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Abstract
Coulomb stress triggering is examined using well-determined aftershock focal mechanisms and source models of the 2011 Mw 9.0 off the Pacific coast of Tohoku Earthquake. We tested several slip distributions obtained by inverting onshore GPS-derived coseismic displacements under different a priori constraints on the initial fault parameters. The aftershock focal mechanisms are most consistent with the Coulomb stress change calculated for a slip distribution having a center of slip close to the trench. This demonstrates the capability of the Coulomb stress change to help constrain the slip distribution that is otherwise difficult to determine. Coulomb stress changes for normal-fault aftershocks near the Japan Trench are found to be strongly dependent on the slip on the shallow portion of the fault. This fact suggests the possibility that the slip on the shallow portion of the fault can be better constrained by combining information of the Coulomb stress change with other available data. The case of normal-fault aftershocks near some trench segment which are calculated to be negatively stressed shows such an example, suggesting that the actual slip on the shallow portion of the fault is larger than that inverted from GPS-derived coseismic displacements.
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1. Introduction
The 2011 Mw 9.0 off the Pacific coast of Tohoku Earthquake (hereafter, ‘2011 Tohoku-Oki earthquake’) occurred along the western margin of the Pacific Ocean where the Pacific plate is subducted beneath the island of Honshu, Japan. The earthquake triggered an intense aftershock activity in and around the mainshock fault zone (Hirose et al., 2011). Toda et al. (2011) examined the Coulomb stress triggering hypothesis using 177 NIED F-net aftershock focal mechanisms. They tested six source models obtained from seismic, geodetic, and tsunami observations, and showed that there was a significant gain in positively-stressed aftershock mechanisms over that for the background earthquakes. However, the six source models all assume planar fault planes with a constant dip angle in the range of 9–15 degrees. This assumption may be too simple to evaluate the change in the Coulomb Failure Function (hereafter, ‘ΔCFF’ or ‘Coulomb stress change’) of an aftershock near the main-shock fault, because the precise location of an aftershock relative to the mainshock fault is required for evaluating its Coulomb stress change accurately.
In this paper, we examine the Coulomb stress triggering, using well-determined aftershock focal mechanisms and slip distributions of the 2011 Tohoku-Oki earthquake inverted from GPS-derived coseismic displacements on land. The fault geometry is constructed on an accurate three-dimensional configuration of the upper plate interface of the subducted Pacific plate. We test the fault models against the aftershock focal mechanisms determined by Nettles et al. (2011), which are considered to be more accurate than others determined on a routine basis. Based on the calculated ACFF, we assess the capability of the Coulomb stress change to help constrain the slip distribution; which is difficult to determine from the GPS-derived coseismic displacements.

2. Fault Model
In modeling the fault geometry of the 2011 Tohoku-Oki earthquake, we refer to the depths of the upper plate interface of the subducted Pacific plate determined by Takeuchi et al. (2008). These depths were determined using both the earthquake distribution and offshore crustal structures revealed by seismic experiments. We set 114 rectangular fault segments on the plate interface to form the entire fault surface of the Tohoku-Oki earthquake (Fig. 1). The upper end of the fault is set at a depth of 6.5 km beneath the axis of the Japan Trench. The lower end of the fault is set at a depth of 50 km. The fault is segmented at depths of 10, 15, 20, 30, and 40 km in the dip direction. The lengths of fault segments in the strike direction are in the range of 30–40 km. The orientation of each fault segment is fitted to the local strike and dip of the plate interface.[image: A40623_2015_6401201239_Fig1.jpg]
Fig. 1.(a) Inverted slip distribution obtained under a weak constraint given by a standard deviation of 30% of the initial slip, and (b) the same under a strong constraint given by a standard deviation of 7% of the initial slip. The arrows indicate the slip vectors. The thick arrow indicates the direction of motion of the Pacific plate relative to the North American plate. The contours denote the depths of plate interface at 20-km intervals. S indicates the variance of weighted residuals, and Mw the moment magnitude.




