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Viscosity distribution beneath the Kyushu Island estimated by GNSS

postseismic time series of the 2016 Kumamoto earthquake (M7.3)

Satoshi Fuwa, Mako OHZONO
Institute of Seismology and Volcanology, Graduate School of Science, Hokkaido University
(Received February 16, 2018)

In order to investigate the viscosity distribution beneath the Kyushu Island, we analyzed
postseismic time series of Global Navigation Satellite System induced by the 2016 Kumamoto
earthquake (M7.3). For the ~1.5 years of daily coordinates at 135 GEONET stations, we fitted
theoretical time evolutions with two approaches. (1) Assuming that the first 50-days is dominated
by the afterslip, we applied both of logarithmic and exponential functions. For the estimation, we
firstly found the appropriate common time decay constants for the afterslip (0.996 days), then
estimated other parameters. (2) Ignoring first rapid afterslip signals, we fitted only exponential
function for the time series after 50-days. As a result, both approaches indicate 10'"-10% Pa s of
viscosity in the Kyushu Island. Especially, low viscosity of ~10' Pa s was obtained around the
central region of Kyushu. This corresponds to the location of low viscosity in the lower crust.
Therefore, the estimated viscosity distribution is probably affected by the beneath of the
viscoelastic structure through the lower crust to the surface.

I.IZ C & Ic

2016 £ 4 A T4 L T REARMBE O —#HOIEENE, 14 B 21 K 26 2 OFiE (M6.5) [THHE D,
16 H 11 25 ZMTIIARE 725 MT.3 OMEZIEA L 7o, AEOERIFEE AR - B RAWBHIC
R o TR OB 20 5 FRETIUE T (Bl 2, Lin et al, 2016), AEH b EIREERISC
ZDIER ECRETREIDMREL TnD (K47, 2018). Fiz, ELHPERRIC X - TaEIC R
I TV DBk MR S A5 & (Global Navigation Satellite System, GNSS) o 3H 5 #HI#E

[@)ev-ne |

ZOWLIFIZ VAT 4 T - a® X For - EER A0 FEE T4 20 FICR#EE TV E T (hitp: //creativecommons.org/licenses/by—nc/4.0/) .
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GEONET & B H L — 2 — O EI2~ 5 1L, BIFEEE CHIFERFIC R AR 1 m DK RIS B 23
BAISNATEY, 2L EHAT2OOBEREETABEEIN TS Wl 2L, Ozawa et al,
2016; Himematsu and Furuya, 2016).

KB, HEAEEHEHD S XN O IRWEEFRIC I W TRINZEE) & 72 5 2 S ZEBsFiik S T
W% (Moore et al, 2016; Pollitz et al., 2017). Z DRENAEED L7254 FEHIIETRET B LR 25
FEHIEBMES N 24T DR, HEBERFOS OEEELICK U TR L O L~ v hvas
VRBIAYIC N 3 5 KR AN, R TR T AL O IBROK R I O FIBRBME X B T b 5.
Z D5 LARWIZE THE R T 2 KR, T O MERE PSRN E 2 5 2 5720, Bl
PHELNDIHMBORNETLPOM T O LA n O —fpk 2 ET 2R AR I TND,

REBEMESR DT T L, KRR EREE 2 E L 72 Wang et al. (2006) <° Fukahata and Matsu’ura
(2006), Ekimipk @S 2 E L 72 Pollitz (1997) 72 & 23 F OHEIE DKM INE 22 b IR BT %
5. —FHT, KVBENRMTHEEZNT 5L, IvEbshiEeT v (B2
Pollitz et al., 2015) °HMREHREZHVVIZET ML (Suito and Hirahara, 1999 72 8250 bHR%E
S, ARSI TIAE LI KBICH: S RUEB DT L TD LA v O—RMEOHTERHA SN
TW5,

RINEHOEERFIFHTICB N TIE, ZAEND A I = A LD 6, KN LEEREZ R T
RENT Y & IR BIEA 2R IR I R AR SRR N TR RN O B 2 E T AL T D Z L s
FRETHD. LiL, ERICEOERNBENEERRINCTHFLT D002 08ET 2 0FEL V.
5] 21X, Tobita (2016) LB L 2 DDA A M AEDE D Z LI1T &Y 2011 F XL
TR EM B O RN EERERF ZFAL TW5, 72T, FREEIR OB S S i
W, IR L2 H2BERET S 2 & TEOMIBICKIT 2 LR 2 ET L2 L LARETH D
(A - 7, 1969).

