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Abstract: Opening mechanism of marginal basins is one of the fundamental issues of earth science. Based on integrated geological
interpretations on deep-reflection seismic and drilling data in the South China Sea (SCS), this study analyzes the deep crustal
structure and deformational patterns, the results show: (1) The extension and breakup process of the SCS was ununiform and
highly variable, i.e. the continental margin experienced depth-dependent stretching dominated by detachment system, and the
breakup process was “a magma-rich” type in the middle-east, but a “magma-poor” one in the west. (2) The spreading process of
the SCS was unbalanced and asymmetric, featured with two episodic southward ridge jumps, as well as multiple changes of
spreading orientation, resulting in the asymmetric post-spreading magmatism and inhomogeneous lithospheric structure. Base on
above-mentioned research, we propose an opening model for tectonic-restricted marginal basins dominated by the West Pacific
subduction, which is featured with highly variable continental rifting and ununiform seafloor spreading. The model can enrich the
theory of continental margin dynamics.
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Fig.1 Geological interpretation shows the detachment structures within the southern continental margin of South China Sea (a);

calculation results of the continental stretching factors (b); cartoons show the uniform stretching model and ununiform

depth-dependent stretching model (c)
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Fig.2 Original seismic profile (a) crossing the transitional zone of the northern continental margin of the South China Sea and its

geological interpretation (b)
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nental margin, South China Sea

SR A R A WE ST, AT DL ST 3 S /N T
ALY W AY— R EF .

AN B 38 o X SR RO 19 A% 2 (40 Briais
etal., 1993; Li et al., 2014 ) , ol F X i 75 28 Pk 4
SR g B (4 2F K% %%, 20025 Sibuet et al.,
2016) , ¥4 & IR g VE TR R A — k1) e BRAE Y
PG, IF DN b 18 P25 ) 25 S 04 F ik TR A DX R ) L

il (Zhang ez al., 2020). i J1 5048 1 22 B o) b 500
TE25 5 52 B A5 1k 5 2 W15 205 SRR R B TR 4R
235 R R RS R B W T T DR e U Y
S 2 (YN 1m) ) — W VE AN [R) IXB (R ) ) 7
72 1 PN TR 2 R JRE B AR Ak R A 3 AR YRR AE AR T
T TRV 7 N T A A s ) AR f R
RERY IR SIERE T L, X B4E fy T IR



EER T A B 2 3 1 o
(a)32~27 Ma 20 Ma s LCR
Ly I— N3-1 32Ma 27May 32Ma
L ol 0 T
£ a RETTYE ridge B s A K
3 KA @
® 50 km b
* | £ (551
| (©)27.0~23.6Ma | lyoma 25Ma f e
32Ma 27 Ma 23.‘16Ma# 29Ma}ZMz\
mw’*—wm
— abaoned sp:?a‘d.ing T
KB o i Pl

| Kk F B  spreading

Fili # A 1l

5 ridge
ik oceanic lithosphere
50 km

CI11C10 C8 C6c C6bC5cC5bC5¢C6LC6e C8 C10 C11
vV VvV

o
g st v v VvV VvVVYVYVY

=4 (¢)23.6~16.0 Ma - 61|V1a

# 32Mdy 50 Ma ¥ 25 Ma 15Ma 25 Ma 29 Ma 32Ma

(
spreading
ridge
oceanic lithosphere

abandoned abandoned
spreading  spreading
ridge ridge

o R R B ) K ——ste— B R AT E X —  30km

PNCEpa ]

P4 T 7 PN A Y X LR A (/) B e v 465 7 U 1) T RO 7 2 (A7)

Fig.4 LCR structure within the oceanic crust (left) and two-episodic southward ridge jumps during the seafloor spreading (right),

