Bulletin of the Seismological Society of America, 90, 5, pp. 1188-1199, October 2000

Characterization of Active Faulting Beneath the Strait of Georgia,

British Columbia
by John F. Cassidy, Garry C. Rogers, and Felix Waldhauser

Abstract Southwestern British Columbia and northwestern Washington State are
subject to megathrust earthquakes, deep intraslab events, and earthquakes in the
continental crust. Of the three types of earthquakes, the most poorly understood are
the crustal events. Despite a high level of seismicity, there is no obvious correlation
between the historical crustal earthquakes and the mapped surface faults of the region.
On 24 June 1997, a M; = 4.6 earthquake occurred 3—4 km beneath the Strait of
Georgia, 30 km to the west of Vancouver, British Columbia. This well-recorded
earthquake was preceded by 11 days by a felt foreshock (M;, = 3.4) and was followed
by numerous small aftershocks. This earthquake sequence occurred in one of the few
regions of persistent shallow seismic activity in southwestern British Columbia, thus
providing an ideal opportunity to attempt to characterize an active near-surface fault.
We have computed focal mechanisms and utilized a waveform cross-correlation and
joint hypocentral determination routine to obtain accurate relative hypocenters of the
mainshock, foreshock, and 53 small aftershocks in an attempt to image the active
fault and the extent of rupture associated with this earthquake sequence. Both P-
nodal and CMT focal mechanisms show thrust faulting for the mainshock and the
foreshock. The relocated hypocenters delineate a north-dipping plane at 2—4 km
depth, dipping at 53°, in good agreement with the focal mechanism nodal plane
dipping to the north at 47°. The rupture area is estimated to be a 1.3-km-diameter
circular area, comparable to that estimated using a Brune rupture model with the
estimated seismic moment of 3.17 X 10'> N m and the stress drop of 45 bars. The
temporal sequence indicates a downdip migration of the seismicity along the fault
plane. The results of this study provide the first unambiguous evidence for the ori-
entation and sense of motion for active faulting in the Georgia Strait area of British
Columbia.

Introduction

Southwestern British Columbia and northwestern
Washington State overlie the Cascadia subduction zone.
There are three sources of seismic activity in this region:
(1) rare (~500 year return period), but extremely large (M
~ 9) megathrust earthquakes, which occur on the boundary
between the subducting Juan de Fuca plate and the overlying
North American plate; (2) intraslab earthquakes, which oc-
cur within the subducting oceanic plate; and (3) crustal seis-
micity in the North American plate. Of these three sources,
the crustal earthquakes are the least understood. Most occur
at midcrustal depths, and typically there is no correlation
with surface faults. Understanding the nature of the crustal
earthquakes is of great importance, as the crustal seismicity
is concentrated in the populated regions of the Puget Low-
lands—Georgia Basin (Rogers, 1998).

Recently, major east-west-trending faults have been dis-
covered beneath Puget Sound. One of the most prominent,

the Seattle fault, shows clear evidence (Bucknam et al,
1992) for a large (M > 7) shallow crustal event ca. A.D. 900
and may be associated with moderate (M = 5) historical
seismicity (Dewberry and Crosson, 1996; Weaver et al.,
1999). The identification of this active fault in the Puget
Sound has made a significant impact on the earthquake haz-
ard estimates for the Seattle region (Frankel et al., 1996).
Similarly, the identification of active, or potentially active
structures near the urban areas of southwestern British Co-
lumbia is an important issue to address.

On 24 June 1997 a magnitude (M;) 4.6 earthquake oc-
curred beneath the Strait of Georgia, 30 km to the west of
Vancouver (Fig. 1). This earthquake was the mainshock of
an earthquake sequence that began with a M| = 3.4 event
on 13 June 1997 and continued for several months with nu-
merous, small (M; < 2) aftershocks. Occurring in a region
of concentrated shallow (<6 km depth) seismicity, this
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Felt Reports - June 24 1997 Earthquake
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Figure 1. Location map showing the epicenter
(star) of the 24 June 1997 M; = 4.6 Georgia Strait
earthquake, communities where it was felt (filled
squares), and the felt limit (dotted line). Most reports
indicated a Modified Mercalli Intensity of III-IV.
There were two reports of minor damage in greater
Vancouver, and two power outages triggered by this
earthquake.

earthquake sequence provides an excellent opportunity to
define the orientation and sense of motion on an active fault
near the urban centers of southwestern British Columbia.

In this article, we (1) compute focal mechanisms for the
mainshock, foreshock, and largest aftershocks of the 24 June
1997 earthquake; and (2) utilize waveform cross-correlation
and a joint hypocentral determination routine to obtain ac-
curate relative hypocenters of the mainshock, foreshock, and
53 small aftershocks in order to image the fault associated
with this shallow, crustal earthquake sequence.

