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all earthquakes are shallower than 30 km and therefore are in the upper crust. The absence of lower crust earth-
quakes may imply a weak, ductile lower crust in central Tibet. Moreover, these earthquakes are dispersed
throughout conjugate strike-slip fault zones, indicating that evenly distributed upper crustal deformation
might predominate in central Tibet. This observation agrees with the hypothesis that conjugate fault zones ac-
commodate coeval east-west extension and north-south contraction via continuous deformation. Moreover,
the focal mechanisms show that strike-slip and normal faulting are the dominant types of deformation and
that the extension in central Tibet is oriented approximately east-west. Despite some anomalies, the kinematics
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implied by most of the focal mechanisms correlate well with those of the surface structures.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The Tibetan Plateau was formed by the collision between the Indian
and Eurasian plates (Molnar and Tapponnier, 1978). Consequently, the
collision zone features well-developed large-scale thrust faults and fre-
quent large earthquakes, such as the 2015 Mw 7.8 Gorkha earthquake
(e.g., Yin et al., 2016). Despite the intense compressive stress, the most
striking geologic structures in central and southern Tibet are a series
of nearly north-south-trending rifts (Fig. 1) at elevations above
4000 m (Molnar et al., 1993). The development of north-south-trending
rifts in southern Tibet began in the mid-to-late Miocene (18-8 Ma)
(Coleman and Hodges, 1995) as the result of extension or eastward ex-
trusion (Armijo et al., 1986; Armijo et al., 1989; Styron et al., 2011). As-
sociated with the rifts, a series of conjugate strike-slip faults also
developed and are thought to accommodate coeval east-west extension
and north-south contraction (Taylor et al., 2003). Understanding how
extensional rifts formed in such a large-scale compressional setting
holds important implications for the evolution of the Tibetan Plateau.
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Several mechanisms responsible for the east-west extension have
been proposed. Based on observations of widespread normal faulting
at high elevations throughout the plateau (Molnar and Tapponnier,
1978; Molnar et al., 1993), gravitational collapse has been suggested
as one of the mechanisms. This mechanism implies that the age of the
initiation of the rifts should agree with the timing of rapid uplift of the
Tibetan Plateau at approximately 8 Ma (Harrison et al., 1992; Molnar
etal., 1993). However, the onset of rifting in southern Tibet is estimated
to have commenced between 18 Ma and 8 Ma (Coleman and Hodges,
1995), and the onset of graben formation in central Tibet is estimated
to have occurred at >13.5 Ma based on mineralization ages (Blisniuk
et al., 2001). Alternatively, convective removal of Tibetan mantle litho-
sphere (England and Houseman, 1989; Molnar et al., 1993) has been
proposed to explain not only the rapid uplift but also the basaltic volca-
nism in northern Tibet at ~13 Ma (Turner et al., 1993). However, be-
cause the modeled east-west extension rate is generally slower than
the observed values, a lower crustal flow model has been proposed
based on GPS observations of crustal deformation (Royden et al.,
1997). This model also suggests that the surface deformation is strongly
decoupled from the lower crust. More recently, a series of studies using
newly acquired seismic data suggest that asthenospheric upwelling
from a slab window has significantly contributed to the extension pat-
tern in southern Tibet and that the separation between surface rifting
and Moho uplift is likely due to partial decoupling across the ductile


http://crossmark.crossref.org/dialog/?doi=10.1016/j.tecto.2017.02.020&domain=pdf
http://dx.doi.org/10.1016/j.tecto.2017.02.020
mailto:txb@mail.iggcas.ac.cn
http://dx.doi.org/10.1016/j.tecto.2017.02.020
http://www.sciencedirect.com/science/journal/00401951
www.elsevier.com/locate/tecto

2 G. Zhu et al./ Tectonophysics 702 (2017) 1-7

32’

S Qaid

|
s

o 2
oS T3 strike-slip fault}
. q—\"\.r normal fault

thrust fault !
[
?

