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Abstract Aftershocks region have been extensively reported to expand logarithmically with time.

The associated migration velocity is typically of the order of several km/decade but can be much larger,
especially when observing early aftershock sequences, seismic swarms, or tremors. We present here a model
for the expansion of aftershock zones based on the idea that aftershocks are triggered as afterslip grows
with time along the fault. One of the model assumptions is that aftershocks are triggered when a critical
level of afterslip is reached. We predict that the migration velocity V,, at time t following the mainshock is
given by V, =C2—; X % where A’ is a frictional parameter, At a characteristic value for the stress perturbation,
¢ the radius of the stress perturbation, and ¢ a constant of order unity. The scaling V, 1/t implies a
logarithmic expansion of the aftershock zone with time. The migration velocities predicted by our model
are in quantitative agreement with the observations reported following aftershock sequence of small and
large earthquakes in various tectonic settings, seismic swarms, and tremor sequences.

Plain Language Summary Aftershocks are shown to migrate with time away from the rupture
area of the mainshock. This migration typically occurs as the logarithm of time. We present here a
model based on the idea that afterslip drives aftershocks. The model is able to predict the migration as
the logarithm of time, predicting apparent propagation velocities consistent with the observations.
The propagation velocity is simply related to the physical parameters of the model.

1. Introduction

Aftershocks zones are known to expand with time (e.g., Chatelain et al., 1983; Henry & Das, 2001; Tajima &
Kanamori, 1985). Thanks to the recentimprovement of earthquake catalogs, a migration of the aftershock zone
as the logarithm of time has been widely reported (Frank et al., 2017; Kato & Obara, 2014; Meng & Peng, 2016;
Obana et al., 2014; Peng & Zhao, 2009; Tang et al., 2014; Wesson, 1987). Numerical simulations have suggested
that this semilogarithmic migration is indicative of afterslip-driven aftershock activity (Ariyoshi et al., 2007;
Kato, 2007) and subsequent observations have confirmed such (Peng & Zhao, 2009).

Assuming a rate strengthening rheology, Perfettini and Avouac (2004) showed that the temporal evolution of

afterslip U(t) is given by
v, t
1+7L(exp<t—r>—1>] (1

where V| is the long-term sliding (or loading) velocity after the mainshock, V, the sliding velocity right after the
end of coseismic rupture, and t, the duration of the postseismic phase. The parameters V, and t, are given by

u(t) = V;t, log

t = A—l (2a)
T
A =(a-b) (2b)
V, =V, exp (%) (29

where 7 and ACFS are respectively the stressing rate and Coulomb stress change (induced by the mainshock)
on the rate strengthening region, a and b the rate and state frictional parameters and ¢ the effective normal
stress.
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The sliding velocity V(t)= 2—‘: is given by

V() = vero ;) 3)

Ve )y

1+ o (3) 1]

Given that the duration of the aftershock sequence typically lasts for several years, for most practical use, the
approximation t<t, in equation (1) is valid. In the case t < t,, equation (1) simplifies into

Vv
u(t) = Vt, log |1+ *t t], t<t ()
Lr
while the sliding velocity reduces to
V+
V() ~ . L, (5)
14+ =t
v,

Equation (4) is similar to the afterslip model of Marone et al. (1991).

Numerous studies have shown that postseismic deformation following moderate (Parkfield and 'Aquila earth-
quake sequences) and large earthquakes (Landers, Pisco, and Tohoku-Oki earthquake sequences) could be
well described assuming only one component in the Principal Component Analysis (PCA) (Gualandi et al.,
2016; Perfettini et al., 2010; Perfettini & Avouac, 2014; Savage & Langbein, 2008; Savage & Svarc, 1997). In other
words, the afterslip distribution U(7, t) at position 7 = (x, y, z) and time t can be written as

U, t) ~ f(F) X g(t) (6)

where f and g are two functions, depending respectively uniquely on position 7 and time t. Therefore, the
afterslip distribution is described by the spatial pattern f(F) and is modulated in time by the function g(t).
Typically, g(t) predicts a logarithmic growth of afterslip with time and is well described by equation (4). Since
the spatial and temporal evolution are independent, there is no propagation of afterslip in a literal sense
(U « h(F — ct), where c is the propagation velocity).

