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A view of the 1995 Hyogo-ken Nanbu Earthquake derived from geodetic surveys

Abstract
22K
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Manabu Hashimoto™

We present coseismic displacements of the Hyogo-ken Nanbu
earthquake of January 17, 1995 detected by geodetic surveys. Con-
tinuous GPS stations east and west of the epicenter moved toward
the epicenter by about 4 cm, while stations north and south moved

A

ngiééﬂl;?gﬁﬁ away. The campaign type GPS revealed most control points on the

* B A . Awaji Island moved to the southwest or south, which may be attri-
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control points in the Kobe area show right lateral movements across
the Rokko fault system. Leveling data revealed uplift of 19 ¢cm on
the western side of the Suma fault, a member of the Rokko fault
system, and subsidence of 7 cm just east of this fault. Leveling also
revealed an uplift of about 20 cm on the east coast of the Awaji Is-
land.

‘By fitting the above geodetic data, we search for an optimal set
of parameters of a dislocation model. About 2.5 m of right lateral
slip for the fault on the Awaji Island is derived from large horizon-
tal displacements near the Nojima fault. The fault in Kobe may be
divided into two segments with 1-2 m slip by a slip-free zone which
roughly corresponds to the cluster of aftershocks. Although we ex-
amined a model with buried faults under the zone of severe damage,
this model cannot explain the observed geodetic data well, which
does not support the significant movement of unknown buried faults
beneath the ”belt of damage”.

Key words : Hyogo-ken Nanbu Earthquahe, geodetic surveys, GPS, leveling,
crustal movements, fault model ‘
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BEBRVELTWD., 1994FE10A D51k, ANIHEIZL
HHUETH A GPS (JLHIERAIN 2 A7 &) OEEEER
BlHRz2EICREL, BHEHGE L. REREER
L0, GPSEBEMOMIT2ITH) L& b, WEB L
OKERECHUEYERL, HENZOBBREH DR
HErRa, 28 EHIMBERITEHEAREOL— ¥ —
PIEBEE OIS L ZHM 2 BBREHORE LT T
WAHH (R, 1995; BEIE A, 1995). AT
TELT3ETREREZEFNVOHEICHH L2F— 41
RELCERT A THARMOL -5 —7—7 OFER
WZoWwWTiE, /MRIFAD (1996) 2R EN/v. F7-,
BIEEELICH /212 GPS EHAUB A%REBE L, /A%
BIOFE LT - T 5D, AECIL Hashimoto et al.
(1996) ICL72Ho T, #NFhollE - BRI TES R
THRE B OMBRERICR > CTHERT L. B, ¥—%
K% OB T EOFEME 12DV T, Hashimoto et
al. (1996) #ZEE N2,
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(1) GPS &8

