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Temporal variation in seismic moment release rate of slow slips inferred from deep low-frequency tremors in the Nankai subduction zone
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Abstract
We examined seismic moment release rates as estimated from deep low-frequency tremors at episodic tremor and slip (ETS) zones on the plate interface in the Nankai subduction zone. Excluding periods with long-term slow slip events, we observe no clear temporal variation in the seismic moment release rate in the Tokai, the northern Kii, or Shikoku regions. We also find no variation in the seismic moment release rate related to the 2011 Tohoku earthquake in the southern or central Kii region. These findings imply that the 2011 Tohoku earthquake has not affected slow slip activities in the Nankai subduction zone. For the southern and central Kii regions, a long-term decrease in the seismic moment release rate with time is apparent, irrespective of the occurrence of the 2011 Tohoku earthquake, suggesting that frictional properties on slip planes at the ETS zone on the plate interface have varied over time.[image: A40623_2020_1142_Figa_HTML.png]
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Introduction
Slow earthquakes such as deep low-frequency tremors, very low-frequency earthquakes, and long-term and short-term slow slip events (SSEs) have been found in many subduction zones worldwide (e.g., Obara and Kato 2016). Slow earthquakes, designated as episodic tremor and slip (ETS) (Rogers and Dragert 2003), usually accompany tremors. The ETS zones are located at deeper extensions of the source area of great earthquakes in subduction zones. Consequently, investigating features of slow slips is important to elucidate the generation process of great earthquakes.
The 2011 off the Pacific coast of Tohoku earthquake (Mw 9.0), hereinafter designated as the 2011 Tohoku earthquake, has modified the stress and strain fields in Japanese Islands not only through coseismic, but also through postseismic crustal deformations. This modification might affect the crustal dynamics of the Japanese Islands. In northeastern Japan, a clear increase of seismicity and a change of focal mechanisms have been observed (e.g., Yoshida et al. 2012). The 2011 Tohoku earthquake has also affected the activity of slow slips near the source region. After the 2011 Tohoku earthquake, shortening of the recurrence interval of slow slip events off the coast of the Boso Peninsula in Japan has been observed (Hirose et al. 2012; Ozawa 2014). Hirose et al. (2012) and Ozawa (2014) inferred that the shortening of the recurrence interval is attributable to the change in Coulomb failure stress on the fault plane caused by coseismic slip and afterslip of the 2011 Tohoku earthquake.
In the Nankai subduction zone, the average slip rates at the ETS zone have been estimated (Hirose et al. 2010b; Ishida et al. 2013; Daiku et al. 2018) based on an empirical relation between the apparent moment of tremors and the seismic moment of short-term SSEs (Hiramatsu et al. 2008). It is particularly interesting that the estimated slip rate is coincident with the difference between the convergence rate of the Philippine Sea plate and the slip deficit rate at the ETS zone. A recent study of the spatiotemporal distributions of the interplate couplings and the count rate of tremors in the Shikoku region has indicated that the tremor count rate is useful as a proxy for monitoring small fluctuations in interplate coupling at the ETS zone (Ochi and Takeda 2018). Therefore, examining the variation in slow slip activity in the Nankai subduction zone through tremors is interesting, but no marked change in slow slip activity has been observed there geodetically based on data obtained before and after the 2011 Tohoku earthquake.
Moreover, reports of some simulation studies have described activation of slow slips before a great earthquake in a subduction zone (e.g., Matsuzawa et al. 2010). Detecting such activation requires clarification of the degree of fluctuation in the slip rate in the ETS zone. Tremor data have now been collected for more than 15 years in the Nankai subduction zone. It is therefore suitable to examine not only the average slip rate, but also the fluctuation in the slip rate, i.e., fluctuation in the seismic moment release rate through tremors occurring in the ETS zone. For the Nankai subduction zone, Daiku et al. (2018) reported temporal variation in the cumulative seismic moment of slow slips estimated from tremors during 11 years. Some deviations from a constant rate in the cumulative seismic moment of slow slips might exist, especially for the central-southern Kii and the Tokai regions. Nevertheless, Daiku et al. (2018) devoted no attention to the deviations. Actually, detailed analysis of temporal variation is necessary to examine the deviations. Furthermore, the period analyzed by Daiku et al. (2018) is insufficient to reveal differences in the seismic moment release rate before and after the 2011 Tohoku earthquake for its long duration of postseismic deformation.
