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Structural heterogeneity in and around the fold-and-thrust belt of the Hidaka Collision zone, Hokkaido, Japan and its relationship to the aftershock activity of the 2018 Hokkaido Eastern Iburi Earthquake
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Abstract
The Hokkaido Eastern Iburi Earthquake (M = 6.7) occurred on Sep. 6, 2018 in the southern part of Central Hokkaido, Japan. Since Paleogene, this region has experienced the dextral oblique transpression between the Eurasia and North American (Okhotsk) Plates and the subsequent collision between the Northeast Japan Arc and the Kuril Arc due to the oblique subduction of the Pacific Plate. This earthquake occurred beneath the foreland fold-and-thrust belt of the Hidaka Collision zone developed by the collision process, and is characterized by its deep focal depth (~ 37 km) and complicated rupture process. The reanalyses of controlled source seismic data collected in the 1998–2000 Hokkaido Transect Project revealed the detailed structure beneath the fold-and-thrust belt, and its relationship with the aftershock activity of this earthquake. Our reflection processing using the CRS/MDRS stacking method imaged for the first time the lower crust and uppermost mantle structures of the Northeast Japan Arc underthrust beneath a thick (~ 5–10 km) sedimentary package of the fold-and-thrust belt. Based on the analysis of the refraction/wide-angle reflection data, the total thickness of this Northeast Japan Arc crust is only 16–22 km. The Moho is at depths of 26–28 km in the source region of the Hokkaido Eastern Iburi Earthquake. Our hypocenter determination using a 3D structure model shows that most of the aftershocks are distributed in a depth range of 7–45 km with steep geometry facing to the east. The seismic activity is quite low within the thick sediments of the fold–thrust belt, from which we find no indication on the relationship of this event with the shallow (< 10–15 km) and rather flat active faults developed in the fold-and-thrust belt. On the other hand, a number of aftershocks are distributed below the Moho. This high activity may be caused by the cold crust delaminated from the Kuril Arc side by the arc–arc collision, which prevents the thermal circulation and cools the forearc uppermost mantle to generate an environment more favorable for brittle fracture. [image: ../images/40623_2019_1081_Figa_HTML.png]
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	HB
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	Hmr
	Hidaka metamorphic rocks
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Introduction
The Hokkaido Eastern Iburi Earthquake (M = 6.7), hereafter called as the Iburi Earthquake, took place on Sep. 6, 2018 in the southern part of Central Hokkaido (The Headquarters for Earthquake Research Promotion (HERP) 2018a, b, c; Fig. 1). The source region of this earthquake is located beneath the foreland fold-and-thrust belt of the Hidaka Collision zone which has been formed by the collision between the Kuril Arc and the Northeast Japan Arc (NE Japan Arc) since Middle Miocene. The Iburi Earthquake has interesting characteristics. First, it occurred at a very deep depth (~ 37 km) (Japan Meteorological Agency (JMA) 2018a. Aftershocks of this event by JMA (2018a) are also distributed in a deeper depth range of 12–45 km. These observations generated intense debates on whether this event occurred in the crust or the uppermost mantle. Second, the CMT solution shows a reverse fault with ENE–WSW P axis (JMA 2018b), while the focal mechanism from first motion data indicates a dextral strike-slip fault (JMA 2018c; National Research Institute for Earth Science and Disaster Resilience (NIED) 2018. Based on SAR and GNSS data, Geospatial Information Authority of Japan (GSI) (2018) presented a preliminary model for this earthquake which is characterized as a reverse fault steeply inclining to the east with 14-km length, 16-km width and 1.3-m slip. These indicate the complicated rupture process of this event, namely, the beginning of the rupture was of a strike-slip type, which was followed by the main rupture of a reverse fault type. Such features of this earthquake were probably controlled by significant structural heterogeneity in and around the source region.[image: ../images/40623_2019_1081_Fig1_HTML.png]
Fig. 1Tectonic maps in and around Hokkaido, Japan. a Tectonic map in and around Japan. Our study area of Hokkaido, the northernmost island in Japan, is colored in pink. HCZ: the Hidaka Collision Zone. b Geological units forming Central Hokkaido (Kimura 1994; Ueda 2016) and seismic reflection and refraction/wide-angle reflection lines of the 1998–2000 Hokkaido Transect (Iwasaki et al. 2001, 2004; RGES 2002a, b). Other reflection lines in the southern part of Central Hokkaido (e.g., Arita et al. 1998; Tsumura et al. 1999; Ito 2000, 2002) are also shown. A yellow circle indicates the epicenter of the Hokkaido Eastern Iburi earthquake (M = 6.7) on Sep. 6, 2018 by Japan JMA (2018a). OB: Oshima Belt; SYB: Sorachi-Yezo Belt; HB: Hidaka Belt; TB: Tokoro Belt; Iz: Idon’nappu zone: Hmz: Main zone of the HB; Ynz: Yubetsu-Nakanogawa zone of the HB; Kz: Kamuikotan zone; Hmr: Hidaka metamorphic rocks; HMT: Hidaka Main Thrust



