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ABSTRACT

New probabilistic seismic ground motion maps of Canada, displaying peak
horizontal acceleration and peak horizontal velocity at a probability of
exceedence of 10 percent in 50 years, have been recommended as the replacement
for the 1970 Seismic¢ Zoning Map in National Building Code applications. This
report presents a comprehensive description of the basic earthquake data and

the methods employed in deriving the new maps.

RESUME

Les nouvelles cartes de probabilité des mouvements séismiques du sol
pour le Canada ont été recommandées pour remplacer la carte de zonage
séismique de 1970 dans les applications du Code national du bdtiment. Ces
cartes présentent l'accélération horizontale maximum et la vitesse horizontale
maximum & la probabilité de dépassement de 10 pourcent en 50 ans. Ce rapport

donne une description détaillée des données séismiques de base ainsi que les

méthodes utilisées dans 1'élaboration de ces nouvelles cartes.
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1. INTRODUCTION

In Canada, the primary application of seismic zoning information is made
within the context of seismic loading provisions of the National Building Code
(Associate Committee on the National Building Code, 1980). In the first
edition of the code (1941) the seismic provisions appeared in an appendix and
were based on concepts presented in the 1937 United States Uniform Building
Code. In the 1953 edition, the earthquake loading requirements were updated
and placed in the main text, and referenced the first seismic zoning map of
Canada, which was subsequently described by Hodgson (1956). The Hodgson
zoning map was a qualitative "seismic probability map" based on knowledge of
the larger earthquakes and general considerations of the regional extent of
earthquake zones.

The Hodgson zoning map was replaced in the 1970 edition of the code by
the 1970 Seismic Zoning Map (Figure 1). This, the first strictly
probabilistic map, was developed from the work of Milne and Davenport (1969)
(see also Whitham et al., 1970), and displayed contours of peak horizontal
acceleration at a probability of exceedence of 0.0l per annum that were used
as boundaries for the four seismic risk zones. Although some of the seismic
loading provisions have changed (Uzumeri et al., 1978), the 1970 zoning map
has been referenced by subsequent editions of the code up to 1980.

The 1970 zoning map shown in Figure 1 was developed using extreme-value
statistics applied to the catalog of known Canadian earthquakes (to 1963) to
compute probabilities of peak acceleration exceedence at a grid of sites
throughout the country (Milne and Davenport, 1969). Reviews and recent

applications of seismic risk estimation in Canada (Weichert and Milne, 1979;
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Basham and Weichert, 1979; Basham et al., 1979) have shownlthat the method
developed by Cornell (1968) is the most appropriate for derivation of new
probabilistic seismic ground motion maps of Canada. For computational
purposes we have adapted the computer program of McGuire (1976) and will
therefore refer to the method as "Cornell-McGuire',

The new probabilistic seismic ground motion maps are described in the
publication by Basham et al. (1983), which includes a discussion and
illustration of the influences of: (a) the expanded catalog of Canadian
seismicity since the preparation of the 1970 map which was based on seismicity
to 1963; (b) the change in method from extreme-value to Cornell-McGuire; (c¢)
the change in strong ground motion attenuation relations from those of Milne
and Davenport (1969) to the new relations developed by Hasegawa et al. (1981);
and (d) a qhange in probability of exceedence from the value of 0.01 per annum
used for the 1970 zoning map to the value of 10% in 50 years recommended for
the next version of the National Building Code. The adaptation of
probabilistic peak horizontal acceleration and velocity maps to seismic zoning
maps and the concomitant changes to the seismic loading provisions that would
be required in the National Building Code are described by Heidebrecht et al.
(1983). The contour maps of acceleration and velocity at a probability of
exceedence of 10% in 50 years that will be employed as new seismic zoning maps
are shown in Figures 2 and 3.

It is the purpose of this report to present a comprehensive description
of the basic earthquake data and the methods employed in deriving the new
maps. The contents and format of the report are described in the following

section with reference to the basic requirements of the Cornell-McGuire method.
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2. CORNELL-MCGUIRE SEISMIC RISK ESTIMATION
The four basic components of the Cornell-McGuire seismic risk estimation

method are illustrated schematically in Figu}e y,

2.1 Earthquake Source Zones

The method requires that the seismicity be defined in finite source
zones (Figure Ya) with uniform activity. The seismicity of Canada and
adjacent active regions has been modelled with a total of 32 source zones
(Figure 5) based on the distribution of historic and recent earthquakes and
any geologic or tectonic evidence that can be employed to delineate the extent
of future earthquake activity. A description of the rationale used for the
selection of zone boundaries and a small scale map of each of the source
zones, with its associated seismicity, is given in Section 3. The source zone
boundaries on Figure 5 and on the individual source zone maps are straight
lines in the Lambert Conformal projection used for these maps. Each of these
zones is modelled as a horizontal, uniformly active source of earthquakes. In
the absence of a reliable depth distribution, the seismicity in all zones,
with one exception, is assigned a focal depth of 20 km. This is slightly
deeper than the average depths of Canadian earthquakes, but the choice-
partially compensates for the unrestricted near-field attenuation (see
Section 2.3). The exception is the Puget Sound subduction zone (see Section
3). The Alaskan seismicity is also modelled in simplified zones at a depth of

20 km, even though many of the earthquakes do occur in deeper subduction zones.

2.2 Magnitude Recurrence Relations

Each of the zones is assigned a cumulative magnitude recurrence relation
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terminated at an upper-bound magnitude (Figure 4b). The recurrence relations
ﬁave been computed using the method of Weichert (1980), a maximum likelihood
method extended to the case of earthquakes with an assigned maximum magnitude
and grouped in magnitude with each group observed over its individual time
period. This requires an estimate of the first year of complete reporting of
different magnitude category earthquakes in each of the zones. The estimated
years for half-magnitude categories are given in Table 1. These are estimates
based on our experience and on discussions with Branch colleagues familiar
with historical Canadian seismicity, and are determined by the historical
patterns of population distribution and reporting of earthquake occurrences in
the pre-instrumental era, and by the capabilities of global and Canadian
seismograph networks and methods of routinely reporting earthquakes that have
developed since the turn of the century. Milne et al. (1978) and Rogers
(1983) describe these considerations for a part of the west coast region (see
also Basham and Whitham (1966)). For a number of zones a starting year is
imposed rather arbitrarily on a larger magnitude category. These cases are
noted in the individual zone descriptions in Section 3. The earthquakes that
postdate these completeness years were used to derive the magnitude recurrence
relations and are listed in Appendix A. The final year of earthquakes
included for these computations is 1977, with two exceptions noted in Section
3 for which 1978 data were used. For only the Northern Appalachian zone would
the inclusion of more recent earthquakes be expected to influence the derived‘
magnitude recurrence relation; the implications for this zone are discussed in
Section 3.21.

In the compilation of earthquakes for each of the source zones,
aftershocks are included if they pass the completeness test deseribed in

Table 1. It is a debatable question whether aftershocks should be included in
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Table 1

Estimated First Year of Complete Reporting of
Magnitude Categories

Zone Magnitude Category*
3.0 305 ‘4.0 14.5 500 5-5 600 6-5 7-0 705 8-0
Western Canada
PGT - - 1965 1956 1940 1917 1899 1899 1860 1860
CAS -~ - 1965 1956 1940 1917 1899 1899 1860 1860
NVI - 1965 1956 1956 1940 1917 1917 1917 1860 1860
CSM - 1965 1956 1956 1940 1917 1917 1917
JFE - - 1965 1965 1965 1917 1917 1917 1899
QCF - - 1965 1965 1965 1940 1917 1917 1899 1899 1899
SPT - - 1965 1965 1965 1940 1917 1917 1899
SBC - 1965 1960 1960 1940 1917 1899 1899
NBC - 1971 1965 1965 1965
SAS 1968 1965 1940 1940 1940 1900
Northwestern
FWY - - 1972 1968 1964 1950 1950 1930 1920 1850 1850
DSK - - 1972 1968 1964 1950 1950 1930 1920
RIC - - 1968 1968 1964 1950 1950 1930 1920
BFT - - 1968 1968 1964 1950 1950 1930
MKZ - - 1968 1968 1964 1950 1950
Eastern Canada
CHV 1968 1963 1937 1928 1920 1900 1800 1660 1660
WQU 1968 1963 1937 1928 1928 1900 1900 1850
LSL 1975 1963 1963 1937 1937 1937 1900
NAP 1975 1963 1937 1937 1937 1900
LSP - - 1956 1956 1937 1937 1930 1930 1800
ATT - 1963 1937 1937 1937 1850
EBG - 1963 1963 1956 1937
Northeastern
BAB - - 1968 1968 1964 1950 1950 1930 1920 1850
BAI - - 1968 1968 1964 1950 1950
LAB - - 1968 1968 1964 1950
EAB - - 1968 1968 1964 1950
GLA - - 1968 1968 1964 1950
SVD - - 1968 1968 1964 1950
BOU - - 1968 1968 1964 1950 1950

*With magnitudes defined to one-tenth unit, each category includes earthquakes

in a half-magnitude range; e.g., M 5.5 includes M 5.3 to 5.7.
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defining magnitude recurrence relations for the purpose, here, of deriving
earthquake source models for seismic risk estimates. On the one hand, the‘
inclusion of aftershocks violates the assumption of Poissonian distribution
often used to model earthquake occurrence; on the other, large aftershocks can
contribute risk in their own right. Further, it is often difficult to decide
if earthquakes have occurred as mainshock-aftershock sequences, or as swarms
with many events of similar magnitude. Examples of swarm-like activity
described in Section 3 are the earthquakes of Byam Martin Channel, Baffin
Island and Miramichi, New Brunswick. In general, the effect on magnitude
recurrence of including aftershocks is a small change in the recurrence
slope. This may be a small increase if many small aftershocks pass the
completeness test, or a small descrease if only large aftershocks of the
larger historical earthquakes pass the completeness test.

Each of the magnitude recurrence relations is terminated by an adopted
upper-bound magnitude. The upper bound magnitude truncates the incremental
magnitude distribution which produces a smooth curve approach to zero rate in
the plotted cumulative distribution.

The maximum magnitude earthquake that can occur in a source zone can be
a critical parameter in probabilistic estimates'of seismic risk. For zones
with high rates of seismicity, significant risk contributions at moderate
probabilities are coming from earthquakes near the maximum; therefore, the
choice is important. However, for zones of low seismicity the probability of
occurrence of earthquakes near the maximum can be much less than the
probability being considered in the risk estimate, and the choice is less
important.

There are a number of ways of estimating maximum magnitude: by a
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magnitude truncation in observed seismicity for source zones in which the
return period for maximum magnitude is shorter than the observation period; by
consideration of the maximum fault area that can break in a single event; by
estimates of the average fault slip rate, from plate tectonic models or
geological data. Where this type of evidence is available, these methods are
considered for choosing upper bound magnitudes. For many zones, however, this
type of evidence is not available, and a rather arbitrary value has been
adopted. In many cases this is approximately one-half a magnitude unit larger
than the largest known historical event. A discussion is given in Section 3
if the choice is considered important to.the resulting estimate of earthquake
risk.