LEEMEI MBS AR, ELMERO GPS EHEN
BIZEE0-FRCRBIN TV, Tho0BIBI
1 H12~2485/, 30MEBICF— 9 %FEL, ZOF—%
PHRBEOOLIFICH L ELMBARAREICRESE. F—F
1%, IGS (International GPS Service for Geodynamics )
WKEHET A FROBAEOF -7 B L, BIFER 5.
AT XTI S TSN A B OERNE TO GPS &
EDSOBRE 2 THEET, BB 2 EE T e
TAHE (HE -5k, 1991) ZHEWTBEY, HHEED
BEEAERS TS ~10mm, ETFHES TLI0~20mm &
WwhhTwab (AEIEAH, 1995). Fig 11d, BEER
THERRR A 3 4 REEANENT & KRFEE T OBREE
DHBRZO LI BBEOHXTHAL. MEZIIZAT, &
B HICRECEALL TV A, BRSIZOWTHIER]
BOBEEfLREr —FELREL, P2, BWEHORT v
TR LERMELE L TERT S CXD /. Fig 1 O Offset
B, OB RBELNHBEORERTDAT v T TH 5.
IS OBMBIE, BRHLEMICSH0kn BNz
AIZHBD, ZNTEIRFIC4ecn BEBELTCWA.
ZEREL LTIEIFEHBO 1 ~2m OEVEW & IE
a5 wht (B2 EhEIE A, 1995), Htkm BEn
TBETCHBICEE ) BEISRZ SN/ 2 i, GPSE
BEERE LRI o2 L TH L. EORIZ,
BB o2 EIPERBENBEIATH AN, TD
FT—F BB LW AEFOELITR N,
FBOBERBICO WL FIRICHBRHAOSRS DE
thkD, KEFMIIOWTOBEE KD (Fig. 2).
Zhick &, BREOWICH AHMERPHRIIH4cm, E
WKHAEBERPTHAH 4 BB L-0 %20, ALL
RIIHIHIZRELEFRFIAICH I BHL TS, F
72, BEOLICH 5 EZHAFEER TN 2em, BIC
HAHAMFIEEER EEESEMERIIN 2 cm BEANE
BLTWwWA. Tabb, BEOEWIIHLZBEHUEZRIE
HE»-> TBEL, Fitich BB BE NS
I3 CEV-DTHAL, COTENIE, BEZILEL»SHE
T8 % SR 2 BTE 0GR IGEB)IC & 5 H i DR Y
F— il oTwnh, BELRI LI, AETLOKNEE
B RET L5251, BEMBORKREUETERRAND
EEAD, FRFNEEAVCHMEROILLAZESLZ & %,
INLDERIIRLTVWAILETHAE. BKRHTHRNAT S
H LA E O R T, GPS EFHEN I Bk o B8 o R E S
BWEI, £y T a S ORZOMBED R BUIBEE DS
BN ERS, RIEEIFISVWFT -5 E525LE25
N5, L2t T, WhrZRAHMBETIVL 2D OB
HELBHETAIEISRDLNS.

(2) MRAZ

EEH T Cit, WREEIGHRBESE L HVvT19774
L1984 ~854E 24T h T WA, HERD 1 BEKIZ GPS
PREWT, fE2d.0E UCHEIMEE, BIEERIWL, dt
L, BIRRE AR s s — - %=1

& 1998— 3

HArWELELS. GPSIZLAHIEIR, HWEHEET 2o
WZhIFT, FREFNOWY > 7 v 7 TL2EEE OEBE %
2 B4F o7 (CABIZAH, 1995).

Fig. 3 1%, WEMBOHETFT -7 2 &L THELN
— CESMEOKFEETHL. TR, FEESEE
RIT T VHBHEFEEOERERLTWEY, KELRE
AHBEHEOPRIBICH Y, POELOZHEOB S HE
D GPS BN EOEMNERANN TH L Z &0 b,
BBUAHBEH*H0bLTWEILDEEILNS.
WHREBEOIRICH AILIHEIL=ZEE7Y, 9 1n BHICEE)
LTWw5s, COZALEEEHEN”S 1kn 55 Lo #N
TBLHY, WMBEEORAETIOHAHNIC1In 25
LT NREMPERE Do THB Y (PFHEIZAH, 1995), L
WIL=/FM (BZK) OHxI I ILEENBOES*
RLTWa, BEWEB2OENSICONT, BEIEIL/D
Sl b

—7%, MEETE, SFUROMTEICSH 24=A8 (X
B (ROK), k& LE (KTG), A#IL (FDO), A
B (SUM)) &, BifAH20~30cm LEICKE LT 5.
S LT, RPIIROEEMICH AHIL (KBT),
T O(UCD) EAIEIR (WDM) O=FHIE, /AEn
RALLFRVLUIEEEICBELTBY, NFlReZ

