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Abstract

Investigations of the co- and postseismic processes of the 2011 Tohoku-oki earthquake provide essential information
on the seismic cycle in the Japan Trench. Although almost all of the source region lies beneath the seafloor, recent
seafloor geophysical instruments have enabled to detect the near-field signals of both the coseismic rupture and

the postseismic stress relaxation phenomena. Annual-scale seafloor geodesy contributed to refining the postseismic
deformation models, specifically to the incorporation of viscoelastic effects. However, because of the insufficiency in
the spatial coverage and observation period of seafloor geodetic observations, no consensus on crustal deformation
models has been reached, especially on the along-strike extent of the main rupture, even for the coseismic process. To
decompose the postseismic transient processes in and around the source region, i.e,, viscoelastic relaxation and after-
slip, long-term postseismic geodetic observations on the seafloor play an essential role. Here, from decadal seafloor
geodetic data, we provide empirical evidence for offshore aseismic afterslip on the rupture edges that had almost
decayed within 2-3 year. The afterslip regions are considered to have stopped the north-south rupture propagation
due to their velocity strengthening frictional properties. In the southern source region (~37° N), despite not being
resolved by coseismic geodetic data, shallow tsunamigenic slip near the trench is inferred from postseismic seafloor
geodesy as a subsequent viscoelastic deformation causing persistent seafloor subsidence at a geodetic site off-
Fukushima. After a decade from the earthquake, the long-term viscoelastic relaxation process in the oceanic astheno-
sphere is currently in progress and is still dominant not only in the rupture area, but also in the off-Fukushima region.

tsunamigenic slip, Afterslip, Viscoelastic relaxation
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Introduction

In general, a large fault rupture is followed by postseismic
relaxation processes such as viscoelastic relaxation in the
asthenosphere and aseismic slip on the fault plane, which
lead to transient crustal deformation on the solid Earth’s
surface (e.g., Wang et al. 2012). Postseismic geodetic
data following a megathrust earthquake show the sum
of these relaxation processes and deformation caused by
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interplate coupling due to the secular plate subduction.
Along the Japan Trench, postseismic processes were trig-
gered by the 2011 Tohoku-oki earthquake (A, 9.0) and
continue in this decade. Clarifying the interplate slip
behaviors for the co- and postseismic phase will contrib-
ute to the understanding of the frictional state of faults,
slow earthquake activities, and seismic cycles in this
region.

The Tohoku-oki earthquake caused trench-ward sea-
floor displacements of several tens of meters (Sato et al.
2011; Kido et al. 2011), reaching about 50 m at the trench
(Fujiwara et al. 2011). Using seafloor geodetic data (Sato
et al. 2011; Kido et al. 2011), an extremely large slip was
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estimated at the plate interface shallower than the hypo-
center (Fig. 1) (e.g., Ozawa et al. 2012; linuma et al.
2012). Except for the north—south extent of the shallow
rupture, which could not be resolved by the geodetic
data at that time, a consensus has been reached on the
north—south rupture propagation at depths near the
hypocenter, where almost all of the fault models produce
similar results (summarized by Sun et al. 2017; Wang
et al. 2018; Lay 2018; Uchida and Biirgmann 2021). This
implies that the rupture in 2011 did not progress to the
northern region (>39° N), even though M, 8 earthquakes
have historically occurred in this region (Fig. 1) (Nagai
et al. 2001; Yamanaka and Kikuchi 2004). Investigations
of the postseismic behaviors, including the occurrence
of afterslip, in the northern and southern regions outside
the main rupture area provide useful information on how
rupture propagation may have been restrained in a com-
pact region in the depths near the hypocenter.

