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An Ancient >200 m Cumulative Normal Faulting
Displacement Along the Futagawa Fault Dextrally Ruptured
During the 2016 Kumamoto, Japan, Earthquake Identified by
a Multiborehole Drilling Program
, Koichiro Sado?, Akihiro Aizawa3, and Katsuaki Koike!

Susumu Shibutani!? (2, Weiren Lin!

!Graduate School of Engineering, Kyoto University, Kyoto, Japan, >Chi-ken Sogo Consultants Co., Ltd. (Shikoku Branch),
Niihama, Japan, *Chi-ken Sogo Consultants Co., Ltd. (Headquarters), Tokyo, Japan

Abstract The Mw 7.0 mainshock of the 2016 Kumamoto earthquake sequence was triggered by dextral
rupture of the Futagawa fault within the Aso volcanic region, Southwestern Japan. To reproduce its faulting
patterns and to reveal the geological and geophysical characteristics of the fault and surrounding lithological
units, we report the results of a multiple-borehole drilling program penetrating the Futagawa fault zone. By
combining core descriptions with geophysical logs, we identified >200 m of normal faulting displacement
along the currently dextral strike-slip Futagawa fault. Considering previous kinematic and chronological
studies of the fault, we interpret that the Futagawa fault dominantly slipped as a normal fault in a short period
(~300-87 ka) before switching to its current transtensional (dominant strike-slip) regime ~87 ka caused by

a local change in the stress field associated with the termination of the Aso caldera-forming eruptions. In the
main borehole, three damage/slip zones were penetrated at depths of ~354, 461, and 576 m. The 461 damage
zone was identified as ~45 m in vertical thickness and thicker than the other damage zones (~3—-6 m vertically)
and was characterized by high fracture density and the presence of strike-slip slickenlines. Depth profiles of
physical properties revealed different patterns near the three damage zones; both the resistivity and the P-wave
velocity showed stronger deterioration at the 461 damage zone than the others. Based on these geological

and geophysical observations, we suggest that the 461 damage zone is the primary candidate for seismogenic
faulting during the 2016 Kumamoto earthquake mainshock.

Plain Language Summary The Mw 7.0 mainshock of the 2016 Kumamoto earthquake sequence
was caused by slipping along the Futagawa fault within the Aso volcanic region of Southwestern Japan. To
investigate its faulting patterns, the geological structure and geophysical properties of the fault and surrounding
units, we report the results of the Futagawa fault drilling project in which multiple boreholes were drilled
through the fault zone. We found >200 m of normal faulting displacement along the currently strike-slip
Futagawa fault. Taking previous studies together, we interpret that the Futagawa fault dominantly slipped as a
normal fault in a short period (~300-87 kyr ago) before switching to its current strike-slip mode ~87 kyr ago
caused by termination of the Aso caldera-forming eruption sequence. In the ~700 m-deep main borehole, three
damage zones were identified. The second damage zone at ~461 m depth was more strongly damaged than the
others. In addition, the physical properties revealed different change patterns near the three damage zones and
showed strongest deterioration at the 461-m damage zone. Based on geological and geophysical observations,
we suggest that this damage zone is the primary candidate that caused the 2016 Kumamoto earthquake
mainshock.

1. Introduction

The Southwest Japan arc and Ryukyu arc are located on the subduction zone where the Philippine Sea plate sub-
ducts beneath the Eurasian plate (or the Amurian subplate) at the Nankai Trough and Ryukyu Trench, respective-
ly (Kamata & Kodama, 1999; Figure 1a). The Philippine Sea plate subducted beneath Kyushu from ~6 Ma, and
was rotated in the counterclockwise direction from north-northwest to west-northwest at ~2 Ma (e.g., Kamata &
Kodama, 1999; Wu et al., 2016). Volcanism in central Kyushu related to subduction of the Philippine Sea plate
began at ~5 Ma (Nakada & Kamata, 1991). At the junction of the two arcs, subduction of fluid-rich oceanic crust
and sediments introduced large volumes of fluids into the Kyushu arc system, leading to voluminous volcanism
and a locally extensional stress regime (Mahony et al., 2011). As a result, the Aso Volcano, one of the greatest
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Akihiro Aizawa, Katsuaki Koike north-south direction and ~18 km in the east-west direction (e.g., Mahony et al., 2011). In addition, the Bep-

pu-Shimabara graben developed in central Kyushu, where this study area is located, and exhibits active faulting
(e.g., Kamata & Kodama, 1999; Mahony et al., 2011; Figure 1b), which coincides with vigorous magmatic activ-
ity. The Oita-Kumamoto Tectonic Line (OKTE) exists on the southeastern margin of the graben and across the
Aso caldera (Kusumoto, 2016). The Futagawa fault in the Aso volcanic region, the target of this study, composes
a part of the OKTE. In addition, the Beppu-Shimabara graben consists of several smaller grabens, including the
Kiyama-Kashima graben on the southeastern margin, where the Futagawa fault is partially situated (Figure 2a).

On 16 April 2016 (Japan Time), a Mw 7.0 earthquake (mainshock) occurred along the Futagawa fault in Kum-
amoto Prefecture, central Kyushu, southwestern Japan, following a Mw 6.2 foreshock ~28 hr after its occurrence
(Toda et al., 2016). This Kumamoto earthquake mainshock occurred in the Aso volcanic region at the junction
of the Southwest Japan arc and Ryukyu arc formed by Philippine Sea plate subduction. The earthquake rupture
was limited to a zone of high seismic wave velocity and low Poisson's ratio in the upper crust but not surrounding
or underlying zones of low velocity and high Poisson's ratio (Zhao et al., 2018). This structural feature suggests
that strong structural and magmatic heterogeneities relating to active volcanoes and magmatic fluids exist in and
around the source zone of the earthquake, which may affect seismogenesis (Zhao et al., 2018). Similarly, Moore
et al. (2017) used the large stress perturbation incurred by the earthquake sequence to suggest that the earthquake
illuminated distinct regions of low effective viscosity in the lower crust, notably beneath the Aso and Kuju vol-
canoes surrounded by large-scale variations in viscosity across the back-arc. In addition, the 2016 Kumamoto
earthquake mainshock (Mw 7.0) coseismically and postseismically caused significant hydrochemical and hydro-
geological changes, such as a groundwater helium anomaly, groundwater level drawdown, permeability changes,
and long-term solute fluxes from active volcanic systems (Hosono et al., 2018, 2019, 2020; Sano et al., 2016).
During the earthquake, surface ruptures that were approximately 28 km long appeared along the ENE-WSW-
trending Futagawa fault zone on the western side of Aso Volcano (Figure 2a). Large dextral slip with a maximum
displacement of 2.2 m was measured throughout the central section of the rupture zone along the Futagawa
fault, which is nearly vertical near the surface and dips northwestward at depth (Shirahama et al., 2016; Yano
& Matsubara, 2017). Moya et al. (2017) calculated the coseismic displacement along the Futagawa fault using
a pair of digital surface models obtained from LiDAR data before and after the mainshock. This work revealed
that a relative vertical displacement of ~1.4 m occurred gradually within an ~1.5 km range shown by a pair of
blue brackets in Figure 2a around the surface rupture rather than a sudden change immediately across the surface
rupture in the area of our research site, which is denoted as “Futagawa fault drilling project” (FFDP) in Fig-
ure 2a. This result indicated that the hanging wall (northwestern side of the surface rupture) subsided relatively.
Therefore, the Futagawa fault exhibits a normal faulting component with dominant strike-slip (Moya et al., 2017;
Shirahama et al., 2016). According to the Kobayashi et al. (2017) rupture model, the maximum coseismic slip
displacement in strike-slip mode occurred at a depth range of ~1-6 km below the surface and attained >4 m. In
addition, Toda et al. (2016) confirmed ~10 km-long segmented normal fault scarps, dipping to the northwest,
along the previously mapped Idenokuchi fault, 1.2-2.0 km south of and subparallel to the Futagawa fault through
field observations and offset measurements of surface rupture immediately after the Kumamoto earthquake main-
shock (Figure 2a). Combining InSAR images with geodetic and seismic inversions of subsurface fault slip, they
present a schematic structural model where oblique motion occurred on a northwest-dipping subsurface fault and
the slip was partitioned at the surface into strike-slip on the Futagawa fault and dip-slip on the Idenokuchi fault
(Toda et al., 2016). Yoshida (2017) analyzed focal mechanisms of the Kumamoto earthquake sequence (events of
4.0 < Mw < 7.0 occurred between 14 April 2016 and 22 January 2017) and showed that almost all earthquakes
that occurred along the Futagawa-Hinagu fault zone fall into two faulting regimes: The strike-slip faulting regime
and the normal faulting regime with or without a minor strike-slip component. This suggests a current transten-
sional (dominant strike-slip) environment around the Futagawa fault.

The Futagawa fault was surveyed and first defined as a normal fault with a 70-100 m offset dipping north-north-
west (Oohashi et al., 2020; Watanabe & Ono, 1969). However, this fault clearly ruptured in a dominantly strike-
slip faulting regime during the mainshock of the 2016 Kumamoto earthquake (Shirahama et al., 2016). Because
faulting mechanism and volcanism are known to be interrelated (e.g., Feuillet, 2013; Waite & Smith, 2002), we
consider that the change in faulting pattern from dominantly normal faulting in the past to current/recent strike-
slip faulting could be related to the tectonic environment in the Aso volcanic region in the subduction system.
Therefore, we aim to discover any evidence that reveals ancient and recent rupturing patterns of the Futagawa
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Figure 1. Tectonic framework around the Japanese Islands and Kyushu Island. Panels (a and b) were modified from Shirahama et al. (2016) and Mahony et al. (2011),
respectively. (a) Location of the study area in Kyushu, southwest Japan. The blue square shows the area of map in panel (b). The Southwest Japan and Ryukyu arcs,
Nankai Trough, Okinawa Trough, Ryukyu Trench and direction of plate subduction are from Kamata and Kodama (1999). Rate of ~5.8 cm/year indicates the relative
convergence rate of the Philippine Sea plate from DeMets et al. (2010). (b) Detailed active tectonic setting in Kyushu. Red triangles indicate key volcanos. Oita-
Kumamoto Tectonic Line (OKTL) is shown by dashed magenta line; Beppu-Shimabara (BS) graben is by green lines. OKTL and BS graben are from Kusumoto (2016).
The blue square shows the area of Figure 2a.

fault through geological structures and physical properties around the fault. For this purpose, we describe the
results of a multiborehole fault drilling program completed soon after the earthquake and discuss the effects of
volcanism on fault activity.

