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ABSTRACT. The Kyushu Island, as well as whole Japanese archipelago, is equipped with dense GPS network
(GEONET). It allows us to track the movements and deformations of the earth’s surface over long-term time
intervals. In this study, based on daily determinations of the coordinates of GPS stations, analysis has been
made on long-term trends in the accumulation of movements and deformations in large areas of the Kyushu
Island before the series of April 14-16, 2016 Kumamoto earthquakes to identify deformation precursors and
locked, immobile fault zones. The study of the seismic deformation process was performed using the data from
70 continuous permanent GPS stations for the period 2009-2016.

The movement and deformation features found characterize the kinematics of the axial zone of the south-
western part of the island arc of the Japanese archipelago. The combination of coseismic compression and
uplift in the center of the formed triad of deformation extrema and the consistency between subsidence and
extensions at its edges demonstrate the mechanism of growth of the central region of the island arc under
compression and the role of volcanism. Of particular interest in the context of the development of movements
and deformations during the generation of the Kumamoto earthquakes is the behavior of the minimum dis-
placement moduli of the GNSS sites. Analysis of their kinematics shows the formation of a zone of minimum
displacements, in which subsequent strong seismic events were localized. It is shown that rather dense and
extensive GNSS networks allow observing and studying the seismic-deformation process at the stages of seismic
generation, discharge and relaxation, thereby providing an empirical basis for the development of models for
predicting large seismic events.
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J0JITOBPEMEHHBIE U3MEHEHUS ABU>KEHHI M IE@OPMAIYI 3EMHOM KOPBI
JI0 ¥ BO BPEMS CEPUM 3EMJIETPSICEHUM KYMAMOTO (2016 r., ATMOHHU)

B.U. Ka¢gTan, B.H. Tatapunos, P.B. llleBuyk
leodusuueckuii nentp PAH, 119296, MockBa, yi1. MosiogexHnas, 3, Poccus

AHHOTALMA. Ha octpoBe Krocto, kak 1 Ha BceM fImoHCKOM apxuresare, QyHKIIMOHUPYET rycTas nepma-
HeHTHad ceTb GPS (GEONET), koTopasi 103BoJISIeT OTC/AEXKUBATD JIBIXKEHUS U JledopMaliii 3eMHOU MOBepX-
HOCTH Ha MHOTOJIETHUX BpeMeHHbIX HHTepBaJiax. B HacTos1eM MccieJ0BaHUM 110 CyTOYHBIM OllpeJiesIeHUsIM
KoOpAWHAT cTaHui GPS aHanu3upyoTcs Aosironepuojuyeckre TeHAEHIIMY HAKOILJIeHUs IB>KeHU U U Jledop-
MalMi Ha 3HAYUTEJbHON TeppUTOpUM 0-Ba Kiocto nepej cepueit s3emsetpsicenuit Kymamoro (14-16 anpesns
2016 r.) c nesbto BbisiBJIEeHUs JlepopMalMOHHbBIX TPE/IBECTHUKOB U MTOKCKA HETIOJBUXKHBIX «3aMePThIX» 30H pas-
JioMoB. /l/is1 u3y4yeHus ceicMosiepopMaliMOHHOTO MPOIiecca UCN0Jb30BaHbI JaHHbIe HelpepbiBHbIX GPS-Ha-
6s1r0/1eHUM 70 HeMpepbIBHOAEUCTBYIOIIMX CTaHLUHK 3a nepuoa 2009-2016 rr.