For the detection of transient postseismic crustal
deformation to decompose the elementary processes,
sufficiently long-term, high-frequency, and well-distrib-
uted geodetic data are required because these sources
have different decay times and deformation patterns
(e.g., Wang et al. 2012). Although the terrestrial Global
Navigation Satellite System (GNSS) observation network
has an extremely high spatiotemporal resolution, it can-
not easily decompose the transient processes because
the two processes of interest cause similar trench-ward
movements in the onshore regions and thus cannot be
distinguished from one another. In contrast, the viscoe-
lastic relaxation in the oceanic asthenosphere and the
afterslip are expected to cause displacements in opposite
directions on the seafloor above the main rupture, i.e.,
landward and trench-ward directions, respectively (e.g.,
Hu et al. 2016). Therefore, seafloor geodetic observations
can be used to decompose transient deformation sources
despite their lower temporal resolution compared to that
of terrestrial observations. Actually, seafloor geodetic
technique detected postseismic landward movements
larger than the subduction rate (~9 cm/year) (Argus et al.
2011) above the main rupture area, whereas terrestrial
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geodetic sites showed trench-ward movements. This is
a conclusive evidence for the dominance of viscoelastic
relaxation in the oceanic asthenosphere below the sub-
ducting plate on the postseismic deformation in the main
rupture area (Watanabe et al. 2014; Sun et al. 2014; Hu
et al. 2016; Tomita et al. 2017; Honsho et al. 2019).

The seafloor observation results stimulated research-
ers to develop postseismic deformation models incor-
porating the viscoelastic effects. Table 1 summarizes the
postseismic models (1) referencing the seafloor geodetic
data; (2) incorporating the afterslip models; (3) mod-
eling the subducting cold slab, and (4) calculating the
viscoelastic deformation in an area wider than the lati-
tude range of 37-39° N. Every model indicated that the
deformation patterns in the main rupture area can be
roughly explained as the viscoelastic response, but that
the observed deformation outside of main rupture can-
not be reproduced only by viscoelastic relaxation. Hu
et al. (2016) proposed a model where the afterslip effects
are approximated as a viscoelastic flow in a thin layer
whose locations are constrained by repeating earth-
quakes, which was yet insufficient to explain the verti-
cal motions of the seafloor. Some models put additional
afterslip patches in the offshore region to reproduce the
geodetic data (e.g., Sun and Wang 2015; Freed et al. 2017;
Wang et al. 2018), even though these were only tentative
models because of the insufficient spatiotemporal resolu-
tion and observation period (at most 5 years) of available
seafloor data.

On the other hand, there remains the uncertainty in
some coseismic dislocation input for the postseismic
deformation modeling. Many researchers had adopted
coseismic slip distribution models inverted from sea-
floor and terrestrial coseismic geodetic data with con-
straints of smooth slip distribution (e.g., linuma et al.
2012; Freed et al. 2017). However, the geodetic network
in 2011 did not cover the whole source region, lacking
information especially on the coseismic rupture in the
shallower portion. Thus, it is important to consider seis-
mic and tsunami waveforms, together with geodetic data
(e.g., Lay 2018; Uchida and Biirgmann 2021). To visualize

(See figure on next page.)

Fig. 1 Seafloor motion derived from GNSS-A observations. Average horizontal and vertical velocities for a preseismic period, and three-year
cumulative displacements for b 2011-2014, ¢ 2014-2017, and d 2017-2020 are indicated as black arrows and open rectangles, respectively.
Selected terrestrial GNSS velocities or cumulative displacements were extracted from the F3 solution of the GEONET sites (Nakagawa et al. 2009).
Onshore velocities during 2007-2011 are shown in (a). Purple patches indicate possible afterslip regions, but there is little or no resolution for their
spatial spread. Brown contours and colored tiles indicate geodetically derived (linuma et al. 2012) and tsunami-derived (Satake et al. 2013) coseismic
slip distributions of the 2011 Tohoku-oki earthquake, respectively. Green circles denote repeating earthquakes that occurred in each period (Igarashi
2020). CMT solutions for the use of displacement correction are shown in each panel. Navy and blue lines indicate 2-m and 4-m slip contours

of historical earthquakes in the northern area (Nagai et al. 2001). Green rectangles indicate patches with a slip of 20 m for the 1896 tsunami

earthquake (Satake et al. 2017)
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Table 1 Summary of previously proposed postseismic deformation models

