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In this paper，research of aftershock mechanisms is reviewed，including heterogeneity of
medium and stress，mechanical loading，fluid intrusion and stress corrosion，and ratestate dependence． Previous studies have indicated that the heterogeneity of media and
stress is the basic premise of aftershocks generated． From the point view of mechanics，
transient creep and afterslip can explain the decay of aftershocks in a short time after a
mainshock and the relaxation of stress tends to interpret the characteristics of long-term
aftershocks． Fluid intrusion and stress corrosion control the evolution process of the
aftershocks under certain conditions． The interaction between the faults perturbed by the
mainshock always exists during the aftershock activities． All kinds of models and the
theories want to comply with the two basic power-law relationships———the G-R law and
Omori law to some extent．
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INTRODUCTION
After a large earthquake，more seismic activities are observed in the focal region and its
adjacent areas． The obvious increased seismicity is called an aftershock，the greater earthquake
before is named the mainshock and a series of aftershocks after the mainshock constitute the
aftershock sequence． Generally speaking， the aftershock sequence gradually weakens and
sometimes has ups and downs． The time when the aftershock activities begin to mix with
background seismicity is known as the aftershock activity duration．
The aftershock sequence is one of the enduring seismology research fields． Aftershock
sequence type determination，the maximum magnitude aftershock prediction and sequence activity
duration estimation are the most important contents of evaluation of post-earthquake trends，as
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well as the most concerned problems of post-earthquake relief and reconstruction for the
government and public． In order to meet actual needs，long-term statistical research for aftershock
sequence has been carried out in China and the results play an important role in earthquake
emergency response ( Wu Kaitong et al． ，1990; China Seismological Bureau，1990; China
Seismological Bureau，1998; Jiang Haikun et al． ，2007a ) ． In general，domestic research of
aftershocks is based on the statistical analysis of a large number of earthquakes and focuses on
practical application， but less on the mechanism of aftershock activities． In fact， since the
aftershocks are frequent and their epicenters are concentrated， there are a large number of
observations available，so it is an important way to research the observed phenomena of the
aftershock sequence and its physical mechanism for the understanding of the earthquake process
and seismogenic environment． By contrast，scientists abroad have attached great importance to
and have done much research on the mechanism of aftershock activity． The modified Omori law，
n( t) = K ( t + c) － p ，is the best description of the frequency decay of the aftershock sequence
with time． In his article，published to commemorate the 100th anniversary of Omori law，Utsu
et al． (1995) analyzed and summarized the calculations of more than 200 global p-values from
1962 ～ 1965，and found that the p-value distribution was between 0. 6 ～ 2. 5 and the average was
1. 1． Recent further research ( Rabinowitz et al． ，1998; Stephan et al． ，2004; Gentili et al． ，
2008; ztürk et al． ，2005) is in accord with these findings． Although the relationship between p
and mainshock magnitude and the lower limit magnitude of sequence is not obvious，the p-value
in different periods after the earthquake is different ( Eaton et al． ，1970; Lu Yuanzhong et al． ，
1983; Latoussakis et al． ，1994; Drakatos，2000; Jiang Haikun et al． ，2008) ． The explanation
for the c value in modified Omori law has been always controversial． According to past
experience，c has a relationship with the time of incomplete records after the mainshock ( Kagan，
2004; Kagan et al． ，2005; Lolli et al． ，2006) ． Recent research points out that c can not only
support physical interpretation for rapid decay of aftershocks a short time after the mainshock
( Enescu et al． ，2007; Peng et al． ，2006; Lindman et al． ，2005 ) ，but is also related to the
mainshock focal mechanism ( Clement，2009 ) ，which means that aftershock decay is controlled
by stress state． Since strong aftershocks are often accompanied by higher-order ones，that is，
sequence activity has the characteristic of “aftershocks trigging others”． Ogata ( 1988，1989 )
introduces a self-similar theory to study aftershock sequence activity． According to the thought
that any earthquake can produce its own higher-order aftershocks，the ETAS ( Epidemic Type
Aftershock Sequence) model is established．
The ETAS model is the extension of Omori law，the parameters of which have some regional
characteristics and are connected with mainshock size，the type of seismogenic fault and the type
of aftershock sequence ( Guo et al． ，1997; Jiang Haikun et al． ，2007b ) ． As a complete
earthquake sequence set，it follows G-R law． In most cases，b in G-R law is in the range of 0. 6
～ 1. 1 ( Utsu，2002 ) ． The b-value is different in other regions and relatively low during strong
earthquake activity． The intensity of aftershock activity is proportional to mainshock magnitude．
The magnitude difference between mainshock and maximum aftershock is in the range of 0 ～ 3
( Kisslinger et al． ，1991) ． The aftershock distribution scale is roughly the same as the mainshock
rupture scale which has a relationship with physical processes，such as stress drop or strain
release，so the logarithm of aftershock distribution scale is proportional to mainshock magnitude
( Utsu，1961; Wu Kaitong et al． ，1990; Wells et al． ，1994; Biasi et al． ，2006 ) ． From the
observation point of view，the aftershock sequence meets two important power law statistical
relationships，which are G-R law describing the relationship between magnitude and frequency
and Omori law representing aftershock decay with time． At present，one of the main standards to
measure whether the model is good or bad is to achieve the two basic laws in most of the research
on the mechanism of the aftershock activity．
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1. 1

RESEARCH ON THE MECHANISM OF AFTERSHOCK ACTIVITY
Result of Tectonophysical Experiment

The research on aftershock sequence type and activity mechanism originate from
tectonophysical experiments，the most important of which are those by Mogi ( 1962，1963 ) and
Scholz ( 1968a，1968b，1968c) ，who first introduced the heterogeneity of medium and stress．
Rock fracture experiments by Mogi ( 1962，1963 ) have been widely accepted and referenced．
According to the experiments，the uniform，slightly uneven and extremely uneven medium and
tectonic conditions respectively correspond to mainshock-aftershock type，foreshock-mainshockaftershock type and swarm type． Scholz (1968a，1968b，1968c) focused on number changes of
acoustic emissions with time after instability with rock uniaxial compression experiments． He
points out that if a system is no longer pressed after the main-failure，number decay of acoustic
emissions with time will follow Omori law． In order to explain the relationship between aftershock
and time decay after the mainshock and the result that aftershock frequency decay follows Omori
law，Scholz ( 1972 ) presented static fatigue or creep rupture，which considers that medium
heterogeneity leads to heterogeneity of stress distribution and the stress unit forced heavily is
strongly corroded and quickly ruptured． At the beginning，the mean stress is large， so the
aftershock activity is strong． With the mean stress decaying，the aftershock frequency also decays
gradually． In addition，the fracture experiments of some researchers ( Hirata Takako，1990;
Tang，1997; Tang et al． ，1993 ) addressed the influences of sample heterogeneity on the
sequence type of micro-earthquakes，such as the uniaxial compression rupture experiment by
Hirata Takako ( 1990 ) which uses Murata Basalt in constant stress． The pulse time series also
divides into foreshock-mainshock-aftershock type，mainshock-aftershock type and swarm type，
and the decay patterns accord with Omori law．
1. 2