We use the coseismic displacements derived from the GPS measurements of GEONET (Fig. 2) to determine the slip distribution on the fault. Although the geodetic data is the same as that used by Ozawa et al. (2011), the slip distribution will not be the same because the fault geometry differs. Here, we only use two horizontal components, assuming their standard errors to be 10 mm. We do not use vertical components since their errors are estimated to be larger than those of the horizontal components, although it is confirmed that the inclusion of vertical components does not affect the results significantly. The static displacements and strains due to the slip on the fault are calculated using the source code developed by Okada (1992) for a half-space medium. The Poisson ratio of the homogeneous medium is assumed to be 0.25.[image: A40623_2015_6401201239_Fig2.jpg]
Fig. 2.Distribution of GPS stations of GEONET used for determining the slip distribution of the fault. The observed displacements (solid arrow) are compared with the displacements calculated (open arrows) for the slip distribution with the center of slip close to the trench (Fig. 1(b)). The observed displacements at the ocean-bottom observation sites (Sato et al., 2011) are also shown together with the calculated ones. The gray arrows are the displacements calculated for the slip distribution with the center of slip distant from the trench (Fig. 1(a)). Large and small stars indicate the epicenters of the Mw 9.0 Tohoku-Oki earthquake and the Mw 7.3 foreshock, respectively. The cross denotes the ocean-bottom observation site near the trench where an extremely large displacement is observed (Ito et al., 2011).




Inversions of the GPS-derived displacements were performed using the program system ‘SALS’ developed for nonlinear least-squares fitting in experimental sciences (Nakagawa and Oyanagi, 1980). We adopted a generalized inversion method in which the solutions are determined under different a priori strengths of constraints on initial unknown parameters. The unknowns are the slips and rakes for all fault segments. We assume an initial slip distribution that looks similar to that obtained from tsunami data by Fujii et al. (2011), in the sense that the maximum, or center of, slip is close to the trench. We assume the initial slip direction to be parallel to the direction of motion of the Pacific plate relative to the North American plate (Altamimi et al., 2007). The constraint on the initial rake was uniformly specified by a standard deviation of 6 degrees. For the constraint on the slip, we tested several standard deviations in the range of 7–30% of the initial slip. As we increase the standard deviation on the initial slip, i.e. with weakening constraint on the initial slip, the center of slip systematically migrates from the shallow portion of the fault close to the trench toward the deeper portion away from the trench. Figure 1 shows the results obtained for the two end members. The variance of weighted residuals for the fault model with the center of slip distant from the trench (Fig. 1(a)) is 24% smaller than that for the fault model with the center of slip close to the trench (Fig. 1(b)). The GEONET data fit better a slip distribution with the center of slip distant from the trench. However, as shown in Fig. 2, the ocean-bottom displacements observed by Sato et al. (2011) are a better fit to the slip distribution with the center of slip close to the trench. The slip distribution with the center of slip distant from the trench cannot explain the large displacements observed at those ocean-bottom sites. This inconsistency may be ascribed to the modeling based on a homogeneous half-space medium. The half-space modeling may be insufficient for dealing with observations extending over epicentral distances up to several hundred kilometers. Whatever the reason for the inconsistency, the model with the center of slip close to the trench is considered to be preferable because an extremely large slip on a shallow plate boundary is suggested by large crustal deformations observed near the trench (Fujiwara et al., 2011; Ito et al., 2011). The site of large slip near the trench (Fig. 2) almost agrees with the source area of the primary crests of the tsunami observed by the OBPGs and GPS buoys in deep sea (Hayashi et al., 2011).

3. Coulomb Stress Changes
We use the slip distributions obtained in the preceding section to calculate the ACFF for the aftershock focal mechanisms determined by Nettles et al. (2011) (Fig. 3). The aftershock data consists of 81 events (M > 5.5) that occurred within 25 days following the mainshock. The aftershock sequence extends over a portion of the plate boundary more than 500 km long, and exhibits an unusual diversity of faulting geometries. We use the centroid hypocenters and the best double-couple solutions determined by Nettles et al. (2011) to calculate the Coulomb stress change. The errors in the focal depths are estimated to be less than 2.5 km for events whose focal depths are freely determined (Nettles et al., 2011). For about one-third of the events, the centroid hypocenters are determined with focal depths fixed in a range of 12–16 km. As a whole, the focal depths of the aftershocks near the trench are distributed in a range of 10–20 km. Since the fault planes are not identified, we calculate the Coulomb stress change for each of the two nodal planes, and regard an aftershock as being positively stressed if the Coulomb stress change for either one of the nodal planes has a positive value. Based on the results of Toda et al. (2011), we assume an apparent coefficient of friction of 0.4. The rigidity is assumed to be 40 GPa.[image: A40623_2015_6401201239_Fig3.jpg]
Fig. 3.(a) ΔCFF calculated for the slip distribution with the center of slip distant from the trench (Fig. 1(a)). The colors of the focal mechanisms indicate the ΔCFF values. The larger of the ΔCFF values for the two nodal planes is shown. (b) ΔCFF calculated for the slip distribution with the center of slip close to the trench (Fig. 1(b)). The lines C–D and E–F indicate the locations of ΔCFF profiles shown in Fig. 4.




