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Abstract
We detected similar aftershocks of the 2000 Western Tottori earthquake and we have examined their spatial distribution on the source fault. Many similar aftershocks are distributed in the northern part of the source fault, but few in the southern part. Specifically, similar aftershocks on the source fault are located outside of the asperity. The cumulative slip estimated from the similar aftershocks is 0.4–2.4 cm. The largest one is found at the edge of the major asperity. We observe that shallower events show a larger cumulative slip than deeper events. Large cumulative slip in the shallow depth in the northern part is coincident with the geodetic observation of afterslip. These facts suggest that similar aftershocks can provide information related to afterslip. However, the slip velocity estimated from both the slip and the recurrence interval of the similar aftershocks shows no distinct distribution.
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1. Introduction
Aftershocks following a large earthquake show striking features of a temporal decay rate, Omori’s law (Omori, 1894), and spatial distribution. The spatial distribution of aftershocks usually provides information related to the source fault of the preceding large earthquake. The spatial extent of aftershocks is used to estimate the source fault location. Furthermore, the precise location of aftershocks can suggest a rupture pattern on the source fault. For example, in the case of the 2011 off the Pacific coast of Tohoku earthquake, the aftershocks on the plate interface were distributed not in the coseismic slip area but in the surrounding areas (e.g. Asano et al., 2011).
Not only aftershocks but also afterslips follow large earthquakes. Development of a dense geodetic network enables the detection of afterslips. Ozawa et al. (2011) reported that a large afterslip occurred around a large coseis-mic slip area for the 2011 off the Pacific coast of Tohoku earthquake. A distribution of repeating earthquakes before the 2011 off the Pacific coast of Tohoku earthquake revealed a large afterslip area (Uchida and Matsuzawa, 2011). Recently, Hiramatsu et al. (2011) examined similar aftershocks, which show high cross-correlation coefficients (≥ 0.95) of waveforms at the same station and share an almost identical source area, i.e., almost the same source location and the same focal mechanism, of the 2007 Noto Hanto earthquake. They showed that similar aftershocks on the source fault are located mainly around the deeper edge of the major asperity. This result suggests 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 (Hiramatsu et al., 2011). However, to confirm this possibility, we must examine the existence and the spatial distribution of similar aftershocks for other large inland earthquakes.
The 2000 Western Tottori earthquake (MW 6.6) occurred on 6 October, 2000, at a depth of 11 km in southwestern Japan. A detailed aftershock distribution revealed that the source fault consisted of four nearly vertical planes with an NW-SE strike and one plane with an E-W strike (Fukuyama et al., 2001). Based on this configuration of the source fault, a joint inversion of strong motion data and coseismic crustal movement from GPS and leveling data showed that the dominant slip area with a left lateral slip, up to 4 m, was distributed in the southern part of the source fault, especially a shallower part above the hypocenter (Iwata and Sekiguchi, 2002).
The Group for the Dense Aftershock Observations of the 2000 Western Tottori Earthquake conducted a dense aftershock observation from 13 October to early December in 2000 (Group for the Dense Aftershock Observations of the 2000 Western Tottori Earthquake, 2001) (Fig. 1). They installed three-component short-period velocity seismometers at most stations and recorded continuously with a sampling rate of 100 Hz. With this dense network data, a detailed distribution and focal mechanisms of the aftershocks, the three-dimensional velocity structure around the source region, and a regional stress field have been reported (Shibutani et al., 2005; Yukutake et al., 2007).[image: A40623_2015_6501201587_Fig1.jpg]
Fig. 1.Distribution of the epicenters of the mainshock (star) and the aftershocks (circles) during 15–25 October in 2000, and the seismic stations (triangles). The focal mechanism of the mainshock is represented by the lower hemisphere projection.




In this study, we describe a detailed distribution of similar aftershocks of the 2000 Western Tottori earthquake obtained using this dense network data. Furthermore, we examine the relation between the distribution of a similar earthquake and the asperity, and report a spatially complementary distribution between them.

