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Abstract
We have investigated the spatial distribution of the static stress drop of similar aftershocks of the 2007 Noto Hanto earthquake, central Japan, and have examined the relationship between the coseismic slip of the mainshock and the static stress drop of the similar aftershocks. The static stress drop is estimated by using the empirical Green’s function method for P- and S-waves. The estimated static stress drop approximately ranges from 5 to 20 MPa, which is a typical range of values for tectonic earthquakes. The static stress drops of the aftershocks in a large slip area of the mainshock tend to be larger than those in a small slip area. This suggests a large difference between the strength and the dynamic stress level in the large slip area and a small difference in the small slip area if the final stress level is equal to the dynamic stress level.
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Introduction
Static stress drop, defined as the difference between the initial and residual stress levels, is one of the key parameters for understanding the dynamic characteristics of earthquakes. Many studies have reported that the static stress drop is almost constant for the scale from natural earthquakes to acoustic emission events (e.g., Hiramatsu et al. 2002; Imanishi and Ellsworth 2006; Yoshimitsu et al. 2014). On the other hand, a spatial or temporal fluctuation of the static stress drop has often been recognized as well because the heterogeneity of stress and strength on a ruptured fault determines the value of the static stress drop (e.g., Allmann and Shearer 2007, 2009; Hardebeck and Aron 2009; Oth 2013; Uchide et al. 2014). In particular, the static stress drops of small earthquakes are considered to be good indicators for the heterogeneity of the difference between the strength and the dynamic stress level, because we can assume that the initial stress is equal to the strength at the hypocenter, where the rupture initiates (Yamada et al. 2010).
Allmann and Shearer (2007) found that the patterns of high- and low-stress drop regions along the Parkfield segment of the San Andreas fault were largely unchanged before and after the 2004 M6.0 Parkfield earthquake from the analyses of the static stress drop of small earthquakes. They also reported higher stress drops in the hypocentral region of the 2004 earthquake and lower stress drops in the Middle Mountain asperity and along the creeping fault section. Hardebeck and Aron (2009) found that high stress drops were concentrated around the major locked patch near Oakland on the Hayward fault in California. They suggested that the relationship between fault strength and the strength of the wall rock was complex because the stress drops are directly uncorrelated with the strength of the wall rock geology at depth. Yamada et al. (2010) analyzed the waveform data of small earthquakes which occurred in the source area of the Kīholo Bay earthquake beneath the northwest part of the Island of Hawai‘i. They reported that aftershocks around large slip areas of the mainshock were likely to have larger static stress drops, suggesting that the spatial pattern of stress drop reflects a coherent variation in the difference between the shear strength and the dynamic stress level. However, to confirm that this is a common property of earthquakes, more case studies are needed on the spatial relationship between the static stress drops of aftershocks and the coseismic slip of a mainshock.
The 2007 Noto Hanto earthquake (MJMA6.9) occurred at 9:41 (Japan Standard Time (JST)) on 25 March 2007, at a depth of 11 km beneath the west coast of the Noto Peninsula, central Japan (Fig. 1), accompanied by uplift and subsidence along the coastline around the source area (Hiramatsu et al. 2008). Several heterogeneous slip models have been proposed for the 2007 Noto Hanto earthquake based on strong motion data (Horikawa 2008), the coseismic crustal movement (Fukushima et al. 2008; Ozawa et al. 2008), and both of these (Asano and Iwata 2007). These models showed that a large coseismic slip area existed from the hypocenter to the shallow part of the fault plane. The aftershocks are distributed not only in the small slip area but also in the large slip area (Horikawa 2008). Thus, this earthquake is a suitable candidate for examining the spatial relationship between the stress drops of aftershocks and the coseismic slip of a mainshock.[image: A40623_2015_277_Fig1_HTML.gif]
Fig. 1The distribution of the epicenters of the mainshock (star) and the aftershocks (circles) and the stations (triangles). Red circles are epicenters of similar aftershocks of which static stress drops are estimated in this study. Note that the epicenters of the similar aftershocks of each group are represented by a single circle
                                    




                        
In this study, we estimate the static stress drops of the aftershocks on the fault plane of the 2007 Noto Hanto earthquake and conclude that the static stress drops in a large slip area tend to be larger than those in a small slip area. This relationship provides information on the spatial distribution of the difference between the strength and the dynamic stress level.

