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ABSTRACT

On March 9, 1957, a great earthquake (M,,=8.6) ruptured the central Aleutian Arc.
Within the rupture zone of the 1957 event, another great earthquake (M,,=8.0) occurred on
May 7, 1986, much sooner than predicted by recurrence models. Although much is known
about the 1986 event, the poor quality of observations of the 1957 event provides little
constraint on the mainshock source characteristics. Source mechanisms of its aftershocks,
however, do provide valuable information on how slip is accommodated. We determine
source mechanisms for eight aftershocks of the 1957 earthquake. For recent events, source
mechanisms are determined by inversion of waveforms alone, due to the existence of a
well-distributed, well calibrated, seismic network. For the source mechanisms determined
here, the lack of well distributed, modelable waveforms requires that P-wave first motions
and S-wave polarization directions be used to constrain an a priori fault plane. With this
information, the waveforms are inverted for centroid depth, source- time function, and
moment, and used as independent confirmation of the a priori strike, dip, and slip. Most of
the aftershock mechanisms determined here are similar to those determined in other stud-
ies of the Main Thrust Zone and Outer Arc Rise. The one mechanism located along the
Unalaska Gap provides inconclusive information on the nature of rupture along that por-
tion of the arc. The two events occurring near Adak Canyon indicate downdip tension in
the subducting plate, consistent with previous studies of moment release distribution and
fault strength heterogeneities suggesting the MTZ is strongly coupled up dip of their loca-
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tion, beneath Hawley Ridge. From this, the 1986 event may, in essence, be a large after-

shock of the 1957 great earthquake.
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CHAPTER1

INTRODUCTION

The aftershock zone of the great Aleutian earthquake of March 9, 1957 (M,,=8.6)
covered a 1200-km long segment of the arc (Sykes, 1971). Twenty-nine years later, on
May 7, 1986 (M,,=8.0), another great event nucleated near the epicenter of the 1957 event
and reruptured a 250-km long section of the arc. This second event was unexpected, since,
assuming an arc wide average recurrence interval (e.g. Jacob, 1984), the probability of
great earthquake rerupturing the 1957 rupture zone appeared to be quite low (<10%).

Several studies (e.g. Ekstrom and Engdahl, 1989; Boyd and Nabelek, 1988; Das
and Kostrov, 1990) have investigated the moment release, aftershock source mechanisms,
and seismicity precursory to the 1986 event. This earthquake nucleated 44 km to the west
of the epicenter of the 1957 event (Figure 1.1) and ruptured bilaterally, with most of the
moment release concentrated 40 to 80 km west of the epicenter along the upper plane of
the Main Thrust Zone (MTZ). Less moment originated east of the epicenter, along the
lower plane. Houston and Engdahl (1989) found that seismicity west of the epicenter
occurred in both the upper and lower plane of the MTZ, but was confined to the upper
plane in the eastern rupture zone, anti-correlated with the distribution of moment release.

Although much is known about the 1986 earthquake, source characteristics of the
1957 event are not well constrained. Estimates of the size of the source region based on

tsunami studies (e.g. Satake and Johnson, 1992) and surface wave directivity studies
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(Lane, 1992) indicate coseismic slip did not occur along the easternmost 150 kms of the
aftershock zone, although neither study resolves the westward rupture bounds to better
than 1° of longitude. Moment release distribution is similarly unresolved, with most esti-
mates assigning the largest moment release to the westernmost 600 km of the aftershock
zone (Ruff et al.,1986) and a small high-moment release area around 170° W (Satake and
Johnson, 1992). House et al. (1981) refer to the easternmost portion of the aftershock zone
as the Unalaska Seismic Gap and suggest that it may be the site of a future great earth-

quake. Given the quality of seismograms of the mainshock and the broad spatial extent of

56°N
-
, (=
400 =
“ 6000
Unalaska G ~
A £ 1986 L ——"" AT
1957—"Andreanof 50°N
N
| [+¢ ~
. X 164°W
180 _176° -1720 '168

Figure 1.1: Rupture bounds for the great earthquakes of March 9,
1957 and May 7, 1986. Block boundaries and names are those
described by Geist et al. (1988). Triangles indicate active volcanoes
(Figure modified from Boyd et al., 1993).

current source estimates, it is unlikely that a more detailed picture of the source character-
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istics is forthcoming.

In an effort to better resolve the 1957 mainshock and understand the short
interseismic period, Boyd et al. (1993) cataloged and relocated seismicity along the cen-
tral Aleutian Arc occurring between 1957 and 1989. These relocations are based on P-
wave arrival times published in the ISS (International Seismological Summary), BCIS
(Bulletin Mensuel de Bureau Central International de Seismologie), and ISC (Interna-
tional Seismological Centre) bulletins. Corrections are made to the travel times for near
source velocity anomalies associated with the subducting slab.

One of the results of this relocation study is the apparent anticorrelation in the

aftershock sequences of the 1957 and 1986 great earthquakes (Figure 1.2). Zones which

03/09/57 - 06/01/60 05/07/86 - 03/21/89

49N
180° 17w

Figure 1.2: Aftershock locations for the great earthquakes of 1957
(left) and 1986 (right). Z57A-D outline regions that showed little
seismicity after the 1986 event, but were active after the 1957 event.
Likewise, Z86 A-B outline regions of low seismicity for the 1957
event, but higher levels after the 1986 earthquake. Filled circles repre-
sent earthquakes with magnitudes above 5.4, open circles are events
with magnitudes below 5.4 (modified from Boyd et al., 1993).
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had high rates of seismicity (magnitudes > 5.4) during the 1957 aftershock sequence
(Z57A, Delarof Block; Z57B, near Adak Canyon; Z57D, trench west of Amlia Fracture
Zone) showed little seismicity following the 1986 earthquake. Similarly, aftershocks of
the 1986 earthquake were confined to the eastern edge of the mainshock rupture zone
(Z86A) with some events in the backarc north of Andreanof Island (Z86B).

In addition to the spatial relationships of the aftershock sequences, source mecha-
nisms provide valuable information about how slip is accommodated. Preliminary analysis
of the rupture processes of the 1957 event (Lane, 1992) and of the 1986 event (Ekstrom
and Engdahl, 1989) indicate the rupture bounds and aftershock sequences are controlled
by mappable geologic features in the overriding plate. Models of overriding plate defor-
mation (Geist et al., 1988) suggest strong coupling of certain sections (Figure 1.1) of the
overriding plate to the subducting Pacific plate. This model has been supported by source
mechanisms determined for the 1986 earthquake (Ekstrom and Engdahl, 1989) and the
interseismic period (e.g. Stauder, 1968; House, 1983), but not for the 1957 event.

We estimate source mechanisms of as many aftershocks of the 1957 event as possi-
ble. Given the limited amount of data available, these aftershocks provide one of the few
available constraints on the mainshock rupture process. Although difficulties are expected
with the historic data, a better understanding of the slip accommodated during this great
event may help us understand the short interseismic period and the control of the overrid-

ing plate on shallow seismicity in the central Aleutian arc.
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Project Overview

Determining source mechanisms from historic data is no small task. For recently
recorded earthquakes, quick and accurate determination of source mechanisms is possible
because there is a well-distributed, well calibrated, seismic network. Unfortunately, for
events recorded prior to 1964, this analysis is hampered by the sparsity of quality data
recorded on instruments with known responses. Modern techniques, based on the inver-
sion of waveform data alone, are difficult to directly apply to these historic observations.
By combining methods and datasets utilized by previous researchers (e.g. Stauder and
Udias, 1963; Dillinger et al., 1971; Nabelek, 1984), however, well constrained source

mechanisms can be determined.

