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Abstract A series of conjugate strike‐slip faults is the most prominent geologic feature in central Tibet
and is considered to accommodate east‐west extension and coeval north‐south contraction. The
development mechanism of the conjugate strike‐slip fault system is under debate because of unclear crustal
physical properties and compositional variations. P and Swave arrivals from 414 local earthquakes recorded
by the temporary Seismic Array Integrated Detection for a Window of Indian Continental Head array
and the permanent China National Seismic Network were used for the velocity tomography, with additional
P and S wave arrivals from 12 shots of the International Deep Profiling of Tibet and the Himalaya III
reflection/refraction profile. The local earthquakes were simultaneously relocated with the updated velocity
models. We also inverted for a three‐dimensional upper crustal Qpmodel with the same earthquake data set.
The Vp structure near the surface shows that low‐Vp anomalies generally correspond to sedimentary
basins and high‐Vp anomalies are related to exhumed metamorphic blocks in the study area. Relatively low
Vp/Vs ratios in the upper crust indicate widely distributed quartz‐rich rocks. The low‐Vp zone from 0‐ to
10‐km depth (resolving depth limit) is spatially correlated with the Bangong‐Nujiang suture, possibly
reflecting the compositional difference along the ophiolitic mélange belt accompanied by twin volcanic arcs
from a double‐sided subduction. This interpretation is supported by relatively heterogeneous Qp values. This
low‐velocity zone also implies relatively uniform stress and continuous deformation in the upper crust of
central Tibet. The relatively weak materials in at least the upper crust would result in strain concentration
and help the development of the conjugate strike‐slip fault system along the Bangong‐Nujiang suture.

1. Introduction

The Himalaya‐Tibetan orogen is one of the most active regions on the Earth (e.g., Yin & Harrison, 2000) and
was formed by the collision and subsequent convergence between the Indian and Eurasian continents,
roughly 65 Ma (e.g., Ding et al., 2005). The ongoing convergence is accompanied by north‐south shortening
and east‐west extension (Langin et al., 2003; Liang et al., 2013; Molnar & Lyoncaent, 1989; Taylor & Peltzer,
2006). The north‐south shortening began with continental collision and resulted in fold and thrust structures
along the orogen (e.g., Li et al., 2015; Yin &Harrison, 2000). The east‐west extension, which may have begun
during the Miocene, is characterized by normal faults throughout Tibet and large‐scale strike‐slip faults
along the boundaries of the plateau (e.g., Armijo et al., 1986, 1989; Molnar & Lyoncaent, 1989; Rothery &
Drury, 1984; Royden et al., 2008). Interestingly, there is a V‐shaped conjugate strike‐slip fault system lying
along the Bangong‐Nujiang suture (BNS) zone in central Tibet (Figure 1). The conjugate strike‐slip faults
and associated north‐south trending rifts are considered to accommodate coeval north‐south shortening
and east‐west extension (Taylor et al., 2003).

Although there is widespread active faulting in Tibet to accommodate the convergence deformation (e.g.,
Molnar & Lyoncaent, 1989; Rothery & Drury, 1984), it is unclear how much deformation there is on these
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faults. Different modes of deformation have been proposed according to the assumed roles of these faults. In
the rigid block (RB) model, the different geological units are considered as rigid blocks, and the deformation
occurs mainly along boundary faults with little or no deformation inside the fault‐bounded blocks (e.g.,
Armijo et al., 1989; Peltzer & Saucier, 1996; Rothery & Drury, 1984; Ryerson et al., 2007; Tapponnier
et al., 1982; Taylor & Peltzer, 2006; Thatcher, 2007). In contrast, in the continuous deformation (CD)
model, deformation is widely distributed over the entire Tibetan plateau (e.g., England & McKenzie, 1982;
England & Molnar, 1997; Liang et al., 2013; Wang et al., 2001; Zhang et al., 2004). The alternative is a
combination of the RB and CD models spatially or temporally. Either distributed deformation is as
important as slip on the major faults as suggested by GPS observations (Chen et al., 2004) or the
deformation might be dominated by the RB or CD modes at different developmental stages and in
different regions of the Tibetan plateau (Gan et al., 2007). However, the aforementioned deformation
mechanisms are mostly based on surface observations, such as velocity fields from GPS data (Chen et al.,
2004; Gan et al., 2007; Liang et al., 2013; Thatcher, 2007; Wang et al., 2001; Zhang et al., 2004), slip rates
of faults from geomorphic measurements (Armijo et al., 1989; Ryerson et al., 2007; Taylor & Peltzer,
2006), and interpretations of geologic observations (Rothery & Drury, 1984).

Figure 1. Simplified geological map of the study area with major geological structures, seismic stations, earthquakes, and
shots. The numbering of shots 1–12 is from south to north. Shots 7 and 8 have the same locations, as do shots 11 and 12.
The geological map has been compiled from Kapp et al. (2005), Wang et al. (2013), and Zhang et al. (2010). Bold
dashed black lines are three suture zones in the study area: Bangong‐Nujiang suture (BNS), Jinsha suture (JS), and Indus‐
Yalu suture (IYS). Two thin dashed black lines are ophiolitic belts: Yongzhu‐Namtso ophiolitic belt (YNOB) and Longmu
Co‐Shuanghu ophiolitic belt (LSOB). Bold black line: QA = Qiangtang anticline; QT = Qiangtang terrane; LT = Lhasa
terrane; TCB = Tug Co basin; LB = Lunpola basin. Dark‐red lines: V‐shaped strike‐slip fault system. Purple star: The
location of the earthquake shown in Figure 3. Purple‐circled triangles: The locations of the recording stations shown in
Figure 3. Yellow dots with numbers “1, 2 and 3”: The locations of heat flowmeasurements in central Tibet (He et al., 2014;
Jiang et al., 2016; Wang & Huang, 1990). The box in the inset map shows our study area in the Tibetan plateau. The
locations of structures are from Kapp et al. (2005), Styron et al. (2010), and Taylor and Yin (2009).
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The V‐shaped conjugate strike‐slip faults lie along the BNS from the northern Lhasa terrane to the southern
Qiangtang terrane (Figure 1). Previous investigations indicated that northeast trending strike‐slip faults on
the north side of the BNS are left‐lateral faults, whereas southeast trending strike‐slip faults on the south side
of the BNS are right‐lateral faults. The termination points of the conjugate strike‐slip faults are linked with
NNE striking normal faults in the Qiangtang terrane and north‐south trending rifts in the Lhasa terrane,
respectively (Armijo et al., 1986, 1989; Taylor et al., 2003). Yin and Taylor (2011) proposed a paired
general‐shear model to explain the formation of the V‐shaped conjugate strike‐slip fault system. In their
model, the continuous convergence between the Indian and Eurasian plates and the basal shear from east-
ward asthenospheric flow generated lithospheric paired general shear along the BNS and then caused the
development of the conjugate strike‐slip faults in central Tibet. However, there are few crustal structure
images to constrain the potential mechanism for the formation of the conjugate strike‐slip fault system
and to improve our understanding of synchronous development of extensional structures in the orogen.

