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Abstract

occurred after the mainshock.

Urgent field investigation

The 2016 Kumamoto earthquake sequence started with a M, (Japan Meteorological Agency magnitude) 6.5 event on
April 14, and culminated in a M, 7.3 event on April 16. Associated with the sequence, approximately 34-km-long sur-
face ruptures appeared along the eastern part of the Futagawa fault zone and the northernmost part of the Hinagu
fault zone. We carried out an urgent field investigation soon after the earthquake to map the extent and displacement
of surface ruptures with the following results. (1) The rupture zone generally consisted of a series of left-stepping

en echelon arrays of discontinuous fault traces of various lengths. (2) Slip exceeding 100 cm occurred on previously
unrecognized fault traces in the alluvial lowland of the Kiyama plain and on the western rim of the Aso volcano cal-
dera. (3) Large slip with maximum dextral slip of 220 cm was measured throughout the central section of the rupture
zone along the Futagawa segment, and the slip gradually decreased bilaterally on the adjoining northeastern and
southwestern sections. (4) The surface rupture mostly occurred along fault traces mapped in previous active fault
investigations. (5) Most of the surface ruptures were produced by the mainshock, and significant postseismic slip

Keywords: 2016 Kumamoto earthquake surface rupture, Futagawa fault zone, Hinagu fault zone, Slip distribution,

Introduction

The 2016 Kumamoto earthquake was a series of shallow
earthquakes in central Kyushu, Japan, that started with a
M; (Japan Meteorological Agency magnitude) 6.5 event
at 21:26 Japan Standard Time on April 14 and included
the M; 7.3 mainshock at 01:26 on April 16 (Fig. 1a).
These earthquakes caused severe damage to houses and
infrastructure in the epicentral region, especially in the
communities of Mashiki, Nishihara, and Minamiaso
in Kumamoto Prefecture, where instrumental ground
motions reached the maximum level of 7 on the Japan
Meteorological Agency seismic intensity scale. This
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and indicate if changes were made.

sequence occurred mainly along the active Futagawa and
Hinagu fault zones (Earthquake Research Committee,
the Headquarters for Earthquake Research Promotion
(hereinafter refer to as ERC, HERP), 20164, b) (Fig. 1b).

We began an urgent field investigation on the day of the
mainshock to map coseismic ruptures and measure their
displacements. This three-week exercise documented
approximately 34 km of surface ruptures associated with
the 2016 Kumamoto earthquake sequence. The ruptures
occurred mainly on the eastern part of the Futagawa fault
zone, an eastern extension of the Futagawa fault zone
across the western rim of the caldera of Aso volcano, and
the northernmost part of the Hinagu fault zone (Fig. 1c).
We surveyed offset artificial and natural features at more
than 200 places. In addition, we interviewed local resi-
dents and measured faulted features repeatedly to inves-
tigate postseismic activity of the surface ruptures.
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Fig. 1 a Location of the study area in Kyushu, southwestern Japan. b Active faults in the western part of central Kyushu (blue lines after Nakata and
Imaizumi 2002, light blue lines after ERC, HERP 2013) and the 2016 surface ruptures (red lines). € Distribution of surface ruptures associated with the
2016 Kumamoto earthquake sequence observed during our survey (red lines), previously mapped active faults (blue lines), and the best double-
couple solution of centroid moment tensor diagrams for the mainshock and the initial M, 6.5 event (vellow beach balls) determined by the Japan
Meteorological Agency, and unconfirmed ruptures interpreted from aerial photographs (Geospatial Information Authority of Japan 2016c) (dashed

In this paper, we report the distribution and morphol-
ogy of surface ruptures and their displacements. We then
discuss their active tectonic implications.

