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The Coulomb Failure Model 

ΔCFF=Δτ-‐µΔσ	

Δτ: shear stress change 

Δσ: normal stress change (<0 for unclamping) 
µ: (constant) friction coefficient 

 



The Coulomb Failure Model: Clock Change 
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The Coulomb Failure Model: Clock Change (I) 
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Clock change: ΔT=ΔCFF/(dτLdt)	  

	  

ΔCFF>0:	  Clock	  advance	  	  è Triggering	  expected	  

ΔCFF<0:	  Clock	  delay 	  	  	  	  	  è Triggering	  not	  expected	  

	  

The Coulomb Failure Model: Clock Change (II) 



The Coulomb Failure Model and Coseismic 
Stress Changes   
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Coulomb	  stress	  computed	  assuming	  that	  each	  receiver	  
fault	  (i.e.,	  a	  grid	  point)	  is	  oriented	  as	  the	  main	  fault	  	  

King	  et	  al.,	  1994	  



The Coulomb Failure Model and Coseismic 
Stress Changes: Optimally Oriented Planes   

Coulomb	  stress	  computed	  assuming	  that	  each	  receiver	  fault	  (i.e.,	  
a	  grid	  point)	  is	  oriented	  opMmally	  to	  get	  the	  maximum	  ΔCFF	  
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The Coulomb Failure Model and Coseismic 
Stress Changes: Optimally Oriented Planes 

6o�/ mr = 1.0 6o�/ mr = 0.1

Change in Coulomb Stress (bars) on 
optimal right-lateral faults (black)

mr oriented N7$E, + = 0.4

50 km
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•  In	  the	  far	  field,	  the	  OOP	  are	  oriented	  conformably	  to	  the	  tectonic	  
field	  

•  In	  the	  near	  field,	  they	  follow	  the	  coseismic	  stress	  field	  if	  Δτ>>τr,	  
where	  σr is	  the	  regional	  tectonic	  stress	  field	  

King	  et	  al.,	  1994	  



Application to the 1992, Mw7.3, Landers earthquake   
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Good	  correlaMon	  between	  the	  distribuMon	  of	  aLershocks	  and	  the	  
coseismic	  Coulomb	  stress	  change	  assuming	  the	  OOP	  

King	  et	  al.,	  1994	  



Application to the 1992, 
Mw7.3, Landers 

earthquake   

•  Weak	  correlaMon	  between	  the	  
distribuMon	  of	  aLershocks	  and	  the	  
coseismic	  Coulomb	  stress	  change	  
assuming	  that	  all	  receiver	  faults	  
are	  oriented	  parallel	  to	  the	  main	  
fault	  

•  The	  coseismic	  stress	  field	  near	  the	  
fault	  highly	  depends	  on	  the	  details	  
of	  the	  coseismic	  slip	  model	  

Perfe.ni	  and	  Avouac,	  2007.	  

ΔCFF	  Coseismic	  (MPa)	  



•  The	  tectonic	  map	  of	  the	  Landers	  
earthquake	  show	  that	  most	  of	  the	  
structures	  are	  oriented	  as	  the	  main	  
fault	  

•  The	  focal	  mechanisms	  of	  the	  
aLershocks	  show	  at	  most	  a	  15o	  
variaMons	  from	  their	  pre-‐
earthquake	  value	  

Optimally Oriented Planes 

•  Is	  it	  possible	  that	  new	  fault	  interface	  can	  be	  created	  knowing	  that	  a	  
Mw4	  earthquake	  corresponds	  to	  a	  radius	  of	  about	  600m?	  

•  Imagining	  that	  new	  faults	  are	  created,	  they	  would	  be	  created	  
unloaded.	  Why	  should	  they	  re-‐rupture	  so	  quickly?	  

•  The	  concept	  of	  OOP	  might	  be	  acceptable	  for	  small	  aLershocks	  
(Mw<2)	  but	  not	  for	  large	  aLershocks	  

	  

Perfe.ni	  and	  Avouac,	  2007.	  



Rate and State friction 

•  τ/σ=µ=µ*+a	  ln(V/V*)+b	  ln(θ/θ*)	  

•  dθ/dt=1-‐Vθ	  /dc	  (aging	  law)	  

•  Steady-‐state	  sliding:	  θss=	  dc	  /V⇒	  µss= µ*+(a-‐b)	  ln(V/V*)	  

M
arone,	  1998.	  



