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Abstract 

Interferograms pertaining to large earthquakes typically reveal the occurrence of elastic deformations caused by the 
earthquake along with several complex surface displacements. In this study, we identified displacement lineaments 
from interferograms; some of which occur on the shallow section of seismogenic faults. However, such displacements 
are typically located away from the hypocenter, and they are considered as triggered shallow slips. We found that the 
triggered shallow slips had a varied nature, as follows. (1) No evidence has yet been obtained regarding the genera-
tion of large seismic motion via triggered shallow slips; thus, their occurrence is seldom considered a cause of major 
earthquakes. However, we found that a movement of triggered shallow slip associated with an M 6-class earthquake 
occurred on an active fault that has previously caused an M 7-class earthquake. (2) At certain locations, several paral-
lel displacement lineaments have been discovered. During the Kumamoto earthquake sequence in 2016, the strain 
created by the main shock and the motion of triggered shallow slips coincided at a specific location, resulting in the 
creation of parallel triggered shallow slips by the main shock. Conversely, at another location, the movements of the 
main shock and triggered shallow slips did not match, since the main shock was simply a trigger, whereas the latter 
parallel triggered shallow slips are likely a means for releasing previously accumulated strain. (3) The fault scaling 
law—which states that the length and displacement of a fault are proportional—does not hold true for triggered 
shallow slips. However, the parallel triggered shallow slips show a relationship between horizontal spacing and its 
displacement. This may be attributed to immobility in deep locations. These results lead to the following conclusions. 
Large earthquakes tend to trigger shallow slips on the pre-existing faults. Subsequently, these triggered shallow slips 
release accumulated strain by causing fault motions, which in turn result in displacement lineaments. The occurrence 
of such passive faulting creates weak, mobile fault planes that repeatedly move at the same location. These triggered 
shallow slips cause the diversity among active faults as a result.
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Introduction
The interferometric synthetic aperture radar (InSAR) 
technology is generally used to detect surface deforma-
tions caused by earthquakes, volcanic activity, land-
slides, ground subsidence, etc. Typically, interferograms 

of large earthquakes reveal deformations caused by the 
main seismogenic faults. However, Fujiwara et al. (2000b) 
observed the occurrence of several small displacement 
lineaments (hereinafter referred to as “DLs”) in interfero-
grams obtained from an L-band SAR satellite from the 
Kobe earthquake of 1995. Since the location of some of 
these DLs coincided with those of active faults, the DLs 
likely appeared to be triggered shallow slips (hereinaf-
ter referred to as “TSSs”). Subsequently, Fujiwara et  al. 
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(2000a), Nishimura et al. (2008), Fukushima et al. (2013), 
Kaneko et al. (2015), Fujiwara et al. (2016), and Fujiwara 
et  al. (2019) reported the occurrence of several similar 
DL features caused by other large earthquakes.

Fujiwara et al. (2000a) classified small-scale displace-
ment anomalies in interferograms, including co-seismic 
deformation of large earthquakes into six categories: 
(1) main earthquake faults and their branched sub-
faults, (2) aftershock faults, (3) earthquake faults indi-
rectly related to the main shock, (4) landslides and/or 
creep along geologically weak surfaces caused by strong 
earthquake motion, (5) elastic seismic deformation on 
steep topographies, and (6) noise in the interferograms. 
DLs clearly correspond to fault-like displacements that 
appear to be away from the main earthquake’s faults in 
interferograms. Displacements considered in this study 
likely belong to Category (3), as described above. TSSs 
were reported in a number of studies (e.g., Allen et al. 
1972; Sangawa et  al. 1985; Sieh 1982). Sangawa et  al. 
(1985) reported that TSSs did not independently cause 
a large earthquake, and that the observed fault motion 
was caused by other large earthquakes. Recent work has 
found that a shallow slip can also be triggered by earth-
quakes that occurred thousands of kilometers away 
(e.g., Tymofyeyeva et  al. 2019). Fujiwara et  al. (2016) 

reported the occurrence of more than 230 DLs during 
the Kumamoto earthquake sequence of 2016, and this 
finding drew considerable research attention during the 
development of the InSAR technology.

A large earthquake causes crustal deformation over 
a wide area, and exposed faults can be identified by 
ground surveys (e.g., Shirahama et al. 2016) and by aer-
ial photographs (e.g., Nakano et al. 2019; Yoshida et al. 
2016). However, it is difficult to perform a comprehen-
sive and efficient fault analysis using ground surveys 
and/or aerial photographs owing to the inability of both 
methods to detect small displacements (measuring sev-
eral cm) over the surveyed areas. Since most ruptures 
do not exist as continuous cracks (Fig. 1), it is difficult 
to comprehend the characteristics of DLs using ground 
surveys and/or aerial photographs exclusively. Satel-
lite-based remote-sensing techniques are capable of 
mapping deformation fields over large areas with high 
accuracy (precision of up to few cm), without the need 
for ground-based measurement facilities.

The Japanese Earth Resources Satellite (JERS-1), 
launched in 1992 by National Space Development 
Agency of Japan (NASDA; now known as Japan Aero-
space Exploration Agency, JAXA), was equipped with 
an L-band SAR sensor. It acquired a large volume of 

Displacement measured by 
InSAR  

Cracks

a A fault reaches the surface

c Cracks appear on the surface

b A fault does not reach the surface

Radar line-of-sight (LOS) 
direction

Fig. 1 Schematic explanation of displacement measurement using InSAR for surface fault motion. InSAR can capture displacements along the 
radar line-of-sight caused by fault motion without being affected by deposits or cracks
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data globally during 1992 and 1998. In addition, JAXA 
has launched two L-band SAR satellites—Advanced 
Land Observing Satellite (ALOS) in 2006 and ALOS-2 
in 2014.

The wavelength of microwaves emitted by the JERS-1, 
ALOS, and ALOS-2 satellites is advantageous for per-
forming surface-displacement observations. The L-band 
InSAR is generally appropriate for detecting surface dis-
placements—even in vegetated areas—owing to its high 
interferometric coherence compared to C- and X-band 
microwaves (e.g., Morishita and Hanssen 2015; Rosen 
et  al. 1996). Because Japan comprises a mountainous 
terrain with heavy vegetation, the above-mentioned 
capability of L-band InSAR facilitates surveying the 
crustal deformation of a large region of interest. Stack-
ing multiple interferograms (Fujiwara et  al. 1998) and/
or use of time-series analysis techniques, such as SBAS 
(Berardino et  al. 2002) and PSInSAR (Ferretti et  al. 
2001), can improve interferogram quality even at shorter 
wavelengths. However, obtaining a sufficient number 
of InSAR image pairs for stacking and performing time-
series analyses is often considered impossible because 
of the limited number of satellite observations for a par-
ticular earthquake. Therefore, time-series analyses were 
not performed in this study. Moreover, in satellites such 
as ALOS-2, the frequency of observations outside Japan 
may not necessarily be high. However, L-band InSAR 
enables effective processing of information even in areas 
mapped with a low observation frequency.

The L-band InSAR is one of the best tools for the detec-
tion of details concerning the crustal deformation caused 
by earthquakes. The improvement in performance of the 
ALOS-2 satellite and other short-term intensive obser-
vations has revealed the occurrence of several phenom-
ena, especially during the 2016 Kumamoto earthquake 
sequence (Fujiwara et  al. 2016; 2017a; Morishita 2019). 
This study reviews these past cases of DL detection; in 
addition, new analyses have been performed. Subse-
quently, in the light of these analyses, this study clarifies 
the nature of TSSs. Since the causes of linear displace-
ments observed in interferograms cannot be specified, 
such lineaments are referred to as DLs. The purpose of 
this study is to extract DLs and discuss TSS properties.