Two extreme views can explain the production of aftershocks. In one (hereinafter Dieterich’s model), after-
shocks are produced by the response of a population of rate weakening patches to coseismic stress changes
(Dieterich, 1994). In the other (hereinafter PA model), aftershocks are produced by afterslip loading the asper-
ities that produce aftershocks (Perfettini & Avouac, 2004). In this case, the simplest assumption that could be
made is that the seismicity rate R(t), in a given area, is proportional to the rate of afterslip V(t) at the same
location. Consequently, and after use of equation (3), the seismicity rate is given by

R() = e () %)

R, t
”R—L[exp(r)”]

where R, is the long-term seismicity rate after the mainshock, R, the seismicity rate right after the end of
coseismic rupture, and t, the duration of the postseismic phase. Again, the parameters t,, A’ and R, are given by

t, = A—.’ (8a)

T
A =(a-b) (8b)
R+=RLexp(%> (8¢)

Surprisingly, both Dieterich and PA models predict exactly the same mathematical form for the evolution
of the seismicity rate following a stress step (Perfettini & Avouac, 2004). One difference between both mod-
els is that, in Dieterich’s model, A’ should be replaced by A = ac, where a the viscous parameter of the rate
weakening patches.
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Equation (7) predicts a 1/t decay of the seismicity rate R(t) (Perfettini & Avouac, 2004) consistent with Omori’s
law (Omori, 1894). Utsu (1961) extended Omori’s law proposing the modified Omori (or Omori-Utsu) law for
which R(t)=K(c + t)~” where K is a constant, c is a characteristic time and p is the p value exponent. Dieterich
and PA models correspond to the particular case p = 1 of the Omori-Utsu law, which is generally a good
approximation.

Another major difference between both views is that PA’s model has the additional constraint that the after-
slip rate should be proportional to the seismicity rate, a feature that has been widely reported (Hsu et al., 2006;
Perfettini & Avouac, 2004, 2007; Perfettini et al., 2005; Savage & Langbein, 2007, 2008). The A and A’ param-
eters are usually found in the range 0.1-1 MPa. Considering the hydrostatic stress o, at 20 km depth, about
200 MPa, and A = 0.1-1 MPa we find that a = A/o, = 5 x 107 — 5 x 1073. Although those values of a can
be found in the laboratory (lkari et al., 2016), they differ from typical laboratory estimates that fall between
103 and 1072

The same calculation can be carried out in PA’s model and implies thata — b~ 5 x 10~% — 5 x 10~3. There is no
contradiction in having the parameter a — b being significantly smaller than the typical laboratory values of
a and b. Another simple reason for a low value of a — b is that velocity neutral regions (a ~ b) represent the
regions that will show the strongest postseismic response, in agreement with equation (8c), and are the most
likely to be studied (Frank et al., 2017).

2. Model of Aftershocks Migration

We consider a fault with only depth varying properties. Consequently, the normal stress, stressing rate, and
rheological parameter A’ can change with depth but are assumed to be laterally uniform. We will consider the
migration of aftershocks along the strike direction x and assume that the initial Coulomb stress field vary with
x, building the initial distribution of afterslip velocities. Consequently, the following variable dependencies
are expected: 7(2), A'(2), t,(z), ACFS(x, z), and V_ (x, 2).

For a sake of simplicity, we will remain in the approximation t < t,, focusing our attention on the early stage of
the postseismic phase (typically several months after the mainshock). This period is when aftershock activity
is the most intense. Considering later stages of the postseismic phase (typically several years) would require
one to use the sliding velocity given by equation (3), instead of its approximation in equation (5) for t < t,.
Viscoelastic relaxation could also become dominant several years after the mainshock and become the
dominant mode of postseismic deformation (Freymueller et al., 2000; Khazaradze et al., 2002).

Figure 1 shows a schematic sketch of the model. During the interseismic phase (Figure 1a), a population of
asperities (dark blue patches) are loaded by the surrounding interseismic creep (yellow region), occurring
at a steady state (plate) velocity. When the mainshock occurs (Figure 1b), some asperities slip coseismically
(red patches), transferring large positive Coulomb stress into the nearby creeping regions. During the post-
seismic phase (Figure 1c), the creeping regions loaded by the mainshock experience large amounts of afterslip
(orange region). As this afterslip increases along the fault with time, aftershocks (light blue) are produced
accordingly when a significant amount of afterslip (of the order of U, given in equation (19)) accumulates.

