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Abstract Three-dimensional near-fault coseismic deformation fields from high-resolution differential
topography provide new information on the behavior of the shallow fault zone in large surface-rupturing
earthquakes. Our work focuses on the 16 April 2016 Mw 7.0 Kumamoto, Japan, earthquake, which ruptured
~40 km of the Futagawa-Hinagu Fault Zone on Kyushu Island with an oblique strike-slip mechanism and
surface offset exceeding 2 m. Our differential lidar analysis constrains the structural style of strain
accommodation along the primary fault trace and the surrounding damage zone. We show that 36 ± 29%
and 62 ± 32% of the horizontal and vertical deformation, respectively, was accommodated off the principal
fault trace. The horizontal strains of up to 0.03 suggest that the approximate elastic strain limit was exceeded
over a ~250 m width in many locations along the rupture. The inelastic deformation of the fault volume
produced the observed distributed deformation at the Earth’s surface. We demonstrate a novel approach for
calculating 3-D displacement uncertainties, indicating errors of centimeters to a few decimeters for
displacements computed over 50 m horizontal windows. Errors correlate with land cover and relief, with
flatter agricultural land associated with the highest displacement uncertainty. These advances provide a
framework for future analyses of shallow earthquake behavior using differential topography.

1. Introduction

Observations of near-fault coseismic deformation offer insight into the processes that control the propaga-
tion of fault slip from several kilometers depth to the surface. Because the surface deformation within several
kilometers of the surface rupture is commonly complex, constraints on the on- and off-fault deformation
from high-resolution imagery are critical for probing the behavior of the shallow crust during earthquakes
(Gold et al., 2015; Milliner et al., 2015; Nissen et al., 2012, 2014; Oskin et al., 2012; Vallage et al., 2015).
Recent technical advances in imaging surface deformation from space-based and aerial platforms have led
to a greater understanding of shallow on-fault slip gradients (Brooks et al., 2017; Nissen et al., 2014;
Vallage et al., 2015), lithologic control on shallow fault zone architecture (Milliner, Dolan, et al., 2016; Teran
et al., 2015; Zinke et al., 2014), and geometric fault zone complexities (Oskin et al., 2012). Here we image
the near-fault deformation produced along the principal rupture zone of the 2016 M7 Kumamoto, Japan,
earthquake. Our paper focuses on the performance of topographic differencing over several landscape types
as well as constraints on fault zone structure inferred from fault offsets and surface strain.

The distribution of shear within fault zones and fault zone width are key parameters to understanding both
the the physics that control fault propagation and the hazard imposed by active faults. Johnson et al. (1997)
describe shallow fault architecture as a broad shear zone belt that is commonly hundreds of meters wide with
the majority of deformation accommodated along several narrow shear zones. More recently, the term
shallow slip deficit (e.g., Fialko et al., 2005; Simons et al., 2002) has been used to describe the inhibition of
the upward propagating rupture due to off-fault inelastic yielding (Kaneko & Fialko, 2011), velocity strength-
ening, (Marone et al., 1991), and/or dilatancy strengthening (Segall & Rice, 1995). However, the shallow slip
depletion may not be indicative of generic earthquake behavior. Xu et al. (2016) show that the shallow slip
deficit may be largely an artifact of a lack of near-fault data for three earthquakes in California. Others postu-
late that the shallow strain missing along faults with an apparent slip deficit is accommodated as off-fault
deformation with controls on the distribution of deformation from fault zone geometry, maturation, and
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rock type (e.g., Barth et al., 2012; Dolan & Haravitch, 2014; Gold et al., 2015; Milliner, Dolan, et al., 2016; Teran
et al., 2015). Observations of recent earthquakes are critical to mapping the full deformation field and
ultimately understanding earthquake physics, interpreting paleoseismic and geomorphic records, and
characterizing seismic hazard (e.g., Wells & Coppersmith, 1994).

The oblique strike-slipM7 2016 Kumamoto, Japan, earthquake produced a complex surface deformation field
that is well measured with 3-D differential lidar topography, which closely brackets the earthquake and iso-
lates the mainshock from the two largest foreshocks. Our analysis of the on- and off-fault coseismic displace-
ment and strain fields illustrates the earthquake behavior in the upper several of kilometers of the crust. We
develop an empirical technique to calculate uncertainty on the 3-D displacements, extending the work of
Nissen et al. (2012, 2014). Errors range from centimeters to a few decimeters and correlate with topographic
relief and land cover. To examine the on- and off-fault deformation behavior, we measure displacement dis-
continuities at several apertures across the fault rupture. The Kumamoto earthquake produces a maximum
right-lateral and vertical surface offset of ~2 and ~1 m, respectively (Shirahama et al., 2016). Comparing
the far-field (±1,000 m aperture) with the near-field (±35 m aperture) displacement discontinuities suggests
that 36 ± 29% and 62 ± 32% of the right-lateral and vertical deformation, respectively, is accommodated off
the principal fault. Shear strain reaches amaximum value of 0.03, and the approximate elastic strain threshold
is exceeded over widths of 250 m along portions of the rupture zone. Inelastic strain begins to accumulate
when the medium-field (±100 m) displacement discontinuity exceed ~0.5 m. The inelastic zone width corre-
lates with the displacement discontinuity until the width exceeds 150 m, at which point the inelastic zone
continues to widen and accommodate additional deformation without the localization of additional slip
along the principal fault.

