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ABSTRACT

Because the impact of earthquake effects can extend over great distances from their origin, stress field
inversion was performed for 440 earthquake focal mechanisms from the northwest Himalayas and sur-
rounding regions compiled from the data bulletins of international seismological institutions.
Earthquakes between November 1976 and April 2019 in the depth range of 10-258 km with moment
magnitudes between 4.6 and 7.9 were selected. High-quality solutions were inverted to locate the best
fitting stress tensor. Most of the earthquake fault plane solutions indicated thrust faulting, confirming
northward underthrusting of the Indian plate along the Main Boundary Thrust and the Main Central
Thrust systems and eastward underthrusting along the Burmese Arc. The focal mechanisms indicated
right-lateral motion along the Karakoram Fault and left-lateral motion along the Kirthar-Sulaiman
Range, which agrees with the expected sense of the lateral mass movement of the continental collision
model. The present-day stress regimes obtained from the earthquake focal mechanism inversions indi-
cated a predominantly compressional stress regime represented by NNE-SSW trending normal fault
mechanisms in northwest India and Nepal and NNW-SSE trending normal fault mechanisms in
Pakistan and Hindukush. These are consistent with the direction of the ongoing India-Eurasia plate col-
lision and the extensional stress of WNW-ESE trending thrust faulting in the Xizang and Kashmir regions.
These tectonic regimes connected with the major tectonic affecting the Arabian Peninsula. Accordingly, it
is highly recommended to assess the earthquake hazards of the major cities in the eastern countries of
Arabian Peninsula as Kuwait, Saudi Arabia, United Arab Emirates and Oman.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

are pushed away from a spreading ridge, or “slab pull” processes,
the result of plate collision and subduction (Zang and

The origin of stress in the Earth’s crust is either tectonic or non-
tectonic (Zoback, 1992). The main source of non-tectonic stress is
gravitational loading; a vertical stress with a largest lateral varia-
tion near the Earth’s surface and becoming more homogeneous
with depth. Tectonic stress is mostly horizontal. It originates from
forces causing “ridge push” processes, where lithospheric plates
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Stephansson, 2010; Vavrycuk, 2015). The types and orientations
of activated faults and the slip direction along these faults are
important sources of information about stress regimes and their
spatial and lateral variations within the Earth’s crust.

Fault plane solutions (FPSs) can be used to determine dominant
regional stress regimes. Slip can happen on pre-existing faults,
which are oriented differently to the principal stresses. Conse-
quently, FPSs can differ spatially and/or with depth where local
and regional stress parameters can strongly fluctuate (Yadav
et al., 2009). Similar earthquake mechanisms in an area can signify
a major seismogenic structure, while varying mechanisms can
indicate deformation in a complex medium.

The northwestern Himalayas and surroundings are seismically
active where large earthquakes caused extensive damage. Flinn
and Engdahl (1965) suggested the Flinn-Engdahl seismic and geo-
graphical regionalization scheme where the investigated area is
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divided into six seismically active regions (Ali and Shanker, 2016)
as NW India, Pakistan, Nepal, Xizang, Kashmir, and Hindukush. The
ongoing compression of Indian and Eurasian plates led the NW
Himalayas strongly deforming regions. Sequence of thrust faults
of Main Frontal Thrust (MFT) to the south, the centrally located
Main Karakoram Thrust (MKT), and the Darvas-Karakul and Gis-
sal-Kokshal faults between Hindukush and Pamir (Koulakov and
Sobolev, 2006; Yadav et al., 2009), are responsible for the high level
of seismic activity in this region (Fig. 1). The rocks in the region are
intensely folded and crosscut by NW-SE to EW trending thrust
faults, which were initiated during the Cenozoic and Mesozoic
(mainly the Jurassic and Cretaceous) (Arora et al., 2012). The strong
earthquakes in Himalayas can mostly occurred around the Main
Central Thrust (Kumar et al., 2014).

The current study represents not only the extension of the pre-
vious studies of tectonic deformation in the NW Himalayan region
but also it provides a picture of the stress field responsible for the
present-day seismicity and evaluates the stresses orientation
according to the earthquake mechanisms available from the inter-
national seismological bulletins.

2. Seismic activity and faulting regimes

Anderson (1951) evolved a scheme by associating the relation-
ships between the vertical and horizontal principal stress direc-
tions to the faulting type (Table 1). This scheme has proven to be
helpful for the determination of the stress regime.