DILEODHVZICKRELABTROAVEVYD L. i

BEA,» S, #BIEIAFILOBICSH 5 AIE, FEFIL,
BEODWDLWLNFHBRIZIH s TREETWAZ E0%h
o TWh (%HE, 1995). REGBEWEBISG - ThH
FThHEV)BBEEOHEBRICHKLIL, NEHBRINER
LCHBRZEE 25 &I LR 5. EETNEWE,
AEI (ROK) &H (KBT) OMXTWRZEET, H
5km DIEBEA14em ¥ {HEA TW A, HMBEZROFEIZIZ
GPS 2R LTWAA, BEENCHL Oy 71
YIOBEEFEITLNT, T/, 1 yEITOEBEED
RSN TWA D, GPS BHREMIIEOBE IHET
ETELTY, 1 ~2ppm BEELZEZOLNA. L2L,
COEAEINSOMEDOEER L L DICE 2 HEL

(#923ppm) TH Y, SEHOMBEOUZEE I NF L
BTMEEFCTRATWAZ EEREBLTWAS.

Fig. 4 1, SE=ASITOHUEOKEELNE
DL TH L (B, 1996). BESEETES
R, HROZSEZAMREBEICITONIZOATH S
DT, TORBRELHBEEEH % 22V, ZOHICE,
19164E DA MR E DOME (M6.1) <, 194647 i
WE (M8.1) ZREFEELTBY, INLORELE
ITNLHRTTH A, KT EERFHMEICLLIE
BieEZTCIVTHAS. BARBIKICKE ZEILFTO
HOERROLNSE. hi, MBS AEOB X 2 KK
LTWALDTHAHH, AMHUEEKEAFICL AHE
TREAMERERE L 1n BEMOTE Y RN EER
BAR, 1995), ZOFELHRMT L. LFILI=AHDOHE
FHIEHB I FROM AR ONE DOFERTH 5.
FEM, FICHERTREAAOTERIILY, BN
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Fig. 1. Daily variations in components of the continuous GPS monitoring stations relative to Tohaku.(a)Mitsu, (b)Minoo. Rate
and offset are shown for each component with regression lines (Hashimoto et al., 1996).
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Fig. 2. Coseismic displacements of the continuous GPS monitoring stations in and around the Kinki district relative to the
Tohaku station. Thick arrows show the observed displacements, while the white and thin arrows show those calculated for
the optimal and "Belt-of-Damage” models, respectively. The locations .of the upper margins of modeled faults are indicated
with dark and light thick lines for the optimal and "Belt-of-Damage” models, repectively (Hashimoto et al., 1996)
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Fig. 5 1%, WP EADOKERBEOGH THA. HER
IR~ T E B AS19904E12, RSB I3 19704 2 A 123l
B2YMTbh/. WELVEFI, B TOERD 2D,
E LB R SRFIRIC & ) KEREPEEKIITONT
W5, HWER, 1LAXR®L3IAHITTINS MO
WEFT, HEFNEOKERDS S OELEFT~
Fig. 6 (a) i, EHELIrOME R CHEICE S BH
2% - 721990405 D S B OEETH 5. Z DB,
NG ROBEENRE & EARFETEET L. F3ICZ
DN B 77 B IKUE F445 b K H#E 5002-043 D FF 12, #9
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ZOBmKREEDNSILEANGR L LB ICKERT2EDH Y,
KB T2 ~ 3km OFIZRDSPIZELL Two iz
LEZONL. Thbbh, BFEMBICAONALII LA
MRBRENTELZLIITERY, EWHT ETHA.
IS OEHRERIE, MEAOKRENELE 2 5 LT,
2ODEELRERYS 2 A, 10DIE, BB LESD L
BWEZAIRELTWEEWVWIZETHL. WiEDLE
WANRWEEES, BENB COHELrR L DI, BEMIS
TR OERPIEE IR WEHE TR X 5. BET Lo
FERETE N S, WO LROE I IIEED & ILEA~DIE
WEHEOE»SHEETE L. SEEBELN-ETEH»S
i, BRAETOZRENRBO LK, 2km BELH#EE
T&5L. 20D, EWBRS VP 2VBLIETHS.
M TNB OBE, B - LRIIBOmIC Ly
BHhw., KESHPSRT, ZOMASHEORICH
BERFER RV, BB OEE, BT I3 ATLER
Ik & ke, TBREISNI2NE, &vo 2%
N = b, SRERMETEI SN AEFIEE S
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Fig. 3. Horizontal displacements of control points around the source region during the period from 1984-85 to 1995. Thick
arrows show observed displacements (inner coordinate solution), while white and thin arrows show those calculated for the
optimal and "Belt-of-Damage” models, respectively. The locations of upper margins of modeled faults are indicated with dark
and light thick lines for the optimal and "Belt-of-Damage” models, respectively. Arrows with open circle denote calculated
displacements at Kobe University (KOBE-U) for both models (Hashimoto et al., 1996).

