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SUMMARY

Focal mechanisms determined from moment tensor inversion and first motion polarities of
the Himalayan Nepal Tibet Seismic Experiment (HIMNT) coupled with previously published
solutions show the Himalayan continental collision zone near eastern Nepal is deforming by
a variety of styles of deformation. These styles include strike-slip, thrust and normal faulting
in the upper and lower crust, but mostly strike-slip faulting near or below the crust-mantle
boundary (Moho). One normal faulting earthquake from this experiment accommodates east—
west extension beneath the Main Himalayan Thrust of the Lesser Himalaya while three upper
crustal normal events on the southern Tibetan Plateau are consistent with east-west extension
of the Tibetan crust. Strike-slip earthquakes near the Himalayan Moho at depths >60 km also
absorb this continental collision. Shallow plunging P-axes and shallow plunging EW trending
T-axes, proxies for the predominant strain orientations, show active shearing at focal depths
~60-90 km beneath the High Himalaya and southern Tibetan Plateau. Beneath the southern
Tibetan Plateau the plunge of the P-axes shift from vertical in the upper crust to mostly
horizontal near the crust-mantle boundary, indicating that body forces may play larger role at
shallower depths than at deeper depths where plate boundary forces may dominate.

Key words: focal mechanisms, Tibetan Plateau, earthquake depths, The Himalaya, Nepal,

continental collision.

1 INTRODUCTION

Do earthquakes occur in the upper mantle or only in the crust of
continental lithosphere? In the Himalayan convergence zone, a bi-
modal distribution of brittle strength in the crust and upper mantle
with a ductile transition in the lower crust has been used to ex-
plain the existence of subcrustal hypocentres under the southern Ti-
betan Plateau (e.g. Chen & Molnar 1983; Chen & Kao 1996; Zhu &
Helmberger 1996; Chen & Yang 2004). Other authors have sug-
gested that elastic thicknesses of continents are less than or equal to
the seismogenic thickness, that both are less than the crustal thick-
ness, and that continental earthquakes occur in the crust while the
upper mantle deforms as a weaker ductile layer (e.g. Maggi et al.
2000a; Jackson 2002a,b; Jackson et al. 2004; McKenzie et al. 2005;
Mitra et al. 2005). Both sides of this controversy use the hypocentres
and focal mechanisms of many of the same earthquakes in their in-
terpretations of the continental lithosphere in the Himalayan region.
Determining the source parameters of additional earthquakes and
careful analysis of their focal depths near the crust-mantle boundary
provide further fuel for this controversy.

Studies using P-wave first motions, synthesis of body waves
and moment tensor inversions of earthquakes show largely under-
thrusting, east-west and north—south extension in the shallow crust
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beneath the Himalaya and the southern Tibetan Plateau (Chen &
Molnar 1983; Baranowski et al. 1984; Molnar & Lyon-Caen 1989;
Randall e al. 1995; Kumar 1998) as well as strike-slip and east—
west extension at depths >70 km under the southern Tibetan
Plateau (Chen et al. 1981; Molnar & Chen 1983; Zhu &
Helmberger 1996; Harvard University Department of Geological
Sciences 2005). These solutions represent much of the focal mech-
anism record in the Himalaya and the southern Tibetan Plateau
(Tables 1 and 2). Analysis of earthquakes recorded by a local seis-
mic network can provide Himalayan deformation information which
might be missed by analysis of intermittent earthquakes detectable
teleseismically.

The Himalayan Nepal Tibet Seismic experiment (HIMNT) was a
seismic network of 29 broad-band stations deployed in 2001-2003
(Fig. 1). In this paper, we analyse earthquake source parameters
for 17 of the best quality events recorded by the HIMNT network
(Fig. 2). We supplement the HIMNT data with data from the broad-
band experiment in western Bhutan in 2002-2003 (Velasco et al.
2007), data from the Global Seismic Network station LSA in Lhasa,
China, and short period vertical component data from the permanent
seismic network of the Department of Mines and Geology Nepal.
We determine fault parameters, which are cross checked with first
motion polarities, and focal depths using a moment tensor inversion
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Table 1. Fault Plane Solutions from previous studes.

No. Date Lat °N Lon °E Depth km Mag. P az. P pl. T az T pl Source

1 1/12/1965 27.4 87.84 15 5.9 My? 180 30 0 60 No. 3 Baranowski et al. (1984)

2 8/1/1973 29.59 89.17 85 4.9 Mp¢ 184 37 89 6 No. 8 Molnar and Chen (1983)

3 3/24/1974 27.73 86.11 16 4.8 My 185 43 5 47 No. 9 Baranowski et al. (1984)

4 9/14/1976 29.78 89.54 90 5.4 Mp? 185 72 290 5 Chen et al. (1981)

5 6/19/1979 26.74 87.48 21 52 My? 103 86 341 2 No. 23 Ni & Barazangi (1984)

6 11/19/1980 27.39 88.80 44 6.0 My 166 15 73 12 No. 59 Ekstrém (1987)!

7 1/10/1986 28.66 86.57 85 5.5 Myp? 348 40 96 20 No. 134 Ekstrom (1987)!

8 8/20/1988 26.73 86.59 51 6.4 My* 209 35 65 49 No.T9 Chen and Yang (2004)

9 12/21/1991 27.90 88.14 70 4.7 My, 157 6 252 3 No.355 Zhu & Helmberger (1996)
10 3/7/1992 29.44 89.37 80 42 My, 210 27 303 3 No.67 Zhu & Helmberger (1996)
11 4/4/1992 28.15 87.98 80 48 My, 6 31 277 3 No.95 Zhu & Helmberger (1996)
27 1/31/1997 28.06 85.34 13 59 MLP 312 30 181 58 Kumar (1998)

Note: Summary of the focal mechanisms from 1965 to 2005 within our study region. We replaced the hypocentres of the moment tensor solutions from the
Harvard Centroid Moment Tensor catalog with the hypocentres labelled DEQ from the EHB catalog (Engdahl ef al. 1998).

“From Chen & Yang (2004).

bFrom Pandey et al. (1999).

Table 2. Harvard CMT events with hypocentres from the EHB catalogue (Engdahl et al. 1998).

