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Shunde sag, Pearl River Mouth Basin. However, their stratigraphic attribution, organic matter characteri-
stics and development patterns are unclear. Based on high-resolution 3D seismic, drilling, and geochemi-
cal data, this study documents sequence stratigraphic divisions of the Wenchang Formation, and sorted
out the characteristics of hydrocarbon source rocks. The current study not only identifies main controlling
factors for organic matter enrichment, but also establishes development patterns of high-quality hydrocar-
bon source rocks of the Wenchang Formation in Shunde sag. Results and observations from the current
study suggest that the Eocene Wenchang Formation can be divided into three third-order sequences,
among which the sequence SQ2 corresponds to the Member 2 of the Wenchang Formation. The lithofacies of
source rocks developed during the development of SQ2 are mainly composed of brown-black and gray-black
laminated shale with high organic matter abundance, and are considered as high-quality source rocks. The
SQ1 and SQ3 sequences correspond, respectively, to the Members 3 and 1 of the Wenchang Formation.
The lithofacies of source rocks developed during the development of SQ1 and SQ3 are mainly composed of
dark-gray massive mudstone with silty mudstone with relatively low organic matter abundance. Also, the
parent-source types of them were dominated by terrestrial higher plants and aquatic plankton, and the con-
tribution of algae in the SQ2 sequence was more developed. The development of high-quality source rocks
in the Wenchang Formation was constrained by tectonism-palaeoclimate coupling, which suggests that
palaeoproductivity and palaeoredox conditions are the main controlling factors of organic matter enrichment.
In addition, during the development of SQ2 sequence, the strong fault depression intensified volcanic ac-
tivity which drived higher palaeoproductivity by large amount of volcanic dust subsiding stably. Also, the
strong tectonic subsidence and the warm-humid palaeoclimate promoted the rise of lake levels, and the
stratification of the water body under temperature control led to the oxygen depletion of the lake bottom wa-
ter, giving rise to the thick organic-rich shales in the semi-deep lake environment.

Key words continental fault basin, sequence stratigraphy, organic matter enrichment, develop-
ment pattern, FEocene, Wenchang Formation, Shunde sag, Pearl River Mouth Basin
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Fig. 2 Generalized the Cenozoic stratigraphy of Shunde sag, Pearl River Mouth Basin
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Fig.3 Typical seismic profiles for stratigraphic division of the Wenchang Formation in Shunde sag (Line B)
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Table 1 Characteristics and distribution comparison of source rocks in the Wenchang Formation of Shunde sag
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B



‘(JM K

1R A5 R A - T I i A T o e 0 B

#2608 HS5H

S5 2A & B DL
LR T 35 2t 9T 25 111 5 s 397 6 SC 12 2y 191 1119

LB A8 5 A8 i A~ TR v 19 8 OO AR R 3 T2 IR
EHRA. KBOSUZRITS, AL BB
SN B IR A T ) SR I (3R 1) .

JZ2¥ SQ3 WY, BRI5E Bl — A AT X
Wiz % B B R B S T 5.1 ~ 46.5m/Ma Z ]
(K 9-d), ZprBu &t — &gy ik, Wikl
e 3 R [ IR S BORH 0 W0 F- 18T T R (&1 9-c) o B
AR IR FEBE WL, KA RE I, MU
FI B BOX I R R RGO = M AW, R H 5305
2 — BOMRL A0 B 1 5 I JBORE S 2, TR WA R
APLB AR SQ2 W EAR, LUk R M
FRIRAE N E (R D

5.2 HREEH
AT BE A A 2 T W SR 2k A 2 KA
ARG R AR RE Ty, T R R I8 - 1 1 A2 A o
FRRAESE R (CIA) H B ARAE s A~ AL fiE T A1
AR TN O, RO B R B Al 24 XA BiE T
S, UOBGELBE . MR, RERTECENE; R, BUE
/N R AL S AL RE B, RIS T4, %

