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Abstract Numerous normal-faulting aftershocks in subduction forearcs commonly follow large megathrust
earthquakes. Postseismic normal faulting has been explained by stress changes induced by the stress drop
along the megathrust. However, details of forearc stress changes and aftershock triggering mechanisms remain
poorly understood. Here, we use numerical force-balance models combined with Coulomb failure analysis to
show that the megathrust stress drop supports normal faulting, but that forearc-wide aftershock triggering is
feasible within a narrow range of megathrust stress drop values and preseismic stress states only. We determine
this range for the 2011 Tohoku earthquake (Japan) and show that the associated stress changes explain the
aftershock seismicity in unprecedented detail and are consistent with the stress released by forearc seismicity
before and after the earthquake.

Plain Language Summary Earthquakes release stresses that build up in the Earth due to the motion
of tectonic plates. The stress release can cause additional earthquakes called aftershocks. Several thousand
onshore and offshore aftershocks followed the great Tohoku subduction earthquake in March 2011. Whether
the stress release of the Tohoku earthquake triggered most of the aftershocks is not well understood, because it
is largely unknown how the stress field changed following the earthquake. We therefore use a computer model
to estimate the stress release and resulting stress change required to explain the aftershock distribution. We find
that 78% of the aftershocks occurred in areas where the Tohoku earthquake caused a subsequent stress increase.
Our model results are further consistent with the stress release of smaller earthquakes that occurred in Japan
before and after the Tohoku earthquake. Our findings provide new insights into aftershock triggering and help
to understand where aftershocks occur after great earthquakes at subduction zones.

1. Introduction

Seismological records indicate that seismicity in forearcs increases after large megathrust earthquakes (Dewey
et al., 2007; Hasegawa et al., 2012; Lange et al., 2012). Aftershock seismicity often shows a complex spatial
distribution, is highest in the first weeks after the megathrust event, and decays at a power-law like rate (“Omori's
law,” Parsons, 2002; Toda & Stein, 2022), as exemplified by the 11 March 2011 M, 9.0 Tohoku earthquake,
Japan (Figure 1). The low forearc seismicity in the years before the earthquake focused near the plate interface
and volcanic arc (Figures 1a and 1c). Seismicity immediately after the earthquake increased and spread through-
out the forearc (Figures 1b and 1d). Seismicity rates were highest in the month following the Tohoku earthquake
and decreased rapidly afterward (Figure le). The seismicity rate at the end of 2011 decreased by ~95%, but was
still higher than before the Tohoku earthquake.

The increase in forearc seismicity indicates that the stress change caused by the megathrust earthquake destabi-
lized the forearc. The exact causes and magnitude of this stress change remain uncertain, although seismological
records provide important information on changes in forearc stress. Forearc seismicity after the Tohoku earth-
quake was dominated by normal faulting (Figure 1d), despite the thrust mechanism of the main shock and prev-
alence of reverse and strike-slip faulting in the decades preceding it (Hardebeck, 2012; Hasegawa et al., 2012;
Yoshida et al., 2012). The normal faulting indicates that the stress state switched from deviatoric compression
to deviatoric tension due to the Tohoku earthquake. The stress reversal only occurred in the offshore forearc
and coastal regions near Iwaki. Reverse and strike-slip faulting continued inland Japan (Figure 1; Yoshida
et al., 2019). Previous studies also inferred similar stress reversals for other megathrust earthquakes, including
the 2004 M, 9.1 Sumatra and 2010 M, 8.8 Maule earthquakes (Hardebeck, 2012).
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Previous work explained the stress reversal to result from the stress drop of the megathrust earthquake, i.e.,

the coseismic decrease in megathrust shear stress due to fault weakening processes (Di Toro et al., 2011;

Hardebeck, 2012; Hasegawa et al., 2011; Scholz, 1998). The megathrust shear stress loading in the interseismic

period causes compression of the forearc (Lamb, 2006; Wang & He, 1999), without which the forearc would

experience deviatoric tension due to gravitational stresses resulting from density contrasts and margin topogra-

phy. If the megathrust shear stress decreases during an earthquake, the loss in compression can cause a reversal

from deviatoric compression to deviatoric tension and trigger normal faulting in the forearc (Cubas et al., 2013;

Dielforder, 2017; Wang et al., 2019). However, the detailed stress changes caused by the stress drop of megathrust

earthquakes like Tohoku remain unresolved. Consequently, it is unknown whether the stress change can explain

the broad aftershock seismicity in the forearc.

