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0 5%

PRI AR I Z T, ik L&)
(RARAFNAM) AL E AR FZE Ry R 5
KRR R AR L B3O U =8 The i 4 =X A
JEAAAR P A () — R AV Al SR E B B4R
(WRZ 4545 ,2002; Campbell, 2006) , 212 K & 1E 4
BRORBENZRIFIR . TV SRR T T 1 F B PR 4
A AL W %5E i B (Anaerobic Methanotrophic Archaea,
ANME) 1 i B2 #5 i Bt 40 & (Sulfate-Reducing
Bacteria, SRB) 3 [7] 4 S 1) FH g IR S8 S84 S v (CH, +
SO;” — HCO; + HS” + H,0, anaerobic oxidation of
methane , AOM) T 5 #E (Boetius et al.,2000) , X — 13
FE 2 FLRRK AUTRUEE S R, A ) TR IR L 284 W YT
JE(Ca’* + 2HCO; — CaCoO, + CO, + H,0) , L%
SRIKIRER 7 (Feng and Chen,2015; Feng et al.,2018) .

PRI , V8 SR BRI R 5 F v SR Bl “ 48 7 )7

H Campbell Fl Bottjer £ 1993 4E-4 H T4 A8 IR
WEFE TR DL | Bk 1 22 1t v S 3% 2l ) b o 1 ) i
B (Kelly et al., 1995; Peckmann et al.,2002; Gill et
al., 2005; Hammer et al., 2011; Smrzka et al., 2017;
Zwicker et al.,2018) . 2% R 1k & A9 i AR IR ok
Mz h i kB R A e L R A AR, TR
AT ¥ SR Btk T S WU 5 R A0 L ety 28 8 SR DTN
A LLE I3 2 635 Ma BE LTS LSRR “ w5 18 ™ iR £k
i (Jiang et al.,2003) . AR IR EL A T2 AT B
AR CEIR EEARCR KR RVIR AEAAR 7 R IR A 2
5Ut(CampbeH,2006;Chien et al.,2012) , AN[EITESHRTR
AP HE 5 A NI 558 55 A ¢ (Chien et al.,
2013) . ¥ RBRIERER A AR IREX ) T EAL A 5
7 filk A1 (Mg>5%) 30 ARBETT ik 1 M H = 41 45
(Campbell et al.,2002; Naehr et al.,2007 ; Pierre et al.,

1 7E B H#A:2024-04-15; &[5 H #5: 2024-05-02 ; % A H 5 :2024-06-03 ; P45 H kit H 5 : 2024-06-03
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2016) , 213 S WA VR it AR R ER 4 32 2
{REEJT f# A1 (Joseph et al.,2013) o & IRARIR EL 7 1)
B [ 37 2% 20 U AT AR B8 st AR 1 SR L 3 5 6°C
(B T=25%0( Campbell et al.,2008) , A FC¥2 SRR
o i T2 B E W SCE VR T K SO; vk B I fifk
TeHUAk (DIC) e 728 A 55 R 3R 10 52 ), Lk [ 37 2% (L
ok — R 1Y I (Campbell, 2006 ; Bristow and
Grotzinger,2013) . ¥ JRERFRER A M T 02l 2
IR A AR B R, Ce S T LA ST
TR B 1B AR I 5514 (Jakubowicz et al.,2015)
B8 B AL T AR AR R 1) B AR IS T RCR
Bl 2 22 18] (4 Wl A7, JHG rhoir 2 S el 22 vh
2R B RRIRER S B A DN W) £ 55 A
AR 28 AR SR 5 M BR AL A R T SR T T L
BEAN AT ST (Huang et al.,2006; Wang et al.,2006;
Chien et al.,2012,2013; Wang et al., 2018; Blouet et
al.,2021; AF5 5, 20215 Ge et al.,2023) . ARG
RS T BT HL D SRR R ) b 5T RN W
AT B AR 2R K I 3R M BRSP4 AE
DL AR AT B AR A A A S ARAE L TR 25 5 1 S A
b DX V8 SRR SR 1) b 5T R b sk AL 2 R AE , R T
3 185 1l DXV SR B IR 7 I Sk A T A2 Tl 1% Bl R L
PRI, FEMHR T T A5 RFFEE

1 MRS

B B AL T R AR AR, VN B
TR, VU R B R TR L B DR 5 RTRRINR , 2R I A8 7R T 4 A
AT (Huang et al. ,2001) o 5 725 4 X PH RE 6 M s
JEFR IR S A ARG WA 5 T R S ) B Je it )
FiBRifF A B2 5 (Huang et al.,2006) . U T i 2
PR T BV 5y BB v B SRR 5 R A i
H PG [0 2R 0] G D v 2~ I P PR RE LA S L ik
rh e L bk B i LD Dk A R A 1 BT . PEEREELL
2 LAY 1 Bl OB G TR, F R T L
TH: 2 L B T 8 S T A TR 22 e A A 1 R 2 0
B IEASIE MR, 2 2S48 A LAY T 2, X PoAe) ity
fEPE T RIS AR B 6 8 (Huang et al., 2013 ; B 1 52
85,2022) o PR, AR PO I A B I b R v 2 R
BRI VLR ST 78 RORIRER A, S bF o st ot
Ty S B SV R Bl ) R AR S 2

BV XV SRR AR Eh A FEBRE TR E R h
Bz BT I R Ve e M DUR S E R H)ZE o, FE A

AR B R E i £ 0y o R A Ve DU
(Wang et al.,2018) . F53 15 B S M it AL IX (1 =
A A3 PUBEAS ) Y 1Rt R /K T2 5T (Guan et
al.,2019;Blouet et al.,2021) , L4 X 5 V5 74 pa 30 e e T
ST BT BRI LR T 2
Hie’ (Wang et al.,2006) . LA, 76 XL XY B
B RA A VA Th A D Ve SRR IR EL R kR E
(F+A4%,2006) (Kl 1),

2 MR

B AN FHLIX & B ¥ R ERIR Eh A TR A Y
PRRFEAPIZEGR D) — R TR LK RN
A ZEAZAR 375 R AN AR A A AR 1 ¥ SR B TR 6
(KBl 2a,b,g), FEEF AN H2AE Kb,
Z3 LR B Lt X, DA R R i LR /S < L DX (3R
1) 55 R0 2R B R G RS IRV SR B IR
AR (I 2e~) , FRA kb DX Dl 78 3 v Rl 0 & 222
IRV IR AR IR ER A (3R 1) o F I b X A 338 30 T 42
IRBRTR R LA IR 28 0 3 (& 2d) , KR LA/
i LU b DX A R B VR RS SRR AR A o ILAh  7E
kS B ARORIR Eh 3 w55 08 R B R R A B 2R
(P& 26) , AER B LA/ B LU M X, IR R 6 i
W POIRIRIR L A PR (1 2g)

¥ SR B TR 6 e 2 HY o A6 A TR h — PR o 7 oy
(Sulfate Methane Transition Zone, SMTZ ) £& FF 5 IR 48
SEALH AR IR Sy 7=, AR T AR A
TG Bl R X, L7 IR AT DA Sz B g A4 3% 20 7 25 78 2 5
55 (Chien et al.,2013) . PUfEE Al A= 11 H
DX CORULL L 2B L) AR K B LRI/ L i X 3
BB YR SRR A S5 20K ¥ SR Bk R 3R
Wang et al.(2006) 1 Chien et al. (2013) I\ AiX & H &
U 9 32 A5 583 L gt SR W AR L s % 5 0B
B, AT RELETT T KR A SR G 8, =R 5 & &
T by e 1 OB A SR AL PRV SR kIR A
{8l (Tadanza et al.,2013) . Bahr et al. (2010) il Tadanza
et al. (2013)WF5E R BURRIREL 3 1) I A B AL IR
KR T ia RN A G o AR RS SR
BRIRER A TRV SR ARG PO L, DUPEAR A E 1 2 1Y
RN DRV 5B R b 55 IR A e 0 52 AV
BLACYS SR AR R £ o 7 IR ZE ) (Stakes et al., 1999)
Stakes et al. (1999) Ak iX 7] fi J2 2 Y 38 45 5 9 Y
BETAARTE L AR h B3 RS ST U7 , ALY T
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Fig.1 Geological structure and development location of cold seep carbonates in Taiwan area, China
(modified from Huang et al., 2000, 2012)