WEWBIZ L A ETEBDONRY - ThHY, TOMNED
BFWE CIEWBH 2B A0 REL I L EZRLT
Wb,
METAPLEAER - TAE L EATH L, METT
NTHREAXTSm BEOKRICEDLY, FOB 7Lk,
EWV ) SN AGER - LEOERESRONS. W
EPrORRETE, W3 rBOEEHTHLN, KE»5
RCuFhor—t%i#lo-Th, HEICHD - THEA IS
WEPREL 2D, HE CTRAN4cnDLEL 25 (Fig.
6 (b) BU (¢)). TOZ ik, "BRKOFE OBREIZ
DWTEERTREY5 25, SREMINEEICLELET
TEhit, MBRUZOERZBEICL Y A0WEET 45, W
E~FRERUOEE ~RIEEATE DIk L2 L,
BT EFORENINS DKERBOBIZZ VW &
S RERT L. :
—F, REETORBROMEIZI970ERT LT TZ

POITHEDEEBLZVY, WEBOBE L BT S &,
KEGZEFHHIEBE E N TS (Fig 6 (d)). BEH»S
THRENEEZ ONDLEMEREIEIZT S L, REBEEDIL
HEB SF2001 72 ) THRAK20em OERISA LN, &5
WM AR ETRAEIC3em BOGBEICE L TW A,
KREREMRIMEF TP SIRBEDOREZE > TV 5D,
Pt 2SR SN -MBUI T BRI O L ) & E#IZH /-
N, REREMND I RTITA. EFE TS ZAHEEBOTL
BT, KEAOBRIDLREDEEPELNLIMEDL D
L, KREARBHEOGPSEB TH Z OMTIZibEDS
B 2N TWT (Tabei et al, 1996), 72 HKHE S
DEBEZTOBIM ML T TE2VWE ) TH B, %
B BER O MR IRET & BURETIC S 2 BRIV, B
FORMARWRB IR L MR BT 2 FE R Sh T
WA (BEHEIEA, 1995). T OWFEIZKEEREIZ D T EE
LTBY, Bl SN ETEBICIE, ZOREDEED
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Fig. 4. Horizontal strains in the third order triangulation network during the period from 1886-1903 to 1995 (Geographical
Survey Institute, 1996)

HELEINTVDRLEEZLONL. b 1) CHEMED
LRHFMBRICENRD L IAICHAY, HHELITREE
AL THWEDTHA).

3. BT - 2ICEOCHBET IV

Hashimoto et al. (1996) 12X AMTBORIKR LT £ES
Mg EhOREL, BBRUBHREWYAALZAL VN =
Ta v (B 21E, Jackson, 1979) 2Lk b, FoEEW
BEOTNY)EMDOKRKE X %HE L. Hashimoto et
al. (1996) 2SR L7-EFNVWE I, Fig 7D X 9126
MONRBD 5%, FNENEET— 5 OHBEO L Z
HDEBLREICEDINT, LBOEIRER FREEZ
THhsb. BEWEBIL, #HET OETLIHREMNOKEL L,
MEAOWERTEESTERIZ2 ~ 3km 121k 5 TW
BE L7 BEF—4% & LT, GPSOEREBNEDE
fir, —  ZH=ZMEABOBEEZLRTKESOHSOLE
L& fE 5 7.

