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Relation between similar aftershocks and ruptured asperity of a large inland earthquake: Example of the 2007 Noto Hanto earthquake
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Abstract
We investigate spatial distribution of similar aftershocks of a large inland earthquake using waveform data obtained by a dense temporary seismic network. Similar earthquakes on the source fault are mainly located around the deeper edge of the major asperity. The cumulative slip estimated from the similar earthquakes ranges from 0.6 to 2.7 cm and coincides with the slip estimated from postseismic crustal movement observed by GPS. The slip velocity estimated from both the slip and the recurrence interval of the similar earthquakes is larger at the edge of the asperity. These results suggest that the afterslip area is spatially complementary to the asperity on the fault surface for inland earthquakes similar to large interplate earthquakes on the plate interface.
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1. Introduction
Frictional properties control the slip behavior, such as seismic slip and aseismic slip, on a fault surface. Asperity, as a seismic slip area, is characterized by a strong coupling in the interseismic period and a large coseismic slip (e.g. Lay et al., 1982). On the other hand, steady slip or afterslip occurs in the aseismic slip area around the asperity in the interseismic and postseismic periods (e.g. Yagi and Kikuchi, 2003). Afterslip is observed geodetically after a large earthquake (e.g. Heki et al., 1997). If the afterslip area includes small asperities, repeating ruptures of each asperity can generate similar earthquakes due to the stress accumulation caused by the afterslip. We can, therefore, obtain information on afterslip using data from similar earthquakes.
The 2007 Noto Hanto earthquake (MJMA 6.9) occurred at 9:41 (JST) March 25, 2007 at a depth of 11 km beneath the west coast of Noto Peninsula, central Japan (Fig. 1). Inversion analyses of geodetic data (e.g. Fukushima et al., 2008) and strong motion data (e.g. Horikawa, 2008) showed that the dominant slip was on a reverse fault with right-lateral slip and that the area of large slip, or asperity, was distributed from the hypocenter to the shallow part of the fault plane. Hashimoto et al. (2008) started GPS observations during the period from 25 to 29 March 2007 and continued these for about 40 days after the earthquake. They reported that the initial postseismic displacement rapidly decayed within 20 days after the occurrence of the mainshock and suggested a nearly pure right-lateral afterslip of less than 5 cm on the shallow portion of the source fault based on inversion of postseismic displacements with the variable slip model.[image: A40623_2015_630020145_Fig1.jpg]
Fig. 1(a) The distribution of the epicenters of the mainshock (star) and the aftershocks from March 25 to April 18, 2007 (gray circles) of the 2007 Noto Hanto earthquake and similar earthquakes on the source fault (open circles), those not on the source fault (open squares), and the seismic stations (triangles). The dotted rectangle with the solid line as the upper edge indicates the location of the source fault of Horikawa (2008). Lines show the location of the profiles in (b) and (c). Vertical distributions of the similar earthquakes and the aftershocks within 1-km width of (b) the profile A-A′ and (c) the profile B-B′.




If spatial distribution of the frictional parameters controls slip behavior on the fault, the asperity area and the after-slip area are expected to be spatially complementary. We cannot, however, find such a relationship between spatial distribution of the coseismic slip (Horikawa, 2008) and that of the afterslip (Hashimoto et al., 2008) for the 2007 Noto Hanto earthquake. One of the reasons why no relationship is found is a poor spatial resolution of the afterslip distribution of the 2007 Noto Hanto earthquake. An investigation of afterslip using data from similar earthquakes overcomes this weakness because spatial resolution of the aftershock hypocenters is much higher than that of the afterslip analyzed geodetically.
Within 4 days after the mainshock, the group for the joint aftershock observation of the 2007 Noto Hanto Earthquake installed most of temporary seismic stations around the source region to obtain detailed information on the distribution of aftershocks and seismic activity for about 2 months (Sakai et al., 2007). Sakai et al. (2008) relocated 1318 aftershocks with magnitudes larger than 1.8 listed in the Japan Meteorological Agency catalogue for the period from March 25 to April 18, 2007 using dense network data. They showed that aftershocks formed a well-defined southeast-dipping plane and that the shallower extension of the fault plane coincided with the active faults on sea floor reported by Katagawa et al. (2005).
Most aftershocks are usually distributed around the large slip area of the mainshock (Mendoza and Hartzell, 1988). The aftershocks of the 2007 Noto Hanto earthquake are, however, distributed not only around the large asperity but also on the asperity (e.g. Horikawa, 2008), providing a good opportunity to reveal the spatial relationship among the asperity, the similar earthquakes, and the afterslip areas. Here, we investigate detailed distribution of similar earthquakes in the aftershocks of the 2007 Noto Hanto earthquake using data obtained by the group making aftershock observations of the 2007 Noto Hanto earthquake. We also present the distribution of the slip velocity inferred from both the time interval between the successive two earthquakes of each group and the slip of the latter event.

