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Source Time Function and Duration of Mexican Earthquakes
by S. K. Singh, J. Pacheco, M. Ordaz, and V. Kostoglodov

Abstract We have compiled source-time functions (STFs) of 54 Mexican earth-
quakes (3.0 = M = 8). The depth, H, of 48 of these earthquakes lies between 10
and 50 km. The STFs of 43 earthquakes were determined from local and regional
strong-motion and/or broadband recordings. For the rest of the events, the STFswere
taken from published analysis of teleseismic body waves, or from the University of
Michigan Source-Time Function catalog. If available, the seismic moments were
taken from the analysis of teleseismic body waves; if not, as was often the case for
earthquakes with M = 5.5, they were estimated from the local recordingsthemselves.
From the STF of each earthquake we have measured pul se duration of each subevent
(1), total rupture duration (t,), and rise time (t,), along with their respective seismic
moments. The data fit the relation Mo/t3 ~ 6.7 X 10?° dyne cm/s’. Thisrelation is
similar to that reported for deeper earthquakes (mostly in the 50 to 125 km depth
range) in the Kanto district of Japan. The pulse duration of Mexican and Kanto
earthquakes, scaled to a seismic moment of 10?° dyne cm, 1, is about 5 s, nearly
independent of depth for 10 = H = 125 km. We compliment these two data sets
with those for California (H = 20 km) and for deep earthquakes (H = 100 km).
When viewed over the entire depth range, the total rupture duration (t,) isrelated to
Mg by log 1, = (0.363 + 0.008) log M, — 8.58 (+0.190), and the duration, within
the scatter of the data, appears to be independent of depth. When the data are ex-
amined in smaller subsets, as has been done by several authors, certain trends man-
ifest themselves. For example, the pulse and the total duration of deep earthquakes
(H = 100 km) scales as M3*° and M3?°, respectively, and the moment-scaled pulse
and total duration decreases by about 20% between 100 and 600 km depth. This
decrease is much less than that reported previously. Furthermore, an earlier finding
of fast rise times for very deep earthquakes is not substantiated by the recent data.
Thus, the anomaly in the duration of the deep earthquakes, as compared to the shallow
ones, appears to be smaller than previously suspected.

I ntroduction

The relationship between seismic moment, M,, and
source duration, t, provides information regarding the me-
chanics of faulting in the Earth’s interior. For this reason,
several researchers have studied the relationship between Mg
and t. Three measures of source duration of an earthquake
have been reported in the literature (Fig. 1): thetotal rupture
duration (t), the pulse duration of each subevent of a com-
plex earthquake (), and the rise time (t,). It iswell known
that a constant stress drop source model implies that My/t>
isaconstant. For shallow earthquakes the reported val ues of
M,/t2 lie between 0.25 x 10%% and 1.0 X 10? dyne cm/s®
(e.g., Kanamori and Given, 1981; Furumoto and Nakanishi,
1983; Ekstrom and Engdahl, 1989; Ekstrom et al., 1992).
These results were obtained from the analysis of teleseismic
data. Kikuchi and Ishida (1993) studied source-timefunction
(STF) and subevent pulse duration, t,, of earthquakesin the

468

Kanto region of Japan, which were recorded by a broadband
seismographic network near the epicentral region. Most
Kanto earthquakes had focal depths between 50 and 125 km.
Kikuchi and Ishida (1993) reported M/t3 ~ 1 X 10 dyne
cn/s’. This value is at least an order of magnitude greater
than the values reported for shallow earthquakesin the stud-
ies mentioned already.

If 7, denotes the source duration scaled to a seismic
moment of 10?® dyne cm, then the relationship between M,
and 1, for the Kanto region implies 1, of about 4.6 sec in
the depth range of 50 to 125 km. On the other hand, Vidale
and Houston (1993) measured total rupture duration, t;, on
direct P-waves of stacked short-period, vertical-component,
teleseismic records of regional networks. They investigated
the moment-scaled total rupture duration, 1., as function of
depth (H = 100 km) and found that T, averaged 11 sec near
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Figure 1. Anexample of three measures of source
duration of an earthquake. The figure shows the STF
of 23 May 1994 earthquake (Event 23, Table 1) which
consists of two subevents: T, total duration; t,, pulse
duration of each subevent; t,, rise time of the pulse
of each subevent.

100 km but decreased to 5.5 sec at ~600 km. Since the
moment-scaled duration of shallower Kanto earthquakes (50
= H = 125 km) was about the same as for the deepest
earthquakes, it implied that the intermediate-depth earth-
guakes had anomalously long duration (Singh et al., 1996).
Two papers on deep earthquakes report that the decrease in
moment-scaled duration with depth is, in fact, small, from
8.5-9.0sat 100 kmto 6.5-7.0 sat 600 km (Boset al., 1998;
Houston et al., 1998). This seemsto eliminate the possibility
that the intermediate-depth events have abnormally long du-
ration as compared to shalower and deeper earthquakes.
However, there till remain several outstanding questions
related to the depth-dependence of the duration. In particu-
lar, it is important to know whether the reported difference
in the My and <> relationship for shallow earthquakes and
somewhat deeper Kanto earthquakes is real or is a conse-
guence of the difference in the data set and techniques used
in the analysis. Similarly, it is important to know the cause
of the discontinuity near 100-km depth in the moment-scaled
pulse duration estimated from local and regional data (~4.8
sec) and that obtained from teleseismic data (~8.5 to 9.0
sec). Also, it seems worthwhile reexamining the depth de-
pendence of the duration over the entire depth interval of 10
to 670 km to know if there is a distinct seismic signature of
deep earthquakes.