For this study, we investigated the temporal variation in the seismic moment release rate through the activity of tremors in the Nankai subduction zone. We discuss not only the 2011 Tohoku earthquake effects on the seismic moment release rate, but also long-term variation in the seismic moment release rate.

Data
We divided the Nankai subduction zone into seven regions according to tremor activity: Tokai; northern, central, and southern Kii Peninsula; and eastern, central, and western Shikoku (Hirose et al. 2010b; Ishida et al. 2013; Daiku et al. 2018) (Fig. 1). For this study, to estimate the seismic moment release rate at the ETS zone, we used the apparent moment as the tremor size and the conversion rate, which is a coefficient to convert the apparent moment of an episode of tremors to the seismic moment of a corresponding slow slip (Hiramatsu et al. 2008). Daiku et al. (2018) reported the conversion factors for all regions. We applied their conversion factors for this study. We also used the apparent moment of tremors during April 2002–July 2013, as estimated by Daiku et al. (2018).[image: A40623_2020_1142_Fig1_HTML.png]
Fig. 1Distributions of the epicenters of DLF tremors (dots) (Obara et al. 2010) and the analyzed regions (rectangles). Triangles are Hi-net stations used for this study. Stars denote the epicenters of two intra-slab earthquakes off the Kii Peninsula in 2004





For this study, we extended the analytical period to March 2001–April 2016. To estimate the apparent moment during March 2001–March 2002 and during August 2013–April 2016, we referred to hypocenter catalogs of tremors of the hybrid method (Maeda and Obara 2009) for visual checking of the waveform data and those of the hybrid clustering method for the tremor location (Obara et al. 2010). The waveform data analyzed for this study were the vertical component of the velocity waveform recorded at Hi-net stations operated by the National Research Institute for Earth Science and Disaster Resilience (NIED) (Fig. 1). Stations used for this study are the same as those used for a study reported by Daiku et al. (2018) (Fig. 1).

Method
The procedure used to estimate the apparent moment is the same as that reported by Daiku et al. (2018). We calculated the time integral of the envelope of band-pass filtered (2–10 Hz) velocity waveforms of tremors with corrections of the geometrical spreading and the inelastic attenuation (Q = 184) as the apparent moment (details presented by Daiku et al. 2018). By applying the conversion factor reported by Daiku et al. (2018), we calculated the seismic moment from the apparent moment.
We estimated the seismic moment release rate from the cumulative seismic moment during 1 year in each region. To emphasize the effects of the 2011 Tohoku earthquake on slow slips at the ETS zone, before the 2011 Tohoku earthquake, the analyzed period of 1 year starts on March 11 and ends on March 10 of the subsequent year. After the 2011 Tohoku earthquake, we set those to April 11 and on April 10 of the subsequent year because the aftershock activity immediately after the 2011 Tohoku earthquake might reduce the detection capabilities of tremors in the Nankai subduction zone.
The observed tremor data are likely to include fluctuations of tremor activity in nature, although we do not know the true distribution of the fluctuation. To reduce effects of the fluctuation on estimation of the cumulative seismic moment in 1 year, we applied the nonparametric bootstrap method. The bootstrap sample size is the same as the observed size for every year in each region. We calculated the average and the 95% confidence range, as estimated using percentile method, of the cumulative seismic moment in 1 year, which is the seismic moment release rate, from 2000 bootstrap estimations.

