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ABSTRACT: Coulomb stress accumulation and releasing history and its relationship with the occur-
rence of strong historical earthquakes could deepen our understanding of the occurrence pattern of
strong earthquakes and hence its seismic potential in future. The sinistral strike-slip Xianshuihe-
Xiaojiang fault zone (XXFS) is one of the most dangerous fault zones in China, extending 1 500-km-
long from the central Tibetan Plateau to the Red River fault zone. There are 35 M>6.5 historical earth-
quakes occurred since 1327, hence it is an ideal site for studying the Coulomb stress evolution history
and its relationship with the occurrences of strong earthquakes. In this study, we evaluated the Cou-
lomb stress change history along the XXFS by synthesizing fault geometry, GPS data and historical
earthquakes. Coulomb stress change history also revealed different patterns of historical earthquakes
on different segments of the XXFS, such as characteristic recurrence intervals along the Salaha-Moxi
fault and super-cycles along the Xianshuihe fault. Based on the occurrence pattern of past historical
earthquakes and current Coulomb stress field obtained in this study, we suggest positive ACFS and
hence high seismic potential along the Salaha-Moxi fault and the Anninghe fault.

KEY WORDS: Tibetan Plateau, Xianshuihe-Xiaojiang fault system, Coulomb stress triggering theory,

recurrence interval, seismic hazard.

0 INTRODUCTION

Knowledge of earthquake recurrence regularities is essential
to understand potential future behavior and to estimate seismic
hazard of an active fault (Stein et al., 2012; Nishenko and Buland,
1987; Schwartz and Coppersmith, 1984; Shimazaki and Nakata,
1980). Earthquake interaction model and stress-triggering theory
of earthquakes have been generally applied since two decades ago
to evaluate earthquake interactions (Toda and Stein, 2002; Harris,
1998; King et al., 1994). Major active strike-slip faults with high
seismicity, such as the San Andreas fault, eastern California shear
zone and North Anatolian fault, have provided many objects to
examine the rationality of this theory (Toda et al., 2005; Lin and
Stein, 2004; Stein et al., 1997). Stress changes deduced from com-
pletely revealed sequence of large earthquakes along the fault and
adjacent faults have offered crucial quantitative restriction to the
understanding of earthquake recurrences (e.g., Toda and Stein,
2002; Stein et al., 1997).

The 1 500-km-long Xianshuihe-Xiaojiang fault system
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(XXFS) is one of the major strike-slip fault zones playing im-
portant roles in the tectonic evolution of the Tibetan Plateau
(TP) (e.g., Wang and Burchfiel, 2000; Wang et al., 1998;
England and Molnar, 1990). Both long-term and short-term slip
rates in the order of ~10 mm/yr have been generally revealed
both by geological investigations and geodetic observations
(e.g., Yan and Lin, 2015; Zhang, 2013; Wang S F et al., 2009;
Shen et al.,, 2005). A primary rupture history including 35
M=>6.5 historical earthquakes with strike-slip focal mechanisms
during the past ~700 years has been sorted out based on his-
torical documents and instrumental records (Wen et al., 2008;
EDPDCEA, 1995; Allen et al., 1991). The problem with the
historical records is that it is shorter in remote areas such as on
the TP, and that the more ancient and remote are the events, the
less are the records based on which rupture locations and mag-
nitudes are estimated. Modern instrumental records have prob-
lems of shorter period and incompleteness as well. For example,
the focal mechanism of the 1955.04.14 M 7.5 Zheduotang
Earthquake had been solved whereas the magnitude could not
be calculated based on poor instrumental records. That is the
reason why a great deal of paleoseismologic investigations
have focused on these historical earthquakes (e.g., Ren, 2013;
Ren and Lin, 2010; Wen et al., 2003).

There are many modeling works of stress evolution along
the XXFS and adjacent area (e.g., Shao et al., 2016; Qin et al.,
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2014; Shan et al., 2013; He et al., 2011; Zhu and Wen, 2010).
After the 2008 M,, 7.9 Wenchuan Earthquake, Shan et al. (2013)
calculated the Coulomb stress evolution along the XXFS dur-
ing the past 300 yr and revealed earthquake interaction between
the XXFS and the Longmen Shan thrust belt. Coulomb stress
evolution along the Xianshuihe fault zone (XshFZ, the abbre-
viation is in order to mark off from the Xiaojiang fault zone)
over the past 200 yr has been also calculated by Shao et al.
(2016) to estimate seismic hazard along the central XshFZ.
Studies on the parkfield earthquake revealed that well under-
standing of recurrence model is inessential for highly efficient
seismic hazard assessment (e.g., Toda and Stein, 2002).
Whereas recurrence model diversification was not taken into
consideration in the previous modeling works along the XXFS.
In this study, we carried out Coulomb stress change mod-
eling, in combination with paleoearthquake investigations, to
examine the rupture history during the past ~1 000 yr and its
implication for the recurrence models along the XXFS, which
suggests stress change history as reliable constraints on seismic
hazard assessment as well as paleoseismological investigations.