Impact of M edium Heterogeneity

The heterogeneity of seismic faults in geometry， mechanics and physical properties is
confirmed in friction experiments and seismic observations ( Scholz，1990 ) ． As an important
concept describing the difference of rock strength，asperities and barriers in the study of medium
heterogeneity influence on the aftershock sequence are often mentioned ( Mogi，1977; Kanamori，
1981; Brune，1979; Ben-Zion et al． ，1993; Somerville et al． ，1999; Yamanaka et al． ，2004;
Hidel et al． ，2009) ． The asperity model illustrates that asperity strength on the fault surface is
relatively stronger and bears all the stress ( Aki，1979，1981，1984 ) ， which can explain
precursory seismic activity images， such as background earthquake activity in the focal and
adjacent area before the mainshock，seismic quiescence，and foreshock ( Kanamori，1981) ． The
barrier model is based on the idea that strength on the fault surface is different and barriers
restrain and suspend the fault rupture ( Aki，1979，1984) ． The model is often used to explain the
aftershock mechanism ( Aki et al． ，1977; Aki，1979; Das et al． ，1977; Papageorgiou et al． ，
1983a，1983b) ． If the tectonic stress is relatively high，the barrier is broken as the crack tip
passes and the sequence that has few foreshocks and aftershocks belongs to the isolated type． If
the tectonic stress is relatively low，the crack tip proceeds beyond the barrier，leaving behind an
unbroken barrier，which belongs to the swarm type． If the tectonic stress is intermediate，the
barrier is not broken at the initial passage of the crack tip but eventually breaks because of
subsequent increase in dynamic stress，hence，forming the foreshock-mainshock-aftershock type．
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Impact of Stress Loading Press

In addition，much research discusses the characteristics of the aftershock sequence activity
from the view of stress change． The rupture process of a violent earthquake is usually not more
than hundreds of seconds，but strain adjustment of the large land block involved in the linear
scale of hundreds of kilometers may not complete the elastic recovery process in a short time．
Thus，creep will continue after the mainshock． Benioff ( 1951 ) adopts the material rheological
model of the elastic creep and explains statistical properties of aftershock activity decaying with
time． When the loading stress is repealed and elastic strain appears，the subsequent creep process
is known as the decay process of aftershock activity． Thus，time-space variation of aftershock
activity may be closely related to the rheological properties of rock． Chen et al． (1987) proposed
a complex and patulous earthquake sequence model and its numerical simulation under the
inhomogeneous stress field in the viscoelastic medium． He believes that the main mode of crack
sliding and growth is a kind of creep． The result shows that the earthquake sequence types are
controlled by the stress level and heterogeneity． The isolated type earthquakes usually occur under
the high pre-stress or low cracking strength． The foreshock-mainshock-aftershock type earthquakes
turn up under intermediate pre-stress and intermediate cracking strength． The swarm type
earthquakes emerge under low pre-stress or high cracking strength． Overall，the phenomena of
aftershocks rapidly decaying in the early short time after the mainshock can be explained by
transient creep and the afterslip model ( Benioff，1951; Mikumo et al． ，1979; Perfettini et al． ，
2004，2007) ，then，aftershock activity after a long period of time can be reasonably interpreted
by the viscoelastic relaxation of the lower crust and upper mantle ( Deng et al． ，1999; Freed et
al． ，2001) ．
1. 4 Aftershock Sequence Simulation Based on the Physical Concept M odel of Rheologic
Properties
The numerical simulation of a seismic activity process is an important means to study the
complexity of seismic processes， and generally is divided into two methods with different
characteristics． One kind attempt to really simulate the actual fault and the process of fault
movement， analyze the kinematic and dynamic characteristics of a fault system and the
relationship with strong seismic activity． The finite element and similar methods are typical
representatives of this kind． The rationality of the simulations depends on the initial and boundary
conditions and the match with actual situations． Another kind is mainly from the physical concept
of holding the key and possible influencing factors of the seismic activity， using the highly
generalized，simple physical model and evolution rules to simulate the most essential features of
actual seismic processes，such as the spring block model and sandpile model，which are focusing
on the most significant statistical characteristics of the seismic activity process，catching hold of
the most likely physical essence and simulating the complex seismic phenomenon and group
activities of earthquakes based on physical concepts and simple evolution rules． Because the
composition of the mainshock fault surface and the stress changes of the aftershock process are
extremely complex and aftershock activities are highlighted，consistent statistical characteristics，
many researchers carry out aftershock mechanism research on the basis of the physical concept
model． On the one hand，this kind of research is based on brittle fracture ( Griffith，1920，1924)
or stick-slip instability ( Bowden et al． ，1950，1964; Brace et al． ，1966) ． On the other hand，it
is based on the stress relaxation process of viscosity and simulates the aftershock process by stress
changes． Burridge et al． ( 1967 ) first introduced viscous friction into a simple one-dimensional
spring-block model and simulated the aftershock process． Based on the above，Dieterich (1972)
verified viscoelastic properties and friction time-dependent influence on aftershocks by numerical

