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SEISMICITY AND SEISMOTECTONICS OF
THE WESTERN LAKE ONTARIO REGION

Arsalan A. MOHAJER*, Environmental Science, Scarborough Campus, University of Toronto, 1265 Military Trail,

Scarborough, Ontario M1C 1A4.

ABSTRACT The western Lake Ontario
region, a traditionally perceived area of low
seismic risk, is densely populated and is
home to, among other critical facilities, the
nuclear reactors of Pickering and Darlington.
These and other characteristics of the region
call for improved estimates of seismic haz-
ard. Due to a lack of understanding of the
causative geological sources and recurrence
characteristics of the reported seismic activ-
ity, there is considerable uncertainty regard-
ing estimated ground motion parameters, a
fundamental component of seismic hazard
assessments. To attempt to improve the def-
inition of the seismic source zones and, con-
sequently, seismic hazard assessments, the
hypocentres of about 30 local earthquakes
were recomputed. A new data compilation,
based on the revised locations or those with
the least travel-time residuals, shows that
local microearthquakes (M, =< 3.5) generally
occur along, or at the intersection of, promi-
nent aeromagnetic or gravity anomalies. A
notable seismicity trend extends in a
northeast-southwest  direction  between
Toronto and Hamilton, and is bounded by
magnetic lineaments. A major geological
structure, the Central Metasedimentary Belt
Boundary Zone (CMBBZ), coincides with a
strong aeromagnetic anomaly which extends
to the northeast into the Western Quebec
Seismic Zone. This magnetic lineament also
extends to the south, across Lake Ontario, to
join the Akron (Ohio) magnetic boundary that
was associated with several historical earth-
quakes and with a m.=4.9 earthquake in
1986. Most of the seismic events recorded
instrumentally in the 20th century have
occurred within a depth range of 5 to 20 km.
This observation supports the correlation of
local earthquakes with deep geophysical and
geological features, suggesting contempo-
rary reactivation of basement structures.
This may imply that a more conservative
deterministic hazard estimate is needed to
verify the probabilistic approach currently
used to assess seismic hazard in southern
Ontario.
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RESUME La sismicité et la sismotectoni-
que de la partie ouest du lac Ontario. Cette
région, habituellement pergue comme étant
de faible sismicité, est densément peuplée et
abrite notamment les réacteurs nucléaires
de Pickering et de Darlington. En vue de
cela, on doit réévaluer les risques de
séismes dans la région. Afin d’ameéliorer la
détermination des sources sismiques et, par
la, I'évaluation des risques sismiques, on a
recalculé les hypocentres d'une trentaine de
séismes locaux. Une nouvelle compilation
des données, fondée sur les localisations
corrigées ou sur celles comprenant le temps
de propagation résiduel le plus court, montre
que les microséismes locaux (M = 3.5) sur-
viennent generalement le long ou a l'inter-
section d’anomalies gravitaires ou aéroma-
gnétiques prononceées. Une zone sismique
appréciable s'étend du nord-est au sud-
ouest, entre Toronto et Hamilton, et est bor-
dée par des linéaments magnétiques. Une
structure géologique majeure, l'aire limite de
la zone métasédimentaire centrale, coincide
avec une forte anomalie aéromagnétique qui
s'étend vers le nord-est, dans la zone sis-
mique de l'ouest du Québec. Ce linéament
magnétique s'étend aussi vers le sud, a tra-
vers le lac Ontario, pour rejoindre la limite
magnetique d'Akron (Ohio) qui a été asso-
ciée a de nombreux séismes connus et & un
seéisme de m,=4,9, en 1986. La plupart des
séismes enregistrés par des instruments au
cours du XX” s. se sont produits a des pro-
fondeurs de 5 a 20 km. Cette observation
établit la corrélation entre les séismes locaux
et les données géologiques et géophysiques
en profondeur, indiguant ainsi une réactiva-
tion contemporaine des structures du socle.
Cette conclusion implique qu'une évaluation
deéterministe plus classique des risques sis-
miques doit étre faite afin de tester I'appro-
che probabiliste actuellement entreprise
pour évaluer les risques sismigues dans le
sud de I'Ontario.
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ZUSAMMENFASSUNG  Seismik und
Seismotektonik des westlichen Teils der
Ontario-See-Region. Die westliche Ontario-
See-Region, die man gewdhnlich fir eine
Region mit niedrigem seismischem Risiko
halt, ist dicht besiedelt und beherbergt unter
anderen bedenklichen Einrichtungen die
Kernkraftwerke von Pickering und Darling-
ton. Diese sowie andere Charakteristika der
Region machen eine Verbesserung der
Beurteilung des seismischen Risikos not-
wendig. Um die Definition seismischer
Ursprungszonen und dadurch die Ein-
schatzung des seismischen Risikos zu ver-
bessern, hat man die Hypozentren von etwa
30 lokalen Erdbeben neu berechnet. Eine
neue Datenzusammenstellung, gestitzt auf
korrigierte Lagebestimmungen oder solche
mit der geringsten Restverbreitungszeit,
zeigt, daB  ortliche  Mikroerdbeben
(ML, =3.5) gewodhnlich entlang oder an der
Kreuzung von deutlichen Aeromagnetik-
oder Gravitations-Anomalien auftreten. Eine
beachtliche seismische Zone erstreckt sich
von Nordost nach Sudwest zwischen
Toronto und Hamilton und ist durch magne-
tische Lineamente begrenzt. Eine bedeu-
tende geologische Struktur, der Grenz-
bereich des zentralen metasedimentaren
Girtels, stimmt mit einer deutlichen aero-
magnetischen Anomalie (berein, die sich
nach Nordosten in die seismische -Zone von
West-Québec erstreckt. Dieses magnetis-
che Lineament erstreckt sich auch nach
Suden, quer durch den Ontario-See und ver-
bindet sich mit der magnetischen Grenze
von Akron(Ohio), welche mit einigen historis-
chen Erdbeben sowie einem mb,=4.9 Erd-
beben von 1986 in Verbindung gebracht
wurde. Die meisten seismischen Vorkom-
men, die im 20. Jahrhundert festgestellt wur-
den, haben in einer Tiefe zwischen 5 bis
20 km stattgefunden. Diese Feststellung
stitzt die Korrelationen ortlicher Erdbeben
mit tiefgelegenen geophysikalischen und
geologischen Charakteristika und weist auf
eine zeitgenossische Reaktivierung der
Grundstrukturen. Dies kénnte zu dem
SchluBB flhren, daB eine mehr konservative
deterministische Risikoeinschatzung not-
wendig ist, um die gegenwartig gebrauchte
Wahrscheinlichkeitsmethode bei der Ein-
schatzung von seismischen Risiken in Std-
Ontario zu (berprifen.
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INTRODUCTION