Black squares represent the areas where ancient cold seeps developed; Black circles represent the locations of developed sections

AR R HOR BEE5 IR SRR IR kA L2 v IR
Bl I [R] AT REAA . ABDIRVR SRR IR A mT LA
FEIE UL AR, A HE A i XA 30 T2 K 4
ERVS IRBRIRER A o Chien et al. (2013)IA N i% IS4
EARGE R AT 2 F 2 T ik B 50 ) AR TR 26 )2 THT
ERRBE R B INEIE FTIE 8. A, S A DX
AEAEANTR] P2 ARV SRR TR 1R 4 A ) B4 (Nyman and
Nelson, 2011 ;Iadanza et al.,2013; Reitner et al.,2015;
Zhang et al.,2016) , 41 Nyman and Nelson (2011) 7£#r
VY 22 Taranaki 7 it ffopT b 2 b & SRE5 ROIR stk
S EREU PRV SRR A AR HED IR BRI 14
AR R L 5T 1T 8 2R 1% 2 R B8 i 1) Ca™ VR I
SOF MR EE ARG , G5 R HOIR B R L WE B
TR B AR Ca™ W JEE L SOF R FE R 3 PR 5
B 5508 2= 3 XA g IR E LT K B TR — 2 0L

NI, 5 Y WO AR ) T A e ARV SR B RR o Y BR Y2
3 55 T A5 ARBRIRER 1 (Chien et al.,2013) 3% 7]
AE 5 M 5T A4 365 12 21 B T kAR 5 B AR A A G
(Nyman and Nelson,2011; Chien et al.,2013)

3 RS E A

Y SRR TR ER 5 T ) A SR E AT L B A4
KR, SBHLDTE AR . 5V M DV SR B PR R A Y
oA R SR 7 [k S R AL e DX (PO A A
A A BRIRER ) K 22 LAY S B I =X
e BT A B EARIR S (K 3) (Wang et al.,
2018; B JEVAE,2021) o MY B A A S RN A Bl
JRHEJE (K 3a,b) DL IR |, JFORAF B E 4 1 A
L H Ak 1 (& 3d) (Wang et al., 2018; Blouet et al.,
2021) o W WL B R BRRER ARG W) LU 5 A1
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Table 1 Field occurrences and main carbonate minerals in cold seep carbonates, Taiwan area

HIX. Ve RBRIR L BT A S s BN S BN

RIS RRAREE AT S AT 5 R

FRA PO IR 1] 5 AL S A IR 2547 :25%~83%; 5 fift A1 : 29%0~51% Chien et al.,2013;
AR Blouet et al.,2021;
B EAE, 2021
AR i EERNTIESS Mz A :33%~67%; )7 i A1 : 8%~24% Ge et al.,2023
Al =A% BIR 12 :52%~88% ; 17 fift A1 :0%~10%
R} (ERINIPGIEIRIN 151 :7%~83%; 5 i F1 : 0%~60% Wang et al.,2018
KK % oS INGIKERTN 210 : 7%~81%; 7 it AT : 5%~T75%
IR L Yok ZEReR IR
KL KA ek = :67%; )5 fiA 6% T1-415,2006;
Wang et al.,2006
HIRAY ESIZ2N
LB CE R Yotk A 2 10%~62%; J7 A : T1%~72%

¥
B2 F 0 X Ve SRR R R T A0 1T 6 AR AE
Ca) PP ALt X PG 30 TR RO 25 AR SR BRTIRER 5 (Chiten et al.,2013) 5 (b) I X (1 A T SRRV SR BRIRER 5 OB B4, 2021) 5 (o) IHAEAEFI T /R B
TRUE [RDIRVA SRR £ MR 3 H 935 1 852 Anodontia goliath 1647 (Blouet et al.,2021) 5 (d) Ul M DX 230351 167 7 (AR V4 SRBRIER 45 0 75 T IR IR i 8 I3t
W JE A H (Chien et al.,2013) 5 (e) R (d) H AR B4 5 H 8T L4871 H 8535 Lucinoma annulate(Reeve)fk A7 (Chien et al.,2013) ; (f) E ik £ EORV SRR R A
(Wang et al.,2018) ; (g) /N Ll X HOARYES SEBRFRER 1 , A 1 2 BRARER A5 (1 A IRAG 1 (1246, 2006) 5 (h) K LU X HOIRVE SR BRARER 7 v & FA A 7
(F4:4%,2006)

Fig.2  Photographs of cold seep carbonate outcrops in Taiwan area
(a) large nodules in Sidexiang section, Chiahsien (Chien et al., 2013); (b) lenticular outcrops in Baiyunxiangu section, Chiahsien (Zhao et al., 2021); (c) giant chimney out-
crop in Sidexiang section, showing bulbous fossil of Anodontia goliath (Blouet et al., 2021); (d) light-colored tubular outcrops in dark gray argillaceous clasolites, Niupu sec-
tion (Chien et al., 2013); (e) photo enlargement of tubular carbonate in (d); Lucinoma annulata (Reeve) fossil indicated by arrow (Chien et al., 2013); (f) tubular outcrops,
Guoxing township area(Wang et al., 2018); () blocky outcrop with many carbonate cemented tubular structures, Hsiaokangshan area(Wang, 2006); (h) Lucinomae-enriched
outcrop, Takangshan area( Wang, 2006)
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E 3 50 X ¥ SRR R R 5 A B R AR
Ca) PRI b X9 SRR TR0 T 2 B AR [ 1 4 , B G U8 R Gl it , 5/ i Bl VR L B (Wang et al.,2018) 5 (b) Itk & VR ik kh e , BB A [T 345
SRR AR, K H AU ZZLIRIAR , 2 (Wang et al.,2018) 5 (¢) b LI X A R £ BRCIR S4BR FE A BE L 57 S35 7R D252 e BiCER Fe R Wi 24, 2w e (£ 1
£15,2006) ; (d) E 1k £ A )i s e AR IR R, & R ORAE 58 B A FLAUE AT, i e (Wang et al.,2018) ; (e) [E Ik & FEARIR B AL SR, B (Wang et al.
2018) 5 () HH Al X S ARIR B2 e A FLE B = 4, U (Wang et al.,2018)

Fig.3  Microscopic petrologies of cold seep carbonates in Taiwan area

(a) cold seep carbonate matrix, Chiahsien area, with black micrite and gray microcrystals and a small amount of terrigenous debris, plane polarized light (PPL) (Wang et al.,

2018); (b) mud microcrystalline carbonates, Guoxing township area, showing strawberry pyrites (black circles) and development of irregular filaments, PPL (Wang et al.,

2018); (c) fracture with carbonate vein infill, Takangshan area, with arrows showing broken shellfish shells at the vein, PPL(Wang, 2006 ); (d) bioclastic micritic carbonates,

Guoxing township area, containing multiple intact Foraminifera fossils, PPL. (Wang et al., 2018); (e) strawberry pyrite aggregate, Guoxing township area, reflected light (RL)

(Wang et al., 2018); (f) strawberry pyrites filling Foraminiferan spaces, Chiahsien area, RL (Wang et al., 2018)

MHSANE AEGICA R ALK (DU |
A A N ) FREBE LR H X8 SR AR TR kA
VA=A E AGSES D EIa, Bk S 5K
Wi X DA = A o . o a4 Hs
X8 AR IR EL 5 T A = A & S i AR R, B s Tk
88% (F 1) (XA RAE,2021 ).

