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Upper-Crustal Anisotropy of the Conjugate Strike-Slip Fault Zone
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and Shear-Wave Splitting
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José Badal, Zhiming Bai, Guiping Yu,† and Jiwen Teng

Abstract Remarkable V-shaped conjugate strike-slip faults extend along the
Bangong–Nujiang suture in central Tibet. Motions of these faults are considered to
accommodate ongoing east–west extension and north–south contraction. Fabrics within
the fault zone that are anisotropic to seismic waves can provide clues as to the unusual
scale and style of lithospheric deformation. With the goal of determining the upper-
crustal anisotropy pattern in central Tibet, we measured shear-wave splitting parameters
(fast wave polarization direction and delay time) using waveforms generated by 194
local earthquakes recorded by 49 stations of the SANDWICH network. Stations located
in eastern and western zones of the study area show anisotropy directions that agree well
with the maximum horizontal compressive stress direction. The fast polarization direc-
tions at stations near active strike-slip faults generally run parallel to the strikes of these
faults. Pervasive inactive thrust faults caused by Cretaceous–Tertiary shortening in cen-
tral Tibet also clearly correlate with the anisotropy detected at nearby stations. These
results demonstrate that both local structures and stress contribute to upper-crustal
anisotropy in the region. Combining the new results with previous SKS-wave splitting
results and other seismic evidence, we propose that deformation in the upper crust is
mechanically decoupled from that in the upper mantle, due to eastward middle-lower
crustal flow. This crustal flow causes basal shearing required for the formation of con-
jugate strike-slip faults in central Tibet.

Supplemental Content: Tables listing detailed information of the 331 splitting
results in this study, centroid moment tensors (CMTs) in the study area from January
1976 to August 2013 from Global CMT project, CMTs from Zhu et al. (2017),
information of all the 486 earthquake events located by the SANDWICH array, informa-
tion of the 231 events presented in Zhu et al. (2017) from November 2013 to November
2014, information of the 255 events located by subsequent SANDWICH seismic data
from November 2014 to October 2015, and the average fast directions of each station,
and their closest fast directions of SKS splitting along with the strikes of their closest
faults, and their angle difference, map of epicenters, and figures showing depth distribu-
tion of earthquakes, comparison of moment tensors, and S-wave splitting measurements.

Introduction

The Himalayan–Tibet orogeny presents an ongoing
opportunity to study complex crustal dynamics of continent–
continent convergence. The orogen absorbed at least 1400 km

of north–south shortening since the onset of the Indo-Asian col-
lision at about 65 Ma (Yin and Harrison, 2000). Mechanisms
responsible for accommodating the shortening remain uncer-
tain despite intensive study. The lateral extrusionmodel empha-
sizes the role of large-scale strike-slip faults in transporting
relatively undeformed continental blocks away from the con-
vergent front, such that the greatest amount of deformation
occurs along the major shear zones (Tapponnier et al., 1982,
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2001). By contrast, the thin viscous sheet model assumes that
the entire Tibetan plateau uniformly shortens and thickens
(England andMcKenzie, 1982; England andHouseman, 1986)
thereby requiring widely distributed deformation throughout
the plateau. Growing evidence supports the theory that
middle-lower crustal flow inflates the crust to cause the thick-
ening of the crust and uplift of the plateau (Clark and Royden,
2000). Ductile flow separates deformation between the upper-
crust and upper-mantle lithosphere. Investigating deformation
around major faults can help constrain understanding of mech-
anisms and present-day kinematics of the Indo-Asian collision.

Global Positioning System (GPS) velocities indicate that
north-northeast–south-southwest-trending features and the col-
lisional margin itself are still undergoing horizontal shortening
(Wang et al., 2001; Zhang et al., 2004; Gan et al., 2007). Given
the intensity of compression, active structures in the interior of
the plateau assume amix of normal and strike-slip deformation
(Taylor and Peltzer, 2006). V-shaped conjugate strike-slip
faults are significant structures along the Bangong–Nujiang
suture (BNS) zone in central Tibet (Taylor et al., 2003). These
conjugate faults consist of northeast-striking sinistral faults
north of the BNS and northwest-striking dextral faults south

of the suture zone (Fig. 1).Motion along these strike-slip faults
and associated north-trending rifts along their northern and
southern flanks accommodate coeval east–west extension and
north–south contraction of the plateau (Taylor et al., 2003). To
interpret how conjugate faults form,Yin andTaylor (2011) pro-
posed a paired general-shear model. They suggest that com-
bined effects of synchronous north–south contraction and
eastward asthenospheric flow induced paired lithospheric gen-
eral shear zones that thengenerated conjugate faults. The paired
general-shearmodel implies that theTibetan crust deformscon-
tiguously with the underlying mantle lithosphere (for a given
vertical section), such that conjugate faults represent litho-
spheric-scale features (Yin, 2000). However, little is known
about crustal anisotropy in central Tibet. This information
could help resolve links between crustal deformation and con-
jugate faults.