Aftershock seismicity of megathrust earthquakes has been further investigated by Coulomb failure stress (CFS)

models, which test whether the resulting stress changes of an earthquake promote or suppress failure on neigh-
boring faults (Farias et al., 2011; Terakawa et al., 2013; Toda et al., 2011). CFS models for the Tohoku earth-
quake showed that the stress change promoted some of the aftershocks and likely increased forearc seismicity

rates. Aftershock seismicity not promoted by the stress change was interpreted to have been triggered either by
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Figure 1. Seismotectonic setting of NE Japan. (a—d) Forearc seismicity before and after the Tohoku earthquake. (a, b) Map view. Black lines indicate location

of cross-sections shown in (c) and (d). Dashed rectangles indicate the width of swaths (200 km) projected into the cross-sections. Se = Sendai, Iw = Iwaki. (c, d)
Cross-sectional view. Gray dots are aftershock hypocenters from the Japan Meteorological Agency (JMA). Beach balls denote JMA focal mechanism solutions and are
shown in profile view. Reverse faulting events in the outer marine forearc above the megathrust are likely poorly located interplate events (Nakamura et al., 2016) or
the slab model is not accurate enough to classify them as interplate events. (¢) Number of forearc earthquakes. Count includes events with magnitude > magnitude of
completeness (M, = 3.4, Text S3 in Supporting Information S1).
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an increase in fluid pressure (Terakawa et al., 2013) or the presence of small faults of variable orientation (Toda
et al., 2011). CFS models commonly determine the stress change in the forearc solely from the earthquake slip
distribution and neglect the total stresses in the forearc resulting from gravitational and megathrust shear stresses.
The total stresses determine, however, the forearc stress state (i.e., the magnitude and orientation of principal
stresses) and we show in Section 2 that the preseismic stress state affects the stress change in the forearc that
results from a stress drop on the megathrust. Thus, assessing whether a megathrust stress drop supports or inhibits
failure in the forearc requires detailed information on the preseismic or postseismic stress state.

For Japan, estimates of the megathrust stress drop and preseismic and postseismic stress states exist (Brodsky
etal., 2020; Brown et al., 2015; Wang et al., 2019; Yang et al., 2013), but the available data do not allow an unambig-
uous assessment of forearc stress changes. We therefore pursue an innovative modeling approach that determines the
preseismic and postseismic stress states and related stress change compatible with broad aftershock triggering due
to the megathrust stress drop. Using the aftershock distribution and fault kinematics as modeling constraints allows
determining the precise stress conditions required for triggering the bulk forearc seismicity that occurred in the first
months after the Tohoku earthquake. The model results are supported by independent stress drop observations.

2. Modeling Approach

We use a plane-strain finite-element model of force balance following Wang et al. (2019) to assess the stress
change caused by the megathrust stress drop. The model is created with the software ABAQUS and comprises a
rigid lower plate in frictional contact with an elastic upper plate representing the forearc (Figure 2a, Text S1 and
Figure S1 in Supporting Information S1). ABAQUS computes the total stress tensor in the upper plate resulting
from all applied boundary conditions, including gravity, isostasy, and friction along the plate contact (megath-
rust). We compute gravitational stresses for average densities of 2,800 and 3,300 kg m~ for crustal and mantle
parts, respectively, and seawater load using a density of 1,025 kg m~>. Gravitational acceleration is 9.81 m s~
Friction along the megathrust is generated by displacing the lower plate and computed for the effective friction
coefficient p” assigned to the megathrust, such that the megathrust shear stress 7 is given by standard Coulomb
friction (z = u’c,, where o, is normal stress).