The magnitude recurrence relations pave the form

N(>M) = N_exp(-8M)(1 - exp(~ B(M.-M))).
A summary of the recurrence parameters and the total area of each source zone
is given in Table 2. Figures showing graphical illustrations of the
recurrence curves accompany the zone descriptions in Section 3. In a number
of cases the seismicity data are too sparse to derive an independent relation
and recurrence parameters are imposed (parameters in parentheses in Table 2).
For those source zones exclusively in United States territory we have not
estimated the magnitude recurrence parameters but have adopted them from

equivalent work by the U.S. Geological Survey.

2.3 Strong Ground Motion Attenuation

Attenuation relations that predict ground motion as a function of
magnitude and distance (Figure lUc) are required for the ground motion

parameters being mapped, and Hasegawa et al. (1981) have developed the
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Table 2

Source Zone Magnitude Recurrence Parameters

Zone 8 Ng My Area (km2)

Western Canada

PGT 1.58 436. T.5 28400
CAS 1.87 1060. 7.5 145000
NVI 1.04 21. 7.5 27000
CSM 1.77 272. 6.5 139000
JFE 1.72 7360. 7.0 84800
QCF 1.50 1610. 8.5 46400
SPT 1.87 1240. 7.0 53700
SBC 2.28 3230. 6.5 255000
NBC (2.28) (1830.) 5.0 875000
FHL 2.58 38000. 6.5 2100
SAS 2.07 188. 6.0

Northwestern
FWY 1.66 4590. 8.5 111000
DSK 1.96 2820. 7.0 110000
RIC 1.76 1560. 7.0 20000
BFT 1.76 681. 6.5 39000
MKZ 2.67 92000. 6.0 698000
ALC 1.43 3820. 8.5 132000
ALT 1.73 57100. 8.5 321000

Eastern Canada
CHV 1.66 310. 7.5 6880
WQU 1.85 1030. 7.0 121000
LSL 1.85 533. 6.0 24500
NAP 1.87 638. 6.0 241000
LSP 1.30 41. 7.5 15200
ATT 1.32 11. 6.0 2620
EBG 2.78 16200. 5.0 2670000

Northeastern
BAB 1.64 611. 7.5 100000
BAI 2.54 52100. 7.0 85000
LAB 1.95 1970. 6.5 352000
EAB 1.81 84T, 6.0 1067000
GLA 2.19 18900. 6.5 42000
SVD (2.19) (2280.) 6.0 480000
BOU 2.02 3780. 6.5 830000
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relations for this purpose in Canada. These authors, and Heidebrecht et al.
(1983) and Basham et al. (1983), have discussed the need to estimate
probabilistic ground motion in the two dominant frequency ranges represented
by the parameters of peak horizontal acceleration (near 5 Hz) and peak
horizontal velocity (near 1 Hz).

The analytical form of the attenuation relations of Hasegawa et al.
(1981) are unrestricted at high magnitudes and in the near distances ranges.
Although there are no strong motion data available for large earthquakes
(M > 7.5) to provide good evidence, it is generally agreed that the excitation
of seismic ground motion in the frequency range of engineering interest
reaches an upper limit as magnitude increases to large values, much as the
magnitude scales that measure ground motion in the frequency range near 1 Hz
tend to saturate near M 7.5. To impose this condition on the Hasegawa et al.
(1981) attenuation relations, the ground motion contributions from earthquakes
with magnitudes greater than 7.5 are computed as if.the earthquakes were
magnitude 7.5; i.e., the recurrence relations for magnitudes greater than 7.5
are collapsed onto the relation for 7.5. The manner in which this is
implemented in the computations is described in Section 4.4.

Although there is good evidence (e.g., Joyner and Boore, 1981; Campbell,
1981) that an extrapolation of attenuation relations applicable at greater
distances to the near field will produce an over-estimate of peak ground
motion parameters, particularly for the larger magnitudes, the Hasegawa et al.
relations have not been explicitly restricted in the near field for purposes
of these computations. There is, however, a de facto limitation on near field
ground motion by the adoption of a minimum focal depth of 20 km for the

earthquake source models. Hasegawa et al. (1982) have argued that this is
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adequate for regional probabilistic ground motion mapping at moderate
probabilities, but would not be adequate for estimating low-probability,
near-field effects of large earthquakes that may be required'for design of
critical facilities (see also Basham et al. (1982) and Heidebrecht et al.

(1983)).

2.4 Ground Motion Exceedence Computations

The final compoﬁent in the Cornell-McGuire seismic risk analysis is the
computation of a distribution function of probability of exceedence of the
ground motion parameters (Figure 4d), by numerical integration of
contributions from all relevant source zones. We have employed a modified
version of the McGuire (1976) computer program; a program listing is given in
Appendix B. A description of a variety of important matters related to the
implementation of the program and the stability of the calculations is given

in Section 4.

3. DESCRIPTION OF EARTHQUAKE SOURCE ZONES

3.1 Puget Sound (PGT) (Figures 6, 7)

The large Benioff zone of relatively deep earthquakes in this area is
the most important factor differentiating this zone from the surrounding
zones. The events appear to be in the subducted oceanic lithosphere, and may
arise from the bend in the sinking oceanic lithosphere from a dip of 10-20°
under the coast, to a dip of about 50° east of Puget Sound. Crosson (1982)
has shown that diffuse shallow seismicity extends throughout this zone to
depth of 20 - 25 km. A quiet zone separates this low-magnitude seismicity

from deeper activity at 40 - 70 km, which dips towards the northwest. The
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observed seismicity, when interpreted as seismic shortening, reflects only 10%
of the convergence rate between the Juan de Fuca and North American plates in
this area (Weichert and Hyndman, 1982a), but corresponds approximately to a
north-south component of convergence, i.e., parallel to the margin. The
corner of the continental margin (buried trench or axis of start of
subduction) requires N-S compression or overlap in the subducted lithosphere
in this area. Towards the north, subduction has slowed and is northward
oblique to the margin (Hyndman et al. 1979a), but a detailed picture of the
transition beneath the margin has not yet emerged.

A number of choices can be made in modelling the Puget Sound Zone. We
have chosen to model the zone by a horizontal uniform distribution, at a depth
of U0 km, of all events that occur within the zone boundaries. Although the
more significant events may be deeper (40 - 60 km; Crosson (1982)), there is
evidence (Hasegawa et al. 1981) that these events produce larger than average
peak ground motion at epicentral distances smaller than their focal depths,
which is partially accounted for by modelling them at the shallower depth.
Crosson (1982) has shown that the Puget Sound seismicity rates are greater at
smaller magnitudes in the shallow zone (0 -~ 30 km) and greater at larger
magnitudes in the deep zone. Our model places all of the events at a depth of
40 km. This is an adequate simplification, but not strictly correct since the
shallow seismicity described by Crosson has a higher activity than our
Cascades zone (Section 3.2). Alternative models have been tested which
include more of the Puget Sound activity in the overlapping and surrounding
Cascases zone, but the risk estimates differ by only a few percent throughout
the region.

The width of the Puget Sound zone is taken as about 50 km east and west

of the estimated position of the change in dip of the subducted slab. The
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eastern boundary of the zone is also set by calculations on the maximum
possible landward persistence of Benioff-type events on thermal grounds. The
landward persistence of oceanic lithosphere below the critical temperature for
earthquakes depends on the rate of subduction and the age of the oceanic
lithosphere being underthrust, both of which vary along the margin. The
resulting model may be somewhat too wide in the east-west direction as the
significant earthquakes tend to cluster near the centre of the zone (see
Figure 6).

The northern boundary of the zone has been chosen along 49°N in
agreement with the pattern of the larger historical events. Since a few
smaller deep earthquakes have been observed a further 50 km north, under
Georgia Strait, an alternate model would have to extend the zone that far. A
third, more sophisticated model could include a gradual diminishing of
activity and perhaps also of maximum magnitude from the south end of the Puget
Sound to the north; our chosen model is thus intermediate in terms of the
estimated risk to the densely populated Lower Mainland of British Columbia.

A maximum magnitude of 7.5 is selected for the zone as about half a
magnitude unit larger than the largest in the data file, T7.l, in 1949,
Magnitude 7.5 is approximately the earthquake size expected for a normal fault
breaking completely through the subducted oceanic lithosphere (perhaps 20 km
thick) over a horizontal dimension of 100 - 200 km, using the fault area -

magnitude relation of Kanamori and Anderson (1975).

3.2 Cascades (CAS) (Figures 8, 9)

The shallower stress regime in this region probably arises from the Juan

de Fuca - America plate convergence at a rate of several centimetres per
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year. The eastern boundary of the zone is taken to the east side of the high
Cascades on the assumption that their presence indicates a significant
underlying change in stress regime. The eastern limit of the zone may also be
taken from a probable eastward decrease in shear coupling between the
continental lithosphere and the underthrusting oceanic lithosphere. The
coupling and thus stress in the continental lithosphere may decrease as the
temperature in the subducted oceanic lithosphere increases and the shear zone
approaches the melting temperature under the volcanic zone.

Scattered seismicity extends from the coast to several hundred
kilometres inland, and from southern Washington State to a quiet area in
south-central Vancouver Island. The most significant earthquake in the
historic record is the event of 1872 with an estimated magnitude somewhat
greater than 7 (Coombs et al., 1976; Malone and Bor, 1979). The only obvious
geologically-recent fault of a length that might generate such a large event
seems to be the Fraser-Yalakom fault system although there is no evidence that
the 1872 event occured on this fault system. A maximum magnitude of 7.5 is
selected to accommodate such an event anywhere in the zone, albeit at a rather
low rate as shown by the magnitude recurrence curve (Figure 9).

In the Cascades zone model, and in all other zones described in the
following, the earthquakes are assumed to occur at a focal depth of 20 km;
i.e., the Puget Sound zone discussed above is the only one for which deeper
focal depths are assumed. The Cascades zone is modelled to include the region
above the Puget Sound Zone by assuming uniform shallow seismicity to extend
throughout the area.

This overlapping of lower and higher seismicity zones occurs in a number

of additional cases in the following. Although it is not the most
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representative modelling of the seismicity that is possible, it is done to
avoid the excessive calculations that would be.required for these overlapping
zones if they were modelled with a "cut-out" of the more active zones, which

would require a more detailed pattern of sub-zones for the risk analysis.,

3.3 Northern Vancouver Island (NVI) (Figures 10, 11)

The stress field in this area is related to the Explorer -Juan de Fuca-
America plate interaction (Hyndman et al., 1979): varying rates of convergence
along the margin and strike-slip across the offshore Nootka fault
perpendicular to the margin. There may be stress coupling between the Nootka
fault which is being subducted beneath the margin and the overlying
continental lithosphere. The northern and southern limits of the zone are
parallel to and roughly equidistant from the landward projection of the Nootka
fault zone. Also included near the north end of the zone are the geologically
recent plutons across Vancouver Island that probably arise from the northern
edge of the subducted Explorer plate. The narrowing of the zone to the north
is suggested by decreasing ocean-continent interaction as the oceanic plate
becomes younger, thinner and weaker and the convergence rate becomes slower.
The eastern bounda;y of the zone is taken as the edge of the Insular Belt.