Shear-wave splitting (SWS) studies demonstrated that azi-
muthal seismic anisotropy, defined as the polarization orienta-
tion of the fast shear wave (φ) and the splitting delay time (δt)
between the fast and slow shear waves, can effectively image
deformation in the crust and mantle (Silver and Chan, 1991;
Silver, 1996; Savage, 1999). In the upper mantle, anisotropy
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Figure 1. Shaded topographic map showing the main tectonic features in central Tibet, location of the SANDWICH seismic array
(inverted red triangles), and epicenters of regional earthquakes (yellow and light blue circles, Zhu et al., 2017). The magnitude scale is
given in legends. Seismic events in light blue represent the earthquakes used for shear-wave splitting (SWS) analysis. The study area
is contoured by a red rectangle in the inset. White arrows in this inset represent Global Positioning System (GPS) velocities from Gan
et al. (2007). The blue arrow shows the average stress direction 15:3°� 6:1° in the study area (see Data and Resources,Ⓔ Table S1, available
in the supplemental content to this article). ASF, Amdo-Sewa fault; BCF, Beng Co fault; BNS, Bangong–Nujiang suture; DF, Dongqiao fault;
GCF, Gyaring Co fault; IYS, Indus-Yarlung suture; JS, Jinsha suture; LB, Lhasa block; LGR, Longgar rift; Nam, Nam Co; NTR, Nyima-
Tingri rift; QB, Qiangtang block; RCF, Riganpei Co fault; Siling, Siling Co; XDR, Xainza-Dingjye rift; YGR, Yadong-Gulu rift. The color
version of this figure is available only in the electronic edition.
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is interpreted as lattice preferred orientation (LPO) of intrinsi-
cally anisotropic mantle minerals, namely olivine (Zhang and
Karato, 1995). Similar to the upper mantle, anisotropy in the
middle to lower crust is interpreted to reflect the LPO of aniso-
tropic minerals, including amphibole, biotite, and muscovite
(Tatham et al., 2008). Ko and Jung (2015) suggest that chan-
nelized plastic flow in the middle to lower crust can result in
azimuthal anisotropy with fast polarization directions subpar-
allel to the flow direction. However, anisotropy in the upper
crust is interpreted from different mechanisms that fall into
two general categories (Boness and Zoback, 2006). One is
stress-induced anisotropy caused by alignment of cracks in
response to the in situ stress field. The fast direction of the ver-
tically propagating shear wave agrees with the maximum hori-
zontal compressive stress direction (hereafter, azSHmax)
(Crampin et al., 1978; Boness and Zoback, 2004; Savage,
Ohminato, et al., 2010). The other category is structural
anisotropy, which occurs when macroscopic features such as
fault-zone fabric, sedimentary bedding planes (Leary
et al., 1990), or alignedminerals and/or grains (Kern andWenk,
1990) polarize S waves along a fast direction within planes
defined by the feature. Numerous studies considered SWS near
active faults in investigating upper-crustal anisotropy (Savage
et al., 1989; Aster et al., 1990; Zhang and Schwartz, 1994;
Zinke and Zoback, 2000; Tadokoro and Ando, 2002; Cochran
et al., 2003, 2006; Boness and Zoback, 2004, 2006; Liu et al.,
2004, 2008; Nascimento et al., 2004; Peng and Ben-Zion,
2004, 2005; Gao et al., 2011; Yang et al., 2011; Cochran
and Kroll, 2015; Guo et al., 2015; Li et al., 2015; Li and
Peng, 2017).Most of theseworks interpret observed anisotropy
as arising from a combination of regional stress and shear fab-
rics within the fault. For example, Cochran et al. (2006) inves-
tigated the anisotropic field along the San Andreas fault and
found that fault-parallel measurements span a 150-meter-wide
zone of pervasive cracking and damage from fault-zone-
trapped waves associated with the main fault core. The fast
directions are subparallel to azSHmax outside of this zone. Liu
et al. (2008) and Li et al. (2015) also found that both stress and
structure controlled anisotropy in the San Andreas fault zone
and nearby regions at different scales.Applying the TESSA2D
δt-tomography and φ-spatial averaging technique, Johnson
et al. (2011) and Cochran and Kroll (2015) similarly found a
mixture of fast directions oriented generally parallel to azSHmax

or to the strikes of faults around theMount Ruapehu volcano of
New Zealand, and around the Yuha Desert of California.

During the last two decades, a number of SWS studies
have been carried out around central Tibet (Sandvol et al.,
1997; Chen andOzalaybey, 1998; Huang et al., 2000; Fu et al.,
2008; Chen,Martin, et al., 2010; Zhao et al., 2014; Chen et al.,
2015;Wu et al., 2019).Most of these focused on SKS splitting,
which captures upper-mantle anisotropy and typically neglects
contributions from crustal anisotropy. Most fast polarization
directions detected by previous studies strike in an east-north-
east–west-southwest direction. To determine crustal deforma-
tion, some studies performed splitting analysis of Moho-
converted Pms waves previously extracted from teleseismic

P-wave receiver functions in Tibet (Sun et al., 2012; Wu et al.,
2015;Wang et al., 2016).ThePms-delay times from16 stations
are greater than 0.5 s. The strong anisotropy detected implies
that many parts of the Tibetan crust have undergone major
deformation related to crustal flow. SWS analysis applied to
Swaves generated by local earthquakes can effectively estimate
upper-crustal anisotropy and provide clues about crustal defor-
mation. Few studies used this approach in central Tibet. To fill
this gap, we applied SWS analysis to local earthquakes
recorded by stations in the SANDWICH seismic network that
specifically cover conjugate faults zones in central Tibet.
Similar to Savage et al. (2016), we then performed stress inver-
sion of earthquake focal mechanisms to compare the stress
direction to upper-crustal anisotropy. Finally, we compared
results to surface geological observations to interpret the defor-
mation style and mechanisms forming conjugate faults in cen-
tral Tibet.

