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Abstract
The b-value of the Gutenberg–Richter law represents the ratio of earthquake magnitude to frequency of occurrence and is inversely proportional to differential stress. Repeating long-term slow-slip events (SSEs) and low-frequency earthquakes (LFEs) occur at subducting plate interfaces and have stress-dependent characteristics near the interface. In this study, a comprehensive regional b-value distribution is produced for the western Nankai Trough region, which highlights the relationship between b-values, SSEs, and LFEs. b-values vary along the strike direction of the subducting plate and are significantly lower [image: $$ \left( {b \sim 0.6} \right) $$] in central Shikoku district than elsewhere, where LFEs frequently occur. However, b-values in the source regions of other LFEs are moderate to high. These findings imply that b-values in the focal region are controlled by more than the LFE source process; indeed, if this source process were solely responsible, then high b-values would be expected. Meanwhile, the [image: $$ V_{P} /V_{S} $$] and QP around the plate interface in central Shikoku estimated from seismic velocity and attenuation structure are smaller and larger than those in other regions with LFEs, respectively. SSEs with the migration toward central Shikoku also occurred during the analysis period, suggesting significant accumulation of shear stresses in the focal region, which reduced the b-values. These findings suggest that the spatial distributions of b-values are influenced by complicated stress and shear strength perturbations caused by SSEs and LFEs. On the other hand, the b-values in the region that underwent the greatest slip during the 1946 Nankai earthquake are not necessarily low, although the area covered by the b-value distribution is small owing to the lack of events on the updip side. Whereas the asperity areas of huge earthquakes are characterized by low b-values, the b-value distribution in the Nankai megathrust area is more complicated. It is considered that slow earthquakes, including SSEs and LFEs, are related to megathrust earthquakes via stress transfer from slow earthquakes to adjacent megathrust source regions. A unified analysis of b-values in the source regions of slow and megathrust earthquakes may be required to make precise estimates of the seismic hazard produced by a megathrust event.[image: A40623_2020_1130_Figa_HTML.png]
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Introduction
A variety of slow earthquakes have been recorded in the western Nankai subduction zone in Japan during many years of land-based and offshore geophysical monitoring (e.g., Obara et al. 2005; Kaneda et al. 2015). Slow earthquakes have characteristics of intermediate type of fault slip between the fast rupture of regular earthquakes and stable sliding along the plate interface and are sensitive to external stress perturbations in the focal area (e.g., Rubinstein et al. 2008; Chao et al. 2013; Obara and Kato 2016). Stress transfer from slow earthquakes to adjacent megathrust source faults increases the probability of triggering huge earthquakes (e.g., Obara and Kato 2016). Long-term slow-slip events (SSEs) are characterized by durations of months to years at depths of 20–40 km. In the western Nankai Trough, between October 2000 and December 2012 (the time window analyzed in this study as described below), SSEs have been repeatedly observed in three subregions: (1) the Bungo Channel in 2003 and 2010, each releasing seismic moment equivalent to a [image: $$ M_{w} $$] 7.0–7.1 event (e.g., Ozawa et al. 2013; Ozawa 2017); (2) the Hyuga-nada Sea in 2005, 2007, and 2009, each releasing seismic moment equivalent to a [image: $$ M_{w} $$] ~ 6.7 event (Yarai and Ozawa 2013); and (3) the western to central parts of Shikoku district, in 2004–2006 and 2011–2013, each with seismic moment release equivalent to a [image: $$ M_{w} $$] 6.0–6.3 event (Kobayashi 2010; Takagi et al. 2016). In addition, other SSEs have also occurred in northern Miyazaki district and the Kii Channel, although none was observed in these regions during the time window of the present work (e.g., Ozawa et al. 2001; Kobayashi 2014; Geospatial Information Authority of Japan (GSI) 2016; Ozawa 2017). In addition, low-frequency earthquakes (LFEs) occur at the plate interface in the Nankai Trough region (e.g., Shelly et al. 2006; Ide et al. 2007). These slow earthquakes are often used as a reference to gauge the relative stress near the plate interface (e.g., Obara and Kato 2016).
The Gutenberg–Richter law is the power-law relationship between earthquake magnitude and frequency of occurrence:[image: $$ { \log }N = a - bM, $$]


