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Numerical investigation for the effect of the subducting slab geometry on the
postseismic deformation using finite element method
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ABSTRACT: The geodetic techniques enable the observation of time-series surface displacement during an
earthquake cycle, which provides accurate coseismic and postseismic information. Many geodynamic studies have
tried to explain the postseismic deformation of the mantle beneath the seismic fault based on viscoelastic
stress-strain relation. Megathrust earthquakes generating coseismic and postseismic deformation throughout a
wide area provide a chance to invert the mantle viscosity beneath the intraplate region and plate boundaries. In
this study, we performed a series of finite element numerical simulations of near- and far-field postseismic
deformation associated with megathrust earthquakes to investigate the effects of mantle viscosity and subducting
slab geometry (i.e., slab angle) on viscoelastic relaxation. We found the seaward postseismic horizontal
displacement in most areas in the overriding plate one year after the earthquake. Our model showed that the smaller
mantle viscosity and larger slab angle lead to the larger postseismic horizontal displacement. This trend is
maintained even in the remote geodetic station located ~1000 km far from the megathrust fault. For instance, the
horizontal displacement is 11.5 cm when the slab angle = 50° and mantle viscosity = 10'® Pa-s. In contrast, the
displacement is extremely small as 0.9 cm with the slab angle = 20° and mantle viscosity = 10'* Pa-s. We demonstrate
that the slab angle can influence the postseismic relaxation in distant locations from the fault. Furthermore, we
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suggest that the postseismic deformation model for estimating the mantle viscosity of remote regions should
consider the detailed geometry of the subducting slab.

Key words: postseismic deformation, megathrust earthquake, finite element method, viscoelastic relaxation,

mantle viscosity
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2 3047, Floje] 7Hd7TH(InSAR; Interferometry
Synthetic Aperture Radar)i} AFA]GPS (Continuous
Global Positioning System) 52| 4] 7|42 XA
7104 WA st A7 A5 W9 HEE A
FAHRyder et al., 2014). AF5Fs A= =
A Az ot 2] HAL 7S e 2, 2|7 7] Y
o g dAoA WSk WP ol et A7t £
= A@staL, o]F vige g X7 WES 24
HE Abolo] WAYE 4 FHe.g., Barbot et al.,
2009; Lavecchia et al., 2016). XA F7|= HE oF
Aol wet 24| 3 DAolw, T5-o] sgsh A
k= “2) 2 ¥WF(cosesimic deformation), 0] A]
710 wfe} w1E S5} 7RasRs “A F ¥R post-
seismic deformation), TF2 X|Z1 Z7IX] YA &
T2 L3 (far-field tectonic stress)o| o] ]3]
S Z ZA 5= “X|A 7+ M & (interseismic deforma-
tion) 2.2 Tt Wang et al., 2012; Govers et al.,
2018). A7l 7+ ¥Fgo] @30l S8 T2 FH5knL
olof| w2t o] 2}Fs}7] whZel(Loveless and Meade,
2011), A2 Y 2 LRAEE oS3t s A
Z 7t WFgo] YFH oz dAEo| HrHManaker
et al., 2008). Bt oLz}, A7 F W 2|7 M5
BAI= ~1¥(Diao ef al., 2014)0]4 ZA= ~504
(Ding and Lin, 2014) 7|7} 59 X &5w, X2 ©H
ol YAS &F FH 9% ¢ EXES
Aoz ok A 9thMelnick ef al., 2017). A7 &
HPL2 F7HA 2% 1000 km o] BojZl & 7
7HA] 38 9)51HA = tKShestakov et al., 2012).

7|1& A BAF A= AR S HPo| #EH &
A =5 A7) el ozt 712k ARk A
A, 3 Whik(poroelastic rebound) 7]2}of| w2
ANz Qs F= W FAI7F o] 5shH A HAYsH=
gHd wbdro] 2171 & W3S A AIXITH(Jonsson et
al., 2003). E4), A7 F v B after-slip) & T3
HO| &% U A o]& 4] ulZirate-and-state friction)

= =] 1
Sdst=

o whe e shew Fwne] uBYL Ayt
(Scholz, 1998). ulx|ako 2 Heba] ks viscoelastic
relaxation)i= A AT} AR WEL HeHd A5l
A A Zhol| M o] X HEP S WA XITKFreed
et al., 2006). A% & U2 7} 7|12k9] E2| A A4t
& 2B B, vhEA, AR 5o} 24
of wet AFTHe R B waE of ¥zt
& FE3] A, 718 AtolM= iE Ee o
it 71ate) RO A WP AT Barbol
and Fialko, 2010). ¢|& £9¢], 1992 u]= A E
Yolojl A 2HAEsE M, 7.3 AT A A Z(Landers earth-
quake) & HF-2 170 Fet & FHANA FHA
Hhdat, 271 o]% 3.5d7F TE e 2 RE ~60 km
oy FHeNA A7 3 mlEFo| WK Peltzer et
al., 1998). 20134 w] A7 oA LA M,
7.5 3 o] X F(Craig earthquake)2 X2 £ 1.6
|7k 272 Jelold AR F 0B} A F B
5 717H~79) Fet ZEA Y FFoA Hed 43t
H o] Yojuti(Tian et al., 2021).

