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Fig. 1 Geochemical zonation in marine sediments

(from reference [16])
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Table 1 Oxidation reactions of sedimentary organic matter and the standard free energies (from reference [ 17])
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Table 2 The reaction of electron acceptor and hydrogen

and their standard free energies(from reference [187])
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Table 3 The reactions in the sulfate-reducing zone

and methanogenic zone (from reference [29])

SR F e

o SN
AG°/ (k] /mol)

i R £ 1 Ji ety

CH;COO~ +S0Of~ «HS™ +2HCO; —43.7

4H, +S0O7~ +H"<=HS™ +4H,0 —151.9
7 H e

CH;COO~ +H;O=CH,+HCO; —31.0

4H, +HCO; ~ +H"<=CH, +H, —135.6

VR I 2 i 2 P A 1Rk 3 5T 45 5 b oy BB L
MILEA R AE FR . iy B RDBR R £k 3 R B SF- 35 LA
100 = 200 (4 LLBITE B — A~ 25 544, B 100 4>k 18
B 200 R E I JF A BT ALl . ZR A IR TR IR A
o7 A W 2% B Y R A 94 %0 . B IR R A TR T 1
96 0 o R & KB 43 vhy B A i 1 6k 38 5 TR AT DL SR A
Yy A A AT D38 4 DL R i =X B
ER 22 S5 DR AR Ol oty 7 0 T 6 30 D 7T O A
e NN TR ST TSl 1 a3 e -y i
DL A0 P e 3 TR B R L, RN T B B — B
T2 b A DB TR 2 A AR S A oty R 4 T Y
ILGAE B AR T B o3 A Y B AN WA . DR,
Jot R SE AT W 5 OB IR B 22 1) 11 6 R A7 7
— B

2 BHAETY

HAEB YR 38 ) 22 P A R 7= . il % T
FOIE S B AR RRAIE | TTORR PR 58 45 b o 2% 1 o B3
e B R I T AR R B AT XL
TR v it R0 8 VR Bk Ak 2 B 5T A R
S Hoh 5 AOM MG B AE B W1 L B
Wi, S T R,

2.1 EH®R

BN (FeS,) MG UTAY h o A e 1 H
A RAC ) A PR R A 5 T AR O
BT . e RS R AR A B B Ak Sk B
BRI AR T MR, TR R



531 4 5 12 )

T4 TR VU L DSCA 18 ek A o B 5 R 21

EREmm L ESRITR BRIy EL
T 258k B DL BBk 09 R e PR 22 L S i e OB
BOALER S B 1 — € MR A, B AT, ¢ T 320 al
PR A B R A 2 b O TEDTRR ) b i eI L
Wi 52 0 S TR AR BT K AR R S v B
WE T @ B R TE DU T B
J s AN T 2 D TR B BT

55 1 Pl B AL A R, Wilkin B0 o 58 56
3 FLENES AT AR A5 R AR BB 1Y B K
FEA 4 D EE B, B O— AL
i R A AR ROk 8 A K @ — BBk (FeS)
AL B R (Fes S s @ R/IN A i 52 k™
Tl i 2R B R A IR 45 A (SR g e WY, > 0 A Bk ™
UKL AR =>>0. 1 pom I R AR BREE R DR SR 4 ) 5
@ REAELIR G S BR B R U . A5 A Be i i
N FE AT H LR A A KRR

B B —

Fe!' +HS —> FeS+H" (2)

e

3FeS+HS +1/20,+H" => Fe,; S, +H,0

3
B
4FeS+1/20, +2H " => Fe; S, + H, O+ Fe**
€Y

BB = THE ) B G R R R
BRA G UKL Z TR 2 98 1 W 5| ), R 2Z (8]
A A A R I R AR S

W B DY < B 52 R R AR R S I I B R

Fe,S,+2H,S &= 3FeS, +4H" +4e” (5)

4H" +4e” +28° <= 2H,S (6)

Fe;S, +2S8° &< 3FeS, 7
s AT DL — A B AR B 3 A4S s =L B

Fe; S, +2H"=> 2FeS, +Fe*" +H,(g) (8)

