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Abstract Several geodynamic models have been proposed for the deformation mechanism of Tibetan
Plateau (TP), but it remains controversial. Here we applied a method of joint inversion of receiver functions
and surface wave dispersions with P wave velocity constraint to a dense linear array in the NE Tibet. The
results show that the geological blocks, separated by major faults at the surface, are characterized by distinct
features in the crust, the Moho, and the uppermost mantle. The main features include crustal low-velocity
zones (LVZs) with variable strengths, anomalous Vp/Vs ratios that are correlated with LVZs, a large Moho
jump, and other abrupt changes near major faults, strong mantle lithosphere anomalies, and correlation of
crustal and mantle velocities. The results suggest a lithospheric-scale deformation of continuous shortening
as well as localized faulting, which is affected by the strength of the lithosphere blocks. The thickened
mantle lithosphere can be removed, which facilitates the formation of middle-lower crustal LVZ and flow.
However, such flow is likely a consequence of the deformation rather than a driving force for the outward
growth of the TP. The proposed model of TP deformation and growth can reconcile the continuous
deformation within the blocks and major faults at the surface.

Plain Language Summary How did the Tibetan Plateau grow to its present height and size? Models
have been controversial for decades, including end-members of continuous deformation, rigid block
extrusion, and channel flow in middle-lower crust. Here we used a recently developed joint inversion scheme
to resolve several key seismic parameters simultaneously in a self-consistent manner for a linear array in
the northeast margin of the plateau, which is ideal for testing models for the plateau growth. Our joint
inversion results show distinct block-like features, which suggest a lithospheric-scale deformation of
continuous shortening as well as localized faulting at the lithospheric scale. The proposed model of Tibetan
Plateau deformation and growth can reconcile the continuous deformation within the blocks and major
faults at the surface.

1. Introduction

As a margin of the vast Tibetan Plateau (TP) far away from the Indian-Asian collision front with devastating
earthquakes, the northeast (NE) Tibet (Figure 1) has drawn close attention on the mechanism of the plateau
uplift and growth after the collision started at about 55 Ma (Molnar & Tapponnier, 1975). Bounded by rela-
tively stable North China Craton (NCC) to the north, NE TP is characterized by blocks of mountain ranges
along the NW-SE strike, including Songpan-Ganzi Terrain (SGT), Kunlun-Qaidam Terrain (KQT), Central
Qilian (CQL), and North Qilian (NQL), which are deforming continuously at the surface (Zhang et al., 2004)
but are also separated by several major active thrust and sinistral strike-slip faults, including Kunlun fault
(KF), South Qilian suture (SQS), Haiyuan fault (HF), and Gulang fault (GF; Figure 1).

Like elsewhere in TP, various models have been proposed for the deformation and growth mechanism in
NE TP, including the continuous shortening (England & Houseman, 1986; Zhang et al., 2004), rigid block
extrusion (Tapponnier et al,, 2001), crustal channel flow (Clark & Royden, 2000), and integrated block and
channel flow (Liu et al., 2014), but it remains controversial. Widespread midcrustal low-velocity zones
(LVZs; Bao et al,, 2013; Li et al,, 2014) and low resistance zones (Le Pape et al,, 2012) are observed in
SGT that penetrate KF, consistent with the channel flow model. However, isolated LVZs are observed
under Qilian (Bao et al, 2013; Li et al., 2014), which favors continuous shortening as a deformation
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Figure 1. Seismic stations (triangles) used in this study with surface topogra-
phy and geological elements. The stations were from IGGCAS (Institute of
Geology and geophysics, Chinese Academy of Sciences), CEA (China
Earthquake Administration), and IRIS (Incorporated Research Institutions for
Seismology). The faults and sutures are as follows: ATF, Altyn Tagh fault; BNS,
Bangong-Nujiang suture; JS, Jinsha suture; AKMS, Animaqing-Kunlun-
Muztagh suture; SQS, South Qilian suture; KF, Kunlun fault; GF, Gulang fault;
HF, Haiyuan fault; LMSF, Longmenshan fault. The geological blocks are as
follows: LT, Lhasa terrane; QT, Qiangtang terrane; SGT, Songpan-Ganzi ter-
rane; KQT, Kunlun-Qaidam terrane; CQL, Central Qilian; NQL, North Qilian;
NCC, North China Craton.

mechanism (Gao et al., 2013). Furthermore, observed Moho offsets (Liu
et al, 2017; Vergne et al, 2002; Ye et al, 2015; Zhu & Helmberger,
1998) and the correlation between Global Positioning System and SKS
splitting (Chang et al,, 2017; Soto et al., 2012; Wang, Zhao, et al., 2008)
favor a coupled lithosphere-scale deformation (Tapponnier et al., 2001;
Ye et al, 2015; Yin et al., 2008).

