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Abstract

We have examined the locations and radiation patterns of the
foreshocks to the 4 February 1978 Haicheng earthquake. Using
four stations, the foreshocks were located relative to a master
event. They occurred very close together, no more than 6 kilo-
meters apart. Nevertheless, there appear to have beentwo clusters
of foreshock activity. The majority of events seem to have
occurred in a cluster to the east of the master event along a
NNE-SSW trend. Moreover, all eight foreshocks that we could
locate and with a magnitude greater than 3.0 occurred in this
group. Théié‘also'éppears to be a second cluster of foreshocks
located to the northwest of the first. Thus it seems possible
that the majority of foreshocks did not occur on the rupture
plane of the mainshock, which trends WNW, but on another plane
nearly perpendicualr to the mainshock plane. This inference is
supported by differences among the radiation patterns of the
foreshocks. .

We also examined the radiation patterns of the foreshocks,
primarily through the amplitude ratios of P and S waves (Ap/As)
recorded at each station. While the ratios were relatively con-
stant at the more distant (A=100-200 kilometers) stations, two
very different waveforms were recorded throughout the sequence
at Yingkou (A=20 kilometers). Calculations of the amplitude
ratios expected from the (not very different) fault plane
solutions of the mainshock and some of the largest foreshocks
showed that two different waveforms should be recorded at Yingkou.
A definite correlation could not be made between the two mechanisms
and the different location clusters.



1) Introduction

The successful prediction of the 4 February, 1975 Haicheng
earthquake (M=7.3) was due, in a large part, to the occurrence of
a large foreshock sequence of more than 500 events in the four
days preceding the mainshock (Wu, 1976). Such a large sequence
is a rare event - indeed, the Haicheng series is the only large
foreshock sequence to have been well recorded - and we -cannot hope
that many other mainshocks will have such sequences.
Many large earthquakes are preceded by a few foreshocks (Jones and
Molnar, 1979) but so far we have been able to recognize them only
in hfndsigh;.' To increase the number of earthquakes that can be
successfully predicted, we need to learn how to differentiate
foreshocks from "normal" earthquake swarms before the mainshock
occurs and when the shear number of events is not an overpowering
consideration as it was at Haicheng. But precisely because of -
its great length, the Haicheng sequence provides a unique opportunity
to study this problem. The large number of events allows the character-
istics of this foreshock sequence to be seen more elearly. These
characteristics could then be compéred with those of earthquake swarms
to the benefit of all people engaged in earthquake prediction research.
Thus, the first part of the Chinese-American exchange in earth
sciences has been a study of the Haicheng foreshock sequence resulting
in this report.

There are two purposes of this research. There is, of course,
the obvious application to earthquake prediction, attempting to
determine characteristics of foreshocks that will allow them to
be recognized before the mainshock occurs. This research also
has application to the study of the earthquake mechanism, because
the foreshocks are evidence of deformation of the earth occurring
pPrepratory to the complete rupture. For both purposes, we have
researched two primary characteristics of this foreshock sequence,
the relative locations of the events and their radiation patterns -
the latter principally by consideration of the ratio of the ampli-
tudes of the P and S waves. Other characteristics of the sequence
are studied in another paper (Xu et al, 1979).



2) Data and Techniques

A map showing most of the seismograph stations in operation
in €He Haicheng area during early 1975 is shown in Figure 1. All
stations had three-component, short period instruments. During
the two days before the mainshock, the seismographs were operated
at a speed of 1l2cm/min. so that arrival times could be read easily
with an uncertainty of less than 0.1 seconds. The amplification
of all of the instruments was approximately 105.

The events were located relative to a master event. This
event was chosen as master because when it was located using P
arrivals at"five stations (all except Lu Da whose clock was suspect),
its residuals were all less than .03 seconds. P arrivals at four
stations were used for the relative locations and the origin time
of each event was assumed to differ from that of the master event
by the average difference in arrival times of the event and the’
master. Four locations were found for each event by solving the
four sets of three equations uniquely; the average was taken as
the location of the event and the range of values was taken to be
the error.: The four stations used were Yingkou, FuXun, Zhuang He
and Jin Zhou to supply maximum control on the locations.

3) Results of Locations

Although more than 500 foreshocks occurred, most were too
small to be recorded at any stations except the nearest, Yingkou
station. We were able to locate 34 events all of which occurred
in the 26 hours immediately preceding the mainshock. Their locations
relative to the master event and the errors in these locations
are listed in Table 1. The relative epicenters are plotted in
Figure 2.

All of the foreshocks occurred very close together, no more
than six kilometers apart. The data in Figure 2 suggest that the
foreshocks occurred in two clusters although it is possible that
the apparent clustering is due to errors in the data. The majority
of events appear to have occurred in a cluster to the east of the
master event along a NNE-SSW trend (labeled A in Figure 2). More-
over, all eight foreshocks that were located and had a magnitude
greater then 3.0 were located in group A. However, there also
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appears to be a second cluster of foreshocks located to the north-
west of the first (lableled B in Figure 2).

The rupture plane of the mainshock upon which most of the after-
shocks occurred trends west-northwest, (Wu, 1976), not north-
northeast like the main trend we found for the foreshocks. Because
of their small size of the events, the fault plane solutions of
the foreshocks are not well constrained and several researchers
have decermined somewhat different solutions (Figure 3); Never-
theless, all are roughly similar to that of the mainshock
(Figure 3d). However,lone can see from the solutions, that fault-
ing along the WNW plane of the mainshock or the NNE plane suggested
by our foreshock lo&ations would produce similar fault solutions.
Fault structures with both WNW and NNE trends are present in the
Haicheng area. Moreoveg,- although most of the aftershocks occurred
in a WNW zone, a few defined a zone of activity trending NNE from
the epicenter of the mainshock. Thus it seems possible that
while somc of the foreshocks occurred along the mainshock plane
(group B), the majority and the largest of the foreshocks might
have occurred along a plane roughly perpendicular to that of the
mainshock.

