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AT HR A LA & B2 42 A7, sKEAA, AR ' oo TS nX e St AT
qehd EAolth. & Ho] FA2 HYUtt &30l 4% A E S Wol E YollA ofy 27t 2 Fej= a4
o2, A&A| oS vl o e f A o2 HAELY] o] A0 R dEfA Sttt o] FES] ¢
g 71& dolMe €9 B8 @44 ZARP] 98 4R =3 S =93tk & dtolA= COMSOL
Multiphysics“ o] 4] A]Z3H= ALE (Arbitrary Lagrangian Eulerian) &1 2|23} A2} A4 WS =3 &
A RS o]-§st] =2 Alo] AA|(, MET £ FANE FA olF Al7l= Y 221 &5 Bl 2
& Asict. )7 e &9 ¥7) BaL 20 Myrs 7R)9] A} oAtk vz vu] wWekgol 00] B A
H(-24 Myrs)®) 71 A7-2}e] @31&o] < ~3% & AT ol ALE WAL o] 83 & 2| 4 =
Aol S Ao R YT Aolch Sl AR ARWHEAAE) 27U BT} BB A8l
MBE SEol met iR om AR TS FADH s 23 BRL ARl 29 ARSE, U
vulo] W), A% T wshE ztzke) maolA Bpeln MHch F BRL A e vz aae 1
ofgtt. S5, B AAE U7 2L AN = 354004 o 2 FAHES} WE U7 A4S hehy
o Wb, 1 =45 Q1 A9 &8 97 W S 9 AT L3 mgo] site] S ~230 Myrse] Al
Zto] Bstgitt. We M9 o] £} HEL Y 240](25-250 kg/m)oF WA= 2Jo|(~10H) n|uhS &3}
o X AHE APt T A}, U IAE 97 BFolA n=4Y o £ IAEEE ~3 em/yr2
7|1E ARt fAREE Bath AR 1= 9 22 Al o]FR2 0.5-2.5 kmO] ¥H5-& UEHlen, A x 1%
s £T+ 0.025-0.36 mm/yr2 AAE ST o]= B YA Yol R &9 £ o]F AR A
% HE& AR gholth

FR01: £ £2, Arbitrary Lagrangian Eulerian %, A2} 44 W, &3 97, SA5

Seung Hyun Lee and Byung-Dal So, 2019, Two dimensional finite element numerical model for slab detach-
ment using Arbitrary Lagrangian Eulerian and remeshing. Journal of the Geological Society of Korea.
v. 55, no. 6, p. 663-682

ABSTRACT: Slab detachment is one of the most enigmatic geodynamical problems in the Earth’s mantle, which
affects volcanism, surface topography uplift, and seismicity. During the slab detachment, the subducting slab is
fragmented into several pieces under strong extensional stress generated by resisting force from subduction of
low-density structures (e.g., plateau, seamount, and continental crust). This detachment associated with severe
deformation and even breaking-off has been considered difficult to be simulated using continuum mechanics such
as finite element method (FEM). To overcome this limit of FEM, previous studies has adopted particle tracing
method, which is successfully modeling the large distortion in the Lagrangian manner for investigating slab
detachment. Another method to handle with large deformation in fluid dynamical approach is the ALE (Arbitrary
Lagrangian Eulerian) algorithm in which the material boundaries (e.g., ambient mantle vs. slab) are directly
advected by velocity field. In this study, we developed 2D FEM slab detachment model using the ALE and remeshing
techniques implemented in the COMSOL Multiphysics”, and then benchmarked our models is different method
from previous numerical studies (i.e., particle tracing). The general features of slab necking before 20 Myrs and
the moment (~24 Myrs) for necking width change rate to converge zero are similar to previous numerical studies.
This means that our model based on the ALE is accurate with error < ~3% accurate for simulating slab detachment.
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We quantitatively showed slab sinking velocity, necking width change, and surface topography change with the
two end-member models; i.e., the constant viscosity and nonlinear viscosity (power-law viscosity) models. The
two models showed prominently different style of necking. In particular, the slab with stress exponent n =3.5-4
in power-law viscosity model showed much faster and more localized slab necking than that of constant viscosity
model. On the other hand, the model with stress exyonent n=4.5 generated long time for slab necking (~230 Myrs).
We tested a wide range of density (25-250 kg/m”) and viscosity (<~103) contrasts between the slab and mantle
in the both models. Overall, we found that the slab sinking velocity is approximately 3 cm/yr when n = 4. The
topography rebound of 0.5-2.5 km along the surface appears after slab detachment with the uplift rate 0f 0.025-0.36
mm/yr, which is in the range observed from the New Hebrides subduction zone.

