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Abstract The northeastern (NE) Tibetan plateau has been a prime site to understand the
dynamic processes responsible for the rise and lateral growth of the Tibetan plateau. Here we construct a
high‐resolution lithospheric scale isotropic SHwave velocity model (down to the depth of 130 km) for the NE
Tibetan plateau and its adjacent regions based on the measurements of fundamental‐mode Love wave
dispersions (20–100 s) with seismic data recorded by ChinArray II and China Digital Seismic Array using
two‐plane wave method. Prominent slow SH wave velocity (VSH) is observed in the midlower crust of
the NE Tibetan plateau, specifically in the Qilian Orogenic Belt and the Songpan‐Ganzi Terrane regions,
coincident with previously indicated significantly slow SV wave velocity (VSV), probably implying the
existence of partial melts in the midlower crust. This low SH wave velocity anomaly could be traced down to
the uppermost mantle, indicating a weak and warm lithosphere, which we interpret as a consequence of
asthenosphere upwelling after lithospheric mantle removal in the NE Tibetan plateau. The asthenosphere
upwelling and associated deep‐seated thermal buoyancy could explain the occurrence of partial
melting in the mid‐lower crust and account for parts of high elevations in the NE Tibetan plateau. The
western Qinling orogenic belt is characterized with a high velocity anomaly in most of lithosphere, which is
inconsistent with the existence of channel flow within the lithosphere along the Qinling orogenic
belt from the Tibetan plateau.

1. Introduction

The Cenozoic collision between the Indian and Eurasian plates has resulted in the formation of the Tibetan
plateau in current stage (Beck et al., 1995; Yin & Harrison, 2000). The modern plateau is characterized by
high elevation with flat‐topped and steep‐sided morphology (Fielding et al., 1994). Convergence and defor-
mation continue today, but the mechanisms responsible for the plateau's uplift remain debated. Previous
studies suggested that the high reliefs of the plateau could result from either a highly thickened upper crust
through brittle faulting and folding (e.g., Houseman & England, 1993), ductile flow and inflation of the
lower crust (e.g., Beaumont et al., 2001; Bird, 1991), deep‐seated thermal buoyancy due to the delamination
or convective removal of tectonically thickened lithospheric mantle (England & Houseman, 1989; Jimenez‐
Munt & Platt, 2006; Molnar et al., 1993), or extrusive rigid block (Tapponnier et al., 2001).

It appears that crustal isostasy dominates in the southern Tibetan plateau while thermal isostasy in the man-
tle works in north of the plateau, where a relatively thinner crust is observed (Jimenez‐Munt et al., 2008;
Tseng et al., 2009). Geophysical observations suggest that the uplift of southeast Tibetan plateau, where
the crust thickens without significant upper crustal shortening (Schoenbohm et al., 2006), tends to be asso-
ciated with lower crustal flow (e.g., Bai et al., 2010; Bao, Sun, et al., 2015; Hu et al., 2000; Huang et al., 2015;
Xu et al., 2007). Global Positioning System measurements indicate that the northeastern (NE) Tibetan pla-
teau, where is defined by the Haiyuan fault system in the north, the Liupan Shan in the east, the Kunlun
fault system in the south, and the Altyn Tagh fault system in the west, undergoes apparent rising with typical
rates between 0 and 2 mm/year (Liang et al., 2013) and active NE‐SW shortening at a rate of ~13 mm/year,
only slightly less than across the Himalayas (Chen et al., 2000). The question of whether upper crustal
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thickening, the crustal flow, or mantle lithospheric dynamic process is
responsible for the uplift in NE Tibetan plateau remains obscure. Clark
et al. (2005) suggested the presence of crustal flow in the NE Tibetan pla-
teau via fitting the observed northeastward sloping topography by indu-
cing an underlying lower crustal channel with a thickness of 15 km.
Recent geophysical observations offer several lines of evidence, such as
low velocity zone (Bao et al., 2013; Schoenbohm et al., 2006; Yang et al.,
2012) and strong radial anisotropy (Duret et al., 2010; Li et al., 2016;
Shapiro et al., 2004; Xie et al., 2013) in the middle and/or lower crust, in
support of the existence of crustal flow in this region. However, the low
and moderate Poisson's ratio (Wang et al., 2016; Xu et al., 2013) indicated
a generally felsic crust in this region, which is contradictory to the mafic
crustal composition predicted by the lower crustal flow model (Pan &
Niu, 2011). Additionally, large and coherent crustal seismic anisotropy
from receiver function (Wang et al., 2016) is attributed to the vertical
coherent shortening, contrasting to the lower crustal flow model.
Moreover, some studies argue that the upper crustal shortening is suffi-
cient to explain the current elevation of the region without an appeal for
additional contributing factors such as channel flow (e.g., Gao et al.,
2013; Lease et al., 2012). Recently, local or regional‐scale lithospheric
delamination have been invoked to explain the high elevation of NE
Tibetan plateau, specifically Qilian orogenic belt (QOB) and Anyemaqen
Mountain, as suggested by a low velocity anomaly in the uppermost man-
tle observed from a number of tomographic results (Li et al., 2013, 2016;
Lei & Zhao, 2016; Li et al., 2017; Zheng et al., 2016 ). In fact, the removal
of the mantle lithosphere has been suggested to occur beneath the whole
plateau at about 8 Ma (Molnar et al., 1993), which could lead to rapid rise
of the plateau (e.g., Métivier et al., 1998). However, it is not clear whether

