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Abstract in large earthquakes, surface ruptures of secondary faults may appear in addition to the pri-
mary fault rupture, such asin the 2016 Kumamoto earthquake. Although the displacement of such distributed
surface ruptures is small, information on their paleo activities may provide clues for evaluating displacement
hazard and whether they can offer a paleoseismic history of the primary fault. We conducted lidar differencing
analysis and trench excavation on the Idenokuchi fault, which was activated simultaneously with the primary
Futagawa fault during the 2016 Kumamoto earthquake. First, we clarify the 3D displacement field by lidar
differencing and quantify how slip partitioning occurred on both faults. We find that deep oblique slip is com-
pletely splitinto horizontal and vertical components at the ground surface and infer that the Idenokuchi fault
is structurally connected to the Futagawa fault. Then, we excavate a trench on a subparallel surface rupture
of the Idenokuchi fault and identify at least six (and potentially up to eight) faulting events since 15 ka. Com-
bined with the results of other paleoseismic trenches, our findings on the Idenokuchi fault indirectly suggest
that the Futagawa fault has ruptured relatively periodically. We conclude that subsidiary and secondary sur-
face ruptures appeared in the last few events, as was the case during the 2016 event.

Non-technical summary We conducted a study on the Idenokuchi fault, which moved together
with the main Futagawa fault during the 2016 Kumamoto earthquake, Japan. By comparing the topography
before and after the earthquake, and by digging a trench, we were able to understand how the fault moved
during the 2016 earthquake and during the prehistoric earthquakes. Our findings indicate that the oblique
displacement on the fault at depth is split into horizontal and vertical movements at the surface. This suggests
that the Idenokuchi fault merges with the Futagawa fault at depth. By digging a trench on the Idenokuchi fault,
we found evidence for at least six (and potentially up to eight) past earthquakes over the last 15,000 years. The
recurrence interval revealed on the Idenokuchi fault indirectly indicates that the Futagawa fault has ruptured
at somewhat regular intervals. These findings contribute to a better understanding of earthquake hazards.
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1 Introduction

Recent developments in remote sensing technology
(e.g., SAR and optical correlation) have enabled the cap-
ture of ground surface displacement associated with
earthquakes with high resolution and precision, includ-
ing the distribution and amount of displacement. As a
result, it has become clear that the distribution of co-
seismic surface ruptures is complex when viewed in de-
tail, and in some cases, ruptures are distributed over
extensive areas (e.g., the 2016 Kumamoto earthquake
(e.g., Fujiwara et al., 2016; Kumahara et al., 2022), the
2016 Kaikoura earthquake (e.g., Hamling et al., 2017,
Litchfield et al., 2018), and the 2019 Ridgecrest earth-
quake (e.g., Barnhart et al., 2019; Xu et al., 2020)). Such
complex ruptures have involved contemporaneous slip
on the primary faults and other related faults, which
are variably referred to as secondary, subsidiary, sym-
pathetic, and distributed faults (e.g., Nurminen et al.,
2020, 2022). Understanding the history and distribution
of complex ruptures is important for assessing displace-
ment hazards; however, few studies have evaluated the
relative synchronicity of past ruptures along primary
faults and their associated nearby faults.

The epicentral area of the Mw7.0 2016 Kumamoto
earthquake provides a rare opportunity to study such
co-rupturing events. InSAR analyses and field surveys
have shown that the surface ruptures were widely dis-
tributed around the main (primary) fault of the 2016
Kumamoto earthquake (Fujiwara et al., 2016). De-
tailed field reconnaissance studies confirmed surface
displacements and/or deformation at discontinuities
observed in the InSAR data (Goto et al., 2017; Ishimura
etal., 2017; Okamura et al., 2018; Sato et al., 2021). In ad-
dition to the ruptures along the primary Futagawa and
Hinagu faults, surface displacements were observed
along the Idenokuchi and Miyaji faults (Fig. 1). The Ide-
nokuchi fault extends for approximately 10 km paral-
lel to and within 2 km southeast of the Futagawa fault.
Along this parallel section of the rupture, right-lateral
displacement occurred on the Futagawa fault and ver-
tical displacement occurred on the Idenokuchi fault,
from which Toda et al. (2016) inferred that the slip was
partitioned between the two faults. This suggests that
the Futagawa and Idenokuchi faults merge at depth and
are structurally connected. The Miyaji faults (Fig. 1;
Ishimura et al., 2017) have the same strike and displace-
ment sense as the Futagawa fault. However, the fault
model based on the InSAR analysis (Fukushima and
Ishimura, 2020) has revealed that the Miyaji faults are
not connected to the Futagawa fault, suggesting that
the 2016 surface ruptures on the Miyaji faults were trig-
gered slip. These observations indicate that various
mechanisms may have contributed to the surface rup-
tures around the Futagawa fault during the 2016 Ku-
mamoto earthquake.

In addition to field measurements of fault displace-
ments (Shirahama et al., 2016; Okamura et al., 2018;
Kumahara et al., 2022), the three-dimensional defor-
mation caused by the 2016 event has been revealed by
InSAR and differential light detection and ranging (li-
dar) analyses (Moya et al., 2017; Scott et al., 2018; He
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etal., 2019; Himematsu and Furuya, 2020; Aoyagi et al.,
2021; Muroi et al., 2024). In particular, lidar differencing
provides higher resolution and more accurate displace-
ment information in areas with larger displacements
than InSAR analysis. These types of analyses have been
conducted along some parts of the 2016 rupture (Scott
et al., 2018; Aoyagi et al., 2021; Muroi et al., 2024), re-
vealing the details of three-dimensional deformation.

After the 2016 Kumamoto earthquake, more than 10
paleoseismic trenches were excavated on the Futagawa
and surrounding faults (Fig. 1). A paleoseismic survey
(Miyaji trench in Fig. 1) conducted on the Miyaji faults
revealed that the fault moved about 2,000 years ago be-
fore the 2016 event, which is consistent with the age
range of the penultimate event of the Futagawa fault
estimated by paleoseismic trenches (Ishimura et al.,
2021). Furthermore, the vertical displacement in the
penultimate event at the Miyaji trench was 10-20 cm,
similar to the 2016 event, suggesting that the slip on the
Miyaji faults has been repeatedly triggered by the slip on
the Futagawa fault in the past. Other trenching survey
on short surface ruptures of the 2016 event at the north-
west of the Aso caldera also indicated activity preceding
the 2016 event (Sato et al., 2021), suggesting the possi-
bility of repeated synchronous ruptures. The interpre-
tation of these trenches benefited from site conditions
characterized by rapid sedimentation rates and multi-
ple thin tephra layers (downwind of the Aso volcano),
which enabled the identification of displacements as
small as approximately 15 cm (Ishimura et al., 2021).
The success of these efforts prompted us to search for
sites along other faults near the Futagawa fault to exam-
ine the timing of events and potential contemporaneous
rupture with the Futagawa fault.

