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ABSTRACT 

The purpose of this study is to better understand the rock-mechanical 

properties of a very young subduction zone as well as gaining better 

understanding of the failure process. This was attempted by studying 

attenuation of S-coda waves, stress drops, and b-values as well as their 

temporal and spatial variations. All parameters are derived from 

seismological records and therefore are related to mechanical properties 

of the rocks and their changes. Foreshocks and aftershocks of the 1979 

Petatlan, Mexico, earthquake (M = 7.6) were examined to determine the 
s 

possible relationships among the spatial and temporal variations of 

shear wave . coda Q (Qc)' static stress-drop, and b values. Qc was 

estimated using the single back-s.cattering model, static stress drops 

were calculated by estimating the source dimension from the width of the 

P-wave half-cycle and the seismic moment from a moment-magnitude 

relation appropriate to the region, and b values were determined from 

the log of cumulative number of events versus magnitude. Coda waves 

from the S-wave onset to about 10 sec showed that: (1) Q values at 
c 

center frequencies from 3.0 to 20.0 Hz for foreshocks are lower than 

those for aftershocks for events in the same zone; (2) attenuation 

values ( Q -l) for the foreshocks and aftershocks are considerable 
c 

higher than those reported in other geographical areas than the Petatlan 

region; (3) Q was strongly frequency dependent before and after the 
c 

mainshock; and (4) spatial variations of Qc at all frequencies and 

temporal variations of Q at 3.0 and 6.0 Hz are positively correlated 
c 
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with b values. These findings suggest that the Petatlan region is 

highly attenuating probably because of the properties of the very young 

subducting Cocos plate lithosphere; Values of stress drops display: (1) 

an irregular stress distribution throughout the aftershock area; (2) an 

increase with depth; (3) similar values for the foreshocks and 

aftershocks; (4) a temporal variation negatively correlated with b 

values, i.e., high stress drops values are associated with low b values 

and vice versa; (5) evidence supporting a two-asperity model in the 

source area; and (6) slight correlation with Q values. Temporal 
c 

variations of stress drops and b values are associated with the 

seismicity trend. The stress drop, b-values, and Q 
c 

were sensitive to 

the high heterogeneity in the source area before and after the 

mainshock. The heterogeneity was possibly located at the subducting 

slab boundary. Scattering seem to occur near the source region rather 

than along the propagation path. The results encourage further combined 

analysis of Q ,stress drops and b-values as a potential tool for 
c 

earthquake prediction research • 
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I. INTRODUCTION 

Seismic S-coda waves from local and regional earthquakes (epicentral 

distance less than 1000 km) have been widely studied. Many 

characteristics of coda waves from local earthquakes are explained by 

the single back-scattering model developed by Aki (1969) and Aki and 

Chouet (1975). This model considers the coda as a superposition of 

back-scattered waves from numerous heterogeneities distributed randomly 

and uniformly in the lithosphere. The heterogeneities may be cracks • 

faults or velocity and density anomalies in the earth. The 

heterogeneities are characterized by parameter perturbations and scale 

length (Aki. 1969; Aki and Chouet. 1975). While in the original theory 

source and receiver were considered to be at the same point. the theory 

was modified by Sato (1977) to include the source-to-receiver 

separation • 

1 

Scattering occurs when the wavelength (~) becomes comparable with the 

scatterer size (a). Forward-scattering is large for X<< a and back

scattering is comparatively large for X>> a. Scattering interactions 

can be classified into several groups according to the number of times 

the waves have been scattered and dependent upon the relative position 

of source. receiver. and scatterers. Single forward-scattering is 

defined as one scattering interaction that occurs between the source. 

one scatterer and the receiver. Single back-scattering results when 

one scattering interaction occurs behind the source (or receiver) • 
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The value Q is the quality factor of an imperfectly elastic medium 

and is a dimensionless measure of the internal friction in a volume of 

material. Intrinsic Q is the basic parameter describing anelastic 

attenuation. A variety of loss mechanisms are believed to affect Q, 

including friction along cracks, interstitial fluid flow and viscous 

dissipation, thermoelastic relaxation, and crystal lattice changes. Q 

is also a function of the degree of inhomogeneity in a rock body, 

therefore, scattering losses cannot be separated from intrinsic 

absorption • The observed Q, Q b , thus has intrinsic and scattering 
0 s 

components Q. and Q : 
l s 

l/Q b = l/Q . + l/Q . 
0 s l. s 

2 

In this paper the observed Q is the coda Q, which we shall denote Q . 
c 

In the single back-scattering model, the dominant component of Q is the 
c 

scattering Q, Q . 
s 

To understand the significance of coda Q it is neccesary to 

understand the generation mechanism of coda waves. Aki (1981) concluded 

that local coda waves are S-to-S back-scattered waves based on the 

observed agreement between Q and Q of S waves in the l-to-25 Hz 
c 

frequency range. Novelo-Casanova and Butler (1986) concluded that the 

coda of teleseismic S-waves observed in the northwest Pacific is 

dominated by back-scattering in the source region. Amplitudes of coda 

waves are frequency dependent but their decay rate is independent of the 
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source-to-receiver path (Aki and Chouet, 1975; Rautian and Khalturin, 

1978) • 

Q values change systematically with tectonic setting; in stable 
c 

continental areas Q is higher than in young, tectonically active areas 
c 

(Pulli and Aki, 1981; Singh and Herrmann, 1983). Similarly, in oceanic 

lithosphere, Q increases systematically with age (Jin et al., 1985). 
c 

These observations reflect the gradual consolidation of the geological 

3 

formation with age. We now turn our attention to the geologically short 

time scales. 

Coda Q can be used to detect the changes in the structural 

heterogeneity in the source region of an impending earthquake (Aki, 

1985). Studies of coda waves have been extended to different areas for 

a better understanding of their characteristics. Variations of Q 
c 

between foreshocks and aftershocks have been reported for the following 

earthquakes: Petatlan (Novelo-Casanova et al., 1985), Yamanashi (Sato, 

1986) and Tangshan and Haicheng (Jin and Aki, 1986). Gusev and Lemzikov 

(1985) found an anomalous change of coda envelope of local small 

earthquakes before three major (M - 8) earthquakes in the Kuril
s 

Kamchatka region. They observed a decrease of coda Q by 20% starting 

about 1 year before the earthquake. The sparcety of foreshock-

aftershock Q observations provided a major impetus for this study. 
c 

Other observable parameters are b-values and stress drop, parameters 

that shed some light on the rock-mechanical properties and failure 
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mechanism • 

Tectonic stress in a region can most simply be inferred from the 

statistics of seismicity. in particular from the seismic parameter b 

which is inversely related to the applied stress. Studies of earthquake 

statistics have shown that the value b is approximately 1. Temporal 

changes in b values associated with large earthquakes have been reported 

(Suyehiro. 1966; Berg. 1968). During earthquakes and in small sample 

laboratory experiments low b values indicate relatively high stress 

levels (or less heterogeneity). A higher b value is expected for 

aftershock than for foreshock sequences. indicating a reduced state of 

stress and high fractured region after the main shock (Suyehiro. 1966; 

Berg. 1968; Scholz. 1968). 

A fundamental measure of energy released in a particular earthquake 

is static stress drop. This is the difference between the initial 

(tectonic loading) stress and the static frictional stress (Brune. 

1970). Simple techniques exist for estimating this parameter from body

wave data for small and moderate sized earthquakes (Boatwright. 1980). 

Methods to calculate stress drops of small earthquakes from short-period 

seismograms. even when they are clipped. have also been developed 

(Frankel and Kanamori. 1983; O'Neill. 1984). The measurement of seismic 

stress drop constitutes one of the few methods for constraining 

estimates of tectonic stress at depth. Areas with high stress drops are 

presumably regions of large tectonic stress • 
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In this paper we shall investigate the relationships between coda Q, 

static-stress drop and b values before and after the 1979 Petatlan, 

Mexico, earthquake (M = 7.6). Previous studies of the Petatlan s . 

earthquake include: analysis of seismicity patterns preceding the main 

shock (Gettrust et al., 1981; Hsu et al., 1983), the space-time 

distribution and behavior of the aftershock sequence (Valdes et al., 

1982; Novelo-Casanova et al., 1984; Hsu et al., 1985), and the time-

space variation of Q at 6 Hz and b values for the foreshocks and 
c 

aftershocks (Novelo-Casanova et al., 1985). Q at 6 Hz showed temporal 
c 

and spatial variation positively correlated with the parameter b. Low 

Q and b values were found toward the Middle America Trench, remaining 
c 

low for two weeks after the main shock and possibly indicating a high 

5 

stress in the adjacent area to the North-West, leading 5 1/2 years later 

to the 1985 Michoacan, Mexico, earthquake (Ms= 8.1). The average Qc 

values at 6 Hz were 135 for foreshocks and 175 for aftershocks • 

In this work, foreshocks and aftershocks of the Petatlan earthquake 

are analyzed with the following objectives: (i) to study time and space 

variations of coda-Q (as a function of frequency), stress drops, and b 

values, (ii) to establish the possible relationship among these three 

qualitative stress-indicator parameters, and (iii) to extend the 

knowledge of Q variations as a potential precursory phenomenon for 
c 

large earthquakes. We use the single back-scattering model of Sato 

(1977) to estimate Q • The method developed by Frankel and Kanamori 
c 

(1983) is used to calculate stress drops. Values of b are calculated 
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from the log of cumulative number of events versus magnitude . 

This study demonstrates correlations of Q , stress drops, and b 
c 

values. Temporal and spatial variations of these parameters are 

associated with the seismicity and heterogeneity of the region. A 

suprisingly high attenuation (low Q ), for the area is found. The 
c 

results encourage to use coda waves as a possible earthquake precursor. 

Articles relevant to this study, published by Novelo-Casanova as 

first author, et al. (1984, 1985, 1986) and coauthored, Hsu et al. 

(1985) are included in appendix C . 

6 
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II. DATA 

The source of our data were the foreshocks and aftershocks of the 

1979 Petatlan, Mexico, earthquake (M = 7.6) recorded on analog magnetic 
s 

7 

tape by the Hawaii Institute of Geophysics (HIG) during the Rivera Ocean 

Seismic Experiment (ROSE) project (Ewing and Meyer, 1982). The seismic 

network distribution, stations characteristics, and recording and 

processing of data were reported by Gettrust et al. (1981) and Hsu et 

al. (1983). In this study we analyzed the two-week period of foreshocks 

immediately preceding and the four-week period of aftershocks 

immediately following the main shock. All the events are located within 

the one-degree square 17°N to 18°N and 101°W to 102°w • 
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III. METHOD OF ANALYSIS 

III.l Coda Q . 

Qc at different frequencies was determined using the single back

scattering model of Sato (1977). The computational procedures have been 

reported by Novelo-Casanova et al. (1985) and Novelo-Casanova and Butler 

(1986) and will not be presented here. In this technique, source 

effects are removed from observed spectra of shear waves by taking the 

ratio of the S-wave amplitude to the coda wave amplitude (measured at a 

fixed lapse time). Tpe radiation pattern effect is removed by averaging 

the measured ratio over many events. The procedure can be used with 

only a single station. · 

The vertical component of unsaturated velocity records of events with 

good signal-to-noise ratio were selected at stations 104 and 119 (Figure 

1). The traces were band-pass filtered in the time domain with a three-

pole phase-free Butterworth filter. Four frequency bands were chosen 

with the filter parameters given in Table 1. At 1.5 Hz the records from 

both stations had a very low signal-to-noise ratio and Q values at this 
c 

frequency were not calculated. Only at the center frequencies 3.0, 6.0, 

and 12.0 Hz we were able to chose the same filter parameters as those in 

other studies (Aki and Chouet, 1975; Roecker et al., 1982). The traces 

of station 104 were filtered at 20.0 Hz (instead of 24.0 Hz as in other 

studies) because the sampling rate at this station was 50 samples/sec . 
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18.2N 

115 

• 112 

9 

17.1 N 

101.SW 100.SW 

Figure 1 Q at 6 Hz and b values (numbers in the lower left corner of 
tfie open rectangles) for aftershocks of the Petatlan 
earthquake. The small solid squares indicate location of 
stations 104, 112, 115 and 119. Squares A, B, C, E, and F 
contain the epicenter of the events (open diamonds) for which 
coda wave amplitudes were averaged to obtain Q • The dot
dashed segment of the ellipses correspond to tfle first 10 sec 
of S coda and the station and the center of the square as the 
foci. The star here and in the following figures indicates 
the epicenter of the main shock. Figure modified from Novelo
Casanova et al., 1985 • 
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TABLE 1 

FREQUENCY BANDS OF FILTERED DATA 

Band Station Center Width 

1 
2 
3 
4 

104 119 
104 119 
104 119 
104 

Frequency (Hz) (Hz) 

3.0 
6.0 

12.0 
20.0 

2.0 
4.0 
8.0 
8.0 

10 
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The sampling rate for station 119 was 38 samples/second, therefore, the 

Qc values centered beyond 12.0 Hz (with the filter parameters as those 

in station 104), were not estimated • 

In a preliminary study of the Petatlan earthquake, Novelo-Casanova et 

al. (1985) used single-scattering theory to interpret coda Q and b 

values. According to the single-scattering theory, coda waves are 

generated by scatterers distributed within an ellipsoid with the 

receiver and source as the foci (Pulli, 1984). Using this model Novelo-

Casanova et al. (1985) inferred that coda waves up to 10 sec following 

the S arrival were S-to-S backscattered waves from heterogeneities 

located inside an ellipsoid with the major axis extending 20 km from the 

source (Figure 1). In this study we use the same events and station 

combinations used by Novelo-Casanova et al. and, to obtain the same 

spatial resolution as those authors, limit coda wave measurements to the 

first 10 seconds following the S arrival. We also use the spatial 

(Figure 1) and temporal Q reported by Novelo-Casanova et al. (1985). 
c 

Our analysis of temporal Q variations at different frequencies is 
c 

based exclusively on the aftershocks recorded by station 104 and whose 

epicenters are shown in region B of Figure 1 • 

III.2 b-values • 

The b values in space and time reported by Novelo-Casanova et al . 
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(1985) were compared with the coda-Q and stress-drop values obtained in 

this study. The spatial b-value variation is shown in Figure 1. Values 

of b were estimated from the negative slope of log of cumulative number 

of earthquakes versus magnitude by least squares fit to the magnitude 

range from 3.1 to 4.0. We consider that all events within the seismic 

network between this magnitude range were located • 

III .3 Stress Drop • 

Stress drops were determined using the technique for small events 

developed by Frankel and Kanamori (1983). In this method, the rupture 

duration is determined and hence the stress drop. The source time 

duration (T ) as defined by the P-wave is found by subtracting (in 
source 

effect deconvolving) the minimum pulse width (T . ) from the pulse width 
min 

of the shock (T h k) to be analyzed. The pulse width is the time 
s oc 

between the P-wave onset and the first zero crossing on the seismogram. 

The minimum pulse width is determined from small events near the 

analyzed event. The small event waveform is considered to be the 

impulse response of the path between the source and receiver convolved 

with the instrument response. Since the waveforms of the event to be 

analyzed and the one with the minimum pulse width are recorded by the 

same instrument, "deconvolving" one waveform from the other by this 

subtraction, effectively corrects the effect of the instrument response 

and the path on T source 
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The fault radius (r) for a circular rupture is computed (Boatwrigth, 

1980) by: 

T v 
source 

r = ------------
l-(v/c)sin8 

where c= P-wave velocity, v= rupture velocity, 8= angle between the 

normal to the fault plane and the outgoing seismic ray. A rupture 

velocity of 3.75 km/sec has been considered. The P-wave velocity is 

taken to be 6.5 km/sec and the value of 8 is set at 45° for all the 

calculations, and are considered average values • 

Seismic moment (M ) was determined from the correlation with local 
0 

magnitude (M) derived for aftershocks of the Petatlan earthquake from P-

phase spectra by Meyer et al. (1983, written communication): 

Log M = 17.33 + 1.05 M 
0 

Once the fault radius r and seismic moment M are determined, the 
0 

stress drop a is determined from Brune's (1970) formula for a circular 

fault: 

a= (7/16) M /r 
0 

With this. method, due to uncertainties in the pulse width 
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measurements. absolute values of stress drops are inaccurate. The 

purpose in this work. however. is to detect relative differences in 

rupture duration and static stress drop • 

14 

The pulse widths were measured directly from the seismograms. Traces 

used were from stations 104. 112. and 115 (Figure 1) and recorded from 

two weeks before to four weeks after the mainshock. Data from station 

119. which started recording two weeks after the mainshock. were also 

used to complement our investigation. Although the sampling rates from 

the analog to digital tapes were 50 samples/sec for stations 104 and 

112. and 38 samples/sec for stations 115 and 119. we linearly 

interpolated between data points to estimate the pulse widths within 

0.005 sec. From plots displaying measured pulse width versus magnitude 

(Figure 2). we computed the average minimum pulse width for each 

station. This average minimum width was used to compute stress drops 

with the technique described before. 

Average source parameters were computed only for events with impulsive 

first P-wave arrival and reliably determined pulse width at two or more 

stations and with epicentral (ERR) and depth (ERZ) errors < 5.0 km. and 

root mean square (RMS) error of time residuals < 0.5 sec. For 

foreshocks and aftershocks we selected events of magnitude (M) > 3.2 and 

~ 3.5. respectively. The magnitude was chosen so that source durations 

were determined only for earthquakes whose rupture times were 

sufficiently long to be separated from the pulse broadening caused by 
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Figure 2 Pulse width versus magnitude. Note in all stations the 
presence of an almost constant minimum pulse for earthquakes 
below about magnitude 2.7 . 
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the path and the instrument response (Frankel and Kanamori. 1983). A 

total of 9 foreshocks and 57 aftershocks met this selection criterion. 

