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S U M M A R Y
Tengchong volcanic field (TVF) in the northern Indochina block lies in a critical area for
understanding complex regional dynamics associated with continent–continent convergence
between the Indian and Eurasian plates, including northeastward compression generated by
subduction of the Indian Plate beneath the Burma Arc, and southeastward lateral extrusion of
the crust from below central Tibet. We gathered 3408 pairs of P receiver functions with different
frequencies and calculated the splitting parameters of the Moho-converted Pms phase. An
anisotropic H-κ stacking algorithm was used to determine crustal thickness and Vp/Vs ratios.
We also inverted for the detailed S-velocity structure of the crust and upper mantle using a two-
step inversion technique. Finally, we mapped the topography of the lithosphere–asthenosphere
boundary. Results show fast-wave polarization directions with a dominant NE–SW orientation
and delay times varying between 0.19 and 1.22 s, with a mean of 0.48 ± 0.07 s. The crustal
Vp/Vs ratio varies from 1.68 to 1.90 and shows a maximum value below the central part of the
TVF, where there is relatively thin crust (∼35–39 km) and a pronounced low-velocity anomaly
in the middle–lower crust. The depth of the lithosphere–asthenosphere boundary ranges from
53 to 85 km: it is relatively deep (∼70–85 km) in the vicinity of the TVF and relatively shallow
in the south of the study area. In the absence of low shear wave velocity in the upper mantle
below the TVF, we propose that the low-velocity anomaly in the lower crust beneath the TVF
derives from the upper mantle below the neighbouring Baoshan block.

Key words: Crustal imaging; Seismic anisotropy; Dynamics of lithosphere and mantle;
Kinematics of crustal and mantle deformation; Magma migration and fragmentation.

1 I N T RO D U C T I O N

Convergence between India and Eurasia since ∼45 Ma has led to
southeastward extrusion of the lithosphere from central Tibet to-
wards South China and Indochina (Royden et al. 2008). GPS mea-
surements (Zhang et al. 2004) indicate that the crust is undergoing
clockwise rotation around the East Himalayan Syntax (EHS) along
the southeastern margin of Tibet. Tengchong volcano is located
in the northern Indochina block, in southeastern margin of Tibet
and near the border between China and Burma (Fig. 1a). The last
eruption of the volcano occurred in 1609 (Jiang 1998), but numer-
ous surface geological features, such as active hot springs, indicate
that the volcano still has potential for future eruptions (Wang et al.
2007). To the west of the Tengchong volcanic field (TVF), seismic-
ity beneath the Indo-Burmese confluence reveals a Wadati–Benioff
zone that dips eastwards (Ni et al. 1989), which implies the pres-
ence of subducted Indian lithosphere. The TVF (24◦40′–25◦30′N,
98◦15′–98◦45′E) is regarded as a transition zone that is subject to

northeastward compression generated by subduction of the Indian
Plate below the Himalayas, and clockwise rotation around the EHS
(Wang & Burchfiel 1997; Zhang et al. 2004).

In the last decades, various studies of the TVF have contributed
to an understanding of its formation (e.g. Wang & Huangfu 2004;
Wang et al. 2007; Lei et al. 2009). However, because of the sparse
distribution of seismic stations and/or the limitations of analyti-
cal methods, as well as insufficient coverage from seismic rays,
the origin of the TVF remains a subject of debate. Tomographic
images based on local and teleseismic data have revealed that an
extensive low-velocity volume east of the TVF extends from the
subsurface to 200–300 km depth (Li et al. 2008; Lei et al. 2009;
Huang et al. 2015). Some studies have argued that dehydration of
the deeply subducted Indian slab induces mantle upwelling from
the mantle transition zone (MTZ; Lei et al. 2009). Other models
have proposed that tearing of the subducted Indian lithospheric slab,
occurring at depths of <400 km, may have triggered an upwelling
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Lithospheric dynamics in the vicinity of the TVF 1327

Figure 1. Tectonic setting and locations of the seismic events used in this study shown on a worldwide map. (a) Locations of Tengchong volcanic cones (red
stars), major faults (solid lines) and regional faults (dashed lines) in the northern Indochina block. Inverted triangles indicate the locations of permanent seismic
stations (three-letter codes) or temporary stations (five-digit numbers). Symbols: F1, Nujiang Fault; F2, Wanding Fault; F3, Lancangjiang Fault; F4, Tengchong
Rift; F5, Yinjiang Fault; F6, Longling-Ruili Fault; F7, Nantinghe Fault; F8, Baoshan-Shidian Fault. The red line labelled A-A’ marks the location of the vertical
seismic velocity cross-section presented in Fig. 10. The inset in the upper-left corner shows the main tectonic blocks separated by major faults (solid lines) and
includes a red-bordered rectangle that delimits the study area. The abbreviation SYDSB means Sichuan–Yunnan diamond-shaped block. Red arrows indicate
GPS vectors (not drawn to scale) representing the stress regime at the surface. (b) Earthquakes at epicentral distances of 30◦–95◦ on a worldwide map (small
circles) used to isolate PRFs. (c) Earthquakes at epicentral distances of 60◦–165◦ on a worldwide map (small circles) used to isolate SRFs.

stream of hot material that feeds the TVF (Zhang et al. 2017). How-
ever, geochronological studies suggest that possible tearing of the
subducted Indian Plate during the Eocene is inconsistent with Ceno-
zoic eruptions in the TVF (Xu et al. 2008). Receiver-function anal-
ysis has revealed a significantly depressed discontinuity at 410 km
depth and a thickened MTZ below the Tengchong area (Zhang et al.
2017; Xu et al. 2018). This may indicate the presence of fluids in the
MTZ (Helffrich 2000), and supports the hypothesis that the TVF
originates in the MTZ or from the 410 km discontinuity (Xu et al.
2018).

In addition to the uncertainty regarding the deep origin of the
TVF, low resistivity (Ye et al. 2018), high heat flow (Hu et al. 2000)
and the presence of numerous hot springs with temperatures above
90◦ C (Jiang 1998), suggest the existence of magma chambers
and hot materials within the crust. However, surficial geological
features cannot provide direct constraints on deformation in the
middle to lower crust. On the basis of deep seismic reflection studies
performed in the Tengchong area, Wang & Huangfu (2004) reported
a low-velocity anomaly in the upper crust that they interpreted as
partial melt. However, they were unable to determine where the
magmas originated, although they speculated that the volcanoes in
Tengchong could be classified as plate-boundary volcanoes. Joint
inversion of receiver functions and Rayleigh-wave dispersion (Bao

et al. 2015; Li et al. 2016) have revealed a small low-velocity
anomaly in the upper crust above 20 km depth, whereas the lower
crust and uppermost mantle are characterized by relatively high
velocities in the Tengchong area. Most of these previous studies
focused on lower-crustal flow originating below central Tibet, rather
than the origins of the TVF.

Petrological studies have suggested that there may be three
magma chambers underlying the TVF (Zhao et al. 2006), whereas
P receiver functions (PRFs) recorded by the Tengchong seismic
array (a small array consisting of nine stations) indicate only two
magma chambers (Yang et al. 2013). This discrepancy could be
attributed either to the data set or to the non-uniqueness of the data
inversion scheme. It is difficult to obtain high-resolution images
of crustal structure in this area because there are so few seismic
stations deployed near the Indo-Burmese confluence, and most of
these stations are located to the east of the TVF.