2. Data and Method
We use the waveform data recorded at both permanent stations and the temporary stations shown in Fig. 1. These data are the same as those of Sakai et al. (2008). We use P-wave velocity structure and station corrections provided by Sakai et al. (2008) and VP/VS = 1.73 for relocation of the hypocenters.
First, we select pairs of aftershocks whose cross correlation coefficients in a 10-s time window of 1- to 4-Hz band- pass filtered waveforms are greater than 0.95 at more than 5 stations. The time window starts 0.3 s prior to the P-wave arrival, and the S-wave is included within the 10-s time window. We divide these events into 89 groups by linking the cross-correlation coefficients. That is, if several pairs of aftershocks are connected by the same event, we classify them as one group (Igarashi et al., 2003). We reexamine the arrival times of P- and S-waves and the maximum amplitude of these earthquakes using the WIN system (Urabe and Tsukada, 1991) and determine their hypocenters using the hypomh (Hirata and Matsu’ura, 1987) with the station corrections of Sakai et al. (2008). Second, we calculate the precise travel time difference of P- and S-waves from the cross spectrum at 1- to 8-Hz frequency bands at which the root mean square of coherency is greater than 0.8 (Ito, 1985). We then apply the double-difference method (Waldhauser and Ellsworth, 2000) to relocate the earthquakes of each group.
Not only the precise location of hypocenters but also the source dimension is necessary to find similar earthquakes. We estimate the source radius, r, of an earthquake from the magnitude, M, using a scaling relationship between the scalar moment, Mo (N m), and the magnitude, [image: A40623_2015_Article_630020145_IEq1.gif], and the circular fault model of Brune (1970), [image: A40623_2015_Article_630020145_IEq2.gif]. For recent inland large earthquakes in Japan, the 2000 western Tottori earthquake (Ito, 2005), and the 2005 west off Fukuoka prefecture earthquake (Iio et al., 2006), the average static stress drop of aftershock is about 3 MPa. We thus assume that a constant stress drop, Δσ, of 3 MPa in this study. Asano and Iwata (2010) recently reported that, for the coseismic slip of the 2007 Noto Hanto earthquake, the average static stress drop on the asperities was 9.5 MPa and that off the asperities was 2.5 MPa based on analyses of strong motion data. Our adopted value is not largely different from the average of their results.
Figure 2 shows an example of our analysis of similar earthquakes. First, five events are selected from the cross-correlation. Events 1 and 2 are selected as similar earthquakes based on precise hypocenter determination by the double-difference method and the overlap of source area. There is no overlap of the source area of events 3 and 4 with those of events 1 and 2, indicating that event 3 and 4 does not belong to the group of the events 1 and 2. Similarly, events 3 and 4 do not belong to the same group. A part of the source area of event 4 overlaps with that of event 5. However, the overlap area is small relative to the entire source area of event 4. We thus consider that events 4 and 5 are not similar earthquakes. Following this methodology, we select 47 groups of similar earthquakes. The number of similar earthquakes of each group is small, with 43 groups consisting of two events, three groups of three events and one group of four events.[image: A40623_2015_630020145_Fig2.jpg]
Fig. 2An example of the analyses of similar earthquakes. (a) The hypocenter distribution of earthquakes reexamined manually (gray pluses) and those determined by the double-difference (D.D) method (black pluses) projected on the fault plane. Circles show the source radius estimated by the circular crack model (Brune, 1970) with a constant stress drop. (b) Band-pass filtered (1–8 Hz) waveforms of the vertical component recorded at the TOGI station. The amplitude of each waveform is normalized to unity. The origin time (JST) and the magnitude are displayed at the bottom right of each waveform. (c) The location of the source fault (dotted rectangle with the solid line as the upper edge)(Horikawa, 2008) and the station TOGI. A small rectangle shows the area of (a).