The “Hokkaido Transect” was an intensive seismic project with controlled sources undertaken in 1998–2000 (Iwasaki et al. 2001, 2004; the Research Group for Explosion Seismology, Japan (RGES) 2002a, b; Fig. 1b). The profile lines of this project were laid out from the hinterland to the foreland fold-and-thrust belt crossing the Hidaka Main Thrust (see “Geological setting in and around the source region of the Hokkaido Eastern Iburi Earthquake” section) in Central Hokkaido, involving the source region of the Iburi Earthquake. The seismic refraction/wide-angle reflection data from the Hokkaido Transect clarified crustal deformation due to the above arc–arc collision and complicated structural variation in the fold-and-thrust belt (Iwasaki et al. 2004). But, as described in “Reprocessing and reanalyses for controlled source seismic data” section, deeper structures including the lower crust and the uppermost mantle, which are inevitably important to understand the mechanism on the occurrence of the deep Iburi Earthquake, remain enigmatic. In this paper, we reanalyze the data from the Hokkaido Transect by advanced processing and interpretation techniques, especially focusing on the unknown deeper structures. Then, aftershock distribution of the Iburi Earthquake is intensively investigated based on the newly obtained structural constraints down to the upper mantle. Finally, we discuss the occurrence of this event under a wider tectonic scope in and around Central Hokkaido.
Geological setting in and around the source region of the Hokkaido Eastern Iburi Earthquake
The seismic profiles of the Hokkaido Transect are crossing main geological units covered with in-and-after Middle Miocene strata in Central Hokkaido (Fig. 1b). The Oshima Belt (OB), which is northern extension of the NE Japan, has been formed by westward subduction and accretion processes at the eastern margin of the Asian Continent (e.g., Kiminami and Kotani 1983; Niida and Kito 1986). The Sorachi-Yezo Belt (SYB) is comprised of a Jurassic ophiolite and Cretaceous accretionary complexes (Sorachi Group) which are overlain by Cretaceous forearc basin clastic rocks (Yezo Group). The Idon’nappu zone (Iz) consists of Cretaceous accretionary complexes (Kiyokawa 1992; Ueda et al. 2001). The Kamuikotan zone (Kz) is characterized by High P-Low T metamorphic rocks originated from the underlying Cretaceous accretionary complexes, and associated ultramafic rocks (Ueda 2005). The Hidaka Belt (HB) is divided into the Main zone (Hmz) and Yubetsu-Nakanogawa zone (Ynz) (Ueda 2016). The Hmz is a Paleogene accretionary complex. The units from the SYB to Hmz were also formed by the westward subduction. On the other hand, the Ynz and the Tokoro Belt (TB) are accretionary complexes of northward or eastward subduction along the paleo-Kuril arc–trench system in Paleogene and Cretaceous, respectively (Kiminami and Kotani 1983; Niida and Kito 1986; Nanayama et al. 1993; Ueda 2016).
Since Paleogene, Central Hokkaido has been highly deformed under the dextral oblique collision between the Eurasia and North American (Okhotsk) Plates and the following westward movement of the Kuril Arc due to the oblique subduction of the Pacific Plate. The latter event, which started in Middle Miocene, has formed the Hidaka Collision zone (HCZ) with the uplift of High T-Low P Hidaka metamorphic rocks (Hmr) along the Hidaka Main Thrust (HMT) (Komatsu et al. 1983, Kimura et al. 1983; Kimura 1986). A series of reflection surveys in 1994, 1997 and 1998 in the southern part of the HCZ (Fig. 1b) revealed clear crustal delamination. Namely, the upper 23-km crust in the Kuril Arc side, which corresponds to the Hmr, is thrust up along the HMT; while, the lower part of the crust descends down to the west (Arita et al. 1998; Tsumura et al. 1999; Ito 2000, 2002). Refraction/wide-angle reflection experiments in the Hokkaido Transect showed the similar crustal obduction occurring in the northern part of the HCZ (Iwasaki et al. 2004).
The collision of the Kuril arc is also responsible for the development of the fold-and-thrust belt west of the HMT. In this belt, the west-verging structure has been growing especially within the thick (~ 10 km) Cenozoic sedimentary package (PN and M in Fig. 2a), whose western margin is known as the active fault zone (East Boundary Fault zone of the Ishikari Lowland, see “Aftershock distribution of the 2018 Hokkaido Eastern Iburi Earthquake” section). Previous seismic expeditions support the above structural features. The seismic data of the Hokkaido Transect showed a very thick (~ 5–10 km) sedimentary package with velocity reversals on the top of the SYB (Iwasaki et al. 2004). According to the reprocessing for the previous seismic reflection surveys, active faults in the thick sedimentary package generally dip eastward, getting very gentle at depth levels shallower than 10–15 km (Ito 2000; Kazuka et al. 2002).[image: ../images/40623_2019_1081_Fig2_HTML.png]
Fig. 2Surface geology and depth-migrated section. a Surface geology. Hmr: Hidaka metamorphic rocks; Po: Poroshiri Ophiolite; Iz: Idon’nappu zone; Sr: Sorachi Group; Yz: Yezo Group; Kz: Kamuikotan zone; NIz: Nappe of Iz; PN: Poronai Group; M: Miocene strata; HMT: Hidaka Main Thrust; NOF: Nitarachi-Oshorobetsu fault; KGF: Kenomai-Gabari fault. b Depth-migrated section from 1998–2000 seismic reflection data using CRS/MDRS method (see the text for detailed explanation). Yellow allows show eastward dipping events beneath the HB. This domain is traced down to a 20–25-km depth. At depths of 25–40 km beneath the HMT, several uncoherent events are recognized (light blue arrows). West-verging events in the uppermost 15-km crust west of the HMT are also noticed (red arrows). A white arrow is the uppermost event dipping to the west. c Depth-migrated section from 1998–2000 seismic reflection data with our interpretations (red lines). “A” indicates the deeper image of the HMT. Uncoherent events around the bottom of the HMT are enclosed by a broken ellipse (“B”). West-verging events in the uppermost crust are indicated by “C”. Deep structures in the NE Japan Arc are shown by green lines (“D”). Red broken lines (“R1” to “R3”) are structural boundaries interpreted with aid of the velocity structure model from the refraction/wide-angle reflection data (see Fig. 5b)