1 TECTONIC SETTING

The XXFS extends from the central TP to the Yungui Pla-
teau until Red River fault zone and varies in trend from
WNW-ESE at northwestern end to S-N at southeastern end,
having the geometry of an arc projecting northeastwards (Fig.
1). It is composed of 6 fault zones, which from northwest to
southeast are the WNW-ESE-trending Ganzi-Yushu fault zone
(GYFZ), the NW-SE-trending XshFZ, the AZFZ composed of
the S-N-trending Anninghe fault (AF), the NW-SE-trending
Zemuhe fault (ZF), the NNW-SSE-trending Daliangshan fault
zone (DFZ) and the S-N-trending along the southeastern Xiao-
jiang fault zone (XjFZ) (Fig. 1b). The GYFZ steps leftward for
18 km to the XshFZ, then branches at the southeastern end of
the XshFZ into the AZFZ and DFZ, which then join into the
XjFZ to the south (Fig. 1b). The GYFZ, XshFZ and AZFZ are
mainly developed with continuous single fault traces respec-
tively, except for the echelon fault structures of the central
XshFZ. The fault traces of the DFZ are disconnected and shows
echelon pattern. The fault traces of the XjFZ are in divergence
pattern southward, and composed of two major branches and
several sub faults. GYFZ and XshFZ distribute on the TP where
average elevation is ~4 000-5 000 m, and AZFZ, DFZ and
XjFZ distribute mainly on the Yungui Plateau where average
elevation is ~2 000-3 000 m a.s.l. (Fig. 1b).

Tectonically, the XXFS is mainly located in the Songpan-
Ganzi Block to the northwest, which is a major tectonic ele-
ment of the central and eastern TP, and the Yangtze Block to the
southeast. The Songpan-Ganzi Block is mainly covered by
thick sequence of Triassic flysch complex, known as the
Songpan-Ganzi fold belt, and accompanied by outcrops of su-
ture zone rocks and Early Cenozoic granite. The GYFZ is
mainly developed along ophiolitic melanges that consists partly
of the Jinsha suture zone and of the Ganzi-Litang suture zone.
The XshFZ has mainly offset the strata of the Songpan-Ganzi
fold belt and the Longmen Shan thrust belt, which mainly
composed of Precambrian high-grade metamorphic rocks, and
then extends into the Yangtze Block. Along the southeastern
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XXFS, the Yangtze Block is mainly covered by Precambrian
high-grade metamorphic rocks and Paleozoic—Lower Mesozoic
carbonate rocks known as South China fold and thrust belts.

The crustal thickness of the study area has been generally
investigated by various methods such as seismic sounding, 3-D
shear wave speed variation, teleseismic receiver functions and
Bouguer gravity anomaly inversions (Jiang et al., 2012; Zhang
et al., 2011; Wang C Y et al., 2009, 2007; Yao et al., 2008; Xu
et al.,, 2007; Wang and Burchfiel, 2000). The eastern TP has
been revealed to be 65-60 km thick (Zhang et al., 2011). The
thickness reduced rapidly to 5045 km along the AZFZ after
across the margin of the TP (Yao et al., 2008). The crust is thin-
ner further south, 45—40 km along the XjFZ.

Initiation time and total offset amount of the XXFS has
been one of the essential issues related to the tectonic evolution
models of the TP (e.g., Searle et al., 2011; Wang and Burchfiel,
2000; Avouac and Tapponnier, 1993; England and Molnar,
1990). Roger et al. (1995) investigated the Gongga granite
along the central XshFZ and suggested that the emplacement
and ductile deformation of the granite are synchronous. The
U-Pb emplacement age of 12.841.4 Ma and the Rb-Sr mini-
mum deformation age of 11.6+0.4 Ma together suggested sinis-
tral faulting at the latest at 12 Ma along the XshFZ. New geo-
chronological investigations of mica K/Ar and apatite fission-
track ages suggested initiation time of the GYFZ and XjFZ as
13 and 5 Ma, respectively (Wang S F et al., 2009). On the basis
of the deflection of topographic features including major rivers
and margin of the TP, the offset of geological strata, and the
Bouguer gravity anomaly data, Yan and Lin (2015) suggested
total offset amount along the GYFZ-XFZ as ~60 km, and
long-term slip rate of 4.6—12 mm/yr consequently.

