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Rupture Processes of the 1987-1988 Gulf of Alaska Earthquake Sequence 

LORRAINE J. HWANG 1 AND Hmoo KANAMORI 

Division o! Geological and Planetary Sciences, California Institute of Technology, Pasadena 

Three large earthquakes occurred in the Gulf of Alask• during 1987-1988: one on November 
17, 1987 (Mw = 7.2), the second one on November 30, 1987 (Mw = 7.8), and the third one on 
March 6, 1988 (Mw = 7.7). These major intraplate, strike-slip oceanic events occurred along 
conjugate trends in a region of no previous seismicity. Body wave modeling places their centroid 
depths in the upper mantle. The depth of the first two events is approximately 20 km and of 
the third is 15 km. As compared to other large events, the body wave models for the two largest 
earthquakes have short rupture lengths, 110 km and 40 km, respectively, and short duration 
times, 36 and 20 s, respectively, for their magnitude. The latter of the two events has a rupture 
length much shorter than that inferred from •ftershock seismicity. The short rupture lengths 
and source durations may reflect differences between the strength of oceanic and continental 
lithosphere and suggest that events in oceanic lithosphere have a higher moment release per unit 
area than similar continental events. Most of the moment release occurred near the epicenter 
and/or regions of apparent structural complexities where seismicity trends intersect. 

INTRODUCTION 

The 1987-1988 Gulf of Alaska sequence consists of three 
large earthquakes •vith magnitudes of 6.9, 7.6, and 7.6 Ms 
(National Earthquake Information Center, NEIC), respec- 
tively, occurring during November 1987 and March 1988. 
All three earthquakes lie within the Pacific plate outboard 
of the continental shelf maxgin and the Aleutian trench axis, 
in a region •vith no previous seismic activity (Figure 1). 
In general, large oceanic intraplate events are not common 
and usually involve normal or thrust faulting away from the 
trench within the unsubducted portion of the plate [Lahr et 
al., 1988]. This eaxthqu•ke sequence is unique because of its 
mode of faulting: conjugate strike-slip along crosscutting 
fault planes and its position away from major structural 
boundaries within oceanic crust. 

Large strike-slip earthquakes along plate boundaries of- 
ten have rupture lengths on the order of several hun- 
dred kilometers. Surface rupture for the 1976 Guatemala 
earthquake (7.5 Ms) was observed along 230 km of the 
fault [Plafker, 1976]; the 1958 southeast Alaska earthquake 
(7.9 Ms) had a rupture length of at least 280 km [Plafker et 
al., 1978]; and the 1972 Sitka earthquake (7.6 Ms), a length 
of approximately 200 km [Perez and Jacob, 1980]. One ex- 
ception is the 1989 Macquarie Ridge (8.2 Ms) earthquake, 
which had a relatively short rupture length of • 200 km. 
In comparison, the two largest Gulf of Alaska earthquakes 
also had relatively short rupture lengths. As inferred from 
aftershock seismicity, the two largest Gulf of Alaska events 
both activated zones less than 140 km in length [Lahr et al., 
1988]. This suggests that these intraplate events have ei- 
ther relatively larger amounts of slip and/or a deeper extent 
of faulting. 

Large strike-slip earthquakes in oceanic crust are rare 
and their depth of faulting is poorly understood. Esti- 
mates of depth for the 1989 Macquarie Ridge earthquake, 
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a large oceanic interplate strike-slip event, vary from 10 
to 50 km [Anderson and Zhang, 1991; Braunmiller and 
Ndb•lek, 1990; Dziewonski and Zwart, 1990; Ekstri•rn and 
Rornanowicz, 1990; Kedar and Tanimoto, 1990; Tichelaar 
and Ruff, 1990]. In general, seismicity for interplate strike- 
slip faults in both continental and oceanic environments is 
quite shallow and does not extend below 15 kin. Hence 
rupture is assumed to be restricted to the crust. Some 
intraplate oceanic events have been observed at greater 
depths [Wiens and Stein, 1983; Engeln et al., 1986] sug- 
gesting failure of the upper mantle in some regions a.s well. 
For oceanic intraplate earthquakes, the maximum depth 
of seismicity is approximately equal to the flexural elastic 
thickness of the lithosphere [Wiens and Stein, 1983]. On 
the basis of the lithospheric cooling model of Parsons and 
Sclater [1977], an age range of 25-50 Ma determined from 
magnetic anomalies suggests source depths of up to 30 km 
in the northern Gulf of Alaska. Hence an assumed depth 
of 10 km [Lahr et al., 1988] for these events may be too 
shallow. Both depth and lateral extent of faulting are im- 
portant parameters in the investigation of crusta• processes 
and the assessment of future seismic hazard in the northern 

Gulf of Alaska region. 
Strike-slip earthquakes within populated regions have 

caused enormous casualties and economic damage. The 
1976 Tangsban earthquake (7.7 Ms) virtually destroyed the 
city and killed over 250,000 people. The 1976 Guatemalan 
earthquake (7.5 Ms) caused extensive damage and loss of 
life, over 22,700 people were killed [Espinosa et al., 1976]. 
Both of these events had complex multiple sources and long 
source durations best described using multiple subevents 
with different mechanisms [Butler et al., 1979; Kikuchi and 
Kanamori, 1991]. The Gulf of Alaska events fortunately 
occurred well offshore, causing minimal damage to struc- 
tures and no loss of life (NEIC). Knowledge of the temporal- 
spatial distribution of heterogeneities along strike-slip faults 
such as the San Andreas is important in understanding 
the damage caused by strong ground motions during large, 
strike-slip earthquakes. 

The large number of investigations of the 1976 
Guatemalan earthquake illustrate how difficult it is to 
resolve source parameters for large strike-slip eartit- 
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Fig. 1. Tectonic setting of the northern Gulf of Alaska 
showing major structurM features, magnetic anomMies, and 
locations of recent shocks (epicenters shown as diamonds) 
in relation to the Pacific and North American plates, Yaku- 
tat terrane, and rupture zones of large historic earthquakes. 
The heavy arrow shows the relative motion of Pacific plate 
with respect to North American plate [DeMets et al., 1990]. 
AT, Aleutian Trench; CSE, Chugach-St. Elias fault system; 
FF, Fairweather fault; KZ, Kayak Zone; QC, Queen Char- 
lotte fault; TF, Transition fault; YB, Yakutat Bay (after 
Lahr ½t al., [1988]). 

quakes reliably [Kanamori and Stewart, 1978; Kikuchi 
and Kanarnori, 1982; Young et al., 1989; Kikuchi and 
Kanarnori, 1991]. In comparison to normal or reverse fault- 
ing events, most teleseismic stations lie near nodes of the 
P wave radiation pattern and the radiation pattern changes 
rapidly with azimuth. Since amplitude changes the most 
rapidly near nodes, waveforms from these stations are very 
sensitive to the position of the nodal lines with respect to 
the station. The P wave radiation from strike-slip earth- 
quakes is also more sensitive to lateral variations in the 
crustal structure [Langston, 1977]. If azimuthal coverage is 
not good, arrivals that are due to crustal heterogeneities 
can be mistaken for source effects. When available, S wave 
data help to constrain the focal mechanism of the source. 
Unfortunately, for large earthquakes, S wave data are not 
Mways available since S wave amplitudes often exceed the 
dynamic range of the instruments. 

Since large strike-slip earthquakes are not common 
within the modern instrumental records, studying the 
1987-1988 Gulf of Alaska sequence is important in un- 
derstanding strike-slip earthquakes as well as in evaluating 
modern inversion techniques. Here, two multiple-source in- 
version techniques are used to analyze the waveform data. 
As described later, the techniques of Ndbflek [1984, 1985] 
and Kikuchi and Kanamori [1991] are used to study the 
trade-offs and resolution of each method in resolving the 
source parameters of the Gulf of Alaska events and their 
relationship to regional tectonics and seismicity. 

REGIONAL SETTING AND SEISMICITY 

The northern Gulf of Alaska lies near a major change in 
the plate boundary between the Pacific and North Amer- 
ican plates (Figure 1). Along this boundary the North 

American plate, the Pacific plate, and a series of accreted 
terranes interact [Perez and Jacob, 1980]. The Queen Char- 
lotte islands-Fairweather fault system marks the active 
eastern plate boundary between the North American and 
Pacific plates. Right-lateral movement along this boundary 
occurs at a rate of 4.8-5.8 cm/yr [Minster and Jordan, 1978; 
Plafker et al., 1978; Perez and Jacob, 1980]. The north- 
ern plate boundary follows the Aleutian trench. Along this 
margin, the Pacific plate subducts under the North Amer- 
ican plate at a rate of about 5.7 cm/yr in the southern 
Alaska region [DeMets et al., 1990]. 

In between these two regions, the plate boundary be- 
comes diffuse. It is represented by a series of thrust faults 
belonging to the Chugach-St. Elias fault system. These 
faults join the Aleutian megathrust along the Kayak zone to 
the south and intersect the Fairweather fault near Yakutat 

Bay to the west. Collision of buoyant borderland terranes 
onto the North American plate along a series of thrust and 
reverse faults in southern Alaska results in major orogenies 
[Perez and Jacob, 1980]. Currently, the Yakutat block is ac- 
tively accreting onto the North American plate along this 
margin [Plafker et al., 1978; von Huene et al., 1979; Lahr 
and Plafker, 1980; Perez and Jacob, 1980]. 

The boundary between the Pacific and the North Ameri- 
can plates marks one of the world's most active earthquake 
belts. Most of this boundary has broken in major earth- 
quakes this century. Along the eastern side of the Gulf of 
Alaska, the 1958 Fairweather earthquake (8.2 Mw) broke 
the length of the Fairweather fault from Palma to Yaku- 
tat Bay [Tocher, 1960; Sgtkes, 1971; Plafker et al., 1978]. 
The 1979 St. Elias earthquake (7.2 Ms, 7.5 Mw) [Buland 
and Tagtlart, 1981] ruptured an adjacent region to the north 
from Yakutat Bay to Icy Bay. West of this zone, the bound- 
ary from Kodiak to Kayak Island [Plafker, 1969] broke in 
1964 in one of the largest instrumentally recorded earth- 
quakes (8.4 Ms, 9.2 Mw) [Kanamori, 19771. The region 
between the 1979 and 1964 earthquake zones has been iden- 
tified as a seismic gap [Lahr and Plafker, 1980; McCann et 
al., 1980; Sykes et al., 1981] (see Figure 1). 