Reference Rheology model Coseismic input (source) Afterslip model Approx.
period

Sun et al. (2014) Burgers model

etal. 2012)
Sun and Wang (2015) Same model as Sun
etal. (2014)
Wang et al. (2018) Same model as Sun
etal. (2014)
linuma et al. (2016) Same model as Sun
etal. (2014)

Hu et al. (2016) Burgers model

etal. 2012)

Freed et al. (2017) Maxwell model/

depth-dependent derived)

Agata et al. (2019) Power-law/thermally

activated etal. 2016)

Fukuda and Johnson
(2021)

Burgers model

Geodetic inversion (linuma

Geodetic inversion (linuma
Geodetic inversion (self-
Earthquake simulation (Nakata

Geodetic inversion with simul-
taneous Bayesian estimation
of smoothing parameter

Modified from Ozawa et al. (2012) with trial-and-error 3 years
Ad hoc shallow patches added to Sun et al. (2014) 3 years

Ad hoc afterslip patches added to Sun & Wang (2015) 5 years

Geodetic inversion after removing viscoelastic effect 0.7 years

As viscoelastic shear zone with repeating earthquake 2 years
constraints

Geodetic inversion after removing viscoelastic effect 3 years

Forward calculation based on rate- and state- 2.8 years
dependent friction

Bayesian inversion for the stress-driven viscoelastic 7 years

relaxation and afterslip model

Models with (1) referencing the seafloor geodetic data, (2) incorporating the afterslip models, (3) modeling the subducting cold slab, and (4) calculating the
viscoelastic deformation in an area wider than the latitude range of 37-39° N, are shown

the difference, Fig. 1 displays both the geodetically and
tsunami-derived slip distributions (linuma et al. 2012 and
Satake et al. 2013, respectively). Tsunami data, which are
sensitive to topographical changes of the seafloor, indi-
cate that the tsunamigenic area was extended, especially
in the northern (>39° N) and southern (~37° N) areas
along the trench (Fig. 1) (Satake et al. 2013). This feature
does not appear in geodetic inversion due to the absence
of data. Such difference in the coseismic input would
affect the coseismic stress-change field and the postseis-
mic relaxation processes. For instance, Agata et al. (2019)
proposed a viscoelastic model using coseismic slip dis-
tribution derived from seismic cycle simulation (Nakata
et al. 2016). The coseismic input included an additional
shallow slip near the trench eastern off-Fukushima (~37°
N). Their model showed significant seafloor deformation
in the off-Fukushima region caused by viscoelastic relax-
ation, whereas other models based on geodetic coseismic
input could not induce enough stress to cause such sig-
nificant viscoelastic deformation in this region (e.g., Sun
et al. 2014; Freed et al. 2017). The difference between the
models suggests that we will be able to estimate shallow
coseismic slip behavior and following postseismic models
by decomposing and discussing the postseismic deforma-
tion sources with longer-term seafloor geodetic data, as
discussed in Tomita et al. (2020). Some researchers took
a different approach to estimate coseismic distribution
by constraining their models with postseismic data (e.g.,
Yamagiwa et al. 2015; Tomita et al. 2020; Fukuda and
Johnson 2021).

In this study, decadal seafloor geodetic data that con-
tain the temporal evolutions of surface velocity are used
to decompose the deformation sources. Based on the
results, we clarify the co- and postseismic slip behaviors
in the northern and southern parts of the source region.