No. Date Lat °N Lon °E Depth km Mag. P az. Ppl Taz T pl
12 10/29/1988 27.87 85.65 13.7 52M, 205 16 353 71
13 4/9/1989 29.16 90.06 11.2 51 My 155 70 260 5
14 3/20/1993 29.01 87.36 14.1 6.2 M, 355 68 92 3
15 3/20/1993 29.02 87.36 16.1 51 My 273 60 83 30
16 7/3/1996 30.08 88.14 53 5.6 My 356 82 90 1
17 7/3/1996 30.12 88.21 452 5.0 My 249 72 80 18
18 7/31/1996 30.20 88.16 12.1 54 M, 25 58 258 21
19 11/3/1997 29.05 85.41 9.5 5.5My 61 72 276 15
20 7/20/1998 30.17 88.22 11.6 57 My 85 76 281 13
21 7/21/1998 30.27 88.18 10.3 5.0 My 124 88 304 2
22 8/25/1998 30.25 88.17 20.4 58My 2 74 268 1
23 8/28/1998 30.26 88.26 25.0 5.0 My 0 90 289 0
24 9/30/1998 30.05 88.11 12.0 51 My 285 71 65 15
25 10/5/1998 30.24 88.26 38.8 52M, 85 72 286 17
26 3/26/2005 28.44 87.846 78.0 47 My, 331 19 68 20

Note: Summary of the focal mechanisms from 1965 to 2005 within our study region. We replaced the hypocentres of the
moment tensor solutions from the Harvard Centroid Moment Tensor catalogue with the hypocentres labelled DEQ from the
EHB catalogue (Engdahl ef al. 1998).
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Figure 1. Station locations of the Himalayan Nepal Tibet Seismic Experiment (HIMNT), a Program for Array Seismic Studies of the Continental Lithosphere
(PASSCAL) broadband seismic project of the University of Colorado at Boulder, Binghamton University, the Department of Mines and Geology of Nepal, and
the Institute of Geology and Geophysics of the Chinese Academy of Science. Triangles are HIMNT broadband station locations, circles are broadband stations
from the 2002 to 2003 Bhutan experiment (Velasco ef al. 2007), diamonds are stations of the National Seismological Network of Nepal, and the square is GSN
station LSA. Grey scale signifies topography in meters.
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Figure 2. Subset of seismicity from 2001 October to 2003 April located by HIMNT (Monsalve et al. 2006) (large circles) and earthquakes from 1964 to 2005
of the EHB catalogue (Engdahl e al. 1998) (small circles). Note three distinct groups of seismicity: (1) along the Himalayan Front <20 km focal depth, (2) in
southern Nepal at 2060 km depth and (3), beneath the Himalaya and the Tibetan Plateau at >60 km depth. Barbed lines along the Himalayan Front represent
approximate locations of the Main Central Thrust (MCT), the Main Boundary Thrust (MBT), and the Main Frontal Thrust (MFT). Normal faults on the Tibetan

Plateau are spiked lines. Red line denotes cross section in Fig. 4.

method. These results are combined with previously published fo-
cal mechanisms to describe the seismotectonics of the Himalayan
region (Figs 3 and 4). Nine of the earthquakes presented here were
at focal depths near the crust-mantle boundary and the hypocentres
and deformation styles of these earthquakes are examined in detail.

2 MICROEARTHQUAKE PATTERN
UNDER THE EASTERN NEPAL
HIMALAYA AND SOUTHERN TIBETAN
PLATEAU

Earthquakes recorded during the 2001-2003 HIMNT deployment
range in magnitude from M 2.0-5.0 and have hypocentres in three
distinct spatial groups (Fig. 2) (Monsalve et al. 2006). The first group
is a narrow band of earthquakes at hypocentral depths <20 km
following the curved Himalayan front. The same pattern was ob-
served with the microearthquakes recorded by the permanent net-
work of the Department of Mines and Geology of Nepal (Pandey
etal. 1999). Pandey et al. (1999) suggest that this seismicity reflects
deformation between the upper and lower crust at a ramp under the
Lesser and High Himalaya. This ramp is suggested to be locked
near a depth of 20 km, where stress accumulates until it is released
by a large earthquake similar to the Bihar 1934 earthquake (Bilham
et al. 1997; Cattin & Avouac 2000; Feldl 2005).

The second group of earthquakes is a narrow NE-SW trending
cluster at 30—70 km hypocentral depth beneath southeastern Nepal.
This is similar to a cluster noted by Pandey ef al. (1999). Pandey
et al. (1999) concluded that this group includes aftershocks of the
1988 August 20 my, 6.4 Udayapur earthquake (No. 8, Table 1). The

Udayapur earthquake occurred at a depth of 51 £ 5 km (Chen &
Kao 1996). Our cluster of events in this region shows no M de-
crease, nor a decline in the amount of earthquakes through time.
These earthquakes may represent deformation of the same active
structure that generated the Udayapur event, rather than Udayapur
aftershocks.

Another pattern in the local seismicity is a cluster at depths
>60 km trending WNW to ESE beneath the High Himalaya and
southern Tibetan Plateau. The hypocentres are close to the crust—
mantle boundary and depths of selected events are further analysed
here and in Monsalve et al. (2006).

3 STRUCTURES UNDER THE
HIMALAYA AND THE TIBETAN
PLATEAU

The main structural feature in the Himalayan region in eastern Nepal
and southern China can approximately be thought of as a wedge that
contains the Himalayan Mountains underthrusted by the India Shield
on a decollement, called the Main Himalayan Thrust (e.g. Zhao &
Nelson 1993; Bollinger et al. 2004). The active portion of the Main
Himalayan Thrust pierces the surface at the Main Frontal Thrust
just south of the sub-Himalayan fold belt and absorbs ~21 mm yr !
of shortening beneath the India crust and the Himalaya (Lave &
Avouac 2000). The southern Tibetan Plateau near the Himalaya ge-
ologically shows normal faulting with E-W extension in the vicinity
of the Indus-Tsangpo Suture Zone (Armijo ef al. 1986; Fig. 3). Fo-
cal mechanisms along the Himalayan front (Table 1) indicate that
intermediate to large magnitude thrust earthquakes accommodate
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Figure 3. Focal mechanisms from this study and previous studies. Nos. 1-11 and 27 are plotted at their published depths, Nos. 12-26 from the Harvard CMT
catalog are plotted at the hypocentral locations from the EHB Catalogue (Engdahl ez al. 1998), Nos. 2844 are plotted at their minimum misfit focal depth
(Table 3). Depth (colour) and magnitude (size) of the focal mechanisms are indicated. Red line denotes cross section in Fig. 4.

km from 26.0N 86.2E, 0182 azimuth

300 400 500 600

Il L Il Il L Il

£ - B

w 38
. 04 i 0
§, 20 - 20
= 40 40
2 60 60
[0} E
Q 80 80

100 100

Figure 4. 600 km cross section from 26.0N 86.2E azimuth 018° showing the 2001-2003 seismicity detected by HIMNT and the focal mechanisms in back
projection. Grey lines denote the Main Himalayan Thrust (MHT) and the Moho from Schulte-Pelkum et al. (2005). Approximate bounds for the Moho of +
5 km denoted by line thickness. Focal mechanisms coloured by depth and magnitude as in Fig. 3. Regional topography is plotted above the seismicity with
approximate locations of HIMNT stations. Note the strike-slip motion at or below the Moho, particularly in the cluster beneath the Himalaya.

shortening along the Himalaya at depths <30 km (Ni & Barazangi
1984; Molnar & Lyon-Caen 1989; Kayal 2001). Moho depths un-
der the Himalaya and the Tibetan Plateau have been inferred from
receiver function studies. Yuan et al. (1997) report Moho depths
from ~70 km at ~28°N, 090°E slightly north of the Himalaya to
80 km at ~30°N under seismic station LSA (Lhasa, China). Mitra
et al. (2005) infer 40—50 km Moho under the Himalaya in northeast
India ~400 km east of the HIMNT network, a 60—70 km Moho near
~28°N, 090°E, and an 88 km Moho under station LSA. Schulte-
Pelkum et al. (2005) imaged the Moho at 45-48 km under the sub-
Himalaya in eastern Nepal, steepening to a 15° dip north under the
High Himalaya and then flattening at 75 km before 29.5°N, 087.5°E.