To provide insights into the origins of the TVF, this work aims
to improve our understanding of lithospheric structure in the Teng-
chong area. P receiver functions are a commonly used tool for ex-
ploring the crust and upper mantle. To study the TVF in detail, we
first investigate patterns of crustal anisotropy using Moho-converted
Pms-wave splitting analysis. We then apply the anisotropic H-κ
stacking algorithm (Wen et al. 2019) to obtain the crustal thickness
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and Vp/Vs ratio. To take full advantage of the information provided
by PRFs to map Vs and explore the lithosphere, we then use a
two-step inversion technique to fit high- and low-frequency PRFs
separately (Peng et al. 2017, 2019) and apply the bootstrap resam-
pling technique to estimate uncertainties in the statistical solutions
(Efron & Tibshirani 1991).

2 G E O L O G I C A L S E T T I N G

As shown in a simplified geological map (Fig. 1a), the N–S trending
Nujiang Fault and the NE–SW trending Wanding Fault subdivide
the study area into two different tectonic blocks: the Tengchong
and Baoshan blocks. The western boundary of the Tengchong block
lies above the subduction zone where the Indian Plate is subducted
beneath Burma. The major structural feature in this area is the
Sagaing Fault (Wang & Burchfiel 1997; Wang et al. 2008). The
Tengchong block is composed mainly of middle Proterozoic high-
grade metamorphic rocks (Wang & Burchfiel 1997). The TVF lies
within an N–S oriented rift (Fig. 1a), and comprises a total of 68
volcanoes and 145 hot springs. Twenty-five of the 68 volcanoes
have a distinct geomorphic expression (Jiang 1998).

The Tengchong block experienced a complex geological evolu-
tion during the middle and late Cenozoic, and its modern tectonic
framework was developed mainly by dextral shearing and clock-
wise rotation (Wang & Burchfiel 1997; Wang et al. 2008). Two sys-
tems of relatively young and potentially active faults dominate this
block. One is NNW- to N-trending normal faults with right-lateral
components of slip. The clearest example of this fault system is
the Tengchong Rift, which extends along the central part of the
block. The boundaries of this rift are defined by well-developed
normal faults that form steep topographic and are associated with
hot springs (Wang & Burchfiel 1997). Lava flows surround sev-
eral volcanic cones and craters inside or along the edges of the rift
(Wang & Burchfiel 1997). The volcanic centres are subparallel to
the N–S orientation of the rift (Fig. 1a). The second relatively young
fault system includes a series of NE-trending normal faults with a
left-lateral component of slip that cross the southern part of the
Tengchong block. The largest fault in this system is the Yinjiang
Fault (Wang & Burchfiel 1997; Wang et al. 2007, 2008). These
NE-trending faults are smaller and younger than the N–S-oriented
structures (Wang et al. 2008). In the Tengchong block, the Yinjiang
Fault (F5 in Fig. 1a) marks the southern end of the Tengchong Rift,
whereas the Longling-Ruili Fault (F6 in Fig. 1a) forms the southern
boundary of the block (Wang & Burchfiel 1997; Wang et al. 2008).
The NE-trending faults dip mostly to the northwest and define the
margins of elongate basins located in their hanging walls. Geologi-
cal observations suggest that normal and left-lateral displacements
along NE-trending faults were broadly contemporaneous with nor-
mal displacements along the N–S trending faults (Wang & Burchfiel
1997; Wang et al. 2008). This faulting pattern suggests that overall
E–W extension involved lateral shearing and clockwise rotation of
the crust (Wang & Burchfiel 1997).

The Baoshan tectonic block lies between the Nujiang and Lan-
cangjiang faults (faults F1 and F3, respectively, in Fig. 1a). The
bounding structures of this block are a high-grade mylonitic meta-
morphic belt to the northeast, and locally mylonitic faults associated
with granite plutons to the east (Wang & Burchfiel 1997). The tec-
tonic setting of the block is highly complex owing to numerous
faults that displace fold and thrust belts to form an intricate mosaic
of structures. Nevertheless, the Eocene–Oligocene strata have an
arcuate, convex northeastward geometry in the central part of the

block. This suggests that the tectonic block experienced shorten-
ing before or during the Eocene–Oligocene, probably associated
with strike-slip movement along the Nujiang Fault System (Wang
& Burchfiel 1997; Wang et al. 2008).

3 DATA A C Q U I S I T I O N

We used seismic data recorded by 26 temporary broad-band seismic
stations deployed as part of the ChinArray program (Ding & Wu
2013) during the period from 2011 September to 2014 January, and
six permanent broad-band stations (bas, lus, mzt, rst, tec and wad)
that have been deployed in the study area since 2000 (Fig. 1a). The
seismic stations were equipped with CMG-40T or CMG-3ESPC
seismometers (Cai et al. 2016) and installed with an average spacing
of ∼35 km. We selected 187 earthquakes with a magnitude Ms ≥ 5.8
at epicentral distances of 30◦ to 95◦ (Fig. 1b), and used the time-
domain iterative deconvolution method (Ligorrı́a & Ammon 1999)
to isolate PRFs from the P-wave coda generated at seismic discon-
tinuities. To reduce the amplification of high-frequency content, we
used a Gaussian low-pass filter whose bandwidth is controlled by
the Gaussian parameter α (Langston 1979). To implement the two-
step inversion procedure, we sequentially calculated low-frequency
(α = 1.0) and high-frequency (α = 2.5) PRFs for each teleseismic
event. After checking each waveform to ensure data quality, we ac-
quired 3408 pairs of PRFs, and used 2028 pairs to invert for the Vs
structure of the lithosphere.

Additionally, we selected 114 earthquakes with Ms ≥ 6.8 oc-
curred after 2010 at epicentral distances of 65◦ to 165◦ (Fig. 1c).
These earthquakes were used to obtain S receiver functions (SRFs)
at four permanent stations (bas, lus, tec and wad) to verify the depth
of the lithosphere–asthenosphere boundary (LAB) previously ob-
tained from PRFs.

4 M E T H O D S

4.1 Pms splitting

When a converted P-to-S wave travels through an anisotropic layer,
it will split into two perpendicular shear waves with different veloc-
ities. There are two parameters of interest: the delay time between
the faster and slower split waves (δt), which depends on the strength
and thickness of the anisotropic layer, and the fast-wave polarization
direction (ϕ). Given a single anisotropic layer with a horizontal axis
of symmetry, the arrival time of the P-to-S phase for a subvertical
incident P-wave at the Moho (Ps or Pms) varies systematically with
the backazimuth of the incident ray, and can be expressed as follows
(Rümpker et al. 2014):

tPs = t0 + �t = t0 − δt

2
cos[2(θ − ϕ)], (1)

where t0 is the Ps or Pms arrival time in the isotropic case, δt
and ϕ are the splitting parameters defined above, and θ is the
backazimuth of the incident ray measured clockwise from north.
This equation indicates that the anisotropy obeys a characteristic
degree-2 (180◦ periodic) backazimuth pattern in traveltime. This
periodicity is a diagnostic tool for anisotropy.