The western Lake Ontario region, as defined in this study,
is bounded by latitudes 43° and 45°N and longitudes 78° and
80°W and covers an area of about 150 x 220 km. The
Canadian portion of this region is generally perceived as one
of tectonic stability and low seismic risk (Basham, 1975;
Basham et al., 1985) because no large magnitude earth-
quake has been documented there. The perception of a low
risk environment on the Canadian side of Lake Ontario is
incompatible with the major-risk designation on the American
side (Algermissen et al., 1990). Furthermore, no plausible
explanation has been offered for the occurrence of more than
50 earthquakes (M <5), reported in the region during the
nineteenth and first half of the twentieth centuries (Fig. 1).

Seismicity in the study area includes the 1929 Attica, New
York State, event (m,=5.2) as well as a series of small mag-
nitude events (M<3.5) near Burlington in the mid-1970’s
(Wetmiller, 1980). In recent years three small earthquakes of
M. =3.4, 3.3, 2.2 occurred beneath the western end of Lake
Ontario, one in July 1987 and two in August 1988, in addition
to two well recorded M =25 event near Hamilton in
December 1991 and in April 1993 (Tables | and Ill). These
events, together with recent evidence for unexpected large
magnitude intraplate seismicity in eastern Canada (e.g.
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Adams and Basham, 1991), have raised concerns regarding
the potential of moderate to large magnitude earthquakes to
occur in the study area. This is of considerable significance
given the presence of several nuclear facilities and the large
population there.

Earthquake hazard analysis in Canada relies essentially
on recorded earthquake data. Earthquake catalogues, main-
tained by the Geological Survey of Canada (GSC), provide
general information on earthquakes including date of occur-
rence, location, magnitude, focal depth and travel time resid-
uals (an indication of accuracy of location determinations).
The ability to record earthquakes of a given magnitude has
varied considerably over time such that it is only within the
last 20 years that the existing catalogues can be considered
complete to magnitude 4 and above. This has caused a wide
range of uncertainties in the estimation of recurrence relation-
ships which are used in assessing earthquake risk.