Method

We analyze P-wave first motion directions (from various catalogues), S-wave
polarization directions (Stauder and Udias, 1963), and microfilmed earthquake records
(Glover, 1985) as a means of constraining source mechanisms for several aftershocks of
the March 9, 1957 Aleutian Islands earthquake. Using the first two data sets, previous
studies used “trial and error’ graphical methods (e.g. Stauder and Udias, 1963) for source
mechanism determination. This study constructs maximum likelihood regions (Dillinger
etal., 1971) for P and T axes from the P-wave first motions and S-wave polarization direc-
tions, constraining the strike, dip, and slip of the solution. The mathematical nature of this
method reduces researcher bias that can accompany graphical methods, as the only ad-hoc

constraints for the likelihood determination are the estimated measurement errors in the P-
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and S-wave data. -

Because of the limited azimuthal distribution of the waveform data, the inversion is
unstable, and, without a priori information, convergence is nearly impossible. We use the
P and T axes bounds as soft a priori constraints on fault strike, dip, and slip, and invert the
waveform data for centroid depth, seismic moment, and source time function. In the
absence of SH-waveforms, convergence requires the a priori strike, dip, and slip to be held
constant. The inversion is then carried out for centroid depth, seismic moment, and source
time function. From this, the final solution is chosen to be the source mechanism that best

fits all of the available datasets.

Results

In this thesis, we determine source mechanisms for eight aftershocks of the 1957
great earthquake. Several of the aftershock source mechanisms are similar to those pro-
posed by previous researchers (e.g. Ekstrom and Engdahl, 1989; House and Jacob, 1983)
for the MTZ and the Outer Arc Rise. Little insight is provided by the one source mecha-
nism determined for the Unalaska Gap. Two events occurring near Adak Canyon suggest
downdip tension in the subducting plate, consistent with the MTZ being strongly coupled
beneath Hawley Ridge and remaining unruptured during the 1957 event. This conclusion
is also supported by the moment release distribution inferred from aftershock relocations
(Boyd et al., 1993) and the fault strength heterogeneities from geologic observations

(Ryan and Scholl, 1993).
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CHAPTER 2
BACKGROUND

Tectonic Overview

Geologic History

Referring to Figure 2.1 (from Geist et al., 1988), the geologic history of the arc
began at about 55 Ma, when subduction ceased at the Berinigan margin and began at the
Aleutian arc. With subduction rates as high as 200 km/my, rapid magma generation cre-
ated most of the arc by middle Eocene time. At 43 Ma, a change in the motion of the
Pacific plate (the same which created the bend in the Emperor seamount chain) resulted in
a decrease in subduction rate, to approximately 58-70 km/my. This coincided with the
abandonment of the Kula Ridge and subsequent emergence and plutonism of the arc due
to subduction of the younger Kula plate. At 10 Ma, subduction of the dead Kula ridge ini-
tiated subsidence of the arc, due to subduction of the increasingly older lithosphere. 5 Ma
marked a slight increase in the northerly azimuth and rate of subduction, consequently
increasing volcanic activity, forearc turbidite sedimentation, and forming the subduction

complex.
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Figure 2.1: Schematic diagram of the tectonic history of the Aleu-
tian Arc (from Geist et al., 1988). Explanation of the figure is
included in text.

Arc Geomorphology and Neotectonic Models

Referring to Figure 2.2, the central Aleutians is dominated by three main geomor-
phic features: the summit platform of the Aleutian Arc, the Aleutian Terrace, a forearc
basin at about 5 km water depth, and the lower, landward slope of the Aleutian Trench
from 5 to 7-km water depth (Ryan and Scholl, 1993). The forearc is typical of convergent

plate margins and consists of an accretionary wedge, an outer arc high, and a forearc
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basin. An outer arc high called Hawley Ridge (located between 175° W and 177° W on
the Aleutian Terrace) is bounded to the south by a major right lateral shear zone (Ryan and
Scholl, 1989). Uplift beneath Hawley Ridge, presumably caused by along-arc transport of
basement rocks, may cause an increase in interplate coupling (Ekstréom and Engdahl,
1989).

Along the central Aleutians, the subducting Pacific plate contains two fracture
zones, the Amlia fracture zone (north south axis trends at about 173.1° W) and the Adak
fracture zone (north south axis trends at about 177.4° W). The Amlia fracture zone has a
left lateral offset of approximately 220 km (Grim and Erickson, 1969) and is a mappable
feature in the subducting plate from at least 45° N to where it intersects the trench. At the
intersection, an offset in the trends of deep seismicity and the volcanic arc suggest the
downgoing plate is offset at depth by about 40 km in a right lateral sense (House and
Jacob, 1983). The Adak fracture zone is less striking than the Amlia Fracture Zone, with a
left lateral offset of about 30 km. The point at which this fracture intersects the trench
coincides with several discontinuities in the overriding plate, but any association is proba-
bly circumstantial (Ekstrém and Engdahl, 1989).

The summit platform of the central Aleutian arc is divided by three submarine can-
yons: Amchitka Pass (180°), Adak Canyon (177° W), and a broad canyon south of
Yunaska Island (171° W). As early as 1956, Gates and Gibson proposed that these can-
yons are of tectonic, rather than erosional origin. In addition to the canyons, this region
contains many intra arc “summit” basins, of which several are located near the arcward

extension of the aforementioned fracture zones.
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Models proposed to explain these and other features of the arc range from the loca-
tion of ascending or descending magmatic fronts to the spreading of fracture zones during
subduction (Taber et al., 1991). These models, however, could not explain the occurrence
of all the canyons and summit basins.

A more inclusive model was proposed by Geist et al. (1988). In their model, the
overriding plate is broken into several distinct blocks (Figure 1.1), each rotating clockwise
and translating westward, in response to the oblique direction of subduction. The blocks
are distributed along the arc from about 170° W, where subduction is nearly perpendicular
to the arc, to 170° E, where the subduction parallels the arc. In this model the transverse
canyons represent left lateral shear zones between blocks, and the summit basins are tear
structures formed in the wake of clockwise rotating blocks. Arc parallel shear zones form
the northern and southern boundaries of each block. The individual blocks appear to be
strongly coupled to the downgoing plate, and less coupled to one another (Geist et al.,
1988). Most important to this study, the block boundaries seem to coincide with and per-
haps control the rupture bounds of the great earthquakes (Taber et al., 1991, Ryan and

Scholl, 1993).

Seismicity Overview
Seismicity of the Aleutian Island chain can be divided into four distinct regions:

the trench and outer arc rise, the main thrust zone, the upper plate, and the Wadati-Benioff

zone (Figure 2.3).
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Trench and Outer Arc Rise
Fewer earthquakes occur in the trench and outer arc rise than in the rest of the
Aleutian Arc. Information from an ocean bottom seismometer study of the central Aleu-

tians (Frohlich, et. al., 1982) is probably representative of much of the arc (Taber et al.,

G S
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NG NORTH AMERICAN PLATE . ﬁ:}-)t,i s
/ \ Ihe A [-%
WCANIC WeRESSION s ASFrsanc < N
IR . SOME ARCWARD gs NIRRT
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-

+ . ARC- PARALLEL EXTENSION L
ARC - PARALLEL q\‘\ -
JLIDING ROSEN

TEISMIC FRONT

LLEEPEST
EARTH -

""*“Figure 2.3: Diagram depicting major elements of the Aleu-
tian subduction zone. Wadati-Benioff zone and trench and
outer arc rise events occur within the Pacific plate. Plate
boundary earthquakes occur along the main thrust zone, and
upper plate seismicity occurs in the shallow region between
the seismic and aseismic fronts and beneath the volcanic arc
(figure and description from Taber et al., 1991).

1991). This study indicates that events in the trench and outer arc rise are less than 20 km

deep, and occur in a zone 10 km landward and 60 km oceanward of the trench. Most
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events are normal faulting, presumably caused by tensile stresses induced in the Pacific
plate as it bends beneath the Aleutian arc. Evidence exists that these earthquakes may be
related to great events occurring along the main thrust zone, as the compressional stress
release on the plate interface causes the outer arc portion of the subducting plate to be
placed in tension (Spence, 1987). Outer arc compressional events have occurred in other
subduction zones before great thrust earthquakes (Christensen and Ruff, 1983), but none

have been observed in the Aleutians.