A multiborehole fault drilling program can penetrate an active fault at different locations to reveal both ancient
and current displacements in the fault zone and provide geological and geophysical data and drill core samples in
the fault zone and host rocks. Scientific fault drilling campaigns have been conducted in many countries to clarify
the mechanisms of fault activity that cause earthquakes. For example, in fault drilling research, the Nojima fault
scientific drilling program (Nojima Fault Zone Probe) in Japan (the 1995 Mw 7.2 Kobe earthquake), the Taiwan
Chelungpu-Fault Drilling Project in Taiwan (the 1999 Mw 7.6 Chi-Chi earthquake), the Wenchuan Earthquake
Fault Scientific Drilling project in China (the 2008 Mw 7.9 Wenchuan earthquake), and the Japan Trench Fast
Drilling Project in Japan (the 2011 Mw 9.0 Tohoku earthquake) were conducted ~1-5 years after the earthquakes
occurred (Ando, 2001; Fulton et al., 2013; Li et al., 2015; Ma et al., 2006). In addition, the San Andreas Fault
observatory at depth in the USA, the Deep Fault Drilling Project for the Alpine Fault in New Zealand, and the
Nakai Trough Seismogenic Zone Experiment in Japan were carried out during their interseismic periods (Suth-
erland et al., 2017; Tobin et al., 2019; Zoback et al., 2011). Fault drilling campaigns are a unique way to access
seismogenic faults under in situ pressure and temperature conditions; therefore, these campaigns provide fresh
fault materials and important data for understanding the geological structure and physical properties within and
around fault zones, deformation mechanisms, role of fluids in fault lubrication, and stress conditions in seismo-
genic zones (e.g., Ikeda, 2001; Li et al., 2013, 2014, 2016; Lin et al., 2013; Nishiwaki & Lin, 2019; Townend
et al., 2013; Yeh et al., 2007; Zoback et al., 2007).

The FFDP with one mostly vertical borehole and two inclined penetrating boreholes was conducted in 2017-
2018 by Kyoto University (2018) mainly to obtain fresh fault rock samples from the Futagawa fault zone, newly
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Figure 2. Topographic map of the Futagawa fault and the Futagawa fault drilling project (FFDP) site. Panel (a) was modified from Shirahama et al. (2016); and panel
(b) was created based on 5-m-mesh digital elevation model data and basic items from the Geospatial Information Authority of Japan (2017). (a) FFDP site including
FDB, FDP-1, and FDP-2 boreholes (yellow star after Kyoto University, 2018), surface ruptures associated with the 2016 Kumamoto earthquake sequence (red lines
after Shirahama et al., 2016), known active faults before the 2016 Kumamoto earthquake (blue lines after Nakata & Imaizumi, 2002), and Kiyama-Kashima graben
(black lines after Ishizaka et al., 1992), and the epicenters of the mainshock and the foreshock (yellow beach balls). The times of the earthquake occurrences are in
Japan time. A’-B’ broken line shows location of the geological cross-sectional profile (Figure 3). A pair of blue brackets to indicate the range of 1.5 km on the line

of A’-B’ shows range of occurred relative vertical displacement of ~1.4 m calculated by Moya et al. (2017). (b) Detailed locations of the boreholes FDB, FDP-1, and
FDP-2. C'-D’ broken line show location of the FFDP site geological cross-sectional profile (Figure 4). Red line is the surface rupture of the mainshock.

ruptured during the 2016 Kumamoto earthquake mainshock. Drilling occurred at the FFDP site in the town of
Mashiki, where the surface rupture attained a maximum dextral slip (~2.2 m; Figure 2b). Here, we present the
results of geological analysis of data collected from multiple boreholes penetrating the Futagawa fault zone. Our
analysis, based on both core and logging data, provides insights into the key geological structures and physical
property distribution of the active Futagawa fault zone at depths of several hundred meters. The results suggest a
drastic change in the faulting pattern of the Futagawa fault before and after ~87 ka, probably related to the change
in volcanism of Aso Volcano in the subduction system between the Philippine Sea and Eurasian plates.
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Figure 3. Geological cross-sectional profile of ~10 km-wide through FDB borehole. Refer to Figure 2a for the locations of A' and B'. Lithology and faults were
constructed based on FDB cores of Kyoto University (2018) and wide geological cross sections of Nakayama et al. (2019). Surface geological distribution was based
on a geological map of Hoshizumi et al. (2004); and the topographic line was created based on 5-m-mesh digital elevation model data from the Geospatial Information
Authority of Japan (2020). V.E. denotes vertical exaggeration.

2. Geological Setting

The Futagawa fault is part of the Futagawa-Hinagu fault zone and is located within the active Aso volcanic
region. The Futagawa fault is an active fault that triggered the mainshock of the 2016 Kumamoto earthquake
sequence, which extended from the hypocenter for ~28 km to the western edge of the Aso caldera (Shirahama
et al., 2016; Figure 2a). An ~450 m-wide depression that runs along the Futagawa fault in this study area is
known as the Kiyama-Kashima graben (e.g., Ishizaka et al., 1992; Watanabe et al., 1979), and the FFDP site
is located on the southeastern margin of this graben. The northwestern margin of this graben is located on a
presumed fault called the Kiyama fault (e.g., Ishizaka et al., 1992). To better understand the structural geolo-
gy surrounding the Futagawa fault, we created an ~10 km-wide geological cross-sectional profile in a north-
west-southeast direction approximately orthogonal to the 2016 surface rupture around the FFDP site; this profile
crosses the graben and faults (Figure 3). We mainly used information based on core descriptions from the FFDP
described later and referred to a published geological map set including a 36 km-wide cross-sectional profile in
the east-west direction and a 48 km-wide cross-sectional profile in the north-south direction, as well as a surface
geological map (Hoshizumi et al., 2004; Kyoto University, 2018; Nakayama et al., 2019). As shown in Figure 3,
the graben between the Kiyama fault and Futagawa fault results from a down-dropped block between the two
faults via large vertical displacement, attaining a few hundred meters of subsidence relative to the footwall
blocks either side of the graben.

Pyroclastic flow deposits erupting from Aso Volcano are widely distributed across the surface outside of the Aso
caldera, including the FFDP site (e.g., Takarada & Hoshizumi, 2020). The FFDP site is located west-southwest
of Aso Volcano ~10 km away from the edge of the caldera (Figure 2a). Aso Volcano is one of the most active
volcanoes on the Japanese islands and had four large pyroclastic eruptions during the caldera-forming stage.
The K-Ar ages of the four pyroclastic eruptions are 89 + 7 ka for Aso-4, 123 + 6 ka for Aso-3, 141 + 5 ka for
Aso-2, and 266 + 14 ka for Aso-1, as determined by Matsumoto et al. (1991) and Matsumoto (1996), and are
in close agreement with the defined ages based on tephra analysis by Aoki (2008) and Albert et al. (2019). The
age of the Aso-4 eruption was determined to have a tephra age of 86.8-87.3 ka by oxygen isotope chronology
(Aoki, 2008) and 86.4 + 1.1 ka by “°Ar/*°Ar dating (Albert et al., 2019), and an average of 87 ka was given by
Tsuji et al. (2018). Therefore, we adopt this average age of ~87 ka as a representative value of the Aso-4 eruption.
The Aso-4 pyroclastic eruption was the second largest in the world (Takarada & Hoshizumi, 2020); after this M8
supereruption the central volcanic cone group in the Aso caldera continued minor activities. The surface lithol-
ogies around the FFDP site include Aso pyroclastic flow deposits (Aso-4 and/or Aso-3), Takayubaru lava flows
and old river sediments (fluvial deposits) on the northwestern side (hanging wall) of the Futagawa fault. The
surface lithologies on the southeastern side (footwall) of the fault include Aso pyroclastic flow deposits (Aso-1),
Quaternary sedimentary rocks (Shimojin Gravel and Tsumori Formations), upper Neogene to lower Quaternary
Pre-Aso volcanic rocks, upper Cretaceous sedimentary rocks (Mifune Formation), and Paleozoic metamorphic
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Table 1

Borehole Locations at Ground Surface, Depths, and Others for FDP-1, FDP-2, and FDB

Elevation of Distance from wellsite Borehole deviation Deviation True vertical
Borehole name Latitude Longitude wellsite (m) to SR? (m) angle (°) azimuth (°) depth (MDP)
FDP-1 32°48'20.8" 130°51'37.3” 59.3 30 20 160 ~112.8 (~120.0)
FDP-2 32°48'21.7" 130°51'36.8” 58.0 60 12 160 ~195.6 (~200.0)
FDB-1 0.8 90 ~666.1 (~666.2)
FDB 32°48'22.3" 130°51'36.4" 58.0 81 454.0-691.6¢
FDB-1R 1.2 350 (454.0-691.7)

Note. FDP-1 and FDP-2 are deviated boreholes; but FDB-1 is a vertical borehole and FDB-1R is a sidetrack of FDB-1.

2SR denotes the surface rupture formed during the 2016 Kumamoto earthquake mainshock. ®MD is the measured depth. “The depth range shows the drilled depth range
of the branch borehole FDB-1R (Figure 5).

rocks (Kiyama metamorphic rocks; e.g., Hoshizumi et al., 2004). The Aso pyroclastic flow deposits on the hang-
ing wall side of the Futagawa fault are younger than those on the footwall side.