For each event we calculated an average stress drop (<SD>) following the 

procedure of Archuleta et al. (1982): 

N 

<SD> = 10 
(l/N) i~l log10 SDi 

where N is the number of stations for which stress drops were computed • 

and SD. is the stress drop at the ith station. As Archuleta et al. 
1 

pointed out. this average procedure is imperative to follow if one 

wishes to give equal weight to each observation. If the averages are 

obtained arithmetically. the results will be biased toward larger 

values. The standard deviation (s.d.) of the log stress-drop is given 

by: 

s.d. (log10 <SD>) 2 1/2 (log10 SDi-log10 <SD>) } 

The multiplicative error (ESD) is: 

ESD 
{s.d. (log

10 
<SD>)} 

= 10 

when <SD> is plotted on a log scale. the standard deviation on the log 

scale will be the error factor ESD • 
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IV. RESULTS 

In this section we present briefly the results of analyzing the data 

and indicate some trends, first for coda Q of aftershocks as a function 

of frequency and epicentral location, as well as a function of frequency 

and time after the mainshock. Second we give the minimum of initial P-

wave pulse width for each station and selection criteria that serve to 

calculate stress drops of foreshocks and aftershocks • 

Table 2 displays the averaged Q at different frequencies for 
c 

different regions of the aftershock zone (Figure 1). Because of varying 

noise conditions and clipped events on the records, Q could not be 
c 

determined for all zone-station-frequency band combinations. Q at 3.0 
c 

Hz for the station(104)- Zone(F) combination was not computed because 

the filtered signal at this frequency had very low signal-to-noise 

ratio. Values at 20.0 Hz for station 119 were not calculated because of 

the lower 38/sec sampling rate. The formal standard error for Q values 
c 

in Table 2 is less than 5%. The low error seems to be an effect of the 

rectifying and smoothing of the data and averaging over a number of 

events (Novelo-Casanova et al •• 1985). We observe that Q increases 
c 

with frequency for each of the zones sampled but is definitively lower 

than observed elsewhere. Q increasing with frequency has also been 
c 

found in other areas (Aki and Chouet, 1975; Roecker et al •• 1982) • 

Table 3 shows aftershock Q estimates at the four band-pass filter 
c 
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TABLE 2 

SPATIAL DISTRIBUTION OF Q VALUES 
AT DIFFERENT FREQUENCIES 

@ & Box Station N Aver. M 
Depth 3.0 

*Qc 
6.0 12.0 

(km) (Hz) (Hz) (Hz) 

Fores hocks 

B 104 5 8.0 2.7 59 135 383 

Aftershocks 

A 104 6 21.1 2.4 53 135 323 
B 104 11 15.9 2.6 74 175 445 
c 104 4 9.6 2.6 90 210 543 
c 119 3 15.7 2.5 42 92 161 
E 119 5 17.6 2.0 50 160 249 
F 104 3 8.0 2.3 140 373 

20.0 
(Hz) 

883 

634 
915 

1116 

682 
. ·-- - · -- · - - -- -------------- - ---------------------------
@ Number of events in each box. 
& Average Magnitude. 

* Q values at 6 Hz from Novelo-Casanova et al. 
(l985) . 

18 
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TABLE 3 

AFTERSHOCK Q AT DIFFERENT FRESUENCIES 
OVERcFOUR TIME PERIODS 

& Hours 

35-210 
211-308 
309-430 
431-495 

@ 
N 

3 
3 
3 
2 

3.0 Hz 

78+2 
84+3 
59+3 
60+2 

QC 
6.0 Hz 12.0 Hz 

154+3 
209+4 
151+2 
172+4 

425+ 9 
480+ 6 
468+11 
403+11 

20.0 Hz 

919+37 
1023+26 
1291+37 
672+19 

* Estimates for the 11 aftershocks clustered 
in region B of Figure 1 and recorded by 
station 104. 

& Approximately the time elapsed between the 
occurrence of the first and last event 
whose codas were averaged • 

@ Number of averaged codas • 

19 
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frequencies for four consecutive time intervals. Observe that the 

temporal trend of Q is the same at 3.0 and 6.0 Hz. but is different at 
c 

12.0. and 20.0 Hz. possibly reflecting different type and/or 

distribution of scatterer dimension for wavelengths shorter than 0.5 Km 

at the lower band edge of 8 Hz • 

Figure 2 shows the measured pulse width as a function of magnitude 

for events of magnitude less or equal 3.5. It is evident that the pulse 

width decreases to a minimum value that remains almost constant as the 

magnitude decreases. 

Table 4 summarizes the average minimum pulse width for each station • 

The averages were obtained from the minimum pulse widths of events with 

M < 2.7 displayed in Figure 2. An important observation is that 

excepting Station 119. the average minimum pulse width increases with 

distance. Notice also that there is not a systematic change between the 

average values for the foreshocks and aftershocks • 

Table 5 (Appendix A) lists foreshock and aftershock hypocenter origin 

time and location (with errors) and the magnitude for the events. for 

which the pulse width and stress drop at the different stations and 

average stress drops (with error factor) are presented in Table 6 

(Appendix B). The pulse widths of Table 4 were used to correct the 

effect of the path and the instrument on the initial pulse of the 

earthquakes. Only one foreshock and seven aftershocks had error factors 
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TABLE 4 

MINIMUM PULSE WIDTH VALUES 

-----------------------------------* Station Aver. Pulse D (km) 
Width (sec) 

Foreshocks 

104 .025 72 
115 .034 82 
112 .040 98 

Aftershocks 

119 .037 30 
104 .028 72 
115 .034 82 
112 .037 98 

-----------------------------------* Distance measured from the center 
of the aftershock area to the 
seismic stations (Figure 1) • 
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greater than 2.0 which represents more than 100% error of the averaged 

value • 

22 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

23 

V. DISCUSSION OF RESULTS 

In this section we discuss the temporal and spatial variations of 

coda Q at different frequencies and stress drops. The variations of b 

values with time reported by Novelo-Casanova et al. (1985) are also used 

to complement our discussion. First. we analyze the changes of coda Q 

and b values throughout the aftershock area and compare the attenuation 

-1 
(Q ) versus frequency to that reported for other geographical regions. 

c 

Second. we examine the frequency dependence of Q and correlate with the 
c 

heterogeneity of the area. Third. the apparent high attenuation (low 

QC) observed is considered in light of the very high attenuation of 

shots of 1 to 5 tons during the ROSE project. Next • we analyze the 

spatial pulse width and stress drop variations and compare coda Q and 

stress drop dependence on depth. We follow with an analysis of temporal 

variations of stress drop and b values. Finally. we compare laboratory· 

measurements with our observations. 

V.l Regional coda Q and b values variations. 

Figure 1 and similar plots for different frequencies (not shown here) 

each show that the spatial variation of Q (Table 2) is positively 
c 

correlated with b values. Q values in Region B (Table 2) at any given 
c 

frequency are lower for the foreshocks than those for the aftershocks. 

Values of b too are lower for the foreshocks (Hsu et al •• 1983) than for 

the aftershocks (Novelo-Casanova et al •• 1984). We conclude not only 
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that Q at different frequencies and b values are positively correlated 
c 

24 

(see also Figure 2 of Novelo-Casanova et al., 1985), but also that large 

Q are associated with large b and small Q are associated with small b 
c c 

values. 

Figure 3 displays Q -l versus frequency for the foreshocks (trace 10) 
c 

and aftershocks (trace 11) located in region B of Figure 1. Results 

reported in the literature for other regions are also shown. Observe 

that the values for the foreshocks and aftershocks of the Petatlan 

earthquake are somewhat higher than those reported for other regions. 

-1 Although our Q estimates diverge at low frequencies, they tend to c 

converge at high frequencies. To explain the observed disparity at low 

frequencies, we compared the length of the window and the section of the 

analyzed coda waves with those used in other areas. Most coda wave 

studies have be.en based on measurements of coda recorded long after the 

S arrival (Aki and Chouet, 1975; Rautian and Khalturin, 1978; Herrmann, 

1980; Jin et al., 1985). Roecker et al. (1982), however, observed 

variations in Q determinations with different time windows of the coda • 
c 

They reported that Q values at low frequencies determined early in the 
c 

coda are notably smaller than those determined in the later parts. This 

is in agreement with coda waves decaying more rapidly at the beginning 

than at the end. They explained this behavior by an increase of Q 
c 

with depth. They also noticed that Qc estimates using only crustal 

events were consistently lower than those using events whose coda sample 

deeper mantle. In this study we filtered coda waves to about 10 sec 
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AFTERSHOCKS 
4 

9 
.01 8 

7 
-1 

QC 

.001 

Figure 3 

.01 1 10 

FREQUENCY CHz> 

-1 Observed Q versus frequency from local coda analysis: (1) 
Kanto, Japin (Aki and Chouet, 1975); (2) Stone Canyon, USA 
(Aki and Chouet, 1975); (3) Garm, central Asia (Rautian and 
Khalturin, 1978); (4) Hindu Kush (Roecker et al., 1982); (5) 
Alaska (Aki, 1982); (6) New England (Pulli, 1984); (7) Guam, 
Mariana Islands (Jin et al., 1985); (8) Galapagos Islands (Jin 
et al., 1985); (9) Akureyri, Iceland (Jin et al., 1985); (10) 
and (11) this study, events located in region B of Figure 1 . 
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after the S-wave arrival, therefore, we are sampling the upper crust and 

low Q values are expected. Our measurements are valid only over a 
c 

small source volume surrounding the source and receiver. It is worth 

noting that the early part of the coda is well explained by single-

scattering waves (Gao et al., 1983) • 

-1 Higher attenuation Q values versus frequency than those reported in 
c 

the literature were also observed for the other regions (A, C, E, and F; 

Figure 1). 
-1 . 

Values of Q , however, are different for each square
c 

station combination, indicating the existence of strong variability of 

attenuation properties throughout the aftershock area • 

It is commonly accepted that attenuation and scattering occurs along 

the propagation path and recording sites (Der et al., 1984; Tucker et 

al., 1984). Novelo-Casanova and Butler (1986), however, found that the 

oceanic S-wave coda (1.5 to 20.0 Hz) generated near the Kuril Islands 

and propagating from 2700 to 3700 km over part of a 1500-km linear OBS 

hydrophone array through old lithosphere showed a constant decay rate 

independent of distance. They concluded that the oceanic S-wave coda 

was dominated mainly by back-scattering in the source region. In this 

study, because different station-source combinations sampling the same 

areas have similar Q values and good correlation with b (Figure 1), it 
c 

also seems that coda waves are scattered mostly near the sources. 

Although this evidence suggests that coda waves generated in regions 

displaying very high heterogeneity and propagating along a relative 
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homogeneous medium are dominated by back-scattering near the source 

region, more studies are required to verify or reject this finding • 

V.2 Relation of Q frequency dependence and b values to heterogeneity. 
c 

Rautian and Khalturin (1978) observed a Q frequency dependence 
c 

according to a power law of the form: 

Q (f) = Q (f /f )n 
c 0 0 

where f is the frequency and f is 1 Hz. Our least squares fit of log 
0 

Q (f) for events in region B indicates for: 
c 

foreshocks and for 

aftershocks Q (f) = 17 f 1 •33 • c a 

Observe that the exponent n is greater for the foreshocks than that 

for the aftershocks. Most of then values reported in the literature 

are in the range of 0.5 to 1.0. The strong frequency-dependent Q 
c 

observed here is higher than usual. Roecker et al. (1982) observed that 

the Q frequency dependence decreases from _fl.O for depths to about 100 
c 

k _f0.75 f m to or depths to about 400 km to _fo.5 for depths to about 

1000 km. These findings suggest that for the depths here studied c- 15 

km) n > 1.0 is required. Our n values, therefore, correspond to near-
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surface attenuation and indicate that at short lapse times, scattered 

coda waves are generated mainly in the upper part of the crust. This is 

in agreement with the observed low Q values. It is generally accepted 
c 

that the degree of frequency dependence of Q correlates with the 
c 

regional heterogeneity. The higher the heterogeneity, the higher the Qc 

frequency dependence. The region here studied is a zone of contact 

between young subducted slab and overriding plate, the area has 

experienced underthrusting, folding, cracking, and faulting, therefore, 

an environment of high heterogeneity is expected. The exponent n may be 

a measure of the degree of heterogeneity of the region. The different 

values of n suggest that the processes forming different tectonic 

environments are instrumental in forming the various scattering 

environments. 

Based on coda waves recorded after twice the S-wave lapse time (thus 

sampling deeper parts of the crust than our analysis), Rodriguez et al. 

(1983) d Q 47 f 0.87 f h . f h f reporte = or t e entire a ters ock zone o the 
c 

Petatlan earthquake and also pointed out the unusual high n value. We 

conclude that Q is correlated with the expected regional heterogeneity. 
c 

The observed strong frequency-dependent Qc is probably connected with 

the large small-scale heterogeneity in the area. The different 

frequency dependence of Q between the foreshocks and aftershocks 
c 

indicates that coda waves sampled different properties of scattering and 

attenuation before and after the mainshock . 
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High heterogeneity in the subduction zone is also indicated by the 

unusually high b values reported for the Petatlan region. Hsu et al. 

(1983) found ab-value of 1.1 for the foreshocks and Novelo-Casanova et 

al. (1984) found a value of 1.49 for the aftershocks during the first 54 

hours. Values of b are usually close to 1.0 and higher values are 

associated with very high heterogeneity (Suyehiro, 1966; Berg, 1968; 

Scholz, 1968). 

V.3 Apparent attenuation from an active seismic experiment • 

During the ROSE project, large shots (1 to 5 tons) were detonated at 

sea for recording on land to determine the structure of the subduction 

zone. Part of the land instruments used in this onshore-offshore 

experiment were the same as those used in this study. Despite the large 

shot size, arrivals from the shots were not detected on land (Ewing and 

Meyer, 1982). Similar anomalous results were observed in the Aleutian 

subduction region by Frohlich et al. (1982) who reported that 

earthquakes located seaward of the trench by OBS's were not seen by a 

land array. From a ray tracing analysis Frohlich et al. suggested that 

their land stations were in a shadow zone. While there may be some 

shadowing in the Petatlan region, the extremely low Q observed suggests 
c 

that scattering is the major cause of the very high apparent attenuation 

of arrivals from the large shots at sea during the ROSE project • 
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• 
V.4 Pulse width and stress drop variations. 

~ Thus far we have been concerned with spatial coda Q and b value 

• 

• 

• 

• 

• 

• 

• 

• 

variations. Let us now analyze the pulse widths and stress drop 

variations. Computations of source dimensions from the pulse width 

presents a major difficulty in the analysis due to the variability in 

the pulse widths (Table 6, Appendix B) for a given event, the lack of 

complete azimuthal coverage required to constrain the rupture geometry, 

and the uncertainties in the minimum pulse width measurements. If the 

observed average minimum pulse width is much larger than the real 

minimum, source radius is underestimated and the static stress drop is 

overestimated. The averaged stress drops, however, reduce the scatter 

inherent in the measurements and allow us to recover gross properties of 

the source. The measured absolute stress drop values, therefore, may 

not be comparable to those made from the corner frequencies of the 

displacement spectra. 

For the closest station 119 and the farthest station 112 to the 

center of the aftershock area (Figure 1), we observed an equal average 

minimum pulse width (Table 4). Contrary to this result, we expected the 

largest minimum pulse width difference to be between these two stations • 

Since station 119 shows the largest scatter of data (Figure 2) and is 

the only one located above the aftershock area, we believe that the 

pulse widths were strongly affected by the site response. This effect 

has been observed to broaden pulse widths of P-waves by as much as 0.08 
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sec (Frankel and Kanamori, 1983). 

The measured minimum pulse width at stations 104, 112, and 115 (Table 

4) systematically increases with distance and is azimuthally dependent. 

This finding indicates that the minimum pulse width of these small 

events (M < 2.7) is controlled partially by the propagation path with a 

large effect of the site response and/or the instrument response. 

Figure 2 illustrates that different pulse widths occur for events of 

similar magnitude. Observe that pulse widths increase with magnitude 

and tend to a minimum value that remains almost constant below about 

2.7. This leveling off of pulse widths with magnitude have been also 

reported by Frankel and Kanamori (1983) and O'Neill (1984) for 

earthquakes in California. During our pulse widths measurements we 

noted that in general the deeper events had simpler pulse shapes than 

the shallower ones. This indicates that the shallower events are 

located in areas which are structurally more complex and inhomogeneous. 

Another possibility is that the measured first arrivals of the deeper 

events may not represent the direct wave but may consist of diving waves 

refracted by positive velocity gradients in the crust. 

Figure 4 shows the foreshock stress-drop spatial distribution. We 

observe values ranging from 39 to 194 bars on the east part of the zone 

defined by the aftershocks (Figure 4a). Lower values (16 and 17 bars) 

are very close to the epicenter of the Petatlan earthquake. It is 

expected the area surrounding the focus of an impending earthquake to be 
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Figure 4 a) Map view with the foreshock stress-drop distribution; b) 
Foreshock stress-drop versus depth. Here and in the following 
figures, the dashed circle represents the aftershock area 
during the first 54 hours (Novelo-<:asanova et al., 1984) • 
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under high stress. Pechmann and Kanamori (1982) reported an increasing 

stress drop for foreshocks near the region of the maximum surf ace 

displacement in the 1979 Imperial Valley earthquake. Earthquakes are 

assumed to result when the gradual stress buildup eventually exceeds 

some critical local strength. Considering that stress drops correlate 

with the state of stress of the region, our results may indicate that 

the western part of the aftershock zone (where the mainshock occurred) 

had a lower stress level than the eastern part. With only two events 

near the mainshock this observation is not conclusive. Novelo-Casanova 

et al. (1984) and Hsu et al. (1985), however, proposed that two 

asperities were broken in the rupture plane. They based their results 

in seismic patterns behavior, spatial distribution of local seismic 

activity and energy release before and after the Petatlan earthquake. 

Based on this model, it seems that before the mainshock the eastern 

asperity was releasing while the western one was accumulating stress • 

The Petatlan earthquake occurred whe~ the strongest western asperity 

could not withstand the tectonic stress load and the final failure 

occurred • 

Although there are only 9 data points in Figure 4b, there seems to be 

correlation of maximum stress drop with depth. Because of the lack of 

data between about 15 and 30 km the correlation is not obvious between 

these depths. Better resolution was observed with the aftershock data • 

Figure 5 shows in map view the average aftershock stress-drop at 
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different source depth intervals. We observe that the stress 

distribution is irregular throughout the aftershock area. Zones of 

relative high and low stress drops are not clearly defined. however • 

maximum values of stress drop seem to increase with depth. 

To investigate further the observed stress-drop dependence. we 

plotted the stress drop versus depth for each earthquake. Figure 6 (a. 

b) clearly shows a correlation between stress drop and source depth. 

Data points of Figure 6b were computed by using a sliding depth-window 

of the following form: 

h+2.5 
SD(h) = (1/NSD) ( h~2 • 5 <SDh>) 

where SD(h) is the average data point at depth h. and <SDh> and NSD are 

the stress drop and the number of stress drops computed in the depth 

interval from h-2.5 to h+2.5. respectively. For these computations we 

did not include stress drop values with error factors greater than 2.0 

(see Table 6 of Appendix B) and those larger than 400 bars. Note that 

the envelope of the stress drops increases with depth. at least to the 

15 km depth of the subduction zone. This possible reflects a 

corresponding increase in shear stress • 

Depth-dependent stress drop is not generally observed for earthquakes 

in California (Frankel and Kanamori. 1983; O'Neill. 1984). Fletcher et 

al. (1983). however. observed a static stress drop strongly dependent on 
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Figure 6 a) Aftershock stress-drop versus depth; b) Average stress drop 
at different depth intervals (see text). The error bars are 
one standard deviation on either side of the actual value • 
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depth for microearthquakes with focal depths between 0.07 and 1.40 km. 

Fletcher et al. (1984) found for the aftershocks of the Oroville 

earthquake that largest stress drops occurred for the deepest events and 

no large stress drops occurred at the shallow depths. 

