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SUMMARY
The northeastern (NE) Tibet records and represents the far-field deformation response of
the collision between the Indian and Eurasian plates in the Cenozoic time. Over the past
two decades, studies have revealed the existence of thickened crust in the NE Tibet, but the
thickening mechanism is still in debate. We deployed a passive-source seismic profile with
22 temporary broad-band seismic stations in the NE Tibet to investigate the crustal shear
wave velocity structure in this region. We selected 288 teleseismic events located in the west
Pacific subduction zone near Japan with similar ray path to calculate P-wave receiver functions.
Neighbourhood algorithm method is applied to invert the shear wave velocity beneath stations.
The inversion result shows a low-velocity zone (LVZ) is roughly confined to the Songpan–
Ganzi block and Kunlun mountains and extends to the southern margin of Gonghe basin.
Considering the low P-wave velocity revealed by the wide-angle reflection–refraction seismic
experiment and high ratio of Vp/Vs based on H–κ grid searching of the receiver functions in
this profile, LVZ may be attributed to partial melting induced by temperature change. This
observation appears to be consistent with the crustal ductile deformation in this region derived
from other geophysical investigations.
Key words: Asia; Inverse theory; Crustal imaging; Crustal structure.

1 I N T RO D U C T I O N
Himalayan-Tibetan orogenic belt created by the collision between Indian–Eurasian plates in the Cenozoic has been paid
much attention by many researchers on its tectonic history (e.g.
Yin & Harrison 2000) and uplift deformation mechanism (e.g.
Tapponnier & Molnar 1976; England & Houseman 1989; Royden
et al. 1997). Although the general idea of its geodynamic deformation mechanism has been well accepted, many aspects still continue
to challenge scientists. Regarding to the growth mechanisms of the
Tibetan plateau, there are primarily three end-member models, that
is, the rigid block extrusion, the thin-viscous-sheet continuous deformation model and the crustal channel flow model. Each of them
can explain some geological phenomena but fail on others. The
rigid block model shows materials in the plateau interior extruded
to the east and southeast along the large-scale strike-slip faults,
but fails to explain the distribution of north–south trending rifts in
central plateau and relatively smooth velocity gradients of strain
rate near those major faults observed by Global Positioning System
(GPS) (Zhang et al. 2004). On the contrary, continuous deforma-
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tion cannot interpret the existence of some major faults located in
the boundaries between microblocks and on the edge of Tibetan
Plateau. Although there have been geological and geophysical evidences to some extent supporting crustal channel flow model in the
southeastern plateau (Yao et al., 2008, 2010; Liu et al. 2014), but
still no clear evidence observed in the northeast (Zhang et al. 2011;
Liang et al. 2012; Li et al. 2014a,b; Xu et al. 2014; Shen et al.
2015).
According to geological studies (Meyer et al. 1998; Fang et al.
2007; Gan et al. 2007; Mulch & Chamberlain 2006; Clark et al.
2010), the northeastern (NE) Tibet is still in its young stage in extending northeastwardly and uplifting vertically. Recent GPS measurements (Gan et al. 2007) show that about 10 mm yr−1 of NE–SW
or NNE–SSW horizontal shortening is being accommodated in NE
Tibet. Regional tectonic units (Fig. 1) have been initiated by a largescale orogeny happened about 10 Ma in this section. Ancient Altyn
Tagh fault became active again in the Eocene (Yin & Harrison
2000). Kunlun fault probably began left-lateral faulting at 10 ± 2
Ma (Fu & Awata 2007). Haiyuan fault began to activate in the late
Miocene (Zheng et al. 2006). The initiation of dextral movement of
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Figure 1. Tectonic map of the study region in NE Tibet shown with a red
box in the lower right corner. Seismic experiment is deployed between the
cities of Xining (to the north) and Moba (to the south); the red triangles represent temporary broad-band seismic stations. The green crosses represent
the converted P-to-S piercing points of receiver functions with Gaussian
filter 2.0 at depth of 20, 40, 60, 80 and 100 km. Acronyms for sutures and
faults: YZS, Indus-Zangbo suture; BNS, Bangong-Nujiang suture; JRS, Jinsha suture; AKMS, Animaqing-Kunlun-Muztagh suture; SQS, South Qilian
suture; SKF, South Kunlun fault; NKF, North Kunlun fault; LMF, Longmen
shan fault; ATF, Altyn Tagh fault; MCT, Main Central thrust; MBT, Main
Boundary thrust; HB, Himalaya block; LB, Lhasa block; QB, Qiangtang
block; SB, Songpan–Ganzi block; NB, North China and SB, Sichuan basin.
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low velocities are widely distributed in middle-to-lower crust of the
Songpan–Ganzi block; and these results are interpreted to support
the crustal flow model of Clark & Royden (2000). However, Low
Poisson’s ratios observed by receiver functions indicate the composition of the whole crust is more felsic in the NE Tibet and it may
suggest that upper crust thickening may dominate the north–south
shortening for the persistent collision of the Indian–Eurasian plates
(Vergne et al. 2002; Pan & Niu 2011; Li et al. 2017a). Recently, the
similar low Poisson’s ratios are estimated by H–κ grid searching of
the receiver functions of a dense seismic array with 1317 stations
in the NE Tibet (Wang et al. 2017).
In order to further probe this enigma, we conducted a passivesource seismic experiment in the NE Tibet. This profile has been
already studied using the methods of common conversion point
stacking and H–κ grid searching of receiver functions (Xu et al.
2014), and joint inversion of surface wave dispersions and P-wave
receiver functions to construct a crustal shear wave velocity structure beneath the profile (Deng et al. 2015; Wu et al. 2017). But
the surface wave dispersions used in the joint inversion of Deng
et al. (2015) were derived from a large-scale region with the grid
resolution of 0.5◦ × 0.5◦ (∼55 km). The authors also obtained the
receiver functions from globally available teleseismic events. Due to
varying backazimuths and ray paths of the events, their results are inevitably complicated by the propagating effects and lateral structure
variations in the crust beneath the station. In contrast, we used the
cross-correlation of ambient seismic noise between stations along
the profile to extract surface wave dispersions with higher accuracy,
and particularly we selected the teleseismic events with similar
ray parameters to compute receiver functions. The joint-inversion
method based on linear inversion theory and a damped least-squares
scheme depends strongly on the initial model. Therefore, this paper uses a non-linear inversion method, that is, the Neighbourhood
algorithm (NA), to reduce the dependence on the initial model. It
is well known that the receiver functions are less sensitive to the
absolute value of shear wave velocity than the velocity changes. We
recalculate P-wave receiver functions with several low-pass Gaussian filters with different frequency band, then use NA to invert
crustal shear wave velocity beneath the profile.
2 D ATA A N D M E T H O D

