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Biogeochemistry of seafloor hydrothermal systems:
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Seafloor hydrothermal systems are known to support a variety of biological communities
that are sustained by primary production of chemolithoautotrophic microorganisms. The symbi-
otic and free-living chemolithoautotrophic microorganisms obtain energy from inorganic sub-
stances such as H.S, H,, and CH. derived from hydrothermal vent fluids. Thus, the diversity and
abundances of the hydrothermal vent-endemic biological communities are considered to be con-
trolled by chemical compositions of hydrothermal fluids. In order to elucidate biogeochemical re-
lationships between chemolithoautotrophic microbial activities and hydrothermal fluid chemis-
try in seafloor hydrothermal systems, the amount of metabolic energy available for primary pro-
duction by chemolithoautotrophic microorganisms is evaluated using geochemical models, and
the model results are compared to observed variability in microbial community in seafloor hy-
drothermal vents. The results of our investigations clearly show that H. concentartions in hy-
drothermal fluids have a significant impact on wide range of not only anaerobic but also aerobic
reactions. In addition, the concentrations of CH, and Fe’" also affect their oxydation reactions.
On the other hand, because almost all hydrothermal vent fluids contain sufficient amounts of
H.S, a variation in H.S concentration of hydrothermal fluids has essentially no effect on sulfur-
oxydation reactions, except only under low-temerature conditions less than 25°C. We also pre-
sent a comparison of potential chemolithoautotrophic microbial activities between modern and
possible early Earth’s seafloor hydrothermal vents. Assuming that early Earth’s seawater had
only very low O.-levels, all aerobic reactions can not be available, and availability of some an-
aerobic reactions using SO, are confined to low-temerature condisions. In striking contrast,
methanogenesis utilizing H. and CO: is essentially unaffected by a variation in seawater O.-
level, suggesting the importance of hydrogen and hydrogenotrophic methanogenesis for life on
early Earth as well as other planets and moons.

Key words: Seafloor hydrothermal system, Tectonic settings, Hydrothermal fluid chemistry,
Bio-available energy, Hydrogen
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1. U & (C

TR BORIE AL JE I8, KO E 572 8
D WVIEBRICHEEL TWAIZH 2 0bbT, Shn
HEERZFOGHTHLZ EMOLNTWS (Fisheret
al., 2007). 0 X9 RiFEHEKERRIE, HEBAE
WX B REEIKGTET 5% OR[ERRLITR
%0, BRKICEITNLETWE» HEFEIANF—%
Wy g ZEDTE BLEERMAY % —RAE#ES L
TAHHEERTH S (Takai et al., 2006a; Schrenk et
al., 2008), T DUFEEKARER%E X 2 B LS BN
SERFEAEE, Bk 7 EERLA S MERIC B B WA
D - EILEEZ L ETEELRBEELE R EHND T
l, WERMEGZHRT L7200BEELRTHI) %
PRELTLCNBEEZOSNT WS, D2, HEEHR
IRAERER & Z N % S A HE N - B
RRETLIEE, TAMaEANS ATV W50 HEE
Tr—<D—oktk0I 5,

MEIKRTIE, M 2RE L 7ilk s~ 7=
LOBOBRICE > TilO SN, FHOEH LD K6
WX o TZOMBEEZLZ LI ETHAERY, K
MM R L ClEmE A, S L Twb (Fig. 1o
ZD72%0, BOKOALFEMBIIEK T TOKEELED
HOWEDORY) ENICXoTHhIELEEZZDLIENT

NI i3

&2 (B8 - ®mIE, 2009), —75, LA L TEEK
K D 5 WIS T ER IS B W TR DMK L 28
CRELGD S, TolE L fbElRkes 2 bsgTwn
< (Fig. 1o MWEKEKERERIE, ZORIBTEITH
7 BoK EARIR CTRRALIY 2 K S 2 IR E Y &9 A
W (IF2rrv—2) C8ET L, TOXHRYT
&, BfbEIc OB DRV RUL#E (Chen and Morris,
1972; Welhan, 1988; Shock, 1990, 1992; Foustoukos
et al., 2011) (ZH#2H U 7= MRAb& eIl T IR A3 1Y
WCHEELTBY, 2224 BT 2 b A i i dme
ILETIEDR O LA NF—%2HEIENTE L, €O
720, ALFERBMAEYHR T AN F—AFITHE L
Ky 2z 2AHhy TNE, ZOBALERITKIGIZL > THS
MBI ANF—DRIL, BKOLFHBIGH AR
23T ThHb, Thabb, BKLFAKE 2z FH
LT & 2Bk AR O BICIZE VLN 2 5030 28
FIEL TV E TN, 5122 OBUKMHIIT LR
bt ZNE EANTHE PN R ERICHE S
NHLEEZDZENTE A,

