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0 %’[g A (Caplan and Bustin, 1999; Hofmann et al., 2001;
Wei et al.,2012) ; B 3740 5 (4 Bt s AR /K A2
REURAEAT UL R SR T IBUE T TIRRIIE et g Bl A L B AT DL B 25 7%
LSRR %E@%ﬂﬁﬁﬁz?ﬁ%ﬂﬁ%”?ﬁ*ﬂ}ﬁ%ﬁ TERA (Jiwarungrueangkul et al., 2019; Xu et al.,
9 K AR A B O A LRI BB 000 gy s e B x i PRI 72 AT — s P
(Demaison and Moore, 1980; Pedersen and Calvert, )
1990 ; Sageman et al., 2003 ; Schoepfer et al. ,2015) . i " Gao ef:al' ’~2012;<Huang ot 2021 Sichel o ol
IR FREATH I BB st ey 20 TIORRRIHIERI R QAR T
B M A BRSO U Ty 0 TN R (OMD) R LB AVIIRSUIIE. S5k
NI €T E S T B Y e TR
5% H % ¥ I # (Caplan and Bustin, 1999; Rimmer, OMZ 45k b # F 2R = T 30, K M FE L AE 2R
2004) . AKPKERIIAE ) BB RO TR KR PR B SURIE S TSR FE 4 (Demaison
P.Cu.Zn NiEGFILE S, SRV REEm AL and Moore, 1980; Calvert and Pedersen, 1993; Pichevin
e R R LA A GRS AR et al ,2004), B RRANREE —ERE LS

s B H#A:2024-03-07;; & 5] H #5:2024-04-11; % F H#5:2024-05-14; M4 H ki B #5 : 2024-05-14
EEWB : FE A REAEL 4T H (41730424,41961144023)
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AR S TN i R e AN R S B S

CA BRI R, BRI 5 SUEH H B VI
5 % (Dixon and Turner, 1991) , 1A MLk & G EAE
HAEA TP E B IR, AR — € RS
KHR, NERKRE A, Craig et al. (2013) ¥ $2 H 12
TR K B S 1 TR AR AS b 22 R A7 AE S
PR , A ERYEVKIN 2 J5 & A POk (R, bt 5 24
B, K E RBR A (Cai et al.,2022) AR T EHA
PUT IR A DR, IR R IR 10 & B T e S R
HIVIIITE P4 #5552 o Huang et al.(2021a) 75 i
TR0 14D G 11 2 T VAL b TOC I R] 51 P )92 46
FK PR BE ], 2 T Z A A ) Z= T
MR 32 110 52 M), v Rl £ ) 1 o B 2 vy I B
e B KA T AR AR 2 AR ) A K e T &
R VK PR A — R AR AR A, SRR
PR UG A 7 R A DR & AR DU, X
S5 (2019) I\ R TT i 7 43 2 MR AL T4 (B KU B
BN A B LT, Sk T B Y, 1560 AT G2
SR LA T I PR s il T A KRBT &
YA, IR A E T RIE AT S . Ak,
Zhang et al.(2015)$& H AR ) 0 1TCZ TS
Pl T WA TEA IR B 1 AR L R By A AR
(14 o TR 5 A7 XU 38 A ROk %, DR Ty
TOC 7t ST H A RRAE (%) 5 3R A T2 Hh 38
ITCZ JEIEE RS (K 2 B4 2 R s il i . P e T
DL B CTA K I 2 300 R0 (R iU 4 2 H R R
R SEA R T A LRI & 4R (Craig et al.,2013; Algeo
et al.,2014) , H ALK & S AAAE SR mlE #L e, (5
H i T HA SR R, 25 B A A
PEREEE SN B, R T2k EERESEEN
AR e X885 R AR, AR AR R B 2%, B R R
(RS 5 JR U 2 A 6 O R I A 5 MR AR 1 B 5
A HTAERRAR . FIL, ASCHEHIR E 32 2h S
AR B A AR TR AR 42 X SR i A B
i 2 B A A iy B B A AR XA HLJE B T
FEARRTEE A (14 K1 91 il B 300 46 A a5 B 5 S0 3
SRR A ALK SR TIVE R

1 FEEBEASAXET

1.1 FEFEREELXEENR
30 25 X R R A TR B AR oy
KA A& B, T i A28 A AR A B AR TR

P KRl s &8, Hr 250 Ma 2 J5 (g i A LR
B AR AR TR R I 83 U e o e el B B D
Y 70% oA, oot AR A AR R A B e ot
Wik 24k 30% (% /R %5, 2010) . HETC A KBRS
W E T BRI S FERE ThE 4
Hu X AR 2 AR T Tz o e R, HOR
2 ABEFIRIER . T 250 Ma Z BT A G AR AL
FERIEE T LT T RS B2 DR S it
1, Z R KIE A A (B 1) .