Data and Method

The SANDWICH experiment is a 2D broadband seismic
array in central Tibet with stations deployed on both sides of
the BNS, from the northern Lhasa block to the southern
Qiangtang block (Fig. 1). This network included 58 seismo-
graph stations with an average spacing of 40 km operated from
November 2013 to April 2016. Each of the stations was
equipped with a Güralp CMG-3ESP three-component sensor
operating at 50 Hz–30/60 s and a RefTek 72A-8/130-1 digital
recorder (Liang et al., 2016). Zhu et al. (2017) and subsequent
work produced a catalog of local earthquakes from the data
collected over the array’s operational lifetime. The catalog
contains a total of 486 earthquakes with local magnitudes
ranging from 1.0 to 5.3 (Fig. 1).

After manually picking S waves, we calculated fast
polarization directions and delay times of split waves using
the MFAST automated software package (Savage, Wessel,
et al., 2010). This package determines splitting parameters
using the following steps. First, a predefined set of 14
band-pass filters is tested for each event to select the best
filter based on signal-to-noise ratio (SNR) criterion and filter
width. Second, the method performs automated cluster
analysis of a large number of window configurations to
determine the most stable solution. Finally, the software
assigns quality estimates (A–D) to measurements according
to classification of the cluster, SNR, and uncertainty. Special
attention is given to recognizing null measurements that may
occur when there is no anisotropy in the plane of S-wave
particle motion or when the initial shear wave is polarized
along the fast or slow orientation of the medium
(Wüstefeld and Bokelmann, 2007). The MFAST code con-
siders null measurements if fast polarization directions fall
within a range of 20° with respect to the incoming polariza-
tion or its perpendicular dimension.

Sedimentary layers such as those found in the Qiangtang
and Lunpola basins exhibit low-seismic velocity and thus may
generate near-vertical ray-path arrivals (Zhou et al., 2019). We
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therefore did not use a strict “shear-wave window” criterion
(Booth and Crampin, 1985) because this practice could unnec-
essarily reject too many events (Savage, Wessel, et al., 2010).
Instead, we selected events with epicentral distances less than
100 km to avoid excessive refraction or reflection in the seis-
mograms. From this basis, we considered the quality of
S-wave arrivals and the grading scheme to evaluate MFAST
results. The conditions that must be met include: (1) an A or B
cluster grade (in agreement with criteria described by Savage,
Wessel, et al., 2010), (2) SNR > 3, (3) delay time δt < 0:4 s
and error in the fast polarization direction φ < 25°,
and (4) 20° < jφ − Spolj < 70°, in which Spol is the incoming
S-wave polarization. Similar studies used these criteria (Peng
and Ben-Zion, 2004; Savage, Wessel, et al., 2010). Figure 2
illustrates the procedure using data from a sample event. This
method identified a total of 331 splitting measurements that
met the criteria described earlier from 194 earthquakes. All
events occurred in the upper 30 km of the crust, and most were
shallower than 20 km, such that they were likely influenced by
seismic anisotropy in the upper crust.

To compare seismic anisotropy to stress field, we esti-
mated the orientation of the principal stress axes σ1–3 of
the stress tensor along with the stress ratio
R � �σ1 − σ2�=�σ1 − σ3� from the focal mechanism data.
All focal mechanisms used here were waveform inversion sol-
utions computed by the Computer Programs in Seismology
method (Zhu et al., 2017) or collected from the Global
Centroid Moment Tensor database spanning the last 40 yr.
We used the MSATSI software package to apply a damped
inversion of the stress field in each subregion (Martínez-
Garzón et al., 2014). Although absolute magnitudes of prin-
cipal stresses cannot be obtained using focal mechanism inver-
sions, the stress ratio R provides constraints on the relative
magnitudes of the three principal stresses, such that
R < 0:5 orR > 0:5 indicate respective transtensional or trans-
pressional regimes. To compare to fast polarization directions,
we calculated azSHmax (Lund and Townend, 2007) according
to the orientation of the principal stress axes in 3D.

