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SUMMARY

Large tectonic earthquakes lead to significant deformations in the months and years thereafter.
These so-called post-seismic deformations include contributions mainly from afterslip and vis-
coelastic relaxation, quantification of their relative influence is of importance for understanding
the evolution of post-seismic crustal stress, strain and aftershocks. Here, we investigate the
post-seismic deformation processes following the 2011 M,, 9.0 Tohoku earthquake using sur-
face displacement data as observed by the onshore global positioning system network in the
first ~1.5 yr following the main shock. We explore two different inversion modelling strate-
gies: (i) we simulate pure afterslip and (ii) we simulate the combined effect of afterslip and
viscoelastic relaxation. By assuming that the afterslip is solely responsible for the observed
post-seismic deformation, we find most afterslip activities to be located close to the downdip
area of the coseismic rupture at 20—-80 km depth with a maximum cumulative slip of ~3.8 m
and a seismic moment of 2.3 x 10*? Nm, equivalent in moment to an M,, 8.84 earthquake.
By assuming a combination of afterslip and viscoelastic components, the best data fit is found
for an afterslip portion that is spatially consistent with the pure afterslip model, but reveals a
decreased seismic moment of 2.1 x 10?> Nm, or M,, 8.82. In addition, the combined model
suggests an effective thickness of the elastic crust of ~50 km overlying an asthenosphere with a
Maxwell viscosity of 2 x 10'” Pa s. Temporal analysis of our model inversions suggests that the
rate of afterslip rapidly decreases with time, consistent with the state- and rate-strengthening
frictional law. The spatial pattern of afterslip coincides with the locations of aftershocks, and
also with the area of coseismically increased Coulomb failure stress (CFS). Only a small part
of the coseismically increased CFS was released by the afterslip in 564 d after the event. The
effect of the viscoelastic relaxation within this initial stage only plays a secondary role, but
it shows an increasing tendency, that is, the contribution of viscoelastic relaxation increases
with time. Further geodetic observations are needed for a robust quantification of the role of
the viscoelastic relaxation in the post-seismic deformation.

Key words: Satellite geodesy; Transient deformation; Elasticity and anelasticity; Subduction
zone processes; Rheology: crust and lithosphere; Asia.

regions of the lower crust and upper mantle behave viscoelastic

I INTRODUCTION (time-dependent). The rapid development of spaceborne geodetic

At subduction zones, the seismic cycle is depicted by time-
dependent surface deformation due to thrust faulting, involving an
elastic and a viscoelastic compartment (Thatcher & Rundle 1979).
Associated with an earthquake, in specific, the Earth’s upper layer
behaves foremost elastically (instantaneously), whereas the deeper

techniques, such as global positioning system (GPS) and interfero-
metric synthetic aperture radar (InSAR), has brought valuable data
sets for studying such seismic cycles at different scales and stages.
This has led to construct coseismic slip models with high spatial
detail (e.g. Shen et al. 2009; Ozawa et al. 2011; Simons et al. 2011;
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Diao et al. 2012), and post-seismic models that allow analysing
transient stress and strain changes occurring over the months to
decades following an earthquake, relevant for identifying regions
of fault slip deficits and assessment of regional seismic hazards (e.g.
Diao et al. 2011a; Ozawa et al. 2012).

Post-seismic deformation processes following large earthquakes
include (i) aseismic afterslip surrounding the coseismic slip area,
(i) viscoelastic relaxation of the lower crust or upper mantle,
(iii) poroelastic rebound of the medium near the fault plane and
(iv) combined effects that include two or more of those processes
(Segall & Davis 1997; Jonsson et al. 2003; Hsu et al. 2006; Pol-
litz et al. 2006; Freed 2007; Blirgmann & Dresen 2008; Bruhat
et al. 2011; Diao et al. 2011a; Hoechner et al. 2012; Wang et al.
2012). The location and amount of afterslip at a given fault and/or
the rheological structure under the seismogenic zone, which are in-
dispensable for fault evolution research and regional geodynamic
modelling, can be inferred from model simulations of post-seismic
deformation data (Biirgmann & Dresen 2008).

It is usually assumed that poroelastic rebound can only affect
post-seismic deformation within tens of kilometres (km) near fault
ruptures, whereas afterslip and viscoelastic relaxation are consid-
ered the two main mechanisms for observed long-term and wide-
range post-seismic deformations. However, distinguishing the dif-
ference between deep afterslip and viscoelastic relaxation by using
limited data is difficult, because of the similarities in their induced
deformations (Biirgmann & Dresen 2008). For this purpose, further
observations to increase the spatial and temporal data coverage are
required. In this work, we make the attempt to model post-seismic
deformation occurrence for pure afterslip and the combination of
afterslip and viscoelastic relaxation.