Data and method
The Group for the Joint Aftershock Observations of the 2007 Noto Hanto Earthquake operated a dense temporal network around the source region to obtain waveform data of the aftershocks (Sakai et al. 2007). The sampling frequency of the waveform data ranged from 100 to 200 Hz (Sakai et al. 2007). Sakai et al. (2008) relocated the hypocenters of 1318 aftershocks, which occurred between 25 March to 18 April 2007, using this dense network data, and showed a well-defined southeast dipping plane as the source fault. Hiramatsu et al. (2011) examined the waveform data of the 1318 aftershocks and identified 19 groups of similar aftershocks on the source fault which showed high cross-correlation coefficients (≥0.95) of waveforms in the 1–4 Hz frequency band at the same stations and which shared an almost identical source area.
In this study, we apply the procedure of Yamada et al. (2010) to estimate the corner frequency and static stress drop. For the analysis, we selected a pair of earthquakes having a close hypocentral distance and having similar waveforms, indicating that the source mechanism and the propagation path could be considered to be common. Consequently, we tried to analyze the 19 groups of similar aftershocks on the source fault (Hiramatsu et al. 2011) for the analysis.
We used the smallest earthquake (M ≥ 2.0) of each group of similar aftershocks as the empirical Green’s function (EGF) earthquake and used the largest earthquake (M ≥ 2.5) as the target earthquake (TEQ).
We estimate the velocity spectra of P- and S-waves of the vertical component using a Fourier transform. We use a variable-length time window for the P-wave because the arrival time difference between P- and S-waves depends on the hypocentral distance. The duration of the time window of a P-wave ranges from 1.06 to 5.89 s. In contrast, we use a fixed time window with a 1.3-s duration for the S-wave. In order to stabilize the analysis, we obtain the velocity spectra from the seismograms in three moving windows with a 0.08-s interval, following Imanishi and Ellsworth (2006) (Fig. 2a, b).[image: A40623_2015_277_Fig2_HTML.gif]
Fig. 2Examples of the analyses. (Left panels) Velocity waveform of the vertical component of a target earthquake (TEQ) and (center panels) that of an empirical Green’s function (EGF) earthquake. Red, blue, and green bars indicate a time window for the calculation of the deconvolved velocity amplitude spectrum ratio shown in right panels. (Right panels) Deconvolved velocity amplitude spectrum ratio (red, blue, and green lines) and the synthetic spectrum ratio with the optimum parameters (gray line)




                        
We then deconvolve the velocity spectra of the P- or S-waves of the TEQ with that of the EGF earthquake at each station to obtain the spectral ratio of the source which cancels out propagation effects, path and site effects.
The deconvolved velocity amplitude of P- or S-waves [image: $$ \left|{\dot{u}}_r(f)\right| $$] is approximately described as (Boatwright 1978),[image: $$ \left|{\dot{u}}_r(f)\right|\approx {R}_r{M}_{0r}{\left(\frac{1+{\left(f/{f}_{CE}\right)}^4}{1+{\left(f/{f}_{CT}\right)}^4}\right)}^{1/2}, $$]

 (1)


                        
where R
                           
                    r
                   and M
                           0r
                            are the ratios of the target and EGF earthquakes on the radiation pattern coefficient and the seismic moment, respectively. The subscripts T and E for the corner frequency f
                           
                    C
                   indicate the target and EGF earthquakes. Taking the logarithm of Eq. 1 provides a linear relationship:[image: $$ \ln \left(\left|{\dot{u}}_r(f)\right|\right)= \ln \left({R}_r{M}_{0r}\right)-\frac{1}{2} \ln \left(1+{\left(f/{f}_{CT}\right)}^4\right)+\frac{1}{2} \ln \left(1+{\left(f/{f}_{CE}\right)}^4\right) $$]

 (2)


                        
We search for the optimum values of f
                           
                    CT
                  , f
                           
                    CE
                  , and R
                           
                    r
                  
                           M
                           0r
                           , which minimizes the square of the error between the observed spectral ratios from the three moving windows and the calculated one using a grid search (Fig. 2c). In the grid search, we usually use a spectral ratio above 3 Hz, but for some cases a spectral ratio of 1–3 Hz is also used. The smallest corner frequency obtained in this study is 3.8 Hz. Examples of the analysis are shown in Fig. 2.
It is, however, usually difficult to obtain a reliable value of f
                           