Main Thrust Zone

The great earthquakes which release most of the accumulated strain in the arc
occur along the main thrust zone (MTZ). The MTZ dips most steeply (25° to 30°) in the
central Aleutians, coinciding with the smallest volcanic arc-trench separation (170 km).
Seismic coupling with the overriding plate does not occur trenchward of the seismic front
(Figure 2.3), probably because unconsolidated sediments in the accretionary wedge lack
the strength to support earthquakes. Along -arc variations in the arc-trench separation
appears to be due to almost entirely to an increase in the width of the accretionary wedge
(Jacob, 1977). The aseismic front occurs in a similar location along most subduction zones
(Taber et al., 1991), and marks the arcward limit of MTZ seismicity. Seismic coupling
along the MTZ has been attributed to seaward advance of the back arc plate, resistance to
bending of the subducting plate, and many other factors (Spence, 1987).

Most earthquakes located along the MTZ occur on low angle thrust faults with slip

directions oriented northwest of the normal to the trend of the trench (e.g. Ekstrém and
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Engdahl, 1989). Stauder (1972) found that MTZ seismicity within the blocks appears, at
least temporarily, to be independent of events in neighboring blocks. Sudden changes in
the stress field of the Rat block appeared to have little effect on the events in the Delarof or
Andreanof blocks, and vice versa. Ekstrom and Engdahl (1989) and House and Jacob
(1983) found several mechanisms along the MTZ that show along arc tension, presumably

caused by westward extension of the overriding plate.

Overriding Plate

Seismicity levels in the overriding plate are less than those in the main thrust zone,
but greater than those in the Trench and Outer Arc Rise. For events recorded by the Shum-
agin Island network, Reyners and Coles (1982) found mostly horizontal compression par-
allel to the direction of convergence, indicating stress transfer across the plate interface to
the overlying plate. Stauder (1968) observed a strike slip event between the Delarof and
Rat blocks concurrent with the limits of the aftershock zone of the great 1965 Rat Islands
earthquake, indicating arc-arc transform faulting like that of Geist et al. (1988). After-
shock studies of the 1986 event by Ekstrom and Engdahl (1989) found several strike slip
mechanisms located to the north of Atka Island. Boyd and Nabelek (1988) estimated their
source depths to be less than 15 km, placing them in the overriding plate. Analysis of the
aftershocks of these events indicate right lateral strike-slip movement, along an arc paral-
lel fault system, suggesting decoupling of the slip into two distinct zones, as suggested by
Geist et al. Ekstrom and Engdahl, based on worldwide plate motion models, estimate up to

3 cm/yr of slip may be accommodated by this fault system. Since the relative plate conver-
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gence direction is only 35° from the normal to the trend of the trench, this fault would
have low shear strength. Boyd and Nabelek (1988) point out, however, that the left lateral
solution of the other nodal plane is also plausible, and could indicate the rebound of the

overlying plate after the 1986 earthquake.

Wadati-Benioff Zone

Most events in this zone are intraplate downdip compressional and tensional earth-
quakes, and occur at a smaller and more uniform rate than those along the main thrust
zone (Taber et al., 1991). There is a transition zone of low seismicity between the MTZ
and the Wadati-Benioff Zone, as earthquakes change from shallow interplate events to
intraplate events at depth (Ekstrém and Engdahl, 1989). The Wadati-Benioff Zone dips
between 30° in the Shumagin Island region to 60° in the Adak region, with teleseismic
focal mechanisms indicating downdip tension in the eastern Aleutians and downdip com-
pressions in the western Aleutians (Taber et al., 1991). The dip variations are accompanied
by changes in the maximum depth of seismicity, with the cutoff occurring at depths of
more than 250 km in the central and eastern portions of the arc and less than 50 km in the
western Aleutians. The maximum depth of seismicity is concurrent with an isotherm in
the kinematic flow model of Creager and Boyd (1991), suggesting earthquakes terminate
because of the initiation of high temperature, steady-state creep. The maximum depth of
seismicity in the Aleutians is less than other subduction zones because of the relative
youth of the subducting plate (Figure 2.1).

The geometry of the subducting plate has been determined by event relocation
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studies that include the heterogeneous velocity structure of the subducting slab (e.g.
Engdahl and Gubbins, 1987). This study indicates a slab thickness of 80 to 100 km and a
downdip depth of about 400 km, although seismic activity ceases below 250 km. Boyd
and Creager (1991) found a slab depth of 600 km better fit travel times of P-waves for
earthquakes located along the central Aleutians. Their study also implied the existence of
subducted lithosphere 300 km beneath the seismicity cutoff along the entire arc. This is
most surprising in the western Aleutians, where previous studies refuted the existence of a
slab because of the direction of relative plate motion, the lack of deep seismicity, and the

lack of Holocene volcanism (e.g. Newberry, 1986; Lonsdale, 1988).
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CHAPTER 3

METHODOLOGY

Because of the limited amount, and the dubious quality of information in a single
historical dataset, several different sources are necessary to determine accurate source
mechanisms. For this reason, methods used on better recorded, more recent earthquakes
are, in general, not applicable. This study uses three datasets for a joint determination of
seismic moment, centroid depth, source-time function, and fault plane strike, dip, and slip.
Strike, dip, and slip along the fault plane are initially constrained by P-wave first motions
and S-wave polarization directions. P and SH waveform data are then used to constrain

centroid depth and seismic moment, and refine estimates of strike, dip, and slip.

Available Data

P-Wave First Motions

The P-wave first motion data gathered at each station are tabulated in the ISS
(International Seismological Summary, 1957). We display P-wave first motion data, as is
routinely done, by plotting them on a lower hemisphere, equal area projection centered at
the source. As an example, Figure 3.1 shows the P-wave first motion data for an earth-
quake that occurred on March 11, 1957 (3:12:49 GMT). Filled circles indicate compres-

sional first arrivals while open circles dilatational first arrivals.
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Figure 3.1: Lower hemisphere, equal area projection of P-wave first
motion data for the March 11, 1957 (3:12:49 GMT) earthquake. The
closed circles show compressional first motions. Dilatations are repre-
sented by the open circles.

There are several problems inherent in this dataset, resulting in it being rather
inconsistent. First, polarities were commonly determined from short period records, which
are typically noisy, making it difficult to pick first motions correctly. Second, the phase
whose polarity was reported may not be the P-wave, but rather one of the depth phases, pP
or sP. This can happen near P-wave nodal planes, where pP or sP may be much larger on
the seismogram than P. Although the problem may be corrected by comparing different
seismograms generated by the same earthquake, individual operators responsible for seis-
mogram interpretation and reporting to the ISS cannot do this. Third, the polarity of the

instrument may be incorrect, resulting in reports opposite of the actual arrival. Finally, first
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arrivals may be very emergent, because stations are located near nodal planes or because
of a slow rupture process.

The phase identification problem is minimized by not using first motions associ-
ated with more than a one second traveltime residual with respect to a slab corrected
velocity model (Boyd et al., 1993). Unfortunately, although more consistent, applying this
residual cutoff for the March 11, 1957 (3:12:49 GMT) earthquake still results in P-wave

first motion data that is too sparce to determine the source mechanism (Figure 3.2). Simi-

Figure 3.2: Lower hemisphere, equal area projection of P-wave first
motion data for the March 11, 1957 (3:12:49 GMT) earthquake. The
data shown has a traveltime residual of one second or less. All symbols
are as described in Figure 3.1.

lar filtering for the April 19, 1957 and June 13, 1957 events (Figure 3.3) gives the same
results. Despite these difficulties, P-wave first motions represent a useful and important

dataset.
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Figure 3.3: P-wave first motion data for the earthquakes of April 19,
1957 (left) and June 13, 1957 (right). All symbols are as described in
Figure 3.1.

