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Abstract 

The  2011 Tohoku-oki earthquake  produced the most well-recorded postseismic deformation of any megathrust 
earthquake in the world. Over the last decade, researchers have used a dense and widespread geodetic network of 
more than 1300 Global Navigation Satellite System (GNSS) stations inland, as well as the about 50 stations on the 
seafloor, to investigate the various deformation sources responsible for the observed crustal deformation. One of 
the contributing mechanisms to this crustal deformation is the stress relaxation of the viscoelastic mantle beneath 
the Japanese arc. As evident in experimental rock physics and geophysical observations, ambient mantle conditions 
and related rheology are expected to be heterogeneous in space. However, the contribution of such rheological 
heterogeneities to the postseismic deformation is still poorly understood. Here, we piece together several rheologi-
cal heterogeneities inferred from the decade-long postseismic deformation of the 2011 Tohoku-oki earthquake. We 
reviewed more than twenty postseismic models to understand how viscoelastic earth can influence the postseismic 
surface deformation observed after the Tohoku-oki earthquake. Besides, we employed several synthetic models to 
tease out the contribution of individual rheological heterogeneities such as depth-dependent rheology of mantle 
wedge, oceanic asthenosphere, and low-viscosity zone beneath the volcanic front. We demonstrate that the vertical 
postseismic observation is the key to unravel rheological complexity beneath northeastern Japan. The broader verti-
cal deformation pattern reveals the major viscosity contrast between backarc and forearc, and small-scale subsidence 
detects the presence of low-viscosity bodies related to arc magmatism. In short, this review paper provides a vista of 
three-dimensional heterogeneous rheology of viscoelastic earth. These rheological heterogeneities may play a crucial 
role in bridging the gap between our understanding of different phase of subduction zone earthquake cycle.

Keywords Postseismic deformation, GNSS observations, Viscoelastic relaxation, Afterslip, Nonlinear rheology, 
Earthquake deformation cycle, Rheological heterogeneity

1 Introduction
Since the Mw 9 Tohoku-oki earthquake hit northeastern 
(NE) Japan on March 11, 2011, dense and widespread 
geodetic network terrestrial Global Navigation Satellite 
System (GNSS) and seafloor GNSS-Acoustic ranging 
combination technique (GNSS-A) stations have captured 
postseismic crustal deformation at unprecedented high 
resolution in time and space (Ozawa et al. 2012; Watan-
abe et al. 2014, 2021; Sun et al. 2014; Tomita et al. 2017; 
Yokota et  al. 2018; Honsho et  al. 2019). From 1994 to 
the present, a nationwide GNSS network has provided a 
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continuous record of interseismic, coseismic, and post-
seismic deformation of the 2011 Tohoku-oki earthquake 
(e.g., Kato et al. 1998; Sagiya et al. 2000; Nishimura et al. 
2004; Ozawa et  al. 2012; Nishimura 2014; Sagiya and 
Meneses-Gutierrez 2022). In addition, another local 
GNSS network has been monitoring crustal deformation 
at high resolution around the Tohoku district. Together, 
these inland networks reveal crucial information on 
postseismic deformation following the 2011 Tohoku-oki 
earthquake (Muto et al. 2016, 2019; Dhar et al. 2022), as 
well as the 2008 Iwate-Nairiku earthquake (Ohta et  al. 
2008; Iinuma et al. 2009; Ohzono et al. 2012). Moreover, 
the remarkable near-field observations made immedi-
ately after the earthquake by seafloor geodesy installed 
above the main rupture area provide a unique opportu-
nity to shed light on the viscoelastic process (Sato et al. 
2011; Kido et  al. 2011; Sun et  al. 2014; Watanabe et  al. 
2014; Iinuma et  al. 2016), which has not been available 
for other megathrust earthquakes in subduction zones 
such as Chile, Sumatra, and Cascadia.

During the megathrust rupture, significant coseismic 
stress is imparted on the plate boundary fault and sur-
rounding crust and mantle. The weaker part of the lower 
crust-upper mantle initiates a viscoelastic flow to relax 
the perturbed stress (i.e., viscoelastic relaxation, hereafter 
VR) and a continuous aseismic slip (i.e., afterslip, here-
after AS) is triggered on the megathrust interface. VR is 
perceived to be a long-term deformation on a decadal to 
centennial scale (Nur and Mavko 1974), such as postgla-
cial rebound (James et  al. 2000) or long-term postseis-
mic deformation (e.g., 1964 Alaska earthquake, Suito 
and Freymueller 2009). However, after the 2004 Sumatra 
earthquake, several studies have inferred the necessity of 
VR to explain postseismic deformation immediately after 
the mainshock (e.g., Pollitz et  al. 2006; Han et  al. 2008; 
Hoechner et al. 2011). AS is perceived to cause the short-
term postseismic deformation near the rupture zone 
(e.g., Marone et  al. 1991; Wennerberg and Sharp 1997; 
Heki et  al. 1997; Hsu et  al. 2006; Pritchard and Simons 
2006). Since the seafloor geodesy provided unambigu-
ous evidence for the domination of transient viscoelastic 
flow immediately after the 2011 Tohoku-oki earthquake 
(Sun et  al. 2014; Watanabe et  al. 2014), recent postseis-
mic models of the earthquake have combined VR and AS 
to explain the postseismic deformation (Diao et al. 2014; 
Shirzaei et al. 2014; Sun et al. 2014; Yamagiwa et al. 2015; 
Sun and Wang 2015; Hu et  al. 2016; Freed et  al. 2017; 
Suito 2017; Wang et  al. 2018; Agata et  al. 2019; Muto 
et  al. 2016, 2019; Fukuda and Johnson 2021; Dhar et  al. 
2022).

The rheological properties of viscoelastic earth have 
also been conceptualized through the laboratory experi-
ments on rocks (Karato and Jung 2003; Hirth and 

Kohlstedt 2003; Bürgmann and Dresen 2008; Muto 2011). 
Freed and Bürgmann (2004) pioneered the inference 
of the nonlinear rheological properties of the Mojave 
Desert mantle from the postseismic observations of the 
1992 Landers and 1999 Hector Mine earthquakes in 
southern California. Since then, the application of labo-
ratory-derived constitutive properties of rocks to various 
postseismic observations has provided a unique oppor-
tunity to illuminate heterogeneous lithosphere–astheno-
sphere rheology originating from the spatial variation of 
the ambient deformation conditions, such as tempera-
ture, water content, and grain size (Freed et al 2006, 2010, 
2012; Masuti et al. 2016; Tang et al. 2019, 2020).

Since the deployment of a dense nationwide seismic 
network around 2000 (Okada et  al. 2004; Obara et  al. 
2005), detailed seismic structures in the Japan subduction 
zone have been investigated. These observations as well 
as other geophysical observations such as magnetotellu-
ric (Ogawa et al. 2014) and geothermal gradients (Tanaka 
et al. 2004; Matsumoto et al. 2022), have provided infor-
mation on the structures and ambient conditions of the 
island arc mantle wedge and subducting Pacific plate 
overlying oceanic mantle in NE Japan. Such information 
on the subduction zone can be used to infer the rheologi-
cal heterogeneity of NE Japan based on the postseismic 
deformation of the 2011 Tohoku-oki earthquake (e.g., 
Muto et al. 2013). Hence, we piece together the rheologi-
cal heterogeneities inferred by postseismic models devel-
oped over the last decade (Fig. 1). We reviewed the role of 
these rheological heterogeneities in the postseismic crus-
tal deformation shortly after the megathrust earthquake. 
We also qualitatively evaluated the geodetically inferred 
rheology from the perspective of experimental rock phys-
ics and various geophysical observations around NE 
Japan. Here, Sects. 2 and 3 summarize 10 years of GNSS 
observations after the 2011 Tohoku-oki earthquake and 
the constitutive properties of rock reported by labora-
tory experiments, respectively. In Sect.  4, we introduce 
several synthetic models (including the weaker part of 
the mantle wedge and oceanic mantle) to investigate how 
heterogeneous rheology controls the pattern of postseis-
mic surface deformation. Our study primarily focuses on 
numerical modeling using power-law rheology which can 
explain postseismic deformation from the perspective of 
rock mechanics. Section 5 presents a detailed analysis of 
the rheological heterogeneities inferred by several post-
seismic models developed over the past decade.

2  Decade‑long geodetic constraints
2.1  Geodetic dataset
Here, we reviewed geodetic observations around NE 
Japan over the past decade. The locations of inland and 
seafloor GNSS stations around NE Japan are summarized 
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in Fig.  2a. In Japanese archipelagoes, crustal deforma-
tion has been monitored by the GNSS Earth Observation 
Network System (GEONET), a dense and widespread 
network of ~ 1300 permanent GNSS stations maintained 
by the Geospatial Information Authority of Japan since 
1994 (e.g., Sagiya et  al. 2000). In addition, a network 
of ~ 64 GNSS stations operated by Tohoku University has 
been recording the crustal deformation in Iwate, Miyagi, 
Yamagata, Fukushima, and Niigata prefectures (Ohta 
et  al. 2008; Ohzono et  al. 2012; Muto et  al. 2016, 2019; 
Dhar et  al. 2022). Compared to an average site spacing 
of 20–25 km for GEONET, Tohoku University’s network 
has an average site spacing of ~ 10 km, providing a much 
denser geodetic network (hereafter, THK site).

Since 2000, the Japan Coast Guard (JCG) has been 
conducting GNSS-A seafloor geodetic observations at 
five stations installed on the landward slope of the Japan 
Trench (Fig. 2a and Additional file 1: Fig. S1). Currently, 
the JCG can provide observations for each site three 
times a year with precision in centimeters (Ishikawa et al. 
2020). Four of these JCG sites are located directly above 
the main rupture area of the 2011 Tohoku-oki earth-
quake leading to crucial observations of the postseismic 
deformations during the 10 years following the earth-
quake (Sato et  al. 2011; Watanabe et  al. 2014, 2021). In 
addition, the Tohoku University’s research group also 
conducted several campaign GNSS-A observations (from 

September 2012 to September 2016) at 20 sites (hereaf-
ter, TU GNSS-A sites; Fig. 2a and Additional file 1: Fig. 
S1) installed near the Japan Trench (Kido et  al. 2015; 
Tomita et al. 2015, 2017; Honsho et al. 2019). Following 
the earthquake, the vertical deformation near the JCG 
site above the main rupture area was captured by seven 
ocean bottom pressure (OBP) gauges, which were also 
operated by Tohoku University, as reported by Iinuma 
et al. (2016).