In this study, we use lidar-based digital terrain models
(DTMs) before and after the earthquake to calculate the
three-dimensional displacement fields across the Fu-
tagawa and Idenokuchi faults, examining the amount
of slip partitioning during the 2016 Kumamoto earth-
quake. Although Scott et al. (2018), Aoyagi et al. (2021),
and Muroi et al. (2024) conducted differential lidar anal-
yses along other sections of the 2016 rupture, there
has been no study to estimate the amount of displace-
ment in the area of slip partitioning between the Futa-
gawa and Idenokuchi faults. Additionally, we conduct a
paleoseismic trenching investigation of the Idenokuchi
fault. We document the paleoseismic history of the Ide-
nokuchi fault and compare our results with those of the
Futagawa and Miyaji faults. Our findings indicate that
all three faults could have ruptured together multiple
times in the past, providing insight into understanding
the interaction of multiple faults in complex ruptures.
These results also have implications for assessing dis-
placement hazards associated with slip partitioning on
secondary faults.

2 Regional setting

Kyushu Island is part of the Southwest Japan arc and
is the southernmost of the four main islands of the
Japanese archipelago (Fig. 1). It is located on the
Eurasian Plate, beneath which the Philippine Sea Plate
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Figure 1 Spatial relationships among the primary Futagawa-Hinagu rupture zones and previously mapped active fault
traces. (a) Tectonic setting, active volcanoes, and active faults in southwest Japan. CKSZ: Central Kyushu Shear Zone
(Oohashietal.,2020). EP: Eurasian Plate. PSP: Philippine Sea Plate. (b) Locations of the surface ruptures along the Futagawa,
Hinagu, Idenokuchi, and Miyaji faults. The surface rupture traces are from Kumahara et al. (2022). Previously mapped active
fault traces are from Nakata and Imaizumi (2002). Red and orange lines indicate primary and subsidiary surface ruptures,
respectively, as defined in this study. The dotted line encloses the area where secondary surface ruptures were identified by
INSAR (Fujiwara et al., 2016). The Miyaji faults (Ishimura et al., 2021) are examples of the many secondary surface ruptures as-
sociated with the 2016 event. In this study, we defined the Kiyama, Futagawa, and Kitamukiyama faults, previously mapped
by the Research Group for Active Faults of Japan (1991), as the Futagawa fault. 1: Ishimura et al. (2021), 2: Sato et al. (2021), 3:
Ueta et al. (2018), 4: Toda et al. (2019), 5: Kumahara et al. (2017b), 6: Okamura et al. (2018), 7: Iwasa et al. (2022), 8: Ishimura
etal. (2022), 9: Kumahara et al. (2017b), 10: Takahashi et al. (2017), 11: Tsutsumi et al. (2018), 12: Ueta et al. (2018), 13: Inoue

et al. (2020), 14: Shirahama et al. (2021).

is subducting northwestward at an oblique angle (Seno
et al., 1993). Kyushu is characterized by many active
volcanoes that have produced numerous tephra layers
with well-established ages (Table S1; Machida and Arai,
2003; Miyabuchi, 2009). Active faults are primarily con-
centrated in the central and northern regions of Kyushu
(Research Group for Active Faults of Japan, 1980, 1991).

The central Kyushu region has been deformed by
north-south extension since 6 Ma (Kamata and Kodama,
1994), and is structurally characterized by the Beppu-
Shimabara graben (Matsumoto, 1997). This area is char-
acterized by many east-west-striking normal faults (Re-
search Group for Active Faults of Japan, 1991) and high
levels of volcanic activity. According to Oohashi et al.
(2020), central Kyushu has been a transtensional tec-
tonic zone since approximately 1 Ma, referred to as the
Central Kyushu Shear Zone (Fig. 1), characterized by
dextral faults, rift zones, and volcanism.

3

2.1 Futagawa fault zone

The Futagawa fault (Fig. 1) is a ca. 25-km-long active
dextral strike-slip fault (Watanabe and Ono, 1969; Re-
search Group for Active Faults of Japan, 1980, 1991;
Nakata and Imaizumi, 2002; Kumahara et al., 2017a;
Suzuki et al., 2017) and generated the mainshock (Mw
7.0) of the 2016 Kumamoto earthquake sequence on
April 16, 2016. Primary surface ruptures appeared dur-
ing the mainshock along the previously mapped active
fault traces (Fig. 1; Kumahara et al., 2022). Dextral dis-
placements of about 2 m were observed between Do-
zon and Futa along the central part of the Futagawa
fault, with a maximum dextral displacement of 2.5 m
at Dozon (Fig. 1; Shirahama et al., 2016; Okamura et al.,
2018; Kumahara et al., 2022). Vertical displacement of
about 1 m (south up) was observed along the central and
western parts of the Futagawa fault (Shirahama et al.,
2016; Okamura et al., 2018; Kumahara et al., 2022). The
right-lateral and vertical slip rates for the Futagawa fault

SEISMICA | volume 5.1 | 2026



SEISMICA | RESEARCH ARTICLE | Paleoseismic trenching on slip-partitioned surface ruptures

determined near Futa are 1.5-3.7 mm/yr and 0.9-1.1
mm/yr, respectively (Ishimura et al., 2019).

The Idenokuchi fault is a 10-km-long active dip-slip
fault primarily up on the south (Research Group for Ac-
tive Faults of Japan, 1980, 1991; Nakata and Imaizumi,
2002), and also ruptured the surface during the main-
shock of the 2016 Kumamoto earthquake (Fig. 1; Kuma-
hara et al., 2022). Surface ruptures occurred along mul-
tiple subparallel faults. The maximum vertical displace-
ment was 2 m (south up), and the average vertical dis-
placement was about 1 m (Kaneda et al., 2022). Toda
et al. (2016) inferred that the vertical slip on the Ide-
nokuchi fault was related to the slip partitioning of the
oblique lateral slip on the Futagawa fault. There is no
data on the slip rate of the Idenokuchi fault.

2.2 Previous paleoseismic survey along the
Futagawa fault

Extensive paleoseismic trenching has been conducted
along the Futagawa fault and its vicinity since the 2016
event (Fig. 1). They are divided into three types: 1) on
the surface ruptures along the primary Futagawa fault
(Kumahara et al., 2017b; Takahashi et al., 2017; Oka-
mura et al., 2018; Tsutsumi et al., 2018; Ueta et al., 2018;
Todaetal., 2019; Ishimura et al., 2022; Iwasa et al., 2022),
2) on the surface ruptures along the Hinagu fault (Shi-
rahama et al., 2021), and 3) on other secondary surface
ruptures (Inoue et al., 2020; Ishimura et al., 2021; Sato
etal., 2021). Almost all of these studies identified multi-
ple events in the Holocene. Some studies estimated the
age of the penultimate event on the primary Futagawa
fault to be about 2 ka (Ueta et al., 2018; Toda et al., 2019;
Iwasa et al., 2022; Ishimura et al., 2022). Comparison
of paleoseismic information obtained after the earth-
quake with that before the earthquake (Headquarters
for Earthquake Research Promotion, 2013) suggests that
the Futagawa fault has been more active at least during
the Holocene than previously assessed before 2016.

3 Methods and data

3.1 Lidar differencing

We used a 2-m grid DTM surveyed from January 2013
to February 2014 and a 2-m grid DTM surveyed on May
2016. Although we do not possess the original point
cloud data of pre- and post-earthquake datasets, nor
the details for constructing the DTMs from the original
point cloud data, all the DTMs were prepared under the
regulations required for a public lidar survey in Japan.
We used the Japan plane rectangular coordinate system
II (in meters) as the coordinate system for all data.