We plot the focal depths from our moment tensor inversions with
respect to the crust-mantle boundary imaged by Schulte-Pelkum

© 2007 The Authors, GJI, 171, 718-738
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et al. (2005) (Fig. 4). We use the Moho of Schulte-Pelkum et al.
(2005) for two reasons: (1) their cross section transects the same
area where the earthquakes analysed here are located and (2) we use
the same crust and upper-mantle seismic velocity models as they
did so that depth comparisons with our moment tensor solutions are
internally consistent.

4 MOMENT TENSOR INVERSION AND
FIRST MOTION POLARITIES

Moment tensor inversion of seismic waveforms allows one to cal-
culate the fault plane solution as well as estimate focal depth and
seismic moment of earthquakes. Most of the earthquakes within
the HIMNT network were too small for moment tensor inversion
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of data from stations at teleseismic distances. We invert waveforms
from local and regional stations which allows us to determine fault
plane solutions even for events recorded at only a few stations and
with gaps in azimuthal coverage (Randall et al. 1995; Ichinose
et al. 2003; Stich et al. 2003, 2005).

We calculate moment tensor inversions for 17 earthquakes using
the method of Ammon & Randall (1994) (Figs 3 and 4) (Table 3).
The method follows from Jost and Herrmann (1989) where a 1-D
velocity model and a point source at a fixed hypocentre are assumed.
The inversion is combined with a grid search over depth to obtain
the focal mechanism solution and focal depth with the minimum
least squares misfit error between observed and synthetic seismo-
grams. Green’s functions are created using the reflectivity method
of Randall (1994). We solve for five moment tensor elements, Mxx,
Myy, Mxy, Mxz and Myz, assuming a purely deviatoric moment
tensor. The sixth element, Mzz, is constrained to (1) Mzz = —(Mxx
+ Myy) (Jost & Herrmann 1989). With this constraint, compen-
sated linear vector dipole (CLVD) components, a special class of
non-double-couple sources, are allowed.

4.1 Earth models

Since crustal thickness and topography vary dramatically across the
study region, we use four different velocity models for the inver-

Table 4. Earth models.

Earthquake processes of the Himalayan collision zone 723
sions, two for the Nepal/Himalayan region and two for the southern
Tibetan Plateau. Our M1 model uses the Nepal/Himalayan veloc-
ity model and the Tibetan Plateau velocity model from Monsalve
et al. (2006) (Table 4). Our M2 model uses the Nepal/Himalayan
velocity model and the Tibetan Plateau model of Schulte-Pelkum
et al. (2005) (Table 4). We assume the epicentres determined from
Monsalve et al. (2006) in the moment tensor analysis. We present
results generated using the M1 and M2 models because they were
the structures used for the epicentre relocations (Monsalve et al.
2006) and in the receiver function analysis that produced our refer-
ence Moho depths (Schulte-Pelkum ez al. 2005). For the earthquakes
located under the Ganges Plain, the Lesser Himalaya and the High
Himalaya, we use the Nepal/Himalayan velocity models to model
seismograms from stations south of 28°N, and the Tibetan Plateau
velocity models for seismograms from stations north of 28°N. For
earthquakes north of 29°N, the Tibetan Plateau velocity models are
used exclusively.

4.2 The moment tensor method

We chose earthquakes based on preliminary magnitudes and visu-
ally good signal to noise on the seismograms. We concentrate much
of'this analysis on the deep seismic cluster under the High Himalaya
and the southern Tibetan Plateau and the shallow frontal earthquakes

Thickness (km s™) Vp (kms™) Vs (kms™)
Model M1 3 5.5 3.2
Eastern Nepal 20 5.7 3.2
(Monsalve et al. 2006) 32 6.3 3.7
- 8 4.5
Southern Tibetan Plateau 3 5.8 33
(Monsalve et al. 2006) 37 5.8 3.5
30 6.9 4
- 8.6 4.9
Model M2 Eastern Nepal 20 5.7 33
(Schulte-Pelkum et al. 2005) 28 6.3 3.7
- 8.1 4.7
Southern Tibetan Plateau 40 5.5 34
(Schulte-Pelkum et al. 2005) 35 7.4 43
- 8.1 4.7
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Figure 5. (a) Average focal depths with standard deviation bounds (Table 3) plotted in same cross section as Fig. 4. Solid and dashed lines denote the Main
Himalayan Thrust and the Moho, 5 km (line thickness), from Schulte-Pelkum et al. (2005). (b) Comparison of focal depths from the M1 and M2 seismic
velocity models. M2 model was used in the Moho depth determination of Schulte-Pelkum ez al. (2005) (shown).
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located within the network (Fig. 2), but we also analyse four of the
largest shallow earthquakes recorded by HIMNT in the southern
Tibetan Plateau. Data preparation follows from Jost & Herrmann
(1989). We removed trends and instrument responses from the data.
Horizontal components are rotated into the transverse and radial
orientations. We window each component of each station from the
origin time to a group velocity of 1.0-2.0 km s~! depending on the
source to station distance. We model the whole waveform for each
component of each station filtered in the 5-100 s passbands. To re-
duce the dependence on origin time and earth model, the Green’s
functions and data are aligned with the P-wave first arrival before
each inversion (Randall et al. 1995; Stich et al. 2003). The earth-
quakes in the deep (near-Moho) cluster under the High Himalaya
and the southern Tibetan Plateau at M| < 4.0 and epicentral dis-
tances <300 km generated seismograms containing sharp P and S
phase onsets and weak surface waves. We filtered the deep events
M, < 4 from 5-30 s to preserve most of the body wave energy and
the upper-crustal events M > 4.0 from 20-100 s to keep mostly
the surface wave energy. We perform moment tensor inversions in
a grid search over depth at 5 km increments for both M1 and M2
velocity models. The number of stations used for each earthquake
varied from 4 to 14 depending on the available data, signal-to-noise
and epicentral distances.

This moment tensor method assumes plane layers in the velocity
model and station elevations at sea level even though stations po-
sitioned on the Tibetan Plateau were 3.0-4.0 km higher than ones
positioned closer to the Himalayan arc. We subtract the average
station elevations from the minimum misfit focal depth in order to
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Figure 6. (a) Moment magnitude versus local magnitude (Monsalve ef al.
2006) for Nos. 28-43 (Table 3). (b) Waveform inversion focal depths
(Table 3) versus traveltime inversion depths.

tabulate moment tensor focal depths, traveltime focal depths, and
Moho depths all relative to a common datum of sea level (Table 3).

