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NON-TECHNICAL ABSTRACT

Research under this grant used data from the Pacific Northwest Seismograph Network (PNSN) to
study several aspects of earthquake hazards in the Pacific Northwest, including of two significant earth-
quake sequences, March 25, 1993 Scotts Mills, Oregon M 5.7 earthquake and the January 29, 1995 Robin-
son Point M 5.0 Puget lowland earthquake. Other research results under this grant include an investigation
of the crustal structure beneath the Cascades, development of a method to accurately estimate earthquake
moment from standard network data, and preliminary work on seismic wave velocity structure in the Puget
Basin. :

TECHNICAL ABSTRACT

A. The March 25, 1993 Scotts Mills, Oregon earthquake sequence. We have carried out a detailed study
of aftershocks and focal mechanisms of the March 25, 1993 Scotts Mills magnitude 5.7 crustal earthquake.
The oblique thrust fault causing this earthquake strikes NW and is consistent with other NW striking faults
in NW Oregon. Earthquakes as large as magnitude 6 present a hazard to the region. We have also found
that ground motion variations are strongly affected by local geology in the vicinity of Scotts Mills.

B. Source Scaling for Regional Earthquakes We have completed work on the calibration of source
moment scaling and station calibration for the Pacific Northwest Seismograph Network (PNSN). This
research makes it possible to perform moment estimates more accurately using short period vertical com-
ponent stations of the network.

C. The January 29, 1995 Robinson Point Puget lowland earthquake. A magnitude 5.0 earthquake
occurred on 29 January, 1995 in the central Puget lowland at a depth of about 20 km. This earthquake was
well recorded and located in the vicinity of the Seattle fault. We have analyzed the source characteristics
of this event using broadband and short-period instrumental data. The fault slip producing this event is con-
sistent with the deeper projections of the Seattle fault and it is possible that the earthquake represents tec-
tonic deformation related to the Seattle fault system.

D. A cross-Cascades refraction profile using earthquake sources. We have completed earlier work on a
cross-Cascade deep structure modeling, with results published in JGR. This research has revealed a deep

crustal root of the Cascades which we interpret to be of mafic composition. The root is interpreted to be
the result of crustal underplating.

E. Investigations of 3-D structure in the Puget lowland region. Under this research, we initiated efforts
to obtain higher resolution P-wave velocity structure in the Puget Sound basin using earthquakes and explo-
sions recorded on the PNSN. Toward this end, a tomographic inversion method is being implemented in
which finite difference travel-time calculation is performed.

RESULTS

A. Scotts Mills Earthquake Sequence

A magnitude 5.7 crustal earthquake occurred on March 25, 1993 near the town of Scotts Mills, Ore-
gon. This earthquake was centered in a sparsely populated region near the east side of the Willamette Val-
ley, but was nevertheless somewhat damaging in Salem, Oregon. The mainshock was well recorded with
the PNSN, and a significant aftershock sequence was well recorded on portable stations deployed following
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the mainshock.

We analyzed a selected subset of 50 well recorded aftershocks in detail, computing high quality loca-
tions and first-motion focal mechanisms for these events. We conclude that the orientation of mainshock
mechanism taken together with the aftershock distribution indicates that this event occurred as an oblique
thrust on a northwest trending mid-crustal fault [Thomas, et al., 1996]. We tentatively associated this fault
with the NW striking Mt. Angel fault which was studied most recently by Werner et al. [1992] in the
vicinity of the Scotts Mills epicenters. The existence of a significant crustal fault in this region that has sur-
face expression and can generate a M 5.7 earthquake at a depth of 15 km suggests that the Mt. Angel fault
zone could possibly generate significantly larger earthquakes, in the magnitude 6 or greater range.

We are are preparing final revisions of manuscript describing the analysis of ground motion varia-
tions recorded in the Scotts Mills region during the aftershock deployment. In this work, we found
significant relative site amplification effects, which we attribute to near-surface variations in geology.

B. Source Scaling for Regional Earthquakes

Accurate magnitude and moment estimation is an important aspect of regional network operation.
Magnitudes and moments are fundamental characterizations of earthquake that are used in many other

types of analysis. For example, fault slip rates and cumulative slip estimates may be made from moment
estimates.

To improve our ability to estimate moments using regional network data (specifically, the PNSN
data) we explore the use of scattered coda-wave amplitudes using the single scattering amplitude model of
Aki and Chouet [1975]. This research led to a practical method which can be automated and incorporated
into routine network data analysis. The method is described in Dewberry and Crosson [1995].

C. Robinson Point Earthquake

On January 29, 1995 an unusual magnitude 5.0 mid-crustal earthquake occurred in the southern Puget
Sound lowland, between Seattle and Tacoma. The hypocenter of this event was located at about 20 km
depth, and only a few sporadic aftershocks followed the mainshock. Although the event was widely felt in
the Puget lowland, it was only slightly damaging as a result of its significant depth and location. P-wave
first motions from the PNSN show that the mainshock was dominantly a thrust event with nearly east-west
striking slip planes.

An empirical Green’s function analysis using regional broadband stations indicates that this was a
high stress-drop event (430 bars estimated [Dewberry and Crosson, 1996]). A small source region, con-
sistent with the impulsive nature of the source, is also consistent with a tight pattern of epicenters for the
few aftershocks that could be accurately located. Comparison with other regional earthquakes of compar-
able size indicates that earthquakes with hypocenters at depths greater than about 18 km in western Wash-
ington (and probably western Oregon) have anomalous aftershock sequences, with few, sporadic aft-

ershocks. Although the reason for this behavior is not clear, it likely reflects temperature or compositional
variation with depth.

The hypocenters of the Robinson Point sequence lie about 25 km south of the surface expression of
the Seattle fault, an EW striking blind thrust extending across the center of the Puget Lowland. It is possi-
ble that the mainshock occurred on a basal extension of the Seattle fault, although uncertainty of the
configuration of this fault at depth makes this possibility conjectural. If so, it would be the first direct
seismological observation that the Seattle fault is active (although there is paleoseismic evidence of
activity; e.g., Bucknam et al. [1992]). Further analysis of this earthquake may provide important insight on
this possibility.

D. Cross-Cascade Profile

We have completed work on interpreting a cross-Cascades seismic refraction profile using earth-
quakes as sources rather than more conventional explosions [Schultz and Crosson, 1996]. In this work, we
constructed a profile extending from the vicinity of Hood Canal in western Washington, across the Cascade
Range to the vicinity of Walla Walla in southeastern Washington. We chose earthquakes and PNSN
seismograph stations lying near the profile, so that a 2-D analysis could be carried out.

The most significant finding of this research is the discovery of seismic evidence for a crustal "root"
beneath the Cascade Range. In the depth range between 35 km and 47 km, there is a distinct crustal root
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that approximately mirrors the topographic profile of the Cascade Range. This root is interpreted as the
result of localized magmatic underplating resulting from the release of volatiles in the process of dewater-
ing of the Juan de Fuca slab during subduction. Ultimately, the mass redistribution resulting from under-
plating produces uplift as a result of isostatic readjustment. Geologic evidence suggest that this process has
been enhanced in the past 5-7 m.y., bringing the Cascades to their present topographic prominence. Gravity
data are generally consistent with isostatic equilibrium in the Cascade Range and support the seismic
model. Our results are the first clear indication of a crustal root beneath the Cascades, and strongly indicate
the general nature of late Cenozoic mountain building for the Cascades.

This research also demonstrates the utility of using regional seismograph network data for interpret-
ing structure. When station and earthquake distributions permit, high resolution structure information may
be obtained using natural sources.

E. 3-D Structure in the Puget Lowland

The Puget lowland produces the most intense non-localized distribution of small earthquakes in the
Pacific Northwest. The recent attention focused on the Seattle fault [e.g., Bucknam et al., 1992] and the
Seattle basin [Johnson et al., 1994], have made it clear that 1-D seismic structure may not be adequate for
the location of crustal earthquakes in the Puget lowland, and also that earthquakes such as the Robinson
Point event (see above) may possibly be related to the Seattle fault. To gain further insight into the rela-
tionship between small earthquakes and structure, we need (a) improved regional 3-D velocity structure
models, and (b) to be able to use 3-D structure models effectively in locating and studying small and
moderate earthquakes.

We have refined the basic finite difference method of Nelson and Vidale [1990] in order to efficiently
locate earthquakes in a general 3-D velocity medium. Our refinements include some changes to the finite
difference algorithm itself, and refinements in the way grid search is done to make the process more
efficient. In the course of this development, we discovered that many earthquakes in the vicinity of the
Seattle fault produce double minima in their residual functions, making depth determination problematic.
This problem may be worsened by strong lateral velocity variations which we know exist in the central .
Puget lowland. We are continuing to investigate this problem to resolve possible ambiguities in depth.

The second major objective is to achieve a practical, usable 3-D velocity structure for the Puget low-
land and vicinity. We have developed a grid parameterization which allows flexible modeling of diverse

input-data, including earthquake and explosion travel times. As a first step in the full joint inversion of
velocity and hypocenters, we are constructing a model of the Puget lowland using existing refraction/wide-
angle reflection models along profile lines and a previous linear tomographic inversion as constraints. This
initial reference model allows us to compare different model interpretation for consistency in regions where

they intersect. After evaluation, these models will be used as weighted constraints in the general inversion
problem.
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Bulletin of the Seismological Society of America, Vol. 86, No. 4, pp. 1167-1172, August 1996

The M, 5.0 Earthquake of 29 January 1995 in the Puget Lowland

of Western Washington: An Event on the Seattle Fault?
by Shawn R. Dewberry and Robert S. Crosson

Abstract The magnitude M, = 5.0 Robinson Point earthquake occurred on 29
January 1995 at 03:11 UTC approximately 25 km south of Seattle, Washington. We
investigate the single foreshock, the mainshock, and the weak aftershock sequence
using short-period and broadband data recorded by the Pacific Northwest Seismo-
graph Network. P-wave first motions from the mainshock indicate reverse faulting
with east-west trending nodal planes. Aftershock epicenters cluster about the main-
shock with aftershock hypocenters exhibiting a nearly vertical distribution, possibly
an effect of depth error. The mainshock, at a depth of 19.6 km, is the deepest event
in the sequence. An empirical Green’s function analysis indicates that the mainshock
source time function (STF) is impulsive with a 0.3- to 0.4-sec duration. A minimum
stress drop of 430 bars is inferred, identifying this as a high-stress-drop event. Com-
parison with five other moderate-sized Pacific Northwest mainshock-aftershock se-
quences suggests that mainshocks with depths greater than about 18 km have few,

relatively small aftershocks that are confined to small source regions.

Introduction

On 29 January 1995 at 03:11:22 UTC, a magnitude 5
earthquake occurred near Robinson Point on Maury Island
in Puget Sound, Washington. Using Pacific Northwest Seis-
mograph Network (PNSN) data, the location of this event is
47.38°N, 122.35° W, with a depth of 19.6 km. The epicenter
is approximately mid-way between the cities of Seattle and
Tacoma. A coda duration magnitude (M) of 5.0 was esti-
mated from short-period PNSN data. The National Earth-
quake Information Center reported magnitudes of m, = 5.1
and Mg = 4.5, while the Pacific Geoscience Centre in Sid-
ney, British Columbia, reported a magnitude of M, = 4.9,
Shaking was felt throughout western Washington and as far
away as Salem, Oregon, and Vancouver, British Columbia.
Minor damage was reported in Auburn and Tacoma, Wash-
ington. The mainshock was the largest crustal earthquake to
occur in the Puget-Willamette lowland region of the Pacific
Northwest since the M, = 5.7 Scotts Mills earthquake of
25 March 1993 (Thomas er al., 1996). Figure 1 shows the
locations of the Robinson Point mainshock, five other mod-
erate-sized crustal earthquakes (4.9 = M = 5.7) discussed
below, and both short-period and broadband stations of the
PNSN.

The Robinson Point sequence includes one foreshock
(M, = 2.1), the mainshock, and 28 aftershocks recorded
through June 1995. This sequence is noteworthy for the fol-
lowing reasons. The mainshock was the first moderate-sized
(M = 5) Puget Sound earthquake to be recorded by the three-
component, wide dynamic range, broadband instruments

recently added to the PNSN, This broadband data provides
the only unclipped relatively near-field records of the main-
shock recorded on high-sensitivity stations. Also, the small
number of aftershocks indicates that this is an anomalous
mainshock-aftershock sequence compared with other Pacific
Northwest crustal earthquakes.

The relation of the Robinson Point sequence to the Se-
attle Fault is of particular interest. The Seattle Fault (Johnson
et al., 1994) is an east—west trending, blind, reverse fault
that dips to the south steeply at the surface and possibly more
gradually at depth. The inferred surface expression of this
fault is approximately 25 km north of the mainshock epi-
center (see Fig. 2a). Surface geologic observations suggest
that reverse slip occurred on the Seattle Fault 500 to 1700
yr ago (Bucknam er al,, 1992), producing an earthquake as
large as magnitude 7. Recent interpretation of Puget Sound
structures at depth from industry reflection data (Pratt et al.,
1994) indicates that the Robinson Point earthquake could be
located on the basal extent of the Seattle Fault.

Network Data Analyses and Discussion

Magnitudes and Locations

Magnitudes for the sequence were calculated using the
coda duration formula of Crosson (1972), modified to in-
corporate median (rather than mean) durations for more ro-
bust results. Resulting M), values for the sequence range
from 0.8 to 5.0, with the largest aftershock of M, = 2.4.
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Figure 1. Map of the Pacific Northwest showing

the short-period (open triangles) and broadband,
three-component (filled triangles) stations of the
PNSN. Epicenters of six moderate-sized earthquakes
(circles), including the Robinson Point earthquake,
are also shown.

Initial locations for this sequence were determined using
the 1D reference layered velocity model used by Lees
(1989). Following the station residual analysis procedure de-
scribed by Lees (1989), we added station corrections for six
stations that were not previously available. From the data set
of 30 earthquakes, high-quality locations were determined
for a subset of 17 events using a minimum of 13 P arrivals
(including the two closest stations SPW and MEW) and a
maximum azimuthal gap of 100°, Only stations within 200
km of the epicenters were used in the location calculations.
These well-located events had epicenters that cluster within
2 km of the mainshock, with no obvious lateral alignment
or trend. Aftershock hypocenter depths tended to be shal-
lower than the mainshock depth.

To reduce the relative error in the hypocenter locations,
the 17 high-quality events were relocated using modified
station corrections set to reduce the mainshock residuals to
zero. Thus, the mainshock was used as a master event. Fig-
ure 2a shows the epicenters after relocation, and Figure 2b
is a cross section along A-A' showing the relocated hypo-
centers. The depths have a 3.7-km range with all hypocenters
in a nearly vertical distribution. The 95% confidence interval
for the depth uncertainties is approximately 2 km, so the
vertical spread in depth may be mostly explained by depth
erTor.

Focal Mechanisms

Of the 17 well-located events in the sequence, only the
foreshock and mainshock provided adequate data for well-
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Figure 2. (a) Epicenter locations for 17 well-lo-

cated events relocated using a master event relocation
scheme. PNSN short-period stations SPW and MEW
are displayed along with the surface projection of the
Seattle Fault. (b) The relative hypocenter distribution
for the events in (a) projected onto a cross section
along the profile (A-A’) shown in (a). Projections of
the Seattle Fault and Puget thrust sheet decollement,
as proposed by Pratt ef al. (1994), are also shown (T.
Pratt, personal comm., 1995). Inferred structure is
shown with dashed lines. Relative motions across
each structure are noted with arrows. The vertical ex-
aggeration is 1:1.

constrained P-wave first-motion focal mechanisms. The
mainshock has a predominantly reverse fault focal mecha-
nism. The mechanism solutions are quite stable when deter-
mined for a range of hypocenter depths that span the depth
uncertainty. The foreshock and mainshock mechanisms are
as follows: (strike, dip, rake) 80°, 35°, 90° and 95°, 25°, 110°.
Equal-area, lower-hemisphere projections of each focal
mechanism are given in Figure 3. The P-axis orientations
for both mechanisms trend north—south (azimuth = 350°)
with shallow plunges (10° to 21°). These are consistent with
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Mainshock

Figure 3. Foreshock and mainshock fault-plane
solutions as determined from P-wave first motions.
Compressional first motions are displayed with filled
circles. Stations with upgoing rays are displayed with
the larger symbols. Both solutions are plotted using
equal-area, lower-hemisphere projections.

orientations found for other Puget Sound region crustal
earthquakes (e.g., Ma et al., 1991). Moment-tensor analysis
of regional broadband data from 10 stations in Washington,
Oregon, and British Columbia gives a similar thrust mech-
anism for the mainshock and a comparable depth of 18 km
(J. Ndbelek, personal comm., 1995). The correct slip plane
clearly cannot be ascertained from the aftershock distribu-
tion alone.

