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On 12 May 2008 and 20 April 2013, respectively, the devastating magnitude 7.9 (Wenchuan) and magnitude 7.0 (Ya’an)
earthquakes struck the southwestern Longmen Shan fault zone (LMSFZ), the eastern margin of the Tibetan Plateau. These
events were notable because they occurred in a heavily populated area and resulted in severe damage and loss of life. Here
we present an integrated analysis of potential field anomalies and a crustal-scale seismic reflection image to investigate the
crustal structure and some tectonic relationships associated with these devastating events. Our results show that the western
margin of the Yangtze crustal block possesses an irregular margin that extends westward beyond the LMSFZ to the
northeast and merges gradually with the LMSFZ to the southwest. We interpret this variation in deep structure to create a
lateral heterogeneity in the local stress regime that explains the observed variations in fault geometry and slip distribution, as
well as seismicity, of the LMSFZ. This structural complexity results in a differential build-up of stress as the Tibetan Plateau
is being extruded eastward. Thus, the results of this research can help identify potential natural hazard zones and focus

efforts on hazard mitigation.

Keywords: eastern Tibetan Plateau; western margin of the Yangtze block; Longmen Shan fault zone; tectonic activity

Introduction

The eastern margin of the Tibetan Plateau, the Longmen
Shan fault zone (LMSFZ), is now recognized as one of the
most significant earthquake-prone areas in Asia (Figure 1),
and two devastating earthquakes (the Ms 7.9 2008
Wenchuan earthquake and Ms 7.0 2013 Ya’an earthquake)
have been recorded. These large earthquakes were notable
because they occurred in a heavily populated area and
resulted in severe damage and loss of life. Thus, there is
great interest regarding the tectonic activity and earth-
quake hazards along the LMSFZ (e.g. Parsons et al.
2008; Shen et al. 2009; Tong et al. 2010; Wang et al.
2010a).

Global positioning system (GPS) and interferometric
synthetic aperture radar studies by Shen et al. (2009) show
that the geometry of the LMSFZ changes along its strike
from dipping moderately to the northwest in the southwest
to almost vertical dip in the northeast. In addition, the
motion along the fault zone changes from predominantly
thrusting in the southwest to strike-slip in the northeast.
Predicted rates of fault slip on the LMSFZ are also surpris-
ingly different laterally. Along the southwestern fault seg-
ments, there is 1.7 + 0.8 mm/year of right-lateral slip
coupled with 1.2 + 1.0 mm/year of dip-slip. To the north-
east, the movement changes to 1.4 + 1.1 mm/year of right-
lateral slip and 3.3 + 1.3 mm/year of dip-slip (Wang et al.
2010a). As a result, the scalar moment accumulation rate

varies substantially along the LMSFZ (Wang et al. 2010a;
Nalbant and McCloskey 2011), being 2.43 x 10'" N m/
year along the southwestern segment and 8.17 x 10'” N m/
year along the northeastern segment (Wang ef al. 2010a).

The Ms 7.9 2008 Wenchuan earthquake released some
of the moment accumulation along the LMSFZ and caused
severe damage and loss of life in the Longmen Shan area.
The mainshock of the 12 May 2008 Wenchuan earth-
quakes sequence was located in the southwestern portion
of the LMSFZ (Figure 1). During this devastating earth-
quake sequence, surface rupture and crustal deformation
of the southwestern segment was strongly dominated by
thrusting (Shen et al. 2009; Tong et al. 2010), while the
northeastern LMSFZ experienced dextral strike-slip.
Between them, the rupture involved oblique dextral thrust-
ing (Xu et al. 2009). Coseismic stress modelling of the
2008 Wenchuan earthquake shows decreased Coulomb
stress (failure stress) northeastward and increased
Coulomb stress in the southern portion of the mainshock
rupture (Parsons et al. 2008; Nalbant and McCloskey
2011). These studies indicate that the potential for earth-
quakes in the southwestern Sichuan basin region is sig-
nificant (Parsons et al. 2008; Nalbant and McCloskey
2011). Thereafter, on 20 April 2013, the Ms 7.0 Ya’an
earthquake struck the southwestern part of the LMSFZ,
which is about 85 km southwest of the epicentre of the
2008 Wenchuan earthquake (Figure 1). According to the
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Figure 1.

