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Abstract: We constructed a crustal stress map of the Kanto region, central Japan, from earthquake focal
mechanism solutions. In order to increase the spatial resolution of the stress map, we included more data
than the routine catalog by determining focal mechanisms of small earthquakes down to magnitude 1.5 in
approximately the past 14 years. We obtained 1142 well-constrained solutions using P-wave polarity data as
well as body wave amplitudes, which successfully filled the gap in the stress fields left by previous studies.
We merged our focal mechanism catalog with the Japan Meteorological Agency earthquake catalog and that
of our previous studies, which have become a source of information on the stress map. For each earthquake,
we estimated the direction of the maximum horizontal compressive stress (Sumax) based on plunge angle of
the P-, B-, and T-axes. The type of stress field was also determined using rake angles, which provide a single
scalar value on a continuous scale varying from —1 (normal faulting) to 0 (strike-slip faulting) to +1 (reverse
faulting). We then computed the mean Sumsx and type of stress field on a mesh interval of 10 km, which we
refer to as a stress map. Compared with previous stress maps in the present study area, our map succeeds in
reducing the blank area of stress information and provides higher spatial resolution in stress fields. The stress
map reveals a complex stress pattern, which includes sudden changes in the Sumax direction, clockwise Stmax
rotation from the Izu Peninsula to its north area, the existence of multiple tectonic stress provinces in the
spatial scale of a few 10 km, and normal-faulting stress fields prevailing in the coastal region of the Pacific
Ocean. These features are important for understanding local tectonics and evaluating future earthquake risk
in this area.

Keywords: stress map, Kanto region, small earthquake, focal mechanism
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Fig. 1 Target area of the present study. Blue circles show earthquakes shallower than 25 km, the focal mechanism solutions
of which are listed in the Japan Meteorological Agency (JMA) catalog (October 1997—October 2016). The gray line
represents the region of long-term evaluation of active faults in the Kanto region by the Headquarters for Earthquake
Research Promotion Investigation Committee (2015). Red lines show active faults based on the Research Group for
Active Faults of Japan (1991). Topography is based on Kishimoto (1999).
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Distributions of target earthquakes (black circles) and seismic stations (squares) used for the hypocenter and focal mechanism
determination: orange squares; National Research Institute for Earth Science and Disaster Resilience, purple squares; Japan
Meteorological Agency (JMA), green squares; Earthquake Research Institute, University of Tokyo (ERI), and light blue squares;
Disaster Prevention Research Institute, Kyoto University (DPRI). Hypocenters are based on the IMA catalog. A vertical cross section
of the earthquake distribution along profile X-Y is shown below. Refer to Table 1 for source information of each region.

1k AW TR L 22 3B OFEM

Table 1  Details of the earthquakes analyzed in the present study

Region Period Number Magnitude
1 April 7, 2004 —February 2, 2016 | 368 1.5—52
2 June 12, 2002 — April 2, 2013 1175 1.5—4.1
3 June 11, 2002 — August 23,2014 | 1129 1.5—43
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Fig.3  P-wave velocity structure model used for the determination
of hypocenters and focal mechanisms. The S-wave velocity is
50 assumed by scaling the P-wave velocity by a factor of 1//3.
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Fig. 4  Hypocenter distributions determined in the present study (orange circles). Black
circles indicate hypocenters of the JMA catalog.
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Fig. 6 P- and T-axis distributions of focal mechanism solutions, the plunge angles of which are less than 15°.
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Fig. 5 (a) Spatial distribution of focal mechanism solutions
determined in the present study (lower hemisphere of an
equal-area projection), where different colors are used
to differentiate reverse- (blue), strike-slip- (green), and
normal- (red) faulting mechanisms. A triangle diagram
(Flohlich, 1992) with a color scale is presented in the
upper right. (b) Distributions of focal mechanisms for
each faulting mechanism. The number within each set
of parentheses indicates the number of events for that
faulting mechanism.
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Table 2 Definition of Sumax based on the plunge angle (pl) of the P-, B-, and T-axes (Zoback, 1992).

Plunge of Axes
P B T Regime” | Sumax Azimuth
pl = 52° pl < 35° NF azimuth of B- axis
40° < pl < 52° pl < 20° NS azimuth of T-axis + 90°
pl < 40° pl = 45° pl < 20° SS azimuth of T-axis + 90°
pl < 20° pl > 45° pl < 40° SS azimuth of P-axis
pl < 20° 40° < pl < 52° TS azimuth of P-axis
pl < 35° pl = 52° TF azimuth of P-axis

*NF: normal faulting, NS: predominately normal with strike-slip component, SS: strike-slip faulting,

TS: predominantly thrust with strike-slip component, TF: thrust faulting.
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if (abs(A1)>90) A1=(180-abs(A1))*( Al/abs(11))
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if(abs(A1)<abs(A2)) then
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else
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end if
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Fig. 7  Sumax direction and type of stress field. The Sumax direction is based on the definition of Zoback
(1992). The type of stress field is determined by Shearer et al. (2006) and is represented by color.
Focal mechanisms listed in the JMA catalog and Imanishi ef al. (2012, 2013) are also compiled.
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0.0 w w w w Fig. 8  Weight function used to compute the stress field at each

—-4a -30 —2a -a 0 a 2a 3a 4a mesh. The equation is shown in the upper right. The weight
of the data depends on the distance from the mesh point.
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Fig.9  (a) Stress map in and around the Kanto region determined
in the present study. The Sumex oOrientation is indicated
by a straight line, and the type of stress field is shown
by the background color. The meshes within a dotted
ellipse contain earthquakes induced by fluid injection
due to drainage from the Philippine Sea plate (Nakajima
and Uchida, 2018). (b) Standard deviation of Sumx and
fptype.
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fF—ifbr suas a7 -2 L, AU THEEROTHEE
L7=HARINSDIE I~ v T EMKBITRT. 77— 2 8%
ERLTAy Y220 kmE L, (1) XDa% 10 km,
LT % L Z2OHIPAE X v 2 2 OHFLA 5 F1E30 km
PINE L7z, A w v 2 BIBRDIAW 72 022 [ 5 R B3 75 5
25, HARVEOIRIG%ME T 2 ETldE%ko b 5
vy TS THB.