As seen in air photos and satellite images, the zone exhibits some
evidence of recent faulting in several areas. The most significant
morphological feature, and the longest linear feature on the island, is the
Beaufort Range scarp on which the magnitude 7.3, 1946 earthquake probably
occurred (Rogers and Hasegawa, 1978; Slawson and Savage, 1979).

The seismicity includes a number of large shallow events, including the

1946 earthquake, in a roughly east-west line across north-central Vancouver
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Island. There are, however, relatively few small events, which results in a
low slope for the magnitude recurrence curve. In a somewhat arbitrary attempt
to increase the slope, assuming the low value is ih part due to a temporary
lull in a numbers of small earthquakes in recent decades, we have included for
this zone the 1978 earthquakes, most of which occurred near Cape Cook at the
northwest corner of the zone. The inclusion of 1978 data increases the slope
slightly but does not affect the estimated rates of the more significant
higher magnitude events.

The maximum magnitude of 7.5 is selected as representative of a 100-km
fault break with a depth of 20 km, i.e., a fault break with a length

approximately half the largest dimension of the zone.

3.4 Coast Mountains (CSM) (Figures 12, 13)

A shallow stress regime can be postulated for this region primarily from
the Explorer-America plate interaction along the margin, although the tectonic
regime of the margin is complex. The eastern boundary is taken approximately
at the eastern side of the Coast Mountains on the assumption that they reflect
the limit of the major stress regime. The Coast Mountains zone can be
considered as a lower level aureole around the Northern Vancouver zone, much
like the Cascades zone around the Puget Sound zone, although the zone is
modelled to overlap the Northern Vancouver Island zone.

The level of seismicity is quite low but is judged to be slightly higher
than the adjacent Southeastern B.C. zone to the southeast (see Section 3.8).
The northeast corner of the zone is chosen to include the historical events
near Bella Coola that do not pass the completeness test; the western boundary

terminates against the Juan de Fuca - Explorer zone. The maximum magnitude
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of 6.5 is more than half a magnitude unit larger than the largest historic
event, but is selected on the basis of assumed similarity with the
Southéastern B.C. zone. However, neither the Cascades nor the Southeastern
B.C. zones has known geologic or tectonic features that could be used to

estimate maximum magnitude.

3.5 Juan de Fuca-Explorer (JFE) (Figures 14, 15)

The seismicity of this zone appears to follow the en-echelon
ridge-transform boundary of the Pacific - Juan de Fuca plate boundary.
(Riddihough, 1977; Hyndman et al. 1978; Riddihough et al., 1980; Davis and
Riddihough, 1982). The Juan de Fuca ridge system consists of a series of
spreading centres (Tuzo Wilson, Dellwood, Explorer, Juan de Fuca and Gorda),
offset by transform fault segments (Dellwood-Wilson, Revere-Dellwood,
Sovanco). The oceanic lithosphere landward of the Dellwood Wilson and
Revere-Dellwood transform faults and Dellwood and Tuzo Wilson spreading
centres appears to be coupled or nearly coupled to the America plate
(Riddihough et al. 1980). Most of the seismicity is probably associated with
transform faults rather than the ridge segments of the boundary. There is
Plio-Pleistocene deformation'and faulting in seismic¢ profiles off the main
plate boundaries nearer to the margin, such as the Winona ridge, but no clear
evidence of more recent faulting. The zone is taken to extend from about 50
km west of the Pacific - Juan de Fuca plate boundary to the edge of the shelf,
although the area of Winona Basin to the north of the Nootka fault zone
appears to be less active. The width of the seismicity pattern probably comes
from epicentral location uncertainties and biases. An ocean-bottom
seismograph survey (Hyndman and Rogers, 1981) indicates that most of the

active features are no more than 25 km wide.
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The largest event in the data file is magnitude 6.7; there are many near
this magnitude but none larger (Figure 15). There is good evidence for a
geological limit on maximum magnitude. The fau}ts on and near the plate
boundary have a maximum length of about 100 km and could have a vertical
extent of about 10 km; therefore the maximum fault area is about 1000 kmz.
Using relations between magnitude and fault area (Kanamori and Andersen, 1975;
Singh et al., 1980), the maximum plausible earthquake is magnitude 7.0. This

is in good agreement with the historic data and is selected as the maximum

magnitude (see also Hyndman and Weichert (1983)).

3.6 Queen Charlotte Fault (QCF) (Figures 16, 17)

The Queen Charlotte fault is the present transform boundary between the
Pacific and North America lithospheric plates off western Canada between 52°N
and 55°N. Off Queen Charlotte sound, there is a triple point with a
convergence zone to the southeast and the Juan de Fuca ridge system to the
southwest (Keen and Hyndman, 1979; Davis and Riddihough, 1982). The Queen
Charlotte fault plate boundary has primarily right lateral, strike-slip motion
with an average rate of about 55 mm per year (Atwater, 1970; Riddihough,
1977). Some convergence and underthrusting is predicted from global plate
models (e.g., Minster and Jordan, 1978) and is also suggested by the shallow
depression or trench and associated gravity low along the margin and by uplift
over the Queen Charlotte Islands (e.g. Currie et al., 1980; Bird, 1981;
Hyndman and Weichert, 1982b; Hyndman et al., 1982). The morphology and
seismic profiles indicate two parallel fault scarps on the continental slope
separated by a 30 km wide irregular terrace at a water depth of 2 km. The
present seismic activity is concentrated on a probably vertical fault beneath

the landward of the two slopes (Hyndman and Ellis, 1981).
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The southern limit of the zone is taken as the triple point. The
northern limit at 57°N, is a somewhat arbitrary division between the Queen
Charlotte fault and the northern extensioﬁ, the Fairweather fault system. The
epicentres that fall west of the zone in Figure 16 may be mislocations of
events that occurred along the fault; they are included in the zone for
purposes of magnitude recurrence calculation.

The maximum magnitude selected for the Queen Charlotte Fault zone is
8.5. By integration of the magnitude recurrence relation (Figure 17), to
provide an estimate of total seismic moment, Hyndman and Weichert (1983)
estimate a slip rate of 52 mm-per year on the Queen Charlotte fault system
using a maximum mégnitude of 8.5, i.e., in good agreement with the plate model
estimate. From fault area considerations, this would represent a break along

most of the length of the fault zone as defined in Figure 16.

3.7 Sandspit (SPT) (Figures 18, 19)

A number of recently active splinter faults trend generally northward to
the east of the main Queen Charlotte fault zone, e.g., the Sandspit fault
(Yorath and Chase, 1981; Yorath and Hyndman, 1983). Seismic profiling has
revealed active grabens northeast of the Queen Charlotte Islands. The Rennell
Sound-Louscoone Inlet fault is also a major fault trace. These faults could
be a response to the small difference between the estimated direction of the
Pacific-North America relative plate motion and the strike of the Queen
Charlotte fault along the margin and the postulated very oblique
underthrusting. The Sandspit zone covers these faults but does not extend as
far east as the mainland coast. Its'length and width are arbitrarily chosen

to be the same as the Queen Charlotte Fault zone.
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The seismicity of the Sandspit zone proper is difficult to distinguish
from apparent seismicity that may be caused by mis-location of Queen Charlotte
fault earthquakes. We included only those events that are not obvious
mis-locations; however, there is no certainty that all of the events actually
occurred in this zone, or that there are not some mis-located Sandspit zone
events included with the Queen Charlotte Fault zone seismicity.

Rogers (1982) has subsequently reviewed the older events and concluded
that most of the seismicity that we have included in this zone occurred on the
Queen Charlotte fault. Our source zone models were finalized prior to Rogers'
work and, therefore, his revisions have not been included. The effect on the
probabilistic ground motion maps are, however, negligible because the
overwhelmingly dominant source zone in this region is the Queen Charlotte
fault. There have also been recent (1982) earthquakes located in the Sandspit

zone and east of it in Hecate Strait, so the Sandspit zone has been retained.

3.8 Southeastern B.C. (SBC) (Figures 20, 21)

All of the interior of B.C. could be considered a typical background
zone., However, the differences in detection completeness between north and
south and an apparent higher seismicity in the south are reasons for
considering a separate southegstern zone. In the Rocky Mountain part of the
zone the high topography may reflect higher than average stress, but
tectonically the Rocky Mountain area is probably not related to the
Intermountain seismic belt to the south. A hot spot trace similar to, but
weaker than the Yellowstone hot spot, may traverse British Columbia west to
east with the youngest rock ages lying near the 1918 magnitude 6 earthquake
north of Revelstoke (Rogers and Ellis, 1979; Rogers et al., 1980; Rogers,

1981). We consider this centre of activity not yet sufficiently well defined
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to justify a separate zone. The changing epicentral pattern in the 1960s and
1970s is evidence against the notion of a quiet zone between the Rockies gnd
the Cascades zone. The west-central portion of the zone as displayed in
Figure 20 is devoid of earthquakes, but this region has experienced
earthquakes as large as M 4 that do not pass the completeness criterion for

inclusion here.

3.9 Flat Head Lake (FHL) (Figures 20, 22)

This zone is part of the Intermontane Seismic Belt, extending
north-south in west-central United States as far north as Flathead Lake,
Montana. The belt has been interpretgd as a boundary within the main North
America lithospheric plate. Two subplates are moving apart producing rift
faulting (e.g. Smith and Sbar, 1974). The seismic activity is characterized
by shallow focal depths and swarm activity. The nearest concentration to
Canada is near U48°N at Flathead Lake, and we consider this to be the only
significant contribution to Canadian seismic risk. We have modelled the source
with a small area (shown on Figure 20 with the Southeastern B.C. zone) with
activity scaled to match source 27 of Algermissen and Perkins (1976). Instead
of their maximum magnitude of 5.5, we have adopted 6.5, which is still about
1/2 unit smaller than the maximum observed in the Intermontane seismic belt
(i.e. Hebgen Lake, 1959). The resulting magnitude recurrence curve is shown

in Figure 22.

3.10 Northern B.C. (NBC) (Figures 23, 24)

This is a zone of very low seismicity that includes the nqrthern B.C.

Cordillera. It has been extended into the Yukon to include the region between
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the Shakwak Valley and the Tintina Trench (see Section 3.3). The detection
threshold at low magnitudes in this zone has been poor until very recently.
(Three new regional stations were installed in 1981.) However there are no
known events as large as magnitude 5, which would have been detected since at
least the early 1960's. Tectonically, this zone cannot be considered to be
much different from southeastern B.C., and the magnitude recurrence slope for
the later zone has been imposed on the meagre data base to produce the
recurrence relation shown in Figure 24. The maximum magnitude has been set at
5.0, one=half unit above the observed maximum. However, with the low

" earthquake rates in a relatively large zone its contribution to the

probabilistic ground motion will be small.

