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Abstract This study focuses on the control of astronomical orbital forcing climate change on sea
level and sedimentation rate during the Oligocene in the northern South China Sea, which in turn affects
the generation and preservation of organic matter. Using natural gamma logging data from drilling Wells L9,
C6, and Y9 in the study area, together with Palynology, foraminiferal, and organic matter data,
cyclostratigraphic analyses are applied to reveal the control mechanism of astronomical orbital cycles on
hydrocarbon source rock development. The 2. 4 Ma ultra-long eccentricity and 1. 2 Ma long obliquity cycles
were identified in the northern part of the South China Sea. During high-eccentricity and high-obliquity
phases, the climate was warm and humid, sea level was relatively high, biological productivity
increased, and the depositional environment became more reducing, all of which favored the accumulation
and preservation of organic matter. Under these conditions, the abundance of organic matter ranged from
1.5% to 4% , with amorphous organic matter content increasing by 14.2%. In contrast, during low-
eccentricity and low-obliquity phases, the climate was cold and arid, sea level was low, biological
productivity decreased, and the depositional environment became more oxidizing. In this case, the organic
matter abundance ranged from 0.3% to 1.5%, with vitrinite-rich ( coaly) components accounting for
66.4% to 95. 1%. Furthermore, it was found that when the sedimentation rate was less than 9 cm/ka,
the organic matter abundance could reach ~ 3.5%, whereas at rates greater than 12 cm/ka, the
abundance decreased to 0.3% ~ 0.7%. On this basis, a depositional model for Oligocene marine
hydrocarbon source rocks in the northern South China Sea under astronomical forcing was established,

providing insights into the spatial and temporal distribution of high-quality source rocks and offering a

scientific reference for future deep-time and deep-Earth hydrocarbon exploration.

Key words northern South China Sea, astronomical orbit drive, Oligocene, hydrocarbon source

rocks, palaeoclimate
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Liu et al., 2024 ) , i H 3K 42 W9 K FH 46 S 52 31
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I . A Y A AL RO DL S A LB AR
T 1] M 2 Ay VR R A i 0 B R SR AU
R, R T R SCHE 2 808 A an ] 9K gl 32 XY <
foe AL, T — 20 SR Sl 7 P T AR A A Y- T
AL, LA Rk SR A T e 5 A AL BT S R AT DR A
T 7R T RCHE A SR A B e R, &
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Fig. 1  Geological background of the study area in northern South China Sea

DURR I 2R B4R ot = 1 3t 2 A iE 7 0 42 (il
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K BE AR N SINBE S S, B TR B A
AT A2 AFACHEAT 295, T I AT L X A
TP R )Z | YR DL KR )R o AR
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WA B X {5 5 #E 47 M) i ( Mann and Lees,
1996) o I FH PRk i B b8 4 (FFT) DL 8 %
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FGE 2707 ¥ 0 D 28385 U A W (E EAT PP AL, TR I
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Fig.2 ETP theoretical astronomical orbit period
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Fig. 3 Depth—domain analysis results of the Zhuhai and Lingshui Formations in northern South China Sea
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Fig.4 COCO and eCOCO analysis results of typical wells in northern South China Sea

SEIE A H T 405 ka i Lo 3 1 JE [l J5E B2 A 1 22 21
WHE KA OF (~405ka), FRILH ZEH L9 I ¥
Bt Bl K SCAE AR ROFF 22 1) 0] 29 2 12,5 Ma,
405 ka P GR J7 51 i) 2 —MTM S35 43 7 /s i T
~2.4Ma, ~ 1.2Ma, 405ka (E), 95ka (e).
52ka fl 39ka (o) ML HE 04 (& 5-1), 76w
A6 K i 30 2 AR TR R VL D Z AR AR AR D 2 2 L 2
J b 2 2 B SR M X A "Ph/ P U S AR S R
WFFE LA S [ B L 5T 47 AQ 5% GTS2020 (Ogg, 20203
R AR, 2020; Z B4, 2024), L9 JH 3202m
Jab B T T 8 TOU AL T B 48 X 4F % O 23.03 Ma, Kl
WA R R, BESE T L9 M hh Ot 3 R o 1k
~34.6~21.7 Ma [ 4a%F K SCAERFR R (B 5-b, 5-
c, 5-d, 5-e), HRYE Laskar &% (2011) AJRCHL
B SR A o T SEAE W R I E] 2. 4 Ma K i O
R 1.2 Ma K RFRJE BRI 405 ka (94 i 0 %
JEI R T R SR [l R 3 . OF HLEE TR B GR %X
i 1 K SRR B 5 R R 1 GR Ty 47 A Y
A —H A, HI7E 34.6~21.7 Ma Z [a] 2 %
ZE W 2.4 Ma B K LR 1.2 Ma KR A