To provide answersto some of the questionsraised here,
we obtain STFs of Mexican earthquakes. This permits us to
establish the relationship between My and t of reatively
shallow Mexican earthquakes. We then compliment the data
set from Mexico with those from California and Kanto (Ja-
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pan), thereby extending the depth range to about 125 km.
Asthe durations in these three data sets have been estimated
almost entirely from the analysis of local/regional seismo-
grams using similar techniques, they are directly compara-
ble. We finally analyze the moment-scaled duration (tpe, Ts,
and t,¢) of earthquakes from Mexico, Japan, and California
to investigate how the duration of these shalower earth-
quakes (10 = H = 125 km) relate to those of the deeper
ones (100 = H < 650 km) reported by Bos et al. (1998)
and Houston et al. (1998).

Data and Analysis

The data on source duration and seismic moment (M)
of Mexican earthquakes (Table 1) have been compiled from
the analysis presented in this article and from other pub-
lished articles. Table 1 gives the pulse duration, t,, and the
seismic moment, M,, of these earthquakes. For complex
events the table lists total duration, t;, and the total M, of
the earthquake, as well as pulse duration, t,, and M, of the
individual subevents. The locations of the earthquakes are
shown in Figure 2. For large and great earthquakes, the val-
ues of 1, 7, and M, have been taken from the analysis of
teleseismic body waves. For some moderate earthquakes M
is taken from the Harvard CMT catalog, while 1, and 1, are
estimated from local seismograms.

For a majority of small and moderate earthquakes, we
have estimated duration and seismic moment from data re-
corded at short focal distance. Since itsinstallation in 1985,
the Guerrero Accelerograph Array (GAA), located above a
segment of the Mexican subduction zone, has produced local
recordings of many small, moderate, and large earthquakes
(Anderson et al., 1994). Initially the GAA network consisted
of 12-hit A/D converters and mostly + 2 g full range accel-
erometers. It is often difficult to obtain reliable displacement
seismograms of small and moderate earthquakes by inte-
grating the accelerograms recorded by these instruments.
Beginning in 1996, these accelerographs were gradually re-
placed by Kinemetrics 19-bit K2 or 18-bit Etna accelero-
graphs. Local accelerograms of small and moderate earth-
guakes recorded by these instruments can often be directly
integrated to obtain displacement seismograms. Presently a
network of 18 BB seismographsis also in operation in Mex-
ico. A typical station of BB network consists of a 24-hit
Quanterra digitizer connected to Streckeissen STS-2 seis-
mometer and Kinemetrics FBA-23 accelerometer. Local re-
cordings are less frequent by this network because of its
sparse nature.

