B AT, 55 72 %, 55 1 5, p. 23-40, 2021

A
aff

- Article

REMISEOMRAIEH 7 v TDIER

SH MR -AE SE-#E S8BT LAsr s KE?

IMANISHI Kazutoshi, UCHIDE Takahiko, SHIINA Takahiro, MATSUSHITA Reiken and NAKAI
Misato (2021) Construction of Crustal Stress Map in Chugoku Region, western Japan. Bulletin of the
Geological Survey of Japan, vol. 72 (1), p. 23-40, 14 figs, 3 tables.

Abstract: A crustal stress map of the Chugoku region, western Japan, was constructed 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 12 years. We obtained 2988 well-constrained solutions using P-wave polarity
data and body wave amplitudes. We merged our focal mechanism catalog with the Japan Meteorological
Agency earthquake catalog, which have become a source of information on the stress map. For each
earthquake, we determined the type of stress field using rake angles and the direction of the maximum
horizontal compressive stress (Suma) based on P-, B-, and T-axes. We then computed the mean Simax and
type of stress field on a mesh interval of 10 km. Compared with previous stress maps in the present study
area, our 10-km mesh stress map provides higher spatial resolution in stress fields. Our stress map shows
that the area is predominantly strike-slip stress field with E-W compression but the stress orientation
rotates clockwise by about 20° in the Sea of Japan side of Shimane and Tottori prefectures. Based on our
stress map, we evaluated the fault reactivation potential of 30 active faults targeted by the Headquarters
for Earthquake Research Promotion Investigation Committee (2016), revealing that 28 active faults
satisfy the condition for reactivation under the present-day stress field and typical friction coefficient. The
remaining two active faults are unfavorably oriented to the present-day stress field, requiring external
factors such as a development of anomalous high fluid pressure and a stress triggering associated with the
rupture of adjacent active faults for reactivation.

Keywords: stress map, Chugoku region, small earthquake, focal mechanism
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Target area of the present study. The blue lines represent the region of long-term evaluation of active faults in the Chugoku
region by the Headquarters for Earthquake Research Promotion Investigation Committee (2016). Gray circles show
shallow inland earthquakes larger than magnitude 6 in Chugoku area listed in Utsu (1999) and the Japan Meteorological
Agency (JMA) catalog. The ‘beach balls’ represent the centroid moment tensor solutions by JMA. Red lines show active
faults based on the Research Group for Active Faults of Japan (1991). Triangles are active volcanos (Japan Meteorological
Agency, 2013). Topography is based on Kishimoto (1999).
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Fig.2 MO+ background seismicity shallower than 25 km based on the JMA catalog (orange circles: January 2000—August 2018)
and earthquakes whose focal mechanism solutions are listed in the catalog (blue circles: October 1997—August 2018).
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Fig.3 Distributions of target earthquakes (red circles) and
seismic stations (squares) used for the hypocenter and
focal mechanism determination: yellow squares; National
Research Institute for Earth Science and Disaster Resilience
(NIED), blue squares; Japan Meteorological Agency (JMA),
black squares; Geological Survey of Japan, AIST (GSJ);
green squares; Earthquake Research Institute, University
of Tokyo (ERI), light blue squares; Disaster Prevention
Research Institute, Kyoto University (DPRI); orange
squares: Kochi University (KOC); purple squares: Kyushu
University (KU). Vertical cross sections of the earthquake
distribution along profiles are shown below. Refer to
Table 1 for earthquake information of each region. Gray
circles represent M 1.5+ seismicity during the period from
April 2004 to December 2016. Hypocenters are based on
the JMA catalog. Earthquakes within bold rectangles (the
source area of the 2000 western Tottori earthquake and
the 2016 central Tottori earthquake) are excluded from the
present analysis. The upper surfaces of the Philippine Sea
slab (Baba et al., 2002; Hirose et al., 2008; Nakajima and
Hasegawa, 2007) are shown by blue curves.
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Table 1 Details of the earthquakes analyzed in the present study
Region Period Number Magnitude
R1 April 6, 2004 — December 31, 2016 323 1.5—4.0
R2 April 5,2004 — December 15, 2016 1487 1.5—54
R3 April 20, 2004 — December 22, 2016 772 1.5—4.0
R4 April 7, 2004 — December 24, 2016 595 1.5—4.2

B2k TR & FERRMMEAR O YLE (S HIO 2 PUGHEREE £ 7L, SBORELIZPIGHEIE D 1/v/3 L E.

