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Non-technical summary Following the 2016 Kumamoto earthquake sequence, surface displace-
ments due to surface afterslip were observed at seven sites along a 5.7 km section of the fault. Surface afterslip
caused cracks on the road, displacement of painted road markings, and displacement of concrete block walls.
Repeated field measurements showed that the surface afterslip persisted for 6-7 years. The total displacement
amounted to 10-40 cm. Surface afterslip, which can last for several years, may cause further damage to sur-
face and subsurface infrastructure that has been repaired after earthquakes. When planning post-earthquake
restoration, it is important to check whether surface afterslip is occurring and to estimate when it will cease.

1 Introduction etry and slip distribution (Wesnousky, 2008; Nurminen

etal., 2022). However, the surface deformation does not
Intraplate active faults often generate surface ruptures necessarily end at the time of rupture.

that clearly delineate the fault movement at the ground
surface. Such coseismic surface displacements provide
key evidence for understanding the mechanical behav-
ior of the upper crust and for constraining fault geom-

Postseismic deformation occurs following large in-
terplate and intraplate earthquakes and has been de-
tected by satellites and GNSS networks over a wide area
around the source fault (Ozawa et al., 2012; Hong and
*Corresponding author: iwasa-y@fukuoka-edu.ac.jp Liu, 2021; Dhar et al., 2023; Shu et al., 2024; Suito, 2025;
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Figure 1 (a) Index map of the study area. (b) Distribution of the epicenters and surface ruptures associated with the Ku-

mamoto earthquake sequence. Yellow stars indicate the epicenters of the largest foreshock and the mainshock, and the dots
indicate the aftershocks following the mainshock. (c) Enlarged map of the study area. Black circles indicate locations where
the surface afterslip was observed. Red lines and white circles in Figure 1b and cindicate the surface ruptures associated with

the foreshock and the mainshock, respectively (Kumahara et al.,
(Nakata and Imaizumi, 2002).

Noda et al., 2017). Mechanisms driving postseismic de-
formation include viscoelastic relaxation in the lower
crustand upper mantle, poroelastic deformation involv-
ing upper-crust fluids, and afterslip along the rupture
zone (Hong and Liu, 2021; Churchill et al., 2022; Noda
et al., 2017). While afterslip has been detected in re-
cent years by satellites and GNSS networks, it has some-
times been observed as surface deformation along fault
traces (hereafter referred to as surface afterslip). The
surface afterslip can persist over several years, with dis-
placements reaching tens of centimeters (Scholz et al.,
1969; Lienkaemper and McFarland, 2017; Cakir et al.,
2005). These deformations could cause structures that
were damaged by an earthquake and subsequently re-
paired to be damaged again. Therefore, understand-
ing the temporal changes of surface afterslip is cru-
cial for effective post-earthquake reconstruction. Al-
though numerous surface-rupturing earthquakes have
occurred in Japan, there are few cases of surface after-
slip that have been observed, except for the 2016 Ku-
mamoto earthquake sequence (Shirahama et al., 2016;
Toda et al., 2021). In particular, few cases worldwide
where quantitative displacement has been directly and
continuously captured at the ground surface.

The Kumamoto earthquake sequence, consisting of
a M,, 6.2 foreshock and a M,, 7.0 mainshock, occurred
on 14 April and 16 April 2016, respectively, in central
Kyushu, southwest Japan. In the foreshock, 6-km-long
surface ruptures occurred mainly along the northern
Hinagu fault near its structural junction with the adja-
cent Futagawa fault (Sugito et al., 2016, Figure 1). The
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2022). Black lines in Figure 1b and c indicate the active fault