Data and methods

To investigate the temporal evolution of seafloor crus-
tal deformation, the Japan Coast Guard (JCG) regularly
performs seafloor geodetic observations using GNSS—
acoustic ranging combined seafloor positioning system
(GNSS-A) (Additional file 1: Figure S1), in the Japan
Trench region (e.g., Watanabe et al. 2020). GNSS-A data
were obtained at six JCG sites (KAMN, KAMS, MYGI,
MYGW, FUKU, and CHOS; Additional file 1: Table S1)
from March 2011 to June 2020 using survey vessels, and
were processed with GARPOS v1.0.0 (Watanabe et al.
2021d). Note that the present analysis method, which
incorporates the estimation process of horizontal gra-
dients in the sound speed structure, has been applied
to the previously published data (Watanabe et al. 2014).
The JCG also performed GNSS-A observations at five
sites (G08, G10, G12, G14, and G17; Additional file 1:
Table S1) installed by Tohoku University (TU) (Kido et al.
2015) since 2013, independently of TU. We additionally
reprocessed the GNSS-A data before the Tohoku-oki
earthquake at five JCG sites (Sato et al. 2013a) using the
present analysis method to determine the preseismic sea-
floor velocities.
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All GNSS-A data used in this study are available at
Zenodo (Watanabe et al. 2021a, b). Note that the GNSS-
A data before 2009 were obtained by the old “drifting
observation” system, where the ship engine had to be
turned off during the observation; thus, the ship track
cannot be controlled (Additional file 1: Figure Sla). The
data obtained by the “drifting observation” system are
less precise than the “sailing observation” system, where
the ship moves along a planned track (Sato et al. 2013b;
Ishikawa et al. 2020).

To extract the annual-scale velocity changes, we took
the following steps: We first subtract the effects of after-
shocks that can cause coseismic displacement of more
than 1 cm at seafloor sites (sources are shown in Fig. 1)
by applying the method of Okada (1992). We used the
Centroid Moment Tensor (CMT) solution catalogue
provided by the Japan Meteorological Agency, which are
available online (https://www.data.jma.go.jp/svd/eqev/
data/bulletin/index_e.html). We then smoothen the time
series of postseismic displacements, x(¢), where ¢ denotes
the time after the event, by fitting with a function which
is modified from the fitting function of Tobita (2016), i.e.,

x(t) = x9 + vt + a1 log (1 + %) + aylog <1 + %),
(1)

where xy, v, 1 and « are estimation parameters. For the
time constants 71 and 13, we applied the values of Fujiwara
et al. (2021), ie, 11 = 2.1176 day and 1o = 287.45 day,
because the GNSS-A observation frequency is as low
as several times per year per site which is insufficient to
determine these parameters. Additionally, we approxi-
mated the exponential term in their formulation to a
linear component, vz, since an extremely large time con-
stant was found by Fujiwara et al. (2021). It should also
be noted that we put «; = 0 for the TU sites where the
observation started in 2013.

Results

Time series of post- and preseismic seafloor displace-
ments with respect to the Okhotsk plate of NNR-MOR-
VEL56 model (Argus et al. 2011) within a framework
of the International Terrestrial Reference Frame 2014
(Altamimi et al. 2016, 2017) are shown in Figs. 2 and S2
(Additional file 1), respectively. The values of the dis-
placement, without corrections for aftershocks, are avail-
able at Zenodo (Watanabe et al. 2021c). To discuss the
motion changes over several years, we extracted 3-year
cumulative movements from the fitted curves for the
periods of Apr. 2011-Apr. 2014, Apr. 2014—Apr. 2017,
and Apr. 2017—Apr. 2020 (Table 2, Fig. 1). For the pre-
seismic period, we only consider the average velocity
(Table 2, Fig. 1a).
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The GNSS-A results at the TU sites independently
observed by the TU research group (Kido et al. 2015;
Honsho et al. 2019) are simultaneously plotted in
Fig. 2g—k for comparison. Because the absolute positions
estimated in the different GNSS-A systems tend to be
biased due to the differences in the GNSS’s reference or
the assumed sound speed model, there are offsets in the
results between two observation systems, i.e., JCG and
TU. The offsets were estimated and corrected as follows:
we first estimated the linear trend of JCG’s results in the
period of 2013-2017 as a reference. Offsets were calcu-
lated from the average of the residuals of the TU’s time
series for 2013-2017 relative to the JCG’s trend. Text S1
(Additional file 1) describes the validations for data at
G17, where the positioning precision is lower than the
other sites.