The seismic moments of the earthquakes were estimated
either from the low-frequency level of the displacement of
Swave spectra or by waveform modeling. In the spectral
domain, the inelastic attenuation was corrected by taking
Q. = 273f %% appropriate for the region (Ordaz and Singh,
1992). The details are given in Ordaz and Singh (1992).
Waveform inversion was performed for some events (Table
1). The inversion scheme consisted of agrid search for focal
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Table 1
Source Parameters of Mexican Earthquakes Analyzed in This Article
Event No. Date Time Lat (°N) Long (W) Depth (km) Mo (dyne cm) Duration (sec)
1 65/08/23 19:46 16.28 95.80 16 1.90e27+ 16*
2 68/08/02 14:06 16.60 97.70 16 8.00e26% 16?
3 73/08/28 09:50 18.30 96.53 80 3.45e265! 6°
4 78/11/29 19:52 15.80 96.80 18 1.90e27+ 15°
5 79/03/14 11:07 17.30 101.40 20 1.00e27+ 172
6 80/10/24 14:53 18.03 96.27 65 6.34e26! gl
7 81/10/25 03:22 17.75 102.25 27 7.20e26" 15*
8 82/06/07 06:52 16.35 98.37 20 1.50e26** 10%*
o 85/09/19 13:17 18.14 102.71 17 7.20e27* 42*
3.60e27 16
3.60e27 16
10 85/09/21 05:14 17.62 101.82 22 1.20e27* 13*
11 86/01/30 18.42 102.99 21 2.00e26" 10*
12 89/05/02 09:30 16.66 99.49 18 1.90e241t 1.30%
13 89/08/12 15:31 18.06 101.13 56 1.31e24tt 0.85%+
14 90/01/13 02:07 16.82 99.64 16 3.60e23t+ 1.10ft
15 90/05/11 23:43 17.12 100.87 21 2.50e24t7 0.65%+
16 90/05/31 07:35 17.12 100.87 21 1.10e251 1.50%t
17 90/07/10 06:44 16.83 99.83 23 1.00e23t+ 0.55%+
18 91/05/28 00:56 16.92 99.82 27 7.50e22t+ 0.38%f
19* 92/03/31 19:43 17.22 101.27 1 1.00e24++ 1.00%t
0.30e24 0.30
0.70e24 0.70
20 93/05/15 03:09 16.43 98.74 16 1.00e24++ 1.00ft
21* 93/05/15 03:11 16.47 98.72 16 2.00e24+ 1.80%t
1.00e24 0.80
1.00e24 1.00
22 93/10/24 07:52 16.67 98.95 34 1.00e251t 3.751F
23* 94/05/23 01:41 18.02 100.57 50 2.77e25t 4.30%%
5.80e24 175
2.20e24 2.30
24* 94/12/10 16:17 17.98 101.52 58 2.80e25%% 5.60%
1.40e25 2.80
1.40e25 2.80
25 96/02/29 CPDR S(17.0) 3.70e20t+ 0.15%%
26 95/09/14 14:04 16.31 98.88 16 1.11e27# 13.6/
27 95/09/22 08:36 16.37 99.62 S(19.0) 1.00e22t+ 0.38%t
28* 95/10/09 15:35 18.79 104.47 17 4.90e27" 60.0%8x**
7.00e26 15.0
4.20e27 45.0
29 95/10/12 16.52 18.69 104.18 S(17.0) 2.00e21t+ 0.13+t
30 95/10/12 23:34 19.65 104.23 S(17.5) 6.00e21++ 0.22%%
31 95/10/21 02:38 16.92 93.62 160 4.00e26" 22.0%*
32 95/11/12 07:54 15.87 97.39 S(16.5) 7.00e20%+ 0.063+
33* 95/12/20 21:52 18.53 101.16 55 8.90e23t+ 1.9t%
6.60e23 0.94
34 96/02/25 03:08 15.83 98.25 S(10.0) 6.10e26" 18.0*
35 96/03/26 21:54 16.92 100.93 S(13.0) 1.00e21++ 0.20tF
36 96/03/27 12:34 16.37 98.30 18 1.20e241tt 0.90t1t
37 96/03/27 09:40 16.37 98.30 18 1.40e22t+ 0.18%+
38 96/03/31 23:39 17.14 101.13 $(15.5) 4.00e22t% 0.501%
39* 96/03/31 23:44 17.20 101.08 S(16.2) 4.00e21t+ 0.45%%
1.60e21++ 0.15%%
2.40e21++ 0.15%+
40 96/04/01 07:30 17.27 100.89 $(14.0) 2.50e21t+ 0.18%f
41 96/04/08 11:21 16.62 99.70 S(150) 8.00e20t+ 0.14%t
42 96/05/08 01:24 17.05 100.13 24 2.40e22t% 0.40%%
43 96/05/08 08:27 17.00 100.12 S(16.0) 1.00e22t+ 0.40%t
44 96/05/08 13:32 17.10 100.11 $(16.5) 2.50e22t+ 0.40%%
45 96/06/08 13:06 16.92 100.24 S(17.0) 4.00e22t% 0.20%+
46 96/06/21 16:12 18.34 100.32 40 1.60e23t+ 0.671f

(continued)
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Table 1
Source Parameters of Mexican Earthquakes Analyzed in This Article (Continued)
Event No. Date Time Lat (°N) Long (W) Depth (km) My (dyne cm) Duration (sec)
47+ 96/07/15 21:23 17.41 101.16 25 1.00e261t 7.0tf
3.10e25 25
5.30e25 30
48 96/07/18 08:16 17.54 101.20 S(15.5) 4.00e231t 1004+
49 96/07/19 09:00 17.35 101.29 45 1.00e23t+ 0.50%t
50* 97/01/21 21:19 16.43 98.22 21 1.20e24+% 1.20%%
4.80e23 0.70
7.20e23 0.70
51 97/12/22 05:22 17.22 101.15 20 1.40e24+% 1.60%%
52 98/02/25 17:09 17.29 101.09 24 1.70e23tt 0.80%t
53 98/06/01 07:59 16.85 100.09 26 8.30e221tt 0.70%%
54 98/07/12 08:11 16.87 100.46 18 2.10e23t 0.71%

*Complex event. Seismic moment and duration of the entire earthquake and each subevent is listed separately.

TThe depth of the earthquake is shallow but is not well constrained. The depth in the parenthesis is arbitrarily assigned to fall between 10 and 20 km.
$Chael and Stewart (1982), from teleseismic, long-period body waves.

§Singh and Wyss (1976), from teleseismic body waves.

IGonzalez-Ruiz (1986), from teleseismic body waves.

#Astiz et al. (1987), from teleseismic, long-period body waves.

** Astiz and Kanamori (1984), from teleseismic, long-period body waves.

ttHarvard CMT catalog.

$£This study, from local and regional seismograms.

$Cocco et al. (1997), from local seismograms.

ICourboulex et al. (1997a), from local and regional data.

#University of Michigan STF catalog.

***Courboulex et al. (1997b), using an empirical Green's function deconvolution technique and teleseismic surface waves.
t11Singh et al. (1997), from local seismograms.
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Figure 2. Tectonic map of Mexico showing locations of the earthquakes studied in
this article (dark circles). Also shown are Cocos and Rivera plates, Middle America
trench (MAT), and East Pacific rise (EPR). Light dashed lines are fracture zones and
open arrows indicate relative convergence vector between Cocos and North American
plates.
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mechanism and M, which minimized a misfit function.
Theoretical displacement seismograms, needed in the inver-
sion scheme, are for an infinite space and include near-, in-
termediate-, and far-field terms (Singh et al ., 2000). Because
the analyzed seismograms were obtained at short epicentral
distances, the infinite-space approximation is, generaly,
valid.