South China Sea

J I Hb R N AL AR 1 & AR TE ST R R A
T Hb 75 2 5T K (lower crustal reflector, f& #% LCR) ,
PP LCR 2 1k F 5 78 T, 40 1) 35 3 51 ) 9 v o, 7
T A N TE B FR 25 44 (41 Kodaira ez al., 2014) ,
SRR AR Y R R I SR Y A IR AR AL R
SEVE R VEVEAS 3] T 56 4E (4 Ranero et al., 19975
White ez al., 1990). %8 35 X B 16 73 4 U 6 480 R S 5%
b 72 B T 48 R TSR A5 R T R BLAR BB Y Ik
A6 3L VE5E N IR AE AR P 20 B A XHE R LCR, B B A [
TR AP Z5H WL BB LCR (B 4 &) . LCR W JE
AL 2 B, — 2% A LCR X R — AR, B i
PEAIA Y 5K JL A P XA LCR, Ui B A7 7E
PSR B ok R E R R KA T
JEV I ) b 8 9% sh A T R 1) R BRAE , FE VR 5T N B
TE 1 P 4156 Bk LCR 25 74 1) 8 W a5 (1l 4 47 ) (Ding et
al., 2018) . 55 — WK BRAE A A= 7E W Vi e, RO 8 W5 F
LRSS, B TR A ) FE BRAE 24 20 km, 76 7 AL 3
TE T 85— X LCR; 5% — W R B 7E 23.8 Ma 72
A, BV R U AT G Bk B OB B T AR A
LCR. 9"k 2 A& vh 7 vh B 1 2 R BR300 T g 1 1
FACF UG R B TR (AR AR S

i 3 XF TODP 349 it YR &l 3R B 25 0 0 45
A UL T 0 2 SO0 b 35K 4 B 25 G L B A R BRI
B AN SL 9 5k o BN I 5K 1Y 2 K BRAT , [ B
A Bl B9k 5 1 1 2 A8 4K (Sun ez al., 2019)
AT H Y R E AR R S GE W (1) L3P
B 22 J5 i B 0 L T X IR L Y 4 A S R
5% BA T OB R BT 5K D5 ) AR T R A A R T

g9 — (K 5, Zhao et al., 2020);(2)dt 3 H AT
ik ZU ) OB AE R R (Ding et al., 2017) . 3X J&
HIRKMNFESZREEE W MERR T RENZ
WK ER 95K J7 1) 2 K AR A B 5, ) e T VR T
TEAN 2 — AR X AR 9k b 72 v i 15 A= BL L DA &
Pk RS R B Y KA B L A — A B
1 EOR 22 S B BL R AT 1 B 1Y O A R

3 din5RA

155 B A T 14 A i S0 AT T A B ol G B Y R A 1)
B LG (1) R A ok Iy s K 72 5 (2) FE I ik
TE U S 1k B AL . 28 A Ak TR 45 A b R R
B A T UM b 5 VR 25 A N = 4 AR TR AL, (1)
7T R TR i e B AR X — A B e AR X
R RIN AR — s — AR R T
AT SN E A M e VA QP R Rl RS R F A U = N 3]
—, DA R e 2l B0 R 1) bR LG B 2 e R T
AN — 5 (2) M HE T 5 W G SR AEXT AR Y
T A5 R AR T R AR AR I Ay S 00 P e
TGS T, 255 U PR R ] BROE 3T B9 JE X AR
ook Bk oy kA 2R AR R S —
e X FR B 45k N A BR M R EVE E
M 3 5 5O SRR X RRPE L DL B T X
Prok — w3 — Pk BT T A SRR M
Xt B R 5K B ], 2014 4E A9 TODP 349 fii ¥k
K 2017 4E /Y TODP 3678.368 fii ik & 2 H#t T & &
(Lietal, 2015; Sun et al., 2018) . 3X W IR &4 8 7>



796 HBERBL2%  http://www.earth-science.net

46 %

108° 112°

12°N

e BT R Ml 7 A
A G E G5 Gos) i
A JiE RS & 5 (60s)

4

120° 124° 128°E

PS5 I G 0 % L R PG T T I b 2 A (OB S (L 1A B2 ) B 2 2 N A b B o b b 72 1 ol (40 L =) A B2 ]

Fig.5 Distribution of OBS array deployed in the Celebes Sea (red star), and land seismic stations in northeastern part of Borneo

(red &. blue triangle)

SR AR 26 B AR R A0 AR R TR R OB IR AR 3R IR
U AT B O R ORI T R LA X
KA T R EME A2 b Ui
AW E A TAE R W] RS IR B K & AR TE 33~
16 Ma Z [d] , % 3F T Briais ez al. (1993 ) () W 4. .

