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Abstract The eastern Tibetan plateau has been getting
more and more attention because it combines active faults,
uplifting, and large earthquakes together in a high-popu-
lation region. Based on the previous researches, the most of
Cenozoic tectonic activities were related to the regional
structure of the local blocks within the crustal scale. Thus,
a better understanding of the crustal structure of the
regional tectonic blocks is an important topic for further
study. In this paper, we combined the simple Bouguer
gravity anomaly with the Moho depths from previous
studies to investigate the crustal structure in this area. To
highlight the crustal structures, the gravity anomaly caused
by the Moho relief has been reduced by forward modeling
calculations. A total horizontal derivative (THD) had been
applied on the gravity residuals. The results indicated that
the crustal gravity residual is compatible with the topog-
raphy and the geological settings of the regional blocks,
including the Sichuan basin, the Chuxiong basin, the
Xiaojiang fault, and the Jinhe fault, as well as the Long-
menshan fault zone. The THD emphasized the west margin
of Yangtze block, i.e., the Longriba fault zone and the
Xiaojiang fault cut through the Yangtze block. The
checkboard pattern of the gravity residual in the Songpan-
Garze fold belt and Chuandian fragment shows that the
crust is undergoing a southward and SE-directed extrusion,
which is coincident with the flowing direction indicated
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from the GPS measurements. By integrating the interpre-
tations, the stepwise extensional mechanism of the eastern
Tibetan plateau is supported by the southeastward crustal
deformation, and the extrusion of Chuandian fragment is
achieved by Xianshuihe fault.

Keywords Eastern Tibetan plateau - Tectonic activity -
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1 Introduction

The eastern Tibetan plateau has been divided into three sub-
units by four major left-lateral strike-slip faults, including
the red river fault, the Xianshuihe fault, the Kunlun fault,
and the Haiyuan fault (Fig. 1b). Based on the observed
Global Positioning System (GPS) measurements, the Tibe-
tan plateau is dominated by lateral movement (Gan et al.
2007). These four dominant left-lateral strike-slip fault
systems control the directions of extrusion from southeast to
northeast (Fig. 1a) (Wang et al. 2014; Tapponnier et al.
1986, 2001). With the exception of the Zoige basin, the
average elevations of the Songpan-Garze fold belt and
Chuandian fragment are both above 4 km. In the north-
eastern Kunlun fault and the southeastern Chuandian frag-
ment, the elevation decreases smoothly toward the northeast
and southeast. The Longmenshan fault belt stands out from
the Sichuan basin and eastern Tibet because of its high
topographic gradient (Clark and Royden 2000). The recent
40-year earthquakes were located along the major faults at
depths of 40 km and a shallower depth dominantly between
20 and 30 km (Fig. 1b). Based on the focal mechanism, the
Sichuan basin is under compression from eastern Tibet, and
the inner part of the Chuandian fragment extends in a
southeast direction (Wang et al. 2014). The general
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Fig. 1 a Regional topographic map (SRTM, 90 m resolution DEM) of the Tibetan plateau. Red square shows the location of (b); NC North
China block, SC South China block, HYF Haiyuan fault, KLF Kunlun fault, XSHF Xianshuihe fault zone, JLF Jiali fault, RRF Red river fault.
b Map of the eastern Tibetan plateau showing the focal mechanism of earthquakes for the past 40 years (earthquake data from www.globalcmt.
org). Red lines are the locations of faults. QHNS Qinghainanshan fault, GHNS Gonghenanshan fault, LJS Lajishan fault, JSS Jishishan fault, KLF
Kunlun fault, DBWDF Diebu-Bailongjiang fault, XREF Xiarier fault, 7ZF Tazang fault, AWCF Awancang fault, LRBF Longriba fault zone, XSF
Xueshan fault, MJF Minjiang fault, HYF Haiyuan fault, QCF Qinchuan fault, LMSFZ Longmenshan fault zone, GZYSF Garze-Yunshu fault,
XSHF Xianshuihe fault, XJF Xiaojiang fault (Modified from Tapponnier et al. 2001; He and Chéry 2008; Yuan et al. 2013; Ren et al. 2013; Guo

