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The 900-km-long Red River shear zone (RRSZ) lends a compelling support to the continental extrusion model
for the tectonic evolution of southeastern Asia, but has been challenged by many of views, as some new
records mainly from northern Vietnam, suspecting the dimensions of RRSZ neither in depth nor in
displacement are as large as we expected before. However, compared to the northwestern half of the RRSZ in
Yunnan province better studied by many fields, the southeastern half in northern Vietnam is relatively poorly
constrained by seismic study, due to insufficient stations and data in the past. This study, using a newly
deployed portable broadband seismic network, obtained the first local seismic tomography with a stepwise
inversion using P and Pn phases. Surface geology, major structures, and rock properties are well correlated
and identified in our model, suggesting the RRSZ is a lithospheric structure at least penetrating to the
uppermost mantle with mantle thermal anomalies. In general, the crust of northern Vietnam appears to be
weak and sits on a relatively hot uppermost mantle, showing a long and complex thermo tectonic history. A
mid-lower crustal segmentation of RRSZ is also proposed to compromise the discrepancies recently observed
between Yunnan province and northern Vietnam.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Red River shear zone (RRSZ) is one of the most profound
geologic features in southeastern Asia, which extends over 900 km
from southeastern edge of the Tibetan plateau to the Tonkin Gulf,
northern Vietnam, and as far as the South China Sea. With 500–900 km
in extensive left lateral displacement (Chung et al., 1997; Lan et al.,
2001; Leloup et al., 1995), and the onset time of 21–27 Ma after the
beginning of India–Eurasia collision ca. 50 Ma (Leloup et al., 1995;
Tapponnier et al., 1990; Wang et al., 1998, 2000), the RRSZ provides
prominent, original evidence for the continental extrusion model
(Tapponnier et al., 1982, 1986), which attributes a significant amount
of continental shorting of the India–Eurasia collision to the southeast-
ward extrusion of the Indochina block. Therefore the RRSZ is commonly
considered as a lithospheric suture separating Indochina from South
China (Leloup et al., 1995; Tapponnier et al., 1990; Zhang and Scharer,
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1999). However, this has been examined and challenged from many
points of view. New analysis of structural fabricswithin theDayNui Con
Voi (DNCV) metamorphic complex (Fig. 1), for example, suggests that
the RRSZ is purely an upper crust structure that shears and exhumes the
pre-existing metamorphic massif (Searle, 2006; Yeh et al., 2008). The
observations from seismic profiles conducted in offshore Tokin Gulf
shows only tens of kilometers of sinistral movement against the
dimension of the RRSZ displacement (Rangin et al., 1995). Moreover,
according to the alignment of mafic–ultramafic belts and high potassic
Paleogene magmas (Fig. 1), it is proposed that the SongMa Fault (SMF)
ought to be a better candidate of plate suture, and the RRSZ may
originate by the crustal weakening of intraplate extension ca. 30–40 Ma
(Chung et al., 1997; Lan et al., 2000). Central to these arguments is the
spatial variation of the rheological and petrologic properties of the
lithosphere along the RRSZ as well as other major structures, e.g. SMF.
For instance, could the distinct properties be detected across structures,
or would theMoho geometry responds to the thermal episodes, such as
intraplate extension? Seismic tomography could be one of the most
effective tools to image the subsurface structures to address this issue
and interpret related tectonic features.

A number of tomographic studies have been done for the RRSZ in
past decade with various patterns of velocity anomalies along this fault
zone (Huang et al., 2002; Lei et al., 2009; Wang et al., 2003; Wu et al.,
2004; Xu et al., 2005). Using P waves from local earthquakes, Huang et



Fig. 1. Geologic map showing igneous rock divisions (referred to Chung et al., 1997) and geologic units. DNCV, Day Nui Con Voi metamorphic complex; SCMD, Song Chay
Metamorphic Dome; M. F., Mountain Fansipan. Igneous rock types are denoted in Legend (P–Tr, Permian–Triassic), and the red line and the yellow dotted line represent the fault
traces and suspected plate suture between South China and Indochina blocks. RRSZ, Red River shear zone; DBPF, Dien Bien Phu Fault; XXF, Xianshuihe–Xiaojiang Fault; SMF, Song
Ma Fault; SDF: Song Da Fault.
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al. (2002) obtained the tomographic images in Yunnan province, China,
showing a contrast of high and low velocity anomalies across the RRSZ,
which be traced down to themantle. This feature is also confirmed by a
local S wave tomography (Wang et al., 2003) and a regional surface
wave tomography (Wu et al., 2004). On the contrary, in Yunnan
province, the models inverted by using both local and teleseismic
datasets suggest a high velocity zone in the upper crust underlined by a
low velocity zone in the mid-lower crust along the RRSZ (Lei et al.,
2009; Xu et al., 2005). Hindered by the lack of stations in northern
Vietnam, most of these models are either the local studies focusing on
the Yunnan province (Huang et al., 2002; Lei et al., 2009; Wang et al.,
2003; Xu et al., 2005), or are the regional studies not capable of the
detailed spatial resolution in northern Vietnam (Wu et al., 2004). Along
the 900-km-long RRSZ from SE edge of Tibetan plateau to SCS, the
northern Vietnam appears as a gap of the seismic investigation.