the lithospheric root is also removed in the NE Tibetan plateau.

Given above mentioned ongoing debates, in this study we construct a high‐resolution SH wave velocity
(VSH) model from Love wave tomography based on the dense seismic array ChinArray II and the per-
manent China Digital Seismic Array in the NE Tibetan plateau (Figure 1). Our current high‐resolution
VSH model could provide more details than the one obtained from previous Love wave tomography (Li
et al., 2016), which has limited station coverage and covers parts of the NE Tibetan plateau, and could
offer a line of additional independent evidence on the existing controversies. Our result would have im-
portant implications for understanding the dynamic processes responsible for the rise and lateral growth
of the Tibetan plateau.

2. Data and Methods

We applied the modified two‐plane wave method on fundamental‐mode Love waves for phase velocity
inversion (Li & Li, 2015). We selected earthquakes with epicentral distances between 20° and 150°, focal
depth less than 200 km, andMb larger than 5.5 (Figure 2). The transverse components of seismograms after
the rotation of the north and east components were used to identify Love wave trains. The events with low
signal‐to‐noise ratios were eliminated visually. The seismic data were recorded by the temporary ChinArray
II array (650 broadband stations) and the permanent China Digital Seismic Array (102 broadband stations)
that were deployed across the NE Tibetan plateau (Figure 1). The dense ChinArray II operated continuously
for 2.5 years between 2013 and 2016. All instrument responses were corrected before processing. We mea-
sured Love wave phase velocities for 12 frequency bands ranging from 10 to 50 mHz and utilized 10‐mHz‐
wide Butterworth filters centered on each frequency. In order to increase the reliability of inversions, we
applied strict data selection criteria following the procedure of Li and Li (2015) and rejected the data that
exhibit strong interferences from higher modes or multiple surface‐reflected SH waves and inconsistency
between stations due to a complicated incoming wave field. Those Love wave waveforms with good
signal‐to‐noise ratios were chosen and isolated with a rectangular window with a cosine taper for each

Figure 1. Tectonic map of the northeastern Tibetan plateau. Red and blue
triangles represent the temporary stations from ChinArray II and perma-
nent stations from China Digital Seismic Array, respectively. IP = Indian
Plate; TP = Tibetan Plateau; SC = South China; NC = North China;
CAOB = Central Asian Orogenic Belt; AB = Alxa Block; OB = Ordos Block;
QOB = Qilian orogenic belt; SGT = Songpan‐Ganzi terrane;
WQO = Western Qinling Orogen.

10.1029/2019JB017788Journal of Geophysical Research: Solid Earth

FU ET AL. 9683



frequency. The length of window was determined based on the epicentral distance and dispersion
characteristics. We kept the same window length for all seismograms for a given event (Figure 3). Sixty‐
eight teleseismic events were retained in this study. These events have good azimuthal coverage except in
the north (Figure 2). Given the large number of stations, we can still obtain dense crossing ray paths in
the NE Tibetan plateau. We measured phases and amplitudes of windowed data using Fourier analysis.

