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ABSTRACT. Fauit plane solutions and focal depths for three crustal events occurring in the Himalayan
collision zone have been obtainzd using synthetic waveform modelling. Two crustal events with their epicentres

in the Tibetan plateau show large compon:

the local structural tread.  All the t

15 km.
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1. Introduction

The current tectonic activity in central Asia has
largely been attributed to the continued collision bet-
ween the Indian and Eurasian plates. The stresses
accumulated as a result of continued collision are being
released through earthquakes of varying magnitudes.
Accurate focal depths and reliable fault plane solutions
play an important role in elucidating the physics of
earthquake mechanism.

While the first motion and surface wave data enable us
to draw fairly accurate information on fault geometry,
information on body waves, by virtue of their high
frequency content, yield higher resolution and thus
characterise the source more in detail. The body wave
modelling techniques. in which synthetic waveforms are
generated and compared with the observed seismograms,
have become one of the most important tools of ob-
servational seismology (Helmberger and Budrick 1979).
The technique essentially consists of comparing the
observed seismograms with the synthetic waveforms
generated using a known source model and crustal struc-
ture. Iterative techniques are employed to get a best fit
between the observed and synthetic waveforms by vary-
ing either the source properiies or the crustal structure
keeping other parameters constant. The parameters
that yield the best fit are then taken as representative of
the source. This study is aimed at placing constraints on
focal depths and fault plane solutions for three shallow
earthquakes in the Himalayan collision zone by com-
paring the observed seismograms with the synthetics

nt of normal faulting with east-west trending T-axes.  The t
with it’s epicenire north of Main Boundary Thrust (MBT) shows reverse faulting with the nodal planes

hree crustal events'studied have occurred at shallow
The inferred source paramaters of these events are discussed in the light of active tectonics of the region,
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generated using the algorithm developed by Kroeger and
Geller (1983).

2. Method of analysis

The hypocentra! parameters of the events studied, as
reported in the ISC bulletins. are listed in Table 1. The
synthetic seismograms have been computed using a
program developed by Kroeger and Geller  (1983),
which includes all reflections and conversions from an
assumed crustal structure near the source. Schemati-
callv, the observed seismogram can be expressed as a
convolution of the form :

U(r) = S(t) * NSS (1) * E(1)* RS (1) * K1)

where, U(r) is the seismogram. S(7) is the far-field
source time function, NSS(r)is the term which contains
the effects of the focal mechanism of the source and
propagation through the earth structure near the
source, E(t) is the term which includes the effects of
propagation from the source region to the receiver
region. It incorporates the travel time from the base of
the near source structure to the base of the near-
receiver structure, whole earth geometrical spreading
and anelastic attenuation effects, RS(r) is the near-
receiver structure term, and /(¢)is the response of
the seismic instrument.
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TABLE 1

Farthquakes analysed

Location

Event Date ———P— Depth

No. Lat. Long. (ki
("N) ("E)

1 23 Jan 1982 (17hr) 31.68 8228 6.0 26 0

2 29 Jul 1980 (14 hr)y 29.63 81.09 6.1 23 .0
3 22 Feb 1980 (03 hr) 30.55 88.65 ~ Ty 10.0

TABLE 2

Crusta! structure used in the study

Event Vp Vs* Density  Thickness
No. (km/'sec) (km/sec) (gm o¢) (km?!

1 and 3 2.7 1.56 2.0 2.0
6.2 3.58 2,75 19.0
6.9 3.98 2.92 19.0
8.0 4.62 3.28

2 2.7 1.56 2.0 6.0
6.2 1,58 2.75 8.0
6.9 3.98 2.92 14.0
8.0 4.62 3.28

*Vp/ Vs is assumed 10 be | .73

Stein and Wiens (1986) have studied in detail the
effect of near source structure, frequency response of the
instrument and source parameters on the synthetics
generated. For the long period data, moderate changes
in the near source structure do not aiter th:e depth deter-
minations much, as some of the additional small phases
are filtered out by the instrument. In the continental
region, the depth determination is rather robust with
respect to the crustal structure. The crustal structure
obtained by Kaila et al. (1968) has been adopted in this
study with little modifications. The crustal structure
assumed for each event varies depending on the epi-
central distance from the thrust axis and is listed in

Table 2.