Key words: slab detachment, ALE method, remeshing method, slab necking, stress exponent

(Seung Hyun Lee and Byung-Dal So, Department of Geophysics, Kangwon National University, Chuncheon

24341, Republic of Korea)
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Astete] 22 Be)2 uish] BckDuretz ef al, 2012).
&9 £+ 49 A A (intermediate earthquakes)
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eloh W) o] 4% A} 7 HOlHE e 28
of o WAER HolEl ZAE SO Tl
sfareict An oz, ST B Aolo] FA}
LAt WHA9] =X At A= 2ot 71,
EA4% 25 7|eeE F E4s ESTY, &
4H(diffusion)o]] oJafjA EARE E2 F &2 9 A
£ EY3sHA wtEL @ s 002 HAstH
o|2Z o 2= o|F(advection)o] SJA T & o]F
o] BEAYSIA|HE o] 42X EAHnumerical diffusion,
Cheng et al., 1984)0|2t= @2 DAYAA ZA}HA
o= 29| At s HED St gtk &
A} WE0 FAL e 1 FAZE 2A W
S A1Alo] welahe WAS thes &9 Hel A
(Gerya and Yuen, 2003; Gerya et al., 2004; Schmeling
et al., 2008; Duretz et al., 2011)0)| A, -4 2] Ex3t
WHFS 2] ZARSE] FeiA] UAF 32 2P (particle
tracing method)o] == At} o]= EA (4, 2=,
A= F)oll B BAEE 7HA A Qe YRS &5
ol wet 324 g & Az W 23 YA T
o A5 wofsto] I AR A4S 73AIsH: 7]
Holok fA419] B3t S BAsE| 9% 3
Holl= ol o] gtazx|¢t @ Aez|ot W (Arbitrary
Lagrangian Eulerian Method: ©]8} ALE ®')=
EAzIeL o] W ST FAIE LHg EAY
E4E 7MYk, T B Abol9 BA AAE oY
2|t T A Aalgt Aol wht o] FA 7=
ot} & AollA AMSRE F3ha A AL E o
2l COMSOL Multiphysics®(]3}, COMSOL) ]| ALE
WS =t Aol Y] S8 #H 1%
WSS Aol 232 et ol JletiDasgupta
and Mandal, 2018), ALE v}&-¢] COMSOLo] &3
o) 5% mAo] 28 F15e AT L B A
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et al.,, 2018)2}= ThE F=ol COMSOLS| ALE 4
e Eelslel 71 Ao ulm 0 BAsech
S0 AA| S0l oo WE sHEE 75 =
H SHof| Qo] HAgste] vFjo] fREl, &
o] IstA Qs £30] o ol 2EHA Tto|E
(stress guide) HEHZ, Al FolA] TAsh= S &
Hol| Agefe= 58)= £ o &9 27124
gtk & dAqtolAde £ WEY Uk Zpo], A
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uZ vl 9] Y& geutsh 17e o, 4]
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73 Yu] 9] AJzte]| w2 WSS A sHA 7] @4k
BEE ThRt (P, AAE 5ol tish st
o Qe 7R A= HEPE S (strain-rate)
o ojEst] SHY AT HAF A = Heb=
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2P vl W EAFC e A 2AAE E
N Hie =z &9 72 7hsdS wsto] COMSOL
o] &9 vl7) HAL 58S 1P
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A2 ¥} ol o] TAEsHR] ghi= @ Yefg]{HEulerian)
e EQRT, o BES sl o) HAE
FA9] L= (velocity field)o] w2} ¥ 9 o]F
T 4 QS sHe 7149 ALE e 2,
ALE Bl A= £27-2 @ A& 2|et HApo A 4
Sh7 A} o] 5L 9hA ot HERS o olA o
AR A o2 B4 7 HAHS g ol 5=
ZARSIE =3 CFL 24 (Courant-Friedrichs-Lewy
condition)o]] w} &A%t A|7F TA| (time-step) At
£ A tH(9, Farhat et al., 2001). B4 & 8/ &
3l BAE wet A R S AcE H3 W9
£ 73 4] (3)9) AAzT R dhelaict. A U=
o] 10| T (X, Y)7} $A71E A28 FE (v, )
= Woli A ()% Bol Toie o} ehEeks
28 (Laplace smoothing) o] 2k gtct.