The limited number of stations in southern Ontario has
yielded mislocations of on the order of 40 to 50 km for some
of the older events (Basham et al.,, 1982; Mohajer, 1987)
which is well above the national average of 20 km.
Recomputation of earthquake locations has, therefore, been
suggested as a possible means of improving the data base
to be used for definition of seismic source zones. This may
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FIGURE 1. Seismicity of the Lake Ontario region, compiled by J.R.
Bowlby (pers. comm.), and updated in this study. Additional informa-
tion from Wallach (1990), Wallach and Mohajer (1990), McFall and
Allam (1991), Thurston (1991), Mohajer et al. (1992), and Thomas et
al. (1993). WEO (Welcome) and EFO (Effingham) are Geological
Survey of Canada seismic stations. OA=0shawa and W=Welland.

Sismicité de la région du lac Ontario, établie par J.R. Bowlby (comm.
pers.) et mise a jour. Les données complémentaires proviennent de
Wallach (1990), Wallach et Mohajer (1990), McFall et Allam (1991),
Thurston (1991), Mohajer et al. (1992), et Thomas et al. (1993). WEO
(Welcome) et EFO (Effingham) sont des stations sismiques de la
Commission géologique du Canada. OA=0shawa et W=Welland.
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TABLE |

Earthquakes possibly associated with the Burlington-Toronto
magnetic lineament (BTML), eastern boundary of the
Toronto-Hamilton Seismic Zone (THSZ)

Date Origin Lat. Long. Mag. D (km)
Time

1886/08/19 080000. 4360  79.60 3.0 10+40
1894/02/24 040000. 4365  79.40 24 4+40
1975/06/30 152700. 4344  79.51 3.0 3+25
1975/06/30 201523. 4336  79.75 3.0 18+20
1987/03/06 193000. 43.50 79.60 2.0 7+15
1987/03/08 240000. 4355  79.50 1.0 4+10
1987/07/23 093200. 43.49 79.47 3.4 1+2

1993/04/22 111250. 43.32 79.72 2.0 0.5=1

D = Distance to the seismogenic structure from the best earthquake
location (with least travel time residual). *+ a: indicate the estimated
maximum uncertainty for location determinations.

help constrain seismic source characteristics, an important
input parameter for both probabilistic and deterministic haz-
ard evaluation.

EXISTING EARTHQUAKE FILES

The first comprehensive seismicity compilation of eastern
Canada was carried out by Smith (1962, 1966) who docu-
mented 20 earthquakes, which occurred during the 19th and
the first half of 20th centuries, in the western Lake Ontario
region. None caused effects that exceeded intensity VI on the
Modified Mercalli scale (MMI=VI). A later compilation by
Basham et al. (1979), with further refinements by Basham et
al. (1982), led to interpreting different locations and values for
severity of the ground shaking.

The earthquake data files currently used for seismic haz-
ard assessment in eastern Canada have magnitude-date lim-
its that accept only M=6 events since 1900, M=5 events
since 1940, M =4 events since 1960 and M= 3 events since
1970 (Basham et al, 1985; Adams and Basham, 1991;
Drysdale, 1991). This compilation is based on a screening cri-
terion which uses varying completeness periods for different
magnitude ranges as defined by Weichert (1980). The
selected listing has improved the accuracy and homogeneity
of the data base for probabilistic hazard assessment.
However, considerable data and information on earthquakes
of the early 20th and previous centuries, which are useful for
deterministic source zone definitions, have been disre-
garded. These include 20 historical events, in particular, the
July 6th, 1873 earthquake, an intensity MMI=VI event, about
15 km west of Welland, and the May 2nd, 1877 earthquake,
felt in the vicinity of Oshawa (Smith, 1962). The recent com-
pilation by Martini and Bowlby (1991) shows a much more
complete record of seismicity for the region (Fig. 1) with
entries from Canadian and American seismological agencies.

The western Lake Ontario region is marked by earthquake
clusters which occur in the Burlington-Hamilton, Welland and
Niagara Falls areas, and near Attica, New York (Fig. 1). There
has also been scattered activity, mostly in the central part of
the region. An updated recurrence relation for this region is
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FIGURE 2. The magnitude-recurrence relationship for the western
Lake Ontario region compared to that for the eastern background
zone (Basham et al.,1982).