µss= µ*+(a-‐b)	  ln(V/V*)	  

a-‐b>0	  
Stable	  slip:	  creeping	  faults	  

a-‐b<0	  

Poten6ally	  unstable	  slip:	  unstable	  faults	  

	  a-‐b	  
	  a	  

Correspond	  à	  T~350	  °C	  

Explain	  the	  confinement	  of	  seismicity	  with	  depth	  
	  

Blanpied	  et	  al.,	  1991.	  



Clock change and agreement between Rate and 
State friction and the Coulomb Failure model 

Perfe.
ni	  et	  al.,	  2003.	  

PERFETTINI ET AL.: STATIC TRIGGERING ON A CONTINUOUS FAULT

•  The	  Coulomb	  failure	  model	  agrees	  with	  the	  predicMon	  of	  rate	  and	  
state	  fricMon	  during	  most	  of	  the	  cycle,	  except	  at	  the	  end	  of	  the	  
earthquake	  cycle,	  when	  nucleaMon	  is	  underway	  



Dieterich’s Model 
of Seismicity 

Dieterich,	  1994.	  

•  DistribuMon	  of	  iniMal	  velociMes	  built	  to	  result	  in	  a	  constant	  seismicity	  
rate	  RL	  in	  the	  case	  where	  ΔCFF=0	  

•  Change	  of	  the	  nucleaMon	  Mme	  of	  a	  populaMon	  of	  faults	  due	  a	  stress	  
step	  that	  changes	  the	  sliding	  velocity:	  V+=V-‐	  exp(ΔCFF/aσ)	  



Dieterich’s Model 
of Seismicity 

Dieterich,	  1994.	  

•  The	  stress	  change	  brings	  each	  elementary	  fault	  closer	  to	  failure	  

•  The	  earlier	  in	  the	  cycle	  the	  perturbaMon	  is	  applied,	  the	  larger	  the	  clock	  advance	  

•  The	  hypothesis	  of	  a	  constant	  seismicity	  rate	  is	  imposed	  and	  does	  not	  arise	  
naturally	  



Dieterich’s Model of Seismicity 

R(t)=RL/[γ(t)	  dτLdt]	  
dγ/dt=(1-γdτ/dt)/(aσ) 
 
R: seismicity rate 
dτLdt: long term loading rate 
RL: long term seismicity rate 
a: rate and state parameter 
σ: effective normal stress 

•  In	  steady-‐state:	  γ=1/dτLdt and R=RL 

•  Surprisingly, the parameter b, responsible for instability in the 
rate and state framework disappear in Dieterich’s model…. 

•  Only the parameter a, responsible for the “viscous effect” of 
rate and state friction shows up…	  



Integral Formulation of Dieterich’s Model 

!

ΔN(t)=N(t)-‐N(0)=RLta	  ln[1+(R(0)/RL)(I(t)/ta)]	  
with	  
	  

	  R(0)=RL/(γ(0)dτLdt)	  
	  

I(t)=	  dt’exp[(τ(t’)-‐τ(0))/A]	  
	  

ta=A/dτLdt	  
with	  A=aσ	


	  
The	  most	  general	  form	  for	  the	  evoluMon	  of	  the	  shear	  stress	  following	  

a	  mainshock	  is	  
τ(t)=	  τ0	  +	  dτLdt	  .	  t+Δτcos(t)+Δτpost(t)	  

	  

0	  

t	  



Application to a coseismic step 

τ(t)=	  τ0	  +	  dτLdt	  .	  t+ΔτcosH(t)	  
H(t):	  Heaviside	  funcMon	  (1	  for	  t>0,	  0	  otherwise)	  

	  
ΔN(t)=N(t)-‐N(0)=RLta	  ln[1+(R+/RL)(exp(t/ta)-‐1)]	  

or	  
R(t)=	  R+exp(t/ta)/[1+(R+/RL)(exp(t/ta)-‐1)]	  

	  
with	  	  

R+=R(0)exp(Δτcos/A):	  Seismicity	  rate	  right	  at	  the	  end	  of	  the	  
coseismic	  phase	  

	  



R(
t)
/R

L	  

1/t	  

Application to a coseismic step 
R(t)=	  R+exp(t/ta)/[1+(R+/RL)(exp(t/ta)-‐1)]	  

	  

•  Seismicity	  rate	  jumps	  
from	  RL	  to	  R+	  at	  the	  
Mme	  of	  the	  mainshock	  

•  Decay	  as	  1/Mme	  

•  Omori	  law	  with	  an	  
exponent	  of	  1	  

Dieterich,	  1994.	  