Results

Given the distribution of seismicity and focal mecha-
nisms, we divided the study region into three geographical
areas (Fig. 3a) for stress-field inversion: the western conjugate
strike-slip fault zone (WCS), the eastern conjugate strike-slip
fault zone (ECS), and the southern Lhasa block (SL).
Figure 3b–d shows the results with scattered clouds of boot-
strap-resampled solutions (Ⓔ Table S2, available in the sup-
plemental content to this article). Variation in the stress field
exhibits similar tendencies. The σ3 term presents similar
strikes of N90°E and horizontal dips. The σ1 and σ2 terms,
meanwhile, present strikes approximating a north–south direc-
tion and contrasting dips. The stress σ1 for the SL exhibits
vertical dip likely caused by normal-fault mechanisms of sev-
eral north–south-trending rifts. The σ1 and σ2 stresses do not
show concentrated bootstrap solutions for the ECS and WCS.

The stress ratio R is smaller (indicating that the magnitude of
σ2 approaches that of σ1), implying a combination of normal
and strike-slip faults in the region. The average estimate of
azSHmax from the three areas (10:0°� 12:7°) approximates
north–south direction, reflecting the general orientation of
the ongoing Indo-Asian collision.

Given that Moho depth exceeds 60 km in or near central
Tibet (Kind et al., 2002; Zhang and Klemperer, 2005; Chen,
Badal, and Hu, 2010; Liu et al., 2014; Zhang et al., 2014;
Tian et al., 2015) and given that most focal depths for the
selected local earthquakes do not exceed 20 km, splitting
parameters estimated here primarily characterize deformation
in the upper crust. Our results include 331 high-quality pairs of
splitting measurements obtained from 194 local events (with
local magnitudes from 1.4 to 5.3) recorded at 49 stations
(Ⓔ Table S3). Table 1 lists average SWS measurements from
all stations, including the four stations, LADO, NWMQ,
NZOC, and YARO, that each returned only a single measure-
ment. Figure 4a shows the average fast polarization directions
scaled by the mean delay times at SANDWICH stations, along
with rose diagrams of fast directions for the splitwave (Fig. 4b).
Mean delay times range from 0:04� 0:10 s to 0:29� 0:03 s,
with an average value of 0:15� 0:01 s. To statistically analyze
the parameterφ, we doubled each angle and then calculated the
average angleφ and themean resultant lengthR (Rayleigh test).
This quantifies variance in the fast polarization directions as
values between 0 and 1 to indicate scattering or clustering,
respectively (Cochran et al., 2003). Most stations gave gener-
ally consistent fast directions, but Stations NM10 and CZLM
gave relatively low R-values, which indicate scattered fast
directions. Because there are few measurements at some sta-
tions, we grouped stations by their locations or distance from
faults to derive results having adequate statistical significance
(Fig. 5). Stations BALN, DOMA, XEDE, BXCZ, and CZLM
are all less than 20km from theAmdo-Sewa fault. This group is
therefore referred to as the ASF. Stations SEZA, XAGO,
SEYA, NM10, and ASUO are close to the Gyaring Co fault
and a small dextral fault nearby. This group is referred to as
theGCF. The other stations are divided into five groups accord-
ing to location (seeⒺ Table S4). Fast directions for the seven
groups vary considerably, indicating a complex pattern of
anisotropy and attendant structural complexity.

Discussion

The Primary Source of Upper-Crustal Anisotropy

Crustal anisotropy is usually interpreted as the preferen-
tial opening of fluid-filled cracks under maximum horizontal
compressive stress, a process known as stress-induced
anisotropy (Crampin et al., 1978; Leary et al., 1990). As
shown in Figure 5, the average fast-wave polarization direc-
tions at groups WEST and EAST statistically resemble
azSHmax. Although these stations occur within the same stress
field, fast directions for some stations, such as NWMQ and
WQAM, run parallel to azSHmax. The MAQN fast direction
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runs perpendicular to azSHmax. A stress field acting on the
crust will align cracks to generate fast directions parallel to the
maximum horizontal stress. The same stress field aligns fast
directions of anisotropic minerals in a direction parallel to
minimum horizontal strain. These effects generate
perpendicular fast directions for the two regions. The other
five groups show scattered fast directions that differ from

azSHmax, with an average misfit angle of 55°. This suggests
that, unlike what stress-induced anisotropy implies, the upper-
crustal anisotropy does not depend primarily on crustal stress.

Structural anisotropy can also generate a unique seismic
response (Boness and Zoback, 2006). The conjugate strike-slip
fault system is a prominent and salient geological feature of
central Tibet. The observation of strain along these faults
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Figure 2. An example of automatic SWS analysis from the signals recorded at Station WQAM that were generated by event
2014012161912 of magnitude 2.8. (a) East–west (e), north–south (n), and vertical (z) displacement components of the 0.2–3.0 Hz filtered
waveform. The red line marks the S pick. Vertical dashed lines and the gray shading delimit the time window used for SWS analysis.
(b) Rotated components to incoming polarization parallel direction (p) and perpendicular direction (q). The two lower components are those
corrected for delay time and fast-wave polarization direction. Dashed lines mark the possible range for the start (1 and 2) and end (3 and 4) of the
time window. (c) Fast directions (top) and delay times (bottom) determined from 80 different time windows. (d) Distribution of fast directions
and delay times determined from different time windows. The blue cross marks the best cluster based on the criteria outlined in Teanby et al.,
(2004). (e) Waveforms (top row) and particle motions (bottom row) for the original (left column) and SWS-corrected (right column) waveforms.
(f) Contours of the second eigenvalue of the covariance matrix for different fast directions and delay times. The blue cross indicates the best-
fitting parameters (fast direction φ � 7°, delay time δt � 0:11 s). The color version of this figure is available only in the electronic edition.
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indicates that faulting is the dominant mode of deformation in
central Tibet, with seismogenic depths extending down to
∼25 km (Taylor and Peltzer, 2006). These faults accommodate
the pure shear deformation pattern that presently dominates the
kinematics of the Tibetan plateau (Chen et al., 2004).
Interferometric Synthetic Aperture Radar results indicate left-
lateral slip rates of ∼6 mm=yr for the Riganpei Co fault and