Given t0, as well as δt and ϕ, we can compute the misfit function
as follows:

S(δt, ϕ) =
N∑

i=1

(t (i)
Ps (δt, ϕ) − t (i)

Obs)
2. (2)

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/224/2/1326/5942869 by U

niversidad de Zaragoza user on 02 M
arch 2021



Lithospheric dynamics in the vicinity of the TVF 1329

This equation expresses the difference between the observed
(t (i)

Obs) and predicted (t (i)
Ps ) arrival times of the Pms phase in the ith

PRF waveform. Here, N is the total number of PRFs. When S(δt,ϕ)
reaches the minimum value on the solution surface, the values of
δt and ϕ become the optimal splitting parameters. Uncertainties af-
fecting the splitting parameters can be estimated from the flatness
of S(δt,ϕ) at the minimum, as described by Zhu & Kanamori (2000).

4.2 Anisotropic H-κ stacking

In an isotropic layered medium, the H-κ stacking technique can be
applied to estimate the average crustal thickness H and the Vp/Vs
ratio (Zhu & Kanamori 2000). In an anisotropic crust, the P-to-S
phase is divided into fast and slow waves, which in turn can be
divided once more when they reverberate at the Moho, meaning
that PRFs can contain more fast and slow phases. A P-to-S phase
with one S-wave leg means that the fast Pms-wave advances by a
time δt/2 with respect to the shear wave in the isotropic medium,
while the slow Pms-wave delays by δt/2, and so on.

Recently, Wen et al. (2019) extended the classical H-κ stacking
approach (Zhu & Kanamori 2000) to include an anisotropic crust
and reverberations with only two S-wave legs, because other re-
verberations are too weak to be resolved. According to Wen et al.
(2019), for given values of H and Vp/Vs, the stacked amplitude
of the S phase at the predicted arrival time can be expressed as
follows:

S(H, k) = w1

[
s

(
tPs − tP − δt

2

)
cos2(θ − ϕ)

+ s

(
tPs − tP + δt

2

)
sin2(θ − ϕ)

]

+w2

[
s

(
tPpPs − tP − δt

2

)
cos2(θ − ϕ)

+ s

(
tPpPs − tP + δt

2

)
sin2(θ − ϕ)

]

−w3

[
s(tPpSs+PsPs − tP − δt)cos2(θ − ϕ)

+ s(tPpSs+PsPs − tP + δt)sin2(θ − ϕ)
]
. (3)

Here, s(t) is the amplitude of PRF at the predicted time t, w1, w2

and w3 are weight factors that depend on SNR, and tPs, tPpPs and
tPsPs+PpSs are the expected arrival times of the converted phases in
the isotropic case, which can be calculated by the standard method
proposed by Zhu & Kanamori (2000). The fast and slow Pms phases
depend on the azimuthal variation factors cos2(θ–ϕ) and sin2(θ–ϕ),
respectively.

4.3 Two-step inversion

The forward problem for PRFs is formulated as a nonlinear func-
tion of the Earth model. To linearize the problem, the function is
expanded into a Taylor series (Ammon et al. 1990). From there,
the reflection matrix method (Kennett 1983) allows us to calculate
the response seismogram of the medium. The efficient algorithm of
Randall (1989) can be used to calculate the differential seismogram.
The singular-value decomposition technique allows computation of
the inverse matrix and solution of the inverse problem using a least-
squares approach.

However, PRF modelling depends largely on the choice of the
initial model because of the strong nonlinearity of the problem
(Ammon et al. 1990). To overcome this, Peng et al. (2017) devel-
oped a two-step inversion procedure based on the linear inversion

programs of Ammon et al. (1990), in which the bootstrap resam-
pling technique (Efron & Tibshirani 1991) is applied to evaluate
the uncertainty of the solution. Here, we also implement this two-
step inversion scheme. First, we use low-frequency PRFs (filtered
with α = 1.0) with the aim of avoiding possible scattering caused
by small heterogeneities, and then a simple initial model to invert
isotropic, layered shear-velocity models. Next, an overall statistical
solution is determined by using the bootstrap resampling technique
(Efron & Tibshirani 1991). This statistical solution is then regarded
as a new initial model to fit high-frequency PRFs (filtered with α =
2.5) and thus obtain new velocity models. From there, the same re-
sampling process is executed again to determine the optimal S-wave
velocity structure below each station.

Any inversion process involves an inherent non-uniqueness, as
the results depend mainly on the initial model. As a priori infor-
mation in this work, we consider the average crustal Vp velocity
obtained by seismic sounding, as well as the Vp/Vs ratio and crustal
thickness determined by the H-κ stacking algorithm. All of these
considerations provide valuable a priori information to reduce de-
pendency on the initial model (Peng et al. 2017, 2019).

5 R E S U LT S

5.1 Pms splitting-based anisotropy

To remove the effect of epicentral distance on Pms arrival times, all
individual PRFs were moveout corrected to a reference epicentral
distance of 67◦ (Dueker & Sheehan 1998) using the IASP91 model
(Kennett & Engdahl 1991). To compensate for the azimuthal cov-
erage of incident seismic rays, PRFs were stacked within a 10◦ bin
along the backazimuth direction. As an example, Fig. 2(a) shows
the azimuthal gather of radial receiver functions at the permanent
broad-band bas station, which has been installed in the Baoshan
block since 2000 (Fig. 1a). There is good azimuthal coverage on
account of the long recording time. The arrival time of the Moho-
converted Pms phase occurs at ∼5.0 s (Fig. 2b). To fit the Pms phase
arrival time, the arrival time t0 in eq. (1) was set to the average ar-
rival time of the Pms phases, allowing variation within the interval
from t0–0.5 s to t0 + 0.5 s with a time step of 0.1 s. The grid-search
scheme provides the solution or splitting vector (i.e. the splitting
parameters), which we selected on the variance diagram (Fig. 2c)
for the case where the sum of the squared differences between the
observed and predicted arrival times of the Pms phase reaches its
minimum value. The resultant splitting parameters are 0.26 ± 0.06 s
and –6 ± 7◦. The thick-lined ellipse in Fig. 2(c) represents a mea-
sure of the uncertainty in the splitting parameters. The theoretical
Pms arrival times calculated using the optimal anisotropy parame-
ters (wavy lines in Fig. 2b) seem to fit the observed arrival times.
To check the reliability of the splitting parameters, we computed
the transverse receiver functions (Fig. 2d), and then rotated the ra-
dial and transverse components into the fast and slow components,
respectively. As shown in Figs 2(e) and (f), the fast and slow Pms
waves arrive at ∼4.8 and ∼5.06 s, respectively, indicating a high
level of coherence in the results.

In general, the temporary stations have shorter recording periods
than those of the permanent stations (e.g. the permanent bas station).
To demonstrate the reliability of the Pms splitting results, we provide
two other examples related to stations 53067 and 53083. As shown
in Figs 3 and 4, the Pms splitting parameters observed for the
two stations are 1.22 ± 0.10 s and −4 ± 2◦, and 1.03 ± 0.09 s and
44 ± 3◦, respectively (Figs 3c and 4c). The theoretical and observed
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1330 H. Peng et al.