X 3R T AR AR AR |, 22 AU T
THTH 7 A RS A S AR AL G R A A<
i ke E EE A TE oo AL R R Rt —
FE R (E-C B 4dl]) | B P 20— A 20 e
(O-SFEA5IY]) A — Fe 22 PO ; 3 PO AU IR
B T 42 BR AR UK 1] ok S oI IH Rl B, % 17
HABREERIB (1) . X A oKIH B8 B4k
PE R VKB 1 UK RT3, (H A ] 32 B A B
DA — & A AR L A9 P i 5 A7 7R, B RTAUHT T AR
SR FBE e IR IR A 2 T K A B 223 2 F e
e H vk I T FH (Bao et al., 2018; Shen et al., 2021;
Shen et al.,2022b) , HAIE A1 % B THER UK 10T
FRISGIT (4 32 DT 3 U2 0 P . X

Ty PR AR WY, DRI 4 O A AR SR A 1
DU T AL Bk i IR 2 B X, K DGR 5 2, SR A
X (B12) o Hoar oo AR CRIE S ORI 48
AL T 15° N BT, Broc i AR (BE e 2 — B
DURLET ] FE R AR B2 T 10° N BRHIT 5 M35 3l R 7 —
FLFE R (R R S 2 AN ERATT St 2 AR A 4 ) 3% FUK
MR A TR B BT, A FAERAL T 10° N BRI ; 1 2
Wt — L 25 P (e — e S A AR ) A g
BBz 15° N FfF 5 b — 8t (WG EZ ZH TR IR ) £
FA MR P TR BT . SRk K Rl i 2
B A XA EAE 2 A W A AR T ey, 0y 4
Privisg 2 HRI B <84k
12 FERRFESHSKERNXER

AER B IXCFERE LB A B8 0 <L BE LA
JEUR A X A R R A — 2 STk (RO 4,
2021) , BE e 4 — B kg A (62127 Ma) JE il T
Marinoan /K J5 (Zhang et al.,2005) , X} W ARG FE TE 0K
A (654~635 Ma; 636+4.9 Ma) (Zhang et al.,2008; i
#%,2016), B5HURZIHEA b B A T
FERGE TRk 41 (538.2+1.5 Ma) (Yao et al., 2005;



£ HEGERRAE - DRI s il rh B A IR A A L 1 4 3

g ; o 32 e Sl S ) amrsEET | mrm
ﬂl‘}; #kgﬁ ﬂé(ﬁﬁ;&’@] 0 tt% 30% &Eﬁﬂﬂﬁ%% 12 15 18 ‘“2‘1"24 27| i 5
il &
WiER ‘»@mfﬁgﬁ HiEEHAXI3x10%t
FIEsh [N R 66 % 10"t
Vil
i i 41
= - KR53 X 10" ¢
=&AR pALE
—EA 285~273 Ma
nE _ s0-285Ma [  BARSS2 X 10° m’
M S I
R
Jo A e 3
T P R T ooamrom O
BR[O Tt
XA |, ST AL - R AL
—so R 2510
% i a . 4
mHE —560~580Ma BEILTE IV EE FESRM 12626 10°m
slF ROk S —
RIS 621:0£7:0Ma. BRE 1S 000x 10" m’
636.3 £4.9 Ma 664.242.4M | ] }
[EES rrerr SEsA — k10
ek o I