The geological distributions differ greatly between the northwestern and southeastern sides of the Kiyama-Kashi-
ma graben (Figure 3). On the southeastern side of the Futagawa fault, the Shimojin Gravel Formation, Tsumori
Formation, and basement Kiyama metamorphic rocks are found below the Aso pyroclastic flow deposits. On
the northwestern side of the Kiyama fault, the Pre-Aso volcanic rock body and Mifune Formation are thickly
distributed below the Aso pyroclastic flow deposits. Geological formations similar to those found northwest and
southeast of the Kiyama-Kashima graben are all present in the graben.

Along the 2016 mainshock surface rupture, trench excavations at >10 sites in and out of the Aso caldera, in-
cluding one site near the FFDP site, were conducted after the 2016 Kumamoto earthquake sequence (e.g., Toda
etal., 2019). These results suggested a dominantly dextral strike-slip faulting mode for the 2016 mainshock event.
Similarly, fresh horizontal slickenlines with 3—16° plunges suggesting strike-slips were observed in an outcrop
~500 m from the FFDP site soon after the earthquake (Oohashi & Tamura, 2016). In addition, one to four pale-
oseismic events prior to the 2016 earthquake in the past ~10,000 years were detected on the Futagawa fault from
trench excavation observations and radiocarbon dating results, and a recurrence interval of ~2,000—4,000 years
was inferred. On the other hand, Yano and Matsubara (2017) determined a dip of ~75°NW for the Futagawa fault
based on the locations of seismicity that occurred from 14 April to 31 August 2016. This steep dip also corre-
sponds to the fault dip through the finite difference method using radon-222 (Rn) concentration data in soil gas
obtained on survey lines mostly orthogonal to the fault strike (Koike et al., 2009). The spatial distribution of Rn
concentrations in soil gas is changeable with fault dip, because the gas carrying Rn ascents mainly through per-
meable fault zone. Fault dip was determined so that the calculated Rn concentrations near the surface were almost
equal to the distribution of measured concentration data. Thus, the Futagawa fault was identified as a northwest
steeply dipping fault by different research methods.

3. Drilling and Logging Overview
3.1. Drilling

In the FFDP from 2017 to 2018, two pilot boreholes, namely, FDP-1 and FDP-2, and the main borehole FDB,
including FDB-1 and its branch FDB-1R, penetrated the Futagawa fault (Kyoto University, 2018). The borehole
locations (latitudes, longitudes, and elevation of well sites and distances to the fault surface rupture), depths, and
other parameters for all boreholes are summarized in Table 1 and illustrated in Figures 2b and 4. The three bore-
hole locations were arranged in a northwestward direction approximately orthogonal to the surface rupture, that
is, in the dip direction of the Futagawa fault plane (Figure 2b). The Futagawa fault at these locations is considered
to be deeply fractured and acts as an ascent pathway for crustal gas based on the findings of anomalous concen-
trations of helium in the groundwater (Sano et al., 2016) and radon in the soil gas (Koike et al., 2014). In the first
phase of this drilling project, the depths of the faults in FDP-1 and FDP-2, the dip of the fault plane, and the shal-
low geological structure were confirmed by the two fully cored pilot boreholes. FDP-1 and FDP-2 were drilled
to total measured depths of 120 m and 200 m, respectively, and penetrated the fault plane at measured depths of
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Figure 4. Geological cross-sectional profile around the Futagawa fault
drilling project site. Lithology and faults of the cross section were constructed
based on the cores obtained from FDB-1, FDB-1R, FDP-1, FDP-2, and the
cuttings from FDB-1 (Kyoto University, 2018). [-VI in left column show

the lithological units; real and dashed red lines denote faults. The two blue
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line for estimation of the fault dip with normal faulting displacement. MD is
the measured depth. The question mark “?” means that relations of the faults
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exaggeration.

65.6 and 177.4 m, respectively; the fault plane was inferred to connect to the
surface rupture of the 2016 Kumamoto earthquake (Kyoto University, 2018).

In the second phase, the vertical main borehole FDB was drilled ~81 m
northwest of the surface rupture (Figures 2b and 4). The main borehole drill-
ing operation consisted of two stages. In the first stage, after drilling from the
surface to 302 m without coring but with collecting cuttings for each 10 m
and installing a casing, full coring was performed through the Futagawa fault
to a total depth of 666 m (Figure 5). Then, downhole physical logging was
conducted in the open hole depth interval from 302 to 662 m. This drilling
borehole is referred to as FDB-1. FDB-1 is a mostly vertical well, and its
deviation angle and azimuth are 0.8° and N90°E, respectively. In the second
stage, following cementing to fill the open hole interval from the bottom to
a depth of ~302 m, sidetrack drilling, termed FDB-1R, was carried out to
obtain more core samples. FDB-1R gradually deviated from 454 to 495 m,
then drilled down to a total depth of ~692 m and cored natural rock samples
(Figure 5). We call both FDB-1 and FDB-1R the main borehole FDB.

Combining the FDB-1 and FDB-1R boreholes, continuous coring was con-
ducted in depth intervals from 302 to 692 m with a core recovery rate of
96.5%. Core drilling from 302 m for borehole FDB-1 started on 24 January
2018, and was completed for FDB-1R at 692 m on 23 March 2018. Wireline
coring was conducted using an HQ-type core bit with an outer diameter of
98.4 mm and an inner diameter of 63.5 mm for both FDB-1 and FDB-1R.
During the first drilling stage, drilling mud was normally circulated within
a depth interval of ~302-357 m, but mud loss occurred frequently at depths
of ~357-380 m. Therefore, cementing was carried out to prevent mud loss
when the bottom depth reached ~380 m. However, this countermeasure
failed, probably due to an unstable borehole wall situation; thus, almost all
injected drilling mud was lost below a depth of ~380 m.

To examine slip displacement on the Futagawa fault, we observe all the core
samples in the drilling project. In addition, to reveal the characteristics of
fault damage, we newly counted natural fractures and calculated fracture den-
sity for depths from ~302 to ~666 m in FDB-1. Secondary fractures created
by drilling in the core samples were excluded from our fracture counting.

3.2. Logging

A campaign of wireline downhole geophysical logging in the FDB-1 bore-
hole was performed twice for different depth intervals when the open bore-
hole was filled by drilling mud (mud-added materials; polymer mud and ben-
tonite, resistivity of drilling mud = 52.1 Q-m, mud density = 1,010 kg/m?).
The first log operation was conducted within a shallow depth interval from
302 to 383 m, but the log tools failed to reach below 383 m due to borehole
wall collapse. In the second operation, the logs were successfully conducted
in a depth interval ranging from 399 to 662 m after a drill rod was tentatively
inserted down to the collapsed interval of the borehole wall. Therefore, log
data, excluding the temperature, were not available within a depth interval of

383-399 m. For each depth interval, five runs, including (a) a temperature log, (b) an electrical log consisting of
resistivity and spontaneous potential, (c) a caliper log, (d) a borehole televiewer (BHTV) log, and (e) sonic and
natural gamma ray logs, were conducted successively by Geophysical Surveying Co., Ltd. (https://www.gsct.
co.jp/). The digital log data were sampled at an interval of 10 cm.

The four-arm caliper log provided continuous measurements of two borehole diameters in orthogonal directions.
The temperature log measured borehole temperatures using a thermistor sensor (0.1°C resolution) by lowering
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the log tools at a constant rate of ~10 m/min. The temperature log of the sec-
FDB borehole status ond operation was conducted ~24 hr after the drilling operation when almost
Depth lgD,S?é; 4 mm all circulation had been lost. The temperature of the mud in the wellsite mud
1}%‘ 13/ 1'1' g“‘ 290 m ID: 254.2 mm tank, that is, before injection into the borehole, was 15.8°C. The spontaneous
M .2 mm
potential (SP) log measured the difference in electrical potential between an
SOS:T;) 1G6‘3 mm electrode moving along the borehole and a reference electrode fixed on the
100 m 9.5/8" Cut _ ID: 199.9 mm ground surface and was conducted with resistivity logging. The SP value
D: 244.5 mm arises mainly from electrochemical effects when fluids of different salinities
5" STPG are mixed, such as drilling mud and pore water in rocks. Natural gamma ra;
H—————— OD: 139.8 mm ’ g p . g y
ID: 126.6 mm logs recorded natural radioactivity, but the tool used in the FFDP could not
200 m | 200.0 m distinguish the contributions from uranium, thorium, and potassium individ-
7-5/8" Cut — 4O]§_Tf g 4 mm ually and simply outputted a total count rate.
D:193.7 mm ID: 102.6 mm o . . .
Depth: 295.2 m The resistivity log measured the electrical potential by passing a constant
300 m Cementing T 3019 m electric current through the borehole wall and calculating the resistivity of
K3 the rocks around the borehole. The normal resistivity log applied was meas-
ured at two electrode intervals of 25 cm (short normal; SN) and 100 cm (long
Ce;nen:led“ . I‘ 17T~ TInterval of mud 1 normal; LN). The sonic log measured the travel time of the P-wave (primary
and re-arilles : : . .
400m | interval > L] | _ losscirculation _ ] wave) propagating in the rocks around the borehole. The measurement probe
301.9-454.0 . . . . .
o consisted of an ultrasonic transmitter and four receivers attached at distances
of 60, 80, 100, and 120 cm from the transmitter.
Branchin 4= 454 m Caving ° .
Branching N / 2 The BHTYV log measured two types of reflected sonic wave parameters, that
500m | 454.0-495.0m / ﬁ is, intensity (amplitude value) and arrival time (travel time), from the bore-
. (o} . . .
Natural < Cementing & hole wall (Figure 6). The amplitude value is low for fractures and/or softer
i%réngif& Tm g < HQ-WL wall rocks and high for harder rocks without fractures. The amplitude values
D: 98:4 mm and travel times are expressed on a color scale, and the borehole wall can
600 m HQ-WL > — FDB-1 then be continuously imaged. Strikes and dips of fractures that appear on the
D: 98.4 mm i o unrolled images as sine curves can be read from the BHTV images (see Fig-
1 . .
FDB-1R—\ i _ 1 Bottom 666.2 m ure 6). We extracted natural fractures from the BHTV images in the logged
N depth intervals of FDB-1. Fracture analysis can accurately extract fractures
700 m Bottom 691.7 m v in hard rocks such as andesitic lava. However, soft sedimentary rocks have

smaller reflecting amplitudes and a lower contrast, thus making the extrac-

Figure 5. Final construction diagram for borehole FDB-1 and FDB-1R (based  tion of fractures more difficult than in hard rock formations.
on the drilling records from Kyoto University [2018]). The abbreviations in the

figure are shown below: SGP, steel gas pipe; STPG, steel tube pipe general; D,
diameter; OD, outer diameter; ID, inner diameter.