Figure 2. Pms-wave splitting analysis for the permanent broad-band bas station (Fig. 1a). (a) Azimuthal gather of radial receiver functions. (b) Enlarged view
of Pms arrivals times at ∼5 s (black dots mark the energy peaks). The wavy line gives the theoretical Pms arrival times calculated using the optimal anisotropy
parameters. (c) Traveltime variance diagram for splitting parameters on a searching grid; the thick-lined ellipse provides a measure of the uncertainty in the
splitting parameters, and the central dot provides the optimal splitting parameters given by the minimum variance. (d) Azimuthal gather of transverse receiver
functions. (e) Uncorrected fast-component receiver functions. (f) Uncorrected slow-component receiver functions.

arrival times of the Moho-converted Pms phase are comparable
(Figs 3b and 4b). Fast and slow Pms waves arrive, respectively,
shortly before and shortly after 5.0 s in both cases (Figs 3e & f
and 4e & f), again reflecting the high level of consistency in the
results. The ∼1 s split time may seem long as it is comparable
with the SKS splitting time (Kong et al. 2018). Nevertheless, the
isolated fast and slow Pms phases at the two stations show that the
lag time for all backazimuths is consistent (Figs 3e & f and 4e &
f), suggesting that the splitting time at the two stations should be
reliable.

Owing to the shorter period of operation of the temporary
stations, there is an azimuthal coverage gap in the range of
∼170◦−240◦ (Figs 3a and 4a), making the coverage poorer than
for the permanent bas station. Nonetheless, according to previous

studies (Zheng et al. 2018), poor azimuthal coverage occurs when
the number of stacked traces is less than 12 of the 36 possible traces,
or when there is a gap of 180◦ or greater in the azimuthal coverage,
which will result in larger uncertainties. Theoretically, an azimuthal
range of 180◦ can meet the fitting conditions owing to the presence
of degree-2 (180◦ periodic) azimuthal variation in arrival time. In
our case, we counted more than 18 stacked traces.

We obtained a total of 32 estimations of anisotropy from the sta-
tions covering the study area. The results show delay times varying
between 0.19 and 1.22 s, with a mean of 0.48 ± 0.07 s, and fast-wave
polarization directions (FPDs) with dominant NE–SW orientations
(Fig. 5a). However, FPDs rotate to NW–SE along the Yinjiang Fault
(F5 in Fig. 1a), where they are subperpendicular to fault strike. The
polarization directions are reasonably consistent with GPS vectors
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Lithospheric dynamics in the vicinity of the TVF 1331

Figure 3. Plots are the same as Fig. 2 but for station 53067.

and the regional maximum compressive stress directions deduced
from focal mechanism solutions (Fig. 5b) calculated for earthquakes
with Ms ≥ 4.0 that occurred in the study area from 1965 to 2017.

5.2 Vp/Vs ratio and crustal thickness

After application of the moveout correction to a reference distance
of 67◦, all individual PRFs at station bas were stacked in a single
trace (Fig. 6a, top). In addition to the Pms phase at ∼5 s, rever-
beration multiples PpPms and PpSms + PsPms appear at ∼15 s
and ∼20 s, respectively (Fig. 6a). Using the previously determined
Pms splitting parameters, we applied the anisotropic H-κ algorithm
to all original PRFs recorded at station bas and obtained an opti-
mal Vp/Vs ratio of 1.76 and a crustal thickness of 38.6 km on the
contour map of normalized stacked amplitudes (Fig. 6b). As the
maximum amplitude is centred on a very small region (thick ellipse
in Fig. 6b), the uncertainty in these results is small.

We obtained up to 32 values of Vp/Vs in the study area, which
vary from 1.68 to 1.90 (Fig. 6c). The most prominent feature is
an alignment of high Vp/Vs values distributed from north to south
along the chain of volcanic cones. The rest of the area shows mod-
erate Vp/Vs values of ∼1.70–1.80. Crustal thickness varies from 32
to 46 km, and the Moho is deepest in correspondence with station
53 068 located directly underneath the Nujiang fault (Fig. 6d).

5.3 S-velocity of the crust and upper mantle

We used the linearized inversion program developed by Ammon
et al. (1990) to fit the randomly arranged radial PRFs following a
two-step procedure. In our inversion scheme, the damping factor
was set to 0.1, and the SVD (singular-value decomposition) trunca-
tion fraction was set to 0.01. The first step begins by fitting individual
low-frequency PRFs (α = 1.0). Fig. 7(a) shows 36 PRFs with high
SNR at station 53061. To start the calculation, we used an extremely
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Figure 4. Plots are the same as Fig. 2 but for station 53083.

simple velocity–depth model with typical Vs values of 3.5 km s−1

(0–40 km), 4.3 km s−1 (40–60 km) and 4.7 km s−1 (> 60 km) (red
line in Fig. 7b). As constraints (a priori information) for the initial
crustal model, we considered the average Vs velocity of 3.5 km s−1

deduced from the average crustal Vp velocity determined by seismic
sounding, as well as the Vp/Vs ratio and the Moho depth obtained
using the anisotropic H-κ algorithm (Wen et al. 2019). Density was
calculated using the empirical relationship of Berteussen (1977).
Fig. 7(b) shows the obtained set of S-velocity models comprising
4-km-thick layers. We used the bootstrap technique (Efron & Tib-
shirani 1991) to constrain the ambiguity of the inversion results and
extract the statistically most accurate solution (black line in Fig. 7c)
within the 95 per cent confidence interval (blue band in Fig. 7c).
Fig. 7(d) shows the radial receiver function synthesized using this
final solution. The Pms phase and its reverberations are similar to
the observed peaks in the observed waveforms, which supports the
inversion result.

The second step continues with the inversion of individual high-
frequency PRFs (α = 2.5), adopting the previous optimal solution
as the initial model. Fig. 8a shows the 36 high-frequency PRFs at
station 53061, and Fig. 8(b) shows the set of re-inverted S-velocity
models comprising 2-km-thick layers. Again, we use the bootstrap
technique to obtain the final solution (black line in Fig. 8c) within
the 95 per cent confidence interval (blue band in Fig. 8c). Similarly,
Fig. 8(d) shows the radial receiver function synthesized from the
best statistical solution. The final solution obtained after the second
inversion (Fig. 8c) presents a narrower margin of error compared
with the approximate solution (Fig. 7c), and therefore less ambi-
guity, indicating that the procedure not only gives a more refined
Vs-velocity structure but also reduces the inherent uncertainty of the
inversion. Furthermore, Figs 7(d) and 8(d) show that the reverber-
ations at the Moho are weaker in high-frequency PRFs, unlike the
intracrustal phases that are stronger in high-frequency PRFs. This
property indicates that the fit of high-frequency PRFs can refine the
intracrustal velocity structure.
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Lithospheric dynamics in the vicinity of the TVF 1333

Figure 5. (a) Pms splitting vectors (segments in red) and GPS velocity vectors (Zhang et al. 2004). The fast-wave polarization direction is relative to the north,
and the length of each segment is proportional to the delay time (scale in the top-left corner). GPS observations are measured relative to the Eurasian Plate
(top-left corner). Small circles represent stations identified by five-digit numbers or three-letter codes. Thick lines and thin dashed lines represent major and
regional faults, respectively. (b) Focal mechanism solutions calculated for earthquakes of magnitude Ms ≥ 4.0 that occurred in the study area during the period
from 1965 to 2017. The rose diagram (top-left corner) shows the maximum horizontal compressive stress.

