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BRI A =  RBUE SEER IR TR Y& 8 a0
2830 — R IV BRI TE 1 (Valero, 1993) , 38 BE HI 7K
TR AR T ) 25 PN i A AR G0N Y ik R ER ) (i
25,2018 ; 2R EAE 2019 SRS, 2022)

Yy E R AR A I ) B 2R
— O TR SR AN T s AR TR S i AH DGR S A
L IR S L PR T R
AT B T Ak DU 09I G #2 (Arthur and
Sageman, 1994; Zou et al., 2019; 5K 38 & F1 47 C % ,
2023) . HOULE AP BB RR , B RTIH B
BT AR RLITCRR ) 5 A Y S 0 ot 1l R AH DG B8 R 1)
RGBS IH G S G . PRI, AR SO T A
R ITBUE A RN PSR , RGBS T 4E K H A
FR R AT SR, BT R IR L O — R A
YIBTAHOCHHIE , BA5 R+ A5 KA BRIRER
Yy R A LB SRR DT R LA B A BURRAE
RN, 46 i B AR 0 ) 7Rk AR A
VIR BT (1) A e

1 AR A ) ORI

1.1 &R

il Y5 AL AR ) B L-F- 76 BT A AR DT RS
B e s, X VTR Y B2 e Bl 5 DX RE S 22
B Ak AW A A5 AR I B AR =4, 28
AT R UK AR 55 s A i iRos | IR TE iR
iz i R — 2 XA e 2T AR 3 A e
(Wang et al.,2020) . 38 Fli AH I 25 b 0% Bl 5 248 47
IR0 i o G e BTN D WS R Uk Y R O TN 5 7
DX KA AR T DURR A S RE A S AR TR
P REE FLRE IR T A S A2 45 T B VR XY
JRUAL 0 ot A Y5 R0 RS R B 3 A2 B S S 1
FK AR IS B 52 001, I A Bt U5 80 TR X B 54
Jo i A B R AR A Eb AR AR LR A T iR Y,
JZH B, 25 R ) 5 A AR AR AR Bt T
382 (LTG5 2017 ; Liang et al.,2018a; 2% Fa %
2022),

Bl YR SRR A 2w UL B A
KA RRETY) AHLREY M EZ IR
Hor BR8P R JR X RS 220 KAk kg AR
RO RE ERAEITETE B (5 55, 2023) o il
TR B 0 i S R RLIR — 8 f R R T 10~
50 pm A FADRLGTR S v 38 5 R 4862 1 i 5

T J A B 3 T AT LSO s T e OB A B s BT kR
S UK S B A SR T WK T G AR R
iR e VOB o b (VLB 4, 20035 V4 1 47
2020; 5 1, 2020; B 3, 2021) . Rl URER IR ER 0P
ARG TG SRR AU T 5 R SRR Y
IR DX AN 3 433 R (B R B I (ARG
1986; Jiang et al., 2007 ; Zheng et al.,2015) . A BT
AR A T A DL RIS R A v ) 96 A A
A AR A 4 1 2 R UL Y ki U5 A HIL BT (Mastalerz et
al.,2018; A4S, 2021) o e Ah, i I AL AE ) 25N
AR ERITCR , AN B i A Bl .
1.2 AR

i PR U5 ) A TTCRR A ST G A N U 4 R TR
P, X A0k TR YY) I i ) B0 2 N W) B — 1k 2
YEH A — A2 R DL R A e TR ke i G
B, 2015; ZAE245,2021) o RS H AT T4k
e PR 1+ 1 40 o ke TR ol R 5 = R e A 5, (HARTH
AT AW P IRATD SR R AR R (R AE %55, 2021) o
B UL N IR AERLTU AR Y BRER FRER T W1 51, 40 9 (AL
Fe Mn ALY DL K S8R iR 3L A LB S5
B2 N DL e (27 2% 4 ,2022) o 34, Bl
Pk A O — I B 5 P TR AR R Y5 G
REV)(FLHEE,2020)  FIR A A KA A = R
ORI BRI SR A 2 R I 4 FH 1) W 2
A Ca™ \Mg™ 55 18053 , S N IR AL 49 B )4 A1t
Whas 54 (Valero, 1993 ; Gierlowski-Kordesch, 2010) ;
KL B8 B K L) BT R 8 48 AR AR Ca™ L AT
Fe' Mg % B, fE— B LA iF IR AR TR
J A R (Liang et al.,2018a) .

IR AR AR % B DK AT 93 2R 2 AR 7= 1 ot
A= Y05 ) J5 RN RS DUAR ) BT (B0 K45, 2023)
N2 BOE I8 3 2 A A A Ak 2e AR
FH ALY 48 BN B TR R AR B R TR R
K COIFEIG T, HHM AT I TR0 )
FA, MV B LA v T R A S A =
A1 B R A AR P (275 2% 55,2023 ) 5 £ W)
A2 AR 0 A= 1 A KOS Bl U2 DR PR DA T
I BE 25 N W) A= B £ T, Dittrich and Obst(2004)
B T 4 TR NS RE A A K AR T Y Ca™ N
CO3 RE%E 1FEF I A UUIE ; ILA) Liang et al.(2018b)
X3R5 BRI R o 3 R U Th AR R WA T Y
WIS BT LA WIIE LAY DAL il 2 2E 0175 S0 Ak
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SEUUNE . AR PR A Y ] BT B 4T
T, Qnosic 5 L TR AR R R 9 S X K AR R Y SO,
I3 ROY BUAEIHLIA , REAET S Si0, FRR N AED)
LA NS B DT TE T BGHT B9 E A 4 (Schimmelmann
et al.,2016; FJETF55, 20205 Gao et al.,2021) ; 74k,
FE N R S REE IO VU M S T LUE LR
PLIBT . B T BRIl 6 A 1) 8 P i A 45 Fh 3l
FEIRE)E , A & T AR B E I N IR T,
TREVEA IR bR T A HLET A, At Bl U5 A H 5
Yo AR T VR AE IR B L R R AR,
PRI AR SR B3 1 ki 5T BB A0 %) i 05 A4 0 152 0 T
MRS . FHE TURRY) B2 25 B 20 iU DR
Yy ot 28 25k 7K Bl AR P Rs s 8 DR L, Qi
PR ER BT i S

1.3 AL—#i&E

KL —HGR TG Bh T IE K AR SN A B K LR S
VI A8 DB )2 | PRI MBS T Ak BT 0V i O DT
U (MR AEIRAE 2024 PN EAESE ,2024) o IT4F5R T
2l AH B AR N 8 R B E RIS R A S
Il — T B A B RSB C R (Delmelle et
al., 2007 ; FRIEIREE2024) , 3% 5 K 11— T 3l 1)
ENE AR & T R (e A LB & 5 DA
KR CIESE,2009; £ 5455 ,2013) . (HUL A5 #
IR KL B W o i A KRB R i Cu Zn \HC1 4§
HEYRFEAEYRET , AMTFAEIRLEE
(Zhang et al.,2017) .

LR W R iz UL S e R S
JEARAL : Rz B L EE D S I A AT
AERE KL B W i is 2 A O . 25745 (2020)
TEXTSRIR Z2 W 2 K 7 Be iR i A - g sk 2 B
PR 1KLL R M 2 s R 1 L i TR B ) 8 K J5 )2
(K 1a~d) , A9 KA SIE R B AT  TC i ik iz
fiE, B A 2 AR TE R T AR 38, 878 X L 40 J5 el XL
TIVE IRz 20 28 N i DU I ARFAIE

P TTR ) e BEOE W AT 43 i =X AR
Yy 5w TR, 4 R RSN T 62.5 wm BF AT IS
A ARETFR ) B 5 % (Shearme et al., 1983 ; M35 7
45 2013 Jiao et al.,2018; FE 224 2021 ; F A 45
2021) o WP A TR Y 48 I A K IR & TR
Y B B BL AR Y (Edmond et al., 1982) , 4% B854
LR RT 3 ARERR ER RESRIRER kIR AR W 1Y
CEURR R B DL S AT R T N R4

Ry AR PRI B (BRI AE, 19925 EVT,1993) .
IR E AR MEE IR Ak (B AT, 20155 #5245, 2016) |
SIS (W25 BEAS 20115 FE 8845 1 2017) B IR %
W (He et al.,2016; BLHEAE , 2017 ) 55 75 15 e R
AW DU A AR URCS , L3S LLEAT 1Rk
A SUZAR S5 PRA 38 9 0 1 3 A 3 (]
le~g) (MIZ5 BESE 2011 He et al.,2016; %UHH4E,2017;
RS 2017 HoR A4 ,2018) . Wk UT R 1E
[ R AL ERIRA IR IR I A ()
JEAEREIE | TR I IR FIR T R 28R AE 1k
T ECRIR I RN ) o R B s 2 BT TR 1 vy At 19
BRI, fEXA-d i, JRARIE A 3w sk
AR I T BN AR AR R X S Bk A
WY E R G 5K AR A FETTRL Tk s AnRiii
AL Sy (MIEERESE ,2013) . 2597545 (2020) 3
TS NG IR 2 i 5 AR 7R ) B i e ) 21 St A kL
DO, BRI BB — o i “BeR 7 J7 i A ki st
J2 5 s DU B REE (B The~j)

AR, K — IR AR TR 0 5 &2
ZROTYNALRL, B R ik S IR R, AR gk
25 BB FEAR, AR mHES B RHIE , S E
KT SUZMR SR T AR Hh . Hal
TR S 1 5 19 T RS AR A R W 3t =X T AR 4 s
SRR Y, ELY T4 s i 2 R 1 mE R ST AR
Wy A AR ST R 5 02 MR o0 A HL 4 o 4 ol A
— o A, TR S KL RS 5 X
UURPI ™ YIS A H B B R BREIR 1Y “ S
R

