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Abstract

The 2011 Tohoku-Oki offshore subduction earthquake (M, 9.0) triggered many normal-type earthquakes inland in
northeastern Japan. Among these were two very similar normal-faulting earthquakes in 2011 (M, 5.8) and 2016 (M,,
5.9), which created surface ruptures along the newly named Mochiyama fault within the southern Abukuma Moun-
tains, northeastern Japan, where no active faults had been previously mapped by interpretation of aerial photographs.
We conducted field surveys in this area immediately after both earthquakes, and we performed trench excavations
and observations of fault fracture zones after the 2016 event. These activities were complemented by an interfero-
metric synthetic aperture radar analysis that mapped the areas of deformation and locations of surface discontinui-
ties for both events. The combined results document the coseismic behavior of the Mochiyama fault during both
events. Subtle tectonic geomorphic features associated with the fault were evident in a lidar digital elevation model
of the area, and layered structures of gouge were documented in the field. These lines of evidence indicate repeated
activity at shallow crustal levels and the possibility of Quaternary activity. In addition, our trench excavations revealed
at least one faulting event before 2011. Our comparison of paleoseismic records on this and two other normal faults
in the Abukuma Mountains suggests that great earthquakes in the Japan Trench supercycle of 500-700 years do not
consistently trigger ruptures on these faults, and the case of 2011, in which the Tohoku-Oki megathrust earthquake
triggered all three faults, is a rare occurrence.

Keywords: Normal fault, Surface rupture, Fault fracture zone, InSAR, Lidar DEM, Trench excavation, Paleoseismology,
2011 Tohoku-Oki earthquake, 2011 Iwaki earthquake, The Abukuma Mountains

Introduction Tohoku-Oki epicenter measuring ~ 170 km from north to

The 2011 Tohoku-Oki subduction earthquake (M, 9.0)
triggered many normal-type earthquakes in northeast-
ern Japan, in the hanging wall of the convergent plate
boundary along the Japan Trench (e.g., Kato et al. 2011;
Okada et al. 2011; Imanishi et al. 2012). The southern
Abukuma Mountains, an area ~ 240 km southwest of the
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and indicate if changes were made.

south and ~50 km from east to west, experienced many
shallow normal-type earthquakes. The largest of these,
the 11 April 2011 Iwaki earthquake (M,, 6.6), produced
two subparallel surface ruptures ~ 15-km long and 14-km
long (Fig. 1; Mizoguchi et al. 2012; Toda and Tsutsumi
2013).

Two other triggered earthquakes, a M, 5.8 event on 19
March 2011 and a M, 5.9 event on 28 December 2016,
struck the same part of the southern Abukuma Moun-
tains (Fig. 1). Surface displacements associated with both
earthquakes were detected by differential interferometric
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Fig. 1 Location map of the southern Abukuma Mountains, northeast Japan. The inset map shows plate boundaries, directions of absolute plate
motion (arrows), and the locations of the main map (rectangle) and the epicenter of the Tohoku-Oki earthquake (star). Plate velocities are from
Argus et al. (2011). EU, Eurasia plate; PA, Pacific plate; PH, Philippine Sea plate. The main map shows epicenters and focal mechanisms of events
larger than M)y, 4.0 between 11 March 2011 and 28 December 2016 from the F-net catalog of the National Research Institute for Earth Science and
Disaster Resilience. Red lines indicate active fault traces (after Imaizumi et al. 2018) and black circles indicate the surface rupture of the 2011 lwaki
earthquake (after Mizoguchi et al. 2012; Toda and Tsutsumi 2013). The base topographic map is originated from GSI
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synthetic aperture radar (InSAR) studies (Kobayashi et al.
2011; Fukushima et al. 2018). Fukushima et al. (2018)
reported that both earthquakes involved slip on the same
fault plane and proposed that the large postseismic crus-
tal deformation of the Tohoku-Oki earthquake promoted
the extremely short recurrence interval represented by
these events. However, no detailed field survey has been

reported for either event. Detailed field observations and
paleoseismic studies related to these events are required
to evaluate the probabilities of triggered earthquake
activity associated with megathrust earthquakes.

InSAR images obtained from observations before and
after recent inland earthquakes have revealed ground dis-
placements as small as a few centimeters (e.g., Wei et al.
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2011; Fujiwara et al. 2016, 2019; Ponti et al. 2019; Choi
et al. 2019), although whether these displacements were
due to tectonic or non-tectonic causes is unclear. InSAR
is useful for mapping surface ruptures, and comparisons
of short-term ground displacements in an InSAR analysis
and tectonic features visible in high-resolution lidar digi-
tal elevation models (DEMs) and paleoseismic investiga-
tions have led to better understanding of long-term fault
behavior.

After the 2011 and 2016 earthquakes, we immedi-
ately conducted field surveys and revealed surface rup-
tures and fault fracture zones (FFZs) that define a single
active fault, which we name the Mochiyama fault. In this
paper, the combined results of field observations, InSAR
analysis, and DEM interpretation revealed the behavior
and repetitive activity of the Mochiyama fault and rela-
tionship with paleoearthquakes on other faults in the
southern Abukuma Mountains and the supercycle of
megathrust earthquakes along the Japan Trench.

Tectonic setting

The Abukuma Mountains are in the southeastern part
of northern Honshu Island, on the hanging wall of the
convergent plate boundary along the Japan Trench and
southwest of the epicenter of the 2011 Tohoku-Oki
earthquake (inset of Fig. 1). Much of northern Honshu
had been considered to be under an E-W compressional
stress field before the Tohoku-Oki earthquake (e.g., Suwa
et al. 2006; Meneses-Gutierrez and Sagiya 2016), but
in the southern Abukuma Mountains, the stress field
abruptly changed to extensional stress after the earth-
quake (e.g., Kato et al. 2011; Okada et al. 2011; Toda et al.
2011). However, some studies have suggested that the
southern Abukuma Mountains had an extensional stress
field before the Tohoku-Oki earthquake (Imanishi et al.
2012; Otsubo et al. 2018), and two or three active nor-
mal faults have been mapped there based on interpreta-
tion of aerial photographs (Research Group for Active
Faults 1980, 1991). After the Tohoku-Oki earthquake,
many shallow normal-faulting earthquakes occurred in
the southern Abukuma Mountains, of which the largest
and most damaging was the Iwaki earthquake (M, 6.6)
of 11 April 2011. Two known active faults, the Itozawa
and Yunodake faults, ruptured simultaneously in that
event (Mizoguchi et al. 2012; Toda and Tsutsumi 2013),
and the subsurface seismogenic faults were inferred to be
splay faults with steep dips through most of the seismo-
genic zone (Fukushima et al. 2013). Paleoseismic stud-
ies estimated recurrence intervals (based on the most
recent and penultimate surface rupturing events) of
800-5900 years for the Yunodake fault (Miyashita 2018)
and > 12,000 years for the Itozawa fault (Toda and Tsut-
sumi 2013; Niwa et al. 2013). These are much longer than
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the recurrence interval of 500-700 years for the meg-
athrust earthquake supercycle along the Japan Trench
(e.g., Satake and Fujii 2014; Satake 2015; Sawai et al.
2015; Usami et al. 2018). No historical destructive inland
earthquakes had been recorded before the 2011 Iwaki
earthquake in the southern Abukuma Mountains (Usami
2013).