6. @R

6.1 IBHAFUIINALN= a3 iEEDLR

RERERL SIS NS HET IR, Bhy vy
A UN=D 3 ViEWl AL, Gephart and Forsyth, 1984 ;
Michael, 1984) 2* LI LIZEEH S5, 617 v v A
UN=DUa VHEICK ORI NS ST X —21F, kK
FIeHoe, HEFEHe, wNEEHeDJf, ZLT,
Wkt @=(o,-0)/(0=0;) D4DTH5. —J, KWIET
FHEE ST R % Sima EIB B D 2 4 FTO2DIZREL, H
B O IR NG E RO B 7 T a—F &AL
7= (BT, MifHBkegs). 22 TRIBHTF Y YA v
IN= g VIREEEELEOMRPFEME TS 55 E 5 »IiC
DWVTHENT 5.

WO AR L7=ED X v ¥ 2 0hh» 5 RENL A v
VA E4DEY, TNEFRDA vV LIl EEN S BEM
WA S TR T Y INA VIS—=D 3 VEEHL 7-.
HE5E /7% 1 d Imanishi ef al. (2011) O FMEIZHEVY, Michael
(1984, 1987) D FEAEH L2 HEEMSREZ S 11X
AT Ay Yo alde, BMEITHE, o MFIEARFETIEN
MG AERTHWEL TH 5. BFEOEREE A S
&, Sume IV GENKD AT LA v bNDOIKED AL
oo LD R & IFIE—BHL TV, & 5 I fptype
13064 THD, WMELTHEZ L EHFANMNTD 5.

Ay ¥ oa bl BT, o, 2MEIEAFETILIL -
MR AAERTIENESTH 5. LIESEO%A, o
R A St ZXHIET B Z & A2 528, B EIZ K B Stma/T
Wiido, HAL OB L IFIT—BL T\ 5 Z LDHERTE
5. IEWEHTH 5 Z LIZBIL T3 fptypehi-0.76 & 3K &
ENTHD, MAMEHESESOIA TS, Ayvac
(do, 2EIFACECIEALYs — RER R A IS HEE STk D,
2130 I & B Suma I 10y T O FB R &1 IF—
HL T3, BHIBIZBE L Tlde, o, D95 % EHHX R A
HEDAE-TEY, WlkEGEEThERET 5158
R T 5. fHEAICK 2iptypeld 033 KD SN TEH
D, ANNERERTH S, DED3IDD Ay Y 1 I3HE
BB OB A 204 BATHD, +0aKE CHER
BAEENTWE. —F, A2 dFFEEEREM O
BR5ODGETHD, 5% EHXMER THb25 L5
2, BT VUL UN—D g VEERIBIEEICARE L
5. BHHIZE S TR 5% EHEX B O S 5 mis ¥ —
IBRSENT, 05K KEVHA/DEVLDOHIE TE
W, B, Z0LIEGAEDRNT VI, VIN—
U VEEREMbHND Z L3N, o FIZERKTE
TR R AEERLTWEEVWS ZEIFEAZST
bHbB. Fl, A v PackEfkiZo &o,D95%ETHEHX M
BELEZDA->TED, WWkESEEThIErITET 28
EIRRTE S, fEEOREREAD L, Sumailiido, 7
FED IS %ISTHX B DBICINE - TH D, WHIHIZEL T
& fptype230.45ThH 5728, HEARMIZITBEAN LHRE
5A5.

LED &5z, fEifikic & 3HeefERishs v v
L UN=Va VEREFFLENWZ b, D, 72750,
TV INA VIN=D 3 VERHEEI ST A — 2 B
HEEDZL A B720, k2L ORERMRLT — 4
ELTRENI A D, WEIXRE L el E4H8 5729
12, 20fALL LOREBRERAHEDLNL Z N0 HBIA
I¥, Townend and Zoback, 2006). AH9ETIZL < DRE
WA HEE S5 Z ENTE LD, T BB
OB A20% EFEB A 5 ¥ 2 13RO EBISHE X T,
BTV I 4 VN=D 3 VEETEIRIOD & S Ak E
BEDBH~y TEMERT S Z L BRHETH 5. SumaFHE
LIWNHD 24 TIZHERTALEAE, KFROXS 57
Tu —F (k) 265 ZEXHEDITHA .

6. 2 EHEOEEZEIL

AFZE T - 7= FEBEREMRIL 1997410 H 2 5 2016 4
WHETEENTH D, 2011 Fddbh )5 A FEaem 2
(Mw 9.0) DFIHD T — 4 & —FHZ LTI L T d. L
22U, WAEH S K E-PE R % B2 B ARSIS OIe 15573
oLz M8 0 (BlZI1X, Yoshida et al., 2012),
SHIBOTF - 242 F L THHAT S Z L DRYMIZON
THET2REND 5. 72T, S A ErEh i
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B REMZADDX Y 2 @~DITBFRBIT Y INAL VN—2 3 VIR, F7iE 49 Y 2 DMEARL, 2O
DEDOIIT R ONEE T, B A v ¥ 2 OMRERMOEITIRT. (L) RKFIRTIH O REME & 95 % {5 HHIX
B (SRIRE O T REEY) . BMOBAII RSO E /R, IKEOEBIIANIZE K 12X 2 Sumadf. (K
T)RERICNTEIZAT 4 MO X NS4, ZZTIAT 4y MHZRERY» SEHE XL EAWIGH ML
REBBROT RO FHAOBOAETHS. (HT) S5%REMXBIEEFIIENILLsDOE 2 Mo T 4, W= AR
ROt

Fig. 11 Result of stress tensor inversion at four representative meshes (a through d). Crosses and purple circles represent the position of the
mesh and the epicenters of focal mechanism solutions, respectively. The result of each mesh is shown at the tip of the arrow. (Upper
panel) Principal stress axes with their 95% confidence regions are plotted on lower hemisphere stereonets. The number next to the
stereonets indicates the number of events used for the inversion. The gray line corresponds to the Sumax direction determined in the
present study. (Bottom-left panel) Misfit angle for the data with respect to the best stress tensor. Here, the misfit angle represents
the angle between the tangential traction predicted by the best solution and the observed slip direction on each plane determined
from the focal mechanism. (Bottom-right panel) Frequency of the stress ratio @, which belongs to the 95% confidence region. The
inverted triangle represents the stress ratio of the best solution.