While the short period instruments resolve higher
frequencies and thus provide more detailed information
in the waveform, the results are more sensitive Lo noise
and much less robust to any deviation from the assump-
tions about structure and source processes required.
However, studies using long period instruments, such as
the WWSSN long period, achieve greater stability and
robustness with lower resolution. Hence. the depth
determined using long period data is an average over a
finite fault. and the source time function determined
is relatively insensitive to high frequency information
(Stein and Wiens 1986). The trade-ofi t?cmccn lhle denlh
phases and the scurce time functicn is not serious for
the small magnitude events treated in this stucy. The
observed seismograms have, therefore, been collected
frem the long period WWSSN records for comparison
with the synthetics.

250 Km
b/ u— ar

86° . 90" I 1

Fig. 1. Epicentral distribution of the earthquakes analysed.
The numbers refer to the event  number listed in
Table |.Major active normal faults of south Tibet
are reproduced from Tapponnier ef af. (1986)

In an attempt to avoid the effect of upper mantle on
the synthetics generated. computations were limited to
those stations whose epicentral distance lies between
30" & 90°. While the source is assumed to be a double
couple point source, the far-fizld source time function
is assumed to be trapezoidal and uniform for all sta-
tions for each event.

For shallow earthquakes with depth less than 100 km
the major effects of earth structure on the P-wave are
two pulses pP and sP due to reflections of the upgoing
P-and S- waves at the earth’s surface, These pulses
are convolved with the instrument response of WWSSN
seismographs. the far field source time function, the Q
operator for attenuation (Carpenter 1966) in which Tp*
of one second is assumed. The source time function
defined by the time constants #,, 1, and 7, is obtained
by the visual fit to the first half cycle of the waveform.

For each event. the local mechanism solution has
been obtaired using P-wave first motion data and S-wave
polarization angles read from WWSSN records. Using
the mechanism solution thus obtained, the focal depth
and source time function were determined by matching
the waveforms. However, if the focal mechanism is not
well constrained from the first motion data, a rough
estimate of focal depth and source time function is
first made by using stations far from the nodal planes.
The nodal planes are then examined by comparing syn-
thetics with observed seismograms at stations near the
nodes to obtain optimal solutions. Using this optimal
solution, the focal depths have been redetermined accu-
rately.

3. Results

The epicentral locations ol the events studied are
shown in Fig. 1. To account for the unusually large
thickness of the crust in the great Himalayas. the total
crustal thickness used for Events | and 3 has been taken
as 60 km as against a crustal thickness of 28 km for
Event 2 whose epicentre lies very close to the main
thrust axis. Table 3 lists the source parameters obtained
in this study. The average focal depth with standard
deviation and the source t'me function estimated for
each event are listed ‘n Table 4. Figs, 2-4 illustrate the
fault plane solutions and comparison of synthetic and
observed seismograms of the long period vertical compo-
nent of P-waves for events listed in Table 1. In all
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TABLE 3

Source parameters of the events studied

Event Date NP,
No. —_—r e ——
Strk Dip Rake
1 23 Jan 1982 203 67 —90
2 29 Jul 1980 105 64 92
3 22 Feb 1980 185 48 —72

NP, P-axis T-axis
— A —— e =
Strk. Dip Azm. Plg Azm. Plg,

23 23 113 68 293 22
290 26 197 18 10 71
338 46 165 77 261 2

TABLE 4

Depth and source time function for the study events

Focal Std. dev. Source time function
Event  depth (km) ——— A ———
No. (km) and No. ty n 1,
' of stations (sec) (sec) (sec)
1 11 1.8 (8) 1.0 1.0 1.0
2 4 1.6 (11) 4.5 4.5 4.0
3 12 2.6 (8) 0.5 0.5 0.5

the three cases. equal-area projections of the lower
hemisphere of the focal sphere are shown with solid
circles as compressional and open circles as dilatational
first motions. Large and small circles are long period
and short period P-wave first motions re§pect1yely.
Crosses are the uncertain readings and a§1erlsks indi-
cate nodal polarities. Arrows indicate S-wave polari-
zation angles. Nodal lines are those listed in Table 3.
The azimuth of the station, epicentral distance and the
depth used for the calculation of the synthetics shown
in the figures are indicated below the station code.
The details of each event are described below :