where [image: $$ N $$] is the cumulative number of earthquakes with magnitude [image: $$ \ge M $$], and a and b are constants (Ishimoto and Iida 1939; Gutenberg and Richter 1944). The constant b is a ratio that represents the relative frequency of occurrence of large earthquakes to that of small earthquakes and is commonly termed the “b-value.” b-values vary somewhat with tectonic setting, but the worldwide average is b ~ 1.0 (e.g., Frohlich and Davis 1993). Physically, b-values depend on the stress and shear strength states, material heterogeneities, and temperature gradients (e.g., Mogi 1962; Scholz 1968, 2015; Warren and Latham 1970; Wyss 1973; Urbancic et al. 1992). Among these factors, many studies have suggested that b-values are inversely proportional to differential stress and/or shear strength (e.g., Scholz 1968, 2015; Wyss 1973; Urbancic et al. 1992). The stress dependence of b-values is very high in subduction zones (Wiemer and Benoit 1996), with many researchers having analyzed b-values related to plate locking and transient phenomena in different subduction zones (e.g., Ghosh et al. 2008; Nanjo and Yoshida 2018; Chiba 2019). In particular, Chiba (2019) investigated the stress dependence of b-values of earthquakes, long-term SSEs, and LFEs along the plate interface in the Nankai Trough of southwestern Japan, focusing on a narrow area encompassing the Bungo Channel and Hyuga-nada regions, and found that b-values were moderate to low (b = 0.6–1.1) in regions with many SSEs. A comparison of the relationship between b-values and offshore interplate slip deficit rates along the Nankai Trough (e.g., Yokota et al. 2016) suggests that the cause of these low b-values is partial release of accumulated stress in regions where differential stress is high. In addition, Chiba (2019) suggested that LFEs play an important role in controlling the spatiotemporal distribution of b-values; for example, b-values in the Bungo Channel region, which shows frequent and vigorous LFE activity, are higher than those in the Hyuga-nada region, where no LFEs were detected. Using surveys of seismic velocity, attenuation, and anisotropy, Nakajima and Hasegawa (2016) found an inverse correlation between LFE activity and degree of metamorphism above the plate interface and inferred that undrained conditions in the overlying plate play an important role in LFE generation. In the case of an impermeable overlying plate, undrained conditions result in a low degree of metamorphism in the overlying plate and increased pore pressure along the plate interface, facilitating LFE generation. When the overlying plate is permeable, well-drained conditions result in a high degree of metamorphism in the overlying plate, and fluids that rise into it reduce the pore pressure along the plate interface, inhibiting LFE generation. It is thus expected that b-values in the source regions of LFEs are higher than those in regions lacking LFE activity. Chiba (2019) pointed out that the heterogeneous b-value distribution in the Bungo Channel and Hyuga-nada regions can be explained by the LFE generation model of Nakajima and Hasegawa (2016).
It is known that SSEs and LFEs occur in wide areas of the Nankai Trough (e.g., Obara and Kato 2016; Ozawa 2017). It is therefore important to develop a more comprehensive regional map of stress-dependent characteristics of b-values, LFEs, and SSEs. In this study, the Japan Unified high-resolution relocated Catalog for Earthquake (JUICE) (Yano et al. 2017) was used to examine b-values in the western Nankai Trough, including the Kii Peninsula and Hyuga-nada regions, to resolve the stress-dependent properties of SSEs and LFEs. Furthermore, the relationship between b-values and Nankai megathrust earthquakes is also discussed, based on both the stress-dependent characteristics of LFEs and SSEs and the relationship between slow earthquake generation and megathrust earthquakes.