Earthquake Research in China

292

simulation． According to research on the San Andreas fault，Yamashita (1979 ) pointed out that
the stress relaxation process of viscosity is the main cause of aftershocks and put forward the
essential conditions of aftershocks: ① local stress field is perturbed during the mainshock; ② the
initial creep phenomenon can be observed in the perturbed area; ③ the aftershocks seismogenic
fault has a long time stress accumulation; and ④ the stress adjustment instantly generated by
mainshock is close to the static friction value of the fault． Deng et al． ( 1999 ) used a finite
element model with an elastic upper crust，a weaker viscoelastic lower crust and a stronger upper
mantle to model the aftershock sequence associated with the 1994 Northridge thrust-faulting
earthquake． Based on a good correlation between aftershock hypocenters and stresses transferred
from the viscoelastic lower crust，Deng et al． (1999) concluded that viscoelastic relaxation could
have a first-order influence on the triggering of Northridge aftershocks． Most aftershocks within the
rupture zone，especially those occurred after the first several weeks of the mainshock，may have
been triggered by continuous stress loading from viscous flow． The long-term decay time of
aftershocks ( about two years) approximately matches the decay of viscoelastic loading，and thus
is controlled by the viscosity of the lower crust． Zhang Guomin et al． ( 2003 ) put forward the
spring-block model of rheologic property and composed of two parts in parallel． The upper part is
spring-block in series to model the upper crust with elastic deformation and brittle fracture and the
lower part is the Maxwell solid to simulate the lower crust with plastic flow deformation． When the
block suddenly slides ( fast fracture of seismic source) ，the stress of the seismic source from the
upper crust drops to 0 and the total stress drops to the stress of the lower crust，it means the
system evolves to the post earthquake period ( aftershock period) ． The stress from the lower crust
( the stress from the Maxwell solid) is transferred to the upper crust through creep，so the upper
crust stress gradually recovers． When the stress of the upper crust rises to the strength of the
connected section，the section will fracture and generate aftershocks． Gu Jicheng et al． ( l979 )
adopted fracture mechanics criterion of crack instability extension and the upper mantle material
rheological model to interpret the time distribution of strong aftershocks． According to their
model，the time interval between two strong aftershocks has a double logarithmic relationship with
the time after the mainshock． On the basis of the dynamic fracture process of nonuniform friction
faults，Mikumo et al． ( 1979 ) introduced the shearing stress and strength recovering with time
after the main fracture and adopted a standard linear solid composed of Maxwell and elastic spring
elements to model the stress recovery mechanism of viscoelastic material． If the external load
doesn＇t change，the stress of sliding unit decrease will recover with time． On the contrary，the
high stress on a non-ruptured unit will relax with time． The simulation results show that the
magnitudes of aftershocks are decided by the shear stress of the aftershock occurring and medium
intensity． Perfettini et al． ( 2004 ) evaluated the effect of coseismic stress changes to brittle
creeping slip at mid-crustal depths，assuming a velocity-strengthening rheology． Given that the
seismicity rate might be considered proportional to the sliding velocity，the model predicts a decay
rate of aftershocks that follows Omoris law and results in an inverse relationship between the
Omori law parameter c and the magnitude of the mainshock． This implies that the smaller the
duration with an initially constant rate，the larger the stress change． Applying the model to the
1999 M W 7. 6 Chi-Chi earthquake in Taiwan，the same depth afterslip model can explain the
temporal evolution of both aftershock and postseismic deformation． According to further analysis of
postseismic deformation，the occurrence of the 1992 Landers earthquake is a result of frictional
afterslip reloading the seismogenic ductile-brittle zone． The temporal and spatial distribution of
aftershock sequence is consistent with frictional afterslip ( Perfettini et al． ，2007) ．
1. 5

The Effect of the Fluid Invasion and Stress Corrosion
As the aftershocks almost appear simultaneously in the entire rupture after the mainshock，
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they are unlike the earthquakes happening in front of fluid diffusion and migrating along a certain
direction ( Scholz，1990) ． In addition，the dry rocks under pressure can also produce an acoustic
emission sequence just like the mainshock-aftershock type sequence，so fluid is not necessarily
the essential factor for aftershocks ( Takayuki et al． ，1987; Hirata，1987) ． However，the slide of
the fault causes fluid diffusion and leads to time-related physical reactions around the fault． This
time lag dependency is thought to be important in excitation and migration of aftershocks and the
process of the earthquake swarm activity ( Nur et al． ，1972; Rudnicki，1986 ) ． Interstitial fluid
causes an earthquake by reducing the rock strength or shear stress intensity of the fault，such as a
reservoir ( Talwani et al． ，1985; Roeloffs，1988; Pandee et al． ，2003 ) ，groundwater recharge
( Saar et al． ，2003 ) ，fluid injection ( Zoback et al． ，1997; Shapiro et al． ，2003; Lei et al． ，
2008) and rainfall induced seismic activity ( Husen et al． ，2007; Jiang Haikun，2011 ) ． The
model that is based on isotropic，infinite elastic space and simple pore fluid diffusion hypothesizes
that the aftershock frequency in the focal region is proportional to the partial derivative of pore
pressure with time，so the decay of aftershock frequency with time is qualitatively consistent with
Omori law ( Nur et al． ，1972 ) ． The relationship between spatial distribution of the actual pore
pressure and the coseismic slip distribution is very close． Based on the interstitial fluid diffusion
model ( Nur et al． ，1972 ) ，Bosl ( 2002 ) simulated the decay process of the 1992 Landers
aftershock sequence in combination with the actual situation of the Landers faults． Results show
that the interstitial fluid diffusion model can simulate the decay rate of the Landers aftershock
sequence，and simultaneously give the non-zero c-value of the Omori law． Miller (2004) studied
the migration issues of Umbria-Marche earthquake sequence in the north of Italy，believing in
high-pressure CO 2 fluid under the Apennine Mountains，and simulated the fluid flow along the
fault with seismological data，with permeability of about 1km / d． This result explains the temporal
evolution of the distribution of the aftershock．
In addition to the triggering or inducing of an earthquake by fluid itself，the stress corrosion
under the fluid intrusion is also thought to be the physical mechanism for the weakening，
unlocking and delayed rupturing of the residual asperity area on the main rupture surface
( Yamashita et al． ，1987 ) ． Kanamori et al． ( 2004 ) believe that the crack tip of the fragile
material can naturally develop and expand under the conditions of high temperatures or existence
of fluid． When the crack reaches a critical state，the large rupture may come up on the fault plane
because of stress corrosion，thus，weakening the crack tip and crack propagation． Based on the
subcritical crack growth model，Kanamori ( 2004 ) considers loading the stress on a series of
cracks under a constant rate，the loading process being controlled by stress corrosion． The stress
disturbance will accelerate the crack growth， and the aftershock activity caused by this is
consistent with the Omori law． He also obtained a c-value that is inversely proportional to the
magnitude of the mainshock． Vinciguerra (1999) gave a good explanation for the active process
of the Etna volcanic earthquake sequence in Italy，believing that the earthquake sequence after
the Etna volcanic eruption was the result of the magmatic stress corrosion． The magma easily
produced a chemical reaction with the country rock under the extremely high temperature，leading
to the country rock weakening quickly and the concomitant gas accelerating crack growth． Ojala et
al． (2003，2004) conducted acoustic emission experiments with water injected Permian Aeolian
sandstone，and found more small acoustic emission events under the low strain rate loading than
that under high rate，thus believing that crack propagation is controlled by stress corrosion under
the low strain rate loading．
1. 6

The Aftershock Activity Simulation Based on the Rate -state Dependent Friction Law

