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On June 7, 1982 an earthquake doublet occurred in a gap near Ometepec, Guerrero, Mexico which had been given a
high seismic potential. The two earthquakes (first event: M, = 6.9, m, = 6.0, 16.3°N, 98.4°W, 4 = 25 km; second event
M;=7.0, my,=06.3, 16.4°N, 98.5°W, d = 8 km) of the doublet occurred within five hours of each other.

We determine the source parameters of these events by inverting surface-wave data at a period of 256 s. The results
are for the first event, strike = 116°, dip = 77°, slip = 88° and seismic moment of 2.8 X 10%¢ dyne - cm, and for the
second event strike = 116°, dip = 78°, slip = 89° and seismic moment of 2.8 X 1026 dyne - cm. Modeling of long-period
P waves suggests that the first event has a depth of 20 km and is represented by a single trapezoidal source time
function, with an effective duration of 6 s. The second event is best modeled by two sources at depths of 15 and 10 km.
The combined effective source duration time for the two sources is about 10 s. The ratio of the seismic moment,
obtained from body waves to that from surface waves, is ~ 0.5 for the first event and 1 for the second. Adding the
seismic moment of the two events and considering the first week aftershock area, 3200 km?, the stress drop is ~ 4 bars.
These results suggest that the first event, that involved a deeper asperity, caused an incremental stress change large
enough to trigger the second event. If the two events of the doublet broke distinct areas of the subduction zone, the
coseismic slip is 0.58 m, and accounts for about 25% of the total plate motion between the Cocos Plate and the North
America Plate, accumulated since the last large earthquake in the region.

Other doublets similar to the Ometepec doublet have occurred along the Middle America Trench during the past 70
years. A regional distribution of comparable-size asperities may be responsible for this relatively frequent occurrence of
doublets and for the simplicity of earthquakes in the region. The high convergence rate, which produces rapid strain
accumulation and short recurrence intervals for large earthquakes, and the smooth sea-floor subducted along the middle
America Trench, may contribute to the homogeneous distribution of comparable size asperities.

We found a relation, log 7'= 1/3 log M, (T is the average recurrence time and M, is the average seismic moment) for
large earthquakes along the subduction zone in the Guerrero—Oaxaca region, where the convergence rate and the
properties of the subducted plate are considered relatively uniform. A simple asperity model predicts this relation.

One June 7, 1982, an earthquake doublet oc-
curred in Ometepec, Guerrero, Mexico. The two
earthquakes of the doublet occurred within five
hours of each other. The U.S.G.S. location of the
first event (M,=6.9, m,=6.0) is 16.607°N,
98.149°W, 40.5 km depth and the origin time is
06h 52 min 37.37; that of the second event (M, =
7.0, m~=6.3) 1s 16.558°N, 98.358°W, 33.8 km
depth, and the origin time is 10 h 59 min 40.16 s.
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The epicenters given by a local network are
16.348°N, 98.368°W, 25 km depth (origin time 06
h 52 min 33.7 s) for the first event, 16.399°N,
98.538°W, 8 km depth (origin time 10 h 59 min
40.1 s) for the second event. The locally de-
termined epicenters are shallower than, and to the
southwest of, the U.S.G.S. locations (Fig. 2b), as is
typically found for events along the Mexican sub-
duction zone (e.g., Havskov et al., 1983). Hereafter,
these two events are referred to as 1982 ' and
1982 2, respectively.



The Ometepec doublet events occurred in a gap
which had been given a high seismic potential
(Singh et al.,, 1981). A study of these events is
therefore important for a better understanding of
the failure mechanism of seismic gaps. We de-
termine the rupture process of the Ometepec
doublet by detailed analysis of surface and body
waves. We find that the Ometepec doublet has
many features in common with similar doublets
observed in other regions. The Ometepec doublet
events are somewhat smaller than the large earth-
quakes characteristic of the Middle America sub-
duction zone, and the average repeat time in the
Ometepec region is slightly shorter than in the
adjacent segments of the Guerrero—Oaxaca re-
gions. We will show that these features can be
explained by a heterogeneous strength distribution
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in the fault zone along the Middle America Trench.

Owing to the high seismic activity and the
relatively short (30-50 years) recurrence times of
large events along the Middle America Trench,
many detailed studies have recently been con-
ducted on individual earthquakes (e.g., Ohtake et
al,, 1977; Yamamoto, 1978; Reyes et al., 1979;
Espindola et al., 1981; Stewart et al., 1981; Chael
and Stewart, 1982; Lefevre and McNally, 1982;
Valdés et al., 1982; Wang et al., 1982; Tajima and
McNally, 1983; Havskov et al., 1983) as well as on
the regional seismicity (e.g., Kelleher et al., 1973;
McNally and Minster, 1981; Singh et al., 1981;
Lefevre and McNally, 1982; Singh et al., 1982b).
These studies suggest that large earthquakes occur
repeatedly at places with increased mechanical
strength, which are often called asperities in the
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Fig. 1. Main tectonic features of Middle America, simplified after Mammerickx et al. (1975). The arrow indicates the mean direction
of convergence between the Cocos and North America and Caribbean Plates. Shaded areas delineate the Quaternary Volcano
alignments in Mexico and Central America. Shallow large earthquakes which (M, = 7) occurred along the Middle America Trench are
shown. Squares correspond to last century events and stars to those which occurred during this century. The year of occurrence is

indicated for events with M, > 7.5.
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recent literature. Singh et al. (1982b) infer a distri-
bution of relatively homogeneous size asperities
along the Mexican subduction zone from the mag-
nitude-frequency relations for large earthquakes.
Our results, together with those of previous inves-
tigators, suggest that the fault zone heterogeneity,
characterized by the asperity distribution, plays a
key role in controlling the recurrence time and the
triggering mechanism of large earthquakes.