70 Z A48 7R S A AL B B, XS 9% . TR
A5 CIA {EJE FEl7E 70~ 80 ZIE_'JTE/TEF#%%J—L%
FREE, XFRCTRL . PRI A CTA {H 5 7 80
~ 100 Z [ 45 75 9 A 5 KAL FR B, X B I e . 1 1
A (Wu et al., 2022b; FREPEE, 2023),
JZ17 SQ2 I CIA fH e, 3 Hl7E 71.90 ~
87.25 ("FIYMH 81.91), Ju Whuim ZL Ay L 4 KAk 2
R, AR BTN ,  HE FE F R O B0 T AR X
B, MTHREBFREIL K. B SQL F SQ3 i)
W, CIA {HAIXTEAR, 20500 63.77~72.40 (SR
{H 69.23) F157.49~77.97 ({4 73.34), Jx ikt
e WAL R B T 45, KRB A B, e
Wee R 0 ARG 00N, D e WS R AR AR A 2 5 3 T
TR X B, TR TR AT (18 10) .
CIAfHY5 TOC & & 2U R IEMX KR, MX
FHK 0.46 (K 11-a), W] IR I A 2 9K
AP E RS R

5.3 BREiEEEBEA
i R A A S 5 2 3 A e R A LI

AR (] HESS 55, 2024) o CIA fE {8 F 7E 50 ~ LRE LR R Z—, 8 RIS A AT A LR
aile| =2 (ri: e [ YA i A B A e bR AR SR A R B AR bR
R ;; HE TOC/% A1,0,/% TiO,/% Cu/A1X10™ Ba/AlX10” Mo/A1X 10 C,./P CIA
Y= = | 0 010 175 25 0 01 1 0 125 25 0 15 30 0 05 1 0 25 500 50 90
P

;&sqs
¥
=1
4

éSQz

gyl SQ!
RS ‘é'?ﬁ/% HebAs s dibE BEbs /)Efp ik oA A MuE AHXS AT T it 9%

& 10 i fEMIfE SD-1 JE3CE

BibE e e f ke W
HBEERE A . e AR FEEAN . R

Fig. 10 Vertical distribution of terrigenous influx, palaeoproductivity, palaeoredox, and palaeoclimate

parameters of Well SD-1 of the Wenchang Formation in Shunde sag



‘(JM K

1120 + # = F K 2024 4 10 A
90 24 0.8
ja R Jol N [c] o X 4—EsQ3
L} ° b S T . ° 1 °® ® L E Yl T ESQ2
s{  ® T L4 o © 200 @ o o ° ° ® CH 4= ESQL
P ov” R*=0.46 [ - — 4'0' _ R*=0.02 0.64 o .: o
e s e e T, % 2
Sq e 5167 o4 ® °, . < e ., K02
= o o Q e ® e %%
T ° < =04 © e ... _________________ °
604 o LA ESQ3 124 o A ESQ3 °
° ® L E Yl T EISQ2 ©® L H 41T EESQ2 4 o °
1 ® B4 S RSQI ® S H 4= ESQl
50 T T T T T T T T T T T 0»" T T T T
2 4 6 8 1 2 6 8 1 2 4 6 8 1
TOC/% TOC/% TOC/%
3Tq 30T o e .
B & ° 0.8 °
S 2 ° S204 . S R*=0.49
2 ° . y e S B
X ° ° o . = ., o R=0.23 306 ° .
< [ S = o« ° ° z 1 0
E] e ° [ a R*=0.25 <:\§ ° 9 oo o S0.4 ° o °
O 1{ e B10{ .5e” * N s o3®
° ® S EESQ3 o ‘.\ ® o © L H4l—FESQ3 O e oy, © LHAI—ESQ3
© 4 —FSQ2 { e ® A4l ESQ2 0.24 e ®e e umm—pEsQ2
® 3 H 4= ESQl ® A = ESQI 1 & e ® B4 = ESQI
O T T T T T T T O T T T T 0 T T T T T
2 4 6 8 1 2 6 8 1 2 4 6 8 1
TOC/% TOC/% TOC/%
500Tg ° 90TH 90 i
: o B —BESQ3 JEY Cat o | .
4001 * XAU—BSQ2 80 ° ° o %% 80 y f."
E ® L EZ = BSQl I e o R=0.02 ‘..‘ R=0.46
300- 1 .
& o °
: - . < 704 e ¢ <70]
“200- R=0.41 e © ©
B o °
. 0% . 60- o B —ESQ3 604 o H 4l -BSQ3
1004 o 2 + .’.o ° . | ° ® S04 BSQ2 | © S E 4 EESQ2
1 s s ® o o L EH = ESQI o XA RSQI
0 —— — . 50 . T T . 50 —
2 4 6 8 1 1 2 3 100 200 300 400 50
TOC/% Cu/AIX 10" C,./P

