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Abstract
Based on analyses of global navigation satellite system data since 1996, we investigate the spatiotemporal strain field around the Ishikari-Teichi-Toen fault zone, which is a major active fault zone close to the epicenter of the 2018 Eastern Iburi earthquake in Hokkaido, Japan. Strain rates during almost whole periods, except for the timings of two distant large interplate earthquakes and following several years show an E–W to ESE–WNW contraction of ~ 0.1 ppm/year. This strain rate is approximately an order of magnitude larger than that of the surrounding area. Strain rate disturbances due to large earthquakes diminish within several years and return to the original level, suggesting that there is a uniform strain accumulation along this fault zone. Strain rate profiles that traverse the fault zone are characterized by a major contraction, corresponding to the Ishikari lowlands where a significantly thick low seismic velocity layer exists. A relatively high strain rate around this fault zone may reflect some amount of inelastic strain accumulation in addition to the elastic strain accumulation along the faults originating from complex fault and crustal structures.[image: A40623_2019_1024_Figa_HTML.png]
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Introduction
The Ishikari-Teichi-Toen Fault zone (hereafter referred to as the Ishikari fault zone) is an active fault located along the eastern edge of the Ishikari lowlands in Hokkaido, Japan (Fig. 1, Headquarters for Earthquake Research Promotion (HERP) 2018a). This zone forms part of a major geological boundary that extends in a N–S direction and is affected by compressional tectonics as it is adjacent to the Hidaka collision belt (e.g., Kimura 1994, 1996). Seismic velocity structures (Iwasaki et al. 2004; Kita et al. 2012) and Bouguer anomalies (National Institute of Advanced Industrial Science and Technology 2018) are characterized by clear boundaries, indicating the existence of a large structural boundary in the vicinity of the fault zone.[image: A40623_2019_1024_Fig1_HTML.png]
Fig. 1a Regional map of the study area. The black solid line and red triangle indicate active faults (Nakata and Imaizumi 2002) and volcanos, respectively. Focal mechanisms are located at the epicenter of the 2003 Tokachi-oki and 2011 Tohoku earthquakes (F-net solution, NIED 2018). The vectors indicate Pacific plate motion with respect to Okhotsk plate (~ 85 mm/year). b Location of GNSS sites and seismicity associated with the 2018 Iburi earthquake and aftershocks. The mainshock is shown with a red focal mechanism. Background seismicity, denoted by grey circles, are aftershocks over Mj = 3.0 during the ten measured for 10 days following the mainshock. Aberrations of IF and IL are the Ishikari fault zone and Ishikari lowlands, respectively. GNSS site 0128 (Sapporo) is the fixed site used for horizontal velocity estimations. The location and focal mechanism of the 2004 Rumoi earthquake (F-net solution) are also plotted. The red line shows the strain profile used for Fig. 4