The first step in our inversion is computing isotropic phase velocities for each frequency using both
amplitude and phase data of Love waves. The two plane wave parameters and phase velocities were
simultaneously solved in the inversion through a standard, iterative, linearized inversion technique
(Tarantola & Valette, 1982). There is a trade‐off between model variance and model resolution. We used
a smoothing length of 80 km to invert for the phase velocity at all periods to reduce the effects of this
trade‐off after testing a variety of values. A priori standard deviation of 0.25 km/s was chosen to provide
light damping for the phase velocity. The standard deviation of phase velocity was calculated based on

the model covariance matrix, and its distribution at each period exhi-
bits similar patterns with small values in the interior of the study area
and large errors toward the edge. Additionally, its magnitude increases
with period. To increase reliability, we only interpret phase velocities
with errors less than the 1% contour of twice the standard errors at
20 s. We parameterized phase velocity in the study area by a grid with
intervals varying from 0.5° in the center to 0.75° at the edge. We first
obtained the average phase velocity at each period. Then these average
phase velocities were used as starting values in the inversion for 2‐D
variations of phase velocities.

The second and last step of the inversion is inverting SH wave velocities
from the obtained isotropic Love wave phase velocities with the partial
derivatives from Saito (1988). We modified the AK135 model with con-
straints from the shear velocity values in the crust and uppermost mantle
from previous Rayleigh wave tomography study (Li et al., 2017). We
defined 50 layers with three crustal layers from the surface to 410‐km
depth. The crust thickness in the study area was adapted from previous
receiver function study (Wang et al., 2017) and remained unchanged dur-
ing the inversion. Considering few earthquakes from northwest, we set an
a priori standard error of 0.05 km/s for the shear wave velocity to balance
the model resolution and oscillation after several tests. We first performed
the inversion with the average Love wave phase velocity as inputs to deter-
mine 1‐D average SH wave velocity in entire study area. The 3‐D SH wave
velocity model was constructed by assembling 1‐D inversion results at
each grid node.

Figure 2. (a) Distribution of the teleseismic events (red circles) used in this study. The black triangle indicates the center
of the seismic array. (b) Azimuth distribution of those events.

Figure 3. An example of the waveforms of the fundamental‐mode Love
wave at station 64052 from an intermediate depth earthquake (24.2N,
122.3E) on 20 April 2015.
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3. Results
3.1. Resolution Tests

The accuracy of tomographic results depends on path coverage, frequency, and model parameterization
of the Love wave inversion. Traditional checkerboard tests were performed to evaluate the resolution of
phase velocity maps. The magnitude of the input velocity perturbation was set to 4% with a dimension of
1.5° × 1.5°. Synthetic data were calculated using the same ray paths and regularization as the real inversion.
Gaussian‐distributed random noise was added to synthetic phases and amplitudes based on the noise level in
the real data. Inversion results obtained from noisy synthetic data are shown in Figure 4 for the periods of
20, 50, and 100 s. The input model can be largely recovered at all periods except at the lower‐left corner
where fading and smearing occur due to the insufficient crossing ray paths. Our tests imply that the
resolution within seismic array is ~150 km or better at all periods, sufficient to image the anomalies
discussed in this study.

3.2. Love Wave Phase Velocity

Love wave phase velocity maps at 20, 25, 30, 34, 40, 45, 50, 59, 71, 77, 91, and 100 s are computed using the
phase velocity tomographic inversion method as described in section 3.1. The maps of phase velocity
anomaly at the periods of 20, 40, 59, 77, and 100 s are shown in Figures 5a–5e. Figure S1 in the supporting
information exhibits the standard error of phase velocity at those periods. These phase velocity maps are
clipped by 1% contour of twice the standard errors at 20 s (Figure 5f). Phase velocity anomalies vary
gradually with periods due to the overlapped depth sensitivities of neighboring periods (Figure 6a). A
continuous low velocity anomaly in the QOB, an area between the Haiyuan fault and the east Kunlun
fault, is generally imaged at periods from 20 to 100 s (Figures 5a–5e). The observation of this low velocity
anomaly is consistent with previous Rayleigh wave tomography models (Bao, Song, & Li, 2015; Li et al.,
2017), while it is partially different from a relatively high velocity in the north QOB obtained from pre-
vious Rayleigh and Love wave tomography study (Li et al., 2013, 2016), which has limited station coverage
and crossing ray paths there. The Songpan‐Ganzi terrane (SGT) is characterized by low velocity anomaly
at periods less than 50 s (Figures 5a and 5b) and relatively high velocity compared with the QOB at periods
of 59–100 s. Another interesting feature is the sharp velocity contrast between high phase velocities in the
Ordos block (OB) and low phase velocities in the Alxa block (AB) at intermediate‐long periods (>45 s)
(Figures 5c–5e). Our observation is different from the high Rayleigh wave phase and group velocity in the
AB from previous Rayleigh wave tomography (Li et al., 2017). Such difference between the Rayleigh
and Love wave probably implies the existence of radial anisotropy beneath the AB in the
lithospheric mantle.