The 24 June 1997 Earthquake Sequence

On 24 June 1997 at 14:40 UTC (07:40 a.m. local time)
a moderate (M; = 4.6, My, = 4.3) earthquake occurred 3—
4 km beneath the Strait of Georgia, about 30 km from the
urban core of Vancouver, and midway between Nanaimo on
Vancouver Island, and Vancouver, on the British Columbia
mainland (Fig. 1). This earthquake was felt over an area of
about 60,000 km?, including southern Vancouver Island, the
Sunshine coast, greater Vancouver, and as far east as Ab-
botsford and as far south as Seattle (Fig. 1). In most cases,
the felt reports indicated a Modified Mercalli Intensity of
III-IV. There were two reports of minor damage: broken
glass in Vancouver and a broken water pipe in North Van-
couver (Fig. 1). This earthquake was preceded by 11 days
by a felt M| = 3.4 foreshock and was followed by numerous
small (M; < 1.7) aftershocks. The earthquake sequence was
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well recorded on stations of the Canadian National Seis-
mograph Network in southwestern British Columbia, pro-
viding, to date, the best data set for source studies in the
epicentral region.

Overview of Previous Seismicity

Shallow, crustal earthquakes pose a significant hazard
to the populated areas of southwestern British Columbia
(Rogers, 1998) and the United States Pacific Northwest.
Crustal earthquakes of magnitude 7 or larger occurred in
1872 in northern Washington State, and in 1918 and 1946
on Vancouver Island (Fig. 2). Moderate crustal earthquakes
occurred in northern Washington State in 1990 and 1996,
and beneath the Strait of Georgia in 1975 and 1997. Each
of these moderate earthquakes was shallow (<5 km) and
followed by numerous aftershocks. Small, (M < 3) crustal
earthquakes occur daily in this region. In Figure 2, the best
located earthquakes (e.g., those recorded by modern seis-
mograph networks) in the North American plate (focal depth
less than about 35 km) are compared to the location of the
largest crustal events. Rogers (1998) notes that: (1) the small
crustal earthquakes tend to be concentrated in the Strait of
Georgia-Puget Sound lowland; (2) most are at depths of 15—
25 km; and (3) there is no obvious correlation between the
small crustal earthquakes and the three largest historical
crustal earthquakes in this area. Although this area is very
active seismically, there is no distinctive alignment of epi-
centers to indicate active faults. Further, no evidence for
active surface faulting has been found in southwestern Brit-
ish Columbia, to date. It is noteworthy that focal mecha-
nisms for crustal earthquakes in southwestern British Co-
lumbia (e.g., Rogers, 1979; Mulder, 1995) and northwestern
Washington State (e.g., Ma et al., 1991) typically have thrust
mechanisms or strike slip mechanisms with nearly horizontal
P axes oriented N-S in Washington State and NNW-SSE in
southwest British Columbia, indicating a margin-parallel
compressive stress regime.

Considering only the shallowest of the crustal earth-
quakes (focal depth < 6 km) recorded by dense seismograph
networks in this area (1975-present), one finds that the lo-
cation of the 24 June 1997 earthquake sequence has been a
site of persistent shallow seismic activity beneath the Strait
of Georgia (Fig. 3). In 1975, a shallow M = 4.9 thrust earth-
quake (Rogers, 1979) with a long aftershock sequence oc-
curred here and, since then, several small felt events have
occurred. Given the concentration of shallow seismic activ-
ity, this is an ideal site at which to look for evidence of active
surface faulting in the marine environment (e.g., disturbed
sediments).

Geological Setting and Recent Geophysical Studies

The 1997 earthquake sequence occurred beneath the
Strait of Georgia, which lies within the Georgia Basin (Fig.
4); a structural and sedimentary, Cretaceous to Cenozoic
forearc basin that overlies the subducting Juan de Fuca plate.
The Georgia Basin occupies a similar position to that of the
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Figure 2. North American plate seismicity
for the period 1980-1990 (dots), the locations
of the largest crustal earthquakes (M = 7) in
this region (solid stars), and the epicenter of
the June 1997 earthquake (open star). The Juan
de Fuca Plate, Explorer Plate (Exp) and North
American Plate (NA) and the deformation front
offshore are labelled. Earthquake data from the
Geological Survey of Canada and University
of Washington.
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Location of all shallow (depth < 6 km) M; > 2 earthquakes in the North

American Plate during the period 1975-1999. The location of the 24 June 1997 earth-

quake is one of recurring shallow seismicity.