ety edshe o8 A3 3 ¥ 7|2k visf
Al FE9T} 7|7t A HES AEE 5 ok
(Pollitz et al., 2017). BT} €3] AEo] EA|o|
Uehths d84 248 A=Y AdA 59 vl
AetA] o] YA 7H(viscoelastic relaxation time)o]]
o 20 245 g0 A5H o A A
2 57 B e, A7) Ao gEo) o)
dsto] WEE AL Py 2A s A2
WEo] AupE|ar, o]% AJzto] Aol wet g2 ¢+
3lo} o whE e Z3o] SAAIQ A A2
S RN, 2 MRo] Aol BEEE
Roleh. erge] sty B4el Y4 EE Lxo}
srelo] ofa) Aol Qb4 WEe] 4-94
HE BAG 2AT 4 A BekBuroy, 2011). E
o AAEE Ao 4 S5 8 Y e A
A3lal(Butterworth et al., 2014), X|Z+e] T8 7] vk
5 £ & 243} =(Postglacial rebound; James et

al., 2000) 5 4 P} AekAo) A TF T A%
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& sl s aach Weky gl ofat )
A % ol A7k} o] WY SE: AR o
Z5}m), ol AR A|7te] WY £E2 225 €
TH(Vergnolle et al., 2003). w2kA], XA & HEtA
@5t oA 2] ARl 71=E A F s
2 E3ole 52 B30 23S dilele] BYES
ZAAHRiva et al., 2000; Sun et al., 2014).

22 A2 5 94 98} A7E AW T 8
A7k Q24 S BAH] 919 23t AR E Aol
P EHohE ket 45k He RS £9)
ek gpel chre He ABS ARel]
27k W3IBS el 2z g
(dash-pon)®] FATER) HEH 2L AN,
£3] Y] A$EE B By (Maxwell body)S
Azt 4Fo] P42 2 AdEo] ok AR
F 9% 3 W ATE R 98HE LA
Sfal Bk A A7k Rk si 17 W Rk
WE2 THE 24 2FL AAFI(Cohen, 1980;
Wen et al., 2012; Tian et al., 2020), A4 4] XH <]
B F7H o2 B Sk e et 2
2 AREFITHSun and Wang, 2015). ~2] 23 of A
o ol e = A ARHY AW 5 2/
8 1R Wkt 2717 Hstgen, o] Auk= A
Al A Aol T SA] A7 2|7 3 ¥
Hxz e} ZAATH(Pollitz et al., 2008; Johnson and
Tebo, 2018). -2 ¥4 7H A% HE S WA
7= A WA AE KR (megathrust earth-
quake; Bilek and Lay, 2018)2 @& FH 9 A
2o] B YolE AW T WFE FEHRuiz
and Madariaga, 2018). ©& FHoA T Y5 7HA]
ol 9T Aol BHEE A 5 AYS
S A9 A HA HeA e3Pt EARSS
oJujsin, 1 ¢3to] Hrrt ME FHAdEol o&Edt
& olg3te] S HAE F2E FHY 4 UKL
et al., 2018). §FH o2 2HE uH| Glst
o B ype] AATE U FERAYHE BAE 7
el 2714l AuE Aec 2, 97
2] elof et AT F AT U5} ATE RED
GPS AR} 2t A7 F W uio), 272 3
o] Wy kst o] ula) ] Bkt

2 APoME 9 R4WE Ae 241 4
o 23S psiol dtie] delet WA= B

Txof| IE 27 & Hey 43t vigo] A &
2|3 9] Wele] m|A= FFE X 73 84
HE AddiolA TSk AT A7 & HPS
2] BAVSH] Y3l 2 AREE I thMasterlark et
al., 2001; Yamasaki and Houseman et al., 2012).
AZ - HYS HARSE] A FEE 2|7 Wy =2
A deFolw, 2 A+ A7 BAPL 7FsE ot
o|¥i(Python)7]4ke] gt 82 AZE oIl PyLith
£ ARE3lth(Aagaard et al., 2013). 9-2= W|7}A
PAE RS S BASe BT oo 117
9 A7 ¥ AES AN A7 F WEe) Feky
7% 580l tfe 4ITo) TEA e e Hrhe)
7) 18] &t WA= BEE 250 2% B
L EERESESBEEACERLEE)

2. 2 yhy

2.1 Z|HH A

2 AFollA AR HE E A & Heg AskE
BAs17] Sl olAksel A ale B W
(plane strain) 7Pl BEhE E 2249 22 (qua-
si-static) 253 B2 54 4](4] 1)o|c}

aaz-]- o
o =0(,7=1,2) (1)

0% x = 22t FA] §8 "lA(Cauchy’s stress
tensor)2} B2 BT, A7} io} = BOA WS
ekt 2 AFOALE B selo] ejg x|zt
23 Wap} Akn Apgated, eS ek o
QFth(4l, Ueda et al., 2003). &K (displacement
field, )& 7317 93] 4} (2)9} 2o] HFE B
o} W) Ajole] TAIZ ek

1 0w; Oy

== +
€ij 2(89:[ 0x;

J

T2 2g) HgH 242 A4
A =¥, J9A

21 53 HIE SEFDA) Atol 248
(constitutive relation)E ZHz} =JFCE 4] (3)2 A1
B 2 AR BS AET A&, B AT
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AL NAM 23 HPEE BAE FoE