In the far-field, the body-wave displacement pulse is
proportional to the STF, provided that the Q effect is negli-
gible. Thus, the STF can directly be obtained from the dis-
placement seismograms. Because P waves are |ess affected
by attenuation than S waves and are less contaminated by
the coda, it is preferable to determine the STF from P waves
by requiring the area under the P pulse to be equal to M.
For this reason,whenever possible, we utilized P pulse to
obtain the STF. The observed duration is a function of the
takeoff angle of the ray and the azimuth of the recording
station. When several recordings were available, wetook the
average value of the source duration. The simplest waveform
was taken to represent the shape of the STF. For larger events
(M,, = 5), we estimated the STF using the SH pulse.

Figure 3 shows the example of estimation of duration
and M, of the earthquake of 8 May 1996 (Event 42, Table
1). The P and the SH waves at three of the closest stations
that recorded the earthquake are illustrated in Figure 3a. The
P-pulse shapes and durations are very similar on the three
seismograms. The SH waves show large variation, mostly
because of contamination from P-wave coda. For this event
we have chosen the P wave at station CAIG asthe STF. Since
the STF in this case is simple, 1, and 7, are equal (0.4 sec).
For an earthquake with a single, near-source recording, the
shape and the duration of STF deviate from the true value.
This would increase the dispersion in the duration-M,, plot.
However, no consistent bias is expected in the relation. The
source displacement spectrum of the earthquake, computed
from S'wave, isillustrated in Figure 3. The seismic moment
estimated from the low-frequency level of the displacement
spectrum is 2.24 X 10?? dyne cm. The waveform inversion
(Fig. 3b) gives a seismic moment of 2.40 X 10?* dyne cm,
consistent with the spectral estimate.

Two other uncertainties in the estimation of duration
arise from the effect of attenuation which (1) increases the
pulse duration of the subevents, and (2) makes the visual
estimation of the duration subjective. These effects are il-
lustrated in Figure 4 on the simple, theoretical far-field P
pulse, computed using Sato and Hirasawa' s (1973) circular
source model located in an infinite space. In the calculations
the observer is located at 25 km from the center of the rup-
ture area, with 6 = 30°, & = 0°, a = 6.5 km/sec, B = of
V3, rupture velocity V; = 0.9 B and p = 2.8 gr/lcm®. The
calculation of the synthetic P wave requires specification of
stress drop. In Figure 4, the 1, versus M, plot, neglecting
attenuation, is shown for three values of stress drop, Ac: 50
bar, 100 bar, and 200 bar. This range of Ac covers the av-
erage values reported for the region (e.g., Singh et al., 1989,
1990; Castro et al., 1990; Singh and Ordaz, 1994; Humphrey
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and Anderson, 1994). As expected, t, scales with M, as
1, o Mg We include the effect of attenuation by convolv-
ing the synthetic P waves with the Futterman’s (1962) at-
tenuation operator and an appropriate choice of t*(P). Al-
though no estimation of t*(P) is available for the region, it
can be roughly estimated from the reported value of t*(9),
which lies between 0.03 sec and 0.034 sec at close epicentral
distances (Singh et al., 1989; Humphrey and Anderson,
1992). We note that t*(P)/t* (S = BQs/aQp, Where Qg and
Qp are S and P-wave quality factors. Although Qs isknown
for the region (Castro et al., 1990; Ordaz and Singh, 1992),
Qp has not been estimated. We consider two values of Qp/
Qs Qp/Qs = 0.83, reported for hard sites in California
(Hough et al., 1988) and Qp/Qs = 9/4 (Knopoff, 1964).
Thus, for a Poisson solid, t* (P)/t*(S) may lie between 0.26
t0 0.47. Assuming t*(S) = 0.034 sec, the expected value of
t*(P) is between 0.009 sec and 0.016 sec. To evaluate the
effect of attenuation on the pulse duration, we take t*(P) =
0.016 sec. We note that t* = RlaQp. For R = 25 km, and
a = 6.5 km/sec, the value of t* = 0.016 sec implies Qp ~
240. The effect of Q gives rise to a seismogram with along
tail, making it difficult to measure t, of small earthquakes
in an objective manner by visual inspection of theoretical
and recorded seismograms. Following Ma and Kanamori
(1994), we computed an effective duration, .

e = [ f f(d? f [f(t)] 2t (1)

where f(t) is the wavelet. In Figure 4, 1. is shown by solid
and open circles corresponding to the effective pulse dura-
tion for the unconvolved and convolved synthetic P wave,
respectively. We note that, for small earthquakes, ., for con-
volved pulses asymptotically reaches a value of 0.038 sec
for t* = 0.016 sec. The figure suggests that for earthquakes
with M, greater than about 1 X 10°? dyne cm, the effect of
attenuation on t, may be neglected for t* = 0.016 sec and
Ac = 200 bars. Since for such earthquakes, the pul se shape
and duration are essentially unaffected by attenuation, the
measurement of pulse duration, T, directly from the seis-
mogram presents no problem. Thus, as long as we do not
consider small earthquakes there is no need to compute t.
Although in this article we illustrate the STFs of smaller
earthquakes also, we will confine ourselves to events with
M, = 10?2 dyne cm in establishing the relationship between
duration and M,. We shall measure duration directly from
the seismograms. This measure also permits us to compare
our results with those reported by most other authors. Figure
5 shows plots of STFs of all earthquakes given in Table 1.