Outline of the Futagawa and Hinagu fault zones

The Futagawa fault zone extends ENE-WSW between
the Aso caldera and the north coast of the Uto Penin-
sula, and the Hinagu fault zone extends NE-SW between
Mashiki and the south end of the Yatsushiro Sea (Fig. 1b).
These were defined as separate seismogenic fault zones
by ERC, HERP (2013) with the following characteris-
tics. The Futagawa fault zone consists of three segments:

Futagawa, Uto, and the north coast of the Uto Pen-
insula segments (Fig. 1b). The Futagawa segment has
0.2 m/kyr of dextral long-term slip rate and 0.1-0.3 m/
kyr of vertical long-term slip rate, and paleoseismologi-
cal studies indicate that its latest rupture event occurred
2200-6900 years ago. The distribution of seismicity indi-
cates that the fault plane of the Futagawa segment is
nearly vertical near the surface and northwest-dipping
at depth. The Hinagu fault zone consists of the Takano-
Shirahata, Hinagu, and Yatsushiro Sea segments (Fig. 1b).
The Takano-Shirahata segment has a long-term dextral
slip rate of 0.04—0.2 m/kyr, and its latest event occurred
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1200-1600 years ago. The fault plane of the Takano-Shi-
rahata segment is probably nearly vertical, because seis-
micity in 1999 and 2000 was distributed almost directly
beneath the surface fault trace.

Active traces of the Futagawa and Hinagu fault zones
were previously mapped on the basis of aerial photo-
graphs and field surveys by Ikeda et al. (2001), Nakata
et al. (2001), and Nakata and Imaizumi (2002). In the Fut-
agawa fault zone, right-lateral offsets of ridges and gullies
were reported (Research Group for Active Faults of Japan
1991), and many tectonic features clearly indicate south-
side-up ground displacements (Ikeda et al. 2001). In the
Hinagu fault zone, fault scarps in the Takano-Shirahata
segment irregularly faced east or west along the discon-
nected fault trace, and in the Hinagu and Yatsushiro Sea
segments fault traces are recognized as scarps clearly
showing southeast-side-up displacement.

Methods

We mapped surface ruptures associated with the 2016
Kumamoto earthquake sequence and measured their
displacement using measuring tapes, leveling staffs, and
handheld laser rangefinders. Here, we report slip meas-
urements in terms of strike-slip and vertical components,
because most of the surface ruptures had predominantly
dextral strike-slip or vertical offsets with little extension.
Only surface ruptures along the northeastern part of the
Futagawa segment had a significant extensional compo-
nent. Near the Takaki area on the Takano-Shirahata seg-
ment, we measured displacements twice (April 16 and
28) after the mainshock to assess possible afterslip.

In this urgent survey, we needed to survey over 34-km-
long ruptures in short time. Because most of the ruptures
appeared in inhabited areas, they were likely to be quickly
erased by recovery works or weathering. We, therefore,
decided to use a simple and primitive method for a meas-
urement of displacement (Fig. 2) with an accuracy of
1 cm. To avoid underestimation of strike-slip displace-
ment, we carefully selected reference markers (i.e., roads,
footpaths between paddy fields, walls) which were long
enough (20-30 m) to cover the deformation zone (gener-
ally <10 m) (Fig. 2a). For measuring slip on normal faults,
we selected artificial or natural piercing points and meas-
ured displacements consisting of lateral, vertical, and
extensional components. If there is any warping defor-
mation away from the fault trace, this method would
underestimate the total slip. At some points accompanied
with warping deformation, therefore, we obtained topo-
graphic profiles with a handheld laser rangefinder to con-
sider the total deformation. The uncertainty of our data
depends strongly on the reliability of the selected pierc-
ing points or markers; therefore, we employed only clear
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Fig. 2 a Measuring horizontal displacement. The grassy footpath in
the paddy field was displaced dextrally (red half-arrows). b Measur-
ing a cross section. The east side of the road in the paddy field was
uplifted relative to the west side along the surface rupture (white
arrows). A handheld laser rangefinder was used to construct a cross
section along the line of the yellow measuring tape

and obvious reference points. We expect the uncertainty
of our data as a whole would not exceed +10% of the
total slip.