The Tohoku earthquake occurred off the coast of northeast-
ern Japan, at a site where the Pacific Plate subducts beneath
the North American Plate and the Philippine Plate at a rate of
~9 cmyr~! (DeMets 1992). Several large earthquakes of magnitude
7.0-8.0 have occurred in the 20th century along this plate boundary
(Fig. 1). Onshore GPS observations collected in the years before the
Tohoku earthquake already allowed to investigate the slip deficit
along megathrust fault, allowing to identify that the plate inter-
face near Sendai is almost completely ‘locked’ (Hashimoto et al.
2009; Loveless & Meade 2010). On 2011 March 11, the M,, 9.0
Tohoku earthquake occurred at the segment of the trench 230 km
east of Sendai. This earthquake and associated secondary disasters,
including tsunami and a nuclear leakage, caused massive damage
to human life and infrastructure. Also aftershocks may be damag-
ing for the months to years following the main shock, locations
and parameters of which can be better assessed by analysing the
post-seismic stress and strain.

The Tohoku earthquake caused a coseismic slip at the megath-
rust fault that has been constructed based on onshore and offshore
GPS and acoustic data. The inverted coseismic slip, which has a
slip maximum of ~50m, was found to be very shallow, concen-
trated at the updip area of the hypocentre and close to the trench
(Simons et al. 2011; Diao et al. 2012; Ozawa et al. 2012). This
earthquake caused a crustal displacement that severely changed the
stress state not only on the rupture fault, but also on the surround-
ing media leading to post-seismic deformation (Ozawa et al. 2012).
Recent studies attribute the initial post-seismic deformation fol-
lowing the Tohoku earthquake to the aseismic fault slip (afterslip),
whereas other mechanisms such as viscoelastic relaxation are ne-
glected (Ozawa ef al. 2012). As viscoelastic relaxation, however,
mainly affects the long-term and far-field post-seismic deformation
(Lorenzo-Martin et al. 2006; Wang et al. 2009; Bruhat et al. 2011;
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Figure 1. Tectonic setting of the My, 9.0 Tohoku earthquake. The red beach-
balls show the focal mechanisms of the main shock and the My, 7.9 after-
shock. The purple dashed line is the surface projection of the fault plane used
for afterslip inversion. The green stars and grey ellipses indicate epicentres
and source regions, for large interplate earthquakes (>M,, 7.5) that occurred
in the past century, respectively. The white dots are GPS stations. Black dot
in the top left panel is the reference site of the post-seismic displacements.
AM, the Amurian Plate; PH, the Philippine Plate; PA, the Pacific Plate; NA,
the North American Plate.

Diao et al. 2011a), its discounting may change the afterslip pattern,
lead to an overestimation of the afterslip and consequently to an
incorrect source process interpretation.

In this study, we investigate the time-dependent post-seismic de-
formation in the ~1.5 yr (564 d) following the Tohoku earthquake
by using the afterslip model and the combined model of afterslip
and viscoelastic relaxation.

2 DATA AND OBSERVATIONS

The GPS network in Japan is of high quality and very dense, now
providing valuable data sets for studying post-seismic processes
associated with the 2011 Tohoku earthquake. We make use of the
GPS displacement data recorded in the first 564 d after the 2011
Tohoku earthquake, which are divided into eight periods (0-7, 8-20,
21-48, 49-107, 108-200, 201-289, 290-381 and 382564 d) and
recently released by the Geospatial Information Authority of Japan.
The GPS data are processed by using the BERNESE 5.0 software
and the strategy described by Ozawa et al. (2011). Because the data
format, its technical specifications, precision and accuracy, and the
GPS network itself have been detailed earlier, herein we provide only
a brief summary. In addition, the post-seismic displacements used in
this study are relative to a reference site (34.77°N, 131.92°E), which
is ~1400 km away from the earthquake epicentre. This reference
site was selected because it is stable and far enough from the rupture
fault, which should not significantly affected by the earthquake and
other local deformations.
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In the GPS data, we expect overlapping deformation processes.
Given that post-seismic deformation and interseismic signals are
captured by post-seismic GPS observations, we first subtract inter-
seismic signals from the observations. For this we use the interseis-
mic velocity fields solved from GPS observations before the event
(Hatanaka et al. 2003; Loveless & Meade 2010). Assuming that the
interseismic velocity field has remained constant, we can remove the
interseismic signals from the post-seismic displacement records. In
addition, the displacements induced by strong aftershocks (M > 7)
are modelled and removed from the observation in each period using
the method of Diao et al. (2011b).