1.1. Tectonic setting

The Middle America Trench is a continuous
topographic feature that extends mostly parallel to
the southwest coast of Mexico and Central America
for about 3000 km (Fisher, 1961). Along the trench
the Cocos Plate is subducted beneath the North
America and Caribbean Plates (Molnar and Sykes,
1969; Dean and Drake, 1978). The Cocos Plate
dips gently (10-20°) beneath the North America
Plate (Chael and Stewart, 1982) and more steeply
below the Caribbean Plate (Molnar and Sykes,

1969). The triple junction of these plates is not
well established, but it is probably located in the
Tehuantepec Gulf region where the projection of
the Cayman Trough—Motagua transform fault sys-
tem, which is the boundary of the Caribbean and
North American Plates, intersects the Middle
America Trench (Plafker, 1976). Seaward from the
trench, relative structural homogeneity of the
seafloor is observed, interrupted only by the Rivera
and Orozco fracture zones and the Tehuantepec
and Cocos Ridges (Fig. 1). However, the continen-
tal margin shows a duality. Northwestward of the
Tehuantepec Ridge the continental margin is nar-
row, with numerous submarine canyons, and trench
turbidities are presently being accreted. Southeast
of the ridge, the continental margin is wide with a
well developed fore-arc basin and no observed
accretion (Shipley et al., 1980; Aubouin et al,
1981). Gravity anomalies offshore of southern
Mexico and northwestern Guatemala support the
above observations (Couch and Woodcock, 1981).
The shaded area in Fig. 1 shows the line of active
volcanoes that, in the Central America region,
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Fig. 2. (a) Aftershock areas of large shallow interplate earthquakes along the Mexican subduction zone, between the Orozco fracture
zone and the Tehuantepec Ridge (after Kelleher et al., 1973; Singh et al., 1980b; Valdés et al., 1982). Shaded areas correspond to more
recent events. The Ometepec doublet aftershock area defined by the events with my > 3.6 (from P.D.E.) which occurred during the
first week of activity is shown by the heavy solid curve. (b) The heavy curve indicates the Ometepec doublet aftershock area shown in
Fig. 2a. The dashed curve indicates the first week aftershock area and the solid stars the Ometepec doublet epicenters determined by
Nava (1983) using a local network. Only events located within 20 km of each other are included in the aftershock areas.



forms a prominent chain parallel to the trench and
150 km to the east (Stoiber and Carr, 1973). In
contrast, in the Mexico segment, the Mexican
Volcanic Belt is oblique to the trench and is located
200-300 km away from it (Mooser, 1972; De-
maint, 1978).

During this century numerous large shallow
earthquakes (M > 7) have occurred along the Mid-
dle America Trench in discrete segments 100—200
km long with recurrence intervals in each segment
of 30-50 years (Kelleher et al., 1973; McNally and
Minster, 1981; Singh et al., 1981). However, in the
Tehuantepec region, no large shallow earthquake
has occurred for the last 180 years. This gap is
considered to be either aseismic, or seismic with
anomalously large recurrence times (McCann et
al., 1979; Singh et al., 1980a). Epicenters of large
shallow earthquakes (M >7) along the Middle
America Trench are shown in Fig. 1. Squares
indicate last-century’s events and stars this cen-
tury’s events. Dates are shown for the events with
M, >"7.5.

A detailed study of source parameters of six
large shallow (15-20 km) earthquakes from
1965-1979 along the Middle America Trench
(Chael and Stewart, 1982) and of the 1981 Playa
Azul, Michoacan, earthquake (Lefevre and McN-
ally, 1982) has shown remarkably simple fault
processes for these events at long periods (10 s or
longer), with stress drops from 1 to 10 bars and
seismic moments from 1 to 3.2 X 10?” dyne-cm
(see Table VII). The focal mechanisms of these
events indicate thrusting, consistent with the
subduction of the Cocos Plate to the northeast
(Minster and Jordan, 1978).

Singh et al. (1981) identified a seismic gap on
the Ometepec region based on aftershock areas
and recurrence intervals of large earthquakes. Fig-
ure 2a shows the aftershock area of previous earth-
quakes in the Guerrero—Oaxaca region with dashed
lines (after Kelleher et al., 1973; Singh et al.,
1980b and Valdés et al., 1982). Shaded areas corre-
spond to more recent events. The location of the
1982 Ometepec doublet and the aftershock distri-
bution of events m, > 3.6, during the first week of
activity, as reported by the Preliminary De-
termination of Epicenters of the U.S. Geological
Survey (P.D.E.), is shown by the heavy solid curve
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(Fig. 2). The aftershock area is about 3200 km?
(78 X 41 km). The dashed curve indicates the first
week aftershock area and the solid stars are the
Ometepec doublet epicenters given by Nava (1983)
(Fig. 2b). The locally determined aftershock area is
about 3300 km? (82 X 40 km). Only events located
within 20 km of each other are included in the
aftershock areas. Large interplate earthquakes in
the Ometepec region occurred on December 2,
1890 (M, =7.3), December 23, 1937 (M, =7.5)
and December 14, 1950 (M, = 7.3) giving an aver-
age recurrence interval of 30 years. Miyamura
(1976) reports a M, = 7.0 event in this region on
December 28, 1951; however, Figueroa (1970) gives
this event M, =6.5. In any case, the 1950 earth-
quake and the 1951 event can be considered as
part of the same seismic sequence. Notice that the
1957 Acapulco (M, =7.5) and the 1968 Oaxaca
(M, = 7.4) earthquakes did not break the Omete-
pec segment.

Seismic reflection and geologic surveys of the
region during 1977 and 1978 by Shipley et al.
(1980) reveal significant variations in structure over
short distances, suggesting that the extent of
aftershock activity may be controlled by structural

Fig. 3. Azimuthal equidistant world map centered at the
Ometepec, Mexico, doublet epicentral area (16.5°N, 98.2°W).
The triangles indicate the location of WWSSN, GDSN and
IDA stations used in this study.
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features. The Ometepec Canyon is right-laterally
displaced seaward of the trench, suggesting ob-
liqgue subduction along the Middle America
Trench. During this survey, sediments on the
Ometepec Canyon appeared undisturbed along the
trench, indicating that this segment had not been
broken recently.

