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Abstract

How to estimate a strain-rate field from spatially discrete geodetic data has been a long-
standing issue. In this paper, a method based on basis function expansion with Akaike’s Bayes-
ian information criterion (ABIC) is introduced, by which strain-rate fields can be obtained objec-
tively and stably. By applying the method to GNSS data in Japan, strain-rate fields are obtained
for three periods: 1997-1999, 2006-2009, and 2017-2020. Except for deformation related to
volcanic activity and large earthquakes, the obtained strain-rate fields are roughly stationary in
time, while showing large variations in space. In order to interpret such spatially heterogeneous
deformation, a framework of inter-arc and intra-arc deformation is used, considering Japanese
Islands to be composed of five island arcs (Kuril, northeast Japan, west Japan, Izu-Bonin, and
Ryukyu) and that these island arcs are defined with little ambiguity, though the northeast- and
west-Japan arcs are collectively treated as the Honshu arc in this study. Inter-arc deformation
between the Kuril and Honshu arcs is characterized by EW contraction, the Izu-Bonin and
Honshu arcs by NS to NW-SE contraction, and the Ryukyu and Honshu arcs by NS extension
with EW contraction. Regarding intra-arc deformation, the Kuril arc shows high strain rates
from the Pacific coast to the back of the volcanic arc, the northernmost part of the Izu-Bonin arc
shows significant EW to NE-SW extension, and the Ryukyu arc shows NS extension with EW
contraction similar to the inter-arc deformation with the Honshu arc, although the EW contrac-
tion is weaker to the south. The Honshu arc shows zones of high strain rates along the eastern
margin of the Japan Sea via the Niigata—Kobe tectonic zone (NKTZ) to the Median Tectonic Line
and along the Ou-backbone Range, while it also shows low strain rates in the Chugoku district
and in the zone from northern Ibaraki prefecture via the northern Kanto district to northern
Aichi prefecture, which is named the Hitachi-Mikawa forearc low strain-rate zone (HMLSZ).
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Fig. 1 Average velocities at GNSS stations with respect
to the IGS14 reference frame for period 1 (Janu-
ary 1, 1997-December 31, 1999). Stars represent
epicenters of earthquakes (M > 6.0) whose coor-
dinate offsets are removed from GNSS data.
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Fig. 2 Average velocities at GNSS stations with respect
to the IGS14 reference frame for period 2 (Janu-
ary 1, 2006-December 31, 2009). Stars represent
epicenters of earthquakes (M > 6.0) whose coor-
dinate offsets are removed from GNSS data.
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Fig. 3 Average velocities at GNSS stations with respect
to the IGS14 reference frame for period 3 (Octo-
ber 1, 2017-September 30, 2020). Stars represent
epicenters of earthquakes (M > 6.0) whose coor-
dinate offsets are removed from GNSS data.
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Fig. 4 Expression of basis functions (cubic B-splines)
used for the analysis. Truncated Basis functions
are used at the edge of the model region in order
to prevent artificial deformation.
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Fig. 5
| Estimated strain-rate fields in the
Japanese Islands for period 1 (January
1, 1997-December 31, 1999). Black
lines represent surface traces of major
active faults (Headquarters for Earth-
L quake Research Promotion, 2017) and

black triangles represent active volca-
[ nos (JMA, 2013). (a) Principal axes
| of strain-rate field. Red and blue

arrows represent expansive and con-
L tractive strain rates, respectively. (b)
Dilatation-rate field. Positive dilata-
tion means expansion. (¢) Maximum
shear-strain rate field.
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| Fig. 6

Estimated strain-rate fields in the
Japanese Islands for period 2 (January
1, 2006-December 31, 2009). This
figure is the same as Fig. 5 except for
' the period of the observation data.
| Although the observation period of
this figure is the same as that of Oka-
L zaki et al. (2021), this figure is subtly
different from Figs. 15-17 of Okazaki
et al. (2021), because the model area
taken is wider in this study.
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Estimated strain-rate fields in the
L Japanese Islands for period 3 (October
1, 2017-September 30, 2020). This
figure is the same as Fig. 5 except for
the observation period.
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#1 BRBKORID»REEHONMIE.

Table 1 Rough locations of arc junctions in Japan.

k5l AT ofLE

AREE T-EL JeiEsrh vl O AF o ~ b s b R )
ARIREFEI FHE/NEEIULE BN 7 7~ EERONR~ERT 7 7)
ARERE FEGR  SUNPER CIERIS SRR ~ B, Ff & E S~ -2 )

BATMOMEL, BBLIRFITA (2001) [CHEL TV,
The locations of the arc junctions are basically based on Yonekura et al. (2001).

