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Abstract
The ground deformation and fault slip model for the 1891 M 8.0 Nobi earthquake, central Japan, have been reexamined. The Nobi earthquake appears to have occurred mainly due to the rupture of three faults: Nukumi, Neodani, and Umehara. Since triangulation and leveling had been performed around the Umehara fault, the two geodetic datasets from 1885–1890 and 1894–1908 have been reevaluated. Maximum coseismic horizontal displacements of 1.7 m were detected to the south of the Neodani fault. A fault model of the Nobi earthquake was estimated from the geodetic datasets, taking into account the geometry of the fault planes based on the known surface ruptures. The best fit to the data was obtained from three and four divided fault segments running along the Nukumi, Neodani, and Umehara faults; although, in past studies, the Gifu-Ichinomiya line has been suggested as a buried fault to explain the ground deformation. The detected ground deformation can be well reproduced using a slip model for the Umehara fault, dipping at 61° toward the southwest, with a maximum slip of 3.8 m in the deeper northwestern segment. As this model suitably explains the coseismic deformation, the earthquake source fault does not appear to extend to the Gifu-Ichinomiya line.

Key words
1891 Nobi earthquakefault modeltriangulationlevelingGifu-Ichinomiya line
1. Introduction
The 1891 M 8.0 Nobi earthquake is the largest inland earthquake to have occurred in Japan, and it caused the death of more than 7000 people (Milne, 1893). The earthquake ruptured the Earth’s surface for a length of approximately 80 km along three major faults—the Nukumi, Neodani, and Umehara (Koto, 1893; Matsuda, 1974), which together are named the Neodani fault system (Muramatsu et al., 2002). The maximum fault surface offsets reached approximately 8 m in the horizontal direction at the Neodani Fault, and 6 m in the vertical direction in the central neighborhood of the Neodani Fault at Midori (Muramatsu et al., 1964; Hayashi, 1971; Matsuda, 1974; Sato et al., 1993).
Shortly before the occurrence of the earthquake, between 1885 and 1890, the Japanese Imperial Land Survey in the General Staff Office of the Imperial Army, (nowadays known as the Geospatial Information Authority of Japan (GSI)), established a precise triangulation network and leveling routes near the south end of the focal region, and these were then resurveyed after the earthquake. In the southwestern part of the Umehara fault, a coseismic deformation was detected by leveling, in the form of a remarkable uplift of about 70 cm (Muto and Kawabata, 1933), and coseismic horizontal displacements were also detected at a number of triangulation points (Sato, 1973).
It was observed that the zone in which most of the major damage to houses had occurred, extended southwards from the junction of the southern end of the Neodani fault and the Umehara fault (Muramatsu, 1983). It had previously been suggested that there is a possibility that a vertical offset exists underground (Sugisaki and Shibata, 1961), and the south of the junction, which shows no fault trace on the surface, was therefore suggested as housing a buried fault that had ruptured at depth during the Nobi earthquake. A fault model has been discussed to include this assumption (Mikumo and Ando, 1975, 1976). Numerical simulations for a dynamic rupture propagation from this buried fault (Fukuyama and Mikumo, 2006), and a point source model using historical seismograms (Fukuyama et al., 2007), have also been suggested. However, scepticism over the existence of this buried fault (named the Gifu-Ichinomiya line), has also been expressed (The Research Group for Active Faults of Japan, 1980, 1991), and whether it did actually slip during the Nobi earthquake (The Headquarters for Earthquake Research Promotion, 2001). Pollitz and Sacks (1994) have also proposed two additional, northeast-southwest trending, blind thrust faults.
Ooida et al. (1971) pointed out that numerous microearthquakes were occurring to the southwest of the Umehara fault. They suggested that these are aftershocks of the Nobi earthquake, even after a century has passed since the main shock (Utsu et al., 1995). Therefore, a new fault model for the Nobi earthquake, which did not include the Gifu-Ichinomiya line but included an new inclined fault, was suggested to explain the seismicity (Nakano et al., 2007). The existence of microearthquake activity is greatly acknowledged in the latest detailed research (Asano et al., 2009), and a newer model which explains the reason for such microearthquakes, and does not include the Gifu-Ichinomiya line, has also been proposed (Asano, 2011).
Recently, many researchers have discussed the existence of the Gifu-Ichinomiya line and its neighboring area where fault movement is not remarkable. In order to contribute to this discussion, in this study we have recalculated the coseismic horizontal and vertical displacements, based on the triangulation and leveling network data before and after the earthquake. We also estimate the fault model for the Umehara fault, based on horizontal and vertical ground deformation, and discuss whether the Gifu-Ichinomiya line ruptured in the Nobi earthquake.