405 ka PR AR O RG] . X BLH] Lo s R
SCEE JE IS SR R 1, R SCTRE IF B A I i
AR 9 LS8 K SCRHE (Zhang et al., 2022)

TEZR A YO ST M Y Bl R AR R Oy
5.55+0.2Ma, 405ka J i GR 4 Bt ¥ 4 1Y 27 -
MTM 5035 73 1 39 om th TD 3R, #H, 220
W 5-h), B 4 b g /K 20 HL T0T A T AR B R
WA S HT AWFSE (Ding et al., 2021) AN 2
WoRTGE AT (23.03 Ma) , #LL 23. 03 Ma {2 4F
WA, BN T B AR AR 28. 55 ~23.03 Ma 4 X
RIFERARR(E 5-f, 5-g),

3.3 AILREESH

3 e Xt i T AU S K s 2k 4 X 22 ~ 34,5 Ma )
80 AR 3T, & A% I A AL HUORE S R A A
SFHIFWEA AL (B 6) o MR BA FLIRE AT 40 8
56 ffr, JLAPPRIEE 6 J® 22 B, A fLES R 26
J& 26 B, WPRRSE S @ S A, ERSE 3 @ 3 Fh, E
SR LT T IR U A AL R R A Para-
globorotalia opima, Paragloborotalia nana, Tenuitella

spp., Globigerinita spp., Globorotaloides suteri, Globo-
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Fig. 5 Time—domain analysis results of type wells in northern South China Sea

quadrina venezuelana Fl Globigerina ciperoensis, Turbo-
rotalia ampliapertura K Turborotalia euapertura L) J%
E B Chiloguembelina cubensis (Li et al., 2004) ,
P PR AT AL HUE R R BLIE (LO) , B T b A
it 3 2 v L& 23 O LA R AR A7 4. PI8 - P19
(33.90~30.28 Ma) , HTi#FrE KN LO Turborotalia
ampliapertura; P20 -P21a 37 (30.28 ~ 28.09 Ma) ,
FL TR &R AR 2% S LO Chiloguembelina cubensis; P21b
(28.09-26.93Ma), Tii i LA LO Paragloborotalia
opima 5 Globorotalia opima opima K ¥ ; P22 7y
(26.93~23.03Ma), FEFES P ILAE N4 JEF P22 T
Ftr s b LO Globigerina ciperoensis, M.4N, H
WAL B A W] UAE o 5 rh o 2 5 A0 A A
(Z=PiHs FIE &L S, 2007; Cramer et al., 2009)
TEZ) 34 Ma I JF 06 Y BLA R PR 3 A AL AL, JF H
T EELI 2, WA 5T K J 2 b Bl 28 50
K TTFRFA S (Li et al., 2004) . 7E 29 ~26 Ma H][q]
T A AL A >, U AT BERE A O K il 2 2=

WYL, M5, 23 Ma RiEA LS &A U B
Wom, ABEEAE, KON T X — TS R i
17 = ( Cramer et al., 2009) o M\ B #7721 b B
o A LR R, LR T RO R E
ARSI . AN, BT IR b S REST R, T
I AL T ARG . HCHT T T SRR I DU ER B

3.4 MMEDW

Xof i T A TR i 120 % i S AR R 65 A,
R F- 2 5 ~30m, S48 A B F\ Ak,
HEZABHE BA MR 7). HEEREH
e 67 A4, HAREM TR 1A, RTEDAE
BIFR2E T A, BT WA R 49 4>, WA i
B, HHON1.0%~38.6%, U i e 2k
2 20 A, ol Al 2R RN 2 4 A4S, 1A I T
W16 1,

MG 78 by & S B 284k, FROA Q. minutus-
Pinuspollenites-Polypodiaceaesporites 2H & . K4 &+
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Fig. 6 Quantitative foraminiferal analysis in northern South China Sea
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Fig. 7 Oligocene pollen records statistics in northern South China Sea



‘(IM K

B21% HSH

TRIIFAE . I SCHIIE JH UK S 1 1 BT IV A AR R R P D R 1343

WrHmEZ (48%~68%), T MY (15% ~
18%) FBAEHY (14% ~16%) K2, BERED
(3% ~9%) , B FHY EER Q. minutus, Q. micro-
henrici . Quercoidites ., Cupuliferoipollenites . Retitricol-
pites spp.; Fh T ¥ F % K Pinuspollenites spp. #l
Taxodiaceaepollenites hiatus /L U, Abietineaepollenites
spp-; BRISHL W) T %l Polypodiaceaesporites Fil Pol-
ypodiisporites, /b W Pinuspollenites . Extrapunctato-
sporites I Toroisporis; 2 FEH K 7K Operculodini-
um spp. FI/DEIRIK Pediastrum