To simulate the megathrust stress drop, the finite-element model includes a preseismic and a postseismic model
step between which 7 changes. The two model steps describe the stress state shortly before and after the megath-
rust earthquake, but not the stress state averaged over multiple earthquakes cycles as in other force-balance
applications (Dielforder & Hampel, 2021; Lamb, 2006). Because 7 also increases during earthquakes, e.g., due to
fault strengthening processes downdip of the main rupture zone (Brown et al., 2015; Scholz, 1998), we divide the
megathrust into fault weakening and fault strengthening segments (Figure 2a). The model implements weakening
and strengthening behavior by decreasing and increasing the u’ values of fault segments between the preseis-
mic and postseismic model steps, respectively. Because u” is adjusted manually, the model does not involve a
rate-and-state friction law and the results are independent of slip rate. As such, we do not model the coseismic
stress evolution as in seismic cycle models (Sobolev & Muldashev, 2017; van Zelst et al., 2019).

To determine the forearc stress change as function of the preseismic and postseismic stress states, we solve the
model for different pairs of preseismic and postseismic y” values. We then determine the megathrust stress drop
and resultant forearc stress change as difference in megathrust shear stress and forearc stress between the postseis-
mic and preseismic model steps, respectively. Finally, we determine whether the stress change brings the forearc
closer to or further from Coulomb failure in each model run. To do so, we first calculate the critical friction coef-
ficient p, for which faults in the forearc were critically stressed at the given stresses. Note that y_ is calculated
from the preseismic and postseismic model solutions using the Coulomb criterium for a cohesionless fault and is
not a model input parameter (Text S2 in Supporting Information S1). If u_ increases from the preseismic to the
postseismic model step, the postseismic stresses support failure on stronger faults, which is compatible with an
increase in seismicity after a megathrust earthquake. Conversely, If u_ decreases, the stress change inhibits failure
and seismicity and is incompatible with a seismicity increase. Accordingly, we can define the failure tendency
A= (e post = He pre)/He pre 10 describe whether the stress change supports (A > 0) or inhibits failure (A < 0).

Figure 2b illustrates the stress state in the forearc as function of i for an exemplary point in the outer forearc. The
calculations were carried out for a generic forearc setup and varying p’ uniformly along the megathrust (Text S1
in Supporting Information S1). If 4" approaches zero, gravitational stresses dominate and the forearc experiences

DIELFORDER ET AL.

30f 12

858017 SUOWWIOD 8A1e8.D 8| [dde 8L Aq peusenob ke Sajofe YO ‘88N JO S3INJ 04 AXeiqi8uljUO 8|1 UO (SUOIPUCD-pUR-SLLBYWOD™AB | IM ARIq 1 U1 |UO//SANL) SUORIPUOD pUe SWis | 8y} 89S *[£202/50/60] Uo AriqiTauliuo Ajim ‘Auewes aueiyood Aq 0ZETOT 192202/620T OT/I0p/wod A8 |mAreiq i pul|uo'sgndnfe//sdny woy pepeojumoq ‘€ ‘€202 ‘L0081 6T



A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters

10.1029/2022GL101320

(a)

Depth (km)

1

Depth (km)

1

Depth (km)

(i)

Depth (km)

1

Arc

Inner forearc Coast  outer forearc
Trench
— P1
Upper Crust
plate - - NAF----"""
elastic
( ) ower P\a\e
(g9

20t C oo T T - IIICC

40

60

Preseismic
model step

80 |

- - - -
-
-

00

20
40

60

1 7 ¢ » » - =
1/ s - -

Postseismic
model step

L A I

N F s ===

80

S V7 A2 T \Tv

150 100 50 0

00

Plunge of o,
~ <45° (deviatoric compression) \ >45° (deviatoric tension)

(b)

Deviatoric stress in

20
40
60
80

Average shear stress on megathrust (MPa)
0 10 20 30 40 5 60 70 80

T | T T T T T T 1]
80 1 80

— . Stress in forearc u
© | ; c
o 60 i at point P1 60 S
= i Q
: [0]
= 40 S
g 40 0 B
£ 20 20 3

0 1 1 1 1 1 1 1 1 1 1 1 0

0 0.02 0.04 0.06 0.08 0.1 0.12

Effective friction coefficient of megathrust p’

=R i — =
== = =R )
Do oo oo g 0.001

Preseismic
model step

100
(O o e ‘V
R AN T D [ T S N ¥ \
20 ;0w vy s s \
A0 D T T T U S S
A0F v v vy s
60 VN N S S S S NS
N = Postseismic
80 model step
100 L A 1 L L L L L L 1 )
300 250 200 150 100 50 0

