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Abstract
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Key Points:

o A weakening-zone core develops in the final stage of earthquake nucleation
which expands first and then shrinks to an unstable length

o Pre-shock seismicity reveals the final weeks-long nucleation process of large
subduction earthquake

e Comparison between aseismic slip rate and the loading rate helps mark
the final stage of main-shock nucleation.

Abstract

Previous experiments and modeling on the nucleation process of an earthquake
reveal accelerating slip and development of a final patch of fixed or expand-
ing length, but whether the nucleation phase is spatially large enough to be
detected in real-Earth conditions with durations long enough to be helpful is
unknown. This study performed a new round of simulation of the nucleation
process based on the rate-and-state friction law. Our results reveal the develop-
ment of a weakening-zone core where stress releases continuously, which expands
first to a dimension less than the half fault length then shrinks to a final length
before re-expanding, consistent with seismicity migration before large subduc-
tion earthquakes. Onset times of the weakening-zone core are weeks before large
subduction earthquakes under high loading rate but years for continental faults
with loading rate below 10mm/yr. The onset of weakening-zone core is marked
by fault-length-dependent slip rates>3.6-4.8 times the loading rate.

1 Introduction

Understanding the nucleation process of large earthquake is crucial for earth-
quake prediction and risk assessment as it might provide alert information on the
impending earthquake. Despite differences due to roughness of simulated faults,
laboratory experiments (Diterich,1978; Kato et al., 1992; Ohnaka & Shen,1999;
McLaskey & Kilgore, 2013; Latour et al., 2013) and associated numerical mod-
elling (Kaneko et al., 2016) suggest that earthquake nucleation consists of two
distinct phases: an initial slow propagation phase and faster acceleration phase,
both of which are creeping (aseismic) slip, followed by the final run-away rupture.
In spatiotemporal views, the aseismic slip before the final run-away rupture in
laboratory stick-slip cycles show expansion of the creeping region at various
expansion rate associated with different time scales of milliseconds to seconds
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prior to the final rupture (at a higher rate in a shorter time, Ohnaka and Kuwa-
hara,1990; Ohnaka and Shen,1999; Dieterich, 1978; Mclaskey and Kilgore, 2013,
Ma and Guo, 2014; Zhuo et al., 2018, 2020). Expansion of aseismic creeping
region that precedes a seismic slip has also been observed in numerical model-
ing of earthquake nucleation in a range of constitutive parameters and initial
conditions loaded with slow tectonic stress rates (Dieterich, 1992; Rubin and
Ampuero, 2005; Ampuero and Rubin,2008; Fang et al., 2010), and the expan-
sion occurs in the final limited time before an earthquake instability, mostly
in a range of 10-100s but on the order of 1000s in extreme cases where initial
conditions are near the critical point(Fang et al., 2010). The latter feature in
numerical models is worth revisiting under different fault parameters and ini-
tial conditions for its potential that may be useful in risk assessment. From
a different perspective, a ‘meta-instability stage’ observed in laboratory stick-
slip experiments has also been adopted to characterize the nucleation phase of
earthquake instabilities (Ma et al.,2012), which is defined as a stage where the
simulated fault passes through its peak average stress and subsequently releases
stress up to the run-away instability. In spite of the explicitness of this concept,
it is worth noting that the peak average stress is difficult to be observed in
natural faults, and identification of such a stage in tectonic settings relies on its
associated characteristics.