The Iburi Earthquake took place beneath the fold-and-thrust belt at a deep depth of ~ 37 km. Seismic activity west of the HMT is also characterized by very deep (more than 20–30 km) earthquakes including M7 class events (Moriya 1972; Iwasaki et al. 1983; Moriya et al. 1983; Kita et al. 2012). The seismological structure around the source regions of these events is highly complicated (Takanami 1982; Miyamachi and Moriya 1984; Miyamachi et al. 1994; Iwasaki et al. 1998, 2004; Moriya et al. 1998; Murai et al. 2003; Kita et al. 2012). However, the relationship between such structural heterogeneity and characteristics of seismic activity is left unclarified as yet.
Reprocessing and reanalyses for controlled source seismic data
In the 1998–2000 Hokkaido Transect, a series of seismic experiments with controlled sources were undertaken in the northern part of the HCZ (Fig. 1, Tables 1 and 2). The 1998 reflection survey was aimed to elucidate the collision structure around the HMT by 15- and 10-km profiles (Iwasaki et al. 2001). A 227-km refraction/wide-angle reflection line in 1999 was laid out from the hinterland to the fold-and-thrust belt crossing the HMT to obtain the whole velocity structure of the HCZ (RGES 2002a). At the same time, seismic reflection data were acquired along a 58-km line in the hinterland area east of the HMT. The 2000 seismic survey, on the other hand, was focused on investigating the structure of the fold-and-thrust belt west of the HMT both from reflection and refraction/wide-angle reflection experiments with profile lengths of 70 and 114 km, respectively (RGES 2002b). Iwasaki et al. (2004) presented a velocity structure model from the 1999 and 2000 refraction/wide-angle reflection data. For the 1998 and 1999 reflection data, Adachi (2002) imaged the collision structure along the HMT. Although these studies revealed the complex structural variation in the HCZ to some extent, the deeper structures, particularly those of the NE Japan Arc crust and upper mantle beneath the fold-and-thrust belt, are left unclarified. In this paper, we performed intensive and integrated interpretations both for the seismic reflection and refraction/wide-angle reflection data described above.Table 1Seismic reflection experiments in the Hokkaido Transect Project


	Profile
	1998-Wa

	1998-Ea

	1999b

	2000c


	Source
	Vibrator x 4 + explosive
	Vibrator x 4 + explosive
	Explosive
	Vibrator x 4 + explosive

	Shot interval (m)
	200–300
	200–300
	~1000
	200–300

	Charge size of explosive (kg)
	100
	100
	40–700
	100–300

	Number of shots
	50 + 1
	24 + 1
	28
	161 + 4

	Receiver interval (m)
	50/150
	50
	50
	50/300

	Number of receivers
	312
	200
	1055
	1073

	Profile length (km)
	15
	10
	58
	70

	Sampling interval (ms)
	4
	4
	4/10
	4/10

	Record length(s)
	20/40
	20/40
	30
	16/20/60



aIwasaki et al. (2001)

bRGES (2002a)

cRGES (2002b)


 Table 2Seismic refraction/wide-angle reflection experiments in the Hokkaido Transect Project


	Profile
	1999a

	2000b


	Source
	Explosive
	Explosive

	Number of shots
	6
	4

	Charge size (kg)
	100–700
	100–300

	Number of receivers
	297
	327

	Profile length (km)
	227
	114

	Sampling interval (ms)
	10
	10

	Record length(s)
	60
	60



aRGES (2002a)

bRGES (2002b)