2. Tectonic Setting and the Kumamoto Earthquake

Kyushu island (Figure 1) is situated on the Eurasian plate and overlies the Nankai trough where the Philippine
Sea plate subducts northwestward at a convergence rate of ~7 cm/year (Loveless & Meade, 2010). Maximum
extension across the island is oriented at 147°E with a strain rate of 8.1 × 10�8 strain per year (Takayama &
Yoshida, 2007). Motion along the Futagawa-Hinagu Fault Zone (FHFZ) commenced 0.7–0.5 Ma (Toda et al.,
2016; Tsukuda, 1990) and is considered to be the western extension of the Median Tectonic Line (Ikeda et al.,
2009; Tsutsumi & Okada, 1996); extrapolating late Holocene slip rates across the total age would imply a cumu-
lative displacement of ~800–1,400m (Lin et al., 2017). Volcanic activity initiated at the Aso volcano ~0.3 Ma and
has produced pyroclastic and lava flows in the study area (Hoshizumi et al., 2004; Ono & Watanabe, 1985).

Figure 1. (a) Map of Kyushu Islandwith active faults in red (National Institute of Advanced Industrial Science and Technology, 2016). (b) Geologicmap simplified from
the Hoshizumi et al. (2004) overlain on shaded topography. Cyan lines show 2016 M7 Kumamoto earthquake surface ruptures visible in the postearthquake lidar
imagery. Black lines show fault locations inferred from the differential lidar topography displacement discontinuity. The earthquake ruptured ~10 km beyond the
northeastern limit of the lidar coverage. ENE kilometer positions are referred to in the text for convenience.
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The 2016 Kumamoto earthquake sequence ruptured the FHFZ on Kyushu Island of SW Japan (Figure 1). The
right-lateral Mja 6.5 (Mw 6.2) andMja 6.4 (Mw 6.0) foreshocks of 14 and 15 April, respectively, ruptured the north-
ern part of the Hinagu fault (Kobayashi, 2017). The 16 April Mja 7.3 (Mw 7.0) mainshock propagated ENE for
~40 km along the adjacent NNW dipping Futagawa fault, with right-lateral and normal (uplift to the southeast)
motion (e.g., Lin et al., 2016; Shirahama et al., 2016). The earthquake killed over 100 people and caused intense
ground shaking and damage throughout central Kyushu. Lin et al. (2017) estimate a late Holocene recurrence
interval of ~1 kyr for the FHFZ with right-lateral slip rates on the Hinagu fault of 0.5–0.7 mm/year and the
Futagawa fault of 1.7–2.7 mm/year with the penultimate rupture between CE 850 and 1150.

Shirahama et al. (2016) mapped surface ruptures in the 2 weeks following the 2016 M7 Kumamoto earth-
quake. They observed left-stepping en echelon cracks in rice and wheat fields of the Kiyama plain and rupture
along a preexisting fault scarp tens of meters high to the east of Dozon (Figure 1). Slip is partitioned at various
scales. Along part of the eastern rupture zone, Toda et al. (2016) propose that slip propagates upward along a
single fault at depth and bifurcates on to the dextral Futagawa fault and the normal Idenokuchi fault (located
south of the Futagawa fault, east of the lidar footprint). High geothermal gradients and low seismic velocities
associated with the Aso Caldera are likely responsible for terminating the propagating rupture (Hao et al.,
2017; Jiang et al., 2017; Lin et al., 2016; Uchide et al., 2016; Yagi et al., 2016).

3. Methods
3.1. Lidar Data

Asia Air Survey Co., Ldt. acquired the first lidar dataset on 15 April 2016 (Chiba, 2018a) following the foreshock
activity, and the second on 23 April 2016 (Chiba, 2018b). The data were acquired with a Leica ALS5011 instru-
ment aboard a Cessna 208 aircraft that flew at an altitude of 2,000–2,100 m above ground level. The pulse
rate was 110,000 shots per second with scan angles ranging from ±22°. The footprint of the data set covers
the western half of the surface rupture. The short temporal baseline between the two lidar acquisitions is
ideal, because nontectonic landscape changes (e.g., vegetation growth) are minimal. To decrease artifacts
from misalignment of adjacent flight paths, we remove data associated with scan angles exceeding ±18°.
The resulting premainshock and postmainshock point clouds have shot densities of 2.5 and 3.5 points per
square meter, respectively.