The 2018 Eastern Iburi earthquake of Mw 6.6 (F-net solution, National Research Institute for Earth Science and Disaster Resilience (NIED) 2018) was an intraplate earthquake that occurred on September 6, 2018 at southeast portion of the Ishikari fault zone. The mainshock and aftershock distribution, which was analyzed by Katsumata et al. (in review), indicates that the coseismic fault associated with the Eastern Iburi earthquake is not directly connected to the Ishikari fault zone. However, the relationship between the seismic activity and the active faults of this region requires further attention.
Regional crustal movement in Hokkaido determined from geodetic data shows that the SE–NW to ESE–WNW contractional field is mainly affected by Pacific plate subduction. In addition to this regional tectonic setting, several detailed geodetic observations highlight the importance of block boundaries in the Hokkaido region. Based on data from an 80-year geodetic survey that began in the early 1900s, Hashimoto and Tada (1988) suggest that Hokkaido is separable into three blocks, whose boundaries include the area surrounding the Ishikari fault zone. Loveless and Meade (2010) explain the crustal deformation field based on a block boundary along this fault zone using recent global navigation satellite system (GNSS) data. Therefore, this area may play a role as a locking fault or a significant deformable zone.
Strain measurement is a preferable tool to investigate internal crustal deformation. Nationwide geodetic strain distributions based on analyses of GNSS data show relatively high contractional dilatation strain rates surrounding the Ishikari lowlands and Ishikari fault zone of the order of ~ 0.1 ppm/year (Sagiya et al. 2000). This strain rate is comparable to other high-strain rate fields, such as the Niigata-Kobe Tectonic Zone (Sagiya et al. 2000) and Ou backbone range (Miura et al. 2004), which have experienced destructive intraplate earthquakes. In addition, these regions exhibit significant discontinuity along subsurface structures, which is a possible strain concentration mechanism (e.g., Iio et al. 2004; Hasegawa et al. 2005; Meneses-Gutierrez and Sagiya 2016; Meneses-Gutierrez et al. 2018).
Based on this background, understanding the crustal strain field around the Ishikari fault zone with high spatiotemporal resolution is important for earthquake risk assessment. Sagiya et al. (2000) discussed the comprehensive strain field of the region but only analyzed the period between 1997 and 2000. On the other hand, we are able to use an increasing number of GNSS sites and have access to longer periods of data. Therefore, we can conduct a more detailed analysis of the strain field surrounding this area.
In this study, we focus on the area shown in Fig. 1 and estimate the crustal strain field in detail using the last 22 years of available GNSS data. Two large and distant interplate earthquakes (i.e., the 2003 Mw 8.0 Tokachi-oki earthquake and the 2011 Mw 9.0 Tohoku-oki earthquake; epicenters are plotted in Fig. 1a) occurred during this 22-year period that generated co- and post-seismic deformation in the study area (e.g., Ozawa et al. 2004; Pollitz et al. 2011). Taking the occurrences of these earthquakes, we also analyze the changes in the spatiotemporal strain rate and its characteristics.

Data and analysis
In this study, we use the daily coordinates (F3 solution; Nakagawa et al. 2009) from the nationwide GNSS network (called GEONET), operated by the Geospatial Information Authority of Japan (GSI) from March 1996 to December 2017.
Comparison between the steady-state strain field during interseismic periods along the subduction zone and distant earthquakes that induced post-seismic transient strain regimes yields characteristics of long- and short-term responses to strain accumulation in the fault zone (Meneses-Gutierrez and Sagiya 2016). However, in this study, we first focus on features associated with the accumulation of steady-state strain. To understand the strain rate field during steady-state, we estimate the strain rate field assuming two quiescent periods and considering the seismic effects from two large earthquakes: March 1996 (first day of available data) to September 2003 (before the 2003 Tokachi-oki earthquake; period 1) and January 2014 to December 2017 (after the 2011 Tohoku-oki earthquake; period 2). For period 2, postseismic deformation caused by the 2011 Tohoku-oki earthquake lasted until recently, but the coordinate time series does not show clear transient deformation during this period. Therefore, we assume that this period of postseismic effect is negligible and treat as steady-state for the present. For these two periods of coordinate time series at each site, we estimate the linear velocity component using a least-square linear fit, as well as the annual and semi-annual components. The estimated horizontal velocities are calculated as strain rate tensors by applying the method developed by Shen et al. (1996) at each grid (0.05° × 0.05°). The distance decay constant, which controls the weighting of the observations, is assumed to be 30 km.
We also estimate the annual strain to investigate changes in the temporal strain surrounding the study area. The annual horizontal displacement is calculated based on the differences in the averaged five-day coordinates beginning each September since 1996 and until 2018. Subsequently, the annual strain is calculated using the interpolation procedures described above (Shen et al. 1996).