ZAE, AR E T-BIR T EEEAIBLRXT
7 () TharA, IE BIK) OmEEADLE
S, KILEE AR &, 1993 4L
EEEE (M 7.7), 2003 £+ BhmE M
8.2), 2008 FMR B MHIEE (M 7.0) & &, bo
EORKHMBORDEICHEEL TVDLLEEZD
NDHFTTH o720 2008 44 THBNBEME (M
6.9), 2016 FREAMEE (M 7.0), 2018 FLiffiE
JRIRH R MR (M 6.6) 7 & PNFEKHE O RIS
TlE, WREIGHEOXRT A 5N 5 (Okazaki et
al., 2021), LLFOARZTIE, HAMIZ, KERT
CRELGEBHICOVTHERT S,

2) EENLZEE

2-1) THMDZEE)

T EE, AiEE O P & A ERHICE S
e ER R CHRILE RN E G LT 5 CRE
322, 2001)0 Z DWEMOHE % %3 H & ILIR
A5 KI5 BACIC MO 5 E0IE, il
ZEni il L T4 (Kimura, 1994), BTl
HEILIRIZEHIL TV 53l D BAE T D 2 B h3 Ik
WIHER L EZ N Do LFRTH RIE I PE#z~
FARELR SR REE RS SN TBY) CF
J11,2003), GNSS 7— % Of#EMT 55 H 15 mm/yr
Hi 2 O HPG 1 O PO E R 5N Tw b (Tto
et al., 2019), HEEHALE M HE (Nakajima and
Hasegawa, 2021) dFEELTBY, WoOEVE
BHEHDBLIER IV DEDL, BB, KifET
ZZATCVAEEMOBETOREPLMNELE 1L
W D7,

B 5~7DfEDS, RILHARINE DA
2B 7225 AEIIIROVEEE T 10 /yr % B2 % #wn
MR > TBY, #HEZB 200l

VT WA, HEIROEM T b A U T
VBB, TR O RN ZE B O RSB A R ]
1 CTHHMNICHRPLREL, T EIRAHAL H AN
2D B2 HEWWRATER &7z &3 5 Huh
(Tsumura et al., 1999) L5 TH A, T D
912, GNSS oMl R 5 1%, THEIKERE
JEHARIROA R ES X, BEEE (HEILR) <TH<
JEEB TR R BRI M L D O o5,

T-EIMNEROZEE) & LCix, ME-JLlGmo
JEMIDBAE TH B HilB L OKIL7 1 » MMk
TKREL, Kiiza >y b2 5 100 km PLE#EEN 72
FIE CHELZH OO TWbEH, KPHET
L— MOLARRARIZEBEMT V- DA v T
DY IHREREEZ S5NDAS, WHARRE &S T,
Kii7a y bOFHRE TRERIGERD 5 D)%
BTHb, TOFRMRE LT, Itoh et al. (2019)
X, KINC X % & HRAF IR K L 72 Hiik o 55
fLzRREL T2,

HE RO E 7V (Kimura, 1986) TR
SNz H1E, TEIREUIATIA Y N—& LT
M HIICBEI L CnWb & SNb75, ERHEY
TR LTI E BRI AHECTH L, Zhid
COHIFNZ, FIKA VY N —OEE) & T 5 Wi
RIGHIE D 2 WS L LA TH D, RIHIEDRK
BUMITE AR IZIFIT TS x 10 Yyr Z W2 1t
TR 0 As, Jiab o mE - TE )7 [0 0 45 25+
THh, AR Y N=& L CToOEBIIHINT 5k
T V6 5 M OSSR 1358 < 22\

2-2) RE/NEEIMOZEE

PENERENE, POEEOITRTAMLE
22 L C\w% (Matsuda, 1978). HFE/NEE K
EARMIK E OBENALE T 5 BT I~ HIE ~ Bk
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WEOMETIE, FEEISEY (>2x10/yr) H
ML TBY, ZoHmE, EefETiEmE,
AR -l g -k e, BRI S UL R -
PEAGYE 7 11 & B & VA SRR R D L2 nldis L C
Who B, HREETHHE 1ICHEIH2 &
3 TEAMENHEICKRE VDL, AT—AY v
TORENPRKE, —TF, HEOPLEZEZLN
LPEEEOITIE, B MR EE D
T, T, —oIZidE LI (FEHIEA, 2010)
RHMRIL GERIZA, 2021) OBIRICK 8L
Ez2obN5b, 7, FELEL O
CHg AV B 1 O S R E S IEH IR E W &
Mo, I TEMS D0 ) ORERIR ST
WAHZELHELHLTWA7S 9 (Mazzotti et al.,
1999) . IO FEIL T [ O fEaEH B L, AL &
O EPRETHL, FIERZEER LB~ L
LRI %,