For example, of the two events shown in Figure 3.3, it is clear that the first motions
of the 4/19/57 event are dominated by dilatations while those of 6/13/57 are dominated by
compressions. From this observation we conclude that the event of 4/19/57 is normal
faulting, while that of 6/13/57 is thrust faulting. We cannot conclude, however, by this data
alone, the orientations of the fault planes for these two events. Likewise, for the event of
March 11, 1957 (3:12:49 GMT) (Figure 3.2), we observe dominately compressional first
arrivals, but there is a coherent patch of dilatational arrivals observed due east of the epi-
center. Although this could be consistent with a thrust faulting event, it is unusual to
observe such a coherent group of dilatational arrivals in this location. More typically we
would observe inconsistent first motions in this portion of the focal sphere, indicative of a

nodal plane crossing (see, for example, Figure A.16). In this way, we use the first motion
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data to classify events into one of three source types: thrust faulting, normal faulting, or

events with coherent first motions not consistent with thrust or normal faulting.

S-Wave Polarization Directions

S-wave polarization directions for the aftershocks were determined by Stauder and
Udias (1963). The S-Wave Project was designed to graphically determine source mecha-
nisms of the larger earthquakes each year using P- and S-wave information from micro-
film files of the recording stations. This particular report was part of a study of earthquakes
of the North Pacific, and includes source parameters for 25 Aleutian Island earthquakes,
17 of which were aftershocks of the 1957 earthquake.

S-wave polarization directions are determined by plotting a hodogram of the hori-
zontal S-wave ground motion from the N-S and E-W records. This direction of horizontal
ground motion is then plotted at the receiver as shown in Figure 3.4. To simplify the anal-
ysis, the S-wave ground motion is resolved into radial (SV) and tangential (SH) compo-
nents. The polarization angle is then defined as
SH
S

v) > EQ 3.1

y, = tan™' (

that is, the arc tangent of the ratio of the SH amplitude to the horizontal SV amplitude
(Stauder and Bollinger, 1964). An incoming wave that is pure SV has all of its horizontal
ground motion parallel to the back azimuth direction, hence its polarization angle is 0°.
Similarly, pure SH motion would be perpendicular to the back azimuth direction, resulting

in a polarization angle of 90°. v, is defined as positive for counterclockwise acute angles
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az

Figure 3.4: Plot of the direction of horizontal ground motion at the
receiver for an arbitrary S-wave. The bold black line represents the
ground motion, 7, is the polarization angle, az is the azimuth of ground
motion, and baz is the back azimuth to the epicenter.

looking from the source to the station (clockwise acute angles are negative).

After calculating S-wave polarization directions for each station, the data is plotted
on a lower hemisphere, equal area projection, usually with the P-wave first motion infor-
mation. Figure 3.5 shows the projection for a single station, where az is now the azimuth
to the station and toa is the is the takeoff angle of the observed S-wave. Because the pro-
jection is lower hemisphere, ¥, is positive in the clockwise direction, looking from the
source to the station.

As an example, Figure 3.6 shows the polarization data for the event of March 11,
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az

toa

Yo

Figure 3.5: Lower hemisphere, equal area plot of horizontal ground
motion at the source for an arbitrary S-wave. Symbols are as defined in
Figure 3.4

1957 (3:12:49 GMT). Only data from stations located between 44 and 80" epicentral dis-
tance are included from the dataset of Stauder and Udias. For distances less than this
range, post-critically reflected SV waves are phase shifted relative to the SH, making the
graphical determination of the polarization direction incorrect. Also, the short distance
rays have much of their travel path in the shallow mantle, making distinguishing between
S and S,, difficult. For the longer distances, interference from the core phases make separa-
tion of the S-wave from SKS, ScS, SP, or SKKS impossible. These and other problemsas-
sociated with the selection of range of acceptable distances are discussed in greater detail
in Stauder and Bollinger (1964).

For a given double couple solution (Aki and Richards, 1980), takeoff angle, azi-
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Figure 3.6: Lower hemisphere, equal area plot of S-wave polarization
directions (black lines) for the March 11, 1957 (3:12:49 GMT) earth-
quake.

muth, and the S-wave polarization directions are easily calculated. We plot the computed
polarization directions as gray line segments of a lower hemisphere, equal area projection.
Figure 3.7 shows the observed data with polarization angles, calculated assuming a fault
orientation consistent with a typical thrust faulting earthquake along the MTZ (e.g.
Ekstrdm and Engdahl, 1989), for the earthquake of March 11, 1957 (3:12:49 GMT).

As suggested by the P-wave data, notice that the S-wave polarizations are also
inconsistent with a thrust faulting event along the MTZ. This dataset alone, like P-wave
first motions, is not enough to uniquely constrain the source mechanism. For example, S-
wave polarization observations contain no information on polarity, therefore, it is impossi-

ble to distinguish between thrust and normal faulting earthquakes. The S-wave polariza-
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Figure 3.7: Lower hemisphcre,' equal area plot of observed and calcu-

lated double couple S-wave polarization directions for the March 11,

1957 (3:12:49 GMT) earthquake. Calculated directions are shown as
gray lines. Observed are black lines.

tion directions do, however, provide constraints on the strike and dip of the solution,

complementing P-wave first motion constraints on fault slip polarity.

Waveform Data

Lastly, we have access to microfilm records of seismograms stored at the World
Data Center A (Glover, 1985). For the inversion, the selected waveforms must meet three
basic criteria. First, P-waves in the distance ranges of less than 30° or greater than 90° are
subject to the same problems as the S-waves at similar distances. Second, clock correc-

tions and instrument response must be known. Third, the recording instruments must be
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sensitive to ground motion with periods larger than 15 seconds. Table 3.1 lists stations

meeting these criteria. Their azimuthal distribution relative to the earthquake of 3/11/57

Table 3.1: Stations used in this study

Station Code Geographic Location Latitude | Longitude
AAA Alma Ata, Kazakhstan, CIS | 43.272 76.950
HON Honolulu, Hawaii, USA 21.322 -158.008
OoTT Ottawa, Ontario, Canada 45.394 -75.716
PAS Pasadena, California, USA 34.148 -118.172
PUL Pulkovo, Russia, CIS 59.773 30.324
SIM Simferopol, Ukraine, CIS 44.950 34.117
TAS Tashkent, Uzbekhstan, CIS 41.325 69.295
TIF Thilisi, Georgia, CIS 41.717 44 800
VLA Vladivostok, Russia, CIS 43.120 131.893

(3:12:49 GMT) is shown in Figure 3.8. Note that even if this event is recorded by all of
these stations, the azimuthal distribution of observations is poor. Because many of the
events are not recorded at all of the stations, particularly the relatively noisy installation at
HON, waveform inversion for source parameters, without application of a priori con-
straints, is nearly impossible. Fortunately, the first motion and S-wave polarization data
provide excellent constraints on the strike, dip and slip of our solution. Using these a priori

constraints, the relatively sparse waveform data can be inverted for the depth and seismic
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Figure 3.8: Azimuthal equidistant plot, centered on the epicenter, of
stations with available waveform data for the earthquake of 3/11/57
(3:12:49 GMT). The filled black circles represent the station locations.
Circular arcs are spaced at 45° increments.

moment.

Determination and Use of A Priori Constraints

Figure 3.9 shows a lower hemisphere projection of the P-wave first motion and S-
wave polarization data for an aftershock that occurred on March 3, 1957 (3:12:49 GMT).
The solution shown in Figure 3.9 is typical for interplate thrust faulting earthquakes along
the Aleutian arc. As mentioned previously, this solution does not match the P- or S-wave
observations particularly well. No nodal plane separates the dilatational cluster to the east

of the epicenter from the compressional field, and the calculated S-wave polarization
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Figure 3.9: Lower hemisphere projection of observed P-wave first
motion and S-wave polarization data for the earthquake of March 11,
1957 (3:12:49 GMT). The curved black lines represent P-wave nodal

planes. All other symbols are as described in Figure 3.1 and Figure 3.6.

directions do not parallel those observed by Stauder and Udias (1963).