We emphasize here that the Coulomb stress changes shown in Fig. 3 are those calculated for the fault model in which the plate boundary is shifted upward by 6.5 km. The relationship between the original plate boundary and the shifted one is exhibited on the vertical cross-section in Fig. 4. In the previous section, the displacements due to the mainshock slip are calculated for the fault model with the upper end of the plate boundary placed at a depth of 6.5 km. However, when we use this model, we find that the Coulomb stress changes, for most of the aftershocks in the outer rise, are negatively stressed. Before describing the results shown in Fig. 3, we first explain the reason why we prefer the Coulomb stress change calculated for the model with the upper end of the fault shifted toward the free surface.[image: A40623_2015_6401201239_Fig4.jpg]
Fig. 4.Cross-sectional views of ΔCFF for receiver faults of down-dip extension (DDE) type previously defined by Hiratsuka and Sato (2011) are shown for the profiles C–D and E-F in Fig. 3. They are calculated for the slip distribution with the center of slip close to the trench (Fig. 1(b)). In the panels (a) and (b), ΔCFF calculated for the model with the upper end of the fault situated at a depth of 6.5 km (a), and with the upper end of the fault situated at the free surface (b), are compared. The open circle indicates the event in the outer rise lying on the line C–D in Fig. 3. The focal depth of the aftershock in (b) is shifted upwards by 6.5 km relative to that shown in (a). (c) ΔCFF along the line E-F calculated for the model with the upper end of the fault placed at the free surface. The open circles indicate the two negatively-stressed normal-fault aftershocks near the trench close to the line E–F in Fig. 3. The mechanism diagrams of receiver faults are indicated in (c). Here, ΔCFF calculated for the westward dipping faults are shown. The broken lines respectively indicate the positions 10, 20, and 30 km below the plate interface.