Data and methods
The JUICE catalog is a high-resolution hypocenter catalog generated by applying the hypoDD relocation algorithm to differential travel-time data constructed from both waveform cross-correlations and picked phase-arrival times of Hi-net catalog data (Waldhauser and Ellsworth 2000; Yano et al. 2017). The Hi-net permanent seismic network includes 1400 stations operated by Hi-net and other organizations in Japan (Okada et al. 2004). The JUICE catalog includes more than 1 million events that occurred at depths shallower than 40 km between October 2000 and December 2012 (Yano et al. 2017). These data were used to obtain the b-values for the present study (Fig. 1a). Event magnitudes in the Hi-net catalog are determined from the maximum amplitudes of the velocity waveforms (Watanabe 1971). The uncertainties associated with catalog event locations are typically < 0.5 km in the horizontal direction and < 1.0 km in the vertical direction for areas with sufficient station coverage (Yano et al. 2017). Chiba (2019) showed that the magnitude histograms of JUICE data are very similar to those of the unified earthquake catalogs assembled by the Japanese Meteorological Agency (JMA catalog) in the area encompassing the Bungo Channel and Hyuga-nada regions, and the hypocenter distribution of the former catalog is narrower and finer than those of the latter. In addition, the b-value variations estimated from the JUICE catalog are clearer and sharper than those estimated from the JMA catalog. Improvements in the determination of the hypocenter locations via the hypoDD method may lead to a more precise b-value estimation. The JUICE catalog is thus more suitable for precise b-value analysis. Compared with the study in the narrow area encompassing the Bungo Channel and Hyuga-nada regions by Chiba (2019), the comprehensive b-value distribution in a larger geographic area is investigated in the present study. This study uses 32,784 events in an area bounded by 31.0°–34.2° N and 131.0°–136.0° E, with hypocenters deeper than 25 km, to examine events in the Philippine Sea Plate and at the interface between the Amur and Philippine Sea plates in the focal region. Seismicity in the Philippine Sea Plate in the coupling zone is considered to reflect plate locking between the subducting and overriding plates (Matsumura 1997). Using these events in the analysis of b-values could therefore provide detailed insights into the stress state at the partially locked plate interface. The shallowest depth of selected events in this paper is slightly greater than that of Chiba (2019), in which the shallowest hypocentral depth was 20 km, because many events in the Amur plate in Shikoku district are located at depths of 20–25 km. Many extracted events are located in the Philippine Sea Plate and at the plate interface, even when only events deeper than 25 km are selected (Fig. 1b).[image: A40623_2020_1130_Fig1_HTML.png]
Fig. 1a Epicenter distributions of [image: $$ M \ge 1.4 $$] earthquakes at depths of 25–40 km obtained from the JUICE catalog (black circles) and of low-frequency earthquakes (LFEs) at depths of 20–50 km obtained from the JMA unified catalog (red circles). Non-LFE earthquakes are scaled by magnitude. Dotted black lines correspond to isodepth contours of the plate interface with labels in kilometers (Hayes et al. 2018). Four blue lines represent the locations of the cross sections in b. b Hypocenter distributions projected onto four vertical transects in a. All events that occurred within 50 km of each transect are plotted. Blue lines represent the upper surface of the subducting plate by Hayes et al. (2018)




Maximum-likelihood b-values were calculated using the ZMAP software package (Wiemer 2001). The magnitude of completeness, [image: $$ M_{c} $$], the lowest magnitude for which the observed frequency–magnitude relationship follows a power law, was first determined. [image: $$ M_{c} $$] tends to increase from the coast toward the trench in the case of subduction zones in Japan (e.g., Nanjo et al. 2010; Schorlemmer et al. 2018). Using the maximum curvature method (Wiemer and Wyss 2000), the spatial distribution of Mc was estimated using a sampling radius of 35 km with a horizontal grid spacing of [image: $$ 0.1^\circ $$] for each grid node (e.g., Chiba 2019), which represents the optimal radius value for b-value calculation in this study, as discussed below. [image: $$ M_{c} $$] varies across the study region, with [image: $$ M_{c} \le $$] 1.4 for large areas (Fig. 2). Therefore, 12,090 events with [image: $$ M \ge $$] 1.4 were selected for further analysis (Fig. 1). [image: $$ M_{c} $$] is relatively high in the Hyuga-nada region owing to the sparsity of observation networks. Using the goodness-of-fit methods of Wiemer and Wyss (2000), it was found that more than 90% of the variability in the observed frequency–magnitude relationship can be explained by a power law. Using a horizontal grid spacing of [image: $$ 0.1^\circ \times 0.1^\circ $$], a spatial b-value map was constructed by maximum-likelihood methods, as follows:[image: $$ b = \log e/\left( {M_{\text{mean}} - M_{0} } \right), $$]


where [image: $$ M_{\text{mean}} $$] is the mean magnitude, and [image: $$ M_{0} = M_{c} - 0.05 $$] for magnitude bins with constant widths of 0.1 (Aki 1965). The local [image: $$ M_{c} $$] was calculated at each grid node for the catalog with [image: $$ M \ge $$] 1.4 events. The optimal sampling radius, which corresponds to the largest radius that allows the most detailed resolution of b-value heterogeneities, must be determined to map b-values by extracting events around each grid point (Schorlemmer et al. 2004). From b-value maps constructed using different sampling radii, the patterns of b-value distribution seem visually identical when sampled at radii of 30 to 40 km (Fig. 3). A sampling radius of 35 km was therefore used in this study.[image: A40623_2020_1130_Fig2_HTML.png]
Fig. 2Spatial distribution of catalog completeness magnitude, [image: $$ M_{c} $$], estimated using the maximum curvature method (Wiemer and Wyss 2000) on a grid with 0.1° horizontal spacing. Events were extracted in a 35-km radius around each node. Purple and red contours represent isoslip values due to 2003 and 2010 SSEs in the Bungo Channel (Ozawa et al. 2013; Ozawa 2017), with labels in meters and an increment of 0.05 m. Orange contours represent the cumulative slip distribution due to 1997, 2005, 2007, and 2009 SSEs in southern Miyazaki district (Yarai and Ozawa 2013), with labels in meters and an increment of 0.01 m. Purple and black rectangles represent faults corresponding to SSEs from 2004–2006 to 2011–2013 in western Shikoku (Takagi et al. 2016). Gray circles show LFE locations obtained from the JMA catalog