92%x

ay?

%x
ax2

=0 and 3)

gHEEtA AR Y2 ARl &7 (mesh inverting)
A4S aF 0 2 AlAGETHLohner and Yang,
199). 277} el W 2, AR A= o
EE= A T4 7] (remeshing) = =3
2 A7) 22 BAAE 108] Hlghe] 2 A7
d< StTE ALESQ}F AR} A4 WS =T o
o] M o AE Felsh] s, + FFY HA
FAIE Bt 23RS o] &l Tt A& 3R
o}, 7 23, 10819 22} ATHS 2B 27} A

& 45 e Aol Wl 05% olste] 2
A =EFcE mEbA, AR Q7Y Slaes BAFE
3o ujulgt QRS vIA = A 0.2 BOSIATRE
132 2H=).

23 X 2™ 7Y

2 AFollA= Sl AT dAd AAQ FA
2 o3 sl &3 7 $(slab pull force)ol]
ofsf A o 2 M A &9o] A sh= 71E £
HA}F A(Schmalholz, 2011; Glerum et al., 2018)
£ COMSOLE ©]-83te #ix|nta3stgie). Wi
9] Zo]&= 1,000 km, Zol= 660 kmE A2+
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Z AAsATH2E 1). ¢A89 Zol= 1,000 km,
Zol= 80 kmolH, €39 Zlol= 250 km, HH|=
80 kmo|aL, et FAl= A+ £H 2= AT
(12 1).

Model 1(Z¥ 2-5)¢] 7] & 242 WEL 444
O} 3 =7} WS s S W7 B (constant
viscosity necking model) 22 WE HAAZ Mm
10™ Pa's, W& Y% pm = 3,150 kg/m’o|=, Q4]
H AA= 0 =10% Pa's, A U= o, = 3,300
kg/m’o|ck. n. 3} 9| GhE WA ST WE
o] W= o)(dp = oy~ pm) S 25-250 kg/m’, &
o] tiEo] thet HA= BI&(R=11/Mm)Z 10-1,000
o2 AAFATHE 1 Z11). Model 2(19 6-11)=
AA=7E AT WETH Hag(power-law) 34
=5 =t HPE S0l met JAE=7HHAd Y
Ho g Hoh= A4S 7R g FAE 97
2 g (power-law viscosity necking model)o]t}. 7]

£ 24e SAHE U7 YR 5Us, a4
() A ()8 2K 13D
1
Ant
NMp = 77051(1 ) @)
1/2

¢ = 1(%_%)2+1(%_%)2
= 14\ox; ox, 4\ox, 0x;

©®)

B AL AL 1 = 1.75 - 9.75 x 10" Pa-sa n =
3.5459] gho. WshAl7| A ARRS Hakskc. &

Free slip
ISO km Lithosphere
| Mantle
E lab
(=3
&
E 9
o | [No slip — No slip
e 80 km
XZL
X4 Free slip
1000 km

Fig. 1. Model setup for 2D slab detachment. The slab
is self-consistently deformed by gravitational body
force. The model consists of lithosphere and mantle.
The upper and lower boundaries are free slip and the left
and right boundaries are no slip.
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Table 1. Variable descriptions and values.