2 ARL TR e il R B S S PR R H
JiZ A

21 FHEHHIKRIERERE

I SR R SR S R Ak AR
o Sk N b A7 B I N i LS e st R 7/ B R 70
WS [ 42 Jo R TR (6 45, 2023 ) o AREDTRR 5 R )
B FE A R B TR R R LSS B A7 B
R XA AR B 45 (R 25 355 4i] (Biscaye , 1965
Dou et al.,2014; ARL13%55 2017 ; M i 545 , 2021) .
by S S R T A B XA T )RR i
B W AN SRR ER | AN [A] ) Y B R B A —
JCAL A BENE B A WAL SR B AR T 1) Fn gl 0
WA R A S o TEAN 5 RSB Ac A A 15 30 55
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TERLIY (645 2555, 2017 &80 s (h) WIS, FT 00 S BEAR 5 1 20 155 Sk 38 /s RS BRER R B0 120 0l /0 ZE T O Y ME R A8 b 2 AR K TV P By 4, )32 0
3733.20 m, D FHRA SRR (BT R4, 2020 1820 5 (0 XTI h O TFARACS A R B, B R 4 v AR R MR 7 B3R 4, 032 1,3 733.20 m, Bl (R 4597
A, 20200880 s R REET T h HEA B, & B REBER T fif A1, RABUR H , B R A RS R MR TR 41,32 9, 3 733.20 m, B (P21 45, 2020 50

Fig.1 Characteristic of volcanic-hydrothermal sediments
(a) horizontally bedded shale with two periods of tuffaceous layers, the lower layer is a feldspar crystal tuff layer, and the upper layer is a glassy tuff layer, Chang 7 member, Or-
dos Basin, well YY1, 228.44 m, planed-polarized light (PPL) (modified from Li et al., 2020); (b) horizontally bedded shale with two periods of normal-graded volcanic crystal
fragments, Chang 7 member, Ordos Basin, well YY1, 229.60 m, PPL (modified from Li et al., 2020); (c) normal-graded volcanic crystal fragments, Chang 7 member, Ordos Ba-
sin, well YY1, 236.50 m, PPL (modified from Li et al., 2020); (d) tuff of the lower crystal fragments in Figure a , Chang 7 member, Ordos Basin, well YY1, 228.44 m, PPL (modi-
fied from Li et al., 2020); (e) interbedded laminated volcaniclastic rock (white) and dolomite (dark brown), Lucaogou Formation, Santanghu Basin, well M11, 2 944.80 m, PPL
(modified from Jiao et al., 2017); (f) enlargement of the f frame in e, showing angular feldspar grains (white), some with a chicken-bone structure (red arrow)(modified from Jiao
et al., 2017); (g) enlargement of the g frame in e, showing a clear erosional contact between the volcaniclastic rock (upper half) and the dolomite (lower half), with the volcanicla-
stic rock displaying normal grading (modified from Jiao et al., 2017); (h) explosion breccia, with a large number of patchy calcite, red arrows indicating the gradual decrease to
disappearance of patchy particles, Jimusaer Depression, Junggar Basin, Lucaogou Formation, well J32, 3 733.20 m, core photo (modified from Li et al., 2020); (i) corresponding
rock thin section photo of the hand specimen in h, Jimusaer Depression, Junggar Basin, Lucaogou Formation, well J32, 3 733.20 m, PPL (modified from Li et al., 2020); (j) corre-
sponding to the j frame in Figure i, showing developed patchy calcite with developed fractures, Jimusaer Depression, Junggar Basin, Lucaogou Formation, well J32, 3 733.20 m,

PPL (modified from Li et al., 2020)

RKIMEOL N A PR R B 0 W Al RIS A e S A U A el 2= 1 1k i

FEN R, 0 TR A P # AL RE T 58+ KOk
FRBHET , 1994) , i KORCE A 9 A 1 e e iy
RN Z 5 (K1 2) GRS, 2016) , B A 314 9
Ht XAk fe 1 g (Fh 50X, 1997) .

e F B ALK AL INA SRR PE
I TR IR I R Y A 25 4F R B i (Chamley,
1980; B 3%, 2013 ) , 52 i 7 5 22 ph ey U5 %) R P2 200

K A BE T 20k XA AE FTJE B (de Segonzac, 1970;
Chamley, 1989; Sheldon and Tabor, 2009; Liu et al.,
2016) . Robert(2004) A+ 51l X S A 4 e
FER s, PR L BB A A Sy DX sl B2 /K i A 8 7 SRR AIE 5 1t
#b, Jiménez-Espinosa and Jiménez-Millan (2003 ) A K
SRR PR A U S AT RS 7R T R i AU
o PRI R MR ARG RZS ), 32 R i
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Fig.2 Bowen's Reaction Series diagram and weathering resistance (modified from Zhao, 2016)

B R RE 2 KA I I (XA 4R 2016)
TV AT WRIE AR PSS , VR A B PR AT 26 A
(B3 ,2013) o 40 R SR AR AR R A7
RAF SR AL 22 B W 1] i W A1 7 . e fr B2
TETPRIEV UM SR T ARGE B A I H L
JERT IR AE A A 52 B ) A 26 181 IR
IE I AN, 20025 TARAE,2021)

FA AR A AR I 3 A A0 ) 22 ] XA
AR L R BN 2 — o A AR
17— BOIRRAE A HLBBORIE R AT HLRR
TR CO XS IR IR AT = BEHEA TR AR 1 e 0
41 (Berger et al., 1997) ; MeAb, 1 e i S B A FHE R
PREITEOL T, AL R R AT TS Al BT I
DR (RIRER A5, 2011) o BR T HAWE WAL IE i

Ty, WA AT RS W 2 Tl s R AR Ak,
IR =i A - A AR ZE -5
AT R (E 7548 ,2014) 38 5 3% —id
PR S KA TR R R R A AN BT i o R v
s K A2 e WA . BEE USSR A
B0 WA SO G 2 R FRAE AR
EE I B S I TRER , CAF#0 R 2k
RUFNZH G HFRIE LA S S Z 6] (1) G R kAT T DL S
K153 (K 3) (Merriman,2005) .

WA= F IR EE LR kI8 5 1 K ) T
TR O, R AL B WEIE R A i 3l Z Y it
JBE, AT H i - LT 290 Al 5 b DX 7 52 J A
TR, A RIS S LS SR s B A Ly o
18 15 JiE WAL TE A (Jeong and Yoon, 2001 5 X3 % 55 ,

L HL rIgk | AT | BURG | e | Rk
A HAHE WOTBL | ZiiE | RER%) BB | BB
S
: SR ; R
RIS R | B
D N I NG
SHRIZE IR E : - 0.7 Jig=4 £
" AT A i %_ k]
e — e | HURCE
Vg Ry Sk ki - | B
— 28 T
I 0.42 v B [
X S
i - &
pun I 3
AR BRG R - 050 T g
W 025 Wi
4.0 ===
EfE | AR
Ll s | mE

K3 B W5 AR O JRCA T AR A5 46 AR O &R (48 Merriman , 2005 & )
Fig.3  The relationship between clay minerals and the diagenesis indicators of fine-grained sedimentary rocks

(modified from Merriman, 2005)
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2023; EEESE,2025) o BT AF (2007 ) TERIFSE I FEL PG 44
P A ACER R Z TR 1 ZE 0 W) ORI A, & 31
S T A DR 5 AL T 1 X AR DT
Bic , AR SE WA RS SRR K L sl 2 2 o6
2, HAFFE X g5 i 55 S8 AR PE I DT R IAE T3E A K
L RS2 WA A A R 2 A RS2 A P DRAT

B 75 I 5T AN TR I AR R - 48 e DA
B P AR AR EAT RIS K B, o DL S A
TR W2 R S 0 Y RS Hh A R
AW (Extracellular Polymeric Substances , EPS) i i 4=
W14 AE B il (Calvo et al., 1995; Ueshima and
Tazaki, 2001 ; Burne et al., 2014; Zeyen et al.,2015) .
TS (2024) FEWF 58 1 A= W % U A 580 3 1 S M
P BRI T ZF AT R A K T B 4 A LR A EPS Xof
BT I RERR R0 W RE P2 A — 2 AR W KA VE
A RERRER T W RV Tl 28 S A B o i
T R FE AR R 2 IR A 8 479

H A = EA BT RIS ERIE 95 £
HARYPIR RS ik, EER A EE H P28 e
FERFGAEE MR IR 4%, Bl R R T RN O
JER ARZER, Aoz mEds i ae . i,
KB 0 Yy U5 5 kA7 il i 2, AR A Ak
P OINFAAEHE  XRD FRAETEZE 73BT Biscaye J5 155515
FIWF 7T X B 8 W) A9 2SI ARG & i, 45 XKt
JE T S 5 05 X R 1R RE A B A R X RO
Eb, 25 A RO £ 04 SR U (Zhang et al.,
2012; Li et al., 2017; Jadhav et al., 2022; Liu et al.,
2022a) . 74k, TR T PR AT E , 2 5% £
AR RS K B 1 5% KR pH E S5 5T S A
s LA KA LS BE L BsAE F  HIR AR
K B A I A e VR S, DT e AR 2 )
PE AN H A8 7R 9 BOR R 19 15 5 (Hu et al., 2023a;
Zanoni et al.,2023) , Kt H A #6 K 26 079 () 9 5t
RIEHFFEALAE [ 583 2 A0RLTURR ) RN A At TR
) &I (Liu et al., 2016; Chen et al., 2023a; Chen et
al.,2023b;Hu et al.,2023b; iK£ 1845 ,2023) .
22 AEFRBFEREKE

A HAE N AR U EE B T ) AL AR, TE 4k
TURE BT ST LA SR H R S 98 I TT & b 2
AEEMIE Lo FIABEGE D AR TR S
) A g 3 R UE T B R % (Blatt and Schultz,
1976; Milliken, 1994) , 2K 1M B 75 B 5% 09 AN W R A

