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Abstract
In general, there are three mechanisms causing crustal deformation: elastic, viscous, and plastic deformation. The separation of observed crustal deformation to each component has been a challenging problem. In this study, we succeed in separating plastic deformation as well as viscous deformation in the northern Niigata–Kobe Tectonic Zone (NKTZ), central Japan, using GNSS data before and after the 2011 Tohoku-oki earthquake, under the assumptions that elastic deformation is principally caused by the plate coupling along the Japan trench and that plastic deformation ceased after the Tohoku-oki earthquake due to the stress drop caused by the earthquake. The cessation of plastic deformation can be understood with the concept of stress shadow used in the field of seismic activity. The separated strain rates are about 30 nanostrain/year both for the plastic deformation in the preseismic period and for the viscous deformation in both the pre- and post-seismic periods, which means that the inelastic strain rate in the northern NKTZ is about 60 and 30 nanostrain/year in the pre- and post-seismic periods, respectively. This result requires the revision of the strain-rate paradox in Japan. The strain rate was exceptionally faster before the Tohoku-oki earthquake due to the effect of plastic strain, and the discrepancy between the geodetic and geologic strain rates is much smaller in usual time, when the plastic strain is off. In order to estimate the onset timing of plastic deformation, the information on stress history is essentially important.[image: A40623_2020_1144_Figa_HTML.png]
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Introduction
Basic mechanisms of crustal deformation
We generally consider the following three mechanisms for crustal deformation: elastic, viscous, and plastic deformation. Considering a one-dimensional case for simplicity, we can express the constitutive equation for elastic deformation as[image: $$\Delta \varepsilon = \Delta \sigma /k,$$]

 (1)

where k is an elastic modulus, [image: $$\varepsilon$$] and [image: $$\sigma$$] denote strain and stress, respectively, and [image: $$\Delta$$] represents the change from an initial condition.
The constitutive equation for viscous deformation is[image: $$\dot{\varepsilon } = A\sigma^{n} ,$$]

 (2)

where n is the stress exponent, A is a coefficient that depends on various parameters, such as the temperature and grain size, and the dot denotes the differentiation with respect to time.
Plastic deformation occurs when the applied stress [image: $$\sigma$$] exceeds the yield strength s of a material:[image: $$\Delta \varepsilon > 0\quad{\text{when}}\quad \sigma \ge s.$$]

 (3)


This condition can be applicable not only to brittle deformation associated with earthquakes, but also to aseismic plastic flow.
The viscous deformation and the plastic deformation are collectively called inelastic deformation. As shown in Eqs. (1)–(3), crustal deformation generally depends on the change of stress state (elastic deformation) and the level of absolute stress (inelastic deformation). As explained later, however, stress history is crucially important in understanding actual crustal deformation.
Geodetic data, which measure crustal deformation, include the deformation due to all these three mechanisms, and the separation of each component has been an important problem. In a simple form, this problem arises in the analysis of crustal deformation after a large earthquake, or more generally, during an earthquake cycle. Fukahata et al. (2004) developed an inversion method to separately estimate elastic deformation due to slip on the plate interface and viscous deformation due to the viscoelastic relaxation during an earthquake cycle, and they applied the method to leveling data associated with the cycle of the interplate earthquakes along the Nankai Trough. Soon, Ito and Hashimoto (2004) followed them. Yamagiwa et al. (2015) applied the method developed by Fukahata et al. (2004) to GNSS data associated with the co- and post-seismic deformation of the 2011 Tohoku-oki earthquake. Gunawan et al. (2014) also separately estimated the effects of viscoelastic relaxation and after slip on the postseismic deformation of the 2004 Sumatra–Andaman earthquake.
The separation of these components in general form has been more difficult. However, Noda and Matsu’ura (2010) developed a formulation to separately estimate elastic deformation and inelastic deformation from observed geodetic data. Applying the formulation to GNSS data in the Niigata–Kobe Tectonic Zone (NKTZ), central Japan, they showed that volumetric strain in this region is mostly due to elastic deformation while shear strain is mostly due to inelastic deformation.
Recently, from the comparison of GNSS data in the northern NKTZ (Fig. 1: the area enclosed by dashed lines in Fig. 1c, d) before and after the 2011 Tohoku-oki earthquake, Meneses-Gutierrez and Sagiya (2016) have successfully separated inelastic deformation from observed geodetic data. In this study, they have considered that the long-wavelength deformation is essentially due to elastic deformation, because its principal source is located on the plate interface between the Pacific plate and the continental plate, which is several hundred kilometers away from the NKTZ. The strain-rate paradox of Japan (Ikeda 1996; Kaizuka and Imaizumi 1984), the geodetically estimated east–west (E–W) contraction rate is nearly one order faster than the geological one, is also strongly related to this separation problem, because the geodetic data include deformation of all the mechanisms, while the geologically estimated contraction rate only reflects inelastic deformation.[image: A40623_2020_1144_Fig1_HTML.png]
Fig. 1Crustal deformation before (top panels) and after (bottom panels) the 2011 Tohoku-oki earthquake. GNSS data from Jun 1997 to May 2002 and from Jun 2013 to May 2018 are used for the preseismic and postseismic periods, respectively. a, b Horizontal velocities with respect to the site 950262 (35.2759N, 135.5495E; red square) for each time period. Red lines represent active faults (Research Group for Active Faults of Japan 1991). In b coseismic correction of the 2014 northern Nagano earthquake (the epicenter is shown by the red star) is applied to GEONET stations shown by blue arrows. c, d E–W strain rate for each time period. In estimating the strain rate, the method of Shen et al. (1996) is used, where DDC is set at 25 km. The negative sign represents contraction. Thick red lines represent the locations of the strain-rate profiles shown in e, f. The location of the northern NKTZ, enclosed by black dashed lines, follows Meneses-Gutierrez and Sagiya (2016). Purple triangles and solid circles represent active volcanoes and GEONET stations, respectively. e, f E–W strain-rate profiles from south (A: 37.1°N) to north (E: 37.9°N) in every 0.2°. Adjacent profiles are drawn with an offset of 300 nanostrain/year, where the zero level of the profile C corresponds to “0” in the scale of the vertical axis. Black solid, red solid, and black broken lines correspond to the DDC values of 30, 25, and 20 km, respectively. The location of each profile is shown in c, d. The extent of the northern NKTZ along each profile is shown by the dashed-dotted box