Despite the fact that natural observations of nucleation phases before earth-
quakes are difficult and remain debated (Gomberg, 2018; Ellsworth & Bulut,
2018; Acosta et al., 2019), the study of recent well-instrumented records of large
earthquakes has highlighted several ruptures preceded by precursory aseismic
slip, linked or not with foreshocks or aseismic transient events (Bouchon et al.,
2013; Kato et al., 2012, Kato and Nakagawa, 2014; Socquet et al., 2017). How-
ever, foreshocks or aseismic slips before a main-shock can only be recognized
retrospectively through statistical analysis and are not observed in many major
earthquakes (Bouchon et al., 2013; Ellsworth & Bulut, 2018; Kato & Ben-Zion,
2021), especially for intraplate earthquakes (Bouchon et al., 2013). However,
as seen in the case of the Iquique Mw 8.1 earthquake of Chile (April 1, 2014),
acceleration of cumulative slips has been revealed via the observation of small
repeating earthquakes on the seismogenic fault (Kato et al., 2016). Likewise,
acceleration of cumulative slips has also been observed before the Wenchuan Mw
7.9 earthquake of China (May 12, 2008), a typical intraplate large earthquake,
where the local slip rate revealed from repeating small earthquakes had acceler-
ated to an average of ~10mm/year (Li et al., 2011; Chen et al., 2018), equivalent
to 5-10 times of the long-term average slip rate of the seismogenic fault zone
(1-2mm/year, Shen et al., 2009). The acceleration of aseismic slip before an
earthquake is consistent to a general feature in earthquake nucleation processes
modeled with rate- and state-dependent friction laws (e.g., Dieterich, 1992) and
laboratory stick-slip experiments revealed by analysis on the slip rate (Zhuo et
al., 2018, 2020), but the presence of quite different accelerating aseismic slip
in natural tectonic settings lasting seconds to years prior to some earthquakes
indicate that the slip growth in the nucleation phase observed in experiments



and theoretical models is still a mystery.

In this study, we characterize the final stage of the nucleation process with
2D numerical simulations based on the rate- and state-dependent friction law,
where the model is constrained by seismic data preceding several well-recorded
interplate and intraplate large earthquakes.

2. Method
2.1. Model

Consider a straight fault in 2D infinite elastic medium (Fig. 1a), with the two
ends pinned as in previous modellings by Dieterich(1992) and Fang et al.(2010).

Assume that the contacting fault surfaces are governed by the laboratory-
derived rate- and state-dependent friction law (Dieterich,1979; Ruina,1983), in
which the friction coefficient is controlled by the superposition of the direct
(instantaneous) effect of slip rate V and the evolution effect represented by
logarithm of a state variable reflecting asperity contact time,

p=7I=p+an(F)+oin (L) (1)

where is shear stress and is effective normal stress. a and b are positive pa-
rameters that reflect the strength of direct rate effect and the evolution effect,
respectively, and they are interpreted to be intrinsically related to thermally
activated Arrhenius processes under high stress. The thermally activated pro-
cess can be crystalline plasticity (Nakatani, 2001; Rice et al., 2001; Brechet and
Estrin, 1994) or pressure-solution creep (He et al., 2013) at asperity contacts,
with concurrence of equally dominant process of cataclasis for rock materials
(He et al., 2013). The evolution effect is assumed to follow the aging law,
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where D, is a characteristic slip distance, which controls the time scale of the
state evolution during unsteady slip after a perturbation. The stress rate at
z on the fault is calculated to be the sum of a far field stress rate 7°°and the
local stress rate 7¢ transferred along the fault by elastic interaction due to
inhomogeneous fault slips,

T=7%4+17°(3)
The local stress rate 7° is calculated by an integral
(x) = [ g(w,5)V(s)ds (4)

with the Green’s function of

oa.5) = i

where G is shear modulus and is Poisson’s ratio.
In the wave-number representation, equation (4) is transformed to

FT(7¢) = =G FT(V)7|x]|



where G* = G//(1—v) for in-plane deformation mode and G' = G for anti-plane
case. k is wave number, and FT is Fourier transform. So the local stress rate
by elastic interaction can be calculated by inverse Fourier transform invFT,

7 = —invFT[G FT(V)xl|x|] (5)

The fault is discretized as N grids, and the Fourier transforms in (5) is calculated
through a fast Fourier transform (FFT) scheme. The pinned fault ends are
implemented by zero padding on the fault extension with the same dimension
as the fault length. An ends-pinned fault bears relatively higher stress in the
middle due to initial homogeneous slip rate and the given far-field stressing rate,
and slip nucleation tends to occur in the fault middle (Dieterich,1992; Fang et
al., 2010), whereas the position of slip nucleation on a periodical fault (ends not
pinned) depends on spatial perturbations in the initial conditions (Rubin and
Ampuero, 2005; Ampuero and Rubin, 2008). The reason for focusing on the
former case in this study is to incorporate the effect of strong barriers at the
two fault ends on the nucleation process. Combining equations (1) through (3)
in their differential forms, numerical integration gives the evolution process of
the fault model from given initial conditions with an applied loading rate. The
integration was calculated with a fourth-order Runge-Kutta method using the
recipe of Press et al. (1992).