We applied the 3D-Geomorphic Image Velocime-
try method (Kokusai Kogyo Co., Ltd., JP Patent No.
4545219, 2010) for lidar differencing. The particle im-
age velocimetry method and pre- and post-event DTMs
(Fig. 2) were used to calculate the surface displacement
vectors following the methods of Mukoyama (2011) and
Ishimura et al. (2019). Aoyagi et al. (2021) and Muroi
et al. (2024) used this method for the eastern exten-
sion of the Futagawa fault inside the Aso caldera. The
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method procedure is as follows. First, we prepared
slope-shaded images using pre- and post-event DTMs.
We then carried out a grid search by moving a pre-
event image in a pixel-by-pixel manner in the scanning
area on the post-event image and estimated the position
that exhibited the highest value of the coefficient of cor-
relation using subpixel interpolation. From this step,
we used the head and tail of each horizontal vector to
calculate the two horizontal components (north-south
and east-west) of displacement and estimate the vertical
component using the elevation values at head and tail
positions from DTMs. Subsequently, we slid the search
area in steps and repeated the image matching and cal-
culation of the 3D displacement. Finally, we plotted the
complete 3D vectors on maps. In this study, the search
area size, search area step size, and output grid size were
set to be 64 x 64 pixels (128 x 128 m), 5m, and 5x 5 m,
respectively. Additionally, the theoretical error of this
analysis is 0.1 pixel (0.2 m) due to subpixel interpolation
in the displacement calculation.

The expected ground motions during the measure-
ment period are as follows: (1) the deformation associ-
ated with the 2016 Kumamoto earthquake, (2) the post-
seismic deformation (e.g., aftershocks and afterslip), (3)
the background tectonic deformation, and (4) the arti-
ficial modification and present-day surface processes.
We evaluate the deformation of items 2 and 3 using
the GNSS observations in the study area. Based on
the GNSS stations at the Choyo (960701), Aso (960703),
and Takamori (960704) of GeoNET, the postseismic and
background deformations (vertical, north-south, and
east-west components) from April 2010 to May 2016 are
nearly equal to the theoretical error level (0.2 m). Thus,
the deformations associated with items 2 and 3 are neg-
ligible. Regarding item 4, although the impact varies
from location to location, it is not possible to distin-
guish between phenomena caused by earthquakes and
those not caused by earthquakes, based on the analyses
of aerial photographs and the topography. Therefore, in
this study, we avoid using data from such locations for
interpretation (e.g., surface failures and areas with arti-
ficial modifications).

3.2 Trench survey

We looked for an appropriate site for a paleoseismic ex-
cavation along the Idenokuchi fault (Figs. 2 and 3). We
selected possible sites based on the following criteria:
1) minor artificial modification, 2) clear surface rupture
traces, and 3) stable and continuous sediment deposi-
tion. As a result, we selected a trench site on a gen-
tle slope characterized by subparallel fault traces of the
Idenokuchi fault, expecting trapped sediment and sta-
ble and continuous soil deposition (Fig. 3). The trench
site is on an apparent single surface rupture (north-up
normal fault), and another surface rupture (south-up
normal fault) runs parallel on its southeast side. Cur-
rently, the fields are cow ranches with minor artificial
modification.

We excavated a 13-m-long, 5-m-wide, and 3.5-m-deep
trench (Fig. 3; KMR trench) and established a grid sys-
tem on the trench walls. We logged the walls and col-
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Figure2 Extentoflidar data used to measure displacements and surface ruptures. Lidar survey areas include the post-2016
Kumamoto earthquake (black polygon) and pre-2016 Kumamoto earthquake (blue polygon).

lected samples for tephra analyses and radiocarbon dat-
ing. To further examine the subsurface geology, we
used a 50-cm-long and 4-cm-wide corer to obtain seven
cores from the trench floor and the upthrown side (Fig.
S1). We used a Nikon Nivo5.SC total station to map the
locations of the surface ruptures, trench, and coring
sites (Fig. 3b).

3.3 Laboratory analysis

We determined refractive indices and major element
compositions of volcanic glass shards in the sampled
tephras. First, we sieved the samples with water
through a 62-pm nylon mesh. Then, we oven-dried the
samples at 50°C and sieved the dried samples through
a 120-um nylon mesh. The refractive index of volcanic
glass shards in the 62-120 um fraction of each sample
was measured with a RIMS 2000 refractive index mea-
suring system (Kyoto Fission Track Co., Ltd.) with an
accuracy of +0.0002 (Danhara et al., 1992). The ma-
jor element composition of volcanic glass shards was
measured by an energy-dispersive X-ray spectrometry
(EDAX Genesis APEX2 and JEOL JSM-6390) following
the method and analysis conditions described by Suzuki
et al. (2014). Volcanic glass shards of the AT tephra
sampled at Chigaki, Toyama Prefecture (Machida and
Arai, 2003) were used as a working standard to check
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data reproducibility and instrument stability. A total of
12 tephra samples from the trench walls were analyzed
and compared to two reference samples (Tables S2, S3,
and S4).

A total of 26 radiocarbon samples, including char-
coal and organic sediment (Table S5), were dated by ac-
celerator mass spectrometry at the Laboratory of Ra-
diocarbon Dating, University Museum, University of
Tokyo, and the Institute of Accelerator Analysis Ltd.,
Japan. The obtained ages were calibrated using the
OxCal 4.4 software (Ramsey, 2008) with the IntCal20
dataset (Reimer et al., 2020). The ages of paleofault-
ing events were calculated in the OxCal program by
Bayesian analysis (Ramsey, 2008).

4 Results

4.1 3D displacement analysis

Figure 4 shows the distribution of 3D displacements
during the 2016 earthquake, and Figure 5 shows topo-
graphic displacement profile lines A-D. In the profile
lines (Fig. 5), the horizontal component is divided into
two parts: parallel to the general strike of the Futagawa
fault (N57°E) and perpendicular to it. The vertical com-
ponent (Figs. 4c and 5) shows a displacement of 1.0-2.5
m at the southernmost part of the Idenokuchi fault and
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surface ruptures. Numbers indicate vertical displacement measurements. (c) Photo of the west wall of the trench. (d) Photo
of the east wall of the trench. (e,f) Photos of geomorphic conditions around the Idenokuchi fault trench site. Photo locations

are shown in Fig. 3a.

a vertical displacement of several tens of centimeters
at the northern part of the fault. Compared to field
measurements (Kaneda et al., 2022), a similar displace-
ment was observed along the southernmost branch of
the Idenokuchi fault, where a 2 m vertical displacement
was recorded. However, the amount of vertical dis-
placement along the fault is noisy and subject to uncer-
tainty because of slope failures in the surrounding area.

Along the parallel splay of the Idenokuchi fault, where
we excavated the KMR trench, there is no significant
difference between the calculated and field-measured
displacements. On the other hand, on the Futagawa
fault, the amount of local vertical displacement asso-
ciated with the dextral displacement is observed in a
narrow section about 200 m wide. When viewed over
a 200-400 m wide zone from the fault, little difference
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Figure 5 Vertical and horizontal displacement profiles. The profile lines are shown in Fig.4.

in vertical displacement across the Futagawa fault is ob-
served. The vertical displacement along the long base-
line (>3 km) extending across both the Futagawa and
Idenokuchi faults is about 1 m south-up (Lines A and B
in Fig. 5).