X — W B B HE B, Chen et al. (2009) A VE %L
1Y A1 9 Z2 ok YR T kI — 3 15 37 5 Schieber et al.
(2000) AR BUA 9 A BE bR T BE VR PR AL, 72U A4
B B A 2R i L BB PR A A1 9 5 Zhao et al.(2017)
RIRATIAOCRIE T IR A, e vl ek IR T2+
W W54 4k s Metwally and Chesnokov(2012) 8548 H A
YESA VR T B L0 Wy FE AL A S R ) B 1 i LA e 32
RAEH 3 5540, Milliken et al.(2016) BF 5% & 35 [ %
F 1 1Y Eagle Ford DU X, [ A= A7 9 L9 By ik
85%; Ye et al.(2022) A 53 I\ 3K [ DU 1| 7 b 0
H—Jp DR TUS A A A& ] iR 5] 50%.
S LR, DR A B R Sy B R T
B AEYIATE KRR A BT e
B RKILF P a9 s AT

YR TR A B R AR A e 5 A TR
fefie )1, AE R i AR TP R A AT, IR R —
U SR, B A AT 10~50 wm (& 4a) (5 B,
2020; B AE, 2021 ;457K 55, 2024) . BT RAEET,
i VSR A SR TE (B B IE RS T T RR,
M—FIK A —HE A —BIRE S b, h Tz
VB A VE R RS2 Bl V50 S Ay 0 35 1T 5 A 24 4L
F IS, 385 A B 2 n] DL AE Rl (1] 4b)
(Thyberg et al.,2010; £Fk,2021) . # & , F HA 5%
UKL 5 11 SO A FRAE BB 4% 43 BT HoAi 32 77 20 (Vos et
al.,2014) : W I 4832 1 i Y5 5 T A B R 1D o DL ARG TE
YT (K 4e) B H IR 5T (B 4d) RRASSFRRE
([ de) ; /K J1izs i ki Y5URAE Ji8  o  DLK T %
ST (& 4f) | 2 s i i o il (& 4g) VIR
B (& 4h) 25K T3 8068 FRAE (VT 2, 2003 5 1716 4%
8¢ ,2020; B H M55, 20235 T ZEH04E, 20255 HI B
55,2025)

T8 I i VAR 18 A 0 P B2 7 b J5 Dy 5 3 T 22
D3 AR 25 AN TRD , B 2 SRR AN ], DR e )
B 2 G HREAE BE 8% 43 A Bili 5 5 18 Ay 9 110 Bk 28 A
(Ye et al.,2022) . BEg R KA (L RE>ST3 °C)
A DL SH &G LR 2548k 2 (Zinkernagel , 19785 2%
A4E,2022) (Kl 5a) s B 728 i (28 Pl EE 300 °C~
573 °C) A7 SRR KOG LARE (0, 4828 60 = (&1 5b)
(EF15,2020; 5K RS, 2022; 7= X185, 2023) ;
BEA MU (2 PR <300 C) A7 B AR KO3
MR A KA (K Se) (CEF 15 ,2020) . BLAk, I H
SEM-CL G A1 5 €8 B A & G i R AE o B 73 B A1
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MRS T, S0 B (B 8 AT, 2023 8 280) 5 (h) /K 8 i AR S 1 S R A — v A i b, 000 v B (A B WA, 2023 80

Fig.4  Microscopic characteristics of detrital quartz from terrestrial sources

(a) terrestrial detrital quartz (indicated by white arrows), well sorted, with subangular to subrounded shapes evenly distributed in fine-grained sedimentary rocks, in the Zheng'an
area of northern Guizhou, Longmaxi Formation, well Anye-2, PPL (modified from Feng et al., 2024); (b) terrestrial detrital quartz accompanied by quartz overgrowth (within the
white frame), in the Qinshui Basin, Shanxi Formation-Taiyuan Formation, Scanning Electron Microscope (SEM) (modified from Feng et al., 2024); (c) aeolian transported terrestri-
al detrital quartz with surface micro-morphology - disc-shaped impact craters, SEM (modified from Huang et al., 2023); (d) aeolian transported terrestrial detrital quartz with
surface micro-morphology - crescent-shaped impact craters, SEM (modified from Huang et al., 2023); (e) aeolian transported terrestrial detrital quartz with surface micro-
morphology -pitted craters, SEM (modified from Huang et al., 2023); (f) hydraulic transported terrestrial detrital quartz with surface micro-morphology - subaqueous polished sur-
faces, SEM (modified from Huang et al., 2023); (g) hydraulic transported terrestrial detrital quartz with surface micro-morphology - impact grooves, SEM (modified from Huang et

al., 2023); (h) hydraulic transported terrestrial detrital quartz with surface micro-morphology - V-shaped impact craters, SEM (modified from Huang et al., 2023)

A5 Bl IR A 9 B R DL KRR

Ca) Bl RIS Ao e B RO B2 i 8, FEREA s IR TR (R BA 12, 202218200 5 (b) R IR S A S B RO Al €0, (8 DLl 58 0, B A R i
FIEEEIE TR0 BT (5 £ 71, 2020850 5 () BEH NTEITHT , BRI USR8 A7 98 FAAR A6 BARI RN JO0, (R W28 6 IEWT R 8 BUE UL AL
A (JEE T, 20201520

Fig.5 Cathodoluminescence characteristics of detrital quartz from terrestrial sources

(a) cathodoluminescence of terrestrial detrital quartz appears blue, its parent rock is igneous, Lancang Group sedimentary rocks (modified from Wei, 2022); (b) cathodolu-
minescence of terrestrial detrital quartz appears brown, occasionally blue-purple, parent rock is metamorphic rock and a small amount of igneous rock, Suyu Kou section
(modified from Wang, 2022); (c) at the Xiaoyu Chuan section, the cathodoluminescence of terrestrial detrital quartz appears brown and non-luminous, occasionally blue-

purple, indicating that the parent rocks are metamorphic rocks, sedimentary rocks, and a small amount of igneous rocks (modified from Wang, 2022)

R A T Bl VR AR S < AR B R R S A S R BN AW A R R T N O RE BT AR WK, WL
SEM-CL % | (158 % 6 A B B & 6 iE p X S a4 6T Rk & ak R, B T N R TTR

AR, 05 625~650 nm, YU H BT 420~450 nm JR. B A AR KOS Shst KR ARl B St 5 HAE
Ak (Peltonen ef al., 2009 ; #X F AL, 20165 X1 PEARSE, N MYE AT E B E A A -A, 5T 5
2019;454x1,2020) TUBRAE AR, 76 7 A B BE A IR e ) 54
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R ARRRE 2R 1 A7 -A 3281 1) B e B9 85 1A -CT
Al B HE ALY RS B B B L B DA SO b
Ao (R 5F,2021; 2210 55 ,2024) . A=A —
P ELA WA WL — R AR T A R AR 4
¥ OB A 5 ([ 6a,b) (X A5, 20165 FRFk,
2021 ; 212 3, 20225 ;50 K AE, 2022 216 5, 2024
FRF%E,2024) , 55— R Z BK—FAE B e
20 T 4E AR IR 1A TG A 90 485 4 1) B b /A TR
AREGIR, & 5T TR (Bl 6c) (58 A,
2022) . ECHE A0 AR BT S 4R BEAT T 55 % Ok
AR &6 (E 6d) (BhEk,2021) , B (0 BA R & 66
F WA T 580~620 nm , YK IEA T 390~430 nm (X134t
MEE,2018) .

KL —H I B R ARLTTRUS A S i E R
A, K LLTIE i R A8 I Jo ) T3 2 A4 A T AR 1Y) B
BTN, B AR BUR R (K] 7a) (B L
8F,2024) , HAL S F 5 0 AR S 1Y Ll B
(ERMAE,2014; 5K E 45, 2022 ;{0 SCFE4F,2023)
TE R BUA AR PSR B B L L 3 308 28 I I 3 b e
AR AT E (RIS, 2021) KA 24 4 LA K AR I
AW AL ST A WO — IR R A
SO AR R A (B 7h) , ] WA S i L TR
ZH(E 7e) (X EHEZE,2016) o KOI—HGR TR A7 5
FELAMAIE AL, —Fh R AR FIEA, ARk,
KT EE (B 7d, e) (X E TS, 2016; ] 3CZE
,2023); —FE 5K A Ao fA BB KLY
JR A B A 0, LA TR G, 22 B S AR R 4
BT REIR G A (B Te, 0) o 24 F A 3 1 S AT 245
XE DL W7 LA L —HRGRE A g i), mT LUF) A

~ . ¥ o
B - R 4
A o Ry
. 3 = o 3 .v“s

BT 1 S it A0 o B 15 20 B 4 W, — R A L
5 b i R A RERR LU AR — B0 7~9 , Bz R T KR
M 5E P B REER L (3.8) I, DIRIE B A 9 h Ll —Hifk
IR (X EAF,2016)

B 7 R RER AUE K L —RARE I 4 i
Pz i AR RS SR HE Y A s Ah |, e A A e
TR E 2Ty Xz — AR A IR IS B, DR I wfe
PLR 3 BASCH) =R T Rz . s b g
E R ANV N [N R WO 7B 31D 31/ ATN
PHAR)Z Rl I A e Ak (R 5%, 2025) o 1%
it B TR L YA W A EREE TR IURCK?, I [ BREE
TR Si* (Hower et al., 1976) , H T ARIUTRUA 19185
FEMAIR, R A Ui 5 Sit Tk T s AT, R I
W URRTE It , BEA A1 T B EA T, — 73 Sit
WAy A B TS TR ) 2 18] (8] 8a, b)
(Liang et al.,2018a; BN KA ,2023) . X— ot R
R G HER 30 FOR IR TR A IR, S A L
e A A I I, A AL ORI R & A HLRR IR
T COLXF RS i A A HEA T 120 PR AN B B
Tra] PR A i 6 ke o RE AR A R K SR E R )
B Al RS T K e BT (B B £ 45, 2001 5 5K 7K BE 55
2021) . VO)I b 5 a4 WO AR A e i %
REAR, HOEm e G am i 2610 Y%
TR RE BT XA 5230 2% 04 J7 it A0 SSAR I LA 1
A RO 8e) URE TS ,2021) . T3 4h  TEmtE
Y A ET | Bl IR TS A S UL R T B RV (ol ™
A AU, 2RV Tl SRR VIR, v Dl Y Sit vk B R 3
TR, AT A S A= 32 (& 8b) B L A A= A
I A S AT AE OT MR, 2014)