Moment tensor inversions for local earthquakes within the crust
and upper mantle depend on the source depth. Misfit values can
be highly dependent on focal depth for crustal earthquakes while
fault plane solutions are often consistent around the minimum misfit
depth (Sipkin 1982). For some earthquakes, we found that a source
depth difference of 10 km can increase or decrease the amplitudes
of the synthetic seismograms by 50 per cent. We perform solution
sensitivity tests with different Earth velocity models. In general, we
find that for the earthquakes near the Moho the fault plane solutions
do not vary significantly with Earth velocity model used, but that the
best fit focal depths increase in depth with increasing model Moho
depths and shallow with decreasing model Moho depths.

We seek robust solutions with a clear and sharp minimum misfit
over depth and a similar focal mechanism (Sipkin 1982). Solution
and depth uncertainties are assigned by calculating the mean and
standard deviations of all solutions with least squares misfit within
0.10 of the global minimum (Table 3). This method estimates focal
depth error based upon the width of the misfit versus depth curves
and is not a measure of the intrinsic errors in the inversion. We
believe this range takes into account lateral heterogeneity and the
range of solutions from velocity models M1 and M2. Using a range
of 0.05 of the global minimum (Zhu & Helmberger 1996) reduces
the standard error of the focal depths by ~5—7 km.

4.3 First motion check

We cross check the focal mechanism nodal planes from moment ten-
sor inversions with first motion polarities. First motion polarities and
take-off angles calculated using the traveltime hypocentral depths
and the M1 velocity model are plotted on a lower hemisphere pro-
jection. For the first motion analysis we supplement the broadband
data with seismograms from the short period vertical component
network of the National Seismological Centre of the Department
of Mines and Geology of Nepal (Pandey ef al. 1999). We choose
first motion polarities on the raw waveform without removing the
instrument response. The number of stations with unambiguous first
arrival polarities varies from earthquake to earthquake. For exam-
ple, some earthquakes with poor ray coverage for the moment tensor
inversion had twice the number of stations for the first motion de-
terminations. Other events had six to ten stations with good quality
signal for the moment tensor inversion, but had noisy or emergent
first motion arrivals.

5 RESULTS

We use P- and T-axes orientations as approximations of the com-
pressive strain orientations (Kostrov 1974; Frohlich & Apperson
1992) to estimate deformation processes (Tables 1-3). We show
minimum misfit depths from both M1 and M2 velocity models
(Fig. 5) and use the depth associated with the minimum misfit in our
comparisons to previous published solutions (Fig. 4). Fault plane so-
lutions of earthquakes located below the Moho using the M1 model
in the moment tensor inversion were also below the Moho using the
M2 model, but misfits using M2 generally rose by 0.05-0.10 and
focal depths deepened by 5-20 km (Fig. 5). The fault plane solu-
tions generally do not change between velocity models M1 and M2.
Comparison of M, determined from the moment tensor inversion
to M determined from the amplitudes of the local seismograms
(Monsalve et al. 2006) show a near one to one relation for events
with magnitude <4.0 while the local magnitudes are consistently
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Figure 7. Summary solutions for earthquakes with focal depths <20 km. Focal depths are relative to station elevation. Top left panel shows the misfit versus
depth curves for models M1 and M2 and first motion polarity points plotted on the best double-couple moment tensor solution. Numbers above each focal
mechanism denote the non-double couple percentages for the solution at the associated depth. Map shows stations used in the inversion and event epicentre.
Bottom panel shows synthetic waveforms (dashed line) and observed waveforms (solid) at the global minimum misfit as denoted in the top left panel for the
Radial (R), Transverse (T) and Vertical (V) components. On the first motion plots, black dots are compression first arrivals, white circles are dilatational first
arrivals, and ‘4’ indicates emergent or undetermined first motion arrivals. (a) Event No. 30 located in northeastern India indicated strike-slip at 15 km depth.

(b) Event No. 41 indicated EW tension 5 km beneath the Tibetan Plateau.

greater than the moment magnitudes by ~0.5-0.7 magnitude units
for events with magnitude >4.0 (Fig. 6a).

5.1 Focal depth comparisons

‘We compare the moment tensor derived depths to hypocentre depths
determined from the NonLinLoc software, a probabilistic, non-
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linear earthquake location in 3-D structures program (Lomax 2004).
NonLinLoc uses a global optimization method where for each set
of arrival times corresponding to one earthquake, the whole model
space is searched, preventing convergence towards local minima.
We consider these focal depths from traveltime inversion (Monsalve
et al. 2006) to be more accurate than the focal depths from moment
tensor inversion.
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Events 1-27 (Tables 1 and 2) are from previously published stud-
ies and are not included in the moment tensor versus traveltime
depth comparison. Events 28—44 are from this study and their cor-
responding information is given in Table 3. The mean moment tensor
focal depths for 13 of these events are within the uncertainty bounds

of the traveltime inversion depths. Three of our events have mean
moment tensor focal depth outside the bounds of the traveltime in-
version depth by up to 17 km. These three events were all outside
the HIMNT network, and we consider the moment tensor depths
to be more robust for those events. Another earthquake, No. 44,
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Figure 9. Summary solutions for six earthquakes with focal depths >60 km
(figure description same as in Fig. 7). (a) No. 28 indicated strike-slip with
a large normal faulting component. The M1 model has a minimum misfit
solution at 80 km relative to sea level, and M2, 95 km. Steeper dipping nodal
planes would better match the first motion polarity points and would make
the fault plane solution more similar to the other solutions >60 km focal
depth. Note the broad minimum misfit and consistent fault plane solutions
from 55-90 km indicating that the moment tensor inversion method cannot
resolve the depth well compared to the traveltime inversion depth of 68 &
3 km. We cannot resolve whether this is a lower crust or upper-mantle event.
(b) No. 31 indicated strike-slip faulting at 75-90 km focal depth. The first
motion polarities constrained one steeply dipping nodal plane supporting the
strike-slip solution. (c) No. 37 indicated strike-slip faulting at 75 and 85 km
minimum misfit depths under southern Nepal. Traveltime inversion depth
was 59 =+ 3 km. This event had the greatest discrepancy between moment
tensor and traveltime determined depths, though both inversion methods
place this event in the upper mantle. (d) No. 38 indicated normal faulting and
almost pure double-couple slip at 65 km. This earthquake was most likely
a double event. The sharp minimum at 65 km and a traveltime inversion depth
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was farther outside the network and was not located by traveltime
inversion.

5.2 Earthquakes 0-20 km depth

Four of the HIMNT events had depths less than 20 km (Nos. 30,
33, 40 and 41). No. 30 was a M, 4.8 strike-slip event along the
Himalayan arc in northeast India. The minimum misfit solution had
15 km focal depth with P-axis trending to the south and plunging
14° (Fig. 7a). Two of the shallow events we analysed were located
beneath the southern Tibetan Plateau and had normal faulting with
cast—west extension (Nos. 33 and 41) (Fig. 7b). Somewhat noisy
seismograms at the Nepal stations contributed to high misfit values,
but the fault plane solutions remained consistent. These two events
support the grouping of predominant normal faulting events near
31.1°N, 88.0°E, events Nos.16—18 and 20-25 (Table 2).