Our study area is northwest of Takahagi city in north-
ern Ibaraki Prefecture, ~ 25 km south of the Iwaki earth-
quake rupture area (Fig. 1). This area also experienced
normal-faulting earthquake swarms after the Tohoku-
Oki earthquake, including the two events (M,, 5.8 on 19
March 2011 and M,, 5.9 on 28 December 2016) treated
in this paper. Differential InSAR analyses detected dis-
tinct surface displacement associated with the 2011
event (Kobayashi et al. 2011; Fukushima et al. 2018) and
the 2016 event (Fukushima et al. 2018) with relative sur-
face displacements exceeding~30 cm. The fault models
derived from analyses of InSAR and global navigation
satellite system (GNSS) data were 69.3° dip, —82.3° rake
for the 2011 event and 77.8° dip, — 80.3° rake for the 2016
event, meaning that the same fault plane was activated
twice in less than 6 years (Fukushima et al. 2018).

Our study area is characterized by mountainous terrain
reaching 500-800 m elevation (Fig. 1). The area is mainly
underlain by Cretaceous granitoid and metamorphic
rocks (Kubo et al. 2007), and rivers in the area such as the
Ookita, Sekine, and Hananuki Rivers, flowing east toward
the Pacific Ocean, do not appear to be controlled by geo-
logical boundaries (Additional file 1: Fig. S2). Although
aerial photographs are interpreted as showing presum-
ably active faulting to the west of the study area in the
Tanakura tectonic belt and to the east of the study area
in the Takahagi segment (Imaizumi et al. 2018), no active
faults have been recognized within the study area (Fig. 1).

Methods

InSAR analysis

To analyze coseismic and postseismic crustal deforma-
tion and fault behavior associated with the 2011 and 2016
earthquakes, we made maps of the line-of-sight (LOS)
offset from the unwrapped InSAR phase data for the
2011 event, the 2016 event, and a 70-day period after the
2016 event (29 December 2016 to 9 March 2017). Origi-
nal interferograms were produced from data recorded
by the Phased Array-type L-band Synthetic Aperture
Radar (PALSAR) instrument aboard the Advanced
Land Observing Satellite (ALOS) for the 2011 event and
from data recorded by PALSAR-2 aboard ALOS-2 for
the 2016 event (details in Table 1). PALSAR data were
observed in fine beam single mode (~10-m resolution)
and PALSAR-2 data were observed in StripMap mode 1
(~3-m resolution). We were unable to assess postseismic
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Table 1 InSAR information used in this study
Sensor Path Frame Looking Incidence angle Orbit Date
direction )
2011 event
Master PALSAR 404 720 Right 387 Ascending 2011/02/02
Slave PALSAR 404 720 Right 387 Ascending 2011/03/20
2016 event
Master PALSAR-2 18 2870 Right 36.1 Descending 2016/11/17
Slave PALSAR-2 18 2870 Right 36.1 Descending 2016/12/29
Post 2016 event
Master PALSAR-2 18 2870 Right 36.1 Descending 2016/12/29
Slave PALSAR-2 18 2870 Right 36.1 Descending 2017/03/09

deformation after the 2011 event because PALSAR
stopped gathering data 2 months after the 2011 event and
PALSAR-2 did not start operating until 2014.

The LOS offset map of the 2011 event was produced
using GAMMA software (GAMMA Co. Ltd.), and the
two 2016 maps were produced using RINC software
(Ozawa et al. 2016). Noise reduction and phase unwrap-
ping were based on the procedure of Sato and Une (2016);
namely, multi-looking of 4 x 4 pixel fields in range and
azimuth was done to reduce noise, then filtering (32-pixel
scanning window; intensity 0.2) after Goldstein and Wer-
ner (1998) was adopted for the InSAR image. Phases of
the InSAR images were unwrapped using SNAPHU soft-
ware (Chen and Zebker 2002). We used 10-m DEMs pro-
duced by the Geospatial Information Authority of Japan
(GSI) to eliminate the topographic effect. During noise
reduction of the PALSAR-2 InSAR images, we estimated
the atmospheric delay (Ozawa and Shimizu 2010) from
the mesoscale (10-km mesh) numerical weather model
from the Japan Meteorological Agency (https://www.jma.
go.jp/jma/kishou/know/whitep/1-3-6.html).  Although
these LOS offset maps include the long-wavelength crus-
tal deformation from the Tohoku-Oki earthquake, the
relative displacement across the line of maximum offset
is little affected. Additionally, the LOS offset maps for
the 2011 and 2016 events contain deformation resulting
from aftershocks that occurred between the mainshock
and the time of the second (slave) InSAR image. We can-
not remove this aftershock effect, but because both slave
InSAR images were obtained about 1 day after their
respective mainshocks, its influence can be neglected for
purposes of this study.

The InSAR images revealed linear surface displace-
ments in the LOS direction (Fujiwara et al. 2019) con-
sistent with surface faulting (Fig. 2). When we measured
relative displacement along cross sections perpendicular
to these possible faults, we noted three types of displace-
ment: a distinct surface displacement, herein called SD
(Fig. 3a), a wider deformation zone without a distinct
surface displacement, which we called a flexure dis-
placement (FD) (Fig. 3b), and a complex displacement
that combined SD and FD (Fig. 3c). These cross-section
lines ranged in length from 2 to 4 km, similar to profile
lengths adopted by previous studies (e.g., Milliner et al.
2015; Scott et al. 2018). Profiles were placed an average
of 200 m apart along strike, but were spaced unevenly in
an effort to avoid noisy locations. We determined total
offsets with errors estimated by the minimum and maxi-
mum cases (Fig. 3) using ArcMap software (ESRI Co.
Ltd.).

Surface rupture mapping

To investigate coseismic surface ruptures associated with
the 2011 and 2016 events and identify FFZs, we con-
ducted field surveys on 19 April 2011; on 2, 7, and 16-18
January 2017; and on 22-24 February 2017. The 2011
survey was a 1-day reconnaissance that did not cover all
areas along the linear surface displacements visible in the
interferograms, but the 2017 surveys made an effort to
cover the entire affected area.

We classified ruptures as tectonic, non-tectonic, or
unknown. Tectonic ruptures originating from the seis-
mogenic fault coincided with the linear surface displace-
ment in InSAR images and were consistent with a fault

(See figure on next page.)

