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Abstract

The Mw?7.0 2016 Kumamoto earthquake occurred on the previously mapped Futagawa-Hinagu fault causing signifi-
cant strong ground motions. A~ 30-km-long dextral surface rupture appeared on the major fault zone and dextral
slip was up to 2-3 m. However, the surface ruptures were also broadly and remotely distributed approximately 10 km
away from the primary rupture zone. These numerous distributed secondary surface slips with vertical displacement
of less than a few tens of centimeters were detected by the interferometric synthetic aperture radar (InSAR) technol-
ogy in previous studies. Such displacements occurred not only on previously mapped faults but also on unknown
traces. Here, we addressed the following fundamental issues: whether the broadly distributed faults were involved in
the past major earthquakes in the neighborhood, and how the fault topography of such secondary faults develops,
seismically or aseismically. To find clues for understanding these issues, we show the results of field measurements of
surface slips and paleoseismic trenching on distributed secondary faults called the Miyaji faults inside the Aso caldera,
10 km away from the eastern end of the primary rupture zone. Field observations revealed small but well-defined
dextral slip surface ruptures that were consistent with vertical and dextral offsets derived from InSAR. On the trench
walls, the penultimate event with vertical displacements almost similar to the 2016 event was identified. The tim-

ing of the penultimate event was around 2 ka, which was consistent with that of the primary fault and archeological
information of the caldera. Considering the paleo-slip event and fault models of the Miyaji faults, they were presumed
not to be source faults, and slip on these faults have been triggered by large earthquakes along major adjacent active
faults. The results provide important insights into the seismic hazard assessment of low-slip-rate active faults and fault
topography development due to triggered displacement along secondary faults.

Keywords: 2016 Kumamoto earthquake, Surface rupture, Trench excavation, Low-slip-rate active fault, Secondary
fault, Tephra, Aso caldera, INSAR

Introduction

Seismic-related high-resolution surface displacements

(less than 10 cm) have been detected worldwide by recent

satellite geodetic observations. Notably, interferomet-

ric synthetic aperture radar (InSAR) revealed that slips
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and Sandwell 1998; Wright et al. 2001; Fialko et al. 2002;
Nishimura et al. 2008; Wei et al. 2011; Fujiwara et al.
2016). These recent studies have suggested that second-
ary surface ruptures were ubiquitous phenomena, con-
tributing to the accumulation of displacements on faults
away from the primary fault. During the 2016 Kuma-
moto earthquake sequence, many distributed secondary
surface ruptures with a few to tens of centimeters scale
displacements appeared in the areas around the pri-
mary fault (Fujiwara et al. 2016; Toda et al. 2016; Goto
et al. 2017). The 2016 Kumamoto earthquake empha-
sized the significance of understanding the activity and
development of secondary faults. If such displacement
is triggered whenever the primary fault ruptures, sev-
eral issues arise for the assessment of secondary faults.
Triggered displacements contribute to fault topography
development and lead to an overestimation of the slip
rates, which represent the seismogenic activity of the
secondary faults. Their recurrence intervals revealed by
paleoseismic studies include both the triggered slips and
seismogenic events. The risks of displacement hazards
of secondary faults may increase in terms of frequency
(Toda and Ishimura 2019).

On the other hand, consideration of such triggered slip
on faults off primary faults provides new insights into
the behavior of low-slip-rate active faults (hereinafter,
LSRAF). The behavior of LSRAFs has been a problem of
the seismic hazard assessment in Japan due to the fol-
lowing two issues. One problem is related to the detec-
tivity level of LSRAFs. Asada (1991) has already pointed
out the discrepancy between the number of LSRAFs and
their expected number from large inland earthquakes by
considering fault slip rates. Considering the relationship
between the slip rates and recurrence intervals, Asada
(1991) claimed that the number of LSRAFs should be
much higher than the number of high-slip-rate active
faults (hereinafter, HSRAFs). However, there are not
many mapped LSRAFs against the HSRAFs in Japan
(Research Group for Active Faults of Japan 1980, 1991;
Nakata and Imaizumi 2002; Imaizumi et al. 2018). This
indicates that most LSRAFs have not been detected due
to the oversight and/or erosion and sedimentation that
have removed tectonic geomorphic features. Therefore,
it was noted that short-length and/or low-slip-rate active
faults are also important for seismic hazards assessment.
Shimazaki (2008) pointed out that the magnitude of such
short-length active faults except for volcanic area is M;j
6.9 or larger based on reports on large shallow crustal
earthquakes in Japan.