As we have seen, the separation of elastic and inelastic deformation has been done by several studies. However, the separation of inelastic deformation into viscous deformation and plastic deformation has remained an even more challenging problem.

Seismic activity and ∆CFF
In the field of seismic activity, the phenomenon of stress shadow, which can be quantitatively evaluated by ∆CFF, is well known. For example, after the 2011 Tohoku-oki earthquake, seismic activity in most inland regions has significantly dropped. This phenomenon can be well explained by ∆CFF (e.g., Toda et al. 2011), because the Tohoku-oki earthquake resulted in the negative change of CFF on most active faults in inland regions.
The concept of stress shadow and ∆CFF is also useful to understand seismic activity for much longer time scales. Japan has historical records for more than 1000 years. The records show that large interplate earthquakes along the Nankai Trough, which are called the Nankai earthquakes, have repeatedly happened in western Japan, with the interval of about 100–200 years (e.g., Ando 1975). Historical records also show that the frequency of large inland earthquakes in western Japan is significantly higher for 50 years before and 10 years after the Nankai earthquakes (Utsu 1974; Shimazaki 1976; Hori and Oike 1996). In order to explain this seismic activity, Hori and Oike (1999) introduced the concept of stress shadow and ∆CFF. That is to say, the Nankai earthquake causes increase of ∆CFF on some active faults, which results in not a few large inland earthquakes just after the Nankai earthquake; on the other hand, ∆CFF on other active faults significantly decreases, which prevents the occurrence of large inland earthquakes until the next Nankai earthquake approaches. Shikakura et al. (2014) employed a viscoelastic response function (Fukahata and Matsu’ura 2006) to more accurately evaluate the stress change due to the Nankai earthquakes, and have shown that the activity of large inland earthquakes that happened in western Japan for the last 500 years can be very well explained by ∆CFF, that is to say, almost all the earthquakes happened when the ∆CFF of respective faults renewed the highest value.
When an earthquake happens, some crustal deformation always occurs. In other words, seismic activity is inevitably related to crustal deformation, more specifically to plastic deformation.