H 25 R 0 d b ke 1 Bh T 2 AL, B —
A EZ WA, &4 45 Tapponnier er
al (1986 ) 4& H i) #lf 48 £% th A 2, Hall(2002) £2 it 9
e A BRSSO (2012) 42 M i A A
3, Sun ez al. (2018) $& 1 5 HE 107 2 14 A o 72 R R
SR G §7 5k A X, A & Wang ez al. (2019) $2 Hi Y
A LR 5T A&k 2

il 15 B Hh AT A d K Y ) T VA S rE I Y
P8k g5 AR DT C , B 7 w0 R — A Ok W L4 A
BN 7 AL | VA= I v, a2 Sl 4 o 128 I el s (1 LR
RIS M0 i e o2 1 — 209 W 4 b L 3F 1 R R AL T
X 5w b AR R P T gk o8 4 e ik
VT BE (Ding e al., 2016¢) . i 18 A= B2 5 1E 4k 77 B
et R U o LN E I (DO ol R S I | A A ]
A BER) (4 LRI, 2012) , 1 7 b 08 AE R Mo 08 pl
Bl A3 B, S BE B 2 H R IR IR JE (Xia e al.,
2016) . e Hr BF 5¢ 2% B g it AL 9 Bl 2l R i — 46
Bl OIB 8 % iU S M R AL R IE I R BRI 5
T T b AT A O ME (Yu et al., 2018) .

T N R A RN S N R BB R 3 R Y
K M IR HE 57 5 (40 Morley ez al., 2016) , {0 Hifx
R P K 2 B 007 )2 1 S B, T A U0 1 Bk
Yy BUE 5 2 B 02 75 7E B VDV A RN E O 2R AR AE
JIT VS ORF o %) iy e 9 5 T EL e O A3 TG R T
& R T H 2 V2 52 0 oh 4 B T 7RI (n
Hall, 2002; Morley, 2002) ? i J& #7 4% 32 B V& A v
i FE P B S S (Sun, 2016;9) W44 ,2018)7

T 7 B ) G5 R A B R 45 BT A e T
5K (0 3R Sl AL, 2625 TF 40 00, Bk R VR R
1V i % 5k 24 — 7 5K O Sl AL Y O R A ]
TR B J1 2k B R T Y B 5K R R R 2% (B HE
T Vb B AL AR WE BB B AE) B A, i b ) AR X
W7 I B P S ) B R W R O o S E N = i ]
B A PRI G T R R A AR KR R A
X, PH bkt i U A G S U P b A Y
Vb b IXORT AR 00 R 32 04 5 B R T U X R T
A T R R G R R i AR T e S A BIE YL A R
S NINDEERE O R R ER Y K P

FEAZ XS T A 2625057 2 [ B A AF L2018 4F th
FEL R 2 g M J5 5l 3K 0 BAE 5 O L B SR W R A —
TEVERT O T 05 [ SRR K2 5 B JE P T B R
2 Bt 2 F E bR A VM, 78 1 R A 5T X HF R 1A i B¢
A R R R LI ) B [ AR K2 E T 2018 4R 7E



%34

R (RPN Uk SIS 797

B N AR AL TR A 1 50 7 Bili b 78 5 0, KR = i
SR AL © 47 3 P AE b [ B2 B b 5T b 3K 4 3
BT L8R 0% R 28 I PRI A BT 5 BN R T B R 4 2
B 34 W) A, B AE 2019 4F 8 H 78 I v I 45 ik T
27 5 K I A A U K R A, IE T 2020 4F 8 A Il
W (B 5) . v DX T VS L IE A 3 b X — R
G| 7 Mg 35k 5 Bl i R A = 4 A R R M AR TR I
W4 15 U IS IF 5 IXODA v Tl 2 ity 1) R 358 o A
SER A R s R AR R Y A R A A TR B A
5, 8 7 R R VR e — B RS T ek — v
i Rl — IR A Uk 0 R G B A AL R,
S P P O Y MR AR — SR T IR AR D L E O ik
RRGEENE 3NN BIE SES B S N =¥
Hoby i e 19 8h 1 2= P