=~ suture
lake

96"

92’

Fig. 1. A map showing study area (red box) and the location of the SANDWICH seismic network (red triangles). The location of active faults and sutures is from the HimaTibetMap database
(Styron et al,, 2010). Abbreviations of major geological structures: JSS = JinSha Suture, BNS = Bangong Nujiang Suture, IYS = Indus-Yalu Suture, ATF = Altyn Tagh fault, KLF = Kunlun
fault, SHG = Shuang Hu graben, YCF = Yibug Caka fault, MPR = Muga-Puruo rift, GCF = Gyaring Co fault, BCF = BangCo fault, YGR = Yadong-Gulu rift, PXR = Pumqu-Xianza rift, TYR =
Tangra Yum Co rift, KKF = Karakoram fault, MFT = Main Frontal thrust (Lee et al., 2011; Taylor and Yin, 2009). The numbers represent the initiation ages (Ma) of the faults (Lee et al.,2011;

Styron et al., 2011; Sundell et al., 2013).

middle crust (Chen et al., 2015; Liang et al., 2016a; Tian et al., 2015).
However, whether the rifts are restricted to the upper crust or penetrate
through the entire lithosphere is still under debate (Yin, 2000).

Seismicity analysis is a good method for identifying the style of ac-
tive crustal deformation. Specifically, the depth of seismicity can be a
good indicator of whether the deformation is limited to the upper
crust or extends to greater depths. For example, earthquakes in north-
eastern and central Tibet are mainly distributed in the upper crust at
depths shallower than 25 km (Wei et al., 2010; Zhao and Helmberger,
1991; Langin et al., 2003). In stark contrast, earthquakes with focal
depths in the upper mantle (>70 km) have been found in southern
Tibet using waveform modeling (Zhu and Helmberger, 1996). Due to
the scarcity of seismic stations in Tibet, most of these earthquakes
have been located using teleseismic or regional waveforms, and their
spatial distribution may therefore contain some degree of uncertainty.
In this study, we investigate earthquakes in the rift and strike-slip
fault systems in central Tibet using broadband seismic waveforms re-
corded by a newly deployed seismic network. We first detect and locate
local earthquakes. Then, we derive focal mechanisms for earthquakes
with magnitudes >3.4. Our results offer better observational evidences
for the seismogenic depth, the distribution of active faulting related to
the seismicity, and the mechanism responsible for active crustal defor-
mation in central Tibet.

2. Tectonic setting and data

The conjugate strike-slip faults in central Tibet are evenly distributed
on both sides of the Bangong-Nujiang suture (BNS), which separates the
Qiangtang terrane and the Lhasa terrane (Fig. 1). In the Qiangtang ter-
rane north of the BNS, all the strike-slip faults are left lateral with

northeast strikes. In contrast, to the south of the BNS, the faults are
right lateral with northwest strikes (Armijo et al., 1986; Taylor et al.,
2003). A series of north-south-trending rifts are located to the south
and north of this conjugate strike-slip fault zone, especially to the
south (Taylor and Yin, 2009). In our research region, the three large-
scale rifts in the Lhasa terrane from east to west are the Yadong Gulu
rift (YGR), Pumqu Xianza rift (PXR) and Tangra Yum Co rift (TYR). In
the Qiangtang terrane, the major rifts are the Muga-Puruo rift (MPR)
and Shuang Hu graben (SHG). The structures identified in this study
are from the HimaTibetMap dataset, which has collected data from aca-
demic journals, remote sensing interpretations, and other information
(e.g., seismic focal mechanisms) (Taylor et al., 2003; Styron et al., 2010).