To further consider this question, we examined the depth
distribution ©f the foreshocks perpendicular both to the "fore-
shock plane" (thus, projected along N73°W) and the mainshock
plane (projected along N28°E) (Figure 4). The most obvious feature
of these plots is the apparent WNW dip of the NNE plane suggesting
that the group B earthquakes may have occurred on a deeper part
of the same plane on which the group A events occurred. However,
the depths are not well constrained, and in general have errors
three times as large as the horizontal directions (see Table 1).
Thus, this apparent result is not dependable. Since the only
nearby station, Yingkou (A=20km), is located almost due west from
the foreshocks, this apparent westward dip could be due in part
to its influence. In general, however, the A group of foreshocks
appear to be located along a NNE trending, approximately vertical
plane within a very small depth range and the B group occurs in
a more dispersed pattern but in the direction of the mainshock
from the A group.



b) Amplitude Ratios

Since it is often assumed that all of the events within a
foreshock sequence have the same mechanisms, many researchers have
examined the question of whether or not the ratio of the amplitudes
of the P and S waves varies within a sequence (Jin et al, 1976;
Lindh et al, 1978; Jones and Molnar, 1979; Bolt et al, 1977; Engdahl
and Kissinger, 1977; Chen et al,1978) with differring results.
Again, the Haicheng sequence, because of the large number of events
and stations, provides a good opportunity to study this .question.
The amplitudes of the P and S waves of the foreshocks in
the last day recorded at all six stations are shown in .-
Figures 5 and 6 (events occurring before the largest foreshock in
Figure 5 and after in Figure 6). The average ratios and standard

deviations from them are listed for all stations in Table II.

For all stations except the nearest, Yingkou, the foreshock
waveforms are very similar and the amplitude ratios relatively con-
h.,m

507)

occurred. After the largest foreshock occurred, the waveforms began

stant until the largest foreshock (M=4.7 at -February 4 07

to differ (for example see the two events recorded at Jin Zhou in
Figure 7a, and two others at Fu Xun in Figure 7b) and the ratios

became more dispersed (Figure 6).

The amplitude ratios recorded at Yingkou differed even more
markedly than those at the more distant stations. Through the entire
foreshock sequence, two definitely different waveforms were recorded.
One had a relatively large, sharp P wave arrival while the other had a
much smaller one (Figure 2). Within these two groups, the amplitude ratio
were relatively constant and stayed so after the largest foreshock
occurred. It proved impossible to correlate the two waveforms
at Yingkou with events at other stations.. In general, if ad event
was large enough to be recorded at the distant stations, the
arrivals at Yingkou were too large and the waveforms were clipped.
Six events recognizable as small or large P events were located
(see Table I) but at each of the other stations, only two or three
of those had amplitude ratios recorded so no reliable comparison
of radiation patterns recorded at Yingkou and other stations could
be made.



4) Discussion

Since both the locations and amplitude ratios suggest that
there were two types of foreshock activity, we hoped to find
a correlation between the two groupings. The obvious assumption
was that the foreshocks indeed occur on twe planes resulting in
two different waveforms at Yingkou. Unfortunately, while the
possibility of a relationship between the two phenomena exists,

the results are by no means conclusive.

The first step was to compare the recorded amplitude ratios
with.those expected from the fault plane solutions determined
for the mainshock and foreshocks using the double-couple formula
of Ben-Menahem et al, (1965) (Table IV). We included the effect
of the angle of incidence at the surface and instrument response
but since the velocity structure of the Haicheng area is not
well known, we could not examine the possibility of refraction
changing the angle of incidence. Also, the fault plane solutions
of the foreshocks and mainshock are not very well constrained so
there are a range of possible amplitude ratios. The amplitude
ratios at zZhuang He and Cao He Zhuan were particularly sensitive
to variations in orientation of the focal planes and location.
Thus the calculated ratios can be used only as a guide. Fortunately,
however, at Yingkou where we recorded the two very different
mechanisms, the calculated amplitude ratios are sensitive to focal
plane variations but not to changes in location. Of all the fault
plane solutions determined for the foreshocks and mainshock, the
fault plane solution for the mainshock (Wu et al, 1976) agreed
best with the small P values and that for the largest foreshock,
determined by Gu (1976), was the best fit for the large P events.
Thus, if the two radiation:patterns were the result of two fault planes,
the Yingkou response would indicate that the large P events
correspond to the A cluster events and small P to the B cluster.

Several pieces of circumstantial evidence support this sup-
position. As mentioned before, the ratios at the other stations
were more dispersed after the largest foreshock occurred which
was when more events were located in the B cluster. As well, in
determining the fault plane solutions, the station at Lu Da in the

southwest quadrant was crucial .in determining the exact placement of
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the NNE plane. We examined the first motion at Lu Da for several
of the largest foreshocks and found that while in most cases the
first motion was dilational (causing the NNE plane to be vertical

or dip to the northwest), it was compressional (resulting in a
southeasterly dip) for the mainshock and one B grouo foreshock

(no. 34, Table I). Another piece of supporting evidence is that
all the large P events had S-P times at Yingkou of 2.5 or 2.6
seconds which is the S-P time of the southern end of the A cluster,
The S-P times of the small P events, on the other hand, were quite

dispersed ranging from 2.2 to 2.8 seconds.

.- PPN -

In spite of thése suggestive data, a direct correlation between
the mechanisms and the clusters could not be made. The six events
with definite large P of small P radiation patterns that were
located do not correélate with the clusters - two each of the large
P and small P events are in the A cluster and one each in the
B cluster (Table I). It is possible that the interlocking of the
planes allows different faulting mechanisms to occur very near
to each other, but it is also possible that the errors in the data

have created illusionary relationships.

