion of the vault "roof" by the ice sheet,
(b) increased availability of water and increased water pressure under the

ice sheet, and
(c) increased stresses on the rock produced by the overlying weight of the

ice sheet, such that fracturing can occur.
This paper presents a general introduction to the thermal regime and dynamics
of ice sheets in terms relevant co nuclear waste disposal. A single-domed
ice sheet with its centre over Hudson Bay will be considered. The existence
of other domes does not radically alter the basic arguments presented here,
although their incorporation into a final model may prove necessary.

ICE-SHEET INCEPTION AND ADVANCE

An ice sheet may be conceived of as growing according to Ives' (1957)
concept of Instant Glacierization. With a sudden or gradual climate
change towards glacierization, the annual snow line falls in elevation until
large areas retain permanent snowfields. Favourable areas for ice-sheet
inception in Canada are Keewatin, Labrador-Ungava and Baffin Island (Williams,
1979). These snowfields develop into incipient domes, which eventually may
coalesce to form one contiguous ice body with distinctly separate flow divides.

For the ice field to develop from a stagnant to a dynamic body, the
basal shear stress (T.) must exceed ca. 50 kP;!. As

Th = Pgh sin a (1)

where p is the density of ice (91 kg.m ), g is acceleration due to gravity
(9.82 m.s"^) and h is the thickness (m), we need to generate a thickness H at
the centre so that the surface slope ( « ) is such as to give Tb •- 50 kPa. H
equals 1 200 m and a radius of 200 km satisfies such a condition. With an
accumulation rate oi 0.5 m/a of ice, it will take 2.5 ka to accumulate
enough ice for the ice sheet to be dynamic, and from there on we may calculate
its advance time (t) according to Weertman (1964)
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t = 2c"1 (2 To/pg)'' (L'" - LO'S) (2)

where t is the time taken in years for the ice sheet with a positive balance c
of 0.3 m/a to advance from L to L, where L and L are distances in kilometres
from the ice-cap centre. The results are shox>rn in Table 1. The ice sheet would
be over the vault site in about 19 ka, and it would reach its position of
maximum advance in about 32 ka. The retreat rate of the ice sheet has pre-
viously been considered to be substantially greater than the advance rate.
The argument (Weertman, 1964; Paterson, 1980) partly depends on much higher
ice-melt rates in the ablation zone than snowfall rates in the accumulation
zone. However, it is questionable whether the average ablation rate during
retreat is several times greater than the average accumulation rate during
advance. They need be only marginally different. The other argument is that
ablation will thin the ice sheet sufficiently to lower the basal stress below
the yield stress of the ice; that part of the ice will then become stagnant.
For the present purposes, we should consider that the retreat rate is sim-
ilar to the advance rate, which has already been shown (Table 1). The
problem should be investigated for a final model.

ICE-SHEET GEOMETRY

An ice sheet's state of health depends upon the balance between ac-
cumulation (snow) over its central regions and ablation (by melt) around its
margins. The equilibrium line divides these two regions. For a steady-state
ice sheet, the accumulation zone covers about 70Z of the surface area. The
ratio of the accumulation zone to its ablation zone changes according to
whether the ice sheet is advancing or retreating. The ice-sheet profile for
a past Laurentide ice body may be calculated if we know the position of its
margin (from moraine records) and its steady-state elevation in the centre (H)
(from a knowledge of isostatic rebound), i.e.,

1

h = H 1 - (x/L) I (3)

l.\~ we do not assui.ie H, then h, the thickness in (L-x) metres from the edge,
can be calculated from

h = 3.4 (L-x)'5 (4)

The profile shown in Figure 1 is calculated using F.quation (3). The most
notable characteristic o{ the profile is the low slope over most of the
central parts of the ice sheet.

ICE VELOCITY

We may now calculate the velocity of the ice at the ice-cap surface.
The simplest approach is to consider the pie-shaped segment of the ice sheet
of angle 0 at its apex (from Paterson, 1976). To maintain a steady state,
we have

b('ir20) = V(r0)h where V = a r/2h (5)

whore V is the velocity in m/a , a is the annual balance, r is the radius
in m, and h is the thickness of the ice sheet in m. The argument assumes
the ice sheet slides uniformly on its bed. In fact, a large part may be
frozen at the bed so that the velocity profile may be similar to V - V
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TABLE 1

ADVANCE RATE OF NORTH AMERICAN ICE SHEET

Total
Years

0-2 000*

7 792

12 236

15 983

19 284

22 268

25 012

27 566

29 965

32 234

Distance
Advanced

(km)

0 - 200*

200 - 400

400 - 600

600 - 800

800 -1 000

1 000 -1 200

1 200 -1 400

1 400 -1 600

1 600 -1 800

1 800 -2 000

Advance Rate
(m/a)

-

35

46

54

62

68

74

80

85

70

* Assumes a 200 km permanent snow/ice field stagnant for 2 000 years,



O
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F r o m C e n t r e ( i n k m /

FIGURE 1: Schematic Diagram of the Southern Slope of a Steady-State Laurentide Ice Sheet. Vs , V^,, Vg
V show unsealed horizontal velocity from the vertical line immediately to their left-hand side.

2 Note the horizontal movement at the bed at Vj,?. The continuous line at the bed denotes the
zone where temperatures are below the pressure melting point and the dashed line where they are at
the pressure melting point. The zero datum is the crust before ice accumulation; it should be ca.
-300 m at the ice edge. However, in this first approach, no attempt has been made to reconcile
this simple calculation with flexural parameters of the crust at the ice edge.
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in Figure 1. The assumption exaggerates the surface velocity by about 5 to
10% but does not alter the average velocity from the surface to the bed.

The calculated velocities (Table 2) increase from zero, at the centre of
the ice sheet where the component is vertical (downwards), to a maximum at the
equilibrium line and back to zero at the margin (where again the component is
vertical but this time upwards). Thus, the accumulation zone is one of extend-
ing flow (with strain rates of 7.2 x 10"5 t o 2.6 x 10"Va), and the ablation
zone is one of compressive flow (with strain rates of -3.4 x 10~-> to -1.16 x
10~ /a).

BASAL STRESS

The basal shear stress (T, ) may be calculated from Equation (1). 1. generally
increases from the centre out towards the margin of an ice sheet. Of more
importance than shear stress to the waste vault is the hydrostatic pressure of
the ice on its roof. This may be calculated using the values of h in Table 1
and a density of ice of 0.91 g.cm . Hydrostatic pressure affects the drainage
of subglacial water, alters the flow of groundwater (in association with isostatic
readjustment of the crust), and aLso could cause fracturing of the vault roo!
as differential stresses develop during advance and retreat of the ice sheet ,
particularly at the margins. These should be correctly assessed in future models.

TEMPERATURE AT THE BED

From other papers in this volume (Findlay i-t al ., 1984) it appears that
the major hazard for dissemination of nuclear waste is related to the ground-
water regime. If the ice sheet was frozen to its bed, it would seal nff the
vault roof surface from water sources; conditions of the vault during glacier
coverage would then be optimal. Such conditions would only deteriorate if new
fractures were opened by the ice sheet and exposed to groundwater movement
after glacier retreat. However, water will be present somewhere at the ice-
sheet bed throughout its history. The areas will vary both in position and
extent depending on air temperature and the position of the equilibrium line.

The temperature at the bed is determined by the air temperature at the
ice-sheet surface, geothermal heat flow at the bed, ice thickness, ice movement
and surface balance. Ice movement brings ice formed at higher and coldci
elevations down to lower elevations. However, as this horizontal adv.jct've
term is small, it is ignored in the following calculations. Of mo:e importance
is surface balance. Snow accumulation at the surface causes ice formed at
relatively low surface temperatures to move down towards the bed at a rate
proportional to the accumulation rate. Molting at the surface has the
opposite effect since it brings "warmed" ice up to the surface. The temper-
ature difference between any level in the ice sheet and the brj may be cal-
culated from

T - Tb = (6T/5 ) b f>' exp(-y2/;.?) dy (6)
-* o

where Z" = 2 kh/b, T is the temperature at any level in the ice sheet, T^ is
the basal temperature, y is the distance (m) above the bed, !: is the thermal
diffusivity of ice (36 m"/a), and b is the balance in m/a (Paterson, 1980).
The temperature difference between the surface and bed can be calculated
using the dimensionless steady-state profiles from Clarke et al. (1977), and



TABLE 2

ICE-SHEET VELOCITY, TEMPERATURES AND ACCUMULATION RATE

Velocity
(ra/a)

0

7

15

30

38

87

191

187

165

116

0

Final
Surface
Temp. (Ts)

-46

-45

-45

-43

-42

-36

-26

-24

-21

-17

- 4

Latitude
Correction

-7

-6.7

-6.3

-5.0

-5.3

-3.5

-1.4

-1.1

-0.7

-0.35

0

Interim
Surface
Temp.

-39

-38.7

-38.3

-37.3

-36.7

-32.9

-2-.0

-23.0

-20.0

-17

- 4

16

16

16

15

15

14

11

>

>

>

Basal
Temp.
(Tb)

-30

-29

-29

-28

-27

-22

-15

0

0

0

0

Ice
Thickness

(H)
(m)

3500

3473

3433

3333

3273

2885

2100

1894

1634

1268

0

Elevation
of Ice
Surface (h)

(tn)

2625

2604

2574

2500

2455

2164

1575

1421

1226

951

0

Distance
from
Centre

(km)

0

100

200

400

500

1000

1000

1700

1800

1900

2000

Accum
(c) &
Ablation
<-c)
(m/a)

0.5

0.5

0.5

0.5

0.5

0.5

0.5

-0.45

-0.89

-1.3

-i.8

The Interim Temperature is based on a starting value on land at the margin (Findlay et al., 1984), which is
corrected for a lapse rate of l°C/100 m. The latitude correction assumes -\ 7°C temperature difference over
the 2000 km from marpin northwards to the centre. H - h is the isostatic depression of the earth's crust
under the ice load. "" signifies T. - T, is preater than the absolute value of the final surface
temperature; melting then occurs at thp bed.

to

o
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Paterson (I960).

The balance of 0.5 ml a of ice in the accumulation zone is taken from
Findlay et al. (1984). To simplify a profile where the accumulation rate
would initially increase with increasing elevation and subsequently decrease
at the highest elevations, I have assumed a constant balance throughout the
accumulation zone. In the ablation zone, I have used the balance presently
measured on glaciers in the High Arctic (Polar Continental Shelf Project, on
file). The climate there now may be considered similar to that of the climate
over the Canadian Shield during an ice age.

The results are incorporated in Table 2. They indicate that the ice
sheet is frozen to its bed in the accumulation zone but sliding on its bed in
the ablation zone. This illustrates the important influence of surface balance
on basal temperatures.

The model is different to those of Sugden (1977) and Hughes (1973).
Sugden chot-: very low accumulation rates at the centre of his model ice sheet.
They are comparable to those in Interior Antarctica today. This seems un-
realistic as Antarctica is at much higher latitudes than Central Canada,
although the Laurentide and Antarctic elevations are comparable. Sugden also
assumes a positive balance to the edge of his ice sheet. While such a condition
may have existed in periods of ice-sheet growth, it cannot have existed on a
steady-state ice sheet ending on land, (i.e., no calving); there must be an
ablation zone. As the vertical advection of ice strongly affects (T - T ) ,
Sugden's bed temperatures cannot apply to a steady-state or retreating ice-
sheet .

Sugden (1977) and Hughes (1973), following Weertman (1961), depicted
somewhat different basal thermal regimes to those of the present model.
Sugden's sequence comprises (from centre to margin) zones of basal melting,
freeze-on and melt-abrasion. Hughes' sequence is dry-frozen, wet-melting and
wet-freezing. These sequences vary in extent depending on ice-sheet size and
mass balance. The present model does not illustrate a freeze-on zone. Such
a zone straddles the cold/wet-based boundary; it provides tools for the wet-
based abrading zone by incorporating debris into the basal ice layers. A
freeze-on zone will vary in position and extent according to the climatic
conditions at the ice-sheet surface, i.e., whether steady state, advancing or
retreat ing.

IMPLICATION OF BED TEMPERATURES

The presence of water at the bed of an ice sheec has several important
consequences.

(1) Water cannot support a shear stress so that basal sliding occurs.
However, protuberances occur at the bed to concentrate stress on their
upstream surfaces. The overall effect is that T may be reduced by a
factor of 2 to 4.

(2) Change of T^ affects the velocity and surface profile of the ice sheet;
velocity increases and the ice sheet thins. The steady-state profile in
Figure 1 does not consider basal sliding (Weertman, 1966) .

(3) Basal sliding affects the erosional properties of an ice sheet.
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(4) The basal water film may be only millimetres thick but the hydrostatic
pressure at the bed can be high enough for water to penetrate new or old
fractures in the bedrock.

EROSION UNDER AN ICE SHEET

The general concensus is that ice sheets effect very little erosion rel-
ative to that of subaerial or fluvial mechanisms (Flint, 1971; Sugden, 1976).
Boulton (1979) quotes glacier erosion rates of 1 mm/a but this value is derived
from studies of glaciers resting on lithified bedrock, which is more easily
eroded than solid bedrock. The abrasion rate (K) at the bed may be developed
from

A «* CNV /h (7)
P

where C is the concentration of abrading particles in the ice, N is the effect-
ive normal pressure at the particle/bed contact, Vp is the particle velocity,
and h is the bed hardness (Boulton, (1979)). Plucking is the most important
erosional process. This, he argues, is because abrasion under an ice sheet
depends on abrasion tools, i.e., rock, which can only be provided by the pluck-
ing mechanism. As the bed and the tools are generally of the same origin and
hardness, the rates of wear of the tools and the bed are the same.

White (1972) has presented arguments supporting deep erosion by ice sheets.
His hypothesis supports removal of some 1 000 m of surface material from ice-
sheet areas by the ice. Sugden (1976) has presented good arguments to contradict
this and concludes that only tens of metres of material have been removed by
all Pleistocene ice sheets over a period of 1.5 Ma. However, because it is
relevant to the vault issue, I would stress that White (1972) was largely con-
cerned with the removal of drift overlying the Shield and exposure of the
latter by ice erosion. A vault location on the already exposed Shield, away
from a zone of channelled flow, is most unlikely to undergo sufficient erosion
of any nature to bring the vault dangerously close to the surface.

We may also approach the problem from the viewpoint of ocean deposits.
Mathews (1975) found that the volume of sediment per unit length of the Con-
tinental Margin of the east coast of North America is lowest close to the
Canadian Shield. This correlation suggests relatively low Shield erosion
rates by ice. Similarly, Ruddiman (1977) concluded from ocean sediment records
that ice transported the equivalent of a layer of drift 16 m thick spread
uniformly over all ice-covered areas. While this represents only part of the
eroded material, it must give an order of magnitude idea of the erosion by ice.

A similar calculation can be made on the basis of ocean sediments in the
Labrador Sea (Fillon et al., 1981). The maximum rate of ice-rafted sand
deposited there over the past 0.1 Ma was 2.8 x 10~3 g.Cm~2.a""l. If all this
material came from the Labrador Sea side of the Labrador-Ungava Dome (Dyke
et al., 1982; Shilts, 1980), we have a maximum land-to-sea transport of about
5 m of material per unit bedrock area in 0.1 Ma. If, furthermore, we bias the
calculation to give maximum erosion in a hypothetical vault area, and consider
the material came from only one third of the area under the ice sheet (i.e.,
the ablation zone), we still arrive at an erosion rate giving 1.5 m of erosion
in 0.1 Ma, i.e., 15 m in 1 Ma.
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Using yet another approach, Kaszycki and Shilts (1980) examined erratics
from source to deposition site in Keewatin. They concluded that the erosion
rates there during the last ice age amounted to less than 10 m of rock.

The present conclusion is that glacial erosion does not constitute a
threat to a vault situated deeper than a couple of hundred metres.

HYDROLOGY

The main threat to deep nuclear waste disposal in the Shield is from
increased water availability and pressures associated with a large ice sheet.
As i have stressed in the temperature section of this paper, we should con-
sider that the rock surface of the bed (at the vault site) will have a water
interface for most, if not all, the time when overlain by an ice sheet. The
effect on groundwater circulation, when the crust under an ice sheet is de-
pressed by an amount equal to one third the value of h in Table 1 must be
modeled.

For example, the potential energy of meltwater and runoff from an ice
sheet will exceed that of today's surface water and will be greatest during
the retreat phase. Then we may have an ablation area covering 50Z of the ice
sheet. Ice melt might be some two to three times the present snowfall. Thus,
the volume of water flow over the vault could be at least 3 to 6 times greater
than today (i.e., precipitation plus ice melt). This volume may approach 10
times today's amount during maximum retreat. However, the potential energy of
this water, because it is delivered down an ice-sheet slope some 4 times that
of today's, will be 12 to 40 times that of today's runoff.

Marginal lakes were common features of ice-age ice sheets, especially
during the retreat phase. The lakes owe their origin partially to damming of
pre-existing stream networks but also to the formation of a forebulge bevond
the limits of the ice sheet. The forebulge is due to the presence of the ice
sheet itself, and forms one boundary of a lake while the ice sheet forms the
other (Walcott, 1970). The distribution and effects of these lakes should be
studied, as they may present an additional hazard when the vault location is
at the ice-sheet margin, which it will be at least twice during each future
ice age.

ALTERNATIVE LOCATION

Locating a nuclear waste vault in Ontario places the vault directly under
or close to an ice-age ice sheet for mucli of its life. As the main threat to
vault integrity is water, a future Laurentide Ire Sheet could aggravate the
water threat substantially. Future research should concentrate on this problem.
Chlorine-32 dating of groundwater below 500 m (Brown, 1984) gives an age for
this water considerably in excess of the expected, or hoped for, vault life.
If correct, this makes the vault location a good one. However, it is question-
able whether the water regime at that level really is closed. The dated water
may consist of a mixture of "old" and "young" water. While associated geo-
logical evidence supports the closed system concept (Brown, 1984), further
research of ..his kind is recommended. This is because isostatic adjustment of
the crust to ice loading and unloading is greater than the "lid-depth" of the
closed .system. Soviet research, for example, has indicated that subglacial
water in Antarctica transmits high pressures into deep layers of permeable rocks.
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This stimulates flow of "liquids" to the ice-sheet margins (Kotlyakov and
Gnedavskaya, 1983).

If we are to consider alternate locations, the High Arctic might be stud-
ied. It appears from the work of Vincent (1.982) that parts of the High Arctic
show no evidence of glaciation. As Matthews (1984) suggested, such areas might
be considered for vault location because the possible persistence of perma-
frost there over the next I Ma precludes the threat of water dissemination of
nuclear waste. Depths shallower than the permafrost thickness are essential.

Alternatively, location under an existing ice sheet warrants study.
Present work (Koerner, 1979) shows good evidence that the ground at high
elevations in Northern Ellesmere has been below freezing for at least the past
0.15 Ma. Ice thicknesses of less than 150 m should present no additional
problem to vault construction. Calculations of the extent of local melting by
heat from decaying nuciear waste would be needed. The strongest support for
vault location in a frozen medium is that waste dissemination by ^roundwater
flow would not follow any possible vault disruption.
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DISCUSSION

Question: Have you done any modeling to 6how what happens to the temperature
at the ice-bedrock interface?

D. Fischer: Ice sheets, if thick enough, will provide sufficient insulation
for the geothermal heat flow to produce wet-based glaciers. If you want
to model the effect of a vault, a temperature of 0°C at the ice-bedrock
interface is appropriate. That would be at equilibrium. At the onset of
glaciation, a lower mean annual temperature may alter the temperature In
the upper layers of rock. Ice would build up on top and the dynamic
situation would be more complex.

F. Koerner: My calculations show, and this is supported by mass balance
measurements In the high Arctic where we monitor these ice sheets, that
the ice sheet will stay there. Right now the Arctic is In a glacial
period. A triggering mechanism is required to start these ice sheets,
I.e., a forcing function. Once the ice sheet has started to develop, it
Is not difficult to keep it growing. Another forcing function is requir-
ed to get rid of it.

D. Fisher: It might be worth mentioning that stress heating can produce
local melting. Stress fields build up around projections near the bed
and Ice flow around these projections can produce sufficient frictional
heating to produce melting.
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ABSTRACT

Glaciation of the present land surface will change the boundary conditions
for groundwater flow and, subsequently, the groundwater flow pattern.

Within the fractured crystalline rock environment of the Canadian Shield,
these changes will result in differential erosion of the land surface. It
appears that the groundwater flow pattern in the total system, i.e., glacier
ice and underlying bedrock, will be largely controlled by the interface area
and that most of the groundwater flow will be concentrated in this zone.

Because of the complexity of groundwater flow patterns, which will be
subject to considerable change during glaciation, modeling will be necessary
to approximate the change in the groundwater flux in the deeper rock environ-
ment, i.e., vault site. However, modeling should only then be attempted when
the hydrogeological environment on both a local and a regional scale is
reasonably well defined.

INTRODUCTION

In order to determine the potential hvdrodynamic effects of future
glaciation on the Canadian Shield, a brief summary of the factors controlling
groundwater flow will be helpful.

According to Hubbert (1940), groundwater flow takes place from regions
with high fluid potential to regions with lower fluid potential, regardless of
the direction of flow in space. The fluid potential is equal to the mechanical
energy per unit mass of fluid. For flow through a porous medium where the
flow velocities are extremely low and the liquid is isotropic and incompress-
ible, it can be shown that the fluid potential is equal to the hydraulic head
multiplied by the acceleration due to gravity. Since acceleration due to
gravity is very nearly constant in the vicinity of the earth's surface, and
certainly within finite study areas, the fluid potential is synonymous with
the hydraulic head. It can further be shown that the hydraulic head at a
point in a groundwater flow system, if the reference datum used is mean sea
level, is the elevation of the free water surface in a piezometer completed at
that point. If the hydraulic head distribution of an area is considered under
idealized conditions (homogeneous and isotropic) , then the areas with higher
fluid potential correspond to the topographically high regions, and areas
witli lower fluid potential occur in the topographically low regions. This is
illustrated in Figure 1. By definition, that portion of the topographically
high area in which the net saturated flow is directed downward, away from the
water table, is called a recharge area, whereas in a discharge area the net
saturated flow is directed upward, toward the water table. The effect of
topography on the groundwater flow system has been discussed at length by Toth
(1963) and Freeze and Witherspoon (1967). Both authors show that topography
alone can create complex systems of groundwater flc.



