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Abstract: Investigations of the co- and postseismic processes of the 2011 Tohoku-oki 

earthquake provide essential information on the seismic cycle in the Japan Trench. Although 

various postseismic models have been proposed, no consensus has been reached, especially on 15 

the along-strike extensions of the main rupture due to the lack of conclusive evidence, even in 

the coseismic process. To capture aseismic behaviors that restrain coseismic rupture propagation, 

it is necessary to perform long-term postseismic geodetic observation on the seafloor. Here, we 

provide empirical evidence for aseismic afterslip on the rupture edges by decomposing 

elementary postseismic processes from decadal seafloor geodetic data. The results suggest that 20 

the tsunami-derived shallow coseismic slip should be adopted in the viscoelastic relaxation 

model to reasonably explain the spatiotemporal variation of seafloor deformation. 

One-Sentence Summary: Spatiotemporal variation of seafloor movement indicates a widely 

spread tsunamigenic rupture followed by a downdip afterslip. 
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Main Text: The 2011 Tohoku-oki earthquake (Mw 9.0) caused trench-ward seafloor 

displacements of several tens of meters (1, 2), reaching about 50 m at the trench (3). Using 

seafloor geodetic data (1, 2), which can provide definitive evidence for a coseismic slip, an 

extremely large slip was estimated at the plate interface shallower than the hypocenter (Fig. 1) 

(4–6). However, the geodetic network in 2011 did not cover the near-trench region, for which 5 

there is thus no information. Tsunami data, which are sensitive to topographical changes of the 

seafloor, indicate that the tsunamigenic area was extended, especially in the northern (> 39 °N) 

and southern (~ 37 °N) areas along the trench (Fig. 1) (7). In contrast to the shallower portion, a 

consensus has been reached on the north-south fault spreading at depths near the hypocenter; 

almost all fault models produce similar results (4, 5). This implies that the rupture in 2011 did 10 

not progress to the northern region, even though Mw 8 earthquakes have historically occurred in 

this region (Fig. 1) (8, 9). 

Investigations of the postseismic behaviors on the northern and southern regions outside the 

main rupture can provide essential information on how rupture propagation was restrained in 

a compact region despite the widely spread shallow slip. In general, a fault rupture causes 15 

viscoelastic relaxation in the asthenosphere and aseismic slip on the fault plane, which lead to 

transient crustal deformation (10). Postseismic geodetic data show the sum of these relaxation 

processes and interplate backslip due to the relocking of the fault. Clarifying the behavior of 

afterslip below the seafloor will contribute to the understanding of the frictional state of faults, 

slow earthquake activities, and the seismic cycle in this region. To extract the afterslip on the 20 

rupture edges, postseismic deformation sources should be decomposed. Because these sources 

have different decay times and deformation patterns (10), elementary processes can be 

decomposed using sufficiently long-term, high-frequency, and well-distributed geodetic data. 

Although the terrestrial Global Navigation Satellite System (GNSS) observation network has 

extremely high spatiotemporal resolution, it cannot easily decompose the transient processes 25 

because the two processes of interest cause similar trench-ward movements in onshore 

regions and thus cannot be distinguished from one another. In contrast, the viscoelastic and 

afterslip effects cause displacements in opposite directions on the seafloor above the main 

rupture, i.e., the landward and trench-ward directions, respectively. Therefore, seafloor 

geodetic observations can be used to decompose transient deformation sources despite their 30 

lower temporal resolution compared to that of terrestrial observations. For instance, previous 

studies detected postseismic landward movements larger than the subduction rate (~ 9 

cm/year) (11) above the main rupture, whereas terrestrial geodetic sites showed trench-ward 

movements. This is conclusive evidence for the dominance of viscoelastic relaxation (12–15).  