C A 5T & I, A48 6578 1 X A A 2l
RV SR R £h A 3 AN % ST (Birgel et al., 20065
Viola et al.,2015;Lu et al.,2023) , Al REH T ¢4 & T
WARSH ), FERCAEAVE R PR Dy 78 s a4
Z Ao AAE IR A S s A, R AR
RIRIRIREL A A s A S H AT ERERE, A
530 (Chien et al.,2013) o JRUA= [z A0 A A [ 5T
— HRF R AR, BRI G Rk R Eh A iz
KRB A=A, W REEME I XM BAEH L . Takeuchi et
al.(2007 )38 i X H A< 38 5 M &R 2= S Al
Y RIEEA M T HEA NS A RDUIE . Bian et al.
(2013) %) B PYEF S GC140 B 07148 3R 1 2 A AT 4
HLBE AT, AR B LA (o A R T 2 45795 SU R 2
4 (knobbly texture) , WEBH [ 25 %5 R JEAETTVE . Tong
et al.(2019) X 25 PY R JLEB GC140 F GB382 i i/ %
SRERIRER 1 oA HRIRER i A% B (CAS) 19 8"0/8™S

R FNAK A JEAERT (CRS) 19 8%S AT 20 M, KL —
B TR T AR RSO AR 1 2 A T
FENLE AT BEAL TR RAL () SMTZ 457 B2 LATF X 35, (7 F
Bty ), DUREREE W] B R i R :h v B I B Ak i ik
JEE TR I SRR B

EUSH XV SRR IR EY A T A B i, B
A AE (2021) I HATRE S 32 1 A W i iR i IR A
FHAR JE M A A 15 f1 o Chien et al. (2013) %
LV 1l X VA SRR IR L 25 AT A = A s
=AM e AT RE 22 IR AR 5 R AEAE IR 25 B 52
FEARATRE K AE I 5. 1A, Ik & Fapik g
R R & B AN LN 224K 44 (151 3b) 5 P T b X B
PRV SRR TR ER A R & 2RI, A A
AR H BE DS A AL T TR (Peckmann et al.,2001) , A g
5 AOM Ry i AR Wk 22 i B2 A ¢ (Wang et al.,
2018) . H R 575 1 X 1 2 A 1AL R I8 A ik a4t
WU, JE 2] LASS A B 0BT = A O ZS 4 L
K A BB R R R R — 4R

FOARRR BT (1) H BE 5 5 B DR S SR AR
A K, HHEK AR K/NAT DUAE /R DUBL A9 S8 AL 8 S 2R
5& (Wilkin et al., 1996 £E 555 , 2023) . Wilkin et al.
(1996) F1 Rickard (2019) A A A 4L 5 55 A AL IR B
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T ) e A R AR AR A i K, i A A PR B
O B R IR B A R A8 R /N (Wilkin et all.,
1996 Rickard, 2019; £ 145, 2023) . A WF5EXT 575
b DX ] e R FE AL i DX RE R AR B R R AR A T T
WS AT, A0 6] 4 & R ) R R R R AR 4R R
HOTBEIE B TS AL PRI, 100 FE AL b X R R ™
B /IN, F8 78 HoAT G T8 W T3 B B 45 ( 0t
2014) . TMARAL (2016) WF5E & B, JE B F SMTZ 45 N
OERER IN R 7R MR TR L S (| o S A L QIR a8 21
(SRR IR A5, LR IORIAR () BRI Bk 1 g
TR T 358 B AOM 1 AT SMTZ 45 A4 B . Miao et
al. (2021) B8 BT SMTZ 7 N G S A2 IR B k™ 5K
T TF B VAR TR IR v (%) B A R/ INE A 7o
LU, 0% B0 SMTZ 7 N B AE R B AR A% B 3 Al K 1)
MG, Wi, B2 5K ERDR B kA2 7T Ge
Fe R HIE W T 5 (R R RS RB IR S, IR
FRIREE . (H H TS AR E1 0 5 7 M X AR B ek
PR T NTER ST, A RA R T %0y i TAEL
PRI FLARAR B RiAR K N S TR IR S b i Sk
A

4 A TR B TRRER G 1| 7 ik

41 WHFAEEMLR

T IR PR L 1A R 37 3R E kR T AR e
AW (Wb S E A ) i B[R] 7 2R R AIE , ) LAFR 7R
i K J5 (Peckmann et al., 2002; Campbell et al.,
2008) o ¥ SRR IR T REAT « (1) 2B Wy IR At
(8°C<=50%0) 5 (2) A A5 (8" C=~50%0~~30%0) ;
(3) 1 1 438 W i (8"C=-35%0~ —25%0) 5 (4) ¥ /K

60

(8"C=0~%3%0) ; (5) = H ot 1 & v R 43 19 CO, (87C>
+5%0) (Campbell,2006) . 575 HlL X ¥4 SRR IR 5 75 1)
S CAHA T-53.7%0~+9.0% (- 4,5) . Hovpr, gt
8" CAHA T -51.8%0~—20.9%0¢(Chien et al.,2012; Wang
et al.,2018) , I itk 8°C {H A~ T —49.6%0~ +9.0%¢
(Wang et al., 2006; Chien et al., 2013; Guan et al.,
2019; Blouet et al.,2021; Ge et al.,2023) , T i 6"C
{E{l\ﬂ:—53.7%o~—4.3%o(Wang et al.,2006) . Wang et
al. (2018) 5% 7 T TV SRk R 46 5 ik [ml 3 2652
B A VR H | 2 R R JH: 5 /)N s oG (8 4
=50%o, HE DB I 2ok H AP BE . Guan et
al.(2019) IR LA SRR EL 5 i IR L 15 £ )
RS PRT o (D A5 it DX ) A i DR FR o i vl 4
(F X)) DK™ R BEsk 4 CO, (AR X ) |, 1
Blouet et al.(2021) F1 Ge et al.(2023) AR 4R
TRTRER F18 Z K SR YRR (R o X F 5 v R
TAKIBRIE , Wang et al.(2006)IA N AT HESHK A A= M1,
F e R PR F Bt o AR |, 15 7 b DX SR R
AR AR R LA AR 0 i PR A AR R R e A 2 A2 Ak ]
A7 Z B I 1 A A4 gk 550™ H Geskar CO,) 52, |
B0 THE Ve SR UL AR 1 i U5 25 T f S B2 2% o Chen et all.
(2017) % 5 V5 F v SRS 0% SR I 98 K B, v
SRR ZE R AR Ak 55 40 385 3% 20 A DG, AR ) ai IR e
I T W s R i 1 2k, TR R D) FE o ) 22 4 2 B
T E B KBl S U H =R R _E Y8 iR

W OB T M X IE AR T A T R LA T R A
SRt i i o B2 (B 22 55, 2022) ¥R SRR TR Eh 7 4R
HR A B H I DO BT T2 3 B2 | BRI T
JZV R R A (Ge et al.,2023) , AL I