Simply changing the solution manually and inspecting the figure until an accept-
able constraint is found is time consuming and difficult. To find the solution that mini-
mizes the misfit between the observed and computed datasets, we formulate the problem
by constructing a joint maximum likelihood function of the P-wave first motion and the S-
wave polarization directions. Following Dillinger et al. (1971), we define, for the P-wave

first motion directions, the maximum likelihood function over a discrete sample space as,

L(B:X,) = Pr(X,|p) = Pr(1-P)" %, EQ3.2
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where P is the vector containing the strike, dip, and slip of the solution, X » 1s the vector of

observed first motion directions, P is the binomial probability of the pick being correct,

and R » is the number of agreements between the observed and predicted first motion

directions. For the S-wave polarizations, we have, defined over a continuous sample space,
(——R,)

L(BX) = 0(XJP) =ce EQ 3.3
where X; is the vector of observed S-wave polarization angles, ¢ is the estimated stan-
dard deviation of the S-wave polarization angle, and R| is the sum of the squares of the
misfits between the observed and calculated polarization angles.

The joint maximum likelihood function, assuming independent errors in the two

datasets, is
1
o s -k 3™

L(B:X, X)) = or (X, X|B) = PR (1-pPyY " Roce . EQ 3.4
Note, ¢r plays the part of probability density for the S-wave data and probability function
for the P-wave data.

Since the separate S-wave solution misfit, R, was a minimum in the maximum

likelihood solution, we define Ep = N- Rp and substitute it into EQ 3.4 so that both ﬁp
and R_ decrease for better solutions. This leaves

(- R)

5

L(B;)‘(p,)‘(s) = cPN_E"(l—P)E”e 200 EQ3.5

EQ 3.5 may be written as
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L(B:X,, X)) = ke'™, EQ 3.6
where
R, = aR,+ bR, EQ3.7
and
P 1
a=In(——s), b= —. EQ3.8
1-P 202

L is a maximum for Rp s a minimum, with a and b weighting each dataset.

The only ad hoc constraints for determining L are the probability of the P-wave
first motion being correctly picked and the estimated standard deviation of the S-wave
polarization data. Perhaps using a quantitative measure of the scatter in each data set as the
weighting factor could help in constraining mechanisms with inconsistent P-wave first
motions or S-wave polarizations directions, but, in selecting these values for each earth-
quake, a distinction has to be made between inconsistencies caused by mispicks and from
those caused by source complications. For this reason, we choose to define standard errors
for all of the solutions. The ad hoc values of P=0.95 and 6=20° are used since, for the
events in this study, they determine solution spaces which best fit the observed S-wave
polarizations directions without diminishing the importance of the P-wave first motions.

With these values, a 5° increment grid search is preformed, using EQ 3.6, over all
possible strike, dip, and slip combinations. For each solution, the location of the P and T

axis, and the associated value of Rps, are calculated. In order to establish a range of
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acceptable P and T axis positions, a “percent-likelihood region” is created. Let
K=Y L(B:X,X,) EQ 3.9
allp
where the summation is from the best B to the worst. We define the region R bounded by

L=constant such that
SE)=1-a EQ3.10
K

is a 100(1-ar) percent-likelihood region. For example, a 95% likelihood region contains
solutions that make up 95% of the total likelihood of all solutions.

Figure 3.10 shows the lower hemisphere projection of the P and T axis positions
for a corresponding percent likelihood region for the earthquake of 3/11/57 (3:12:49
GMT). The black region encloses 95% of the total likelihood. The gray and black region
together include 99% and the white region makes up the remaining 1% of total likelihood.
For this particular event, P-wave first motion and S-wave polarization directions provide
tight constraints on source mechanism. This solution indicates tension down toward the
north, which, if this event is in the lower plate, indicates downdip tension. In using this
information for the waveform inversion, the a priori values for strike, dip, and slip are cho-
sen from the average position of the P and T axes in the 95% likelihood region (Figure

3.11).

Waveform Inversion

The need for a priori constraints leads us to waveform invert those events only
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3/11/57 P axes  95% 999, 3/11/57 T axes

Figure 3.10: Percent-likelihood regions for the P (left) and T (right)
axes positions for the earthquake of 3/11/57 (3:12:49 GMT). The
entirely black region contains solutions which comprise 95% of the
total likelihood. The grayscale includes extensions up to 99% of the
total likelihood.

whose P and T axes have previously been tightly determined from the P-wave first
motions and S-wave polarizations. For the present study, waveform inversion is used pri-
marily to determine centroid depth and source-time function, and secondarily to determine
fault strike, dip, and slip. Robust estimates of source depth and source-time function can
usually be accomplished with at least two of the former USSR stations and the P-wave
recorded at Pasadena. SH-wave information assists in making depth estimates because of
the larger moveout of the depth phases from the S-wave. It is most important for confirm-
ing the strike, dip, and slip determined from the other two datasets.

With teleseismically recorded (30°<A pS 90°;30° < ASH <80°) P-wave and

SH-wave data, the inversion technique of Nabelek (1984) can simultaneously invert for
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Figure 3.11: Average P and T axes solution for the earthquake of 3/11/
57 (3:12:49 GMT). All symbols are as described in Figure 3.7.

centroid depth, the far field source-time function, seismic moment, and the strike, dip, and
slip of an earthquake. The inversion iteratively minimizes the sum of the squares of the
error between the data and the synthetics, normalizing the output waveforms to a common
instrument magnification (3000) and epicentral distance (A=60°).

Instrument parameters for the stations used in this study are shown in Table 3.2
and are obtained from the microfilm records. T and | represent the period (s) and damping
(g) of the seismometer and galvanometer, respectfully. The number in parentheses after
the gain is the period (in seconds) at which it was measured. For Honolulu, the number in
the 1 column represents the damping ratio.

The crustal structure assumed at the source and receiver is a half space, with
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Table 3.2: Instrument Parameters

S(t:a; ;oen Ins;r;;:ent Direction T Tg I lg (pgfil: d)
AAA Kirnos N-S 12,5 10 | 046 | 5.0 | 1509(1.4)
E-W 12.5 1.0 | 046 | 5.0 | 1509(1.4)
zZ 12.5 1.0 | 046 | 5.0 1001(7)
HON | Milne-Shaw N-S 120 | N/A | 200 | N/A 155
Milne-Shaw E-W 120 | N/A | 200 | N/A 155
OTT Benioff Z 1.0 750 | 0.7 1.0 2550(1)
PAS Benioff zZ 1.0 90.0 1.0 1.0 3000(1)
PUL Galitzin - —~Z 95 94 1.0 1.0 724(7)
SIM Kirnos Z 12.6 12 | 045 | 5.1 1506(7)
TAS Kirnos y4 124 | 12,6 1.0 1.0 753(7)
TIF Galitzin Z 126 | 124 1.0 1.0 1125(7)
VLA Kirnos y4 12.5 12 | 045 | 49 1092(7)

a=6.60 km/sec, p=2.9 gm/cm3, and 6=0.25. The relocated epicenter of each event (Boyd
etal., 1993) and a bathymetric map of the Aleutian Arc (Swenson, 1982) are used to deter-
mine the depth of the water layer above the source. All depths reported here are computed
from the top of the water layer. Since the velocity structure is very simple, care must be
taken not to interpret complexities in the waveform, most likely caused by unmodeled
velocity structure, as moment release. Also, when the duration of the source time function
exceeds the differential travel time between the body wave and its depth phase, estimates

of the centroid depth become difficult. To avoid these problems, all waveform inversion is
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preformed assuming simple, i.e. short, source-time functions. As an example, the wave-

form solutions for 3/11/57 (3:12:49 GMT) are shown in Figure 3.12. This solution corre-

' sec ' 30

Figure 3.12: Waveform solution for the earthquake of 3/11/57 (3:12:49

GMT). Station name abbreviations are given in Table 3.1. Amplitude

(normalized to an instrument 60° from the source with a gain of 3000)
and time scale is shown in the lower right hand corner.

sponds to a strike, dip, and slip of 72°, 5°, and -95°, and a depth and magnitude of 30 km
and 3.0e26 dyne-cmz. Further discussion of the tectonic implications and comparison of

this result with that of Stauder and Udias will be discussed in Chapter 4.