Seismicity Model Based on 
Afterslip 



Examples of Afterslip 



AXerslip	  of	  Nias	  (2005,	  Mw=8.7)	  

Hsu	  et	  al.	  2006	  

•  AnM-‐correlaMon	  between	  co-‐	  and	  postseismic	  slip	  
•  ALershocks	  occurs	  at	  the	  transiMon	  between	  co-‐	  and	  postseismic	  slip	  



in the south, near the Batu Islands, where the
coseismic and postseismic models predict slip
rakes that are parallel to the general direction of
convergence between the Australian plate and
the Sunda Block (Fig. 3). Although poorly con-
strained, such behavior implies along-strike
variations in strain partitioning.

The correlation between coseismic Coulomb
stress change, DCFS, on the plate interface and
the distribution of afterslip (Fig. 3) (23) sug-
gests that afterslip is a response of the
megathrust to the sudden increase of stress
due to the earthquake rupture. The patch with
large afterslip up-dip of the coseismic rupture
clearly coincides with a zone of increased
DCFS; this correlation also seems to hold for
the down-dip afterslip zone, except east of Nias
where the afterslip model is poorly resolved.

The coseismic slip distribution (Fig. 2) shows
a distinct saddle between the Simeulue and Nias
patches. This region of low slip corresponds to
the location of the hypocenter and to the location
of a distinct north-south bend in the band of
aftershocks (Fig. 2). Previous studies have sug-
gested that a structural tear occurs in this region,
corresponding to the Batee Fault, and may be
associated with more complex megathrust ge-
ometry than that used here (17, 34).

To test the extent to which the spatial
variations in slip are stationary in time, we
consider historical and paleogeodetic records
(19, 20). Southeast of Nias, beneath the Batu
Islands, the region of 2005 afterslip correlates
with a prominent cluster of medium-sized earth-
quakes in the past century (20). However, coral

microatolls show that, as in 2005, vertical defor-
mation during the great historical earthquakes of
1797, 1833, and 1861 was small (35). Hence,
we presume that megathrust slip in this region
is primarily aseismic, with the medium-sized
earthquakes representing small, spatially limited
locked regions (22). We have inferred similarly
low seismogenic coupling beneath the northern
half of Simeulue in the region separating the 2004
and 2005 events (24). Seismicity preceding the
2005 earthquake (25) reveals distinct northeast-
southwest–trending zones near northeastern
Simeulue and near the Batu Islands (Fig. 2).
We suggest that these zones that experience fre-
quent small earthquakes during the interseismic
period are likely to be regions dominated by
aseismic slip. Because of the higher rates of
seismicity in these regions, it may be more likely
that a large megathrust event would nucleate there
and eventually grow into areas that are more
tightly coupled. Such behavior may be seen for the
Nias-Simeulue earthquake as well as the 2004
Aceh-Andaman and 1995 Antofagasta, Chile,
earthquakes (12, 15).

The cGPS postseismic displacement histo-
ries are well fit if we assume that afterslip results
from rate-strengthening frictional sliding of the
plate interface in response to the coseismic stress
change (Fig. 4, A to C) (23). The model is a
system consisting of a spring and a slider with a
single degree of freedom (36), where the slider
obeys an experimental rate-strengthening fric-
tion law (37, 38): tss 0 snm* þ Asn ln(V/V*),
where tss is the driving shear stress, sn is the
normal stress, A is a positive rheological

parameter, V is the sliding velocity, and m*
and V* are reference values. The postseismic
displacement follows the predicted log[1 þ
(t/TGPS)] temporal evolution, where the charac-
teristic time, TGPS, is estimated to be È3 days,
and dtss/d ln V 0 Asn is on the order of 0.2 to
0.7 MPa. Alternatively, by analyzing the
evolution of slip as a function of the evolving
postseismic stresses according to our afterslip
model (39), we find Asn to be È0.2 MPa both
up-dip and down-dip of the coseismic rupture
(fig. S8). If we assume that hydrostatic ambient
pore pressure gives values of effective normal
stress due to overburden of È200 MPa and
È1000 MPa for the up-dip (È10 km) and down-
dip regions (È60 km), respectively, these values
result in estimates of A of È5 " 10–4, com-
parable to the value of È10 " 10–4 at 35 km
depth derived from afterslip following the
2003 Mw 8.0 Tokachi-oki, Japan, earthquake
(39), or the value of 3 " 10–4 at 50 km depth for
the 2001 Mw 8.4 Arequipa, Peru, earthquake
(40). These values are one to two orders of
magnitude lower than estimated in laboratory
studies (41, 42). A value of A at the lower end of
experimental estimates (È50 " 10–4) would im-
ply a low effective normal stress of È40 MPa.
Any explanation for such a low value is con-
jectural; high pore pressure is one possibility.