50 1

mEE A
B Fwii
[ s

el

~60%0 ~~50%0 ~50%0 ~~35%0 ~35%0 ~~20%o
8" C/%o

B4 47 Hh X ¥ Rk R £h 5 B 1Al 7 2 20 A5 (B4l 51 8 T Huang et al. , 2006 ; Wang et al. , 2006 ; Chien et al., 2012,
2013 ; Wang et al.,2018 ; Guan et al., 2019 ; WA 20215 Ge et al.,2023)
Fig.4 Carbon isotope distribution in cold seep carbonates, Taiwan area (data from Huang et al., 2006; Wang et al., 2006;
Chien et al., 2012, 2013; Wang et al., 2018; Guan et al., 2019; Zhao et al., 2021; Ge et al., 2023)
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S5 0 b X R Al M X8 SR ik Tk A i SR I) A7 22 2H A (B0 SR U T Huang et al., 2006 ; Wang et al., 2006 ; Ny-
man and Nelson, 2011 ; Chien et al., 2012, 2013 ; Tong et al., 2013 ; Utsunomiya et al., 2015 ; Liang et al., 2017 ; Wang et al.,
2018 ; Guan et al., 2019 ; X Fr HL 4% 2021 ; Ge et al., 2023 ; Perri et al., 2024 )

Fig.5 Carbon and oxygen isotope compositions in cold seep carbonates in Taiwan and other areas (data from Huang et al.,
2006; Wang et al., 2006; Nyman and Nelson, 2011; Chien et al., 2012, 2013; Tong et al., 2013; Utsunomiya et al., 2015; Liang
et al., 2017; Wang et al., 2018; Guan et al., 2019; Zhao et al., 2021; Ge et al., 2023; Perri et al., 2024)

BT SR AR IR 2 AR (1) 2R M ] RS i b X AR
) 1 ST AA) 3 AT

V&SRB R £ A (10 S RIS 28 ] A R Al L2 il
VBRI RR EE AR bR L IR AT LA S BT B AsF 17 38 2
Fd R R IR A EA R AL (Arthur et al., 1983;
Shields and Stille, 2001 ; Campbell, 2006) . 5 25 i1 [X
B RIRIRER 5 8“0 (HA T —14.4%0~+5.8%0 (& 5) . H
H, oI 60 {H A T~ 14.4%0~+1.3%0 (Chien et al.,
2012; Wang et al.,2018) , F#iH 80 /T -11.2%0~
+4.3%0 (Wang et al., 2006; Chien et al., 2013;
Guan et al.,2019; Blouet et al.,2021;Ge et al.,2023),
0 80 {6 A T -8.2%0~ +5.8%0 (Wang et al.,
2006) . Chien et al. (2012) R4 /K IR 5 48U R 7 2
S3VRR T RE VT M £ VA s DX BT VA SRR R R A T
TR B 513K 84 °C, WA B 1 BACER IR SR A4 1)
TR MDA 28 ] BEAZ 2] 80 7 45 L T /K Bl
AIBE T A Bk R 5% e, L 9o 2% R 4 R) 47 26 ] i
2 3] e e A AR s, DT TG v S B AR et B
S50 ia AR G B . Wang et al. (2006) Fil Wang et al.
(2018) HR 45 80 {EL KT £ V25 b IX i thE AN 74
SRR T 141 32 3 5 114 e B e e
3 W O AR B A, O FLAR A rhosr A SRR AR AR

1 80 Vi JCAE TR 12 B I 8 SR A AR 1 T R 24 Ry
20 °C. IEAh, Wang et al. (2006) AR $i& 55 tHAS R4 1)
BRIV RERTRER 1 8" O (HAFTE R 22 37t it — A0
PR BRI ER ™ W) OF A0 = A0 ) IE ST A [R]
W 3% 5P 2 HoBT i Tavanaki &4 5 f# 43 50 AT
AR IR A M 80 H 2 KRB (E S5) .
Nyman and Nelson (2011 )3A >k 8O {E i 1 19 77 A1 i
BRPRER AT LT RIROKG WL 1 48 , 1 60 {EL fid
TERY 2 A BURIR R T LT RAR K& 170 ik R
TIOR3 55l DDA R 380 BT 1 0 8 S R R
6 O (H L2 B WL IE A H (I8 5) , al fEden H&
I3 7 N RIRSOKE I 80 o3 i B m ok 72 . 1t
b, 55 TS A X R ERFEV SR AR R 5 610 fRLAH Hb
B, BT A bR i AR R 20 BB v SR kIR #h
198O (40w 71 (181 5) , AT RE VLI 15 V4 b X G A |32
JCE AR (IR SR K (Ge et al., 2023) ) 5210 P Ji
BR,

DL B BIBIFFE R 2202 ] PV SR B IR £6 A 1Y) 42 ik
AR BLZ R SRR . Ge et al.(2023) A 3]
B0 A DXy s v SR TR #h e I B W T 2
YAt [) — il AN [ 3 IX A i 4L I 67 3R A7 AE
25 5, A e e AR 8 3R U T ik X A [ B T
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A, PRI AR AT AT R G X i SRR 6 3R 43,
HE At b D7 o 1 s s ) AR 3% BhARRAE
42 WL ERHEA

i G R MR AL 2FARAE AT DA AL IO R BT AT
PR A A AE A5 o 5 Ry i SRR A 5 (Post-
Archean Australian Shale, PAAS) #5 1fEAL 5 -+ o0 % Bic
AT DL IX 3 AN W] B AR BR B, Ce S8 AT LR 7R
TURREREE 1 8 A J5 R IE G 255, 2019) . &S
] R PR AL DX v R b TV SR AR A
JCR MR R B AR 1 5 AR PR B, T Ce
S BRI Ce TE 55 (K 6) , #5718 18 S5 A TR R AR
(Wang et al.,2018;Ge et al.,2023) , 4 RukIR
AW LR AR IMIA . BRE S HLIX V2 SRR EE
A, HAb b X CGn =5 U1 P50 ¥ SR IR A A Bk
R dh A B LT R AL Rl 2 3R B TP G 1 e 4k
() A 707 5 30 R AE (Hu er al., 2014 7K SCHE %5,
2018) . Tribovillard et al. (2013) I\ g X Flt v # 1= 5
LRFERT BB 5% Rk IR Eh v\ R S5 U R A
Ko Birgel et al.(2011) % P58 VG 5] 145 044 SR B iR
oA DUREREE HAT sh A B E , il RE S iR &
riE S AR AT G, H AT 578 1 X W TR 1t
FEANAR A [ R R AL DX A X AR A #
TCR W IHGE , ARA it — 0 £ 5 B IS X%
SRR A R T OC R AR P

R SR DTRR PR A1 | ¥ SR B0k R 2 o (. P BETIT
UE T S R AR B A A B BRI T 0 3R AR
AT DU UK 53 DU R BE 1 S A I8 JEURAAE , AT 7R

1

EERRALIREE . UTAEK , Mo Y 2E = B 1 [R) 137 238 41 A%
FRAEH A TR 3R 1L 2R5% (Hutchings er al., 20205 Ye
et al.,2021) , 4nJ% BT AL PR BE Hh i DT AR 3E v 2
55 = B Mo ¥ FE (>60 wg/g) (Scott and Lyons, 2012)
H Re/Mo HAB $2305 ¥ KA, 1 it S 3E B AL R 58 Hh 17T
Y 1 Re/Mo o H =& T ¥ 7K {8 (Crusius and
Thomson, 2000; Scholz et al.,2013) ., t4h, Hii S 4%
BRI R R A2 K/ INAT s B TR 1 S TR A
JERRIE . ARSI T L2 B 3k A v ke W 15 7
H X V8 SRR R A 2 S T L T B AL R BT

5 WIRERRREL AR

Y SRR IR A vh R B AR AL A VR R B
Vo SR I HE AR | 3k SEIE ISV SR AR ) S AL ) A A
Tl A/ R o S A T A A A e AR A
07 e Aeq 445 A A A B BT s A BE At (Dubilier
et al.,2008) , JEARZ HUER M i P08 2L i A A7 5 T AL
MEZEE N, GIEHIXEIRKIREE A RKE T FE0
TR (2 [ 2¢,e,h) , LAIXLTE D 2K F R
K(Kiel et al.,2024) o Herfr, s iR b (o2 (A
Yyt LA A wE R Meganodontia Ml Lucinoma "N £
(Chien et al., 2012; Blouet et al., 2021; Kiel et al.,
2024) , BT AR AR WA A 32 AL EE i T B R
Meganodontia 1 Lucinoma 1§ VI Gigantidas .75 JIC
5 B Isorropodon AW 2 T J& Bl 1) Sisonia (Wang
et al.,2006;Kiel et al.,2024) .