B v R S vk o A
AW EE S % Whetten, 1965 ; Garzanti and Sciunnach, 1997 ; Jones and Fielding, 2004; Yao et al.,2005; Zhang et al.,2005,2008 ; Delabroye and Vecoli, 2010; Chen et al. ,
2015;#1%%,2016; #5545 ,2016; BB, 2017 ; Qie et al. ,2019; Wang et al.,2021a; Huang et al.,2021b; Wang et al.,2021b;Sun et al.,2022; Wang et al. ,2023b; Jl1 fifi i
BB TRAES 2018 A AL, 2022; 2ERTAYIRE S Scotese et al.,2021; PRV TS S % & 5, 2015
Fig.1  Distribution of major source rocks and glaciation in China
Data of age are from Whetten, 1965; Garzanti and Sciunnach, 1997; Jones and Fielding, 2004; Yao et al., 2005; Zhang et al., 2005, 2008; Delabroye and Vecoli, 2010; Chen et
al., 2015; Hu, 2016; Yang et al., 2016; Chen et al., 2017; Qie et al., 2019; Wang et al., 2021a; Huang et al., 2021b; Wang et al., 2021b; Sun et al., 2022; Wang et al., 2023b;
data of oil and gas reserves are from Zhang et al., 2018; Dai, 2022; global average temperature refers to Scotese et al., 2021; global average sea level change refers to He et al.,

2015

(b)

Fife D

£ LIERR N
S I
DR ABEE

B2 A KT AR KR R S T P43 A (8 Harper and Servais , 2013 ; 28 VT A1 22 45 , 2013 18 240)
Fig.2  Paleogeographic distribution of marine source rocks during deglaciation in China

(modified from Harper and Servais, 2013; Li and Jiang, 2013)
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Cai et al.,2009; Cai et al.,2015) JRIL 2 HSH 3/
SR N IER G AU 35 R e e 4
BHRETRA (555.246.1 Ma) (Zhang et al.,2005) , %} i
FER MR FEVR B B, Y BUR A < 9805 |
KALAE 155 (Zhang et al.,2021) , [a] I 7E/N T 550 Ma
B AR HL X 2 B % B VK] (Wang et al.,2021a) , I
Hh Wang et al.(2023b) 2 H 75 560~580 Ma 1 ] 4= BR 17
TEFRFEE R 20 Myr B33 -R ARV (GEG) . 1u)i|
F 7R B A T SR T B R X AR i
UK, L RSG— T & RS Hisd—
R EZIX A H I BRI 2, Horboe TR 4]
SR A (444.43~438.13 Ma) (Chen et al.,2015)JE W T
i 7 4 VK 3 (447.62~445.16 Ma; 447.02~444.4 Ma)
(Delabroye and Vecoli, 2010; Chen et al.,2015) Z J5 -
AR AR DU )1 0t XU A S 4 8 R ARSI
F RSz — b &S 24 (285~273 Ma;
286+10 Ma) (Shen et al.,2019; 3C %5, 2021 ; 4] SCH
85 ,2022) , 8 BT B AR AR 4 Bk K UK 5 (340~
285 Ma) J5 97K ITE AL (Qie et al.,2019)

R TR AR 25 SRR 2k R TE R
BRAL T i = i A b vk 35 5 R 2 SRR S (Hearing
et al.,2018) , HATSA — LEiIE 45 2 B R F€ 2 10 ] opy
1o 5 5 M DX A n] BE & T UK)TAE FH (Lindstrom,
1972 ; Landing and MacGabhann, 2010) . X 1 I L
Bt 0 4 BR AR IS I A e R B RS AR
Ab T AR M KT Al B B o RIS, B e b AR I Ak
F AR ER B i v [ AR b s X & BT 2 B 2 vk R T
P, 3 15 B e iy AR 09 380 L S 1 A 4 v [
AbAE R AL RIS UK = KB HOF IR = A e, i
JEALTF oo RO AR 5 B vk TS R

2 UKIEIE IR AR

(D) BBt (A 2 ek ki &
a7, HKEN R 2 EREA ik NI ER K
WYk 2H AN R B BE L e 4 R TR 550 ) J2: Sturtian
Marinoan K] J5 A0 & A AL DI . 1B /e 18 22 K0
e R A 2R O SR R T DU, I 2R
FIBE IR A (T E % ,2006) , B RURIR A IEEZ KT
50 m, TOC % 1t K 2 53 46 7F 3%~5%, 15 7] ik 10%
DL b (ZR08H0 4, 2021 5 R B 55, 2022) , HU N (R Bk 223)
Hokiia . LR HRBEILTeA BRI S R 2A
P BT A, A RS TR A S 5~20 mm, TOC 7

AT 1%~10%, fie 15 7] 35 19% (Jiang et al., 2011;
Liu et al. ,2012; F06H %,2021) .