2.2. Model parameters and initial conditions.

The far-field stress rate in the model is assumed to be related to the long-term
average slip rate V, by

7 = 42V, (6)

with L as the fault length. This relation is adopted according to the average
slip rate over the fault when it is driven by a homogeneously distributed stress
rate (He, 2000). For convenience of use, we call V, as loading rate below. The
shear modulus is chosen to be 40GPa, and for in-plane deformation Poisson’s
ratio is set to be 0.25.

All the length units in the model are scaled with D, , and L, = G’ D_/(bo) is
employed to be a reference unit of nucleation size as adopted in previous studies
(Rubin and Ampuero, 2005; Fang et al., 2010). The fault is discretized into
equal-spaced N grids, so the total fault length is (N-1)*L, . For standard cases
with N=2'2, the grid spacing is set to be Le:0.1L;) , which is 60 times smaller
than a nucleation size given by a critical size L, , = G' D,/ [(b — a)o] derived
from the critical stiffness for instability (Rice, 1993; Ampuero and Rubin, 2008).
The ratio between L, and L; changes for given fault lengths in other cases. For
the parameter D, laboratory experiments under hydrothermal conditions show
a range typically of micrometers to tens of micrometers (e.g., Blanpied et al.,
1998), but it is considered to be bounded by the surface-grinding procedure
in this case (Brown and Scholz,1985a). Relevant to this regard, it is noted
that natural fault surfaces are fractal, in which longer wavelengths have larger
asperity heights (Brown and Scholz,1985b). When subjected to the subsurface



fault-normal pressure, the surfaces form contact junctions of relatively large size,
and the minimum size of these junctions are estimated to be as high as ~cm
(Scholz,1988), which is considered to control the mechanical behavior, thus the
D, parameter. Also, higher D, values than the laboratory range are required
in numerical simulations to reflect typical earthquake fracture energy of 10°-
107J/m?(Rice, 1993). In this work we set D, in cent-meters range to fit natural
fault surfaces according to the above considerations.

Our simulation considers the nucleation process evolving from homogeneous ini-
tial stress and slip rate. The initial conditions are chosen to be in the interseis-
mic loading phase and constrained by the limit-cycle trajectory of a spring-slider
system (Fig. 1b), where the stiffness is set as the average stiffness of the fault
estimated by the coefficient on the right side of equation (6). The limit cycle
in Fig.1b indicate that a steady state at the loading rate V|, is a constitutively

inaccessible point.

While our main interest is on the nucleation process associated with constitu-
tive parameters constrained by hydrothermal-condition experiments on granite
at (b/a=1.19, b=0.025, Blanpied et al., 1995,1998), the effect of the degree of
velocity weakening was also explored with ‘locked’ initial conditions with typical
b/a values as explored in previous studies (Dieterich,1992; Rubin and Ampuero,
2005; Ampuero and Rubin, 2008; Fang et al., 2010). In all these calculations
b=0.025 is used as the average in the velocity—weakening regime of granite.
Loading rates (V) ranging from lmm/yr to 85mm/yr were chosen in our cal-
culations to simulate various tectonic settings. We mainly show the nucleation
process evolved spontaneously from a homogenous ‘locked’ initial condition. As
the formulation is based on quasi-static equations, the calculation is terminated
when the maximum slip rate is greater than 0.1m/s.
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Figure 1. (a) 2D fault model in an infinite elastic medium. The fault is pinned
at the two ends. (b) Trajectory of stick-slip limit cycle of a spring-slider system
(black line). Initial conditions in our fault model are constrained with a point
in the interseismic loading phase and arbitrarily set at the intersection with the
steady-state line ( ,,, broken line). With loading rate V,, and a standard fault
length of 174.72km, the initial slip rate V; is thus determined to be ~2.8x10™