BhisiBJIeHHbIe 0COGEHHOCTH JIBIXKEHUH U ledopMaliil XapaKTEPU3YIOT KUHEMATHUKY 0CEBOM 30HKI I0r0-
3anaZHOU YacTU OCTPOBHOU Ayru AAnoHckoro apxumnesara. CoyeTaHUue KOCEUCMUYECKUX CX)KaTUs U IO ’beMa B
LleHTpe 06pa30BaHHOM TPHUa/ibl 3KCTPEMYMOB JedopMal iU U COTJIACOBAHHOCTb ONYyCKaHUM C pacTsSKeHUAMHU
Ha ee Kpasix JleMOHCTPUPYIOT MeXaHU3M POCTa LieHTPaJbHON 06J1aCTH OCTPOBHOU AYTH B YCJIOBUAX CKaTHUSA
Y poJib ByJIKaHU3Ma. Haub6ob1ini UHTepeC B OTHOILIEHUW Pa3BUTHUSA ABWKEHUN U ledopManuii B mpoiec-
ce MOATOTOBKU 3eMJieTpsiceHUN KymMamMoTo npe/icTaB/isieT NOBejeHUe MUHUMAaJIbHbIX MOAYJIEW CMelleHU !
NYHKTOB IJI06a/IbHBIX HABUTAIIMOHHBIX CIyTHUKOBBIX cucTeM ('HCC). AHa/in3 uX KHHEMATUKU NMOKa3bIBaeT
ob6pazoBaHUe 06J1aCTH MUHUMAaJIbHbIX CMeLeHUH, B KOTOPOU ObLIM JIOKaJIM30BaHbI OCAeyI0lIMe CUJIbHbIE
celicMuYecKue coobITUs. [lokazaHo, YTO AOCTATOYHO MI0THBIE U 061MpHBIe ceTy [HCC cTaHUMK O3BOJISIIOT
HabJII0J]aTh U U3y4aThb cercMoziepOopMaIIMOHHBIN MPOIECC HAa CTAAUAX CECMUYECKON MTOITOTOBKHY, Pa3ps/i-
KM U peJlaKcalluy, IpeJCTaB/isisl TEM CaMbIM SMIMPUUECKYIO OCHOBY JiJ1s1 pa3paboTKU MoJiesiel IPOTHO3UPO-
BaHUS KPYNHBIX U CUJIbHBIX CEHCMUYECKUX COOBITUM.

K/IIOYEBBIE C/I0OBA: nedopmanus 3eMHoi noBepxHocTH; GPS; 3anupanue pasioma; fePULUT cMelLeHUs;
IPOrHO3 3eMJIETPSACEHUH

®UHAHCHUPOBAHHUE: Pa6oTa BbINOJIHEHA B paMKax rocy/lapCTBeHHOro 3aaHus ['eopu3ndeckoro meH-

Tpa PAH, yTBepxieHHOr0 MuHOGpHayku PO.

1. INTRODUCTION

At present, the movements of the earth’s surface
are firmly monitored by means of global navigation
satellite systems (GNSS) with sub-centimeter accura-
cy. The global GNSS observational network contains
about 20 000 permanent stations. The most densely
spaced stations are typical for the territories of the
Japanese archipelago, North America, and Europe.
Some stations have been in operation for over three
decades. Thanks to the open information service pro-
vided by the Geodetic Laboratory of Nevada (USA),
time series of precise spatial coordinates of perma-
nent GNSS stations with a daily temporal resolution
are now available to researchers [Blewitt et al., 2018].
These stations allow tracking changes in the earth’s
surface motion at all stages of the seismic cycle, in the
time interval covered by continuous observations. In
many cases, it is possible to study the process of ac-
cumulating deformations over the years or even the
first decades before strong events at the final stage of
the interseismic phase. This allows us to detect and
study deformation precursors of earthquakes [Kaftan,
Melnikov, 2018], as well as the spatial migration of

deformations that disturb and accompany seismic
events [Kaftan, Melnikov, 2019]. It could be argued
that rather dense and extensive networks of perma-
nent GNSS stations allow observing and studying the
seismic-deformation process at the stages of seismic
generation, discharge, and relaxation, thereby provid-
ing an empirical basis for the development of models
to predict strong seismic events.

In the region of the Japanese archipelago, the strongest
earthquakes with M>8 occur mainly in the area of oce-
anic trenches. These territories are not yet accessible
for high-precision repeated geodetic measurements,
but the corresponding technologies are already be-
ing developed and, due to their decimeter accuracy,
mainly applied to the study of, coseismic shifts of
the seabed and early warning of tsunamis [Yamagiwa
etal, 2015; Yang, Qin, 2021]. At the same time, how-
ever, Japan destructive earthquakes with M<8 also
occur on island territories. Examples of such seis-
mic events include a series of 2016 Kumamoto earth-
quakes. The first foreshock of M_6.5 was recorded
on April 14, 2016 at 21:26 UTC. The epicenter was
located at a depth of 12 km northwest of the city of
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Kumamoto, directly at the junction of the Hinagu and
Futagawa fault systems [Kato et al., 2016]. In the
following hours, at least another 11 shocks were re-
corded at a magnitude of more than M 4.5, with the
largest of which (M 6.4) struck farther south, along
the strike of the Hinagu fault system. The main shock
M 7.3 wasrecorded on April 16 at 1:25 UTC ata depth
of ~10 km.