3.2. Iterative Closest Point

We use a windowed implementation of the Iterative Closest Point algorithm (ICP; Besl & McKay, 1992; Chen &
Medioni, 1992) to calculate the 3-D surface deformation produced by the Mw 7.0 Kumamoto earthquake

Figure 2. Outline of the 3-D displacement and rotation calculation using the Iterative Closest Point algorithm. (a) Windowed subsets of the pre-earthquake (blue) and
postearthquake (red) point cloud data for the core point (black). (b) Side view showing the 3-D rigid body alignment of the two windowed data subsets (equation (1)).
(c) Displacement uncertainty calculation based on the scatter in displacements at 25 core points (arrow tails) that lie over an area of 100 × 100 m2.
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(Figures 2 and 3). In this approach, we calculate the on-fault and off-fault displacement and rotation at a set of
core points that lie on a grid with a 25 m spacing. For each core point, we select the pre-earthquake points
that lie within a 50 m length square (a window) centered at the core point (Figure 2a). We do the same for the
post-earthquake point cloud but add a 5m buffer on each side of the post-earthquake window to ensure that
the deformed pre-earthquake point cloud aligns with the post-earthquake point cloud. The optimal window
dimension is a trade-off between (1) a large scale with sufficient topographic structure to produce an accu-
rate alignment and (2) a small scale with a finer resolution that is less likely to violate the rigid body assump-
tion (Nissen et al., 2012).

We use the LIBICP software developed by Geiger et al. (2012) to solve iteratively for the 3-D rigid body
transformation that, applied to the pre-earthquake point cloud (PCpre), best aligns the transformed pre-

earthquake point cloud (PCtransformed
pre ) and the postearthquake point cloud,

PCtransformed
pre ¼

1 �γ β

γ 1 �α

�β α 1

0
B@

1
CAPCpre þ

tx
ty
tz

0
B@

1
CA: (1)

α, β, and γ are rotations about the x, y, and z axes, and tx, ty, and tz are translations in the x, y, and z directions.
No scaling is implemented in the transformation. Equation (1) is written succinctly as

PCtransformed
pre ¼ φPCpre: (2)

φ is the rigid transformation,

φ ¼

1 �γ β tx

γ 1 �α ty

�β α 1 tz

0 0 0 1

0
BBB@

1
CCCA: (3)

Equations (1)–(3) are built on the assumption that the rotation (ϕ) required to align the two point clouds is
small (<30°). This assumption permits the approximations sin(ϕ) = ϕ and cos(ϕ) = 1, which linearizes the
transformation and allows the ICP problem to be solved with linear least squares (Low, 2004).

ICP approaches differ in their method of penalizing the solution for misalignments between the two point
clouds and treatment of outliers (Rusinkiewicz & Levoy, 2001). We use the ICP point-to-plane error (E) to pena-
lize for point cloud misalignment:

E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

XPre�earthquake point cloud

i¼1

φPCpre; i � PCpost; i
� �

·ni
�� ��2

vuut (4)

where ni is the vector normal to the surface at the ith point in the target point cloud. We prefer the ICP
point-to-plane error to the ICP point-to-point error (which lacks the dot product with the normal vector in
equation (4)), because of its strong penalization of vertical misfits. This is important because the topography
is relatively flat compared to the horizontal extent of the ICP windows. The ICP solution converges when
either the change in displacement (m) or rotation (rad) in sequential iterations is less than 10�4 or when
30 iterations are completed. To mitigate problems in areas of high coseismic surface disturbance, outlying
points with point-to-plane misalignment errors that exceed 1 m are removed.

3.3. ICP Error

We compare two approaches for calculating ICP error over landscapes with varying topographic relief and land
use. Point-to-plane error (equation (4)) is a measure of the quality of the alignment between the two point
clouds. Our new error metric, displacement correlation error, is a measure of the 3-D displacement uncertainty.
3.3.1. Displacement Correlation Error
Three dominant sources of error contribute to ICP displacement uncertainty. (1) Typical 5 to 15 cm errors in the
raw point cloud coordinates originate from errors in the inertial measurement unit altitude, boresight, laser
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Figure 3. Iterative Closest Point displacement components for the 2016 M7 Kumamoto earthquake showing (a) ENE displacement, (b) NNW displacement, and
(c) vertical displacement. Black lines show faults mapped as the displacement discontinuity. Note the effect of the flight path (nearly parallel to the long axis of
the figures) overlap in the horizontal displacement field. Surface displacement along the A-A0 profile is shown in Figures 6c and 6d. (d) Is a simplified rupture map
labeling fault segments shown in Figure 7. Dashed lines indicate the boundaries of the B-B0 transect in Figure 8.
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scanner, lever arm offset, and dGPS kinematic position (Glennie, 2007;
Toth et al., 2007). These errors are observed along the flight path overlap
(e.g., the ENE oriented linear patterns in Figure 3). (2) The sensitivity of
the surface displacement measurement using ICP depends on the local
topographic relief. For example, point cloud windows over flat or planar
topography can be well aligned with a range of rigid deformations, ren-
dering the inferred displacements spurious as suggested by Nissen et al.
(2012). (3) Changes in landscape shape from coseismic damage and
vegetation growth make the precise alignment of the two datasets
impossible. Our removal of individual points with ICP point-to-plane
error (equation (4)) exceeding 1m partially mitigates this latter problem.
Further, changes in vegetation are minimal due to the 8 day time span
between the lidar acquisitions. Because the dense forests in parts of the
study area result in very few ground returns, we perform ICP calculations
on unfiltered point clouds instead of on ground classified points, coun-
ter to the suggestion of Ekhtari and Glennie (2017).