Table 2 P-wave velocity structure model used for the determination of hypocenters and focal mechanisms.
The S-wave velocity is assumed by scaling the P-wave velocity by a factor of 1/1/3.

Layer h (km) Vo(km/s)
1 0.0 5.5
2 4.0 6.1
3 14.6 6.7
4 31.5 8.0

B3k Pide K USSIDERIRZED " -7 7R (RMSHE) D2 1L

Table 3 Changes in the root mean square (RMS) value of P- and S-wave travel-time residuals

RMS value of P-wave (s) RMS value of S-wave (s)
Region
Initial Final Initial Final
R1 0.09 0.06 0.26 0.13
R2 0.10 0.06 0.28 0.14
R3 0.08 0.07 0.24 0.16
R4 0.11 0.07 0.25 0.17
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Fig. 4 Hypocenter distributions determined in the present study (red circles). Black circles indicate hypocenters of the JMA catalog.
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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 (Frohlich, 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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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. 8 (a) Stress map in the Chugoku region determined in the present study. The Spmax orientation is indicated by a straight line,
and the type of stress field is shown by the background color. (b) Standard deviation of Symax and fptype.

NY. SumaDIEUERZE T45° WA 5 A v ¥ 2 3R
T, FEAENICLITITNE 5> T 5. fptypeDFEHER
FFFTA TREVMEEZRT A v ¥ ai3d 50, K203
PTICRE->TWS., ZOZEnE, ZOHIBOGIIE
110 kmDZER 2 r — LN TIHIEIEE L RA L TRV
CHIMTTE S, FIXIIK A v ¥ 2 DIEFISHEE I H
L7 ORE D4R 3. D0 (£ D X LIFRIC

90 %A LOMENRIZ 2 ) Db M Eh T
W3 X912 (Omuralieva et al., 2012), B#%132.5°~ 134.5°,
Ab#E35° LI ORISR IZ 3R D DML S B W E A 5 5.
Ty ALRE34.5°, HRE132.7° L A D & B REIR IS
IZHL, B4R OMHEE3 (R3) THERTZE S L5112, B
FTHIIZ 25 km2* 5 35 kmDE S ITF & & - HHERH
L Z 5T 5 (HRORIEETHE T OJEHIKE). 58
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Fig. 9 Average depth of earthquakes used to compute the stress field of each mesh.

Xba R 5L, ZOWHEIHBELI 5> TD A v ¥ 213 Stmax
DI N K E <, F Tfptype D IE#EfR =2 & K & O

HA S0, IBHEORE PR E &5 T\ 5.

Nakajima and Uchida (2018) 3B 5 Hblsk T RD 1} 7= 3G 8y &
DR, S, 74 VE VTV — MRS SR S
72RO EFICPE S SBREEIGBI O REE S B 5. Z O
BWOMERARXE MG T2 L CIEEICEELNETH
50, ZTOREIHS ZLEARRXOHNZBAL T35,
Sk, WERBOR P T HRTEEOR L AbE T
Heam L7z 1T, BlOmXE L THETIPETHS.
FeXlazEld s &, ZOHIRDIE IS OR B FER
TES. Bz, () BEREVEER O T hIG TRED
5% Z & (Huzita, 1980), (2) RN - HURO AA
W T Sima TR PEIEVE — KR R TR 2R § &k 5 12 %
% Z & (Kawanishi et al., 2009), (3) BREOMHARHF
D —ER DRI W R 7 & B LG A T ET 5 Z &
(Terakawa and Matsu’ura, 2010), L ENETF o5, F—