Quantitative postseismic models, based on geodetic results, that incorporate both viscoelastic 35 

and afterslip effects suggest that afterslip and rupture areas are spatially compartmentalized 

(5, 13, 16–18). Although these models indicate that afterslip reaches the shallowest part in the 

northern and/or southern marginal regions, this result is incompatible with the widely spread 

shallow rupture derived from tsunami data (7). This inconsistency arises from the absence of 

geodetic constraint for decomposing deformation sources due to insufficient spatiotemporal 40 

resolution and insufficient observation period (at most 5 years). It should be noted that despite 

the importance of coseismic slip as an input for postseismic relaxation modeling, tsunami-

derived slip distributions are rarely adopted. To discuss the postseismic process in marginal 

regions, uncertainties in coseismic rupture models should be taken into account. In this study, 

decadal seafloor geodetic data that contain the temporal evolutions of surface velocity are 45 

used to decompose deformation sources. Based on the results, we clarify the co- and 

postseismic slip behaviors in the northern and southern parts of the source region.  
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To investigate the temporal evolution of seafloor crustal deformation, the Japan Coast Guard 

(JCG) regularly performs seafloor geodetic observations using GNSS-A, a combination of 

GNSS and acoustic ranging, in the Japan Trench region. We analyzed GNSS-A observation 

data obtained from March 2011 to June 2020 using newly developed analysis method (19). 

Because the GNSS-A observation frequency is as low as several times per year per site, only 5 

the average velocity over several years can be discussed. Thus, we extracted 3-year average 

velocities at six sites (KAMN, KAMS, MYGI, MYGW, FUKU, and CHOS) for the periods of 

2011–2014, 2014–2017, and 2017–2020 with respect to the Eurasian plate of the NUVEL-1A 

model (11) (Table 1, Fig. 1). Note that data in the first period include the update from the 

previous study (12). Because the velocity changes in the last two periods were smaller than 2 10 

cm/year except for the sites above the main rupture and there were no clear temporal changes, 

we use the average velocity in the period of 2014–2020 for comparison (Table 2, Fig. 1C). 

The JCG also performs GNSS-A observations at five sites (G08, G10, G12, G14, and G17) 

installed by Tohoku University (TU) (20), independently of TU (19). The observations at the 

TU sites started in 2013 and are less frequent than those at the other sites. Thus, only the 15 

2014–2020 average velocities were considered for these sites (Table 2, Fig. 1C). We 

additionally reprocessed the GNSS-A data before the event at five sites (21) using the present 

analysis method (19) to determine the preseismic seafloor velocities (Table 1, Fig. 1A). Based 

on the temporal changes of seafloor velocity (Fig. 1B and C), we discuss the expressions of 

viscoelastic relaxation and afterslip in the northern, central, and southern parts of the source 20 

region, which are conceptually summarized in Fig. 2.  

In previous studies that analyzed the data until 2014 (12, 13), landward movements at rates 

larger than the Pacific plate subduction were detected at the sites located above the main 

rupture, i.e., KAMS and MYGI (Fig. 1B). This was interpreted as the superposition of the 

effects of viscoelastic relaxation in the asthenosphere beneath the Pacific plate and the 25 

interplate backslip (Fig. 2), though the restoration of interplate coupling could not be 

resolved. Restored interplate coupling would cause a landward motion as large as the 

preseismic velocity (Fig. 2C), which is insufficient to reproduce the postseismic motion. 

Crustal deformation in this area was consistent with the quantitative models of the viscoelastic 

response to the geodetically constrained coseismic input (5, 13, 16, 18). The large landward 30 

movements at these sites continued with a slight decay even after 2014, as well as at G08, 

G10, G12, and G14 (Fig. 1C). The decay of landward motion can be explained as time-

dependent viscoelastic deformation (Fig. 2C).  

Little temporal change in the present decade was found in the horizontal movement at 

MYGW on the downdip edge of the main rupture (Fig. 1B and C). If interplate coupling in the 35 

main rupture had been restored, its landward motion should be canceled by a trench-ward 

motion driven by viscoelastic relaxation or afterslip to maintain balance for almost 10 years. 