Finally, we obtained the Vs-velocity structure at 32 stations. We
used these individual Vs-velocity models and applied GMT soft-
ware (Wessel & Smith 1998) to carry out spline interpolation to
obtain the 3-D model. Values next to margins may not be reliable
and were therefore not considered in the analysis. Several horizon-
tal sections at depths of 2, 14, 24, 30, 44 and 60 km show velocity
variations both laterally and with depth (Fig. 9). At 2 km depth,
a relatively high-velocity N–S oriented anomaly is observed along
the volcanic chain, which is probably related to solidified igneous
intrusions near the surface (Wang & Burchfiel 1997; Wang et al.
2007). At 14 km depth, Vs is distributed in several strips, which
are morphologically consistent with the N–S and NE–SW trending
faults. At depths of 24 and 30 km, the low velocities seem to con-
verge on an N–S oriented body within the lower crust. In particular,
at a depth of 30 km, the body extends across the entire northern
part of the study area. At mantle depths of 44 and 60 km, low ve-
locities are observed only within a small area in the Baoshan block
around stations bas and 53065, indicating that there is no extensive
low-velocity body.

To illustrate the Vs-velocity structure beneath the Tengchong
and Baoshan tectonic blocks, Fig. 10(b) shows an E–W vertical
cross-section along latitude ∼25◦ N. An extensive intracrustal low-
velocity zone (LVZ) is observed beneath several stations close to the
volcanoes, which extends down to ∼30 km depth. In the Baoshan
tectonic block, another LVZ is observed within the middle–lower
crust, which extends westwards and reaches the middle crust below
the volcanoes; this zone corresponds to moderate-to-high Vp/Vs
ratios (Fig. 6c). Velocities of up to 4.5 km s−1 characterize the mantle
lithosphere. A wedge-shaped zone with velocities of ∼4.1–4.3 km
s−1 extends from ∼38 km down to 60 km depth in the Baoshan
block, revealing that the Moho in this area is defined by a gradual
physical change rather than a sharp interface. This zone embedded
in the upper mantle may be a common feature in tectonically active
areas (Liu et al. 2014). This feature, which is observed only below
stations bas and 53065 (Fig. 9), may be related to mantle upwelling.

Recently, Hua & Lü (2019), using 7923 P-wave arrivals recorded
by 15 seismic stations, relocated several earthquakes and obtained
the velocity structure beneath the TVF and adjacent areas by P-
wave double differential tomography. Here, we reproduce the to-
mographic image of the crust along latitude ∼25◦ N (Fig. 10c) to
compare with our results. The velocity sections (Figs 10b and c)
are quite similar to each other, except for some slight differences
in the position of the LVZ, which are probably due to the relatively
low lateral resolution of the tomography. This similarity and the
better definition of the cross-section obtained by two-step inversion
confirm the reliability of our methods and results.

5.4 Depth of the LAB

In Fig. 6(a), we observe a converted phase with negative polarity
that arrives behind the Pms phase at ∼7.5 s, and which exhibits
good coherence in both the individual PRFs and in the stacked
trace. The polarity of a converted P-to-S phase provides information
on the velocity contrast that generates it. In general, a positive (or
negative) polarity indicates a positive (or negative) velocity gradient
corresponding to velocity that increases (or decreases) with depth.
Therefore, we interpret the converted phase behind the Pms phase
(‘Pls’ near the top of Fig. 6a) as the converted phase at the LAB.

After converting individual PRFs from the time domain to the
depth domain (Dueker & Sheehan 1998) using the IASP91 model
(Kennett & Engdahl 1991), and stacking all PRFs into a single seis-
mic trace, it is possible to determine the depth of the LAB from
the stacked trace. Fig. 11(a) shows the stacked traces in the depth
domain for each station in the array. Pms, Pls and the reverberation
phases at the Moho can be clearly seen. In particular, the Pls phase
of negative polarity that arrives behind Pms is very clear (and there-
fore reliable). Finally, we obtained 32 depth values for the LAB and
mapped this undulating seismic boundary (Fig. 11b). The results
show that the thinnest lithosphere (∼55 km) occurs in the southern
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1334 H. Peng et al.

Figure 6. Anisotropic H-κ stacking scheme, Vp/Vs ratio and crustal thickness for the study area. (a) Individual PRFs and stacked waveform at the permanent
broad-band bas station after moveout correction to a reference epicentral distance of 67◦ (Dueker & Sheehan 1998) using the IASP91 model (Kennett &
Engdahl 1991). In addition to the Moho converted Pms phase, other converted phases and their multiple reverberations (PpPms and PpSms + PsPms) can be
seen on the stacked trace (top). The weak signal Pls is the converted phase at the lithosphere–asthenosphere boundary (LAB). Vertical dashed lines indicate the
respective arrival times of all of these seismic phases. (b) Contour map of normalized stacked amplitudes obtained by the anisotropic H-κ stacking algorithm
applied to the original individual PRFs. The dot represents the position of the maximum stacked amplitude on the solution surface, and the thick-lined ellipse
depicts the region of uncertainty for crustal thickness and Vp/Vs ratio. (c) Distribution of crustal Vp/Vs ratio in the study area. (d) Map of crustal thickness.
Stars represent the positions of volcanic cones, and inverted triangles indicate the locations of stations. Thick lines and thin dashed lines depict major and
regional faults, respectively.
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Lithospheric dynamics in the vicinity of the TVF 1335

Figure 7. Inversion of randomly arranged radial PRFs recorded at station 53061 and uncertainty assessment. First stage: controlled-bandwidth Gaussian
low-pass filtering with α = 1.0. (a) Fit between low-frequency PRFs (colour-filled traces) and synthetic PRFs (black curves). (b) Initial velocity model for
inversion (thick red line) and set of S-velocity models (thin black lines). (c) The statistically most accurate solution (best S-wave velocity model, black line)
obtained by the bootstrap technique and 95 per cent confidence intervals (blue band) for each layer. (d) Radial receiver function synthesized from the velocity
model shown in (c), with a ray parameter of 0.06 s km−1.

Tengchong block, whereas the thickest lithosphere (∼72–85 km)
is further north in the area where most of the volcanic cones are
concentrated. The thin lithosphere determined here is comparable
to that documented by Kong et al. (2018), who determined a litho-
spheric thickness of around 50 km in the Indochina block using the
litho1.0 crust and lithosphere model (Pasyanos 2014).

5.5 Identifying the LAB using SRFs

The lithosphere and asthenosphere are first-order features in geo-
dynamic models, but the boundary between them is commonly
difficult to determine owing to its locally weak seismic impedance
(Kind et al. 2012). In recent years, many methods have been devel-
oped to explore lithospheric structure along the southeastern mar-
gin of Tibet, including P-wave traveltime tomography (Lei et al.
2009; Huang et al. 2015) and inversion of surface wave dispersion
(Wu et al. 2016). Despite this, correct identification of the LAB
remains a challenge because of the generally poor quality of the
available data, the low resolution of the results, or the weak seismic
impedance of this discontinuity (Kind et al. 2012). PRFs are a good
tool for this purpose, and some successful applications of PRFs to
detect the LAB have been reported (Rychert et al. 2005). However,
this method is limited in its detection of interfaces in the mantle
lithosphere, due to interference between converted phases at the

LAB and strong reverberations at the Moho. PRFs can be used
to explore the LAB only in special cases like a thin lithosphere
(< 100 km), because in such cases the P-to-S phase generated at
the LAB can arrive earlier than the PpPms reverberation from the
Moho. On the western side of the Red River Fault (upper-left cor-
ner in Fig. 1a), local and teleseismic data sets reveal a low-velocity
structure that extends from the subsurface to 300–400 km depth (Li
et al. 2008; Lei et al. 2009; Huang et al. 2015). Although these pre-
vious results did not resolve the depth of the LAB, they all suggest
the existence of a thin lithosphere.

