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ABSTRACT

The shear-wave velocity structures of the crust and uppermost mantle of north-
ern Vietnam were analyzed using the receiver function (RF) method at 25 broadband 
stations to investigate the regional crustal structure and its tectonic evolution. In this 
study, we presented a new crustal shear-wave velocity structure of northern Vietnam 
determined through RF analysis. Our results revealed significant variations in crustal 
thickness and deep crustal velocities across the study area. Along the Red River shear 
zone (RRSZ), the patterns of the crustal structure were distinct on both sides; they 
were simple and complex, respectively, in the blocks on northeast and southwest. 
A low-velocity zone (LVZ) was widely observed in the northwestern corner of the 
study area, and significant lateral variations in the thickness and strength of the crust-
al structure were observed from north to south. This LVZ was distributed as a thick 
and deep zone in the north and became thinner and shallower in the central region; 
the LVZ finally disappeared in the south. Two end members of the origin of the LVZ 
were proposed. The LVZ can be considered a weak crustal layer that escaped from 
the southeastern margin of the Tibetan Plateau, or it may have been formed from a 
paleo-subducted slab beneath it because of an onsite mantle heat source. The exis-
tence of this LVZ suggests that the movement of the RRSZ is possibly concentrated 
above the LVZ and that extension to the upper mantle is not necessary in the present 
stage. The above tectonic regime supports the possibility that the RRSZ is a strike-
slip fault with a feature restricted in the crust.
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1. INTRODUCTION

With an average elevation that exceeds 5000 m, the 
Tibetan Plateau, the highest and largest plateau on Earth, 
is the direct consequence of an ongoing collision between 
the Indian and Eurasian plates that started at approximately 
50 Ma (Molnar and Tapponnier 1975). Deformation of the 
thickened continental crust requires lithosphere shorting and 
forms large-scale strike-slip faults surrounding the deforma-
tion (Royden 1996; Royden et al. 1997, 2008; Beaumont et 
al. 2001; Molnar and Dayem 2010). Far from the central Ti-
betan Plateau, northern Vietnam is mechanically connected 

to the Tibetan Plateau by the Red River shear zone (RRSZ) 
to the South China Sea (Fig. 1). The RRSZ extends for ap-
proximately 1000 km from the southeastern edge of the 
Tibetan Plateau through northern Vietnam. The RRSZ was 
formed in ancient times and is recognized as a boundary 
fault between the Sundaland Block and South China Block. 
It plays a crucial role in the tectonic regime in southeast 
Asia. The crustal motion of northern Vietnam is dominated 
by a clockwise rotation around the Himalayan syntaxis, ac-
cording to geodetic and shear-wave splitting measurements 
(Shen et al. 2005; Bai et al. 2009; Duong et al. 2013; Trần et 
al. 2013; Le et al. 2014). Many geodynamical models have 
attempted to explain the deformation characteristics of the 
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RRSZ in northern Vietnam and the adjacent regions (Tap-
ponnier et al. 1982; Leloup et al. 1995; Chung et al. 1997; 
Lan et al. 2000; Roger et al. 2000; Beaumont et al. 2001; 
Searle 2006; Anczkiewicz et al. 2007; Royden et al. 2008) 
to explain the tectonic evolution of Asia. Studies have con-
sidered the RRSZ a large-scale strike-slip boundary fault 
that cuts the entire lithosphere with large geological offsets 
and high slip rates (Tapponnier et al. 1990, 2001). Studies 
have indicated that metamorphic rocks and granites along 
the RRSZ were produced because of shear heating along the 
fault that was caused by the collision (Leloup et al. 1995, 
2001; Chung et al. 1997; Lan et al. 2000). However, the 
current role of the RRSZ has been debated as a pure crustal-
scale strike-slip fault, and it has been considered to respond 
to passive regional deformation with limited geological off-
sets and low slip rates (England and Houseman 1985, 1986). 
Those studies have indicated that igneous rocks observed 
on the surface are associated with the eastward migration 
of a weak lower crust beneath eastern Tibet; overall, a weak 
crust with rapid eastward flow within the deep crust was 
observed (Searle 2006; Royden et al. 2008). Two aspects 
are central to this debate, namely the rheological layering 
of the crust and the question of whether the upper crust is 
mechanically decoupled from the underlying lithosphere by 
a middle layer of high-temperature, partially molten rock 
that separates it from the lower crust (England and House-
man 1986).

Findings of geophysical studies have supported the 
rheological layering of the crust in central and southeast-

ern Tibet. The ductile mid-crust usually is represented by a 
low-velocity zone (LVZ) with high crustal Poisson’s ratios. 
Furthermore, these observations suggest the presence of a 
crustal flow channel and indicate that the crust and mantle 
are decoupled (Royden 1996; Beaumont et al. 2001). Re-
ceiver function (RF) and surface wave studies have pre-
sented evidence for a LVZ that began in central Tibet and 
reached the Yunnan region (Ozacar and Zandt 2004; Xu et 
al. 2007; Li et al. 2008; Chen et al. 2010; Tkalčić et al. 2011; 
Huang et al. 2013; Deng et al. 2019). Based on dense seis-
mic array studies, the LVZ and crustal flow have been re-
ported to extend into the eastern Himalayan syntaxis (Liu et 
al. 2014). Furthermore, Bai et al. (2010) reported that they 
detected a LVZ in the northwestern part of the Indochina 
Peninsula. Recently, Qiao et al. (2018) reported this LVZ 
extended to western side of the Dien Bien Phu fault based 
on results of ambient noise tomography. However, because 
of limited observations, the question of whether this LVZ 
extends to a broad area of northern Vietnam remains un-
answered. Recent geophysical studies in northern Vietnam 
have reported that the crust is thickened and exhibits a high 
ratio of compressional wave velocity to shear-wave veloc-
ity (Vp/Vs ratio) in its northwestern portion (Nguyen et 
al. 2013; Dinh et al. 2018); furthermore, a low shear-wave 
velocity anomaly was reported to extend from the mantle 
(Huang et al. 2013). However, thus far, no detailed re-
gional seismic velocity model of northern Vietnam can be 
used for reference for additional discussion on this issue. A 
comprehensive velocity model that includes crustal and the 