V, . The steady-state friction coefficient at V, is set as 0.75.
3 Results
3.1 Define distinct stages in the nucleation phase

Typical features of the nucleation phase evolved from ‘locked’ initial condi-
tions (Fig.1b) are demonstrated with cases of various b/a values associated
with D,=20mm and V,=83mm/year (Figs 2a-c). With b/a=1.19(granite data)
and greater, the nucleation processes show a fixed-length nucleation highlighted
by the steeply-bulging slip rate profiles centered at the position of maximum
slip rate (Fig.2a). The less velocity-weakening cases (lower b/a values) show
expanding slip-rate profiles after the formation of a bulging nucleation length
in the final short time ranging from seconds to tens of seconds(Fig.2b-c). It is
of interest to compare with some cases with constitutively inaccessible initial
conditions where initial stress ( ;) and slip rate (V; ) are set at a steady state
associated with the loading rate Vi (V;;/D,=1, where i denotes initial values)
(cf. Fig.1b). All these latter cases show expanding slip-rate profiles after the
formation of a nucleation length(Fig.2d-f), similar to calculations in previous
studies (Rubin and Ampuero, 2005; Ampuero and Rubin, 2008; Fang et al.,
2010). The durations of nucleation expansion ranges from ~100s to ~20 days in
these cases.
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Figure 2. Evolution of slip rate profiles in the nucleation process for ‘locked’ ini-
tial conditions(a-c) and steady-state initial conditions(d-f). The time increments
for the slip-rate profiles correspond to 4-times relative changes in maximum slip
rate. Numbers next to the profiles are total durations of profile expansion up
to the final instability. Expansion is a prominent feature for all cases of steady-
state initial conditions.



With the fore-mentioned initial exploration in mind, in the following we focus
only on the constitutively accessible cases with initial conditions in the ‘locked’
phase, and we first pay attention to cases with rate-dependent parameters of
granite with b/a=1.19.

By observing the stress evolution and time series of stress profiles, the whole
process can be segmented temporally into distinct stages. First, two distinct
stages in the nucleation phase are revealed by observing the initial weakening
and the later overall weakening in the mean stress (averaged over the whole
fault). Initial peak stress occurs first at the element with maximum slip rate;
and at a later point comes the peak of mean stress (Fig. 3a). The first stress peak
marks the onset of local weakening while the average stress is still accumulating,
thus this stage is referred to as local weakening stage (Fig. 3b). When the
mean stress attains the peak value, the fault transitions from the overall stress
accumulation to a stage of overall stress release. We refer to the latter stage as
overall weakening stage (Fig. 3b).

By further observing the time series of stress profile, it is found that the maxi-
mum stress at the fault center (z=0) shifts bilaterally from a time in the overall
weakening stage, and the region bracketed by the two stress shoulders expands
to a final size of ~2/5 fault length for standard setting with Le:O.lL;, forming a
growing weakening zone in stress distribution (Fig. 3c). Such a delineated area
does not encompass all the elements that release stress, thus it is referred to as
weakening-zone core (WZcore). This core shrinks in the late stage as a result of
the external elements transitioning from the stress-releasing regime back into a
new stress-increasing regime. The inward migration of the core front is the result
of boosted drive from the inner part with much higher slip rate in the late stage.
The WZcore shrinks to a final nucleation size of 2.53-2.54L, (L, = GD_/[b])
before the final run-away rupture extension, similar to the patch size of fixed
length nucleation derived by Rubin & Ampuero (2005). The time of the WZcore
formation to the final run-away rupture decreases with an increase in loading
rate V, (Figs. 3¢, 4a). Compared with the case of V;=83mm/yr, a slower load-
ing rate of 73mm/yr corresponds to a prolonged time of the WZcore evolution
by 2.3 days (Fig.3c).
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Figure 3. Features of the nucleation process with V,=83mm/year and stan-
dard constitutive parameters. (a) Initial local peak stress and subsequent peak
mean stress(black arrows), which mark the onsets of local weakening and overall
weakening stages (b), respectively.. Numbers on stress lines in (b) are distances
from the fault center in units of L, = G'D,/(ob), in spacing of 20. (c) Spa-
tiotemporal evolution of the weakening-zone core ( colored area) revealed by
early-stage shifting shoulders in stress distribution and a later shrinking pro-
cess. Blue line is a result with V;=73mm/year for comparison, indicating the
slowdown effect by a slower loading rate. The broken line indicates the average
expansion rate of the weakening-zone core (averaged in the expanding regime
with a cutoff of 8km/day) . Blue arrow indicates the final WZcore length that
leads to seismic instability. (d) Spatiotemporal contour map of normalized slip
rate V/V,. Yellow line is 4.59 V|, associated with the oneset of the WZcore,
and red line the WZcore front.