Les relations entre la magnitude et /a récurrence dans la région de
'ouest du lac Ontario comparées aux données de Basham et al.
(1982) pour I'est du Canada

given in Figure 2, which indicates that there is a higher prob-
ability of occurrence of a magnitude 5 (> 10-*fannum) earth-
quake than was expected before. It also shows that the upper
bound magnitude may be greater than the M=5 suggested by
Basham (1975). In addition to defining seismic source zones,
this complete data set can be used in a deterministic
approach for estimating the maximum expected magnitude
(Mx) in the region. This can reduce the existing uncertainty for
those seismic risk assessments which are based solely on
the probabilistic approach.

SOURCE OF ERRORS AND ACCURACY
OF THE SEISMICITY DATA

Local earthquakes, particularly microtremors, could not be
detected or reliably located before the full deployment of the
Eastern Canadian Telemetered Network (ECTN). The first
three stations of the ECTN (Ottawa, Montréal, and Maniwaki)
were put into operation in 1974 and the network was gradu-
ally completed in 1978. The area of full coverage of the ECTN
mostly lies along the Ottawa and St. Lawrence valleys, west-
ern Québec, and New Brunswick where several moderate to
large magnitude earthquakes have occurred in recent times.
The closest seismographic stations to the western Lake
Ontario region consist of an analogue recorder at Effingham
(EFO), near Niagara Falls, and a digital telemetered station
at Welcome (WEQ), about 90 km east of Toronto, which
became operational in April 1982.

Géographie physique et Quaternaire, 47(3), 1993
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There is a very limited area, in the western Lake Ontario
region, covered by at least three stations, necessary to allow
reliable computation of hypocentres of magnitude M, = 3 ear-
thquakes.The detection threshold for both WEO and EFO is
M,.=2.5, at respective radii of 120 and 90 km, with no third
station coverage to yield a reliable location determination.
Thus, the lack of a sufficient number of stations capable of
detecting earthquakes is a major source of location error.
Another important contributor to location error stems from dif-
ferent network biases. This is a function of the combination
of stations used in various time periods to compute earth-
quake locations. This source of error was demonstrated by
testing quarry blast mislocations in the region (Mohajer,
1987). For the data file prior to 1964, instrument time code
marks are not as reliable as the recent ones and, therefore,
this inherent source of error may not be improved. The phase
readings of these earlier data files are inconsistent and less
reliable than those in data files collected after 1964, and much
less reliable than those collected after installation of the
ECTN (1978) for most parts of eastern Canada (R.J.
Wetmiller, pers. comm.).

A search in the National Archives of Canada yielded only
a few original seismograms that could be examined for unde-
tected errors in the arrival-time data. The main purpose for
re-examining the records was to note the contribution of each
source of undetected errors to mislocations in the routine
processing of data. Possible misinterpretation of seismo-
grams by different analysts, variations in time-base correc-
tions and mis-recording of data are among sources of mislo-
cations for the earthquakes that occurred prior 1o 1964. The
results obtained showed that phase identification was some-
times uncertain due to human error and/or a low signal to
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noise ratio, masking phase arrivals at some of the stations.
The range of variations in phase identification was negligible
when compared with inconsistencies found in the time base
corrections. Depth distribution is also a key element in deter-
mining source parameters and correlating seismic events
with geological structures. A limited number of stations and
insufficient azimuthal coverage of the hypocentres have
resulted in inaccurate depth determinations for most of the
events in southern Ontario.

RECOMPUTATION OF THE EARTHQUAKE
LOCATIONS

An attempt has been made to improve the hypocentral
locations for those events which have sufficient input data to
yield a better computational solution. The preferred solution
was normally determined by smaller travel time residuals.
Several current methods and codes were utilized tor this pur-
pose including joint and single event location approaches.

Joint Epicentre/Hypocentre Determinations (JED/JHD)
are used to determine station travel time corrections, loca-
tions, and origin times of more than one earthquake simulta-
neously (Douglas, 1967, Dewey, 1971; Dewey and Gordon,
1984; Mohajer, 1987). This method is insensitive to crustal
velocity models and uses travel time residuals as station
adjustments for refining the earthquakes location. JED/JHD
has been very successful in reducing the error due to station
biasing, and has been used extensively in the U.S. (Dewey
and Algermission, 1974; Dewey, 1979) and in the western
Québec seismic zone (Mohajer, 1991). Details of application
of the method are given in Mohajer (1987, 1992).
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Based on a thorough examination of the data it was con-
cluded that, except for a few well recorded events, the exist-
ing seismicity data set for the western Lake Ontario region
could not be substantially improved by the JHD/JED compu-
tation technique. However, there are a few events which
yielded a better solution through the use of the
“HYPOCENTRE" program (Linert et al., 1986; Mohajer,
1987) or LithoLoc (Asudeh et al., 1991). Several events were
also selected from the list of locations, given in the Canadian
Earthquakes National Summary bulletins (e.g. Drysdale et
al., 1992), when they showed smaller travel time residuals.
This resulted in a compilation of relocated events and
selected earthquakes which had the least error margins
(Figs. 3 and 6). The previous and recalculated epicentral
locations are plotted in Figure 3 and re-plotted with a seismo-
tectonic interpretation in Figure 6.