(2) E-CHAFI GBroc i C—F € ) : E-CFedh
WHRR A LR AR e LB 2 DU B 35 HLA S T Rt
Wl AR SEAL RN AR B A AR IR T ER
HBR VK TE Al , X At P Bk 5 . BEL
TEAIPUE: A e TR R b A AR DU 4K
PRRE TR EE Z 4 T 20~50 m, TOC & A T 19%~4%
(Jiang et al.,2011; Liu et al.,2012; K64 %5 ,2021) ;
BELL B VTR L R A T =R SR A 55
Iz s, 4r B BE B T REZ | R FBE
PUB ) B8 2, HARE 22 KRS ZE + )2, Uk
BE LB A Z2 00k IV E I (B & 1255, 2015) .
P& UK B B R i R Ui R iU SR AT
10~15 m, TOC AT 2%~16%(Zhu et al.,2016) ; &
IR A = R RE B v A IR R SS , Horb)
KEmwooRrT ek B FTHR(Yeasmin et al. ,2017) .

(3) O-SHEH 1 (M LB T — LR BA 1) < AR R A
PR B I higE— IR B IR IR BT 0-S Kvkit
&, FEREEZ I BROATUS S AVURBIREA T
10~60 m (Qiu and Zou, 2020) , TOC % &/ T 1.5%~
5.0% (E R4S, 2020) o FLUEEZH DURE 5T 51 s 51 bt
HOHEZNE WEAA (BT, 2019) , & Bt
202 K IR IZ ; B DR 00 B R EL IS AR
KB RBNCA R, EERIE S Z N B RA
R AR 0T

(4) —Bul AL h St AR
VKGR AR IR T Tt AR ARk,
i le B8 I U5 i R 36 R IR IR B A T 10~
70 m, TOC AT 0.5%~2.0% (¥ +- 5%, 2016) , Hi
B2 B ny R e BT R i N A Pk B
(FAEMEE,2011) o WIEEALAFAE_ETH X B AT 1978/
i 7A 7R JaE o 10 S5 BB 0 g AL 2 e SR 45 A AR i
S R (B G455, 2010) 5 R DL B ko K T
LA X 7 Hsf 0 T AL A5 A7 AT ) SO Ve, L
KA CO,HGHERE N

3R YA B S R R 1 R A AL T R R Y
B vle (K 3),SF TOC S8R T 3%, Hroc
AR E-C A0 10 I e 20 R Ll v 2l Vs 4y
W& T TRk A e el vk A 2 b, 1 0-S
YT FG A — e IR AL B AL e
RS Z T AR EI N KBEA TR



HFGRABCAGE - VAT S e ) v R AR R DR A PG s 2 5

i g B SR A2 QAL B BELTEA

B TF LI A3 Bl N (i

O P TE— e g i Gt Bt 22

TOC/% TOC/% TOC/% - TOC/% TOC/%
) 123 4 2 4 6 0 2 4 Gtk 02 4 6 ik 2
. ) o
3100 o]
K o.\"J o 9 mEg /m o
R . ° o
. 3300
b d “’ .
. % ] y :
o 3 . 1 i 3500 .
o, 2 % ° o H okt . *
.00... * .! o®
g : . 3700 A
o* e . 'Y
L] L]
. : e .' 3900 .
P - : ' “ TaB .
Iy % 3 * ] 41004 s °
L] ( L Py L] L]
e & L) ® . Se 1}
L °e s . ° 4300 *
be o % 3‘ B o == ™
S ¥y F, * 1B %4
. o o 3 aso0 T f
o A So o L° “
T % . ‘s b 3 AR
o e, L A 4700
3 NS .
» b ®
©%° = == —
RO BRI D IR AL KIIEE S IR
IR DU R IR Jie B
TR AG R I HRALF )5 Wb
Hzt gy
@ 5
(RIS EHA EISTWAE Wil [ e FiRad —Ea
700 600 500 400 300

B3 KT B A R R A T M TOC & i
T RART | 13 8OO 45, 2019; BELNEZ RS H Mcfadden et al. , 2008 ; F R BRT | E Zhu et al.,2016; TLIELH— I TR 4 EET | 13 BRIR 4, 2020;

IR AEIE FfE 45,2011

Fig.3 Marine source rock profiles and total organic carbon (TOC) contents during deglaciation in China

Data of the Datangpo Formation are cited from Zhao et al., 2019; data of Doushantuo Formation are from McFadden et al., 2008; data of Yurtus Formation are from Zhu et

al., 2016; data of Wufeng Formation-Longmaxi Formation are from Qiu et al., 2020; data of Chihsian Formation are from Wei et al., 2011