2016 FHEARHE DO RNEINZ OV TIL Pollitz et al. (2017) 12 LY, RITRVIBKOHERE, Kok
3&E DA OHIEDMT O TE Y, 156 AT I H YR o0 FEHIERIC 38 1 2 (R M AE X iR o
AT DAFLE & K ILHIAF I B 1T D VAR A v b OFFEAE & OBRMERTER = Tnwd, —J, fig
MO RENEIIT OV TRERFIFENT 2 5EICAT o Te A 13720, L7e 3o TRBFZETIE, 2016 47
REAHNER THRAE L e RNAEB ORRINENTICE H 9%, GEONET © GNSS Bl 7 —Z 26455
VDK 1.5 F M ORENVETRER SN DRERIEREFN O o 7 V23 L, JUN& R T O SRR O
BLZzORTHEROD L AN ET D,

I

I. RMEBEERINT—52 DIERL

REARH B AR ORNEEN RN T — % Z2EKT D, ARF%E T, ELHBERE RS S
GEONET @ H FEFEAE (F3 f%, )il - #h, 2009) % v iz, st A +4aEx L Ok E
FEOLRE, TEEZEDMEE L, 7135 ORI T, 201341 A 1 H25 201749 A
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11 B £ TOKFRS CGEWE, mibpks) ZfH L7z, B ST6 % Fig 1 IcRd. #HEZICER
SNDHGBRBEENCIIRDET Y 7 iz, FL— NEde EOBRELEIHNEDbETEENT
W5, 1o T, ETIESNIBRIRERYIN O EEEHM S 2 BRNT, RIEHS 7Pz
HH S 21E6 217 9.

H R RS, S E R E 75— 7 L—h Bicdh Y, 4 HIMMNICA2ERICE S
BT TR LAl C & T BRI T O =F8 (ID: 0388) (Thf9 2 b DICAEHL, IR
HSERAZER D B B <. RICHEIROBSFEIC L D NAN AT v Tk, ELMERSART 5 E T
FEUESARSFIEZE Y X b (http://terras.gsi.go.jp/denshi_hosyu.php) % JCIZHELY B 7z, HiZEwiT o HifH
(201341 A1 H—20164F4 H 14 H) OFRRINCKL, RZtFICB T2 EHETE (D %
Heki (2001) (2725 > TLATF OMIEOLEE LD 8 L OFE, FEFOLH TET LT 5.
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Fig. 1. Distribution of GNSS network in Kyushu Island. Black triangles indicate GNSS station used in this study.
Red star is epicenter of mainshock (Japan Meteorological Agency, 2018). Blue lines are coseismic faults
estimated by Himematsu and Furuya (2016) along the Futagawa and Hinagu fault. Red triangles indicate the
location of active volcanoes. Solid black lines are active fault (Nakata and Imaizumi, 2002). Dashed black
lines are prefectural boarders.
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() = at+b+csin(@rt) +d cos(2rnt) +e sin(dxt) +f cos(4dxt) (1)

ORXOFEL a BLRDITENEIVREZ N LY ROBEE LU, ¢ B IXFEFHEH), e BIY
FIRHERERICET 555 A ¥ —Thb. Nhba, b, c d, e, f2BRE, SRR LI
BN RIE TR, BT O TR R T B MMER M 2R 5 72, BTSRRI
UEE T LA DR 2T o TROBE R R .

SOEBRERINL, = 0% F L L I HENI O B EB OB RIS & BIRER S D3 L[ <
T L TIERE NS, Fig 212 2 ORMEBEER I 58 5 BRI 500 B (2017459 4 9 A
) ORBATS AR, BREARLC, BAK 6cn OHEEBMRIL S, AL

FNEHHTETND ZEDPMEETE D, AIFFETIE, ZOMEETHIAKF 2 lor & E L TKE
1 5l OBLAIRE RS 2 AT I 9%
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Fig. 2. Cumulative postseismic deformation for about 500 days (until September 9, 2017) observed by GNSS
network in Kyushu island. Red arrows indicate postseismic displacement. Other symbols are same as in Fig. 1.
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. BRI EZDER