Ty — WL DA Sy A A k0 I A kA
W I E B AR B R Y B S
i Soliman 28 7F Gabal Oweina I X K HL T 4 Ff
YR B 454 CRAS LA R ™ AR K Y
FAPIR BT R AR B R R SR LB R A P
Al R AT T SR ZE R DL R AR BT TR B
SR SRR AR L FLBRK TR B AL
W BE LA BT 0 A7 A W HRBR T BR BT R A0 H
i 2k Ak & P DL VE 9 T BEPE . 7E Gabal Oweina

b DX, BN RERE IR B BT Hh B e R B ORI 1R
RO (N (IR L (S IPPNE S (B!
T B AR B A I BN 23 g 4 28 - DT8R Y
FIIE BB W0t A% O 4 22 A 1K 5 O BB T,
AR 5 O /N [ Al B Bk A fl ok DA O A A Y R
WG 5P s @ WADIREE R 41 . PR %
WEBRA 5 AR AR & IR T 4k 22k 5 WA
i o

AR T R BN 1 2 Fp LIS 378 7 AR
WO BT AR B B 7 2 A RS L AH T R BT Y
ANFRE M BB Beoos 8 B R LB A BT AT B
IR T I % 55T I B R B o B X A AR R
B s R 0 M AR E B Z R G TE . BT AR
BRAT (R BIETEATS 5 2 — 2 0 5 S PR DT AR R R i Y
7/ N T Ty ST VA N0 T

2.2 WRERELE

e lR h A 2 R BUE W B g i A A
W, W R AR VR R 1l i) B R AR 25 1
et FL B K 0 B2 T e o AT ) T B R R 0 0 (s iz =X
9. MR IERIRIN A Z 5% RIGA K, B R
JETE ok AR DU S 2T A I A DL R
g s i 7 X A I kA — R A
A= IR AL AR TR TR RS 5 K AR L LAOK
R Rk /I T AW 2 RV S8 7 By e s s
R A AL A A 1 2 3 S PR ¥ SR Chydro-
carbon venting) Fl {2 i# ¥ & (hydrocarbon seep-
age) , PRSI AR A & E Ly i
A, I #5717 KR AL DT RR ) 5 12 Ve 2 B I R
AR B TR A DR HE AR LA R S D
JE 45 4 FH A8 3 % T AR B AR TR 04 I A= R
VB IR TLRR Y b 0 R AR SOK G W 43 fd VR
AR AT LA A ) s B T

CH, +S0; +Ca*"—CaCO; +H,S+H,O
(€*D)

4 IR Ml DX 1 ik TR k2 4 0 L o — M LA BE 5 i
A-HaaMscahE, H " CHEM M, HH
P e . BBy o CE B T A= W ok U5 R e Al e
() 8" HAE W AT 88 5 26 0™ W i K/ W28 & AR
FH UL KK 43 AT D60 OB (W e R 3k
R IR TN =R N TR N B TN A IR TR N
S AL R AR AS 1 T B E R  Bk R R A AE W 1 R



22 Marine Geology Frontiers ik V&b BT I

2015 4 12 A

] N Ie] ARG . M N AT YRR A B R 2
S RUIGAR M s BIF R gL B L 2 R
TR IE Bl T 2 B B 0 ik R $h U UE DT S R
AN TR B9 7 4 AR 7 3K AF k.l s U/ Th 4R
S IR B TR 62 22 T T UK U AEK Vg SF T A
TEVKREI], UK S5 5K ¥ - T T B, 5 B0 K Y
KB T30S T RE 3 S G W R A A B LS
IRPLG TR TET YT A A R BT KA ity T AR
7 KA b, 52 5 7 R A DT AL Sy i
K G R BRSO T L ¥ SR B TR AR A
KGR IR B R R K G
I3 NI