During the past two decades, several geophysical investigations have been conducted along profiles to detect
the crustal structure of central Tibet, including the Sino‐French program (Sapin et al., 1985), the
International Deep Profiling of Tibet and the Himalaya III (INDEPTH‐III) project (Huang et al., 2000),
the ANTILOPE profile (Array Network of Tibetan International Lithospheric Observation and Probe
Experiments; central line; Zhao et al., 2010), and the SinoProbe project (Gao et al., 2013). These investiga-
tions have revealed significant variations in the crustal structure of central Tibet. The crustal thickness
decreases from the Lhasa terrane to the Qiangtang terrane and increases from west to east within the
Lhasa terrane (Gao et al., 2013; Zhang & Klemperer, 2005; Zhao et al., 2001, 2010). There is a distinguishable
change in Moho depth around the BNS along the INDEPTH‐III and SinoProbe profiles (Gao et al., 2013; Shi
et al., 2004; Tian et al., 2005). The mean Vp/Vs value in the upper crust estimated from wide‐angle seismic
data is <1.71 (Min & Wu, 1987; Zhang et al., 2011; Zhang & Klemperer, 2005) and from earthquake data is
~1.75 (Langin et al., 2003). The relatively low Vp/Vs ratios were interpreted as evidence for widespread
quartz‐rich rocks existing in the upper crust. The estimated seismogenic layer in central Tibet is thinner than
25–30 km, which indicates that the middle‐lower crust has high temperatures and ductile behavior (Langin
et al., 2003; Taylor & Peltzer, 2006; Zhu et al., 2017). Moreover, the high conductivity from middle to lower
crust (Solon et al., 2005; Wei et al., 2001) and the midcrustal low‐velocity and low‐Lg Q regions in the Lhasa
terrane indicated the presence of partial melting (Rapine et al., 2003; Xie et al., 2004; Zhang & Klemperer,
2005). However, the Vp models along the INDEPTH‐III profile show little evidence for such a layer (Zhao
et al., 2001). Along the INDEPTH‐III profile, the BNS is characterized by a low‐Vp zone extending to
~30‐km depth with a width of ~50 km (Haines et al., 2003) or ~100 km (Zhao et al., 2001). The explanations
for it include a fluid‐filled fractured zone (Solon et al., 2005; Zhao et al., 2001), a buried sedimentary basin
(Zhao et al., 2001), special compositions such as serpentinite or spilite (Zhao et al., 2001), or metagreywacke
(Zhang et al., 2011). However, there are arrival delays (or “jumps”) near the BNS in the travel time diagram
based on the different phase recognition for the INDEPTH‐III reflection/refraction profile, which have been
speculated to be a wide north dipping fault zone (Meissner et al., 2004) or one or more narrow, steeply south
dipping low‐velocity channels (Solon et al., 2005).

Recent studies have provided many measurements of the crustal structure in central Tibet. However, due to
the unevenly distributed linear investigations in central Tibet, further investigations over the whole
V‐shaped conjugate fault zone are required to reveal its mechanism of formation. We conducted the joint
travel time inversion of earthquakes and reflection/refraction data to obtain a 3‐D velocity model, and simul-
taneously, we relocated these local earthquakes with the updated velocity model. Then, we utilized P wave
attenuation tomography using the inverted Vp model and relocated earthquakes to get a 3‐D Qp model.
Finally, we discussed the velocity and attenuation models of central Tibet and their implications for the
evolutionary mechanism of the conjugate strike‐slip fault system.

2. Data and Method
2.1. Data and Data Processing

The earthquake waveform data used in the velocity tomography of central Tibet were obtained from
two sources: 53 temporary stations (Table S1 in the supporting information) from the SANDWICH
(Seismic Array iNtegrated Detection for a Window of Indian Continental Head) seismic network (Liang,
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Tian, et al., 2016) and 10 permanent stations from the China National Seismic Network (CNSN; Data
Management Centre of China National Seismic Network, 2007; Zheng et al., 2010). The SANDWICH stations
were evenly located on both sides of the BNS from the northern part of the Lhasa terrane to the southern part
of the Qiangtang terrane with an average station interval of approximately 40 km (Figure 1). Each station was
equipped with a three‐component Güralp CMG‐3ESP seismometer with a response from 50 Hz to 30 or 60 s
and a DAS24‐3D or a RefTek 72A‐8/130–1 digital recorder (Liang, Tian, et al., 2016). The 10 permanent sta-
tions are equipped with 24‐bit digitizers and broadband or very broadband seismometers with an instrument
response from flat to 60 or 120 s (Zheng et al., 2010).