The other is the slip characteristic of LSRAFs. Since
the March 11, 2011 Tohoku-oki earthquake (Mw 9.0),
the surface ruptures associated with the inland earth-
quakes have appeared in Fukushima (Maruyama et al.
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2014; Toda and Tsutsumi 2013; Miyashita 2018), Ibaraki
(Fukushima et al., 2018; Komura et al., 2019), Nagano
(e.g., Okada et al. 2015; Ishimura et al. 2019), and Kuma-
moto (e.g., Shirahama et al. 2016; Toda et al. 2016; Goto
et al. 2017) prefectures in Japan. Among them, the events
involving slips on LSRAFs are Fukushima, Ibaraki, and
Kumamoto cases. In these cases, there were two types of
LSRAF behaviors; some of them were seismogenic, oth-
ers were not. As examples of the former, the April 11,
2011 earthquake (Mw 6.6) in the Fukushima Prefecture,
and the March 19, 2011 and December 28, 2016 earth-
quakes (Mw 5.8 and 5.9, respectively) in Ibaraki Prefec-
ture occurred along LSRAFs (Maruyama et al. 2014; Toda
and Tsutsumi 2013; Miyashita 2018; Fukushima et al.
2018; Komura et al. 2019). The 2011 Fukushima earth-
quake occurred along the previously mapped Itozawa
and Yunodake faults. The vertical slip rate of the Itozawa
fault was estimated to be less than 0.07 mm/yr (Maruy-
ama et al. 2014). The 2011 and 2016 Ibaraki events
occurred along a previously unmapped active fault, and
its vertical slip rate was roughly estimated not exceeding
0.1 mm/yr based on the geomorphic features and denu-
dation rate (Komura et al. 2019). In addition, it has been
suggested that the sudden stress changes caused by mas-
sive deformations during and after the 2011 Tohoku-oki
earthquake triggered these earthquakes (Fukushima et al.
2018). An example of the latter case is the 2016 Kuma-
moto earthquake sequence. The mainshock occurred
along the mapped Futagawa—Hinagu fault (Fig. 1) but
simultaneously caused slips in the adjacent mapped and
unmapped active faults (Fujiwara et al. 2016), contribut-
ing to the development of fault topography. Vertical slip
rates of the mapped active faults where secondary surface
ruptures appeared were estimated to be approximately
0.1 mm/yr (Research Group for Active Faults of Japan
1991) and thus those of the unmapped active faults are
also probably classified to be LSRAFs due to the thresh-
old of detectivity of active faults in the region. These
recent examples highlighted a question on the slip char-
acteristics of LSRAFs. Therefore, paleoseismic studies on
LSRAFs of which detailed locations are known can pro-
vide insights for understanding their complications.

In this study, to understand the characteristics of
LSRAFs, we focused on the relationship between the
primary and secondary faults that ruptured during
the Mw 7.0 April 16, 2016 event (the mainshock of the
Kumamoto earthquake sequence). We conducted field
measurements of surface slips and paleoseismic trench-
ing on small secondary surface ruptures (<10 cm dis-
placement) 10 km away from the surface ruptures along
the primary fault, i.e., the Futagawa fault. In addition, in
combination with InSAR analysis, field measurements of
displacements were compared with InSAR-derived 3D
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Fig. 1 Spatial relationship among the primary Futagawa-Hinagu rupture zones, previously mapped active fault traces, and aftershocks. Locations of
the surface ruptures associated with the primary faults are from Kumahara and Research Group of Inter-University (2016). Epicenters of aftershocks
following the April 16 after the mainshock (01:25 JST, April 16) are from the Japan Meteorological Agency Catalog. Previously mapped active fault
traces are from Nakata and Imaizumi (2002). BSG Beppu-Shimabara graben

displacement data in both vertical and horizontal (fault-
parallel) directions, and the subsurface structures were
discussed. The details of the InSAR analysis and fault slip
inversion were shown in Fukushima and Ishimura (2020),
which is a partner study with this study.

Geological setting

Central Kyushu is structurally characterized by the
Beppu—Shimabara graben (Fig. 1; Matsumoto 1979),
where a north—south extension has been ongoing since
6 Ma (Kamata and Kodama 1994). In this graben, there
are many east—-west striking normal faults (Research
Group for Active Faults of Japan 1991) and volcanic
activity. The study area, the Aso caldera, is located in the
central part of the Beppu—Shimabara graben. The cal-
dera was formed by the recent caldera-forming eruptions
from 300 to 90 ka (Ono and Watanabe 1985; Aoki 2008)
(Figs. 1 and 2). Eruption episodes and tephra sequences
deposited since the latest caldera-forming event (Aso-4)
(87 ka; Aoki 2008) were determined by Miyabuchi (2009),

providing accurate age constraints for paleoseismic stud-
ies. Volcanic activity during the last 15 ka was identi-
fied by soil and tephra alternations and was divided into
16 periods (N1-N16) from youngest to oldest (Fig. 3a;
Miyabuchi and Watanabe 1997). According to Miyabuchi
(2009), major tephras during the last 10 kyr were erupted
from the post-caldera central cones (Fig. 2): Aso central
cone pumice 1 (ACP1) (4.1 ka), Kishimadake scoria (KsS)
(4 ka), Ojodake scoria (OjS) (3.6 ka), and Nakadake N2
scoria (N2S) (1.5 ka).