2 DATA AND MODELING

The modeling is carried out in Coulomb 3.3, which is a
simple tool that permits exploration of a key component of fault
interaction by excluding complicated processes such as dy-
namic stresses, pore-fluid diffusion, and viscoelastic rebound. It
offers the function to calculate static stress change in an elastic
half-space with uniform isotropic elastic properties at any depth
caused by fault slip including both coseismic slip and secular
slip (Toda et al., 2011).

2.1 Crustal Structure and Faults Geometry

Along most strike-slip faults except for a few creeping
ones globally, the Coulomb stress release is mainly resulted
from coseismic ruptures of large earthquakes. For the interplate
strike-slip faults that have cut through the whole crust such as
the North Anatolian fault, stress increase is resulted from secu-
lar slip in the lower crust (e.g., Stein et al., 1997). For the intra-
plate strike-slip XXFS, we suppose that it is crustal scale and
undergoes secular slip in the lower crust based the following
evidences: (i) The GYFZ is developed along the suture zones
formed during the India-Asia continental collision according to
the geological map, although their relationships need further
study. (ii) Crustal thickness variation along the XXFS based on
Bouguer gravity anomaly suggested that the crust of the eastern
Tibetan Plateau possibly has been offset for ~60 km (Yan and
Lin, 2015; Jiang et al., 2012). (iii) 3D shear-wave speed model
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suggested lateral variations in crustal structure and rheology,
that is, the XshFZ marks the northern edge of a pronounced,
laterally continuous zone with anomalously low velocity (Liu et
al., 2014). (iv) Based on the integrative interpretation of travel-
time data and amplitude information obtained from the deep
seismic sounding experiment, it is inferred that the XjFZ has
cut through the whole crust (Wang C Y et al., 2009). (v) GPS
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observation revealed strain partitioning across the XXFS (e.g.,
Zhang et al., 2004).

Attitudes of the faults are essential to the modeling. Along
the GYFZ, seismic moment tensor inversion after the 2010 M,,
6.9 Yushu Earthquake revealed dip angle of 83°SW (Liu et al.,
2010). Along the XshFZ, P-waveform analysis of the 1973 M,,
7.4 and 1981 M,, 6.7 events revealed dip angle of 87°SW and
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Figure 1. (a) Index map showing the tectonic setting of study area. (b) Main settlements along the XXFS, damage area of 35 historical earthquakes and focal

mechanism solution of some model earthquakes. XXFS. Xianshuihe-Xiaojiang fault system; ATFZ. Altyn Tagh fault zone; HFZ. Hanyuan fault zone; KFZ.

Kunlun fault zone; RRFZ. Red River fault zone; LSTB. Longmen Shan thrust belt.
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90°, respectively (Zhou et al., 1983). The hypocenter depths of
the above 3 events are all computed to be about 10 km (Liu et
al., 2010; Zhou et al., 1983). Along the XjFZ, source depth and
dip angle of the 1966 M 6.5 event are 5 km and 80°SW, respec-
tively (Yan et al., 1980). Based on the above attitudes, we
adopted simplified geometry of vertical co-seismic faults and
secular faults in our modeling.

2.2 Historical Earthquakes

Many historical earthquakes and frequent modern earth-
quakes with extensive casualties and destruction have been
recorded or reported along the XXFS (e.g., Wen et al., 2008;
Allen et al., 1991; Tang et al., 1976; Heim, 1934). Historical
literatures and modern publications are reviewed to determine
rupture lengths of all the historical and modern earthquakes
(Table 1; Fig. 1). Whereas the detail level and time period of
earthquake records are not as good and long as densely popu-
lated plane area of China because of remote locations.
Throughout history, settlements at the high plateau and moun-
tain terrain have shown concentrated distribution along the fault
traces, especially at fault valleys and pull-apart basins which
are suitable for farming and grazing (Fig. 1b). As can be seen in
the rupture history along the whole XXFS (Fig. 2), along the
remotest GYFZ, only a few earthquakes at late 19th century
with roughly speculated damage area and time are mentioned
based on Tibetan civilian lore (Wen et al., 2003; Zhou et al.,
1997). Whereas along the XshFZ, AZFZ and XjFZ, large his-
torical earthquakes records with high reliability (recorded by
adjacent settlements) cover a time period of ~300 years (Allen
et al., 1991). Probable large earthquakes inferred from seises-
thesia records of distant settlements can be traced back for
~700 years (Wen et al., 2008; EDPDCEA, 1995).