1y

o, = (K— g G)ekka +26k; 3)

6, & WFE dAjoln Got KE 27t A B4 A
o9} A4 e A%k WA} S dA (deviatoric

[}
stress tensor, z;,)= FA| 3-8 HAL} 9 (pressure,

)] 242 |4 4),
_ 1
zl-jfdij*P@/,wherePfgdkk 4

5= A=2Y|AH dekKronecker delta), 0,,= 5
A 2] o}2lfrElR] A H|o]A(Einstein summation)
#7|5 w2k #Ax} H3E =l A (deviatoric strain
tensor, ¢;)= HIFE WAL AH HIE "HA
(volumetric strain tensor, €,,) 2 /4= o] U4 5).

2Uitel - A
A A 8% 9AL WY oy Bl 24
YA Hgstgon, B 5 © WX ugE
S (de/dr) Ao o] TAXE 4] (6)7 2t

o+ L0 =, (©)

19} p= 242 A HAEE )ttt & Aol
A ARg3E PyLith= f3 84 719 9] SollA A7
< BASE] S8 49 EeiE ARgshe o 71
HE 9 U &5 ZHS YR obE FA R 1=
3tth(Aagaard et al., 2013).

24228 MA

%El% ASlEle] ks 2E A 8y o A
T RS 4% BAY) $i9) B A A2t
w4 4 .; 29, HeY MRS EYR A 2R
ALK 1o). X BB AR 271 7h=

n

1 2600 km, Z°] 500 kmo]|m, -5 X2t} S742 7]
€ = €y T 3 Coudiy Where €y = € ©) = Ao Al @& A Tl (effective elastic
a. Trench  Megathrust dip angle = 15°
€
4
3 Elastic spring
- Viscoelastic Viscoelastic
Mantle Mantle
Viscous dash-pot
= <. 350 km P = 1 E
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Fig. 1. Model set-up. (a) shows the zoomed-up zone of the dashed rectangle in (b). The spring and dash-pot represent
elastic and viscous behaviors, respectively. The numerical model consists of the elastic overriding upper crust, sub-
ducting slab, and viscoelastic mantle. The black dashed line and arrows indicate the megathrust fault plane and
reverse slip, respectively. (b) displays the entire domain of this study. The colors exhibit the shape of subducting

slabs corresponding to the various slab angles.
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Table 1. Parameter descriptions and values.”

Descriptions Symbols Crust Subducting slab Mantle Unit
Poisson ratio v 0.25 0.25 0.25 -

Shear modulus u 40 52 52 GPa
Maxwell viscosity 7 - - 10'%-10" Pa-s

*Pollitz et al., 2011.

thickness; Royden and Husson, 2006)& #1135}
30 kmZ FAJ5H9 AL, WES FA= 470 km=E
235] A AAATE X BH 9 Aol A A
A(free surface), % ZHoll= u|118 ZA|(free slip),
SOl = 317 A (no slip)& =R

W7 RARAE A 2lo] WA ST A 2|7t
T} A &9 Aolol] EH23E 30 kmzol7}
A Aok 42 Bl BARE A7 AuHAQ)
WA AE el AT A v EY S 2
3l Z+2F 15°¢) 10 mE &-8-3}9 1 (Suzuki et al.,
2011), %3] mge] e BEw0) Ak st
& s Wo A7 AR 5 md o|5F ¥
DALY la). 71E TF ATl 2409
% mgo) A FRE 2A5] 9 NBE AL
Z5te(Muldashev and Sobolev, 2020), A4
2 A7 A 2F ol BARE A7 E= My, 8.9
220119 =37 279 A =My 9.0)9F
RStk 2 AlE SUAT WE HHES =
2 wigle 2 Ageka, olZo] A2 3 W] ol
£ ke wmsiet. webd, Wele] Aglo] 5
o AW Wgo] WHBES mee T2 Wash
Sk o2 SIalH, 2 AToIA ARk BE 43
REof|A], ©&F9 BAZE 15°2 nZFon &9
I i Eo] YT A A-E Rk JARAE &
ARl WE = HAY B3 A8t

e AAAY FE7E AR & HEP o vlX]= G
F= 2Rlsh] 9l A € =5 2Esto] A
A AFPFcE 2o 30 kmofl A 500 km7HA] 1]
T2 A ZH=Q1 20°00| 4] 50°(Kim et al.,
2014; Halpaap et al., 2019) Ato] HL oA 5° 7+4
o guztoz st on], WS B0} AAEE
10" Pa-sof|A] 10" Pa-s ¥ $]2] AAJ=(]|, Biirgmann
and Dresen, 2008)E Z-23}9th =2 20| &
H AR 2442 & (Dol 71 =] )t