Deviatoric stress in forearc (MPa)

O ——_—

0O 10 20 30 40 50 60 70 80 90 =100

20 | 20
—~— Ao = 37.9 MPa
40 40
60 | 60
Stress -6.7 MPa Stress
80 change 80 change
00 1 1 L L L L L L ' 100 L L L L L L 1 1 1 L 1
300 250 200 150 100 50 0 300 250 200 150 100 50 0
Change in deviatoric stress in forearc (MPa)
[ . H ] L —— ]
<50-40 -30 -20 -10 0O 10 20 30 40 50
0)
0 0 A4
20 20 | U
P T =i T
Failure tendency A Failure tendency A
60 60 |
H— T —_— e —_——
80 1012345678 9=210 80 | 1012345678 9210
00 L 1 1 L L L 1 ' 100 1 1 1 1 1 1 :
300 250 200 150 100 50 0 300 250 200 150 100 50 0

Distance from trench (km)

Distance from trench (km)

Figure 2. Model setup and generic models results. (a) Schematic representation of forearc model. Here, p is density, g is gravitational acceleration, " is the megathrust
effective friction coefficient, 7 and o, are the shear and normal stresses, respectively, and o, is maximum compressive stress. (b) Deviatoric stress o, (black) and plunge
of o, (orange) as function of x” and average megathrust shear stress. Solutions are for site P1 in (a). DT and DC denote deviatoric tension and deviatoric compression,
respectively. (c—j) Model results. (c—f) Deviatoric stress and plunge of ¢, for preseismic and postseismic model steps. (g, h) Change in 6., due to megathrust stress drop
Ao. Positive and negative values of Ao indicate decrease and increase in megathrust shear stress, respectively. (i, j) Failure tendency A.
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deviatoric tension (plunge of maximum compressive stress ¢, > 45°). Conversely, as u’ increases, megathrust
shear stresses dominate and the forearc experiences deviatoric compression (plunge of o, < 45°). Note that for
common y’ values of <0.06 (Gao & Wang, 2014) the deviatoric stress in the forearc and plunge of ¢, do not
vary linearly with u” due to the opposing effect of gravitational and megathrust shear stresses on the stress field
(Figure 2b). Thus, the stress change in the forearc and final stress state resulting from a change in 7 depend on the
initial megathrust shear stress (Figure S2 in Supporting Information S1). For example, a decrease in 7 of 10 MPa
from 35 to 25 MPa decreases the deviatoric stress by ~11 MPa while the stress state remains compressive. For
comparison, a decrease in 7 from 15 to 5 MPa increases the deviatoric by ~5 MPa but the stress state switches
from deviatoric compression to tension (Figure 2b).

Figures 2c-2j illustrates for the generic forearc model that the failure tendency varies substantially with the
preseismic stress state, even if the postseismic stress state is identical (note that y” differs for the strengthening
and weakening segments in these model runs). If the megathrust shear stress and forearc stress are low before the
earthquake (Figure 2c), A increases in most of the forearc (Figure 2i). The increase in A results from two effects:
first, the stress drop results in a reversal in the stress state from deviatoric compression to deviatoric tension,
which supports failure because normal faulting operates at lower stresses than reverse faulting (Sibson, 1998).
Second, the decrease in horizontal compression results in a net stress increase due to gravitational effects in areas
of steep topography, such as the outer forearc (Figure 2g). For comparison, if the megathrust shear stress and
forearc stresses are higher before the earthquake (Figure 2d), then the stress drop results in a net stress decrease,
which tends to stabilize the forearc and causes low values of A, despite the concomitant stress reversal (Figure 2j).
The stabilizing effect of the stress decrease reflects that the forearc must sustain much higher stresses before
than after the earthquake, which makes postseismic failure unlikely. The effect of the stress decrease is also not
counterbalanced by an increase in 7 along the strengthening megathrust segment, which has a small impact on
the stress in the inner forearc only. Consequently, only a narrow range of preseismic and postseismic stress states
leads to an increase in A across the forearc.