Discussion

Based on the temporal changes of seafloor movement
(Fig. 1), we discuss the expressions of viscoelastic relaxa-
tion and afterslip in the northern (off-Kamaishi), central
(oft-Miyagi/main rupture), and southern (off-Fukushima
and oftf-Choshi) parts of the source region, which are
conceptually illustrated in Fig. 3.

In previous studies that analyzed the data until 2014
(Watanabe et al. 2014; Sun et al. 2014), landward move-
ments at rates larger than the Pacific plate subduction
were detected at the sites located above the main rup-
ture, i.e., KAMS and MYGI (Fig. 1b). This indicated the
dominance of the effects of viscoelastic relaxation in the
oceanic asthenosphere beneath the Pacific plate, and the
interplate backslip, assuming that the interplate coupling
was restored (Fig. 3b). Crustal deformation in this area
was consistent with the quantitative models incorpo-
rating the viscoelastic response to the geodetically con-
strained coseismic input (Sun et al. 2014; Sun and Wang
2015; Freed et al. 2017; Wang et al. 2018). The large land-
ward movements at these sites continued with a slight
decay over the whole period, as well as at G08, G10, G12,
and G14 (Fig. 1c). The decay of the landward motion can
be explained as the time-dependent viscoelastic deforma-
tion (Fig. 3b).

Little temporal change in the present decade was found
in the horizontal movement at MYGW near the down-
dip edge of the main rupture (Fig. 1b—d). If the interplate
coupling in the main rupture had been restored, its land-
ward motion of about 4-5 cm/year should be canceled by
a trench-ward motion driven by viscoelastic relaxation in
the mantle wedge (e.g., Fig. 4a of Hu et al. 2016) or after-
slip to maintain balance for almost 10 years. Although
the landward motion cannot be clearly detected, it seems
to have been slightly restored after 2017. This might
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Table 2 Displacements with respect to the Okhotsk plate from the fitted curves with variance-covariance information
Site Displacement rate (cm/year) Variance-covariance ((cm/year)z)
E-ward N-ward U-ward V(E,E) V(E,N) V(N,N) V(U,U)
(a) Average velocity before 2011
KAMN —35 04 0.1 0.40 0.12 0.67 2.61
KAMS —24 —18 0.7 229 —1.01 1.71 2.10
MYGI —4.1 24 —-20 0.24 —0.03 0.50 093
MYGW —4.5 12 —02 0.22 —0.19 023 2.06
FUKU —-18 —-13 -20 0.30 0.17 1.15 315
Site Displacement (cm) Variance—-covariance (cm?)
E-ward N-ward U-ward V(E,E) V(E,N) V(N,N) V(U,U)
(b) Three-year cumulative displacement from Apr. 2011 to Apr. 2014
KAMN —4.0 36 —215 4.76 398 — 145 11.24
KAMS —326 14.9 —16.1 18.22 12.28 —6.08 16.05
MYGI —282 84 —214 535 499 0.46 7.34
MYGW 7.8 — 148 —325 273 3.1 0.57 7.29
FUKU 604 —419 —42.1 3.56 5.00 —1.59 834
CHOS 59.8 —26.1 53 7.60 24.06 373 2744
() Three-year cumulative displacement from Apr. 2014 to Apr. 2017
KAMN —170 44 —-56 0.78 0.65 —0.24 1.84
KAMS —220 6.8 -70 2.56 1.73 —0386 2.26
MYGI —20.1 7.6 — 106 1.22 1.14 0.11 1.68
MYGW —33 —22 —86 061 0.70 0.13 1.63
FUKU 57 —68 —155 0.61 0.86 —027 144
CHOS 15 —-10 03 0.61 1.92 030 2.19
G08 —255 105 —37 10.39 6.56 —544 15.66
G10 —280 13.2 —49 641 19.65 —1.75 17.88
G12 —387 17.1 —7.0 10.36 14.54 —231 14.64
G14 —-212 74 —122 1.58 1.96 —094 3.55
G17 6.7 —104 —0.5 23.65 9.54 244 57.68
(d) Three-year cumulative displacement from Apr. 2017 to Apr. 2020
KAMN —205 53 —37 161 135 —049 3.80
KAMS —223 8.1 —6.5 478 322 —1.59 421
MYGI —20.7 74 —88 249 232 0.21 342
MYGW —7.2 —04 —6.1 1.24 142 0.26 332
FUKU —0.1 —11 —124 1.20 1.70 —0.54 2.82
CHOS —2.2 2.0 —20 1.00 3.15 0.49 3.60
G08 —185 10.8 40 15.90 10.03 —833 23.96
G10 —260 17.5 05 13.18 4040 —3.59 36.77
G12 —284 19.3 6.2 19.49 27.35 —4.34 27.54
G14 —182 7.7 —6.1 245 3.02 —1.46 549
G17 —36 —4.2 154 46.94 18.92 4.84 114.47