Data and methods
In this study, we used L-band SAR data obtained from 
JERS-1, ALOS, and ALOS-2 satellites. SAR data were 
processed as described by Fujiwara et  al. (2016; 2017b; 
2019). DL detection involves determining a linear dis-
placement shift in interferograms that reveal a change 
in the distance between the ground target and satellites 
along the radar line-of-sight (LOS). DLs may not be 
found from a specific direction because the displacement 

direction may be nearly perpendicular to the radar LOS. 
Therefore, it is desirable to use interferograms captured 
along different LOS directions if possible.

In this study, DLs were mapped on interferograms. The 
obtained LOS displacement data mainly comprised co-
seismic displacements due to seismogenic faults; other 
localized signals, and noise, such as atmospheric noise. 
Although significant atmospheric noise can be cap-
tured in interferograms, we assumed short-wavelength 
lineaments in interferograms to be unrelated to atmos-
pheric noise owing to the latter being characterized by 
long wavelengths (Fujiwara et  al. 1998). Moreover, line-
aments were obtained from interferograms recorded on 
different dates; thus, the occurrence of identical atmos-
pheric effects on different data acquisition dates is highly 
unlikely (Fujiwara et  al. 2016). In principle, lineated 
features in the radar phase may be an atmospheric arti-
fact if they correlate with topography (e.g., a valley or 
a ridge). However, we consider that the DLs are not an 
artifact because they are present in all co-seismic inter-
ferograms but not in any pre- and post-seismic interfero-
grams (Fialko et al. 2002), and other lineated features are 
not found in steeper terrains in their vicinity. In addi-
tion, digital elevation models were used in this study to 
remove topographic effects. These digital elevation mod-
els afford sufficient DL detection accuracy (Fujiwara et al. 
2016; 2017b). For the above-mentioned reasons, the long 
and clearly visible DLs identified in this study were con-
sidered to have been caused by seismic activities.

There exist three major methods for DL identifica-
tion in interferograms. The first involves directly reading 
phase discontinuity from interferograms. L-band SAR 
interferograms generally have much higher quality than 
those obtained from other satellites. In addition, acquisi-
tion of images from different satellite positions facilitated 
easy DL identification. In cases wherein DL displacement 
exceeded several centimeters, this identification method 
was used. The second method uses surface-displacement 
gradient maps or high-pass filtered maps for DL visuali-
zation (Fujiwara et al. 2000a, b; Price and Sandwell 1998). 
In cases involving small displacements, gradient and/or 
high-pass filtered maps are helpful in lineament identifi-
cation. In cases involving extremely small displacements, 
such as 1–2  cm, these maps become necessary for DL 
identification. The third method involves using interfero-
gram coherence maps as a supplementary tool for identi-
fying DLs (Fujiwara et al. 2016).

Although phase unwrapping is essential for stack-
ing and phase gradient analysis, it should be noted that 
phase unwrapping is not applied to all interferograms 
due to decorrelation. Essentially, we utilized the origi-
nal wrapped interferograms to identify DLs because of 
the complexity of phase discontinuities in the presence 
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of a number of DLs and decorrelations. Since linearity is 
visually determined and linearity judgments may there-
fore change from one analyst to another, an objective 
judgment standard should be created for reference in all 
cases, which can be used even when the displacement is 
small and/or the linearity is not clear.

A single InSAR image is limited to a radar LOS direc-
tion and cannot be separated to the vertical and hori-
zontal displacements without assumptions. Multi-angle 
observations from ascending and descending orbits 
over short time periods facilitate 2.5-D (Fujiwara et  al. 
2000a, b) and/or 3D (e.g., Morishita et al. 2016) surface-
deformation analyses. Because of the inclination of the 
ALOS-2 satellite orbit, the ascending and descending 
orbits are not parallel, and the combination of left and 
right observations enables us to detect crustal defor-
mation in 3D. Although such analysis methods are not 
always necessary for DL detection, they are useful for 
quantitatively analyzing displacement directions. For 
such analyses, however, we not only need the multi-angle 
observations but also to unwrap the interferograms; then 
these analyses are limited.

Fujiwara et  al. (2016) referred to lineaments as “lin-
ear surface ruptures”; however, owing to the difficulty 
involved in determining whether actual ruptures exist, 
we refer to these features as DLs, which demonstrate a 
sharp contrast in phase changes. They are derived from 
linear phase discontinuities and/or offsets revealing dis-
placements in interferograms. Notably, these features are 
not the same as fault ruptures, owing to the fact that they 
are derived from displacements. In general, ruptures do 
not always appear directly on a surface (see Fig. 1).

Because a major objective of this study is to investigate 
the motion of hidden faults, we attempted to remove 
displacements demonstrating intricately bent and/or 
circular curves, such as those indicating landslides, liq-
uefaction (Nakano et  al. 2019), and lateral spreading 
(Fujiwara et al. 2017a). Landslides can be easily identified 
because they tend to appear as circular mass movements 
in interferograms originating from a hillside or hilltop 
and sliding down.

Examples of DLs detected by L‑band InSAR
This section introduces major DLs detected using L-band 
InSAR.

Mw 6.9 Kobe earthquake of 1995
Using JERS-1 InSAR data, Fujiwara et  al. (2000b) 
reported the appearance of nearly 30 DLs (Fig. 2) caused 
by the Kobe earthquake (Mw 6.9) that occurred on Jan-
uary 17, 1995. As observed, most of these DLs coin-
cided with known active faults. The Nojima fault—an 
exposed active fault that is likely connected to the main 

seismogenic faults—exhibits the occurrence of an exces-
sively large displacement, and it therefore cannot be 
detected from interferograms. Fujiwara et al. (2000b) also 
reported the occurrence of strong seismic vibrations in 
the DLs found in the region surrounding the main faults. 
Accordingly, there exists a possibility that hidden faults 
accelerate the main seismic vibrations.

Mw 5.9 Northern Iwate earthquake of 1998
Using JERS-1 InSAR data again, Fujiwara et  al. (2000a) 
reported the appearance of 15 DLs (Fig.  3) caused by 
the Northern Iwate earthquake (Mw 5.9) that occurred 
on September 3, 1998. Their study was the first to per-
form 2.5-D analyses to examine DL movements. Fujiwara 
et  al. (2000a) reported that the movement of some DLs 
coincides with an increase in the Coulomb failure func-
tion (delta CFF) of the modeled main earthquake fault, 
whereas the other DLs did not demonstrate this coinci-
dence. Moreover, some DLs closely correlated with local 
volcanic activities.

Mw 6.7 Chuetsu‑oki earthquake of 2007
Using ALOS InSAR data, Nishimura et  al. (2008) 
reported the occurrence of a DL approximately 12–25 km 
away from the epicenter of the Chuetsu-oki earthquake 
(Mw 6.7), which occurred on July 16, 2007. Figure  4 
depicts the interferogram and the DL therein. The shape 
of the displacement resembles that of a local uplift (1.5-
km wide and 15-km long), and this is not likely a result 
of simple fault motion. The existence of this uplift indi-
cates an episodic growth of active folds, and the trigger-
ing of creep acceleration can probably be attributed to an 
increase in static stress due to the earthquake (Nishimura 
et al. 2008).

Mw 6.6 Iwaki earthquake of 2011
Using ALOS InSAR data, Fukushima et  al. (2013) 
reported the appearance of not only the main earthquake 
faults but also secondary-earthquake faults caused by the 
Iwaki Earthquake (Mw 6.6) that occurred on April 11, 
2011. Figure 5 depicts the DLs identified in this study.