Seismic reflection processing
To obtain deeper and broader seismic image in the HCZ, we applied recently developed and advanced processing of Common Reflection Surface (CRS)/Multi-Dip Reflection Surface (MDRS) stacking method to the combined data set of the 1998, 1999 and 2000 experiments. In the conventional Common Mid-Point (CMP) method, traces with the same mid-point are collected for stacking. In the CRS method (Hubral et al. 1999; Jäger et al. 2001; Berkovitch et al. 2008); on the other hand, traces sharing the same reflection surface are stacked and processed. This can dramatically increase in number of stacked traces, which enables us to get clearer and more reliable seismic images as compared with the CMP method. The MDRS method is also a useful technique for imaging reflectors closely distributed with different dips, which are sometimes failed to be differentiated in the conventional processing (Aoki et al. 2010).
In Fig. 2, the depth-migrated reflection image obtained is shown together with the surface geology, our event identifications and interpretations. The CDP line for our processing is also given in the geological map (Fig. 2a). Arrows in Fig. 2b show major events we recognized. We notice a 5-km-thick and densely reflective domain composed of eastward dipping events beneath the HB (yellow arrows in Fig. 2b). This domain is traced down to a 20–25-km depth in a distance range of 155–165 km. We interpreted its easternmost/uppermost margin to be the deeper image of the HMT (“A” in Fig. 2c). At depths of 25–40 km beneath the HMT, several uncoherent events are recognized (light blue arrows in Fig. 2b), which are probably related to the deep crustal deformation in the Kuril Arc side (a broken ellipsis “B” in Fig. 2c). West-verging events in the uppermost 15-km crust west of the HMT (red arrows in Fig. 2b) are interpreted to be the faults and structural boundaries formed by the collision process (“C”; see also Fig. 2a). As stated in detail in “Straight forward modelling by ray-tracing” section, some parts of the reflection image are well correlated with layer boundaries deduced from the refraction/wide-angle reflection analyses by Iwasaki et al. (2004) and present study (see “Refraction/wide-angle reflection analysis” section and Fig. 5). The Kenomai-Gabari Fault (KGF) is imaged as a bottom of the reflective band inclining to the east (Fig. 2c).
The most striking feature from the present reflection processing is a series of deep reflectors (green arrows in Fig. 2b). These reflectors are at about 30-km depth in a distance range of 125–140 km, but are continuously traced further east down to 40–45-km depths beneath the HB. We interpreted these events to be the lowermost crustal reflector (reflective lower crust) or the Moho of the NE Japan Arc descending to the east as indicated by green lines (“D”) in Fig. 2c. Then, the total thickness of the NE Japan Arc crust is about 15–23 km in a region from the eastern part of the SYB to the HB. Such a deep structure was not imaged from the conventional processing by Adachi (2002), and is the new finding by the advanced CRS/MDRS method. We used these results as constraints for modelling deeper structure in the next section.
Refraction/wide-angle reflection analysis
The present refraction/wide-angle reflection analysis was done through two steps. The previous upper and middle crustal model (Iwasaki et al. 2004) was obtained from the forward modelling of a ray-tracing method (e.g., Cerveny 1985). In the first step, we checked the validity of this model using a different travel time analysis of seismic tomography. As described in “Seismic tomography” section, this step successfully showed its validity and reliability. Next, incorporating the results from the seismic reflection data in “Seismic reflection processing” section, the forward modelling by the ray-tracing method was undertaken to reveal still unknown structures of the lower crust and uppermost mantle west of the HMT using travel times observed at far offsets (80 ~ 180 km). By this analysis, we tried to find out a plausible deeper structure model including the Moho and the uppermost mantle west of the HMT with aid of the structural constraints derived from the seismic reflection processing in “Seismic reflection processing” section (Fig. 2c).
Seismic tomography
We performed the tomography analysis (Zelt and Barton 1998) to 44,616 first arrival times from 88 shots both on the seismic reflection and refraction/wide-angle reflection lines. These travel times were picked within offsets of 80–150 km. According to the previous analysis, the rays of these first arrivals penetrated in the upper/middle crust shallower than ~ 20-km depth (see Figs. 5, 8 and 9 in Iwasaki et al. (2004)). Namely, this tomography analysis was expected to provide an “objective” model shallower than this depth.
In this analysis, the stochastic approach was applied to suppress the initial model dependency in the final solution. Namely, the same travel time data were inverted 500 times for different initial models randomly generated from a reference model (Fig. 3a). Figure 3b, c shows the average and variance of the 500 final solutions, respectively. The travel time residual of this average model is 138 ms, which corresponds to about 75% reduction from the cases of the initial models (~ 600 ms). The variance of the solutions is 0.1–0.2 km/s in a distance range of 20–220 km, although it exceeds 0.4–0.8 km/s near the edges of the profile (Fig. 3c). The results of checker board test are shown in Fig. 4. For 5%-velocity anomaly with a size of 20 km (horizontal direction) × 5 km (depth direction), our data have enough resolving power down to ~ 10–12 km in almost the entire part of the profile (Fig. 4a). For a smaller anomaly (10 km x 3 km), the resolution becomes worse in a distance range of 0–70 km due to the sparse shot spacing, but the anomaly pattern is recovered down to 8–10-km depth (Fig. 4b).[image: ../images/40623_2019_1081_Fig3_HTML.png]
Fig. 3Velocity structure for the refraction/wide-angle reflection lines of the Hokkaido Transect from travel time tomography (see Fig. 1). a 500 initial models randomly generated from a reference model (a blue line with white circles). b Tomographic image for the upper 20-km crust by averaging 500 final solutions. A contour interval is 0.25 km/s. Shot positions used in the tomography analysis are indicated by triangles. c Variance for the 500 final solutions with a contour interval of 0.1 km/s


[image: ../images/40623_2019_1081_Fig4_HTML.png]
Fig. 4Results of checker board test. a Case for anomaly size of 20 km (Horizontal) x 5 km (vertical). Shot positions used in the tomography analysis are indicated by triangles. b Case for anomaly size of 10 km x 3 km



The obtained model (Fig. 3b) is characterized by a very thick (~ 10–12 km) low velocity (2–5.5 km/s) body in the fold-and-thrust belt, the outcrop of higher velocity (> 5.8–6 km/s) material around the HMT, and again a thick (~ 5–6 km) low velocity body in the hinterland east of the HMT. The equi-velocity lines of 5.5 and 6.0 km/s in the western part of the profile are descending to the east from 7–10 km under the westernmost edge of the profile to 15–18-km depth beneath the eastern part of the fold-and-thrust belt, representing the underthrust of the upper crust of the NE Japan Arc from the west. All of these features are well consistent with the previous upper/middle crust model presented by Iwasaki et al. (2004), strongly confirming the validity and reliability of their model (see also Fig. 5a).[image: ../images/40623_2019_1081_Fig5_HTML.png]
Fig. 5Velocity structure model by ray-tracing technique. a Entire velocity structure model. The shallower part (< 15–20-km depth) is based on the model by Iwasaki et al. (2004). Thick brown lines of “R1” to “R3” are layer boundaries well correlated with the seismic reflection image in Fig. 2c. Shot positions used in the forward analysis are indicated by triangles. A white line is the location of the 8-km deeper Moho (see the text for explanation). b Direct comparison of velocity model with seismic reflection image. The velocity model in a is superimposed on the depth-migrated section in Fig. 2c with the same notations and interpretations