Results

Here, we describe the 2016 surface ruptures separately
for the Takano-Shirahata segment of the Hinagu fault
zone, the Uto segment of the Futagawa fault zone, and
Futagawa segment of the Futagawa fault zone (Fig. 1b).
Locations and photographs of these three areas are
shown in Figs. 3—5, respectively. The measured slip distri-
butions of the surface ruptures are compiled in Fig. 6 for
all three areas. Original data to make Fig. 6 are compiled
in Additional file 1 for right-lateral displacements along
the Futagawa fault zone, Additional file 2 for right-lateral
displacements along the Hinagu fault zone, and Addi-
tional file 3 for south-side-up displacements along the
Futagawa fault zone.
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Fig. 3 a Distribution of surface ruptures (red lines), previously mapped active fault traces (blue lines), and locations of photographs (solid circles) and
the trench site (vellow box) along the Takano-Shirahata segment of the Hinagu fault zone (Fig. 1¢). b Cultural features including rows of wheat dis-
placed dextrally (red half-arrows) at Kamitakano along the rupture (white arrows). € Edge of a road displaced dextrally. d Postseismic activity shown
by a crack in a paved road at Takaki. The open crack, filled with asphalt after the mainshock, opened further by the time the photograph was taken
on April 28. e Array of left-stepping tension cracks produced by dextral faulting in the alluvial plain at Takaki, as seen on April 16 after the mainshock.
f Aerial photographs of Takaki (Geospatial Information Authority of Japan 20163, b) on April 15 (left) and April 20 (right). No surface rupture was
apparent on April 15, whereas a distinct surface rupture displacing rice paddies and footpaths was discernible on April 20. The black arrow shows
the location of E. g Dextral offset of wheel tracks by 75 cm on a farm road in Takaki
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Fig. 4 a Distribution of surface ruptures, previously mapped fault traces, and location of photographs (black dots) and the trench survey (yellow
box) in the Uto segment and the southwestern section of the Futagawa segment of the Futagawa fault zone (Fig. 1c). b Surface rupture (white
arrows) across a road and paddy field at Kitaamagi. € Surface rupture at Fukuhara showing dextral displacement of footpath in a paddy field (red
half-arrows). d Left-stepping tension cracks showing a dextral slip in a wheat field at Togawa. e Surface rupture across a road at Shimotogawa
with the north side downthrown by normal faulting with little lateral slip. f Surface ruptures on the north side of the Kiyama plain showing dextral
offset of a road and paddy field. g Tensional cracks and mole track at Shimojin. The northwestern side of the wheat field was locally upthrown. h
Dextral displacement at Tanaka along a surface rupture consistent with a fault trace exposed in previous trenching. i Surface rupture with sinistral
and reverse offset at Shimojin, connecting two left-stepping en echelon dextral ruptures on the northern and southern edges of the Kiyama River
alluvial plain. j Dextral displacement of a wheat field at Dozon, where the maximum slip of 220 cm was measured
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Fig. 5 a Distribution of surface ruptures, previously mapped fault traces, and location of photographs (black dots) in the central and northeastern
sections of the Futagawa segment of the Futagawa fault zone (Fig. 1C). b Surface rupture (red half-arrows) crossing a road at Nishihara. South side
was upthrown and displaced to the southwest by reverse and dextral faulting. ¢ Array of left-stepping tension cracks (white arrows) south of Nishi-
hara related to dextral and normal faulting on the hillside. d Surface rupture crossing a road at the Okirihata dam showing dextral slip. e Surface
rupture at Komori with the north side downthrown by normal faulting. f Surface rupture crossing the bridge at Oginosaka which was compressed
by dextral faulting (red arrows). g Surface ruptures at Kawayo showing dextral offset of a field and footpath. h A small graben crossing a road,
defined by surface ruptures in the foreground and background. i Surface ruptures and fissures (red lines) near the Nigorigawa River that defined
small grabens