3 UREE SR A DL AR

FURTAAT JLIRUG T ] DR A i A BB 5 4R
AR, DA ] v S A BRI ' 4 S B LB AU, R C
g 1] 5 S5 IR I A i 2R S B SR R
T AN Tl T B0 [l A3 i G SO 45, 20195
Huang et al.,2021a) . {HIXJLRMERARIE B X RIS
TE T B AN TR T 5, o) 2 H IR A XA s i
7 (6] oA 30 Ay e LI U T AR e W, X
OB AR AR ZE R R R A SRR T 5 T
AR A AR A 21 ] v 31 o) 1 Ao 39 g e
BUA N DI A SE AL o I, 75 241 X vk —[a]
KIYY It PSRRI (4 DR A% , 45 5 H AR SRR ) i
BRA G AL AR A MM B R i — 2R T
SRR B B B R 1

31 SEFHEREER
3.1.1 KIHANRE VB AT

VKT IR Ry DK 238 S04 ] i 28 A0 5 A8 ) R ik
AF 3, AR I (R A A A R B T A
B AR A A 252 i A W AR K A IR KR, 2 0EA L
R & B = AR I g g, R A5 R TR A & SR AR
FA L B IR B AR R A Y B G 2 b i AR P %k
(CIA)‘H R S el IX i A KA FR EE , TR K
7 : CIA=ALO./(AL,0,+Ca0" +Na,0+K,0)x100, = % [z
Wl T KA AT F AL 0T YA 5 (Nesbitt and Young,
1982; Fedo et al., 1995; X i %5 ,2018) . fk2F XAk
A RN IEAHOCOC R | 48 PO i <M 2%
AR AT X6 0 5 7 A2 KU R B2, DRI CIA 8 8508
Iz T R BTRR I A 45

BT AR AL ) 8 A E DR Sk 22 34 vk
v 2 b, HARIE A CIA{E A T 50~70, 4k 24 KUAL 1
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FHH A Shy ek 2 10 00 A A TR) vk 1) 298 T 5
Horp R BB T Bt CIAfE A T 50~70, sh UK, 1R
Wy dl 1 Be ) CIAE AT 60~70, SR E & %A
XA, KIEE A DRI R AR XA R A, 5 5
Yy bl U5 A STRR I i (2080555, 2021) . Wei et all.
(2020) 3 3 K I 2 IR PR A Li & 5 A0 Li [R]7 2 F
58, WA RESE R 2 T BE i 3l R AR %
s, BSOS B A2 AR

E-C FHBE 1L 4R IR A 1 CIAE K Z A4 T
60~80, H: C{HA T 0.45~0.65, £ &A1& T 4%
2B A Ak 2 XA AR T 0 R i 2 4 1 ) <k 4 1
T (Zhai et al., 2018 ; A06A 55,2021 ; fili 5155, 2022) .
“HEkHER " BRI, 22T UK E 2 5 Hiek
i o P 2 = S 2% 7 (Hoffman et al., 1998
Shields, 2005) , P& it 25 il - 47 20— F8 3 20 5 48 101 11
P 3 A AN R AR AR AL R 21 (Zhai et al.,2018) ,
L3 PEBE A 22 AR AR F Y 18 5% (Shields et al.
1997,2007 ; Peters and Gaines,2012), {HUL G #FFEFE
IR FE R 20 I AT i 2B A IXUAb i B2 1 e DRI
(Li et al.,2013) . *Erg FER WA DI R B A T A
FA SRR CIAME, B CIA {5 TOC Z[H] 2 fiAH
K F, Bk T AT BR Ti/AL S TOC AT 52 IEAH G5
Z (Zhai et al. ,2018) , X 15 B A2 R H X L IE R A 77
PR E] PR, fb 22 I3 55, 0 iy TR
R S B B R, A5 9R S 20T Rl U5 A A
JAAE = 8 R

- B B e b e R B R B X6 I A 22 U I K
199, I At A A IX] BT 498 K i P AR 1) R G 2
JE AT AT HL DX o R AR K B TR A O
B CIAfHA T 50~65, 48 7R B FE v F -8 11 A4 5 b
R A VKIS A G T 3 B S E PR SR L IR
Y CIA {E 3T 65~75, 48 715 15 B8 1 10 A9 < e e
fiF, S0 T 3 8K (Detian e al., 201035 Zou et al.,
2018) . NI, FER E DIR A IR & T T AL T
MRS Z T .