About 2100 aftershocks with body wave
magnitude mb 9 3 (43) occurred in the first year
following the 2005 event. These aftershocks
amount to only È7% of the postseismic geodetic
moment, indicating that afterslip was essentially
aseismic. Most of these aftershocks form a distinct

Fig. 4. Observed and modeled post-
seismic displacements (A to C) and the
relationship of these displacements to
the cumulative number of aftershocks
near each of the stations (D to F). Black
solid lines in (A) to (C) are estimated
from a one-dimensional spring-slider
model in which afterslip obeys a
velocity-strengthening friction law [see
(23) for analytical functions and model
parameters] (44). Blue, green, and red
refer to vertical (U), east (E), and north
(N) displacements, respectively. Note
that the scale differs between panels.
Regions used to calculate cumulative
seismicity are shown in fig. S10.
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AXerslip	  of	  Nias	  (2005,	  Mw=8.7)	  

Hsu	  et	  al.	  2006	  

ALerslip	  grows	  as	  the	  log(Mme)	  



The	  Pisco	  Earthquake	  (2007,	  Mw8.0)	  

•  ALerslip	  grows	  as	  the	  log(Mme)	  
•  The	  distribuMon	  of	  seismicity	  follows	  the	  distribuMon	  of	  aLerslip	  

Perfe*
ni	  et	  al.	  2010	  



Landers,	  Californie,	  1992,	  Mw7.3	  

Tohoku,	  Japon,	  2011,	  Mw9.0	  

Other	  Cases	  



Link	  Between	  AXerslip	  and	  Seismicity	  

•  ALerslip	  varies	  as	  the	  log(Mme)	  è	  Slip	  rate~1/Mme	  

•  Seismicity	  rate	  	  varies	  as	  1/Mme	  (Omori	  law)	  

•  ALerslip	  and	  seismicity	  seems	  to	  have	  the	  same	  
temporal	  evoluMon	  (ex:	  Chi-‐Chi,	  Landers,	  Nias,…)	  

in the south, near the Batu Islands, where the
coseismic and postseismic models predict slip
rakes that are parallel to the general direction of
convergence between the Australian plate and
the Sunda Block (Fig. 3). Although poorly con-
strained, such behavior implies along-strike
variations in strain partitioning.

The correlation between coseismic Coulomb
stress change, DCFS, on the plate interface and
the distribution of afterslip (Fig. 3) (23) sug-
gests that afterslip is a response of the
megathrust to the sudden increase of stress
due to the earthquake rupture. The patch with
large afterslip up-dip of the coseismic rupture
clearly coincides with a zone of increased
DCFS; this correlation also seems to hold for
the down-dip afterslip zone, except east of Nias
where the afterslip model is poorly resolved.

The coseismic slip distribution (Fig. 2) shows
a distinct saddle between the Simeulue and Nias
patches. This region of low slip corresponds to
the location of the hypocenter and to the location
of a distinct north-south bend in the band of
aftershocks (Fig. 2). Previous studies have sug-
gested that a structural tear occurs in this region,
corresponding to the Batee Fault, and may be
associated with more complex megathrust ge-
ometry than that used here (17, 34).

To test the extent to which the spatial
variations in slip are stationary in time, we
consider historical and paleogeodetic records
(19, 20). Southeast of Nias, beneath the Batu
Islands, the region of 2005 afterslip correlates
with a prominent cluster of medium-sized earth-
quakes in the past century (20). However, coral

microatolls show that, as in 2005, vertical defor-
mation during the great historical earthquakes of
1797, 1833, and 1861 was small (35). Hence,
we presume that megathrust slip in this region
is primarily aseismic, with the medium-sized
earthquakes representing small, spatially limited
locked regions (22). We have inferred similarly
low seismogenic coupling beneath the northern
half of Simeulue in the region separating the 2004
and 2005 events (24). Seismicity preceding the
2005 earthquake (25) reveals distinct northeast-
southwest–trending zones near northeastern
Simeulue and near the Batu Islands (Fig. 2).
We suggest that these zones that experience fre-
quent small earthquakes during the interseismic
period are likely to be regions dominated by
aseismic slip. Because of the higher rates of
seismicity in these regions, it may be more likely
that a large megathrust event would nucleate there
and eventually grow into areas that are more
tightly coupled. Such behavior may be seen for the
Nias-Simeulue earthquake as well as the 2004
Aceh-Andaman and 1995 Antofagasta, Chile,
earthquakes (12, 15).