3.11 Southern Saskatchewan (SAS) Figures 25, 26)

This source zone has been drawn to encompass the cluster of seismicity
in southern Saskatchewan and adjacent Montana and North Dakota (Horner and
Hasegawa, 1978). The main cluster of earthquakes, including the M 5.5 event
in 1909, is spatially associated with the Williston Basin, but the zone is
extended to the southwest in Montana to include magnitude 3-4 earthquakes that
oedurred in the 1969-1973 time period. The location of the 1909 earthquake is
not well known, but the location of 49°N, 104°W was selected by Horner and
Hasegawa (1978) as the centre of the area of maximum intensity.

There is good evidence (Horner et al., 1973; McLennan et al., 1983) that
the earthquakes included in the Southern Saskatchewan source zone are tectonic
events in the Precambrian basement. There is also evidencé (Gendzwill et al.,
1982) of earthquakes as large as M 3.5 as far north as central Saskatchewan

being induced by potash mining activity. These induced events have produced
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moderate seismic shaking, but they cannot be included in a general model of
earthquake sources because regions of similar potash mining in future are not
known.

The maximum magnitude chosen is 6.0, half a unit larger than the 1909
earthquake, but the adopted recurrence relation is poorly defined (Figure
26). This source zone contributes a small region of peak acceleration greater
than the minimum level contoured (Figure 2), but does not contribute

significantly to peak velocity (Figure 3).

3.12 Fairweather-Yakutat (FWY) (Figures 27, 28).

The region of transitional tectonics, from transcurrent faulting along
the coast of British Columbia and southeastern Alaska to subduction along the
Aleutian Island arc (e.g., Perez and Jacob, 1980; von Heune et al., 1979) is
modelled here as one continuous, simplified zone (Figure 27). The southern
boundary at 57°N is the approximate location of the transition from the Queen
Charlotte Fault offshore to the Fairweather Fault onshore in southeastern
Alaska. The northeastern and northern boundaries are drawn to include in the
zone the large earthquakes of the strike-slip Fairweather and underthrusting
Chugach - St. Elias Faults, respectively. The western boundary is somewhat ‘
arbitrary, but it is drawn at 145°W which is the easternmost extent of the
rupture zone of the great Alaska earthquake of 1964 and, in the offshore, is
the approximate location of the beginning of the Aleutian Trench. (The
seismicity to the west is modelled as separate zones described below.) The
southern boundary is drawn along the shelf edge structure to include in the

zone the seismicity of the Yakutat Block.

This source zone includes the series of large (magnitude 8) earthquakes
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which ruptured the coast between Yakutat Bay and Kayak Island at the turn of
the century, and the magpitude 7.9 on the Fairweather fault in 1958. The
inclusion of the turn-of-the-century earthquakes for the magnitude recurrence
estimates seems to produce too high a rate for the larger earthquakes compared
to a well defined relation for events less than magnitude 7 (Figure 28). To
partially reduce this effect the completeness date for earthquakes of
magnitude 7.5 and greater has been extended back to 1850 (Table 1), even
though we don't believe there has been complete reporting of even these larger
events since that date. The reduction of the starting year to 1850 simply
imposes an assumption that no large earthquakes occurred in the zone between
1850 and 1899.

On the other hand, this region has been identified as a seismic gap.
Sykes (1971) identified a gap between the aftershock zone of the 1964 Prince
William Sound and the 1958 Fairweather Fault earthquakes. Lahr et al. (1980)
demonstrated that this gap was only partially filled by the 1979 St. Elias
earthquake. If the Pacific and North American plates have been converging at
the rate of 5 cem/yr since the turn of the century, enough elastic strain has
accumulated to produce a potential slip of 4 m. If this amount of slip
occurred in one earthquake, it would generate an event as large as magnitude 8
that would likely fill the remainder of the gap (Lahr and Plafker, 1980).

The influence of potential seismic gaps is not included in this
probabilistic analysis. It is sufficient to note here that the seismic ground
motion on Canadian territory in the southwestern Yukon (we are not attempting
to predict ground motion on U.S. territory in which most of this zone is
located) at moderate probabilities is dominated by the large earthquakes in

the zone (see Figure 28). In essence, the analysis includes the effects of a
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gap-filling earthquake, because the model assumes that an earthquake near the
maximum magnitude can occur with equal probabiiity anywhere in the zone.

A maximum magnitude of 8.5 has been used for his zone, on grounds
similar to those described above for the Queen Charlotte Fault zone. However,
in this case the largest earthquake could be either primarily strike-slib on
the Fairweather fault system, or primarily underthrusting on the

Chugach-St. Elias fault system.

3.13 Denali-Shakwak (DSK) (Figures 29, 30)

This zone includes the seismicity between the Fairweather-Yakutat zone
and the Denali-Shakwak-Dalton fault system. Its northeast edge includes this
fault system, but the area further northeast to the Tintina Trench is
relatively aseismic and has been included with the Northern B.C. zone
described above. The easternmost boundary is drawn to include the inferred
faulting along Chatham Strait (see, e.g., Figure 1 in Perez and Jacob (1980)),
although recent results (Horner, 1983) have shown Chatham Strait to be
essentially aseismic at low levels, with the seismicity trending southward
toward the coast through the region of Glacier Bay. As with the
Fairweather-Yakutat zone, the western boundary is selected as 145°W, with the
seismicity further west in Alaska included in separate zones described below.

Horner (1983) has shown that both the larger historical events and the
low level seismicity in recent years is quite rest§icted, west of the
Alaska-Yukon border, to a narrow zone following the Duke River, Shakwak and
Dalton Fault zones, i.e., the seismicity is likely confined to a narrower zone
along known faults than the source zone employed here (Figure 29). The

largest known historic event was magnitude 6.5 in 1944 near Haines Junction.
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The upper-bound magnitude of 7.0 selected for this zone carries the assumption
that larger events typical of major plate interactions in the .
Fairweather-Yakutat zone will not occur. However, the tectonics of the zone,
which must bear some relation to the plate interactions along the margin of

the Gulf of Alaska, is not well-understood.

3.14 Richardson Mountains (RIC) (Figures 31, 32)

This zone is a relatively confined, but highly active region of the
northeastern Yukon. Recent reassessment of the locations of the larger
pre-1966 events has enabled the dominant seismicity to be enclosed by a zone
about 80 by 250 km (Figure 31). There is evidence, however, (Leblanc and
Wetmiller, 1974) that the zone may be made up of two clusters, one which is
centred in the Richardson Mountains and another in the Mackenzie Mountains,
with a relatively quiet region bétween the two in the area of the Bonnet Plume
Basin.

The tecéonic process responsible for this cluster of seismicity, and any
relationships between it and major plate interactions in the Gulf of Alaska or
the opening of the Arctic Ocean basin are not yet understood. The only
evidence to associate seismicity with local geological features (Norris, 1972)
is given by Leblanc and Wetmiller (1974). They show a spatial correlation of
low level activity detected in a 1972 field experiment with mapped extensional
and transcurrent faults. A single, but poorly controlled, P=nodal solution
for a magnitude 4.8 earthquake shows right-lateral motion on a nearly vertical
fault with the same strike as the mapped faults.

The largest known historic event was magnitude 6.6 in 1955; the

upper-bound magnitude is selected as 7.0.
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3.15 Beaufort Sea (BFT) (Figures 33, 34)

The cluster of seismicity in the Beaufort Sea is another example of
relatively confined cluster with pooély-understood tectonic cause. The zone
boundaries in Figure 33 have been drawn to enclose the distribution of
activity that has been shown by joint-ebicentre solutions (Hasegawa et al.,
1979) to be real, and not due to mislocations of previously catalogued
‘earthquakes. The largest historic event, magnitude about 6.5 in 1920, does
not pass the test for completeness, set at 1930, and so is not included in
Figure 33 or Appendix A. However, the northeastern corner of the zone has
been drawn to enclose the best available location for this event derived by
Basham et al. (1977).

The earthquakes are confined to the region beneath the continental
slope, between the 200 and 2400 m bathymetry contours, and fall between the
seaward -20 mGal and landward +40 mGal contours of an elliptically shaped
free-air gravity anomaly. Hasegawa et al. (1979) derived focal parameters for
a 1975, magnitude 5.1 earthquake which suggested strike-slip motion on a
steeply dipping fault plane at a depth of 40 km. The depth is unusual, as it
may place the earthquake in the upper mantle beneath the continental margin.
It is supported, however, by the hypothesis of high horizontal deviatoric
stresses due to an uncompensated load of Quaternary sediments, which would
produce maximum stress at approximately this depth. This, or some other
stress, is acting on unhealed faults at, at least, lowér crustal depths to
produce the cluster of Beaufort Sea seismicity, but there is no geological or
geophysical evidence to determine the real nature of the faulting benéath the
continental slope.

There is only the one known earthquake in 1920 with magnitude of about 6



—
so

73° 73°

72° 72°

o
71 71°

70° 70°

69° 69°

[ T RS T Bt g L '
143°142°041°140°139%138°137°136°135°134°33°132°131°130°129°128%127°126°125°

l -

EARTH PHYSICS BRANCH EMR OTTAWA CANADA

Figure 33




(P.A.)

CUMULATIVE RATE

60

ZONE: BEAUFORT (BFT)
100.
MX= 6.5
BETA= 1.76
NS= .104
10. L
AN
1. \{ _
e
N
o NI
\\\
0.0 N
\\
A
Y
\
0.001 \
\r
|
:
3 4 5 5

EARTH PHYSICS BRANCH EMR OTTAWA CANADA
DIRECTION DE LA PHYSIQUE DU GLOBE OTTAWA CANADA

05/10/81 14.44.59.
Figure 34



61

and two with magnitude 5, in 1937 and 1975. The upper-bound magnitude has
been set at 6.5, but the rates of the larger earthquakes and the maximum

magnitude must be considered rather poorly defined (Figure 34).

3.16 Mackenzie (MKZ) (Figures 35, 56)

This is a zone of "background" seismicity in the western Yukon
Cordillera, surrounding the active Richardson Mountains zone and abutting the
Beaufort Sea zone. It is bounded on the southwest by the Tintina Trench, on
the southeast by the physiographic limit of the Cordillera in the region of
the Liard River, and on the northeast by the Mackenzie River.

The seismicity includes the swarm of earthquakes off Martin Point,
Alaska, with magnitudes as large as 5.3, most of which occurred in 1968, and
scattered events east of the Mackenzie Delta and throughout the
Yukon-Northwest Territories border region. Basham et al. (1977; their Figure
11) suggest that this seismicity, like that in the Richardson Mountains zone,
is spatially correlated with the areas of most severe geologically mapped
faulting.

The upper-bound magnitude has been set a 6.0 but, even though there is a
relatively large number of earthquakes in the zone, the rates of the larger

events is poorly defined (Figure 36).

3.17 Alaska (ALC, ALI) (Figures 37, 38, 39)

Thenhaus et al. (1979) have defined 24 separate earthquake source zones
for purposes of estimating probabilistic seismic ground motion in the region
of Alaska and the adjacent continental shelves. For our purpose, of

estimating the contributions of Alaskan earthquakes to seismic ground motion
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on Canadian territory, these source zones can be greatly simplified. For the
region of Alaska west of 1lU45°W the Thenhaus et al. source zones have been
combined into two zones, Coastal Alaska (ALC) and Inland Alaska (ALI), (Figure
37). The ALC zone is éssentially their zone number 23; the ALI zone a
combination of seven of their zones, numbers 8, 14, 15, 16, 21, 22 and 24.