Generalized geological map of the eastern Tibetan Plateau (based on the 1:2.5 million scale geological map of China) showing

the location of SinoProbe-02 deep seismic reflection profile as a red line. GPS velocity vectors (Shen et al. 2005, 2009; Zhu and Zhang
2010; Zhang and Wei 2011) are plotted relative to the YB (see insert figure for regional GPS measurements and research area in red box).
TB, Tarim basin; NCB, North China block; SCB, South China block; SGT, Songpan-Ganzi terrane; TP, Tibetan Plateau; LMS, Longmen
Shan; LRBFZ, Longriba fault zone; WMF, Wenchuan-Maowen Fault; BCF, Beichuan Fault; PGF, Pengguan Fault; QCF, Qingchuan
Fault; KF, Kunlun Fault; XF, Xianshuihe Fault; ® Baoxing Massif; @ Pengguan Massif.

USGS, the surface rupture was mainly dominated by
thrusting. However, the seismic moment stored along the
southwestern LMSFZ was not fully released by the Ya’an
mainshock as evidenced by the subsequent aftershocks
along the southwestern segment (Liu et al. 2013).

Although some researchers have recognized the long-
term regional hazards within and around the western
Sichuan basin (e.g. Densmore ef al. 2007; Parsons et al.
2008; Wang et al. 2010a), the cause of variation in tec-
tonic activity along the LMSFZ and the resulting large
earthquakes remains uncertain. In this study, we carry out
an integrated analysis of gravity, seismic reflection, and
tectonic data to evaluate the crustal structure. The results
will in turn be used to evaluate the tectonic activity along
the LMSFZ and therefore to constrain the stress regime of
easternmost Tibetan Plateau. Our intent is to provide new
information to inform regional tectonic studies and assess
the regional natural hazards along the LMSFZ.

Tectonic setting

During the early Mesozoic, the Songpan—Ganzi terrane
(SGT) was originally a remnant ocean prior to the
Indosinian orogeny (late Permian—Early Jurassic). It was
then filled with thick Triassic flysch derived from adjacent
orogenic belts (e.g. Yin and Nie 1993; Liu et al. 2013)
during the Indosinian orogeny. Contemporaneously, due to

coeval subduction zones in the north and southwest of the
Songpan remnant ocean, northeast—southwestward crustal
shortening began to deform the Songpan remnant ocean
and its sedimentary fill, which was followed by southeast-
directed thrusting (e.g. Reid er al. 2005; Roger et al.
2011). As a result, Yangtze block (YB)-sourced syn-tec-
tonic adakite-type granitoids intruded the upper crust as
evidenced by their distribution in the eastern SGT (Figure
1) (Roger et al. 2010). In addition, owing to the southeast-
directed thrusting towards the western passive margin of
the YB (Roger et al. 2010), the LMSFZ (Figure 1) was
initiated as a convergent zone between the SGT and YB
(Burchfiel et al. 1995). The eastern SGT was tectonically
quiescent between the Late Jurassic to early Cenozoic after
the amalgamation of the SGT and YB, and the lack of
major tectonic events was evidenced by low cooling
(Roger et al. 2011).

Today, continent—continent collision is ongoing
between the Indian and Eurasian plates (e.g. Shen et al.
2005). As a response, the Tibetan Plateau is currently
undergoing eastward block motion (Shen et al. 2005)
(Figure 1). In eastern Tibet, GPS measurements detect a
puzzling velocity gradient zone, across which there is
dramatic decrease in rate and change in direction of the
eastward extrusion velocity from the Longriba fault zone
(LRBFZ) to the east (Shen et al. 2005, 2009) (Figure 1).
Obviously, unknown deep-seated features beneath the
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easternmost Tibetan Plateau have absorbed some stress
and altered the eastward movement. However, no existing
model has been proposed to account for this scenario.
Here, combined with a 310 km-long deep seismic reflec-
tion image, we employ the gravity and aeromagnetic
anomalies to analyse the structure of the region and impli-
cations for the variations in tectonic activity along the
LMSFZ.