Results and discussion
Strain rate distribution during the two periods
For the two assumed steady-state periods, their strain rate and horizontal velocity fields are shown in Fig. 2. For comparison, the regional strain rate distribution in Hokkaido is also shown (Fig. 2a-1, b-1). As shown in both local maps (Fig. 2a-2, b-2), a relatively high rate of contractional strain was observed along the Ishikari fault zone. This is comparable with the strain in eastern Hokkaido, which is strongly affected by interplate coupling from the Kurile Trench. The location of the high strain rate field roughly corresponds to the block model boundary suggested by Hashimoto and Tada (1988) as well as Loveless and Meade (2010). Here, we observe a maximum principal strain rate for the E–W to ESE–WNW contraction of ~ 0.1 ppm/year. This value is approximately an order of magnitude larger than the surrounding area. Near the Ishikari fault zone, the regional strain distribution estimated from GNSS data (between 1997 and 1999) (Sagiya et al. 2000) and longer periods from geodetic surveys (Hashimoto and Tada 1988; GSI 2018a) also indicate similar patterns. Therefore, this high strain rate likely dominated for more than 100 years.[image: A40623_2019_1024_Fig2_HTML.png]
Fig. 2Calculated strain rate fields and their horizontal velocity field source for two periods: a the period from March 1996 to September 2003; a-1 regional distribution of dilatation and principal strain rate in Hokkaido. Dilatation rates with colors and principal strain vectors at every 0.25° were estimated from the velocity field. Positive dilatation rate values indicate expansion. The red and blue colors for principal strain indicate extension and contraction, respectively. a-2 Enlarged view of the study area. a-3 Horizontal velocity field with respect to site 0128 (Sapporo). b-1, b-2, and b-3 are identical to a-1, a-2, and a-3, respectively, but for the period between January 2014 and December 2017. The four grids with open circles in b-2 are areas that are characterized by changes in temporal strain, as shown in Fig. 3





Although the distribution of high strain rates is clearly visible in the study area, the spatial patterns differ between periods 1 and 2 (Fig. 2a-2, b-2). Compared with period 1, which represents a mostly pure interseismic period, period 2 may have been affected by postseismic deformation associated with two previous large earthquakes. Since the horizontal velocity patterns also differ before and after the events (Fig. 2a-3, b-3), postseismic deformation likely affected the spatial pattern in period 2, even if the time series is stable.
In addition, the number of GNSS sites and their geometries changed during these two periods (i.e., a total of 34 GNSS sites during period 1 increased to 47 sites during period 2 in the same region; Fig. 1b). To confirm the effect of site distribution, the same GNSS sites between periods 1 and 2 are chosen for calculation of the strain distribution around the study area (Additional file 1: Figs. S1(a) and S1(b)). As a result, different strain distribution patterns are estimated using the same sites, and each period of the pattern exhibit the same tendency as each period in Fig. 2. Therefore, the strain distribution in period 2 reflects the postseismic effect by two distant large earthquakes. However, it is clear that both periods exhibit relatively large E–W to ESE–WNW contractional strain rate fields around the Ishikari fault zone. It is likely that the contractional strain in this period lasted for the same amount of time as in period 1.

Temporal changes in the strain field
Changes in the temporal strain are investigated using annual strain rates. To compare the changes in temporal strain between the vicinity of the Ishikari fault zone and other regions, two areas composed of two grids are selected (Fig. 2b; north: 141.95°E, 44.35°N and 141.95°E, 44.60°N and south: 141.70°E, 42.85°N and 141.70°E, 43.10°N) and their dilatation and E–W annual strain component are plotted (Fig. 3). Because of the effects of the 2003 Tokachi-oki earthquake, we estimate a large extensional strain rate, i.e., greater than 0.3 ppm/year, for 2003, whose values are denoted by the text in Fig. 3a-1, b-1, and b-2. The southern area is near the surface trace of the Ishikari fault zone, which is the focus of this study.[image: A40623_2019_1024_Fig3_HTML.png]
Fig. 3Temporal changes in the strain rate: a for northern areas. a-1 Dilatation in the two northern areas (red: 141.95°E, 44.35°N and blue: 141.95°E, 44.60°N). Vertical bars indicate the timing of large earthquakes (i.e., the 2003 Tokachi-oki, 2011 Tohoku-oki, and 2004 Rumoi earthquakes). Error bars are 0.5 − σ. The horizontal colored lines behind the March 1996 to September 2003 and January 2014 to December 2017 periods are the strain rates shown in Fig. 2 estimated from the two velocity fields. Each color corresponds to a grid location. a-2 is identical to a-1 but for the E–W component. b Southern areas. b-1 and b-2 are identical to a-1 and a-2, respectively, but are for southern areas (red: 141.70°E, 42.85°N and blue: 141.70°E, 43.10°N)