FIGURE 1: Approximate Groundwarer Flow Pattern in Uniformly Permeable
Material (after Hubbert, 1940)
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Thus far, groundwater flow patterns were discussed in terms of idealized
environments, i.e., uniform permeability distribution. However, the perme-
ability distribution of the natural environment in anytiling but uniform and is
characterized by considerable variation in both a vertical and lateral sense.
Since the magnitude of the permeability of sediments is inherent to the type
of sediment, and the distribution of a particular sediment is determined ]>v
the depositional environment, a first approximation of the permeability dis-
tribution in space can be obtained from a proper definition of the geological
environment in the subsurface.

The main effect of variations in permeability is the bending of flow lines
in such a way that the fluid mass is conserved when water flows across a
boundary between strata of different permeabilities (Hubbert, 1940). The
actual degree of flow line refraction is determined by the tangent law.
Figure 2, after Freeze and Witherspoon (1967), shows a number of numerically
simulated two-dimensional flow nets for heterogeneous (geological) systems.
Figures 2 (A) and (B) show the fluid potential distribution in the subsurface
with a highly permeable layer (aquifer) underlying a low permeabilitv sediment
(aquitard), but with different configurations of surface topographv. Figure
2 (B) shows, in comparison to Figure 2 (A), that, in a similar geological
setting, topography greatly complicates the groundwater flow pattern. Further-
more, a highly permeable layer at depth acts as a major conduit for flow that
passes under overlying local systems.

Figures 2 (C) and (I)) show the effect of high permeability discontinuities
on the groundwater flow pattern. Tn both instances, upward flow occurs near
the downslope part of the high permeability discontinuity. Such middle slope
discharge areas at surface cannot occur under purely topographic control.
Figures 2 (K) and (F) show the effect of sloping stratigraphy on the ground-
water flow pattern. As can be seen in these figures, the direction of the
slope of the highly permeable bed with respect to the recharge (topographically
high) area strongly affects the potential distribution within the subsurface.

The foregoing examples show that geological heterogeneity and topography
have a pronounced effect on local and regional groundwater flow svstcms.
Furthermore, it becomes apparent that, in order to be able to approximate a
groundwater flow system in any given area, knowledge of the distribution of
the permeability in space is mandatory.

FLOW IN FRACTLKF.I) ROCK

The discussion of groundwater flow thus far has been primarily concerned
with intergranular flow in unconsolidated sedimentary deposits. However, the
Canadian Nuclear Fuel Waste Management Program is evaluating the concept of
disposal of nuclear fuel wastes in crystalline Precambrian rocks and not in
a sedimentary environment. Contrary to the intergranular permeability of
sedimentary deposits, crystalline rock environments only have fracture perme-
ability. Two main groups of fracture permeability can be recognized. These
are, on a microscopic scale, the matrix or intercrystalline "fracture" perme-
ability and, on a macroscopic scale, the permeability resulting from dis-
continuities such as fractures, joints, and faults. According to Freeze and
Cherry (1979), tlie^magnitude of the microscopic fracture permeability ranges
from lO"-*-' to 10" m/s, which is about two orders of magnitude smaller than
the permeability of an unweathered marine clay. The flow through matrix
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fractures is not well understood and appears to deviate from the classical law
of hydrodynamics (Cale, 1982). Much more work will have to be done to deter-
mine whether flow through fractures, where the actual flow takes place on a
molecular scale, will have to be considered as an important factor in con-
taminant movement, especially if it is further considered that attenuation of
the ion concentrations may take place in these microenvironments because of
e leetrochemically active surface areas. The macroscopic fracture perme-
ability ranges from 10~^ to 10~° m/s, which is similar to the permeability of
medium-grained sand to silt in unconsolidated sediments.

The distribution of the primary macroscopic fracture permeability is a
function of the tectonic and associated intrusive history, the degree of
metamorphism, and the lithofacies in any given area. Subsequent to its form-
ation, the primary macroscopic fracture permeability is modified by alteration
of the fracture faces and secondary mineralization. In the case of alteration
of the fracture walls, there may be changes in porosity and mineralogy that
will increase the capacity of the system to retard the migration of ions in
solution. In both instances, a reduction of the primary hydraulic conductivity
may jeeur through the reduction of fracture aperture. Another factor that has
to be considered in a fractured medium is that changes in the effective stress,
as a result of changes in pore pressure, can alter the fracture aperture, flow
rates, and fLuid pressure distribution in the fractures (Gale, 1982). The
magnitude of the fracture permeability is, therefore, highly stress dependent
and will change according to changes in the stress environment.

Unlike the sedimentary environment, where mapping of the 1ithostratigrnphy
provides a first approximation of the distribution of the permeability and its
magnitude, the emphasis in a crystalline rock environment should be on the
mapping of tile structural patterns, which may ur may not be related to specific
1 i thost ratigraph ic un its.

Another factor that further complicates the mapping of the fracture perme-
ability in a crystalline rock environment is the high degree of discontinuity
in space of individual fractures. For example, fractures dead-end in the rock
mass or are truncated by other fractures. In addition, there is the problem
of continuity of the magnitude of the permeability along the fracture itself,
because of variations in aperture, differential weathering, and sccondarv
mineralization.

It is obvLous from the foregoing that, in areas witli fracture permeability,
heterogeneity and discontinuity of the permeability will be common botli in
groups of fractures and along individual fractures. Fluid potential dis-
tributions in fracture zones will, therefore, be characterized by complex
patterns of recharge and discharge zones, which in their simpler form may be
similar to those shown in Figure 2.

Snow (1968, 1969) has shown that, in areas where the fracture spacing is
sufficiently dense and continuity of the fractures in space exists, the
fractured medium acts hvdraulical1v similar to an intergranular porous medium.
Flow problems in these areas can then be solved using standard porous-media
method; ' ascd on Darcy's law, taking into account the anisotropv and hetero-
geneity of the area. However, Darcv's law is onlv valid under laminar-flow
conditions, which may not exist in fractures with a wide aperture, and dif-
ferent flow Laws will have to be used under those circumstances (Freeze and
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Cherry, 1979). It is doubtful whether this special condition will be of par-
ticular concern in the area of a disposal vault, because common sense dictates
that vault ,-ite.s will be located in areas with the lowest hydraulic conduct-
ivity. Furthermore, according to Whitaker (pers. comm.) and the data presented
by Brown et al. (1984), the fractures invariably show the presence of alter-
ation products and secondary mineralization. Tt is, therefore, questionable
whether these fractures can be considered analogous to tabular conduits since
it appears that they more closely represent a porous media environment, albeit
on a micro scale.

After this brief outline of groundwater flow in porous media and the
inherent problems of describing this flow in a fractured crystalline rock
environment, what does it all mean in terms of future glaciation?

FUTURE GLACIATION AND EROSION

The effect of future glaciation on the hydrodynamics in the Precamhrinn
Shield environment will be discussed in terms of two main aspect".-;:

- the physical effect on the near-surface environment, and
- the groundwater flow regime.
In order to illustrate the physical aspects of future glaciation on the near-
surface environment, a brief discussion of glacier flow will be included.

Movement in glaciers and ice sheets is laminar and takes place under the
influence of gravity. According to Nve (1959, p. 496), the relative motion in
a glacier (and therefore in debris transport) is concentrated in the basal. 90 m
(300 feet) of the ice. If a ]ongi<udinal cross section through an idealized
glacier (flat bed, uniform width) is considered, three different ice flow
regimes can lie recognized. These are in a downstream direction: converging or
downward flow in the accumulation area, parallel flow in the central portion,
and diverging or upward flow in the wastage area. Where the under]ving bed is
not flat, converging flow occurs where the ice is moving uphill and diverging
flow occurs where the gradient is flattening or the ice is moving downhill.
Furthermore, the differences in the flow regime in the glacier result in
changes in the stress environment, which have a direct bearing on the ero-
sional and depositional characteristics of the glacier. For example, areas
within the glacier where converging flow changes to diverging flow correspond
to a change from a compressive stress environment lo a tensile stress environ-
ment within the ice.

In tiu- compressive stress environment, erosion takes place by thrusting,
abrasion, and crushing of the underlying bedrock. Debris from the bedrock is
carried upward into the ice along thrust planes. In areas with tensile stress
conditions, if erosion takes place, it is raainlv bv plucking; however, the
primary tendency is for deposition to take place in the tensile environment.
Downward fLow lines tend to return the sediment to the base of t lie glacier.
It is, therefore, obvious that preglaciai topography is an importanl factor to
consider in the studv of glacial erosion and deposition.

Clayton and Moran (1974) have shown that, although topography is the
primary factor in determining the flow regime and I he corresponding stress
environment in any particular area in a glacier, the boundary conditions of
the stress environment are largely controlled by the thermal and groundwater
regimes. Therefore, the distribution of thermal and groundwater regimes beneath
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the ice, in conjunction with topography and the stress environments, controls
not only the rate and type of erosion, transport, and deposition, but alsn the
areal location of these processes. Model studies on the Laurentide in.' Sheet
show that several different types of thermal regimes can be present under the
ice sheet and near its margin (Sugden, 1977).

According to Clayton and Moran (1974), the thermal regime results in tin-
presence of a frozen-bed zone near and under the immediate vicinity of the
margin of the glacier and a thawed-bed zone further away from the margin of
the glacier. This is similar to one of the basal temperature regimes cal-
culated by Sugden (1977). The width of the frozen-bed zone is controlled by
the climate, the surface profile of the glacier, the geothermal gradient, the
rate of water flow, both groundwater and meltwater, near the base of the
glacier, and the rate of advance or retreat of the glacier. In addition to
the heat transfer capacity of water near the base of the glacier, groundwater
flow plays a very significant role in the dissipation of the excess pore-water
pressure in the sediments underlying the glacier. Excess pore-water pressure
results in a drastic reduction in the shear strength of the sediment. The
rate of dissipation of pore-water pressure is a function of the rate of ground-
water flow, which in turn is determined by the distribution of permeability and
fluid potential and the length of the flow path. Another factor to consider
in the shear strength of sediments is the compressibility, because this deter-
mines the rate at which a sediment structure responds to an applied load. For
example, coarse-grained sediment (high permeability, low porosity) is much
less compressible than fine-grained sediment (low permeability, high porosity).
This means that any applied load is transferred more rapidly to the matrix in
coarse-grained sediments than in fine-grained sediments and the shear strength,
therefore, increases much more rapidly in coarse-grained sediments. The latter
has a significant bearing on the rate and type of erosion.

Based on the thermal and groundwater regimes, two major zones with dif-
ferent erosion and deposition characteristics can be recognized. These are
the abrasion and the quarrying zones, which correspond primarily to the com-
pressive stress regime and tensile stress regime in the glacier, respectively.
In each of these zones, the nature and degree of glacial erosion and deposition
are determined by the temperature at the base of the glacier, the permeability
and compressibility of the subglacial sediment, the groundwater flow regime,
and the subglacial topography. For example, where the subglacial sediments in
the abrasion zone have low permeability, high compressibility, and no or little
groundwater outflow, little erosion of these sediments can take place, whereas
sediments in the same zone with high permeability, low compressibility, and
considerable groundwater outflow will show considerable erosion. In the
quarrying zone, especially at its upglacial end, significant upward movement
of debris and bedrock material takes place along thrust planes. The size of
the material removed from the bedrock is largely determined by the excess
pore-water pressure, the shear strength, and the fracture patterns. The width
of the area where quarrying is concentrated near the margin is controlled by
the thermal and groundwater flow regimes. This distance is relatively short
in subglacial sediments with high perreability. Field observations have shown
that most of the activity in glacial erosion and deposition takes place near
the margin of the glacier, and the preserved forms are almost certainly from
uhe retreat phase of the ice.
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Although Clayton and M-ran's work is essentially based on observations in
areas with uneonsolidated and/or semi-consolidated sediments, the principles
of their glacial process model can be applied equally well to glaciation in a
Precambrian Shield or crystalline rock environment, because erosion, transport,
and deposition in this environment are also largely controlled by the flow
pattern in the glacier (subglacial topography), the thermal regime, and the
groundwater flow regime. Glacial erosion, however, in addition to the above
parameters, is also strongly affected by the structural and mineralogieal
homogeneity or heterogeneity of the underlying bedrock and the competence of
the rock types.

In the discussion of the glacial process model for unconsolidated sediments,
it has been shown that the permeability of the sediments plays a vita] role.
It appears that permeability in crystalline rock is even more important be-
cause of its dual role. In contrast to sedimentary rocks, where both fracture
and intergranular permeability occur, fracture permeability is the only sign-
ificant type of permeability in igneous and metamorphic rocks. The magnitude
of the fracture permeability is a function of the fracture spacing and
aperture, whereas the fracture orientation determines the anisotropv of the
permeability (Snow, 1965). Since the term fracture encompasses all planar
structural elements in rocks, such as faults, cleavage, foliation, tension
joints, shear and thrust shear joints, and sheeting, irrespective of their
genetic origin, the magnitude of the fracture permeability in general terms
is, therefore, not. only a measure of the resistance to fluid movement but also
a semi-quantitative measure of the structural integrity of the rock types.

This is best illustrated by considering faults. Faults are more often
than not tabular zones of crushed rock rather than distinct single breaks. In
addition, the granularity, gouge content, and fracture pattern of fault zones
are highly variable. Faults, therefore, in terms of groundwater flow, are
best characterized as heterogeneous-anisotropic planar conductors. This means
that, during glaciation, considerable variation in the pore-water pressure
will occur along the fault zone, which results in different degrees and types
of erosion. Furthermore, since fault zones are essentially planar conductors
with a permeability generally orders of magnitude higher than that of the
adjacent rock types, their orientation with respect c the ice flow direction
is another important factor to consider. For example, fault zones perpen-
dicular to the ice flow direction, located just upstream of rhe ice margin in
an active ice flow environment, will develop excess pore-water pressure,
because groundwater outflow ,s severely restricted (i.e. no or little dis-
sipation of the excess pore-water pressure can take place). This, combined
with the compressive stress environment prevalent in the glacier near its
margin, will result in considerable erosion of the fault zones. The debris
from the fault zones moves upward along thrust planes in the ice towards the
margin where it is subsequently deposited or reworked by fluvial processes.
The degree of erosion that might take place along fault zones parallel to the
direction of ice flow will largely depend on the groundwater flow pattern
along the fault zone, and on their capacity to release the excess pore
pressure resulting from ice loading on part of the fault zone.

In summary, the type and degree of glacial erosion and deposition depend
on the competence and structural pattern of the subglacial rock types, the
groundwater and thermal regimes and the subglacial topography. From the
foregoing it appears that the areas in a crystalline rock environment most
likely to be affected by glaciation are the zones with structural weakness.
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FUTURE GLACIATION AND GROUNDWATER FLOW

As was pointed out earlier, the energy for groundwater flow is provided
by elevation. Figure 3 shows a topographic cross section from Pinawa, Manitoba,
to York Factory, Manitoba, on the shore of Hudson Ray. The line of the cross
section cuts through a portion of Ontario (see Figure 4). Figure 3 shows that
the land surface rises gently for the first 200 km from Pinawa northward. The
highest elevation is reached where the section crosses Ontario. Once back in
Manitoba, it shows a general decline in elevation toward Hudson Bay. Analogous
to the groundwater flow pattern illustrated in Figures 1 and 2, the configur-
ation of the topographic relief indicates that the upland situation in Ontario
would act both as a major recharge area and a groundwater divide, with ground-
water flowing toward Pinawa and toward Hudson Bay. In addition to these
"major systems", the presence of complicated local and intermediate systems Is
indicated by the "local" topography. However, the effect of topography in the
cross section is overemphasized because of the vertical exaggeration used in
drawing the cross section. On a true scale, the total relief becomes totally in-
significant (see Figure 5) in terms of the regional picture. As a matter of
fact, the thickness of the pen line is three times the total relief. Even the
presence of an ice sheet 3 000 m (10 000 ft) thick has only a minor effect in
terms of regional flow systems.

What then are the possible effects of glaciation? The advance of an ice
sheet over an existing surface will change the topographic boundary condition,
cause crustal deformation, and result in loading of the subsurface environment.

The external loading of the subsurface environment by an ice sheet moving
over the surface will result in changes in fluid potential distribution in the
subsurface. The effects are similar to those observed, for example, in the
subsurface under a reservoir during the filling of the reservoir (van Everdin-
gen, 1967, 1968) or when a train moves over a confined aquifer (Jacob, 3939).
The application of the load compresses the elastic aquifer and increases the
hydrostatic pressure. The increased hydrostatic pressure under the point or
area of loading results in croundwater flow laterally away from the point or
area of loading and the increased hydrostatic pressure subsequently decreases
asymptotically to its original value. In sedimentary aquifers, the effect of
loading is generally short lived and rapid dissipation of the increased hvdro-
static pressure occurs, except in those areas where major discontinuities in
the permeability distribution occur in the subsurface. It is, therefore,
apparent that, in a fractured crystalline rock environment, which in terms of
its permeability distribution is characterized by heterogeneity in the con-
tinuity and magnitude of the permeability, the dissipation of increased hydro-
static pressure caused by ice loading will show a much more complicated picture
than in a sedimentary environment. The rate of dissipation will, therefore,
depend on the continuity of the permeability framework, the magnitude of the
permeability in the discharge areas, and the length of time the discharge areas
can function before being overrun by an advancing ice sheet. Considering the
paucity oi 'high" permeability paths, especially near a waste disposal vault,
it is highly unlikely that the additional hydrostatic pressure induced by the
icu load on a volume of rock with only matrix permeability w'Ll be completely
diss ipated.

During glaciation, the additional load is initially carried by the water
and the solid rock matrix; in hose areas where actual movement of water takes
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place in response to the increased hydrostatic pressure, however, an increasing
proportion of the load will be carried by the rock mass. This will result in
compression of fractures and, consequently, in a reduction of the magnitude of
the permeability. Crustal depression bv the ice load, resulting in a compres-
sive stress environment in the subsurface, will tend to further reduce the
fracture openings, thereby supplementing the reduction in the permeability of
the fractures caused by the decay of the increased hydrostatic pressure. It
is generally assumed that the crustal depression beneath the ice sheet is com-
pensated by an area of uplift (forebulge) peripheral to the margin of the ice
sheet. This uplift would be characterized by a tensile stress environment,
which would tend to increase the aperture of existing fractures. This would
result in an increase in the fracture permeability. The significance of this
zone with increased permeability in the general discharge area in front of the
ice sheet is difficult to assess, especially if it is considered that this
would also be the area where extensive permafrost conditions could be present.
The frozen ground conditions would tend to negate the effect of the increase
in the fracture permeability. During the retreat phase of glaciation, a re-
versal in the stress environment will occur.

The advance of an ice sheet changes the topographic boundary condition in
the area. Ice sheets can be considered as "instant" uplands. Tn terms of
groundwater flow, the aspects of the upland (glacier) that are important are
the permeability distribution and the position of the water table within the
upland (ice sheet), as well as the rate of basal melting. This, in combin-
ation with the permeability distribution in the subsurface, will determine the
additional flux through the total system. The zone of particular interest ir.
terms of the permeability distribution in the Precambrian Shield environment
during glaciation is tiie interface between the ice and the original ground
surface, and the portion of the crystalline rock environment immediately
underlying the ground surface.

The temperature regime in continental glaciers suggests that zones near
the snout of the glacier are characterized by melting aL the interface (Sugden,
1977). The sediment released by the ice during melting, which will be deposited
in part at the interface, will have a permeability several orders of magnitude
larger than the bulk of the crystalline rock environment.

The surficial sediments present on the Precambrian Shield prior to
glaciation have a permeabiHty at least one order of magnitude larger than
the bulk of the crystal1ine rock environment. The fracture permeability of the
nt.jr-surfacc crystalline rock environment, due to more intensive weathering,
is generally several orders of magnitude larger than that at depth (Whitaker,
pers. comm.).

Therefore, it appears that, irrespective of the genetic origin of the
permeability, the interface and/or its immediate vicinity constitute a zone
of high permeability. Groundwater flow will, therefore, be concentrated in
this zone according to the principles outlined before. The flux into deeper,
highly permeable zones below the interface layer will depend on the inter-
connection between these zones and the interface area, whereas the magnitude
of the flux in the deeper zones will depend on the fluid-potential distrib-
ution in this system and on the permeability characteristics of the discharge
area of this system. To complicate the groundwater flow pattern even further,
it should be pointed out that the instant upland is not stationary, but will
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change position and shape during the advance and retreat phases of the ice-
sheet, thereby changing the topographic boundary conditions. Furthermore,
differences in climatic conditions between the advance and retreat phases will
affect the water regime within the glacier, undoubtedly resulting in different
positions of the water table and changes in the magnitude of the permeabilitv
within the ice sheet. Consequently, the groundwater flow pattern in the total
system, i.e., ice and underlying bedrock, will change. Because of the movement
of the ice with its associated change in the subsurface stress environment, the
distribution of the discharge areas will also change with time. The combined
effects of changes in the topographic boundary conditions, in the position of
the discharge areas, and in the . tress environment, which in turn affect the
magnitude of the fracture permeability, will result in transient fluid-potential
distributions and changes in the groundwater flow pattern with time.

It is obvious from the foregoing that no general recipe exists for the
prediction of the effect of glaciation on the hydrodynamics in a fractured
crystalline rock environment. It is mandatory that site-specific investigations
determine the distribution of interconnected major fracture zones and their
relationship to the regional hydrodynamic environment before modeling based on
the changed boundary conditions during a glaciation can be undertaken to predict
future groundwater flow regimes in that specific area.

CONCLUSIONS

Glaciation of the Precambrian Shield will drastically alter the fluid-potential
distribution within the subsurface and possibly the magnitude of the fracture
permeability where the latter is stress dependent.

In the near—surfare crystalline rock environment, the change in fluid-
potential distribution induced by glaciation, coupled with a heterogeneous-
anisotropic fracture permeability, will result in the development oi~ excess
pore-water pressure in portions of the fracture system. Under active glacier
flow conditions, differential erosion of these areas with excess pore-water
pressure is highly likely, especially if it is considered that the fracture
zones also represent the zones with the least structural strength.