Integrated analysis of geophysical data
Analysis of gravity anomalies

There have been several previous gravity studies in the
region (e.g. Zhang et al. 2010; Jiang et al. 2012). Zhang
et al. (2010) employed satellite gravity anomalies in their
study that focused on the Longmen Shan. Jiang et al.
(2012) employed surface gravity data to model the crustal
thickness and block tectonics in the region. For our study,
gravity anomaly data were extracted from the International
Center for Global Earth Models (ICGEM), and these data
were plotted and filtered with the Geosoft/Oasis Montaj
processing and analysis package. As also shown by Zhang
et al. (2010) and Jiang et al. (2012), anomaly values range
widely, indicating major structural variations. To minimize
topographic effects, we applied Bouguer and terrain cor-
rections to the data using a sea level datum and a reduction
density of 2.67 g/cm’ to obtain complete Bouguer anom-
aly (CBA) values. As shown in Figure 2(a), the entire
region is associated with large negative CBA values,
which indicates isostatic compensation of topography at
depth. The trend of the gravity anomalies in the region
surrounding the LMSFZ region is generally parallel to the
NE-SW trend of the fault zone. All values decrease west-
ward and are associated with the westward deepening of
the Moho under easternmost Tibet and the westward
decrease in upper mantle velocities (Yang et al. 2012).
The gravity gradient between the LMS and LRBFZs is
pronounced (Figure 2(a)), and the high gradient zone
narrows toward the southwest. However, it does not cor-
relate well with the surface structures mapped in that area.

In order to highlight the regional tectonic framework
and detect the lateral boundaries associated with the main
gravity anomalies, we smoothed the anomalies by upward
continuation to 30 km and then calculated the total hor-
izontal gradient (THG) to detect the boundaries of the high
gradient zone. This technique for delineating boundaries
of deep-seated sources has been tested and has often
proved useful (e.g. Miller and Singh 1994; Cooper and
Cowan 2008). The THG map shows high gradient values
with a general NE-SW trend that is related to the struc-
tures to the west of the LMSFZ (Figure 2b) and better
delineate the high gradient zone in Figure 2(a).
Interestingly, the high gradient zone is wider to the north-
east, where it is bounded by the LMSFZ and LRBFZ, and
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Figure 2. (a) Complete Bouguer anomaly map of the research
area with a contour interval of 10 mGal; (b) THG of the
Complete Bouguer anomaly after 30 km upward continuation;
dashed lines indicate the faults; NCB, North China block; LMS,
Longmen Shan; LRB, Longriba fault zone; HGZ, high gradient
zone.

narrows to the southwest. The southwestern edge of the
high gradient zone generally coincides with the southwes-
tern segment of the LMSFZ.

The high gradient zone between the LRBFZ and the
LMSFZ is primarily an expression of the crustal structure
of that area. The most likely interpretations are either large
variations of crustal thickness or large lateral variations of
crustal density, and/or a combination of both of these
effects.
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Analysis of magnetic anomalies

Magnetic anomaly data were extracted from the earth
magnetic anomaly grid (EMAG3), and these data were
also plotted and filtered with the Geosoft/Oasis Montaj
processing and analysis package. We applied reduction-
to-pole to the total magnetic data so that the anomalies
associated with near surface features could be more clearly
identified, and many anomalies showed good correlation
with a variety of geological features (Figure 3).

Substantial efforts have been made to determine den-
sity and magnetic susceptibility values for different rocks
in the LMS region (e.g. Zhang et al. 2010). Relative to the
widely distributed Proterozoic Yangtze crystalline base-
ment (Sichuan basin), granites exposed in the SGT should
not be a major factor causing pronounced magnetic
anomalies due to their small size relatively to the resolu-
tion of the satellite data. However, major tectonic features,
such as the Danba dome (anomaly ‘a’ in Figure 3) and the
Rilongguan A-type granite (anomaly ‘b’ in Figure 3) are
clear in the magnetic map.