We collected the waveform data recorded by the SANDWICH and CNSN stations from November 2013 to
November 2015. We located 489 local earthquakes using the Hypoinverse‐2000 method (Version 1.2)
(Klein, 2014) with an initial velocity model from CRUST1.0 (Laske et al., 2013). These events occurred at
depths of 0 to 30 km and have local (Richter) magnitudes ranging from 1.0 to 5.3 ML (Zhu et al., 2017).
The arrival times of the Pg and Sg phases were manually picked on the vertical and horizontal components,
respectively. There are two parts to the Pg and Sg phase data: from November 2013 to November 2014 (Zhu
et al., 2017) and from November 2014 to November 2015 (newly processed). We only used Pg and Sg phases
with a source‐receiver distance shorter than 250 km to eliminate Pn (Sn) phases (Liang, Tian, et al., 2016).
There are at least 4 Pg and 3 Sg arrivals for each selected event. As a result of this selection, the final data
set consists of 6,817 Pg and 2,929 Sg arrivals from 414 earthquakes (Figure 2a). The hypocenter depths of
these selected events mostly range from 0 to 20 km. Hypoinverse does not take account of station elevations,
and all stations are on the surface of the Earth. Therefore, those determined earthquake depths are relative
to the averaged station elevation, which is about 4,713 m. In other words, the hypocenter depth of 0 km here
refers to the averaged station elevation. These hypocenter depths have been converted to depths relative to
mean sea level (MSL) in the tomography inversion.

For the velocity inversion, we also included shot data from the INDEPTH‐III reflection/refraction experi-
ment. The ~400‐km‐long INDEPTH‐III active‐source seismic profile had been conducted from the northern
Lhasa terrane to the southern Qiangtang terrane during the summer of 1998. There were 50 three‐
component broadband and short‐period seismographs along the profile with a spacing from 5 to 10 km
(Figure 1). We gathered 298 Pg and 15 Sg picks from 12 shots recorded by 46 seismographs (Table S2 and
Figure 2a; Mechie et al., 2004). All the shots were placed at a depth of 20 m, and the charge sizes of these
shots ranged from 180 to 1,160 kg.

For the attenuation inversion, we only used earthquake waveform data recorded by the SANDWICH
network. We removed the instrument responses from the raw waveform data of relocated earthquakes

Figure 2. (a) Traveltime versus distance curve for the selected earthquake and shot data; (b) Wadati diagram of arrivals to
estimate the average Vp/Vs ratio. The average Vp and Vs estimated for the upper crust in the study area is 5.98 and
3.46 km/s. According to the slope, shot data show lower velocities than earthquake data (the slopes for Vp and Vs of
earthquake data are 5.97 and 3.46 km/s, and the slopes for Vp and Vs of shot data are 5.72 and 3.41 km/s, respectively). The
initial Vpmodel (inset figure in a) is derived from the velocitymodel in Zhao et al. (2001). The initial Vsmodel (inset figure
in a) is calculated using the initial Vp model and the determined Vp/Vs ratio of 1.72.
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and chose vertical‐component waveforms of Pg phases. Then we extracted a 2.56‐s time window after
each Pg arrival as the signal and another 2.56‐s time window before the Pg arrival as noise. Due to the
uncertainty of phase picking, we set the actual signal time windows to start 0.3 s prior to the Pg arrival, as
shown in Figure 3. Then we adopted the multitaper approach from Prieto et al. (2009) to calculate the
corresponding amplitude spectrum of the signal and noise time series. We followed the approach outlined
in Rietbrock (2001) and Eberhart‐Phillips and Chadwick (2002) to determine t* measurements. According
to the theory in Scherbaum (1990), the theoretical amplitude spectrum for a Brune‐type source model
(Brune, 1970) can be described as

Aij fð Þ ¼ 2πfΩoij
f 2ci

f 2ci þ f 2
e−πf t

*
ij ; (1)

where Aij( f) is the velocity amplitude spectrum of event i observed at station j, f is frequency,Ωoij is the spec-

tral level, fci is the source corner frequency, and t*ij is the t* value along the raypath from event i to station j.

Here we did not use station parameters for avoiding trade‐offs between station parameters and other model

Figure 3. Examples of waveforms (top) and corresponding amplitude spectra (below) for one earthquake recorded by six
stations (a–f). This earthquake (latitude, 32.6608 °N; longitude, 89.3057 °E; depth, 3.42 km; magnitude, 3.2 ML; original
time, 18:16:57.710, 30 November 2013) is marked as a purple star in Figure 1, and the six stations are marked as purple‐
circled black triangles in Figure 1. The picked Pg arrivals are marked with small arrows in the figure. The actual noise and
signal windows are shown as dashed and bold rectangles, respectively. The amplitude spectra calculated from the
observed data are shown under the corresponding waveform for each station, together with the theoretical fit. The best
fitting source corner frequency (fc) for this earthquake and t* measurement along each raypath are shown in the figure.
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parameters. Furthermore, resolvable shallow attenuation structure might be included in station parameters,
which is not our preference. We performed an iterative fitting approach described in Lin (2014) to determine

the three unresolved parameters: Ωoij, fci, and t*ij values. The corner frequency fci of each event was searched

for, over the frequency range, by minimizing the average difference between the calculated and observed
velocity amplitude spectra:

fit ¼ 1
N

∑
N

j¼1
log Aij f½ �� �

− log Dij f½ �� �� �2
; (2)

where N is the number of observations and Aij(f) and Dij(f) are calculated and observed velocity amplitude
spectra, respectively. The determined fciwas used to estimate the finalΩoij and t* values. For one earthquake,
the amplitude spectra are fitted with the same source corner frequency (fc) and different t* measurements
along the paths from the event to the stations (Figure 3). The t* values are weighted with weights of 0, 1,
2, 3, and 4, indicating quality of fitting from the best to the worst. In the fitting approach, we only used a
spectrum from 0 to 20 Hz with a signal‐to‐noise ratio greater than 2 over a continuous frequency band wider
than 10 Hz (Figure 3). In the end, we obtained 2,699 t* values from 237 earthquakes for the Qp tomography
inversion (Figure S1).

2.2. Velocity Tomography and Earthquake Relocation

In this study, we applied the SIMUL2000 tomography algorithm (Eberhart‐Phillips, 1993; Thurber, 1983,
1993; Thurber & Eberhart‐Phillips, 1999) to invert for Vp and Vp/Vs, relocate earthquakes, and then invert
for Qpmodel. The pseudo‐bending ray‐tracing method and the damped least squares inversion approach are
used in this code, and thus, the final tomographic results depend on the selection of the inversion para-
meters, such as grid spacing, initial model, and damping parameters.