Descriptions Symbols Values
Model 1 (Constant viscosity model)

Mantle density Pm 3150 [kg/m?]
Slab density pL 3175-3400 [kg/m?]

Slab and Mantle density difference Ap 25-250[kg/m?3]
Mantle viscosity M 102! [Pa - s]
Slab viscosity L 1022-10%* [Pa - s]

Slab and Mantle viscosity ratio 10-1000
Gravity acceleration g 9.8 [m/s?]

Model 2 (Power-law viscosity model)

Mantle density Pm 3150 [kg/m3]
Slab density PL 3175-3400 [kg/m?]

Slab and Mantle density difference Ap 25-250[kg/m?3]
Mantle viscosity N 1021 [Pa - s]
Slab viscosity Nep -
Viscosity coefficient Mo 1.75-9.75 x 1011 [Pa- s%]
Stress exponent n 3.5-45
Maximum viscosity Nimax 102* [Pa - s]
Minimum viscosity Nmin 10%* [Pa - s]
Gravity acceleration g 9.8 [m/s?]

(4] 5)= 22} WEE &% HlA] 282" invariant
of strain-rate tensor; Schmalholz et al., 2008) ] t}.
£ Ato] RRERA 12} A7k Wt A W
Ak, A AsHA o 2 AFEE €53k 1075710
(Beckman ef al., 2012)2 4] (4)o] Shdahd o4
o] MA =L 10710 Pas Afo] ghog2 Yuka] 2|
T8t ] BAR] AMSE= gt FARSITHRamsay
and Pysklywec, 2011). €99 4 JA= -2
107 Pa-s &2 WE HA = ghuch 2] g 445}
Hom, S99 Mo A== gurAQl 4] =2A
of) AREElE= H o 212 10* Pa-s2 AA8HATHE 1
Zz).

B Ao A= HEskd COMSOL 5.3 AZEY
o2 X313, F0](core) 647, WRAM) 512 GB ¢
Steglols Fgstel $Aa4E Asteth BE
5y g0 0213 kme) 84 2718 71Rl= 417k
248 AgSIEOR, F3kad Pl olite Al
B LS W SISH] $18) MUMPS (MUifrontal
Massively Parallel Sparse) €4 (solver)& ©o]-&3}
%t 2] 1300079 R42 AT, A% AT
2 7148 103] vlgke 2 53] BARE RHSHT

7k 7] 2] A K74 1217} m]gtol ),

WS FHAY) FHES} WS ok SR
£ olg3 BH(Model 1; 17 2.5 WELS FA
=7} AR ARl ARG EL BAE
£ =%t =¥ (Model 2, 39 6-11)S vlgo =2 4
718 53] BARICE

3.1 Model 1: SEAE 42 28

Model 1-& pm = 3,150 kg/m’, Nm = 10" Pa's
Z PN QAA(ETY, slab)e] W=t HA=RE
s SR U] myged, &1 WE9]
U= Zpo|(Bp = p = pm; B BHAFIE)QF SO W
Eoll et HAE BI&(R=11/0m; W7 SHFE) S W
A k] AL ATt =E5E &ighE =AISH
tH2d 2). Az = 14 Myrs7HA] Ak 2185t
&3o] aidk Ao ALt A A anrh st
=, 310] 640 kmo]| £Ho] =LEHH ALLS FA 8=
2 943tk Ap =50 kg/m’, R = 630]H, &AL
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~350 km Zlo|7kA] st om, £ HE A
Ha0] &, ~107s" 2 &3] W o] Zo} o] o
+ o] WAYSHA] e & SISt HTH(H 28).
ke, R 3R 598kl Ap = 250 kg/m’¢] 2o
A &L ~630 km Zol7HA] AAeta, st &
¥ o] TSt o, Yjo] st B2 &y
£ ~10"s" o]t 2i). ol LW} WES W
Aot R0 Y&, S| Y] WAo] A=
T BBBATE EE& AATHLE 2g, 2h, 21 H]
). Ap =250 kg/m’, R =160 & ), EH-L ~400
km Zlo]712] 7bsta, 313 &3 WFdo] WAyt
A FATHIE 20). o] R o] AS5E v