indicate a decrease in the dominance of relaxation pro-
cesses similar to those in the main rupture area (Fig. 3b).
At the northern edge of the main rupture, little hori-
zontal displacement was observed at KAMN until 2014
(Fig. 1b). Because viscoelastic relaxation is mainly
driven by the stress induced in the low-viscosity layer

beneath the lithosphere, it tends to cause almost the
same movements at KAMN and KAMS which are
only 30 km apart. To explain the velocity contrast at
KAMN and KAMS, some postseismic models require
afterslip to reach the trench on the northern side of the
main rupture to cause a relative trench-ward motion
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at KAMN with respect to KAMS (Sun and Wang 2015;
Freed et al. 2017).

After 2014, landward motion significantly accelerated
at KAMN and had almost the same velocity at KAMS
and MYGI (Table 2c and Fig. 1c). With the preseismic
velocities (about 3—4 cm/year at both KAMN and KAMS
though with large uncertainty; Table 2a and Fig. la)

taken into account, the consistency in the movements at
KAMN and KAMS after 2014 indicates that the two sites
have been similarly influenced by long-term viscoelas-
tic relaxation. Because the spatial pattern of the viscoe-
lastic deformation has not significantly changed in the
present decade, the viscoelastic relaxation is expected to
have caused almost the same displacements at these sites
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before 2014. This supports that the afterslip in the off-
Kamaishi region actually caused the relative trench-ward
motion of 10 cm/year in three-year average at KAMN
before 2014 to cancel the landward motion driven by the
viscoelastic relaxation and interseismic backslip (Fig. 3b).
Furthermore, the temporal evolution of KAMN’s move-
ment (Fig. 2a) confirms that the afterslip in that region
had decayed sufficiently in 3 years. After the decay of
the afterslip, the viscoelastic response and interplate
coupling became dominant for the crustal deformation
around KAMN, similar to the case at neighboring GNSS-
A sites (Fig. 3b).

To reproduce the difference in the average displace-
ment rate of about 10 cm/year between KAMN and
KAMS before 2014, afterslip in the northern region out-
side the coseismic rupture with an average displacement
rate on the order of meters per year is required (see Addi-
tional file 1: Text S2 for detail). However, the slip magni-
tude depends on the afterslip distribution, which cannot
be geodetically constrained. Taking into account the tsu-
nami-derived shallow coseismic slip in the off-Kamaishi
area, the afterslip would not be expected to have reached
the trench at 39° N (Fig. 1b).

In contrast to the oft-Miyagi region, rapid trench-
ward movements were observed at FUKU and CHOS
in the southern region (<37.5° N) especially in the first
1-2 years after the Tohoku-oki earthquake (Fig. 2e, f).
The trench-ward motion became much smaller after
2013. Almost no significant horizontal movement was
found at G17, located on the trench side of FUKU,
despite the low positioning accuracy due to instrumental
malfunction (<5-6 cm/year for three-year average dis-
placement rate; see Additional file 1: Text S1 for detail).