Event 1 (198201 23 17 37 @ my = 6. 0)

This event had its epicentre in the southern Tibet
north of the main Himalayan thrust zone. From the
focal mechanism diagram shown in Fig. 2, it may be
noticed that the solution requires a large dip slip compo-
nent with both the nodal planes striking NNE-SSW
direction. The S-wave polarization angle could be
determined very accurately for two stations KEV and
NUR located in the northwest quadrant of the focal
sphere. Judging from the P-wave polarities and S-wave
polarization angles. the strike and dip of the WNW
dipping nodal plane could be well constrained. The
synthetics generated by varying the rake angles were
comnared with the observed waveforms to get the best
possible fit. The best fit requires a large component
of normal faulting with the 7 axis trending in WNW-
ESE direction. However, the strike and dip of the other
nodal plane are not well constrained. Focal depths
between 10 and 15 km yield best fit for as many as

eight stations. The steeper nodal planes of normal
faulting events may be interpreted as their fault planes
because normal faults usually have planes dipping more
steeply than 45° (Jaeger and Cook 1979). With this
presumption, the nodal plane dipping in a WNW
direction may be considered as the fault plane for this
event.

Event 2 (1980 07 29 14 58 :m, = 6.1)

The earthquake is located north of MBT and the
solution indicates thrust faulting with the nodal planes
paralleling the local structural trend. Though the
nodal planes for this solution could not be determined
uniquely, it is clear that the solution is dominantly a
reverse fault type. The relatively small amplitude of the
P-wave onset at QUE, shown by an asterisk in the
mechanism diagram, indicates that the station is very
close to the node. From the distribution of the first
motion data it may be seen that the southward dipping
nodal plane is relatively better constrained than the other
nodal plane. The strike and dip of the other nodal
plane are then estimated by varying the rake angle to
get the best possible match between the observed and
synthetic waveforms. Both the nodal planes strike
parallel to the local structural trend with the P axis
almost paralleling the direction of movement of Indian
plate with respect to Eurasian plate. Considering the
trend of tectonic features in the region and the dip
angles of the nodal planes, the northerly dipping nodal
plane may be interpreted as the fault plane for this
event. This is because of the fact that thrusting is
more probable on a shallow dipping plane than on
a steeply dipping nodal plane. Fig. 3 depicts the
mechanism diagram together with the“synthetic and
observed waveforms at eleven stations. On the basis
of the best fits, it may be seen that the focal depth for
this event lies between 3 and 8 km.

Event 3 (1980 02220302 : my = 5.7)

The event, with its epicentre in the southern Tibet
does not yield a well constrained solution. However,
the first motion data in conjunction with"S-wave polari-
zation angles could constrain well the strike and dip
of the westward dipping nodal plane. The S-wave
polarization angle at JER corroborates the inferred
strike of the westward dipping nodal plane. By varying
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Fig. 2. A mechanism diagram and comparison of the Sym-
thetics with the observed P-wave records for Event |

the rake angle, the best fit between the observed and
syntlhet'c waveforms was obtained. The fault plane
“solution requires a large component of normal faulting
with nearly horizontal east-west trending 7 axis. The
synthetics for focal depths between 10 & 15 km fit the
observed records better as illustrated in Fig. 4. Con-
sidering the prominent fault traces as reported by
Tapponnier ef al. (1986), the westward dipping nodal
plane may be interpreted as the fault plane lor this
event.