2. Data analysis

Long-period recordings of the 1982 Ometepec,
Mexico, doublet by the Worldwide Standardized
Seismograph Network (WWSSN), the Global Dig-
ital Seismograph Network (GDSN) and the Inter-
national Deployment of Accelerograph (IDA) are
used in the present study. Station distribution
around the doublet epicentral area (16.5°N,
98.2°W) is shown in Fig. 3 and the stations used
for body- and surface-wave analysis for both events
are listed in Table I. Surface-wave analysis for
large events gives first order estimates of source
orientation and seismic moment at long periods
(180-350 s) (e.g., Kanamori and Given; 1981,
1982; Lay et al., 1982). Body-wave modeling can
determine the depth, the detailed source time his-
tory of the event, and the seismic moment at
shorter periods (e.g., Kanamori and Stewart, 1976;
Eissler and Kanamori, 1982).
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2.1. Surface-wave analysis

We use the inversion method described by
Kanamori and Given (1981) for long-period
surface waves to determine the source parameters
from Rayleigh and Love waves recorded on the
GDSN and IDA network. We filter all phases
R1-R3 and G1-G3 between 60 and 1500 s, and
discard the R1 and G1 waves contaminated by
nonlinear transients. We first compute the ampli-
tude and phase spectra of both Rayleigh and Love
waves at a period of 256 s. Redundant pairs (e.g.,
R1 and R3) give consistent results in most cases,
ensuring good quality data.

We then invert the spectral data to obtain the §
moment tensor elements M, ,, M, , M, , M, and
M, , assuming that the isotropic component is zero.
However, as discussed by Kanamori and Given
(1981), two of the five elements, M, and M,,
become indeterminate for shallow (d <30 km)
events. In order to overcome this difficulty we
invert the data using three different sets of con-
straints.

First, following Kanamori and Given (1981),
we set M,, =M =0, which is equivalent to re-
stricting the solution either to a 45° dip-slip or to
a vertical strike-slip fault. Despite this restriction,
the solutions obtained with these constraints pro-
vide useful gross estimates of fault geometry and

TABLE 11

Constrained solutions of moment tensor inversion

Data 19821 19822

Inversion T=256s,d=33km,7=12s T=256s,d=16km,7=16s

constraints M, =M, =0 a=—042 M, =M, ~0 a=+0.16
B=+096 B=-1.96
MrzMx.\*+Myy MV=MXX+Myy

M, 0.041 +0.007 0.04140.007 0.035+0.008 0.036 4 0.008

M, —M,, 0.046 +0.012 0.046 +0.012 0.04440.013 0.049+0.013

M _+M —0.126 +£0.010 —0.119+£0.011 —0.113+0.011 -0.114+0.014

xx yy

M, 0.0 0.051+0.0 0.0 0.008 +0.0

M., 0.0 —-0.115+0.0 0.0 -0.096+0.0

M, (10%¢ dyne-cm) 1.26 1.76 1.13 1.53

Dip (8) 45.0° 21.2°, 68.9° 45.0° 25.8°, 66.1°

Strike (@) 300.3° 303.6°, 115.5° 298.9° 307.2°, 103.5°

Slip (A) 90.0° 97.5°, 87.1° 90.0° 111.5°,79.9°

% minor D-C 7.86% 12.79% 7.62% 7.83%

2 Unit of the moment tensor elements in 10?7 dyne-cm.
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TABLE III
Fault constrained solutions
Data 19821 19822

T=256s,d=33km,r=12s T=1256s,d=16km, =165

Ampl. Phase Amplitude Ampl. Phase Amplitude
M, (102® dyne-cm) 2.35 2.82 2.42 2.75
Dip (8) 77.0°,13.0° 77.0°, 13.0° 78.0°, 12.0° 78.0°,12.0°
Strike (¢) 116.0°, 296.7° 116.0°, 277.2° 116.0°, 302.4° 116.0°, 274°
Slip (M) 88.3°,97.0° 94.3°, 69.5° 88.7°, 96.0° 94.9°, 68.0°
R.M.S. 0.47 0.05 0.53 0.12
M, 6.85 6.90 6.86 6.89

w

seismic moments. In the following, these solutions
are called “constrained moment tensor solutions”.

An alternative method is to use the P-wave
first-motion data to determine the source parame-
ters that are not resolvable by surface-wave data.
Implicit in this method is the assumption that the
same fault geometry is responsible for both P- and
surface-wave radiations. It is often possible to

determine one of the nodal planes by P-wave first
motion data. In such a case, we constrain the
parameters (dip angle and strike) of this nodal
plane and invert the surface-wave data to de-
termine the other nodal plane and the seismic
moment. We call this type of solution “fault con-
strained solution”.

When the P-wave data do not completely con-
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Fig. 4. Phase and amplitude spectra of Rayleigh and Love waves at 256 s period of the 1982 ! Ometepec earthquake (June 7, 1982 06 h
52 min). The phase spectra have been corrected for source finiteness using 7 =12 s. The solutions are listed in Table 111, The solid
curves are for the solution obtained by inversion of the amplitude and phase data and the dotted curves are for the solution obtained

from the amplitude data alone.



strain one of the nodal planes, we use a third
method described in detail by Kanamori (1983). In
this method, we constrain M, and M, with re-
spect to the moment tensor element with the largest
absolute value, M,, (ie, M,=M,  , M _+ M, or
M_ — M, ) such that the ratios a = M,, /M, and
B =M, /M, are consistent with P-wave first-mo-
tion data. Hereafter, we call this solution “P-wave
constrained solution”.