5) Conclusion

This report has considered the locations and mechanisms
of the foreshocks of the Haicheng earthquake. The foreshocks
all occurred within 6 km of each other. It is possible though
not definite that the foreshocks occurred in two clusters of
activity, the majority not occurring on the rupture plane of the
mainshock but on another plane nearly perpendicular to the plane of the
mainshock. The ratios of the P and S amplitudes was less con-
stant than those of a nearby swarm, especially after the largest
foreshock had occurred. At the nearest station, two very different
waveforms were recorded both before and after the largest fore-
shocks. Thus the P/S ratio does not seem to be an accurate means
of identifying foreshocks as has been previously suggested. A
definite correlation could be made between the two mechanisms and

the different location clusters.



Figure 1.

Figure 2.

Figure 3.

-

The locations of the Haicheng foreshock sequence and

the seismograph stations in the Haicheng, Liaoning

Province area.

Figure 4a.

Figure 4b.

Figure 5.

Figure 6.

Figure 7a.

b‘

s

The epicenters of the foreshocks to the 1975 Haicheng
earthquake relative to the foreshock occurring at

February 03 19h13m. The error bars show the standard

deviation of the locations. The events shown by open circles
had a standard deviation greater than 2 km.

Fault plane solutions determined for the February, 1975,
Haicheng mainshock (a) and for the foreshocks (b,c,d,e)

‘by Wu et al (1976), (b), Jin et al (1976), (c,d),

Gu et al, (1976), (e).

The depth distribution of the foreshocks to the 1975
Haicheng earthquake projected along a plane trending
N73°W. Closed circles represent events located in the
A cluster and omen circles represent events

located in the B cluster. Crosses represent events
with an epicentral error greater than 2 km.

The depth distribution of the foreshocks to the 1975
Haicheng earthquake projected along a plane trending
N28°E. Symbols as in figure 4a.

The amplitudes of the P waves versus the amplitudes

of the S waves for the foreshocks to the Haicheng earth-
quake that occurred before the largest foreshock re-
corded at Yingkou (a), Fu Xun (f), Zhuang He (b),

Lu Da (d), Cao He Zhuan (e) and Jin Zhou (c).

The amplitudes of the P waves versus the amplitude of
the S waves for the foreshocks of the Haicheng earthquake
that occurred after the largest foreshock recorded at
Yingkou (a), Fu Xun (f), Zhuang He (b), Lu Da (d),

Cao He Zhuan (e) and Jin Zhou (c).

Seismograms for two foreshocks (Feb. 4 10:47 and 10:34)

of the Haicheng earthquakes recorded at Jin Zhou.

Seismograms for two foreshocks (2/4 09:05 and 16:25) of

the Haicheng earthgquake recorded at Fu Xiin.
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Figure 8. Seismograms for two foreshocks (4A 08:16 and 08:31)
of the Haicheng earthquake recorded at Yinkou,

Figure 9. The epicenters of the Haicheng foreshocks relative
to the foreshock occurring at February 03 19hl3mas
determined using both P and S waves.
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The foregoing text is a direct translation from Chinese of
a paper that was written in May 1979 immediately upon completion
of the first stage of the research. The locations were determined
using only P arrivals from four stations and a simple program
involving simultaneous equations on a HP-67 calculator. 1In
September, 1979, the data (P and S arrivals for five stations)
was brought to M.I.T. and the events were located using a computer
program that computes relative locations and standard deviations
using both P and S waves. These locations are shown in Figure 9.
The two sets of locations do not differ greatly but some events
have shifted enough to make the conjugate fault plane not quite
as likely.-= e -

The reader has undoubtedly noticed that no mention was made
of the mainshock location in this paper. At several of the local
stations, the arrival of the mainshock was obscured by an after-
shock so it was not possible to locate the mainshock in the same
manner as the foreshocks. This fall, we relocated the mainshock
with respect to the largest foreshock using what local data was
available, data from the Chinese standard network and teleseismic
data from ISC. We found that the hypocenters of the foreshock
and mainshock were indistinguishable but the mainshock was definitely
several kilometers deeper than the foreshock.
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Table II
Average recorded amplitude ratios and standard deviation

Zhuang :
Yingkou Fuxun He Luda | Caochezhuan | Jinzho
Big P Small P
Before the largest | Ratio [0.30 0.08 0.36 | 0.28 0.20 1.01 0.11
foreshock error [0.10 0.04 0.12 0.14 0.10 0.17 0.07
After the largest | Ratio [0.35 0.06 0.35 0.31 0.26 . 1.03 0.12
foreshock “error [0.04 0.03 0.14 0.19 0.07 0.28 0.10
Table IIT -

Calculated Amplitude Ratio

No. Earthquake . Calculated Amplitude ratio Ap/As at Notes
| Yingkou [Fuxun [Zhuanghe | Luda [Caohezhuan|Jinzhou

1 Mainshock 0.11 ! 0.53 2.47 0.36 0.76 0.03 Using fault
! plane solution
t and location
of Gu (5)

2 Foreshock 0.47 0.24 0.92 0.38 0.75 1.14 Using fault
plane solution
and location
of Wu (1) for
composite of
foreshocks

3 Foreshock . 0.17 . 0.50 | 0.35 0.22 1.22 0.19 Using fault
' plane solution

and location
of Gu (5) for
largest fore-
shock

4 Foreshock 0.15 0.53 0.38 0.22 1.48 0.07 Same as No. 3
but located

! shifted 3km to
i west, 2km to

‘ north and 2km
deeper

|
} i J | 76 | | t
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ABSTRACT

This paper presents the results of a detailed study of an
intermediate depth earthquake beneath southern Tibet (September
14, 1976; 06 h 43 m 51.6 s; 29.81°N, 89.57°E; focal depth
90£10 km; m_ = 5.4). From the differences in arrival times of P,
pP, and sP and from Rayleigh wave spectral densities the focus is
estimated to be at depth of 90+10 km and therefore in the
uppermost mantle. From the polarities of the first motions of P
waves, inversion of the relative amplitudes of P, pP, and sP and
synthesis of their waveforms, the source mechanism is constrained
to be predominantly normal faulting with the T-axis approximately
horizontal and trending east-west. This mechanism is similar to
those of shallow earthquakes in Tibet. The occurrence of an
earthquake at depth of 90 km is consistent with rapid deformation
at a temperature of about 700 to 800°C in the mantle beneath the
Tibetan crust. The seismic moment of an equivalent double couple
point source is estimated to be about 9 x 1ozqdyne*cm (with an
upcertainty factor of 1.3) from the sP amplitudes in the period
range near 10 sec, and 5 x 102“dyne*cm (also with an uncertainty
factor of 1.3) from the spectral density of Rayleigh waves with

periods of 50 sec.