Despite the dependence of stress drop on depth. large scatter of 

stress drops at different depth intervals are observed. Figure 6 (a and 

b) indicates that an earthquake with low stress drop (say 50 bars) could 

take place at any depth ranging from 0 to about 25 km. The large 

scatter of the results at each depth interval may be due to 

inhomogeneities in the stress field. variable seismic efficiency or 

differences in material strength • 

Figure 7 shows plots of stress drop versus depth for aftershocks in 

each asperity. We observe that the envelope for the asperity·in the 

west increases with depth marginally faster than for the one in the 

east. This implies that for events at the same depth. the stress drops 

were higher in the western than in the eastern asperity. Previously, we 

showed that the foreshock stress drops were higher in the eastern 

region. Our observations. therefore. suggest two zones with different 

stress concentration and strength before and after the mainshock. This 

support the two-asperity model in the rupture plane proposed by Novelo

Casanova et al. (1984) and Hsu et al. (1985). The importance of these 

observations is that they have enabled us to detail the rupture process 

from the characteristics of the pre- and post-seismic activity. It is 



• 

40 

• 
STRESS DROP<Bars> 

a 200 400 

' • 
• •• 

5 • • 
• • .. . 

E • • 

• ~ ' ._.., 15 
J: • I- • a.. • • w 
c • 

25 • 
EASTERN ASPERITY 

35 

• 
b 

5 •• 
• • 

• ,. •• • • • - ••• E • • .,, . 
~ • • • -- 15 • 
J: • • 

• I- • • • a.. • w 
c •• 

25 • • 

• WESTERN ASPERITY 

35 

• Figure 7 Stress-drop versus depth for the eastern (a) and western (b) 
asperities • 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

41 

also worth noting that we have been able to resolve the complexity of 

the mainshock source rupture by analyzing the microearthquake activity 

recorded by a local array. This complexity is not evident on 

teleseismic long-period records (Chael and Stewart, 1982; Singh et al., 

1984) • 

Foreshock and aftershock stress drop values (Appendix B, Figures 4, 

5, and 6) have similar range of variation (-20 to -200 bars). The 

aftershock sequence, however, displays some values greater than 250 

bars. Although higher stress levels are expected before than after a 

mainshock, our results do not show such a trend. The computed stress 

drop for the Petatlan earthquake was 10 bars (Chael and Stewart, 1982) • 

We cannot compare this estimation with our results because our stress 

drop estimates are not absolute values • 

V.5 Coda Q versus depth. 

In an effort to correlate stress-drop and Q variations we have 
c 

plotted, in Figure 8, Q at 6 Hz versus depth for the aftershocks 
c 

reported by Novelo-Casanova et al. (1985)., who estimated Q values for 
c 

6 different zones (Figure 1) by averaging the coda decay of 32 events 

(Table 2). In Figure 8 there is some evidence of Q increasing with 
c 

depth. Average Q values are approximately 150, 200, and 250 for depths 
c 

to about 5, 12 and 20 km, respectively. Large scatter of the data, 

however, is observed for depths between 10 and 20 km where values range 
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from about Q = 70 to about Q = 310. An upper limit between 5 and 10 km 
c c 

dependent on depth seem to emerge from the data. A similar stress-drop 

upper limit dependent on depth over the same depth interval is apparent 

in Figure 6a. In laboratory experiments the Q of shear waves increases 

with confining pressure and decreases under low pressures (Stewart et 

al.. 1979). Thus. we should expect Q to be influenced by the ambient 
c 

stress in the surrounding region. Our results seem to indi~ate a 

positive correlation between stress drop and Q values at the upper 
c 

limits (compare Figures 6a and 8). This is only one of several possible 

interpretations. however. 

V.6 Aftershock stress drop. b-value. and coda Q versus time. 

Figure 9a shows the stress drop variations with time. The stress 

drop for each earthquake is plotted against the time of occurrence of 

the earthquake. Stress is plotted logarithmically to allow for the 

range in values about 2 orders of magnitude. Only stress drops with 

error factors less than or equal 2.0 (Table 6 of Appendix B) were 

plotted. Figure 9b shows the same temporal b-value variations reported 

by Novelo-Casanova et al. (1985). The general behavior of both plots is 

basically opposite to each other. We observe that in the first hours 

following the main shock. stress-drop estimates have large values which 

tend to decrease up to about 15 hours and then start to increase again. 

The b values are low at the beginning of the aftershock sequence and 

increase up to about 30 hours when they start to decrease • 
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scattered from shallow heterogeneities near the source region. The Q 
c 

47 

at these frequencies, therefore, correlate with the b values. The high 

Qc for the coda at high frequencies (say 12.0 and 20.0 Hz) indicate that 

the waves are scattered from deeper high-Q material, therefore, they 

sample zones from below the fractured earthquake source region and 

temporal Q variations are inconsistent with temporal values of b • 
c 

Another possible interpretation is that at high frequencies the early 

part of the coda is influenced by nonisotropic scattering with 

conversion scattering between S and P waves • 

Aki (1985) reported a positive correlation between temporal 

variations of coda Q and b values for earthquakes at Stone Canyon. He 

also found that the correlation was not valid for Qc at 24 Hz. To what 

extent then, are Q at low frequencies more sensitive to changes in 
c 

properties of the small-scale heterogeneity near the source region than 

Q at high frequencies?. Although our results support this possibility, 
c 

more studies are needed to answer this question • 

Note that the observed fluctuations of Q have shown that coda waves 
c 

are sensitive to the variation in the properties of the medium that 

occur shortly after a large earthquake • 

V.7 Comparison of laboratory experiments and observation • 

As mentioned earlier. laboratory experiments on small samples of rock 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

45 

In laboratory experiments, the b-value is related to the state of 

stress in rocks (Mogi, 1962; Scholz, 1968). Low and high bare 

indicators of high and low stress levels, respectively. Here, our 

earthquake data seem to verify these observations. The exact times when 

low b and high stress drop values occurred, however, do not coincide. 

This may be expected since each b-value of the time sequence was 

estimated by using a window with 50 events (Novelo-Casanova et al., 

1985). Thus, the values were assigned over time periods of different 

length. Nevertheless, the general patterns seem to indicate the 

expected negative correlation. 

The temporal stress-drop variation (Figure 9a) is more closely 

associated with the pattern of seismicity reported by Novelo-Casanova et 

al. (1984) and Hsu et al. (1985). High stress drops are observed up to 

about 9 hours, approximately when seismicity increased in the eastern 

asperity. A low value is displayed around 18 hours when activity 

shifted to the western asperity. Values of b also seem to detect this 

trend (Novelo-Casanova et al., 1985). Because of the lack of Qc 

estimates immediately after the main shock (Table 3), we were unable to 

relate the temporal Q variations with seismicity. Rhea (1984), 
c 

however, reported an initial increase in Q with an increase in 
c 

seismicity followed by a return to the lower values within the next year 

for events in the South Carolina Coastal Plain • 

Temporal Q variations at different frequencies over four time c 
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periods have been displayed in Table 3. Novelo-Casanova et al. (1985) 

showed (their Figure 2) that variations of Q at 6 Hz and b values 
c 

followed similar patterns. An important characteristic of the results 

46 

is that in all frequency bands Q increases between the first and second 
c 

time intervals and decreases between the second and fourth time periods. 

Q at 3.0 and 6.0 Hz decrease between the second and third intervals and 
c 

increase between the third and fourth. Q at 12.0 Hz decreases 
c 

systematically from the second to the fourth interval. Q at 20 Hz 
c 

increases between the second and third interval and decreases between 

the third and fourth. Therefore, only Q at 3.0 and 6.0 Hz track the 
c 

temporal b-value variations shown in Figure 9b. (Temporal variations of 

Q at 6.0 Hz and b values are shown in Figure 3 of Novelo-Casanova et 
c 

al., 1985). At 20 Hz, we observe the fastest decrease between Q = 
c 

1023_±.26 for events that occurred in the 211-308 hour period and Q = 
c 

672_±.19 for events that occurred around the last 450 hours • 

The temporal changes of coda character at different frequencies may 

reflect a change in the attenuation and/or scattering properties of the 

fractured crust at different depths. According to Aki and Chouet 

(1975), the coda envelope at different frequency bands reflects the 

effect of the layered Q-structure on waves scattered from various parts 

of the earth's crust. With this model, the positive temporal 

correlation between Q at 3.0 and 6.0 Hz and b values can be explained 
c 

in the following manner. Coda waves between 3.0 and 6.0 Hz sampled the 

changes in properties of the surrounding medium because they were 
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have shown that low b values indicate high stress levels (Mogi, 1962; 

Scholz, 1968) and that shear wave Q increases with increasing confining 

pressure (Stewart et al., 1983). These results suggest that high b-

values should be associated with low Q. 

Experimental studies associating coda Q and b values, however, have 

not been carried out. Considering large and small cracks in a source 

region and the preferential opening and closing of larger sized and 

larger aspect ratio cracks, Aki (1985), however, explained the positive 

correlation of b with coda Q, i.e., that high b-values are associated 

with high Q. This finding is confirmed by our spatial Q and b values 
c 

variations (Figure 1) and the time variations of stress drop (Figure 9) 

and coda Q at 3.0 and 6.0 Hz (Figure 3 of Novelo~asanova et al., 1985) 

and b values. Variations of coda Q with depth (Figure 8), however, seem 

to indicate a positive correlation with stress drop. Therefore, there · 

is an apparent misfit between our observed depth and spatial and 

temporal variations. This discrepancy can possibly be explained 1n the 

following manner. Having demonstrated a temporal variation in Q , it 
c 

seems reasonable to analyze spatial variations of Q by first removing 
c 

the assumed temporal variation. That is, the data should be normalized 

to the average of the time varying data. A variation correction factor 

for Q at 6.0 Hz is, therefore, needed in Figure 8. Because of the lack 
c 

of Q estimates at the beginning of the aftershock sequence, we were 
c 

unable to compute this correction factor. Therefore, the slight 

positive correlation between stress drop and coda Q with depth may be 
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fictitious. For the spatial positive correlation of Q and b (Figure 
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1), the Q temporal correction is not important because the Q estimates c c 

are averaged values of several earthquakes over relative long periods • 

Based on this reasoning, we agree with Aki's (1985) finding that high b-

values occur with high Q and low stress drop. We add that high b is 

also associated with high heterogeneity • 
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VI . CONCLUSIONS 

Coda waves indicate that Q at center frequencies between 3.0 and 
c 

20.0 Hz for the foreshocks are lower than those for the aftershocks of 

so 

the Petatlan, Mexico, earthquake. The strong frequency dependence of Qc 

for the foreshocks and aftershocks reveals substantial differences of 

small-scale heterogeneity before and after the mainshock. The observed 

low Q values may be a characteristic that regionalizes the properties 
c 

of the young subducting lithosphere. Values of Q are different and 
c 

spatially correlated with b-values throughout the aftershock area. Only 

temporal Q variations at 3.0 and 6.0 Hz correlate positively with b 
c 

values indicating that coda waves are probably highly sensitive to the 

variations in the properties of the source region at these frequencies. 

Q suggests that intense scattering occurs near the source region, in 
c 

agreement with the results of Novelo-Casanova and Butler (1986) from the 

analysis of the oceanic S-wave coda in the northwest Pacific • 

Stress drops are irregularly distributed throughout the aftershock 

area, increase with source depth, and have the same range of variation 

in the foreshock as well as in the aftershock sequence. Temporal 

variations of stress drops seem to be negatively correlated with b-

values . Foreshock and aftershock stress drop support the two-asperity 

model in the source area proposed by Novelo-Casanova et al. (1984) and 

Hsu et al. (1985) . 
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High heterogeneity in the source region was detected by Q , stress 
c 

drops, and b values • 
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The temporal trend of static stress drops and b values are associated 

with the changes of seismicity. Detection of systematic changes of 

these parameters with seismicity could be also important for earthquake 

prediction. Because of the lack of Q data at the beginning of the 
c 

aftershock sequence we were unable to associate changes of Q with 
c 

seismicity, however, we cannot rule out this possibility. 

Since Mogi (1962) initiated his studies of rock fracture in 

laboratory, he has suggested that tracing the development of 

microcracking in crustal rock is likely to be one of the most fruitful 

instruments to establish the physical basis for earthquake prediction. 

According to the tectonic stress condition, variations of Q always 
c 

correspond to the opening or closing of large and small cracks in the 

source region (Aki, 1985). Coda Q detecting changes in such 

heterogeneous structure, therefore, is a promising tool. The advantage 

of using Q for prediction is its extreme simplicity of measurement and 
c 

the knowledge of the sampled area. Studies to understand variations of 

coda Q in different tectonic environments are needed. Research programs 

for a systematic study of coda-Q have been initiated by the U.S. 

Geological Survey (Lee et al., 1986) and by the National Research Center 

for Disaster Prevention of Japan (Matsumura et al., 1986). Similar 

routine procedures should be implemented along the western coast of 
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Mexico as this is the one of the regions with the largest and most 

devastating earthquakes in the world • 
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• 
TABLE 5 

EVENTS FOR WHICH STRESS DROPS WERE COMPUTED 

• @ * * Event Origin Time Latitude Longitude Depth Mag. RMS ERR ERZ 
No. YrMoDa HrMn (N) (W) (km) (s) (km) (km) 

Foresbocks 

• 1 790303 2230 17 .262 101.248 3.52 3.27 0.45 3.4 2.6 
2 790304 331 17.859 101.546 33.37 3.63 0.28 2.6 2.3 
3 790304 448 17 .322 101.313 2.64 3.21 0.43 2.8 2.3 
4 790304 20 9 17.349 101.209 10.84 3.31 0.26 1.9 1.6 
5 790308 842 17 .262 101.327 1.55 3.20 0.34 2.7 2.4 

• 6 790308 927 17.396 101.280 11.60 4.03 0.32 4.6 3.1 
7 790309 17 4 17.398 101.222 8.89 3.38 0.33 1.9 1.8 
8 790310 1833 17.490 101.488 6.98 3.41 0.25 4.2 3.9 
9 790312 1550 17.515 101.423 13. 78 3.33 0.33 3.6 2.0 

Aftershocks 

• 1 790314 12 6 17.840 101.136 11.42 3.90 0.26 3.3 3.4 
2 790314 13 5 17.628 101.518 20.50 4.30 0.02 1.7 0.4 
3 790314 1318 17.404 101.533 12.74 3.62 0.19 4.1 3.5 
4 790314 1348 17.252 101.529 13 .92 4.02 0.11 4.0 2.3 
5 790314 1423 17 .426 101.562 9.86 3.67 0.42 2.8 2.8 
6 790314 1436 17.461 101.472 13 .49 3.50 0.34 2.4 2.3 • 7 790314 1443 17.486 101.591 15.18 3.56 0.18 2.1 2.6 
8 790314 1450 17.434 101.616 13.91 3.57 0.28 2.5 2.3 
9 790314 1512 17.438 101.474 11.45 3 .53 0.40 4. 7 3.7 

10 790314 1525 17.318 101.457 9 .17 4.18 0.14 3.4 2.5 
11 790314 1729 17.731 101.525 22.19 3.52 0.45 4.2 4.6 
12 790314 1815 17.419 101.406 7.27 3.87 0.31 3.3 1.7 • 13 790314 1837 17.387 101.560 16 .11 3.60 0.27 2.2 1.6 
14 790314 1856 17.474 101.378 5.12 3.91 0.35 4.4 4.5 
15 790314 1936 17.344 101.596 10.72 3.67 0.29 3.7 2.9 
16 790314 2032 17.378 101.549 9.39 3.53 0.32 4.1 2.5 
17 790314 2034 17.348 101.216 13 .89 4.02 0 .23 3.8 2.2 
18 790314 2223 17.385 101.600 8.90 3.73 0.34 3.8 2.4 

• 19 790314 2234 17. 273 101.418 1.12 3 .71 0.49 5.0 2.7 
20 790314 2236 17.334 101.554 7.08 3.50 0.49 3.4 3.3 
21 790314 23 9 17.475 101.530 13.14 3.52 0.40 2.9 3.0 
22 790315 013 17.391 101.558 9.74 3.75 0.07 1.5 1.0 
23 790315 123 17.428 101.634 4.49 3.72 0.29 3.0 3.5 
24 790315 2 1 17.456 101.624 15.99 3.80 0.37 4.9 3.1 

• 25 790315 3 6 17.349 101.549 8.93 3.50 0.37 2.4 2.0 
26 790315 639 17.225 101.227 19.67 3.81 0.47 3.7 3.1 

• 
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TABLE 5 (Continued) EVENTS FOR WHICH STRESS DROPS WERE COMPUTED 

Event Origin Time Latitude Longitude Depth Mag. RMS@ ERH* ERZ* 

• No YrMoDa HrMn (N) (W) (km) ( s) (km) (km) 

27 790315 8 1 17.408 101.501 9.03 3.80 0.18 2.0 1.1 
28 790315 848 17.459 101.545 12.30 3.54 0.30 2.2 2.5 
29 790315 1018 17.439 101.472 12.70 3.69 0.29 2.1 1.9 

• 30 790315 1037 17.332 101.524 24.82 3.68 0.43 4.0 4.2 
31 790315 1120 17.386 101.526 12.10 3.58 0.30 2.6 2.5 
32 790315 1212 17.380 101.572 11.78 3. 71 0.29 2.5 3.0 
33 790315 1330 17 .406 101.513 24.99 3.54 0.40 4.2 5.0 
34 790315 1449 17.339 101 .637 17 .69 3.67 0.41 3.4 3.7 
35 790315 1512 17.278 10L280 7.01 3. 77 0.49 3.2 2.5 

• 36 790315 1723 17.351 101.221 11.42 4.01 0.22 4.0 3.3 
37 790315 1745 17.391 101.626 18.73 3.76 0.50 4 .1 3.5 
38 790315 1750 17.519 101.312 17 .27 3.68 0.40 3.1 2.9 
39 790315 2154 17.407 101.567 12.05 3.75 0.25 2.0 1.9 
40 790316 248 17.304 101.569 10.35 3.66 0.37 3.1 3.3 
41 790316 3 6 17.303 101.582 12.50 3.93 0.25 2.4 2.5 

• 42 790316 335 17.300 101.299 8.97 3.59 0.50 3.4 3.7 
43 790316 338 17.529 101.493 22.64 3.95 0.50 4.3 3.7 
44 790316 646 17.241 101.309 4.60 3.59 0.48 3.1 2.7 
45 790316 655 17.280 101.262 20.18 3.88 0.42 3.6 3.4 
46 790316 737 17.499 101.246 8.80 3.56 0.48 2.9 3.1 
47 790316 924 17.418 101.494 9.34 3.50 0.34 2.2 2.2 
48 790316 1010 17.418 101.318 18.75 4.14 0.08 0.9 1.2 • 49 790316 1140 17.418 101.540 9.04 3.58 0.48 3.1 2.7 
50 790316 1324 17 .372 101.366 0.81 3. 8 0 .23 2.9 1.5 
51 790316 1954 17.581 101.193 0.79 3.63 0.25 4.6 3.4 
52 790323 234 17 .432 101.355 2.74 3.64 0.23 3.8 3.1 
53 790324 034 17 .462 101.636 5.06 3.64 0.17 2.5 3.3 
54 790325 4 6 17 .116 101.622 19.20 4.05 0.50 4.4 3.9 • 55 790327 2124 17.506 101.264 23 .49 3.53 0.42 3.4 2.4 
56 790330 1345 17.588 101.210 13 .40 3.95 0.26 3.2 4 .1 
57 790407 1242 17.543 101.268 3.45 3.60 0.36 0.6 0.3 

@ Root mean error of time residuals. 