EAFEE N, B T o iR 6 5 2 e IR A A
FEAE T B 8 s PR A% G2 0 s o HOE i T 388 i
B, (HEGEAFE R, % RRIRER A M T &
PREAL B A B0 Ce W AUFE /R T Ce IE R
BT Y B R B W] B AR AE Ce R W
A AL AR L R BTV S R #h A W] BE R I T A
SEREE 0 A B G 0 R IR AT RE R Y
] 132 8% 1 & HY e U 1A G o 58 SR /N B e —
AR £ AE 5 i (SMI, sulfate-methane inter-
face) T, B0y SMI 5 5>k iy SMI Fii
[ 1) T ) Y A AR O B T AR SR AR A
X Il i S PR A O AR IR R . TR X e
JEATSSRAR i« i LA 23 75 AR S5 1 T A AR ik R 38 D0
TE. M0 FaE R i E e U A AR AR R
A, B Be DR S SRR P TR B0 ik R S AR W is B &2
IR AT T, & A R R v vE

3 [FI R i

FE A i e T e U LB K iy &
AR R FERE R C.S O H N F IR I
[Fil {37 2% 73188 i B b 3 D0 3R 10 4% o IR A2 3R T
o AR B AL AR W A N AR P LA TR L
B3 BT AR S 2 P g . SEAIR S
AL ER 23 R R A RE R SO AR 7 Hh B ARIR R B W)
HAE AR e BRI 22 BF S e B B0 T B, Bl
AT B WA S SR VR P oo R [ [ L
R AL 52 2 MR 1 22 1 AL A7 L R
P e/ FH R 1R 58 3 e o 7 o 4 T 37 3% 48
SOREVIE T S i i3

(1) A HLJ e fg A A

A AL BT P figp o R v Bl R A R RR AR IR B
B BCAE L BRTRR ) rh 5 A A DL R B T O D A
Yy i) [R5 22 R AE , BT L AT H T 48 7R A LB R U .
FUR B R B 5 RS L Bk VAR
(VA U o S DR I 1 G B 7/ R B RN
RS R Em., GO TS SRS 25
£VC MY N, Bl & A BT B A% A A HLTE Y
SV C M B 8" N A M /N i A B R R K
A i TR R B HE C ORI N i g TR
B AR R E Y C ORI N, 1 UL R Y P A BLR
v {37 22 (E AR AR AN K (R 7 28 U B =5 483

(2) Vi & s AE A

7 e b R v Y TRl 6, 3R 41 RS M CLH 2
FROCER .. W e A 2 FE o K, —
FlJE —E AR AR I AR S (R i 3 100, EE R A
TFPEREE 80 CIHA R —110%~—60%0, 8D fH
YR —250%0~ —170%0; 75 — F J& £ TR & AR 5
N 1D Z2 R AEEIRKAZE .87 CHA N
—65%0~—50%0,8D fHZH —400%, ~ — 250%0.,
FH B %) ik [ 57 2 AR5 A0E 52 40 D58 %) ke [ 5 2R 2 i B )
Jof ik A T A Bl g A Ay AR AR RS L T i E DU 3 i
AR A Ak 2 B N R (] 42 b S e ik [ 467 2R 43
T, o QTR i BARAE O AR e /e A
it — LW AMEGY . BAR A F A 2 4 8 A H L i
EEESTE N EPO SR I IR RN Y
A BR B 0125 53 VR AE T B A g 2 o1 i ok 7R o
R R N TS| R

CO, +8(H)—>CH, +2H, (10)

"CH,COOH —'"CH, +CO, (1)

(3) mLBR 33 R AE A

B — B R #h IR U A 2 0 & S, O,
C.HITR ML ER 418 . B L 6 J5 0 2
A= 0 M P9 A= Ak 2 o AR O R =X (12)) Bt R &k 1
ATEAE YA I . S i B 2 B 3 A (i =X
(1200 BB W Ryl N, fE 2.3 4
B, 2S00 B KT T RE hE A )N SN R A
P R AT B AR (1) 6% S (B Wi 1 K . T 4& Rl
G BE SN Y R AT S O 2 W K Gk B — A
HBUG AN B AR X AL S5 LB K B R A
ST B 2 IR B B R £k 5 1 A 41 e
7K AR AR TR AN 25 52 46 I o B O S Ak B TR



531 4 5 12 )