The fault finiteness and the finite rise time of
the source dislocation function introduce a source
phase delay. For events with fault lengths less than
100 km this effect can be included by use of a
source process time 7, which can be empirically
estimated from the earthquake magnitude
(Kanamori and Given, 1981; Nakanishi and
Kanamori, 1982). The source process times 7 ob-
tained from table III of Kanamori and Given
(1981) for the first and second events of the
Ometepec doublet, are 12 and 16 s, respectively.
For the inversion, we use a point source at a depth
of 33 km for the first event and 16 km for the
second event. Although the source depth cannot
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be resolved in detail by long-period surface waves,
they do indicate that both events are shallow.
Results of the inversion, using the three methods
described above, are listed in Tables II and III.
Table II presents a comparison of the constrained
solution and the P-wave constrained solution, for
which the two fault planes are listed. Table III lists
the source parameters determined by inversion of
surface-wave data with the steeply-dipping nodal
plane (dip and strike) constrained by the P-wave
first-motion data (Figs. 6 and 8). In this inversion,
the depth and source process time 7, are the same
as those used in the moment tensor inversions.
The solutions obtained by all three methods
have about the same strike and slip angle which
are consistent with subduction of the Cocos Plate
beneath Middle America. The similarity of these
solutions indicates that the surface waves and the
body waves are radiated from sources with similar
geometry for these two earthquakes. Since the
steeply-dipping nodal plane is very tightly
constrained by the body-wave data, we prefer the
fault constrained solutions given in Table III. Ta-
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Fig. 5 Phase and amplitude spectra of Rayleigh and Love waves at 256 s period of the 1982 2 Ometepec earthquake (June 7, 1982 10 h
59 min). The phase spectra have been corrected for source finiteness using r =16 s. The solutions are listed in Table II1. The solid
curves are for the solution obtained by inversion of the amplitude and phase data and the dotted curves are for the solution obtained

from the amplitude data alone.
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ble III includes the results of inversion of the
amplitude data alone, which have slightly higher
moments than those obtained by inversion of both
amplitude and phase data. This trend is caused by
a slight mismatch of the phase data due to the
lateral heterogeneity of the Earth, and is com-
monly seen in this type of inversion (see Nakanishi
and Kanamori, 1982; Lay et al., 1982). The com-
parison of the data with the calculated amplitude
and phase spectra is shown in Figs. 4 and 5. The
continuous line is the result of the amplitude and
phase data inversion and the dashed line is the
result of the amplitude inversion. In view of the
good fit to the amplitude data, we use the results
obtained by inversion of amplitude data in the
following discussion.

In 1982, as part of the U.S.G.S. monthly listing
of epicenters, a preliminary moment tensor solu-
tion by Dziewonski et al. (1981) is given for all
events M > 5.5, The fault parameters they obtain
for the Ometepec doublet are: M,=2.9 X 10%
dyne-cm, ¢,=268°, 68,=10°, A, =48° ¢,=
130°, 8, = 83° and A, = 9° for the first event and
M,=2.7x10% dyne - cm, ¢, = 286°, §, =12°, A,
=76°, ¢, =121°, 8, =79°, and A, =93° for the
second event. Our solutions agree reasonably well
with these results.

2.2. Body-wave modeling

P-waves recorded by long-period seismographs
of 22 WWSSN and GDSN stations (Table I) are
modeled for each event of the 1982 Ometepec
doublet. Some of the P-waves modeled were re-
corded by stations of both seismic networks at the
same location.

We compute synthetic seismograms using the
method described in detail by Langston and
Helmberger (1975) and Kanamori and Stewart
(1976). First, the response of a homogeneous half
space to a properly oriented point double-couple
source with a trapezoidal time function defined by
three time constants (¢, 1, ¢;) (see Kanamori and
Stewart, 1976, fig. 9) is computed. The direct P
and surface reflected phases pP and sP are in-
cluded. Then the attenuation operator and the
instrument response are convolved, to obtain the
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02 68 sec

Fig. 6. Observed (upper) and synthetic (lower) P-waves seismo-
grams of the 1982 ! Ometepec event (June 7, 1982 06 h 52 min).
The synthetics correspond to the focal mechanism, depth and
source time function shown. The seismic moment at each
station is given in 10° dyne-cm. The average, M, =1.49 x 10
dyne-cm, is computed with the values of non-nodal stations
within a distance range from 30-90°. Values in parentheses are
excluded.

synthetic seismogram. Using the synthetic seismo-
grams thus computed, we determine the source
orientation, depth and the dimensions of the
trapezoidal time function. Near-nodal stations are
important to determine the source orientation. Al-
though there is some trade-off between the source
depth and time function in fitting the observed
seismogram at a particular station, use of many
stations distributed over a large azimuthal range
reduces this trade-off significantly.

In order to compare the fault parameters of the
Ometepec doublet directly with those of other
large earthquakes along the Middle America
Trench, we use the same velocity model as that
used by Chael and Stewart (1982): v, = 6.1 km
s7!, v,=35 km s”! and p=2.6 g cm >. The
Ometepec doublet has simple waveforms, like other
large shallow earthquakes (M, > 7) along the Mid-
dle America Trench (see Fig. 9).

Figure 6 shows the observed and synthetic P-
waves recorded at 22 WWSSN and GDSN sta-
tions for the 1982 ! Ometepec event (June 7, 1982,
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Fig. 7. Comparison of 1-Source and 2-Source models for KEV
and ARE. Notice that the 1-Source model can explain the
overall waveform observed at KEV, but it fails to match that of
ARE (near-nodal). The 2-Source model can fit the wave-forms
at both stations.

06 h 52 min). The source orientation can be re-
solved within a few degrees, since near-nodal re-
cords are available. The source time function ob-
tained is (2, 6, 8) for a point source depth of 20
km. The depth and rupture time can be resolved
within +3 km and +1 s for a given velocity
model. The seismic moment at each station is
given in Fig. 6 and the average moment at non-
nodal stations within a distance range from 30 to
90° is M, = 1.5+ 0.4 X 10% dyne - cm.