3+ W X (strain localization)o] ¥t 47

=T 4 ASS Uit 2 2¢, 2f, 25 B ).
R} Ap7} &3] Eo| AAIE $1] sl m|x|=
G wtelstr] $shA R = 1009} Ap =150 kg/m’
o] AT T 4=2] BALE stz 19 3a
©}3b). R = 10022 1A4=o] 911, Ap =25 kg/m’
(713 3a T AT} Ap = 250 kg/m’ (717 3a F
FYA)S 2831, £ ~640 km Zo|7HA] 7}
ik AJ7Ee ZH2F ~190 Myrse}t ~20 Myrsolch.
Ap =25 kg/m’o| A Ap =250 kg/m’©.2 104] =
7Fshd, &70] 7kt Al ~1/108) =2 st
of &9 Bt AAEE Vsink 7} ~100] w2k, o]
£ Lp e} Vsink 7} ] @A o 952 A3t
(29 3a). ¥HA Ap =150 kg/m’ 2.2 SU5}T, R =

Time = 14 Myrs

0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000

AP = 250 kg/m® ,R = 160

Length (km)
AP =250 kg/m®, R = 100

0 100 200 300 400 500 600 700 800 900 1000
Length (km)
AP =250 kg/m® ,R = 63

/\ a. AP=50kg/m® R=160 b. , Ap =150 kg/m® ,R = 160
) 100
E 200 g 200
f 300 i’
..GQ:. 400 ‘% 400
0 s 0O s
600 . .
0 100 200 300 400 500 600 700 800 900 1000
Length (km) Length (km)
@ d. AP =50 kg/m®, R = 100 AP =150 kg/m® , R = 100
‘6‘ 0 4 T ¥ &
fE = 100
> £ 200
"7’ i’ 300 ‘ ‘
-g g 400
_; 0O soo
% 600 a &
A 0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
Length (km) Length (km)
g. , AP=50kgm*,R=63 h. Ap =150 kg/m® R = 63
100 —
E 200 E
i’ 300 . ] i
§ 400 §
0O so0 [a]
600
0 100 200 300 400 500 600 700 800 900 1000 0 100 200 300 400 500 600 700 800 900 1000
- Length (km) Length (km)

0 100 200 300 400 500 600 700 800 900 1000

Length (km)

-
o

-18 -17

log,, &, (s™)

15 -14

Fig. 2. 2" invariant of strain-rate tensor at Time = 14 Myrs calculated from constant viscosity necking models with
different values of Ap and R. The horizontal and vertical arrows represent the directions of increasing Ap and R,
respectively. The cases with (a) Ap =50 kg/m’ and R = 160, (b) Ap =150 kg/m’ and R = 160, (c) Ap =250 kg/m’
and R = 160, (d) Ap =50 kg/m’ and R =100, (¢) Ap =150 kg/m’ and R = 100, (f) Ap =250 kg/m’ and R = 100,
(g) AP =50 kg/m’ and R = 63, (h) Ap =150 kg/m’ and R = 63, and (i) Ap =250 kg/m’ and R = 63.
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a.