3. Model Application to Japan and Discussion of Results

We apply our approach to Japan using finite-element models that account for margin topography, crustal thick-
ness, water load, slab morphology, and extent of the seismogenic megathrust along the Sendai and Iwaki tran-
sects shown in Figure 1. We adjust the preseismic and postseismic 4’ values of the weakening and strengthening
megathrust segments until the following conditions are fulfilled: first, the bulk of aftershocks and seismic
moment release occurs in areas of increased failure tendency. Second, the postseismic stress state is consistent
with the prevailing fault kinematics in the forearc after the Tohoku earthquake (Figure 1d). These conditions are
fulfilled for the preseismic and postseismic stress states shown in Figures 3a and 3b (Figure S3 in Supporting
Information S1). The modeled stress change (Figure 3c) causes a failure tendency increase over large areas that
encompass ~98% of the aftershocks and seismic moment release, while all normal faulting occurs in areas under
deviatoric tension (Figures 3d and 3e). For comparison, slightly different preseismic and postseismic stress states
are incompatible with the observed aftershock distribution and fault kinematics (Figures S4 and S5 in Supporting
Information S1).

The modeled megathrust stress drop is spatially heterogeneous and differs for the Sendai and Iwaki transects
(Figure 3c). The largest decrease in megathrust shear stress occurs at shallow and intermediate depth along the
Sendai and Iwaki transects, respectively, resembling spatial differences in fault slip (Figure 1b). The stress drop
along the weakening and strengthening fault segments varies between 18 and —12 MPa, respectively. The net
stress drop averaged over the Sendai and Iwaki transects is ~2 MPa. The modeled stress drop is comparable to
independent stress-drop estimates from 40 different slip-distribution models that vary between 30 and —20 MPa
and yield a rupture-zone average <5 MPa (Brown et al., 2015; Wang et al., 2019). The megathrust stress drop
in our models relates to changes in u’ along the weakening and strengthening segments of <0.02 (Figures 3a
and 3b). The preseismic p’ values of the seismogenic megathrust vary between 0.02 and 0.025, in good agree-
ment with previous estimates of ~0.02-0.03 derived from heat dissipation and force-balance models (Gao &
Wang, 2014; Lamb, 2006; Seno, 2009; Wang et al., 2019).

The stress drop causes changes in deviatoric stress (6,,,) from —10 to 20 MPa in the forearc (Figure 3c), while
absolute values of o, vary between 5 and 60 MPa both for the preseismic and postseismic model steps (Figures 3a
and 3b). Megathrust stress drop, o,,,, and change in o, have the same order of magnitude, in agreement with
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previous estimates derived from stress reversals in the marine forearc (Hardebeck, 2012; Hasegawa et al., 2011).
Furthermore, we find that the stress drop does not result in a general forearc stress decrease, but also in local
stress increases. Interestingly, ~78% of the aftershock seismicity and ~92% of the seismic moment release occur
in areas in which o, increases (Tables S2 and S3 in Supporting Information S1). The areas lie within areas of
increased failure tendency and encompass the marine forearc and coastal region near Iwaki (Figures 3b—3d). The
megathrust stress drop and gravitational stresses arising from steep forearc topography control the o, increase,
particularly in the marine forearc. The topographic effect near Iwaki, however, is due to a local topographic high
along the coast, the Abukuma plateau—a feature that is missing near Sendai (Figure S1b in Supporting Informa-
tion S1). Our models, therefore, indicate that differences in forearc topography together with spatial stress drop
differences have a discernible impact on forearc stress changes and likely facilitated the differences in coastal
aftershock seismicity along strike of the forearc (Figure 1b). We also find a dearth of aftershock activity in forearc
areas that experience a decrease in o,,,, including inland Japan and the shelf region along the Sendai transect.
Only the outermost marine forearc offshore Sendai deviates from this trend and shows little aftershock seismicity
despite o,,, increases.

Spatial variations in fault strength may govern spatial variability in aftershock seismicity (Wang et al., 2019).
We therefore evaluate how the critical friction coefficient y_ . varies across the forearc (Figure 3f). Parameter
He post 18 calculated from the postseismic stress solutions (Section 2) and is a composite parameter that includes the
effects of both intrinsic friction and pore fluid pressure in the fault zone. It therefore provides an estimate for the
effective strength of faults that were seismically active after the Tohoku earthquake. The effective fault strength
in forearc areas showing no aftershock seismicity is likely higher than 4, as they seem not to have failed at the

given stresses.