T4 TR VU L DSCA 18 ek A o B 5 R 23

FRAHE AL Sh R R AR R £ 0.0 S
FLIRK 2 35 B 7. 24 0 22 0 B R AR B A
A& HE S 20 AR, 81 O {8 A8 Ak B8 3% i K T 67 S
L 5 T 224 MV 3 7R ek DR 4 e i I 8 Ak B B, 871 S
(EAEfL B KT 8 O H . B 24 87 R £6 ¥4 S f
ORI, 8% S A AR fh R R, T LM 6 3] TR T
B UL A T R R G M AR o SE
SO AME . M FAT AT LUK A7 L 4R 47 K o6 &R
SR T L TRk S o PR 45
(D (2) (3
SO —>S0! — g & Y—>S0: —S*
(12)

FH e IR 480 SR AR A I 26 3 0 2 40 o o
AR ) B B R SRR R PR, DT A A B Y TS L
B o COaR R b E £ Co L, IS
TUB W 2% 1m0 1) B e DR 4R 40 Ak A T S JE ML 5 1 1)
O C i Fifi 5 TR 82 366 U o 1117 AE P 6 IR AR AR A St T 2
T ALK E T U CEREE TR . BT UL,
ATAT LAARHE TC HLAK 25 7 1 8" C B 3k 4 I HHY o IR
SR A DXORITFR o8 A B DX A R G o7 BT

B bR B Ah, —2e B - Y A R
SyVRAT N TR AR B A B B R . I Christi-
na 3 2 X5 ¥ VE UL R W) o e R R A 1 A B 1 (W] A7
R R AR 8 Ca H 3 BL Y I 5 M Bk R 2
B B B — 20 L TR, AT AR g 9 I A R R
70" Ca HIWr T AR L. B H ATy Ik, B AR
VR 72 b Y R 7 2R A TR LRI I 584 22 4R vh
TFHEF. WA T BN ZHARZEHRA
Al — 2D KA AL 3R 4318 1 T R R 5830 1 L 4 )
JEPHE R W BCE TE R R R R A R .

4 REi5RE

TR DL i) 700 e 1 PR 3 2 R
ili 3t 55 T P ) BRI BRI EE AL . BB A LT
iz ¥ U | o Ak LG 1 A U AR S A ) B
O3 AU TR 3R B R L O T AR B Bk A
s L RHT I . BEE LI T BEANER 1Y
K i A B BURT (9 BIF 58 R 1) Al b ik — 25 %)
1o 6 i R AR~ 30 SR I LA AT L S B 80 R Y
W52 B BT 22 09 T 5 0 T A DL AR W v Y
L o e ) B A

(1A HLITR % fif Sy At A g ot Bk A 2 £ 4
HEfE . AR FLBF 5T OF 4R B 6 A LR B )Y
B WL W1 5 RN 4 5L Rl B B 5T 07 T BUS T
— RN BR L ABSE HT A PR A SR IR B B i R L
Je Wity SR 2o R L DT AR B b ) 3 b 2 — X
2 Chmis DR R B ) XA HIL T R A
IR A AT AN 4y B AR AR R h 18 SRR
JO7AE Ry R 30 Bt B e o Y SO o L LR
Wy b2 KoV 5 XM 9 R0 i AR AL B R A B iR
JEE X A B 1 5 A A R A, BT RLL TR R
SRV P A F 5 v L T 5% A I DS AR
R I BB A 5% b B S5 ) [ 2 B4 FH AL .

(2) BAE BB 5 B IR R A VR b B BUA AE
R A, 5 e DR SRR AR % A
% I HIKEY A FE DR KA YA
FERREL, HERT 2 —FARENT Y,
FLIE Bt B e 2 4% HL s B HL ) & A R A
W AR AMGY . BRIER R A O 98 A i Z Rl
T B 5 A ke, 0 30T 400 2 TR A H e A SR R AR T
F R R £ WA e I8 i BRAS $2 48 T Bk, Fr DA
H A B R R 1B B S 4T 5 SR A A, HOE
JEAL A A BTN

(3)Fe 5 [ AV 2 4 18 450 07 2t K Ak 7 17F 5% 1)
T B, B[R0 2 43 R A 2 0 i U B R TR
) EE BRI L B L AR 2R O0C 2 0] H T 4 R
VE I 558 25 1 100 45 385 - D030 3% 1+l A< 9 728
FEFFAE . (B2, B A 1R a2 v i Rl 2 3R 43
BT EEE P C.S.OH. N FEHE 7, HE
F S SRR E R AP W BB AR A &, A
W T Y R AE A R R T A R U
G T B A ) B S 1 5 3 L300 A 1 TR o7
BRI FR IR A R A R R e ]
EIOBLIE

2% 30k

[1] Jorgensen B B, Revsbech N. Oxygen uptake, bacterial dis-
tribution, and carbon-nitrogen-sulfur cycling in sediments
from the Baltic Sea-North Sea transition [ ]J]. Ophelia,
1989,31(1):29-49.