The Futagawa fault is a 20-km-long dextral strike-slip
fault (Nakata and Imaizumi 2002). Prior to the 2016
event, vertical and horizontal slip rates were estimated
to be 0.1-0.3 mm/yr and 0.2 mm/yr, respectively, and
at least, two faulting events have been identified since
28 ka based on trench studies (Headquarters for Earth-
quake Research and Promotion 2013). However, after the
2016 event, the vertical and horizontal slip-rate estimates
were corrected to be 0.9-1.1 mm/yr and 1.5-3.7 mm/
yr, respectively, a one-order of magnitude higher than
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Fig. 2 aTopography and b InSAR image of Aso caldera. Shade map is based on a 1-m-mesh digital elevation model (DEM) in 2010 provided by
Geospatial Information Authority of Japan (GSI). Epicenters are the same as in Fig. 1. InNSAR image is the descending interferograms computed from
ALOS-2 SAR images of March 7, 2016 and April 18,2016 (Fukushima and Ishimura 2020). Arrows denote the discontinuity of INSAR fringes in the
Miyaji area. Triangles denote volcanic cones; Nk Nakadake, Km Komezuka, Oj Ojodake, Ks Kishimadake, Jn Janoo

those estimated before the 2016 event (Ishimura 2019).
Moreover, multiple events since Kikai-Akahoya (K-Ah)
tephra (7.3 ka; Smith et al. 2013) were identified by many
paleoseismic trench excavations (e.g., Tsutsumi et al.
2018; Okamura et al. 2018; Toda et al. 2019). Addition-
ally, the Futagawa fault was extended to the inside of the
caldera based on a reexamination of tectonic geomor-
phology after the 2016 event (Kumahara et al. 2017a, b;
Suzuki et al. 2017). The tectonic geomorphological and
paleoseismological studies after the 2016 event revealed
that the Futagawa fault is more active than previously
estimated.

The Futagawa fault generated the April 16 mainshock
(Mw 7.0) of the 2016 Kumamoto earthquake sequence,
and the primary surface ruptures appeared along the pre-
viously mapped active fault traces (Fig. 1; Kumahara and
Research Group of Inter-University 2016; Shirahama et al.
2016; Okamura et al. 2018). The surface ruptures extending
northeast cut the caldera rim and also appeared inside of
the caldera (Figs. 1 and 2). The maximum dextral displace-
ment was approximately 2-3 m observed in the central
part of the Futagawa fault and approximately 0.5-1.0 m in
the caldera (Shirahama et al. 2016; Okamura et al. 2018). In

the western half of the rupture zone, differential lidar anal-
ysis revealed a 3D deformation of the 2016 event (Moya
et al. 2017; Scott et al. 2018), whose results were consistent
with the field observations. Many secondary surface rup-
tures appeared on the mapped and unmapped active fault
traces (Fujiwara et al. 2016). Mass movement on the slopes
and lateral movements also occurred in the caldera (Tsuji
et al. 2016; Fujiwara et al. 2017; Tajima et al. 2017; Saito
et al. 2018).

Our research site in the Miyaji area is on an alluvial fan
surface in the northeast foot of the post-caldera central
cones in the caldera (Fig. 2). The site is 10 km away from
the eastern edge of the primary surface rupture, and nei-
ther a mass movement nor a lateral movement occurred
near the site. Around the Miyaji area, field observations
confirmed discontinuities in InSAR fringes (Fig. 2) with
small surface ruptures (Ishimura et al. 2017).

Methods

Field survey

Field mapping

In May 2016, we conducted a preliminary field survey
to check surface ruptures along discontinuities that
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Fig. 3 Study site. a Topographic map around the Miyaji area. It is based on a 1-m-mesh DEM in 2012, provided by GSI. The contour interval is 10 m.
b An InSAR image around the Miyaji area. INSAR image is the same as shown in Fig. 2. ¢ An aerial photograph of the trench site provided by GSI.
Vertical offset deduced by SfM-MVS photogrammetry is shown under location numbers. Topographic profile along line A is made also by SfM-MVS
photogrammetry. d Vertical displacements. Uplift is a positive value. e Horizontal displacements parallel to the fault strike N50°E. The northeastward
movement denotes a positive value. Figure3d, e are from Fukushima and Ishimura (2020). f Profiles of vertical and horizontal offsets. Profile lines are
shown in Fig. 3d, e. Black arrows denote locations where surface rupture appeared

appeared in the InSAR fringes reported by the Geospa-  vertical displacements of the surface ruptures, we used
tial Information Authority of Japan (GSI). At the time, the Structure-from-Motion and Multi-View Stereo
surface ruptures were mapped and displacements were  (SfM-MVS) photogrammetry software (Agisoft Pho-
measured (Ishimura et al. 2017). In 2017, we mapped  toScan, professional version). In addition, we inter-
the surface ruptures around the trench in detail before = viewed inhabitants about the timing of the appearance
the trench excavation. For measuring the amount of of surface ruptures in the Miyaji area.