For the horizontal movement, it is reasonable to
assume that the afterslip caused the trench-ward motion
with rapid decay of 1-2 years, as shown in most of the
postseismic models (Sun and Wang 2015; linuma et al.
2016; Freed et al. 2017; Agata et al. 2019). Actually, it
had been indicated that viscoelastic deformation cannot
cause significant motion at FUKU in some of the finite
element models (Sun et al. 2014; Freed et al. 2017), which
used the coseismic input based on the geodetic inver-
sion with a single peak beneath FUKU, such as the model
by Iinuma et al. (2012) (Fig. 1b). Therefore, such mod-
els require to reproduce both the horizontal and verti-
cal motion at FUKU by only the afterslip, leading to the
assumption that strong afterslip in the shallow portion
is necessary to explain the rapid subsidence observed at
FUKU.

However, the subsidence at FUKU continued at almost
a constant rate of about 4 cm/year, even after 2014 when
the trench-ward movement had almost ceased. This
result conflicts with models which try to explain both
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the trench-ward motion and the subsidence with shallow
afterslip. A single afterslip cannot cause such persistent
subsidence without significant trench-ward movement at
FUKU and G17, because of the low dip angle of the plate
boundary (see Additional file 1: Text S3 for detail). There-
fore, we should assume another input for the viscoelastic
deformation rather than the geodetic inversion model to
reproduce the persistent subsidence at FUKU.

Agata et al. (2019) used a coseismic slip model derived
from an earthquake cycle simulation (Nakata et al. 2016),
which incorporates an additional peak of coseismic rup-
ture near the trench at 37° N. Although the source model
has not reproduced the coseismic seafloor uplift observed
at FUKU (Sato et al. 2011), it can provide a practical
example for the viscoelastic deformation pattern associ-
ated with the shallow coseismic slip. Their viscoelastic
finite element model demonstrated sufficient subsidence
at FUKU. According to the comparisons of the numeri-
cal examples of viscoelastic deformation to the coseismic
slip distribution, as illustrated in Fig. 6 of Sun and Wang
(2015), the hinge line of horizontal deformation and
the peak of viscoelastic subsidence were located above
the downdip side of the major slip. For this reason, the
coseismic slip near the trench caused the subsidence at
FUKU in the model of Agata et al. (2019). The tsunami-
derived coseismic slip distribution in the off-Fukushima
region (Satake et al. 2013) has two peaks in the along-dip
direction (Fig. 1b). Based on the postseismic model of
Agata et al. (2019), the viscoelastic relaxation driven by
the shallower coseismic slip can cause long-term subsid-
ence at FUKU (red arrows in Fig. 3b).

The discussion above suggests that the coseismic mod-
els that include constraints from tsunami observations
(e.g., Yokota et al. 2011; Minson et al. 2014; Romano et al.
2014; Bletery et al. 2014; Melgar and Bock 2015) should
be adopted in the viscoelastic relaxation model to rea-
sonably explain the spatiotemporal variation of seafloor
deformation. In this case, both the viscoelastic relaxa-
tion and possible interseismic backslip are predicted to
cause landward motion at G17 (red and yellow arrows in
Fig. 3b, respectively). However, it cannot be well detected
because of the low accuracy of observations at G17. The
data are consistent for both cases where G17 actually
moves toward the land and where the landward motion is
canceled or weakened by the remaining afterslip. There-
fore, the data cannot constrain the degrees of contribu-
tion of viscoelastic response and afterslip to the slight
trench-ward motion at FUKU in 2014-2017.

In any cases, we can consider that the trench-ward
movements at FUKU and CHOS for the first 1-2 years
were mainly caused by afterslip in the southern region
(purple arrows in Fig. 3b). Although we cannot constrain
and estimate the spatial extent of the southern afterslip
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region because of the low spatial density of geodetic
observation sites at that time, annual-scale afterslip was
a dominant deformation source in the southern region
except for the vertical component at FUKU. Recalling the
tsunami-derived rupture distribution at 37° N, for repro-
ducing the trench-ward motion at FUKU, it might be rea-
sonable to put the afterslip on the fault between the two
peaks of the coseismic slip (Fig. 1b) rather than putting
strong afterslip patches only in far south of FUKU (<37°
N) as considered in the forward slip model shown by
Agata et al. (2019).