0.1

FES/PAAS

0.001

o il (EEEMIX ) A Ert CHAAIBMIX ) —><iEk/x10°

La

&l 6

Ce Pr Nd Sm Eu

Gd

Tb Dy Ho Er Tm Yb Lu

315 Hb DX Ve SRR R R 5 B IR K s 4 o0 3R I 4 5 X

(I S T Freslon et al., 2014 ; Wang et al., 2018 ; #4757 F %5, 2021 5 Ge et al., 2023 )
Fig.6  Distributions of rare earth element (REE) in modern seawater and cold seep carbonates, Taiwan area
(data from Freslon et al., 2014; Wang et al., 2018; Zhao et al., 2021; Ge et al., 2023)
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K2 AEMKSRBRBEEREEWSE(FEKiel e al., 202415%])
Table 2 Macrofossil classifications in cold seep carbonates, Taiwan area
(modified from Kiel et al., 2024)
# &
ot s iy Lk iy AL
Bathymodiolinae Gigantidas GigantidasBathymodiolus
Thyasiridae ConchoceleChannelaxinus
Lucinidae Meganodontialucinoma MeganodontiaLucinoma MeganodontiaLucinoma MeganodontiaLucinoma
Vesicomyida Isorropodon IsorropodonArchivesica
RPN Sisonia

3 1 Ml DX T AN E BT TV SRR AR R AR A
Yy LAWI R P9 2 (infaunal ) 2E 3% (4 KB FES A9
5 H R R T B R/ T [ S0 T A X v SR
T R 6 7 7% AR A= W Ak A1 1 2 (Kiel and Hansen,
2015;Kiel et al., 2020; Amano et al.,2022) . 2% 2|3
R ST R T UUR ) s DR AR DK A
H % 28 & Ak 8 I 31 (Stanley, 19705 Taylor and
Glover,2000) , Kiel et al. (2024)IA\ R 1R A P4 A4 14
FRE AR Z 38 T KR s2 . AHILZ T, Bt
IR BRIRER S TP R R A A A Rh R T 22 B ] i
BEIL AL HE S FATG (epifaunal ) 5 N 476 (semi-
faunal ) 4= 1% 1Y Gigantidas horikoshii 1 Sisonia 244
(Kiel et al.,2024) . PAFHY Gigantidas horikoshii =%)
BRI G AE7K IR 500 m 247 (Mellado et al.,2022),
Kiel ez al. (2024) F W0 B3 The ¥4 S Ak 9 kT2 ol
TOKGEBGRAL , b A E Tt SRR Eh A e
BT KRR AL o A 1 2206 (2014) & BLVE SR ik
RRER A R AR E YA B AR RST 7T RE S IR IR £k A e
PRA RN DG FE HU Il X & & A A i R A
PRF R ) Meganodontia goliath R4 AERER ALY H 4
ARG ARER 5 Fr (AR AR F AR S5 A% B R 151 | i
/N Lucinoma annulata W) 38 & B B /NUR A
A VERRR £ A e CANANAEDIR [ 2% ) by (B IZ 4 7
AR BRI R T TR o A IR I 38 SR XL
FERAEY BT R I, 5 ) Ak S A AR R R
SR TR B e i A AR B (Wang et al.,2022) , JF
LRI e 4 6 DL 3 Bt La 53 % Il LREE & %
(Wang et al.,2020) . P, ¥ 5 A P AR R /N ]
AE 5 AR Y AR TR AU G, RSk AT AT X 15 14 1l IX.
5 7 ISR ] & AR YA 09 oo R IR AR R
MR 22 5 P et — 2o, DR HAD SR8 R
RS BLL A SR RAER R .

6 #iitHEH

3 18 1l DXV PG SRR LAy P I 2 SR i 3 25 v
Je T POIR A R R SR BRIRER Fr , BRIR R0
WA LA = AR5 A0 o 3 OF )2 R AR
BRET o W SRR IRER e R (0 2 S s iR TR EOK
A Wy S DAL PR e PR DR PR e, 32 7K a7 R g 3k
R COFM o H L IC R BC ML UIE /R v SRR IR L
DURT I AT . ¥ SRR IR ER A 2 AR W A7 LARL
Fe2& 0 3, R AL R A, ST A
15, 1 RESZ K G2

T DXV SRR TR AR 4 n] RE & B 2RI R A
58l ARAIWFFETT 0] AT LA 1 O R S A DX 4
(12 28 0 AT, LIOAS At 1 W oy 22 S0 U AR Il 1 v 2
B R A o AR VR 5 O R PR R WU AH Y el o R
I3 AT, T SR Mo I3 AL 3R AR R B0V S iy
BRLAGERIZE 5 X6 A s BEAS [ 19 2 AR LE WAk 4 T e
HBERAL 272 3 Hr , PR D SR v SR AR B K
IR o BLAh, B KR SRR L AP H =4
577 A B F AR PR RUIX ST, A 1
TAREIF A H AR Z ik

2% 3Lk (References)

WRZAR , DR SETH  ROGHE . 2002, ¥ SR PR ITTRR B R 4 1y b o b ok
FE2ERFAE[D]. DOFR3R,20(1) : 34-40. [ Chen Duofu, Chen Xian-
pei, Chen Guanggian. 2002. Geology and geochemistry of cold
seepage and venting-related carbonates[J]. Acta Sedimentologica
Sinica, 20(1): 34-40. |

AR, EARBE, DI TR, 55 2023, BRI Aol RIS B 45
TN <A F AR B RAR B IR R ATESS s SCanite] (). A
YrE A R A2 A, 42(6) £ 1372-1379. [Cui Na, Wang Qinxian,
Jia Zice, et al. 2023. Genesis of siderite nodules in Miocene marine
sediment in the Kuohsing area, Taiwan, China: Evidences from par-
ticle sizes and sulfur isotopes of pyrite framboids[sic][J]. Bulletin of
Mineralogy, Petrology and Geochemistry, 42(6): 1372-1379. ]



450 A

¥ Ha4t

W B, A . 2022, FRE G LA M RS 40 ki
T[], A A1, 38(4) :963-979. [ Huang Bohong, Wei Chunjing,
Ji Jianging. 2022. Tectonic framework and evolution of the Tai-
wan orogen: A revisit[J]. Acta Petrologica Sinica, 38(4): 963-979. |

TN . 2014, 5 PTG R AR PH SRRE LA AN LRt v 2 A 2R
PEORRER e HATFLIRREAE Z AP S [D]. 57 - 1 R 12-
79. [Chien Chih-Wei. 2014. Study of authigenic carbonates and
associated foraminiferal assemblages in the Pliocene paleoseeps of
Chiahsien area in western Foothills, southwestern Taiwan[D].
Tainan, China: Taiwan Cheng Kung University: 12-79. ]

AL 2016, FIEALAR RN K& PIRAF X TR b A A0 M 5k
L MBI WP Befeisoti f R B D). iU P EDBFTR Y : 16-
79. [Lin Qi. 2016. Authigenic minerals in the sediments from gas
hydrate-bearing regions in the northern South China Sea and its im-
plication for sulfate-methane transition zone[D]. Wuhan: China
University of Geosciences: 16-79. ]

FARGE. 2014, 7 [E 5 HALHL I SRBRIRER A5 A1 Mt R L
SEUECCANE] D] )M e i E R B MR A=A DETE T - 13-
102. [Wang Qinxian. 2014. Sedimentary and geochemistry of
cold seep carbonates from Kuohsing and Chiasien area, Taiwan[sic]
[D]. Guangzhou: Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences: 13-102. ]