two north–northwest trending, Elasha and Riyue Shan faults, began
in 9 or 10 ± 3 Ma (Yuan et al. 2011). Cenozoic tectonic deformation
in the Jishi Shan, Qilian Shan as well as their adjacent basins occurred near 8 Ma (Zhang et al. 2006). Laji Shan began an episodic
rapid deformation and uplift since about 8 Ma (Fang et al. 2007).
Therefore, the NE Tibet is an ideal experiment field for studying
lateral outgrowth in the surrounding regions of the Tibetan Plateau,
and far-field deformation response as Indian plate constantly moves
northward and persistently collides with the Eurasian plate.
Over the past two decades, previous studies have revealed the
existence of thickened crust in the NE Tibet, but the thickening
mechanism is still in debate. For the active-source seismic surveys,
P and S velocities provided by the wide-angle reflection–refraction
experiment (Galvé et al. 2002) suggest that upper crust thickening
only exist to the north of North Kunlun fault. However, another
seismic refraction experiment (Liu et al. 2006) suggests that thickening happens mainly in the lower crust in the NE Tibet. On the
other hand, the studies of passive-source seismic surveys also show
conflict interpretations. The results of surface wave tomography
based on ambient seismic noise and earthquake data (Yang et al.
2012; Karplus et al. 2013; Li et al. 2014a,b; Wei et al. 2017) show
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The passive-source seismic experiment between Xining and Moba
(Fig. 1) in NE Tibet was conducted from 2010 November to 2011
June. 22 temporary broad-band seismic stations with Reftek-72A
data loggers and Guralp CMG3-ESP sensors with bandwidths of
0.02–30 or 60 s were deployed. Average space interval between
stations is about 10–15 km. Three-component ground movements
are recorded with 40 samples per second at each station.
2.1 Receiver functions
Considering ambiguity arising from propagation effects along different ray paths and anisotropic effects from different azimuths, we
only selected 288 teleseismic events to compute receiver functions.
Rays from these events have similar backazimuths (70◦ –80◦ ) and
similar ray parameters (∼0.078). All these events are located at the
west Pacific subduction zone near Japan (Fig. 2). Time-domain iterative deconvolution (Ligorrı́a & Ammon 1999) is applied to extract
P-wave receiver functions with several different low-pass frequency
Gaussian filters. The filter-width parameter a of Gaussian filter is
1.0, 1.5, 2.0 and 2.5 that respectively corresponds to high cut-off
frequency of 0.5, 0.7, 1.0 and 1.2 Hz. It should be pointed out that
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indicates the receiver functions have similar traveltime for P-to-S
converted phases and allow us to stack them by a simple scheme
to avoid time moveout stemmed from different epicentral distances
between station and teleseismic events. If we use all global events
to compute receiver functions, the differences of time moveout due
to different ray parameters could be relatively large and produce
artificial errors.
A technique called phase-weighted stack (PWS), which is based
on the instantaneous phase and used to weight the samples of an
ordinary, linear stack. It permits detection of coherent arrivals and
mutes incoherent noise signal (Schimmel & Paulssen 1997). First,
an analytic signal S(t) is constructed from the receiver function s(t).
This is done by ascribing the signal s(t) to the real part of the analytic
signal and its Hilbert transform H(s(t)) to the imaginary part of S(t)
as follows:
S (t) = s (t) + i H (s (t)) = A (t) exp [i (t)]