3.2 Features of the WZcore in a Standard Set of Constitutive Param-
eters

With the rate-dependent parameter set of granite (b/a=1.19, b=0.025),
D,=20mm and fault length L=174.72km(409.5L ), the feature of WZcore is
described first to give a rough portrait of the nucleation process as a standard
case. The expansion of the WZcore is found to be roughly associated with the
area of similarly expanding higher slip rate zone with V 4.59V, as delineated
by the yellow contour in Fig. 3d (compare with the WZcore front (red line)



and the yellow contour). Thus the expansion of the WZcore is essentially a
result of catching-up in slip rate along the fault. This feature is identical for
all the tested loading rates, suggesting that the distribution of normalized slip
rate is useful for characterizing the nucleation phase. Likewise, characteristic
values of normalized maximum slip rate can be used to mark the onsets of local
weakening, overall weakening, and also the beginning of the WZcore expansion.
These maximum slip rates at the onsets are revealed to be 1.24 V, 2.70 V),
and 4.59 V|, respectively for local weakening, overall weakening and WZcore
expansion(Fig. 4a).

Since the WZcore has the property of both continuous stress release and higher
slip rate, it may serve as a hot zone to drive small asperities to rupture, so it
may be related to spatiotemporal evolution of small earthquakes. In this regard,
it is of interest to examine the expansion rate during the WZcore growth. For a
typical case with V=80mm/year, D,=20mm and fault length of 256.5km are
chosen to roughly reproduce the initial time of spatial expansion of the seismicity
region before the Iquique Mw 8.1 main shock of April 1, 2014, and the WZcore
expansion rate is determined from the averaged slope (with a cutoff of 8km/day
for initial steep curvature) to be 5.18km/day, similar to the migration rate of
seismicity before the main shock (Kato and Nakagawa, 2014; Yagi et al., 2014).
The expansion rate of the WZcore is found to be proportional to the loading rate
V,, with a coefficient of 0.065 [km/day]/[mm/year] (Fig. 4b). The characteristic
times of the nucleation process are also found to be closely related to loading
rate V: the start times of bulk weakening and WZcore expansion are both
proportional to the reciprocal of loading rate V. The start time 7,, of the
WZcore is revealed to be 1332-2018/V, [day][mm/yr] bounded by D, values of
20mm and 30mm used to reproduce the time scales of 2014 Iquique, Chile Mw
8.1 earthquake and the Tohoku-Oki, Japan Mw 9.0 earthquake, respectively.
The start time of overall weakening is longer and is revealed to be 1.7-1.74 T,
in these cases.
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Figure 4. Characteristics of the nucleation process in standard constitutive
setting: b/a=1.19, b=0.025, D,=20mm. (a) Maximum slip rates at the onset of
three distinctive stages: local weakening (circles), overall weakening (squares),
and onset of the WZcore (triangles). Fault length of 256.5km (open symbols)
and that of 174.72km(closed symbols) give similar results. (b) Expansion rate of
the WZcore (V,,) linearly related to the loading rate V, (closed circles) with a
slope of 0.065 [km/day] per [mm/year|. Migration rates of seismicity during the
nucleation of two megathrust earthquakes are plotted for comparison. green bar:
the nucleation of 2014 Iquique, Chile Mw 8.1 earthquake (Kato and Nakagawa,
2014; Yagi et al., 2014); orange bar: nucleation of 2011 Tohoku-Oki, Japan
Mw 9.0 earthquake (Kato et al., 2012). Red symbols denote the corresponding
averages.