B AIRLS,MEBEFR R AL R RE
I A2 ) Bk A8 A B

F1999F T4 i KGR % N FHFR,
Prikey i — AR BT E B F (P £S5 RAHG
BIREWR). Z B A8 F B REGETFEN
P E RS RA I ERMALK AKX R R G ZRES,
&#E,‘éi%“f’jfﬁﬁﬁ/%ﬁ%?%,D.E.Hayesz%%jfﬁﬁﬁ}%
HER ZRPRRELEN—RIIKARLSEWH
PR ERE TR ERGAMN LER AR Smd ik
973 A B LR T I MMFHREE, FHEAN LT
do R — AW FFFERRGHE B BB — 15k R
WEFRRFR, AAHERFAERLO T,
HPEEFFLOLEMET + o TR TH &
oy RGE K KA T, s e A

References

Barckhausen, U., Ranero, C. R., Cande, S. C., et al.,
2008. Birth of an Intraoceanic Spreading Center. Geolo-
gy, 36(10): 767—770. https://doi. org/10.1130/
G25056A.1

Briais, A., Patriat, P., Tapponnier, P., 1993. Updated In-
terpretation of Magnetic Anomalies and Seafloor Spread-
ing Stages in the South China Sea: Implications for the
Tertiary Tectonics of Southeast Asia. Journal of Geo-
physical Research: Solid Earth, 98(B4): 6299—6328.
https://doi.org/10.1029/92jb02280

Brune, S., Heine, C., Clift, P. D., etal., 2017. Rifted Mar-
gin  Architecture and Crustal Rheology: Reviewing
Iberia - Newfoundland, Central South Atlantic, and
South China Sea. Marine and Petroleum Geology, 79:

257—281. https://doi.  org/10.1016/j.  marpet-

£e0.2016.10.018

Clift, P., Lin, J., 2001. Preferential Mantle Lithospheric Ex-
tension under the South China Margin. Marine and Pe-
troleum Geology, 18(8): 929—945. https://doi. org/
10.1016/S0264-8172(01)00037-X

Crosby, A. G., White, N. J., Edwards, G. R. H., et al.,
2011. Evolution of Deep-Water Rifted Margins: Testing
Depth-Dependent Extensional Models. Tectonics, 30(1):
TC1004.https://doi.org/10.1029/2010tc002687

Davis, M., Kusznir, N. J., 2003. Depth-Dependent Litho-
pheric Stretching at Rifted Continental Margin. In: Karn-
er, G.D., ed., Proceedings of NSF Rifted Margins. Co-
lumbia University Press, New York, 92—136.

Ding, W. W., Chen, Y. F., Sun, Z., et al., 2017. Chemical
Compositions and Precipitation Timing of Basement Cal-
cium Carbonate Veins from the South China Sea. Ma-
rine Geology, 392: 170—178. https://doi.org/10.1016/
j.margeo.2017.08.021

Ding, W. W., Franke, D., Li, J. B., et al., 2013. Seismic
Stratigraphy and Tectonic Structure from a Composite
Multi-Channel Seismic Profile across the Entire Danger-
ous Grounds, South China Sea. Tectonophysics, 582:
162—176.https://doi.org/10.1016/].tecto.2012.09.026

Ding, W. W., Li, J. B., 2011a. Seismic Stratigraphy, Tec-
tonic Structure and Extension Factors across the South-
ern Margin of the South China Sea: Evidence from
Two Regional Multi-Channel Seismic Profiles. Chinese
Journal of Geophysics, 54(12): 3038 —3056 (in Chinese
with English abstract).