We examined the proposed structural model of Pratt et
al. (1994) in conjunction with the sequence hypocenters and
the focal mechanisms. Included in the cross section of Figure
2b are the projections (onto the profile A-A") of the Seattle
Fault and detachment structure (decollement) as proposed
by Pratt e al. (1994). Their model is derived from industry
reflection data with depth resolution to 10 to 12 km. As
shown in Figure 2b, the sequence hypocenters lie at or below
the inferred structural interfaces of the Pratt et al. (1994)
model. Although the focal mechanism nodal planes are eas-
ier to reconcile with the deep extension of the Seattle Fault
as modeled, the uncertainties in both their structural model
and the hypocenters cannot preclude other possible fault

1169

structures, such as the decollement, a conjugate to the Seattle
Fault, or an unrelated fault. Clearly, no definitive answer can
be drawn from this sequence alone. The need for improved
structural constraint at hypocentral depths in this region is
evident.

Empirical Green’s Function Analysis

Broadband waveforms from the mainshock and single
foreshock were used in an empirical Green’s function (EGF)
deconvolution (Mueller, 1985) to estimate the mainshock
source time function (STF). This is a well-established tech-
nique used recently by other investigators analyzing body
waves at local and regional distances (e.g., Ndbelek and Xia,
1995). A good estimate of the true mainshock STF should
result so long as the EGF signal-to-noise ratio is adequate
and the reference event is small relative to the main event.

The M, = 2.1 foreshock, with a focal mechanism and
location similar to the mainshock, was used as an EGF. A
water-level deconvolution (Helmberger and Wiggins, 1971)
was performed using data from the only broadband station
with adequate signal to noise that recorded both events, sta-
tion LON (see Fig. 1 for station location). Estimates for the
mainshock STF were first derived independently from radial
(R)- and vertical (Z)-component waveforms windowed about
the P arrival (Fig. 4a). A single pulse of duration 0.3 to 0.4
sec resulted from the deconvolution of each component.
These STFs were reconvolved with the reference event
waveforms and compared with the observed mainshock
waveforms to qualitatively assess the EGF deconvolution
performance. The predicted R-component waveform mod-
eled the observed waveform well, while the predicted Z-
component waveform poorly fit the observed data. Substi-
tuting a simple gaussian pulse of duration 0.4 sec (Fig. 4b)
for the STF estimates maintained agreement between the R-
component waveforms, as before, while improving the fit of
the Z-component waveform. A similar improvement was
seen when the R-component STF was substituted for the Z-
component STF. From qualitative comparisons between pre-
dicted and true waveforms using both the R-component and
gaussian pulse STFs (Figs. 4c and 4d), the final STF estimate
is determined to be a simple pulse of duration 0.3 to 0.4 sec
(Fig. 4b).

Assuming a rupture velocity of 3.0 km/sec (0.8 Vy), the
above source duration corresponds to a rupture length of 0.9
to 1.2 km. We calculated the stress drop using the Brune
(1970, 1971) source model

TM,
Ae 16r*’

where Ag is the stress drop, M, is the seismic moment, and
ris the source radius. Using a moment value of 2.13 x 10*
dyne-cm (J. Ndbelek, personal comm., 1995) and a fault
radius of 0.6 km gives a minimum stress drop of 430 bars.
A high-stress-drop designation is indicated for this event.
For comparison, Ndbelek and Xia (1995) found a source
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Figure 4. (a) Raw radial and vertical P waveforms for the mainshock and foreshock

recorded at station LON. (b) Mainshock STF estimates from the radial-component EGF
deconvolution and a simple gaussian pulse. The pulse duration is delimited by the two
arrows. (c) Comparisons of the true and predicted data for each component using the
radial-component STF from (b). (d) Comparisons of the true and predicted data for each
component using the gaussian pulse STF from (b).

duration of 1.8 sec and a stress drop of approximately 40
bars for the M, = 5.7 Scotts Mills mainshock.

Comparison with Other Earthquakes

The Robinson Point mainshock-aftershock sequence is
unusual due to its small and irregular sequence of after-
shocks and absence of larger aftershocks (Fig. 5). To deter-
mine whether this behavior is anomalous with respect to
other regional earthquakes, we compared the Robinson Point
aftershock sequence with aftershock sequences of five other
moderate-sized, crustal earthquakes that were well recorded
by the PNSN. These sequences are associated with the 1981
Elk Lake (Grant ef al., 1984; Atkinson, 1995), 1981 Goat
Rocks (Zollweg and Crosson, 1981), 1990 Deming (Qamar
and Zollweg, 1990; Atkinson, 1995; Dewberry and Crosson,
1995), 1993 Scotts Mills (Ndbelek and Xia, 1995; Thomas
et al., 1996), and 1989 Storm King Mountain (Atkinson,
1995) earthquakes. The mainshock epicenters are shown in

Figure 1. A summary of event parameters for all six main-
shocks is given in Table 1. Time histories for the first 100
days of all six sequences are shown in Figure 5. The time
histories of the sequences associated with the four shallowest
mainshocks (Elk Lake, Goat Rocks, Deming, and Scotts
Mills) exhibit two similar characteristics. First, each has a
significant number of aftershocks (70 to 600 events) above
M, = 0.0. Second, the frequency of occurrence shows an
exponential decay with time. In contrast, the time histories
for the two aftershock sequences following the deepest
mainshocks (Storm King Mountain and Robinson Point)
show relatively few aftershocks (<<30 events) with no clear
decay in aftershock occurrence rate or magnitude in the time
period immediately following the mainshock. In addition,
both the Storm King Mountain and Robinson Point se-
quences show an absence of events with Mp, > 2.4 (Fig. 5).
Noting that both mainshock epicenters are centrally located
within the PNSN where detection and location capabilities
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Table 1
Location Information for Selected Moderate-Sized, Crustal Earthquakes Occurring in Western ‘Washington and Oregon

Date Time UTC Lat. Lon. Depth Ag
Approx, Location (mm dd yy) (hr:min:sec) ™) (W) (km) Mp M, (bars)
Elk Lake 02 14 1981 06:09:27.3 46.350 122.244 6.7 52 5.5 10-111
Goat Rocks 05 28 1981 09:10:45.9 46.525 121.394 3.2 5.0 5.0 —
Storm King Mtn. 12 24 1989 08:45:58.9 46.650 122,116 184 49 5.1 50
Deming 04 14 1990 05:33:26.6 48.845 122,160 <5.0 5.0 52 25-32
Scotts Mills 03 25 1993 13:34:35.9 45.032 122.586 15.1 5.6 5.7 40
Robinson Point 01 29 1995 03:11:22.7 47,383 122.350 19.6 5.0 — 430

are optimal, the lack of aftershocks is doubtfully an artifact
of detection capability.

The stress-drop values listed in Table 1 show that the
deepest mainshocks (Robinson Point and Storm King Moun-
tain), which occurred within the lower portion of the crustal

seismogenic zone in the Puget lowland (Ludwin e al.,
1991), are associated with larger stress drops as well as fewer
aftershocks, though the data population is relatively small.
While the observations suggest that aftershock behavior and
mainshock stress drop may be dependent on mainshock
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depth, the uncertainties inherent in stress-drop calculations
coupled with the small data population prevent firm conclu-
sions from being drawn about the effect, if any, of earth-
quake depth on stress drop.

The suggested depth dependence of aftershock number
and behavior may be related to the location of rupture nu-
cleation relative to the crustal brittle-ductile transition (Sib-
son, 1982). In the Puget lowland region where crustal thick-
ness is estimated to be 35 to 40 km (Schultz, 1993), the rate
of earthquake occurrence (as a function of depth) decreases
rapidly near a depth of 25 km. We infer this to be the ap-
proximate depth of brittle-ductile transition. For the Robin-
son Point mainshock, the rupture may have initiated in and
been confined to a small source region of the transition zone.
The small-sized source region implies that the volumetric
extent of stress inhomogeneity created by the mainshock
rupture was also small, contributing to both a restricted af-
tershock region and aftershock number. Understanding the
behavior of the Robinson Point sequence may lead to further
insight into the behavior of earthquake nucleation processes
at mid-crustal depths.

Conclusions

Association of the Robinson Point earthquake sequence
with the Seattle Fault is a possibility; however, we cannot
resolve this issue with certainty solely from the analysis
completed here. Empirical Green's function analysis using
broadband data from station LON indicates that the source
time function duration is 0.3 to 0.4 sec. A minimum stress-
drop value of 430 bars, inferred from the source duration,
indicates that the mainshock is a high-stress-drop earth-
quake.

The weak aftershock sequence that followed is similar
in nature to that of another mid-crustal event, the 1989 Storm
King Mountain earthquake. These two aftershock sequences
are markedly different from the sequences associated with
four other moderate-sized Pacific Northwest crustal events
with shallow (z < 18 km) hypocenter depths. The observed
differences in the aftershock behavior and mainshock stress
drops suggests a depth dependence for the aftershock be-
havior of crustal earthquakes in the Pacific Northwest.
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The 25 March 1993 Scotts Mills, Oregon, Earthquake

and Aftershock Sequence: Spatial Distribution, Focal Mechanisms,

and the Mount Angel Fault
by G. C. Thomas, R. S. Crosson, D. L. Carver, and T. S. Yelin

Abstract The 25 March 1993 M, = 5.7 crustal earthquake near Scotts Mills,
Oregon, was the largest earthquake to occur in the Pacific Northwest in over a decade.
The mainshock was located at 45.033° N, 122.586° W and at a depth of about 15.1
km, based on arrival time data from the short-period Pacific Northwest Seismograph
Network. Beginning about 12 h after the mainshock, investigators from the U.S.
Geological Survey deployed 22 digital seismographs to record aftershocks. Using
data from the temporary and permanent stations, we analyzed a subset of 50 after-
shocks with quality locations. Hypocenters of these aftershocks lie on a northwest-
trending steeply dipping plane (strike 290 = 10°, dipping 60 = 5° to the north-
northeast), in agreement with the preferred slip plane of the mainshock focal
mechanism solution (strike 294°, dipping 58° to the north-northeast). The planar
structure defined by the aftershock locations may be a southeast continuation of the
Mount Angel Fault, a reverse fault identified from both surface and subsurface evi-
dence. The mapped southeast extent of the Mount Angel Fault is located less than
10 km west of the Scotts Mills epicentral region. In addition, the mainshock focal
mechanism solution, with a combination of reverse motion and right-lateral strike
slip, has a geometry and sense of motion consistent with the Mount Angel Fault.
While aftershock focal mechanisms are varied, P axes are consistently oriented in a
subhorizontal north-south direction. This earthquake sequence, together with the
geological and geophysical evidence for the Mount Angel Fault, suggests a signifi-
cant crustal earthquake hazard for this region of northwest Oregon.

Introduction

The Scotts Mills mainshock occurred on 25 March
1993, at 5:34 a.m. PST (13:34 UT), with M, = 5.7 and coda
duration magnitude (M;,) = 5.6. This was the largest earth-
quake to occur in the Pacific Northwest since the M, = 5.5
Elk Lake earthquake of 14 February 1981 (e.g., Grant e/ al.,
1984) and the M, = 5.0 Goat Rocks earthquake of 28 May
1981 (Zollweg and Crosson, 1981). It has since been fol-
lowed by the M 5.9 and M 6.0 earthquakes of 20 September
1993 near Klamath Falls in southern Oregon (e.g., Braun-
miller ez al., 1995). Figure 1 shows the location of the Scotts
Mills mainshock and other important crustal (North Ameriea
plate) earthquakes in the Pacific Northwest. Using 93 P-
phase arrivals recorded by the Pacific Northwest Seismo-
graph Network (PNSN; described by Ludwin er al., 1994),
the Scotts Mills mainshock epicenter has been located at
45.033° N, 122.586° W with a focal depth of 15.1 km.
Ground motion was felt in both the Willamette Valley and
Puget Basin, from Roseburg, Oregon, to the south, to as far
north as Seattle, Washington (Dewey et al., 1994), Peak hor-
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izontal ground accelerations of 0.06 and 0.03 g were re-
corded at distances of 44 and 53 km, respectively (Dewey
et al., 1994). Madin et al. (1993) estimate the total property
damage at over $28 million. No evidence of surface faulting
was reported.

Historic seismicity in northwest Oregon has been con-
centrated in the northern Willamette Valley, between Salem
and Portland (e.g., Ludwin et al., 1991). Figure 2 shows a
map of background seismicity for 1982—1992 for the Salem-
Portland region. The Scotts Mills region, about 56 km south
of Portland, is located ncar the southern boundary of scismic
activity in western Oregon. Earthquakes in Portland have
been interpreted to be related to one or more northwest-
trending faults including the Portland Hills Fault (Yelin and
Patton, 1991). Along the Portland Hills Fault, earthquakes
with magnitudes as large as 3.5 have been observed to have
focal mechanisms with a mixture of reverse and right-lateral
strike-slip motion (Yelin, 1992). However, correlations of
Portland earthquakes with individual faults is problematic
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because the earthquakes are relatively deep (10-20 km) and
the known faults lack evidence of recent surface displace-
ment. Portland has experienced two moderate earthquakes:
one of Modified Mercalli Intensity VII in 1877 (Thenhaus,
1978), and an M 5.2 in 1962 (Dehlinger et al., 1963, Yelin
and Patton, 1991).

There were no observed foreshocks to the Scotts Mills
earthquake, but in 1990, several small (M =~ 2) earthquakes
occurred approximately 20 km northwest of the Scotts Mills
epicenter, near Woodburn, Oregon (see also Werner et al.,
1992). Figure 3 shows a map of epicenters of the Scotts Mills
mainshock and 147 locatable aftershocks, as well as epicen-
ters of earlier earthquakes including the Woodburn events
of 1990. The Scotts Mills aftershock epicentral region is
located about 10 km east of the most southeasterly mapped
extent of the Mount Angel Fault.

The Mount Angel Fault (MAF) is part of the Gales
Creek—Mount Angel lineament, a major northwest-trending
structural zone that parallels the Portland Hills-Clackamas

o the area enclosed in box A as the Scotts
Mills region, and the area enclosed in box B as
the Salem—Portland region.

River structural zone (Beeson ef al., 1985, 1989) lying ap-
proximately 50 km to the north. The inferred surface trace
of the MAF is shown in Figure 3. The MAF, with a mapped
length of approximately 25 km, is primarily a subsurface
reverse fault, dipping to the northeast (Werner et al., 1992).
Hampton (1972) first mapped the southeast portion of the
fault based on vertical offsets of Miocene flows of the Co-
lumbia River Basalt group found in outcrops and water
wells. Hampton’s (1972) mapped northwest extent of the
MAF was roughly midway between Woodburn and Mount
Angel. Additional well studies and seismic reflection profiles
indicate that the fault extends northwest, to approximately 4
km northwest of Woodburn (Werner et al., 1992). The Mi-
ocene basalts have vertical displacements of up to 250 m,
while the overlying Miocene and Pliocene fluvial and lacus-
trine sediments have offsets of approximately 100 m (Wer-
ner ef al., 1992). This differential offset suggests continuing
post-Miocene displacement across the fault. The offsets and
dips of individual flows in the Columbia River Basalt group,
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together with focal mechanisms of the Woodburn earth-
quakes have led to the conclusion that the MAF is a result
of both reverse motion and right-lateral strike-slip motion
(Werner et al., 1992).

