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Short-and long-term seismic triggering
Following the 2001 Ms8.1 Kunlun earthquake, earthquake records of more than 10 years, in addition to more
than one century's records of large earthquakes, provide us with a chance to examine short-term (days to a
few years) and long-term (years to decades) seismic triggering following amagnitude ~8 continental earthquake
along a very long strike-slip fault, the Kunlun fault system, located in northern Tibet, China. Based on the calcu-
lations of coseismic Coulomb stress changes (ΔCFS) from the larger earthquake and post-seismic stress changes
due to viscoelastic stress relaxation in the lower crust and uppermantle, we examined the temporal evolution of
seismic triggering. The ETAS (epidemic type aftershocks sequence) model shows that the seismic rate in the
aftershock area over ~10 years was higher than the background seismicity before the mainshock. Moreover,
we discuss long-term (years to decades) triggering and the evolution of stress changes for the sequence of five
large earthquakes of M ≥7.0 that ruptured the Kunlun fault system since 1937. All subsequent events of
M ≥7.0 occurred in the regions of positive accumulated ΔCFS. These results show that short-term (up to
200 days in our case) triggering along the strike-slip Kunlun fault is governed by coseismic stress changes,
while long-term triggering is somewhat due to post-seismic Coulomb stress changes resulting from viscoelastic
relaxation.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

There is increasing evidence that the redistribution of stress induced
by large earthquakes can lead to changes in seismicity or even trigger
large earthquakes (Gomberg et al., 1998; Harris, 1998; Kilb et al.,
2002; King et al., 1994; Reasenberg and Simpson, 1992). These studies
assert that stress changes may affect the properties of nearby faults
and advance fault rupture, finally triggering impending earthquakes;
these mechanisms may be divided into static stress triggering and dy-
namic stress triggering. The former focuses on the triggering effects of
static stress changes due to fault dislocation (Anderson and Johnson,
1999; Caskey and Wesnousky, 1997; King et al., 1994; Toda et al.,
2008); the latter focuses on the triggering effects of transient or dynam-
ic stress changes due to the passing of seismic waves (Brodsky et al.,
2000; Gomberg et al., 1998; Lei et al., 2011). Generally, both dynamic
and static triggering use Coulomb failure stress changes (ΔCFS) to ex-
plain the triggering of earthquakes (Anderson and Johnson, 1999;
Caskey and Wesnousky, 1997; Catalli et al., 2008; Felzer et al., 2002;
ghts reserved.
Marsan, 2003; Pollitz and Sacks, 2002; Reasenberg and Simpson,
1992; Stein, 1999; Stein et al., 1994, 1997; Toda and Stein, 2003; Toda
et al., 2008).

Inmost cases, the seismic triggering of large events happens in days to
months, such as the Big Bear earthquake, which occurred only 3 h after
the Landers earthquake (King et al., 1994) (which we have termed as
“short-term triggering”). However, large earthquakes can trigger events
over years to tens of years (whichwe have termed as “long-term trigger-
ing”), such as the 1999Mw 7.1 Hector Mine earthquake which is thought
to be triggered seven years after the Landers earthquake (Pollitz and
Sacks, 2002; Zeng, 2001). Recent studies (Lorenzo-Martin et al., 2006;
Pollitz and Sacks, 2002; Zeng, 2001) have suggested that a relationship
exists between long-term triggering processes and post-seismic stress
changes from viscous relaxation in the lower crust and upper mantle.

To date, there have been many studies of short-term triggering
(Brodsky et al., 2000; Caskey and Wesnousky, 1997; Husen et al.,
2004; Husker and Brodsky, 2004; Kilb et al., 2002; Marsan, 2003;
Moran et al., 2004; Stein et al., 1992; Toda et al., 2008) because it is
easier to demonstrate a direct correlation between triggered seismicity
and the distribution of coseismic ΔCFS that is transferred from the
mainshock. However, long-term seismic triggering needs more
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attention. Moreover, it is well documented that large earthquakes trig-
ger their own aftershocks, with a decreasing event rate following the
modified Omori's law (Brodsky et al., 2000; Felzer et al., 2002;
Helmstetter and Sornette, 2003a; Husen et al., 2004). However, trigger-
ing of large earthquakes following a large mainshock still remains poorly
understood.

The Ms 8.1 (Mw 7.8) Kunlun earthquake on 14 November 2001
ruptured more than 400 km of the western part of the Kunlun fault in
the northern Tibetan Plateau, with a maximum horizontal slip ranging
between 7.5 and 10 m (Lasserre et al., 2005; Van der Woerd et al.,
2003; Xu et al., 2002). It was one of the largest continental strike-slip
earthquakes recorded bymodern seismic instruments to date. Immedi-
ately after themainshock, the regional seismic network recorded a large
number of local earthquakes throughout the Kunlun region, including
more than 20 events of M ≥3.7 occurring within the 1st 24 h and 5
events ofM≥5.0 occurringwithin thefirstmonth.Moreover, the appar-
ent increase in regional seismicity continued for approximately ten
years after the mainshock. The clustering of seismic activity may
imply that most earthquakes are early aftershocks of the Kunlun earth-
quake (Van der Woerd et al., 2002). We are interested in verifying the
correlation between the aftershock distribution of subsequent earth-
quake sequences and the stress changes caused by the mainshock.
One goal of this paper is to carefully examine the statistical significance
of the seismic rate increase and the detailed features of seismic trigger-
ing. The 10-year postseismic catalogue of earthquakes and the number
of modern large earthquakes in this region afford an opportunity to
address both short- and long-term triggering issues after magnitude
7–8 strike-slip earthquakes, which is the most significant aspect of
this study.