* Standard error, ERH= epicenter location error; ERZ= focal depth 

• error 

• 

• 
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TABLE 6 

SOURCE PARAMETERS OF EARTHQUAKES LISTED IN TABLE 5 

• ---------------------------------~-·-----------------------------------..L 

Even; Moment Station Station Station Station Average ESD' 
No. (10 104 112 115 119 Stress 

dyne-
PW@ SD& 

Drop 
cm) PW SD PW SD PW SD (<SD>)+ 

----------------------------------------------------------------------• Foreshocks 

1 0.5 .032 43 .035 33 .029 58 43 1.33 
2 1.3 .030 137 .031 124 130 1.07 
3 0.5 .035 33 .042 19 .014 511 68 5.85 

• 4 0.6 .033 50 .024 129 0 80 1.97 
5 0.5 .035 33 .031 47 39 1.29 
6 3.4 .037 192 .033 270 .041 141 194 1.39 
7 0.6 .021 193 .025 114 149 1.45 
8 0.8 .063 11 .045 24 16 1. 74 
9 0.6 .050 14 .045 20 .046 18 17 1.18 

• Aftershocks 

1 2.7 .057 41 .059 37 39 1.08 
2 7.0 .045 220 .043 252 .046 206 225 1.11 
3 1.4 .033 108 .045 42 .026 220 100 2.29 

• 4 3.6 .049 87 .055 61 .050 81 75 1.21 
5 1.5 .029 179 .026 249 211 1.26 
6 1.0 .024 210 .025 185 .025 185 193 1.08 
7 1.2 .031 112 .026 191 .027 170 154 1.32 
8 1.2 .019 500 .023 282 375 1.50 
9 1.1 .047 30 .036 67 .036 67 51 1.59 

10 5.2 .063 60 .056 85 71 1.28 • 11 1.1 .021 328 .023 250 286 1.21 
12 2.5 .042 96 .044 83 .051 53 75 1.36 
13 1.3 .031 124 .030 137 .026 210 153 1.32 
14 2.7 .026 444 .025 500 471 1.09 
15 1.5 .032 133 .024 316 .024 316 237 1.65 
16 1.1 .038 57 .039 53 .032 95 66 1.37 • 17 3.6 .038 186 .039 172 .028 464 246 1.74 
18 1.8 .042 68 .022 475 .035 118 156 2.72 
19 1.7 .047 46 .062 20 .044 57 37 1.74 
20 1.0 .043 36 .049 25 30 1.29 
21 1.1 .041 44 .045 33 .040 48 41 1.22 
22 1.9 .042 72 .046 54 62 1.23 

• 23 1.7 .052 35 .044 58 45 1.43 
24 2.1 .036 128 .028 273 .067 20 89 3.84 

• 
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TABLE 6 (Continued) SOURCE PARAMETERS OF EARTHQUAKES LISTED IN TABLE 5 

----------------------------------------------------------------------
Even& Moment Station Station Station Station Average ESD+ 

• No. (10 104 112 115 119 Stress 
dyne-

PW@ SD& 
Drop 

cm) PW SD PW SD PW SD (<SD>)+ 

-----------------------------------------------------------------~--~-

25 1.0 .065 11 .056 16 13 1.30 

• 26 2.1 .030 227 .031 206 216 1.07 
27 2.1 .038 109 .038 109 .030 222 138 1.51 
28 1.1 .026 182 .025 204 .036 68 136 1.83 
29 1.6 .032 140 .032 140 .031 154 145 1.06 
30 1.6 .026 255 .027 227 241 1.09 
31 1.2 .029 144 .028 160 152 1.08 

• 32 1.7 .037 95 .041 70 82 1.24 
33 1.1 .026 182 .025 204 193 1.08 
34 1.5 .030 162 .023 359 .023 359 275 1.58 
35 1.5 .033 122 .042 59 .029 179 109 1.76 
36 3.5 .033 277 .036 213 243 1.20 
37 1.9 .039 92 .026 309 169 2.36 

• 38 1.6 .030 166 .033 125 .033 125 137 1.18 
39 1.9 .037 105 .037 105 .041 77 95 1.20 
40 1.5 .052 30 .048 39 .045 47 38 1.25 
41 2.9 .040 128 .033 228 171 1.50 
42 1.3 .035 84 .043 45 61 1.55 
43 3.0 .028 392 .036 184 269 1.71 

• 44 1.3 .042 49 .038 66 .035 84 65 1.31 
45 2.5 .027 369 .042 98 .141 3 48 12.01 
46 1.2 .037 66 .031 112 .030 124 97 1.40 
47 1.0 .025 185 .035 68 .036 62 92 1.83 
48 4.8 .040 213 .038 248 .086 21 104 3.99 
49 1.2 .040 55 .038 64 .033 98 70 1.35 
50 1.6 .052 32 .051 34 33 1.04 • 51 1.4 .042 54 .031 133 85 1.89 
52 1.4 .051 31 .045 45 37 1.30 
53 1.4 .047 39 .038 74 54 1.57 
54 3.8 .047 105 .049 93 .076 25 .092 14 43 2.69 
55 1.1 .027 158 .028 142 .026 177 .033 87 136 1.37 
56 3.0 .031 289 .030 319 .038 157 244 1.47 

• 57 1.3 .055 22 .055 22 .063 15 19 1.25 
----------------------------------------------------------------------
* The event number is the identification number given in Table 5 of 

Appendix A. 
@ Corrected pulse width (measured pulse width minus average minimum 

pulse width of Table 4) • 

• & Computed stress drop in bars. 
+ <SD> and ESD are the average stress drop and the multiplicative 

error factor for <SD>, respectively. See text for details • 

• 
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Appendix C.l 

Aftershock activity of the Petatlan earthquake: The first 54 hours by D. 

A Novelo-Casanova, V. Hsu, E. Berg, c. E. Helsley, and J. F. Gettrust 

(1984) • 
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Bulletin of the Seismological Society of America, Vol. 74, No. 6, pp. 2451-2461, December 1984 

AFTERSHOCK ACTIVITY OF THE PETATLAN EARTHQUAKE: 
THE FIRST 54 HOURS 

BY DAVID A. NOVELO-CASANOVA, VINDELL Hsu, EDUARD BERG, 
CHARLES E. HELSLEY, AND JOSEPH F. GETTRUST 

ABSTRACT 

Aftershocks of the 14 March 1979, Petatlan, Mexico, earthquake (Ms = 7.6) 
were recorded by a temporary seismic network deployed by the Hawaii Institute 
of Geophysics. This paper describes the aftershock activity in the first 54 hr 
following the main shock. The aftershock area expanded to about 4800 km2 at 
the end of the first day and did not significantly increase during the second day. 
Only an additional 26 per cent enlargement occurred by the 36th day. The 
aftershock region contains two zones of relatively higher seismicity. The ratio of 
slip between these two zones alternates (1.75, 0.72, 1.73) for time periods 
detennined by the minima and maxima of the slip difference-between them. The 
total slip during the first 54 hr is about 3 mm. The aftershock b value for the 
rupture region is 1.49, higher than the foreshock b value of 1.11 obtained by the 
same local network. This result is consistent with the lowered state of stress of 
the area after the major shock. 

INTRODUCTION 

A major subduction earthquake (Ms= 7.6) on 14 March 1979 was located about 
15 km offshore, near the town of Petatlan in the state of Guerrero, Mexico (Figure 
1, Gettrust et al., 1981). Extensive studies (Meyer et al., 1980; Gettrust et al., 1981; 
Valdes et al., 1982; Hsu et al., 1983, 1984) have been stimulated by the availability 
of high-quality local seismic data recorded before and after the main shock, and by 
the occurrence of the earthquake at the intersection of the Orozco Fracture Zone 
and the Middle America Trench (Figure 1), which is a zone of considerable 
seismotectonic interest. 

Foreshock and aftershock data for the Petatlan earthquake were recorded during 
the Rivera Ocean Seismic Experiment (ROSE) project (Ewing and Meyer, 1982). 
By coincidence, 6 weeks before the main shock, the Hawaii Institute of Geophysics 
(HIG) had deployed a seismic network surrounding the epicentral area (Figure 1). 
Monitoring continued until 1 month after the main shock. Thus, this is one of the 
few cases of continuous coverage of local seismicity both prior to and after a large 
earthquake. 

Chael and Stewart (1982) suggested a main shock depth of 20 km based on 
synthetic modeling of body waves. Hsu et al. (1983) showed that the pre-main shock 
seismic activity occurred mostly within the continental block, and they delineated 
several zones of seismicity concentration. Their reported b value for the source 
region before the main shock was 1.11. 

Using University of Wisconsin-Madison (UW) stations, Valdes et al. (1982) 
analyzed aftershocks with coda lengths greater than 60 sec and which occurred 
between 11 hr and 36 days after the main shock. They located 255 events outlining 
an aftershock area of 6060 km2

, and suggested a single asperity containing the 
hypocenter of the main shock. They also calculated a stress drop of 5 bars and an 
average slip of 60 cm using the entire aftershock area, and a stress drop of 15 bars 
and an average slip of 120 cm using only the asperity region. Their hypocenters 
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defined a zone 25 km thick, dipping 15° in a N20°E direction, perpendicular to the 
Middle America Trench. Their estimated b value was 1.6. 

Hsu et al. (1984) concluded that two asperities exist within the aftershock region 
based on correlation of foreshocks and aftershocks. 

The present study covers the aftershocks that occurred in the 54 hr immediately 
following the Petatlan earthquake. This period is important as stress drops are best 
determined by using areas defined by aftershocks occurring within a few days of 
the main shock (Kanamori, 1977). We were able to determine locations and 
magnitudes for 389 earthquakes: most of them (354 events) were within a l 0 square 
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• Stations * Petatlan earthquake 
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• 
.· .. ::: : ... :-:·. ·: ::·.·.-:: :.·.~.~~ 
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• 

16N """".:.....="'-"'---'--="""'-"""'-"""'"""'""""-'-~~~~~-'-~~--"'-~--'-~~~~~-'-~~~---' 
104W 102W 100W 98W 

FIG. 1. HIG stations that recorded the aftershocks of the Petatlan earthquake during the first 54 hr. 
The aftershock area (shaded) is based on the events analyzed in this study. 

(17°N to l8°N and 101 ·w to 102°W). In this study, we analyze the space-time 
distribution of the aftershocks and discuss the behavior of the aftershock sequence . 

The station characteristics, and data recording and processing procedures have 
been described by Gettrust et al. (1981) and Hsu et al. (1983). 

RESOLUTION OF THE SEISMIC NETWORK 

The reliability of hypocenter locations is crucial in any seismicity study. We 
analyzed the resolution of the HIG seismic network by using a computer program 
developed by Lienert and Frazer (1984). This program calculates the horizontal and 
vertical uncertainties of hypocenters given a seismic array, a layered velocity model, 
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errors for P- and S-wave arrival times, and hypocenter depth. Resolution maps 
were calculated at 5-km depth intervals, on the basis of the Valdes et al. (1982) 
crustal model and for arrival time errors of 0.1 sec for P waves and 0.3 sec for S 
waves. The one for 15-km depth is shown in Figure 2. The others are similar in 
resolution. In the area of interest in this study, defined by the heavy square in 
Figure 2, the maximum error is 2.2 km (southwest comer) for epicenter locations 

19N 

17N 

VERTICAL UNCERTAINTY 

19N 

17N 
103W 99W 

HORIZONTAL UNCERTAINTY 
FIG. 2. Uncertainties of the HIG network at a depth of 15 km contoured by using P- and S-arrival 

readings at all six stations (small solid squares) and assuming 0.1-sec error for P and 0.3-sec error for S 
readings. Contour lines for uncertainty in vertical (upper graph) and horizontal (lower graph) location 
(in kilometers) are separated by 0.2-km intervals. The dashed circle represents the aftershock region . 

(lower part) and 2.4 km for focal depths (upper part). In the aftershock area (dashed 
circle), epicentral error is between 1.0 and 1.5 km, and focal depth error is between 
1.0 and 1.2 km. 

An extreme resolution example was obtained for four more or less colinear stations 
(101, 104, 115, 118). We observed a maximum error of 6 km for epicenter locations 
in only a small portion of the aftershock region, whereas most errors were between 
2.5 and 4.0 km. Similar patterns were obtained for depth uncertainties. The actual 
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uncertainties calculated by the HYP071 program (Lee and Lahr, 1975) were greater 
than these formal errors (see further results). 

RESULTS AND DISCUSSION 

Epicenters, depths, . and magnitudes. Aftershocks were located by using the 
HYP071 program (Lee and Lahr, 1975). The velocity-depth model developed by 
Valdes et al. (1982) for the Petatlan region is adopted here for ease of comparison. 
Because of the lack of gain information, duration magnitudes (Lee et aL, 1972) were 
calculated from the empirical relation 

M = -0.87 + 2.0 log T + 0.0035D 

where T is coda length in seconds and D is epicentral distance in kilometers. 
Although the relation was developed for microearthquakes in California, it has been 
widely used in other regions as well. 

Figure 3 (a to f) shows the 354 events located within the 1 • square. Eighty per 
cent of the aftershocks in this region have a time residual rms less than or equal to 
0.5 sec, and an error for epiCentral location (ERH) and focal depth (ERZ) less than 
or equal to 10 km. Seventy-five per cent of the events have the same error limits 
together with a minimum of five readings for P and S arrival times. Focal depths 
are shown in Figure 4, projected onto a plane approximately perpendicular to the 
trench axis. The aftershock hypocenters are concentrated between 5 and 25 km 
depth, and seem to define a dipping rupture plane of approximately 15° . 

Aftershock area. Figure 3, a to f, shows the growth of the aftershock area with 
time. Cumulative epicentral locations are plotted at 9-hr intervals. In the first 9 hr, 
a dense concentration of epicenters suggests an aftershock area of 2100 km2 (Figure 
3a) in addition to some scattered events occurring at larger distances. 

Figure 3b shows the locations of the events in the first 18 hr. The area of 
concentrated aftershocks increases only 4.8 per cent and grows to the east. By this 
time, however, many more of the scattered aftershocks surround the area of 
concentration; this new region of more widely separated epicenters starts to emerge 
and represents the entire aftershock area of about 4500 km2

• The boundary between 
the region of concentrated seismic activity and the less active zone is well defined. 
We seem to observe two concentrated groups of epicenters inside the smaller area, 
one to the east and another to the west . 

Twenty-seven hours after the Petatlan earthquake (Figure 3c), we observe a slight 
change of shape and growth of the entire aftershock area to 4800 km2

• The region 
of concentrated events remains about 2200 km2

• These characteristics are main
tained until the end of the 54-hr period (Figure 3, d to f) , and the sharp boundary 
between the two groups of concentrated epicenters is preserved. Quantitative 
evidence supporting the observation of two-group distribution of epicenters was 
given by Hsu et al. (1984) . 

In Figure 3f, we show the aftershock area (6060 km2
) within 36 days after the 

main shock observed by Valdes et al. (1982) together with our epicenter locations. 
Projecting this area and the aftershock area at the end of the 54 hr onto the fault 
plane dipping 15°, we obtain a rupture area of 6270 and 4970 km2

, respectively. 
From our epicenter locations, we see that approximately 1 day after the main 

shock, the rupture region and the area of concentrated events are well defined 
(Figure 3c). There was no expansion in these two areas during the period between 
27 and 54 hr. We find that the increase from the rupture area defined after 27 hr 
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aftershocks (A 1) 
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Area within 38 days 
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FIG. 3. Aftershock epicenters and estimates of the area size of the concentrated (Al) and more 
diffused (A2) activity at times T after the main shock. (a) T = 9 hr, Al= 2100 km2; (b) T = 18 hr, Al = 
2200 km2

, A2 = 4500 km2 (note eastern and western concentrations inside Al); (c) T = 27 hr; Al= 2200 
km2, A2 = 4800 km2

; (d) T = 36 hr, Al= 2200 km2
, A2 = 4800 km2

; (e) T = 45 hr; Al= 2200 km2
, A2 = 

4800 km2
; (f) T = 54 hr, Al = 2200 km2

, A2 = 4800 km2
• Note the well-preserved separation of 

concentration inside zone Al first noticed at T = 18 hr. Stars denote the epicenter of the Petatlan 
earthquake . 
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to that obtained by Valdes et al. (1982) after a 36-day period is only 26 per cent. 
These data suggest that there was no significant expansion in the area defined by 
the aftershocks after 1 day had passed. For other major earthquakes, however, final 
aftershock zones seem to be several times the area defined by aftershocks of the 
first day (!sacks et al., 1981; Tajima and Kanamori, 1981; Chatelain et al., 1983) . 

In Figure 3f, the region of concentrated epicenters is elongated in the E-W 
direction and not paralleling the trench. The same observation was made by Valdes 
et al. (1982) in their analysis of the 36-day period. 

Aftershock characteristics. In the preceding analysis, it was shown that the 
aftershock area had grown during the first day or so to nearly its final size. It is 

CROSS-SECTIONAL DISTANCE (km) 
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COAST 
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• + 

• 
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:c A 
I-a. ~ 
w 
c A 

60 ~ 

i 

90 

FIG. 4. Cross-section of aftershock hypocenters. The dashed lines represent the 25-km thick slab 
that dips 15° to the northeast suggested by Valdes et al. (1982). The magnitude symbols are described in 
Figure 3 . 

known that the aftershock strain release changes its character after the first day or 
two (Richter, 1958, pp. 76-77). The data for the first 54 hr essentially span this 
period of time. We therefore investigate the slip along the subduction zone as a 
function of time after the mainshock. Both cumulative strain release and number 
of events decay exponentially with time after a major shock. This is observed both 
in earthquakes (Page, 1968; Utsu, 1962) and in laboratory experiments (Scholz, 
1968b). We shall therefore display our data using a logarithmic time scale. To 
compute the amount of slip of the aftershocks, the formula 

u = Mo/(µA) 

is used [Brune, 1968; Kanamori and Anderson, 1975; Aki and Richards, 1980, 
equation (3.16)] where u is the slip of the earthquake with moment Mo and fault 
plane surface area A, andµ is the shear modulus. According to Brune (1968), since 
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u is an areal average, the average slip, ( u), may be extended over the total area of 
the shear zone (volume projected on the plane of shear) by multiplying by the ratio 
of the area of each event to the total area of the shear zone, Ao 

(u) = uA/Ao = Mo/(µAo) . 