The p, ,, in the outermost forearc offshore Sendai is ~0.075-0.24, i.e., highest in the forearc. The comparatively
high strength may indicate that the outer forearc is generally stronger than more internal parts. Alternatively, the
apparent strength may represent a postseismic condition and result from the large coseismic seaward displace-
ment of the outer forearc, which exceeded 20 m above the main slip area close to the trench (Kido et al., 2011;
Sato et al., 2011). The strong seaward displacement causes forearc dilation that tends to decrease pore pressures
and increase fault strength (Manga et al., 2012). This interpretation is consistent with the higher seismicity in the
outer forearc offshore Iwaki, where the seaward displacement was much smaller (~5 m) and should not lead to a
similar dilational strengthening effect.

Most aftershocks in both transects occur between ~120 and ~200 km from the trench and locate in the mantle
wedge and overlying crust. The associated faults are likely very weak, in accordance with y ., values of ~0.01-
0.06 (Figure 3f). The low fault strength may relate to mantle wedge serpentinization and pressure buildup from
fluids liberated from the subducting slab (Hyndman & Peacock, 2003; Tulley et al., 2022). Thus, the intense
seismicity in the area may be linked to the position above the dehydrating slab.

Further inland, 4, is <0.02 for all but the upper 5-10 km of the forearc, and suggests that inland Japan hosts
weak faults and quasi-lithostatic pore fluid pressures. In contrast to the mantle-wedge setting, high pore fluid
pressures are likely locally restricted because of the large distance to the dehydrating slab. The local restriction of
high fluid pressures is consistent with previous studies showing that the inland seismicity is linked to hydrother-
mal fluid migration along mature fault systems (Okada et al., 2011; Yoshida et al., 2017). The inland seismicity
was also interpreted to have been triggered by local fluid pressure increases (Terakawa et al., 2013). A pressure
increase would raise the failure tendency and may explain the seismicity underneath the volcanic arc not captured
in our model (Figure 3e). Nevertheless, the low inland seismicity may be conditioned by very low background
stresses that are marginally capable of initiating frictional failure, suggesting that these regions deform mainly
viscously. Similar conditions will also apply to mantle areas that show very low or no seismic activity, although
the failure tendency partially increases (Figures 3d and 3e).

4. Comparison of Model Stresses With Static Stress Drop of Forearc Earthquakes

Our models constrain the preseismic and postseismic stresses in the Japanese forearc. We now validate the stress
solutions independently by comparison with static stress-drop estimates of earthquakes that occurred in the
forearc before and after the Tohoku earthquake (Figure 4a). Earthquake stress drop magnitudes are restricted
by the stress along the fault that ruptured and provide a lower bound for deviatoric stress derived from the
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Figure 4. Earthquake stress drop values and comparison to model stresses (solid and dashed lines in c—e). (a, b) Earthquake hypocenters with estimated static stress
drop. (c—€) Gray dots are individual stress-drop estimates (n = total number of estimates), squares are average stress drop values (Ao y,,.,.)- Error bars represent one
standard deviation. Basal events in (e) are events from 1 to 5 km above the slab interface.

finite-element models. In addition, spatiotemporal stress drop heterogeneities may hint at variations in ambient
stresses (Kemna et al., 2021).

We estimate stress drop values using seismic data from the NIED High Sensitivity Seismograph Network
(National Research Institute for Earth Science and Disaster Resilience, 2019) and the Japanese Meteorological
Agency (JMA). As individual stress-drop estimates may reflect local stress heterogeneities that are not represent-
ative of average stresses, we first determine individual earthquake stress drop values using both single-spectra and
spectral-ratio fitting methods. We then calculate average stress drop values (Eporem) at 10-km depth intervals
with 50% overlap (Text S3 and S4 and Figures S8 and S9 in Supporting Information S1). The averaged values
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better reflect bulk stress conditions in the forearc and are better suited for comparison with modeled stresses
(Moyer et al., 2020).