ey AR AR VK (LPTA ) 2 S A i e K RN s B A
VKV, 301 18) X1 BC 498 K i 1 =2 2 i B 25 0] DL ok 2
oA CEBEEAE,2014) 70 S sk E R Tt
L UK K AR R, K EE TR, e A R B
A F IR T, IS X B9 KBt , A & PR R
UKIATTAR , {E HLAT) 32 2 41 30T vl T e 4R B 1) A=A 25 2
oM . WEEEZH Y CIA fHA T 50~90, U fH A2 L K,

BIEAT 70~80, 487~ T HALARDUR TR IR 1)<
ST ARSI Bh K (22 S, 2020 Sun et
al.,2023) . HATOC & BT 4 — Bof — Bt
CIA fEAEAIG, X1 FE08 T 2 A T e85 Ak 2 R AR
FH 5 W R4 — B 5 TOC J A% g iR B8 S i A= e T 4
e A2E KRR

3.1.2  1EA#uH

ZEAORAE VKT R IR CTA (B UK A AR AR 1
T ERIEATE B34 60 LA (1 4) , FHE TR
X 7 2 A AR E T G35, 1Ak 2# XU VR A1
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Fig.4  Summary of geochemical indicators of marine source rocks in deglaciation
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Data of the datangpo Formation are from Ai et al., 2021; Li et al., 2021; Pei et al., 2023; data of the Doushantuo Formation are from Fang et al., 2019; Zhu et al., 2021; Lu et

al., 2022; data of the Yuertus Formation are from Deng, 2021; Ouyang et al., 2022; Zhu et al., 2022; data of the Wufeng-Longmaxi Formation are from Detian et al., 2010;
Zou et al., 2018; Qiu et al., 2020; Qiu et al., 2023; data of Chihsian Formation are from Wei et al., 2011; Liu et al., 2014; Sun et al., 2023
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Fig.5 Relationship between chemical index of alteration (CIA) value and terrigenous input of source rock in Chihsian Formation
(data are from Sun et al., 2023)
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Fig.7 Damage mechanisms caused by rock freeze-thaw
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Lechte et al.,2019) , UnyK )1 @l 48 2 “ 25 BR Bk B 8
R B AR W A AT B2 N R AR R
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Fig.8 Ocean circulation system of Late Ordovician-Early

Silurian (modified from Pohl et al., 2016; Zhang et al., 2021)
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Fig.9 Schematic diagram of coastal upwelling

(modified from Rykaczewski and Checkley, 2008)
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& B —E W (Sun et al. ,2023 ; Zhang et al. ,2023) .
34 EFRMEEREDN

AR E PRI B S AL T e T AR 2
ik I R A A P, ORI SR B4 Y
PR SRATI A MR A 28 57 o Bon i AR S 4 AN
BEILVEA IR A B R & Tkt a2 b, AR
RFL XS Al SRR, A Y B 0 00 A A A T e 1
FEVS T 5 AL KRR F v A5 (EL R T A Rl
ARAE FH AT KT K S RS T HAR 27 XA B it 5



513

HFGRABCAGE - VAT S e ) v R AR R DR A PG s 2 11

Yyt A s H A = 3 SR TR B R TR .
E-C S5 470 I AR IR B , /- i 2l e s i
Tk Bl AR A RN 5 1) U 3R XL, At g A X
AR RN TRAD T2 XA , 58 i 0540 o i AR X 3¢
TR0 T O-S e A b — 38 8 M B fi Uk B R , 55
it L0 2H — o S R 2H RO B 20 1) Ab 2 AR AR T AR XS
S, B R o i R e A i T T v T R [
T AR B B0 22 KA A — 2 BTk

AT 45 v R B AR SAX60 h A BH S T T L
TEHHE B R RAARMER A 225, Fiooh R
bR A ABE L Ve B R AR 7 VKRS i A BR
TREARE AT VK Rl K RN Bl AR G A BTk, [ st B Ll e 2
W2 BTG o E-C 45 10] T 5 ik 7 4 R0 2 6
HE E IR EEOR A BR e ETHREM . 0-S#:
I e IR 2w E SR AR 3 UK A A TR R
IR E T, R BOLAE ) 5 m FOK AR B A, —
B ZAWE A RIS 2 R T B A ALK & 4R DTk
K, (R IE AR T8 b TR 8 3R Y ot o ks B 1 H AR
P LE T