4. Discussion

The focal depths estimated from the synthetic wave-
form modelling for all the three study events are rela-
tively shallower in comparison to the corres onding
ISC deferminations. The two methods o depth
determination, ISC and the present synthetics are.
however, quite different. Unlike the ISC method. the
synthetic methods makes use of simultaneous matching
of waveforms recorded at a number of stations round
the globe with the corresponding simulated waveforms.
and hence is expected to yield better estimates,
How better they are., however, depends on how close is
the match between them. Events | and 3 whose ep'-
centres lie in southern Tibet show a large component ol
nermal faulting with east-west trending 7 axes. For

S ,
583
/

:

Fig. 3. A mechanism diagram and comparison of the syn-
thetics with the observed P-wave records for Event 2

both the events, the 7'axis is more nearly horizontal than
the P axis. As proposed by Jacger and Cook (1979),
the steeply dipping nodal planes of these normal fault-
ing events, which dip towards west have been inter-
preted as their fault planes. The inferred dip directions
for these events are also consistent with the prominent
fault traces of Tibet reported by Tapponnier et al.
(1986). Molnar and Chen (1983) have also obtained
focal depths and fault plane solutions for 16 crustal
events and two intermediate depth events beneath the
highest parts ol the Tibetan plateau using synthetic
waveform modelling. They have observed that all
the events exhibit large components of normal and
strike slip faulting with east-west trending tension
axes. The focal depths for all these events, including
those studied in this paper, are found to be less than 15
km. The predominance of normal/strike slip faulting
and the shallow focal depths of the crustal events in
Tibet are attributed to crustal thinning by crustal ex-
tension. Gravitational potential energy stored in re-
gions of high elevations, and for Tibet in the crustal
root as well, would provide the energy to drive the
extension and crustal thinning (Molnar and Tappon-
nier 1978). Thus the results of this study further cor-
roborate the earlier inferences that the active tectonics
of Tibet is predominantly controlled by extension in an
cast-west direction.,
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Event 2 with its epicentre north of MBT shows
thrust faulting with the nodal planes paralleling the
local structural trend. Keeping in view the Himalayan
arc tectonics, the northerly dipping nodal plane with its
shallow dip angle has been interpreted as the fault plane
solution for this event. The P axis for this event shows
a parallel trend with the direction of movement of Indian
plate withlrespect to Eurasian plate (Minster and Jordan
1978 and Demets et al. 1990). The solution, thus,
indicates crustal shortening and underthrusting of the
peninsular shield mass along the Himalayan arc.

The active deformation in central Asia includes
crustal shortening along the thrust faults throughout
the entire Himalayan front, lateral displacement along
strike slip faults, viz., the Altyn Tagh and Kunlun faults
in eastern and western Tibet and extension along normal
faults in central Tibet (Molnar and Tapponnier
1975 and Molnar and Deng 1984). A large number of
focal mechanism solutions available in literature for
the main Himalayan arc (between MBF and ISZ)
show thrust faulting along NW-SE oriented nodal
planes. These solutions suggest that a considerable
amount of energy is being released through thrust
faulting along the Himalayas at present. Dattatrayam
and Seno (submitted in May 1991) have studied the
slip vectors of thirty nine thrust earthquakes occurring
along the Himalayan thrust zone in an attempt to under-
stand the possible relationship between the slip vectors
and the velocity vectors derived from the global plate
motion models of Minster and Jordan (1978) and Demets
et al. (1990). They have also discussed the occurrence of
normal and strike slip type of faulting in south Tibet
in the light of a simple kinematic model which proposes
that the eastern and western blocks of south Tibet are
separating from each other.

Seeber et al. (1981) have postulated that the great
Himalayan earthquakes occur south or up-dip from the
Basement Thrust Front (BTF) and are interpreted as
detachment events. In the interseismic periods between
the great events, moderate magnitude thrust earthquakes
are concentiated in the narrow beltdown-dip from the
BTF and the detachment appears to be aseismic.
Event 2 appears to be one of those moderate size
magnitude events concentrated along the narrow belt
down-dip from the BTF.

The earlier inferences that the Himalaya is a zone of
current thrusting limited to crustal depths (Gutenberg
and Richter 1954, Fitch 1970) and that secondary
structures involving normal and strike slip faulting are
also present (Valdiya 1976, Banghar 1974, Chandra
1978, Molnar et al. 1973) are reiterated by the results
of this study.
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