For event No. 40 (see Appendix), use of both M1 and M2 models
in the moment tensor inversion produce a strike-slip solution with
minimum misfit at 20 km, but the traveltime inversion depth is shal-
lower. The first motion polarity plots suggest normal faulting, incon-
sistent with the moment tensor solution for this event. Moment ten-
sor inversion with other Earth velocity models produce normal fault-
ing from 5 to 10 km, but with higher misfit errors compared to the M 1
and M2 models. Given that this event is well to the north of our net-
work, we present this event as an interesting one warranting further
study, and feel that it is not as well resolved as the in-network events.

5.3 Earthquakes 20 km < depth < 50 km

Four of HIMNT events had depths from 25 to 35 km (Nos. 29, 34,
36 and 44) and showed normal and strike-slip faulting. Event No.
29 showed east—west extension of the Tibetan Plateau. The fault
plane solution is consistent over depth and velocity model, but the
misfit/depth curve is very broad, indicating that focal depth is not
well resolved. Event No. 36, a strike-slip earthquake with P-axis
trending north—south, occurred on the Ganges Plain in northern
Bangladesh. Misfit errors are smaller using the M2 model than the
M1 model, suggesting that the seismic velocity and crustal thickness
of the M2 model was more appropriate for northern Bangladesh.
The first motion polarities are consistent with the minimum misfit
moment tensor solution.

Event No. 34 was a normal faulting earthquake below the Main
Himalayan Thrust beneath the Himalayan arc (Fig. 8a). A global
minimum misfit in the 2040 km depth range for both M1 and M2
models shows normal faulting solutions. The first motion polarity
plot matches the moment tensor solution with all the dilatational po-
larities in the tension quadrants and 16 of 19 compressive polarities
in the compressive quadrants.

Event No. 44 was one of the largest regional events recorded
by the HIMNT network. It was a strike-slip earthquake along the
Himalayan front in Bhutan, to the east of our network. Since it
occurred after the end of the Bhutan broad-band deployment and

of 67 £ 2 implies an accurate focal depth. (e) No. 39 indicated strike-slip
faulting at 95 km focal depth. The right quadrants of the focal sphere were
constrained by the first motion points supporting the strike-slip solution. (f)
No. 42 indicated consistent strike-slip faulting with a normal component
for both models but the depth was not well resolved. Although the moment
tensor depths fall within the range of the traveltime inversion depth, 67 £+
1 km, we can only conclude that this event occurred near the Moho, either
above or below it.
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Figure 9. (Continued.)

near the end of the HIMNT deployment when only five stations
were operating, we supplemented the moment tensor inversion with
data from station LSA. It was the only event our network recorded
for which the Harvard Centroid Moment Tensor catalogue also had a
moment tensor solution for, making it an important event to compare
methods. The minimum misfit moment tensor solution from our
study showed a strike-slip earthquake at a depth of 35 4= 8 km (Fig. 8,
Table 3) while Harvard CMT solution was also a strike-slip event
but at a depth of 55.8 km. The event was also modelled as a strike-
slip event at a depth of 35 km (Drukpa et al. 2006) while the EHB
catalogue locates the hypocentre depth at 35 km (Engdahl et al.
1998). The fault plane solutions from this study, the Harvard CMT
catalogue, and from Drukpa et al. (2006) are summarized in Fig. 8.

5.4 Earthquakes >50 km

Eight of the HIMNT events had minimum misfit focal depths
>60 km (Nos. 28, 31, 32, 35, 37, 38, 39 and 43) and one event
had a minimum misfit focal depth of 55 km (No. 42) (Figs 3, 4 and

9). Seven of these deep continental events clustered under the High
Himalaya within the HIMNT network, one occurred ~100 km west
of the northern HIMNT stations, and one was ~100 km southwest
of Kathmandu. With the exception of No. 38 which was a normal
faulting event, these earthquakes showed strike slip faulting with
some normal component on two of them (Nos. 28 and 42).

The event southwest of Kathmandu (No. 37) (Fig. 9c) was a strike-
slip event at minimum misfit focal depth of 75 km for the M1 model,
85 km for M2, and 59 + 3 km from the traveltime inversion using
the NonLinLoc program. This event was one of three earthquakes
where the traveltime inversion and moment tensor inversion depths
differed by more than 10 km, and the event occurred outside of the
HIMNT network. The narrow misfit error curve around the mini-
mum at depths >75 km from the M1 model suggests that the mo-
ment tensor inversion depths were robust ones (Fig. 9c). The first
motion comparison constrained only the east-west striking nodal
plane due to the limited azimuthal coverage. Both the traveltime in-
version depth and moment tensor inversion depths are greater than
the 48-55 km Moho depth estimates for the northern India/Nepal
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Figure 9. (Continued.)

crust (Pandey et al. 1995; Schulte-Pelkum ez al. 2005; Mitra et al.
2005).

Moment tensor inversion for Event No. 38 (Fig. 9d) produced
normal faulting at 65 km minimum misfit depth. This event ap-
pears to be a double event as two P phase arrivals ~5 s apart were
observed at all stations independent of event to station distances.
The second P arrival was the larger of the two while the first was
barely visible at epicentral distances >250 km. Since the inver-
sion method assumes a simple point source, we treated the second
arrival as the main event and used the 10-20 s pass band to re-
move smaller amplitudes and high frequencies of the smaller event.
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First motion polarities picked on the second subevent were prob-
lematic due to noise from the first event. This earthquake could be
in the lower crust or in the upper mantle given the range of fo-
cal depths and the £5 km bounds on Moho depth (Schulte-Pelkum
et al. 2005).

5.4.1 Strike-slip earthquakes

The seven deep earthquakes under the High Himalaya and the south-
ern Tibetan Plateau (Nos. 28, 31, 32, 35, 39, 42 and 43) were
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Figure 10. Summary solution for No. 35, located under the Himalaya at 28.5°N, 86.5°E, 84 £ 1 km depth by traveltime inversion. Minimum misfits occur at
83 km depth for the M1 model, 93 km depth for the M2 model, and average moment tensor focal depth of 84 &£ 5 km relative to sea level (Table 3). Synthetic
seismograms (dotted) are plotted on top of observed seismograms (solid) for the minimum misfits of both models. The solution relied on the larger amplitude
transverse components while noise on the lower amplitude radial and vertical components accounted for most of the misfit. The sharp minimum from both
models, the agreement with traveltime inversion depth, 84 & 1 km, and the first motion points supporting a strike-slip solution accurately show that shear brittle

deformation can occur in the continental upper mantle.

dominantly strike-slip with P-axes trending NW-SE to NE-SW.
P-axis plunge was near horizontal for four of these earthquakes
(4.5°, 8.6°, 10.2° and 25.9°) and at ~40°-57° for three. From the
traveltime inversion depths (Monsalve et al. 2006) and their corre-
lation to the depths determined in this study (Fig. 6 and Table 3), we
conclude that four of these earthquakes were most likely sub-Moho
events (Nos. 31, 35, 39 and 43) while three of these earthquakes
could be either in the lower crust or upper mantle given the errors
(Nos. 28, 32 and 42).