PO~ B AR A VK TR AR R R v U e SR A
KB RIBL JOL KD, BB AL Z B S Ak
LU FH BsF B 6 107 R4, L % HAT AL
B BRNEN, FEZARIAE I 5 iy A SR AR Bk
R, AR T A VLBRAE o el AR 2 A
E-C 545 £ Rk i i s — @ AR B2 b2 KR &
O E SR T e A R TR AE R
me , B AR A IR S, T S R AR
KRGO IR 85 K I E R SRR N

25 b UKIH IR IR e A Tl e sl U fs T
AR LA K K LT sh 5 R = M ZR G AE T R I A, =
AN RZ XS TR 0l A 7 ) 8 DOk ARk
LI Bl X P A AR SR AR A P AR B R L ]
25 R BMER AN S A LK & AR (I 7840 25 o IRl B
MHEIR R GEX BT X AR Z A —
SE AR E 520, 3R BAE SO LA RIS Hh K iR 2 A
(ARG T Gl o w1 11 R 733 %) I E R =P Ui
FHRAEHIHE PR AR A BRI o [R] I KT
TR R Bl 0 T30 28025 3 350 LV I3 i T] 0Kk 0 7
LR A3 B KT VK (Huybers and Langmuir,
2009) o 45 RE DRI 45 S ke U0 A DR B A 1Y
VEFXT AN B 25 IR 1.

4 FENIMEIEA B EXS

[ b 2 AR R A AT 5 P SRR, 29 70%
HITR A DT ER IR A oA e v B AE A2 (8110),
X R i 2 A, B A AL A R R IR
F W R A Y & T B A LR A LR
NIV 2 AR B IR BRI AR X R
JRUR A AE H R AR IR TR A (227055, 2013) 6
[ [ At 76 5 b B K B VR 5 & 7 A A X
N A HLZE T R B IR o AT i AR PE AR A I
B HIER T, B-C #97  Lena-Vilyuy 75 b 22 €4 71
T AE O-SHAT A 2Bk K2 DT A B a7,
D30 25 i [X R A 7 0 A B G AN L B B 4 1T
T CERLCEEMET T SR IUA (L
85,2013) o IXUELE PRI AL B R TR At 2 A AT
FE PR b DX, L & E AL R B KT
HJLERIE AL, 2R S THE S 20 2z X
A3 L TR TG SR K LA FH R A 4

B AME TR 755 ] S TR A R DX v
WA B Rk A AR T 2, R E TGS TR R BT AR
A AR I A R %) ki A AR TR A e TR T A D VAR
PR IR 2 o LAl i o ki AR DR 5 0 R R TR AR
Ll , 528 5 32 BN H AR RS2, 0 T s R
YEF (B 5, 2023) , [AlBs i F oK AR ER B pH {ELAN
A R AR AR D 2 B S R I A R VR A 32 R
Wi B 2 (FE AR5, 2021) . B C-P ST IR XL
WA R R AN KIS IR IR A TE R NS R E
TR

5 UKTEIPEIRE A PR & R

VKA IR R (9 UG (PRIE A S e M A o =
PEEERENE T A2 3 R AR JEUR A, AT 42 1l ¥ A
JEA A LRI B 4 o P AR A L & 0 E
HR B 5 AR YA K AE T AR AR S IR L
HEAE T, LA 55 AR AR S AR RE VR I 5, i i T2
R A A g 4 R AR T A W A K BB T A
AR AE 7™ g o TIRFRS et e A 4 L 2 A
VRIH B R SAI AW  H i TR ER R 45
52 2R PE RIS B A A e, BT TR XA A
TR LA A5 S5 = o 4 R 247 B AH X 5 AR Y
UK R B A BRI Tk . KT S8 i) 1
KA B R AR 22 =0 TR T