BLL WA MR SD—1 3B 44 HLBTUR 5 R A St

Fig. 11  Correlation of organic matter enrichment factors of Well SD—1 of the Wenchang Formation in Shunde sag

T TR S ML, (F A R Y o VA A A 2 XA L
e AR BAE ] (Li et al., 2023), ALO, il TiO,
R VA BIF 51X i 5 R S i AR B A s de bR, e
ALO, 5K A FiLEMEERIRy WA &, i Tio,
W5 AR A OGBS e S it U5 e
A AR (Wang e al., 20215 W 5% 42 4%,
2023; sKIEYNAE, 2023),

27 SQ2 B F 2L BRI B, ALO, Al
TiO, & & A % 8 A%, F B E 40 5 A 17.83% Fi
0.44% , W B BREAE AT IS . KB AL
BERICAEAS, KATYIARE, WV -7t
T B R A R, K ) RS . B )F
SQI B H LAFS = A PN A — IR TR Dy 2, A8 1)
e a b N2 &7 A e 41 Lk TR Sl N i el Y 3
B, ALO, #1 TiO, & &EAHX 8w, “FH{H 55
h 18.04% F1 0. 53% , $& 7 BRI F 18 ¥ 5% bl I
)8 i AR BE R R, KB TR . 2 Y SQ3 I
LB =AM —ks ol 3, H =M
MUK, ALO, F1 TiO, & i o, FHMHE S 5N

18.34% H1 0.55%, Je W o Bli I 08 5 Gy A e
(K 10).

AL O, FI TiO, & &5 A6 b B 55 ORI
(P 1L), FRUIRE TR T i A AR — o B 52 )y
ARG . JEIT SQ2 I, IR R W
TR, P IR AL 2 RN T AT A N A ] K
B, G AN T I R, 1) [ e e YRR
JERE SRS . J2 ) SQL A SQ3 W, A i Ag
T, AR X B, PR A RO T ] A
()3 A, S BB A O g AR B B . R HL,
ALO, . TiO, 15 TOC 3§ f K B A 3¢ (& 11-b,
Vi=c) , $5 7 A4 55 14 il URURY IS i A B4 ) T
PLIR & 4

5.4 HEFN

Cu. Ba B WA A 245 & 48 oK A= 3 W A 9 2R
KRBT REIRICR, Hog i RO il 4™
T RIBERAL A6 AR . Cu REE 52 R 9110 /K A= 2R
Yoo ACH, W B R AR Rl A A2 (Xu
et al., 2022); Ba Ly # PRI WAL, BEJA 16342



‘(IM K

1R A5 R A - T VI il A T 6 Bt 0 R U e A LA

#2608 HS5H

VABR L 1 30 3t L8 111 6 i i 8 3 8 4 g ) 1121

R R DLE & A U (AR e S,
2016) o Ay T B3 i 5 04 8 ) o A 5 ), %k B Cu/Al
B . Ba/AL(EIEAG AR 7 0 4, JLE B 46 7w ly
AP R R MR . AN, A 5 kL B
YR, 38 5 Ay Ol B T K A S AT R it
Fe S5 K & B Y, A 0L S IF A 0 & K,
FIFA BT S 4R 5 HAd 3k i JC PR B iy A 23
ALY SR 2 A T B, DI B0 A A K
(g ok 55, 2023)

¥ SQ2 i #3 Cu/Al #1 Ba/ Al {5t &5, 4% 3
J1.63~2.00 (FIME 1.45) F18.79~27.27 (F
BE 15.12), st J1. )27 SQ1 il SQ3
By A SC B 4 — BeR = Bt Cu/AL{E 439324 1. 00~ 1. 50
(F¥{H 1.32) M1 0.75~1.27 (FH(4 1.08),
Ba/ AL{E 4> 3 R 1 6.97 ~12.82 (SEH{H 9.50) Al
5.25~19.03 (SE#E 10.35), 525 SQ2 i 4
FOBAR,  SOWEAR R AR ) o 2 77 7 (18] 10)