maximum dextral displacement of the surface rupture
was 50 cm (Sugito et al., 2016). During the mainshock,
~30-km-long dextral slip-dominated surface ruptures
with a maximum displacement of 2.3 m occurred along
the northern Hinagu fault, the entire Futagawa fault,
and the Idenokuchi fault (Fujiwara et al., 2016; Shira-
hama et al., 2016; Toda et al., 2016; Kumahara et al.,
2022, Figure 1). Postseismic deformation was detected
by satellite over a wide area after the Kumamoto earth-
quake (Fujiwara et al., 2016; Shirahama et al., 2016; Pol-
litz et al., 2017; Hashimoto, 2020; Himematsu and Fu-
ruya, 2020; Milliner et al., 2020; Liu et al., 2024). Fu-
jiwara et al. (2016) and Pollitz et al. (2017) indicated
that afterslip occurred on the northern part of the Hi-
nagu fault within the first year following the Kumamoto
earthquake. Liu et al. (2024) indicated that, during the
five years following the Kumamoto earthquake, post-
seismic deformation occurred at shallow depths on the
northern part of the Hinagu fault. Correspondingly,
surface afterslip was observed. In the northern part
of the Hinagu fault, Shirahama et al. (2016) reported
that the surface rupture displacement increased by 10
cm within 12 days after the earthquake. In a 2 km sec-
tion of the northern part of the Hinagu fault, Toda et al.
(2021) reported that ~20 cm of displacement occurred
within one year after the earthquake, and that a few cen-
timeters of displacement occurred during three years
from 2017 to 2020 at another site. However, the tem-
poral changes in displacement over longer timescales
(=5years) are unknown. Considering its structural junc-
tion with the Futagawa fault and its history of recur-
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ring surface deformation (foreshock, mainshock, and
postseismic phases), the northern part of the Hinagu
fault likely hosts a complex subsurface architecture.
Therefore, elucidating the temporal change in surface
afterslip within this segment can yield critical insights
into physical mechanisms, such as the effects of stress
changes at fault junctions and the spatial variability in
frictional properties at shallow depths.

In this study, we present the characteristics of tempo-
ral changes in surface afterslip following the Kumamoto
earthquake sequence based on field measurements.

2 Methods

To reveal the temporal change in surface afterslip, we
conducted six field surveys between March 2020 and
September 2023. First, we conducted field surveys to
determine whether surface afterslip had occurred along
the surface ruptures along the Futagawa and the Hinagu
faults associated with the Kumamoto earthquake. Inthe
field, we used linear features such as road lines and con-
crete block walls as markers of surface afterslip. We fo-
cused on three sites (Locs. 2, 6, and 7) where clear dex-
tral displacements were observed and recorded their
temporal changes by measuring the linear features with
a total station (Nikon NST-200CN). Because we could
not install permanent benchmarks, measuring identi-
cal coordinates across survey epochs was impractical.
Instead, we maintained measurement consistency by
tracing identical linear features, such as repeatedly sur-
veying a specific edge of a white road line during each
campaign (Figure S1). To calculate offsets, we first de-
fined the fault strike as the general strike of the surface
ruptures identified at each site. We projected all dis-
placement values parallel to this strike. Next, guided by
field observations and plotted survey data, we defined
undeformed reference sections on opposite sides of the
primary deformation zone using straight segments of
these linear features. For each survey epoch, we calcu-
lated the mean position of the points within each ref-
erence section and determined the fault displacement
as the difference between these two positions. We es-
timated the associated measurement uncertainty (rep-
resented by error bars in Figure 4) by calculating the
root sum square of the standard errors of the mean for
both reference sections. However, as described later,
these reference markers reflected displacements that
occurred after repairs conducted in the first half of 2017.
Consequently, the displacements during the first year
after the mainshock remain unknown. To capture the
early displacement after the mainshock, we measured
structures that preserved the coseismic displacement
from the mainshock.

3 Results

Investigation of all surface ruptures revealed surface af-
terslips, including cracks with dextral displacement, at
seven sites along a 5.7 km section of the northern Hi-
nagu fault (Figure 1). Unlike surface ruptures, surface
afterslip was discontinuous and occurred only locally at
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each site. This may be due not only to surface struc-
tural variations and the availability of clear reference
markers but also to subsurface geological heterogeneity
(Toda et al., 2021). Here, we describe the characteristics
of the surface afterslip. The locations and photographs
are shown in Figures 1 and 2, respectively. Site coor-
dinates, measurement timing, and displacement val-
ues are provided in the associated dataset (see Data and
code availability).

At Loc. 1 in Togawa, we found N80°E-trending cracks
on the road on 28 March 2020 (Figure 2a, b). The crack
has a north-side-down step of ~1 cm. At this site, a 30
cm north-side-down surface rupture occurred during
the mainshock of the Kumamoto earthquake sequence
(Kumahara et al., 2022), and the road was subsequently
repaired on 30 November 2017. Therefore, the cracks
observed on 28 March 2020 likely formed during the two
and a half years following the repair. Although no in-
crease in vertical displacement was detected, the cracks
appeared to have lengthened by 18 December 2022 com-
pared with 28 March 2020 (Figures 2a, b).