Fig. 2 InSAR LOS maps of the study area (location in Fig. 1) showing surface deformation from a the 2011 event, b the 2016 event, and c the 70-day
period after the 2016 event. Locations of tectonic surface ruptures (red circles) and non-tectonic or unknown minor cracks (green circles) found in
field surveys are shown in a for the 2011 event and in b for the 2016 event. Profiles A-A’, B-B/, and C—C" in b are shown in Fig. 3a—c. Locations of

FFZs and their strike and dip are shown in ¢
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striking approximately NW-SE and dipping southwest, a
model inferred by previous studies (Kobayashi et al. 2011;
Fukushima et al. 2018). They also were generally more
continuous than other ruptures and did not closely follow
the local topographic relief. Surface displacements in soil
and loose sediment were mapped as tectonic ruptures.
On the other hand, we did not classify cracking, exten-
sion, and tilting of artificial structures (roads, bridges,
and guardrails) as tectonic ruptures, even if they were
concordant with a linear surface displacement, because
these effects could arise from other types of deformation
or from seismic shaking. The positions of ruptures were
logged by GNSS using the mobile KASHMIR applica-
tion (https://www.kashmir3d.com/index-e.html) with an
error of a few meters.

Trench excavation and observation of FFZs

From 25 October 2017 to 18 January 2018, we excavated
a trench near Mochiyama (the Mochiyama trench hereaf-
ter), where the 2016 earthquake produced a distinct sur-
face rupture (Fig. 2b). The description of the trench walls
was logged on gridded pages in a notebook at a scale of
1:10. After the first excavation and description, we fur-
ther excavated the bottom of the Mochiyama trench to
observe and log the deeper part. The final sketch log pre-
sented in this paper combines both logs.

After completing the description, we picked charcoal
or wood fragments from the trench walls for radiocarbon
dating. The dating was conducted at the Yamagata Uni-
versity high-sensitivity accelerator center in Yamagata,
Japan. We conducted a Bayesian analysis (e.g., Biasi and
Weldon 1994) by using OxCal software v.4.3.2 (Bronk
Ramsey 2017) to calibrate radiocarbon ages to calendar
years.

During the 2017 field surveys, we found some naturally
exposed FFZs along the linear surface displacement. We
observed and logged these FFZs and measured the dip,
strike, and rake angles on the inferred latest fault plane.

Geomorphic interpretation

Our initial geomorphic observations were based on aerial
photographs, including 1:20,000-scale black and white
photographs taken in 1966 and 1:10,000-scale color pho-
tographs taken in 1975 by GSI. However, we failed to
identify any tectonic geomorphic features in the study
area, presumably because dense forest canopies made
their detection difficult. We, therefore, used a lidar DEM
covering the areas of linear surface displacement to seek
such features. The original DEM data were obtained in
2012 (between the 2011 and 2016 events) by the Geologi-
cal Survey of Japan, AIST, and have a resolution of 2 m
(Yoshimi 2014). To help detect small geomorphic fea-
tures, we used stereopaired morphometric protection
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index red relief image maps (MPI-RRIMs) made from the
lidar DEM using the stereo MPI-RRIMs Calculator soft-
ware package (Kaneda and Chiba 2019).

Results

LOS offset maps and slip distributions of the 2011

and 2016 events

The LOS offset maps cover the same area for the 2011
event, 2016 event, and post-2016 event period (Fig. 2).
There is a difference of 2.6° in incidence angles between
the PALSAR and PALSAR-2 data (Table 1). Given a verti-
cal offset of x (Additional file 1: Fig. S1), this difference is
x cos 36.1°—x cos 38.7°, or ~2.7%. That is, in the case of
a vertical offset of 100 cm, the error resulting from this
difference in LOS values would be~2.76 cm, which is
acceptable in comparison to other sources of noise.

The LOS offset maps of the 2011 and 2016 events
(Fig. 2a, b) show nearly identical curvilinear surface dis-
placements extending about 10 km from northwest of
Mochiyama past the Shin-Koyama bridge to southeast of
Wakaguri. The line for the 2011 event is slightly longer
than the line for the 2016 event, and the area of subsid-
ence of the 2011 event, on the southwest side of the linear
surface displacement, is also larger than that of the 2016
event. In both maps, the offset is greatest in the northern
part of the area of subsidence.

The post-2016 event LOS offset map (Fig. 2c) docu-
ments after slip deformation west of the linear surface
displacement, but the area of greatest deformation is far-
ther south than in the two earlier maps.

Figure 4 summarizes the distribution of relative LOS
displacements along the linear surface displacement
(approximated by line S—S’) for the three mapping peri-
ods. We were able to separate the LOS displacement into
SD and FD types.

The maximum relative LOS displacement in the 2011
event was~43 c¢cm about 2 km from point S (Fig. 4a).
From there, the displacement decreased steeply to the
northwest toward point S and decreased more gently
to the southeast toward point S'. Line S-S’ was charac-
terized by SD from 0 to 1.9 km, by SD+FD from 1.9 to
7.8 km (in which SD was intermittent), and by FD beyond
7.8 km (Fig. 4a).

The distribution of LOS displacement for the 2016
event (Fig. 4b) was very similar to that of the 2011 event.
The maximum relative LOS displacement, also about
2 km from point S, was~33 cm, or~10 cm smaller than
that of the 2011 event. Line S-S’ was characterized by
SD from O to 2.8 km, by SD+FD from 2.8 to 7.4 km (in
which SD was intermittent), and by FD beyond 7.4 km
(Fig. 4b).

The relative LOS displacement during the post-2016
event period was evenly distributed along line S-S’ and
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was nowhere greater than 10 cm (Fig. 4c). Displacement
was characterized by FD at both ends of line S-S’ and by
SD between 3.5 and 7.8 km.

Coseismic surface ruptures of the 2011 and 2016 events
Our field surveys after both earthquakes documented
intermittent surface ruptures along the linear surface
displacement. The LOS offset maps in Fig. 2a and b are
annotated with colored symbols showing the locations of
surface ruptures and their interpreted origin (tectonic,
non-tectonic, or unknown). KML files with the locations
of these surface ruptures are available in the electronic
version of this paper (Additional file 2).

An asphalt road on the linear surface displacement
near Mochiyama, where the largest relative LOS dis-
placement occurred, was disrupted by the 2011 event
(Fig. 5a). Although this damage affected an artificial
structure, we assigned it a tectonic origin because of its
position on the linear surface displacement and because
clear surface ruptures continued beyond both ends of the
damage zone on the road. After the 2016 event, the road
was disrupted again and pre-existing cracks had clearly
expanded (Fig. 5b).

In the 2017 surveys, we documented a clear and
continuous open crack, not following the local topo-
graphic relief, around Mochiyama (Fig. 5¢). The crack
extended ~ 1.5 km length (Fig. 2b) and coincided with
the area of peak relative LOS displacement (1-2.5 km
from point S; Fig. 4b). However, the vertical displacement
measured directly on this crack was nowhere greater
than ~ 10 cm, whereas relative LOS displacement (total of
the type of SD and FD) at this location was greater than
20 cm (Fig. 4b), suggesting that more than half of the
actual vertical displacement took place off the fault trace.
Crustal displacements derived from geodetic methods
such as optical correlation of aerial photographs (e.g.,
Milliner et al. 2015) and differential lidar (e.g., Ishimura
et al. 2019) usually indicate the total slip on the underly-
ing seismogenic fault, including displacement accommo-
dated by flexure, splay faulting, and tapering, and InSAR
analysis is no exception (Scott et al. 2019). Therefore, our
field measurements of the rupture are not considered to
be anomalous.