[image: A40623_2020_1130_Fig3_HTML.png]
Fig. 3b-value maps for different sampling radii: a[image: $$ r = 20\,\,{\text{km}} $$]; b[image: $$ r = 30\,{\text{km}} $$]; c[image: $$ r = 35\,{\text{km}} $$]; d[image: $$ r = 40\,{\text{km}} $$]; e[image: $$ r = 50\,{\text{km}} $$]. c Data were used in the subsequent analysis. If fewer than 50 events were located within the search radius of a grid node, the corresponding b-value was not mapped




The maximum curvature method often underestimates [image: $$ M_{c} $$] on average by 0.2 magnitude unit for gradually curved frequency magnitude distributions that stem from spatial and/or temporal heterogeneities (Woessner and Wiemer 2005). In addition to this concern, the number of earthquakes is relatively low in central Shikoku (Fig. 1), and [image: $$ M_{c} $$] is relatively high in the Hyuga-nada region (Fig. 2). It is thus necessary to assess whether the similar b-value distribution is also obtained for catalogs with [image: $$ M_{c} > 1.4 $$], especially for central Shikoku and Hyuga-nada regions. Spatial b-value distributions were constructed for [image: $$ M_{c} = 1.5 $$], [image: $$ 1.6 $$], and [image: $$ 1.7 $$], respectively. The horizontal grid spacing of [image: $$ 0.1^\circ $$] for each grid node is the same as that for [image: $$ M_{c} = 1.4 $$]. The sampling radiuses to extract events around each node were set to 35 and 50 km, respectively, because of the decreased number of the earthquakes used for the analysis due to increased [image: $$ M_{c} $$]. In the b-value calculation, the local [image: $$ M_{c} $$] was calculated at each grid node, as mentioned above. The resulting b-value distributions for the catalogs with higher [image: $$ M_{c} $$] were similar to those obtained using [image: $$ M_{c} = 1.4 $$] in the whole area, including central Shikoku and Hyuga-nada regions (Additional file 1: Fig. S1). It is therefore considered that the spatial b-value distribution for the catalog with [image: $$ M_{c} = 1.4 $$] was robustly estimated in the whole region. On the other hand, a plane b-value map is only considered in the present study, although the b-value distribution may change vertically within the plate. Chiba (2019) has already revealed that the plane b-value distribution reflects the average stress and/or strength states within the plate in the area encompassing the Bungo Channel and Hyuga-nada regions, corresponding to lines 1-1′ and 2-2′ in Fig. 1. It is thus necessary to assess whether b-values do not vary vertically within the plate in the area encompassing central Shikoku and Kii regions significantly. The b-value distributions were calculated along two transects (lines 3-3′ and 4-4′) in the focal region. Using the method of Schorlemmer et al. (2004), the b-value cross sections were constructed using a 1-km spacing grid and constant sampling radiuses of 23 km (line 3-3′) and 8 km (line 4-4′) for the events located within 50 km of each transect. It was found that the resulting b-value distributions do not vary vertically within the plate in both lines significantly (Additional file 1: Fig. S2). The plane b-value map in the present study is therefore considered to reflect the average in-plate stress and/or strength states along the plate interface.

Results and discussion
The spatial distribution of b-values is shown in Fig. 4, with LFEs and slip distributions of long-term SSEs being superimposed on this map. The basic characteristics of the b-value distribution in the area comprising the Bungo Channel and Hyuga-nada regions are approximately the same as those in Chiba (2019), although the resolution is inferior to that of the earlier study owing to the narrow depth range of extracted events and coarser grid spacing. b-values are moderate to low (b = 0.6–1.1) in regions with significant slip because of long-term SSEs in this area during the studied time window. b-values in the Bungo Channel, where LFEs occur, are higher than those in the Hyuga-nada region, where no LFEs have been detected. Chiba (2019) focused on a detailed discussion of b-values in the narrow area encompassing the Bungo Channel and Hyuga-nada regions, whereas the present study focuses on the comprehensive characteristics of the b-value distribution in the western Nankai Trough. b-values vary along the strike direction of the subducting plate in the Nankai Trough. b-values are relatively high in the Kii Peninsula, western Shikoku, and the southern Hyuga-nada regions. In contrast, b-values in the gaps between these regions are low to moderate. b-values are noticeably low (~ 0.6) in central Shikoku district.[image: A40623_2020_1130_Fig4_HTML.png]
Fig. 4b-value map of Fig. 3c with SSEs and LFEs superimposed. Large black circles (A, B, and C) denote locations corresponding to p value tests in Fig. 5 (Utsu 1992). Red dotted lines indicate the slip deficit rates (SDRs) by Yokota et al. (2016). Other symbols and meanings are identical to those for Fig. 2




