
The Indo–Eurasia convergent margin and earthquakes
in and around Tibetan Plateau

Yanbin WANG*, Yangfan DENG**,***, Feng SHI*,† and Zhigang PENG***

*Center for Advanced Radiation Sources, The University of Chicago, Chicago, IL, USA
**State Key Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry,

Chinese Academy of Sciences, Guangzhou, 510640, China
***School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA

†Present address: State Key Laboratory of Geological Processes and Mining Resources,
China University of Geosciences, Wuhan, China

After a brief review on tectonic settings of the Himalayas and Tibetan Plateau, we survey the literature on
characteristics of earthquakes occurring in Tibetan Plateau and the surrounding regions. Shallow events (focal
depths <50 km) show remarkable correlation with surface fault systems in both spatial locations and focal
mechanisms. Some shallow events appear to be triggered by remote earthquakes and seasonal variations of
ground water storage, suggesting stress levels nearing critical threshold. Intermediate–depth earthquakes
(IDEQs; i.e., earthquakes with focal depths between 50 and 300 km) are concentrated beneath southern Tibet,
the Hindu Kush–Pamir region, and the Burmese subductions zones. Underneath southern Tibet, the subducted
Indian plate extends northward to at least the Bangong–Nujiang suture zone, with IDEQs occurring in the lower
crust and the adjacent upper mantle. Possible mechanisms for IDEQs are also reviewed.
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AN OVERVIEW OF MAJOR GEOLOGICAL AND
TECTONIC FEATURES OF TIBETAN PLATEAU

More than 200 million years ago (Ma), the Indian subcon-
tinent (hereafter India) was a large island–like mass off the
Australian coast and separated from Asia by the Tethys
Ocean. After the breakup of Pangea around 200 Ma, India
started drifting northward. Around 80 Ma, the Tethys
Ocean floor was subducted under Asia. The thick sedi-
ments on the Indian margin of the ocean were scraped
off and accreted onto the Eurasian continent, forming an
accretionary wedge. Around 50 Ma, India’s drifting rate
slowed down significantly from about 15 to ~ 5 cm/yr
(Avouac, 2015). In some models, this is interpreted as
the beginning of the collision between Eurasian and Indian
plates, the closing of the Tethys Ocean, and the initiation
of Himalayan uplift. Other models suggest that the colli-
sion may have initiated earlier (Yin and Harrison, 2000).

Major surface features within Tibetan Plateau

Stretching over 2400 km from Pakistan to Burma, Hima-
laya is the most dominating topological feature on the
surface of the Earth. The Himalayan thrust belt is an
arc–like structure similar to island arcs in an oceanic sub-
duction zone (Fig. 1a). This geometry may be inherited
from the Indian–Tethys Ocean subduction prior to the
continental–continental collision. The Himalayan Range
can be divided into five sub–tectonic units from south to
north (Fig. 1b): (1) The Sub–Himalaya, the foothill of the
Himalayan range and composing primarily of Miocene–
Pleistocene molassic sediments, is bounded in the south
by the Main Frontal Thrust (MFT), which demarcates the
principal displacement zone between the stable Indian
continent and the Himalaya. (2) The Lesser Himalaya,
which is mainly Upper Proterozoic–Lower Cambrian de-
trital sediments from the passive Indian margin, interca-
lated with some granites and volcanic rocks. These sedi-
ments are thrust over Sub–Himalaya along the Main
Boundary Thrust (MBT). (3) The High Himalaya, which
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is the backbone of the Himalayan orogen. Immediately
north of MBT exposes a long band of metamorphic and
igneous rocks known as the High Himalayan Crystalline
Series, believed to be extruded mid– or lower–crustal ma-
terials (Harris, 2007). The High Himalayan Crystalline
Series forms a major nappe which is thrust over Lesser
Himalaya along the Main Central Thrust (MCT). (4) The
Tethys Himalaya is a synclinorium formed by strongly
folded and imbricated metamorphosed sedimentary series
north of the MCT. In many places along the Himalayan
belt, the transition from the low–grade sediments in Te-
thys Himalaya to low– to high–grade rocks of High Hi-
malaya is marked by a major structure known as the
South Tibetan Detachment System (STDS). (5) The In-
dus–Yarlun–Tsangpo Suture (IYS) zone, which represents
the northern limit of the Himalaya and defines the zone of
collision between the Indian plate and the Karakoram–

Lhasa Block.
At least 1400 km north–south shortening has been

estimated to be absorbed since the onset of the collision
(Yin and Harrison, 2000). Figure 1b is a simplified tecton-
ic map of the region. Tibetan Plateau is the largest area of
high elevation and the thickest crust anywhere in the
world, with an average elevation about 5000 m. It is
bounded by the Altyn Tagh range and Kunlun and Qilian
mountains in the north, the Karakorum and Pamir ranges
in the west, and the Longmenshan range in the east. All of
these boundaries are marked by major fault systems. Ex-
cept for the giant thrust fault system in the south, almost
all other boundaries are predominantly strike–slip in na-
ture. Karakorum Fault (KKF; right–slip), Altyn Tagh
Fault (ATF; left–slip), Haiyuan Fault (HYF; left–slip),
and Xianshuihe–Xiaojiang Fault (XXF; left–slip) respec-
tively mark the west, north, northeast, and southeast boun-
daries of the plateau. The northern segment of the eastern
boundary separating Tibet from Sichuan Basin, also
known as Longmenshan Thrust (LMT), is a series of
west–dipping thrust fault systems.

Based on deformation features, Tibetan Plateau is
commonly divided into three major segments separated
by sub–parallel suture zones that are more than 1000 km
in length running roughly east–west (Fig. 1). Southern
Tibet (Lhasa Terrane) lies between IYS and Bangong
Nujiang Suture (BNS) zones, central Tibet (Qiangtang
Terrane) lies between BNS and Jinsha suture (JS) zones,
and northern Tibet (Songpan–Ganzi Terrane) between JS
and Anymaqen–Kunlun–Muztagh Suture (AMS) zone,
the last of which borders Tarim and Qaidam Basins. In
central Tibet, another suture, Longmu Co – Shuanghu
Suture (LSS), divides Qiangtang Terrane into south and
north Qiangtang (Fig. 1b). North of AMS and east of
ATF is Kunlun–Qaidam terrane. Receiver function stud-

ies show that most of the large suture zones are subvert-
ical shear zones which may extend to ~ 100 km depth in
the upper mantle (Zhang et al., 2014). Whether the entire
plateau was lifted more–or–less uniformly over time is
still debated. A recent discovery of fossil palm leaves
from the sediment of Lunpola Basin (near BNS), dated
about 25 Ma, suggests that the floor of the basin was no
higher than 2.3 km at the time. This, in turn, suggests that
a paleo–valley existed in present–day Lhasa Block,
bounded by ~ 4 km high mountains (Su et al., 2019).