3.3. SH Wave Velocity

The SHwave velocity model (VSH) is inverted from the Love wave phase velocities at 12 periods ranging from
20 to 100 s at each grid node on the map. Model resolution kernels (rows from the model resolution matrix)
corresponding to five layers at depths of roughly 5, 35, 80, 120, and 160 km are plotted in Figure 6b. The reso-
lution is sufficient enough to resolve the average velocity in the targeted layer and its vicinity. For instance,
the velocity at 35‐km depth might have contributions from the velocity at depths of 20 to 60 km but is not
likely affected by velocity at depths below 80 km (Figure 6b). Although the resolution decreases with depth
due to the lack of data at long periods (>100 s), the average velocity for each defined layer is well resolved for
depths above 130 km. Therefore, we interpret the velocity model above the depth of 130 km. The averageVSH

(red line in Figure 7b) beneath the study area is well constrained with standard deviation from 0.018 to
0.025 km/s since only one model parameter is solved for each layer in this inversion. The prediction of phase
velocities from this 1‐D average model well fits the observation (Figure 7a). The 3‐D VSH model is
constructed using this average VSH as a starting model and perturbing it to fit high‐resolution Love wave
dispersion maps. The posteriori error value of the final 3‐D model is less than 0.03 km/s (~0.8% assuming
an average VSH value of 4 km/s) for the entire study region (Figure S2). The error at shallow depths
(Figure S2a) is larger than those at other depths (Figures S2b–S2g) due to the lack of Love wave phase
velocity at short period (<20 s).

Figures 8 and 9 show seven horizontal and four vertical sections of the SH wave velocity absolute values and
perturbations from the 3‐D inversion at depths from the surface to 130 km, respectively. Our results in the
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QOB and the SGT largely agree with the previous SH wave velocity model obtained by Li et al. (2016) using
the same method but different seismic data from an irregular array with a small number of stations.
However, our current VSH model could provide more details on the QOB region with high station
coverage compared to the previous VSH model (Li et al., 2016). Low velocities characterize the crust and
uppermost mantle beneath the QOB and the SGT (Figures 8 and 9), which is consistent with the slow
P wave velocity (Li et al., 2008; Lei & Zhao, 2016), slow SV wave velocity from earthquake surface wave
tomography (Li et al., 2017) and from joint inversion of receiver functions and Rayleigh wave dispersions
(Zheng et al., 2016). Li et al. (2014) also observed middle‐ to lower‐crustal low SV wave velocity in this
area from ambient noise tomography.

In order to investigate whether this observed low velocity in the middle‐lower crust and uppermost mantle is
a robust feature, we performed four synthetic tests. We first built a 1‐D VSHmodel by assigning a low velocity
of −5% in middle crust, lower crust, and uppermost mantle, respectively, and subsequently assigning a low
velocity of −5% in abovementioned three layers simultaneously, then calculated Love wave phase velocities
using the same method to what we used for inversion (Saito, 1988) to recover the given VSH model from the
calculated phase velocities (Figure S3). As shown in Figure S3, the inversion can well recover these four
input models, though the amplitudes of input and recovered models are not exactly the same. For the input
model with lower velocity of −5% in the lower crust, the inversion introduces small vertical smearing in the
middle crust and uppermost mantle (Figure S3c), while the small fraction of low velocity is introduced in
the upper and lower crust when we assigned −5% lower velocity in the middle crust (Figure S3a).
However, the model with lower velocity of −5% in the uppermost mantle would introduce ~2% low