Results

Duration versus Seismic Moment

The plot of 1, as a function of M is shown in Figure
6a. Assuming M, to be proportional to fg (a constant stress
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Figure 3. Anillustration of estimation of M, and source duration of the earthquake
of 8 May, 1996 (Event 42, Table 1) Top: Normalized displacement waveforms at
stations COYC (9, = 33°, A = 11 km), CAIG (¢s = 330°% A = 16 km), and VNTA
(ps = 86% A = 36 km). P wave on vertical component (left). SH wave (right). The P
wave on CAIG has been taken as the shape of STF. The source duration is 0.40 s.
Bottom: Source displacement (dashed) and acceleration (continuous) spectra (Ieft) es-
timated from the low-frequency part of the displacement spectrais 2.24 X 10?2 dyne
cm. Inversion of the waveforms (right). Continuous line: observed seismogram, dashed
line: synthetic seismogram. Vertical dashed line shows the duration of the record used
intheinversion. Theinversionyield My, = 2.4 X 10?2 dyne cm and afocal mechanism
given by ¢ = 2920, § = 13° A = 85°

drop earthquake source model) and ignoring earthquakes  note that this relation aso fits data of earthquakes with Mg
with Mg < 10%2 dyne cm, the data are fit by < 10% dyne cm. Equation (2a) can be written as:

log 7, = (U3) log My — (7.94 = 0.167). (2a) Mo/zy = 6.65 X 107 (dyne cm/sec®). (2b)

This relation is shown by straight lines in Figure 6a. We  Equation (2b) is very similar to the relation:
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Figure 6. (a) Pulse width (t,) versus seis-
mic moment (M). Datafrom Mexico. The best
fit and = one s.d. are shown by continuous
lines. The dashed line shows the fit assuming
My o 13 scaling. Only data with My = 107
dyne cm are included in obtaining these rela-
tions (Table 2). (b) Same as (&) but including
data from Kanto, Japan (Kikuchi and Ishida,
1993). (c) Same as (b) but also including data
from California (Kanamori et al., 1993; Song
and Helmberger, 1997), and from world-wide
deep earthquakes (Bos et al., 1998). The re-
gression reported by Bos et al. (1998) for deep
earthquakes is aso shown. (d) Same as (c) but
for total rupture duration (t,) versus seismic
moment (Mo).



476

Mo/ty = 1 X 10** (dyne cm/sec?), (2¢0)

reported by Kikuchi and Ishida (1993) for the Kanto region
of Japan. In Figure 6b, Mexican and Kanto data are shown
together. The two data sets are indistinguishable from each
other. For acircular fault, M, and static stress drop, Ac, are
related by Ac = (7M/16R®), where R is radius of the fault.
Let us assume the rupture velocity to be 0.8 . Since the
duration t, roughly equals 2R/0.8  (Cohn et al., 1982) , we
can write Mg/ty = 0.146°Ac. Taking B = 3.75 km/sec
and 4.46 km/sec, we obtain Ac = 86 and 77 bars for Mex-
ican and Kanto earthquakes, respectively. We note that most
Mexican earthquakes analyzed in this study are shallow (H
< 50 km) whereas the focal depth of most Kanto earth-
guakes was between 50 and 125 km. Thus we conclude that
thereisno significant depth dependence of the pulse duration
between 15 to 125 km and the stress drop is roughly the
same.

Kikuchi and Ishida (1993) noted that the constant of
proportionality between Mg and 73, 1 X 10?* dyne cm/sec?,
for the Kanto region is at least one order of magnitude
greater than the values reported for shallow earthquakesthat
lie between 0.25 X 102 and 1.0 x 10% dyne cm/sec? (e.g.,
Kanamori and Given 1981, Furumoto and Nakanishi, 1983;
Ekstrom and Engdahl, 1989; Ekstrom et al., 1992). Kikuchi
and Ishida (1993) attributed the difference to (1) higher
stress drop of deeper Kanto events, and/or to (2) the relative
complexity of shallow earthquakes (so that the estimated
values of T are greater than their expected val ues correspond-
ing to their seismic moments). As seen from the Mexican
data, possibility (1) may be discarded.

In Figure 6¢ we have added data from California (Song
and Helmberger, 1997; Kanamori et al., 1993), and pulse
durations of deep earthquakes (H = 100 km) listed by Bos
et al. (1998). Cdlifornia data span a depth range of 1 to 20
km. A somewhat larger scatter in the California data may
reflect greater heterogeneity of the shallow crust wherethese
earthquakes originate. The pulse duration of events from
Mexico (open circles in Figure 6), Japan, and California
have been estimated from local and regional data and, thus,
they can be directly compared with each other. Generally,
the duration of Californiaeventsis somewhat larger than for
Mexican and Kanto events.