The first local seismic tomographic study of northern Vietnam
became feasible, when a portable broadband seismic network was
installed during the December of 2005 with the aim to image and
interpret crustal and mantle structures beneath northern Vietnam
(Huang et al., 2009). In this study, we combine the datasets from the
Vietnam short-period seismic network (VSPSN) and the portable
broadband seismic network (PBSN) (Fig. 2) in an attempt to improve
the resolution of the 3D crustal and uppermost mantle structure
beneath the northern Vietnam and the southeastern half of the RRSZ.
We use crustal P, secondary crustal P, and Pn waves to invert for
crustal and Pn velocities, as well as Moho variation.
2. Tectonic settings

2.1. Igneous rocks in northern Vietnam

The terrain of northern Vietnam consists of the South China block
to the northeast and the Indochina block to the southwest, which
are separated by the NW–SE suture zone of the RRSZ (Fig. 1). Along
the RRSZ, a metamorphic belt is exposed over a great length from
Xuelongshan, through Diancangshan and Ailaoshan in Yunnan, and
extending into northern Vietnam, where the segment is called the
Day Nui Con Voi (DNCV) metamorphic complex, consisting of high-
grade gneiss and low-grade schist. In and around northern Vietnam,
a long and complexmagmatism history is revealed by various phases of
igneous rocks. They can be categorized into fivemain groups: (1) Paleo/
Mesozoic volcanics, (2) Paleo/Mesozoic intrusives, (3) P–Tr flood
basalts, (4) Paleogene high potassic magmas, and (5) mafic/ultramafic
ophiolites (Chung et al., 1997; Lan et al., 2000; Wang et al., 2000). The
Paleo/Mesozoic volcanics and intrusives are extensively distributed, but
in contrast, the P–Tr flood basalts and Paleogene high potassic magmas
are located only between the RRSZ and the Song Da Fault (SDF). The
mafic/ultramafic ophiolites locally fringe to the south side of the RRSZ
(102.0°, 23.5°) and the SMF (105.5°, 19.5°). Of those Paleo/Mesozoic
intrusives, the intrusive massif to the southwest of the RRSZ formed the
highest summit of northern Vietnam calledMount Fansipan; and to the
northeast of the RRSZ, the intrusive massif at Song Chay is namely
the Song Chay metamorphic dome (SCMD) that is reported to have
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Fig. 2. Seismicity map of northern Vietnam. Earthquakes and stations are denoted by black circle and blue triangle, respectively. Background color shows the topography relief, and
red line represents the fault trace (for abbreviations, see caption of Fig. 1).
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experienced a prolonged thermal history and regarded as the evidence
of the pre-existing metamorphic massif prior to the developing of the
RRSZ (Searle, 2006). In addition, the outcrop of the mafic/ultramafic
ophiolites, comprising fragmentarily serpentinized gabbro-dolerites,
harzburgites, and dunites, indicates an existence of a paleo-subduction
system, and is suspected to be a better plate suture rather than the RRSZ
(Fig. 1. Chung et al., 1997; Leloup et al., 1995; Trung et al., 2006).

2.2. Seismic activities and featured faults

Seismic activity in northernVietnam is relatively lowwhen compared
to the surrounding regions (Fig. 2). Half of the earthquakes recorded
by the seismic networks are from Yunnan province, China to the
northwest, and from Laos to the west. The level of seismic activity
along the RRSZ also appear to be quite low, which agrees with the
current phase of the RRSZ turning into the dextral shearing, with
only minor offsets within a range of tens kilometers (Allen et al.,
1984; Cong and Feigl, 1999; Leloup et al., 1995; Zhu et al., 2009). The
RRSZ splits into two strand faults in northern Vietnam. This wider
shearing system is suggested as a flower structures which might be
developed with normal components in a transtension stage of RRSZ
during 15.5–30 Ma, possibly related to the spreading of SCS (Rangin
et al., 1995; Searle, 2006). Within the shear zone, some narrow, NW–

SE elongated depressions are then formed and distributed. On the
other hand, the Dien Bien Phu Fault (DBPF) is the most active structure
in northern Vietnam at present. Many earthquake clusters seem to be
distributed along the DBPF and around the junction of the DBPF with
the SDF and SMF. Like the RRSZ, the DBPF also has two phases of
shearing from dextral in the past, to sinistral movement presently.
The RRSZ and the DBPF are therefore suspected to be a conjugate
fault system under the regional deformation in southeastern Asia
(Zhuchiewicz et al., 2004). The mafic/ultramafic belts mark the NW–