PENEEGRTIE, ZoduiiEs o =Bl
O FEIL O UG F T, HIGH S ALH-FVE H O
XD THWHEIE L TWS, #HiE Sk
HEIIHATEE LD b BEEECTHE2s, BHRIX
RINBIZ L wizda—h VR ESOREE %
FRTWE, F=FBAN—F 5 HBOmIZ Y7
%72 R D WK E WS LITEET 540
Piid 5 (Okazaki et al., 2021), Z OffikEH)
&, PE/NEEINCE LR TooHh 5 2 L
ZRLTW5 EEN% (Nishimura, 2011), 55k
PREZLFEHE LTI, 74V EVHTESL—
FOBEEE XD D ERITO ZEEEHOBE)®
JEDEL o TLED) S ETHMANTE S (H18,
2006) .

2-3) REKIMDZEE)

TRERIIZPE H AR & L h B AL TWw 5
CREZ2, 2001) 0 HATBOAIEAFIT S JE Hbik
WIZBBLRANIET 5. HHAL OBEIE &
WERIRCIE, FALMERSABICA L TW D, ik
B, B BRI Mz, JUNPESS, B X
ORERBR A2 G e 3 5 TR EVW—T,
SN R O IE K LI (BTggIL & 5% 55 1L o)
TS, F72, EEPLPEPOSBRARBIIITTE
ARG SREEHI ) (SR L, AR T

5 HR-ALVE M OMIRY; & % > T b JUHTE
oA HRIE, W T 7 OIKEEROT S
N5 ENPEBEBTHS (KH, 1983; £, 1984)
UM B THNAMFERAE LT b 2 L id DT & 0
MBNTEBY (Sagiya et al., 2000; Nishimura
and Hashimoto, 2006), “N #3356 ET IV
bWV OPRESINTIEWV S (Kamata and
Kodama, 1999; Takayama and Yoshida, 2007),
ZOFERILTL IE-E ) Lav, d, Ik
B L ZORMNIME OFEATHTIE, 2016 7
AR A, ERBEEZR & KINAE 55T
HZ D, EAHRBEOREHELD LK X »
CLHETHLEDND B PR L TIZREARM
RROBIN 3 % K 2 B 2GS, EMATIX
3OOl L CREE RIWIRVVAE L T 5,
LA X ALMIRATE Z > TWB 2 & THS
Thc7% (ZH, 1984), HEIMEPGHARIME O
AT H 2 Hrilh 2 O 1 B 2 B0 40 A2 U
TWwb, TORMGEHEE, WTHSHETEY, €
D7z, MIEEATH S &, JUN T OF T,
WTWIRE 2o TWd, ZORPUEMIE, ik b
FT7TCDhy Ty TOREPREVEEZ LR
%05, HREER L D DB OV H AR HLE AT
GRA Y 28— & L CHEkilic 2 (Kimura, 1994)
LTws 83 & %1 5, Nishimura et al.
(2018) 7 g v 7 WEET NV EHWTHHDG
HEZAA TS, TORRICE D E, WilE T
TCDHy T Y TOMPREFAELIIVTD 5-10
mm/yr O FALH VU R 4 7 [0 DR 55 2555 D
Z A H ARSI 5 DRHIA ) N— & L COEH)
IR L TWwbEEZ LN,

2-4) AMIMDOZEE

FAL H AR & V8 H AL 6t 2 OARIMENZ 7 L
TWb, ZOBAETBIE—MITHREHRE SNED,
ZZIZHHEISEADPET T L &35, AR
ERIZEEEDILR->TnD (M5~T), 72
2L, ZOEHEITHIRIC LY BEFICR L S,

T3, KRPFHERREOERENERHEE RIS
L= Ay 7)) O 7ICRRAT A 7-0ZF 0B %
BRAVLCTEZ2 BT L ET D, SHIT, HALMHLE
bEOMBORNEIHCHTLEH R L,
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ARIMNAERE LCBBLREM 2w LIZPEILE-
WG MICHEHmH L Tnwb, TORGHEHmDOE
HAF, =AML SRR X BRI 100 4
WA BI (PR, 1973; F&4, 1990), b
RD AN = X NEDSHEE SN B BEDIS 1Y
(Terakawa and Matsu’ura, 2010), 7 5 ONIZi
Wi fg BB 1) 70 EOHE AT L D HEE S
N7-EULDOERY; (Hujita, 1980; Wesnousky
etal., 1982) LFFINTH %o