Straight forward modelling by ray-tracing
Based on the result in “Seismic tomography” section, we adopted the velocity model by Iwasaki et al. (2004) as an upper/middle crustal part of our model (Fig. 5a). Before proceeding to the modelling for the deeper structure, we directly compared this velocity model with the seismic reflection image (Fig. 5b). As stated in “Seismic reflection processing” section, some of the layer boundaries in the upper/middle crust are well correlated with the reflection image (see “R1” to “R3” in Figs. 2c, 5a, b). A rather flat reflection boundary (“R1”) beneath the Miocene strata (M) is explained as a layer boundary existing in the thick sedimentary package (see also Fig. 5a). The top of reflectors distributed in a depth range of 15–25 km beneath the HB and the eastern SYB (“R2”) corresponds well to the upper interface of the 5.4–5.5 km/s layer, which is interpreted to be the uppermost part of the crystalline crust of the NE Japan Arc (Iwasaki et al. 2004). The reflection boundary “R3” beneath the SYB, which corresponds to the eastern margin of the 5.3–5.6 km/s body (Fig. 5a), is probably the downward continuation of the Kenomai-Gabari Fault (KGF) (see “Seismic reflection processing” section and Fig. 2c). It is also noted that these layer boundaries of R1–R3 have a higher velocity contrast of 0.3–1.0 km/s.
In determining the deeper structure, particularly beneath the fold-and-thrust belt including the source region of the Iburi Earthquake, we used travel times of several phases recognized at far offsets (~ 80–180 km) provided from the 1999 refraction/wide-angle reflection experiment (Fig. 6). Although these data contain some structural information on the lower crust and upper mantle, they are not of good quality. So, most of these data were used neither in the former study by Iwasaki et al. (2004) nor in the present tomography analysis because their phase identifications are more or less ambiguous and not unique.[image: ../images/40623_2019_1081_Fig6_HTML.png]
Fig. 6Record sections from shot L1 and M5. Phases recognized at far offsets (~ 80–200 km) are indicated by arrows. a Record section from shot L1. Interpretations for the phase “A” to “D” are shown in Fig. 7a or b. b Record section from shot M5. Interpretations for the phase “A” and “B” are shown in Fig. 8a



The present seismic reflection processing in “Seismic reflection processing” section, however, succeeded in imaging the deeper geometry of the NE Japan Arc crust west of the HMT (Fig. 2). So, if this information is incorporated in the modelling, the far-offset data mentioned above are expected to contribute to the construction of the deeper structure. In the following analysis, we fixed the location of Moho in a distance range of 120–160 km at the bottom of the deep reflectors in the migrated depth section (“D” in Fig. 2c). Then, the configuration of Moho in a range of 0–120 and lower crustal structure (layer geometry and velocities) in a range of 0–160 km were estimated from the travel time data at far offsets. Considering the low S/N ratio of the data, we also examined the change in resultant structure model by taking alternative phase identifications to them as described below.
Figure 7 shows the record section and ray diagram for the shot L1 (Fig. 1b). On the record sections, travel time curves from the model are superimposed (Fig. 7a, b). For the first arrival, theoretical travel times (green lines) fit well to the observed ones, again indicating the validity of the upper/middle crustal structure by Iwasaki et al. (2004). In Fig. 6a, we notice weak arrivals at offsets of 80–110 km with an apparent velocity of 7.6 km/s (phase “A”). Phases “B” and “C” beyond 100-km offset are recognized as a wave train with larger amplitude. In Fig. 7a, the phase “A” is interpreted to be Pn wave (refracted wave from the upper mantle), while the phases “B” to “D” are explained by the superposition of reflected waves from the crust (PiP1) and Moho (PmP) (see also Fig. 7c). The travel times of the Pn and PmP phases require rather shallow Moho at a depth of about 22–33 km in the western part of the profile (a distance range of 0–120 km (Figs. 5a and 7c). The PmP phase constrained the lower crustal velocity as 6.6 km/s in a range of 0–90 km. Because the qualities of the phases “A” to “D” in Fig. 6a are not so good, an alternative phase identifications may be possible. Namely, if we neglect the very weak phase of “A” and explain the phase “C” as the Pn phase (Fig. 7b), then the Moho becomes about 8-km deeper than that in the previous case as indicated by a broken line in Fig. 7c. By this change, the onsets of PmP phase at distant offsets (> 100 km) are delayed about 0.5 s, but still in the travel time range of the wave train “C” in Figs. 6a and 7c.[image: ../images/40623_2019_1081_Fig7_HTML.png]
Fig. 7Record section with theoretical travel times and ray diagrams for shot L1. a Record section on which travel time curves predicted from the velocity model (Fig. 5a) are shown. Theoretical travel times for first arrival and late phase are shown by a green and brown curves, respectively. See also the phase identifications in Fig. 6a. Phase “A” is interpreted to be Pn wave (refracted wave from the upper mantle), while phases “B” to “D” are are explained by superposition of PiP1 and PmP waves (reflected waves from the interfaces R1 and Moho, respectively). See also ray diagrams in c. b Record section on which travel time curves from a velocity model with 8-km deeper Moho (see c) are shown. Theoretical travel times for first arrival and late phase are shown by a green and brown curves, respectively. See also the phase identifications in Fig. 6a. Phase “B” in Fig. 6a is interpreted to be the PiP1 phase. The onset of wave train of phase “C” is explained by Pn wave while its later part by PmP wave. c Ray diagrams for PmP (light blue) and Pn (red) waves. Interfaces corresponding to PiP1 wave is indicated by R1. A broken curve shows the Moho location 8 km shifted downward (see the text for detailed explanation), which corresponds to the case of b