Figure 4. Examples of checkerboard resolution tests. (a) Synthetic checkerboard model. The magnitudes of the input
anomalies are 4%, and sizes of anomalies are ~1.5° × 1.5°. (b–d) Retrieved phase velocity at periods 20, 50, and 100 s.
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velocity in the lower crust (Figure S3e). We cannot exclude the possibility
that the observed low velocity in the lower crust has a part of contribu-
tions from smearing of uppermost mantle low velocity in the inversion.
Those artificial features are due to the smoothing applied in the inversion
that forces coherent variations between adjacent layers. It is important to
note that for abovementioned three input models the artificial feature in
the uppermost mantle is not comparable to what we observed. More inter-
estingly, when we assigned the −5% lower velocity in three layers simul-
taneously, the model can be well recovered (Figure S3g). Generally,
these four tests have demonstrated that the observed low velocity in the
middle‐lower crust and uppermost mantle is a robust feature.

Relatively high velocity anomalies are imaged in the OB (Figures 8, 9e, and
9f) and the western Qinling Orogen (Figures 8, 9a, and 9b) down to 130
km. Such high velocity anomaly is also observed in the regional P wave
(Li et al., 2008) and SV wave velocity models (Guo & Chen, 2017; Li
et al., 2017; Zhang et al., 2011). The fast velocity beneath the OB
(Figures 8, 9e, and 9f) could indicate that this region is old and cold (Hu
et al., 2000). A low velocity with an elongated shape is observed at depths
of 25–130 km beneath the central AB and the Central Asian Orogenic Belt
(Figures 8c–8g and 9e–9h). This is consistent with slow P wave velocity in
the uppermantle (Li et al., 2008) but does not agree with the SVwave velo-
city model that imaged a high velocity anomaly at the depths of 30–90 km
(Li et al., 2017). Such discrepancy between ourmodel and the previousVSV

model could result from either different methods or the presence of radial
anisotropy in this area, which need further investigation.

4. Discussion
4.1. Crustal Low Velocity Zones Beneath the NE Tibetan Plateau

Our tomographic images reveal widespread low SH wave velocity zones
(Figures 8a–8c and 9) in the crust beneath the NE Tibetan plateau, speci-
fically in the QOB and SGT regions. Such slow VSH is also observed in the
lower crust of the southeastern Tibetan plateau (Fu et al., 2017), which is
interpreted as an indicator of lower crustal flow. SV wave velocity
obtained from Rayleigh wave ambient noise tomography indicated that
the midlower crustal low velocity zones distribute across most of the
Tibetan plateau (Jiang et al., 2011; Li et al., 2014; Yang et al., 2012).
These slow velocity zones usually exhibit high electrical conductivity
(Bai et al., 2010; Unsworth et al., 2005; Wei et al., 2001; Xiao et al.,
2013), implying a weak and partial molten midlower crust. Yang et al.

(2012) suggested that both the partial melt and radial anisotropy due to horizontal alignment of crustal ani-
sotropic minerals (e.g., micas and amphibolites) could contribute to the observed low SVwave speed and the
effect of mineral alignment would significantly reduce the need for partial melt. Here the slow VSV (Li et al.,
2017) and VSH from our inversion as well as positive radial anisotropy (VSH > VSV; Li et al., 2016) in the mid-
lower crust beneath the QOB and northern SGT (Figures 8b, 8c, and 9) may also imply that a horizontal
melt‐rich layer likely exists in the NE Tibetan plateau. This horizontal melt‐rich layer could result in strong
crustal azimuthal anisotropy inferred from receiver function analysis (Shen, Yuan, & Ren, 2015) and shear
wave splitting measurement (Li et al., 2011) and correlates well with relatively low‐resistivity (Xiao et al.,
2013) and high Lg‐wave attenuation belt (Zhao et al., 2013) in the lower crust and relatively high surface heat
flow (Zhang et al., 2018).

Though partial melt is suggested to have occurred in the NE Tibetan plateau, it is not yet known if these low
velocity zones are sufficiently weak and interconnected to enable regional‐scale channel flow. Our tomo-
graphic images suggest substantial lateral heterogeneity of the amplitude of these zones but have

Figure 5. (a–e) Phase velocity perturbations relative to the average phase
velocity with the unit of km/s (the lower left corner) at five periods.
(f) Uncertainty of the phase velocity at 20 s. The phase velocity maps are
clipped by the 1% error contour in Figure 5f. AB = Alxa Block; OB = Ordos
Block; CAOB = Central Asian Orogenic Belt; QOB = Qilian orogenic belt;
WQO = Western Qinling Orogen.
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difficulties in determining how much wave speed reduction in the midlower crust could induce flow.
Numerical modeling is required to identify regions in which channel flow may occur.