§ 100 um

K6 A1 SO il

(a) B A 0, N FHBIX, RSO, 8l 191, 1 222.00 m, S4RDG (HRSh Rk, 202 LB 5 (b) WG4 BB A e, T PRAE ARG T Ak B e e R 4, sl (B 45
45,2024 80 ; (o) BT AT S AR FRTDGHF AR , 22 A IGR T, U1 4 A2 — e BRI AL, F e e (5 2 AR, 2022880 s () R (b) BRI RO IR R, I E T
D Cb) AR AR 1, IR ST Z M R B AN O (AR, 2021 &%)

Fig.6  Microscopic characteristics of biotic quartz

(a) radiolarian quartz, in the Lower Yangtze region, Gaojiabian Formation, well Gudi-1, 1 222.00 m, PPL (modified from Zhong, 2021); (b) spicule quartz, in the northeastern
Chongqing Basin, Lower Silurian System Longmaxi Formation, PPL (modified from Wang et al., 2024); (c) microcrystalline quartz aggregates, smooth and delicate surfaces,
mostly cryptocrystalline, Sichuan Basin Wufeng Formation-Longmaxi Formation, SEM (modified from Lu et al., 2022); (d) cathodoluminescence photograph of Figure (b), the

white frame corresponds to the spicules in (b), non-luminous under cathode ray irradiation (modified from Zhong, 2021)
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(a) KUBEEIR I, 5 SUZARSI  EBPG X, e — e THIR 4L EXY 1, 1 512.80 m, TR fi)6 (4520 JLAT , 2024 16 240) 5 (b) B K R AIRLTUR & L Il (1
AT HRIRL g SR I AT , S RIIBE ™ 54 2L, LU T, 3 062.18 m, S HLBT (H X EHEAE , 2016 1810 5 () BERCH , BB M BERC & BB AL I A A4 38
S RAIAETE T AL 022 5 IR R 2, LU LT, 3 060.63 m, 514 55 (HE X [EIE S5, 2016 1880 5 (d) & = EER B BB AT IR TR 25 i — Ak
T, BB A A2 R, MY 1,4 952.18 m, P ', F 40 L 52 (I ] SC 425, 2023 1680 ; (e) B I T B0 35 A T I it AS DT BR IR — S , 5 B4
B BV 2, LUT 3 060.63 m, F99 LT (H X A, 2016 1850 5 (O BER YT LI ALTE AU B L 1 AR A 08, S A s R SRk il A, o
BRIBE P SV, LU, 3 062.18 m, 474l E 2 (il FE4E , 2016 180
Fig.7 Microscopic characteristics of hydrothermal-volcanic quartz

(a) volcanic ash material, distributed in a laminated pattern, in the western Hubei Xianfeng area, Wufeng Formation-Longmaxi Formation, well EXY1, 1 512.80 m, cross-
polarized light (XPL) (modified from Luo et al., 2024); (b) tuffaceous fine-grained sedimentary rock, the white band in the middle of the picture is a band formed by the ag-
gregation of quartz, Malang Depression Lucaogou Formation, well LU1, 3 062.18 m, SEM (modified from Liu et al., 2016); (c) tuff, the white circle is the self-formed
quartz formed by the devitrification of tuff, coexisting with feldspar in pores and caves in the Malang Depression Lucaogou Formation, well LU1, 3 060.63 m, SEM (modi-
fied from Liu et al., 2016); (d) devitrification of tuff material containing cloud ash to form non-crystalline forms of silicon dioxide, Mahu Depression dust wind city group,
well MY1, 4 952.18 m, P f ' SEM (modified from He et al., 2023); (e) devitrification of tuff material to form amorphous, irregular spherical silicon dioxide, Malang De-
pression Lucaogou Formation, well LU1, 3 060.63 m, SEM (modified from Liu et al., 2016); (f) self-formed quartz formed by the devitrification of tuff material, with better
crystallinity, short columnar quartz, coexisting with dolomite, feldspar, and residual volcanic material, Malang Depression Lucaogou Formation, well LUL, 3 062.18 m,

SEM (modified from Liu et al., 2016)

E8  ma VB A B UL R 1E
(a) W E A0, SBT3 L W 2 8], B BRI A v BB, NY 1,3 456.50 m, 4514 Ha 85 (8 Liang et al.,2018a &350 s (b) Wi H AE 9%, B T35 074
Z ), R ZHA TR AL, G293 1,2 565.00 m, 19 H BT (PR 445, 2023 16340 5 (o) REFRASARAG I LA A A A0, A AE A5 e i 2k i I AR A (R Sk BT
FRHEZRN) NI TCHUH X PR 2 50 K28 BE, Y14 ), 3 758.20 m, IE A (A3 7545, 202 1 1B 40

Fig.8 Microscopic characteristics of diagenetic quartz

(a) diagenetic self-formed quartz, filling between clay minerals, Jiyang Depression Sha four upper sub-segment, well NY1, 3 456.50 m, SEM (modified from Liang et al.,
2018a); (b) diagenetic self-formed quartz, filling between clay minerals, Ordos Basin Yanchang Formation, well G293, 2 565.00 m, SEM (modified from Cao et al., 2023);
(c) self-formed quartz formed by silicification of calcareous material, quartz growing from the edge of the shell to the inside (indicated by the dashed line in the arrow), in

the Yuanba area of northern Sichuan, Jurassic Da’anzhai segment, well Y14, 3 758.20 m, XPL (modified from Zhu et al., 2021)

2.3 KARERERE [E 50 /R 2 Wi b =B R A (R 5, 2024) |

KA YPE AR UE R h B 2B AN B I A e AR MR v AR AL B (S UK SR,
R, RIS ORBERIK AT Y 27T 2024) WU G b R 2 11 T BE 2H (324255, 2024) |
AR AR SR TR Z o . Fe NI E LR E IO CTAIR, 2023) =354
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M R RO A (R RS AR, 2023) 45 . AR Ak
DIBUA EZW P LA N, KA TEA 1 1 S AR IX
PEFCHITR DURRIREE 00 ol R S T TH A A A
Al 29T S

SN RN A LR N SN 150 7 3 S i
Yy XA, BR R 5 DX REE R AR 5 2 A R R
2 K XA FRTE B, 1Bl 22 i iz A T iz JF
i — 2 WAk, S 2O AR TR T AL 4 . A
BT A KA TG P bt 355, BRIk
HARARDTRUA TR & B AN T A5, A A
58K A A e A B 5w 0 KL RE 7, 3% 5 S B4 pr
DU Hh B AR A 5 1 B o 58 DX B 1) 15 o i o
s TR A B ARG B B 20 T i, 38 2o 3 —
TEF-45 6 BARRE G 10 2 PR i 451 LB 5 5, BES
Xf AR A Bl U X A 700 2 B9 IR (Lerman et al.
1995) . {H Schieber (1996 ) 1 Schieber et al.(2000) fiff
FALEIR AR & A VLR USSR A
J& TREFRER W A1 S AR XT 52, R B i
ANEAS PR GE TR B8 T S5 14 H B A X ) 370
RO B I I, HoA ok 2 H & A A 454
FEAE , 10 LT To s R AE , 2 At VR B AR .
I, [A) e — /N A e i SR S R4 B TR AT
TGRS B LA, 185 2 A A

BEE BRI ARWTR A, R 2538 — B0 K1l —
PR B2 AR RUS A ) ) E ) ook U5
Z—o —Jr, KITE ST ) KL S ) BURK
PIRTE S RERS B AR IR “Ji—IL " R G fit
KA Y, QT s JR Za | — I 7 55 7 i 3

KIRDVEIR AT A R 0 R R i = T
Yy (o524, 20165 M0 45 BESF, 2011) 5 55— 5 THI K
LU —HR % B BE A% A AR TTURRS TR R A R it
HEY) R BERE (B ESE,2021) , B RUA AR B BOE K
A1, AV T RBRZE 5 L e LU sl e i) kLl B
B BE KA ZE DU, 2R E R
AP R A (] SC4E45,2023) .

BRIt 2 Ah I AR R A IR A A A DG AT Y
R SZ B T A . B A A B S At e Ak
W SR VE T (Shi et al., 2007) , RS2 1340 4544
Fe (D) 2 1M 3405 A KB 1Y AL Si S50 = BRI
FNAREE Y, M P2 0 K 5T WL (RIS R
0, EPS) HEy K 7 rL A (1) RE AT, RS AT 250 BT
I AL Si" S0 R JERAPORETCE T Al-Si &
Gk, LTI K AEAE HR LT K A (E9)
(Konhauser and Urrutia, 1999) .

24 FRERELH HISRIR R E R E

BREREL W WU AE R R 8 B AN R IUR A R AR 40
DR T LA B 0 & o A, ANk RS 2
URBT G | R 5 2 B G A b )2 2 B K B Ak
s (9 2 B 4, 2022; Sun et al., 2023; Xia et al.,
2024; 25 B, 2025) , VIO Z b iy I 28 VS 2
AR MG IRHT S VSR A = b — B4t
KA = AR TR (JE 3L % 4%, 2018 Zhao et al.,
2018; XB I 45 , 20205 ¥ 7 I 45, 2022; 7K # F 4,
2022; M V15,2024 AT H 45,2024 ) , HAE 157 ki U5
T LR | 3 AR 25 F DL R Kk L — 3 G sh 5 &2
PR 2 L [ DR L (K 10) .