All events are summed to have the total slip 

S = ~(u) = ~Mo/(µAo) (1) 

In the analysis, we divided the aftershock area into an eastern and a western part, 
separated by a line with azimuth N26°E in the direction of slip determined by Chael 
and Stewart (1982, Table 1) for the main shock and passing through the point 
17.500°N, 101.385°W. For each of the two zones, the total slip up to time t (in hours 

TABLE 1 

AFTERSHOCK SLIP IN THE WESTERN AND EASTERN 
AREA (UNIT 10-3 CM) 

Time• s.-s. s. dS. S, dS, dS.JdS, 

T, 1.8 13 42 29 
109 62 1.75 

T2 6.7 60 150 91 
82 113 0.72 

Ta 20.3 28 232 204 
81 47 1.73 

T, 43.5 62 313 251 
8 28 

End 53.6 43 322 279 

Note: All values are rounded off to the nearest last 
digit . 

• Hours after the main shock. 

after the main shock) was calculated using equation (1) andµ.= 3.3 x 1011 dyne/ 
cm2

, Ao =Aw = Ae = 1100 km2 (about half the value of the area of dense aftershock 
activity) and 

log Mo = 17.02 + l.32M 

as determined by Meyer (written communication) from S-wave spectra of the 
Petatlan aftershocks. The two time series so calculated, sw(t;) and se(ti) for the 
western and eastern areas, respectively, were then smoothed by using a nine-point 
running average 

to dampen out the inherently rough appearance of such slip curves. 
It may be noted that use of a different value for µ. will change calculated slip 

values by a constant factor [equation (1)) but not the relationships between slips 
for the eastern and western area, and the same holds for A0 • Using somewhat 
different values for Aw and Ae will alter the respective slip values, but not the basic 
time-dependent variation . 
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Table 1 shows the results for 375 aftershocks located during the 54 hr following 
the main shock and west of 100.9°E. These results were compiled from smoothed 
data. In the table, the slip up to the times T;, i = 1, ... , 4 (and to the end of the 
analysis period) are given. The T; are the specific times at which the difference in 
slip between the western and eastern zone (Sw(T;) - Se(T;)) is either a minimum (i 
odd) or a maximum (i even) as depicted in Figure 5. Under our assumptions, the 
total aftershock slip during the first 54 hr amounts to about 3 mm, which is small 
when compared to that of the main shock (Valdes et al., 1982). Also given in Table 
1 are the differential slips dS; = Si - Si-l for each zone occurring in each time 
interval dT; = T; - T;- 1 • These dSi are graphed in Figure 6 . 

Note from Table 1 and Figure 6 that the slip ratios oscillate: first the western 
region exhibits the most slip, then the eastern, with this behavior alternating 
through time. The ratios of slips dSw/dSe during periods of high slip in the western 
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FIG. 5. Difference in aftershock slip between western and eastern part (S., - S., Table 1). Note 
oscillatory character, and times T; of minima and maxima. The curve was smoothed by using a nine
point box car filter. 

part are remarkably constant at 1. 75 and 1. 73 for the periods dT2 and dT4 and 
contrast to the low slip ratio of 0. 72 during the period dT3 • These ratios are 
independent of the choice ofµ [in equation (1)), but will be multiplied by Ae/Aw 
should one choose somewhat different values for the areas Aw, Ae. The contrast 
(i.e., the ratio of high dSw/dSe to low dSw/dSe), however, will be maintained. These 
findings are not substantially altered if we consider the unsmoothed time series. By 
using the unsmoothed time series, the dSw/dSe sequence is changed from 1.75, 0.72, 
1.73 to the dsw/dse sequence 1.94, 0.70, 1.83, which has qualitatively the same 
behavior. 

b values. Figure 7 shows the cumulative number of earthquakes versus magnitude 
for determining the b value for the entire aftershock region (a), and the western (b) 
and eastern (c) zones of higher seismicity. The b values of the Gutenberg-Richter 
relationship were determined by least-squares fit to the solid circles. 

For the total aftershock region, the b value is 1.49, higher than the b = 1.11 
observed for the source region before the main shock (Hsu et al., 1983). This result 
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FIG. 6. Aftershock slip dS (Table 1) during time intervals dTi =Ti - Ti-I; the ratio dS,./dS. is nearly 

constant during dT2 and dT4 (1.75 and 1.73, respectively) and different during dT3 (0.72). 

FIG. 7. Cumulative number of earthquakes versus magnitude to compute b values during the first 54 
hr. For the entire aftershock area, the b value is 1.49 ± 0.02. For the western region, the b value is 1.95 
± 0.03. For the eastern region, the b value is 1.65 ± 0.03. The solid circles shown in the figure were used 
to calculate the b values. The estimated errors are the standard deviation of the slope of the fitting lines . 
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is consistent with the postulate of high and low states of stress before and after a 
main shock (Mogi, 1962; Suyehiro et al., 1964; Berg, 1968; Scholz, 1968a). 

The difference in the b values for the western (b = 1.95) and eastern (b = 1.65) 
groups of aftershocks suggests that the western region was probably more fractured . 

CONCLUSIONS 

From analysis of the aftershocks occurring during the first 54 hr following the 
Petatlan earthquake, we conclude that 

1. The rupture area as indicated by the aftershock epicenters was already well 
defined by the end of the first day. 

2. There is little expansion (not more than 26 per cent) of the aftershock area 
between 1 day and 36 days following the main shock. 

3. The region shows two areas with high concentration of aftershocks. The ratio 
of slip in the western area to that in the eastern area alternates (1.75, 0.72, 
1. 73) for time periods determined by the minima and maxima of the slip 
difference between them. The total 54-hr aftershock slip is about 3 mm and is 
small compared to that of the main shock . 

4. The high b value of 1.49 obtained for aftershocks (compared to 1.11 for 
foreshocks) is consistent with the low state of stress of the region after the 
Petatlan earthquake. 
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Correlation of Foreshocks and Aftershocks and Asperities 

By V1NDELL Hsu, CHARLES E. HELSLEY, EDUARD BERG 
and DAVID A. NovELO-CASANOVA1 

Abstract - A close correlation in spatial distribution of local seismic activity and energy release 
patterns before and after the 1979 Petatlan, Mexico earthquake suggests heterogeneity within the fault 
plane of this major low-angle thrust event associated with subduction along the Middle America Trench. A 
simple two-asperity model is proposed to account for the complexity. Foreshocks and aftershocks of the 
neighboring 1981 Playa Azul earthquake showed a similar pattern. As both events occurred at the junction 
of the Orozco Fracture Zone and the Middle America Trench, we speculate that the observed complex fault 
plane is caused by subduction of the rugged ocean ftoor of the Orozco Fracture Zone. Short-term 
precursory seismicity prior to the Petatlan earthquake can be explained by using the asperity model and 
migration of a slip front from the south-east to the north-west across the main shock source region . 

Key worda: Petatlan earthquake; Foreshocks and aftershocks; Asperities. 

1. Introduction 

The asperity model originated from experiments on rock failure processes in 
laboratory studies (BYERLEE, 1970; SCHOLZ and ENGELDER, 1976). The concept has 
been used extensively in seismological studies to model earthquake ruptures (WYSS and 
BRUNE, 1967; KANAMORI and STEWART, 1978; EBEL, 1980; LAY and KANAMORI, 1980) 
and to explain local and global seismicities (WESSON and ELLSWORTH, 1973 ; BAKUN et 
al., 1980; LAY et al., 1982) and precursory seismic patterns (JONES and MOLNAR, 
1979; KANAMORI, 1981; DMOWSKA and LI, 1982). Asperities, defined as areas of 
relatively higher strength within the fault plane, have been recognized for a number of 
cases by using strong motion seismograms (WYSS et.al., 1983) and seismicity patterns 
(VALDES et al., 1982; HABERMANN, 1983). In analysis of the foreshocks and 
aftershocks of the 1979 Petatlan earthquake, we discovered two regions that are 
possible candidates for asperities. Both areas are within the source region and both 
showed strain-releasing activity before and after the main shock. 

The Petatlan earthquake (Ms= 7.6) occurred on 14 March 1979 off the coast of 
Guerrero, Mexico about 200 km north-west of Acapulco. The epicentral region had not 
had a major earthquake in the previous 36 years and was designated as a seismic gap 

1 Hawaii Institute of Geophysics, University of Hawaii, 2525 Correa Road, Honolulu, Hawaii 96822 . 
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(MCCANN et al., 1979). The Petatlan earthquake is a low-angle thrust event typical of 
major earthquakes along the Middle America Trench associated with convergence of 
the Cocos and the North American Plates (MOLNAR and SYKES, 1969; CHAEL and 
STEWART, 1982). Long period WWSSN records indicate seismic moments of 2. 7 x 1027 

and l.O x 1027 dyne-cm for surface and body waves, respectively (CHAEL and 
STEW ART, 1982). 

Local seismicity before and after the Petatlan earthquake was monitored by 
portable seismographs from Hawaii Institute of Geophysics (HIG) and University of 
Wisconsin, Madison (UW) (EWING and MEYER, 1982; v ALOES et al., 1982; Hsu et al. , 
1983). The main shock was relocated by the HIG network at 17°27.2l'N, 
10 l 0 27.32'W about 10 km offshore (GETIRUST et al., 1981). Using UW stations, 
V ALOES et al. (l 982) located 255 aftershocks and outlined an aftershock region of 
6060 km 2 and a smaller region of concentrated aftershocks about 2620 km 2 inside the 

aftershock zone. They argued that this smaller region represents an asperity. Hsu et al. 
(1983) located 500 earthquakes during the 6 weeks before the main shock using HIG 
stations. They found four regions (Zones A, B, C and D shown in Figs. l and 6) of 
relatively higher seismic activity. One of them (Zone A) is 25 km east of the main shock 
epicenter and is within the eventual main shock source region. Events of Zone A 
followed a moderate size foreshock (Ms = 5.2, 28 February 1979) and showed 
migration of epicenters toward the main shock. 

In this paper we analyze the spatial and temporal distributions of 1355 earthquakes 
located by the HIG network covering the four-week period immediately following the 
main shock and compare them to the fores hocks. We also located 210 aftershocks 
using joint HIG and UW stations. These events show great improvement in 
constraining the depths of aftershocks. The two proposed asperities are inferred based 
on foreshock and aftershock correlation. Both are within the fault plane of the Petatlan 
earthquake, one beneath Zone A and the other beneath a region of about the same size 
containing the main shock epicenter. 

2. Aftershocks 

Figure l shows the 1355 HIG network located aftershock locations. A circular 
region about 6000 km 2 of concentrated aftershocks clearly defines the source region 
affected by the Petatlan earthquake. This region within the one-degree square 
(l 7-18°N, l01-l02°W) is essentially the same as the region defined by 255 
aftershocks located by UW stations (V ALOES et al., 1982). 

Additional groups of activity are found to the south-east and to the north of the 
Petatlan source region (Fig. I). These areas have been found to be more active before 
the main shock and were designated as Zones B, C, and D (Hsu et al., 1983). Zone D 
was very active before the main shock and its activity followed three moderate events in 
the Mexico Volcanic Belt (22, 26 and 28 February 1979, Hsu et al. , 1983). Zones B 
and C were also active before the main shock and their activities followed two moderate 
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Figure I 
Epicenter locations of 1355 earthquakes located by HIG stations (filled squares) occurring during the four 
weeks after the Petatlan earthquake. Symbols for different magnitude ranges will be· also used for the 
following figures. Enclosed areas B, C, and D contain activities that are also noted before the main shock. 

The shapes of the regions are outlined based on activities before the main shock. 

events near the Mexican coastline, which occurred on 26 January 1979 (Ms= 6.6) and 
11 December 1978 (Ms= 5.0), respectively (Hsu et al., 1983). VALDES et al. (1983) 
also observed the activities in Zones B and C after the main shock using UW stations 
and they speculate that these activities may be associated with seismic gap boundaries. 

We now examine the aftershock activity of the source region. Figure 2a shows 950 
aftershock locations within the one-degree square containing the source region. A 
two-group distribution of the aftershocks is obvious (Figs. 2a and 2b ). The western 
group contains the main shock epicenter and the eastern group covers the same region 
as the foreshocks (Zone A) defined by Hsu et al. (1983). The two-group pattern was 
found for the period of 54 hours immediately following the main shock (N OVELO

CASANOVA et al., 1984) and was checked by S-P time distribution (N OVELO

CASANOVA, 1983). We further found the pattern to hold for the entire four weeks after 
the main shock except for the first 9 hours when aftershocks occurred mostly in the 
western group (Fig. 3) . 
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(a) Epicenter locations of 910 earthquakes occurring within the one-degree square that contains the 
Petatlan earthquake source region. The main shock is denoted by the filled star. (b) Contour lines of 
numbers of events within each 0.1 degree square for earthquakes in (a). Contours start at 5 with a contour 

interval of 5. Peak values are 38 and 43 for western and eastern clusters. respectively . 
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Epicenter locations of 140 events that occurred in the first nine hours after the Petatlan earthquake . 

The epicenters shown in Figs. 1 and 2 are located only by HIG stations which 
spread over a larger area than the Petatlan earthquake source region. Expecting to 
better constrain the hypocenters, we have included aftershock data from UW stations 
located very close to the main shock epicenter. Figure 4 thus shows 210 aftershocks 
located by using combined HIG and UW data. These epicenters change very little from 
original HIG positions and maintain the two-group distribution. The depth deter
minations, however, improves significantly as shown in Fig. 5. The improved hypo
centers define a plane that dips about 14 degrees to the north-east consistent with 
the thrust angle obtained from WWSSN long period source mechanism (CHAEL and 
STEWART, 1982). This angle represents the subduction angle along this segment of the 
Middle America Trench. The south-western extention of this plane meets the trench axis 
indicating a constant subduction angle up to 100 km from the trench. 

The above result suggests that the more distant HIG stations have poor control of 
depth and tend to obtain shallower hypocenters by trading the depth for earlier origin 
time (Lienert, personal communication). Such station distribution was used for locating 
foreshocks which were found to be shallow and occurred mostly in the continental 
lithosphere. On the basis of combined HIG-UW network hypocentral depths (Fig. 5) 
we feel that the foreshocks are likely to occur also at the plate interface . 
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Figure 4 
Epicenter locations of 210 aftershocks that were located by joint HIG and UW stations. UW stations are 

shown as filled squares . 
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Figure 5 
Cross sections (A to A' , Fig. 4) showing hypocenters of events in Fig. 4. Upper plot shows depths by the 

HIG stations only and lower plot shows improved depths by joint HIG and UW stations . 
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3. Correlation offoreshocks and aftershocks 

The first clear correlation between the seismic activities before and after the Petatlan 
earthquake is of a regional scale. The regions active before the main shock (Zones A, B, 
C and D) are found to be also active after the main shock (Figs. 1 and 2). Zone A is 
undoubtedly related to the main shock source. The other three regions, however, are 
outside the main shock source region. Their activities diminished before the main shock 
and reactivated afterwards. The relations of these three regions to the Petatlan 
earthquake are not very clear and we consider that any connections to the Petatlan 
earthquake would be highly speculative at this time. In this study we concentrate on the 
6000 km2 source region of the Petatlan earthquake. 

An even closer correlation in seismic fore- and aftershock activity exists within the 
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Figure 6 
(a) Epicenter locations of local earthquakes occurring in the 14 days before the Petatlan earthquake. The 
enclosed region of concentrated foreshocks to the east of the main shock is Zone A (Hsu et al., 1983). 
Shaded region is an aseismic zone separating the fores hock and the main shock. (b) Contour lines for 
numbers of events within each 0.1 degree square for events shown in (a). Contour interval is 2 and peak 

values are 4 around the main shock and 16 for Zone A (after Hsu et al. , 1983) . 
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source region in terms of number of events and seismic energy release (Figs. 2, 6 and 7). 
The region of active foreshocks (the 28 February 1979 Ms = 5.2 event and its 
'aftershocks') continued to be the eastern group of concentrated aftershocks. The 
western region, which has fewer events (but relatively higher magnitudes) before the 
main shock, became the western group of concentrated aftershocks. In terms of energy 
release (Fig. 7) both the east and west regions have characteristic peaks before and after 
the main shock . 

FORESHOCKS 
:;. 24 

... " 
~2 

AFTERSHOCKS 

Figure 7 
Three-dimensional plots showing spatial distribution of energy release for foreshocks (events in Fig. 6a) and 
aftershocks (events in Fig. 2). Highest peak values are 24.31 and 163.9 ( x 1017 ergs) for foreshocks and 
aftershocks, respectively. Note that the two-peak configuration correlates well in spatial position. Both 

figures show views looking toward the continent . 

The activities of the eastern and the western regions are not parallel to each other in 
time. During the first 9 hours after the main shock the western region has much higher 
activity than the eastern region (Fig. 3). This is also demonstrated by the cumulative 
difference in energy release between the two areas (Fig. 8). Figure 9 shows the daily 
numbers of earthquakes from the time of the largest foreshock (28 February 1979) to 
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30 days after the main shock separately for each region. Clearly, the main shock 
induced a high number of aftershocks in the western region, while the eastern region 
had more of a constant activity with a fluctuation caused by the main shock. The 
difference in the level of aftershock activities induced by the main shock in the eastern 
and western clusters and the fact that the main shock occurred at the western region 
indicate that the main shock ruptured the western region but had less effect in releasing 
stress in the eastern region. Figure 9 remains valid if we also consider some aftershocks 
not located due to saturation of recording tapes in the first few hours after the main 
shock, because the saturation affected both regions equally. 
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Cumulative difference of energy release (west-east) between the two clusters of aftershocks. The curve is 
shown until 54 hours after the main shock. Note the dominance of energy release for the western group in 

the first 9 hours. 

A discrepancy seems to exist in correlating depths of foreshocks to depths of 
aftershocks in the eastern cluster. The foreshocks were reported to be shallower and 
spread throughout the continental lithosphere (Hsu et al., 1983), while aftershocks are 
confined along the Benioff Zone (Fig. 5). We showed in the previous section that 
combined HIG-UW aftershock data relocate shallow and scattered aftershocks to the 
Benioff Zone. Since foreshocks were recorded by HIG stations only, their shallower 
depths are likely an artifact of distant HIG stations. As a further qualitative check, the 
S-P time distributions for events of Zone A before and after the main shock were found 
similar at all stations. Therefore, we conclude that the foreshocks should also occur on 
the plate interface and that the correlation is valid . 
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Figure 9 
Seismicity level (shown by number of earthquakes per day) for the eastern and the western regions from the 
largest foreshock to four weeks after the main shock. Note that the main shock induced a large number of 

aftershocks in the western region but showed a lesser degree of effect on the eastern region . 

