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2009; Reston, 2009; Huismans and Beaumont, 2011;
Franke, 2013; 24745, 2014; PM2%5E, 2016; Andrés-
Martinez et al., 2019),

KT B IR AR 235 R T sk R ok B K i 1
GRS ARZ . I Nemdok et al. (2012)38 3 BF 5%
S ERPE B KB b sk ORI SR, R hk
AR FEG AN G ERIEE BB KRS A G,
P sk R 2 5 500 A IR 2 R8sl K Rfia
Zg Al . Pérez-Gussinyé et al. (2001)1A°N Iberian K fifi
002 AR A A R R IX B, R R T g gk
RIBCA AR H, Gl T e i ARIE . B T b
Jo RN b R ) B 5 T AT, I A o 2 I ) R A AL
FVEAE RN, X KBl A P 24 ik e 443 B 5 TF e ot
5%, BUAS TR Z iR (Buck, 1991; Brun, 1999; Buck et
al., 1999; Huismans et al., 2001; Le Pourhiet et al.,

2004; Lavier and Manatschal, 2006; Huismans and
Beaumont, 2011; Huet et al., 2011; Beaumont and Ings,

2012) fHIE, ST A0 Bl AR 4 R AL K 3 0 44
LA F M N R i 1 GO 2550 W Y B E A, B NS
Mo ARSCAERT AT SRR |, RGEWIH T Hisks R
e A Ve AR S A W sl R R Gt i ik, LR
Xt R R4 MU 25 B ORIt GRS PRI ZE A R 52

1 B R Rl 2 hi 5K 3

[ EIPN ke SOENE) St STTI PN D iR e 2N
M B JE sl LR BRAR R P A 9 5 R A5 07 1k AR 7

{HR, N [R] Tk 15 g b ) RUBE LA K% e Ak % 89 K i
2% AL BEAN TR, 1530 08 8l Rl 1 2k i hir sk i
B —EZER . SRR EDRA . g kKb
G KPP R UL 1, AT HBIX ) h7 5K 2 X
SRR, FhRABY KHE R EZETAE 0~20 mm/a,
1 Rio Grande 4%  DUMIUR AT W T 7545 . Rio Grande
AR PIE RS, A 0.2~1.2 mm/a. MR ZEM HE IV 24
A BPIREFE LR, O 3~20 mm/a, XFPELEFL
SRR AT RE SR A A ERIRE . JFH, TR
RS B AR L, AnRRIRZA I RIIRIY 25 Ma
R PLSKHE AR/NT 16 mm/a B K ZHA ) 20 mm/a
(Tesfaye et al., 2003), 75444 M 16 Ma B %) 20 mm/a J§;
/b2 5 Ma A9 10 mm/a(Snow and Wernicke, 2000),

B S KRl 2k RS FE A, ton] DAXT A bk
MRS % Heine et al. (2013 ) i 15 8 42 19 2
132 KPR AR PR K298 10 mm/a. Brune
et al. (2016) 2 )i F — Tl i) b 5T 1 3 43 BT 7 3k,
A TSN HRE SR, BRI
Iberian-Newfondland 2445 LA K R 1 55 K ki 120 2 i i e
RSN 2~20 mm/a, 3~15 mm/a Fl 4~45 mm/a, Ff:
H, MEHRFKRE, Prkd Rl Ge7eEprBoini .

MACKFEFREH Y BB, KRAH 10~
150 mm/a, Frp T3 I AR g B BEVEVE TR Y
P kR M, 7E 50~150 mm/a Z[8]; i PG RE
EEEVEEE R . KPR B ALk e b B 5k
HR NS, i 10~40 mm/a,