Numerous fault zones in Tibet have been reviewed
by Taylor and Yin (2009) and Yin et al. (1999). Major
faults are running approximately east–west, subparallel
to the major suture zones and normal to the Indian plate
motion. These include, from south to north, MFT, MBT,
MCT, STDS, Shiquanhe–Ganze–Amdo (SGA) thrust sys-
tem, the Great Counter Thrust (GCT), and Gangdese
Thrust (GT). Additional details can be found in Taylor
and Yin (2009). Most are thrust faults in nature, except
for STDS and GCT, which are normal faults. Kunlun
Fault (KLF), near the northern end of Tibetan Plateau, is
a left–slip strike–slip fault (Taylor and Yin, 2009).

Global positioning system (GPS) velocities show
that present–day surface strain field of western Tibet
(west of ~ 85°E) is dominated by northward shortening,
with north–ward GPS velocities decreasing monotonical-
ly from 4 cm/yr at the southern edge of the Himalaya to
less than 0.5 cm/yr at the Tarim Basin boundary (Zhang
et al., 2004b; Gan et al., 2007). Especially near Pamir and
Hindu Kush, east–west velocity components are negligi-
bly small. East of 85°E, GPS velocities rotate gradually
from north–ward to east–ward. Component of east–ward
velocity increases from near 0 cm/yr at the west end of
Tibetan plateau to a maximum of 2.5 cm/year around
95°E and then decreases to less than 0.5 cm/yr near
LMT (Zhang et al., 2004b; Gan et al., 2007). North of
the Indo–Burmese subduction zone, GPS velocities turn
sharply from SW–NE to NW–SE. The strain fields infer-
red from these velocity directions are generally consistent
with an extruded Tibetan crust towards South China.

Another important deformation feature within Tibe-
tan Plateau is the active rift systems, which are mostly
located between the suture zones (Fig. 1a). Within south-
ern Tibet (south of BNS), there are at least seven promi-
nent rift systems, starting from Nari Yun Chu (~ 92°E)
westward: Yadong–Gulu (~ 90°E), Pumqu–Xianza
(88°E), Tangra Yum Co (86°E), Xiakangjian (85°E),
Lunggar (83°E), and Yari (82°E). These rifts are normal
fault systems approximately parallel to the direction of
India–Asia relative motion and perpendicular to the suture
zones. Between BNS and JS (central Tibet), there are 9
large rift systems, which tend to fan out and are roughly
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Figure 1. (a) Map of Tibetan Plateau and surroundings, showing earthquake epicenters (+, event depths are color coded). The Himalaya thrust
belt consists of three thrust systems (from south to north): main boundary thrust (MBT), main frontal thrust (MFT), and main central thrust
(MCT). Only MFT and MCT are shown. Large historic events (M > 7.5) are shown as stars. Major fault systems and suture zones are also
marked. Major suture zones: AMS, Anymaqen–Kunlun–Muztagh suture; BNS, Bangong Nujiang suture: IYS, Indus Yalu suture; JS, Jinsha
suture; LSS, Longmu Co–Shunghu suture; SSZ, Shyok suture zone. Major left–slip faults: ATF, Altyn Tagh fault; KLF, Kunlun fault; CF,
Chaman fault; HYF, Haiyuan fault; XXF, Xiangshuihe–Xiaojiang fault system; KKF, Karakash fault; LGF, Longmu–Gozha fault. Major
right–slip faults: KF, Karakoram fault; JF, Jiali fault; LBF, Longriba fault. Major fold–thrust belts: WKT, Western Kunlun Thrust; LMT,
Longmenshan Thrust; BFB, Burmese fold belt, MP, Main Pamir Fault. (b) Simplified major tectonic terrains of Tibet and surroundings.
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within ±45° from the direction of Indian plate subduction.
Two sets of smaller–scale strike–slip fault systems

are distributed nearly symmetrically relative to BNS,
forming a series of V–shaped conjugate faults in central
Tibet, with the sharp end of the ‘V’ pointing to the west.
Both fault systems are 25–35° away from BNS. While the
faults north of BNS are left–slip, those south of BNS are
right–slip. Yin and Taylor (2011) attribute this conjugate
fault complex to a mechanically weaker central Tibet be-
tween more rigid southern and northern Tibet. As the
subducting Indian plate plows northward compressing
the entire Tibetan Plateau along the N–S direction, central
Tibet flows eastward, as indicated by the GPS velocity
field (Gan et al., 2007), resulting in two east–trending
shear zones: a northern left–slip zone consisting of active
left–slip faults just south of JS, and a southern right–slip
zone consisting of active right–slip faults north of IYS.
The central Tibet conjugate faults may have initiated as
two sets of Riedel shears in the two parallel but separate
shear zones. A recent upper crustal model of central Tibet
based on velocity and attenuation tomography supports
this model (Zhou et al., 2019).

Major features of surrounding regions

South of 27°N and east of 96°E, in the Indo–Burma ranges
and subduction zone, Indian plate plunges eastwards un-
der the Burmese arc (Khan, 2005; Angelier and Baruah,
2009). Near 28°N and 96°E, eastern Himalayan moun-
tains meet Indo–Burma ranges, the western edge of Burma
plate (Fig. 1). In this region, the Assam syntaxis zone is
bounded by the MBT units of the easternmost Himalayas
to the north and the northernmost Burmese arc to the
south. Both thrust systems run parallel, trending ENE–
WSW. The complicated converging structures severely
deform the northeastern portion of the India plate (Chen
and Molnar, 1990; Bilham and England, 2001), although
the deformation state is poorly understood.

The northwestern end of Himalayan syntaxis and
Karakorum ranges merge to connect with the Hindu–
Kush range in northern Afghanistan (Fig. 1). Further
north of Hindi–Kush is the Pamir mountain, which neigh-
bors with Karakorum ranges in the south and Kunlun
ranges in the east. The Sarez–Murghab Thrust System
(SMTS) in Pamir dips towards Hindu–Kush and Hima-
layas, with increasingly deeper seismicity to southeast,
interpreted as another intercontinental subduction zone
(Schurr et al., 2014). The Pamir and Hindu Kush regions
are unique in featuring intense Intermediate–depth earth-
quakes (IDEQs) to almost 300 km depth in an intracon-
tinental setting (Zhan and Kanamori, 2016; Kufner et al.,
2017; Li et al., 2018a), testifying to vigorous geodynamic

processes in the mantle below.
In the southwest, MFT turns sharply from W–E to

NE–SW near 70°E (northern Pakistan), cutting through
western Pakistan and eastern Afghanistan (Fig. 1), where
the northward collision in the Himalayas translates into
dip–slip faults. The most significant among them is the
Chaman Fault (CF), which is a primarily transform, left–
lateral strike–slip fault, responsible for numerous major
earthquakes in Pakistan and Afghanistan (Mahmood et
al., 2015).

Deep structures of Tibet and surrounding regions

Seismic surveys of the Tibetan Plateau began in 1958, first
by Chinese scientists (Zeng et al., 1961) and then by in-
ternational teams. International seismic campaigns such
as INDEPTH (International Deep Profiling of Tibet and
the Himalaya) (Zhao et al., 1993; Nelson et al., 1996), Hi–
CLIMB (Himalayan–Tibetan Continental Lithosphere
During Mountain Building) (Nábělek et al., 2009), and
HIMNT (the Himalayan Nepal Tibet Seismic Experiment)
(Sheehan et al., 2008) have accumulated large amounts of
broadband seismic data.