Figure 2. Global map showing the 288 selected teleseismic events (green
circles) used to calculate receiver functions. These events are located roughly
in the same area and have similar epicentral distances (around 35◦ ), backazimuths (70◦ –80◦ ) and ray path. The black triangle indicates the approximate
location of the profile.

S03, S09, S18 and S24 stations have very few or no good quality
receiver functions for the selected teleseismic events (strictly limited in backazimuth and epicentral distance). As shown in Fig. 4(b),
the amplitude of the results of station S15 seems to be abnormal
compared to the others. Similar situation happens for S05 station.
It is worth noting that station S15 and S05 locate in the vicinity
of thrust Animaqing fault and the strike-slip Riyue Shan fault, respectively. The complicated geological conditions near these faults
may result in the abnormal teleseismic recordings. Finally, only the
receiver functions from 16 stations (shown in Fig. 1 with red triangles) are used to constrain the crustal velocity structure beneath
the profile.
As you can see in Fig. 3, P-to-S converted phases are clearly
displayed at time window near 6–8 s in the receiver functions of
station S06. Receiver functions vary with different Gaussian filters
even though they are corresponding to the same crustal structure
beneath the station S06. That reflects the gradually improved structure resolution from low to high frequency. As shown in Fig. 3,
the results for parameter a = 1.0 only show the PmS phase at time
∼7.2 s produced by the Moho, but there are two more converted
phases at time ∼1.7 and ∼3.75 s in the results for parameter a = 2.0
and 2.5. It is generally acknowledged that converted phases before
PmS in a receiver function are probably produced by the velocity
discontinuity within the crust. If we fit these four sets of receiver
functions simultaneously using NA inversion, we should be able to
find a model including both smooth large-scale regional tectonics
and also high-resolution local crustal structure beneath the stations
along the profile.

