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Abstract
The 2008 Iwate-Miyagi Nairiku earthquake (M 7.2) occurred on June 14, 2008 in a zone of concentrated deformation along the mountain backbone of Tohoku encompassing SW Iwate and NW Miyagi Prefectures, NE Japan. This earthquake was a shallow intraplate earthquake with the reverse-type focal mechanism. Regular seismic activity is high in this concentrated deformation zone. We have performed regional-scale seismic tomography in and around the focal area and found that the distinct low-velocity regions are continuously distributed from the mantle wedge to the lower crust just below the focal area and active seismic zones. This low-velocity zone can be interpreted to be a region of partial melting, suggesting that crustal fluids separating and upwelling from deeper portion may be closely related with the occurrence of both the active seismic zones and the 2008 earthquake.
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1. Introduction
In the Tohoku region (northeast (NE) Honshu), NE Japan, the Pacific Plate subducts beneath the overiding plate. Since the boundary between the Pacific Plate and the overriding plate is coupled in the shallow region, the continental crust (island arc crust) is deformed under compressive stress in the direction of relative motion of the plate, which is approximately east-west. Deformation of the island arc crust due to this compressive stress can be observed from global positioning system (GPS) data. Figure 1 shows the east-west strain distribution obtained from GPS data acquired by the Geographic Survey Institute and Tohoku University between 1997 and 2001 (Miura et al., 2004). Blue indicates regions of compressive strain and red shows regions of tensile strain. A prominent region of compressive strain can be identified along the Ou Mountain Range (Miura et al., 2002). The existence of this a region can also be confirmed from the distribution of horizontal crustal deformation velocity over the last 100 years (Hasegawa et al., 2000). Several earthquakes have occurred in this zone of concentrated deformation along the Ou Mountain Range, including a number of large ones (for example, the 1896 Rikuu earthquake), as shown in Fig. 1(a).
Hasegawa et al. (2005) hypothesized on the possible source of such a concentrated deformation of the crust in NE Japan. The distribution of S-wave velocity perturbation at a depth of 40 km in this region is shown in Fig. 2(a) (Nakajima et al., 2001). In a subduction zone such as Tohoku, the hydrated minerals in the subducting oceanic slab (Pacific Plate) undergo dehydration and decomposition as the temperature and pressure of the slab increase with subduction, and the water thus released migrates into the overlying mantle wedge. This water is eventually entrained in an upwelling sheet flow within the mantle wedge, penetrating into the crust just beneath the volcanic front (i.e., the Ou Mountain Range). Figure 2(a) depicts a distinct low-velocity belt that corresponds to the upwelling flow that reaches the Moho along the mountain range. As the seismic velocity is lower in regions of high temperature and large amounts of fluid, the upwelling flow, as well as the magma and crustal fluid, can be imaged as regions of lower S-wave velocity (Fig. 2(b)). When the melt within the upwelling flow intrudes into the crust and cools, water released from the solidified melt migrates upward. Through this process, water from the subducted Pacific slab is transported to the shallow crust beneath the mountain range.
In the backbone mountain range, where melt and water are present in the lower crust, it is expected that the crust will be relatively weak in comparison with the surrounding areas. Therefore, under compression in the direction of relative plate motion, the crust in the backbone range undergoes partially anelastic deformation, which can lead to local contraction and uplift and, consequently, the formation of the belt of concentrated deformation (Hasegawa et al., 2005).[image: A40623_2015_6200300347_Fig1.jpg]
Fig. 1.East-west component of strain rate by GPS observation (Miura et al., 2004) based on data from 1997 to 2001. Red dots denote the epicenters of micro-earthquakes (19972–2001, all magnitudes, depth <40 km). The focal areas of the 2008 Iwate-Miyagi earthquake and the 1896 Rikuu earthquake (M 7.2) (Umino et al., 2000) are indicated by the open and broken red rectangles, respectively. The area between the broken lines corresponds to the area of the Ou-Mountain Range.