Focal mechanisms from the Global Centroid Moment Tensor
(GCMT) catalog show that most of normal faulting earthquakes were
clustered near the rifts but that some strike-slip earthquakes occurred
relatively far from the conjugate strike-slip faults (Fig. 2). Earthquake
locations from the E.R. Engdahl, Van der Hilst, R.D., and Buland, R.P.
(EHB) bulletin are mostly associated with reported rifts or faults
(Fig. 2). Note that the vast majority of focal mechanisms are associated
with either normal or strike-slip faulting. However, two earthquakes
with thrust mechanisms occurred in our study region.

To investigate the tectonic features and seismogenic properties of
the region, we have deployed a temporary seismic network, the SAND-
WICH (Seismic Array iNtegrated Detection for a Window of Indian Con-
tinental Head) network. This deployment represents the first seismic
network operated in central Tibet, partly due to the harsh natural envi-
ronment and limited financial support for instrumentation (Liang et al.,
2016b). The SANDWICH network consists of 53 intermediate-band and
broadband seismometers equipped with three-component Guralp
CMG-3ESP sensors, with a response band from 60/30 s to 50 Hz. The
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Fig. 2. Map of historical earthquake locations (from EHB Bulletin, 1961-2008) and
historical focal mechanisms (GCMT solutions, 1976-2015) in central Tibet. The light
blue circles indicate earthquake locations and are scaled by magnitude.

digital recorders are RefTek 72A-8/130-1 or DAS24-3D (Liang et al.,
2016b). The network covers both sides of the BNS from the northern
Lhasa terrane to the southern Qiangtang terrane (Fig. 1). The average
inter-station distance is approximately 40 km. The data are recorded
in three components with 40 samples per second.

The SANDWICH network began recording in early November 2013
and is expected to finish in November 2017. The waveform data record-
ed by the array provide an unprecedented opportunity for us to investi-
gate the high-resolution spatial and temporal patterns of local
seismicity. In this study, we use the first-phase waveform data from
the end of November 2013 to the end of October 2014. Fig. 3 shows a
cross section of the waveforms for a local M; 4.1 earthquake.
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Fig. 3. Vertical-component waveforms of a local earthquake, whose location is shown in
Fig. 4(a).

3. Results
3.1. Earthquake detection and location

Because of the deficiency of permanent seismic stations in central
Tibet, the earthquake catalog is generally incomplete. Thus, we first de-
tected earthquakes using an event detection algorithm based on the
ratio of the short-term average (STA) to the long-term average (LTA)
(Freiberger, 1963; Earle and Shearer, 1994). Here, we used 10 s and
60 s as the short-term and the long-term windows, respectively. The
critical triggered STA/LTA ratio is 3.5 over at least 13 stations. After visu-
ally inspecting the detected events and discarding the false detections,
we eventually identified 232 local earthquakes in the one-year dataset.

We then located these earthquakes using Hypoinverse2000 (Klein,
2012). P and S phases were manually picked using Seismic Analysis
Code (SAC). To avoid possible time shifts in phases caused by filtering
effects, we picked most of the arrivals from raw waveforms. For noisy
data, we applied a 0.5-5 Hz bandpass filter. A 1-D layered velocity
model adopted from CRUST1.0 (Table 1) was used to locate the earth-
quakes (Laske et al., 2013). On average, the uncertainties in the horizon-
tal locations of our located earthquakes are <1 km, thereby allowing us
to reliably correlate these earthquakes to known surface faults. The lo-
cated earthquakes have magnitudes ranging from M, 1.6 to 5.3, and
the earthquakes with magnitudes larger than M; 5.0 are well correlated
with known normal and strike-slip faults in the region (Fig. 4).