Parameters including rupture length and average dis-
placements have been imported in our modeling. Wen et al.
(2008, 2003) had reviewed the previous studies and provided

Ganzi-Yushu Xianshuihe
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comprehensive parameters, to which data our modeling has
mainly referred. Except for modern earthquakes such as the
2010 M,, 6.9 Yushu Earthquake (Wang and Mori, 2012) and a
few historical ones that have been studied based on field inves-
tigations or seismic calculations (e.g., Ren, 2013), rupture
length of most historical earthquakes have been estimated
mainly according to historical documents. Intensity maps of all
historical earthquakes have been firstly estimated based on
historical documents. Probable ruptured areas as well as mag-
nitudes are consequently speculated based on the intensity
maps (e.g., Wen et al., 2008; EDPDCEA, 1995). Average dis-
placements of all events have been derived from rupture
lengths according to the empirical relationships among magni-
tude, rupture length and surface displacement for strike-slip
fault as following (Wells and Coppersmith, 1994)

M,=5.16+1.12-1g SRL (1)

@

where M,, is moment magnitude, SRL is surface rupture length,
AD is average displacement. The magnitude is the prerequisite
to deduce rupture length and average offset, which is the basic
parameters to calculate stress change caused by earthquakes.
The magnitude and general rupture area of historical earth-
quakes could be estimated based on intensity map derived from

Ig AD=—6.32+0.09-M,,

historical documents, which only covers time period since 1327
in the study area. Therefore, we included historical earthquakes
no earlier than 1327.

2.3 Holocene Sinistral Slip Rates along Each Segments

In addition to earthquakes, steady slip beneath the XXFS
transfers stress to the seismogenic portion of the fault system.
Before development of the Global Position System (GPS), the
geological slip rate was mainly obtained by investigating offset
terraces and alluvial fans as shown in Fig. 3 and described in
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Figure 2. A spatial-temporal pattern of the rupture history of 35 M>6.5 earthquakes along the XXFS.
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Table 1 Historical earthquakes along the XXFS

Fault zone Time (yy.mm.dd) SRL (km) M K M,° W & C M,* W & C Dave (m)°
Ganzi-Yushu 1854.--.—- 160 7.6 3.5
Ganzi-Yushu 1866.--.-- 65 7.2 1.4
Ganzi-Yushu 1896.03.-- 110 7.4 2.4
Ganzi-Yushu 2010.04.14 60 7 6.9 6.9" 0.8
Xianshuihe 1327.09.-- 75 >7', 7.4 73 1.6
Xianshuihe 1700.--.-- 35 >6'/, 6.4 6.9 0.8
Xianshuihe 1725.08.01 27 7 6.8 6.8 0.6
Xianshuihe 1747.03.-- 30 6°/4 6.7 6.8 0.7
Xianshuihe 1748.08.30 25 6'/, 6.4 6.7 0.5
Xianshuihe 1786.06.01 90 s 7.7 73 2.0
Xianshuihe 1792.09.07 25 6°/4 6.7 6.7 0.5
Xianshuihe 1816.12.08 60 7' 7.4 72 1.3
Xianshuihe 1893.08.29 70 7 6.8 72 15
Xianshuihe 1904.08.30 55 7 6.8 7.1 12
Xianshuihe 1923.03.24 50 7' 7.4 7.1 1.1
Xianshuihe 1955.04.14 40 7' 7.4 7.0 0.9
Xianshuihe 1973.02.06 90 7.6° 75 74" 22
Xianshuihe 1981.01.24 45 6.9° 6.8 6.7 0.5
Anninghe 1480.09.27 75 7' 7.4 73 1.6
Anninghe 1489.01.15 30 6°/4 6.7 6.8 0.7
Anninghe 1536.03.29 80 7' 7.4 73 1.7
Anninghe 1952.09.30 40 6°/4 6.7 7.0 0.9
Zemuhe 1732.01.29 45 6°/4 6.7 7.0 1.0
Zemuhe 1850.09.12 110 7' 7.4 7.4 24
Xiaojiang 1500.01.13 60 >7 6.8 72 1.3
Xiaojiang 1606.11.30 30 6°/4 6.7 6.8 0.7
Xiaojiang 1713.02.26 60 6°/4 6.7 72 1.3
Xiaojiang 1725.01.08 50 6°/4 6.7 7.1 1.1
Xiaojiang 1733.08.02 110 s 7.7 7.4 24
Xiaojiang 1763.12.30 40 6'/, 6.4 7.0 0.9
Xiaojiang 1789.06.07 60 7 6.8 72 1.3
Xiaojiang 1833.09.06 130 8 8.1 7.5 29
Xiaojiang 1909.05.11 40 6'/, 6.4 7.0 0.9
Xiaojiang 1966.02.05 45 6.5° 6.4 7.0 1.0
Xiaojiang 1970.01.05 85 7.7° 7.6 72" 1.4