Sagiya et al. (2000) A &4 L 7280 # = 7 A
i, SMoOMIrcd X HE R THL
720 BAMEEL, FETE»SAHHUEKTE
IZRE WV, Frigp EAaLERT L, L ~NEHRIE
W5 o HAMER R (H AR E A ) 12,
P A~ e S R IS U TREON S
(Nishimura et al., 2018) . HAR{EHFIZBIT %
WEAMEL, WEANEEY» SHEINTZZ O
M3 DK X R WU 40HE (£, 1989; Okada and
Ikeda, 2012) & MM TDH %o P EAE
i, A2 S REEICE S 5% b D, Heki
and Miyazaki (2001) %, GNSS 7 — % Ofg#r
PoILKRTL—RET L=V TL—kEDOERD
COHHIZYZH D LML Tw5,
BUPIILIRIC D FEADOEF A 5N S (Miura et
al., 2002), T ORPIFEEIEDIL, K
JEHOMAY FTEXNTEY, HPIUROHPE & 13
T—HLTWwb, WHEFHEDH T, Kili7a s b
AL RECEBML TS, —F, 2T F
THECT S A&, 1993 4E L E R U P ER %> 2011
SERAL P HLEE D RN E B O BN D - THBI L
Vo COBUPIFRTOMEMIL, WM O
TIKINSER T 5 SiRERE 2 H 5 2 & T
7 < BAYT X % (Shibazaki et al., 2008) . it
FEOEWHIBICEADRETTLDOTH S, Wil
BND L% > TEBIFER DT — % (Fukuda
et al.,2020) &, BPJLIR ToO#EFEEE & ST
Thb, 7z, FALMHERT QMR 2 (¥ 2L
M HE L Cw A RPFERZOKIIE, Takada and
Fukushima (2013) %%ty L 72 HJbiibiE & 12
ke L7zl (b2 S RkHBY » 1%, ZEEy L, & T
i, &FE, IPEE) oM o720 —33 5%

Z L IFEBREV (Okazaki et al., 2021) 6

—75, WEH T TIEIE AR DTEE 1N E W,
UL, ZOMF O R7Z0 N IERBE 2
W A LRI TH . COREKE LTI,
FifE (2006) AAEERT S L), HARISOH
PR DR AR (AR =ZER A6 HAR
W) CHDLEZZDLONEYRTHA ),
KIRIEALTR A 5 LRI &2 R C BRI IC R 5
RIS T b EEARBEDBF /NS W, Z ORI
DARE AL 1X Sagiya et al. (2000) TR
ENTWDS, S OENT TIEF IR L 75 72
(Okazaki et al., 2021), Z Z Ti&, k= Fi5N
REARN LR LIZT 5, WIHIRTH ) 2255
VEH G 72 & &8> TERAREIVNI VDI, Z
OHIEDO TV — WA v T ¥ TN S v
(Noda et al., 2013; Nishimura et al., 2018) Z
ERFTEELENE L TEZONSL, T2, Wi
SIS 3 5 72 O MR A LS YL { (Tanaka
et al., 2004), FEHEZEEFECIZ VWEWVH Z
ELHDETHTVETHS ) ZDHFEZN
AUV TE Aaif 1, B MANC & 2 B T E AL
WEHWNRE R LTWS, R EEdHs b0
ORELHEE (528, 1990) RIGWE D5 A (M=
AT FEHEAEAEE, 2022) b, HBEICHEIH-
TWbo L L—7, & k=il RsE Aa i,
J\THE L e =30 B i 2 & IR D B 721 Tk
<, BAEILH, ALK, A LIRZ: & OKER
OS5 LT Y, WIS & B3
BEDVDHDH I IIZEbR RV, Fh5KERD
I DTN IR EIRO 22 & ORIR S HEH S
505, SHEOMBEEOMEIEH S NS,