In this context, SRFs should be a useful tool for overcoming the
problem because of the S-to-P converted phase arriving earlier than
the incident S phase and therefore separating from later S rever-
berations (Yuan et al. 2006). The S receiver-function-based method
has the advantage of being free of multiple reflections, making it
suitable for studying seismic discontinuities at lithospheric and as-
thenospheric depths. To compare the results obtained with PRFs to
those obtained with SRFs, we used the aforementioned Ms ≥ 6.8
earthquakes that occurred at epicentral distances of 65◦ to 165◦

since 2010 (Fig. 1c) to isolate SRFs at four permanent stations.
To display SRFs in the same way as PRFs, the time axis of the
SRFs was reversed so that the converted phases appear behind the
incident wave. We also reversed the amplitudes of SRFs, meaning
that a positive amplitude indicates a positive velocity gradient with
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1336 H. Peng et al.

Figure 8. Inversion of randomly arranged radial PRFs recorded at station 53061 and uncertainty assessment. Second stage: controlled-bandwidth Gaussian
low-pass filtering with α = 2.5. Figure panel descriptions are the same as Fig. 7.

depth. All waveforms were shifted from the time domain to the depth
domain using the IASP91 model (Kennett & Engdahl 1991). Fig. 12
shows the individual and stacked waveforms at the four reference
stations (bas, lus, tec and wad), as well as the Smp and Slp phases
converted at the Moho and LAB, respectively. The coherence of all
of these phases is clear, especially Slp in the stacked traces. The
depths of the LAB indicated by SRFs are 73 (bas), 72 (lus), 70 (tec)
and 80 km (wad), compared with 71, 69, 76 and 63 km given by
PRFs (Fig. 11b). Except for the wad station, where the discrepancy
reaches 17 km, the results deduced from the PRFs and SRFs agree
quite well. The cause of the discrepancy at the wad station could
be that SRFs sample a much wider area than PRFs (Fig. 13), and
thus the converted phases generated by a laterally heterogeneous
structure could contaminate the converted phase at the LAB. Theo-
retically, SRFs should resolve a 10 km variation in the depth of the
LAB (Li et al. 2007). In fact, the dominant period of SRFs is longer
than that of PRFs, so we can assume that the accuracy achieved in
detecting the LAB is greater using PRFs compared with SRFs.

6 D I S C U S S I O N

6.1 The Vp/Vs ratio in the TVF

Poisson’s ratio is a key elastic constant that can be evaluated from the
Vp/Vs ratio and can provide important constraints on the mineralogy
and composition of the crust (Christensen 1996; Owens & Zandt

1997). In the H-κ stacking algorithm (Zhu & Kanamori 2000), the
crustal Vp/Vs ratio depends on the delay time between the P-to-
S phase and multiple reverberations. Although crustal azimuthal
anisotropy can affect the delay time of the conversion phases, the
anisotropic H-κ stacking algorithm is able to compensate for these
effects (Wen et al. 2019). Nonetheless, the reverberations caused
by a low-velocity sedimentary layer can partially or totally mask
the Pms phase and its multiples, and can therefore lead to an error
in the H-κ results. However, in our case, the Pms phase and its
reverberations can be easily distinguished at each station.

Even though low Vs velocity is observed in the lower crust below
some stations, the crustal Vp/Vs ratio is close to the global average
of 1.73 (Fig. 6c). The reason for this may be that the thickness
of the low-Vs-velocity layer is too small to affect the Vp/Vs ratio.
Our results also demonstrate the existence of a high Vp/Vs ratio
of >1.85 (Fig. 6c) and a low-velocity anomaly in the middle to
lower crust beneath the TVF (Figs 9 and 10). However, Wang et al.
(2017) did not observe such high Vp/Vs values in the TVF, despite
using many PRFs recorded at 141 permanent stations and 785 tem-
porary stations in southwest China, possibly because those authors
used a different method to calculate Vp/Vs values. High values of
Vp/Vs may also be associated with mafic crust. However, mineral
physics and field constraints suggest that a high Poisson’s ratio of
> 0.30, which corresponds to Vp/Vs values of > 1.85, implies the
existence of partial melt (Christensen 1996; Owens & Zandt 1997).
The combination of Vp/Vs > 1.85, low Vs velocity in the crust,
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Lithospheric dynamics in the vicinity of the TVF 1337

Figure 9. Mapping of Vs velocity at depths of 2, 14, 24, 30, 44 and 60 km. Stars represent the positions of volcanic cones, and inverted triangles indicate the
locations of the stations (tagged by five-digit numbers or three-letter codes, as in Fig. 1). Thick lines and thin dashed lines depict major and regional faults,
respectively.

and high heat flow of 110 mW m−2 (Hu et al. 2000) indicates the
existence of partial melt in the crust below the TVF. Nonetheless,
the size of the affected crustal volume may not be very large because
of the absence of an extensive low-velocity zone.

6.2 An extended low-Vs-velocity zone

According to our results, a LVZ beneath the TVF locally extends
from the shallow subsurface down to the middle lower crust (30 km
depth), but no other significant low-velocity zones are observed
in any other part of the Tengchong block (Figs 9 and 10b). Wang
& Huangfu (2004) previously detected a LVZ in the upper crust
beneath the TVF. Hua & Lü (2019) used P-wave double differential
tomography to suggest that a LVZ beneath the TVF extends from

the subsurface to the interior of the lower crust, and eastwards
from the TVF to the Baoshan area near the bas seismic station
(Fig. 10c). These results are broadly consistent with ours (Fig. 10b),
and confirm that that the two-step inversion technique of PRFs can
effectively reduce the dependence on the initial model, while the
bootstrap resampling technique allows statistical refinement of the
model solutions.

In theory, joint inversion of surface wave dispersion and PRFs
can provide constraints on the shear-velocity structure, but the re-
sults of previous studies (Bao et al. 2015; Li et al. 2016) exhibit
significant discrepancies in the position and depth of the LVZ. For
instance, Li et al. (2016) suggested that a small-scale low-velocity
zone exists only in the upper crust above 20 km, and even argued for
the existence of a high-velocity zone in the lower crust (30–40 km)
beneath the TVF. However, Bao et al. (2015) reported only a thin
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1338 H. Peng et al.

Figure 10. Vertical cross-section along profile A-A’ (Fig. 1). (a) Altitude variation (topography) and tectonic blocks through which the profile passes. (b)
Vs–velocity distribution with colour scale. Five-digit numbers and three-letter codes (the same as in Fig. 1) identify the positions of stations near the profile.
The two parallel dashed lines show the eastward dip of the Nujiang Fault (Ye et al. 2018). (c) Image of the crust along latitude ∼25◦ N obtained by P-wave
double differential tomography (Hua & Lü 2019), for comparison with the image of Fig. 10(b).