Fig. 7 ORENVEIE CHE SN &/NMBOT ) &

MCTH5H., EERME CKEER) o7avy 728, dLiEdo
Ty 72 L TEIEWERT. Table 1 128K/
BiBoD/85 2 —% % RT. BENEOTN)EMSRIE
DRELC, 2mPBLTWA. BEEORES TSN
RS OETNESEEARES L L2052 h. MEH
TiE, HAERICH P E/MBOT)HFIREL, ik
DemPUEdHB., FEBESDIKREWV, L2525 T
ER ) ONBBIET ) B OHA0cm LS RD,
WRBOWENZ ZEROBLAZLIICRZ A, B2
DO/NFIBIZT Y BMA Im 2B, BICELS2H
HO/NFRBICIZBHERS 0% ) H 5. Fig 2 R U3
W2iE, ZOEFTAPSFHRENLKFEEE L AbE TH
WTHAhH BBLRAINEFTHRNTE7GPSEHEIFR
SHEOEMEFBBEL TS, ETEEIZOWTI,
Fig. 6 BT — % L b TR LTHY, SEWICHE
WF— 7 2 ILBHLTHWBE I bbb, ZOFERE
Bhrs, TEEHEBEZ, BEWE, HAafakoX
HIIETO3OOWBISER L2 LItk b LiEREhn
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7=, § S , ¢ e
. - " s . T AT §-4 ' / (Amagasaki ’ * Obs(?rved
Fig. 8 ~10ix, ZOWRBEF AP OHEINLEMNA 5 fragasaki ) _ ~—=Optinal
sV, ZEEHBOERD ETEBOSTHE. b s S—
HEBEXEIETNWEMEZREI L2 25, HAE
T OREEMOGHETIREAINGE) L7 B I & 38 ©
Th#mbH L0 GEEITA, 1996; ARIEA, 1996), Nishinomiya - Toyonaka ~ Osaka
COEFLTS, WEBKEICH S ) OB VB & £ z 3 2 3z 8 8 % 8 & £ &
- - ~r ~r -r ~ -r -r ~r - - ~r -
CTIENTELILWbMS (Fig 8). T/, =% !
SHEEOEORML, BRBRTE TS (Fig9). 0 e "”..%yuw
. - —s 2 N 4%, = * K1 -1 I .
i, SOEFVTHAFUOBRLEAT b 30en 5 | i !
BCHY (Pig 10), AFIEBESFHIHEREATY 2| 1 —
3 S b . S saka )
HEE (Blz I, BH, 1983) THEES & AHMIEEET £ e
Eahorze v b, FIZ, AFUREIEMOH A EY 2
25, COEFNVTREMOF AL REERT LI E 2
e, ZOMBIZASHINZER L TGS EIE, £ =6 « Observed
BENOEINTH > 72 R LT %, | i
Whwn “BEDOT OETICHBSREATHT, £ -8
@)
Fig. 6. Observed and calculated height changes after - Nlagggg"a; 'S7gm?tr=2h_~§grb61995
the Hyogo-ken Nanbu earthquake along the several level- 2% a ) ) N
ing routes. Observed denotes observed data. Optimal and " Observed|
"Damage” show calculated displacements for the optimal 20 -F-—»Optimal
and "Belt-of-Damage” models, respectively. (a) Vertical 5 =~ "Damage
movements along the route from Himeji to Nishinomiya £ 15
via Kobe during the period from July-November, 1990 to é 10
January-March, 1995. (b) Vertical movements along the s arute )
route from Nishinomiya to Osaka via Amagasaki during = 51
the period from October-November, 1994 to January- 3 ) E;l )
February, 1995. (¢) Vertical movements along the route ;.:, Orvd 'i
from Nishinomiya to Osaka via Toyonaka during the -5 | i }
period from December, 1994 to March, 1995. (d) Vertical
movements along the route from Naruto to Kobe via e T e T T o o e o e e
Sumoto during the period from August, 1970-May, 1973 8 2 & 8 f i & i i i i E i i g i 3
to February-March, 1995 (Hashimoto et al., 1996) 8 8 8 8 88 88 8 8 ©“ 8
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Fig. 7. Geometry of modeled fault segments for the optimal model ; (lower right) plane view ; (upper left) sectional view from
the southeast (direction in the plane view indicated by a thick arrow). Rectangles in plane view show projections of modeled
faults onto the horizontal plane. The side of solid line shows the upper margin of each segment. Arrows in the sectional view
show the estimated slip of each segment. Movement of the southeastern side is shown relative to the northwestern side (Hashi-
moto et al., 1996)