4. Lithology and Stratigraphy

Six main lithological units were defined using core samples from boreholes

FDP-1, FDP-2, FDB-1, and FDB-1R (see the lithological units shown in Fig-
ure 4 and representative examples of core pictures for all the units and subunits shown in Figure 7). The litholo-
gies at true depths from O m to 692 m were determined based on core samples from FDP-1, FDP-2, FDB-1, and
FDB-1R, combined with analysis of cuttings from FDB-1. The lithological units between a true depth range from
196 m (the bottom of FDP-2) to 302 m (the top of the coring interval at FDB-1) were identified based only on
cutting samples from FDB-1. The lithologies at the FFDP site consist of the Aso pyroclastic flow deposit (Unit
I), Shimojin Gravel Formation (Unit II), Tsumori Formation (siltstone and sandstone, Unit III), lapilli tuff and
conglomerate formation (Unit IV), Pre-Aso volcanic rock body (Unit V), and a conglomerate and tuffaceous
conglomerate formation (Unit VI) considered to be Lahar deposits. The fault plane that ruptured during the 2016
Kumamoto earthquake mainshock was preliminarily considered to be located within the depth interval from 354
to 576 m (Kyoto University, 2018). Abundant brown clays with slickenlines filling in fracture-like structures
were observed in a depth interval ranging from 457 to 510 m (see an example of subunit Vc shown in Figure 7).
Referring to each lithological unit, units I to III were confirmed in FDP-1, unit I in FDP-2, units III to VI by core
samples in FDB-1, and units V to VI in FDB-1R. The characteristics of the six main lithological units based on
drill core descriptions are described below.
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Figure 6. A borehole televiewer images of the FDB-1 borehole (modified from Kyoto University [2018]). Amplitude I and II
denote static and dynamic images, respectively. The sine curves on Amplitude II panel are the records of fracture picking to
count fracture numbers and to determine fracture's dip azimuth and angle of dip. Colors of the sine curves denote categories
of the fracture certainty; red lines show clear fractures, blue lines are slightly unclear fractures, and magenta lines are lava
flow structures.

4.1. Unit I (Aso Pyroclastic Flow Deposits)

The Aso pyroclastic flow deposits are products of major Pleistocene volcanic eruptions from Aso Volcano (e.g.,
Takarada & Hoshizumi, 2020). The deposits with a large thickness of ~255 m at the FFDP site were divided
into four eruptive units, that is, Aso-4, Aso-3, Aso-2, and Aso-1, in order of increasing age, which is the same as
the order of increasing depth (Figures 8a and 8b). In addition, a thin lava bed referred to as the Akita (Ak) lava
(~12-30 m in thickness determined from FDP-2 cores and FDB-1 cuttings) is present between Aso-2 and Aso-1.

The Aso-4 pyroclastic flow deposit is pumiceous and exhibits grayish white to pale yellowish brown colors. This
deposit includes a large amount of white, porous pumice in fine-to medium-grained ash. The rock fragments con-
sist of andesite and mudstone. In the lowest part of the pyroclastic flow deposit, conglomerate and pumiceous tuff
were observed in FDP-2 but were absent in FDP-1. The Aso-3 pyroclastic flow deposit is scoriaceous nonwelded
tuff and weakly welded tuff. This deposit is composed of black to pale red fine-to medium-grained ash, various
rock fragments, scoria, and pumice. The Aso-2 pyroclastic flow deposit is scoriaceous welded tuff. The deposit is
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Borehole ID, Core top depth,

Unit/Subunit Core photo Rock type

FDP-2, 40.1 m, Pumiceous
pyroclastic flow deposit

Aso-4

FDP-2, 68.2 m, Scoriaceous

Aso-3 pyroclastic flow deposit

FDP-2, 106.2 m, Welded

I | Aso-2 pyroclastic flow deposit

FDP-2, 123.3 m, Andesitic lava

FDP-2, 162.1 m, Strongly
welded pyroclastic flow deposit

FDP-1, 83.5 m, Gravel
(semiconsolidated conglomerate)

II

FDP-1, 92.5 m, Unit boundary

g of I and III (Red arrows)

FDB-1, 314.6 m, Siltstone and
sandstone

I

FDB-1, 326.0 m, Lapilli tuff

FDB-1, 332.5 m, Conglomerate

FDB-1, 373.4 m, Autobrecciated
andesitic lava

FDB-1, 439.1 m, Andesitic lava

FDB-1, 500.5 m, Autobrecciated
andesitic lava

FDB-1, 541.4 m, Conglomerate

FDB-1, 638.4 m, Tuffaceous
conglomerate

VI

Vb
FDB-1, 663.0 m, Greenschist-

rich breccia

Length of each core is 50 cm for FDP-1 and FDP-2, and 40 cm for FDB-1.

Figure 7. Core photos of typical rocks in the Futagawa fault drilling project site from the FDB-1, FDP-1, and FDP-2
boreholes (Kyoto University, 2018). The numbers of depths are the measured depth in the individual boreholes. The red
arrows show the boundary between units II (Shimojin Gravel Formation) and III (Tsumori Formation).

composed of essential scoria and a scoriaceous ash matrix characterized by black fine-to medium-grained volcan-
ic crystalline grains and fewer rock fragments. The Aso-1 pyroclastic flow deposit is mostly strongly welded tuff.
The welded tuff is composed of glassy fine-to medium-grained ash and abundant lithic fragments and is highly
consolidated; it appears grayish white to black.
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Figure 8. Lithological columns of FDP-1, FDP-2, FDB-1, and FDB-1R based on core descriptions in a true vertical depth scale. “Fault” and number denote depths of
main slip planes.

4.2. Unit II (Shimojin Gravel Formation)

The Shimojin Gravel Formation was observed in depth intervals of ~66—-93 m (corresponding to true depths of
~62-87 m) and ~265-291 m in FDP-1 and FDB-1, respectively, and is a characteristic gravel layer consisting of
circular to subcircular pebbles and cobbles originating from volcanic rocks distributed around the study site. It is
known to be distributed below the Aso pyroclastic flow deposits (Unit I) and above the Tsumori Formation (Unit
III; e.g., Imanishi, 1967; Watanabe & Ono, 1969). Therefore, the Shimojin Gravel Formation is considered a
sedimentary formation in the middle Pleistocene (Hase & Iwauchi, 1993). A semiconsolidated matrix fills spaces
between the gravel fragments and consists of clay and sand particles.

4.3. Unit III (Tsumori Formation)

The top and bottom of the Tsumori Formation were observed via core samples in FDP-1 and FDB-1, respec-
tively. Its thickness at the FFDP site is estimated by cuttings and cores to be ~26 m. This formation is known
to contain middle Pleistocene lake deposits (Hase & Iwauchi, 1992, 1993), including various index and facies
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fossils, for example, freshwater diatoms (Tanaka et al., 2005) and insects (Hayashi et al., 2004). This formation
observed in the FDB-1 core samples was characterized by brown to light brown alternations of siltstones and
fine-grained sandstones and a few coarse-grained sandstone and conglomerate layers. The sedimentary layers
observed in FDP-1 are mainly composed of alternations of laminated siltstones and conglomerates and siltstones
and fine-grained sandstones. As a common facies in both boreholes, the siltstone contains parallel laminae, the
depositional surfaces show almost horizontal or gentle inclinations of <5°, and the sediments are not strongly
consolidated. The characteristics of this facies are comparable to those described by Imanishi (1967), who first
defined the Tsumori Formation. Overall, the facies as observed in the two boreholes is almost the same, although
cores throughout the whole depth interval of the formation were not retrieved from FDP-1 and FDB-1.

4.4. Unit IV (Lapilli Tuff and Conglomerate Formations)

Unit IV was defined in a depth interval from 317 to 354 m in FDB-1 and subdivided into subunits IVa of lapilli
tuff and IVb of conglomerate. Subunit I'Va is a scoria-rich lapilli tuff formation. The lapilli tuff has characteristi-
cally black scoria with a maximum size of ~8 cm and is yellowish brown to grayish brown. The density of scoria
gravels increases downward in the subunit. The facies is mostly massive with no bedding apparent. The gravel bed
of subunit IVb is located below the lapilli tuff. The facies of subunit IVb contains many hard and fresh andesite
boulders with a maximum size of ~50 cm and is similar to that observed in unit II. The boundary between the two
subunits was characterized by an unconformity at ~328 m. A thin sand layer (~0.8 m in thickness) located imme-
diately beneath subunit IVa has mostly coarse grains and is yellow-brown to brown and massive with no bedding
apparent. The lower part of subunit IVb exhibits semiconsolidated pale-brown alternations of siltstone and fine
sandstone (~2.3 m in thickness). Subunit IVb contacts the lower Pre-Aso volcanic rocks at a depth of 354 m.

4.5. Unit V (Pre-Aso Volcanic Rocks)

Unit V consists of volcanic rocks called the Pre-Aso volcanic rocks, which are older than the Aso pyroclastic flow
deposits and were deposited before the Aso caldera-forming stage (e.g., Watanabe & Ono, 1969). The Pre-Aso
volcanic rocks in this area consist of the products of andesitic volcanic activity, massive lavas, autobrecciated
lavas, sheet lavas, and clinkers. The Pre-Aso volcanic rocks were deposited during the period from 6 to 0.35 Ma,
but the volcanic activity producing the Pre-Aso volcanic rocks occurred mostly in the period from 0.8 to 0.35 Ma
(e.g., Furukawa et al., 2009; Kaneoka & Suzuki, 1970).