On the territory of the Kyushu Island, which ex-
perienced a series of these events, there is a dense
network of continuous GNSS observations GEONET
[Sagiya, 2004; Kawamoto et al., 2016], which is a part
of the International GNSS Service (IGS) [Johnston et
al,, 2017]. Before these earthquakes, the stations accu-
mulated nearly seven years of coordinate time series
obtained from daily continuous measurements ac-
cording to the technology described below. Therefore,
the place of the 2016 Kumamoto earthquake series is
considered unique experimental area.

The deformations behavior and movements of the
earth’s surface based on the GPS and remote sensing
data are rather thoroughly studied. Co- and post-seis-
mic deformations based on GPS observations were
considered in a number of works [Kawamoto et al,,
2016; Tanaka et al., 2019; Kubodera et al., 2017; Moore
etal., 2017; He etal,, 2019; Dahmen et al., 2020]. How-
ever, so far there is a lack of publications related to
the analysis of the spatiotemporal evolution of pre-
seismic movements and deformations of the earth’s
surface over a seven-year time interval with a daily
recording frequency over a large area. In this regard,
we have initiated our own study.

2. OBSERVATION DATA
Experience in analyzing the movements and defor-
mations of the earth’s surface in areas of occurrence
of strong earthquakes, as well as in zones of active
volcanism [Kaftan, Rodkin, 2019; Kaftan, Melnikov,

Fig. 1. Configuration of finite elements of a network of permanently operating GPS stations (black triangles with site
names). The tectonic setting is generally presented from [Active Fault Database of Japan, 2021].

The brown lines are tectonic faults. Epicenters of seismic events: white stars are historical earthquakes in the area, red
stars are strong earthquakes of the 2016 Kumamoto series, blue eight-pointed stars are active volcanoes. The blue area
is the sea surface.

Puc. 1. Koupurypanus KOHeYHbIX 3JIeMEHTOB CETH HeNPepbIBHOAENUCTBYIOIUX GPS-cTaHIMi (UepHble TPEYroJbHUKU
C Ha3BaHUSAMU NYHKTOB). TeKTOHUUYecKasi 06CTaHOBKa 110 AaHHbBIM [Active Fault Database of Japan, 2021] 060611eHHO.
KopuuHeBble IMHUU — TEKTOHUYECKHE PA3JIOMbL. JNMULEHTPbI CEHCMUYECKUX COOBITHH: Geible 3Be3,04KH — UCTOpUYe-
CKHe 3eMJIETPSICEHHUS B pallOHe, KpacHbIe — CUJIbHbIe 3eMJieTpsiceHUsI cepur KymamoTo 2016 r., cMHHHE BOCbMUKOHEYHbIe
3Be3/J0YKH — aKTUBHbIE ByJIKaHbL ['0/1y6ast HOBEPXHOCTb — MOPCKast aKBATOPHSI.
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2019] shows that the dimension of control networks
should be neither too small nor constrained only by
the size of the epicentral zones of foreshocks and af-
tershocks of major events. Local geodetic observa-
tions in the immediate vicinity of the epicentral zones
and external manifestations of volcanism do not pro-
vide the full picture of the corresponding deforma-
tion process, missing some important aspects. Pre-
dictive monitoring networks should cover territories
with a radius exceeding the length of the fault that
ruptures in a certain-magnitude earthquake [Rizni-
chenko 1992].

To study the seismic-deformation process, we used
the data of continuous GPS observations from 70 per-
manently operating stations, with a daily recording
interval. The time series of station coordinates were
obtained using a precise positioning strategy - Pre-
cise Point Positioning (PPP), with precise ephemeris
and GPS satellite clock correction, as well as other
accurate products of the International GNSS Service.
The time series used contain the average daily coor-
dinates in the IGS14 reference system [Blewitt et al.,
2018]. The accuracy of determining the spatial posi-
tion of a point for this strategy is estimated as sub-
centimeter. The observation gaps were filled with co-
ordinate values interpolated using Hermite splines.