Kumamoto earthquake sequence of 2016
Using ALOS-2 InSAR data, Fujiwara et  al. (2016) 
reported the appearance of more than 230 DLs (Fig.  6) 
caused by the Kumamoto earthquake sequence of 2016, 
with the largest earthquake of Mw 7.0 occurring on April 
16, 2016. Reported DLs were modified in this study. 
Detailed analyses are described in the next section.

Mw 5.6 Northern Osaka earthquake of 2018
On June 18, 2018, an Mw-5.6 earthquake hit the northern 
Osaka prefecture in Japan at a depth of approximately 
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Fig. 2 Displacement lineaments caused by the Mw-6.9 Kobe earthquake of 1995. Red lines indicate the displacement lineaments identified by 
Fujiwara et al. (2000b) using a JERS-1 interferogram. The star indicates the epicenter of the main shock. Dotted lines indicate known active faults 
(Earthquake Research Committee 2020)

Mt. Iwate

IwateAkita
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Fig. 3 Displacement lineaments caused by the Mw-5.9 Northern Iwate earthquake of 1998. Red lines indicate the displacement lineaments 
identified by Fujiwara et al. (2000a) using JERS-1 interferograms. The star indicates the epicenter of the main shock. Dotted lines indicate known 
active faults (Earthquake Research Committee 2020)
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Fig. 4 Interferogram depicting the displacement lineament caused by the Mw-6.7 Chuetsu-oki earthquake of 2007. The image is superposed on 
top of the shaded topography. The interferogram was constructed using ALOS data between June 14 and September 14, 2007. A displacement 
lineament exists between two arrows identified by Nishimura et al. (2008). The star indicates the epicenter of the main shock. Dotted lines indicate 
known active faults (Nakata and Imaizumi 2002)
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Fig. 5 Displacement lineaments caused by the Mw-6.6 Iwaki earthquake of 2011. Red lines indicate the displacement lineaments identified in this study 
using ALOS interferograms. The star indicates the epicenter of the main shock. Dotted lines indicate known active faults (Nakata and Imaizumi 2002)
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15 km (Earthquake Research Committee 2018), and the 
focal mechanism demonstrated a compression axis along 
a WNW–ESE direction. The Arima–Takatsuki fault zone 
extending along the E–W direction had been identified in 
the region surrounding the epicenter. However, the shal-
low part of the fault zone was not considered to be the 
seismogenic fault (Kato and Ueda 2019).

Figure  7a depicts an interferogram captured by the 
ALOS-2 satellite. The crustal deformation caused by the 
seismogenic fault was approximately measured to be less 
than 2–3 cm. However, a very small linear feature can be 
found between the arrows shown in Fig. 7a. We identified 
a DL using a displacement gradient map (Fig. 7b). Among 
the earthquakes for which we have identified DLs, the 
northern Osaka earthquake of 2018 was of the smallest 
magnitude. Known active faults belonging to the Arima–
Takatsuki fault zone are depicted in Fig. 7c. The eastern 
part of the DL can be clearly observed and coincides with 
a known active fault—Makami fault. The Makami fault 
demonstrated a movement of approximately 1  m at the 
time of a large historic earthquake—the Keicho–Fushimi 
earthquake of 1596—having a moment magnitude of 
approximately 7 (Earthquake Research Committee 2001). 
The concerned DL demonstrated right-lateral movement 
coinciding with the historical movement of the Makami 
fault. This is important evidence in that even a major 
active fault causing an M 7-class earthquake can move as 
a DL.

Mw 6.6 Hokkaido Eastern Iburi earthquake of 2018
Fujiwara et  al. (2019) reported the appearance of DLs 
representing secondary earthquake faults to the west 
of the epicenter of the Mw-6.6 Hokkaido Eastern Iburi 
earthquake of 2018 that occurred on September 6, 2018. 
The observed DLs (Fig.  8) reveal reverse fault motion 
with low dip angles, and they appear to be geographic 
extensions of known active faults. However, it is unlikely 
that these displacements are directly connected to the 
seismogenic fault of the main earthquake, because the 
seismogenic fault demonstrated a high dip angle (Fuji-
wara et al. 2019). Although there is no evidence that the 
observed DLs generated strong seismic waves during the 
main earthquake, they may probably represent active 
fault traces and might act as sources of large earthquakes 
in the future. Therefore, such DLs can be used to identify 
potentially dangerous hidden active faults.

In the case of this earthquake, no DL traces were 
observed on the ground. As depicted in Fig.  1, if the 
fault does not reach the surface, its surface observation 
by ground survey becomes difficult. However, InSAR 
can capture the occurrence of entire DLs. In particular, 
L-band InSAR can obtain data over the entire surface, 
and it is extremely effective for identifying DLs.

Mw 7.8 South Island (New Zealand) earthquake of 2016
Morishita et  al. (2018) constructed interferograms per-
taining to the Mw-7.8 earthquake that hit South Island 
in New Zealand on November 13, 2016. Mapped DLs 
are depicted in Fig. 9. As pointed out by Morishita et al. 
(2018), some DLs are located near known active faults, 
and their strike directions demonstrate some regularity. 
In addition, the regional tectonic stress field appears to 
affect these DLs.

Mw 7.3 Iran–Iraq earthquake of 2017
Kobayashi et al. (2018a) constructed interferograms per-
taining to the Mw-7.3 earthquake that occurred along 
the Iran–Iraq border earthquake on November 12, 2017. 
Mapped DLs of the same are depicted in Fig. 10. As can 
be observed, most DLs are secondary faults, which are 
not directly related to the main earthquake. However, 
their slip is probably triggered by the main earthquake.

Ridgecrest earthquake sequence of 2019
The 2019 Ridgecrest earthquake sequence that hit Cali-
fornia on July 4–5, 2019, comprised three main shocks 
with moment magnitudes of 6.4, 5.4, and 7.1 (U.S. 
Geological Survey 2019). The Geospatial Information 
Authority of Japan (2019) constructed interferograms for 
these earthquakes, and we detected DLs from the images. 
Xu et  al. (2020) got better quality images using C-band 
InSAR because the area has little vegetation.

Figure  11 depicts the interferogram and DLs. Unlike 
other cases discussed in this section, seismic faults 
appeared directly on the surface during this earthquake 
sequence. As observed, the displacement of the north-
ern seismogenic fault was large, and the location of the 
surface fault could not be accurately determined—even 
in cases wherein the L-band InSAR was employed—
owing to the occurrence of decorrelations. A lineament 
extending along the southwest direction was surrounded 
by large deformation fringes, and displacements likely 
occurred at places with depths measuring several kilo-
meters. Therefore, these DLs look slightly different 
compared to general DLs and were likely caused by the 
seismogenic faults directly. In addition, other smaller DLs 
can be observed in the figure.

Detailed analyses of the Kumamoto earthquake 
sequence of 2016
Fujiwara et  al. (2016) demonstrated that DLs caused 
by the 2016 Kumamoto earthquake sequence tend to 
run parallel to each other with nearly constant hori-
zontal spacing. They can therefore be classified into 
several groups based on their locations and features. 
Two regions—around the Suizenji Park and north-
west of the outer rim of Aso caldera (hereinafter called 
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“NW-Aso”)—are analyzed in detail in this study. Several 
parallel DLs have appeared at these places.