(a)
(b)

Fig. 1. (a) Map showing the topography and major active faults (black lines) in Tibet and adjacent regions (after Tapponnier et al. 2001). White 
arrows indicate direction motions of India, central Tibet, most northeastern Tibet, and Sichuan relative to Siberia. The box outlined in red is the 
location of (b). (b) Map of active faults in northern Vietnam. Thick and thin lines represent major and minor faults, respectively. The fault names 
are indicated by numbers (1: Ca River fault, 2: Ma River fault, 3: Son La fault, 4: Dien Bien Phu fault, 5: Red River fault, 6: Chay River fault, 7: Lo 
River fault, 8: Song Thuong fault, 9: Phu Luong fault, and 10: Cao Bang fault). Yellow symbols indicate regional seismicity reported by Nguyen 
and Le (2005) and brown circles indicate three hazard events of this area (Huang et al. 2009).
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uppermost mantle structures in northern Vietnam is neces-
sary, and it will improve our understanding of geodynamic 
evolution processes and assessment of the role of the RRSZ.

In the present study, teleseismic earthquake data re-
corded by a 25-station broadband seismic array over 7 years 
(from 2006 to 2012) in northern Vietnam were analyzed us-
ing the RF technique, which has been widely used previous-
ly for characterizing the crust in several regions (Langston 
1979; Owens et al. 1984; Xu et al. 2007; Julià et al. 2009; 
Bai et al. 2010; Reading et al. 2012), to derive one-dimen-
sional (1-D) shear-wave velocity profiles beneath each sta-
tion through least-squares inversion of the RF waveform. 
We discussed the tectonic implications of our findings for 
crustal heterogeneity in this region and compared our re-
sults with the findings and predictions of previous studies.

2. REGIONAL GEOLOGY AND CRUSTAL 
STRUCTURE

2.1 Geological Setting of the RRSZ

Northern Vietnam is tectonically composed of the 
southeastern South China Block in the northeast and the 
northern Indochina Block in the southwest, which are sepa-
rated by the NW–SE trending of the RRSZ. Furthermore, 
the geological structure of northern Vietnam is controlled 
by several major strike-slip fault systems, such as the Son 
La fault, Ma River fault, and Dien Bien Phu fault (Fig. 1). 
Along the RRSZ, high-grade gneiss and low-grade schist 
combine to form the Ailao Shan-Red River (ASRR) meta-
morphic belt comprising the Day Nui Con Voi in Vietnam 
and the Ailao Shan, Diancang Shan, and Xuelong Shan in 
Yunnan, China (Chung et al. 1997; Lan et al. 2000, 2001; 
Wang et al. 2000; Anczkiewicz et al. 2007; Trinh et al. 
2012). The plate suture in northern Vietnam was considered 
the Ma River fault located in the southwest of the RRSZ 
(Fig. 1). This suture zone formed by ophiolite, island-arc, 
and orogenic and postorogenic igneous complexes, includ-
ing a Permo–Triassic volcano–plutonic complex, indicates 
the existence of a paleo-subduction system (Lan et al. 2000; 
Hoa et al. 2008).

Several large igneous blocks adjacent to the RRSZ 
have been recognized in northern Vietnam. These rocks are 
extensively distributed and categorized by various groups 
of igneous rocks, which have been verified to evolve with a 
long and complex magmatism history (Lan et al. 2001; Hoa 
et al. 2008; Huang et al. 2013). According to metamorphic 
petrology, geological structure, and geochemistry dating 
studies, these rocks experienced a prolonged thermal his-
tory and are considered to form prior to the stage of shearing 
along the RRSZ (Anczkiewicz et al. 2007).

These structures are bounded by multiple active faults, 
such as the Dien Bien Phu fault, Red River fault, Ca River 
fault, Ma River fault, and Son La fault, in the northwestern 
part and the Yen Minh-Phu Luong fault in the northeastern 

part of northern Vietnam (Hoa et al. 2008) (Fig. 1). North-
ern Vietnam is considered a region with relatively low seis-
micity (Huang et al. 2009). In the study area, seismic activ-
ity was low along the RRSZ, and the same was observed 
in its northeastern region. However, in the western border 
of northern Vietnam, significant seismic activities and evi-
dence were observed in the form of strong earthquakes and 
associated hazards (Fig. 1b). Destructive earthquakes have 
occurred in the northwestern part near Dien Bien in Novem-
ber 1935 and on 19 February 2001, as well as near Tuan 
Giao on 24 June 1983 (Huang et al. 2009) to be witness the 
current tectonic activity of the study area.