--e. --
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INTRODUCTION

Intermediate and deep focus earthquakes are typically
associated with the subduction of oceanic lithosphere and rarely
occur beneath continents. Although intermediate depth
earthquakes in the Hindu Kush, the Carpathians, Burma and the
deep Spanish earthquake of 1954 are good examples of such gvents
beneath continents, they are generally considered to be evidence
for sinking slabs of oceanic lithosphere from a past subduction
zone [e.g., Chatelain et al., 1980; Chung and Kanamori, 1976;
Isag% and Molnar, 1971; Roecker et al., 1980]. Presumably,
material at intermediate depths can be strong enough to support
the stresses needed to cause earthqhakes only where cold
lithosphere is subducted into asthenosphere.

The hypécenter distributions and fault plane solutions of
deep and intermediate earthquakes have been used extensively to
study the state of stess in subducted oceanic slabs [e.g., Isacks
and Molnar, 1971]. Nevetherless, controversy remains about the
ppysical mechanisms of these earthquakes. Do they result from
deformation processes analogous to brittle failure or stick-slip
of earth materials as observed in laboratory experiments or from
some other physical processes? In order to answer these
questions, studies employing more sophisticated methéds of source
analysis than presently available may be needed.

In this study, we present seismic evidence of an earthquake
with a focal depth of about 90 km beneath southern Tibet where
active subduction of oceanic lithosphere presumably ceased

several tens of millions of years ago [Molnar and Tapponnier,
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1975]. To our knowledge this is the first study of an earthquake
which occured at an intermediate depth but cannot be directly
ascribed to the subduction of an oceanic slab. An earthquake
taking place under such circumstances provides an unique
opportunity to study the stress regime deep in the continental
lithosphere.

An understanding of the high Tibetan Plateau, north of the
Himalayan moutain belt, is critical to an understanding of the
relationship between the continental collision between India and
Eurasia beginning 40 to 50 m.y. ago and the active tectonics of
much of Asia [Dewey and Burke, 1973; Molnar and Tapponnier,
1975, 19781. South of the Tibetan Plateau. deformation seems to
occur primarily by low-angle underthrusting that is presumably
responsible for the high moutain ranges of the Himalaya [Fitch,
1970; Molnar et al., 1977]. Large left-lateral strike slip
faults extend eastward across China from the northern and
northeastern boundaries of Tibet. 1In the plateau itself,
however, the active deformation takes place primarily by
widespread normal faulting with an approximately east-west
trending T-axis [Molnar and Tapponnier, 1975, 1978; Ni and York,
1978]._ It is particularly interesting to notg,phat thg active
normal faults extend south of the suture into the hiéﬂ Himaldya
so that the boundary of the Tibetan plateau, as defined by its
present tectonics, appears to have grown in that direction
[Molnar and Tapponnier, 1978]. The epicenter of the earthquake
of September 14, 1976 was approximately 50 km north of the Indus

Tsang-Po suture and 300 km north of the Himalayan main boundary
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fault (Fig. 1).

Seismicity in Tibet is quite scattered. The focal depths are
not well determined because in the absence of a local seismograph
network these events have to be located teleseismically,
resulting in a strong trade-off between the focal depth and
origin time. The frequent observation of large short-perioq
Rayleigh waves on the short-period seismograms of the World Wide
Standardized Seismograph Network (WWSSN) [Chen and Molnar, 1975]
suggests occurrence of very shallow earthquakes.

In the following sections, we present the methods used to
constrain the focal depth and source mechanism of the September
14, 1976 earthquake. We show that this earthquake occugéd in the
upper mantle at a depth of 90 km and was caused by a normal
faulting with an east-west trending T-axis. The occu?%nce of an
earthquake at such depth has important implicationé for possible
modes of deformation at high temperatures and pressures. The
source mechanism is similar to those obtained for shallow
earthquakes in Tibet and may represent the general style of

deformation in the region.
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DATA AND ANALYSIS

We examined the WWSSN seismograms available for this
earthquake and selected those with signal to noise ratios
adequate for quantitative analysis. The velocity structure used
both in the surface and body wave analysis (Table I) was based on
the S wave velocity model SE of Chen and Molnar [1980]. This
model indicates a 70 km thick crust beneath Tibet. The P wave
velocity was assumed to be 1.73 times that of the S wave velocity
(Poisson's ratio of 0.25) except for the Pn velocity which was
measured independently by Chen and Molnar [1980]. Below 90 km,
where few observational constraints are available, the density
and the P and S wave velocity structures were extended using

Gutenberg's continental model [Dorman et al., 1960].

1. Differential Travel Times Between Direct P Waves and Depth
Phases.,

The body wave magnitude (m,) given by the International
Seismological Center (ISC) for this event is 5.4. Earthquakes of
this size are marginal for first motion studies because, in
general, their direct P phases are obscured by microseismic
noise. For this event the observed P phases are especially weak
because most of the WWSSN stations seem to be ‘hear nod€s of the
radiation pattern. One later phase which we identified as the sP
phase, however, can be clearly observed on many long-period and
several short-period seismograms. The travel time difference ST
between P and sP is about 38 sec. Another apparent depth phase

(pP) which arrives with a & T of about 27 sec can be also
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recognized. Examples of the original seismograms are shown in
Figure 2. The measured differential travel times are summarized
in Table II.