DREFMEREBREINThOT -2 Xy F&1ED, HL

FIETIR NI~y 7H2EKL 72 (F12aX). WA TR
PHEEEN TS Ay Y 2% IR 5 L, WEAFHNNL
GG THBZ ENAlZ 5. FEptype & Stme ST HLD
EEMW>TAD L, RFEMEZEZRS g (G 12bX).
ZTDENPRKENA Y V2T L RTASE, T—4K
A5 S HEEREE DB G 2R E, WEOREL
Ay Y aNTRESTWAZ Exbro72. DFEDE12
XTH 5N 223011350 RBZLA B Tld 0. 1
NIRRT U T B BEHER 2 226 ) IS R B R B A Byerlee
Al (1=0.6-1.0) (Byerlee, 1978), MIFEKHEMHFIKETH D,
RE TR T WHRNS S B Wk (optimally oriented
faults) ECO Y —a VERERD 251 2RI TI0NTRS

ERITE R E XN TS (Bl Z1E, Townend, 2006). Z

DA, S 10 kmDZEIBJTILIEWEYE T 100 MPa% i
Z, BE$HIET150 MPa%x B 2, WS Tk 300 MPa
#H A 5. HALHT KRR 12 & 2 AR OIS
NZEACIZEAR L MPaLI T THh B 225 % 5 L (5IHIF
M, 2013), % &% BIBBEOBIN LA L &5 Z
I ZEREHTHA . KAy Y2 DIBIBIEORE %
EBOAZHICIETELRTT—ARLNIENEE LWL
728, AW TR HALH A KT E O %O 7 — &
EETED AR (B oalX) 2 ANk~ v T2 5.

6. 3 fDICAERERT T — 2 EDHLE

K TH OIS~ v 7 % OB E# 2R3
37— 2 LT 5 CEE13X) . 5 13l E e 1l
EIZ KBS EBSIZDOF 4 TERT. F—4 (KHAK
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Fig. 12 Stress map determined using data before (left) and after (right) the 2011 off the Pacific coast of Tohoku
earthquake. (b) Histogram of differences in fptype (left) and Sumax orientation (right) of the same mesh.

MRS Il 7 — 7, 1984 5 /NHIE A2, 1986 5 Tanaka,
1986 ; WH - 355, 1987 ; Tsukahara and Ikeda, 1987 ; 5 -
Wi, 1988 5 WhH - HKJH, 1990 5 Tsukahara ef al., 1996 ;
SARIZA, 1997 5 WUBEFET, 1998 5 /MHEA, 2003) i
PEETITR AT B AR A Y v 4 — OIS 3
7 — 4 X — Z (https://gbank.gsj.jp/crstress/, 2018 -8 H 10
HIER) IZEEh T30 TH 5. MEHEE T —BE
WO THIAR BT RREIIZE T %900 mD T — 4 4
& % 73 (Tsukahara ef al., 1996), £ 13aXDk 2 &' F Al
RENDB X, IFEACEEEmZEOEME TS 5.
KFZEDIR T~ v 7 (513d X)) & EZ > TV B HHIED
F—2 T3, MEOHNEERIEISLT LIRS &

V. ZOREFIEHEE < OIS IERIIHE S H A B %
EFOBNEBTLERML TWANWI EERELTED,
JE AL IS ST E RS SR A Hs s )~ 7Sl A2 B BRI
BRABETH B, 55130 KIOFRANL, B $2101E 5,
1997) 7 5 HEE & N B Suma T B TR T, KIFZDIB S
vy TEEE S TORHEADE L, SEBERIZIE- &
DLZEWV. LaL, MENRETIHEE E TEAHYD
TAEHL Toang, F13bRICiciish s 27 —
LOEHEZED T Z L BREETH A 5. WD
HHEE XN BB HMIEHEE T — & IR+ 53 RIS OIS
NERAEMD S FTEETHL 2056, 5, il
TOHFFIEFEAE R THRE L TS DERDH B, Fl13c
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13X AMEDIBI~ v T DG HEREZTRE T2 57— 2 LD (a) FAVEIGRESR (MRS 5T — 2 X— 2,
https://gbank.gsj.jp/crstress/) . SREIGI AL I N TV EWT — 2 DIFA, HE % 2,600 kg/m’ & IRFE L CHITERE OB
DIEAEE L, KEHEDIESEE D KR/NERD» SIETED & 4 TAHEFE L. K RECEEREDOL X 2T L %RT.
(b) ¥WEFEHh AZIE A, 1997) 2 SHETE U 72 Shma T, (¢) GNSSIZ & 0 HEE X N7z AKETE A5 (B 4 PEfE, 2011). JE
UEIAR)IZ 1999451 H1 H~ 199941 H 15 H, 2200041 A1 H~ 200041 H 15 H. (d) A2, SHox L Hi
D, WIEO %A TIUHKLE LU CSuma T AR T EHUCEE T TS, fptypeDFZMERZEA 03 2 EATH D, 11
DEATHRD SNENA Y ¥ 2 DS T AT BOEH TR