In Figs. 4(a) and 4(b), we compare the Coulomb stress change calculated for the original plate boundary with that calculated for the elevated plate boundary. The Coulomb stress changes are those calculated for the slip distribution with the center of slip close to the trench (Fig. 1(b)). Receiver faults are assumed to be of DDE-type previously defined by Hiratsuka and Sato (2011) (see figures 3 and 4 of that paper). In the area close to the trench where the dip of the plate interface is very shallow, the receiver faults almost agree with the normal faults dipping at an angle of 45°. As shown in Fig. 4(a), for the case where the upper end of the fault is situated at a depth of 6.5 km, the shallow portion close to the trench is dominated by negative ACFF values. Since most of the normal-fault aftershocks in the outer rise have focal depths of 10–20 km (Nettles et al, 2011), they fall within the domain of negative ACFF. For the case where the upper end of the fault is shifted upward to the free surface, the area close to the trench is dominated by positive values at all depths (Fig. 4(b)). For this case, we evaluate the Coulomb stress changes for the aftershocks by shifting also their focal depths upward by 6.5 km. As a result, the normal-fault aftershocks in the outer rise fall within the positively-stressed domain. Since the sea bed is overlain by a thick water layer instead of a solid body in the offshore area surrounding the trench, we consider that the model with the upper end of the fault situated at the free surface is preferable for predicting the deformation close to the trench. As it goes away from the trench towards the land, the ACFF distribution calculated for the model with the upper end of the fault at the free surface is similar to that calculated for the model with the upper end of the fault at the depth of 6.5 km. Therefore, we consider that the model with the upper end of the fault at the free surface can be used for evaluating the Coulomb stress change for all the aftershocks distributed from the trench to the land.
Now we describe the difference in the Coulomb stress change between the slip distributions with the center of slip distant from the trench and close to the trench. For the slip distribution with the center of slip distant from the trench, 69% of the aftershocks are positively stressed (Fig. 3(a)). A higher score of 85% is achieved by the slip distribution with the center of slip close to the trench (Fig. 3(b)). For this model, most of the aftershocks surrounding the center of slip are positively stressed. In contrast, for the model with the center of slip distant from the trench, several normal-fault aftershocks close to the line C-D are calculated to be negatively stressed. In order for the change in the stress field due to the mainshock to be consistent with these normal-faulting events, the center of slip needs to be close to the trench. This demonstrates the capability of the Coulomb stress changes to help constrain the slip distribution which may be difficult to determine from other available data (Seeber and Armbruster, 2000).
Although the slip distribution with the center of slip close to the trench is consistent with most of the normal-fault aftershocks near the trench, we find two negatively-stressed normal-fault aftershocks just beneath the trench close to the line E-F. A couple of aftershocks just north of the two events, which are close to the line C–D, are positively stressed in spite of the similar focal mechanisms and epicenter locations relative to the trench. The aftershocks close to the line C–D have a focal depth of 15–20 km while the negatively-stressed aftershocks close to the line E–F have a focal depth of 10–15 km (Nettles et al., 2011). These focal depths in the range of 10–20 km are consistent with the focal depths of aftershocks beneath the trench determined using OBS observations (Obana et al., 2012). The cross-sectional view of ΔCFF for the hypothetical receiver faults along the line E–F shows that normal-fault aftershocks just beneath the trench are expected to be negatively stressed if the focal depths are less than 20 km (Fig. 4(c)). However, Fig. 4(b) shows that the normal-fault aftershocks beneath the trench is positively stressed at all depths. This difference arises from the fact that the slip on the shallow portion of the fault along the line E–F is much smaller than that along the line C–D. We expect that the two normal-fault aftershocks near the trench close to the line E–F would become positively stressed if the slip on the shallow portion of the fault were sufficiently large like that along the line C–D. If we assume ideally that the earthquakes should always occur in a positively-stressed region, the negatively-stressed aftershocks near the trench suggest that the slip inverted from the GPS-derived displacements is smaller than in reality on the shallow part of the fault close to the line E–F. This demonstrates the possibility that the aftershock focal mechanisms can be used to adjust the slip that was originally determined from other available data, but was difficult to constrain.
For the southern part of the mainshock fault where the slip is relatively small, the number of negatively-stressed aftershocks increases. This may be ascribed to the difference in the degree of fault heterogeneity between the southern and northern regions. A more complicated fault geometry and pattern of slip in the southern region is suggested by its higher aftershock activity compared with the northern region (Hirose et al., 2011).

4. Concluding Remarks
We have investigated the change in the Coulomb stress change for the larger aftershocks of the 2011 Tohoku-Oki earthquake, and found that 85% of the aftershocks are positively stressed for a slip distribution with the center of slip close to the trench. Although we cannot base our arguments on the gain in positively-stressed aftershock mechanisms over that for background earthquakes, as done by Toda et al. (2011), we consider that the high percentage of positively stressed aftershocks itself supports the validity of a Coulomb stress triggering hypothesis. Comparing the Coulomb stress changes calculated for the different slip distributions, we find that the aftershock focal mechanisms are most consistent with the Coulomb stress changes calculated for a slip distribution with the center of slip close to the trench. This demonstrates the capability of the Coulomb stress changes to help constrain the slip distribution which may be otherwise difficult to determine. Furthermore, we find another possibility that the Coulomb stress changes can be used to condition the slip that is originally determined using other available data, as exemplified by the case of negatively-stressed normal faults along the line E–F. Since the Coulomb stress changes, for the normal-fault aftershocks near the trench, are strongly dependent on the slip on the shallow portion of the fault, they can be combined with other data to constrain the slip distribution close to the trench more reliably.
One of the important issues of the 2011 Tohoku-Oki earthquake is the area of large slip on the shallow portion of the fault. Although there is compelling evidence for a large slip on the shallow part of plate boundary near the trench at 38N (Fujiwara et al., 2011; Ito et al., 2011), the limited distribution of ocean-bottom observations prevents us from determining the size of the source area of large slip along the trench. This problem may be resolved by further investigation of the relationship between the distribution of normal-fault aftershocks and slip near the trench.
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