The LMSFZ shares the same magnetic properties with
those of the Sichuan basin (Figure 3), strengthening the
widely held view that the LMSFZ is underlain by the same
crystalline basement as that of the Sichuan basin (Zhao
et al. 2012), i.e. the YB crystalline basement. Some posi-
tive magnetic anomalies extend from the LMSFZ to the
LRBFZ, and similar anomalies are not present to the
southwest in the area of the Xianshuihe Fault zone
(Figure 3). The positive anomalies extending from the
Sichuan basin into easternmost Tibet may indicate the
westward extension of the Yangtze crystalline basement
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Figure 3. Reduction-to-pole magnetic anomaly map of the
research area; dashed lines indicate the faults. NCB, North
China block; LMS, Longmen Shan; LRB, Longriba fault zone.

beyond the LMSFZ to the LRBFZ. Alternatively, given
the extremely thick and highly deformed Triassic flysch
sediments in the SGT, further extension of the YB to the
west is not definitive based on the magnetic anomalies
since the temperature of a large part of the crystalline crust
could be above the Curie depth. However, the combination
of gravity and magnetic anomalies indicates that the wes-
tern margin of the YB extends at least some amount
beyond the area of the LMSFZ and would probably have
approached the area of the LRBFZ. Thus, we have
included seismic data on deep structure in our analysis.

Deep seismic reflection image

The SinoProbe-02 effort is one part of China’s ambitious
SinoProbe Project, a leading Chinese research effort to
investigate lithospheric structure across China using a
variety of geophysical methods (Dong ef al. 2011). A
310 km-long deep SinoProbe-02 seismic reflection profile
was collected in 2011 and extends roughly NE-SW from
the SGT to the Sichuan basin (Figure 1). Acquisition and
processing of these seismic data are described in Guo et al.
(2013), and these basic data acquisition and processing
procedures have been used successfully in all of the
SinoProbe-02 reflection profiles. The full length of the
interpreted seismic reflection image (refer to Guo et al
(2013) for high-resolution image of this seismic profile)
shows an extremely thick cover of Triassic flysch as
suggested by previous studies (Zhou and Graham 1993;
Nie et al. 1994) and diverse reflectivity and structure along
the profile (Figure 4).

As discussed by Guo et al. (2013), two reflection
boundaries are predominantly revealed in the seismic
reflection image (Figure 4). The upper reflector represents
the top of the basement (crystalline upper crust), which is
clear but discontinuous along the profile. The lower one
that can be continuously traced represents the Moho and is
characterized by bivergent dipping high-amplitude reflec-
tors between 14 and 18 s (t.w.t.). Extension of the strong
upper reflector terminates in the northwestern segment of
the seismic reflection image, where distinct southeast-
dipping reflections in the middle crust appear to represent
the thick flysch deposits. Between these two areas of
distinct reflectivity that appear in the upper crust of the
northwestern segment, a band of northwestward dipping
events is present, separating these areas of the image and
extending from near the Moho well up into the upper crust
and possibly to the surface. A fault interface that coincides
with the LRBFZ is thus suggested to represent this abrupt
change in reflection character (Figure 4).

This interpretation is consistent with the gravity and
magnetic anomalies that suggest extension of crystalline
basement from the Sichuan basin to the area near the
LRBFZ (Figure 4). The seismic image shows that no
large variations in crustal thickness occur along the profile
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Figure 4. Interpreted deep seismic reflection profile extending from the Songpan-Ganzi terrane across the Longmen Shan block to the
Sichuan Basin (see Figures 1, 2, and 3 for location) (modified from Guo et al. (2013)). No vertical exaggeration and 6 km/s average
seismic velocity is assumed. LRBF, Longriba Fault; PGF, Pengguan Fault; WMF, Wenchuan-Maowen Fault; BCF, Beichuan Fault; SGT:

Songpan-Ganzi terrane.

between the LMSFZ and LRBFZ, so we conclude that
lateral variations in density within the crust, and possibly
the uppermost mantle, produce the high gravity gradient.
In addition, an abrupt thickening of the sedimentary cover
west of the LMSFZ to as deep as 8 s (t.w.t) (~15 km)
(Figure 4) could account for the appearance of negative
magnetic anomalies that are present between the LRBFZ
and LMSFZ (Figure 3).