We develop the displacement correlation error calculation to quantify
the effect of error sources (2) and (3) described above on the displace-
ment uncertainty. To calculate the error at a given core point, we con-
sider the 24 surrounding core points that lie on the same side of the
fault within a 100 × 100 m2 area (Figure 2c). To limit true surface strain
leaking into the estimated scatter, we remove planar ramps from the
displacements in each Cartesian coordinate direction. We calculate
the 1σ error ellipse from a principal component analysis of the horizon-

tal displacements. The 1σ vertical errors are the standard deviation of the vertical displacements. Results
along the conjugate shear zone near Dozon (Figure 1) described by Lin and Chiba (2017) and Shirahama et al.
(2016) are shown with horizontal error ellipses in Figure 4. Although a full treatment of the three sources of
error described above is beyond the scope of this paper, our analysis described below demonstrates that the
ICP displacement correlation error quantifies the quality of ICP displacements over different landscape types.
3.3.2. ICP Errors and Land Use
We explore the relationship between topographic relief, land use, and the two types of ICP errors over a
subset of our study area. Figure 5a shows the standard deviation of the point cloud elevations over square
windows with 50 m lengths over agricultural landscapes, built-up areas of Mashiki town, and high-relief for-
ests. Figure S2 shows the errors in map-view. The ICP point-to-plane error (equation (4); Figure 5b) scales
with topographic roughness. The 5 to 10 cm errors in the agricultural lands reflect the ease of aligning rela-
tively flat topography. The 20 to 45 cm errors over built-up areas of Mashiki are partially due to coseismic
infrastructure damage (Figure S2; Goda et al., 2016; Moya et al., 2017), which make a precise alignment of
the two point clouds impossible. The 20 to 35 cm errors in the mountains reflect the challenge of point
cloud alignment over rough landscapes and the effect of different illuminations of geometrically complex
objects such as trees. In contrast, the horizontal ICP correlation error (3.3.1 above) scales inversely with
topographic relief (Figure 5c), suggesting an anticorrelation between the two error types. The median 1σ
horizontal correlation error of 6–10 cm in agricultural landscapes reflect the range of rigid transformations
that produce satisfactory alignments of fairly featureless topography. The high degree of relief over the
mountains results in a more accurate alignment of the two point clouds. The median vertical ICP correlation
error (Figure 5d) ranges from 1 to 3 cm with minor correlation to land use. The vertical error is lower than
the horizontal error, because (1) the alignment of the window centroids commonly produces a quality ver-
tical displacement and (2) point cloud errors are lower in the vertical dimension (Glennie, 2007; Toth et al.,
2007). For assessing the relative quality of ICP displacements, we prefer the ICP correlation error over the
ICP point-to-plane error because the former is indicative of the relative displacement accuracy.

4. Displacement Discontinuity

To examine along-strike variations in on- and off-fault deformation, we use a displacement discontinuity cal-
culation to estimate surface offset over near- (±35 m), medium- (±100 m), and far-field (±1,000 m) fault

Figure 4. Coseismic surface displacements along a conjugate shear zone with
1σ errors on the horizontal surface displacements shown by pink ellipses.
Figure location shown in Figure 1. Orange lines show faults activated in the 2016
earthquake mapped from the post-earthquake lidar imagery.
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normal apertures as shown in Figure 6. The near-field calculation is performed as follows (Figure 6a): At 25 m
increments along the fault trace, we align the ICP coordinate systemwith the local fault strike. We calculate 3-
D displacements at two core points d1,35 and d2,35 each located 35 m from the fault trace on opposite sides
of the fault. The right-lateral displacement discontinuity at the 35 m aperture (dr, 35) is the differential
displacement projected onto a horizontal unit vector parallel to the fault strike,

Figure 5. The correlation between Iterative Closest Point (ICP) error and topographic relief. (a) Standard deviation of elevation over 50 m windows calculated from
the lidar point clouds as a measure of topographic roughness. Colored lines show agricultural (pink), urban (yellow), and forested (black) landscapes. (b) ICP point-to-
plane error (equation (4)) versus the standard deviation of elevation for the three landscape types. Lines show the median 1σ error, and clouds show the 16th to
84th error percentiles (i.e., 1σ) in the given standard deviation of elevation bin. (c) Mean horizontal (i.e., average of major and minor ellipse axes lengths). (d) vertical
displacement correlation error.
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dr;35 ¼ d1;35 � d2;35
� �

· < fault strike > : (5)

The vertical displacement discontinuity at the 35 m aperture (dv, 35) is the differential displacement projected
onto a vertical unit vector,

dv;35 ¼ d1;35 � d2;35
� �

· < 0; 0; 1 > : (6)