FINEBIFR YD SRR 5 > 7P v 2+ 5. 2 TIEERNREY 7o
IR R IC EL DWW TREVEBIRE R B0 DRI 01T K D28 LREHMHAEIC X 2 BB 2 08T 5.
AT TR TR0 OFEITHEBMEER X 0 b AR R 7 — 23 <, BIRWEEL To
VIFTNBRELBRDFREFAT S, FRAHEBICR T ORNTAD ITHBRAEBRICEPLT
FELTWSEZERE (Pollitz et al., 2017), Z 2 TiEA72< &b HEIRAEBYIM 50 HE DA%
BEEERIIPANT_RVICE DD L REL TEDOY T F N ERIEL 5. it OfeEiER 2 A
LT, KMREmO Y 7ot 2,

RETAY ORFRFIEEL
RENT R0, —RANITEH 22 5 BEOREGRIE 258 D, £ ORFRIFER w, (O 1Z, D O -
REBEE AR &LV DU 0B MEE S TS (Marone eral., 1991).

%u%:AmQ+%> @)

T HIHIBER AN D ORGEREZ] (B), A EREZRT.  IRERTH Y, ko
RELRD. ST _RVITTORAERAD=XL00, BREENTRET S 1 >OBKLRETD
TEMTED, E-oTARMIETYS, 28EED 1 SOBER ¢ 2IETSHZLIcT5. 291X
FIRENTNOENEERRINOFII 50 HEIcxt L, @QREZLELTA, t&2kdiz. Hoivk
IRT A B —DIEDZEM 5345 % Z I ZF 1 Fig. 3a 3 L UV Fig. 3b ITR$. 2B, ERNTEF, <5
AR —EWETERDPSTAITAKE L L TWS, Ek, K& o7 ¢ OHFESAR % Fig. 3c ITRT.
Fig. 3c TRT X 1T, MEROMEIX c DS UTERD EZAICERMPEFL TVDE, LER-T
ZOHPHN HILBOREER © 2 VAT, T, RNEH Y S FAPHEEICHALTHNDELOND
M— L IR ER R IRTE L fo o, HigE% 50 A O RAERZEEN 2 05em L EZBHIL TV 25
BRSOt OREBRAL, ENOLOFEENL ¢ 2Rl FORRELT 1320996 L72o7z.

CoBORER © 2T, FEE Marone et al. (1991) 12 X 5B 2R LHRRFIIC
IEIL, EiEA 2Rz, Figd Ik (D: 0701) OBBEIRERSIOEEE 2R~ 557 Hm
RENERERR T, BRRRERY & RNEBRRY & ORZEERITRT. Eie, TOMITICE > TRD
HAIVICIRIE A D430 % Fig. 51277, Fig. 5 OFER X 0 EFEELICE W TIIRIE A 2AK&E <25
T EWNND, ZHUIBI S NI REBNICHT 2 RN TR OFEPERICGEWIZERE LR D
ZEERLTWD, —H TFigd XV, HEH 50 B O CIIERERRIIDIER IS 22l %
RLTWD Z &M D, RNEFYIMORNEBRERINIRD TR 20E L 7 HERFRFNC LY
MIATED EEZALND, LAL—FT, HE#S0 HUEDORNEBRERFNC L CTIIEERREER S
ERWEBRERINTIRENA L D, THUL, KEERITIR TR IC L 2EFHD AL TV,
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Fig. 3. a) Estimated amplitude by the fitting of logarithmic function (formula 2). Open circles indicate the station

which was not estimated its value. b) Calculated time decay constants. c) Histogram of the calculated time
decay constants of each station.
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Fig. 4. Example of postseismic time series at Choyo (ID: 0701). Vertical solid line shows the 50-days form the
main shock. Each lines indicate as follows: Black dots — observed postseismic daily position, green solid line — theoretical
model of logarithmic function for the first 50-days fitting (u,(¢), formula 2), green dots — residuals of logarithmic
fitting, blue solid line — theoretical model of summation of logarithmic and exponential functions(u(¢), formula 3),
blue dashed line — exponential component of formula 3, blue dot line — logarithmic component of formula 3,
red solid and dashed — theoretical model of exponential model (u,(¢), formula 4, intercept is eliminated in the
dashed line).
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Fig. 5. Calculated Amplitude by re-fitting log model with 0.996 of the time constant in Kyushu island.



52 i BE - KR BT

R ORI & HITRD TN BB ZII LD, RETND LY SREIICY 72 E T DR
BN L2 EEPRZ DIIRD I le b Th D EEZXBND.