ASF (Taylor and Peltzer, 2006). The Beng Co fault (BCF)
and Dongqiao fault (DF) exhibit slip rates of 1–4 mm/yr
(Taylor and Peltzer, 2006; Garthwaite et al., 2013). The dextral
GCF is one of the pivotal conjugate faults in the region (Taylor
et al., 2003). Some workers estimated a high slip rate of
11–15 mm/yr for the fault (Armijo et al., 1989; Taylor and
Peltzer, 2006). Reconstruction of displaced lacustrine

Table 1
Average Shear-Wave Splitting (SWS) Results for Each Station

Station Code Latitude (°N) Longitude (°E) Elevation (m) Number of Events φ (°) φerr (°) δt (s) δterr (s) R-Value

ASUO 31.87 86.07 4812 3 100 12 0.29 0.03 0.77
BALN 32.46 89.86 4691 6 51 16 0.17 0.04 0.48
BAOJ 30.99 90.18 4788 7 139 11 0.16 0.03 0.63
BELA 31.40 90.84 4597 6 105 14 0.18 0.04 0.55
BXCZ 32.11 88.26 4629 8 69 19 0.08 0.01 0.37
CZLM 31.90 87.89 4513 8 70 23 0.15 0.03 0.31
CZQM 33.30 87.76 5000 6 123 25 0.14 0.04 0.32
DENL 32.61 86.52 4751 6 165 10 0.19 0.03 0.68
DOMA 32.45 89.17 4692 24 71 5 0.09 0.01 0.67
EJU1 31.90 87.04 4498 4 61 22 0.18 0.05 0.43
EJU2 31.93 86.53 4705 8 13 11 0.10 0.02 0.58
EJU3 32.15 86.47 4485 9 22 6 0.15 0.01 0.82
ESEL 31.93 89.33 4613 2 75 3 0.16 0.01 0.99
ESUH 33.08 89.52 5069 9 127 4 0.15 0.02 0.92
GACO 33.23 88.35 4806 5 155 12 0.11 0.03 0.65
JAQO 31.63 90.58 4776 23 165 7 0.14 0.02 0.53
LADO 31.20 86.42 4715 1 37 23 0.04 0.10 —
LQLK 31.52 89.20 4602 3 45 15 0.13 0.04 0.67
MABA 31.02 89.09 4681 3 7 17 0.20 0.05 0.61
MAQN 31.78 90.13 4742 5 105 17 0.18 0.03 0.49
MAYU 31.56 88.43 4710 11 62 12 0.10 0.01 0.47
MEDN 31.43 89.78 4613 10 22 9 0.15 0.03 0.65
NIMA 31.77 87.32 4622 3 68 20 0.24 0.02 0.53
NM06 31.27 87.22 4791 13 43 8 0.21 0.03 0.61
NM10 31.49 87.51 4649 12 12 29 0.09 0.01 0.20
NMZ4 32.12 87.13 4761 3 54 6 0.14 0.02 0.94
NMZ6 32.28 87.06 5034 3 97 14 0.09 0.00 0.70
NNRM 32.46 88.08 4746 6 18 12 0.14 0.02 0.63
NWMQ 31.88 89.98 4655 1 32 8 0.21 0.01 —
NXED 32.46 88.64 4621 5 98 9 0.16 0.03 0.77
NZOC 32.25 85.50 4767 1 12 9 0.08 0.01 —
PADO 32.73 87.75 4776 2 39 1 0.14 0.00 1.00
QANM 32.02 91.07 4624 4 6 26 0.10 0.02 0.38
RONM 32.99 86.67 4606 2 40 22 0.11 0.00 0.59
SBGE 31.32 90.02 4820 4 148 32 0.14 0.03 0.31
SEHU 33.19 88.83 4968 10 155 21 0.13 0.02 0.30
SEYA 31.24 87.78 4688 2 109 32 0.10 0.01 0.42
SEZA 30.94 88.70 4669 3 170 8 0.11 0.01 0.89
SMED 30.99 89.68 4729 5 119 15 0.18 0.03 0.54
WBAG 31.61 89.60 4600 6 159 15 0.21 0.04 0.51
WEBU 31.60 86.79 4502 5 51 15 0.13 0.01 0.55
WQAM 31.99 90.32 4639 19 8 3 0.11 0.01 0.93
WRXQ 32.99 88.35 4961 3 50 17 0.23 0.03 0.61
XAGO 31.08 88.19 4729 9 150 17 0.14 0.03 0.39
XEDE 32.15 88.65 4581 5 89 12 0.10 0.03 0.65
XOME 31.35 88.93 4713 7 76 3 0.16 0.02 0.97
YAMJ 31.39 90.35 4628 16 51 7 0.26 0.03 0.66
YARO 32.21 86.07 4515 1 16 7 0.16 0.01 —
ZAQU 32.44 90.71 4762 14 17 10 0.17 0.03 0.51