Within the source region of the Petatlan earthquake (area P, Fig. 10), our results 

show an interesting correlation between the foreshocks and the aftershocks. Based upon 
the assumption that aftershocks define the ruptured area, the observation suggests that 

two regions of higher friction are associated with the rupture plane and that these 

regions showed premonitory activities before the main rupture. Such an observation, 
however, is not unique. The Playa Azul, Michoacan earthquake (Ms = 7.3) of 

25 October 1981, which occurred in the neighboring seismic gap (area PA of Fig. 10), 
showed a strikingly similar pattern of foreshock and aftershock sequences (HAVSKOV et 
al. , 1983). For that event, aftershocks also cluster in two groups within the source 

region and the two-group distribution was verified by two peaks in the S-P time 

distribution of arrivals recorded at the local station ZIH. Foreshocks of this event could 

not be located, but S-P time analysis from ZIH indicated their possible presence in the 
same region as the western group of aftershocks (see Fig. 3 of HAVSKOV et al. , 1983). 

Several recent major earthquakes along the Middle America Trench have been 

monitored for detailed aftershock activity. These include the 1973 Colima earthquake 

(REYES et al., 1979), the 1978 Oaxaca earthquake (SINGH et al. , 1980), the 1979 
Petatlan earthquake (V ALOES et al., 1982; NOVELO-CASANOVA, 1984), and the 1981 
Playa-Azul earthquake (HAVSKOV et al. , 1983). Only the last two earthquakes show 

two-group aftershock distribution. As noted previously (Hsu et al., 1983), the Orozco 
Fracture Zone subducts along the portion of the Middle America Trench containing 

these two events' source regions (Fig. 10). Influence of the topography of subducted 

ocean floor in both main shock characteristics and seismicity patterns has been noted 
(VOGT, 1973; KELLEHER and MCCANN, 1976). As the Orozco Fracture Zone is a 
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Figure 10 

Simplified map showing tectonic features near the Petatlan earthquake epicentral region and some detected 
areas of earthquake activity. Source regions of the Petatlan earthquake and the Playa Azul earthquake are 
shown as region P and PA. Regions A, B, and C are areas of activity detected during the six weeks before 
and four weeks after the Petatlan earthquake. Solid dots I, 2, and 3 denote PDE locations of the 11 
December 1978 (Ms= 5.0), 26 January 1979 (Ms= 6.6) and the 28 February 1979 (Ms= 5.2) moderate 
events. Solid dot 3' is the alternate epicenter of Event 3 located by P arrival times at three HIG stations. 

(After Hsu et al. , 1983.) 

broad, rugged-surfaced feature, its subduction is likely to cause complex interaction 
between plates during major stress-releasing events. The regions of concentrated 
aftershocks are probably surface projections of high-friction spots along the Benioff 
Zone, which before being subducted were bathymetric highs (such as seamounts). 
These high-friction regions are interpreted as asperities as described in the following 
section . 

4. The two-asperity model 

We propose a simple two-asperity model to account for the observed foreshock and 
aftershock activities of the Petatlan earthquake. Two regions of higher friction exist 
within the slip plane of the Petatlan earthquake along the Benioff Zone (Fig. 11), 
probably as the result of subduction of seamounts. These two areas are of higher 
strength than surrounding areas and, therefore, represent asperities. The eastern 
asperity corresponds to Zone A and the western asperity corresponds to the region of 
the western cluster of aftershocks. Both asperities are also areas of stress concentration 
before the Petatlan earthquake because they are the major coupling spots between 
plates. The two asperities are not necessarily equal in strength. In this case, the eastern 
asperity is relatively weaker . 
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A schematic of the two-asperity model for the subduction of the Cocos Plate containing the Petatlan 
earthquake source region. The dashed line denotes a slipping front migrating from the south-east toward the 

north-west and is shown at the instant of meeting the eastern asperity to cause foreshocks. 

When the Petatlan earthquake became imminent after a period of accumulation of 
tectonic stress, the weaker eastern asperity first broke and released seismic energy 
causing earthquakes in Zone A. The eastern asperity, however, was not completely 
ruptured because the western asperity could still withstand the tectonic stress load_ 
Eventually, the main shock was initialized at the western asperity when its critical 
strength was reached. The main shock released stress in the entire source region and 
induced aftershocks concentrated at both asperities where the plates were strongly 
coupled . 

Following this model, the releasing of stress in the entire source region of the 
Petatlan earthquake really began with the largest foreshock (Ms= 5-2) which partially 
ruptured the eastern asperity. The stress at eastern asperity was released in two 
episodes, first by the largest foreshock and then by the main shock. It is hard to 
estimate exactly how much stress is released by the foreshock and how much by the 
main shock. However, a major portion should be released by the foreshock because the 
main shock did not induce a high number of aftershocks at the eastern asperity (Fig. 9). 

The stronger western asperity was ruptured during the main shock_ Several 
foreshocks did occur here. One of them with magnitude 3.9 occurred 28 minutes before 
the main shock at nearly the same spot (MEYER et al., 1980; Hsu et al., 1983). These 
events are likely small ruptures related to minor heterogeneities within the western 
asperify. 

5. Review of precursors 

Hsu et al. (1983) reported in detail the local seismicity during the six weeks before 
the main shock. It would be worthwhile to re-examine some of the features observed 
during that period in light of the proposed two-asperity model. 
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The most distinctive feature is the foreshock activity within Zone A following a 
moderate event of Ms = 5.2 on 28 February (dot 3, Fig. 10). With the two-asperity 
model, we explain this as a slip at the eastern asperity initializing the stress release of the 
entire source region. Some characteristics of this group of foreshocks are: ( l) the level 
of seismic activity did not decay like a normal aftershock sequence, (2) they are 
separated from the main shock by an aseismic zone of about 10 km wide (Fig. 6a) and 
(3) they migrated toward the main shock during the 14 days before the main shock. In 
terms of the two-asperity model, the rather constant level of activity probably is a result 
of the partial release of stress rather than a complete rupture at the eastern asperity. The 
aseismic zone, previously interpreted as a probable locked fault or region of high 
strength, is now better explained as a weak, uncoupled region between the two 
asperities. The foreshocks migrated westward toward the main shock with a velocity of 
about 1.1 km/day and the main shock occurred near the eastern edge of the western 
asperity (Fig. 2) at the time when the migrating foreshocks met the aseismic zone (see 
fig. 10 of Hsu et al., 1983). To explain this, we adopt the concept of a migrating slip (or 
stress) front across asperities (DMOWSKA and LI, 1982), in which a slip front migrates 
along plate boundaries and can be blocked or slowed by an asperity, causing precursory 
activities. We assume that a slip front has migrated from the south-east to the 
north-west across the Petatlan earthquake source region. It first met the eastern asperity 
to cause the foreshocks (Fig. 11) and when it passed over the eastern asperity it jumped 
over the weakly coupled zone and initialized the main shock at the eastern edge of the 
western asperity. The migration of slip front within the eastern asperity causes 
foreshocks to move toward the main shock . 

6. Discussion 

We have employed the concepts of asperity and migrating slip front to interpret the 
observed foreshock-aftershock correlation for the Petatlan earthquake. The designation 
of the two asperities is based on their concentrated seismic activities both before and 
after the main shock. The same method was used by V ALOES et al. ( 1982) to infer 
asperity location and size, but they argued that only one asperity existed within the 
Petatlan earthquake source region characterized by more concentrated aftershocks. 
This region is equivalent to our two asperities added together. We feel the region is more 
complicated based on analysis of a more complete list of aftershocks covering the time 
period immediately following the main shock. We also demonstrated that the two-group 
aftershock pattern remains true for selected high-resolution events located by joint HIG 
and UW data. Most important of all, we also base our conclusion on the foreshock 
distribution. 

KANAMORI (1981) and DMOWSKA and LI (1982) used asperity models to explain 
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the precursory doughnut-shaped seismicity pattern (Mom, 1969). The model of 
DMOWSKA and LI (1982) is of great interest in relation to this case study. In their 
model, a slip front progresses from the bottom of the lithosphere upward. When the 
front crosses an asperity, the edge of the asperity shows earthquake activity while the 

center of the asperity remains aseismic (forming a doughnut pattern). If the asperity is 

elongated in one direction foreshocks will occur at the two ends of the asperity and the 
disclosed precursory pattern will look very much like foreshock pattern for the Petatlan 
"earthquake (compare fig. 2 of DMOWSKA and LI, 1982 with Fig. 6). HAVSKOV et al . 
( 1983) argued that the two groups of aftershocks of the Playa Azul earthquake may 

occur at the edges of one rupture area or representing two asperities. Our main reason 

for rejecting the one-asperity possibility is that the two-group pattern persisted until 
after the main shock. If the single asperity model were used and the asperity were 
ruptured completely, one concentrated group of aftershocks would be expected. Our 
simple two-asperity model, however, accounts for both the foreshock and the 

aftershock spatial occurrence. 

The 'second assumption we have made is a stress migration from the south-east to 

the north-west across the Petatlan earthquake source region. The concept has been used 
by many investigators (TURCOTTE and SPENCE, 1974; SAVAGE, 1975; STUART, 1979, 

PRESCOTT and NuR, 1981; LI and RICE, 1980; NUR, 1981) to model the earthquake 

rupture process at plate boundaries. They showed that the rupture process starts at the 

bottom of the lithosphere and that the slip front propagates upward along the plate 

contact zone perpendicular to the trench. In our application, the slip front moves 
parallel to the trench. It is not implied that the major stress is acting parallel to the 
Middle America Trench. In fact, the tectonic stress is perpendicular to the Middle 
America Trench as evidenced by the thrust mechanisms of the Petatlan earthquake 

(CHAEL and STEWART, 1982) and the Playa Azul earthquake (HAVSKOV et al., 1983). 
We infer that the migrating slip front is probably caused by a small component of the 

tectonic stress not balanced because of the heterogeneity introduced by the Orozco 

Fracture Zone. 
The observed Petatlan earthquake foreshock activity may serve to characterize 

some of the properties associated with asperities. As HABERMANN ( 1983) pointed out, it 

has been unclear whether an asperity would cause quiescence due to high strength or 

cause seismic activity due to high stress before the main shock. Previous studies 

suggested quiescence within the asperity due to high strength, while foreshocks occur 

around it (KANAMORI, 1981; DMOWSKA and LI, 1982) at the weaker edge. In our case 

study, we have observed foreshock activity associated with the asperities before the 

main shock. Quiescence, however, was also noticed for the same area (Zone A) before 
the foreshock sequence while an adjacent region (Zone B) was active (Hsu et al., 1983). 
We have not, however, been able to observe a doughnut-shaped pattern, perhaps 

because the size of the asperities is small and/ or because the HIG network did not have 

enough resolution to outline it. The answer to the question of quiescence or activity is 
probably 'yes· for both cases depending on the stages of the stress environment. 

86 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

V. Hsu, C. E. Helsley, E. Berg and D. A. Novelo-Casanova PAGEOPH, 

Acknowledgments 

The authors wish to thank R. P. Meyer and C. Valdes for providing UW aftershock 
data and E. Herrero for assistance in data processing. We also thank G. Purcaru, R. 
Pujalet and the two anonymous reviewers for reviewing the manuscript and providing 
helpful comments. This work is supported by the National Science Foundation grant 
EAR82-13029. Hawaii Institute of Geophysics Contribution 1523 . 

REFERENCES 

BAKUN, W. H., STEWART, R. M., BUFE, C. G., and MARKS, S. M. (1980), Implication of Seismicity for 
Failure of a Section of the San Andreas Fault, Bull. seism. Soc. Am. 70, 185-201 . 

BYERLEE, J. D. (1970), Static and Kinetic Friction of Granite Under High Stress, Int. J. Rock Mech. Min. 
Sci. 7, 577-582. 

CHAEL, E. P., and STEWART, G. S. (1982), Recent Large Earthquakes Along the Middle American Trench 
and Their Implications/or the Subduction Process, J. geophys. Res. 87, 329-338. 

DMOWSKA, R., and L1, V. C. (1982). A Mechanical Model of Precursory Source Processes for Some 
Large Earthquakes, Geophys. Res. Lett. 9, 393-396. 

EBEL, J. E. (1980), Source Processes of the 1965 New Hebrides Islands Earthquakes Inferred from 
Teleseismic Waveforms, Geophys. J.R. astr. Soc. 63, 381-404. 

EWING, J. I., and MEYER, R. P. (1982), Rivera Oceanic Seismic Experiment (ROSE) Overview, J. 
geophys. Res. 87, 8345-8357. 

GETTRUST, J. F., Hsu, v., HELSLEY, c. E., HERRERO, E., and JORDAN, T. (1981), Patterns of Seismicity 
Preceding the Petatlan Earthquake of 14 March 1979, Bull. seism. Soc. Am. 71, 761-770. 

HABERMANN, R. E. (1984), Spatial Seismicity Variations and Asperities in the New Hebrides Seismic 
Zone, J. geophys. Res. 89, 5891-5903. 

HAVSKOV, J., SINGH, s. K., NAVA, E., DOMINGUEZ, T., and RODRIGUEZ, M. (1983), Playa Azul, 
Michoacan, Mexico, Earthquake o/25October1981 (Ms= 7.3), Bull. Seism. Soc. Am. 73, 449-457. 

Hsu, V., GETTRUST, J. F., HELSLEY, c. E., and BERG, E. (1983), Local Seismicity Preceding the March 
14, 1979, Petatlan, Mexico Earthquake (Ms= 7.6), J. geophys. Res. 88, 4247-4262. 

JONES, L., and MOLNAR, P. ( 1979), Some Characteristics of Fores hocks and Their Possible Relationship to 
Earthquake Prediction and Premonitory Slip of Faults, J. geophys. Res. 84, 3596-3608. 

KANAMORI, H., The Nature of Seismicity Patterns Before Large Earthquakes, in Earthquake Prediction 
(ed. D. W. Simpson and P. G. Richards) (Washington 1981), pp. 1-19 . 

KANAMORI, H., and STEWART, G. S. (1978), Seismological Aspects of the Guatemala Earthquake of 
February 21.1976, J. geophys. Res. 83, 3427-3434. 

KELLEHER J., and McCANN, W. (1976), Buoyant Zones. Great Earthquakes and Unstable Boundaries of 
Subduction, J. geophys. Res. 81, 4885-4896. 

LAY, T., and KANAMORI, H. (1980), Earthquake Doublets in the Solomon Islands, Phys. Earth Planet. 
Inter. 21, 283-304. 

LAY, T., KANAMORI. H., and RUFF, L. (1982), The Asperity Model and the Nature of Large Subduction 
Zone Earthquakes, Earthquake Prediction Research 1, I-71. 

L1, V. C., and RICE. J. R . (1980), Time-dependent Tectonic Scale Earthquake Instability Model for a 
Strike-slip Boundary, EOS, 61, 1050. (full manuscript in preparation). 

MCCANN, W.R., NISHENKO, s. P., SYKES, L. R., and KRAUS, J. (1979), Seismic Gaps and Plate Tectonics: 
Seismic Potential for Major Boundaries, Pure appl. Geophys. 117, 1087-114 7. 

MEYER, R. 0., PENNINGTON, W. 0 ., POWELL, L. A., UNGER, W. L., GUZMAN, M., HAVSKOV, J., SINGH, 
S. K., V ALOES, C., and YAMAMOTO, J. (1980), A First Report on the Petatlan Guerrero, Mexico 
Earthquake of March 14, 1979, Geophys. Res. Lett. 7, 97-100 . 

87 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

Vol. 122, 1984/85 Correlation of Foreshocks and Aftershocks and Asperities 893 

Mom, K. (1969), Some Features of Recent Seismic Activity In and Near Japan. (2) Activity Before and 
After Great Earthquakes, Bull. Earthq. Res. Inst. Tokyo Univ. 47, 395-417 . 

MOLNAR, P., and SYKES, L. (1969), Tectonics of the Caribbean and Middle America Regions from Focal 
Mechanisms and Seismicity, Bull. geol. Soc. Am. 80, 1639-1684. 

NovELO-CASANOVA, D. (1983), First 54 Hours of Aftershocks of the 1979 Petatlan, Mexico, Earthquake, 
Master Thesis, University of Hawaii. 

NOVELO-CASANOVA, D. A., Hsu, V., BERG, E., HELSLEY, c. E., and GEITRUST, J . F. (1984), Aftershock 
Activity of the Petatlan Earthquake: The First 54 Hours, Bull. seism. Soc. Am. 74, 2451-2461. 

NuR, A., Rupture Mechanics of Plate Boundaries, in Earthquake Prediction (ed. D. W. Simpson and P. G. 
Richards) (Washington 1981), pp. 629-634 . 

PRESCOTT, W. H., and NuR, A. (1981), The Accommodation of Relative Motion at Depth on The San 
Andreas Fault System in California, J. geophys. Res. 86, B2, 999-1004. 

REYES A., BRUNE, N., and LoMNITZ, C. (1979), Source Mechanism and Aftershock Study of the Colima, 
Mexico Earthquake of January 30, I973, Bull. seism. Soc. Am. 69, 1819-1840. 

SAVAGE, J. C. (1975), Comment on an Analysis of Strain Accumulation on a Strike Slip Fault, J. 
Geophys. Res., 80, 4111-4114. 

SCHOLZ, c. H., and ENGELDER, J. T . (1976), The Role of Asperity Indention and Ploughing in Rock 
Friction. I. Asperity Creep and Stick Slip, Int. J. Rock Mech. Min. Sci. 13, 149-154. 

SINGH, s. K., HAVSKOV, J., MCNALLY, K., PONCE, L., HEARN, T., and VASSILIOU, M. (1980), The Oaxaca 
Mexico, Earthquake of 29 November 1978: A Preliminary Report on Aftershocks, Science 207, 
1211-1213. 

STUART, W. D. (1979), Strain-softening Instability Mode/for the San Fernando Earthquake, Science 203, 
907-910. 

TURCOTTE, D. L., and SPENCE, D. A. (1974), An Analysis of Strain Accumulation on a Strike-slip Fault. J . 
geophys. Res. 79, 4407-4412. 

VALDES, c., MEYER, R. P., ZUNIGA, R., HAVSKOV, J., and SINGH, s. K. (1982), Analysis of the Petatlan 
Aftershocks: Numbers, Energy, Release, and Asperities, J. geophys. Res. 87, 8519-8527. 

v ALOES, c., MEYER R. P., and MAHDYIAR, M. (1983), The Pattern of Earthquakes in Seismic Gaps 
Adjacent to the Petal/an Earthquake Zone, EOS 64, 264. 

VOGT, P. R . (1973), Subduction andAseismic Ridges, Nature 24I, 189-191. 
WESSON, R . L., and ELLSWORTH, W. L. (1973), Seismicity Preceding Moderate Earthquakes in 

California, J. geophys. Res. 78, 8527-8546 . 
WYSS, M., and BRUNE, J . (1967), The Alaska Earthquake of28March1964: A Complex Multiple Rupture, 

Bull. seism. Soc. Am. 57, 1017-1023. 
WYSS, M., WILSON, M., ZUNIGA, R., HARVEY, D., and KOYANAGI, R. (1983), Four Types of Precursors to 

an M = 7.2 Earthquake and Their Relationship to the Multiple Main Rupture (abstract), presented at 
IASPEI, XVIII General Assembly, Hamburg, Federal Republic of Germany . 