Results and discussion
Relation between the seismic moment release rate, long-term SSEs, and the 2011 Tohoku earthquake
Figure 2 portrays temporal variations in the cumulative seismic moment for the respective regions. Results show sharp changes in slope of the cumulative seismic moment during 2002–2005 and 2013–2016 in Tokai and during 2003–mid-2004, 2010, and 2014–2015 in the western Shikoku regions. These increases correspond to long-term SSEs in Tokai (Ozawa et al. 2016) and in the Bungo channel (Hirose and Obara 2005, 2010; Ozawa et al. 2013; Ozawa 2017). The cumulative seismic moment in the southern Kii region also shows a weak change in slope after mid-2014. This change apparently corresponds to a long-term SSE in the Kii channel (GSI 2016). Takagi et al. (2016) reported long-term SSEs in western-to-central Shikoku during early 2004–early 2006 and early 2011–mid-2013. These SSEs might enhance tremor activities in western and central Shikoku. However, no change in the slope of the cumulative seismic moment can be recognized in the corresponding periods (Fig. 2). Therefore, we infer that the long-term SSEs reported by Takagi et al. (2016) do not affect tremor activity in the western and central Shikoku regions. Their periods are not shown in Figs. 2 and 3. It is interesting that no slope of cumulative seismic moment for any region in the Nankai subduction zone shows a clear change accompanying the 2011 Tohoku earthquake.[image: A40623_2020_1142_Fig2_HTML.png]
Fig. 2Temporal variation in cumulative apparent moment (left axis) and in the cumulative seismic moment (right axis) estimated from DLF tremors (black line) in each region. Gray hatched zones show the period of long-term SSEs in the Tokai region (Ozawa et al. 2016), in the Kii channel (GSI 2016), and in the Bungo channel (Hirose and Obara 2005; Hirose et al. 2010a; Ozawa et al. 2013; Ozawa 2017). A vertical dashed line represents the occurrence of the 2011 Tohoku earthquake
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Fig. 3Temporal variation in the apparent moment rate (left axis) and seismic moment release rate (right axis) in respective regions (solid circles). The 95% confidence range is estimated using the nonparametric bootstrap method. The horizontal solid line, dashed line, and gray zone, respectively, represent the average slip rate reported by Daiku et al. (2018, 2019), its extrapolation/interpolation, and its 95% confidence range. A vertical dashed line represents the origin time of the 2011 Tohoku earthquake. Horizontal gray bars show the period of long-term SSEs in the Tokai region (Ozawa et al. 2016), in the Kii channel (GSI 2016), and in the Bungo channel (Hirose and Obara 2005; Hirose et al. 2010a; Ozawa et al. 2013; Ozawa 2017)





Figure 3 presents temporal variations in the seismic moment release rate at the ETS zone in the respective regions. In Fig. 3, we show the average long-term slip rate and its 95% confidence range, which are estimated in periods with no long-term SSEs, as reported by Daiku et al. (2018, 2019). It is noteworthy that, for the northern Kii region, the average long-term slip rate and its 95% confidence range are corrected, respectively, to 4.0 and 3.3–4.9 (× 1018 Nm/year) by Daiku et al. (2019). Except for results calculated for the time around the periods with long-term SSEs, the seismic moment release rate is almost constant in the Tokai, the northern Kii, and the eastern, central, and western Shikoku regions, although scattering exists around the average slip rate. In the southern Kii region, the seismic moment release rate apparently decreases after the 2011 Tohoku earthquake. However, such a decrease can be found irrespective of the 2011 Tohoku earthquake in the southern Kii region. In other words, considering that an increase around 2015 might be induced by a long-term SSE in the Kii channel, the seismic moment release rate in the southern Kii region decreases gradually with time. A long-term decrease in the seismic moment release rate might be found in the central Kii region as well.
These results show no clear difference in the seismic moment release rate before and after the 2011 Tohoku earthquake. We therefore consider that the 2011 Tohoku earthquake did not affect the seismic moment release rate of slow slips at the ETS zone in the Nankai subduction zone. The coseismic and postseismic crustal deformations of the 2011 Tohoku earthquake are characterized by a long-wavelength deformation pattern over the Japanese Islands. Therefore, less spatial variation exists in the displacement field and in the strain field, causing less effective variation in stress at the ETS zone in the Nankai subduction zone. Excluding dynamic triggering after the passage of large seismic waves, this result coincides with the lack of a marked increase of seismicity after the 2011 Tohoku earthquake in areas far from the source area of the 2011 Tohoku earthquake. The lesser variation in seismicity in areas far from the source area can be interpreted as small Coulomb stress changes induced by the 2011 Tohoku earthquake (e.g., Toda et al. 2011). Large earthquakes often modify the subsequent activities of tremors and short-term SSEs after earthquakes, e.g., off the Boso Peninsula, Japan (Hirose et al. 2012; Ozawa 2014), on the southern San Andreas fault (Tymofyeyeva et al. 2019), and on the Hikurangi subduction zone, New Zealand (Jiang et al. 2018). Nevertheless, no report describes decade-scale variation in tremors or short-term SSEs activities caused by large earthquakes.