Event No. 35 was located by traveltime inversion under the
Himalaya at 28.5°N, 86.5°E, 84 4+ 1 km depth, and at minimum
misfit focal depths of 85 and 95 km through moment tensor in-
versions with models M1 and M2 (Fig. 10). Large transverse am-
plitudes and small radial and vertical amplitudes characterized the
seismograms from stations at epicentral distances 47—194 km. The
P and S phases in the synthetic seismograms were best-fitting on

the transverse components constraining the strike-slip component
of the earthquake. The first motion polarities, save one, were con-
sistent with the moment tensor focal mechanism solution. Synthetic
and observed waveform comparisons show that the best focal depth
for this earthquake is in the 80-95 km range (Fig. 11).

6 DISCUSSION

Moment tensor solutions from this study are combined with pre-
viously published results to arrive at a more complete picture of
Himalayan deformation (Figs 2 and 3). The seismic zones are com-
prised of varying faulting mechanisms showing P and 7-axis ori-
entation shifts with depth (Fig. 12). In particular, the plunge of the
P-axes for events beneath the southern Tibetan Plateau shift from
vertical for events with focal depths <60 km to horizontal for events
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in this study and from Zhu & Helmberger (1996).

0-20km 20-60 km

Tibetan Plateau

Himalayan Arc Whole Region

Figure 12. Lower hemisphere projections of 7-axes (open circles) and P-
axes (closed squares) of focal mechanisms from Fig. 3 by region and depth.
From left to right: Upper-crustal earthquakes <20 km depth under the Hi-
malayan arc south 0of28.5 N represent NS shortening by the shallow plunging
P-axes and steeply dipping T-axes. Earthquakes at depths 20—-60 km beneath
the Himalayan arc show shallow plunging P-axes and one P-axis plunging at
>45°. Shallow plunging T-axes characterize EW extension. Upper-crustal
earthquakes at depths <60 km under the southern Tibetan Plateau show ver-
tical P-axes and E-W trending 7-axes. These events imply extension parallel
and oblique to the Himalayan arc. Earthquakes at depths >60 km beneath the
entire region show NNW—SSE to NNE-SSW trending P-axes with shallow
plunging T-axes. Strike-slip faulting and EW extension accommodate the
deformation near and below the Moho.

with focal depths >60 km, with the exception of one deep normal
faulting earthquake (No. 4 Fig. 3 and Table 1).

Under the southern Tibetan Plateau near 30°N, NS striking nor-
mal faults cluster in the upper crust suggestive of active localized
east—west extension (Molnar & Lyon-Caen 1989) (Figs 2 and 9d).
In the Himalayan arc at depths of 0-20 km, thrust events with M, >
5.0 (Nos. 1, 3, 12 and 27) indicate active underthrusting by the In-
dia Shield (Molnar & Lyon-Caen 1989). The strike-slip earthquakes
with focal depths <40 km that we find in eastern Nepal and Bhutan
are consistent with a conjugate system of strike-slip faulting that ac-
companies the formation of grabens in the Himalaya and southern
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Tibetan Plateau (Dasgupta et al. 1987) and with midcrustal tran-
scurrent deformation (Drukpa et al. 2006).

6.1 Lower crustal/upper-mantle earthquakes

From Nepal to the southern Tibetan Plateau, strike-slip faulting with
P-axes trending NNW-SSE to NNE-SSW and T-axes trending EW
reflect vertical plane shear at and below the Moho (Figs 3 and 9).
The focal mechanisms of these earthquakes are similar to those
from previous studies (Nos. 2, 7, 9, 11 and 26) and suggest that
strike-slip faulting is the dominant deformation style near the Moho.
Because of the proximity to the Himalayan collision zone, these
strike-slip earthquakes suggest the India lithosphere at depths 70—
100 km below the High Himalaya and southern Tibetan Plateau must
be involved in accommodating convergent strains (Baranowski et al.
1984; Ni & Barazangi 1984; Molnar & Lyon-Caen 1989).

6.2 Re-examining the focal depths from previous studies

We recalculated the focal depths of events 2 and 4 based on the pP—P
times at World Wide Standard Seismographic Network (WWSSN)
stations (Chen et al. 1981; Molnar & Chen 1983). The published
focal depth for No. 2 was 85 & 10 km (Molnar & Chen 1983) and
for No. 4 was 90 £+ 10 km (Chen ef al. 1981), both assuming a
70 km Moho depth. We utilized the TauP Toolkit (Crotwell et al.
1999) with a number of different earth models including that of
Molnar and Chen (1983), Cotte et al. (1999), Mitra et al. (2005),
and the M2 model to recalculate focal depths for events Nos. 2
and 4 (Table 5). Moho depths have been reported to be as deep
as 80-88 km near 29.9N (Yuan et al. 1997; Mitra et al. 2005)
which supports the case that these two events ruptured in the crust
(Maggi et al. 2000b; Jackson 2002b, Jackson et al. 2004; Mitra et al.
2005). However, our analysis places event No. 4 in the upper mantle
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Table 5. Recalculated topography corrected focal depths from pP—P times (Chen ef al. 1981; Molnar & Chen 1983) using different models of the Tibetan
Plateau (Topograpy V'p = 5.5 km s™! and height = 4 km).

70 km Moho 70 km Moho 75 km Moho 80 km Moho 88 km Moho

Molnar & Molnar & Cotte Schulte-Pelkum Mitra Mitra
Event #2 8/1/1973 Chen (1983) Chen (1983) et al. (1999) et al. (2005) et al. (2005) et al. (2005)
WWSSN Station pP-P (s) Depth (km) + Depth (km) + Depth (km) + Depth (km) + Depth (km) +
EIL 25+ 1.0 82 5 86 5 86 5 83 5 79 5
COL 26.5+0.5 82 3 86 5 85 5 83 3 85 3
KOD 24+£0.5 92 3 102 3 101 3 98 3 96 3
KTG 26 +2.0 82 10 85 10 84 10 82 10 84 10
NUR 245405 78 3 82 3 82 3 79 3 81 3
UME 25+ 1.0 80 5 84 5 83 5 81 5 83 5

Average® 84 6 89 9 89 9 86 8 86 7
Event #4 9/14/1976 ~ Chen et al. (1981)
WWSSN Station pP-P (s) Depth (km) + Depth (km) + Depth (km) + Depth (km) + Depth (km) +
ATH 26+2 85 10 89 10 88 10 86 10 87 10
COL 28+ 5 89 2 93 3 92 3 90 2 91 2
JER 2741 92 6 97 5 96 5 94 5 94 6
MAL 27 +1 84 5 88 5 87 5 85 5 86 5
STU 27+ .5 88 3 91 3 91 3 89 3 89 3
TRI 26 £ 1 83 5 87 5 87 5 85 5 86 5