2.2  GNSS observations
Figure  2b–d shows the average displacement rates of 
the onshore and offshore NE Japan during 2011–2014, 
2014–2017, and 2017–2020. As expected from any meg-
athrust earthquake (Pollitz et al. 2008; Panet et al. 2010; 
Wang et  al. 2012), the terrestrial observations displayed 
a wholesale trenchward movement in approximately 
the same direction as the coseismic displacements 
(Ozawa et al. 2011, 2012). The rapid trenchward motion 
is observed in the early years (Fig.  2b) but decrease 
substantially in the later period (Fig.  2c, d). After 2014, 
the trenchward motion in the Kanto region and the 
southern part of Fukushima prefecture significantly 
decreases (westward motion in Fig.  2c) and displays a 
landward movement in the observations from 2017 to 
2020 (Fig. 2d). The landward motion may be influenced 
by continuing strong northwest motion of fully coupled 

Fig. 1 Schematic diagram for heterogeneous rheology of NE Japan revealed by decade-long geodetic observation after the 2011 Tohoku-oki 
earthquake. The shape of upper surface of Pacific plate is adopted from Nakajima and Hasegawa (2006) and Nakajima et al. (2009). Qualitative 
colormap of viscosity marked blue for high viscosity and red for low viscosity. See main text for further details
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Philippines Sea slab (Suito 2018); however, further analy-
sis is required to understand it clearly. As per the obser-
vations from 2017 onward, the eastern part of Aomori 
prefecture also displays a southwest motion. Although 
the westward motion can be influenced by interseismic 
plate coupling at Aomori-oki, our understanding of such 
plate coupling is still limited.

A few seafloor JCG sites (MYGI, KAMS, KAMN) 
and an OBP site (GJT3) show landward motion (Sun 
et al. 2014; Watanabe et al. 2014; see Additional file 1: 
Fig. S1a for site names of seafloor observations) shortly 
after the mainshock. These landward displacements 
provide unique evidence that VR dominates short-term 
postseismic deformation (e.g., Sun et al. 2014; Sun and 

Fig. 2 Decade-long geodetic observations after the 2011 Tohoku-oki earthquake around NE Japan. a The location of onshore and offshore 
geodetic stations. b Displacement rate during April 2011–April 2014, c April 2014–April 2017, and d April 2017–April 2020. Note that only 
high-quality data of 110 GEONET stations is plotted and horizontal motion during 2011–2014 is scale down to one half in (b). The displacement rate 
at JCG and TU GNSS-A sites is opted from Honsho et al. (2019) and Watanabe et al. (2021). The displacements of inland GNSS stations are referenced 
to Fukue station (ID: 950,462; 128.843°E, 32.669°N)
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Wang 2015). Notably, the MYGW station redirected its 
motion toward land in ~ 2017 onward (Watanabe et al. 
2021). Before ~ 2014, the motion of KAMN was sig-
nificantly slower than that of its neighboring stations 
(KAMS and MYGI); however, after ~ 2014, the move-
ment of KAMN became consistent with them. The 
JCG site FUKU and a few TU sites (G17, G18, G19, and 
G20) along Fukushima-oki exhibited a rapid seaward 
motion during 2011–2017 (Tomita et al. 2017; Honsho 
et al. 2019; Watanabe et al. 2021).

The postseismic vertical deformation shows pro-
nounced subsidence at the volcanic front to backarc 
and rapid uplift along the Pacific coast in the central 
Tohoku district (~ 100-km wavelength). In addition, 
the THK network provided a high-resolution dataset 
that displays local-scale subsidence around the volcanic 
region, which is stronger than the background subsid-
ence (Muto et al. 2016). Several models have explained 
this deformation pattern by incorporating rheologi-
cal heterogeneities such as the cold nose in the forearc 
and low-viscosity zone (LVZ) at the volcanic front (dis-
cussed in detail later). This heterogeneity of the mantle 
wedge was inferred only by the models that employed 
both horizontal and vertical geodetic constraints (Hu 
et al. 2014; Muto et al. 2016, 2019; Luo and Wang 2021; 
Dhar et  al. 2022). Most postseismic studies have con-
cluded that the vertical deformation pattern is sensitive 
to the complex rheological structure beneath NE Japan 
(Hu et  al. 2014, 2016; Freed et  al. 2017; Suito 2017; 
Muto et al. 2016, 2019; Fukuda and Johnson 2021; Luo 
and Wang 2021). By using both horizontal and vertical 
displacements, several studies have inferred heteroge-
neous rheology models such as depth-dependent rheol-
ogy, LVZs at the volcanic front to the backarc, or cold 
nose in the forearc mantle wedge (Freed et  al. 2017; 
Suito 2017; Muto et al. 2016, 2019; Luo and Wang 2021; 
Dhar et al. 2022).

3  Laboratory‑derived constitutive laws of rocks
Laboratory experiments on rocks representing the lower 
crust and upper mantle suggest viscoelastic behavior 
in response to applied stress. When a constant stress is 
instantaneously applied under a pressure and tempera-
ture equivalent to depth, a rock displays an initial elastic 
response followed by a rapid strain-rate change (tran-
sient deformation) with a subsequent constant strain rate 
(steady state) deformation. Figure 3a shows a schematic 
diagram of rock deformations inferred from laboratory 
experiments. In the steady state, a viscoelastic material 
under the most plausible experimental conditions shows 
a power-law dependence of stress on strain rate (e.g., 
Goetze and Evans 1979; Kirby 1983; Shimamoto 1993; 
Kohlstedt et al. 1995; Bürgmann and Dresen 2008; Karato 
2008). The steady-state flow law incorporates thermally 
activated deformation processes in the following form 
(Kirby and Kronenberg 1987; Carter and Tsenn 1987; 
Karato and Jung 2003; Hirth and Kohlstedt 2003; Bürg-
mann and Dresen 2008; Muto 2011):

where ε̇ is the strain rate, A is the pre-exponential factor, 
Q is the activation energy, � is the activation volume, n is 
the power-law exponent, p is the pressure, T is the abso-
lute temperature, R is the gas constant, d is the grain size, 
m is the grain-size exponent, COH is the water content, 
r is the water-content exponent, and σ is the differen-
tial stress. The stress exponent n depends on the micro-
scopic deformation mechanisms (Hirth and Kohlstedt 
2003; Bürgmann and Dresen 2008) that govern the plas-
tic flow of rocks. If the flow is accommodated by disloca-
tion creep, n tends to be between 2 and 4, whereas n is 1 
for diffusion creep. Laboratory experiments suggest that 
dislocation creep predominantly governs the mantle flow 
under relatively high-stress conditions. The prevalence of 

(1)ε̇ = A(COH )
rd−mσ n exp −

Q + p�

RT
,

Fig. 3 Schematic diagrams of the transient deformation of rocks under constant stress. a The time-dependent strain of mantle rock under constant 
stress. b Spring–dashpot representation of biviscous (Burgers) rheology.  GK and  GM denote shear modulus of the Kelvin element and the Maxwell 
element, respectively. ηK and ηM represent viscosity of the Kelvin element and the Maxwell element, respectively
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dislocation creep in upper mantle can be substantiated 
by observations of seismic anisotropy owing to the pre-
ferred orientation of olivine minerals (Silver et al. 1999). 
Under a low-stress regime, diffusion creep dominates the 
mantle flow.

From Eq.  (1), effective viscosity ( ηeff = σ/2ε̇ ) can be 
expressed as follows:

With a power-law rheology of n = 2–4, the effective vis-
cosity depends on the magnitude of the stress given by 
a background stress (or pre-stress) and coseismic stress 
change. Therefore, coseismic stress changes significantly 
decrease the viscosity. For example, shortly after a meg-
athrust rupture, the effective viscosity in the surround-
ing lower crust/upper mantle is temporarily reduced 
under high stress caused by coseismic events, leading to 
a rapid postseismic strain rate of deformation (i.e., tran-
sient creep). Over time, stress is dissipated owing to the 
continuous viscous flow (stress relaxation), restoring 
the pre-earthquake effective viscosity under steady-state 
stress (background stress or pre-stress). For Newtonian 
rheology with n = 1, the effective viscosity is independent 
of stress.

Experiments on olivine (single crystal or aggregates) 
also indicate the reduction in viscosity by several orders 
of magnitude (compared to steady state) at the onset of 
transient creep (Post 1977; Smith and Carpenter 1987; 
Chopra 1997; Hanson  and Spetzler 1994; Hansen et al. 
2021). This rapid change of viscosity is due to the ini-
tial strain increments which may results from micro-
structural evolution such as changes in distribution and 
arrangement of dislocations (Durham et  al. 1977; Han-
son and Spetzler 1994). The transient creep may attrib-
ute to the increase in dislocation density (e.g., Durham 
et al. 1977) until it becomes constant under the applied 
stress. At constant dislocation densities, the dislocation 
structure may require additional strain to overcome the 
threshold strength and evolve again (strain hardening). 
The transient creep of olivine has been explained by sev-
eral micro-mechanical processes, including intergranular 
mechanism (Ashby and Duval 1985; Karato 1998, 2021; 
Masuti et  al. 2019) and elastic resistance to dislocation 
movement (Hansen et al. 2019).

The transient deformation of natural rock can be 
understood as the acceleration of the strain rate in the 
early phase of rock deformation (Fig.  3a). Burgers rhe-
ology model (a spring–dashpot system) is a widely 
used phenomenological representation of transient 
and steady-state deformation (Carter and Kirby 1978; 
Smith and Carpenter 1987; Chopra 1997; Karato 2008; 
Masuti and Barbot 2021). Burgers model consists of two 

(2)ηeff =
1

2
A−1(COH )

−rdmσ 1−n exp

(

Q + p�

RT

)

elements: Kelvin and Maxwell elements, which represent 
the transient and steady-state deformations, respectively 
(Fig.  3b). Kelvin element includes a spring and dashpot 
connected in parallel, whereas Maxwell element com-
prises a spring and a dashpot joined in series. The strain 
rate in the spring of Maxwell element, dashpot of Max-
well element, and dashpot of Kelvin element indicates 
the initial elastic response, steady-state viscous flow, and 
rapid transient viscous flow, respectively. As transient 
and steady-state deformations occur simultaneously, the 
strain due to the transient and steady-state deformations 
is connected in series. For Burgers rheology, the strain 
rate ( ̇ε ) as a function of time (t) can be expressed as fol-
lows (Karato 2008, 2021; Freed et al. 2012):

where τ is the transient relaxation time, ε̇0 is the initial 
strain rate, ε̇ST is the steady-state strain rate. The above 
equation can be rewritten as follows:

where β(= ε̇0/ε̇ST ) ) indicates the ratio of the steady-state 
viscosity to transient viscosity and can be used to control 
the transient deformation. Notably, the transient relaxa-
tion time can be directly related to the transient viscos-
ity (transient viscosity = transient relaxation time × shear 
modulus), regardless of linear or nonlinear rheology. 
Alternatively, several studies (Qiu et al. 2018; Tang et al. 
2019; Weiss et  al. 2019; Agata et  al. 2019; Muto et  al. 
2019; Dhar et al. 2022) have adopted the strain rate as a 
function of the evolving stress (time-independent form), 
which can be expressed as follows:

where σ represents the differential stress at each time 
step including the pre-stress and coseismic stress change, 
ηM represents the steady-state viscosity (i.e., Maxwell vis-
cosity), ηK is the transient viscosity (i.e., Kelvin viscosity), 
n is the stress exponent, GK is the strain hardening coef-
ficient, and εK is the cumulative transient strain due to 
strain hardening. The physical significance of parameter 
GK is poorly understood from an experimental perspec-
tive (Masuti et al. 2016, 2019; Masuti and Barbot 2021).