Unit V consists of a hard massive andesitic lava layer and two altered andesitic lava layers with autobrecciated
lavas and clinkers above and beneath the massive lava (Figure 8c). Therefore, this unit was subdivided into three
subunits Va, Vb, and Vc by the differences in lithological characteristics. Subunit Va consists of altered andesite
mainly composed of autobrecciated lavas and clinkers at depths from 354 to 383 m; subunit Vb is massive lava
at depths from 383 to 457 m exhibiting gray to bluish-gray and red-purple colors in the weakly altered part;
and subunit Vc is the autobrecciated altered lava within a depth range of 457-514 m. The autobrecciated lavas
in subunits Va and Vc are extremely brittle and have yellow-white to reddish purple-white colors due to strong
alteration. The clinkers generally alternate with lavas.

Unit V is a lithofacies with predominant fractures in FDB-1. Low-angle fractures are prominent at depths ranging
from 389 m to 395 m, and numerous high-angle fractures were observed from 440 to 478 m. In subunit Vc, there
are many fractures filled by semiconsolidated brown clay at depths of 460-472 and 495-503 m. The brown clay
is homogeneous and has numerous strike-slip striations at the boundary with the host rock.

4.6. Unit VI (Conglomerate and Tuffaceous Conglomerate Formations)

Unit VI ranges from 514 m down to the bottoms of both FDB-1 (666 m) and FDB-1R (692 m) and was subdivided
into subunits VIa and VIb (Figures 4, 8c, and 8d). The boundary between the two subunits was characterized by
the presence of an ~7 m-thick alternation of siltstone and conglomerate, and is set at the bottom of the alternation
(562 m in FDB-1). These lithofacies were confirmed at similar depths in both the FDB-1 and FDB-1R cores.

Subunit VIa is mostly semiconsolidated conglomerates located at depths ranging from 514 to 562 m. The up-
permost part of the subunit consists of alternating fine sandstone and conglomerate with a thickness of 1.3 m,
which was unconformably covered by Pre-Aso volcanic rocks (subunit Vc). The conglomerate contains numerous
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rounded cobbles and boulders of andesite with sizes of 10-30 cm and angular greenschist pebbles and cobbles.
The matrix of conglomerates is fine-to medium-grained gray to brown sandstone. The conglomerate layer is lo-
cally accompanied by a sandstone layer with a thickness of 1-2 m and shows low-angle bedding at 0-30°.

Subunit VIb is mostly consolidated tuffaceous conglomerate. The tuffaceous conglomerate does not have bedding
structures and is grayish brown. Gravels in the conglomerate are composed of andesite subrounded-angular cob-
bles, boulders, and pebbles with sizes of ~10 cm or less, and the density of the black volcanic scoria fragments
tends to increase downward in the subunit. The lowest part of subunit VIb deeper than 654 m in FDB-1 is ac-
companied by greenschist-rich breccia layers that are 3 m thick or less. The breccias are brittle and characterized
by their composition of greenschist, serpentine, and quartz vein fragments. Greenschist-rich breccia alternates
with green-gray-colored sandstone and conglomerate layers. In addition, this lithofacies was also confirmed
deeper than 654 m in FDB-1R and tends to be accompanied by numerous conglomerate layers in the deep part
(Figure 8d).

4.7. Faults

The candidate fault that ruptured during the 2016 Kumamoto earthquake mainshock is considered one of the
three damage zones with sharp slip plane(s) intersected in FDB-1. The damage zones include the fault core,
breccia, and fractured zone, and the depths of the damage zone centers (fault core or slip plane) are 354, 461, and
576 m, respectively (Figure 9). Here, we call the three damage/slip zones Fault 354, Fault 461, and Fault 576.
Fault 354 is located at a lithological boundary between siltstone (subunit IVb) and autobrecciated lava (subunit
Va) and is accompanied by a sharp slickenline slip plane (Figure 9a). We considered that the movement sense of
the slickenlines resembled normal faulting because (a) the slip plane dips 80°WNW as derived by BHTV image
and is almost parallel to the Futagawa fault estimated by surface rupture survey, seismicity, and coseismic surface
displacement observations (Moya et al., 2017; Shirahama et al., 2016; Yano & Matsubara, 2017); (b) its slicken-
lines are mostly parallel with the dip direction of the slip plane (Figure 10a); and (c) the subsidence of the hanging
wall of the Futagawa fault was confirmed (Figure 4). This normal faulting is not consistent with the dominant
strike-slip faulting observed on the 2016 mainshock surface rupture at the FFDP site.

The damage zone at approximately 461 m (Fault 461) is considerably wider (~45 m in vertical thickness) than
those of the other two damage zones (~3—6 m in vertical thickness), and three sharp slip planes were confirmed
in the fault core depth interval from 460.4 to 460.6 m (Figure 9b). This damage zone is located in the uppermost
part of subunit Vc (autobrecciated lava), only ~3.7 m below the boundary between subunits Vb and Vc. Within a
slip plane dipping ~45° at a depth of ~460.3 m as an example, the presence of dominant strike-slip slickenlines
(Figures 10b—10d), which have the same sense of movement as the surface rupture formed during the 2016 Ku-
mamoto earthquake mainshock, was confirmed. In addition, semiconsolidated brown clays were observed within
the fault core, breccias and fractured zone of Fault 461. Strike-slip slickenlines in approximately horizontal direc-
tions on steep slip surfaces as shown in Figure 10e, within semiconsolidated brown clays were confirmed at nine
places or more in a depth range of 460.2-503.2 m.

Fault 576 is in the tuffaceous conglomerate (subunit VIb), and its fault core was confirmed within a depth interval
ranging from 575.9 to 576.1 m (Figure 9c). A slip plane at a depth of 575.9 m in FDB-1 is oriented at a steep
dip and has a yellowish-brown color along the slip plane. This slip plane does not cut straight through the drill
core but is curved. An additional slip plane was observed at a depth of 576.8 m in this fractured zone, and the
fracture density clearly decreases in the wallrocks below the slip plane. A damage zone similar to Fault 576 was
confirmed at a depth of 597.6 m in FDB-1R, which is the branch borehole from FDB-1 (Figures 4 and 5).

5. Physical Properties From Geophysical Logging

Geophysical logging provides continuous records of lithological information and the in situ physical properties of
the rocks surrounding the borehole (e.g., Doan et al., 2011; Goldberg, 1997). Composite depth profiles of seven
parameters, a borehole wall image in the depth interval of ~302-662 m in FDB-1 and the fracture density de-
rived from core descriptions and fracture attitude determined from BHTV images are illustrated in Figure 11. In
particular, gamma ray index, the resistivity, and the P-wave velocity are known to correlate with lithofacies well.
Natural gamma rays is used to discriminate lithofacies because of its dependence on the abundance of potassium.
Resistivity and P-wave velocity are effective to discriminate damage zone because these reflect textural features

SHIBUTANI ET AL. 13 of 25



A Self-archived copy in RIBAFEHERY KT b Y

I—i‘: #K j( % Kyoto University Research Information Repository KU RENAI $I

YOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp Kyoto Unversty Research Informaton Reposiory

I Y ed N | . .
NI Geochemistry, Geophysics, Geosystems 10.1029/2021GC009966

ADVANCING EARTH
AND SPACE SCIENCE

(a) (b) (©
Fault 354 Fault 461 " Fault 576

- | 458 1 460 5759
. 1 1 el
i i 188 g o
] | 1w 355 -{B8 S 4s8.1 25
& 1) =5
' INRE 2
1 E .2
[=]
= brecci :
i reccia §
: 3
1
i 2 2
353 B =<4 353.0 S g
[ 2 .
= —
£ £
g £
7y ° breccia
2 2 J . 575.9
g S g
= g >
= ;5 - 461 ? 576 — fault
= g 459 | 5 » S core
& & g g
,_ J S g 576.1
356 &9 £ £
o
5
N 2
< o
| — I o
) g E
. Q
354 A 3540 £ %
&
breccia 576.8
. i
2 461.8 !
S = i
o
z F :
g ISE=] 1
: sg 577 N
E 460 462 & e
i
1«
1 ©
1=
1
Legend i
1
—= Slip plane !

Figure 9. The core photos and sketches of the Fault 354, 461, and 576 penetrated in FDB-1, in depth ranges of (a) 352.5—
356.0 m, (b) 458.0-462.0 m, and (c) 575.0-577.4 m, respectively. The core photos were originally obtained by the Futagawa
fault drilling project (Kyoto University, 2018). The colors in the sketches for different rock types are: light blue for siltstone
in unit IV, gray for autobrecciated lava in unit V, and brown for tuffaceous conglomerate in unit VI. Yellow color part shows
brown clay filling gaps in breccia or fractured zone. The parts of cores with disturbance from drilling operations were shown
by pale color in the sketches for the same color used for the same rock type of cores without disturbance.

(e.g., fracture networks) as well as lithofacies. In this study, the statistical values (mean and standard deviation)
of these three representative physical properties to reveal the lithological characteristics in the physical properties
of each subunit, in all the logged subunits are summarized (Table 2). As mentioned in the Section 3.2, log data
excluding temperature are not available in the depth interval of ~383-399 m due to the failed installation of the
log tools into this depth interval.
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Figure 10. Core photos of slickenlines in the damage zones from the FDB-1
borehole (Kyoto University, 2018). The blue and red arrows show slickenlines.
The yellow arrows show directions from the top to the bottom on the slip
planes. The top/bottom mean to the upper/lower (shallower/deeper) sides of
the core. (a) Dip-slip faulting slickenlines at a depth of ~354.0 m in the Fault
354. (b) Side view of the core shown in panels (c and d). The white arrow
shows the slip plane dipping ~45° in panel (c). The yellow circle in this figure
indicates the same position as the yellow circle in panel (c). (c) Strike-slip
faulting slickenlines on a slip plane dipping ~45° at a depth of ~460.3 m in
the Fault 461. (d) Enlarged view in area of broken-line rectangle in panel (c).
(e) Strike-slip faulting slickenline structures in the clay-rich areas at a depth of
471.5 m.