Although the landward motion cannot be clearly detected, it seems to have been slightly 

restored after 2017. This might indicate a decrease in the dominance of relaxation processes 

similar to those in the main rupture area (Fig. 2C).  40 

At the northern edge of the main rupture, little horizontal displacement was observed until 

2014 at KAMN (Fig. 1B). Because viscoelastic relaxation is mainly driven by the stress 

induced in the low-viscosity layer beneath the lithosphere, it tends to cause almost the same 

movements in a narrow region. To explain the velocity contrast at KAMN and KAMS, some 

postseismic models make afterslip reach the trench on the northern side of the main rupture to 45 

cause a relative trench-ward motion at KAMN with respect to KAMS (16, 18).  
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After 2014, landward motion significantly accelerated and had almost the same velocity at 

KAMS and MYGI (Fig. 1C). With the preseismic velocities (Fig. 1A) taken into account, the 

consistency in the movements at KAMN and KAMS after 2014 indicates that the two sites 

have been similarly influenced by long-term viscoelastic relaxation. Because the spatial 

pattern of the viscoelastic deformation has not significantly changed in the present decade, the 5 

viscoelastic relaxation is expected to have caused almost the same displacements at these sites 

before 2014. This supports that the northern afterslip caused the relative trench-ward motion 

of 10 cm/year at KAMN before 2014 to cancel the landward motion driven by the viscoelastic 

relaxation and relocking (Fig. 2C). Furthermore, the data after 2014 confirms that the northern 

afterslip had decayed sufficiently in 3 years. After the decay of the afterslip, the viscoelastic 10 

response and interplate coupling became dominant for the crustal deformation around 

KAMN, similar to the case at neighboring GNSS-A sites (Fig. 2B and C).  

To reproduce the velocity difference of 10 cm/year between KAMN and KAMS before 2014, 

afterslip in the north region outside the coseismic rupture with an average displacement rate 

of 1–3 m/y is required (22). The slip magnitude depends on the spread of the afterslip region, 15 

which cannot be geodetically constrained. With the tsunami-derived shallow slip in the 

northern area taken into account, afterslip would not have reached the trench at 39 °N (Fig. 

1B).  

In contrast to the central region, trench-ward movements were observed in the southern region 

(< 37.5 °N) before 2014 (Fig. 1B). Several postseismic models suggested that the rapid 20 

trench-ward and downward motion at FUKU is caused by afterslip on the shallower portion, 

because neither afterslip beneath the coast nor viscoelastic deformation driven by geodetically 

derived coseismic inputs with a single peak beneath FUKU, such as the model by Iinuma et 

al. (6) (Fig. 1B), can reproduce the result (16–18).  

The trench-ward motion became much smaller after 2014 (Fig. 1C). Almost the same trend 25 

was found at G17, located on the trench side of FUKU, despite the low accuracy due to 

instrumental malfunction (19). Nonetheless, even after 2014, when the trench-ward movement 

had almost ceased, subsidence continued at almost a constant rate of about 4 cm/year at 

FUKU. A single afterslip is inadequate to cause persistent subsidence without significant 

trench-ward movement at FUKU and G17 because of the low dip angle of the plate boundary. 30 

Although the previous viscoelastic models showed the insufficiency of causing the observed 

subsidence, they have uncertainty in the coseismic input. Therefore, we should discuss how 

the viscoelastic response can reproduce the observed decadal surface deformation.  

The viscoelastic finite element model proposed by Agata et al., which incorporates the 

additional peak of coseismic rupture near the trench at 37 °N, demonstrated sufficient 35 

subsidence at FUKU (23). The tsunami-derived coseismic slip distribution in the off-

Fukushima region (7) has two peaks in the along-dip direction (Fig. 1B). Based on the 

postseismic model (23), the viscoelastic relaxation driven by the shallower coseismic slip can 

cause long-term subsidence at FUKU (red arrows in Fig. 2C). In this case, both the 

viscoelastic relaxation and possible relocking simultaneously cause significant landward 40 

motion at G17 (red and yellow arrows in Fig. 2C, respectively), which is inconsistent with the 

observation. Accordingly, the observation result at G17 requires an afterslip on the downdip 

side of the shallow rupture (purple area in Fig. 2B) to cancel the landward motion (purple 

arrow in Fig. 2C). Recalling the tsunami-derived rupture distribution at 37 °N, it is reasonable 

to put the southern afterslip on the fault between the two peaks of the coseismic slip (Fig. 1B). 45 
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Unlike the northern afterslip, this should continue even after 2014 according to the result at 

G17, although this is dependent on the observation accuracy.  