M B SRFH, BRISHH (Polypodiaceaes-
porites spp.. Polypodiisporites spp.. Toroisporis sp. .
Extrapunctatosporites spp.) ¥k #ip— My . 1
ARy . BRTRMEYIAR T, 5 R R Pinuspol-
lenites spp. ) PEAE YA, BI7E £ B i A <
fip ] A4 o T BT AR 7B R b o LR
Q. minutus. Q. microhenrici A Quercoidite TF 3\ 45—
A A R A A, BB AR R

TEABRY AL v, BT T A8 v Py — S R
K HE ) LE B/ T 60% , 7 FA A — IR AT A6 8 AE 4 L
BIRT 30%, FHEAYE LH/NT 20%, 2
BeFT S AT R 43 BN ( Bruch et al., 2011; McCoy
et al., 2024 ), 3. Bl —ilk A7 £ By A 4 B B R o
30% & B2 [X Sl T $AH — il iy AU, i R AR
T AR L B AR T 20% W45 75 18 30 e, 15 D
T T I 300 R A b T S R — R T I R T A B
oo fEdERam b, B B B R O 2
JK P TEE A TR I, A R i B 5T IX Al BEAL T
R A UL B B (Wu et al., 2003; Mao
et al., 2007) ,

4 tig

4.1 RESEHRER
RICHE ZH GO, REEMLE 2) M
JRIITEAS AL B Bl T A BR AR BBl R i A1
243 38 1) A BH 8 S5 S 1 25 18] 20 BC B2 0 e, T o SR
DN 23 Ao % %2 22 A 1A B R R UM R SE (Ao et al.,
20215 M, 2022) T 2 Ml U AU AR
Sy M, A R TR TSR, R A 5 B B —
A B T Y SRR AL, IR PR B A,
TEMEHT R B T AR IR B A, 12 Ma KRt

ZRJAYIF 2. 4 Ma < i O 25 Sl 399 g (B IR 300 X 17 oK
== B ay A S 9K Bl 0 e S (18T 8) T AR L Ak X
PV, 2 Al AR b A 1 5 A BR i 4R ]
AL 20 7 19X e itE— 20 SRR 13X — 4518 (Westerhold
et al., 2020) , B35 v 193 52 B 5 B 7 AT AR
HARMZAE (Rubl et al., 2010) , M2 il A HL 5
M9 A R EE  ARAF SR A LA S LT A R, ok
E T RIEE R A AR (Ma et al., 2016)
4.1.1 BE@E3H

A BRI T A5 AR A B TR OG, TR 3¢
BiE 58 38 C g WY Rl RLJ T A Bk I R S
(Hochmuth et al., 2022; De lira Mota et al., 2023;
LA, 2023), Xf g i AL & X DYNOT fy Hh
(B LA B 4 BR g F T A2 ALl R EAT T2y 2.4 Ma FI
1.2 Ma J& 39 49 98 3 0 B (&1 8) , &5 2R s K I
BB AR A S T T AR RO T TS AR =2 ) A AR D 2R
X2 (Zhang et al., 2024), 2.4 Ma # K R0 % JH
W5 1.2 Ma KA} Jal IR (BL I TP T R fe o iR
T 728 A X e R Y R W) 2 i R DR R A
PUBPRAF A5 R S8 (955, 2021), ¥f~F Ty
TR E e T IR IR EE 1 A IR S L AR IR
JE B IR B LA A BT A A SRR AT

TEIEF T ETHANT R R, DURRER R
ok 25 AT B2 3 B T A WL o Y 28k o AR AR
TR, TP RIS, REEEE b
ik 73% ~ 95% ( Bechtel et al., 2012; T 1& 7 %,
2023) , i Bl A A Z D B, R,
T AL S g, JCH ORI A L
MO IEINZE 14.2% , S Wt 5 2290 A 7 ) B Tk
(Niu et al., 2021) . A BT = BE 19 722 10 L Bl 5 T
1AW Bl , A AR RSP I3, DA AL 5 e R
AN, DURERE S ALt , AF T A HL A fR
(RS, 2022), AHLBIFE 0.3% ~1.5%,
FEE T b 2 B Rz B, AL B R K
T 1.5% ~4% , FRIEZ B, W 135 3 i s
Ko, MR TURRER B R IR R, KRR EERCR, &
Bz, ORI T AP R A A T . X — I
WA R AL SR I, AR B
GOKIX, PR D) AR A AR I e, iR 4R
T ER AP (Herbert et al., 1986) . ILHIIE
AU & S e AU, IF BARAE SRR
P, WA A T RIEE KT, BRIz
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Je R E R L O (2R AR AR, 2022)