Solution Error Bounds

For events with S-waveforms, error bounds for all parameters, except centroid
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depth, are calculated assuming that errors in the waveform data are Gaussian distributed,
and the bounds represent the one ¢ region of that curve. Centroid depth error bounds are
calculated by assuming a 10% error in the velocity model.

For events without S-waveforms, error bounds for depth and seismic moment are
determined as before. Only a qualitative bound is placed on the strike, dip, and slip, rela-
tive to the scatter in the P- and T-axes plots, i.e. less scatter implies a more reliable solu-

tion.
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Using the selection criteria outlined in Chapter 3, eight aftershocks (outlined in

Table 4.1) of the 1957 event are modeled. (Details of the solutions, plots of the P and T

CHAPTER 4

DISCUSSION

Table 4.1: Event Locations and Origin Times

Number Date Origin Time | Latitude | Longitude
1 March 9,1957 | 20:39:23.92 | 52.335 | -169.568
2 March 11,1957 | 03:12:48.86 | 50.889 | -177.182
3 March 11,1957 | 14:55:26.42 | 51.156 | -178.519
4 March 14,1957 | 14:47:52.09 | 51.122 | -176.708
5 March 15,1957 | 02:52:16.35 | 52.652 | -166.937
6 March 22,1957 | 14:21:13.93 | 53.624 | -165.686
7 April 19,1957 | 22:19:35.48 | 52.160 | -166.305
8 June 13,1957 10:40:46.03 | 51.366 | -175.129

axes constraints, agreement with observed P-wave first motion and S-wave polarization

37

directions, and waveform fits are shown in the Appendix). Some of these solutions are a

result of direct application of the method outlined in Chapter 3, although most required

additional information to accurately constrain all source parameters, and none are deter-
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mined in exactly the same manner. To illustrate these differences, we compare and con-

trast the solutions of Stauder and Udias to those determined in this study.

Method Effectiveness and Comparison with the Results of Stauder and Udias

Stauder and Udias (1963) decided that accurate source mechanism determination
would need to include P- and S-wave information (as explained in Chapter 3), rather than
use P-wave first motions alone (e.g. Hodgson, 1957). In their study of circum-pacific
earthquakes, Stauder and Udias separated the events into three groups and a variant of the
first, based on similarities in the S-wave polarization directions. Group I has S-wave polar-
ization directions observed in Europe and North America that are oriented to the northeast
in Europe and to the northwest for the US stations. Group II earthquakes have S-wave
polarization directions oriented sub-parallel to each other. The variant of the first group
has P-wave data that constrain only one nodal plane but the S-wave polarization directions
match those of the first group. No events modeled in this study are from Group 111, and
hence will not be considered here. Group I and its variant contain double couple solutions,
while groups II and III include single couple solutions like those assumed by Hodgson
(1957). As shown in Figure 4.1, the mechanisms are predominantly strike-slip, probably in
an effort to match the mechanisms of Hodgson (1957).

Our method uses the datasets of Stauder and Udias (1963) to create a priori con-
straints on the P and T axes, allowing for much quicker modeling of the observed wave-
forms. As explained in Chapter 3, initial attempts to waveform model these events with a

priori constraints determined graphically were unsuccessful, since it appeared many solu-
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180 76 172 -168°

Figure 4.1: Source mechanisms as determined by Stauder and Udias
(1963). 400 m bathymetry contours border the arc and 6000 m contours
border the trench. Epicenter locations are from Boyd et al.(1993).
Source mechanisms are lower hemisphere projections, with shaded
compressional quadrants. Event numbers correspond to Table 4.1.

tions satisfied the P-wave first motions and S-wave polarization directions, but few of
those matched the waveforms. As an example, Figure 4.2 compares our solution with that
determined by Stauder and Udias for event 3. Inspection shows our solution is apparently
only a slight improvement over the mechanism proposed by Stauder and Udias. Also,
graphical agreement of calculated and observed P-wave first motions does not appear sig-
nificantly different for either solution.

Fortunately, the relative value of Ry, the “score” used in the maximum likelihood

calculation (Chapter 3), quantifies the error in each solution, giving clear indication that
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Rps=23.56

Figure 4.2: Results of Stauder and Udias (left) and this study
(right) for the Group I earthquake of 3/11/57 (14:55:26.42 GMT).
Included is the relative value of Ry, for each solution. All symbols

are as described in Figure 3.9.

our mechanism better fits the observed P-wave first motions and S-wave polarization
directions. The difference in score is primarily due to the better agreement in S-wave
polarization directions observed in North America, and secondarily to the slight improve-
ment in polarization directions observed in Europe. Stauder and Udias’ solution appears to
be biased by the single S-wave polarization direction observed to the west of the epicenter
in Hong Kong. The Ry values (Figure A.8) suggest a small strike slip component for this
earthquake, unlike the large strike slip component inferred by Stauder and Udias. (Note,
the R values are not normalized, and comparisons can only be made between Ry values
for solutions with the same P-wave first motions and S-wave polarization directions.)

Although our method quickly constrains the fault plane orientation for these after-
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shocks, the quality of these constraints varies relative to the patterns in S-wave polariza-
tion directions observed by Stauder and Udias (1963). For example, the group II
earthquakes of 3/11/57 (3:12:48.86 GMT) and 3/14/57 have the best P and T axes con-
straints of the earthquakes in this study (Figure A.5 and Figure A.11). The S-wave polar-
ization directions for events 2 and 4 all roughly trend north-south, constraining one nodal
plane to lie perpendicular to them. Likewise, the cluster of P-wave first motions to the east
of each epicenter are consistent with the nodal plane location predicted by the S-waves.
This nearly vertical plane results in P and T axes oriented away from the normal, and
small changes in the strike of these solutions creates large changes in the misfit.

Unlike Group II, Group I events, with nearly vertical pressure or tension axes (e.g.
events 7 and 8), have P-wave first motions and S-wave polarization directions that are rel-
atively symmetric about the point where the axis exits the lower hemisphere (e.g. Figure
A.22). This allows the strike of the solution to rotate greatly while still matching the
observed data. Thus, constraining only the non-vertical axis to the horizontal plane (Figure
A.20 and Figure A.23). The a priori strike for the remaining Group I events (3 and 6) are
better constrained, but still allow a large range of possible fault plane orientations. Fortu-
nately, the strike for these events are constrained by SH-waveforms. Without this wave-
form data, no well determined source mechanism can be proposed.

Stauder and Udias’ variant of Group I (Figure 4.2) contains the most problematic
mechanisms determined in this study. As discussed later in this chapter, the mechanism
proposed for the event of 3/9/57 is difficult to interpret. Similar to the study of Stauder and

Udias (1963), considerable effort was expended in trying to model event 1 to match previ-
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ous solutions (like those of Ekstrom and Engdahl, 1989), but to no avail. The large differ-
ential in relative R¢ value for the mechanism of Stauder and Udias (Figure 4.2) gives us
greater confidence our solution. In addition, the P and T axes constraints (Figure A.2) indi-

cate tension down toward the north and place the pressure axis in the horizontal plane

Rps=72.66 Rys=6.43

3/9/57

3/15/57

Figure 43 Results of Stauder and Udias (left) and this study (right) for
the earthquakes of their Group I variant. All symbols are as described
in Figure 3.9.

roughly trending east-west, like the mechanism we propose. This fault plane solution also
matches the SH waveforms (Figure A.3), and the P-waves indicate a source depth of 32

km. From this, regardless of the tectonic implications, the mechanism for event 1 is well
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constrained. The observed data, however, could be unreliable because of this event’s tem-
poral proximity to the mainshock (approximately 6 hours later), but determining this
requires access to the original records for all of the datasets from this event, which is not
possible.