2.2 Crustal Structure of Northern Vietnam

In northern Vietnam, limited studies were previously 
conducted using wide-angle reflection or refraction data, and 
two crustal structure sections were constructed (Dinh et al. 
2018). Because seismic signals were generated by relatively 
small shots, the crust-mantle reflection was not clearly vis-
ible in the data. A simple 1-D seismic model was processed 
from data deployed cross the RRSZ, which yielded an esti-
mated crustal thickness of approximately 27 km in the mar-
gin of the Hanoi Basin (Dinh 2010; Dinh et al. 2018). In the 
past few decades, the 2-D crustal structure of northern Viet-
nam has been individually investigated using potential field 
data (Bui 1983; Cao 1985; Cao and Dinh 1999; Dang 2003; 
Dinh et al. 2018). The regional crustal densities and crust-
al interface boundaries were verified by comparison with 
reports of early geophysical surveys. A rough entire 3-D 
crustal model was reported by Dinh et al. (2018) by invert-
ing Bouguer gravity anomalies. It revealed obvious lateral 
variations in the depth of the Moho discontinuity. The Moho 
depth increased from coastal regions to mountainous areas 
and increased more rapidly toward the northwest. However, 
in these studies, the crustal thickness was not adequately 
constrained by other geophysical information; the absolute 
Moho depth of the model was a trade-off for other crust-
al parameters. Using the H-κ stacking algorithm of radial 
RFs (Zhu and Kanamori 2000), Nguyen et al. (2013) deter-
mined the crust thicknesses and Poission’s ratios of northern 
Vietnam with more numerous constrains for Moho depths; 
however, data were collected only at locations beneath the 
24 seismic stations analyzed in their study. The trends in 
the Moho depth determined by Nguyen et al. (2013) were 
similar to those estimated from gravity inversion by Dinh 
et al. (2018). Based on a Pn wave travel time tomography 
study, Huang et al. (2013) provided the first regional 2-D 
Moho and crustal velocity images beneath northern Viet-
nam. The model of Huang et al. (2013) showed significant 
lateral variation in the crustal and uppermost mantle veloci-
ties across the RRSZ; however, the model exhibited limited 
resolutions in depths. Regional seismic tomography studies 
have revealed large velocity variations in the upper mantle 



Nguyen et al.456

of southeast Asia (Lebedev and Nolet 2003; Li and van der 
Hilst 2010). Legendre et al. (2015) constructed the first re-
gional structure of the lithosphere beneath northern Vietnam 
through surface wave tomography. Isotropic and azimuth-
ally anisotropic phase-velocity maps of northern Vietnam 
at specific periods were reported. Magnetotelluric sounding 
has been used to explore the lithosphere in this region and 
revealed that a low-resistivity layer at a depth exceeding 15 
km beneath the northwestern part of the study region and 
provided significant evidence for low resistivity in the mid-
crust and lower crust (Le et al. 2008, 2009). However, only 
limited sites in northern Vietnam have been surveyed.

3. DEPLOYMENT AND SEISMIC OBSERVATIONS

In an extensive collaboration between researchers of 
Academia Sinica, Taiwan, and the Vietnam Academy of 
Science and Technology, we deployed and operated 25 
broadband seismic stations in northern Vietnam with an 
interval of approximately 100 km (Fig. 2a) from 2006 to 
2012. The main aim of the network was to monitor earth-
quake activity in Vietnam and surrounding areas and pro-
vide information to enable imaging and interpretation of 
crust and mantle structures beneath northern Vietnam, in-
cluding the geodynamic evolution of the RRSZ (Huang et 
al. 2009; Nguyen et al. 2013). The seismic network was 
equipped with Nanometrics Trillium 40 broadband sensors 
and Quanterra/Kinemetrics Q330 recorders with 24-bit ana-
log-to-digital conversion. Seismometers were used to mea-
sure ground motion over a wide frequency range; a flat re-
sponse was observed to velocities ranging from 0.025 to 50 
Hz. The ground motion signal was recorded continuously 
and digitized at a rate of 100 samples per second (SPS). All 
stations were equipped with a GPS timing system that was 
operated in the continuous mode to synchronize the internal 
clocks of stations.

During the network operation period, we selected more 
than 210 teleseismic events within the epicentral distance 
ranging from 30° to 90° with Mw ≥ 5.5 to perform RF analy-
sis (Fig. 2b). The number of recorded events included in 
the final analysis varied from 25 to 204 for a specific sta-
tion, depending on the station operation length, background 
noise, and site condition (Table 1). Most of the selected 
events originated from the northwestern and southwestern 
Pacific Ocean, as well as along Indonesian islands. Azi-
muthal coverage was excellent on the east but relatively 
poor on the west (Fig. 2b).

4. THE RF METHOD

The RF method is an efficient technique for determin-
ing the crust and upper-mantle velocity structures beneath 
three-component broadband seismograph sites (Vinnik 
1977; Langston 1979). The RF method used in this study 

consisted of two stages: (1) calculation of RF and (2) mod-
eling to obtain shear-wave velocity structures of the crust.