3.3 Effect of model parameters on the nucleation process

The effect of rate-dependent parameter b/a along with D, and fault length L on
the nucleation process was also explored to understand the control mechanism
on the model behavior. For a given loading rate V|, on the standard fault of
174.72km length, it is found that D, is the first-order control on the time for the
weakening-zone core formation, 7', which increases with D, obeying a roughly
linear relation (Fig.5a). b/a value also has an effect on T, where a greater b/a
value corresponds to a smaller T, (Fig.5b). From the normalized plots(Fig.5a),
it is evident that T, is proportional to the reciprocal of the loading rate. With
the same mechanism that controls the time scale, the average expansion rate
of the WZcore is calculated to decrease with D_ but increases with V,, with a
secondary effect of the b/a values(Fig.5¢).

10



(a)l | | | (b) (c)

T T
R e D=10mm

- ® ba=1.05
® ba=1.05 / 24 e i °
. bla=1.11 yd N o D=20mm ol & ba=l.11 |
07 e pa119 S // 7] 3. D=30mm b/ail 19
® ba-125 e . b/a=1.25
P 22 > 5
2 40 p 5
3 > 3
: 8 " . =,
N =20 4 . s
= 304 {18 & 5
& = N
34
204 i -18
5.
. 5
-10 4 4 16 4 \E.)
T T T T T T T T T T 1 T T T
10 20 30 40 50 1.05 1.10 1.15 1.20 1.25 10 30 50
D,, mm bla mm

Figure 5. Effect of constitutive parameters on the feature of weakening-zone
core with L=174.72km. (a) Onset time T, for WZcore expansion as a roughly
linear relation to the characteristic slip distance D, where the Vj-normalized
plot indicates a linear relation between T, and reciprocal of V| (closed cir-
cles represent results for V;=80mm/yr, and open triangles indicate results for
Vo=10mm/yr). (b) T,, is revealed to decrease with the b/a value as an expo-
nential function. (c) Average expansion rate V,, of the WZcore as functions
of D, for given b/a values, where the V-normalized plot collapses to similar
values for different loading rates with V«=80mm/yr. Each expansion rate was
calculated by averaging the slope over the expansion regime of the WZcore
front with a cut-off at 8km/day(Vy«/V,) (closed circles: Vj»=80mm/yr; open
triangles: V,=10mm/yr).

As a characteristic mark for the nucleation process, the maximum slip rate at
the onset of WZcore increases with b/a but decreases with D, for a given fault
length of 174.72km, giving V.. /V, values in a narrow range of 4.1 to 4.78
(Fig. 6).
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Figure 6. Maximum initial slip speeds at the onset of WZcore calculated for
fault length of 174.72km and various b/a and D, values. Arrows show the in-
creasing direction of D, values of 10, 20, 30 and 50mm in closed triangles. Open
diamonds show the results for D_-proportional fault length of 409.5L",, plotted
for comparison. V,../V, at T,, ranges from 4.1 to 4.78 for the calculated
cases.

As a shorter fault length in the model has a stronger confinement at the two
ends and corresponds to a higher stressing rate (cf. eq.6 in Method), it is of
interest to see how the fault length changes the model behavior. Calculations
with the standard set of constitutive parameters show that a shorter fault has
a longer nucleation time as represented by T, (Fig.7a). Combined effect of a
longer nucleation time and a smaller maximum WZcore length results in a lower
expansion rate on a shorter fault( Fig.7b). A shorter fault also corresponds to
a lower maximum slip rate that marks the onset of the WZcore, as shown in
Fig.7c. A typical case of a short fault of 30km length gives a V  ,,.=3.68V,
~20% lower than a typical large fault of 230km.
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Figure 7. Effect of fault length on the onset time of WZcore (a), WZcore
expansion rate(b), and maximum slip rate at the onset of WZcore (c¢). Data
normalized by the loading rate V, in each plot collapse to the same function.
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more outstanding effect of a short fault is found to change the evolution of
the WZcore in the final short time before the earthquake instability. An
example of this is demonstrated by a fault length of 27km with V,=2mm/yr,
where the WZcore begins to re-expand after shrinking to a fixed length of
~2.27L  from 1.67h to the earthquake instability(Fig.8a). Moreover, expansion
in slip-rate front is also observed in this case from 51.4 min. before the final
instability (Fig.8b). The re-expansion of the WZcore along with that of slip-rate
front is considered to be a preshock rupture that is much slower in both slip
rate (<0.1m/s) and propagation speed (order of kilometers /h) than in typical
seismic ruptures.