Data and Instrumentation

The Scotts Mills earthquake sequence data set is a com-
pilation of trace data collected by permanent short-period
digital stations of the PNSN and by temporary digital stations
installed by the U.S. Geological Survey (USGS). The Scotts
Mills mainshock and initial 35 aftershocks were recorded
only by the PNSN. Beginning about 12 h after the mainshock,
investigators from the USGS installed temporary digital sta-
tions that collected data between 26 March and 15 April 1993
(Carver er al., 1993). We first determined locations for a total
of 148 earthquakes (Fig. 3), with 6 or more P arrivals and
My, = 1.0. In locating these events, we used data only from
stations within 75 km epicentral distance. With the additional
criteria of maximum azimuthal gap of 140° and that travel
times include both USGS and PNSN data, we selected a subset
of 50 aftershocks, listed as events 2 through 51 in Table 1,
for more detailed analysis. The average numbers of P picks
and § picks per event are 31.5 and 5.6, respectively, and the
§ picks come exclusively from the USGS data.
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The USGS temporary station deployment comprised a
total of 30 sites in the Scotts Mills area (see Carver et al.,
1993), mostly within 10 km of the mainshock epicenter (Fig.
3). The two PNSN stations nearest the mainshock epicenter,
$SO and VG2, were located at epicentral distances of 22 and
28 km, respectively (Fig. 2). Table 2 lists the pertinent sta-
tion characteristics, and Table 3 summarizes the character-
istics of the recording instruments. All USGS seismographs
in the Scotts Mills area sampled data at 200 samples per
second, and triggered recording durations were typically
about 30 sec.

Data recorded on the temporary seismographs were for-
matted and archived by the Denver and Menlo Park offices
of the USGS. We combined these data with PNSN data. Un-
certainties in aftershock locations, initially determined using
only PNSN data, were reduced by as much as a factor of 10
after the merging of the additional temporary station data.
Preliminary analysis using only the PNSN data was incon-
clusive; thus, the results presented here depend critically on
the combination of data.

Analysis

Methods

As our starting velocity model for aftershock locations,
we chose the 1D layered model routinely used for the Puget
Sound basin, model PS (Crosson, 1976), because the Wil-
lamette Valley is geologically similar to the Puget Sound
basin. To determine an average Vp/Vj for the Scotts Mills
area, we chose four moderate-sized events (numbers 8, 14,
15, and 47 in Table 1) and plotted the Wadati diagram, where
S arrival times were determined only from horizontal-com-
ponent data. This analysis could not be performed with
larger aftershocks because the § arrival onsets were obscured
by P codas. From this analysis, we found Vp/Vy = 1.78
(Poisson’s ratio of 0.27). By contrast, the Puget Sound basin
has a Vp/Vg of 1.73, where § arrivals are estimated primarily
from vertical-component data. To construct our final veloc-
ity model, SM9, given in Table 4, we used the P velocities
of the PS model and decreased § velocities so that Vp/Vy =
1.78.

To illustrate the difficulty in making § picks on vertical-
component seismograms, we compare horizontal and verti-
cal components from USGS station YOD with a seismogram
from PNSN station SSO in Figure 4. Because of this diffi-
culty, our analysis used only § arrival times picked on hor-
izontal components of the temporary USGS stations. We note
that our mainshock depth determination of 15.1 km, based
only on PNSN P arrival times, is greater than the 12- to 13-
km depth found by waveform inversion of regional broad-
band trace data (Ndbelek and Xia, 1995). However, the lack
of close-in stations that provide depth constraint makes the
mainshock depth subject to greater uncertainty than the
aftershocks.

Station travel-time corrections for USGS and PNSN sta-
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tions were determined using a master event method. We
chose two candidate events (14 and 15, in Table 1), based
on a minimum of 15 P arrivals at temporary stations, and an
azimuthal gap of less than 35°. We then investigated the
hypocentral numerical variability of these two aftershocks
in relationship to the other aftershocks, by applying the fol-
lowing jackknife-type analysis to each event.

For each earthquake, we started with a complete set of
arrival times, deleted a random selection of 10% of the ar-
rival times, and estimated the hypocenter using the starting
velocity model PS. This process was repeated, generating 50
location estimates for each event. To quantify the spatial
distributions of estimated locations, we formed, for each af-
tershock, a standard second moment, or “inertia,”’ tensor
(e.g., Arfken, 1985, pp. 217-218), assigning nondimensional
unit “mass” to each estimated location. For each tensor, we
found 1, the root mean square (RMS) of the three principal
moments (inertia tensor eigenvalues). For events 2 through
51 in Table 1, the I, values spanned two decades, ranging
from about 0.01 km* to about 1 km? In particular, events
14 and 15 had I, values of 0.060 and 0.067 km?, respectively.
Approximately 70% of the events had larger values. After-
shocks with the smallest /, were interpreted as having the
most stable locations.

Events 14 and 15 were then tested individually as master
events. Station corrections were determined from each event,
and the aftershocks were relocated. We found that RMS
travel-time residuals, averaged over all aftershocks, equaled
0.16 sec for event 14 and 0.19 sec for event 15. Both values

are smaller than the 0.24-sec average RMS residual for the
PS model without station corrections and the 0.23-sec av-
erage RMS residual for model SM9 without station correc-
tions. Finally, we selected event 14 as the best master event,
and its travel-time residuals were used as station corrections
for all aftershock locations.

Aftershock Locations

The mainshock and all aftershocks were relocated using
the SM9 velocity model and the master event station cor-
rections. Most aftershock depths fall in the depth range of 8
to 15 km. Although there is somewhat more scatter in depth
for aftershocks prior to installation of the temporary stations,
there does not appear to be a systematic bias in depth for
aftershocks located only with data from PNSN stations. In
performing waveform analysis of the 1990 Woodburn earth-
quakes, Werner et al. (1992) found focal depths in the 15-
to 20-km range, while the PNSN catalog depths for the same
earthquakes were around 30 km. Applying our location
scheme to those same events gave focal depths around 17
km. From this, we infer that our model and station correc-
tions provide quality locations for earthquakes in the Scotts
Mills region, even when only PNSN data are available.

Figure 5 shows relocated epicenters of the subset of 50
aftershocks that have both USGS and PNSN data; the final
locations are also listed in Table 1. The average of the formal
standard errors in the vertical direction is (.26 km. Figure 6
shows orthogonal cross sections of hypocenters of this sub-
set of aftershocks, with projection planes striking north-
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Table 1
Earthquake Locations*

RMS
Date Time Latitude Longitude Depth Gap residual

Event (Yr Mo Day) (hr:min) (°N) (°W) (km) M, ©) (sec)
1 93 03 25 13:34 45.033 122.586 15.1 5.6 66 0.27
2 93 03 26 05:18 45.033 122.597 12.6 29 67 0.24
3 93 03 26 07:35 45.023 122.583 11.3 1.8 66 0.20
4 93 03 26 07:59 45.032 122.599 12.2 29 67 0.18
5 9303 26 10:22 45,027 122.579 11.4 1.7 84 0.21
6 9303 26 12:55 45.020 122,611 11.7 2.0 68 0.23
7 93 03 26 16:54 45.028 122.605 11.2 3.1 67 0.27
8 93 03 26 17:39 45.047 122.611 13.8 3.2 67 0.21
9 93 03 26 18:43 45.059 122,613 10.7 2.8 67 0.14
10 9303 26 19:56 45.050 122.591 14.0 1.5 135 0.28
11 93 03 27 05:40 45.030 122.576 12.7 2.6 34 0.21
12 93 03 27 06:46 45,058 122.632 9.6 2.1 47 0.19
13 9303 27 13:41 45.043 122.632 114 1.2 68 0.16
14 93 03 27 14:38 45.041 122.589 13.9 29 29 0.00
15 93 03 27 22:24 45.030 122.592 12.4 2.5 32 0.13
16 93 03 27 22:31 45.028 122.628 10.3 11 123 0.12
17 93 03 27 23:34 45.028 122.608 11.3 1.7 39 0.15
18 93 03 28 05:22 45,028 122.594 11.6 24 32 0.19
19 0303 28 07:43 45,029 122.596 11.6 1.8 73 0.22
20 93 03 28 08:20 45.040 122.606 12.7 1.5 64 0.14
21 9303 28 08:50 45.036 122,601 13.6 1.7 53 0.13
22 93 03 28 09:03 45.035 122.600 13.5 1.6 53 0.14
23 93 03 28 15:50 45.031 122,618 11.0 1.7 68 0.16
24 9303 28 23:26 45.030 122.604 11.7 1.4 62 0.12
25 9303 29 00:16 45.043 122.594 13.5 2.0 32 0.12
26 93 03 29 02:19 45.030 122.589 1.7 2.0 55 0.23
27 93 03 29 10:39 45.029 122.615 11.1 1.5 65 0.21
28 9303 29 22:47 45.057 122.616 10.7 1.9 47 0.13
29 93 03 30 05:49 45.040 122.624 12.5 1.1 111 0.02
30 93 03 30 07:43 45.023 122,583 11.8 1.7 99 0.17
31 93 03 30 09:18 45.043 122.609 13.4 1.3 120 0.03
32 93 03 30 11:36 45.040 122.636 11.8 1.1 109 0.05
33 93 03 30 11:41 45.041 122.606 13.3 1.7 52 0.15
34 93 03 30 15:29 45.030 122.596 13.2 1.1 126 0.12
35 93 03 30 16:56 45.059 122.609 11.0 1.6 68 0.21
36 93 03 30 17:30 45.016 122.607 9.8 1.4 129 0.29
37 9303 31 08:35 45.042 122.596 139 1.5 77 0.11
38 93 03 31 13:16 45.024 122.616 10.6 1.4 136 0.08
39 93 03 31 19:28 45.042 122,593 13.6 1.8 96 0.26
40 9303 31 23:43 45.042 122611 12.8 1.0 69 0.06
41 93 04 01 04:13 45.023 122.582 11.2 1.3 112 0.04
42 93 04 01 04:35 45.037 122.587 13.0 1.2 130 0.05
43 93 04 01 05:10 45.023 122.580 11.4 1.1 66 0.04
44 93 04 01 09:37 45.025 122.583 11.2 1.1 62 0.03
45 93 04 01 09:39 45.038 122.590 12.9 1.2 79 0.07
46 93 04 05 06:38 45.019 122.579 12.0 22 132 0.18
47 93 04 06 09:47 45,042 122,646 11.6 2.6 79 0.16
48 93 04 07 04:32 45.043 122.615 143 25 67 0.26
49 93 04 07 20:51 45,045 122.642 12.6 22 78 0.25
50 93 04 08 06:24 45.038 122,618 13.2 23 106 0.32
51 93 04 15 06:44 45.017 122.575 13.4 2.2 82 0.33
a 93 03 25 14:20 45.027 122.586 12.5 3.1 66 0.27
b 9303 25 15:35 45,028 122.589 13.4 3.2 66 0.28
¢ 93 06 08 00:01 45.022 122.583 13.9 39 66 0.33
d 93 04 30 23:01 45.042 122.596 14.9 25 66 0.10

*Event | is the mainshock: events 2 through 51 are the subset of aftershocks that combine USGS and PNSN data; and events a through d are additional
aftershocks with focal mechanisms shown in Figure 7, but located only with PNSN data,
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Table 2
Locations of USGS Temporary Stations and Two Closest PNSN Stations
Station Recorder North Latitude West Longitude Elevation Date Date
Name Type (deg. min. sec.) (deg. min. sec.) (km) Installed* Removed
ANG GEOS 4503 22.14 122 46 29.70 0.128 3/30 4/14
BCl Reftek 4501 44.10 122 37 04.80 0.192 327 4/01
BYR DR-200 44 59 56.40 122 31 07.32 0.660 328 4/01
BYR GEOS 44 59 56.40 122 31 07.32 0.660 4/01 415
CAL DR-200 44 57 03.80 122 33 29.20 0.615 3726 4/01
CAL GEOS 44 57 03.80 122 33 29.20 0.615 4/01 4/14
CHR GEOS 4507 42.20 122 27 06.90 0.349 3/27 3/30
DIE DR-200 4502 25.08 122 47 01.70 0.064 3/27 4/01
GLDO GEOS 45 06 33.00 122 38 02.00 0.091 3126 3/29
HAI Reftek 45 30 00.00 122 39 00.00 0.018 3/23 3/28
HOL DR-200 4502 39.12 122 44 26.40 0.092 3727 4/01
ILG DR-200 45 02 35.40 122 49 00.50 0.052 327 3728
LAN DR-200 45 03 48.80 122 35 12.48 0.207 326 4/01
LOM DR-200 44 59 00.60 122 38 14.40 0.277 326 4/01
MAQ GEOS 45 03 27.60 122 40 41.40 0.116 3/27 3/30
MHS GEOS 45 08 37.80 122 34 32.90 0.117 3/27 3/30
OST DR-200 45 04 46.80 122 38 01.10 0.159 3/26 4/01
OST GEOS 45 04 46.80 122 38 01.10 0.159 3/31 4/11
SAT DR-200 4502 17.10 122 42 33.50 0.181 3/27 4/01
SIV GEOS 44 58 44.40 122 43 22.75 0.308 3/27 4/14
SMI DR-200 4502 27.30 122 32 53.52 0.415 3126 4/01
SMI GEOS 4502 27.30 122 32 53.52 0.415 3/31 4/14
SSO PNSN 44 51 21.60 122 27 37.80 1.242 9/91 —
VG2 PNSN 45 09 20.00 122 16 15.00 0.823 9185 —
WAL Reftek 45 02 49.58 122 50 00.53 0.056 3/27 4/01
WBI Reftek 4502 49.62 122 50 09.46 0.056 327 4/01
WCl1 Reftek 4502 43.99 122 50 04.98 0.055 3/27 4/01
WIL DR-200 45 02 24.60 122 40 23.10 0.216 3/27 3129
YOD GEOS 45 08 40.50 122 40 51.75 0.067 3/27 3/30

*Installation and removal dates are given in month/day of 1993, excepl the PNSN stations, where the installation dates are listed in month/year.

Table 3
Summary of Digital Seismograph Parameters
Sensor Natural Sample Rate Dynamic

Recorder Deployment Number of Frequency, f, (Samples/ Range

Type Group Channels* Sensor* (Hz) sec) (bits)
GEOS Menlo Park 373 L-22/FBA 2.0/80.0* 200.0 16
DR-200 Denver 3/0 §-600071 2.1/1.7% 200.0 16
Reftek§ Golden 313 L-22/FBA 2.0/50.0* 200.0 16
PNSN PNSN 1/0 L-4C or §-13 1.0 101.016 14

*Velocity/acceleration.
TExcept station BYR with an L-22 sensor.

iVertical/horizontal components, except station BYR, which had f;, = 2.0 for all components.
§Stations BC1 and HA1 had six acceleration channels with f; = 50.0 Hz, and station HA1 had a sample rate of 100 samples/sec.

northeast and east-southeast. The cross sections show a
steeply dipping planar structure with strike 290 = 10° and
dipping 60 = 5° to the north-northeast, determined by visual
inspection. We refer to this planar structure as the Scotts
Mills Seismic Zone (SMZ) and interpret it as a subsurface
oblique reverse fault. Hypocenters of four events in Figure

6 are well removed from the SMZ and may lie on an auxiliary
fault or faults. The observed planar structure does not appear

to be an artifact of station geometry or location method. It
has persisted through several relocation schemes with sev-
eral different velocity models as well as various station cor-
rections (including zero station corrections). However, to
further test for the possibility that hypocenter uncertainty
may contribute to the apparent alignment, we repeated the
previously described jackknife analysis on the relocated
cvents (2 through 51 in Table 1) using our final model and
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Table 4
Model SM9

Depth Ve Vs
(km) (km/sec) (km/sec)
0.0 536 3.01
10.0 6.61 371
16.0 6.70 3.76
220 6.91 3.88
32.0 7.11 3.99
35.0 7.16 4.02
38.0 6.87 3.86
41.0 7.75 4.35

T T T T T T T T T T

Relative amplitude

Time, sec

Figure 4. Unfiltered velocity seismograms for
event 12. The top three traces are the high gain ver-
tical, north, and east components, respectively, of
USGS station YOD (10.4 km epicentral distance), and
the bottom trace is PNSN station SSO (26.2 km epi-
central distance). Traces are aligned on the P arrival.

station corrections. The results did not show preferential lo-
cation dispersion alignment along the SMZ. Also, using stan-
dard-error ellipse analysis, we found that the major axes of
the error ellipses were not preferentially aligned in the plane
of the aftershock distribution.