The rate-state dependence is also used to explain the aftershocks mechanism． Once a fault
forms，the further movement will be controlled by the friction． The regular stick-slip phenomenon
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can often be observed in rock friction activity． As the earthquake is the recurring active instability
along the pre-existing faults， Brace et al． ( 1966 ) believed stick-slip was the earthquake
mechanism． Velocity weakening is an important reason for rock regular stick-slip under most
conditions ( Dieterich，1979a，1981) ． The rate-state dependent friction constitutive relationship
is thought to be the main physical mechanism for the fault movement and the earthquake
( Dieterich，1994; Marone，1998; Shibazaki et al． ，2007，2010; Hori et al． ，2011 ) ． In the
description of the earthquake process，the rate-state dependent friction constitutive relationship
considers that the friction stress is related to the normal stress，temperature，slip rate and sliding
history ( Dieterich，1979b; Ruina，1983) ． Dieterich (1994) supposed that the normal stress is a
constant，and the mainshock offers a sudden step of shear stress for the aftershock sequence． On
this basis，the rate of aftershock activity based on the friction constitutive relationship of the ratestate dependence mainly depends on the stress perturbation amplitude，the physical characteristics
of the fault ( the constitutive parameters that control the fault rate-state dependent friction) ，the
stress loading rate and background seismicity rate of the study area． The duration of the aftershock
is negatively correlated with the loading rate，and the decay of the aftershock frequency with time
is consistent with the Omori law． The decay is a constant in a short period of time originally，then
shows a relationship of negative exponent with time． The c-value of the Omori law is related to the
magnitude change of the static stress; the greater change with the stress，the smaller the c value
is． Dieterich (2000 ) simulated the earthquake activities of Kilauea volcano based on the ratestate dependent friction constitutive relationship as the practical application，and found that the
simulation results have a good consistency with the statistical results． Peng ( 2007 ) studied the
aftershock sequence of 80 earthquakes with M3. 0 ～ 5. 0 recorded by the Japan Hinet network
based on the rate-state dependent fiction law and ETAS model，and inspected the variation of the
p value in a short period after the earthquake． The results show that in the 20 ～ 900 seconds after
the shock，p = 0. 58 ± 0. 08，after 900 seconds，p = 0. 92 ± 0. 04，the p-value gradually becomes
larger by time． Combining the spatial distribution heterogeneity of the coulomb stress，Hainzl et
al． (2008，2010) focused on the impact of the uncertainty of stress on the parameters of the ratestate dependent friction constitutive relationship． Based on the parameters of the model for
estimating the early-stage aftershocks of the 1992 Landers earthquake，Hainzl synthesized the
static stress triggering and the rate-state dependent friction constitutive relationship to predict the
subsequent aftershocks．
2