Fig. 13  Stress map determined in the present study and other stress indicators. (a) In-situ stress measurements. The data is from the Crustal
Stress Database (https:/gbank.gsj.jp/crstress/). For data for which vertical stress is not described, the overburden pressure at the
measurement depth was calculated assuming a density of 2,600 kg/m’, and the type of stress field was inferred from the magnitude
relationship with two horizontal stress values. A histogram of the measurement depth is shown in the top left. (b) Sumax orientation
inferred from active folds (Sugiyama et al., 1997). (c) Horizontal strain rate derived from continuous GNSS measurements
(Geospatial Information Authority of Japan, 2011). The reference period is from January 1 to January 15, 1999. The analyzed
period is from January 1 to January 15, 2000. (d) Stress map determined in the present study. Unlike Fig. 9, the line of Skmax
orientation is colored depending on the type of faulting. Black lines show the Sumax orientation of the mesh at which the standard
deviation of fptype exceeds 0.3.
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KIEGNSSIZ & 0 #EidE X 7= AKCEE A HE &R (E L
HBE, 2011). B RWE B OB O D LR & %
ATHERLZRTH S Z b, ZORITEHEFDOAKT
ERBE L Wb, ERHE ORI &SmO %
W5 &, fimvEnZs 5300, FEXE» M
Jlith, AR FY CRETI O ISR S RS B,
SR aEmE L YT S. F72, KERRFRICE
WCHIRE A BT 2R E IR~ v T LA TS
3. 01V y TTRENDZILT L HWREE T — 4 2 5
EXINDEARE I T 2R 2 7 — L OB R % KL
T30 LE—3T 5 LEITM A (Wang, 2000 ;
Townend and Zoback, 2006), AFEHAHIRIZIE - TIZIEW
HiPHCHOMARL TR, I8~y 7ORAEOIEN
BiafeEd 5 ETHEEAERICADF/LIEELONS

6. 4 FITHRDIEH~Y Y T EDILE

BL4KNIAMETH O Wz I~ v 7 & BITI%IC
K B8 )1~ v 7 (Townend and Zoback, 2006; Terakawa and
Matsu'ura, 2010 ; Yukutake et al., 2015) L 724 DT
b3, MEBIZIBHGOAHENSBRE LD THH2DIC
SWVA, —fHk 4R %, KRN SREITHNNTH
5. 7, —RUTHE» R XD, IBSIGDRM 5/
BEIIARIIZE A —F @, Zhid, NS aZom %
o722 & CREBBRO T — 4 M8 2 72 2 L ISR
5. Lh2L, ZEESHEIT EN->TIIRRELTT—4
DA 5 WIS DB WO RIS A > T b, —,
Terakawa and Matsu'ura (2010) D1~ v 7 (58 14b [X]) T
3ZD &S REABAR S ng, LIBT3 %2
RIS S 2ICZL T 5 S WS gt 2 5- 2 s 15
AHELTWA72OTHD, T— AWML VGO
WBHIGEHALIZHEI A TIN5 THSE. LarL,
AWFDFER» S R ENB K512, WG s Iz
MZENT2HAE DD, ZOFRENEIZRD IO T
I3y, —fl #2155 &, Terakawa and Matsu'ura (2010)
TIET — 2 2L HOFIRIEALE 2 & 15 5 I 058 0 Mk
122 TOIS I35 % LM QMW S L HEE L T\ 5
2, ZOHIEIIRATRICIEWES Th 5 2 L S 2
7 > CH D (Imanishi et al., 2012), BELFFT 3 ER
Lo Tw5, 20k, HMIZFLOISIE#RE N
L TEAREMD TIWTEWEERH 5 Z L ICHER
THERENDB.

6. 5 HYy7OMEFE - HERYIEFRIER

RBICAMETH NI~y 7O ER SR
Z3DOHD B, T OHUEER - REERYIBLE R R %
kA%,

6. 5.1 XKNSHFIELEHOIEHEK
FIF[E CIS JIRRE 12 SR & T 2 g s I IX

(Zoback and Zoback, 1980) &FFIEH 5. $5AK (1989) 1324
REDRR S Mz 7 — & 5 6 B b A 13 A D6 JI X IZ X
HENBZEERELTWEDR, KifETRIEH~ Yy 7
D2 RN LR 5722 8T, X612 DIEHIXIC
XA HETH 5. EEIIBHIX 28T 512 3 B s
R RGE, HMEBEIOREA L S &0 THEICHRETL
TV RERHD, KiGXOHWEBALSDT, ZZ
T Fkm2 7 — L OFNEL EIZIROIE T (78 &
VPR EINTNBEEVIFRICHDTEL. ZD
ko Tvy ZIROMED L <I1Z, HARUWIEKEO MR
W & THREPEHEN I S OBR & h 7z Z iR
T2LEL6NS. F8A0989) IZBNKX (T y )
DRI HERERP W E S A H T 256086 5 2
LAERLTWS, F1SXO SIS
MAERL TH 0 (HFIEA, 2000 5 HAMES, 2008),
I I RE AR (P LG AR D — ) LR R34
W, SRRSO L &, B0 a%E
L BB L T, 20 &5 AHUESRIZ IR
BEREHSEAEL TH D, 2 ZOEEWIEIFEME Bk 5
TWB728%, FHEB» &b - 7B JIH 2 Z % B
AEART, WHMAEERL 72 & PR NS (Fl 21T,
Zang and Stephansson, 2010). HlEUREE K7 R0 1% W g A3 4%
FTLEWHRERICE > TOWAEWERR 555, Zhid
Wi kgt & R OB BYEDZEN S Wz d Lh
o, —f, WEEERPWENE & RE S hTusng
P I XA OGS S BERHTE 24, ZThoo
BT I AARTE W R 0 MBI D BHEE e AN — B EAE L T
WEO2E LTsn, WIS K, S KM
FBIROTa v s o ENATED, ThonEnE
HoTVBRTHA A=V NS, JGHXERTOME
VA2 TEBELEMERETHD, Z0DIZETey s
RO EB ORI A ARAIRTH 5. —AILGNSSD
BUHLSEE TIRA S TG WA, InSAR%E FIW =itk %
T % Z &1 & 0 v MxhEB) 23 8 T % % mTaetE
L ENTH Y (21X, Takada, 2018), SHOWED
EEAHEENS.