A focal depth of 90 km is consistent with both a 28 sec
travel time difference between P and pP (ST pP-P) and a 38 sec
travel time difference between P and sP (§T sP-P), assuming
vertical ray paths and an average crustal velocity corresponding
to model SE. If the crustal thickness were 80 km instead of 70
km, with the same average crustal velocity, these differential
travel times would indicate a focal depth of 85 km. In an
extreme case in which the values of §T sP-P are systematically
overestimated by 2 sec and the averége crustal velocity is
overestimated by 5% the focal depth could be as shallow as 75 km
with the source located at the bottom of the crust. On the other
hand, the assumption of vertical ray paths causes an
underestimate of the focal depth by a few kilometers. Thus, given
the uncertainties in both the differential travel times and the
velocity structure, we conclude that this earthquake occured in
the uppermost mantle with a focal depth of 90+10 km.

This conclusion is based on the assumpion that the apparent
depth phases were correctly identified as pP and sP. In sections
4 and 5 we shall show that the polarities and amplitudes of the
assumed pP and sP are consistent with those of the direct P

arrivals.

2. Fault Plane Solutions From P Wave First Motions.

Figure 3 shows a range of possible fault plane solutions
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which satisfy the observed P wave first motion polarities. The
projections of the rays onto the focal sphere are based on
take-off angles calculated from the P travel time tables of
Herrin [1968] for a source located in the upper mantle. Whenever
possible, the short-period seismograms were used to pinpoint the
exact arrival of the P wave; long-period seismograms were qsed to
determine the polarity of the first motion. The P arrivals at
stations close to the nodes, e.g. JER and HKC, show oscillations
which are not observed at the non-nodal stations. These
oscillations may result from small precursor with slightly
different orientation than the main event. (The polarity of
reflections from the bottom of the crust or of converted phases
due to impedance contrasts below the source would be inconsistent
with the observed polarity of the slightly delayed arrivals.)
Stations which display this oscillating behavior are marked as
nodal or as uncertain readings in Fig. 3.

In the fault plane soulution, one nodal plane is fairly well
constrained with a strike of 190° and dip of 579W. To parametrize
the solution, we can treat this plane as the fault plane without
loss of generality. The slip angle in this plane is constrained
to be between 232° and 270° indicating a largehgomponegp of
normal faulting. 1In order to further constrain the Source
mechanism we must use information contained in the amplitudes of
the individual P phases. In subsequent sections we shall refer
to the results of the first motion analysis as solution 1 and
that of the following moment tensor inversion and waveform

modelling as solution 2 (Table III).
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3. Rayleigh Wave Amplitude Spectra.

An obvious indication of the depth of this event is the lack
of Rayleigh waves with periods less than 20 sec on almost all the
WWSSN long-period seismograms (Fig. 4). Not surprisingly, no
surface wave magnitude was assigned by the ISC. Tsai and Aki
[1970] demonstrated that in the period range of 10 to 50 sec,
where the Rayleigh wave attenuation is nearly independent of
period, the Rayleigh wave excitation depends mainly on the
properies of the source. In particular, they showed that the
shape of the Rayleigh wave amplitude spectra could be used to
determine the focal depth without exact knowledge of the
attenuation coefficient.

Thirteen WWSSN vertical component seismograms with visible
Rayleigh wave signals of 50 sec period were digitized in the
group velocity window of 2.8 to 4.0 km/sec. The amplitude spectra
in the period range of 10 to 50 sec, with the effect of
instrument response removed, are shown in Figure 5. Because we
are only interested in the shapes of the amplitude spectra, the
spectra were not corrected for attenuation. The spectra show a
rapid decrease toward the short periods although periods less
then 20. sec appear to be somewhat contaminated by sh0(§7period
noise (probably due to higher modes) which is clearl& visible on
the seismograms (Fig. 4).

Tsai and Aki [1970] discussed in detail the possible effects
of various source and propagation parameters on the determination
of source depth from Rayleigh wave amplitude spectra. In our

case, the assumption of a point source is a good approximation
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considering the small magnitude of this earthquake. Since a
duration of far-field source time function of 2.6 sec gives
satisfactory results for the synthetic P waveforms (section 5),
the effects of the source time-function on the surface wave
spectra are negligible. The numerical experiments of Tsai and
Aki [1970], which explored the effects of different velocity
structures, indicate that errors due to an uncertainty in our
knowledge of the crustal and upper mantle velocity structure
beneath Tibet should be small.

We examined the effects of the different fault plane
solutions obtained in this study (Table III) and found that
adopting different solutions had a negligible effect on the shape
of calculated Rayleigh wave amplitude spectra between 10 and
50 sec for a source depth around 90 km. Figure 5 shows that
within the range of possible focal mechanisms the principal
factor affecting the shapes of the_spectra is the depth of the
focus. It is clear that a source depth of 45 km will not fit the
observations. The best overall fit was obtained for a source at
a depth of 90 km, but the observed Rayleigh wave amblitude
spectra between 20 and 50 sec cannot constrain the depth better
than $10 km. L B

From the observed amplitude spectral densities ét the 50 sec
period the seismic moment is estimated to be about
5 x 10% dyne¥*cm with an uncertainty factor of 1.3 estimated from
the scatter of data (Fig. 6); In the moment calculation we have
assumed the fault plane solution 2 at 90 km depth and an

attenuation coefficient of 1.5 x 104’km'1[Ben-Menahem, 1965; Tsai
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and Aki, 1970]. Other combinations of possible source depths
from 85 to 95 km and fault plane solutions shown in Table III
also give seismic moment between 5 and 6 x 102“dyne*cm and an

estimated uncertainty factor of 1.3.

4, Seismic Moment Tensor Inversion of P Wave Amplitudes.