* Empirical surface wave magnitude from EDPDCEA (1999, 1995) derived from historical records about the event. °. Moment
magnitude converted from surface wave magnitude based on the empirical relationships between surface wave magnitude and
moment magnitude (Kanamori, 1983). . Moment magnitude calculated based on the empirical relationships between magnitude
and rupture length for strike-slip fault by Wells and Coppersmith (1994). ¢. Average diaplacment calculated based on the em-
pirical relationships between magnitude and surface displacement for strike-slip fault by Wells and Coppersmith (1994). ©. Sur-

face wave magnitude from CENC (China Earthquake Networks Center) derived from seismometer records. . Moment magni-

tude from USGS derived from seismometer records.
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the following text. Dating techniques mainly include radiocar-
bon and thermoluminescence (TL) dating technique, except for
a few cases using optically stimulated luminescence (OSL)
dating technique. Along the GYFZ and the XshFZ on the Ti-
betan Plateau, slip rate was also estimated based on offset mo-
raines formed during the last glaciation. The accuracy problem
with dating technique and offset measuring might cause relative
errors of slip rate even up to 50%. The corresponding error of
recurrence intervals is thus far below expectation for the pur-
pose of earthquake prediction. Thanks to decades of GPS ob-
servation on the TP, error of slip rate can be restricted within
the limits of less than 10%—-20% especially for those strike-slip
faults of high slip rate (e.g., Zhang, 2013), providing much
more reliable information on strain/stress accumulation rate
(Fig. 3).

Along the GYFZ, Zhou et al. (1996) estimated Holocene
slip rate to be 7+0.7 and 7.2+1.2 mm/yr along the eastern and
central segments. Wen et al. (2003) obtained a larger Holocene
slip rate of 12+2 mm/yr. Shi et al. (2016) estimated 8—11 mm/yr
based partly on previous study and their own dating. The result
obtained by Wang et al. (2013) based on GPS data observation
from 1999 to 2007 is 6.6+1.5 mm/yr, which is comparable with
the result of Zhou et al. (1996). Further northwest to the GYFZ
is the active strike-slip Fenghuoshan fault zone (FFZ) with GPS
slip rate of 6.1+1.9 mm/yr (Wang et al., 2013), which is also
modeled in order to take the stress transformed from the secular
slip beneath the FFZ to the GYFZ into account and eliminate
boundary anomaly.

Along the northwestern segment of XshFZ, the only geo-
logical slip rate was estimated to be 15+5 mm/yr based on offset
post-glacial terrace (Allen et al., 1991). Because of echelon pat-
tern composed of three sub-faults along the central segment, the

207 e Zhou etal. (1996) « Yan and Lin (2017)
Wen et al. (2003)

o Shi et al. (2016)
Allen et al. (1991)
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total geological slip rate is unequally divided along each sub-fault
(Zhou et al., 2001a). Along the southeastern segment, Zhou et al.
(2001b) estimated Holocene slip rate to be 6.0-9.9 mm/yr. The
most recent Holocene slip rate along the southeastern segment
was estimated to be ~8.5 mm/yr based on investigation of system-
atically offset channels and alluvial fans (Yan and Lin, 2017). GPS
observation observed more accurate slip rates of ~9-10 mm/yr
along the northwestern and southeastern segments respectively
(Wang et al., 2013; Zhang, 2013; Shen et al., 2005).

GPS observation also obtained total slip rate of ~9-10
mm/yr across the split AZFZ and DFZ (Zhang, 2013). The
problem is the distribution of the total slip rate along each seg-
ments. Along the AF and the ZF, Holocene slip rates were gen-
erally estimated to be ~5—6 mm/yr (Ren, 2014; Ran et al., 2008;
He and Ikeda, 2007; Zhou et al., 2001b) and 27 to 5-9 mm/yr
(He and Oguchi, 2008; He et al., 1999), respectively. Ren et al.
(2010) estimated a much larger slip rate of ~10—-12 mm/yr since
~44 ka ago along the ZF. Along the DFZ, an average slip rate of
~3 mm/yr was generally estimated (He et al., 2008; Zhou et al.,
2003). Most of the geological slip rate shows comparable sum
value to the GPS data.