Our model is consistent with the findings of Tajima and Kanamori (1985) that analyzed the aftershock expan-
sion patterns of 44 large earthquakes. They explained their results using an asperity model of fault zones
assuming that the fault plane is composed of “strong spots, called asperities (the locked regions of Figure 1a),
and weak zones (the creeping regions of Figure 1a) surrounding asperities.” They proposed that it is the grad-
ual outward expansion of the stress changes caused by the mainshock in those weak zones that explain the
expansion of aftershocks zones, a mechanism that corresponds to the growth of afterslip over the fault plane
in our model (Figure 1c).

We will assume that the aftershocks directly triggered by coseismic stress changes only occur in the early
stage of the postseismic phase (during, say, the first hours following the mainshock) and that their number
represents a small fraction of the aftershocks triggered by afterslip.

2.1. Model Based on the Seismicity Model of Perfettini and Avouac (2004)
In Appendix A, we show that the characteristic aftershocks duration is
Vv, ACFS
t, = V—t,:exp (— m )t, (9)

+
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Figure 1. Schematic sketch of the model: (a) During the interseismic phase, a population of asperities (dark blue patches)
are loaded by the surrounding interseismic creep (yellow region), occurring at a steady state (plate) velocity; (b) during
the coseismic phase, some asperities slip coseismically (red patches), transferring large positive Coulomb stress into

the nearby creeping regions; (c) during the postseismic phase, the creeping regions loaded by the mainshock show
large amount of afterslip (orange region). As this afterslip increases along the fault with time, aftershocks (light blue)

are produced accordingly when a significant amount of afterslip (of the order of U, given in equation (19)) is reached.
The black vectors describe the afterslip migration.

If A" =(a — b)c in PA's model is substituted by A=ac, then equation (9) is exactly the aftershock duration time
in Dieterich’s model. So the following results will remain valid in Dieterich’s model but A’ needs to be
substituted by A.

Equation (9) can be written as

t,x,2) = exp <—m>r,<z>

A'(2)

Using equation (10), we have

t& _ _T_a 0ACFS
ox A ox

(m

so that the propagation velocity V, = :TX is given by

Al AACFS\™!
V=2 (- ) 12
Pt x( ox (12)

Equation (12) shows that the smoother the Coulomb stress field (low Coulomb stress gradient), the higher the
aftershock migration velocity V,.

2.2. Model Based on a Slip Threshold
We will assume here that an aftershock is triggered when a critical level of afterslip U, is reached on a nearby
creeping patch. A rough estimate of this afterslip level will be given further in this section.

The slip front U(x, t) =U,,, initially at position x at time t, moves to a nearby position x + dx at time t + dt. Since
we are looking at the displacement of a constant slip level, then U(x + dx, t + dt)=U(x, t) (= U,) meaning that

v

U, ou
dv=Yax+ Ygr=o0 13
ax Xt (13)
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The propagation velocity V, = % is given by

U
_ ot
V, = T (14)
ox
Taking equation (4) for U gives
4
- (15)
A
1+ Et
and
ov v
U _ t (It + xaACFS (16)
ox 14 Ve ox A 4 Yy ox
v, v,

Using equations (15) and (16) together with (14) yields

! -1
y z/ix<_aACFs>

17
Pt ox (7)

Equation (17) is identical to (12) obtained considering the expansion of the aftershock zone. A direct cor-
respondence between the two approaches can be drawn noting that the slip U, accumulated during the
characteristic aftershock duration t, is of the order of V, t,

U, =V,t, (18)

Therefore, considering the expansion of the aftershocks zone is equivalent in following the migration of the
constant slip level U,. Using equations (2) and (9), (18) becomes
VA
Ua = VLtr = - (19)
T

Assuming a typical duration of an aftershock sequence between 7 and 11 years (Parsons, 2002) and a loading
velocity between 1 and 10 cm/yr imply that the slip level in the limit of the aftershock zone should stand
between 0.07 and 1.10 m.