88 



• 
89 

• 

• 

• 

• Appendix C.3 

Time-space variation of seismic S-wave coda attenuation (Q -l) and 
c 

• magnitude distribution (b-values) for the Petatlan earthquake by D. A • 

Novelo-Casanova, E. Berg, V. Hsu, and C. E. Helsley (1985) • 

• 

• 

• 

• 

• 



• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

GEOPHYSICAL RESEARCH LETTERS , VOL . 12, NO . 11, PAG ES 78 9- 792 , NOVE~IH ER 1985 

TIME-SPACE VARIATION OP SEISMIC S-WAVE CODA ATTENUATION (Q -l) AND 
MAGNITUDE DISTIIBUTIOll Cb-VALUES) FOR THE PETATLAll EAllThQUAKE 

D. A. llovelo-<:aaanova, !. Berg, V. Bau, and C. !. Belaley 

Hawaii Inatitute of Geophysics 
Univeraity of Hawaii, Honolulu, Hawai i 96822 

Ab•tracg. Average S-wave coda-Q (Q ) at 6 Bz 
and to about 10 sec after the S-vave •~rival 
shows: (1) t .. poral variation poaitively 
correlated with the ... nitude distribution 
par .. eter b for foreahocka and af terahocka of the 
1919 Petatlan, Me.zico earthquake; (2) spatial 
variat i on tbrouah the aftershock area, positively 
correlated with b, hi&h Q -b value• at the two 
activity centers, inte~iate values in between 
and landward, and low value• toward the Middle 
America Trench, which r ... in low for two weeks 
after the .. in ahock; aDCl (3) five-foreahock 
average Qc• 135!_1.6% and eleven-aftershock 
average Qc• 175!_1.3% for the eastern asperity. 
The b valuea~and poaaibly Q valuea~ae .. to 
correlate with the level of ltterahock activity. 

Introduction 

A wavelet propagatin& frn a (point) source in 
a meciiua that include• diatributed velocity 
heteroeeneitiea ia partially reflected or back
acattered at each euch heteroseneity. A wavelet 
once or 90re scattered will arrive at a receiver 
after the direct wavelet, and llllDy such wavelet• 
reflected fro11 diatributed acatterera will arrive 
at different tillea after the direct one, and tbua 
fora • decayin& tail. Such a tail ia called a 
coda in aeia90lo1y. Seiaaic shear wavea Cs
.wave•) are followed by coda wave• (S-cocla wavea) 
on aei..,&r ... and have been atudiecl for source 
receiver diatancea of le•• than 1000 'ka [Aki, 
1969; Aki and Cbouet, 1975; butian and 
Kbalturin, 1978; Berr1111nn, 1980; Sinab and 
Berraann, 1983; otbera). Prn the propertiea of 
the S-wave coda, Aki (1969), Aki and Cbouet 
(1975) and Sato (1977) have evolved th• back
acatterin& 90clel. PrDll the obaervation that s-

. wave and S-cocla waves have similar frequency 
dependence, Aki (1981) concluded that S-coda 
wave• are S-to-S back-scattered wavea. 

Oae can expect frn 90clel experiment• by 
Stewart et al. (1983) that the velocity contrast 
of the heterogeneities variea with applied 
strain , and chanae• the rate of decay of the s
wave coda characterised by the quality factor Q • 
The S-wave coda Q have been found to be c 
different for foriabock• and aftershock• [Aki, 
1983; Jin, 1984) and therefore are recoanised aa 
a valuable earthquake prediction tool. 

Aki (1983) augaeated that S-cocla wave studies 
be extended to other are .. for a better 
underatandiq. Here, - extend the knowled&e to 
a different tectonic aettiq, a .. jor plate 
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boundary of low-angle subduction . We not only 
ex .. ine the difference• in S-vave coda Q for 
foreabocka and aftershocks , 10 importantcfor 
prediction, but also analyze Qc for different 
parts of the aftershock zone and relate Q to 
another qualitative atreaa indicator, tbecb-value 
(of the cu1111lative earthquake .. gnitude 
distribution). The resulting qualitat i ve mapping 
of atre•• ia important for understanding its 
release during the after1hock 1equence. 

Foreahocka and aftershocks of the March 14, 
1979, Petatlan earthquake (M • 7.6) have been 
extenaively 1tudied [Valde1 :t al., 1982; Bou et 
al., 1983; Novelo-<:a1anova et al., 1984; Bau et 
al., 1985; otber1) . In tbia paper we ex .. ine 
apace and time variation of Q and b values by 
comparing the average Q of five foreahocka with 
that of eleven afterabo&.1, all located in • 
... 11 8 ka x 8 'ka area. We further d..onatrate • 
poaitively correlated spatial variation of 
average Q and b values (Fi&ure1 l and 2) throuah 
the afterihock area. Although in tbi1 paper Q 
baa been analysed only at 6 (!_ 2) Bs, in a c 
1ubaequent paper we will follow up with temporal 
and 1patial analyaea at different frequencies and 
diacuaa the relationahip to atre•• drops. 

Data and Method of Analysis 

The data were recorded on analog magnetic tape 
by the Hawaii Institute of Geophyaica (BIG) 
durin& the Rivera Ocean Seiaaic Experiment (ROS!) 
project [Evins and Meyer, 1982). Gettru•t et al. 
(1981) and Bau et al. (1983) describe stations 
and recordin&, and proceaaina of data. Sampling 
rate• froa the analog to digital tape• -re 
38/aec for station 119 and 50/aec for station 
104 • 

Variation• of b were obtained froa the 1166 

~!::~:!0~!:~::°~~~ :! ~:gNe~1 ioiA:8~l ~~~0w • 
Value• of b ere eati.aated of the ne&ative slope 
of log of cumulative nu.ber of events verau1 
.. gni tude by leaat aquarea fit to the .. gnitude 
ranae froa 3.1 to 4.0 . The time 1equence (Figure 
3) used 50 event• for each point and the spatial 
coverage uaed all event• in each of the 
rectuigular area• of Figure l in the ... nitude 
rana•· 

Q valuea were deterained, following the 
ain&fe acatterin& 90del of Sato (1977), by a 
leeat square• fit to a line : 

where 2 

(1) 

y(x)• log {[A max/A (x)) K(a)} 
x • t-t r. t ieaaured from origin time 
2.73• 2w(l3a e) • 
1 • center frequency 
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17.lN'----------------------' 
101.IW loo.IW 

Fig. 1. The atar indicate• the epicenter of the 
aain shock. The solid squares indicate location• 
of station• 104 and 119. llwabera in the (lover 
left corner of the) open rectan1lea are b value! 
for aftershocks located there. Dashed 8 z 8 km 
aquarea A, I, C, E, F contain the events (open 
di&110nda) for which coda wave amplitudes have 
been averaaed for coda-Q (Q ) (at 6 Rs). Qc ia 
indicated neat a dot-daahedcaeg .. nt of the 
ellipH that corraapoada to· the first 10 sec of 
S-coda and the station and the center of the 
square aa the foci. The dotted sector eaanating 
froa a square (aey F) away froa the station (aay 
104) and bounded by the ellipse contain• mooat of 
the scatterer• that contribute to the Q 
indicated (aay 140). Scatterers for ar~a F 
earthquake• and station 104 are therefore located 
in the rectangle with ab• 1.32. Rote the high 
Q • 210, high b• 2.14 for the area C and atatioa 
164 corresponding to a high aei .. icity soae, and 
the low Q • 92, low b• 1.20 combination for area 
C and ata£ioa 119 for scatterer• located at the 
treachward periphery of the aftershock region. 

K(a)• (l/a) la [(a+l)/(a-1)) a• t/ta 
A , A • aaplitudea l•ee below) 
c• •clog (1111• u)• constant, here 
n • number of scatterer• per unit vol1111e 
a • averaae croaa section of scatterer• 
v

8 
shear wa.e velocity 

u • source radiation tiae duration 

For a derivation of (1) see Pulli (1984). 
To obtain 8088 spatial resolution we 

restricted the .. aaureaenta of coda amplitude• to 
approziaately the first 10 aec following the S 
arrival . The early coda here ia dominated by 
single-scattered wa.e• [Gao et al., 1983). After 
the b variation (in Figure 1) was determined, the 
8 km x 8 km source square• were selected ao that 
at least part of the S-to-S backscatter would be 
generated near the source, moat of it inside the 
areas covered by the b-value analysis. Por a 
1iven source aquare-atetioa cOllbinatioa, t-t to 
10 aec and v • 3.5 ka/aec, S-to-8 acatterera8 are 
then located8 inaide an ellipsoid (with source and 
station aa focal points) with the major azia 
reaching to about 20 km away (more ezactly 10 aec 
x v /2) froa the source opposite the direction of 
the 8 atation [Pulli, 1984). Tbua the S-coda of 
the three eveata in F (Figure 1) recorded at 104 
are preaull&bly generated in the area between the 
center of the square and the ellipse'• arc to the 

NW of F, yielding the Q of 140 and associated 
with the b value of 1.32 for the rectangular area 
aurrounding the acatterer location. 

Verticll.. unaaturated record• of event• vith 
good aigaal-to-noiae ratios were selected at 
stations 104 and 119 to determine Q • iecorda 
were band-pass filtered at 6 (,t 2) fiz with a 
three-pole phase-free Butterworth filter, then 
rectified and smoothed by use of a 1.0-sec 
interval sliding window centered at t-t • The 
background noise preceding each earthqulke for 
about 15 aec was processed ia a similar manner 
and subtracted froa the rectified (coda+aoiae) 
aaplitude to obtain [A (t-t )]. The maximum S
wave amplitude [A mazlcwaa o8taiaed from the 
mazimus peak-to-p:ak amplitude of the filtered 
record. 

Event data averaged over different azimuths 
froa the atatioaa should be used to diminish 
radiation pattern influence, an effect not fully 
ezcluded here. It aeeaa, however, that Q 
variation is mostly near the sources , parEially 
because of the good correlation with b-valuea, 
although we have no ezplanatioa for thia at 
present. We believe that our Q estimate• are 
reliable because the Q • 239 fo~ aiz randomly 
distributed afterahocki is practically identical 
to that (Q • 249) reported (froa University of 
Wiacoaain ~ecorda) by iodrigues et al. (1983). 

ieaulta 

Table 1 aum11&riaea Q Cat 6 Rs and for the 
first 10 aec of coda wa~e• following the S · 
arrival) obtained froa the indicated source area
atatioa combination and the b valuea 110at cloaely 
aaaociated with the Q for the afterahocka. The 
% error of Q ia atri~tly the % error of l/Q 
obtained by iividing one ataadard deviation &f 
the •lope of equation (1), i.e., (2.73P/Q ) by 
2.73F. The aenerally low, le•• than!. 5%~ error• 
ae .. to be an effect of the rectifying and 
8900thiag of the data and averaging over a number 
of eveata. Aa ia evident froa Figure 1, more 
than one area analysed for b values contribute• 
acatterera for a 8 lua z 8 km square and atatioa 
combination Q • For ezaaple, Q (aquare A, 
atation 104)•cQ (A,104)• 135 dr~wa oa scatterer• c 

+ 
Ce + f - -t-

- ...._ 
t.2 u :z.o 2.4 

b 
Pia. 2. Spatial Q veraua b for aftershocks (see· 
Figure l and tezt £or more detail). Error bars 
are one standard deviation oa either aide • 
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2.2 

f f -u t 
b U· 

, 
200Q, 

t £ ,J 
1.0- -

10 100 -HOURS AFTER MAIN SHOCK 

Fig. 3. Afterahocka b mid Q valuea veraua tllie. 
Tbe b value• (apeu aquarea) i.re obtained from 
aeta of SO earthquake• in the aaguitude range 
froa 3.1 to 4.0. Error bara are one atandard 
deviation on either aide of the actual value. Qc 
value• (aolid aquarea) vere eatiaated from all 
afterabocka in aquare I (Figure l). Tbe numeral• 
are the nllllbe~ of eYeDt• averaged to coapute Qc. 

in the area lftl of A (b• 1.61) •• well aa 
acatterera in the area SW of A (b• 1.24) (Table 
1) mid therefore the Q ae•• aomevbat lo-r than 
Q (1,104)• 175 and thecvery coapatible Q (!,119)• 
liO for 110atly the area b• 1.61 and partially 
area b• 1.44. !laking auch qualitative 
adjuat.enta (in b) for Q -b pair• in Figure 2 
would llOve all point• cl&aer to a atraight line. 
leverthele••• Figure 2 clearly ahowe that large 
Q are aaaociated with large b and aaaller Q are 
aiaociated with aaall b valu••· We further iee 
froa Figure l that (a) the two higheat Q -b areaa 
(210, 2.14, and 175 or 160, 1.61) correa~oad to 
tboae of ll&Jtiam afterebock activity [lovelo
Caaanova et al., 1984; Hau et al., 1985), (b) 
intermediate b value• are fouad bet-•n theae two 
area• and landward in the peripheral afterahock 
zoue (Q • 140), &ad (c) the loveat value• are in 
the treichward peripheral zoue Q (C,119)• 92 and 
b• 1.20 &ad 1.24. We note that ie found b value• 
aa low aa 1.0 for alightly different daarcatiou 
of thia treuchward afterahock area (vbich would 
put the loveat point in Figure 2 farther to the 
left~alao cloaer to a atraight line fit). 

10000 ~ • 

1000~•1"• -v 
100 t 

10 

FORESHOCKS 

10000 

AFTERSHOCKS 

10+-~~..-~~~~~~~~~~ 

0 10 " 20 25 
t-t, 

Fig. 4. Observed average y(x) (log scale) versus 
x (oee text) for five foreshocks and eleven 
afterahoc~a located within oquare B of Figure 1. 
The arrow1 indicate the interval• over which the 
olopea were calculated to compute Qc • 

* TULi 1. Spatial diatribution of QC and b valuu 

Bos Sta- -." QC~ % b adj a- Depth, "t.· 
tioa value ceDt b avs • &VI• 

value (ka) 

.Utereboclr.a 

A 104 6 135 2.0 1.61 (1.24) 21.1!_6.7 2.~0.4 
I 104 11 175 1.3 1.61 (1.44) 15.9 6.3 2.6 0.2 
c 104 4 210 4.6 2.14 (l .20) 9.6 S.8 2.6 0.6 
c 119 3 92 4.4 1.20 lS.7 4.7 2.5 0.2 
I 119 s 160 9.7 1.61 (1.44) 17.6 1.8 2.0 0.2 
r 104 3 140 3.2 1.32 8.0 3.7 2.3 0.3 

roreaboclr.a 

I 104 s 135 1.6 1.18 

* AC 6 Ba aad for vavea to approsiaately 10 aec 
after the S-vave arrival • 

• ..... er of event• in each boa • 
@ b-value froa lau et al. (1983). 

Figure 3 abova the tiae variation of 
afterabock b &ad Q value• for the full one
degree aquare. Tocallow for Qc averagiug over at 
leaat two eveuta, only the eleven aquare B event• 
could be uaed, begi11Diug 1ome 100 hr after the 
aaiDabock. The reaultiug four aeparate Q valuea 
ae .. to track the b valuea quite well, i.~ •• a 
poaitive correlation. We note alao a low b value 
(1.1) around 10 hr at approsiaately the ti.me when 
aeiaaicity iucreaaed in the eaatern portion and 
the high value at 20 hr vben activity ahifted to 
the veatarn aide of the af terahock zone [Movalo
Caaanova at al., 1984; Hau et al., 1985). 

Diacuaaion and Concluaioua 

Q of the afterahocka near Stone Canyon, 
Cali~ornia, decreaaed monotonically over one year 
and te.poral variation• vere atrougeat at the 
higbeat frequenciea [Cbouet, 1979). In the South 
Carolina coaatal plain, an initial iucreaae iD Q 
(by about 3 at 10 la) with an increaae in c 
aei .. icity waa followed by a return to the lover 
value• within the nest year [lhea, 1984). 

Laboratory esperiaeuta on pulse tran1miaaiou 
iD dry aandatone show an iDcreaae in shear wave Q 
with coufiniug_,resaure P and linear increaae in 
attenuation (Q ) with large and increasing pulse 
aaplitudea at couatant P, an iucreaae that is 
atrouger at lover P in the poroua media but is 
not diaplayed in media without crack• or poro1ity 
(Stewart et al., 1983). 

Aa iDcreaaed atrain and crack deuaity reault 
in lower Q , the iDcreaaed crack deuaity (denaity 
of 1catterlra) alao reaulta in lover Q • Aa 
crack deuaity iucreaaea with applied 1freaa (at 
low enough P) (Brace et al., 1966) and b value• 
are lover at higher atresa for earthquake• [Berg, 
1968) and in laboratory meaauremeuta [Scholz, 
1968), a poaitive correlation between Q and b 
can be explained (Aki, 1983) by prefere&tial 
opening and clo1ing of larger sized and larger 
aspect ratio cracks. This positive, spatial and 
temporal correlation is here demonstrated by data 
in Figure 2 and Figure J. 

Finally, Figure 4 · 1hova the average ..,plitude 
function curve1 for five fore1hock1 and eleven 
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aftershocks, all located in square B. The 30% 
change from the foreahock Qc• 135zl.6% to the 
afterahock Q • 175zl.3% (for the record length up 
to the arrovi) aeemo to be real aincc the 
calculated error• arc lcaa than 2%. !lo tmoporal 
forcahock Q variation could be obacrved during 
tbe tvo vceia preceding the aain •bock. 

The po1itivc apatial and temporal Q -b 
correlation and the lover fore1hock Q cthan 
after1hock Q found here for the Middl~ America 
Trench aubdu~tion &one have been obaerved in 
other tectonic enviroaent• (Aki, 1983; Jin, 
1984). Our obacrvation1 reinforce the hope• of 
uaing tbe abear wave coda meaaurement1 •• a 
valuable tool for earthquake prediction. 