Based on these data, Mechie et al. (2011) construct-
ed an average seismic velocity model of Tibet Plateau to
700 km depth. Zhang et al. (2011) summarized 35 years
of deep seismic sounding studies and concluded that
crustal thickness is ~ 70–75 km under southern Tibet
and 60–65 km under northern, northeastern and south-
eastern Tibet. This is consistent with a recent model of
the crust–mantle boundary (Mohorovičić discontinuity, or
Moho) in the region (Baranov et al., 2018) (Fig. 2). The
Moho model is based on combined seismic and gravity
data and reflects large length scale depth variation. At
shorter scales, Moho depth exhibits significant variations,
especially in southern Tibet, partly influenced by the
deep–rooted rift systems, making local Moho depth de-
termination difficult (Li et al., 2011). Various analyses,
based on gravity (Hetényi et al., 2007; Jiménez–Munt
et al., 2008), body wave tomography (Tilmann and Ni,
2003; Zhou and Murphy, 2005; Liang et al., 2016), Ray-
leigh wave tomography (Ceylan et al., 2012), Pn velocity
tomography (McNamara et al., 1997; Liang and Song,
2006; Li and Song, 2018), multiple wave adjoint tomog-
raphy (Chen et al., 2017), shear wave splitting (Huang et
al., 2000; Chen et al., 2010), and receiver functions (Kind
et al., 2002; Zhao et al., 2010; Zhao et al., 2011, etc.)
show consistently that Tibet is underlain by a relatively
cold, high velocity anomaly that are about 150 km thick.
This anomaly is generally interpreted as the more rigid
Indian continental lithosphere, whose leading edge reach-
es various latitudes under west, central and east Tibet.
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Wide–angle seismic data show that the Moho has two
separate depressions, one runs SE–NW from (~ 29°N,
90°E) to (36°N, 80°E) reaching the southern boundary
of Tarim Basin, the other is centered around BNS (30–
34°N) between 90 and 95°E (Zhang et al., 2011). These
are interpreted as signatures of subducted Indian plate,
which is torn apart. These observations are in general
agreement with results from P–wave tomography imag-
ing (Kumar et al., 2006; Li et al., 2008; Nábělek et al.,
2009; Kind and Yuan, 2010; Zhao et al., 2010). While Li
and Song (2018) suggested that beneath eastern Tibet the
Indian plate may reach beyond JS, Zhou and Murphy
(2005) argued that the Indian plate may underthrust
across the entire plateau.

Recent studies reveal an aseismic layer in the mid–
crust under Tibetan Plateau (Sloan et al., 2011; Shen et
al., 2016). Hetényi et al. (2011) studied the crustal struc-
ture of southern Tibet and found patchy presence of low–
velocity layers (LVLs), which appear to be correlated
with the rift systems, with vertical extension of ~ 10
km and maximum horizonal length on the order of 50
km only. They concluded that partial melt is not wide-

spread in southern Tibetan crust and questioned the mod-
el of channel flow (e.g., Royden, 1996, also see Grujic,
2006 for a review) to accommodate the ongoing conver-
gence between the Indian and Eurasian plates. Using
Rayleigh–wave tomography, Jiang et al. (2011) observed
a LVL in the middle crust beneath Lhasa Terrane, prom-
inent low–velocity anomalies from the lower crust to the
mantle lithosphere along the N–S trending Tangra Yum
Co rift and the Pumqu Xianza rift, and a slab–like high
velocity anomaly beneath both the Himalayas and the
Lhasa Block. They suggested that central southern Tibet
is currently underlain by segmented Indian lower crust
and mantle lithosphere. Similarly, Chen et al. (2015) pro-
posed slab tearing under several rifts (Xainza–Dingjye
Nyima–Tingri, and Longgar) in central Tibet, according
to SKS–wave splitting measurements. This is broadly
consistent with the high–resolution P and S wave tomog-
raphy model of Li and Song (2018), which showed that
the subducted Indian mantle lithosphere is torn into at
least four pieces with different dipping angles and north-
ward limits, shallower and extending further in the west
and east ends while steeper in between. The latter study

Figure 2. Moho depth contours under southern Tibet, based on combined gravity and seismological data based on the results from (Baranov et
al., 2018).
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also found that intermediate–depth earthquakes (IDEQs),
i.e., event with focal depths between 50 and 300 km, in
the lower crust and mantle are located almost exclusively
in the high–velocity (and presumably strong) parts of the
Indian lithosphere.

Northeastern Tibet is characterized by blocks of
NW–SE extending mountain terrains, including Song-
pan–Ganzi, Kunlun–Qaidam, Central Qilian, and North-
ern Qilian mountains, which deform continuously but are
separated by several major active thrusts and sinistral
strike–slip faults such as KLF, south Qilian suture,
HYF, and Gulang Fault. Deng et al. (2018) reported a
major LVL beneath Songpan–Ganzi terrain at ~ 30 km
depths. It penetrates the KLF, continues towards shallow-
er depths, and then abruptly dips to below 40 km beneath
central Kunlun–Qaidam terrain. Further NE, the LVL be-
comes more segmented with a number of abrupt jumps,
generally towards shallower depths, before completely
vanishing beneath North China Craton. A major Moho
offset on the order of 20 km is observed directly beneath
the HYF, suggesting that this fault extends deep into the
upper mantle. In fact, Moho offsets are associated with
essentially all major fault systems in this area (Vergne et
al., 2002; Ye et al., 2015; Liu et al., 2017), reaching as
deep as ~ 60 km. Overall, these observations suggested
that the growth of northeastern Tibet plateau is character-
ized by lithospheric–scale staged deformation of contin-
uous shortening.

The cause of the rift systems in Tibetan Plateau is
still debated. Mean spacing between rifts decreases sys-
tematically from south to north (Yin, 2000). The widely
spaced rifts in the Himalaya and southern Tibet are inter-
preted as the result of a relatively light crust atop a strong
Indian mantle lithosphere, whereas the systematic de-
crease in rift spacing northward is due to decreasing crus-
tal thickness from south to north (Yin, 2000). The E–W
extension of the rift systems is attributed to the brittle
Indian mantle lithosphere underneath Tibet: rifts initiate
from subducted Indian mantle lithosphere, which is thin-
ned in response to extension by both brittle faulting from
within and by ductile flow from below due to astheno-
spheric upwelling. These lithospheric faulting events are
considered responsible for the rifts and syn–rifting mag-
matism (Yin, 2000). Such interpretation is consistent with
the aforementioned seismic imaging results. An alterna-
tive view is that the rifts are predominantly an elastic
response of the brittle Tibetan crust to the indentation
of the Indian plate (Kapp and Guynn, 2004). In this view,
the rift systems are interpreted as high shear and differ-
ential stress regions due to the northward insertion of the
Indian plate (Kapp and Guynn, 2004), causing Tibetan
Plateau to shorten in S–N direction and extrude E–W.