The magnitude recurrence relation for ALC (Figure 38) is adopted directly from
their zone 23; the relation for ALI (Figure 39) is the sum of the individual
recurrence rates for their seven zones.

These zones have been extended only to 160°W as even large earthquakes
further west in the Aleutian Islands will make negligible contributions to
ground motion in Canada. Thenhaus et al. have derived minor source zones for
northern Alaska, but this seismicity is adequately represented by the

Mackenzie zone which extends to 145°W (Figure 35).

3.18 Charlevoix (CHV) (Figures 40, 41)

The Charlevoix zone is historically the most active zone in eastern
Canada with at least five earthquakes with magnitude of 6 or greater (1663,
1791, 1860, 1870 and 1925). The 1925 event is the only earthquake with
magnitude near 7 on land in eastern North America in the twentieth century.

As part of the review of eastern Canadian seismicity by Basham et al. (1979),
the magnitudes of a number of Charlevoix and other earthquakes were revised as
listed in their Table 1. To provide the information necessary to make
equivalent changes to the master Canadian Earthquake Epicentre File, a
doqumentation of the revised parameters is included here as Appendix C. It

should be noted that these revisions are based on a less than exhaustive
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reassessment of all available data, but they are considered improvements on
the parameters originally determined by Smith (1962, 1966).

The Charlevoix zone is interpreted as a region of steeply-dipping rift
faults at the Shield-Paleozoic contact that has been weakened by a Late
Devonian meteorite impact (Rondot, 1979; Hasegawa and Wetmiller, 1980; Anglin
and Buchbinder, 1981; Basham et al., 1982). A projection of microearthquake
activity to the surface along the postulated faults suggests that the active
zone is confined between mapped faults on the north shore and a bathymetric
feature in, and parallel to, the river near the south shore (Berry et al.,
1982). Focal mechanism solutions (Leblanc and Buchbinder, 1977; Hasegawa and
Wetmiller, 1980) indicate that high horizontal compressive stresses are now
producing thrusting on the preexisting faults (Hasegawa and Adams, 1981).

The source model employed (Figure 40) is based on the distribution of
historical seismicity. It is recognized that some, if not all, of the
epicentres in the northwestern portion of the zone may be mislocations of f
events that occurred in the more confined source centred along the river (see
Figure 12 of Basham et al. (1982)). Stevens (1980) has demonstrated that the
larger events in the twentieth century, previously located elsewhere, had
epicentres at either end of the confined zone; but data are not available to
demonstrate this conclusively for the older events. Most of the larger,
pre-instrumental earthquakes have been assigned locations in or near the river
on the basis of macroseismic effects, but these may be biased because much of
the early settlement was along the river.

In any case, the effect on the probabilistic ground motion results of

the choice between the more confined or the larger historical source zone is
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negligible away from the immediate vieinity of the zone. Near, or within, the
zone the probabilistic results give little more than an indication of high
earthquake risk; design considerations would be based on a more rigorous
assessment of the expected near-field effects of large earthquakes.

The active zone described above has a length of about 80 km and the:
microearthquake activit& suggests a depth of about 20 km. If a fault system
the length and depth of the zone ruptured in one earthquake, it would have a
magnitude of about 7.5 (Basham et al., 1982). This has been adopted as the

maximum magnitude.

3.19 Western Quebec (WQU) (Figures 42, 43)

The boundaries of the Western Quebec zone (Figure 42) have been drawn to
enclose a significant cluster of Shield earthquakes, the tectonic causes of
which have been the subject of considerable research in recent years, but
which remain poorly understood (Basham et al., 1979; Forsyth, 1981; Hasegawa
and Adams, 1981; Forsyth et al., l§82).

The greatest number of earthquakes in this zone in recent years,
although none with magnitude greater than 4.2, have been located in the
central portion of the zone in Quebec north of the Ottawa river.
Historically, the larger earthquakes have occurred on the fringes and outside
of this concentration of recent events. An earthquake with magnitude about 6
occurred at or near Montreal in 1732. The magnitude of this event has been
reduced to 6, from the previous 7, on the Canadian Earthquake Epicentre File
on the basis of Leblanc's (1981) reassessment of the macroseismic data.

During the twentieth century, earthquakes of magnitude 6.2 occurrred near
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Timiskaming in 1935 and magnitudé 5.6 near Cornwall in 1944. The northern
boundary of the zone is controlled by two earthquakes: a magnitude 5 that
occurred the day following the Timiskaming event, but which Smith (1966) was
convinced (by the available instrumental data) was at a different location;
and a magnitude 5 event in 1950 near the headwaters of the Gatineau river.
Both of these earthquakes are outside of the cluster of recent activity (see
Figure 42). The southern boundary of the zone is extended into the
Adirondacks and Lake Champlain region of New York State and Vermont, which has
experienced similar low level activity but no large historic events.

Forsyth (1981) has shown that most of the earthquakes of western Quebec
are located near or within the boundaries of the northeastern part of the
Grenville metasedimentary belt and near the junction of the rift structures
following the northern and eastern segments of the Ottawa river, the St.
Lawrence river and Lake Champlain. The larger historic earthquakes (Montreal,
Timiskaming, Cornwall) are spatially associated with these younger rift
zones. The geological and aeromagnetic data indicate a Premcambrian shear
zone is continuous along most of the eastern side of the belt. The
aeromagne?;c and gravity data show distinct anomalies that suggest unmapped
features along the northwest side. The seismcity in the central portion of
the zone coincides with the interval between two prominent anomalies in the
smoothed Bouguer gravity field, and shows a spatial correlation with a
topographic regional low.

It appears that the seismicity reflects adjustment to a stress field
resulting from one or more of: regional density variations, continental

deglaciation and intraplate forces (see also Hasegawa and Adams (1981)).
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However, the relative effect of each stress field and the reason for greater
recent seismicity in the Grenville metasedimentary belt remains unclear.

Forsyth et al. (1982) have recently extended these and Landsat lineament
correlations northward toward the Kapuskasing Fault Zone. They also show that
the Kapuskasing region has been more active than the Timiskaming region in
recent years. However, for our purposes the Kapuskasing region has not been
attached to the Western Quebec zone; it remains in the more diffuse Eastern
Background zone discussed below.

A maximum magnitude of 7.0 has been chosen for the Western Quebec zone,
but there is no seismological or geological evidence that we can employ to
support this, or to demonstrate that some larger value may not be more

appropriate.

3.20 Lower St. Lawrence (LSL) (Figure 44, U45).

The Lower St. Lawrence zone is a cluster of seismicity centred
approximately over the north shore of the river in the region from Baie Comeau
to Sept-Iles. The better-located events in recent years have epicentres in
the river and on the north shore (Figure 4i4); some of the older events that
have epicentres on the south shore (northern portion of Gaspé Peninsula) may
be mislocations due to pOOﬁ network control. The small number of earthquakes,
some quite recent, that have occurred in Jacques Cartier Passage and on the
ad jacent north shore are not included in this zone, but in the Eastern
Background zone (see Figure 52).

The magnitude U4.1 earthquake that was induced by the filling of the
Manic 3 reservoir (Leblanc and Anglin, 1978) is not included in this data

set. The northwestern corner of the zone boundary has been confined to the
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south of the Manic 3 dam. However, the small earthquakes that are included in
the northwestern corner of the zone, most of which occurred in 1966, may have
been related to the 1965 filling of the Manic 2 reservoir, but failed to be
recognized as such (see Figures 1 and 2 of Leblanc and Anglin). Because of
the uncertainty, they are assumed here to be natural tectonic events.
Geological and geophysical features that may correlate with and control
the Lower St. Lawrence zone are much less well known than is the case for the
Charlevoix and Western Quebec zones. Among the sparse evidence is the study
by Goodacre and Hasegawa (1980) showing that earthquakes in the Quebec City to
Sept-Iles region of the St. Lawrence valley tend to cluster in regions of
negative free-air gravity anomalies that are adjacent to major free-air
gravity highs. In the region of the Lower St. Lawrence zone there is a small
gravity high south of Sept-Iles, with the St. Lawrence river negative anomaly
on each side, and a positive anomaly on the northern portion of the Gaspé
peninsula that is part of the linear belt of positive anomalies south of the
Appalachian front. Goodacre and Hasegawa suggest that gravitationally induced
stresses, superimposed on an ambient tectonic stress field may be sufficient

to activate pre-existing faults.

3.21 Northern Appalachians (NAP) (Figures 46, U47)

The Northern Appalachians zone is a relatively large zone of rather
uniform seismicity throughout New Brunswick, Maine, New Hampshire and
Vermont. The southeastern boundary of the zone is drawn to include the'
seismicity in the Bay of Fundy and off the coast of Maine. The southern
boundary is an arbitrary one, adopted by Basham et al. (1979), that excludes

from consideration the seismicity in southern New Hampshire and Massachusetts,



1
400 KM

n
T
200

79

NORTHERN APPALACHIANS (NAP)
— AN — .

| =

48°
—
({
45° X /-.*f‘ *.l
443 /44-4 ..
750 730 %
44°—— RS
| g * ._(“W
D =
‘ (
42°—1

o

420 420
7.0 730 r&}::
41° j ) 2 R =

75° 74° 73° 72° 71° 70° 69°

47°

486°

45°

44°

{143°

42°

41°

EARTH PHYSICS BRANCH EMR OTTAWA CANADA

Figure 46




80

ZONE: Northern APPALACHIANS (NAP)

100
MX=6-0
B =187
— 10 ‘ N5 =-0564
g Os
SN
\\f\“\
SEBYEENE \N
< S
o' S
[r] NN ¢
= 0.1 \; \?
[ S
2
E)_-l \
= .0l \
= Y
© \
\
001

3 4 5 6 7 8

Figure 47



81

in particular the large number of historic events that are catalogued for the
Boston region during the time of early settlement. The zone is extended to
the southeast far enough to include the seismicity of southeastern New York
along the Hudson River, but it is terminated north of the Ramapo fault system
shown by Aggarwal and Sykes (1978) and Yang and Aégarwal (1981) to be active
at low magnitudes. The northern boundary of the zone is drawn along the
southern edge of the 100- to 200-km wide, relatively aseismic band that
extends from the eastern side of Lake Champlain to the Gaspé Peninsula. Thus,
the boundaries of this zone in the United States are arbitrary ones that are
not intended to bear a particular relation to the structural geology and
tectonics; the Canadian boundaries distinguish the zone from the relatively
aseismic areas that include the Gulf of St. Lawrence, P.E.I. and Nova Scotia.
The structural grain of the Northern Appalachians is controlled by
northeasterly trending belts of volcanic and sedimentary rocks of Devonian to
Ordovician age that are intruded by post-Ordovician granites and basic dykes.
Wetmiller (1975) found one plane of the focal mechanism of the 1973, Mu.8
Quebec~Maine border earthquake to be on strike with the regional Appalachian
trend. However, Yang and Aggarwal (198l) determined thrust faulting on a
north-striking plane for this earthquake, and high-angle reverse faulting on
north- to northeast-striking planes for 12 other earthquakes along the eastern
margin of the Appalachians. The results available at the time of writing for
the 1982 Miramichi, New Brunswick earthquakes (Wetmiller et al., 1982;
Stevens, 1982) also suggest thrust faulting on north-striking planes. The
Miramichi earthquakes, however, present an excellent example of the
difficulties of making a clear correlation between even exceptionally
well-documented and shallow earthquakes and the local geological features, a

difficulty that, no doubt, pertains to much of the Northern Appalachian zone.