The second event of the Ometepec doublet is
slightly more complicated than the first one. This
relative complexity is seen in the first pulse of
WWSSN records, suggesting a double source for
this event. Initially the P-wave data were modeled
with a single source at a depth of 15 km and a
source time function (7,10, 17). The synthetic
seismograms fit the overall waveform of the ob-
served records at most stations, but not the near-
nodal stations. A double-source model fits all the
stations better. A comparison of the single and the
double-source model for a station near the radia-
tion pattern maximum, KEV, and a near-nodal
station, ARE, clearly shows (Fig. 7) that the dou-
ble source is better. The observed and synthetic
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SNZ0 M,=2.75x10°° dyne-cm NNA
us) _m\__025 M ISkm (11.34) \/(4.92)
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075 My 10km Ja——
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Fig. 8. Observed (upper) and synthetic (lower) P-waves of the
1982 2 Ometepec event (June 7, 1982 10 h 59 min). the focal
mechanism in the middle indicates the geometry of the first
source (continuous line) and the second source (dashed line)
used for the P-wave modeling. The source time function, depth
and the seismic moment ratio for each source are shown. The
seismic moment at each station is given in 10%¢ dyne-cm. The
values at non-nodal stations within a distance range from 30 to
90° are used to calculate the average seismic moment, My =
2.75x10%° dyne-cm. Values of stations in parentheses are not
included.

P-waves recorded at 22 WWSSN and GDSN sta-
tions for the 1982.2 Ometepec event (June 7, 1982,
10 h 59 min) are shown in Fig. 8. The first source
is at a depth of 15 km with a source time function
(3, 6, 8) and contributes 25% of the total seismic
moment. The second source is located at 10 km
depth with source time function (2, 6, 10), sep-
arated 6 s from the first source, and contributes
75% of the total seismic moment of the event. The
orientation of the sources is similar. The separa-
tion between the two sources can be resolved to
within 1 s, the time constants of the source time
function are determined to +1 s, and the contri-
bution of each source to the seismic moment is
accurate to 10%. The depth of the first source is
resolvable to within + 3 km and the second source
within +5 km. The orientation of the second
source is controlled by the near-nodal stations
(ZOBO, ARE, NNA, LPA) and its contribution to
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TABLE 1V

Results of body-wave modeling for the Ometepec doublet

Event Source time % M, Fault parameters M, ,

6 .

Delay Function Depth Strike Dip Slip (10" dyne - cm)
) ®) (km) (o) (&) (M)

19821 0 2,6,8) 100% 20 293¢ 13° 78° 1.49

19822 0 (3,6,8 25% 15 296° 12° 90°
6 2, 6,10) 75% 10 285° 11° 66° 2.75

the total seismic moment by the waveforms at all
stations. The seismic moment estimated at each
station is given in Fig. 8 and the average moment
from non-nodal stations within 30 and 90° is
M, = (2.8 +£0.6)x10?® dyne - cm.

Table IV summarizes the results from the
body-wave modeling. Although the absolute de-
pths determined by the modeling of body waves
are shallower than those reported by the U.S.G.S.
(40.5 and 33.8 km, respectively), the trend that the
first event is deeper than the second is consistent
with the U.S.G.S. results. Our depths are in good
agreement with those determined by a local net-
work, 25 and 8 km, respectively (Table VII).

3. Discussion

The results obtained by inversion of surface
waves are in general consistent with those ob-
tained by P-wave modeling. The seismic moments
determined by the two methods are about the
same for the second event of the doublet. How-
ever, for the first event the seismic moment de-
termined by P-wave modeling is about half that
obtained by surface-wave inversion (Tables III
and IV).

The focal mechanisms indicate thrusting of the
Cocos Plate under the North America Plate in a
northeasterly direction with a small right lateral
component (Figs. 6 and 8). These results are con-
sistent with the relative plate motion (Minster and
Jordan, 1978) and with local structures in the area,
namely the right lateral displacement of the
Ometepec Canyon (Shipley et al., 1980). The source
time function of the events is simple, as other large

events along the Middle America Trench (Chael
and Stewart, 1982). Figure 9 shows the vertical
component long-period WWSSN seismograms of
P, PP and PPP waves from the Ometepec doublet
and other large shallow (M, > 7) subduction events
that occurred along the Middle America Trench
between 1965 and 1982 recorded at Eskdalemuir,
Scotland (ESK). Notice the relatively simple wave-
forms of most events, and the smaller peak-to-peak
amplitudes of the Ometepec doublet events.

3.1. Stress drops, fault dimensions and displace-
ments

The stress drop of the events can be calculated
from the relations for a dip-slip fault given by

Ao = (8M,)/(37Lw?) (1)

(e.g., Kanamori and Anderson, 1975). In the fol-
lowing calculations, we use the seismic moments
determined by surface-wave inversion (Table III).
The seismic moment for both events of the doublet
is 5.6 X 102 dyne - cm. The aftershock area from
the first week of activity from P.D.E. is 80 X 40
km?, consistent with the aftershock area de-
termined by a local network (Nava, 1983), then we
obtain Ao = 4 bars from (1). This value is within
the usual range of interplate earthquakes
(Kanamori and Anderson, 1975), and is similar to
those (1-10 bars) estimated for other large sub-
duction events along the Middle America Trench
(Table VII) using the same method.

To determine the stress drop of each of the
events, it is necessary to know their fault areas.
Unfortunately, the fault area of each event cannot
be determined from the aftershock distribution
(fig. 2b, S.K. Singh, 1983, personal communica-
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tion). However, the fault dimensions of an earth-
quake can be inferred from the source time func-
tion (¢,, ¢,, ¢,) obtained from the P-wave modeling
by assuming a particular fault rupture geometry:
unilateral, bilateral, etc.. The fault length L can be
estimated from the rupture time ¢, for a unilateral
or a bilateral fault model by ¢, =L/v, or t,=
L/2v,, respectively, where v, is the rupture veloc-
ity, here assumed to be 2.5 km s~ !. The unilateral
fault model yields the minimum fault dimensions,
whereas the maximum dimensions are given by the
bilateral fault model. The source time function
(2, 6,8) of the 1982! Ometepec event suggests
fault lengths of 15 and 30 km for a unilateral and
bilateral model, respectively. For the 1982 2
Ometepec event, we use the single source time
function (7, 10, 17) to represent the double source.
Then the inferred fault lengths are 25 and 50 km
for a unilateral and bilateral fault, respectively. If
there is no overlap between the rupture zones of
the two events, the length of the combined rupture
zones is from 40 to 80 km. The fact that the
seismic moment for the first event determined
from body-wave data is almost half that from
surface-wave data suggests that the body waves
were generated from only part of the entire fault
plane. Considering this, the fault length of 40-80
km estimated from body-wave data is in good
agreement with the length of the aftershock area,
80 km.