RFs are calculated as follows. For teleseismic earth-
quakes, steeply incident P-waves were recorded dominantly 
in the vertical component. When energy passed through ve-
locity discontinuities in the upper mantle and crust beneath 
receiving stations, a part of that energy was converted into 
an S-wave that arrived later than the initial P-wave. The 
converted waves were recorded mainly on radial component 
and signal on transverse component through crustal shear-
wave anisotropy (Langston 1979; Ammon 1991; Reading 
et al. 2012). The radial component signal was deconvolved 
using the vertical component signal and the obtained wave-
form contained the effects of the near-receiver subsurface 
(Langston 1979; Owens et al. 1984; Ammon 1991). The 
resulting waveform was termed “radial RF” and is used in 
subsequent modeling for structure. Computation of RFs re-
quires several processing steps including preprocessing of 
raw data, rotation into the ray coordinate system, decon-
volution, and stacking. The preprocessing of raw data in 
this study consisted of resampling data to 20 SPS, and the 
window was between 40 s prior and 100 s after the P onset 
time. The data were demeaned and detrended, and a taper 
was applied before deconvolution. Two horizontal com-
ponent traces were rotated to the directions of along and 
parapedicular to the great circular path and named radial 
and transverse components, respectively. A time domain 
iterative deconvolution technique proposed by Ligorría and 
Ammon (1999) was used to calculate RFs by using a Gauss-
ian filter of 1.5, 2.5, and 5.0 in this study. When testing the 
above three Gaussian filters, large variations (e.g., Moho 
discontinuity) were prominently found on RFs by using a 
Gaussian width (1.5) filter. When two high-frequency (2.5 
and 5.0) Gaussian filters were used, RFs showed thinner 
layering signals within the crust than those obtained using 
the Gaussian width (1.5) filter. At each station, RFs from all 
recorded events were manually inspected for its signal-to-
noise ratio (SNR), and only results with a high SNR were 
used. In general, a dipping interface converted signals from 
the Ps phase (i.e., the P-to-S converted wave) to the trans-
verse component RF across the full back azimuthal range. 
Studies have shown that a flat interface limited this con-
version (Levin and Park 1997; Wirth and Long 2012; Ford 
et al. 2016). Examples from two stations of this study are 
shown in Fig. 3 with high SNR. RFs (both radial and trans-
verse components) showed relatively simple variations with 
azimuth at station LSVB (Fig. 3a) but significant variations 
at station MLVB (Fig. 3b). It implied that the different char-
acteristics of the crustal structure were observed beneath 
each station. To enhance the SNR of coherent signals, radial 
RF waveforms with similar ray parameters were usually 
stacked and suppressed spurious arrivals. The ray parameter 
(r) is defined as the reciprocal of apparent velocity along 
the propagation ray inside the Earth, and the ray parameter 
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(a) (b)

Fig. 2. (a). The distribution of seismic broadband stations in northern Vietnam. Four-letter station codes are written in black. Each green symbol 
indicates seismic station group from one of three geotectonic sectors (defined in this study as the NW, NE, and RRSZ sectors). (b). Azimuthal 
projections of epicenters of more than 220 earthquakes analyzed in this study (from January 2006 to December 2012), with projection centers in 
northern Vietnam (black rectangle). The epicentral distances range from 30° to 90° for earthquakes with a magnitude Mw > 5.5.

Sector Station code Lat (°) Lon (°) Elev (m) No. R Crustal Thickness (km) Depth to crust-mantle transition (km)

NE

HGVB 22.836 104.992 119 160 32.5 ± 1.2 32 - 34

CBVB 22.652 106.194 223 96 32.5 ± 1.1 30 - 34

BCVB 21.885 105.772 51 148 31.0 ± 1.0 30 - 32

LSVB 21.853 106.749 285 159 30.0 ± 1.2 30 - 32

MTVB 21.537 106.343 44 96 30.4 ± 0.8 30 - 32

BGVB 21.29 106.228 14 142 29.4 ± 1.0 28 - 32

TIYB 21.335 107.389 37 138 29.0 ± 1.0 30 - 32

RRSZ

VTVB 22.253 104.899 71 106 32.5 ± 1.7 30 - 34

DHVB 21.627 105.184 70 57 29.0 ± 2.0 30 - 34

HNVB 21.025 105.804 39 25 28.5 ± 2.8 30 - 32

DSVB 20.587 105.975 88 83 29.4 ± 2.3 28 - 34

PLVB 20.805 106.628 6 186 29.9 ± 1.1 30 - 34

NW

SPVB 22.338 103.835 1556 156 36.4 ± 1.3 36 - 42

LCVB 22.039 103.155 205 81 31.4 ± 1.4 32 - 36

DBVB 21.39 103.018 480 81 33.5 ± 1.4 26 - 34

TGVB 21.592 103.418 574 204 31.5 ± 1.3 28 - 32

MLVB 21.506 103.003 600 114 32.0 ± 1.3 30 - 34

SLVB 21.325 103.965 607 139 32.0 ± 1.0 30 - 34

TTVB 21.466 104.379 675 178 34.6 ± 1.5 32 - 36

MCVB 20.844 104.635 826 158 33.0 ± 0.9 32 - 36

HBVB 20.842 105.328 55 151 31.5 ± 1.2 32 - 36

LAVB 20.153 105.248 54 129 29.5 ± 0.9 28 - 32

CCVB 19.049 104.877 31 112 31.0 ± 1.2 28 - 32

VIVB 18.65 105.763 -6 181 28.5 ± 1.3 28 - 30

THVB 19.851 105.782 1 177 26.5 ± 1.2 26 - 30

Table 1. Values of crustal thickness and depth to CMT determined in this study for three sectors. Uncertainties on the mean values are ±1σ.
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is always constant along the ray path (Shearer 1999). In the 
present study, radial RFs were stacked across all available 
azimuths for similar ray parameters. We grouped them into 
three categories of the ray parameters: 0.040 ≤ r < 0.055; 
0.055 ≤ r < 0.07; and 0.070 ≤ r ≤ 0.085. The average ray 
parameter of each group was used for the model inversion 
step. The examples of stacked radial RFs obtained from the 
data of earthquakes recorded at stations in northern Vietnam 
are shown as red waveforms in Fig. 4, and standard devia-
tion bounds were calculated (dark gray waveforms in Fig. 4) 
for determining the constraints of inverted models. For the 
inversion step, in this study, the radial RFs were applied to 
a time window of between -3 s and 25 s.