We also found many minor cracks on artificial struc-
tures around the Shin-Koyama bridge, at the inflection
point of line S-S (Fig. 3b). We found evidence of two
separate extension events on the Shin-Koyama bridge
and a guardrail (Fig. 5d, e), which we attributed to the
2016 event and an earlier event. We found no ground
ruptures or cracks south of the Shin-Koyama bridge
along line S-S’ (Fig. 2b). Some minor cracks were found
outside the surface linear displacement around the
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Koyama Dam (Fig. 2a, b) that appeared to be of non-
tectonic origin, probably from local mass movement trig-
gered by coseismic shaking.

Characteristics of tectonic geomorphic features

Our examination of MPI-RRIMs revealed small notches
(subtle uphill-facing scarps) in ridge crests and subtle
wind gaps coinciding with the linear surface displace-
ment (Fig. 6 and Additional file 1: Fig. S2). Their detailed
positions are shown in Additional file 1: Fig. S3.

All of the small notches are on slopes facing northeast
to east and indicate subsidence toward the uphill side,
consistent with tectonic movements like the 2011 and
2016 movements. However, these tectonic features were
not found on fluvial terraces (Additional file 1: Fig. S2),
leaving us unable to reliably document the Holocene
activity on this fault from geomorphic observations. We
describe these tectonic features from northwest to south-
east along the linear surface displacement.

Near the northwest end of the linear surface displace-
ment (Additional file 1: Fig. S3a), four notches on ridge
crests were distributed along the right bank of a river.
Two of these notches coincided with the 2016 surface
ruptures (Fig. 6). A small bulge was recognized on a flu-
vial terrace northwest of the trench, but we cannot con-
clude that it has a tectonic origin because its shape is
partly defined by a subtle gully on its southwest side that
may represent a stream paleochannel (Fig. 6).

We did not identify any notches on ridge crests around
the Koyama Dam, where some 2016 minor cracks were
found (Additional file 1: Fig. S3b).

Farther south in the central part of the linear surface
displacement, seven clear and well-aligned notches were
found on ridge crests (Additional file 1: Fig. S3c). Their
alignment strongly suggests a tectonic process rather
than local mass movements, and their westward scarp
orientation agrees well with the slip direction of the
2011 and 2016 events. However, our field surveys found
no surface rupture around these notches. The area with
notches corresponds to the area of postseismic deforma-
tion after the 2016 event shown by LOS displacements
(Fig. 4¢).

The area just north of Wakaguri (Additional file 1: Fig.
S$3d) contained only one wind gap. However, the adjoin-
ing area at the south end of the linear surface displace-
ment contained several aligned notches and wind gaps on
ridge crests (Additional file 1: Fig. S3e). Our 2017 surveys
found no coseismic surface ruptures or minor cracks in
either area, and relative LOS displacements indicated
only FD in both areas in 2011, 2016, and the post-2016
event period (Fig. 4).
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Fig. 5 Photographs of surface ruptures; locations in Fig. 2a, b. Yellow arrows show the inferred fault trace based on the ruptures and linear surface
displacement of INSAR analysis. a Damage in an asphalt road near Mochiyama 1 month after the 2011 event. b Further damage at the same
location 5 days after the 2016 event. The total extension was measured as 12-13 cm, but this may include extension from the 2011 event. ¢ Open
crack after the 2016 event near Mochiyama in the area of peak LOS displacement, showing slight southwest-down displacement. d Extension
across the Shin-Koyama bridge after the 2016 event. Although we had not checked the Shin-Koyama bridge in the 2011 survey, the pattern of
weathering in the exposed steel implies extension in a pre-2016 event, presumably the 2011 event. The fresh and weathered zones measured 4 cm
and 5 cm, respectively. e Evidence of extension in a guardrail at the Shin-Koyama bridge after the 2016 event. Fresh and weathered zones measured

0.8 cmand 1.6 cm, respectively

minor crack

Trenching on the 2016 surface rupture

Trench site and stratigraphy

We conducted a trench excavation across the 2016 sur-
face rupture near Mochiyama (36°49’'15"N, 140°36/39"E)
at a site where the largest surface ruptures occurred in
the 2011 and 2016 events (Fig. 4a, b). Based on the DEM
interpretation, the trench site is on a small alluvial cone
on the right bank of the river, and small notches were

recognized on ridge crests southwest of the site (Fig. 6).
The surface rupture was in soft fine-grained soil in a
Cryptomeria plantation and had an uphill-facing scarp
with a maximum vertical displacement of ~10 cm, but
this may have included displacement from the 2011 event
as well as the 2016 event. We excavated a trench 4.0-m
long, 2.0-m wide, and 2.5-m deep with nearly vertical
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Fig. 6 Geomorphic map near Mochiyama showing the location of the trench excavation. Base map and contours are based on a lidar DEM with

2-m resolution

(75°) walls (Additional file 1: Fig. S4a) between October
and December 2017.

Our sketch logs of the east wall and west wall are
shown in Fig. 7a and b, respectively, and photomosaics of
both walls are shown in Additional file 1: Fig. S5.

In descending order, the walls expose artificial forest
soils, alluvial sandy deposits, gravel layers, and bedrock
with a clear SW-side-down offset. The bedrock profile
in the west wall is~1.0-m deeper than in the east wall,
suggesting that the bedrock surface dips toward the
west. This vertical difference of 1.0 m measured across a
trench 2.0-m wide suggests that the overlying sediment
inclines by 25°-30°. We divided the overlying sediments
into more than 20 stratigraphic units on the basis of their
facies and continuity. The exposed bedrock is strongly
weathered biotite-rich granodiorite.

The faults that reached the ground are interpreted
as normal faults because splay faults and open fissures
are well developed on the footwall side (northeast). The
ground is offset as much as~10 cm in the east wall,

but offset in the west wall is unclear because the faults
spread apart more widely than in the east wall, perhaps
reflecting the difference in the thickness of the overly-
ing sediment. The splay faults in the east wall converge
at~0.8-m depth (Fig. 7a), whereas the faults in the
west wall become obscure with depth (Fig. 7b). Con-
vergent faults in both walls tend to dip 60°-70° toward
the northeast. A void in the east wall along the fault,
which was about 0.3-m wide and 1.2-m high when we
started logging, gradually enlarged during the excava-
tion as gravel continued to fall from the hanging wall
(southwest) side, which supports extensional or sub-
sidence stress due to normal faulting or a possibility
making as if faulting continued during excavation. The
apparent offset of bedrock along the fault, as meas-
ured in the field, is as great as 35 cm. Considering the
75° inclination of the trench wall (Additional file 1:
Fig. S4a) and the 60°-70° dip of the fault, the vertical
offset of the bedrock is estimated as 25—-30 cm in the
east wall (inset of Fig. 7a), whereas 19 cm of apparent
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offset was measured in the west wall. The portion of the
trench deeper than 2.0 m has vertical walls; therefore,
the vertical offset of bedrock is estimated as 14—17 c¢cm
from the evidence in the west wall. The reason for this

difference of 8-16 cm in vertical offset between the
east and west walls is unclear. Presumably, subsidiary
fault(s) that compensate the difference may be hid-
den in the west wall or outside of the trench. Similar
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branched faults or fault migration are also reported
in sandbox models (Paul and Mitra 2015; Livio et al.
2019).