This leaves us with a corrected post-seismic displacement data set
from eight periods, still likely containing the signals of overlapping
post-seismic processes. The observed post-seismic displacements
vectors are found most pronounced between latitude 35°N and 41°N,

Observation Residual

and are oriented generally perpendicular to the trench. In other
words, the spatial pattern of post-seismic displacement resembles
that of the coseismic displacement field. To allow comparison of the
time-dependent characteristics of the post-seismic displacement,
we transfer the displacement in each period to the daily crustal
velocity.

GPS velocities show a decreasing displacement rate in time
(see ‘observation’ in Fig. 2). The maximum velocity is approxi-
mately 2cmd~! in the initial period of (0-7d) and decreases to
0.1cmd~" at the last period of (382-564d). The maximum of
the accumulative horizontal post-seismic displacement within the
564-d period is 1.05m, which is almost 20 per cent of the maxi-
mum coseismic displacement recorded onshore. The following sec-
tions will address the processes that may explain this significant
displacement.

Observation Residual

- 108-200 d

T 491074
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Figure 2. Time-dependent post-seismic deformations following the 2011 M, 9.0 Toholu earthquake, in which the interseismic deformation has been removed.
The first column is the observed GPS displacement, the second column is the prediction of the afterslip model (Model 1) and the last column is the residual of

the data fitting.
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3 MODELLING METHODS AND
RESULTS

We consider different post-seismic processes in modelling simula-
tions. All make use of an inversion routine, which aim is to minimize
the misfit between the model and data. In specific, we explore two
different inversion modelling strategies: (i) we simulate pure after-
slip only and (ii) we simulate the combined model of afterslip and
viscoelastic relaxation. In the following we detail the used methods,
the estimated results and a resolution test that was performed to
better judge and challenge the validity of the afterslip model and
the combined model.

3.1 Afterslip model (Model 1)

In this first model, we simulate post-seismic dislocation along the
megathrust fault only. The assumption that all post-seismic defor-
mations are induced by afterslip, which is similar to the assumption
made by Ozawa et al. (2012).

Because afterslip is known to occur often in areas surrounding the
rupture of a main shock (e.g. Wang et al. 2009; Ozawa et al. 2012),
we herein extend the coseismic fault surface proposed by Diao
et al. (2012) in all strike and dip directions. For the inversion of the
afterslip, we accordingly construct a fault plane with a spatial scale
of 1000 km x 500 km (Fig. 1), with a curvature that approximates
the curvature of the trench. The fault dip increases with depth from
6° to 45° according to the slab isodepth (Miura et al. 2005). The
fault geometry is subdivided into rectangular fault patches with a
regular size of 30 km x 30 km to obtain a distribution of afterslip.

The inversion code, SDM, developed by Wang et al. (2013) is
used to derive the afterslip distribution. The name SDM stands
for steepest descent method, an iterative algorithm used for the
constrained least-squares optimization. The physical constraint is
introduced to get a smooth slip model, which is realized through a
roughness term to be minimized with the misfit to data. In difference
to most previous inversion codes, the smoothing can be optionally
applied to stress-drop on the whole fault. Actually, a constant or
fairly smooth stress drop within slip asperities is usually assumed
in the seismology. The objective function can be written as

F(b) = ||Gb — y|| + o*||HT| %, (1)

where 7 is the shear stress drop caused by the distributed slip on the
whole fault plane, H is the finite difference approximation of
the Laplacian operator multiplied by a weighting factor relating
to the slip amplitude and « is the smoothing factor. b is the slip on
each patch to be solved, y is the observed GPS displacements and
G is the Green’s function. The weighting factor is imported to the
Laplacian operator to resolve the slip concentrations effectively. We
choose the smoothing factor based on the trade-off curve between
the stress roughness of the model and the fitting residual. Green’s
functions are calculated by using a layered earth model, which is
explained in the subsequent section.