Overall, the integrated analysis of geophysical data
supports the hypothesis of Guo et al (2013) that the
Yangtze crystalline basement extends from the Sichuan
basin to the easternmost Tibetan Plateau. We have named
this region the Longmen Shan block (Figure 4). Thus, the
high gravity and magnetic gradient zones are a result of
large lateral variations of crustal density, and also a possi-
ble contribution from the east to west decrease in upper
mantle velocity across the area (Yang et al. 2012). This
interpretation is consistent with previous geochemical and
geological studies (Burchfiel ef al. 1995; Roger et al
2010; Fielding and McKenzie 2012), as well as the dis-
tribution pattern of anticlines in the Triassic flysch in the
eastern Tibetan Plateau (Figure 1).

Discussion

Viewing these results of integrated geophysical analysis in
a regional perspective integrated with the GPS data and
distribution of the Triassic flysch anticlines (Figure 1), we
observe a pattern that provides an explanation for the
variation in tectonic activity along the eastern edge of
Tibet (Figure 1). Our results indicate that the western
margin of the Yangtze crustal block is irregular, extending
westward beyond the LMSFZ to the northeast and mer-
ging gradually with the LMSFZ to the southwest. This
irregular margin geometry is consistent with the distribu-
tion of Triassic anticlines and YB-sourced adakitic grani-
toids (Figure 1), as well as the variation of the direction
and rate of eastward movement of the Tibetan Plateau.

An additional consideration is that the historical earth-
quakes in the eastern Songpan—Ganzi region mostly
occurred in the east—central to northeastern area (Wang
et al. 2010a), which is illustrated in Figure 5 that shows
the distribution density of historical earthquakes in the
eastern SGT. This distribution density of the earthquakes
was calculated using a 10 km x 10 km grid. Owing to the
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Figure 5. Distribution density of seismic events in the
Longmen Shan region from 1959 to 21 July 2013 with magni-
tude >3.0. The data set is derived from IRIS (http://www.iris.edu/
SeismiQuery/sq-events.htm). Note that the earthquakes in eastern
SGT are mainly distributed in the east-central and northeastern
areas between the Longmen Shan fault zone and the Longriba
fault. Event” indicates the number of seismic events in a 10
km x 10 km grid cell (please see text for details); fault informa-
tion is from Xu et al. (2009) and Nalbant and McCloskey (2011).
SGT, Songpan-Ganzi terrane; LMSFZ, Longmen Shan fault
zone; LRBFZ, Longriba fault zone, EKLFZ, Eastern Kunlun
fault zone; XSHFZ, Xianshuihe fault zone.
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fact that earthquakes are mostly concentrated along the
LMSFZ, it appears as the feature with by far the highest
distribution density. Thus, we applied a base 100 logarith-
mic function to the gridded values in order to better view
the variations in the areas to the west of the LMSFZ
(Figure 5). The relatively higher distribution density of
earthquakes in the east—central and northeastern SGT sup-
ports our hypothesis that the intervening Yangtze crystal-
line crust between the LRBFZ and the LMSFZ is capable
of brittle failure as indicated in the seismic reflection
image.