Focal Mechanisms

Using P-wave first motions and the layered velocity
model SM9, we fit double-couple focal mechanism solutions
to the mainshock and 10 aftershocks. Mechanisms for six of
the aftershocks utilize both USGS and PNSN data; the main-
shock and four aftershocks (events a through d in Table 1)
utilize PNSN data only. Lower-hemisphere equal-angle pro-
jections are plotted in Figure 7.

The focal mechanism solution from P-wave first mo-
tions agrees well with the solution determined by waveform
inversion of regional broadband data (Ndbelek and Xia,
1995) and waveform inversion of teleseismic data (Ndbelek
and Xia, 1995; Dewey ef al., 1994). The northwest-trending
nodal plane for the mainshock solution, strike 294° and dip
of 58° to the north-northeast, has a geometry similar to the
planar structure of the aftershock distribution. We infer that
this northwest-striking nodal plane is the slip plane of Scotts
Mills mainshock. With a rake of 138°, the motion on this
slip plane is oblique thrust, with approximately a 1:1 ratio
of strike slip to reverse motion.

Focal mechanisms for the aftershocks (Fig. 7) exhibit
significant variability, ranging from nearly pure strike slip
to nearly pure reverse motion. The largest aftershocks in the
sequence (events 8 and a through d, in Table 1) have solu-
tions generally similar to the mainshock (right-lateral strike
slip with a smaller component of reverse motion). The larg-
est aftershock of the entire Scotts Mills sequence (event c,
M;, = 3.9), occurring on 8 June 1993, has a solution quite
similar to the first located aftershock (event a, M, = 3.1)
that occurred | hr after the mainshock. Events @ and ¢ both
have solutions with northwest-trending nodal planes, strik-
ing 336° and 333° respectively, and dipping 63° and 44°,
respectively, to the northeast.

While the focal mechanisms vary, the P axes and in-
ferred directions of maximum stress are quite consistent. A
combined P and T axis distribution, shown in the inset of
Figure 7, shows that P axes tend to horizontal and clustered
about a north—south direction. This is in excellent agreement
with an approximate N10°E direction of maximum horizon-
tal compressive stress as determined by borehole breakouts
in both northwest Oregon (Werner et al., 1991), and Puget
Sound, Washington (Magee and Zoback, 1992), but is ro-
tated substantially from the N50°E direction of convergence
between the Juan de Fuca and North America plates (e.g.,
Riddihough, 1984). The north-south orientation of P axes
is also consistent with focal mechanism studies of crustal
earthquakes in western Washington (e.g., Ma et al., 1991;
Crosson, 1972, 1983), eastern Washington (Malone et al.,
1975), and Vancouver Island (Rogers, 1979). A tectonic
model for the Pacific Northwest that adequately relates the
oblique oceanic-continental convergence to the observed
north—south regional compressive stress is a subject of con-
tinuing research.

Frequency-Magnitude Relations

Magnitude calculations were made using the coda du-
ration scheme of Crosson (1972), modified to use the median
rather than the mean duration. Durations were measured
from the P onset to a time where the signal level was twice
the presignal noise level. Durations were chosen only on
USGS stations HOL, LAN, OST, and WIL (Table 2), and PNSN
stations BPO, FBO, MTM, TKO, VBE, and VLM (Ludwin et
al., 1994), all within 75 km epicentral distance. Mainshock
durations could not be measured from digital data because
the PNSN data were truncated. Instead, durations were de-
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Figure 6.  Orthogonal cross sections of earthquakes shown in Figure 5. In section
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termined from analog records of four PNSN stations. The
local Richter magnitude estimate for the mainshock is based
on amplitudes recorded by horizontal-component digital
PNSN stations (SEE and SEN) with simulated Wood-An-
derson responses.

Cumulative frequency-magnitude data for the earth-
quake sequence through the end of 1993 (132 earthquakes)

are plotted in Figure 8. There is a linear trend in the plot for
aftershocks in the range 1.7 < M, < 3.3 that conforms to
the standard Gutenberg-Richter relation,

log(N) = a — bM,

where N is the number of earthquakes with magnitude
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Figure 8. Magnitude-frequency plot for the Scotts
Mills earthquake sequence for events from 25 March
through 31 December, 1993,

greater than M, and a and b are constants. For M, < 1.7,
the departure from the linear trend is interpreted as an in-
dication of a threshold magnitude of about 1.7 for reliable
detection by the PNSN in the Scotts Mills area. The threshold
magnitude of about 1.7 is also observed in similar plots with
time windows that exclude the USGS data. For the Scotts
Mills aftershock sequence through the end of 1993, we find
b = 0.88 = 0.16, determined by the method of maximum
likelihood estimation discussed in Shi and Bolt (1982), with
a threshold magnitude of 1.7. The large uncertainties are the
result of a relatively small total number of events (100 of
magnitude 1.7 or larger). A curve with this slope is plotted
as a dashed line in Figure 8.

The b value of 0.88 for the Scotts Mills aftershock se-
quence is slightly greater than b values for other aftershock
sequences in the Pacific Northwest, such as 0.77 + 0.05 for
the Elk Lake aftershock sequence of 1981 (Grant ef al. 1984)
and 0.67 = 0.01 for the posteruptive Mt. St. Helens se-
quence of 1980 (Weaver er al.,, 1981). However, the above
values are smaller than the & value of 1.02 for Puget Sound



934

crustal (North America plate) earthquakes for 1970 through
1978 (Crosson, 1983).

Discussion

The mainshock and aftershocks occurred in the mid-
crust of the North America plate, between 8 and 15 km in
depth, with epicenters near the boundary between the Wil-
lamette Valley and the Cascade Range. We conclude from
our analysis of aftershocks that the mainshock ruptured on
a plane, the SMZ, with a strike of 290 + 10° and a dip of
60 + 5° to the north-northeast. The area of the rupture sur-
face, as inferred from the aftershock distribution, was about
28 km? (Fig. 6, section B-B'). This value is consistent with
the mainshock rupture area estimated by Ndbelek and Xia
(1995), based on a source time estimation from regional
broadband data.

The preferred slip plane for the mainshock focal mech-
anism has a geometry and sense of motion generally consis-
tent with the Mount Angel Fault (Fig. 7). The mainshock
fault-plane solution from first-motion observations strikes
294° and dips 58° to the north-northeast; this agrees with the
aftershock distribution. In comparison, the southeast portion
of the MAF has a mapped strike of 305° (Wermer et al.,
1992). Although the dip of the southeast section of the MAF
is poorly constrained, the northwest part of the MAF has a
dip of 65° to the northeast, based on a single seismic reflec-
tion line 2 km southeast of Woodburn (Werner et al., 1992).
The sense of motion of the Scotts Mills mainshock and sev-
eral aftershocks, a combination of reverse and right-lateral
strike-slip motion, is consistent with interpretations of post-
Miocene displacement on the southeast section of the MAF.
The strike of the MAF apparently changes as it enters the
Willamette Valley, as shown in Figure 7. The northwest por-
tion of the MAF, near Woodburn, has a mapped strike of
330°. In addition, Werner et al. (1992) determined a com-
posite focal mechanism for the 1990 Woodburn earthquakes
and for those earthquakes inferred right-lateral motion on a
plane striking 350 = 10°. This value is significantly different
from the trend of the southeast portion of the MAF and the
strike of the Scotts Mills mainshock slip plane.

We propose two alternative structural models for the
relationship between the MAF and the SMZ. In the first
model, the “fault zone model,” the MAF is a zone consisting
of several discrete faults. In this model, the MAF “zone™ has
a length of at least 25 km, and the fault strikes range from
290°, in the Cascade foothills, to up to 350° in the Willamette
Valley near Woodburn. In this model, the Scotts Mills earth-
quake and aftershocks occurred on one fault within the zone.
We note that Werner ef al. (1992) interpret the northwest
portion of the MAF as consisting of several faults, based on
a seismic reflection line through Woodburn. An alternative
model, the “listric model,” is that the MAF is a single but
curved fault. The dip decreases with depth and the strike
becomes more westerly toward the southeast end of the fault.

In this model, the Scotts Mills earthquake occurred on the
southeastern end of the MAF. Both of these models are con-

G. C. Thomas, R. S. Crosson, D. L. Carver, and T. S. Yelin

sistent with the surface projections of the MAF and SMZ
shown in Figure 7. Examples of more complex models for
the MAF are described by Werner et al. (1992).

The 1990 Woodburn earthquakes and the 1993 Scotts
Mills sequence are evidence that the MAF is a seismically
active structure. It may be an old shear zone reactivated by
current north—south compressive stress. There is no com-
pelling reason to exclude the possibility of a magnitude 6,
or larger, earthquake occurring anywhere on the MAF, in-
cluding the northwest portion near populated areas of the
Willamette Valley. Indeed, as a hypothetical example, we
can estimate the size of an earthquake rupturing through the
entire seismogenic thickness in this region, inferring the
thickness from the maximum depth of the Scotts Mills af-
tershocks. Thus, if we assume that a portion of the MAF
could rupture over a circular zone from about 16 km in depth
to the surface (18-km distance along a 60° dipping plane)
and also assume a stress drop of 40 bars, then the Brune
(1970, 1971) relation,

16r° Ao
0= 7 s

gives a moment estimate of 6.7 X 10* dyne-cm, corre-
sponding to an M,, = 6.5 earthquake.

Conclusion

Aftershocks of the Scotts Mills earthquake align on a
plane striking 290° and dipping 60° to the north-northeast.
The mainshock focal mechanism is consistent with oblique
thrust on this plane, driven by north—south tectonic stress.
Comparison of the rupture surface with the orientation and
position of the Mount Angel Fault suggests a close connec-
tion between the Scotts Mills earthquake and the MAF. Two
alternatives are (a) the Scotts Mills earthquake occurred on
a subsidiary fault within a complex fault zone comprising
the MAF, or (b) the Scotts Mills earthquake lies on a deep
southeast extension of a curved MAF, which exhibits listric
geometry at depth.

The combination of near-surface geologic and geo-
physical evidence of faulting and a significant earthquake at
mid-crustal depth of 15 km suggests that the MAF, and per-
haps other crustal faults in the Pacific Northwest, may be
seismogenic through approximately half the thickness of the
crust. Therefore, the seismic hazard posed by the MAF, or
related faults, may be higher than previously estimated. The
MAF may indicate a dominant style of faulting, activated or
reactivated by north—-south tectonic stress, that could apply
to the Portland Hills Fault as well as other faults of a similar
nature in this region.

Data Availability

The Scotts Mills digilal data set (~250 Mb) is available

upon request. This includes trace data and arrival time data
recorded by USGS and PNSN seismographs.
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Source Scaling and Moment Estimation for the Pacific Northwest

Seismograph Network Using S-Coda Amplitudes
by Shawn R. Dewberry and Robert S. Crosson

Abstract Earthquake coda waves can be used for investigating both source and
medium parameters. In this investigation, we introduce a method for estimating the
scalar seismic moment of local earthquakes using S-coda amplitudes recorded by
regional network stations. Assuming a single-scattering coda model, more than 8000
coda amplitude measurements from 78 local western Washington earthquakes (with
coda-duration magnitudes from 2.4 to 5.0) are used to estimate source spectra in the
narrow frequency band 2 to 12 Hz. Using a transmission model based on previous
studies, we find that our source modeling best supports an omega-square, constant
stress drop, far-field scaling model. An average stress drop of 32 bars is inferred for
the earthquakes studied. To calibrate the moment estimation procedure, a reference
event with known moment and corner frequency is required. Using a suitable ref-
erence event, we estimate moments for the remaining 77 events in the data set. The

moment values range from 5.1 X 10" to 4.4 X 10* dyne-cm.

Introduction

Magnitudes of small local earthquakes have been rou-
tinely estimated using total coda duration for many local
networks since the early 1970s (e.g., Crosson, 1972; Lee et
al., 1972; Real and Teng, 1973; Herrmann, 1975; Bakun and
Lindh, 1977; Chaplin et al., 1980). However, coda duration
is not only difficult to estimate consistently but is also sen-
sitive to noise, local structure, and instrument characteristics.
An alternative is to consider direct phase amplitudes. How-
ever, amplitudes are often difficult to measure on the low-
dynamic-range instruments found in many local and regional
networks where even moderate-sized earthquakes frequently
result in extensive signal clipping of the direct phase arrivals.
In contrast, coda amplitudes can almost always be measured
accurately after the clipped portion of the record. Addition-
ally, coda amplitude measurements do not suffer the same
degree of uncertainty as duration measurements. These fea-
tures make coda amplitude measurements an attractive al-
ternative for estimating source moment/magnitude. A goal
of this study is to develop a method for estimating scalar
seismic moments for small local earthquakes within the Pa-
cific Northwest Seismograph Network (PNSN) using coda
amplitude measurements.

The use of coda amplitudes for source size estimation
is not new; a robust method for magnitude estimation from
coda amplitude was considered by Johnson (1979) for the
CEDAR system in southern California. Suteau and Whit-
comb (1979) used the linear relationship between the loga-
rithm of seismic moment, M,, and local magnitude, M,, to
develop a functional relationship between magnitude and

both coda amplitude and duration for shallow southern Cal-
ifornia earthquakes. Also, Biswas and Aki (1984) related the
coda amplitude decay with lapse time (time measured from
the event origin) to known moment for two Alaskan earth-
quakes. Using this amplitude-moment relation, they as-
signed moment values to a group of smaller events. Like
Biswas and Aki, we seek to estimate moment directly from
coda amplitude (rather than determining a magnitude-coda
amplitude relation which is then applied to an empirical mo-
ment-magnitude relation for moment estimation). Since seis-
mic moment is the most fundamental parameter used to con-
vey source size, moment determination directly from coda
amplitudes using a robust method should prove extremely
valuable in practical application.

Our method applies the single-scattering coda model of
Aki and Chouet (1975) to amplitude measurements (at a
given frequency and lapse time) from many sources recorded
by multiple short-period stations. Source factors are com-
mon to all instruments but vary from event to event. On the
other hand, site responses are common (o all events but vary

from station to station. We exploit the redundancy provided
by a large number of measurements to construct a least-

squares inversion for the estimation of source factors and
site responses.

Using source factor estimates at several frequencies, we
construct a portion of the source spectra for earthquakes with
a range of sizes. These narrow-band source spectral esti-
mates are then used in a spectral ratio method (e.g., Chael,
1987; Chael and Kromer, 1988; Boore and Atkinson, 1989;
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Chun et al., 1989; Bungum and Alsaker, 1991) to investigate
and constrain the regional far-field source scaling. Unlike
the previously mentioned spectral ratio studies, our study is
not limited to the analysis of mainshock/aftershock se-
quences using direct phases. Instead, we use coda waves,
which are independent of source-receiver distance and azi-
muth (Aki and Chouet, 1975; Rautian and Khalturin, 1978).
The use of coda waves allows for events selected to be nearly
uniform in their spatial distribution. Using the scaling model
best constrained by the data with at least one event of known
corner frequency, f,, and moment, M,, source factor esti-
mates are then related directly to seismic moments through
the spectral ratio.

An important additional result of this study is internally
consistent network calibration using site responses generated
from the coda data. With known site responses, moment es-
timation becomes a forward problem. Coda amplitude meas-
urements taken from the seismogram recorded at any cali-
brated site can be translated in near real time to a moment
estimate. As a time-domain procedure, this method of mo-
ment estimation lends itself well to automated network pro-
cessing and should provide better estimates of source size
compared to present methods using coda duration for the
PNSN.