4.2. Mechanisms of Uplift in the NE Tibetan Plateau

The NE Tibetan plateau is characterized with an average elevation of ~4.5 km and rapidly drops off to
<1.5 km toward the northeast. Previous studies suggested that the high elevation of the Tibetan plateau
could be formed and maintained through four modes, that is, upper crustal thickening (e.g., Houseman
& England, 1993; Kind et al., 2002), midlower crustal flow, thermal buoyancy of lithospheric mantle
(England & Houseman, 1989; Jimenez‐Munt & Platt, 2006; Molnar et al., 1993; Tseng et al., 2009),
and extrusive rigid block (Tapponnier et al., 2001). Though a large amount of studies has been con-
ducted in the NE Tibetan plateau in an attempt to distinguish these models, which modes of

Figure 6. (a) Phase velocity sensitivity kernel at six periods based on the AK135model. (b) Depth resolution of shear wave
velocity from the model resolution matrix.

Figure 7. (a) Observed and predicted average Love wave phase velocities. The triangles are the observed dispersion data
with two standard deviations indicated by the error bars. The predicted from the best fitting models in (b) is shown
as red line. (b) Shear wave velocity models. The black line is the modified AK135 model used as an initial model for the
inversion. The red line is the best fitting model. The width of the shaded area shows the standard error of shear wave
velocity in each layer.
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deformation dominates and is responsible for the current elevation
remain unclear and still a long‐lasting debate. For example, Lease
et al. (2012) suggested that pure shear alone may account for the
Cenozoic crustal thickening in northeastern Tibet, which may obviate
lower crustal flow as a necessary crustal thickening agent. While some
studies argued the removal of some or all of the mantle lithosphere
occurred beneath the NE Tibetan plateau (e.g., Li et al., 2013, 2016,
2017; Molnar et al., 1993), offering a sensible explanation for the
change in orientation of deformation in NE Tibetan plateau (Yuan et
al., 2013). Several lines of geologic evidence support that the modern
extent of Cenozoic deformation and high topography along the NE
Tibetan plateau was established during the late Miocene (Wang et al.,
2017; Yuan et al., 2013). Magnetostratigraphic study even suggested
that significant tectonic uplift occurred as late as Pliocene (Pares
et al., 2003). All these indicate that the NE plateau is still in the early
stage of uplift and deformation (Meyer et al., 1998; Tapponnier et al.,
2001). We speculated that no single model can explain the high eleva-
tions of the northeastern plateau given the complex uplift history of
northeast Tibet.

In our 3‐D VSH model, a low velocity anomaly is observed in the mid-
lower crust and can be traced down to uppermost mantle beneath the
QOB (Figures 8d–8g and 9), consistent with the observations of slow P
wave velocity (Lei & Zhao, 2016) and SV wave velocity (Li et al.,
2013, 2017), and inefficient propagation of high frequency Sn (Barron
& Priestley, 2009). Additionally, a diffuse lithosphere asthenosphere
boundary from S receiver function suggests small temperature gradient
between mantle lithosphere and asthenosphere (Shen, Yuan, & Liu,
2015). These facts could indicate that the sub‐Moho upper mantle is
weak and hot. This hot uppermost mantle could result from radioactive
heating from the thickened crust (McKenzie & Priestley, 2008), which
could be at least 45 km due to the shortening before the Middle
Miocene (Lease et al., 2012). We cannot rule out that the crustal radio-
activity would partly lower the uppermost mantle velocity. However,
given the velocity value of ~4.2 km/s in the uppermost mantle (Moho
—120 km), a different process may also be responsible for the low velo-
city. Alternatively, the hot uppermost mantle beneath the QOB could
be attributed to asthenosphere upwelling after lithospheric mantle
removal in the NE Tibetan plateau, consistent with the interpretation
of recent surface wave studies (Li et al., 2013, 2016, 2017; Zheng
et al., 2016). In this scenario, we speculate that thermal isostasy in
the mantle partially contributes to the uplift due to the high tempera-
ture and strong positive buoyancy. Hasterok and Chapman (2007)
demonstrated that thermal isostasy in continental regions can produce
nearly 3 km of relief, comparable to thermal elevation differences
between young and old oceanic crust. Therefore, deep‐seated thermal

buoyancy after lithospheric delamination could contribute a portion of high topography in the NE
Tibetan plateau and asthenosphere upwelling could explain the occurrence of partial melting in the
mid‐lower crust.