To shed light on the deformation and growth mechanism, here we applied
a joint inversion scheme we recently developed (Li et al., 2017) to a dense
seismic array in NE Tibet. We added P wave velocity constraint to the tradi-
tional joint inversion of surface wave dispersion and receiver function (RF;
Julia et al,, 2000) and adopted a flexible parameterization of a sedimentary
layer and spline-based parameterization that can represent sharp discon-
tinuities. The new joint inversion scheme reduced model ambiguity and
allowed us to resolve crustal S velocity, thickness, and Vp/Vs velocity ratio
simultaneously. The high-resolution images suggest the lithospheric-scale
deformation and growth in NE Tibet involving both continuous shortening
and localized faulting.

2. Data and Methods
2.1. Data

The data used in this study include three types, RFs, P wave velocity (Vp)
model of the crust, and dispersion curves of surface wave group and phase
velocities. These data were assembled roughly along a linear array span-
ning the interior of the TP and the stable NCC (Figures 1 and S1a in the
supporting information).

The RF data came from 37 broadband stations. In the southern part of the
array (south of Xining), 22 stations were deployed along a line with the
interval of 10-15 km by the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS) between November 2010 and
June 2011 (Xu et al., 2014). To extend the array to the north, we obtained
data (08/2007-10/2009) from eight permanent stations operated by the
Chinese Earthquake Administration (CEA; Tian et al.,, 2014; Zheng et al,,

2010) and data (03/2009-07/2010) from seven Incorporated Research Institutions for Seismology (IRIS) sta-
tions from a temporary deployment NETS (Shen et al,, 2008). To calculate the RFs, we selected teleseismic
P waveforms from earthquakes with magnitudes M,, > 5.5 and in the epicentral distance range from 30° to
90°. We used a time domain iterative deconvolution method (Ligorria & Ammon, 1999) to obtain the RFs.
Specifically, we performed a quality control process (Deng et al., 2015; Shen et al,, 2013) on the raw RFs of
all the 37 stations. Finally, we used the RFs at their Moho piercing points and stacked them at stacking points
of an even interval of 20 km (Figure S1a) to enhance further the signals and to average out the influences
from the uneven distributions of data azimuths and stations (Deng et al., 2015). The RFs after the quality
control (examples in Figure S2) show significant improvement on the consistency of the signals over the
raw RFs; see examples in Xu et al. (2014). The main features in the stacked RF can be tracked in the selected
raw RFs. We used the standard deviations of the selected raw RFs as the error bound (uncertainty) of the

stacked RF.

Our Vp model for the southern part of the array (Figure S1c) came from a 380-km-long deep seismic sounding
profile (deep seismic sounding or wide-angle reflection-refraction survey with active sources), which was
carried out by the IGGCAS over a 4-month period in 2003 (Zhang et al., 2011). A total of 100 portable three
component digital seismographs were installed at the average spacing of 3 to 4 km and the offset of 3 to
390 km. Five explosive charges of 3,000-3,500 kg were fired at the spacing of about 80 km. The data were
initially recorded at 200-Hz sampling rate and then filtered at 1-10 Hz band for the P waves. See Zhang et al.
(2011) for details on the data processing and model construction.
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The dispersion data came from our recent surface wave tomography of China (Bao et al., 2015) using both
ambient noise and earthquake data. The stations included 864 CEA permanent stations from 2008 to 2011,
401 temporary PASCCAL stations, and 51 permanent stations from the IRIS Data Management Center.
More than 700,000 dispersion curves were measured to generate group and phase velocity maps at periods
of 10-70 s (as well as group velocity maps extending to 140 s). In this study, we extracted group and phase
velocity dispersion curves at each of our stacking points from the dispersion maps of 10-70 s, which were
better constrained with both the ambient noise and earthquake data.