The assumed afterslip regions on the northern and southern sides of the main rupture are 

considered to have behaved as barriers to rupture propagation. It is plausible that the shallow 

tsunamigenic slip in the northern and southern areas (7) loaded stress and triggered afterslip 5 

on the downdip side. Northern afterslip occurred between major earthquakes, i.e., the 1968 

Tokachi-oki earthquake (Mw 8.3), the 1994 offshore Sanriku earthquake (Mw 7.7) (8), the 

1896 Meiji Sanriku tsunami earthquake (Mw 8.1) (24), and the 2011 Tohoku-oki earthquake. 

The gap between major earthquakes is characterized by relatively low seismicity (25), 

including repeating earthquakes (26, 27). Slow earthquake activity has been reported in this 10 

area (28). Although the northern and along-dip extensions cannot be resolved due to the 

absence of geodetic instruments, these features support the aseismic frictional property of the 

plate interface in this region. In the off-Fukushima region, postseismic movements larger than 

the main slip were observed for the 2008 and 2010 Fukushima-ken-oki earthquakes (Mj 6.9 

and Mj 6.7, respectively) (29). It is possible that the proposed southern afterslip following the 15 

Tohoku-oki earthquake occurred in a region near the former afterslip.  

Based on the GNSS-A observations and the above interpretations, the slip behaviors in the 

northern and southern areas can be summarized as follows. (1) Afterslip occurred in the 

northern and southern regions outside the main rupture at depths near the hypocenter, which is 

consistent with the shallower tsunamigenic slip inducing stress on the downdip aseismic 20 

faults. It is plausible that these aseismic afterslip regions stopped north-south rupture 

propagation. (2) The afterslip in the southern region might still be ongoing, whereas that in 

the northern region almost ceased in around 2014. (3) Shallow tsunamigenic slip in the south 

was captured by postseismic seafloor geodesy as a subsequent viscoelastic deformation that 

caused persistent seafloor subsidence. Additionally, the GNSS-A results indicate that the 25 

long-term viscoelastic relaxation process is currently in progress and is dominant in the 

central and northern regions. It also plays an important role in the southern region, although 

its contribution cannot be well resolved. These long-term behaviors should be investigated by 

continuing and expanding seafloor geodetic observations. 
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Fig. 1. Seafloor motion derived from GNSS-A observations. Average horizontal and vertical 

velocities for (A) pre-seismic period, (B) 2011–2014, and (C) 2014–2020 are indicated as black 

arrows and open rectangles, respectively. Terrestrial GNSS velocities were extracted from the F3 

solution for GEONET sites (30). Onshore velocities during 2007–2011 are shown in (A). Purple 5 

patches indicate possible afterslip regions. Brown contours and colored tiles indicate geodetically 

derived (6) and tsunami-derived (7) coseismic slip distributions of the 2011 Tohoku-oki 

earthquake, respectively. Green circles in (B) and (C) denote repeating earthquakes that occurred 

in each period (27). Navy and blue lines indicate 2-m and 4-m slip contours of historical 

earthquakes in the northern area (8). Green rectangles indicate patches with a slip of 20 m for the 10 

1896 tsunami earthquake (24). 
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Fig. 2. Schematic diagram of deformation sources beneath the seafloor. (A) Slips on the 

plate interface. Purple, red, and orange regions indicate possible afterslip region and geodetically 

derived (6) and tsunami-derived (7) coseismic slip areas of the 2011 Tohoku-oki earthquake, 

respectively. Blue circles and bars indicate the locations of GNSS-A sites and their projections to 5 

the plate interface, respectively. Black rectangles show the locations for cross sections illustrated 

in subsequent panels. (B) Cross sections of northern (top), central (middle), and southern regions 

(bottom). (C) Qualitative explanations for the contributions of each deformation source to the 

motion at GNSS-A sites. Black, red, purple, and yellow arrows indicate the observed motion and 

components due to viscoelastic relaxation, afterslip, and interplate coupling, respectively. 10 
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Table 1. Three-year average displacement rates with 95% confidence intervals. 