Figure  12 depicts epicenters of earthquakes occurring 
after April 14, 2016, including aftershocks, and post-
seismic surface deformation detected by InSAR, respec-
tively (Fujiwara et al. 2016). For most DLs, the observed 
distribution matches well with the aftershock distribu-
tion. Corresponding focal mechanisms are depicted in 
Fig. 12c, and as observed, the focal mechanism of after-
shocks as well as the strike and displacement directions 
of DL agree well with the right-lateral movement, espe-
cially in the northeast and southwest regions depicted in 
Fig.  12c. However, there exist places, such as NW-Aso, 
where DL concentration occurred, despite no occurrence 
of aftershocks.

Post-seismic deformation (Additional file  1: Fig. S1) 
was observed in regions surrounding the Suizenji Park, 
whereas no such deformation was observed in NW-Aso. 
Further, several aftershocks were recorded around the 
Suizenji Park, whereas no aftershocks were observed 
in NW-Aso. Fujiwara et  al. (2016) suggested that 
there exists a significant difference between DL causes 
observed at Suizenji Park and NW-Aso. DLs at both 
these sites demonstrate graben formation. In the Suizenji 
Park region, however, some deformation mechanism was 
observed to be active after the main shock (Additional 
file 1: Fig. S1; Fujiwara et al. 2016), whereas no significant 
post-seismic deformation or aftershocks were observed 
in NW-Aso. The remainder of this section examines dif-
ferences between these DL groups.

Around Suizenji Park
Figure 13 depicts DLs around Suizenji Park along with a 
high-pass filtered up–down displacement map (Fujiwara 
et al. 2016) obtained using three-dimensional (3D) InSAR 
(Morishita et al. 2016; Morishita 2019). Figure 14 depicts 
the surface strain (extension and contraction) and dilata-
tion values calculated using a 3D deformation map for 
co-seismic displacement (Additional file  1: Fig. S2). As 
can be observed, the surface strain clearly demonstrates 
a dominant ENE–WSW extension in this region. There-
fore, large horizontal displacements along the ENE direc-
tion owing to right-lateral movement of the Futagawa 
fault that exists east of this region can be considered a 
probable reason behind DL occurrence. Because larger 
horizontal displacements exist in the eastern part, this 
region is characterized by an ENE–WSW extension field 
and displacements with a graben or half-graben struc-
ture. In addition, the observed DL movement coincides 
with increased delta CFF of main seismogenic faults, 
especially at shallow locations (Additional file 1: Fig. S3).

On the other hand, it is a natural predisposition to 
assume that faults in this region existed and that an 
earthquake led to their passive displacement as the DLs. 
In fact, some DLs can be observed to have been distrib-
uted along active faults described in the 1:25,000 active 
fault map “Kumamoto (revised ed.)” (Kumahara et  al. 
2017) published after the earthquake (Fig.  13). Subse-
quently, we estimated the existence of a shallow subsur-
face structure around Suizenji Park using borehole data 
and investigated the existence of faults that predispose to 
DLs associated with this earthquake.

Figure  13 depicts positions of borehole data acquisi-
tion and survey lines (A1–A9 and B1–B10) that connect 
them. Borehole data were obtained from the Geo-Sta-
tion (National Research Institute for Earth Science and 
Disaster Resilience 2016). Figure  15a shows the verti-
cal-displacement cross-section of InSAR, topographic 
cross-section, and borehole column diagrams along 
survey lines A1–A9 as well as the subsurface formation 
estimated using this information. The borehole columns, 
i.e., from the surface to approximately − 20 m above sea 
level, are divided into gravelly soil layers with N values 
exceeding 50 with sandy and silty soil layers above them. 
According to Tajiri et al. (1998), this region contains allu-
vium deposited from the surface to approximately 0  m 
above sea level and a terrace gravel layer between 0  m 
and − 20  m above sea level. Aso-3 or Aso-4 pyroclastic 
flow deposits are distributed below − 20  m above sea 
level. The sandy and silty soil layers depicted in Fig. 15a 
are considered alluvial layers and the gravelly soil layers 
are considered terrace gravel layers.

From Fig.  15a, using the top elevation of the gravelly 
soil layer as key, vertical displacements of the stratum 
can be recognized on the west of boreholes A2 and A6. 
As observed, the position and orientation of vertical dis-
placements exist in harmony with those of DLs detected 
by InSAR. In particular, an active fault can be confirmed 
to the southwest of borehole A6 (Fig.  13) with a high 
probability of fault existence. Existence of a graben struc-
ture can be confirmed between boreholes A2 and A6, 
and the subsidence between boreholes A2 and A6 can be 
observed in the subsurface region. In addition, the posi-
tion and direction of faults exist in harmony with those 
of DLs to the west of borehole A7. The fault is likely to 
correspond to the northern extension of the active fault 
identified in the south of this borehole (Fig. 13). In addi-
tion, stratum displacements to the west and east of bore-
holes A3 and A4, respectively, as well as the DL locations 
between boreholes A8 and A9 could not be confirmed.

Figure  15b depicts the vertical-displacement cross-
section, topographic cross-section, and borehole column 
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diagrams along survey lines B1–B10 along with sub-
surface formation estimated using this information.1 
The borehole column diagrams reveal that although the 
volcanic-ash layer remains partially sandwiched from 
the surface to approximately − 20 m above sea level, the 
borehole columns remain roughly identical to those cor-
responding to survey lines A1–A9. However, considering 
the geological profile of Tajiri et al. (1998), the hard rock 
at B10 at a depth of more than 15  m above sea level is 
Aso-4 pyroclastic flow deposit. To be precise, the bore-
hole columns largely comprise a gravelly soil layer with 
N value exceeding 50, capped by sand and silty soil layers 
at the top. Similar to the case described above, when the 
top elevation of the gravelly soil layer is considered key, 
vertical displacement of the stratum can be recognized to 
the west of borehole B7 and between boreholes B8 and 
B9. The position and orientation of these vertical dis-
placements of the stratum were observed to be consistent 
with those of DLs detected by InSAR, thereby confirm-
ing the existence of a fault. In particular, an active fault 

can be confirmed between boreholes B8 and B9 with a 
high probability of fault existence because the active fault 
was described by Kumahara et al. (2017) and Goto et al. 
(2017).2 Likewise, no displacement of the geological for-
mation could be confirmed at DL locations detected to 
the east and west of boreholes B6 and B9, respectively. 
Although no DL was detected between boreholes B7 and 
B8, the existence of faults with vertical displacement was 
indirectly confirmed by the top elevation of the gravelly 
soil layer. Since there exists an active fault to the north of 
the gap between boreholes B7 and B8 (Fig. 13), the fault 
likely extends to the south as well.

In view of the above results, DLs detected by InSAR 
were active faults, as reported by Kumahara et al. (2017), 
unknown faults, or passively displaced faults caused by 
the Kumamoto earthquake sequence.

It is noteworthy that irrespective of DLs demon-
strating similarities in length and displacement on 

Mt. Aso

Kumamoto

Shikoku

Kyushu

Fig. 6 Displacement lineaments caused by the Kumamoto earthquake sequence of 2016. Red lines indicate the displacement lineaments 
identified by Fujiwara et al. (2016) and modified in this study using ALOS-2 interferograms. Blue broken lines indicate large discontinuities observed 
in ALOS-2 pixel offset images. The star indicates the epicenter of the main shock. Dotted lines indicate known active faults (Earthquake Research 
Committee 2020; Kumahara et al. 2017; Suzuki et al. 2017)

1 The borehole head elevation of the original data of borehole B9 is indicated 
as 0.29 m. However, it was judged that the borehole head elevation and bore-
hole head depth were erroneously described because the shallow soil was con-
sidered surface soil. In Fig.  16a, the top of the borehole column was placed 
near the ground surface.