2.2. Method

Details of the new joint inversion scheme with P velocity constraints were described in Li et al. (2017). Here we
briefly summarize the method. The teleseismic P wave RF is sensitive to shear velocity contrast and
depth-velocity product, instead of velocity alone, while the surface wave dispersion is sensitive to vertical
shear-velocity averages but insensitive to velocity discontinuities. Thus, joint inversion of RF and surface wave
dispersion has been widely used to reduce parameter ambiguity in the inversion (Julia et al., 2000). However,
the joint inversion is greatly influenced by the Vp/Vs ratio in the crust, which is often unconstrained and
normally set to the global average (1.75). Multiple converted phases (the well known H-k method) can help
resolving the ambiguity (Zhu & Kanamori, 2000), but with its limitations (Li et al., 2017). Thus, Li et al. (2017)
introduced a P velocity model into the traditional joint inversion of P wave RF and surface wave dispersion to
reduce model ambiguity and to obtain of Vs structure, Moho and intracrustal discontinuities, and crustal
Vp/Vs profile simultaneously. The method was implemented using a global search-based algorithm and a
flexible parameterization of a sedimentary layer and spline-based parameterization that can represent sharp
discontinuities. The inclusion of a sedimentary layer is important to fit the beginning part of RFs; an inversion
without it may result in artifacts in both shallow and deep crust. The method works for a variety of crustal
models, including thin/thick sedimentary layer, LVZ/high-velocity zone (HVZ), sharp/gradual Moho, or
fast/slow mantle.

Li et al. (2017) applied the method to a profile in SE TP, where the Vp model was extracted from a 3-D regional
tomographic model. Ye et al. (2017) applied it to a dense profile across the eastern margin of the TP, where
the Vp model was independently derived from an active refraction survey along the same profile.

In this study, we applied the joint inversion with Vp constraints to the profile in NE TP. In the southern part of
the profile, where the active source refraction survey was conducted, we used the independently derived P
wave velocity model, just like in Ye et al. (2017). Two examples of the joint inversion with using real data are
shown in Figure S3 under SGT and CQL, respectively.

In the northern part of the array, no P velocity profile is available. We fixed the averaged Vp/Vs ratios accord-
ing to the averaged values for the different blocks (1.72 to 1.79) of the southern part. Two examples are
shown in Figure S4 under NQL and NCC, respectively. The results with different Vp/Vs ratios vary in minor
details but show general consistent features. We chose the final Vp/Vs values for different blocks of the north-
ern part according to the general Vs characteristics between the northern and the southern blocks, that is,
keeping it the same in CQL (1.72, from the southern part of CQL), using the value of KQT (1.75) for NQL,
and using the value of CQL (1.72) for NCC (Figure S4).

3. Results

The joint inversion results show not only variable crustal properties among the geological blocks but also
considerable consistency within each block (Figure 2). The Moho depth generally decreases from around
60 km in SGT to 50 km in NCC (Figure 2c). A sharp jump of Moho is observed from CQL to NQL (beneath
HF) by as much as 15 km. Crustal LVZs exist in all blocks with decreasing strength from south to north in gen-
eral. The LVZs appear as narrow patches of varying strengths at different depths. LVZs are strongest and
broadest in SGT but much weaker in CQL and NCC. Anomalously high Vp/Vs ratios are observed in the
middle-lower crust in SGT and KQT (Figure 2d), corresponding to LVZs at the same locations (Figure 2c).
Abrupt changes are observed near the major faults, including SQS (middle-lower crust LVZs and mantle velo-
city, Moho), HF (the Moho, mantle velocity), and GF (middle-lower crust LVZ and HVZ, mantle velocity, Moho).
However, some features are continuous across the faults, in particular, the midcrust LVZ across KF and HF and
the lower crust HVZ in KQT-CQL.
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Figure 2. Results of our joint inversion. (a) Topography and geological ele-
ments along the profile. (b) Receiver function (RF) image along the profile.
P-to-S converted phases are marked by gray solid lines. (c) Vs profile from
joint inversions. The southern part is from the joint inversion of RF, disper-
sion, and Vp. The northern part is from the joint inversion of RF, dispersion,
and fixed Vp/Vs ratios (see section 2.2). Prominent low-velocity zones and
the Moho are marked with white dashed lines and crosses, respectively.
(d) Vp/Vs profile from the joint inversion of RF, dispersion, and Vp. The white
dashed lines mark the high Vp/Vs zone. The shading region indicates that
the Vp/Vs is not from the inversion. The uncertainties of (c) and (d) are
shown in Figure S6.