SE striking SMF as a subduction front/suture zone for at least 170 km
in northern Vietnam. To its northeast, the SDF represents a fault
system of orogenic belt with tightly folded Permian mafic volcanics,
Triassic shales and limestones, and Cretaceous continental red beds
(Leloup et al., 1995). Although the SMF and SDF are the products of
paleo-orogeny, some seismic activities are still present in this region.
The Xianshuihe–Xiaojiang Fault (XXF) is another active fault with
relatively high seismicity. However, it is out of our scope of this
study, which focuses mainly on the tectonics of northern Vietnam.

3. Data and basic data processing procedure

3.1. Data descriptions

Our dataset contains the earthquake catalogs from the VSPSN over
a time span of 1996–2008 and from the PBSN (Huang et al., 2009)
over a period of 2006–2010. For the overlapping period from 2006 to
2008 between the two networks, we keep the data separate without
re-associating and re-locating the phases of the same events. This is
due to concerns on the errors from different operating systems, and
therefore, it is worth noting that the number of earthquakes in our
catalogs will be somewhat larger than the real number. Within a
region of longitude 100–108°E and latitude 18.5–25°N, a total of 898
earthquakes and 51 stations are selected and used in this study (Fig. 2),
comprising 6482 travel time picks of crustal P and Pn waves. The
secondary Pwave arrival at distances greater than the crossover distance



Fig. 3. Schematic illustration of crustal P and Pn wave phases used in this study. At small
distances, P waves arrive as first arrivals sampling shallow crust. As distance increases, P
wave incident upon the Moho become critically refracted at the top of the mantle and
arrive at the surface as head waves, nominated Pn waves in general. At distances greater
than the crossover distance, Pn waves become first arrivals and P waves arrive as
secondary arrivals, sampling the mid and lower crust. Blue and yellow cells represent the
discrete 3D model spaces of crust sampled by crustal P waves and 2D model spaces of
mantle-lid sampled by Pn waves.
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of P and Pn waves are also included as long as they are identified and
picked. These secondary arrivals are abundant in our catalogs at the
epicenter distance ranging from 200 to 700 km (Fig. 4a) that consider-
ably increase the sampling rays in mid and lower crusts. Generally, most
raw picks are closely clustered along the apparent travel time curves
(Fig. 4a). However, some outliers and misidentifications are still present
and need to be sorted out.

3.2. Stepwise procedure of this study

In this study, we explored an iterated scheme recently developed
by Xu and Song (2010) to jointly invert 3D crustal P and Pn velocities
and Moho maps. First, the scheme determines the 1D velocity model
and re-associates the wave phases simultaneously. In the wave phase
re-association, the predicted travel times of each earthquake–station
pair are calculated for crustal P wave and Pn wave, respectively. The
observed phase is associated with crustal P or Pn, depending on the
closeness of the predicted travel times to the observed travel times. If
the difference between the predicted and observed travel times is
greater than 2 s, the phase is discarded (Fig. 4b).

Second, we invert the 3D crustal P and Pn velocities separately.
This is a variation from the joint inversion approach for crustal P and
Pn simultaneously (Xu and Song, 2010). Because of the rather uneven
distribution of the P and Pn data sets, such a joint inversion, which
seeks to minimize the total residuals of the least square system, can
Fig. 4. Travel time curve reduced by 7 km/s. (a) Before and (b) after applying the 1D joint-in
crustal P and 1969 Pn picks are sorted out and used in this study.
be overly affected by the larger data set (P waves). Thus, a more
straightforward way is to deal with them separately. Although some
benefits of joint inversion will diminish, e.g. the contributions on
crustal velocity model from Pn waves, we can more fairly assess the
improvement of the inversions and the effects from the uneven data
step by step.

Thus, a stepwise procedure is developed as such: (1) imposing 1D
joint-inversion scheme on raw travel time picks to re-associate and
filter out the picks of crustal P and Pn waves (Fig. 4), and obtain the
reference 1D velocity model, including Moho depth, (2) relocating
and updating earthquake hypocenters using the reference 1D velocity
model and re-associated phase arrivals, (3) inverting the 3D crustal
velocities using both the first and second crustal P wave arrivals, (4)
with 3D crustal velocity models obtained from step (3), inverting
the mantle-lid velocities using Pn wave arrivals, and (5) deriving
the regional Moho variation with updated crustal P and Pn velocity
models. This procedure iterates from step (2) to (4) for better refining
of the earthquake locations with updated 3D velocity models and for
improving velocity models with relocated hypocenters (Fig. 5). Using
the final earthquake locations and both crustal P and Pn velocity
models, the Moho depth variation is obtained. During each step and
iteration, the travel time residuals (relative to the reference model)
larger than 2 s, and earthquakes with depth deeper than the Moho
are discarded.
4. Methodology