Equations (12) and (17) equivalently predict a decay of the propagation velocity as 1/t. Between time t; and
time t, the aftershock zone R, has expanded of an amount AR, (t) =R,(t) — R,(t;) given by

-1
AR,(H) = A X (—‘maffs) log (;) t>t, (20)

i

which predicts an expansion as the logarithm of time.

Equation (20) is consistent with the conceptual model presented by Tajima and Kanamori (1985) to explain the
difference of aftershock expansion patterns between “Mariana”- and “Chilean”-type subduction zones. In the
“Mariana” type, small asperities are sparsely distributed while in the “Chilean” type, relatively large asperities
are separated by small weak zones. In our model, this would correspond to a smooth coseismic Coulomb

stress field (small Coulomb stress gradient) for the “Mariana” type, and a rougher one (large Coulomb stress

-1
gradient) for the “Chilean” type. Due to the —"A;FS term in equation (20), the corresponding expansion

velocities would be larger for the “Mariana” type than for the “Chilean” type, consistent with the view of Tajima
and Kanamori (1985).

3. Propagation Velocity Obtained Through Dimensional Analysis

Equations (17) and (20) giving respectively the propagation velocity and the extension of the aftershock
zone both involve the gradient of the coseismic Coulomb stress changes with respect to the strike direction.
The coseismic Coulomb stress field ACFS could be estimated using a kinematic slip model of the mainshock
and knowing the elastic structure of the medium. Nevertheless, the obtained field could be significantly
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different from the “real” coseismic Coulomb stress field. Assuming that the computed Coulomb stress field
is approximate, its gradient will be even more approximate as the derivative will enhance the spatial fluctu-
ations of the Coulomb stress field. Even though it might be appealing to evaluate —1 /%ﬁm numerically, the
corresponding estimate will likely be far from its true value.

On the contrary, a simple dimensional analysis allows a qualitative estimate of the mean gradient in Coulomb
stress

<0ACFS>N_1£ 21)
ax ¢ c

where Az and c are respectively the stress drop and characteristic size of the mainshock, ¢ is a constant of
order unity while < ... > means spatial (along strike) average. Note that in equation (21), the minus sign comes
from the fact that the Coulomb stress field decreases with increasing distance from the rupture area.

(H50) )= @2

In Appendix B, we show that for the idealized Coulomb stress field proposed by Dieterich (1994), £ =2.77.

Using equation (21), we obtain

Introducing equations (22) into (17) and (20), we obtain
VvV =¢Sx — (23)
and

t
AR.(t) = ¢A' x < log ( £
A0 =¢ XA109<t-

1

>, t>t (24)

ARy(t)

Finally, the velocity per decade V, 4 often reported in the literature is given by log 10

and + = 10 leading to
c
Vp/d = gA,E (25)

Using equation (25), equations (23) and (24) become

v
/d
v, =25 26
» = (26a)
AR,(t) = Vs X log (%) t>t, (26b)

It follows that the velocity per decade V), , characterizes the magnitude of the aftershocks migration.

4, Comparison to Aftershocks Sequences

4.1. The 2015 M, 8.3 lllapel Earthquake

We will show here how to apply our model to the case of the aftershocks of the 2015 M, 8.3 lllapel Earthquake
in Central Chile. For this aftershock sequence, Frank et al. (2017) found A’ ~ 3.5 X 1072 MPa and A7 ~0.24 MPa
based on the coseismic slip model of Ruiz et al. (2016), and A’ ~ 4.5 x 10~2 MPa and At ~ 0.3 MPa based on
the coseismic slip model of Shrivastava et al. (2016).

The equivalent source radius ¢ can be obtained assuming a circular crack for which (equation (4.30) of

Scholz, 2002)
M 3
7 Mg \3
27
¢ <16 Ar) @7)

Assuming M, = 3.55 x 102" N m which corresponds to a M,,8.3 earthquake, equation (27) yields c~186 km
and 173 km for the coseismic models of Ruiz et al. (2016) and Shrivastava et al. (2016), respectively.