                    CE
                  , because the sampling frequency of the waveform records analyzed in this study is not high enough, 100-Hz sampling at most stations, which is inadequate to estimate the corner frequency of smaller earthquakes. Therefore, we estimate only the static stress drop of TEQ based on f
                           
                    CT
                   in this study.
The seismic moment, M
                           0 (Nm), is calculated with an empirical scaling relationship (Hanks and Kanamori 1979), log10 
                           M
                           0 = 1.5M
                           
                    L
                   + 9.1, assuming that the local magnitude, M
                           
                    L
                  , is equivalent to the moment magnitude.
We estimate the static stress drop from the corner frequency using the formulae ∆σ = 7/16M
                           0(f
                           
                    C
                  /0.32V
                           S)3 and ∆σ = 7/16M
                           0(f
                           
                    C
                  /0.21V
                           S)3 (Madariaga 1976) for the P- and S-waves, respectively, where V
                           S (=3.2 km/s) is the shear wave velocity. These formulae assume that the rupture speed is equal to 0.9Vs and are considered to be appropriate for estimating the static stress drop of small earthquakes (Yamada et al. 2010).
For each TEQ, the static stress drop is estimated from individual waveforms at each station. We average linearly the value of the static stress drop estimated at each station over all the stations considered and obtain the static stress drop for each TEQ. If the number of the stations used for the averaging is less than 3, the resulting estimation of the static stress drop is rejected. We obtained, accordingly, the static stress drop of six TEQs. The estimated static stress drop, together with hypocenter information, of the analyzed earthquakes is summarized in Table 1.Table 1Origin time, hypocenter location, stress drop, its standard error of a target earthquake (TEQ), origin time, and hypocenter location of an empirical Green’s function (EGF) earthquake. ∆σP, ∆σS, and ∆σAVE represent the static stress drop of TEQ for P-, S-, and P- and S-wave analyses, respectively


	TEQ
	∆σP (MPa)
	∆σS (MPa)
	 	EGF earthquake

	Origin time (JST)
	Latitude (°N)
	Longitude (°E)
	Along strike (km)
	Along dip (km)
	Depth (km)
	ML
                                          
	 	 	Origin time (JST)
	Latitude (°N)
	Longitude (°E)
	Depth (km)
	ML
                                          

	2007/3/31 5:36:16.65
	37.20948
	136.69727
	8.658
	14.594
	9.196
	2.6
	2.5 ± 0.5
	8.5 ± 1.1
	5.7 ± 1.1
	2007/3/26 12:18:4.20
	37.20960
	136.69689
	9.196
	2.4

	2007/3/28 21:14:11.37
	37.23408
	136.69816
	10.185
	10.024
	5.887
	3.0
	14.0 ± 1.6
	32.2 ± 5.0
	19.0 ± 3.0
	2007/3/27 16:37:22.98
	37.23429
	136.69809
	5.921
	2.3

	2007/3/28 1:46:23.32
	37.27190
	136.72179
	14.204
	5.153
	3.745
	2.6
	 	5.2 ± 1.4
	
                                            a5.2 ± 1.4
	2007/3/28 1:53:58.79
	37.27194
	136.72222
	3.730
	2.0

	2007/3/31 20:32:15.43
	37.18780
	136.59765
	−0.146
	9.350
	2.943
	2.7
	3.2 ± 0.2
	7.4 ± 0.9
	5.0 ± 0.5
	2007/3/31 19:36:57.21
	37.18740
	136.59716
	2.923
	2.0

	2007/4/2 14:33:6.91
	37.24506
	136.74652
	14.445
	12.420
	8.381
	2.8
	8.4 ± 0.9
	7.8 ± 1.7
	8.1 ± 0.9
	2007/4/3 4:20:36.55
	37.24564
	136.74648
	8.413
	2.1

	2007/4/14 9:41:7.99
	37.23563
	136.65932
	7.320
	6.164
	2.865
	2.7
	5.6 ± 0.7
	13.3 ± 3.0
	9.8 ± 1.9
	2007/4/12 0:19:0.86
	37.23506
	136.65905
	2.859
	2.1



                                    aIndicates that ∆σAVE is equal to ∆σS, because of no estimation of P-wave



                        