CONCLUSION AND DISCUSSION

(1) The results of tectonophysics experiments and the various types of numerical simulation
studies show that the activity characteristics of the aftershocks are controlled by the structure of the
main fault plane and the heterogeneity of the medium and the resulting heterogeneity of the stress．
Thus，as the basis for studying the mechanism of aftershock activity，it is particularly important to
build the heterogeneous model of the main fault plane． The asperity or barrier model focuses on
the heterogeneity of the rock strength distribution of the fault plane． Although the asperity
( heterogeneity or fault roughness) of the fault plane before the earthquake can be described by
the local static slip and the slip rate of the fault plane after the earthquake ( Miyaka et al． ，2001;
Yamanaka et al． ，2004; Hidel et al． ，2009 ) ，it is found according to the aftershock location
results that the aftershocks inside the mainshock rupture plane are distributed mostly in the
termination region of the main slip，the edge of the high-slip zone，conversion parts of the high
and low slip zone，the edge of the uncracked barrier and the low slip zone ( Mendoza et al． ，
1988a，1988b，1989; Hauksson，2000; Madariaga et al． ，2000; Das et al． ，2003; Yamada et
al． ，2000) ． In fact，between the main slip and the aftershock distribution，there are so far no
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deterministic law or characteristics，which bring challenges to building the heterogeneous model of
the main fracture plane． The model should satisfy the two basic requirements． The first is to fit to
the results of the heterogeneity of existing aftershocks rupture， the second is the intensity
distribution of the aftershock sequence caused by the asperity rupture should satisfy the G-R
relation in the stress interaction process．
(2) Another key issue for such studies is the fracture criteria set for the residual asperity in
the main fault and the reasonable expression of the aftershock density． As a numerical simulation
study based on the physical concept model，it goes without saying that the importance of model
evolution rules． Enough attention should be given to the two issues: first，the rapid changes of the
loading stress with time; secondly，the interaction and impact between the residual asperities of
the fault． This interaction and impact could theoretically exist unlimitedly． From the simulation
point of view，the area of asperity，the intensity of asperity，the initial stress，the failure stress
drop and so on are known． When making a reasonable expression of the aftershock intensity
according to these known parameters，we must meet the basic requirements． The first is that the
model output aftershock magnitude should not breach the existing relationship between the
magnitude，stress drop and rupture scale which is derived on the basis of focal theory，
microscopically; and the second is that the aftershock sequence should satisfy the G-R
relationship，macroscopically．
( 3) Creep or afterslip model，rate-state dependent model and subcritical crack growth model
can all explain the Omori law of the aftershocks frequency decay with time under the certain
assumptions． Rate-state dependent，creep and afterslip models believe that the fault stress of the
mainshock is the main reason for the aftershock，so the origin time of the aftershock has a
relationship with the mainshock ( Dieterich，1994; Huc et al． ，2003; Henry et al． ，2001) ，but
this relationship is not found in the intensive study of some actual aftershock observations
( Gasperini et al． ，1989; Shaw，1993; Jones et al． ，1998; Helmstetter et al． ，2003 ) ，or this
relationship is very weak ( Peng et al． ，2009) ． On the other hand，the stress relaxation process
can explain long-term aftershock activity，and the stress relaxation model exists on the basis that
the rheological properties of the fault control the decay rate of the aftershock． The study of the
Southern California 45 earthquake sequence with mainshock magnitude M5. 0 ～ 7. 0 found that the
aftershocks in a short time after the mainshock are related to the stress adjustment of the
mainshock; the mainshock or the dynamic stress of the mainshock changes the coefficient of
friction and the fault properties; but the late aftershocks are not controlled by the stress
adjustment of the mainshock，they are decided by the sliding after the shock ( Felzer K． R． ，
2010) ． Thus，the actual aftershocks process may not be all explained by a single model，but
should be a combined effect with multi-stage and multi-process． Actually，when Perfettini et al．
( 2004) explained the aftershock process with the stress relaxation model，they adopted the multistage simulation process ( the rheological model of velocity weakening nucleation and velocity
enhancement) ． Thus，it is clear that in the aftershock activity process，the interaction ( brittle
fracture or the stick-slip instability) between the faults impacted by the stress perturbation always
exists，and we can get the cognition of the decay of the aftershock sequence controlled by the
rheological property of the fault only under the premise that it is without regard to the interaction
between the faults．
(4) It should be noted that the study of explaining the aftershock sequence simulation with
various models or the theories mentioned above，is aimed at the stress changes of the default
model，and it is not able to simulate the real aftershock sequence，thus，it is also unable to
investigate the similar degree between the theoretical simulation and the actual aftershock activity
according to the direct calculation of the aftershock data． The study related to the decay ( Omori
law) of the aftershock sequence also assumes some kind of relationship between the aftershock
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decay rate and the stress directly． For example，Perfettini et al． (2004，2007) assumed that the
aftershock decay rate is proportional to the slip rate of the creep fault，and Nur et al． ( 1972 )
assumed the aftershock frequency is proportional to the partial differential of the pore pressure by
time，which analyzes and obtains the relationship between the parameter of the Omori law and the
model parameters． Based on the heterogeneity of the mainshocks fracture plane，stress loading
process and fluid invasion， aftershock sequence data is generated under different conditions
simulating the aftershock process． Then，the relationship between the aftershock activity and the
simulated physical quantities is investigated and the main influencing factors of the aftershock
activity are discussed，which is one way to further study the mechanism of aftershock activity
under the current theoretical understanding and simulation conditions．
REFERENCES
Aki K． ，Bouchon M． ，Chouet B． ，et al． Quantitative prediction of strong motion for a potential earthquake fault
［J］． Ann Geofits，1977，30: 341 ～ 368．
Aki K． A Probabilistic Synthesis of Precursory Phenomena ［M］． In: Earthquake Prediction，an International
Review，M Ewing Ser 4ed，American Geophysical Union，1981. 56 ～ 574．
Aki K． Asperities，barriers，characteristic earthquake and strong motion prediction ［J］． J Geophys Res，1984，89
( B7) :5867 ～ 5872．
Aki K． Characterization of barriers on an earthquake fault ［J］． J Geophys Res，1979，84: 6140 ～ 6148．
Benioff H． Earthquake and rock creep ［J］． Bull Seism Soc Amer，1951，41: 31 ～ 62．
Ben-Zion Y． ，James R R． Earthquake failure sequences along a cellular fault zone in a three-dimensional elastic
solid containing asperity and non-asperity regions ［J］． J Geophys Res，1993，98( B8) : 14109 ～ 14131．
Biasi G． P． ， Weldon R． J． Estimating surface rupture length and magnitude of paleoearthquakes from point
measurements of rupture displacement ［J］． Bull Seism Soc Amer，2006，96:1612 ～ 1623．
Bosl W． J． ，Nur A． Aftershocks and pore fluid diffusion following the 1992 Landers earthquake ［J］． J Geophys
Res，2002，107( B12) : 2366．
Bowden F． P． ，Tabor D． The Friction and Lubrication of Solids，PartⅠ ［M］． Oxford: Clarendon Press，1950．
Bowden F． P． ，Tabor D． The Friction and Lubrication of Solids，PartⅡ ［M］． Oxford: Clarendon Press，1964．
Brace W． F． ，Byerlee J． D． Stick-slip as a mechanism for earthquakes ［J］． Science，1966，153(5) :990 ～ 992．
Brune J． N． Implications of earthquake triggering and rupture propagation for earthquake based on premonitory
phenomena ［J］． J Geophys Res，1979，84:2195 ～ 2198．
Burridge R． ，Knopoff L． Model and theoretical seismicity ［J］． Bull Seism Soc Amer，1967，57(3) : 341 ～ 371．
Chen Y． T． ，Knopoff L． Simulation of earthquake sequences ［J］． J Geophys Res，1987，91: 693 ～ 703．
China Seismological Bureau． Guidebook to Seismological Analysis and Prediction Methods ［M］． Beijing:
Seismological Press，1990. 25 ～ 65( in Chinese) ．
China Seismological Bureau． Outline of Earthquake Scene Analysis and Technical Guidelines ［M］． Beijing:
Seismological Press，1998. 79 ～ 125( in Chinese) ．
Clement N． Common dependence on stress for the two fundamental laws of statistical seismology ［J］． Nature，
2009，462(3) :642 ～ 645．
Das S． ，Aki K． Fault plane with barriers: A versatile earthquake model ［J］． J Geophys Res，1977，82:5658 ～
5670．
Das S． ，Henry C． Spatial relation between main earthquake slip and its aftershock distribution ［J］． Reviews of
Geophysics，2003，41(3) : 1013，doi: 10. 1029 /2002RG000119．
Deng J． S． ，Hudnut K． ，Gurnis M． ，et al． Stress loading from viscous flow in the lower crust and triggering of
aftershocks following the 1994 Northridge California，earthquake ［J］． Geophys Res Lett，1999，26 ( 21 ) :
3209 ～ 3212．
Dieterich J． H． A constitutive law for rate of earthquake production and it application to earthquake clustering
［J］． J Geophys Res，1994，99( B2) : 2601 ～ 2618．
Dieterich J． H． Constitutive properties of rock with simulated gouge ［A］． In: Carter N． L． et al． ，( eds ) ．
Mechanical behavior of crustal rocks ［J］． Geophys Monogr Ser，1981，24: 103 ～ 120．
Dieterich J． H． Modeling of rock friction，1: Experimental results and constitutive equations ［J］． J Geophys Res，
1979a，84:2161 ～ 2168．