The NW Himalayas and surrounding regions were selected for
the present study (Fig. 2). The complicated tectonic setting is due
to plate collision, north-south convergence along the Himalayan
frontal thrusts and the subduction of the Indian plate beneath
the Eurasian plate in the Hindukush-Pamir Himalaya region
(Billington and Barazangi, 1977; Pegler and Das, 1998). NW India,
Nepal, and Kashmir regions tectonics are due to the low-angle sub-
duction of the Indian plate beneath the Eurasian plate, which forms
the elevated Himalayan Mountain belt. Seismic activity in these
regions is related to the MCT, the Main Boundary Thrust (MBT),
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Table 1
A scheme relating the basic stress regimes in the Earth’s crust with type of faulting
(after Anderson, 1951).

The vertical stress The hanging wall vs the foot
relative to the wall
horizontal stresses

Type of faulting

Maximum The hanging wall is moving Normal faulting is
downwards with respect to observed along a
the foot wall. deeply steeping fault.

Minimum The crust is in horizontal Reverse faulting is
compression and the hanging observed along a
wall is moving upwards with  shallow dipping fault.
respect to the foot wall.

Intermediate The foot and hanging walls Strike slip faulting is

are moving horizontally. observed along a

nearly vertical fault.

and the Himalayan frontal thrusts, north-dipping mega thrusts
parallel to the strike of the Himalayan tectonic belt. Seismic activ-
ity of southern Pakistan comes from the interactions between the
western Indian plate with the southwestern Eurasian plate due
to Chaman strike-slip Fault. Seismic activity of northern Pakistan
is moderate while shallow and moderate depth (<50 km) extends
along the Salt Range and the Hazara syntaxis. (Bernard et al., 2000).
The seismicity of the Xizang region is associated with the Trans-
Himalaya region. Its seismic activity is related to strike-slip fault-
ing of Karakoram, Kunlun, and Altyn-Tagh faults. The Hindukush
region suffered from shallow to intermediate-depth (10-258 km)
earthquakes associated with the subduction of the lithospheric
Indian plate beneath the Eurasian plate (Ali and Shanker, 2016).

3. Methodologies and data analysis

In the study area, more than 16,000 earthquakes with moment
magnitudes (Mw) above 3.0 have been recorded by the USGS
National Earthquake Information Centre since 1940 until 2020
(Fig. 3). A catalog of 440 focal mechanisms was compiled from

HFT = Himalayan Frontal Thrust

N MBT = Main Boundary Thrust
MCT = Main Central Thrust
PT = Punjal Thrust
STD = South Tibetan etachment

SS8Z = Shyok Suture Zone

Trans Himalayan batholith
Indus-Tsangpo Suture Zone
Tibetan-Tethys Zone
Higher Himalayan Crystalline
Lesser Himalaya
Sub-Himalaya/Siwaliks
~}-30°N
90°E

LHASA BLOCK
(ASIAN PLATE)

Ophiolite
\

Fig. 1. Geotectonic Map of NW Himalaya (after Corfield et al., 2001).
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Fig. 2. Map showing tectonic and geomorphologic faulting and folding of NW Himalaya and surroundings region (after Koulakov and Sobolev, 2006; Yadav, 2009). Focal
mechanism solutions of shallow earthquakes Mw > 5.5 obtained by Harvard GCMT catalogue during 1976-2010 are also shown with gray color beach ball in the map

revealing the style of faulting in different parts of the region.

the data bulletins of the International Seismological Centre (ISC),
the USGS, the Department of Geological Sciences, Harvard Univer-
sity, and the Lamont Doherty Earth Observatory (GCMT) (Fig. 4)
within the latitudes of 25°-40°N and the longitudes of 65°-85°E
that had occurred between July 1974 to April 2019 with focal
depths of 10-258 km and moment magnitudes of 4.7-7.9. After
cross-checking the compiled focal mechanism solutions, high-
quality solutions were selected. The FPSs were categorized accord-
ing to the rake of the slip following Cronin (2004) (see Table 2), and
the FPS are listed in Table 3 while P- and T- axes are shown in
Fig. 5.