Considering that afterslip occurs on a fault with aseis-
mic frictional properties, the assumed afterslip regions
on the northern and southern sides of the main rupture
are considered to have behaved as barriers to the rupture
propagation. It is plausible that the shallow tsunamigenic
slip in the off-Kamaishi and off-Fukushima areas (Satake
et al. 2013) additionally loaded stress on the downdip
side, helping to drive the afterslip. The northern after-
slip occurred between the rupture zones of major earth-
quakes, i.e., the 1968 Tokachi-oki earthquake (M, 8.3),
the 1994 offshore Sanriku earthquake (M, 7.7) (Nagai
et al. 2001), the 1896 Meiji Sanriku tsunami earthquake
(M,, 8.1) (Satake et al. 2017), and the 2011 Tohoku-oki
earthquake. The gap between the major earthquake
ruptures is characterized by relatively low seismicity
(Mochizuki et al. 2005), including repeating earthquakes
(Uchida and Matsuzawa 2013; Igarashi 2020). Slow earth-
quake activity has been reported in this area (Nishikawa
et al. 2019) as well. Although the northern and along-dip
extensions of the afterslip zones cannot be resolved due
to the absence of geodetic instruments, these features are
consistent with the aseismic frictional properties. In the
off-Fukushima region, co- and postseismic deformation
sequences where the postseismic moment release due
to the afterslip exceeded the coseismic moment of the
mainshock were observed for the 2008 and 2010 Fuku-
shima-ken-oki earthquakes (M 6.9 and M 6.7, respec-
tively) (Suito et al. 2011). Although the spatial resolution
for these sequences at that time, estimated only with ter-
restrial GNSS, is insufficient to compare with the after-
slip region in the present study, it is possible that the
proposed afterslip in the off-Fukushima region following
the Tohoku-oki earthquake occurred in a region near the
previous afterslip episodes.

The model proposed by Fukuda and Johnson (2021)
seems reproduce the spatial distribution of after-
slip inferred in the present study (Fig. 1b). However,
there remain deviations in the temporal evolution,
especially in the persistent subsidence observed at
FUKU. Although it must be difficult to thoroughly
reproduce the observations, GNSS-A results suggest
that long-term viscoelastic relaxation in the oceanic
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asthenosphere should have a larger contribution to
the movement at FUKU. In addition, because the pre-
cisions of preseismic seafloor data are insufficient (as
shown in Table 2a and Fig. 1a), effects of the interplate
coupling should also be evaluated simultaneously using
the postseismic data.

Conclusions

Based on the GNSS-A observations and the above inter-
pretations, the slip behaviors in the northern and south-
ern areas can be summarized as follows. (1) Afterslip
occurred in the northern and southern regions away
from the main rupture at depths near the hypocenter,
which is consistent with the shallower tsunamigenic
slip inducing stress on the downdip aseismic sections of
the subduction thrust. It is plausible that these aseismic
afterslip regions stopped the north—south rupture propa-
gation (e.g., Nakata et al. 2021). (2) By at least 2014, the
afterslip in the off-Kamaishi, off-Fukushima, and off-
Choshi regions had almost fully decayed, though there
is less evidence for the off-Fukushima region due to the
insufficiency of information for determining the viscoe-
lastic deformation patterns. (3) Shallow tsunamigenic
slip in the south resulted in subsequent viscoelastic
deformation that caused persistent seafloor subsidence,
which was captured by postseismic seafloor geodesy.
Additionally, the GNSS-A results indicate that the long-
term viscoelastic relaxation process is continuing and is
dominant in the off-Miyagi and off-Kamaishi regions. It
also plays an important role in the oftf-Fukushima region,
although its contribution cannot be well resolved. These
long-term behaviors should be investigated by continuing
and expanding seafloor geodetic observations.
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