The average displacement for each of the events
can be estimated from the relation

M,=pDA ()

where p=3 x 10" dyne em ™%, D is the average
displacement and A is the fault area. For 4 = 3200
km?, D is estimated to be 0.58 m. The convergence

Fig. 9. Vertical long-period WWSSN seismograms of P, PP and
PPP waves recorded at Eskdalemuir, Scotland (ESK), are shown
for large shallow (M, > 7) subduction events which occurred
along the Middle America trench between 1965 and 1982. The
events are ordered from west to east along the trench. Peak-to-
peak amplitudes are given for each waveform (modified from
Chael and Stewart, 1982). Note the relatively simple waveforms
for most events and the small peak-to-peak amplitude of the
Ometepec doublet.
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rate between the Cocos Plate and the North
American Plate at the Ometepec region is 7 cm
y ! using the pole position given by Minster and
Jordan (1978). The displacement, accumulated
since the last large earthquake in the region in
1950, is 2.24 m. Thus the seismic slip averaged
over the entire rupture zone is about 25% of the
total slip accumulated during the previous 32 years.
A similar ratio of the seismic slip to the total
convergence between the Cocos and North
America Plates has been suggested for the Petatlan
area, further north along the Mexican subduction
zone (Valdés et al., 1982). These values indicate
moderate seismic coupling between these plates.
However, south of the Tehuantepec Ridge large
discrepancies between the convergence and seismic
slip rate have been observed, indicating rather
weak seismic coupling between the Cocos and the
Caribbean Plates (McNally and Minster, 1981).
Since 1902 there has'been no truly great earth-
quake along the El Salvador and Nicaragua coasts
(Fig. 11). Kanamori (1977) compared seismic slip
with the rate of plate motion for various subduc-
tion zones, and concluded that the ratio of the
seismic slip to the total slip, n, varies significantly
from place to place; =1 for Chile, and possibly
Alaska, 5 =1/4 for the Kuriles Islands and
northwestern Japan, and 7 = 0 for the Marianas.
Sykes and Quittmeyer (1981) found that n ranges
from 0.3 to 0.9 for various subduction zones, if it
is computed with the time-predictable model of

earthquake occurrence (Shimazaki and Nakata,
1980).

3.2. Doublets along the Middle America Trench

Along the Middle America Trench, seismic
doublets similar to the 1982 Ometepec doublet are
relatively frequent. Here we define a doublet by, a
pair of large events with a magnitude difference of
no more than 0.2 units, spatial separation < 100
km, and temporal separation < 3 years. The tem-
poral separation is about 10% of the average recur-
rence time of large events along the Middle
America Trench. Table V lists doublets according
to this definition along the Middle America Trench.
There are several regions in the world where
doublets occur frequently; the Solomon Islands
region (Lay and Kanamori, 1980) and south-west
Japan (Ando, 1975) are among the typical exam-
ples.

Lay and Kanamori (1980) argue that the ex-
istence of relatively large isolated asperities (areas
with increased strength) on the fault contact plane
is responsible for the frequent occurrence of
doublets in the Solomon Islands region. Other
important features observed for the Solomon Is-
lands region include, a relatively high plate con-
vergence rate (11 cm y~ '), and short (30 y) recur-
rence times for large earthquakes. The subduction
zone along the Middle America Trench exhibits
many of these features, as discussed in the previ-

TABLE V
Seismic ‘doublets’ along the Middle America Trench
Region Date Time Location * M, Time interval
(h min.) Lat (°N) Long (°W) Depth (h)
6 May 11, 1962 1411 17.25 99.58 40° 7.0
May 19, 1962 1458 17.12 99.57 333 7.2 192
7 June 7, 1982 0652 16.348 98.368 251 6.9¢
June 7, 1982 1059 16.399 98.538 g'! 7.0¢ 4
8 August 4, 1928 1828 16.83 97.61° S 7.4
October 9, 1928 0301 16.34 97.29° S 7.6 1584
9 June 17, 1928 0319 16.33 96.70° S 7.82
January 15, 1931 0150 16.10 96.64° S 787 21852
18 April 24,1916 0802 11 85 S 7.3
April 26, 1916 0221 10 85 S 7.3 42

2 Superscripts indicate the reference numbers in Table VIIL.
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Fig. 10. Profile of the Middle America Trench near the
Ometepec region after Couch and Woodcock (1981). Stars
show the locations of the Ometepec doublets. Arrows indicate
the relative motion between the plates. Note that the first event
of the doublet is deeper than the second.

ous section. Also, Singh et al. (1982b) found that
the number of large earthquakes (M, > 7), which
have occurred since 1904 along the Mexican sub-
duction zone, is significantly larger than expected
from the conventional magnitude-frequency rela-
tion. They suggest that the asperities which are
responsible for these events are about the same
size. This relatively uniform asperity size may be
favorable for the occurrence of doublets.

Another important aspect of the doublet occur-
rence, is the triggering mechanism. Both of the
Ometepec events have about the same seismic
moment, 2.8 X 10% dyne - cm. The hypocenter of
the first event is deeper and its source time func-
tion is shorter by a factor of two, suggesting that
the first event represents failure of a smaller and
deeper asperity, and the failure of the deeper
asperity triggered the shallower one (Fig. 10). The
slip direction of the first event is perpendicular to
the trench, forming a 13° angle with the con-
vergence direction of the Cocos Plate at the
Ometepec region, whereas the slip direction of the
main source of the second event is parallel to it. A
similar difference between the slip vectors of the
doublet events is also observed for the Solomon
Islands doublets. The difference, however, is small,
since the subduction along this boundary is not as
oblique as in the Middle America Trench. This
difference may indicate that the first event of
doublets, reflects more local stress heterogeneities
on the fault plane, than the second one.