Ding, W. W., Li, J. B., Clift, P. D., 2016a. Spreading Dy~
namics and Sedimentary Process of the Southwest Sub-
Basin, South China Sea: Constraints from Multi-Chan-
nel Seismic Data and IODP Expedition 349. Journal of
Asian Earth Sciences, 115: 97—113. https://doi. org/
10.1016/].jseaes.2015.09.013

Ding, W. W., Li, J. B., 2016b. Conjugate Margin Pattern of
the Southwest Sub -Basin, South China Sea: Insights
from Deformation Structures in the Continent - Ocean
Transition Zone. Geological Journal, 51(S1): 524—
534. https://doi.org/10.1002/gj.2733

Ding, W. W., Li, J. B., 2016c. Propagated Rifting in the
Southwest Sub-Basin, South China Sea: Insights from
Analogue Modelling. Journal of Geodynamics, 100:
71—86. https://doi.org/10.1016/j.jog.2016.02.004

Ding, W. W., Li, J. B., Li, M. B., 2011b. Seismic Stratig-
raphy, Tectonic Structure and Extension Model across
the Reed Bank Basin in the South Margin of South Chi-
na Sea: Evidence from NH973-2 Multichannel Seismic



798 i BR B 27

http://www.earth-science.net

46 %

Profile. Earth Science, 36(5): 895— 904 (in Chinese with
English abstract).

Ding, W. W., Schnabel, M., Franke, D., et al., 2012.
Crustal Structure across the Northwestern Margin of
South China Sea: Evidence for Magma - Poor Rifting
from a Wide-Angle Seismic Profile. Acta Geologica Si-
nica (English Edition), 86(4): 854—866. https://doi.
org/10.1111/§.1755-6724.2012.00711.x

Ding, W. W., Sun, Z., Dadd, K., et al., 2018. Structures
within the Oceanic Crust of the Central South China Sea
Basin and Their Implications for Oceanic Accretionary
Processes. Earth and Planetary Science Letters, 488:
115—125. https://doi.org/10.1016/j.epsl.2018.02.011

Ding, W. W., Sun, Z., Mohn, G., et al., 2020. Lateral
Evolution of the Rift-to-Drift Transition in the South
China Sea: Evidence from Multi-Channel Seismic Data
and IODP Expeditions 367 &. 368 Drilling Results.
Earth and Planetary Science Letters, 531: 115932.
https://doi.org/10.1016/j.epsl.2019.115932

Franke, D., Ladage, S., Schnabel, M., et al., 2010. Birth
of a Volcanic Margin off Argentina, South Atlantic. Geo-
chemistry, Geophysics, Geosystems, 11(2): QOABO4.
https://doi.org/10.1029/2009GC002715

Franke, D., Savva, D., Pubellier, M., et al., 2014. The Fi-
nal Rifting Evolution in the South China Sea. Marine
and Petroleum Geology, 58(B): 704—720. https://doi.
org/10.1016/j.marpetgeo.2013.11.020

Hall, R., 2002. Cenozoic Geological and Plate Tectonic Evo-
lution of SE Asia and the SW Pacific: Computer-Based
Reconstructions, Model and Animations. Jowrnal of
Asian Earth Sciences, 20(4): 353—431. https://doi.org/
10.1016/S1367-9120(01)00069-4

Kodaira, S., Gou, F.J., Yamashita, M., et al., 2014. Seis-
mologicalEvidence of Mantle Flow Driving Plate Mo-
tions at a Palaeo-Spreading Centre. NatureGeoscience, 7
(5): 371—375. https://doi.org/10.1038/ngeo2121

Larsen, H. C., Mohn, G. M., Nirrengarten, M., et al.,
2018. Rapid Transition from Continental Break-Up to Ig-
neous Oceanic Crust in the South China Sea. Nature
Geoscience, 11(10): 782—789. https://doi.org/10.1038/
s41561-018-0198-1

Li, C. F., Lin, J., Kulhanek, D. K., 2015. The Expedi-
tion 349 Scientists. In: Proceedings of the Internation-
al Ocean Discovery Program, 349: South China Sea
Tectonics. International Ocean Discovery Program,
College Station.