A flexible gridding strategy for initial model parameterization based upon the distribution of events and sta-
tions has been adopted in the code (Thurber & Eberhart‐Phillips, 1999). In the velocity tomography, we para-
meterized our research region by a three‐dimensional mesh with 25 × 19 × 9 grid nodes after multiple
checkerboard tests. The center of the Cartesian coordinate system is set at 31.75 °N, 88.83 °E, and the x‐axis
and y‐axis point to the west and north directions, respectively. We set the interior grid spacing to 30 km and
the marginal grid spacing to 60 km in the horizontal direction (Figure 4). The nodes in the vertical direction
are positioned at depths of −5, 0, 5, 10, 15, 20, 30, 60, and 140 km. Although the models between 30‐ and
140‐km depth could not be inverted, they are essential for the travel time calculations in the ray
tracing procedure.

We used a 1‐D layered Vp model from the average of the local velocity model presented by Zhao et al. (2001)
as the initial Vp model (inset figure in Figure 2a). A constant Vp/Vs ratio of 1.72 was determined as the
initial Vp/Vs value based upon the Wadati diagram of our travel time data (Figure 2b). This value is within
the results estimated by previous studies (Langin et al., 2003; Min & Wu, 1987; Zhang et al., 2011; Zhang &
Klemperer, 2005). Note that the depth of 0 km in the initial model represents MSL and in the following
content all depths are relative to MSL. Therefore, the locations of the earthquakes and shots used were
adjusted to depths relative to MSL.

We determine the optimal damping parameters for Vp and Vp/Vs using an empirical iterative approach. We
ran a series of single‐iteration inversions with different damping values and selected the final ones based on
the trade‐off between data misfit and model variance. A range of values from 1 to 5,000 was tested to make
sure that the range is large enough to include the most appropriate one (Evans et al., 1994). At first, we
selected Vp damping using both P and S wave data with Vp/Vs damping kept at a very large value. A pre-
ferred Vp damping of 800 was chosen based on a balance between data misfit andmodel perturbation, which
means a proper data misfit with a modest complicated model (an appropriate model variance). Then we
similarly selected Vp/Vs damping with Vp damping fixed at 800. An optimal Vp/Vs damping of 100 was
chosen. Finally, we reran a set of single‐iteration inversions using different Vp damping values while
Vp/Vs damping was held at 100 in order to check the applicability of 800 as the Vp damping (Lin et al.,
2014). We found that 800 is an appropriate value for Vp damping in the above case (Figure S2).

There is always a trade‐off between velocity structure and source parameters, which can be amended by the
iterative determination of velocity model and earthquake locations (Shearer, 2009). We inverted Pg and
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Sg‐Pg travel times for preliminary Vp and Vp/Vs models and relocated the earthquakes with these
preliminary velocity models. We then inverted for velocity models again with these improved source
parameters. Then the newly updated velocity models were used to relocate the earthquakes once again.
We continually performed this velocity inversion‐earthquake relocation loop until the earthquake
locations remained relatively constant and the root mean square (RMS) of the travel time residuals
reached a minimum. We calculated the changes of earthquake locations from each iteration (ith) to the
next one ([i + 1]th). The mean value of the changes fluctuated around ~0.5 km (~0.3 km in horizontal and
vertical directions; Figure S3), and the RMS of the travel time residuals reached a steady value for both
earthquakes and shots after 10 iterations (Figure S4). This indicates that the uncertainty of the final
earthquake locations was ~0.5 km (~0.3 km in horizontal and vertical directions). After the velocity
inversion‐earthquake relocation loops, the residual RMS of the earthquake data decreased by 56.9% from
1.16 to 0.50 s (Figure S4a), and the residual RMS of the shot data decreased by 46.4% from 0.56 to 0.30 s
(Figure S4b). The histograms show that the initial residuals trended toward the negative side for
earthquakes but trended slightly toward positive values for the shot data (Figure 5). This is because the
initial 1‐D velocity model is from the wide‐angle reflection/refraction study, which usually provides good‐
quality images but lower velocities near the surface of the Earth than passive‐source seismic studies

Figure 4. Inversion grid nodes (gray crosses) and horizontal ray coverage (gray lines) for P (a) and S (b) data used in the
velocity tomography in plane view. Triangles (Seismic Array Itegrated Detection for a Window of Indian Continental
Head array), diamonds (China National Seismic Network), and squares (International Deep Profiling of Tibet and the
Himalaya III profile) denote recording stations.

Figure 5. Histograms of traveltime residuals for earthquakes (a) and shots (b) before (gray) and after (white‐black) the
velocity inversion‐earthquake relocation loop. The initial residuals trend toward the negative side for earthquakes (a)
but trend slightly toward a positive value for shots (b).
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(Figure 2a). The SIMUL2000 program calculates the absolute location uncertainties in x, y, and z directions
as the largest of the principal standard errors for each earthquake. After the final loop, the median of the
overall location uncertainties is 81 m in the horizontal direction and 220 m in the vertical direction. The
relocation result (Table S3) shows tighter clustering of the events than the original locations (Figure S5).

In order to have another estimation of the location errors of the earthquakes, we located all the shots using
the final Vp and Vp/Vs models. A similar assessment had been done previously but not for all the shots
(Langin et al., 2003). Figure S6 shows the difference between the relocations and actual locations of the shots
in the horizontal (a) and vertical (b) directions. Of the 12 shots, 11 have location errors less than 2 km (dots in
the dashed line squares), and only one shot has location errors as high as 6.4 km. Moreover, the location
errors in the x direction (east‐west) are prone to be larger than in the other directions, since all the shots
and seismographs were distributed along an approximately y‐direction (north‐south) profile (Figure 1).
On average, the epicenter error is about 1.54 km, and the vertical error is about 0.90 km. The azimuthal gaps
of shots 2–12 range from 150° to 220°, whereas shot 1 has a larger azimuthal gap of 320°. Myers et al. (2015)
showed that epicenter errors increase nearly linearly with azimuthal gap between 0° and 220°, and nonli-
nearly when the azimuthal gap is larger than 220°. The local earthquakes were recorded by 2‐D seismic
arrays and have better azimuthal coverage than the shots. However, earthquakes cannot be located as well
as explosions under the same conditions, since earthquakes are more complicated (Bondar et al., 2004). All
in all, in view of the lack of azimuthal coverage and S wave phase data for the shots, the location errors are
likely to represent the maximum errors in the earthquake relocation. This is further substantiated by the fact
that the errors derived from shot relocations are larger than the location uncertainties estimated by the
SIMUL2000 program.

