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Abstract
We analyze geodetic observation data associated with the 2011 Tohoku Earthquake to estimate coseismic and early postseismic fault slip distribution on the Pacific plate interface. The maximum slip and the moment magnitude of the main shock are about 60 m and Mw 9.0, respectively. The location of the main slip patch is complementary to the source region of large earthquakes at least for those which have occurred during the last 100 years, and the maximum slip was corresponded to a release of stress accumulation for about 700 years Source regions of the 1936, 1938, and 1978 earthquakes are considered to have been re-ruptured in the 2011 main shock, where the slip amount was significantly smaller than the main patch.
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1. Introduction
A devastating earthquake occurred offshore the Tohoku region at 14:46 (JST) on March 11, 2011, causing tremendous damage by its strong shaking and tsunami. The social, as well as economic, impact of the earthquake was immense, with over 15,000 deaths and 10 trillion yen of damage directly attributed to the event. The earthquake was scaled as Mw 9.0 by the Japan Meteorological Agency (JMA), which is the largest ever recorded in and around Japan in its history. It was also the world’s first M 9 earthquake closely observed by dense seismological and geodetic networks. Appropriate analyses and interpretation of these observation data are indispensable for a better understanding of the nature of this huge event and to reduce future seismic as well as tsunami hazards.
It was unfortunate that the possibility of this M 9 event could not be predicted beforehand. However, the potential occurrence of a great earthquake had been suggested in the source region of the M 9 earthquake by geodetic, as well as geologic, studies. Several GPS studies have pointed to a significant amount of slip deficit in this area (Ito et al., 2000; Nishimura et al., 2004; Hashimoto et al., 2009). In addition, geological studies have suggested that large-scale tsunamis have repeatedly attacked the coastal area of the Sendai plain with an average interval of about 1,000 years (Minoura et al., 2001). It is of great importance to investigate the detailed slip distribution of the M 9 earthquake and to compare it with the GPS-based slip deficit and source regions of past earthquakes to understand the slip budget on the plate boundary and to infer the physical mechanism of this unexpectedly large event. For this purpose, we conduct an inversion analysis of on-land as well as offshore geodetic data to estimate coseismic and early postseismic slip distributions.

2. Observation
Crustal deformation associated with the giant earthquake was recorded by the permanent nationwide dense GPS array GEONET, operated by the Geospatial Information Authority of Japan (GSI). It is the first time in the world’s history that the occurrence and subsequent postseismic deformation process associated with a M 9 earthquake has been recorded by such a dense continuous GPS network. The whole northern Honshu island (about 500 km wide in the N-S direction) was displaced to the east by more than 1 m, implying an occurrence of low-angle megath rust faulting on the interface of the subducting Pacific plate (see Fig. 1). In addition, we use horizontal displacement data from three seafloor geodetic sites just above the source region, which were measured by the Japan Coast Guard using the GPS/acoustic measurement (Fujita et al., 2006). One of the seafloor sites off the Miyagi prefecture moved about 24 m in the ESE direction associated with the earthquake (Sato et al., 2011).[image: A40623_2015_6300700627_Fig1.jpg]
Fig. 1.Coseismic horizontal displacement vectors associated with the 2011 earthquake and configuration of the subducting Pacific plate used for analysis in this study. Dots inside the source region are knots of B-splines used for the slip distribution. Red triangles, blue and black squares show the ocean-bottom pressure gauges, the seafloor geodetic sites and GPS sites of GEONET, respectively.




Following the coseismic offsets, rapid postseismic transients and coseismic offsets of large aftershocks are detected over a wide area around the source region. Many GPS sites moved more than 5 cm during the first 8 hours after the main shock. The postseismic transients are considered to be mainly caused by afterslip and the largest aftershock (M 7.7) on the plate interface (see Fig. 4).[image: A40623_2015_6300700627_Fig2.jpg]
Fig. 2.Estimated coseismic (left) and postseismic (right) slip distribution. Colors and white arrows denote the absolute amount and direction of the fault slip, respectively. Red ellipses in the left panel are the estimated source regions of past earthquakes (The Headquarters for Earthquake Research Promotion, 1999). Red star and black dots are the hypocenter of the main shock and aftershocks determined by JMA. The contour lines in the right panel show the coseismic slip distribution, and the black broken line shows the northeastern end of the Philippine Sea plate. Red stars are aftershock epicenters lager than M 5.5 from 14:55 to 23:00 on 11 March.
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Fig. 3.Observed (black arrows) and predicted (white arrows) displacements due to the 2011 earthquake. The contour lines indicate the co-seismic slip distribution.
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Fig. 4.Observed (black arrows) and predicted (white arrows) crustal deformation of the early postseismic period, which is from 14:55 to 23:00 (JST) on 11 March. The contour lines indicate the postseismic slip distribution.