3.4 3}

$e) Szt YRt ehE FUF A7 W
2 WAN717) SJaA, At BEe] U 43
o] & 45, AeAls} EolE H]; Poisson’s
ratio 5)& A4k 17 20 £U2Ho] 357 4]
Uthe T 712 BYoRA, 10 me] UYL
ZKe T ERolA 23 A7 Wae) 2 Wy
(W7H )} - WSiaheal ) E BelEch W
£ AR 10° Pas ARG AU A
(overriding plate)o] 4] Z1Z} G (QLEZR 52 87
Wb} S 9 S vhoh e 3LE TPlE 4
7 g, iIARAE S AAF. Al
S W9l vl Mo 2 A ~8.36 mE WOl T,
SiFRRE Wol4s 2717k ZaskAl ~1000
km "ol Aol A v WEEOR ~0.07 m W
9] ko] TakEIoiy, Alelue] o) Tl 47 w9
L 94 WO 2 126 mE ATe] 5% el vl
3 e ke 7, ol 71z A|FB et AT,
Briggs et al., 2014)2} 2] BA} ¢3L(of|, Hashima
et al., 2016)2} F-AFSE ZgFo|t}. Aol A= s+
oflA Fof A ] 2.58 m, S| A FFS
2 ~120 km GoZ G4 i 547 W9 -1.7
m7} 2R O 209} 2c= 27 A3 IAY A%
oF X Y 19 £9] 3 Heel 52 HME
5,0008) It =2] =Y 9o =AH 22} HIF §
2 BT (second invariant deviatoric stress, r,,)2]
B4 BEE BojEth o7 S0 AL vt
o were] 2 4 W7k BATT S Tl
= 5P He)7) Hol=d|, ol AA| A7 MFof
3t 2] A2 2} A Sun et al., 2014). & # ¥
A %9 S BE(TH 2b)= AR o & A
Al AFE 1,500 km AZ]of| o]=+= FHLAT FH
oA WES S0l FTHe= AN dE =
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27t EI A YT B S TLsHA EAE
A UEE @R, XA F HES 24l A
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Hzo] B=HztE, TS oFf F29 s A
o] 733t vt ¥ % ME sk FHQ A
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Fig. 2. Coseismic surface displacement and postseismic stress of mantle. (a) show the coseismic horizontal (red
lines) and vertical (blue lines) displacements measured along the surface. (b) and (c) display respectively the co-
seismic and postseismic deformation exaggerated by 5000 of the numerical models with slab angle = 35° and mantle
viscosity = 10" Pa-s. The colors in (b) and (c) indicate the stress distributions.
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ey ek ko] A4 5 4 W9 wAyshed,
otz e Aele] Qi ARk WEo] WrkAeAE
o4 71g A7) dRolch. w3k, 48 A F ¥
917 & Zo] AW4E F7heks A4l Ralck,
o2 SolA, Zuo] 20°(7F 4a2] W9} 50°
(7% 4a2) Bt o 200 km Dozl $IxofA
24273 cme} 9.5 em] Hhch F 4 WS =
29 gich. 29e] 245 49 29 9o A3}
£ HEY o] Hol| 1, o] we} Sl e
ABshe A A3 5 AEe) B S5
el Aow BHET oljs AL AATY
ol = FAHTE 1000 km Aol A L3}l
20°9 T 091 ecme] Hh} aF 48 W97k, 50°
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Fig. 3. Spatial distribution of coseismic and postseismic deformation around the fault. The black line presents the
boundaries among crust, subducting slab, and mantle. The colors describe the magnitude of coseismic (a and b)
and postseismic displacements (c and d). The black arrows indicate the magnitude and direction of coseismic and
postseismic displacements. The left and right columns show the coseismic and postseismic displacements of models,
in which the slab angles of 20° and 50° are applied, respectively.
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7} Slek. £ztol B A7 ¥ wgie] Zol A7
2] FGoA = v SRIFTHTH 4d). 9A
A7 F WP} B¢ 51 Sl 2ute) 4
o 79| glout, &Wzto] Z7H4E 47 wsle)
27|17k F7Vske AFES Helrh 2 dqtolsde=
sk AR BEE) A Qurg o el A
5= 15°(Briggs et al., 2014)9] A& 483t
olof| whzk, 4= Wk 2|7 ¥ F o] 52| Wk H| 3]
H A TAstER AT FHY S| T
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Fig. 4. Postseismic surface displacement depending on the subducting slab angle one year after the earthquake.
The top and bottom rows show the horizontal and vertical displacements, respectively. The left and right columns
present the near-field and far-field displacements, respectively. The colors indicate the slab angles.



Pars (7% 500 Wbl 4w, Hej 43 wele
27 35.8 em®} 6.71 ¢cm o]t} =& HQ(1H 5b,
54, 5) S, BAES eSS wsle) 27171 57
sk AaAdo] WA Sl AHES e

Postseismic horizontal

o

Postseismic horizontal

o

Postseismic horizontal

displacement (cm) displacement (cm)

displacement (cm)

HUHE et A 7] = Y| 0|2 = S| 2ot 7ot 24

Slab angle =20°  D.

Postseismic vertical

-80 T T
-500 0 500 1000
Distance (km)
= 35° d.
40 Slab angle = 35
©
Q9
©
>
Q
IS
K7}
[
@
(2}
(o)
o
-80 T T
-500 0 500 1000
Distance (km)
= 5Q° f.
40 Slab angle = 50
©
9
£
[0
>
Q
1S
K7}
()
@2
[2}
(o)
o
-80 T T
-500 0 500 1000

Distance (km)

Al
.