In this work, we calculated both the coseismic stress change and the
post-seismic stress changes due to viscoelastic relaxation in order to in-
vestigate short- and long-term seismic triggering processes. Our study
begins with the calculations of Coulomb stress changes. We then per-
form statistical analyses of the subsequent seismicity to detect signifi-
cant anomalies in seismicity that are associated with static stress
changes. Finally, we discuss long-term triggering associated with the
large earthquake sequence of M ≥7.0 along the Kunlun fault system.
Fig. 1.Map of the Tibetan plateau and adjacent regions of the Kunlun fault. The thick white lines
largemodern earthquakes. Grey and black lines show traces of faults. Stars indicate the location
7.0 Dulan earthquake, the 1973M 7.3 Manyi earthquake, the 1997Mw 7.6Manyi earthquake, a
and Deng (1984) and the Harvard CMT solution.
2. Seismological and tectonic setting

The U.S. Geological Survey (USGS) determined that the epicentre of
the 14 November 2001 Ms 8.1 Kunlun earthquake was 35.95°N and
90.54°E, located in the Kokoxili region of the northwest part of Qinghai
province. This event is thus also called the Kokoxili earthquake. It pro-
duced a long surface rupture zone with a length of 350–400 km along
theKunlun fault in northern Tibet (Fig. 1) (Fu et al., 2005, and references
herein). Together with the Altyn Tagh fault, the Haiyuan fault, the
Xianshui He fault, and the Karakorum fault, the Kunlun fault is one of
the main faults accommodating both the northeastward shortening
and the eastward extrusion of the Tibet plateau in response to the ongo-
ing collision between Asia and India (Klinger et al., 2005; Tapponnier
and Molnar, 1977; Tapponnier et al., 2001). All of these are left-lateral
strike-slip fault systems, except for the Karakorum fault, which is a
right-lateral strike-slip fault (Fig. 1) (Molnar and Lyon-Caen, 1989).
From cosmogenic dating of offset alluvial terraces along the fault, the
long-term slip rate alongmuch of the Kunlun fault has been determined
to be 11.5 ± 2.0 mm/year, over a time span of ~40,000 years (Van der
Woerd et al., 2000, 2001, 2002). The Kunlun fault is not only one of
the faults associated with the extrusion of the Tibetan plateau but is
also an example of a large-scale strike-slip fault system in the continen-
tal crust (Van der Woerd et al., 2002).

The Kunlun fault system, including the Manyi fault at its west, has a
total length of approximately 1600 km, extending from 86°E to 105°E,
with an average strike of N100°E. Based on the geometry of the fault
trace, the main stretch of the Kunlun fault may be divided into six prin-
cipal segments (Van der Woerd et al., 2001). Several large (M N 7)
earthquakes have ruptured different segments in the last 100 years
(Fig. 1). The 2001 earthquake ruptured the westernmost, or Kusai Hu
segment, named for the large lake it crosses (Fig. 1). This 270-km
segment is geologically the clearest segment of the Kunlun fault. It is re-
markably straight between 91°E and 94°E and shows a progressive
change in strike, from N100°E in the west to N95°E in the east. Such a
specific geometry causes slightly different styles of faulting, from
oblique normal-strike-slip, to nearly pure strike-slip and oblique
reverse-strike-slip faulting (Van der Woerd et al., 2001). Prior to 2001,
indicate the Kunlun fault system, and the thick pink lines represent segments ruptured by
s of large events along the Kunlun fault: the 1937M 7.5 DongXi Co earthquake, the 1963M
nd the 2001Ms 8.1 Kunlun earthquake. Corresponding focal mechanisms are fromMolnar



116 C. Xie et al. / Tectonophysics 617 (2014) 114–125
no large earthquake of M≥7.0 had been instrumentally recorded along
the Kusai Hu segment. To the west, the 1997 Mw 7.6 earthquake pro-
duced a 170-km surface rupture along theManyi fault, which is consid-
ered to be a branch fault of the Kunlun fault system (Lin et al., 2006; Xu,
2000). Farther west, a magnitude ~7.3 earthquake occurred in 1973 at
the western end of the Manyi segment (Fig. 1). Since 1930, two large
historic events have occurred along the two eastern segments of the
Kunlun fault. The 1937M ~7.5 earthquake rupturedmost of the Dongxi
Co segment (Fig. 1), resulting in a 150-km length of surface rupture
(Van der Woerd et al., 2000, 2001). In 1963, another earthquake of
magnitude ~7.0 occurred approximately 100 km west of the 1937
event epicentre, along the Alag Hu segment (Fig. 1) (Van der Woerd
et al., 2001). The focal mechanisms of these historic earthquakes show
a distinct left-lateral strike-slip motion (Gu et al., 1989; Molnar and
Deng, 1984). It is worth noting that no large events have been recorded
so far on the Xidatan–Dongdatan segment, which is between the Kusai
Hu segment and Alag Hu segment.
3. Seismicity following the Ms 8.1 Kunlun earthquake

Here we focus on the seismic activity associated with the 2001 Ms

8.1 Kunlun earthquake. Thus, the study area is bounded by a rectangle
with coordinates 35°–37°N and 89°–98°E, which is along the rupture
plane of the mainshock. The seismic catalogue for this area is obtained
from the China Earthquake Data Centre, and ML magnitudes are given
for all events. The minimum magnitude of completeness (Mc), above
which all earthquakes are detected by the seismic network, is estimated
by calculating the magnitude–frequency distributions for earthquakes
that occurred in two time spans: 2001 through 2011 and 1990 through
2011 (Fig. 2a–b). The scatter plot of magnitude against the sequential
number of events indicates the lower cut-off magnitudes used in this
study (Fig. 2c). However, the catalogue also contains many events
with a magnitude of less than Mc. Seismic activity is usually studied
using data of magnitude ≥Mc. However, earthquakes bMc, which are
usually substantial, may also contribute to the study of the spatial asso-
ciation. Therefore, when we examined the statistical correlation
between aftershocks and the Coulomb stress changes, we also used
Fig. 2. Cumulative magnitude–frequency distributions for earthquakes in the study area (a, b).
and the least square b values are shown by bML and bLS, respectively. Numbers in parentheses
events indicates the lower cut-off magnitudes used in this study (c).
events having a magnitude under the lower cut-off value for Mc in our
analyses.