The XjFZ is composed of two main branches and several
sub faults. The slip rate is more complex. He and Oguchi (2008)
estimated really large total slip rate of 14-22 mm/yr based on
TL and radiocarbon dating of offset channels, which is much
larger than the GPS slip rate of 7+2 mm/yr (Shen et al., 2005).
Based on seismic moment and recurrence interval, Li et al.
(2013) estimated slip rate varies between 1.6—10.1 mm/yr at the
depth range of 3—12 km.

Except for left-lateral slip rates, shortening rates of <2 mm/yr
across the GYFZ, XshFZ, AF and extension rates of <2 mm/yr
across the ZF were also inferred based on GPS observation (Wang

He et al. (1999)
Zhou et al. (2001b) a Ren et al. (2010)
Ran et al. (2008) Zhou et al. (2003)
Ren (2014) A He et al. (2008)

N I5f
ﬁ E Zhou et al. (2001a) ¢« He and Ikeda (2007) » He and Oguchi (2008)
<%
N e f
I ©
ks %
Q
T MNE10 ¢
g2 i
EX . 1
s 52 ﬁ
g g2
5
% 2 < 5F
=
=
S
N
3
s 0

200 400 600

GPS slip rate

Along DFZ and
east branch of XjFZ
W

10+

800 1 000 1200 1400
Distance away from the NW start of XXFS along the fault (km)

i

Assumed distribution of total GPS slip rate along branch faults

Figure 3. Geological and GPS slip rate of previous studies along the whole XXFS. Notice that the slip rate along the DFZ and east branch of XjFZ are dis-

played separately underneath. We assumed distribution of total GPS slip rate across the central and southeastern segments of the XXFS (AZFZ-DFZ and XjFZ)

based on geological slip rate for the purpose of comparing geological and GPS slip rates.



Coulomb Stress Evolution History as Implication on the Pattern of Strong Earthquakes 433

et al., 2013; Zhang, 2013; Shen et al., 2005). We excluded these
components in our modeling because of their low accuracy and
much smaller proportion compared with the lateral slip rates.

2.4 Modeling and Results

Considering complexity of regional stress components
along the XXFS (e.g., Gan et al., 2007), a uniaxial compression
parameter is impractical, thus the stress is resolved on the fault
plane (King et al., 1994). Since the hypocentral depths for the
main shocks of the modern large earthquakes such as the 1973,
1981 and 2010 events are around 10 km, the modeling sample
stress in the lower part of the seismogenic crust at a depth of 10
km. The friction coefficient on a fault is difficult to measure
directly. A empirical value of x4’ is as 0.4, which is similarly
used for modeling the large cumulative slip fault zones such as
the San Andreas fault (Toda et al., 2005; King et al., 1994).

We have mainly adopted the GPS slip rate to calculate
stress accumulation transferred from the secular slip (Fig. 4a).
GPS slip rates across AZFZ and DFZ were portioned according
to the geological investigations described above. GPS data give
6 mm/yr along the Fenghuoshan fault zone (FFZ), 6.5 mm/yr
along the GYFZ, 9-10 mm/yr along the XshFZ, 7 mm/yr along
the AF, 6 mm/yr along the ZF, 3 along the DFZ and 7 mm/yr
along the XjFZ. During a complete earthquake cycle in this
model, coseismic slip would take place over 0—15 km and secu-
lar slip over 15-60 km (Fig. 4a). Coulomb stress on faults at a

depth of 10 km transferred from secular slip in this model is
~0.05-0.07 bar/yr along the GYFZ and ~0.09-0.1 bar/yr along
the XshFZ, ~0.06—0.07 bar/yr along the AF and ZF, except for
segments consisting of echelon faults (Fig. 4b). Because of the
lack of historical earthquake records, stress evolution history
was not calculated along the DFZ. The stress accumulation rate
shows good proportion to the GPS slip rate, probably because
of relatively smooth fault traces and our simplified geometry.

The southernmost XjFZ is composed of two major strands.
Both of the strands have record of historical earthquakes. Be-
cause of unjustifiable proportion of the 7 mm/yr slip rate and
lack of the geometry of seismogenic faults and deeper creeping
faults, the transferred Coulomb stress is in a large variation
range of 0.02-0.07 bar/yr while the deep creeping fault shifting
between the threshold locations constrained by two major
strands (cases 1 and 2 in Fig. 5). A compromising location (case
3) has been adopted finally based on consideration of reason-
able stress change history on both branches (Fig. 5). The com-
promising location showing proximity to the western branch is
consistent with the result of deep seismic sounding study of
Wang CY et al. (2009).

In order to model the accumulation and release of Cou-
lomb stress along time, the Coulomb failure function is as-
sumed to start from 1000 AD. The results are represented at the
form of color gradient chart (Figs. 6 and 7a) and Coulomb
stress evolution along time at selected locations (Figs. 7 and 8).