Puget Sound lowland in Washington State. There, seismic
images, gravity data, and magnetic data reveal a series of
northwest to west trending faults and folds beneath Puget
Sound (Fig. 4) that have been interpreted as representing a
north moving “thin-skinned” thrust sheet (Pratt ez al., 1997).

The most prominent of the faults identified in the Puget
Lowland is the east-west trending, south-dipping Seattle
Fault (Pratt et al., 1997; Johnson et al., 1999a). This fault
was associated with a M > 7 event ca. A.D. 900 (Bucknam
etal., 1992), and may be seismically active today (Dewberry
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and Crosson, 1996; Weaver et al., 1999). In northern Puget
Sound, the Devils Mountain Fault (Fig. 4) is a north-dipping,
east-west-trending thrust fault that coincides with aeromag-
netic and gravity anomalies (Johnson et al., 1999b).

In the vicinity of the 24 June 1997 earthquake sequence,
the Wrangellia terrane forms the basement of the Georgia
Basin (Monger, 1990; Zelt et al., 1993; Monger and Jour-
neay, 1994). This is overlain by an approximately 2-km-
thick sedimentary package comprising the marine Upper
Cretaceous Nanaimo Group (primarily sandstone, conglom-
erate, and shale), the Eocene nonmarine sedimentary rocks
of the Chuckanut Formation and Pleistocene glacial depos-
its. This package is capped by up to 400 m of unconsolidated
Holocene sediments that represent Fraser River outwash
(Mosher and Hamilton, 1998).

The overall structure of the Georgia Basin indicates
moderate deformation along a series of mainly northwest-
trending faults and folds (England and Bustin, 1998). Much
of the Nanaimo group is characterized by shallow northeast-
to east-dipping beds (Mustard and Rouse, 1994), which lo-
cally may reverse their dip over northwest trending folds.
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Figure 4. The Georgia Basin is one of a series of
basins found in the Georgia Strait—Puget Sound low-
lands (outlined by thick dashed line). In the Puget
Sound region, a number of east-west- to southeast-
northwest-striking thrust faults (thick black lines)
have been recently imaged, including the Devils
Mountain Fault (DMF) and the seismically active Se-
attle Fault (SF). Seismic lines of the SHIPS experiment
(thin lines) covers the region, including the epicentral
area of the 24 June 1997 Georgia Strait earthquake
(star).

1191

However, there is considerable debate over the details of the
structure of the Georgia Basin (Mustard and Rouse, 1994;
England and Bustin, 1998). Although major faults have been
proposed for the Strait of Georgia area (Muller, 1977), none
have been found. Using seismic refraction and reflection
data, White and Clowes (1984) found evidence for a small
local fault beneath the Strait of Georgia (about 18 km to the
southeast of the 24 June 1997 epicenter) but could not con-
strain the dip direction or dip angle of this feature.

The 1998 SHIPS experiment (Fisher er al., 1999) was
designed, in part, to examine the crustal and detailed near-
surface structure beneath the Strait of Georgia in the vicinity
of the 24 June 1997 earthquake (Fig. 4). Preliminary results
of the multichannel seismic reflection study are discussed
later in this article and are presented in Mosher et al. (2000).

The Data Set

The 24 June 1997 foreshock, mainshock, and aftershock
sequence were well recorded on the short-period and broad-
band stations of the Canadian National Seismograph Net-
work (CNSN) in southwestern British Columbia (Fig. 5). The
sampling rate for these digital recordings are 100 Hz (short-
period data), and 40 Hz (broadband data). The waveform
data utilized in this study consist of recordings of 76 earth-
quakes: the 13 June 1997 M, = 3.4 earthquake and six small
(M = 0.3-0.7) aftershocks of this event, and the 24 June
1997 mainshock (M; = 4.6) and 68 aftershocks of M; =
0.4-1.8 that occurred between 24 June 1997 and 19 March

Seismograph Station Locations
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Figure 5. Digital seismograph stations operating
in southwestern British Columbia at the time of the
earthquake. Triangles are short-period vertical com-
ponent instruments, and squares are three-component
broadband seismographs. The star denotes the loca-
tion of the 24 June 1997 M; = 4.6 earthquake. La-
belled stations are those used in this study.
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1998 (34 of which occurred within one month of the main-
shock). The closest stations are NAB (28 km west of the
epicenter), and BIB (30 km to the northeast); the most distant
station used for the earthquake relocation was BTB (140 km
to the west).