Volume 27，Number 3

297

Dieterich J． H． Modeling of rock friction，2: Simulation of preseismic slip ［J］． J Geophys Res，1979b，84:2169
～ 2175．
Dieterich J． H． The use of earthquake rate changes as a stress meter at Kilauea volcano ［J］． Nature，2000，408
(23) : 457 ～ 460．
Dieterich J． H． Time-dependent friction as a possible mechanism for aftershocks ［J］． J． Geophys． Res． ，1972，
77: 3771 ～ 3781
Drakatos G． Relative seismic quiescence before large aftershocks ［J］． Pure Appl Geophys，2000，157 ( 9 ) :1407
～ 1421．
Eaton J． P． ，ONeil M． E． ，Murdoch J． N． Aftershocks of the 1966 Parkfield-Cholame，California，earthquake: A
detailed study ［J］． Bull Seism Soc Amer，1970，60:1151 ～ 1197．
Enescu B． ， Mori J． ， Miyazawa M． Quantifying early aftershock activity of the 2004 mid-Niigata Prefecture
earthquake( M W 6. 6) ［J］． J Geophys Res，2007，112( B4) : BO4310．
Felzer K． R． Aftershock triggering is a multi-step process ［EB / OL］． ［2010-10-07］． http: / /131． 215． 66． 86 /
office / kfelzer / SubmitVersionForWeb． pdf． http: / / agent86． gps． cattech． edu / office / kfelzer / SabmitVersion
ForWeb． pdf．
Freed A． M． ，Lin J． Delayed triggering of the 1999 Hector Mine earthquake by viscoelastic stress transfer ［J］．
Nature，2001，411(6834) :180 ～ 183．
Gasperini P． ，Mulargia F． A statistical analysis of seismicity in Italy: The clustering properties ［J］． Bull Seism
Soc Amer，1989，79: 973 ～ 988．
Gentili S． ，Bressan G． The partitioning of radiated energy and the largest aftershock of sequences occurred in the
northeastern Italy and western Slovenia ［J］． J Seismol，2008，12:343 ～ 354．
Griffith A． A． The phenomena of rupture and flow in solids ［J］． Philos T Roy Soc A，1920，221: 163 ～ 198．
Griffith A． A． The Theory of Rupture ［G］． In: Biezeno C． G． ，Burgers J． M． ( eds) ． Proceedings of the First
International Congress on Applied Mechanics． Delft，Netherlands，1924. 54 ～ 63．
Gross S． ，Bürgmann R． Rate and state of background stress estimated from the aftershocks of the 1989 Loma
Prieta，California，earthquake ［J］． J Geophys Res，1998，103: 4915 ～ 4927．
Gu Jicheng， Xie Xiaobi， Zhao Li． Characteristics of spatial distribution of strong aftershock and theoretical
explanation ［J］． Chnise Journal of Geophysics，1979，22(1) :32 ～ 46．
Guo Z． Q． ，Ogata Y． Statistical relations between the parameters of aftershocks in time，space，and magnitude
［J］． J Geophys Res，1997，102( B2) : 2857 ～ 2873．
Hainzl S． ，Enescu B． ，Cocco M． ，et al． Aftershock modeling based on uncertain stress calculations ［J］． J
Geophys Res，2008，114( B05309) :1 ～ 12．
Hainzl S． ，Zoller G． ，Wang R． Impact of the receiver fault distribution on aftershock activity ［J］． J Geophys
Res，2010，115( B05315) :1 ～ 12．
Hauksson E． Crustal structure and seismicity distribution adjacent to the Pacific and North America Plate boundary
in southern California ［J］． J Geophys Res，2000，105( B6) :13875 ～ 13903．
Helmstetter A． ，Didier S． Importance of direct and indirect triggered seismicity in ETAS model of seismicity ［J］．
Geophys Res Lett，2003，30(11) :1576 ～ 1580．
Henry C． ，Das S． Aftershock zones of large shallow earthquakes: fault dimensions，aftershock area expansion，
and scaling relationships ［J］． Geophys J Int，2001，147: 272 ～ 293．
Hidel A． ，Satoshi I． Complexity in earthquake sequences controlled by multiscale heterogeneity in fault fracture
energy ［J］． J Geophys Res，2009，114: B03305．
Hirata T． Omoris power law aftershock sequences of microfracturing in rock fracture experiment ［J］． J Geophys
Res，1987，92:6215 ～ 6221．
Hirata Takako ( translated into Chinese by Xu Yanping ) ． Observing Earthquake Phenomenon by Rupture
Experiment ［M］． In: Mathematical Seismology． Beijing: Seismological Press，1990. 57 ～ 65．
Hori T． ，Miyazaki S． A possible mechanism of M9. 0 earthquake generation cycles in the area of repeating M7. 0
～ 8. 0 earthquakes surrounded by aseismic sliding ［J］． Earth Planets Space，2011，63:773 ～ 777．
Huc M． ，Main I． G． Anomalous stress diffusion in earthquake triggering: Correlation length，time-dependence，
and directionality ［J］． J Geophys Res，2003，108: 2324．
Husen S． ，Bachmann C． ，Giardini D． Locally triggered seismicity in the central Swiss Alps following the large
rainfall event of August 2005 ［J］． Geophys J Int，2007，171:1126 ～ 1134．
Jiang Haikun，Fu Zhengxiang，Liu Jie et al． Earthquake Sequence Research in Chinese Mainland ［M］． Beijing:
Seismological Press，2007a ( in Chinese) ．