37
3.3. Seismic moment versus recurrence time

In the present study, we consider a simple
asperity model in which the fault contact plane is
held by discrete asperities (places with increased
strength), each surrounded by weak regions. For
simplicity, we assume that the slip on the asperities
are completely seismic, and the slip in the weak
zone is aseismic during the interseismic period.
When an asperity breaks, causing a seismic event,
some coseismic slip accompanies in the surround-
ing region. Hence, the rupture zone that is re-
sponsible for seismic radiation is larger than the
asperity. A simple mechanical model correspond-
ing to this situation has been considered by
Madariaga (1977) and Rudnicki and Kanamori
(1981). We let u, A and D be the amount of slip on
the asperity, the area of the entire rupture zone
and the slip averaged over the rupture zone, re-
spectively. The seismic moment, M,,, measured by
surface waves is then given by (2). Since the gross
stress drop in large earthquakes is constant (e.g.,
Kanamori and Anderson, 1975)

M, = D’ (3)

In this model, the slip on the asperity is equal to
the slip accumulated by plate motion

u=VT (4)

where V'is the plate convergence rate and T is the
repeat time. The ratio of the seismic slip, averaged
over the entire rupture zone to the total plate
motion during the interseismic period is

n=D/VT=D/u (5)

We showed earlier that n =0.25 in the Ometepec
region. Combining (3), (4) and (5) we have

u D 1
=— =z — M 173 6
Vo oqV qv 0 ( )
Hence, we expect that along a given subduction
zone where the convergence rate, V, and n are

approximately constant
log T= 3 log M, (7)

Although the size and rupture length of histori-
cal events along the Middle America Trench are
somewhat uncertain, we attempt to test this rela-
tion with the data presently available. Figure 11 is
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Fig. 11. Time-distance plot along the Middle American Trench. Symbols are the same as in Fig. 1. Events listed by Miyamura (1976)
as M =7 are in parentheses. Names at the bottom refer to Mexican coastal states and Central American countries. Numbers at the
bottom indicate regions determined from aftershock area distributions. Dotted regions correspond to the Orozco fracture zone (3) and
the Tehuantepec (11) and Cocos (19) Ridges where seismicity has been lower in number and magnitude than other regions, at least
during this century. Hatched sections indicate seismic gaps: Jalisco (1), Guerrero (5), Guatemala (14), El Salvador (15), Nicaragua (16)

and West Panama (20).

a time-distance plot of large shallow events (M > 7)
along the Middle America Trench. Event locations
are taken from a recompilation made by Singh et
al. (1981) for the Mexico region and from Stoiber
and Carr (1973) and McNally and Minster (1981)
for Central America. Events listed by Miyamura
(1976) as M =7 are in parentheses in Fig. 11 and
are not listed in Table VI, since they are likely to
be < 7 (see Singh et al., 1981, table 3).

The entire region is subdivided into 21 regions
as shown in Fig. 11. This division is made mainly
on the basis of the distribution of aftershock areas
of recent events (Kelleher et al., 1973; Reyes et al.,

1979; Singh et al., 1980a; Guendel and McNally,
1982; Valdés et al., 1982; Havskov et al., 1983).
Three dotted regions corresponding to the Orozco
fracture zone (3), the Tehuantepec (11) and Cocos
(19) Ridges are defined on the basis of the absence
of seismicity. In these regions, no earthquake larger
than 7.3 has occurred during this century. The
Tehuantepec region is considered aseismic or
seismic with anomalously large recurrence inter-
vals (McCann et al, 1978; Singh et al., 1980a).
Regions where no large, shallow interplate earth-
quake has occurred for more than 30 years are
hatched in Fig. 11. These regions are considered



seismic gaps with high potential, since the average
recurrence interval for this type of earthquake is
33 + 8 years (McNally and Minster, 1981). The
Jalisco (1), Guerrero (5), Guatemala (14), El
Salvador (15), Nicaragua (16) and West Panama
(20) gaps fall in this category, and special atten-
tion should be directed to these areas.

Table VI shows the year and magnitude of the
events which occurred in each region. The average

recurrence interval, T, is calculated from —37_,z,,
n

TABLE VII
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where 7 is the number of intervals and ¢, is the
time interval in years between consecutive events.
Events not used to estimate T are in parentheses.
Only those events which occurred after 1820 are
used to estimate the average recurrence intervals
for each region. If the interval between two con-
secutive events is less than 3 years, the events are
grouped together as a single sequence. In the Jalisco
region (1), the events which occurred in 1900 (7.4)
and 1934 (7.0) are probably aftershocks of the
1900 (7.9) and 1932 (8.2) earthquakes, respectively.

Source parameters of large shallow intraplate Middle America earthquakes

Date Location M, My Ao My? M,®°
Lat (°N) __ Long(°W) __ Depth (bars)  (10* dyne-cm)
April 15, 1907 16.7 99.2°¢ S 8.0¢ 7.8 590
June 17, 1928 16.33 96.7° S 7.84 7.7 3.9°
January 15, 1931 16.10 96.64 ° S 7.8¢ 7.6 34°
June 3, 1932 19.84 103.99 ¢ S g2 79 9.1°
June 18, 1932 19.5 103.58 S 7.8¢ 7.8 7.3°
December 23, 1937 171 98.07 © S 7.5 7.4 1.5P
August 6, 1942 13.9 90.9° S 7.94 7.6 41°
December 14, 1950 17.22 98.12° S 738 71 0.6P
July 28, 1957 17.11 99.10° S 751 7.6 33"
August 23, 1965 16.024 95.928 24.7°1 76' 7.5 6 1.9 174
April 2, 1968 16.394 98.056 21°f 718 7.3 4 0.8 109
April 29, 1970 14.52 92.60 33 738 7.4 1 0.5 1.29
January 30, 1973 18.39 103.21 327 758 7.6 7 3.0¢
November 29, 1978 15.767 96.800 18F 788 76 8 1.9 3249
March 14, 1979 17.454 101.455 13.6% 768 7.6 10 1.0 274
October 25, 1981 17.75 102.25 20! 738 7.3 50 14°
June 7, 1982 16.348 98.368 25™ 69" 6.9 4 0.15 0.27°
June 7, 1982 16.399 98.538 gm 70" 6.9 4 0.27 0.25°

# My, seismic moment from body waves.

o

M

os?