2. Data and Method
We analyze waveform data, provided by the Group for the Dense Aftershock Observations of the 2000 Western Tottori Earthquake, of 1089 events that occurred during October 15–25 determined by Shibutani et al. (2005) (Fig. 1). The lower limit of those magnitudes is 0.5. We use P-wave and S-wave velocity structures and station corrections provided by Shibutani et al. (2005) for the relocation of the hypocenters.
Our procedure to detect similar aftershocks follows that applied by Hiramatsu et al. (2011). First, we select pairs of aftershocks of which the cross-correlation coefficients in a 10-s time window of 1–4 Hz band-pass filtered waveforms are greater than 0.95 at more than five stations. We set the start of the time window as 0.3 s before the P-wave arrival. The 10-s time window includes the S-wave arrival. We classify several pairs of aftershocks that are connected by the same event as one group. Linking the cross-correlation coefficients divides these pairs into 111 groups. We reexamine the arrival times of the P-waves and S-waves and the maximum amplitude of these earthquakes using the WIN system (Urabe and Tsukada, 1991) and determine their hypocenters using hypomh (Hirata and Matsu’ura, 1987). We specifically examine similar aftershocks on the source fault and exclude events far from the fault planes of Iwata and Sekiguchi (2002).
Second, for the events of each group, we calculate the precise travel time differences of P-waves and S-waves from the cross-spectrum at 1–8 Hz frequency bands at which the root mean square of the coherency is greater than 0.8 (Ito, 1985). We then relocate the earthquakes of each group using the double-difference method (Waldhauser and Ellsworth, 2000) (Fig. 2).[image: A40623_2015_6501201587_Fig2.jpg]
Fig. 2.Example of the analysis of similar aftershocks. (a) Hypocenter distribution of earthquakes reexamined manually and determined using the double-difference method (plusses) projected on the fault plane. The azimuth and the dip of the fault normal are 234° and 0°, respectively. Circles represent the source radius estimated by the circular crack model with a constant static stress drop of 3 MPa. (b) Band-pass filtered (1–8 Hz) waveforms of the vertical component recorded at the wt53 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) Location of the source fault (dotted rectangle with the solid line as the upper edge) (Iwata and Sekiguchi, 2002) and the station wt53. A star shows the average epicenter of these similar aftershocks.




Third, we estimate the source radius r of an earthquake from the magnitude M using a scaling relation between the scalar moment Mo (N m) and the magnitude (Hanks and Kanamori, 1979), log Mo = 1.5M + 9.1, and the circular fault model of Brune (1970), Δσ = 7Mo/16r3. We use here the magnitude determined by Shibutani et al. (2005). Ito (2005) reported that the average static stress drop of the aftershocks of the 2000 Western Tottori earthquake was about 3 MPa. We adopt this value as Δσ in this study.
Figure 2 presents an example of similar aftershock analysis. The band-pass filtered (1–8 Hz) waveforms closely resemble one another, the relocated hypocenters are very close, and the sources share an almost identical area. These facts clearly indicate that these events rupture the same small asperity on the source fault of the 2000 Western Tottori earthquake. However, some groups show a sparse distribution of hypocenters. In this case, we judge that these events are not similar aftershocks. A detailed methodology to judge similar aftershocks for more complicated cases is described in Hiramatsu et al. (2011).
Following the procedure described above, we select 28 groups of similar aftershocks on the source fault of the 2000 Western Tottori earthquake (Fig. 3). Most similar aftershocks are located in the northern part of the source fault, although a few are in the southern part where the large slip was estimated by Iwata and Sekiguchi (2002). Twenty-two groups consist of two events, three groups include three events, and three groups have more than four events.[image: A40623_2015_6501201587_Fig3.jpg]
Fig. 3.Distribution of similar aftershocks determined in this study (black circles) and the aftershocks (gray circles), and the location of the source fault (dotted rectangles with the solid line as the upper edge) (Iwata and Sekiguchi, 2002). A star denotes the epicenter of the main shock.




The slip of each event is estimated from extrapolation of the empirical relation, d = 1.56×10−7×Mo1/3,between the scalar moment Mo (dyne∙cm) and the slip d (cm) reported by Somerville et al. (1999). Hiramatsu et al. (2011) pointed out that this relation provided reasonable values for similar aftershocks of the 2007 Noto Hanto earthquake—an inland earthquake—in contrast to the relation reported by Nadeau and Johnson (1998) for repeating earthquakes at a plate boundary, that has been applied to the case of repeating earthquakes in California (Nadeau and McEvilly, 1999), in northeastern Japan (Igarashi et al., 2003; Uchida et al., 2004, 2009; Uchida and Matsuzawa, 2011), in Sumatra (Yu et al., 2013), and in Taiwan (Chen et al., 2008).