Takano-Shirahata segment

Surface ruptures trending NNE-SSW appeared along
6 km of the northern part of the Takano-Shirahata
segment of the Hinagu fault zone. It is noted that
they directly coincided with previously recognized

fault traces (Fig. 3a). Along this segment, the strike-
slip component of displacement reached a maximum
of 70-80 cm at Takaki (Figs. 3g, 6a) and gradually
decreased with distance from Takaki to the north and
south.
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Most ruptures in this segment were left-stepping
en echelon arrays of open cracks with little verti-
cal displacement (Fig. 3e), consistent with nearly pure
right-lateral strike-slip. The southernmost ruptures, at
Yamaide, displayed only a few centimeters of dextral
slip. North of Takigawa, ruptures appeared in the allu-
vial plain on both sides of the Yakata River (Fig. 3b). At
Kamitakano, roads, houses, and fields were systemati-
cally disrupted by 50-60 cm of dextral offset (Figs. 3c,
6a). In the Takaki area, ruptures in paddy fields coin-
cided exactly with fault traces previously mapped by a
paleoseismological survey (Shimokawa and Kinugasa
1999). North of Tsuchiyama, the surface ruptures scat-
tered and then vanished.

Some residents at Takaki reported that only small
cracks were present on April 15, the day after the ini-
tial M; 6.5 event, and that after the April 16 mainshock
those cracks had grown, displaying more than 40 cm
of dextral displacement. In addition, some researchers
reported that no clear ruptures were present along the
Futagawa and Hinagu fault zones on April 15 (Asia Air
Survey Co. 2016). In aerial photographs of Takaki taken
before and after the mainshock (Geospatial Informa-
tion Authority of Japan 2016a, b), no surface rupture
was apparent on April 15, but ruptures were clearly
visible on April 20 (Fig. 3f). It is clear that surface rup-
tures along this section were mainly produced by the
mainshock.

We also observed a temporal growth at Takaki. Our
first measurements on April 16 indicated dextral dis-
placements of about 50 cm (Fig. 3c), whereas our sec-
ond measurements on April 28 indicated displacements
of about 60 cm. We also found that temporarily repaired
cracks in a road crossing the surface rupture had opened
further by April 28 (Fig. 3d).

Uto segment

At Kitaamagi, in the easternmost part of the Uto segment
of the Futagawa fault zone, we documented two sets of rup-
tures trending ENE-WSW in an isolated area with 500—
600 m long about 3 km from the nearest surface ruptures in
the adjoining Futagawa segment (Fig. 4a). The southern rup-
ture appeared along a preexisting north-facing fault scarp
on the northern margin of the Kitaamagi upland (Ikeda
et al. 2001; Fig. 4b), displaying approximately 30 cm of
south-side-up normal offset and a small amount of dextral
offset. A few hundred meters to the north, faint open cracks
appeared near a previously mapped south-facing fault scarp.

Futagawa segment

Distinct surface ruptures extend about 28 km along the
Futagawa segment between Mashiki and Minamiaso
(Fig. 1c). We describe them here in three sections that are
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based on differences in morphology, geometry, and slip
distribution of the surface ruptures.