Table 1. Estimated fault parameters for the optimal model

# Lat Lon L W H ¢ o Uh Ud
1 34.777 135.323 10.0 9.0 3.0 225 80 -110 28
2 34.713 135.244 7.5 9.0 3.0 240 80 -45 80
3 34.681 135.173 7.5 10.0 2.0 240 70 -26 29
4 34.646 135.105 7.5 10.0 2.0 233 70 -176 101
5 34,618 135.014 7.5 10.0 0.0 225 95 -254 -25
6 34.568 134.954 5.0 10.0 0.0 225 95 -128 -123

#, identification number of segments (See Fig.7) . Lat and Lon, latitude and longitude of the northeast-
ern edge of each segment, respectively ; L, length in km ; W, width in km ; H, depth of upper margin in
km; ¢, strike of segment in clockwise from the north in degree; &, dip ange from the horizon in degree,
positive in the northwest direction ; Uh, strike slip component in cm. Right lateral motion is positive ; Ud,
dip-slip component in cm. Up-dip is positive (Hashimoto et al., 1996) .

DEBVHEEL 72O LIETEEZLHHDT Blx BRI L DICEETHD. Lrl, o bERRS

X, IBAIT A, 1995), “EBK O OETICEE ¥ IRKE L “BROE” EFNVTIIGPS DEHR DL %35
LT, MUEHE%4T 57 (Fig. 11 B U Table2). Fig.2, B9 57012, —FRONFTEDO T EBMIMMDE 7
3RP6ITIE, ZOFEEDD ETHOLNLIFEDL LWVET AV MNERBRY, EMTRICRS. ZHIEIWENIZS
WS FRENDEKERFLETEE2RL T2, 8 AR WZ e THY, “BROFE BETORBIK
HF—2 &b wv, BIC, BELUEDO ETEIL, XL WBEE OO LT 5ERRBETHLNT
‘BEOW FNTIE, MThEYRET 2%4, »HhH, REEFEISBED, WERFED "Bl 0HBONRN
B - LBEDEP OO BBOPHICHE L, ZD0o0DK BEHETH- 72 VZ b,

BTy APHEIC LB LA TFREENLD (Fig 12),
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Fig. 8. Horizontal displacement field calculated for the optimal model in Fig. 7
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Fig. 11. Geometry of modeled fault segments for the "Belt-of-Damage” model. (lower right) plane view ; (upper left) section-
al view from southeast. See also legend in Fig.7 (Hashimoto et al., 1996).

Table 2. Estimated fault parameters for the "Belt-of-Damage” mode! (Hashimoto et al., 1996)
# Lat Lon L \4 H ¢ 4 Uh Ud
1 34.725 135.323 8.0 9.0 3.0 252 80 113 -56
2 34.702 135.244 7.5 9.0 3.0 240 80 -200 26
3 34.670 135.173 7.0 10.0 2.0. 240 70 -43 67
4 34.646 135.105 7.5 10.0 2.0 233 70 -156 95
5 34.618 135.014 7.5 10.0 0.0 225 95 -255 -32
6 34.568 134.954 5.0 10.0 0.0 225 95 -178 -102

#, identification number in Fig.11. See also legend in Table 1.
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Fig. 12. Calculated vertical displacement for the "Belt-of-Damage” model. See also legend of Fig.10 (Hashimoto et al., 1996)
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