3. Results and Discussion
Figure 4 presents a spatial distribution of the similar earthquake groups on the source fault of the 2000 Western Tottori earthquake with the slip distribution reported by Iwata and Sekiguchi (2002). No aftershocks occur in the largest slip area beyond 4 m, although some aftershocks are located on the large slip area of 2–4 m. This feature enables us to compare the location of similar aftershocks with that of the asperity (slip is larger than 2 m) of the 2000 Western Tottori earthquake, although the comparison might be less pronounced than in the case of the 2007 Noto Hanto earthquake. We note that similar aftershocks are distributed around or outside the asperity of the main shock (Fig. 4). This feature resembles the distribution of similar aftershocks of the 2007 Noto Hanto earthquake (MW 6.6) as reported by Hiramatsu et al. (2011) and the distribution of repeating earthquakes at a plate boundary (Nadeau and McEvilly, 1999; Igarashi et al., 2003; Uchida et al., 2004, 2009; Uchida and Matsuzawa, 2011; Yu et al., 2013).[image: A40623_2015_6501201587_Fig4.jpg]
Fig. 4.(a) Distribution of cumulative slip, and (b) the distribution of the slip velocity estimated from similar aftershocks (solid circles) projected on the fault plane. Left panels represent the sub-faults trending NW-SE and right panels the sub-fault trending E-W reported by Iwata and Sekiguchi (2002). The aftershocks are represented by open circles. The contour lines (1-m contour interval) and a color scale represent the coseismic slip estimated by Iwata and Sekiguchi (2002). Dashed lines in left panels are the boundary of the sub-faults. Solid lines in the both panels represent the line of intersection of the sub-fault trending NW-SE and that trending E-W.