5444

A

i

12

[ ipigee

— - 4 TR HrzEh
AT WA
A S
Fa FZINO
e
Y LG
o R ST A Y H AR
VT s s e A A — T WYENEN  HE WA
Y R R ‘ o sty sE R
LT I g "
4
i
BT R AL o
o
NS B
L ol WUTY T
T A W R W e RS P
WT
Hr Rl
BT et WIAER T w mRa e B R T s bhis T
S R B o . 1 <& er el - L S B L + . - 1! R
s L e s At e
e
A1
] T A £ TS PSR
o we e g 7857 PET/EeRd BT ol B o i H
Wy e e W Y e L, Cwer w0
TR TSty ”
WL ot
J”!\
VRO N I 4 FAL I LI
R BT STT-LI A e e
“EA R FAE Y _ F4 e !
WM Ry R T g s | SR ¥ AL A EUT VT T
e e

uonene[3ap AY) Surnp SHO0I IDINOS JULIBW UL

sw)jed JUSWIYILIUY uoqIed Juesdio Jo Arewwns dsperedwo)) | Jqel,

FENXEHEE WL ZE BB ROK

1%



513

HEGERRAE - DRI s il rh B A IR A A L 1 4 13

B=R
EEZA
T2 A
=&F
AR—FAR
FEX— I R
bl

B o
RES Y 15

1 L
0 5 10

15 20 25 30 35
Az e fif L 1/ %

P10 b SRR Y5 3 2 2 A B HC 0T il =t 5 itk 40 AR L 491 30 B A 7K 25, 2010 18 20)

Fig.10  Distribution of source rock strata in the world and its contribution ratio to oil and gas geological reserves

(modified from Teng et al., 2010)
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vant studies have primarily focused on the mechanism of organic carbon enrichment under high insolation and a warm
humid climate, summarized the relationship between organic-rich basin sedimentation and astronomical cycle, and
have rarely involved the development mechanism of marine source rocks during deglaciation. Several sets of marine
source rocks were deposited during the deglaciation of Proterozoic and Paleozoic in China. Studying and summarizing
the mechanism of climate on organic carbon enrichment in basins during deglaciation is helpful for establishing a cou-
pling relationship model between different climatic conditions and organic matter abundance from the perspective of
Earth system. [ Progress] Research has found that the main source rocks of Mesozoic and Cenozoic corresponding to
large oil and gas fields in China were developed in the greenhouse climate period of middle and high latitudes, where-
as the main source rocks of Proterozoic and Paleozoic were mainly developed in deglaciation of middle and low lati-
tudes. Abundant dating data indicate that the source rocks of the deglaciation period were distributed in the Neopro-
terozoic, Ediacaran-Cambrian transition, Ordovician-Silurian transition, and Permian. The source rock of the second
member of the Doushantuo Formation in the Neoproterozoic was formed after the Nantuo glaciation. The Yurtus For-
mation and Qiongzhusi Formation of the early Cambrian were formed in the cold stage of the early Cambrian, after the
North China Luoquan and Ediacaran glaciations. The Longmaxi Formation of the Early Silurian was formed after the
Hernant glaciation. The Chihsian Formation of the Middle Permian was formed after the Late Paleozoic global ice age.
Through the study of the paleoenvironment, paleoclimate, and productivity of source rocks in each periods, it is
found that the unique climatic conditions in the deglaciation period played an important role in the organic carbon en-
richment of marine source rocks. High temperatures and humidity in the middle and low latitudes, and high insolation
corresponding to high obliquity during the deglaciation favor biological growth, reproduction, and organic carbon en-
richment. Glacial meltwater input during deglaciation can cause transgression and import nutrients to the ocean. The
chemical index of alteration (CIA) values, which rise sharply and fluctuate significantly between 50 and 90 in each
period, reflect the warming and unstable climate characteristics during the deglaciation, corresponding to enhanced
chemical and freeze-thaw weathering, leading to increased terrestrial nutrient input and productivity enhancement.
During the initial stages of ice melting, strong equator-polar temperature differences and sea surface wind lead to in-
tense upwelling, increasing surface water primary productivity, whereas surface biological blooms and oxygen con-
sumption create a reducing environment conducive to organic matter preservation. Volcanism is more intense during
interglacial deglaciation, the input of nutrients from volcanic eruptions increases the productivity of the marine sur-
face, and the input of reducing substances improves the preservation conditions of organic matter.[ Conclusions and
Prospects] Under the control of Milankovitch cycles, high insolation, warming, and fluctuating climate lead to en-
hanced rock weathering, extensive marine transgression, intense upwelling, and frequent volcanism, collectively re-
sulting in increased water productivity and anoxic reduction during deglaciation, thereby promoting organic carbon
enrichment and source rock formation. This relationship model between climate and source rock formation during de-
glaciation reflects the control of the ocean-land-atmosphere earth system on organic carbon enrichment under the con-
trol of climate cycles. In the future, combining climate simulations and quantitative calculations, certain predictions
can be made regarding the distribution of large shale oil and gas fields.
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