Ishimura et al. Earth, Planets and Space (2021) 73:39

Paleoseismic surveys
In October 2017, we excavated a trench in a paddy field
that was 9 m long, 5 m wide, and 3 m deep. We then
established a grid system on a 60°-70° slope and logged
the trench walls. For tephra analysis and radiocarbon
dating, we took samples from the walls. Moreover, we
excavated a pit with a depth of 0.7 m on the trench floor.
Another surface rupture trace was estimated to be in
the corner of the rice paddy field where the trench was
excavated. Since the excavation area was limited, we con-
ducted a coring survey there. For coring, we used Handy
Geoslicer (hereinafter, HGS; Nakata and Shimazaki 1997;
Takada et al. 2002) and obtained eight HGS cores. A total
station was used to measure the locations of the trench
and coring sites.

Laboratory work

Tephra analysis

Samples of tephra were washed using a 62-pm nylon
mesh and dry sieved using a 120-um nylon mesh. The
refractive index of volcanic glass shards was measured
with a refractive index measuring system (RIMS 2000:
Kyoto Fission Track Co., Ltd.) using the 62—120 um frac-
tions. The RIMS system measures the refractive index of
volcanic glass shards with an accuracy of £0.0002 (Dan-
hara et al. 1992).

Radiocarbon dating

Radiocarbon dating was conducted for eight samples
using an accelerator mass spectrometer in the Institute
of Accelerator Analysis Ltd. The obtained age data were
calibrated on the basis of the IntCall3 calibration curve
(Reimer et al. 2013) using the OxCal 4.3 program (Bronk
Ramsey 2009) (Table 1). Bayesian analysis in the OxCal
program (Bronk Ramsey 2008) was used to calculate the
age of the penultimate event and tephra.

Table 1 Radiocarbon dates of samples from the trench
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Results

Observation of the surface ruptures and displacements
around the trench site

In the Miyaji area, there were two northeast—southwest
striking faults (hereinafter, north and south faults) in the
discontinuities of InSAR fringes (Figs. 2b, 3a, b, and 4;
Ishimura et al. 2017), which we called the Miyaji faults.
The Miyaji faults exhibited a dextral slip, which was con-
sistent with the InSAR measurements (Fig. 3d—f; Fukush-
ima and Ishimura 2020). These surface ruptures appeared
on the alluvial fan surface at the foot of the Aso volcano
where no traces of active faults were previously mapped.
Even after the 2016 event, based on aerial photographs
and high-resolution digital elevation models (DEMs), it
was not possible to identify tectonic geomorphic features
indicative of active faulting.

Damage was observed on the surface of paved roads
and concrete walls (maximum vertical separation: 10 cm,
maximum dextral slip: 5 cm) (Figs. 3 and 4; Ishimura et al.
2017). Fukushima and Ishimura (2020) created 3D defor-
mation maps using InSAR data observed from three dif-
ferent directions and GNSS data (Fig. 3d, e). From these
detailed vertical and fault-parallel horizontal displace-
ment fields, it was found that the lengths of the north
and south faults were approximately 1.5 km and 3.2 km,
respectively. The maximum vertical and dextral displace-
ments were 8 cm up on the south and 19 cm for the north
fault, and 12 cm up on the south and 19 cm for the south
fault. In addition, the vertical and fault-parallel horizon-
tal displacement fields (Fig. 3d, e) showed left-stepping
en-echelon surface ruptures in both faults. The geometry
of these faults was consistent with the dextral slips on the
faults. Local subsidence occurred at the trench site, form-
ing a small graben (Fig. 3d).

At the trench site, two surface ruptures were found
forming a small graben (Fig. 3c). We confirmed that the

Sample No Labo No Sample Grid No Depth Material 613C [%o] Conventional Calibrated age (20)
position (unit fromOm 14C age [yrBP] [calBP]
No.) grid [m]
1 IAAA-171171 10 W4.15 0.24 Organic sediments — 11.434+048 1,180+20 1180-1050 (95.4%)
2 IAAA-171170  Top of 40 W5.65 0.57 Organic sediments  — 13.64£0.38 1,900+20 1900-1810 (95.2%),
1760-1740 (0.2%)
3 IAAA-171454 Bottom of 40  W5.65 0.86 Organic sediments  — 12294039 2,070+20 2120-1990 (95.4%)
4 IAAA-171453  Top of 60 W5.65 1.04 Organic sediments — 13.83+045 2,620+30 2780-2720 (95.4%)
5 IAAA-171169 Bottom of 60  W5.65 118 Organic sediments —950+030 2,640+20 2780-2740 (95.4%)
6 IAAA-171172 80 £8.05-8.10 1.85-1.90 Charcoals —1200+£047 2990+20 3230-3070 (95.4%)
7 IAAA-171509 80 £7.98 1.83 Organic sediments — 12694034 3,010+20 3330-3300 (5.9%),
3260-3140 (88.0%),
3100-3080 (1.5%)
8 IAAA-151561 Bottom of 101 N3.9 227 Charcoals — 24474033 3,070£20 3360-3220 (95.4%)
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northern trace was associated with a dextral and vertical
(northwest up) slip, and that the southern trace was asso-
ciated with a vertical (southeast up) slip. Digital surface
models were built to measure the surface displacements
on paved roads based on SfM-MVS photogrammetry.
Both surface ruptures showed approximately 5 cm of ver-
tical displacement (Fig. 3c, Line A), which was consistent
with the InSAR measurements (Fig. 3f, Line 1-1).