Modeling of Local Earthquake Coda Waves

Aki (1969) suggested the origin of local earthquake
coda waves as the superposition of backscattered energy
generated by weak scattering of primary waves from ran-
domly distributed heterogeneities. Observations of similarly
shaped coda amplitude decay envelopes for earthquakes of
different magnitudes showed coda waves to be insensitive
to direct wave source-receiver path and epicentral distance
(Aki and Chouet, 1975; Rautian and Khalturin, 1978), sup-
porting the backscattering model. The coda amplitude at a
given frequency and lapse time can be described as the prod-
uct of the coda source spectrum, S(f), and the response of
the medium to the source. For the single-backscattering
model of Aki and Chouet (1975), the coda amplitude ex-
pression takes the simple form

A(f, ) = S(Ht—+ exp (%&) (1)

where f is frequency,  is lapse time, and Q describes the
effective coda attenuation. For body-wave scattering, v =
1.0, while for surface-wave scattering v = (0.5. A limitation
of the single-scattering model occurs at long lapse times
where multiple scattering becomes increasingly important
due to secondary wave generation as the sampled scattering
volume becomes large (Gao et al., 1983a). Coda modeling
by Gao er al. (1983a, b) expanded the single-scattering
model to include multiple scattering. More recent work by
Frankel and Wennerberg (1987), Wu (1985), and Wu and
Aki (1988) applies energy flux and radiative transfer theory
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to coda modeling. Despite the oversimplifications of the sin-
gle-scattering model, it gives results that generally agree
well with observations. For a comprehensive review of coda
waves, see Herraiz and Espinoza (1987).

Coda Q

Attenuation is important in coda modeling and is para-
meterized by the seismic quality factor, Q. One method of
@ determination for a local region uses the S-coda ampli-
tudes of local earthquakes. Starting with the coda model
given by equation (1) with body-wave scattering, the am-
plitude term is corrected for geometrical spreading, and then
the expression is linearized as

In[A(f, 1) - ] = —bt + c, (2)

where b and ¢ are found by linear regression of In [A(f, 1) - 1]
on t. The slope of the line is related to O, as b = #flQ.
Resulting O values may show frequency, lapse time, and/or
depth dependence.

A coda Q study using this technique was performed by
Havskov e al. (1989) for the state of Washington in the
frequency range of 2 to 16 Hz. Havskov et al. found no
significant regional dependence (excluding the Mt. St. Hel-
ens region) or depth dependence for Q. Havskov et al. also
found @ to be frequency dependent, fitting a power-law re-
lation of the form @ = Q,f%, with Q, = 63 and a = 0.97.
However, these coda Q values were limited to amplitude
measurements taken at lapse times =43 sec, and application
of these results at longer lapse times may not be warranted
as deep scatterers may be located in rock of higher Q. Use
of only the Havskov et al. Q model in this study could pro-
duce error because we include amplitude measurements at
lapse times longer than 43 sec. Therefore, we undertook a
study to determine a Q model for lapse times longer than 43
sec for comparison with the Havskov et al. QO model. The
results and their implications are discussed in the analysis
section.

Far-Field Scaling

Corner frequency (f,) and moment (M) are both im-
portant parameters that affect general spectral shape and ab-
solute scaling of a seismogram. The far-field source dis-
placement spectrum is constant at low frequency, with the
spectral height being proportional to M,. At high frequency,
the spectrum rolls off as a power of frequency. The inter-
section of these two regions defines f, (Brune, 1970). A gen-
eral analytic form for the source scaling is given by

kM,

w 3 be7ad
1+ |—
120

where ((w) is the source displacement amplitude, M, is seis-
mic moment,  is angular frequency, , is angular corner

Qlw) = (3)
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Figure 12. Log-log site response comparison of
43 sites common to this and the VanDecar (1991)
study. Outliers to the data trend about a unit slope line
are identified by their station names.

results is that our data set contains events sufficiently large
that the source corner frequencies are generally lower than
those frequencies at which the site responses strongly affect
the spectra. An exhaustive investigation into the nature of
site responses is beyond the scope of this study.

Implementation of the Moment Estimation Procedure

The application of our moment estimation technique to
PNSN data, as part of routine earthquake analysis, is straight-
forward. The process involves the following general steps:
(1) selecting data in the § coda of a seismogram from one
or more of the calibrated stations to make an amplitude
measurement while ensuring that, for each trace, the window
position selected is at least twice the § lapse time and does
not occur within a clipped portion of the signal. (2) Extract-
ing the rms amplitudes from as many as five different nar-
row-band filtered windows in the § coda and in the presignal
region, testing the signal-to-noise ratio, and discarding data
with signal-to-noise <<3. (3) For each acceptable measure-
ment at a given station, generating source factors by apply-
ing site, geometrical spreading, and attenuation corrections,
(4) Using the mean of all source factors over all calibrated
sites for a given frequency, substitute into equation (13) to
find a frequency-specific moment estimate. (5) Assigning a
final moment estimate using either the mean or median of
the frequency-specific estimates. This procedure can be im-
plemented as part of an automated processing system by
replacing the analyst input at step (1) with data extracted by
an algorithm that selects the data window times based on
direct data characteristics. Of course, a preliminary event
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origin time and location are required for the application of
the coda model amplitude corrections.

Conclusions

We have demonstrated that the application of the Aki
and Chouet (1975) single-scattering coda model to S-coda
amplitudes from many earthquakes recorded at multiple sta-
tions permits consistent source factor and site-response es-
timation. Seventy-seven source factor spectral ratios, taken
in the frequency band 2 to 12 Hz with respect to a reference
event, provide strong support for an w-square scaling model.
Moreover, absolute scaling of these source factor estimates,
as determined by one reference event of known moment,
suggests the w-square, CSD scaling model as an appropriate
regional scaling model. Using this scaling model, along with
one earthquake of known corner frequency and moment,
moment estimates are generated from the source factor es-
timates with values ranging from 5.1 X 10" to 4.4 X 10#
dyne-cm for the remaining 77 regional earthquakes in the
data set.

In addition, site-response estimates generated along
with the source factor estimate permit network calibration.
Once the network is calibrated, source factor and moment
estimation using coda amplitude measurements proceeds di-
rectly from simple calculations. This method of moment es-
timation not only lends itself to rapid network analysis, but
also should provide improved source size estimates for lo-
cally recorded earthquakes from regional network data.
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Figure 9. Moment versus surface-wave magnitude
for 30 events outside Washington State used to estab-
lish a regional moment-magnitude relation. Extrapo-
lation of the equation of the least-squares line, shown
in the lower right-hand corner, to a surface-wave mag-
nitude of 4.1 is used to estimate the moment of event
70.

source corner frequencies as a result of non—source related
influences. Anderson and Hough (1984) and Anderson
(1986) suggest that local attenuation alters the shape of the
high-frequency decay of the S-wave spectra, including the
region of f;. For sites with even slight attenuation, they sug-
gest that the observed (apparent) corner frequency is syste-
matically smaller than the true corner frequency for events
up to M, < 10 dyne-cm (M ~ 6). For a reasonable range
of spectral decay parameters imposed on the -square
source model by Anderson, the difference between the true
and apparent corner frequencies is of the order 0.5 Hz for
an M ~ 5 event (event 70). The discrepancy is larger for
smaller events. The impact of underestimating f;, for the ref-
erence event in our testing of scaling models is minimal,
since the testing procedure included a range of f; values from
0.7 to 2.0 Hz. In fact, for all cases, whether the observed or
slightly larger corner frequencies are used, the @w-cube mod-
els do not fit the data. The likely underestimated value of f;
for the reference event maps into other source-parameter val-
ues expressed above, source radius and stress drop. This is
not as problematic for the source radius estimate as its value
is supported independently by the associated aftershock hy-
pocenter distribution. Our stress drop estimate may be less
certain because of its dependence on both M, and the cube
of f,. Nonetheless, uncertain values for the reference event
source radius and stress drop should not detract from our

(a)

log M, (dyne-cm)

(b)

log M, (dyne-cm)
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Figure 10. Empirical fits of the source factor es-
timates in (a) to an w-square, CSD scaling model, and
in (b) to an @-square, ISD scaling model. For a ref-
erence event (event 70) with a moment constraint of
6.30e+22 = M, = 6.30e+23 dyne-cm (or 22.8 =
logM, = 23.8), the w-square, CSD model shows the
best fit while maintaining the moment constraint.
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primary goal of source model constraint and moment esti-
mation,

Moment Estimates

As arough check on our moment estimates, we compare
coda-duration magnitudes previously assigned to these
events (by network analysts) to moment magnitudes gener-
ated from the Hanks and Kanamori (1979) moment-magni-
tude expression,

log M, = 1.5M + 16.1. (16)
This relation is stated by Hanks and Kanamori to be valid
for3=M,=7.5=M,=17.5,and M, at larger magnitudes.
Moment magnitudes values generated using equation (16)
for each event are given in Table 1. Figure 11 shows a plot
of coda-duration magnitude versus moment magnitude with
agreement between the two independently derived quanti-
ties. Linear regression of M, on M results in
M, = (1.04 = 0.04 M — (020 = 0.14). (17)
The moment magnitudes derived from the moment estimates
are consistent with coda-duration magnitudes for these
events. This suggests the moment-magnitude relation of
equation (16) may be generally valid for 24 = M. = 5.0
events recorded by the PNSN.

Our final moment estimates are dependent on two po-
tentially uncertain reference event source parameters, f;, and
M,. Future recording of larger events by broadband instru-
ments of the PNSN will improve our ability to independently
estimate the reference event parameters required to refine
the calibration of our moment estimation method.

Site Responses

While a major goal of this study has been moment es-
timation from source factor estimates, the site responses gen-
erated by the least-squares inversion are also of interest.
These site-response estimates are effective scalar site am-
plifications. Made with the assumption of frequency inde-
pendence, they represent averages over the frequency band
of both instrument gains and local geological/structural ef-
fects. With an additional temporal invariance assumption
implied, they provide in situ site calibrations that allow for
source factor (and thus scalar seismic moment) estimates to
be made from coda amplitudes for any local earthquakes
recorded by one or more of the 47 stations included in this
study. Moreover, the estimation of moments from the source
spectra of calibrated stations may be easily incorporated
within standard network analysis and even automated to pro-
vide efficient and rapid source size estimation.

It is interesting to compare our site-response estimates
(or site amplification factors) with those from a previous
study by VanDecar (1991) who generated site responses for
146 sites within the PNSN with bandlimited (0.5 to 5.0 Hz)
teleseismic P-wave amplitudes using an iterative residual
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Figure 11. Coda duration magnitude versus mo-
ment magnitude for all 78 events. Moment magnitude
(M) values are derived using the moment estimates
with the Hanks and Kanamori moment-magnitude re-
lation (equation 16). The equation of the least-squares
line is given in the lower right-hand corner.

down-weighting inversion technique. Forty-three sites com-
mon to both studies are compared. To make a meaningful
comparison, the VanDecar site responses are normalized
such that the geometric mean is unity. Figure 12 shows a
log-log plot of the site responses; the data for all but five
sites fall near a line of slope 1. Four of the five outliers (CDF,
EDM, SHW, and SOS) are sites at or near Mt. St. Helens.
These five outliers could result from frequency-dependent
near-receiver scattering and/or attenuation. The general
agreement between the site-response estimates from both
studies suggests that site responses from each include the
same major contributor, the station instrument gain.

In light of the work done on site amplification by recent
investigators (e.g., Phillips and Aki, 1986; Frankel and
Wennerberg, 1989; Mayeda et al., 1991; Koyanagi et al.,
1992) showing systematic frequency dependence in site re-
sponses, our assumption of frequency independence must be
critically examined. In addition, the observation by Frankel
and Wennerberg (1989) of apparent corner frequencies that
are strongly influenced by site responses needs to be further
examined in light of our scaling model results. The events
they analyze included microearthquakes with M, < 10"
dyne-cm, with observed corner frequencies falling between
6 and 9 Hz. Their observation of moment-invariant corner
frequency is contrary to the general trend of corner fre-
quency shift observed in this study. Wahlstrom (1993) also
found a similar increase in source corner frequency with
moment for S-wave displacement spectra from earthquakes
recorded near Vancouver Island. The interpretation of these
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Example of spectral ratio testing of four different scaling models using

coda source factor spectral ratios. This example uses event 70 as the reference event

with a corner frequency of 1.0 Hz.

ues of Y = 2,4 = 3, and appropriate values of reference
event w,, and M, into equation (13), the source factor es-
timates for all other events can be related to moment. The
solutions to equation (13) includes three analytic roots, one
real and two complex. For the range in coefficient values
appropriate for our data set, the complex solutions are not
degenerate. The single real root is used as the solution for
each of the five frequencies, and final moment estimates are
assigned as the mean of the five frequency-specific values
for each earthquake. The resulting mean moment values for
all other events are given in Table ; they range from 5.1 X

10" to 4.4 x 10* dyne-cm. It is important to note that the
accuracy of these moment estimates is directly affected by
the accuracy of the moment estimate for the reference event.

Discussion

Source Factor Estimates

Systematic bias of the source factor estimates is a con-
cern. One potential source of bias could be noise at low

signal levels. Those seismograms with signal-to-noise ratios
at or near the cutoff may have significant noise, which could
bias the measured amplitude upward. Since smaller events
typically have smaller signal-to-noise ratios than the larger
events, source factors and moments for small events may be
overestimated.

Another potential for source factor bias could be the use
of inappropriate coda Q values. Our observation of an in-
crease in apparent coda Q with increased lapse time, along
with similar observations made by other investigators (e.g.,
Rautian and Khalturin, 1978; Phillips and Aki, 1986; Su and
Aki. 1990: Mayeda et al., 1991), demonstrates the need to
limit amplitude measurements to appropriate lapse-time
windows. The use, for example, of coda Q determined for
short lapse times (<43 sec) at longer lapse times (43 to 120
sec) overestimates the attenuation, and thus results in a larger
attenuation correction to the measured amplitudes. Source
factors in this case will be overestimated. Since larger events
typically have larger signal-to-noise ratios at longer lapse
times than smaller events, the potential for overestimating
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Table 6
Events Used to Establish a Regional Moment-Magnitude Relation
Event Date Origin Time Lat, Long. Depth Mag. Mag. M,
D (m/d/yr) (GMT) (°N) W) (km) m, M, (dyne-cm)
1 10/28/1583 14:06:06.6 44.058 113.857 10 6.2 7.3 3.le+26
2 10/28/1983 19:51:24.4 44.073 113.911 7 5.4 51 2.8e+24
3 10/29/1983 23:29:11.5 44.231 114.105 9 5.4 5.0 22e+24
4 06/24/1984 21:33:09.5 51.187 130.361 10 5.4 58 6.1e+24
5 08/30/1984 12:28:39.7 54.113 133.639 10 55 5.5 8.3e+24
6 08/12/1984 00:24:47.6 50.253 129.962 10 52 49 1.1e+24
7 02/22/1984 09:46:30.2 44 467 114.008 10 5.0 5.1 24e+24
8 08/06/1984 06:16:40.1 44.439 114.154 10 5.0 4.4 4.8e+23
9 09/10/1984 03:14:10.1 40.503 126.831 10 6.1 6.7 1.0e +26
10 07/23/1985 18:04:16.5 41.850 126.865 10 4.8 50 l.le+24
11 03/13/1985 19:34:57.6 43510 127.561 10 6.1 6.3 5.5e+25
12 02/11/1986 01:15:57.2 41.634 125,353 10 5.0 5.0 l.le+24
13 10/05/1986 21:57:20.5 43.493 127,252 10 5.1 5.1 3.le+24
14 06/27/1987 06:01:36.7 43.486 127.094 10 52 4.6 l.4e+24
15 12/07/1987 17:48:15.6 43.512 127.251 10 5.0 4.6 6.6e+23
16 05/26/1988 19:01:34.4 49.084 128.340 10 5.1 4.8 7.6e+23
17 07/19/1988 10:54:41.7 50.506 129.924 10 54 54 3.0e+23
18 10/23/1988 13:48:35.6 44,423 129.455 10 53 5.5 2le+24
19 11/27/1988 00:36:19.0 50.801 130.054 10 5.1 53 3.2e+24
20 05/16/1989 12:21:10.7 43.555 127.632 10 53 53 2.6e+24
21 09/21/1989 17:41:18.0 40.327 124.705 16 4.8 4.7 6.2e+23
22 01/05/1990 07:16:51.7 41.842 126.885 10 4.7 5.1 l.4e+24
23 01/16/1990 12:57:20.7 43.560 127.402 10 4.8 49 2.8e+24
24 01/17/1990 12:05:29.8 43.589 127.443 10 54 52 3.7e+24
25 02/03/1990 09:54:55.6 51.125 130.238 10 52 5.4 2.0e+24
26 02/16/1990 13:28:42.8 49.121 127.714 10 52 49 l4e+24
27 09/20/1990 23:13:40.6 41.690 126.946 10 52 49 9.6e+23
28 09/30/1990 09:13:159 41.781 126,907 10 4.7 43 34e+23
29 07/13/1991 02:50:14.6 42,182 125.641 11 6.2 6.9 2.le+26
30 08/16/1991 22:26:17.2 41.697 125.385 10 535 6.3 3.le+25
the source factor estimates (and thus moment estimates), in 2348 14
this case, is manifest in the larger events. The incorporation b= 2nf (14)
of a lapse-dependent coda Q in this study decreases the like-
lihood of gross errors in attenuation corrections and thus and
source factor estimates.
™,
Ao = 8, (15)

Scaling Law Model

Although the spectral ratio method is useful in discrim-
inating between various scaling-law models, the limited
bandwidth of our data makes the choice of a scaling model
more difficult. Intermediate or broadband data for regional
and local earthquakes are needed to provide improved con-
straint of the scaling law. If only a single reference is used
in the spectral ratio method, the results are furthermore sub-
ject to uncertainties that might exist for that event. The use
of more than one reference event could improve confidence
in the scale modeling results by reducing the influence of
uncertainties for any single reference event.