The ±100 m aperture calculations are identical except that the core points are spaced 100 m from the fault
trace. To calculate the displacement discontinuity at an aperture of 1 km, we construct a line that bisects

Figure 6. Displacement discontinuity calculation. (a) Map view illustration of the displacement discontinuity calculation over ±35 m (green and red boxes) and
±100 m (orange and blue boxes) apertures. (b) Displacement discontinuity over the ±1 km aperture where the boxes are placed 1 km on either side of a fault or
from the center of a bifurcated fault. (c) ENE and (d) vertical displacement profiles highlighting the apertures used in the displacement discontinuity calculation along
the A-A0 profile location in Figure 3c.
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the fault traces (Figure 6b), align the ICP coordinate system with this line, and calculate displacements at core
points located 1 km from the bisecting line.

Figures 6c and 6d show the spatial extent of the displacement discontinuity calculations on displacement
profiles. Most right-lateral deformation is localized along the fault plane and captured by the near- and
medium- field measurements. The vertical profile shows subsidence of the northwestern block constrained
by the near- and medium- field measurements and off-fault warping captured by the far-field measurement.

Fault offsets are commonly calculated by fitting a line to displacement profiles on either side of the fault and
extrapolating this line to the fault (e.g., Milliner et al., 2015; Rockwell et al., 2002; Treiman et al., 2002). We
compare our discontinuity approach to this approach in Figure S3 for several cases of forward slip models
(Okada, 1985) with gradients in on-fault slip and secondary faulting. Both approaches can distinguish
between cases of uniform slip localized to a fault plane and distributed deformation. For the Kumamoto
earthquake, we prefer the displacement discontinuity calculation, because the approach avoids line fitting
across warped regions (e.g., Figure 6d) and constrains deformation at explicit spatial scales.

We calculate off-fault deformation (OFD) as the difference in the near- and far-field displacement discontinu-
ities normalized by the far-field displacement discontinuity:

OFD ¼ d1000 � d35ð Þ=d1000: (7)

The histograms in Figure S6 show the percentage of total deformation accommodated as OFD with
uncertainty reflecting the standard deviation in OFD. We are effectively equating the near-field displacement
discontinuity with on-fault deformation. While this assumptionmay underestimate the inferred OFD relative to
a comparison with field data, the spatial continuity of the displacement discontinuity estimate allows this cal-
culation to be representative of the entire fault and to be unbiased by different measurement techniques.

5. Coseismic Strain

We examine the magnitude and orientation of the 2-D (horizontal) strain field to constrain the distribution of
deformation and possible rheological controls on its surface expression. We calculate the horizontal strain
tensor using a similar approach to Allmendinger et al. (2009, 2012). We solve for the 2-D displacement gra-
dient tensor (eij) from horizontal displacements at 25 core points over an area of 100 × 100 m2 centered
around the core point of focus. We apply an inverse weighting based on the ICP displacement correlation
error and solve for the 2-D strain tensor using a weighted least squares inversion (Menke, 1984). We solve
for εij (i.e., the symmetric component of eij) and plot its first tensor invariant (εmin + εmax) in Figure 9a.
Figure 9b shows the shear strain (e12). Note that shear strain is not basis invariant: we calculate the shear
strain along the 060–330 oriented coordinate system that is approximately aligned with the Futagawa fault
and along which the peak surface displacements in the Kumamoto earthquake occurred. We use 0.5% as the
elastic limit of rocks (e.g., Brooks et al., 2017), which is the approximate ratio of the yield stress to Young’s
modulus for a variety of hard rocks. To solve for the principal strain orientation, we perform an eigenvector
decomposition of the strain tensor. We decrease noise in the orientations by calculating the mean Fisher
orientation (Fisher et al., 1987) over a moving 100 × 100 m2 window. We plot only the orientations at core
points within 100 m of the fault traces and with strain exceeding 0.1% (Figure 10). We calculate the angle (θ)
between the principal extension direction and the fault orientation with spread that reflects the 95% Fisher
uncertainty cone. Additional details on the strain calculation are given in the supporting information.