Average? 88 3 92 3 91 3 89 3 90 2
@Weighted according to 1/(pP—P uncertainties)?.
29B86° 87’ 88’ 89'29b these two events contain sharp S wave onsets (Zhu & Helmberger
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Figure 13. Focal mechanisms under the High Himalaya and the southern
edge of the Tibetan Plateau show strike-slip faulting and one normal faulting
earthquake (No. 38). The inset is a lower hemisphere plot similar to Fig. 13
showing mostly NW—SE P-axis orientations. Circles are 60—100 km depth
hypocentres from Monsalve et al. (2006).

for all velocity models examined, and event 2 in the upper man-
tle in all cases except when using the model with an 88 km Moho
(Table 5). The 88 km Moho velocity model contains a seismically
slow upper mantle which is not consistent with the mantle speeds
of 8.1-8.4 km s ! observed under the southern Tibetan Plateau
(McNamara et al. 1995, 1997; Monsalve et al. 2006).

Next, we considered whether events 9 and 11 occurred in the
upper mantle as reported by Zhu & Helmberger (1996) (Table 1).
Jackson (2002a) claimed that these events cannot conclusively be
below the Moho because lower crustal discontinuities 15-20 km
above the Moho (Yuan et al. 1997) would generate the same ef-
fect as a crust-mantle discontinuity in waveform modelling. These
two events occurred at similar focal depths and contained similar
strike-slip fault plane solutions as the earthquake cluster from our
study (Figs 3, 4 and 12). In addition, the transverse components for

1996) similar to the S wave onsets we observed in the transverse
seismograms from our study. Based upon similarity to our possi-
ble subcrustal events Nos. 28, 31, 32, 35, 39, 42 and 43, we con-
clude events Nos. 9 and 11 also occurred at similar depths (Zhu &
Helmberger 1996; Fig. 4).

6.3 Seismotectonic interpretation

The earthquakes that we observe signify that brittle deformation oc-
curred near the Moho beneath the Himalaya and the southern Tibetan
Plateau (Figs 12—-14). Large magnitude shallow thrust earthquakes
above the Main Himalayan Thrust accommodate N—S shortening in
the upper India crust (Molnar & Lyon-Caen 1989) while possible
N-S extension (No. 5) accommodates upper-crustal flexure of the
India crust (Ni & Barazangi 1984). Below this extension, thrust or
reverse earthquakes like the Udayapur event (No. 8) accommodates
contraction in the India lower crust or upper mantle (Chen & Kao
1996). One earthquake (No. 34) below the microearthquakes along
the Himalayan arc suggests possible E-W extension accommodat-
ing segmentation of the Main Himalayan Thrust near 87°E (Pandey
et al. 1999) in the India crustor collapse under load from the Hi-
malaya. If normal faulting is characteristic along the Himalayan arc,
any estimation of crustal shortening has to be considered within the
context of extension parallel to the convergent front.

On the southern Tibetan Plateau 200-300 km north from the Hi-
malayan seismicity, shallow N-S striking normal faulting accom-
modates E-W extension and possible gravitational collapse. Beneath
the entire region at depths ~ >60 km, strike slip faulting with N-S
trending P-axes appears to be the main mode of deformation. The
strike-slip cluster under the High Himalaya contains two patterns:
one along 200 km of the Himalayan arc with depths from 60 to 80 km,
and the other clustering at 28N, and ranging from 60 to 100 km
focal depth. Strike-slip faulting dominates both groups with the
exception of one normal faulting event.

The epicentral pattern of earthquakes under the High Himalaya
at depths >60 km seen in this study is also seen with earthquakes
located by the National Seismological Network of Nepal from 1994
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Figure 14. Seismotectonic interpretation from the earthquake mechanisms in Tables 1-3 in a 500 km cross section from 26°N 86.2°E at azimuth 018°. The
figure includes the seismicity from Fig. 2, the locations of the Main Himalayan Thrust (MHT, dark grey), the Moho (dark grey) from Schulte-Pelkum et al.
(2005) and the approximate location of the Indus-Tsangpo Suture. N-S crustal shortening under the High Himalaya and EW extension in the southern Tibetan
Plateau (Molnar & Lyon-Caen 1989), NS tension of the upper Indian Shield south of the Main Frontal Thrust and lower crustal and upper mantle shortening of
India Plate (Ni & Barzangi 1984; Chen & Kao 1996). Focal mechanisms indicate shear in the lower crust and upper mantle beneath the High Himalaya. MFT,
Main Frontal Thrust; MBT, Main Boundary Thrust and MCT, Main Central Thrust.

May to 1998 January (Pandey ef al. 1999). Assuming that these
earthquakes were at depths similar to the cluster detected by the
HIMNT network, earthquakes near the Moho under the High Hi-
malaya are common. Chen & Yang (2004) argue that earthquakes at
this depth range in this region are unrelated to subduction processes
due the faulting similarities to the upper Tibetan crust mechanisms
and faulting differences to earthquakes along the Himalayan front.
However, we have shown that fault plane solutions for the cluster
of events at depths >60 km have horizontal P-axes nearly parallel
to the convergence direction and parallel to the P-axis orientations
of shallow thrust earthquakes. These P-axis orientations suggest a
correlation between the convergent process and the earthquakes at
Moho depths.

7 CONCLUSION

The focal mechanisms calculated from local and regional earth-
quakes in eastern Nepal indicate north—south trending P-axis ori-
entations at depths >60 km. Although no earthquake analysed for
a fault plane solution from the HIMNT data set showed thrusting
<20 km depth characteristic of India underthrusting Asia, the strike-
slip events from this study show P-axes trending parallel to the di-
rection of convergence. The solutions for the upper crustal events
in the southern Tibetan Plateau showed east—west tension, further
indication of gravitational collapse as the Tibetan Plateau is being
stretched apart. Under the Himalaya at the mid crust, east—west ten-
sion is also present accommodating possible active extension of the
India crust below the Main Himalayan Thrust. The P-axis orien-
tation for events on the Himalayan front to the southern Tibetan
Plateau shifts from a combination of vertical orientations at focal
depths <60 km to just horizontal at focal depths >60 km. This
shift could be indicative of body forces dominating in the upper
crust to plate forces dominating at deeper depths. We infer that
strike-slip faulting is the primary mode of deformation clustering
in the vicinity of the Moho and nearly parallel to the Himalayan
arc.
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APPENDIX

Moment tensor inversion and first motion plot summaries for events
not illustrated in main manuscript.