HISTORICAL EARTHQUAKES AND
FELT REPORTS

The documented history of settlements in southern
Ontario and the available reports on paleoseismicity do not
extend back much beyond two centuries. This time span is
shorter than the return periods for major earthquakes (e.g.
700 years) that have occurred in Iran and Turkey (e.g.
Mohajer and Nowroozi, 1979; Ambraseys and Melville,
1982). Nevertheless, very interesting information on felt
earthquakes in the region during the 19th century has been
compiled by Smith (1962). Mohajer (1989) added to the infor-
mation contained in the compilation of Smith (1962) by report-
ing on the previously undocumented 2 November 1870, and
23 May 1877, MMI=IV earthquakes in the Niagara region
(Fig. 3). Although there is some debate on the accuracy of the
inferred epicentral locations and size of the historical earth-
quakes, the existing information may help identify potentially
active geological structures.

Significant felt events in recent times include a M, =3
earthquake, in June 1975, the first event to be well docu-
mented in the Burlington-Oakville area (Wetmiller, 1980). A
group of 16 small magnitude, but widely felt, earthquakes was
reported in the same area between 1975 to 1983. Wetmiller
(1980) deployed a portable seismograph for a period of about
4 months from December 1979 to April 1980 and recorded 12
microearthquakes in the Burlington area. On October 4, 1983
a M =3.1 earthquake, with an estimated intensity MMi=1V,
was strongly felt in the Burlington, Oakville and Hamilton
area. An event of M=2.2 had occurred in the same general
area on September 11, 1981. Near surface minor rock defor-
mation was suggested as a possible cause of these earth-
quakes (Wetmiller, 1980). However, the documented depth
distribution for all earthquakes in this region (Fig. 4) requires
other explanations for the source of local seismicity. Although
estimated depths for 23 events are shallower than 5 km, 34
events have occurred at mid- to upper-crustal depths ranging
from 5 to 20 km.

The strongest event in recent years was a M,=3.4 earth-
quake, which occurred beneath western Lake Ontario, on
July 23, 1987, and was felt in Toronto, Burlington, parts of
Hamilton, and St. Catharines. The severest shaking was felt
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in Mississauga and Oakville, where it was reported that many
people were awakened, walls moved sideways, and win-
dows, doors and dishes rattled. A felt intensity level of
MMI=IV+ may be assigned to this earthquake. However, the
maximum epicentral intensity is not known because the focus
of the earthquake was in the crust underlying the lake. The
preliminary co-ordinates for the July, 1987 event were given
as 43.510°N, 79.530°W and 6.98 km depth, but the epicentre
was later relocated to 43.491°N, 79.472°W (Drysdale et al.,
1988). The available azimuthal coverage of the stations for
this event was not complete, particularly from the east and
west sides. Lack of an appropriate data base compatible with
the JED method requirements (Mohajer, 1987) prohibits the
use of the JED method for recomputation of this event and
most of the similar microearthquakes. Nevertheless, a reloca-
tion of the 1987 event using the “HYPOCENTRE" program
and a calibrated velocity model (Mohajer, 1987), together
with the ‘A’ quality phase readings, yielded the geographical
coordinates of 43.445°N, 79.451°W and 17.8 km depth
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"~ Depth distribution of the best available location
7] computation in the western Lake Ontario region

Pegged events at 1, 5 and 18 km as determined
by the Geological Survey of Canada

FIGURE 4. Depth distribution of earthquakes in the western Lake
Ontario region.