Fig. 3(a) shows the estimated cumulative afterslip 564 d follow-
ing the main shock. The maximum afterslip of 3.8 m is mainly
distributed at the downdip area of the main rupture (between
20 and 80km), which slips generally perpendicular to the trench.
The seismic moment released by the afterslip reaches up to
2.3 x 10%? Nm, which is approximately 60 percent of the mo-
ment released by the main shock and corresponds to an M,, 8.84
earthquake. The distribution of the aftershock 564 d after the main
shock is generally consistent with the distribution of the afterslip.
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Figure 3. Distribution of afterslip in 564 d following the main shock.
(a) is the result derived from Model 1 and (b) is the result derived from
Model 2. The black contours are the coseismic slip with an interval of
Sm. The grey contours are the depth of the fault plain with an interval of
20 km. The grey dots are aftershocks in this period with M > 5.0 (aftershock
catalogue is obtained from the USGS).

The fault slip rates in each period are calculated to infer the
time-dependent characteristics of the afterslip. The maximum slip
rate decreases rapidly from 11.0cmd™! in the initial period of (0—
7d) to 0.5cmd ! in the last period of (382-564 d), but the spatial
distribution of the afterslip remains stable in each period (Fig. 4).
The afterslip model can match the observations at a high level
(Fig. 2). The horizontal root mean square (rms) residuals in each
period are less than 5mm, which is close to the uncertainty of
the GPS observation. However, the rms residuals of the vertical
component are generally close to 1 cm, which is significantly larger
than that of the horizontal component.

3.2 Combined model (Model 2)

Although the afterslip model (Model 1) can explain the observation
well, we are not certain if the afterslip is the only mechanism that
controls the post-seismic process because a large number of free
parameters (fault patches) are used in this model.

Viscoelastic relaxation in the medium surrounding a ruptured
fault has found to be evident following other megathrust earthquakes
(e.g. Lorenzo-Martin et al. 2006; Pollitz et al. 2008; Hoechner et al.
2012; Hu & Wang 2012). Several studies have shown that post-
seismic displacement can be explained more reasonably based on
combined models of afterslip and viscoelastic relaxation (Sheu &
Shieh 2004; Bruhat et al. 2011; Diao et al. 2011a; Hoechner et al.
2012; Hu & Wang 2012). Therefore, we construct a combined model
by considering the effects of afterslip and viscoelastic relaxation
simultaneously (Model 2).

Our viscoelastic earth model includes four layers (Fig. 5): an
elastic upper crust with thickness E as a free parameter and three
viscoelastic layers beneath the elastic crust, representing the as-
thenosphere, upper and lower mantle, for all of which the Maxwell
rheology is used. The asthenosphere viscosity is defined as another
free parameter 7, but the upper- and lower-mantle viscosities are
fixed at 1 x 10% and 1 x 10?! Pas, respectively. The crust struc-
ture is collected from the Crust 2.0 model (Mooney et al. 1998),
whereas the elasticity parameters for the medium under the crust
are adopted from the Preliminary Reference Earth Model (PREM;
Dziewonski & Anderson 1981). This layered earth model is consid-
ered reasonable for modelling the viscoelastic relaxation induced
by large subduction zone earthquakes (Pollitz et al. 2006; Han et al.
2008).
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Figure 4. Time-dependent afterslip inverted from the afterslip model. Black star denotes the epicentre of the main shock. The grey contours are the coseismic
slip with an interval of 5 m. The afterslip rate was drawn with a non-linear colour scale.
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Figure 5. Layered earth model and medium parameters used in our study.

The modelling of the viscoelastic relaxation is carried out by
using the PSGRN/PSCMP code developed by Wang et al. (2006)
based on the viscoelastic-gravitational dislocation theory. The co-
seismic slip distribution is adopted from Diao et al. (2012). The
grid search method is used to find the optimal values of the two
parameters, E (crust thickness) and 5 (asthenosphere viscosity).
Considering that the slip of the main shock mostly occurs at depths
less than 35 km, we set the lower boundary of the thickness of the
elastic layer at 35 km.

The grid search is performed in two steps. (1) For each given
combination of £ and n (gridpoint), the viscoelastic part of the post-
seismic deformation is calculated and removed from the observed
data. (2) The afterslip in each observation period is inverted from
the residual data from (1), and the final rms misfit between the
observation and the combined model is calculated by

Misfit(E,n,afterslip)

_ i Z <0bsi,j — Calyise n).i,j — Calyfiersiip,i,j >2 o
‘ Oi.j ,

i=1 j=I

where Obs is the GPS displacement data in both horizontal and
vertical direction; Cal,; is the displacement calculated from the
viscoelastic model, which is a non-linear function of the elastic
thickness (E) and viscosity (1); Calagerstip 1S the displacement con-
tributed by the afterslip; 7 is the index for the post-seismic periods
and j is the index for the GPS stations. We consider the secondary
viscoelastic relaxation caused by afterslip when modelling the vis-
coelastic relaxation effect in each period, that is, the coseismic slip
and the accumulated afterslip obtained in Model 1 are introduced
as the deriving source of the viscoelastic relaxation in following
period.