2.3. Attenuation Tomography

After the velocity inversion, we performed the local attenuation tomography using t* measurements

from the vertical component waveforms of the relocated earthquakes. With a set of t*ij values and an a priori

3‐D Vp model, we can derive a Qp model from the following equation:

t*ij ¼
tij
Qij

¼ ∫
1

Qp x; y; zð Þ*Vp x; y; zð Þ ds; (3)

where ds is a segment of path length and Qp(x,y,z) and Vp(x,y,z) are Qp and Vp values along the segment,
respectively. The SIMUL2000 tomography algorithm (Rietbrock, 1996; Thurber & Eberhart‐Phillips, 1999)
was used to invert the t* values for Qp models by minimizing the weighted RMS of t* residuals.

In the attenuation tomography, we parameterized the 3‐D Qp model with a grid spacing of 60 km in the
interior and 120 km in the marginal regions in the horizontal direction due to fewer t* measurements than
travel times (Figure S1). The nodes in the depth direction are the same as in the velocity tomography. We
performed ray tracing through the obtained Vp model. The initial Qp model was determined according to
the procedure in Lin (2014). We searched the initial uniform Qp through a sequence of values from 100 to
2,000 with an interval of 50. We calculated the RMS of t* residuals using these models and evaluated the
correlation between the Qp values and RMS residuals. Then we chose 500 as the initial uniform Qp, since
the RMS residual at this point is a minimum (Figure S7a). After this, we ran a series of single‐iteration inver-
sions beginning with Qp = 500. In each iteration, the average results of the previous layer values were used
as the initial model for the next iteration. We continually ran the inversion until the layered Qp model
remains relatively constant. The final layered model served as the initial model in the final Qp tomography
(Figure S7b). We selected an optimal damping parameter for Qp with a similar method as was used in the
velocity inversion. We ran a sequence of single‐iteration inversions with a damping value increasing from
0.005 to 1 and then chose a Qp damping of 0.014 for the Qp inversion, which produces a reasonable trade‐
off between data misfit and model perturbation (Figure S8). The Qp tomographic inversion converged after
five iterations, and the RMS of the t* residuals decreased by 9% (Figure S9).

3. Resolution Test

We carried out checkerboard tests to assess the spatial resolution of the velocity and attenuation models. In
the resolution tests, the locations of events and stations, the utilized event‐station pairs, the initial models,

10.1029/2018JB016653Journal of Geophysical Research: Solid Earth

ZHOU ET AL. 8



and inversion parameters are exactly the same as in the real data inversions. Synthetic travel times were
computed by using the layered initial model with ±5% Vp and ±5% Vp/Vs perturbations that are two grid
spacings (2 × 30 km) in size and alternately distributed at adjacent depths. Likewise, synthetic t* values
were computed by using the initial model with ±20% Qp perturbations, which are also two grid spacings
(2 × 60 km) in size and alternately distributed at adjacent depths. Then we inverted the synthetic data
and evaluated how well the checkerboard models were recovered. Although there is smearing at the
margins, the Vp checkerboards are generally recovered between −5‐ and 20‐km depths (Figure 6). Since
we have less S wave data than P wave arrivals, the Vp/Vs checkerboard model is recovered only between
0‐ and 10‐km depths (Figure 7). Owing to the limited t* measurements, the resolution of the Qp model is
expected to be not as good as the Vp structure. The Qp checkerboards are reconstructed from −5‐ to 20‐
km depths (Figure 8). The derivative weighted sum (DWS) describes the relative raypath density that is
weighted by ray segment length and its distance to each node (Evans et al., 1994). We found that the
regions with DWS greater than 900 were well recovered, so we showed the results only for DWS > 900 in
the final presentation.

We also performed customized model recovery tests to investigate the reliability of the obtained Vp and
Vp/Vs features (Figures S10 and S11). Input models were intentionally designed with perturbations similar
to anomalies in the inversion results. In Figure S10, the input models include low Vp anomalies at −5‐ to
10‐km depths (a–d) and high Vp/Vs anomalies at 0‐km depth (e). All the input anomalies were generally
recovered, but with decreased magnitude (f–j), especially for images at −5‐km depth (f). The recovered
image of a belt of low Vp at 0‐km depth (g) shows slight vertical smearing at adjacent depth layers (f
and h). In Figure S11, the locations of the profiles are the same as in Figure S12. Based on this customized
model recovery test, both the obtained low Vp and high Vp/Vs anomalies are deduced to be
robust features.

Figure 6. (Upper) Results of checkerboard test for Vp in horizontal slices at depths of −5, 0, 5, 10, 15, and 20 km (a–f).
(Down) Results of checkerboard test for Vp in vertical slices shown in subplot a (A‐A', B‐B′, C‐C′, and D‐D′). Synthetic
travel times were computed by using the layered initial model with ±5% perturbations that are two grid spacings
(2 × 30 km) in size, horizontally, and alternately distributed at adjacent depths. The black contours enclose the regions
with derivative weighted sum greater than 900, where the checkerboards show the potential ability to recover the models.
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Figure 7. (Upper) Results of checkerboard test for Vp/Vs ratio in horizontal slices at depths of 0, 5, and 10 km (a–c). (Down) Results of checkerboard test for Vp/Vs
ratio in vertical slices shown in subplot a (A‐A', B‐B′, C‐C′, and D‐D′). The Vp/Vs perturbations were ±5% in amplitude, had horizontal dimensions of two grid
spacings (2 × 30 km), and were alternately distributed at adjacent depths. The black contours have the same meaning as in Figure 6.