The source region of the 2008 Iwate-Miyagi Nairiku earthquake is indicated by the solid red rectangle in Figs. 1 and 2. This earthquake was an intraplate earthquake that occurred in the concentrated deformation zone along the Ou Mountain Range. In the study reported here, we examined the hypocentral region in more detail with the aim of determining the relationship between the concentrated deformation zone, including the hypocentral region, of the 2008 Iwate-Miyagi Nairiku earthquake and the upwelling fluid that can be imaged as a seismic low-velocity zone.
A number of seismic tomographic studies have already been performed in this area. Nakajima and Hasegawa (2003) found two branches of a seismic low-velocity zone in the crust that seem to reach the Naruko volcano and the area of a moderate-sized earthquake (the 1962 northern Miyagi Prefecture earthquake). Detailed seismic velocity structure data are necessary to investigate just where such branches of the seismic low-velocity zone are widely distributed and how they are spatially related with the shallow seismicity that includes the 2008 earthquake. Wang et al. (2008) found a seismic low-velocity zone beneath the focal area of the 2008 earthquake using data from routinely operated stations. However, to date, a spatial correlation (observed by Nakajima and Hasegawa, 2003) between such a low-velocity zone in the lower crust and shallow crustal seismicity have not been clearly shown in the surrounding area, including the Ou backbone range strain concentration zone. In our study, we used more dense data from not only routinely operated stations but also from a number of dense temporary stations operated by Tohoku University and other institutions in order to obtain a more detailed picture of the seismic velocity structure, particularly in the lower crust, in a wider area.[image: A40623_2015_6200300347_Fig2.jpg]
Fig. 2.(a) V
                          s
                         perturbation at a depth 40 km (Nakajima et al., 2001). Triangles denote volcanoes. The focal area of the 2008 Iwate-Miyagi earthquake is indicated by the open red rectangule. (b) Vertical cross section of V
                          s
                         perturbation along A–A′. White circles denote hypocenters (1997–1999, all magnitudes, within 0.125 degrees from the cross section). Thick lines denote the Conrad, Moho discontinuities and upper surface of the subducting Pacific Plate, respectively. The bold red line denotes the possible fault plane of the 2008 Iwate-Miyagi earthquake.





2. Data and Method
We performed regional-scale tomography using dense temporary seismic networks in and around the focal area of the 2008 Iwate-Miyagi Nairiku earthquake, determining b the three-dimensional seismic velocity structure and relocating hypocenters simultaneously using double-difference tomography (Zhang and Thurber, 2003). Figure 3 shows the data set used in this study. Travel time data were obtained from the Japanese universities joint seismic observation in the Tohoku Backbone range (1997–1998) and the e aftershock observation for the 2003 Northern Miyagi earthquake (Okada et al., 2003; Umino et al., 2003). We also used data from routinely operated stations of Tohoku University, JMA, and Hi-net in the period from 1997 to 2007. Note that we have included the events (blue) within the subducting Pacific slab in the tomography inversion in order to image the lower crust structure. The initial velocity structure is taken from Hasegawa et al. (1978). The total number of earthquakes is 25844. We used a grid net with an interval of about 6 km (0.5 degrees). The depth of the interval was also 6 km. The numbers of P- and S-wave arrival times are 504362 and 381719, respectively, and those of DD for P-and S-wave arrival times are 2668428 and 1885441, respectively. The travel time residual varies from 0.24 to 0.09 s.
Figures 4 and 5 show the checkerboard resolution test. The perturbation for the checkerboard pattern is 5%. The checkerboard consists of four east-west vertical across-fault cross sections ordered from north to south. Figure 4 shows that the pattern on a scale of about 10 km could be reproduced well in the upper crust and some parts of the lower crust. Figure 5 shows the pattern on a scale of about 20 km b could be reproduced well in the whole crust. The resolu-c tion is estimated to be about 10 km in the upper crust and 10–20 km × 20 km in lower crust.[image: A40623_2015_6200300347_Fig3.jpg]
Fig. 3.Data set used for the seismic tomography study. Squares denote the seismic stations used in this study. Green and blue small dots denote the shallow seismicity and the seismicity, respectively, within the subducting Pacific Plate slab. Gray crosses denote the grids used in the tomography. We set the grids at depths of 0, 6, 12, 18, 24, 40, 60, 80, 100, 120, 140, and 160 km.



[image: A40623_2015_6200300347_Fig4.jpg]
Fig. 4.Result of the checkerboard resolution test. We used the synthetic checkerboard pattern with a scale of about 10 km. Four east-west vertical cross sections are shown in (b) to (e). The location of each cross section is shown in (a). Small crosses denote the hypocenters within 0.05 degrees from each cross section. Triangles and bold red lines (boxes) denote Quaternary volcanoes and active faults (The Research Group for Active Faults of Japan, 1991), respectively. The thin broken line denotes the Moho discontinuity (Zhao et al., 1990).



[image: A40623_2015_6200300347_Fig5.jpg]
Fig. 5.Result of the checkerboard resolution test. We used the synthetic checkerboard pattern on a scale of about 10 km. Others are the same as Fig. 4.