The relative magnitude and direction of stress axis represented
by four parameters extracted from the complete six components of
a symmetric stress tensor: the directions of principal stresses, c1,
62, and 63 (01 > 62 > ©3), and the stress ratio R = (62 — ¢3)/
(o1 — 03) (0 <R < 1). We employed two different stress inversion
methods; right dihedron and rotational optimization (Delvaux and
Sperner, 2003), to determine the stress tensor using Win-Tensor
software (Delvaux et al., 1997; Delvaux and Sperner, 2003). The
stress regime index (R’) was used in Win-Tensor to clarify the
stress regime range, which determines a specific stress regime over
a range of values. The first step when using Win-Tensor software is
to process the data using the enhanced “Right Dihedron method.”
This method is used to determine the principal stress axes
(i.e. T-, B-, and P-). This method is limited by the use of an equal-
area projection to distinguish the stress axis. Thus, to overcome

this limitation, the results obtained using this method served as
an initial process of “Rotational Optimization” inversion process
(Delvaux and Sperner, 2003). This process uses a 4-D grid search
with finite rotation around the three principal stress axes. The
rotation angle for each principal stress axis is calculated by reduc-
ing the value of the F5 function to get the R value. By repeating this
process, the three principal stress axes are justified and then the R
value is determined. This procedure should be recurrent until the
stress field of the inversion becomes stable. Once the final stress
state is identified, the stress regime index is also got. The directions
of horizontal stress, which are calculated by Win-Tensor software,
are usually demonstrated according to two perpendicular horizon-
tal axes, including SHmax and SHmin as the maximum and mini-
mum horizontal axes, respectively.

4. Results and discussion

The present-day stress field in the NW Himalayas and sur-
rounding regions was investigated through focal mechanism cata-
logs from 1974 till 2019 where 440 focal mechanisms collected
from international seismological bulletins. For this purpose, we
identified six distinct seismic regions: NW India, Pakistan, Nepal,
Xizang, Kashmir, and Hindukush. The focal mechanisms along
the Himalayan Range were consistent with the underthrusting of
the Eurasian plate by the Indian plate. The solutions showed left-
lateral motions along the southern portion of the Sulaiman Range
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Fig. 3. eismic activity recorded by the USGS National Earthquake Information Centre from 1940 to 2020 at the region of the NW Himalaya and surroundings (more than

16,000 events).

and the Himalayan flank of the Assam syntaxis and right-lateral
motions along the Karakoram Range and the Naga Hill flank. This
was resulted from lateral mass movement at the two extremities
of the Himalayas, which would be expected by the continental col-
lision model.

The high-quality inversions were carried out to get the best fit-
ting stress tensor (Table 3 and Fig. 5). Depending on the plunges of
stress axes and azimuth of 1, the maximum horizontal stresses
were identified. The stress regime index (R’) values were investi-
gated using the tectonic style using R* = R for normal faulting
regimes, if the o1 has the largest plunge (~vertical); R = 2 — R
for strike-slip faulting regimes, if 2 becomes vertical; and R’ = 2
+ R for thrust faulting regimes, if o3 almost vertical (Ali and
Badreldin, 2019). Clear extension to radial compression varies R’
between 0 and 3. Table (1) shows the identification codes for the
tectonic regime type referring to the World Stress Map standard
(NF: normal faulting; SS: strike-slip faulting; TF: thrust faulting;
NS: intermediate between NF and SS; TS: intermediate between
SS and TF; and UF: unknown or oblique). The principal stress axes,
R (stress ratio), R’ (stress regime index), and stress regime are listed
in Table 3.

Generally, if the principal axis of the maximum compressive
stresses (c1) is horizontally aligned and the minimum compres-
sive stresses (o3) are vertically aligned, then a compressional
stress regime is represented. When the orientation of o1 is ver-
tical and o3 is horizontal together with the tensional compo-
nent, an extensional tectonic state of stress is represented. The

directions of the P- and the T-axes are shown in Fig. 5. Most
of the P-axes were oriented in the NNE-SSW direction, in con-
formity with the general tectonic trend of the region (Valdiya,
1981; Yin, 2006). Only very few earthquakes with normal fault
mechanisms were oriented WNW-ESE (Fig. 6). The T-axes had
a wide range of orientations, suggesting that reverse faulting
mechanism.

5. Conclusion

Seismically, the NW Himalayas and surrounding regions experi-
ence some of the most active continent-continent collisions on
Earth. Due to these collisions, the upper part of the Indian plate
has been sheared into a series of thrusts (i.e. the MCT, MBT, and
MFT) where shallow seismicity prevails (<40 km) whereas deeper
seismicity at 118 km and 258 km control the Kashmir and Hin-
dukush regions.

