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ABSTRACT: Subduction of cold and dense oceanic lithosphere into mantle is a driving force of plate tectonics
and important for recycling of Earth materials. For many decades, the numerical modeling studies based on finite
element method have been performed to understand dynamic behaviors of subducting slabs. In this study, we used
the finite element software COMSOL Multiphysics to develop and benchmark 2D free subduction models, in which
slab motion is self-consistently determined by force balance between gravity and resistance against subduction.
‘We modeled slab sinking velocity (2.5-5.7 cm/yr) and morphological evolution due to the viscosity jump at 660
km phase boundary and ridge push velocity. These results are consistent with previous geophysical observations
and numerical simulations. Most of the models in this study derived trench retreat similar to observation for
subduction zones. Our models also showed trench advance and strong stress concentration within slab (e.g., ~3.5
GPa) in the case with sufficiently fast ridge push motion. Furthermore, we applied Boussinesq approximation and
thermal parameter to our models, and found the correlation between thermal structure and dynamic behaviors of
the slab.

Key words: subduction zone, free subduction model, finite element method, COMSOL Multiphysics, stagnant
slab
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2003; Huang and Zhao, 2006; Hsu et al., 2013; Tang
et al., 2014; Chang et al., 2016; Barker et al., 2018)
= AYUY AR RS Gt AlFsiTo]
A 0] HI RO A WA Sh= ThedRE A Ao
O] A|F-E e AHIAE olfsh= ol 244 <o
S etk sEA|EL o] g At AU dA) 4
EjRkE HojFr] whizel, 93] ¥ (numerical model)
< 53l 4% £3(subducting slab)e] HE 3} o] F
Azl o2 X3 & A@sh= Aol asitt
(Funiciello et al., 2003). HFE A 522 o
2 U3f tf-&F A Aol 7Fs iR, 12/ 3%k
3o A2 ¢4 A ¥ (Ranalli and Murphy, 1987;
Karato, 2010)x} &8]7] ¥hg(postglacial rebound,
Forte and Mitrovica, 1996), Z|Z 3 ¥ ¥ (postseismic
deformation, Vergnolle et al., 2003; Wang et al., 2012)
of thet ZA1eH] A4t ] HAL €9 P &=
(Cizkova et al.,, 2012) 0.2 §23 ME HH=S
F4ole T AT 44 2] 9ol e
A Wl FRISH =4 (rheology)s AlEdt
Aol Bt 47 AR A4 e 4 3ich
Aol g 2] ZAF7IRoll= 2A = 7HA] HE
o] Sli=dl st AlAE @ H(domain)E ¥1E 5}
A ¢F= I E AR grid) 2 YL, A overriding
plate, 2 531} AYUdh= s subducting plate,
T2 ) d WES <5 A4 FA (purely vis-
cous fluid)Z 7}sh= 2 Y2 2] (Eulerian) ¥4
o|tH(Schmeling et al., 1999; Gerya and Yuen,
2003; Kneller et al., 2005; Cizkova et al., 2007). o]
g2 Ao S3EY Aol F5tt o
g FH Y EHS FHTH o2 st | st
R, &£ g3 28, WE H7]oAY] 74 7
%(mantle corner flow)d} 22 &3} WHE Ato] 2]
Az 2rgo] gt sl 71ttt e gzt
HollA= WE9Y HAYx Bk £4 Hi&(100-10,000
Hl A2 2 AAEE A RS e 7t
Ashar A9 @A sAgICKBillen and Hirth, 2007;
Andrews and Billen, 2009). JA=7} 2 2=
o3 2 E2 A== EA0] o7 deell &
A} WE Alo]o] AT 233 A2 Ut
WOl dAlE & o ik B3 oY 7HR] EA(S,
A, A, 24 9 Aol B o r ZRgsto] T
Aok Y @2 AAolzks B4 st e 2 &