The parameters A’, Az, and ¢ being determined, we can use equation (24) to predict the expansion of the
aftershocks zone once the constant ¢ is known. Figure 2 shows the expansion of the aftershock zone using
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Figure 2. Along-strike expansion of the aftershock zone of the lllapel
earthquake predicted by equation (24) considering the coseismic slip
models of Ruiz et al. (2016) (solid line) and Shrivastava et al. (2016) (dashed
line) for ¢ =1 (blue lines) and ¢ =2.77 (red lines). The aftershock zone shows
an expansion as the logarithm of time. The plotted data are from Frank

et al. (2017).

equation (24) between t=10% — 107 s and the values of A’ reported above,
the parameter t; being set to the time of the first observation (t;=10?%s).
In Figure 2, equation (24) has been used considering the coseismic models
of Ruiz et al. (2016) (solid line) and Shrivastava et al. (2016) (dashed line)
and assuming ¢ =1 (red lines) or { =2.77 (blue lines). For both values of
¢=1and2.77, Figure 2 isin qualitative agreement with the observed migra-
tion of aftershocks reported by Frank et al. (2017), justifying the use of
equation (24) with a constant ¢ of order unity.

The straight lines in Figure 2 (showing the along-strike distance of after-
shocks as a function of the logarithm of time) correspond to the position
of the afterslip front as a function of time, and whose amplitude is roughly
given by U, from equations (18) or (19). In our model, locked asperities close
to rupture (i.e., at the end of their loading cycle) will tend to rupture instan-
taneously when reached by the afterslip front, and no aftershocks will occur
before the arrival of this front. The asperities further from failure might rup-
ture some time after the passage of the afterslip front, depending on their
state in the loading cycle. In other words, the spread of the data simply
reflects the variability in nucleation time of the asperities, depending on
their size, stress history, etc.

For both values of { =1 and 2.77, Figure 2 shows that the aftershocks zone
expands as the logarithm of time, as observed in numerous aftershock
sequences (Frank et al., 2017, and references therein).

4.2. Other Migration Sequences
4.2.1. Californian Earthquakes

Figure 3 adapted from Marsan and Lengliné (2008) shows the characteristic aftershock migration pattern in
California (open circles). The mean epicentral distance from a mainshock to its aftershocks (both direct and
indirect aftershocks, see Marsan & Lengliné, 2008, for further details) is computed as a function of time. The

mean is taken by considering al

| possible m >3 mainshocks, for southern California earthquakes from 1984 to

2002. The solid line in Figure 3 corresponds to the best fit model (solid line) of equation (26b), corresponding

to V,4~3.15 km/decade.

50 °

[e} Marsan and Lengliné [2008]
Eq. (26b), Vp/d=3.15 km/decade

40+

30

Distance (km)

20 -

o | . . . . |
10 102 107 10° 10" 102 10°

Time since mainshock (days)

Figure 3. Characteristic expansion of aftershocks (square) in California
(Marsan & Lengliné, 2008) together with a logarithmic fit (straight line)
obtained considering equation (2009b) with Vp/dz3.15 km/decade.
The plotted data are from Marsan and Lengliné (2008).

For a mainshock of moment magnitude M, = 1.26 x 10'® N m (M,,6.0) and
assuming A’ = 0.5 MPa as in Perfettini and Avouac (2007) and At ~ 2.3 MPa
(Kim & Dreger, 2008), we find using equation (25) and {=1 that V,, ,;~1.35 km/
decade. Considering the value { = 2.77 found in Appendix B, we find V, , ~
3.74 km/decade. For a mainshock of moment magnitude M, =3.98x10'* Nm
(M,,7.0) with A’ = 0.5 MPa and At ~ 2.3 MPa, we get Voja = 4.27 km/decade
when ¢ =1and V, 4 ~ 11.8 km/decade when ¢ = 2.77. The value of about
3 km/decade found in Figure 3 is consistent with the values predicted by
our model.