From Figure 6¢ it can be noted that the pulse durations
of the deep earthquakes, which have been estimated by
stacking teleseismic broadband seismograms of the global
seismograph network, are, on an average, greater than those
for Mexican and Kanto earthquakes in the moment range of
10%* = M, = 10% dyne cm. Bos et al. (1998) point out that
the pulse duration, t,, of the deep earthquakes seems to
follow t, = M3'® scaling, rather than the expected Mg
scaling.

Finaly in Figure 6d, total rupture duration, t,, is plotted
as a function of M,. Only events with My = 10?2 dyne cm
are shown. In this figure we have added data from Houston
et al. (1998), excluding those earthquakes which are in-
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cluded in the data set of Bos et al. (1998). While the deep
earthquakes alone (shown by crosses and plusses) follow
17, « M¥® scaling (Bos et al., 1998), the entire data set is fit

by

log 7, = (0.363 = 0.008) log M,
— 8580 (+0.190). (3a)

For only the Mexican data the relationship is given:

log 7, = (0.363 = 0.014) log M,
— 8619 (+0.337), (3b)
which is nearly identical to equation (3a).

A dlightly different tendency of deep earthquakes, seen
in Figures 6¢ and 6d, may either be a consequence of the
difference in the type of data set (local/regional versustele-
seismic) and the methodology used in obtaining the STF, or
may reflect a characteristic of such earthquakes.

Depth Dependence of Source Duration

Pulse and Total Rupture Duration. We computed
moment-scaled pulse and total rupture durations, t,s and s,
of earthquakes from Mexico, Japan, and California. For Jap-
anese earthquakes, we measured t, from the STFs shown in
Figure 7 of Kikuchi and Ishida (1993). Assuming M, « 3
(justified by Figure 6), the measured durations were scaled
to a seismic moment of 1 x 10?° dyne cm, so that (tps, Tro)
= (10%/Mg)"3(z,,1y). The 1, data from Mexico, Japan, and
Californiais plotted in Figure 7a. The average 1, for Cali-
fornia, Mexico and Japan (shown by horizontal linesin Fig-
ure 7a) are 7.3 sec, 5.6 sec, and 4.7 sec, respectively. The
data from California and Mexico show larger scatter than
the Japan data. Taken together, these data sets suggest a
slight decrease in the value 1,5 with depth, between 10 and
125 km. In Figure 7b we have included 1, data for deep
earthquakes taken from Vidale and Houston (1993) Based
on a preliminary study of STFs of Mexican earthquakesand
a plot similar to Figure 7b, Singh et al. (1997) suggested
that it may be the intermediate-depth earthquakes (100 = H
= 300 km), which are the anomal ous ones, with relatively
large duration, not the deep earthquakes.

Bos et al. (1998) (see aso Houston et al., 1998) find
that most intermediate-depth earthquakes reported in Vidale
and Houston (1993) were recorded at large epicentral dis-
tances. Bos et al. (1998) suggest that the duration of P wave
at these distances may have been extended due to reflections
from D” layer. Based on 1, « Mg? scaling, these authors
report that moment-scaled pulse duration decreases linearly
with depth from 9 sec at 100 km to 7 sec at 600 km, a
decrease of about 20%, rather than 50% reported by Vidale
and Houston (1993). Figure 8a includes the T, data from
Bos et al. (1998), which assumes t, = Mg?. Although the
pronounced peak in the 1, data of Vidale and Houston
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Figure7. (a Moment scaled pulseduration
(Tp), @ssuming t,, M3, normalized to M, =
1 X 10% dyne cm, versus depth. Data from
Mexico, Kanto, and California. The horizontal
lines show average of Mexican (5.6 ), Japa-

(1993) between 100-and 300-km depth is now absent, there
is still a discontinuity at 100-km depth between the local/
regional and the teleseismic estimates of 1, the latter is
larger than the former by a factor of about 2. Figure 8b is
the corresponding plot for moment-scaled total duration, T

Why isthere a discontinuity in the moment-scaled pulse
duration estimated from local/region data and teleseismic
data near 100-km depth when the tel eseismic datais reduced
assuming T, o M§® scaling? Why does t,, of deep earth-
quakes scale as 1, « MJ*°? It is beyond the scope of this
article to resolve these issues. The discontinuity at 100-km
depth, however, suggests a systematic biasin theteleseismic
data. The few data points from Kanto region for deep earth-
quakes, 150 = H = 500 km (see Figure 7), are also in ac-
cordance with the duration being nearly constant over the
entire depth range. Below we consider implications of this
possibility on stress drop and apparent stress.

Depth Dependence of Stress Drop/Apparent Stress

For an earthquake of seismic moment M, and static
stress drop, Ac, which ruptures a circular area of radius R,
M, = Ac(2)R® = Ac(29)[V.(2)1]® = Ac(2)[C(2)B(2)t]3, where
V, is the rupture velocity, B is the shear-wave speed, and C
is a constant that relates rupture velocity to . Hence,

nese (4.7 s), and Cdifornia data (7.3 s). (b)
Same as (a) but including datafrom deep earth-
guakes from Vidae and Houston (1993).