Figure 8 shows the case for the shot M5 (Fig. 1b). Phases “A” and “B” in Fig. 6b are interpreted to be Pn and PmP waves, respectively. These travel time data also indicate shallow Moho in a range of 0–120 km as in the case of the shot L1, but require higher velocity (~ 6.7–6.9 km/s) in the lower crust at around 90–160-km distances (Fig. 5a). As shown in Fig. 8b, rays of the Pn and PmP phases from this shot pass through the middle/lower crust east of the HMT (enclosed by a broken circle) in which the velocity estimation in the present analysis is still ambiguous. Relatively larger velocity changes of around 0.2–0.3 km/s in this part yield 0.2–0.3-s travel time shift for the Pn and PmP phases, but give only 2–3-km shift in Moho depth estimation. Reflections from the mid-crustal interfaces east of the HMT or those in the NE Japan Arc (for example R1 and R2 in Fig. 8b) appear in the eastern part of the profile and do not affect our interpretation for the phases “A” and “B” (Figs. 6b and 8a). If the Moho is set at 8-km deeper position (a broken line in Fig. 8b), the phase “A” at an offset range of 120–160 km (Fig. 6b) is not explained at all because the western half of the profile falls in a shadow zone for the Pn phase.[image: ../images/40623_2019_1081_Fig8_HTML.png]
Fig. 8Record section with theoretical travel times and ray diagrams for shot M5. a Record section for shot M5 on which travel time curves from the velocity model (Fig. 5a) are shown. Travel times of first arrival are shown by a green line. Phases “A” and “B” recognized at far offsets (Fig. 6b) are interpreted to be Pn and PmP waves, respectively. PiP1 and PiP2 waves are reflections from interfaces of R1 and R2 (see b). These phases appear only in the eastern part of the profile, but not in the western part where phases “A” and “B” are noticed (see also Fig. 6b). b Ray diagram for PmP (light blue) and Pn (red) phases. A broken circle indicates the lower crustal part in the side of the Kuril Arc which are penetrated by rays from shot M5. Travel time variation by the change of velocity values in this region was calculated to check our Moho depth estimation (see the text for detailed explanation). A broken curve shows the Moho location 8 km shifted downward



From these travel time calculations for the shots L1 and M5, we can say that the Moho depth of the NE Japan Arc is rather shallow, varying eastward from 22 to 33 km (Fig. 5a). The crustal thickness is 16–22 km. Although the observed travel times at the far offsets contain 0.3–0.5 s ambiguity, the Moho depth is constrained within an error about 8 km or less (the white line in Fig. 5a).
Aftershock distribution of the 2018 Hokkaido Eastern Iburi Earthquake
NIED routinely determines hypocenters in and around the Japanese Islands from seismic wave data of their own seismic network (the High sensitivity seismograph network (Hi-net)) and those of JMA, universities and other institutes. A 3D structure model adopted in this hypocenter determination is based on the result of seismic tomography by Matsubara et al. (2017a). Using the same seismic networks and the structure model, we intended to relocate the main shock and aftershocks of the Iburi Earthquake. This velocity model, however, was built to express the large-scale structure in the entire part of the Japanese Islands. So, the grid size adopted in the tomographic inversion was relatively large (0.2o for horizontal direction and 5 km in depth direction). Furthermore, the distribution of seismic station is sparse in Hokkaido. From these reasons, the model by Matsubara et al. (2017a) does not fully reflect the smaller-scale structural variation in our study area as indicated in Figs. 3 and 5a.
Before relocating and discussing the aftershock distribution, we performed test calculation using simple 1D velocity models (Fig. 9a) to examine the structure dependence of determined earthquake locations. One test model (Model 1) was constructed by simply averaging the 3D velocity model by Matsubara et al. (2017a), where the Moho is expressed as a transition zone in a depth range of 32–35 km. Another model (Model 2), which is based on our present results from “Reprocessing and reanalyses for controlled source seismic data” section (Fig. 5), has low velocity materials at its top and shallow Moho at depth of 28–30 km. This model is said to be an extreme case in examining the effect of the thick sediments to our hypocenter determination.[image: ../images/40623_2019_1081_Fig9_HTML.png]
Fig. 9Test determination of hypocenters using 1D models. a 1D velocity models used for test hypocenter determination. Model 1 is a model from the average over the 3D velocity model by Matsubara et al. (2017a, b). Model 2 is constructed from our structure model in Fig. 5(a). b Comparison of epicenters from Model 1 and 2. c Comparison of hypocenters from Model 1 and 2 in a cross section with respect to X–X’ in b




We selected 31 aftershocks with M > 3.5 for which P and S wave arrival times were carefully picked for seismic stations located within about 80-km distance from the aftershock area. The hypocenter determination was undertaken several times by the program code “HYPOMH” (Hirata and Matsu’ura 1987). Through these computations, station corrections and Vp/Vs values of the velocity model were estimated by trial and error, so as to remove systematic time shift of O–C residuals at the individual station. The resultant Vp/Vs is 1.73. Figure 9b, c shows the comparison of hypocenter distribution for Model 1 and Model 2, from which we notice that the difference in hypocenter remains within ~ 1 km for epicenter and ~ 2 km for focal depth, respectively.
Figure 10 shows 3140 aftershocks occurring from Sept. 6 to Oct. 17. As in the case of the 1D model calculations, station corrections were estimated from O–C travel time residuals and applied in the hypocenter determination. Comparison of the relocated events by the 3D model with those from Model 2 also showed rather small difference (< 1.5 ~ 2 km) in estimated hypocenter. Therefore, it is said from the results in Figs. 9 and 10 that the overall estimation error of hypocenter in our analysis arising from the uncertainties of the assumed velocity model is less than 2 km after applying appropriate station corrections.[image: ../images/40623_2019_1081_Fig10_HTML.png]
Fig. 10Hypocenters of the main shock and aftershocks of the 2018 Hokkaido Eastern Iburi Earthquake. a Epicenter map. Brown solid line indicates the 1999–2000 refraction/wide-angle reflection profile of the Hokkaido Transect. All of the relocated aftershocks are shown by yellow circles. A large white circle is a hypocenter of the main shock determined by the present study. Projection line for the cross section in b is shown by a broken line. EBFIL: East Boundary Fault Zone of the Ishikari Lowland. b Cross section. Earthquakes within 15-km distance from the projection line (a) are plotted on our velocity model (Fig. 5a). A large white circle is a hypocenter of the main shock determined by the present study. c Cross section perpendicular to that in b. All of the relocated aftershocks are shown by yellow circles. Note clear seismicity gap at a depth of 18–25 km