4.2.2. The 2011 M,,9.0 Tohoku-Oki Earthquake

Lengliné et al. (2012) reported an early expansion of the aftershock zone as
the logarithm of time. Based on their Figure 4, the migration velocity is of the
order of 100 km/decade. Using A7 = 2.4 MPa as the mean stress drop of the
Tohoku earthquake (Brown et al., 2015), we find, using equation (25) with
{ =2.77 (see Appendix B), that V, 4, =~ 112 km/decade for A’ = 0.5 MPa and
V,a~11.2km/decade for A’ =5x 1072 MPa. Our model suggests in the region
of the Tohoku earthquake, the parameter A’ is probably closer to the value
0.5 MPa than to the value A’ = 4 x 1072 MPa found by Frank et al. (2017) for
the Central Chile subduction zone.

Kato et al. (2014) reported the propagation of events within a seismic swarm
triggered by the Tohoku-Oki earthquake, with a migration velocity over
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2 days of about 20 km/d. Using equation (23) with Az = 2.4 MPa, A’ = 0.5 MPa as suggested earlier gives
V, = 55.9 km/d for t = 2 day, in quantitative agreement with the observations of Kato et al. (2014).

5. Conclusion

Our simple model only considers along-strike migration. If propagation with depth is considered, then all
spatial derivatives should also apply on t, and 7 and not only on V, and ACFS. However, we believe that the
simple scaling proposed should be general although the value of the constant ¢ depends on the real Coulomb
stress distribution which is unknown. It also depends on the real source extent that we have assumed circular
here for simplicity. Nevertheless, our analysis of section 4.1 and Appendix B suggests that the constant ¢
should be of the order unity.

Our model can explain the gross features of the migration of aftershock zones: (1) an expansion as the log-
arithm of time and equivalently a migration rate decaying as the inverse of time, (2) migration velocities
typically of the order of several km/decade. Initial migration speed should be large due to the 1/time scal-
ing predicted by our model, consistent with the large migration speeds reported following seismic swarms
(Shelly et al,, 2011).

In practice, equation (23) can help estimating the order of magnitude of the A’ parameter. Indeed, in each
cases, a rough estimate of Az and cis possible. Az represents the characteristic amplitude of the perturbation,
forinstance the average stress drop of the mainshock when considering an aftershock sequence. For aftershock
sequences, the source radius c of the stress perturbation can be roughly estimated using equation (27) or
by considering the average radius outlined by the early aftershocks. So once the characteristic observa-
tion time ¢ is given and the migration velocity V), is known, equation (23) can be used to infer a rough
estimate of A’

When applied to the case of the Illapel earthquake, equation (23) was more constrained as the model param-
eters Az, ¢, and A’ were previously estimated (Frank et al., 2017). Assuming ¢ of order unity, our model
predictions are consistent with the observations. Consequently, our modeling approach based on the idea
that afterslip drives seismicity can simultaneously adjust the aftershock distribution in depth as done in Frank
et al. (2017), together with explaining the migration of aftershocks with time, using the exact same value of
the A’ parameter in both cases. We believe that our results strengthen the idea that afterslip drives aftershocks
as postulated in Perfettini and Avouac (2004, 2007).

The assumption that the resisting stress = depends positively on the logarithm of the sliding velocity seems
to be robust as it agrees with the evolution of postseismic surface deformation, aftershock activity, and
how seismicity migrates with time in response to an aseismic creep burst. Avouac (2015) showed that
the common observation that postseismic surface displacements evolve as the logarithm of time natu-
rally implies that the postseismic stress acting on the fault increases as the logarithm of the fault sliding
velocity.

A logarithmic rate strengthening rheology is characteristic of numerous thermally activated processes (e.g.,
Eyring, 1935) such as dislocation creep, diffusion creep, and pressure solution creep. Stress corrosion might
also fall into the same class of deforming mechanisms. Stress corrosion in regions of high stress following
the mainshock has been proposed to be a viable mechanism to explain the production of aftershocks (Das &
Scholz, 1981; Scholz, 1968). This theory implies a decaying rate of aftershocks with the inverse of time, as does
our model. In stress corrosion theory, the expression of the mean time to fracture < t >, used to evaluate the
probability of aftershock production, is proportional to exp(—z/ ), where y is a temperature and material
dependent constant (Scholz, 1968). As the mean sliding velocity V of the interface scalesas V « 1/ < t>,
then Vxexp(z/ y) is expected. Consequently, we cannot exclude the possibility that the physical mechanism
driving aftershocks is stress corrosion and not frictional afterslip.