F1 EHIAENRBEMRKFHERKER

Table 1 Full extension rates of active rifts and spreading oceans
$ir 5k % (mm/a) Ik S 3k
Rio GrandeZ 4 0.2 b 5 o Golombek et al., 1983
Rio GrandeZL %4 0.3 i A Woodward, 1977
Rio GrandeZi 4 1.2 Ko Berglund et al., 2012
R e A 10~20 i 5 Snow and Wernicke, 2000
750548 Walker LanebfJ2 X 10 K H ) Bennett et al., 1998
F08 45 WasatchlBJ2 X 3 I b ) Hammond and Thatcher, 2004
DU IR 2445 4.5 R b ) Calais et al., 1998
FARGECT 15 Ko e McClusky et al., 2010
T 13~18 R b Vigny et al., 2006
REMIL W A 3~6 R b ) Bendick et al., 2006
W FEMR LL I BT R LA 16~20 i o Tesfaye et al., 2003
[ipNiReaTaRE 10 b Jo 7 Heine et al., 2013
S|y NTRE = A 2~20 b 5 o A Brune et al., 2016
JeSE-0r A 244 3~15 i A Brune et al., 2016
KA~ 2445 4~18 b 5 o A Brune et al., 2016
o [ R 4~45 i o Brune et al., 2016
KPGHEY TR R 10~40 R 5 Miiller et al., 2008
PR I ENDIRE 5 | S 50~150 TR I S S50 Miiller et al., 2008
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2 BAER SR T

ARSCH T MILAMIN (#0722 0K fif A2 7
(Dabrowski et al., 2008) 1 — 4K —# 5Pk b 55 8) )
2F AR A (Andrés-Martinez al., 2019; Pérez-Gussinyé et
al., 2020), VA A B I AR 4540 RN ok R 5 4k )
KB G E AR TR . BRI, 45 T W )
H i A AR (Kaus et al., 2010; Andrés-Martinez et
al., 2015) . i AE 5540 LA K By U] A= R AERI

HEE AR rhel O el A PRI A9 P 1Y) Tk A8 4548 O3 Ry
3 &5 ObHss, HiBASEAN; @ T Hse, ek
Bk IO 45 (mafic granulite, MG)41 8%, @Hibe,
—A~ 5 km BRI A AR ER Sy, R T
ZH Y A B b, T S o R AR e 2 R AL
Pl b (1] 1) W0 LR AR TR 1) B8 B R 400 km, VR
150 km, Hp MBS 20 km, MRS 1 km; Fib
FEN 15 km 8 20 km, Z3HF30E 5 km; HACH I,
SR 5 km(E 1b), Horh, & JZ2R93 R 73 P
I, A1 kme SCRBIRY A TR RIS R R N
B IR EE, 43502 0 A 1300 °C, JfHAEAAT A
IS, B IR EE 28 600 °C (& 1a). 7F
R A A 5L, A Winkler i1 %4514 (Buck and
Poliakov, 1998; Burov and Poliakov, 2001), B[ )&
T U e b R E R T . KPR ) 5 ) AR R
A7 BRI R ARG, ALY TAE IR A — A
AR B Y AME TR, BT LA SRV A B T LR A

Mo b TR A AR E T R L, 5
FLHY 3K B ) 2 AR, FERSA R s T —
ANREE R A, VB SHES T 5(weak seed) T A
CPHEARRIE 25 8, LIS % Andrés-Martinez
et al. (2019)F1 Peréz-Gussinyé et al. (2020), 15 5 Hi#
M SH O E WL 2.
ARSI T BT PR B A R R AR S5

B — PP AR LSRR ST SR 35 km, i T HbAE
15 km, TEIFRAMG3IS7ELIRL, 55 R AR 45 44 )2
HW5EJREEN 40 km, A FHEFEH 20 km, fRIFRHA
“MG40”FLAY Y T Hb 72 JEJE 2 20 km, AR 15 km
BF, AHY T8 A B S TR 5 km 8% T 72 HL
o B TIREE RS2, A Bl A I 20 5 B R AR AIR,

(a)05001000(°c) b)T=0C HEELH BHEEE

< —>
~ H b -
-20 < 5
/ Slkm < T >
—40[° < = >
< BREMT A e
—60 < —>
= " >y
-80 < & A B i 8 >
< —>
-100, < :
35Kkl e
7120_40k[1 : T7,=1300 C :
g < % 8 B 0 woo| -
(km) I < | Winkler BC —>
200 600 -200 -100 0 100 200
3% (MPa) 5 5 (km)