The grid search results in the combined model are shown in
Fig. 6(a). The optimal values of the elastic thickness and viscosity
are 50km and 2 x 10" Pas, respectively. The afterslip in the initial
564 d after the main shock obtained in Model 2 reveals similar
slip patterns to that of Model 1 (Fig. 3b). However, the afterslip
magnitude in Model 2 is slightly decreased compared with that
of Model 1 because of the effect of viscoelastic relaxation. The
seismic moment released by the afterslip in Model 2 is 2.1 x 103
Nm, which is 93 percent of the afterslip moment estimated by
Model 1 and corresponds to an M,, 8.82 earthquake. The slip rate
also shows rapid decay with time (Fig. 7), which is similar to that
of Model 1.
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Figure 6. Misfit variations in searching for the optimal viscosity and thickness of the elastic layer. (a) is the searching result for Model 2; (b) is the searching

result for the input combined model.
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Figure 7. Time-dependent afterslip inverted from Model 2. Black star denotes the epicentre of the main shock. The grey contours are the coseismic slip with

an interval of 5 m. The afterslip rate was draw with a non-linear colour scale.

The predicted and residual displacements obtained by using the
optimal values of £ = 50km and = 2 x 10'° Pas are shown in
Fig. 8. The combined model can explain the observation equally
well as the ‘pure’ afterslip model. Post-seismic displacements are
mainly induced by the afterslip in the initial periods. However, the
contribution of the viscoelastic relaxation can be found increases
with time and becomes larger in later periods (Fig. 8).

3.3 Model resolution test

The checkerboard test indicates that the input slip model can gen-
erally be recovered with a spatial resolution of about 150km by
onshore GPS observations (Fig. 9b). In comparison, the slip close
to the trench is less resolved than that in depth. However, as men-
tioned in previous paper (Diao ef al. 2012), the resolution of the
fault patches close to the trench can be significantly increased by
adding the seafloor observation, which perhaps could be obtained
in the future.

To validate the reliability of the combined model, we first con-
struct a combined model that includes fault slip and viscoelastic

relaxation and generate the synthetic GPS data based on this model.
We then invert the synthetic data using the method mentioned in
Section 3.2 to test whether the input slip distribution and parameters
of the viscoelastic model can be recovered. In the input model, we
set the thickness of the elastic layer at 50 km and the viscosity of
the asthenosphere layer at 5 x 10'® Pas and added a slip model
shown in Fig. 9(a). The grid-searched optimal values are 50 km and
4 x 10" Pas (Fig. 6b), respectively, very close to the input values.
The afterslip can also be recovered well simultaneously (Fig. 9c).
This test indicates that the setting and results of the combined model
are reliable. In addition, the misfits show larger gradient at low vis-
cosities, thus the lower bound to the apparent viscosity is stronger
than the upper bound.

4 DISCUSSION

Determination of the relevance of the different processes respon-
sible for post-seismic deformation following large earthquakes has
remained challenging. Several studies consider the afterslip to be the
governing mechanism of post-seismic deformations, and neglect the
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Figure 8. The first column is the same as that in the Fig. 2, the second column are the contribution of the fault afterslip in combined model (Model 2), the
third column are the contribution of the viscoelastic relaxation in the combined model (Model 2) and the last column is the residual of the model fitting.

effect of viscoelastic relaxation in the initial years following megath-
rust earthquakes (e.g. Hsu et al. 2006; Ozawa et al. 2012). However,
other studies indicate that post-seismic displacements can be simi-
larly well simulated by using viscoelastic relaxation processes only
(e.g. Pollitz et al. 2006; Kogan et al. 2011). In this study, we add

evidence that both, afterslip and viscoelastic relaxation, may jointly
occur after larger earthquakes, but play different roles in different
periods. In the spatial domain, post-seismic deformation predicted
by afterslip generally show short-wavelength character compared
with that predicted by viscoelastic relaxation. Thus, afterslip and
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Figure 9. Checker board test of the data resolution of the data. (a) Input slip distribution; (b) Recovered slip distribution based on assumptions in Model 1 and

(c) Recovered slip distribution from the combined model.

viscoelastic relaxation may control the near-field and far-field post-
seismic deformation, respectively. Recent studies (Wang et al. 2009;
Bruhat et al. 2011; Diao et al. 2011a; Wang et al. 2012), including
this one, consider the combined effect of afterslip and viscoelastic
relaxation when analysing post-seismic displacements, offering a
reasonable way for further post-seismic research.