Analysis of p values was performed to evaluate the statistical significance of b-value heterogeneities, using [image: $$ p = e^{{\left( { - dA/2 - 2} \right)}}, $$]


where [image: $$ {\text{dA}} = - 2N{ \ln }\left( N \right) + 2N_{1} \ln \left( {N_{1} + N_{2} b_{1} /b_{2} } \right) + 2N_{2} { \ln }(N_{1} b_{2} /b_{1} + N_{2} ), $$]


where [image: $$ N_{1} $$] and [image: $$ N_{2} $$] are the number of events in each group compared, and [image: $$ N = N_{1} + N_{2} $$] (Utsu 1992). b-value heterogeneities have already been shown to be statistically significant in the area encompassing the Bungo Channel and Hyuga-nada regions (Chiba, 2019). In the present study, b-value heterogeneities were evaluated for the central Shikoku district (region A), Kii Channel (region B), and Kii Peninsula regions (region C) (indicated by black circles in Fig. 4). Regions B and C correspond approximately to the source regions of SSEs and LFEs, respectively (e.g., Kobayashi 2014; Geospatial Information Authority of Japan 2016; Obara and Kato 2016). A value of [image: $$ p = 1.92 \times 10^{ - 10} $$] is obtained between regions A and B and [image: $$ p = 1.55 \times 10^{ - 5} $$] between regions B and C; thus, the null hypothesis that these regions have identical b-values can be rejected at a confidence level of > 99% (Fig. 5a, b). Interestingly, the central Shikoku district, with low b-values, corresponds to a source region of LFEs, whereas other regions with LFEs correspond roughly to regions of high b-values. On the other hand, b-values are moderate to low in the Kii Channel area, where SSEs did not occur during the period between October 2000 and December 2012 (e.g., Kobayashi 2014; Geospatial Information Authority of Japan 2016; Ozawa 2017). This is similar to the northern Miyazaki district between the Bungo Channel and Hyuga-nada regions, which also recorded no SSEs during this time frame (Ozawa et al. 2001; Ozawa 2017; Chiba 2019). The characteristics of the b-values associated with the occurrence of SSEs and LFEs in each region in the present study are summarized in Table 1.[image: A40623_2020_1130_Fig5_HTML.png]
Fig. 5ap-value test comparing a region of low b-values in central Shikoku district (region A, Fig. 4) with a region of moderate b-values in the Kii Channel (region B, Fig. 4). bp-value test comparing a region of high b-values in the Kii Peninsula (region C, Fig. 4) with a region of moderate b-values in the Kii Channel (region B, Fig. 4)



Table 1The characteristics of b-values, LFEs, and SSEs activities in each region


	Region
	LFE activity
	SSE activity—size
	b-value

	Kii Peninsula
	〇
	×
	High (b ~ 1.2)

	Kii Channel
	×
	〇 (but, not during the analysis period)—Medium (Mw 6.6–6.7)
	Moderate (b ~ 1.0)

	Central Shikoku
	〇
	〇 Very small (Mw 6.0–6.3)
	Low (b ~ 0.6)

	Western Shikoku
	〇
	〇 Small (Mw 6.0–6.3)
	High (b ~ 1.2)

	Bungo Channel
	〇
	〇 Large (Mw 7.0–7.1)
	High (b ~ 1.2)

	Northern Miyazaki
	×
	〇 (but, not during the analysis period)—medium (Mw ~ 6.5)
	Moderate (b ~ 1.0)

	Hyuga-nada
	×
	〇 Medium (Mw ~ 6.7)
	Moderate to low (b ~ 0.8)


The magnitude size of the SSEs is based on the following studies: (1) Kii Channel (Kobayashi 2014; Geospatial Information Authority of Japan 2016); (2) west to central Shikoku (Takagi et al. 2016); (3) Bungo Channel (Ozawa et al. 2013; Ozawa 2017); (4) northern Miyazaki (Ozawa et al. 2001); and (5) Hyuga-nada regions (Yarai and Ozawa 2013)