Two inhabitants, living on the north and south faults,
mentioned that the small surface ruptures appeared dur-
ing the mainshock of the 2016 Kumamoto earthquake
sequence, not at the foreshock and aftershocks. From this
information, it was confirmed that the surface ruptures
in the Miyaji area were associated with the mainshock of
the 2016 Kumamoto earthquake.

Paleoseismic surveys across the small graben

Trench survey

The deposits in the trench walls were divided into 20
units (unit 00-111) based on composition, facies, and
structure. Figures 5 and 6 show views of the trench and
logs in the three walls and trench floor, and provide a
brief description of the stratigraphic units. Table 1 shows
the radiocarbon dates.

Units 00 and 01 were the cultivated soil and sedi-
ments of the post- and pre-2016 events, respectively.
Units 10-80 were soil and tephra sequences, which were
mostly aeolian deposits. The basement of unit 20 is a lit-
tle erosive and units 30 and 31 were partially laminated.
However, clear channels and large erosion features were
not found. Therefore, it was interpreted that the soil and
tephra sequences were continuously deposited during
the formation of units 10-80. Units 90-111 were fluvial
sediments, but unusual sedimentary structures and stra-
tigraphy were recognized between units 101 and 110 on
the northern wall and trench floor. Units 103 and 110 had
almost similar compositions (black scoria) and sedimen-
tary structures and unit 101 was distributed above units
103 and 110 on the western and eastern walls, however,
on the northern wall, the lower part of unit 101 was inter-
bedded between units 103 and 110. Moreover, on the
northern wall, unit 101 partially intruded to unit 103, and
the lower western part of unit 101 showed shear struc-
tures, indicating a fluidized deformation in unit 101. The
boundary between units 101 and 110 was also traceable
from the northern wall to the trench floor, and its strike
was parallel to the topographic slope and was perpendic-
ular to the faults (Fig. 6). The sedimentary structures and
the direction of basal contacts of unit 101 suggest that
the mobile blocks mainly composed of unit 103 on the
western and northern walls were associated with lique-
faction and lateral movement, and probably moved from
south to north following the topographic slope.
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To confirm the slip surface of the mobile blocks, a pit
was excavated to a depth of 0.7 m from the trench floor
across the faults (Figs. 5 and 6), and a basal gravel layer
was further 35 cm below the trench floor on the uplifted
side. The basal gravel layer contained horizontally bed-
ded pebble- to cobble-sized rounded gravels (Fig. 7). On
the other hand, unit 110 was deformed and thinned to
the west, showing a wedge-like geometry. A slip surface
was recognized inside or in the base of unit 110 (Fig. 7).
From this observation, we interpreted that the mobile
block slid over the gravel layer, deforming units 101, 110,
and 111 on the northern wall and trench floor. In addi-
tion, unit 102 was distributed in a patchy texture on the
northern and eastern walls, and their gravels were identi-
cal to the basal gravel layers in the pit (Fig. 7). Therefore,
unit 102 was probably transported by liquefaction and/or
involved in the lateral movement.

Tephra and radiocarbon dating were used to estimate
the age of each unit. Five types of tephra were identi-
fied based on petrographic characteristics, sedimentary
facies, stratigraphy, and radiocarbon ages. Unit 30 con-
sisted of brown to green volcanic glasses whose stratigra-
phy and sedimentary facies are similar to those observed
in the 2017 pit near our trench site (Fig. 3¢; Ishimura et al.
2017). Ishimura et al. (2017) identified deposits similar
to unit 30 as the N2S tephra (Miyabuchi and Watanabe
1997; Miyabuchi 2009) erupted from Nakadake volcano
(Fig. 2) based on the refractive indices of volcanic glass
shards. The age of N2S tephra is estimated to be 1490—
1470 cal BP (68.2%) (Yamada et al. 2017) based on a high-
precision age model of marine core sediments in the
Beppu Bay. The radiocarbon ages below and above unit
30 are consistent with the tephra age, confirming that
unit 30 is correlated with the N2S tephra. Units 50 and 51
consisted of orange scoria and volcanic ash, and radiocar-
bon ages above and below them are 2070 £20 yr BP and
2620130 yr BP, respectively. Based on the stratigraphy
and radiocarbon ages in Miyabuchi and Watanabe (1997),
these units correspond to the N3 volcanic activity period.
Unit 70 was a characteristic layer composed of reddish
scoria. Radiocarbon ages obtained above and below this
unit are 2640420 yr BP and 3010+ 20, 2990+ 20 yr BP,
respectively. Based on stratigraphy, sedimentary facies,
and radiocarbon ages, unit 70 is correlated with the OjS
tephra that was erupted from Ojodake volcano (Fig. 2).
Although its age was estimated to be 3.6 ka (Miyabu-
chi, 2009), the age of OjS tephra is updated to be 3180—
2790 cal BP (95.4%) based on Bayesian analysis using the
OxCal program (Additional file 1: Fig. S2). Units 103 and
110 were scoria-dominated fluvial sediments, charac-
teristically containing black scoria. The radiocarbon age
obtained from unit 101 is 3070 &= 20 yr BP. Based on stra-
tigraphy, sedimentary facies, and radiocarbon age, units
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103 and 110 are correlated with the KsS tephra (4.0 ka;
Miyabuchi 2009) that was erupted from Kishimadake
volcano (Fig. 2). Unit 111 contained sparse white pum-
ice (diameter: less than 1 cm). The refractive indices of
volcanic glass shards of this white pumice ranged from
1.505 to 1.508 (Mode:1.505), which are similar to those of
ACP1 tephra (4.1 ka; Miyabuchi 2009) reported by Furu-
sawa and Umeda (2000). From the standpoint of refrac-
tive index and stratigraphy, the white pumice included