Units 20-50 consist of poorly sorted yellow-gray
to gray sand that contains logs, charcoal, and trash.
The organic sand and yellow-gray sand (units 40 and
50) occur only in the downthrown side of the east wall
(Fig. 7a), and the overlying gray sand (unit 20) lies on
opposite ends of the trench in the east and west walls.
Unit 60, a dark soil containing abundant charcoal, and
the interbedded yellow-gray sand (unit 61) in the west
wall are interpreted as artificial deposits that are probably
associated with modern forestry practices.

The underlying units 70-115 are mainly composed of
dark brown and dark yellowish sand or sandy silt with
abundant angular gravel. Units 70—-100 are recognized
only in the east wall (Fig. 7a), perhaps because the human
activities associated with overlying units 30—60 removed
them from the west wall. The sand units (units 110-113
and 115) present in both walls are interpreted as tribu-
tary sediments on an alluvial plain, although the dark
brown organic silt (unit 114) intercalated within them
in the west wall (Fig. 7b) suggests that tributary flow was
interrupted at least once.

Units 120-151 consist of grayish sand with abundant
angular gravel. These units (except for 120) cross all the
faults in the west wall (Fig. 7b), but they appear only on
the downdropped side in the east wall, suggesting that
elsewhere they were eroded away and replaced by overly-
ing units 110 and 111 (Fig. 7a). These poorly sorted facies
containing angular gravel are suggestive of debris-flow
material rather than alluvial sediment. In the west wall, a
lump of massive blue-gray clay (unit LC) within unit 150
is interpreted as a mud crust brought here from upstream.

Table 2 Radiocarbon ages of the Mochiyama trench
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Unit 160 is blue-gray clay with some visible plant
material. It directly overlies the bedrock and is dis-
tinctly displaced by a fault in the east wall, but it is
only intermittently present in the west wall (Fig. 7b).
The fragmentary and inclined distribution of this unit
suggests that it was eroded away during deposition of
the overlying sand (unit 150). The abundance of clay
implies a lacustrine rather than an alluvial or debris-
flow sediment.

Our age control in the Mochiyama trench was based
on seven radiocarbon ages of charcoal or wood frag-
ments picked from the west wall plus one sample picked
from the left side of the southern end wall of the trench
(sample SC-6'). The sample locations and their ages in
uncalibrated years (yr BP) are shown in Fig. 7b, and more
details and calibrated ages are listed in Table 2.

The uncalibrated ages ranged from ~ 180 to ~ 3000 year
BP. We conducted a Bayesian analysis using OxCal soft-
ware to yield calibrated calendar years and check the
consistency with the stratigraphic order, as shown in
Fig. 8. Most of the calibrated ages were concordant with
the stratigraphic order, but sample WC-11 yielded an
age ~2000 years greater than the modeled stratigraphic
order. Sample WC-11, a~1-cm piece of charcoal in the
blue-gray sand of unit 130, may be reworked material and
was excluded from this study. Our results suggest that
the upper units 10-114 are all less than 300 years old,
which supports our observation that the units 10—61 are
artificially disturbed soils and suggests that the underly-
ing units 110-114 were also subjected to artificial dis-
turbance. Additionally, a gap of more than 1000 years
between the units 114 and 130 indicates that the upper
part of unit 130 was eroded away during deposition of
the overlying sand (unit 115) or by forestry practices.

Sample name Samplewall Unit Material Pretreatment® 8'3C (%o) 14Cage (yr BP) Calibrated age (20) Lab number

WC-8 West wall 110  Charcoal AAA —24914+£036 247420 1636-1670 AD (74.2%) YU-7142
1780-1800 AD (21.2%)

WC-9 West wall 114 Charcoal AAA —27424+040 183420 1663-1685 AD (18.3%)  YU-7143
1733-1808 AD (55.4%)
1928 AD (21.7%)

WC-10 Westwall 114  Charcoal AAA —25284043 181420 1663-1685 AD (183%)  YU-7018
1731-1809 AD (55.4%)
1927 AD (21.7%)

WC-11 West wall 130 Charcoal AAA —27214056 3058423 1404-1260 BC (94.6%)  YU-7019
1240-1236 BC (0.8%)

WC-14 West wall 130  Wood fragment  AAA —30344032 1415420 605-657 AD (95.4%) YU-7144

WC-17 West wall 160 Twig AAA —26904+0.37 1702420 257-296 AD (17.8%) YU-7145
321-397 AD (77.6%)

SC-6 South wall 160 Twig AAA —29.084+024 1592420 415-537 AD (95.4%) YU-7146

@ AAA indicates that NaOH concentration reached 1.0 mol/L in acid-alkali-acid pretreatment
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Fig. 8 Age-depth plot showing the constrained probability density distribution of radiocarbon ages in a synthesized stratigraphic column of the
west wall of the Mochiyama trench (Fig. 7b), made with OxCal v4.3.2 software (Bronk Ramsey 2017). Light-gray curves are the original probability
density distribution of radiocarbon ages, and dark-gray curves are density distributions refined by Bayesian analysis. The red curve is the probability
distribution of the age of the preceding event as constrained by radiocarbon ages. The blue outlines labeled “Phase” enclose all radiocarbon ages
from each stratigraphic unit, and the outline labeled “Sequence” defines the order of events and groups of radiocarbon ages (Bronk Ramsey 2017)
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Paleoseismic evidence

In our trenching study, we could not distinguish the 2011
from the 2016 event in the most recent event horizon.
However, both events must have affected the ground sur-
face (surface of unit 10) because there were no artificial
disturbances between 2011 and 2016.

In the east wall (Fig. 7a), the charcoal-rich dark soil
(unit 60) appears to be displaced downward by more than
20 cm across the fault, but this offset is clearly unnatu-
ral because it exceeds the offset of underlying units 90
and 110. We infer that the unit 60 was deposited on a
surface that sloped toward the southwest. The units 90
and 110 display apparent offsets of~10 cm along the
fault, whereas the unit 160 and bedrock are displaced by
as much as~35 cm, suggesting that at least one faulting
event before 2011 occurred after the deposition of unit
160 but before unit 110 was deposited.

In the west wall (Fig. 7b), the 19 cm of apparent offset
of bedrock along the fault plane appears to be the result
of multiple faulting events besides the 2011 and 2016
events, because the individual offsets of branch faults on
the upper surface of unit 114 total no more than~10 cm.
Additionally, the unit 114 itself truncates branches of the
fault on the southwest side of the trench. These observa-
tions indicate that the splay faults in units 10-150 (on the
northeast footwall side) are associated with the 2011 and
2016 events, but other splay faults in units 115 and lower
(on the southwest hanging wall side) are associated with
an event earlier than 2011. This “normal-fault migration”
toward the footwall side is explained well by sandbox mod-
eling (Paul and Mitra 2015; Livio et al. 2019). We infer that
the last major faulting event before 2011 occurred just
before the deposition of unit 114. The unit 114 is a dark-
brown organic-rich silt that suggests a setting of tempo-
rary ponding, which is a typical environmental change that
accompanies fault motion. However, the possibility that
the unit 114 is a consequence of forestry practices cannot
be ruled out because of its young age (~ 300 cal BP; Fig. 8).
In any case, this event may be the same event we identified
between the units 160 and 110 in the east wall.