F2| BAL S 199

AR AAHA ATY P vlasHE, 1
277} e Sele Aake Hgte 720t
9] W P 2P, FHA ABY =
WE Ao ofs) 2ATTH: 2 AT,

Slab angle = 20°

1000

3

o

§

(&)

°

Q.

k2]

©
-40 T T

-500 0 500
Distance (km)

40 Slab angle = 35
30

LE), 20 -

*g' 10 +

g 0=

8

g -10 1 W

& 204

©
-30 4
-40 T T

-500 0 500

1000
Distance (km)

Slab angle = 50°

displacement (cm)

1 1
500

0 1000
Distance (km)

3 4 5

1 2

Mantle viscosity (x10'® Pa-s)

6

7 8 9

1

Fig. 5. Postseismic surface displacement depending on the subducting slab angle and mantle viscosity. We illustrate
the postseismic surface displacements one year after the earthquake, which are calculated with a wide range of the
slab angle and mantle viscosity. The slab angles are 20° (a and b), 35° (¢ and d), and 50° (e and f). The left and right
rows mean the horizontal and vertical displacements, respectively. The colors of the lines refer to the mantle viscosity.



200 Ay - 2l
1000 km

50 0_
£
45 s
< 40 5 €
o 4 §
()] -
%) 2 3
25 8
S

20 !

12 3 456 7 8 910
Mantle viscosity (x10'®Pa-s)

Fig. 6. The distribution of postseismic horizontal dis-
placement one year after the earthquake with various
subducting slab angles (20°-50°) and mantle viscosity
(10" Pa-s-10" Pa-s). The white lines indicate iso-dis-
placement contours. The colors display the accumu-
lated postseismic displacement for one year.

a9 69fl= ST-25E 1000 km Hoj 7 2] HolA
W2 H9le] £37H20°-50°)3 WE HAE(10" -
10 Pa-s)o]] W2 A7 19 & 43 HYE =AY
th N 2% 37 7122 HE HAEo |, A
2 AA 19 F 59 W] 2718 vehdc) &Y
Zto] 242, ME Y=} H254E WYY 37
7} Z7V8cE 29 69l sigshs £HzT WE
Awo] W9lolA], WE HA =7} Popgo uet &
7Vehs =9 W9 717 WAL 3A T o] 5
¥ W) S71e Bt At o): WE FAEF A2
T 59 M99 2715 2 - 3 209 o
At agole 2eta, AU Zest W
of whet 4= W7} Mek= =S FAT = gl
th 92 Sof, WY o2 HE ~1000 km Z|Ho] ¢
23t GPS FANA AR F 1.4 ecm?] 53 W7}
HRAFTHE, 20°9} 50°9] &7 F R 43
FoAAE WE HAHEE 27 ~6x10" Pa-so} ~8x
10" Pa-s2 24314 & Ao|th o], HE HAA=
Z4 A4 9of, U] FErt AN T MY
of )= YIS Wh=A] ok g on|git

4 E0 U A

&2 AtolM=

oN
I
o
-
0F
g

SR Rt 84 2ZE O] PyLithE o]-83f] #l7k
HAE A 9 A & HE e AAskaL, AUt
715¥8Ha] ol wE A& AN F W] P
H w3tk 32zl 245 &9 fo EAt= A
=9 AR ATl & FFS LA wHY vt
oF e 3 "7 Sk, £l ¥ s
<9 ot ARG WS FFo| AAUA ©F
Hol| =2 317 |97 DA WE WiolA &
Hzto] YAT Thedhe HYTE 7MYk A &
ARE AFFEoll= &5, £ Zo]l e Mgk
7 3t Wy P st Ao AT/
HAY EE A F ol G2 vHS A
ok AA Addie sidHe HAE 74, AY 2
SE &5, A 71 5 oFE a9l o3 2ol
w2t B4 S92 2E=THll, Keum and So,
2021). Zole] wket BxHsHA Wk et 713k
344 720] te} A7 T A 99 A o B
oA Uerd Ao olapen, gua Adwe)
Fehe Eaela) ok A1 5 Y 57 wAkE 9f
=8 A A9 AR RA WE A >
% 0.2 oo} 4 9ir.

20114 39 11 M, 9.0 =55 2|7(Tohoku
earthquake)2 W|7}AHAE RO 2 X7 HY
9 AF F o] INES TP fepAlol 5
B AdoA T=E 9 thBaek ef al., 2012; Shao et
al., 2016; Zhao et al., 2018). H7}IABAE @=90
25 AAY A oA AH F HFP o] HSHUTH
= A2, AR F WS oA BARRe 2 TR
off AAIT kel Fa o 5HE WE FAHEE F
A 7138 d¥SS Yttt =57 XX A
7 & o] Fhto X FFo et A=
A AP o] 2t Baek et al., 2012; Hong et
al., 2018; Kim et al., 2018). 28U}, =53 27
% ol et 27 2ok 27 BALS vlwetod
ke sl e fustol e Ao Bt
o QA7 AE vk ek w5 A2 9 AR
| mAkstel QHlE 27 o] TS
sho, ghibeel 7 o9l ahite] al
He 4 g Bt oha), £55 4
AT Sk ShE gralae] Azl o
g AYHo BaT - UL e

r
e
r

o wlo
N
Wi

e
ol

ok
o

1

2 o &
oX o
)

olo

£ oW o rE oo ofh
rE

T [

N

i
&



HUHE e A2 = Y| 0|2|= S0]| 2rot 7ot Q4 2] ZAF S 201

ALl =

B A7E “goban wajokaRol ARl
P AT} FHRATAT FAATALAIA022R
1A2C1009742), 1 A7AAY AFI(2019R1A6ATA
03033167), gHsloatslr]&9e] 2 9e wof 4
HE YL UTHPEA0084),

