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Fig.1 Geological structure and development location of cold seep carbonates in Taiwan area (modified from
references [33-34])

Black squares represent the area$ where ancient cold seeps developed; black circles represent the locations of developed sections
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Table 1 Field occurrences and main carbonate minerals in cold seep carbonates in Taiwan
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Fig.2 Photographs of cold seep carbonate outcrops in Taiwan
(a) large nodules in Sidexiang section, Chiahsien!'4); (b) lenticular outcrops in Baiyunxiangu section, Chiahsien>); (c) giant chimney
outcrop in Sidexiang section, showing bulbous fossil of Anodontia goliath *); (d) light-colored tubular outcrops in dark gray argillaceous
clasolites, Niupu section ['¥]; () photo enlargement of tubular carbonate in (d); Lucinoma annulata (Reeve) fossil indicated by arrow['¥); (f)
tubular outcrops, Kuohsing area®l; (g) blocky outcrop with many carbonate cemented tubular structures, Hsiaokangshan areal®?l; (h)

Lucinomae-enriched outcrop, Takangshan areal®?]
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Fig.3 Microscopic petrologies of cold seep carbonates in Taiwan

(a) cold seep carbonate matrix, Chiahsij

polarized light)?¥; (b) mud micry&t

irregular filaments (single polarized lig

a, with black micrite and gray microcrystals and a small amount of terrigenous debris (single

'%)amnates, Kuohsing area, showing strawberry pyrites (black circles) and development of
[

24/ (¢) fracture with carbonate vein infill, Takangshan area, with arrows showing broken
shellfish shells at the vein (single polarized light)®?); (d) bioclastic micritic carbonates, Kuohsing area, containing multiple intact
Foraminifera fossils (single polarized light)i?¥l; (e) strawberry pyrite aggregate, Kuohsing area (reflected light)?*; (f) strawberry pyrites

filling Foraminiferan spaces, Chiahsien area (reflected light)¥
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Fig.4 Carbon isotope distribution in cold seep carbonates in Taiwan area (data from references [13-14,22-

25,27,31])
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Fig.5 Carbon and oxygen isotope compositions in cold seep carbonates in Taiwan and other areas (data from

references [13,14,22-25,27,31,38,54-57])

PA BRI BIE 52 K 2 52 A VA SRR IR B 1 4 i S R AL R o B v SR LA SR . Ge ex
al TV L FAL M DX 7 s ALV SRR £ WY SRR T 2 A, R — R A R Rl X
B AU R AL B AT AR 35 B 22 57, 1T 4 B R R 2 U TSI X O AN RDYTR A AA o DRL e ok R mT
DI J S X B SR R AL 3 2 BT, SRS s s J 7 S B 300 ) O A Vi S AR ALE

5 YIRS

M - T B M ER AL 2R AR TT PR TR S TR AR AR G5 B o Ja KOs AUTUs hr



e (PAAS) i L IC R BC /AR AIX 0 AR TR ST, Ce 51 R] DR ZR TR A BT 1 4R
PRI JRARF AR . & Y ] 4k A0 FALL s X e A0 B v SR 2k o i = e R e A U 3
L AR B, T Ce W ERER T Ce IER . (18 6), $RANIEJE A TTRURFAE R4,
FEB A R RIR A W T R AR WARIE . BR S I W RIRIR Hhoa oh, Hofhdh X (gl
B VD AR AR RRIR £h A I 0 R A 2 R I A L AR I B
B AFAE-04, Tribovillard er al SHAJYIXFh o - & SENIRFL AT fE 5 v RIRIR thh & SR Bk
A CERA K. Birgel er al UKL AR P4 AHEBUA SR BRI 56 4 IR 5 B A sh S 2210 4s
fE, "R SRt imEE R R . BT G0 XM 1 0 3% B 0 A A A A2 [ kAT
Al X, ol XA R AT Le RO S RIIRIE, RRA R — D EE GBI RIRIK
R e R B P