In addition, the 24 June 1997 mainshock triggered
strong-motion instruments at 19 sites in southwestern British
Columbia. For more information on the strong-motion data
sets and their interpretation, see Cassidy et al. (1998) and
Cassidy and Rogers (1999).

Data Analysis

Focal Mechanisms

Of the earthquakes, only the M; = 4.6 mainshock and
the M; = 3.4 foreshock provided sufficient data for a well-
constrained P-nodal solution. For the mainshock, a total of
73 first motions were read from seismograms of the CNSN
and the nearby Pacific Northwest Seismograph Network
(PNSN). Of these, 10 were from three-component broadband
waveforms, and 63 were from short-period vertical-compo-
nent waveforms. Using the P-nodal analysis program fpfit
(Reasenberg and Oppenheimer, 1985) we find a well con-
strained focal mechanism showing thrust faulting (Fig. 6)
along either a north-dipping fault (strike 262°, dip 47°, slip
98°), or along a south-dipping fault (strike 71°, dip 44°, slip
82°). A centroid moment tensor solution for this earthquake,
computed by Oregon State University (Malone et al., 1997),
using regional broadband data from 12 stations, shows a
very similar thrust solution on a north-dipping fault of strike
278°, dip 56°, slip 120° (Fig. 6).

For the 13 June foreshock, a total of 34 first motions
were read from seismograms of the CNSN and the PNSN. Of
these, six were from three-component broadband wave-
forms, and 28 were from short-period vertical-component
waveforms. Most of the first motions are identical to those
of the mainshock; however, there are four clear polarity dif-
ferences, requiring a slightly different focal mechanism. The
fpfit top-scoring solution for the foreshock is a mixture of
thrust and strike-slip faulting (Fig. 6) along either a north-
northwest-dipping fault (strike 236°, dip 42°, slip 123°), or
along an east-dipping fault (strike 15°, dip 56°, slip 64°). This
mechanism is not as well constrained as the mainshock, and
solutions ranging from thrust (similar to the mainshock) to
predominantly strike slip along an east-west-striking, north-
dipping fault (strike 266°, dip 72°, slip 156°) are permitted
by the first motion data (Fig. 6). The centroid moment tensor
solution for this earthquake (Malone et al., 1997), obtained
using regional broadband data from nine stations, shows a
predominantly thrust mechanism (strike 259°, dip 67°, slip
106°) that is rotated 19° counterclockwise relative to the
mainshock CMT solution (Fig. 6).

In summary, the mainshock shows thrust faulting (strike
262°, dip 47°, slip 98°) as determined from both the P-nodal
solution and the CMT solution. It is very similar to the focal
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Figure 6. Focal mechanism solutions for the 24
June 1997 M; = 4.6 mainshock (top) and the M; =
3.4 foreshock of 13 June 1997 (bottom). First motion
data are shown on the P-nodal solutions; filled dots,
impulsive compressions; open circles, impulsive dil-
atations; +, emergent compressions, —, emergent
dilatations; e, emergent arrivals for which polarities
could not be read. Lower hemisphere projections were
used in all cases. Oregon State University moment
tensor solutions (shown on the right for both earth-
quakes) utilized regional waveform modelling.

mechanism of a M| = 4.9 earthquake in 1975 (Rogers,
1979) that occurred at the same location as the 1997 earth-
quake sequence. Our preferred mechanism for the foreshock
is predominantly thrust (strike 236°, dip 42°, slip 123°) as
suggested by both the P-nodal and CMT solutions. However,
we cannot rule out a strike-slip mechanism for this event.
The pressure axes for both earthquakes are near-horizontal
and orientated NNW to NW (346° for the mainshock, and
303° for the foreshock), consistent with the overall orienta-
tion of P-axes for crustal earthquakes in southwest British
Columbia (Mulder, 1995).

The other aftershocks considered in this study are all
too small for a well-constrained P-nodal solution. We note,
however, that the first motions that can be read for the five
largest aftershocks (M; = 1.5-1.8) are consistent with the
mainshock first motions; suggesting similar focal mecha-
nisms for the largest aftershocks.
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Earthquake Hypocenters

Network Locations.  The routine network locations of the
earthquakes (M; = 0.3-4.6) considered in this study were
obtained using P and S-wave arrival times at stations of the
CNSN in southwest British Columbia at distances of about
30-120 km (Figure 5). The locations were obtained using
the program LocEq (Baldwin, 1993), which employs down-
hill simplex to minimize, in a least-squares sense, both the
P-wave and S-wave travel-time residuals. Between 6 and 19
P and S phases (generally 8—12) from 4 to 13 stations (typ-
ically 6-8) were utilized in these locations. The closest sta-
tions were at distances of about 30 km, and therefore the
focal depths are not well constrained. However, the range of
focal depths (05 km) is reasonable, and it is likely that these
earthquakes occurred within about 5 km of the surface.
The routine network locations of the 76 events that were
considered in this study show scatter over a circular region
about 3 km in diameter (Fig. 7). There is no obvious align-
ment of epicenters in the map view, nor is there an alignment
of hypocenters in the cross-sectional views (Fig. 7). The rou-
tine location errors (1 o) average * 2.8 km horizontally and
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+6.9 km vertically. Based on the routine network locations
and their estimated errors, one cannot resolve any structure,
or potential fault plane.