φ, average fast polarization direction, in degrees from north; φerr , error of φ, one standard deviation; δt, average delay time in
seconds; δterr, error of δt, one standard deviation; R-value, mean resultant length that quantifies the variance of fast polarization
directions as values between 0 and 1 to indicate scattering or clustering, respectively.
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shorelines across theGCFbyShi et al. (2014) gave a slip rate of
only 2.2–4.5 mm/yr, however. Conjugate strike-slip faults are
active but show varying slip rates that may be reflected in the
upper-crustal anisotropy in central Tibet.

Figure 6 shows that fast directions observed from Stations
SEZA, XAGO, SEYA near the GCF and Station ASUO near a
small dextral fault west of the GCF trend in a northwest–south-
east direction consistent with the strikes of the nearby faults.
Station NM10 represents an exception, wherein the fast direc-
tion approximates azSHmax. Average GCF fast direction orient
in a primarily northwest–southeast direction, indicating influ-
ence by the northwest-striking GCF fault (Fig. 5). GCF
fast directions show some degree of scatter, however.
Intersecting faultsmay lead to different fast directions observed
from Stations EJU1 and NIMA near the GCF. As the GCF’s
conjugate fault, the ASF also apparently influences the
anisotropy at nearby stations. Stations CZLM, BXCZ, XEDE,
DOMA, and BALN give east-northeast–west-southwest-
oriented fast polarization directions generally consistent with
theASF strike (the same as the groupASF inFig. 5). Fast direc-
tions observed fromStations RONM, PADU,NNRM,WRXQ,
and LADO run parallel to the strikes of nearby faults and are
also consistent with azSHmax, indicating that anisotropy arises
from the combined effects of stress and structure. By contrast,
fast directions observed from stations near the BCF and DF do
not coincide with the strikes of these faults. The BELA station
records a fast direction parallel to the BCF strike and thereby
represents an exception. Lesser slip rates exhibited by the BCF
andDF indicate that these faults arenot as active as theGCFand

ASF. Consequently, theymay exert less influence on fast direc-
tions recorded by nearby stations.

Most stations in the NORTH, CENTRAL, and SOUTH
groups record fast polarization directions that show little
agreement with azSHmax or with strikes of nearby active faults.
Fast directions recorded by CENTRAL and SOUTH groups
show considerable variation, indicating other causal factors in
producing anisotropy (Fig. 5). Figure 7 shows average fast
polarization directions projected onto a tectonic map of the
study region (Kapp et al., 2005). Burg et al. (1994) suggested
that a series of thrust faults related to lithospheric buckling
were responsible for initial growth of the Tibetan plateau.
Research estimated significant Cretaceous to early Tertiary
shortening along these thrust faults within the plateau
(Tapponnier et al., 2001; Kapp et al., 2005). Inactivity along
these thrust faults for millions of years and other data indicate
that shortening has successively stepped out to the margin of
the plateau (Tapponnier et al., 2001). Earthquake focal mech-
anisms, for example, show a combination of strike-slip and
normal displacement but seldom show thrusting (Fig. 3). A
similar contractional setting, the anticlinorium of the central
Qiangtang block, includes upper Paleozoic strata and under-
lying early Mesozoic mélange. This feature formed by short-
ening prior to middle Cretaceous volcanism then grew
continuously throughout the Tertiary (Kapp et al., 2005).
Fast directions from Station CZQM run parallel to the strike
of the thrust fault that delimits the anticlinorium to the north.
The GACO, SEHU, and ESUH stations located along the
plunge of the anticlinorium give northwest–southeast-oriented
fast directions potentially related to the feature’s internal
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Figure 5. Rose diagrams of fast polarization directions after being grouped for seven different subzones, drawn on a topographic map.
The rose diagram with the label ALL (in lower left corner) gathers all estimated directions. The red solid line in each circle represents the
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Abbreviations are the same as in Figure 1. The color version of this figure is available only in the electronic edition.
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deformation. The approximately east–west-oriented fast direc-
tions recorded at Stations NMZ6, NMZ4, and NXED are con-
sistent with nearby north-dipping thrust faults. These cut
Eocene–Oligocene red beds and volcanic rocks in their foot-
wall and thereby resemble Paleogene deformation typical of
the Qiangtang block (Kapp et al., 2005). Fast directions
recorded at ESEL, MAYU, XOME, SMED, and BAOJ agree
well with the strikes of the Tertiary south-dipping Gaize-Siling
Co backthrust and its southern branch. Heterogeneities in
lithological properties (Fig. 7) may cause variations in the
fracture response to regional stress and thus cause variation
in fast directions recorded by CENTRAL and SOUTH station
groups. A similar effect occurs in southern California (Li and
Peng, 2017). The complexity of the study area creates com-
plex crustal anisotropy patterns. Future data collection can
help resolve sources of variation in fast directions.