The only significant offshore activity prior to 1987 in the 
northern Gulf of Alaska took place along the Pamplona 
zone in the western portion of the Yakutat block where a 
sequence of large thrust earthquakes occurred in 1970 (Fig- 
ure 1). Recent activity in 1987-1988 activated a 3200 km • 
area in what was previously considered nonseismic oceanic 
crust just south of the Yakataga seismic gap. Network cov- 
erage for this region is not good. Aftershocks shown in 
Figure 2 have been relocated by Lahr et al. [1988] with 
depths fixed at 10 km. The events have maximum relative 
location errors of 20 km with the east-west direction better 

constrained than the north-south direction. The first mo- 

tion solutions are from J. Lahr (personal communication, 
1988) and include readings from local and global networks. 
Inversion results are also briefly summarized below. 

Event !, the first event of the sequence on November 
17, 1987:08 46:51 UTC, 58.80øN, 143.11øW, 6.9 Ms [Lahr 
et al., 1988], ruptured an east-west trending zone 40 km 
in length. Moment release was confined to a small region 
near the epicenter. Aftershock data along with first motion 
data and body-wave modeling results indicate left-lateral 
movement within the Pacific plate. 

Event 2, the second event of the sequence on Novem- 
ber 30, 1987: 19 23:16 UTC, 58.91øN, 142.76øW, 7.6 Ms 
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Fig. 2. Earthquake activity in the northern Gulf of Alaska 
from November 17, 1987, through April 6, 1988. Events 
have been relocated by Lahr ct al. [1988]. Mainshocks are 
plotted as stars. Focal mechanisms are from first motion 
analyses by J. Lahr (personal communication, 1988). For 
each event, the aftershock zone during the first 24 hours 
is outlined. Faults as inferred from seismicity are shown 
with a solid line. Symbols are as given in the figure. All 
magnitudes are ML unless otherwise noted. 

[Lahr et al., 1988], ruptured a primarily north-south trend- 
ing zone 140 km in length. This event was preceded by 
a 4.5 m b shock located 30 km ENE of event 1. Rupture 
for event 2 initially nucleated at the eastern edge of the 
aftershock zone from event 1. Aftershocks within the first 

24 hours suggested bilateral rupture 40 km to the north 
and 100 km to the south of the epicenter. Seismicity was 
concentrated from the epicentral region towards the north 
and along a roughly east-west trending zone 60 km to the 
south. These regions of high seismicity roughly correspond 
to regions of high moment release. Farther south, activity 
was more diffuse. In combination with seismicity associ- 
ated with event 3, their pattern suggests two parallel north- 
south trending fault zones. At the northernmost end, very 
little or no activity crossed over into the Yakutat block. 

Event 3, the third event of the sequence, occurred 
3 months later on March 6, 1988:22 35:36 UTC, 57.23øN, 
142.78øW, 7.6 Ms [Lahr et al., 1988]. The aftershock pat- 
tern suggests unilateral rupture 110 km to the north on 
a zone offset from the initial trend of activity from event 
2 but continuous with the trend of seismicity between the 
two events. Many aftershocks clustered tightly around the 
region of the largest aftershock (6.2 mb), about 70 km to 
the north. Aftershocks just north of the mainshock formed 
a cluster 50 km wide in the east-west direction. Models of 

moment release for this event do not indicate a large lat- 
eral extent of rupture; instead, moment release is confined 
to the epicentral region. 

DATA 

The data used in the inversions are Global Digital Seis- 
mic Network (GDSN), GEOSCOPE, and Worldwide Stan- 
dard Seismograph Network (WWSSN) P and SH wave- 

forms. The distance ranges are restricted to the region 
30 ø < A < 90 ø for Pwaves and 30 ø < A < 85 ø for SH 
waves to avoid regional and core effects. WWSSN data are 
digitized, using an optical scanner, resampled at an interval 
of 0.25 s, and corrected for drift and curvature for known 
pen-arm lengths. 

Since the data from each network have different instru- 

ment responses, records are reconvolved to a standard re- 
sponse. Two data sets with different responses and overlap- 
ping bandwidths are modeled, a long-period GDSN and a 
long-period WWSSN-type data set. This allows us to test 
their stability and resolution. For the long-period GDSN 
data set, the data have either standard, long-period, net- 
work instrument responses or are modified to a standard, 
long-period Digital Worldwide Standard Seismograph Net- 
work (DWWSSN) type (SCP) response. Data from the 
Chinese Digital Seismc Network (CDSN), Seismic Research 
Observatories (SRO), Abbreviated Seismic Research Ob- 
servatories (ASRO), and DWWSSN stations retain their 
original instrument responses. GEOSCOPE and some 
DWWSSN stations have much broader-band instrument re- 

sponses so their data are reconvolved to a long-period SCP 
instrument response and band-pass-filtered between 0.01- 
0.3 Hz. On the other hand, the long-period CDSN instru- 
ment response has a very narrow bandwidth. In general, the 
waveforms for the CDSN stations do not appear as complex 
as those for the rest of the stations and can be easily mod- 
eled. While the CDSN long-period data do little to help 
resolve the source-time history of the event, the data do 
provide constraints on the long-period focal mechanism. 

The WWSSN-type data set has a broader bandwidth 
that extends to higher frequencies than the long-period 
GDSN data and hence can resolve the details in the source 

much better. For this data set, a combination of broad- 
band, long-, intermediate-, and short-period digital data is 
reconvolved to a standard WWSSN long-period response 
and band-pass-filtered between 0.01 and 1 Hz or are high- 
pass filtered with a low-frequency cutoff of 0.01 Hz. 

The GEOSCOPE data used here were not corrected for 

clock errors. in the following models, the records are ini- 
tially aligned on the first arrival for the P waves or the onset 
of the SH arrival as determined from broadband or short- 

period records when available. Otherwise, the theoretical 
arrival times are used. 

The lateral fault dimensions and the range of possible 
models to investigate are constrained by the aftershock pat- 
terns described above. The crustal model is taken after 

yon Hueme et al. [1979] (Table 1). The total thickness of 
the oceanic crust is 8.5 kin. The thickness of the water 

layer and hence, the depth to the top of the crust, varies 
for each earthquake as noted. 

TABLE 1. Velocity Model 

Thickness, Depth, Vp, Vs, Density, 
km km km/s km/s g/cm 3 
3.5* 0.0 1.5 0.0 1.0 
2.5 3.5 2.4 1.4 2.1 
6.0 6.0 6.5 3.8 2.9 

12.0 8.1 4.7 3.4 

* 3.5 kin, November 17, 1987; 3.2 km, November 30, 1987; 
3.8 km, March 6, 1988. 
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METHODS 

Two different methods are used to investigate the source 
characteristics of the Gulf of Alaska earthquakes. Both the 
long-period GDSN (LP) and broader band WWSSN-type 
(WWS) data sets are inverted using the method of NdbLqek 
[1984, 1985] and Kikuchi and Kanamori [1991], hereafter 
referred to as method N and K, respectively. 

In method N, teleseismic body waves are simultaneously 
inverted in a least squares sense. This method can invert 
for multiple sources and solves simultaneously for the focal 
mechanism, centroid depth, and source-time function for 
each source. Both a stationary as well as a propagating 
point source can be investigated. The propagating point 
source is composed of triangular source elements that are 
restricted to rupture at a fixed velocity and a single depth. 

In the following inversions, the LP data are initially used 
to estimate the gross source parameters, and the WWS data 
are then used to refine the model. Either the first motion 

or the centroid moment tensor (CMT) solution is used as a 
starting focal mechanism that is allowed to vary. For events 
with multiple subevents, subevent 1 is always constrained to 
start at the first motion time. The delay times of additional 
subevents are allowed to vary. Depths between 5 and 40 km 
and velocities up to 3.5 km/s are systematically investigated 
by holding both parameters fixed in the inversion. Faster 
velocities up to 5 km/s are considered only for event 3. The 
least error solution for the different combinations of velocity 
and depth gives the final model. 

In method K, the source-time function is built from a 
series of point sources that lie on a two-dimensional fault 
plane. The moment tensor for each individual point source 
can be inverted for or held fixed. The speed of the rupture 
front cannot exceed the specified maximum rupture veloc- 
ity. Subevents can occur anywhere on or inside the rupture 
front. As used here, the moment tensor is constrained to 
be a double-couple source that is allowed to vary in time. 
Maximum rupture velocity is 3.5 km/s, and the fault mod- 
eled extends from 10 to 50 km in depth. The best fit focal 
mechanisms and their correlation functions for the first it- 

eration are examined on the r- l plane, where r and I are 
time lag and distance of the subevents from the epicenter, 
to determine the complexity of the event and the resolution 
of the initial focal mechanism, its timing, and subevent po- 
sition. Subsequent iterations map a different set of corre- 
lation functions and focal mechanisms on the r- I plane. 
The first and largest subevent solved for in the inversion 
corresponds to a peak in the correlation function and is 
the most robust. As the waveform from each subevent is 

subtracted from the original data, each successive subevent 
tends to have less moment, is less reliable, and depends on 
the source parameters of the previous subevents. Hence 
the first several iterations give the most robust solutions. 
In the following section, only the correlation functions from 
the first iteration for the WWS models will be shown since 

they are very similar to those for the LP models which are 
also very stable [Hwang, 1991]. 

Methods N and K differ by how they average the source 
and how subevents trade off with one another. In both 

methods, source properties are averaged over the time win- 
dow of each subevent. For each subevent, the results give 
the centroid location and focal mechanism over its duration. 

In method N, the source is described by fewer subevents 

whose positions are either constrained to lie at a point or 
along a line propagating at a specified rupture velocity. 
The conditions are more rigid than in method K and re- 
sult in each subevent averaging over longer time periods 
and a larger area. This averaging or smoothing is desirable 
for event 2 since the details of the source are not always 
resolvable. 

For sources that change rapidly in time, smoothing may 
not result in an accurate picture of the source process. Both 
time variation in the focal mechanism and in the source po- 
sitions can alias into the source parameters. In method N, 
the number of subevents is kept small to limit these trade 
offs. Since the source parameters of each subevent actively 
interact with one another during the inversion, minimiz- 
ing the number of free parameters stabilizes the solution. 
In method K, source parameters of each subevent depend 
on previous iterations. This problem has been discussed 
by Young et al., [1989] and Kikuchi and Kanamori [1991] 
and has been called path dependence. Choosing different 
first subevents or changing the order of iteration changes 
the iteration path. The new solution can produce diver- 
gent but equally valid results. This effect is particularly 
important for complex events whose correlation functions 
have maxima with similar values [Young et al., 1989]. As 
shown below, events 1 and 3 have relatively simple sources 
whose initial correlation functions have one well-isolated 

peak and whose focal mechanisms are stable over a long 
time window. On the other hand, the correlation functions 
for event 2 have several peaks. However, the largest peak 
has a much greater value then the other local maxima. In 
addition, the focal mechanisms associated with the other 
local maxima have an opposite sense of motion than that 
suggested by the first motion data. The above suggests that 
the initial inversion path for all events is stable. 