Aok gtz T o] Qitt

o2 3 7HR] ASHE HEE 5 Qe AAE A
&3t Y €99 AsS dAste 2amA|et
(Lagrangian) %2 2(Giunchi e al., 1996; Houseman
and Gubbins, 1997; Toth and Gurnis, 1998; Buiter
et al, 2001) €W F=2 FEA IAZ 7HF%
AP A TL9] 9FAL- A7 FE (time scale)ol| @}
AR B4 ASS % HoFH(Farrington et
al., 2014). o] F B4 AUk o] 74
A= A=l G2 1, AYstaA &3 el A
ZE B "HPo| A7 AR Y] P = WEE7| o
Fof|(Fourel et al., 2014) 4] $=X] & of| A HetA
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&Y 2% /S 2 ABAQUSZH= A8 13t2
A AT EQOE vlgto 2 A3k ABAQUS
£ ARt & HollM= A €8 AsS A
& o2 ZARSHFuniciello et al., 2003; Capitanio
et al., 2007, 2009; Fourel et al., 2014) 7384 A3
EgjolAt, F2 Fokg e S840l ok 4
9l B4o] Brad o ARrET) o Hls) 2
Toll A E83 e Feta s H7]x]Ql F& dE Y
A 2(COMSOL Mutiphysics)= FHAS E4(F,
A4, W )& 2 ThE 4 Sl o] A
E9loj= =gt GUI (Graphic User Interface)S
7|9k 2 AREAZL AAE G99 FH|, 491 A|ul
WA 2 ko] 37, FH(AE T A2E)e
WAL Bhpe] A 58 A A 5 T, o
EUEEERCEELEEPERREESE E
o] 7Hstehs 2o] glek(Lee, 2013). gk bz
Ai(ava) 2 HEVMATLAB) St 2 543
x2IaY dlolot ATl e o 7 B
AL A5 4 Slek. A4 100] ¥k o] £xE
A& Fste] LAt oA SHE A &
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B2 o] A& o|i3lste uw g F57] YA wet
<9 "4 % Ato| 9] A A o] F sttt kA, &
Aol &0l 7}l d wff FE &= (strain rate) 5 2
A= 24 A (constitutive relation)S =3t
t}(Beuchert and Podladchikov, 2010; Schmalholz
et al., 2014; So and Capitanio, 2017). WA HFE
(strain) BlA] 6= 4] (3) 2.2 A oJ3tc).
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Table 1. Variable descriptions and values.

Descriptions Symbols Values
Young’s modulus E 2-10" [Pa]
Shear modulus G 7.7-10° [Pa]
Poisson’s ratio v 0.3
Bulk modulus K 1.7-10" [Pa]
Viscosity of oceanic lithosphere un 10 [Pa-s]
Viscosity of upper mantle MM 0.5-1.25- 10" [Pa-s]
Viscosity of lower mantle Ne60 10-100 - 7y
Density of mantle Pm 3,300 [kg/m3]
Density of oceanic lithosphere pL 3,210-3,250 [kg/m3]
Density contrast Ap Pm-PL
Ridge push velocity /5 0-4 [cm/yr]
Gravity acceleration g 9.8 [m/sz]
Imposed downward force Eimposed 10° [N/m’]
Surface temperature To 300 [K]
Thermal conductivity 3.4 [W/(m-K)]
Thermal expansion coefficient a 3.125-10° [K']]
Heat capacity G 1,250 [J/(kg - K)]
&y = by =3 + €08y (g (volumetricstrain fu ¥ E)% A A ATbulk

3 Aol EIE A1) SUS ST HES B
7R Ql= A A 0] 7] wizel, &9l e
A5 22l WA HetdA| (Maxwell viscoelastic
body) 718 ol ket WA BRAA A9, )
B HRE &= dA (4 A URE &=
A (7)) T 3K, So and Yuen, 2015)0.2 &
A 5).

1 __ gela sVis

=& + & 1
5
gela — 10Ty gvis = U ©)
where U 2¢ pt and “U 2n

= A A, 1= 52 FA=(dynamic viscosity)
ok ZA] &3 "Xt H 59 WA Y BA= 4 (6)
ot gom p= Ao R 4 (7)3 Zo] AlH HEE

modulus, K)2] 29| Foz FHH}

0ij = Tij — Pbyj (6)
p = —K(e1q +&32) (7)

A (1) 4] @)-7)& S ool ek 4] (1)2 w
of et Hul g4 o2 MEE s ol g ol Ak}
T ABAE 2Ysto] B u) BN BES EE

& 4 gl

22 X 29 74

Bro) 7] 49 wAb A7l Y 2 9 &
=5 Brlshe 2584 A =7 (kinematic boun-
dary condition)2 B3} tHGerya and Yuen, 2003;
Kneller et al., 2005; Béhounkova and Ciikové,
2008; Lee and King, 2009). ©]={3t ®2 HA =
A& oA &Y 2AYS vlE] A&l 7] g2

o Adsk= €A 750l Auig7g2] WeollM 2
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oz AAFA gt HhEe, B AFoA =
ol g & AA 9 FA g HAst= &
A 7] ¢ (slab pull force) =, 22| 28 (negative
buoyancy) &}o]| oJsf A o2 S0 Y7bat
Hygo] HAsk= A7 AU Z¥(free subduction
model)& +/45}3t}