Using the M, and f; estimates for the reference event
(event 70), source dimension and stress drop are calculated
for the scaling model fit by our analysis. Following Brune
(1970, 1971), where

we estimate a source radius of 1.4 km, assuming a f§ value
of 3.75 km/sec and a stress drop of 32 bars. This reference
event was the mainshock of a sequence of events located
near Deming, Washington. Locations of aftershocks re-
corded by both the PNSN and a temporary seismograph array
show a hypocenter distribution that is consistent with the
1.4-km source radius (Qamar and Zollweg, 1990). The 32-
bar stress drop is consistent with average stress drops re-
ported for both plate-margin earthquakes and comparably
sized midplate earthquakes (Nuttli, 1983) and with the 40-
bar estimate for the M,, 5.5 Scotts Mills, Oregon, earthquake
(Nabelek and Xia, 1995).

The method of corner frequency determination used for
the reference events is subject to error. The corner frequen-
cies observed may well systematically underestimate the true
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Table 4
(Continued)
2 Hz 4 Hz 6 Hz 8 Hz 12 Hz
ID logS, (N (o) logS,(f) (£a) logS,(f) (ta) logS, () (*a) logS, (N (ta)
62 5.62 1.83e—02 541 1.42e—02 5.26 1.98e—02 5.09 1.70e—02 4.85 3.57e—-02
63 3.45 6.70e — 02 3.52 6.80e—02 3.50 3.75e—02 347 6.08e—02 3.38 591e—02
64 3.44 4.3%e—02 3.55 1.18e—02 3.55 2.72e—02 3.53 3.17e—-02 3.44 3.8le—02
65 4.13 6.15e—02 420 5.34e-02 4.16 1.53e—02 4.10 3.16e—02 3.96 7.30e—02
66 3.73 1.87e—02 3.75 4.93e—02 3.69 3.3%-02 3.66 9.46e—03 342 3.86e —02
67 3.16 4.10e—02 3.28 3.48e—02 3.32 2.82e—02 3.36 2.89e 02 3.24 3.80e—02
68 3.84 3.53e—-02 3.81 4.53e—-02 3.76 2.86e—02 373 3.48e—02 346 7.16e —02
69 3.64 2.49e—-02 372 1.17e—02 3.75 2.20e —02 3.76 471e—02 3.62 4.36e—02
70 5.80 7.97e—02 526 6.43e—02 5.10 3.31e—-02 4.91 5.36e—02 4.78 1.15¢ —01
71 353 6.49% — 02 3.63 2.83e—02 3.58 5.89e — 02 3.44 433e—02 3.17 9.57¢ —02
72 332 7.00e—02 338 3.36e—02 3.38 6.10e —02 333 5.98¢—02 3.17 9.0le—02
73 4.25 6.58e —02 4.22 2.75e—02 4.14 3.19e—-02 4.07 3.18e—-02 3.93 2.18e —02
74 3.16 8.06e — 02 335 6.86e — 02 320 210e—02 316 3.50e—02 2.96 1.28¢—01
75 3.39 4.66e—02 3.55 7.72¢ 02 344 5.12e—02 3.40 3.29e—-02 325 5.90e—-02
76 3.31 4.07e—02 3.46 4.67e-02 3.55 1.72e - 02 3.56 2.63e—-02 3.50 9.21e—02
77 3.38 2.25¢—02 352 35202 352 3.07e - 02 3.51 3.40e—02 3.35 7.26e—02
78 3.90 4.38e — 02 3.94 4.00e— 02 3.85 3.30e—02 3.77 4.30e— 02 3.64 4.00e - 02
6 T ] cube, CSD model does not fit the data. Testing using two
Reference Event (#70)
“ & £ other reference events (events 58 and 62) also demonstrates
1] a poor fit of both w-cube, CSD and w-cube, ISD models to
A the data. However, resolution of a best fit between the two
i f2 w-square models is not possible using the spectral ratio
8 S5 4  method alone.
@ h To resolve the remaining model ambiguity we turn to
% i 1 the absolute scaling of the source estimates. Establishing the
% i 1 absolute scaling requires knowledge of the corner frequency
2 i 1  and moment of at least one of the reference events from the
.§ 4r 5 data set. Unfortunately, none of the events had an indepen-
O i dently determined moment. The largest event (event 70) was
o 1 f; assigned M, and m, values of 4.1 and 4.4, respectively, by
o the National Earthquake Information Center (NEIC). To es-
timate the moment of this reference event, we determined
3r 7 an empirical relation between moment and magnitude for
i 1 the region. Thirty regional earthquakes in Idaho, offshore
8 5 . . il l ] Oregon and California, Vancouver Island, and the Queen
10 10 Charlotte Islands (see Table 6 for event parameters) were
Frequency (Hz) selected using magnitudes assigned by the NEIC and mo-
. ments from published Harvard CMT solutions. All event pa-
Figure 5.  Source spectra for each of the 78 events

constructed from the five frequency-specific source
factor estimates. Each spectral curve has been cor-
rected to displacement.

spectral ratio curves for four scaling models (for specific d,
Y, and @, values). Figure 8 shows four different families
of spectral ratio curves as solid curves. For any given plot
each successive curve denotes a decrease of the moment
ratio by a factor of 10. Superimposed over each theoretical
model are source spectral ratios taken with respect to event
70, with a corner frequency of 1.0 Hz. In all, three reference
events, each with three different corner frequencies (mean
and mean * uncertainty), have been tested. Clearly, the w-

rameters were obtained from the U.S. Geological Survey
Preliminary Determination of Epicenter (PDE) listings. A
semi-log plot of M, versus M is shown in Figure 9 for these
30 events. Linear regression of loghM, on M gives the fol-
lowing magnitude-moment relation:

log M, = (1.00 = 0.05) M, + (19.21 + 0.25). (12)

The regression correlation coefficient is 0.97. Extrapolating
the linear trend of equation (12) to the assigned surface-wave
magnitude for event 70, we estimate a moment of 2.0 X
10%* dyne-cm. This extrapolation appears valid since event
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Figure 6. Example seismogram recorded by the 5-sec (intermediate-period) instru-
ments used for the corner frequency determinations of events 58, 62, and 70. The trace
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Figure 7. A sample displacement spectrum from
an intermediate-period record showing the corner fre-
quency, f,, as implied by the intersection of the flat
low-frequency and high-frequency roll-off regions of
the spectrum.

70 is quite near the lower end of the data used to establish
the linear relation.

With this benchmark moment, we are able test the two
remaining w-square scaling models for agreement with our
source factor estimates. As shown in Figure 10a, the w-
square, CSD model is a good empirical fit to the data with

Table 5

Corner Frequencies for Three Large Events from
Intermediate-Band Data

No. of Stations
Event 1D filHz) +4df,(Hz) Used
58 1.5 0.5 2
62 1.0 04 4
70 1.0 0.4 4

the reference event source spectrum falling just within the
lower limit of the moment estimate. The w-square, ISD
model does not fit the data well if the reference event source
spectrum is constrained to fall within the reference moment
estimate interval. For the spectral shapes of the data to ap-
proach those of the w-square, 1ISD model, the reference mo-
ment estimate is required to be smaller by at least one order
of magnitude, as shown by Figure 10b. Thus, the w-square,
CSD model is best supported by the data.

Scalar Moment Estimates

With ane event of known corner frequency and seismic
moment and an appropriate scaling model, the source factor
estimates can be directly related to seismic moment by solv-
ing equation (11) for the non-reference event moment, M,
in terms of all of the known quantities:

M3 — MM, ,(3C + B*CY)
+ IMMC? — ML,C? =0, (13)

where B = (w/w,,)?, C = (R(w))/(1 + B), and R(w) is the
source factor spectral ratio of equation (11). Substituting val-
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(a)

Observed Residuals

-6 -4 -2 0 2 4 6
Predicted Residuals

(b)

Observed Residuals

i 1 1 1 L 1 1
-6 -4 -2 0 2 4 6
Predicted Residuals

Figure 4. (a) Quantile-quantile plot of the residu-
als for 8430 coda amplitude data from the least-
squares inversion. The deviation from a straight line
with a slope of 1 implies a non-Gaussian distribution.
(b) Quantile-quantile plot of the residuals for the orig-
inal 8430 amplitude data less 70 of the largest abso-
lute residual values, The reduced data set residual dis-
tribution is nearly Gaussian. See text for details on
quantile-quantile plotting.

estimates for the model parameters log/; and logS(f). The
assumption of constant data variance made using the classic
least-squares approach, while convenient, is not necessarily
justified. However, the jackknife method assumes no a priori
knowledge or constraint of the data variance and simply
maps the inherent variance in the data to the model param-
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eters. Therefore, we prefer to use the error estimates pro-
duced using the jackknife method. Tables 3 and 4 show the
model-parameter estimates, log/, and logS§,(f), along with the
associated jackknife error estimates. All values given are
log-transformed quantities.

With the five source factor estimates for each event from
the least-squares inversion, we construct a narrow region of
the source spectrum after correcting the response to displace-
ment; Figure 5 shows the resulting displacement source
spectra for all events. The slopes of these spectra generally
range from — 2 for the largest events to zero for the smallest
event, though some show considerable deviation. This trend
reflects the typical corner frequency shift with moment in-
herent in the far-field scaling models.

Scaling Law Constraint

To select an appropriate regional source scaling model,
we apply a spectral ratio method as discussed by Chael
(1987) to the source factor estimates returned from the in-
version. Aki and Chouet (1975) showed that the ratio of the
source spectra, Q,/Q,, for two different earthquakes is given
by the ratio of the coda source factors, S,/S,. Given a ref-
erence event, we define R*(w) as the ratio of the squares of
the coda source factors of the reference event, S (w), and any
other event, S(w). R*w) can be expressed in terms of the
moments using equations (3) and (4):

2 2
Ry = S@P _ [M,,}

T IS(@)F | M,,

2 Y
w \?
L+ (2
@y,

M, % [\ ]’
i o =B [
MO.r a)u,r

where @, is the reference event corner frequency, and Y
and ¢ are model dependent constants to be determined. A
priori knowledge of a reference event corner frequency is
required to use the spectral ratio method, so estimates of
corner frequencies for the three largest events were made
using the direct-S and S-coda portions of each intermediate-
period seismogram. Figure 6 shows an example raw seis-
mogram for event 70. To estimate corner frequencies, we
employed a standard spectral method. Each seismogram is
windowed from the S arrival to the signal end. Windowed
data are demeaned, tapered, and transformed to the fre-
quency domain, and the corner frequency is estimated by
inspection from the intercept of the flat low-frequency and
high-frequency roll-off regions of the spectrum. Figure 7
shows a sample displacement spectrum with the inferred cor-
ner frequency. Estimates of the corner frequencies for events
58, 62, and 70 are determined using as many as four dis-
placement spectra. Table 5 gives the resulting corner fre-
quencies for these three events.

Using equation (11), we generate and plot families of

(11
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Table 4
Source Factor Estimates
2 Hz 4 Hz 6 Hz 8 Hz 12 Hz

D Tog$,(f) (+a) logS, () (+0) log$, () (ta) logs, () (+a) logs,(f) (te)

| 449 5.36e—02 443 227e—02 4,29 6.51e—02 4,13 1.07e -01 3.85 1.19e =01
2 4.40 1.80e—01 441 1.33e—01 4.28 7.34e=02 4.28 1.76e —01 4,05 7.54e—02

3 495 6.75e—02 4.66 4.44e—-02 4.54 1.05e—01 4.35 1.12e =01 4.07 1.15e =01
4 4.29 7.45e-02 3.93 2.5le—02 3.74 5.05e—02 3.63 5.07e—02 3.40 1.49e - 01