Possible causes of a long-term decrease in seismic moment release rate
Some possible causes might explain the observed long-term decreases in the seismic moment release rate in the central and southern Kii regions when one assumes that the observed decreases are not a decade-scale fluctuation. Variation in tremor detection might result from changes in the seismic network, seismometer, and procedures for processing tremor detection. This possibility can be discounted as unlikely because no decade-scale change has been identified for these factors.
Tectonic events and slow slip events around the Kii Peninsula might induce variation in tremor activities in the central and southern Kii regions. Two large intra-slab earthquakes of Mw 7.2 and Mw 7.5 occurred on September 5, 2004 southeast of the Kii Peninsula (Fig. 1). These earthquakes triggered coseismically very low-frequency earthquakes in the accretionary wedge near the source regions (Obara and Ito 2005). However, for the central and southern Kii regions, no report has described clear changes in tremor activities accompanying these events. Finding remarkable change in the cumulative seismic moment and seismic moment release rate attributable to these events is difficult (Figs. 2 and 3). The afterslip of these earthquakes has been detected geodetically. Suito and Ozawa (2009) estimated the time constant of the postseismic deformation caused by the afterslip as about 2 months, suggesting that postseismic deformation is not a cause of the long-term variation in the seismic moment release rate. The effect of the viscoelastic relaxation might be another cause of variation in tremor activities because the viscoelastic model can reproduce most of the southward motion observed after these earthquakes (Suito 2017). However, geodetic analyses including the viscoelastic effect detected no long-term slow slips beneath the Kii Peninsula (Suito 2017). Therefore, we infer that the 2004 intra-slab earthquakes off the Kii Peninsula are not a cause of the long-term decreases in seismic moment release rate. Long-term SSEs in the Tokai region, Kii Channel and the Shikoku regions might affect tremor activities in the Kii regions. As presented in Figs. 2 and 3, the slow slip events in Tokai and Shikoku do not markedly modify the seismic moment release rate in the central and southern Kii regions. The long-term slow slip event in the Kii Channel around 2015 seems to modify the seismic moment release rate in the southern Kii region (Fig. 3), although the sense of the variation is opposite to the long-term decrease. Usually, long-term slow slips enhance tremor activity. Therefore, it is difficult to interpret the observed long-term decrease as the effect of long-term slow slips, even if long-term SSEs in and around the Kii Peninsula are missing.
The long-term average slip rate is approximately coincident with the difference between the convergence rate and the slip deficit rate of the subducting Philippine Sea plate (Hirose et al. 2010b; Ishida et al. 2013; Daiku et al. 2018). Assuming a constant conversion factor, two possibilities might explain the long-term decrease in the seismic moment release rate in the central and southern Kii regions: a decrease in the convergence rate of the Philippine Sea plate and an increase in the slip deficit rate at the ETS zone. The first possibility must be discounted. It is unlikely because variation in the seismic moment release rate would be observed in neighboring regions if a decrease of the convergence rate were to occur. The second possibility appears more plausible because local variation in the frictional properties on slip planes at the ETS zone might change the slip deficit rate. Daiku et al. (2018) discussed a cause of heterogeneous spatial distribution of the excitation efficiency of tremors for short-term SSEs along the Nankai subduction zone based on the mineral assemblages of serpentinite in the mantle wedge reported by Mizukami et al. (2014). They suggested that heterogeneity of the pore fluid pressure on the plate interface, induced by the phase transition of antigorite serpentinite, strongly affects the heterogeneous distribution of the excitation efficiency. In other words, tremors are easily excited by stress perturbation accompanied by a short-term SSE under high pore fluid pressure. High pore fluid pressure can reduce the slip deficit rate because SSEs tend to occur easily under high pore fluid pressure. If this relation were applied to a temporal variation in the slip deficit rate, then a long-term increase in the slip deficit rate could result from a long-term decrease in the pore fluid pressure.