In Fig. 10, we notice the very low seismic activity within the thick sedimentary package. The Iburi Earthquake is sometimes discussed in relation to the Eastern Boundary Fault Zone of Ishikari Lowland (EBFIL) located in the western part of the fold-and-thrust belt (HERP 2018a, see Fig. 10a, b). According to the previous seismic reflection surveys, however, active faults in the sedimentary package are of a west-verging thrust type getting very gentle at a depth level shallower than 10–15 km (Ito 2000; Kazuka et al. 2002). Such fault geometry completely contradicts with the high-angle aftershock distribution (Fig. 10b).
The relocated events are in a depth range of 7–45 km. Even if the estimation error of focal depth (< ~ 2 km) is taken into account, this range is much deeper than that of inland earthquakes in NE Japan Arc or Southwest Japan Arc (SW Japan Arc) (e.g., Omuralieva et al. 2012).The cross sections in Fig. 10b, c show that the aftershocks are separated into the upper (7–20-km depth) and lower (22–45-km depth) groups. The seismicity gap between them is located at 20–22-km depth in the lower part of the crust in our model (Fig. 10b). This location roughly corresponds to the asperity of this earthquake determined from the joint inversion of strong motion and geodetic data (Kobayashi et al. 2019). However, the velocity model used in their analysis is different from that in our hypocenter determination, which may yield the systematic shift of the asperity location. So, the ductile property in the lower crust may not be excluded as another possibility for the gap of the aftershock activity. Furthermore, more than 80% of the relocated events are distributed in the uppermost mantle. This is the most important feature obtained from the present analysis and discussed in the next section.
Discussion
Beneath the fold-and-thrust belt (Figs. 3 and 5), the crust of the NE Japan Arc is thin (16–22 km) and the Moho deepens to the east from 22 to 33 km. The Pn velocity is estimated to be about 8 km/s. The Moho depth in this region by seismic tomography (Matsubara et al. 2017a, b), on the other hand, is about 30 km (Fig. 11). Their result, however, is probably overestimated because the travel time delay due to the low velocity sediments is not fully taken into account in their analysis (see also “Aftershock distribution of the 2018 Hokkaido Eastern Iburi Earthquake” section). Similar thin crust is also reported in the forearc basin off the NE Japan (east of the NE Japan Arc, Fig. 1a), which is considered to be structural continuation from the SYB (e.g., Finn 1994). Controlled source seismic experiments in this region indicate that the crustal thickness below the pre-Oligocene sediments is about 11–20 km and the Pn velocity is around 8 km/s (Takahashi et al. 2004; Miura et al. 2005). The tomographic studies by Nakajima et al. (2002), Yamamoto et al. (2014) and Matsubara et al. (2017a, b) also show shallower Moho at a depth of 20–30 km. These features are well consistent with our results and strongly support the thin crust in the SYB. So, we argue that the many aftershocks are occurring in the uppermost mantle of the NE Japan Arc (Fig. 10).[image: ../images/40623_2019_1081_Fig11_HTML.png]
Fig. 11Velocity structure from seismic tomography (Matsubara et al. 2017a) under the 1999 refraction/wide-angle reflection line of the Hokkaido Transect. All of the aftershocks relocated in the present study are shown by yellow circles. Projection line is the same as in the case of Fig. 9b. A large white circle is a hypocenter of the main shock determined by the present study. The Moho by Matsubara et al. (2017b) is shown by yellow circles. White circles show the top of the Pacific Plate by Iwasaki et al. (2015, 2016), which was mainly determined by hypocenter distribution of deep earthquakes