Relocation of Hypocenters Using Waveform Cross-
Correlation.  The similarity of the focal mechanisms of
the foreshock/mainshock and the small volume in which the
events occurred makes the earthquake cluster suitable for
precise relative event location using waveform cross-
correlation. To relocate the hypocenters of the foreshock,
mainshock, and aftershock sequence, we utilize the analysis
package Xadjust (Dodge, 1996). This uses a waveform
cross-correlation routine (VanDecar and Crosson, 1990) to
obtain precise relative P-wave and S-wave arrival times with
respect to a master event. The measurements are subse-
quently inverted using the program VELEST (Ellsworth,
1977; Roecker, 1981) to obtain hypocentral parameters, sta-
tion corrections, and model adjustments. It is assumed that
all of the unmodelled velocity structure can be absorbed into
station corrections. For more details on the analysis method,
see Dodge et al. (1995, 1996).

The P- and S-wave train of the bandpass-filtered (2—8
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Figure 7.

Standard network earthquake locations for the events considered in this

study. Dot size is scaled to magnitude. Locations of the cross sections (right) are shown
on the map. There is no obvious structure or rupture surface visible here. Horizontal
and vertical errors (1o) average 2.8 km and +6.9 km, respectively.
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Hz) seismograms were cross-correlated at stations within 28
km to 140 km from the cluster centroid. Two waveforms at
a common station are considered similar when the correla-
tion coefficient exceeds 0.8. The seismic stations used (see
labelled stations in Figure 5) provide a good azimuthal cov-
erage of the epicentral region. The similarity of the wave-
forms at each station (an example is shown in Figure 8)
indicates that these earthquakes are nearly colocated and
have similar focal mechanisms.

Of a total of 76 events that were initially considered, 55
events ranging in magnitude from M; 0.3 to 4.6, had a suf-
ficient number of arrivals (at least five phases) to be accu-
rately relocated. The velocity model (Table 1) we use to
solve the forward problem is based on the interpretation of
seismic refraction data (Zelt et al., 1993; White and Clowes,
1984), seismic reflection data (including high-resolution
studies that provide sediment thickness estimates (Mosher
and Hamilton, 1998)), and earthquake studies (Mulder,
1995) conducted in the region.

The relocated hypocenters (Table 2) are shown in both
map and cross-sectional view in Figure 9. Note that the epi-
centers fall within a 1.4-km-diameter area, and in cross-
sectional view there is a strong northward-dipping trend ob-
served. The relative locations of these events are very well
constrained, with average 2¢ standard errors of +110-120
m horizontally, and = 190 m vertically. As shown in Figure
10, the north-dipping structure is particularly evident for the
24 largest earthquakes (M > 1) and is even clearer for the
largest seven events in the sequence (all M > 1.5). Here, a
dip angle of 53° is computed for the northward-dipping plane
of aftershocks. The 2c errors in the vertical direction are
indicated by bars for each event. Note that although the hor-
izontal errors are not shown, they are small, approximately
one-half those of the vertical. The dip angle resolved by the
seismicity is in very good agreement with the dip angle of
47° (dashed line in Figure 10) for the north-dipping plane in
the mainshock focal mechanism solution.
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Accuracy of Solutions and Error Estimates. 'The waveform
cross-correlation and joint hypocentral determination
method used in this study was developed and has been pri-
marily used in regions of relatively dense seismograph sta-
tion coverage. In the area considered here, the closest seis-
mograph is ~30 km from the epicenter, and the station
spacing is approximately 30—50 km. Thus, a valid question
is how accurate are the relative hypocenters obtained from
a sparse network? We have addressed this question by con-
sidering data from the dense Northern California Seismic
Network and several well-recorded events along the northern
Hayward Fault. These earthquakes were first located with
Xadjust (Dodge, 1996) and the method outlined here, using
all of the available data (e.g., 118 stations within 120 km of
the epicenter, including 18 stations within 30 km, and 3 sta-
tions within 10 km), and then were relocated using various
subsets of the data, including data distributions that closely
resembled that available for the Strait of Georgia region
(e.g., 13 stations within 120 km of the epicenter, with the
closest stations at 28 km). The results of this study (see Cas-
sidy et al., 2000 for details), demonstrated that with the re-
stricted data, the epicenters moved less than 150 m, and still
clearly resolved the orientation of the fault. Focal depths
were more variable, typically changing by 500-700 m, and
in some cases by 1-1.5 km. However, the vertical orientation
of the fault was still clearly visible. Cassidy et al. (2000)
conclude that even with a relatively sparse station coverage,
and with the nearest stations at 30 km, the relative locations
are useful in delineating fault structure.

