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Abstract
5 220 recorded seismic events since the year 1900, 993 earthquake faults are identified within the triangular

Based on 4 781 observed faults (>2 km length) from a 1:200 000 scale digital geologic map and

Songpan-Garze study region. The study area is delineated by the nearly EW-trending East Kunlun fault zone
to the north, the NW-trending Xianshuihe fault to the south and the NE-trending Longmenshan thrust belt to
the east. Seismicity changes along these earthquake faults, spanning four 10-year intervals since 1970, show that
following a strong earthquake swarm, which occurred in the Huya area in the mid-1970s, seismic activity increased
from north to south, and migrated eastward along each major strike-slip fault zone. GPS observation data before
2008 indicate a displacement rate across the Xianshuihe fault zone to the south of ~6.5-8.6 mm/a, whereas across
the East Kunlun fault zone to the north it was ~1.8-2.2 mm/a. The May 12, 2008 Mg8.0 Wenchuan earthquake,
which occurred in the southeast corner of the study region, was the result of stable, high-speed left-lateral
displacement along the Xianshuihe fault zone, and a sharp eastward bend of the fault trend in response to the
presence of crystalline rocks in the Kangding area. Therefore, the 110-year established seismotectonic framework
of the Songpan-Garze region can be defined by a network of various earthquake faults and the structural relations

of the local earthquake activities.
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1 Introduction

Although the preparation processes and the ul-
timate triggering mechanisms of an earthquake are a
long-standing controversy (Denham, 1988; Stein and
Yeats, 1989; Cyranoski, 2004) that have complicated
earthquake prediction (Chui, 2009), the correlation
between seismicity and fault location is generally ac-
cepted. Intensive fracturing and fine-grained sheared
material along fault planes in broad deformation zones
results in weakness areas in the crust where displace-
ment accumulation can become localized, and therefore
being the primary location for earthquake nucleation.
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Fault growth and earthquake activity are insepara-
ble. All faults, whether active or inactive, are potential
sites of earthquake nucleation when their orientation
is optimum for the existing state of stress. Therefore,
quantitatively assessing the seismic history of a fault is
of great significance for understanding the future seis-
mic behavior and earthquake response to the fault. For
regional seismotectonic studies, it is nearly impossible
to completely evaluate the seismic history and recur-
rence interval of each fault by paleoseismic techniques.
Therefore, this study uses statistical analysis of digi-
tal databases of all the earthquakes recorded since 1900
and known faults to distinguish earthquake faults and
dormant faults over the last 110 years. We also use an
analysis of centennial seismic performance of the faults
and their migration over time, in order to build a cur-
rent seismotectonic framework for the Songpan-Garze
region.
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2 Geological setting

The study area is located in the northeast corner of
the Tibetan plateau (96°E-107°E, 30°N—-35°N), which
is one of the most seismically active regions in Cen-
tral Asia (Figure 1 inset A) due to northward migra-
tion and collision of the Indian plate into the Eurasian
plate. The continental crust in the Songpan-Garze area
is predominately composed of folded Late Paleozoic low-
grade metamorphic basement rocks that are overlain
by Triassic carbonates (Figure 1 inset B). The domi-
nant structure grain of the region is characterized by
NW-trending folds and thrust faults, which developed
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during continent-continent collision in the Mid to Late
Mesozoic following closure of the paleo-Tethys Ocean
(Xu et al., 1992). During the Jurassic and Cretaceous,
the region was uplifted without any sediments formed,
however, sporadic small plutons were emplaced. In re-
sponse to increasing Indian-Eurasian plate collision dur-
ing the Cenozoic, the dominant fold-thrust system was
reactivated, and the Tibetan plateau was uplifted. Ex-

isting faults were reactivated as left-oblique reverse or
left-lateral strike-slip faults (Zhang et al., 2003). The
neotectonic activities in the region are correlated with
local basin deposition.
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Location map of the Songpan-Garze region showing the distribution of mapped geologic faults

and earthquakes in the study area. Inset A shows the study area with respect to Central Asia earthquake
region. Inset B shows the geology and tectonic settings of the Songpan-Garze region.

3 Songpan-Garze earthquake

fault framework over the past
100 years

Although earthquake nucleation is closely related
to the present fault structure in theory, absolute corre-
spondence between individual earthquakes and faults is
not possible due to the combination of unknown down-
dip complexities along the fault planes (Chui, 2009) and
hypocentral location positioning error. However, seis-
micity along a particular fault can be obtained using
statistical analysis methods when an acceptable buffer
size is given according to the occurrence and nature of
the surface trace of the fault. The validity of the statis-

tical analysis depends on the amount and precision of
the data.
3.1 Data and resources

The fault database was established based on
1:200 000 scale digital geological mapping in China,
which was edited by the Development Research Cen-
ter of China Geological Survey. In total, 4 781 faults
(>2 km length) were used in this study from the digi-
tal database (Figure 1). Detailed information is known
about all faults, including fault length, surface trace lo-
cation, dip direction, dip angle, and sense of displace-
ment.