Aa(2) = Mo/[C@BD1]?, (49)

or,

/MY o« [UC(2)p(2A(2D)Y]. (4b)
Let us consider the implications of a constant t,,; over
the entire depth range. In this case

CBAcY3ICyfAc® ~ 1 (40)

where subscripts s and d refer to average values for shallow
(H < 100 km) and deep (H = 100 km) earthquakes, re-
spectively. Let us consider two cases: (1) C; ~ Cy so that
AcglAcs~ (Bs/Bg)® ~ (4.45/5.0) = 0.7 and (2) Acs= Acy,
sothat Cy = 0.71C,. Assuming C, = 0.8, we get Cy = 0.57.
[If we consider that t,, is constant for H = 100 km, itsvalue
being roughly twice that for H < 100 km, then case (1) C,
~ Cq results in Acy/Acs ~ 0.091, eg., the average stress
drop of shalow earthquakes is approximately 11 times
greater than the deep ones, and case (2) Ao, = Aoy yields
Cy = 0.45C, ~ 0.36].

Observations on stress drop are subject to large uncer-
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tainty. Indeed, there is no agreement on the depth depen-
dence of the stress drop for intermediate-depth and deep
earthquakes (see Frohlich, 1989 for areview). For example,
Mikumo (1971) and Sasatani (1980) found an increase of
stress drop with depth but Wyss and Molnar (1972) report
no change with depth. The stress drop wasfound to be highly
variable at intermediate depth but nearly constant for deeper
events by Fukao and Kikuchi (1987). Chung and Kanamori
(1980) found that the stress drop was highest near 400-km
and 650-km boundaries. Nevertheless, severa studiesreport
greater stressdrop for deep earthquakes as compared to shal-
low ones (Molnar and Wyss, 1972, Wyss and Molnar, 1972,
Fukao and Kikuchi, 1987; Kikuchi and Fukao, 1987). This
observation supports case 2 above, implying that C, theratio
of rupture-to-shear-wave velocity, is smaller for deep earth-
guakes as compared to the shallow ones. Smaller C values
for deep earthquakes has a so been suggested by Abe (1982).
For the 1994 deep, Boalivian earthquake (M,, = 8.3, H =
637 km), Kanamori et al. (1998) estimate C = 0.2. Although
this supports case 2, it is not known whether C is small for
most deep earthquakes.

A more robust measure of stress associated with earth-
guake source process is the apparent stress, o,, which is
defined as o, = u (EJ/M,), where E; is the radiated seismic
energy and u is the rigidity (Wyss and Molnar, 1972). For

ment-scaled total duration (1), versus seismic
depth, assuming 1, =« M3° scaling. Straight
lines show average 1, for different data sets.

Mexican earthquakes, Singh and Ordaz (1994) estimated
median value of E/Mgas7 X 10° and ¢, ~ 24 bars. For
Cadlifornia earthquakes, Kanamori et al. (1993) find that E./
My ~ 5 X 107° and ¢, ~ 15 bars. Houston and Williams
(1991) estimated the median apparent stress of deep earth-
guakes (100 = H = 660 km) to be about 10 bars, indepen-
dent of depth. Kanamori et al. (1993) and Houston and Wil-
liams (1991) actually plot the Orowan stress drop, which
equals 20,. Abe (1982) reported a nearly constant ¢, for
intermediate-depth and deep earthquakes. (In Abe’ s study Eg
was not computed directly but was estimated from the mag-
nitude mg). Because of the difference in the dataused (local/
regional versus teleseismic) and the technique employed in
the estimation of the seismic energy release, the results of
these studies may not be directly comparable. For example,
Singh and Ordaz (1994) suggest that for shallow, thrust
earthquakes along the Mexican subduction zone, the E es-
timated from teleseismic P waves is smaller than the value
obtained from local and regional data. If, however, there is
no consistent difference between local and teleseismic esti-
mation of E, then the apparent stressis nearly constant over
the entire depth range of earthquakes. This is in agreement
with a constant moment-scaled duration, independent of
depth.

We conclude that the assumption of constant duration
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does not lead to any contradiction with the available dataon
stress and apparent stress.

Rise Time. Houston and Williams (1991) reported that the
moment-scaled rise time, 1., Of earthquakes deeper than
about 450 km is about half of those with depth between 100
and 450 km. Here we investigate the depth dependence of
the rise time over the entire depth range. Figure 9a shows
rise time (defined as the time interval between the beginning
of the rupture and the maximum of the moment rate func-
tion), scaled to My = 1 X 10 dyne cm, as a function of
depth. The data are from Mexico (Table 2, except for earth-
guakes whose STF were obtained from modeling of long-
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period, teleseismic body waves), Kanto region of Japan
(measured from Figure 7 of Kikuchi and Ishida, 1993), Cali-
fornia (Figure 5 of Song and Helmberger, 1997), and for
deep earthquakes (Table 1 of Bos et al., 1998). Only earth-
quakes with M, = 10? dyne cm are shown in the figure.
For a complex event, the rise time and M, of each subevent
has been considered separately. Figures 9b and 9c present a
closer view of the rise time versus depth of shallow (H <
100 km) and deep (H = 100 km) earthquakes, respectively.
It is possible that the rise time of very shallow earthquakes
of Cdlifornia is somewhat larger than the earthquakes of
Mexico and Kanto. However, there are too few events to
ascertain this. In Figure 9¢c we have included the rise-time