in unit 111 is correlated with the ACP1 tephra that was
erupted from Janoo volcano (Fig. 2) (Miyabuchi 2017).
However, ACP1 horizon could not be clearly identified in
unit 111, so we infer that unit 111 is at the same age as
ACP1 or younger.

We recognized several faults cutting up to unit 01 on
both walls (Figs. 5 and 6). Two faults were recognized
mainly on the western wall. The northern fault cut unit
01, and two branches were identified in unit 101. The
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southern fault displaced the bottom of unit 40. In the
eastern wall, two groups of faults were recognized. One
group consisted of two faults above unit 60 and the other
consisted of multiple faults between units 110 and 40.
The former displaced the bottom of unit 01, and the latter
cut into unit 40. These faults represented a typical flower
structure, suggesting strike-slip displacement. The verti-
cal offset of each layer is shown in Fig. 8. This shows the
difference in vertical offset above and below unit 40. The
vertical offset above unit 40 was about 10-15 cm and that
below unit 40 was about 20—35 c¢m, which was twice the
latest event. In addition, the vertical offset of the basal
gravel layer was 25-30 cm on the eastern wall of the pit
at the trench floor.

Handy Geoslicer survey

The HGS cores were obtained from the southeast-
ern corner of the rice paddy field (Fig. 3c), about 30 m
southeast of the trench. The same unit labels were used
for the deposits in the HGS cores (Fig. 9). Although the

HGS core deposits were roughly correlated with the
trench deposits, units 20—32 were absent from the HGS
coring site, probably due to the artificial modification
of the rice paddy field. Units 02 and 03, which were not
identified in the trench, were also related to artificial
modification and cultivation.

In HGS6, a fault that cut up to unit 01 was identi-
fied, indicating that this faulting was associated with
the 2016 event (Fig. 9). Based on the height difference
between the layers of HGS5 and HGS6, a fault with a
branch recognized in HGS6 was estimated between
the cores. The vertical separation between units 03—90
was about 10 cm. Therefore, this fault moved only dur-
ing the 2016 event since the deposition of unit 90. On
the other hand, between the HGS2 and HGS3, a height
difference was found between units 51 and 90, but the
height difference was not identified in unit 01, indi-
cating the occurrence of an event older than the 2016
event.
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a Northern wall in the pit on the trench floor
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Fig. 7 Photographs of pit walls excavated on the trench floor. The
northern (a) and southern (b) walls are parallel to faults. The location
of the pit is shown in Figs. 5, 6, and Additional file 1: S1

Discussion

Paleoseismic events on research site

The lower part of unit 40 in the trench was displaced by
the branch faults; however, the upper part was not dis-
placed and was covered by units 31 and 32. This indicates
that the penultimate event occurred during the deposi-
tion of unit 40. The depth profile of the vertical offset of
each layer (Fig. 8) also supports this interpretation. Evi-
dence of the 2016 event and an older event correspond-
ing to the trench results were also found in the HGS
cores. The age of unit 40 was constrained by tephra layers
and radiocarbon ages. Based on Bayesian analysis using
the OxCal program, the age of the penultimate event was
estimated to be 2080-1830 cal BP (95.4%) (Additional
file 1: Fig. S2).