3. Results and Discussion
3.1 Relation between shallow seismic activity and deep crustal structure
The relationship between seismic activity and the deep structure in and around the focal region of the 2008 earthquake is shown in Fig. 6. The epicenters of shallow earthquakes and the possible faults of earthquakes ≥ M 5.5 are shown in the left pane (Fig. 6(a)), and S-wave velocity perturbations at a depth of 24 km are shown in the right pane (Fig. 6(b)). In this region, you can see two parallel seismic belts elongated in north-south direction: one is an active seismic zone that extends north-south along the Ou Mountain Range (left edge of figure), and the other is a seismically active zone oriented approximately parallel to the first zone with a SSE-NNW alignment (center and right of figure). These two seismic zones correspond to the two regions of east-west compressive strain in Fig. 1. We relocated the main shock hypocenter of the 2008 earthquake and the 1276 aftershocks that occurred within 1 week after the main shock using the seismic velocity structure modeled in this study. The 2008 earthquake occurred in the region where these two subparallel seismic zones appear to converge.[image: A40623_2015_6200300347_Fig6.jpg]
Fig. 6.Comparison of the spatial distribution of shallow seismicity and lower crustal structure. (a) Epicenter of shallow seismicity (depth <45 km) is denoted by a small cross. The blue rectangle shows the horizontal projection of the plausible fault of the earthquake with a magnitude >5.5 (bold line denotes the shallower edge of the fault). The aftershocks of these earthquakes are shown by small gray crosses (Umino et al., 2000). Red triangles and bold red lines (boxes) denote quaternary volcanoes and active faults, respectively. White star and small circles denote the mainshock and the aftershocks of the 2008 earthquake, respectively. (b) V
                            s
                           perturbation at a depth of 24 km. The white cross denotes the low-frequency micro-earthquakes.




Low-velocity regions extending north-south can be seen just below the two seismic zones (shown by brackets marked with W and E in Fig. 7) in the lower crust shown in Figs. 6 and 8. This low-velocity zone is also for P-waves and it has a high V
                    p
                  /V
                    s
                   (Fig. 7), suggesting the possible interpretation that this low-velocity zone is the zone with melt and/or high pressurized fluid (e.g., Takei, 2002). In this case, one of the possible interpretations of these low-velocity regions, which are continuously distributed from the uppermost mantle, is that they are the regions of partial melting that originate from the upwelling flow within the mantle wedge. As such this upwelling flow may be the source of large amounts of fluid supplied from depth (compare Introduction; Nakajima et al., 2001; Hasegawa et al., 2005). Low-frequency micro-earthquakes, which would be related by fluid movement, occur at depths >20 km (see Fig. 6) near the edge of the low-velocity zone.[image: A40623_2015_6200300347_Fig7.jpg]
Fig. 7.(a) Vp perturbation at a depth of 24 km. (b) Vp /Vs distribution at a depth of 24 km. Other Vp /Vs distributions are the same as in Fig. 6(b).



[image: A40623_2015_6200300347_Fig8.jpg]
Fig. 8.(a) V
                            s
                           perturbation at a depth of 24 km. Small crosses denote the hypocenters. White star and small circles denote the mainshock and the aftershocks of the 2008 earthquake, respectively. Triangles and bold red lines denote Quaternary volcanoes and active faults, respectively. Brackets marked with W and E show the locations of low-velocity zones (and seismic belt in upper crust) beneath the volcanic front and the forearc region, respectively. (b), (c), (d), and (e) East-west vertical cross sections are shown. The location of each cross section is shown on the left of (a). Small crosses denote the hypocenters within 0.05 degrees from each cross section. Triangles and red boxes denote Quaternary volcanoes and active faults, respectively. The thin broken line denotes the Moho discontinuity (Zhao et al., 1990).




Low-velocity regions have been recognized just below the source regions of the 1962 North Miyagi earthquake (M 6.2), the 1996 Akita-Miyagi earthquake (M 5.9) (Nakajima and Hasegawa, 2003; Asano et al., 2004) (Fig. 7(d)), the 1970 South Akita earthquake (M 6.2) (Umino et al., 2000) (Fig. 7(b)), and the 2003 North Miyagi earthquake (M 6.4) (Okada et al., 2003; Umino et al., 2003) (Fig. 7(e)). It thus appears that fluid supplied from a deeper portion contributed to the occurrence of these earthquakes (e.g., Miller et al., 2004).
For example, in the cases of the 2003 North Miyagi earthquake, the source fault was found to have steep dips. It has therefore been inferred that the source was reactivated through the compressive inversion of normal faults formed during the opening of the Japan Sea (Okada et al., 2003; Umino et al., 2003). For this kind of inversion of a steeply dipping normal fault (as a reverse fault) to occur, there would have to be high pore-fluid pressure to reduce the frictional strength acting on the fault (Sibson, 1990). The low-velocity region in the source region has been identified as a fluid source, and it has been inferred that the source region itself has high pore-fluid pressure (Okada et al., 2007).
The focal area of the 2008 earthquake is located where these two seismic zones and the seismic low-velocity zone in the lower crust are closely located. The presence of a low-velocity region just beneath the source region of the main shock of the 2008 earthquake (see Fig. 7(c)) similarly suggests that fluid supplied from depth contributed to the occurrence of this earthquake.
However, the resolution in our study may not be fine enough to discuss the shallow structure that shows the path of fluid in the mid-to upper crust separated from the possible partial melt in the lower crust, which is imaged as a low-velocity zone in this study. A more detailed description of the seismic velocity structure in and around the fault of the 2008 earthquake based on dense aftershock observation data (e.g., Okada et al., 2009) is necessary for further discussion of this subject.