Crustal deformation in the NKTZ
Through the analysis of GNSS data, Sagiya et al. (2000) recognized the NKTZ as a region of large strain rate that passes through central Japan. As mentioned above, Meneses-Gutierrez and Sagiya (2016) have successfully separated inelastic deformation from observed GNSS data around the Niigata plain in the northern NKTZ. Following the study, to quantitatively explain the observed GNSS data, Meneses-Gutierrez et al. (2018) have constructed a model that has an aseismic fault embedded in an elastically heterogeneous medium. Because the study also mainly focused on the separation of the elastic and inelastic deformation, it paid relatively less attention on the difference of inelastic strain rates before and after the Tohoku-oki earthquake.
However, when we examine the observed GNSS data in detail, we can notice that the separated inelastic strain rate is significantly faster before the Tohoku-oki earthquake. Meneses-Gutierrez et al. (2018) tried to interpret this observation with a combination of persistent inelastic deformation and elastic heterogeneity effect. However, a possibility of significant temporal change of inelastic deformation has not been seriously considered. The change of the inelastic strain rate is difficult to be explained as long as we only consider the viscous flow as a mechanism of crustal deformation, because the viscous flow depends on the absolute stress level (Eq. 2) and the stress change due to the 2011 Tohoku-oki earthquake in this area is less than 0.5 MPa (Yoshida et al. 2012), which is considered to be much smaller than the absolute stress.
On the other hand, if we consider that the concept of stress shadow and ∆CFF could be applicable to this case, we can reasonably explain the change of strain rate. The strain rate was faster before the Tohoku-oki earthquake due to plastic deformation because ∆CFF renewed the highest value on many faults in this region, while it is slower after the earthquake because the stress level was dropped due to the 2011 Tohoku-oki earthquake, which resulted in the cessation of plastic deformation.
If we accept this concept, the strain-rate paradox of Japan would be viewed differently, that is to say, the strain rate was exceptionally faster before the 2011 Tohoku-oki earthquake, and that the discrepancy between the geodetically measured and geologically estimated strain rates is much smaller after the 2011 Tohoku-oki earthquake.
In the following, we first explain the data used in this study. Next, we develop a formulation to differentiate plastic deformation and viscous deformation from observed geodetic data and show the result. Finally, we discuss geological and geophysical implications of the obtained result.


Data
Following Meneses-Gutierrez and Sagiya (2016), we analyze daily coordinates of GEONET sites provided by the Geospatial Information Authority of Japan (GSI) before and after the 2011 Tohoku-oki earthquake. To measure the change in the crustal deformation, we use the data spanning from June 1997 to May 2002 for the preseismic period (top panels of Fig. 1). After the 2011 Tohoku-oki earthquake, there has been a significant trend (larger extension in the east) in the E–W strain rate, but the trend became much smaller in the northern NKTZ a few years after the 2011 Tohoku-oki earthquake. So, we use the data from June 2013 to May 2018 for the postseismic period (bottom panels of Fig. 1). During these periods, there happened no large earthquakes that affected crustal deformation in the area of interest except for the 2014 Mw 6.2 northern Nagano earthquake. Coseismic displacements associated with this earthquake were corrected for GEONET data at the stations where coseismic offsets were observed (blue arrows in Fig. 1b).
We calculate horizontal velocities at all stations with respect to the site 950262 (35.2759N, 135.5495E) by linear regression for the preseismic and postseismic periods (Fig. 1a, b, respectively). From the calculated horizontal velocities at the GEONET sites, we estimate strain rate distribution using the method of Shen et al. (1996). The estimated strain rates are shown by colors in Fig. 1c, d, in which the component of E–W strain rate is shown, recalling that the NKTZ is essentially characterized by E–W contraction. Here, the negative sign represents contraction. In estimating strain rates by the method of Shen et al. (1996), we have to determine a distance decaying constant (DDC), which controls weighting among observation sites. In Fig. 1c, d, we use the DDC value of 25 km in accordance with the approximate distance between GEONET stations. However, the DDC value can affect the estimation of strain rate. Therefore, in the strain rate profiles (Fig. 1e, f), which are taken in the E–W direction as shown in Fig. 1c, d, we also show the cases of 20 km and 30 km for the DDC.

Formulation
We consider that crustal deformation is generally caused by elastic, viscous, and plastic deformation. Therefore, we can express a geodetically observed strain rate d as[image: $$d = V_{\text{E}} + V_{\text{V}} + V_{\text{P}} ,$$]

 (4)

where [image: $$V_{\text{E}}$$], [image: $$V_{\text{V}}$$], and [image: $$V_{\text{P}}$$] represent strain rates due to elastic, viscous, and plastic deformation, respectively. Following Meneses-Gutierrez and Sagiya (2016) and Meneses-Gutierrez et al. (2018), we separate the deformation into long-wavelength and short-wavelength components:[image: $$d = d_{\text{L}} + d_{\text{S}} ; V_{i} = V_{{i{\text{L}}}} + V_{{i{\text{S}}}}\quad\left( {i = E, V, P} \right),$$]

 (5)

where subscripts L and S denote long- and short-wavelength components, respectively.
Elastic deformation is principally caused by the plate coupling along the Japan trench. The northern NKTZ, the region analyzed in this study, is several hundred kilometers away from it. Hence, for simplicity, we assume as[image: $$V_{\text{ES}} \approx 0,$$]

 (6)

where [image: $$V_{\text{ES}}$$] represents the short-wavelength component of the elastic strain rate. In fact, elastic heterogeneity in the NKTZ results in non-negligible [image: $$V_{\text{ES}}$$], which is treated as a correction term in the later sections (see also Appendix). In addition to Eq. (6), as we have argued, the plastic strain is considered to stop because of stress shadow after the Tohoku-oki earthquake:[image: $$V_{\text{PL}}^{\text{a}} \approx V_{\text{PS}}^{\text{a}} \approx 0,$$]