298

Earthquake Research in China

Jiang Haikun，Li Mingxiao，Wu Qiong，et al． Feature of the May 12 M8. 0 Wenchuan earthquake sequence and
discussion on relevant problems ［J］． Seismology and Geology，2008，30 ( 3 ) :746 ～ 758 ( in Chinese with
English abstract) ．
Jiang Haikun，Yang Maling，Sun Xuejun et al． A typical example of locally triggered seismicity in the boundary
area of Lingyun and Fengshan following the large rainfall event of June 2010 ［J］． Chinese Journal of
Geophysics，2011，154(10) :2606 ～ 2619( in Chinese with English abstract) ．
Jiang Haikun，Zheng Jianchang，Wu Qiong et al． Statistical features of aftershock distribution size for moderate
and large earthquakes in Chinese mainland ［J］． Acta Seismologica Sinica，2007a，29 ( 2 ) :151 ～ 164 ( in
Chinese with English abstract) ．
Jiang Haikun，Zheng Jianchang，Wu Qiong et al． Earlier statistical features of ETAS model parameters and their
seismological meanings ［J］． Chinese Journal of Geophysics，2007b，50 ( 6 ) :1778 ～ 1786 ( in Chinese with
English abstract) ．
Jones L． M． ，Hauksson E． Stress Triggering of Aftershocks ［G］． In: EOS Trans American Geophysical Union Fall
Meet． Suppl Abstract，1998，79，S32B － 06．
Kagan Y． Y． Short-term properties of earthquake catalogs and models of earthquake source ［J］． Bull Seism Soc
Amer，2004，94(4) : 1207 ～ 1228．
Kagan Y． Y． ，Houston H． Relation between mainshock rupture process and Omoris law for aftershock moment
release rate ［J］． Geophy J Int，2005，163(3) :1039 ～ 1048．
Kanamori H． ，Brodsky E． E． The physics of earthquakes ［J］． Rep Prog Phys，2004，67(8) : 1429 ～ 1496．
Kanamori H． The nature of seismicity patterns before large earthquake． In: Earthquake prediction———An
international review ［J］． Maurice Ewing Series ( American Geophysical Union 4) ，1981. 1 ～ 19．
Kisslinger C． ，Jones L． M． Properties of aftershocks in southern California ［J］． J Geophys Res，1991，96:11947
～ 11958．
Latoussakis J，Drakatos G． A quantitative study of some aftershock sequence in Greece ［J］． Pure Appl Geophys，
1994，143(4) : 603 ～ 616．
Lei X． L． ，Yu G． Z． ，Ma S． L． ，et al． Earthquakes induced by water injection at ～ 3km depth within the
Rongchang gas field，Chongqing，China ［J］． J Geophys Res，2008，113: B10310．
Lindman M． ，Jonsdottir K． ，Roberts R． ，et al． Earthquakes descaled: on waiting time distributions and scaling
laws［J］． Phys Rev Lett，2005，94(10) : 108501．
Lolli B． ，Gasperini P． Comparing different models of aftershock decay: the role of catalog incompleteness in the
first times after mainshock ［J］． Tectonophysics，2006，423:43 ～ 59．
Lu Yuanzhong，Wu Peizhi，Shen Jianwen． Direct aftershocks and indirect aftershocks ［J］． Chinese Journal of
Geophysics，1983，36(4) : 355 ～ 365( in Chinese with English abstract) ．
Madariaga R． ，Peyrat S． ，Olsen K． B． Rupture Dynamics in 3D: A Review in Problems in Geophysics for the New
Millennium ［M］． Editrici Compositori，Bologna，Italy，2000. 89 ～ 110．
Marone C． Laboratory-derived frictional laws and their application to seismic faulting ［J］． Ann Rev Earth Planet
Sci，1998，26:643 ～ 696．
Mendoza C． ，Hartzell S． H． Slip distribution of the 19 September 1985 Michoacan，Mexico earthquake: Nearsource and teleseismic constraints ［J］． Bull Seism Soc Amer，1989，79: 655 ～ 669．
Mendoza C． ，Hartzell S． H． Aftershock patterns and mainshock faulting ［J］． Bull Seism Soc Amer，1988a，78:
1438 ～ 1449．
Mendoza C． ，Hartzell S． H． Inversion for slip distribution using teleseismic P waveforms North Palm Springs，
Borah Peak，and Michoacan earthquakes ［J］． Bull Seism Soc Amer，1988b，78:1092 ～ 1111．
Mikumo T． ， Miyatake T． Earthquake sequences on a frictional fault model with non-uniform strengths and
relaxation times ［J］． Geophys J R Astr Soc，1979，59:559 ～ 583．
Miller S． A． ，Collettini C． ，Chiaraluce L． ，et al． Aftershocks driven by a high-pressure CO 2 source at depth
［J］． Nature，2004，427:724 ～ 727．
Miyake H． ，Iwata T． ，Irikura K． Estimation of rupture propagation direction and strong motion generation area
from azimuth and distance dependence of source amplitude spectra ［J］． Geophys Res Lett，2001，28 ( 14 ) :
2727 ～ 2730．
Mogi K． On the time distribution of aftershocks accompanying the recent major earthquake in and near Japan ［J］．
Bull Earthquake Res Inst，1962a，40:107 ～ 124．
Mogi K． Seismicity Activity and Earthquake Prediction ［G］． In: Proceedings of the Symposium on Earthquake
Prediction Research，1977． 203 ～ 214．

Volume 27，Number 3

299

Mogi K． Some discussions on aftershocks，foreshocks and earthquake swarms———the fracture of a semi-infinite
body caused by inner stress origin and its relation to the earthquake phenomena ［J］． Bull Earthquake Res
Inst，Univ，Tokyo，1963，615 ～ 658．
Mogi K． Study of elastic shocks caused by the fracture of heterogonous materials，and its relation to the earthquake
phenomena ［J］． Bull Earthquake Res Inst，1962b，40: 1 ～ 31．
Nur A，Booker J． R． Aftershocks caused by pore fluid flow? ［J］． Science，1972，175:885 ～ 888．
Ogata Y． Statistical model for standard seismicity and detection of anomalies by residual analysis ［J］．
Tectonophysics，1989，169:159 ～ 174．
Ogata Y． Statistical models for earthquake occurrences and residual analysis for point processes ［J］． J Am Stat
Assoc，1988，83(401) :9 ～ 27．
Ojala I． O． ，Main I． G，Ngwenya B． T． Strain rate and temperature dependence of Omori law scaling constants of
AE data: Implications for earthquake foreshock-aftershock sequences ［J］． Geophys Res Lett，2004，31:
L24617．
Ojala I． O． ，Ngwenya B． T． ，Main I． G． ，et al． Correlation of microseismic and chemical properties of brittle
deformation in Locharbriggs sandstone ［J］． J Geophys Res，2003，108( B5) : 2268．
ztürk S． ，Bayrak Y． Statistical Analysis of the Aftershock Sequences That Occurred in Turkey during 1995 ～ 2004
［M］． The 4th Congress of Balkan Geophysical Society，2005. 11 ～ 23．
Pandee A． P，Chadha R． K． Surface loading and triggered earthquakes in the Koyna-Warna region，western India
［J］． Phys Earth Planet Inter，2003，139(3) : 207 ～ 223．
Papageorgiou A． ，Aki K． A specific barrier model for the quantitative description of inhomogeneous faulting and
the prediction of strong ground motion，I: Description of the model ［J］． Bull Seism Soc Amer，1983a，73:
693 ～ 722．
Papageorgiou A． ，Aki K． A specific barrier model for the quantitative description of inhomogeneous faulting and
the prediction of strong ground motion，Ⅱ: Applications of the model ［J］． Bull Seism Soc Amer，1983b，
73:953 ～ 978．
Peng Z． ，Vidale J． E． ，Ishii M． ，et al． Seismicity rate immediately before and after main shock rupture from
high-frequency waveforms in Japan ［J］． J Geophys Res，2007，112: B03306．
Peng Z． ， Vidale J． E． ， Houston H． Anomalous early aftershock decay rate of the 2004 M W 6. 0 Parkfield，
California，earthquake ［J］． Geophys Res Lett，2006，33: L17307．
Peng Z． ，Zhao P． Migration of early aftershocks following the 2004 Parkfield earthquake ［J］． Nature Geoscience，
2009，2:877 ～ 881．
Perfettini H． ，Avouac J． P． Modeling afterslip and aftershocks following the 1992 Landers earthquake ［J］． J
Geophys Res，2007，112( B7) : B07409．
Perfettini H． ，Avouac J． P． Postseismic relaxation driven by brittle creep: A possible mechanism to reconcile
geodetic measurements and the decay rate of aftershocks，application to the Chi-Chi earthquake，Taiwan
［J］． J Geophys Res，2004，109( B2) : B02304．
Rabinowitz N． ，Steinberg D． M． Aftershock decay of three recent strong earthquakes in the Levant ［J］． Bull
Seism Soc Amer，1998，88(6) :1580 ～ 1587．
Roeloffs E． A． Fault stability changes induced beneath a reservoir with cyclic variations in water level ［J］． J
Geophys Res，1988，93( B3) : 2107 ～ 2124．
Rudnicki J． W． Slip on an impermeable fault in a fluid-saturated rock mass． In: S． Das et al． ( ed) ． Earthquake
Source Mechanics，Geophysical Monograph Series，37 ( Maurice Ewing Volume 6) ，1986. 8l ～ 90．
Ruina． Slip Instability and State Variable Friction Laws ［J］． J Geophys Res，1983，88( B12) : 10359 ～ 10370．
Rybichi K． Analysis of aftershocks on the base of dislocation theory ［J］． Phys Earth Planet Inter，1973，7(4) :
409 ～ 422．
Saar M． O． ，Manga M． Seismicity induced by seasonal groundwater recharge at Mt． Hood，Oregon ［J］． Earth
Planet Sci Lett，2003，214(3) :605 ～ 618．
Scholz C． H． An experimental study of the fracturing process in brittle rock ［J］． J Geophys Res，1968b，73:1447
～ 1454．
Scholz C． H． Microfractures and the inlastic deformation of rock in compression ［J］． J Geophys Res，1968c，73:
1417 ～ 1432．
Scholz C． H． Microfractures，aftershocks and seismicity ［J］． Bull Seism Soc Amer，1968a，58:1117 ～ 1130．
Scholz C． H． Static fatigue of Quartz ［J］． J Geophys Res，1972，77:2104 ～ 2114．
Scholz C． H． The Mechanics of Earthquakes and Faulting ［M］． Cambrige: Cambrige University Press，1990. 116