Groundwater flow will be concentrated in the zone of sediment and
weathered crystalline rock at the base of the glacier because this zone is
likely to have greater permeability than the deeper zones of crystalline rock
while under glacial load.

The flux through the deeper part of the crystalline rock environment will
be determined by the lovest permeability along the flow path from recharge
(glacier) to discharge area. However, the groundwater flow pattern will change
with time due to changes in the position of the ice sheet during glaciation.
As a result, the magnitude oi' the flux through any particular section of the
crystalline rock environment will also change with time. It is, therefore,
obvious that one can only hope to approximate the effects of glaciation in
predictive modeling by being site-specific, and even then only when the hydro-
dynamic parameters of the site environment are reasonably well defined and the
responses of the environment to present-dav input changes known.
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DISCUSSION

J. Toth: I am a bit concerned about the gradual return of an old concept
that: we managed to discourage about 20 years ago and that is the concept
of these endless, long, smooth, flow systems of several hundred kilome-
tres or longer. It was instructive to see true scale diagrams, in
Vanhof's presentation, that Indicate the almost membrane nature of the
permeable portion of the crust. We have seen, and also calculated, that
minor reliefs in the water table can have deeply penetrating effects that
will break up regional flow into short localized cells. It seems quite
unreasonable to think that a 1 km , or maybe even 2 km, deep relatively
impermeable, or low permeability, conductive zone could, under some
clearly defined topographic relief, allow flow systems several hundred
kilometres in length.

When a glacier of say 3000 in thickness appears on the scene, is it
reasonable to expect its surface to determine the boundary conditions for
groundwater flow?

A. Vonhof: I don't think the ice surface can be considered to be equivalent
to a zero potential surface. We don't know where the water table Is
within the ice. What we do know Is that, on the ice margin, where there
is a more temperate zone, there is water on the bottom of the glacier.
There, the water table may be fairly close to the bottom of the glacier.
There are areas in the colder zone, away from the margin, where a glacier
is frozen to the ground. The zero isotherm in this area is somewhere be-
low ground surface. That should be the zero potential in these areas.

D. Fisher: There is a fairly extensive theory of water tables and glaciers
for temperate glaciers. In ablation areas, hydropotential connections
can be achieved right to the heads of glaciers during the wet season.
Enormously high pressures can be reached near the snouts and produce
geysers. In temperate or wet glaciers, the water table can certainly be
higher than the bottom of the glacier.

The problem is more complicated than flow In sediments because, ice
being just frozen water, these two interact. One of the major effects of
the whole system is the abrasion of the ice by water. One can observe
seasonal variation of this effect on flow rates, even daily pulses coming
through. There is water moving through a glacier and there is a concept
of the water table in a glacier that is coupled with the one in the
ground.

A. Vonhof: Is water movement in a glacier described by the same laws as
water movement in the ground?
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D, Fisher: Yes, except pores In the groandwater system ace probably nut
abraded. Abrasion of pores In glaciers can lead r.o Instabilities and
large water flows. Some gravitational potential energy of water origina-
ting high in a glacier goes into melting the conduits. This is countered
by plastic flow of the ice, which tends to .Jose them. There is a bal-
ance that can become unstable. An exaggerated example of instability is
a surface lake or a lake dammed by a glacier. There is always going to
be some leakage and if the small conduits abrade faster than the toe is
closing in, a lake can disappear in a day with quite large flows. The
water table becomes then a mammoth river.

A. Vonhof: What can we say about water tables in continental glaciers?

D. Fisher: This is a more complicated case. Consider an ideal dome, thick
in the middle. There is a good chance it is melting at the bottom of the
centre, so it would be wet there. Further up, the temperature of the ice
would probably quickly drop to below 0°C. There would not be much water-
table development above that. There would be coupling to thp grnundwater
system at the centre of the dome. Further out, there would probably be a
frozen zone. This is a theory that has been worked out to a larpe
degree. The frozen zone, or annul us, might even work a bit like a seal.
Beyond the frozen zone would be a temperate zone. Those three zones are
quite different. I don't think anyone has applied the theorv for temper-
ate glaciers to a complex situation like this.



- 229 -

SUMMARY STATEMENT HYDROGEOLOGY

J. A. Vonhof

It became obvious from discussions during the workshop that the main
impact of significant changes to the repository environment, introduced by
climatic changes, meteorite impact, and earthquakes, will primarily be deter-
mined by the effect of these changes on the groundwater flow regime on both a
local and a regional scale. Once the integrity of the repository has been
breached, the initial transport and distribution of contaminants in the geo-
sphere will be determined by the groundwater fJow pattern. The parameters
that will be subjected to change are fluid-potential distribution, magnitude
of fracture permeability, and porosity.

With respect to the present-day environment of possible repository sites,
it was felt that insufficient data are available on
- continuity of fracture permeability and porosity,
- variability of the magnitude of the fracture permeability and porosity,
- position of local environment in the regional flow system,
- response of local environment to present-day input changes,
- distribution of fracture permeability: is distribution random, or cor-

relative to lithostratigraphic units or structural units.
Only with sufficient data and reasonably defined confidence limits on the
data will predictive modeling become a useful lool (Note: the natural
environment is not a random number generator!).

Evaluation of past climatic records and future projection indicate a
strong possibility of repeated glaciation within the next million years. The
immediate effect of glaciation with loci in the Hudson Bay region will be a
reversal in the hydraulic gradients of any system presently flowing to the
north on both a local and a regional scale, and changes in the magnitude of
the fracture permeability and porosity due to changes in the stress environ-
ment in the lithosphere. Furthermore, major changes in the topographic
boundary condition will occur. The question whether glaciation with its
accompanying changes in the hydrodynamic parameters will increase the total
flux through the actual repository will have to be determined by modeling of
a well-defined site, the response of which to present-day input changes is
known. However, the presence of a highly permeable zone at the - iterface
and/or its immediate vicinity strongly suggests that the additional ground-
water flux into deeper systems will be minimal (Note: this is based on the
assumption that the actual vault will be located in an area with very low
permeability, both on a local and on a regional scale).

One question that definitely will have to be answered is what type of
flow actually occurs within a fracture. Information presented at the work-
shop and obtained from discussions indicates that the fractures that rep-
resent the significant permeable paths arc filled with weathering products,
secondary minerals, etc, that resemble porous media matrix material. If
this is indeed the case, then the replacement of real fractures with some
form of parallel plate analogy in modeling is wrong, and consequently
transit-time calculations for contaminant movement will also be wrong.
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Another factor that should be considered, but thus far has received
relatively little attention, is the effect of the surf,ice-water regime
during deglaciation in the unlikely case of escape of contaminants to the
ground surface. If the past can be considered a key to future events, then
at least for the Manitoba scene the retreat of the continental ice sheet and
the surface topography will result in the development of vast lakes peripheral
to the ice front, analogous to Lake Agassiz, Contaminated groundwater dis-
charging into this environment will he diluted to such an extent that con-
centration levels in all likelihood will be below the detection limits.

In conclusion, the general consensus seems to be that no major problems
are foreseen with a nuclear-fuel waste disposal vault located in .) crystalline
rock environment with low permeability. The problem will be to prove this to
academics.
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ABSTRACT

From observations on large earth-crossing, asteroidal like and cometary

bodies, and from the relative crater densities on young mare surfaces on the

moon and the stable cratonic areas on earth, the terrestrial cratering rate
-15 -2 -1

is estimated to be 5.0 t 2.5 x 10 km a , for craters larger than

20 km in diameter. Analysis of the crater-forming process permits the

identification of a number of potential effects of impact on the geosphere.

These are ballistic excavation, local redistribution, large-scale

displacement, large scale fracturing, and seismic activation. The relative

spatial relations of these effects are determined and allow calculation of

the minimum-sized crater that could produce any specific effect on a vault

designed to contain high-level nuclear waste, and buried at a depth of 1
_2

km. Using a size-frequency distribution of N <* D for terrestrial

craters, and the estimated cratering rate, the probability of these

impact-induced changes affecting a vault is computed. For a time period of

10 a, probabilities of impact-induced changes are extremely low for the

proposed vault geometries. For example, the probability of excavation and

widespread redistribution of nuclear materials occurring is only 1.4 x
-6

10 . Only in the case of seismic activations do probabilities approach
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_2
10 . Other impact-related changes to the terrestrial environment are

discussed and it is concluded that they are equally unlikely to affect vault

integrity. Given that any vault will be designed to withstand a certain

amount of seismic activity, it is concluded that large scale meteorite

impact is probably not a significant parameter in considering long-term

vault integrity.

INTRODUCTION

Some 10 kg of interplanetary material enter the earth's atmosphere

each day. Almost all of this material is dust-sized and does not survive

atmospheric passage. On geologic time-scales, however, large interplanetary

bodies impact the earth. There is a population of asteroid-like bodies

which have orbits that intersect that of the earth. By virtue of their mass

and high mean impact velocity, approximately 25 km s , the impact of

these bodies transfers considerable energy to the earth's surface and leads

to severe disruption of the local geologic environment.

The relevance of these stochastic, impact-related disturbances to the

integrity of a nuclear-waste vault buried at a depth of 1 km in crystalline

rocks is assessed in this contribution. This assessment is made by

considering the frequency of large scale impact on the earth, the specific

effects of large scale impact on the geosphere, and the probability that

these specific effects will affect the vault on a time scale of 10 a.

The effect of other variables is also considered, such as the effect of an

ice covering on the efficiency of impact in disturbing the geosphere and

other possible impact-related changes in the terrestrial environment.

THE FREQUENCY Of IMPACT

The frequency of large-scale impact on the earth can be determined from

(a) astronomical observations on the number, size and orbits of

earth-crossing bodies, (b) the number of impact craters on the your.3 mare

surfaces of the moon, and (c) the number of impact craters on the earth.

As the population of earth-crossing bodies is largely responsible for the

impact craters on both the earth and moon, these data sets are not

independent. By considering all three separately, however, it is possible
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to obtain some measure of >he uncertainty in the impact frequency

determination.

Based on the size-frequency distribution of Apollo asteroids (Shoemaker

et al. , 1979) and the frequency of long-period comets (Weissman, 1981), the

rate for the production of craters 20 km or larger in diameter on the earth
—15 —2 -1

is 6.1 + 3.0 x 10 km a From the post-mare cratering density

on the moon (Basaltic Volcanism Study Project, 1981) and correction for the

effects of the earth's greater planetary gravity, the terrestrial cratering

rate over the past 3.2 Ga for craters 20 km or larger in diameter is
-15 -2 -1

3 . 1 + 0 . 3 x 1 0 km a . Although much of the terrestrial

cratering record has been destroyed through erosion and tectonic processes,

most large young impact structures have survived and been identified. From

this record, Grieve (1983) has calculated that the rate over the past 120
—15 -2 ~ I

Ma, for craters 20 km or larger in diameter, is 5.4 + 2.7 x 10 km a

-15 —2 -1
A value of 5.0+2.5 x 10 km a has been adopted, therefore, foi

the following discussion. This value is intermediate (see Table 1) between

the younger terrestrial estimate, which may represent a minimum because of

incomplete recognition of craters, and the astronomical estimate, which may

represent a maximum because of observation bias towards large, fast moving

bodies in earth crossing orbits (G. Wetherill, pers. comm.). As the
-2

cumulative number of craters, N, is related to the diameter by N « D ,

the frequency, <J>, of craters of diameter D. km or larger

is given by log <& = -2 log D^ -11.7 km" ̂ a"1.
i

TABLE 1

ESTIMATES OF FREQUENCY OF FORMATION OF TERRESTRIAL CRATERS WITH D > 20 km

Data set

Astronomical

Lunar craters

Terrestrial craters (1)

Terrestrial craters (2)

Combined astronomical

and terrestrial (2)

Frequency

6.1

3.1 :

3.5 H

4.2 j

5.0 i

I 3

t o
I 1

I °
t 2

0

3

5

5

5

(km 2

x 10"'

x 10"

x 10"

x 10

x 1Q-

a"1)

15

15

I5

15

15

Comments

Includes comets

Average over last

Average over last

Average over last

Adopted estimate

3.2

375

120

Ga

Ma

Ha
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THE EFFECTS OF IMPACT ON THE GEOSPHERE

Impact cratering is a highly transient, high-energy phenomenon. For

example, the energy released in forming the relatively small 3,8 km Brent

crater, Ontario, is estimated at 10 to 10 J (Dence et_ai., 1977;

Grieve and Cintala, 1981), the same order of magnitude as the annual output

of seismic energy by the earth. To provide a framework for assessing the

severity of impact-related effects on a buried vault, the impact cratering

process is summarized below. Details of the process can be found in Cooper

(1977), Croft (1980), Dence et. al. (1977), Grieve et. al,. (1977, 1981) and

others.

_1
At typical impact velocities of 20 to 25 km s , the impacting body

penetrates the target rocks to a depth of two to three times its radius. An

exponentially decaying shock wave propagates into the target and the

meteorite. The bulk of the kinetic energy is thus transferred to the target

through the shock wave, where it is partitioned into kinetic and internal

energy. Close to the point of impact, peak shock pressures are on the order

of hundreds of Gigapascals (1 GPa = 10 kbar) and shock-induced particle

velocities are of the order of km s . Initial particle motions in the

target radiate from the point of impact. Rarefaction waves, generated at

free surfaces, overtake the shock wave, returning the compressed target

material to ambient pressure. The combined particle motions induced by the

shock and rarefaction waves define the cratering flow-field (Orphal, 1977),

which is divided into two major zones by the so-called hinge streamline (see

Figure 1). Material above the hinge streamline has upward and outward

motion and is ballistically ejected from the growing crater. Material below

the hinge streamline is driven downward and outward and the cavity grows by

the displacement of target material. Thus a transient cavity forms by a

combination of ejection and displacement (Figure 1).

The excavated and displaced zones of the transient cavity delimit the

pre- impact positions of all particles that are ejected and displaced,

respectively, from the growing cavity. The particular geometries indicated

in Figure 1 are never achieved, as particles are moving along all the

streamlines simultaneously. They do, however, provide a convenient

framework for considering the spatial relations of material set in motion by

the cratering flow-field.
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I BRENT CRATER •
GEOMETRIC MODEL

TRANSIENT CAVITY

ORIGINAL SURFACE

AUTOCHTHONOUS
BASEMENT

EXCAVATED
ZONE \

i

~fi?PRESENT
^CONFIGURATION
-..' OF SHOCK ISOBARS'

Fig. 1. Cavity formation at the Brent simple crater based on Z-model,

energy-partitioning model and observational data (Grieve and

Cintala, 1981). Excavated zone (stippled) is bounded by hinge

streamline with streamlines below it displacing material, some of

w'nich produces structural rim uplift. The pre-displacement

positions of shock pressures in the target (short dashed lines)

and their post-displacement position (dash-dot lines) in the

transient cavity floor are shown.
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The transient cavity undergoes further modification to achieve the final

crater form. In the case of simple, bowl-shaped craters, modification is by

the inward slumping of the transient cavity wall (Figure 1). This results

in a slight enlargement in diameter and the formation of a breccia lens that

partially fills the crater. Such is the case in terrestrial craters with

diameters of less than 4 km in crystalline rocks. At larger diameters,

craters have a complex form. In their final form, complex craters are

characterized by shallower depth/diameter ratios than simple craters and by

an uplifted central area expressed as a topographic peak and/or ring (see

Figure 2). To a first-order approximation, the early-time excavation and

displacement of target material in the formation of complex craters

parallel those of simple craters (Grieve §_t al., 1981). The principal

difference lies in the style of late-time modification. Displacements

induced below the hinge streamline are not locked in as in simple craters,

and the transient cavity floor rebounds, resulting in a final, shallow

crater with an uplifted central region (Figure 2). The details of the

uplift mechanism(s) are not well understood and remain the subject of

considerable discussion (see papers in Schultz and Merrill, 1981). What is

important is that "deep" excavation and structural disturbance are limited

to the central area of complex craters, and the final, apparent diameter of

the crater is a fault-bounded scarp that lies at approximately twice the

diameter of the central region of "deep" excavation (Figure 2).

With this background, it is possible to specify a number of effects that

impact may have on a buried vault. To assess the probability of these

phenomena affecting a vault, it is necessary to estimate the minimum-sized

crater required to produce a specific effect on the vault and to compute the

probability that such a crater will be formed in or around the area of the

vault in 10 a. The former can be estimated from the relationships

between a number of parameters, such as depth of excavation and crater

diameter, and the latter can be calculated from the cratering rate and
_2

size-frequency distribution of N = D discussed earlier.

The various zones in which specific effects occur are shown

schematically in Figure 3 for the transient cavity of a simple crater and

are considered in detail below.
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Zone intense foulting/brecciaiion

B
km

Fig. 2. A. Cross section of present morphology of Red Wing Creek, North

Dakota - a complex impact structure. Section indicates

structurally uplifted volume in centre and peripheral ring fault

marking 0 .

B. Reconstruction, based on stratigraphic data, of original

cavity produced directly by cratering flow-field. Note that deep

excavation and structural disturbance are limited to the central

portion of the final crater shown in A. Arrows indicate paths

followed by cavity floor rocks in modifying to final form. Note

overall similarity to cavity formation of simple craters (Figure

1), except in modification stage. SU in A corresponds to maximum

stratigraphic uplift and conforms to SU = 0.06 D ' , very

similar to the relation d = 0.05 - 0.065 D derived from
r a

simple craters and adjusted for complex craters. See Grieve e_t

al. (1981) and text for further details.
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dr 1 EXCAVATED

2 REDISTRIBUTED

3 DISPLACED

4 FRACTURED

5 SEISMIC

Fig. 3. Schematic representation of the various zones of disturbance

associated with crater formation and discussed in text. Diagram

applies to simple craters but some of the spatial relations may

apply equally to the early stages of complex crater formation.
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(1) Excavated Zone

The geometry of the flow-field induced by shallow-buried nuclear

explosions is fairly well established. The flow-field can be analytically

described by the so-called Z-model developed by Maxwell (1977) and others,

and there is good evidence that the Z-model also approximates the flow-field

in an impact crater ing event, if the origin of the flow-field is placed at a

depth of approximately 1 projectile diameter (Croft, 1980; Garvin and

Grieve, 1982). The depth of excavation, d , is defined as the greatest

depth from which material is excavated and is determined by the lowest point

on the hinge streamline , which lies off-centre from the point of impact as

shown in Figures 3 and 4. For typical flow-fields, d is approximately

0.1 D , where D is the diameter of the excavated cavity (Croft 1980).
e e

In simple craters, D ~ D , where D ia the diameter of the

transient cavity (Figure 4; Grieve £t al., 1981). Although there is a

slight increase of 10-15% in diameter (Grieve and Cintala, 1981) in going

from D, to D , the final, apparent diameter, the simplification will be

made that D, ~ D . Thus, for simple craters:
L 3

de ~ 0.1 Da (1)

At complex structures, the observational data indicate that

D ~ 0.5 - 0.65 D (Figure 5; Grieve et al., 1981), where D is the
e a — — a

fault-bounded, final apparent diameter, and D is the diameter of "deep"

excavation. If the excavation geometry is equivalent to that in simple

craters (Figure 1) then for complex craters:

d ~ 0.05 - 0.065 D (2)
e a

(2) Redistributed Zone

Although no material deeper than d is ejected, a cone of highly

shocked material is set in motion and redistributed along the expanding

transient cavity wall (Figure 3). Following transient cavity modification,

it forms the highly shocked and impact-melted components of the final cavity

fill (Grieve e_t al.. , 1977). To determine the maximum depth of this

redistributed zone, d , it is necessary to estimate the displacement that

has taken place in forming d., the depth of the transient cavity. Given
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-DQ=DC= 15.4 km-

- De= 10 km •

-Do=Dc=5.5km-

0e= 3.6km-

a)

impact

dr=O.5ki

buffer t£neV^ \ \ j / \

•Da=2Dc =

De= 11-1 km-

b)

Fig. 4 Schematic illustration of the intersection of repository or

buffer zone by various aspects of the cratering process (cf.

Figure 3). See text for details.

(a) Maximum depth of zone of excavation intersects repository.

(b) Base of zone of redistribution intersects buffer zone, from

impact centred over repository.

(c) Zone of redistribution intersects repository from impact

centred beyond the repository.
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Fig. 5 LANDSAT image of Clearwater Lake, twin impact structures formed

at 290 + 20 Ma in Northern Quebec, showing the halo of the

disturbed outer fracture zone around the western structure.

that d. can be approximated by the depth of the autochthonous basement in

the final crater and can be measured directly from drilling results,

subtraction of the displacement component in d provides a measure of

d . Displacements following passage of a shock wave are known from the

Piledriver nuclear explosion in granodiorite (Borg, 1972). These results

have been applied to the Brent crater by Dence e_t a^., 1977 and give:

d ~ 0.1A D
r a

(3)

where D ~ De.

0.65 D , (3) becomes:
ft

In complex craters, taking the worst case of D

d ~ 0.9 D
r a
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Alternatively, d can be estimated from theoretical considerations.

The maximum peak pressures at the base of the cavity at Brent are estimated

at 23 GPa (Robertson ami Grieve, 1977). The observed shock, zones in the

autochthonous rocks beneath the cavity floor at Brent have been compressed

by the downward displacement. The theoretical, pre-displacement position of

the shock zones, however, can be estimated from energy-partitioning models.

Such a treatment applied to Brent places the pre-displacensent position of 23

GPa at approximately 0.13 D (Grieve and Cintala, 1981; Figure 2), a value

essentially in agreement with d ~ 0.14 D .
r s.