V. & EFEER

HAY 1213 GEONET Z1Z U & § 5%
7 GNSS O #LMAEM I N T b, 22
HEBLY 72 GNSS 22 E ol 7 — % 2 S i 2 &
FIREE M % YN KD B 2 L IZREDRETDH
505, ARE T ABIC % FIH L 7 2% i B % B
12360 < Okazaki et al. (2021) O EzEMAL
7oo WFPE, EABES O L HET 58
T A5 BT — 7 12O TEBINICHETE
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2L, BhREEZEL WS, EHIZZD)
P 3 ODR L MM (I 1 : 1997 ~ 1999,
W 2 1 2006 ~ 2009, M 32017 ~ 2020)
DGNSS F—FIZWHT 52 &T, £HMHOE
AEEGEHE L (W5 ~T7), TOME, K
IELTOEBR 2011 FFRILMHEL I LD &
TLRHMBOSNES L &, FHHOEARHE
FEIZIEARMIZIIME - 72 D TH ) KENITIE—
EDRETEAOERPET L TDLI L, 20
—HCTEMWICIIRELLEEHVH LT LD o
720

M 5~7CTEREINDXHIZ, HEAFIETIES
FEFRYGTCEIFEETLEEIELTVD, £
NOEGBLERLEMLUTRAT S0, AT
X (SRS & BIMNEE) ] & v Fefildh x B
WpHZElE L7, HlziE, bk (BrHwidtF—
V) FL—hea2—=537 (HHVIETLH—))
TL— bR E L TIE, dbiEEPiE (Chap-
man and Solomon, 1976; &1 - %, 2016), H
R aiE~ R (FPA, 1983; /MK, 1983), #r
B EEA LD (Sagiya et al., 2000), Il
O REEICE S 2B (Heki and Miyazaki,
2001) X F S F %D OPIRE S NPAEH M
WTWhl, L= MEREZ —BEICED S I LT
LV, b ERMIUTHAY R X9 %k
WOEH W TIX, BZo LAy —WHEED
EWIER LT, ZEPBmICIEIRELZN &
WCHELTWS, 2% 0, HAVIBOYZ 27
L— MERETREPSFEELTERDILINT
K720, TNHIXVDIXIEMRD L W EOE % 3
LCE7E9dbDEVE D, 12 LEFDO—H,
HAG S OLE & — KUtk % & SORitkiRk o
%) (England and McKenzie, 1982) &%z %
EHLHMALDBELTHA ). HLOYKT, Z
NG ICEARAREDRAENE L THRENLTH S,
WERIZE X, HAVEBO X ) EEHFICBWT
LN P NERASERIIZAETTB Y,
R 7Ta Y 7 Z#REORARICIEZ TV — T 7
=2 2E—2DMRE LTIIERYH L DD,
LRI L, SRS BN —
YHBOEND &)k 2HAE, 2% ki)

ORYELDBDOELTEZDLRA NS L= T2
b= AMWEZIIRITTREES I,

HARVEBOER 2% 25 LT, [BkHALSH) -
BN ZER) | v Mz R L, 3L H AR
P HARINZ AN E —HE L THLY o 72358512
1, EIRIZB & L CTIAMNIKE Zh U0 & 5
i (TR, FE/NEEDR, HERIK) & OZEH)
Z, EINNER)E L CIEAMIIE L eyt
3ODEHMIIOVWTENZENE 2 X X L fiiHT
H5bo

Bl Z#ICoOWTIE, ThETHASATNS
X 91T, RHEEEIE, AR & T 5K 576 5,
AIHBR & e /N JE I AL 20 S AL PE -7 35 1)
O FEE, AMIR & FERGE LMk - H76 0 &
W RERPE O NI, 72720, AMELE T BIlo
PR 3R TRl L TRV, JHE/NERR & A
MK E OMEZETIE, FBRRPEED DBRIEICT T
Al 2 SCREETI D 12 90° i MfR LTV 5, B
BROR & AR O B PG 4H AL, HTH < TRV,
BIMNZEZOWT, T EBII AR O i H
A5 KINIRO B F CERMEEDHE Y, A E/NE R
KO ALdERClE, HVE 2 &AL H-RE V6 5 0 o ik
DBEETH Do WEIMIZOWTIX, AL E DB
HEOZN (MAbfing - WERA) 255N Ed 5
LOOIMEEE THiv T, AN, LA
ACHET L= EeDh Yy 7Y Y TORMEEERL
EIEARMICHPG M TH Y, H AR~k fh
I TE AT ~ R R AR S R S IS K OV
BRI CHE ICEARBEDH, —J7, HEH
WA T, ZRIRIEALEE 2> & AL B 2 5% Tl
TR 2R 2 B = 3T i IV SE A i C 7B A S
WS HFREBISGHED X ) IZHER L T»
<, BUBREE S FLAF D 72w,

ARTE, E PR, B ERET, EE GNSS -
Y2 (IGS), UNAVCO, #[E GNSS % — ¥t 2D &k
B 5 8Bl S 7z GNSS Bl 7 — & 2 ST
727207ze TG ORBNCIEHEL X5,
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