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Fig.1 Map of circum-Pacific sunduction zone showing the dip angle of the subducting slabs
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(Déavila and Lithgow-Bertelloni, 2015)
, Gurscher et al. (2000a)

- ; Sigloch et al.
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75~70 Ma

20
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2000b; van Hunen et al., 2002b, 2004; Anderson et al.,
2007; Espurt et al., 2008; Fuis et al., 2008; Sak et al.,
2009; Skinner and Clayton, 2011),

(Stevenson and

Turner, 1977; Tovish et al., 1978; Gutscher et al.,
2000b; van Hunen et al., 2001, 2002a, 2002b, 2004;
Perez-Gussinye et al., 2008; Li et al., 2011; Skinner
and Clayton, 2011; Manea et al., 2012; Rodriguez-
Gonzalez and Negredo, 2012)

3.0cm/a, 2.5cm/a, 1.6 cm/a 0.8 cm/a,
4.5 cm/a,

45cm/a, 3.8cm/a 2.4 cm/a

(Uyeda and Kanamori, 1979;
Jarrard, 1986; Lallemand et al., 2005) ,
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Table 1 Main geodynamic conditions of the present-day flat subduction
a a b ay b c chp" Ve Vupn d .
(km) °) °) (Ma) (cm/a) (cm/a) (cm/a)
(28°S~33°S) 550 12 - 43 7.5 3.0 4.5 Juan Fernand-ez 1~3,4,5
(2°5~15°S) 1500 10 48 30~43 7.0 2.5 4.5 Nazca , Inca 1~3,5,6
(1°S~2°N) 350 21 45 16~24 5.5 1.6 3.8 Carnegie 1~3, 5,
250 29 57 14~20 8.3 6.2 2.2 Cocos 1~3,7
400 16 - 13~20 5.5 3.3 2.3 Tehuantepec 1~3,5, 8~10
350 13 45 8 3.2 0.8 2.4 Juan de Fuca 1~3, 11~12
500 16 - 45 4.3 5.0 -0.7 Yahutat 1~3,13~14
600 12 - 15~20 4.8 5.6 -0.9 Izu , Pal.-Ky 1~3, 15~16
a. =5000 km, - 10%
b. e ( <125 km) ;o ( >125 km)
c.
d. Ve Ve Vap , Veapn s Viubn »
Vupn
e. : 1. Gutscher et al., 2000a; 2. Gutscher, 2002; 3. Lallemand et al., 2005; 4. Kay and Abbruzzi, 1996; 5. Bijwaard, 1999; 6. Petford and

Atherton, 1996; 7. Fukao et al., 2001; 8. Suérez et al., 1990; 9. Skinner, 2013; 10. Skinner and Clayton, 2011; 11. Defant and Drummond, 1993;
12. Bostock and Vandecar, 1995; 13. Preece, 1991; 14. Gorbatov et al., 2000; 15. Morris, 1995; 16. Gutscher and Lallemand, 1999
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o = (60) 7 F(A) 7 exp[ﬂj ©)

RT
R .. \2
- :(0.55ij5ij) ;
Ap,E,V n )
7 R v F
, F — 2(1-n)/n /3(1+n)/2n ,
F — 2(1—n)/n
- /
Mohr-Coulomb (Ranalli, 1995):
Oyiais = Co + Psin (o)
sin(p ) =sin(p)(1-1)
O yield
L= 6
nplastlc 2é|| ( )
v Oliel -
N OR P=0 )
;A (Brace and Kohlstedt, 1980);
Pest )
Nauctite  Mptastic »
(Ranalli, 1995):
Ucreep = min (nductile'nplastic) (7)
1.3

(Gerya and Yuen, 2003b; Burg
and Gerya, 2005)

M=0, when: T <T,

solidus

T-To
M :(ﬂ ) when: Tsolidus <T <T”qUid“5
(Tliquidus _Tsolidus )
M=1, when: T >Tliquidus (8)
) Tsolidus TliquiduS
Pett = Protis —M (psolid _pmo"e") ©
v Psolid Prmolten

Per = Fo [1—0((T _To):H:l"'ﬂ(P_Po)} (10)

P P, = 0.1 MPa
v a B

To =298 K

2 BRI

19°  36°

(Lallemand et al., 2005),

4000 km, 670 km,
2 kmx2 km ,
30 kmx30 km
2000 km, 2
, 40 Ma,
(Turcotte and Schubert, 2002)
8 km,