Figs. 3–4 display the seismicity following the Ms 8.1 Kunlun
earthquake in the study area. More than 20 aftershocks occurred within
the 1st 24 h after the Kunlun earthquake. In the first year after the
mainshock, a large number of events occurred, primarily at sites adjacent
to the eastern segment of the ruptured fault, including some events of
M≥5.0. In the next several years after the mainshock, earthquakes clus-
tered close to the western segment of the ruptured fault. Fig. 3a also
shows focal mechanisms from the Harvard CMT solution for some
M ≥5.0 events. Most events following the Kunlun earthquake have had
shallower focal depths (≤40 km). Only a few events had deeper focal
depths (up to 80 km), which may be caused by location error (Fig. 3b).
It is interesting to note that the largest aftershock of the Ms 8.1 Kunlun
earthquake had a magnitude of 5.6, significantly smaller than the size
predicted (~6.5) by Båth's law (Helmstetter and Sornette, 2003b).

Fig. 4 shows cumulative numbers of the seismicity in the study area
with various cut-off magnitudes, demonstrating a typical pattern of af-
tershock activity. It is worth noting that no M5+ events have occurred
since 2007. After 2010, the seismic rate of both M3+ and M4+ events
is clearly lower than the background seismicity before the Kunlun
earthquake. This is probably a sign of the end of the aftershock phase,
but further data are needed before a conclusive assessment can be
reached.

4. Analysis of seismic triggering following the Ms 8.1
Kunlun earthquake

To investigate the spatial correlation of seismicity and stress changes,
we calculated the static Coulomb failure stress change thatwas imparted
by the 2001 Kunlun earthquake. The static Coulomb failure stress change
is expressed asΔCFS=Δτ+ μ′Δσ, where Δσ, andΔτ are changes in the
normal stress (positive when unclamped) and the shear stress, respec-
tively, calculated on a given receiver fault and given slip direction, and
μ′ is the effective coefficient of friction (Harris, 1998; King et al., 1994;
Toda and Stein, 2002, 2003). Based on theMohr–Coulomb failure criteri-
on, a positive Coulomb failure stress change is expected to promote fail-
ure and a negative value to inhibit failure.
Mc indicates the minimummagnitude of completeness. The maximum likelihood b values
indicate the standard errors. The scatter plot of magnitude against sequential number of

image of Fig.�2


Fig. 3. Seismicity for a period between the 2001 Kunlun earthquake and 14 November 2011. The coloured circles represent earthquake epicentres as established by the China Earthquake
Data Centre. The hypocentre locations are colour coded by time and scaled bymagnitude as indicated. Thewhite lines show the projection of the (nearly vertical) rupture plane of the 2001
Kunlun earthquake on the surface (from Wen et al., 2009). The red star marks the 2001 Kunlun mainshock. The red beach ball indicates the focal mechanism from the Harvard CMT
solution of the M N5.0 event. In (b), the depth section of event hypocentres is plotted.
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Here we first compute the static ΔCFS due to the coseismic rupture
in an elastic half-space (Okada, 1992) with a friction coefficient μ′ =
0.6 and a Poisson's ratio of 0.25. The shear modulus is assumed to be
3.2 × 1010 Nm−2. Furthermore, to explore long-term earthquake trig-
gering, we used a more realistic lithologic model in which the upper
mantle and the lower crust behave viscoelastically at a long-term scale
(Lorenzo-Martin et al., 2006; Pollitz and Sacks, 2002; Zeng, 2001). There-
fore,we adopted amodel of dislocation sources embedded in amixed in-
elastic layered half-space (Wang et al., 2006), and the code PSGRN
(Wang et al., 2006) was used to compute Green's functions of a multi-
layered viscoelastic half-space. The layered model and the parameters
that were used for our calculations are listed in Table 1, in which H is
the thickness, VP is the P wave velocity, and VS is the S wave velocity, ρ
is the density, and η is the viscosity of each layer. The values of H and
VPwere obtained from a seismic study (Shen et al., 2003a,b). VSwas des-
ignated as VP divided by

ffiffiffi
3

p
. The density ρwasmainly based on the study

of Xiong et al. (2009). Values of ηwere derived from the studies of Wen
et al. (2012) and Zhang et al. (2007).

The static stress change is a tensor quantity, and ΔCFS depends not
only on the source parameters but also on the orientation of the target
Fig. 4. Cumulative numbers of aftershocks of the 2001 great Kunlun earthquake in the
studied area, January 1990–November 2011, using various cut-off magnitudes.
fault and the slip direction on the fault. Due to the limited knowledge
of the regional stress field and fault geometry, two approaches have
often been used to calculate stress changes. One approach is to calculate
the stress changes on optimally oriented planes (King et al., 1994; Toda
et al., 1998, 2002). Another approach is to calculate the stress change on
specified fault planes derived from known focal mechanisms. In this
study, we used both approaches. When we focussed on the spatial cor-
relation between seismicity and stress change, we resolved the stress
changes on optimally orientated planes under a suggested regional
stress regime. The study area is characterised by strike-slip faulting;
thus, σ1 and σ3 are horizontal. Following Xu et al. (2000) themaximum
stress axis is suggested to trend toward the NE40°. When wewanted to
determine whether the moderate-size events of M ~5.0, whose mecha-
nism solutions are known, were triggered by the mainshock, we used
the second approach, and the plane of the target fault was suggested
to be one of the nodal planes of the large aftershocks from the Harvard
CMT catalogue.
4.1. Slip source model

To calculate the static ΔCFS imparted by the 2001 Kunlun earth-
quake, we tested two variable slip source models from different data
sets. The 1st slip model, from Wen et al. (2009), is derived from kine-
matic inversion studies using teleseismic body waveforms, together
with field observations of fault slip. The 2nd slip model, from Lasserre
et al. (2005), is constrained by InSAR data. Because the two models
result in similar distributions of ΔCFS, results obtained using the 1st
model are referenced in the present paper. Fig. 5 shows the slip distribu-
tions of this model.
Table 1
Parameters used in the layered models.