A large fault-parallel displacement was observed on
the Futagawa fault, and 1.8-3.1 m of dextral displace-
ment occurred on the western part of the calculated
area (Figs. 4b and 5). Since the displacement measured
in the field was approximately 1.5-2.0 m (Shirahama
et al., 2016; Kumahara et al., 2022), the 3D displace-
ment data can be used to determine both the amount
of off-fault and on-fault displacements. This trend has
also been discussed by Scott et al. (2018). In the west-
ern part of the Futagawa fault, larger dextral displace-
ments were obtained for the long baseline (1 km) com-
pared to the short baselines (35 m and 100 m). Although
it is difficult to identify from the 3D displacement dis-
tribution map (Fig. 4b), a slight sinistral displacement
occurred on the Idenokuchi fault, which is consistent
with the field measurements (Toda et al., 2016; Shira-
hama et al., 2016; Kaneda et al., 2022). In the eastern
half of the calculation area, the contrast in displace-
ment is smaller, the amount of displacement decreases,
and there is greater variability because surface failures
and other factors may have also occurred. The dextral
displacement along the long baseline (>3 km) between
both faults is about 2-2.5 m.

Regarding the fault-perpendicular component
(Fig. 4b and A-A’ and B-B’ in Fig. 5), extension occurred
locally on the Idenokuchi fault, and shortening oc-
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curred locally on the Futagawa fault. The extension is
large at the southernmost part of the Idenokuchi fault,
with a displacement of about 1-1.5 m. A shortening
of about <1 m occurred on the Futagawa fault. The
displacement in the perpendicular direction of the
fault along the long baseline (> 3 km) across both faults
is approximately 1 m of extension.

The 3D displacement observations and field measure-
ments are generally in agreement in terms of the loca-
tions of surface ruptures and the amount and sense of
displacements. However, in two locations, surface rup-
tures were inferred from the displacement data but have
not been confirmed in the field (Trace 1 and Trace 2;
Figs. 4b and 4c). Trace 1 occurs north of the Futagawa
fault in the eastern part of the calculated area. Here,
slight contrasts in fault parallel and perpendicular com-
ponents are observed. Although it is unclear whether
these displacements are associated with a well-defined
fault, the discontinuity projects towards a surface rup-
ture that continues eastward into the caldera (Kuma-
hara et al., 2022). It also coincides with a 2 m short-
ening identified at a bridge abutment near Oginosaka
(Fig. 4; Shirahama et al., 2016). Trace 2 is a north-up
displacement recognized along the northernmost splay
of the Idenokuchi fault. Here, a short surface rupture
was recognized (Kaneda et al., 2022), and it is likely to
extend further to the southwest. Regarding the verti-
cal component, a clear difference is observed on both
the plan view and the profile on either side of Trace 2
(Figs. 4c and 5). On the other hand, the horizontal com-
ponents are somewhat less distinct. Trace 2 coincides
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C

00: Organic silt and clay at least younger than

N10: Brown silt and clay 7.3 ka at the middle part

N11: Gravel with much matrix
(including reworked AT)

N20: Dark brown silt and clay
(including reworked AT)

N21: Yellowish brown silt and clay
including granule

N22: Gravel with purple silt and

B Gy man

younger than 30 ka

older than 30 ka
N23: Gravel with yellowish brown
silt and clay matrix

Sediments observed in
footwall side (northern part)

N30: Pyroclastic rock

N31: Lava (Pre-Aso volcanic rocks) older than 300 ka

11 Sample for tephra analysis

(including K-Ah) A

N(gzrth wgll

N31

Figure6 Photomosaics and sketches of the stratigraphic and structural relations exposed in the KMR trench walls. (a) West
wall. (b) East wall. The sketch of the east wall is flipped. Legend shown in (a) applies to both the west and east walls. (c)

North wall. FFD: fissure-fill deposits.

with the present valley topography and may have been
affected by fluvial erosion and other factors during the
DTM measurement period.

4,2 Paleoseismic trench

4.2.1 Trench stratigraphy (including tephra anal-
ysis)

The trench exposed a package of silts, clays, and pale-
osols, separated from gravels and bedrock, across the
primary normal fault. Figure 6 shows photomosaics
and sketches of the west, east, and north walls. In
this trench, sediments with different sedimentary facies
and ages accumulated on the north (footwall, upthrown
side) and south (hanging wall, downthrown side) sides
across the primary normal fault at W9/E9. For this
reason, the footwall and hanging wall sediments are
assigned different unit numbers except for the topsoil
(unit 00), which extends across the entire exposure.
Sediments exposed in the south side of the trench
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(hanging wall) were deposited relatively continuously
(Figs. 6a and 6b) and are described from youngest to old-
est. Unit 00 is the topsoil, consisting of black, organic
silt and clay. Unit S10 is a thick, brown silt and clay be-
low unit 00. On the east wall, an interbed within unit
S10 consisting of gravelly clay was classified as unit S11.
Unit S20 is a dark gray silt and clay and is considered an
organic-rich paleosol. Unit S30 is a yellowish brown to
brown silt and clay with a slightly darker interbed (unit
S31), which is an organic-rich paleosol similar to unit
S20. Both Units S30 and S31 slightly thicken to the south
away from the primary normal fault. Unit S40 is com-
posed of fine to medium yellow sand, mainly composed
of volcanic glass that is bioturbated and discontinuous
in places. Units S50 and S51 are organic-rich paleosols.
Unit S50 is dark gray silt and clay, and unit S51 is organic
silt and fine sand, with unit S50 slightly lighter in color
than unit S51. Unit S52 is yellowish brown to brown silt
and clay interbedded within unit S51. Unit S53, which is
observed only on the west wall, is a slightly lighter gray
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silt and clay similar to unit S50. Unit S53 has an undulat-
ing basal contact suggesting an unconformity with unit
S60 on the west wall. Unit S60 is a bright yellowish silt
and clay, and unit S61 is a yellowish-brown silt and clay
with granules. On the west wall, unit S61 is the lowest
(oldest) deposit. On the east wall, unit S61 is underlain
by brown to yellowish brown silt and clay (units S62 and
S63). The basal deposit (unit S64) is a light yellowish silt
and clay with granules.

Sediments exposed in the north side of the trench
(footwall) are thinner than those on the hanging wall
and are primarily composed of gravel and rock (Fig. 6).
The footwall sediments are slightly different between
the east and west walls, and are thus described from
the north trench wall which exposed the entire footwall
package (Fig. 6¢). Unit N10, consisting of brown silt
and clay, has an erosional relationship with the under-
lying unit N11 and lower units (see west wall in Fig. 6a).
Unit N11 is a matrix-supported gravel bed. Units N20
and N21 are dark brown and yellowish-brown silt and
clay, respectively. Both units N22 and N23 are matrix-
supported gravel beds that vary in color from purple to
yellowish brown. Unit N30 is a pyroclastic rock unit
with an undulating and irregular basal contact. Unit
N31 is composed of fragmented lava from pre-Aso vol-
canic rock, which forms the basement rock of the sur-
rounding area (Hoshizumi et al., 2004).