Thermal structure

Thermal structure is crucial in understanding the origin of
seismic activities in Tibet but remains poorly understood.
Heat flow data show relatively high mean values, ~ 75
mW m−2 in central and southern Tibet, with an anomaly
as high as ~ 150 mW m−2 centered around Lhasa (Tao
and Shen, 2008). Constrained by these data, Zhang et al.
(2013) showed that geotherms are higher in the south and
become colder northward. Searle et al. (2006) gave a geo-
therm model for southern Tibet where the upper crust is
significantly hotter than the lower crust. Such a temper-
ature inversion appears consistent with widespread LVLs
in the upper/mid crust (Shen et al., 2016). Mafic xenoliths
from central Tibet record a steep thermal gradient reach-
ing ~ 800–1000 °C at depths of 30–50 km (Hacker et al.,
2000), broadly consistent with the calculations by Zhang
et al. (2013). P–wave velocities and Poisson’s ratios ex-
tracted from seismic observations, as well as the lack of
hydrous minerals, suggest that crustal melting under Ti-
bet was not widespread (Hacker et al., 2000). Numerical
simulations based on field observations and rock physical
properties (Wang et al., 2013) indicated that although the
entire collision system is cooled by the northward–ad-
vancing Indian lithosphere beneath Tibet, the upper and
middle crust may be warmed by shear heating, which
explains the mantle xenolith data (Hacker et al., 2000),
supporting a warm upper crust over a cold upper mantle.
The temperatures inferred from a combination of numer-
ical simulation and mineral physics suggest that lower
crust and the upper mantle beneath central Tibet are weak
and prone to flow toward adjacent areas (Deng and Te-
sauro, 2016). The subducted Indian plate is a distinct
low–temperature feature beneath South Tibet.

Thermal state of the subducted Indian plate has been
investigated by thermokinematic modeling combined
with experimentally derived flow laws. The cold Indian
lithosphere slowly warms as it subducts northward. Mod-
eling showed that ~ 400 km north of the Himalaya Front,
cold core of the Indian plate may reach ~ 600 °C (Craig
et al., 2012). If the Indian lower crust is anhydrous, it
will remain strong beneath the southern half of the Tibet-
an plateau. In northwest Tibet, the strong underthrust In-
dian lower crust abuts the rigid Tarim Basin and may be
responsible for both the clockwise rotation of Tarim rela-
tive to stable Eurasia and the gradient of shortening along
the Tien Shan. Receiver functions studies support this
inference of temperature, and further suggest that eclogi-
tization of granulite–facies rocks in Indian plate may be-
gin around this temperature (Schulte–Pelkum et al.,
2005).
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SEISMICITY IN AND AROUND TIBETAN
PLATEAU

Our search through the International Seismological Cen-
ter (ISC) database with hypocenter depth corrected based
on the EHB algorithm (Engdahl et al., 1998) yielded
~ 7200 earthquakes over the region 24°N–40°N and
65°E–105°E in a period of 43 years (1972–2015). Epi-
centers of these events are over–plotted in Figure 1a, with
focal depths color–coded. A high concentration, nearly
continuous belt of earthquakes is along MCT, with focal
depths restricted to within 50 km from the surface. North
of MCT, deeper events up to 100 km are mostly between
80 and 95°E, with higher concentration beneath southern
Tibet. Around the junction of India–Tibet–Burma (also
known as the Eastern Syntax) and in Pamir – Hindu Kush
region, events deeper than 200 km are highly concentrat-
ed. Historic large earthquakes with magnitude greater than
7.5, also shown in Figure 1a, are mostly located in the
three aforementioned regions, as well as along the eastern
boundary of Tibetan Plateau (e.g., near the LMT and
XXF). The 1950 Assam–Tibet earthquake (Mw 8.6) is
the largest earthquake ever recorded outside oceanic–con-
tinental subduction zones. Other well–known examples
include the 2008 Wenchuan earthquake (Mw 7.9), the
2015 Nepal earthquake (Mw 7.8), and the 2015 Hindu
Kush earthquake (Mw 7.5), all of which caused signifi-
cant live loss and property damage.

In order to examine earthquake distribution to more
details, we divided the entire area (Fig. 1) into 8 slices
with 2° latitude from 24 to 40°N and plotted event depth
versus longitude (Fig. 3). Between 24 and 26°N latitude,
deep events are concentrated within the Indo–Burmese
subduction zone (92–98°E). Elsewhere, no events are be-
low 50 km depth. Between 26 and 28°N, another column
of deep events to ~ 100 km depth is within southern Tibet
(85–90°E). Between 28 and 30°N, deep events are more
spread–out in longitude (~ 85–95°E) in southern Tibet.
Similar deep event distribution continues in the slices
30–32°N to 34–36°N, with decreasing maximum depth
and event density. Deep events in the slice 34–36°N are
dominated by those in Hindu Kush and Pamir (70–80°E).
In slices 36–38°E and 38–40°E, all events deeper than 50
km are in Hindu Kush and Pamir and depths of ~ 300 km.

We also divided the area (Fig. 1) into 8 slices with
5° longitude from 65 to 105°E and plotted event depth
versus latitude (Fig. 3). For the slices up to 80°E, all
events deeper than 50 km are in Hindu Kush and Pamir
(36–40°N). Within Tibetan Plateau, no events are deeper
than 50 km between 80 and 85°E. Between 85 and 90°E,
a large number of events occurred in southern Tibet (27–
36°N), with decreasing event density northward. Be-

tween 90 and 95°E, dominant deep events are in the In-
do–Burmese subduction zone (south of 27°N).

The above examination shows that within Tibet,
events are predominantly shallow, generally within the
top 50 km depths. Events with M > 6 are essentially all
within the top 30 km depths, where event clusters show
remarkable spatial correlation with surface features (Fig.
1). IDEQs beneath Tibetan Plateau appear to concentrate
in southern Tibet exclusively and their depths reach >100
km continuously (Fig. 3). This observation, however, is
debated. Some authors reported absence or decreasing
activity of IDEQs within the lower crust (e.g., Chen
and Molnar, 1983; Zhu and Helmberger, 1996; Monsalve
et al., 2006; Liang et al., 2008; Schulte–Pelkum et al.,
2019). The tectonic implication is that the lower crust
is either too strong to fail under the tectonic stresses
(Watts and Burov, 2003) or too soft to be seismogenic
(Chen and Molnar, 1983). Others found sufficiently high
seismicity within the lower crust under southern Tibet
(e.g., Maggi et al., 2000; Jackson, 2002; Priestley et al.,
2008).