The final model results for the three earthquakes in- 
vestigated here are summarized in Tables 2-4. The first 
motion (J. Lahr, personal communication, 1988) and the 
CMT solution [Dziewonski et al., 1989a, b] are also shown 
for comparison. The last column gives the moment for 
the subevent(s) as described. Total moment, if different, 
is given in parentheses. For solutions with a time-varying 
source in method K, the focal mechanisms and the total 
moment given represent the best double-couple sum of the 
subevents comprising the event. Detail tables of source pa- 
rameters of all subevents are given in the appendices. 

INVERSION RESULTS 

The following sections summarize and discuss the inver- 
sion results for each event. The first paragraph gives an 
overview of the general features of the model that are ro- 
bustly determined and notes important parameters that are 
not well resolved. A more detailed discussion follows. 

Details of the inversions and each model are given in the 
appendices. In the following section, only those subevents 
reliably determined are given in Tables 2-4 for models 
N. For models K, only the best double-couple solution is 
shown. 

November ! 7, 1987 

For event 1, Table 2 summarizes the source parameters 
for the source models 1NLP, 1NWWS, 1KLP, and 1KWWS. 
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TABLE 2. November 17, 1987, Summary of Source Parameters for Event 1 

Model Strike, Dip, Rake, Depth, Delay, Velocity, Distance, Azimuth, 
deg deg deg km s km/s km deg 

Moment, 
dyn cmx 1026 

FM 275 83 2 10' 
CMT 262 57 -6 15' 6.6 
1NLP. 2 265 74 2 25 4 1.0 5.3 
1NWWS.2 266 75 -2 25 2.3 1.0 6.7 
1KLP 260 84 -8 20 4 3.5 # -20-40 260 8.4 
1KWWS 275 78 0 20 4.0 3.5# 0-40 270 6.3 

(S.0) 

FM, first motion solution (J. Lahr, personal communication, 1988); CMT, centroid moment tensor [Dziewonski et ai., 1989a, b]; 
for others, see text. For models N, only those subevents reliably determined are given. Total moment for all subevents is shown in 
parentheses. For models K, only the source parameters for the best double-couple solution are given along with a summary of the 
source extent. For more details, see tables in appendices. 

* Fixed. 

• Maximum rupture velocity. 

Models are in good agreement with each other (see Ap- 
pendix A). Figure 3 summarizes all four models. This 
earthquake consisted of multiple subevents. The largest 
subevent has a left-lateral, strike-slip mechanism on an east- 
west trending fault plane that dips steeply toward the north 
and lies at a centroid depth of 20-25 kin. This subevent ap- 
pears to propagate toward the west at a velocity of 1 km/s 
but the rupture velocity is not well determined. 

Most of the moment release for all models occurs in the 

epicentral region within 20 km of the epicenter (see shaded 

17 November 1987 
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Fig. 3. Event 1. Comparison of the spatial moment dis- 
tribution for each model. The height of each subevent 
is proportional to its moment and is normalized to the 
largest subevent in each model. Solid rectangles show the 
position of the point sources, and shaded figures repre- 
sent the moment distribution of the line sources along the 
fault. Suppled region marks the lateral bounds of mo- 
ment distribution as inferred from the models and corre- 

sponds to the shaded region in Figure 6 (see text). Only 
the focal mechanism for the largest subevent in models 
1N(LP,WWS), subevent 2, are shown. Focal mechanisms 
shown for 1K(LP, WWS) are the best double-couple sum of 
the subevents. 

region in Figure 3). Both models using the WWSS data 
set indicate rupture propagation to the west of the epi- 
center. The LP data can only resolve a change of 20 km in 
source position and hence do not resolve the directivity very 
well due to the short duration time and small dimensions 

of the fault. However, both 1KLP and 1KWWS do place 
some moment release at a distance of 40 km to the west 

of the epicenter. This suggests that while models 1NLP 
and 1NWWS average the source at a particular time well, 
rupture could extend further along the fault and is allowed 
within the errors of the models (see Appendix A). A rup- 
ture extent of up to 40 km is in good agreement with the 
rupture length inferred from the aftershock area during the 
first 24 hours. Estimates of the total moment release vary 
but all correspond to 7.2 Mw. This is larger than the re- 
ported surface wave magnitude (6.9 Ms, NEIC). 

This event initiated with a small moment releasing 
subevent. Modeling using a fixed focal mechanism in all 
models cannot explain the beginning of all of the waveforms 
indicating that the initial mechanism is not the same as that 
for the largest subevent. Models 1KLP and 1KWWS allow 
the focal mechanism to vary but do not solve for any mo- 
ment release until 4 s after the onset of the first arrival. 

Hence these models cannot match the timing or shape of 
the first arrival very well. Subsequent iterations have very 
little moment and do little to improve the fit. Constraining 
moment release to begin earlier fits the early portion of the 
waveforms better at the northern stations but at consider- 

able expense to the remainder of the waveform and to the 
waveform matches at other stations. In contrast, constrain- 
ing moment release to begin at the first arrival time for the 
first subevent in models 1NLP and 1NWWS can explain 
the data. 

The main sequence does not initiate until approximately 
4 s after the first arrival. It can be well modeled by a sin- 
gle source that has a duration of approximately 10-16 s. 
Estimates of the strike of the second subevent fall within 

15 ø of each other. For this second subevent, a strike rotated 
counterclockwise from due west agrees better with the over- 
all trend of the aftershock data. However, even the most 
southerly striking fault plane solution still differs from the 
trend of the aftershock data by approximately 10 ø. Esti- 
mates of dip range from 57 ø to 84 ø. The shallower fault 
dip estimated by the CMT method is probably due to the 
preassigned source depth. Source depths of 15 km using 
method N produce comparable dips. On the basis of the 
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above models, a more realistic dip would be approximately 
75 ø to 85 ø. 

November 30, 1987 

For event 2, Table 3 summarizes the source parameters 
for the source models 2NLP, 2NWWS, 2KLP, and 1KWWS. 
Overall, the above models agree with one another (see Ap- 
pendix B). Figure 4 summarizes the four source models. 
The earthquake consisted of multiple, right-lateral, strike- 
slip subevents with different focal mechanisms rupturing 
along a north-south trending plane at a centroid depth of 
20-25 km. Models 2NLP and 2NWWS parameterize mo- 
ment release using three point-source subevents. Moment 
release begins with a small, poorly resolved subevent in the 
epicentral region. The major portion of the total moment 
release does not initiate until approximately 15 s after the 
first arrival. Most of this moment release occurred to the 

south of the epicenter between a distance of 40 to 90 km 
(see shaded region in Figure 4). Additional moment release 
occurred in the epicentral region and to the north but its 
lateral extent was not robustly determined. Total moment 
release for these models corresponds to 7.8 Mw. 

The different models indicate that substantial moment 

release could have occurred near to or north of the epicen- 
ter. Estimates of moment release vary between the mod- 
els and are not well resolved. Subevent 2NLP. 3 gives the 
largest estimate and is located just 20 km north of the epi- 
center. Subevent 2NWWS.3 is located farther to the north 

at 60 km. Using the same data set and a fault extended to 
90 km to the north, method K shows there is a tendency to 
place moment release even farther north than 60 km. Po- 
sitions greater than 40 km are located much farther north 
than the extent of the aftershock zone. Both focal param- 
eters and source position may be trading off with one an- 
other due to the complexity of the rupture. Constraining 
the possible rupture extent lowers the total percentage of 
moment released to the north as the sources become closer 

to the epicenter. 
The first motion results, using both teleseismic and lo- 

cal data, suggest that the event initiated as a near ver- 
ticaJ, right-lateral, strike-slip earthquake trending NNW- 
SSE. However, the estimates of the focal parameters vary. 
The NNW-SSE trending plane dips 70 ø to the west in the 
CMT solution. The focal mechanism solutions in the above 

models trend both NNW-SSE and NNE-SSW and dip both 
to the east and west, but all agree with one another within 
the errors of their respective models. The spatial-temporal 

30 November 1987 

• ! I I I I I I I I I I I I I I I I 

100 80 60 40 20 0 20 40 60 
S distance (km) N 

Fig. 4. Event 2. Symbols are described in Figure 3. 
For models 2NLP and 2NWWS, focal mechanisms for 
subevents 2 and 3 are shown. Focal mechanisms shown 

for 2K(LP, WWS) are the best double-couple sum of the 
subevents. The number under each subevent indicates the 

initiation order of the subevent. 

sequence in models 1KLP and 1KWWS illustrate that the 
pattern of moment release cannot be easily described by a 
simple point or propagating point source model (see Figure 
4) suggesting that these discrepancies may be due to source 
finitehess as well as time variations in the focal mechanism. 

For models 2NLP and 2NWWS, it seems reasonable that 
the subevents idealized as point sources have a finite ex- 
tent that is unresolvable from the data using method N. 
In addition, since subevents 2 and 3 in models 2NLP and 
2NWWS overlap in time, some trade-offs in the source pa- 
rameters are expected. 

March 6, 1988 

For event 3, Table 4 summarizes the source parameters 
for the source models 3NLP, 3NWWS, 3KLP, and 3KWWS. 
Models show good agreement with each other (see Ap- 
pendix C). Figure 5 summarizes all four models. Event 3 
consisted of multiple strike-slip subevents. These subevents 

TABLE 3. November 30, 1987, Summary of Source Parameters for Event 2 

Model Strike, Dip, Rake, Depth, Delay, 
deg deg deg km s 

Velocity, Distance, Azimuth, Moment, 
km/s km deg dyn cm x 102? 