1

01{ ¥

FES / PAAS

0.01 o

—o-ifitt (E#HmX) A bEFitt (FABX)  -><#EK(X109

0.001

La Ce Pr, Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Kl 6 G XA SRR dh S AEK oo R (Rl RilE T3k [24-25,27,62])
Fig.6 Distributions of REE irf modern seawater and cold seep carbonates, Taiwan area (data from references [24-

25,27,62])
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RHE Isorropodon FIATHE BT B FHI Sisonial2373),
#2 GWMXARHMRILAREEDSS GECRITINESD

Table 2 Macrofossil classifications in cold seep carbonates, Taiwan area (modified from reference [73])

# A
hTt bt L ai:x AR
- . . Gigantidas
Bathymodiolinae Gigantidas Bathymodiolus
. Conchocele
Thyasiridae Channelaxinus
L Meganodontia Meganodontia Meganodontia Meganodontia
Lucinidae . . . .
Lucinoma Lucinoma Lucinoma Lucinoma
Vesicomyida Isorropodon Isorropodon
4 4 Archivesica
EXUEN Sisonia

3V 1 DX A T TR bR Ve SR B IR Sh S AR A AR E A A (infaunal) A2 3G K
RO SE R A wa B oy, WY S0 4] R TR LAt X v SR BTG #6254 1Y)
FhE04701 2 pR 56 7 R A V08 A R PIRG4S TR HUE AR I SR
U778, Kiel er al VWA A BRI A TR AT BE /& 2 2] 1 /KBRS . AHELZ R, B3
HEA SRBRIR Bh o h 2 R A R R 2, Bl H RN, R E SR (epifaunal)
B N R Csemi-faunal) 35 (K) Gigantidas horikoshii A Sisonia 5 744 U3 . BLAE
Gigantidas horikoshii "EWIH5 K LA TG TE KR 500 m 24509, Kiel et al. 1731 4 I 8 3 4
SRR SR 2E TE BT /KRR AL, T A i T AN St VA SRR IR 26 25 T B T 7K IRk ik o B A1
17 A SOV VA SRR 6 A AR A AT R R R RS AT R SRR R B (K RN 6, FE
Rl X R B B3 A sa B A, R BRI Meganodontia goliath FEAT A1 B8 KA1 H A= BY Ak
MEhia it G KRB RRR A% . BERUEIED, WAL Lucinoma annulata W 5% G 1E
BONRI B A BRI A . CINAIEIR) H, (ERHZ IR = 2 0 R R 3 R AT 3
A KA RS B A SR XGE S AE VIR FE R I, 30 53 ) AR A S 1 AN A B 2 K11 FR
Fem AR RSN, Jf ELRIF HGE R DRI La 7% #1 LREE & 4062, [Fitk, % RAEY
(AR B R /INTT R 5 HAR Y SRR B R AN O, SRR AT EE X & I X3 H s AN F) & A= i
(¥ b 70 3R BRI SRR AE AN R B 26 RIT R — B0, AR Jd i S 15 B DA
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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

methanotrophic archaea (ANME) and sulfate-reducing bacteria (SRB). This increases the alkalinity of pore water,

forming a favorable 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
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fluid information and changes in sedimentary environments. [Progress] Taiwan Island 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 carbonates 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 properties, 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 content, 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 carbonates, 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 pyrit¢‘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 Taiwan
area at that time. Furthermore, the §'30 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 predominantly reducing depositional environment. The cold seep macrofossils are dominated by
bivalves, representing few biological species in the Miocene and Pliocene but a greater range in the Pleistocene,
possibly as a result of different watendepths. For greater in-depth understanding of the ancient cold seep systems
in the Taiwan area, future researchvon/cold seep carbonates could focus on in sifu 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 different genera of the Lucinidae family, in conjunction with
geochemical analysis.

Key words: carbonate; ancient cold seep; Taiwan area; carbon source; sedimentary environment; macrofauna
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