N

RDIMERRIA £ |
AT R RS A AP @..S]
| Geological Survey of Japan

The configuration of the control geodetic network is
shown in Fig. 1.

The area covered by the network observations
has a diameter of about 180 km and includes the epi-
centers of both recent and the above-mentioned his-
torical events. It should be noted here that in 1889,
in the immediate vicinity of the epicentral zone of
the 2016 earthquakes series, there occurred a rather
strong (M6.3) earthquake (Fig. 1). This fact allows
us to make assumptions about the duration of a cycle
of sequential seismic events studied here and the
time of accumulation of elastic deformations in the
earth’s crust.

The initial epoch T of determining the movements
and deformations from the GNSS data was recorded
on January 1, 2009, at more than a six-year observa-
tion interval before the earthquakes.

3. TECTONIC SETTING AND SEISMICITY

The main tectonic object that provides tectonic
mobility of the study area is the subduction zone of
the Philippine tectonic plate [Nakajima, Hasegawa
2007].

The tectonics of the area is determined by two fault
zones, Hinagu and Futagawa (Fig. 2), to which 35-
40° junction the seismic events under consideration

Fig. 2. Map of active faults in the area according to the Geological Survey of Japan [GS] Volcanic Hazards..., 2021].

Puc. 2. KapTa aKTUBHBIX pa3J/IOMOB paiioHa 0 JaHHBIM reosioruyeckoit cayx6n! Anonuu [GS] Volcanic Hazards..., 2021].
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are confined. The Futagawa fault system becomes
locked in the caldera of the active volcano Asosan in
the north.

The study used the M>3 earthquake catalog ob-
tained from the Internet archive of the National Earth-
quake Information Center of the US Geological Survey
[Benz, 2017]. In view of the fact that the accuracy of
determining the coordinates of the epicenters with-
in the national seismic network of Japan is obviously
higher than that obtained within the global seismic
center, the coordinates of the epicenters of the main
events were taken from [Kawamoto et al.,, 2016].

According to the Internet archive [Global Volca-
nism Program, 2021], during the GPS observations
analyzed, the study area experienced the eruption of
the Asosan volcano. The largest, VEI 2 eruption took
place from August 30, 2014, to May 1, 2016, lasting
somewhat less than 2 years.

4. CALCULATION OF ACCUMULATED
DISPLACEMENT AND DEFORMATION
OF THE EARTH’S SURFACE
The calculations of the horizontal displacements

of GNSS points were based on time series obtained by
the Nevada Geodetic Laboratory [Blewitt et al., 2018].
The horizontal displacements U and U, were calcu-
lated for each day with respect to the initial epoch T,
as the deviation between plane coordinates n and e 1n
the UTM projection using the following formulas:

U,=n—n, U, =e —eg,

where index i denotes the current epoch of measure-
ments.

Displacements of GNSS points in the global refer-
ence frame demonstrate primarily the trends in move-
ment of the global tectonic plate on which the obser-
vation point is located. This effect makes it difficult to
track smaller amplitude movements associated with
local changes, such as slow accumulation of elastic
deformations of the earth’s crust near the epicenter
of a future event. In this case, more indicative are the
displacements of points presented in the local (inner)
frame of reference, which reflect well the mutually
divergent movements of the sides of local faults. Such
a local (inner) reference frame of displacements can
be easily obtained by subtracting the mean value U,
which characterizes the global tectonics trend typi-
cal of all network points, from each displacement U,
in the global reference frame for each measurement
epoch. Thus, we get a frame of reference for displace-
ments (or displacement rates) by "no net translation”
conditions.

u, =U, -U, U, :Uej -U,

where indexj is a sequentially numbered GNSS obser-
vation point.

Digital models of the distribution of the total horizon-
tal shear deformation and dilatation were produced

every day based on the displacement values. These
characteristics are invariant with respect to the choice
of the coordinate system.