Also critical in selecting our solution for event S are the station clock corrections
(up to 35 seconds) that are listed on the seismogram. The waveforms for this earthquake
(Figure A.15) are emergent, suggesting either source complexity or a strike-slip fault
plane. To distinguish between these two cases, the actual arrival time for the phases are
very important, as visually determining the first break is difficult. If the traveltime correc-
tions are not applied to the digitized waveforms, errors in start times complicate aligning
the synthetic seismograms to corresponding phases in the observed waveform, i.e. the
arrival you are modeling as P at one station may correspond to pP at another. This causes

an anticorrelation in the synthetics, making inversion of these waveforms impossible.

Tectonic Interpretations
Source mechanisms for the eight events studied here are shown in Figure 4.4, with
the event numbers corresponding to those of Table 4.1. Of the modeled events, all but

three (1, 2, and 4) are consistent with expected mechanisms and are located in the Outer

Arc Rise and the MTZ.

Trench and Outer Arc Rise

Only one event from this study (7) occurred along the outer arc rise. Its source
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Figure 4.4: Source mechanisms determined in this study. All symbols
are as described in Figure 4.1.

mechanism and depth, 12 km (Figure 4.6), are similar to those determined by other inves-
tigators for outer arc events (Ekstrém and Engdahl, 1989; House and Jacob, 1983; Stauder
1968, 1972). In general, these focal mechanisms have tension axes oriented within 10° to
30° of the normal to the trench axis and nearly vertical pressure axes. These events have
been interpreted as indicating high tensile stresses caused by the bending of the subduct-
ing Pacific plate (Stauder, 1968; Ekstrom and Engdahl, 1989). The close temporal associa-
tion between outer arc rise activity and great thrust zone earthquakes (e.g. Spence, 1987),
however, suggests that these extensional events may be related to movement on the main
thrust zone, as compressional stresses are relieved by the mainshock, putting the outer arc

portion of the Pacific plate into tension.
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Main Thrust Zone

Like the main thrust zone mechanisms determined in earlier studies (Ekstrom and
Engdahl, 1989; House and Jacob, 1983; Stauder 1968, 1972) events 3, 5, 6, and 8 (Figure
4.4) have slip directions oriented slightly northwest of the normal to the trend of the
trench. Cross sections of seismicity from the Adak Island local network (Figure 4.5,

Ekstrom and Engdahl, 1989) and the Unalaska local network (Figure 4.6, Boyd and Jacob,

TRE N CH Event 8 Event 3 137

Figure 4.5: Cross sectional view of seismicity of the Adak Island
region from the study of Ekstrom and Engdahl (1989). Events 2, 3,
4, and 8 are the striped circles labeled in the figure. The grid spac-
ing is 50 km. The relocated hypocenters and locations of the volca-
noes are rotated into a plane locally perpendicular to the arc (Figure

modified from Ekstrom and Engdahl, 1989).

1986) indicate the depths and locations of these events are consistent with activity located
along the MTZ.

Of the four events mentioned above, only event 6 occurred outside of the coseis-
mic rupture area of the 1957 event (e.g. Lane, 1992; Satake and Johnson, 1992), on the

eastern side of the Unalaska Gap. Seismicity in the Unalaska region did not initiate until
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Figure 4.6: (left) Depth of events 1, 5, 6, and 7 relative to the depths
recorded by the Unalaska seismic network. The mechanism is a back
hemisphere projection in the plane of the cross section indicated by
XX’ in the map on the right (modified from Boyd and Jacob, 1986).
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54 hours after the 1957 mainshock, and was concentrated within a small region just east of
Unalaska Island (House et al., 1981; Boyd et al., 1993). From this information, we cannot
unambiguously determine if the Unalaska region ruptured as a result of the 1957 earth-
quake. If it did so, rupture would have to propagate through the Unalaska region with
either a slow rupture velocity or long rise time, both alternatives suggesting the Unalaska
region is weakly coupled across the MTZ. If rupture did not propagate through the
Unalaska region, earthquakes like event 6 might indicate the development of a stress con-
centration around Unalaska Island, suggesting the possible occurrence of a large earth-

quake in this region in the near future.
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Anomalous Events

The remaining events (1, 2, and 4) are quite different from the others located along
the MTZ, and bear further discussion. Event 1 occurs about 32 km beneath the ocean sur-
face, which, according to the seismicity cross section of Boyd and Jacob (1986) (Figure
4.6), places it in the lower plate. Near event 1, House and Jacob (1983) describe an earth-
quake with a source mechanism of similar fault plane orientation, but with opposite slip
polarity, that they tentatively place in the upper plate (30 km). What relationship this
earthquake has with our lower plate event is unclear. Ekstrom and Engdahl (1989) and
Engdahl et al. (1989) mention two mechanisms similar to event 1 occurring in the quies-
cent time period before the mainshock of 1986. All of these events have pressure or ten-
sion axes that are oriented 90° from that expected for main thrust zone events and occur at
depths near the MTZ making assignment to the upper or lower plate difficult. With the few
source mechanisms we have for this region, it is difficult to define unique tectonic mecha-
nisms for earthquakes like event 1.

Based on their hypocentral locations (Figure 4.5) and source mechanisms (Figure
4.4), events 2 and 4 represent downdip tension in the subducting Pacific plate. One possi-
ble interpretation of these events is the existence of a strongly coupled portion of the
MTZ, updip of their locations, that did not rupture during the 1957 event. In this model,
these earthquakes result from slab pull forces associated with the downgoing plate, much
like those used to explain normal faulting events in the outer arc high after great earth-
quakes (Spence, 1987). Ryan and Scholl (1993) suggest the portion of the arc beneath

Hawley Ridge, which ruptured during the 1986 event, is strongly coupled to the downgo-
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ing plate. This geologic asperity is based on evidence indicating the fault surface in this
region is smoother and more coupled than the surrounding interface. If this is the case, the
1986 event may be in essence an aftershock of the 1957 great earthquake, relieving

stresses applied as the 1957 event ruptured the weaker portions of the fault interface

around Hawley Ridge.
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CHAPTER 5§
CONCLUSIONS

Combining P-wave first motions and S-wave polarization directions, maximum
likelihood regions are constructed that constrain the locations of P and T axes, and thus the
orientation of the fault plane’s strike, dip, and slip direction. These are used as a priori
information for waveform inversion of source parameters. In this scheme, the waveforms
provide strongest constraints on the depth, magnitude, and source time function, and, for
events with SH waveforms, independent confirmation of the a priori fault geometry.

Unlike graphical methods, quantifying the misfit between observed and calculated
P-wave first motion and S-wave polarization directions provides quick determination of
the best a priori constraints. The quality of these constraints, however, is dependent on the
orientation of the P and T axes for the aftershock. For a priori pressure and tension axes
located away from vertical, the fault plane is tightly constrained. If, however, one of the
axes is nearly vertical, symmetry in the datasets provides little control of the a priori strike.
For the earthquakes with these poor a priori constraints or complicated waveforms, addi-
tional information, such as SH waveforms and station clock corrections, are required for
well constrained fault plane estimates.

Using this method, source mechanisms are determined for eight aftershocks of the
March 9, 1957 great earthquake. Four of the mechanisms are consistent with MTZ thrust

faulting and one Outer Arc Rise normal faulting event is modeled. A thrust faulting event
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determined along the Unalaska Gap does not uniquely determine the behavior of this
region. The two events occurring near Adak Canyon, however, indicate down dip tension
in the downgoing plate. This could be due to the high shear strength of the fault beneath

Hawley Ridge, suggesting the 1986 event was an aftershock of the 1957 great earthquake.
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APPENDIX

This appendix contains source information for the events shown in Figure A.1 and
Table A.1. Methodology used in determining the source mechanisms and errors is that

described in Chapter 3.