In the northern area (Fig. 3a), the entire estimated period is characterized by uniform E–W contractional strain of < 0.1 ppm/year, except for 2003 and 2004. The 2003 Tokachi-oki earthquake and the 2004 Rumoi earthquake (Mw5.7, F-net solution, NIED 2018), which was an intraplate earthquake that occurred near the study area, induced a transient extensional strain. Effects from the 2011 Tohoku-oki earthquake are negligible. On the other hand, contractional strain in the southern area (Fig. 3b) is larger than that in the northern area throughout the entire period, at ~ 0.1 ppm/year, except for periods during large, distant earthquakes (i.e., in 2003 and 2011). The 2003 Tokachi-oki earthquake generated a significant amount of extensional strain similar to that observed in the northern area. After this earthquake, the values for both types of strain decreased and gradually shifted to contraction (2004–2010). Finally, contractional strain attained an identical level of ~ 0.1 ppm/year. During this period, which includes the 2011 Tohoku-oki earthquake, dilatational strain is characterized by extension (Fig. 3b-1) while E–W strain indicates contraction (Fig. 3b-2). This is due to the large coseismic N–S extraction that occurred in the area. Disturbances induced by the 2011 Tohoku-oki earthquake also gradually diminish within a few years. Recent strain rates are uniform and nearly identical to those of the interseismic period (before 2003).
As a result, changes in the temporal strain exhibit relatively larger contractional strain rates near the Ishikari fault zone throughout the entire period compared to that of the northern area of the surrounding region. Coseismic and postseismic effects are observed, which diminish within several years and eventually return to the original level. Several years before the 2018 Eastern Iburi earthquake, characteristic features are not observed near the fault zone, indicating a certain accumulation of uniform contractional strain.
For the 2018 Eastern Iburi earthquake, previous studies have proposed coseismic fault models to explain less than approximately 5 cm of the coseismic displacement (GSI 2018b). Both the strain distributions, which are calculated from the coseismic displacement recorded on the GNSS network, and theoretical displacement field calculated from the fault model, show small E–W to ENE–WSW contraction near the southern area (Fig. 3b). The value of the former is approximately 0.3 and the latter is less than approximately 0.1 ppm, respectively (Additional file 1: Figure S2). This transient change in strain may slightly affect the areas around the seismic region.