Figure 11. Analysis of PRFs and lithospheric thickness. (a) Stacked traces of low-frequency PRFs in the depth domain, obtained with α = 1.0 for each station.
Pms, PpPms and PpSms + PsPms are the Moho converted phase and their multiples, respectively. The Pls phase of negative polarity is the converted phase at
the LAB. The wavy dashed lines mark arrival times of the aforementioned seismic phases. (b) Depth of the LAB in the study area. Stars represent the positions
of volcanic cones, and inverted triangles indicate the locations of stations (tagged by five-digit numbers or three-letter codes, as in Fig. 1). Thick lines and thin
dashed lines depict major and regional faults, respectively.
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Lithospheric dynamics in the vicinity of the TVF 1339

Figure 12. Individual and stacked S receiver functions recorded at stations bas (a), lus (b), tec (c) and wad (d). The individual S receiver functions were
converted from the time domain to the depth domain using the IASP91 model (Kennett & Engdahl 1991). Smp and Slp are the converted phases at the Moho
and the LAB, respectively. The top part of each panel shows the respective stacked traces.

LVZ within the middle crust (∼15 km) below the Tengchong area, in
addition to a high-velocity anomaly in the upper crust (above 10 km
depth). Our results reveal that a LVZ extends from the subsurface to
the middle–lower crust along the Nujiang Fault and partly between
the Yinjiang and Longling-Ruli faults (Figs 9 and 10). We do not
observe a particularly high Vp/Vs ratio along these faults (Fig. 6c).
The reason for this may be that the thickness of the low-velocity
anomaly is not sufficient to affect the bulk properties of the crust.
Joint inversion of Rayleigh-wave dispersion and receiver functions
does not always help to eliminate ambiguity in the solutions, which
can be caused by the dependence on the initial model or by the

chosen analytical methods, such as the tomographic inversion of
the surface wave dispersion.

High Vp/Vs ratios, low crustal velocity and low resistivity (Ye
et al. 2018), as well as other characteristics such as high heat flow
(Hu et al. 2000) and the presence of active hot springs with tem-
peratures >90 ◦C (Jiang 1998), are characteristics of the crust and
upper mantle below the TVF. However, in contrast to tomographic
images obtained from regional and teleseismic P-wave traveltime
data (Li et al. 2008; Lei et al. 2009; Huang et al. 2015), we do
not observe an extensive low-Vs-velocity anomaly along the top of
the upper mantle beneath the Tengchong block. Instead, we identify
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Figure 13. Piercing points of the P-to-S and S-to-P phases (see key in top-
left corner) at a depth of 40 km below the wad station. Inverted triangles
indicate the locations of stations (tagged by five-digit numbers or three-
letter codes, as in Fig. 1). Thick lines and thin dashed lines depict major and
regional faults, respectively.

a small low-velocity anomaly below the Baoshan block ∼70 km
east of the TVF (Figs 9 and 10). A wide-angle seismic profile from
Zhefang to Binchuan (Zhang & Wang 2009) appears to show the
existence of a low-velocity anomaly on top of the upper mantle
beneath Baoshan (near the bas station), which is consistent with
our inversion results. Pn-wave traveltime tomography supports the
absence of any significant low-velocity anomaly in the uppermost
mantle beneath the TVF (Lei et al. 2014), suggesting that the geo-
physical and geothermal features mentioned above are not directly
related to the upper mantle beneath the TVF.

3-D magnetotelluric inversion (Ye et al. 2018) indicates a low-
resistivity anomaly beneath the TVF, interpreted as magma cham-
bers in the middle–lower crust. It has also revealed the presence of
low-resistivity bodies in the middle–lower crust (15–30 km) beneath
the Baoshan block, suggesting that crustal channel flow could take
place east of the Nujiang Fault (Ye et al. 2018). The conductivity
model provides evidence for magmatic intraplating in the Baoshan
block but not in the Tengchong block. Peng et al. (2017) reported a
substantial difference in the depth of intracrustal low-velocity bod-
ies across the Red River Fault, and concluded that these bodies in the
northern Indochina block are likely to be associated with the upper
mantle rather than crustal channel flow derived from eastern Tibet.

6.3 Mechanisms of crustal deformation

The Indochina block began to extrude southeastward during the
early stages of collision between the Eurasian and Indian plates,
and moved at least 500 km along the Red River Fault during the
Oligocene–Miocene (Tapponnier et al. 1990). The southeastern
margin of Tibet has undergone significant clockwise rotation around
the EHS during the last 4 Myr, as a result of southeastwards extru-
sion of eastern Tibet and dextral strike-slip motion along the Sagaing
Fault (Wang & Burchfiel 1997; Wang et al. 2007). In this tectonic
framework, seismic anisotropy can provide critical information re-
garding the deformation of both young and ancient rocks. Unlike
SKS-wave splitting, the Pms phase is confined to the crust and Pms

splitting should therefore reflect anisotropy within the crust through
which the rays travel. Our results based on Pms splitting show FPDs
subparallel to GPS vectors (Fig. 5a) with a predominant NE–SW
orientation, which also defines the maximum horizontal compres-
sive stress direction (Fig. 5b). This is consistent with clockwise
rotation of the entire Indochina block around the EHS. Cai et al.
(2016) used the same temporary seismic array and obtained Pms
splitting directions consistent with ours.

In northern Indochina, the predominant NE–SW orientation re-
flects modern tectonic deformation that has occurred during the past
4 Myr. Cai et al. (2016) attributed the source of crustal anisotropy
in the Indochina block to the lower crust. In this case, differential
movement between the relatively rigid upper crust and the ductile
lower crust could generate alignment of materials parallel to the
predominant direction of movement. FPDs parallel to the Wand-
ing and Longling-Ruili faults (Fig. 5a) indicate that the observed
anisotropy could be associated with fractures in shear zones. Thus,
shearing within the fault zone could be a possible source of the
crustal anisotropy. In the Indochina block, schist, felsic gneiss and
amphibolite constitute more than 95 per cent of the metamorphic ter-
ranes west of Yunnan (Ji et al. 2000). Mineral physics experiments
have shown that mica- or amphibole-bearing metamorphic rocks
collected in the study area are significantly anisotropic, ant that the
crust, which contains schist 15–25 km thick, could contribute up
to 0.3–0.5 s to the observed splitting times (Ji et al. 2015). Longer
splitting times at stations 53067 and 53083 could also partly be
explained by local metamorphic rocks with particularly high mica
or amphibole content. On this basis, we argue that the high degree
of anisotropy observed in these two stations could be caused by
a combination of plastic flow in the middle–lower crust and high
contents of mica or amphibole in local metamorphic rocks.

Our Pms splitting results also show that some FPDs change to
NW–SE along the Yinjiang Fault, where they are locally subperpen-
dicular to the fault (Fig. 5a). Continuous rotation of the Tengchong
block could be the cause of NW–SE extension affecting this area
(Wang & Burchfiel 1997). FPDs perpendicular to the Yinjiang Fault
could be attributed to the E–W extensional stress induced by dex-
tral strike-slip motion along the Sagaing Fault (Wang et al. 2007).
Recently, a mechanism like this has been used to interpret the E–W
fast polarization directions observed in the Indochina Peninsula (Yu
et al. 2018). Previous geological studies have already suggested that
the Yinjiang Fault is a normal strike-slip fault that could provide a
favourable conduit for the accumulation or transmission of magma
in the crust (Wang & Burchfiel 1997; Wang et al. 2007). This fault-
ing characteristic is consistent with the crustal deformation style
inferred from Pms splitting.

Relatively small average splitting times suggest that deformation
of the crust in the Baoshan tectonic block could be less pronounced
in the Baoshan tectonic block than in the Tengchong block. One
reason for this may be that the upwelling hot mantle causes the
horizontal symmetry axis of the anisotropic medium to change, so
that the Pms splitting seems to reflect a relatively weak anisotropy,
especially along latitude ∼25◦ N.