The P-wave velocity structure in the epicentral region
is constrained by seismic refraction experiments, as de-
scribed earlier. We have examined the potential effect of the
earth model used on the hypocenter locations by allowing
for reasonable changes to the starting earth model (e.g., re-
moving the sediment layer, changing the thickness of the
sedimentary package, moving the depth of the “high-veloc-
ity” layer from 8 km, to 4 km, to 12 km), and varying Pois-
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Table 2
Events Analyzed in this Study

Table 1
Earth Model Used in the Relocation
Depth Ve Vs
(km) (km/sec) (km/sec)
0.0 1.2 0.6
0.55 4.0 2.0
2.0 6.2 3.53
8.0 6.6 3.82
22.0 7.0 4.05
35.0 7.75 4.48

son’s ratio. The epicenters moved horizontally by up to
about 300 m, and depths changed by up to 1 km; however,
the earthquakes moved as a cluster so that their relative lo-
cations were not significantly dependent on the starting
model. In all cases, the north-dipping band of hypocenters
was found to be robust, as was the spatial extent of about
1.5 km.

In addition to the mathematical relative uncertainties es-
timated from this analysis (average 2c standard errors of
+110-120 m horizontally, and *190 m vertically), we
have used a bootstrap method to examine the location un-
certainties. Each event was relocated using numerous sub-
sets of the complete arrival time data sets. In all cases, these
bootstrap locations fell within the 2c standard errors esti-
mated using the complete data sets.

Stress Drop and Rupture Area

A stress drop of 45 bars was estimated for the 24 June
1997 mainshock by Atkinson and Cassidy (2000) using the
S-wave spectra at 22 regional sites. This value is higher than
the average stress drop of about 30 bars observed in the area
(Atkinson, 1995; Wahlstrom, 1993; Dewberry and Crosson,
1995) but well within the range of typical values observed
for moderate-sized earthquakes in the Pacific Northwest
(Dewberry and Crosson, 1996).

The seismic moment estimate for the 24 June 1997
earthquake is 3.17 X 10" N m, based on body-wave and
surface-wave amplitudes in the CMT solution (Malone ef al.,
1997). The stress drop and seismic moment estimates based
on Brune’s relation (Brune 1970, 1971) yields a circular rup-
ture area of a 1.35-km diameter. This is in good agreement
with the relocated aftershocks (Fig. 9), which fall within a
circular area of a 1.3-km diameter on the surface (and cor-
responds to a circular area of a 1.8-km diameter on a fault
plane dipping at 53°). Thus, the relocated aftershocks define
a region that is consistent with the estimated stress drop and
seismic moment. As described subsequently almost all of
the early aftershocks (within 24 hours of the mainshock)
occurred about 650 m downdip and to the north of the main-
shock location. These early aftershocks likely outline the
northern limit of the ruptured segment.

Temporal Distribution. The relocated events in this earth-
quake sequence exhibit an interesting temporal sequence. It