Depth (km)
a

—Modeled coseismic slip (0—15 km)
—Modeled secular slip (15-60 km)

Lin et al. (2011)

-5 0 S 10 bar per century

9.47 b, t -
ar per century,

Figure 4. (a) Secular slip model used to calculate the loading of the XXFS. Steady deep slip below 15 km, as inferred from GPS observations (Wang et al.,

2013; Zhang, 2013; Shen et al., 2005), transfers stress to the seismogenic portion of the fault. (b) The secular stress rate is resolved on the fault at the indicated

points at a depth of 10 km. Locations have been selected to display stress change history in Figs. 7 and 8. Locations of previous paleoearthquake investigations

have also been signed.
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Figure 5. (a) Three cases of secular slip faults used to calculate the loading of the XjFZ. (b)—(d) The secular stress rate resolved on the fault at the indicated

points at a depth of 10 km.

3 DISCUSSION
3.1 Implication to Recurrence Interval along the XXFS

Well understanding of recurrence model is essential for the
successful probability calculation on the 2004 Parkfield Earth-
quake by Toda and Stein (2002). On the Tibetan Plateau, how-
ever, except for recurrence model along the eastern Haiyuan
fault zone revealed by LiDAR investigation (Ren et al., 2015),
recurrence models along most strike-slip faults such as the
XXFS are still to be solved.

Stress changes history along the XXFS based on historical
earthquakes displays great equilibrium (Fig. 6) because of in-
tegrity problem of historically recorded earthquakes along dif-
ferent segments. Along the GYFZ especially, the lack of his-
torical earthquakes prior to 1850s has resulted in excess stress
accumulation (Fig. 6). The Coulomb stress released by the
2010 M,, 6.9 Yushu Earthquake (~11 bar) along the northwest
GYFZ is far from sufficient as compared to the accumulated
during the past millennium (~65 bar) (Fig. 7b). Considering a
similar magnitude earthquake with interval of ~600 yr as sug-
gested by Lin et al. (2011), the rate of stress accumulation
seems still faster than that of release. Along the southeastern
GYFZ, the 1854 earthquake, magnitude of which is estimated
from the preliminarily inferred surface rupture (Table 1), seems
released most of the Coulomb stress (~48 bar) transferred from
the secular faults during the past 900 yr (~60 bar) (Fig. 7d). The
magnitude of an event with 160-km-long surface rupture is
about M 7.5 and should be felt over an area with radius of >900
km (EDPDCEA, 1995). Whereas no historical shaking records
on this event has been disclosure at surrounding settlements
such as Luhuo, Daofu, Kangding or Chengdu, etc., this might
indicate smaller magnitude of the 1854 event.

As complement to historical records, paleoearthquake in-
vestigations carried out along the fault system has primarily
suggested a general range of recurrence interval varying be-
tween 300-700 yr along part of the XXFS. An ideal stress
change history of the GYFZ based on paleoearthquake studies
and stress release discussed above has thus been modeled (Fig.
7a). Except for the 1738 event, a shorter interval of 300 yr
along the Yushu segment has been adopted. The 160-km-long

rupture of the 1854 event has been divided into two segments
both with recurrence interval of ~500 yr. The ideal stress
change history result, based on characteristic recurrence model
and in great need of confirmation by further investigation, sug-
gested general recurrence interval of ~300-500 yr and rupture
length of shorter than ~100 km along the GYFZ (Fig. 7). Simi-
lar interval of ~370-460 yr has been revealed along the south-
eastern XFZ by trench investigation of Yan and Lin (2017) and
shows consistency with stress change history (Fig. 8c).

Split of the sum slip rates has occurred along the central
and southeastern XXFS, which might result in lower stress
accumulation rate and longer interval. Along the AF, the stress
change shows coincidence with the historical earthquakes with
an interval of ~400 yr (Fig. 8d). Along the ZF, the trench inves-
tigation of Ren et al. (2010) suggested that a historical earth-
quake at 814AD prior to the 1536 event, with an interval of
~700 yr (Fig. 8¢). Whereas it should be noted that the slip
model might not be the characteristic along the AZFZ. Along
the western branch of XjFZ, the 1833 event has released stress
accumulated for ~800—1 000 yr, expecting much longer interval
compared with other segments of the XXFS (Fig. 8f).