 (7)

where the superscript a denotes the strain rate after the Tohoku-oki earthquake.
Therefore, we can rewrite Eq. (4) for before (b) and after (a) the Tohoku-oki earthquake, respectively, as[image: $$d_{\text{S}}^{\text{b}} \approx V_{\text{VS}}^{\text{b}} + V_{\text{PS}}^{\text{b}} ,$$]

 (8)

[image: $$d_{\text{S}}^{\text{a}} \approx V_{\text{VS}}^{\text{a}} .$$]

 (9)


As mentioned above, the stress change due to the 2011 Tohoku-oki earthquake in the northern NKTZ is less than 0.5 MPa (Yoshida et al. 2012), which is considered to be much smaller than the absolute stress level. Because the viscous strain is controlled by the absolute stress, we can reasonably assume that[image: $$V_{\text{VS}}^{\text{b}} \approx V_{\text{VS}}^{\text{a}} .$$]

 (10)


In the end, from Eqs. (8)–(10), we obtain the plastic strain rate of the short-wavelength component as[image: $$V_{\text{PS}}^{\text{b}} \approx d_{\text{S}}^{\text{b}} - d_{\text{S}}^{\text{a}} .$$]

 (11)


With this equation, we can quantitatively estimate the plastic strain rate from observed data, although its long-wavelength component remains unknown.

Results
In order to separate long-wavelength components, Meneses-Gutierrez and Sagiya (2016) and Meneses-Gutierrez et al. (2018) used a moving average filter. In this study, instead of it, the offset component (DC component) is subtracted (or added) from the strain rate profiles shown in Fig. 1e, f, because it is simpler and, more importantly, the offset component unambiguously corresponds to the longest wavelength component on the basis of the Fourier analysis.
For the preseismic period, as a long-wavelength component, we add 50, 40, 70, 80, and 70 nanostrain/year for each profile from south (37.1°N) to north (37.9°N). For the postseismic period, we subtract 40, 70, 70, 80, and 110 nanostrain/year for each profile from south to north. After adding or subtracting the long-wavelength component, the short-wavelength component remains, which is shown in Fig. 2. Solid and broken lines represent the strain rate profiles of the preseismic and postseismic periods, respectively. The region of the NKTZ is shown by the dashed-dotted box. In determining the long-wavelength component to add or subtract, we assume that the rheological property of the surrounding region of the NKTZ is relatively normal in comparison to the NKTZ. Specifically, the strain rate is adjusted to be roughly zero to the west of the NKTZ, where the effect of the subduction of the Pacific plate is small; to the east of the NKTZ, where we observed large spatial variation in strain rates especially for the postseismic period (Fig. 1d), the maximum strain rate is adjusted to be roughly zero by subtracting or adding the long-wavelength component.[image: A40623_2020_1144_Fig2_HTML.png]
Fig. 2E–W strain rate profiles for the preseismic (1997–2002; solid line) and postseismic (2013–2018; broken line) periods. These profiles are obtained by adding or subtracting offset (DC) components from the strain rate profiles shown in Fig. 1e, f (see the text). Note that the offset component corresponds to the longest wavelength component. The locations of the profiles, which are taken from 37.1°N (profile A) to 37.9°N (profile E) every 0.2°, are shown in Fig. 1. Adjacent profiles are drawn with an offset of 300 nanostrain/year, where the zero level of the profile C corresponds to “0” in the scale of the vertical axis. The dashed-dotted box on each profile shows the region of the northern NKTZ




As shown in Fig. 2, the contraction rate in the northern NKTZ is significantly faster for the preseismic period than for the postseismic period. Within the northern NKTZ, the average strain rate is about 65 nanostrain/year for the preseismic period, while it is about 25 nanostrain/year for the postseismic period. By applying Eqs. (9)–(11) to these results, we obtain, for short-wavelength components in the northern NKTZ, the plastic strain rate for the preseismic period, [image: $$V_{\text{PS}}^{\text{b}}$$], to be about 40 nanostrain/year and the viscous strain rate both for the pre- and post-seismic periods, [image: $$V_{\text{VS}}^{\text{a}}$$] ([image: $$V_{\text{VS}}^{\text{b}}$$]), to be about 25 nanostrain/year.
As mentioned above, however, we need to consider the effect of elastic heterogeneity in the NKTZ, which decreases [image: $$V_{\text{PS}}^{\text{b}}$$] while increases [image: $$V_{\text{VS}}^{\text{a}}$$], because the short-wavelength component of the elastic strain rate is basically proportional to the long-wavelength component. In “Appendix” we explain the derivation of the correction terms, which are about 6.8 nanostrain/year or slightly smaller for [image: $$V_{\text{PS}}^{\text{b}}$$] and about 3.1 nanostrain/year or slightly larger for [image: $$V_{\text{VS}}^{\text{a}}$$]. In the end, both the preseismic plastic strain rate and the pre- and post-seismic viscous strain rates are about 30 nanostrain/year. Then, the inelastic strain rates for the pre- and post-seismic periods are about 60 and 30 nanostrain/year, respectively.