The cGPS postseismic displacement histo-
ries are well fit if we assume that afterslip results
from rate-strengthening frictional sliding of the
plate interface in response to the coseismic stress
change (Fig. 4, A to C) (23). The model is a
system consisting of a spring and a slider with a
single degree of freedom (36), where the slider
obeys an experimental rate-strengthening fric-
tion law (37, 38): tss 0 snm* þ Asn ln(V/V*),
where tss is the driving shear stress, sn is the
normal stress, A is a positive rheological

parameter, V is the sliding velocity, and m*
and V* are reference values. The postseismic
displacement follows the predicted log[1 þ
(t/TGPS)] temporal evolution, where the charac-
teristic time, TGPS, is estimated to be È3 days,
and dtss/d ln V 0 Asn is on the order of 0.2 to
0.7 MPa. Alternatively, by analyzing the
evolution of slip as a function of the evolving
postseismic stresses according to our afterslip
model (39), we find Asn to be È0.2 MPa both
up-dip and down-dip of the coseismic rupture
(fig. S8). If we assume that hydrostatic ambient
pore pressure gives values of effective normal
stress due to overburden of È200 MPa and
È1000 MPa for the up-dip (È10 km) and down-
dip regions (È60 km), respectively, these values
result in estimates of A of È5 " 10–4, com-
parable to the value of È10 " 10–4 at 35 km
depth derived from afterslip following the
2003 Mw 8.0 Tokachi-oki, Japan, earthquake
(39), or the value of 3 " 10–4 at 50 km depth for
the 2001 Mw 8.4 Arequipa, Peru, earthquake
(40). These values are one to two orders of
magnitude lower than estimated in laboratory
studies (41, 42). A value of A at the lower end of
experimental estimates (È50 " 10–4) would im-
ply a low effective normal stress of È40 MPa.
Any explanation for such a low value is con-
jectural; high pore pressure is one possibility.

About 2100 aftershocks with body wave
magnitude mb 9 3 (43) occurred in the first year
following the 2005 event. These aftershocks
amount to only È7% of the postseismic geodetic
moment, indicating that afterslip was essentially
aseismic. Most of these aftershocks form a distinct

Fig. 4. Observed and modeled post-
seismic displacements (A to C) and the
relationship of these displacements to
the cumulative number of aftershocks
near each of the stations (D to F). Black
solid lines in (A) to (C) are estimated
from a one-dimensional spring-slider
model in which afterslip obeys a
velocity-strengthening friction law [see
(23) for analytical functions and model
parameters] (44). Blue, green, and red
refer to vertical (U), east (E), and north
(N) displacements, respectively. Note
that the scale differs between panels.
Regions used to calculate cumulative
seismicity are shown in fig. S10.
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Response	  of	  a	  rate	  strengthening	  region	  to	  a	  
stress	  step	  

Coseismic	  stress	  

FricMonal	  stress:	  τf=σ[µ*+(a-‐b)ln(V/V*)]	  

a-‐b>0:	  rate	  strengthening	  fricMon	  



Response	  of	  a	  rate	  strengthening	  region	  to	  a	  
stress	  step	  

FricMonal	  stress:	  τf=σ[µ*+(a-‐b)ln(V/V*)]	  

a-‐b>0:	  rate	  strengthening	  fricMon	  



AXerslip	  Model	  
slippost(t)=V	  Ltr	  log[1+	  (V+/VL)×	  (exp(t/tr)-‐1)	  ]	  

	  
Vpost(t)=V+	  exp(t/tr)/[1+	  (V+/VL)×	  (exp(t/tr)-‐1)	  ]	  

	  
•  VL:	  long	  term	  sliding	  velocity	  

•  V+:	  sliding	  velocity	  at	  the	  end	  of	  the	  coseismic	  phase	  
•  tr:	  relaxaMon	  Mme	  of	  the	  postseismic	  phase	  

	  
•  tr=(a-‐b)σ/(dτLdt)	  