BARKRE, WP ARSI R ET
RFR, AR R, R AL A
R, A RESE, AR T A YLB AR AR, IR
AiEE ETE, DURRE B ENL R, AH T A
BT A PR A7 A e 4R, U HAE B R i T i 38, JE L
TR R IR TR AR
4.1.2 RERFE

RSB T 1 9K Bl F) A 2 A T e e T AR
AR T2 A BLBT TR L, R A H
Wi XAEAEHT (Ogi et al., 2008) | {2 il 55 {0 B 91 4k
iz i3 & ( Lisiecki and Stern, 2016; ik i %%,
2023), Jfil IR 4 T T S L TUAR Ak 0 Ak
G 5 ) P AL 3 3R ( Maher and Chamberlain,
2014) o X SEARAKTE & 3 B A DT AR T 5% b i Mg AT
U, AR S DR R 3 X IR R A R B T 4 4t
THELR,

DURLGHE A L B 2, mifEdt
B YO H bz — B U HR 2 R 20 em/ka, 5
BURFE0.3%~0.4%, B — B, B =By
RN 12emka, GHIREE 0.4%~0.7%, [f
AUCRE R R, AL F BRI T RERE
o Co HHEPLFRH K K 9 emka ( Yang et al.,
2024) , AHUTFEREFEIN 3.5%, T Y9 HH-F 1
ABLBTFBEALA 0. 6% , 33 2% WY T AR A48 8T B A7
MTAVBARIRAF, TR RN, el
1E VR BURL TR Y o 3 my i o0 T, A HLBT T BEA
B R T, TS oA AL F R R (Ma
et al., 2016) ,

WAL r K, HIRE R 15 ~20 cm/ka
W, AP LI BE 3, &k 75% ~ 85%,
MY IR HR FEAR R 12 em/ka I, 5T 2 5 BRI
F 25%~50%, JEA ML RN 0 5= 10%
(K 8) o UUBRHATEF2 1l A HLJST F B2 5 41 43 Uy T i
FIE A, R ARG M TR A AT .

4.2 REEREHENK

J IR A 1 A A0 A 5 IR SO [l 22 AR A A B
AR PR SC I, 1.2 Ma ORER T 2.4 Ma i K
i 23 S W 38 [ P2 ) 1 RR Ak A AR AL, X L8 )
SO A T A R W Y TR RO AR R, TR ] T
el i s oA (1B 9) .

TEK 22 B4 27 e 0] 2 41, 2. 4 Ma 1< i 00 6
JAM 12 Ma (RERJE 45 48 F 5 {6 (Ruhl et al.,
2010), BRIFEERH BB EAIEFE 1.5% ~
4% , TERSCHUIE 538 T Y A0 e 15 0 i B 0 1 1
Pl Bl A 0 1 AR 2R 7 ) AR R R AR, e
SETEME ST, MY AERIERE, 74 KE
AL, W BT, AR IR RO AR
A HUST Y R A R 0 (RSO A, 2022), X —
AR FAA R T AL (K 9-a) . TEK2F
YE 27 e Ve 1, 2.4 Ma O R S AT 1.2 Ma
KRR WIA TAE, SECURMEXIES T 5, M
B, YRR Z B, R, Ak
VEFIHG 9., A LB DR A A58 AL Bl U5 LIS
B >, S B AL R ER, N 0.3% ~
1.5% ( Lanci et al., 2010; P5m%, 2021), XX
B A T R A T, AL RE A, i
Wi 1 TR R A e i g (& 9-b)

AP W R B, RS AR A ) 26 Y
A ML I 232 o ZE R R0 B B R,
AHXTIEVS , BERTIE & it i 1 66.4% ~95. 1%, BT
AR AL FEVS M T W IRAF PRI B OB, TH
A W T ARG K, TR RO B BLRT (T AR,
2023) , HEBTE @ E HA B AR T, R
EE b 55 R AT e AL O R AR (Herbert et al.,
1986; Niu et al., 2021), X —HHIBRIE AN EET
ARTRIR IR o T A B T 3 S A, <
AR AT W 10, AR A L R, R
Y b2y 53% , 5T BILBT Y 3G 0 ) s e i 15
AU S Y B A A ) A R R A P RO AR A, TR RE
TR HLBIN 2ok A i A Y, HasmE
KR A 7 IR R, AR T, KR
WE SRR, A KA, e S
R (5 o O, T 7 B G R JE AT PILS Y
SEAHN N, R KR F] 14.2%, ToE B A LK
SR TR W Ry, R A E A LR
AR P BNIA DT AR BR SR b, IR 2R R A il A Y
FEORWE, W T A LA RIS /A, R
BEA AR, BB T 2 RHEZMAEN (Katg,
1995; Bechtel et al., 2012) ,

5 #ig
AR Y 5 1 T TR i 2. 4 Ma K A
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Fig. 9 Hydrocarbon source rock development model driven by astronomical orbital cycles
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