Discussion
As mentioned above, the strain rate calculated from observed GNSS data depends on the value of DDC. For smaller DDC, the resolution becomes better, while the result becomes unstable. Usually, the change of calculated strain rates is gradual for the change of DDC. However, we can notice some sudden changes in Fig. 1 for DDC = 20 km (the most conspicuous example is profile A of Fig. 1f), which suggests overfitting to observed data. On the other hand, the profiles for DDC = 25 km and 30 km are quite similar. Therefore, we consider 25 km is good as a value of DDC in the analysis of this study. Incidentally, the difference of the average strain rate in the northern NKTZ is less than a few nanostrain/year for the cases of DDC = 25 km and 30 km. The width of the NKTZ, shown in Figs. 1 and 2, can have a non-negligible effect on the estimation of strain rate. In general, if we take a wider region as the NKTZ, the estimated strain rate becomes smaller, while if we take a narrower region, the rate becomes larger. In this study, in order to avoid this ambiguity, we strictly follow the definition of Meneses-Gutierrez and Sagiya (2016) for the location of the NKTZ.
As shown in Fig. 2, the strain rate in the preseismic period is significantly faster than that in the postseismic period. Therefore, the strain-rate paradox (Ikeda 1996; Kaizuka and Imaizumi 1984) is needed to be reviewed. Ikeda (1996) drew a famous diagram that shows the time development of geodetic and geological (= inelastic) strain in inland Japan, with which Ikeda (1996) clearly described the problem of the strain-rate paradox and predicted the occurrence of a gigantic earthquake along the Japan trench to solve the paradox (unfortunately, the prediction became a reality in 2011 as the Tohoku-oki earthquake). Ikeda’s idea is shown by thin lines in Fig. 3; the thin solid line represents the geodetic strain that includes all components of strain, while the thin broken line represents the geological strain, which is equal to the inelastic strain. The elastic strain is released by the gigantic earthquake, while the inelastic strain monotonically accumulates in time. As shown by thin lines in Fig. 3, Ikeda (1996) assumed constant strain rates for the periods before and after the gigantic earthquake. As demonstrated in Fig. 2, however, the strain rate is not constant but faster before the gigantic earthquake due to the effect of plastic strain. Therefore, the relation between strain and time should be revised; the revised one is shown by thick lines in Fig. 3, where faster strain rates due to the onset of plastic strain are reflected to both the geodetic and the geological strain rates.[image: A40623_2020_1144_Fig3_HTML.png]
Fig. 3Conceptual model of the time development of strain in the upper crust of inland Japan. The idea of Ikeda (1996) is shown by thin lines, while thick lines represent the revision by this study, which includes the change of strain rates before a gigantic earthquake due to the onset of plastic deformation. The solid line represents the geodetic strain that includes all components of strain. The broken line represents inelastic (geological) strain, which is composed of plastic and viscous strain. The elastic strain is released by the gigantic earthquake, while the inelastic strain monotonically accumulates with time