Layer H (km) Vp (km/s) Vs (km/s) ρ (kg/m3) η (Pa·s)

1 4.0 4.8 2.8 2600 ∞
2 6.0 5.9 3.4 2700 ∞
3 18.0 5.9 3.4 2850 ∞
4 20.0 6.3 3.6 3000 3.0 × 1017

5 20.0 7.1 4.1 3100 2.0 × 1019

6 30.0 8.2 4.7 3320 2.0 × 1019

image of Fig.�3
image of Fig.�4
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4.2. Stress changes resolved on optimally orientated faults

Here, we focussed on the spatial correlation between seismicity and
stress change. We resolved the stress changes on optimally orientated
fault planes, which are constrained by the mean tectonic stress in the
region mentioned in Subsection 4.1.

The 10-year catalogue of seismicity following the mainshock makes
it possible to examine the triggering effect in different time spans. To
obtain more detailed results, we studied three postseismic periods in
order to explore the spatial correlation of seismicity and stress change.
The first period consists of the 1st 200 days following the mainshock,
the second period includes approximately 3 years between the end of
the first time period and the end of 2005, and the third period includes
six years, from 2006 through 2011.

Fig. 6a–c displays the coseismic ΔCFS from theMs 8.1 Kunlun earth-
quake, with all the seismicity that was detected in the three aforemen-
tioned time spans. The stress changes were calculated on optimally
oriented faults at a depth of 15 km, which was the depth of the
mainshock's hypocentre and the dominant depth of the aftershocks.
The red- and blue-coloured regions show positive and negative stress
changes, respectively. There are four zones of stress rise and four
zones of stress drop (also called stress shadows). For the long rupture
plane of the mainshock, the characteristic “butterfly” pattern of static
ΔCFS is not displayed. The zones at the ends of the fault extend into
the fault zone, with positive stress changes, and the stress shadows on
both sides of the fault are much stronger than the others.

It is clear that most of the events fall in regions of positive stress
change. In particular, the seismic activity occurred at the eastern and
western ends of the fault, which lie in regions of increased ΔCFS. This
phenomenon is clearly visible in all three time periods, as shown in
Fig. 6a–c. However, we also can observe that there are still some events
located in the stress shadows. To explore the temporal evolution of the
correlation between the earthquake distribution and the Coulomb
stress changes, Fig. 7 shows the Coulomb stress changes calculated for
individual earthquakes on an optimally oriented fault. It is clearly dem-
onstrated that during the 1st 200 days, most earthquakes were located
in a site of positiveΔCFS. However, later earthquakes donot show a very
clear correlation with stress changes. Many events occurred at a larger
distance, where stress changes were very small (on the order of milli-
bars or less).

A number of factors, including crust heterogeneity, uncertainty in
the source model, errors in hypocentre determination, and time-
dependent behaviours of the crust and mantle, may have a role in
perturbing the stress field, and thus it is not surprising that not all sub-
sequent earthquakes occurred in regions of increased Coulomb stress.
The time-dependent response is especially important for delayed after-
shocks, such as were observed after the Mw 7.9 Sichuan earthquake
(Lei et al., 2013). It is thus worth examining the delayed inelastic defor-
mation in the lower crust and the upper mantle and its role in the seis-
micity in the study areas.

Considering the fact that the mantle and the lower crust behave
viscoelastically at long-term time scales, we studied the post-seismic
Coulomb stress change in only two periods: the first 4 years after the
great Kunlun earthquake and the subsequent 6 years (from 2006 to
2011). Fig. 8a and b shows the stress changes estimated for given
times (for 2005/12/31 and 2011/11/14, respectively), based on the
Fig. 5. Slip distributions of theMs 8.1 Kunlun earthquake according toWen et al. (2009). The tot
set of 768 square patches of dimension of 5 × 5 km2.
viscoelastic model (Table 1), with seismicity detected in the two
periods. The overall trend in Fig. 8 is that the lobe of positive stress
change gradually extends to a larger area and slightly but continuously
increases its amplitude over time.

Combining the results in Figs. 6–8 clearly shows that earlier seismic-
ity is governed by coseismic stress changes.

4.3. Stress changes resolved on moderate-sized earthquakes with focal
mechanisms

Figs. 6–8 provide a visual depiction of the statistical correlation be-
tween stress changes and seismicity. For earthquake hazards, however,
we are also concerned about moderate-size events (of an approximate
magnitude of 5.0 or greater). The mechanism solution for such event
can be obtained from world-wide observations. To determine whether
moderate-size events that occurred in the study area were triggered
by the mainshock, we resolved the stress changes on the possible fault
planes of these events.

Because we did not knowwhich nodal plane was the rupture plane,
we calculated the stress changes on twonodal planes.We obtained focal
mechanism solutions for 24 events from the Harvard CMT catalogue, as
listed in Table 2, where ΔCFS1 and ΔCFS2 are the coseismic ΔCFS re-
solved on the first and second nodal planes, respectively, and ΔCFS3
and ΔCFS4 are the post-seismic ΔCFS calculated using the multi-
layered viscoelastic half-space model of Table 1 on the first and second
nodal planes, respectively. It should be noted that ΔCFS3 and ΔCFS4 are
provided at the origin time of each event. If we artificially select the
nodal plane with the larger ΔCFS value as the source fault plane, the re-
sults reveal that 19 out of 24 events have a positive coseismic stress
change induced by the mainshock, and the values of coseismic stress
change for the early events are larger than for later events. It is worth
noting that the effect of viscoelastic relaxation is not obvious for
the early events, and the stress changes for most of early events are
decreased by the inelastic response. However, the value of the post-
seismic Coulomb stress is obviously larger than the coseismic stress
change for recent events (since 2006), indicating the growing impor-
tance of the inelastic response. This result again demonstrates that ear-
lier seismicity is governed by coseismic stress changes and shows that
the effects of post-seismic stress changes due to inelastic response
become gradually more obvious since 2006.