The cumulative slip of each group ranges from 0.4 cm to 2.4 cm (Fig. 4). The cumulative slip is large on average in the northern part of the source fault where the coseismic slip is small. Another interesting feature is the depth variation in the cumulative slip. The cumulative slip tends to be large for shallow groups, although it tends to be small for deep groups. Hiramatsu et al. (2011) reported that the distribution of similar aftershocks on the source fault reflects the area and the amount of afterslip. If this idea is adapted to the case of the 2000 Western Tottori earthquake, then the spatial distribution of the similar aftershocks reported here implies that the afterslip occurred mainly in the northern shallow part on the source fault. Alternatively, the spatial distribution might be controlled by a spatial distribution of small asperities that cause similar aftershocks, as pointed out by Hiramatsu et al. (2011). However, this may not be so in the case of the 2000 Western Tottori earthquake, as mentioned below.
The postseismic crustal movement was observed using GPS (Sagiya et al., 2002). Relatively large postseismic crustal deformation was recognized at temporal GPS sites deployed around the northern part of the source area. Sagiya et al. (2002) therefore suggested that the afterslip was likely to have occurred mainly in the northern part of the source area. This is coincident with the afterslip distribution inferred from the similar aftershocks. A quantitative comparison of the slip estimated from the similar aftershocks with the afterslip distribution estimated geodetically is more effective to show the consistency. Unfortunately, no report in the relevant literature has estimated the afterslip distribution on the source fault of the 2000 Western Tottori earthquake using the GPS observations.
Sagiya et al. (2002) showed that the observed postseismic deformation is less than 1 cm during the period analyzed in this study. In this study, we applied the scaling relation of Somerville et al. (1999) to estimate the slip from the similar aftershocks. If we apply the scaling relation of Nadeau and Johnson (1998), the cumulative slip is estimated to be several tens of centimeters. This estimation is obviously too large to reproduce the observed postseismic deformation. On the other hand, the cumulative slip of up to several centimeters, estimated from the scaling relation of Somerville et al. (1999), seems to be adequate for the observed postseismic deformation.
This geodetic observation emphasizes that the source area of similar aftershocks apparently corresponds to the afterslip area, although we cannot present a quantitative comparison because of the lack of geodetic estimation of the afterslip distribution on the source fault. These features suggest that similar aftershocks observed here are possibly caused by a stress accumulation attributable to aseismic slip outside the asperity. We consider, together with the result of the 2007 Noto Hanto earthquake (Hiramatsu et al., 2011), that a spatially complementary distribution between similar aftershocks and asperity is a characteristic of inland earthquakes.
Figure 4(b) shows the distribution of the slip velocity that was estimated from both the time interval between the successive two earthquakes of each group and the slip of the later event. We use the average slip velocity for groups with more than three similar aftershocks. It is difficult to find a distinct pattern of the spatial distribution of the slip velocity along strike or along dip. For the 2007 Noto Hanto earthquake, the slip velocity tends to be large at the edge of the asperity (Hiramatsu et al., 2011). However, we cannot recognize such a feature for the 2000 Western Tottori earthquake.
The recurrence interval, Tr, of similar aftershocks of interplate earthquakes shows a distinct power-law temporal feature as Tr ~ t
                  p
                , where t is the elapsed time from the mainshock and p is a constant: the values of p are less than 1 (Peng et al., 2005) and 0.8–1.1 (Yu et al., 2013). Some groups of similar aftershocks of the 2000 Western Tottori earthquake seem to show a longer interval as the elapsed time increases, showing consistency with the previous works. However, the number of events in a group are too small to examine the power-law temporal feature. More events with a longer analyzed period are needed in order to examine this.
There are many studies on repeating earthquakes on plate interfaces that apply the empirical scaling relation of [image: A40623_2015_Article_6501201587_IEq1.gif] between the slip, d, and the seismic moment, Mo, of Nadeau and Johnson (1998) to monitor spatio-temporal variation in aseismic slip and/or aseismic slip rate at a plate boundary (Nadeau and McEvilly, 1999; Igarashi et al., 2003; Uchida et al., 2004, 2009; Chen et al., 2008; Uchida and Matsuzawa, 2011, Yu et al., 2013).
Those studies seem to support the scaling relation of Nadeau and Johnson (1998). However, the results of this study and Hiramatsu et al. (2011) argue that the scaling relation of Nadeau and Johnson (1998) is inadequate to estimate slip for inland earthquakes. The difference of the scaling relation between Nadeau and Johnson (1998) and Somerville et al. (1999) is possibly attributed to a static stress drop, Δσ. The scaling relation of Somerville et al. (1999) maintains a constant static stress drop. On the other hand, Nadeau and Johnson (1998) proposed an additional scaling relation between Δσ and Mo, viz., [image: A40623_2015_Article_6501201587_IEq2.gif]. This scaling relation departs from a constant static stress drop, which is accepted widely in seismology. The seismic moment dependency of Δσ has not been confirmed by recent studies. For example, Imanishi and Ellsworth (2006) analyzed waveforms of microearthquakes recorded at SAFOD Pilot Hole at Parkfield and obtained moment-independent scaling of the static stress drop. More recently, Yoshimitsu (2012) reported that repeating acoustic emission events showed a constant static stress drop based on laboratory experiments. The previous works of repeating earthquakes on a plate boundary do not confirm a seismic moment dependency of the static stress drop although they applied the scaling relation of Nadeau and Johnson (1998). The scaling relation of Δσ ∝ [image: A40623_2015_Article_6501201587_IEq3.gif] is derived based on the assumption of 100% seismic coupling (Nadeau and Johnson, 1998). If a constant static stress drop is valid for repeating earthquakes on the plate interface, the seismic coupling would be smaller. If this is the case, the difference in the scaling relation to estimate aseismic slip between interplate earthquakes and inland earthquakes may be interpreted by a difference of the seismic coupling between small asperities and the surrounding aseismic slip.

4. Conclusions
We have investigated the spatial relation between similar aftershocks and the asperity of the 2000 Western Tottori earthquake from analysis of dense temporary seismic observation data. Many similar aftershocks are distributed in the northern part of the source fault, but few in the southern part. We find no similar aftershocks in the asperity, i.e., the asperity and the similar aftershocks show a spatially complementary distribution. The cumulative slip of the similar aftershocks, estimated from empirical scaling relations, is large in the shallow depth in the northern part. This is coincident with the geodetic observation that provided large postseismic crustal deformation around the northern area of the source fault. In other words, the similar aftershocks are phenomena that relate to afterslip. We also estimate the slip velocity from both the slip and the recurrence interval of the similar aftershocks. However, the slip velocity shows no distinct distribution.
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