[2] Parkes R J, Cragg B A, Wellsbury P. Recent studies on
bacterial populations and processes in subseafloor sedi-
ments; A review[ ]J]. Hydrogeology Journal, 2000,8 (1)
11-28.



24 Marine Geology Frontiers IV Hb 5 5 ¥t 2015 4F 12 H

[3] Nielsen L P, Risgaard-Petersen N, Fossing H, et al. Elec- [16] Berner R A. A new geochemical classification of sedimen-
tric currents couple spatially separated biogeochemical tary environments[J]. Journal of Sedimentary Research,
processes in marine sediment [ J]. Nature, 2010, 463 1981, 51(2): 359-365.
(7284); 1071-1074. [17] Froelich P N, Klinkhammer G P, Bender M L. Early oxi-

[4] Henrichs S M. Early diagenesis of organic-matter in marine dation of organic matter in pelagic sediments of the eastern
sediments: progress and perplexity[ J]. Marine Chemistry. equatorial Atlantic suboxic diagenesis. [J]. Geochimica et
1992, 39(1-3): 119-149. Cosmochimica Acta, 1979, 43 1075-1090.

[5] Luff R, Wallmann K, Grandel S, et al. Numerical model- [18] Lovley D R, Goodwin S. Hydrogen concentrations as an

[6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

ing of benthic processes in the deep Arabian Sea[ ]J]. Deep-
Sea Research Part Ii-Topical Studies in Oceanography,
2000, 47(14) . 3039-3072.

Raiswell R, Reinhard C T, Derkowski A, et al. Formation
of syngenetic and early diagenetic iron minerals in the late
Archean Mt. McRae Shale, Hamersley Basin, Australia:
New insights on the patterns, controls and paleoenviron-
mental implications of authigenic mineral formation [ ] ].
Geochimica et Cosmochimica Acta, 2011, 75 (4): 1072~
1087.

Soliman M F, El Goresy A. Framboidal and idiomorphic
pyrite in the upper Maastrichtian sedimentary rocks at
Gabal Oweina, Nile Valley, Egypt: Formation processes,
oxidation products and genetic implications to the origin of
framboidal pyrite[ J]. Geochimica et Cosmochimica Acta,
2012, 90. 195-220.

Feng D, Chen D F, Peckmann J, et al. Authigenic carbon-
ates from methane seeps of the northern Congo fan: Micro-
bial formation mechanism[J]. Marine and Petroleum Geol-
ogy. 2010,27(4) . 748-756.

Reeburgh W S,
Chemical Reviews, 2007, 107(2) . 486-513.

Oceanic methane biogeochemistry [ ] ].

Rullkétter J. Organic matter: the driving force for early
diagenesis[ M // Schulz D H, Zabel M. Marine Geochem-
istry. Berlin: Springer, 2006 125-168.

Burdige D J. Preservation of organic matter in marine sed-
iments: Controls, mechanisms, and an imbalance in sedi-
ment organic carbon budgets? [J]. Chemical Reviews,
2007, 107(2) . 467-485.

Kulinski K, Kedra M, Legezynska J, et al. Particulate
organic matter sinks and sources in high Arctic fjord[]J].
Journal of Marine Systems, 2014, 139. 27-37.

Hinojosa J L, Moy C M, Stirling C H, et al. Carbon cyc-
ling and burial in New Zealand's {jords[J]. Geochemistry
Geophysics Geosystems, 2014, 15(10): 4047-4063.
Hedges J I, Oades J] M. Comparative organic geochemis-
tries of soils and marine sediments[ ]J]. Organic Geochem-
istry, 1997, 27(7-8); 319-361.