•  a-‐b>0:	  parameters	  of	  the	  rate	  and	  state	  fricMon	  law	  
•  σ:	  effecMve	  normal	  stress	  

•  dτLdt:	  long	  term	  stressing	  rate	  

•  V+=VL	  ×	  exp(Δτ/(a-‐b)σ)	  
•  Δτ:	  coseismic	  shear	  stress	  step	  

	  



The	  law:	  slippost(t)=VL	  tr	  log[1+	  (V+/VL)×	  (exp(t/tr)-‐1)	  ]	  
can	  adjust	  postseismic	  slip	  following	  recent	  earthquake	  

sequences	  (Chi-‐Chi,	  Arequipa,	  Nias,	  Pisco,	  Maule,	  Tohoku,…)	  
	  

The	  parameter	  (a-‐b)σ	  is	  not	  varying	  too	  much	  with	  (a-‐
b)σ=1-‐10	  bars,	  suggesMng	  either	  a	  low	  effecMve	  normal	  
stress	  (high	  pore	  pressure?)	  and/or	  that	  the	  area	  of	  high	  
postseismic	  response	  are	  close	  stability	  (a-‐b	  near	  0)	  

	  
	  
	  

	  



•  We	  assume	  that	  the	  seismicity	  rate	  R(t)	  is	  proporMonal	  to	  the	  
deformaMon	  rate,	  itself	  proporMonal	  to	  the	  aLerslip	  rate:	  

R(t)=dNcum/dt=c(t)Vpost(t)	  
	  

Ncum(t)=[C(t)Upost(t)-‐C(t)Upost(t)]-‐	  Upost(t’)[dc(t’)/dt’]dt’	  

Seismicity	  Model	  based	  on	  AXerslip	  

0	  

Since	  Upost(0)=0:	  
	  

Ncum(t)=c(t)Upost(t)	  –	  Upost(t’)[dc(t’)/dt’]dt’	  

t	  

0	  

t	  

We	  further	  assume	  that	  c(t)=cste	  (dc/dt=0):	  
	  

Ncum(t)=c	  Upost(t)	  
	  



Seismicity	  rate	  given	  by:	  

Seismicity	  Model	  based	  on	  AXerslip	  

	  
R(t)=R+	  exp(t/tr)/[1+	  (R+/RL)×	  (exp(t/tr)-‐1)	  ]	  

	  
RL:	  long	  term	  seismicity	  rate	  

R+:	  seismicity	  rate	  at	  the	  end	  of	  the	  coseismic	  phase	  
tr:	  relaxaMon	  Mme	  of	  aLerslip	  

	  
tr=(a-‐b)σ/(dτLdt)	  

a-‐b>0:	  parameters	  of	  the	  rate	  and	  state	  fricMon	  law	  
σ:	  effecMve	  normal	  stress	  

dτLdt:	  loading	  rate	  
	  

R+=RL	  ×	  exp(Δτ/(a-‐b)σ)	  
Δτ:	  shear	  stress	  change	  

	  



Seismicity	  Model	  
R(t)=	  R+exp(t/tr)/[1+(R+/RL)(exp(t/tr)-‐1)]	  

	  

•  Seismicity	  rate	  jumps	  
from	  RL	  to	  R+	  at	  the	  Mme	  
of	  the	  mainshock	  

•  Decay	  as	  1/lme	  

•  Omori	  law	  with	  an	  
exponent	  of	  1	  

R(
t)
/R

L	  

1/t	  

Perfe.ni	  and	  Avouac,	  2004.	  



AXerslip	  Model	  vs.	  Dieterich’s	  Model	  
AXerslip:	  R(t)=	  R+exp(t/tr)/[1+(R+/RL)(exp(t/tr)-‐1)]	  
Dieterich:	  R(t)=	  R+exp(t/ta)/[1+(R+/RL)(exp(t/ta)-‐1)]	  

	  
•  Both	  models	  are	  idenMcal	  mathemaMcally	  

•  The	  variable	  γ(t)	  of	  Dieterich’s	  model	  is	  proporMonal	  to	  
1/Vpost(t)	  in	  the	  aLerslip	  seismicity	  model	  

•  The	  assumpMon	  of	  a	  constant	  seismicity	  rate	  in	  the	  
aLerslip	  model	  arises	  naturally	  because	  the	  creeping	  
zone	  relaxes	  to	  the	  long	  term	  velocity	  