4.4. ETAS modelling analysis

It is known that the seismic triggering process may be complicated
by a number of factors, such as fractal fault systems and the fact that
any earthquake can trigger its own aftershocks. Statistical approaches
are thus important. Anomalies in seismicity have been suggested as im-
portant indicators for evaluating the effects of stress changes (Husen
et al., 2004; Husker and Brodsky, 2004; Lei et al., 2011; Ogata, 2005,
2011; Ogata et al., 2003; Pankow et al., 2004). In this section, we relate
stress changes to seismicity rate changes using the epidemic type after-
shock sequence (ETAS) model (Lei et al., 2008, 2011; Ogata, 2005,
2011).

The ETASmodel incorporates the Omori law by assuming that every
aftershock can trigger its own aftershocks. Additionally, the occurrence
rate is described as the sum of the aftershock rate related to all
al rupture plane is set to a length of 480 km and awidth of 40 km, which is discretised as a

image of Fig.�5


Fig. 6.Coseismic Coulomb stress changes calculated at a 15-kmdepth using the slipmodel proposed byWenet al. (2009). Stress is resolved onoptimally oriented faults. Panels (a), (b), and
(c) show the Coulomb stress changes calculated in an elastic half-space and seismic activities occurring in the three post-seismic periods. The white star near the west end of the rupture
indicates the Ms 8.1 mainshock, and the black circles scaled by magnitude denote seismicity occurring in different time spans. The thick white lines show the projection of the (nearly
vertical) rupture plane on the surface. These calculations were performed using GeoTaos software (http://staff.aist.go.jp/xinglin-lei).
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preceding earthquakes and a constant rate p0 that represents the
random background activity with a Poisson distribution:

λ tð Þ ¼ p0 þ
Xtibt
i

K0 t−ti þ cð Þ−p10α Mi−Mcð Þ
: ð1Þ
Fig. 7. Coseismic Coulomb stress changes calculated for individual earthquakes on an op-
timally oriented fault. R indicates the distance of the hypocentre from the mainshock.
Mi and Mc represent the magnitude of the ith earthquakes and the
cut-off magnitude, respectively. P0, K0, c, α and p are empirical parame-
ters. All these parameters for the dataset are estimated by minimising
the Akaike information criterion (AIC) (Akaike, 1974). If the estimated
model is correct, the cumulative number becomes a Poisson process
on the transformed time, defined as ∫λ(t)dt. It is convenient to give
the relative percentage of the random component over the total occur-
rence rate on a time interval [S, T] (Lei et al., 2008):

R %ð Þ ¼ 100p0 T−Sð Þ=
Z T

S
λ dð Þdt: ð2Þ

Given a series of earthquakes, one can apply the ETAS model to the
data set and calculate the predicted cumulative curve for any given pe-
riod. For a narrow study zone, the ETAS model is fitted to the sequence
of earthquakes in either the entire period or a number of separated pe-
riods, in order to identify significant change points. After the change
point, the actual cumulative number is compared to the theoretical cu-
mulative cure of the ETAS model. If the actual cumulative number devi-
ates upward from the expected values, this suggests an activation
period relative to the ETAS model. If the actual cumulative curve devi-
ates downward, this suggests a quiescent period relative to the model
(Ogata, 2005, 2011). The presence of significant activation or quiescence
relative to the ETAS model is a stress change sensor (Helmstetter and
Sornette, 2003a; Ogata, 2005, 2011; Ogata et al., 2003).

As shown in Figs. 6 and 7, most events of the 2001 Kunlun earth-
quake occurred in the neighbouring area of the rupture plane of the
mainshock and were found in regions of positive stress change. We di-
rectly applied the ETASmodel to the earthquake sequence that occurred
in the entire study area during the period Jan. 1990–Nov. 2011.

image of Fig.�6
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Fig. 8. Post-seismic ΔCFS at 15 km depth. Stress is resolved on optimally oriented faults under the suggested stress regime. (a) ΔCFS at the end of 2005 with seismicity for the period
2001–2005. (b) ΔCFS on 2011/11/14, with seismicity for the period from 2006 to 2011/11/14.
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Fig. 9 provides a summary of the results of the ETAS analyses. As
shown in Fig. 9a and b, two major change points can be found, dividing
the earthquake sequence into three phases. The two change pointswere
determined to be Nov. 2001 and March 2006, according to the method
of Ogata et al. (2003). The three-band ETASmodel of the phases, divided
at the change points (Fig. 9c–e), fits better than the single ETAS model
for the whole period (Fig. 9b). The ETAS parameters for phase I are in
the range of typical tectonic earthquakes. In the later phases, the ETAS
models show small α values of 1.637 and 1.490 for phases II and III
(Fig. 9d and e), respectively. A low value for α generally suggests
more swarm-like seismicity, which is distinguishable from the back-
ground seismicity (Lei et al., 2008; Ogata, 1999). Fig. 9 shows that the
seismicity change in the study area had a close association with the
2001 Kunlun earthquake, and the first change point corresponds to
the occurrence of the Ms 8.1 Kunlun earthquake. We also see the actual
cumulative numbers of events deviating upward from the theoretical
cumulative curve, showing activation relative to the ETAS model
(Fig. 9d), which is in agreement with the positive increment of stress
changes. After the second change point in 2006, therewas no significant
change in seismicity up to the end of the study period.