2 According to Goto et  al. (2017), analysis of borehole data around the area 
showed that the upper surface of the Aso-4 pyroclastic flow deposit, which is 
distributed 10 to 20 m underground, is displaced vertically by approximately 
10 m due to this active fault. Since the borehole data and cross-sectional posi-
tion used in this study are different from that of Goto et al. (2017), the stratum 
composition and the amount of vertical displacement do not match, but we 
are certain that the vertical displacement exists underground at this site.
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Fig. 7 Displacement lineament caused by the Mw-5.6 Northern Osaka earthquake of 2018. a Interferogram depicting surface deformation. The 
interferogram was constructed using ALOS-2 data captured between April 9 and June 18, 2018. A displacement lineament exists between the 
two arrows as identified in this study. The star indicates the epicenter of the main shock. b Gradient shade map of ALOS-2 InSAR line-of-sight 
displacement. Gradients along 60° and 150° (positive clockwise from north to east) directions were calculated and the one that is larger in 
magnitude was mapped. There exist two arrows indicating the same position, as in a. c The red line indicates a displacement lineament identified 
in this study. The red broken line indicates a displacement lineament, the existence of which is uncertain owing to small displacements. The star 
indicates the epicenter of the main shock. Dotted lines indicate known active faults (Okada et al. 2008)
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Atsuma

Mukawa 

Hokkaido

Fig. 8 Displacement lineaments caused by the Mw-6.6 Hokkaido Eastern Iburi earthquake of 2018. Red lines indicate displacement lineaments 
identified by Fujiwara et al. (2019) using ALOS-2 interferograms. The star indicates the epicenter of the main shock. Dotted lines indicate known 
active faults (Earthquake Research Committee 2020)

Kaikoura

New Zealand

-12          -6       0          6       12
LOS change (cm)

Toward
satellite
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satellite

Fig. 9 Interferogram indicating displacement lineaments caused by the Mw-7.8 South Island (New Zealand) earthquake of 2016. The interferogram 
was constructed using ALOS-2 data captured between October 23 and December 4, 2016. Red lines indicate displacement lineaments identified by 
Morishita et al. (2018) and modified in this study. The star indicates the epicenter of the main shock
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Fig. 10 Interferogram depicting displacement lineaments caused 
by the Mw-7.3 Iran–Iraq earthquake of 2017. The interferogram 
was constructed using ALOS-2 data captured between August 9, 
2016, and November 14, 2017. Red lines indicate the displacement 
lineaments identified by Kobayashi et al. (2018a). The star depicts the 
epicenter of the main shock
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Arizona

-12          -6       0          6       12
LOS change (cm)
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Fig. 11 Interferogram depicting the displacement lineaments caused by the Ridgecrest earthquake sequence of 2019. The interferogram was 
constructed using ALOS-2 data captured between August 12, 2017, and July 13, 2019 (Geospatial Information Authority of Japan 2019). Red lines 
indicate the displacement lineaments identified in this study. The star indicates the epicenter of the main shock

interferograms, their respective underground struc-
tures differ significantly. It is unclear whether this is due 
to insufficient borehole data or if DLs move during an 
earthquake without necessarily being dependent on their 
underground structures. Therefore, further research 
must be performed in this regard.

Northwest of outer rim of Aso caldera (NW‑Aso)
In this study, several dozen DLs were observed in the 
NW-Aso region. These DLs were generally aligned along 
the WNW–ESE direction and comprise typical dip-
slip displacements. Figure  16a depicts DLs observed in 
NW-Aso along with a high-pass-filtered up–down dis-
placement map, whereas Fig.  16b depicts the difference 
between vertical displacements to the north and south 
of each DL. The largest up–down displacement gap 
(exceeding 40 cm) was observed in the southern part of 
NW-Aso. Two typical cross-sections indicated in Fig. 16a 
are depicted in Fig. 17.

The DL group in NW-Aso was further divided into two 
groups—northwest and southeast—the mainly comprised 
dip-slip displacements comprising downward movement 
of the southern and northern DL sides, respectively (Fuji-
wara et  al. 2016). The observed displacement patterns 
demonstrate saw-tooth shapes, directions of which dif-
fer between the two groups (Fig. 17). Suzuki et al. (2017) 
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Fig. 12 Epicenters and focal mechanisms of shallow earthquakes occurring between April 14 and December 31, 2016. a Epicenters (M > 1.5; 
0 km < Depth < 10 km). b Epicenters (M > 1.5; 0 km < Depth < 3 km). c Focal mechanisms (M > 3.0; 0 km < Depth < 10 km)
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reported existence of up to 10 known active faults in this 
region. These faults (belonging to the Kuradake fault 
group) are characterized by graben landforms, and the 
positions and directions of the known active faults coin-
cide with those of DLs (Fujiwara et al. 2016; Fig. 6).

In this study, the existence of a correlation between 
topography and vertical displacement can be realized. 
For example, the 2-km horizontal distance in Fig.  17b 
shows that the difference in height (topography) equals 
approximately 50  m, and the vertical displacement 
equals approximately 50  cm. If the same displacement 
value is recorded for each historical earthquake, it would 
require at least 100 such earthquakes to build the cur-
rent topographic relief. This correlation between slip 
displacements and topography suggest that earthquakes 
occurring in regional tectonic stress fields tend to cause 
similar DLs at identical positions resulting in the forma-
tion of the observed topography (Fujiwara et al. 2000a).

There exist several parallel faults along the E–W 
direction in central Kyushu between the Beppu Bay 

and Unzen (Chida 1992). NW-Aso (the Kuradake fault 
group) is located near the center of this characteristic 
region. Figure  18a depicts the Haneyama–Kuenohira - 
yama fault zone (located approximately 30 km north of the 
Kuradake fault group). To facilitate comparison between 
the two fault groups, Fig. 18b depicts DLs demonstrating 
normal fault movements with identical to those of corre-
sponding movements observed in NW-Aso. As observed 
in both groups, the northern and southern parts mainly 
comprise dip-slip displacements with the corresponding 
southern and northern sides exhibiting downward move-
ment, respectively. This suggests that fault groups in cen-
tral Kyushu were formed via similar mechanisms. Based 
on the similarity between the Kuradake fault group and 
the Haneyama–Kuenohirayama fault zone, the occurrence 
of large earthquakes in faults such as the Futagawa fault 
zone (the main earthquake fault) likely triggered move-
ments of surrounding DLs. Some of the remaining N–S 
extension strain in the shallow area is likely released in the 
normal fault group in central Kyushu. In addition, these 
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Fig. 13 High-pass-filtered up–down displacement map around Suizenji Park. The image was created using 3D InSAR of ALOS-2 (Fujiwara et al. 
2016). Red and blue areas represent up and down displacements, respectively. Red solid lines indicate the identified displacement lineaments. 
Red ticks indicate the lower side of each displacement. Black dotted lines indicate the active faults (Kumahara et al. 2017). The area under study is 
depicted in Fig. 12 and Additional file 1: Fig. S1. A1–A9 and B1–B10 represent the positions of boreholes with two survey lines connecting them
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normal fault groups exist near regions of volcanic activity, 
and together with wide-range stress-field characteristics, 
this can be considered a unique but typical geological fea-
ture of central Kyushu.