In general, a rapid velocity decrease/increase with depth (LVZ/HVZ)
appears as negative/positive amplitude in the RF. We see clear patches
of negative or positive amplitude in the RF image (Figure 2b) between
2 s and the Moho, corresponding to the LVZs or HVZs in the crust
(Figures 2b and 2c). The Moho discontinuity across HF is also striking in
the RFs with a jump of nearly 2 s. A smaller but clear difference (time shift
of about 0.5 s) is observed at the Moho across GF.

The Vs in the uppermost mantle shows strong variation as well. It is slow
under SGT, NQL, and southern KQT, while fast under NCC, CQL, and
northern KQT. The changes across GF and HF are rather abrupt (see also
discussion below), while the changes across KF and SQS are more gradual.

4, Discussion

4.1. Robustness of Joint Inversion Results

Extensive tests from Li et al. (2017) using synthetic and real data demon-
strate that the method is robust for a variety of crustal and mantle velocity
structures and intracrustal and Moho discontinuities, including the recov-
ery of sedimentary layer, Moho depth, crustal LVZ or HVZ, Vp/Vs variation
with depth, and fast or slow mantle structure. The joint inversion method
uses only the crustal part of P velocity model beneath the station, which is
fixed as an input constraint. Ye et al. (2017) tested the influence of the
uncertainty of the input Vp model (within 0.1 km/s) on the resulting mod-
els of the joint inversion and demonstrated that the main pattern of the
final Vs and Vp/Vs models of the joint inversion is not affected. This is also
clear when we tested joint inversions with different average Vp/Vs values
assumed for the crust (Figure S5). Within a reasonable range of Vp/Vs ratios
(1.72 to 1.79), the resulting Vs profiles show general consistent features
with minor difference in details. We have also estimated uncertainties
of the joint inversion (Figure S6) based on our model search results.
The errors in S velocity and Vp/Vs ratio are within 0.1 and 0.03 km/s,
respectively.

As Vp in the crust is fixed in the joint inversion, any errors in the Vp model
would also be mapped directly to errors in the Vp/Vs ratio, not just affect-
ing its patterns. In P wave refraction profiles, crustal layering of 0.1 km/s

increment can typically be resolved (e.g., Jia et al., 2010; Liu et al.,, 2006; Zhang et al., 2011, 2013); thus, we
may regard 0.1 km/s as vertical resolvability in such a survey. Anomalously high Vp/Vs ratios are observed
in the middle-lower crust in SGT and KQT, which are correlated with Vs LVZs at the same locations
(Figure 2). However, in the Vp profile, there are no strong LVZs in the middle-lower crust. For example, at
the location of stacking point 3 in SGT (Figure S1), where Vs decreases from 3.57 to 3.20 km/s (10.4%) in
midcrust, Vp decreases only slightly from 6.01 to 5.92 km/s (1.5%). In other refraction profiles in NE TP, pock-
ets of LVZs in Vp can be clearly observed in middle-lower crust with Vp decreasing by 0.1 to 0.2 km/s (over the
Vp of about 6.0 km/s, or less than 4% decrease; Jia et al., 2010; Liu et al., 2006; Zhang et al., 2013). Thus, we
believe that the anomalous Vp/Vs ratios come mainly from Vs anomalies.

4.2. Correlation Between Crust and Mantle in Velocity Structure

Figure 2 shows that low/high velocity in the crust generally corresponds to low/high velocity in the mantle.
To quantify the correlation, we calculate the average velocity in the crust (from 4 km below the sedimentary
layer to Moho) and uppermost mantle (top 20 km). The positive correlation between the crustal velocity
variation and that of the uppermost mantle is a common feature in all the blocks of the NE TP (Figure 3).
The average velocities of both the crust and uppermost mantle increase from SGT (lowest) to CQL, decrease
in NQL, and increase again in NCC (highest). The surface topography of CQL is more rugged than that of SGT
and KQT (Figure 2a). The Xining basin in CQL is underlain by basement and mantle lithosphere of fast velo-
cities. Based on these features, we characterize the lithosphere strength of the blocks SGT to NCC from south
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(Figure 2d), are consistent with partial melting (Hacker et al, 2014).
However, the LVZs vary in strength in different blocks. The LVZ distribution
does not correlate with the crustal thickness. The thickness is similar in SGT
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Figure 3. Perturbations of Vs and Vs/Vp. The ratio Vs/Vp is used, instead of ~ and CQL, and a midcrust LVZ cuts across the HF where the Moho has a