2.2 Phase-weighted stack
Shown as green crosses in Fig. 1, the PmS piercing points of ray
paths at depth of 20, 40, 60, 80 and 100 km are aligned along the profile. It indicates that the shear wave velocity structure constrained by
these receiver functions is capable of representing crustal structures
beneath the profile. On the other hand, the piercing points of the
rays from all events are almost overlapped for every station, which
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(1)

where A(t) is the envelope of S(t) and (t) is called instantaneous
phase. Secondly, the PWS g(t) for all receiver functions of each
station can be performed by:

v
N
N
1 

1


s j (t) 
exp [ik (t)]
(2)
g (t) =
N

N j=1
k=1
where N is the number of receiver functions used. The phase
stack acts as a filter with a certain sharpness of the transition between phase similarity and dissimilarity, which is controlled by the
power ν. The linear stack is retrieved with ν = 0. In this study, ν is
equal to 1. The PWS is a non-linear stack and involves waveform
distortion. However, coherent signals will not be distorted too much
since the instantaneous phase is presumed to be more or less stationary on the individual traces. The strongest distortions are expected
for incoherent signals.
We apply PWS technique to stack all receiver functions at each
station. Fig. 4(a) shows the comparison between PWS and linear
stack of receiver functions for 16 stations. Subsequent incoherent
signals after converted PmS phase have been suppressed to some
extent without influencing useful coherent signals produced by intercrustal and Moho discontinuities. The advantage of PWS on
high-frequency band is more notable than low-frequency band. In
Fig. 4(b), it is obvious to see that the amplitude of station S15
is much smaller than other stations for all frequency bands. As
mentioned before, the PWS results of 16 stations are used in the
inversion of NA.
2.3 Neighbourhood algorithm
The inversion of receiver function is known to be a non-linear problem, where linearized inversion techniques suffer from a strong
dependence on the initial model. This can be directly dealt with
global minimization algorithm. The latter has been an efficient way
of exploring a dimensionally large model parameter space and well
suited for receiver function modeling with complex crustal structure. NA was developed by Sambridge (1999a,b) and has been used
in different kinds of geophysical inversions (Sherrington & George
2004; Bannister et al. 2004; Hetényi et al. 2006; Snoke & Sambridge
2002). In the process, it self-adaptively produces some sample models from a multidimensional model parameter space with its sizes
known. Then, synthetic receiver functions are calculated for each
of these models, and cross-correlation between synthetics and observed data. Smaller regions of model parameter space containing
low misfit models are searched iteratively in more detail to find a
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Figure 3. Four groups of receiver functions with different Gaussian parameters calculated by time-domain iterative deconvolution at station S06.

group ensemble of best-fitting models, rather than seeking a single
optimal model.
Because the survey region includes Cenozoic intramontane
basins such as Gonghe and Guide basins in Kunlun block and Xining
basin in Qilian block, and Triassic turbidite sediments with thickness over 10 km in Songpan–Ganzi block (Enkelmann et al. 2007),
the model parameter space used in the NA inversion includes a sedimentary layer and is shown in Table 1. The crustal structure of study
region is parametrized using 24 parameters; four parameters representing the minimum and maximum values of S-wave velocities at
the top and bottom of each layer, the layer thickness, and the ratio
of Vp and Vs are assigned to describe the property of each of the six
layers. The two shear wave velocities in each layer allow definition
of a velocity gradient for that layer, which allows representation of
a large number of potential velocity–depth distributions. Layers are
assumed to be isotropic and flat, which means that structure beneath
each seismic station is 1-D. In this study, velocity gradient is fixed
in each layer which means velocity linearly increases with depth
within the layer.
The NA requires only two user-defined parameters, nr and ns ,
to guide the search. As nr and ns are increased, it will be more
explorative and as they are decreased it will be more exploitative. In
each iteration, ns samples are randomly generated from within the
best nr Voronoi cells by performing a uniform random walk which
relaxes to a spatially uniform distribution within each cell. In a
multidimensional model parameter space, as the number of samples
increases, the space begins to saturate and the average number of
natural neighbours tends to a constant (Sambridge 1998). Namely,
for the algorithm to perform well, the initial sample size in the
model parameter space should be big enough to achieve saturation
of the Voronoi cells. In this study, nr and ns parameters are given
after a number of trials. The inversion starts with 600 samples
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from model space. In each iteration, resamples 200 models from 20
chosen models with the lowest misfit of all models generated so far
(Sambridge 1999a,b). For each station, the inversion involves 500
iterations, generating 100 600 velocity models. The final result is
represented by the mean value of an ensemble of 1000 best-fitting
models. The synthetic receiver function based on the best-fitting
model is calculated and compared with the observed data.