6. Results
6.1. Fault Geometry and Displacement Discontinuity

The 3-D ICP displacement field shows that the Kumamoto earthquake accommodated right-lateral and
northwest side down motion (Figure 3), in agreement with earlier results (Moya et al., 2017; Shirahama et al.,
2016; Toda et al., 2016). The ICP analysis also reveals sections of off-fault deformation that were not mapped
in the field. Here we describe the geometry and deformation associated with the shallow rupture starting
from its southwest end and moving northeastward in the direction of rupture propagation. Throughout
the description the reader is referred to the local geology in Figure 1, the deformation field in Figure 3,
and the offset profile in Figure 7; and all localities are given as distances along the x axes of these figures.
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Figure 7. Displacement discontinuity and field offset measurements. (a) and (c) Colored curves: Displacement discontinuity at an aperture of ±35 m with 1σ error.
Thick black lines show the summed slip across faults within a 250 m moving average window. Dots are field measurements from Shirahama et al. (2016). The mean
displacement and offset measurements reflect only observations where the data types are colocated. Positive vertical indicates southeast side-up motion. Colors
correspond to the fault traces shown in Figure 3d. (b) and (d) Comparison of displacement discontinuity and field fault offset measurements from Shirahama et al.
(2016) with a one-to-one gray line.
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The northeast striking Hinagu fault, located in the southern extent of Kiyama plain, accommodated ~0.5 m of
right-lateral displacement discontinuity and negligible vertical deformation (Figures 3 and 7). The rupture
steps to the right onto two subparallel segments of the Futagawa fault (Figure 3: eastern end of segment
a, segment b) that together accommodate ~1 m of right lateral and ~0.5 m of vertical displacement discon-
tinuity. At kilometer 1, at the eastern end of Kiyama alluvial plain (Figure 1), the earthquake activates two fault
segments that join in a conjugate shear zone (segments c–e) as reported by Lin and Chiba (2017) and
Shirahama et al. (2016). Slip continues for 2 km along segment d where the fault accommodates a maximum
2.3 m displacement discontinuity (Figure 7). Within the pyroclastic flow unit at 7 km (Figure 1), the fault rup-
ture bifurcates into northern and southern ruptures that accommodate dominantly right-lateral and vertical
motion, respectively. The summed displacement discontinuity curve (black line in Figure 7) varies smoothly,
suggesting that complexities in the surface fault geometry and slip variability mask a simpler pattern of
energy release at depth.

We compare field measurements of fault offset (Shirahama et al., 2016) to the near-field (±35 m) lidar displa-
cement discontinuity to examine variations in shallow fault behavior (Figures 7b and 7d). While both datasets
show similar deformation trends, the average right-lateral lidar displacement discontinuity exceeds the sur-
face offset by 33% with nonoverlapping uncertainties. The best agreement between the two measurement
types occurs along segments a, b, e, and f (Figure 7). Larger differences occur along segments c and d within
the agricultural lands of the Kiyama plain where the tensional cracks and mole tracks observed in the field
(Shirahama et al., 2016) suggest complexity in the near-fault deformation.

The near-, medium- and far-field displacement discontinuities are indicative of slip at increasing depths as
well as off-fault deformation at greater distances from the fault, as shown in Figures 8a–8c. The first-order
horizontal and vertical deformation patterns show increasing deformation with greater aperture. Within
the zone of fault bifurcation (NE end of Figure 3), the deformation is distributed within the medium and
far-field apertures. Overall, the right-lateral and vertical far-field displacement discontinuities exceed the
near-field displacement discontinuity by 36 ± 29% and 62 ± 32%, respectively. We explore a potential litho-
logic control on the correspondence between the near- and intermediate-field displacement discontinuities
(Figures 8d, 8e, S4, and S5). For larger amounts of deformation, we observe an increase in the intermediate-
field relative to the near-field displacement discontinuity for the three types of lithologic fault contacts. The
largest difference in the displacement discontinuity at the two apertures occurs in the fault bifurcation zone
along the volcanic-to-volcanic fault contact.

6.2. Horizontal Strain Field

Figure 9a shows the first invariant of the 2-D strain tensor (i.e., area change). The black lines contour the
region where the elastic strength of hard rocks is exceeded (section 5). The inelastic deformation is appar-
ently negligible west of kilometer 0, where right-lateral displacements along individual faults are <0.5 m.
In the zone of fault bifurcation (NE end of Figure 9a), the inelastic zone is up to ~500 m wide, with extension
concentrated along the southern normal fault and contraction along the northern right-lateral fault. The
shear strain (Figure 9b) is nonnegligible along the full length of the rupture, reaching 3% from kilometers
3 to 6 (coincident with peak slip of 2 m on segment d). The maximum shear strain decreases in the zone
of fault bifurcation where deformation becomes more distributed. The first strain invariant extends over a
broader aperture than the shear strain (Figure 9c). This suggests that processes associated with off-fault dila-
tion and contraction act over apertures that extend beyond areas of concentrated shear. Although we do not
explicitly calculate vertical strains, the distributed vertical deformation also suggests that off-fault deforma-
tion processes are associated with vertical deformation.

The relationship between the displacement discontinuity and the width of the inelastic zone is quantified
with two best-fit lines to the data west of the fault bifurcation (Figure 9d; green dots). Approximately
50 cm of displacement discontinuity is required to accumulate significant inelastic deformation. The inelastic
zone widens with increasing displacement discontinuity until the zone reaches ~150m in width. The width of
the inelastic zone continues to increase with additional deformation accommodated as distributed strain that
is not localized to the primary fault.