(3) Displaced Zone

The displaced zone corresponds to the displaced volume within the

transient cavity plus the underlying volume of shocked and compressed

autochthonous rocks which contain the material that was displaced during

transient cavity formation (Figures 1 and 3). Again, by reference to the

Piledriver event, it is possible to estimate the radial distance beyond

which shock- induced displacements are negligible. The distance corresponds

to a shock level of 2 GPa (Dence e_t §_1. , 1977). When applied to

energy-partitioning and shock attenuation models of the Brent crater, the

maximum depth of displacement, d ,, corresponds to:

d. ~ 0.42 D (5)
d a

and for complex craters:

d. ~ 0.2 7 D (6)
d a

(4) Major fractuririR

A zone of fracturing corresponding to the "strength crater" of Croft

(1980), in which shear and tensile failure occur, can be observed

surrounding some terrestrial craters (Figure 5). It has been equated with

the faint, outermost ring observed in some large lunar impact basins (Floran

and Dence, 1976). With increasing range the fracture density decreases, the

fractures become less connected, displacements are smaller and the fracture
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zone grades into an elastic or seismic zone. As a first approximation, the

fracture zone can be considered to be that volume which is stressed by the

structural uplift of the rim area of the crater.

At the Manicouagan impact structure, Quebec, an annular pattern of

rivers and lakes, discernible on satellite images, reflects the fracture

zone separating disturbed from essentially undisturbed basement rocks. This

circumferential zone has a diameter of 150 km, whereas estimates of the

original crater diameter are in the range 75-100 km (Orphal and Schultz,

1978; Grieve and Head, 1983). Analysis of fracture density around the 23-km

Elgygytgyn crater in the USSR indicates that impact-induced fracturing

exponentially decays as ~ R~ , where R is radial range from the crater

centre, reaching a pre-impact fracture density at ~ 2.7 R (Gurov and

Gurova, 1982). Thus the diameter of major fracturing, Df, for complex

craters corresponds to:

Dc ~ 2.7 D (7)
t a

For simple craters, morphometric data on fresh lunar craters indicate

that the structurally uplifted rim has a width of 0.26 D (Pike, 1977).

This defines a diameter of fracturing for simple craters of:

t>r ~ 1.52 D (8)
f a

There is little information on the depth of major fracturing. Tensile

fractures will not form where the lithostatic pressure exceeds the strength

of the rarefaction wave that would produce cracks at zero confining

pressure. Thus, lithostatic pressure will affect the depth of fracturing at

large craters. If it is assumed that the fractured zone has hemispherical

geometry centred on the point of impact (Figure 3), the depth of fracturing,

d , will be given by

df ~ 0.76 Dfl (9)

(5) Seismic Zone

At some distance from the point of impact, the shock wave gives way to

an elastic seismic wave. Thus, outside the zone of major fracturing there
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will be a seismic zone in which seismic energy from the impact event may act

to relieve intrinsic stresses in the basement rocks well beyond the

immediate area of the crater. The seismic effects of large impact events

have been modelled by finite-difference computer codes, which indicate that

distant effects of impacts and explosions are similar and are insensitive to

the mode of energy release. The strongest effects are not caused directly

by the shock/seismic waves but occur by complex interferences of waves

reflected from the free surface of the ground (Hughes §_t al., 1977). The

fraction of explosive energy converted to seismic energy in nuclear

explosions is ~10~ - 10~ (Griggs and Press, 1961). For discussion

purposes, the seismic efficiency of impacts is taken as the upper limit of
-410 . Through energy-scaling relationships, it is thus possible to

estimate the crater diameter that will correspond to a specific magnitude of

seismic energy.

Using the relation, log SE = 1.44 (M) + 5.24, where SE is seismic energy

in joules and M is surface wave earthquake magnitude (Bath, 1966), a

magnitude 5 earthquake, for example, is produced by an impact event with a

kinetic energy of 2.75 x 10 J. Using the energy scaling relationships

given in Dence et̂  ajl. (1977), this is the energy required to form a

1.2-km-diameter crater. Similarly, a magnitude 6 earthquake could accompany

the formation of a 3.5-km crater and a magnitude 7 could occur from a 9.4-km

crater. From analyses of earthquake damage, it can be assumed that a

magnitude 5 earthquake will have an effective radius for the release of

stress on the order of 50 km (P. Basham, pers. comm.). From measurements of

ground motions in nuclear explosions, it is possible to estimate the

magnitude of far-field ground motions induced by impact events. For shallow

explosions, the displacements, d, may be estimated by:

d/0.83 R = K (0.83 R/ri3 (10)

where R is crater radius, r is radial range from the point of impact, and

the constant, K, is approximately 0.25 for shallow explosions (Cooper,

1977). Thus for a 1.2-km crater (a magnitude 5 earthquake), the peak

displacements at 50 km are on the order of 0.1 mm. It is ~lear, therefore,

that the displacements are small at these distances and that far-field,

impact-induced seismic activity will have a significant effect upon a vault
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only if the surrounding rocks are already under abnormally high stress.

PROBABILITY OF A BURIED VAULT BEING AFFECTED BY METEORITE IMPACT

The probabilities that specific impact-related changes in the geosphere

will affect a buried vault have been calculated from the terrestrial

cratering rate, and from the various spatial relationships of the cratering

process described above. The potential consequences cover the spectrum from

excavation of the vault with widespread dispersal of the stored waste, to a

controlled response to seismic stress generated by an impact several tens to

hundreds of kilometres distant. Each aspect, excavation, redistribution,

displacement, fracturing and seismic stress, and its probability have been

considered separately.

Conceptual repository design envisages a vault, 1.5 km by 3.5 km in

lateral dimensions, buried at a depth of 1 km. For simplicity of

calculation, the vault can be considered as a vertical cylinder of an
2

equivalent surface area, 5.25 km , with a radius of 1.29 km. Although

engineered to restrict leakage and mass transport of radionuclides, over a

period of at least a million years there is a possibility that some

migration will take place into the surrounding geological body. It is

necessary, therefore, to also take into account the possibility of impact

effects within this surrounding "buffer zone", which we will define as a

uniformly 0.5-km-wide zone surrounding the vault. Again, for the purpose of
2

calculations, the buffer zone, of 11.25 km in area, will be considered as

a vertical cylinder, 1.89 km in radius.

The probability calculations consider, in the first instance, the

smallest crater centred over the repository that will intersect the vault at

depth. The probability, <t>, that a crater of this threshold, or critical

diameter, D , or larger will occur in the given area within the lifespan

of the facility is derived from the cratering rate of

5.0 x 10 km a , and the size-frequency distribution, N <* D ,

as follows:

log <J> = A (-11.7 - 2 log Dc)t (11)

where A is the area of the vault or the buffer zone, and t is the lifespan
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of the respository, 10 a. As an example, consider the probability that

the repository, at a depth of 1 km, will be intersected by the zone of

excavation. In this instance, d is 1 km and, therefore, from d =0.1
6 6

D (1), D = 10 km. Since D is greater than 4 km, the resulting
e e e
structure will have a complex form, and the relation D ~ 0.65 D must

e 2 a
be applied to derive D = 15.A km = D . With A = 5.25 km , the area

a c

of the vault, and substitution of these values in (11), it follows that:

<t> = 4.9 x 10~7

or, roughly, one chance in two million.

Similar calculations have been carried out for the probabilities that

the zones of redistribution, displacement, and fracturing will intersect the

repository (see Table 2). As each of these zones represents a progressively

deeper aspect of crater formation, the respective critical diameters become

correspondingly smaller. Thus, the probabilities for each successive case

increase but, as we are considering the effects at progressively greater

distances from the point of impact at the surface, the physical severity of

the consequences will be lessened. An equivalent set of calculations has

been performed to determine the critical diameters and probabilities for the

effects of the various phases in the cratering process on the buffer zone

(see Figure 4(b) and Table 2). As the top of the buffer zone lies only 0.5

km below the surface, the critical diameters are smaller and the

probabilities are higher than in those cases that consider damage to the

repository itself. Again, however, the increased probabilities are offset

by the fact that damage to the buffer zone is potentially less serious than

damage to the repository.

These sets of probability values take into account only impacts centred

over the repository or buffer zone (except for the case of the excavated

zone, whose deepest point lies at a distance of 0.2 D from the centre of
e

the crater, which effectively increases the radii of the vault and buffer

zones in the probability calculations). The repository can also be

intersected by the edge of a crater which is larger than the critical

diameter and occurs at some distance from the vault (Figure 4(c)). The

critical diameter for intersection increases with distance from the

repository and the probability of occurrence diminishes correspondingly.
Calculation of this added contribution from bodies impacting beyond the areaof the repository requires integration over an infinite set of annuli about



TABLE 2

PROBABILITY OF INTERSECTION OF REPOSITORY1 OR BUFFER ZONE2 BY VARIOUS ASPECTS OF CRATERING EVENT

Probability <*> per 106 a

impact centred
on repository
or buffer zone

larger impacts beyond repository or buffer
zone

2D 5D 10D 20D

Excavation:

repository Dc =15.4 to
buffer zone Dc= 7.7 km

4.9x10',-7
1.1x10'-6

4.0x10-
5.6x10

5.5xlC
6.6x10-

.-7

Redistribution:
repository Dc

buffer zone D-
=11.0 tan
= 5.5 kra

8.7xlO"8
7

5.0x10-'
8.3X10"7

9.5x10-'
6.8X10"7 5.7x10"

Displacement:
repository Dc

buffer zone Dr

2.4 km
1.2 km

1.9xlO"6

1.6X10"5
8.4x10-' 6.5x10"' 5.4x10"'
4.3xlO"6 9.9x10-' 6.7x10"' 5.8x10"'

FracturinK:
repository Dc

buffer zone Dc

= 1.3 km
= 0.7 km

5.9I10"6

S.lxlO"5
6.6x10
1.1x10

4.2X10-6

8.5X10-6
,-63.0x10

4.3xl0"6
2.8X1O"6

3.2x10-'

1 Repository: area 5.25 km2, radius 1.2 km, at 1 km depth

2 Buffer zone; area 11.25 km2, radius 1.89 km at 0.5 km depth

** Dc: critical overall crater diameter (Da) for which cratering
phase (excavation, redistribution, etcJ Is at a depth of 1 km,
for repository, or 0 5 km, for buffer zone

Total *

1.4ilO"6

2.3X10"6

1.5xl0"6

2.8x10-'

3.9x10-°
2.3xlO"5

2.3x10
7.8x10

6 See test for various spatial relations for
excavation, redistribution, etc.

I

N3
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the repository and the corresponding critical crater diameters. A precise

formulation of this problem was considered unnecessarily complicated in view

of the low probabilities. Order-of-magnitude approximations can be achieved

by less rigorous methods.

One approximation is to select a series of crater diameters, establish

the maximum distances at which each will intersect the buried repository,

and calculate the additive probabilities from the sequence of annular zones

described. The accuracy of the approximation lies in the number of crater

diameters (or annuli) considered, and the maximum crater diameter or

distance beyond which any additional contribution can be considered

insignificant. In the present exercise, diameters in the discrete sequence

2D , 5D , 10D , 20D etc. have been chosen. As a limitation on

the maximum or cut-off diameter only impact events with a probability of
6

having occurred somewhere on the earth within the period of 10 a are

considered. On the basis of the cratering rate, this corresponds to craters

approximately 32 km or smaller. Thus, the outermost annulus is based on the

diameter from the above discrete sequence that most closely approximates the

maximum- sized possible crater of 32 km. Parabolic curves are fitted to the

zones of excavation, redistribution, etc. The distances at which craters of

2D , 5D , etc. are effective are the points where the equations

describing the geometric relations of specific effects are satisfied by the

depths of the repository or buffer zone.

As an example, the total probability, 4> , that the zone of

redistribution will interfere with the repository is:

•tot - *D + *2D * *5D U 2 )

c c c

where <t> is the probability for an impact crater rf threshold diameter
c

(D = 11.0 km, see Table 2) located at the centre of the repository and
c

4> and <)> are the probabilities that larger impacts located beyond
c c

the margin of the repository will intersect the repository. For a final

crater diameter of 22 km (=2D ), the base of the zone of redistribution will

intersect the repository for impacts within 6.4 km of the repository centre,

and up to 22.3 km for craters of 55 km (=5D ). The added areas of the
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2 2
respective concentric annuli are 122 km and 1447 km . Substituting these
into relation (11) gives:

log <|>tot = {5.25 (-11.7 -2 log 11.0) + 122 (-11.7-2 log 22.0)

+ 1447 (-11.7-2 log 55.0)} 106

and <t> = 1.5 x 10~6.

Probability values for impacts affecting the repository and the buffer zone

for the various aspects of the crater ing process are summarized in Table 2.

Another approach is to treat the problem as similar to the probability of

collision (P ) between an asteroid and a population of asteroids, according

to the formulation of Wetherill (1967):

P T= j£
 max CR"P P.(R + r) 2 dr (13)
i

where CR * is the size-frequency distribution of the asteroid population,

r is the radius of the impactor ranging from the largest available (r )

to the smallest (r.) that would completely destroy the target asteroid of

radi" .;, and P. is the intrinsic probability of a collision given the

orbital parameters ar.d population density. Adapting the equation to the

problem at hand, R is the repository diameter, and r is the diameter of a

meteorite crater from the smallest size (r.) needed to produce the effect

under consideration (excavation, redistribution, etc.) to the largest

(r ) expected to occur on earth in 10 a (D = 32 km). The term CR dr
max a

is the derivative of the size frequency distribution of the crater

population. The intrinsic probability, P., is the probability of any

collision on earth in 10 a intersecting an area equivalent to that of the

repository at the surface.

Using this formulation, the probability of the zone of redistribution

intersecting the repository can be calculated as follows. Since the

estimated cratering rate indicates that there will be a major impact event

somewhere on the earth in 10 a, P. reduces to the ratio of the area of
—8

the earth to that of the repository, that is, 1.03 x 10 . A preliminary
calculation indicates that for d = 1 kn., the crater will have D > 4 km
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and thus a complex form. Thus, using equation (4) gives r. = 5.49 km. As

noted above, r = 16 km and R, the repository radius, is 1.29 km. Since
max

N <* D , then N = R and CR ^dr = CR dr, where C = 510 based

on cratering rate. Expanding (13) yields:

r r r
r> r* n , „ ? r I T i a X ~ P J o n fTOaX 1 ~ P . rmaX 2 - P . , , , . .
PT = C P. (R Jp r dr + 2R [^ r dr +Jr r dr) (14)

i i i

and substituting the above values, the probability of redistribution is

7.4 x 1(T6.

One shortcoming of this approach, which is equivalent to the probability

of intersecting circles, is that a particular cratering effect is assumed to

occur when the crater margin touches the repository margin projected to the

surface. In other words, the configurntion of the various cratering zones

is considered as a vertical cylinder, rather than a parabola. This

assumption effectively decreases the critical crater diameter, and

probabilities obtained from this treatment, therefore, must be considered a

maximum. Comparing the probabilities of intersection of the repository for

the zone of redistribution by the two methods shows that the value from the

above integrated approach is five times that of the discrete concentric

annuli approach. In both cases the probabilities are very low. Given the

low values and because the above approximate calculations bracket the range

of probabilities, it is considered unnecessary to carry out a more

complicated calculation, which involves an integration over the total size

range of possible craters and the specific sub-surface geometric

configuration for any given impact-related effect on the repository. As an

example of the probabilities of the occurrence of specific effects, only

those calculated by the successive annuli method are presented (see Table 2).

Earlier, it was noted that ground motion resulting in peak displacements

on the order of 0.1 mm may be produced at the repository from a magnitude 5

earthquake at a distance of 50 km, and that such an event could be generated

by an impact resulting in a crater 1.2 km in diameter. Obviously, an

equivalent or higher level of seismic activation at the repository may

result from larger earthquakes (larger impacts) centred at up to even

greater distances. This distance, the effective seismic radius, r , is a

function of the size of the impact. As noted previously, a 1.2-km crater
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has an effective radius of seismic activation of 50 km and it follows that:

rs = 50 r = 83.33 r (15)
0.6

where r is the so-called seismic radius of a crater of radius r. This

relationship is based on the case for a simple crater. For the case of

complex craters, where D ~ 0.65 D ,
a a

r = 83.33 (0.65 r) = 54.16 r (16)

In a period of 10 a the total area affected seismically is A , where A

2
is the number of events times the seismic area of each event (TTr ) and the

number of seismic events, N , equals the number of impact events, N .

Thus, A = J N dA, where dA = 2tf rs drs, Ns =CS rs, and Cg is

_2
the constant of proportionality in the relation N a rs. This leads

t o : A = / C r" 2 2TT r drs s s s

C 2ffJ r " 1 dr (17)

_2
From (15) and substitution in N = C r ,

C = N (83.33 r ) 2 (18)
s s

Since N equals the number of impact events, the estimated cratering
S 8 2

rate can be used to solve for N , for the entire earth (5.1 x 10 km )
6 s

in 10 a and, by substitution in (18), for C for the case of simple

craters, C = 1.77 x 10 .
s

, rs max -1
Thus, As = 1.77 x 10

6 2TT J r drs r . s s
s nun

where r min = 50 km, the smallest seismic radius to be considered, and

r max = 865 km, the seismic radius resulting from the largest crater with

a probability of at least 1 in 10 a (D = 32 km).

Therefore A = 1.77 x 106 x 2 (In 865 - In 50)
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Since the repository must lie somewhere on earth, the probability that it

will lie within this integrated seismic area is :

the area of the earth. Thus the probability is:

will lie within this integrated seismic area is simply the ratio of A_ to

3.17 x IP7 = 6.22 x 10 2

5.1 x 108

This represents a maximum, as it assumes that there is no overlapping of

successive seismic areas, and uses relation (IS), which applies to simple

craters. A portion of the craters will be complex, which according to (16)

have a somewhat reduced seismic activation area relative to their final

diameter compared to simple craters.

OTHER CONSIDERATIONS

Given that the present climate of the earth may represent an

interglacial stage, it is likely that on a time scale of 10 a, a vault

located in high latitudes will be subjected to continental glaciation.

Relatively low-velocity, small-scale cratering experiments in ice and

ice-silicate mixtures indicate that, for a given impact energy, crater
2

volumes are up to 10 times larger than those in basaltic targets (Lange

and Ahrens, 1982). They also indicate that final crater depth-diameter

relationships are similar in all target media. Larger craters form in ice

as tensile failure is a major factor in determining final crater size and

the dynamic tensile strength of ice is ~17 MPa (Lange and Ahrens, 1983)

compared with -40 MPa for silicate rocks (Grady and Hollenbach, 1979).

Although cratering in ice will be more efficient than in rock, the net

effect of the presence of a continental ice sheet will be to protect the

vault from impact-related phenomena. Development of an ice sheet is

tantamount to burying the vault at a greater depth, therefore increasing

threshold crater diameters for the onset of specific impact-related effects

to the repository. In addition, the high compressibility of ice will result

in the relatively inefficient coupling of the shock wave across the ice-rock

interface, providing further protection from impact-related effects.

Simple probability arguments indicate that some 70% of terrestrial

impact events will occur in the ocean. The most dramatic effect of such
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events will be the generation of a tsunami. This problem has been

investigated by Gault e_t ill. (1979) and their results indicate that wave
3

run-up heights of 300 m from an oceanic impact event at a distance of 10

km might be expected once in 10 a. Smaller run-ups would be more

prevalent, for example, thirty run-ups with heights of 25 m in 10 a.

These results should be considered as maxima. As pointed out by Strelitz

(1979), large wave propagation is a complex problem and much of the coherent

wave energy may be lost in turbulence, and thus run-ups will be less

catastrophic than expected. Whatever the case, it is unlikely that a vault

located within a continental landmass will be seriously affected by

impact-generated tsunamis.

There has been considerable recent discussion of the effects of impact

on the climatological and biological evolution of the earth, with particular

reference to faunal changes at the Cretaceous Tertiary (Silver and Schultz,

1982) and Eocene-Oligocene boundaries (Alvarez e_t al. , 1982; Ganapathy,

1982). The exact mechanism(s) for global changes by large impact events are

not well understood. Most workers agree, however, that they are indirect to

the extent that they are coupled through impact induced changes in the

atmosphere and hydrosphere (Alvarez e_t al., 1980; Emiliani e_t al, 1982).

Although such changes may have a profound effect on the earth's biosphere

and short-term climate, they are unlikely to affect the geologic integrity

of a buried vault at a specific location on earth.

In discussing the frequency of relatively small hypervelocity impact

cratering events and their effects upon the geosphere, it is appropriate to

consider the effect of the earth's atmosphere on the impacting body.

Atmospheric retardation, and thus loss of kinetic energy, are only

significant, however, for bodies with masses less than 10 kg (Heide,

1964) and thus apply only to the formation of craters in the ~ 100 ID or

less size range (Krinov, 1966). It is, therefore, not germane to most of

the preceding discussion. An additional effect to be considered is that the

impacting body may encounter atmospheric stresses sufficient to cause

fragmentation. Impacting bodies up to 10 kg may undergo atmospheric

fragmentation and produce crater fields consisting of a number of craters

rather than a single crater. This is particularly true for stony

projectiles, which have a smaller crushing strength than iron projectiles

(Passey and Melosh, 1980). Evidence for the preferential fragmentation and
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thus possible atmospheric retardation of the individual fragments of stony

projectiles is given by the observation that recent hypervelocity craters

with known meteorite fragments all appear to have been formed by irons or

stony-irons. These craters are also in the kilometre or less size range.

Even larger bodies may suffer fragmentation (Kelosh, 1981; Passey and

Melosh, 1980). Fragment separation, however, is relatively minor for large

bodies and a single crater may still be produced. It is possible that some

craters in the size range of a few kilometres may, in fact, be produced by

discrete projectile fragments. It is not clear what effect minor fragment

separation has on cratering mechanics. The nature of cratering mechanics

and the spatial relations outlined in this contribution, however, are based on

in part and are consistent with studies at Meteor Crater (diameter 1.2 km,

formed by an iron) and Brent (diameter 3.8 km, formed by a stony) (Croft,

1980; Grieve and Cintala, 1981). In summary, there is potential for

selective atmospheric effects reducing the effective cratering rate at

diameters in the kilometre size range by fragmenting stony projectiles and

also for causing energy losses from the individual fragments by atmospheric

retardation. On the basis of adopting worst case scenarios, however, these

atmospheric effects are assumed to be insignificant to the discussion

presented here.