Li, C. F., Xu, X., Lin, J., etal., 2014. Ages and Magnetic

Structures of the South China Sea Constrained by Deep

Tow Magnetic Surveys and IODP Expedition 349. Geo-
chemistry, Geophysics, Geosystems, 15(12): 4958 —4983.
https://doi.org/10.1002/2014GC005567

Li, F. C., Sun, Z., Yang, H. F., et al., 2020. Continental
Interior and Edge Breakup at Convergent Margins In-
duced by SubductionDirection Reversal: A Numerical
Modeling Study Applied to the South China Sea Margin.
Tectonics, 39(11): e2020TC006409. https://doi. org/
10.1029/2020TC006409

Li, J. B., Jin, X. L., Gao, J. Y., 2002. Morpho-Tectonic
Study on Late-Stage Spreading of the Eastern Subbasin
of South China Sea. Science in China (Series D), 32(3):
239— 248 (in Chinese).

Liang, Y., Delescluse, M., Qiu, Y., et al., 2019. Decolle-
ments, Detachments, and Rafts in the Extended Crust
of Dangerous Ground, South China Sea: The Role of

Tectonics, 38(6): 1863—1883,
https://doi - org. libezproxy. um. edu. mo/10.1029/
2018TC005418

Manatschal, G., Miuntener, O., 2009. A Type Sequence

across an Ancient Magma-Poor Ocean-Continent Transi-

Inherited Contacts.

tion: The Example of the Western Alpine Tethys Ophio-
lites. Tectonophysics, 473(1—2): 4—19. https://doi.
org/10.1016/].tecto.2008.07.021

McKenzie, D., 1978. Some Remarks on the Development of
Sedimentary Basins. Earth and Planetary Science Let-
ters, 40(1): 25— 32. https://doi.org/10.1016/0012-821X
(78)90071-7

Morley, C. K., 2016. Major Unconformities/ Termination of
Extension Events and Associated Surfaces in the South
China Seas: Review and Implications for Tectonic Devel-
opment. Journal of Asian Earth Sciences, 120: 62— 86.
https://doi.org/10.1016/j.jseaes.2016.01.013

Nissen, S. S., Hayes, D. E., Buhl, P., et al., 1995. Deep
Penetration Seismic Soundings across the Northern Mar-
gin of the South China Sea. Journal of Geophysical Re-
search: Solid Earth, 100(B11): 22407 —22433. https://
doi.org/10.1029/95JB01866

Ranero, C. R., Reston, T.J., Belykh, I., et al., 1997. Re-
flective Oceanic Crust Formed at a Fast-Spreading Cen-
ter in the Pacific. Geology, 25(6): 499—502. https://doi.
org/10.1130/0091-7613(1997)0250499:rocfaa™>2.3.c0;2

Sibuet, J. C., Yeh, Y. C., Lee, C. S., 2016. Geodynamics
of the South China Sea. Tectonophysics, 692: 98—119.
https://doi.org/10.1016/j.tecto.2016.02.022

Sun, W. D., 2016. Initiation and Evolution of the South Chi-
na Sea: An Overview. Acta Geochimica, 35(3): 215—
225. https://doi.org/10.1007/s11631-016-0110-x



%34

THAG B KR &% 8 12 799

Sun, W. D., Lin, Q. T., Zhang, L. P., et al., 2018. The
Formation of the South China Sea Resulted from the
Closure of the Neo-Tethys: A Perspective from Region-
al Geology. Acta Petrologica Sinica, 34(12): 3467—
3478 (in Chinese with English abstract).

Sun, Z., Ding, W. W., Zhao, X. X., etal., 2019. The Lat-
est Spreading Periods of the South China Sea: New Con-
straints from Macrostructure Analysis of IODP Expedi-
tion 349 Cores and Geophysical Data. Journal of Geo-
physical Research: Solid Earth, 124(10): 9980—9998.
https://doi.org/10.1029/2019jb017584

Sun, Z., Jian, Z., Stock, J.M., et al., 2018. The Expedition
367/368 Scientists. In: Proceedings of the International
Ocean Discovery Program, Vol.367/368, South China
Sea Rifted Margin. International Ocean Discovery Pro-
gram, College Station.