REFERENCES

Aagaard, B.T., Knepley, M.G. and Williams, C.A., 2013,
A domain decomposition approach to implementing
fault slip in finite-element models of quasi-static and
dynamic crustal deformation. Journal of Geophysical
Research: Solid Earth, 118, 3059-3079.

Ansari, K. and Bae, T., 2020, Contemporary deformation
and strain analysis in South Korea based on long-term
(2000-2018) GNSS measurements. International Journal
of Earth Sciences, 109, 391-405.

Baek, J., Shin, Y., Na, S., Shestakov, N.V., Park, P. and Cho,
S., 2012, Coseismic and postseismic crustal deforma-
tions of the Korean Peninsula caused by the 2011 Mw
9.0 Tohoku earthquake, Japan, from global positioning
system data. Terra Nova, 24, 295-300.

Barbot, S. and Fialko, Y., 2010, A unified continuum repre-
sentation of post-seismic relaxation mechanisms: semi-
analytic models of afterslip, poroelastic rebound and
viscoelastic flow. Geophysical Journal International,
182, 1124-1140.

Barbot, S., Fialko, Y. and Bock, Y., 2009, Postseismic de-
formation due to the M,, 6.0 2004 Parkfield earthquake:
Stress-driven creep on a fault with spatially variable rate
-and-state friction parameters. Journal of Geophysical
Research: Solid Earth, 114.

Bilek, S.L. and Lay, T., 2018, Subduction zone megathrust
earthquakes. Geosphere, 14, 1468-1500.

Briggs, R W,, Engelhart, S.E., Nelson, A.R., Dura, T., Kemp,
A.C., Haeussler, P.J., Corbett, D.R., Angster, S.J. and
Bradley, L., 2014, Uplift and subsidence reveal a non-
persistent megathrust rupture boundary (Sitkinak Island,
Alaska). Geophysical Research Letters, 41, 2289-2296.

Biirgmann, R. and Dresen, G., 2008, Rheology of the
Lower Crust and Upper Mantle: Evidence from Rock
Mechanics, Geodesy, and Field Observations. Annual
Review of Earth and Planetary Sciences, 36, 531-567.

Burov, E.B., 2011, Rheology and strength of the lithosphere.
Marine and Petroleum Geology, 28, 1402-1443.

Butterworth, N.P., Talsma, A.S., Miiller, R.D., Seton, M.,
Bunge, H., Schuberth, B., Shephard, G.E. and Heine,
C., 2014, Geological, tomographic, kinematic and geo-

dynamic constraints on the dynamics of sinking slabs.
Journal of Geodynamics, 73, 1-13.

Cohen, S.C., 1980, Postseismic viscoelastic surface de-
formation and stress: 1. Theoretical considerations, dis-
placement, and strain calculations. Journal of Geophysical
Research: Solid Earth, 85, 3131-3150.

Diao, F., Xiong, X., Wang, R., Zheng, Y., Walter, T.R.,
Weng, H. and L4, J., 2014, Overlapping post-seismic de-
formation processes: Afterslip and viscoelastic relaxation
following the 2011 Mw 9.0 Tohoku (Japan) earthquake.
Geophysical Journal International, 196, 218-229.

Ding, M. and Lin, J., 2014, Post-seismic viscoelastic de-
formation and stress transfer after the 1960 M 9.5
Valdivia, Chile earthquake: effects on the 2010 M 8.8
Maule, Chile earthquake. Geophysical Journal International,
197, 697-704.

Freed, A.M., Biirgmann, R., Calais, E., Freymueller, J. and
Hreinsdottir, S., 2006, Implications of deformation fol-
lowing the 2002 Denali, Alaska, earthquake for post-
seismic relaxation processes and lithospheric rheology.
Journal of Geophysical Research: Solid Earth, 111.

Govers, R., Furlong, K.P., van de Wiel, L., Herman, M.W.
and Broerse, T., 2018, The Geodetic Signature of the
Earthquake Cycle at Subduction Zones: Model Constraints
on the Deep Processes. Reviews of Geophysics, 56,
6-49.

Halpaap, F., Rondenay, S., Perrin, A., Goes, S., Ottemdller,
L., Austrheim, H., Shaw, R. and Eeken, T., 2019,
Earthquakes track subduction fluids from slab source
to mantle wedge sink. Science Advances, 5, eaav7369.

Hashima, A., Becker, T.W., Freed, A.M., Sato, H. and
Okaya, D.A., 2016, Coseismic deformation due to the
2011 Tohoku-oki earthquake: influence of 3-D elastic
structure around Japan. Earth, Planets and Space, 68,
1-15.