74 km,
120 km(
85 km ,
6 km 14 km

' (Burg
and Gerya, 2005; Ueda et al., 2008; Li et al., 2010)
( 100 km

(Lallemand et al., 2005),
10 cm/a

, 0~10 cm/a
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(a) (1500 kmx670 km) . ; (b)

2
Fig.2 Initial model configuration and boundary conditions

*2 HEEBKBAMMTEERTSH
Table 2 Parameters of viscous flow laws in the numerical experiments

E(kJ mol™) V(I MPa'mol™) n Ap(MPa™s™) 7, “(Pas)
A / 0 0 1.0 1.0x107% 1.0x10%2
B () 154 0 2.3 3.2x107® 1.97x10%
C Ans () 238 0 3.2 3.3x10°° 4.8x10%
D Anzs 238 0 3.2 3.3x10™ 4.8x10%
E 532 8 35 2.5x10* 3.98x10%
F 470 8 4.0 2.0x10° 5.01x10%
G 0 0 1.0 2.0x10°° 5.0x10"
H 0 0 1.0 1.0x10”’ 1.0x10%
a. 1, ) Do =(1 Ay ) x10% . Kirby (1983); Kirby and Kronenberg (1987); Ranalli and Murphy
(1987); Ji and Zhao (1993); Ranalli (1995)
o ), : :
1300 (Turcotte and Schubert, 2002),
0.5 /km, )
( ) ,
, 1000 km (Gerya and
( Yuen, 2003a; Burg and Gerya, 2005)
), 670 km 10 km,

12 km
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Table 3 Parameters of the materials in the numerical models

Po Cp @ Tsolidus’ Tiiquidus” Qu H, ‘ ‘
(kgm™)  @kgT K (WmtKY (K) (K) (kIkg™)  (uwWm?) sin( g )
- 1 100 20 - - - 0 A 0
- 1000 3330 20 - - - 0 A 0
2700 1000 K1 TS1 TL1 300 2.0 B 0.15
2500 1500 K1 TS1 TL1 300 2.0 G 0.06
2700 1000 K1 TS1 TL1 300 2.0 B 0.15
2500 1500 K1 TS1 TL1 300 2.0 G 0.06
3000 1000 K2 TS2 TL2 300 0.5 C 0.15
2500 1500 K2 TS2 TL2 300 0.5 G 0.06
3000 1000 K2 TS2 TL2 380 0.25 D 0.15
2900 1500 K2 TS2 TL2 380 0.25 H 0.06
3300 1000 K3 - - - 0.022 E 0.6
3200 1000 K3 - - - 0.022 F 0.06
¢ - 1,2 - 3 5 5 1,2 1 4 -

a. K1=[0.64+807/(Tx+77)]exp(0.00004P); K2=[1.18+474/(T«+77)]exp(0.00004P); K3=[0.73+1293/(Tx+77)]exp(0.00004P)
b. P<1200 MPa, TS1=889+17900/(P+54)+20200/(P+54)2; P>1200 MPa, TS1=831+0.06P. TL1=1262+0.09P
P<1600 MPa, TSZ:973—70400/(P+354)+778><105/(P+354)2; P>1600 MPa, TS2=935+0.0035P+0.0000062P?. TL2=1423+0.105P
c. 1
d. , 0, o4
e. 1. Turcotte and Schubert (2002); 2. Bittner and Schmeling (1995); 3. Clauser and Huenges (1995); 4. Ranalli (1995); 5. Schmidt and
Poli (1998)

x4 MBEWHAER 1°MEBTIHLER
Table 4 Numerical results at the initial subduction angle of 19°

(cm/a)

(cm/a) 0 1 2 3 4 5 6 7 8 9 10

Uy, <3 cCmla

3<u,, <6cm/a

v,,,>6 cm/a

sub

10

3 HERILEH 3<u,, <6cm/a , vy, >6 cmla

, 3.1 (19°)
(199) (36°) ) - ;
4 5 <125 km ,
(O ) Uy, <3 cm/a , 27.5°+8.5°(Lallemand et al., 2005),
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Table 5 Numerical results at the initial subduction angle of 36°
(cm/a)
(cm/a) 0 1 2 3 4 5 6 7 8 9 10
DUy, <3cmla