Whether IDEQs are located dominantly in the upper
mantle or in the subducted Indian plate depends critically
on the determination of Moho depth. Earlier locations of
events below the Moho (Chen and Molnar, 1983) were
later corrected to be above the Moho (Maggi et al., 2000;
Jackson, 2002). On the other hand, Schulte–Pelkum et al.
(2019) corrected data reported by Monsalve et al. (2006)
and concluded that majority of the events were located in
the upper mantle. It is now well–known that velocity
structure under southern Tibet has significant lateral var-
iations (e.g., Li and Song, 2018). Treating steeply vary-
ing Moho as a flat, one–dimensional discontinuity may
result in large uncertainties and artifacts (Li et al.,
2011). Several lines of evidence suggest that at least
some of the IDEQs are originated within the lower crust:
(1) IDEQs are restricted to southern Tibet, whereas the
shallow strike–slip and normal faulting are widespread.
(2) Locations of the IDEQs are closely related to expect-
ed locations of subducted Indian plate under southern Ti-
bet; e.g., some IDEQs (e.g., Monsalve et al., 2006) cor-
relate with segmented high velocity anomalies from
seismic tomography imaging, used as evidence of break-
up of the Indian plate (e.g., Li and Song, 2018). (3)
Where IDEQs are observed, gravity anomalies and flex-
ure analyses yield an effective elastic thickness of the
lithosphere as thick as 100 km (Jordan and Watts,
2005), suggesting continued rigidity of the lithosphere.
(4) Numerical modeling (Copley et al., 2011) shows that
the predominantly normal faulting focal mechanisms
within southern Tibet and strike–slip faulting in northern
Tibet are a result of strong mechanical coupling between
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Figure 3. Distribution of earthquakes in and surround Tibetan plateau. Left column: Event depth distribution versus longitude in 2° slices of
latitude from 24 to 40°N. Right column: Event depth distribution versus latitude in 5° slices of longitude from 65 to 105°E. Events with M >
6 are plotted as red circles and those with M < 6 are black circles. Red starts are the historically large events plotted in Figure 1.
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the subducting Indian plate and the overriding plateau in
southern Tibet. This implies a strong Indian plate above
the Moho. Furthermore, if the lower crust is the weakest
layer with negligible coupling to the upper mantle, one
needs additional driving forces for the IDEQs immediate-
ly below it.

Earthquake focal mechanisms within Tibetan plateau
– shallow events

Many authors have examined earthquake focal mecha-
nisms in Himalaya and Tibetan plateau with event mag-
nitude >5 (e.g., Chen and Molnar, 1983; Molnar and
Lyon–Caen, 1989; Zeng and Sun, 1993; Copley et al.,
2011) and showed that for shallow earthquakes, focal
mechanisms generally are reasonably well divided into
southern and northern regions, with their boundary
roughly corresponding to the leading edge of subducted
Indian plate (Fig. 4a). While earthquakes in northern Ti-
bet are dominated by strike–slip mechanisms, those in
southern Tibet are primarily normal faulting. There are
essentially no earthquakes deeper than 50 km in northern
Tibet, whereas in southern Tibet earthquakes as deep as
100 km are not uncommon. This is consistent with the
estimated seismogenic thickness (Ts) being rather flat for
central and northeastern Tibet but highly variable along
the strike of the Himalayan foreland (Bai et al., 2017).

South of the plateau, along the Himalaya mountain
range, focal mechanisms indicate predominantly north–
dipping thrust faulting (Fig. 4a). The dominance of thrust
faulting mechanisms continues westward along the Hi-
malaya, reaching Nanga Parbat (72°E, 35°N). From there
and further north to Pamir and Hindu Kush, focal mech-
anisms of normal, thrust, strike–slip characteristics can all
be found. In the northern boundary and west of central
Tarim Basin, focal mechanisms are also complex. The
east portion near Burma, on the other hand, is generally
characterized by left–lateral strike–slip focal mechanisms
(Fig. 4b).

In eastern Tibet (Fig. 4c), along the northern seg-
ment of the boundary (i.e., LMT), earthquakes are largely
west–dipping thrust faulting, whereas the southern seg-
ments (XXF and JF) are dominated by right–lateral
strike–slip. Cui et al. (2019) analyzed focal mechanisms
of 725 earthquakes between 1976 and 2017 in the North–
South Seismic Belt (NSSB; 21°N–42°N, 97°E–107°E).
They found that the P–axes of focal mechanisms rotate
clockwise, from SW–NE trending in the north, to W–E in
the middle, and NW–SE or even N–S in the south of the
NSSB. This pattern is generally consistent with the GPS
velocity fields relative to the stable Eurasia (Gan et al.,
2007), with thrust–dominated focal mechanisms along

the LMT, and strike–slip near the south end of the XXF
and JF.

Focal mechanisms within Tibetan Plateau – IDEQs

For a dozen IDEQs in southern Tibet (28–30°N, 83–
90°E) with focal depths below 60 km, De La Torre et
al. (2007) showed that, from the Himalaya to southern
Tibetan, strike–slip faulting is dominated by P–axes
trending NNW–SSE to NNE–SSW and shallow plunging
T–axes. They concluded that strike–slip faulting and EW
extension accommodate the deformation near and below
the Moho. The strike–slip clusters beneath the High Hi-
malaya contains two groups: one about 200–300 km north
of the Himalayan arc with depths from 80–100 km, and
the other around 28°N with depths ranging from 60–100
km. Strike–slip faulting dominates both groups with only
one exception which is normal faulting. They concluded
that IDEQs near the Moho under the High Himalaya are
common. In contrast, Chen and Yang (2004) argued that
earthquakes at this depth range are unrelated to subduc-
tion processes due to faulting similarities to the upper
Tibetan crustal focal mechanisms and faulting differences
to earthquakes along the Himalayan front. De La Torre et
al. (2007) pointed out that fault plane solutions for the
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. They
argued that these P–axis orientations suggest a correlation
between the convergent process and the earthquakes at
Moho depths.

Earthquake focal mechanisms in Assam–Tibet area

In southeast Tibet, three major tectonic units interact
along two convergent boundaries: the Himalayas, Bengal
Basin, and the Indo–Burma Ranges. All three units meet
at the Assam Syntaxis. This region has been the site of
some of the largest continental earthquakes (Assam,
1950, moment magnitude Mw = 8.6; Shillong, 1897,
Mw ≈ 8.1) (Angelier and Baruah, 2009).

From spatial distribution and focal mechanisms re-
ported by Kumar et al. (2015) and the GCMT catalog
(Ekström et al., 2012), this region may be divided into
four sub–domains (Fig. 4b). The N–S convergence is ac-
commodated through shallow thrust earthquakes within
the Himalayan wedge (region 1). Strike–slip earthquakes
are distributed in the region sandwiched between Hima-
laya and Indo–Burma Ranges (region 2), where wide-
spread N–S compression in Shillong Plateau, far away
from the Himalayan front, is compatible with previously
proposed convergence between the Shillong–Mikir–As-
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sam Valley block and the Indian craton (Angelier and
Baruah, 2009). The E–W subduction results in earth-
quakes whose mechanisms vary from thrust faulting at

shallow depths to strike–slip at intermediate depths, and
then to thrust faulting again underneath the Indo–Burma
convergence zone (region 3) (Kumar et al., 2015). To the

Figure 4. (a) Focal mechanisms of shallow earthquakes (<50 km) for the entire Tibetan Plateau (GCMTcatalog). Beachball solutions are color–
coded for thrust (red), normal (blue), strike–slip (black) events. Tibetan plateau is surrounded by thrust faulting events around its southern
boundaries. Normal faulting events are primarily associated with rift systems in southern Tibet, whereas strike–slip events are concentrated
around JS and northern Tibet, where thrust faulting events are also common. (b) Focal mechanisms in Assam–Tibet (GCMT catalog and
Kumar et al., 2015). The four subdomains are outlined, classified according to focal mechanisms. See details in text. (c) Focal mechanisms at
and near LMT (GCMT catalog and Li et al., 2019b). The approximate rupture areas of the 2008 Wenchuan and 2013 Lushan earthquakes are
marked by gray line. The gray circle marks the inferred seismic gap between the Wenchuan and Lushan earthquake ruptures.
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east of Indo–Burma (region 4), earthquakes are dominat-
ed by dextral strike–slip stresses. Such stresses are ac-
commodated by the extrusion of the Tibetan material
from north to the south.