Hong, T., Lee, J., Park, S. and Kim, W., 2018, Time-ad-
vanced occurrence of moderate-size earthquakes in a
stable intraplate region after a megathrust earthquake
and their seismic properties. Scientific Reports, 8,
13331.

James, T.S., Clague, J.J., Wang, K. and Hutchinson, I.,
2000, Postglacial rebound at the northern Cascadia sub-
duction zone. Quaternary Science Reviews, 19, 1527-
1541.

Johnson, K.M. and Tebo, D., 2018, Capturing 50 years of
postseismic mantle flow at Nankai subduction zone.
Journal of Geophysical Research: Solid Earth, 123,
10091-10106.

Jonsson, S., Segall, P., Pedersen, R. and Bjornsson, G.,
2003, Post-earthquake ground movements correlated
to pore-pressure transients. Nature, 424, 179-183.

Keum, J. and So, B., 2021, Effect of buoyant sediment
overlying subducting plates on trench geometry: 3D



202

oN
rel
ox
oN

[m}

viscoelastic free subduction modeling. Geophysical
Research Letters, 48, €2021GL093498.

Kim, S., Ree, J., Yoon, H.S., Choi, B. and Park, P., 2018,
Crustal Deformation of South Korea After the Tohoku-
Oki Earthquake: Deformation Heterogeneity and
Seismic Activity. Tectonics, 37, 2389-2403.

Kim, Y., Abers, G.A., Li, J., Christensen, D., Calkins, J. and
Rondenay, S., 2014, Alaska Megathrust 2: Imaging the
megathrust zone and Yakutat/Pacific plate interface in
the Alaska subduction zone. Journal of Geophysical
Research: Solid Earth, 119, 1924-1941.

Klein, E., Fleitout, L., Vigny, C. and Garaud, J.D., 2016,
Afterslip and viscoelastic relaxation model inferred
from the large-scale post-seismic deformation following the
2010 Mw 8.8 Maule earthquake (Chile). Geophysical
Journal International, 205, 1455-1472.

Lavecchia, G., Castaldo, R., de Nardis, R., De Novellis, V.,
Ferrarini, F., Pepe, S., Brozzetti, F., Solaro, G., Cirillo,
D. Bonano, M., Boncio, P., Casu, F., De Luca, C., Lanari,
R., Manunta, M., Manzo, M., Pepe, A., Zinno, 1. and
Tizzani, P., 2016, Ground deformation and source geom-
etry of the 24 August 2016 Amatrice earthquake (Central
Italy) investigated through analytical and numerical
modeling of DInSAR measurements and structural-
geological data. Geophysical Research Letters, 43,
12389-12398.

Li, S., Bedford, J., Moreno, M., Barnhart, W.D., Rosenau,
M. and Oncken, O., 2018, Spatiotemporal variation of
mantle viscosity and the presence of cratonic mantle in-
ferred from 8 years of postseismic deformation follow-
ing the 2010 Maule, Chile, earthquake. Geochemistry,
Geophysics, Geosystems, 19, 3272-3285.

Loveless, J.P. and Meade, B.J., 2011, Spatial correlation of
interseismic coupling and coseismic rupture extent of
the 2011 Mw= 9.0 Tohoku-oki earthquake. Geophysical
Research Letters, 38.

Manaker, D.M., Calais, E., Freed, A.M., Ali, S.T., Przybylski,
P., Mattioli, G., Jansma, P., Prépetit, C. and De Chabalier,
J.B., 2008, Interseismic plate coupling and strain parti-
tioning in the northeastern Caribbean. Geophysical Journal
International, 174, 889-903.

Masterlark, T., DeMets, C., Wang, H.F., Sanchez, O. and Stock,
J., 2001, Homogeneous vs heterogeneous subduction
zone models: Coseismic and postseismic deformation.
Geophysical Research Letters, 28, 4047-4050.

Melnick, D., Moreno, M., Quinteros, J., Baez, J.C., Deng,
Z.,L4, S. and Oncken, O., 2017, The super-interseismic
phase of the megathrust earthquake cycle in Chile.
Geophysical Research Letters, 44, 784-791.

Muldashev, I.A. and Sobolev, S.V., 2020, What Controls
Maximum Magnitudes of Giant Subduction Earthquakes?.
Geochemistry, Geophysics, Geosystens, 21, €2020GC009145.

Peltzer, G., Rosen, P., Rogez, F. and Hudnut, K., 1998,

oN
I
o
-
0F
g

Poroelastic rebound along the Landers 1992 earthquake
surface rupture. Journal of Geophysical Research: Solid
Earth, 103, 30131-30145.

Pollitz, F., Banerjee, P., Grijalva, K., Nagarajan, B. and
Biirgmann, R., 2008, Effect of 3-D viscoelastic struc-
ture on post-seismic relaxation from the 2004 M= 9.2
Sumatra earthquake. Geophysical Journal International,
173, 189-204.

Pollitz, F.F., Biirgmann, R. and Banerjee, P., 2011, Geodetic
slip model of the 2011 M9. 0 Tohoku earthquake. Geophysical
Research Letters, 38.

Pollitz, F.F., Kobayashi, T., Yarai, H., Shibazaki, B. and
Matsumoto, T., 2017, Viscoelastic lower crust and man-
tle relaxation following the 14-16 April 2016 Kumamoto,
Japan, earthquake sequence. Geophysical Research
Letters, 44, 8795-8803.