Figueroa, 1970.

4 Geller and Kanamori, 1977.

3

-

2 NOAA.
b PDE.

-

Kelleher et al., 1973.
Tajima and McNally, 1983.

Abe and Kanamori, 1980.
Reyes et al., 1979.

seismic moment from surface waves.

kK Gettrust et al., 1981.

! Havskov et al., 1983.

™ Emilio Nava, personal communication.
? Singh et al., 1982a.

© Wang et al., 1982,

P S.K. Singh, written communication.

9 Chael and Stewart, 1982.

" Lefevre and McNally, 1982.

* This study.
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Fig. 12. Relation between M, (20s surface-wave magnitude) and
M, (seismic moment) for events that have occurred along the
Middle America subduction zone. The dashed lines correspond
to log M, =15 M,+(16.0+0.1) Open circles are estimates
from one station. Solid circles are estimates from several sta-
tions,

In the Acapulco region (6), the 1962 doublet is
considered to be part of the activity associated
with the 1957 (7.5) Acapulco earthquake. Only the
time of occurrence of the first event, of those listed
as doublets in Table V, is used to estimate the

TABLE VIII

average recurrence interval in the Ometepec (7),
West Oaxaca (8), Central Oaxaca (9) and Costa
Rica (18) regions. In the East Panama region (21),
the 1962 (7.0) earthquake is probably a foreshock
of the 1962 (7.4) event. The Guerrero region (5)
has not experienced a major earthquake in the last
74 years; since most of the historic events are
clustered in a 22 year-period, no rehable recur-
rence period can be determined.

Table VII is a compilation of focal parameters
for some large, shallow interplate earthquakes
which occurred along the Middle America Trench.
The moment-magnitude relation for these events is
shown in Fig. 12. The relation

log My=1.5 M, +16.0 (8)

shown by a heavy line fits the data well. The
average seismic moment, M,, for each region is
obtained from events which occurred during this

1 .
century from ;Z?leo,’ where 7 is the number of

events and M, is the seismic moment for each
event, If the seismic moment of the event is known,
as listed in Table V11, it is used for calculating the
average. If not, it is estimated from the surface-
wave magnitude using (8). If consecutive events
occur < 3 years apart, they are treated as a single
event and their moments are added and con-
sidered a single value. Table VIII gives the average
seismic moment for regions along Mexico. The
data are insufficient for Central America regions.
To calculate the corrected recurrence time period,

Average seismic moment M,, for regions along the Mexican subduction zone

Region M, vV T T,
(10%” dyne- cm) (emy™") » »
1. Jalisco 8.75+0.92 5.14 31.7+ 6.5 2324 65
2. Colima 4.35+1.98 5.27 21.3+10.5 16.0+10.5
3. Michoacan
4. Petatlan 2241054 6.22 355+ 0.7 315+ 0.7
5. Guerrero
6. Acapulco 5.08+1.16 6.71 56.0+ 8.5 537+ 85
7. Ometepec 0.88+0.56 7.00 30.6+£17.0 30.6+17.0
8. W. Oaxaca 2.394£1.95 7.07 380+ 3.5 384+ 35
9. C. Oaxaca 5.25+2.89 7.30 53.0+ 42 55.3+4.2
10. E. Oaxaca 1.741+0.05 7.50 345+ 3.6 369+ 3.6
11. Tehuantepec
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Fig. 13. Plot of average seismic moment M, (dyne-cm), versus
recurrence period T (years), for each region along the Mexican
subduction zone (Table VIII). The lines have a slope of 1/3,
suggesting that the relation log T =1/3 log M, holds for the
Guerrero—QOaxaca region along the Mexican subduction zone.
Numbers correspond to regions listed in Tables VI and VIIL

T., to a uniform velocity of 7 cm y~!

o at each
region; we multiply the recurrence period, 7, at
the region by V/7, where V is the corresponding
plate velocity. This correction, however, is negligi-
ble for the Guerrero-Oaxaca (4-10) regions. The
plate velocities given for each region are computed
for the Cocos plate pole (Minster and Jordan,
1978). The relation between M, and T, is shown in
Fig. 13 for regions along the Mexican subduction
zone. The heavy line has a slope of 1/3. Despite
the relatively large error bars associated with each
region, the data for the Guerrero-QOaxaca regions
(4-10) follow the relation given by (7), supporting
the simple asperity model.

The events in the Jalisco and Colima regions do
not follow the trend for the Guerrero—Oaxaca
region. The plate geometry is more complex north-
west of the Michoacan gap, than in the
Guerrero—Oaxaca region, and factors other than
the asperity size may have to be considered in
estimating the repeat time.

4. Conclusion
Table III summarizes the source parameters of

the 1982 Ometepec earthquakes, determined by
inversion of long-period surface-wave data. Table
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V lists the source parameters obtained by wave-
form modeling of long-period P waves. Adding the
seismic moments for the two events obtained by
surface-wave inversion and using the fault size
inferred from the aftershock area, we estimate the
stress drop and the amount of slip to be about 3.5
bars and 0.58 m. The amount of coseismic dis-
placement is approximately a quarter of the total
slip accumulated during the previous 32 years
since the last large earthquake in the region, sug-
gesting that seismic slip takes up 25% of the plate
motion.

For large earthquakes in the Guerrero—Oaxaca
region, we found a relation log 7= 1/3 log M,
where T is the average repeat time and M, is the
average moment of the characteristic events of a
sequence which occurred at approximately the
same place. This relation suggests that the scale
length of asperities controls the repeat time, if
other factors such as the plate convergence rate
and n are approximately the same.

A review of seismicity along the Middle America
Trench shows that some regions, along Jalisco,
Guerrero, Guatemala, El Salvador, Nicaragua and
West Panama have not had a large earthquake for
more than 30 years, and are considered seismic
gaps with high seismic potential.
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