A candidate for the antepenultimate event was the
event resulting in liquefaction and lateral movement
identified in unit 101, which was probably caused
by strong ground motions. As for the timing of this
event, if liquefaction and lateral movement occurred
underground at the faulting events in AD2016 and/or
2080-1830 cal BP, some broad deformations should be
identified in the overlying sediments and on the ground
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Fig. 8 Relationships between depth and vertical offset of each layer

surface. However, such deformation was identified nei-
ther in sediments above unit 90 nor ground surface,
thereby implying that the timing of liquefaction and lat-
eral movement was at least before unit 90 deposition.
Furthermore, the vertical offset of the faults (Fig. 8)
indicates that there were only two faulting activities
after the deposition of the KsS tephra. These details
suggest that this liquefaction and lateral movement
were not related to the faulting events of the Miyaji
faults. Thus, we interpret that the disturbed features of
unit 101 are attributed to strong ground motions due
to volcanic activity. From tephrostratigraphy, this event
occurred between OjS and KsS tephras erupted from
Ojodake and Kishimadake volcanoes (Fig. 2). OjS and
KsS tephras are the major sub-plinian basaltic scoria
fall deposits including three fall units during the Holo-
cene (Miyabuchi 2009), which led to the formation of
scoria cones. Furthermore, Miyabuchi and Watanabe
(1997) introduced at least two scoria fall units between
OjS and KsS tephras, suggesting that other sub-plinian
eruptions occurred during that period. Therefore, the
strong ground motions associated with these eruptions
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probably resulted in the liquefaction and lateral move-
ment recognized in unit 101.

Two paleo-faulting events, including AD2016 and
2080-1830 cal BP, were found in the Miyaji trench since
the KsS tephra (4.0 ka), and the inter-event times between
the two events is 1896-2146 years. Using this interval
and the displacement found from the InSAR analysis of
the 2016 event, we simply calculated the slip rates for
the Miyaji faults. The vertical and horizontal slip rates
of the north fault were 0.04 mm/yr and 0.09-0.10 mm/
yr, respectively. Those of the south fault were 0.06 mm/
yr and 0.13-0.14 mm/yr, respectively. These values are
classified into the lowest class of the active fault slip rates
that can be detected based on tectonic geomorphology
in Japan (e.g., Research Group for Active Faults of Japan
1991).

Comparison with paleoseismic events at other sites
Figure 10 shows the results of paleoseismic studies at
other sites. In the Aso caldera, open cracks showing

lateral spreading were observed at two archeologi-
cal sites. At the Onobaru archeological site, the event
age was estimated to be 2600-1800 years ago based
on radiocarbon dating and pottery chronology (Kum-
amoto Prefectural Board of Education 2010). At the
Miyayama archeological site, the event age was esti-
mated to be around the third century based on arche-
ological remains (Aso City Board of Education 2011).
In the 2016 event, open cracks, lateral spreading, and
liquefaction were observed extensively along the Aso
valley (Fig. 2; Tsuji et al. 2016; Fujiwara et al. 2017).
Considering these phenomena observed in the 2016
event, the open cracks found at the archeological sites
indicated that deformations similar to the 2016 event
occurred in the past. In the paleoseismic studies of the
Futagawa fault after the 2016 event, multiple events
were identified since the K-Ah tephra (7.3 ka). More-
over, some of these studies suggested that the ages of
the penultimate event of the Futagawa fault in the
Aso caldera were approximately 2 ka (Ueta et al. 2018;
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Fig. 10 Time-space diagram of paleoseismic events from the study site to the Futagawa fault. Paleoseismic events are from the results of

Toda et al. 2019). The correspondence of the penulti-
mate event age between the Miyaji area and other sites
indicates that surface deformations similar to the 2016
event occurred in ca. 2 ka at each site. In addition, our

age constraints for the penultimate event were more
robust and accurate than other paleoseismic study sites,
because the event horizon was identified using tephra
and soil layers and vertical offsets, and well-known
tephras were found above and below the event horizon.
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Behavior of the Miyaji faults

Based on the inversion modeling of InSAR analysis, the
north and south faults in Miyaji dip 63° and 42° to the
northwest, and the slips are limited to areas shallower
than 1.5 km deep (Fukushima and Ishimura 2020). From
these fault models and slip distributions, the Miyaji faults
are inferred to be the faults separated from the subsur-
face seismogenic fault extended from the primary fault in
the western Aso caldera. Besides, the following informa-
tion suggests that the Miyaji faults have been triggered at
least in the recent two events by the primary fault (Futa-
gawa fault) activity: 1) surface ruptures in the Miyaji area
occurred simultaneously with the activity of the primary
fault in 2016, 2) the amount of vertical offset due to the
2016 event is almost the same as that of the penultimate
event in the trench, and 3) the penultimate event age of
the north fault in the Miyaji area corresponds to that of
the primary fault. Considering the extremely shallow slip
depth of the Miyaji faults and the features of the faults
mentioned above, we presume that they are unable to
generate large earthquakes. The epicenters and depths
of aftershocks (Figs. 1 and 2) of the 2016 Kumamoto
earthquake sequence around the Miyaji area support this
interpretation. This characteristic is completely consist-
ent with a fully aseismic type of low-slip-rate active faults
(Toda and Ishimura, 2019; Fig. 11c). This type means that
the fault is not a source fault, but the fault slips are always
triggered by large earthquakes generated by the adjacent
major active faults.