•  The	  aLerslip	  model	  has	  the	  addiMonal	  constrain	  that	  
R(t)	  is	  proporMonal	  to	  the	  aLerslip	  velocity	  Vpost(t)	  



Case of the Landers Earthquake 



Postseismic	  GPS	  data	  



Postseismic	  GPS	  Time	  Series	  

•  The	  inverted	  aLerslip	  distribuMon	  adjusts	  very	  well	  the	  
observed	  Mme	  series	  

•  The	  aLerslip	  model	  is	  a	  quasi-‐dynamic	  model	  based	  on	  
rate	  and	  state	  fricMon	  on	  a	  rate	  strengthening	  fault	  

Perfe*ni	  and	  Avouac,	  2007	  



AXerslip	  Model	  of	  Landers	  

•  ALerslip	  is	  located	  below	  the	  seismogenic	  zone	  
•  It	  is	  spreading	  with	  Mme	  but	  the	  spaMal	  pauern	  

remains	  the	  same	  

Perfe*ni	  and	  Avouac,	  2007	  



Seismicity	  Rate	  vs.	  Slip	  Rate	  

In	  the	  case	  of	  the	  Landers	  earthquake,	  the	  cumulated	  
number	  of	  aLershocks	  is	  proporMonal	  to	  the	  postseismic	  
deformaMon	  inferred	  by	  GPS:	  

Ncum(t)=c	  Upost(t)	  

Perfe*
ni	  and	  Avouac,	  2007	  



Postseismic	  Coulomb	  Stress	  at	  the	  base	  of	  the	  
seismogenic	  zone	  

•  Postseismic	  	  Coulomb	  stress	  are	  always	  posiMve	  near	  the	  fault	  
assuming	  receiver	  faults	  oriented	  as	  the	  regional	  tectonic	  trend	  

•  ALershocks	  are	  located	  in	  area	  of	  postseismic	  Coulomb	  stress	  
increase	  

Perfe*ni	  and	  Avouac,	  2007	  



Postseismic	  Coulomb	  Stress	  

ALershocks	  are	  located	  in	  area	  of	  increased	  postseismic	  
stress	  at	  all	  depths	  

Perfe*ni	  and	  Avouac,	  2007	  



Postseismic	  Coulomb	  Stress:	  
Cross	  Seclons	  

The	  seismogenic	  fault	  zone	  is	  always	  loaded	  by	  postseismic	  
stress	  

Perfe*ni	  and	  Avouac,	  2007	  



Coseismic	  vs.	  Postseismic	  Coulomb	  Stress	  

•  Coseismic	  Coulomb	  stress	  changes	  are	  mostly	  negalve	  near	  the	  
rupture	  plane	  

•  Postseismic	  Coulomb	  stress	  changes	  are	  posilve	  near	  the	  rupture	  
plane	  

ΔCFF	  Coseismic	  (MPa)	   ΔCFF	  Postseismic	  (bars)	  

Perfe*
ni	  and	  Avouac,	  2007	  



Coseismic	  vs.	  Postseismic	  Coulomb	  Stress	  

•  More	  than	  95%	  of	  aLershocks	  correlated	  with	  areas	  of	  postseismic	  
Coulomb	  stress	  increase	  

•  This	  amount	  drops	  to	  about	  50%	  when	  considering	  coseismic	  
Coulomb	  stress	  

postseismic	   coseismic	  

Perfe*
ni	  and	  Avouac,	  2007	  



Case of the Tohoku-Oki Earthquake 



Postseismic	  Deformalon	  

ExcepMonal	  set	  of	  401	  cGPS	  staMons	  over	  778	  days	  	  



Postseismic	  Deformalon:	  Temporal	  Evolulon	  

•  PCAIM	  decomposiMon:	  Xdat=U1	  S1	  V1	  
•  One	  component	  alone	  explains	  99.1%	  of	  the	  observaMons	  
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AXershocks	  

•  JMA	  catalog	  with	  Mw>2	  

•  About	  126	  000	  aLershocks	  
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Dieterich’s	  Model	  with	  Postseismic	  Stress	  

ΔNcum(t)=RLta	  ln[1+(R+/RL)J(t)]	  
with	  

R+=R(0)	  exp(Δτcos/A)	  
	  

J(t)=(1/ta)	  dt’	  exp(t’/ta)	  exp[Δτpost(t’)/A]	  
	  

Δτpost(t)=cAV1(t)	  
	  