R MEEF DR R I

LR Y, RETHIINIRZT RO OFERRKENWERET D &, TOIPFERIL, BFIC
72210 E OBLRLE T b BURIRER Y & FERRERS & OFICTEREIEL 5. AR TIEZ 0%kE~
REEMERREFI DOFE RN L DB LARET 5. ABHALRITI T 2 KRRl D20 R 2 3/l 4 % 72912,
KD 2 DD FEZR AW TR T 537 X F —HEZ1To 72, 1 DIXRNEBIRERFIC
XU T, A CTHEE L7cRER o Z W IeRZ)T N0 OB & R EE M o B, W o
BFEIR R 2 AE L e RFETEIC LD b 0, b 9 1 -DITMEFRAEZRYIE 50 H 2 850 L 72FER 5
XU, RESRMEREFN D B ORI R 2 E L e B im0 Ic L5 b D TH .

ETE 1 DHORY TRV ERRMAE OB RO S 2Z B U 12BN OIT Ll 21T 5. Kk
FEAN DB ERFITIE Maxwell KRR 2R E L 72356 ORI BRI Z R 2 -5 (Shen et al.,
1994). )R AbET, KBFZt BICR T 2 RIEEE u@) ZLLTFICRT .

u(t) = A 1n<1+Wt96>+E{1* exp<*%>} (3)

FNEE 1 IR TR0 ORIFR 27T Q) X b 725, FEEEIIATET TR 7B O ES ©
TdH509% ZfEHAL 7. A 13HRETEEIC X VB SN D, AU 2 IR OR R E L
AT EXRE, T i 3EMEEET, ZAHEWTRLIEEIC Lo TROLNDIENRT A —ThH 5.
W (ID: 0701) (2R1F 2l R ORERFIOF] % Fig. 4 [0, B b NIHERRERS ZFHMHRT,
RINT Y plsr O BERIRER Y 25 O SR THIBIEREFI R 7 O B ARiRER 51 2 F OB T3

WIZ 2 O H ORBEBRE RN L OREMAER O 2 2 E 8 L 7B 0PI X 5 #EEA1T 9.
SBRT R ITHBIAEEBICEDT L THELTWS (Pollitz et al, 2017). L7zB-T, ZIZ T
HIEEFE AT 50 H DO RNEBIRFRINTIIRN TR I L 2EHRIZEEEN TRV EEL,
KRR R O BEER A O A TR 24T 9. RRFEZ ¢ BT 1T 2 KRR IC X 2 RLE &
u,() X Q) ROELE 2HB L OZDHH C ZHNWT, UTRTHREIND.

! )} +C @)
z-'I/'

IRIE E, AR 7, B X GHIR C 2R E LT, IO DNRI A —ZHEET L. &b (ID:
0701) 1ZHR1F DI R ORERFI DB % Fig. 4 1R 7. 15 DIVERRIF RS Z 7R T, HEDRIT

RN B YR C 251N TR 5 2 AR ORE#R T/R9. Fig 4 IR W T 218 Y DT THRLT
KM AN OB R I 2 e 92 &, BIF D& D OIS TIERBTR Y 2580 TIRIT L 725313,
FERAMERRAN D 2 B L IR ICHANBREOLH RSB L L 2em /hE D> 72, OB

u,(t) = E{l— exp<—
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THRROEMAPBFEDO DI, TIUIRF TN 22O TMTICB W T, BRI & 5 £H)
B 238/ NI L TV 5 %, B D WK REEREFN O 2 2 B 8 L T BRAT IS W ORI RFIIC X 5
BEED ZRTROVEDSEDOTLES ZE THAMEL TN ATHLHLEEILND.