The earthquake database was compiled from the
following digital repositories: http://data.earthquake.cn,
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http://www.csndme.ac.cn, and http://data.earthquake.
cn/data/. Of the compiled earthquake records, 77
records are of Mg>4.7 and lack accurate epicentral
data because they come from disaster descriptions be-
fore 1900; 103 are instrument-recorded earthquakes of
Mg>4.7 that occurred between 1900 and 1969, are of
lower measurement accuracy, and mostly come from the
International Seismological Center; and 5 040 records
are of Mg>3.0 that occurred during 1970-2011 and
are the result of continuous observation of the seismic
network in China, with most of the data quality being
class 1 (horizontal location error <10 km) and class 2
(horizontal location error less than 25 km). In total,
5 220 earthquake records were used in this study, in-
cluding 240 earthquakes of Mg5.0-6.9 and 17 strong
earthquakes of Mg>7.0.

3.2 Statistics and analysis method

Seismicity for an individual fault is obtained by
counting the number, magnitude, and time of earth-
quakes that are located within the buffer area of the
particular fault being studied. The location and size of
the buffer area is determined by the surface trace and
down-dip projection of the fault, in consideration of the
following general laws of fault development in the crust:
(1) the influence area of fault activity, (2) the depth
of brittle-ductile transition of fault behavior (Sibson,
1980), and (3) the dip direction and dip angle of the
fault.

The affected faulting area was thought to be
mainly related to the fault length (Sherman and Lo-
batskaya, 1972; Sherman, 2005). An empirical formula
on the relation between the fault length and the radius
of faulting influence area was proposed based on field
investigation around Lake Baikal, Russia, as

r<05-K-L°

where r is the radius of the faulting influence area, L is
the fault length, K and c¢ are the parameters of the
regression equation, which are within 0.1-0.5 and in
0.5-0.95, respectively. Because this empirical formula
does not consider fault dip, it is only used for strike-slip
faults.

Using a regional geothermal gradient of 32 °C/km
in Songpan-Garze and 22 °C/km in Longmenshan re-
gions (Xu et al., 2011) and a preferred distribution of
foci in the study region, the depth of the brittle-ductile
transition of fault behavior in a Quartz-feldspar stress-
supporting crust is determined to be 20 km.

The faults in the study region are divided into
two types: dip-slip faults (normal fault and thrust) and

strike-slip faults, based on the relationship between seis-
micity and fault occurrences (Wells and Coppersmith,
1994). Specifically, earthquakes occur on both sides of
strike-slip faults, whereas earthquakes on dip-slip faults
occur only within the hanging wall. Linear trains of
earthquake foci that do not correlate to known fault
traces are considered to be buried or unmapped faults,
and are considered to have strike-slip displacement for
statistical analysis. In the cases that the fault orienta-
tion is variable, an average dip direction is made in order
to create a buffer that is parallel to the fault (Figures 2a,
2b). An example of the statistical analysis using a fault
buffer area, as used in this study, is shown in Figure 2c.

In general, the down-dip projection of faults to
depth is less than half that of the fault length. The
calculation for buffer radius mentioned above is suit-
able for faults with surface length longer than 40 km.
In the case when the surface fault length is less than 40
km, half the fault length is used for fault parameter d
(depth) for buffer radius calculations.

Because the statistical analysis was processed by
computer, it is likely that some earthquakes were used
more than once in the regions where faults are closely
spaced. This is reasonable because of the complex rela-
tionship among faults as mentioned by Chui (2009).
3.3 Centennial earthquake fault in the Song-

pan-Garze region

The statistical analyses based on the digital faults
and the earthquake databases show that a total of 993
“centennial” earthquake faults, including 65 linear seis-
mic chains, are identified from 4 846 faults that are
longer than 2 km. Of the earthquake faults, nine have
more than 100 earthquake records that occurred in the
past 110 years. The remaining 3 853 faults without seis-
mic records are thought to be dormant faults, but this
does not mean future earthquakes could not occur on
these structures. Earthquake faults vary not only in
frequency of earthquake occurrence, but also on earth-
quake strength as indicated by the weighted average of
magnitudes (Table 1, Figure 3). In addition, the seis-
micity of individual earthquake faults reveals the recur-
rence interval and migration path of earthquakes foci
along the faults.