NAD(P)H

(b)

K9 YN KA SHLE (3 Konhauser and Urrutia, 1999 & 2k )
(a) T E A A LTS A (9 28 G SR R B 25 A S Bk A, T A S IR s (b) S0 A B T R R ML AN R & W i e 2B A

Fig.9 Mechanism of feldspar formation mediated by microorganisms (modified from Konhauser and Urrutia, 1999 )

(a) organic matter within microorganisms is oxidized to produce electrons that are transferred to extracellular iron-bearing montmorillonite through iron-reducing enzymes,

leading to the destruction of the montmorillonite structure; (b) elements released from montmorillonite are adsorbed by extracellular polymers and ultimately form feldspar
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Fig.10  Formation patterns of carbonate fine-grained sediments

ST AL A A A IR ER TR ) T2 2 Ak~ E
HHEIE AL, (R AR R H T R AV RE i
FRERT W 251w 2 . MR F BN R &
Vi FEAE B 38 208k 2 PR A KR S 8008 T SR
RN, A BEIE i A AR R B SR R R ST 4 kr
DURMW o 38 5 3k 2R AR IR AR OB A A LT 75 2
B, WYL A VLM e o O R R R IA P
B A P A SRR e (B 11a) (R R 25
2020) , HAE B K AT -5 U S7 pas - 5
VT DA o R B T K (3K Ak AR 4, 2005 a2 BLAE
2018) EEUMA2EE A X Tioh A E W &
AT AR B . — 5 T, A AL A AR [ 36
BE N RERCE HLRR A COX A IBR AR A 0 i , B
BT 28 T 45 SRR I AR AL e 04 A (R AR
SRAF,2024) ,H R T A 80z RS (B 11b~d)
(WET 520245 3K EE,2024) 3 57— 7 THI , AIRLT AR
Zed SRR SE A R R A 5 5 £ kA AL
SNIREE i K RO M TR B B R A =
AT, 25 2 A AR Sy fff A 04 T TR 4 fi
AR, A B A s A R R LA
HIE—2F ATEAEAE TARLDUR S (& e, ) (B
#,2018; KA M2, 2023 259645 1 2024) .

AR , Ak 22 3 B G A WU AE TR 6 0 W P

BB IR, TFRE T R BT AR, & PR R
W) W I8 A 28 N A Ak e AR B DDA DG
(Stabel, 1986; Dupraz et al., 2009 ; Macquaker et al.,
2010) o KU I A ) AT, AP D AN
2538 B R QIR AR COL 0, UK IR pHAE T 1
HCO;5 [1] CO3~ J5 Ia) e Ak, 4 i ik 1 #h 8™ W) 92 okt (&1
12a,b) (Kelts and Hsii, 1978; Dittrich and Obst, 2004 ;
Bluszez et al.,2009) . 35 , X AR EL 1) B AT
WAZETYE2E S, H KR E W3 & 28 AR R
Gy 0 LS BT R Bl IR R BT A TR S 5
A ZEARNRA Y KRBT ZR ARG, 5T 3
AR I L BRI EL ™) B L0 Wy A e
T J5 B WL A AL BT e [F] 40 1 ) 202 (18 13a) (Ma et
al.,2017; R ,2025) 0 53 —TJ5 i, A= W) 43 B 1K
Koy H WL B T AR W 2 T L) LA 3R &
(EPS) 7E ik R #5474 4 I okt v o 493 i 5 o 22 £ 68
(Dupraz et al., 2009; Krause et al., 2012; Suosaari et
al.,2022) . EPS &AL I B REM] , REEAS G K
TR 4 T BH S I8 i LA A= ) 4 i B Ay RIS 1 T i
1 H AR EREE T (K 12¢) (Pacton et al.,
2007; De Muynck et al., 2010; Decho and Gutierrez,
2017; 155245, 2024) , S8 W UG , BUZ LR A AL
T HEPS FEff I st B i /ML (B 13b) o BRI,
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Fig.11  Microscopic characteristics of chemically formed calcareous fine-grained sediments

(a) lamellar natrite, with well-formed crystals of natrite, in the Paleogene of the Qianjiang Depression of the Jianghan Basin, well Bangye Oil 2, 3 647.32 m, PPL (modified
from Wu et al., 2020); (b) laminated argillaceous limestone, with bright calcite laminae indicated by the arrow, in the Wufeng Formation - Longmaxi Formation of the
southern Sichuan area, well W213, 3 741.42 m, core photo (modified from Han et al., 2024); (c) alternating bright calcite laminae and argillaceous laminae, in the Wufeng
Formation - Longmaxi Formation of the southern Sichuan area, well W213, 3 741.42 m, XPL (modified from Han et al., 2024); (d) alternating bright calcite laminae and
argillaceous laminae, in the lower submember of the Sha San and the upper submember of the Sha Si of the Dongying Depression, XPL (modified from Zhang et al., 2024);
(e) medium- to coarse-crystalline dolomite cement formed by burial genesis, developed at the edge of pores, with distinct secondary enlargement margins, from the Sinian

Doushantuo Formation in the Sichuan Basin, PPL (modified from Li et al., 2024); (f) dolomite cement formed by burial genesis, from the Sinian Doushantuo Formation in

the Sichuan Basin, PPL (modified from Li et al., 2024 )

Yi% 3 5 3 EPS S8l pH B R 38 in L BENS A S IE
BTC I J5 A1 5 EPS Ko TR AW =L 4k 9y
ffe A BRI (B 13, d) , QEhife s 23 Hh 7R 78 TV B U0 ] 5
21 H B G OK IR W A8 IR T f# A1 (Dupraz et al.,
2009; #ETHAE, 2018) s WRBMESE T 07 A1 Bl Sk
YrotveE , Hodz o ek MR IR A 9 (1 13e) (£ 42
CMETRE 2022, 2955 ,2024) . BRILZA, R
VI IR £ 18 SV FHRN R e 2B 1A AL RESE i = A
TR B, 3 ol 2B 0 B PR A 1 2 A A A P R 2
T B AR T SR K — K I AR R K & A LT e
A o s BB TURUE i A = A 522
BRm R R AR TE B OB A 55, 20225 Guo et all.,
2023),

TN, AN A YIVE R AT B R AR DR At
WRIRER W) . AR h ) L5 Se e I 45 A= Y oE T
Je 1 AR ME R B 0T LB B A0 S0 — K B R TR
AR AR R AT ) (R M A5, 2022) o X SBRIRER A
Y — e BE LB EEYNIREIEA (E 13f~h)

(Becker et al.,2003 ; £ TEE, 2022 ; 255 C4E,2022)
Pz R E TV G T A B A /L AR
Itapema ZH (Anjos et al.,2019) . 3¢ FEHLE=IT M T — &
45 (Watabe and Kaesler, 2004) DL Sz 3% [ PO 1] 2 b B
T4 CGE R4, 2024) T b B 41 CBEARZR 55
2024) T AR SE,2020) AALL A L2
(EFZE,2024) JHITLH (E RS, 2008) JEHE A
H RS G 4L (X R A, 2025) (I JR ™
T (IR B5F,2019) 7S A 2 (K
F555,2017) SFARRLTTRR HZ

B 1A VR E AR I AN A DT R
Yy i iz DR A2 5 A L 1 o A SRR R
Jo AR TTT AR A 1 Ei R PR BIL AR (2270 %55, 2021) 6
980T+ 2 75 TU1 o T 332 R e, DX /Y 5 2 I e | T
B R AR AR TR v m] L K o ok 1R o Bk s
B (Bl 14a) (32725 ,2022) , B 5SS TE U LR )
2o KA Il BT I R DC AR Ik R £ o 17T
Y.
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Fig.12  Theoretical models for the formation of carbonate minerals by microbial chemical action

(a) theoretical model for the formation of calcite by planktonic algae through biochemical action (modified from Dittrich and Obst, 2004); (b) theoretical model for the for-

mation of calcite by cyanobacteria through biochemical action (modified from Dittrich and Obst, 2004); (c) theoretical model for the precipitation of carbonate minerals in-

duced by microbial extracellular polymers (modified from Feng et al., 2024)

i 5400 o 1) e A [T 2 Xl R 64 ) B T
FEA R (A 2445 ,2021) . BEIEXKE (B .
KREE KR RIR A S 1E XAk g A R OR
It Ca™ Mg HE Ry 25 B IR R ™ ) 1T )i A At 3 1Y
YA (Valero, 1993) o W H LT, BEURIX DL
BRI EL - W2 L A o ), XN B E
IR BRI ER & 0 251 o G Rt R X AT R IR L1
SO HE SR i B e I F TR A R R 3k e RS 2
S BN DCXA R BE ) 5 i A SIS AL DA R 3 AR 45
PR R ) 5 S BRI A B B2 Eh 0 W) 2H LY 5 A &5
W/ BE, ZN B Z Ca® Mg 55 5 F IO L4 AR AR AR ME
T BOASEE B BRIR ER 1) (F27E 455, 2021) o J35h,
B R ER ) 0 i U DX A2 B SR AL 3 T B O T
RS R R SR, REAS 4 R R I 7
PRV A DR B 0 R [BR1 650 2 14 Bl 0L 1 2 B e i (F:
B, 1986; Jiang et al.,2007; Zheng et al.,2015) , 7
REMEATE =T B, A W3k JE R 22 =
Jate 8 SR m ) G L AL R TUR (K 14b, ¢)
(fL#E#%,2020)