We, thus, conclude that at least one offsetting event
occurred before the 2011 event at the location of the
Mochiyama trench. The radiocarbon ages from overly-
ing unit 114 (samples WC-09 and WC-10) and under-
lying unit 130 (sample WC-14) suggest that this event
occurred in 275-1310 cal BP (Fig. 8).

The exact offset associated with this preceding event is
difficult to infer. In the east wall, the apparent along-fault
offset of units 90 and 110, ascribed to the 2011 and 2016
events, is~10 cm. Subtracting this from the ~35 cm off-
set of the bedrock leaves a remainder of ~25 c¢m, which
seems to be a large offset for a single preceding event
comparing to the 2011 and 2016 cases. In the west wall,
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subtracting the offset of unit 114 (~10 cm) from the
bedrock offset leaves a remainder of ~9 cm. In addition,
the vertical displacement of units 115-140 seems to be
smaller than the offset of bedrock. However, we did not
recognize any other convincing evidence of paleoseismic
events, such as stratigraphic changes or fault truncations
within the units 120-150 in the east wall or units 115—
160 in the west wall.

Characteristics of FFZs

After logging the initial walls of the Mochiyama trench,
we excavated deeper to investigate the detailed struc-
ture and characteristics of the FFZ within the bedrock.
In addition, we found three naturally exposed FFZs along
the linear surface displacement during our 2017 sur-
veys. Figure 2c shows the location and fault parameters
(strike and dip) of these FFZs, and details of the position
are shown in the Additional file 1: Fig. S3 and Additional
file 2. We observed and logged all of these FFZs except
one that was on a dangerously steep slope.

FFZ in the granodiorite exposed in the Mochiyama trench
The bedrock materials in the FFZ in the Mochiyama
trench (Fig. 7) are categorized as layered gouge, brec-
cia, cataclasite, and ultracataclasite as defined by Sibson
(1977) and Takagi and Kobayashi (1996).

In the east wall (Fig. 7a), a breccia zone (unit B) on the
southwest side of the fault increases to~8 cm in width at
the trench bottom. Below ~ 2.3-m depth, a zone of gouge
(unit G) ~4-cm wide appears between the fault surface
and the breccia. Fresh slickenlines on the northeast face
of the gouge (Additional file 1: Fig. S4d) may represent
the fault plane associated with the 2011 and 2016 events
because its strike (N42°W), dip (68°W), and rake (82°S)
angles are in rough agreement with the seismogenic fault
model proposed by Fukushima et al. (2018).

The northeast (footwall) side of the main fault zone
consists of mottled gray- and light-brown cataclasite
(unit C) that grades into the intact rock (Fig. 7a). It is
up to~10-cm wide near the trench bottom. The breccia
zone (unit B) on the southwest (hanging wall) side of the
fault is bounded by ultracataclasite (unit UC).

In the west wall (Fig. 7b), no gouge is apparent along
the fault. A band of breccia~5-cm wide appears on the
northeast side of the fault (unit B), whereas breccia is on
the southwest side of the fault in the east wall. On the
northeast (footwall) side of the breccia is mottled gray-
and light-brown cataclasite (unit C), as in the east wall.

Koyama Dam FFZ

The Koyama Dam FFZ (36°47'55"N, 140°37/45"E) is in a
tributary valley on the right bank of Ookita River (Fig. 2¢
and Additional file 1: Fig. S3b), where it has been partly
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exposed by the river (Additional file 1: Fig. S4b). Coseis-
mic surface ruptures were not found near this area, but
subtle cracks on a nearby asphalt road were noted dur-
ing the 2017 field surveys. The LOS displacement dis-
tribution of both events suggests that SD+FD type
deformation (Fig. 3¢c) occurred around this FFZ (Fig. 4a,
b), whereas afterslip characterized by SD type (Fig. 3a)
occurred after the 2016 mainshock (Fig. 4c). The lidar
DEM revealed no tectonic geomorphic features in the
vicinity (Additional file 1: Fig. S3b).

We removed surface soil to reveal an exposure 2-m
long and 1.5-m wide that crosscuts the FFZ, and cleaned
the FFZ for examination. The intact rock is hard grano-
diorite, less weathered than the bedrock in the Mochiy-
ama trench. The exposed fracture zone is characterized
by gray to green-gray colors. We categorized its materials
as gouge, breccia, and cataclasite on the basis of its facies
and fragmentation (Fig. 9a).

The central part of the fracture zone is gouge with an
apparent thickness of ~20 cm. The eastern half is green
and the western half is gray-brown. A zone of loose sedi-
ment within the overlying sediment (Fig. 9a) extends
across the fault to the western edge of the gouge. The
fresh slickenlines on the fault trace include one with a
N6°W strike, 67°W dip, and 72°S rake angle (Additional
file 1: Fig. S4e), which is roughly consistent with the seis-
mogenic fault model of the 2011 and 2016 events. These
findings suggest that the western edge of the gouge is
the slip plane associated with the 2011 and 2016 events.
Another notable feature is that the gray-brown gouge
includes clayey fragments plucked from the green gouge
(Additional file 1: Fig. S4f). This phenomenon cannot be
explained by a single faulting event.

Breccia zones border the gouge zone on both sides.
The breccia on the east side (green breccia) is 50—60-cm
thick and contains light-brown rock fragments of mixed
size in a blue-gray matrix. The breccia on the west side
(green-brown breccia) is 10-15-cm thick and composed
of incoherent light-gray fragmental material. Its outer
edge grades into a zone of cataclasite 10-20-cm thick.
The cataclasite grades into the granodiorite and partially
retains its original structure.

Wakaguri FFZ

The Wakaguri FFZ (36°46'04”N, 140°38'10"E) is on the
right bank of the Sekine River perpendicular to a slope
undercut by the river (Fig. 2c and Additional file 1: Fig.
S3e). We found no coseismic surface cracks or minor
cracks near Wakaguri. This area was characterized by
FD-type deformation from both events and the postseis-
mic period in 2016 (Fig. 4), although aligned notches and
subtle wind gaps on ridge crests are visible in the DEM
on this part of line S-S’ (Additional file 1: Fig. S3e).
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We cleaned the FFZ and logged an exposure that was
0.5-m high and 1.5-m wide (Additional file 1: Fig. S4c).
The intact rock is weathered granodiorite with some peg-
matite veins on its east side. The fracture zone consists of
a thin layer of gouge flanked by green breccia on one side
and cataclasite on the other (Fig. 9b). All parts of this FFZ
are thin compared to the Mochiyama trench and Koyama
Dam FFZs.