Although the transient viscosity of mantle rock has not 
been experimentally studied in detail, the ratio of steady 
state to transient viscosity is usually considered constant. 
Experiments on olivine suggest a value of 2–10 (Carter 
and Ave’Lallemant 1970; Post 1977; Mackwell et al. 1985; 
Chopra 1997). Using transient rheology, the values of the 
ratio inferred from previous postseismic models were 

(3)ε̇ = ε̇0 + (ε̇ST − ε̇0)

[

1− e−
t
τ

]

,

(4)ε̇ = ε̇ST

[

1− e−
t
τ + βe−

t
τ

]

,

(5)ε̇ =
σ n

ηM
+

(σ − 2GK εK )
n

ηK
,
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4–10 (1999 M7.6 Izmit earthquake; Hearn et al. 2009), 29 
(1999 Hector Mine; Pollitz 2003), 10 (1999 Hector Mine; 
Freed et al. 2010), 1.5–6 (1999 Hector Mine; Freed et al. 
2012), 29 (2002 M7.9 Denali earthquake; Pollitz 2005), 
20 (2004 Sumatra earthquake; Pollitz et  al. 2006, 2008), 
10–100 (series of Sumatran earthquakes; Qiu et al. 2018), 
and 10 (1999 Chi-Chi earthquake; Tang et al. 2019). The 
adaptation of its value also varies widely for postseismic 
models developed after the 2011 Tohoku-oki earthquake. 
Several postseismic models have inferred the values of 
1 (Agata et al. 2019), 6 (Muto et al. 2016), 10 (Hu et al. 
2016; Muto et al. 2019; Dhar et al. 2022), and 25 (Fukuda 
and Johnson 2021).

The postseismic GNSS time series of large earthquakes 
including the 2011 Tohoku-oki earthquake displays 
biphasic surface deformation including rapid transient 
deformation, followed by steady-state deformation. This 
biphasic deformation is well explained by biviscous Burg-
ers rheology (e.g., Pollitz 2003) as well as power-law rhe-
ology (e.g., Freed and Bürgmann 2004). Several studies 
have also combined transient creep and power-law flow 
to explain the postseismic geodetic observations of the 
1999 Hector Mine earthquake (Freed et  al. 2010, 2012) 
or 2004 Sumatra earthquake (Masuti et  al. 2016) and 
2011 Tohoku-oki earthquake (Agata et  al. 2019; Muto 
et al. 2019; Dhar et al. 2022). Morikami and Mitsui (2020) 
utilized high-rate GNSS observations (horizontal direc-
tions) following the 2011 Tohoku-oki earthquake and 
inferred that ground displacement rate follows an Omori-
like power-law decay (non-Maxwellian deformation) 
immediately after the earthquake. Compared with the 
decaying trend of aftershock occurrence (p-value ∼1), a 
slower decay of horizontal ground motion with a p-value 
of ∼0.69 indicates biviscous Burgers rheology or power-
law rheology rather than Maxwell rheology (Ingleby and 
Wright 2017).

4  Controls of heterogeneous rheology 
on postseismic deformation

4.1  Base postseismic models
In this study, we constructed a simple two-dimensional 
(2-D) rheological model to test the effect of various 
rheological structures near the main rupture area of the 
2011 Tohoku-oki earthquake. Similar approaches have 
been used in several previous studies (Sun and Wang 
2015; Yabe et al. 2015; Muto et al. 2016; Luo and Wang 
2022). Sun and Wang (2015) revealed that postseismic 
horizontal motion is sensitive to the contribution of 
both the mantle wedge and the oceanic asthenosphere. 
Conversely, similar models by Luo and Wang (2022) 
demonstrate that the mantle wedge and oceanic man-
tle independently cause the vertical motion above the 
forearc and trench areas, respectively. Using a 2-D 

rheology model, we investigated the controls of heteroge-
neous rheology such as depth-dependent viscosity, LVZ, 
and oceanic asthenosphere, on postseismic deformation 
across NE Japan. First, we built a base viscoelastic model 
(Fig. 4a) composed of a mantle wedge and oceanic mantle 
with uniform viscosities and an elastic cold nose (simi-
lar to Sun et  al. 2014; Luo and Wang 2021; Fukuda and 
Johnson 2021). The thicknesses of the continental crust 
and Pacific slab are 30  km and 50  km, respectively. We 
adopted the Maxwell viscosities of the oceanic mantle of 
1.1×1020  Pa·s and mantle wedge of 5.6×1018  Pa·s from 
Fukuda and Johnson (2021). The ratio between Maxwell 
and Kelvin viscosities is 25 (Fukuda and Johnson 2021). 
The model framework (Fig. 4a) and coseismic slip distri-
bution (Additional file 1: Fig. S1b) were used the same as 
those used by Dhar et al. (2022) and Iinuma et al. (2012), 
respectively. The postseismic deformation was simulated 
using the integral methods with in-plane strain condi-
tions (Lambert and Barbot 2016; Barbot et al. 2017; Bar-
bot 2018; Muto et al. 2019; Dhar et al. 2022). As our base 
model considers neither interseismic plate coupling nor 
AS displacements, we calculated 3 years of postseismic 
surface deformation using only VR. Consistent with the 
most previous postseismic model (listed in Table 1), our 
base viscoelastic model produces an opposing trench-
ward and landward motion above land and near-trench 
areas, respectively (Fig. 4a). The displacement field of the 
viscoelastic mantle over the 3 years of postseismic defor-
mation is illustrated by flow vectors (arrows in Fig.  4a). 
The mantle-flow vectors show two opposing flow pat-
terns due to the asymmetric nature of the coseismic 
deformation (Sun and Wang 2015). The base viscoelastic 
model with linear Burgers rheology (blue line in Fig. 4a) 
produces a weak sub-arc uplift, strong coastal uplift, and 
near-trench uplift, similar to the results of several pre-
vious linear models (Luo and Wang 2021, 2022; Fukuda 
and Johnson 2021). The details of model structures are 
summarized in Additional file  1: Table  S1. Notably, the 
presence of a cold nose causes a significant reduction 
in horizontal motion and substantial uplift above the 
coastal areas, as reported by Luo and Wang (2021).

Changing the linear rheology to power-law one not 
only suppresses the horizontal motion but also adds sub-
sidence at the volcanic front and more uplift in coastal 
areas (hereafter, base model displacement, black line in 
Fig. 4a). The mantle flow in power-law rheology exhibits 
a similar pattern to that in linear rheology but with less 
magnitude, except for the part of the mantle close to the 
coseismic rupture zone (Fig. 4a). Compared to the linear 
model, the lower magnitude of postseismic displacements 
in the power-law model are likely due to the localization 
of viscous deformation closer to the coseismic rupture 
zone where the viscosity is significantly reduced by the 
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coseismic stress change (see viscous strain distributions 
in Fig. 4b). In particular, the effective viscosities (steady-
state and transient deformation) of the mantle close to 
the coseismic rupture zone are reduced by one to two 
orders of magnitude immediately after the earthquake 
(Fig.  5). However, they gradually increase over time as 
stress relaxation progresses. Figure  5a–f illustrates the 
evolution of effective viscosities for the power-law base 
model. The details on the calculation of effective viscosi-
ties are provided in Additional file 1: Text S1.

4.2  Depth‑dependent viscosity model
Experimental rock physics has suggested viscosity strati-
fication in the lithosphere–asthenosphere due to the 
temperature and pressure dependences of rocks (i.e., 
depth-dependent rheology) (Turcotte and Schubert 1982; 
Hirth and Kohlstedt 2003; Riva and Govers 2009). Equa-
tion 2 shows that the viscosity decreases as the temper-
ature increases, whereas the viscosity increases as the 
pressure increases (for a constant value of other rheologi-
cal parameters). The rapid increase in temperature across 
the lithosphere as a thermal boundary layer causes a 
sharp drop in viscosity. Beneath the lithosphere, although 
the temperature rises along an adiabat, the viscosity 

increases with depth by the pressure dependence via 
activation volume (Eq.  2). The steady-state viscosity 
profile indicates that the region of minimum viscosity 
at a depth of ~ 100–150  km may be associated with the 
asthenosphere.