(a) Top left panel shows the misfit versus depth curves for mod-
els M1 and M2 and first motion polarity points plotted on the best

© 2007 The Authors, GJI, 171, 718-738
Journal compilation © 2007 RAS



Earthquake processes of the Himalayan collision zone 735
No.29
10 4
09 -
i é W ] 6&9&&& .
95, . . . .x50°
07 o 69?90 é - " - s
.| Q000 »| (Bomcon ”
E
us & 4
"y "
04 o =
ol @=m2 - ah
2 =M1 | R [
L & ¥
a1 T T T T T T T 1 W (3 3 -
0 0 1 33| 0 0 & 0 B0 9% 10
Depth (km)
BUNGRTV DiNX R T V NAMC RTV PHID R T V REBSH R TV SACARTY SSANR TV
! A b ; Ly S fi
b | o S - f = 7~ '
e T e e e
L P | _ahE Aalaa I AR
4'“ \ﬁnl & =% ”MM'IL o Y V_ HI i
]
__'IH\_,_ [lL-— - 5 i -n_lrl-t'v—- p —f I| .
I —h= == =P A~
| Ll | L [ | fi| Lol l | | [, | 1 l [ 1 |
0 1001500 50 100 O 50 100 O 50 100150 O 50 100 0 5 0 50
time (s) fime (s) time (s) time: (s) time (s) time (s) time (s)
No.32
1o - ]
989,
09 Qé? L
oz 4 aP éé
07 é é " - .
£ 0 - éuh &= 'é mw o ww
2 gﬁ@ééé 4
o5 oo wer
& .
T e _ E
] : NS & oo
03 @: M2 a A e A’
0z 4 .e,= M1 n arwge 'ﬂ_p i A rw
o — — — - - 3 s
¢ W 10 W % S0 & 0 B W W00 " - :
Depth (km)
L v DINX R T ¥ RESH A W ND R AN B Y ]

_"Il-||i‘;'t Ny Pere—

La,
e P Py e

Y.

lime (=

double-couple moment tensor solution. Numbers above each focal
mechanism denote the non-double couple percentages for the solu-
tion at the associated depth. (b) Map shows the station locations used
in the inversion relative to the epicentre. (c) Bottom panel shows
the synthetic waveforms (dashed line) compared to the observed

© 2007 The Authors, GJI, 171, 718-738
Journal compilation © 2007 RAS

e ____‘J._‘.;__‘ \ e

2 U

waveforms at the global minimum misfit for the Radial (R), Trans-
verse (T) and Vertical (V) components. On the first motion plots,
black dots are compressional first arrivals, white circles are dilata-
tional first arrivals, and ‘+’ indicates emergent or undetermined first
motion arrivals




736

T L. de la Torre et al.

it

Mi

No.33

0 A Q%W W oM -
09 - Bla®
g**®
08 éé
07 Wé
u'g - 14
n B
05 Ggg
Lo}
04
0.3 @:MZ
e @
021 gR=M1
ol T T T ) T T T T T 1
0 W 20 30 40 S0 60 70 80 % 100
Depth (km)
DINE R T W PARO R T W RBSH R T V
i _ J.‘n,_ .......
_";\'-'('q“'r'"_ _""""lﬁlf‘,--'ﬁ ‘h\.‘J
! !
i S R | S PO
= andie call | i
irl e .|r—>-.— i‘
= =
(T I . Lo Py 1
0 70 ( 0 140 0 70 40
time (s) time (s) time (s)

[ - L s " s’
1) W 4.3 Shem
w - w
A &
' o "
e A
i, o
e} v
w LS "-&'\.,..L_/—-, 'A_‘;u Lfla »
km [ (/a
& 8 i { d
e , L »
b 1 —
L3 " &Y s ] L
SAGA R ¥ SSANR TV TASH R TV
} A L
e | e
— i e i i
k1 _“‘\Jl [
i |
_\"-"\u"l .vﬂ(\u— -y : e - I |
¥ i ot .l = .-—.—nilﬁr':'f\...-—.
il 1]
ol gl
| L
B T N T AT
0 140 0 70 ] 70 140
time (s) time (s) fime (s)

© 2007 The Authors, GJI, 171, 718-738
Journal compilation © 2007 RAS



Earthquake processes of the Himalayan collision zone 737

No.36

&0
09 4 o 60

0.8 |
29 a 40
8 3 g B éa 3 b @ 86" a8 a8’ B
07 P -1 Ll ® ' )
® . i A
& 06 - i s 9 oo
= 05 | @Ié Y- éé@@ # h’\"j{wh'\_,.,_ r—:f/\} s
! @@@ "*“ e H.'
04 i [‘Y
" ¢ o "n ‘\L‘L—\n*l m
03 = ' B
@ M2 AL-/\;“.'\/QMJ }\u{;iam
0.2 = A ¢ = wn ] ;
=M1 ol TE R
e’ a3 e’ BT
o1 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100
Depth (km)
BRARTY BUNG R TV CHUK R TV DNK R TV PHD R TV
=5 | I — e el :‘hﬁv. SR
fl _J, 9 ':l‘i'.‘“"‘— i 5] i
_HAL{“IJ: H !1.7-»‘_”._ T .,«,:; L) H\L\IZI ¥ 1
||l| |"|“ : f A A ;5
A BN [l AR
- i Lr----"—'h— ——iel Hi ,.\'u_'_'_"-‘— e 5 — I: [
v I 3
& t % Al i) ¥ Er:?
J._--= I ; o I'-1 -
—yr— —i—  — _—y, | .
} '\ Y i )
T e | | ) Nl [
0 /0 0 70 140210 0 /0 0 /0 140210 0 /0
time (s) time (s) time (s) time (s) time (s)

© 2007 The Authors, GJI, 171, 718-738
Journal compilation © 2007 RAS



738

T L. de la Torre et al.

No.40

10 A
as -
as

a7 4

a6

Misfit

as

a4 -

a3

a2

an T T
o o

Depth (km)

Tl
MNE =

T | IR I e
W W & 0 60 T B W 100

L] - L
7 - i w
=
. k) e w
R ]
® l. A w
.ﬁ uﬂ'&, .&
1 1:1- P
s -"é =)
R T Sl
.7 e A
e W m | A
Bl L TRl T
- - "
NAIL RCIE R T

1.0
05 -
o | S
07
& o8-
=
05 -
0'4 B
03 A
M —
L8] T T T T T T T T
0 10 X 30 40 50 &0 T B0 90 100
Depth (km)
BUNG R TV (SARTV
A
—-,mm;'-ulbmu—
|
Athon
Y -
it

i
|

—»-.‘:Jﬁ‘.ﬂ{ur».—
[
| [ I T
faga £y f ON
il 2 o
oy U bl ou
\d {4
time (s5)

1

=2
L L L
PHAP R TV RUMJ R TV
. A A
H —"'-\\_If 1I:l|‘ .
A
I
i a
sk El
| e l S
|
.
| I |
o o T
ou U ouU
time (s) fime (s}

SNDRTV
A _f'-':'\“. —_—
\!
Vi
1 I|
i

—f E } II'-II.':s. e
v
L]

{

n (g a1

u ou
It 3
time (s)

© 2007 The Authors, GJI, 171, 718-738
Journal compilation © 2007 RAS