B1 HERMNBEREEN@RHAZMHRNZFHR
£ (b)

Fig.1 Initial setup of the numerical models (a) and the
thermal-mechnical boundary conditions (b)

R2 WEREIXEPMERSY

Table 2 Parameters used in the numerical modeling experiments

iy B A% B T RORE £ TR A TR A
s b3 A0 B b AR ) 4t
LR E N F log(Bais) (Pa™s™) 28.0 21.05 15.96 15.81
R FEEL nais 4.0 42 3.5 3.5
1R BT B E gis (kJ-mol 1) 223 445 530 480
R BOFEART Vs (107° m* mol ™) 0 0 13 10
P HCATHE BN Flog(Bair) (Pa™s ™) 8.16 8.64
PR naie 1 1
P RO B E i (kI -mol ) 375 335
PHOHE A V6 (107 m mol ™) 6 4
BB 1 (GPa) 36 74 74
SHEH K (Wm K" 2.1 33 33
WEE C,Jkg"K 1200 1200 1200
PRGN RE H, (WW-m™) 1.3 0 0
BHEE po (kgm™) 2700 3300 3300
WY RRE ar (107K 2.4 3.0 3.0
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T8 AL AR A TE (B 1a)o B XT3 P A A [6] 19 4 £
Pl AR 2548, FEATRPIsK HOR TN, PR PR A 9
B OB BT R DA B 2 R Bt 14 2% 1 45 4 Rk
o U KL S e R B /NT 200 m BE, AR
s & AEMRE, RIS IERS R, 245 MBI G,

P 1b H, AR TR 7 A 1 B 5K TR (1)
RLBR R, FE T | b T E A A ks R
K RFEPHENY IREOR, FERE S 4Rk EeR:
435175 2 mm/a. 5 mm/a. 10 mm/a.25 mm/a #1 50 mm/a.
Hidp 2~5 mm/a R M8 RI5KH R, 10 mm/a Ky L
sk, 25 mm/a K PO RLIKE R, 50 mm/a Ay AE PR
Pk R, B 5 25K 45 )it 0 2 6 A [R] 3
ARGER AR E, B 1S km AT 20 km () F #i7e R
AT T 10 AR SE5

3 SEREIR M

3.1 “MG35”HEBISLIGHR
TEARRFRRER T, “MG35 B A A B & A ik
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A, REI WA RSB RE 2 (K 2). WITRRA
TE 25 FIVRBEZRA I R Bl ity % 454 K S BE B IRT 3 s 4R
HAEHYEEE R 15 km B, XTFARIHEKRER, 64
AR I B X RR I AE 2443 (] 3, Initial Geometry),
BEJE A LB IR A T A 25 5 . 2~5 mm/a 1Y
P8 TR A B 27 A TR FRBR B2, 10~50 mm/a
PR A 7 A T X AR B R Bl 1 2% (8] 3, Final
Geometry).
3.1 PR R RS %

X F Rk R A 2 mm/a fl 5 mm/a AYSEE:, B
Bl KBl G i A B 2R AR (B 2), A
SANLA V=5 mm/a BB G, JEIR 18 H7 5Kk 3 AT
Bl B R it i 2 4 3 AL W) AR 2L ], TR DA
S AT R R LR RR R A, KB T T AR
R Wi, A2 FEAL PR EWR b, 2%
AR B AR 45 (] 2b, 2 Ma), S50 H B ikpy
& & (Lavier and Manatschal, 2006; Huismans and
Beaumont, 2011), 7ERA K EFLRET, H kg

(d) V=25 mm/a (e) V=50 mm/a

0.2 Ma

5Ma 1.2 Ma 0.7 Ma

-100 0 100
5 (km)

B2 “MGIS"HEMETRAKER FARASIERLTLIE

Fig.2 Tectonic evolution of models with different extension rates for model “MG35”
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R E
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 C— 10
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O LAR KNG T, BOEL MR, FELER A 200 C.
B3 “MG35HERBMARAKER TMRREESNHRMNKEDEZEMREE

Fig.3 Initial geometry of the rift and final architecture of passive continental margins with different extension rates

for model “MG35”