Figure 8. Evolution of the WZcore of a short fault of 27km length with
V,=2mm/yr and standard constitutive parameters (a) and the corresponding
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slip-rate profiles(b). Inset in (a) shows the details of the slow pre-shock rup-
ture propagation after shrinking to the minimum length. Number next to the
slip-rate profiles indicates the onset time of profile expansion to the earthquake
instability.

4 Discussion and Conclusion

4.1 Relevance to spatiotemporal migration of seismicity before the
main shock

By observing the stages of the nucleation process, it is noted that focusing on
the bulk-weakening stage is critical for practical strategy in prediction of the
final instability. The “meta-instability” stage proposed by Ma et al. (2012) in
laboratory experiment refers to the same stage. An important feature of this
stage is the formation of the WZcore and its expansion-contraction evolution
up to the earthquake instability (Fig. 3c). As the WZcore is a region that
releases elastic potential energy (by stress release) at higher slip rates than the
surrounding (Fig. 3d), it is here considered to be related to the aseismic-slip-
driven seismicity before the main shock. Migration of seismicity before recent
interplate large earthquakes at subduction zones in Japan (2011 Tohoku-Oki Mw
9.0 earthquake, Kato et al., 2012) and Chile (2014 Iquique Mw 8.1 earthquake,
Kato and Nakagawa, 2014; Yagi et al., 2014) have been revealed to have an
expanding zone of seismicity with a migration rate of 2-5km/day(Fig. 4b), and
tend to shrinks after reaching to a lateral distance of ~55km (Fig.9a), consistent
with our numerical model with D,=20mm, L=256.5km and V;=80mm/yr (solid
line in Fig. 9a). As stress transfer from asperity ruptures may have an effect on
the WZcore evolution, the fitting parameters D, and fault length are considered
to be the effective values suitable for the overall process here.
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Figure 9. The nucleation processes of 2014 Iquique Mw 8.1 earthquake and
2008 Wenchuan Mw 7.9 earthquake, along with 2021 Yangbi Ms 6.4 earthquake.
(a) Evolution of the weakening-zone core (area in blue line) calculated for 2014
Iquique M, 8.1 earthquake. Plot of foreshocks of magnitude M3 are modified
from Yagi et al.(2014). Dotted line: migration rate of the seismicity front. (b)
Model maximum slip rate at fault center (blue line) compared with slip rates
inferred from repeating microearthquakes on Yingxiu-Beichuan fault (dots and
crosses). Black broken line denotes the model slip rate at a distance of 18.8
km from the WZcore center. S07-12 are numbers of repeater sequences. Blue
and red arrows indicate the points of WZcore formation by model prediction
with D, of 20mm and 30mm, respectively. (c) Model average slip rate (blue
line) compared with average fault slip rate (green dots) inferred from repeaters
before the Iquique earthquake. (d) Pre-shock seismicity in the final 1 hour
before the Yangbi Ms 6.4 earthquake compared with the expanding fronts of
maximum slip rate(red line), WZcore(black line), and maximum stress(yellow
line), respectively. Along-strike positions of the small earthquakes are data from
Wang et al.(2021). Loading rates are set to 80mm/yr (Demets et al.,1990) and
Imm/yr (Shen et al., 2009) for Iquique earthquake and Wenchuan earthquake,
respectively.