To investigate the effect of depth-dependent rheology, 
we built a one-dimensional temperature- and pressure-
dependent viscosity profile using the flow law of olivine 
(Karato and Jung 2003; see also Additional file  1). The 
thermal structure is calculated using a half-space cooling 
model (Turcotte and Schubert 1982; see also Dhar et al. 
2022). In the model with the depth-dependent viscosity 
profile in the mantle wedge (Fig. 6), changes are notice-
able in the magnitude, but not in the pattern of hori-
zontal motion compared to the power-law base model. 
Although horizontal motion is sensitive to both rheology 
of mantle wedge and oceanic mantle, the mantle wedge 
rheology largely affects the inland vertical motion (Luo 
and Wang 2022). The depth-dependent viscosity struc-
ture produces additional uplift above the coastal area. 
We evaluated the surface displacements for five depth-
dependent viscosity models with different activation 
volumes and water contents (Fig.  6; see also Additional 
file  1: Table  S2). The values of activation volume and 

Fig. 4 The effect of base viscoelastic model on the 3-year postseismic deformation. a The surface displacement by base viscoelastic models with 
linear and power-law rheology. The surface displacements by base model without cold nose are illustrated by dotted lines. The 2-D viscosity profile 
depict the basic viscoelastic model with uniform viscosities for upper mantle and oceanic mantles. The flow vectors for power-law and linear model 
are also illustrated. b The viscous strains calculated over 3 years of postseismic deformation in the power-law and linear base models. The strain 
distribution is normalized by coseismic strain perturbation (normalized strain = total strain / coseismic strain change). Viscous strain is defined as the 
second invariant of the deviatoric strain tensor
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Table 1 Summary of postseismic models of the M9 2011 Tohoku-oki earthquake

Reference Rheology 
model

Geodetic constraint Mantle wedge 
viscosity [Pa·s]
[+ Cold nose (CN)]

Upper crust/ 
Pacific slab
[km /km]

Oceanic mantle 
viscosity [Pa·s]

Oceanic 
asthenosphere [Pa·s] 
[+ LAB]

Imakiire and Koarai 
(2012)

E Horizontal
0–4 month

NA
NA

NA NA NA

Ozawa et al. (2012) E Horizontal
0–9 month

NA
NA

NA NA NA

Perfettini and Avouac 
(2014)

E Horizontal
0–9 month

NA
NA

NA NA NA

Silverii et al. (2014) E Horizontal
0–4 month

NA
NA

NA NA NA

Diao et al. (2014) LM Horizontal
0–18 month

Layered earth
2 ×  1019 ( ηM)
[+ No CN]

50/No Layered earth
1 ×  1020 ( ηM)

Layered earth
2 ×  1019 ( ηM)
[+ No LAB]

Yamagiwa et al. (2015) LM Horizontal & vertical
0.6–18 month
0.6–9.6 month
1.6–9.6 month

Layered earth
9 ×  1018 ( ηM)
[+ No CN]

50/No Layered earth
1 ×  1020 ( ηM)

Layered earth
9 ×  1018 ( ηM)
[+ No LAB]

Freed et al. (2017) LM Horizontal & vertical
0–36 month

Heterogeneous*
1018 –  1019 ( ηM)
[+ Viscous CN]

30/60  ~ 3 ×  1019 ( ηM)  ~ 9 ×  1018 ( ηM)
[+ LAB ~ 3 ×  1018 ( ηM)]

Suito (2017) LM Horizontal & vertical
0–60 month

Heterogeneous*
 ~ 2 ×  1018 ( ηM)
[+ Viscous CN]

30/80 1 ×  1019 ( ηM) 1 ×  1019 ( ηM)
[+ LAB ~ 1 ×  1018 ( ηM)]

Muto et al. (2016) LB Horizontal & vertical
0–9 month

Heterogeneous* 
~  1018 ( ηM)
[+ Viscous CN]

20/60 Heterogeneous*
 ~  1019 ( ηM)

Heterogeneous*
 ~  1019 ( ηM)
[+ LAB ~ 5 ×  1018 ( ηM)]

Sun et al. (2014) LB Horizontal
0–12 month

1.8 ×  1018 ( ηM)
2.5 ×  1017 ( ηK)
[+ Elastic CN]

25/25 1 ×  1020 ( ηM)
2 ×  1018 ( ηK)

1 ×  1020 ( ηM)
2 ×  1018 ( ηK)
[+ LAB 2.5 ×  1017 ( ηM,K)]

Shirzaei et al. (2014) LB Horizontal
0–15 month

1 ×  1019 ( ηM)
1 ×  1018 ( ηK)
[+ No CN]

50/50 1 ×  1020 ( ηM)
1 ×  1019 ( ηK)

1 ×  1020 ( ηM)
1 ×  1019 ( ηK)
[+ No LAB]

Sun and Wang (2015) LB Horizontal
0–36 month

1.8 ×  1018 ( ηM)
2.5 ×  1017 ( ηK)
[+ Elastic CN]

25/45 1 ×  1020 ( ηM)
2 ×  1018 ( ηK)

1 ×  1020 ( ηM)
2 ×  1018 ( ηK)
[+ LAB 2.5 ×  1017 ( ηM,K)]

Iinuma et al. (2016) LB Horizontal & vertical
0–9 month

1.8 ×  1018 ( ηM)
2.5 ×  1017 ( ηK)
[+ Elastic CN]

25/45 1 ×  1020 ( ηM)
2 ×  1018 ( ηK)

1 ×  1020 ( ηM)
2 ×  1018 ( ηK)
[+ LAB 2.5 ×  1017 ( ηM,K)]

Hu et al. (2014) LB Horizontal & vertical
0–12 month

1 ×  1019 ( ηM)
1 ×  1018 ( ηK)
[+ No CN]

40/80 1 ×  1020 ( ηM)
1 ×  1019 ( ηK)

1 ×  1020 ( ηM)
1 ×  1019 ( ηK)
[+ No LAB]

Hu et al. (2016) LB Horizontal & vertical
0–24 month

3 ×  1019 ( ηM)
3 ×  1018 ( ηK)
[+ Elastic CN]

40/80 5 ×  1019 ( ηM)
5 ×  1018 ( ηK)

 ~  1018 ( ηM)
 ~  1017 ( ηK)
[+ No LAB]

Wang et al. (2018) LB Horizontal & vertical
0–60 month

1.8 ×  1018 ( ηM)
2.5 ×  1017 ( ηK)
[+ Elastic CN]

25/45 1 ×  1020 ( ηM)
2 ×  1018 ( ηK)

1 ×  1020 ( ηM)
2 ×  1018 ( ηK)
[+ LAB 2.5 ×  1017 ( ηM,K)]

Fukuda and Johnson 
(2021)

LB Horizontal & vertical
0–84 month

5.6 ×  1018 ( ηM)
2.2 ×  1017 ( ηK)
[+ Elastic CN]

30/50  ~ 1.2 ×  1020 ( ηM)
 ~ 4.5 ×  1018 ( ηK)

 ~ 1.2 ×  1020 ( ηM)
 ~ 4.5 ×  1018 ( ηK)
[+ No LAB]

Luo and Wang (2021, 
2022)

LB Horizontal & vertical
0–60 month

4.5 ×  1018 ( ηM)
1 ×  1018 ( ηK)
[+ Elastic CN]

30/45 5 ×  1019 ( ηM)
5 ×  1018 ( ηK)

5 ×  1019 ( ηM)
5 ×  1018 ( ηK)
[+ No LAB]

Agata et al. (2019) NLB Horizontal
0–33 month

Heterogeneous *
 ~  1019 ( ηM)
 ~  1019 ( ηK)
[+ Elastic CN]

40/100 (?) Heterogeneous*
 ~  1019 ( ηM)
 ~  1019 ( ηK)

 ~  1019 ( ηM)
 ~  1019 ( ηK)
[+ No LAB]
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water content are carefully chosen so that the minimum 
Maxwell viscosities reach the value of either 5.6×1016, 
5.6×1017, or 5.6×1018 Pa·s. Figure 6a compares the sur-

face displacements by the models where the activation 
volume is different, but the water content is fixed. The 
change in the activation volume (with a fixed water con-
tent) affects both the width and the minimum viscosity 

of the weak layer (at ~ 50–100 km depth; Fig. 6a–b) in the 
depth-dependent viscosity model (see Additional file  1: 
Fig. S2), which significantly changes the surface displace-

ment pattern. Similarly, Fig. 6b illustrates the surface dis-
placements by the models with various water contents 
under fixed activation volume. The change in water con-
tent (with a fixed activation volume) affects the viscosity 

Table 1 (continued)

Reference Rheology 
model

Geodetic constraint Mantle wedge 
viscosity [Pa·s]
[+ Cold nose (CN)]

Upper crust/ 
Pacific slab
[km /km]

Oceanic mantle 
viscosity [Pa·s]

Oceanic 
asthenosphere [Pa·s] 
[+ LAB]

Muto et al. (2019) NLB Horizontal & vertical
0–63 month

Heterogeneous*
1016 –  1020 ( ηM)
1015 –  1019 ( ηK)
[+ Viscous CN]

20/60 Heterogeneous
1016 –1020 ( ηM)
1015 –1019 ( ηK)

 ~ 1 ×  1018 ( ηM)
 ~ 1 ×  1016 ( ηK)
[+ No LAB]

Dhar et al. (2022) NLB Horizontal & vertical
0–63 month

Heterogeneous*
1017 –  1020 ( ηM)
1016 –  1019 ( ηK)
[+ Viscous CN]

20/60 Heterogeneous*
1017 –1020 ( ηM)
1016 –1019 ( ηK)

 ~ 1 ×  1020 ( ηM)
 ~ 1 ×  1019 ( ηK)
[+ No LAB]

E Elastic, LM linear Maxwell, LB linear Burgers, NLB nonlinear Burgers, LAB lithosphere–asthenosphere boundary

*For heterogeneous model, average viscosities are displayed

Fig. 5 The postseismic evolution of effective viscosity in the power-law base model. The effective viscosities of steady-state (Maxwell element; left 
panel) and transient (Kelvin element; right panel) deformation are shown for a–b 1 day, c–d 1 year, e–f 3 years after the earthquake
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substantially but not the width of the weak layer. Either 
through changing activation volume or water content, 
the rheology that employs the same minimum viscos-
ity results in a similar surface deformation pattern. This 
indicates that the surface deformation pattern is sensi-
tive to the viscosity of weakest layer in depth-dependent 
models. The amount of both horizontal displacements 
and coastal uplift increases with the decreasing viscosity 
of the weakest layer. Compared to the base model with 
uniform viscosity, deformation occurs in the weak layer 
of the asthenosphere in the depth-dependent viscosity 

model. The flow magnitude increases at greater depth 
due to the weak layer while decreases at shallower depth 
(red arrow in Fig. 6c). The concentration of postseismic 
viscous strain at greater depth is also depicted by the 
difference between modeled strain and that of the base 
model (see strain difference in Fig. 6d).