FEBER TR, T Hiureid ok 5Y DIt Js (&1 2b, 6 Ma).
600 CHRLZN T NHiFE, FECF MsTiRETH,
PARE R R R G AR L, THise kA
FITEASIE H AR (5] 2b, 6~9 Ma), HFe £ Ml
PERI, HERAAAREZE 2b, 11 Ma), TERSTFR
R KB 1%%

/S BRI ST SN i 25 N S UE: <K i v

FEAHL, (ERAE 8% 3l K il 120 2% 19 5 B e 24 15F [ I
G 25 . V=2 mm/a BYBIRIh B 2L [A]J& 27 Ma,
B 2 KR 1 2% 55BN 117 km F1 76 k(I8 2a.3a); 1M
V=5 mm/a BRI ZEET ] IZ 11 Ma, B8l KB %
FEEELSN 107 km £l 98.2 km([&] 2b, 3b).
3.1.2 FEARHEKR AL

Tk 3K 10 mm/a, 25 mm/a Fl 50 mm/a
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MBS g, D 245 B BoAl) 1 1 b S 8 ik
HORSZIG AL, 402 X FR BRI 1R 244 (K] 3e~e)o
5Pk sl R R B R, R HLSE R B AR BY
Yy i Wrod il 2 — R R, b M aR e . I
H, BFE Mg I, b Hb 5l BN W s, B A
XK . 7T bt B - se TF, & F Tk
YAy, AAEH FEEERTILAE 2¢, 3.1 Ma;
2d, 0.8 Ma; & 2e, 0.5 Ma). Bz Hube i A Wr 3, H
% 91 7] 5553 P 3500 14 B U0ty — M & 573 b — M 7 % 78 1w v
J5 MR R W 2L (E 2¢, 5 Ma; E 2d, 1.2 Ma; &
2e, 0.7 Ma), 2 BBl R 2L, JE iR X Fr 2
% 8 K BEi 2% (18] 3c~e, Final Geometry), $55|7 2
R, X =10 mm/a B}, BFFKIZEA A AR A K
40 Ma, JE AR H B 2 09 XS PRt 1 2% . FLALH] 32
FLIE Brune et al. (2014)$2H A9 T #5727 3 S8 2
HHOIEBIEN. THSSIR I MAAETRE —EWN .
M7 1) A I B AR R I SE, B
P DA Rt 7 1] ) 3R HORE ¥ 240 K il M 5 A ML,
PL V=10 mm/a BIRUE pAE 5 BH 5 0 3R X RR R Rl i1 2%
7 2447 5 s RS, 41 /=50 mm/a, 5478 b3
B TR, A B X L B S 0 B A R M B[] b A

(a) V=2 mm/a
6 Ma

(b) V=5 mm/a
2 Ma

RE (km)

(c) V=10 mm/a

A2 VAT e A A s ] A B0 A8 o 3 AR SE T ik
BRI A I SR, R KRS A S5

RN R SR VST | ST s I T S =
XTRR ALK Bl 2% (K 3), fH2eATEs sl KBtih & 1)
T BRI 4R (8] BAFAE2E 5 . V=10 mm/a LAY (1B
BTS2 46 Ma, i3l KRGHZTEE R 996 km Fl
172 km(#l 3c); V=25 mm/a BRI AGRE AT EJE 3.3 Ma,
Wi KBE I TEE 20 183 km Al 79 km(/& 3d);
V=50 mm/a FHIGBEZN RS 1.1 Ma, #sh KBhig
FERELIN 117 km Al 84 km(/&] 3e).
3.2 “MG40”RBISLIGHE R

“MG40” 1% Y 7E AN [a] 7 i 3 R K ik 120 % 4 1
AT FE ULIE 4, HXTR (I IR TS R AL KRG
NEEGEER ST VLA 50 2 R HbST SRS 20 km B,
BIRA A B MG R ALINE 1a), (HZEXTFA
] K 5, ) Uh 248 B BT 25 2 Ry %o R 1) 2 24
A& 5y, AABEBRE, Y REEXFR R R 71 2%
(El 5). HJE, AFEPLRHERA LIS R, AT
JFE L AEXS R R B DL R Ak R R 2 AR A by .