The b-value distribution obtained in this study seems to correlate with the occurrence of LFEs, except for the low b-values in central Shikoku. b-values in regions with SSEs but no LFEs (Kii Channel, northern Miyazaki, and Hyuga-nada) are relatively lower than those in regions with SSEs and LFEs (western Shikoku and Bungo Channel), except for central Shikoku. LFEs and SSEs are considered to be induced by a common generation model, that is, the increased pore-fluid pressure due to dehydration from the subducting plate (e.g., Matsubara et al. 2009). On the other hand, measurable stress accumulation and release are also likely to have occurred in regions with SSEs due to relatively large slip accompanying the SSEs. For example, b-values in the Bungo Channel region where large SSEs have occurred are relatively higher than those in other regions with SSEs. The dependent characteristics of b-values on LFEs and SSEs must be thus considered simultaneously. The potential causes of these b-value heterogeneities are discussed below with reference to the stress- and strength-dependent characteristics of LFEs and SSEs.
b-values, as shown, vary spatially along the strike direction of the subducting plate in the Nankai Trough. Among the heterogeneities of the b-value distribution, b-values are noted to be low in central Shikoku district, but the slip contribution of SSEs there is small. Chiba (2019) discussed the effects of LFEs on the b-value distribution with respect to the LFE generation mechanism of Nakajima and Hasegawa (2016): In this model, LFEs occur in regions with undrained conditions above the plate interface because the impermeable overlying plate increases pore-fluid pressure along the plate interface and reduces shear strength. However, regions with no LFEs require well-drained conditions in the overlying plate; this drainage regime does not trap fluids liberated from the subducting slab near the plate interface and reduces pore-fluid pressure, resulting in higher shear strength. According to this model, therefore, the source regions of LFEs should correspond to areas with high b-values, but many LFEs occur in central Shikoku district, which is characterized by low b-values, in contrast to other LFE source regions, such as the Kii Peninsula, western Shikoku, and the Bungo Channel. These results imply that the low b-values in central Shikoku require a different (or additional) physical source than generation of LFEs. Matsubara et al. (2009) estimated a seismic velocity structure in and around the subducting plate beneath southwestern Japan. According to this study, the [image: $$ V_{P} /V_{S} $$] around the plate interface in central Shikoku seems to be smaller than that in other regions with LFEs. They suggested that high-[image: $$ V_{P} /V_{S} $$] zones around the plate interface are generated due to the dehydration of fluid from the subducting plate and that LFEs occur due to the increased pore pressure along the plate interface. Kita and Matsubara (2016) estimated a seismic attenuation structure (QP) beneath Shikoku and Kii peninsula. The QP in the central Shikoku seems to be relatively high in the oceanic crust of the subducting plate as well as in the overlying plate. High- and low-QP structures are regarded as impermeable barrier and fluid rich areas, respectively (Kita and Matsubara 2016). The results of these studies imply that the amount of fluid leakage to the overlying plate in central Shikoku is smaller than that in other regions with LFEs. Subsequently, pore-fluid pressure is considered to be relatively low along the plate interface in the focal region, resulting in relatively high shear strength (lower b-value). Indeed, the number of LFEs in central Shikoku is smaller than that in other regions with LFEs in the present study (e.g., Nakajima and Hasegawa 2016). The low b-values and decreased number of LFEs in the focal region may be related to the small amount of fluid leakage to the overlying plate.
On the other hand, two SSEs with magnitudes [image: $$ M_{w} = 6.0{-}6.3 $$] (in 2004–2006 and 2011–2013) occurred in western to central Shikoku district during the study period (Takagi et al. 2016). The approximate rupture area of the SSE in 2011–2013 extends into the low b-value region of central Shikoku discussed here (e.g., Figure 4) and is longer than the 2004–2006 SSE (Takagi et al. 2016). Slip due to these SSEs is concentrated mainly in western Shikoku, which means that more shear stress is released there. On the contrary, it is expected that considerable shear stress has accumulated in central Shikoku where the slip due to these SSEs was small. Takagi et al. (2016) pointed out a possibility that the slip migrates eastward after the occurrence of the 2003 and 2010 SSEs in the Bungo Channel, resulting in the SSEs in western to central Shikoku. Kobayashi (2010) also suggested that a small long-term SSE, which is identical to part of the 2004–2006 SSE estimated by Takagi et al. (2016), occurred in 2005 in western Shikoku and is located in the extension part of the occurrence region of the 2003 SSE in the Bungo Channel. Ozawa et al. (2007) estimated that the 2003 SSE started in the southern part of the Bungo Channel and subsequently expanded to the northern part of the Bungo Channel and the southwestern part of Shikoku. The occurrence of a series of the SSEs with the migration toward central Shikoku may produce substantial stress loading in the focal region, resulting in the low b-values. In addition, ordinary earthquakes are uncommon in central Shikoku (Fig. 1); thus, these findings might have implications for stress accumulation. The relationship between b-values and interplate slip deficit rates (SDRs) along the Nankai Trough can also be used to infer the stress state related to plate coupling. In the SDR distributions of Yokota et al. (2016), an area with high SDR (> 3 cm year−1) appears to protrude on the downdip side of the plate interface in central Shikoku (Fig. 4). It is therefore likely that stress accumulation in this region is relatively high. From these relationships between b-values and the above-mentioned studies, the significant low b-value anomaly in central Shikoku is considered to reflect the high shear strength resulting from the small amount of fluid leakage around the plate interface, and the stress accumulation accompanying the occurrence of a series of the SSEs with the migration toward central Shikoku.
The above discussion of the dependence of stress and strength on LFEs and SSEs improves our understanding of the causes of b-value heterogeneity in the Bungo Channel and Hyuga-nada regions. SSEs have occurred in both the Bungo Channel and Hyuga-nada regions, but the magnitudes of SSEs in the Bungo Channel in 2003 (Mw 7.1) and 2010 (Mw 7.0) are larger than those in the Hyuga-nada region in 2005, 2007, and 2009 (~ Mw 6.7) (e.g., Ozawa 2017); the total moment release due to SSEs in the Bungo Channel is therefore greater. The corresponding energy release is [image: $$ 10^{4.8 + 1.5 \times 7.1} + 10^{4.8 + 1.5 \times 7.0} \sim 4.81 \times 10^{15} \left[ J \right] $$] in the Bungo Channel and [image: $$ 3 \times 10^{4.8 + 1.5 \times 6.7} \sim 2.12 \times 10^{15} \left[ J \right] $$] in the Hyuga-nada region, which can be computed using the equation [image: $$ \log E = 4.8 + 1.5M $$], where E is energy in Joules and M is magnitude (Kanamori 1977; Hanks and Kanamori 1979). b-values in the Bungo Channel are higher than in the Hyuga-nada region, although SDRs in the former region are higher (Yokota et al. 2016). Therefore, stress released by SSEs must also be considered when investigating the cause of the high b-values in the Bungo Channel. On the other hand, Matsubara et al. (2009) estimated that the high-[image: $$ V_{P} /V_{S} \left( {1.84 - 1.88} \right) $$] area is elongated shallower seaward in the Bungo Channel region. The location of this high-[image: $$ V_{P} /V_{S} $$] area approximately corresponds to the high b-value area that extends shallower seaward in the Bungo Channel region (Fig. 4). Matsubara et al. (2009) pointed out that the high-[image: $$ V_{P} /V_{S} $$] areas extend seaward shallowly in regions with SSEs, such as the Bungo Channel and Tokai regions, whereas the high-[image: $$ V_{P} /V_{S} $$] areas do not extend seaward shallowly in regions with no SSEs. This suggests that a large amount of fluid is dehydrated from the subducting plate in regions with LFEs and SSEs, compared to regions with LFE activity but no SSEs. The local high b-values in the focal region are also ascribed to a decrease in shear strength resulting from the dehydration of fluid that extends shallower seaward due to the large amount of fluid along the plate interface. The high b-values in the Bungo Channel region are thus considered to reflect complicated stress and strength perturbations due to a partial release of the accumulated stress by large SSEs, and the decrease in shear strength along the plate interface resulting from the dehydration of fluid that extends shallower seaward. These points were not substantially discussed by Chiba (2019).
The interpretation of b-value heterogeneities in regions with only one class of slow earthquake is more straightforward. The Kii Channel is a source region of SSEs, but SSEs did not occur during the analysis window (e.g., Kobayashi 2014; Geospatial Information Authority of Japan 2016; Ozawa 2017). The moderate-to-low b-values of the Kii Channel reflect a high differential stress because of the lack of SSEs. The same interpretation explains the northern Miyazaki district between the Bungo Channel and Hyuga-nada regions, which similarly lacked SSEs (Ozawa et al. 2001; Ozawa 2017; Chiba 2019). The high b-values in the Kii Peninsula, which has only LFE activity, can be explained by the LFE model of Nakajima and Hasegawa (2016). Indeed, the high-[image: $$ V_{P} /V_{S} \left( {1.80 \sim 1.83} \right) $$] zone, which is the indicator of the large amount of fluid due to the dehydration of fluid from the subducting plate, is estimated around the plate interface beneath the Kii Peninsula (Matsubara et al. 2009).