the conventional Vp/Vs, to show better correlation with versus the pertur-
bations (relative to the mean of all data points) of Vs in the crust (blue), Vs in
the uppermost mantle (top 20 km; red), and Vs/Vp in the crust (cyan) for each
stacking point (star; Figure 2b), and their averages for each block (line) are
plotted. The crustal values exclude the sedimentary layer. The Vs/Vp values
(dashed lines) for North China Craton, North Qilian, and northern part of
Central Qilian were assumed as section 2.2 described.

jump. The correlation of crustal and uppermost mantle velocities also
suggests that the crust and mantle are coupled as a lithosphere block.
Consistent with geodynamic modeling, the continuous collision and
lithospheric-scale variations play an important role in the formation of
LVZs (Chen & Gerya, 2016). In conclusion, our observations suggest that
the middle-lower crustal channel flow model is unlikely the main mechan-
ism for crustal thickening and plateau growth (Clark & Royden, 2000).

The observations are best explained by a lithospheric-scale deformation mechanism involving both contin-
uous shortening and localized faulting (Figure 4). We propose that the northeastern expansion of the TP in
Neogene (Wang, Flesch, et al., 2008; Yin et al., 2008) is primarily through continuous lithosphere-scale short-
ening (Zhang et al., 2004, 2014), in which the strength of the lithosphere plays a key role in the shortening
process with weaker blocks deforming more easily. However, localized deformations along major faults
(Tapponnier et al., 2001) accommodate part of the India-Eurasian shortening as well as lateral material extru-
sion, which is also likely lithosphere scale as evidenced previously (Chang et al., 2017; Holt, 2000; Ye et al.,
2015; Zhu & Helmberger, 1998) and here by the Moho or near Moho changes across SQS, HF, and GF. The
thickened mantle lithosphere can be delaminated (Bird, 1979) or convectively removed (Molnar et al.,
1993). Our results show patches of fast and slow anomalies in the mantle (Figure 4). The mantle lithosphere
in SGT and southern KQT has probably been removed with traces of delaminated pieces. The mantle litho-
sphere in CQL and northern KQT is currently undergoing delamination with some residual mantle lithosphere
remaining. Much of the mantle lithosphere in NQL has also been removed perhaps together with the base of
the crust, giving rise to the sudden decrease of the Moho depth. The interpretation is consistent with the
rapid uplift of the Qilian block at Miocene-Quaternary from recent high-resolution magnetostratigraphy
and tectonosedimentology (Fang et al.,, 2013). The mantle lithosphere at the southern edge of NCC has also
started to be eroded. Volcanism in NE TP is not common, but there is exposure of young volcanic rocks
(<6 Ma) in the west part of North Qilian Mountains (Xia et al.,, 2011).

The middle-lower crust is highly deformed in SGT-KQT, and the process
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has started at the edge of QL and NCC (Figure 4). The middle-lower crust
LVZs may form as horizontal shear zones from the crust thickening and
intense deformation (Nabelek et al., 2010). However, the excellent correla-
tion between the middle-lower crustal LVZs and the scale of delamination
in the mantle suggest that the elevated temperature and mantle upwel-
ling after the delamination may have played a great or controlling role in
the formation and size of the LVZs (Bird, 1979; Molnar et al., 1993). The
amplitude and scale of the shear zone may indicate the stage of the litho-
sphere deformation and delamination as well as its strength. The large

Figure 4. Interpretative illustration for the proposed deformation mechan-  midcrust LVZ in SGT and KQT reflects its longer history of deformation,

ism in NE Tibet. The color patches outline the lowest velocities in the crust
and highest velocities in the mantle from our joint inversion results. The fault
mechanisms are referred to Taylor and Yin (2009). The main features include
lithosphere blocks (vertical dashed lines with the main fault motions), prominent
crustal shear zones (low-velocity zones), mantle lithosphere (ML) with traces of
residual mantle lithosphere (RML), and delaminated mantle lithosphere.