At Loc. 2 in Oike, we found N10°E-trending cracks
with a left-stepping en-echelon structure on the road on
29 March 2020 (Figure S1). The white line and pavement
joint were displaced dextrally (Figure 2c). Toda et al.
(2021) also observed these cracks and dextral displace-
ments in July 2020. At this site, a few-centimeter dex-
tral surface rupture was observed after the foreshock,
and a 55 cm dextral surface rupture occurred during
the mainshock of the Kumamoto earthquake sequence
(Kumahara et al., 2022). The road was subsequently re-
paired on 28 April 2017. Therefore, the dextral displace-
ment of the road line at Loc. 2 has recorded cumula-
tive displacement since April 2017. We measured the
road line shown in Fig. 2c four times with a total sta-
tion during the period from 2020 to 2022. From March
2020 to August 2022, the dextral displacement of the
road line increased from 5.9 cm to 8.8 cm (Figure 3a).
Based on the road repair date (28 April 2017) and the
measured displacement in August 2022 (8.8 cm), we es-
timated the slip rate of surface afterslip from April 2017
to August 2022 as 1.7 cm/year. Note that the pavement
was repaired again between August and December 2022,
precluding determination of surface afterslip. Further-
more, 15 m south of the road line, a ditch recorded
the displacement associated with both the mainshock
and the surface afterslip (Figure S3a). The ditch was
displaced dextrally by 69.9 cm in September 2023. Al-
though the measurement methods differed, consider-
ing that a 55 cm dextral displacement occurred during
the mainshock, the cumulative surface afterslip after
the mainshock was 14.9 cm. At Loc. 3 in Takaki, we
found N15°E-trending cracks and a small graben-like
depression on the road on 29 March 2020 (Figures 2d,
e). The small graben-like depression was first observed
on 29 March 2020 and was repaired and leveled by 27
September 2020 (Figure 2d). It reappeared on 4 Septem-
ber 2021 with a depth of 3.0 cm and deepened to 4.5
cm by 10 August 2022 (Figures 2e, S2). The pavement
joint was displaced dextrally by 3.5 cm (Figure 2f). Toda
et al. (2021) also reported these cracks and dextral dis-
placements of approximately 3 cm in August 2020. At
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Figure 2 Photographs of the surface afterslip along the Hinagu fault. The locations are shown in Figure 1. Red arrows

indicate the location of surface afterslips.

this site, cracks had been observed after the foreshock,
and a 30 cm dextral surface rupture occurred during the
mainshock (Kumahara et al., 2022). The road had been
repaired in April 2017; thus, the cracks observed on 29
March 2020 likely formed during the three years follow-
ing the repair.

At Loc. 4 in Takaki, we found N18°E-trending cracks
with a left-stepping en-echelon structure on the road on
29 March 2020 (Figure 2g). The pavement joint was dis-
placed dextrally by 5.8 cm. Toda et al. (2021) had ob-
served this en-echelon structure on 5 April 2017, report-
ing that it had grown to connect the open cracks formed
as surface ruptures during the mainshock. A compar-
ison of photographs from 5 April 2017, taken by Toda
et al. (2021), and 29 March 2020 indicates that the road
had been repaired, suggesting that surface afterslip was
still ongoing in 2020.

At Loc. 5in Takaki, we found N14°E-trending cracks

with a left-stepping en-echelon structure on the parking
lot on 11 August 2022 (Figure 2h). The pavement joint
was displaced dextrally by 2 cm (Figure 2i). Based on
information from residents, a 40 cm of dextral surface
rupture had been observed after the mainshock at this
site. The parking lot was paved in July 2021, indicating
that the cracks likely formed within one year following
the paving.

At Loc. 6 in Takaki, we found the concrete block wall
was displaced dextrally on 28 March 2020 (Figure 2j).
Toda et al. (2021) also reported this displacement in
2018. At this site, a 50 cm dextral surface rupture oc-
curred during the mainshock of the Kumamoto earth-
quake sequence (Kumahara et al., 2022), and the wall
was subsequently repaired in February 2017. There-
fore, the displacement observed on 28 March 2020 likely
formed during the three years following the repair. We
measured the concrete block wall shown in Figure 2j six
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average value of the undeformed section.