V. SBARICEITHHEERICETIEE

ELFEDENDZ & B HE

RENEENRERFID 238 0 OIFEITH S NI IR 7, 26> T, KR TOMMEERZRD S,
IRE L 7z Maxwell #98 OFEFMERRFIICOWT, AIER p LR 0 220 1, = n/u BV LD
(la - R, 1969). & Z TIEHHEROMEZ 30 GPa LIREL 2. 2 DOFEZH W TR vl
FHIIIC I 1F 2 KMESR 1 D % Fig. 6 12737, £ < OB T 107-10% Pas DREMEROED 5
iz, RETNY 2GRN OB LS (Fig 62) DA, KR OREDH2EE
L7zb @ (Fig.6b) £V bIFEHET2.54 5, FRMETIIOHFARES A ONDIFERE o7,
— 5 CTREAHEB ORB T X0 ITHERAZH O 025 FTIZIFNHRL TWD Z &b (Pollitz
et al, 2017), AWIETREIT RV Z2Z[E U 1T TR O A7 RIRE MR & 2 28 23 /)
FHE L, %AORSRINCIB N T ORI TR ZMAFHEL TWd EeExbD, ZOREE, Rt
FEANOFEANRER 23 ANT ER&E <R D721, itk bk RS S rlReEA R V. Wi

[Pa s] [Pas]

1e+20

1e+19

1e+18

31" :
1e+17 Te+17

130° 1317 132° 130° 131° 132"

Fig. 6. Calculated viscosity assumed afterslip and viscoelastic relaxation in Kyushu island. Black lines divide into
Northern Kyushu zone, Central Kyushu zone and Southern Kyushu zone. a) Viscosity estimated by first method
(formula 3). b) Viscosity estimated by second method (formula 4).
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HIRIEEIH ORI TN 2EET D, £ITERTD 2 & THEMEERS 7L 2 EREIIC
WETDHILNTEI. FTe, ENHICE > TRE S TRMERITH 2 A DIEVWT W), Zhb
CRZF RN TE 5.

MEERDEMS S

ABFSE T 10"-10% Pa s D #IFR THEMER2ME S LB B THURAE TILMNALTE B T
1.35X10"% Pass, JUNHJLIETIL 6.78 X107 Pas, JLINFIHIE T 8.08 X 10" Pa s DFLEFNRHE L,
FUN PRI TR AR ER G O N DR Lo Te. ZORERIT, HATHETHELNL TN D
B & e U TR JE L2V, B2 0E, Pollitz efal. (2017) CIIHUBSENERE D 7340 & I TN %
3HEIL, TRZEN2RITOMBREEZEL, RETSZHHT 5 710D ORFHMEREE 25K T
W5, ZOREREIUMN P I TIE NI I T 14X10% Pas £ 720, oML & b~ TR PE D
EABMER SN TR Y, WlEOEADIFTE & KILHIEF IS T 2 ERERL A )V~ DIFLE & DBIFRIED
RRENTND., HMEROHMEMEITR L D05, FATHIE & 13582 5 FHEIC X > TH UNFRIEKT
L & 72D KO IR ONTZZ £, JUNPRIBTIIRE N & TEMS% & TORMERIED
RNEIN B2 5 2 TR S\, 2 DO 8T 5 FETH S NIHMER OMEHEDZEIC DN T
FEREIVBEEPBLETH D EEZOND. AUTED G TR 7E2ITITPOR L T
BoT4%, MEMMZER L TRITZAT S 2 LIC X KRS REMREFA RS bhicha,
TR D NICHHERDOEII KR E <725 ZEBTHRSND.

ARFZETIL, Rt Z2HEE 3 BRI 1 2 30GPa ARE L 7o, EEORIEREIC L - T,
COEDBAATONTHEBEINDBEDRDH D00 LRV, 1%, oM T#IEICET 25 %
EELOD, LVEEMEZMREL TOWSBEPDHD.

V. ¥ & &

AWFIETIZ 2016 FREAMBEDORINLENCONT, BERIIFRENTH> D REEMERI O > 7 F L 2 E 81
WA D Z L&Y, JUNEH TOERZZRERD S 2Rk T, KERR LT 15 FMICEIH
SNTCREBRSRINTKT LT, B L FERER 2 I e 2 18 Y DT 21TV, Fmickir 5
FERIIWT DS 107-10"Pas &R o7z, 238 Y OFED B R E o TORMESR OB IREHNEREF 0 2x
BB U TRITHRE R I ARRD TR 2FE L RIS L £ 130 L oTc. HBohic
FEROAIHTHAETHELNTNDI b D E BB L E—T 5. EITHEICRNTRO LI
THERHBRIT 31T 2 ARG IR BRI MR S T D FU Hh JUs & ST D BHRLRIC IV T 107 Pas FREE D
DT & L ANMRKEEROEDMG DTz, ZHUIRE DO FEHIEBIT 1T 2 KRS 23S BRI
BT DREFEMEARA OBN S I E 2 5 XTSRS
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