We deployed depth-dependent viscosity in the oce-
anic mantle to investigate the effect of the oceanic asthe-
nosphere on postseismic surface displacements. The 
thermal profile of the oceanic mantle was based on the 
half-space cooling model with a plate age of 120 Ma (Syr-
acuse et al. 2010; See also Dhar et al. 2022). The thermal 

Fig. 6 The effect of depth-dependent viscosity on the 3-year postseismic deformation. a The surface displacement by the model with 
depth-dependent viscosity in mantle wedge where activation volume � vary 25, 13, and 3  cm3/mol with a fixed water content  COH of ~ 82 ppm 
H/Si. The corresponding 1-D viscosity profiles are shown in top panel. b The surface displacement by the model where  COH vary as ~ 12, ~ 82, 
and ~ 559 ppm H/Si with fixed  � of ~ 13  cm3/mol. The corresponding 1-D viscosity profiles are displayed in top panel. See model details in 
Additional file 1: Table S2. c The trench-normal profile shows the viscosity distribution and mantle flow pattern for the model with �= ~ 13  cm3/
mol and  COH = 82 ppm H/Si are shown. d The distribution of strain difference corresponds to the model shown in (c). Strain difference = strain in 
the depth-dependent model – strain in the base model. All viscous strain (second invariant of the deviatoric strain tensor) is normalized by the 
coseismic strain
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model and rheological parameters are summarized in 
Additional file 1: Table S3. We investigated the effect of 
five oceanic mantle models using different activation vol-
umes and water contents similar to the case of mantle 
wedge (Fig. 7a–b; see also Additional file 1: Table S3). Fig-
ure 7a compares the surface displacements of the models 
with various activation volumes and fixed water contents. 
With decreasing activation volume, the viscosity gradi-
ent of the oceanic asthenosphere decreases, which causes 
a larger displacement near the trench (cyan curve in 
Fig. 7a). Decreasing the activation volume also increases 
the thickness of the oceanic asthenosphere (Additional 
file 1: Fig. S2a) which largely affect the magnitude of the 

coastal uplift (Fig. 7a). Similarly, Fig. 7b shows the surface 
displacements of the models with various water contents 
and the fixed activation volumes. Increasing the water 
content only reduces the viscosity of the oceanic asthe-
nosphere which also strengthens the deformation near 
the trench (Fig. 7b). The weak oceanic asthenosphere (at 
a depth of ~ 100–180 km) controls the magnitude of the 
landward motion of the near-trench areas. In addition, it 
also controls the postseismic subsidence of the seafloor 
as well as the uplift in the areas close to the trench axis 
(Fig.  7). Although changes in either the activation vol-
ume or water content affect the surface deformation in 
similar ways, discrepancies can only be noticed in the 

Fig. 7 The effect of oceanic asthenosphere on the 3-year postseismic deformation a The surface displacement by the model with activation 
volume ( �) vary as ~ 21, ~ 13, and ~ 7  cm3/mol while water content  (COH) was fixed to 47 ppm H/Si. The corresponding 1-D viscosity profiles are 
shown in top panel. b The surface displacement by the model with  COH vary as ~ 7, ~ 47, ~ 321 ppm H/Si while � was fixed to ~ 13  cm3/mol. The 
corresponding 1-D viscosity profiles are displayed in top panel. See model details in Additional file 1: Table S3. c The trench-normal profile shows the 
viscosity distribution and mantle flow pattern for the model with �= ~ 13  cm3/mol and  COH = 47 ppm H/Si are shown. d The distribution of strain 
difference corresponds to the model shown in (c). Strain difference = strain in depth-dependent model – strain in base model. All viscous strain 
(second invariant of the deviatoric strain tensor) is normalized by the coseismic strain
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vertical deformation of the near-trench areas (see Fig. 7a, 
b). Similar to the mantle wedge, the weak oceanic asthe-
nosphere allows significant mantle flow only at greater 
depth (red arrow in Fig. 7c). The strain distribution due 
to the depth-dependent models of oceanic mantle (rela-
tive to that of the base model) indicates the concentra-
tion of viscous strain at greater depth in the postseismic 
period (see strain difference in Fig. 7d).

4.3  Low‑viscosity zone beneath the volcanic front
We tested the effect of a localized low-viscosity zone 
(LVZ) beneath the volcanic front (300 km from the Japan 
Trench). The introduction of various LVZs in the base 
viscoelastic model causes a stronger local subsidence 
in the vertical displacements (as reported by the lin-
ear Burgers model of Muto et al. 2016). The presence of 
LVZ may influence the magnitude of horizontal displace-
ments, but their pattern remains unchanged (Fig. 8a–d). 
The trench-normal dimension, the vertical dimension, 
and the depth of upper limit of the LVZs are, hereaf-
ter, referred as width (W), thickness (T), and top depth 
(D) of the LVZ, respectively (Fig.  8e). We investigated 
the surface deformation pattern using nine LVZ mod-
els with different W, T, D, and ηM (see also Additional 
file  1: Table  S4). Figure  8a depicts the surface displace-
ments by the model with different LVZ depths (D = 30, 
50, 70  km) where other parameters are kept fixed. 
Similarly, Fig.  8b–d illustrates the effect of different 
LVZ thicknesses (T = 20, 40, 60  km), widths (W = 40, 
120, 200  km) and Maxwell viscosities ( ηM = 5.6×1015, 
5.6×1016, 5.6×1017 Pa·s), respectively. As noted, the local 
subsidence is highly sensitive to the depth of the LVZs; 
a shallower LVZ causes stronger subsidence (Fig.  8a). 
The increase in LVZ thickness (Fig. 8b) or decrease in its 
viscosity (Fig. 8d) not only adds more subsidence at the 
volcanic front but also causes uplift above the Pacific 
coast. The increase in LVZ width widens the areas of sub-
sidence at the volcanic front and adds more uplift above 
the Pacific coast (Fig. 8c). For the LVZ model, flow vec-
tors (red arrows in Fig. 8e) show a substantial increase in 
downward flow in the mantle beneath the volcanic front 
which explain the local subsidence in the vertical surface 
displacements. The strain difference of the LVZ model 
(Fig. 8f ) illuminates the concentration of postseismic vis-
cous strain beneath the volcanic front. Using a 2-D finite-
element model, Yabe et  al. (2015) also found a similar 
local strain anomaly associated with the LVZ beneath the 
Ou backbone range during the coseismic deformation of 
the 2011 Tohoku-oki earthquake.

Our investigation using simple 2-D models with various 
rheological structures leads to the conclusion that depth-
dependent rheology and cold nose are responsible for 
the coastal uplift, whereas LVZ controls the subsidence 

around the volcanic front, which altogether can qualita-
tively explain the postseismic observations after the 2011 
Tohoku-oki earthquake. Apart from the cold nose, the 
presence of these three rheological units (depth-depend-
ent viscosity, deeper LVZ, and oceanic asthenosphere) 
is required to produce the first-order pattern of vertical 
deformation while their thicknesses, depths, and viscosi-
ties control the amplitude of deformation.

5  Rheological heterogeneities constrained 
by geodetic observations

5.1  Models of postseismic deformation in the last decade
We reviewed 22 postseismic models developed in the last 
decade and summarized the inferred rheology in Table 1. 
Numerous models have used uniform viscosity for the 
entire mantle wedge and oceanic mantle (Sun et al. 2014; 
Diao et al. 2014; Hu et al. 2014, 2016; Iinuma et al. 2016; 
Suito 2017; Fukuda and Johnson 2021; Luo and Wang 
2021). On the other hand, several studies have used spa-
tially varied heterogeneous viscosity models (Freed et al. 
2017; Suito 2017; Agata et  al. 2019; Muto et  al. 2016, 
2019; Dhar et  al. 2022) to simulate postseismic crustal 
deformation. Notably, power-law or depth-dependent 
rheology can influence substantially on coastal uplift (as 
discussed in Sect.  4), which can also be controlled by 
deeper AS (Muto et  al. 2019; Dhar et  al. 2022; Luo and 
Wang 2022). Thus, depth-dependent rheology can share 
potential trade-off with heterogeneously distributed AS 
on the plate boundary fault. Regardless of the uniform or 
heterogeneous viscosity structures in the mantle wedge, 
all postseismic models simulated the seaward horizontal 
motion of inland GNSS stations and landward motion of 
seafloor GNSS-A stations. Several models have deployed 
biviscous Burgers rheology to explain postseismic defor-
mation (Sun et al. 2014; Sun and Wang 2015; Wang et al. 
2018; Agata et al. 2019; Muto et al. 2016, 2019;  Fukuda 
and Johnson 2021; Dhar et al. 2022). Only a few models 
explained cumulative surface displacements using linear 
Maxwell rheology (Diao et al. 2014; Yamagiwa et al. 2015; 
Freed et al. 2017; Suito 2017).

For the oceanic asthenosphere, most biviscous Burgers 
rheology models estimate the transient viscosity on the 
order of ~ 2–4 ×  1018 Pa·s (Sun et al. 2014; Sun and Wang 
2015; Iinuma et al. 2016; Fukuda and Johnson 2021). The 
Maxwell model of Suito (2017) and Freed et  al. (2017) 
employed a viscosity of ~ 1 ×  1017–1 ×  1018  Pa·s for the 
oceanic asthenosphere. Interestingly, Yamagiwa et  al. 
(2015) used a layered earth model and estimated a higher 
viscosity of ~ 9 ×  1018  Pa·s than the above-mentioned 
models. The reason for this higher viscosity is probably 
the absence of a subducting Pacific slab in their model 
as pointed out by Wang et  al. (2018). The thickness of 
the Pacific slab has a larger influence on the estimated 
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viscosity of oceanic mantle (Miyashita 1987; Sun and 
Wang 2015). The elastic subducting slab decelerates vis-
coelastic flow, leading to a reduction in landward motion 
above the main rupture area (Sun and Wang 2015; Wang 
et  al. 2018; Li and Chen 2022). The thickness of the 
Pacific slab is estimated to be around ~ 80–100  km, as 
inferred by high-resolution seismic tomography, receiver-
function analysis, and paleo-age data of the ancient 

seafloor (e.g., Kawakatsu et al. 2009; Zhao et al. 2012; Liu 
and Zhao 2016; Liu et al. 2017). Most postseismic models 
consider various thicknesses of the Pacific slab, ranging 
from 25 to 100 km (e.g., Sun et al. 2014; Freed et al. 2017; 
Agata et  al. 2019). To fit the same geodetic observation 
dataset, a model with a thinner subducting plate requires 
a higher viscosity, whereas the model with a thicker sub-
ducting plate requires a lower viscosity.