2. Coseismic Deformation Detected by Triangulation and Leveling Survey
The 1891 Nobi earthquake occurred during the construction stage of a precise nationwide leveling and triangulation networks in Japan. The earthquake epicenter was located outside the network. Leveling and triangulation networks had been established in the south of the focal region from 1885 to 1890 and from 1885 to 1887, respectively, including the area of the Umehara fault, which is the southeastern fault segment of the Neodani fault system (Fig. 1). After the earthquake, a leveling survey was carried out between 1894 and 1896, and a triangulation survey was performed at six, first-order points, during 1895 to 1899 and, and at several second-order points from 1903 to 1910. In 1909, the M 6.8 Gono (Anegawa) earthquake occurred about 40 km west of the Nobi earthquake source region (Fig. 1), and we have only employed triangulation data observed before this earthquake.[image: A40623_2015_650090935_Fig1.jpg]
Fig. 1.Location map of the triangulation network and leveling routes for the 1891 Nobi earthquake, as discussed in this study. The triangulation points and benchmarks are indicated as closed circles and small squares, respectively. Other reference points are shown as double circles and double squares. The Nukumi, Neodani, and Umehara faults, which ruptured in the 1891 Nobi earthquake (Matsuda, 1974), are shown as thick, solid lines, and the Gifu-Ichinomiya line (Research Group for Active Faults of Japan, 1980, 1991; The Headquarters for Earthquake Research Promotion, 2005), is shown as a thick, dashed line.




The nationwide triangulation network was again surveyed after 1949. Because large earthquakes, such as the 1944 M 7.9 Tonankai earthquake, the 1946 M 8.0 Nankai earthquake, and the 1948 M 7.1 Fukui earthquake, occurred in this region, we did not employ the nationwide triangulation data of this time.
The coordinates of the triangulation points have been adjusted according to the measurement accuracy, assuming that the horizontal positions of four distant first-order points shown in Fig. 1 were fixed. We fixed the height at benchmark No. 212 in the Shiga prefecture, which was located sufficiently far from the focal region (Fig. 1). These derived displacements might include ordinary ground motion in this region because the time period which elapsed between the triangulation surveys performed before, and after, the earthquake was 4–23 years. For example, the ordinary horizontal dilatation rate in the Neodani fault zone is approximately −0.1 ppm/year (Kobayashi and Hashimoto, 2007), and we did not take into consideration this ordinary ground motion, because the triangulation surveys were carried out in different years and it is therefore difficult to estimate the ordinary displacement.
The maximum coseismic deformations were detected as being 1.7 m southeastward displacements in the horizontal direction, and 0.74 m uplifts in the vertical direction, in the region south of the Umehara fault (Figs. 2(a) and 2(b)). The observed southeastward displacements are consistent with the general pattern expected from left lateral fault slips over the Neodani fault system. The horizontal displacements decreased with distance from the Umehara fault in the southeastern region; however, the east-southeastward horizontal displacements observed in the southwestern region did not decrease slowly, and large displacements of about 1.0 m were detected in this area. Far from the Umehara fault, an area of subsidence of 0.33 m was observed (Fig. 2(c)) at the benchmark point in the southwestern region where many houses collapsed during the earthquake (Muramatsu, 1983).[image: A40623_2015_650090935_Fig2.jpg]
Fig. 2.Observed and calculated coseismic deformation of the 1891 Nobi earthquake at the triangulation stations and benchmarks. The closed and open vectors and the bars indicate the observed and calculated horizontal displacements and the vertical displacements, respectively. The location of the Neodani and Umehara faults and the Gifu-Ichinomiya line are shown as solid lines and a dashed line, respectively. (a) Horizontal displacements with 95% error ellipses. (b) Vertical displacements. (c) Cross-section of vertical displacement along A—A′. The closed circles and open circles indicate the observed and calculated vertical deformations, respectively. The fault models are indicated by rectangles. Benchmarks are plotted as solid and open squares.