Up to this point, we can draw the following conclusive results:
1) static ΔCFS has a strong effect on short-term (up to 200 days in our
case) seismic triggering; and 2) ETAS modelling and other statistics
demonstrate that the present-day seismicity has decreased to the
level of background seismicity before the great earthquake, and long-
term seismic triggering plays a role for over 10 years. By linking the
earthquake occurrence model with the Coulomb stress change, we can
make a rough estimate of the decay of seismic rate raised by a small
step of the loading, following the seismicity rate equation given by
Dieterich (1994):

R tð Þ ¼ r

exp
−ΔCFS
Aσ

� �
−1

� �
exp

−t
ta

� �
þ 1

ð3Þ

where R(t) is the seismicity rate after a transient stress change, r is the
background seismicity rate, ΔCFS is the Coulomb failure stress change,
A is a dimensionless fault constitutive parameter, and σ is the effective
normal stress. The parameter ta represents the characteristic time of
aftershock duration. If all parameters are known, the ratio of the seis-
micity rate R(t)/r varies with the static stress changes. Parsons (2002)
found that ta = 7–11 years for 100 M N7 global earthquakes. We as-
sumed that ta was 10 years in our estimate. In addition, we suggest
that Aσ=0.1 bar, following Toda et al. (2008). For estimating the after-
shock duration by a given value ofΔCFS, we assumed that the increased
seismic activity drops to a level of 10%, that is to say, we used the time tf,
with R(tf)/r = 1.1 considered to be the duration of the triggering effect
for a given amplitude of static stress change. As a result, we find that
tf ranges from 0.5 year to 24 years for ΔCFS amplitudes from 0.01 to
10.0 bars. These are the major values of positive stress change that are
correlated with regions of aftershocks, as shown in Fig. 7. Thus, the Ms

8.1 Kunlun earthquake may affect local seismicity for days to tens of
years.

5. Long-term evolution of stress changes along the Kunlun
fault system

Together with the 2001 Ms 8.1 earthquake, a sequence of five large
earthquakes of M≥7.0 have ruptured different segments of the Kunlun
fault system since 1937 (Fig. 1). Because some highly populated cities,
such as Golmud, are close to the Kunlun fault, an improved understand-
ing of the evolution of stress along the Kunlun fault system and changes
in local seismicity is therefore important for seismic hazard assessment
in this region.

Recently, Xiong et al. (2009) investigated the evolution of stress
changes for an earthquake sequence of M ≥7.0 by resolving the stress
change on the fault plane of the next event. Considering the long time
span (several decades), the effect of tectonic stress cannot be neglected
when evaluating the evolution of stress along the Kunlun fault system.
Therefore, we calculated the stress changes that were due to tectonic
loading and to previous earthquakes.

The source parameters of the five large earthquakes in our calcula-
tion use the same values that were listed in Table 1 of Xiong et al.
(2009), except that a simple rupture model with an average slip
displacement of 3.0 m is used for the 1997 Manyi earthquake. Other
parameters and the viscoelastic model used in the calculation of the
Coulomb stress changes are the same as we previously mentioned in
Section 4. We estimated the tectonic stress loading using a deep steady
slip model, following the method applied to the North Anatolian fault
(Stein et al., 1997). According to the results of Van der Woerd et al.
(2000, 2001, 2002), the long-term slip rate is 11.5 ± 2 mm/year along
much of the Kunlun fault. An additional study at a site near ~92°E
(Li et al., 2005) suggests a slip rate of 10±1.5 mm/year. The easternmost
segment of the Kunlun fault exhibits slip rates of 2 to 6 mm/year (Kirby
et al., 2007). Bell et al. (2011) estimated a slip rate of 3 ± 2 mm/year
along the Manyi fault. Based on these estimates of the geological slip
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Table 2
Parameters and stress changes for 24 moderate-size events.

No. Date Epicentre (Harvard) Nodal plane 1 Nodal plane 2 ΔCFS1
(bars)

ΔCFS2
(bars)

ΔCFS3
(bars)

ΔCFS4
(bars)

(UTC) Long.
(deg)

Lat.
(deg)

Depth
(km)

Mw Strike
(deg)

Dip
(deg)

Rake (deg) Strike
(deg)

Dip
(deg)

Rake
(deg)

1 2001/11/18 93.51 35.94 15.0 5.6 282 40 112 74 54 72 −0.11 −1.32 −0.10 −1.16
2 2001/11/19 93.52 35.83 15.0 5.3 100 44 90 280 46 90 −1.23 3.91 −1.33 3.78
3 2001/11/30 91.11 36.07 15.0 5.2 187 34 −149 71 74 −60 11.39 18.17 11.10 18.01
4 2001/12/01 93.93 35.58 15.0 5.1 254 36 −141 131 69 −61 1.73 1.11 1.94 1.18
5 2001/12/08 93.13 36.07 15.0 5.2 89 30 −40 216 71 −113 −6.10 −5.74 −5.88 −5.67
6 2002/10/19 92.87 35.72 33.0 5.1 186 76 −166 92 76 −14 2.94 1.54 2.55 1.11
7 2002/10/26 96.14 35.18 33.0 5.3 11 78 176 101 86 12 0.05 0.02 0.04 0.03
8 2004/06/29 92.54 35.75 17.1 5.3 93 63 −15 190 76 −152 −3.58 −4.56 −3.21 −4.08
9 2004/12/10 93.35 35.83 19.4 5.0 341 48 133 106 57 52 −2.92 −8.35 −2.22 −7.71
10 2005/06/01 89.56 35.70 21.4 4.9 343 69 −161 246 72 −22 0.16 0.31 0.14 0.33
11 2006/02/26 89.67 35.36 12.0 5.4 158 61 −150 52 64 −33 0.12 0.25 0.21 0.39
12 2006/03/01 89.67 35.40 18.6 5.1 60 50 −31 171 67 −136 0.11 0.25 0.17 0.39
13 2006/03/29 95.62 35.53 24.3 5.3 297 73 11 204 79 163 0.09 0.21 0.09 0.29
14 2006/04/14 89.74 35.46 17.7 5.6 353 49 −137 231 59 −50 0.08 0.28 0.19 0.41
15 2006/09/01 89.62 35.35 23.6 4.8 12 39 −105 211 53 −78 0.12 0.19 0.23 0.29
16 2007/03/15 89.49 35.50 18.6 5.0 41 46 −51 172 56 −123 0.20 0.23 0.29 0.36
17 2007/03/16 89.50 35.56 16.5 5.0 41 45 −47 168 59 −124 0.22 0.26 0.31 0.40
18 2007/04/09 89.51 35.50 20.8 4.9 36 47 −56 171 53 −121 0.22 0.23 0.32 0.36
19 2008/06/18 91.33 35.31 22.5 5.4 252 88 0 162 90 178 −0.16 0.20 −0.11 0.44
20 2008/10/20 91.32 35.26 22.9 5.0 341 86 −177 251 87 −4 −0.16 0.19 −0.10 0.43
21 2009/06/21 90.31 36.05 18.2 4.9 349 85 −175 259 85 −5 −2.11 −2.71 −1.92 −2.67
22 2009/09/28 95.90 35.82 24.4 4.8 178 61 178 269 88 29 0.07 0.13 0.10 0.25
23 2009/10/16 92.34 35.17 20.6 4.9 309 79 179 40 89 11 0.20 0.79 0.32 0.89
24 2010/02/23 91.30 35.30 23.9 4.8 343 85 176 74 86 5 −0.15 0.22 −0.09 0.42
Number of +ΔCFS 15 19 15 19
Number of−\ ΔCFS 9 5 9 5
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rate, the slip rate along the Kunlun fault system is assumed to increase
from 0 at a 20-km depth to the full rate at a 100-km depth in our slip
model.