R 1 RS R, SO — RO S R R R L

W4 ) F B JFOR R (W25 55, 2011) o kil —3#4
TG Bl ) 2 AR Ca® Mg 55 B FIf 4R s a8 v
CO, 75 2 LA KK AR B pH A, DT 1 HE 3 454
TR EL B W) 11 3 4% (Landmann et al., 1996 ; ¥4 B )
820155 K R4, 2025) . — 7 THT, KRR IR Y T
A EMSAR  JA Fil IX 8k Ca™ \Mg™ \Fe \CO2 ™ %5 18 Tk
JEE FIKAR TG AR E & Fe Mg T iA1= 40 45
WRERER A ) TR UITE (WIS B S5, 201 1)l H X 25 A
= A AR AR A R Y — B AE 167 C ~
283 °C, 2 R A 30, 55% W iR & 7E 160 C ~
200 °C, KA H = ATERTE TR, 75 78R4 REIR
AV S BN ZEREET T A T
WO R W A DU W R )
(Becker et al.,2003) . 55— J7 T , 7K JEC HAR [ DU i 3
B, 7R /KPS T P ] Pt 2 ok B I T
PR HEIRA Wi &, 30 T A2 2R A R 56 0 1 R A AL I
o A R (B AR S 2024) o T = 8E 51 4 b 4%
TA— T A o 7 R 2 B (R BB 45 2023 ) B4
BRI (P4 75 ,2020) IS R 73t 75 A % 2 U1
(¥ BB AE , 2015) 4552 K L —FRIR I 21 52 0 1Y) 2480 6r
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K13 AWl LA K A= 0 s PR ik 1 4 ) A 0 45
(a) ZE TR TR PERR TR ER IR ANRL TR, B 2R T (e S i A B2 AN A ZE B (U 7 A BUZA L HLZ  SRFE IR Esy, STTH -, 4 206.60 m , S (45 £ 446255,
20251580 ; (b)EPS A4 FITE B 02 it 5 A, 10 T Sk T s S BT R Ak st B2 11 /NFL L SROFETVIRA B}, STIH I, 4 206.20 m, G 25 FH0CF i o B8 (HEALAE 2%,
20201880 ; ()RR IS AT, th 2 DGR GBI A 2R (T S ) AR B YD I A28, 4740 e 38 (B R 8755 , 20 18 B 20) 5 () M4 R A, Eh 9K ik
RIF A AL A EAFT ) A8 MY AL, F4 i 8 (R 675, 20 184820 ; (e) TILE AL FAE T Ui AR 9 B = LN TR BB AU W i S T 285 (W6 42
LMAEIREE 20224880 ; (D A5aie s, AT RIS TLIGR )AL h X K 2296 7L, 2 916.12~2 916.25 m, 0 BB F 5 (o) A TeMib R EL 25 , WA FEme i i
TRRIM T TEAR TR A —5 LU X AR R K 2288 22 19,3 173.60 m, Bl (HE BEATAS , 202216 800) 5 (WA TS T BUBIAE ST AT LRI 58 K , TG
IR B, Y2 9,3 903.99 m, Bt (23046, 2022 1810

Fig.13  Microscopic characteristics of biochemically and biologically formed carbonate minerals

(a) seasonal rhythmic carbonate fine-grained sedimentary rocks, with light-colored microcrystalline calcite laminae in summer and brownish micritic calcite laminae in winter,
Shu Lu Depression Es'l‘, well ST1H, 4 206.60 m, PPL (modified from Wang et al., 2025); (b) microcrystalline calcite formed by EPS-mediated action, with small holes left by
the degradation of organic matter indicated by the white arrow, Shu Lu Depression Es}, well ST1H, 4 206.20 m, argon ion polishing scanning electron microscope (ATP - SEM)
(modified from Kong, 2020); (c) clustered calcite, composed of multiple nanoscale spherical calcite (indicated by the white arrow), in the Shahejie Formation of the Dongying
Depression, SEM (modified from Han et al., 2018); (d) dumbbell-shaped calcite, composed of two nanoscale spherical calcite (indicated by the white arrow), in the Shahejie
Formation of the Dongying Depression, SEM (modified from Han et al., 2018); (e) microbially formed dolomite through microbial chemical action, with the internal preserva-
tion of the original microbial morphology (modified from Wang and Jin, 2022); (f) shelly mudstone, with shells arranged in a disorderly manner, in the Second member of the
Da’an Zhai of the northern Sichuan Langzhong area, 2 916.12-2 916.25m, core photo; (g) shelly silty claystone, with shell fragments floating in fine-grained sedimentary rocks,
in the Jurassic Da’an Zhai section of the Yilong-Yingshan area, well Ping’an 1, 3 173.60 m, PPL (modified from Cui et al., 2022); (h) shelly limestone composed of bright cal-
cite formed by shells, in the Second member of the Yuanba area, well Y2, 3 903.99 m, PPL (modified from Li et al., 2022)

100 um | §F .;7 L%

7 3

e - £ Sy
14 BLBRATE F IR Bk R 6 ST FR ) R AIE 4]
() S RO IR Y8 At I, T DL BB ORI, 25 U B T R Y P DX T A7 2 U B S0 B, G3 JF, 1 940.23~1940.25 m, HURDIE (HE 827545, 2022 180 5 (b) il
TR = AR IR T T L AE M Esy, ST3H I, 3 907.20 m, Fufi s (AL 8%, 20201580 5 (o) Fl s A PRSI 2 S50 75 T 3 ) T e 6 A 14 Bl S o ™
WAL, 478 B Eq’, Y891, e (PafLEE 2%, 2020 #5140

Fig.14 Microscopic characteristics of mechanically formed carbonate sediments

(a) silty calcareous mudstone with gravel, visible carbonate gravel, in the upper submember of the Fourth member of the Shahejie Formation of the southern slope of the
Dongying Depression, Chen Guanzhuang area, well G3, 1 940.23-1 940.25 m, PPL (modified from Peng et al., 2022); (b) terrestrial dolomite grains interbedded with argil-
laceous rock fragments, in the Shu Lu Depression Es;‘, well ST3H, 3 907.20 m, PPL (modified from Kong, 2020); (c) dolomitic rock fragments composed of dolomite crys-
tals and low-roundness terrestrial feldspathic minerals co-deposited, in the Dongying Depression Eq}, well Y891, PPL (modified from Kong, 2020)

DURRA TR WA I — BTG S FIE R A w TR A AR E% R (MRS DR LR o b o DLk X
A I R T (B 15a,b) S BRIRERT ) O H = A SEIRIRER 1) 52 AN KL AR SRR L5 4k
SHEMBE R LT (B 15¢,d) . Britbzsh, kil—# JURPLFEDIR (] 15e, 0 (WIEHEST , 2018 Ml 43 7
G Bk BE L 1 2 N R ABRIRER D o, FE R EME 45,2019 Y8 45,2020)
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BI15 kol —H3i AR JH ik 1R 5 0 AR 0 1 W A ik
() BUBIR A2 RBE I A, T2 R 1, B0 M1 XU, PN, 4 338.19 m, R3S 0 (H B 7%, 2020 8140) 5 (b) 3 I 5 8 2 o (TR () JC B8 I I 8002 (14
@) , MEN SR A ARBRR NI, T174 3,3 224.30 m, S0 (Jf DA, 2015 18150 5 () BUZIRIA 2 RBEIR L 19 2 A BRI SRR 2%, WA HLT 2 2R %
. M78J1,3 048.00 m, it (P A b4, 2022 580 5 () BUBREEK T (1 =5  BEN TS A HUBUZ Tt 1 = A SUZ HZ =I5 42 45 50— T I IR
BB B4 L, 3 .079.13 m, B (R AN AE , 2022 /8T 5 (e) BEBEIRMTEE 5 A1, A KLU A0R, LA K B2 G TR 2577t VMBS JR b 7 KR BPIK
T BV 2, La)ZBE, 3174 98,3 197.00 m, S s (R A REAE 2019 680 5 () FEBER SR T it 4, 7 i AR A SRR 77, 7T DRE N R 42, Bk
B A SO RS A A AR AR S5 R R A s ARBR AR ITBG L Pl S (M0 25 1S5 2018 1&0)
Fig.15  Microscopic characteristics of carbonate sediments formed by volcanic-hydrothermal action

(a) laminated dolomitic tuff, with microlaminated structure, in the Fengcheng Formation of the Mahu Depression, well FN 1, 4 338.19 m, XPL (modified from Xiao, 2020);
(b) algal dolostone containing tuffaceous material (light brown) interbedded with tuffaceous laminae (white), in the Jimusaer Depression of the Junggar Basin, well Ji 174,
3 224.30 m, PPL (modified from Jiang et al., 2015); (c) laminated dolomitic tuff, with dolomite grains intermingled with feldspathic minerals, showing organic matter de-
veloped in layers, well M 78, 3 048.00 m, PPL (modified from Pan et al., 2022); (d) laminated tuffaceous dolomite, with tuffaceous and organic layers and micritic dolo-
mite laminae, in the Tiaohu-Malan Depression of the Santanhu Basin, tuffaceous dolomite, well L1, 3 079.13 m, PPL (modified from Pan et al., 2022); (e) brecciated explo-
sive calcite, irregular granular and aggregate forms, in the Licaogou Formation of the Jimusaer Depression of the Junggar Basin, upper oil layer, well J174, 3 197.00 m,

PPL (modified from Liu et al., 2019); (f) brecciated explosive calcite, calcite developed in an irregular angular breccia, with grain internal fractures, the matrix mainly

composed of dolomite, ankerite, calcite, albite, orthoclase, and quartz, etc., in the Jimusaer Depression of the Junggar Basin, PPL (modified from Liu et al., 2018)

2.5 BB KBENREMBRE

VLA R B R e AR TR A A e 5 v A8 3
ZEM, AR NS BB B A FE Ak
UUBUA TR 2 AE7E , B FR DUBUAREE i i fb 55
YE I (Wilkin et al., 1996; Wignall et al., 2010; Gomes
et al.,2022) . H AR UTRA TSR LI %
BOFH mIRIES Z RN AR %Y (K 16a,b)
(BT IR ,2024) R/INEST T R ok 4 B 1 e R 2
By (E 16c, d) (T R, 20245 221655 ,2024) L)
R ASARH AL ) B I8 1 ) 2 AR R Bk (& 166, )
3 3 (Ohfuji and Rickard, 2005; X1l T 45 , 2021;
Tribovillard et al.,2022) .