Southwestern section

In the southwestern section of the Futagawa segment,
most ruptures displayed 70-100 cm of dextral offset
(Fig. 6a). Near Dozon, at the eastern end of this sec-
tion, ruptures are composed of two strands that bound
the Kiyama plain, a 5-km-long north strand along the
northern edge and a 7-km-long main strand, along the
southern edge of the plain (Fig. 4a). The main strand
consisted of a left-stepping en echelon array of five sub-
strands striking NE-SW. These sub-strands displayed
dominantly dextral slip and south-side-up normal slip
and were separated by releasing stepovers 1-2 km long
and 0.5-1 km wide. This complex distribution of the sub-
strands resulted in large scattering of measured displace-
ments of the southwestern section (Fig. 6). The main
strand ended just east of Shimojin, and the north strand
continued eastward to the main strand in the adjoin cen-
tral section. The north strand was a relatively continuous
and displayed a few restraining double bends. Displace-
ments on the two strands were largest (90-120 cm) at
their northeastern tips, and systematically decreased
toward the west (Fig. 6a). These two strands constituted a
tweezers-shaped pair of splay faults, connected by a NW-
striking sinistral-slip rupture near their closest approach
(Fig. 4a, i). Most of the surface ruptures were accompa-
nied by left-stepping en echelon arrays of open cracks
associated with dextral faulting, sometimes with a small
south-side-up normal component (Fig. 4c, d, f, g, h). At
ruptures south of Shimojin and in Shimotogawa, the
north side was downthrown 40—50 cm by normal faulting
(Fig. 4e). Near Shimojin and Fukuhara, pairs of dextral
ruptures striking NW-SE were connected by a rupture
with sinistral and reverse offsets (Fig. 4a, i). The vertical
and horizontal displacements on those sinistral ruptures
both systematically decreased toward the northwest. The
ruptures along the main strand nearly coincided with the
previously recognized fault trace. The north strand was
previously recognized as an active fault, Kiyama fault,
only estimated by geological analyses of borehole cores
(Tsuruta and Watanabe 1978).

Central section

In the central section of the Futagawa segment between
Dozon and Oginosaka, the ruptures formed two strands:
a 12-km-long main strand and a 4-km-long south strand
2-2.5 km away (Fig. 5a). The main strand displayed a
large dextral slip of about 200 cm (Fig. 6a). At Dozon, we
measured 220 cm of dextral displacement (Figs. 4j, 6a), the
largest displacement on the 2016 surface ruptures. Along
the main strand from Dozon past Nishihara, the rupture
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Fig. 6 a Distribution of the strike-slip component of surface ruptures (red lines) at measured locations (colored dots with the amount of displace-
ment represented by their shade) along the Futagawa and Hinagu fault zones (top); explanation of surface ruptures in Fig. 1C. Diagram of slip distri-
bution along the fault zone (bottom). Open dots show the representative displacement at each sub-strand. Dashed yellow line shows the estimated
total displacement. b Distribution of the vertical component of surface ruptures along the Futagawa fault zone

followed a preexisting fault scarp several tens of meters
high, and representing a fault zone 100—400 m wide. Nor-
mal fault ruptures formed a left-stepping en echelon array
on the slope and shoulder of the preexisting scarp (Fig. 5c),
and dextral-reverse fault ruptures appeared along the foot
of the fault scarp with vertical slip up to 60 cm (Fig. 5b).
Those arrays of ruptures suggest the existence of dextral
slip along the rupture zone. A paved road crossing the rup-
ture zone at very low angle in a counterclockwise direc-
tion to the general trend of the scarp was stretched about
200 cm in a 300-m-long part of the road. This feature of the

damaged road was observed on strike-slip rupture associ-
ated with the 2000 Tottori-ken Seibu earthquake (Fusejima
et al. 2001). This strongly suggests that the dextral slip of
about 200 cm also occurred across the scarp.

Ruptures along the main strand continued eastward
into the mountains and along talus slopes. The Okirihata
dam was damaged by surface ruptures, and the banks of
its impoundment on both sides of the dam were offset
dextrally by 180 cm (Figs. 5d, 6a). The ruptures outlined a
rhomboidal stepover 1.5 km long and 400 m wide located
northeast of the dam. Father northeast, the ruptures
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intersected a road at several points where we measured
about 150 cm of dextral fault slip.

In the central section, most dextral slip measurements
were around 200 cm, which is considered for a repre-
sentative slip along the Futagawa segment. Some meas-
urements less than 180 cm probably reflect the partial
displacements on the rupture zone along the central sec-
tion (Fig. 6a).