6.5.2 FEFELSERIUM HARICEAITTO
Stmax 7 LD [ElER

FEISKIORITRT & 5 ISP EES & B L, 5
ARIFAZ A T Suma AL ARG D IZ K 2 R R 5
5. 6 3HITHNARZ LS ITAKFEEREE O S
[\ CA#EA 2. Z OFREIC O W TP E B O AR
NOMWEAEZRE L =R RIC K O R TcE 5 2 &
Nbhr->TED, FHEIAZEHIEML — NMIFERE
DOFIRETT 4 )V Y EVIRT L —  OIE SR % A
WTED, Z2IZHh 5N 5I2H - TREHIRIZIEN 5 T
< (A%, 1998 ;5 Hashimoto and Matsu'ura, 2006 5 5 - %5,
2011). 7L — FOREFIC KD ER SN B EBO T 2 b

— 288 —



B D RIS S~ T DR (5 41E2)

(@) Townend and Zoback (2006) (b) Terakawa and Matsu’ura (2010)
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Fig. 14  Stress map determined in the present study and those of previous studies. (a) Townend and Zoback (2006), (b)
Terakawa and Matsu'ura (2010), (¢) Yukutake et al. (2015), and (d) the present study.
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1S BIRHUR OIS 1135 DR, mURIE I 2 A
2000), RFNESunaxDIERFE O DO WIE, T
Features of the stress field of the Kanto region. Dott
Geological Society of Japan, 2008; Kaizuka et al.

Fig. 15

AR (B 2L, HAMESZ, 2008 5 HIEKIEA,
D H AL T i 355 203 s RS % WIS & TR T

ed lines show principal geological tectonic lines (e.g.
, 2000), and arrows show the clockwise rotation of

Shumax. The area bounded by the red line is the area in which the normal faulting stress field dominates.

=y B EAMIZIZ T L — FERMENRET S &
kx5 728, BHMIZISIGEANDFGII/N N nE
EZboNb. ZTHICH L THEEEOMEET I & Z 100
TR BT oML TH D, ZOHIKOBAEDIEN
LT 3 BRI E->TWBEEZENRD.

6. 5. 3 XFHEAFBICHTBEWES

370 H ORI 15 XD AR TH F N7z K- HER R
2B 2 EWMBGEOTETH 5. EigT 7 b =2 2
BT INZEFIENFEH TIERESEA R 5 5 038
. KPR R CIEW 5 2 54 5 EAIZ D n»
TIEWL D2 EZL S5 D. Umeda et al. (2015) IZKIKIEL
JLETMTHE#FME L, R AHEBRHHOE T (20 km
D) KR A S AE T2 Z L 2L I L. %2
ZIZRRAEDBE S FAEL TV B LHEEI NS D, Z DM
R, X EEMEL £5. ZO LD HIKEEIKA
RREBICTAET 2 &, Bk Z2ols EFL XS
LU, MERMTEIZBENL L ZIEWES AR IS Z &
127 % (Levandowski et al. (2017) DFig. 3c& ). F 7z,

Imanishi ef al. (2011) {EFEMIA & KFEHET L — MZEh >
THERE U 72 23 M6 Wi g 3 IE W R 35 D2 3 54 5 £ 7
NERBRELTWS. ZOSEWEBRERBTR) 42
T2 T, AR LiEthE e ER 24T, RfEL
LZ-IEW Gk ehs Zicks. L, HI15K
DFHETH - 725 NHIZ b 72 > THGREER IS HRA R £
ABALTNB EFHE AL L, £ 7257 A3 K H A
AL TnwaedEZICS WD, ho2oid, &
B oL WS LRI IERESE#ED T A =X 4
EEZOND. KD IEWES EED 2 =
XL ELTT V= F OIRAABISE S Mk EEEORITIG
H7»E % 5N 5. Fukahata and Matsu'ura (2016) 12K 5 &,
ZOMFIBENE TV = FEROBIRICEL KL, 7
L — b OB EZEINE L B BIEE GLAAAANE 2
2B 51FE)RELS &5, BUKTIZT v — I OifiERP1%
DENEHEIMTE DI EORE TEIRARE > Tk n
7= OB R & D HBIZ T E VA, IEWHEHICEWE
WaEfEO 2T E LTESEBRET LT L Miflid &
3.
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AR TIEIIMENRD 72 R BERER H 4 0 2712 A
T, [RET—ICAL A 2 0 7 RIENED T — 4 & 3 VIS
AL, BEF34554 XVt OFEEREREIE S © B o Mk
D10 kmA v ¥ 2 DRI~y TEER L. NS G HE
XA U CREMINIR T — 2 28 L 22 LT, iT
72 &k 0 I HIBORAEA D EL &Y, B0 2M
RRE B RGEXICE S o 7. ZOMEE, BISHIROIE)
WEIERICHIMET H 5 2 B km 2 7 — L OB OIEH
KIZXp &3 Z 8, RS BIRILN, AR
L) C Suma 5N ASEFHEI D 12 BIER$ 2R R 6 5 Z
&, Suma SN OERELS BET LA 552 L, K

SRR RIS IE W RS A 5B 2 T L S5 T o 7.