T4 105 S 2 H8 W A v L B A2 ok L AR
FATE I8 868 1 J5 1 4, HLsxek by 26 7 7 14 5% o ] 3l 3k
AP BE KR AIEA . RREE SEVRSUZN
AT FREER A R AE (B 5) o J2TF SQ2 B LUE 2
Wy B | JRIBASUZRTUE N F, BEK RN S
EAR, BZE R RCGEE, G 53 25 ~ 183 wm Al
116~523 pm, WRZAGHLRE)ZE, P iRilK
AR, KL KRB E T B AR TR, NI
Tt TR 2 E RV T, AR T EEEN
AR EHE, ROEHA R, J2F SQ1 Fl SQ3
B0 DA SR 2 R OR B Bk e 2A R 2, B R AR R
fii, RERK, KE&KHRAIE, HEKEAICR
T A0 5 U 25 UL K ki 8 S SORL R T Ui IR,
e 72 T FE K AR G B, K B g, A B T
o A 2 5 R TR 5 BOK AR A AR AE T, —
ERREMEA PN ET

Cu/Al{H . Ba/Al {5 TOC & & ¥ 547 IF
FIEME (R*=0.23~0.25), 45758 & 47 ) J fie
WA E N FEERZE (K 11-d, 11-e), HR
g hr 5 Cu/ AL EFIEAM LM (R =0.02), &
715 Yk Wz 9 4 7 A R Tl A2 i K (B T1-ho)
LS W WA 90 A 7 T R S BEAE T LR i AR

5.5 hEHUEEEHE
IR AR E AL IR R & R o 28 T B 5 3 ek S5 e

A BARAE, I Mo/AL, Moy, . Uy Fl C, /P %50
R BRI AR AR LR G RAL, A B & 48 7R IR 58348 i
PEBLE , Mo 78 A LA T % LA MoOy X7 1E, H
TEIR G A5 Re 2 LUGT AL 9 i T 2R s L 3E 5 [R5
U TER 5 560 T 5 5 A WL 2, 68 146 6 W oL e
HRAE T A, P R AR I it 2% A 4 22 i 1) R
PE(BKR3EM A, 2023), C,. /P ZA VLB A {8
ML RE e, SR AR SR T A LK 5 43 i 5 b
GiRAT, RZ, IR IR A AL O A7
WAL UL . B, C,,/P<50 $8/R AL EE, 50
<C,,/P<100 f5/R 85 LR 55, C,,,/P>100 #5715 Gk 44
I E (Algeo and Ingall, 2007)

2% SQ2 B A Mo/ Al {f 5 &5, 16 B #E 0. 08 ~
0.93, “F¥{H 0.36, F5 R AHXE W &M EF
SQ1 F1 SQ3 I ] Mo/ Al {E AH X ALK, 437024 0. 13
~0.24 (FH{H 0.20) F10.05~0.12 (FH{H
0.07), #RamHHXF A b &, C,./P {55 Mo/Al
EA LB AR, JZ ) SQ2 W ¥ [l /£ 23. 98 ~
435.15 (CFH{H 112.08), Sz Wk (A 4b T 6l 45— 555
AALIREE; )2 )7 SQ1 A SQ3 B C, /P {H /N T
50, WL TE A AL R EE (] 10) o

Moy, = Uy, & 58 72 B A8 FRAE 5 4 1 ] H
A AL R A5, B Liang 55 (2020) 38 b K i)
TS SR ML PG (Liang et al., 2020) | 346
i (He et al., 2017) FI%F /R Z #r ##b ( Wang
et al., 2017) A KK X G, AR Moy, -
U B3 7] 272 7 il A 225 b 500 308 Dt 2% 1 o 2 P AR AR
BB k. ARG 12, #8527 SQ2 i)
W] F2 AL T B — 55 A AL IR EE )2 F SQ1 R SQ3 i
WAL T 55 A —SH AL L

ULk, BB R E AR IR R KR E AR R
FREEBON HWL TR bR, BRAPAEE T B A R B
. HEZL, s SRS EETAEKE,
B, FEUBIE &I E (8K G,
2018; HGaE%, 2023; Zhou et al., 2024) ,
HEHEL, 2T SQ2 I AR R A A LB U A1 K
RAAGZRICAE P ESRT EAEREATRER, B
WETAVRSIZ S, R FAMET R, 2
J¥ SQ1 F1 SQ3 B 3 T K 4 HAR U8 5 0 78 4,55k 5 e
ahEST ZE RGO ERA, HEGERD, Bn
AR AR 25