ARHBEA, 10kmA v 2 DTy TEFBTLIZKD,

INLDREBPEOTERIZES7EFA 5.
6. B
6.1 HITHRDIEHY v TEDIEK
F10Xa-diZfREN L 4DDI5 1< v 7 (Townend and
Zoback, 2006 ; Terakawa and Matsu’ura, 2010 ; Yukutake et

al., 2015 ; Saito et al., 2018) A/~ . LD 720 IZ AN
DOFERAZFIOXAIR TS, F8Xak By, BHHOD

2 A TIARATF U CSpman TR 2 /N EFUZ B Z (T TS,

WIS NG OXRBO AR @A R 55, i
WHEMHOM TG TRE O h,Z L, BRE - B
HUUE oD B AU C Stma 7 7 23 AL PE — BRSO M 2783
K2k ek, KRNEREBIZFENKN TS S Z
Ehba B, EIRE O ME R W O — 5O kIS
Wil o3 & & e FAE L T B R Terakawa and
Matsu’ura (2010) THERTZ 5. F/2, —HLTHG» &
K912, NG OZER AR ATRA—FE . Zh
1, /N BB O AT 5 72 2 & TRERRMO T —
AHWEZ T2 Z EISRET 3.

6.2 BEETHOMBLEEE DLLE
BIHHIR PR A ) 7+ L =T 5 ETid, WREds —
A HHEE XN BIEMEEADFMERTI~ Y T TREh
B Suma JAZHHMED & B Z EBRE XN TS (5
1%, 2019 ; Yang and Hauksson, 2013). 2D Z & i, b
By —anbinthia e, vy 7OREAEE
W5 ETEMREOEM S MAEELERIZE OGS
ZEERBLTNS, ZZT, [ARROEDIMES PIE %
IZBEWTERD L ODMIZDOWTHERT 5. F10Xeld
GNSSIZ & 0 58 & M7z A E Al 47§ (15 1 PP,
2011). HUERRNEFHOEED D K % EA TIE
LK TH %728, EHBFOAKFEERBE AR L T
%R s, RERIC KB 2K FEREE LT 4 )
EYiT L — b ORAAADFEE L Z T LI — R/
H L HAEHADIEMEEAZRLTED, Suma il &4
WHIE T & LTy, DF ) 2O TR, Higs
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(a) Townend and Zoback (2006) (b) Terakawa and Matsu’ura (2010)
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Fig. 10  Stress map determined in the present study and those of previous studies: (a) Townend and Zoback (2006), (b) Terakawa
and Matsu’ura (2010), (c) Yukutake et al. (2015), (d) Saito et al. (2018), (e) 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. (f) Stress map determined in the present study.
Unlike Fig. 8a, the line of Spmax orientation is colored depending on the type of stress field. Black lines show the Spmax
orientation of the mesh at which the standard deviation of fptype exceeds 0.3.
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B — 2o h~y TOHRIFEICEDBLNT LIk 3.
TiE, ZEWFRZ—FLEVDTH A5 5. Fhid,
WREH T — 2 o Eh 3 ELHEE LB~y 7T
TR ENBIGIT I % B R 2 r — L DOBIS & KL T
52 ENRELERTHA S (Wang, 2000). FaRdHAD
IS SIS E PR S B L T B EIZ oW TR A &
BN EINTEEDY, 7HA—LTL— FOHEAEIZE BT
i, ®B50E T+ v~ rFHICBFAHILHA & VERE H
KROMWFEIES FEMIT AT 5 &0 EFANARIIZ
ARG R TWS (il 212, Huzita, 1980 5 1k, 1995 ;
HEEP, 1995). EBO6DETFIANRYTH DD IE AR
XOHMNEBAZ B72DHADIIL VD, WFhos
SRE TS H 2 DIEME S il TE 22858, sROEm
IEfEsEhER Ehi-eEi2o6N0s. —F, 74 )V
TV — b OYRARABRINE S EHHIRTT1E 100 ~ 200 F-1F £
ORFRATHRAET 2 P 7 7OKRMEOE ICHIKE N3
72, REMICEER ST, BHGICRBEIZS N
LDEELLENS.