4.1. Tomographic inversion method

We follow the basic joint inversion formulation outlined in Xu and
Song (2010) with some modification. The travel time residual for
crustal P wave from event j to station k in a discrete form can be
expressed as following:

rjk ¼ Tobs
jk −Tpred

jk ¼
Xn
c¼1

− dl
v

� �
Δv
v

� �
c
; ð1Þ

where Tjkobs is the observed travel time, Tjkpred is the predicted travel time,
n is the number of grids that ray path samples in the crust, and then dl
and Δv

v are the length and the velocity perturbation corresponding to
each grid.
version scheme (Xu and Song, 2010) on raw data. Within a 2 s misfit, in a total of 4632



Fig. 5. Flow chart of the stepwise inversion procedure. Arrows show the order of steps:
(1) imposing 1D joint-inversion scheme to obtain the inverted 1D velocity model (as
well as the re-association of crustal P and Pn phases); (2) relocating and updating
earthquake hypocenters; (3) inverting 3D crustal P-wave velocities; (4) inverting
mantle-lid Pn-wave velocities; and (5) deriving the regional Moho variation. See text
for the details (Section 3.2).
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Comparably, the travel time residual for Pn wave can be written
as:

rjk ¼ Tobs
jk −Tpred

jk ¼
Xn1
m¼1

−dl
v

� �
Δv
v

� �
m
þ
Xn2
e¼1

− dl
v

� �
Δv
v

� �
e

þ
Xn3
s¼1

− dl
v

� �
Δv
v

� �
s
þ Δteqj þ Δtstk ; ð2Þ

where n1, n2, and n3 are the number of grids that ray path samples in
the mantle and at earthquake and station sides in the crust (Fig. 3).
Different from the conventional formulation of Pn tomography (Hearn,
1984, 1996; Liang et al., 2004), we follow the strategy of Xu and Song
(2010) to actually trace the ray path of Pn wave so that the portion of
velocity perturbation in the formula comes to three sections as
stated above. Therefore Δtjeq and Δtkst turn into the travel time delays
contributed from the “Moho depth variation”, not the “Moho depth”
(i.e. crustal thickness, Hearn, 1984), at the earthquake and station
sides, which is written as:

Δt ¼ ηΔH; ð3Þ

where ΔH is the Moho depth variation. Parameter η is the vertical

slowness able to be calculated by the formula η ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
vc

� �2− 1
vm

� �2
r

where vc and vm are the velocity at the depth right above theMoho in
the crust and the Pn velocity in the mantle, respectively. Thereby,
once we derived the crustal P and Pn velocity models at steps (3) and
(4), based on the following formula:

H ¼ �H þ Δt
η
; ð4Þ
we can obtain the regional variation of the Moho depth (i.e. crustal
thickness) in our study area. �H is the reference Moho depth derived
from the 1D joint-inversion scheme at step (1). It is important noting
that for the Eq. (2), we only invert the first, fourth and fifth terms for
Pn velocity perturbations, earthquake delays, and station delays. The
second and third term are directly calculated by the crustal velocity
model from step (3).

We apply the LSQR algorithm (Paige and Saunders, 1982a, 1982b)
to solve the linearized Eqs. (1) and (2) by minimizing the least square
system: ‖Gm−d‖2+λ2‖m‖2+φ2‖Lm‖2. Here m is the model vector
that is the velocity perturbation we would like to obtain, d is the data
vector whose entries are the residuals (rjk) between predicted and
observed travel times, and G is the kernel matrix composed of partial
differential coefficients that links up the vector m and d. The first
term therefore represents the misfit of equations. And furthermore,
because of the nature of uneven distribution of earthquakes and
stations, tomographic inversion problems are generally highly ill-
conditioned and cause instability during inversion. To overcome this,
a common approach is to impose the regularization on ill-conditioned
systems with additional constraints, such as damping and smoothing
constraints. By this concept, the second term is themagnitude of model
vector itself with a damping factor λ to suppress the overreaction of the
model norm. Then the third term represents the smoothing constraint,
where L is the finite difference Laplacian operator (Lees and Crosson,
1989) in charge of the roughness over the model space, and the
coefficientφ is the factor to control the level. After a number of empirical
tryouts, λ and φ are chosen as 5 and 10 for crustal P wave inversion,
while for Pn wave inversion they are chosen as 10 and 10 in this study.