Other secondary surface ruptures in the northwest of
the Aso caldera identified by InSAR (Fig. 2; Fujiwara et al.
2016) are similar to the Miyaji faults in terms of fault
length, slip rate, and their characteristics during the 2016
event. A paleoseismic trench across one of the triggered
faults indicated three surface cutting events, including
the 2016 event since 3500 cal BP (Une et al. 2019). It is
confirmed that the fault has moved more frequently than
expected by the slip rate (0.1 mm/yr; Research Group for
Active Faults of Japan 1991). Therefore, we hypothesize
that the secondary faults on the northwestern caldera
rim reported by Fujiwara et al. (2016) behave similarly to
those found around the Miyaji area.

On the other hand, the paleoseismicity of LSRAF in
Fukushima and Ibaraki prefectures revealed that the
activities of LSRAFs were not always triggered by the
past megathrust earthquakes along the Japan Trench
(Toda and Tsutsumi 2013; Miyashita 2018; Komura et al.
2019). In these cases, LSRAFs moved from a week to a
month after the 2011 event, causing large earthquakes
themselves. This behavior of the LSRAFs is quite dif-
ferent from that of the Miyaji faults. Therefore, LSRAFs
in Fukushima and Ibaraki cases could be either com-
pletely seismogenic or variable types (Fig. 11a, b). These
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different behaviors of LSRAFs represent the difficulty
of the understanding of LSRAFs and their risk assess-
ment of seismic and displacement hazards. Therefore,
in addition to finding small surface ruptures detected
by recent space geodesy, the behavior of LSRAFs needs
to be reviewed by obtaining paleo-slip evidence of them.
This is also important for the grouping of active faults,
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establishing active fault activity scenarios, and assessing
risks of fault displacement.

Development of tectonic geomorphology by small

but frequent slips

Even if an active fault is short and its slip rate is low, the
fault topography (e.g., fault scarp) is generally consid-
ered to be formed by large earthquakes, which can dis-
place the ground surface. This assumption applies to a
completely seismogenic type for a low-slip-rate active
fault (Fig. 11a). However, recent geodetic observations
and this study suggested that some of the minor active
faults were probably developed by large earthquakes on
the adjacent major faults. In the 2016 Kumamoto case,
a vertical offset of less than a few decimeters occurred
on broadly and remotely distributed surface ruptures
around the primary fault (Fujiwara et al. 2016; Toda et al.
2016; Goto et al. 2017). If such small slips have occurred
frequently on LSRAFs associated with large earthquakes
by the adjacent HSRAFs, the total offset accumulated by
small but frequent slips may be sufficient to explain the
present fault topography (e.g., active faults in the north-
west of the Aso caldera). In this case, the subtle fault
topography associated with LSRAFs does not necessarily
indicate the presence of subsurface seismogenic faults.
To examine such fault topography development asso-
ciated with LSRAFs and/or secondary faults, we need
to study the timing and displacement of paleo-slip on
them. Moreover, our results suggest that the timing of
paleo-slip on secondary faults may indicate the timing of
nearby primary fault paleoseismic events.

Conclusions

We conducted a field mapping of small surface rup-
tures associated with the 2016 Kumamoto earthquake
sequence, and a paleoseismic trenching in the Aso cal-
dera. Field mapping revealed that small but clear surface
ruptures on the InSAR fringe discontinuity were associ-
ated with the mainshock, not the foreshock and after-
shocks of the 2016 event. InSAR-derived 3D deformation
data were consistent with the field measurement, con-
firming that the north and south surface ruptures around
the Miyaji area were dextral south-up active faults with
lengths of approximately 1.5 km and 3.2 km, respec-
tively. Paleoseismic trenching revealed that the penulti-
mate event occurred at ca. 2 ka with the same amount of
vertical offset at the 2016 event. The penultimate event
of the Miyaji faults corresponds to that of the primary
fault (Futagawa fault), indicating that the Miyaji faults
also moved simultaneously with the primary fault dur-
ing the penultimate event at 2 ka. In addition, the fault
model of the Miyaji faults from the inversion modeling in
InSAR analysis showed that the slip was limited to areas
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shallower than 1.5 km deep. Considering the 2016 event
and paleoseismic studies of the primary and secondary
faults, the Miyaji faults were activated by triggering from
large earthquakes on the adjacent HSRAF (Futagawa
fault), and are classified as fully aseismic type. Surface
ruptures similar to those observed in the Miyaji area also
appeared in other areas surrounding the Futagawa fault
during the 2016 event. Therefore, some or most of them
may fall into the same category as Miyaji faults (fully
aseismic type). These speculations point to the need to
reevaluate the seismic hazards of LSRAFs in terms of the
frequency and displacement, reminding us that we do
not have a proper understanding of LSRAFs. In addition,
field evidence of paleo-slips on LSRAFs should be col-
lected in future investigations.
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Additional file 1: Fig. S1. Photograph showing the relationship between
the trench and pit excavations. Figure S2 Calculated probability distribu-
tion of OjS tephra based on OxCal software.Figure S3 Calculated prob-
ability distribution of the penultimate event based on OxCal software.
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