Fig. 8 The effect of LVZ on the 3-year postseismic deformation a the surface displacement by the models with top depth D at 30 km, 50 km, and 
70 km, while T = 20 km, W = 40 km, and ηM=5.6×1017 Pa·s. b The surface displacement by the models with thickness T at 20 km, 40 km, and 60 km, 
while D = 30 km, W = 40 km, and ηM=5.6×1017 Pa·s. c The surface displacement by the models with width W at 40 km, 120 km, and 200 km, while 
D = 30 km, T = 20 km, and ηM=5.6×1017 Pa·s. d The surface displacement by the models with Maxwell viscosity ηM at 5.6×1017 Pa·s, 5.6×1016 Pa·s, 
5.6×1015 Pa·s, while D = 30 km, T = 20 km, and W = 40 km. e The trench-normal profile depicts the viscosity distribution and mantle flow pattern for 
the model with D = 30 km, T = 20 km, W = 40 km, and ηM=5.6×1017 Pa·s. f The distribution of strain difference corresponds to the model shown in 
(e). Strain difference = strain in LVZ model – strain in base model. All viscous strain (second invariant of the deviatoric strain tensor) is normalized by 
the coseismic strain
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Furthermore, several studies (Hu et  al. 2014; Iinuma 
et al. 2016; Freed et al. 2017) have argued that postseis-
mic crustal deformation may be influenced by the sub-
duction of the Philippine Sea Plate, especially in the 
southern part of NE Japan. Freed et al. (2017) illustrated 
that the subducting Philippine Sea Plate may extend 
only ~ 100  km depth beneath the Kanto region. Analy-
sis of the seismic velocity profile beneath the Kanto and 
Chubu regions suggests that the Philippine Sea Plate 
of ~ 60-km thickness terminates between depth of ~ 90 
and 200 km on the Pacific Plate (Nakajima and Hasegawa 
2007; Nakajima et al. 2009). Hu et al. (2016) inferred the 
viscosity of the asthenosphere beneath the Philippine Sea 
Plate to be ~  1018 Pa·s, suitable for producing VR affecting 
the onshore and offshore crustal displacements in south-
ern NE Japan. Nevertheless, more studies are needed 
to resolve the contribution of the Philippine Sea Plate’s 
asthenosphere to the postseismic deformation of NE 
Japan.

Although we introduce various postseismic mod-
els with different rheological characteristics in the next 
chapter, reader should note that a direct comparison of 
the model parameters listed in Table 1 is not always pos-
sible. Each postseismic model was tailored to different 
modeling strategies, observational datasets (time win-
dows and spatial coverage), and study-specific objectives. 
Due to the inherent trade-offs between different rheo-
logical units (as discussed above), the adaptation of the 
properties of rheological units varies widely throughout 
the published postseismic models. Moreover, most post-
seismic models have primarily focused on fewer rheolog-
ical units aiming to explain the first-order characteristics 

of the postseismic deformation (Sun et al. 2014; Sun and 
Wang 2015; Wang et al. 2018; Fukuda and Johnson 2021), 
whereas the later studies have targeted fine details of 
rheological heterogeneity with more complex rheology 
and viscosity structures (Muto et al. 2016, 2019; Luo and 
Wang 2021; Dhar et al. 2022).

5.2  Depth‑dependent rheological model
As shown in our 2-D model with depth-dependent vis-
cosity (see Sect.  4.2), viscoelastic flow occurs in weaker 
part of the lower crust and upper mantle in response to 
the coseismic stress perturbation (Freed et al. 2017; Suito 
2017; Riva and Govers 2009). A change in the pattern of 
viscous stratification in any viscosity model can affect the 
modeled surface deformation in time and space (Freed 
and Bürgmann 2004; Riva and Govers 2009; Yamasaki and 
Houseman 2012; Freed et al. 2017; Suito 2017). Here, we 
review several different models described by Suito (2017) 
and Freed et al. (2017) to understand the role of depth-
dependent rheology in surface deformation patterns. 
Figure 9 shows the surface deformation produced by the 
four pure viscoelastic models of Suito (2017). Model 1 
shows a uniform viscosity of 2 ×  1018 Pa·s for both man-
tle wedge and oceanic mantle. Model 2 shows a uni-
form viscosity of 2 ×  1018 Pa·s for the mantle wedge and 
1 ×  1019 Pa·s for the oceanic mantle. Model 3 introduces 
a low-viscosity (1 ×  1018  Pa·s) thin layer of lithosphere–
asthenosphere boundary (LAB) beneath the Pacific slab. 
Model 4 incorporates depth-dependent viscosity strati-
fication in the mantle wedge, where the lowest viscosity 
of 1 ×  1018 Pa·s was located at a depth of ~ 200–300 km. 
In response to coseismic stress perturbations, the mantle 

Fig. 9 The effect of depth-dependent rheology in the postseismic crustal deformation (after Suito 2017)
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wedge produces a trenchward motion, whereas the oce-
anic mantle produces a landward motion. Models 1–3, 
using almost uniform viscosity, reproduce similar surface 
deformation patterns to our simple 2-D models (Fig. 4a) 
and show stronger uplift at the Pacific coast, subsidence 
in western Japan, and subsidence at the seafloor near the 
trench. When depth-dependent viscosity is introduced in 
the mantle wedge (Model 4), a stronger contrast in the 
lateral deformation pattern appears, which is consistent 
with the observed geodetic deformations (stronger sub-
sidence in the central region).

Depth-dependent viscosity can considerably improve 
the spatial distribution of the calculated residuals 
between the observed and modeled displacements 
(Fig. 10). For example, the model with depth-dependent 

viscosity (Model 9 in Freed et al. 2017) produces misfits 
of almost half that of the model with uniform viscosity 
(Model 11) in the horizontal and vertical components 
(Table  1 in Freed et  al. 2017). In particular, the best-fit 
viscoelastic structure with depth-dependent viscosity in 
Freed et  al. (2017) successfully explained the geodetic 
observation of the central Tohoku district, which is the 
region closest to the main rupture area (Fig.  10). How-
ever, depth-dependent viscosity alone is not sufficient to 
explain the broader deformation pattern. The combined 
model of Freed et al. (2017) explained the observations in 
the Kanto region and the northern part of Iwate Prefec-
ture by AS components using kinematic inversion. Fur-
thermore, the depth-dependent viscosity in Suito (2017) 
and Freed et  al. (2017) may not have significant effects 

Fig. 10 a Depth-dependent rheology model and calculated residuals (= observed – modeled by VR) in b horizontal and c vertical direction (after 
Freed et al. 2017)
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on coastal uplift (see results of model 4 of Suito 2017), 
in contrast to the result of our depth-dependent viscos-
ity model (Fig. 6). This is likely due to the deeper depth 
of the weak layer (~ 150–300  km) in their model with 
Maxwell rheology, in contrast to the shallower depth 
of ~ 80–120 km in our model (Fig. 6a-b). These Maxwell 
models usually explain surface displacement in cumula-
tive but not their time-series.

5.3  Low‑viscosity zone in sub‑arc mantle wedge
The coseismic rupture of the 2011 Tohoku-oki earth-
quake caused large-scale subsidence around the Pacific 
coast of NE Japan, up to ∼1.2 m observed near the large 
coseismic slip zone such as the Ishinomaki area. In addi-
tion, Takada and Fukushima (2013) reported small-scale 
subsidence near Quaternary volcanoes during the 2011 
Tohoku-oki earthquake. The regions near Mt. Akita-
koma, Mt. Kurikoma, Mt. Zao, Mt. Azuma, and Mt. Nasu 
show localized subsidence of 5–15  cm in the shape of 
elongated elliptical depressions with horizontal dimen-
sions up to 15–20 km. The subsided regions coincide with 
the regions of high heat flow, hot thermal water (Tanaka 
et  al. 2004), and late Cenozoic calderas (Yoshida 2001), 
indicating the presence of magmatic bodies beneath 
these areas. The thermally weakened rock beneath these 
regions accommodates dilation in response to coseismic 
stress perturbations which may cause such subsidence.

Based on GEONET observations during the post-
seismic period, Hu et  al. (2014) explained the verti-
cal observation pattern. As shown by our simple 2-D 
model (Fig.  8), the presence of a localized weak zone 
in the lower crust (∼40  km wide) reproduces subsid-
ence at the volcanic front and uplift along the Pacific 
coast. They demonstrated that the weak zone may have 
a deeper root, up to ∼30  km depth, to produce large-
scale subsidence (∼100  km; Hu et  al. 2014) during the 
postseismic period. Muto et  al. (2019) and Dhar et  al. 
(2022) incorporated a low-viscosity backarc mantle into 
their models (Fig.  11a). The wider and deeper roots of 
the LVZ may correlate with the upwelling mantle flow 
associated with slab dehydration and corner flow in the 
Japan mantle wedge illuminated by seismological obser-
vations (e.g., Zhao et  al. 1994; Iwamori and Zhao 2000; 
Hasegawa et al. 2005, 2009; Huang et al. 2011; Tong et al. 
2012; Zhao 2012; Nakajima et al. 2013). Previous seismic 
tomography has revealed a low-velocity zone in the cen-
tral part of NE Japan, which may extend to the eastern 
margin of the Japan Sea (e.g., Zhao et al. 1994; Iwamori 
and Zhao 2000; Hasegawa et al. 2005, 2009; Huang et al. 
2011; Tong et al. 2012; Zhao 2012). By analyzing the seis-
mic attenuation over NE Japan, Nakajima et  al. (2013) 
recognized this upwelling mantle flow as an inclined 
high-attenuation zone beneath the backarc mantle wedge 

(Fig.  11b). The partial melt produced by the dehydra-
tion of the Pacific slab (< 120  km) may attribute to this 
high-attenuation zone. By comparing seismic attenuation 
with velocity structure, Nakajima et  al. (2013) also con-
cluded an along-arc variation of partial melts that cluster 
beneath Quaternary volcanoes of central NE Japan. The 
along-arc variation in the lower crustal rheology is also 
reflected in the heat flow and thermal gradient observa-
tions along the volcanic front, where a local anomaly is 
observed in the vicinity of Quaternary volcanoes (Tanaka 
et al. 2004; Matsumoto et al. 2022). Based on the spatial 
variation in the thermal gradient, Tamura et  al. (2002) 
referred to a hot mantle finger model for the volcanic 
front of NE Japan.