FM 170 92 177 10' 
CMT 175 110 172 15' 
2NLP.2 160 92 168 25 
2NLP.3 188 76 208 25 

2NWWS.2 171 90 188 25 
2NWWS.3 188 98 187 25 

2KLP 177 97 173 20 

2KWWS 180 94 179 20 

10 

16 

11 

2O 

7.3 

70 180 3.2 

20 0 3.5 

70 180 4.6 

60 0 2.5 

-30-90 180 5.3 

-30-80 180 5.6 

(8.2) 

For abbreviations, see Table 2. 
* Fixed. 
# See text. 
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TABLE 4. March 6, 1988, Summary of Source Parameters for Event 3 

Model Strike, Dip, 
deg deg 

Hake, Depth, Delay, Velocity, 
deg km s km/s 
182 10' 
192 15' 
186 15 3.5 

170 15 13 

187 15 3.5 

176 15 13 

180 20 3.5 # 
189 10 3.5# 

FM 170 83 
CMT 182 75 
3NLP. 1 181 62 
3NLP. 2 184 80 
3NWWS.1 179 79 
3NWWS.2 189 97 

3KLP 182 74 

3KWWS 176 81 

Distance, 
km 

Azimuth, 
deg 

Moment, 
dyn cm x1027 

-40-20 

-10-20 

4.9 

268 3.2 

1.7 

268 2.9 

1.5 

180 3.9 

270 4.3 

(4.9) 

(4.4) 

For abbreviations, see Table 2. 
* Fixed. 

# Maximum rupture velocity. 

06 March 1988 

lOO 

80 

ol- 

20 

20 

W• 
4O 20 0 

distance (kin) 

• point source 

3KLP • line source 

Fig. 5. Event 3. Symbols are described in Figure 3. 
For models 3NLP and 3NWWS, focal mechanisms for 
both subevents are shown. Focal mechanisms shown for 

3KLP and 3KWWS are the best double-couple sums of the 
subevents. 

have centroid depths predominantly between 10 and 20 km 
making event 3 the shallowest of the three Gulf of Alaska 
events. Estimates of the rupture direction and dimensions 
between the models differ. Total moment release for all 

models corresponds to an 7.7 Mw. 
Aftershock seismicity suggests that the fault ruptured 

predominantly unilaterally to the north. However, all mod- 
els agree that no significant moment release occurred north 
of the epicenter and the maximum fault length was much 
shorter propagating predominantly toward the west. In 
models 3NLP and 3NWWS, the largest subevent propa- 
gates toward the west at a velocity of 3.5 km/s or to a 
maximum extent of 42 km (see shaded region in Figure 5). 
Models 3KLP and 3KWWS do not indicate a large lateral 
extent of moment release. Most of the moment for these 

models lie within 20 km of the epicenter. The timing and 
location of their subevents suggest a rupture velocity closer 
to 2 km/s. This is within the allowable error range for 
models 3NLP and 3NWWS (see Appendix C) and would 
constrain most of the moment release to within a distance 

of 24 km of the epicenter in those models. 

Subevents for this event have predominantly north- 
south, east-west trending strike-slip focal mechanisms 
which is in good agreement with the fault geometry in- 
ferred from seismicity. Estimates of their focal parameters 
differ by 4-10 ø between the different models and between 
the first motion and CMT solution, but all agree within 
the errors of their respective models. The first motion solu- 
tion strikes about 10 ø counterclockwise from the majority 
of the models. A near north-south strike similar to the 

above models with a near verticM dip, however, is also al- 
lowed by the first motion data. Since the epicenter of this 
event lies at the junction of both a westerly and northerly 
seismicity trend, the choice of fault planes is ambiguous. 
Even though the above models indicate rupture propaga- 
tion towards the west, most of the moment release occurs in 
the epicentral region and thus cannot be clearly associated 
with either trend. Hence both trends may have been to a 
limited extent active or activated during this event. 

DISCUSSION 

Aftershock seismicity of the Gulf of Alaska earthquakes 
concentrates primarily in the epicentrM regions. For the 
two largest events, these are regions of apparent struc- 
tural complexity where east-west and north-south seismic- 
ity trends intersect (Figure 6). The clustering of seismic- 
ity near structural complexities has been observed along 
other strike-slip faults. Lindh and Boore [1974] noted that 
the foreshock and mainshock of the 1966 Parkfield-Cholame 

earthquake lie near a 5 ø bend in the fault trace. Seismicity 
concentrated near a step in the fault during the Parkfield 
aftershock sequence [Eaton et ai., 1970] and near fault steps 
in the Imperial Valley [Johnson and Hadley, 1976; Johnson 
and Hutton, 1982]. The 1987 Superstition Hills earthquake 
and its aftershocks concentrated at the intersection of two 

conjugate faults [Magistrale et al., 1989]. 
Moment release for the Gulf of Alaska events also lies 

primarily at the intersection of seismicity trends (Figure 6). 
Since the two nodal planes for these subevents have strikes 
similar to both trends, these subevents cannot always be 
unambiguously associated with either trend. The epicenter 
for event 2 lies at the intersection of an east-west seismicity 
trend defined by the aftershock sequence of event 1 and its 
own north-south trending aftershocks. This suggests that 
for event 2, moment release near the epicenter lies along 
the north-south trend. Moment release to the south of 

the epicenter lies near the intersection of the north-south 
trend and another east-west aftershock trend. Placement 
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Fig. 6. Summary of source models for the 1987-1988 Gulf of 
Alaska earthquakes. Lines represent approximate locations 
of seismic trends (see Figure 2). Stars mark the locally 
determined epicenters. First motion solutions from J. Lahr 
(personal communication, 1988) are also shown. Shaded 
areas mark the regions of maximum moment release for 
each event. 

of moment release along the east-west trend is within the 
errors of the inversions. 

In plan view, regions of large moment release for the Gulf 
of Alaska earthquakes appear to correspond to regions of 
high aftershock seismicity. This apparent relationship be- 
tween moment release and aftershock seismicity contradicts 
observations by other authors. Comparing slip distribution 
along a two-dimensional fault plane as determined from in- 
versions of strong motion data to cross sections of after- 
shock seismicity, several authors have observed that regions 
of high aftershock seismicity along the fault plane tend to 
occur outside regions of large slip [Doser and Kanamori, 
1986; Hartzell and Heaton, 1986; Wald et al., 1990]. This 
phenomenon has also been observed with teleseismic data 
where regions of high moment release have the fewest af- 
tershocks [Schwartz et al., 1989; Hwantl et al., 1990]. Since 
aftershock depths for the Gulf of Alaska earthquakes are 
undetermined, the aftershock zone and the mainshock rup- 
ture zone possibly have different depths. In this case, the 
relationship between moment release and aftershock seis- 
micity for the Gulf of Alaska events would be similar to 
that observed for other events. 

Intraplate seismicity tends to occur on preexisting weak 
zones [Sykes, 1978]. Seismicity patterns for the Gulf of 
Alaska earthquakes correlate with the pattern of magnetic 
linearions (Figure 1) suggesting that aftershock seismicity 
may be following preexisting zones of weakness in the crust 
[Lahr et al., 1988]. A similar relationship has also been ob- 
served in the southeastern corner of the Gorda plate [Wil- 
son, 1986]. For the Gulf of Alaska sequence, seismicity ap- 
proximately follows the axis of magnetic anomaly 13. Af- 
tershock seismicity lies north of a magnetic discontinuity at 

approximately 57 ø [Atwater and Severinghaus, 1989]. Nei- 
ther the right-lateral offset of seismicity seen in the data 
nor any other east-west trending features are observed in 
the magnetics. 

While the seismicity patterns are controlled by preexist- 
ing weaknesses in the crust, the style of faulting is controlled 
by the regionM stresses. Strike-slip faulting indicates near 
horizontal minimum and maximum stress directions. As 

suggested by Lahr et al. [1988], this can occur in between 
locked and recently slipped zones of the subducting plate. 
The orientation of the T axes nearly perpendicular to the 
axis of the Aleutian trench suggests that the Pacific plate 
is accommodating tensional stresses induced by the 1964 
Great Alaskan earthquake. Compressive horizontal stresses 
along the northern margin are high because of oblique con- 
vergence and subduction of the buoyant Yakutat terrane. 
The orientation of the stress axes inferred from the focal 

mechanisms of the Gulf of Alaska earthquakes is consistent 
with this interpretation. 

The hypocenters of these events suggest that faulting 
extended to at least a depth of 25 km. A seismogenic 
depth of 25 km is deeper than seen for most strike-slip 
earthquakes. Seismicity for two large San Andreas earth- 
quakes, the 1986 North Palm Springs, 6.0 Ms, and the 1989 
Loma Prieta earthquake, 7.1 Ms [Given, 1986; Dietz and 
Ellsworth, 1990] do extend to depths of 20 km, but both 
mechanisms have appreciable dip-slip components [Jones 
et al., 1986; Kanarnori and Satake, 1990]. More commonly, 
the seismogenic depth of strike-slip faults in California is 
approximately 10 km and no deeper than 15 km. For the 
Gulf of Alaska earthquakes, a depth of 25 km does, how- 
ever, agree with previous studies of oceanic intraplate seis- 
micity. Wiens and Stein [1983, 1984] observed that the 
maximum depth of seismicity deepens with increasing litho- 
spheric age and appears to be bounded by the 700ø-800øC 
isotherm. Isotherms derived from a standard plate cooling 
model [Parsons and Sclater, 1977] suggest that for a crustal 
age of 35 Ma in the Gulf of Alaska [Atwater and Severintl- 
haus, 1989], the maximum depth of seismicity is approxi.. 
mately 30 km (Figure 7). The difference in depth reflects 
the rheological differences between oceanic and continental 
crust. 

To estimate slip and stress drop along the fault, esti- 
mates of the fault parameters such as length l and width w 
are needed. These parameters are usuMly estimated from 
the aftershock distributions. For events 1 and 2, aftershock 
lengths are in good agreement with fault lengths derived 
from rupture models. Event 3, however, has an aftershock 
length much longer than that derived from rupture mod- 
els. Below, I is assumed to be equivalent to the aftershock 
lengths for events 1 and 2, but both aftershock length and 
modeled rupture length are used to bound estimates of slip 
and stress drop for event 3. 