A, G2 AAzH ez 150 km Zo|71A] &
O] 9 FHE = WUFY S Fristed (2™
1a9] Fimposea ) 27] AU 40 S5 &H
o] ¥d BHES AAFer S8}, I olF
HE = S8 28514 AA Jck(Capitanio ef al.,
2007). ddshs £l A8t FEH A2 S T
73] (slab pull force)o]] 2J3t &-2] Rl oz o] 3o
a8 @ 7| g(ridge push force), 3|7l A 2] SUH
(trench suction force) 5 o2 7} ™ L2EF
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331 A F83 92 513 Irh(Elsasser, 1971;
Forsyth and Uyeda, 1975; Schellart, 2004). W& <F
o= 7hetets &2 MEY I A 2A
a1 ofof] oA WS &7]o) A e 4 {5, 2H
HE &3W(stagnant slab) 5 tFFst |75 H5H4
Aol WA AR A 239 SRRk A
THo|A = WHEC] AAsHA| Forng &9 A
o] 10”' Pas2] A & (Mitrovica, 1996) S 7}A] = 3+
E4¢H 413 (Newtonian dash-pot)& A X|5}e A
sk &3l &<l sl w2 2Hgahe 1
WS Agee AT Al el BAE
L 10” Pas2.2 43t thRoyden and Husson,
2006; Capitanio ef al., 2007). X704 QA= A4
Qe Te] BRUOANE 75 eta] SAHL.
2 sfeloks FHR WAkt o] 2aakael

gravity
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h,
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(until 150 km depth)
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Fig. 1. (a) Mechanical model set-up. The model is assumed to 2D plain-strain, dominated by gravity, based on Linear
Maxwell viscoelasticity. [sostatic restoring force (i.e. Winkler foundation) supports oceanic lithosphere. Viscous
mantle resistance against subduction is reproduced by viscous dash-pot elements attached on surface of oceanic
plate. (b) Thermal model set-up. In each time-step, depth-temperature boundary conditions T(y) enveloping the
slab induces thermal conduction through the interface between slab and mantle. (c¢) Viscosity jump at the 660 km
phase boundary with different magnitude.
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o2 Ausp) s e ThedolWinkler
foundation)2 &-g-3fjoF $tcHFuniciello ef al., 2003;
Royden and Husson, 2006; Capitanio et al., 2007;
van Dinther et al., 2010; Fourel et al., 2014; Keum,
2019). A= wpeglo]d2 EHES £/ km, 1
¥ 1a)9F WE(2,000 kg/m’, 1% 1a) 12 3|
T, B e AAske HYY o= 283t
th o5 o, 58 WFeE A5 HYol WA
SHA| =8, aftollA Q) sk A HE =
ehe oJake gt

97 27] 9 Az RE ¥37 W 2y
(half-space cooling model)S AF&-3}o] SfjFze] 4
0] 2,500 km, 7= 80 km=Z 7}l F= &
ol A 7} o] HES 0 Ma, 7P Uo7} e HE
<150 Ma 2 A7Jsto] sffate] 45 gt
2= BXE A831cH Turcotte and Schubert, 2002).
Zojo] T2 WE XL EJ3}o] (Turcotte and
Schubert, 2002) 4] A|7F @A (time step)u}jc) &
b AR 2 W s R 2 Blof Sz} WE] 7
AoAFE WE Fo] £ WHE A=E o] &3 9
7kt FEoA 83 & F=Z(tongue structure) 7}
RG-S Belatt Bk 1b).

3hH, 2| o], TH7| ¥hE, Zejofo] T o4}
(free-air gravity anomaly), &5 1% (dynamic
topography) 52} ¥ A= 210] 660 km /FH0]
e AR SHe A WS SR WEY AAE
2017110 - 10081 Y2 A A5 2 (Chen and King,
1998; Panasyuk and Hager, 2000; Mitrovica and
Forte, 2004), 0|5 98] A79] 52 K] ¥tgsto]
ge A7t 89 AT AT 22U 3
B2 A ASHATH 2 1)

BE 13 Jodo] 10 km x 10 km 7|2 2= =
U3 A2 BAE AFEBIEOD, E Ak Tl
2,000 |2 ARSIk S14 Az AL
2 32 kyrs, Hd 320 kyrsZ2 A5ttt =] 314
2 9istol B4 BEHH 201 A LsH A
< o83k A7t J&A &4 (implicit time-depend-
ent solver)9} 432 4G B3t olAlste] Aztel
3] 4 3 (sparse matrix)S E&F o2 E7] ¢35t
27 & (direct solver)?l MUMPS (MUltifrontial
Massively Parallel Sparse)E AME-3te] F13F 4=%]
SEE EEERDEE DR

31 Mel 2ol oty S

T% 2a= Azt mhE Y &9 WY 2yt
&3 YFo] 21} H3F 33 E¥3F(second invariant
deviatoric stress, Tn)9] 37H4 EXZE Ho St
3 G Ae] B FE(E) T BH A=) E D
7}2 % 10" Pa, 10% Pa-so| o] A% WHES] 52 M4
(M) 107 Pars, 39 QA ET} A iEC] 9
T 2HAp)= 80 kg/m 0|1 YT o] &35}
A== HAstE 660 km o] o] dold] &, A
o} 51 WEL] A oA WES] A=t 2k 100

a. n, =10% Pass, n, = 10?'Pa-s, Ap = 80 kg/m?, N, = 100 x N,

—Trench (x, y) = (540 km, 0 km)

t=23.2 Myrs

— Trench (x, y) = (940 km, 0 km)