3.2 Implication to Earthquake Models and Seismic Haz-
ard Assessment

A fundamental rule of a fully uncovered rupture history is
the conservation of stress between accumulation and relief
(Youngs and Coppersmith, 1985; Anderson and Luco, 1983;
Wallace, 1970; Brune, 1968). The principle is generally followed
by previous earthquake models, among which the characteristic
earthquake model is ideal balanced-budget between stress accu-
mulation and relief (Wesnousky, 1994; Bakun and Lindh, 1985;
Shimazaki and Nakata, 1980). Actually there are conservative
tendencies of global paleoearthquake investigations along pre-
liminarily studied active faults to assume earthquake recurrence
models as characteristic ones (e.g., Sieh, 1996; Wesnousky, 1994).
In the above section, we also adopted characteristic model to
discuss the recurrence interval along the XXFS.

Irregular patterns of earthquake recurrence such as clus-
tered earthquakes have been concluded by geologists and
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Figure 7. (a) Raster showing supposed stress change history along the GYFZ based on paleoearthquake investigations. Dashed lines are historical earthquakes.

Dotted lines are supposed paleoearthquakes based on previous studies. (b)—(d) Coulomb stress accumulation and release at selected locations (see Fig. 4b and

7a for locations). Dashed lines are stress change history involving in supposed paleoearthquakes.

seismologists based on examination of ancient and modern
patterns of large earthquakes (Grant and Sieh, 1994; Sieh et al.,
1989; Thatcher, 1989; Matsuda et al., 1978). Most recent pa-
leoseismic investigation combining quantitative constrains such
as stress or strain change history have more precisely revealed
the clustered pattern of recurrence interval (e.g., Schlagenhauf
et al., 2011). The conception of earthquake supercycle has been
proposed to explained the situation in which overlying and
underlying blocks have been locked together, and strains con-
tinue to accumulate to a relatively high level and then released
in the form of clustered earthquakes (e.g., Sieh et al., 2008).
The northwest segment of XshFZ has experienced frequent
rupture history, including four events with well-understood
rupture lengths (1893, 1923, 1973, 1981; Figs. 2 and 6), sug-
gesting recurrence interval obviously uncharacteristic. 50-100
bars stress is released during the last seismic cycle (Figs. 6, 8a,
and 8b).

The central AZFZ is also characterized by clustering of
earthquakes. Three historical earthquakes along the AF had
caused obvious stress loading before the 1732 and 1850 events
along the ZF (Figs. 6 and 8e). So it is the alternation before the
1952 event. Besides, trench investigation by Ren et al. (2010)
suggested an historical earthquake at 814AD along the ZF.
These historical earthquakes showed evidence of supercycles

and continuous migration between AF and ZF based on stress
transferring. Besides, the stress along the AF seemed not suffi-
ciently released after the 1952 event (Fig. 6).

Along the Selaha fault of the southeastern XshFZ, both
historical records and paleoseismologic investigation suggested
characteristic recurrence model. It has been ~230 yr since the
1786 event, which is shorter than the recurrence interval of
~370-460 yr. Whereas the most recent 1955 earthquake oc-
curred along the branch Zheduotang fault has caused stress
increase along the Selaha fault (Fig. 8c). Beside, the 2008 M,,
7.9 Wenchuan Earthquake also caused 0.2-0.5 bars closer to
Coulomb failure (Toda et al., 2008). Current static stress along
the Selaha fault seems have approximately reached to the level
when the 1327 M 7.5 and 1786 M 7.75 earthquakes were trig-
gered. Shao et al. (2016) calculated Coulomb stress evolution
over the past 200 years along the GYFZ and also suggested
high seismicity along the Selaha fault. A latest M, 5.9 (M 6.3)
carthquake with aftershocks has occurred on Nov. 22, 2014
along the northern Selaha fault where the 1725.08.01 M 7 his-
torical earthquake is recorded.

4 CONCLUSION
Based on the modeling of Coulomb stress change on the
seismogenic fault planes, we concluded that: Modeling of
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Figure 8. Coulomb stress accumulation and release at selected locations along the northwest XXFS (see Fig. 4b for locations). Notice that the result at loc. 09

(red line) has been compromised based on Fig. 5.

Coulomb stress change offers efficient quantitative methods to
examine recurrence intervals revealed by paleoseismic investi-
gation. The XXFS showed heterogeneous earthquake models
along different segments. Characteristic recurrence interval
suggested by Coulomb stress change history showed consis-
tency with paleoearthquake investigations along the GYFZ and
the southeastern XshFZ. Whereas the northeastern XshFZ and
the central AZFZ showed evidence of supercycles. Earthquake
occurred on adjacent faults had also caused stress accumulation
closer to Coulomb failure along the southeastern XshFZ and
the ZF. The Coulomb stress accumulated along the southeastern

XshFZ has approximately reached to the level when the most
recent two large earthquakes were triggered.
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