5 4.77 1.07e—01 4.81 7.45¢—02 473 5.54e—02 4.55 5.87e—02 4.36 7.35e—-02
6 441 6.00e —02 4.35 8.99¢ - 02 4.29 9.27e—-02 4.10 | 9.65¢—02 398 1.33e—01
7 4.85 9.24e—-02 4.86 5.79e—02 4.78 3.53e—02 4.60 5.65¢—02 432 8.94e — 02
8 4,18 5.42e-02 4.15 S5:5Te~02 4.03 3.97e—02 3.92 6.75¢ —02 3.77 7.54e —02
9 4.22 5.76e —02 4.18 4.38e —02 4.19 5.85e—02 4.16 T.14e—-02 3.94 1.06e —01
10 4.71 6.14e —02 4.74 2.67e—02 4.65 1.92e—02 4.50 1.26e—02 4.17 T.41le—02
11 482 6.96e - 02 4.49 4.32e—02 4.32 3.65e —02 4.22 6.11e—02 4.00 6.06e —02
12 4.19 6.97e —02 4,12 5.0le—02 4.04 4.03e—02 3.87 3.43e—02 3.53 3.66e—02
13 3.89 2.3%—-02 3.87 2.46e—02 3.82 1.98e—02 3.80 4.42e—02 3.64 6.30e —02
14 3.65 2.38e—-02 3.68 2.89e—02 373 245¢—02 3.62 6.15¢—02 3.40 8.11e—02
15 425 3.65e¢—-02 4.25 2.46e—02 4,25 4.17e—02 4.15 4.30e - 02 3.96 1.00e —-01
16 2.81 8.03e—02 3.07 6.81e—02 3.07 5.18e —02 3.1 4.66e—02 3.01 6.88e —02
17 4.40 7.36e—-02 437 5.29e—02 4.29 3.12e—02 4.18 6.53e—02 3.90 7.09e —02
18 4,19 8.88e —-02 4.28 5.65e—02 4.25 5.64e—-02 4,16 6.08¢ —02 393 5.38e—02
19 3.86 4.66e —02 3.94 1.84e—02 391 3.15e —02 3.87 4.46e—02 3.62 7.70e — 02
20 3.60 4.73e 02 3.64 242e—02 3.66 2.83e—02 359 4.65e —02 348 6.18¢ —02
21 4.35 2.44e—-02 4.38 2.36e—02 4.29 2.23e—02 4.23 3.01e—02 4.02 5.77¢—-02
22 3.59 5.25¢—02 3.67 4.17e—02 3.62 3.0le—02 3.52 5.01e—02 3.36 7.48e—02
23 347 2.22e—02 3.58 3.55¢—02 3.61 4.18¢—02 3.66 2.48e—-02 345 4.90e —02
24 3.66 5.73e—-02 3.54 3.99¢—-02 3.55 7.60e—02 3.46 4.59¢—02 333 1.60e —01
25 3.62 1.70e —02 3.66 4.66e—02 371 3.60e — 02 3.59 5.66¢—02 3.46 1.05e —-01
26 4.65 5.27e—02 4,57 2.73e—02 442 2.36e—02 431 2.8le—02 4.09 8.00e —02
27 3.68 52le—=02 3.66 1.43e—02 3.61 1.27e—02 3.51 3.19e—02 3.19 2.56e —02
28 3.83 4.69e—02 3.87 3.65¢—02 3.76 3.52e—02 3.65 4.74e—02 3.40 4.33e—02
29 3.83 351e—02 3.80 344e—-02 3.78 3.60e —02 3.60 2.93e—-02 3.39 7.15e—-02
30 3.84 1.97e—-02 3.83 2.95¢-02 3.73 5.05e—-02 3.63 5.52e—02 3.36 6.99¢ — 02
31 3.96 5.40e—02 3.97 7.15e =02 3.91 5.51e—=02 3.79 2.36e—02 3.53 6.98¢ — 02
32 3.55 3.66e—02 3.66 2.72e—-02 3.65 1.69e —02 3.68 5.26e —02 3.52 8.72e 02
33 3.57 4.50e—-02 3.69 2.76e —02 3.69 1.45¢—02 3.63 4.00e —02 3.47 5.24e—02
34 3.96 1.61e —02 3.92 2.88e —02 3.85 3.04e —02 3.76 1.17e =02 3.63 4.86e—02
35 357 3.54¢—-02 3.63 4.17e—-02 3.66 4.70e —02 3.59 4.542 —02 339 2.84e—02
36 3.46 3.4le—-02 3.44 2.12e—02 3.39 3.66e—02 3.40 7.06e—02 3.26 3.69e—02
37 3.64 6.76e —02 3.64 3.22e-02 3.58 2.8le—02 3.49 2.97e—02 3.32 7.71e—02
38 3.39 4.20e —02 3.45 4.24e—02 3.53 4.43e—02 347 6.77e—02 3.38 8.94e—02
39 3.63 2.58e—-02 3.63 2.79e - 02 3.60 2.93e - 02 349 2.76e —02 3.33 8.19e — 02
40 3.65 3.09e—-02 3.63 1.86e —02 3.63 1.57e—02 3.52 3.86e—02 3.38 5.52e—02
41 4.85 3.02e -02 4.79 1.80e —02 4.62 3.7le—02 4.44 3.72e-02 4.20 4.20e—-02
42 340 7.66e—02 3.42 4.32e—-02 342 1.89¢ —02 3.36 3.71e—02 3.26 5.17e—-02
43 3.84 3.6le—02 3.93 3.36e—02 398 1.91e—02 3.98 5.67e—02 3.86 5.58¢—-02
44 3.52 5.8le—02 3.56 6.64e—02 3.51 1.46e—02 3.49 3.27e—02 3.36 8.0le—02
45 3.68 4.62¢—02 3.78 1.60e—02 3.80 2.43e—-02 3.77 1.25e—02 3.64 5.91e—02
46 3.86 2.24e—02 3.74 2.97e—-02 3.52 4.41e—02 3.34 2.62e—02 3.22 4.73e—-02
47 3.60 5.37e—02 3.56 2.35¢—02 346 2.51e—02 342 4.87e—02 3.09 1.24e—01
48 4.27 3.78e—02 411 5.96e—02 3.92 3.74e—-02 3.81 5.73e—02 3.44 6.62e —02
49 3:52 1.93¢-02 3.57 1.51e—-02 3.58 2.05e—02 3.58 5.25e—02 3.44 6.17e =02
50 3.62 2.40e —02 3.61 1.66e—02 3.56 3.64e —02 3.41 4.83e—-02 3.36 2.71e—02
51 3.90 4.06e —02 3.95 5.48e—02 3.93 4.05e—02 3.84 2.18e—02 3.7 7.26e—02
52 5.65 2.72e=02 5.16 2.88e—02 4.99 2.54e—02 4.87 3.35e—-02 4.76 3.85¢e—-02
53 3.72 2.33e—-02 3.74 3.87e—-02 3.74 7.68e—03 372 2.49e — 02 3.57 4.42e—02
54 3.28 7.18e —02 3.34 4.44e—02 3.31 3.48e—02 3.17 3.83e—02 2.90 1.45e—01
55 3.55 4.84e—02 3.58 3.48e—02 3.58 2.01e—-02 3.58 4,89 —02 345 1.22e—01
56 3.69 5.39e—-02 3.69 3.55e—02 3.65 1.80e —02 3.60 3.10e—02 3.36 5.38e—02
57 3.27 7.02e—02 3.40 4,34e—02 340 3.51e—02 3.38 2.64e—02 3.27 4.24e—02
58 548 3.29¢—02 5.26 3.05e—02 5.06 4.17e—02 4.85 1.74e —02 4.58 5.45e—02
59 3.56 3.88¢ =02 3.60 4.04e—02 3.63 3.04e—02 3.61 3.23e—02 3.52 5.44e—02
60 3.58 3.89¢—02 3.62 3.58e—02 3.62 4.42e—02 3.51 4.80e—02 3.33 8.56e—02

61 3.13 3.05e—02 3.23 2.86e— 02 3.27 2.88e—02 3.28 3.47e—02 3.04 5.72e—02
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times exceeding 43 sec while using the Havskov et al. pa-
rameters for shorter lapse times.

Source Spectra and Site Responses

For source factor and site response estimates, we apply
the single-scattering coda model of Aki and Chouet (1975)
assuming body-wave scattering. An additional term is in-
cluded, I(f), which allows for variations in the site response.
The coda amplitude as recorded by a given instrument is
then given by

=)

0 (3)

AL = SHLNHt " exp (

where i and j are source and site indices, respectively. Taking
the base 10 logarithm (log) of both sides of equation (5)
results in a linear system of equations, Gm = d, where m
is a vector of unknown log-transformed source factors and
site responses, and G is a sparse coefficient matrix. We im-
pose two constraints on the system. First, the site responses
are assumed to be frequency independent. This simplifies
the problem by reducing the number of unknown model pa-
rameters. Though not necessary, this convenient simplifi-
cation is used as an initial starting point in testing our source-
parameter estimation procedure. The wvalidity of this
assumption is dependent on whether all stations involved are
founded on rock sites. Table 3 includes a description of the
local geology at each site. Most stations are on hard rock.
Further discussion on the issue is deferred to the discussion
section. The second constraint imposed provides absolute
scaling for the site responses. Rather than assume a value
for a particular site, the geometric mean of the site responses
is set to zero,

> log I, = 0. (6)
)

As an example, for measurements from two events recorded
at two stations using two frequency bands, the system takes
the following matrix form:

T1010007 EY
100100 Ay 0
011000 izg 5‘ Alz(fh 1)
010100 | %U‘) A 1)
100010 ESVV | = A, l, O
100001 | |108S5(h) Av(fon D)
log S.(f) FaghCs
010010 log S.(f) An(fi D
010001 | Loz 5 An(far 1)
110000 o B, o

where Au is the log of the coda amplitude measurement cor-
rected for both geometrical spreading and attenuation. A
least-squares inversion is used to solve simultaneously for
logS,(f) and logl;, giving optimal estimates for these quan-
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tities, under the assumption of independent errors with zero
mean and equal variance.

For non-Gaussian error distributions, variance of the
least-squares estimates may be artificially large. Least-
squares estimates are adversely affected by a small number
of outliers (e.g., Egbert and Booker, 1986). To check the
validity of a Gaussian error assumption and to identify out-
liers, we plot the distribution of the actual residuals observed
for the full inversion against those expected for a Gaussian
distribution in a normal probability or quantile-quantile (Q-
Q) plot (Goodall, 1983). The quantiles of the residuals are
just the ordered residuals themselves. The quantiles of the
Gaussian distribution are given by @ ~'(i/n), where @' is
the inverse of the Gaussian function, i is the sample index,
and » is the total number of samples in the ordered residuals.
As an example, with n = 100, the fifth residual, 7(5), would
correspond to @' (0.05) = —2.00, so that the point plots
in the Q-Q plot as [—2.00, r(5)]. If the observed residual
distribution is truly Gaussian, the Q-Q plot should approxi-
mate a straight line with a unit slope. Figure 4a shows the
resulting Q-Q plot for the full problem (using all 8430 meas-
urements). The deviation from a straight line indicates the
residual distribution is non-Gaussian, with the largest resid-
uals larger than expected. After removing 70 data values
(<1.0% of the total) corresponding to the largest absolute
residuals, the inversion was rerun, and the resulting Q-Q plot
produced is shown in Figure 4b. In this case, the reduced
data set residual distribution appears to fit a Gaussian dis-
tribution. In the final analysis, the model estimates are gen-
erated from the reduced data set of 8360 measurements.

Estimates of the model errors for the above inversion
are considered using two different techniques. First, we con-
sider the classic least-squares approach. Here, the data are
assumed to be uncorrelated with a constant variance of o2
The model variances are the diagonal elements of the co-
variance matrix, where covfm] = ¢* (G'G)~' (Menke,
1984). A drawback to this approach is the required genera-
tion of the matrix (G'G)~!, which can be difficult because
of the large amounts of storage space required for a large
matrix G. We also consider the jackknife estimates of model
variance for error estimation (Efron and Tibshirani, 1993).
For jackknife estimates the data are grouped into [ subsets,
and the inversion is performed / separate times using n —
n/l of the original data, excluding a different subset each
time. The model parameters derived from each of the / in-
versions are denoted #,. From these [ inversion model pa-

rameters, pseudovalues 7, are created from the weighted
sum

wy = iy — (I — D, (8)

where s, are the model parameters from the full inversion.
The jackknifed estimate th of the model parameter is the
mean of the following pseudovalues:
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Table 3
Station Locations and Associated Site Responses
Station Lat, Long. Elevation Site Rock Site Response Std. Error
Name °N) *W) (km) Type (log 1) (€]

APW 46.6517 122.6475 0.457 andesite —0.242 1.27e =02
ASR 46.1507 121.5927 1.280 andesite 0.122 2.00e —02
BHW 47.8368 122.0322 0.198 basalt, gabbro —-0.416 2.64e—02
BLN 48.0074 1229718 0.585 basalt, breccia 0.143 7.39e—-03
BOW 46.4750 123.2281 0.870 basalt 0.092 1.78e =02
CDF 46,1162 122.0475 0.780 volcanoclastic 0.115 1.46e —02
CMM 46.4353 122.5058 0.620 andesite 0.135 1.42e —02
CMW 48.4237 122.1190 1.190 sedimentary 0.247 1.07e —02
CPW 46.9738 123.1363 0.792 basalt 0.0646 1.05e —02
EDM 46.6388 122.1500 1.609 andesite 0.367 8.53e—03
ELK 46.3056 122.3408 1.270 dacite —-0.0002 1.12e—02
FL2 46.1964 122.3503 1.378 andesite —-0.182 9.04e—03
FMW 46.9416 121.6698 1.859 dacite 0.338 4.54e—03
GHW 47.0417 122.2725 0.268 glacial till —0.379 1.28e—02
GLK 46.5639 121.6085 0.268 volcanic sediments —0.241 1.32¢—-02
GMW 47.5479 1227863 0.0506 basalt 0.0412 1.08e — 02
HDW 47.6485 123.0542 1.006 basalt, breccia 0.278 1.29e—02
HTW 47.8035 121.7691 0.829 andesite, breccia 0.276 9.53e—03
Icw 48.1952 121.9253 0.792 sedimentary 0.423 2.98e—03
KOS 46.4613 122.1905 0.828 volcanoclastic 0.104 1.46e —02
LMW 46.6680 122.2913 1.195 andesile 0.00737 1.24e—02
LO2 46.7500 121.8100 0.853 volcanoclastic —0.241 1.13e—-02
MBW 48.7840 121.8997 1.676 sedimentary 0.153 1.19e—=02
MCW 48.6797 122.8323 0.693 sedimentary 0.0577 6.83e—03
MEW 47.2019 122.6458 0.098 glacial tll —0.625 1.87e —02
NEL 48.0783 120.3382 1.490 granodiorite —0.0291 2.49e—02
OBH 47.2362 123.8658 0.938 basalt, breccia —0.161 1.88¢ —02
OHW 48.3233 122.5318 0.054 glacial till —-0.514 5.74e —03
ONR 46.8771 123.7712 0.257 basalt, sedimentary —0.264 3.47e—-02
OSD 47.8208 123.7017 2,010 sedimentary —1(.369 1.03e—02
PGW 47,8219 122.5994 0.122 glacial till —-0.232 1.76e—02
RCS 46.8710 121.7311 2877 volcanoclastic —0.318 4.58e—02
RER 46,8192 121.8409 1.756 andesile —0.118 3.6le—02
RMW 47.4597 121.8053 1.024 andesite, breccia 0.400 7.23e—03
RPW 48.4483 121.5136 0.850 greenschist 0.452 1.17e =02
RVC 46,9429 121.9715 1.000 sedimentary 0.450 1.64e —02
RVW 46,1495 122.7437 0.460 andesite —0.283 3.04e -02
SHW 46.1974 122.2357 1.399 voleanic sediment -0.0201 3.14e—02
SMW 47.3195 123.3417 0.840 basalt, breccia —0.0550 1.46e—02
508 46.2440 122.1367 1.270 volcanoclastic 0.201 4.94e—02
SPW 47.5537 122.2459 0.008 sedimentary —0.558 2.13e—02
STD 46.2378 122.2227 1.268 volcanic sediments —=0.0710 3.86e—02
STW 48.1508 123.6703 0.308 basalt —0.0984 2.0le—02
TBM 47.1695 120.5983 1.064 basalt —0.0402 1.32e =02
TDL 46.3508 1222158 1.400 dacite 0.0436 7.18e—03
WAT 47.6986 119.9542 0.900 eolian sediments 0.731 1.76e — 02
WPW 46.6982 121.5467 1.250 volcanoclastic 0.306 8.80e —03

o Loy 9 From the variance, the standard error is g,,.,. While choosing

e 7,;. b ) | = n would appear to give the best jackknife estimates, a

large number for / requires a large number of “mini” inver-

sions. As a matter of practicality, our choice for  is 12. Q-

and has variance given by Q plots of the 12 separate “mini” inversion residuals show

distributions similar to that shown in Figure 4b supporting

a Gaussian error distribution assumption and validating the

> — 17 ( ,ﬁ{,) use of the classic least-squares approach in solving the

G'J—Z"L.k b (I 0) mint  1nversions.