In conclu1ion, ve found (for a coda length to 
10 1ec after the S vave and at 6 Hz): (1) a lover 
five-fore•hock Qc• 135zl.6% than eleven
afterahock Q • 175 ± 1.3% for earthquake• in 
the Middle ~rica Trench 1ubduction &one; (2) 
aftcr1hock Q varica froa 92 to 210, correlating 
vith the b viluc1. Tbe Q -b value• are hich••t 
for the tvo area• of 110•tcinten1e after•bock 
activity, lovc•t for the trenchvard peripheral 
&one, and intenoediatc value• for the landward 
periphery and between the tvo area• of hish 
activity; and (3) the Q -b 1patial di1tribution 
indicate• that relativefy high 1tre1a la.el• 
prevail trencbvard of the afterabock area tvo 
veek• after the aain 1bock. 
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HIGH-FREQUENCY SEISMIC CODA AND SCATTERING IN THE 
NORTHWEST PACIFIC 

BY DAVID A. NOVELO-CASANOVA AND RHETI BUTLER 

ABSTRACT 

Data from a 1500-km linear ocean bottom hydrophone array deployment near 
Wake Island by the Hawaii Institute of Geophysics are used to examine seismic 
coda and scattering in the northwest Pacific. Two earthquakes in the Kuril Islands 
that occurred along the trend of the hydrophone array are analyzed in the distance 
range 2700 to 3700 km. The coda of the oceanic S waves (1.5 to 20 Hz) display: 
(1) a constant decay rate independent of distance, and (2) an increasing coda 
energy falloff rate with increasing frequency. Both of these observations suggest 
that substantial scattering is not occurring in the propagation along the array. 
The properties of the oceanic S coda are relatively stable when the propagation 
paths are nearly the same. The observations are consistent with coda generation 
dominated by back-scattering in the source region rather than from forward
scattering along the propagation path. 

INTRODUCTION 

During the past few years, extensive studies (Aki, 1969; Aki and Chouet, 1975; 
Sato, 1977; Tsujiura, 1978; Roecker et al., 1982; and others) have shown that many 
characteristics of the coda waves for local earthquakes can be explained by single 
scattering of S waves. Single forward-scattering is defined as one scattering inter
action that occurs in between the source and receiver. Single back-scattering is 
when one scattering interaction occurs behind the source (or receiver) . If more than 
one scattering interaction occurs, the process is called "net forward-scattering" and 
"net back-scattering", respectively. Aki (1981) concluded that coda waves consist of 
S -to-S back-scattered waves from many randomly distributed heterogeneities in the 
lithosphere. These results were based on the single-scattering theory of Aki (1969) 
and Aki and Chouet (1975) . The theory considers a weakly scattering medium 
where the seismic energy in the coda are back-scattered S waves that have undergone 
loss by anelastic attenuation during propagation with only one scattering interac
tion. Amplitudes of coda waves are frequency-dependent but their decay rate is 
independent of the path and source-to-receiver distance (Aki and Chouet, 1975; 
Rautian and Khalturin, 1978). Q values determined from coda waves (coda Q) 
change regionally with tectonic activity, gradually increasing from active to stable 
areas (Pulli and Aki, 1981; Singh and Herrmann, 1983). 

Progress in understanding the characteristics of transmission of coda waves and 
the properties of coda Q has been based on modeling S coda at local and regional 
epicentral distances (less than 1000 km). Few studies, however, have been done at 
large source-receiver distances (such as teleseismically recorded P and S and the 
oceanic P and S). Aki (1982) observed that the characteristics ofteleseismic P coda 
from an underground nuclear explosion had a remarkable stability among different 
stations as opposed to the great variability of the direct P wave. Aki suggested that 
this insensitivity to different wave paths could be explained if the P coda are 
composed of scattered waves from a large number of scatterers having similar cross
sections. Der et al. (1984) showed that the Lg coda is generated by processes more 
complex than the single-scattering mechanism. On the basis of numerical experi
ments, Richards and Menke (1983) pointed out that waves propagating over a long 
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path in a purely elastic medium with a heterogeneous velocity structure suffer major 
cumulative effects even when the scale of the typical fluctuation is less than a 
wavelength. Menke and Chen (1984) suggested that most scattering interactions 
affecting the coda falloff rate are net forward-scattering and single back-scattering 
when the source and receiver are widely separated. They observed that, in the 
forward scattered case, the frequency dependence of the coda falloff rate is opposite 
that of the back-scattered coda. For forward-scattering, the lowest frequencies fall 
off fastest. 

A substantial body of research concerning scattering and wave propagation on 
the moon has been published (e.g., Dainty and Toksoz, 1981; Nakamura and 
Koyama, 1982; and many references cited therein). On the moon, seismic wave 
propagation is dominated by scattering. Some comparisons between oceanic S coda 
and lunar observations are discussed in upcoming sections. 

In the summer of 1981, the Hawaii Institute of Geophysics (HIG) deployed a 
1500-km linear array of ocean bottom hydrophones (OBHs) near Wake Island to 
record long-range, high-frequency oceanic P and S phases from Pacific island-arc· 
earthquakes. The geometry of the array and epicenters of earthquakes recorded 
during the OBH deployment are shown in Figure 1. Data obtained from the OBH 
deployment have been analyzed to determine characteristics of the oceanic P and 
S phases including: travel time and apparent velocity (McCreery and Walker, 1982; 
Butler, 1985); anisotropy (Butler, 1985); and attenuation (McCreery and Walker, 
1982; Butler et al., 1985). 

Two earthquakes in the Kurils (numbers 1 and 2 in Figure 1) occurring within 7° 
of the trend of the linear OBH array afforded a unique opportunity to look at the 
evolution of oceanic S coda. The distances involved are substantial: 2700 to 3700 
km. The larger event (number 1 in Figure 1) with mb = 6.6 was recorded by all of 
the OBHs, while the smaller mb = 5. 7 event was well recorded by only the first two 
OBHs. By studying the evolution of the oceanic S coda for these two events, some 
clues to the nature and characteristics of high-frequency scattering in the Pacific 
lithosphere may be obtained. To characterize the coda, some parameterization must 
be chosen, and to this end the method of Aki and Chouet (1975) was used. It should 
be noted, however, that in our application of the Aki and Chouet analysis, two 
assumptions are violated. First, our sources are too large and second, our distances 
too great. For the frequencies under consideration (1.5 to 20 Hz), the data lie beyond 
the "corner" frequencies of the events (e.g., Aki and Chouet, 1975; Rautian and 
Khalturin, 1978; Herrmann, 1980; Singh and Herrmann, 1983). Further, the nature 
of the elastic wave propagation of oceanic S is not well understood yet. However, 
the particular coda parameterization provided by the Aki and Chouet method yields 
a more readily understood quantity, apparent Q" which is a useful datum in any 
discussion of coda properties. Further, the derived apparent Q" although not 
rigorously correct, can be compared by the reader with a large body of data present 
in literature, giving context to a coda study. Let us emphasize, however, that the 
primary usage of the apparent Qc lies in characterization of the nature of scattering 
and not in the values of apparent Qc itself. 

DATA AND METHODS 

The source of our data was the recording of the Kuril events on 3 September 
1981 (event 1, latitude 43.594°N, longitude 147.079°E, depth 46 km, mb = 6.6) and 
8 September 1981 (event 2, latitude 43.373°N, longitude 146.485°E, depth 52 km, 
mb = 5.7) by the linear array of OBHs deployed by HIG (Figure 1). The OBH sites 
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used in this study are indicated by the numbered solid circles in Figure 1. All three 
sites recorded the larger event, but only the closer two sites recorded the smaller 
event. The epicentral distance to the first station is approximately 24.6° '1 (-2700 
km) and 33.2° '1 (-3700 km) to the last one. 

To estimate apparent coda Q values, the traces were bandpass-filtered with a 
three-pole, phase-free Butterworth filter. Five frequency bands were chosen for 
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FIG . 1. The location of the Wake OBH line experiment is shown in the western Pacific. OBH 
locations used in this study are plotted as numbered solid circles. Other OBHs are plotted as a plus 
within a circle. Epicenter locations of the events analyzed in this study are the numbered open circles 1 
and 2 off the Kuril Islands near Hokkaido, Japan. Selected DSDP drill sites are noted by stars with 
minimum ages in millions of years. Magnetic lineations are from Hilde et al. (1976) and Larson (1976). 
Figure adapted from Butler (1985) . 

analysis with the filter parameters given in Table 1. With the exception of band 
five, the filter parameters were chosen to be the same as those used in coda studies 
of local earthquakes (Aki and Chouet, 1975; Roecker et al., 1982). We filtered the 
signals at 20 Hz (instead of 24 Hz as in coda studies of local events) because of 
significant very narrow-band noise at 24 Hz at the first station. The noise at 24 Hz 
was generated by a passing ship near the OBH at the time of recording (F. K. 
Duennebier, personal communication). Before filtering the signal at 20 Hz, we 
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removed the 24-Hz noise with a Gaussian notch-filter (±1 Hz half-power width). 
The response of each instrument is identical (Walker and McCreery, personal 
communication, 1985), so that results from the instruments are intercomparable. 

To obtain the coda envelope, the filtered coda was rectified and smoothed by 
using a 4.0-sec interval sliding window centered at t - t, ( t = central time of coda, 
t. = S-wave lapse time). The background noise preceding the first arrivals was 
processed in a similar manner and subtracted from the rectified amplitude [Ac( t 
- t, )]. The maximum wave amplitude (A, max) was obtained from the maximum 
peak-to-peak amplitude in the oceanic S-wave group from the filtered record. 
Following the single back-scattering method of Sato (1977) (which is a generaliza
tion of Aki and Chouet's single back-scattering model), apparent coda Q is estimated 
by a least-squares fit to a line 

y(x) = 2.73 (f/Q)x - C 

where 
y(x) logl[A,max/Ac(x)]2K(a)j 

x = t - t. t, t. measured from origin time 
f = frequency 

Q apparent coda Q 
K(a) = (l/a) ln[(a + 1)/(a - l)] a= t/t, . 

TABLE 1 

FREQUENCY BANDS OF FILTERED DATA 

Band 
Center Frequency Width 

(Hz) (Hz) 

1.5 1.0 
2 3.0 2.0 
3 6.0 4.0 
4 12.0 8.0 
5 20.0• 8.0 

•At this frequency, the signal was filtered after rejecting the narrow
band noise at 24 Hz with a Gaussian notch-filter (see text) . 

(1) 

The term C is a function of the source, here taken to be independent of time and 
radiation patterns, and is therefore treated as a constant. For a derivation of 
equation (1), see Pulli and Aki (1981). 

RESULTS AND DISCUSSION 

The filtered traces (at 6 Hz) and a plot of coda energy versus time are shown in 
Figure 2 (a and b) for the 3 September 1981 event. Coda energy was measured by · 
squaring and moving-window-averaging the filtered signals. A remarkable charac
teristic is the similar coda energy falloff rate at all stations (Figure 2b). Similar 
results have been obtained in other studies (Aki and Chouet, 1975; Aki, 1981; 
Roecker et al., 1982) for short source-receiver separations. The explanation for the 
former cases was given by Aki (1969) and Aki and Chouet (1975), who suggested 
that the coda is the result of single back-scattered waves from numerous randomly 
distributed heterogP.neities in the crust and upper mantle. Our observations were 
unexpected because over long source-receiver paths, a more complex mechanism 
might have been expected for the coda . 
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To verify the observed behavior, we examined the band-passed coda energy falloff 
rate at several frequencies, which provides a diagnostic tool for distinguishing types 
of scattering interactions that generate coda waves at long distances (e.g., Menke 
and Chen, 1984). Figure 3 clearly shows that the falloff rate of the coda is fastest 
for the highest frequencies. This result is consistent with the back-scattered case 
and opposite to the net forward-scattered case in the one-dimensional numerical 
model of Menke and Chen (1984). The same general patterns were observed on the 
records from the second station. 

Another way to verify that the oceanic S coda are back-scattered waves is by 
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FIG. 2. (a) Filtered traces of the 3 September 1981 Kuril event recorded by the three OBHs used in 
this study (Figure 1) . Epicentral distances are given in degrees ( ~0 ). The oceanic P- and S -wave groups 
are noted. The amplitude scale is digitizing units. (b) Coda energy decay of the filtered signals in (a) . 
Note the similarity of the coda falloff rate . The curves are shown up to the time when a change of slope 
occurs. In order to compare the slopes, the amplitudes of the curves were shifted. 

analyzing the apparent coda Q values. The single back-scattering theory predicts 
no changes of coda Q values at different distances as long as they are measured on 
the same azimuth. Figure 4 displays the slopes from which the apparent Qc values 
at a center frequency of 6 Hz have been obtained. At this frequency, we obtained a 
high signal/noise ratio on all the records (Figure 2a). At the other center frequencies 
(1.5, 3.0, 12.0, and 20 Hz), only the first two stations showed high signal/noise ratio. 
Notice in Figure 4 that we estimate apparent Qc values starting approximately 50 
sec after the oceanic S arrival in order to sample energy beyond the oceanic S-wave 
maximum-amplitude group. Also, the apparent Qc values were estimated in the 
interval before the slope reached the noise level. We observe that the apparent Qc 
at 6 Hz remains almost constant from the epicentral distance of 24.6° ~ to 33.2° ~ . 
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Nearly constant apparent Qc values are also observed at the other center frequencies 
for the first two stations (Table 2). This result supports our early observation that 
the oceanic S coda appears to consist of back-scattered waves. 

Finally, to test our results, we analyzed the apparent coda Q values of the 8 
September event. This earthquake was located in almost the same spot as the larger 
3 September event (Figure 1) and therefore samples the same region. Unfortunately, 
the filtered records of this event had high signal/noise ratios only at the center 
frequency of 6 Hz for the first two stations. The last column of Table 2 shows that 
the apparent Qc values at this frequency are very close to those from the 3 September 
event. This result reinforces our previous observations and further indicates that 
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FIG. 3. Bandpassed coda energy decay at different center frequencies of the 3 September 1981 Kuril 
event recorded by OBH 1 (Figure 1). Note that the coda falloff rate is fastest for the highest frequencies. 
The coda energy amplitude curves are not absolute, but rather were shifted to compare the decaying 
slopes. The slopes were estimated by fitting a straight line to the curves up to the time when another 
slope was clearly defined or the signal reached the noise level. 

the character of the oceanic S coda is a relatively stable property of the propagation 
to a distant receiver from closely associated sources. 

A question that may be posed but not directly answered is where the back
scattering is occurring. Clearly, the subduction zone region, where the propagating 
seismic energy originates, is a likely contributor to the coda. The subduction region 
displays faulting, underthrusting, nonplanar structure, volcanism, and a host of 
other inhomogeneities. Some scattering must occur along the propagation path, but 
the results presented herein indicate that forward-scattering along the path is 
secondary to back-scattering. It is possible that back-scattered waves in the region 
of the receiver array contribute to the coda. The seismic array is located in a 
transition region between abyssal basin and the Mid-Pacific Mountains. However, 
if scattering were intense in the region of the seismic array, we might expect some 
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variation in the characteristics of the seismic coda at successive OBHs of the array 
as the seismic energy propagates through a hypothesized zone of intense scattering. 
Thus, it appears that the source of the back-scatter is the earthquake source region, 
although contributions from the path and the receiver region cannot be ruled out . 
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FIG. 4 . Observed [A ,max(t,)/Ac(t - t, )]2K(a) versus t - t, (see "Data and Methods") for the 3 
September event. The data were derived from the filtered signal centered at 6 Hz. Note the almost 
constant apparent coda Q values (Q) at the three epicentral distances (A' ). The intervals over which the 
slopes have been calculated are indicated by arrows . 

TABLE 2 

APPARENT CODA Q VALUES AT DIFFERENT CENTER 

FREQUENCIES* 

OBH .:. · LS 3.0 6.0 12.0 20.0 6.0t 

1 24.6 442 500 1240 2170 4420 1186 
2 26.0 443 509 1330 2523 4529 1252 
3 33.2 1233 

•Apparent coda Q values at that center frequency for the 3 Septem
ber 1981 event. 

t Apparent coda Q values for the 8 September 1981 event. 

As an informative counterpoint to the evidence for a back-scattering origin of the 
oceanic S coda, it is interesting to compare and contrast some of the characteristics 
of oceanic P and S with the lunar seismic data, for which there is strong evidence 
of forward-scattering (e.g., Latham et al., 1970; Dainty and Toksoz, 1981). The 
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lunar seismogram is of very long duration, over 1 hr, and the amplitude rises 
gradually to a maximum over a period of 5 to 10 min without showing any obvious 
seismic phases; body waves are present but are very small and occur only in the 
first minute of the seismogram (Dainty and Toksoz, 1981). In contrast, the oceanic 
P and S have a duration of 10 to 15 min (excluding the T phase) and distinct P
and S-wave groups may be recognized. Mantle Pis usually observed preceding the 
oceanic P. The oceanic P has a distinct onset; the exact onset of oceanic S is often 
obscured by the oceanic P coda but is relatively easy to define to within 15 sec. 
Further, the maximum amplitudes of the oceanic P- and S-wave groups occur within 
about 30 sec of the wave onset. Both the moon and the western Pacific have velocity 
structures characterized by very low velocities overlying more competent high
velocity material, with the marine sediment layer being equivalent to the low
velocity outer zone of the moon (e.g., Latham et al., 1970). Intrinsic attenuation is 
very low on the moon; values of Q. in the lunar crust and upper mantle are reported 
to incr_ease from 4000 to 8000 in the 3- to 8-Hz range (Nakamura and Koyama, 
1982). For marine crust and sediments, values of Q. have been reported at 225 and 
100, respectively (Spudich and Orcutt, 1980). Q. values determined for oceanic S 
increase with frequency from 1000 to 3000 in the 6- to 22-Hz range (Butler et al., 
1985). 

The coda measurements presented in this paper were determined from the seismic 
energy arriving after the oceanic S-wave group. At short source-receiver distances 
typical of most coda studies, the apparent group velocity of the coda arrivals does 
not correspond to crust or sediment velocities. In the present case, however, the 
coda arrivals have apparent group velocities in the 3- to 4-km/sec range, and these 
velocities correspond to values expected for high-frequency surface waves in the 
crust and sediments. To what extent, then, is the seismic energy, which we have 
termed coda, comprised of surface waves? Two points suggest that surface wave 
contamination is not important in our case. First, the depths of the two earthquakes 
considered are 46 and 52 km and therefore the excitation of crustal surface waves 
should be negligible. Second, given the low reported Q, of the oceanic crust (Spudich 
and Orcutt, 1980) and the short wavelength of the surface waves, all of the crustal 
surface wave energy would have attenuated away long before reaching the OBH 
array. 

CONCLUSIONS 

The oceanic S coda of the two Kuril earthquakes (3 September 1981, mb = 6.6; 8 
September 1981, mb = 5.7) analyzed in this study appears to consist of single back
scattered S waves. A likely source of the back-scatter are heterogeneities distributed 
near the earthquakes in the region of the subduction zone. Both earthquakes 
exhibited similar character of oceanic S coda, indicating that the properties of the 
coda are relatively stable when the propagation paths are nearly the same. Although 
the observations are in agreement with coda generated by back-scattered waves, 
considering the observational uncertainties of our data, some forward-scattering or 
multiple-scattering cannot be excluded as mechanisms that contribute to the oceanic 
S coda. 

Our results show that the oceanic S coda behaves as the coda from local and 
regional events. The coda falloff rate is nearly constant at different distances (from 
24.6° Ll to 33.2° Ll) along the same azimuth. The coda energy falloff rate increases 
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with increasing frequency, implying a dominance of back-scattering as opposed to 
net forward-scattering (e.g., Menke and Chen, 1984). 
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