Earthquake focal mechanisms along Longmenshan
Thrust Fault

The LMT and its surrounding regions have produced
a number of devastating earthquakes. The 2008 Mw

7.9 Wenchuan, 2013 Mw 6.6 Lushan, and 2017 Mw 6.5
Jiuzhaigou earthquakes are just a few examples. While
the first two exhibit clear thrust fault features along the
convergence boundary, the third event occurred on the
strike–slip fault system (i.e., the Huya fault) within Tibet-
an Plateau. Based on waveform inversion, Li et al.
(2019b) reported focal mechanisms of earthquakes occur-
red between 2009 and 2016 in this region (Fig. 4c),
showing a dominant thrust faulting stress regime with
subhorizontal NW–SE trending maximum principal stress
(σ1) and subvertical minimum principal stress (σ3). These
observations indicate a lateral compression due to the
southeast–ward movement of the Songpan–Ganzi Block.
The observed changes in dip are used to infer a detach-
ment layer in the upper crust. Based on the determined
source parameters, Yang et al. (2017) concluded that the
southern segment of the LMT is characterized by thrust
faulting stress regime with a nearly horizontal σ1 in the
SE–NW direction, while the stress environment in the
northern segment is much more complicated.

Only a few earthquakes occurred between the Wen-
chuan and Lushan rupture zones, suggesting a possible
seismic gap (Fig. 4c). There are two contrasting views on
this gap. Based on Pg tomography and the theory of max-
imum effective moment, Pei et al. (2014) argued that this
region is weak and ductile in nature and cannot accumu-
late stress to generate large (M > 7) earthquakes. Liu et
al. (2018) observed a LVL and a thick crust in this region;
they associated the LVL with partial melt to account for
the aseismic feature. Based on paleoseismic activity,
Shao et al. (2019) also concluded that rocks in this gap
are ductile with low strength, although they found four
paleoseismic events. However, some authors argued that
this may be a high–risk area for future large earthquakes
(e.g., Gao et al., 2014).

Earthquake focal mechanisms in Hindu Kush area

Hindu Kush is one of the most seismically active areas in
continental regions, famous for intense IDEQs (Prieto et
al., 2012). Examples of large IDEQs in the Hindu Kush
include the 9 August 1993 (Mw 7.0, depth 214 km), the 3

March 2002 (Mw 7.3, depth 229 km), and the 26 October
2015 (Mw 7.5, depth 209 km) earthquakes, all of which
caused severe damages in Afghanistan and Pakistan
(Rehman et al., 2015; Rehman et al., 2017).

Based on the GCMT catalogue (Ekström et al.,
2012), most of the focal mechanisms in this region are
compressional, and earthquake occurrence rate has a bi–
modal distribution in depth, with Groups I and II seismic-
ity peaking around ~ 120 and ~ 220 km depth, respective-
ly (Fig. 5). Based on stress–field inversion, Li et al.
(2018b) estimated that σ1 and σ3 of Group I events are
predominantly along ~ 150° strike, ~ 10° dip and ~ 30°
strike, ~ 70° dip, respectively. Group II events, in contrast,
show σ1 with ~ 170° strike and ~ 10° dip and σ3 with –40°
strike and ~ 80° dip. These authors further argued that the
two groups have different mechanisms. While metamor-
phic processes were proposed to be responsible for Group
I events, subducted crustal materials to depths of 150–180
km were attributed to the low velocity and reduced seis-
micity between Group I and Group II. Stretching or de-
tachment of the slab was proposed to induce earthquakes
deeper than 200 km (Kufner et al., 2016; Zhan and Kana-
mori, 2016; Li et al., 2018b). In addition, aftershocks of
IDEQs in the region share many common characteristics
of the shallow earthquakes, such as anti–correlation with
mainshock slip distribution (Fig. 5) and similar statistical
behaviors, such as the Gutenberg–Richter b values and the
Omori aftershock decay p values. These were used to ar-
gue that the common mechanisms responsible for shallow
earthquakes may also apply for IDEQs (Li et al., 2018a).

Triggered events in and around Tibetan Plateau

Large earthquakes are known to trigger additional seis-
mic events, either around the mainshock ruptures or at
long distances (Freed, 2005; Hill and Prejean, 2015; King
and Devès, 2015). The former category is generally
known as aftershocks, while the latter is typically called
remotely triggered earthquakes. Here we review recent
evidence of triggered earthquakes around Tibetan Pla-
teau, focusing primarily on microseismicity remotely
triggered by large distant mainshocks.

Perhaps the most well–studied triggering mainshock
is the 2004 M 9.3 Sumatra earthquake (Fig. 6a). It was
the largest earthquake in the last 50 years and occurred at
the subduction boundary between the India and Burma
plates (Ammon et al., 2005). Following the mainshock,
there was a sharp increase in microseismicity in Yunnan
province, Southwestern China that last for ~ 14 days at
distances ranging from 2000 to 3000 km (Fig. 6b), sug-
gesting a remote triggering relationship (Lei et al., 2011;
Peng et al., 2012; Li et al., 2019a). Most triggered events
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were clustered in regions with complex fault geometries
or volcanic activities (Lei et al., 2011). In fact, the first
triggered event (magnitude 4.8) occurred in the Teng-
chong volcanic field during the Rayleigh wave pulses
of the Sumatra mainshock (Lei et al., 2011) (Fig. 6c).
The associated dynamic stresses of the Sumatra main-
shock were on the order of 0.5 MPa (Li et al., 2019a),
well above the typical remote triggering threshold of 5–
10 KPa (Brodsky and Prejean, 2005; Aiken and Peng,
2014). Interestingly, ~ 8 years later, the M 8.6 Indian
Ocean earthquake and its M 8.2 aftershock only triggered
microseismicity in a few isolated regions (Li et al.,
2019a), in stark contrast to the global increase of M >
5.5 earthquakes following the previous sequence (Pollitz
et al., 2012). Li et al. (2019a) argued that perhaps the
triggering threshold around Yunnan is rather high, and
only the 2004 Sumatra mainshock was able to generate
dynamic stress changes high enough to promote frictional
failures and trigger microseismicity.

Yao et al. (2015) analyzed remote triggering in
south–central Tibet following the 2004 M 9.3 Sumatra

and the 2005 M 8.6 Nias earthquakes (Fig. 6a). This
region is particularly interesting due to the existence of
many N–S rift systems (normal faults; see Fig. 1a). In
addition, a M 6.3 normal–faulting earthquake occurred
near Zhongba (south of the BNS in the Lhasa Terrane),
about 10 days after the Nias mainshock, raising specula-
tion that the Zhongba earthquake was delayed–triggered
by the Nias event (Ryder and Burgmann, 2011). Based on
visual inspection of high–frequency signals and a tem-
plate matching analysis, many triggered earthquakes
were detected during and immediately following both
the Sumatra and the Nias mainshocks (Figs. 6e–6g). Trig-
gered seismicity occurred mostly north of the BNS in the
Qiangtang Terrane and lasted ~ 50 hours and a few hours
following the Sumatra the Nias mainshocks, respectively.
Interestingly, no triggered microearthquakes were identi-
fied in the Zhongba region following the Nias mainshock
and before the M 6.3 Zhongba event. These results sug-
gest that some crustal faults in south–central Tibet are
critically stressed, and they can easily respond to external
stress perturbations from large distant earthquakes.