Repartition des séismes selon leur profondeur dans la région de
l'ouest du lac Ontario.
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(Fig. 3). This solution resulted in smaller time residuals when
the observed and the calculated travel times were compared.
The newly calculated location is under the lake, 23 km from
downtown Toronto (Fig. 3). The possible errors of the relo-
cated event is on the order of 2 km in the east-west direction,
1.4 km in the north-south direction, and 2.2 km in depth. A
previous tremor shook Mississauga, less than 4 months ear-
lier, on March 6, 1987 and a second was felt on March 8, 1987
in northwestern metropolitan Toronto. The radius of percep-
tion of the March 6 earthquake was much smaller than that
of the July 23 earthquake.

Another small magnitude earthquake, measuring M,=3.3,
was felt throughout the Mississauga, Oakville, Burlington and
Hamilton corridor, on August 5th, 1989. The vibrations
occurred mostly on the northwest side of Lake Ontario
between Burlington and Toronto, although the epicentre,
reported by Lamontagne and Drysdale (1990), was located
on the southern side of the lake, just east of Hamilton (Figs.
1 and 3). No property damage nor injuries were reported from
the quake, which struck at 5:08 p.m. local time, though a few
residents reported that their china was smashed during the
tremor. This event was recorded by 36 stations in Canada
and the USA at distances ranging from 8 to 900 km. The loca-
tion computation gives epicentral coordinates of 43.287°N
and 79.761°W, with an estimated depth of 5 km. The travel-
time residuals of the computed hypocentre have a root mean
square (RMS) value of 0.3 sec. Attempts to recompute the
location of this event did not improve the results because of
the limited near source seismographic station coverage.
Another small earthquake occurred on August 9th, 1989 but
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was recorded at only two stations. The estimated magnitude
of this event, which was considered as the aftershock of the
August 5th event, was M,=2.2.

A well recorded event in the western Lake Ontario area
was an M=3.2 that occurred about 7 km south of Hamilton on
December 14, 1991. This event was felt throughout the
region, and is typical of the events that usually strike the area
at least once every two years. Recomputation of the earth-
quake location here resulted in new coordinates which are
only 200 m to the west.

It appears that most of earthquakes felt in the western
Lake Ontario region after 1978 were recorded by the ECTN
and the computed locations are the best that could be
achieved with the existing seismic network configuration.
Considerable data on microearthquakes below human per-
ception, usually M <3, may have been missed by the ECTN.
Installation of the east of Toronto network (EOTN) and south-
ern Ontario network (SON) has improved the detection
threshold for microearthquakes since 1991 (Mohajer, 1991;
Mereu, 1992). This has been demonstrated recently by three
well-recorded, M=2 earthquakes that occurred under Lake
Ontario on April 2, 22 and 26, 1993, 7 km south of Port Hope,
just east of Burlington and 40 km southeast of Oshawa
respectively.

SEISMOTECTONIC RELATIONS AND SUGGESTED
SOURCE ZONES

Seismic activity in eastern Canada has generally occurred

FIGURE 5. Total field aeromag-
netic map of the western Lake
Ontario region showing the linea-
ments bounding the Toronto-
Hamilton Seismic Zone (THSZ,
Fig. 6).

Carte aéromagnétique de la
région de l'ouest du lac Ontario
montrant les linéaments limitant la
zone sismigue de Toronto-
Hamilton (voir la fig. 6).
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features has been established. However, there is growing
recognition that deep, and poorly-understood, basement
structures influence the location of seismic events and, sub-
sequently, control the general seismicity pattern (e.g. Sanford
et al., 1985; Wallach and Mohajer 1990; Mohajer et al., 1992).
The seismicity and seismotectonics of eastern Canada have
recently been updated and analyzed by Adams and Basham
(1991) who considered southern Ontario as part of the south-
eastern background zone of seismicity, characterized by
scattered earthquakes outside the active seismic zones of
eastern Canada. Adams and Basham (1989, 1991) also pos-
tulated that the seismically active St. Lawrence rift extends
upstream through lakes Ontario and Erie. Evidence sup-
porting their hypothesis, which has important implications for
earthquake hazard assessment in the western Lake Ontario
region, has been accumulating as a result of the efforts of
other researchers (e.g. Thomas et al., 1993; McFall and
Allam, 1991; Martini and Bowlby, 1991; Wallach and Mohajer,
1990).