The breccia zone is~20-cm thick and is sharply
bounded on both sides. The gouge zone is 0.5-1.0-cm
thick and features poorly defined slickenlines with N10°E
strike, 80°W dip, and 73°S rake angle (Additional file 1:
Fig. S4g). Although this strike diverges slightly from that
of the linear surface displacement, it is broadly consistent
with the seismogenic fault model. Because the Wakaguri
FFZ is near the south end of the area of coseismic defor-
mation, splaying of the normal fault near its termination
may account for the divergent strike. The subtle slick-
enline and LOS offset imply that slight movement may
have occurred during the 2011 or 2016 event, or in past
events, although no clear offset is apparent in the overly-
ing sediment.

Discussion

Comparison of surface ruptures of the 2011 and 2016
events

Our LOS displacement maps show that the 2011 and
2016 events have similar distribution and discontinuity
of ground deformation (Fig. 2a, b) and similar distribu-
tions of LOS displacement (Fig. 4a, b), and in all these
respects the 2011 event was slightly larger than the 2016
event. Surface ruptures of both events were found in the
same locations in the Mochiyama region (Fig. 5a, b), and
some artificial structures were damaged by both events
(Fig. 5d, e). These findings, along with the clear offsets of
bedrock, slickenlines, and layered FFZs including gouge
along the linear surface displacement, confirm the tec-
tonic origin of these features by displacement on the
Mochiyama fault. We defined the detail of the Mochiy-
ama fault based on the distribution of tectonic surface
ruptures, notches, and FFZs. The fault is at least ~ 8-km-
long curvature-shaped trace from the northern tip of
2016 surface rupture (36°49'25"N, 140°36'32"E) to the
southern tip of notches (36°45'27"N, 140°38'11"E). After
the measurements of fault plain within the FFZs, we also
defined the average fault parameters of 60°~70°W dip,
N42°W-N45°W strike of the northern part and 70°-
80°W dip, N6°W—-N10°E strike of the southern part. The
KML file of trace is available in Additional file 2.

The similarity in the LOS displacement distributions
and damage to artificial structures from the two events
supports the suggestion by Fukushima et al. (2018),
based on InSAR analysis and GNSS data, that the fault
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surface of the 2011 event was reactivated in 2016. The
similarity in the distribution of the coseismic LOS dis-
placement, along with the slight disparity in the effects
of the two events, is consistent with semicharacter-
istic slip behavior (Kaneda and Okada 2008) rather
than characteristic slip behavior (Schwartz and Cop-
persmith 1984). This is the first case to our knowledge
in which semicharacteristic behavior of a normal fault
has been revealed by remote sensing techniques.

Other cases of successive ruptures matching the
patch model of Sieh (1996) have been reported from
central Italy in a normal fault system. The partial rup-
ture of the northwest part of the Paganica—San Deme-
trio fault in the 2009 L’Aquila earthquake (Civico et al.
2015) is consistent with the patch model. And the 2016
Norcia and Amatrice earthquake sequences, which
occurred two months apart, reactivated the same fault
plane but differed in their scales and slip distributions
(Villani et al. 2018; Ferrario and Livio 2018; Brozzetti
et al. 2019). These observations suggest that normal
faults may tend to respond irregularly to regional
extensional stress. In any case, the examples cited here
indicate that classical models of recurrence and slip
behavior should be updated. The InSAR techniques
that enabled us to characterize fault behavior in events
of moderate magnitude in this mountainous region
will be valuable here and elsewhere for studying sub-
sidiary fault behavior.

Comparison of paleoseismic history with the Yunodake
and Itozawa faults

The paleoseismic histories of normal faults in the south-
ern Abukuma Mountains that were triggered by the
Tohoku-Oki earthquake are an important aspect of the
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interaction between megathrust earthquakes and inland
stress changes. Published examples include the evidence
of inland triggered earthquakes associated with the AD
1454 Kyotoku (M, >8.4; Sawai et al. 2015) and AD 869
Jogan earthquakes (M, >8.6; Namegaya and Satake
2014), considered the two most recent megathrust events
before the 2011 Tohoku-Oki earthquake (e.g., Satake and
Fujii 2014; Satake 2015; Usami et al. 2018). In the case
of the 2011 Iwaki earthquake, which ruptured both the
Yunodake and Itozawa faults, Miyashita (2018) reported
that the Yunodake fault ruptured in 5900-6700 cal BP
and 800-6200 cal BP and suggested that the later event
could have been synchronous with the AD 869 Jogan
earthquake. On the other hand, Toda and Tsutsumi
(2013) found no evidence that the Itozawa fault ruptured
in association with the AD 1454 Kyotoku or AD 869
Jogan events, but instead reported evidence of surface
faulting in 12,620-17,410 cal BP.

Our trenching study found that at least one event,
including the penultimate faulting event on the Mochiy-
ama fault, occurred in 275-1310 cal BP. The age of that
event is consistent with both the AD 1454 Kyotoku and
AD 869 Jogan earthquakes in the Japan Trench (Fig. 10).
The age range of that event overlaps with an event on the
Yunodake fault with an age range of 800-1310 cal BP,
suggesting the possibility of simultaneous earthquakes
on the Yunodake and Mochiyama faults. To evaluate
this possibility, we calculated Z statistics (e.g., Sheppard
1975; McCalpin 2009), a quantitative method to com-
pare the overlap of the two ages given their means and
standard deviations. The mean ages and standard devia-
tions of the penultimate events are 350042700 years
for the Yunodake fault and 792.5+517.5 years for the
Mochiyama fault. The calculated Z statistic for both
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Fig. 10 Correlation of events on the Mochiyama fault and palecearthquakes on the Yunodake and Itozawa faults. The bottom plot shows the
timing of paleomegathrust earthquakes based on turbidite paleoseismology in the Japan Trench (Usami et al. 2018)
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events is 0.98, or a probability of ~35% that these events
were synchronous. If they occurred in 800-1310 cal BP,
they could correspond to the AD 869 Jogan megathrust
earthquake, but not the AD 1454 Kyotoku earthquake or
the T4-1 earthquake of ~1500 cal BP (unknown magni-
tude; Fig. 10) inferred from tsunami deposits in the Sen-
dai plain (Sawai et al. 2012) and turbidites in the Japan
Trench (Usami et al. 2018). Of course, a possibility can-
not be ruled out that the Mochiyama fault ruptured in
association with the AD 1454 event or was triggered by
the T4-1 earthquake, while the Yunodake fault was not
activated at those times. An important possibility from
the paleoseismology of the Abukuma Mountains is that
the case of 2011, in which the Yunodake, Itozawa, and
Mochiyama faults all ruptured, is a rare occurrence in
the supercycle of the Japan Trench. Further paleoseis-
mic studies are needed, in the Abukuma Mountains and
elsewhere in megathrust regions, to elucidate the rela-
tionships, if any, between triggered reactivation of inland
faults and megathrust supercycles.