Fault width is more difficult to estimate since aftershock 

depths for these events were not determined. Assuming an 
l/w aspect ratio of 2 would place the largest events well 
into the upper mantle at depths of 50-70 km. However, 
the studies of Wiens and Stein [1983, 1984] suggest that 
seismicity in the region would not extend below 30 km. 
GLORIA images from the region Mso indicate that rupture 
did not reach the surface [Bruns et al., 1989]. Hence the 
fault width is probably less than 30 km. Here, the fault 
width is assumed to be approximately 25 km. 
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140 

Slip is calculated from 

I•lw ' 

where Mo is moment, p is rigidity, I is fault length, and 
w is fault width. Stress drop for a long-shallow, strike-slip 
fault is given by Knopoff[1958] as 

where a is the average dislocation. Rigidity and fault width 
are assumed to be 4.2 x 1011 dyn/cm 2 and 25 kin, re- 
spectively. For event 1, assuming that I = 40 km and 
Mo = 7 x 102e dyn cm, then u = 1.7 m and Aa = 
18 bars. For event 2, assuming that I = 140 km and 
Mo = 7 x 102? dyn cm, then u = 4.8 m and Aa = 
51 bars. For event 3, an aftershock length of I = 110 km and 
Mo = 4 x 102? dyn cm gives u = 3.5 m and A•r = 37 bars. 
Assuming a much shorter fault length of I = 40 km, then 
u = 9.5 m and A•r = 102 bars. 

A stress drop of 102 bars for event 3 is high with respect 
to the stress drop estimated for events I and 2. However, 
within the errors of the data, both estimates of stress drops 
for event 3 and the estimate for event 2 are consistent with 

other intraplate events, while the stress drop for event I is 
more similar to interplate events [Kanamori and Anderson, 

1975]. Stress drop varies by up to a factor of 5 between 
these events. 

In comparison to thrust and normal faulting events, these 
strike-slip events have short durations. Figure 8 plots seis- 
mic moment versus source process time for several large 
earthquakes. Circles representing thrust and normal fault- 
ing events fall along an empirical relation found by Furu. 
rnoto and Nakanishi [1983] where the moment is propor- 
tional to the cube of the source process time. Triangles rep- 
resent four large strike-slip events: the two largest Gulf of 
Alaska, the 1989 Macquarie Ridge, and the 1976 Guatemala 
earthquakes [Kanarnori and Stewart, 1978; Dziewonski et 
al., 1989a, b, 1990; Kikuchi and Kanarnori, 1991; Satake 
and Kanarnori, 1990]. 

The Guatemala earthquake falls within the scatter for 
normal and thrust faulting events. The remainder of 
the strike-slip events form a separate group whose source 
process times are much shorter, implying shorter rupture 
lengths. Rupture lengths for these events are indeed shorter 
than what is observed for most strike-slip events. These 
earthquakes, the Gulf of Alaska and the Macquarie Ridge 
earthquakes, are also large events occurring in oceanic en- 
vironments. Centroid depths below the Moho indicate that 
these events ruptured into the upper mantle. The above 
suggests that oceanic lithosphere has a higher strength than 
continental lithosphere and results in events with larger mo- 
ment release per unit area than similar continental events. 
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Fig. 8. Relation between seismic moment and source pro- 
cess time for normal and reverse faulting events (circles) 
and several strike-slip faulting events (triangles). Solid cir- 
cles indicate source-process times determined from a lin- 
ear inversion technique, and open circles indicate those de- 
termined from Furumoto's method [Zhang and Kanamori, 
1988]. Solid triangles show the parameters determined from 
surface wave modeling, and open triangles show the param- 
eters determined from body wave modeling. References for 
source parameters for strike-slip events are in the text. The 
solid line is an empirical relation for low-angle thrust fault 
earthquakes obtained by Fururnoto and Nakanishi [1983], 
where Mo = 2.5 x 1022r s. 

CONCLUSION 

The 1987-1988 Gulf of Alaska earthquakes are mod- 
eled using two different methods: Ndbglek [1984, 1985] 
and Kikuchi and Kanarnori [1991]. Ideally, both methods 
should give the same results. However, differences in the 
inversion procedure and complexity of the sources results 
in similar but not identical results for all models. The main 
difference between the two methods is how the sources are 

constrained. The former smooths or averages both the mo- 
ment release distribution and the focal parameters over the 
duration of the subevent. This is effective for two sim- 

ple events such as the November 17, 1987, and March 6, 
1988, earthquakes. For more complex events, by not con- 
straining a propagation velocity, the latter method Mlows 
moment release to occur on portions of the fault plane in 
which the rupture front has already traveled. This is likely 
for large events with large faulting dimensions such as the 
November 30, 1987, earthquake. However, trade offs occur 
between the resolution of the smaller subevents and the loss 

of smoothness in the time function and stability in the fo- 
cal mechanism that can give a more satisfactory waveform 
match. 

These earthquakes also illustrate some of the difficul- 
ties of modeling strike-slip earthquakes. Modeling suggests 
that nonplanar crustM structure in the source region for 
events I and 2 results in waveform complexities at shorter 
periods that are not well-modeled for stations that lie to 
the north-northeast. The modeling done here also illus- 
trates the sensitivity of the solution to variations in the 
focM parameters of the subevents. In all events, models 
using a single focal mechanism could not explain impor- 
tant features in the data. A time varying mechanism was 
needed to explain both the LP and WWS data. Method 

K showed that variations of only 4-10 ø are necessary and 
results in a nondouble-couple component typically <1%, 
and never more than 8%. In addition, solutions are not 
unique. All models result in grossly similar solutions that 
agree with one another within the errors of the inversion. 
Differences in the models illustrate that different combina- 

tions of source time, placement, size, and focal mechanisms 
can explain the data equally well. 

All the models ax:counted successfully for the LP data. 
Complex source processes and crustal heterogeneities hin- 
dered efforts to model the WWS data robustly for events 
1 and 2. However, the main features in the data set were 
modeled. Event 3 has the simplest waveforms of the earth- 
quakes studied and could be modeled in both bands. 

Source parameters agree with previous studies that in- 
dicate almost pure, vertical, NS-EW conjugate strike-slip 
faulting. Centroid depths are well constrained and are 
deeper than those observed for similar continental inter- 
plate events. These events also have shorter rupture lengths 
and shorter source process times than are observed for 
most large earthquakes. Similarities in source charax:ter- 
istics to another large, strike-slip, oceanic earthquake, the 
1989 Macquarie Ridge earthquake, show that large oceanic 
strike-slip events can rupture into the upper mantle and 
can release more moment per unit area than similar crustal 
events. This may reflect the theological difference between 
oceanic and continental lithosphere. 

Moment release for these events did not occur smoothly 
along the entire aftershock length of the faults (Figure 6). 
Most of the moment release for event 2 is confined to two 

regions along the fault. A large, lateral extent for event 
3, as implied by the aftershock data, is not supported by 
the body wave modeling results. In general, most of the 
moment release occurs near the epicenter and/or regions 
of intersecting seismic trends. This suggests that regions 
of structural complexities, fault zone intersections or step- 
overs, are regions of large moment release and are likely 
nucleation points for large earthquakes. 

APPENDIX A: NOVEMBER 17, 1987 

Models 1NLP and 1NWWS 

Event 1 is a relatively simple event. In method N, tri- 
angular source elements with duration and rise times of 
rr = ra = 2 s are used to model the LP data, while shorter 
source elements, rr = ra = 1 s, are used to match the 
higher-frequency content seen in the broader band data. 
Various single and multiple-source models with source el- 
ements described above are initially investigated. Neither 
single point or propagating point source models could ex- 
plain both the main arrival and the emergent arrival ob- 
served dominantly at the northern stations (Figures A1- 
A5). Hence a two-source model is investigated. 

The first subevent constrained to begin at the first arrival 
time is assumed to initiate at the hypocenter. Since it is 
modeled as a source with a short duration time (7-8 s), it is 
assumed not to propagate and is also assumed to have the 
same centroid depth as the second subevent. The second 
subevent has a much longer duration time, 10-15 s. For this 
subevent, different combinations of propagation velocities 
as well as centroid depths are investigated. 

Figure A6a shows the misfits between the observed and 
calculated seismograms for a centroid depth of 25 km (justi- 
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17 November 1987 

Fig. A1. Equal area projection of the location of the sta- 
tions used in the inversions with respect to the November 
17, 1987, earthquake superimposed on a partial map of the 
world. Open triangles, stations used only in the LP in- 
versions. Solid triangles, stations used only in the WWS 
inversions. Hatched triangles, stations used'in both the LP 
and WWS inversions. 

fled later) as a function of rupture velocity. For the LP data 
(dashed line), the errors are roughly independent of veloc- 
ity for velocities less than 2.5 km/s and increase slightly for 
higher velocities. Over the depth range investigated, errors 
change little with velocity at any given depth. A change of 
I km/s in velocity for a source duration time of 10 s corre- 
sponds to a change in length of 10 km and is not within the 
resolution of the LP data. However, the WWS data (solid 
line) can resolve the propagation velocity to the above ac- 
curacy and yields a minimum velocity at 1.0 km/s (Figure 
A6a). This velocity reduces the errors in the solution by 
20% over a stationary source (0 km/s) and noticeably im- 
proves the waveform fit at stations lying toward the west. 
Hence the main episodes of moment release occurred west 
of the epicenter but due to the short duration time of the 
time function and the resolving power of the data, the mo- 
ment may be distributed up to a distance of 30 km to the 
west of the epicenter. 

Figure A6b shows the misfits between the observed and 
calculated seismograms as a function of centtold depth for 
a constant rupture velocity of 1.0 km/s. For all velocities 
examined, the errors for both data sets robustly indicate 
that the best solution lies between 25 and 30 km, with 
the lowest errors at 25 km. The final models below have a 

rupture velocity of 1.0 km/s and a centroid depth of 25 km. 
Figures A2 and A3 show the data, synthetics, and the 

source-time function for the LP solution: model 1NLP. 

Model 1NLP fits the observed, long-period waveforms well. 
The first subevent, 1NLP. 1, is a small normal faulting event. 
Since it overlaps in time with the second subevent (1NLP. 2) 

and has a small amount of moment, it is not well resolved. 
On the basis of aftershock seismicity, 1NLP. 2 has a left- 
lateral strike-slip mechanism on an east-west trend. The 
focal mechanism of the second subevent is well resolved at 

strike 265 4-5 ø, dip 74 4- 2 ø, and rake 2 4- 2 ø. 1NLP. 2 has 
roughly 5 times more moment than 1NLP. 1. Combined, 
the total moment is 6.4 x 1026 dyn cm. Source parameters 
for both subevents are given in Table A1. 

Figures A4 and A5 show the results for the WWS data, 
model 1NWWS. Overall, the synthetics for model 1NWWS 
fit the observed waveforms well but do not model all of the 

detail seen in the high-frequency energy. The focal mech- 
anism of the first subevent in the final model is again a 
poorly resolved normal faulting event. The mechanism for 
the second subevent is almost identicaJ to that in model 

1NLP. Its focal parameters are: strike 266 4- 5 ø, dip 75 4- 2 ø, 
rake -2 4- 2 ø. Total moment is 8.0 • 1026 dyn cm. Source 
parameters for both subevents are given in Table A1. 