82

The larger historic earthquakes in the Northern Appalachian zone, as
defined in Figure 46, have magnitudes estimated as about 5. These include the
1869 and 1904 events that caused minor damage in southern New Brunswick and
eastern Maine, the 1940 events near Ossipee Lake, New Hampshire, the 1943
event near Dover-Foxcraft, Maine, and the 1973 Quebec-Maine border event. On
the basis of these events, the maximum magnitude adopted for the recurrence
relation is 6.0 (Figure 47). There is no geological or seismological evidence
on which to base the maximum magnitude.

The Miramichi earthquake sequence of 1982 is an unprecedented sequence
for eastern Canada, although the larger events, M5.7 and 5.4, are considered
typical of the more significant earthquakes that can occur in the Northern
Appalachian zone. To illustrate the influence this sequence has on the
magnitude recurrence relation adopted for the zone, the earthquakes have been
updated to mid-1982 (listed in Appendix A) and the magnitude recurrence
relation recomputed as shown by the open circles and dashed curve in Figure
47. The large numbers of small earthquakes in the Miramichi aftershock
sequence increases the slope of the recurrence relation. However, with the
maximum magnitude kept at 6.0, the addition of the Miramichi events does not
significantly affect the estimated rates at larger magnitudes. 1In fact, the
recent events provide an estimate of the rate at magnitude 5.5 that agrees
very well with the extrapolation based on the pre-1978 events. The updated
recurrence relation would increase the Northern Appalachian probabilistic
ground motion only slightly (about 5 percent) and would not significantly

change the contour patterns of Figures 2 and 3.
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3.22 Laurentian Slope (LSP) (Figures 48, U49)

The Laurentian Slope zone is a small cluster of earthquakes at the edge
of the contineﬁtal slope at the mouth of the Laurentian Channel that includes
Ane major event, the magnitude 7.2 earthquake of 1929 (Doxsee, 1948), one of
only two magnitude 7 earthquakes known to have occurred offshore of eastern
Canada.

Preliminary examination of available data suggests that the zone of
earthquakes is spatially distributed approximately as seen in Figure U48; i.e.,
the scatter is not due to mislocations of events that occurred at or near one
epicentre (Basham and Adams, 1982). The zone boundaries drawn to enclose the
cluster are controlled on the east and west by the margins of the Laurentian
Channel, on the north by the faults associated with the Orpheus Graben, and on
the south approximately at the base of the continental slope (see Figure 3 of
Basham and Adams). King (1979) has suggested that the earthquakes appear to
be associated with the Glooscap fault, the combined
Cobequid-Chetabucto-Orpheus Graben-Laurentian Channel fault system. The
seismic reflection profiling used to locate the faults in the region of the
channel indicate that most, and perhaps all, of the offset is pre-Pleistocene,
but there is not sufficient resolution in the profiling to detect recent
offsets if they were present in the youngest sediments. A study of aerial
photography of this fault system where it crosses Nova Scotia has shown no
evidence of fault linears or scarps in surface deposits that would suggest
recent movement (D.R. Grant, personal communication, 1982).

The rate of 1929-sized earthquakes is poorly determined by tﬁe magnitude
recurrence data. For purposes of computing Figure 49 it has been assumed that

magnitude 7 earthquakes would have been completely reported since 1800 (see
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Table 1), although we are by no means certain that reports of effects would
even approximately locate such an offshore event in the early 1800's, had one
occurred. Nevertheless, the result is a recurrence relation that shows
reasonable agreement between the rates of larger earthquakes and the rates in
the magnitude 4-5 range, althouéh the slope of the curve tends to be lower
than that of most other source zones.

This source zone produces a small region of high amplitude ground motion
on the probabilistic maps (Figures 2 and 3), similar to that produced by the
Charlevoix zone. Implicit in the adoption of this model is the assumption
that the next large earthquake in the region will occur within the restricted
zone at the mouth of the Laurentian Channel, i.e., rather than at some other
location on the Newfoundland or Scotian Shelf. The evidence to support this
assumption is not very strong, but we consider the model to be the best
available for the present purposes. The result, however, is that the
remainder of the Newfoundland and Scotia shelves falls within a zone of low
background seismicity (Figure 52), which may under-estimate the real risk in

these regions.

3.23 Attica (ATT) (Figures 50, 51)

The Attica zone has been drawn to enclose the M 5.5, 1929 Attica
earthquake and the smaller M 3.5 - 4.5 events that have occurred near the
south shore of Lake Ontario. Basham et al. (1979) defined this zone as
extending through the Niagara Peninsula to the Hamilton-Burlington region. We
now believe that many of the small earthquakes around the western end of Lake
Ontario are the result of shallow pop-up phenomena, and have included this

area in the general Eastern Background zone.
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The most significgnt tectonic feature in the region is the north-scuth
trending Clarendon-Linden structure that extends for over 100 km from Lake
Ontario to the New York - Pennsylvania border (Fletcher and Sykes, 1977).
There is no conclusive evidence that the 1929 earthquake occurred on this
structure, but Fletcher and Sykes have shown seismicity induced by hydraulic
mining activity to have thrust mechanisms on a plane nearly parallel to the
Clarendon-Linden fault, and that other nearby natural events may be associated
with branches of the fault.

An apparently anomalous feature of the zone is the lack of small
earthquakes in recent years. Magnitude 4 events would have been completely
reported since at least 1950, if not much earlier, magnitude 3 events since at
least the early 1970's with the development of the Lamont-Doherty network in
.New York State. There have been very few such events in the last 15 years;
consequently the data base for magnitude recurrence calculation is very
sparse. There are only five Attica zone events that pass the completeness
test (Figure 50 and Appendix A).

This is also an example of a zone that has experienced only one known
significant earthquake in hiétoric time, albeit only M 5.5, and it is
therefore difficult to estimate the expected rate of such events.
Consultations with G. Leblanc and P.W. Pomeroy (personal communications, 1981)
have provided evidence that the settlement of western New York State was
sufficiently dense by 1850 to have provided written accounts of Attica-sized
earthquakes since that time. This date has been used (Table 1) to estimate
rates of M 5.5 events for the magnitude recurrence relation (Figure 51). The

maximum magnitude has been chosen as one-half magnitude unit larger, at 6.0.
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3.24 Eastern Background (EBG) (Figures 52, 53)

The Eastern Background zone (Figure 52) has been drawn to encompass the
entire region of eastern Canada that shows some evidence of minor historical,
or recent low-level seismicity. As such, it extends beyond the more
concentrated activity defined bf the above zones and includes seismicity in
regions of James Bay, northeast of Georgian Bay, western Lake Erie, the north
shore of the Gulf of St. Lawrence and the northeastern Newfoundland Shelf.
Defining the zone is primarily a recognition that low-level, but occasionally
significant, seismicity can occur in regions surrounding the active zones;
i.e., this region of eastern Canada should not be considered aseismic. The
maximum magnitude is selected as 5.0, but the area is so large and the rates
so low (Figure 53) that the zone makes a negligible contribution to the
probabilistic ground motion in Figures 2 and 3. An earthquake in 1922 that
may have had a magnitude near 5 has an epicentre on the northeastern
Newfoundland shelf (see Figure 3 of Basham and Adams (1982)). This event does

not pass the completeness test (Table 1) and its location is very uncertain.

3.25 Baffin Bay (BAB) (Figures 54, 55)

The largest earthquake known to have occurred in northern Canada was the
magnitude 7.3 event in Baffin Bay in 1933 (Figure 54). This earthquake had
aftershocks as large as M 6.5. Magnitude 6 events in Baffin Bay have since
oceurred in 1945, 1947 and 1957. It is difficult to define boundaries for the
Baffin Bay zone on the basis of geological and geophysical evidence (Basham et
al., 1977; Wetmiller and Forsyth, 1978, 1982; Reid and Falconer, 1982), but
there seems to be a clear separation between the activity in the Bay and that

on Baffin Island. Therefore, the zone boundaries shown in Figure 54 are
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arbitrary ones drawn to distinguish the siénificant seismicity of the Bay from
surrounding events in the Baffin Island and Eastern Arctic Background zones
discussed below.

Jackson et al. (1979) have found evidence for sea-floor spreading and an
extinet spreading centre in the deep central region of the Bay. However,
there is little or no seismic activity in this region; the seismicity is
confined almost exclusively to the landward side of the 2000m bathymetric
contour in the northwestern segment of the Bay that outlines the thick
sedimentary sequence. This sedimentary sequence is also reflected by a broad
positive free air gravity anomaly which suggests uncompensated loads may be
acting on zones of weakness along the rifted margin (Wetmiller and Forsyth,
1982).

Stein et al. (1979) have found thrust mechanisms for the 1933 and a
magnitude 5.6, 1976 earthquake in Baffin Bay and suggest that the stresses due
to glacial unloading are sufficient to reactivate old faults parallel to the
margin. They used synthetic seismogram calculations to suggest a 65-km focal
depth for the 1933 earthquake, a surprisingly large value that must be
considered poorly controlled because of the sparse seismic data available.
Reid and Falconer (1982), however, employed the results of a microearthquake
survey using ocean-bottom seismographs to make a speculative suggestion that
current seismicity might be occurring on the deep 1933 thrust plane.

The magnitude recurrence relation for the Baffin Bay zone is reasonably
well defined (Figure 55), but, as for the Laurentian Slope zone discussed
above, the single large earthquake, when counted for the time period of
complete reporting, produces too high a rate for that magnitude category. 1In

this case a starting date of 1850 is imposed arbitrarily on the largest
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magnitude category (Table 1). The assigned maximum magnitude is 7.5; thus, we
suggest that the 1933 earthquake was near to the maximum size that can occur
at any location in Canada away from active plate boundaries.

Because the zone is poorly defined and the seismicity dominated by one
large earthquake, the implications of this model for seismic risk in Baffin

Bay are similar to those discussed above for the Laurentian Slope zone.

3.26 Baffin Island (BAI) (Figures 56, 57)

Prior to 1960 only one earthquake is known to have occurred on Baffin
Island, a moderate M5.5-6 event in 1935. With the development of the
seismograph network in the north in the 1960's, in particular the station at
Frobisher in 1963, the northeastern portion of the island was found to be
highly active. This activity appears to be confined to the coastal region,
and does not occur much further inland than the heads of the fjords, although
there are scattered epicentres, perhaps mislocations, that extend to the
centre of the island (see Figure 8 of Basham et al., 1977). The seismicity is
concentrated in the regions of Buchan Gulf and Home Bay. There is a possible
gap between these two concentrations, but, because of the short history and
the nature of the seismicity, the gap is not recognized in drawing the crude
rectangular boundary for the zone shown in Figure 56.