Whereas the main strand displayed little or no vertical
displacement, ruptures on the south strand were domi-
nated by southeast-side-up normal slip (Fig. 6b) along
fault planes with measured dip angles between 50° and
70°. These ruptures exhibited normal slip up to 120 cm
(Fig. 5e), horizontal displacements in the dip direction
up to 30 cm, and sinistral strike-slip displacements up
to 70 cm (Fig. 6). All along the 4-km-long ruptures were
distinguished from ruptures associated with mass move-
ment by their continuity across rivers and ridges. The
combination of dextral offsets on the main strand and
primarily normal offsets on the southern strand may rep-
resent large-scale slip partitioning, as reported by King
et al. (2005) for the Kunlun fault. In that case, decreas-
ing the dextral offsets with the distance from the main
strand may produce relative sinistral motion on the south
strand.

Northeastern section

Along the 8-km-long northeastern section of the Futa-
gawa segment, ruptures consisted of several en echelon
arrays and gradually decreased in displacement toward
the northeast (Figs. 5a, 6a). The central and northeast-
ern sections were separated at Oginosaka by a stepover
2 km long and 1 km wide, connected by NW-striking
ruptures with sinistral displacement, similar to stepovers
described in the southwestern section near Shimojin and
Fukuhara.

At Oginosaka, on the north side of the stepover, a
rupture oriented ENE-WNW passed beneath a bridge
oriented E-W, where about 200 cm of compression dam-
aged the abutments (Fig. 5f). On the south side of the ste-
pover, east of Oginosaka, an extensional branch rupture
was observed in aerial photographs taken on April 16
(Geospatial Information Authority of Japan 2016c). From
Tateno to the end of the rupture, three strands 1-2 km
long constituted an en echelon array separated by releas-
ing stepovers 100-500 m wide. The dextral displacement
decreased along this array from 140 cm at Tateno and
120 cm at Kawayo (Fig. 5g) to 80 cm at Aso Farm Land
and several centimeters at the eastern end (Fig. 6a).

Another E-W trending branch rupture 2.5 km long
appeared south of Kawayo (Fig. 5a, i). This branch was
a zone of sub-parallel fissures and grabens (Fig. 5h, i).
Although much of the natural topography had been
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artificially modified, some of these grabens appeared to
coincide with preexisting small valleys.

Discussion

Morphology and geometry of surface ruptures

The 2016 Kumamoto earthquake sequence produced
about 34 km of surface ruptures. This discussion focuses
on the 28-km surface ruptures along the Futagawa seg-
ment of the Futagawa fault zone, which we divided into
three sections on the basis of fault geometry and slip
distributions.

The surface ruptures generally appeared along previ-
ously recognized fault traces, but did not always follow
them precisely (Figs. 1c, 3a, 4a, 5a). Large dextral strike-
slip displacements of about 200 cm occurred along the
12-km-long central section of the Futagawa segment,
accompanied by significant normal slip in the middle
part of the section. Surface ruptures of the southwestern
and northeastern sections of the Futagawa segment were
characterized by arrays of releasing stepovers 7-8 km
long and 2.5 km wide that diverged toward the ends of
the segment, unlike the continuous curvilinear traces
that were previously mapped there (e.g., Ikeda et al. 2001)
(Fig. 4a). Especially in the southwestern section, ste-
povers of the ruptures appeared where fault traces were
indistinct in the previous fault maps. This reflects the dif-
ficulty of mapping active faults where their distribution is
complex.