The shape of such weak zones was later refined using 
∼9  months of observations (Fig.  12a) from the THK 
network (Muto et  al. 2016). Muto et  al. (2016) identi-
fied a small-scale LVZ beneath Mt. Naruko in the Miy-
agi region (Fig.  12b). The protrusion of the LVZ can 
be as shallow as ~ 5 km from the surface. The width of 
this shallow LVZ can be ∼10  km to reproduce small-
scale surface subsidence (Muto et al. 2016). The geom-
etry of the LVZ inferred from geodetic observations is 
identical to the observations of low resistivity (Fig. 12c; 
Ogawa et  al. 2014) and low seismic velocity (Fig.  12d; 
Okada et  al. 2014) beneath this region. Thus, the LVZ 
can be correlated with the magma chamber beneath 
the volcanoes (Okada et  al. 2014). The steady-state 

Fig. 11 a The heterogeneous rheology in the 2-D postseismic model 
of Muto et al. (2019). b The seismic P-wave attenuation profile across 
the Miyagi-Yamagata transect from Nakajima et al. (2013)
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viscosity of the LVZ can be as low as  1016  Pa·s (Muto 
et al. 2016), which is consistent with that of silica-rich 
rhyolitic magma (Ban et  al. 2005). Approximately 2 
years following the mainshock, the subsidence at the 
GNSS stations (e.g., Naruko stations in Fig. 2F in Muto 
et  al. 2019) in the volcanic region is reported to have 
ceased, implying almost full relaxation of coseismic 
stress (Muto et al. 2019; Dhar et al. 2022). The shorter 
relaxation timescale and larger response immediately 
after the earthquake indicate lower viscosity than that 
of the surrounding mantle. Several studies have incor-
porated the shallow LVZ and backarc mantle upwelling 
flow in their viscoelastic structure to simulate geodetic 
observations in both horizontal and vertical directions 
(Muto et al. 2016, 2019; Dhar et al. 2022).

5.4  Oceanic asthenosphere
Seismic and geodetic networks deployed on the sea-
floor play pivotal roles in deciphering the rheology of 
the subducting slab and oceanic mantle. Several studies 

have explored the rheology of oceanic asthenosphere to 
explain the postseismic landward movement of seafloor 
GNSS stations (Hu et  al. 2016; Freed et  al. 2017; Agata 
et al. 2019; see Masuti et al. 2016 for Sumatra). Accord-
ing to receiver-function analysis that illuminates a sharp 
change in rheological properties at the lithosphere–
asthenosphere boundary (LAB, Kawakatsu et  al. 2009), 
most linear viscoelastic models incorporated a thin low-
viscous layer along the LAB in the upper mantle beneath 
the Pacific slab around at a depth of 80–90 km (Sun et al. 
2014; Suito 2017; 40–80  km in Freed et  al. 2017). The 
introduction of the LAB layer reduces the ratio of verti-
cal to horizontal displacements at the seafloor and repro-
duces results more consistent with the observations.

On the other hand, by deploying power-law Burgers 
rheology, Agata et  al. (2019) pointed out that the LAB 
may not be a permanent low-viscous part in the oce-
anic mantle but may be due to the transient reduction 
in effective viscosity in response to coseismic stress per-
turbation (Fig. 13a–b). Over time, the viscosity increased 
and returned to the pre-earthquake steady-state viscos-
ity (Fig. 13b–c). The location of the rapid decrease in the 

Fig. 12 a Two-dimensional projection of observed and modeled displacements along Miyagi-Yamagata area (Muto et al. 2016). The blue and red 
points denote GNSS observations from GEONET and Tohoku university network, respectively. b Two-dimensional viscosity structure across Mt. 
Naruko region (after Muto et al. 2016). c Map view of resistivity distribution (at 5 km depth) around Mt. Naruko by magnetotelluric survey (after 
Ogawa et al. 2014). d S-wave tomography for the same transects (after Okada et al. 2014)



Page 19 of 27Dhar et al. Progress in Earth and Planetary Science            (2023) 10:9  

effective viscosity (depth of ~ 100–180  km) is controlled 
by the coseismic stress changes and stress-dependent vis-
cosity (Eq. 2 and Fig. 8), and consistent with the location 
of the reduced seismic velocity beneath the Pacific Ocean 
(Kawakatsu et  al. 2009). This depth-dependent seismic 
anomaly can be explained by the presence of partial 
melt (Kawakatsu et al. 2009; Hirschmann 2010) or fluids 
(Karato and Jung 1998; Karato 2012). The robustness of 
any conclusion requires further study from a mineral-
physics perspective and more observational constraints.

5.5  Cold nose
The cold nose is referred to as the stagnant part of the 
forearc mantle wedge which does not partake in mantle-
wedge corner flow (Furukawa 1993; Wada and Wang 
2009). Owing to the cold and high viscosity, the cold nose 
is devoid of any viscous flow and, thus, decoupled from 
the subducting slab (Fig. 14a, Uchida et al. 2020; Luo and 
Wang 2021; see also Fig.  4a). Most often, postseismic 
models consider the cold nose as either an elastic (Sun 
et al. 2014; Hu et al. 2014, 2016; Agata et al. 2019; Fukuda 
and Johnson 2021; Luo and Wang 2021; Fig. 4a) or a high 
viscous (Muto et  al. 2016, 2019; Freed et  al. 2017; Dhar 
et al. 2022) part of the mantle wedge. Recently, an analy-
sis of a newly deployed seafloor seismic network (S-net) 
revealed that a cold nose displays no or weaker seismic 
anisotropy (Uchida et al. 2020). In contrast, the backarc 
mantle shows distinct anisotropy that can be interpreted 

by the lattice-preferred orientation of olivine formed in 
the backarc mantle flow (Okada et al. 1995; Nakajima and 
Hasegawa 2006; Nakajima et al. 2006; Huang et al. 2011). 
Therefore, the cold nose provides a sharp rheological 
contrast between the high viscous or elastic part of the 
forearc and rest of the mantle wedge. Hereafter, we refer 
to the western edge location of the cold nose as cold-nose 
edge (CNE, Luo and Wang 2021).

Luo and Wang (2021) pointed out that the CNE may 
also play an important role in creating a first-order pat-
tern of ground uplift in the postseismic period of great 
subduction zone earthquakes (Fig. 14b). GNSS observa-
tions in subduction zones such as Chile, Sumatra, and 
Japan have recorded a substantial crustal uplift above the 
forearc in recent decades (Luo and Wang 2021). Several 
studies have concluded that VR contributes to forearc 
uplift during the transient postseismic period (Freed et al. 
2017;  Muto et al. 2016, 2019; Luo and Wang 2021; Dhar 
et al. 2022). Luo and Wang (2021) demonstrated that the 
CNE deflects viscoelastic flow upward during the post-
seismic deformation of megathrust events. The upward 
deflection of the coseismically triggered viscoelastic flow 
causes a crustal uplift along the CNE location. The dif-
ference between the vertical uplift produced by the mod-
els with and without a cold nose is also illustrated in the 
pure viscoelastic model of Muto et al. (2016; see also our 
2-D model in Fig. 4a).

Fig. 13 The effective viscosity of steady-state (left) and transient creep (right) estimated by Agata et al. (2019). a 0 year, b 2.8 years after the 
earthquake. The profile is along the Miyagi-Yamagata areas
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The cold nose in the viscoelastic models influences 
the viscosity of the mantle wedge. The presence of a 
cold nose reduces the estimated viscosity of the mantle 
wedge compared with the model without a cold nose 
(Luo and Wang 2021). For example, Hu et  al. (2014, 
2016) estimated a steady-state viscosity of approximately 
1–3 ×  1019 Pa·s without incorporating a cold nose. How-
ever, the postseismic models of Sun et al. (2014) inferred 
a steady-state viscosity of 1.8 ×  1018  Pa·s by incorporat-
ing a cold nose into their model. All these models used 
the same linear Burgers rheology with the same rigidity 
modulus of 64 GPa despite different elastic continental-
plate thicknesses. Although a thick elastic plate causes a 
reduction in viscosity, as reviewed by Wang et al. (2018), 
the difference in plate thickness does not explain the 
lower estimates of viscosity in Sun et al. (2014). As noted, 
Hu et  al. (2014, 2016) employed a ~ 40-km-thick conti-
nental plate compared to 25 km of Sun et al. (2014). As 
investigated by Luo and Wang (2022), terrestrial surface 
deformation (both horizontal and vertical) is only sensi-
tive to the rheology of mantle wedge. Therefore, one of 
the possible reasons for the lower estimates for mantle 
wedge viscosity is the presence of a cold nose. Similar to 
Sun et al. (2014), the lower value of steady-state viscosity 
on the order of  1017–1018 Pa·s is also estimated by most 
postseismic models that incorporated a high viscous or 
elastic cold nose (Freed et  al. 2017; Suito 2017;  Muto 
et  al. 2016, 2019; Fukuda and Johnson 2021; Luo and 
Wang 2021; Dhar et al. 2022).

Although seismic observations have illuminated the 
ubiquitous nature of the cold nose along NE Japan 
(Uchida et  al. 2020), previous postseismic observations 

have illuminated the location of CNE to be 200–300 km 
from Japan-trench axis (Freed et  al. 2017;  Muto et  al. 
2016, 2019; Agata et al. 2019; Luo and Wang 2021; Dhar 
et  al. 2022). Dense GNSS observations deployed by 
Tohoku University along the Miyagi and Fukushima pre-
fectures show the along-arc variations in the location 
of CNE (Dhar et  al. 2022). Dhar et  al. (2022) inferred a 
narrower cold-nose geometry for the Miyagi transect 
and a wider cold-nose geometry for the Fukushima tran-
sect (Fig. 15). This indicates that the CNE extends more 
toward land in the Fukushima area than in the Miyagi 
area. The along-arc rheological variation can be cor-
related to other geophysical observations, including the 
deepening of the D90 depth (above which 90% inland 
earthquake occurs, Omuralieva et  al. 2012) and locally 
depressed geothermal gradient above Fukushima pre-
fecture (Tanaka et al. 2004; Matsumoto et al. 2022). The 
deepening of the D90 depth in the Fukushima prefecture 
indicates a deeper brittle-ductile transition compared 
with that of the Miyagi forearc and is consistent with the 
colder Fukushima forearc.

6  Challenges and future issues
6.1  Relative contribution of viscoelastic relaxation 

and afterslip
Although we have reviewed many postseismic models 
of combined VR and AS (Table  1), terrestrial observa-
tions following the 2011 Tohoku-oki earthquake were 
also well explained by pure AS models (e.g., Ozawa 
et  al. 2012), similar to those developed for the Chile or 
Sumatra subduction zones (Pritchard and Simons 2006; 
Hsu et  al. 2006). These models only considering AS are 

Fig. 14 a Seismic anisotropy and thermal contrast in the forearc mantle (after Uchida et al. 2020). b The effect of cold nose in the surface 
deformation during 5 years of postseismic period (after Luo and Wang 2021)
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consistent with the previous consensus that AS domi-
nates short-term, near-field crustal deformation, whereas 
VR dominates long-term deformation after the earth-
quake. However, this consensus was challenged by the 
remarkable discovery of landward motion of the seafloor 
which provided unambiguous evidence of VR dominance 
in short-term postseismic deformation (Sun et  al. 2014; 
Watanabe et  al. 2014). Since then, many postseismic 
models have combined VR and AS to explain horizontal 
postseismic deformation following the 2011 Tohoku-oki 
earthquake (Diao et  al. 2014; Shirzaei et  al. 2014; Sun 
et al. 2014; Sun and Wang 2015; Yamagiwa et al. 2015; Hu 
et al. 2016; Freed et al. 2017; Suito 2017; Wang et al. 2018; 
Agata et al. 2019; Muto et al. 2019; Fukuda and Johnson 
2021; Dhar et al. 2022). Most postseismic models suggest 
that VR dominates the horizontal motion in the central 
Tohoku district where the coseismic stress change was 
significant. The larger contribution of VR to short-term 
inland postseismic deformation contradicts the older 
consensus on the domination of AS.