3 I N V E R S I O N R E S U LT S
The inversion result of NA method provides not only the shear wave
velocity structure, but also the Vp/Vs ratio in the crust beneath the
station. In order to evaluate the stability of the inversion result along
the profile, first, receiver functions with different Gaussian parameters for each station are inverted individually. Then, all receiver
functions with different Gaussian parameters for each station are
inverted together using NA method.

3.1 Inverted models and synthetics
Based on abovementioned model parameter space and inversion
parameters, the NA method is applied to obtain the crustal velocity structure along the profile. In the first step, receiver functions
with Gaussian parameter α = 1.0, 1.5, 2.0 and 2.5 for each station are inverted individually. In Fig. 5, four inversion results of
station S16 are shown in the upper panels from left to right (Figs
5a–d), respectively. The corresponding observed and synthetic receiver functions are shown in the lower panel. The synthetics are
based on the best-fitting model shown as red lines in the upper
panel. For each frequency band (Gaussian filter), the figure contains defined model space (between two solid black lines), all gen-
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Figure 4. (a) The comparison between linear stacked (black line) and phase-weighted stacked (red line) receiver functions of 16 seismic stations. (b)
Phase-weighted stacked receiver functions for 16 stations, and the yellow lines are the results of station S15, whose amplitude is much less than others.

erated models (grey lines), the best-fitting model (red line) and the
average (blue line) of 1000 best-fitting models (shown in colour
bar). As you can see, the model parameter space is almost completely covered by all generated models in the inversion process,
while 1000 best-fitting models are confined in a narrow band. As
shown in Fig. 5, although absolute shear wave velocity values base
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on receiver functions with different filters, a stable character still
emerges from the inversion results. A low-velocity zone (LVZ) exists constantly in the middle-to-lower crust beneath the station S16.
The depth of LVZ in the model with Gaussian parameter α = 1.0 is
shallower than that of the other three results. The reason is attributed
to the lower resolution resulted from the lower frequency, and vice

Inversion of receiver functions
Table 1. Parameter bound used in the NA inversion. Numbers in brackets
are indices.
Layer

Thickness
(km)

Upper Vs
(km s−1 )

Lower Vs
(km s−1 )

Vp/Vs

Sediment
Basement
Upper crust
Middle crust
Lower crust
Mantle

0–3 (1)
2–5 (2)
5–20 (3)
5–20 (4)
10–25 (5)
5–30 (6)

1.5–3.0 (7)
1.7–3.2 (8)
2.0–3.5 (9)
2.5–4.0 (10)
3.0–4.5 (11)
3.2–5.0 (12)

1.5–3.0 (13)
1.7–3.2 (14)
2.4–4.0 (15)
2.8–4.5 (16)
3.0–4.5 (17)
4.0–5.0 (18)

2.0–3.0 (19)
1.65–2.0 (20)
1.65–2.0 (21)
1.7–2.0 (22)
1.7–2.0 (23)
1.7–2.0 (24)

versa. Additionally, the NA inversion also provides the Vp/Vs ratio in the crust (cyan lines in Figs 5a–d). Both its absolute value
and change trend of Vp/Vs are less well controlled than the shear
wave velocities, although relatively high Vp/Vs values are correlated
with LVZs.
In order to further evaluate the stability of the inversion result
along the profile, we also fit four groups of receiver functions for
each station simultaneously in the NA inversion. Two examples have
been shown in Fig. 6. The upper left panel is the inversion result of
station S12; the corresponding synthetic and observed waveforms
are shown below. The right-hand panels are for station S19. As you
can see, a LVZ exists in the middle-to-lower crust beneath the station
S19, while the waveforms also contain one negative phase between
the direct P wave and converted PmS phase. In contrast, the inversion
result of station S12 has no obvious similar character. It should be
noted that both stations S16 and S19 locate in the Songpan–Ganzi
block. Their inversion results indicate that a low shear wave velocity
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zone possibly exists in the middle-to-lower crust in that block. The
rest of inversion results of 14 stations are shown in Fig. 7. Their
corresponding waveforms are shown in Fig. 8. According to the
traveltime of PmS phase based on these waveforms, it is known
that the Moho depth is shallower from south to north along the
profile.