In the second stage of the RF method, stacked RFs 
were inverted to yield a 1-D shear-wave model of the crust 
beneath the receiving station by using a time domain linear-
ized least-squares inversion technique (Ammon et al. 1990; 
Herrmann and Ammon 2003). The aim was to obtain an av-
erage S-wave velocity model, from which a synthetic RF 
can be calculated, and the model was selected if it matched 
satisfactorily with the observed RF. The inversion results 
were evaluated using the correlation coefficients of the 
least-square fitting of simulated RFs to observational RFs 
that exceeded 90%.

To demonstrate the inversion process, we tested four 
models. Those models have been considered four extreme 
cases of any real model. From these “true” models, we 
synthesized RF waveforms by using three ray parameters 
(Haskell 1962; Kennett 1983; Randall 1989; Herrmann and 
Ammon 2003). To generate initial velocity models for the 
inversion step, we added random perturbations to the refer-
ence model with prior information on crustal thickness and 

Vp/Vs ratio. All the 100 initial models produced solutions, 
but resulting models indicated that a wide range of S-wave 
velocity models could fit synthetic “data” satisfactorily. We 
average all acceptable models to obtain the final model, 
which approached the “true” model (Fig. 5).

To invert the S-wave velocity model of northern Viet-
nam by using the RF method, in this study, the initial model 
was reconstructed based on the results of previous studies 
(Berteussen 1977; Le 2008; Bai et al. 2010; Huang et al. 
2013; Nguyen et al. 2013). After selection, this initial model 
was parameterized into the constant velocity layers of 2 km 
from the surface down to 70 km. Furthermore, each starting 
model was randomly perturbed 100 times within a reason-
able range of ±0.6 km s-1 in the crust and ±0.4 km s-1 in the 
uppermost mantle, which was based on the original model; 
the inversion was completed for each perturbed input model. 
In this study, the selected perturbed velocity ranges of crust 
and uppermost mantle were concluded based on our previ-
ous tests by using synthetic data of theoretical models. The 
purpose of the perturbation approach was to provide a set 
of new starting models, which would allow the exploration 
of a wide initial model space and reduce the dependence of 
solutions on the starting model (Hazarika et al. 2012). The 
final output model was developed by averaging all accept-
able output models from each perturbed input model. The 
standard deviation bounds were computed to evaluate the 
complexity beneath each station.

5. ANALYSIS RESULTS

In the study, we divided northern Vietnam into three 
sectors by exploring the characteristics of tectonic elements 

(a) (b)

Fig. 3. Radial (R) and transverse (T) components of RFs as a function of back-azimuth for stations LSVB (a) and MLVB (b). Stations LSVB and 
MLVB were located at NE and NW sectors (Fig. 2a) defined in this study, respectively.
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and shear-wave velocity patterns: the northwest sector (NW), 
located on the left side of the Red River fault; the northeast 
sector (NE), located on the right side of the Red River fault; 
and RRSZ sector, along the RRSZ. The NE, NW, and RRSZ 
sectors had 7, 13, and 5 stations, respectively, as shown in 
Fig. 2a and Table 1. In this study, the analyzed RFs were the 
same as reported by Nguyen et al. (2013). On the basis of the 
quality of the original RFs, the stations were classified into 
three grades: A, B, and C and referred to Table 1 of Nguyen 
et al. (2013). Based on Nguyen et al. (2013)’s definition, the 
grade A stations display a clear arrival in the time window 
of 3.0 - 5.0 s, which is considered as Ps, and at least one of 
the multiples close to the predicted arrival times. Grade B 
stations show clear Ps but not crustal multiples. Grade C sta-
tions show only Ps phase of RFs observed but other crustal 
phases cannot be identified. Based on Table 1 of Nguyen et 
al. (2013), 7 stations were defined as grade A, 12 stations as 
grade B, and 5 stations as grade C. One new station (MLVB) 
analyzed in this study was graded as A based on the defini-
tion of Nguyen et al. (2013).

The characteristics of RFs, such as the amplitude of 
the directed phase and the amplitude and timing of the con-
version and reverberation phases, may provide informa-
tion regarding the nature of the tectonic structure beneath 
the station (Owens and Crosson 1988; Cassidy 1992; Julià 
2007; Reading et al. 2012). Usually, the Moho sharpness is 
evident from the amplitude of Ps converted phase and rever-
beration phases in the RF. Crustal discontinuities become 
evident as converted phases before the Moho arrival. The 
small amplitude of the directed P phase in RFs may have 
been caused by the low velocity near the surface beneath 
these stations (Julià 2007).

5.1 Radial RF Averages

RFs presented simple and similar waveforms for sta-
tions in the NE and RRSZ sectors (Fig. 6). The RF charac-
teristics indicated clear and coherent Moho conversion (Ps 
phase) and reverberation phases (PpPs and PsPs + PpSs). 
The time delay of the Moho conversion phase was approxi-
mately 3.3 - 4.0 s for the NE sector and 3.3 - 3.8 s for the 
RRSZ sector. The crustal converted phases before the Moho 
arrival were small, except for stations HGVB (NE) and 
DSVB (RRSZ), which suggested that crustal structures be-
neath these sectors were relatively simple (Fig. 6). RFs from 
stations in the NW sector are notable for their high variation 
in the amplitude of the signal and lack of clear reverbera-
tion phases (e.g., PsPs + PpSs). The Moho conversion phase 
exhibited a time delay of 3.0 - 4.8 s. The crustal converted 
phases are shown as significant in stations in the NW sec-
tor (TGVB, LCVB, SPVB, and MCVB). The amplitude 
of the directed P phase of stations TTVB, MLVB, SLVB, 
and MCVB was smaller than that of others. It was affected 
strongly by the low velocity in the upper crust beneath these 

stations (Julià 2007). The strong negative amplitude at sta-
tions HGVB (NE), TGVB, LCVB, and SPVB (NW) prob-
ably represented a P-to-S conversion from a middle-lower 
crust LVZ (Fig. 6). Based on characteristics of relevant RFs, 
new information on the crustal structure was expected to 
improve our understanding of the tectonic development of 
northern Vietnam.