Using each of the above methods, we generate error
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Table 1
(Continued)
Event Dare Origin Time Lat. Long. Depth Mag. Mag. M,
1h] (m/d/yr) (GMT) ("N) (°W) (km) (M) (M) (dyne-cm)
621 12/24/1989 08:45:58.90 46.65 122.12 18.45 4.9 5:1 44e+23
63 01/02/1990 14:54:06.88 47.10 122.08 10.10 27 2.8 1.8e+20
64 01/15/1990 14:00:57.14 47.42 122.09 19.39 2.6 2.8 2.0e+20
657 02/15/1990 18:34:59.15 47.92 121.92 16.34 3.4 34 l.de-+21
66 02/20/1990 23:11:01.76 47.00 123.04 4451 3.0 3.0 3.2e+20
67 03/06/1990 01:55:660.46 47.47 122.03 14.94 2.6 2.7 l.1e+20
68 03/17/1990 08:39:36.82 47.32 122.30 6.77 3.0 3.0 3.9e+20
69 03/26/1990 01:27:18.34 46.85 121.91 10.74 3.0 3.0 3.6e+20
70¢ 04/14/1990 05:33:26.16 48.88 122.18 2.67 5.0 4.8 2.0e+23
71 07/27/1990 22:00:34.54 47.64 122.48 22.28 3.0 2.8 2.0e+20
72 11/21/1990 10:51:18.93 4798 122.78 15.96 2.6 27 1.2e+20
731 12/30/1990 02:20:56.99 47.47 121.81 17.07 3.9 34 l.4e+21
74 03/04/1991 20:07:18.73 47.59 122.75 17.17 2.5 2.6 8.8e+19
75 03/16/1991 20:16:59.28 47.24 122.67 4947 2.6 2.8 1.6e+ 20
76 03/17/1991 19:34:42.28 47.62 121.94 22.35 2.3 2.8 1.9e +20
77 03/22/1991 23:01:29.33 47.40 122.08 6.00 2.6 2.8 1.8e+ 20
78 05/16/1991 02:39:49.35 46.76 121.90 11.34 3.0 3.1 52e+20
T Events used to determine applicability of the Havskov et al. (1989) coda Q model.
124.5°W 119.5°W
49.0°N , , 49.0°N
A Mt Baker
A
A ® Magnitude
o ® <25
A ® 25-28
g & ® 29-32
w @ 33-36
@ 37-40
A © +1-44
1@ 45-43
A .
A M. Ranier e >4.8
e /!
A
Mt St. xlcicns
A Mt Adams
46.0°N L 46.0°N
124.5°W 119.5°W

Figure 1.

200 km

¢ Locations of earthquakes and PNSN stations used in this study. Earthquake
epicenters are denoted by circles, short-period stations by triangles, and intermediate-
period temporary stations by squares,



1314

S. R. Dewberry and R. S. Crosson

i
"

digital counts (x 100)

L 2Hz band-filtered noise window
L L " ) 1

| W a— —irwp ey g

| H i
0 20 40

" " i 1
60 80 100 120
Time (sec)

Figure 2. A sample short-period seismogram showing the tapered, band-filtered 12-
sec windows from which presignal noise and signal measurements are made. Rms
amplitudes are calculated from the center 5 sec of each window.

Table 2
Coda Q Study Results for Lapse Times >43 sec
Z < 30km Z = 30 km
Frequency Na. of No, of

(Hz) o 40 Measurements o +4Q Measurements
2.0 227 53 27 226 39 a7

4.0 343 o4 34 362 58 35

6.0 427 84 34 454 65 33

8.0 524 84 25 560 78 29
12.0 717 96 14 760 118 24

different filter bandwidths and a frequency-dependent data
window length (for details, see Havskov et al., 1989). Our
O coda measurements start at lapse times between 45 and
60 sec with rms amplitudes being assigned to the time cor-
responding to the center of each data window. Subsequent
measurements occur at window half-width intervals until ei-
ther the signal-to-noise ratio falls below 3 or the lapse time
exceeds 120 sec. Using equation (1), each amplitude is cor-
rected for geometrical spreading assuming body-wave scat-
tering (v = 1). Q is obtained by linear regression of the
natural logarithm of the corrected amplitude value on lapse
time (see equation 2) for a given frequency. Any results with
regression correlation coefficients less than 0.65 are ex-
cluded from further Q analysis. (Havskov et al. rejected re-
sults with regression correlation coefficients less than 0.45.)
The resulting Q values are separated into two groups. Those
corresponding to events with depths <30 km are placed in
group 1 (shallow group), while all the others are placed in
group 2 (deep group). Resulting Q and standard error, 5Q,
values for both groups are listed in Table 2. Within the stan-
dard errors in Q for deep and shallow events, we find no
difference in the Q values and thus no depth dependence in
0. As shown in Figure 3, a comparison of the mean Q values

T L B R T T T

—&— This Study
=
103 I |---@-- Havskov et al., 1989 : -

s sl L P W T R
10 ! 10° 10" 10°

Frequency (Hz)

Y S S S S WY 1

Figure 3. A comparison of the coda Q results for
lapse times >43 sec (this study) with the Washington
State average reported by Havskov et al. (1989) shows
a lapse-time dependence in Q. The Havskov et al.
average coda Q values fit the power-law relation
Q.f", with @, = 63 and a = 0.97. The coda Q values
from this study fit the same power law with @, = 142
and a = (.66.

over all 16 events with those of Havskov et al. does show a
significant difference at lower frequencies; Q values at 2 and
4 Hz are larger for longer lapse times. This observed differ-
ence may be due to multiple scattering. We conclude that O
is lapse-time dependent and therefore apply our parameters
(in Table 2) to coda amplitude measurements with lapse
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frequency, k is a proportionality constant, and Y is related
to the rate of decrease (roll-off) of the spectrum at high fre-
quencies (Aki and Richards, 1980). Most kinematic source
models proposed have either w=2 (Aki, 1967; Brune, 1970)
or w~* high-frequency roll-off (Aki, 1967, Savage, 1972).
These two models are denoted in equation (3) by Y = 2 and
Y = 3, respectively, and are commonly referred to as w-
square and w-cube models. The differences between these
two models are rooted in the nature of their source time
functions.

A second important feature of a far-field scaling model
is the functional dependence between seismic moment and
corner frequency. Aki (1967) proposed that M, = w; 3. For
L = ey!, where L is the fault dimension, and an average
fault displacement that scales linearly with L (and is constant
with moment), this model implies a constant stress drop with

~ increased moment (self-similarity) and a stress drop that is
inversely proportional to the cube of L. Nuttli (1983) sug-
gested that self-similarity is valid for interplate earthquakes,
but he argued from observations that a second model with a
stress drop that increases with moment, M, « @;*, applies
to intraplate earthquakes. These two models relating seismic
moment and corner frequency can be expressed by

M, - @} = constant, 4

where 6 = 3 for a constant stress drop (CSD) model, and &
= 4 for an increased stress drop (ISD) model (Chael, 1987).
In order to estimate seismic moment using coda amplitude
as a measure of the source spectrum, we must establish a
suitable regional scaling model. This requires estimating Y
and ¢ from equations (3) and (4) and knowledge of the site
effects for all stations included in this study.

Data

For the coda amplitude analysis we use a data set con-
sisting of 78 western Washington earthquakes recorded by
up to 47 1-Hz vertical-component stations within the PNSN.
Digital data are acquired at a nominal rate of 100 samples/
sec. Events were selected to provide a uniform hypocentral
distribution, including both crustal (z < 30 km, 61 events)
and subcrustal (30 = z < 65 km, 17 events) earthquakes.
Duration magnitudes, M,, for the events included in the data
set range from 2.4 to 5.0; Table 1 gives earthquake location
parameters for the 78 events used here, and Figure 1 shows
earthquake epicenters and all stations included in this study.
The station locations are given in Table 3. A comprehensive
review of the PNSN data acquisition, general operation, and
station distribution is given by Ludwin ez al. (1994).

From each short-period seismogram, two 12-sec win-
dows are extracted, one for coda amplitude determination
and the other for estimation of background noise. The data
window is typically centered at twice the § lapse time, a time
considered well into the established coda decay envelope
(Rautian and Khalturin, 1978). In cases where signals are
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clipped at twice the S lapse time because of the limited dy-
namic range of the short-period instruments, longer lapse
times are used. The noise window is centered at 6 sec before
the P arrival. Figure 2 shows a typical short-period record
of a local earthquake with each window noted. We apply a
10% cosine taper to the ends of each window, then each
window is narrow-bandpass-filtered in the time domain at
each of five center frequencies (2.0, 4.0, 6.0, 8.0, and 12.0
Hz) using a five pole Chebyshev type 1I filter. We chose
constant bandwidth filters with a width of 2.0 Hz. Since all
of the filters pass the same energy, amplitude corrections
between the different filters are unnecessary.

A root-mean-square (rms) amplitude is generated using
the central 5 sec of each window. For the data window, the
lapse time corresponding to the window center marks the
time of the rms amplitude measurement. Rms amplitudes
from both windows are used to determine a signal-to-noise
ratio as a means of estimating data quality.

To address the issue of noise, we tested the following
synthetic signals: a “noise-free” signal assumed to be a co-
sine function, a noise signal assumed to be Gaussian white
noise, and a “noisy” signal comprising the sum of the two.
For these three signals we established the contribution of
noise to the total signal rms amplitude for a given ratio of
rms signal to rms noise, and we found that for an rms signal-
to-noise ratio of 3.33, the difference between the “noise-
free” data and “noisy” data rms amplitudes is less than 4.0%.
On that basis, we accepted only those coda amplitude meas-
urements with an rms signal-to-noise ratio exceeding 3. A
total of 8430 amplitude measurements, with lapse times
ranging from 10 to 120 sec, met this criterion and qualified
for analysis.

Three of the largest earthquakes in the data set, events
58, 62, and 70 from Table 1, were also recorded by up to
four temporary intermediate-band, three-component stations
(Kinemetrics SH-1 and SV-1 sensors). Each intermediate-
band station has a high-dynamic-range Sprengnether DR-
200 digital recorder for the three channels of data recording
at a rate of 20 samples/sec. Locations of these stations are
also shown in Figure 1. The intermediate-band data are used
for corner frequency determination, a parameter essential for
far-field scaling model constraint.

Analysis

Coda O Modeling

A subset of 16 larger events (noted in Table | by a
superscript dagger) recorded at five PNSN stations (CPW,
HDW, HTW, LMW, and SMW) is used to determine the ap-
plicability of the Havskov er al. (1989) coda Q model for
lapse times exceeding 43 sec. To ensure the comparability
of our results with those of Havskov et al., we follow their
procedure for amplitude measurement only for the coda Q
model determination. Their method of amplitude measure-
ment deviates from the one outlined above, with slightly
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Table 1
Local Earthquakes used for Coda Amplitude Analysis
Event Dute Origin Time Lat. Long. Depth Mag. Mag. M,

D (m/dfyr) (GMT) (°N) ("W) (km) (M) (M) (dyne-cm)
| 04/16/1980 14:47:06.79 48,13 122.90 50.10 3.8 3.5 2.3e+21
2 04/27/1980 06:00:27.61 47.37 122.56 20.18 37 36 2.8e+121
3 06/08/1980 22:40:10.65 47.97 123.02 48.54 4.2 39 6.7e+21
+ 06/23/1980 16:05:16.43 47.54 122.05 0.05 3.7 3l 5.9e+20
5 09/19/1980 22:53:16.28 47.91 121.82 4.40 38 4.1 1.5¢+22
6 09/21/1980 17:45:12.97 47.91 121.82 3.15 33 35 2.0e+21
ri 11/12/1981 18:10:25.35 47.94 122.40 26.58 3.7 4.1 1.8e+22
8 11/26/1981 12:30:01.08 47.65 122.62 21.95 3.5 33 9.6e+20
9 04/14/1982 07:22:43.63 47.63 122.52 27.28 34 34 1.6e+21

10" 08/28/1983 12:47:47.97 47.93 122.84 51.50 38 4.0 9.6e+21
117 10/31/1983 21:47:58.81 47.34 123.24 43.36 4.3 3.7 3.6e+21
12 06/02/1984 12:57:20.99 4741 122.70 21.49 3.6 33 8.5e+20
13 12/17/1984 08:30:12.57 47.27 122.83 46.30 32 3.1 4.9e+20
14 01/01/1985 19:15:00.80 46.88 121.96 11.31 3.1 29 2.9e+20
15 01/11/1985 13:07:57.13 47.90 122.87 21.32 33 3:5 1.8e+21
16 01/29/1985 20:39:27.23 47.43 121.80 17.55 27 25 S5.le+19
17t 02/28/1985 17:02:04.40 47.49 122.59 47.08 37 35 22e+21
18 03/18/1985 17:15:55.26 47.34 122.62 53.30 35 35 1.7e+21
19 06/16/1985 10:22:59.25 4743 121,83 17.03 3.1 3.1 5.7e+20
20 03/11/1986 07:23:21.05 47.34 122.49 7.24 29 29 2.6e+20
217 03/28/1986 04:12:46.70 48.26 121.73 232 3.6 3.6 2.4e+21
22 05/04/1986 20:14:00.50 47.82 122,51 24.82 2.6 29 2.4e+20
23 06/17/1986 20:30:44.53 47.47 121.67 16.65 2.6 29 2.4e+20
24 06/29/1986 23:40:25.35 47.79 123.16 1542 Z 2.8 2.1e+20
25 06/30/1986 01:03:27.18 47.84 122.58 19.74 2.7 29 2.Te+20
26° 07/08/1986 05:16:32.48 48.26 122.52 61.82 3.5 37 43e+21
27 08/31/1986 18:31:59.11 47.37 122.81 27.03 2.9 29 24e+20
28 11/07/1986 10:35:54.67 48.12 123.32 42.16 2.6 3.0 3.8e+20
29 12/09/1986 10:06:20.13 47.65 122.63 18.42 2.6 3.0 3.6e+20
30 01/15/1987 17:58:13.18 47.83 122,44 19.55 2.7 3.0 3.6e+20
31 03/17/1987 16:34:54.58 48.26 121.76 3.28 2.8 3.1 5.6e+20
32 04/07/1987 15:25:01.88 47.50 122.28 25.69 2.6 29 2.8e+20
33 04/15/1987 31:22:10.64 47.49 122,28 22.87 2.5 29 2.8e+20
34 04/28/1987 06:42:46.51 47.61 122,76 20.37 2.8 34 52e+20
35 06/26/1987 14:42:38.01 47.81 122.35 14.95 2.7 29 2.5e+20
36 07/25/1987 10:10:18.48 47.43 122.99 15.60 2.7 2.8 1.5¢+20
37 08/06/1987 21:12:42.55 48.13 122,76 22.44 2.7 29 2.3e+20
38 09/14/1987 04:24:12.27 46.72 122.47 18.40 2.6 2.8 1.7e+20
39 09/20/1987 08:53:13.20 48.06 122.95 55.42 2.8 29 2:3¢+20
40 01/26/1988 03:13:38.01 4741 121.82 19.69 29 29 2.4e+20
417 03/11/1988 10:01:26.04 47,19 122,32 64.72 39 4.0 9.6e +121
42 05/27/1988 06:12:58.66 47.29 122.66 20.99 2.5 2.7 1.4e+20
431 06/16/1988 11:05:04.79 47.71 121.89 751 Azl 3.2 7.6e+20
44 09/08/1988 13:47:13.35 48.20 122.50 23.12 2.8 2.8 2.0e+20
45° 10/23/1988 00:04:19.97 47.82 122.36 19.23 2.8 3.0 4,0e+20
46 10/29/1988 08:47:04.81 47.63 122.83 47.12 29 29 2.7e+20
47 11/29/1988 04:13:56.82 47.57 122.40 10.44 2.6 2.8 1.8e+20
48 01/17/1989 13:55:28.82 47.65 122.19 1553 33 3.2 7.9e+20
49 01/19/1989 12:21:42.24 47.57 121.90 2.68 27 29 2.2e+20
50 01/19/1989 12:34:12.91 47.57 121.88 2.27 2.7 29 2.1e+20
51 02/21/1989 06:48:21.66 47.32 122.46 15.97 3.0 34 3.9e+20
52 03/05/1989 06:42:00.66 47.81 123.36 46.17 4.5 4.7 1.3e+23
537 04/11/1989 16:32:59.98 47.27 12291 47.06 2.8 3.0 3.6e+20
54 04/17/1989 09:52:03.02 47.76 122.55 21,72 2.5 2.6 9.8¢+19
55 04/21/1989 09:40:43.70 47.39 122.06 4.50 2.8 2.9 2.3e+20
56 05/25/1989 01:27:28.92 47.37 122.69 19.86 2.8 29 2.7e+20
57 05/31/1989 12:46:57.43 47.95 121.89 17.83 2.6 2.7 1.3e+20
58! 06/18/1989 20:38:37.89 4741 122,78 44,75 44 4.7 1.2e+23
59 06/19/1989 22:05:55.80 46.89 121.98 8.55 2.9 29 2.5e+20
60 09/04/1989 06:34:54.44 47.90 122.64 17.51 2.7 2.9 2.2e+20

61 10/29/1989 12:08:36.69 47.64 122.44 25.18 24 2.6 8.9e+19