The calculation of finite element deformations in-
volved the horizontal strain tensor (with n and e axes
directed to the north and east)

T — [ € e ]
e )
Een &

\ Ou,
whose elements were equal to ¢, =—=*, ¢, =—=
on Oe
1(0u, Oy, .
and ¢, =¢,, ==|—*+—=|, respectively,
Oe  On
0 . .
a—ue =7,, =7,, 1S arelative shear.
n

The elements of the strain tensor are represented
by partial derivatives of displacements u_and u_along
the coordinate axes n and e.

To study spatiotemporal distribution of horizontal
deformations, the following invariant characteristics
were calculated:

1) Principal strains £, and ¢,

61,2:%€n+€ei <5n_€e)z+’>/:e];

) 1/2
2) Total shear = ((En —e,) + v,z,e) ;
3) Dilatation A=¢, +¢,.

Strain components were calculated according to
the method described in [Wu et al., 2006].

Due to strongly nonequidimensional finite ele-
ments (see Fig. 1), the deformation values were re-
duced to the average area of the network triangle
[Kaftan, Melnikov, 2018].

In addition to the models of horizontal deforma-
tions, the unified analysis used the data on active faults
in the study area [Kawamoto et al., 2016].

5. INTERPRETATION OF THE OBTAINED RESULTS
5.1. Analysis of movements and
deformations in connection with generation
of the strongest seismic events

Let us consider the pattern of the temporal change
in the spatial distribution of horizontal and vertical
displacements of the study area in connection with
generation of the main seismic events. The corre-
sponding visualizations are shown in Fig. 3.

Fig. 3, a, b, ¢, d show a slow accumulation of hor-
izontal displacements, reaching nearly 10 cm a day
before the first, M6.4 foreshock, and trending regular-
ly northwest. At this time, the area undergoes negli-
gible (up to -0.05 m) subsidence in its entirety and
poorly defined uplifts in its southeastern part. These
trends are consistent with the subduction mechanism
of the Philippine Plate. Subsidence exceeded —-0.05 m
near the epicenters of strong foreshocks by the time

https://www.gt-crust.ru


https://www.gt-crust.ru

Kaftan V.. et al.: Long-term changes in crustal movements...

Geodynamics & Tectonophysics 2022 Volume 13 Issue 1

(@) 3747

0.3

(b) 374

x10°

3.72 ¢ 372+
3.70 - 3.70
0.2
3.68 368
3.66 0.1 3.66 |
L]
3.64 3.64 |
0.0
3.62 3.62 |
3.60 - -0.1 3.60 f
3.58 358 |
0.2
3.56 m 3.56 |
3.54 \ ~—10cm . L 3.54 . ; .
6.0 6.5 7.0 75 6.0 6.5 7.0 75
x10° x10°
x10° x10°
(€) 374 (d) 374
3.72 3.72
3.70 3.70
3.68 3.68
3.66 3.66
3.64 3.64
3.62 3.62
3.60 3.60
3.58 3.58
3.56 3.56
3.54 - - . : 3.54
6.0 6.5 7.0 75
x10°
x10°
(e) 3.74 0)) 3.74
372} 0.3 372t 03
3.70 3.70 -
0.2 0.2
3.68 | 3.68
3.66 | 0.1 3.66 - 0.1
L] (]
3.64 | 3.64 |
0.0 0.0
362 362
3.60 | -0.1 3.60 - -0.1
358 | 358 |
-0.2 0.2
3.56 | m 3.56 - m
3.54 &, —10cm %4 R : 3.54 LI ~——10cm . L
6.0 6.5 7.0 75 6.0 6.5 7.0 75
x10° x10°

Fig. 3. Distribution of accumulated horizontal and vertical displacements before the 2016 Kumamoto earthquakes.

The cross-section of isolines of vertical displacements is 5 cm. Color bars are presented on the right of the figures. Arrows stand
for the vectors of horizontal displacements of the sites. See Fig. 1 for the legend of faults and seismic events. Black spots are
small earthquakes. The rectangular coordinates on the frames of the figures are given in the UTM projection in meters.

Puc. 3. PacnpesiesieHre HaKONJIeHHBIX TOPU30HTAJbHBIX U BePTUKaAJIbHbIX CMellleHUH Nepe/ 3eMJIeTPsACEHUSIMU
Kymamoro 2016 .