4.1 Temporal and spatial evolution of fault afterslip

In the case of the Tohoku earthquake, the afterslip is mainly dis-
tributed in the downdip areas of the hypocentre and remains basi-
cally stationary throughout the 564-d period, whereas the coseismic
slip is mostly located at the updip areas of the hypocentre (Fig. 3).
The overall distribution of afterslip obtained in this paper show a
general consistence with the spatial distribution of afterslip inverted
by Ozawa et al. (2012), who used the post-seismic displacement data
within the first 7 months after the earthquake.

Partial overlapping between the coseismic slip and the post-
seismic afterslip can be found near the hypocentre, where two signif-
icant earthquakes with M > 7 occurred in the 20th century (Fig. 1).
Moreover, a clear afterslip cluster is found around the rupture of
the M,, 7.9 aftershock (141°E, 35.5°N). In addition, we find that
the afterslip rate decays rapidly with time. Our analysis reveals that
this decay is robust, being independent on the viscoelastic relax-
ation effect (Figs 4 and 7). The moment released by the aftershocks
(M > 5) in this time span is 3.1 x 10?° Nm, just ~1.5 per cent of
the moment released by the afterslip in Model 2. Thus, the afterslip
mainly occurs aseismically.

Post-seismic displacements in both horizontal and vertical direc-
tions are used to investigate the post-seismic process of the Tohoku
earthquake but the vertical component was set with relatively small
weight in afterslip inversions due to the large uncertainty (Ozawa
et al. 2012). In case of the Tohoku earthquake, we found that the
vertical components only play a second role compared with the
horizontal components. As the afterslip model estimated by using
both horizontal and vertical displacements does not show clear dif-

ference compared with the afterslip model estimated just using the
horizontal component.

4.2 Regional rheological structure of the Japan
subduction zone

The optimal viscosity of the asthenosphere obtained from the com-
bined model is 2 x 10" Pas, which resembles the steady-state vis-
cosity of 10'° Pas obtained from the post-seismic studies of other
megathrust earthquakes (e.g. Hoechner et al. 2012; Hu & Wang
2012). The estimated elastic thickness of 50 km is consistent with
the depth range where 80 per cent of the aftershocks have occurred
and the major coseismic rupture has been located. It should be noted
that we considered the secondary viscoelastic relaxation caused by
afterslip in the inversion (we call it the secondary viscoelastic re-
laxation as the viscoelastic relaxation caused by the coseismic slip
plays a dominant role). This enlarges the driving source and results
in a larger viscosity compared with the viscosity of 8 x 10'® Pa
obtained by neglecting the secondary effect.

Although the viscosity of 2 x 10" Pas obtained in this paper
in dimension agrees well with other viscosity estimates near the
northeast Japan arc (Suito & Hirahara 1999; Muto et al. 2013),
it is larger than values proposed by Kogan et al. (2011). In the
latter, a Maxwell viscosity of 5-10 x 10'7 Pas is proposed based
on a relatively small number of GPS observations following the
2006-2007 Kuril earthquakes. The viscosity obtained in this pa-
per is also larger than that obtained by Ohzono et al. (2012), who
proposed 2.4-4.8 x 10" Pas by using 2-yr continuous GPS data
following the 2008 Iwate-Miyagi Nairiku earthquake. One may
speculate that a reason for their small viscosity is that they model
the post-seismic displacements using the viscoelastic relaxation
only, whereas the fault afterslip effect was not considered. An-
other reason might be related to the timescale of the considered
viscoelastic relaxation process, which depends on the earthquake
magnitude as proposed by Wang et al. (2012). We therefore empha-
size that viscoelastic relaxation is a long-term process, and a reliable
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Figure 10. Sketch maps of the 2-D FEM models (left-hand side) and comparisons of the surface displacements predicted by models A and B (right-hand side).
(a) is the comparison of displacements predicted by 2-yr viscoelastic relaxation of models A and B and (b) is the comparison of displacements predicted by
fault slip of models A and B. The 2-D coseismic slip distribution was used as the source.

recognition of viscosity and its transient characters require more
observations.