Sun, Z., Lin, J., Qiu, N., etal., 2019. The Role of Magma-
tism in the Thinning and Breakup of the South China
Sea Continental Margin. National Science Review, 6(5):
871—876. https://doi.org/10.1093/nsr/nwz116

Sun, Z., Sun, L.T., Zhou, D., et al., 2009. Discussion on
the South China Sea Evolution and Lithospheric Break-
up through 3D Analogue Modeling. Earth Science, 34
(3): 435—447 (in Chinese with English abstract).

Symonds, P. A., Planke, S., Frey, O., etal., 1998. Volca-
nic Evolution of the Western Australian Continental Mar-
gin and Its Implications for Basin Development, In: Pur-
cell, R. R., ed., The Sedimentary Basins of Western
Australia: Proceedings of the PESA Symposium. Perth.

Tapponnier, P., Peltzer, G., Armijo, R., 1986. On the
Mechanism of Collision between India and Asia. In:
Coward, M. P., Ries, A. C., eds., Collision Tecton-
ics. Geological Society London, Special Publications, 19
(1):  113—157. https://doi.  org/10.1144/GSL.
SP.1986.019.01.07

Wang, P. X., 2012. Tracing the Life History of a Marginal
Sea—On “The South China Sea Deep” Research
Program. Chinese Science Bulletin, 57(20): 1807—
1826 (in Chinese).

Wang, P. X., Huang, C. Y., Lin, J., et al., 2019. The
South China Sea is not a Mini-Atlantic: Plate-Edge Rift-
ing vs Intra-Plate Rifting. National Science Review, 6
(5): 902—913. https://doi.org/10.1093/nsr/nwz135

Wang, T. K., Chen, M. K., Lee, C. S., etal., 2006. Seis-
mic Imaging of the Transitional Crust across the North-
eastern Margin of the South China Sea. Tectonophysics,
412(3—4): 237—254. https://doi. org/10.1016/j. tec-
10.2005.10.039

Wernicke, B., 1981. Low-Angle Normal Faults in the Basin
and Range Province: Nappe Tectonics in an Extending
Orogen. Nature, 291(5817): 645—648. https://doi.org/
10.1038/291645a0

White, R. S., Detrick, R. S., Mutter, J. C., et al., 1990.
New Seismic Images of Oceanic Crustal Structure. Geol-
ogy, 18(5): 462. https://doi. org/10.1130/0091 - 7613
(1990)0180462:nsiooc=>2.3.c0;2

Whitmarsh, R. B., Manatschal, G., Minshull, T. A., 2001.
Evolution of Magma - Poor Continental Margins from
Rifting to Seafloor Spreading. Nature, 413(6852): 150—
154. https://doi.org/10.1038/35093085

Xia, S. H., Zhao, D. P., Sun, J. L., et al., 2016. Teleseis~
mic Imaging of the Mantle Beneath Southernmost Chi-
na: New Insights into the Hainan Plume. Gondwana Re-
search,  36: 46—56. https://doi. org/10.1016/].
gr.2016.05.003

Xu, Y. G., Wei, J. X., Qiu, H. N., et al., 2012. Opening
and Evolution of the South China Sea Constrained by
Studies on Volcanic Rocks: Preliminary Results and a
Research Design. Chinese Science Bulletin, 57(20):
1863— 1878 (in Chinese).

Yao, B. C., Wan, L., 2010. Variation of the Lithospheric
Thickness in the South China Sea Area and Its Tectonic
Significance. Chinese Geology, 37(4): 888—899 (in Chi-
nese with English abstract).

Yao, B. C., Zeng, W. J., 1994. Special Report on China-
USA Cooperation of Geology Investigation in the South
China Sea. China University of Geosciences Press, Wu-
han (in Chinese).

Yu, M. M., Yan, Y., Huang, C. Y., etal., 2018. Opening
of the South China Sea and Upwelling of the Hainan
Plume. Geophysical Research Letters, 45(6): 2600—
2609. https://doi.org/10.1002/2017G1.076872

Zhang, F., Lin, J., Zhang, X. B., et al., 2020. Asymmetry
in Oceanic Crustal Structure of the South China Sea Ba-
sin and Its Implications on Mantle Geodynamics. Interna-
tional Geology Review, 62(7—8): 840—858. https://
doi.org/10.1080/00206814.2018.1425922

Zhang, P.Z., Deng, Q. D., Zhang, G. M., etal., 2003. Ac-
tive Tectonic Blocks and Strong Earthquakes in the Con-
tinent of China. Science in China (Series D), 33(Z1):
12— 20 (in Chinese).