Figure 5. (a) Focal mechanisms in Hindu Kush. Beachball solutions are color–coded according to event depth: red (<50 km), green (50–150
km), and blue (>150 km). (b) earthquake occurrence rate (M > 4.5) as a function of depth. Note bimodal distribution. (c) Map view of
background seismicity (gray) and aftershocks of the 2015 M 7.5 mainshock (Li et al., 2018a). The color of aftershocks is their relative time
to the mainshock. The gray area and contours are slip distribution from the UGSS finite fault model. The blue circles mark subevents from
(Zhan and Kanamori, 2016). AA’ marks strike direction in panel (d). (d) A comparison of the mainshock slip distribution and aftershock
location in the depth–profile. The red star marks the initial hypocenter of the 2015 M 7.5 mainshock. (e) A three–dimensional view of
aftershocks. (f ) A schematic diagram showing the slab tearing model for the generation of IDEQs in this region (Zhan and Kanamori, 2016).
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Li et al. (2017) performed a similar study in south-
ern Tibet following the 2015 M 7.8 Gorkha, Nepal earth-
quake and found a clear increase in post mainshock seis-
micity, including two M > 5 normal–faulting events
within the next half day (Fig. 6a). Because of the close
distance, these authors were unable to distinguish two
possible triggering mechanisms, i.e., static stress changes
due to fault displacement versus dynamic stress changes
due to passing seismic waves. Nevertheless, their study

highlights the potential hazard of normal–faulting earth-
quakes in southern Tibet following major thrust–faulting
earthquakes along the Himalaya frontal thrust faults. In
addition, several large (M > 7) normal–faulting events
were found elsewhere following the occurrence of mega-
thrust earthquakes such as the 2006 M 8.3 Kuril Island,
the 2010 M 8.8 Chile, and the 2011 M 9.1 Tohoku–Oki
earthquakes (Ammon et al., 2008; Kato et al., 2011; Ryd-
er et al., 2012). Hence, it is evident that active faults

Figure 6. (a) A summary of triggered seismicity around Tibet following recent large earthquakes (after Yao et al., 2015 and Li et al. 2019a).
The triggering mainshocks include the 2004 M 9.1 Sumatra, the 2005 M 8.6 Nias, and the 2012 M 8.6 Indian Ocean the 2015 M 7.8 Nepal
earthquakes. The triggered sites are marked as green dashed boxes. (b)–(d) The seismicity changes within 15 days of the 2004 Sumatra and
2012 Indian Ocean mainshocks in Yunnan (b) and (d) and Tengchong region (c). (e) 5–Hz high–passed vertical–component waveforms
recorded by the Hi–Climb array aligned with epicentral distances to the 2004 Mw 9.1 Sumatra mainshock. The dashed red and blue lines
mark the predicted Love and Rayleigh wave arrival (with a nominal phase velocity of 4.1 and 3.5 km/s). (b) Log10 envelope function of 5–
Hz high–passed seismograms at selected stations. The bottom three traces are broadband recordings rotating to transverse, vertical and radial
components. P, S, Love and Rayleigh phases are marked. (c) Spectrogram of vertical component recorded at station H1490 showing
triggered seismicity.
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around Tibet (and elsewhere) are interconnected and can
be potentially triggered through either static or dynamic
stress perturbations.

Due to limited station coverage and data availability,
only a few studies focused on triggering of microseismic-
ity along the Himalaya after large distant earthquakes.
Mendoza et al. (2016) found clear evidence of local seis-
micity in central Himalaya triggered by long–period sur-
face waves of the 2007 M 8.5 Sumatra earthquake. The
associated peak dynamic stress is ~9 KPa, suggesting that
faults along Himalaya are also sensitive to small stress
changes.

Based on seismic catalogs from the National Seis-
mological Center in Kathmandu, Nepal, Bollinger et al.
(2007) reported that seismicity rates in winter is about
30–60% higher than that in summer months. Such sea-
sonal variations of microseismicity is consistent with trig-
gering due to surface load variations of annual hydrolog-
ical cycle, for which the associated Coulomb stress
changes are on the order of 2–4 kPa (Bettinelli et al.,
2008). Ader and Avouac (2013) applied Schuster spec-
trum analysis to the same catalog and confirmed the ex-
istence of annual variation in seismicity rate, and a lack
of variation in any other tidal periods. Wang et al. (2018)
found an interesting anti–correlation between background
seismicity and monthly precipitation in southwestern
Longmenshan region. It may be interesting to compare
these studies with those in other regions of the world.
Heki (2003) reported that snow melt in inland Japan in-
duced crustal earthquakes. Similarly, Johnson et al.
(2017) found that microseismicity in Central California
varies with seasonal water accumulation cycles, presum-
ably due to loading variations of the hydrosphere onto the
crust. These studies suggest that some faults are near a
critical stage and can be triggered/modulated by long–
term stress variations on the order of only a few kPa.

POSSIBLE MECHANISMS OF
INTERMEDIATE–DEPTH SEISMICITY

UNDER SOUTHERN TIBET

At depths below ~ 30 km, increasing isostatic pressure
induces a brittle–ductile transition and rocks normally be-
have in a ductile manner (Brace and Kohlstedt, 1980). In
addition, the temperature conditions at depths are such
that plastic yield strength of rocks is well below Byerlee’s
frictional strength (Byerlee, 1978). Three hypotheses
have been proposed to induce mechanical instability
within the normally ductile regime. The first is a thermal
runaway process where a self–amplifying mechanical in-
stability arises from the combination of shear localization
and grain size reduction within a visco–plastic material