Site Period 
Eastward 

[cm/year] 

Northward 

[cm/year] 

Upward 

[cm/year] 

KAMN Pre-2011 −3.8 +/− 1.8 0.5 +/− 2.3 0.1 +/− 4.5 

 2011–2014 −2.1 +/− 1.7 1.5 +/− 1.1 −8.7 +/− 3.9 

 2014–2017 −6.4 +/− 1.9 2.0 +/− 1.8 −0.9 +/− 2.0 

 2017–2020 −7.6 +/− 2.2 2.4 +/− 1.7 −1.4 +/− 2.5 

KAMS Pre-2011 −2.7 +/− 4.2 −1.7 +/− 3.6 0.7 +/− 4.0 

 2011–2014 −11.1 +/− 5.4 4.9 +/− 4.6 −5.1 +/− 3.9 

 2014–2017 −10.0 +/− 1.8 2.3 +/− 2.9 −0.4 +/− 1.3 

 2017–2020 −6.3 +/− 2.8 2.7 +/− 1.6 −1.2 +/− 2.9 

MYGI Pre-2011 −4.4 +/− 1.1 2.5 +/− 1.6 −2.0 +/− 2.1 

 2011–2014 −15.4 +/− 2.8 5.5 +/− 1.4 −7.3 +/− 2.2 

 2014–2017 −8.8 +/− 1.4 1.6 +/− 1.6 −0.9 +/− 2.5 

 2017–2020 −6.0 +/− 2.6 3.7 +/− 2.8 −4.5 +/− 2.3 

MYGW Pre-2011 −4.8 +/− 1.1 1.3 +/− 1.1 −0.2 +/− 3.3 

 2011–2014 −0.1 +/− 2.0 −5.4 +/− 1.0 −12.2 +/− 3.0 

 2014–2017 −1.2 +/− 1.9 −1.0 +/− 1.5 0.0 +/− 1.8 

 2017–2020 −2.4 +/− 1.3 0.6 +/− 1.7 −1.3 +/− 2.0 

FUKU Pre-2011 −2.1 +/− 1.3 −1.2 +/− 2.5 −2.0 +/− 4.2 

 2011–2014 20.5 +/− 8.0 −15.1 +/− 4.1 −13.3 +/− 4.6 

 2014–2017 1.8 +/− 1.2 −1.9 +/− 1.7 −2.1 +/− 3.4 

 2017–2020 0.2 +/− 1.3 −0.2 +/− 1.7 −3.8 +/− 1.7 

CHOS Pre-2011 N/A N/A N/A 

 2011–2014 16.2 +/− 7.7 −6.9 +/− 4.2 3.8 +/− 2.1 

 2014–2017 −1.1 +/− 1.8 0.1 +/− 1.5 −0.0 +/− 6.3 

 2017–2020 −1.2 +/− 1.3 −0.3 +/− 2.4 0.7 +/− 2.1 
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Table 2.  Average displacement rates in the period of 2014–2020 with 95% confidence 

intervals. 

Site 
Eastward 

[cm/year] 

Northward 

[cm/year] 

Upward 

[cm/year] 

KAMN −6.7 +/− 0.7 1.6 +/− 0.6 −1.7 +/− 0.8 

KAMS −7.5 +/− 1.0 2.3 +/− 0.7 −2.5 +/− 1.0 

MYGI −7.3 +/− 0.8 2.7 +/− 0.9 −3.3 +/− 0.9 

MYGW −2.3 +/− 0.6 −0.7 +/− 0.7 −2.6 +/− 0.9 

FUKU 1.3 +/− 0.6 −1.6 +/− 0.8 −3.9 +/− 0.9 

CHOS −0.6 +/− 0.6 0.7 +/− 1.1 −0.3 +/− 1.2 

G08 −7.1 +/− 2.0 3.5 +/− 1.6 −0.1 +/− 2.7 

G10 −9.1 +/− 1.8 5.5 +/− 3.2 −1.0 +/− 3.1 

G12 −11.9 +/− 2.4 6.3 +/− 1.8 0.2 +/− 2.3 

G14 −6.9 +/− 0.8 2.6 +/− 0.8 −2.8 +/− 1.1 

G17 0.1 +/− 3.0 −2.6 +/− 2.0 2.0 +/− 5.0 
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Materials and Methods 