To infer slip distribution from geodetic observation data, we use preliminary GPS displacement data (version 0.3) for the March 11, 2011, earthquake provided by the Advanced Rapid Imaging and Analysis (ARIA) team at JPL and Caltech (The Advanced Rapid Imaging and Analysis, 2011). These coordinate solutions are obtained through a kinematic precise point-positioning analysis with GIPSY-OASIS software, in which rapid orbit and clock products from JPL are used and the single-station bias-fixing method is applied. Coseismic displacements of the main shock are obtained comparing the 5 min coordinate solutions at 14:40 and 14:55 JST. The period of coseismic observation is 15 min, which is 6 min before and 9 min after the earthquake. For the early postseismic period, displacement data from 14:55 to 23:00 JST on March 11 are analyzed. The largest aftershock (M 7.7, 15:15) occurred in the postseis-mic period off the Ibaraki prefecture.

3. Method
We conduct geodetic inversion analyses to estimate the coseismic and postseismic slip distribution on the curved plate interface. The configuration of the upper surface of the subducting Pacific plate is based on Slab 1.0 (Hayes and Wald, 2009; Hayes et al., 2009) which is based on a probabilistic non-linear fit to data from a combined catalog consisting of several independent data sets: historic earthquake catalogs, CMT solutions, active seismic profiles, global plate boundaries, bathymetry and sediment thickness information. We define a 900 km×400 km area as our model source region, wider than the actual source region as shown in Fig. 1. The slip distribution on the model source region is represented by a superposition of 35×15 bi-cubic B-spline functions, whose expansion coefficients are model parameters to be estimated from geodetic data (Yabuki and Matsu’ura, 1992). In our geodetic inversion, we apply the preconditioned conjugate gradient (PCG) method (Coleman and Li, 1996), to the observational equation with a weak constraint on the slip direction (N105°E) which reflects the relative plate motion. Since the PCG method is an iterative method, we need an initial estimate for the model parameters. No further constraints, such as smoothing, is introduced. We considered various cases and confirmed that the final solution does not depend on the initial values of the model parameters. Thus we conclude that our result is robust.

4. Results and Discussion
4.1 Coseismic slip distribution
The estimated coseismic slip distribution is shown in Fig. 2. Observed and calculated displacements are compared in Fig. 3. The largest slip is about 60 m centered at (N37.6°, E143.0°) the estimated slip distribution satisfies about 200 km along the Japan Trench to the south of the epicenter. The seismic moment of the main shock is estimated to be 4.1×1023 N m, which is equivalent to Mw = 9.0, assuming a rigidity of 40 GPa.
The main rupture of the earthquake is located shallower than 20 km, and surrounded by the source regions of the 1936, 1938 and 1978 events. The northern edge of the main source region is at the latitude N38.8°. Maeda et al. (2011) suggested that ocean-bottom pressure-gauge records (TM-1 and TM-2 in Fig. 1) require no, or little, slip off Kamaishi, and that a large slip should occur far off the Miyagi prefecture. So the estimated slip distribution satisfies the constraints based on the ocean-bottom pressure-gauge records. On the other hand, the southern edge of the main slip region corresponds to one of the ocean-bottom geodetic sites off the Fukushima prefecture. Thus, the ocean-bottom geodetic observations contribute a lot to constrain the coseismic slip distribution. It should be noted that a fault slip of about 5–10 m occurred in the source region of past earthquakes with Mw7 ~ 8, suggesting that the 2011 earthquake ruptured those source regions again.
Previous studies estimated the distribution of the slip deficit rate by inverting three-dimensional GPS velocity data and have suggested that the plate boundary off the Miyagi prefecture is almost completely locked (Ito et al., 2000; Nishimura et al., 2004; Hashimoto et al., 2009). Although their slip deficit-rate estimation based on onland GPS data does not have sufficient resolving power for the offshore region, our coseismic slip distribution corresponds to their result quite well. A coseismic slip of 60 m corresponds to a release of accumulated stress of about 700 years, assuming the fully locking of the plate interface. The slip distribution suggests that historical seismicity over at least 700 years is necessary to understand the whole picture of the seismic cycle on this plate boundary. This is one of the important lessons from the 2011 earthquake.

4.2 Early postseismic slip distribution
The right panel of Fig. 2 shows the early postseismic slip distribution for 8 hours after the main shock. Figure 4 shows the observed and predicted displacements for the early postseismic period. The estimated afterslip distribution mainly reflects the coseismic slip of the largest aftershock. The southern end of the slip distribution of the largest aftershock corresponds to the northeastern limit of the subducted Philippine Sea slab. Based on an analysis of a repeating earthquake, Uchida et al. (2009) suggested a dramatic contrast in the interplate coupling on the Pacific plate interface across the northern end of the Philippine Sea slab. They estimated stronger coupling on the northern side and the extent of the rupture of the largest aftershock is limited in this strongly-coupled region.
The postseismic slip distribution also shows a large slip patch at the deeper end of the model source region. Probably, this can be attributed to shallow crustal aftershocks (M 5.6 and M 5.7) in the Ibaraki prefecture, since these earthquakes seem too small to explain the observed deformation signal. Some large seismic events might occur in the shallow crust, leading to the anomalously active normal faulting activities in this region. A more detailed analysis of the geodetic data is necessary to investigate such a possibility.


5. Summary
We have estimated co- and post- seismic slip distributions of the 2011 off the Pacific coast of Tohoku Earthquake. The estimated moment magnitude Mw = 9.0 and the maximum slip of the main shock is about 60 m. The earthquake is considered to have released tectonic stress accumulated over 700 years.
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