The relationship between b-values and Nankai megathrust earthquakes
The relationship between slow earthquake generation and megathrust earthquakes has key implications for seismic hazard assessment because stress transfer due to slow earthquakes increases the probability of triggering a huge earthquake on adjacent megathrust source faults (Obara and Kato 2016). The updip side of the plate in central to eastern Shikoku district corresponds to the region that underwent the greatest slip during the 1946 Nankai earthquake (Ando 1975). The b-values in the focal area are not necessarily low, although the area covered by the b-value distribution is small owing to the lack of events on the updip side. Nanjo and Yoshida (2018) examined b-values in a wider area in and around the Nankai Trough using the JMA unified catalog. b-values in the focal region of the Nankai earthquake were higher than those in the source regions of LFEs on the downdip side of the plate, although b-values in the focal region of the Nankai earthquake were relatively small (Nanjo and Yoshida 2018, Fig. 1). The asperity areas of huge earthquakes often have low b-values (e.g., Schorlemmer and Wiemer 2005; Ghosh et al. 2008; Enescu et al. 2011), but the b-value distribution in the focal region of the Nankai megathrust earthquake is more complicated. Before the 2011 Tohoku earthquake, slow earthquakes occurred in and around the potential future focal region at different timescales. Yokota and Koketsu (2015) found that a long-term transient took place over the 9 years preceding the Tohoku earthquake in the deepest part of the mainshock rupture area. Ito et al. (2013) detected two SSEs over a period of 1 week to several months in 2008 and 2011 near the mainshock rupture area. Kato et al. (2012) found two SSEs that migrated toward the initial rupture point of the Tohoku earthquake during foreshock activity; these SSEs produced substantial stress loading in what became the Tohoku rupture area. In addition, it is well known that b-values decrease in the asperity area prior to a huge earthquake (e.g., Nanjo et al. 2012). These various findings imply that a unified analysis of b-values in the rupture regions of both slow earthquakes (SSEs and LFEs) and huge megathrust earthquakes is necessary to estimate the hazard associated with future megathrust earthquakes.
For the focal region with low b-values, one possible scenario that could explain the observed temporal changes in b-values associated with the occurrence of the Nankai megathrust earthquake is the following: (1) Slow earthquakes are generated in the downdip region and adjacent areas in the asperity area (e.g., in central Shikoku district for the Nankai earthquake), releasing stress and subsequently increasing the local b-value in the occurrence region of these slow earthquakes. (2) The stress released by these slow earthquakes is transferred to the asperity area, and shear stress increases locally, decreasing the b-value in the asperity area. This scenario is consistent with both the stress-dependent characteristics of LFEs and SSEs and the relationship between slow earthquake generation and megathrust earthquakes. Monitoring spatiotemporal changes in b-values might therefore be an effective tool for improving seismic hazard assessment at subduction zones with slow earthquake activity.