6.4 Shallow origin of the TVF and geodynamic
implications

There are several hypotheses for the origin of the TVF. One hypoth-
esis is that the volcanoes in Tengchong originated from dehydration
of the deeply subducted Indian slab (Lei et al. 2009). Another hy-
pothesis suggests that the TVF originates in the MTZ or close to the
410 km discontinuity (Xu et al. 2018). Additionally, it is possible
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Lithospheric dynamics in the vicinity of the TVF 1341

Figure 14. Set of receiver functions along profile A-A’ (see Fig. 1) obtained
by stacking traces in the depth domain within 0.25◦-wide moving bins,
according to the location of piercing points at 40 km depth. Dashed lines
labelled with ‘Pms’ and ‘Pis’ denote converted phases at the Moho and
Conrad interface, respectively. The abbreviation LVZ refers to a mantle-
type low-velocity zone. The profile passes through several faults, which are
marked on top of the section: F1, Nujiang Fault; F3, Lancangjiang Fault;
F4, Tengchong Rift; F8, Baoshan–Shidian Fault (see Fig. 1). Five-digit
numbers and three-letter codes (the same as in Fig. 1) identify the positions
of the stations close to the profile.

that a slab-tearing mechanism could contribute to the TVF, as this
would allow the hottest underlying mantle to move upwards below
the Tengchong area (Zhang et al. 2017). However, there does not
appear to be a low-velocity zone or hot source directly beneath the
TVF in the upper mantle, but ∼100–200 km to the east (Huang et al.
2015; Zhang et al. 2017; Xu et al. 2018). This distribution suggests
that upwelling mantle could deviate westwards towards the base of
the TVF due to rollback of the Indian slab (Zhang et al. 2017; Xu
et al. 2018). However, this geodynamic model requires additional
verification because of the current absence of reliable seismic evi-
dence regarding the characteristics of the upper mantle beneath the
TVF.

Starting from individual PRFs in the depth domain, we used
the common-conversion-point stacking scheme (Dueker & Shee-
han 1998) to obtain a set of receiver functions along the reference
profile A–A’ at latitude ∼25◦ N (Fig. 14). The seismic traces were
stacked within 0.25◦-wide moving bins, according to the locations
of the piercing points at 40 km depth. A positive converted phase
labelled ‘Pis’ in Fig. 14 appears at ∼20 km and another one labelled
‘Pms’ at ∼40 km. We interpret these phases as converted phases
at the Conrad and Moho discontinuities, respectively. The Nujiang
Fault (F1 in Fig. 14) apparently divides the profile into two seg-
ments: in the western segment, the Pis and Pms phases are easily
distinguishable, but in the eastern segment the Pis phase is very
weak (or even disappears). Very close to the position where there is
a low-velocity zone embedded in the upper mantle (Fig. 10b), the
wavelets of the Moho-converted Pms phase broaden slightly, sug-
gesting that there is an irregularly shaped Moho in that region. Below
this, at ∼60–80 km depth, clear polarity changes appear (‘LVZ’ in
Fig. 14). Convincing evidence for the ascent of hot mantle in this
region is the relatively small Pms splitting times along the reference
profile (Fig. 5a). The ascent of hot mantle material could weaken
the appearance of the Conrad discontinuity, but it could also change

the symmetry axis of the anisotropic lithosphere and result in me-
chanically weak anisotropy. Accordingly, the low-velocity anomaly
in the lower crust beneath the TVF may be caused by hot material
generated in the upper mantle beneath the neighbouring Baoshan
block, and not directly below the TVF.

Understanding how the low-velocity anomaly is transmitted from
the Baoshan block to the Tengchong block requires further expla-
nation. We propose an alternative mechanism in which the Nu-
jiang Fault, which is a crustal-scale eastward-dipping boundary
fault (Ye et al. 2018), reaches the base of the lithosphere and
generates a favourable tectonic setting for magma intrusion into
the crust. The predominant NE–SW-oriented compressive stress
direction (Fig. 5b), combined with southwestward movements of
the crust, are especially favourable for the transfer of hot material
from the Baoshan block towards the Tengchong block. Geochemi-
cal evidence suggests that magma was generated at 27–15 Ma, and
then underwent multiple stages of eruption from the late Miocene
onwards at ∼5.5–4.0, ∼3.9–0.9, and ∼0.8–0.01 Ma (Wang et al.
2007). Using the Hawaiian islands as a case study, Li et al. (2004)
described the interaction between the Hawaiian plume and the mov-
ing lithosphere. They argued that in the centre of the hot plume
material, only the lowest parts of the lithosphere are heated with-
out substantial changes in thickness. In contrast, along the volcanic
chain and away from the centre of hot material, increasing volumes
of material in the lower parts of the lithosphere are heated up after
3–4 Ma, so that the depth of the LAB becomes shallower. The volca-
noes in Tengchong are young from north to south (Wang et al. 2007),
suggesting that the lithosphere has moved southwards or southwest-
wards, which is consistent with GPS vectors (Fig. 5a) and tectonic
stress (Fig. 5b). Therefore, we interpret that the relatively shallow
depth of the LAB in the south of the study area (Fig. 11b) may
be caused by drag along the base of the lithosphere. The intense
compressional environment in the Baoshan block would impede
movement of magma at the base of the upper crust, consistent with
the absence of volcanic activity at the surface.

7 C O N C LU S I O N S

We investigated the anisotropy of the crust and the seismic ve-
locity structure of the lithosphere in and around the Tengchong
volcanic field using PRFs isolated at 32 broad-band stations. In the
Tengchong and Baoshan blocks, FPDs have a predominant NE–SW
orientation and are parallel to the strike of major faults, present-day
GPS vectors, and the direction of maximum horizontal compres-
sional stress, consistent with clockwise rotation of the entire block
around the EHS. However, FPDs rotate to NW–SE along the Yin-
jiang Fault and are perpendicular to the fault strike, which reflects
the presence of normal strike-slip faults in response to E–W exten-
sional stress induced by dextral strike-slip motion of the Sagaing
Fault. The relatively small splitting times in the Baoshan block sug-
gest that crustal deformation there is comparatively weak or that the
horizontal symmetry axis of the anisotropic medium has changed.

In the TVF, we have obtained high Vp/Vs ratios of ∼1.85–1.90
(Poisson’s ratio of > 0.30) and low Vs velocity between 20 and
30 km depth, suggesting the existence of partially molten crust.
However, we did not identify a large-scale low-velocity anomaly
anywhere else in this block, nor an extensive low-Vs-velocity
anomaly on top of the mantle below Tengchong. The low-velocity
anomaly in the lower crust beneath the TVF may be caused by hot
material generated in the upper mantle beneath the neighbouring
Baoshan block, but not directly beneath the TVF.
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We propose that the eastward-dipping Nujiang Fault may extend
to the base of the lithosphere where it creates a favourable tectonic
setting for magma intrusion into the crust. The NE–SW direction of
the Pms splitting vectors supports this model of transfer of hot mate-
rial from Baoshan to Tengchong. In addition to its contribution to the
low-velocity anomaly below the TVF, the upwelling of hot mantle
beneath the Baoshan block may be the reason for the relatively shal-
low depth of the LAB (∼55 km) in the southern Tengchong block.
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