To further explore the site stratigraphy, a transect of
cores was advanced into the floor of the trench on the
hanging wall (cores HC-2 to HC-7) and beyond the limits
of the trench on the footwall (core HC-1) (Fig. S1). Core
HC-1 revealed nearly identical stratigraphy and thick-
nesses as that exposed on the trench walls, from which
we infer that the sediments exposed on the north wall
are distributed widely and uniformly on the northern
side of the fault. On the downthrown side (HC-2 to HC-
7), the black silt and clay and yellowish brown to brown
silt and clay, corresponding to unit S51 and lower, were
observed. No black soil, corresponding to units S51 to
S53, was observed at depths greater than 1 m from the
trench floor. Gravel and sand beds, not recognized on
trench walls, were observed in some cores. However, no
tephra layers were identified. On the other hand, sedi-
ments were in contact with high angles, and voids were
observed in some cores, which we inferred to be faults.
The primary normal fault was considered the boundary
with the basement rock, so we inferred the normal fault
at a depth where drilling was no longer possible.

4.2.2 Faults

In this trench, we identified faults, rootless faults, and
cracks. Faults refer to discontinuities with apparent
displacement that extend downward to the bottom of
the trench. Rootless faults are those with apparent dis-
placement but do not extend downward to the trench
bottom. Cracks are those without displacement. Al-
though we observed many cracks on the trench walls,
we did not show them in the figures because they were
interpreted to be related to drying of the walls and did
not affect the paleoseismic interpretations. The pri-
mary normal fault is observed at W9/E9, and many
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other faults are rootless with bending in the lower part.
Faults extending down to the trench bottom are the
north-up normal faults at W9/E9 and the reverse faults
at W3-W5 and E5-E6. Normal faults that form grabens
develop at W7-W9 and E7-E10. The 2016 displacement
was an open crack near W9/E9, which was already filled
with sediments at the time of trench excavation. Similar
open cracks and fissure fill deposits have been identi-
fied in the Futa trench at Futa (Fig. 1; Ishimura et al.,
2022). However, no other distinct 2016 displacement
(e.g., apparent vertical displacement) was observed on
the trench walls. This is likely because the trench is
located in an area of decreasing vertical displacement
from northeast to southwest, where the 2016 displace-
ment is small (<14 cm) and indistinct (Fig. 3b). Other
fissure-fill deposits that may have formed prior to the
2016 event were also identified below the 2016 fissure-
fill deposits. Measurements of the strike and dip of the
faults on the trench walls indicate that the predominant
strike is northeast to southwest, but some are north to
south or east-northeast to west-southwest (Fig. 6). The
northeast-southwest strike is consistent with the sur-
face ruptures (Fig. 3b). The other strike directions sug-
gest that subsidiary surface ruptures to the primary nor-
mal fault may have occurred in the past events.

4.2.3 Tephra analysis

We completed tephra analysis for unit S40 (sample No.
1) on the hanging wall as well as a suite of 11 samples
(Sample No. 2 to No. 12) from the footwall (Table S2
and Fig. 6). The results of the tephra analysis are shown
in Table S2, and the major element composition of vol-
canic glass shards is shown in Tables S3 and S4. The
results show that unit S40 is composed almost entirely
of bubble-wall-type volcanic glass shards, with a refrac-
tive index of 1.510-1.512 (mode: 1.511), suggesting that
it correlates with the widespread tephra, Kikai-Akahoya
(K-Ah; 1.505-1.513 (mode: 1.510-1.512) in Table S1), by
the eruption of southern Kyushu at 7.3 ka (Machida and
Arai, 2003; Smith et al., 2013). The chemical composi-
tions confirmed this correlation (Table S3), consistent
with the existing studies in the vicinity (e.g., Ishimura
etal., 2022).

Volcanic ash analysis of the samples from the north
wall (Samples No. 2to No. 12) revealed no tephra layers.
Therefore, we examined the volcanic glass content and
refractive indices to determine if the samples contained
volcanic glass shards of Aira-Tn (AT) (30 ka; Smith et al.,
2013) and K-Ah tephras, which are commonly identified
widespread tephras in this area (Table S1; Machida and
Arai, 2003). The results (Table S2) show that there is al-
most no volcanic glass below unit N21, while units N20
and N11 exhibit very low volcanic glass content (2%).
The refractive indices of volcanic glass are mainly 1.495-
1.500 (mode: 1.497-1.499) (Table S2), which correlates
with AT tephra (1.498-1.500 in Table S1). In contrast,
the volcanic glass content increases from the lower to
the upper part of unit N10. The refractive indices show
that while unit N10 contains glass with a refractive index
of 1.497-1.500 of AT origin, the percentage of volcanic
glass of 1.508-1.512 of K-Ah origin increases toward the
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upper part of unit N10. This suggests that the age of the
middle part of unit N10 postdates the K-Ah tephra. This
mixing of AT and K-Ah volcanic glass is also observed
in soils in other regions, and the K-Ah ash fall horizon
is roughly estimated at the peak of K-Ah volcanic glass
shard content (Ishimura and Kakiuchi, 2011). Such dis-
tribution of volcanic glass shard content may be due to
bioturbation and secondary deposition of tephra-origin
particles. Based on the presence of AT volcanic glass,
unit N20 is at least younger than 30 ka, and unit N21
and below are older than 30 ka. Based on the K-Ah glass
content, the upper to middle part of unit N10 is inter-
preted to be atleast younger than 7.3 ka. The fact that K-
Ah tephra is exposed in the hanging wall indicates that
sediment preservation potential is better on the down-
thrown side of the fault.

4.2.4 Radiocarbon dating

Because the faulting events described below were iden-
tified on the downthrown side of the primary normal
fault, we performed radiocarbon dating of samples col-
lected from the south side of both trench walls (Table
S5). A total of 26 samples were analyzed. Sample lo-
cations and ages are shown on the trench logs (Fig. 6)
and radiocarbon data are summarized in Table S5. The
youngest age was 787 + 16 yr BP (charcoal; Sample 17)
from unit 00, and the oldest was 19693 + 56 yr BP (char-
coal; Sample 11) from unit S63. In general, the radio-
carbon results are stratigraphically consistent (progres-
sively older ages with depth, with only several excep-
tions explained below). For sediments older than unit
S50, bulk samples (organic sediments) were dated ex-
cept for the sample from unit S63. As Ishimura et al.
(2022) pointed out, the ages of bulk samples in this re-
gion are sometimes younger than the actual ages. In
this trench, we compared the bulk sample ages with
the ages of the K-Ah tephra and the charcoal from unit
S63. As a result, the bulk sample ages were consis-
tent with the tephra and charcoal age, with no contra-
diction between the stratigraphy and age. Because we
used charcoal samples above unit S30, it is possible that
older charcoals were included by reworking, resulting
in older ages. In such cases, charcoals with younger
ages in the same unit were employed for further anal-
yses. As a result, we did not use the ages, 7302 + 23 yr
BP and 7229 + 22 yr BP from samples 23 and 24, respec-
tively (Table S5). Additionally, the ages of bulk samples
collected from the fissure-fill deposits (samples 22 and
26) were significantly older than the surrounding sedi-
ments. The specific organic matter responsible for the
cause is unknown because they are bulk samples. One
possibility is that the trench site is located on an uphill-
facing scarp, acting as a trap for sediments, allowing old
organic matter to deposit along faults and open frac-
tures. In any case, it is thought that the fissure-fill de-
posits contained old organic matter. Therefore, the ages
of these fissure-fill deposits are also not used.