Riva, R., Aoudia, A., Vermeersen, L., Sabadini, R. and
Panza, G.F., 2000, Crustal versus asthenospheric relax-
ation and post-seismic deformation for shallow normal
faulting earthquakes: the Umbria-Marche (central Italy)
case. Geophysical Journal International, 141, F7-F11.

Royden, L.H. and Husson, L., 2006, Trench motion, slab
geometry and viscous stresses in subduction systems.
Geophysical Journal International, 167, 881-905.

Ruiz, S. and Madariaga, R., 2018, Historical and recent
large megathrust earthquakes in Chile. Tectonophysics,
733, 37-56.

Scholz, C.H., 1998, Earthquakes and friction laws. Nature,
391, 37-42.

Shao, Z., Zhan, W., Zhang, L. and Xu, J., 2016, Analysis
of'the far-field co-seismic and post-seismic responses
caused by the 2011 My 9.0 Tohoku-Oki earthquake.
Pure and Applied Geophysics, 173, 411-424.

Shestakov, N.V., Takahashi, H., Ohzono, M., Prytkov,
AS., Bykov, V.G., Gerasimenko, M.D., Luneva, M.N.,
Gerasimov, G.N., Kolomiets, A.G., Bormotov, V.A.,
Vasilenko, N.F., Baek, J., Park, P. and Serov, M.A.,
2012, Analysis of the far-field crustal displacements
caused by the 2011 Great Tohoku earthquake inferred
from continuous GPS observations. Tectonophysics,
524-525, 76-86.

Sun, T. and Wang, K., 2015, Viscoelastic relaxation fol-
lowing subduction earthquakes and its effects on after-
slip determination. Journal of Geophysical Research:
Solid Earth, 120, 1329-1344.

Sun, T., Wang, K., linuma, T., Hino, R., He, J., Fujimoto,
H., Kido, M., Osada, Y., Miura, S. and Ohta, Y., 2014,
Prevalence of viscoelastic relaxation after the 2011
Tohoku-oki earthquake. Nature, 514, 84-87.

Suzuki, W., Aoi, S., Sekiguchi, H. and Kunugi, T., 2011,
Rupture process of the 2011 Tohoku-Oki mega-thrust
earthquake (M9.0) inverted from strong-motion data.
Geophysical Research Letters, 38.



HUHE e A2 = Y| 0|2|= S0]| 2rot 7ot Q4 2] ZAF S 203

Tian, Z., Freymueller, J.T. and Yang, Z., 2020, Spatio-tem-
poral variations of afterslip and viscoelastic relaxation
following the Mw 7.8 Gorkha (Nepal) earthquake.
Earth and Planetary Science Letters, 532, 116031.

Tian, Z., Freymueller, J.T. and Yang, Z., 2021, Postseismic
Deformation due to the 2012 Mw 7.8 Haida Gwaii and
2013 Mw 7.5 Craig Earthquakes and its Implications for
Regional Rheological Structure. Journal of Geophysical
Research: Solid Earth, 126, €2020JB020197.

Ueda, H., Ohtake, M. and Sato, H., 2003, Postseismic crus-
tal deformation following the 1993 Hokkaido Nansei-
oki earthquake, northern Japan: Evidence for a low-vis-
cosity zone in the uppermost mantle. Journal of Geophysical
Research: Solid Earth, 108.

Vergnolle, M., Pollitz, F. and Calais, E., 2003, Constraints
on the viscosity of the continental crust and mantle from
GPS measurements and postseismic deformation mod-
els in western Mongolia. Journal of Geophysical Research:
Solid Earth, 108.

Wang, K., Hu, Y. and He, J., 2012, Deformation cycles of
subduction earthquakes in a viscoelastic Earth. Nature,
484, 327-332.

Wang, L., Wang, R., Roth, F., Enescu, B., Hainzl, S. and

Ergintav, S., 2009, Afterslip and viscoelastic relaxation
following the 1999 M 7.4 izmit earthquake from GPS
measurements. Geophysical Journal International, 178,
1220-1237.

Wen, Y., Li, Z., Xu, C., Ryder, . and Biirgmann, R., 2012,
Postseismic motion after the 2001 Mw 7.8 Kokoxili
earthquake in Tibet observed by InSAR time series.
Journal of Geophysical Research: Solid Earth, 117.

Yamasaki, T. and Houseman, G.A., 2012, The signature
of depth-dependent viscosity structure in post-seismic
deformation. Geophysical Journal International, 190,
769-784.

Zhao, Q., Fu, G., Wu, W,, Liu, T, Su, L., Su, X. and Shestakov,
N.V,, 2018, Spatial-temporal evolution and correspond-
ing mechanism of the far-field post-seismic displace-
ments following the 2011 My 9.0 Tohoku earthquake.
Geophysical Journal International, 214, 1774-1782.

Received : May 2, 2022
Revised : May 24, 2022
Accepted : May 25, 2022



	섭입대의 형태가 지진 후 변형에 미치는 영향에 관한 유한 요소 수치 모사 연구
	요약
	ABSTRACT
	1. 서론
	2. 연구 방법
	3. 결과
	4. 토의 및 결론
	REFERENCES