RBORFHLIIMIETZR TERE XN T, En
DREEE RS2 o TR TELZZ LITKD, ZOREM
K DHHMEIZ R 72, ZTh 6 ORSIGEOREITEENTIX
»HBEOD, BN, HERMBZER & R b 5125
WHRECTH 5. ZOHIKD T & t =27 2 DR ONFRD
W) 22 &FHT 5 72912, SHIIHIER3IRITEE
AEERGE ISR T 36 NEHR 2170, s e &8
IS HGOEBNEBRICEF T ZEPEETH
% (1213, Bird, 2017 ; Levandowski et al., 2017 ; Luttrell
and Smith-Konter, 2017).

BEE KR TIRART H 2 0 s &L, WM
B TIBT KB AHEARRTZERT Hinet, XERT, HHKY
MW, ERF MO T — 2 ZRHL £ L
7. R OHE TR ARFOHN WERO T
T2 5 LESEFEIZZE TN EE LA XidGeneric

Mapping Tools (Wessel and Smith, 1998) TER L & L 7=.

TS B W TR BRI R A TR T I E FERA v
#—0F FpEL, WEEYORS EELROERE
RSP OAWSRGRBRATHE, ARMOBGEIZRE HL
bE L bk, R EESMRRAIIZE WS 55
EHANHOE TR b2 ETF s b=y o<y
TORME] CERL25 4R ~ 27 4FFF) K UMk 10 S e o
B HARFNS OIS~ v 75 O MEAL & AR —3E ks
LORR OB (CFR304E) Ol & 52 0 THHE L
FL7 ZZIiL TR LET.

X

Allmendinger, R.W, Reilinger, R. and Loveless, J. (2007)
Strain and rotation rate from GPS in Tibet, Anatolia, and
the Altiplano. Tectonics, 26, 1-18.

Bird, P. (2017) Stress field models from Maxwell stress
functions: southern California. Geophys. J. Int., 210,
951-963.

Byerlee, J. (1978) Friction of rocks, PAGEOPH, 116, 615-626.

WEEAAT (1998) REPULE MR Jo 0 2 H s 1l
TERGR. B PREAG 2 2, 60, 485-489.

£ OABR - FERRA (2011) HASS OIS #RHEMk % €
TMCT B 720 D P ARHIEENT. W - o5 R A 5E
Wi, no.ll, 331-350

Flohlich, C. (1992) Triangle diagrams: ternary graphs to
display similarity and diversity of earthquake focal
mechanism. Phys. Earth Planet. Inter., 75, 193-198.

Fukahata, Y. and Matsu'ura, M. (2016) Deformation of island-
arc lithosphere due to steady plate subduction, Geophys. J.
Int., 204, 825-840.

Gephart J.W. and Forsyth D.W. (1984) An improved method
for determining the regional stress tensor using
earthquake focal mechanism data: application to the San
Fernando Earthquake sequence. J. Geophys. Res., 89,
9305-9320.

Hashimoto, C. and Matsu'ura, M. (2006) 3-D simulation of
tectonic loading at convergent plate boundary zones:
Internal stress fields in northeast Japan. PAGEOPH, 163,
1803-1817.

HHAHIS S HE 7L — 7 (1984) HHAKIZ I 1) 5 1
IS TTHIE DA (). HWEPHERK S, 32,
396-402.

Hirata, N. and Matsu'ura, M. (1987) Maximum-likelihood
estimation of hypocenter with origin time eliminated
using nonlinear inversion technique. Phys. Earth Planet.
Inter., 47, 50-61.

SRR - R EE— - BB 13 (2008) Double-Difference
Tomographyi%iZ & % B S D 3 YROTHIEE IR S
WR L7 4V EVlBT L — F OIROHEE. HiE
2, 60, 123-138.

WHHEER] - KA (1987) LR AN - #REHiIC ks
7 2 KBRS K B HBRISSTE — SRl A
DISITIRIE K UL 1135 —. HiEZ2, 40, 519-531

WHHEER] - FIEGAR (1990) fEhE 5 K T DK
BISTTMGE. BONEENY ¥R YD LGz X
%, 309-314.

Imanishi, K., Kuwahara, Y., Takeda, T., Mizuno, T., Ito, H.,
Ito, K., Wada, H. and Haryu, Y. (2011) Depth-dependent
stress field in and around the Atotsugawa fault, central
Japan, deduced from microearthquake focal mechanisms:
Evidence for localized aseismic deformation in the
downward extension of the fault. J. Geophys. Res., 116,
B01305, 1-12.

Imanishi, K., Ando, R. and Kuwahara, Y. (2012) Unusual
shallow normal-faulting earthquake sequence in
compressional northeast Japan activated after the 2011

off the Pacific coast of Tohoku earthquake. Geophys.

— 291 —



WEFHAMZHE 20194 B70% $H35

Res. Lett., 39, L09306, 1-7.

Srafnfe - KHEEA - ZEEA (2013) 2011 FFHLH Y5
KAF-EE 5 D FE LRSI FEAL U 7= 8% & ki v i 1L
TOIEWERbIEE). 1E2, 66, 47-66.

SVaRIfR - WHSEE - IR L 4 7 2 (2016) iR EE 18
NS & 2 AL AC AR o N 52 oD JE T A i &
IS5, WElkE - RIS, no.l6, 53-77.

Ishida, M. (1992) Geometry and relative motion of the
Philippine Sea Plate and Pacific Plate beneath the Kanto-
Tokai District, Japan. J. Geophys. Res., 97, 489-513.

MR AWM EASE WA LR R 2 (2015) BIH
.0 5 Wi g o> B WA (55 —h),  http://wwwjishin.
g0.jp/main/chousa/15apr_chi_kanto/ka_honbun.pdf (2018
48 H 10 HfifER2)

T W e F 2 2 (1991) i H A oD 3 W g — 0 A & R
—l HRURSAHIRE, 437p.

BEREACY - @EFRE - $5ARFZ - Nth—Z - L 5
(2000) HADMIEZ4 BIH - FE/NER. HRF
i, HOE, 349p.