Arndt S, Jorgensen B B, LaRowe D E, et al. Quantifying
the degradation of organic matter in marine sediments; A
review and synthesis[ J]. Earth-Science Reviews, 2013,

123. 53-86.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

indicator of the predominant terminal electron-accepting
reactions in aquatic sediments[ J]. Geochimica et Cosmo-
chimica Acta, 1988, 52(12): 2993-3003.

Middelburg J J, Meysman F J R. Ocean science - Burial at
sea[J]. Science, 2007, 316(5829): 1294-1295

Lalonde K, Mucci A, Ouellet A, et al. Preservation of or-
ganic matter in sediments promoted by iron[ J]. Nature,
2012, 483(7388): 198-200.

Roy H, Kallmeyer J, Adhikari R R, et al. Aerobic Micro-
bial Respiration in 86-Million-Year-Old Deep-Sea Red Clay
[J]. Science, 2012, 336(6083): 922-925.

Mogollon J] M, Dale A W, Fossing H, et al. Timescales
for the development of methanogenesis and free gas layers
in recently-deposited sediments of Arkona Basin (Baltic
Sea)[]]. Biogeosciences, 2012, 9(5); 1915-1933.
Robador A, Bruchert V, Steen A D, et al. Temperature
induced decoupling of enzymatic hydrolysis and carbon
remineralization in long-term incubations of Arctic and
temperate sediments[ ] ]. Geochimica et Cosmochimica Ac-
ta, 2010, 74(8): 2316-2326.

Jorgensen B B, Parkes R J. Role of sulfate reduction and
methane production by organic carbon degradation in eu-
trophic fjord sediments (Limfjorden, Denmark)[J]. Lim-
nology and Oceanography, 2010, 55(3): 1338-1352.
Boetius A, Ravenschlag K, Schubert CJ. A marine micro-
bial consortium apparently mediating anaerobic oxidation
of methane[ J]. nature, 2000, 407 623-626.

Milucka J, Ferdelman T G, Polerecky L, et al. Zero-
valent sulphur is a key intermediate in marine methane ox-
idation[J]. Nature, 2012, 491(7425);: 541-546.
Siniscalchi . A B, Vale I C, Dell'Isola J, et al. Enrich-
ment and activity of methanotrophic microorganisms from
municipal wastewater sludge[J]. Environmental Technol-
ogy, 2015, 36(12): 1563-1575.

Zigah P K, Oswald K, Brand A, et al. Methane oxidation
pathways and associated methanotrophic communities in
the water column of a tropical lake[J]. Limnology and O-
ceanography, 2015, 60(2): 553-572.

Thauer R K, Jungermann K, Decker K. Energy conserva-
tion in chemotrophic anaerobic bacteria[ J]. Bacteriologi-
cal Reviews, 1977, 41(1): 100-180.

Lennie A R, England K E R, Vaughan D J. Transforma-



531 4 5 12 )

T4 TR VU L DSCA 18 ek A o B 5 R 25

[31]

[32]

[33]

[34]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

tion of synthetic mackinawite to hexagonal pyrrhotite: A
kinetic study[J]. American Mineralogist, 1995, 80 (9/
10): 960-967.

Schoonen M A A, Barnes H L. Reactions forming pyrite
and marcasite from solution: [[ . Via FeS precursors below
100C[J]. Geochimica tt Cosmochimica Acta, 1991, 55
(6): 1505-1514.

dal pyrite[ J]. Geochimica et Cosmochimica Acta, 1997,
61(2) . 323-339.

Lan Y, Butler E C. Monitoring the transformation of
mackinawite to greigite and pyrite on polymer supports
[J]. Applied Geochemistry, 2014, 50: 1-6.

Rickard D, Grimes S T, Butler I, et al. Botanical con-
straints on pyrite formation[ J]. Chemical Geology, 2007,
236(3/4): 228-246.

Rickard D, Luther G W. Chemistry of iron sulfides[ J].
Chemical Reviews, 2007, 107(2) . 514-562.

Sugawara H, Sakakibara M, Belton D, et al. Formation
process of pyrite polyframboid based on the heavy-metal a-
nalysis by micro-PIXE[]J]. Environmental Earth Sciences,
2013, 69(3): 811-819.