CONCLUDING REMARKS

From the preceding analysis of cratering processes, it is apparent that

a large scale impact event in the immediate area of a vault could lead to

vault destruction and (1) widespread redistribution of vault materials

through ballistic ejection, and local redistribution of vault materials (2)

within the crater, and (3) within the displaced zone. Alternatively, an

impact in the surrounding area could result in the loss of vault integrity

by (4) major fracturing or (5) seismic activation. By considering the

frequency of large-scale impact on earth and the relatively small area of

the vault and environs, it is apparent that the probability of these

impact-induced effects happening is extremely low even on a time- scale of

10 a (Table 2). Even in the case of seismic activation, the

probabilities are only 6 x 10 . Given that a nuclear waste vault will be

designed to withstand a particular level of seismic activity, it is
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concluded that impact induced seismic activation is unlikely to be a

significant factor in reducing vault integrity. Impact-induced changes can

also occur through the atmosphere and hydrosphere. Global changes have

approximately the same probability as seismic activation and it is

conceivable that they could precipitate glaciation. These effects, however,

would be no different from those expected from any glacial period. In the

case of impact-related tsunamis, they are unlikely to be significant for a

vault within a continental land mass. Even if they did occur, the effects

of such a transient water covering are likely to be less severe than the

effects of postglacial water on the geosphere and local hydrogeologic

systems. In summary, it is concluded that impact-related changes are

unlikely to affect vault integrity on a time-scale of 10 a. Although it

may be unneccessary to incorporate meteorite impact in a system variability

analysis code (SYVAC), it must be remembered that large impact events do

occur stochastically and cannot be completely ignored in considering changes

in the geosphere.
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DISCUSSION

Question: If a meteorite impacts on an ocean, it could affect the phyto-
plankton. This could affect the CO, concentration of the atmosphere and
trigger events on land, especially if the land mass is glaciated. Would
you comment on that.

R.F. Grieve: I don't really know the answer to that question. One type of
body, a carbonateous chondrite, if large enough, could double the COj
budget of the earth. In terms of the extinction event of the Cretaceous-
Tertiary Period, the bolide was estimated to be 5 to 10 km in size.

P. Brown: If you date a large number of meteorite Impact craters on the
Canadian Shield and in specific areas that have been glaciated, can you
estimate the erosion rates of glaciation of highly fractured rock?

R.F. Grieve: This is a project I have been interested in but which I have
not carried out. The morphometry of craters can be used for that. Look-
ing at present-day conditions and knowing the age of the crater, the
erosion rate can be worked out by setting up the initial morphometry of
the crater.

Yesterday we heard that erosion rates due to glaciation were actual-
ly quite low. I find this hard to accept when you only look at craters.
Examples are the Clearwater Lake craters and the Mlstastion crater.
Clearwater Lake lies just off the coast of Hudson Bay and the Mistastion
crater lies near the Labrador coast. They are located essentially at the
same latitude. The Clearwater Lakes are about 290 million years old and
their structure is quite well preserved. Landsat images 6how them quite
well. Of the Mlstastln crater, there is almost nothing left - even
though It is only 38 million years old. The erosion rates at these two
sites must be quite different. A possible explanation is that the Clear-
water Lakes are close to Hudson Bay and, as a result of the load of the
ice sheet, were depressed below sea level with little erosion. On the
other side of the divide, the Mlstastin Lake area was heavily glaciated.
The erosion of the fractured rock around craters appears to be more sev-
ere than just tens of metres. If you compare the morphometry of craters
that have been eroded but not glaciated with that of craters that have
been glaciated, it indicates glaciation is the major agent for eroding
craters.

J, Bowlby: Is it possible to estimate how many meteorites are lost from the
record because they have impacted Into glacial ice masses?
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B. Robertson: The simplest way of estimating it would be to decide what per-
centage of the earth's surface was covered by ice and the time over which
the cover existed. At the moment we know of no craters that have formed
in an ice cap. Some geochemical evidence suggests there may have been
one in Antarctica, but there is no morphological evidence.

I'd like to make a comment on our probability estimates. The flux rates,
based on a combination of terrestrial crater counts and of Apollo body
counts, or size-frequency counts, are similar to those obtained using
crater counts on Lunar Marea surfaces and on Mars. I think that no
matter how much more research we do on impact craters, either on the
earth or on other planets, the calculated fLux rates are not going to
change significantly.

D. Fisher? All the crater dynamics appear to assume a vertical impact. What
effect does the angle of impact have?

R.F. Grieve: Unless the angle of impact is less than 5°, it makes no differ-
ence. It is a hemispherical shock wave that produces the crater. It is
not quite like an explosion, but in a simplified way it can be considered
to be one.

Question: How do you date meteorite craters?

R.F. Grieve: If the craters have post-impact sediments, they can be dated
through the paleontological record. In the case of Canadian craters,
they have been dated mostly through potassium-argon dating of a rock type
In the crater produced by impact raelt. Rubidium-strontium mineral iso-
chrones can also be used.
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GENERAL DISCUSSION

The formal presentation of the papers was followed by a general discus-

sion. The discussion was taped to retain a record of comments made and

questions raised and is reproduced below.

W.F. Heinrich: One question central to transitional processes and their
effect on radionuclide transport is "Are different scenarios likely to
produce different consequences within the limits of their uncertainties?"
If it can be demonstrated that certain processes affect radionuclide

transport only within the limits of the uncertainties of the present
system models, not much more needs to be done. However, as Mike Foley
has pointed out earlier, we may not know the answers until a modeling
exercise has been carried out.

M. Foley: The second part of your question should be emphasized more strong-
ly. The uncertainties of the modeling may be so large that differences
between different scenarios, in terms of the results, are within the un-
certainties either of the nominal case or of the disturbed case. You
probably can get some idea in specific processes whether the uncertain-
ties will be larger than the differences produced by the disturbed case.
It may be necessary to do some kind of modeling to combine some of these
processes intelligently, to see If the overall model is going to be smart
enough or better than no model. I'm not sure what the correct approach
to that is. That answer needs to be considered somewhat in the context
of some of the reasons for modeling.

J. Matthews: Can you use different models and run them under different

boundary conditions, say past boundary conditions, and see if you can

duplicate what we think we know about the state of the climate, for

example, at that particular time? Isn't this one way of seeing whether

your models are going to tell you anything Important?

M. Foley: "That is correct. Consider, for example, trying to characterize
the hydrology of the fracture flow system in detail where you have a
specific model of a specific basin that you don't know much about because
you haven't drilled many holes. You may find that the initial uncertain-
ties are so large that a change in the boundary conditions of an order of
magnitude produces smaller variations than the uncertainty of the trans-
missivity which may be, for example in the case of some of the basalts of
the Pasco basin, five orders of magnitude. A change of an order of
magnitude In the potential gradient caused by a wet glacier with the zero
isopotential at the top produced smaller variations than that.

J. Toth: I think it's very relevant to look at possibilities whereby the
number of scenarios as well as the degree of uncertainty could be rs-
duced. A proposal has been made by Bredehoeft and Main! (J.D.
Bredehoeft and T. Maini. 1981. Strategy for radioactive waste disposal
in crystalline rocks. Science 213, 293-296) to do exactly that. They
suggest, and this is somewhat out of the Canadian context, looking at
crystalline rock environments under a blanket of sedimentary rocks.
There are two large uncertainties that we can identify in crystalline
rocks, par1 icularly in our own environment. One relates to permeability,
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which definitely can not be modeled simply by equating it to porous med-
ium flow. Many OL our exercises may really be off target. They have to
be site specific. The second relates to the relatively great sensitivity
of these flow systems, whether fractured o- porous, to the changes in
surface conditions. These introduce uncertainties or different scenarios
due to changes in the boundary conditions. There is a great sensitivity
at relatively shallow depth, perhaps even at depths of a kilometre,
because of the relatively close distance to the surface,: A sediment cov-
ering a crystalline rock environment reduces the sensitivity of the flow
systems to changing surface conditions. Through modeling and by applying
general rules, we can understand the governing flow distribution in the
covering blanket of porous medium. Whereas this concept is somewhat dif-
ferent from the one we are currently using, I believe it definitely mer-
its close consideration and exploration. It may mean that we need to
shift our emphasis from the barren crystalline rock, environment to a part
of the Canadian Shield that is somewhat covered by a sedimentary blanket.
We would thereby reduce both the number of different scenarios and the
degree of uncertainties.

F, Koerner: We have been rather site specific so far in our discussions.
One of the most important factors is water movement. This is a rather
important unknown in many ways. One area that is not being considered
for disposal is under an existing ice sheet. If you look at the existing
ice sheets in northern Ellesmere Island, you have about 150 m of ice, and
there is evidence to show that this ice cover has existed continuously
for at least 100 000, maybe 200 000 years, and as far as water movement
is concerned, it's minimal. There is evidence that in either the last
interglacial or the previous interglacial, there was water at the bed of
the glacier. But whereas we're talking on the Canadian Shield of an ice
cover that may have existed for, shall we say, 70% to 90% of the time,
and water associated with that for maybe 90% of the time, 1n this case
we're talking about the existence of water for maybe only 10% of the
time, or maybe even less than that. I think it should be a consideration
that would reduce the number of scenarios that you do have to consider.
However I don't know what the tectonic situation of the area Is.

M. Foley: Cost benefit analysis will be an important part of the selection
of any location. The pre-closure costs of transporting the wastes any
farther than is absolutely necessary, for example to Ellesmere Island,
would probably rule out what would be otherwise a superior repository
location. It would fall somewhere intermediate between a repository in
Ottawa, in terras of convenience, and deep space disposal, which would
probably be the most expensive method. The scientific merits are very
good, but the cost would be very high. Also, the scenarios involving the
pre-closure period could include surface accidents during transportation.

G. West: These are difficult questions to answer and the reasons we are get-
ting into so much trouble here is, I think, the desire to do a certain
kind of linear thinking - that is to go through all the problems one by
one and answer them one by one as they come up. In something as complex
as this, we have to do the thinking many times over. There is no way you
can take every problem as it comes, work through it in all it's complex-
ity and find how Important it is and then go on to the next problem. An
organized way to do this is to try to think of different problems, ball-
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parking them first, deciding how important they are and ranking them,
even at this stage. Then go on to the next ballparking. When you have
ballparked a whole lot of them, start going back to whether you really
have to rework the problem. It all bears down on this first question.
There are a lot of the things that we're talking about today that cer-
tainly will have an influence on the repository, but the question is "Is
it important?" Consider the last suggestion that was made. If it's
clear that a certain amount of groundwater flow is deleterious to the
repository and if those flow rates are likely to be achieved, then ex-
ploring a much better situation in Ellesraere Island is worth doing. If,
on the other hand, virtually any solution we come up with locally is
within ballpark limits, then there's not much use in exploring that par-
ticular suggestion. At this stage, instead of concentrating on whether
the modeling is good enough to form real histograms and whether linkages
between different processes are accurate, we should try to put outer
limits on the problem. The water-flow problem is a very good example.
We will have difficulty with direct prediction In space-time of water-
flow, but before we go into the heavy expense of trying to predict that
very accurately, we need to know whether the levels we're likely to ob-
serve are really significant to the repository. The first thing we
should be considering is radioisotope movement. There isn't necessarily
any direct relationship between radioisotope movement and groundwater
flow rates. If the flow rates become really large, material could be
carried away bodily, but if they're really small, radioisotopes could
diffuse upstream or in directions other than downstream. In multiple
chemical systems that form ore bodies we see some definite situations of
this kind. If diffusion rates are comparable to the flow rates, diffu-
sion can be upstream. We are not dealing with numbers, even ballpark
numbers, in discussing some of these things. On the other hand, we worry
whether a certain effect may produce a factor of two change when the
uncertainty may be orders of magnitude.

In organizing the intellectual work in the geoscience community, it
is very important that we start working on and putting our • avy efforts
into things significant to the geologic history and the future of the
repository. Unless we work In an orderly way and ballpark things first,
we shall keep rediscovering the more important things afterwards, and
just get into the confusion that every scenario that is worked out must
be altered drastically.

There are suggestions that It may be necessary to do three-dimen-
sional finite-element models of a repository to see if stress generated
by various events produces some kinds of failure. If you went through
that exercise and found some failure, the failure would be the Inducing
of a few more fractures, which is really exactly the same sort of failure
that some kind of tectonic or meteorite event might produce. To a first
approximation, the change may well be within the range of unknowns In any
site. Unless one has a very well understood and drilled-up site, there
is enormous uncertainty In the permeabilities and porosities.

A little bit of ballparking would really help if there Is to be
another workshop like this.
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D.M. Wuschke: In our assessment work, we gather the information we can and

try to determine what factors, on the basis of our present knowledge, are
the most important. We identify areas where more information is needed
and then set some priorities. This won't be a one-step process. We will
do some of it iteratively. As more information about one part of the
system becomes available we may find that more information is needed
about another part of the system that looked unimportant at first. So
far we have completed one assessment, but the information is very incom-
plete. We hope in the next one to provide more information on the sensi-
tivity of the consequence, which is dose to man, to some of the paramet-
ers and models used.

W.F. Heinrich: The second question I would like to ask is "Is a model the
solution?" If we understand the system sufficiently and can show by
ball-parking and by using analogues that transitional events have no
significant effect on radionucllde transport, is it still necessary to
create a model? If we don't know enough about the system and the
probable changes, at what point do we have to go ahead and create a
model?

J. Scott: I think you have the happy faculty of building into your question,
perhaps intentionally, a variety of paradoxes and questions within ques-
tions and wheels within wheels. And surely this applies in question two,
when one asks, "Is a model the solution?" The answer can be yes in soinp
cases and certainly no in others. It seems to me that the solution we
are looking for is really the ultimate verification, or assessment, of
the suitability of a particular site, whether it be real or imaginary, to
meet a set of requirements with respect to release of radionuclides from
some point within the earth's crust to the biosphere. Therefore the
utilization of models is nothing more than one of a series of tools that
will be used in endeavouring to arrive at that bottom line with respect
to concept assessment. The answer to the question would be, "Yes, where
modeling will help us, for example, to identify parameters that have a
high measure of sensitivity, and conversely those that have a very low
measure of sensitivity and perhaps can be treated with a higher degree of
uncertainty than others, it Is exceedingly useful to be able to put the
statics of the system into a dynamic mold. This can only be done by
modeling. You can then derive information that can ultimately assist you
in reaching a solution." The comment I'd like to offer is that there are
many parts to that question.

N. Soonawala: Is a model necessary and do we know enough about the system in
a deterministic way? The answer is that a model is most useful when it
comes to the linkage or the interaction that we discussed in the earlier
question. We know quite a bit about certain parts of the system; for
example; we might know some things about the geosphere and about the
situation regarding fracture patterns, but we might know little about the
groundwater flow. The information has to be put together into a model
that takes into account the different components. That is where a model
is needed.

J. Toth: I don't want to give a trivial answer, but I think that I could sum
up by saying that what we need is a clear understanding of the princi-
ples., site-specific knowledge of the distribution of the relevant physi-
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cal and chemical parameters, a knowledge of the temporal variations of
these parameters, and a clear, rigorous definition of the answers we
expect in terms of, for instance, safety limits. That is my answer to
your question. These are what we need, and this could be tied back to
the previous questions. In certain instances, some of the parameters
will be insignificant for some scenarios. These four sets of parameters
would constitute the basic components. The answers of the components
will be a multitude of specific parameters.

J. Scott: Joe Toth has succinctly put the categories of basic requirements
relative to a geosphere model. It might be useful to remind people here
that we are dealing with a total system, not solely the geosphere. The
concept relative to nuclear fuel waste management is one of multiple bar-
riers, and with respect to the geosphere, we take what nature gives us
for the most part. With respect to the engineered barriers in the sys-
tem, there is a fair degree of latitude and variability . Therefore, in
dealing with a model of the geosphere, you are really dealing with a
submodel of the total system. So there is room for a measure of negotia-
tion, and there is room for a measure of relaxation to some degree of
whatever rigors one may wish to place on the geosphere. It doesn't come
according to specifications as steel does. We have to live with nature
and its Imperfections. Presumably, some of these imperfections can be
overcome by other components in the system.

CrF. Lee: Maybe we could rephrase the question. We have a number of specif-
ic objectives that we want to achieve relative to transient geological
processes. We look at each of these as specific objectives and determine
what analytical or modeling requirements there are. There might be an
objective where a ballpark effort might be adequate. One may not have to
go as far as finite-element or numerical modeling. There may be other
cases where more sophisticated modeling is needed. A model could for
instance be the answer for a specific objective; for example, what are
the changes to the pathways at the time of glaciatlon? what are the frac-
ture propagation scenarios? and things like that. Divide the problem
Into a number of specific objectives and relate the submodels to each of
the objectives.

K. Schulz: Something that has been bothering me is the basic assumption run-
ning through the whole session of a million-year time frame. The time
frame is very important in terms of what processes to take into account.
The discussions basically say "in the next few hundred years there is no
problem. The next ten thousand years, we're sure, probably start into an
ice age and the first 100 thousand years would terminate that." Beyond
that, it gets pretty fussy. Is there some way that the basic component
of the system can be looked at to come up with a time frame? For in-
stance, will there be a point in time where a disposal vault will, in
essence, behave as an ore body? We have a number of geologists here who
perhaps can come up with an answer. If that answer is a thousand years,
or fifty thousand years, or a million years, it is going to affect the
modeling. If you look at the source, which is the vault, you can do an
energy balance on the radtoactivfty of natural uranium and of fissioned
uranium. Fissioned uranium will release less energy than unfissloned
uranium. This means that pound for pound, what is put into the vault
releases less energy in the long run than natural uranium. If you can
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show when the vault acts like an ore body, you have an ultimate time
cutoff.

W.C. Brisbin: Much work has been done on fractures and how they have changed
through time at the Atikokan research area. This might provide informa-
tion on the time dependence of hydraulic conductivity. That work should
be included when developing a conceptual raodel.

P. Brown: We completed a lot of geocheraical work there. We Investigated
adsorption along the fractures and defined the fracture-filling mater-
ials. Samples of specific fractures with specific filling materials are
being analyzed by Chuck Vandergraaf at the Whiteshell Nuclear Research
Establishment using autoradiography, to determine nucllde sorption behav-
iour on specific minerals. That work has been going on for quite a
while.

J. Scott: When we talk about Atikokan, we are talking about it In a generic
sense. The intent is to develop a generic site model, not necessarily
specific to Atikokan but using data from Atikokan as a mechanism for
identifying the kinds of input one would want to place into a model.
Before trying to understand the flow system that may apply In that gener-
ic model, the physical dimensions of a geological model need to be
addressed. The data of the Atikokan research area and of all other re-
search areas Is, in some measure, constrained geographically. It is
appropriate in the development of a geosphere model to address ourselves
to what we consider to be an appropriate and representative geographic
model to be employed. In other words, are we talking 8 km in linear
dimensions, 10 km, 100 km or 1000 km, and for what purpose?

In developing a generic model, it ha« to be developed in relation-
ship to the repository that will ultimately perturb the environment over
which we are concerned. If we consider a repository of dimensions of,
for the purpose of discussion, 5 km to a side, how many multiples of S km
are appropriate relative to the geosphere model. Having established
that, you have a basis for superposing upon that not only all of the
hydrogeological elements but also the geochemical elements and so forth
that will ultimately have some bearing on the containment characteristics
of the locale. So, are we not moving a little further down the system
than we should at this moment, without having first defined what it is we
have in mind by way of a block of ground over which we will have specific
interest?

G. West: It would be useful to separate models, even if the separation is
not quite clear, into space-time physical models where the science of a
particular phenomena is explored, say the hyi'rological flow or the stress
state, and systems models where you want ;: certain parameter as a func-
tion of certain Input parameters.

I don't believe any space-time scientific model can be built that
will incorporate all the factors we have to consider. The scale would
have to be tens of kilometres for one problem and tens of metres for
another. But as I set? it from Mike Foley's examples, one can work with a
space-time physical or scientific model for a while, learn how it per-
forms, add conceptual ideas using verification from the field, and make a
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simplified parameterized picture. This can then go into a more generai
model where all the couplings can be explored.

Each space-time physical model would look different. To look at the
regional hydrological flow, the model would have to be very big, but to
see whether a piece of a repository will fracture under stress, the mod<? 1
would have to be gridded at metre intervals and would not be very large.

M. Foley: Gordon West has pretty well raised the comments I was going to
make. I'll just summarize them. The work that you do has to be basical-
ly a compendium of physical process models. Each one will have a scale
that has to include all of the boundary conditions that are likely to
change. For example, the hydrology submodel of a region of 10 km radius
is sufficient unless the important boundary conditions and the water
balance extend farther than that. If they do, you have to follow them
out to their end. That is not difficult to do. It is also not difficult
to separate process models. For example, for a seismic effects submodel
that only affects the hydraulic properties of a repository, you don't
care what the faulting mechanism is or where it is; all you care about
is the energy left In seismic waves when they hit the repository. You
may have to consider magnitude 8 earthquakes 200 km away, but you can
consider them in a stochastic sense. You really don't model them mech-
anistically.

In terms of the topography, modeling glaciers is perhaps not an im-
portant problem for the hydrology of sub-surface flow, unless you consid-
er the effect of the proglacial lakes. In that case isostatic rebound
has to be modeled fairly carefully. It is a common-sense exercise to
determine what scale is necessary for which physical process. You can
almost model them separately and then abstract some or tie them together.
Perhaps in the process of modeling them, you discover some are non-prob-
lams and can be ignored from then on.

G. West: The effects of topography on the hydrologic regime could be impor-
tant. Is it realistic, though, to be thinking in terms of running very
detailed models of the surface forcing functions without a very detailed
model of the interior, since the hydraulic parameters of the interior are
not accurately known? Certainly we don't know them as a function of
time.

R. Woodside: That is a very good point. The question is "What are these
fracture zones and how significant are they in effecting underground
flow?" Do they produce mere perturbations on an overall topographically
driven flow, or are the fractures so severe that they change the water-
flow properties, so that other techniques have to be used to handle
them?