Several earthquake clusters are present in our research area and are
clearly consistent with existing faults. For instance, the largest cluster
contains 29 earthquakes near 33.8°N, 89.2°E, in the vicinity of the SHG
(Fig. 4a, cluster A). These earthquakes are located in a narrow north-
south-trending area that is located 5-10 km west of the mapped fault
(Fig. 4b). The largest earthquake, M; 5.2, occurred on February 11,
2014, and was preceded by 4 foreshocks and followed by 10 immediate
aftershocks on the same day. Moreover, cluster B contains 17 earth-
quakes, is located near 31.4°N, 86.5°E (Fig. 4a), and coincides with the
northern section of the TYR, which intersects with a branch of a conju-
gate strike-slip fault at its north end. Furthermore, a cluster of 9 earth-
quakes near 32.0°N, 90.2°E (Fig. 4a, cluster C) appears to be associated
with a northeast-trending strike-slip fault.

In contrast, a few earthquakes are poorly correlated with mapped
faults (Fig. 4a). We quantified the shortest distance from an earthquake
to the nearest fault, i.e., the surface distance between a fault and the
earthquake epicenter normal to the fault line (Fig. 5). Nearly 80% of
these earthquakes are located within a 6-km normal distance of a
fault. If we only consider earthquakes with horizontal uncertainties of
<3 km, 80% of earthquakes remain in the same range (Fig. 5a).

We also investigated the depth distribution of these earthquakes.
Compared to the uncertainties in the horizontal locations, the uncer-
tainties in the focal depths for some earthquakes are much larger, e.g.,
several to tens of kilometers (Fig. 6). However, all the earthquakes are
located at depths no >30 km (Fig. 6¢), i.e., the upper to middle crust.
Nearly half of the events are located at depths of 5-10 km.

3.2. Focal mechanisms

We determined focal mechanisms for a number of earthquakes
using the Computer Programs in Seismology (CPS) package

Table 1

Earth structure model.
Depth P S Density
km km/s km/s g/cm?
0 53 3.0 25
4 6.1 35 2.7
29 6.7 3.8 2.8
64 79 4.5 3.2
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Fig. 4. (a) Map of earthquake locations (blue circles) and focal mechanisms from this study. The yellow star shows the location of the M; 4.1 earthquake in Fig. 3. (b) Zoom in map of

earthquakes in the vicinity of the SHG, showing an enlarged view of cluster A in Fig. 4(a).

(Herrmann et al,, 2011a; Herrmann et al,, 2011b; Herrmann, 2013). We
first converted the raw digital waveform data to ground velocity (m/s)
after removal of the instrument response and then rotated the two hor-
izontal components to radial and transverse orientations. For most of
earthquakes, we applied a Butterworth bandpass filter of 0.02-0.1 Hz,
but for events with low signal-to-noise ratios, we applied a bandpass fil-
ter of 0.02-0.08 Hz or 0.02-0.06 Hz. The source mechanism was obtain-
ed by applying a grid search in the parameter space (strike, dip, rake,
and depth) to find the best fit between synthetic and observed wave-
forms. The waveform comparison and depth sensitivity for an M; 4.9
earthquake are shown in Supplementary Figs. 1 and 2, respectively.

In the end, 42 focal mechanisms with high-quality inversion results
and minimal magnitudes of M, 3.4 have been obtained (Fig. 4). To the
south of the BNS, the earthquake focal mechanisms indicate the pres-
ence of both normal (e.g., cluster D near the PXR) and strike-slip faulting
(e.g., cluster C), as well as oblique events (e.g., cluster B). To the north of
the BNS, however, most of the focal mechanisms indicate the presence
of strike-slip faulting (Fig. 4a). Generally, most of the mechanisms are
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in good agreement with the long-term movement of the mapped faults.
For example, earthquakes along the left-lateral strike-slip faults associ-
ated with the Yibug Caka Fault (YCF) and the MPR exhibit strike-slip
mechanisms. However, some observations are not exactly consistent
with the mapped surface features. The most peculiar observation is a
cluster of earthquakes with strike-slip mechanisms immediately west
of a normal fault in the SHG (Fig. 4b).