The most remarkable features of the 2016 surface
rupture were the development of sub-parallel ruptures
at various scales. Our observations showed that these
sub-parallel ruptures accommodated coseismic slip by
two different deformation styles, slip partitioning and
graben formation. The most conspicuous slip partition-
ing was in the northeastern part of the central section of
the Futagawa segment, where two sub-parallel primary
ruptures formed 2-2.5 km apart (Fig. 5a). The southern
rupture (south strand) displayed south-side-up normal
slip greater than 100 cm with a small strike-slip com-
ponent, whereas the northern rupture displayed dex-
tral slip exceeding 150 cm with little or no vertical slip
(Figs. 5d, 6a). Both of these ruptures occurred on pre-
viously mapped active fault traces (Nakata and Imai-
zumi 2002), suggesting that slip partitioning has been
repeated during previous large earthquakes to form
fault-related landforms. Grabens were especially promi-
nent in the northeastern section of the Futagawa seg-
ment (Fig. 5i). Some of these had a distinct geomorphic
expression suggestive of similar behavior in the past.
Thus, to reconstruct the history of surface rupture in this
area, paleoseismic trenching would be desirable because
these grabens may preserve sedimentary evidence of past
earthquakes.
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Comparison with previous surveys mapping revealed that surface ruptures around both
The total surface rupture length of about 28 km, the sites lay along single traces and that locations of the rup-
maximum slip of 220 cm, and the mainshock magnitude  tures coincided with the locations of the faults in the
of M; 7.3 are all broadly consistent with the fault length,  trench walls. This result shows that trenching can cap-
slip, and earthquake magnitude assigned to the Futagawa  ture a history of multiple faulting when sites have been
segment by the ERC, HERP (2013) based upon the length  selected on the basis of sound tectonic and geomorphic
of the segment. In addition, along the Futagawa segment, interpretations.
dextral slip of about 200 cm was measured throughout The trenching survey at Tanaka revealed dextral 5.2 m
the central section, and slip gradually decreased bilater-  displacement of sediment containing a volcanic ash
ally away from the central section to the far ends of the (28 ka; AT tephra [Machida and Arai 2003)] along a fault
southwestern and northeastern sections. These lines of  trace (ERC, HERP 2013). At the location of the Tanaka
evidence strongly suggest that the April 16 mainshock trench, we measured 60 cm of dextral slip associated
was an example of the representative event anticipated  with the Kumamoto earthquake. To explain this accu-
for the Futagawa segment. On the other hand, the surface  mulated displacement (5.8 m), 9-10 events similar to the
ruptures on the Takano-Shirahata segment of the Hinagu = 2016 earthquake are needed. Then, the recurrence period
fault zone were only about 6 km long and were limited  can be roughly estimated as about 3 kyrs.
to its northernmost part. Understanding the implica-
tions of the 2016 Kumamoto earthquake sequence on the  Temporal growth of surface ruptures
long-term behavior of the Takano-Shirahata segment will ~ Our observations and eyewitness account from the
require further tectonic, geomorphic, and paleoseismic =~ Takano-Shirahata segment, and the southwestern
investigations. section of the Futagawa segment showed that small
Paleoseismic trenching studies were previously con-  cracks associated with the initial M; 6.5 event on April
ducted at two sites where surface ruptures occurred in 14 grew into primary ruptures with large slip during
the 2016 Kumamoto earthquake sequence (Figs. 3a, 4a):  the mainshock. These observations were supported
the Takaki trench on the Takano-Shirahata segment by interferometric synthetic aperture radar (InSAR)
(Shimokawa and Kinugasa 1999) and the Tanaka trench  measurements (Fig. 7). Just after the initial event,
on the southwestern section of the Futagawa segment widespread deformation was apparent at the west and
(Kumamoto Prefecture 1996; Yoshioka et al. 2007). Both  northwest side of the Hinagu fault zone, but no signifi-
trenches, excavated on the geomorphically distinct fault  cant deformation had occurred along the Futagawa and
scarps suggestive of past faulting, exposed steeply dip- Hinagu fault zones (Geospatial Information Authority
ping faults with evidence of Holocene faulting. Our field  of Japan 2016d) (Fig. 7a). After the mainshock, major
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Fig. 7 InSAR images of the Kumamoto earthquake sequence with 2016 surface ruptures added (red lines). Analysis by Geospatial Information
Authority of Japan from ALOS-2 raw data of JAXA. a INSAR image published just after the M, 6.5 event on April 14 (Geospatial Information Authority
of Japan 2016d). b INSAR image published two days after the mainshock (Geospatial Information Authority of Japan 2016e). € INSAR image showing
deformation during the 15 days after the mainshock (Geospatial Information Authority of Japan 2016f)