Figure 8. (Upper) Results of checkerboard test for Qp in horizontal slices at −5‐, 0‐, 5‐, 10‐, 15‐, and 20‐km depths (a–f).
(Down) Results of checkerboard test for Qp in vertical slices shown in subplot a (A‐A', B‐B′, C‐C′, and D‐D′). Synthetic t*
values were computed by using the initial model with ±20% perturbations, which are two grid spacings (2 × 60 km) in
size, horizontally, and alternately distributed at adjacent depths. The black contours have the same meaning as in
Figure 6.
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4. Results

The main feature in the tomographic results is a prominent low Vp and Vp/Vs ratio zone from the surface
to 10‐km depth. This low Vp and Vp/Vs zone extends right along the BNS and narrows to 20 km at shallo-
wer depth (0 km) but broadens to 100 km in the north‐south direction at greater depth (10 km; Figures 9, 10
and 11). This feature is consistent with previous results from investigations along linear profiles (Haines
et al., 2003; Zhao et al., 2001). The results also reveal a slight decrease in the Vp/Vs ratio from 0‐ to 10‐km
depth. At 0‐km depth, the Vp/Vs ratio is dominated by high values (>1.75), whereas at 5‐ to 10‐km depth
the Vp/Vs ratio is relatively low between 1.6 and 1.7 (Figure 10).

There are other relatively low Vp anomalies near the surface in the study area (Figure 9). One of them is
located at −5‐km depth along the INDEPTH‐III profile (Figure 11a), which is spatially correlated with
the Lunpola basin. Another shallow low Vp zone ranges in depth from −5 to 0 km in the Tug Co basin.
These low Vp zones are spatially correlated with the major sedimentary basins in the research region
and might reflect the thick sedimentary strata in these basins (Zhang et al., 2010). The only mismatch
is a strong high Vp anomaly in the Tug Co basin, which is probably due to the raised Qiangtang anti-
cline with shallow burial (Kapp et al., 2005; Lu et al., 2013; Figure 1). Other high Vp anomalies are
strongly related to the solidified sediments and metamorphic rocks in Zhang et al. (2010). Moreover,
the edge of the Tug Co basin shows a high Vp/Vs ratio (>1.80; Figures 10a and 10d) with a relatively
low Vp anomaly at 0‐km depth (Figures 9b and 9h). These subregions probably indicate the existence
of fluid accumulations.

Figure 9. Final Vp structures at depths of −5, 0, 5, 10, 15, and 20 km in absolute values (a–f) and perturbations (g–l) relative to the mean value at each depth. The
A‐A′ in g is the location of the International Deep Profiling of Tibet and the Himalaya III profile, and the numbers in the top‐right corner of g–l are the mean Vp
(km/s) at each depth. We only show the results in regions with the derivative weighted sum greater than 900, where the inverted model is more reliable
(Figure 6). The black lines and dashed lines denote fault traces and sutures at the surface, respectively.
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There is also a low Vp anomaly at 10‐km depth beneath the INDEPTH‐III profile around the BNS
(Figures 9d, 9j, and 11). A low Vp/Vs ratio anomaly occurs at about the same location, though the resolution
is quite limited at this depth (Figures 10c, 10f, and 11). Another apparent low Vp anomaly is continually pre-
sent from 0‐ to 10‐km depth around the largest earthquake cluster zone (33.8 °N, 89.2 °E; Figures 9b–9d and
9h–9j; Zhu et al., 2017). The Vp/Vs ratios show a transition from high Vp/Vs ratios at 5‐km depth to low
Vp/Vs ratios at 10‐km depth for this region (Figures 10b, 10c, 10e, and 10f).

The average Vp/Vs ratio of the whole upper crust is 1.72 (Figure 2b). This estimate of the mean value is
higher than the results from the Sino‐French (<1.70) and INDEPTH‐III (1.63–1.71) wide‐angle profiles
(Mechie et al., 2004; Min & Wu, 1987; Zhang et al., 2011; Zhang & Klemperer, 2005), but a little lower than
the value of ~1.75 estimated in Langin et al. (2003). Obviously, the estimation in Langin et al. (2003) and our
results partly include data from the middle crust. The difference between these results implies that Vp/Vs
ratios vary quite significantly in the crust of central Tibet.

The Qp results present complicated patterns (Figure 12). The Qp values from−5‐ to 5‐km depths range from
100 to 800, while from 10‐ to 20‐km depth they vary from 200 to 1,400. The Qp values change dramatically in
the study area. We note that seismogenic regions generally show low Qp values and high Qp regions often
correspond to seismicity gaps. The low‐Qp feature along the INDEPTH‐III profile (Figure 11c) is similar
to the low‐Lg Q anomalies, which were interpreted as being due to partial melting and high temperature
in the crust (Xie et al., 2004).

5. Discussion
5.1. Low‐Velocity Belt Along the BNS

Seismic velocity is associated with various factors, such as rock type, confining and pore pressure, tem-
perature range, porosity, fluid content, and geological age. The most prominent feature in the tomo-
graphic results is the 80‐ to 100‐km‐wide low‐velocity zone along the BNS from 0‐ to 10‐km depth. The
maximum depth of this anomaly might be greater, but we do not have more data to constrain it. The sig-
nature agrees well with the low‐velocity zone found in previous research, but our results show a clear spa-
tial distribution of this anomaly, which is better than the results from the linear reflection/refraction
profiles (Haines et al., 2003; Meissner et al., 2004; Zhao et al., 2001). Further, this low‐velocity zone is also
spatially correlated with the high resistivity zone in the upper crust around the BNS (Figures 11a and 11d;
Solon et al., 2005).