4. Discussion

The thickness of the seismogenic layer has been taken as a proxy for
the crustal rheological and thermal structure and the strength of the
continental lithosphere. The limiting temperature of material in which
crustal earthquakes occur is approximately 350 4+ 100 °C, equivalent
to a depth of approximately 25 4 5 km (Chen and Molnar, 1983). This
temperature has been used to discuss the elastic thickness of the conti-
nental crust (Maggi et al.,, 2000).
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Fig. 5. (a) Event-fault distance distribution for events with horizontal errors <3 km within the SANDWICH array. (b) Event-fault distance distribution for all events within the SANDWICH
array. The numbers in the gray shading represent the percentages of events with event-fault distances >6 km.
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Fig. 6. The depth distribution of the earthquakes in this study. Focal depths with corresponding vertical uncertainties along latitude (a) and longtitude (b). (c) Histogram of the depth

distribution of earthquakes located in this study.

In our study region, we observed no earthquakes in the lower crust
or upper mantle, which is different from southern Tibet, where two
seismogenic layers exist: the upper crust and the uppermost mantle
(Liang et al., 2008; Zhu and Helmberger, 1996). Therefore, based on
our observations, central Tibet contains only one seismogenic layer in
the upper crust. The absence of lower crustal and upper mantle earth-
quakes may indicate a ductile lower crust and upper mantle in central
Tibet.

Our observations are consistent with the low-velocity layer below
20 km depth in the Lhasa terrane (Owens and Zandt, 1997; Yuan et
al., 1997), low crustal Vs and high Vp/Vs values within the mid-lower
crust (Owens and Zandt, 1997; Tian et al., 2005), and high conductivities
in the northern Lhasa terrane and Qiangtang terrane (Chen et al., 1996;
Pham et al., 1986). The lack of lower crust and upper mantle earth-
quakes is also coincident with strong crustal attenuation (Zhao et al.,
2013), significantly lower Pn velocities in this region (Liang et al.,
2004), and localized asthenospheric upwelling under northern Tibet
(Liang et al., 2016a; Tilmann et al.,, 2003). Overall, our results are highly
consistent with these studies and support the existence of a weak and
ductile lower crust and upper mantle beneath central Tibet.

Moreover, a weak and ductile lower crust in central Tibet may sup-
port the hypothesis that the Tibetan lower crust is capable of flowing
laterally (Royden, 1996; Royden et al., 1997; Clark and Royden, 2000).
This lateral flow may be responsible for the formation of the conjugate
strike-slip faults in central Tibet (Yin and Taylor, 2011). Two analogue
experiments suggest that the basal shear imposed by flow in the
lower crust or asthenosphere could produce conjugate strike-slip faults
in central Tibet and that eastward mid-crustal flow along a flow axis
parallel to the BNS could generate the required basal shear (Yin and
Taylor, 2011). Thus, our results may demonstrate the feasibility of the
basal shear mechanism for the formation of the conjugate strike-slip
faults in central Tibet.

Additionally, debate has long focused on how the intracontinental
deformation accommodates Indo-Asian contraction. According to the
lateral extrusion hypothesis, the blocks are rigid and relatively unde-
formed and significant slip occurs along large-scale strike-slip faults
(Tapponnier et al., 2001). In contrast, some studies propose continuous
deformation of the upper crust (Zhang et al., 2004) or the entire litho-
sphere (Houseman and England, 1993). If the regional deformation is
characterized by the relative movement of rigid blocks, we expect that
most of earthquakes would occur near major faults. However, ~20%
earthquakes in conjugate strike-slip fault zones are dispersed through-
out the region, without obvious correlation with any known major ac-
tive faults. Therefore, although the strain energy is mainly released by
movement along major tectonic faults, a significant component of dif-
fused energy is released by unmapped minor faults in the conjugate

strike-slip fault zone. This observation may imply that continuous de-
formation is occurring in the Tibetan upper crust or throughout the en-
tire lithosphere (Tian et al., 2015), which is consistent with GPS
observations (Zhang et al., 2004).