3.2 2-D image of crustal velocity structure
2-D crustal shear wave velocity beneath the profile is shown in
Figs 9 and 10(c). In Fig. 9, the inversion results of receiver functions with increasing frequency bands are shown from top to
bottom. Although there are some local differences among four
inversion results, a stable LVZ undoubtedly emerges in middleto-lower crust beneath the Songpan–Ganzi block, if only considering the velocity changes without regard of the absolute velocity
value. The top 2-D image is the crustal velocity structure corresponding to the Gaussian parameter α = 1.0. It displays an LVZ
in the shallower depth and relatively smooth horizontal change
due to the low resolution corresponding to the low frequency
band.
The inversion results derived from fitting all four receiver functions with different frequency bands for each station is displayed
in Fig. 10(c). Similarly, a prominent LVZ stands out in the middleto-lower crust beneath the Songpan–Ganzi block and northwards to
the southern margin of Gonghe basin. The white crosses represent
averaged crustal thickness beneath seismic stations based on H–κ
grid searching of the receiver functions (Xu et al. 2014).

S16
(a)

(b)

(c)

LVZ

Misfit 0.061

time ( sec )

(d)

LVZ

LVZ

Misfit

0.038

time ( sec )

Misfit 0.15

time ( sec )

LVZ

isfit 0. 515

time ( sec )

Figure 5. At station S16, results from receiver functions with different Gaussian parameter α = 1.0, 1.5, 2.0 and 2.5 are shown in the upper panels from left
to right (a)–(d), respectively; below each of the four panel is the corresponding observed (black line) and synthetic (red line) receiver functions, while misfit
value (blue) is also shown. The synthetics are based on the best-fitting model shown as the red line in the parameter space. Each panel on top contains defined
model space (between two solid black lines), all generated models (grey lines), the best-fitting model (red line) and the average (blue line) of 1000 best-fitting
models (shown in colour bar). The Vp/Vs ratio also is shown in cyan line corresponding to the best-fitting model.
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0.0

Figure 6. The comprehensive inversion results of NA method at station S12 (left) and S19 (right). See Fig. 5 for description. The lower panels show
comparison between synthetics (red line) and observed (black line) receiver functions derived from four low-pass frequency Gaussian filters. The synthetics
also are calculated based on the best-fitting model.

4 DISCUSSION

direct P wave, which may be produced by the crystalized basement
beneath the thickened sediments.

4.1 Low velocity zone near the surface
On account of complex tectonic settings in NE Tibet including a
series of thrust and strike-slip faults, low shear wave velocity on the
near surface at depth of 2–4 km shown in Fig. 10(c) may be attributed
to tectonic destruction and unconsolidated sediments filled in the
Cenozoic intramontane basins, such as Gonghe and Guide basins.
The thickness of LVZ beneath Mado-Gande fault on the southern
segment of the profile reaches about 10–15 km. This is probably
influenced by the Middle to Late Triassic Songpan–Ganzi complex
sediments with an estimated stratigraphic thickness of 10 km and
locally reaching 15 km (Weislogel 2008). Meanwhile, the observed
receiver functions of station S23 near Mado-Gande fault also show
an obvious P-to-S converted phase at time ∼2.6 s after the arrival of

Downloaded from https://academic.oup.com/gji/article-abstract/212/3/1920/4710301
by guest
on 17 January 2018

4.2 Low velocity zone in middle-to-lower crust
Variation of shear wave velocities along the profile is mostly prominent in the middle-to-lower crust. In the Songpan–Ganzi block,
low shear wave velocity zone (LVZ) emerges at the depth of ∼30–
50 km; The LVZ extends further north to the southern margin of
the Gonghe basin. Two previous joint-inversion results based on
surface wave dispersions and receiver functions (Deng et al. 2015;
Wu et al. 2017) also found the existing LVZ in the crust beneath
Songpan–Ganzi block. Due to different methods and data set used,
the depth ranges of the LVZ obtained from this study and the other
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S2 3