To consider other modelling complexities, we made tests using
numerical codes. In specific we test how the crustal deformation
can be affected by inserting an elastic slab in the asthenosphere.
To this aim a set of 2-D finite element models were constructed
using the Pylith software (Aagaard et al. 2013). The post-seismic
displacement induced by the viscoelastic relaxation is found to be
clearly reduced by an elastic slab inserted into the layered model
(Fig. 10a). These results are also in consistence with the findings of
Pollitz et al. (2008) and Tanaka et al. (2009). However, the effect of
inserting the slab is negligible when calculating the displacements
induced by fault slip (Fig. 10b). Thus, by inserting the slab cannot
affect the dominant role of the afterslip in the short-term post-
seismic deformation process. Nevertheless, neglecting the effect of
the slab may cause the viscosity to be slightly overestimated. There-
fore, we suggest that more rigorous methods, such as Finite Element
Modeling (FEM) method including 3-D rheological structure of the
Japan subduction zone, may further improve our understanding of
the long-term viscoelastic relaxation processes to come.

24 — ‘ :

4.3 Seismic moment released by afterslip and viscoelastic
relaxation

Our model results suggest an afterslip moment of 2.3 x 10> Nm
that has accumulated in 564 d after the main shock, which is about
60 percent of the moment released by the coseismic rupture and
corresponds to an M, 8.84 earthquake. The afterslip moment in
the initial 7 months obtained by Ozawa et al. (2012) is 18 per cent
of coseismic moment with a half-space model, which is clearly
smaller compared with our result by 43 per cent in the same period
obtained with a layered Earth structure. Time-dependent seismic
moments released by the fault afterslip in the afterslip model and
the combined model are shown in Fig. 11(a). In the initial periods
(<0.2 yr), the contribution of the viscoelastic relaxation is relatively
small compared with that of the afterslip (<5 per cent). However,
the effect of the viscoelastic relaxation increases with time in the
following periods. In the last period (i.e. 382-564 d), the moments
induced by the viscoelastic relaxation can reach up to 11 per cent
of the total moment. Moreover, the relative contributions of the
afterslip and viscoelastic relaxation can also be inferred from the

( a) —@— Model 1 | Viscoelastic relaxation
3 —@— Model 2

00 02 04 06 08 10 12
Time (year)

14 16

—@— Model 1
(b) —@— Model 2

0 L ; ; ; ; ; ; ; 4
00 02 04 06 08 10 12 14 16
Time (year)

Figure 11. Estimated time-dependent moment released by afterslip and viscoelastic relaxation following the Tohoku earthquake. In (a) the secondary relaxation
effect induced by afterslip is considered, while in (b) this effect is neglected. Black and grey dots are seismic moments derived from the ‘pure’ afterslip model
(Model 1) and afterslip model in the combined model (Model 2). The blue colour shows that contribution of afterslip in the combined model, whereas the
orange colour is the difference between the moment that released by afterslip in Models 1 and 2, which is considered to be the moment released by viscoelastic
relaxation in the combined model. The black and orange numbers are the percentage of the moment that released by afterslip and viscoelastic relaxation in the

combined model for each period.
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displacements predicted by the afterslip and viscoelastic relaxation
in the combined model (Fig. 8). The time-dependent seismic mo-
ment in the combined model suggests that viscoelastic relaxation
can only be neglected in the initial period after the earthquake and
may need to be considered in the following periods.

In addition, it should be noted that the secondary viscoelastic
effect induced by afterslip is considered in our combined model. If
this secondary effect was neglected, the inverted Maxwell viscosity
and elastic thickness are 8 x 10'® Pas and 40km, and the contri-
bution of viscoelastic relaxation will be significantly overestimated
(Fig. 11b). Therefore, it is necessary to consider the secondary
relaxation effect induced by afterslip when analysing long-term
post-seismic processes.

4.4 Coulomb failure stress (CFS) changes induced by
coseismic and post-seismic fault slip

CFS change induced by coseismic and post-seismic slip may directly
relate to further seismic activities around the rupture area (Toda
et al. 2011), thus investigation of the CFS change induced by fault
slip of the Tohoku earthquake might be relevant for further hazard
assessment along the Japan trench. Fig. 12 shows the CFS change
induced by the coseismic rupture, afterslip and combined effect of
them. The CFS changes are calculated by ACFS = At — /Aoy,
where ACFS is the CFS change, At is the maximum shear stress
change on fault patch, ' is the effective friction coefficient includ-
ing the effect of pore-fluid change and Ao, is the normal stress
change. A wide range of i’ is considered, but the obtained CFS
change does not change significantly. We use ;1 = 0.5 in this paper.