300 B =100

= Ap = 25 kg/m

3504 = Ap = 50 kg/m®
£ Ap =100 kg/m®
< 4004 —— Ap = 150 kg/m?
-% Ap =200 kg/m®
§ 4501 — Ap = 250 kg/m?®
(7]
5 5001
c
2
= 550
£

600

650 T T T T r : .

0 25 50 75 100 125 150 175 200

b Time (Myrs)

. Ape 5

300 P 15;)_k?0/m
—_ SSOJ ——R=325
E — R =100
= 400 —R=250

= R =1000

N

(&2

o
n

Position of slab tip
(&)
o
o

600+

0 50 100 150 200 250 300
Time (Myrs)
7 ¢ Realistic range oprl

— R =10

R=16

6o =—R=25

R =40

— R=63

59 —Rr-100

=) R =160

> — R =250

E 4 — R =400

o e R = 630

£ 3 = R=1000
@
>

25 50 75 100 125 150 175 200 225 250
AP (kg/m?)

Fig. 3. The temporal change of position of slab lower
tip and slab sinking velocity Vsinx with different values
of R and Ap. (a) The cases with fixed values of R = 100
and Ap =25-250 kg/m’. (b) The cases with fixed value
of Ap =150 kg/m’ and varying R = 10-1000 (¢) Vink
depending on Ap. The horizontal and vertical axes are
Ap and Vsink , respectively. The red shaded zone refers
to realistic range of Ap in actual nature.

1,000(71% 3b F-LM AT} R = 100(23 3b Haba
A)eE A2 o2 R 3Z A-85HH, &£30] ~ 640
km Zlo}7Hx] 7heRgke A7k Zk2F ~270 Myrse}~30
Myrsott. o]:= Ro| AZFE SHY W o] FA
dojhar Vsink 7} =8 2= A& oJn|gich( 17 3b).
7}2Z&3}F N2%0] ZtzF Ap ot Vaink Q1 T oA
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Fig. 4. Necking width and degree of localization in con-
stant viscosity necking model. (a) Necking width varies
with time in the cases of Ap = 50-250 kg/m3. (b) Degree
of localization depends on Ap. The higher Ap is ap-
plied, the higher the degree of localization emerges,
which indicates the faster slab necking.
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Fig. 5 Surface topography in constant viscosity model. (a) The surface topography in the model with Ap =150
kg/m’ and R = 100 along the surface at different time = 1-33 Myrs. The surface topography rebounds right after
detachment time (~25 Myrs). We tracked the elevation two Points I (red circle) and II (blue circle). The temporal
change of Points I (b) and II (c) in the cases of A9 =150 kg/m’ and R = 100-1000. The small leads to earlier necking
and rebound. The temporal change of Points I (d) and II () in the case of Ap =50 kg/m3 -150 kg/m3andR =100.
The large density contrast is a favorable condition for fast necking and its subsequent rebound.
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Fig. 7. The temporal change of position of slab lower tip and slab necking velocity Vsinx with different values of
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Fig. 8. Transient change of necking width and degree of localization of power-law viscosity necking models (7o
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Fig. 9. Surface topography in power-law model. (a) The surface topography in the model with Ap = 150 kg/m’,
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values of Ap and 7o are fixed at Ap =50 kg/m3 and Mo
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Appendix 1. Modeling of falling circle within viscous fluid using remeshing in COMSOL.

Initial mesh

Terminal velocity

Terminal velocity

Terminal velocity

AR A4S =9 o AR AT Slpol] iE eAE FRlsh] 8f ohE i 22 AEE Ik
201 60, Zo] 1021 7/ ui & €] 55 2] o] 54 Al ¥EAF 0.5 2 A7gstaL, F=of wehA A5 18t
AlA @& (terminal velocity)E S48HtE a3t Ao Y B 100, W 242 13 22 A
ottt & Lo 22570 FERFPES AL AR 22 A

Appendix 2. Error of terminal velocity of falling circle depending on number of remeshing.

Remeshing number Depth Velocity Error (%)
0 53 0.764 0
1 53 0.765 0.216
5 53 0.767 0.423
10 53 0.766 0.369

A AT HES AGIA UHS T FE S 0764010, 22 AT HES 15,108 AT B
Fe SRS 2240765, 0767, 0766 o|ch. A A4 31567} 0212] B9 ] Sk &) @Ak 05%0]
Efsic) B Aol AL iRl 2] mAlolH 108 vjgke] 27 A& AAIshct
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