Results
The estimated static stress drops of the six TEQs ranged from 2.5 to 14.0 MPa for P-wave analyses, from 5.2 to 32.2 MPa for S-wave analyses, and from 5.0 to 19.0 MPa for both P- and S-wave analyses (hereafter, referred to as the average case). For both P- and S-wave analyses, all the estimations of static stress drops are averaged across all stations available. These values approximately coincide with the estimated static stress drops of aftershocks of other inland earthquakes in Japan (Ito 2005; Iio et al. 2006), although the estimation procedures used differ from those used in this study. Figure 3 shows a relationship between the local magnitude of the analyzed earthquake and the estimated static stress drop of the average case. Oth (2013) reported a positive dependency of static stress drop on seismic moment for several crustal thrust earthquakes in central Honshu, including the 2007 Noto Hanto earthquake. Our result seems to be consistent with the positive dependency. However, the magnitude range of this study is quite narrow and the number of the data is small, leading easily to an apparent dependence. In fact, if we focus on the static stress drop of a narrow seismic moment range reported previously (e.g., Ide et al. 2003; Imanishi and Ellsworth 2006, Allmann and Shearer 2009), we could find either a positive or a negative dependency of static stress drop on seismic moment. Thus, we consider that the static stress drops estimated in this study do not show any obvious evidence of the dependency of static stress drop on the seismic moment (Fig. 3). The value of the stress drops estimated from P-waves approximately coincides with those from S-waves, although a slight difference is discerned between them (Fig. 4 and Table 1).[image: A40623_2015_277_Fig3_HTML.gif]
Fig. 3Relationship between local magnitude and static stress drop of TEQ analyzed in this study. A dashed line represents a scaling relationship between seismic moment and static stress drop proposed by Nadeau and Johnson (1998)




                        [image: A40623_2015_277_Fig4_HTML.gif]
Fig. 4Distribution of the static stress drop of similar aftershocks estimated for P-waves (left panel), S-waves (center panel), both P- and S-waves (right panel), and coseismic slip. The circles show the source locations of similar aftershocks analyzed in this study, and those colors represent the values of the static stress drop. The contours in the background show the coseismic slip distribution of the 2007 Noto Hanto earthquake reported by Horikawa (2008). The interval of the contour lines is 0.5 m




                     

Discussion
The spatial distribution of the six TEQs and the values of the corresponding static stress drops are shown in Fig. 4, together with the coseismic slip distribution of the 2007 Noto Hanto earthquake reported by Horikawa (2008). We can recognize that similar aftershocks with a high static stress drop tend to be distributed over a large slip area, and vice versa, for the estimations for P-waves (Fig. 4a), S-waves (Fig. 4b), and for the average case (Fig. 4c). Following the definition of Horikawa (2008), we define here a large slip area as being an area with a slip ≥1 m and a small slip area as an area with a slip <1 m. For the 2007 Noto Hanto earthquake, as mentioned in the “Introduction” subsection, several slip models have reported a common feature of slip distribution: that is, a large coseismic slip area exists on the fault plane in the shallower part from the hypocenter based on different kinds of data (Fukushima et al. 2008; Ozawa et al. 2008; Asano and Iwata 2007). The absolute values of slip are slightly different between these models, but the pattern of the slip distribution is similar: in other words, the relationship between the slip and the static stress drop approximately holds in spite of the absolute value of the slip, implying that the choice of the slip model does not affect the following discussion.
Figure 5 shows the relationship between the coseismic slip and the average static stress drop of similar aftershocks. For the average case, the average value of the static stress drop in the large slip area is 14.0 ± 1.9 (MPa) and that outside the large slip area is 5.6 ± 0.4 (MPa). The error described here is the standard error of the average value of the static stress drop over all the estimations for both P- and S-wave in each area.[image: A40623_2015_277_Fig5_HTML.gif]
Fig. 5Relationship between the static stress drop of similar aftershocks and the coseismic slip. The static stress drop of similar aftershocks for the average case is plotted on the coseismic displacement of the 2007 Noto Hanto earthquake (Horikawa 2008). The error bar shows the standard error of the average of the static stress drop of each event