The strain-rate paradox originates from a large gap (about one order) between the geodetically estimated strain rate and the geologic one. The geodetically observed strain rate for the preseismic period is about 100–200 nanostrain/year in the NKTZ (Nakane 1973; Hashimoto 1990; Sagiya et al. 2000), while the geologically estimated strain rate is less than 25 nanostrain/year in regional averages (Wesnousky et al. 1982; Kaizuka and Imaizumi 1984). However, Fig. 3 requires a substantial change on this view. The results of Figs. 1 and 2 show that, before the 2011 Tohoku-oki earthquake, the strain rate of the short-wavelength component, [image: $$d_{\text{S}}^{\text{b}}$$], is about 65 nanostrain/year and that of the long-wavelength component, [image: $$d_{\text{L}}^{\text{b}}$$], which corresponds to the offset components used to obtain the strain rate profiles of Fig. 2, is about 60 nanostrain/year in average. Then, the total strain rate is about 125 nanostrain/year, which is consistent with the previous reports (Nakane 1973; Hashimoto 1990; Sagiya et al. 2000). As mentioned in the previous section, the inelastic strain rate of the short-wavelength component is about 60 nanostrain/year before the earthquake. Inelastic deformation may also be included in the long-wavelength component. In brief, the inelastic strain rate is comparable to the elastic strain rate before the earthquake. In other words, the strain rate is considered to have been exceptionally faster before the 2011 Tohoku-oki earthquake due to the effect of plastic strain, and the apparent discrepancy between the geodetic and geologic strain rates was larger. If this idea is correct, the localized shortening of NKTZ after finishing the viscoelastic relaxation of the Tohoku-oki earthquake will be significantly slower than that before the 2011 Tohoku-oki earthquake.
Ikeda (1996) also drew an interesting diagram that showed the time development of stress in the upper crust in inland Japan. Figure 4 shows his idea with a modification of the zero stress level; the stress just after a gigantic earthquake was taken to be zero in his original diagram. Ikeda (1996) considered that at first the stress linearly increases with time after a gigantic earthquake; when the stress reaches around the strength of the upper crust, however, inland earthquakes frequently happen and further increase of stress is suppressed. We basically agree with his view, although we consider that not only inland earthquakes but also aseismic deformation contributes to suppressing the stress increase, as exemplified in western Japan by Shikakura et al. (2014). The timing when the stress reaches the strength of the upper crust corresponds to the onset of plastic strain. In Fig. 4, if inland earthquakes frequently happen, then the strain rate should also increase, but this effect was not included in his strain–time diagram (thin lines in Fig. 3). In other words, the revised strain–time relation (thick lines in Fig. 3) takes this effect into account.[image: A40623_2020_1144_Fig4_HTML.png]
Fig. 4Conceptual model of the time development of stress in the upper crust of inland Japan. The diagram follows Ikeda (1996) with a modification of the zero stress level; the stress just after a gigantic earthquake was taken to be zero in his original diagram. Ikeda (1996) considers that the stress increase is suppressed by the occurrence of intraplate earthquakes before a gigantic earthquake at subduction zone




Plastic deformation occurs when the applied stress reaches the strength of the material, but it is generally difficult to know both absolute stress and crustal strength. However, Figs. 3 and 4 mean that, instead of these values, the history of stress is essentially important to understand the onset timing of plastic deformation. When the total stress increase after a gigantic earthquake becomes comparable to the coseismic stress release due to the gigantic earthquake, plastic deformation is likely to start. In this meaning, occurrence of plastic deformation depends on the stress history. The onset timing of plastic strain is important to understand the crustal activity in inland Japan. According to the catalogue of historical earthquakes (Utsu 1990), the region of the northern NKTZ certainly has a significantly larger number of large earthquakes in the last few hundred years than before. However, because the temporal uniformity of the historical records is not guaranteed, it is difficult to judge the onset timing of plastic strain from the record.
If we focus on just before and after the 2011 Tohoku-oki earthquake, faster strain rates in the preseismic period are consistent with the seismic activity observed in inland regions of northeastern and central Japan. In these regions large inland earthquakes, such as the 2004 Mw 6.6 Chuestu, the 2007 Mw 6.6 Chuetsu-oki, and the 2008 Mw 6.9 Iwate–Miyagi inland earthquakes, happened before the 2011 Tohoku-oki earthquake, although we also had the 2014 Mw 6.2 northern Nagano earthquake, and the 2019 Mw 6.4 Yamagata-oki earthquake after the Tohoku-oki earthquake. Particularly, the Yamagata-oki earthquake is enigmatic. The occurrence of this earthquake cannot be understood from usual ∆CFF theory. When we recall that almost all inland earthquakes in western Japan for the last 500 years can be very well explained by ∆CFF (Shikakura et al. 2014), the 2019 Yamagata-oki earthquake might be a very rare example. Increase of pore fluid pressure (Terakawa et al. 2013) triggered by the Tohoku-oki earthquake might be responsible for the occurrence of this earthquake.
As mentioned in “Formulation” section, it is difficult to estimate the long-wavelength component of plastic and viscous strain rates. Meneses-Gutierrez and Sagiya (2016) also separated only the short-wavelength component of inelastic deformation. Although the separation of these strain rates from elastic strain rate for long-wavelength components is a challenging problem, it is possible to put an upper limit on them. First, they must be smaller than the observed long-wavelength component before the earthquake, [image: $$d_{\text{L}}^{\text{b}}$$], which is about 60 nanostrain/year, as mentioned above. In addition, elastic deformation would be dominant in the deformation of the long-wavelength component, considering that the long-wavelength deformation completely changed from contraction to extension due to the 2011 Tohoku-oki earthquake. Hence, the plastic and viscous strain rates should be smaller than a half of [image: $$d_{\text{L}}^{\text{b}}$$], 30 nanostrain/year (because [image: $$\left| {V_{\text{PL}}^{\text{b}} } \right| < \left| {V_{\text{EL}}^{\text{b}} } \right|$$] and [image: $$\left| {V_{\text{VL}}^{\text{b}} } \right| < \left| {V_{\text{EL}}^{\text{b}} } \right|$$]), and probably much smaller than 30 nanostrain/year. In fact, the obtained inelastic strain rates of the short-wavelength components (60 and 30 nanostrain/year before and after the Tohoku-oki earthquake, respectively) are roughly comparable to previous estimates of inelastic strain rate in and around the northern NKTZ. From the analysis of geological cross sections, Sato (1989) estimated the E–W strain rate to be 26–83 nanostrain/year. From the deformation of the Philippine Sea slab, Fukahata (2019) estimated the contraction rate parallel to the Nankai trough to be 35–70 nanostrain/year. From slip rates on active faults, Wesnousky et al. (1982) and Kaizuka and Imaizumi (1984) estimated the E–W strain rate to be 3–25 nanostrain/year, although this would be a minimum estimate, because large inland earthquakes have often happened on faults that were previously not identified as active faults. Careful comparison with such estimates might give a clue to estimate the long-wavelength components of plastic and viscous strain rates.
It should be noted that inelastic deformation that occurs at depth (e.g., in the lower crust) results in elastic deformation in the shallow region (e.g., near the Earth’s surface). In the analysis of this study, this elastic deformation, caused by inelastic deformation at depth in the northern NKTZ, is also counted as inelastic deformation, because it is technically difficult to distinguish them, and more importantly, this elastic deformation monotonically accumulates with time and is transformed into inelastic deformation (e.g., due to brittle failure) sometime in the future.