The distinguished earthquake faults can be subdi-
vided into several earthquake fault zones to be used to
build up a seismotectonic framework for the Songpan-
Garze region. Subgroups include: the East Kunlun zone
(Figure 3, numbers 1-5), the Bayan Har zone (Figure
3, numbers 8-17), the Gongma-Daqu zone (Figure 3,
numbers 18-20), the Xianshuihe zone (Figure 3, num-
bers 21 and 22), and an oblique connection zone between
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Figure 2 Buffer parameters of earthquake statistics on geological faults. (a) An average dip-direction for

the fault with variable trends. The red long arrow in the left part is the average dip-direction, black arrows
with number 1 to 5 are the true dip-directions for different part of the same fault and their locations are
shown in the right part of the figure. (b) Sketch map showing the buffer calculation where r is the radius of
influence of fault activity, a is dip angle of the fault angle, d is depth of brittle-ductile transition, L is fault
length, & is trending direction, b is dip direction, and f is actual occurrence of the fault. (¢) An example
showing statistical result using a fault buffer in the Songpan-Pingwu area (see Figure 1 for location), where

FE is earthquake number of the fault.

Table 1 The earthquake fault variation on the number of earthquakes and the weighted average of magnitudes

Statistic on earthquake number Statistic on the weighted average of magnitudes

Number of Number of The weighted average Number of
Percentage . Percentage
earthquakes faults of magnitudes faults
0 3 853 79.5% 0 3 853 79.5%
1-9 876 18% 0.1-0.9 735 15.2%
1049 90 1.9% 1.0-4.9 183 3.7%
50-99 18 0.37% 5.0-9.9 40 0.8%
>100 9 0.01% >10 35 0.7%

Note: The percentage indicates the percentage of the number of faults to the total number of faults (4 846).
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the East Kunlun and the Bayan Har zone (Figure 3,
numbers 6, 7). Of particular interest are the two sets of
intertwined earthquake fault networks in the Songpan-
Pingwu area (as described below). With the exception
of the three earthquake fault zones that define the tri-
angle study region, the central Gongma-Daqu zone and
the Songpan-Pingwu network are the most significant.
Earthquake faults shown in the southwest corner of Fig-
ure 3 are beyond the Xianshuihe earthquake zone and
belong to another independent seismic structural sys-
tem.

4 Seismotectonics in the Songpan-
Garze region

The established earthquake fault framework, in-
cluding the earthquake fault zones and the Songpan-
Pingwu network mentioned above, developed during the
last 110 years. A trend of gradual change of the seismo-
tectonics in the region will be useful for understanding

35°N

the earthquake behavior of the faults through time.
4.1 Evolution of the earthquake faults in ten-

year intervals

The highest quality records within the earthquake
database span the time interval from 1970 to 2011,
which is conducive to developing a four decade-long
picture of the progressive evolution of the earthquake
faults (Figure 4). One of the periods of extreme seismic-
ity occurred during the middle of the first decade, pre-
dominantly within the Songpan-Pingwu area. In that
region, intermediate seismic activity was concentrated
along the western segment of the East Kunlun zone and
the middle segment of the Xianshuihe zone (Figure 4a,
1970-1979). Extreme seismicity in the Songpan-Pingwu
area was followed by a 32-year period of relative seis-
mic quiescence before the Wenchuan Mg8.0 earthquake,
which occurred on May 12, 2008 (Figure 4e). In the
relatively quiet second (1980-1989 as shown in Fig-
ure 4b) and third (1990-1999 as shown in Figure 4c)
decades, seismicity along both of the East Kunlun zone
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Figure 4 Changes of the earthquake faults in the Songpan-Garze region in 10-year intervals over the last

four decade (a—d) and the 32-year period of relative seismic quiescence before the Wenchuan Mg8.0 earthquake
(e) where @ and (@ denote the reactived Baima arcuate faults and the Huya thrusts, respectively.
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and the Xianshuihe zone migrated eastwards. At the
same time, increasing seismicity appeared in the cen-
tral part of the triangular region along two SE-trending
earthquake fault sets 3-5 and 6-15 (Figure 3). These
earthquake fault sets extended southeastwards during
the early part of the fourth decade when the two sets be-
came connected through oblique earthquake faults 6 and
7, thereby strengthening seismic activity on the faults
13-15. In addition, a strong southeast seismicity migra-
tion along a segment of the Xianshuihe fault zone took
place before the Wenchuan Mg8.0 earthquake occurred.