5.2 1-D S-Wave Velocity Models

The stacked radial RFs (Fig. 6) with three overlap-
ping Gaussian widths were inverted to obtain an average 
shear-wave velocity model for each station by using the lin-
earized inversion method (Ammon et al. 1990). Examples 
of inverting the stacked radial RFs are shown in Fig. 7. In 
general, observed and synthetic RFs that were synthesized 
from the inverted S-wave velocity model exhibited an ex-
cellent match, and the uncertainty was less than 10%; hence, 
the models were reliable. All inverted shear-wave velocity 
models divided by the three sectors of northern Vietnam are 
shown in Fig. 8. A crust-mantle transition (CMT) is marked 
in each inverted S-wave velocity profile (Fig. 8). The CMT 
is a class of geologic features that are perhaps most suitable 
for seismic investigation, namely major boundaries in elas-
tic properties. Elastic boundaries are the source of specific 
seismic waves (reflections, refractions, and diffractions) 
that affect seismograms; hence, they are the central data in 
any seismic analysis (Ligorría 2000). In this study, the CMT 
was considered as a tectonic signature and combined with 
the characteristics of the shear-wave velocity profile of sec-
tors for further evaluation.

NW sector: The S-wave velocity models revealed sig-
nificant variations in this sector (Fig. 8a). An intra-crustal 
LVZ was evident beneath the stations located in the north-
ern and central parts of this sector; the thickness of this zone 
varied in the range of 4 - 16 km in the middle and lower 
crust at the depths of approximately 16 - 20 to 32 - 34 km. 
The upper crust in the central part was also characterized by 
a low-velocity layer from the surface down to 16 km. The 
LVZ in the middle and lower crust was unclear at stations 
MCVB and TTVB; however, the inverted results showed 
that the crustal S-wave velocity of these stations remained 
low. The LVZ present beneath this sector appeared to be 
terminated at MCVB. The LVZ was not found beneath the 
stations in the southern part of this sector (LAVB, CCVB, 
VIVB, and THVB).

The S-wave profiles showed that the crust of this region 
was highly complex. The thickness of the CMT zone varied 
in the range of 4 - 8 km at depths in the range of 26 - 42 km 
in the northern part and was approximately 4 km at depths 
in the range of 30 - 36 km in the central part (Fig. 8a and  
Table 1). The CMT zone of southern stations was pronounced 
at a depth of approximately 26 - 32 km, and the thickness of 
this zone was approximately 2 - 4 km (Fig. 8a and Table 1). 
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The shear-wave velocity models beneath the southern part 
were simpler than those beneath the northern part. The depth 
of the CMT zone in the NW sector was generally consistent 
with the estimates of crustal thickness reported previously 
(Bai et al. 2010; Nguyen et al. 2013).

NE sector: The S-wave velocity profiles showed three 
prominent layers at most stations in this sector (Fig. 8b), 
namely the upper layer (or upper crust) that extended to a 
depth of 8 - 14 km, which became increasingly complex 
from region to region; the middle layer in the region be-
tween 8 and 14 km and 18 and 24 km; and the lower layer 
that extends to the CMT zone. The S-wave velocities in the 
lower layer gradually increased. A low-velocity layer was 
evident beneath the stations HGVB and CBVB but not obvi-
ous beneath the other stations in this sector. The CMT zone 
was clear and pronounced beneath this sector. The depths of 
the CMT zone in this sector were approximately in the range 
of 28 - 34 km with a thickness of approximately 2 - 4 km  
(Fig. 8b). These results are consistent with the H-κ estima-
tion reported by Nguyen et al. (2013) and Deep Seismic 
Sounding (DSS) results (Dinh et al. 2018).

RRSZ sector: The RRSZ structure was sampled at the 
stations VTVB, DHVB, HNVB, DSVB, and PLVB. Low 

shear-wave velocity in the upper crust was found beneath 
stations DHVN, HNVN, and DSVB at a depth of approxi-
mately 6 - 10 km. The depth of the CMT zone was approxi-
mately 28 - 32 km, with a thickness of 2 - 6 km, which was 
consistent with the estimates of crustal thickness obtained 
using the H-κ estimation (Bai et al. 2010; Nguyen et al. 
2013). The CMT zone has a gradient or low-velocity con-
trast. The upper part of the S-wave models, which extended 
to approximately 14 km, showed higher complexity than the 
middle and lower crust (Fig. 8b). Overall, compared with 
stations of sectors NW and NE, the S-wave velocities of 
this sector were higher (Fig. 8); the difference may be in re-
sponse to the depth extension of high-grade gneiss and low-
grade schist of the ASRR metamorphic belt from surface.