To know where fractures are and to determine their permeabilities
require, in essence, enough boreholes to make a site useless. Some of
these questions will be answered, I think, once the Underground Research
Laboratory (near Lac du Bonnet, Manitoba) is commissioned and we are
actually able to do some real experiments.
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C.F. Lee: I would like Co comment on the question of dimensions required for
this type of geosphere modeling. There should be some guidelines as to
how large an area should be modeled. But mime flexibility should be
given to the modelers. If we want to predict or have some idea as to
what is going to happen in 20 000 years, say at the onset of a possible
glaciation, we have to know precisely the state of the rock before glari-
ation begins. The initial conditions at that point in time would be a
composition of the state of stress and the state of fracturing. To do
that, one has to sviperimpose the effect of the heat from the nuclear fuel
waste onto the flow situation for the next 20 000 years, because if you
want to do the fracture modeling, you have to know the state of stress of
the rock at each point in time. If you want to model the thermal effect,
a particular computer submodel 16 needed. If you want to define the
stress or the fracture propagation pattern, you probably need a fracture
mechanics model.

It is our experience that boundary conditions or dimensions that are
good for thermal analysis may not be appropriate for fracture mechanics
modeling. For each submodel a fair bit of sensitivity analysis should be
done to determine the appropriate dimensions for the analysis. In other
words, if a very small area is allocated to a thermal analysis and all
the heat bounces back from the boundary, we know we have to increase the
scale,

J. Toth: Occasionally it might be wise to look at nature itself before we

ask it to perform according to our wishes, and I think in this particular
instance it is possible. Instead of setting a priority criterion for the
definition of the research area, we could do what is done in sedimentary
basins when we define the existing hydraulic boundaries of drainage
basins when studying flow systems in deep basins. The s.-nne method could
be used In crystalline areas. The only difference Is that, perhaps, in a
sedimentary basin we can reconstruct the pressure and potential distribu-
tion from pressure measurements in oil wells.

There is a crystalline basin under Alberta, or Western Canada, with
a sedimentary stratified cover. Thanks to oil exploration activities, we
have scattered pressure measurements. These are used to determine
whether or not the topography of an area does indeed constitute a hydrau-
lic boundary. If we find that the topographic features do represent
hydraulic boundaries or that hydraulic boundaries are associated with
these features, we have already found out something from nature and we
can say that at least we have a steady-state situation. If, on the other
hand, we find from the pressure measurements that this boundary is insuf-
ficient to characterize the entire flow sysLem, we are forced to consider
a larger area.

This can be done in the Canadian Shield except that the measurements
are unlikely to exist. Some test drilling over large areas could first
give a coarse grid idea about the size of the existing flow system. Then
one could narrow down to get an Idea of the size of the basin that con-
stitutes a hydraulic unit.

B. Ladanyi: Topography is important and hence postglacial rebound. What is
the effect of postglacial rebound on the general porosity of the rock
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mass and on its permeability?

J. Scott: Some information can be contributed to this, based on work dealing
with the South Saskatchewan River valley and a number of hydrogeological
profiles that were studied across the valley. That river valley, like
many others not only in Canada but elsewhere in the world, manifests so-
called cambering or uplift of the valley bottom. If you take the normal
permeabilities for some of the Cretaceous shales that exist several val-
ley widths away from the valley itself, you'll have some permeability x.
As you approach the valley, you do in fact find increases in permeability
that can be attributed to the stress relief occasioned by the erosion of
that valley itself. Now what x is will, of course, be a function of the
rata of stress relief. It will be a function of the character of the
rock mass and so forth. But the point is that, with this kind of rebound
phenomena, a relaxation occurs. Obviously there must be some form of
volume increase. In shale, such as the Cretaceous shales in Western
Canada, it is commonly manifest in an increased moisture content, for
example, as the properties of the shales change. The overall normal
water content, as I recall it, of Cretaceous shale is something in the
range of 18% moisture content. Ag you move toward the valley it Increas-
es to 27% and 28% and sometimes larger than that. This gives an indica-
tion of the extent of volume change that has occurred in the shale it-
self.

W.C. Brisbin: I don't think there is a simple answer, but glacial loading in
some cases causes fractures to close. Under conditions of excessive
hydrostatic head or pore pressure, we may not get as much closure under
glacial loading as we would get if the pore pressures did not exist and
water were free to flow. There tends to be a slight dilation of frac-
turas due to glacial unloading, but I don't think that is generally the
case.
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COMMENTS ON THE STATE OP KNOWLEDGE ABOUT

CLIMATfC AND GEOLOGICAL CHANGES AND EXTRA-TERRESTRIAL EVENTS

INTRODUCTION

I have been asked to try to share with you some impressions and re-irtiuns
about our present state of knowledge, as seen from one sitting in the
audience and listening to the presentations and discussions on a very wi<.l"
range of subjects, for which the only common thread is that each deals
with phenomena or processes that could affect the release or transport of
radionuclides at shallow depths in crystalline rocks. I am quite aware
that some of the information given is the result of many years of careful
specialized study, and it Is unfair to try to appraise its importance or
relevance iii an offhand way. I am also aware that in other subjects there
is not much real information and most of the ideas are frankly specula-
tive, and perhaps it is unfair to judge them seriously. Nevertheless, it
is a good time and occasior to stop for a minute and ask ourselves,
collectively: -how far have wo come, by the end of 1982, toward under-
standing the earth science processes and factors that would affect an
artificially buried deposit of radioactive waste?

I have been listening to the presentations as one who has himself been a
bit involved in studies of the behaviour of the earth, in tectonics,
glacier action, and climate; but also as one who all too frequently seems
to get caught up in the techno-politics of federal-provincial agreements
and concept assessments and questions of public confidence in the tech-
nical decisions made by the experts. I frankly have had a little trouble
putting my thoughts together, because I kept getting so absorbed in
listening to the scientific aspects of the presentations that I would
forget that I was supposed to s.-jy something at the end; and then when I
tried to make notes on some point, you guys would turn the lights off to
show slides, so that whatever I scribbled I cannot read now anyway.

What kinr; of picture have we given one another in these two days? And whai
kind of information, or conclusions, are we ready to give the agencies for
whom we work and who want to use our technical results and scientific
understanding not only to make the best decisions about a radioactive
waste disposal system, but to convince everyone else that those derisions
are best? This is no small task that we have been given. Most of us, I
suspect, wish that ir was not so big; - we wish that we could restrict our
involvement to that of doing the science, or maybe even stop at the data
and process explanation stage, and not have to translate our results into
terms used for decisions and justifications. But here we are. Our job in
this workshop is not to present and criticize individual research results
or even to give our own thoughts on how the poor old world is going to
react in the future - although we may do these things - but it is to help
develop a conceptual model of the effects of reasonably likely future
happenings in the geosphere that could influence radionuclide transport at
moderate to shallow depth in a typical continental cratonic situation.
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So one question I have been asking myself as I have neon listening is: Are
we, collectively, close to arriving at a confident answer about the likely
behaviimr of the geo.sphere or the influences on it in the next milLion
years, and do we at this stage know enough about the processes of natural
transport of radionuclides and the rates at which those processes might
act to give some useful working numbers or estimates to those concerned
with waste disposal designs, operations, and policies?

This is not the place to try to summarize or highlight what has been
presented. But it may help, in trying to answer the question posed above
and in establishing about how far we have come in understanding the
processes and factors that we want to put into a conceptual model, to ask
a series of other, more specific but still broad questions. I would like
to lay before you eight such questions, which 1 think are important and
pertinent, although it may be impertinent to ask them of ourselves and
each other. It may he even more impertinent of me to comment on (hem. But
sometimes a fool rushing in will show the cautious angels in a better
light.

II IMPORTANT, PERHAPS JMPKKTINKNT, HUT VKKY PKKT1NKNT ^UHSTIONS

1. What factors or natural processes should be included in a conceptual
model of transitional processes? (Or, as fJordon West has so ably
turned it around for us, we could ask what natural geological factors
are of no relevance.)

2. What do we know with confidence about those factors or processes that

are important for the conceptual model?

This of course leads to a complementary quest ion:

3. Where are the main areas of ignorance?

4. Do we have: a clear idea of iiuv.' to use the conceptual models we are
developing, and how will others use them? It we cannot answer this
question with confidence as we proceed to develop the models, then
.SYVAC or any other modelling work, while logically valid, will he just
a scientific exercise and experiment; and we should not deiudu others
into thinking that we are problem-solving.

5. Can we answer, in a scientifically defensible way, the basic questions
about the concept assessment exercise, is posed by Claude Barrauri and
Henry Hasegawa? These questions have to do with:
- why have crystalline rocks been the first choice of materials to be

the receptor for a waste depository?
- which types of crystalline rocks are most favourable, and why?

- is the time cutoff of one million years appropriate? does it mean
anything?

- are criteria for establishing the do.se vs. time curves definable,
even if they cannot be parameterized (e.g. c.̂ n we list the factors
for which it Is necessary to know the rates and probabilities, even
though we do not know the rates and probabilities)?
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• is an area presently underlain by permafrost an advantage or a
disadvantage, given the likely perturbations over the ne>: r mi LLion
years ?

- should the site be in a hydrological recharge or discharge zone?

Some of these questions of course relate to questions 1, ?. and ? above,
but some of them bring us to that uncomfortable area of quasi—science
where we find ourselves expected to give technical explanations for
something that someone else has decided on non-technical grounds. It is a
scientist's job, at times, to provide a scientific explanation to add
credibility to the right decision, even if that decision was made for
reasons other than best judgement on the evidence. What we have to guard
against is letting our technical data or best scientific judgement be an
implement for doing the wrong thing, even if it is done with the best of
intentions. This problem leads us a long way from pure science, but it may
include our very best scientific research and thinking; and it leads, I
believe, to some other questions of a different nature, which scientists
in the radioactive waste disposal field may not welcome but cannot evade:

6. Can we, as technical people, explain what we know about the probable
long-term integrity of a site, or present our conclusions to the
politicians and the public in a way that is convincing?

There is always, of course, the forward-looking question, rather like the
bureaucratic reflex of forming a new committee after every meeting:

7. What areas of future work are indicated?

And then there is the very important final question, which I found was
frequently in the back of my mind as I was listening:

8. Do we, as scientists, have a proper sense of perspective about the
importance of geological and climatic knowledge to the safety,
environmental, and socio-political problems of disposal of radioactive
waste? Are we exaggerating its importance or treating it as too
trivial? Are we ignoring other areas of science or knowledge that
should be vital to the concept of disposal and to the conceptual model,
of natural processes?

Some people might answer immediately that it is not the job of the
geosclentist providing technical information to a waste disposal system
concept and design to try to assess the role of the physical sciences
in the context of all the other policies, information and priorities. They
will say that we've been asked to examine the geological and ."linatic
aspects and to develop a conceptual model of natural physical processes
because there has already been a political decision and it has been agreed
that there will be a concept assessment paper for public debate. Others
may say we should forget the policies and take advantage of this
opportunity to show that studies in pure science .such as the theoretical
analysis of a stress field under a glacier can have practical application
and social importance. And others, quite unashamedly, will see an exercise
like this as a chance to canter round for a bit on their favourite
scientific hobby horse.
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All of these points of view have some validity. But beneath our Immediate
responses, 1 think that most of us are quite aware, rind concerned, that
the disposal of high-level radioactive waste poses big questions, expen-
sive questions, questions that the politicians are reluctant to face but
that can affect the social stability of the country and energy costs in
the short term and possibly the safety and productivity of the country in
the very long term. And we realize that the technical information ;nid
understandings that we, as technically knowledgeable people, bring to
these questions depend very much on the sense of perspective that we have
in regard to this work.

Ill SOME INTERIM COMMENTS

The following are some comments, necessarily hasty, on where we appear to
stand with regard to the ahove questions, as shown by the presentations or
discussions at this workshop. I will not comment on individual papers or
discussions, but will try to reflect what appears to be our collective
thoughts.

1. What factors or processes ought to be Included in a conceptual model
of transitional processes?
Whether we approached the problem from the point of view of present
and future climate, meteorite impact, seismic dislocation and
accumulated strain, vertical crustal movements, multiple glaciatlons
or whatever, the workshop quite consistently agreed that it was
paramount that the model deal adequately with two major sets of
factors:

(i) the factors that affect the supply and f Low of water to and from
the vault; and

(ii) the factors that affect the mechanical and thermal inU-griLy and

stanility of the vault site.

This is obvious, you say. But weri' we so sure of this a couple of

years ago, or even until ue got here and discussed it between so many

fields of research?

We spent most of our time discussing effects on the supply and flow of
water. It was interesting that these discussions fell rather neatly
into two areas. One is that of the factors and processes that control
and change the conditions of supply and ibe hydrodynamics over time,
i.e., climate variation, glaciation, sit^-specific geomorphology,
epierogenic changes, uplift and base-level warping, etc. For these, I
think there is a feeling that we can put fairly confident Limits on
the range of parameters that is physically reasonable. But we are much
less confident about the time factors, the rates and duration of
movements or changes, or whether there are likely to be any sequential
relationships between different processes. The other area of our
"water" discussions has to do with the factors and processes that
affect the pattern, texture and specific resistance of water flow,
e.g., the fracture systems, fracture activity, permeability, etc., and
how these relate to residual stress, change in stress field, and to
factors of rock type and structure, mineral alteration, etc.
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There w;)s ;iot nearly as much attention given to the factors that
affect the mochani a 1. and thermal integrity of the disposal site; .md
this i^ i nteresting, because these are the factors (without being
identified) that the public, the press and perhaps some politicians
seem often to feel that the scientific research connected with concept
assessment is all about. But there was amongst us, 1 think, a general
feeling that we know fairly well what we would want to include in i
conceptual model to cover this area, even if we don't have quantita-
tive information.

Personally, 1 was a bit surprised at the lack of discussion of
thermo-chemical conditions and how they might change over time, and
the effect that such changes could have on disposal vault integrity.
Does this mean that these aspects are not relevant, or that we now
have all the answers, or simply that there has been nobody at this
workshop who is working on such problems? To my way of thinking,
careful consideration to varying rates of chemical change might be
very important, because, in the Canadian Shield area particularly,
there must be long periods of time when nothing else happens and the
rate of chemical change under different thermal regimes determines the
geological stability. If you can think back to Gordon West's long
graphic time scale that was draped across the room yesterday, the
lengthy periods of crustal quiescence that he showed are the periods
when most of the chemical reactions take place. 1 suspect that we
really have very little idea of the absolute or relative rates of
chemical change, or of the relation of the various stages of these
changes to groundwater circulation in the top couple of thousand
metres of rock. All we can observe is the sequence (from the
minerology and texture), and the product: at the end. But the rate and
nature of internal chemical changes may hav.i some bearing on, for
example, our ability to answer Dr. Barrand's questions s to whether a
million-year cvitoff is significant. We hardly talked about this at
all.

2. What do we really know about the main factors or processes that are to

be included in the model?

2.1 Time and Scale. He have, I think you wi1L agree, a reasonably good
idea of the timing and scale of earth movements and major geological
changes in the past. We have fairly reliable quantitative data, in
three dimensions for the past few million years and relative
information for earlier periods. I refer you again to Gordon West's
diagram,which helps put the present and past in perspective. But 1
would suggest a somewhat different view than that expressed by some
speakers and discussants which seemed to imply that much of the past
can be neglected, as far as its effect on the present and near-future
condition of the depository, because for inost of the time in the last
many millions of years, nothing much happened. It may be argued that.
all previous history is relevant to our present .situation and the m>ar
future. The history of large cratons in typically one of very long
periods when there is no evidence of motion or disturbance, other
than perhaps slow uplift to maintain erosion, punctuated by a very
few, short "blips" or shudders when there have been earthquakes, maybe
a little mountain-huilding and volcanism, and sometimes glaciation or
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other evidence of temporary climate change. Perhaps because of this
contrast between long periods of little or no activity and short
periods that leave conspicuous geological records — arid because right
now the Karth seems to be in the middle of, or just coming out of, a
brief active period — it is important to know as much about the
quiescent periods, which represent the normal situation, as about the
anomalous active ones.

The behaviour of the planet during the past 150 000 years or so - our
present "blip" - gives us a basis on which to predict the next
100 000 or so years with some confidence. The Milankovich cycles, the
volcanic hot spots, the major stress buildups and releases related to
present plate motions, the relative instabilities of atmospheric and
oceanic dynamics, will continue. But this information gives us no
basis at all to make a defensible prediction on the next million
years. If we stand back from the time scale a little farther, we can
see that we are on much safer geological and statistical ground if we
predict on the basis of the fact that for 98 percent of the last 2j
billion years nothing much at all happened, that very little will
happen in the next million years to any site we might choose. Such a
prediction has a good chance of being correct, but it is not very
useful for our model. And it is even less helpful for the very
short-term future, because we are building and loading the depository
during an active period.

So what do we put into our model about still-stand and crustal
movement? 1 suspeci: we will have to build a scenario based on the
general evidence that the Earth - let's say the Canadian Shield -
appears to be, right now, in an anomalous convulsive period, a fairly
mild one, that has been going on for a hundred and fifty or two
hundred thousand years. This period may be nearly over or It may
continue for some time longer; but if it is like most of the smaller
convulsions of which we have evidence, it is not likely to last more
than half a million years or so. And our model scenario should show
that this period of relative activity is likely to be followed by a
lengthy period of near still-st&nd of the crust, during which
conditions will be not like the present but more like they have been
for most of the past three billion years or so. To draw these obvious
conclusions about the history of shield areas may not seom like saying
much, but really it is saying a good deal. It means we acknowledge
that we are trying to bury radioactive waste just at the time that the
Earth is getting rid of a shudder.

If you think about what this means in relation to the work that has
been done so far on the SYVAC model and many of the reports of studies
of crustal phenomena that have been given at this workshop, it may be
that we are inclined to put too much emphasis on recent short-lived
activities as being "normal" for the time scale we set ourselves for
this exercise. We must be careful that our model is not merely des-
cribing the details of the shudder, when what we really want Is to
describe, in some reasonable sequence ?nd degree of magnitude, all the
things that inight likely happen - including quiescence - in a million
years.
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There Is another scale problem we have to keep in mind in -setting
parameters for the phenomena to be described in the model. That is the
space scale. The horizontal space scale mainly refers to distance of
hydrologic transport, and I'll come to that in a moment. The vertical
space scale is, however, very important, and easily neglected. It was
very instructive to get a simple geographic real two-dimensional
cross-sectional scale from Albert Vanhof, to complement our thinkiit,'
about realistic time scales. Most earth scientists get so accustomed
to using vertical exaggerations and unrealistic contours that we begin
to think that 1000 metres down is a long way down, but 100 kilometres
horizontal distance is quite close. If we are going to develop a
realistic model, and a realistic raental picture of the processes we
are modelling, we must learn to appreciate true gradients, hydraulic
heads, and the true shapes and dimensions of groundwater masses, etc.
When we are concerned about rates of diffusion three or four orders of
magnitude smaller than ones normally dealt with in industrial or
conspicuous present-day geological processes, we are likely to make
big mistakes if we use anything other than true scales or gradients.

2.2 Climate and Environment. There seems no dispute among any workers in
this field that it is reasonable to expect a few more glaciations, of
a magnitude about the same as the Wisconsin ice advance, during the
period for which we have to design the disposal vault.

1 think that it was pretty well agreed, also, that the main effects of

such glaciations will probably be to bring about

(i) changes in water supply; probable changes both in quantity
(mostly due to changes in the thermal regime at shallow depth?),
,md in direction of source of the water. These raay occur during
glacial buildup and maximum glaciation, but most likely the n.iin
changes will he during deglaciation;

(ii) changes in the stress field on surface rocks, caused by

mechanical loading by ice and by differential hydration and
freeze-thaw forces because of redistribution of surface water.
We did not talk about this effect much, except maybe to accept
that depth of burial of the waste should be great enough to
avoid the direct effects of whatever thickness of ice would he
placed on the surface above.

What we did not do, and it seems to -.s that someone should look into
it, is consider the dynamic effect of glaciations on the proposed
vault. It may be useful to know whether, and to what degree, the rate
of change in water supply or rate of change of stress field has an
effect upon the rate of chemical deposition in fracture-fillings or
the rate of dissipation of strain after a small earthquake, for
example. As a teaser, for discussion, one might suggest that many of
these events have a time period of about ten thousand years; - if so,
there could be some very interesting combinations and synergistif
effects.
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Although we agreed that new glaciations .ire likely in the period under
discussion, it seemed to me that as a group we did not put this situa-
tion in perspective with respect to the model we are presumably
designing. In particular, we did not get around to incorporating
recent, more detailed information about times and durations of glacier
cover.

I think that perhaps we overlooked the importance of a couple of
points Brian Finlay made, which were that not much change of climate
is needed to bring on a glaciation or to stop it, but that the sequen-
ces and time factor; are rather different, and also that it is very
Important to know what the climate is likely to be like during the
long period after the glaclation is over. Here is one area where major
deterministic and small stochastic effects seem to work in concert,
and we must allow for this in model design. It seems to be useful to
point out to those people who are not familiar with concepts of
climate and glaciations that recent research is giving a more sophis-
ticated picture of what happens during the onset and closing of a
glacial period. The public, and perhaps many scientists in other
fields who are working on such things as rock stress, seem to cling t>
the romantic idea of continental glaciers like an army of tanks
rolling across the country (glacial advance) and then rolling hack
again (glacial retreat). In reality, the process seems to be quite
different. As John Gribbin has pointed out in popular print, a few
consecutive years when the snow lingers into the summer would set up
the situation for a continuous blanket of snow over a large area and a
change of albedo (reflectivity) sufficient to start a p.mi I ivn feed-
back process of less energy absorbed at the surface, nu.-isi-stationary
atmospheric lows and increased precipitation leading to a rapidly
thickening snow and ice cover growing in situ. When it gets thick
enough, the ice mass will then flow internally and over its bed. What
would all this do to the groundwater supply and the poor little vault
of radioactive waste beneath the surface?

The picture that is emerging of the sequence of events and their
effect on groundwater during termination of an episode of extensive
glaciation is quite different from that of the onset. Abandoned parts
of the continental ice sheets may simply get progressively thinner find
melt more or less statically, or a thick core glacier may continually
flow forward while its margins retreat. The edge of the ice-covered
area i.s in effect a shoreline, a place where there is release of
stored water, and in many cases extensive re-distribution of surfici. ?i
material. Thus, deglaciation leads to a variety of surficial and
gronndwater changes on short time scales - probably two to four orders
of magnitude shorter than any vertical readjustments to changes in
loading, which might change the fracture stress pattern. The indica-
tion that the different glaciations in Worth America during the
Pleistocene have each had rather different patterns and mechanisms of
termination (and probably also of buildup, though that evidence is
mostly gone) is enough to caution against attempting to predict the
style or duration of the next one. Bill Shilts' description that
instead of a central static dome of ice during the Wisconsin stage
there have been a series of fairly short-term waxings and wanings,
with evacuation of areas like Hudson Bay in the intervals, may upset
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our traditional fancies of the history of our Great North Land, but it
does give us more realistic time/process factors to put into the
model.