4.3 Evidence for paleofaulting

We identified geologic evidence for faulting events since
the deposition of unit S53 by stratigraphic evidence
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(Fig. 6) and retrodeformation (Figs. 7 and S2). Ev0 is
the 2016 event, and an open crack occurred directly
above the primary normal fault near W9/E9 (Figs. 6a
and 6b). In Ev0, a further open crack was formed in the
pre-existing open crack created by Ev1 (the penultimate
event), which is described in the following paragraph.
This Ev0 open crack was already filled with sediment at
the time of our survey. Similarly, an open crack directly
above the primary normal fault, located near E9, is rec-
ognized on the east wall (Fig. 6b). The surface rupture
runs between W8-W9 and E8-E9, corresponding to the
locations of open cracks. These observations confirm
that the 2016 event formed these open cracks.

Evl, like Ev0, developed an open crack directly above
the primary normal fault near W9, which was immedi-
ately next to the open crack of Ev0 and filled by fissure-
fill deposits. On the west wall, this fissure-fill deposit
was formed in unit S10 during Ev1 and was displaced at
the southern part by Ev0. Unit S10, displaced by Evl, is
stratigraphically positioned above unit S11, which may
have been deposited by a slope failure in Ev2 as de-
scribed in the following paragraph. Therefore, Ev1 is
interpreted to have occurred during the deposition of
unit S10, particularly after unit S11 deposition.

In Ev2, an open crack, normal fault displacements
near the primary normal fault (W7-W9), and reverse
fault displacements on the southern faults (W3-W4) oc-
curred. Subsidiary normal and reverse faults displaced
unit S20 and the lower part of unit S10, and a fissure-fill
deposit was identified on the west wall (W9, 0 m). There-
fore, this event occurred after the deposition of unit S20
paleosol and during the deposition of unit S10. Simi-
larly, on the east wall, unit S20 was deformed by nor-
mal fault displacements near the primary normal fault
(E7-E9), and reverse fault displacements across faults to
the south (E5-E6). In addition, the gravel-rich unit S11 is
recognized in unit S10 on the east wall, which is wedge-
shaped and may be a deposit supplied from the south-
ern slope, rather than from the main normal faultin the
trench. A similar surface failure occurred in the south-
ern slope along the Idenokuchi fault during the 2016
earthquake (Fig. 3a). Unit S11 is stratigraphically above
the basal part of unit S10 and the faulted S20 deposit.
Therefore, unit S11 may be a post-earthquake deposit
related to Ev2. Thus, the event horizon of Ev2 isinferred
to be after unit S20 and before unit S11.

Ev3, like Ev2, involved normal fault displacements
near the primary normal fault (W7-W9) and reverse
fault displacements on the southern faults (W3-W4).
The east wall similarly shows normal fault displace-
ments at E7-E9 and reverse fault displacements of the
southern faults (E5-E6). On the east wall, even after
restoring the fault displacement of Ev2, vertical dis-
placement was still observed in faults at E6-E8 (Fig.
S2). This indicates cumulative displacement, suggest-
ing fault activity between units S20 and S40. The fault
at W3 displaces unit S31, but does not displace unit S20.
Therefore, the event horizon of Ev3 is inferred to be be-
tween units S20 and S31.

Ev4 is indistinct on the west wall, while it is distinct
on the east wall. On the east wall, even after restoring
the fault displacement of Ev2 and Ev3, vertical displace-
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Schematic illustration

West wall retrodeformation P

(a) Post-2016 event

oC

0 (2016
o{b) Ev0 (2016)

(g 1 \

o ) /

MmO ;WH il N \/

Ay »
X oy \y \
! \ \ J

graben
—

(f) Ev4 (during S50)
-~

(g) Ev5 (during S51)
"

(h) Ev6 (during S51)

S51
S$52

i

(i) Ev7 (before S52 after S53) QQ

s53—>< NV

Figure 7 Retrodeformation of the faults and deformed strata, and schematic illustration of fault movements on the west
wall. The left figures show reconstructions of the displacement for each event, and the right figures show the faults that were
active during each event. Rf: reverse fault, OC: open crack.
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ment was still observed for the reverse fault at E6 and
normal fault at E8-E9 (Fig. S2). This indicates cumu-
lative displacement, suggesting fault activity between
units S40 and S51. Therefore, the event horizon of Ev4
is inferred to be during the deposition of unit S50.

Ev5 and Ev6 occurred after the deposition of unit S52
and during unit S51 deposition. During this period, re-
verse and normal subsidiary fault displacements are ob-
served in W4-W8 even after restoring the fault displace-
ment of Ev2 to Ev4 (Fig. 7). Although it is possible that
both displacements occurred during a single event, we
estimate two separate events (Ev5 and Ev6). From the
retrodeformation (Figs. 7 and S2), we found that the dis-
placement patterns tended to be similar in consecutive
events. In other words, Ev0 and Ev1 created open cracks
along the primary normal fault (W8-W9), and Ev2 to
Ev4 caused reverse fault displacement in the southern
part and normal fault displacement on the primary nor-
mal fault. Additionally, Ev7 involves only normal fault
displacement as described in the following paragraph.
Considering the similarity of the displacement patterns
in consecutive events, reverse fault motions could be re-
lated to Ev5, and normal fault motion could be related to
Ev6 (Fig. 7). Therefore, we interpreted that there could
have been two events during this period; however, we
recognize that the observed deformation can also be at-
tributed to a single event. Since the ages of Ev5 and
Ev6 cannot be distinguished, both events are only con-
strained as after unit S52 and during unit S51 deposition.

In Ev7, a normal fault displacement at W7-W8 oc-
curred at the lowest part of the soil deposits in this
trench. On the west wall, even after restoring the fault
displacement of Ev2 to Evé6, vertical displacement was
still observed in the normal fault at W6 (Fig. 7) from
which we infer the occurrence of Ev7. Its age is esti-
mated to be between units S52 and S53 deposition. We
recognize that the small amount of remaining offset af-
ter retrodeformation could be related to thickness (fa-
cies) changes in the deposit, variable deformation re-
lated to the later events, and/or a component of oblique
slip and not necessarily require an additional earth-
quake. Units 60-64 may represent sediments down-
dropped in earlier events; however, the available expo-
sure is complicated and precludes clear identification of
additional events. Thus, an unknown number of events
may have occurred prior to about 15 ka. Deeper excava-
tions would be required to test this possibility.