WA A 1) R B 5 “MG3 5712 18 Fi7 1k o R 52 56
SERHL, MAMRET Tlsga a2z b,

(d) V=25 mm/a
0.4 Ma

(e) V=50 mm/a

1 Ma 0.2 Ma

0 100
B (km)

B4 “MGAO"HERERRRKEE FA LGSR LT

Fig.4

Tectonic evolution of models with different extension rates for model “MG40”
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1E H BefK(Lavier and Manatschal, 2006)H i1 s %
AW UG ML (R 4), H2 M5 PR B L “MG3 57 A58 U 5
B ER, BEEFRLERISK, BT T e s YA i
KE, FHseEiERRK, BB FEERE H Bk
(B 4), [FIEE, 167 & B W 4% 1) S} 5
Yite, YU 5 b 78 00 ) H A O B T SR AH I
w4, B—Mpysy Py A2 55 2K, B FEE
T o —Msy vl e, MaEBIERITG, KnE L
Mo THLFE AR T, FEREAR, (200 Hise ¥ i

NEHE
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0

-100 =50 0 50 100

10
20

FE (km)

30

4
0 -100 =50 0

(d) V=25 mm/a 0.3 Ma

10
20

30

=

40
-100 =50 0

0 (e) V=50 mm/a 0.2 Ma

-100  -50 0 50 100

B (km)
Y 10"
0 2 4

] B ST ER L o 2 HbSE W T IR 2 AR O
HE5 T A iA N, B FBi B in. M
TA AR EAT thotsm N, Huoe AR 2k
Watt AT, m2CH A ER(E 4).

TE AR 2546 R “M G40 R 5k 3 RS2 55 v 4 8
K Bli 391 2% () G B RN R4 B () L A AE R Sy i, v=
2 mm/a FEERI ARG 4R TA) 2 53 Ma, 80 Kbk i 2% 5
4229 km A1 131 km(/& 5a); V=5 mm/a £& 8 )R 24
BffE]JE 15 Ma, #% 8 KRt 2% 585 166 km 1 73 km

PN ipuk St
53 Ma

-100 -50 O 50 100 150
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Fig.5 Final architecture of passive continental margins with different extension rates for a crustal rheology of model “MG40”
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(I 5b); V=10 mm/a B i S5 ]2 7.1 Ma, #5))
KB %56 A 162 km F1 69 km([& 5¢); V=25 mm/a
BRI A 2 ) 2 3.3 Ma, #EshREEhS g4 N
176 km 1 72 km([&l 5d); V=50 mm/a #& %I {1 2L B} ]
J& 1.1 Ma, #8h KRS 58297 104 km F1 91 km
(K 5e).
40 i

BB B 50 45 R WoR, 76 A R0 46 i AR 45
GARE DA ST S B A A S S R CE P OR S B )
(K1 3. 5) (HZFERT AN MBESE , AR B AR S5 4 T
WIUGZ44% AT DLy A 78 () B 9 1 2445 (Huismans and
Beaumont, 2007), A< SCRLHLSL I 25 5L ik = 5194
LR S5, PT R TR R b 5 i A T 4R
iR T S 30 (Andréz-Martinéz et al., 2019), AR 5K 3
BN BN S A R R, P By P gk i Ao R EUK
Ui PO A, TR BOT Hh o IR B, TERIGR
R KB PIMWAETR, S8R0 R 8K b
NGRE, WA KRii21% (Nemdok et al., 2013),
Kb %k E SRS, fTE@ERkE R T, Tk
ZURT G E I R AR, AR TR, A
T X B R A R E

NIRRT AR A S8 S NN e pal ol
KA R B AR (K] 6) KRR LIE ), XFF
AR ZER A MGA0” F R, [ P ik s R A 3G, %
LI Rz B, B SR IR AR 4 . “MG35” A8
R A XA, (HREXTT V=10 mm/a AR,
et 2L I ] 5 BRSO X R TAER
ARyt AR, RS, BT Hbng [ AL T
SRR, S B IS RRE KRR AR .