The seismicity tends to occur in swarms, with many events of similar
magnitude, rather than as typical mainshock-aftershock sequences. All
available evidence on focal depths suggests the earthquakes are shallow.
Hashizume (1973) determined depths of 4-6 km for the 1970, Mi4.4 and 1972, M5.1

earthquakes; Liu and Kanamori (1980) a depth of 7 km for the 1963, M6.1
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earthquake. Each of these earthquakes shows normal faulting, which Stein

et al. (1979) attribute to reactivation of the basement faults by flexure
caused by deglaciation. Basham et al. (1977) suggested that the centre of
postglacial uplift over Foxe Basin is producing tilting of Baffin Island with
a high differential uplift rate, or a hinge zone, in the region of seismicity
along the northeastern coast.

The swarm-like nature of the Baffin Island seismicity results in a
relatively large slope to the magnitude recurrence relation (Figure 57). The
maximum magnitude selected is 7.0. This may be too large for shallow swarm
seismicit& but given the short earthquake history of the island it is

considered a prudent choice.

3.27 Labrador Sea (LAB) (Figures 58, 59)

The known seismicity of the Labrador Sea includes six earthquakes in the
M5.0 - 5.6 range (1934, 1952, 1956, 1958, 1962 and 1971, three of which pass
the completeness test and are plotted in Figure 58), but none larger. There
are reports of felt earthquakes from fishing villages along the Labrador coast
as early as 1809 (Smith, 1962), and epicentres for these events have been
assigned to the locations at which they were felt. However, there is no
evidence from recent instrumental data that significant earthquakes are
occurring onshore in this region. These older events likely occurred offshore
and the zone defined here (Figure 58) is confined to the offshore region.

The Labrador Sea is a product of seafloor spreading and Srivastava
(1978) has identified a central ridge and associated fracture zones from

seismic and gravity profiles and linear magnetic anomalies. The central
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Labrador Sea epicentres lie near, but southwest of, the ridge structures;
i.e., the ridge appears to be the northeastern boundary of the activity rather
than a locus. No earthquakes have been located between the ridge and
Greenland (see Figure 2 of Basham and Adams, 1982). There is an apparently
separate trend of earthquakes that follows the ocean-continent boundary
northward from a fracture zone offshore from Hamilton Inlet, merging with the
ridge trend near the northernmost seafloor ridge features. Thus, in general
terms, the earthquakes must be associated with pre-existing faults near the
inactive ridge and beneath the rifted continental margin. With further
research, it may be possible to divide the'source zone into two parts based on
these trends. The best known earthquake is the M5.6, 1971 event (the
southernmost epicentre in Figure 58) for which Hashizume (1977) determined a
dip~slip mechanism at a depth of 16 km due to deviatoric compressive stresses
normal to the margin.

The magnitude recurrence relation (Figure 59) is not well defined and
the choice of maximum magnitude is a difficult one. A value of 6.5 has been
chosen, but there is no evidence to suggest that the continental margin of the
Labrador Sea cannot experience a magnitude 7 earthquake similar to the two
that have occurred in historic time in the Baffin Bay and Laurentian Slope

zones discussed above.

3.28 Eastern Arctic Background (EAB) (Figures 60, 61)

The region surrounding the Baffin Bay and Baffin Island zones (as
defined above) has experienced low levels of both historic and recent
seismicity. This includes the regions of the continental margin of Greenland,

northern Davis Strait, the northern portion of Baffin Bay and Lancaster Sound
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(Figure 60; see also Figure 2 of Basham et al., 1977). The Eastern Arctic
Background zone, with rather arbitrary boundaries, is intended to account for
this scattered seismicity.

Wetmiller and Forsyth (1982) have shown that Nares Strait, between
Ellesmere Island and Greenland, is cur?ently aseismic, but that a trend of
epicentres from northern Baffin Bay appears to extend into Lancaster Sound.
The Lancaster Sound events in their Figure 8 do not pass the completeness test
for inclusion in Figure 60, although the northwestern boundary of the zone has
been drawn to include this region. No earthquakes with magnitude greater than
4 have occurred in Davis Strait between the Eastern Arctic Background and the
Labrador Sea zones since at least 1962 (Basham et al., 1977), and this region

is considered to be aseismic in the present model (see Figure 5).

3.29 Gustaf-Lougheed Arch (GLA) (Figures 62, 63)

The Queen Eliz;beth Islands seismicity is characterized by low to
moderate magnitude, but often intense, earthquake swarms. The general cause
of this seismicity is movement, suggested to be in response to the
contemporary stress field, on unhealed faults that were formed or reactivated
by Paleozoic and later orogenic phases (Basham et al., 1977; Forsyth et al.,
1979; Wetmiller and Forsyth, 1982). However, because of the swarm-like nature
of the seismicity, which has been observed to start abruptly in previously
quiet areas, and the short observation period (about 20 years) it is highly
unlikely that all potentially active regions of the islands have been
identified.

A section through the Queen Elizabeth Islands that shows the highest

levels of seismicity and for which there is some geological and geophysical
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evidence is defined here as the Gustaf-Lougheed Arch zone (Figure 62). The
cluster of earthquakes in the Byam Martin Channel northeast of Melville Island
occurred as intense swarms that started abruptly in 1972 (Basham et al.,
1977). A similar but, to date, a less intense swarm occurred in Prince Gustaf
Adolf Sea east of Borden Island in 1978. These latter events are included
here, as an exception to the 1977 cut-off date used for a majority of the
source zones, because they are important in defining the trend of the zone and
are considered typical of the swarm activity to be expected along the zone in
future. The zone is extended offshore to include the cluster of earthquakes
on the continental slope north of Borden Island.

The name for this zone is taken from the Gustaf-Lougheed Arch, a
structurally significant feature reflected in Bouguer gravity anomaly
contours, that divides the western Sverdrup Basin into two separate sub-basins
(Hea et al., 1979; Forsyth et al., 1979). The zone boundary in Figure 62
follows the outline of the arch from west of Elles Ringnes Island to southern
Melville Island. Superimposed on the arch is a series of northeasterly
trending minor magnetic highs reflecting mineralized faults or intrusive dykes.

The focal mechanisms for the four largest earthquakes ig the Byam Martin
Channel swarm (magnitudes 5.1 - 5.7) show deviatoric tension at depths from
9 km (just beneath the sediments of the Sverdrup Basin) to 31 km (Hasegawa,
1977), suggesting the fractures or dykes are loci of current seismic
activity. A tensional regime along the Gustaf-Lougheed Arch suggests that
current tectonic forces are similar to those in the Early Cretaceous
responsible for the opening of the Arctic Ocean Basin (Sweeney et al., 1978).

There is little evidence to extend the Gustaf-Lougheed Arch, itself,

offshore to the cluster of epicentres'on the continental slope, but there is
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other evidence of significant structures in the area. Submarine physiography
indicates as much as 400 m of drowning over the continental shelf and slope
offshore of Elles Ringnes Island, and submarine valleys on either side of the
island trend toward the offshore cluster. This seismicity is on the seaward
gradient of a large free air gravity anomaly, suggesting a region of stress
adjustment to an uncompensated wedge of sediments (Basham et al., 1977).
There is no evidence on which to base a maximum magnitude (chosen as
6.5), but the choice does have an influence on the resulting probabilistic
ground motion. The Gustaf Lougheed Arch zone produces a narrow zone of high

acceleration (Figure 2), but a less pronounced zone of velocity (Figure 3).

3.30 Sverdrup (SVD) (Figures 64, 65)

With the Gustaf-Lougheed Arch zone (abpve) defined separately, the
remainder of the Sverdrup Basin is seen as having a broad scattering of low
level seismicity. It is characterized by both intense low-magnitude swarms
such as that which occurred on Prince Patrick Island in 1965 (Smith et al.,
1968), and single larger events with few detectable aftershocks such as the
M 5.2 event on western Axel Heiberg Island in 1975. There are, however,
numerous smaller earthquakes, that do not pass the completeness test used
here, with epicentres in the Sverdrup Basin. The boundaries for the zone
shown in Figure 64 follow, as closely as possible with long straight-line
segments, fhe outer edge of the Franklinian province that surrounds the basin
(see Figure 1 in Sweeney (1976)).

The small number of earthquakes that pass the completeness test produces
difficulties in defining a magnitude recurrence relation. The curve in Figure
65 is defined by imposing the recurrence slope for the Gustaf-Lougheed Arch

zone on the rates estimated from the small number of Sverdrup zone earthquakes.
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3.31 Boothia-Ungava (BOU) (Figures 66, 67)

The seismicity of the Queen Elizabeth Islands is connected to the south
by a concentration of epicentres in Barrow Strait south of Cornwallis Island,
with a more diffuse trend through Somerset Island, down Boothia Peninsula and
thence southeastwar& to a major cluster in the area of Wager Bay and Roes
Welcome Sound. A less well-defined trend continues across the Ungava
Peninsula and through Hudson Strait, connecting to the seismicity in the
Labrador Sea. This seismicity is modelled here as one continuous narrow zone
(Figure 66).

In general terms the seismicity in this arcuate band surrounds the
southwestern half of the area of postglacial uplift centred over Foxe Basin,
which led Basham et al., (1977) to speculate that the Baffin Island-Foxe Basin
block is responding independently to postglacial uplift and may be decoupled
from the rest of the shield to the southwest. Geological correlations are
best at the north end where the seismicity shows a close relationship to the
Boothia Uplift from Somerset and Prince of Wales Islands northward, meeting
the Sverdrup Basin in the region of Grinnell Peninsula (Wetmiller and Forsyth,
1982). The Boothia Uplift, which has geologically demonstrated tectonic
activity from the Paleozoic to the Cretaceous, continues to be active in
present times. Seismological analysis shows that two earthquakes on the
western edge of Southampton Island had focal depths of 17-21 km with thrust
mechanisms due to northeast-southwest compression (Hashizume, 1974). The
remaining seismicity through to the eastern end of Hudson Strait follows a
broad deformational trend suggested by the Bell Arch and a series of

horst-graben structures indicated in the bathymetry (Basham et al., 1977).
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4, PROBABILISTIC SEISMIC GROUND MOTION ANALYSIS

The seismic risk calculations are made with an adaption of the McGuire
(1976) computer program. This program has been modified for the Cyber system
in the Energy, Mines and Resources Computer Science Centre and a program
listing is included here as Appendix B. McGuire (1976) provides details of
the functioning of the program and the various options available in its use.
It is the purpose of this section to document special features of the program
that are of concern in our application, some changes and additions that were
made for this purpose, and the procedures used to make the calculations on a
national-scale grid for purposes of contouring probabilistic peak acceleration

and velocity (as shown in Figures 2 and 3).

4.1 Regionalization

There are two purposes for regionalizing the national-scale risk
calculations: one is to accommodate the difference in strong seismic ground
motion attenuation in western and eastern Canada; the other to avoid excessive
calculations for a particular grid point by excluding source zones that will
make no contribution to the resulting risk.