et al. 2015)

consensus is that the 2008 Wenchuan earthquakes resulted
from the convergence between the eastern Tibetan plateau
and the Sichuan basin divided by the Longmenshan fault
zone (Burchfiel et al. 2008; Hubbard and Shaw 2009; Wang
et al. 2011). The lower velocity layer, which appears as a
featured character in the crust, has been discovered by dif-
ferent types of seismic data (e.g., Liu et al. 2014; Zhang et al.
2011; Yang et al. 2012; Li et al. 2014; Bao et al. 2015). The
research of Xu et al. (2015) shows the lower velocity zone
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contributes to the regional uplifting, earthquakes, and
crustal thickening. However, the distribution of lower
velocity layer actually appears with discrete and uneven
thickness. In addition, none of the proposed models can
explain all of the geological and geophysical observations in
this area, and the section of lithosphere that was involved in
the local tectonic activity has not been identified (Tappon-
nier et al. 2001; Hubbard and Shaw 2009; Wang et al. 2011;
Royden et al. 1997, 2008). In this paper, we view the crust as
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a whole and focused on the regional crustal feature in a map
view to determine the lateral contact relationship between
crustal structure and tectonic activity.

2 Geological settings

The Chuandian fragment is next to the Songpan-Garze fold
belt and Sichuan basin and is bounded to the northeast by
the Xianshuihe-Xiaojiang fault (Wang et al. 1998). As part
of the rigid and stable Yangtze Craton, the Sichuan basin
was cut through by the Xianshuihe-Xiaojiang fault during
the late Cenozoic (Roger et al. 1995). The extrusion and
clockwise rotation of the Chuandian fragment are sup-
ported by paleomagnetic measurements, GPS measure-
ments, and the focal mechanisms of the earthquakes (Chen
et al. 1995; Molnar and Lyon-Caen 1988; Holt et al. 1991).
The Chuxiong basin is similar to the Sichuan basin in that
both possess characteristics of the Yangtze craton, which
contains Early Proterozoic crystalline basement (Fig. 1b)
(Wang et al. 1998). The Songpan-Garze fold belt is located
in the eastern part of the Tibetan plateau and is separated
from west of the Sichuan basin by the Longmenshan fault
zone (Fig. 1b) (Burchfield et al. 1995). The Songpan-Garze
terrane is filled with thick Triassic flyschoid rocks due to
the closure of Paleo-thethys Ocean during the Early
Jurassic (Roger et al. 2010).

The Red river fault zone is the major geological
boundary between the Indo-china block and the South
China Platform (Fig. 1a) (Mazur et al. 2012). The Red river
fault zone has two phases of strike-slip deformation
(Tapponnier et al. 1986; Leloup et al. 2001). The early-
phase tectonic activity along the Red river fault zone was
left-lateral motion between the latest Eocene and early
Miocene (Tapponnier et al. 1986; Leloup et al. 2001;
Lacassin et al. 1997; Morley 2002). The latest phase
changed to right-lateral slipping at 5 Ma with approxi-
mately 25 km of displacement (Tappinnier and Molnar
1977; Allen et al. 1984; Replumaz et al. 2001; Leloup et al.
1993).