Detection and assessment of slow slip-rate faults

The tectonic geomorphic features on the Mochiyama
fault escaped detection in aerial photos until the fault
produced earthquakes. It took our observations of a DEM
to find these subtle features. This case presents an exam-
ple of an active fault near the threshold of geomorphic
detectability, at which the slip rate is only slightly greater
than the local denudation rate. Kaneda (2003) suggested
that the threshold slip rate at which detectable geomor-
phic signs are produced in humid granitic mountain
regions is~0.1 mm/year. Fujiwara et al. (2001) reported
average basin-scale denudation rates of~0.132 mm/
year in the Abukuma Mountains based on the relation-
ship between sediment delivery rates to reservoirs and
the dispersion of elevation. Nakamura et al. (2014) esti-
mated denudation rates in the Abukuma Mountains of
0.114—0.180 mm/year based on the concentration of cos-
mogenic nuclides in fluvial sediments. Although we can-
not discuss the slip rate of the Mochiyama fault directly
due to lack of cumulative offsets on fluvial terrace or
alluvium, these previous studies suggest that the slip
rate of the Mochiyama fault is no greater than ~0.1 mm/
year. If an offset of 10-20 cm occurred in every earth-
quake, which is the combined offset of the 2011 and 2016
events based on the offset of bedrock in the Mochiyama
trench, then the estimated cumulative recurrence inter-
val would be 1000-2000 years or longer. This evidence
also supports the inference that the Mochiyama fault has
not always been triggered in synchrony with the Japan
Trench earthquake supercycle (500-700 years), but we
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should investigate slip rate of the fault directly in some
method, for example by the aligned coring across the
fault.

Our field surveys located FFZs along the Mochiyama
fault that were possibly activated in both the 2011 and
2016 events. These were characterized by distinct and
layered fracture zones including plucked clay fragments
(Additional file 1: Fig. S4f). Aiyama et al. (2017), observ-
ing the active Yamada fault in a granitic outcrop in cen-
tral Japan, described layered gouge zones within the FFZ;
whereas inactive minor faults in the same outcrop were
in direct contact with cataclasite and not associated with
gouge. At the active trace of the Nojima fault in central
Japan, layers of gouge in granite have been explained by
repetitive faulting at shallow crustal levels (Shigetomi
and Lin 1999; Otsuki et al. 2003). Lin et al. (2013) showed
that the Itozawa and Yunodake faults, which are in simi-
lar Cretaceous granitoid and metamorphic rocks, also
have layered gouge and breccia zones comparable to
those we documented on the Mochiyama fault and that
these faults have been active normal faults since Neogene
time. These cases reinforce our observations in implying
that activity on the Mochiyama fault has been persistent
at shallow depths. Field surveys and observations of FFZs
are still important and powerful methods for fault assess-
ment in these inland areas where well-hidden active
faults have yet to be mapped.

Conclusion

We conducted differential InSAR analyses and field sur-
veys in the southern Abukuma Mountains where very
similar normal-type earthquakes occurred in 2011 (M,,
5.8) and 2016 (M,, 5.9), triggered by postseismic crus-
tal deformation from the 2011 Tohoku-Oki earthquake.
The InSAR analyses showed that both events produced
linear surface displacement and areas of deformation
in the same locations, indicating the presence of an
active normal fault that we have named the Mochiy-
ama fault. The 2011 event had slightly greater displace-
ment and a slightly larger deformation area than the
2016 event. Our field surveys conducted immediately
after both events documented tectonic surface ruptures
and repeated damage to artificial structures along the
linear surface displacement. Slickenlines and fault ori-
entations in FFZs are concordant with the fault mod-
els of both events. These observations indicate that the
Mochiyama fault reactivated within a very short time
interval and behaved with semicharacteristic slip, with
similar distributions but slightly different amounts of
slip. InSAR analysis is a powerful tool for characterizing
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fault behavior in moderate seismic events, even in
mountainous settings.

Our trench excavation and radiocarbon dating suggest
that the Mochiyama fault ruptured in synchrony with
the Yunodake fault in the case of the 2011 Tohoku-Oki
earthquake and possibly in the case of the AD 869 Jogan
megathrust earthquake, but we cannot rule out the pos-
sibility that only the Mochiyama fault ruptured in con-
nection with the AD 869 or other megathrust events. An
important possibility of this and other paleoseismic stud-
ies is that normal faults in the southern Abukuma Moun-
tains have not been consistently synchronized with the
Japan Trench megathrust supercycle of 500-700 years.
The case of 2011, in which the Yunodake, Itozawa, and
Mochiyama faults were all triggered, appears to be a rare
occurrence.

The layered FFZs and subtle tectonic geomorphic fea-
tures visible in a lidar DEM both indicate repeated fault-
ing of the Mochiyama fault. However, the fault is invisible
in aerial photographs due to dense forest and its slow slip
rate, which we infer to be no greater than ~0.1 mm/year.
Detection in lidar DEMs, followed by thorough field sur-
veys and observations of FFZs, is an important method
for assessments of such slow slip rate faults.

The semicharacteristic behavior of the Mochiyama
fault and the complex paleoseismic history of the Abu-
kuma Mountains, as well as examples elsewhere, show
that normal faults in the hanging wall of megathrust
events respond irregularly to changes in extensional
stress regardless of their magnitude. Irregular activity
on inland normal faults should be expected after future
megathrust earthquakes.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/540623-019-1085-8.

Additional file 1: Fig. S1. Schematic diagram showing the differences in
incidence angles and resulting LOS values between PALSAR (2011 event)
and PALSAR-2 (2016 and post-2016 event). Estimated difference in vertical
offsets is ~2.7%, which is considered negligible. Fig. S2. Geologic map

of the study area adapted from Kubo et al. (2007); location in Fig. 1. Also
shown are small notches and wind gaps on ridge crests as well as fluvial
terraces, identified in aerial photographs and a lidar DEM. Fig. S3. MPI-
RRIM maps (locations in Fig. 2a) based on 2-m lidar DEMs. Location of 2016
surface ruptures and minor cracks, FFZs, subtle small notches, and wind
gaps on ridge crests are shown. Fig. S4. Photographs of a the Mochiyama
trench excavation, b the Koyama Dam FFZ, and ¢ the Wakaguri FFZ, fresh
slickenlines in gouge of d the Mochiyama trench and e the Koyama Dam
FFZ, f displaced clay fragments within gouge of the Koyama Dam FFZ, and
g subtle slickenlines in gouge of the Wakaguri FFZ. Fig. S5. Photomosaics
of the a east wall and b west wall of the Mochiyama trench with fiducial
grid overlay. Sketch log of this trench is shown in Fig. 7.

Additional file 2. KML files showing locations of features associated with
the 2011 and 2016 events. Red pins indicate tectonic surface ruptures,
green pins indicate other minor cracks, and yellow stars indicate the loca-
tions of FFZs.
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INSAR: interferometric synthetic aperture radar; DEM: digital elevation model;
FFZ: fault fracture zone; GNSS: global navigation satellite system; LOS: line

of sight; PALSAR: phased array-type L-band synthetic aperture radar; ALOS:
advanced land observing satellite; GSI: Geospatial Information Authority of
Japan; SD: surface displacement; FD: flexure displacement; MPI-RRIMs: mor-
phometric protection index red relief image maps.
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