Because the Eq. (2) contains quantitieswith different units,we apply
a preconditioning matrix P to make the kernel matrix G dimensionless
in Pn tomographic inversion. P is a diagonal matrix whose diagonal
elements are the reciprocal of the L2 norm of each column vector c in
kernel matrix G. This process makes G′=GP, m '=P−1m, and does not
change the linear system as G′m′=GPP−1m=d. To the end, the real
model vector can be recovered by m=Pm′ reversely.

4.2. Earthquake relocation method

Sometimes, tomographic inversions are carried out by involving
source parameters (hypocenter location and original time) into the
formulation (Zhang and Thurber, 2006). However, such a formulation
generally relies on the assumption that the earthquake mislocation is
small enough to achieve a linearized system with velocity disturbances
simultaneously. Otherwise, the errors of mislocation will be directly
mapped into the tomographic inversion, and will produce artificial
anomalies that mask the real structure signals. Furthermore, the speed
of convergence of earthquake parameters is generally different from
that of the earth structure parameters. Hence, the earthquake relocation
prior to the tomographic inversion is suggested in most situations for
deriving a better starting model of event locations (Van der Hilst and
Engdahl, 1992).

In the case of northern Vietnam, it is highly desirable that a prior-to-
inversion relocation is done as it is evident that a large percentage of
earthquakes have artificial fixed depth in the raw earthquake catalog.
Here, we apply the analytical kernel matrix on crustal P and Pn waves
(Gubbins, 1990), and formulate a weighted, damped least square
system: ‖WGm−Wd‖2+λ2‖m‖2, where W is the diagonal weighting
matrix whose elements are normalized to a range of 0 to 1 by the
residual between predicted and observed travel times. The second term
is a damping constraint as described in tomographic inversion.
Compared with the relocation of common fashion that only uses the
first P wave arrivals, our relocation exhibits some advantages. First, to
draw support from the 1D joint-inversion scheme, we can fairly re-
associate the crustal P and Pn wave arrivals and trace both ray paths
adequately without the phase contamination. Second, the recogni-
tion of the secondary P arrivals earns us more constraints for



Fig. 7. Residual distribution of the relocated data relative to initial 1D model, final 1D
model, and 3D model (combined both crustal P and Pn models). Derived standard
deviations are 0.843, 0.415, and 0.371 sequentially.
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hypocenter determination than only using the first arrivals. Third,
different from that of the crustal P wave, the ray path of the head
wave, Pn, always heads downward from the source to the Moho
discontinuity to provide additional depth controls over the
hypocenter.

4.3. Model parameterization and 1D velocity model

In the parameterization of our 1D velocity model, the crust is
initially divided into vertical grids of 10 km interval with a constant P
wave velocity of 5.8 km/s from 0 to 60 km. The initial Moho depth and
Pn velocity are set as 35 km and 8.1 km/s. These values are estimated
from the slope of the travel time curves of the raw data (Fig. 4) and the
Crust 2.0 model (Bassin et al., 2000). When employing the 1D joint-
inversion scheme (Xu and Song, 2010), a reference 1D velocity model
with updated crustal velocities, Pn velocity, and Moho depth converges
after 7 iterations. Finally, our model has a Moho depth of 33.2 km, Pn
velocity of 8.11 km/s, and crustal velocities ranging from 5.72 to
5.91 km/s (Fig. 6).

The 3D crustal velocity model is parameterized into 10 km-spacing
vertical grids as 1D model settings and 0.25°×0.25° horizontal grids.
Grid-spacing of the Pn velocity model is set as 0.25°×0.25° as well. The
initial values at grid nodes are given in the final results of 1D velocity
model, and the values between nodes (within a grid) are linearly
interpolated. The 1D model and earthquake relocation are done jointly
together in an iterative process (Fig. 5). Using the final relocated events,
after 1D and 3D inversion, the residual distributions are sequentially
improved with a convergence of standard deviations from 0.843, 0.415,
to 0.371 s (Fig. 7). The root mean square (RMS) of the total travel time
residuals drops from 0.857 to 0.371 s or a variance reduction of 81%.

5. Model resolution assessment

5.1. Ray coverage

After 3 iterations of step 2 (Fig. 5, back and forth between 1D joint
inversion and earthquake relocation), 475 earthquakes are relocated
Fig. 6. Initial and final 1D velocity models, which are denoted by the dashed black line
and the solid red line respectively.
and selected (Fig. 8), containing 2425 arrivals of crustal P waves and
1064 arrivals of Pn waves for the tomographic inversions. It retains
about 54% of the raw data. Fig. 9c shows their ray coverage. It fairly
covers the model grids in the RRSZ and most of northern Vietnam of
our interest.
5.2. Resolution tests and performance

We perform a checkerboard test (Leveque et al., 1993) to evaluate
the resolution of our tomographic images. In the test, the input model
is made as a sinusoidal checkerboard pattern maximum±5% velocity
perturbation over the 1D model on crustal P and Pn velocities (Fig. 9a).
Several input models with different half-wavelength are tested. Results
show that to the half-wavelength of 0.75° we can recovered the
checkerboard patternwell inmost of thenorthern Vietnam, in particular
at depths of 10 and 20 km in crust, as well as the Moho (Fig. 9b).
Fig. 8. Distribution map of relocated earthquakes. The red dotted line and blue triangle
represent the fault trace and seismic station. Earthquakes are denoted by black circle
and scaled by magnitude as legend shows.