Fig. 10 shows the evolution of post-seismic stress changes due to the
historic sequence of large earthquakes along the Kunlun fault. The red-
and blue-coloured regions show positive and negative stress changes,
respectively. Stress is resolved on the fault plane of the next event.
Fig. 10 shows that all the subsequent events of M ≥7.0 occurred in re-
gions of positiveΔCFS, which contains stress changes due to all previous
events. This featuremay conclusively reveal the long-term triggering ef-
fect for theseM≥7.0 events along theKunlun fault systemunder the in-
fluence of viscoelastic relaxation. The spatial distribution of the stress
changes shows a left-lateral feature, which is consistent with focal
mechanisms of these M ≥7.0 events. The reason for this observation is
hypothesised as follows. The Kunlun fault system contains several
major segments. A step-over generally develops between neighbouring
segments. Seismic ruptures are generally initiated at one step-over and
terminate at another, causing large stress changes at the step-overs that
promote the rupture of neighbouring segments.

Fig. 11a displays the stress accumulation over 74 years of tectonic
loading (from 1937 to 2011), and Fig. 11b shows the post-seismic
Coulomb stressfield from1937 to 2011. It isworth noting that the stress
evolution due to tectonic loading and viscoelastic relaxation controls fu-
ture seismic activities. Figs. 10 and 11 show that earthquake-induced
stress increases of several bars in the vicinity promoted the Kunlun
earthquake sequence and that each shock increased the probability of
future earthquakes at the site of the next strike. Moreover, we see that
the amplitude of positive Coulomb stress changes slightly increases
over time, and the effect of post-seismic viscoelastic relaxation is more
obvious than that of tectonic loading along the Kunlun fault system.
This can be easily understood by noting that as viscoelastic flow relaxes,
it carries the stress from the lower crust and upper mantle to the upper
crust.

As shown in Fig. 11, the state of the stress field for the regions along
the Kunlun fault is subject to the combined effects of M ≥7.0 earth-
quakes. Some zones show accumulating stress rise, and some zones
show a decrease in stress. Fig. 11 shows that segments A and B are
located in the regions of accumulating stress rise. Because the M ≥7.0
events along the Kunlun fault generally possess a left-lateral distribu-
tion, segment B may therefore have the highest potential for seismic
hazard in the future.

6. Discussion

Here we discuss major factors that may cause uncertainties in our
numerical results. According to the static stress triggering hypothesis,
uncertainty in all the suggested parameters may produce uncertainty
in the stress calculations. The major factors include inhomogeneity of
the crust, viscosity, the use of the slip model for large earthquakes, the
location of the hypocentre, and the regional stress regime.

Changes in viscosity may affect these results. According to studies of
post-seismic deformation and rheological properties (Shen et al., 2003a;
Wen et al., 2012), flow of the mid-crust in the Tibetan Plateau requires
the lower crust to have low viscosity, and different methods have esti-
mated viscosity in this region to range from 1016 to 1021 Pa·s. Here,
we assumed that the lower crust or mantle has this range of viscosity
values, and we examined the range of stress changes and tested the
stability of the results. To examine the effect of uncertainty regarding
viscosity, we changed the viscosities in Layers 4–6 of the model
(Table 1) from the order of 1016 to the order of 1021 but maintained
fixed original values in the other layers. For example, we calculated the
stress changes induced by the 2001 Kunlun mainshock on the first
nodal plane of the fourth event in Table 2. The resulting contribution to
the time-dependent stress changes is on the order of 0.001–0.01 bar,
which is a minor deviation and does not seriously affect our results.

At least five slip models of the 2001 Kunlun earthquake have been
proposed in previous studies, two of which (Lasserre et al., 2005; Wen
et al., 2009) were determined not only from teleseismic waves but
also from field observations or InSAR data. The first model (Lasserre
et al., 2005) is divided into two fault sections, with the largest slip occur-
ring at depths between 0 and 5 km and reaching ~8 m in two areas. In
the second model (Wen et al., 2009), the spatial slip distribution along
the faultwas divided intofive segments, and the largest rupture velocity
(of approximately 6 km/s) occurred in the third and fourth segments.