BRICER MR JCRAE N 2 IR,
SRR E R W) ORI A G . PORIRZAE Y
TR A A A VKTl g T R 1 i Yk O
L NUURY AR AR OT R DL K — IR
% sh A B8t & (Raiswell and Canfield, 2012; XI5

A, 2024 ; Liang et al.,2024) , FoAE 25 DA f 4k
e Ak | kL Ak = Fh I SXAFZE (Norman et al., 2014;
Tagliabue et al.,2017) . Fe*¥Ab N Fe A Y25
55 DRzt R o o AR M AR AR AR ik A
W R W) A DS R BR OE R D FE M AT T R
(Geobacteraceae) \Fiy FLIC T J& (Shewanella ) 55 45 5 41
Rl 2ok A G S0 R FH 4 A1 8 2k A 1R S e i
LZ R A RE & B Fe IR JF AL Fe™* (Lovley, 1997) .
MEELE YR AR AR ZE R LI 3 X A A Fe™
T RR Z 1l 119 390 5% A5 1) 7K 3 i 380 4 b Py BT
Ak, 2 B 2 BR 2 3 IR Fe® (Mand et al., 20215
Wang et al.,2024) .

FEWFIE SRR W RO RIS, A4 TG R 24
T4 A8 5 OC 1 B ot &R Y Ok IR 8 5 AL
(Rickard ,2021) o #i JC 2 B9 2K I 5 8k o0 3% AH AU
(Liang et al.,2024) , Hoik JsAE FH 3 208 f02E P
Mg #h 3 I AE FH (MSR) F B 2 3k #4427 38 A H
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2000 pm \ S 3

Bl16  AN[R] 2 B 35 Bk B O AR AR

(a) [ BUSASRBA , 120F B, DU A0 M TIX Y 101-01 I, T2 T — EBE, 3 744.51 m, FT BT (R XB T /R %6, 2024 0680 5 (b) [ BV BT, H 471, i1l
MY T Y101-03 I, FE g — Bk, 3 744.51 m, S FE BT (AR TR 45, 2024 18850 5 (o) REARAR B BRAT, VG380 1163 -0 AR BE, KB, PR ADEH, # IA 44
P B R BERL 45, 2024 1800 5 (d) AR BT BT, TE BRI B 1 AR AT 08 B2 3 pom, IR HEIX, 1202848, JE— |, 4 322.26 m, i L BE (FE 251045, 2024
BB 5 () AR B ERAT , SRR SIS T LR B 8 0 A A A B B B, 1 P X, 1.204-35)X, U423 845.64 m, 19 v B2 (52 45, 2024 1880 5
(DZARB BBk, B B0 S ARA W SN SR, T DL 2 L™y PRI S e 2 AL W R A 1 SR 20 b, CY 1 1 7 SR BB, 9 b B CHR T 55, 2021 1B 220 5
() AOM-SR & FIRE M T 944K R B4 A 0k 3 L BE (318 Wang et al., 2015 18150) 5 (h) Z&i AOM-SR FE FI 50 fr 3o o A4 1 ™ (A Sk A 1) 1 € B 22
) B A5 S B (3 Lin er al., 20176250 5 ()i AR KRB RERRIRBEERE" , 11 (A5 S T A HE 2 DXUBN 28 TSR AT LA K Y Bk, s 4 I
@IUE iR, AR RHIX SR Cui et al., 2018 1&50)

Fig.16  Different types of pyrite and their microscopic characteristics

(a) autogenetic single-crystal pyrite with straight edges, in the Yulin I area of the Sichuan Basin, well Y101-01, Wufeng Formation - Longl, submember, 3 744.51 m, SEM
(modified from Deng et al., 2024); (b) autogenetic pyrite with straight edges, in the Yulin I area of the Sichuan Basin, well Y101-03, Wufeng Formation - Longl submember,
3744.51 m, SEM (modified from Deng et al., 2024); (c) strawberry-like pyrite, in the northern section of the Pinghu Slope in the Xihu Depression, well KB1, P8 sand group,
backscattered electron scanning microscope (BSEM) (modified from He et al., 2024); (d) strawberry-like pyrite, formed earlier than authigenic quartz, with a grain size of
about 3um, southern Sichuan area, 1202-84B, Longl1, 4 322.26 m, SEM (modified from Li et al., 2024); (e) metasomatic pyrite, pyrite replacing biological cavities, forming
pyrite that retains part of the biological structure, southern Sichuan area, 1.204-35JX, Wufeng Formation, 3 845.64 m, SEM (modified from Li et al., 2024); (f) metasomatic py-
rite, replacing the outer wall and body cavity of organisms, with clay minerals growing around the body cavity of algae, Ordos Basin, well CY1, Chang7, submember, SEM
(modified from Liu et al., 2021); (g) tubular and rod-shaped pyrite aggregates affected by AOM-SR, SEM (modified from Wang et al., 2015); (h) overgrown pyrite affected by
AOM-SR (indicated by the white dashed line within the arrow), with a regrown structure, SEM (modified from Lin et al., 2017); (i) overgrown strawberry-like pyrite, the area
within the dashed line indicated by the white arrow is the overgrown pyrite after TSR, in the grey shale of the Datangpo Formation, Ediacaran Period, South China,
SEM (modified from Cui et al., 2018)

(TSR) (Machel, 2001; Ryu et al., 2006; Cai et al., JGS1HE & 7E/K—TURRY) AT AR 5 W7E 3 A A 5%
2022), Hr MSR F 8 R ARSI MR N SRR 5 BT A 7 AE K AR (Jgrgensen et al.

HURR L 2 SRR ER IR 5 SN BT S 7 AN [
AT LAS3 2 4 P B FH (BSR) AT e R 4 4
fb— B+ 1 B A T (AOM-SR) . BSR 3 %2 % 51 47,
A JE ST A e BRI R Wk S5 DT T 4 ] (Ryu
et al.,2006; Nara et al.,2010) , JFECEF B, H AL id

1992) . 40 b T E LR JF A 1w LT GRE ST
0 C HAN# I 80 CHY, H 4 B 1F M A 7t & A Wi R
Eh—fi A Y EA IR R N B AR T T
(AR (1)) (Rickard,2019), H1 T BSR FELAT
TURUK A e L B e B0 v, DR ARG T i ) s bR 2
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Bl RL B E BN CF BN T 7.7 wm) (& 16¢, d)
(Wilkin et al., 1996 ; Rickard ,2019) .

2CH,0+802—2HCO;+H.,S (1)

AOM-SR A 32 S AL id i L i 4 i, E A T
TRAR 0 B R £h— W e 5 4y (SMTZ) e A Bt R £ 1Y
B JEAE ) (B 17) (Treude et al., 2005; Lin et al.,
2016; Liu et al.,2022b; Liang et al.,2024) , 64K,
eV B DU LB ] Eas B/, S Ty
A L R SR A A 3 DA T 4 R T A A
(Reeburgh,2007) , R IZ 07 208 000 B2k 30 3 2
BT AR A L BT 3 T A FR A T 2 AR B AR (A
16g) (Wang et al.,2015; Lin et al.,2017; Mind et al.,
2021) . 73 Ab, Bl BB AR | 28 07 AOM-SR 1E H
A RN IR N[0 o N = R 2B A A E LA
B H (Liu er al., 2022b; 4% %, 2025) . BSR 5
AOM-SR & A= 1 S R BE AN [R] , 28 73 3 BSR A FH
TV 1 R e 3L 7 v 28 3 SMTZ Al 25 R A
JE A K42 (& 16h) (Lin et al.,2017) , Kt AOM-
SR JE WL B9 BT R BE - 44K F 20 wm (Miao et al.,
2021) .

TSR AW ZAEYER , J& Tk 8 — @ 1A (R
T 140 °C) A Re 98 I b5 217 1Y B 12 36 38 JRAE H
200 °C 75 A7 S H i AR &80 B v 1 3 B2 (O,

1974 ; Ohmoto, 1986; Machel et al., 1995; Cai et al.,
2001 ; Cai et al.,2009; Cai et al.,2015) o ZJZ W B %
HE R — MR T MSR 1Y & AR TR, SR 431 R 119
A BT I A R 8 VR (23X 2) (Jgrgensen et al.,
1992 ; Treude et al.,2005 ; Reeburgh,2007) . TSR JZ )i
TE ) R AR AR TR rp DA AR Ky AP v
By AR A WIE SR s Bk (8] 16e) LA
P B2 A K i B RRIR BB (18] 161) 3 (Wilkin er
al.,1996; Cui et al.,2018) . HIABFFRW], B 1 E
IR 4% 1) TSR BB (9 % A2 A, A HILIB A 268 358
pH {B | B R £h 28 B o 42 1) 5 12 S I & AR 1 5
(Tyson, 2006; Amrani et al., 2008; Ma et al., 2008;
Walters et al.,2015; ZJEHEE,2017)

> CH+2CaS0,—2CaC0,+2H,S+CO,
2.6 BHLERIEREKE

MBI AT S B T ZHNAILR, EH
B I SR ADRLTRR S A HLE e — R0 40 T 58
RZ B E AR 2 B 2 vh i LR o3 3
W, B AR TR Th B A AL 43 R B B |1 T
T AR S A HLIEJE LA R R A= A LB 5 K it
ZH 43 (Cardott et al.,2015; Mastalerz et al.,2018; Liu et
al.,2022¢) o FBE T A LT R 73 FF ik 2
R LA R IR 07 2%, A RAE B A5 R o

(2)