                     
We next compare the static stress drops of the aftershocks with that of the mainshock (Fig. 6). For the 2007 Noto Hanto earthquake, the distributions of the slip and the static stress drop of the mainshock are coherent (Horikawa 2008). A large coseismic slip area is characterized by a high coseismic static stress drop, and vice versa. The analyzed events are distributed over both the high, and the low, or negative, coseismic static stress drop areas. Figure 6 shows that similar aftershocks with a high static stress drop tend to occur in the high static stress drop area of the mainshock. This coincides with the results of the Kīholo Bay earthquake (Mw 6.7) reported by Yamada et al. (2010).[image: A40623_2015_277_Fig6_HTML.gif]
Fig. 6Distribution of the static stress drop of similar aftershocks (circles) and that of the mainshock (contours). The static stress drop of similar aftershocks (circles) is plotted over the distribution of the static stress drop of the mainshock (at intervals of 2 MPa) as reported by Horikawa (2008). The gray area shows a negative static stress drop. A star shows the location of the hypocenter of the 2007 Noto Hanto earthquake




                     
Assuming that the similar aftershocks analyzed here are the ruptures of small patches that had little slip during the mainshock, we consider that the stress level of these patches increases in proportion to the surrounding slip, or static stress drop, of the mainshock. The high static stress drop of the aftershocks in the large slip area is likely to imply a spatially large difference between the strength and the dynamic stress level, as suggested by previous studies (e.g., Yamada et al. 2010).
From the perspective of repeating earthquakes, several empirical scaling relationships have been proposed. For example, Nadeau and Johnson (1998) reported a scaling relationship between the slip, d, and the seismic moment, M
                        0, as d ∝ M
                        0
                        1/6. They also proposed an additional scaling of Δσ ∝ M
                        0
                        −1/4 between the static stress drop, Δσ, and the seismic moment for repeating earthquakes on a plate interface. However, a comparison between the slip of similar aftershocks of inland earthquakes and the aseismic slip from geodetic observations supports a general scaling of d ∝ M
                        0
                        1/3 (Hiramatsu et al. 2011; Hayashi and Hiramatsu 2013). The estimated static stress drop in this study does not support the scaling of Δσ ∝ M
                        0
                        −1/4 (Fig. 3). A disagreement with a scaling of Δσ ∝ M
                        0
                        −1/4 is also observed for microearthquakes recorded at the SAFOD Pilot Hole at Parkfield (Imanishi and Ellsworth 2006) and repeating acoustic emission events from laboratory experiments (Yoshimitsu et al. 2014).
This disagreement is possibly interpreted by a difference of seismic coupling between small asperities and the surrounding aseismic slip if a constant stress drop applies to repeating earthquakes on the plate interface (Hayashi and Hiramatsu 2013). A 100 % seismic coupling with a constant static stress drop provides d ∝ M
                        0
                        1/3 or T
                        
                  r
                 ∝ M
                        0
                        1/3, where T
                        
                  r
                 is a recurrence time for repeating earthquakes. The break of this widely accepted scaling for natural earthquakes implies the break of a 100 % seismic coupling or the break of the constant static stress drop, Δσ ∝ M
                        0
                        −1/4, as proposed by Nadeau and Johnson (1998). As mentioned above, our data and several lines of previous studies do not support the break of the constant static stress drop. If the seismic coupling is below 100 %, it is not necessary that the scaling of d ∝ M
                        0
                        1/3 or T
                        
                  r
                 ∝ M
                        0
                        1/3 holds, providing possibly d ∝ M
                        0
                        1/6 as proposed by Nadeau and Johnson (1998). If this is the case, repeating earthquakes with a constant static stress drop can possibly occur.

Conclusions
A relationship between the coseismic slip of the mainshock and the static stress drop of similar aftershocks has been examined for the 2007 Noto Hanto earthquake, a large inland earthquake, in central Japan. We have applied the empirical Green’s function method for P- and S-waves to estimate the static stress drop of similar aftershocks. The static stress drops estimated for P-waves coincide with those for S-waves, and those from both waves show a typical value for a tectonic earthquake of 5 to 20 MPa. Similar aftershocks in the large coseismic slip area show a higher static stress drop than those in the small coseismic slip area. The similar aftershock is considered to be the rupture of a small patch with little slip during the mainshock, and its stress level is determined by the coseismic slip or static stress drop. This relationship between the static stress drop and the coseismic slip is possibly interpreted by the spatial distribution of the difference between the strength and the dynamic stress level, if the final stress level is equal to the dynamic stress level.
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