Fig. 9. Model resolution performance. (a) Input model of checkerboard test with 5% velocity perturbation; (b) resolved results of checkerboard test at 0, 10, 20, 30 km depths for
crustal P, and at top of mantle for Pn; (c) map showing the total crustal P and Pn ray coverage and our model grid setting; (d) resolution maps derived from checkerboard-test results
(Zelt, 1998) at each corresponding depth.
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Then, we translate these patterns into the resolution maps quanti-
tatively using the resolvability proposed by Zelt (1998) (see also Liang
et al., 2004). The resolvability, R, from a checkerboard test is defined as:

R ¼

PM
i¼1

ti þ rið Þ2

2
PM
i¼1

t2i þ r2i
� � ; ð5Þ

where ti and ri are the true and recovered velocity anomalies at grid
i inside a given area of M grids. We choose an operating area of
0.75°×0.75° centered on the grid for which we want to calculate the
resolvability. In our case of 0.25° grid spacing, then M is equal to 9. A
value of resolvability above 0.7 can be viewed as an indication of a
well-recovered checkerboard structure (Zelt, 1998). Fig. 9d shows the
translated resolution maps, which lend us a criterion to blank out the
unreliable areas in tomographic images.
6. Results and discussion

Fig. 10a and b displays the results of the 3D crustal P velocity
perturbations and the Pn velocity perturbation map, relative to the 1D
reference model (Fig. 6). The station delay times derived from Pn
inversion and their converted Moho depths at each station are shown
in Fig. 10c, which shows a range of converted Moho depth around
31–35 km in color.

6.1. Correlations with surface geology

At the surface (depth of 0 km), the primary patterns reveal a high
velocity belt along the right side of RRSZ and three prominent low
velocity spots. We superimpose the rock-type distribution (Fig. 1),
and simply regroup it into twomain categories: metamorphic/intrusive
domain (blue polygons) and volcanic domain (brown polygons). Based
on laboratory measurements, metamorphic rocks at shallow depth
ca. 20 km have similar wave speeds to intrusive rocks (e.g. granite,
granodiorite) but have higher speeds than volcanic rocks (e.g. basalt,



Fig. 10. Inversion results for crustal P (a) and mantle-lid Pn velocities (b), and the derived Moho variation map (c). (a, b) Gray area is blanked by the resolution map (Fig. 9d). The
red line and black circle denote the fault traces and the earthquakes projected within 5 km distance above and below. (c) Label shows the station delay times from Pn velocity
inversion. According to the formula (4) (details in text), we translate the delay time into the variation of Moho depth in kilometer, which is shown by color. On the maps, different
rock types, suspected suture, and faults are denoted by legend below.
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andesite) (Christensen and Mooney, 1995). We observe that the
metamorphic/intrusive domains generally correspond to high velocity
zones and the volcanic domains to low velocity zones. As do the SCMD
to the high velocity anomalies and the loci of high potassic Paleogene
magmas to low velocity anomalies. One of the prominent low velocity
areas located at the southern tip of the DNCV metamorphic complex
does not correspond to a volcanic domain, probably reflecting the site
effect of the station in the sediment basin.

6.2. Velocity structures of crust

Down to a depth of 10 km, an apparent high velocity belt still
exists (Fig. 10a, box 1) and probably extends to the Tonkin Gulf. This
feature disappears in the mid-lower crust (20 and 30 km depth) and
becomes a low velocity belt, which is well consistent with the models
of Xu et al. (2005) and Lei et al. (2009) in Yunnan province. But a
slight difference is that in themid-lower crust, we observed aNNE–SSW
trending high velocity zone (box 2) in the southeastern end of the NW–

SE trending low velocity belt (box 1). If considering this NNE–SSW
trending pattern encloses the locus where the SCMD is exposed on the
surface and does not follow the trend of shear zone, this high velocity
zone is likely representative of a metamorphic batholith that results
from other tectonic episodes, not coeval with the RRSZ shearing. Many
studies have reported that the thermo-tectonic history of the DNCV is
more complicated than theDiancangshan andAilaoshan in Yunnan, and
gave much older ages in the Triassic during the Indosinian orogeny
(Carter et al., 2001; Searle, 2006). It is suggested that an oblique
collision could have occurred between the South China and Indochina
blocks with a northwestward migration prior to the developing of
India–Eurasia collision and the RRSZ shearing (Carter et al., 2001;
Harrison et al., 1992, 1996; Wang et al., 1998, 2000). Our observations
reveal a pre-existing metamorphic batholith in the mid-lower crust.
Then, during the RRSZ shearing, this batholith was exhumed and
cooled, explaining a more complex thermo-tectonic history of the
DNCV metamorphic complex (Searle, 2006; Yeh et al., 2008).