Variation in Splitting Parameters with Earthquake
Depths

Figure 8 shows delay times for all stations plotted against
their event depths. The correlation coefficients for δt
and depth is 0.06, indicating a lack of clear dependency of
δt on depth. For earthquakes occurring at depths of less than
10 km, 89% of observed delay times (δt) exceed 0.15 s. These
results suggest that shallow structures exert obvious influence

on upper-crustal anisotropy in this region (Peng and Ben-Zion,
2004; Cochran et al., 2003, 2006; Liu et al., 2004, 2008).

To overcome the limited number of data points and inher-
ent scatter in delay times for a given station, we divided the
study area into four zones according to the distribution of seis-
micity. Each zone is named after the surface structure that con-
centrates the seismicity (Fig. 9a). The area west of 87.5° E is
called the Nyima-Tingri rift zone (NTRZ) because earthquakes
occur primarily near the rift. Similarly, the zones between 87.5°
and88.8° E, 88.8° and90° E, and beyond90° E are referred to as
theGyaringCo fault zone,Amdo-Sewa fault zone (ASFZ), and
Beng Co fault zone, respectively. To explore variation in split-
ting parameters with focal depths, we projected the splitting
parameters along the north–south directiononto event locations
and connected them to the corresponding stations (Fig. 9b–e).
The spatial distribution of seismicity is complicated but gener-
ally relates to subsurface structures of faults observed at the sur-
face. As shown in Figure 9b,c,e, sources in areas with intense
seismicity give similar splitting parameters. These observations
indicate that near-source properties obviously influence mea-
sured anisotropy (Zinke and Zoback, 2000; Cochran and
Kroll, 2015).

Figure 10 shows delay times for the four zones plotted
versus their event depths. The NTRZ shows a positive cor-
relation between delay time (δt) and event depth, with a cor-
relation coefficient of 0.48. Correlation coefficients for delay
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time and event depth from other zones were all less than 0.2.
The ASFZ gave the smallest average δt-value of 0.13 s
(Fig. 10). Low values might arise from ASFZ earthquakes
and stations located at some distance from faults.

Deformation Style and Formational Mechanism of
Conjugate Strike-Slip Faults in Central Tibet

Matches and mismatches between observations at differ-
ent depths provide critical clues about geodynamic processes
(Chen et al., 2013). Integration of SWS results in central
Tibet and surrounding areas with other datasets can help
resolve the crust and mantle deformation pattern. Flesch et al.
(2005) and Wang et al. (2008) compared the surface defor-
mation field inferred from GPS data and Quaternary fault slip
rate to mantle deformational fields inferred from SKS-wave
splitting to interpret a strong coupling between crust and
mantle beneath Tibet. Waveform modeling of receiver func-
tions by Sherrington et al. (2004), however, detected

BNS zone

Lhasa block Qiangtang block

LB

QB

BNS

Tv

Kg

Ts

Ts

Jr

Ts

Mz

Gaize-Siling 
Co backthrust

Shiquanhe-Gaize-
Amdo thrust system

Central Qiangtang metamorophic belt

K-T

P

C-P

Mz

K-T
g

Kg

Qiangtang Anticlinorium

°

°

°

°

°
° ° ° ° ° ° ° °

Thrust fault

Low-angle
normal fault

Strike-slip fault

B

Figure 7. Average fast polarization directions (red open bars) calculated as the circular mean at SANDWICH stations, drawn on a
geological map (Kapp, Murphy, et al., 2003; Kapp et al., 2005). Tertiary thrust faults are shown in black. The domal low-angle normal
faults of early Mesozoic in the central Qiangtang block are shown in white (Kapp et al., 2000; Kapp, Yin, et al., 2003). Abbreviations are the
same as in Figure 1. The color version of this figure is available only in the electronic edition.

D
ep

th
 (

km
)

Number Delay time (s)

Figure 8. Depth distribution of earthquakes analyzed in this
study, showing a predominance of events at depths less than
16 km (left) and no clear dependence of δt on depth (right). The
color version of this figure is available only in the electronic edition.