The Xianshuihe-Xiaojiang fault zone is one of the most
active NW-trending fault zones within the southeastern
margin of the Tibetan plateau (Fig. 1a) (Wang et al. 1998).
It caused several large earthquakes with left-lateral motion
and magnitudes exceeding Mg 7.0 because of the intra-
continental deformation during the Cenozoic (Deng et al.
2007; Guo et al. 2012; Molnar and Tapponnier 1978;
Avouac and Tapponnier 1993). The fault zone has up to
100 km of total displacement with four branches and
extends for more than 1400 km (Burchfield et al. 1995;
Wang et al. 1998; Wang et al. 2009). The Xianshuihe-
Xiaojiang fault zone can be divided into two phases: an
early stage from 13 to 5 Ma and a late stage from 5 Ma

until present. The Xiaojiang fault was initialed from the
continuous clockwise rotation of the eastern Indo-China
syntaxis (Wang et al. 2009).

The Kunlun fault is one of the major structures in the
active deformation history of the Tibetan plateau (Avouac
and Tapponnier 1993). The fault also acts as the northern
boundary of the Songpan-Garze terrane along the Anye-
magen suture (Yin and Harrison 2000) and connects with
the Mianlue suture in east (Meng et al. 2005). It extends
nearly 1500 km (Fig. 1) and acts as a transition from flat,
high-elevation plateau to mountain-basin alternate terrain
(Kirby et al. 2007). Along the southern margin of the
Qaidam basin, the Kunlun Mountain uplifted between ~ 35
and ~20-15 Ma (Fig. 1b) due to crustal shortening that
occurred during that time along with the acceleration of
exhumation near 15 Ma (Yuan et al. 2013; Lu et al. 2012).
The initial left-lateral slip of the Kunlun fault zone began at
~20-15 to ~8 Ma on the E-W strike in the western part
of the fault system (Jolivet et al. 2003). The total dis-
placement is difficult to estimate because of the disconti-
nuities of the fault; however, the deflection of the Yellow
river in the eastern part of the fault indicates that the dis-
placement is more than 85 km (Gaudemer et al. 1989; Van
der Woerd et al. 2002). Kirby et al. (2007) calculated the
slip rates along the eastern 150 km of the Kunlun fault
based on the displaced fluvial terrace risers and '*C ages of
the terrace material; the slip rates decrease from >10
to <2 mm/year. Additionally, they speculated that the
shortening across northeastern Tibet resulted in the rotation
of the eastern part of the Kunlun fault. In the present study,
we build an evolution model to explain how the crustal
deformation of northern Tibet caused the rotation of the
eastern part of the Kunlun fault between Magen and Maqu
(Fig. 1b).

The 1000 km-long left-lateral east-striking Haiyuan
fault system extends from the central Qianlianshan in the
west to the Liupanshan to the east (Fig. 1b). This fault
system accommodates the deformation caused by the
India-Eurasia collision (Jolivet et al. 2012). The Haiyuan
fault system triggered two My 8 earthquakes, the Haiyuan
earthquake in 1920 and the Gulang earthquake in 1927
(e.g., Deng et al. 1986; Xu et al. 2010). The Haiyuan
earthquake in the eastern section of the Haiyuan fault was
caused by strike-slip movement with a rupture of 220 km.
In the western end of the Haiyuan fault, the Gulang
earthquake was triggered by south-dipping thrusting. Pre-
vious studies on the focal mechanism show that the
Haiyuan fault mainly dips southwest and is thrusting at the
connection of the southeastern end of the Qilianshan. It
then transforms into a sinistral strike-slip faulting eastward
(Fig. 3a). The Holocene slip rate of the Haiyuan fault is
19 £ 5 mm/year in west (Lasserre et al. 2002) and
4.5 =+ 1 mm/year on average (Li et al. 2009).
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The Longmenshan fault zone was reactivated during the
Cenozoic, which contributed significantly to the uplift of
the Tibetan plateau. According to GPS measurements, no
significant active convergence (<4 mm/year) of the
Longmenshan belt was recorded relative to the Sichuan
basin (Zhang 2013). However, the 2008 Wenchuan earth-
quake occurred due to the significant accumulation of
stress along the Longmenshan fault zone. Results from
fission track dating documented the reactivation of the
Wenchuan and Beichuan faults during the Cenozoic (Xu
et al. 2008). Additionally, the Beichuan fault has been the
major active structure of the Longmenshan fault zone since
the late Miocene. It was activated during the 2008
Wenchuan earthquake and possesses an average uplift rate
between 0.7 and 1.2 mm/year, with an estimated initiation
age between 5 and 12 Ma (Burchfiel et al. 2008). At a
regional scale, Wang et al. (2012) proposed two major
rapid exhumation patterns: a slow exhumation during the
early Cenozoic and two episodes of rapid exhumation
(30-25 and 15-8 Ma). The current exhumation rate is
constrained at a value less than 0.5 mm/year (Wang et al.
2012). The highest density of large earthquakes is con-
centrated along the Longmenshan fault zone in this area
with focal depths ranging from 10 to 30 km (Xu et al.
2015).