6. DISCUSSION

Because limited information is available on the crust 
beneath northern Vietnam, in this study, we referred and 
fixed the crustal thickness, Vp/Vs ratio, and density at each 
station based on the estimates by Nguyen et al. (2013) and 
those by Berteussen (1977) to reduce the dependence on the 
initial model. The S-wave velocity models were obtained by 

Fig. 4. Examples of average RFs for stations TGVB, TTVB, PLVB, and VIVB calculated using a Gaussian filter width a = 2.5 for three categories 
of ray parameters. Thin lines in gray are individual radial RFs. Average RFs for each group of ray parameters are shown in red along with 2σ bounds 
(two thick black lines). Numbers of radial RFs (No. RFs) and ray parameter (r) of averaged RF are shown within each plot.
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Fig. 7. Examples of RF inversion results for stations MTVB, DSVB, MLVB, and TGVB. The observed (gray) and simulated RFs are shown in the 
right panel for each station. The shear-wave velocity profiles are shown in the left panel. The thin lines in gray are the 100 initial models used in the 
waveform inversion. The acceptable solution models obtained after 200 iterations are shown in yellow. The averaged models with 2σ-confidence 
bound (black lines) for each station are shown in red.
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inverting the stacked RFs by using the independent initial 
model beneath each station, and results revealed that a wide 
range of seismic velocities could fit the observations. The 
independent inversion models typically provided a satisfac-
tory match between synthetic and observed RFs; however, 
the low variation among models provided more confidence 
that average models shown in Figs. 5 and 7 are robust. The 
2σ confidence bounds were computed using standard devia-
tions for 100 independent inversion models, and it conveys 
the confidence range of variation of velocity among the 
models. The confidence bounds for all the stations showed 
that uncertainties in the crust and uppermost mantle were 
larger beneath stations in complex regions (i.e., NW sector) 
and smaller in stable regions (i.e., NE sector) (Fig. 8).

The crustal structure results described in this study 
were actually the first S-wave velocity models that have 
been reported for the entire region of northern Vietnam 
by using dense seismic array observations. Legendre et al. 
(2015) reported a structure of the lithosphere beneath north-
ern Vietnam based on teleseismic surface wave dispersion 
analysis of Rayleigh-wave phase velocity. Legendre et al. 
(2015) concluded that lateral variation was observed in the 
lithosphere model of northern Vietnam; high velocities were 
observed beneath the South China Block, and low veloci-
ties were observed beneath the areas between the Red River 
Fault and the Song Da Fault. In general, the inverted 3-D 

model was consistent with that of the RFs study; however, 
resolutions in the crust are limited. Bai et al. (2010) used RF 
data to estimate the crustal and uppermost structure beneath 
four stations, namely SPVB, DBVB, PLVB, and VIVB, in 
northern Vietnam. Nguyen et al. (2013) used RF data to 
estimate the crustal thickness and Vp/Vs ratio beneath 24 
stations in northern Vietnam. In this study, the S-wave pro-
files beneath northern Vietnam were estimated using dense 
seismic array observations (Fig. 2a). Some discrepancies 
emerged among our results and those reported by Bai et al. 
(2010); for example, the S-wave velocity in the uppermost 
mantle beneath station SPVB from this study is relatively 
smaller than that reported by Bai et al. (2010). This problem 
was also encountered at PLVB. This discrepancy is possibly 
due to the use of different datasets. More observations have 
been analyzed for RF inversion in this study than that con-
ducted by Bai et al. (2010). However, the consistency of the 
S-wave velocity profiles of Bai et al. (2010) and this study 
indicated the S-wave profile complexity and the LVZ with-
in the crust at station SPVB. This is also correlated with the 
high Vp/Vs ratio in the NW sector (Bai et al. 2010; Nguyen 
et al. 2013). The LVZ may be related to the existence of a 
conductive zone from a depth of 10 - 30 km that was found 
beneath NW sectors (Le et al. 2008, 2009). In general, 
the depths of the CMT zone in this study were consistent 
with the estimated crustal thicknesses reported in previous  

(a) (b)

Fig. 8. Shear-wave velocity profiles arranged by geotectonic sectors; (a) for NW sector and (b) for RRSZ and NE sectors. The models are shown as 
thick red lines along with 2σ standard deviations. The gray bars indicate the CMT boundary. The blue arrows with label LVZ indicate the observed 
low velocity zone beneath some stations in northern Vietnam. The red dot with standard deviation bar on each seismic profile is the crustal thickness 
estimated using the H–κ stacking method (Table 1, updated from Nguyen et al. 2013).
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studies (Bai et al. 2010; Huang et al. 2013; Nguyen et al. 
2013; Dinh et al. 2018).

The results of this study (Fig. 8) showed that a wide-
spread LVZ was observed in the northwestern part of north-
ern Vietnam with significant lateral variations in its thick-
ness and strength from north to south. Evidence for a LVZ 
in the middle and lower crust was observed beneath the 
northern part of the NW sector (namely the stations SPVB, 
LCVB, and TGVB) but that evidence was weaker in the 
central sector (namely the stations SLVB, MLVB, TTVB, 
and MCVB) and disappears in the southern sector (Fig. 8a). 
On a large scale, the presence of a LVZ in this sector is 
probably associated with a LVZ beneath central and south-
eastern Tibet (Ozacar and Zandt 2004; Xu et al. 2007; Bai et 
al. 2009; Li and van der Hilst 2010; Qiao et al. 2018; Deng 
et al. 2019). This evidence is also consistent with findings 
reported by Le et al. (2008, 2009). The observed LVZ was 
suggested to result from the rapid eastward flow of the deep 
crust from the central Tibetan Plateau (Searle 2006; Royden 
et al. 2008). According to a different viewpoint, the origin 
of this LVZ was considered to be caused by an old subduc-
tion zone in this area (Huang et al. 2002). The subduction 
processes provided upwelling of a heat source from the melt 
slab to the uppermost mantle and imparted ductile material 
to the crust and caused partial melting of the crust (Leloup 
et al. 1995, 2001; Hoa et al. 2008; Lei et al. 2009; Balykin 
et al. 2010).