The present investigation suggests a spatial correlation
between earthquake locations, and geological structures and
linear geophysical anomalies (Fig. 6). The most prominent of
these structures in the study area is the western boundary of
the Central Metasedimentary Belt (CMB), known as the
Central Metasedimentary Belt Boundary Zone (CMBBZ). The
CMBBZ comprises a broad zone of highly deformed and tec-
tonized gneissic rocks separating the Central
Metasedimentary Belt on the east from the Central Gneiss
Belt (CGB) on the west (Easton, 1992). In southern Ontario,
the CMBBZ is covered by Paleozoic platform strata and over-
lying Quaternary glacial and interglacial deposits. Extension
of this prominent geological boundary south of the exposed
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Precambrian basement rocks and across Lake Ontario was
delineated on the basis of conspicuous aeromagnetic, gravity
and topographic lineaments by Wallach and Mohajer (1990),
who named this extension the Niagara-Pickering linear zone
(NPLZ). The CMBBZ/NPLZ coincides with valleys cut into
Paleozoic strata both on the north and south sides of Lake
Ontario suggesting reactivation of the basement structures
and their upward propagation through the Paleozoic and
Pleistocene cover (Eyles et al., 1993). South of Lake Ontario,
the CMBBZ/NPLZ curves toward the SW and appears to con-
nect with the Akron magnetic boundary (AMB) in Ohio
(Wallach, 1990).

Earthquake epicenters define a northeast-oriented trend
along the CMBBZ in the area extending from Bancroft,
Ontario into western Québec, about 80 to 100 km west of
Ottawa (Mohajer, 1992). The January 26, 1986, m,=4.9
Leroy earthquake and aftershocks have been correlated with
the AMB (Seeber and Armbruster, 1993). Epicentral align-
ments along the CMBBZ/NPLZ are also conspicuous on the
Niagara Peninsula (Figs. 1 and 6). It, therefore, appears that
the CMBBZ/NPLZ may be a seismically active structure.
Consequently, it must be considered seriously in any future
seismic source modelling for a realistic assessment of earth-
quake hazard in the western Lake Ontario region. Besides
the CMBBZINPLZ, there are at least two other apparently
seismogenic source zones, the THSZ and the HPF, which are
described below.

TORONTO-HAMILTON SEISMIC ZONE (THSZ)

Proximal to, and extending beyond, the northwestern
shoreline of Lake Ontario are two NE-oriented magnetic lin-
eaments (Fig. 5), which are subparallel to the CMBBZ/NPLZ

Toronta-Hamilton Seismic Zone
Reported earthquake locations
Relocated events

FIGURE 6. Seismotectonic rela-
tions in the western Lake Ontario
region. Seismicity data are based
on the recomputed or the best
available historical and instru-
mented locations. Additional infor-
mation from Ontario Geological
Survey (1991), Forsyth et al.
(1987), Wallach and Mohajer
(1990), Mohajer et al., (1992), and
Thomas et al., (1993).

Corrélations sismotectoniques
dans la région de l'ouest du lac
Ontario. Les données sismiques /
sont fondées sur les sites les plus 4
sdrs du point de vue historique ou
déterminés par des instruments
de précision et les sites corrigés.
Les données complémentaires
proviennent de la Commission
géologique de I'Ontario (1991),
Forsyth et al. (1987), Wallach et
Mohajer (1990), Mohajer et al., 80° 00"
(1992), et Thomas et al., (1993). 1
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(Fig. 6). The more easterly of the two lineaments was
described by Thomas et al (1993), who named it the
Burlington-Toronto magnetic lineament (BTML); the second
lineament lies approximately 20 km to the west of the BTML.
The area between these two linear magnetic anomalies
shows the highest level of microearthquake activity in the
western Lake Ontario region, and is herein named the
Toronto-Hamilton seismic zone (THSZ) for the two largest
cities contained therein. A cluster of eight of the best available
earthquake locations, selected on the basis of the least root-
mean-square (RMS) of travel time residuals (Mohajer, 1987),
lies on, or near, the BTML (Fig. 6; Table I). The lineament to
the west is spatially associated with at least thirteen earth-
quakes including two clusters, one of which is located east
and north of Burlington, and the other just west of Oakville
(Fig. 6, Table 11).