The maximum CFS drop of ~10 MPa is found within the major
coseismic slip asperity. Considerable increases of CFS appear in
areas surrounding the slip asperities and show a good spatial cor-
relation with the aftershock and afterslip activities (Fig. 12a). The
increased CFS at downdip area of the coseismic rupture was partly
unloaded by afterslip in 564 d after the event (Fig. 12b). However,
a large part of the CFS increments persists, which was (and/or in
the future will be) released by long-term afterslip and viscoelas-
tic relaxation or transient rupture (Fig. 12¢). The CFS on shallow
patches at the two ends of the main rupture were increased by co-
and post-seismic fault slip, indicating that the seismic hazard in
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the two areas has been enlarged by the Tohoku event. However, the
CFS was just slightly changed near Tokyo at the southern part of
the fault.

To investigate the frictional behaviour of the fault, the slip rate
and CFS change as functions of time are shown in Fig. 13 for four se-
lected locations (Fig. 12a). The CFS on points A, C and D are clearly
increased by the coseismic rupture, which is partially released by
time-dependent afterslip, whereas the CFS on point B is significantly
decreased by coseismic slip and is slightly increased by followed af-
terslip (Fig. 13b). In addition, the CFS decrease almost linearly with
the decrease of logarithm of slip rate on points A, C and D, which
show general consistence with the behaviour of state- and rate-
strengthening frictional law as indicated by Miyazaki et al. (2004)
and Hsu et al. (2006). However, point B shows different behaviour
that could not be explained by the state- and rate-strengthening
frictional law. The slopes of d(C F'S)/d log(slip — rate) = Ao, are
obtained by using the least-square fittings on points A, C and D,
where o,is the effective normal stress, 4 is a positive rheological
parameter representing the fault frictional behaviour. For depths
of 48, 21 and 70 km, the effective normal stress would be 1290,
560 and 1900 MPa, and the derived values of 4 are 2.4 x 1074,
1.6 x 107* and 0.4 x 10~*, which are consistent with previous
findings (Miyazaki et al. 2004; Hsu et al. 2006). We also find that
the 4 value on deep patch (point D) is clearly smaller than that of
shallow patches, which perhaps indicates the spatial discrepancy of
the fault slip behaviour.

5 CONCLUSIONS

We use the time-dependent post-seismic displacements in the initial
~1.5yr (564 d) following the Tohoku earthquake recorded by the
onshore GPS stations to investigate the involved physical mecha-
nism. The following conclusions are drawn:

(1) Both the afterslip and combined models can well explain the
GPS observations and indicate significant afterslip in the downdip
area of the coseismic rupture. The seismic moments released by the
aseismic slip in the two models are 2.3 x 10?2 and 2.1 x 10?2 Nm,
which are equivalent to M,, 8.84 and 8.82 earthquakes, respectively.
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Figure 12. Coulomb stress change (colour) on the plate interface induced by the coseismic rupture (a), fault afterslip (b) and combined effect of them (c). The
grey contours are afterslip in Model 2 (0.5 m intervals). The grey dots are aftershocks in this period with M > 5.0 (aftershock catalogue is obtained from the
USGS). Two black stars denote the epicentre of the main shock and the My, 7.9 aftershock. The four green squares are selected fault patches.
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Figure 13. Slip rate history (a), Coulomb stress change evolution (b) and CFS change in log (slip rate) phase space on selected fault patch (Fig. 12a). The lines
in (c) was obtained by fitting the observation (black dots) using the least-square method.

The effect of the viscoelastic relaxation within this short term only
plays a secondary role, but it shows an increasing tendency.

(2) The afterslip and aftershock are mostly distributed in the areas
with increased Coulomb stress, thus indicating that the afterslip and
aftershocks are strongly related to the rupture of the main shock.
Afterslip in 564 d releases only a small part of the Coulomb stress
increasing downdip of the coseismic rupture area.

(3) The optimal viscosity of the asthenosphere in the combined
model is found to be 2 x 10'° Pas by using a grid search method.
This finding agrees well with the viscosity of 10!° Pas obtained
from previous post-seismic studies of large thrust earthquakes.

(4) In both the afterslip and combined models, the slip rate on
patches downdip of the coseismic rupture decreases rapidly with
time and obeys the state- and rate-strengthening frictional law.
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