3 Data and methods

In this study, we applied the inversion of Bouguer gravity
anomaly with previously reported local seismic data to
extract the gravity anomaly produced by the crust.

3.1 Seismic data

The SinoProbe-02 series of seismic experiments on both
refraction and reflection profiles was a recent ambitious
effort to investigate the seismic structure of the lithosphere
beneath China (Dong et al. 2011). Among the studied
profiles, the profiles across the Longmenshan area were a
main focus of the experiments due to the need to better
understand the tectonics and earthquake hazards in the
region. However, the deployment of seismic recorders and
sources has proven difficult due to the rugged topography,
limited road access, and landslides from the 2008 earth-
quake. Nonetheless, we successfully completed these
seismic profiles, which have been reported in two articles
(Guo et al. 2013, 2014). We aimed to determine the
regional crustal characteristics of this area and image the
structures of the eastern edge of Tibet, the Longmenshan,
and the westernmost Sichuan basin. This allowed us to
obtain first-hand data on the structural features in the
transition zone from the eastern Tibetan plateau [Songpan-
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Garze terrane (SGT)] across the western Yangtze
Proterozoic block to the Sichuan basin. In addition, we
collected a 400-km-long refraction and wide-angle reflec-
tion profile (Fig. 1b) during the seismic experiment. In
total, we deployed 355 TEXAN seismic recorders at a
station spacing of 1.5 km. We initially designed a straight-
line spread to obtain seismic refraction data. However, this
straight-line spread was eventually altered to follow a
highway due to the severe topography. Refraction data
were obtained from 12 sources ranging in size from 2000 to
500 kg. In the final analysis, only 10 of the 12 sources were
used due to the low signal-to-noise ratio of the other two.
Figure 2 shows the final velocity model (Xu et al. 2015).

3.2 Gravity data

The gravity anomaly data employed in this study were
obtained from the International Center for Global Earth
Models. These data were collected through the long term
archiving of existing global gravity field models, and the
resolution is 0.1° x 0.1° (http://icgem.gfz-potsdam.de/
ICGEM/Service.html), which enables the calculation of
gravity functions from the spherical harmonic models on
freely selectable grids. Simple Bouguer gravity anomaly
values were downloaded and mapped with the Geosoft/
Oasis Montaj processing and analysis package using a
Bouguer reduction density of 2.67 g/cm’. However, the
density value for the sediments was determined to be
between 2.3 and 2.4 g/cm® based on the final seismic
velocity from the wide-angle reflection and refraction
seismic data and the application of Gardner’s rule (Gardner
et al. 1974) to estimate density from seismic velocity. As a
result, the Bouguer correction was redone using a density
of 2.35 g/lem®. After this reduction, the new simple Bou-
guer gravity anomalies in the SGT were obtained. These
values were about ~30 mGal less negative than the orig-
inal data. The resolution of the elevation values employed
in this calculation was reduced from the Shuttle Radar
Topography Mission (SRTM) data, which have a resolu-
tion of 3 arc-seconds, because the resolution of the simple
Bouguer gravity anomaly is low.