1

2

3

© 3<uy,, <6cm/a

4

5

6

Uy, >6 Cm/a

7

8

9

10

19°
311 (v, =<3cmla) ( 4o0),
( 4)1 il
(=1cm/a), , 3.1.2 (3<u,, <6cm/a)
, 3 4 ( 4),
2 cmfa, 0 1cmla (3<v,, <6cm/a),
2 cm/a 5 6
1lcm/a , 5 cm/a 4 cm/a
( 4 ) - , 5 cm/a ,
5cm/a
6a
( 4a) ,
, 30° ( 6a)
40.4 Ma
600 km (  4b), ( 6bh),



436 Akt s Bef 40 &

3 19°, 2 cm/a, 0 44 Ma

Fig.3 Numerical result at 44 Ma when assuming that the initial subduction angle is 19°, slab absolute subduction
velocity is 2 cm/a and continental absolute trenchward velocity is 0 cm/a

4 19°, 2 cml/a, 1 cm/a 16.7
Ma (a), 40.4 Ma (b) 57.6 Ma (c) ( )

Fig.4 Numerical results at 16.7 Ma (a), 40.4 Ma (b), and 57.6 Ma (c) when assuming that the initial subduction angle is 19°,
slab absolute subduction velocity is 2 cm/a and continental absolute trenchward velocity is 1 cm/a

5 19°, 5cm/a, 4 cm/a
19.1 Ma

Fig.5 Numerical result at 19.1 Ma when assuming that initial subduction angle is 19°, slab absolute subduction
velocity is 5 cm/a and continental absolute trenchward velocity is 4 cm/a
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: 3.1.3 (v,,>6cm/a)
19 Ma ( ;
6¢c), 500 km , (v,,>6 cmfa),

, (8 km) 40 Ma
, Ve, >6Cmia
Vover Vover = Vsub -1

7 8
6 19°, 5cm/a, 5cm/a 5.9 Ma (a),

13.9Ma(b) 19.1 Ma (c) ,

Fig.6 Numerical results at 5.9 Ma (a), 13.9 Ma (b) and 19.1 Ma (c) when assuming that initial subduction angle is 19°,
slab absolute subduction velocity is 5 cm/a and continental absolute trenchward velocity is 5 cm/a

7 19°, 9cm/a, 7cm/a 11.4 Ma

Fig.7 Numerical result at 11.4 Ma when assuming that initial subduction angle is 19°, slab absolute subduction
velocity is 9 cm/a and continental absolute trenchward velocity is 7 cm/a
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9 cmla, 7 cm/a (Gutscher et al.,
8 cm/a 2000b; van Hunen et al., 2002b, 2004; Anderson et al.,
2007; Perez-Gussinye et al., 2008; Rodriguez-Gonzalez
9 cm/a and Negredo, 2012)
8 cm/a : '
( 8a), ,
, 30° '
( 8b) :
( 8 -
4 1
3.2 (36°) .
— , 360 ( 19 )’
(Lallemand et
al., 2005), - '
(1
| ( (1)
5),
<3 cm/a ‘ ()
10 cm/a
9 3cm/a '
6 cm/a 8 cm/a 10 cm/a 15 Ma
; (3 :
40° 25° ( 9a
b)1 L] '
10 , 19°
10 cm/a 5cmia
4cm/a  5cmla
120 km
( 9), 300 km, I 6 cm/a
20° 7 cm/a
4.2
4 3 ’
4.1 4
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8 19°, 9cml/a, 8 cm/a 5.0 Ma (a),
9.0 Ma (b) 11.4 Ma (c) ( )

Fig.8 Numerical results at 5.0 Ma (a), 9.0 Ma (b) and 11.4 Ma (c) when assuming that initial subduction angle is 19°,
slab absolute subduction velocity is 9 cm/a and continental absolute trenchward velocity is 8 cm/a

9 36°, 3 cm/a 6 cm/a (a), 8 cm/a (b)
10 cm/a (c) 15 Ma ( , )