The Songpan-Pingwu seismic swarm occurred dur-
ing the middle of the first decade and was charac-
terized by strong, frequent seismicity over a short
period (1973-1976), and was closely related to the

Chuanzhusi-Huanglong transpressional shear system
of Mid-Pleistocene time (Zhang et al., 2010). In to-
tal, two earthquakes of Mg>7.0, seven earthquakes
of 5.0<Mgs<6.9, and several hundred earthquakes of
3.0<Mg<4.9 occurred in two clusters on the reactived
Baima arcuate faults and the Huya thrusts (@ and ) in
Figures 4e and 5) as result of left-lateral strike-slip dis-
placement. The Songpan-Pingwu earthquake network
consists of 126 earthquake faults, which are distin-
guished from 462 faults with length greater than 2 km.
Trends of the earthquake faults over the past 40
years show that seismic activity was converging toward
the southeastern corner of the Songpan-Garze seismo-
tectonic region when it migrated east or southeastward
along each left-lateral strike-slip earthquake zones.
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Relation between earthquakes and the transpressional shear system in the Songpan-Pingwu area.

@ and @ denote the reactived Baima arcuate faults and the Huya thrusts, respectively.

4.2 Present deformation velocities in the
Songpan-Garze region
Contour lines of the crustal deformation rate in
Songpan-Garze region, based on 164 GPS observation

sites over ~10 years before 2008 (Wang, 2008), are

shown in Figure 6. It shows that the study region is re-
stricted by three relatively stable velocity blocks includ-
ing the Changdu to the southwest, the Sichuan basin
to the east, and the Ordos to the northeast (domains
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I, II, III in Figure 6). Velocity blocks are delineated
by major velocity gradients corresponding to the Xian-
shuihe, the East Kunlun and the Longmenshan earth-
quake zones. The velocity rate across Xianshuihe zone
is ~6.5 to 8.6 mm/a and is obviously strengthened at
its mid-southeast segments, where the Gongma-Daqu
zone converges (see Figure 3). By contrast, the velocity
rate across the East Kunlun zone is less than 2.3 mm/a.
Various velocities within the region (domain IV in Fig-
ure 6) can be divided into three velocity gradient fields
(IV1_3). The velocities in fields IV; and IVy decrease in
opposite directions, reflecting a resistance to eastwards

movement of the Sichuan basin block. The velocity field
1V3 is the result of an obvious bend along the Xian-
shuihe fault zone, and the local presence of crystalline
rocks (see description in the section of geology setting).
Seven local velocity vortices (D—(®) in Figure 6) are re-
lated to seismic activation during the GPS observation.
The refined GPS velocity pattern in the study area
provides information not only on the accordant transi-
tional trends of the seismic activation and the increas-
ing southeastward displacement rate, but also on the
variable deformation that can be used to establish the
seismotectonics in the Songpan-Garze region.
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5 Discussion and conclusions

This study uses statistical analysis based on geo-
logic and tectonic setting, observed geologic faults, seis-
mic records, and GPS data to develop the earthquake
fault framework of the Songpan-Garze region over the
past 110 years. Using variation in the timing of seismic
activation, we show a centennial- and decadal-scale evo-
lution of the region through to the present-day seismic
dynamics, which provides a better understanding of the
condition leading up to the May 12, 2008 Wenchuan
Mg8.0 earthquake, in addition to earthquake potential
in the near future (Zhang et al., 2012).

The Songpan-Garze seismic terrain is restricted by
three relatively stable blocks, including the Changdu to
the southwest, the Sichuan basin to the east, and the Or-
dos to the northeast. These blocks are bounded by three
major earthquake fault zones, including the East Kun-
lun to the north, the Xianshuihe fault zone to the south-
west, and the Longmenshan thrusts to the east. With
the exception of the Songpan-Pingwu seismic swarm,
which occurred in the mid-1970s, and the much higher
displacement rate in the Xianshuihe zone, the increas-
ing seismicity along Gongma-Daqu earthquake faults in
the central part of the terrain is of significance.

Although current deformation of the study area
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is primarily driven by eastwards movement in response
to eastward escape of the Tibetan plateau (Tapponier
et al., 1982), internal motion within the triangular
Songpan-Garze seismic terrain results from a gradual
northeastward tectonic push. The northeastward push
is a sub-component of the strain vectors, which are pro-
duced along the border of the terrain in response to
southeastward bending of the fault trends, in addition
to the westwards resistance of the Longmenshan thrust
from the east. Left-lateral transpressional shearing is
the dominant deformation mechanism within the ter-
rain, and the inner deformation is likely to be the result
of wedge effects.
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