In the meantime, the low velocity belt northwest of the batholith
indicates that the material along the shear zone either has relatively
high temperature or contains fluid, most likely the water, or maybe
both. If the RRSZ is the plate suture where the paleo-Tethys ocean had
been consumed, it stands to reason that the water was trapped within
the suture and probably became a key to lubricating and facilitating
this extremely long structure. As a result, the high velocity belt observed
in the upper crust mainly reflects the metamorphism of the RRSZ
shearing, but in northern Vietnam, it turns out to be a consequence
involving different tectonic phases.

Furthermore, in our model, the mafic/ultramafic ophiolites along
the SMF can also be marked well by a high velocity belt (following the
dotted line of the suspected suture) at the layer of 10 km depth, but
then vanishes at deeper depths. The SMF and SDF were the northward
subducting front of the Indochina block and the back-arc opening
center in the past (Lepvrier et al., 2004). Followed by a long tectonic
evolution of SE Asia, including the India–Eurasia collision afterward,
this subduction–arc system turned into an orogenic belt of continent–
continent collision and thrust the oceanic crust (i.e. mafic/ultramafic
ophiolites) up to the surface. The high velocity belt we detected only
at shallower depths probably suggests that the outcrops of mafic/
ultramafic ophiolites are restricted in the upper crust as remnant
fragments of paleo-oceanic crust.

6.3. Pn velocities

The NW–SE trending belt with relatively low velocity also appears
at the top of the mantle (Fig. 10b, box 3). The velocity of the Pn wave
is rather sensitive to the temperature change in the uppermost
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mantle (Black and Braile, 1982), and it therefore is often referred to in
the activities of mantle dynamics (Hearn, 1984, 1996; Liang et al.,
2004). From this point of view, the low velocity belt may reflect the
causal thermal anomalies of the ascending asthenosphere. This implies
the heating of the shear zone in the mid-lower crust involves the
thermal source from the mantle (Leloup et al., 1999), likely happening
during the transtension stage ca. 15.5–30 Ma (Rangin et al., 1995;
Searle, 2006). From this point of view, the RRSZ would be a lithospheric
structure.

The other conspicuous feature is that the NE–SW striking DBPF
seems to be a boundary between the high velocity anomalies to the
northwest and the low velocity anomalies to the southeast. This
implies that the DBPF is a lithospheric suture of which the depth
reaches the top of the mantle and separates two different terrains.
However, few studies have discussed the depth dimension of the
DBPF. Recently Zhuchiewicz et al. (2004) proposed a conjugate fault
system for the RRSZ and DBPF. According to which, if the RRSZ is a
lithospheric structure, then the DBPF would be a lithospheric structure
to accommodate the relative motions between terrains. But nonethe-
less, this velocity contrast is located on the fringes of our resolution area.
More analysis is required to verify in the future.

6.4. Moho depth variation

In general, the averageMohodepth of northern Vietnamweobtained
in this study (~33.2 km/s) is similar to results from previous studies in
northern Vietnam from receiver functions (~31.4 km, Bai et al., 2010)
and in southeast China from deep seismic sounding (32–33 km, Li and
Mooney, 1998; Li et al., 2006). Our regionalmap ofMoho depth variation
(from our station delays and crustal model) shows several interesting
features: First, the Moho depth becomes shallower from northeast to
southwest, revealing a thicker crust of South China Block (Fig. 10c, box 5)
as previous studies suggest (Bassin et al., 2000;Wu et al., 2004). Second,
the crust of northern Vietnam seems to be a local minimum relatively
thinner than both sides to the northeast and southwest, implying a
consequence of the long and complex thermotectonic history of
northern Vietnam (box 6). The loci of high potassic magmatic rocks
which are believed to relate to the mantle source, also agrees well
with the local thinner crust. Third and most importantly, a prominent
depth change of theMoho exhibits just across the RRSZ (box 7). Similar
results are also found in Yunnan province, China (Xu et al., 2006),
showing an offset of Moho depth on different sides of RRSZ. This is
probably themost intuitive evidence to prove the RRSZ is a lithospheric
structure that cuts at least the entire crust.