Figure 10. Final Vp/Vs ratios at depths of 0, 5, and 10 km in absolute values (a–c) and perturbations (d–f) relative to the
mean value at each depth. The numbers in in the top‐right corner of d–f are the mean Vp/Vs ratios at each depth. Other
symbols are the same as in Figure 9.
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There are several factors probably causing the low‐Vp zone around the BNS, including high temperature,
fluids, and compositional variation. High temperature could be one potentially important factor for the
low velocity since the heat flow is high around the BNS (Wang & Huang, 1990). The shallow seismogenic
depth (25‐ 30‐km depth) in central Tibet (Langin et al., 2003; Taylor & Peltzer, 2006; Zhu et al., 2017) also
reflects a high thermal gradient (Chen & Molnar, 1983). There are only three heat flow measurements
around our research region in central Tibet (Figure 1), with two of them being reliable as 46.7 mW/m2 (cate-
gory A, referring to Wang & Huang, 1990) and 140 mW/m2 (category B, referring to Wang & Huang, 1990)

Figure 11. Vertical sections of Vp (a), Vp/Vs (b), Qp (c), and resistivity (d) structures in absolute values along the
International Deep Profiling of Tibet and the Himalaya III profile (A‐A′ in Figure 9g). The black contours enclose the
regions with the derivative weighted sum greater than 900. The Vp, Vp/Vs, and Qp models (a–c) are from this study, and
the resistivity model (d) is from Solon et al. (2005) at the corresponding location. There is a little difference between the
locations of the profiles in Solon et al. (2005) and our study. BNS = Bangong‐Nujiang suture.
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for the Tug Co (Qiangtang) and Lunpola basins, respectively (Jiang et al., 2016). The thermal gradients are
~15.5 °C/km with an average vertical thermal conductivity of 3.01 W/(m K) in the center of the Qiangtang
basin (He et al., 2014) and ~55.5 °C/km with an average vertical thermal conductivity of 2.51 W/(m K) in the
Lunpola basin (Wang & Huang, 1990). However, indirect estimations of thermal gradients are 25 °C/km in
the Lhasa terrane and 39 °C/km in the Qiangtang terrane from the α‐β quartz transition in the upper crust,
manifested as a P wave velocity increase of 0.2–0.4 km/s accompanied by only a minor change in S wave
velocity (Mechie et al., 2004). The relatively high geothermal gradient agrees well with relatively low
velocity and high attenuation along the INDEPTH III profile (Figure 11), although these two estimations
seem opposite for the transition from the Lhasa to Qiangtang terranes. On the other hand, if the two
measured heat flow values around this region are considered as two end members, we can estimate the
possible velocity variations due to high temperature. The high thermal gradient in the low‐velocity zone
(Lunpola basin) would give a temperature of about ~550 °C at 5‐km depth (below MSL or 10 km below
the surface). Similarly, the low thermal gradient outside the low‐velocity zone (Tug Co basin) would give
a temperature of ~150 °C at the same depth. This results in a temperature difference of 400 °C between
the low‐velocity zone and the region outside it at 5‐km depth. In the same way, a temperature difference
of 600 °C at 10‐km depth has been estimated. In the upper crust, a temperature difference of 200 °C can
account for 0.1 km/s Vp variation (Christensen, 1979). Thus, with respect to temperature alone, the
maximum change in Vp would be about 0.2–0.3 km/s at 5‐ and 10‐km depth in different regions of the
study area. This suggests that the low‐velocity zone is unlikely to be produced by high temperature alone
and there should be significant contributions from fluid and compositional variations. Additionally, the
obtained Qp values at 5‐ and 10‐km depths are generally low (< 400) with relatively uneven patches,
which agrees with the attenuation in tectonically active regions (e.g., Liang et al., 2014; Mitchell, 1995).
Since Qp is sensitive to temperature and/or fluids, its patchy distribution indirectly confirms that the low‐
velocity zone along the BNS in central Tibet should not be caused mainly by high temperatures or fluids.
This is also supported by the high resistivity upper crust around the BNS (Figure 11d; Solon et al., 2005),
which is consistent with a fluid‐poor status for the low‐velocity zone. Otherwise, a fluid‐rich medium
would show as high conductivity features.

Alternatively, compositional differences might be an important factor for this low‐Vp zone, due to its spatial
correlation with the BNS, which was formed by the Lhasa terrane colliding with the Qiangtang terrane
during Jurassic‐Cretaceous time (Yin & Harrison, 2000). Recent geological research reveals that there might
be double‐sided subduction along the BNS, because of the existence of two Jurassic‐Cretaceous magmatic
arcs in the northern Lhasa terrane and southern Qiangtang terrane, which implies that the Bangong
Ocean may have closed through arc‐arc “soft” collision rather than continent‐continent “hard” collision
(Zhu et al., 2016). The low‐Vp region along the BNS is accompanied by variable Vp/Vs ratios and
north‐south variably high resistivity (Figure 11d; Solon et al., 2005) around the BNS. These features might
reflect the compositional differences in the ophiolitic mélange zone and the collided magmatic arcs along

Figure 12. Final Qp structures at depths of −5, 0, 5, 10, 15, and 20 km in absolute values (a–f). The black dots mark the
earthquakes that occurred within ±2.5 km of each depth. Different color scales are used for a–c and d–f. Other symbols are
the same as in Figure 9.
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the BNS (Figure 13). Low Vp/Vs ratios in the upper crust were also found
along the Sino‐French and INDEPTH‐III profiles. Previous research
suggests that the relatively low Vp/Vs ratios indicate that quartz‐rich
rocks (such as granites, granitic gneisses, and granite‐granodiorite) widely
exist in the upper crust (Figure 1; Min & Wu, 1987; Zhang et al., 2011;
Zhang & Klemperer, 2005), which is consistent with the proposed collided
magmatic arcs.

Another possibility for the compositional difference is a series of small
Cenozoic basins created by the along‐suture east‐west extension and the
overlain deep‐seated Jurassic turbidite, interpreted as forearc sediments
and/or collision‐induced foredeep deposits, around the BNS (Yin &
Harrison, 2000). The low velocity might reflect the combination of the
two sedimentary units compared with the surrounding strata. However,
this possibility can be eliminated because the Jurassic strata are widely
exposed in the northern Lhasa and Qiangtang terranes, and not only
along the BNS (Figure 1).

Coincidentally, almost half of the earthquakes occurred at 5‐ to 10‐km
depth (Langin et al., 2003; Zhu et al., 2017), which corresponds to the
depth range where the low Vp zone is most prominent. The Cenozoic tec-
tonic activity, including north‐south compression and the development of
strike‐slip faults, may strongly affect the structure of the upper crust.
However, whether the alteration of the upper crustal structure causes
the low‐velocity zones or the relatively weak materials (ophiolitic
mélange) with low velocities cause the deformation to focus along the
BNS is unclear. Since the conjugate strike‐slip fault zone has developed
uniquely along the BNS, there should be a special initial prerequisite,

likely a weak zone, to stimulate the formation of this sheared zone along the BNS. Then, the later specula-
tion seems more reasonable.