HAMILTON-PRESQU'ILE FAULT (HPF)

A magnetic lineament that extends for over 200 km, sub-
parallel to the long axis of Lake Ontario, was first recognized
by McFall and Allam (1991) who named it the Hamilton-
Presgu'ile lineament. This feature was later referred to, by
Thurston et al. (1991), as the Hamilton-Presqu’ile fault (HPF).
The HPF was delineated on the basis of geophysical data,
geologic evidence which includes a 40 m offset of Paleozoic
strata, and the physiography of the lake bottom (Thurston et
al., 1991). Seven microearthquakes have occurred at, or very
close to, the intersection of the BTML and the HPF and at
least three more events have been reported along the east
northeast extension of the HPF near Port Hope (Table ).
Thomas et al. (1993) proposed that the HPF may lie along,
or within, the extension of the St. Lawrence rift zone through
Lake Ontario, as postulated repeatedly by Adams and
Basham (e.g. 1989, 1991). If this is the case, then an earth-
quake of M=7 must be considered in assessing seismic risk
within the western Lake Ontario region, as suggested by

TABLE Il

Earthquakes possibly associated with the western boundary of the
Toronto-Hamilton Seismic Zone (THSZ)

Date Origin Lat. Long. Mag. D (km)
Time
1873/04/30 43.25 79.85 3.7 7+40
1883/04/01 06000 43.25 79.85 3.0 7+40
1910/02/25 43.20 79.80 3.7 12+30
1939/02/24 00200 42.87 78.28 3.0 7+30
1975/06/30 43.44 79.51 3.0 =1%10
1978/01/09 13370 43.36 79.75 =2+5
1978/01/21 13180 43.36 79.75 =2+5
1978/02/02 14580 43.36 79.75 =2+5
1978/03/05 23210 43.48 79.75 =1%5
1980/09/28 034112 43.44 79.75 2.2 =1+3
1980/11/27 173157 43.43 79.83 2.0 <13
1981/09/11 162443 43.36 79.75 2.0 =2+3
1983/10/04 171840 43.44 79.79 341 =2+3
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Wallach and Mohajer (1990) and subsequently supported by
Adams et al. (1993).

CONCLUSIONS

- The stringent requirements of the JED/JHD earthquake
location method do not allow for improved recomputations of
all the hypocentres in the western Lake Ontario region. This
is mainly due to limitations in the existing data files, resulting
from insufficient instrument coverage. Nevertheless, some of
the location computations have been refined by the JED and
by the application of other computational techniques. More
than half of the events, for which the hypocentral depths were
computed, lie within the depth range of 5 to 20 km (Fig. 4),
indicating that most of the microearthquakes in the western
Lake Ontario region cannot be categorized as very shallow,
as proposed by Adams and Basham (1991). There are
enough well-located events to suggest that, when plotted on
maps showing geological and geophysical lineaments, seis-
micity in southern Ontario is not randomly distributed, but is
structurally controlled.

In summary, it is plausible to suggest a correlation
between the prominent aeromagnetic and gravity lineaments,
and small-magnitude events in the western Lake Ontario
region. The features of particular interest are the CMBBZ/
NPLZ (Central Metasedimentary Belt Boundary Zone/
Niagara-Pickering Linear Zone), the THSZ (Toronto-Hamilton
seismic zone) and the HPF (Hamilton-Presqu'ile fault). These
features cannot be ignored when modelling seismic sources
zones for future earthquake hazard assessments. For further
refinements in the seismotectonic characteristics of the
region it is necessary to continue to identify and document
neotectonic features and to verify the level of activity of major
faults through a local earthquake monitoring program. This
measure would improve the data base for deterministic and

TABLE I

Earthquakes possibly associated with the Hamilton-Presqu'ile
fault (HPF)

Date Origin Lat. Long. Mag. D (km)
Time
1873/04/30 43.25 79.85 3.7 =130
1883/04/01 4325  79.85 3.0 =1+30
1886/02/13 4395  78.30 24 5+30
1910/02/25 43.20 79.80 3.7 7+20
1929/08/12 084500. 44.00 78.30 3.0 =5*20
1939/01/14 081016. 43.25 79.85 3.3 =1%15
1980/01/21 061609. 4325  79.76 25 0.5+3
1987/03/20 225000. 4345  79.00 1.4 3+20
1989/08/05 210757.6  43.21 79.68 3.2 =2+2
1991/12/14 122359.2 43.155 79.87 25 =7+1
1993/04/02 021955.  43.827 78.36 1.0 9+5
1993/04/26 063524.  43.562 78.566 25 11=10

D = Distance to the seismogenic structure from the best earthquake
location (with least travel time residual). * a: indicate the estimated
maximum uncertainty for location determinations.

D = Distance to the seismogenic structure from the best earthquake
location (with least travel time residual). *+ a: indicate the estimated
maximum uncertainty for location determinations.
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probabilistic seismic hazard assessment for the critical facil-
ities in this region.
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