3.3 Inversion of gravity data

The regional simple Bouguer anomaly is strongly con-
trolled by the crustal thickness (Fig. 3a). In this study, we
aim to identify the characteristics of structures within the
crust; thus, the anomaly of Moho depth has been removed.
The Moho depth was determined from the results of the
receiver function (Fig. 3a) (Xu et al. 2013; Sun et al. 2012).

The integrated 2D gravity modeling was performed
during the SinoProbe-02 project (Xu et al. 2015). The
gravity model (Fig. 3c) shows that the trend of the simple
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Fig. 2 Final velocity model derived from the combined stacking velocity and travel-time inversion (Xu et al. 2015)

Bouguer anomaly is consistent with that of the Moho
depth, indicating that it is strongly controlled by the vari-
ations in crustal thickness. After minor density iterations in
the upper crust guided by the seismic results, it is clear that
the thickness of the Triassic Songpan-Garze flysch
increases from east to west, where the greatest depth is
about 12 km. Aided by thrusting, the base of the sediments
deepens beneath the Longmenshan fault zone (LMSFZ)
and shallows toward both the Sichuan basin and the SGT.
To fit the gravity data, an upper-crustal higher density lens
was inserted under the sediments in the Minjiang fault zone
area. Both the middle and lower crusts have variable
thicknesses, likely due to the eastward compression against
the rigid Sichuan basin in this area. The thickest middle
crust appears immediately to the west of the LMSFZ, while
the thickest lower crust appears beneath the SGT. There-
fore, we suggest that the thickening of the middle crust
west of the LMSFZ is caused by the eastward compression,
which is blocked by the stable rigid lithosphere of the
Sichuan basin.

The gravity forward modeling used an average density
of 2.82 g/cm3, which was calculated from the integrated
2D gravity modeling results (Fig. 3e). The forward mod-
eling results (Fig. 4a) clearly show the same trend with
Moho depth. However, the distortions (relatively shallow)
in the Songpan-Garze fold belt and the Chuandian frag-
ment (Fig. 3a) are not shown in the forward modeling
results (Fig. 4a). Figure 2b shows the results of the simple
Bouguer anomaly after the reduction of crustal thickness.

The research area is composed of several blocks, and the
boundaries on the surface were identified as faults (Wang
et al. 2014; Taylor and Yin 2009). The total horizontal
derivative (THD) of the gravity anomaly has been sug-
gested for use as an edge detector (Cooper and Cowan
2006). THD is defined as

THD = sqrt](8f /ax)? + (2 /y)°), (1)

where (0f/0x) and (0f/0y) measure the rate of change of the
potential fields in the X and Y directions, respectively.

4 Results

In general, the residual of the crustal gravity anomaly
(Fig. 4b) has the same relief as the regional topography
(Fig. 4d). The Songpan-Garze fold belt has the lowest
gravity anomaly (Fig. 4b) because of its huge sediment
thickness (Roger et al. 2010; Liu et al. 2013). Most thrust
faults fit the trend of the gradient of the gravity anomaly.
The Garze-Yunshu fault, Xianshuihe fault, and Kunlun
fault are ambiguous on the crustal gravity anomaly
(Fig. 4b). The high gravity anomaly in the Chuxiong basin
is separated from the Sichuan basin by the Xianshuihe-
Xiaojiang fault. This shows that the crustal composition of
the Chuxiong basin is similar to that of the Sichuan basin
(Wang et al. 2014). The low gravity anomaly in the
Songpan-Garze fold belt and Chuandian fragment has a
checkerboard-like pattern, which shows that the crust is
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undergoing a southward and SE-directed extrusion in the
eastern Tibetan plateau. This anomaly shows the same
direction as the strain rate field based on GPS velocities
(Gan et al. 2007). After the Moho reduction, the gravity
anomaly is still in a mirror-shape (Fig. 4b). The average
density of the crust increases from the Songpan-Garze fold
belt to the Sichuan basin (Fig. 3d); thus, the average den-
sity of thicken crust is lower than normal crust.