Fig. 9. The cumulative number andmagnitude of theKunlun earthquake sequence for theperiod 1990 throughNovember 2011. Panels (a) and (b) showa single ETASmodel applied to the
whole period, and panels (c)–(e) show a three-stage ETASmodel applied separately to the three phases. Fig. 9a plots the cumulative number versus ordinary time,whereas Fig. 9b–e plots
the cumulativenumber against transformed time. Thedotted and inclined line indicates the theoretical cumulativenumber predicted by the ETASmodel, and the curve indicates the actual
cumulative number in the different time scales. The dotted and vertical line shows the data range for the ETAS estimate in each phase. The arrow indicates the change point.
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We applied these two models in order to conduct a comparison study
and found that the stress changes calculated by the model of Wen
et al. (2009) were lower than those calculated using the model of
Lasserre et al. (2005) in the near-field. This difference may be due to
the fact that Wen's model included fewer subfaults with larger slip
than themodel of Lasserre et al. However, the twomodels result in sim-
ilar distributions of Coulomb stress changes.Moreover, the difference in
the resulting stress amplitude decreases with increasing distance from
the mainshock, which applies to the evolution of stress changes due to
the historic sequence of large earthquakes. Therefore, the basic results
presented in this paper would not change much when the different
existing slip models are used.

Ourwork is an example of studies of the short- and long-term earth-
quake triggering along a long strike-slip fault system, using the earth-
quake catalogue obtained by the China Earthquake Data Centre. The
minimum magnitude of completeness is 4.0 for the period from 1990
through 2000 and 3.5 for the later period. In other words, some earth-
quakes with magnitudes less than 4.0 or 3.5 are not detected by the
local seismic network. Generally, due to their large number, small earth-
quakes are important for examining statistical significance when
analysing earthquake triggering, especially in the ETAS modelling anal-
ysis. Thus, our results are limited for earthquakes of amagnitude greater
than 3.5.

Our objective was to examine the correlation between changes in
Coulomb stress and changes in seismicity rate and to study the detailed
features of seismic triggering following the Ms 8.1 Kunlun earthquake. A
clear correlation between stress changes and seismicity distribution was
detected through statistical analyses of Coulomb stress changes. The
present study provides evidence that the Ms 8.1 Kunlun mainshock trig-
gered both short-termaftershocks and long-term seismic activity through
effects on both viscoelastic relaxation and other inelastic responses. The
clearest seismic triggering imparted by the Ms 8.1 Kunlun earthquake
was during the 1st 200 days after the earthquake, but seismic triggering
persisted until 2010. Since then, seismic activity, at least for M ≥3.5, has
decreased to levels near the pre-Kunlun-earthquake background rate.

During the first several years after the earthquake, triggered seismic
activities occurred primarily at sites adjacent to the eastern segment of
the ruptured fault, correspondingwith areas of positive coseismic stress
changes. Subsequent events clustered close to the western segment of
the ruptured fault. It is worth noting that since 2006, a dense seismic
cluster has formed in the large junctional region between the Manyi
fault and the Kunlun earthquake source fault. Consistent with this spa-
tial distribution, ETAS analysis also shows a clear change point of seis-
mic activity in 2006. This junction is an extensive one due to the left-
lateral slip features of the adjusted faults. Such zones may act as paths
of localised flow in the middle crust for fluids derived from deep level
over-pressured reservoirs (Lei et al., 2011). Indeed, this junction is
characterised by high geothermal flux and hot springs (http://wenku.
baidu.com/view/d80095f5ba0d4a7302763af4.html). The ETAS model
of phase III (2006–2011) with a low value of α (Fig. 10) may be a sign
of fluid, however further studies are needed to address this interesting
issue.

http://wenku.baidu.com/view/d80095f5ba0d4a7302763af4.html)
http://wenku.baidu.com/view/d80095f5ba0d4a7302763af4.html)
image of Fig.�9


Fig. 10. Evolution of the accumulated post-seismic stress changes at a 10-km depth associated with the four M ≥7.0 earthquakes occurring along the Kunlun fault before 2001. Stress is
resolved on the fault plane of the next event. Beach balls show the locations and focal mechanisms of the M ≥7.0 earthquakes, and the black lines are segments of the Kunlun fault.
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7. Conclusions

By comparing time-dependent stress changes and seismicity after
the 2001 Ms 8.1 Kunlun earthquake, we can conclude that short-term
seismic triggering, which corresponds to the most intensive period of
aftershock activity, is governed by coseismic stress changes. Post-
seismic Coulomb stress changes due to viscoelastic relaxation have an
increasing role in long-term seismic triggering. The background effect
of tectonic loading should certainly not be ignored.

Furthermore, we discuss long-term triggering and the evolution of
stress changes for the sequence of the five large earthquakes (of M
≥7.0) that have ruptured the Kunlun fault system since 1937. All subse-
quent events ofM≥7.0 occurred in the regions exhibiting positiveΔCFS
that accumulated from previous earthquakes. We find that the stress

image of Fig.�10


Fig. 11.Distributions of earthquake epicentres and stress changes at a 10-kmdepth over 74 years of tectonic loading from1937 to 2011. Panel (a) shows accumulated stress evolution from
the fiveM≥7.0 earthquakes under complete viscoelastic relaxation from 1937 to 2011. Panel (b) shows that stress is resolved on optimally oriented faults. Beach balls show the locations
and focal mechanisms of the M ≥7.0 earthquakes, and the black lines are segments of the Kunlun fault. The white lines show the two fault segments that are highlighted in our study.

124 C. Xie et al. / Tectonophysics 617 (2014) 114–125
evolution due to the viscoelastic relaxation of stress caused by previous
large events controls the occurrence of the next large earthquakes along
the Kunlun fault, which has been continuously stressed by tectonic
loading. The fact that five large earthquakes occurred sequentially with-
in 70 years, a significantly shorter period than the repeating period
(several thousands of years) of large earthquakes along the Kunlun
fault that is estimated by the tectonic loading rate, demonstrates the im-
portance of delayed triggering governed by viscoelasticity. Long-term
earthquake triggering may simply reflect the prolonged or delayed na-
ture of the triggering process. Our results suggest that earthquakes in-
teract and that when a large shock occurs, it changes the conditions
for failure in its vicinity, altering the probability of future events.
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