FEATEAT (1999) #PEZE AbH 7z HARRID £ » ¥ 21
7 — & OFERK: Japan250m.grd. HOE A AT IF
FHE(GST Open-File Report), no.353.

AN PR - NRA = B -5 &I
el - R B AT - A E T (1986)
B - SOV IR Jo 0 B st I E & E 0
g EISIIAE M ¥ Y VR U LG S,

261-264.
[E 13 FERE (2011) H AL E O hFRZ5 0, HhiE PAndig 2
2. 86, 8-21.

Levandowski, W., Zellman, M. and Briggs, R. (2017) Gravitational
body forces focus North American intraplate earthquakes.
Nat. Com., 8, 14314, 1-9. doi:10.1038/ncomms14314.

Luttrell, K. and Smith-Konter, B. (2017) Limits on crustal
differential stress in southern California from topography
and earthquake focal mechanisms. Geophys. J. Int., 211,
472-482.

AHIEZ - Akt —] - A2 B (1978) 253 & WG &
*F T b= 2 WA O R —. FEE—
A Wi, SRS HERRRY: 10 258§ 2 ek I
—BUEl KO —, S, Wn, 89-157.

Matsushita, R. and Imanishi, K. (2015) Stress fields in and
around metropolitan Osaka, Japan, deduced from
microearthquake focal mechanisms. Tectonophysics, 642,
46-57.

PR (1998) M REARIED T T ) v &0 & Tl HEE
2, 50, 213-227.

Michael, A. J. (1984) Determination of stress from slip data:
faults and folds. J. Geophys. Res., 89, 11517-11526.

Michael, A. J. (1987) Use of focal mechanisms to determine

stress: A control study. J. Geophys. Res., 92, 357-368.

Nakajima, J. and Uchida, N. (2018) Repeated drainage from
megathrusts during episodic slow slip. Nat. Geosci., 11,
351-356.

H AR A2 (2008) H AT HUERE3  BASUMTT, Wi
o, HA, 570p.

Okada, Y., Kasahara, K., Hori, S., Obara, K., Sekiguchi, S.,
Fujiwara, H. and Yamamoto, A. (2004) Recent progress
of seismic observation networks in Japan—K-NET and
KiK-net-. Earth Planets Space, 56, xv—xxviii.

INRHERES - B F] - FAHEZE - KVESEIA (2003) W
Wrkd BV 0 > 202 & 2 Wk e E O BfF 7 — AR
JEE P DMRIS T, g, ARG —. MRk
P B2 22 2003 FA A2 PRI, S076-003.

Shearer, P. M., Prieto, G. A. and Hauksson, E. (2006)
Comprehensive analysis of earthquake source spectra in
southern California. J. Geophys. Res., 111, B06303.

Il — - VERTERG - SRk - HERE - BT -
AKEFIE T - S IRE T I s — - (L i R - Ao P B -
IRBRY - RN Yy - MHZEE (1997) 50 71250
LEEREER R GB 2 R) . VRGNS, B SH AT

EAARZE T (1989) BAT - AR Mgk oD Sthidt N IR oD FEE A%
W & e 8. NP R FPE AN 2 v & —WFFE
#, nod43, 1-86

AT (1992) ik NI O SRR 2> S HEE <
% B O shgn OB, HEE2, 45, 33-43.

SARZTT - WHEER] - RS (1997) TV —2 7Y

b A S HETE X B BRI OIS R oAl HAH
R TR, no.2, 105.

EHRE T HEE T T OVBGTR (2013) HHERE T OM7 2 5 2
DK ORI & 5 7O OM8 7 5 2 D HE%D
BRI € 7L RO AT - A ISR S W
£, http://www.bousai.go.jp/kaigirep/chuobou/senmon/
shutochokkajishinmodel/pdf/dansoumodel_01.pdf (2018
-8 H 10 HfERR)

Takada, Y. (2018) Interseismic crustal deformation in and
around the Atotsugawa fault system, central Japan,
detected by InSAR and GNSS. Earth Planets Space,
70:32, 1-12.

Tanaka, Y. (1986) State of crustal stress inferred from in situ
stress measurements. J. Phys. Earth, 34, S57-S70.

Terakawa, T. and Matsu'ura, M. (2010) The 3-D tectonic
stress fields in and around Japan inverted from centroid
moment tensor data of seismic events. Tectonics, 29,
TC6008, 1-14.

Townend, J. and Zoback, M. D. (2006) Stress, strain, and
mountain building in central Japan. J. Geophys. Res.,
111, B03411, 1-11.

Townend, J. (2006) What do faults feel? Observational

— 292 —



B D RIS S~ T DR (5 41E2)

constraints on the stresses acting on seismogenic faults.
in Earthquakes: Radiated Energy and the Physics of
Earthquake Faulting, Geophys. Monogr: Ser., 170, edited by
R. Abercrombie et al., AGU, Washington, D. C., 313-327.

BRIGOARE - I RE ] (1983) BESE - Sy ik o> s ).

W3EE2, 36, 571-586.

Tsukahara, H. and Ikeda, R. (1987) Hydraulic fracturing stress
measurements and in-situ stress field in the Kanto-Tokai
area, Japan. Tectonophysics, 135, 329-345.

BRI GG - TR E] (1988) AKHEBHEIRIC & 2 IS 1
WE — WAL SEEFH] COME —.  HAHER - 2 G
T, no.2, 96.

BRIGARE - b B ] (1991) A rh Y oD Hh s b 75 i

S IX & F ORIR—. HBME, 97, 461-474.

Tsukahara, H., Ikeda, R. and Omura, K. (1996) In-situ stress
measurement in an earthquake focal area. Tectonophysics,
262, 281-290.

Umeda, K., Asamori, K., Makuuchi, A., Kobori K. and Hama,
Y. (2015) Triggering of earthquake swarms following the
2011 Tohoku megathrust earthquake. J. Geophys. Res,
120, 2279-2291.