Models 1KLP and 1KWWS 

In the inversions using method K for this event, the fault 
plane spans a distance of 50 km to the west and 20 km to 
the east of the epicenter. The final model LP model, 1KLP, 
uses a triangular source element where rr = rd: 2 s. This 
model allows the focal mechanism to vary in time for six 
iterations. Inversions using a single fixed focal mechanism 
fail to match the initial arrival at the northern stations and 

do not match the waveforms at stations to the west [Hwang, 
1991]. This indicates that the initial focal mechanism is 
different from the mechanism of the main subevent and 

that at least two different focal mechanisms are needed to 

model this event. 

Figures A2 and A3 show all of the data and synthet- 
ics for model 1KLP. Overall matches to the waveforms are 

good. P waveform shapes in the beginning of the record for 
KONO and GDH to the north are not as well fit as KEV 

but are better fit than other single and multiple source mod- 
els investigated. A slightly longer duration of the synthet- 
ics than the data and the mismatch in the amplitudes at 
stations TATO and MAJO suggests that westerly rupture 
propagation could improve the fit. 

In model 1KLP, the largest and best resolved subevent 
accounts for over 50% of the total moment. It lies at a 

depth of 20 km and at a distance of 20 km east of the 
epicenter. Most of the subevents lie east of the epicenter 
between a depth of 10-20 km (see Table A1). One subevent 
does lie to the west, but it accounts for less than 10% of 
the total moment. Comparison with 1NLP suggests that 
the LP data can resolve moment release only within a hor- 
izontal distance of 4-20 km about the epicenter. The best 
double-couple sum has a scalar moment of 8.4 x 102• dyn cm 
with a very small nondouble-couple component (<1%). A 
complete description of all subevents is given in Table A1. 

The WWS data are modeled using the same source and 
model parameterization as above. The correlation func- 
tions from the first iteration have one well isolated peak 
(Figure A7), but at least two subevents with different fo- 
cal mechanisms are still needed to model the data [Hwang, 
1991]. Figures A4 and A5 show the data and synthetics for 
the final WWS model, 1KWWS, allowing the focal mech- 
anism to vary for four iterations. Stations with relatively 
simple P waveforms are well matched, but the details in 
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Fig. A2. Observed (heavy lines) and synthetic LP P wave seismograms for model 1NLP and model 
1KLP. Distance and azimuth are shown under the station name. Maximum amplitude in microns is 
shown to the right of each trace. The source time functions are shown at the bottom. For model 1NLP, 
the unhatched regions represent the percentage of moment contributed by 1NLP. 1 and hatched regions 
by 1NLP. 2. Source parameters are given in Table A1. 

the data, especially for stations to the NNE, are difficult to 
model. 

In model 1KWWS, the largest subevent lies 10 km to the 
west of the epicenter at a depth of 20 km. Its correlation 
functions (Figure A7) indicate that its along-strike position 
is not as well resolved as its timing and suggest that the po- 
sition of this subevent can be up to 20 km to the west or 
10 km to the east of the epicenter. The shallower dip of the 
first subevent as compared to the LP results (see Table A1) 
is a robust feature (Figure A7). Focal mechanisms for the 
individual subevents are consistently left-lateral, strike-slip 
on an E-W trending fault plane. Most of the subevents 

occur at a depth of 20 km and are distributed to the west 
of the epicenter (see Table A1). The best double-couple 
sum has a scalar moment of 6.3 x 10 •6 dyn cm with a small 
nondouble-couple component (<1%). A complete descrip- 
tion of all subevents is given in Table A1. 

APPENDIX B: NOVEMBER 30, 1987 

Models œNLP and œNWWS 

Inspection of the long-period and broadband waveforms 
indicates that event 2 is a complex event (Figures B1- 
BS). As seen on the broadband records, this event begins 
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Fig. A3. Observed (heavy lines) and synthetic LP SH wave seismograms for model 1NLP and model 
1KLP. Symbols are explained in Figure A2. 

emergently with ]host of the energy not arriving until 15 s 
after the first arrival. In method N, the models are para]n- 
eterized with multiple subevents using triangular-source el- 
ements with rr = ra = 2 s for both the LP and WWS 
data. InitiM attempts to model this event with 2 subevents 
were unsuccessful in modeling the first 15 s of the wave- 
form. Hence at least three subevents are needed to model 

the data. This agrees with the analysis of Deschamps et al. 
[1988]. The first subevent is modeled as a point source of 
short duration, constrained to start at the first arrival time 
and located at the epicenter. Both point and propagating 
point sources are examined for subevents 2 and 3. As sug- 
gested by the aftershock seismicity, the fault length initially 
investigated extends 40 km to the north and 100 km to the 
south of the epicenter. 

The LP data are initially used to investigate different 
source models. Various combinations of multiple and prop- 
agating point sources were tried, including bilateral rupture 
and unilateral rupture models. The best parameterization 
is a three-point source model where subevent 1 is fixed at 
the epicenter and the positions of subevents 2 and 3 are 
varied over the length of the fault. 

Figure B6 contours the normalized rms errors for a depth 
of 25 km (justified later). The results of this modeling are 
not robust. The LP errors clearly show that moment release 
occurred both north and south of the epicenter but the lo- 
cations are not well constrained. The WWS data are thus 

used to further constrain the positions of the subevents. 
As suggested by the LP model errors, only positions to the 

south of the epicenter are investigated for subevent 2 and 
to the north for subevent 3 for the WWS models. Since 

the trend of the errors for many of the solutions was still 
decreasing at a distance of 40 km, additional northerly posi- 
tions were also investigated. Figure B7 shows the errors for 
the WWS models. The least error for a centroid depth of 
25 km occurs when subevent 3 is 60 km north of the epicen- 
ter and subevent 2 is 70 km south of the epicenter (Figure 
B7a). Figure B7b shows that the depth is well constrained 
at 25 km for the above source positions and, in general, is 
the best depth for most of the three-point source models 
investigated. 

The WWS data indicate source positions at 60 km north 
and 70 km south for subevents 3 and 2, respectively. For 
the above position of subevent 2, the LP data prefer that 
subevent 3 lies between 10 and 40 km north (Figure B7a). 
The position of subevent 3 determined from the WWS data 
is much farther north than the position preferred by the LP 
data. A position of subevent 3 at 60 km north for the LP 
data results in a solution whose synthetics are inconsistent 
with the WWS data. As determined from the errors in the 

LP data, the best position for subevent 3 lies at 20 km 
north. This solution provides a better overall match to 
the LP waveform, and the resulting source-time function 
is consistent with the WWS results. The difference in the 

LP and WWS locations is significant and may indicate that 
subevent 3 cannot be so simply parameterized. 

Figure B2 and B3 show the data, synthetics, and the 
source-time function for the LP solution: model 2NLP. In 
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Fig. A4. Observed (heavy lines) and synthetic WWS P wave seismograms for model 1NWWS and model 
1KLWWS. For model 1NWWS, the unhatched regions represent the percentage of moment contributed 
by 1NWWS.1 and hatched regions by 1NWWS.2. Symbols are explained in Figure A2. 

general, the synthetics fit the data quite well. Assum- 
ing that slip took place on a north-south trend, all three 
subevents have strike-slip mechanisms. However, the mech- 
anism for subevent 1 has an opposite sense of motion than 

the two larger subevents. Subevent 1 does not show up 
clearly as a separate arrival at all stations and is also not 
reliable because of its relatively small size. The focal mech- 
anism for subevent 2, 2NLP. 2, which lies south of the epi- 
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Fig. A6. Data misfits for the LP (dashed line) and WWS 
(solid line) data for method N. Plotted are the normalized 
rms errors versus: (a) velocity for a fixed centroid depth of 
25 km, and (b) centroid depth for a fixed velocity of 1 km/s. 

center, is rotated more westerly than the other two mecha- 
nisms and dips near vertically. It contrasts with subevent 3, 
2NLP. 3, which lies to the north and has a roughly north- 
south strike and dips to the west. 2NLP. 2 has approxi- 
mately the same moment as 2NLP. 3. Total moment for 
this model is 7.7 x 102? dyn cm. The source parameters for 
all subevents are given in Table B1. 

For a depth of 25 km and source positions of subevent 2 
to the south and subevent 3 to the north, estimates of the 
error in the focal parameters vary. Formal errors indicate 
that the focal mechanism for 2NLP. 2 is better constrained 

than 2NLP. 3. The different models suggest that for 2NLP. 2, 
the strike and dip may be underestimated by 5 ø and 10 ø , 
respectively, and rake may vary by +5 ø. For 2NLP. 3, both 
the strike and dip may be overestimated by 5 ø and the rake 
by 10 ø. This error range suggests that the two subevents 
may not be so different. 

Figures B4 and B5 show the WWS results for model 
2NWWS. The general shape of the waveforms is well mod- 
eled. However, not all of the features are satisfactorily 
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TABLE A1. November 17, 1987, Summary of Source Parameters for Event 1 

Model Strike, Dip, Rake, Depth, Delay, Velocity, Distance, Azimuth, 
deg deg deg krn s km/s km deg 

1NLP. 1 184 44 -73 25 0 0 0 1.1 
1NLP. 2 265 74 2 25 4 1.0 5.3 
!NWWS.1 160 40 -62 25 0 0 0 1.3 
1NWWS.2 266 75 -2 25 2.3 1.0 6.7 

1KLP 260 84 -8 20 3.5# 8.4 
262 85 -3 20 9 20 90 5.5 
234 63 -32 10 5 20 90 1.5 
228 86 190 10 13 10 90 1.2 
253 76 -10 20 15 40 270 1.0 
283 55 74 40 15 20 90 0.5 
252 89 2 20 4 10 90 0.9 

1KWWS 275 78 0 20 3.5# 6.3 
273 66 I 20 7.5 10 270 3.1 
219 87 190 10 11.5 40 270 1.9 
250 82 2 20 4.0 10 270 2.1 
278 86 8 20 15.0 0 270 1.4 

Moment, 
dyn cm x 1026 

(8.0) 

(10.6) 

, (s.s) 
See text. For models N, source parameters for all subevents are given. Total moment is given in parentheses. For models K, 

the first row gives the source parameters for the best double-couple sum of the focal mechanisms of the subevents solved for in the 
inversion. Listed after this in their inversion order are the source parameters for each subevent. The sum of their moment is given in 
parentheses. 