CeyeHMe M30JIMHUM BepTHKaAJbHBIX CMelleHUH — 5 cM. [lBeTOBbIe LIKa bl Ipe/CTaB/IeHbI ClIpaBa OT PUCYHKOB. CTpesKU
NpeJCTaBJISAIT COO0M BEKTOPbI TOPU30HTAIbHBIX CMelleHUH MyHKTOB. JlereHly pa3pbIBHbIX HapylleHUH U celcMuye-
CKMX COOBITUH CM. Ha puc. 1. YepHble OKPY>KHOCTH — cJ1abble 3eMJeTpsiceHus1. [[paMoyro/ibHble KOOPAUHATHI HAa paMKax
pUcyHKOB faHbl B npoekuuu UTM B meTpax.
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Fig. 4. Distribution of dilatation deformation before the 2016 Kumamoto earthquakes.
The cross-section of deformation isolines is 5:107. See Fig. 1 for the legend of faults and seismic events. Black circles are
small earthquakes. The rectangular coordinates on the frames of the figures are given in the UTM projection in meters.

Puc. 4. Pacnipesienienue gepopmanuu auaatanuu nepes 3emaerpsiceHussmMu Kymamoro 2016 1.

CeuyeHnue usonuHui gepopmanuu 5-107°. JlereHay paspbIlBHbIX HapyIIeHUH U CEMCMUYECKUX COOBITHH CcM. Ha puc. 1.
YepHble OKPYKHOCTH — cj1abble 3eMiieTpsiceHUs. [IpsAMOoyro/ibHble KOOPAMHATBI HAa paMKax PUCYHKOB JlaHbl B IPOEKLIMHU
UTM B meTpax.
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Fig. 5. Distribution of the total shear deformation accumulated before the Kumamoto earthquakes.
The cross-section of deformation isolines is 5:107. See Fig. 1 for the legend of faults and seismic events. Black circles are
small earthquakes. The rectangular coordinates on the frames of the figures are given in the UTM projection in meters.

Puc. 5. PacnipesiesieHre HakomieHHOU lepopMaliiy MOJIHOTO CABUTa Nepes 3eMyieTpsiceHussMu Kymamorto 2016 1.
CevyeHue usonuHuil gepopmanuu 5-107°. JlereHay paspbIlBHbIX HapyIIeHUH U CEMCMUYECKUX COOBITHH CcM. Ha puc. 1.
YepHble OKPYKHOCTH — cj1abble 3eMiieTpsiceHUs. [IpsAMOoyro/ibHble KOOPAMHATBI HAa paMKax PUCYHKOB JlaHbl B IPOEKLIMHU
UTM B meTpax.
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of their occurrence. The vectors of horizontal dis-
placements became somewhat longer. Coseismic hori-
zontal and vertical displacements caused by the main
(M7.3) shock are presented in Fig. 3, f. The most in-
teresting facts therein were more than 1 m ampli-
tude right-lateral strike-slip along the axial line of the
Futagawa fault zone and the territories on both sides
of seismic rupture moving simultaneously up to 1 m
apart from each other. Surface uplift of more than
0.2 m occurred in the center of symmetry of the posi-
tion emerged, just near to -0.2 m subsidence on both
sides of the uplift. The extrema of vertical displace-
ments are located on the axial line of the Futagawa
fault zone.

Fig. 4 shows the evolution of dilatation based on
some significant daily frames of the deformation pro-
cess. As we can see from Figs. 4, a, b, ¢, d, there were
no significant changes in dilatation in seven years
prior to the main shocks. In the area of future epi-
centers, the day before the events, there occurred an
insignificant extension of less than 5-107%. Against the
background of nearby deformations, it is difficult to
conclude about stress generation in the future earth-
quake source. Coseismic deformations are more pro-
nounced. During strong foreshocks (Fig. 4, e), in the
epicentral zone of the strongest foreshocks, there is
evidence for the existence of compression anomaly
of more than 1:10-° nearby the equal amount of ex-
tension southwest of the epicenters. During the main
shock and foreshocks in this area, there occurred a
significant extension of up to 1:10~* and a three-po-
lar alternation with compression of up to 1.6-10~*
and further extremum of extension along the strike
of the Futagawa fault zone as a whole. It is worthy
of note that this pattern is in good agreement with
the pattern of vertical movements (see Fig. 3, f). It
can be seen that uplifts are accompanied by compres-
sions, and subsidence events are accompanied with
extensions. These features demonstrate the mecha-
nism of somewhat vertical hummocking of the upper
layers of the earth’s crust due to the stopping of fault-
side ruptures after an intense right-lateral strike-slip
and subsidence of adjacent territories under exten-
sion conditions.