300

Earthquake Research in China

～ 133．
Shapiro S． A，Patzig R． ，Rothert E． ，et al． Triggering of seismicity by pore-pressure perturbations: Permeabilityrelated signatures of the phenomenon ［J］． Pure Appl Geophys，2003，160(5 ～ 6) :1051 ～ 1066．
Shaw B． E． Generalized Omori law for aftershocks and foreshocks from a simple dynamics ［J］． Geophys Res Lett，
1993，20:907 ～ 920．
Shibazaki B，Shimamato T． Modeling of short-interval silent slip events in deeper subduction interfaces considering
the frictional properties at the unstable-stable transition regime ［J］． Geophys J． Int． ，2007，doi: 10. 1111 /
j． 1365 － 246X． 2007. 03434x．
Shibazaki B． ，Shuhui B． ，Takanori M． ，et al． Modeling the activity of short-term slow slip events along deep
subduction interfaces beneath Shikoku，southwest Japan ［J］． J Geophys Res，2010，115: B00A19，doi:
10. 1029 /2008JB006057．
Somerville P． ，Irikula K． ，Graver R． Characterizing crustal earthquake slip models for the prediction of strong
ground motion ［J］． Seism Res Lett，1999，70(1) :59 ～ 80．
Stephan H． ， Robert B． S． Probabilistic earthquake relocation in three-dimensional velocity models for the
Yellowstone National Park Region，Wyoming ［J］． Bull Seism Soc Amer，2004，94(3) :880 ～ 896．
Takayuki W． ，Hirata G． A． Omoris power law aftershock sequences of microftacturing in rock fracture experiment
［J］． J Geophys Res，1987，92: 6215 ～ 6221．
Talwani P． ，Acree S． Pore pressure diffusion and the mechanism of reservoir-induced seismicity ［J］． Pure Appl
Geophys，1985，122(6) :947 ～ 965．
Tang C． A． ，John A． ，Hudson． Rock Failure Instability and Related Aspects of Earthquake Mechanisms ［M］．
Beijing: China Coal Industry publishing House，1993．
Tang C． A． Numerical simulation of rock failure and associated seismicity ［J］． Int J Rock Mech Min Sct，1997，
34(2) :249 ～ 262．
Utsu T． ，Ogata Y． ，Matsuura R． S． The centenary of the Omori formula for a decay law of aftershock activity
［J］． J Phys Earth，1995，43(1) :1 ～ 33．
Utsu T． Statistical Features of Seismicity ［A］． In: International Handbook of Earthquake and Engineering
Seismology，2002，81:719 ～ 731．
Utsu T． A statistical study on the occurrence of aftershocks ［J］． Geophys，1961，30:521 ～ 545．
Vinciguerra S． Seismic scaling exponents as a tool in detecting stress corrosion crack growth leading to the
September ～ October 1989 flank eruption at Mt． Etna Volcano［J］． Geophys Res Lett，1999，26(24) :3685 ～
3688．
Wells D． L． ，coppersmith K． J． New empirical relationships among magnitude，rupture length，rupture width，
rupture area and surface displacement ［J］． Bull Seism Soc Amer，1994，84:974 ～ 1002．
Wu Kaitong，Jiao Yuanbi，Lv Peiling et al． Overview of the Earthquake Sequence ［M］． Beijing: Peking University
Press，1990. 165 ～ 198( in Chinese) ．
Yamada T． ，Paul G． O． ，Cecily J． W． Kīholo Bay，Hawaii，earthquake sequence of 2006: Relationship of the
main shock slip with locations and source parameters of aftershocks ［J］． J Geophys Res，2010，115
( B08304) :1 ～ 12．
Yamanaka Y． ，M． Kikuchi． Asperity map along the subduction zone in northeastern Japan inferred from regional
seismic data ［J］． J Geophys Res，2004(109) : B07307．
Yamashita T，Knopoff L． Model of aftershock occurrence ［J］． Geophysical Journal of the Royal Astronomical
Society，1987，91:13 ～ 26．
Yamashita T． Aftershock occurrence due to viscoelastic stress recovery and an estimate of the tectonic stress field
near the San Andreas fault system ［J］． Bull Seism Soc Amer，1979，68(3) :680 ～ 686．
Zhang Guomin，Li Li． Rheology of crustal media and a related seismogenic model ［J］． Seismology and Geology，
2003，25(1) : 1 ～ 10( in Chinese with English abstract) ．
Zoback M． D，Harjes H． P． Injection-induced earthquakes and crustal stress at 9km depth at the KTB deep drilling
site，Germany ［J］． J Geophys Res，1997，102( B8) :18477 ～ 18491．

About the Author
Qu Junhao，born in 1981，is an engineer at the Earthquake Administration of Shandong
Province． He is a graduate working towards his doctorate degree． Research interests include the
application of digital seismic wave and earthquake sequence． E-mail: gisqjh@ 126． com