Conclusions
From the comparison of strain rate profiles in the northern NKTZ before and after the Tohoku-oki earthquake (Fig. 2), we succeeded in separating plastic and viscous strain rates of short-wavelength components. The obtained strain rate is about 30 nanostrain/year for the plastic strain rate in the preseismic period, about 30 nanostrain/year for the viscous strain rate in both the pre- and post-seismic periods, and about 60 and 30 nanostrain/year for the inelastic strain rate in the preseismic and postseismic periods, respectively. This result requires the revision of the strain-rate paradox in Japan (Fig. 3); the strain rate was exceptionally faster before the Tohoku-oki earthquake due to the effect of plastic strain, which ceased after the earthquake because of the stress shadow. Active plastic deformation in the preseismic period was suggested by Ikeda (1996) in the stress-time diagram (Fig. 4), but this effect was not taken into account in his strain–time diagram (Fig. 3). In oder to understand the onset timing of plastic deformation, the information on stress history is essentially important.
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Appendix
Effect of elastic heterogeneity in the NKTZ on the estimation of plastic strain rate
In “Formulation” section, we neglected the short-wavelength component of elastic strain rate, for simplicity (Eq. 6). Ohzono et al. (2012) and Okada and Ikeda (2012), however, have pointed out that the elastic property of the NKTZ is significantly different from that of the surrounding area, which can lead to short-wavelength component in elastic deformation. In this Appendix, we quantitatively estimate the effects of the elastic heterogeneity on the plastic and viscous strain rates, which are used as correction terms in this study.
According to the analysis of GNSS data by Meneses-Gutierrez et al. (2018), the zone with about 10–20% smaller elastic stiffness spanning the width of 30–40 km is needed in order to explain coseismic deformation data. Because the width of the NKTZ is taken to be about 100 km in this study, this effect corresponds to about 5% exaggeration of the elastic deformation in average within the NKTZ than the surrounding area. In other words, the relation between the short- and the long-wavelength components of elastic deformation can be written as[image: $$V_{\text{ES}} \approx cV_{\text{EL}} ,$$]

 (A1)

where c is about 0.05.
When we cannot neglect the short-wavelength component of elastic deformation, Eqs. (8) and (9) become[image: $$d_{\text{S}}^{\text{b}} = V_{\text{ES}}^{\text{b}} + V_{\text{VS}}^{\text{b}} + V_{\text{PS}}^{\text{b}} ,$$]

 (A2)

[image: $$d_{\text{S}}^{\text{a}} \approx V_{\text{ES}}^{\text{a}} + V_{\text{VS}}^{\text{a}} .$$]

 (A3)

 From Eqs. (10), (A2), and (A3), we obtain[image: $$V_{\text{PS}}^{\text{b}} \approx d_{\text{S}}^{\text{b}} - d_{\text{S}}^{\text{a}} - \left( {V_{\text{ES}}^{\text{b}} - V_{\text{ES}}^{\text{a}} } \right).$$]

 (A4)


With Eq. (7), we can obtain the same relations as (A2) and (A3) for the long-wavelength components:[image: $$d_{\text{L}}^{\text{b}} = V_{\text{EL}}^{\text{b}} + V_{\text{VL}}^{\text{b}} + V_{\text{PL}}^{\text{b}} ,$$]

 (A5)

[image: $$d_{\text{L}}^{\text{a}} \approx V_{\text{EL}}^{\text{a}} + V_{\text{VL}}^{\text{a}} .$$]