In this paper, we have assumed that the evolution of afterslip is governed by rate and state friction, but our
results would remain unchanged considering any type of thermally activated processes such as those men-
tioned above. The only requirement for our results to hold is that the shear stress  and the deformation
rate ¢ should be such that ¢ « exp (z/c), where ¢ >0 is a constant that is analogous to the parameter A’ of
our model.
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107 Appendix A: Determination of the Duration of the
Aftershock Sequence
10°F E
Figure A1 shows the normalized seismicity and afterslip rates as a function of
0 normalized time for various initial sliding velocities t—* =10 (black curve), 103
E| L
(blue curve), 10° (red curve), and 10”7 (magenta curve). The afterslip or seis-
= 10' 1 micity rate shows a plateau of characteristic duration t,, followed by a decay
& as 1/t before returning to a steady state regime. Clearly, the total aftershock
g ] (or afterslip) duration is t, and is independent of the initial sliding velocity.
The characteristic duration of the aftershocks (afterslip) sequence can be
10°% 3 obtained finding the intersection of the sliding velocity V, corresponding to
an infinite initial velocity (limit % — oo in equation (3)
10’ J L
s(2)
10° . s i . . ‘ ‘ ‘ V)=V, x ———— (A1)
10 107 10°  10® 10" 10° 10 10" 10° 10 exp (i) -1
l!
Figure A1. Normalized seismicity and afterslip rates as a function of with the initial velocity V. . Setting V, (t,) =V, in equation (A1) gives
normalized time for various initial sliding velocities VV—* =10 (black curve),
L
103 (blue curve), 10° (red curve), and 107 (magenta curve). The total
aftershock (or afterslip) duration is t, and the characteristic aftershock t=1X log v, (A2)
(afterslip) duration t, is given by the dotted vertical lines. A
In the most common cases V, >>V, and equation (A2) becomes
A ACFS
t, = t,v—+ =t exp (— o ) (A3)

which is identical to equation (18) of Dieterich (1994) (after substitution of A’ by A = ac in Dieterich’s model)
for the aftershock duration time (named t, in Dieterich, 1994).

Appendix B: Determination of the Constant ¢ in the Case of a Simplified Coseismic
Coulomb Stress Change

Following Dieterich (1994), we consider the following Coulomb stress changes along the strike direction x

o\
ACFS(x) = At <1_)F> -1l,x>c

where c is the radius of the coseismic rupture, Az > 0 the absolute value of the mean coseismic stress drop.
As mentioned by Dieterich (1994), this idealized Coulomb stress field “does not represent azimuthal depen-
dencies” on the Coulomb stress “but it does incorporate both the square root stress singularity at the crack
tip and the stress falloff by 1/x3 at larger distances which are characteristic of cracks in an elastic medium.”

(B1)

Using equation (B1), the stress gradient (the derivative of the Coulomb stress field with respect to along-strike
distance) is given by

0ACFS 3
& W ___ 3cAr _ x>c ©2)
) 2 (1-5)°
3
which yields
3
-1 4 3\ 2
_0ACFS _ 1< x> (B3)
ox 3c3AT x3

For practical use, we will consider the mean value of equation (B3), averaged over ¢ and 2c (the stress changes
at twice the source radius and beyond becomes negligible, see Figure B1)

(52 )= (5F)

(B4)
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Figure B1. Coulomb stress change predicted by equation (B1) from Dieterich (1994), where c is the source radius and
At the amplitude of the stress drop of the mainshock.

After introduction of the variable u = x/c, we have

2c
1 2x4 A3\?
EX[ ¥<1——3> dX=CXC (BS)
with
2 [? 3
z:=§/ ut(1—u)? dum 277 (B6)
1

Combining equation (B4) together with (B3), (B5), and (B6) yields

AACFS\™! c
(=== =X — B7
< ( ox ) > ¢ At (B7)
Note that the constant ¢ depends on the real Coulomb stress field and the value given in equation (B6) is
obtained considering an idealized loading profile. Nevertheless, the scaling proposed in equation (23) should

-1
remain valid for realistic stress changes as <— (@ ) > scalesas i, and ¢ should be taken as an adjustable

constant of order unity.
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