Conclusions
In this study, a regional b-value distribution for the western Nankai Trough was presented, showing that b-values vary along the strike direction of the subducting plate. b-values are very low (b ~ 0.6) in central Shikoku district, where LFEs frequently occur; however, b-values in other regions with frequent LFEs are generally high. The low b-values in central Shikoku cannot be explained by the preferred model for LFE generation. The [image: $$ V_{P} /V_{S} $$] and QP around the plate interface in central Shikoku estimated from seismic velocity and attenuation structure are relatively lower and higher than those in other regions with LFEs, respectively. These observations may reflect the high shear strength state in the central Shikoku due to the small amount of fluid leakage around the plate interface, compared with other regions with LFEs. Meanwhile, SSEs occurred in western to central Shikoku during the study period, and the slip that they generated in central Shikoku was relatively small. Furthermore, a series of the SSEs in the focal region migrates toward the central Shikoku. These observations imply that considerable shear stress has accumulated there. The effects of strength and stress perturbations in the source regions of slow earthquakes must be considered if the causes of the observed b-value heterogeneities are to be understood. This also improves our understanding of how b-values relate to stress-dependent characteristics of SSEs and LFEs in the Bungo Channel and Hyuga-nada regions. In addition, b-values are moderate to low in regions with SSEs but no LFEs, whereas with the exception of central Shikoku, b-values are high in regions with LFEs but no SSEs. These findings imply that the spatial distribution of b-values in the megathrust area of Nankai Trough reflects the pore-fluid pressure states along the plate interface associated with the occurrence of LFEs and the stress accumulation and release by SSEs. On the other hand, b-values in the region that underwent the greatest slip during the 1946 Nankai earthquake are not necessarily lower than those in the source regions of downdip SSEs and LFEs. Whereas the asperity areas of huge earthquakes are characterized by low b-values, the b-value distribution in the Nankai megathrust area is more complicated. A unified analysis of b-values in the source regions of slow earthquakes and megathrust earthquakes may be an important tool for monitoring impending megathrust earthquakes, as the stress-dependent characteristics of LFEs and SSEs and the relationship between slow earthquakes and megathrust earthquakes clearly need to be considered.
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