Since the fault plane solution obtained from P wave first
motion polarities alone is not tightly constrained, the
amplitudes of the P phases are employed to provide additional
constraint on the focal mechanism,

The response of an elastic body to an arbitrary static
seismic moment tensor at a point source can be found by
differentiating the Green's function with respect to the source
coordinates. Suppose we have a force couple at the source
position E with the force pointing in the 4 direction and the
moment arm pointing at the 4 direction. (This corresponds to a Mij
term in the moment tensor.) If the Green's function
G,; (x,%, t) is known, where X is the receiver position and t
is the time, then the displacement response u, at X in the n

direction, due to MU y is simply

- )
Un = Z Mi; 5T Gni (_ng ¥, 1) -

i ] - |
For a given set of observed displacements u, M;; can be found by

=
applying the linear inverse operator ( 2 Gn: ) .

o%; .
Recently, Fitch et al. [1980] developed an inversion to
obtain the static seismic moment tensor from the amplitude of

body waves. We briefly review the procedures. The problem is
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simplified by equalizing the amplitude data onto the focal sphere
and simply using the inverse operator of the elastic response for
a whole space to perform the inversion. Usually body wave data
are deconvolved in the time domain to remove the instrument
response and attenuation effects. The amplitudes of identified
P, pP and sP pulses are then corrected for geometrical spreading
from empirical amplitude-distance curves and for reflection at
the free surface over the source region. Finally, these data are
projected back onto the focal sphere using take-off angles
determined from standard travel time tables. Expressions for the
elastic response on a focal sphere due to a point seismic moment
tensor can be found in McCowan [1977].

If we assume that the principal stress axes of the various
moment tensor components are coincidental, the moment tensor
obtained can be uniquely decomposed into a volumetric component:
the monopole; and two non-volumetric components: the double
couple and the compensated linear vector dipole (CLVD) [Knopoff
and Randall, 1970]. Physically, the monopole may be related to
an explosion or implosion, the double couple to a shear
dislocation and the linear vector dipole (combination of the
monopole and the compensated linear vector dipole) to a tension
crack. The interpretation of the moment tensor in terms of -
physical mechanism, however, is not unique.

Since for the event of September 14, 1976 the depth phases
are well separated from the direct P phase and from each other,
deconvolution in order to obtain their uncontaminated amplitudes

was not necessary; we simply measured the peak amplitudes of P,
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pP and sP with a digitizing table. Records from long-period
WWSSN stations within the distance range of 30° to 80° and with
good signal-to-noise ratios for at least one of the P phases were
used (Table IV). The amplitudes of pP and sP were corrected for
conversions at the free surface using reflection coefficients
calculated for free surface P wave velocity of 6 km/sec anq
Poisson's ratio of 0.25. The angles of incidence at the surface
were calculated for the same ray parameter as the take-off angles
[e.g. Richter 1958]. The source was assumed to be in the upper
mantle,

Because several stations had rather low direct P
signal-to-noise ratio, we performed the inversion using the L1
norm [Clefarbout and Muir, 1973]. The L1 norm, in addition to
being less sensitive to errors in the data, allows incorporation
of first motion polarities into the inversion. [Fitch et al.,
1980]. The moment tensor resulting from the inversion of the
amplitude data and first motion polarities has 32.6% double
couple, 55.8% CLVD and 11.7% monopole components, The
o;ientation of the double couple component correspohds to a fault
plane solution with ¢= 232°, J= 64° and A= 318° (Fig.8). On
the ot@er hand, if the source is constrained gg.be a dgyble
couple [Strelitz, 1978], the solution of the least sﬁdares
inversion (L2 norm) of the amplitude data gives the source
orientation with ¢$= 215°, d= 52° and »= 292° (solution 2b,
table IV). Inspection of the residuals from these two different
approaches does not reveal which data are responsible for the

large CLVD component obtained from the unconstrained inversion.
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This leads us to suspect that the large non-double couple
component may be an artifact due to insufficient coverage of the
focal sphere.

To further investigate this possibility, we extended the
data set by adding first motion polarities reported in the ISC
Bulletin for 9 stations located north of the source region in the
U.S.S.R.. The solution of the unconstrained inversion using this
extended data set has 94.2% double couple and only 1.1% CLVD and
4,7% monopole (solution 2a, Table IV). The orientation of the
double couple component of this solution is <b= 216°, J= 55° and
A = 295°, almost identical to the solution of the constrained
inversion.

In order to investigate the sensitivity of the solution to
changes in the medium parameters we corrected the free surface
reflectedions by assuming a near surface P wave velocity of
5 km/sec (instead of 6 km/sec); the unconstrained inversion of
the extended data set gives a solution in which the nodal planes
for the double couple component remain essentially unchanged, but
the moment tensor has 83.8% double-couple and 8.9% CLVD and 7.3%
monopole components. Qn the other hand, if the take-off angles
are adJusted by increasing the velocities in tbﬁ source region by
4%, the resulting solution approaches a pure (96.3%) double
couple with only 2.7% CLVD and 1% monopole and the same
orientation as before.

As we have demonstrated, there is no convincing evidence for
large departure from the double couple mechanism. Furthermore,

systematic errors arising from the assumptions involved in the
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moment tensor analysis as well as the quality and size of our
data set preclude an accurate ' ‘measure of the non-double
couple components., The most important result of this analysis is
the knowledge of the orientation of the P, T and B axes in the
source region. All the inversions of our dataset discussed
above, resulted in essentially same orientations of these éxes.
The double couple fault plane solution corresponding to these
axes (solution 2) is similar to the solution 1 ( X = 27079) based
only on the first motion data, indicating predominantly normal
faulting mechanism. A fault plane solution with large right
lateral strike slip component, similar to the

solution 1 ( » = 232°) is clearly not consistent with the

amplitude data.

5. Waveform Matching of P phases.

In this section we shall use waveform modelling to further
investigate the source mechanism of the September 14, 1976
earthquake. Synthetic seismograms provide visual means for
displaying the sensitivity of the solution to variations in
different parameters. In contrast to the moment tensor inversion
they allow use of stations with low signal-to-noise ratio but
which can stil qualitatively provide constraints on the solufion.