Figure 1(b) and 1(c) shows vertical cross sections of the distribution of the similar earthquakes and the aftershocks projected on a vertical plane perpendicular to the strike. The southeastward dipping plane is the source fault plane. In these figures, some of the similar earthquakes occur on the fault plane, while others do not. Nineteen groups are lying on the fault plane, and 11 groups are on the conjugate fault. Hereafter, we focus on the groups lying on the source fault plane to investigate spatial relationship among the similar earthquakes, the asperity (Horikawa, 2008), and the afterslip (Hashimoto et al., 2008). We use the source fault plane of Horikawa (2008), which has the same area as the aftershock distribution during the first day after the mainshock. Hiramatsu et al. (2008) estimated nearly the same source fault plane as Horikawa (2008) from coseismic crustal movement using the distribution of littoral organisms and GPS data.
We estimate the amount of slip for each group of similar earthquakes from extrapolation of the empirical relationship between the scalar moment, Mo (dyne·cm), and the slip, d (cm), [image: A40623_2015_Article_630020145_IEq3.gif] (Somerville et al., 1999). For similar earthquakes on the plate interface, the empirical relationship proposed by Nadeau and Johnson (1998) is generally used to estimate the amount of aseismic slip. However, the relationship of Nadeau and Johnson (1998) produces too large slip, about one order of magnitude larger than both that estimated from the relationship of Somerville et al. (1999) and that of the afterslip estimated by geodetic data (Hashimoto et al. (2008)). We thus consider that the relationship of Somerville et al. (1999) is more appopriate to calculate slip in this study.

3. Results and Discussion
We use cumulative slip of each group of similar aftershocks as the total slip at the centroid of the group during the analyzed period. The total slip of each group ranges from 0.6 to 2.7 cm and tends to be large near the deeper edge of the asperity where many similar earthquakes occur (Fig. 3(a)). Figure 3(a) also shows that most of the similar earthquakes are distributed around the deeper edge of the major asperity, indicating that small asperities that cause similar earthquakes are mainly distributed around the asperity. A number of similar earthquakes, however, are distributed on the major asperity, indicating the existence of small asperities inside the major asperities.[image: A40623_2015_630020145_Fig3.jpg]
Fig. 3The distribution of the cumulative slip of the similar earthquakes (black open circles): (a) the coseismic slip (contour lines) Horikawa 2008 and (b) the afterslip (Hashimoto et al., 2008): the distribution of the slip velocity estimated from the similar earthquakes (black open circles): (c) the coseismic slip (contour lines) (Horikawa, 2008) and (d) the afterslip (Hashimoto et al., 2008). The contour interval is 0.5 m. Thick arrows show that the amount of the slip ranges 1 to 2 cm. A cross shows the epicenter of the mainshock. Gray circles are the aftershocks from March 25 to April 18, 2007 on the source fault. Dotted rectangles with the solid line as the upper edge are the fault plane used (a and c) by Horikawa (2008) and (b and d) by Hashimoto et al. (2008).




We compare the same data with the afterslip distribution estimated from the postseismic crustal movement observed by GPS (Hashimoto et al., 2008) (Fig. 3(b)). The amount of slip estimated from similar earthquakes is coincident with that from the postseismic crustal movement. We find that similar earthquakes do not occur at the shallow part where the largest afterslip is estimated but on the deeper part where the slip of the afterslip ranges from 1 to 2 cm (Fig. 3(b)). The afterslip distribution from GPS data was estimated with the spatial smoothness constraint, while the slip estimated by similar earthquakes represents the slip in the small areas surrounding the earthquakes. This makes it difficult to distinguish the following two possibilities. The difference between the distribution of the similar aftershocks and that of afterslip may mean that there are no small asperities that causes similar aftershocks in the shallow part. The other possibility is that the afterslip is so small in the shallow part of the fault that no similar earthquakes occur.
Next, we estimate the slip velocity from both the time interval between the successive two earthquakes of each group and the slip of the latter event. If a group consists of more than three similar earthquakes, we use the average slip velocity. As shown in Fig. 3(c), we find that the slip velocity tends to be large at the edge of the asperity. However, we find no clear correlation between the slip velocity and the amount of the afterslip (Fig. 3(d)).
The occurrence of similar earthquakes suggests afterslip as a loading process around small asperities. In other words, the afterslip area estimated from the similar earthquakes is spatially complementary to the asperity on the fault surface for the large inland earthquake, similarity to large interplate earthquakes (e.g. Yagi and Kikuchi, 2003).

4. Conclusions
We here investigated the spatial relationship between the asperity and the similar aftershocks of an inland earthquake from analyses of a dense temporary seismic network data. The similar earthquakes on the source fault are distributed mainly around the deeper edge of the asperity. The amount of slip of the similar earthquakes, based on an empirical scaling relationship, coincides with that estimated from the postseismic crustal motion observed by GPS. The calculated slip velocity from both the recurrence interval of the successive similar earthquakes and the slip of the latter event is larger at the edge of the asperity. A complementary distribution of the asperity and the similar earthquakes on the source fault suggests that afterslip occurs around or outside the asperity.
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