2.3 Stress: pattern, magnitude and duration, if, as Henry Hasegnwa remin-
ded us, it has been the normal condition for Ontario for the past
hundred thousand years or so to be covered with several hundred metres
of ice, the rocks must be adjusted to that stress field, and so it is
the ice-covered stress that we should use as the basic initial situa-
tion for vault design. The present-day regional gravity pattern illus-
trates this, of course. Bill Shilts and Fritz Koerner have shown that
a realistic model of 10-> years or so must allow for the stress field
to change more often than tectonic analyses usually consider to be
normal. What we do not seem to have a very good idea of is the
magnitude of the imposed relatively short-term stress, or the time
required to reach stress equilibrium when external conditions change.
We are not sure what processes are involved in adjustment. Although it
is obvious that water supply and the thermal regime are important to
the dissipation or equalization of local or regional stress, it seems
that we are not sure what detailed processes are involved, so that at
the present stage it will he very hard to incorporate quantitative
factors for magnitude or rate of imposed local stress in the concep-
tual model.

From the tectonic aspect, Drs. Sandford and Bowlby have showed that
there is pretty good knowledge of the regional stress pattern for at
least some areas of the Canadian Shield. But there is little idea of
the magnitude of residual stress, or of the forces leading at present
to stress accumulation. Nor do we know how that stress is propagated
in three dimensions. What do we know about the stability of the stress
field over time? The present pattern of stress relief is fairly clear;
- after all, present earthquakes occur mostly at junctions of pre-
existing lineaments. Examination of repeated strains .-inri net movements
gives an idea of the average long-time magnitude of stress,
perhaps(?); but what is the stability, what are the mechanisms and
scales of movement by which stress is converted to strain or simply
dissipated through intergranular adjustment, hydration, mineral
alteration, etc. — these things we do not know. And, I suspect that
we don't know how important, for our model, it is to have quantitative
information about regional and local stress fields.

Perhaps we need to do a lot more thinking about how to bring together
the geological evidence of long-term net strain movements and the
present—day seismological and isostatic evidence (from levelling,
gravity, etc.) of present-day stress relief. One of the geoscience
contributions to the concept development and assessment exercise will
be to bring these two lines of evidence together over what is re.ilty a
vary short period of one million years, and to predict what will
happen to an engineered structure in the middle of it all. My guess -
and here I am away outside my field - is that this is going to be one
of the hardest parts to make realistic in a conceptual model.
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Fracture systems. We were ill verv interested tt hear Peter
s of the fracture p a n eras at Atik.ikan, and ti iw the pre ••.>•:>•

fracture system relates to the active and ijn asi-stat i c water *.'.•:•; te •:-. .

It is reassuring, to a point, to find tin1, in the example where there
has been most careful study, where we know the most, the old orogenic
and tectonic fractures are the ones that are rejuvenated an.! used by
almost all subsequent eartli movements, so that tor much or the i. lore
since the rocks were first deformed and fractured there has been verv
little or no completely new fracturing. For Atikokan, this study gives
confidence for prediction that the earth movements of the next million
years will be most unlikely to break any new fractures, in rock
presently unbroken. I don't think that necessarily says anything about
any other part of the Shield. What it does sayk however - and this is
the important conclusion from Peter's work, It seems to me - is that
it is feasible, from careful and detailed field study of i specific
area, to get enough information to describe with confidence the
history and sequence of fracturing as well as the pattern, and the
influence of that history on hydrologies 1 behaviour over time, in that
area. Such a conclusion itself is a real contribution to our science
and our scientific confidence.

3. Where are the main areas of ignorance'?

In my comments above about how much we know about the processes we
need to include i;i a conceptual model or the factors we would have to
express in quantitative terms, I mentioned several areas where the
presentations at this workshop seemed to show that our technical
knowledge was uncertain at best. In this part of my remarks I would
like to reflect a little with you about how sound do we tee I are our
basic concepts, and how adequate ire the methodologies for expressing
those concepts and constructing a conceptual model, as we have been
describing them to each other.

3.1 Adding it all together. One of our greatest difficulties, it seems to
me, is how to add, superimpose, or iuxtapose the different determin-
istic and stochastic factors that we must incorporate in any compre-
hensive conceptual model. Some of you will say that this is not an
area of ignorance, or a failing in technique, but just an admission
that many factors are unrelated and of different nature, and that
attempts to relate factors which are not causally connected lead t>
artificial and unrealistic results. Modellers that I know usually try
to sidestep these questions, and with good reason. But it is the
purpose of this exercise to assess the net effect of many factors,
some of which will bear no relation to one another, on a single
characteristic:- the integrity of a buried artificial vault over a
million years. So we cannot evade the problem of combining
deterministic and stochastic influences.

Most attempts to model natural processes tend to produce a cyclic
result; yet geological and climatic experience shows that n^ two
natural events are ever the same and no series of natural happenings
is ever exactly repeated or duplicated. How to handle, the random
events in a systematic model? Depending on one's philosophy or maybe
one's reLiglon, one could add, say, the effects of glaciations-
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meteorites and earthquakes together linearly, or put them side by side
as independent perturbations of separate estimated probabilities. But
the idea of unrelated or stochastic phenomena, practical enough in
normal experience, may give us problems over the time horizon we have
set. To give an example that was suggested by this workshop: at the
present state of knowledge, as Dick Grieve pointed out, we cannot
minimize the risk of meteorite impact by choosing the location of the
vault, and we can get a fairly good estimate of net minimum probabil-
ity of impact of a given size meteorite by noting the evidence of
impacts over the past many millions of years. This probability, in a
space sense, is independent of the geographic or geological location
of the vault, at least within a broad latitudinal zone. Thus the risk
of meteorite impact on any area at any time is an independent risk,
governed by the laws of probability. But in any given million years,
meteorite impact will be dependent on the intersection of the earth's
orbit with the paths of the various populations of meteorites in solar
system space. But then, solar system irregularities have something to
do with earth glaciations (I don't want to get into this too deeply
here; let's accept this for purposes of discussion). In a million
years, might there be a connection - probably not a causal relation,
but influences that respond to related causes - between the risk of
meteorite impact and the risk of glaciation? I am not trying to imply
that we should try to model such a connection. I simply wish to point
out that a million years gives time for subtle and indirect inter-
connections and feedbacks, which we are accustomed to disregard or not
look for when examining recent events or observable processes, to be
quite important. On the other hand, a million years is not long enough
for the details of individual processes to be ignored and to interpret
what has happened only from accumulated geological results.

Other conceptual problems seem to me to lie in the need to link
together partly deterministic processes. How, for example, are we to
translate the release of stress through seismic activity on pre-
existing fractures into changes of groundwater flow along the same
fractures? How far should we carry a scenario? For example, if you
model the start of a glaciation, you might expect to go through a
reasonably predictable cycle of: crustal loading; changes or maybe
even a reversal of groundwater flow; the effects of a migrating zone
of surface freezing around the rim, with water held beneath and, thus,
perhaps sequences of saturation and unsaturation; — and then all the
processes of deglaciation, no two of which are likely to be the same
and for which the details may have to be "speculatively site-
specific". Up to a point, it is reasonable to build a model that will
emphasize the cyclical aspects of such a scenario. But how far is it
useful to carry this, and when does the adding together of scenarios,
no matter how reasonable each may be in itself, lose touch with
reality?

In these woolly areas where our data are sparse and probably not
representative, and where our observations are mostly qualitative and
tend to get ahead of our scientific understanding, so that we can
describe quite accurately the results of processes that are not
understood or that are disputed, we have to be very careful not to let
our models do our thinking for us. Because, although a causal or
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conceptual model is a useful tool for gathering and relating .1 lot of
information that no researcher could hold in his head or discuss
coherently with his col Leagues through the linear medium <>t language,
one thing it cannot do is weigh the evidence about what is sensible to
relate to something else and what has trivial or no relation. The
Battelle Institute experience, described by Mike Foley, was a useful
illustration in this regard, and a valuahle contribution 1:0 the work-
snop. This carefully constructed model of geological processes could
only be made practical by adding liberal doses of common sense; - for
example, to decide which time-integral steps could be added together
or lumped with others, which ones had to be carried through ;is inde-
pendent entities to the end; or to add different factors in different
ways, trial and error fashion, in order to achieve the most plausible
results. It is not unlikely that many models of complex geological
processes will end up, like the Battelle model, partly causal, partly
empirical. Dr. Foley has left with us a valuable lesson - that we
should build a model around our best knowledge of processes, and use
the best data we have, but we should not expect the model to give us
an answer about processes we don't understand well enough to model.

A risk we will have to guard against in the SYVAC model is that:, in
the desire to make it simple enough to be workable (or affordable on
the computer), we may attempt to relate combinations of events or
processes in too rigid a manner. Or to put the problem in a cruder
way, we must he careful not to force-fit Hafa into the model when the
available data may be unrelated in the process being modelled.

The following are some subject an-an where, in addition to the lack of
information referred to in (Question .'., it seemed during Che past day
and a half that our basic scientific understanding is admitted to he
shaky.

3.2 Glaciation. Duration of residence of ice sheets, rates of crustal
response to loading, relation of thermal and mechanicaL stress dis-
tribution to small-scale bed fractures and regional flow dynamics.
(We have an opportunity, but not an easy one, to attack some of these
problems through investigation of conditions beneath the beds of the
Antarctic and Greenland ice sheets.)

3.3 Tectonics. The principles governing the dynamics (the change with time
and pla^e), propagation, and uniformity of maintenance of the stress
field, both under present, relatively active conditions and under more
stable, post-disturbance conditions.

3.4 Stress concentration. The factors controlling the local stress concen-
tration, especially on scales of the order of size of the proposed
waste disposal vaults. One can foresee- a potential problem of logic
here that it seems to me should be addressed. It has often been stated
that the intention is to put the waste disposal vault in a stable rock
formation, which is as little fractured as possible. Rut a waste
disposal-van It system cannot be other than a foreign body, itself an
artificial fracture and a void. fwen in a homogeneous and, on our best
evidence, a relatively unfractured pluton like Atikokan, it is hard to
find a place where a vault structure the size of the modest prototype
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being planned can be fitted to avoid the major pre-existing
fractures. Once it is in place, the disposal-vault excavations and
their fillings will be an unnatural weakness or disturbance,
mechanically, possibly thermally (they will have different thermal
conductivity even if the filling material is no longer producing heat
from radioactivity) and chemically. How much disturbance such a vault
would make to the stress or water flow patterns could very well not be
determinable until the disposal system had been in place for a century
or so. But any individual point of weakness, no matter how slight,
could, in a million years, become a centre of local disturbance, thus
concentrating the conditions that might lead to escape and migration
of radionuclides. To show that we should not close our minds on such
matters, it is possible that a case could be made for putting the
vault not in an essentially unfractured area, where it must inevitably
be a disturbance, but in a highly shattered zone, because there it
would cause less disturbance of stress concentration, and there would
already be ample fracturing adjustment and j oip.t"-f i ' ling deposition to
arrest whatever ions might escape from the vault. From the evidence
given so far, it would seem that we have not worked these various
possibilities and relationships out very well as yet.

3.5 Stress and fracture sealing. One of the things that I am surprised
that nobody brought up is the effect of stress, or stress changes, or
hydrodynamio changes on the fracture fillings themselves. The
redistribution of openings, or of natural sealants, during all these
activities we have been speaking about (such as regional and local
stress changes, glacial unloading, earthquakes, etc.) is obviously
very important. Perhaps this is one of the most important factors
controlling the integrity of the depository during the long periods of
still-stand punctuated by brief shudders that 1 referred to above. The
relationship between regional or local stress relief (as fron an
earthquake) and changes in groundwater flow is clearly in part de-
pendent on the relation between stress and fracture fillings. Some
careful research is going on in this subject, in Canadian universities
and in Europe; we should keep abreast of it.

3.6 Stress and depth. There are many elegant mathematical models of the
accumulation and distribution of mechanical and thermal stress with
depth in the Karth's crust. Have these been applied to typical areas
for waste disposal, on scales relevant to a disposal vault? I just
don't know, and nobody mentioned it, in a way that I understood, at
this meeting. There clearly needs to be a three-dimensional analysis,
with time, of stress variations.

3.7 Thermal factors. I don't know whether it is outside the terms of
reference of the workshop, or whether the question had already been
considered and found to be not important, or whether nobody was
willing or competent to discuss these subjects;- but we did not hear
much, except in connection with glaciations, about the factors that
control changes in thermal characteristics and conditions from place
to place. And except for the short-lived changes of ten thousand years
or so associated with glaciations, there was little discussion of how
the thermal regime might vary over a million-ye^r lime span. There is
a common perception, of course, that if the main perturbing factor to
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wurry about is groundwater, and if one has good information on tin
groundwater, then the thermal questions are au tnmal i CP II / taken int"
account. But i would rather have liked to hear the gentherma) peop'-
give their views on this. I wonder if, for example, a graph of
groundwater temperatures over time at a given point in the Canadian
Shi.-ld might not somehow resemble Gordon West's long graph of mi^lal
movement over time? And might not variations in thermal regi;m- h r.-i- i
lot to do with development of secondary minerals, which in turn have, a
lot to do with fracture permeability and how much, if any, earthquake
movement or vertical heave has an influence on the movement of
groundwater?

1.8 Kate and pathways of ion movement, relation to erosion, etc. As
everyone here knows, there is a lot of talk, and sometimes a little
serious research, about "pathways analysis". Consideration of this
subject is well intentioned, and sounds good to the layman. But how
much is known about the natural rate of migration, distance of
transport, and pathways taken by ions in groundwater or particles
bodily moved by erosion or mass transport in typical "undisturbed"
conditions such as those in rock formations where it is proposed to
put the waste disposal vault? If little is known quantitatively about
movement under present conditions, what reliable estimates can be made
for all likely future events, including future severe glaciations :m<\
the long periods of apparent still-stand that will likely take place
in the southern Canadian Shield in the next million years? It is
possible to put some boundaries on the limits of likely physical or
chemical changes, perhaps. Hydro thermal and secondary mineral deposits
and joint fillings, Including radioactive ones, show that at leas;: the
amount that remains accumulated thare must have been transported to
reach that place. Such transport scerriM to have occurred usually at
pressure and temperature conditions higher, and possibly >ver time
spans longer, than those of interest to radioactive waste management.
How confident are we of our knowledge of the dynamics of tiiese
processes?

It would appear to be useful to try to obtain more factual evidence on
the rates and pathways of mineral movements of all kinds in conditions
similar to those to be experienced by the waste disposal system in the
next million years. The hodily distribution of nickel-bearing erratics
by glaciation was mentioned. This process can, of course, affect only
surfioial material or that available to direct glacier erosion.
Detailed geological and mineralogical studies should throw more light
on how far, and under what conditions, minerals and ions migrate in
fracture systems at depths comparable to the proposed vault. It .should
be possible to identify distinctive suites of minerals in, for
example, the upper 2000 metres of typical present-day Shield rocks,
and investigate how far some of those materials have travelled i 1
Phanerozoic time. This kind of information is not likely to come from
ordinary mineral prospecting, but it seems a sensible kind of study to
undertake as an aid to long-term disposal of dangerous wastes.
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Realistic pathways analysis hc° to take into account surface- I'msi'in,

isostatic uplift and its effect on the future history and direction of

water fiow, ami the effect that those changes in flow might have on

the thermo-ehemistry of groundwaters and the resulting permeability of

rocks and deposition of secondary minerals in fractures. And so on.

When does one know when to stop? I think, we deal with this probl, •>" iiv

asking the next question, about how to use the model.

Do we know how to use the conceptual models, or hov others will U F °

them? This question was, In my opinion, addressed admirably by Mike

Foley, although his model had a somewhat different purpose, and was in

a different context. But we all can learn from the Battelle

experiment. Although Dr. Foley might wince at this, here are some of

the ideas from that work and others that stick with me:

- The most important function that a geologic simulation model can

serve is to provide a systematic means of defining and t.-.^ing the

boundary conditions for the collection of ph"sically based processes

that one is going to incorporate into operational models. The con-

ceptual model can give an idea whether the processes as defined are

realistic, and what kind of data are needed.

- Another valuable use of such a model is to help assess the relative

importance and relationships of factors affecting a specific

location. The model can create a hypothetical situation that is

plausible hut that has never been observed, using data from a real

site, a n ! :hen run through accelerated time to see if what the model

.suggests would happen makes sense as iudged by the best scientific

understanding and tie history of conparthle situations. Tf the

result is plausible, it is an indication that the factors included

in the model could Vie an approxi :nat<> s i -iiu 1 a t ion ot nature. If the

result is seen to bf- physically impossible or distorted, then it is

likeLy that valid processes have been '. inked in an invalid way, that

basic assumptions aie erroneous, or that data are being used

wrongly. From such experimentation we can learn to improve both our

concepts and our models. However, use of models in this way does noL

tell us much about our data.

Other uses of a conceptual model will be

(i) to help choose the parameter.-, that must be selected to

put vague conceptual ideas into quantifiabl. ;^ims. I have a

gut feeling that there is going to be more difficulty with

rates and time factors than most of us have admitted until

now;

(ii) to scale real-life observations and experiments up into

geological dimensions and test them to see if they hold

together; and
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5.4 Over how long a period of time will society have to be concerned about
the safety of the vault? And why? This is a question that !•-. being
asked more and more of the scientists, not only of the authorities. It
is being put to us at all levels, from anni-nuclear groups to the
Treasury Board — or maybe one should list them the other way around.
What answer should we give? At the one level, the answer Is easy: "no
time at all after final emplacement", because the whole purpose of the
carefully designed and constructed disposal system is to remove from
society the management burden and worry about the future risks from
present wastes. But on another level, we know that the "Please trust
us, we are the experts" answei will not be believed, no matter how
convincing the arguments; and also we are the people who appreciate,
better than anyone else, how many things will never be known about
future conditions and how many things might possibly go wrong with the
design or not be adequately allowed for. I don't think that the
situation of not being able to assess all the factors gives any of us
here real concern about the future safety of humankind, but it does
make it hard to give an honest answer to a straight question. We can
say "A million years is OK", easily enough, based on the work of
Barraud and others; but to concerned society today, or to politicians,
that is a non-answer. In my listening to everyone else on this
subject, as soon as a shorter time is discussed, someone starts to
qualify the conditions, and this gets us into trouble, does not help
our credibility, and does not satisfy the public or the politicians. I
think that the best answer to this "basic question" is to try to show
that it is not really a very useful question.

5.5 Can we, right now, if required, pick a suitable place to locate a
waste disposal vault? For many people, this is the most crucial
question. I think the honest answer in 1983 has to be "No". We might
be tempted to elaborate like good bureaucrats and add, "But the
concept assessment program .'ill show to reasonable satisfaction that
the system as designed and evolved wiLI meet quite rigorous criteria
of safety and public acceptability; and that those criteria will make
possible the menus of selecting, through proven earth ucience and
biological investigations, a suitable site". Such an answer will, of
course, turn anyone off.

Equally or more important, 1 suspect that most of us feel fairly
confident today that, to the best of our knowledge and judgement, it
will not be a matter of searching for a perfect site or the best site,
but one of deciding, among many suitable potential locations, which
one would be the most economical or practical. Many of us here would
go further, and say that probably any relatively stable hard-rock
location would be adequate, because the risk to society at large is
small in any case.

6. Can we explain our present understanding and concerns in a convincing
way, to the politicians and the public? The short answer is: not very
well. The comments above show that in some areas, we have a long way
to go to give satisfactory answers to questions that the public thinks
are simple and basic but that scientists find terribly complex.
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And it is not going to be possible for the technical people to leave
the job of explaining the risks to health and the environment of a
future waste disposal scheme to the Concept Assessment program people
or to headquarters spokespersons. It is not wise to try to predict
anything in the nuclear energy or radioactive waste game, but present
trends suggest that, to a greater and greater extent, scientists
involved in any aspect of the subject will be expected not only to
report their technical findings but also to state to the public their
interpretations in terms of social and policy concerns.

The basic problem is that, as people working on an important social
and political issue, we are always being asked to give very simple
answers, while as scientists, aware of the incompleteness of our
understanding and the fragmentary nature of our data, we are in all
honesty obliged to qualify every statement or refute simple
conclusions.

As an example, one of the early political documents about the proposed
high-level waste management program had, in draft, the bold statement
that in Ontario alone there are hundreds of granite plutons that are
without fractures of any kind! Where such a statement came from, T
do not know, but it likely originated in all innocence from some
innocuous remark by a geologist who said, correctly, that there are
probably many plutons that are not heavily fractured. I had to do a
bit of explaining to get that statement changed to something geologi-
cally more defensible. Those issuing the statement wanted to be able
to tell the public that the scientists had assured them that there
were lots of good candidate sites, and they were not happy when it was
pointed out that every known pluton has at least some fractures.

As, more and more, there is public and poLitical demand lor substan-
tive explanation in layman's language of scientific work in this area
- explanation that is not obviously puhlic relations but that gives
useful information so that lay persons can contribute responsibly to
decisions about waste management policy - a lot more attention will
have to be given to communicating in this subject from the scientific
and technical level. The Concept Assessment document is going to be
examined by the public at least three times before the final version
is adopted. There is going to be need for a layman's geoscience
explanation or appendix. If there is not such an explanation written
by the scientists involved in the project, it is likely that a
statement to provide that explanation will be written by persons who
know much less about it and who may have different motives.