The body wave seismograms are sensitive to the details of
the crustal structure because of their high frequency content.
Large impedance contrasts over a short depth range can produce
reflections and phase conversions which can be seen on the

seismograms, It is therefore important to find a proper
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approximation to the crustal structure in the vicinity of the
source. In our case we want to model only amplitudes and
polarities of P, pP, and sP and thus we must be particularly
careful about the choice of take-off angles at the source and
incidence angles at the free surface. Because there are large
differences in impedance in the immediate vicinity of thegsource
and near the free surface, a homogeneous halfspace model is
inadequate. One approach would be to directly introduce a
layered model and calculate the response of the medium using
Haskell's algorithm. This technique will give correct take-off
angles and the incidence angles at the free surface, if the
velocities of the top layer and the layer containing the source
are properly specified. A discreetely layered model, however,
has two major drawbacks: 1) a smoothly varying structure must be
approximated by a large number of layers, and 2) unless the layer
parameters are well determined, the discreet impedance boundaries
between the layers cause phase reflections and conversions which
add undesirable noise to the analysis.

) An alternative approach, which we also followed in the moment
tensor inversion, is to calculate the take-off angles for P, pP

and sP for the medium parameters in the immediate vicinity of the

- - .

source and then to correct the pP and sP only for tﬂe free
surface effect with appropriate physical parameters of the medium
near the free surface. The crust between the free surface and
the source can be substituted by an average crust influencing
only the travel times. This approximation is equivalent to a

smoothly varying crustal structure in which rays refract but do
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not loose energy due to internal reflections and conversions. In
the absence of both a detailed knowledge of the crustal structure
in the vicinity of the September 14, 1976 earthquake and large
internal crustal reflections visible on the seismograms the
second alternative appears to be more appropriate for our
problem,.

The method used to calculate the theoretical seismograﬁs was
adapted from Langston and Helmberger [1975] and Kanamori and
Stewart [1976]. We have incorporated the physical parameters of
the medium near the free surface in the reflection coefficients.
We assume that the source acts as a pure double couple. The
P-wave vertical seismogram at the receiver is given by the

following equation

? - H:? ~ ? 2 \-r—v-??
u -bﬁgd@C({Of{Q(4o,d)+R(—{J,U~/H (po,02,88) Ht-8¢))

+ B (-p, B) WS:(.lc,dil A1y Hit-4%,) %& JxSGI Al T(4) <
3

where €, o« and /3 are respectively the density, compressional

and shear velocities in the source region and <1 and A1 the
compressional and shear velocities near the free surface. Ny

is defi b ; )T,
is defined by ( o~ ; the ray parameter

-

/9 is constant
for a given station. .
ﬁfv

2
R and are the radiation patterns of P and SV

expressed by
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where a's, defined by Bouchon [1976], are functions of only
source orientation.

——B2 sT

i and TT are coefficients of P to P and S to P
reflections at the free surface and can be written in the

following form (derived from Richter [1958])

2
T _ li'f’zrta'la - (nz -

i! = IS

Hptn s+ % -/f"}z

72l betalnd- ¢V
N, (g - )

¢2)

The terms My, G, A, C, I and S are, respectively, the
seismic moment of the double couple, geometrical spreading,
attenuation operator, free surface effect at the recgiyer,
receiver response and source time function. Finally,

H(t - At,(;y ) is Heaviside step function delayed by A ty(a)
the time delay of pP (sP) relative to the direct wave,

Following the procedure outlined above we generated
Ssynthetic seismograms for several stations representative of

those used in the seismic moment tensor inversion of section 4,

sy
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The structure in the source region was specified by following
parameters: & = 8.12 km/sec, A = 4,8 km/sec,

¢ =3.365 g/en’ , &1 = 6.1 km/sec and A1 = 3.53 km/sec. The
receiver region consits of a half space with P wave velocity of
6.1 km/sec and Poisson's ratio of 0.25. The correction for
geometrical spreading in the mantle (G) and the ray parameter
(40 ) appropriate for each station were determined from the P
travel time tables of Herrin [1968]. A causal attenuation
operator with t# (travel time/quality factor) of 1 sec was used
in all calculations. Because the earthquake was sufficiently
small to be approximated by a point source, only one source time
function, independent of the distance and azimuth between
earthquake and receiver, was required for all three P phases.
The far-field source time function was a box car of 2.6 sec
duration.

In section 1 we have shown that the observed time delays of
pP and sP relative to the direct wave are consistent with an
egrthquake hypocenter located at a depth of 90 km in the mantle
below the Tibetan crust. Since it would serve no further purpose
to recalculate the travel times we introduced the observed time
delays .directly into the synthetic seismograms.. -

The digitized records and the corresponding synthetic
seismograms are shown in Fig. 7. All of the observed wave forms
were normalized to an instrumental peak magnification of 3000
while the synthetic seismograms were scaled to the largest phase
seen in the observed waveforms. The best overall match between

the observed and synthesized seismograms was achieved for a
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source orientation given by solution 2b. For the seismograms
shown, the ray parameter 4 was increased by 4% relative to the
value based on Herrin's tables.

We consider the agreement between the observed and
synthesized waveforms to be very good except at DAV where the
observed P/sP ratio is especially small. The sesmic moment at DAV
determined from the sP is twice as large as those from other
stations. This indicateé that an anomalously large sP amplitude
is responsible for the discrepancy between the observed and
synthesized waveforms. Although one cannot rigorously rule out
unusual source or structural effects, in this case the
anomalously large sP amplitude at DAV is probably due to the high
noise level at the station. The signal ana noise at DAV have
similar frequency content and can therefore constructively
interfere to produce the anomalous amplitude reading. Because
station SNG lies at a distance of about 25° from the epicenter,
the observed waveforms may be affected somewhat by the upper
mantle structure. In absence of other good data from similar
azimuth, we include this station for qualitative comparison.