1978 C. Wu et al.

Downloaded from https://pubs.geoscienceworld.org/ssa/bssa/article-pdf/109/5/1968/4833807/bssa-2018333.1.pdf
by The Institute of Geology and Geophysics, Chinese Academy of Sciences user
on 27 September 2019



different anisotropic layers within the crust. The relatively
weak middle or lower crust exhibited flow, indicating decou-
pling between crust and mantle. Peng et al. (2017) and Hu
et al. (2018) recently reported further seismological evidence
for lower crustal flow in southeastern areas of the Tibetan
margin. The deformation style in central Tibet remains
uncertain, due to sparse data coverage and limited research
on upper-crustal anisotropy. Figure 11 compares SWS results
obtained by this study to SKS-wave splitting obtained by
other studies. Fast SKS-wave directions assume a primarily
east-northeast–west-southwest strike (McNamara et al.,
1994; Sandvol et al., 1997; Huang et al., 2000; Chen, Martin,
et al., 2010; Zhao et al., 2014; Chen et al., 2015) and clearly

show the bias of upper-mantle anisotropy. Fast polarization
directions from upper-crustal anisotropy detected by this
study do not show a consistent trend and clearly differ from
fast SKS-wave polarization directions. The average misfit
angle between our results and the nearest fast SKS-wave
directions was 43°. This clearly suggests mechanical
decoupling between the upper crust and upper mantle.

When compared with the 0:83� 0:35 s delay time
obtained by the Pms-wave splitting study in western Tibet
(Wu et al., 2015), the average 0:15� 0:01 s delay time
observed for the central Tibetan upper crust suggests that
this domain represents a small part of the anisotropy of
the entire crust. Crustal anisotropy may thus originate in the
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middle-lower crust, as suggested for the eastern margin of
Tibet by Chen et al. (2013). Crustal structures with low
S-wave velocity (Rapine et al., 2003), high conductivity
(Solon et al., 2005), and lacking seismicity deeper than
30 km (Langin et al., 2003; Zhu et al., 2017) further indicate
a ductile and even partially melted middle-lower crust. This
could explain the strong crustal seismic attenuation observed
from nearby areas (Zhao et al., 2013). Middle-lower crustal
flow may be ongoing (Klemperer, 2006) and thus able to
induce the decoupled deformation between the upper crust
and upper mantle. The east–west-oriented middle-lower
crustal anisotropy observed from Stations SANG and
AMDO supports the interpretation of east–west middle-
lower crustal flow in central Tibet (Sherrington et al., 2004).
We therefore infer that conjugate faults are not lithospheric-
scale faults and only affect the upper crust. Under conditions
of north–south contraction, the basal shearing that induces
the formation of conjugate faults originates from the influ-
ence of eastward middle-lower crustal flow on the base of the
upper crust (Fig. 12) and not from asthenospheric flow acting
on the base of the mantle lithosphere (Yin and Taylor, 2011).
Further research using Pms-splitting-based imaging of
crustal anisotropy and body-wave and surface-wave tomog-
raphy of velocity structures can help confirm these inferences
and increase understanding of regional deformation.

Conclusions

The present study interpreted 331 SWS vectors (fast wave
polarization direction and delay time) obtained from 194 seis-
mic events, mostly occurring at depths less than 20 km and
recorded by 49 stations deployed as part of the SANDWICH
project. Estimated splitting parameters revealed anisotropy in

the upper crust of central Tibet. The mean delay times ranged
from 0:04� 0:10 s to 0:29� 0:03 s, with an average value
of 0:15� 0:01 s. Delay time did not clearly depend on
increasing event depth. Fast-wave polarization directions at
stations located in eastern and western zones of the study area
were consistent with the north-northeast orientation of maxi-
mum horizontal compressive stress. Stations near the active
conjugate strike-slip faults show fast directions generally par-
allel to the strikes of faults. Inactive thrust faults representing
the Cretaceous–Tertiary shortening of central Tibet also
clearly influenced anisotropy detected by nearby stations. This
complex pattern demonstrates that both the local structures
and stress fields influence SWS parameters (Fig. 12).

Most fast polarization directions obtained here differ
from fast SKS-wave polarization directions reported by pre-
vious studies. The average misfit angle of 43° between our
results and fast SKS-wave directions indicates decoupled
deformation between the upper crust and upper mantle in
central Tibet. The average 0.15 s delay time for the upper
crust represents only a small part of the anisotropy for the
entire crust (relative to delay times obtained by Pms-wave
splitting for nearby areas). We therefore conclude that the
crustal anisotropy probably arises in the middle-lower crust.

Crustal structures with low S-wave velocity, lack of seis-
micity deeper than 30 km, and east–west fast directions in the
middle-lower crust all indicate a ductile and even partially
melted middle-lower crust. Continuous flow in the middle-
lower crust likely causes decoupled deformation between the
upper crust and upper mantle. Conjugate faults are not litho-
spheric-scale faults and only penetrate the upper crust. In
summary, continental deformation in central Tibet is gov-
erned by eastward ductile middle-lower crustal flow that
causes the basal shear necessary for formation of conjugate
strike-slip faults (Fig. 12).

Data and Resources

The earthquake mechanisms in this study region were
extracted from the Global Centroid Moment Tensor
Project database https://www.globalcmt.org/CMTsearch
.html (last accessed May 2018). The stress direction shown
in the inset of Figure 1 was obtained from http://www.world-
stress-map.org (last accessed August 2016). The SKS-split-
ting measurements shown in Figure 11 were searched using
http://splitting.gm.univ-montp2.fr/ (last accessed January
2018). The stress inversion was made using the MSATSI
package (Martínez-Garzón et al., 2014) downloaded from
https://www.induced.pl/msatsi (last accessed May 2018).
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