After the Nobi earthquake, many geologists observed and discussed the surface displacements along the Neodani fault system (e.g., Koto, 1893). Recently, trench excavation surveys have clarified the fault offset, due to repeated historical earthquakes in the Neodani fault system (e.g., Research Group for Active Faults of Japan, 1986; Miyakoshi et al., 1988; Okada et al., 1992; Miyakoshi et al., 1993). In general, the Neodani fault system shows a left lateral motion with uplift of the northeast side of the Nukumi fault, (the northern fault of the Neodani fault system), and uplift on the southwest side of the Umehara fault, (the southern fault of the fault system).
Sato (1973) has calculated the horizontal displacements of the first- and second-order triangulation points caused by the Nobi earthquake. Our results are basically consistent with his results for the area southeast of the Umehara fault. However, the displacement at triangulation points near the Umehara fault show a difference. It appears that Sato (1973) reported an erroneous horizontal displacement of the triangulation point located in the northeast side of the Umehara fault. When we reexamined the result of the triangulation, we discovered that no first- and second-order triangulation surveys were performed on the northeast side of the Umehara fault before the earthquake. Therefore, the calculation of the horizontal displacement by Sato (1973) near the Umehara fault may not be considered to be correct.

3. Coseismic Fault Models
Mikumo and Ando (1976) discussed fault models of the Nukumi, Neodani, and Umehara faults, and of the Gifu-Ichinomiya line, and suggested two different models. One assumes four vertical fault planes under the three earthquake faults, and the other adds a buried fault, the so-called Gifu-Ichinomiya line. Mikumo and Ando (1976) assumed a fault slip of 1.4 m at the Gifu-Ichinomiya line. The geometry of this fault follows the junction of the southern end of the Neodani fault and the Umehara fault, and the Gifu-Ichinomiya line is assumed to be a linear southern extension of the Neodani fault.
In our study, we firstly applied the fault parameters of the Nukumi fault and northern segments of the Neodani fault developed by Mikumo and Ando (1976) (Fig. 3), because there are no triangulation networks and leveling routes around the Nukumi and Neodani faults. We also employed the configuration of the southern segments of the Neodani fault developed by Mikumo and Ando (1976), and estimated the rake and slip on this segment. We then employed the location of the Umehara fault, based on the ground displacements by geological surveys (e.g., Matsuda, 1974). Seismic activity, including the aftershocks of the Nobi earthquake, is very high around the region southwest of the Umehara fault (Fig. 4). These earthquakes are not concentrated near the surface trace of the Umehara fault, and their hypocenters are distributed at depths of 0–20 km, (there have been extremely few earthquakes below the depth of 20 km). We interpreted these earthquakes as being, at least in part, aftershocks of the Nobi earthquake, and we assumed a fault depth of 20 km below the surface for the Umehara fault. Based on the above conditions, and using a nonlinear least-squares method based on the Gauss-Newton algorithm, we estimated six unknown parameters (see Case 1), the rake and slip of the Neodani fault, and the width, dip, rake, and slip of the source fault of the Umehara fault. We started the inversion with initial values of the parameters from the model developed by Mikumo and Ando (1976), and employed the analytical solution obtained by Okada (1985, 1992) to calculate the horizontal and vertical displacements (see Case 1 in Table 1).[image: A40623_2015_650090935_Fig3.jpg]
Fig. 3.Fault models of the 1891 Nobi earthquake and slip velocities of faults. Fault configurations are plotted on the ground’s surface. The numbered fault parameters are listed in Table 1. The thick gray lines indicate surface traces of the earthquake faults.



[image: A40623_2015_650090935_Fig4.jpg]
Fig. 4.Surface projection of the fault model and seismicity map, made between 1998 and 2007. The fault models are indicated by lines and rectangles. Epicenters of earthquakes with intensities greater than M = 0.0 (obtained from the Japan Meteorological Agency) are plotted as solid circles. Boxes indicate the depth cross-sections of AB in Fig. 5.