We examine the relationship between the principal strain orientations and regional deformation trends
(Figure 10). Along the Hinagu fault, the maximum extension axis is oriented NNW, aligned with the
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regional extension axis of 327° (Takayama & Yoshida, 2007). When the rupture steps to the Futagawa fault,
the maximum extension axis rotates to a N-S orientation, oblique to the regional extension direction.
When the fault bifurcates, the northern and southern faults (segment d and segment f in Figure 3)
accommodate NNW and NE extension, respectively. Strain orientations thus vary over the kilometer scale
in the individual earthquake and may be oblique to the regional strain directions. The variation in
deformation behavior likely reflects local structural complexity and mechanical interactions with
neighboring faults (e.g., Pollard et al., 1993; Riller et al., 2017) and possibly also with volcanic sources
associated with Mt. Aso Volcano located to the east.

7. Discussion
7.1. Calculating Near-Fault Displacements From ICP

Differential high-resolution topography and the ICP algorithm can be used to reliably resolve near-fault 3-D
deformation, building on the work of Nissen et al. (2012, 2014). We estimate similar errors to the synthetic
tests on real B4 (San Andreas fault) point clouds by Nissen et al. (2012) and lower errors than Nissen et al.
(2014) determined on lidar digital terrain models spanning the 2011 Fukushima-Hamadori, Japan,

Figure 8. Right-lateral (a) and vertical (b) displacement discontinuity along the main rupture zone at apertures of ±35 m (dark blue), ±100 m (red), and ± 1,000 m
(cyan). The location of the along-strike B-B0 transect is shown in Figure 3d, and Figure 6 illustrates the displacement discontinuity calculation at different aper-
tures. (c) Average right-lateral (green) and vertical (black) displacement discontinuity at the ±35, ±100, and ±1,000 m apertures. The ±100 m versus ±35 m (d) right-
lateral and (e) vertical displacement discontinuities along volcanic-volcanic (green), volcanic-sedimentary (blue), and sedimentary-sedimentary fault contacts
(orange). The gray line is the one-to-one line.
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Figure 9. Horizontal strain: (a) First invariant of the 2-D strain tensor (εmin + εmax). Positive strain denotes extension, and negative strain denotes contraction. The
black line contours areas where either principal strain component exceeds 0.5%, the approximate elastic strain limit for a range of hard rocks. (b) Shows the 2-D
shear strain (e12) in the figure coordinate system and the 0.5% black contour of the first invariant of the strain tensor (identical to (a)). Positive indicates right-lateral
strain. (c) Shows the first invariant of the strain tensor (red) and the shear strain (blue) along the C-C0 transects in Figure 9a. (d) The 100 m displacement discontinuity
versus the width of the inelastic zone. Green dots reflect locations west of the fault bifurcation (at kilometer 6.5). The two lines are fit to the green points only.
Orange dots show points within the fault bifurcation zone. Displacements represent activity on one of the two faults, and the width is half of the total width of the
inelastic zone.
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earthquake. The similar errors between this Kumamoto study and Nissen et al.’s (2012) analysis likely reflect
the similar point density and the minimal effect from vegetation. The higher error of Nissen et al. (2014) likely
reflects their lower spatial resolution, particularly of the pre-earthquake data set, as well as the multiyear time
span between acquisitions. It remains unclear whether performing ICP calculations on unfiltered or filtered
(e.g., ground returns only) point clouds results in the highest quality displacements. Likely, the answer is a
balance of the temporal baseline between the two acquisitions (and thus the amount of vegetation change)
and the vegetation density (results based on ground return points are meaningless in a dense tree canopy
with few ground returns). Our error estimation approach provides a means for assessing which approach
is best.

Figure 10. Orientation of maximum2-D extension. (a) Tick marks show the orientation of themaximumhorizontal extension, and colors denote different fault traces.
Note the orientation of the north arrow. The blue arrow shows the GPS-calculated orientation of regional maximum extension (Takayama & Yoshida, 2007). (b) Rose
diagrams showing the distribution of the maximum extension directions (colored petals), mean maximum extension direction (thin black petal), and the mean
fault orientation (thick gray petal) for each fault segment. The orientation of the north arrow is the same as in panel a. θ is the angle between the principal extension
direction and the fault orientation, and the quoted uncertainty is 2σ.
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7.2. Displacement Discontinuity Along the Primary Fault Trace

For the 2016 M7 Kumamoto earthquake, the differential displacement increases with aperture from 35 to
1,000 m. Because the elastic strain threshold is exceeded by a factor of 5–10, we propose that the larger dis-
placement discontinuity with aperture relationship reflects off-fault and inelastic deformation that may be
coupled with a shallow depletion of on-fault slip. Likely, the off-fault deformation is accommodated along
secondary fractures and folds. The relationship between slip and inelastic zone width is nonlinear
(Figure 9d): The initial deformation is accommodated as slip localized to the fault plane. Intermediate
amounts of deformation accrue slip as on the fault primary fault plane as well as distributed off-fault strain.
Once a deformation threshold is exceeded, off-fault deformation dominates.