Fig.9 Numerical results for continental absolute trenchward velocity ranging from 6 cm/a (a) to 8 cm/a (b) and then to
10 cm/a (c), when assuming that initial subduction angle is 36° and slab absolute subduction velocity is 3 cm/a
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2 (D)
)
11 ,
36° 3cm/ia
6cmla 8cmla |
10 cm/a
12
19° (
3 cm/a) , 1 cm/a
6 cm/a
, 1100 km
(~19°),
) 1.0
1.0 ,
1.0
4.3 -

(v, =<3cmla)
(=Z1 cm/a ) ;
(v, >3cmia)

1100 km ,
) 360!
10 cm/a
4.4
10 % ( Gutscher et al.,

2000a; Gutscher et al., 2000b; van Hunen et al., 2002b;
Skinner and Clayton., 2011) 1

( 50% ),

(Gutscher, 2002; Hayes et al., 2012) ,

, GPS (DeMets
et al., 1994) ,
(~5 cm/a),
3.0 cm/a,
25cm/a 1.6 cm/a,
45cm/a,4.5cm/a  3.8cm/a
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4 cm/a (a), 5 cm/a (b),

19°, 5cm/a

10
1000 km

6 cm/a(c) 7cm/a(d)
)
Fig.10 Numerical results for slab absolute subduction velocity ranging from 4 cm/a (a), 5 cm/a (b), 6 cm/a (c), to7 cm/a (d),

and the corresponding viscosity and calculated velocity fields (a’), (b"), (c’), (d")respectively, when assuming
that initial subduction angle is 19°, continental absolute trenchward velocity is 5 cm/a, the simulations stop

when convergence reaches 1000 km

36°, 3cm/a 6 cm/a (a), 8 cm/a (b)
10cm/a(c) 15Ma (

)
Fig.11 Numerical results of viscosity and calculated velocity fields at the conditions of an initial subduction angle of
36°, slab absolute subduction velocity of 3 cm/a and continental absolute overthrusting velocity increasing from

6 cm/a (a) to 8 cm/a (b) and then to 10 cm/a (c), respectively, and the simulations stop at ~15 Ma

11
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12
( 197,
3 cmla, 1 cm/a
6 cm/a )

Fig.12 Correlation between the absolute overthrusting
velocity of continental lithosphere and the slab
length of the flat subduction

Farallon (Juan de Fuca) ,

(DeMets et al., 1994; Gripp and Gordon,

2002) , Juan de Fuca
>2 cm/a
L l L
45 Ma,
30 Ma,
(60 Ma, Condie, 1997)
( )
5 4 i
Q) 40 Ma ,
- (19°) .
(<3 cml/a) ,
(=1 cml/a) ;
(>3 cm/a) ,

(36°) ,

10 cm/a

(2)
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Numerical Modeling of Flat Subduction: Constraints from the
Ocean-continent Convergence Velocity
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Abstract: 2-D numerical modeling is used to investigate the effects of ocean-continent convergence velocity on the flat
subduction dynamics. It aims to better understand how the absolute subduction velocity of the oceanic lithosphere and
absolute overthrusting velocity of the overriding continental lithosphere influence the subduction mode, in particular
how the absolute overthrusting velocity regulates the development of flat subduction. Numerical models are divided into two
groups with the initial subduction angle of 19° and 36°, respectively. Numerical models with 40 Ma-aged oceanic lithosphere
and initial subduction angle of 19° show that (1) under the condition of low oceanic subduction velocity (<3 cm/a), the flat
subduction can be easily formed when the overthrusting velocity is no less than 1 cm/a; (2) under the condition of
moderate to high oceanic subduction velocity (>3 cm/a), the flat subduction can occur only when the absolute overriding
velocity is no less than the absolute subduction velocity. However, for models with initial subduction angle of 36°, the
flat subduction occurs only when the absolute subduction velocity is no larger than 3 cm/a and the absolute
overthrusting velocity reaches 10 cm/a. Large absolute subduction velocity can promote decoupling between the
downgoing and overriding plates and thus favors the development of steep subduction. In contrast, larger absolute
overthrusting velocity facilitates the slab bending and thereby contributes to the development of flat subduction.
Additionally, flat subduction at a high velocity of the overriding plate is significantly correlated with the landward
mantle flow beneath the slab, which can facilitate the upward bending of the slab. Our results are evidenced by the
kinematic models of the flat subduction beneath the South America.

Keywords: flat subduction; numerical simulation; absolute subduction velocity; absolute overthrusting velocity; initial
subduction angle