Figure 7. Similar with Fig. 5(a), but for comprehensive inversion results for the rest of 14 seismic stations.

two previous studies may be different, but they are generally in the
depth of middle-to-lower crust.
The existences of LVZ in the NE Tibet have been reported in many
studies, but distribution ranges are still controversial. The results of
this study show that the LVZ is roughly confined to the Songpan–
Ganzi block and Kunlun mountains and the southern margin of
Gonghe basin. The observations from surface wave tomography already show prominent LVZ in middle-to-lower crust beneath the
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Songpan–Ganzi block and the western part of Qilian block (Yang
et al. 2012; Li et al. 2014a,b). In contrast, there is no obvious LVZ
existing in the crust of Qaidam basin and Kunlun block. More complex behaviour of crustal deformation along the North Kunlun fault
is depicted by Jiang et al. (2014). They constructed a 3-D crustal
shear wave velocity model and found that the lateral distribution
of LVZs exhibits significant west–east variations along this fault.
In the west of 98◦ E, LVZs are confined to regions of the North
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Figure 8. The comparison between the synthetics based on the best-fitting velocity model and the observations. The red lines represent synthetics and black
lines represent observations. The left words represent the station name, respectively.

Kunlun fault and the eastern Ranges, while in the east of 98◦ E,
LVZs extend and penetrate northward into the east Kunlun and Qinling Orogen over ∼100 km across the North Kunlun fault. Similar
phenomenon is revealed by the recent study of teleseismic Rayleigh
wave tomography in the NE Tibet. The researcher points out not
only low velocities are characteristic in middle-to-lower crust of the
Songpan–Ganzi block and West Qinling Orogen, but also the uppermost mantle of the Songpan–Ganzi block and the West Qinling
Orogen is also characterized by an LVZ (Wei et al. 2017).

4.3 Low velocity zone beneath the Songpan–Ganzi block
Generally speaking, three factors may attribute to the low velocities
in Tibetan crust: high temperature, the appearance of fluid or partial
melting and strong radial anisotropy. In fact, the mechanism that
causes LVZ in middle-to-lower crust beneath the Songpan–Ganzi
block has been in hot debate in many studies. Fig. 10 shows two
P-wave velocity–depth profiles (Fig. 10a) located in the vicinity of
Mado-Gande fault and North Kunlun fault, average crustal Vp/Vs
ratio (Fig. 10b) and the comprehensive inversion result (Fig. 10c)
in this study. The P-wave velocity structure is provided by wideangle reflection–refraction seismic experiment (Zhang et al. 2011)
along a very similar profile. The average Vp/Vs ratio in the crust is
provided by H–κ grid searching of receiver functions in this profile
(Xu et al. 2014). Fig. 10(a) shows the P-wave velocity gradient
(curves A and B) agrees well with that of the average continental
crust (curve E), but the absolute value is lower by 0.5 km s−1 than
the continental average. Consindering the Songpan–Ganzi block is
covered by ∼10 km of Triassic flysch, and therefore moving the
curves A and B up by 10 km, the deviation from typical crust is till
c. 0.25 km s−1 . These P-wave crustal velocity values may suggest
that the crust of Songpan–Ganzi block is more felsic than normal,
or the crustal temperature beneath the southern segment of the
profile is 500 ◦ C above typical continental geotherms (Christensen
1979). The former assumption requires low crustal Vp/Vs ratio and
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it may be inconsistent with the prominent low shear wave velocity
displayed in the inversion results. So, the latter assumption seems
to be more reasonable to explain both the low S velocities and high
crustal Vp/Vs ratios (Xu et al. 2014). The LVZ in middle-to-lower
crust beneath the Songpan–Ganzi block may be attributed to the
partial melting induced by high temperature.
GPS measurements of the strain-rate field (Zhang et al. 2004)
have revealed material is moving northward in the western Tibet
and progressivley to the northeastward in central Tibet and generally eastwards in the NE Tibet. In particular, the strain rate becomes
larger and point southeastwards in the SE Tibet. Geophysical studies using different investigation methods have found high electrical
conductivity, high temperature and low seismic velocity zone in the
middle-to-lower crust beneath the northern and eastern plateau (e.g.
Yao et al. 2008; Zheng et al. 2010; Li et al. 2014a). Combining with
surface topography in the surroundings of Tibet, the channel flow
model is proposed by Clark & Royden (2000) and suggests that
influx of crustal material from the central plateau through ductile
channel flow in the deep crust. Recent study based on the joint
inversion of surface wave dispersions and receiver functions implemented by Liu et al. (2014) suggests that both local crustal flow
and deep faults in SE Tibet play roles in accommodating the eastward extension of the Tibetan Plateau. In the NE Tibet, particularly
Songpan–Ganzi block, LVZ observed in middle-to-lower crust correlates with other anomalous obervations, such as low Pn velocity,
high Q attenuation, low surface wave velocity zone, strong shear
wave anisotropy (Liang & Song 2006; Kind & Yuan 2010; Yang
et al. 2012; Zhao et al. 2013; Li et al. 2014a,b). High electrical
conductivity may indicate the appearance of fluid or partial melting
(Unsworth et al. 2004; Pape et al. 2012). The recent study based
on the inversion of surface wave dispersions also reveals an obvious middle-crustal LVZ and low velocity anomaly in the upper
mantle beneath the Songpan–Ganzi block. The authors suggest that
the middle-crustal LVZ is attributed to the presense of partial melting (Li et al. 2017b). In the neighbouring Qiangtang block, recent
studies report that low velocities in middle-to-lower crust may be
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Figure 9. The top shows the surface topography, locations of 16 seismic stations and most of thrust and strike-slip faults in this profile. Gonghe and Guide
basins are also shown. 2-D images of crustal shear wave velocity derived from different Gaussian parameters along the profile are shown as (Figs 9a–d). The
Gaussian parameter α for (a)–(d) are equal to 1.0, 1.5, 2.0 and 2.0, respectively. The white crosses represent averaged crustal thickness beneath seismic stations
based on the H–κ grid searching. Although there are some local differences between each other, an LVZ emerges undoubtedly in the middle-to-lower crust
beneath the Songpan–Ganzi block, if only considering the velocity changes without regard of the absolute velocity value.