Mo/Al(R* =0.41) H1C, /P (R =0.49) 5



‘CM K

1122 + W 2 F R 2024 4 10 A
[=J
S
] A BRI A b
: °
2 — °
----------------- o0
--------- [ X J
o4 T [ ]
=
I e IR a1 44k b
AL
-] 4 T T T T L
11 10 100
] * Uge
_ SD-UFREf— 2 FSQ1 Y SD-UFRE i —J2 7S Q2 Je SD-UFRE i — 2 FFSQ3
A SN 1T A e D 5TV WA AR 9 TR © SRR b i R IR A
— (Liang et al.,2020) (Heetal.,2017) (Wang et al.,2017)
[

Bl 12 Mo, ~U, BrEIHEAE & R B (4 Algeo and Tribovillard, 2009; F &)
Fig. 12 The convariation pattern of Mo, versus U, (modified from Algeo and Tribovillard, 2009)

TOC EEUFIEM K KR (B 111, 11-g), /R
X SRR R TR A NIRRT, A LR
R HZENER, EHEZNE, TARERS
C,../P MEREIL 0.46 (K 11-i), S il 2 35 1
(M Ty (1K 3 )2, K S48 RT S AT AL BT R A
R AP PRTE 551

5.6 XEHAMRERFEERFERN

BAR DI BRI R PR 2825 A i L il A
Wal A KT AR AR R DR
JE A S Z R Z o TR I B S B 4L A LB
GUR R A — i RIS 2R, i AR
— i AR AR A LR R A B R

JZFP SQ2 Y, g A 58 AN b I S BN S
11 565 S0 A 6% BT B B B, ] 5t e A A 3 R A7 )
W Bl W A R K A ) i R . %
B B SR i A 3 A A B 2 A R
TROK i A ARG T8 F T R b, SRR R
RO TR G IR = I i 2 P S R )
Bt TESS/KSN AT, R iRkis i kil R %

JIAE 5 W b S W AR ORI R g ke, OF
KRR R FEH Fe, P NSEEFRY, fEiE
RGN AW ERE . I, KA BT R AR
Bz CRUESE, 2023), RJZKHIFHHY LS
PR A B S8R R R R A i, S BOKAR IR
RIPAE T B SR A, O 9 B 2 00 bt R 0l 90 iy 25 A
WA HIL o B 3t T A M G PR AT ER BT (B 13-a) o
P, w0y, s — 555 A 2 R D R0 i A D
HERBERMET A IIREE

JEFF SQL RN SQ3 i 4], A& M1 B 1 B 11 ]
55 P BOK TG B L0 A4 T A T 55 DR 1 B
0 T BORDGS W1 T A0, e S R I AT o
&) =MMBEEBIEEAM, Kihd b 5k
PR SR B A R DL R, AR R B . Sk
Yoo WAL R RA T, 18I0 A Y LS
T, A WL 32 5 Rl Y5 56k 13t 25 e AR R O o T R
sesh, AERBRME AWK A S 702, RRER KA K
Qb TR AIREL, AR R MR R A AL A i R
PR, ECR LB A AR (& 13-b) o



‘CM K

1R A5 R A - T VI il A T 6 Bt 0 R U e A LA

H26% 95 D% SINRE RN KN ER P = E a L] 1123
a O
3L 5 Ci{;::j;j:> df;::222=” AR I
/ /
/
° / / /
o * ‘ ° j l / b
.o . o o RV &
SR e, : * mrmE -
A § § me?ﬁg M)

R ) REY E

i J=55 A Ak
R KA PRI
AHL R A

’ &
51175 3) CCZ::E;ED , AR -
/
¢ / / /
.o, ¢ S ol S A

o lKEA

Bim o) Rk Y
RN "o o H,S. SO,. HCL. Cl,. HFZ
(N

55 ALtk

K 1 HE R U

A7 LT st

o] (=] (o] I [ Ee B B
WA WENE  RED RANE R BNMR ZNMR WKE  BRE. KRE
Ry WRiEE AR

P13 A MR SC B 2 B R s R B R X

Fig. 13 Development pattern of high-quality source rocks of the Wenchang Formation in Shunde sag
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