5.1. Borehole Diameter and Temperature

The FDB-1 borehole in its coring and wireline logging depth interval from
~302 to 666 m was drilled using a 98.4 mm-outer diameter bit, and the bore-
hole diameter should be ~100 mm if no collapse occurred. Results obtained
by the four-arm caliper show that borehole diameters in two orthogonal
directions expand to ~130 mm in parts of unit III and subunit IVa and to
~150 mm or more widely in subunits Va and locally in Vc. At depths where
the borehole is expanded, almost equal diameters in two directions might
suggest washouts instead of borehole breakouts. No caliper data are available
in the depth interval of ~383-399 m, but the borehole wall in this depth in-
terval might be more unstable than those in other intervals.

The temperature-depth profile obtained by the second log operation ~24 hr
after the drilling of FDB-1 was completed under a state of circulation loss
(assuming that ~16°C mud was cooler than the formation temperature) and
revealed an anomalous feature that did not monotonically increase with
depth, although the temperature might be influenced by the cooler circu-
lation (Figure 11d). In general, the temperature deep underground, where
it is not affected by weather, increases with depth due to heat flow from the
deeper crust. The temperature, however, showed a near-constant value in the
depth interval of ~330-390 m (approximately in subunits IVb and Va). As
one possible reason, this phenomenon could have been caused by fluid flow
in the borehole. In addition, the temperature at a depth of 435 m in subunit
Vb revealed a negative peak, which was probably caused by the cooler mud
flowing in this lost circulation zone. Below the subunit boundary between Vb
and Vc (~457 m) in subunit Vc and Unit VI, the temperature gradient was
nearly constant at ~40°C/km, which was slightly higher than the global aver-
age geothermal gradient of ~30°C/km (Sutherland et al., 2017). However, the
temperature gradient distinctly increased in the deepest part of the borehole.
To confirm the temperature distribution in the borehole, the temperature log
should be repeated after the disturbed temperature recovers to the natural
geothermal equilibrium state.

5.2. Natural Gamma Rays and Spontaneous Potential

Overall, natural gamma rays showed a strong correlation with lithofacies and
varied within a range of ~25-60 API on average (Figure 11e and Table 2).
The Tsumori Formation (Unit III) had a lower value of approximately 30 API,
although siltstone generally has higher gamma radioactivity. In Unit IV, the
natural gamma ray value gradually increased in lapilli tuff (subunit IVa) and
then showed a higher value of 59 API on average in the conglomerate (IVb),
but the siltstone layer near the unit boundary formed by Fault 354 indicated
lower values of 25-50 API. In the andesite section (Unit V), the value did not
change significantly compared to that in Unit IV but showed small changes in
the autobrecciated lavas (subunits Va and Vc). Higher values in the massive
lava interval (Vb) and a small stepwise change around the subunit boundary
between Vb and Vc were revealed. Subunit Vb displayed the higher mean
value of up to 59 API in all units/subunits of FDB-1 (Table 2). Natural gam-
ma rays showed a significant decrease from andesite (unit V) to conglomerate

(subunit VIa) and then remained almost constant (lower values of approximately 35 API) with a slight gradual
increase down to the borehole bottom.

In comparison with natural gamma rays, the spontaneous potential was more variable and appeared to depend
not only on the lithofacies but also on the textural features (e.g., fractures) of the rocks (Figure 11f). Specifically,
it significantly and frequently changed in Unit V consisting andesite. In principle, the spontaneous potential is
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Figure 11. Composite depth profiles of physical properties and fracture parameters in the logged and cored depth ranges in FDB-1. (a) Lithological units and subunits,
(b) lithological column, (c) borehole diameter, (d) temperature, () natural gamma ray, (f) spontaneous potential, (g) electrical resistivity, (h) P-wave velocity, (i)
fracture density, (j) fracture dip azimuth, (k) and a BHTV amplitude image. SN and LN in panel (g) indicate short normal resistivity and long normal resistivity,
respectively. L, M, and H in panel (i) and (j) indicate categories of fracture angles of dip; “L” means <30° from the horizontal plane; “M” for angles >30° and <60°;
“H” for angles >60°. Data of Figures in panels (c-h, j, and k) were originally obtained by the Futagawa fault drilling project (Kyoto University, 2018).

generated by the salinity difference between drilling mud and formation porewater; therefore, it reflects the per-
meability of wallrocks and porewater resistivity. Overall, the changes in the spontaneous potential in the borehole
revealed a reverse pattern but a high correlation with resistivity, especially with the SN resistivity, which is dis-
cussed below (see Figures 11f and 11g). The spontaneous potential showed higher values in Unit III consisting
of siltstone but relatively lower values in andesite (Unit V). In addition, the spontaneous potential was relatively
stable in the tuffaceous conglomerate (subunit VIb).

5.3. Resistivity

The resistivities of lithological units changed induced by both the lithofacies and textural features, especially
those of connected pores (e.g., fracture networks) filled by pore water in the rocks. Generally, SN resistivity as
the “shallow resistivity”, which is probably more dependent on the conditions present in the shallow part around
the borehole, but LN resistivity measures the “deep resistivity,” reflecting the true resistivity of rocks beyond the
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Table 2
Representative Physical Properties for All the Lithological Units and Subunits From Well Logging Below ~302 m in FDB-1 Borehole
Gamma ray (API) Long normal resistivity (ohm-m) P-wave velocity (km/s)
Unit and subunit Depth?® (m) Range Mean SD N Range Mean SD N Range Mean SD N
111 - 301.9-316.5 18-40 27 5 75 27-48 34 4 66 1.7-1.9 1.8 0.0 75
v IVa 316.5-328.2 18-53 38 7 97 31-149 92 40 95 1.7-2.5 2.1 0.3 97
IVb 328.2-354.0 32-87 59 9 215 146-328 226 42 215 23-34 2.7 02 215
v Va 354.0-382.9 26-82 53 9 260 48-485 277 110 269 2.2-4.7 2.8 04 268
Vb 382.9-456.9 29-87 59 9 562 221-514 433 56 562 2.8-5.0 4.0 0.5 562
Ve 456.9-514.4 26-86 53 9 556 48-311 178 61 555 22-52 2.7 04 556
VI Via 514.4-562.2 8-56 31 7 362 22-105 50 17 332 2.0-3.5 2.7 03 362
VIb 562.2-662.2 14-85 37 9 990 10-56 40 10 884 1.9-3.3 2.7 02 990

Note. Mean and SD (standard deviation) were calculated for number of data (V) excluding values near lithological boundaries and several short depth intervals where
the lithologies differs with that of the unit/subunit; for an example, data of a ~2 m thickness siltstone layer in the subunit IVb (conglomerate) was removed from the
statistical calculation for the subunit.

“Depth denotes the measured depth but is almost equal to the true vertical depth because the deviation angle of FDB-1 was <1°.

borehole wall. Overall, the SN and LN resistivities showed similar patterns of change with depth throughout the
entire logged depth range (Figure 11g). For example, the resistivity values were higher in massive lava bodies and
hard andesite boulders in sedimentary rocks and lower in sedimentary formations.

The LN resistivity showed low values of ~30-50 Q-m in the sedimentary rocks of Units III (siltstone and sand-
stone) and VI (conglomerate and tuffaceous conglomerate; Figure 11g and Table 2). The resistivity in Unit
V (Pre-Aso volcanic rocks) increased gradually from ~60 to ~450 Q-m with increasing depths from the unit
boundary between IV and V to the middle part of the massive andesite (subunit Vb), maintained a high value
for an ~50 m interval, and then decreased to ~200 Q-m around the subunit boundary between Vb and Vc. The
resistivity in subunit Vc varied within ~50-300 ©Q-m and revealed lower values in the zones containing brown
clay in the vicinity of Fault 461.

The long normal resistivity at Fault 354, which is the boundary between subunits IVb and Va, showed the low-
est value of ~60 Q-m but increased to ~460 Q-m downward within a short (~20 m) interval. Downward to the
second Fault 461 located a few meters below the subunit boundary between Vb and Vc, the resistivity rapidly
decreased from ~490 Q-m to the minimum value of ~150 Q-m in an ~15 m interval (~447-462 m). However, at
Fault 576, no clear resistivity change was observed (Figure 11g).

5.4. P-Wave Velocity

Overall, the P-wave velocity in FDB-1 tended to change depending on the lithofacies and textural features of
the rocks and correlated with the resistivity. In comparison, the P-wave velocity appeared to indicate a better
correlation with lithological units/subunits than the resistivity (Figures 11g and 11h). In other words, the velocity
revealed similar values in individual subunits, except in subunit Vb, but clearly changed around unit/subunit
boundaries. Specifically, the P-wave velocity showed values of ~1.8-2.1 km/s in the sedimentary formations of
siltstone/sandstone (Unit IIT) and lapilli tuff (subunit IVa) and ~2.7-2.8 km/s in conglomerates of subunit IVb
and autobrecciated lava of subunit Va, although several spike-shaped positive peaks (i.e., suddenly increased by
~1 km/s or more) were found in the sheet lava of subunit Va. Typically, the P-wave velocity in the massive lava
of subunit Vb revealed the highest velocity values in the whole FDB-1 borehole in the range of ~4-5 km/s but
decreased to ~3 km/s in a zone with high fracture density (discussed in the next section) at a depth of ~425 m.
The velocity of subunit Vc indicated an average value of ~2.7 km/s, which was substantially lower than that of
subunit Vb and almost the same as that of subunit Va. Overall, the P-wave velocity in Unit VI consisting of sedi-
mentary rocks revealed similar values of ~2.7 km/s in the ~150 m-thick depth interval. The tuffaceous conglom-
erate (subunit VIb) showed a more stable velocity than the other units/subunits and revealed a downward velocity
that gradually increased to the borehole bottom. In addition, the velocity varied locally and significantly at some
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depths, showing, for example, a higher value of ~3.8 km/s for an andesite boulder (~553 m) and lower values of
~2.0 km/s for thin layers of siltstone and sandstone (~560 and ~532 m, respectively).