6.3 HEMEOIEHES

FEIF R UG JTIRBIZ H L & AT B g e 11X
(Zoback and Zoback, 1980) XN 5. S P4IEH (2019)
BRI ORI~ v 72 5, BRI T km 2 o —
LDRNMER BIGIRDIBTIE» BRI TB T L %
HWEL WD, hEREOIGH~ Y 7 (558Ka) # R 5 &,
SARE - BHUR O H AWM O K (0 17 1XA, PEEE —
TR BT D Suma) & Z NLATL ORI (B TIIXB, 1FIFH
PRI Stimar) D2 2 DIESIXIZIK 53 TE S, 511 Kal
BROMEART. G0 a4 TICEHT 5L, Wil
JEH Sy % B O EBDIRIX 2 EH%TH I L B EETH 5.
Lo L, BN OZIEEHETIR N0, KX
TR EOITHIMLT 22 MEBETH DI 2T /KT S
I TEL.

J6 FT XBD Strimax A 242 5 U T IS T X AD Syiman 5 L 13,
Eigtml 0 I28920° MR LT3, 20k s AN
BEE D DEFEAE LB A A= XL E LT, TEHET
GHTIOIEMEMET XD (3 LZER) BHELC T35
ET B ETIAMPRE XN TS (Kawanishi et al., 2009) .
B O IEH RN D F A IZE A IR I IG
TR AL 2RI L, BEEHRID IS RS 5 Z
EPBUEFIFI TR I N TS, L 72GNSST — % Do
12D, WHXADHBICAH T h &R T EAERREA
FET D2 ERFEHS I XN Ty 5 (Nishimura and
Takada, 2017). ZOEAEFIZ, TEHRIZHEWTHS
mm/AE DT R ORKHEE 234 U T IUEFHITE 5
TERMEINTVWS, ZOWEHEROT Y (F7-
BET) INBEEB OIS i B E L TeHH S I T
0 (lio et al., 2002 ; Kenner and Segall, 2000), E &M%
EFMCHELEES LCHEMSIZER LT X N T 4 —

LFIZEDTHAD.
IEHNEAZEALT B HEK E UT, A TIEBIOAEE
PEIZDWTEF KL, 511 RIbl BEERR & 0F2E
Fro&ES 57— 4 X — Z (GALILEO) TIEK L 72 7 — 7 —
BEXERT. IWHXALE T -7 —2ER R < 36
LTHD, ISHXADTIZEEEOEERL ML T3
ZEMNRB NG, HHHIEA (2002) 13599,500 O E S
WET — 4 & HT, JE - MUEHEO 3 RICE &S
EHEE L7z, S D3RILEERED LIRS DT 2
IBHIXALELE > TH D, MERERTHEEE 13 kn
P I & D  @EEORHENRA A =Y IR TN 5.
PUF Tl RO B3 IS RE IS IXAZKIZ T 5
DLFEZ Cikinz D 5. Sonder (1990) i — AN HE
HEERPET TG4, BERETO LEIZE, 20
ETNZE AT 5 ANCe", SRS AN —o" DR ZE 5 11 A3
fED &3 2 & AR L 72 (K& TIEEME % & RE) .
BRSO SRS LT AESIIADTIME R,
B REw O LT OMED i Eh b, 0, K
BRI OEERBIMG L T BB EOF A %,
BIEESAED X 5. Sonder (1990) 12 X 512, FHEBIG
TBIZZ ORI LGN EL S Z LT, BEREHHE
ADWH AR E S ZAT 2 2 B C %
J& FERF O AE T & MR IS T35 D Stima 7 LD B D 4 %6,
Stmax J7 VL & 5 FE SRR RA D IS 1 5 BLSnD [ D 1 5 %,
IO KF2EIE T EASET 5 &, DITORIGRRAL
B0 D G 2B % 28 120G T ITRT).