FAeA. 2006. HE PRI ERY BRI PR i) & E LS 2
BHD]. At &% K 18-149. [ Wang Shiwei. 2006. The initial
development of coral reefs in siliciclastic paleoenvironments, south-
western Taiwan[D]. Taipei, China: Taiwan University: 18-149. ]

RSCHE, £, BRZAR . 2018, U L X I 1 A1V SR BRI SR
A HLIRAL AR IR B H R AR IR M TR PR G A7 B D). HusskAk
2% ,47(2) :217-227. [ Zhang Wenjin, Wang Qinxian, Chen Duofu.
2018. Implications of fluid source and sedimentary environment
from the sedimentary geochemistry of Late Cretaceous cold seep
carbonates from Gamba, Tibet[J]. Geochimica, 47(2): 217-227. ]

R, R PREAR. 2021, BN LT SR A AT
MR AR SRR ). WL S IUZHITT , 41(3) :85-94.
[Zhao Ruosi, Wang Qinxian, Chen Duofu. 2021. Geochemical char-
acteristics of the Early Pliocene cold seep dolomite at Chiahsien, Tai-
wan and their implications for fluid sources and sedimentary environ-
ment[J]. Marine Geology & Quaternary Geology, 41(3): 85-94. ]

R, 20, 288,48 2019, BRERER (A0 IR - OC RIS
IR AR R B X)), KA I 5 0%, 43 (1) : 141-167. [Zhao
Yanyan, Li Sanzhong, Li Da, et al. 2019. Rare earth element geo-
chemistry of carbonate and its paleoenvironmental implications[J].
Geotectonica et Metallogenia, 43(1): 141-167. ]

Amano K, Kiel S, Hryniewicz K, et al. 2022. Bivalvia in ancient hydro-
carbon seeps[M]//Kaim A, Cochran J K, Landman N H. Ancient
hydrocarbon seeps. Cham: Springer: 267-321.

Arthur M A, Anderson T F, Kaplan I R, et al. 1983. Stable isotopes in
sedimentary geology[M]. Tulsa: SEPM Society for Sedimentary
Geology: 1-435.

Bahr A, Pape T, Abegg F, et al. 2010. Authigenic carbonates from the

eastern Black Sea as an archive for shallow gas hydrate dynamics—
Results from the combination of CT imaging with mineralogical
and stable isotope analyses[J]. Marine and Petroleum Geology, 27
(9): 1819-1829.

Bian Y Y, Feng D, Roberts H H, et al. 2013. Tracing the evolution of
seep fluids from authigenic carbonates: Green Canyon, northern
gulf of Mexico[J]. Marine and Petroleum Geology, 44: 71-81.

Birgel D, Feng D, Roberts H H, et al. 2011. Changing redox conditions
at cold seeps as revealed by authigenic carbonates from Alaminos
Canyon, northern Gulf of Mexico[J]. Chemical Geology, 285(1/2/
3/4): 82-96.

Birgel D, Peckmann J, Klautzsch S, et al. 2006. Anaerobic and aerobic
oxidation of methane at Late Cretaceous seeps in the western interi-
or seaway, USA[J]. Geomicrobiology Journal, 23(7): 565-577.

Blouet J P, Wetzel A, Ho S. 2021. Fluid conduits formed along burrows
of giant bivalves at a cold seep site, sounthern Taiwan[J]. Marine
and Petroleum Geology, 131: 105123.

Boetius A, Ravenschlag K, Schubert C J, et al. 2000. A marine micro-
bial consortium apparently mediating anaerobic oxidation of
methane[J]. Nature, 407(6804): 623-626.

Bristow T F, Grotzinger J P. 2013. Sulfate availability and the geologi-
cal record of cold-seep deposits[J]. Geology, 41(7): 811-814.

Campbell K A. 2006. Hydrocarbon seep and hydrothermal vent
paleoenvironments and paleontology: Past developments and future
research  directions[J].
Palacoecology, 232(2/4): 362-407.

Campbell K A, Farmer J D, des Marais D. 2002. Ancient hydrocarbon

Palacogeography, Palaeoclimatology,

seeps from the Mesozoic convergent margin of California: Carbon-
ate geochemistry, fluids and palacoenvironments[J]. Geofluids, 2
(2): 63-94.

Campbell K A, Francis D A, Collins M, et al. 2008. Hydrocarbon seep-
carbonates of a Miocene forearc (East Coast Basin), North Island,
New Zealand[J]. Sedimentary Geology, 204(3/4): 83-105.

Chen N C, Yang T F, Hong W L, et al. 2017. Production, consumption,
and migration of methane in accretionary prism of southwestern
Taiwan[J].
2989.

Chien C W, Huang C Y, Chen Z, et al. 2012. Miocene shallow-marine
cold seep carbonate in fold-and-thrust western Foothills, SW Tai-
wan([J]. Journal of Asian Earth Sciences, 56: 200-211.

Chien C W, Huang C Y, Lee H C, et al. 2013. Patterns and sizes of au-

Geochemistry, Geophysics, Geosystems, 18(8): 2970-

thigenic carbonate formation in the Pliocene foreland in southwest-
ern Taiwan: Implications of an ancient methane seep[J]. Terrestri-
al, Atmospheric and Oceanic Sciences, 24(6): 971.

Crusius J, Thomson J. 2000. Comparative behavior of authigenic Re,
U, and Mo during reoxidation and subsequent long-term burial in
marine sediments[J]. Geochimica et Cosmochimica Acta, 64(13):
2233-2242.

Dubilier N, Bergin C, Lott C. 2008. Symbiotic diversity in marine ani-

mals: The art of harnessing chemosynthesis[J]. Nature Reviews



524

FER T 26 < P ] 5 1 M DXty v SRR R 1 M 55 L BR P2 AT 451

Microbiology, 6(10): 725-740.

Feng D, Chen D F. 2015. Authigenic carbonates from an active cold
seep of the northern South China Sea: New insights into fluid
sources and past seepage activity[J]. Deep Sea Research Part II:
Topical Studies in Oceanography, 122: 74-83.

Feng D, QiuJ W, Hu Y, et al. 2018. Cold seep systems in the South
China Sea: An overview[J]. Journal of Asian Earth Sciences, 168:
3-16.

Freslon N, Bayon G, Toucanne S, et al. 2014. Rare earth elements and
neodymium isotopes in sedimentary organic matter[J]. Geochimica
et Cosmochimica Acta, 140: 177-198.

Ge L, Qu P F, Zhu B, et al. 2023. Formation process of Pliocene cold
seep carbonates from the southern western Foothills, southwestern
Taiwan: A synthetical rare earth element and C—O—Sr—Nd isotope
study[J]. Marine and Petroleum Geology, 154: 106327.

Gill F L, Harding I C, Little C T S, et al. 2005. Palacogene and Neo-
gene cold seep communities in Barbados, Trinidad and Venezuela:
An overview[J]. Palacogeography, Palacoclimatology, Palaco-
ecology, 227(1/2/3): 191-209.

Guan H X, Xu L F, Wang Q X, et al. 2019. Lipid biomarkers and their
stable carbon isotopes in ancient seep carbonates from SW Taiwan,
China[J]. Acta Geologica Sinica (English Edition), 93(1): 167-174.

Hammer @, Nakrem H A, Little C T S, et al. 2011. Hydrocarbon seeps
from close to the Jurassic — Cretaceous boundary, Svalbard[J].
Palacogeography, Palaeoclimatology, Palacoecology, 306(1/2):
15-26.

Hu Y, Feng D, Peckmann J, et al. 2014. New insights into cerium
anomalies and mechanisms of trace metal enrichment in authigenic
carbonate from hydrocarbon seeps[J]. Chemical Geology, 381:
55-66.