Table 1.Fault parameters. Latitude and longitude represent vertical projections of the north corner of the upper edge of the fault onto the Earth’s surface. The strike is measured clockwise from the north. The rake is measured on the fault surface counterclockwise from the strike azimuth.


	Segment
	 	Latitude °
	Longitude °
	Depth km
	Width km
	Length km
	Strike °
	Dip °
	Rake °
	Slip m

	1
	 	35.9140
	136.3630
	0.0
	15.0
	18.0
	145.0
	90.0
	45.0
	1.4

	2
	 	35.7810
	136.4770
	0.0
	15.0
	18.0
	145.0
	90.0
	45.0
	4.2

	Case 1
	3
	35.6480
	136.5910
	0.0
	15.0
	16.0
	145.0
	90.0
	−7.3
	7.3

	 	4
	35.5372
	136.7025
	0.0
	22.5
	32.2
	114.0
	61.5
	24.0
	2.6

	Case 2
	3
	35.6480
	136.5910
	0.0
	15.0
	16.0
	145.0
	90.0
	−8.3
	7.5

	 	4-1
	35.5372
	136.7025
	0.0
	11.2
	16.1
	114.0
	61.5
	12.2
	3.3

	 	4-2
	35.4787
	136.8648
	0.0
	11.2
	16.1
	114.0
	61.5
	32.8
	2.0

	 	4-3
	35.4930
	136.6787
	9.9
	11.2
	16.1
	114.0
	61.5
	2.8
	3.8

	 	4-4
	35.4345
	136.8409
	9.9
	11.2
	16.1
	114.0
	61.5
	22.5
	3.4




The dip angle of the Umehara fault is estimated to be 61°, inclined to the southwest. The model of Case 1 generally reproduces the observations, except near the Umehara fault. We therefore divided the fault plane for the Umehara fault into four segments, shallow and deep northwest and southeast segments, (see Segment 4 of Case 1), and re-estimated the fault parameters. We used the model of Case 1 for the initial values of the parameters of the divided fault plane, and the slip and rake angles were then estimated again using the same method. The obtained fault parameters are shown in Table 1 (Case 2).
The calculated horizontal displacements at the triangulation points, and the vertical displacement at the benchmark points, are plotted in Figs. 2(a)–2(c). The vertical displacements calculated from our final fault model generally agree with the observed data. The horizontal displacements calculated by the model are generally consistent with the observed data, especially in the eastern region, which includes the points showing their maximum displacement. However, there are some large disparities within the western region. The estimated slip on the inclined fault surfaces was in the range of 2.0–3.8 m, and the slip was larger on the deeper patches (Fig. 3), with a maximum slip of 3.8 m in the deep northwest patch.

4. Discussion
As mentioned above, we calculated the horizontal displacements at the triangulation points and estimated the fault models for the 1891 Nobi earthquake. In the southern part of the focal region of the Nobi earthquake, we were able to satisfactorily explain the observed coseismic horizontal and vertical displacements for the Umehara fault, with a southwestward inclination of 61°. Mikumo and Ando (1976) estimated the existence of the Gifu-Ichinomiya line as a source earthquake fault of the Nobi earthquake, in order to explain the vertical displacements found in leveling surveys. Nakano et al. (2007) estimated the source earthquake fault near the Gifu-Ichinomiya line, in order to explain the vertical displacements and the seismic activity. However, our model matches the coseismic displacements without the inference of the Gifu-Ichinomiya line, or a similar undetected fault.
Muramatsu (1963) pointed out the sharp changes in the vertical displacements around Gifu City, from uplift to subsidence, and the high collapse rate of houses along the Gifu-Ichinomiya line. Since then, discussion has centered on whether any active fault exists along the Gifu-Ichinomiya line, and, if it is an active fault, wether it slipped during the Nobi earthquake. We reexamined the vertical deformation and recognized extreme changes between benchmark points across the Umehara fault (Fig. 2(c)). The uplift was about 70 cm, and it extended for a width of 10 km. This can be regarded as the result of slip along the dipping Umehara fault, as shown in Fig. 2(c). Moreover, high seismic activity was discovered to be uniformly distributed in the region southwest of the Umehara fault, for a width of 20 km from the fault, although the seismicity is diffuse and does not show a clear fault plane (Fig. 5). There is also no indication of seismicity along the Gifu-Ichinomiya line (Fig. 4).[image: A40623_2015_650090935_Fig5.jpg]
Fig. 5.Location of the best fault models (dashed lines) in cross-sections AB in Fig. 4 relative to the location of earthquakes with intensities M > 0.0 recorded from October 1998 to 2007 (indicated by circles).