In the following, we discuss several possible explanations for such a deep seismic activity associated with the Iburi Earthquake. First, very low heat flow (< 60–80 mW/m2) is observed in the western part of the HCZ including the fold-and-thrust belt (Tanaka et al. 2004). Although the thick sedimentary package (Figs. 3b and 5a) is one of the reasons for such low heat flow (e.g., Morishige 2018), the fact of deep earthquakes occurring at depths greater than 20–30 km indicates that a brittle region extends to a deeper part of the crust or even to the uppermost mantle. As shown in Fig. 1a, the Kuril Trench meets the Japan Trench off Hokkaido to form complex geometry of the subducted Pacific Plate. This may give serious effect on the thermal structure in the overriding plate. Several authors presented thermal models for such complicated plate subduction, but the low heat flow in the fold-and-thrust belt is still not fully explained (Morishige and van Keken 2014; Wada et al. 2015; Morishige 2018). Morishige (2018) pointed out the importance of the arc–arc collision in understanding the observed heat flow in the western part of the HCZ.
As for the seismic activity in the mantle, we should mention that the mantle beneath the fold-and-thrust belt is situated close to the “cold nose” of the forearc region with lower temperature (e.g., Shimamoto 1993; Freed et al. 2016). This low temperature together with the rock composition in the forearc mantle yields a rather high strength and brittle property (Shimamoto 1993). For explaining the seismic activity in the forearc mantle in and off the NE Japan, Uchida et al. (2010) proposed a hypothesis of the detachment and stacking of seamounts from the subducted Pacific Plate by dehydration process. Under the source region of the Iburi Earthquake, however, we have no clear evidence for the existence of subducted seamounts or their fragments. Furthermore, the plate boundary below the source region is at about 100-km depth (Fig. 11), which is about 40–60-km deeper than in the case of NE Japan. This makes large difference in P–T condition around the plate boundary. So, it is difficult to say that the similar dehydration environment as in the case of the NE Japan is established under our study area.
Another important factor to be taken into account is the arc–arc collision progressing in Central Hokkaido as argued by Morishige (2018). The seismic reflection experiments in 1990s (Arita et al. 1998; Tsumura et al. 1999; Ito 2000, 2002) strongly indicate the crustal delamination in the Kuril Arc side, where the upper 23-km crust is thrust up along the HMT, while the remaining deeper part of the crust descends down to form a wedge-like structure. Such a model of the crustal delamination as mentioned above was supported by Murai et al. (2003), but Kita et al. (2012) proposed a different model where the entire crust and the uppermost mantle in the Kuril Arc side obducts. The tomographic image by Matsubara et al. (2017a), however, shows that a relatively lower velocity material is descending westward from the Kuril Arc side and situated blow the uppermost mantle of the NE Japan side (Fig. 11). The source region of the Iburi Earthquake is located above the western margin of this low velocity body. Figure 12 schematically shows the relationship of the structural heterogeneity around the HCZ and the seismic activity associated with the Iburi Earthquake. If the low velocity body is a lower part of the “cold” crust in the Kuril Arc side, then it directly lowers the forearc mantle temperature (Morishige 2018). Furthermore, such a body becomes an obstacle to the thermal flow within the mantle. Also it prevents the upward migration of fluids released from the subducted plate by dehydration, which suppresses the serpentinization within the forearc mantle. These effects make more preferable environment for brittle fracture in the forearc mantle. Such roles of the deep crustal body were pointed out by Kita et al. (2010) to explain the regional deepening of the upper plane of the double seismic zone beneath the western part of Hokkaido. According to the anisotropic tomography by Koulakov et al. (2015), the delaminated crust gives significant effects to the mantle flow as well as the movement of fluids supplied from the subducted plate.[image: ../images/40623_2019_1081_Fig12_HTML.png]
Fig. 12Schematic structure model in and around the source region of the Hokkaido Eastern Iburi earthquake. All of the relocated aftershocks are plotted by yellow circles. A white circle is a location of the main shock. Delaminated lower crust is shown in dark blue. White arrows indicate of migration of fluids released from the subducted Pacific Plate by dehydration. S1: Sedimentary package in the fold-and-thrust belt; S2: Sedimentary layers in HB and TB; UC: Upper crust; LC: Lower crust; HMT: Hidaka Main Thrust



The main fracture of the Iburi Earthquake is characterized as a high-angle reverse fault. Such a reverse fault, however, is hardly formed under the present compressional stress regime. Therefore, it is more plausible that this fault structure was originally created by a certain tectonic event before the arc–arc collision started. Based on the compilation of previous geophysical explorations in the southern part of Central Hokkaido, Kuniyasu and Yamada (2004) pointed out the existence of steep faults formed at the times of Late Oligocene to Middle Miocene. The focal mechanism from first motions by JMA (2018c) and NIED (2018) indicates that the rupture of this earthquake was initiated by the strike-slip faulting probably, which seems to occur much easily under the present compressional stress regime, particularly with aid of fluids. Although the system of the fluid supply in the source region of this event is still unknown, it is possible that channels of fluids from the plate by dehydration process are established to generate heterogeneous stress concentration for brittle fracture around the delaminated lower crust as shown in Fig. 12.
Conclusions
The 2018 Hokkaido Eastern Iburi Earthquake (M = 6.7) took place under the foreland fold-and-thrust belt of the HCZ at a very deep depth of 37 km with complicated rupture process. To understand the mechanism on the occurrence of such a deep earthquake in relation to the surrounding structural heterogeneity, we reanalyzed controlled source seismic data from the 1998–2000 Hokkaido Transect Project by applying advanced processing techniques including CRS/MDRS stacking method and integrated refraction/wide-angle reflection analyses. The seismic reflection processing imaged for the first time the lower crust and Moho structure of the NE Japan Arc subducted eastward beneath the HCZ. The velocity structure in the fold-and-thrust belt from the refraction/wide-angle reflection data is composed of a very thick (~ 5–10 km) sedimentary package and the rather thin (16–22 km) NE Japan Arc crust gently descending to the east. The Moho depth under the source area of the Iburi Earthquake is 26–28 km. Based on the structural information mentioned above, the aftershock distribution was carefully investigated. Relocated aftershocks are distributed in a depth range of 7–45 km showing steep geometry with an eastward dip. We cannot find any evidence on the relationship of the aftershock distribution with the west-verging active fault systems developed in the fold-and-thrust belt. The relocated aftershocks are separated into the upper (7–20 km) and lower (22–45 km) groups. The seismicity gap between them roughly corresponds to the asperity of the Iburi Earthquake (Kobayashi et al. 2019). A large number of events are occurring in the uppermost mantle of the NE Japan Arc. Possible explanation for this deep but high seismic activity is the cold crust delaminated from the Kuril Arc side, which prevents the thermal circulation to cool the forearc mantle and establishes a more favorable environment for brittle failure.
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