(Kelemen and Hirth, 2007; Thielmann, 2018). Crucial is-
sue here is the conditions under which shear localizations
nucleate and self–amplify, leading to failure (John et al.,
2009). Such conditions are poorly known and have just
begun to be investigated in the laboratory (Ohuchi et al.,
2017). The second is dehydration embrittlement, in
which a metamorphic dehydration reaction raises pore
pressure, thereby lowering the effective pressure, permit-
ting brittle failure (Raleigh and Paterson, 1965; Green
and Houston, 1995; Dobson et al., 2002; Jung and Green,
2004). This hypothesis requires sufficient structural water
in constituent minerals and is considered a good candi-
date for seismicity in subducted oceanic crust (Peacock,
2001; Ferrand et al., 2017). However, xenolith samples
from Tibet suggest that the Indian lower crust lacks hy-
drous minerals (Hacker et al., 2000), making this mech-
anism less likely to operate under southern Tibet. The
third is eclogitization–induced instability (Kirby et al.,
1996; Jackson et al., 2004; Zhang et al., 2004a). The In-
dian shield consists predominantly of granulite–facies
rocks, whose major minerals are pyroxenes (Pyx), plagio-
clase (Plg), and quartz (Gupta et al., 2003; Priestley et al.,
2008). As such rocks are brought down to below 50–60
km depth through subduction, metamorphic transforma-
tion takes place (Liou et al., 1994). Seismic and gravity
anomaly data support the existence of eclogite in sub-
ducted Indian crust (Schulte–Pelkum et al., 2005; Hetényi
et al., 2007; Wittlinger et al., 2009; Zhang et al., 2014,
Gilligan et al., 2015) and eclogite xenoliths have been
found in central Tibet (Yang et al., 2009; Dong et al.,
2016). Pseudotachylytes, usually formed by brittle failure
followed by frictional melting during shallow seismicity,
are found in exhumed deep continental rocks in western
Norway (Austrheim and Boundy, 1994). These domi-
nantly granulite facies rocks contain eclogite facies min-
erals in close association with the pseudotachylytes, sug-
gesting that granulite–facies rocks may have transformed
partially at depths, under conditions corresponding to the
eclogite facies stability field. Some advocated that deep
crustal seismicity under southern Tibet may be analogous
to that in western Norway (Jackson et al., 2004). Others
argue that eclogitization involves reconstructive phase
transformations in constituent minerals and is unlikely
to trigger mechanical instability (Green and Houston,
1995).

In a series of experimental investigation, Shi et al.
(2018) and Incel et al. (2019) deformed granulite rocks
under various pressure (P) and temperature (T ) condi-
tions within both granulite and eclogite stability fields,
to examine the micro–mechanics responsible for rupture
nucleation and self–organization leading to macroscopic
faulting. By combining synchrotron X–ray diffraction and
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imaging for stress and strain measurements with acoustic
emission (AE) monitoring, they showed that eclogitiza-
tion of metastable granulite indeed induces mechanical
instability in the laboratory. The samples studied by Shi
et al. (2018) were pre–sintered synthetic dry mafic gran-
ulite. The samples studied by Incel et al. (2019) were
natural (hydrous) granulite from Holsnøy, southwestern
Norway. Using advanced seismological tools such as
the double–difference relocation program hypoDD
(Waldhauser and Ellsworth, 2000), Shi et al. (2018) lo-
cated the AE events, and tracked faulting process in both
space and time. When dry granulite samples were de-
formed in the granulite–facies field, they displayed only
ductile behavior and produced no AE events. In contrast,
both dry and hydrous granulite samples deformed in the
eclogite–facies field radiated numerous AEs and failed
with large stress drops within a narrow temperature range
from ~ 1000 to ~ 1300 K. Above and below this range,
samples were ductile. Recovered dry samples from be-
tween 1073 and 1273 K contained conjugated macro-
scopic faults (Fig. 7). The brittle response is therefore
clearly due to eclogitization of metastable granulite. In
fact, such metamorphism–induced embrittlement occurs
in wet system as well (Incel et al., 2019).

Based on the experimental observations, a microme-
chanical model of rupture nucleation and propagation is
proposed (Figs. 7a and 7b). As the initially equilibrium
granulite–facies mineral assemblage (Fig. 7a) is brought
down by subduction process into the eclogite–facies sta-
bility field, Plg breaks down and reacts with Pyx. In the
Plg breakdown reaction, anorthite and albite transform to
grossular + kyanite + quartz and jadeite + quartz, respec-
tively, while in the Plg–Pyx reaction, omphacite and
quartz are formed. Experimentally, both reactions pro-
duce thin bands consisting of nanograined reaction prod-
ucts, termed nano–reaction bands (NRBs) (Fig. 7b). Un-
der shear stress, these NRBs form within Plg grains and
along grain interfaces, weakening the rock assembly and
causing micro–ruptures. The heat released by the exother-
mic reactions involved further enhanced rate of transfor-
mation, producing ultra–fine–grained reaction product
(Incel et al., 2019). Together, these effects induce strain
localization and mechanical instability. These authors ar-
gue that eclogitization–induced embrittlement provides a
viable mechanism for IDEQs in the lower crust under
southern Tibet.

Sub–Moho earthquakes in southern Tibet tend to be
clustered in close proximity to events in the lower crust
(Monsalve et al., 2006). Mechanisms for the seismicity
below the Moho remain unresolved. The dominant min-
erals in the upper mantle are olivine and Pyx. A recent
study shows that at pressures corresponding to depths up

to 100 km, shear–banding and localized heating may de-
velop in deforming olivine, resulting in seismogenic
faulting (Ohuchi et al., 2017). Numerical modeling also
shows that as deformation mechanisms change (either
due to temperature or stress), shear localization may de-
velop and may cause potential adiabatic heating, induc-
ing mechanical instability (Thielmann, 2018). From these
viewpoints, sub–Moho seismicity under southern Tibet
may be interpreted as shear–localization induced instabil-
ity triggered by stress heterogeneities produced through
strong mechanical coupling between the crust and upper
mantle.

CONCLUSIONS

The Himalayas and Tibetan Plateau are the most tectoni-
cally active continental convergent regions, where nu-
merous earthquakes have occurred. Shallow events (focal

Figure 7. A micromechanical model of mechanical instability in-
duced by eclogitization of granulite. The center figure is a com-
posite back–scattered SEM image of recovered granulite sample
deformed at 2.8 GPa and 1073 K, showing a major fault running
from upper right to lower left. Maximum compressive stress
direction is vertical in this triaxial deformation experiment. Near
vertical cracks were due to decompression. Three phases are
clearly visible with different brightness. The brightest phase is
clinopyroxene (Cpx), intermediate grey is plagioclase (Plg), and
the darkest phase is quartz (Qz). Note extensive faults cutting
through grains of different mineralogy. Within Plg, numerous
thin bright bands are present, as indicated by red and light green
arrows. These nano–reaction bands (NRBs) contain products of
Plg breakdown reaction (Shi et al., 2018). Similar NRBs can be
seen around Cpx (white arrow) and Qz (orange arrow) grains
which are bounded with Plg. Cartoon illustration (a) shows a
typical microstructure before the eclogitization reaction and
(b) after syn–deformational eclogitization. White dotted lines
represent NRBs in Plg, red and black dotted lines represent
NRBs on the Cpx and Qz grain boundaries adjacent to Plg
grains. Thick black lines illustrate self–organization of these
NRBs, forming large–scale faults.
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depths <50 km) show remarkable correlation with surface
fault systems in both spatial location and focal mecha-
nisms. Some shallow events appear to be triggered by
remote earthquakes, suggesting stress levels are near crit-
ical threshold. There is indication that even seasonal
monsoon cycles may trigger some events. IDEQs are
concentrated in southern Tibet, the Hindu Kush–Pamir
region, and the Burmese subductions zone. Underneath
southern Tibet, the subducted Indian plate extends north-
ward to at least the Bangong–Nujiang suture zone, with
IDEQs occurring in the lower crust and the adjacent up-
per mantle. Possible mechanisms for IDEQs are elclogi-
tization–induced embrittlement in the subducted Indian
lower crust and shear–localization in the upper mantle.
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