GNSS-A data and processing 

GNSS-A data used in this study are obtained using the survey vessels of Japan Coast Guard 

(JCG) and are processed with GARPOS v1.0.0 (31, 32) (Fig. S1). All GNSS-A data used in this 

study are available at Zenodo (33) and (34) for pre- and postseismic data, respectively. Note that 

the GNSS-A data before 2009 were obtained by drifting observations, which were less precise 

than the recent results (35, 36) (Fig. S1A).  

Time series of post- and preseismic seafloor displacements with respect to the Eurasian plate 

of NUVEL-1A model (11) are shown in Fig. S2 and Fig. S3, respectively. The values of the 

displacement are available in Data S1 and S2. The GNSS-A results at the same sites 

independently operated by the group of the Tohoku University (15, 20) are simultaneously 

plotted in Fig. S2 (G)–(K). The offsets in the results between two observation systems, i.e., JCG 

and Tohoku University (TU) were estimated and corrected as follows: We first estimated the 

linear trend of JCG’s results in the period of 2013-2017, and detrended both series. Offsets were 

calculated from the average of differences in the detrended results for 2013–2017.  

Validations and reasons for the lower precision at G17 

Previous study (15) performed by the TU research group showed an average velocity of 

approximately 10 cm/year toward the trench at G17 in a period between 2012 and 2016 and is 

consistent with our results of the period after 2014, which we are discussing in this study. On the 

other hand, the results at G17 showed lower precision than other sites. There should be several 

reasons as follows: Firstly, mirror transponders installed at G17 frequently misrecognized their 

identification numbers for acoustic ranging, which are necessary to distinguish the transponder 

that responded to the acoustic signal. Secondly, some of the on-board system were unable to 

perform acoustic ranging longer than 10 seconds so that the track line had to be shrunken, until 

restoration in 2019 (Fig. S4). In practice, lack of acoustic data from the outside of the 

transponder array significantly degrades the positioning accuracy (37). These errors were also 

occurred at G12, but G17 seemed more significantly affected. The difference between G12 and 

G17 might be caused by the transponder arrangement or the complexity in the seawater sound 

speed structure. Although we cannot quantify the positioning accuracy, the results from late 2016 

to 2018 tend to contain larger uncertainty.  
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Fig. S1. Schematic pictures of the GNSS-A observation. Observation configurations for (A) 

drifting and (B) sailing systems are shown. Figures were modified from Ishikawa et al. (36).  
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Fig. S2. Time series of postseismic seafloor displacement. Displacements with respect to the 

Eurasian plate of NUVEL-1A model (11) are shown (black circles). Three-year average 

velocities for (A)–(F), and six-year average velocities for (G)–(K) are shown as the solid lines. 

The 95 % confidence intervals for the average velocities are shown as the shaded areas. Results 

provided by Honsho et al. (15) for (G)–(K) are indicated as brown squares. 
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Fig. S2. Time series of seafloor displacement (continued).  

  



 

 

6 

 

 

Fig. S3. Time series of preseismic seafloor displacement. Displacements with respect to the 

Eurasian plate of NUVEL-1A model (11) are shown (black circles). Average velocities and their 

95 % confidence intervals are shown as the solid lines and shaded areas, respectively. 
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Fig. S4. Track lines at G17. Orange dots and blue squares indicate the positions of surface 

transponder for each acoustic data and seafloor transponders, respectively. Titles on each panel 

shows the 4-digit year-month and the name of the used vessel.  
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Fig. S4. Track lines at G17 (continued). 
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Data S1. (separate file) 

Postseismic seafloor displacements with respect to the Eurasian plate of NUVEL-1A model (11).  

 

Data S2. (separate file) 

Preseismic seafloor displacement with respect to the Eurasian plate of NUVEL-1A model (11).  

 