Date Time Lat.f Lon.f Depthf Mag.
yyyymmdd hhmm  ss.ss (°N) (°W) (km) (M)
19970613 1344 8.52 49.2393 —123.6220 2.01 3.4*
19970614 0127 53.32 49.2425 —123.6230 3.10 0.7
19970614 0934 0.74 49.2410 —123.6231 2.61 0.3
19970614 1328 7.93 49.2428 —123.6260 2.78 0.7
19970616 0127 56.40 49.2421 —123.6244 2.74 0.7
19970624 1440 30.48 49.2428 —123.6266 2.65 4.6%
19970624 1445 20.38 49.2411 —123.6220 2.90 1.4
19970624 1508 43.77 49.2475 —123.6288 2.57 0.7
19970624 1547 0.04 49.2478 —123.6271 3.31 0.8
19970624 1832 17.49 49.2483 —123.6288 3.02 0.9
19970624 1904 16.77 49.2470 —123.6241 2.77 1.2
19970624 2006 37.38 49.2408 —123.6184 2.34 1.2
19970624 2020 29.46 49.2490 —123.6234 3.02 1.1
19970624 2103 25.43 49.2496 —123.6226 3.30 1.0
19970625 0254 23.78 49.2468 —123.6255 2.82 1.2
19970625 0308 17.27 49.2465 —123.6248 2.80 1.0
19970625 0330 9.09 49.2476 —123.6301 3.05 0.7
19970625 0351 15.13 49.2473 —123.6298 2.85 1.2
19970625 0503 37.79 49.2480 —123.6230 2.94 0.9
19970625 0536 57.85 49.2418 —123.6270 2.93 0.7
19970625 0541 26.31 49.2471 —123.6286 2.96 1.1
19970625 0605 29.10 49.2473 —123.6291 2.84 0.7
19970625 0721 28.49 49.2473 —123.6298 2.85 0.9
19970625 0905 12.92 49.2476 —123.6286 2.87 1.0
19970625 1002 25.10 49.2481 —123.6226 3.14 1.7*
19970625 1027 22.08 49.2471 —123.6301 2.87 1.2
19970625 1410 25.22 49.2453 —123.6311 2.88 1.4
19970626 0704 46.32 49.2478 —123.6233 2.75 0.7
19970627 0455 59.07 49.2415 —123.6193 2.53 1.5%
19970701 1113 10.37 49.2415 —123.6308 1.99 0.5
19970703 1105 26.62 49.2423 —123.6195 2.82 0.2
19970706 0757 10.51 49.2426 —123.6286 291 0.6
19970706 0759 1.97 49.2413 —123.6331 1.97 0.7
19970706 0808 8.16 49.2411 —123.6323 1.96 0.5
19970711 1036 7.22 49.2443 —123.6293 3.66 0.7
19970712 1844 48.63 49.2401 —123.6285 3.08 0.9
19970714 0405 49.51 49.2415 —123.6323 3.13 0.9
19970714 1117 4.31 49.2425 —123.6195 2.73 1.1
19970723 1957 18.17 49.2451 —123.6256 2.86 0.7
19970725 0127 22.80 49.2395 —123.6258 2.24 0.7
19970727 0331 30.10 49.2480 —123.6225 3.65 1.6*
19970727 1254 36.43 49.2423 —123.6240 3.50 0.6
19970801 2132 30.86 49.2458 —123.6255 2.99 1.4
19970801 2132 54.93 49.2465 —123.6256 3.22 1.1
19970819 0708 19.85 49.2455 —123.6238 3.00 0.7
19970819 0718 43.70 49.2453 —123.6244 3.04 0.5
19970823 1056 28.40 49.2465 —123.6231 2.97 0.4
19970823 1908 19.05 49.2473 —123.6231 3.37 0.6
19970823 1950 10.65 49.2473 —123.6236 2.98 1.3
19970824 0837 18.93 49.2460 —123.6258 2.87 0.6
19970824 0936 45.06 49.2476 —123.6210 3.29 0.6
19971111 1103 56.45 49.2421 —123.6311 3.03 0.7
19971226 0859 59.09 49.2461 —123.6323 3.24 1.6*
19971230 0617 2.82 49.2475 —123.6226 2.80 1.0
19980319 1634 26.23 49.2486 —123.6213 3.40 1.8*

*Denotes the largest (M = 1.5) earthquakes; felt events are highlighted
in bold.
fLatitude, longitude, and depth are relocations from this study.
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Figure 9.

Relocated earthquake hypocenters. Dot size is scaled to magnitude. Lo-

cations of the cross sections (right) are shown on the map. In plan view, the epicenters
are confined to a circular area of 1.3-km diameter. In the north—south cross section,
there is a strong north-dipping trend from 2 to 4 km depth.

is noteworthy that the 24 June 1997 mainshock is the first
known significant earthquake in southwestern British Co-
lumbia known to be preceded by a felt foreshock. On 13
June 1997 a magnitude 3.4 earthquake occurred 0.5 km from
the mainshock location and was felt throughout greater Van-
couver and across southern Vancouver Island. This was the
first shallow earthquake located at this site since 6 March
1997 (when a pair of shallow M = 0.6 and 0.7 events oc-
curred within four hours of one another), and the only sig-
nificant event (M > 1) since 28 November 1995, when a
shallow M = 2.8 event occurred at this location. The 13
June 1997 event was followed by six very small events (M
= 0.3-0.7) prior to the 24 June 1997 mainshock. Of these,
four were well-enough recorded to be relocated using the
waveform cross-correlation technique. Note that these small
events appear to migrate downdip and toward the site of the
24 June mainshock (Fig. 11). Although there are too few
events to state definitively, there is some suggestion that the
foreshock sequence occurred along a more steeply dipping