times with a total station. From March 2020 to Septem-
ber 2023, the dextral displacement of the concrete block
wall increased from 6.9 cm to ~8 cm (Figure 3b). The
value for September 2021 deviates considerably from
the trend observed in the other periods, suggesting that
it represents an outlier likely caused by measurement
error. Based on the road repair date (February 2017)
and the measured displacement in September 2023 (8.8
cm), we estimated the slip rate of surface afterslip from
February 2017 to September 2023 as 1.3 cm/year. Fur-
thermore, 140 m north of the concrete block wall, an-
other concrete block wall recorded the displacement as-
sociated with both the mainshock and the surface after-
slip (Figure S3b). Toda et al. (2021) reported that this
concrete block wall had displaced dextrally by 20 cm
within one year of the main shock. We measured the
displacement of this concrete block wall to be 91.8 cm in
September 2023. Although the measurement methods
differed, considering that a 50 cm dextral displacement
occurred during the mainshock, the cumulative surface
afterslip after the mainshock was 41.8 cm. The appar-
ent discrepancy between this 41.8 cm value and the ~8.8
cm displacement observed at Loc. 6 (140 m away) can
be attributed to several factors. Beyond potential spa-
tial variations in the displacement along the fault, we
must also consider the possibility that the apparent dis-
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placement was partially influenced by localized defor-
mation or tilting of the concrete structure itself, rather
than being purely tectonic. Additionally, differences in
the observation windows likely contributed to this dis-
crepancy. Specifically, because the wall at Loc. 6 was re-
paired in February 2017, it failed to capture the surface
afterslip that occurred during the first year following the
mainshock. As Toda et al. (2021) indicated, surface af-
terslip is larger immediately following the earthquake.
Furthermore, differences in measurement methods—
such as the use of a tape measure in Toda et al. (2021)
versus the total station used in this study—may have also
influenced the results.

AtLoc. 7in Takigawa, we found that the white line on
the road was displaced dextrally on 28 March 2020 (Fig-
ure 2k). At this site, an 11 cm of dextral surface rupture
occurred during the mainshock (Kumahara et al., 2022),
and the road was subsequently repaired in April 2017.
Therefore, the displacement observed on 28 March 2020
likely formed during the three years following the re-
pair. We measured the displacement of the road line
shown in Fig. 2k six times with a total station. From
March 2020 to September 2023, the dextral displace-
ment of the road line increased from 3.6 cm to ~5 cm
(Figure 3c). The value for December 2022 deviates con-
siderably from the trend observed in the other periods,
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Figure4 Temporal changesin dextral displacement since April 2017 at Locs. 2, 6, and 7. Locations are shown in Figure 1.

suggesting that it represents an outlier likely caused
by measurement error. Based on the road repair date
(April 2017) and the displacement measured in Septem-
ber 2023 (4.8 cm), we estimated the slip rate of sur-
face afterslip from April 2017 to September 2023 as 0.7
cm/year. Furthermore, immediately south of the road
line, a ditch recorded the displacement associated with
both the mainshock and the surface afterslip (Figure
S3c). The ditch was displaced dextrally by 21.2 cm in
September 2023. Although the measurement methods
differed, considering that an 11 cm dextral displace-
ment occurred during the mainshock, the cumulative
surface afterslip after the mainshock was 10.2 cm.

In the northern part of the Hinagu fault, surface af-
terslip continued after 2020. As afterslip typically fol-
lows a decaying trend (Nakao et al., 2019), we fitted

6

the temporal changes of the cumulative displacement
in Figure 4 using a logarithmic function. Repeated mea-
surements and fitted curves indicate that the amount of
displacement continued to increase through September
2023 (Figure 4), although the rate of increase has grad-
ually been declining. Furthermore, during our latest
field survey in February 2025, we detected no newly dis-
cernible surface displacement. This observation, com-
bined with the logarithmic decay curves, suggests that
the surface afterslip has decayed and has nearly termi-
nated.

4 Discussion and conclusion

In this study, we present the temporal changes in sur-
face afterslip following the Kumamoto earthquake. The
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Figure5 Accumulated displacementat Locs. 2,6, and 7 plotted against distance along the fault 12, 47, and 89 months after
the mainshock (Bigger dots). The coseismic displacement indicated by black dots is based on Kumahara et al. (2022).

cumulative displacement of the surface afterslip follow-
ing the mainshock amounted to 10-40 cm. Although
the results were limited to three sites, when we com-
pared the postseismic/coseismic displacement ratio at
each site, we found that the northern site (Loc. 2),
where coseismic displacement was large, exhibited a
small postseismic/coseismic ratio of 27% (Figure 5). In
contrast, the southern sites (Locs. 6 and 7), where co-
seismic displacement was small, exhibited a large post-
seismic/coseismic ratio greater than 80% (Figure 5). At
these southern sites, surface afterslip nearly equaled
the coseismic displacement; this elevated proportion
likely compensates for insufficient coseismic stress re-
lease during the mainshock (Toda et al., 2021; Shu et al.,
2024; Suito, 2025). At the southern sites where coseis-
mic displacement was small, the proportion of surface
afterslip may have been large because coseismic stress
release was insufficient (Toda et al., 2021; Shu et al.,
2024; Suito, 2025). If such phenomena also occurred
in the past, we would have difficulty distinguishing co-
seismic from postseismic displacement in paleoseismic
trenching or geomorphic offset studies. This could lead
to overestimation of past coseismic displacement and
earthquake magnitude derived from trench or geomor-
phic evidence, and therefore requires careful interpre-
tation (Baize and Scotti, 2015).