7. What areas of future work are indicated? Let me list, without
elaboration, a few obvious areas for further study that seemed to have
come out of our discussions the last two days. These are of course not
presented in any order of priority or importance, but just as they
came to my attention:-
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(a) Carefu1 field observation of past migrations, dispersion or
concentration of distinctive minerals or ions geochemically
similar to radionuclides and their associated minerals, in
fractures and pores during past geological events. Such events
should include glaciations and periods of still-stand, in the
Canadian Shield or similar geological settings;

(b) Controlled experiments of flow through typical fractures under
different hydrostatic and geochemical conditions;

(c) Studies of changes of stress field and stress propagation at
various depths to say 2000 metres in known rock masses;

(d) Studies of variations of local stress concentration related to
various fracture systems, on scales comparable to the size of the
structure of a disposal vault (dimensions of hundreds metres up to
a kilometre). If successful, these studies could lead to
theoretical or model investigations of the comparative effects of
emplacing the vault in

(i) an area of cl.;se-spaced fractures or shears where stresses
are dissipated continually;

(ii) an area of as few fractures as possible, where stresses are
low or resisted;

(iii) a location that is comparatively little fractured hut close
to a major lineament or shear that could absorb regional or
introduced stresses and so possibly protect the vault;

(e) Identification of areas in the southern Canadian Shield where
there will likely be minimum erosion and chemical alteration in
the next million years, taking into account future glacial and
postglacial conditions. Identification of areas of probable
future local deposition, by streams and glaciers, and their
relations to future groundwater movement patterns. Estimation of
areas or formations likely to be subject to differential
weathering, leaching, or development of secondary minerals in
Interglactal or postglacial conditions;

(f) Meso-scale analyses, and studies of coupling or synthesis of
regional and local stress fields, including stresses that may
result from future glaci itions and deglaclations. Identification
of critical areas of lonl stress accumulation where meteorite
impact could trigger an earthquake prematurely or cause extensive
fracturing;

(g) Time-sequence models of large-scale hydrological flow patterns
under different stages of glacial cycles and of still-stand after
deglaciation and the termination of the present episode of earth
movements. Tl.is would include studies of the effect of isostatic
rebound on hydrostatic gradient, on fracture flow and on pore
pressure, in terms of the "heave" to an unloaded state from a
hydrologlcal system that was in equilibrium under an ice load;
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(h) Studies of the effect of different hydrostatic, mechanical and
thermal stress conditions on mechanisms for fracture filling and
secondary mineral deposition.

One could of course go on and on in thinking of geological, climatic
and geophysical studies that it would he most interesting to pursue,
and that would undoubtedly provide new information that could
contribute to locating a disposal vault in a place least likely to be
disturbed or leached in the next million years. What makes this
exercise fascinating is that, in a way that is novel and refreshing to
most earth scientists, we are requested to turn about-face, from
studying the past and the conditions that have led up to our present
situation, and are asked to apply our knowledge to what might happen
in the future. Climatologists are of course more accustomed to
thinking about botli the past and the future; but here we have a good
opportunity to consider the interaction of geological and climatic
processes in some detail over a sustained period. Moreover, we are
asked to do this in the context of a problem that has real economic,
social and political importance. Most of vis have been brought up to
believe that if we study the past and the present in an organized,
open and careful way, that is science; but to attempt to describe the
future is speculation, and not respectable science. But with respect
to long-term waste disposal we have betn asked seriously to try to
apply the methods of science to the art of the soothsayer. And we have
reason to be as careful and thorough as possible, because a great deal
of money, and operational and engineering work, not to mention
questions of policy and public acceptance, may depend on the results
of the geological and climatic modelling and analysis.

This brings me to the last question, that of our sense uf proportion.

Do we have a proper sense of perspective? What is the importance of
geological and climatic knowledge, and the ability to model geological
changes, to the problems of radioactive waste disposal? As noted
above, for scientists this whole problem is an interesting exercise,
and a test of how much we know about the behaviour of the earth and
how well we can link together our understanding of its various
processes. Is this knowledge critical to a responsible and acceptable
policy for radioactive waste, and to decisions on the design and
location of the disposal vault?

Our work, and the answers we come up with, are important to the
authorities responsible for the Concept Assessment Process, and the
other agencies who are sponsoring our studies. The fact that we are
doing these studies, quite aside from the value of any new information
we are producing, is certainly important from a public relations point
of view. Most of us, however, don't like to think that we do our best
scientific work only for public relations reasons.

Certainly, the geological and climatic analysis of likely future
events has potential for showing whether the whole radioactive waste
disposal scheme has major technical flaws, and ought to be a help in
achieving the objective of safeguarding the biosphere of the future
from damage caused by human activities in the late twentieth century.
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I think that all geoscientists acknowledge a responsibility to
appraise the knowledge we have in terms of the contribution we can
make to a successful scheme for disposal of radioactive wastes. But
knowledge of the physical earth sciences and atmospheric sciences is
not enough. If our work is to be important in a substantive way, and
not just an elaborate public relations gesture, our geological and
climatic work must be related to other areas of science relevant to
radionuclides, life, and the environment. For example, there are two
other subject areas without which, it seems to me, the range of
subjects discussed at this workshop may lose their relevance or lead
to wrong conclusions.

8.1 Geochemical processes. The first area is the relationship of
geological/climatological work to geochemistry and hydrogeocheraistry.
Real advances are being made in the knowledge of sorption processes
and the determination of sorption coefficients under various physical
and chemical conditions. Is this new knowledge being applied to
geochemical reactions that would occur during migration of radio-
nuclides? If the vault is breached, if the supposedly inert and
unleachable material is leached, and assuming a given amount of con-
taminated groundwater movement along certain kinds of fractures with
specific mineralogy and assuming reasonable temperature gradients due
to waste decay heat and geothermal background, how quantitative an
estimate can be made of what kind of material will be transported how
far in what time?

We need to approach the waste disposal problem from the point of view
of the various steps in the reaction of the Karth as a chemical body
to a local chemical or thermal disturbance- n>t, as geologists are
normally trained to do, by observing the final condition when
reactions are completed, nor as the chemists habitually do, by
focussing on the reaction processes themselves. For understandable
reasons, geologists and mineralogists tend to take a very simplified
view of these processes, for they are mainly concerned with the end
result of a long history that, at the time when they study it, has
been completed, whereas chemists are not accustomed to thinking of
solution, sorption and deposition at slow geological rates. A niI 1 ion
year long partially controlled experiment, uncomfortably short for the
geologists and embarrassingly long for experimental chemists, is a
good meeting ground for two different approaches to studying natural
chemical processes, and it will be useful and enlightening to get
together.

8.2 Biological processes. A very important subject area where scientific
knowledge and interpretation may be necessary to complement geological
and climatic information is the relationship of radionuclide transport
by groundwater to the biosphere and biological processes. The vulner-
ability of the biosphere to change by imposed chemical or ionizing
stresses, and the processes by which it reacts over short or very long
periods, should be looked at carefully, at the same time that the
physical changes and their effects are being assessed. Tf this is not
done, the ultimate objective of the waste management and disposal
system, which is to protect the biosphere from damage, may be missed
entirely, or the geological and climatological work may turn out to be
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naive or meaningless. How is it possible to say to what lengths one
should go to protect the biosphere unless one knows how much the
biosphere needs protection? How can even a subjective benefit-roi; t
assessement be made of the effectiveness of an environmental
protection system unless one has the best knowledge possible of the
possible loss or damages to biological systems over time if protection
is not carried out'.'

This subject is outside the field of most geoscientists, but as the
technical people most directly involved up until now with the
proposals to prevent radioactive wastes from harming the environment,
geologists and climatologists have, I think, a responsibility to ask
whether adequate attention is being given to the life sciences. And we
have a legitimate reason to request results from biological studies
to provide a description of the "receiving end" of the transitional
processes we are studying.

Geoscientists have a bad habit, it seems to me, of considering the
biosphere to be locally static, although we acknowledge that on a
large scale it is evolving methodically to develop ordered regional
palaeontological sequences. It has been said many times, and Is
acknowledged as a political and public objective, that the purpose in
developing the "concept" of management and disposal of radioactive
wastes is to prevent harmful radionuclides from moving through the
environment to affect mankind or other living creatures for a million
years. But if the need to do this is to be more than an act of faith,
should not the vulnerability and stability of biological systems over
the same time period he examined?

What is mankind going to be like in a mil Lion years? What was mankind
like a million years ago? What were other creatures liki'1.' We do have a
lot of information, of course. Anthropology and comparative anatomy
show us that humans, if they are still around, will not likely differ
much, physiologically, from us today. And yet, many lines of evidence
show clearly that the cultural development and the biological behav-
iour, if not the anatomical structure, of humans, and the behavioural
and ecological development of many other animals and plants, have been
accelerating throughout the Pleistocene and Recent epochs. The human
society, or whatever is the controlling intelligence on earth, as well
as the ecosystems >f which ail creatures will be a part, are almost
certainly going to be more different a million years from now from us
and our ecosystems today than we and other modern species are from
our ancestors a million years ago. The changes will of course be
behavioural (for humans we might call them cultural) and will Usu be
biological. It is not likely that these changes will be linear or
progressive, even over a million years; nor will they be uniform from
place to place. C m we speculate whether these hiological changes
include changes in vulnerability and response to changes in the
chemical environment, including the ionizing environment? Should such
changes be modelled, and if so, what kind of geological and climatic
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It Is known also, from post-Pleistocene experience, that major com-
ponents of the biosphere can react rapidly, usually faster than major
changes occur in climate. The evidence seems to be that any substan-
tive change in climate or geological conditions is accompanied by, and
presumably acts as a stimulant for, rapid adjustment of biological
systems. Thus, during times of geological and climatic disturbance,
tile living world evolves rapidly enough to take advantage very quickly
of any new habitats or opportunities for survival that say be
developing. Our whole palaeontological reference system of index
fossils is based on the comparatively rapid regional or worldwide
evolution of new varieties of life in response to changed geological
conditions. But I am not sure how much is known of the processes and
rates of biological change on time scales comparable to the length of
concern over the safety of radioactive wastes.

There appear to be several ways in which the biosphere can adjust to
changed conditions. These adjustments operate on different time scales
and, perhaps, may be important to assessing the vulnerability of
living systems to imposed radionuclides. A quick review of these
adjustment processes may help us assess the significance of biological
factors to the transitional processes.

(i) There can be adjustment of the composition, behaviour, and
geographic range of ecosystems. Such adjustment can involve
change of species mix, changed roles of key species in the food
chain, and changed behaviour of individuals and populations
including adaptation of breeding cycles, or colonisation or
abandonment of territories. Some species may decline or become
extinct very quickly while others thrive; but there will be
little or no biological change in the animals or plants them-
selves. Major changes of this type can happen in a few years or
decades- almost instantly in our time scale. These adjustments
could1 conceivably favour species that are tolerant to radio-
nuclides, if conditions are right.

(ii) There can be evolution of new species or races, by jienetic

changes or selective biological adaptation or other processes.
New species or distinctive new races can apparently develop and
become established quite quickly - the insect kingdom is famous
for this — hut time frames of a few centuries to a million years
or so seem reasonable for ;t wide range of life forms. Kallin's
(1983) work on the appearance of several distinct new species of
birch trees as hydrological ;ind climatic conditions changed in
Finland during deglaciation in the past 20 000 years or less is
an example of the kind of scudy it seams we should have on the
Canadian Shield if we wish to relate changes in geological
conditions to changes in the biosphere during the time that we
are concerned about radioactive wastes. There is, of course,
evidence that ionizing radiation itself may play n role in
bringing about genetic changes that lead to new species,
although most radiation-induced genetic changes .ire deleterious
and don't survive. But some do. No one, as far as T. know, has
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been bold enough to suggest that we should design radioactive
waste management systems to be a stimulus to the breeding of
improved forms of life!

At any rate it appears reasonable to expect that, during the
period for which the waste disposal vault is expected to he
"safe", there will be considerable biological evolution, and the
response of living forms to inadvertent or accidental release
during that period, or after the end of it, might be different
than the one we know today.

(iii) There can be fundamental changes in the metabolism of a range of
life forms in response to changed conditions or distinct
environments. Changes of this kind relate to the way in which
living cells use oxygen and transfer or store water and plasma,
and are independent of particular genes or species, although
such changes may lead to new speciation. Researchers lixe
Macfarlane (1978) in Australia have concluded that such basic
changes happen at the slow rate of generic evolution, and that
"misfit" cell behaviour can persist at least five million years
after environmental conditions have changed. Perhaps these kinds
of biological changes may not be of much interest to us, except
to confirm that present sensitivities of known organisms,
including ourselves will likely continue; but it is an area of
palaeoecology that geologists interested in waste disposal
should be aware of, for important new understandings are being
gained. Some of the knowledge in this area could relate
importantly to radioactive waste; the radionuclide-tolerant
algae and other forms of life found in some radioactive hot
springs may merit investigation in this regard. Other examples
are the distinctly different forms of life, which are not
oxygen—dependent and have unusual thermal tolerances, that are
fouid in submarine springs, some of them radioactive, at crustal
plate boundaries.

Tiiere are thus many aspects to this problem of keeping a sense of perspec-
tive and proportion about the importance of geoscience information to the
radioactive waste disposal concept. If we accept that the purpose of these
studies is to improve our knowledge of geological and climatic processes
so that we can use the information to develop a way to get rid of wastes
that we are producing today but that could be a biological danger in the
future, it becomes apparent that information from geosciences is not
enough. We need information from other fields, especially biology. If
these questions are not receiving attention from biologists, it is incum-
bent on the earth scientists to have biological experts examine the
problem and conclude that future changes in the biosphere and its response
to radionuclides are not important to the design and operation of a waste
disposal system.

Many questions about the importance of these studies come back to the
motivation of the researcher. It is easy to answer, in a shallow sense,
that there has been a political decision, in response to public concern
and some technical information on potential environmental risk, which is
that there should be thorough study of all reasonable factors that might
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affect a hard-rock disposal site over a 1ong period, In a deeper sense,
scientists, and the public who raise the concerns, and the governments who
support the work, are doing this for moral reasons. We, and the
governments and public who call for these studies, do so for reasons of
conscience and prudence, not because of direct evidence of danger t.o any
of us or our foreseeable dependents. For one reason or another, most
scientists and most people anywhere accept an obligation to future
generations and to other forms of life. This is the fundamental
perspective that determines the importance of our work. To acknowledge
this obligation is to acknowledge our responsibility as scientists and as
humans, inhabitants of the biosphere.

IV WHAT HAS THE WORKSHOP ACCOMPLISHED?

The workshop has provided a good review of the range of possible climatic,
geological and extra-terrestrial influences that could influence the
integrity of a depository for radioactive waste buried in crystalline rock
of the southern Canadian Shield. It presented evidence on the present
state of knowledge with regard to what might be plausible limits to the
extent and rates of those influences, their probabilities, and what might
he the effects.

The discussion uncovered many areas where more knowledge was needed before
all the major factors seen to be important to a conceptual model of
transitional processes could be described with confidence. Information
about likely timing and periodicity of future events is poor, partly
because a I' current experience is in a period that appears to be
anomalously active, geologically and climatically. It is apparent that at
the present stage of understanding, attempts tn model or simulate future
conditions will be severely hampered by the difficulties of combining
deterministic and stochastic happenings that, separate in origin, may have
linked or synergistic consequences.

The workshop demonstrated also that the gensciences have a contribute in to
make to this important social., political, and environmental problem, and
that geoscientists have a responsibility and opportunity to use their
accumulated understanding of past events to help solve problems of the
future. Despite the Incompleteness of our information and large areas of
uncertainty, there is -justification for proceeding with the formulation of
a comprehensive conceptual model of transitional processes that might
affect the integrity of a buried vault over the next one million years.

V REFERENCES

Kallio P., S. Niemi, M. Siiiklnoja and T. VaJ.Jnne, 1 98*3. The Fennoscandian
birch and its evolution in the marginal forest zone. Nordicana, No. 47,
p. 101-110.

Marfarlane, W.V. 1978. The ecopliysiology of water in desert organisms. Tn
Water; Planets, Plants, and People, A.K. Mclntyre., ed., Australian Academy
of Science, Canberra, p. 1118-14).



- 296 -

PAKTtCIPANTS

J. Adams Energy, Mines and Resources Canada,
Earth Physics Branch,
1 Observatory Crescent,
Ottawa, Ontario KlA OY3.

C.J.G. Barraud Nuclear Programs Division,
Environment Canada,
Place Vincent Massey,
Hull, Quebec KlA 1C8.

J. Bowlby Geotechnical Engineering Department,
Ontario Hydro,
700 University Avenue,
Toronto, Ontario M5G 1X6.

W. Brisbin Department of Earth Sciences,
University of Manitoba,
Winnipeg, Manitoba R3T 2N2.

P.A. Brown on attachment from AKCL to
En- rgy, Mines and Resources Canada,
Geological Survey of Canada,
243-401 Lebreton Street,
Ottawa, Ontario KlA OE3.

P.A. Davis Atomic Energy of Canada Mmlted,
WMteshell Nuclear Research Establishment,
Pinawa, Manitoba ROE 1L0.

B.r. Findlay Canadian CLiraate Centre,
Atmospheric Environment Service,
Downsvlew, Ontario M3H 5T4.

D.A. Fisher Energy, Mines and Resources Canada,
Polar Continental Shelf Project,
Ottawa, Ontario KIR 6K7.

M.G. Foley Battelle Pacific Northwest Laboratories,
P.O. Box 999,
Rir.hland, Washington 993S2.



- 29V -

D. Gibb Energy, Mines and Resources Canada,
Earth Physics Branch,
1 Observatory Crescent,
Ottawa, Ontario K1A OY3.

B.E. Goodlson Canadian Climate Centre,
Atmospheric Environment Service,
Downsview, Ontario M3H 5T4.

R.A.F. Grieve Department of Geological Science,
Brown University,
Box 1846,
Providence, Rhode Island 02912.

H.S. Hasegawa Energy, Mines and Resources Canada,
Earth Physics Branch,
1 Observatory Crescent,
OTTAWA, Ontario K1A 0Y3.

W.F. Heinrich Atomic Energy of Canada Limited,
Whlteshell Nuclear Research Establishment,
Plnawa, Manitoba ROE 1L0.

A.L. Holloway Atomic Energy of Canada Limited,
Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba ROE 1L0.

F.M. Koerner Energy, Mines and Resources Canada,
Polar Continental Shelf Project,
Ottawa, Ontario KIR 6K7.

B. Ladanyi Department of Civil Engineering,
Ecole Polytechnique,
University of Montreal,
Montreal, Quebec H3C 3A7.

C.F. Lee Geotechnical Engineering Department,
Ontario Hydro,
700 University Avenue,
Toronto, Ontario M5G 1X6.

J.V. Matthews Energy, Mines and Resources Canada,
Geological Survey of Canada,
601 Booth Street,
Ottawa, Ontario K1A 0E8.



- 298

C.A. McKay Canadian CAim.it» O

Atmospheric Environment Service,
Downsview, Ontario M3H C>T4.

P. Michel Department of Geology,
CarletoTi University,
Ottawa, Ontario K1S '5

V. Poiiscuk Atomic Energy Control. Board,
Box 1046,
Ottawa, Ontario KIP 5S9.

M.H.L. Pryce Technical Advisory Committee,

c/o Engineering Bldg., Room 136

McMaster University,

Hamilton, Ontario L8S AL7.

B. Robertson Energy, Mines and Resources Canada,
Earth Physics Branch,
1 Observatory Crescent,
Ottawa, Ontario K1A OY'i.

E.K. Roots Department of Knvironment,

Ottawa, Ontaiio KIA 0H3.

B.V. Sanford Energy, Mines and Resources Canada,
Geological Survey of Canada,
601 Booth Street,
Ottawa, Ontario KIA 0E8c

K. Schultz Atomic Energy Control Board,
Box 1046,
Ottawa, Ontario KlP 5S9.

J.S. Scott Energy, Mines and Resources Canada,
Geological Survey of Canada,
601 Booth Street,
Ottawa, Ontario KIA 0E8.

G. Sheng Science Secretary,

Technical Advisory Committee,
c/o Engineering Bldg., Room 136,
McMaster University,
Hamilton, Ontario L8S 4L7.



W.W. ShUts

- 299 -

Energy, Mines and Resources Canada,
Geological Survey of Canada,
601 Booth Street,
Ottawa, Ontario K1A 0E8.

R. Slunga Forsvarets Forskingsanstalt,
Fack, S-104 50 Stockholm 80,
Sweden.

N.M. Soonawala Atomic Energy of Canada Limited,
Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba ROE 1L0.

J. Toth Department of Geology,
University of Alberta,
Edmonton, Alberta T6G 2E3.

A. Vonhof Vonhof Consulting Ltd.,
5228 Veronica Rd. N.W.,
Calgary, Alberta T3A 0T3.

J. Wallach Atomic Energy Control Board,
Box 1046,
Ottawa, Ontario KIP 5S9.

G.F. West Geophysic Laboratory,
Department of Physics,
University of Toronto,
Toronto, Ontario M5S 1A7.

S.H. Whitaker Atomic Energy of Canada Limited,
Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba ROE 1L0.

R. Woodside Department of Physics,
University of British Columbia,
204 - 2075 Wesbrook Mall,
Vancouver, British Columbia V6T 1Z2.

D.M. Wuschke Atomic Energy of Canada Limited,
Whiteshell Nuclear Research Establishment,
Pinawa, Manitoba ROE 1L0.



ISSN 0067-0367 ISSN (>(>67-O.Vr

To identify individual documents in the series
we have assigned an AECL— number to each.

Please refer to the AECL— number when
requesting additional copies of this document

from

Scientific Document Distribution Office
Atomic Energy of Canada Limited

Chalk River, Ontario. Canada
KOJ 1J0

P o u r i d e n t i f i e r l e s r a p p o r i s i n d i v i d u a l s t a i s j n i p i m r J f
s e r i c n o u s a v o n s a s s i ^ n e uii I U I I I K T O \ l ("I j > .h .u ! i

V e u i l l e / f a i r e m c n l i o n d u n u m e i o - \ I \ 1 M \ I H I -
d e m a n c i c / d ' a u t i c s ' • \ c m p U u i c s d c c c l a j i p o t :

an

Service dc Distribution des DticuiuoiHs (> 111 ̂  i c I -
l.'L-.nergie Atomique du Canada i iiiuui1

Chalk River. Ontarui. Canada
K0.1 I.ID

Price: $15.00 per copy p r i \ : il.">.()() p a r exen ip l am. '