Huang CY, Chi WR, Yan Y, et al. 2013. The first record of Eocene tuff
in a Paleogene rift basin near Nantou, western Foothills, central
Taiwan[J]. Journal of Asian Earth Sciences, 69: 3-16.

Huang CY, Chien C W, Zhao M X, et al. 2006. Geological study of ac-
tive cold seeps in the syn-collision accretionary prism Kaoping
slope off SW Taiwan[J]. Terrestrial, Atmospheric and Oceanic
Sciences, 17(4): 679-702.

Huang CY, Xia K'Y, Yuan P B, et al. 2001. Structural evolution from
Paleogene extension to Latest Miocene-recent arc-continent
collision oftshore Taiwan: Comparison with on land geology[J].
Journal of Asian Earth Sciences, 19(5): 619-638.

Huang CY, Yen Y, Zhao Q H, et al. 2012. Cenozoic stratigraphy of Tai-
wan: Window into rifting, stratigraphy and paleoceanography of
South China Sea[J]. Chinese Science Bulletin, 57(24): 3130-3149.

Huang CY, Yuan P B, Lin C W, et al. 2000. Geodynamic processes of
Taiwan arc — continent collision and comparison with analogs in
Timor, Papua New Guinea, Urals and Corsica[J]. Tectonophysics,
325(1/2): 1-21.

Hutchings A M, Basu A, Dickson A J, et al. 2020. Molybdenum geo-

chemistry in salt marsh pond sediments[J]. Geochimica et Cosmo-

chimica Acta, 284: 75-91.

ladanza A, Sampalmieri G, Cipollari P, et al. 2013. The “Brecciated
Limestones” of Maiella, Italy: Rheological implications of
hydrocarbon-charged fluid migration in the Messinian Mediterra-
nean Basin[J]. Palacogeography, Palacoclimatology, Palaecoecology,
390: 130-147.

Jakubowicz M, Dopieralska J, Belka Z. 2015. Tracing the composition
and origin of fluids at an ancient hydrocarbon seep (Hollard
Mound, Middle Devonian, Morocco): A Nd, REE and stable iso-
tope study[J]. Geochimica et Cosmochimica Acta, 156: 50-74.

Jiang G Q, Kennedy M J, Christie-Blick N. 2003. Stable isotopic evi-
dence for methane seeps in Neoproterozoic postglacial cap carbon-
ates[J]. Nature, 426(6968): 822-826.

Joseph C, Campbell K A, Torres M E, et al. 2013. Methane-derived au-
thigenic carbonates from modern and paleoseeps on the Cascadia
margin: Mechanisms of formation and diagenetic signals[J].
Palacogeography, Palacoclimatology, Palacoecology, 390: 52-67.

Kelly S R A, Ditchfield P W, Doubleday P A, et al. 1995. An Upper Ju-
rassic methane-seep limestone from the fossil Bluff Group forearc
basin of Alexander Island, Antarctica[J]. Journal of Sedimentary
Research, 65(2a): 274-282.

Kiel S, Aguilar Y, Kase T. 2020. Mollusks from Pliocene and Pleisto-
cene seep deposits in Leyte, Philippines[J]. Acta Palacontologica
Polonica, 65(3): 589-627.

Kiel S, Birgel D, Peckmann J, et al. 2024. An overview of Miocene to
Pleistocene methane-seep faunas from Taiwan: Paleoecology and
paleobiogeographic implications[J]. Journal of Asian Earth
Sciences, 266: 106119.

Kiel S, Hansen B T. 2015. Cenozoic methane-seep faunas of the Carib-
bean region[J]. PLoS One, 10(10): e0140788.

Liang Q Y, Hu Y, Feng D, et al. 2017. Authigenic carbonates from new-
ly discovered active cold seeps on the northwestern slope of the
South China Sea: Constraints on fluid sources, formation environ-
ments, and seepage dynamics[J]. Deep Sea Research Part I: Ocean-
ographic Research Papers, 124: 31-41.

Lu Y, Paulmann C, Mihailova B, et al. 2023. Fibrous dolomite forma-
tion at a Miocene methane seep may reflect Neoproterozoic aragonite-
dolomite sea conditions[J]. Communications Earth & Environ-
ment, 4(1): 346.

Mellado C, Zambrano N, Aliaga J A, et al. 2022. On the presence of
the deep-water mytilid Gigantidas horikoshii (Bivalvia: Mytilidae)
in Taiwanese waters[sic][J]. Journal of the Marine Biological Asso-
ciation of the United Kingdom, 102(7): 531-534.

Miao X M, Feng X L, Li J R, et al. 2021. Tracing the paleo-methane
seepage activity over the past 20, 000 years in the sediments of
Qiongdongnan Basin, northwestern South China Sea[J]. Chemical
Geology, 559: 119956.

Nachr T H, Eichhubl P, Orphan V J, et al. 2007. Authigenic carbonate
formation at hydrocarbon seeps in continental margin sediments: A

comparative study[J]. Deep Sea Research Part II: Topical Studies



452 A

¥ Ha4t

in Oceanography, 54(11/12/13): 1268-1291.

Nyman S L, Nelson C S. 2011. The place of tubular concretions in
hydrocarbon cold seep systems: Late Miocene Urenui Formation, Ta-
ranaki Basin, New Zealand[J]. AAPG Bulletin, 95(9): 1495-1524.

Peckmann J, Goedert J L, Thiel V, et al. 2002. A comprehensive ap-
proach to the study of methane-seep deposits from the Lincoln
Creek Formation, western Washington State, USA[J]. Sedimentol-
ogy, 49(4): 855-873.

Peckmann J, Reimer A, Luth U, et al. 2001. Methane-derived carbon-
ates and authigenic pyrite from the northwestern Black Sea[J]. Ma-
rine geology, 177(1/2): 129-150.

Perri E, Borrelli M, Heimhofer U, et al. 2024. Microbial dominated Ca-
carbonates in a giant Pliocene cold-seep system (Crotone Basin—
South Italy)[J]. Sedimentology, 71(6): 1767-1794 .

Pierre C, Blanc-Valleron M M, Caquineau S, et al. 2016. Mineralogi-
cal, geochemical and isotopic characterization of authigenic carbon-
ates from the methane-bearing sediments of the Bering Sea conti-
nental margin (IODP Expedition 323, Sites U1343 —U1345) [J].
Deep Sea Research Part 1I: Topical Studies in Oceanography, 125/
126: 133-144.

Reitner J, Blumenberg M, Walliser E O, et al. 2015. Methane-derived
carbonate conduits from the Late Aptian of Salinac (Marne Bleues,
Vocontian Basin, France): Petrology and biosignatures[J]. Marine
and Petroleum Geology, 66: 641-652.

Rickard D. 2019. Sedimentary pyrite framboid size-frequency distribu-
tions: A meta-analysis[J].
Palaeoecology, 522: 62-75.

Palacogeography, Palaeoclimatology,

Scholz F, McManus J, Sommer S. 2013. The manganese and iron shut-
tle in a modern euxinic basin and implications for molybdenum
cycling at euxinic ocean margins[J]. Chemical Geology, 355:
56-68.

Scott C, Lyons T W. 2012. Contrasting molybdenum cycling and isoto-
pic properties in euxinic versus non-euxinic sediments and sedi-
mentary rocks: Refining the paleoproxies[J]. Chemical Geology,
324/325: 19-27.

Shields G, Stille P. 2001. Diagenetic constraints on the use of cerium
anomalies as palacoseawater redox proxies: An isotopic and REE
study of Cambrian phosphorites[J]. Chemical Geology, 175(1/2):
29-48.