4.2 Recognize the final stage of nucleation by estimates of slip rate:
2008 Wenchuan and 2014 Iquique cases
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In addition to migration of seismicity, estimates of the slip rate in the WZcore
can also be used to identify the final stage of nucleation. This feature is especially
useful when the nucleation duration is very long. The slip rate can be estimated
by repeated microearthquakes (Nadeau and McEvilly, 1999). As an extreme case
with a tectonic loading of ~Imm/yr in the nucleation of 2008 Wenchuan Mw 7.9
earthquake (Shen et al., 2009), repeated microearthquakes at seismogenic depth
before the main shock have been observed, and the time series of cumulative
slips reveal the in-situ slip rate as high as ~37 mm/yr at Wenchuan section
~1.26 year before the final earthquake instability (Li et al., 2011; Chen and Li,
2018). With D, values constrained by time scales of Iquique Mw 8.1 earthquake
(D.=20mm) and Tohoku-Oki Mw 9.0 earthquake(D,=30mm), the nucleation
model predicts quite similar slip rate evolution revealed by the S07 repeater
sequence in the Wenchuan section (Fig. 9b). A lower maximum slip rate of ~18
mm/yr has also been revealed by a repeater sequence (sequence S11 in their data
set) in Beichuan section ~73 days before the Wenchuan earthquake, indicating
that it is also in the final stage of nucleation since the maximum slip rate was
significantly higher than 5V (cf. Fig. 3d). However, the slip rate revealed by
S11 sequence was well below the model predictions (Fig. 9b), implying that the
seismic slip at Beichuan section is likely to have been triggered by the rupture
propagation started from the Wenchuan section.

Similarly, observation on repeated earthquakes before the 2014 Iquique, Chile
Mw 8.1 main shock reveals average slip rates ranging from 36mm/yr to 7.4m/yr
(Kato et al., 2016), wobbling around the model-predicted slip rate during the
final 18 days to the main shock (Fig. 9c).

Although the evolution of aseismic fault slip in the nucleation model is smooth,
it does have the characteristics similar to a ‘step-like increase’ in fault slip as
interpreted for the nucleation phases of large subduction earthquakes by Kato
and Ben-Zion(2021) : beyond the time when the weakening-zone core is formed,
it expands and plays a role of potential-energy source, and the slip rate dis-
tribution evolves to a level much higher than the tectonic loading rate. The
evolution of this special core can drive tiny asperities in it to rupture and cause
more seismic slips. Thus it is intrinsically plausible that the step-like aseismic
slip inferred from repeaters in the weeks-long foreshock sequences before the
Iquique earthquake correspond to the weakening-zone core evolution revealed
in the model calculation.

4.3 Possible association between slow rupture propagation and in-
creased seismicity

The slow rupture propagation before the main shock on a short fault (cf. 3.3)
is speculated here to drive the asperities on its way of propagation and outward
surroundings to rupture. The 2021 Yangbi Ms6.4 earthquake on a 27km-long
fault(Su et al., 2021; Wang et al., 2021) had a step-like increase in seismicity
~52 minutes before the main shock. In the final time of ~30 minutes, the in-
crease of seismicity accelerated slowly, and its front expanded outwards with a
rate of ~17km/h (Wang et al., 2021). As calculated in 3.3, the onset time of
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step-like increase of seismicity coincides with the branching point of slip-rate
front, and the starting point of the seismicity expansion occurred at a similar
time when the stress front begins to expand (Figure 9d). Despite the coinci-
dences in time, the significantly broader region of seismicity migration cannot
be straightforwardly explained by direct comparison, thus there must be addi-
tional mechanisms that remain to be explored, which could be stress transfers
from asperity ruptures combined with the driving from aseismic slip to trigger
more seismic slips, making the seismicity front expand more.

3.4 Concluding remarks

We performed a suite of numerical simulations on earthquake nucleation based
on the rate-and-state friction law. By observing the time series of stress profiles
in the nucleation process, we reveal the development of a weakening-zone core,
which expands first and then shrinks, similar to weeks-long seismicity migration
before large subduction earthquakes. An associated feature of the weakening-
zone core is the significantly higher slip rate compared with the loading rate
by 3.6-4.8 times, depending on the fault length. The latter feature can be
used to identify the final stage of earthquake nucleation of long durations by
observing the aseismic slip rate through repeated earthquakes before the main
shock. From the above comparison with several earthquakes, it can be seen
that these features might be useful in identifying the final stage of earthquake
nucleation, and the level of aseismic slip rate is a general mark of this stage.
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