6.5. Continental rheology

The data recorded by the two seismic networks so far are still
insufficient to conduct a more detailed tomographic inversion with
finer grid-spacing, especially in depths where we only have four
nodes (grids) for the crust. However, from the 1D velocity model
(Fig. 6), the small increase of velocity with depth in the crust (from
5.72 to 5.91 km/s) is notable. The velocities in mid-lower crust is
abnormally low (~5.9 km/s) relative to a regional average of southeast
China (~6.3–6.7 km/s, Li et al., 2006), indicating a pure felsic crust
without mafic lower crust. A recent study of teleseismic receiver
functions show a low Poisson's ratio of crust in northern Vietnam
(σ=0.23, Bai et al., 2010), suggesting the crustal composition composed
mainly of metasedimentary and silicic intrusive rocks without mafic or
ultramafic components (Christensen, 1996). These types of rocks, with
the P wave velocity around 5.5–6.2 km/s (Christensen and Mooney,
1995), are consistent with our results.

We also tried different initial models to test the stability of 1D
joint inversion, including the deep sounding model of southeast
China (Li and Mooney, 1998; Li et al., 2006). The initial models range
from 5.5 to 6.3 km/s in the crust, 28.0 to 40.0 km in the Moho depth,
and 7.5 to 8.5 km/s in the Pn velocity. We obtained very similar 1D
models from the different initial models: the crustal velocity changes
less than 0.02 km/s, the Moho depth is within about ~1.5 km, and the
Pn velocity is within ~0.1 km/s. Thus, the lower crust velocities are very
stable and insensitive to the initial models, indicating this feature should
be robust. One possible explanation is the intraplate extension, induced
by the delamination of thickened continental lithosphere as a response
to the India–Asia collision (Chung et al., 1997, 2005). This could have
occurred in this region or could result from transported crust by the RRSZ
from the Yunnan province of China. The 1D velocity structure, then,
represents the portion of the upper-mid crust as the lower crust lost. A
recent P wave global tomography, which shows a prominent low
velocity belt along the RRSZ in the upper mantle, may also suggest this
thermal episode in this region (Li et al., 2008). However, due to the
sparse vertical grids in our model, more data sampling the lower crust is
needed to confirm the result in the future.
7. Conclusions

With a P wave velocity model of crust-to-uppermost mantle, this
study aims to provide an insight on the subsurface structures to explore
the tectonics of northern Vietnam and to offer additional constraints on
the southeastern half of the RRSZ, where seismic investigation has been
very limited. Although there have been many studies contributing
abundant information to the RRSZ, this study is the first to tomogra-
phically explore the 3D velocity structure of northern Vietnam on a
finer, local scale. By integrating the records in a period of 1996–2008
from the PBSN and the VSPSN, our results show a fairly good correlation
with the surface geology, major structures (especially the RRSZ), and
the mantle dynamics. We modify the basic joint inversion approach by
Xu and Song (2010) and utilize multiple P waves (crustal and Pn) to
obtain better constraints on the whole crust, the top of the mantle, and
the Moho depth.

Our results detect a segmentation of the RRSZ in the mid-lower
crust. In the Yunnan province, we obtained similar results with the
previous tomographic studies (Lei et al., 2009; Xu et al., 2005), showing
a high velocity belt in the upper crust and a low velocity belt in themid-
lower crust along the RRSZ. However, in northern Vietnam, a NNE–SSW
trending high velocity zone detected in the mid-lower crust may
represent a pre-existing metamorphic batholith with respect to the
Indosinian orogeny in the Triassic (Carter et al., 2001). Therefore
the DCNV metamorphic complex became an assemblage of the old
exhumed metamorphic cores and the later metamorphism of the
RRSZ shearing (Searle, 2006; Yeh et al., 2008), contributing to the
complex thermo tectonic history (Carter et al., 2001). This segmenta-
tion is probably a compromise to the different characteristics between
the Red River metamorphic belt in Yunnan and in northern Vietnam.
Moreover, the RRSZ is confirmed as a lithospheric structure that cuts
through the crust by the observations showing a sharp change of Moho
depth just across the RRSZ, and a low velocity belt along the shear zone
at top of themantle. This lowvelocity belt implies that the RRSZ thermal
anomalies in the mid-lower crust are not only a result of the fault
shearing but also involve the mantle thermal activities.

Several major structures could also be identified in our model: for
instance, the deep root of DBPF, the upper crust remnant of mafic/
ultramafic ophiolites, the thickening crust at the margin of the South
China block, as well as the low velocity anomalies and locally thin
crust beneath the loci of the high potassic Paleogene magmas and P–Tr
flood basalts. The last one supports a possibility of intraplate extension
extensively occurring in SE Asia at 30–40Ma (Chung et al., 1997, 2005).
Generally, northern Vietnam appears to have a weak crust with a
relatively slow and simple 1D velocity structure (Fig. 6) overlying a
regionally hot uppermost mantle. This is probably why the seismic
activity in northern Vietnam is lower than the surrounding areas,
especially comparing with the Yunnan province to the northwest.
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