5.2. Formation of the Conjugate Strike‐Slip Fault Zone

Generally, the north‐south trending normal faulting in the Lhasa and Qiangtang terranes, which is kine-
matically linked with the conjugate strike‐slip fault zone, has been initiated since the Miocene (e.g.,
Blisniuk et al., 2001; Kapp et al., 2008; Maheo et al., 2007; Murphy et al., 2009; Williams et al., 2001).
However, recent dating of north‐south trending diabase and andesitic porphyry dikes around the
Shuanghu graben provide evidence that the north‐south trending normal faulting initiated in the Eocene
(47–38 Ma; Wang et al., 2010). Thus, the initiation of the conjugate strike‐slip fault system must be later
than the collision of the Indian and Eurasian continents at about 65 Ma (Ding et al., 2005). It is reasonable
that the low Vp zone distributed on both sides of the BNS implies that uniform stress and continuous defor-
mation occurred in the upper crust of central Tibet due to the relatively weak strength of the region around
the BNS under the continuous convergence. This further confirms the possibility of the development of an
upper‐crustal shear zone around the BNS in central Tibet. Thus, our preferred explanation for the low Vp
zone is that a sheared zone developed along the relatively weak ophiolitic mélange belt around the BNS
(Figure 13). The Vp/Vs ratios of the upper crust are relatively low in central Tibet (see above and
Figure 10). In contrast, the middle and lower crusts beneath the BNS along the INDEPTH‐III profile have
a relatively high Vp/Vs ratio of 1.84 (Mechie et al., 2004), and the average Vp/Vs ratio of the whole crust in
central Tibet is ∼1.81 (e.g., Liang, Tian, et al., 2016; Tian et al., 2005). Therefore, we could infer that the
Vp/Vs ratios of the middle and lower crusts are relatively high, which in turn implies a ductile middle
and lower crust in central Tibet, consistent with the viscosity estimation from postseismic relaxation of
two earthquakes (Ryder et al., 2014). In addition, the estimated thickness of not more than 30 km for
the seismogenic layer (Langin et al., 2003; Wei et al., 2010; Zhu et al., 2017), the high conductivity from
middle to lower crust (Figure 11d) (Solon et al., 2005), the low‐Vs zones (Rapine et al., 2003), and the
low‐Lg Q regions (Xie et al., 2004) in central Tibet all support the idea of a ductile or even partially molten
middle and lower crust (Klemperer, 2006).

Figure 13. Schematic cartoon overlain by the Vp model along the
International Deep Profiling of Tibet and the Himalaya III profile
(Figure 11a) for the interpretation of the tomographic results. The QT and
LT were sutured along an ophiolitic mélange belt (BNS) accompanied by
two magmatic arcs from a double‐sided subduction of the Bangong‐Nujiang
ocean, which corresponds to our observed low‐velocity zone along the BNS.
Short arrows (with yellow color), medium arrows (with orange color),
and long arrows (with red color) refer to relatively low, medium, and high
flow velocities of materials in the middle and lower crust, respectively.
The conjugate strike‐slip fault zone originates from the north‐south con-
traction and east‐west basal shear frommiddle/lower crust around the BNS.
QT = Qiangtang terrane; LT = Lhasa terrane; BNS = Bangong‐Nujiang
suture.
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There is a ductile or even partially moltenmiddle/lower crust along the BNS and other regions of Tibet based
on our inferences and previous observations (e.g., Singh et al., 2012; Wei et al., 2001; Zhao et al., 2013).
Meanwhile, an upper mantle high velocity anomaly has been observed beneath the BNS from 100 to
250 km (Figure S13) (Liang, Chen, et al., 2016). Thus, we speculate that the shear traction for the formation
of the conjugate strike‐slip faults is derived from the flow of the middle/lower crust instead of the astheno-
sphere in central Tibet (Yin & Taylor, 2011). Furthermore, there is a zone where the topography is ~500 m
lower than that of the regions to the north and south of it along the axis of the BNS, but there is not a corre-
sponding relatively shallower Moho around the BNS (Figure S13; e.g., Gao et al., 2013; Shi et al., 2004; Tian
et al., 2005; Zhao et al., 2001, 2010). This conflict might imply that the middle/lower crust has a different
physical status around the BNS, such as lower viscosity compared with the surrounding region. However,
the above inferences require further tests, such as the structure and properties of the deeper crust, or even
the upper mantle.

6. Conclusions

In this study, we collected earthquake data recorded by the SANDWICH and CNSN networks, as well as shot
data obtained along the INDEPTH‐III profile. We then applied the SIMUL2000 algorithm to invert these
data for 3‐D Vp and Vp/Vs models and simultaneously to relocate the local earthquakes with the updated
velocity models. After the velocity inversion, we performed local attenuation tomography using t* measure-
ments from the relocated earthquakes. Finally, we presented and discussed our 3‐D velocity (Vp and Vp/Vs
ratio) and Qp models of the upper crust under the conjugate strike‐slip fault zone in central Tibet. The low
Vp anomalies near the surface generally correspond to the major sedimentary basins. A strong high Vp
anomaly zone in the Tug Co basin probably reflects the raised Qiangtang anticline beneath the basin. The
other near‐surface high Vp anomalies are strongly related to the solidified sediments and metamorphic
rocks in the study area. The relatively low Vp/Vs ratios indicate that quartz‐rich rocks widely exist in the
upper crust, in agreement with previous studies. From 0‐ to 10‐km depth where we have good resolving abil-
ity, the study area is dominated by widespread low Vp anomalies around the BNS. These anomalies are also
spatially correlated with the ophiolitic mélange belt around the BNS. In view of, additionally, relatively
heterogeneous Qp values from 0‐ to 10‐km depth, our preferred explanation for the low Vp zone is that a
sheared zone exists along a physically weak zone around the BNS in the upper crust of central Tibet. Due
to the feasibility of a ductile or even partially molten middle/lower crust in central Tibet, the shear traction
for the formation of the conjugate strike‐slip faults comes from the flow of the middle/lower crust.
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