Sec
N

Q

Moment—Scuoled Rise Time,
(@)

100

Figure 9. (a) Moment-scaled risetime, nor-
malized to My = 1 X 10% dyne cm, versus
depth, assuming t, = MY scaling. (b) Same as
(a) but for shallow events (H < 100 km) only.
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Table 2
Results of Regression, logt = clogM, + d

Region Pulse Duration (z = ;) Total Duration (z = 1)
Mexico c = 0.342 = 0.010,d = —8.132 = 0.247 ¢ = 0.363 = 0.014,d = —8.619 = 0.337
¢ = 13(fixed),d = —7.933 + 0.164 ¢ = 1/3(fixed),d = —7.886 + 0.172
Mexico and Kanto ¢ =0.343 = 0.009,d = —8196 = 0.215 ¢ = 0365 + 0.011,d = —8.706 = 0.262
¢ = 1/3(fixed),d = —7.955 + 0.160 ¢ = 1/3(fixed),d = —7.931 + 0.170
Mexico, Kanto, c = 0.349 + 0.008,d = —8.258 = 0.194 ¢ = 0.363 + 0.008,d = —8.580 = 0.190
Cadlifornia, and deep ¢ = 1/3(fixed),d = —7.866 + 0.177 ¢ = 1/3(fixed),d = —7.843 + 0.169

*M,, dyne cm, 7 sec.

data of Houston and Williams (1991). Curiously, the fast
rise time of very deep earthquakes reported by Houston and
Williams (1991) and seen in Figure 9c is not supported by
the data of Bos et al. (1998).

Conclusions

The pulse duration, t,, and the seismic moment, M, of
Mexican earthquakes, in the depth range of ~10 to 50 km,
are related by My/t3 = 6.65 X 107 (dyne cm/sec’), so
that the median stress drop is about 85 bars. Thisrelationis
close to the relationship of My/ty = 1.0 X 10** (dynecm/
sec®) for earthquakes in the depth range of ~50 to 125 km,
reported for the Kanto region of Japan by Kikuchi and Ishida
(1993). As these relations are based on data from loca and
regional seismograms (in 80% of the cases for Mexico and
100% in the case of Kanto), we consider them to bereliable
as well as mutually compatible. This suggests that the av-
erage value of Molrg (and hence the stress drop) is nearly
constant in the depth range of 10 to 125 km. This value,
~0.7 — 1.0 X 10?* (dyne cm/sec®), is more than an order
of magnitude greater than those previously reported for shal-
low-depth large earthquakes. There are two possible causes
for this discrepancy. (1) The modeling of teleseismic body
waves of shallow earthquakes may give rise to an overesti-
mation of the duration. (2) For large/great earthquakes, the
reported duration refers to the total rupture duration, T,
which often includes several subevents so that t; > 1,,. In
the case of Mexico and Japan, each subevent and its M has
been considered separately.

Shallow earthquakes involve a normal brittle fracture.
Since brittle fracture is not a viable mechanism at greater
depth due to high temperature and pressure, other mecha-
nisms have been proposed to explain the occurrence of such
earthquakes. For example, intermediate-depth (70 = H =
300 km) events are explained by dehydration of water-bear-
ing minerals (e.g., Rayleigh and Paterson, 1965), and trans-
formational faulting has been proposed as a mechanism for
deep earthquakes (Green and Burnley, 1989; Kirby et al.,
1991). It seems reasonabl e to expect that these different frac-
ture mechanisms would give rise to distinct seismic signa-
tures. For this reason we investigated the depth dependence

of the rupture duration by merging data from shallow and
deep earthquakes. Our analysis of various measures of earth-
guake duration shows no clear pattern of depth dependence.
A discontinuity is seen in the data at a depth of 100 km (see
e.g., Figures 8a and 8b). On the average, the duration of
deeper earthquakes appears to amost twice that for shal-
lower ones. It may be a consequence of some systematic
bias in the durations of deep earthquakes which have been
estimated by stacking teleseismic seismograms. If we as-
sume that the duration isindependent of depth and the stress
drop of deep earthquakes is greater or equal to the shallow
ones, then we are led to the conclusion that the rupture ve-
locity as afraction of the shear-wave velocity, and hencethe
seismic efficiency, is less for deep earthquakes. This has
been previously speculated (e.g., Abe, 1982) and is sup-
ported by the 1994 Bolivian earthquake (Kanamori et al.,
1998).

We conclude that an examination of the data over the
entire depth range shows no clear evidence that the duration
of deep earthquakes is significantly different from that of
shallow ones. When the data are viewed in smaller subsets,
certain trends might emerge. However, previous evidencein
favor of distinct seismic signature of deep earthquakes now
appears to be less overwhelming. For example, recent data
show that the moment-scaled pulse and total duration de-
creases only about 20% between 100- and 600-km depth
(Bos et al., 1988; Houston et al., 1998). This decrease is
much less than 50% decrease reported earlier (Vidale and
Houston, 1993). Additionally, an earlier finding of fast rise
time of very deep earthquakes (Houston and Williams, 1991)
is not substantiated by the recent data (see Figure 9c).
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