We have calculated synthetic seismograms for four
representative stations using also the other models discussed in
the previous sections in order to display the sensitivity of our
prefered solution to variation in different source and medium
parameters. Seismograms a through d in figure 8 were calculated
for the solutions 1 ( » = 232°), 1 ( »x= 270°), 2a and 2b,
respectively, using &i = 6.1 km/sec for the snﬁﬁgge compressional

wave velocity near the free surface; seismograms e were obtained

6



20

using solution 2b and o1 = 5.0 km/sec. Seismograms f, the
prefered solution, were calculated using solution 2b with

&1 = 6.1 km/sec, but the ray parameter was increased by 4%.
Clearly, solutions 1 ( X = 2329) and 1 ( A = 270°) based on only
first motion data are not consistent with the observed amplitude
data. The assumption of 5.0 km/sec for the smefaee compressional
wave velocity near the free surface degrades the match.

Solution 2b is slightly better than solution 2a but the
differences are not significant when we consider uncertanties in
the assumptions involved in calculation of the synthetic
seismograms. The average seismic moment calculated by scaling
the synthetic seismograms to the largest phase in the observed
wave form is 1 x 1023 dyne¥*cm with an estimated uncertainty
factor of 1.7. If we, however, ignore the anomalously large sP
amplitude at DAV, the avérage moment is about 9 x 101Q dyne¥*cm
with an uncertainty factor of 1.3. This value is in reasonable
agreement with the seismic moment of 5 to 6 x 10%" dyne¥*cm

estimated from the Rayleigh waves.
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TECTONIC IMPLICATIONS
Normal Faulting at Depth

The epicenter of the earthquake of September 14, 1976 is
about 50 km north of the suture where active subduction
presumably ceased several tens of million years ago. The fault
plane solution not only is very different from low-angle
underthrusting, characteristic of earthquakes in the Himaléya,
but is also difficult to fit into a simple scheme of a sinking
slab or bending lithosphere. Therefore, although the earthquake
may have occured in material that was once an oéeanic
lithosphere, its occurrence probably should not be taken as
evidence for an actively sinking slab.

The approximately east-west trending T-axis is similar to
the active normal faulting observed near the surface of Tibet.
Since we studied only one event that occured in the mantle, it is
risky to draw any firm conclusions about the style of deformation
between the surface and this depth. If this event is
representative of the deformation of the lower crust and upper
méntle of Tibet, it suggests that the small amount 6f active
east-west extention that occurs at the surface also occurs at

depth.

- - -

Implications For the Temperature in the Mantle Beneath Tibet
Chen and Molnar [1980] suggested that the average
temperature of the uppermost mantle immediately beneath the
Tibetan Moho is likely to be about 250°C warmer than beneath

stable platforms and shields [also see Chen et al., 1980]. Thus
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the uppermost mantle temperature beneath Tibet could be about 750
or 800°C if that beneath the stable platforms and shields is
about 500°C [Sclater et al., 1980].

To the best of our knowledge, the deepest intraplate
earthquakes occur in periodic swarms about 60 km beneath the
sumit of Kilauea in Hawaii [Eaton, 1962] and presumably are
related to volcanic activity there. Using a cooling plate model
for the thermal history of the oceanic lithosphere [Parsons and
Sclater, 19771, the temperature at 60 km depth in a 100 m.y. old
oceanic plate can be estimated to be about 750°C. A possible
anomalously high rate of non-conductive heat transport from the
agﬁenosphere might increase this temperature estimate somewhat.
Morover, thermodynamic data indicate that the solidus for
basaltic material under water saturated conditions (the lower
bound of the solidus) is about 700°C at 20 kb corresponding to
60 km of lithostatic load [e.g., Merrill et al., 1970]. Thus
even if magma exists at that depth, the temperature at 60 km
beneath Kilauea should be at least 700°C. This suggests that
earthquake activity can occur in mantle materials at temperatures
near T50°C if there are sufficient stress differences at these
depths. .- -

The flow laws for olivine obtained from laboratory
experiments [e.g., Goetze, 1978] indicate that at a strain rate
of about 8 x 107 sec™? s (100% strain over the past 40 m.y.
since the onset of the continental collision between India and
Eurasia) only 1.1 to 0.43 kb of differential stress are necessary

to maintain steady state dislocation creep of olivine at
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temperatures of 750 to 800°C,respectively [Chen and Molnar,
1980]. This estimate is very crude because of uncertainties in
the activation energy and temperature. On the other hand,
occurrence of an earthquake at 90 km beﬁeath Tibet, indicates
that deformation processes analogous to stick-slip observed at
much lower P-T conditions in the laboratory are possible even at
temperatures over T00°C and pressures of 30 kb, unless we have
grossly over-estimated the mantle temperature or unless the
source region is anomalously cool compared to the average

temperature at that depth.
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CONCLUSIONS

From the differences in arrival times of P, pP, and sP and
from the shapes of the Rayleigh wave amplitude spectra the focal
depth of the intermediate depth earthquake of Septempber 14, 1976
in southern Tibet is estimated to be 90+10 km. The first motion
polarities of P waves, inversion of the relative amplitudes of P,
pP, and sP and matching of their waveforms with synthetic
seismograms indicate predominatly normal faulting source
mechanism with nearly north-south striking nodal planes. The
seismic moment of an equivalent double couple source determined
from the spectral densities of 50 sec Rayleigh waves and
amplitudes of the sP phases is 5 x 10%% and 9 x 1024 dyne¥*cm,
respectively. Both estimates are uncertain to about a factor of
1.3.

The essentially east-west trending T-axis is consitent with
the active extention observed near the surface. If this event is
representative of the deformation in the Tibetan mantle, then a
small amount of the east-west extention also occurs at depth.

Since the average temperatures in the uppermost mantle
beneath Tibet and 60 km beneath Hawaii could be 700 to 8009C, the
occurrence of earthquakes in both regions indigcates thg; rapid
deformation can occur at these temperatures and at pressures bver

20 kb,
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