 (A6)

 Even if we consider a wider area that spans the whole width of the strain-rate profiles shown in Fig. 2, the stress change due to the 2011 Tohoku-oki earthquake is less than about 1 MPa (Yoshida et al. 2012). Therefore, we can assume almost no change in viscous deformation also for the long-wavelength components before and after the 2011 Tohoku-oki earthquake:[image: $$V_{\text{VL}}^{\text{b}} \approx V_{\text{VL}}^{\text{a}} .$$]

 (A7)

 From Eqs. (A5)–(A7), we obtain[image: $$V_{\text{EL}}^{\text{b}} - V_{\text{EL}}^{\text{a}} \approx d_{\text{L}}^{\text{b}} - d_{\text{L}}^{\text{a}} - V_{\text{PL}}^{\text{b}} .$$]

 (A8)

 Using Eqs. (A1) and (A8), Eq. (A4) is rewritten as[image: $$V_{\text{PS}}^{\text{b}} \approx d_{\text{S}}^{\text{b}} - d_{\text{S}}^{\text{a}} - c\left( {d_{\text{L}}^{\text{b}} - d_{\text{L}}^{\text{a}} - V_{\text{PL}}^{\text{b}} } \right).$$]

 (A9)

 From the comparison between Eqs. (11) and (A9), we notice that [image: $$- c\left( {d_{\text{L}}^{\text{b}} - d_{\text{L}}^{\text{a}} - V_{\text{PL}}^{\text{b}} } \right)$$] represents the correction term due to elastic heterogeneity.
Because all terms of the right-hand side in Eq. (A5) are negative (recall that contraction is negative in this study), we can write[image: $$d_{\text{L}}^{\text{b}} < V_{\text{PL}}^{\text{b}} < 0.$$]

 (A10)

 Therefore, we can give the upper and lower bounds of the correction term as[image: $$cd_{\text{L}}^{\text{a}} < - c\left( {d_{\text{L}}^{\text{b}} - d_{\text{L}}^{\text{a}} - V_{\text{PL}}^{\text{b}} } \right) < c\left( {d_{\text{L}}^{\text{a}} - d_{\text{L}}^{\text{b}} } \right).$$]

 (A11)

 The long-wavelength components of observed geodetic data, [image: $$d_{\text{L}}^{\text{b}}$$] and [image: $$d_{\text{L}}^{\text{a}}$$], correspond to the offset components, which were used to obtain the strain-rate profiles of Fig. 2 from the profiles of Fig. 1e, f. By taking the average of the offset components, we can have the estimates of [image: $$d_{\text{L}}^{\text{b}}$$] and [image: $$d_{\text{L}}^{\text{a}}$$] to be about − 62 and + 74 nanostrain/year, respectively. Then, with Eq. (A11) and c to be about 0.05, the range of the correction term for the plastic strain rate of the short-wavelength component is between 3.7 and 6.8 nanostrain/year. Considering that the 2011 Tohoku-oki earthquake completely changed the long-wavelength deformation from contraction to extension, elastic deformation would be dominant in the long-wavelength component, [image: $$\left| {V_{\text{PL}}^{\text{b}} } \right| < < \left| {V_{\text{EL}}^{\text{b}} } \right|$$]. Then, the correction term is closer to 6.8 nanostrain/year.
As for the viscous strain rate of the short-wavelength component, [image: $$V_{\text{VS}}^{\text{a}}$$], the correction term is [image: $$- V_{\text{ES}}^{\text{a}}$$] from the comparison between Eqs. (9) and (A3). A similar equation to (A10) can be obtained as[image: $$d_{\text{L}}^{\text{b}} < V_{\text{VL}}^{\text{b}} < 0.$$]

 (A12)

 Using Eqs. (A7) and (A12), Eq. (A6) becomes[image: $$d_{\text{L}}^{\text{a}} < V_{\text{EL}}^{\text{a}} < d_{\text{L}}^{\text{a}} - d_{\text{L}}^{\text{b}} .$$]

 (A13)

 From Eqs. (A1) and (A13), we can obtain the upper and lower bounds of the correction term as[image: $$- c\left( {d_{\text{L}}^{\text{a}} - d_{\text{L}}^{\text{b}} } \right) < - V_{\text{ES}}^{\text{a}} < - cd_{\text{L}}^{\text{a}} .$$]

 (A14)

 When we use the same values as above, the range of the correction term is from − 6.8 to − 3.7 nanostrain/year. Because the elastic deformation should be dominant in the long-wavelength component, [image: $$\left| {V_{\text{VL}}^{\text{b}} } \right| < < \left| {V_{\text{EL}}^{\text{b}} } \right|$$], the correction term would be closer to − 3.7 nanostrain/year.
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