RL,	  ta,	  R+	  and	  c	  are	  4	  constants	  to	  be	  adjusted	  
	  

0	  

t	  



Dieterich’s	  Model	  with	  Postseismic	  Stress	  
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Very	  good	  fit	  to	  the	  data	  for:	  
•  RL=44.46	  evts/day,	  R+=1906	  evts/day,	  ta=451.5	  days,	  c=3.586	  10-‐10	  
•  The	  term	  involving	  postseismic	  stress	  is	  not	  required	  by	  the	  model	  

(c≈0)	  



AXerslip	  Model	  
	  	  
	


ΔNcum(t)=RLtr	  ln[1+(R+/RL)J(t)]	  
with	  

R+=R(0)	  exp(Δτcos/A)	  
	  

J(t)=(1/ta)	  dt’	  exp(t’/ta)	  
	  

RL,	  ta,	  and	  R+	  	  are	  3	  constants	  to	  be	  adjusted	  
	  

t	  

0	  



AXerslip	  Model	  

Very	  good	  fit	  to	  the	  data	  for:	  
RL=45.71	  evts/day,	  R+=2160	  evts/day	  and	  ta=432.4	  days	  
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Postseismic	  Deformalon	  vs.	  AXershocks	  

•  Ncum~c	  V1	  
•  DeviaMon	  at	  short	  Mmes	  that	  decreases	  with	  Mme	  

−0.2 0 0.2 0.4 0.6 0.8 1 1.2
0

2

4

6

8

10

12 x 104

V1

N cu
m



Postseismic	  Deformalon	  vs.	  AXershocks	  

DeviaMon	  dNcum(t)=Ncum(t)-‐cV1(t)	  from	  linearity	  due	  to???	  
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Postseismic	  Deformalon	  vs.	  AXershocks	  

DeviaMon	  dNcum(t)=Ncum(t)-‐cV1(t)	  from	  linearity	  due	  to:	  
•  Early	  missing	  aLershocks?	  
•  The	  constant	  c	  relaMng	  Ncum	  and	  V1	  is	  a	  funcMon	  of	  Mme?	  
•  Another	  mechanism	  controls	  early	  aLershocks?	  
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Postseismic	  Deformalon	  vs.	  AXershocks	  

DeviaMon	  dNcum(t)=Ncum(t)-‐cV1(t)	  from	  linearity	  due	  to:	  
•  2000	  events	  missing	  with	  Mw>4	  implies	  that	  2	  events	  of	  

Mw>7	  must	  be	  missing	  è	  The	  hypothesis	  of	  missing	  
aLershocks	  looks	  reasonable	  (e.g.,	  Kiser	  and	  Ishii,	  2013)	  
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Conclusions	  (I)	  

•  In	  the	  case	  of	  the	  Landers	  earthquake,	  the	  distribuMon	  of	  
aLershocks	  is	  consistent	  with	  postseismic	  Coulomb	  
stress	  changes,	  assuming	  that	  aLershocks	  occur	  on	  faults	  
oriented	  as	  the	  main	  fault	  

•  In	  the	  case	  of	  the	  Landers	  earthquake,	  the	  distribuMon	  of	  
aLershocks	  is	  not	  consistent	  with	  coseismic	  Coulomb	  
stress	  changes,	  unless	  the	  concept	  of	  opMmally	  oriented	  
planes	  is	  used	  

	  



Conclusions	  (II)	  

	  
•  Dieterich’s	  model	  is	  equivalent	  mathemalcally	  to	  the	  

aLerslip	  seismicity	  model	  of	  Perfe%ni	  and	  Avouac,	  2004	  

•  The	  aXerslip	  model	  has	  the	  addilonal	  constrain	  that	  
deformalon	  and	  aXershocks	  should	  be	  linearly	  related,	  
with	  the	  idea	  that	  aLerslip	  drives	  aLershocks	  

•  Seismicity	  and	  Deformalon	  seems	  to	  follow	  the	  same	  
temporal	  evolulon	  in	  the	  postseismic	  phase,	  in	  
agreement	  with	  the	  hypothesis	  of	  the	  aLerslip	  seismicity	  
model	  

	  



Triggering	  of	  the	  Hector	  Mine	  Earthquake	  

The	  locaMon	  of	  the	  Hector	  Mine	  hypocenter	  has	  been	  
increased	  by	  the	  postseismic	  Coulomb	  stress	  

ΔCFF	  Postseismic	  (bars)	  