plane (with an apparent dip of about 60-65° as indicated by
the dashed line with the question mark in Figure 11) than
that of the mainshock sequence (Fig. 11). Within 24 hours
of the mainshock, 23 small (M = 0.7-1.7) aftershocks were
recorded. All but three of these were located downdip (Fig.
11), with most being concentrated in a small region about
650 m downdip and to the north of the mainshock location.
These early aftershocks likely outline the northern limit of
the ruptured segment of the north-dipping fault. In the month
following the mainshock there were an additional 12 small
events (M = 0.2-1.5) recorded. Most of these events are
located within about 500 m of the mainshock location and
at about the same focal depth.

Discussion and Conclusions

The 24 June 1997 M; = 4.6 earthquake, its foreshock,
and aftershocks, represent the most accurately located shal-
low earthquake sequence near the populated centres of
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southwestern British Columbia recorded to date. These
earthquakes occurred in a region of persistent shallow seis-
mic activity beneath the Strait of Georgia, a basin with many
similarities to the Puget Sound lowlands of Washington
State.

The well-constrained focal mechanism for the 24 June
1997 mainshock shows thrust faulting along either a north-
dipping fault (strike 262°, dip 47°, slip 98°), or along a south-
dipping fault (strike 71°, dip 44°, slip 82°). A relocation of

no question mark), see text.

the earthquake hypocenters, using a waveform cross-corre-
lation technique, clearly shows a north-dipping zone of hy-
pocenters, with a dip angle of 53°, in good agreement with
that estimated by the P-nodal solution. Thus, for the first
time we have used earthquake focal mechanisms, and an
alignment of accurately located hypocenters to characterize
an active fault in southwestern British Columbia. The M| =
3.4 foreshock (the only other event for which a focal mech-
anism could be computed) is not as well constrained and
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shows either predominantly thrust motion along a north-
northwest-dipping fault (strike 236°, dip 42°, slip 123°),
which is rotated about 25 ° relative to the mainshock fault
plane, or predominantly strike-slip along a fault oriented in
the same direction as the mainshock fault (strike 266°), but
dipping more steeply with a dip angle of 72°. There is some
support for a more steeply dipping plane for the foreshock
sequence (relative to the mainshock and its aftershocks)
from the precise relocations (Fig. 11).

The relocated hypocenters define a 1.3-km-diameter cir-
cular area. This is in good agreement with the expected rup-
ture area (based on a Brune rupture model) for an earthquake
of this size (M, = 3.17 X 10" N m) and a stress drop of
45 bars. The temporal sequence of this earthquake sequence
shows that the M; = 3.4 foreshock was the shallowest event.
Over the next 11 days, the earthquake activity migrated
downdip and 400 m to the northwest, to the location of the
mainshock epicenter. In the first 24 hours after the main-
shock, almost all of the aftershock activity was located
downdip and 500-700 m to the north of the mainshock epi-
center.

The east-west orientation of the active north-dipping
structure that we interpret beneath the Strait of Georgia is
similar to the orientation of major thrust faults imaged re-
cently in the Puget Sound area (Johnson et al., 1999ab).
The focal mechanism for the 24 June 1997 Georgia Strait
event is similar to the mechanisms of recent moderate earth-
quakes in the Puget Sound area that may be associated with
the Seattle Fault, including the 1995 M = 5 Pt. Robinson
earthquake (Dewberry and Crosson, 1996) and the 1997 M,
= 4.9 Bainsbridge Island earthquake (Weaver et al., 1999).
Given the similar margin-parallel stress regime through the
area, it is not surprising to see similar types of thrust struc-
tures and faulting. Preliminary analysis of the SHIPS seismic
reflection data collected in the Strait of Georgia is providing
the most detailed images, to date, of the structure in the
epicentral area of these 1997 Georgia Strait earthquakes.
Mosher et al. (2000) find that this earthquake sequence is
located within a broad deformation zone in the marine en-
vironment where seismic reflectors show a loss of coher-
ency, changing dip directions, and some offsets. A clear 8-
km-long east—west trending aeromagnetic anomaly has been
identified in the epicentral area (Mosher et al., 2000). The
location and positive polarity of this anomaly is consistent
with our interpreted sense of motion along the fault (south
side down and north side up).

In summary, by combining earthquake focal mecha-
nisms and precisely located hypocenters obtained from a
waveform cross-correlation routine and joint hypocentral de-
termination, we have characterized, for the first time, the
orientation and sense of motion along an active fault in
the vicinity of the urban centers of southwestern British Co-
lumbia.
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