-176° -172°

Figure A.1 Epicenter locations and source mechanisms of modeled
events. Map is based on an Albert’s projection. Source mechanisms are
indicated on lower hemisphere, equal area projections with shaded
compresional quadrants. Event numbers refer to Table A-1.
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Table A.1: Event Locations and Origin Times

Number Date Origin Time | Latitude | Longitude
1 March 9,1957 | 20:39:23.92 | 52.335 | -169.568
2 March 11,1957 | 03:12:48.86 | 50.889 | -177.182
3 March 11,1957 | 14:55:26.42 | 51.156 | -178.519
4 March 14,1957 | 14:47:52.09 | 51.122 | -176.708
5 March 15,1957 | 02:52:16.35 | 52.652 | -166.937
6 March 22,1957 | 14:21:13.93 | 53.624 | -165.686
7 April 19,1957 | 22:19:3548 | 52.160 | -166.305
8 June 13,1957 10:40:46.03 | 51.366 | -175.129
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Event 1 March 9, 1957 (20:39:23.92 GMT)

Solution and errors.

STRIKE= 150.00°

DIP= 57.00°

SLIP= 35.00°

CENTROID DEPTH= 32.00 +- 3 km

MOMENT= 1.89E+27 +- 1.16E+26 dyne*cm

TIME FUNCTION ELEMENTS ( 3.00 SEC DURATION):
347 +-.046
653 +- .040

3/9/57 P axes 3/9/57 T axes

Figure A.2: P and T axes error surfaces for the earthquake of 3/9/57
(20:39:23.92 GMT). Symbols are as described in Figure 3.10.
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/_PAS P)

““HON (SV) | _

50 um

P-Wave

Figure A.3: Waveform solutions for for the earthquake of 3/9/57
(20:39:23.92 GMT). Location of station recording the S-waves (HON) is
shown for reference.

Figure A .4: First motion and S-wave polarization data for for the earth-
quake of 3/9/57 (20:39:23.92 GMT).
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Event 2 March 11,1957 (3:12:48.86 GMT)

Solution and errors.

STRIKE= 72.00°

DIP= 5.00°

SLIP=-95.00°

CENTROID DEPTH= 34.00 +- 3 km

MOMENT= 3.00E+26 +- 6.32E+25 dyne*cm

TIME FUNCTION ELEMENTS ( 2.50 SEC DURATION):
1.000 +- .122
.000 +- .136
.000 +- .104

3/11/57 P axes 95% 999% 3/11/57 T axes

Figure A.5: P and T axes error surfaces for the earthquake of 3/11/57
(3:12:48.86 GMT). Symbols are as described in Figure 3.10.
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25 pm
P-Wave :I
' sec ' 30
Figure /... .. ciciiis conceacnae <on ..o earthquake of 3/11/57 (3:12:48.86
GMT)

Figure A.7: First motion and S-wave polarization data for the earthquake of
3/11/57 (3:12:48.86 GMT)
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Event 3 March 11, 1957 (14:55:26.42 GMT)

Solution and errors.

STRIKE= 264° +- 10°

DIP= 29°+-4°

SLIP= 118° +- 14°

CENTROID DEPTH= 33 +- 3 km

MOMENT= 2.82E+27 +- 2.04E+26 dyne*cm

TIME FUNCTION ELEMENTS ( 3.00 SEC DURATION):
481 + .051

519 + .051

Figure A.8: P and T axes error surfaces for the earthquake of 3/11/57
(14:55:26.42 GMT).
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TIF (P)  SIM (P)

Figure A.9: Waveform solutions for the earthquake of 3/11/57 (14:55:26.42
GMT)

Figure A.10: First motion and S-wave polarization data for the earthquake
of 3/11/57 (14:55:26.42 GMT)
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Event 4 March 14, 1957 (14:47:52.09 GMT)

Solution and errors.

STRIKE= 180°

DIP= 35°

SLIP=-15°

CENTROID DEPTH= 33 +- 3 km

MOMENT= 1.96E+27 +- 1.26E+26 dyne*cm

TIME FUNCTION ELEMENTS (3.00 SEC DURATION):
594 +- 035
406 + .054

3/14/57 P axes 3/14/57 T axes
99%

Figure A.11: P and T axes error surfaces for the earthquake of 3/14/57
(14:47:52.09 GMT)
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Figure A.12: Waveform solutions for the earthquake of 3/14/57
(14:47:52.09 GMT)

Figure A.13: First motion and S-wave polarization data for the earthquake
of 3/14/57 (14:47:52.09 GMT)
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Event 5§ March 15, 1957 (2:52:16.35 GMT)

Solution and errors.

STRIKE= 200°

DIP= 30°

SLIP= 60°

CENTROID DEPTH= 17 +- 2 km

MOMENT= 2.07E+26 +- 2.26E+25 dyne*cm

TIME FUNCTION ELEMENTS ( 1.00 SEC DURATION):
296 +- .059
215+ .070
489 +- .060

3/15/57 P axes 3/15/57 T axes
95% 99%

Figure A.14: P and T axes error surfaces for the earthquake of 3/15/57
(2:52:16.35 GMT)
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Figure A.15: Waveform solutions for the earthquake of 3/15/57 (2:52:16.35
GMT)

Figure A.16: First motion and S-wave polarization data for the earthquake
of 3/15/57 (2:52:16.35 GMT)
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Event 6 March 22,1957 (14:21:13.93 GMT)

Solution and errors.

STRIKE= 230° +- 4°

DIP= 24° +- 4°

SLIP=96° +- 2°

CENTROID DEPTH= 37 +- 4 km

MOMENT= 3.70E+27 +- 1.57E+26 dyne*cm

TIME FUNCTION ELEMENTS ( 4.00 SEC DURATION):
730+ .029

270 +- .031

3/22/57 P axes 3/22/57 T axes
99%

Figure A.17: P and T axes error surfaces for the earthquake of 3/22/57
(14:21:13.93 GMT)
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Figure A.18: Waveform solutions for the earthquake of 3/22/57
(14:21:13.93 GMT)

Figure A.19: First motion and S-wave polarization data for the earthquake
of 3/22/57 (14:21:13.93 GMT)
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Event 7 April 19, 1957 (14:21:13.93 GMT)

Solution and errors.

STRIKE= 245° +- 16°

DIP=29° +- 4°

SLIP=-105° +- 13°

CENTROID DEPTH=12 +- 1 km

MOMENT= 1.69E+27 +- 2.30E+26 dyne*cm

TIME FUNCTION ELEMENTS ( 1.00 SEC DURATION):
376 +- .069
269 +- .088

356 + 077

4/19/57 P axes 4/19/57 T axes
99% ~

Figure A.20: P and T axes error surfaces for the earthquake of 4/19/57
(14:21:13.93 GMT)
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Figure A.21: Waveform solutions for the earthquake of 4/19/57
(14:21:13.93 GMT)

Figure A.22: First motion and S-wave polarization data for the earthquake
of 4/19/57 (14:21:13.93 GMT)
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Event 8 June 13, 1957 (10:40:46.03 GMT)

Solution and errors.

STRIKE= 67° +- 4°

DIP= 64° +- 6°

SLIP= 108° +- 4°

CENTROID DEPTH= 22 +- 2 km

MOMENT= 1.67E+27 +- 7.35E+25 dyne*cm

TIME FUNCTION ELEMENTS ( 3.00 SEC DURATION):
S515+- .025
77+ 021

308 +- .030

6/13/57 T axes

Figure A.23: P and T axes error surfaces for the earthquake of 6/13/57
(10:40:46.03 GMT)
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Figure A.24: Waveform solutions for the earthquake of 6/13/57
(10:40:46.03 GMT)

Figure A.25: First motion and S-wave polarization data for the earthquake
of 6/13/57 (10:40:46.03 GMT)