caused by partial melting and radial anisotropy of mica-bearing
rocks with a subhorizontal diping foliation (Hacker et al. 2014). In
the Tibet, whatever mechanisms play a more important role in the
formation of middle-to-lower crustal low velocities, the LVZ should
have a great significance for investigating its dynamic evolution and
laterally outgrowth mechanism.
5 C O N C LU S I O N S
Low shear wave velocity zone is found in the middle-to-lower crust
of Songpan–Ganzi block beneath the profile. But it is roughly confined in the range of Kunlun mountains, and the southern margin of
Gonghe basin. The crust of Songpan–Ganzi block also shows low
P-wave velocities and high Vp/Vs ratio. These observations suggest that the LVZ may be attributed to partial melting induced by
high temperatue. This LVZ correlates with other anomalous ober-
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vations in this region, such as low Pn velocity, high Q attenuation,
low surface wave velocity zone, high electrical conductivity and
strong shear wave anisotropy. The middle-to-lower LVZ beneath
the Songpan–Ganzi block is similar to the LVZs observed beneath
other parts of plateau, such as eastern, central and southeastern
Tibetan Plateau. In the Tibet, whatever mechanisms play a more
important role in the formation of middle-to-lower crustal low velocities, the LVZ should have a great significance for investigating
its dynamic evolution and laterally outgrowth mechanism.
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Figure 10. (a) Two P-wave velocity–depth profiles A and B located in the vicinity of Mado-Gande fault and North Kunlun fault, respectivly, provided by the
wide-angle reflection and refraction seismic experiment (Zhang et al. 2011). (b) The average ratio of Vp/Vs in the crust provided by the H–κ method (Xu et al.
2014). (c) The crustal shear wave velocity structure along the profile derived from the comprehensive inversion results by simutaneously fitting four groups of
receiver functions in the NA inversion for each station. The white crosses represent averaged crustal thickness beneath seismic stations based on the H–κ grid
searching. The top shows the surface topography, locations of 16 seismic stations, and most of thrust and strike-slip faults in this profile. Gonghe and Guide
basins are also shown.
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