Figure 19a depicts the difference between N–S compo-
nents of horizontal displacements to the north and south 
of each DL. This difference in displacements corresponds 
to N–S opening displacements at each DL. Figure  19b 
illustrates surface strain and dilatation values calculated 
using the 3D deformation map (Additional file 1: Fig. S2). 
As can be observed, strain distributions in the southern 
and eastern parts of Fig. 19b demonstrate greater varia-
tion from place to place compared to other regions owing 
to the southern region’s proximity to the Futagawa fault 
and the occurrence of local lateral spreading in the east-
ern region (Fujiwara et al. 2017a). In the central region, 
N–S extension is dominant around “Ext.” in Fig.  19b, 
whereas an N–S contraction exists around “Cont.” This 
can be attributed to the greater northward movement of 
the southern part of “Cont.” compared to other regions. 
Interestingly, DLs in “Cont.” moved to open N–S direc-
tion (Fig. 19a) despite the shortening of the strain in this 
direction (Fig. 19b). This is because, in this study, strain 
was calculated by averaging surrounding crustal defor-
mation data, thereby resulting in an effect similar to that 
of low-pass-filtered displacement; the strain represents 
a somewhat broader force than the ones that DLs were 
receiving directly. (Figure  19a). In addition, DL move-
ment observed in this study does not coincide with delta 
CFF caused by main seismogenic faults. In particular, at 

greater depths (of the order of 2 km), there exists a force 
that further restrains DL movement (Additional file  1: 
Fig. S4). Therefore, it is important that some DLs do not 
correspond to the strain caused by the Kumamoto earth-
quake sequence. In other words, the static displacement 
caused by the earthquake does not directly shift DLs in 
NW-Aso. The observed slip in each DL is likely triggered 
by dynamic shaking encountered during passage of seis-
mic waves (Kaneko et al. 2015). Thus, it can be inferred 
that uniform DLs around the Suizenji Park are caused by 
the systematic and simple strain field that exists therein, 
while uniform DLs in NW-Aso appear to have been 
caused under a complex strain field caused by the Kuma-
moto earthquake sequence. These contrasting stress 
fields may consider the cause of the completely different 
DL movements observed at these locations.

Discussion
Previous studies have shown that DL is not necessarily 
associated only with large earthquakes and that it can 
also occur spontaneously and/or episodically (e.g., Bil-
ham et al. 2016; Nishimura et al. 2008; Wei et al. 2009). 
However, in this study, we found no examples of numer-
ous DLs moving aseismically at nearly the same time. In 
the meantime, the DLs seen in radar interferograms can 
be caused not only by TSS, but also by the deformation 
of the fault zones that have reduced the effective rigid-
ity compared to the intact crust (e.g., Fialko et al. 2002; 
Hamiel and Fialko 2007). In this case, the feature in the 
interferogram does not show a steep phase discontinu-
ity but a phase variation zone with some width. If the 
top of a fault does not reach the ground, the interfero-
gram shows a similar variation zone, and in this case, it 
is difficult to distinguish between these two phenomena. 
Since both of these displacements coseismically occur in 
a mechanically weak place such as a fault, we treat them 
as TSSs in this study.

In view of the above results and that of Fujiwara et al. 
(2019), most DLs can be considered TSSs because most 
of the DLs appear during large earthquakes. In the fol-
lowing discussion, we assume DLs to be generated by 
TSSs.

TSS depth estimation
In NW-Aso, the eastern side comprises the caldera 
wall, and some DLs appear to extend from the top to 
the bottom of this wall (Fig. 6). Since the caldera wall is 
approximately 400-m tall, the overall depth of TSSs can 
be considered to exceed 400 m when measured from the 
ground surface. To investigate the relationship between 
the TSS-bottom depth and the horizontal range of DLs, 
simple and preliminary model simulations were per-
formed by changing the TSS-bottom depth (Additional 

200 ppm
Extension    Contraction    

Fig. 14 Co-seismic strain field around Suizenji Park calculated 
using ALOS-2 data. Red and blue arrows represent extension and 
contraction, respectively. The background color (blue-to-red) 
represents dilatation
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file  1: Fig. S5). The simulation results reveal that the 
TSS-bottom depth and horizontal range of the displace-
ment are nearly identical, and the horizontal crustal 

deformation does not extend more than several kilom-
eters as the observation. Therefore, based on the extent 
of horizontal displacement depicted in Fig.  16a, typical 

-3
-2
-1
0
1
2
3

0 1 2 3 4 5 6

V
er

tic
al

 o
ffs

et
(c

m
)

0

10

20

30

40

0 1 2 3 4 5 6

E
le

va
tio

n 
(m

)

down

A9

Legend of boring logs

G
ra

ve
l/

G
ra

ve
ly

 la
ye

r

S
an

d/
S

an
dy

 la
ye

r

S
ilt

/
Si

lty
 la

ye
r

S
of

t r
oc

k

Bo
ul

de
r

P
um

ic
e 

st
on

e

M
an

-m
ad

e 
la

ye
r/

S
ur

fa
ce

 s
oi

l

Tu
ff-

br
ec

ci
a

Distance (km)

Sandy/Silty layer
A1 A2

A3
A4

A5 A6 A7
A8

-10

-20

-30

Gravel/
Gravely
layer

Gravel/
Gravely layer

←WSW ENE→

-8

-6

-4

-2

0

2

4

6

0 1 2 3 4 5 6

V
er

tic
al

 o
ffs

et
(c

m
)

0

10

20

30

40

0 1 2 3 4 5 6E
le

va
tio

n 
(m

)

B10

Distance (km)

B1 B2 B3 B4 B5 B6 B7
B8

B9

-10

-20

-30

-40

Sandy/
Silty layer Volcanic

ash

Sandy/
Silty layer Gravel/

Gravely layer

Legend of boring logs

G
ra

ve
l/

G
ra

ve
ly

 la
ye

r

S
an

d/
S

an
dy

 la
ye

r

S
ilt

/
S

ilt
y 

la
ye

r

H
ar

d 
ro

ck
B

ou
ld

er

M
an

-m
ad

e 
la

ye
r/

S
ur

fa
ce

 s
oi

l

V
ol

ca
ni

c 
co

he
si

ve
 s

oi
l

V
ol

ca
ni

c 
as

h

←WSW ENE→

Aso-4?

a

b

Fig. 15 Cross-sections of vertical displacement and borehole data around Suizenji Park. a Cross-section of vertical displacement of 3D InSAR of 
ALOS-2 along A1–A9 survey lines of Fig. 13 (top; vertical axis magnified 100 times), topographic cross-section (middle; vertical axis magnified 20 
times), and borehole column map and cross-sections of underground stratum inferred from borehole data (bottom; vertical axis magnified 20 
times). Black broken lines in the vertical-displacement section and accompanying arrows indicate the displacement lineaments estimated from the 
section and the direction of its displacement. Line graphs next to the borehole bar chart correspond to the N values of 0 and 50 at the left and right 
ends, respectively. The brown dotted line in the underground stratum section indicates the estimated positions of the upper surface of the gravel 
layer with an N value of 50 or more. b Cross-section of vertical-displacement of 3D InSAR of ALOS-2 along B1–B10 survey lines of Fig. 13
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TSS-bottom depths can be expected to measure between 
several hundred meters and several kilometers.

In general, earthquakes follow a scaling law, accord-
ing to which the displacement and width increase corre-
sponding to an increase in fault length (for dip-slip faults, 
the width is between the top and bottom of a fault and is 
related to their bottom depths; Fujii and Matsu’ura 2000; 
Matsuda 1975). Figure  16b depicts the vertical differ-
ence at each TSS. However, this figure does not reveal the 
existence of a relationship between fault length and dis-
placement, and it can be considered that the scaling law 
is inapplicable for TSSs. It is suggested that a TSS cannot 
crack below a certain depth, and its width cannot increase 
in proportion to its length. Because the scaling law is inva-
lid, a TSS is different from a general seismic fault.