' Fixed. 

• Maximum rupture velocity. 
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Fig. A7. 1KWSS. Plotted are the contours of the correla- 
tion coefficients at intervals of 0.05 and the corresponding 
best fit double-couple focal mechanisms in the r- I plane 
for the first iteration. The lower hemisphere equal-area fo- 
cal mechanisms are plotted at time intervals of 5 s at each 
grid point along strike. The solid lines radiating away from 
a distance of 0 km and a time of 0 s shows the envelope of 
the maximum allowable rupture velocity. 

Fig. B1. Equal area projection of the location of the sta- 
tions used in the inversions with respect to the November 
30, 1987, earthquake superimposed on a partial map of the 
world. Open triangles, stations used only in the LP in- 
versions. Solid triangles, stations used only in the WWS 
inversions. Hatched triangles, stations used in both the LP 
and WWS inversions. 

explained. This can be due to several causes. First, 
least squares inversion techniques tend to match the largest 
power in the data. Hence good fits to smaller moment car- 
rying sources tend to be sacrificed to fit the larger sources. 
Second, waveforms are poorly fit if arrivals are not coherent 
enough between stations. Lastly, both receiver and source 
crustal structure can have an important effect on the ob- 
served waveforms. 
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Fig. B2. Observed (heavy lines) and synthetic LP P wave seismograms for model 2NLP and model 
2KLP. Distance and azimuth are shown under the station name. Amplitude in microns is shown to the 
left of each trace. The source time functions are shown at the bottom. For model 2NLP, the unhatched 
regions represent the percentage of moment contributed by 2NLP. 1, light hatched regions represent 
that contributed by 2NLP. 2, and dark hatched regions represent that contributed by 2NLP. 3. Source 
parameters are given in Table B1. 

For many stations, the first arrivals are late. Several sta- 
tions (SBB, AKU, HDC, and GUMO) lie very near P wave 
nodes for the first subevent, 2NWWS. 1, contributing to 
the low amplitudes and lateness of the first arrival in the 
synthetics. Misfits to the data may a•so indicate that the 

source at this bandwidth is more complex than a simple, 
three-point source model. 

Slightly less than half of the stations (CAY, PPT, KIP, 
GUMO, INU) are located on islands. Loca• crusta• struc- 
ture and water depth vary greatly between these stations. 
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Fig. B3. Observed (heavy lines) and synthetic LP SH wave seismograms for model 2NLP and model 
2KLP. Symbols are explained in Figure B2. 

P waves from strike-slip type earthquakes, however, are 
more sensitive to source structure [Langston, 1977]. Both 
the November 17 and 30, 1987 earthquakes occurred near 
the base of the continental slope. In this region, both water 
depth and crustal structure change rapidly toward the NNE 
as oceanic crust abuts the Yakutat terrane [yon Huene et 
al., 1979]. Such near-source heterogeneity will affect the 
complexity of the signal. This may explain why the WWS 
waveforms at stations to the NNE are relatively complex 
compared to the remainder of the data set for both events. 
The third event of March 6, 1988, modeled below, lies well 
away from this boundary. Waveform data for that event 
do not show any substantial difference in complexity with 
azimuth. This suggests that the boundary between the Pa- 
cific plate and the Yakutat terrane affects the coherehey of 
the signal and the ability to model all arrivals. 

Focal mechanisms for the three subevents indicate strike- 

slip motion. The mechanism for 2NWWS.1 has an op- 
posite sense of motion than the two larger subevents. 
The poor fit of the waveforms to the first arrivals indi- 
cates that its focal mechanism is unreliable. The focal 

mechanisms for 2NWWS.2 and 2NWWS.3 are modeled 

as right-lateral strike-slip events on a north-south trend- 
ing fault. The strike of 2NWWS.2 trends NNW-SSE and 
dips vertically, while the strike of 2NWWS.3 trends NNE- 
SSW with an easterly dip. 2NWWS.2 is roughly twice 
as large as 2NWWS.3. Total moment for this model is 
8.2 x 102? dyn cm. Source parameters for all subevents are 
given in Table B1. 

Formal errors again indicate that 2NWWS.2 is better re- 
solved than 2NWWS.3 and that the focal mechanisms for 

2NWWS are better resolved than for 2NLP. For a depth 
of 25 km and distances for subevents 2 and 3 similar to 

the final model, estimates of error in the focal parameters 
vary. For 2NWWS.2, the strike and dip are perhaps un- 
derestimated by 10 ø, and rake is overestimated by 10 ø. For 
2NWWS.3, the strike and rake may be overestimated by 
10 ø and dip underestimated by 10 ø. Again, these error 

bounds would bring the focal mechanisms of 2NWWS.2 and 
2NWWS.3 in better agreement with one another. 

Models œKLP and œKWWS 

In the inversion using method K, the fault plane dimen- 
sions are comparable to those searched in the previous mod- 
els and extends 40 km to the north and 100 km to the south 

of the epicenter. Systematic variation of the time function 
shows that the source element that best matches the rise 

times in the waveform is a triangular time function where 
rr =rd =5 s. 

Modeling suggests that multiple subevents with different 
mechanisms are needed to explain the data [Hwang, 1991]. 
The final model, 2KLP, allows the focal mechanism to vary 
in time for five iterations. Figures B2 and B3 show the data 
and synthetics for model 2KLP. The overall match to the 
waveforms is good. Moment release does not begin for 8 s; 
hence several stations (KIP, GUMO, PPT) are noticeably 
ill-matched in the beginning of the waveform: their signal 
being too small to be modeled. 

In model 2KLP, the largest subevent is located at a depth 
of 20 km and at a distance of 90 km south of the epicenter. 
This subevent accounts for 55% of the total moment release. 

Two of the subevents are located north of the epicenter at 
a distance of 20-30 km and account for approximately 12% 
of the total moment release. The best double-couple sum 
of the five subevents composing the solution has a scalar 
moment of 5.3 x 102? dyn cm with an 8% nondouble-couple 
component. Both the best double couple solut. ions and the 
source parameters for all subevents are given in Table B1. 

Inversion of the WWS data required source elements with 
a faster rise time and shorter duration, rr = rd = 2 s, to 
match the data. A large rupture velocity of 10 km/s is al- 
lowed but in the final model, the solution has no subevents 
exceeding a speed of 3.5 km/s. The best correlation for the 
initial iteration occurs at 25 s at a position 40 km south 
of the epicenter (Figure BS). The along strike position is 
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Fig. B4. Observed (heavy lines) and synthetic WWS P wave seismograms for model 2NWWS and 
model 2KWWS. The unhatched regions represent the percentage of moment contributed by 2NWWS.1, 
light hatched regions represent that contributed by 2NWWS.2, and dark hatched regions represent that 
contributed by 2NWWS.3. Symbols are explained in Figure B2. 

not as well resolved as the timing of this subevent. The 
extremely elongated contours of the correlation coefficient 
indicate that best position is not really significantly bet- 
ter than most other positions along the fault plane. One 
reason why the resolution may be poor is that subevents 

of comparable size may also be occurring during this time 
interval along other portions of the fault. 

The corresponding best fit focal mechanisms are simi- 
lar to those for the LP data. They are relatively constant 
in the along-strike directions but change rapidly to mech- 
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troid depth of 25 km. 

anisms opposite to the best-fit mechanism outside an ap- 
proximately 15-s-long time window. 

The WWS data are much more complex than the LP 
data and are also modeled using a time varying focal mech- 
anism. Figures B4 and B5 show the data and synthetics 
for model 2KWWS. Table B1 gives the best double-couple 

sum of the 10 subevents comprising the solution as well as 
the source parameters for each subevent. Overall, the fea- 
tures in the waveforms are adequately modeled. Similar to 
2NWWS, many features are still not explained (see above 
discussion). Moment release begins late at 11 s; hence the 
beginning portion of the waveforms is again not modeled. 

In model 2KWWS, most of the moment release occurs 
between 20 and 60 km south of the epicenter, with the two 
largest subevents at 40 and 60 km south at a depth of 20 kin. 
Essentially, no moment release occurs to the north. The 

best double-couple has a scalar moment of 5.6 x 102? dyn cm 
with a 4% nondouble-couple component. 
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Model Strike, 
deg 

TABLE B1. November 30, 1987, Summary of Source Parameters for Event 2 

Dip, Rake, Depth, Delay, Velocity, Distance, Azimuth, 
deg deg km s km/s km deg 

Moment, 
dyn cmx 10 

2NLP.1 
2NLP.2 
2NLP.3 
2NWWS.1 
2NWWS.2 
2NWWS.3 

2KLP 

2KWWS 

2 

160 

188 

182 

171 

188 

177 

0 

335 

80 

131 

6 

180 

184 

3 

0 

351 

180 

359 

16 

358 

341 

134 

82 4 25 0 0 0 1.0 
92 168 25 10 70 180 3.2 

76 208 25 16 20 0 3.5 

99 6 25 0 0 0 1.1 

90 188 25 11 70 180 4.6 

98 187 25 20 60 0 2.5 

97 173 20 # 5.3 
86 181 20 22 90 180 3.8 

79 -140 40 14 30 180 0.6 
42 105 50 38 30 0 0.4 
90 138 30 8 20 0 0.4 

86 180 30 29 60 180 1.4 

94 179 20 # 5.6 
90 179 20 25 40 180 2.2 

83 181 20 18 60 180 1.5 

87 177 20 30.2 10 180 1.1 

45 213 40 18.8 60 180 0.4 

81 183 20 20.8 60 180 0.6 

76 185 30 28.5 90 180 0.5 

78 52 10 1.8 0 180 0.2 

86 -6 20 43.8 80 180 0.4 

82 182 40 19.2 40 0 0.2 

82 -133 30 24.2 40 0 0.2 

(7.7) 

(8.2) 

See text and Table A1. 
* Fixed. 

• See text. 

lOO 
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5o 

4o 
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0 

Fig. B8. 2KWWS. Layout, is described in Figure A7. 

APPENDIX C: MARCH 6,1988 

Models $NLP and $NWWS 

Inspection of the waveforms suggests that event 3 is the 
simplest event in the sequence (Figures C1-C5). Unlike the 
first two events, no precursory arrival is evident on the LP 
records. The WWS records show a small arrival at the be- 

ginning of many records that has too small an amplitude to 
model. For method N, models using triangular source ele- 
ments with rr = rd = 2 s best fit the data. Different combi- 
nations of point and propagating point sources lying either 
to the north or west of the epicenter were investigated. In 
general, the error in the fit to the data becomes larger if 
most of the moment release is forced to lie away from the 
epicentral region. For all models, source depths between 
5-40 km and rupture velocities between 0.0-5.0 km/s are 
systematically investigated. 