The focal mechanisms show that strike-slip and normal faulting are
the dominant types of deformation in central Tibet. Both the normal
faulting and strike-slip faulting indicate that the tectonic regime in the
central Tibetan Plateau is extensional. Despite a few anomalous results,
the focal mechanisms in this study generally indicate that the central Ti-
betan Plateau is extending in an approximately east-west direction. The
consistency between the seismological focal mechanisms and tectonic
background suggests that the seismogenic processes are controlled by
the regional background stress.

The contradiction between the geologic evidence of normal faulting
and the strike-slip focal mechanisms in the SHG may be due to several
possible reasons. First, the precision of the fault locations is suitable
for regional-scale mapping but may be inaccurate at smaller scales
(Taylor et al.,, 2003; Styron et al., 2010). On the other hand, if the loca-
tion of the normal faults is correct, the contradiction might be attribut-
able to the differences between regional long-term deformation and
recent crustal deformation. Rifts represent the long-term integration
of normal fault movement rather than the instantaneous strike-slip
movement of an earthquake on a fault plane. Moreover, the discrepancy
might imply a recent transition in the local geologic deformation pro-
cess. The SHG appears to be kinematically associated with the MPR,
which is experiencing a localized combination of strike-slip and normal
faulting (Taylor et al., 2003). Therefore, this discrepancy might repre-
sent the possible interaction between a conjugate strike-slip fault zone
and normal rifts.

Alternatively, previous studies have demonstrated that the exten-
sional rates are distinct in different parts of Tibet (Molnar and
Lyon-Caen, 1989; Zhang et al., 2004) and displacements along different
faults may vary (Elliott et al., 2010; Taylor et al., 2003). Thus, we surmise
that the north-south-trending SHG is likely broken by a dislocation,
which is akin to a transform fault or an accommodation zone (Fig. 7).
Such strike-slip accommodation zone has been found in southern Illi-
nois, where the 2008 Mw5.2 Mount Carmel strike-slip earthquake oc-
curred between a series of well-known normal faults (Yang et al.,
2009). Movement along the dislocation tends to express strike-slip
characteristics, while movement along the master fault exhibits normal
slip. The dislocation could express two possible trends, northeast-south-
west (Fig. 7a) or northwest-southeast (Fig. 7b). Considering the north-
east-southwest trend of the epicentral locations (Fig. 4b), the
dislocation likely exhibits a northeast-southwest trend. Whether there
is a strike-slip fault between the different normal fault segments de-
mands further field investigation.
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Fig. 7. Cartoon model illustrating the possible mechanism responsible for movement along a normal fault separated by a dislocation: (a) dislocation with a northeast-southwest trend; (b)

dislocation with a northwest-southeast trend.
5. Conclusions

In this study, we use the first-phase waveform data recorded by the
SANDWICH seismic network and focus on local earthquakes to investi-
gate the detailed seismicity characteristics and the relationships be-
tween seismicity and regional tectonics in central Tibet.

In total, we have located 232 local small to moderate earthquakes
occurring between the end of November 2013 and the end of October
2014. The earthquakes in this study occurred at depths shallower than
30 km and primarily at depths of 5-10 km, demonstrating that the
upper crust contains the only seismogenic layer in central Tibet. The ab-
sence of lower crust earthquakes may suggest that a weak, ductile lower
crust underlies central Tibet. Moreover, ~20% of the earthquakes are dis-
tributed in conjugate strike-slip fault zones and do not correspond well
with known major faults. These observations are consistent with the ex-
istence of continuous upper crustal deformation in central Tibet.

Additionally, we have computed focal mechanisms for 42 earth-
quakes with magnitudes larger than M; 3.4. The focal mechanisms
show that strike-slip and normal faulting are the dominant types of de-
formation and that extension is occurring in an approximately east-
west direction in central Tibet. The majority of the observations are con-
sistent with the kinematics of the surface geologic structures.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2017.02.020.
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