5 Discussion

5.1 Slip partition based on 3D displacements

In this section, we discuss how the displacement is di-
vided on the Futagawa and Idenokuchi faults for the
slip partition along line A (Fig. 5), where the influence
of surface failure is small and the Futagawa fault ap-
peared as a single trace (Fig. 4). First, dextral displace-
ment occurred only on the Futagawa fault. Local sinis-
tral displacement was observed along the Idenokuchi
fault in the field (Toda et al., 2016; Shirahama et al.,
2016). However, the amount of lateral displacement re-
mained consistent across the Idenokuchi fault over a
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long distance (> 3 km) along Line A. On the other hand,
the vertical displacement is the opposite of the lateral
displacement. Vertical displacement of 1 m occurred
only in the southernmost trace of the Idenokuchi fault
along the long survey line, and little vertical displace-
ment occurred within a 1 km width across the Futagawa
fault. Vertical displacement of several tens of centime-
ters occurred on the subparallel faults of the Idenokuchi
fault, but that decreased immediately within a short dis-
tance from the fault, indicating that the deformation
was localized to a shallow depth. These observations
suggest that extensional deformation and block rotation
cause apparent vertical displacement on the subparallel
faults.

Scott et al. (2018) and Himematsu and Furuya (2020)
observed a large vertical displacement (1-2 m south-up)
on the Futagawa fault on the west side of the parallel
section of the Futagawa and Idenokuchi faults. This in-
dicates that the Futagawa fault accommodated oblique
slip on the west side of the Idenokuchi fault’s paral-
lel section. In addition, Himematsu and Furuya (2020)
showed a sharp decrease in vertical displacement and
nearly constant right lateral displacement along the Fu-
tagawa fault at the parallel section of the Idenokuchi
fault, which is consistent with our results.

Our observations suggest that the slip partition on the
Futagawa and Idenokuchi faults is the result of oblique
lateral displacement at depth, which is almost com-
pletely split into dextral and vertical displacement near
the surface and accommodated by both faults, respec-
tively, as shown schematically by Toda et al. (2016). In
addition, our results show that the displacement is com-
pletely split, as shown in King et al. (2005). This may
provide an important insight into the geometry (dip an-
gle, distance of two faults, and amount of oblique dis-
placement) of faults where slip partitioning can occur.
We interpret that the deeper part of the Idenokuchi fault
is connected to the deeper part of the Futagawa fault,
and the Idenokuchi fault is a branch fault of the Futa-
gawa fault. The estimated depth at which they merge
may be several kilometers, as shown by Toda et al.
(2016), although it depends on their dip angles (the dip
of the Idenokuchi fault was estimated to 50°-70° north).

We discuss the relationship between slip partition
and geology. According to King et al. (2005), the depth
at which the fault branches upwards may coincide with
the bottom of surface sediments. Aoyagi et al. (2024) re-
ported another slip partition on the western part of the
Futagawa fault based on the surface rupture distribu-
tion of the 2016 event, drilling cores, and seismic reflec-
tion survey. They reported that the short (<2 km) sub-
parallel surface ruptures/faults accommodated oblique
slip in the deeper part of the 2016 Kumamoto earth-
quake and converged at a depth of 350 m. The depth cor-
responds to the top of the pre-Aso volcanic rocks and/or
Kiyama metamorphic rocks (Kumamoto Prefecture Ge-
ological Map Compilation Committee, 2008). Uncon-
solidated sediments, including pyroclastic flow deposits
of middle to late Pleistocene age, overlie these rocks.
Thus, the upper end depth (convergent depth of both
faults) of oblique slip seems to correspond to some geo-
logical (physical property) difference. There is no data
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on the deep subsurface geology of our study area. Since
there is no surface sediment (unconsolidated) and pre-
Aso volcanic rocks are exposed on the surface around
the trench site, the situation differs from that in King
et al. (2005) and Aoyagi et al. (2024).

5.2 Age of paleofaulting events on the Ide-
nokuchi fault

Based on evidence for paleofaulting events, we infer six
certain faulting events including Ev0-Ev4 and a single
event (combined Ev5/Ev6) that occurred since the de-
position unit S53. We also interpret several additional
less certain events including Ev7 and the possibility that
two events occurred after the deposition of S52 (Ev5 and
Evé6 as separate events). The ages of the faulting events
were obtained using OxCal (Fig. S4). The results show
that the ages of each event are as follows: Ev1: 2190-940
cal BP, Ev2: 4760-4250 cal BP, Ev3: 6040-5360 cal BP,
Ev4: 9550-7280 cal BP, Ev5-Ev6: 13500-9680 cal BP, Ev7:
14700-13840 cal BP with the 20 range. The average re-
currence interval of the maximum of eight interpreted
events is 1990-2110 years, while the average recurrence
interval for six certain events was 2780-2950 years.

Unit S53 is buried 4.5-5 m below the present ground
surface, indicating that the strata dropped an average
of 0.6-0.8 m per event (six to eight events) relative to
the ground surface. This value is roughly consistent
with a representative 2016 coseismic displacement of 60
cm along the surface rupture, where the KMR trench
was excavated. Despite the shallow depth of the trench,
we could identify up to eight events, significantly more
than those identified in trenches excavated on the pri-
mary Futagawa fault. Along the Futagawa fault, large
single-event displacements and intense cumulative de-
formation often complicate the restoration of individual
events on trench walls. Furthermore, strike-slip com-
ponents can limit the reliability of event chronologies
within a single trench. For instance, at the Futa site
on the Futagawa fault (Fig. 1; Ishimura et al., 2022), al-
though multiple trenches were excavated across both
strike-slip and subsidiary normal faults, the number of
identifiable events from the strike-slip faults remained
limited. In contrast, at our study site, the predom-
inantly dip-slip (vertical) movement and smaller dis-
placement per event allowed for a more detailed iden-
tification of past faulting events, even within a shallow
depth. This result underscores the importance of tar-
geting sites with small per-event displacements, along-
side regional advantages such as relatively rapid and
continuous sedimentation.

5.3 Comparison of paleoseismic events be-
tween the Futagawa and other faults

A summary of the paleofaulting history shows that the
ages of faulting events after the K-Ah tephra (7.3 ka),
which is widely identified in the paleoseismic trenches
around the Futagawa fault, all overlap (Fig. 8). This
suggests that, at least for the past several earthquakes.
The Futagawa fault (Ishimura et al., 2022), Miyaji faults
(Ishimura et al., 2021), and Idenokuchi fault have all
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moved simultaneously, similar to the 2016 event. No-
tably, the simultaneity of the Futagawa and Idenokuchi
faults is consistent with the idea that they are connected
at a deeper level, as described in Section 5.1. There-
fore, the paleoseismic history of the Idenokuchi fault
may suggest a close relationship with that of the Futa-
gawa fault, given its subsurface structure. The Miyaji
faults, which produced the 2016 surface rupture and are
distant from the Futagawa fault and structurally discon-
tinuous (Fukushima and Ishimura, 2020), are also pre-
sumed to have been active in the past, together with
the Futagawa fault. Given inherent uncertainties in dat-
ing techniques, it is technically challenging to prove the
simultaneous rupture of faults. Nevertheless, further
studies are necessary to determine whether the simul-
taneous rupture of the primary and secondary faults is
common or if it is worthwhile to incorporate small dis-
placements relative to those on the primary fault into
seismic hazard assessment.