Zhang, Y. Z., Qi, J. F., Wu, J. F., 2019. Cenozoic Faults
Systems and Its Geodynamics of the Continental Margin
Basins in the Northern of South China Sea. Earth Sci-
ence, 44(2): 603— 625 (in Chinese with English abstract).

Zhao, M. H., Qiu, X. L., Xia, S. H., etal., 2010. Seismic



800 i BR B 27

http://www.earth-science.net

46 %

Structure in the Northeastern South China Sea: S-Wave
Velocity and V,/V, Ratios Derived from Three-Compo-
nent OBS Data. Tectonophysics, 480(1—4): 183—197.
https://doi.org/10.1016/j.tecto.2009.10.004

Zhao, Y. H., Ding, W. W., Yin, S. R., etal., 2020. Asym~-
metric Post - Spreading Magmatism in the South China
Sea: Based on the Quantification of the Volume and Its
Spatiotemporal Distribution of the Seamounts. Interna-
tional Geology Review, 62(7—8): 955—969. https://
doi.org/10.1080/00206814.2019.1577189

Zhao, Y. H., Ren, J. Y., Pang, X., et al., 2018. Structural
Style, Formation of Low Angle Normal Fault and Its
Controls on the Evolution of Baiyun Rift, Northern Mar-
gin of the South China Sea. Marine and Petroleum Geol-
ogy, 89(3): 687—700. https://doi. org/10.1016/j. mar-
petgeo.2017.11.001

Zheng, Y. F., Chen, Y. X., Dai, L. Q., etal., 2015. Devel-
oping Plate Tectonics Theory from Oceanic Subduction
Zones to Collisional Orogens. Science in China (Series

D), 45(6): 711—735 (in Chinese).

Mﬂ‘ﬂlﬂi«%%iﬁi}i

THAE R, 201 1a. T G 5 b 2044 3 25 T R 1E K f e
TER o 1 2% 973 2238 1 2 0 £ 1) TIF 4 . Hb ek 4y 1 2%
2 ,54(12): 3038—3056.

THER LR, B2 201 1b. 75 G H b 2 4L R 45 L

A AR R 1 — DUR AR AE B A JR AL -k I NH973-2 %2
T8 b N 2R AR . ML ER AL 2%, 36(5): 895—904.

TR M, m AR, 2002. r‘ﬁrﬁa\ I N B 30 )
ALY . T E R (D ), 32(3): 239—248.

NILAR  MOBCIE Tk g, 4, 2018. Mhﬁﬁmﬁﬁ?@—%ﬂ%
WA S M eI B A AR, 34(12):
3467—3478.

N, PNV, B A, 2009, B A A BB TR S5k
TR = A B . HuBREL 2, 34(3): 435—447.
VRS, 2012 38 B i 2R 0 2B A S R I RS T R A R

£ H b . B2, 57(20): 1807 — 1826.

BSCR, B, BAE T, S 2012, FH K LA R 2 EE i Y JE
B b B0 A NS B 5 B AR L B 458 iz, 57(20):
1863—1878.

WeAn W, J7 ¥, 2010. F A A EE
SO E M R, 37(4): 888 —899.

WA, R 445, 1994, v 3 A 1R IR A e 1 0 BT B 4R . BRI
] R 2 A

KRR, XA, SR E R, % 2003, [ K R A 9 52 I 3 S
MG EARA(D ), 33(721): 12— 20,

TRV A, SR, 2019, LR AEAC A T R
G5 B K ¥ B ) 25 i IH 2 MR 2 L 44(2): 603—625.

k&, BROVA, LR, BT, 2015, E!{%)ﬁiﬂ’@ﬁﬂi@
AP SE AR oy 30 A 4R o (Y L b E R 2R (D),
711—735.

Ji 78 AL R AE T H ) i