We found that surface afterslip persisted for 6-7 years
following the Kumamoto earthquake along a 5.7 km
section of the northern Hinagu fault. We estimated
the average slip rate for the period from 2017 to 2023
to be 0.7-1.7 cm/year. From a geodetic perspective,
Hashimoto (2020) reported that westward horizontal
displacement on the eastern side of the northern end

7

of the Hinagu fault could have reached 6 cm by the win-
ter of 2016. Hashimoto (2020) estimated this westward
slip rate as 6 cm/year by April 2018 (two years after the
earthquake). Liu et al. (2024), based on GPS observa-
tions, showed that postseismic deformation persisted
with displacements of a few centimeters for four to five
years after the earthquake. Furthermore, Nakao et al.
(2019) demonstrated that afterslip persisted for at least
three years after the earthquake using GNSS observa-
tions. GNSS stations installed on the southeastern side
of the Hinagu fault showed a southward displacement
of approximately 15 cm over about three years, with 11
cm of this displacement occurring within eight months
after the earthquake. Nakao et al. (2019) also indicated
an exponential decay of displacement using numerous
GNSS stations. Toda et al. (2021) suggested that the in
situ-measured surface afterslip represents the surface
manifestation of afterslip. Although the absolute slip
rates differ, the decaying trend of the displacement ob-
served in our study (Figure 4) qualitatively agrees with
the behavior reported by these geodetic studies. The re-
sults of this study, indicating that surface afterslip per-
sisted for 6-7 years after the earthquake with a grad-
ual decay, are consistent with the overall spatiotempo-
ral changes identified in previous geodetic findings.

Based on our results and other geodetic observations,
surface afterslip following the Kumamoto earthquake
occurred in the northern part of the Hinagu fault, near
its junction with the Futagawa fault. In this section of
the fault, surface ruptures occurred not only during the
mainshock but also during the foreshock (Sugito et al.,
2016; Kumahara et al., 2022). The repeated surface fault-
ing associated with both a foreshock and a mainshock is
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rare worldwide (Sugito et al., 2016), and the subsequent
occurrence of surface afterslip in the same section is ex-
ceptional. This is possibly related to the fact that this
segment is located at the junction of the Hinagu and Fu-
tagawa faults.

Surface afterslip, similar to that observed after the
Kumamoto earthquake, has been reported for past in-
traplate earthquakes. Regarding the amount and dura-
tion of surface afterslip, displacements of up to ~20 cm
occurred within several months following the 2014
South Napa earthquake (M 6.0) on the West Napa fault
zone and the 2022 Guanshan-Chihshang earthquake
(M,, 6.8) on the Yuli fault (Lienkaemper et al., 2016;
Wang et al., 2024). Furthermore, surface afterslip per-
sisted for six years with maximum displacements of
~30 cm following the 1944 Bolu-Gerede earthquake (M,,
7.3) on the North Anatolian fault and the 2004 Parkfield
earthquake on the San Andreas fault (Lienkaemper and
McFarland, 2017; Cakir et al., 2005). For the Kumamoto
earthquake we studied, surface afterslip of ~40 cm oc-
curred over a six-year period. Compared with previous
cases, the duration is relatively long, while the displace-
ment is consistent with previous cases.

As shown by this and previous studies, surface after-
slip lasting several years can occur along intraplate ac-
tive faults following an earthquake. From the perspec-
tive of post-earthquake recovery, even if damaged sur-
face structures and subsurface infrastructures are re-
paired immediately after an earthquake, they may be
re-damaged by subsequent surface afterslip (Toda et al.,
2021). Therefore, particularly for critical subsurface in-
frastructures such as water and gas pipelines—whose
repair would require considerable time and cost—it
is essential to consider surface afterslip, especially
where subsurface infrastructures cross faults. This in-
cludes incorporating flexibility to accommodate dis-
placements on the order of tens of centimeters, or post-
poning full-scale restoration until displacement has
been confirmed to have ceased.
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