which may have become ductile enough to flow, resulting in the flatter
surface and Moho topography (Bird, 1991) in SGT. Such flow, however, is
not the driving mechanism of the outward growth of the TP; rather, it is
a consequence of the continuous deformation, and it is localized to the
affected areas. The gradual northward LVZs in QL and NCC and other
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smaller and isolated pockets of LVZs may indicate the initial stage of their formations (Bao et al., 2013).

The model may be broadly applicable to other parts of the plateau as a possible common mechanism for
intracontinental deformation. For example, in a recent joint inversion of Rayleigh dispersions and RFs in NE
TP, Zheng et al. (2016) show similar trends near our profile: thinner crust beneath NQL, generally decreasing
Vp/Vs (or increasing Vs/Vp) from SGT northwards to NCC, and low velocity in SGT, KQT, and NQL and high
velocity in CQL in the uppermost mantle. Shi et al. (2017) reported crustal block-like features in NE margin
of TP from RFs of two dense seismic profiles across the Qilian Mountains. They proposed that the weaker
Qilian orogen is squeezed up by more rigid blocks in the north (NCC block) and the south (Qaidam block)
to cause elevated arch-like Moho. However, consistent with our model, we provide an alternative interpreta-
tion that the shallower Moho is caused by buoyancy from mantle lithosphere delamination. Along Shi et al.’s
West Line, the uppermost mantle is rather slow (see Figure 4c of Bao et al,, 2013). Shi et al.’s East Line is very
close to our profile. The Moho is only elevated in NQL (north of HF), which is consistent with our imaging
result (Figure 2c) and is caused by mantle delamination under NQL according to our interpretation.
However, as Shi et al. has dense station distribution, the Moho change across HF appears continuous; that
is, the offset may not be sharp right at HF as it appears in our study (Figure 2c), but over a short distance.
Nevertheless, the large depth offset between the two blocks across HF is clear in both studies. Elsewhere,
Ye et al. (2017) found a correlation between crust and uppermost mantle velocities along a dense profile
in E. Tibet. Similarly, in SE Tibet, Liu et al. (2014) found correspondence between prominent low-velocity
region in the crust and low-velocity uppermost mantle (interpreted as the transitional crust-mantle). In
western Tibet, Zhang et al. (2014) found that the major tectonic blocks are bounded by faults or shear zones
that cut through the crust to the Moho and that the segmentation of the Tibetan crust is compatible with a
shortening deformation.

5. Conclusions

We applied the joint inversion scheme of RFs and dispersions with P velocity constraints to a dense profile in
NE TP with both active and passive experiments. We obtained high-resolution images of Vs, Vp/Vs, and
discontinuities simultaneously as well as the improved mantle Vs structure. The main features include the
following: crustal LVZs with variable strengths, anomalous Vp/Vs ratios that are correlated with LVZs, large
Moho jump across HF and other abrupt changes near major faults, correlation of crustal and mantle veloci-
ties, and strong mantle lithosphere anomalies.

The distinct features seem to suggest a lithospheric-scale deformation of continuous shortening and loca-
lized faulting, which is affected by the strength of the lithosphere blocks. Comparatively, SGT is weaker
and has experienced stronger deformation, while CQL and NCC are stronger and are in the initial stage of sig-
nificant deformation. The thickened mantle lithosphere from the lithospheric shortening can be delaminated
or convectively removed, which appears most prominently under weaker blocks (SGT, KQT, and NQL). The
middle-lower crust LVZs may form as the result of lithosphere delamination and intense deformation, which
may be able to flow (Clark & Royden, 2000; Klemperer, 2006). However, such flow is not the driving mechan-
ism of the outward growth of the TP; rather, it is a consequence of the continuous deformation. The proposed
model of TP deformation and growth can reconcile the continuous deformation within the blocks observed
by geodetic observations (Zhang et al., 2004) and localized deformation along major faults observed in major
earthquakes and geological mapping (Tapponnier et al., 2001). The model may be applicable to other parts of
the plateau as a possible common mechanism for intracontinental deformation.
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