Wang, K. (2000) Stress-strain 'paradox', plate coupling, and
forearc seismicity at the Cascadia and Nankai subduction

zones. Tectonophysics, 319, 321-338.

Wessel, P. and Smith, W. H. F. (1998) New, improved version
of the Generic Mapping Tools released. £EOS Trans.
AGU, 79, 579.

Yoshida, K., Hasegawa, A., Okada, T., linuma, T., Ito, Y. and
Asano, Y. (2012) Stress before and after the 2011 great
Tohoku-oki earthquake and induced earthquakes in
inland areas of eastern Japan. Geophys. Res. Lett., 39,
L03302, 1-6.

Yukutake, Y., Takeda, T. and Yoshida, A. (2015) The applicability
of frictional reactivation theory to active faults in Japan
based on slip tendency analysis. Earth Planet. Sci. Lett.,
411, 188-198.

Zang, A. and Stephansson, O. (2010) Stress field of the Earth's
crust, Springer, 322p.

Zoback, M. L. (1992) First-and second-order patterns of stress
in the lithosphere: The World Stress Map Project. J.
Geophys. Res., 97, 11,703—-11,728.

Zoback, M. L. and Zoback. M. (1980) State of stress in the
conterminous United States. J. Geophys. Res., 85, 6113~
6156.

( %2 f}:20184F8 H30H 5 2 ¥ :201943H1H )
(5 B 25 BH :20194F4 H26H)

— 293 —



5

WEFHAMZHE 20194 B70% $H35

Appendices

X 1

Fig. Al

2005/04/23 00:23 M=4.
This study JMA F—net

CRORY

2012/07/1012:48 M=52
This study JMA F—net

v

2012/07/10 12:57 M=33
This study JMA F—net

@<

2012/07/1013:03 M=35
This study JMA F—net

40

2012/07/1013:33 M=39
This study JMA F—net

e

2012/07/10 15221 M=32
This study JMA F—net

@< -

2012/07/1413:04 M=37
This study JMA F—net

OO =~

2012/07/18 07:38 M=32
This study JMA F—net

DY~

2013/03/13 00:28 M=29
This study JMA F—net

@<

2014/11/23 23:56 M=23
This study JMA F—net

S&

ARFFENC & D HEE S N7 REEER () & BT —Iufth 2 a & (), BB AEG 78 F -netfit () O LR,

F2X D3 DODIR T LN TR,

Focal mechanism solutions determined in the present study (left), earthquake catalog of Japan Meteorological Agency
(middle), and F-net moment tensor solution catalog by the National Research Institute for Earth Science and Disaster
Resilience (right) shown separately for each of the three regions in Fig. 2.

— 294 —



B D RIS S~ T DR (5 41E2)

Region 2

X1
Fig. Al

2003/03/17 22:14 M=37
This study JMA F—net

LY

2004/03/07 03:41 M=34
This study JMA F—net

»® -

2006/04/07 20:48 M=32
This study JMA F—net

V)

2007/05/06 05:33 M;=29
This study JMA F—net

- w

2007/05/09 08:52 Mj=38
This study JMA F—net

vew

Continued.

— 295 —

2007/06/28 18:26 M=4.1
This study JMA F—net

oo™

2007/10/29 18:13 M=32
This study JMA F—net

VW x

2010/04/30 19:33 M=4.1
This study JMA F—net

(WY ACY

2011/05/04 16:13 M=32
This study JMA F—net

%% ~

2013/01/16 05:49 M=33
This study JMA F—net

VY~



WEFHAMZHE 20194 B70% $H35

Region 3

2006/07/09 09:06 M=42
This study JMA F—net

e -

X1
Fig. Al

2006/12/14 00:31 M=29
This study JMA F—net

QO

2008/03/2417:19 M=28
This study JMA F—net

e

2011/03/1504:59 M=41
This study JMA F—net

ves

2011/03/1713:10 M=32
This study JMA F—net

Q& =~

2011/04/03 00:20 M=30
This study JMA F—net

@ 0 -

Continued.

— 296 —

2011/04/22 1535 M=41
This study JMA F—net

oV

2012/02/18 14:13 M=42
This study JMA F—net

Ve -

2013/02/2411:36 Mj=34
This study JMA F—net

o

2014/03/06 18:36 M=24
This study JMA F—net

o -

2014/05/06 00:30 M=28
This study JMA F—net

@0 -



B D RIS S~ T DR (5 41E2)

R 36°
B 35.8°
fptype 356°
[ C—— |
-1.0  -05 0.0 0.5 1.0
normal strike-slip reverse
faulting faulting faulting 138.4° 138.6° 138.8° 139° 139.2°

X2 SPEIED (2016) 12 Xk B RERREME T — 2 & UCHEE L 221ILBURIE s ERic BT B3I~ v 7.

Fig. A2 Stress map of northeastern Yamanashi Prefecture using focal mechanism solutions by Imanishi ef al. (2016).

— 297 —



WEFHAMZHE 20194 B70% $H35

(@) 0—25 km (b) 25—50 km

A km ; ) km
o p——] RaTY ) ]
0 200 400 3 =Y 0 200 400
. 30 o .
130° ° 145° 130° 135° 140° 145°

135° 140

(d) 75—100 km

0 200 400 0 200 400
130° 135° 140° 145° 135° 140° 145°
fptype
—— - — ]

-1.0 -0.5 0.0 0.5 1.0
normal faulting strike-slip faulting reverse faulting
X3 KRBT Tk 4 a s % LICHiE L HAFIEOR I~ v 7. 2hEh(a) 0-25 km,
(b)25-50km, (c)50-75km, (d) 75100 kmDHEEDE DERT.
Fig. A3 Stress maps of the Japanese islands based on the earthquake catalog of Japan Meteorological

Agency at depths of (a) 0-25 km, (b) 25-50 km, (c) 50-75 km, and (d) 75-100 km.
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