Butler T B, Rickard D. Framboidal pyrite formation via
the oxidation of iron (II) monosulfide by hydrogen sul-
phide[ J]. Geochimica et Cosmochimica Acta, 2000, 64
(15) . 2665-2672.

Roberts H H, Aharon P. Hydrocarbon-derived carbonate
buildups of the northern gulf-of-mexico continental-slope-a
review of submersible investigations[ J]. Geo-Marine Let-
ters, 1994, 14(2/3). 135-148.

Aharon P. Geology and biology of modern and ancient sub-
marine hydrocarbon seeps and vents; an introduction[ J].
Geo-Marine Letters, 1994, 14(2/3) . 69-73.

Han X Q, Suess E, Liebetrau V, et al. Past methane re-
lease events and environmental conditions at the upper
continental slope of the South China Sea: constraints by
seep carbonates[ J]. International Journal of Earth Sci-
ences, 2014, 103(7). 1873-1887.

Bohrmann G, Greinert J, Suess E, et al. Authigenic car-
bonates from the Cascadia subduction zone and their rela-
tion to gas hydrate stability[J]. Geology, 1998, 26(7):
647-650.

Hesse R. Pore water anomalies of submarine gas-hydrate
zones as tool to assess hydrate abundance and distribution
in the subsurface - What have we learned in the past dec-
ade? [J]. Earth-Science Reviews, 2003, 61(1/2): 149-
179.

Naehr T H, Eichhubl P, Orphan V J, et al. Authigenic
carbonate formation at hydrocarbon seeps in continental

margin sediments; A comparative study[ J]. Deep-Sea Re-

[44]

[45]

[46]

[47]

[48]

[49]

[53]

[54]

search Part [[ : Topical Studies in Oceanography, 2007,
54(11-13) . 1268-1291.

Watanabe Y, Nakai S, Hiruta A, et al. U-Th dating of
carbonate nodules from methane seeps off Joetsu, Eastern
Margin of Japan Seal J]. Earth and Planetary Science Let-
ters, 2008, 272(1/2) . 89-96.

Feng D, Roberts H H, Cheng H, et al. U/Th dating of
cold-seep carbonates: An initial comparison[]J]. Deep-Sea
Research Part [ :
2010, 57(21/23): 2055-2060.

Wirsig C, Kowsmann R O, Miller D J, et al. U/Th-dat-

Topical Studies in Oceanography,

ing and post-depositional alteration of a cold seep carbon-
ate chimney from the Campos Basin offshore Brazil[]].
Marine Geology, 2012, 329: 24-33.

Zhang W Y, Zhang F Y, Chen R H, et al. Constituents
of matter and sedimentation fluxes and sedimentation rates
of deep-water sedimentation during the Late Pleistocene in
the South China Sea[ J]. Acta Sedimentologica Sinica,
2002, 20(4): 668-674.

LuY, Sun X M, Lin Z Y, et al. Authigenic Carbonate
Mineralogy, South China Sea and Its Relationship with
Cold Seep Activity[J]. Acta Geologica Sinica-English Edi-
tion, 2014, 88, 1473-1474.

Feng D, Chen D F, Peckmann J. Rare earth elements in
seep carbonates as tracers of variable redox conditions at
ancient hydrocarbon seeps[J]. Terra Nova, 2009, 21(1)
49-56.

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

Chen F R, Zhang L., Yang Y Q. et al. Chemical and iso-
topic alteration of organic matter during early diagenesis:
Evidence from the coastal area off-shore the Pearl River
estuary, south China[ J]. Journal of Marine Systems,
2008, 74(1/2) . 372-380.

Kohzu A, Imai A, Miyajima T, et al. Direct evidence for
nitrogen isotope discrimination during sedimentation and
early diagenesis in Lake Kasumigaura, Japan[J]. Organic
Geochemistry, 2011, 42(2). 173-183.

Prahl F G, De Lange G J, Scholten S, et al. A case of
post-depositional aerobic degradation of terrestrial organic
matter in turbidite deposits from the Madeira Abyssal
Plain[J]. Organic Geochemistry, 1997, 27 (3/4): 141-
152.