3.2 Upwelling magma flow to the volcanoes and its relation with the fault of the 2008 earthquake
The hypocentral region of the 2008 earthquake is near the Mts. Yakeishi-dake, Kurikoma, Onikobe, and Naruko volcanoes. The path taken by the upwelling magma to reach these active volcanoes would be closely located to the source fault of the 2008 earthquake. To examine this point in more detail, we compared the aftershock distribution with the seismic velocity structure determined in our study. The obtained distributions of S-wave velocity deviation at depths of 6, 12, 18, 24 and 40 km are shown in Fig. 9; the main shocks and aftershocks as well as an outline of the aftershock region are also shown in this figure. As seen in Fig. 1(b), the upwelling flow that extends to the Moho directly below the backbone mountains is distinctly imaged as a low-velocity region that extends N-S at a depth of 40 km. Melt in the upwelling region is expected to intrude into the crust, which should be observable as a low-velocity region at a depth of approximately 24 km. At this depth, a branching of the low-velocity region can be seen, with one branch extending directly to the volcanic front, and the other extending to the eastern fore-arc region. The deep low-frequency micro-earthquakes (denoted by white crosses), which would be related with the migration of fluid (Hasegawa and Yamamoto, 1994), are located near the margin of these low-velocity regions. The low-velocity region just below the volcanic front extends further at a shallower depth, and the branches reach below Mts. Yakeishi-dake and Kurikoma and the Naruko volcanoes from north to south (6–18 km). The focal area of the 2008 event as estimated from the aftershock distribution at depths of 6 and 12 km is located just above and between these shallow branches of magma flow, which are imaged as low-velocity regions. Note that there are some areas with low aftershock activities, which are encircled by the broken lines in Fig. 8. These areas show that low-velocity regions have a higher temperature, which make the crustal rocks aseismic because the strength of the crust strongly depends on thermal condition. (see Scholz, 1990 for review). The spatial relation between a large intraplate earthquake and an active volcano, and the relation between the width of the brittle seismogenic layer and earthquake occurrence have been discussed in previous studies. Ito (1999) hypothesized on the occurrence of inland (intraplate) earthquakes in which a large earthquake tended to occur in an area with a large lateral variation in the thickness of the seismogenic crust, where large amounts of stress concentrated. Kudo et al. (2009) found a relation between the upper limit of inland (intraplate) earthquake magnitude and the geothermal gradient: larger earthquakes occurred where smaller a geothermal gradient was observed. Such spatial variations in the thickness of the crust may also have affected the occurrence of the 2008 earthquake.[image: A40623_2015_6200300347_Fig9.jpg]
Fig. 9.Horizontal slices of V
                            s
                           perturbation at depths of 6, 12, 18, 24, and 40 km. Star denotes the epicenter of the 2008 main shock. White circles and small crosses denote the aftershocks and other microearthquakes (1997–2007). White rectangular denotes the horizontal projection of the aftershock area, and the areas with less aftershocks are shown by broken lines. White small crosses at a depth of 24 km denote low-frequency earthquakes.






4. Conclusions
The 2008 Iwate-Miyagi earthquake occurred in an area of concentrated deformation along the Ou backbone mountain range of Tohoku, in the vicinity of several active volcanoes, including Mts. Kurikoma and Yakeishi-dake and the Onikobe and Naruko volcanoes. We have found a distinct seismic low-velocity zone just beneath the concentrated deformation zone and the focal area of the 2008 Iwate-Miyagi earthquake by seismic tomography using regional seismic observation data. The low-velocity zone extends from the uppermost mantle to each active volcano at the surface. These observations suggest that the high-temperature upwelling partial melt and the crustal fluid released from it are closely related with the concentration of crustal deformation and the occurrence of the 2008 Iwate-Miyagi earthquake.
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