The earthquake fault that appeared within the ground’s surface was reported by Koto (1893). Matsuda (1974) compiled a report on this fault, which included the report by Koto (1893), and added results of the field surveys. He suggested that the Neodani fault, and the Umehara fault, though not continuing finely, can be considered to belong to the same system. On the other hand, he did not report any clear extension of an earthquake fault to the south of the junction between the Neodani and Umehara fault.
From a synthetic analysis of recent borehole data and refraction surveys, undertaken by The Headquarters for Earthquake Research Promotion (2001), it has been reported that there are no indications of vertical offsets along the Gifu-Ichinomiya line. However, the possibility of a problem with this report has been pointed out. Sugisaki and Shibata (2003) state that the detailed surveys reveal a vertical offset, along a line located 1.5 km east of its previously present location, and they propose the necessity of a new borehole survey.
Large residuals remain between the observations and calculations, in northwestward displacements between observations and calculations on the west side of the triangulation net (Fig. 2(a)). This could be caused by the time difference between the surveys, i.e., before and after the earthquake. In this region, the Philippine Sea plate is subducting towards the north-northwest at a rate of 2–4 cm/year and, due to this, a horizontal displacement exceeding 1 cm/year occurs in this region (e.g., Miyazaki and Heki, 2001). A relative horizontal displacement could therefore occur in a direction northwest to southeast. As a result, the ordinary horizontal dilatation rate in this region is approximately —0.1 ppm/year (Kobayashi and Hashimoto, 2007). Because the displacements shown in Fig. 2(a) were detected from measurements spanning 4–23 years, and the points were not less than tens of kilometers away from fixed points, it appears that the relative motions of the fixed points could therefore reach tens of centimeters. Another explanation for this could be the way in which the fixed points are chosen at the net adjustment of the triangulation survey. Since the area where the re-survey was carried out was not vast, we chose only the fixed point in this way.
The obtained horizontal displacements are extremely systematic over the entire region, and are found to be continuous near the Gifu-Ichinomiya line. Therefore, the estimated horizontal displacements are appropriate, but on the northwest side of the triangulation net, where no fixed points exist, a northwestward-southeastward strain could be introduced by the net adjustment.

5. Conclusions
We have discussed the coseismic deformation due to the 1891 Nobi earthquake in central Japan, based on precise triangulation and leveling surveys in the southern part of the focal region, taken from 1885 to 1890 before the earthquake, and from 1894 to 1908 after the earthquake. A maximum coseismic uplift of 74 cm and south-southeastward displacements of 1.7 m were observed southwest of the junction of the Neodani and Umehara faults (which are part of the Neodani fault system that caused the 1891 Nobi earthquake).
To explain the coseismic displacements, we estimated the fault parameters for the southern part of the Neodani fault, and particularly for the Umehara fault, which we divided into four segments (shallow and deep segments for the northwest and southeast parts). The present study finds the Umehara fault dipping at 61° toward the southwest, with a maximum slip of 3.8 m in the deep-northwest segment. Mikumo and Ando (1976) suggested the existence of the Gifu-Ichinomiya line as a buried fault within the Neodani fault system, assuming the uplift on the eastern side of the Gifu-Ichinomiya line was caused by slip on this fault. However, we can explain the uplift, by using only the slip on the southwestward dipping Umehara fault. Recent high seismic activity is taking place around the dipping fault. The coseismic deformation due to the Nobi earthquake can be explained by our preferred source model, which does not include the Gifu-Ichinomiya line.
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