Lehmann M F, Bernasconi S M, Barbieri A, et al. Pres-
ervation of organic matter and alteration of its carbon and
nitrogen isotope composition during simulated and in situ
early sedimentary diagenesis[]J]. Geochimica et Cosmo-

chimica Acta, 2002, 66(20); 3573-3584.



26 Marine Geology Frontiers ik V&b BT I 2015 4F 12 A

[55] Whiticar M J, Faber E, Schoell M. Biogenic methane for- controlled by reoxidation of intermediates[ J]. Geochimica
mation in marine and {reshwater environments: CO; re- et Cosmochimica Acta, 2007, 71(17). 4161-4171.
duction vs. acetate fermentation-isotope evidence [ ] ]. [59] Mangalo M, Einsiedl F, Meckenstock R U, et al. Influ-
Geochimica et Cosmochimica Acta, 1986, 50(5): 693- ence of the enzyme dissimilatory sulfite reductase on stable
709. isotope fractionation during sulfate reduction [ ] J.

[56] Aharon P, Fu B. Sulfur and oxygen isotopes of coeval sul- Geochimica et Cosmochimica Acta, 2008, 72(6): 1513-
fate - sulfide in pore fluids of cold seep sediments with 1520.
sharp redox gradients[ J]. Chemical Geology, 2003, 195 [60] De La Rocha C L. Isotopic Evidence for Variations in the
(1-4): 201-218. Marine Calcium Cycle Over the Cenozoic[J]. Science,

[57] Antler G, Turchyn A V, Herut B, et al. Sulfur and oxy- 2000, 289(5482): 1176-1178.
gen isotope tracing of sulfate driven anaerobic methane ox- [61] Gupta N'S, Briggs D E G, Collinson M E, et al. Evidence
idation in estuarine sediments[]J]. Estuarine Coastal and for the in situ polymerisation of labile aliphatic organic
Shelf Science, 2014, 142. 4-11. compounds during the preservation of fossil leaves: Impli-

[58] Mangalo M, Meckenstock R U, Stichler W, et al. Stable cations for organic matter preservation[ J]. Organic Geo-
isotope fractionation during bacterial sulfate reduction is chemistry, 2007, 38(3): 499-522.

GEOCHEMISTRY OF EARLY DIAGENESIS IN
MARINE SEDIMENTS: RESEARCH PROGRESS

WU Xueting''?, LIU Lihua'* , WU Nengyou’, CHENG Jiawang'**
(1 Key Laboratory of Gas Hydrate, Guangzhou Institute of Energy Conversion, Chinese Academy of Sciences,
Guangzhou 510640, China; 2 University of Chinese Academy of Sciences, Beijing 100049, China;
3 Qingdao Institute of Marine Geology, China Geological Survey, Qingdao 266071, China)

Abstract: The research progress of the reaction mechanisms of organic matter degradation, the anaero-
bic oxidation of methane (AOM), the formation mechanisms of authigenic minerals and the isotope
{ractionation were summarized in this paper. Organic matter drives the early diagenesis. Marine or-
ganic matter could be oxidized by the oxidants and yield higher or lower free energy change per mol of
organic carbon oxidized. According to the change in {ree energy the utilization of oxidants is in the or-
der of O,, NO; , Mn'", Fe**, SO}~ and followed by methanogenesis. Microorganisms are the prima-
ry catalysts for the methanogenesis and methane is produced in methanogenic zone. Upwardfluid
transports methane from deeper layers into the near-surface sediments. Methane encountering down-
ward diffusing sulfate is oxidized by a microbial consortium. Authigenic minerals (e. g. authigenic
carbonates and pyrite) precipitate due to release of bicarbonate and hydrogen sulfide during the anae-
robic oxidation of methane(AOM). Plenty of carbon deposits in the deep sediments during above geo-
chemical processes. These processes make the marine sediments to be a crucial carbon pool. Various
reaction mechanisms during the early diagenesis, especially the effect of sedimentary environment on
the degradation of organic matter and cation isotope fractionation, are the focus of future research.

Key words: early diagenesis; methanogenesis; sulfate reduction; anaerobic oxidation of methane, au-

thigenic minerals; lsotope fractionation