The P-wave velocity variations around the three damage zones showed features similar to those of resistivity (Fig-
ures 11g and 11h). At the shallowest damage zone, that is, Fault 354, which is the boundary between subunits [IVb
and Va, the P-wave velocity decreased locally and distinctly, reaching the lowest value (~1.7 km/s). At Fault 461,
the P-wave velocity significantly and gradually decreased from ~4.5 to ~2.5 km/s within a narrow depth range
(from ~451 to ~461 m) immediately above the fault and then showed an almost constant value in the footwall of
the fault. In addition, at Fault 576, no clear change was observed, but in a detailed view, a small positive peak was
observed in the velocity-depth profile.

5.5. Fracture Density and Attitude

The fracture density was determined by counting a total of 910 fractures in the FDB-1 cores at depths from
~302 to ~666 m (Figure 11i). In addition, angles of dip of all the fractures were recorded and categorized as
“L,” meaning less than 30° from the horizontal plane, “M” for angles >30° and <60°, and “H” for angles >60°.
The results of counting fracture numbers indicated that the fractures were concentrated in Unit V of the Pre-Aso
volcanic rocks. In general, fractures are more easily identified in brittle rocks, such as massive andesite, than in
autobrecciated lavas and conglomerates (see Figure 7). On the other hand, the weakening of the andesitic matrix
in the autobrecciated lava and conglomerate and/or loose contacts between gravel and matrix might scarcely be
evaluated by fracture counting. Such structures, however, probably result in rock that is mechanically weak (i.e.,
low P-wave velocity, low resistivity, and possibly low Young's modulus and compressive strength).

The fracture density in subunit Va was <5 fractures/m, excluding the area around Fault 354, and there were some
intervals where the fracture density in subunits Vb and Vc was greater than 5 fractures/m. Low-angle fractures
(shown in blue in Figure 11i) were dominant in the upper and lower parts of the thick massive lava (subunit Vb),
where the fracture density was clearly higher than that in other parts of the borehole. The maximum fracture
density in the upper part of subunit Vb (~390-400 m) reached 25 fractures/m. These fractures probably made
the borehole wall unstable and resulted in the failure of log tool installation there. At depths from ~400 m down
to ~510 m (subunits Vb and Vc), the fracture density seemed to change periodically. Distinctively, in the depth
range of 420-434 m, the fracture density showed high values of 5-15 fractures/m, and their attitudes had predom-
inantly medium to high angles (M and H, shown as green and red in Figure 11i). In this densely fractured zone,
the P-wave velocity revealed a clear negative peak. Three depth intervals of 443-457, 466-478, and 491-503 m
in and around Fault 461 showed fracture densities greater than 5 fractures/m.

A clear borehole wall image obtained by BHTV in FDB-1, which was especially clear in andesite Unit V, en-
abled us to select fractures (Figure 6). In total, we counted 288 fractures, including 38 clear fractures and 250
slightly unclear fractures (refer to Figure 6). We measured the fracture angles of dip (using the same three cate-
gories L, M, and H as the fracture records observed in rock cores) and their dip azimuths through BHTV images
(Figure 11j). The fracture numbers of categories L, M, and H were 40, 176, and 72, respectively, showing that
fractures with medium and high angles were dominant in the FDB-1 borehole. The dip azimuths of the M and
H fractures were dominantly distributed from northwest to northeast (approximately 315-45°). Therefore, their
strikes were dominantly distributed between the northeast-southwest (NE-SW) and northwest-southeast (NW-
SE) directions. This observation revealed that the fracture strikes did not concentrate in a coherent direction but
ranged widely from subparallel to orthogonal to approximately NE-SW with respect to the surface rupture of the
Futagawa fault that formed during the 2016 Kumamoto earthquake mainshock.

6. Discussion

6.1. A Large Cumulative Normal Faulting Displacement on the Currently Dextral Strike-Slip Futagawa
Fault

Three boreholes drilled into the currently dextral strike-slip Futagawa fault in southwestern Japan revealed a
significant component of normal-sense motion in the past (Figures 4 and 8). From the core samples retrieved
from the deviated borehole FDP-1, the true depth of the boundary between the Shimojin Gravel and Tsumori
Formations was exactly identified at 87 m (see a core picture of Units II and III shown in Figure 7). This true
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depth in FDP-1 corresponds to 86 m in the FDB borehole because the ground surface at FDP-1 is 1.3 m higher
than that at FDB. FDP-1 penetrated ~26 m (vertical thickness) of the Tsumori Formation but did not reach the
bottom. In borehole FDB-1, the depth of the boundary between the Shimojin Gravel and Tsumori Formations
was approximately identified by cutting samples at a depth of ~291 m with an uncertainty of <10 m, which is
the sampling interval of cutting. Coring began at a depth of 302 m in FDB-1; consequently, the exact bottom
depth of the Tsumori Formation was identified as 317 m, and the thickness of the formation was suggested to be
~26 m, consistent with the thickness estimated in FDP-1. Most importantly, an ~205 m cumulative displacement
in the vertical direction caused by normal faulting was determined from the difference between the depth of the
boundary between the Shimojin Gravel and Tsumori Formations at FDP-1 and FDB-1. This large offset of the
Futagawa fault zone with cumulative displacement in a normal faulting regime was first found in this drilling pro-
ject. Assuming that the fault dips at 77°, as estimated by directly connecting the surface rupture and the depth of
Fault 354 with the dip-slip faulting sense (Figure 4), the cumulative normal faulting displacement along the fault
plane can be estimated as ~210 m. Even considering the uncertainty in the depth identified by cuttings in FDB-1,
the dip of the fault, and a possible decrease in the thickness of the sedimentary formations at FDB-1 due to the
larger overburden pressure present compared with that at FDP-1, the cumulative normal faulting displacements
along the fault plane obviously reached more than 200 m. This large normal faulting displacement consists of the
offset on the southeastern side of the Kiyama-Kashima graben (Figures 2a and 3).

The Futagawa fault was first investigated and defined according to an ~70-100 m dip-slip offset observed in
Takayubaru lava (~9 km wide in the west-east direction, ~4 km in the north-south direction, and ~70-80 m in
thickness), which is distributed ~1 km north or northeast of the FFDP site and formed 90 + 4 ka (Matsumo-
to, 1996; Watanabe & Ono, 1969). This offset, however, was not observed in the slightly younger Aso-4 pyro-
clastic flow deposit (87 ka; e.g., Kumamoto Prefecture, 1996). This discrepancy suggests that the normal faulting
activity on the Futagawa fault ceased before or around 87 ka. On the other hand, the age of the Shimojin Gravel
and Tsumori Formations near their boundary showing the >200 m offset confirmed in this study is ~400 ka
(Hase & Iwauchi, 1992). This suggests that the cumulative offset cutting the formation boundary formed later
than ~400 ka. Therefore, the period for accumulating the >200 m displacement can be generally estimated as
<300 k.y.; giving an average rate for normal faulting displacement of >0.7 m/k.y.

The Futagawa fault ruptured by dextral strike-slip motion during the 2016 Kumamoto earthquake mainshock,
which might suggest a considerable difference between the paleotectonic stress environment that caused normal
faulting and the current tectonic stress state. Oohashi et al. (2020) concluded that the Futagawa fault zone showed
multistage deformation throughout the Neogene-Quaternary from normal faulting to dextral faulting, reflecting
significant changes in the tectonic stress state. Our observations of the large cumulative normal faulting displace-
ment are consistent with the interpretation by Oohashi et al. (2020).

At the junction of the Southwest Japan arc and Ryukyu arc, subduction of the Philippine Sea plate with fluid-rich
materials introduced large volumes of fluids into the active arc system, leading to voluminous volcanism and a lo-
cally extensional stress regime (Aizawa et al., 2021; Mahony et al., 2011). As a result, in the Aso volcanic region,
four large caldera-forming eruptions (Aso-1-Aso-4) occurred from ~300 to ~87 ka, and the large caldera was
formed by losing large amounts of magma beneath the volcanic region. During the formation of the Aso caldera,
the intensity of compression caused by plate convergence might have decreased, and an extensional stress regime
might have become dominant in the Aso volcanic region. However, after termination of the large caldera-forming
eruption sequence, the tectonics gradually changed from a transtensional (dominant extension) environment to
the current transtensional (dominant strike-slip) environment by subduction of the Philippine Sea plate beneath
the Kyushu Island (Figure 1a). Although transpressional and compressive environments are generally formed in
subduction zones, nonuniform tectonic stress environments exist in Kyusyu area, that is, normal, strike-slip, and
reverse faulting regimes were formed in northern, central, and southern Kyushu, respectively (Yoshida, 2017).
Strike-slip-dominant transtention was formed at the junction of the oblique plate subduction in the Nankai Trough
and the normal plate subduction in the Ryukyu Trench (Figure 1a) because of the unique geometry of the plate
interfaces, which protruded northwest and possibly resulted in an abnormal stress field (Figure 1a). In addition,
the depth of the boundary between the subducting and overriding plates directly below the Aso volcanic region
reaches approximately 100 km, and its dip is steeper than that at shallower depths (Ide et al., 2010). These
factors may also make the stress field at the rupturing depths of the Futagawa fault more complicated and may
have produced a transtensional stress field. This currently transtensional (dominant strike-slip) environments
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is compatible with a previous study by Toda et al. (2016), who suggested slip partitioning of strike-slip on the
Futagawa fault and dip-slip on the Idenokuchi fault during the 2016 Kumamoto earthquake mainshock. There-
fore, we interpret that the change in faulting patterns of the Futagawa fault was caused by termination of the Aso
caldera-forming eruption sequence. This finding may suggest that a seismogenic fault situated within an active
volcanic field in an active arc can change its activities induced by magmatic processes and plate movements.