The majority of FPSs presented in this study provides useful
information for the synthesis of a more detailed seismotectonic
model for this region and is useful for seismic hazard investiga-
tions. The FPSs confirmed northward underthrusting of the Indian
Plate along the MBT and MCT systems and eastward underthrust-
ing along the Burmese Arc. The focal mechanisms indicated left-
lateral motion along the Kirthar-Sulaiman while right-lateral
along the Karakoram Fault. These results agree with the expected
sense of lateral movement of the continental collision model.
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Fig. 4. The earthquake focal mechanism distributions at the region of the NW Himalaya and surroundings. The dark and white areas in the beach balls represent
compressional and dilatation quadrants, respectively. The Size of the focal sphere is proportional to magnitude. The beach ball colors are equivalent to Fig. 3 magnitude

distributions.

Table 2

Classification of the focal mechanisms based on the plunge of P, T and B axes (following Zoback, 1992).

Plunge of axes

Faulting type

P axis T axis

Pl > 52° Pl < 35° Normal Faulting [NF]

40° < Pl < 52° Pl < 20° Normal Faulting combined with considerable strike-slip component [NS]
Pl < 35° Pl > 52° Thrust Faulting [TF]

Pl < 20° 40° < Pl < 52° Thrust Faulting combined with considerable strike-slip component [TS]
Pl < 40°(and plunge of B axis > 45°) Pl < 40° Strike-Slip Faulting [SS]

All P, T and B axes plunge in the range 25°<Pl < 45°

OR Both P and T axes plunge in the range 40° < Pl < 50°

Unclassified type of Faulting [U]

Table 3

Orientation of the three principal stress axes (o1, 62, 63) in plunge/azimuth format; R is stress ratio; R’ is stress regime index; F5 represents misfit function of Delvaux and Barth
(2010); SHmax and Shmin are the maximum and minimum horizontal principal stresses, respectively; Q: quality rank (A is the best, D is the worst) and the stress regime is
according to Zoback, 1992 classification.

No Region Rotational optimization of Stress Tensor Stress regime
o1 (T-axes) 2 (B-axes) o3 (P-axes) R R’ F5 SH max SH min Q
PL AZ PL AZ PL AZ

1 NW India 31 194 04 286 59 024 0.27 1.73 42 12 102 A NF

2 Pakistan 18 162 38 266 47 052 0.57 143 36.7 154 64 C NS

3 Nepal 24 197 06 105 66 002 0.43 1.57 7.1 20 110 A NF

4 Xizang 54 018 35 193 02 285 0.89 2.89 30.6 15 105 C TF

5 Kashmir 44 222 44 058 08 320 0.35 2.35 68.6 46 136 C TS

6 HinduKush 01 145 05 235 85 045 0.75 1.25 34.7 145 55 C NF
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Fig. 5. Lower-hemisphere equal-area stereo plots of the selected focal planes and associated slip lines (black dot with outward arrow) of the six seismic zones (left column
shows the previous studies and right column shows the current study). Stress inversion results are represented by the orientation of the 3 principal stress axes (a black dot
surrounded by a circle for 1, a triangle for 62 and a square for 63). The related SHmax and SHmin orientations are represented by large arrows outside the stereogram. The
histogram on the lower left corner of the figs. represents the distribution of the misfit angle F5. The small grey symbols inside the stereogram represent the orientations of the

related kinematic axes (circle: p-axis, triangle: b-axis, square: t-axis).
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Fig. 5 (continued)

In this study, the stress inversion method has been applied
using Win-Tensor software, which uses the inversion of focal
mechanisms, to comprehensively reveal the stress field in the
NW Himalaya and surroundings region; this enabled us to deter-
mine the spatial variations of the stress regime. The overall sim-
ulated stress pattern showed two distinct types of characteristic
stress fields that have developed in the study area. The most
compressive stress regime was represented by a normal faulting
of NNE-SSW trend in NW India and Nepal regions illustrating
consistency with the Indian plate movement and the direction

of the India-Eurasia collision. An NNW-SSE trending compres-
sive stress regime dominates the Pakistan and Hindukush
regions, while an extensional stress regime represented by
WNW-ESE trending thrust faulting mechanisms has developed
in the Xizang and Kashmir regions (Fig. 6). These tectonic
regimes connected with the major tectonic affecting the Arabian
Peninsula which recommend to assess the earthquake hazards of
the major cities in the Arabian Peninsula, especially the eastern
countries of Kuwait, Saudi Arabia, United Arab Emirates and
Oman.
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