In this study, we identified the spatial distribution of 
the LVZ beneath some seismic stations of northern Viet-
nam. A LVZ is considered as a material weak zone. Because 
of tectonic pushing, major horizontal crustal movements oc-
curred above this LVZ and the fault slip is limited on the 
crust. The existence of the observed LVZ in northern Viet-
nam appeared to suggest that the movement of the RRSZ 
was possibly concentrated above the LVZ and did not nec-
essarily extend to the upper mantle. This tectonic regime in-
dicates that the RRSZ is a pure crustal-scale strike-slip fault 
in the present stage, which responds passively to regional 
deformation (England and Houseman 1985, 1986).

The origin of a LVZ can be explained as the forma-
tion of hot and soft material because of residual heat es-
caping from the eastern Himalayan syntaxis or an onsite 
mantle heat source because a subducted slab lies beneath it. 
This tectonic feature implies the existence of low seismicity 
along the RRSZ and its northeastern region (Fig. 1b). Oth-
er implication of the NW sector is the interaction of three 
adjacent blocks, the South China Block, Sundaland Block, 
and Baoshan sub-block, which indicated that the NW sector 
should be considered a transition boundary zone (Shen et al. 
2005; Duong et al. 2013). It responded to the tectonically 
active NW sector. Earthquakes have been reported to occur 
on several boundary faults and were not concentrated only 
on the RRSZ (Fig. 1b).

Inside northern Vietnam, we consistently found evi-

dence of S-wave velocity structures that might be related 
to different tectonic processes reported in previous geologi-
cal observations and its discussions. All five stations along 
the RRSZ (RRSZ sector) exhibited similar CMT boundar-
ies with an extremely low contrast velocity (Fig. 8b), which 
may be due to the uplift and exhumation of the mantle (An-
czkiewicz et al. 2007). The hot mantle may reduce the ve-
locity of uppermost mantle and the same as the low velocity 
contact across Moho. Three stations in this sector, namely 
DHVB, HNVB, and DSVB, exhibited an upper crust (un-
derneath the stations) that was more pronounced and com-
plex than that beneath the HBVB in the NW sector. The 
implications of this finding are associated with the rifting 
process in the middle Paleogene (Le 1985). The LVZ in this 
layer suggested the effect of geothermal activities caused by 
rifting (Liong Tin and Litvinenko 1986; Dinh et al. 2018). 
We also found limited evidence regarding variations in the 
crustal structure in the NE sector. The stations in the north-
ern part of this sector (stations HGVB and CBVB) were 
more complex than those in the southern part. The high ve-
locity layer in the upper crust (approximately 8 km) was su-
perincumbent on the LVZ and may be related to the cooling 
process of the Song Chay dome in the Eocene-Oligocene 
transition or to two successive exhumation phases because 
of the two orthogonal compressions that have effected to 
northern Vietnam (Roger et al. 2000). Similar to the S-wave 
velocity structure, the crustal thickness for the other stations 
in the NE sector (namely stations BGVB, MTVB, LSVB, 
and BCVB) suggested small changes over tectonic history 
in the process that formed the crust.

7. CONCLUSIONS

In this study, we presented a new crustal shear-wave 
velocity structure of northern Vietnam obtained through RF 
analysis. The following conclusions can be drawn from our 
study:
(1) �Our results revealed a significant variation in the NW 

sector, and the crustal thickness increased northwest-
ward; it ranged between 28 and 40 km. However, the 
crustal thickness in the NE and RRSZ sectors was not 
complex, approximately 31 km in the RRSZ sector and 
approximately 32 km in the NE sector, which confirmed 
our results obtained using the H-κ method (Nguyen et 
al. 2013).

(2) �The primary new observations of shear-wave velocity 
showed that considerable variability existed among tec-
tonic units in northern Vietnam. Along the RRSZ, the 
shear-wave velocity gradually increased with depth, and 
the CMT zone exhibited a gradient or low contrast. It sug-
gested that the mantle was uplifted and exhumed along 
this shear zone. The LVZ in the upper crust of this zone 
may be related to geothermal heat flows caused by rift-
ing. The two sides of the RRSZ exhibited distinct crustal 
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structure patterns. The north side (NE sector) had a sim-
ple pattern of the shear-wave structure, which implied 
small changes in the long tectonic history in the process 
that formed the crust. By contrast, the south side (NW 
sector) exhibited considerable variation in the crustal 
shear-wave velocity. The crustal structure patterns in the 
north of this sector were the most complex. We found 
that the shear-wave velocity in this region was the lowest 
compared with that in other regions in northern Vietnam. 
However, the crustal structure patterns in the south of 
this sector were simpler. These findings suggested that 
tectonic processes in the northern sector were more ac-
tive, whereas those in the south were more stable.

(3) �The LVZ was widely observed in the northwestern part of 
northern Vietnam, but significant lateral variations were 
observed in the depth and strength of the LVZ. It was 
broader and deeper in the north but thinner and shallower 
in the central area; moreover, it disappeared in the south. 
We inferred the possible existence of the crustal partial 
melt in the crust. Our interpretation was supported by 
high Vp/Vs ratios, observations of low crustal resistivity, 
and high temperatures in the upper mantle and crust (Le 
et al. 2008, 2009; Nguyen et al. 2013; Sun et al. 2013).

(4) �The existence of the LVZ further supported the possi-
bility of a crustal-scale RRSZ. The origin of the LVZ 
was due to the escape of residual heat from the eastern 
Himalayan syntaxis or was a result of the onsite mantle 
heat source from subducted slab beneath it.
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