Brooks et al. (2017) show that the coseismic slip along the principal fault trace for the 2014Mw 6.0 Napa earth-
quake terminates 3 to 25 m below the surface, possibly reflecting ductile deformation of unconsolidated sur-
face materials. In contrast to our results, they argue that the depleted slip is not accommodated along
secondary structures. The difference in behavior between the Napa and Kumamoto earthquakes may reflect
earthquakemagnitude. It is not too surprising that the lower magnitude Napa earthquake did not rupture the
surface. The larger magnitude Kumamoto earthquake ruptured the surface and caused the wider fault zone
to accumulate plastic deformation once the elastic strength of the fault rock was exceeded. Similar to our
results, Nissen et al. (2014) observe a shallow depletion of slip for the surface rupturing 2011 Mw 6.6
Fukushima-Hamadori, Japan, earthquake (up to 2 m slip in the investigated portion) and also suggest that
the missing slip is likely redistributed onto folds and secondary faults.

7.3. Off-Fault Deformation

Dolan and Haravitch (2014) suggest that structurally immature faults (<25 km of total offset) and mature
faults (>85 km) localize ~50–60% and 85–90%, respectively, of the total deformation along the fault trace.
Our estimate that 64 ± 29% of the total horizontal deformation of the Kumamoto earthquake was accommo-
dated on the principal fault is consistent with these predictions, although our approaches for calculating
off-fault deformation differ. Interestingly, the vertical deformation for the Kumamoto earthquake is approxi-
mately half as localized (twice as distributed) as the horizontal deformation; this observation is shown in both
the quantitative estimates of on-fault deformation and qualitatively in the 3-D displacement fields (Figure 3).
On the assumption that the far-field deformation reflects elastic deformation due to fault slip at depth, we
infer that the variation in the distribution of horizontal and vertical deformation signifies a vertical gradient
in rake along the primary fault plane from oblique slip at depth to dominantly right-lateral slip within the very
shallow subsurface. This suggestionmay reflect an anistropy in thematerial properties that cause the rocks to
fail faster when subjected to the stresses that drive vertical deformation.

The largest differences between the near- and medium-field displacement discontinuity occur within the
zone of fault bifurcation near the town of Dozon where the fault ruptures through tuff and pyroclastic flows
(Figures 1 and 8). The complex fault geometry created by the overlapping fault segments may explain the
distributed nature of the deformation, as other authors (e.g., Milliner, Dolan, et al., 2016; Milliner, Sammis,
et al., 2016) have correlated geometric fault complexity with distributed deformation. Shallow rock type is
commonly cited as a secondary control on the distribution of deformation. Softer rocks are commonly asso-
ciated with enhanced distributed deformation (Milliner, Dolan, et al., 2016; Teran et al., 2015; Zinke et al.,
2014). For the Kumamoto earthquake, we consider that the volcanic rocks near Dozon may indeed be quite
weak, particularly if they are heavily fractured or weathered. However, drill logs suggest that pyroclastic flows
and lavas underlie the alluvium within the Kiyama plain at a few tens of meters depth (Watanabe et al., 1979).
The extrusive volcanic rocks may exert a dominant control on the shallow surface deformation even where
the surface cover is alluvium.

7.4. Fault Zone Structure

The Kumamoto earthquake produced distributed off-fault and inelastic deformation over widths of ~250 m
with strain maximized along narrow fault zones. The near-fault regions that deformed inelastically in the 2016
earthquake likely spatially overlap with the compliant fault damage zone created by many past ~M7 earth-
quakes on the FHFZ. Future imagery differencing at still-higher spatial resolution may facilitate examining
whether the fault zone is best described as a block model with decreasing block dimension and material
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rigidity toward the principal fault (e.g., Shelef & Oskin, 2010) or as a broad shear belt with areas of localized
deformation (e.g., Johnson et al., 1997).

Off-fault cracking is likely an important mechanism in the accommodation of extension within the zones of
inelastic deformation (Figure 9). Seismic observations have demonstrated a seismic velocity reduction within
the upper few hundred meters of fault zones, which is often attributed to the opening of cracks (e.g., Ben-
Zion et al., 2003; Li et al., 2006; Li & Leary, 1990). Further, the physical properties of the damage zone vary sig-
nificantly along strike (Lewis & Ben-Zion, 2010). Ultimately, it is critical to couple observations of surface
deformation with computational models that include complex crustal rheology to understand controls on
variations in the surface deformation field and their relationship to fault zone structure (e.g., Brooks et al.,
2017; Roten et al., 2017).

8. Conclusion

We calculate 3-D coseismic displacements for the M7 2016 Kumamoto, Japan, earthquake from pre-
earthquake and post-earthquake high-resolution differential lidar topography. These data reveal valuable
information about shallow fault slip, off-fault deformation, and the coseismic strain field. We quantify the dis-
placement discontinuities at several apertures and show the presence of inelastic and distributed off-fault
deformation. Likely, the exceedance of the elastic strain threshold drove a shallow slip depletion on the pri-
mary fault trace and off-fault deformation along secondary structures. This study demonstrates that a variety
of on- and off-fault deformation behavior is well recorded with high-resolution differential topography.
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