4.3. High Velocity Anomaly in the Lithosphere Beneath the Qinling Orogen

Clark and Royden (2000) suggested that the southwestern Qinling could act as a corridor for the lower crus-
tal flow due to its relatively weak structure of the Paleozoic‐Mesozoic Qinling suture bounded by the rheo-
logically strong Sichuan basin along the Longmen Shan and the Ordos block along the Liupan Shan. The

Figure 8. Horizontal slices of shear wave velocity structure in the crust and
uppermost mantle. The anomaly is relative to the average velocity with the
unit of km/s marked in the lower left corner. AB = Alxa Block; OB = Ordos
Block; CAOB = Central Asian Orogenic Belt; QOB = Qilian orogenic belt;
WQO = Western Qinling Orogen; SGT = Songpan‐Ganzi terrane.
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thermochronologic data in the Qinling Orogen fit the predicted surface uplift, exhumation, and deformation
from this lower crustal flowmodel (Enkelmann et al., 2006). If the lower crustal channel flow exists beneath
the Qinling Orogen, the observation of low velocity should be expected in the lower crust. However, our SH
wave velocity model exhibits fast velocity anomaly in most of lithosphere beneath the western Qinling
Orogen (Figures 8a–8c, 9a, and 9b), which is contradictory to the nature of the eastward crustal flow
model. Additionally, the absence of significantly slow SV wave velocity (Guo & Chen, 2007; Li et al.,
2017) and the intermediate‐low VP/VS (< 1.8) in the lower crust (Ye et al., 2017), indicative of an
intermediate to felsic composition, also imply that the lower crust of the Qinling Orogen is not currently
serving as a channel accommodating the extrusion of the Tibetan plateau material (Ye et al., 2017).
Instead of the crustal flow, the asthenospheric flow likely exists beneath the Qinling Orogen, as supported
by previous studies from P wave traveltime tomography (Li & van der Hilst, 2010), teleseismic shear wave
splitting measurement (Soto et al., 2012), and Rayleigh wave tomography (Zhang et al., 2011), to
accommodate eastward escape of the Tibetan plateau material toward eastern China. A radial anisotropy
model from discrepancies of Rayleigh and Love wave phase velocities at longer periods could be used to test
this hypothesis, but it is beyond the scope of this paper.

Figure 9. Vertical slices of the absolute shear wave velocity (a, c, e, and g) and velocity anomaly (b, d, f, and h) along four
profiles with locations shown in Figure 8a. AB = Alxa Block; OB = Ordos Block; CAOB = Central Asian Orogenic
Belt; QOB = Qilian orogenic belt; WQO = Western Qinling Orogen; SGT = Songpan‐Ganzi terrane.

10.1029/2019JB017788Journal of Geophysical Research: Solid Earth

FU ET AL. 9690



5. Conclusions

In this study, we construct a high‐resolution isotropic SH wave velocity model down to ~130 km by inverting
the fundamental‐mode Love waves from the dense ChinArray II and China Digital Seismic Array seismic
array for periods between 20 and 100 s in the northeastern Tibetan plateau and its adjacent regions. Our
model reveals widespread low wave speed zones in the midlower crust of the NE Tibetan plateau. The
reduced shear wave speed could be attributed to partial melts in the crust. Slow SH wave velocity is also
observed in the uppermost mantle, indicating a warm and weak lithosphere in the NE Tibetan plateau.
This slow velocity could result from asthenosphere upwelling after lithospheric mantle removal in this
region. The consequence of the asthenosphere upwelling is the occurrence of partial melting in the
midlower crust and a portion of high topography in this region via deep‐seated thermal buoyancy after
delamination. Fast SH wave velocity appears in the western Qinling Orogen from the surface to the depth
of 130 km, implying that the lower crustal channel flow model probably does not work in this region.
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