Hasegawa et al., (198l), in deriving separate strong motion attenuation
relations for western and eastern Canada, defined a boundary between the two
attenuation regions as following the eastern edge of Cordilleran tectonic
province. This boundary is a distinctive physiographic feature at all
locations along its length, except where it approaches the Beaufort Sea. The
Beaufort Sea is included here in the western attenuation region, as it is
viewed as being more analogous to the more recently tectonically active

western region than to the less active eastern region. Thus, with reference
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to Figure 5, it can be seen that all of the contiguous western source zones
are in the western attenuation region, and all of the contiguous eastern
source zones and the Southern Saskatchewan zone are in the eastern attenuation
region. In one area only, the western Arctic islands region, are the two sets
of source zones close enough to produce significant ground motion in the other
region. This is handled as described below.

To accommodate the two attenuation regions and to avoid excessive
calculations for source zones that make no contribution, the country has been
divided into the eight regions described in Table 3. Each of the eight
regions has a separate computational grid for calculations of contributions
from the indicated source zones within the indicated latitude and longitude
bounds. Some source zones are included for two or three regions because they
make contributions outside of their own region.

In the "Northwest-Northeast" region the calculations are made assuming
that the ground motion propagates from the western source zones with western
attenuation into the eastern region, and from the eastern source zones with
eastern attenuation into the western region. The computer program normally
cumulates risk at fixed ground motion levels and then interpolates to produce
ground motion at fixed risk levels. For this region there is a special
version of the program in which the two sets of risk cumulations are done
separately, and then added together prior to the interpolation to produce

ground motion at fixed risk levels.

4,2 Integration over Source Zones

Source zones and site locations are defined by geographical coordinates
given in degrees of latitude and longitude. As the McGuire program was

designed as a planar version using Cartesian coordinates, all of the
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Table 3

Regionalization for Risk Calculations

Region of eastern attenuation

"East": 41.0 to 50.0°N, 49.0 to 86.0°W
Source zones: CHV, WQU, LSL, NAP, ATT, LSP and EBG

"East-North": 50.0 to 60.0°N, 50.0 to 90.0°W
Source zones: CHV, WQU, LSL, NAP, LSP, EBG, LAB, GLA, SVD, BOU, BAI,
BAB and EAB

"North-East": 60.0 to 85.0°N, 50.0 to 105.0°W
Source zones: GLA, SVD, BOU, BAI, BAB, LAB and EAB

"Central": 46.0 to 51.0°N, 100.0 to 110.0°W
Source zones: SAS, SBC, and FHL

Region of western attenuation

"West": 47.0 to 53.0°N, 109.0 to 142.0°W
Source zones: CAS, PGT, CSM, NVI, JFE, QCF, SPT, SBC, NBC and FHL

"West-North": 53.0 to 60.0°N, 110.0 to 1l45.0°W

Source zones: CAS, PGT, CSM, NVI, JFE, SBC, FHL, QCF, SPT, NBC,
FWY, DSK, RIC, MKZ, BFT, ALC and ALI

"North-West": 60.0 to 68.0°N, 110.0 to 145.0°W

Source zones: FWY, DSK, RIC, MKZ, BFT, QCF, SPT, NBC, ALC and ALI

Region requiring eastern and western attenuation

"Northwest-Northeast": 68.0 to 82.0°N, 91.0° to 1l45.0°W
Source zones with western attenuation: FWY, DSK, RIC, MKZ, BFT, QCF, SPT,
NBC, ALC and ALI

Source zones with eastern attenuation: GLA, SVD, BOU, BAI, BAB, LAB and EAB.
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geographic coordinates are transformed into eastings and northings in
kilometres usipg a Lambert Conformal projection, with each region given its
own central meridian. Any distortion in the calculated distances is well
below the accuracy of the distances required in estimating ground motion.

In integrating the contributions to the risk at a site from a source
zone, the source zone is divided into finite arc segments, the radii of which
pivot on the site. The size of the arc segments is a function of the gross
source dimensions and the program parameter NSTEP. As NSTEP is increased the
area covered by the arc segments tends to the correct area of the source
zone. A value of NSTEP = 10 is found to be adequate in most cases, as
increasing it does not significantly change the calculated values. However,
the computation time does increase with NSTEP so NSTEP is kept as small as
possible, the limitation being the area error that will be tolerated. For
some site-source combinations, é value of NSTEP = 10 leads to significant area
errors. If the area error is greater than ERRBND percent (20 is used in
current applications) then NSTEP is automatically doubled and the calculation
repeated until either the error is less than ERRBND or NSTEP reaches the
assigned maximum value of NSTEPMX. If NSTEP reaches NSTEPMX, the flag LERR is
set for the calculation. After contributions from all source zones are
integrated, the ratio of the flagged to unflagged risk cumulations is
computed. If this ratio is less than RKRATO (0.05 is used in current
applications), the result is accepted; othefwise the total risk for the site
is flagged. When contouring risk computed on a grid (see section 4.6),
flagged grid points are omitted.

The program parameter RZ2 defines the closest distance from site to

source zone beyond which the earthquakes are considered lumped at the centre
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of the source zone. In the original program RZ2 was fixed at 300 km with no
provision for redefinition. To allow for various source zone geometries for
which RZ2 = 300 is not the most appropriate, a change has been made to read in
this parameter with the other source zone parameters. In the current
application RZ2 = 600 has been used for the following source zones: FWY, ALC,

ALI, QCF, SPT, LAB, GLA and BOU.

4.3 Treatment of Other Errors

In subroutines INSIDE and OUTSIDE some types of errors can occur which
are a function of the site-source geometry and result in no risk being
computed. For example, the distance to the nearest zone boundary may become
zero. Again NSTEP is increased as described above to try to eliminate the
problem. If the error persists LERR2 is set "true" and the result.is flagged.

In all cases a message is printed when these errors occur giving the
site location and the source zone in which the error is encountered. If an
output is desired in order to see what values are being calculated, the
omission of erroneous results can be cancelled by setting INCLUD and/or
INCLUD2. Re=definition of source zone geometries in the area of the site will
usually be necessary if a valid estimate is required in these cases.

In the current calculations for Figures 2 and 3, only three grid points,
out of more than 6000, had to be omitted. These were at 51.0°N, 122.0°W, at
the junction of the CSM, SBC and CAS zones in southern British Columbia; at
61.0°N, 145.0°W, at the junction of the FWY, DSK, ALI and ALC zones in Alaska;
and at 67.5°N, 67.0°W, at the common corner of the BAI and EAB zones on Baffin
Island (see Figure 5). Five other grid points had area errors greater than 20
percent for NSTEP=10, but these were reduced to less than 20 percent by the

automatic recalculation with NSTEP increased.
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4,4 Limiting Ground Motion from Large Magnitudes

As noted in Section 2.3, the expressions for strong seismic ground
motion attenuation derived by Hasegawa et al. (198l) did not limit ground
motion contributions at large magnitudes. For current computations this has
been implemented in the program (see subroutine RISK1 in Appendix B) by
modifying the magnitude recurrence relation so that all expected events

greater than M7.5 are compressed into a Delta function (a spike) at M7.5.

4.5 Statistical Scatter on Attenuation

The program provides for the inclusion of a standard deviation on the
logarithm of the ground motion parameter whose mean value is defined by the
attenuation relation, and a normal distribution is assumed. In the current
application this variable (SIG) is set to 0.7, the natural logarithm of 2;
i.e., the standard deviation on both peak acceleration and velocity are

assumed to be a factor of 2.

4,6 Computation Grid and Contouring

The ground motion values for Figures 2 and 3 were computed using the
grid of points listed in Table 4. This grid has a maximum spacing of 57 km in
latitude and 90 km in longitude, with progressively smaller longitude spacing
to the north. The computations were stored on a computer file containing
latitude, longitude, risk values and their corresponding acceleration and
velocity values.

The contouring of the data was done in five regions, east, northeast,
west, northwest and central. For each region the data from the risk program

were first combined through a program that projects latitude and longitude
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Table 4

Computation Grid used for Contouring

41.0
50.0
60.0
63.0
66.0
68.0
80.0

68.0
80.0

60.0
53.0
47.0

42.0

- )49~5

Step
0.5

Long. Boundaries

86.0
90.0
95.0
100.0
105.0
90 .0
90.0

145.0
145.0

145.0
145.0
142.0
137.0
110.0
109.0

109.0
109.0

50.0

50.0

110.0
110.0
110.0
110.0
101.0
106.0

101.0
96-0

Step
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into eastings and northings (x and y) on a Lambert projection at a fixed
scale. The input data were selected so as to extend beyond the area to be
contoured in order to obtain continuity in the contours between regions and to
avoid edge effects. The output from this program was formatted so as to be
compatible with the program GPCP described below.

The contouring was done with the "General Purpose Contouring Program"
(GPCP), a product of the Calcomp Company, which resides on the EM&R Computer
Science Centre Cyber system. By using the x and y dimensions obtained from
the projection program, the contours are properly scaled to the scale selected
for the map area. The GPCP program requires the x-y grid to be specified so
that each cell contains no more than one data point. Cell size can be
calculated knowing the latitude-longitude grid,'as specified in Table 4, and
the x and y dimensions as provided by the projection program.

The method of contouring is described in detail by the GPCP users guide
prepared by the Computer Science Centre. Briefly, the method is as follows.
Using data supplied on the "SIZX" input card, a uniform x-y grid is
established, the data at each grid point being approximated by a function
defined by the nearest "n" data points. "n" can be defined on the"CNTL" card;
the default value of n=8 was used. To generate smooth contours, each grid
cell is divided into a finer sub-grid using a third-order interpolation, and
the contour lines are drawn as short straight-line segments between the
sub-grid points. The default value of 5 was used to divide both the x and y
sides of each grid cell.

The final contour maps were drafted from the five partially-overlapping
region maps. Some "chatter" in the contours occurs due to the finite grid

spacing of the calculations (Table 4), which is smoothed by hand during
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drafting. This "chatter" could be removed by a denser original grid, but the
extra computations are not considered justified for the resolution required in

the final maps.

4,7 Site-Specific Risk Calculations

The earthquake source zones as defined in Section 3 above and the
computer program listed in Appendix B will be maintained by the Earth Physics
Branch on the Computer Science Centre Cyber system. This package of input
data and computation method will remain intact for some years in order that
computations can be made at any time, equivalent to those used for the contour
maps recommended as new zoning maps for the National Building Code.

Using this package, the Earth Physics Branch will undertake
site-specific risk calculations on request for a nominal fee. A sample of the
output information for a site-specific calculation is given in Table 5. The
request will specify a site with geographical coordinates. The output will be
peak acceleration and velocity for the four risk levels indicated. The risk
level of 0.002105 per annum is equivalent to a probability of 10 percent
exceedence in 50 years (e.g., Figures 2 and 3) that has been recommended for

the National Building Code zoning maps.
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EARTH PHYSICS BRANCH ODIRECTION DE LA PHYSIQUE DU GLOBE
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