tan 2y =sin26/(k — cos26) (1)
k = AS/ct

HRKIZIEDK (D D BEMN) I LT R%E
Tay L DTHD. FEERERIIRILTEDLS
HITREH 5 StmaS A 5 TV B ITIRIEL T, IS
SREEHIE O (2 [BIHE g B 2 IREET Rl D 12 [Blf5d 2 2 A P &
B2 Nbhs. KICIEREEVE, kKBEOE (235
IO ZF2ROFARRICT oy M Eh b, K%
DA, 03K15°, 20 THBDT, ZD2ODF
JENW 72 XN B 7=DIiE, ISk 1.5 Th % &
o5 GERROER). SWikisE, IBHXADT
ICREEOERP ML, R A S IZIEHEIE S 17D Stma,
150" DK & X ORFZEIB I AEH» > Thiug, B
XADIE I FTAL A EEFHE D 1259 20° [I59 5 Z & % 3
T%%. Sonder (1990) DEFIIZ, B D241
EHE I HEE OB SR TV RN & RS 5 2 ki
ST E 5. I NRAREE & 3ROUE S S % 1
EMZ L7z LT ERME L, ASOHEELRTTREE &£ 5.
Z OfEEMIT SEEHIRIC B A EREDETF LLIZE
WTHELEHRE LS.
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(a) Shmax orientation and stress province in Chugoku region. The line of Spmax orientation is colored depending on the

tress province A and B. (b) Bouguer anomaly map computed

for an assumed density of 2.67 g/cm’ by Gravity Database (GALILEO) (https://gbank.gsj.jp/gravdb/index_En.php,
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EIBHXBOHERERT. (o) IREEE2.67 g/em’ 12k 5 T —
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Fig. 11
azimuth. A red curve corresponds to a boundary between s
Accessed:2020-5-28). The red line is the same as in (a).

6.4 JEHE & DRIF

Hh 22 BRI HEEA SR AT B2 (2016) 235
MR E U e rh E bk o WG ke i, R L R A R
ETHTIhA2ERE T2 ZTHEOMECTH 5. HTh
Wik DA, Wik OAETT & Suna D O 4 (o) 2 FHN 2B
Z&T, ZTOWRPBREDINLGOE & THIFHTZ %
NEINEHMTE S, 13 XN HE TR HEER R
HEFAER RS (2016) 23FHliN R & U 72 16 Wi kg 1o A%
THEE L 72Sumn FERTERLZ2EDTH 5. JLdLvs—

MRS U <3l — RS E O A iGN B IE e e h &
LT, HPEE U <A — IS LT 2 0GR 2 GRS
NEUTH< ZENEEMITHH» S, HiTb O R
WEBBROR)IIZEL T, AN, 5, dtl
DFHNIN U THIMICKEE T 2 e Th 5 LifE S h
T3, WEOERM & SumaMEIE T TH D, BHEDIS
NG CTHREThERZTZ LW TH 5. ZOWEI H)
E$5E, MBICAET 5 IR ER EBOWMENI X
BIBHBEEIZ LD b H =D, &S VITEFEBRRK
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Rotation of regional horizontal
stresses () as a function of 6, the
angle between the strike of the
density anomaly producing the
horizontal uniaxial compression
(¢") and the regional Symax
orientation, computed from
equation (1). k is the ratio of
horizontal differential stress (AS)
relative to ¢*. An yellow star
represents the angles of 6 and
y determined from observation
in Chugoku region. Inset shows
geometry and defines angles.
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Shmax orientation (blue lines) plotted on a distribution of active faults (red lines) evaluated by the Headquarters for
Earthquake Research Promotion (2016). The active faults surrounded by orange indicate active faults whose slip sense
estimated from the fault displacement topography is in disagreement with that estimated by the stress field. The base
map is Fig. 2 by the Headquarters for Earthquake Research Promotion (2016) (Accessed:2020-06-05).
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FERRAE T 2 EFDONNEANBEE PRI NS,