Smrzka D, Zwicker J, Kolonic S, et al. 2017. Methane seepage in a
Cretaceous greenhouse world recorded by an unusual carbonate de-
posit from the Tarfaya Basin, Morocco[J]. The Depositional Re-
cord, 3(1): 4-37.

Stakes D S, Orange D, Paduan J B, et al. 1999. Cold-seeps and authi-
genic carbonate formation in Monterey Bay, California[J]. Marine
Geology, 159(1/2/3/4): 93-109.

Stanley S M. 1970. Relation of shell form to life habits of the Bivalvia
(Mollusca)[M]. America: Geological Society of America: 1-282.

Takeuchi R, Matsumoto R, Ogihara S, et al. 2007. Methane-induced
dolomite “chimneys” on the Kuroshima Knoll, Ryukyu islands, Ja-

pan[J]. Journal of Geochemical Exploration, 95(1/2/3): 16-28.

Taylor J D, Glover E A. 2000. Functional anatomy, chemosymbiosis
and evolution of the Lucinidae[J]. Geological Society, London,
Special Publications, 177(1): 207-225.

Tong H P, Feng D, Cheng H, et al. 2013. Authigenic carbonates from
seeps on the northern continental slope of the South China Sea:
New insights into fluid sources and geochronology[J]. Marine and
Petroleum Geology, 43: 260-271.

Tong H P, Feng D, Peckmann J, et al. 2019. Environments favoring do-
lomite formation at cold seeps: A case study from the gulf of Mexi-
co[J]. Chemical Geology, 518: 9-18.

Tribovillard N, du Chatelet E A, Gay A, et al. 2013. Geochemistry of
cold seepage-impacted sediments: Per-ascensum or per-descensum
trace metal enrichment?[J]. Chemical Geology, 340: 1-12.

Utsunomiya M, Majima R, Taguchi K, et al. 2015. An in situ vesicomy-
id-dominated cold-seep assemblage from the lowermost Pleisto-
cene Urago Formation, Kazusa Group, forearc basin fill on the
northern Miura Peninsula, Pacific side of central Japan[J]. Paleo-
ntological Research, 19(1): 1-20.

Viola I, Oppo D, Franchi F, et al. 2015. Mineralogy, geochemistry and
petrography of methane-derived authigenic carbonates from Enza
River, northern Apennines (Italy)[J]. Marine and Petroleum Geolo-
gy, 66: 566-581.

Wang Q X, Tong H P, Huang C Y, et al. 2018. Tracing fluid sources
and formation conditions of Miocene hydrocarbon-seep carbonates
in the central western Foothills, central Taiwan[J]. Journal of Asian
Earth Sciences, 168: 186-196.

Wang S W, Gong S Y, Mii H S, et al. 2006. Cold-seep carbonate
hardgrounds as the initial substrata of coral reef development in a
siliciclastic paleoenvironment of southwestern Taiwan[J]. Terrestri-
al, Atmospheric and Oceanic Sciences, 17(2): 405-427.

Wang X, Barrat J A, Bayon G, et al. 2020. Lanthanum anomalies as fin-
gerprints of methanotrophy[J]. Geochemical Perspectives Letters,
14: 26-30.

Wang X D, Guan H X, Qiu J W, et al. 2022. Macro-ecology of cold
seeps in the South China Sea[J]. Geosystems and Geoenvironment,
1(3): 100081.

Wilkin R T, Barnes H L, Brantley S L. 1996. The size distribution of
framboidal pyrite in modern sediments: An indicator of redox con-
ditions[J]. Geochimica et Cosmochimica Acta, 60(20): 3897-3912.

Ye Y, Zhang S, Wang H, et al. 2021. Black shale Mo isotope record re-
veals dynamic ocean redox during the Mesoproterozoic Era[J].
Geochemical Perspectives Letters, 18: 16-21.

Zhang X L, Chen K F, Hu D P, et al. 2016. Mid-Cretaceous carbon cy-
cle perturbations and Oceanic Anoxic Events recorded in southern
Tibet[J]. Scientific Reports, 6(1): 39643.

Zwicker J, Smrzka D, Himmler T, et al. 2018. Rare earth elements as
tracers for microbial activity and early diagenesis: A new perspec-
tive from carbonate cements of ancient methane-seep deposits[J].

Chemical Geology, 501: 77-85.



5524 FER T 26 < P ] 5 1 M DXty v SRR R 1 M 55 L BR P2 AT 453

Geological and Geochemical Characteristics of Ancient Cold Seep
Carbonates in Taiwan Area, China

ZANG YiPing, WANG QinXian, JIA ZiCe, CHEN DuoFu

College of Oceanography and Ecological Science, Shanghai Ocean University, Shanghai 201306, China

Abstract: [Significance] Cold seep activity has a significant impact on marine ecosystems and global climate
change, and has been widely developed globally at active and passive continental margins. The fundamental process
operating at seeps is the anaerobic oxidation of methane (AOM) mediated by a combination of anaerobic methanotro-
phic archaea (ANME ) and sulfate-reducing bacteria (SRB). This increases the alkalinity of pore water, forming a fa-
vorable environment for carbonate mineral precipitation. Cold seep carbonates are the product of submarine cold seep
activity, and their geological and geochemical characteristics are often used to trace seepage fluid information and
changes in sedimentary environments. [Progress] Taiwan area of China is located in the collision zone between the
Luzon Island Arc of the Philippine Sea Plate and the Eurasian continental margin, and possesses complex geological
structures such as extensive faults, providing appropriate conditions for the development of cold seeps. Cold seep car-
bonates in the Taiwan area are mainly found in Miocene to Pleistocene strata, which are ideal for the study of ancient
cold seeps. A relatively detailed study has been conducted on their fundamental geological and geochemical proper-
ties, including mineralogy, petrology and carbon and oxygen isotope content. This study includes a comprehensive
analysis of the geological occurrence , mineralogical and petrological characteristics, carbon and oxygen isotopes con-
tent, rare earth element (REE) geochemistry, and macrofossil content of cold seep carbonates in the Taiwan area. In
addition, it explores the fluid seepage activities and the depositional environment recorded by the cold seep carbon-
ates, taking account of the geological and geochemical features of cold seep carbonates from other regions globally.
[ Conclusions and Prospects ] The predominantly blocky and chimney-like forms of the cold seep carbonates in the
Taiwan area indicate two types of seepage activity: the blocky forms indicate prolonged periods of low-flux diffuse
seepage; the chimney-like forms represent shorter periods of high-flux convective seepage. The primary carbonate
minerals are dolomite and calcite, with a significant presence of framboidal pyrites. The size of the pyrite grains may
be related to the redox conditions during deposition. The carbon isotope composition of cold seep carbonates indicates
that the primary sources of carbon were biogenic and thermogenic methane, with additional influence of seawater or
residual CO, from methanogenesis. Notably, Pliocene cold seep carbonates exhibit the widest range in carbon isotope
values, suggesting a greater diversity of carbon sources, potentially due to the complex geological structures in Tai-
wan area at that time. Furthermore, the 8”0 values of cold seep carbonates from the Miocene to the Pleistocene in the
Taiwan area exhibit an increasingly positive trend, suggesting that these carbonates might have undergone a transition
from gas hydrate formation to dissociation and release. The geochemical characteristics of the REE indicate a predomi-
nantly reducing depositional environment. The cold seep macrofossils are dominated by bivalves, representing few bi-
ological species in the Miocene and Pliocene but a greater range in the Pleistocene, possibly as a result of different
water depths. For greater in-depth understanding of the ancient cold seep systems in the Taiwan area, future research
on cold seep carbonates could focus on in situ micro-scale analysis of carbon and oxygen isotopes, and molybdenum
element and isotope, in the carbonate minerals, as well as the spatial differences in the growth of macrofauna of dif-
ferent genera of the Lucinidae family, in conjunction with geochemical analysis.
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