3 —e— MG35
S0 46 —e— MG40
540—
T30
E
& 20 -
=
10
0 s 1
2 5 10 25 50
hI 5K & (mm/a)
Bl 6 ERAERIT LA HEERS XS E
X&RE

Fig.6 Breakup time of passive continental margins with
different extension rates and crustal rheology

1M H, FEERNE PR T, MARZ I “MG35”
(AR A T A 28 A T L 90 728 45 48 A “MIG 407 £
BRI R MBI sk R T, WE I A B
A (] AH I o

Y ERE, AN [) 9 748 235 4 R ke 3 3 0 K i 30 2% 285
P B B RS (R 7)o H5 Sy A s 5 A
TR Z A BE S, BR Bk s K 2 SR (K 2. 4).
MR LUE Y, Bl B 5K R 0, <M G405
DNGEUE SIOPsN i 3 IR RN =R (EP )
“MG35 155 71 il 120 % . 5 B2 1 A8 Ak B 340 R I &8
TEMSF7 5K Z (V=2 mm/A Fl V=5 mm/a) T, “MG35”
TR A ol 170 2 T B8 R G B A, B A A A R[] 4
A FR AR s 1) 22 513K () 6) o AE R 5K 338 5 mm/a
H1 50 mm/a B, PR 76K i 30 5 1 0 B G 4
4 v=10 mm/a B}, F[FEZEAFAE F B )4 i) Jgt Rl —
FE, KEGN AN BER A TE . 24 v=50 mm/a
iF, “MG35”H1“MG40” FI i 55 AL 8 (1) K i 1 AR A8
AWM KRG %AR G, KA %X FRERS N, 3 H,
AR K i 10 2% 1) B BE R AE AL, KR s A A T 1Y)
A LA RI(E 2. 4),

5 & B

AN R B BT T R ], Bk AR
P 1L 7 2354 o B 2l R i1 200 il aed A rp e AR
AR, I R A Pl gk B A L K il
MG . FEA LT ILAINA:

(1) YRR A1 B A B i) h M7 i AR 45 1
I, 55K RS T o R T AR MR R R4
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Abstract: Continental rifted margins, which record the processes from continental lithosphere extension and thinning to
seafloor spreading, are a frontier research area in solid earth science. In order to investigate the influence of lithospheric
extension rate and crustal structure on the configuration of continental rifted margins, ten sets of high-resolution
two-dimensional elastic-visco-plastic thermodynamic numerical simulations with different crustal thicknesses and
extension rates are carried out. In all models, the thickness of the quartz upper crust is set at 20 km, while the thickness
of the crust is mainly controlled by the thickness of the mafic lower crust. When the thickness of the crust is 35 km,
symmetric continental margins are eventually reproduced at lower extension rates, while asymmetric continental
margins are formed at higher tension rates. The asymmetry reaches its maximum at an extension rate of 10 mm/a, with
the wider side of the rift margin reaching a width of nearly 1000 km, while the narrower side of the rift margin is less
than 100 km wide. The formation of this type of asymmetric continental rift margin is mainly caused by the oceanward
migration of the spreading center. The oceanward migration of the spreading center is driven by the lower crustal flow
formed at the root of the fault. The formation of the lower crustal flow requires that the upwelling of the asthenosphere
to heat and weaken the fault roots while allowing sufficient time for thermal diffusion to cool and harden the lithosphere
on the continental side. When the thickness of the lower crust of the model is 40 km, asymmetric continental margins are
formed at different extension rates. Models with relatively high extension rates, asymmetric rift margins are also formed
by the migration of the rift center. When the model has a very slow half extension rate (2 mm/a), the upper crust mainly
develops brittle fractures due to the long lithospheric rupture time and high thermal cooling rate of the lithosphere, and
the crust-mantle coupling is high, which leads to the formation of hyperextended rifted margins with a relatively wide
width. On the contrary, continental margins tend to form symmetric configuration at ultra-slow half extension rates (2 —
5 mm/a) and ultra-fast half extension rates (50 mm/a).

Keywords: passive continental margins; extension rate; lithosphere rheology; numerical modelling