The total shear deformation behavior is shown in
Fig. 5.Itis obvious that there were no significant shear
deformations before strong foreshocks. They mani-
fest themselves at 5:107° level on the northwestern
and southeastern margins of the study area (Fig. 5,
d). There appears to be a regular trend accounting for
general compression of this area owing to the mecha-
nism of tectonic plate subduction. At the time of strong
foreshocks, in their epicentral area there occurred the
deformation (Fig. 5, €) at the level of 1.5:10-°. The total
shear deformation reached 1.2:10~* immediately after
the main seismic event (Fig. 5, f). However, it was not
in the zone of the epicenters of the Kumamoto series
but moved to the northeastern part of the Futagawa

fault zone, thereby demonstrating the direction of pro-
pagation of the seismic rupture.

5.2. Identification of a locked zone
in the vicinity of the source of major earthquake

The use of a local (inner) reference system in re-
lation to the accumulation of displacements of GNSS
stations makes it possible to detect the zones of min-
imum mutual displacements. These zones mark the
places of locally immobile areas of the earth’s sur-
face, typical for the locked zones of seismogenic faults
[Kaftan, 2021; Kaftan et al., 2021]. The identification
of slip deficit on seismogenic faults is done by dif-
ferent authors in order to determine the most seismi-
cally hazardous areas [Jiang et al., 2015; Wang et al,,
2021]. Observations of the deformation process over
the years and decades before strong seismic events
show high stress regions —probable places expected
strong crustal earthquakes whose come out to the day-
light surface. According to Reid’s elastic rebound hy-
pothesis [Reid, 1911; Pevnev, 1988, 1989], the place
of a future event is the "locked" zone of an active fault,
in other words, the zone of minimal deformations in
the area of earthquake generation. Such a zone in a
seismically active area can be mapped based on the
values of the total displacements of the GNSS points,
which are the lengths of the vectors of horizontal dis-
placements. The shorter the length of the displace-
ment vector, the less mobile the earth’s surface of the
territory of its location. Based on the elastic rebound
model, the place of the minimum movements in a seis-
mically active area is the place of the maximum seis-
mogenic stresses.

The evolution of the minimal displacements be-
fore the Kumamoto series is shown in Fig. 6, and also
in the corresponding video [Kaftan, Shevchuk, 2021].
During a 7.3 year-long accumulation of deformation
before the main seismic events, in the area of their
future epicenters there occurred a zone of minimum
(less than 0.02 m) displacements. These character-
istics are the moduli of the vectors of accumulated
displacements of GNSS points obtained by the for-
mula:
+u

i ni ei "

After the occurrence of large events, the area of
minimum displacements becomes destructed, form-
ing white spaces on the images obtained (Fig. 6, e, f).
These manifestations demonstrate the possibility of
recording the area of expected strong seismic events,
wherein intense coseismic shear deformations of the
earth’s surface occur as a result of an earthquake. We’ll
just have to understand more precisely the strain lo-
calization of strong future earthquakes in the areas
extending for hundreds of kilometers. Note that the
zone of minimal movements was not stable over time.
It was localized gradually and disturbed by the earth-
quakes preceding more powerful events (Fig. 6, f).
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Fig. 6. Distribution of accumulated total displacements before the 2016 Kumamoto earthquakes.

The cross-sections of the total displacement isolines are 2 cm (a, b, ¢, d, €) and 5 cm (f). Arrows represent vectors of hori-
zontal point displacements. See Fig. 1 for the legend of faults and seismic events. Black spots are small earthquakes. The
rectangular coordinates on the frames of the figures are given in the UTM projection in meters.

Puc. 6. PacnipesiesieHre HaKOIJIEHHBIX [TOJIHBbIX CMellleHUH nepef; 3eMieTpsiceHUus MU KymamoTto 2016 1.