1 1 C M sulfi

\

SMTZ

X
53
CH,+SO;" ——> HCO+HS +H,0
Fe’'+HS™ —> FeS ——> FeS,
(O]
R 5308 TERBIR WEARKR  EREkD
v v WET  EERER  £466
B 17 e R A AL — B R 3 38 JFAE A ( AOM-SR) # X [ (95 Liang et al. , 2024 15 740)

Fig.17  Schematic diagram of anaerobic oxidation of methane coupled to sulfate reduction (AOM-SR)
(modified from Liang et al., 2024 )
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GREPIZE I R BT 2 24 ZUBE I ATE B A L
TR S, B TERE R AR TR M 2 T B, P mT DL
B ETSie o W  U NEORTE R A DS ST 0] i R S i 173
WOB ST I A S M SR RS B Bk . S5
JoT A ELAG BT BT () 6 R R £, LA Rtk L
FER HOREFIE A (K 18a,b) (2 IR, 2019; X1 A&
85,2023) . M JCE5 I B AR T HORL EE RIS, LA
WORLIR A3 T AR OB B o AR B3 B R Y
AN ZER (B 18¢, d) (fiT4%, 20215 X101, 2023) , B2 B
B3 PRI, DAL aoxE Xy H: St f 2 43 iR 4 7 fE f )
43 (Mastalerz et al.,2018) o

P I A A Y55 5 B A AR AR L X5k | Il O v S A
Yy, (B[] B 2 15 ot 2E 7 DOAR B 28 I 3k 22 e AR AE
AL, DR ZH 2P o B AR, e L A0 . ol
53 R FE ) A0 MTE S DR A B (0 22 TS A, T
LRk, ZHED] (] 19a~c) (RIS, 20185 51

ZAFSE,2021) , R W H 5 RS RO T S5, T O
fa ) FEAE (& 19d) (RIS, 2019) o BRILZ AT,
22 R 1 AR AL AR TR S rh R LY
P AR,
FAR AR AR TTRRE R i LAY S s i 43,
Wy o A 5 5 i, B 5 ke 15T i 1) v S A ) ) 9
TR AT AR B A 5 A ke T T 2 P 1
X RSP IRAR S 5 T IE BRI W
JAR (TeE AR DL K AR 8 A (f %5, 2021) o
ol R BE U8 PR AR A6 LA KA A B AR RRAE , A4
BT R LAY 2 5 IR VORI HOIR ERIR A /)N
F (8 20a) (K2 MU, 2019; 1R IR 45, 2021) 5 £ I
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Fig.18  Microscopic characteristics of vitrinite in fine-grained sedimentary rocks

(a) reticulated structure of vitrinite, with well-preserved cellular structure, in the Wuning Basin, Wuning South Block, Carboniferous-Permian Taiyuan Formation-Shanxi Forma-
tion (modified from Liu et al., 2023); (b) banded gel vitrinite, in the Wuning Basin, Wuning South Block, Carboniferous-Permian Taiyuan Formation-Shanxi Formation (modified
from Liu et al., 2023); (c) structureless detrital vitrinite, in the New Albany Shale of the Illinois Basin, USA, oil-immersion reflected light (modified from Liu, 2023); (d) structure-

less detrital vitrinite, in the Longtan Formation of the eastern Sichuan-southeastern Guizhou area, well M1 (modified from He, 2021)
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Fig.19  Microscopic characteristics of inertinite in fine-grained sedimentary rocks

(a) lamellar arrangement of inertinite fibrous matter, in the Weiyuan area, well X3, Longl, 2 653.40 m, MAPS scanning image, 250 nm resolution (modified from Jia et al., 2021);
(b) laminar distribution of longitudinal section of inertinite fibrous matter, in the Lucaogou Formation of Xinjiang, SEM (modified from Jiao et al., 2018); (c) laminar distribution
of longitudinal section of inertinite fibrous matter, in the Lucaogou Formation of the Santanhu Basin, SEM (modified from Jiao et al., 2019); (d) transverse section of inertinite fi-

brous matter, with minerals filling the cell cavities later, in the Carboniferous-Permian of North China, SEM (modified from Jia et al., 2021)
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Fig.20  Microscopic characteristics of liptinite in fine-grained sedimentary rocks

(a) sporinite with a cross-section in the shape of a ring, in the Lucaogou Formation of the Santanhu Basin, SEM (modified from Jiao et al., 2019); (b) curvilinear cutinite, in the
Lucaogou Formation of the Santanhu Basin, SEM (modified from Jiao et al., 2019); (c) lamellar cutinite, in the Lucaogou Formation of Xinjiang, SEM (modified from Jiao et al.,
2018); (d) oval resinite, with clear contours, in the Carboniferous-Permian of North China, SEM (modified from Jiao et al., 2018); (e) individual amorphous alginite, still retaining
a certain outline of algae, composed of fine organic matter and clay minerals inside, in the Wufeng Formation-Longmaxi Formation of the Sichuan Basin (modified from Liu et al.,
2022); (f) lamellar alginite distributed in bands, in the Yuxi area of the Sichuan Basin, well Z202, Longmaxi Formation, 3 877.09 m, PPL (modified from Xie et al., 2021);

(g) strip-like bitumen, with a smooth and flat natural fracture, in the Lucaogou Formation of Xinjiang, SEM (modified from Jiao et al., 2018); (h) a local magnification of Figure g,

showing the granular structure inside the bitumen, in the Lucaogou Formation of Xinjiang, SEM (modified from Jiao et al., 2018)
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Fig.21  Microscopic characteristics of zooclastic organic debris in fine-grained sedimentary rocks

(a) non-granular graptolite organic debris, with the internal cavity of the graptolite mineralized by pyritization, developing a large number of strawberry-like pyrite, in the Wufeng
Formation-Longmaxi Formation of the Sichuan Basin (modified from Xie et al., 2021); (b) non-granular graptolite organic matter, Outcrop samples from the Silurian Longmaxi For-

mation in Wuxi county, Chongqing, China (modified from Liu et al., 2022¢); (c) chitinozoan organic debris, with complete morphology of the wall, oral tube, and tail end, in the

Wufeng Formation-Longmaxi Formation of the Sichuan Basin (modified from Liu et al., 2022); (d) chitinozoan organic debris, in the New Albany Shale of the Tllinois Basin, USA
(modified from Liu et al., 2022¢)
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Fig.22  Microscopic characteristics of secondary organic matter in fine-grained sedimentary rock

(a) secondary organic matter bitumen, amorphous, in the Wufeng Formation-Longmaxi Formation of the Sichuan Basin (modified from Liu et al., 2022); (b) secondary organic
matter bitumen, visible bitumen inlaid in minerals in lumps, in the Wufeng Formation-Longmaxi Formation of the Sichuan Basin (modified from Liu et al., 2022); (c) secondary
organic matter bitumen, well-developed circular and elliptical vesicles are visible, in the lower Cambrian of the South (modified from Jiao et al., 2018); (d) secondary organic
matter bitumen, well-developed bubble-like pores are visible on the polished surface, lower Cambrian, South China, in the lower Cambrian of the South (modified from Jiao et al.,
2018)
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Abstract: [Significance ] The study of the provenance of fine-grained sedimentary rocks is a crucial first step in the
"source-to-sink" system theory of fine-grained sedimentary rocks. It is important for restoring the ancient sedimentary
environment, understanding the formation mechanism of fine-grained sedimentary rocks, and predicting the distribu-
tion of unconventional oil and gas resources. Fine-grained sedimentary rocks are characterized by small particle size,
complex composition, and difficulty in observation and research, with different material components corresponding to
a variety of sources and origins. A review of the existing research results worldwide shows that currently there is a lack
of systematic organization and summary of research outcomes regarding the provenance and origins of fine-grained
sedimentary materials.[ Progress ] This paper synthesizes current research findings and categorizes the sources of fine-
grained sedimentary rocks into three major types: terrigenous, endogenic, and volcanic-hydrothermal. It provides an
in-depth summary and conclusion on the common sources and origins of fine-grained sediments, pointing out:
(1) Clay minerals are of detrital weathering origin, diagenetic transformation from other minerals, transformation
among clay minerals themselves, hydrolysis of submarine volcanic materials, and biologically mediated by extracellu-
lar polymeric substances; (2) Quartz mainly originates from the weathering of terrigenous materials, intra-basin bio-
logical activity, devitrification of volcanic ash materials, and authigenic formation; (3) Feldspar originates from the
weathering of terrigenous detritus, input from volcanic-hydrothermal activity, and recent studies have also indicated
that feldspar can be formed through microbial chemical processes; (4) Carbonate minerals are primarily endogenic,
formed through chemical, bio-chemical, biological, and re-transport and deposition processes within the basin, and
the input of terrigenous and volcanic-hydrothermal materials not only directly provides carbonate minerals for fine-
grained sedimentary rocks but also promotes the formation of carbonate minerals within the basin; (5) Pyrite is main-
ly formed by the two ore-forming elements, iron and sulfur, through dissimilatory iron reduction and iron shuttling
mechanisms, microbial reduction, and thermogenic reduction of sulfate within the basin; (6) Organic matter can be
divided into terrigenous vitrinite, inertinite, and some liptinite, as well as endogenic liptinite, zooclastic organic de-
bris, and secondary organic matter. [ Conclusions and Perspectives ] Future research on the provenance and origins
of fine-grained sedimentary rocks will develop in a multidisciplinary and high-precision direction, and there is still an
urgent need for a systematic approach suitable for the study of the provenance of fine-grained sedimentary rocks.This
paper aims to clarify the provenance and origins of fine-grained sedimentary rocks, enhance the understanding of the
sources and formation mechanisms of fine-grained sediments, and thus promote the development of fine-grained sedi-
mentology theory. It provides a solid theoretical foundation and scientific basis for identifying the distribution charac-
teristics of fine-grained sedimentary strata and predicting the distribution of unconventional oil and gas resources.
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