Trench parallel strike-slip fault systems can be formed by plate movements in plate convergence zones, including
oblique subduction zones (e.g., Chemenda et al., 2000; Fitch, 1972). The slip motion of a fault is known to change
as aresult of the direction change of plate movement, which is the driving force behind fault activity (e.g., Antolin
et al., 2012). The history of fault motion is quantitatively clarified by geochronological data combined with field
observations (e.g., Cooper et al., 2015; Kubota et al., 2020). The inversion of slip-sense along the Doruneh fault
from dextral to sinistral strike-slip occurred due to a diminishing anticlockwise rotation of the central Iranian
Microplate (Javadi et al., 2013). The Yadong cross structure in the Himalayas was documented to have accommo-
dated both normal-slip and strike-slip motions (e.g., Antolin et al., 2012; Cooper et al., 2012; Drukpa et al., 2006;
Kellett & Grujic, 2012). The intraarc, trench-parallel Domeyko fault system in the Andes comprises strike-slip
faults that have accommodated oblique plate convergence. Over time, this system has switched between dextral
and sinistral strike-slip motions and accommodated normal-sense motion on the order of several hundred meters
(e.g., Mclnnes et al., 1999; Reutter et al., 1996). Mclnnes et al. (1999) revealed ancient vertical displacements
of at least 600 m along a major strike-slip West fault in northern Chile based on geochronological data. The Fu-
tagawa fault, the target of this study, is considered to have had strike-slip fault motion during its long history, and
this study suggests that the Futagawa fault had cumulative >200 m of normal-faulting motion in a short period
between ~300 and ~87 ka. The vertical displacement >200 m along the Futagawa fault is not the largest in the
world, but we consider that this quantitative displacement is large enough to reveal that an ancient cumulative
normal faulting displacement occurred exactly along the current strike-slip fault related to volcanic activities.

6.2. Geological and Geophysical Comparisons Among the Three Faults

In the cored depth intervals in the FDB-1 borehole, three main damage zones with high angles (approximately
60-80°) were observed (see Figures 8 and 9). Fault 354 is located at the boundary between lithological units IV
(conglomerate) and V (andesite); Fault 461 is very close to the boundary between subunits Vb (massive andesite)
and Vc (autobrecciated andesite); in detail, the depths of the center (fault core) and the top of its fractured zone
are ~3.6 and ~1.2 m below the boundary, respectively, but Fault 576 is contained within subunit VIb (tuffaceous
conglomerate). The damage zone at Fault 461, including the fault core, breccia, and fractured zone, is wider
(~45 m in vertical thickness) than those of the other two damage zones (~3—6 m in vertical thickness), and more
strongly damaged than the others as suggested by P-wave velocity and resistivity changes observed in log data.
In addition, a large amount of brown clay was confirmed mainly in the high fracture density intervals of Fault
461 but is not found in the others. Additional important features confirmed are that slickenlines with a strike-slip
faulting sense were observed on Fault 461 (Figures 10b—10e), that dip-slip faulting slickenlines were observed on
Fault 354 (Figure 10a) but that no clear slickenlines were observed on Fault 576.

Changes in the physical properties with depth determined by downhole logging revealed different patterns in the
vicinities of the three damage zones (Figure 11). At Fault 354, both resistivity and P-wave velocity measurements
showed negative peaks. In the case of Fault 461, both the resistivity and P-wave velocity showed gradual but rapid
and significant decreases from ~451 m toward the fault core at ~461 m, and the lowest values were attained there.
For example, the P-wave velocity decreased from ~4.5 to ~2.5 km/s at Fault 461 but from ~2.7 to ~1.7 km/s at
Fault 354 (Figure 11h). However, no clear reductions in the resistivity and P-wave velocity were observed at Fault
576, although the resistivity and velocity showed relatively lower values there.

On the basis of core descriptions in the FDB-1 borehole, we prefer to consider the depth range from ~353 to
~577 m as the whole deformation zone of the Futagawa fault, which has undergone all the old and recent fault
motions, including both strike-slip and normal faulting. In Unit V (the volcanic rocks), abundant fractures, in-
cluding minor faults, were observed in both cores and borehole images (Figures 11i and 11j). Among them,
fractures with middle (>30°) and high (>60°) angles of dip might have formed related to the faulting activity
of the Futagawa fault. Fractures/minor faults both accompanied by brown clay and without clay were observed.
Around the fractures/minor faults with clay, resistivity clearly decreased, and spontaneous potential increased;
several strike-slip faulting slickenline structures were observed in the clay-rich areas within the damage zone of
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Fault 461 (Figures 10b—10e). Because substantial clays that filled the fractures/minor faults looked semiconsoli-
dated and tightly bonded with the surrounding andesite, such fractures/minor faults were possibly formed during
previous faulting activity but not in the recent 2016 Kumamoto earthquake mainshock. The three slip planes at
approximately 460.5 m cut across the clay fill structures and therefore were considered relatively newly ruptured
slip zones.

6.3. Correlation Between the Borehole Observations and the 2016 Kumamoto Earthquake

To definitively penetrate the slip zone ruptured during the 2016 Kumamoto earthquake mainshock, the FFDP
was conducted close to the surface rupture, and three boreholes penetrated the fault at different depths (Fig-
ures 2 and 4). On the ground surface around the drilling site, a single coseismic rupture was formed. However,
multiple faults discussed above were confirmed in the depth range of 353-577 m in FDB-1, corresponding to
an ~55 m-thick zone perpendicular to the fault plane, which could be considered to have formed by repeated
faulting activity. As the records of fault rupturing were investigated through trench excavations across the Futaga-
wa fault surface rupture including one site near FFDP site, multiple historic events were confirmed in the past
~10,000 years (e.g., Toda et al., 2019). Most likely, such repeated fault rupturing formed multiple fault planes and
expanded throughout the whole fault zone thickness (e.g., Choi et al., 2016; Faulkner et al., 2003).

From the comparisons among the three main damage zones running through FDB-1, some slickenlines indicat-
ing strike-slip motions were observed in Fault 461. In addition, this damage zone revealed the most significant
resistivity, and the P-wave velocity decreased immediately above the damage zone. Therefore, we suggest that
Fault 461 may be the primary candidate for the seismogenic fault of the 2016 Kumamoto earthquake mainshock.
As dip-slip faulting slickenlines were observed on the slip plane at 354 m, some normal faulting events possibly
occurred on this plane. Due to a dramatic tectonic stress environment change ~87 ka, the rupture mechanism
changed from dominant normal faulting to strike-slip faulting. As a result, the rupture activity also changed lo-
cations (slip zones); as an example, in the case of the FFDP site, it appeared to have changed from Fault 354 to
Fault 461.

Assuming that Fault 461 in FDB-1 ruptured during the 2016 Kumamoto earthquake mainshock, subunit Vb (mas-
sive andesite) in the hanging wall has higher P-wave velocity and therefore higher elastic Young's modulus than
subunits Vc, VIa, and VIb in the footwall. Differences in the geological structures and geophysical properties
of the hanging wall and footwall of the ruptured fault plane might possibly affect stress and strain accumulation
mechanisms in interseismic periods and result in different coseismic ground motions as well as damage to build-
ings caused by motions on the hanging wall side (northwestern side of the surface rupture) and on the footwall
side, as reported by Murase et al. (2018).

7. Conclusion

To reproduce ancient and current rupturing patterns of the Futagawa fault zone and to reveal geological charac-
teristics and physical properties in and around the fault zone that dextrally ruptured during the 2016 Kumamoto
earthquake mainshock in Japan, we summarized the results of the FFDP preliminarily reported by Kyoto Univer-
sity (2018). In addition, we reanalyzed core descriptions and downhole logging data and newly counted fracture
data from both core samples and log images. Consequently, the conclusions obtained in this study are as follows:

1. The core samples retrieved from boreholes FDP-1 and FDB-1 drilled through the Futagawa fault along the
same transect orthogonal to the surface rupture that formed during the mainshock revealed a large cumulative
normal faulting displacement (>200 m) along the Futagawa fault. Combining this information with previous
geological studies, the cumulative normal faulting displacement can be considered to have formed by Futaga-
wa fault activity before ~87 ka within an ~300 k.y. period (Middle-Late Pleistocene). After ~87 ka, however,
the active fault dominantly ruptured in a strike-slip regime similar to that of the 2016 Kumamoto earthquake
mainshock. We interpret the termination of the Aso caldera-forming eruption sequence in which the last erup-
tion was Aso-4 as causing a significant change in the tectonic stress state that governed the faulting regime.
This interpretation suggests that a seismogenic fault in an active volcanic region in an active arc can change its
activities induced by magmatic processes and plate movements. The observations in this study from the Aso
volcanic region in the Japan island arc should apply more broadly to similar volcanic arcs at subduction zones.
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2. In borehole FDB-1, three damage zones with sharp slip plane(s) were penetrated at depths of approximately

354 m, 461 m, and 576 m. At Fault 461, the damage zone is wider and more strongly disturbed than those of
the others, and much brown clay was confirmed within the damage zone of Fault 461 but is not found near
the others. Additional important features confirmed are that some slickenlines of strike-slip faulting were ob-
served on Fault 461, that dip-slip faulting slickenlines were observed on Fault 354 but that no clear slickenline
was seen on Fault 576.
The depth profiles of physical properties obtained by downhole logging reveal different patterns of change in
and around the three damage zones. At Fault 461, both resistivity and P-wave velocity show gradual but rapid
and significant changes from ~451 m toward the fault core at ~461 m and attain the lowest values there. For
example, the P-wave velocity decreases from ~4.5 km/s to ~2.5 km/s.

3. On the basis of the investigated geological characteristics and geophysical property distributions, we suggest
that the damage/slip zone at 461 m may represent the primary candidate for the seismogenic fault of the 2016
Kumamoto earthquake mainshock. Assuming that Fault 461 ruptured during the mainshock, lithological sub-
unit Vb (massive andesite) in the hanging wall has higher P-wave velocity and therefore higher elastic Young's
modulus than those of subunits V¢, VIa, and VIb in the footwall. The differences in the lithological structures
and geophysical properties between the hanging wall and footwall of the ruptured fault in 2016 might be re-
lated to the fact that coseismic ground motion characteristics differed on the hanging wall side (northwestern
side of the surface rupture) and on the footwall side during the 2016 earthquake mainshock.

Data Availability Statement

All the geophysical logging data and fracture density from core description and fracture attitudes determined
from the borehole images are available on the Pangaea data publisher for earth and environmental science (https://
doi.pangaea.de/10.1594/PANGAEA.933472). All information of the detailed drilling and logging operation was
reported in a technical report (in Japanese) available on the website of Nuclear Regulation Authority, Japan
(https://www.nsr.go.jp/data/000256426.pdf).
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