The pre-Tohoku and post-Tohoku EFomm values are largely similar and increase gradually with depth from ~2
to 8 MPa (Figure 4b). The stress drop estimation incorporates a depth-dependent velocity model from the JMA,
thus the observed increase with depth is not an artifact of a constant shear velocity assumption (Abercrombie
et al., 2021; Hauksson, 2015). A selection of similar event pairs within 5 km hypocentral distance further ensures
a depth-dependent attenuation correction for stress drop values obtained using the spectral-ratio fitting method
(Abercrombie et al., 2021; Figure S10 in Supporting Information S1). Aside from the depth dependency, the
EFOTWO values are spatially homogenous and do not vary significantly along forearc strike (Figure 4a). Likewise,
stress drop values vary negligibly in time without a discernible trend (Figure S11d in Supporting Information S1).
The range in estimated stress drop magnitudes presented here is consistent with previous estimates for the Japa-
nese forearc (Yoshida et al., 2017).

We compare stress-drop estimates with model results by calculating the depth-dependent maximum values of
04, from the models for the Sendai and Iwaki transects (Figure 4b) and for the subregions that include most
of the aftershocks (Figures 4c—4e). The depth-dependent deviatoric stresses are similar for the preseismic and
postseismic states, which reflects that the maximum stresses did not change significantly due to the modeled
stress drop. Similarity in the preseismic and postseismic o,,, values resemble the constancy of Em‘em values.
Moreover, the deviatoric stresses are generally higher than the stress-drop estimates, consistent with partial
stress release during earthquakes (Brune, 1970; Simpson, 2018), and exhibit a similar depth dependency to
EFOTWC. The remarkably consistent correlation across the forearc follows the trend of EFOWM being ~10% of
04, (Figures 4c—4e), suggesting that the average stress release scales with ambient stress. Taken together, we
find that the deviatoric stresses obtained from the finite-element models agree favorably with the EForearc values
obtained from seismic data and validates the significance of the modeled forearc stresses.

5. Summary and Conclusions

We examine aftershock triggering by the stress drop of a megathrust earthquake and show that triggering is
only possible for a narrow range of stress drop values and preseismic forearc stresses. We determine the range
of values for the aftershock seismicity of the Tohoku earthquake using numerical force-balance models that are
constrained by the observed aftershock distribution and fault kinematics. The model results are consistent with
major aspects of the earthquake, including the magnitude and spatial heterogeneity of the stress drop, the strength
of the Japanese megathrust, and the partial stress reversal in the forearc. Our models further indicate that ~78%
of the aftershock seismicity and ~92% of the seismic moment release occurred in forearc areas of net stress
increase, and that the detailed aftershock distribution was also governed by spatial variability in fault strength.
Finally, we find that the modeled forearc stresses are remarkably consistent with independent estimates of earth-
quake stress drop values in the forearc before and after the Tohoku earthquake. Given the consistency in the data
and its implications, we conclude that the bulk forearc seismicity in the first months after the Tohoku earthquake
was triggered by the megathrust stress drop and resulting stress change in the forearc. This stress change will
not remain unchanged after the megathrust earthquake but will be altered by viscoelastic relaxation processes,
and relocking and reloading of the megathrust in the years after the megathrust earthquake (Bedford et al., 2016;
Biirgmann et al., 2016; Sobolev & Muldashev, 2017; Sun et al., 2014). Viscoelastic relaxation and reloading tend
to diminish the failure tendency and forearc seismicity with time. Whether the observed power-law like decrease
in forearc seismicity already reflects these or other processes remains to be resolved. Independently, our approach
helps to determine the stress perturbation in the forearc caused by the megathrust stress drop and can be applied
to other great megathrust earthquakes to obtain detailed information on forearc stress and strength.

Data Availability Statement

Waveform data from the Hi-net borehole network of the National Research Institute for Earth Science and Disaster
Resilience (2019). We downloaded Hi-net waveforms using the HinetPy package, Version 0.6.9 (https://10.5281/
zenodo.4777177). Hypocentral locations and phase arrivals for Japan are available from the Japan Meteorolog-
ical Agency (http://www.data.jma.go.jp/svd/eqev/data/bulletin/hypo.html). Estimated stress drop values, list of
events used in this study, and ABAQUS output databases are available from https://doi.org/10.25835/0072357.
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Erratum

Due to a typographical error introduced in the originally published version of this article, the National Research
Institute for Earth Science and Disaster Resilience and the Japan Meteorological Agency were credited with fund-
ing this research. The study was conducted without funding. This error has since been corrected, and the present
version may be considered the authoritative version of record.
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