TSS distribution characteristics and defining factors
This section discusses the occurrence of several uniform 
and parallel TSSs in each region.

We suggest that there exists a limit to the maximum 
displacement of each region, irrespective of the corre-
sponding TSS length. Figures 16 and 17 reveal the exist-
ence of a greater maximum displacement in the southern 
part. Further, many TSSs are concentrated in a narrow 

space at the center of Fig. 16 (southern part of cross-sec-
tion A–B). In this region, the distance between adjacent 
TSSs and their corresponding displacements are small. A 
comparison of the north (A–B) and south (C–D) cross-
sections depicted in Figs.  16a and 17 reveals that the 
horizontal distance (spacing) between adjacent TSSs is 
greater in the southern cross-section, and so is the cor-
responding displacement. Average TSS displacements 
in the northern and southern cross-sections depicted in 
Fig. 17 measure approximately 15 cm and 27 cm, respec-
tively, with the corresponding average horizontal dis-
tances measuring 640 m and 920 m, respectively. In view 
of this result, we postulate that there exists a correlation 
between TSS spacing and corresponding displacement. 
Based on these findings and the estimation of TSS depth, 
the following hypothesis was considered in this study.

In a particular region, each TSS is characterized by a 
maximum depth limit that determines the width of the 
fault plane and the maximum displacement of each TSS. 
Subsequently, the maximum strain release per unit TSS 
length can be determined. The horizontal distribution 
area of TSSs corresponds to the strain-release area, and 
the length of each TSS does not necessarily depend on 
the total strain released.

A

B

C

D
Down Up South side

Down Up

a b

Fig. 16 Displacement lineaments and up–down map around the northwest of outer rim of Aso caldera. The area under study is depicted in Figs. 12 
and Additional file 1: S1. a High-pass-filtered up–down displacement map created using 3D InSAR of ALOS-2 (Fujiwara et al. 2016). Red and blue 
areas represent up and down displacements, respectively; black solid lines indicate the identified displacement lineaments; A–B and C–D represent 
the cross-sections depicted in Fig. 17. b Map of difference in vertical displacement between northern and southern sides along each displacement 
lineament. Black solid lines indicate the identified displacement lineaments
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In accordance with this hypothesis, when a single 
TSS cannot fully release the strain within a certain area 
(because it does not crack to a sufficient depth), the 
appearance of multiple parallel TSSs can be explained 
because TSS length alone does not provide enough strain 
release. In other words, it is not only the strain field but 
also the TSS-bottom depth that defines TSS distribution 
and displacement magnitude. Further, under a constant 
strain, the greater the maximum TSS-bottom depth, 
the greater the strain released per TSS. This results in a 
larger TSS spacing, because the total strain can now be 
released with a smaller number of parallel TSSs.

The most important question now is, how exactly is 
the maximum TSS-bottom depth regulated? This can be 
explained based on the following three hypotheses.

(1) Some geological boundaries may exist at certain 
depths. Because this is a simple and easy-to-under-
stand reasoning, no detailed seismic exploration 
has been performed in NW-Aso and its verification 
has not yet been completed.

(2) There may exist differences in values of tectonic 
stress between shallow and deep regions. Around 
Suizenji Park, smaller values of delta CFF were 
observed at a 2-km depth compared to that at 
ground surface (Additional file  1: Fig. S3) whereas 
in NW-Aso, increasingly negative delta CFF values 
were observed (stress change likely prevents TSS 
motion) at 2  km compared to the ground surface 
(Additional file 1: Fig. S4).
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Fig. 17 Cross-sections of the vertical displacement and topography of positions A–B and C–D depicted in Fig. 16
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(3) Deeper TSSs tend to be more rigid compared to 
shallow TSSs, thereby requiring greater stress 
release to facilitate movement. In general, a stable 
velocity-strengthening layer exists on top of the 
unstable velocity-weakening layer that causes earth-
quakes (e.g., Scholz 1998) and the depth of a shallow 
slip is controlled by the thickness of the velocity-
strengthening layer above the seismogenic zone.

A second important question concerns the existence 
of a causal relationship between TSS spacing and its 

displacement. Since there exists a correlation between 
TSS displacement and topography of known active faults 
(Fig. 17; Fujiwara et  al. 2016), TSS occurrence has been 
likely observed at pre-existing crack locations. Therefore, 
the horizontal spacing of TSSs observed in this study 
via satellite images was fixed before earthquake occur-
rence. Consequently, regular and uniform displacements 
(Fig. 17) were observed despite TSS positions being pre-
determined. Therefore, it is most natural to think that 
large earthquakes have occurred repeatedly in the past 
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Mt. Kuenohirayama

Mt. Haneyama
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Fig. 18 Comparison between the Haneyama–Kuenohirayama fault zone (a) and the displacement lineaments observed around Aso caldera (b). a 
Blue and red lines indicate the known active faults (Nakata and Imaizumi 2002) with the topography of the south-side down and north-side down, 
respectively. b Blue and red lines indicate the displacement lineaments with up–down displacement of the south-side down and north-side down, 
respectively
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causing similar DL displacements. This raises the ques-
tion as to how the first TSS group was created. Because 
TSSs in NW-Aso subtend an acute angle with respect to 
the Futagawa fault, we suggest they can be considered 
Riedel shear structures (e.g., Tchalenko 1970) with the 
Futagawa fault zone being the main fault. In any case, 
there exists some relationship between TSS distribution 
and its displacement, depth, and horizontal spacing.

Because the above discussion is rather preliminary 
and based on the assumption of uniform displacement 
on a fault plane of TSS, detailed simulations and further 
observations need to be performed for other earthquakes 
to answer the questions raised above.

Driving force of TSSs
Let us first consider the possibility of TSSs being driven 
by aftershocks. We have estimated one of the larg-
est moment magnitudes of aftershocks caused by TSS 
motion, as described in Fig.  16. When a TSS measur-
ing 5 × 1  km2 (length × width) slips 50  cm with a rigid-
ity of 30 GPa, the resulting moment magnitude equals 
5.2. However, because TSSs are generally shallow, the 

assumption of a very low rigidity (0.1 GPa; Sharma et al. 
2011) yields a moment magnitude of 3.5.

In the analyses performed in this study, no aftershocks 
with Mw values exceeding 3 were observed at TSS loca-
tions corresponding to the Kumamoto earthquake 
sequence (Fig.  12). In addition, Fujiwara et  al. (2000a) 
pointed out the existence of no aftershocks explain-
ing the length of the TSS caused by the Northern Iwate 
earthquake. Aftershocks and the main shock would 
not have been separated by seismic observations if they 
occurred simultaneously or if the previously mentioned 
dynamic shaking triggered TSS motion. Figure 12b shows 
that the number of earthquakes occurring at a depth 
shallower than 3  km is very small; further, it is unlikely 
that an earthquake of such magnitude (M > 3) will fre-
quently occur in a shallow place (several hundred meters 
to a few kilometers). Therefore, most of the TSSs can-
not be formed by aftershocks. However, around the Sui-
zenji Park, it can be considered that the strain at greater 
depths and shallow regions was released via aftershocks 
and TSS creation, respectively.

North-South
Close Open

Extension        Contraction 
200 ppm   

Cont.

Ext.

Cont.