Spatial patterns of strain distribution and causes of strain concentration
The results of this study clearly show a relatively large and uniform rate of contractional strain (i.e., approximately one order of magnitude larger than the adjacent areas) surrounding the Ishikari fault zone for at least the past 20 years, even with some transient disturbances. In addition, this condition has probably lasted for a significantly longer duration (approximately 100 years) (e.g., Hashinoto and Tada 1988; GSI 2018a). To understand how the accumulated strain is released, the characteristics of the uniform spatial strain rate distributions around the Ishikari fault zone and its causes will be discussed.
A major cause of contractional strain is the elastic strain, which accumulates during interseismic periods on the fault and is released during coseismic slip. As mentioned in the previous section, effects from surrounding large interplate earthquakes, characterized by ~ 100-year recurrence intervals, disappear within several years. Therefore, if this elevated strain rate (0.1 ppm/year) around the Ishikari fault zone has lasted for long periods in terms of geological timescale, this effect is insignificant. On the other hand, HERP (2018b) estimated that the Ishikari fault zone has a recurrence interval of 1000–2000 years and can produce an M7.9 earthquake. If strain accumulation continues during this interval, the amount of accumulated strain could reach 100–200 ppm. Previous studies have observed extensional strain on the order of 10 ppm for the M9-class coseismic events even if the area was ~ 100 km away from the coseismic fault (Ohzono et al. 2012). It is predicted that earthquakes at the Ishikari fault zone will release this accumulated strain elastically with > 10 ppm around this seismic region.
However, from the view of subsurface structure, this area possibly acts inelastically and exhibits smaller elasticity than the surrounding areas due to the approximately 10 km thick sediment layer near the fault zone (e.g., Iwasaki et al. 2004). A similar case is the Mid-Niigata region located in the Niigata-Kobe tectonic zone, which has a thick sedimentary layer. Meneses-Gutierrez et al. (2018) evaluated the surface deformation throughout this region by analyzing the geodetic strain field during pre-, co-, and post-seismic periods. Although their conclusions suggest a detachment between the upper weak zone and lower basement rock, the authors explain the localized deformation via inelastic deformation, assuming that the weak zone is in the crust and the deeper zone is characterized by aseismic fault slip.
To confirm the effects of inelastic strain, which is also affected by the thick sediment layer, we follow the approach of Meneses-Gutierrez et al. (2018) and construct E–W strain distribution profiles with a length of 160 km that traverse the Ishikari fault zone (across latitudes at 43.0°N). Two periods of strain rate fields are used, and long-wavelength components are removed to extract the localized strain field (Fig. 4). The original strain profile shown in Fig. 4a indicates a contractional field and increases toward the east, while a large steep change around the Ishikari lowlands occurs, including the area of the Ishikari fault zone. Both period profiles that extracted localized strain (Fig. 4b), which eliminated any linear trends, correspond to a long-wavelength strain component and show significant contractional strain distribution around the Ishikari lowlands. Considering the location of the Ishikari fault zone (eastern edge of the Ishikari lowlands) and its east-dipping fault geometry (HERP 2018b), we suggest that the deeper extension of the fault, which is probably enforced loading, is located more on the eastern side. This indicates that if the obtained strain distribution only reflects the effect of elastic fault locking, the peak contractional strain is expected to concentrate east of the Ishikari fault zone. However, the observational profile shows a contractional field beneath the wide area of the Ishikari lowlands. Therefore, the contractional strain around this area is possibly caused by inelastic deformation due to the thick sediments of the Ishikari lowlands. For a more detailed discussion, we must consider crustal responses during other periods in the seismic cycle, not only interseismic periods. It is also necessary to perform careful simulations while assuming the fault geometry of deeper regions, as well as the elasticity of subsurface structures and the inelastic effect beneath the Ishikari lowlands quantitively. However, this strain distribution pattern might be affected by the inelastic strain effect of in the Ishikari lowlands, in addition to the elastic strain accumulation on the Ishikari fault zone.[image: A40623_2019_1024_Fig4_HTML.png]
Fig. 4Profiles of the E–W strain rate components at a latitude of 43.0°N. a The original E–W strain rate component. Red and blue colors represent estimates of March 1996 to September 2003 (period 1) and January 2014 to December 2017 (period 2), respectively. Error bars are 1 − σ. Each colored line is the result of the linear trend fitting performed on each profile. b Detrended strain rate profile. The lower grey line corresponds to the altitude along the profile. c Schematic image beneath the profile area





The 2018 Eastern Iburi earthquake was a relatively deep intraplate earthquake. Therefore, it is difficult to directly discuss stress accumulation and release processes based on GNSS data because it is indicative of only the surface strain field. However, the high strain rate field is distributed around the focal area. Therefore, we must consider the relationship between this strain concentration zone and mechanisms that induce accumulation of deeper stress and/or release processes in the future.


Conclusions
In this study, we confirmed the occurrence of relatively large strain concentrations surrounding the Ishikari fault zone using the last 22 years of GNSS data. Temporal changes in strain for this area indicate uniform contractional strain that is larger than the surrounding areas, except for several disturbances due to previous large earthquakes. The spatial strain distribution patterns show a major contractional strain field centered around the Ishikari lowlands including the area of the Ishikari fault zone. This pattern likely indicates that the causes of strain concentration in this area involve elastic strain accumulation along the fault zone and inelastic contraction due to a weak crustal layer near the fault zone.
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