The THD of the gravity anomaly shows that the western
part of the Longmenshan fault zone is a transition zone
between the Sichuan basin and the Songpan-Garze fold
belt. The Longriba fault zone acts as the western boundary
of this transition zone (Fig. 4d) and could represent the
western margin of the Yangtze block (Guo et al. 2015). The
transition zone continues in the southwestern direction and
extends to the northwestern region of the Chuxiong basin.
The Lajishan thrust fault and Jishishan thrust fault are
outstanding in the northern Tibetan plateau. Within the
Songpan-Garze fold belt, the gradient of the gravity
anomaly does not embody any strike-slip fault zones.
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5 Discussion

The residual of the crustal gravity anomaly has two fea-
tures: (1) it is better correlated with the topography than
with the Moho depth and (2) it is more consistent with
thrust faults than with strike-slip faults. A previous study
(Xu et al. 2015) demonstrated that uplift can occur under
continuous convergence along the thrust fault; however,
crustal thickening requires a strong and rigid block to act as
a backstop. Thus, the crust is thicker in the northwest of the
Chuxiong basin and Sichuan basin owing to fact that the
Songpan-Garze fold belt is softer than the Yangtze block.
The strain accumulates along the thrust fault (Xu et al.
2015), producing faulting, thickening, and uplift in the soft
block.

Based on the analysis, we propose an evolution model in
this area (Fig.5). The model is generally proposed
according to the lateral extrusion model (Tapponnier et al.
2001). The Red river fault acts as a left-lateral strike-slip
fault between 35 and 15 Ma. However, after 15 Ma, the
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Red river fault switched to a dextral strike-slip fault (La-
cassin et al. 1997; Tapponnier et al. 2001), and the Song-
pan-Garze fold belt became shortened and thickened. On
the other hand, the Longmenshan fault zone and the Jinhe
fault zone were the eastern boundary of the Tibetan plateau
before 17 Ma (Wang et al. 2009). After 17 Ma, the
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Songpan-Garze fold belt began to be cut by the Xianshuihe
fault zone. The Jinhe fault was active between 17 and
5 Ma, and, according to a previous study, the Jinhe fault
was a transpressional structure at the southern end of the
Xianshuihe fault zone during this time (Wang et al. 2012).
The crustal extrusion resulted in the thrusting of the
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Songpan-Garze fold belt toward the Sichuan basin along
the Longmenshan fault zone. A major phase of exhumation
of the Longmenshan fault zone started at 8—11 Ma (Godard
et al. 2009). The Kunlun fault zone is the northern
boundary of Songpan-Garze fold belt, and the initiation age
becomes younger toward the east (Yuan et al. 2013).

6 Conclusions

Based on our research, the crustal gravity residual is
compatible with the topography and distribution of regio-
nal tectonic units, including the Sichuan basin, Chuxiong
basin, Xiaojiang fault, Jinhe fault, Longmenshan fault
zone, Longriba fault zone, and the thrust faults in the
northern Tibetan plateau. Combined with previous research
suggesting that the Songpan-Garze fold belt is easily
deformed against a rigid block (like the Yangtze block),
high elevation and thick crust were built up accordingly as
a result. The Longriba fault zone could be the western
boundary of the Yangtze block, and the Songpan-Garze
flysch overlays the western Yangtze block between the
Longmenshan fault zone and the Longriba fault zone. The
inner crustal north-south-directed extension in the Chuan-
dian fragment can be identified by the focal mechanism and
crustal gravity residual. The Xiaojiang fault cut through the
Yangtze block. With the exception of the Xiaojiang fault,
few strike-slip faults are correlated with the crustal gravity
residual. Together, these interpretations indicate that the
stepwise extensional mechanism of the eastern Tibetan
plateau is supported by the crustal scale deformation.
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