Ext.

a b

Fig. 19 N–S displacement and strain field around the northwest of outer rim of Aso caldera. a Map of difference between the N–S component 
of horizontal displacement along each displacement lineament, which corresponds to the N–S opening displacement of each displacement 
lineament. Red and blue lines indicate the displacement lineaments with dip-slip open and close motion, respectively. b Strain field calculated 
using ALOS-2 data. Red and blue arrows indicate extension and contraction, respectively; the background color (blue-to-red) represents dilatation
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A comparison of TSSs occurring in the Suizenji Park 
and NW-Aso owing to the same Kumamoto earthquake 
sequence reveals a clear difference in their formation 
mechanism. The Suizenji Park region is characterized 
by the occurrence of both aftershocks and post-seis-
mic deformations, none of which occurred in NW-Aso 
(Figs.  12 and Additional file  1: S1). In addition, TSSs 
around Suizenji Park are characterized by shapes con-
sistent with the co-seismic strain field caused by the 
Kumamoto earthquake sequence (Fig.  14). In NW-Aso, 
however, the static crustal deformation field cannot com-
pletely account for the displacements observed therein 
(Fig.  19). Repeated triangulation surveys conducted for 
approximately 100  years in the central Kyushu study 
region have revealed the existence of the conspicuous 
N–S extensional stress field (Tada 1984). In view of these 
findings, TSSs observed in NW-Aso, albeit triggered by 
the Kumamoto earthquake sequence, cannot be consid-
ered to have been caused by it. Instead, they are likely 
caused by the release of tectonic crustal strains accu-
mulated over a long period. However, the local strain of 
the ENE–WSW extension around TSSs observed in the 
Suizenji Park is most likely an effect of the Futagawa 
fault movement caused by the Kumamoto earthquake 
sequence. TSS movements caused by both the North-
ern Osaka and Hokkaido Eastern Iburi earthquakes were 
observed to be consistent with the wide-area strain field. 
In other words, although the TSS movement around Sui-
zenji Park appears simple, it is a special case among the 
different TSSs considered in this study. In addition, even 
if the cause of the stress that drives TSSs is different in 
each area, identical active fault topographies are formed 
in each region, thereby indicating the occurrence of simi-
lar movements in the past regardless of the cause of TSSs.

General nature of TSSs
Based on the results obtained in this study and those 
reported by Fujiwara et  al. (2016), (2019), the common 
features of TSSs can be listed as follows:

(1) A typical TSS is several kilometers or more in 
length and possesses a linear or gentle curvilinear 
shape; its displacements measure from a few to sev-
eral tens of centimeters.

(2) The depth of a typical TSS measures between sev-
eral hundred meters and several kilometers.

(3) Most TSSs get distributed away from seismogenic 
faults and are seldom directly connected.

(4) There is no evidence that TSSs generate strong 
seismic waves at the time of the main earthquake; 
that is, TSSs may move “slowly” without generating 
large seismic waves.

(5) TSSs move passively and are considered to be the 
results, not the cause, of the main earthquake.

(6) Since there exists a correlation between TSS dis-
placement and the topography of certain regions, 
some TSSs have been recognized as active faults 
based on their topographical features. Thus, similar 
TSS movements have occurred at the same place in 
the past.

(7) TSS strike directions and displacement patterns are 
consistent with the surrounding stress field over 
a wide region or the secondary stress field caused 
by a major earthquake fault nearby. Therefore, TSS 
shapes observed at a specific location are not ran-
dom but aligned with each other.

(8) Faults that have caused M 7-class earthquakes in 
the past can also form TSSs associated with other 
small earthquakes.

The above results lead to the following hypotheses. 
Before DL movement, the strain becomes larger around 
the DL due to wide-area stress-field accumulation or the 
fault motion of a nearby large earthquake. A large earth-
quake nearby triggers the movement of TSSs by static 
stress change and/or dynamic shaking during the passage 
of seismic waves. Subsequently, TSSs move without gen-
erating large seismic waves, and the accumulated strain 
is released via fault motions and thus forms DLs. TSS 
movements are limited to shallow regions, and only shal-
low places undergo fault movements. Once such faulting 
occurs, a TSS manifests itself as a weak fault plane that is 
easy to move. In the future, such faults planes can be con-
sidered to move repeatedly at the same location. These 
hypotheses must be validated by examining TSSs pertain-
ing to other earthquakes.

Concluding remarks
To facilitate disaster mitigation, it is common practice to 
evaluate the occurrence of future large earthquakes based 
on the accumulated displacement of active faults. This 
study reveals that crustal deformations accumulated in 
a topography not only include seismic fault movements 
that cause large earthquakes but also DLs caused by TSS 
movement without large seismic motion. In other words, 
it is not possible to determine whether extant displace-
ments have been caused by main earthquakes, TSSs, 
or both. Therefore, researchers need to be wary of the 
diversity of active faults. This study reveals the occur-
rence of similar TSSs caused by the same trigger, such 
as the Kumamoto earthquake sequence. However, driv-
ing forces that cause these TSSs can be completely differ-
ent, yet the TSSs may remain physically identical to each 
other.
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In addition, as observed in this study, the creation of 
each L-band InSAR image results in the obtainment of 
new knowledge pertaining to earthquakes. Therefore, it 
is clear that only partial knowledge of active faults is cur-
rently available, and that L-band InSAR is a useful tech-
nique to explore active faults and earthquakes in future 
research endeavors. We believe that the most critical 
factor for evaluating earthquake diversity is to observe 
more cases around the world, and using L-band InSAR, 
researchers can analyze crustal deformation caused by 
large earthquakes.
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Additional file 1: Fig. S1. Interferogram of ALOS-2 indicating the post-
seismic deformation that occurred between April 17 and May 1, 2016. 
Small lines show the displacement lineaments identified by Fujiwara et al. 
(2016) and modified in this study using ALOS-2 interferograms. Fig. S2. 3D 
deformation map of the Kumamoto earthquake sequence using ALOS-2 
InSAR. The blue-to-red map shows the vertical displacement with arrows 
indicating horizontal displacement. Black lines indicate the displacement 
lineaments identified by Fujiwara et al. (2016) and modified in this study. 
Fig. S3. Static Coulomb stress changes resolved on the displacement 
lineament mechanism. The colors indicate the amount of calculated 
delta CFF on typical displacement lineaments around Suizenji Park (strike 
150°, dip 90°, rake 270°, (a) depth 0 km, (b) depth 2 km). The seismogenic 
fault model of the Kumamoto earthquake sequence was adapted from 
Ko bayashi et al. (2018b). Fig. S4. Static Coulomb stress changes resolved 
on the displacement lineament mechanism. The colors indicate the 
amount of calculated delta CFF on typical displacement lineaments 
around the northwest of the outer rim of Aso caldera (strike 100°, dip 90°, 
rake 270°, (a) depth 0 km, (b) depth 2 km). The seismogenic fault model 
of the Kumamoto earthquake sequence was adapted from Kobayashi 
et al. (2018b). Fig. S5. Comparison between up–down displacement and 
model simulations of displacement lineaments. (a) High-pass-filtered up–
down displacement map created using 3D InSAR of ALOS-2 (Fujiwara et al. 
2016). Red and blue areas represent up and down directions, respectively; 
black lines indicate identified displacement lineaments. (b) Model 
simulation of three parallel displacement lineaments (black lines) for a 
2-km width (length 5 km, horizontal spacing of each displacement 670 m, 
strike 100°, dip 90°, rake 270°, slip 50 cm) using the same high-pass filter as 
in (a). (c) Model simulation for a 0.5-km width, similar to (b).
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