Furthermore, assuming that the faulting events from
Evl to Ev3 are the same among our three trenches
(Komori, Miyaji, and Futa trenches), the calculated
ages in OxCal modeling are Evl: 2060-1760 cal BP,
Ev2: 4420-4180 cal BP, and Ev3: 6000-5370 cal BP
(Fig. 8). The recurrence intervals of each event are
Ev0/Evl: 1830-2120 years, Evl/Ev2: 2210-2590 years,
and Ev2/Ev3: 1040-1720 years with the 20 range. Based
on the trenching results, the average recurrence inter-
val from Ev0 to Ev7 is 1990-2110 years, consistent with
the modeled recurrence interval from Ev0 to Ev3. This
potentially indicates that the Futagawa fault has rup-
tured with a degree of periodicity.

The dextral slip rate, calculated from the recur-
rence interval (1990-2110 years) and single displace-
ment (1.8-3.1 m) obtained in this study, is 0.9-1.5 mm/yr
for the Futagawa fault. For the Idenokuchi fault, the ver-
tical displacement ranges from 1.0 to 2.5 m, indicating
an estimated vertical slip rate of 0.5 to 1.3 mm/yr. West
of the study area (Futa to Ohkirihata), Ishimura (2019)
calculated a vertical slip rate (0.9-1.1 mm/yr) and a dex-
tral slip rate (1.5-3.7 mm/yr) for the Futagawa fault from
the vertical and dextral displacements of Takayubaru
lava (K-Ar ages 81 + 4 ka and 98 + 18 ka; Miyoshi et al.,
2013). The Idenokuchi fault runs parallel to the Futa-
gawa fault, where these slip rates, i.e., the west of the
study area, were calculated. However, the vertical dis-
placement on the Idenokuchi fault in the 2016 event
west of the study area is small (Kaneda et al., 2022).
Therefore, the long-term slip rates can be regarded as
representative values when oblique slip is accommo-
dated only by the Futagawa fault. Therefore, the long-
term dextral and vertical slip rates are consistent with
the results of this study. Oohashi et al. (2020) pointed
out that normal fault displacement was predominant
on the Futagawa fault before Aso-4 pyroclastic flow de-
posits (87 ka; Aoki, 2008), and dextral displacement be-
came apparent later. Oohashi et al. (2020) proposed the
following possibilities for this change: 1) The stress field
changed from a normal fault type with north-south ex-
tension to a dextral strike-slip fault type with predom-
inant east-west compression, and 2) the normal fault
component of the Futagawa fault was replaced by the
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Figure 8 Modeled event ages and comparison to the authors’ previous paleoseismic studies. The underbars show the
20 probability distribution ranges of the modeled ages. ACP1 and N2S are local tephras from the Aso volcano (Table S1;
Miyabuchi, 2009). ACP1 is Aso central cone pumice and its age is 4.1 ka (Miyabuchi, 2009). N2S is Nakadake N2 scoria, and its

age is 1490-1470 cal BP (68.2%) (Yamada et al., 2017).

Idenokuchi fault and off-fault displacements, and the
dextral displacement of the Futagawa fault became ap-
parent. The fact that the long-term vertical slip rate
coincides with that of the Idenokuchi fault from this
study agrees with the second explanation. Therefore,
the slip partition on the Idenokuchi fault must have
commenced after the Aso-4 event (ca. 87 ka).

Figure 9 summarizes the paleofaulting history of the
Kumamoto earthquake area since 7.3 ka, based on pre-
vious paleoseismic results, including archaeological in-
formation. The number of earthquakes since 7.3 ka (in-
cluding 2016) on the Futagawa fault is estimated to be
four with considerable accuracy and precision, based
on the results of multiple trenches along the Futagawa
fault and its vicinity. Accurate ages for the past three
events are available from this and previous studies by
our group, which targeted sites with minimal artifi-
cial disturbance, continuous sedimentary records, and
well-defined tephra layers to ensure high-resolution
chronologies. In addition, the paleofaulting history at
the northwestern Aso caldera (Sato et al., 2021) and the
western part of the Futagawa fault (Inoue et al., 2020),
which are at secondary surface ruptures, indicates that
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one of their events coincides with Evl in this study.
Therefore, it is highly likely that the secondary faults
were activated simultaneously during at least the penul-
timate event of the Futagawa fault. Lateral spreading
recognized at archaeological sites within the caldera
(Kumamoto Prefectural Board of Education, 2010; Aso
City Board of Education, 2011) was also approximately
2000 years ago, which also supports that secondary phe-
nomena caused by an earthquake similar to the 2016
event occurred repeatedly in the caldera. Thus, it
is inferred that similar phenomena in the 2016 event
(e.g., secondary surface rupture, liquefaction, and lat-
eral spreading) also occurred during the previous ac-
tivity. However, the age of the antepenultimate event
in the northwestern part of the caldera does not match
that of the Futagawa fault (Sato et al., 2021). In addition,
no other secondary surface ruptures have been identi-
fied as having earthquakes older than the antepenulti-
mate event, so it is unclear how the secondary fault be-
haved during the older events. Future information on
the presence or absence of older earthquakes on such
secondary faults and their histories will help us to bet-
ter understand the secondary faults and how frequently
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they rupture simultaneously with the Futagawa fault.

6 Conclusions

Using the 2016 Kumamoto earthquake as an exam-
ple, we performed a DTM difference analysis in the
area where the Futagawa and Idenokuchi faults inter-
act, and conducted an excavation survey on the Ide-
nokuchi fault. Based on the 3D displacement distribu-
tion, we discussed how the slip partition occurred on
them and found that the oblique slip at depth was split
entirely into vertical and horizontal displacements on
the ground surface. This indicates that the Idenokuchi
fault is structurally related to the Futagawa fault and
that the paleofaulting history of the Idenokuchi fault
may correspond to that of the Futagawa fault.

The KMR trench at the Idenokuchi fault revealed con-
tinuous deposition of soil and tephra since 15 ka, and
retrodeformation of the trench walls revealed at least
six and up to eight faulting events (including 2016) dur-
ing this period. Among them, the faulting events after
Kikai-Akahoya tephra (7.3 ka) are consistent with pa-
leoseismic surveys on the Futagawa fault (the primary
fault) and Miyaji faults (secondary faults in the Aso
caldera). This suggests that at least some surface rup-
tures that occurred around the Futagawa fault during
the 2016 event were likely active at the same time as past
activities of the Futagawa fault. The activity histories
since 7.3 ka with the authors’ three trenches on the Fu-
tagawa, Miyaji, and Idenokuchi faults are E1: 2060-1760
cal BP, E2: 4420-4180 cal BP, and E3: 6000-5370 cal
BP, indicating that they occurred relatively periodically.
The mean recurrence interval since 15 ka is about 2000-
3000 years, supporting the periodic activity. The results
of this study are also consistent with other trench in-
vestigations conducted after 2016. It is important to im-
prove the accuracy and precision of the activity history
of the Futagawa fault before 7.3 ka and to investigate the
activity history of the Hinagu fault zone in the southern
part of the Futagawa fault zone to consider future seis-
mic hazard and interlocking rupture. In addition, it will
be important to clarify the subsurface structure and ac-
tivity history of secondary faults in other earthquakes to
consider displacement hazards.
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