Shirahama et al. Earth, Planets and Space (2016) 68:191

slip had observed along these fault zones (Geospatial
Information Authority of Japan 2016e) (Fig. 7b). We
found evidence for further slip after the mainshock in
the northern part of the Takano-Shirahata segment,
where dextral slip of 50 cm as of April 16 had increased
by 20% as of April 28, 12 days after the mainshock.
Similar field observations were reported after the Napa
earthquake of August 24, 2014 (Bray et al. 2014; Hud-
nut et al. 2014; Lienkaemper et al. 2016). In the case
of Napa, afterslip amounted to 30-60% of the total
slip. The temporal growth of surface ruptures associ-
ated with the Kumamoto earthquake were documented
along both the Hinagu and Futagawa fault zones by
geodetic surveys such as InSAR measurements (Fuji-
wara et al. 2016; Geospatial Information Authority of
Japan 2016f) (Fig. 7c). These data suggest that when we
measure the coseismic displacement, we need to survey
in short time after the earthquake as our survey.

Detailed seismological observations have shown that
the rupture plane of the mainshock differed from that of
the initial M; 6.5 event, which was south of the junction
of the Futagawa and Hinagu fault zones (e.g., Shimizu
et al. 2016; Uchide et al. 2016; Fig. 1c). This means that
large slip on the Takano-Shirahata segment coincided
with slip from the mainshock on the rupture plane of
the Futagawa segment. The surface ruptures around
the junction between the two segments, therefore, may
record seismic events generated by two different rupture
planes at depth. The temporal changes in surficial slip
may reflect the structural complexity around the junction
of the Futagawa and Hinagu fault zones.

Conclusions

1. Surface ruptures occurred along 28 km of the Futa-
gawa segment of the Futagawa fault zone, 6 km of the
northern part of the Takano-Shirahata segment of
the Hinagu fault zone, and 1 km of the eastern part of
the Uto segment of the Futagawa fault zone.

2. Rupture zones generally consisted of left-stepping en
echelon arrays of discontinuous fault traces of vari-
ous lengths.

3. Along the Futagawa segment, dextral slip of about
200 cm was measured throughout the central section,
and the slip gradually decreased bilaterally along the
adjoining southwestern and northeastern sections.

4. Surface ruptures generally followed previously docu-
mented active fault traces, except in the northeastern
and southwestern sections of the Futagawa segment.

5. Slip along the Takano-Shirahata segment occurred
after both the initial M; 6.5 event and the mainshock,
suggesting that surface ruptures along this segment
may record seismic activity generated by two differ-
ent rupture planes at depth.
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Additional files

Additional file 1. Locations of surface ruptures along the Futagawa fault
zone, where lateral displacements were measured. LON Longitude (°E), LAT
latitude (°N), DATE measuring date, TIME measuring time, R-slip measured
lateral displacement (cm), where positive and negative values mean right-
and left-lateral displacements, respectively.

Additional file 2. Locations of surface ruptures along the Hinagu fault
zone, where lateral displacements were measured. LON Longitude (°E), LAT
latitude (°N), DATE measuring date, TIME measuring time, R-slip measured
lateral displacement (cm), where positive and negative values mean right-
and left-lateral displacements, respectively.

Additional file 3. Locations of surface ruptures along the Futagawa fault
zone, where vertical displacements were measured. LON Longitude (°E),
LAT latitude (°N), DATE measuring date, TIME measuring time, South-side-
up measured vertical displacement (cm), where positive and negative val-
ues mean south- and north-side-up vertical displacements, respectively.
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