The relative contributions of VR and AS inferred from 
a postseismic study strongly depend on the nature of 
the deployed viscoelastic models. The modeled VR and 
AS components of crustal displacements usually share 
a trade-off because both deformation sources produce 
similar surface deformations following megathrust earth-
quakes (Hu et  al. 2016; Freed et  al. 2017; Masuti et  al. 

2016; Luo and Wang 2022). The model assumption on the 
rheological heterogeneities and governing constitutive 
laws also affects the AS distribution on the plate bound-
ary fault; however, the trade-off between these AS and 
each mantle heterogeneity is still poorly understood. Sev-
eral studies calculated their VR components by deploying 
a pure viscoelastic model, inverting the remaining residu-
als to estimate the AS components (kinematic inversion 
in Iinuma et al. 2016; Freed et al. 2017; Sun et al. 2014; 
Sun and Wang 2015; Shirzaei et  al. 2014; Wang et  al. 
2018). In other words, AS components are complemen-
tary to the modeled VR components which originate 
from a specific viscoelastic structure. For example, Wang 
et al. (2018) argued that the presence of a subducting slab 
may affect the estimation of deep AS directly downdip of 
the main rupture area (see also Li and Chen 2022).

Recently, several postseismic studies deployed stress-
dependent deformation models based on experimental 
rock physics (Barbot 2020; Agata et al. 2019; Muto et al. 
2019; Fukuda and Johnson 2021; Dhar et  al. 2022) and 
simultaneously simulated the VR and AS components 
of postseismic surface displacements. Statistical analysis 
indicated the possibility of trade-offs among the defor-
mation parameters related to the VR and AS compo-
nents (Fukuda and Johnson 2021; Dhar et al. 2022). Some 
studies may infer strong (Masuti et  al. 2016) and mod-
est (Dhar et  al. 2022) VR-AS trade-offs, whereas others 

Fig. 15 a Total strain by viscous flow during ~ 5 years of postseismic deformation along the Miyagi-Yamagata region and the Fukushima-Niigata 
region (after Dhar et al. 2022). b The two-dimensional projection of modeled displacements from September 2012 to May 2016 along the 
Miyagi-Yamagata region and Fukushima-Niigata region
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may not (Fukuda and Johnson 2021). This is probably 
due to the employment of different modeling strategies 
and methods of parameter-space search; however, fur-
ther analysis is required in this regard. Moreover, these 
models highlight the importance of mechanical coupling 
between AS and VR where the two deformation sources 
influence each other (Agata et al. 2019; Muto et al. 2019). 
Based on a two-dimensional mechanical model, Muto 
et al. (2019) demonstrated that the effect of coupling on 
the surface deformation was small or negligible in the 
early phase of the postseismic deformation. However, 
this coupling becomes more pronounced over time and 
affects the long-term studies of the postseismic deforma-
tion, such as the recovery of plate coupling and coseismi-
cally subsided coastal areas. Furthermore, as indicated by 
previous studies, both VR and AS can have a local influ-
ence on postseismic deformation (e.g., Luo and Wang 
2022; Muto et al. 2016). Therefore, an accurate estimation 
of their local influences may be crucial for estimating the 
recovery of plate coupling (i.e., backslip that produces 
the opposite pattern to the afterslip). In the coming dec-
ade, incorporating backslip into postseismic models may 
be more relevant as significant plate coupling seems 
to appear in the recent GNSS dataset (Watanabe et  al. 
2021).

6.2  Role of rheological heterogeneity for earthquake cycle
The decade-long leveling dataset and GNSS observations 
before the 2011 Tohoku-oki earthquake indicated a rapid 
interseismic subsidence of approximately 5  mm/yr over 
the last decade (Nishimura 2014). This significant subsid-
ence has created a paradox as the geological uplift rate of 
NE Japan measured to be approximately 0.1–0.5 mm/yr 
by the analysis of Quaternary marine terraces (Ota and 
Omura 1991). Several interseismic models suggest that 
rapid subsidence only takes place in the last stage of the 
interseismic period where postseismic uplift is converted 
to subsidence a decade before the occurrence of the M9 
earthquake (e.g., Nishimura 2014). See Shibazaki (2023) 
for the detail of the interseismic subsidence by Sasajima 
et  al. (2019). Using a heterogeneous rheology model, 
Sasajima et  al. (2019) indicated that the rapid interseis-
mic subsidence in the last decade was caused by coupling 
at the deeper part of the plate boundary fault, which 
was previously hypothesized by several studies such as 
Nishimura (2014). As heterogeneous rheology explains 
the deformation mechanisms in interseismic (Sasajima 
et  al. 2019) and short-term postseismic period (e.g., 
Agata et al. 2019; Muto et al. 2019; Dhar et al. 2022), it 
may also help explain the long-term deformation, which 
can contribute to the solution of the above-mentioned 
paradox.

6.3  Toward much finer rheological heterogeneities 
in coming decades

As suggested in previous studies (Muto et al. 2016, 2019; 
Dhar et  al. 2022), small-scale rheological heterogeneity 
can provide valuable insights into the relative contribu-
tions of VR and AS to ground deformation after the 2011 
Tohoku-oki earthquake. To capture small-scale rheology, 
denser geodetic observations than those of GEONET are 
required. Recently, Japanese telecommunication com-
panies have been investing in building a private GNSS 
network to obtain high-precision location data for vari-
ous applications ranging from automobiles to agricul-
ture to public surveys. In November 2019, SoftBank 
Corp. constructed a network of more than 3300 stations 
across Japan (average spatial density of 6–7  km), which 
is 2.5 times the number of GEONET stations (Ohta and 
Ohzono 2022). By comparing with GEONET, Ohta and 
Ohzono (2022) demonstrated the usefulness of this pri-
vate GNSS networks for monitoring crustal deformation.

Space-borne synthetic aperture radar (SAR) data can 
also illuminate crustal deformation at high spatial resolu-
tions. Interferometry SAR (InSAR) time series is widely 
used to detect centimeter-scale volcanic deformation 
(Pritchard and Simons 2004). Over the past few decades, 
InSAR time series with GNSS observations have been 
deployed to monitor transient postseismic deformation 
(e.g., Ryder et al. 2007; Moore et al. 2017). In addition to 
the coseismic subsidence around the Quaternary volca-
noes reported by Takada and Fukushima (2013), Fuku-
shima et al. (2013) captured the coseismic displacements 
of the 2011 Mw 6.6 Iwaki earthquake that occurred on 
April 11 using data from the Japanese ALOS satellite. 
Recently, Morishita and Kobayashi (2022) combined 
InSAR, split-bandwidth interferometry, and the pixel off-
set method to derive the 3-D coseismic deformation for 
the 2016 Kumamoto earthquake and the 2016 Central 
Tottori earthquake with an observational error of a few 
centimeters. With the advancement of SAR technology 
(e.g., data acquisition by Landsat from 2013 onward), it is 
possible to capture the recent postseismic crustal defor-
mation of the Tohoku region at a high resolution in the 
coming decades. Combined observations from dense 
GNSS networks and InSAR images may provide further 
insight into the rheological heterogeneity of NE Japan 
with unprecedented resolution. They may help illuminate 
geodynamic processes with finer resolutions such as the 
detailed nature of the recovery of plate coupling after the 
megathrust earthquake, as well as mitigate future hazards 
from inland earthquakes triggered by postseismic defor-
mation (e.g., Freed and Lin 2001).
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7  Conclusions
We piece together the rheological heterogeneities of the 
Japan subduction zone inferred from the dense obser-
vations of the postseismic deformation of the 2011 
Tohoku-oki earthquake. Over the last decade, numer-
ous postseismic models have combined VR and AS to 
explain the geodetic observations. Whereas horizontal 
GNSS observations provide the boundary conditions 
(lithosphere–asthenosphere system with subducting 
slab of finite thickness, viscosity contrast between the 
mantle wedge and oceanic mantle) required for post-
seismic modeling, vertical observations play a signifi-
cant role in resolving the heterogeneous rheology in the 
Japan subduction zone. The vertical motion captured by 
the dense geodetic network reveals low-viscosity bodies 
beneath the Quaternary volcanoes, which can be corre-
lated to other geophysical observations such as seismic 
tomography, inland seismicity, and heat flow observa-
tions. The vertical motion along the Miyagi and Fuku-
shima forearcs inferred the elastic/high-viscous “cold 
nose,” which was also inferred by the thermo-petrological 
model. Depth-dependent models or power-law rheol-
ogy provide a unique perspective of understanding the 
viscoelastic mantle through rheological stratification. It 
thus enables us to illuminate the ambient mantle condi-
tion (for instance, water stratification) in a transform or 
subduction zone. In a power-law model, the rheological 
heterogeneities, such as depth-dependent viscosity, LVZ, 
and cold nose, contribute to the inland vertical pattern 
of postseismic surface deformation. Moreover, the weak 
oceanic asthenosphere plays a significant role in the land-
ward deformation of the trench. The geometry and rheo-
logical properties of these rheological heterogeneities 
control the amplitude of the modeled deformation, ena-
bling us to explain the geodetic observations more quan-
titatively. The rheological heterogeneities beneath NE 
Japan may further help us to understand the relative con-
tributions of VR and AS and their role in the decade-scale 
subduction zone earthquake cycle. Furthermore, evaluat-
ing the extinction of local AS is necessary to understand 
the recovery of plate coupling adequately. Such site-spe-
cific or heterogeneous AS may produce vertical deforma-
tion similar to localized viscoelastic deformation. Further 
development of dense observational networks and heter-
ogeneous postseismic models that can reveal local crustal 
deformation will contribute to image a detailed picture of 
the recovery of plate coupling.
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