I EBIICRETT 5 720, 9514 XN AR L R
EBROZZ29DEWIRE IS T a0 2 b ST A BT
Z Z O o & AN R SR A SR HEE AR R A
THZ(2016) &V, Sumd 7% M43 2EWIERAD 2 v
VAN ERFIMLTFEALE DR L2 (X Y
aDRIEREOREXIZIBU T2~ 13). & BFEE
BREO L L THREATHIEETE 2aEI21E EIRME &
D, lock-upf & IFEH Ty (Scholz, 2002). —fk) %
PEHE(RE0.6 DA, lock-upfid60° TH 5. 1 DDWikE
(FEBEE AP RE. B 13X D) %R & 60° AW F >
Tk, —fROEBEEREOY E THIRHLES Z &M
b 5. obtlock-upf &M A B FIREE PR 238y < 7=
DITIE, BEEREDSIERIT/N X 0, BIRRRIESIER IS
BOROWNTAPDORENBETH S, LiArURIZZOD
A7z ¥z LTy, WiEOEN L SymaTHLE D
BtR2 5 Wi X N2 EH ¥ v 23 EMThTH D, WE
ZNHIEA» S I N TS EMThE KLU AW, R
SR O HRG Ly R A & BRI, ZOWEAEI< 20123,
L& 3 5 /NI RE O WR BN K& B I TEELIZ KD MY
H—ENBEONNEK LB EEFEENhS, DEE2F
LB L, WMEFABMTHEART EFAEZE 2 (2016)
AR & L =R E UK O 30 DGR O 5 5, $13
DX v v Thl > 7222 O Wi kg I Lk kg s, 5
S RE) & bR E, BIEOIR 1Y, M 2 EE R
Bod & TRIEHT 2545072 LT\ 5.

7. iR

AW TIZIE IR 722988 4 X v b D FE LR R
AR SIIMAT, [RT—Tefbr 2 as%av34
LU, AEl32154 XY b OREEHEM A © vhE g o
10 kmA v ¥ 2aDIBN~y TEAER L2 NS GFEE
THRNT U CREMERIR T — 2 2890 L =2 & C, JBiThf
" & D I HIGOEM S RESEERIZEL o7z, 2D

FER, ORI R ERE O T NI HBL T % 23,

AR - BEUEL o> HAHHENC & % &S5 R A R E D
1Z8920° MR U CoEIE  — R R A A "3 & 512k 5
HTDRELLS bbb LTk 572 ZORBITETIE
2o B\ I T, RIFERIC K DI AZEAL
TAERARET SN TE, hEMETIZ2O0
B2 S %2 Z L amLE ISR AZET 5K
12DV, Rz 2 IEEME DA, H
BERARGEROESENRERICHEEZ 32 ADFN
2k BIS BRI S A EEME AR Lz, iR, HEEL
I~y 7 E S &SI RE OB I DV TR A
1o 7z, HEFRHANIZEHEART EFEZE S (2016)
A5 & U 72 hE gD 30 DWW G D 5 5, 28D
WL BAE DI 1, — AR A B R D & & T
BT 554044502 LTOB I Enbhol. —J, 1D
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Fig. 14  Histogram of the angle between fault strike and Spmax
orientation (a) for active faults in Chugoku region.
Dotted red line shows the lock-up angle for a friction
coefficient of 0.6.
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11D 32 R A AF 2 HEHEAE 00 35 Wil oD = JE T 2 1
BB ZE SN TV, BHERENKTSZLT
U3aMED i W O FHEE) LIS < WIS ITE O D A A
PWHREIZ 2 B 0 &, T RE O KSR DO HESE % 5560 T
RZELIZENZTHAS.

HEE AR TIIREIT A A u s AL, BT
BTN A7 O 7 — 2 1A, PRt
2R 72T Hi-net (National Research Institute for Earth
Science and Disaster Resilience, 2019), S&RIT, HA K
MO, SRR, SRR, JUNR
DT — 2 ZMHEL E L7 FBEBRMOHE TITHREK
ZOIM BEROT s 5 LEBFIZIETCNEEX
F U7z, BHIC B O TR A T 20 B SR AR
v g — 0% R L S H A ERATHE, KFFO
WREIZRE %L H £ L7z, [XidGeneric Mapping Tools
(Wessel and Smith, 1998) TYERR L % L7z, i, A%
1 RE SRR A BT T B AR S 2 v 4 — 12 & B kg
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