The best parameterization consists of one point source 
propagating to the west and one point source at the epi- 
center. Figures C6a and C6b show the .misfits between 
the observed and calculated LP seismograms. As shown 
in Figure C6b, the best centtold depth for a fixed rupture 
velocity of 3.5 km/s lies near 15-20 km. For a centroid 
depth of 15 km, the rupture velocity is not well-resolved. 
The least error solution occurs at 3.5 km/s, but a velocity 
between 2.0-4.0 km/s is within the acceptable error range 
(Figure C6a). The WWS data constrain the centtold depth 
at 15 km for a rupture velocity of 3.5 km/s. Rupture ve- 
locity is not as well constrained: the best solution is at a 
velocity of 3.5 km/s but can be as low as 2.0 km/s (Figure 
C6c). 

The preferred LP model, model 3NLP, begins with 
subevent 3NLP. 1 propagating towards the west at a veloc- 
ity of 3.5 km/s at a depth of 15 kin. Subevent 2, 3NLP. 2, 
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6 March 1988 

Fig. C1. Equal area projection of the location of the stations used in the inversions with respect to the 
March 6, 1988, earthquake superimposed on a partial map of the world. Open triangles, stations used 
only in the LP inversions. Solid triangles, stations used only in the WWS inversions. Hatched triangles, 
stations used in both the LP and WWS inversions. 

begins at 13 s and is modeled as a point source at a depth of 
15 km below the epicenter. It has roughly half the moment 
as 3NLP. 1. The two largest moment releasing episodes oc- 
cur at a distance of approximately 21 and 35 km from the 
epicenter and at an azimuth of 268 ø. In this model, mo- 
ment release extends to a distance of 42 km. A distance 

as short as 24 km corresponding to a rupture velocity of 
2 km/s is also within the error range of the model. Total 
moment for this model is 4.9 x 1027 dyn cm. See Table C1. 

Figures C2 and C3 show the data, synthetics, and the 
source-time function for model 3NLP. The synthetics are 
an excellent fit to the data. One exception is the P wave 
at station GUMO. GUMO lies near the node of the first 

subevent, which causes the onset of the event in the syn- 
thetic to have a very low amplitude. 

The focal mechanisms of the two subevents are very 
similar. Both subevents have strike-slip focal mechanisms 
with moderate dips. 3NLP. 1 is left-lateral rupturing to- 
ward the west along a steeply, southerly dipping fault plane. 
3NLP. 2 is located at the epicenter, which lies at the junc- 
tion of both the westerly and northerly aftershock seismic- 
ity trends. Hence the sense of motion is ambiguous. For 
the range of velocities investigated at a fixed centroid depth 
of 15 km, the estimates of the focal parameters are stable. 
For the east-west nodal plane for 3NLP. 1, the estimates of 
the strike vary by 4-10 ø, the dip may be underestimated by 
3 ø, and the rake overestimated by 5*. For the north-south 

nodal plane for 3NLP.2, the estimates of the strike vary by 
+10 ø, dip -1-2 ø and rake -1-2 ø 

The final WWS model, model 3NWWS, is in good agree- 
ment with model 3NLP. Figures C4 and C5 show the re- 
suits for model 3NWWS. The synthetics match most of 
the features in the data quite well. The focal mecha- 
nism for subevent 1, 3NWWS.1, is in good agreement with 
3NLP. 1. The estimated error for the focal parameters is 
-1-1 ø. Subevent 2, 3NWWS.2, is rotated clockwise with re- 
spect to 3NWWS.1, and its focal mechanism is not as we!l- 
resolved. The strike may be overestimated by 5 ø, dip by 3 ø 
and the slip may vary by 4-1ø. 3NWWS.1 again has roughly 
twice the moment as 3NWWS.2, which begins at 13 s. Mo- 
ment release associated with 3NWWS.1 occurs between dis- 

tances of 7 and 42 km from the epicenter at an azimuth of 
268 ø and has a fairly smooth source time function. Again 
for a smaller rupture velocity of 2 km/s, a distance range of 
4-24 km is also within the error range of the models. Total 
moment release for this model is 4.4 x l027 dyn cm. See 
Table C1. 

Models 3KLP and 3KWWS 

In the inversions using method K, the fault plane dimen- 
sions are comparable to those investigated with method N. 
Moment release along both a north-south trend extending 
110 km to the north and 20 km to the south and an east- 
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Fig. C2. Observed (heavy lines) and synthetic LP P wave seismograms for model 3NLP and model 
3KLP. Distance and azimuth are shown under the station name. Amplitude in microns is shown to the 
left of each trace. The source time functions are shown at the bottom. For model 3NLP, the unhatched 
regions represent the percentage of moment contributed by 3NLP. 1 and hatched regions by 3NLP. 2. 
Source parameters are given in Table C1. 
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Fig. C3. Observed (heavy lines) and synthetic LP SH wave seismograms for model 3NLP and model 
3KLP. Symbols are explained in Figure C2. 

54O 

45O 

28O 

west trend extending 60 km to the west and 10 km to the 
east is investigated. Systematic variation of the time func- 
tion showed that the source element that best matches the 

rise times in the data had rr = rd =2 s. For the LP data, 
the north-south fault plane resulted in the lowest overall 
errors. 

Model 3KLP Mlows the focM mechanism to vary in time 
for five iterations. A single focal mechanism could not ex- 
plain the data [Hwang, 1991]. Figures (22 and (23 show the 
data and synthetics for model 3KLP. The SH wave ampli- 
tudes are well matched and so are the P wave amplitudes for 
the northern stations. However, amplitudes of the P wave 
synthetics for the remainder of the stations are consistently 
low with respect to the data. AdditionM iterations contain 
little moment and hence do not significantly improve the 
solution. 

In model 3KLP, most of the moment release occurs at 
a depth of 20 km and within a distance of 20 km of the 
epicenter. Modeling the rupture along an east-west fault 
plane gives results consistent with the above interpretation. 
In model 3KLP, only one subevent accounting for a little 
over 10% of the totaJ moment occurred at a greater dis- 
tance: 40 km to the north. The best double-couple sum 
has a scMar moment of 3.9 x 102? dyn cm with a very smM1 
nondouble-couple component (<1%). A complete descrip- 
tion of aJl subevents is given in Table C1. 

The WWS data are modeled using a source element of 
longer duration, rr - 2 s and rd ---- 4 s. The duration of 
a simple, triangular source element, rr = rd -- 2 s, is too 
short to match the data. The fault plane of the preferred 
model, model 3KWWS, trends east-west. The correlation 
functions of the initiM iteration and their corresponding 
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Fig. C4. Observed (heavy lines) and synthetic WWS P wave seismograms for model 3NWWS and 
model 3KWWS. The unhatched regions represent the percentage of moment contributed by 3NWWS.1 
and hatched regions by 3NWWS.2. Symbols are explained in Figure C2. 

best fit focal mechanisms are stable and well determined 

(Figure C7). The correlation functions are again elongated 
along strike but form an isolated peak near 10 km west of 
the epicenter. The focal mechanisms are nearly identical 
during the first 15 s of the event. However, even though 

this appears to be a simple event, a single focal mechanism 
still cannot explain the data. 

In model 3KWWS, the focal mechanisms are allowed to 
vary in time for five iterations. Figures C4 and C5 show 
the data and synthetics for this model. The overall match 
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Fig. C5. Observed (heavy lines) and synthetic WWS SH wave seismograms for model 3NWWS and 
model 3KWWS. Symbols are explained in Figure C2. 
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Fig. C6. Data misfits for method N. Plotted are the nor- 
malized rms errors versus: (a) velocity for a fixed centroid 
depth of 15 km, (b) centroid depth for a fixed velocity of 
3.5 km/s for the LP data, (c) velocity for a fixed centroid 
depth of 15 kin, and (d) centroid depth for a fixed velocity 
of 3.5 km/s for the WWS data. 
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Fig. C7. 3KWWS. Layout is described in Figure A7. 
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TABLE C1. March 6, 1988, Summary of Source Parameters for Event 3 

Model Strike, Dip, 
deg deg 

Rake, Depth, Delay, Velocity, Distance, 
deg km s km/s km 

Azimuth, 
deg 

Moment, 
dyn cmx 1027 

3NLP. 1 181 62 
3NLP. 2 184 80 
3NWWS.1 179 79 

3NWWS.2 189 97 
3KLP 182 74 

183 82 

163 58 

192 78 

170 77 

330 76 

3KWWS 176 81 

180 87 

182 83 

171 74 

178 89 

164 43 

186 15 3.5 268 3.2 

170 15 13 1.7 

187 15 3.5 268 2.9 

176 15 13 1.5 

180 20 3.5 # 3.9 
183 20 8 20 180 2.5 

191 10 2 10 180 0.8 

179 30 16 10 180 0.6 

174 20 2 0 180 0.5 

I 20 11 40 0 0.5 

189 10 3.5 # 4.3 
185 10 6.8 10 268 2.0 

186 30 8.0 10 88 1.1 

197 10 2.8 10 268 0.7 

179 10 10.8 20 268 0.8 

-91 50 17.6 10 268 1.0 

(4.4) 

(4.9) 

See text and Table A1. 
* Fixed. 

• Maximum rupture velocity. 

to the waveforms is good, but the amplitudes are under- 
predicted. For this model, most of the moment release lies 
within a depth of 10 to 20 km and within a distance of 
20 km from the epicenter. The focal mechanisms for the 
different subevents in the first 10 s are consistently left- 
lateral strike-slip on the east-west trending plane with the 
focal parameters varying up to 10 ø. The best double-couple 
sum has a scalar moment of 4.3 x 102? dyn cm with a large 
nondouble-couple component of 21%. A complete descrip- 
tion of all subevents is given in Table C1. 

The last iteration in the solution introduces the large 
nondouble couple component. It improves the errors by 7% 
from the previous step and noticeably improves the wave- 
forms. This subevent occurs late at 18 s and has a normal 

mechanism that is not well resolved. Without it, the best 
scalar moment remains almost the same, 4.4 x 1027 dyn cm, 
but now has a very small nondouble couple component, 
<1%. 
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