CeyeHue U30JIMHUH NOJHOTO cMellleHUs - 2 cM (a, b, ¢, d, e) u 5 cM (f). CTpesiku npefCTaBASAIOT CO60M BEKTOPbI TOPU30H-
TaJIbHBIX CMellleHUH YHKTOB. JlereHly pa3pblBHbIX HapylleHUH U ceiCMUYeCcKUX COObITUH CM. Ha puc. 1. YepHble OKpyX-
HOCTH — c/1abble 3eMJleTpsiceHus. [IpsMoyro/ibHble KOOPAMHATBI Ha paMKaX PUCYHKOB JlaHbl B ipoekuuu UTM B MeTpax.
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This made it difficult to get a good estimate of the fu-
ture strong earthquake location.

6. CONCLUSION

First of all, we would like to note that 127 years be-
fore the Kumamoto series of strong seismic events, a
destructive M6.3 earthquake occurred in the vicinity
of their epicentral zone. This circumstance gives an
indication of the duration of elastic deformations ac-
cumulation before modern events, i.e., of the inter-
seismic phase of the earthquake cycle. At the same
time, the interval of GNSS observations of movements
and deformations covers about 6 % of the entire dura-
tion of the seismic cycle, which in turn characterizes
the degree of knowledge of the process of accumula-
tion of deformations before strong events.

Consideration of the evolution of movements and
deformations shows that there were no significant
changes in their accumulation over the 7 years before
the Kumamoto series. Prior to these seismic events,
no evidence was found for deformation precursors or
clearly pronounced trends in the deformation evolu-
tion characteristics. Of particular interest to this study
is a comparison between the character of coseismic
vertical movements and dilatation, especially pro-
nounced in connection with the strongest seismic
event (see Figs. 3, f; 4, f). In this situation, the maximum
compression coincided with the low-rise transition
zero isoline. The extremum of extension in the epi-
central zone of the Kumamoto series coincided with
the extremum of a well-pronounced subsidence. The
uplift coincided with the compression-extension tran-
sition zero isoline approximately at the northeastern
termination of the Futagawa fault zone - the place
where the amount of material ejected by the Asosan
volcano in 2014-2016 was fairly small. This was not ac-
companied by significant vertical or horizontal move-
ments therein, prior to a series of strong events. The
volcano’s caldera was involved in a zone of intense de-
formations, after which the volcano stopped erupting
during postseismic relaxation on May 1, 2016.

An area of considerable interest is almost entire
absence of accumulation of significant deformations
for seven years before the strong 2016 Kumamoto
earthquakes. As noted above, clearly defined deforma-
tion inhomogeneties occurred for months and years
before the earthquakes, in the strong motion genera-
tion areas in the contact zone of the North American
and Pacific tectonic plates, [Kaftan, Melnikov 2017,
2018, 2019]. Such anomalies were not found for the
Kumamoto series. At first glance, this inconsistency
might be due to the fact that the Futagawa and Hinagu
faults are far from the mobile contact zone of the
Philippine and Eurasian tectonic plates, where the
subduction rate reaches 6 cm per year [Zang et al.,
2002]. They are located at a distance of about 300 km
from this zone, while the strongest seismic events in
Southern California occur directly in the contact zone

of tectonic plates. This might explain the relatively
low mobility of the studied zone.

The behavior of the minimum displacement moduli
of the GNSS points is most interesting in relation to the
development of movements and deformations during
the stress accumulation before the Kumamoto series
(Fig. 6). Analysis of the kinematics of this character-
istic [Kaftan, Shevchuk, 2021] shows the formation
of alocalized area of minimum displacements (Fig. 6,
d), within which the subsequent strongest seismic
events fell. This fact demonstrates the possibility of
identifying the location of future strong shocks based
on the data from permanent GNSS network.

All identified features of movements and deforma-
tions characterize the kinematics of the median tec-
tonic line of the axial zone of the southwestern part of
the island arc of the Japanese archipelago. The com-
bination of coseismic compression and uplift at the
center of the formed triad of deformation extrema, as
well as the consistency of subsidence with extensions
at its edges, demonstrate the mechanism of growth
of the central region of the island arc under compres-
sion and the role of volcanism in this process.
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