However, a complicated problem then confronts us. Variation of the pore fluid pressure might cause variation in the conversion factor as well: a break of a constant conversion factor. The decrease in the pore fluid pressure corresponds to a decrease in the excitation efficiency and to an increase in the conversion factor (Daiku et al. 2018). An apparent decrease in the seismic moment release rate would be induced by an increase in the conversion factor because we estimated the seismic moment from the apparent moment with a constant conversion factor.
Figure 4 presents temporal variation in the conversion factor, as estimated for each short-term SSE in the respective regions: central-western Shikoku, eastern Shikoku, central-southern Kii, and the northern Kii and Tokai regions. We used SSEs reported by Sekine et al. (2010) and data from Reports of the Coordinating Committee for Earthquake Prediction (CCEP), Japan (https://​cais.​gsi.​go.​jp/​YOCHIREN/​report.​e.​html). Reports of CCEP include two datasets of SSEs: one reported by NIED and the other by the National Institute of Advanced Industrial Science and Technology (AIST) and NIED. For SSEs in the Shikoku, Tokai, and the northern Kii regions, we used data reported by Sekine et al. (2010) and Reports of CCEP published by NIED, which were estimated from tilt-meter records. For SSEs in the central-southern Kii regions, we used the data of Reports of CCEP published by AIST and NIED, which were estimated from strain-meter and tilt-meter records. The estimated size of SSEs depends on assumptions used for the analyses, resulting in low reliability of the estimated size for some SSEs. Consequently, conversion factors show large scatter caused by relatively large uncertainties of the SSE sizes.[image: A40623_2020_1142_Fig4_HTML.png]
Fig. 4Temporal variation in the conversion factors estimated for each short-term SSE in respective regions. Solid circles show data calculated from SSEs reported by Sekine et al. (2010) and reports of CCEP. Horizontal gray bars are the same as those shown in Fig. 3. Open circles in the central-southern Kii regions (lower-left panel) show data calculated from SSEs reported by Nishimura et al. (2013)





For western-central and eastern Shikoku, and the northern Kii and Tokai regions, it is difficult to identify a systematic variation in the conversion factor with time (Fig. 4). The two largest data for the western-central Shikoku regions might be caused by large uncertainties of the estimated size of SSEs. Therefore, we infer that the conversion factors in these regions are constant rather than representing clear temporal variation. The constant conversion factors found for Shikoku are consistent with results reported by Ochi and Takeda (2018). They reported that fluctuation in the coupling rate correlated well with the tremor count rates at the ETS zone in Shikoku during 2007–2016. Except for the period with long-term SSEs, the tremor count rate is almost constant in Shikoku, meaning that interplate coupling is almost constant, and indicating an almost constant slip deficit rate and conversion factor. For the central-southern Kii regions, no SSEs estimated from strain-meter and/or tilt-meter records are available before 2012. However, considering the wide divergence of the conversion factors, together with data from four SSEs estimated from Global Navigation Satellite System data (Nishimura et al. 2013), we infer a low possibility of long-term variation in the conversion factor. Large uncertainties of the estimated size of SSEs might result in the two largest data for the central-southern Kii regions. Welch’s t test supports no statistically significant difference in the mean of the conversion factor before and after the 2011 Tohoku earthquake.
In any case, a long-term decrease in the pore fluid pressure might play an important role in the observed long-term decrease in the seismic moment release rate in the central and southern Kii regions. We, therefore, suggest that the observed long-term variation in seismic moment release rate reflects long-term variation in frictional properties, which might be influenced strongly by pore fluid pressure on slip planes at the ETS zone on the plate interface.


Conclusions
Seismic moment release rates of slow slips at ETS zones were investigated for seven regions in the Nankai subduction zone using data of 2001–2016. The seismic moment release rates estimated from tremors were almost constant, except for periods of long-term SSEs in the Tokai, northern Kii, and eastern, central and western Shikoku regions. Results show that no variation exists in the seismic moment release rate accompanied by the 2011 Tohoku earthquake in the seven regions. No variation has resulted from the long-wavelength crustal deformation pattern and small Coulomb stress changes induced by the 2011 Tohoku earthquake. In the southern Kii region and in the central Kii region, long-term decreases were found in the seismic moment release rates. The decreases might be attributable to long-term variation in frictional properties on slip planes at the ETS zone. Pore fluid pressure might play an important role in the long-term variation of frictional properties on slip planes in these regions.
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