Therefore, we propose that the variation of tectonic
activity along the LMSFZ is due to the presence of two
regions along the fault (Figure 6) that are caused by the
irregular margin of the YB and are therefore experiencing
different strain accumulation rates. The Tibetan Plateau is
undergoing northeastward to eastward block motion,
which is oblique to the western margin (the LMSFZ) of
the Yangtze crust in the southwest and changes to sub-
parallel to the block margin (the LRBFZ) to the northeast
(Figure 6). Given the relatively rigid features of the inter-
vening Yangtze crust seen in the seismic reflection image
between the LRBFZ and the LMSFZ (Figure 4), some
stress generates intracrustal earthquakes when transferring
through the rigid Yangtze crystalline crust and some is
transferred to the Longmen Shan range front and creates
elastic shortening accumulation in Zone I (Figure 6) when

34°
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[ SGT sedimentary cover BB YB crystalline basement
[ Triassic flysch anticline —6 GPS measurement

Figure 6. A sketch of the tectonic contact relationship between
the SGT and YB (based on the 1:2.5 million scale geological map
of China) as a result of our integrated study of gravity and
magnetic anomalies and the seismic reflection image. TP,
Tibetan Plateau; YB, Yangtze block: NCB, North China block;
SGT, Songpan-Ganzi terrane; KF, Kunlun Fault; XSH,
Xianshuihe Fault; LRB, Longriba fault; LMS, Longmen Shan;
MS, Mianlue suture zone; SS, Shangdan suture zone.

it meets the rigid Sichuan basin. However, in Zone 11, the
structural integrity of the thick flysch deposits in the SGT
is less than that of the adjacent rigid Sichuan basin. As a
result, collision between the southeastern SGT and the
southwestern Sichuan basin is absorbed by crustal thick-
ening to over 60 km (Wang et al. 2007; Robert ef al. 2010;
Wang et al. 2010b) and thrusting towards the rigid
Sichuan basin. This scenario is consistent with the strong
thrust component of focal mechanisms in the southwestern
LMSFZ (Figures 1 and 5). Thereby, the stress that is
transferred to the southwestern LMSFZ (Zone II in
Figure 6) is low compared to the northeastern segments
of the LMSFZ (Zone I in Figure 6), where our results
show that the crustal thickness is only ~50 km and the
relatively rigid YB bounds the fault on both sides.
Consequently, this difference in crustal thickness and
gross rheology contributes to variations in fault geometry,
slip rates, and strain energy along the LMSFZ.

In addition, the epicentre of the 2008 Wenchuan earth-
quake is located in the Pengguan Precambrian crystalline
massif of the southwestern LMSFZ (Figure 1). Therefore,
when the Tibetan Plateau moves obliquely and pushes
against the Yangtze crustal block, the Precambrian rocks
experience compression and faults tend to become locked
(Ji et al. 2008). This phenomenon can account for some of
the relative seismic quiescence along the southwestern
LMSFZ before 2008. After a large event, the continued
push of the Tibetan Plateau causes another cycle of the
accumulation of strain energy, which is likely to be
released in a large earthquake or earthquake sequence.
Therefore, it is not a coincidence that two large earth-
quakes of magnitude >7.0 were initiated in the southwes-
tern LMSFZ after a long period of quiescence. We thus
propose that the pattern of seismicity along the LMSFZ is
partly a result of the complex shape of the Yangtze crustal
block and its interactions with the eastward block motion
of the Tibetan Plateau.

We do not mean to suggest that the earthquake hazard
is low to the northeast, but we believe that the complex
crustal block interactions we have discussed do potentially
explain some differences in the tectonic activity, as well as
seismicity, along the LMSFZ.

Conclusion

In this paper, we present an integrated analysis of geophy-
sical anomalies, including the analysis of gravity and
magnetic anomalies, as well as a crustal-scale seismic
reflection image, to investigate crustal structure and some
tectonic relationships associated with the devastating
events of the 12 May 2008 Ms 7.9 Wenchuan earthquake
and 20 April 2013 Ms 7.0 Ya’an earthquake. Our results
show that the western margin of the Yangtze crustal block
possesses an irregular margin that extends westward
beyond the LMSFZ to the northeast and merges gradually
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with the LMSFZ to the southwest. We interpret this varia-
tion in deep structure to create a lateral heterogeneity in
the local stress regime that explains the observed varia-
tions in fault geometry and slip distribution, as well as
seismicity, of the LMSFZ. This structural complexity
results in a differential build-up of stress as the Tibetan
Plateau is being extruded eastward. Thus, the results of
this research can help identify potential natural hazard
zones and focus efforts on hazard mitigation.
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