—Trench (x, y) = (1380 km, 0 km)
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Fig. 2. Free subduction model. The subduction of oce-
anic lithosphere is self-consistently driven by slab pull
force only. (a) Time evolution of second invariant of de-
viatoric stress in subducting slab. The model shows ob-
vious trench retreat motion and the stress concentration
along lower slab hinges. (b) Distribution of sinking ve-
locity of slab with time. The sinking velocity is accel-
erated by slab pull force that increases as the slab de-
scends into the upper mantle.
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A
Co T |

vl 371817 (Meso =100 x ) WEo]] AH|IHE &
o] BHEAOH, otz X2k T B Aol
AAE A7 2 Fofl A2 A B, Forrlot
% By 7o) Yo HIshe B &, Zhao of
al., 2009; Obayashi et al., 2017)3} S-ARHS E2ls)
Aot g, AAA AL 5 57H-AH0E(Tonga-
Kermadec), ¥+ 3l E.8]t] 2 (New Hebrides) A4l
A 95 237 25% o] A dthollA i+t Azlo]
7| & SHARHCizkova and Bina, 2015), tj&
o] Aol S T8 Aol Uehiia o
A 1tk(Schellart et al., 2007, 2008). & Ao A -
AL 2 A A Y 2F oA = A o] Hagd
of w} PFAQl ST TEHE HojFa glom
£99] 1o} 315 917 (hinge)l| 22 1.2 GPa
2}0.9 GPa®| 58 #5o] YEPHTHH 2a). ©] &
2] k2 Capitanio et al. (2009)Z} van Dinther ef al.
(2010) 5¢ 71& AH+ A 2F oA AT <39
ARolN 158 22 27]9) Aol YA Egt
WS 4w o AP FEste) Yshe
£39] 317} S 2t 4.65 cm/yrATHLH 2b).
£R09] 317} S A7k ujeh Z7tete], ol
A9 T Bt HE oto 2 speeke A &Y
oFol Z7hatel et &9 9 WE 7kl et
R Ao,

W ) &3] 14 SEE 29 9 9L o
She A MET A UHe W= Ap) ot 7tk E &
ol Ak WE A E(m) ol 2JEfHCapitanio

&0

et HIRIOE A 2RH 2RO 72

(i

al E ot A¥ S oM 225

et al., 2007). £ <] 57} £ =S Ak 0 2 ulols}
£ o] a3t olf= WET &Y FAE 59
A WEQ £L 2x7t &3 YWRE HAYEE Azt
of wheh AL 71A =Tt 2 &3] o (core)
o] A Zlo|e} Zo| A1, polrt &7 HA 9
NAA e & 9FE F7] gl 3 =
7h =¥l £9] A9 Mo o3t & Ao Az
AZE Q7 AR B R, 1) w7t whe S uch
ex 227t H =AL Aotk nu =1 x 10* Pa-s,
Ap =50 kg/m’0] HE A &3 317 % (Vainie) =
254 cm/yrol™, 22 vk Ap =80 kg/m3 ZA
oA Vink =47 cm/yr2 £ 9] 374 =7t oF
87% Z7Fstth (Y 3a). M = 0.61 x 10™ Pa-s,
Ap =50 kg/m’d @ Vg =4.01 cm/yr, Ap =80
kg/m’ ZANAE Vo = 7.41 cm/yr 2 F 85% 2
7kt on, HES] HAE7} ohE H9oMe Ue
Zpof| whz} v 523t Vaink 371HS B R TH Y 3a). &
A7) 2 Y B oNM ZE2H Vanc g M=
Capitanio ef al. (2007)¢] 23} F3tQ 4 X2
Aol A A AE Ap = 80 kg/m’Y ], 4.5 - 5 cm/yr
o] WYl A7t FARHS BIEHAT &, ¥ &4
A3t AR WEQ U 2t S5 HYshe Y
o AA 9] £A mjEof &3 I Fo| Fste &
Ao 317 S=rt ASstar, WEQ HAEI B
2 M Ysh= o) digh FA AdE o] st
&N 31} St ASEE & 5 glen, o) 7|

2 A A 2 (Stegman et al., 2010; Goes et al.,

a. 3
i N, = 10% Pa's, Nggo = 100 x Ny 2000 n, =102 Pass, n, = 102'Pa-s, Mg, = 100 x N,
* n, =0.50%x10*'Pa's * V, = 6.0 cmlyr|
10 ¢ n,=061x10"Pa's =
n, = 0.79x10% Pa's * 1800+ 100 km
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