CDEHT, WEBKRE [Hha—K—Ed] A
TEHOYEE R, TOFEYATITA v 7 A% %R
PICHRT 5 2 LT ENE, HREKERROL I
PR BT et (habitability) %A1 -0 O EE %
AR TE B2 THL, HEEYEBIRTLHZ

recharge

\eaction

mixing zone

*temperature gradient
@l - redox disequilibria

Fig.1 Schematic illustration of hydrothermal circulation at a seafloor hydro-
thermal system. Upwelling high-temperature reducing hydrothermal
fluids encounter low-temperature oxidizing seawater at the seafloor or
shallow subseafloor to form mixing zone at which temperature gradient
and redox disequilibria are widely developed.
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ENA R M E OHIERCHOEE - FEAIZBWT,

W DAFAETT EVED B\ IIAEAE S B AW O R R B
WKCOWTOHBEERD TV ZENTEZIZTTH
5o HEHEDIX, ZOX) BHAETONEE, hiA
v FPEWESE Kairei 7 4 — )V FOWE 2 B0 12, &
DL EIZbzoTRBALTE TS (Takaiet al.,
2004, 2006b; Kumagai et al., 2008; Nakamura et al.,
2009; H4¥ - FH, 2009; Takai and Nakamura,
2010, 2011), F72, FEHELHDBBML TS [{HET
ORI 7av sz MZBWTH, DD
KA b ENTWE, Zo7Fayzy T,
ZHe TR T ORI LAERREOMDbY 2, FE
GAEFER T AN F RO AT = A8 L= 2L
F—R#LoMEMERPSETMEL, T[4 FT7DK
W, [KFEOKI], [#oXKifl, [x&>okif] o
P2 KHILTW5B, £LT, Bkl zolse
mHWHE, SOIIFAYEEE TR ED Ul
7w HIg3 & v ) MAIY Ao Bk 22 A & 7> Tw
% (GHsBIEH, 2009, 2DLIH RN EZITT, &
W CIEBUE £ TSR LS B L 0L A AR RE R IC B
T 55— 7 BEREN TV B IR EKR & Bill—
BilEAK RO DhDEIREKZ I, HEEEKD
(LSRRI & & I & AL A RIMEY RO
AR E DML R D D IZDOVWTEZ TRz,

2. BK—EGHEEERET IV

R RICBT L2 ERRE, 20—K4
FEEZZARHUNCER LT b ek e L
TETFMEL, LMLt 2525 2 & 2RMICHA
M7= D% Everett L. Shock & Thomas M. McCollom
5T 5 (Shock et al., 1995; McCollom and Shock,
1997) . #5113, MEHEKRE [K—EABIC X >
THIRTEITN T Y FA U=k ERSh, #
NS L5 - B OBSITACR CRALIN 2 ik & 20l
G358 Lz, BokEiKE ORAETIIEER
1 72 159 2 & BR A& 70 SO 2545 12 5E 3R LR oIk
AT B 72018, AWIEIIhE R L T4 2R
LB L > T ANTF -2 /H I ENTEL L
FERI LT, ZORBUSDOZ ANV F—FRT ¥
X VIC & o TEKRICBIUT 2 AW 2 b2 6
BLEI ERART-DOTH D, CORBBWIZBVT,
HZADIZANT—RPRISCIZL > THRDLZEDTES
IANF—ORKEIX, UTOL)ICF7AHHLA
WEF—IZESoTERTIENTE S,

AG.= AGr’ +RT InQ. (1)

22T, AGRIEBDOF 7 AHHIT AV F —,
AGr IFEHREH T A V¥ —, RIFRMAEE, TIixH
SHE, QIXIGBIERART, T L &, KN
BWICBU 8K HKOZERRAICEL T, BE
KOWPE LB IIBAK T > F A U N—DMWE (REE -
M) &, #WKkEORERTHRE S, $hbb, K
BOKAERRO - RAEEIT (1) K—aARLOHE L
LTOIY FXUN—8IK, (2) BKEEKORE
EZNHE) RS, Z LT (3) fb%amAtH# G
L) —HOLFERIERIN E LCRLk§5 2 EATE
%o COWTEIL, 1LFE R AR OREEHLN R
WE % [RABICB T 2 EW LS EARHE S &
WOLERIR E LT S L 235, 2L
T, BK—lKREBICBO TR LMD e b 4
V¥ —%, LEE AR O habitability OfFFE L L
THWD Z & THIPBAL IS 5 2 L 2 WEEIC L
2EWVHET, M ELDOTHEEFRA D, ZDE
TWiE, —HEE%ZMZ 22 (Shock and Holland,
2004), BKTIV—LRhA b AFITHE) OBIKHRA
EEHAPIRT SN TWAIEH (McCollom, 2000,
2007), MM ERE - HE BT 28 KREHFD
habitability # ££3 5 W) 7T A ba NS F oy —
WD PR A SN TS (McCollom, 1999;
Varnes et al., 2003) o

KiwTd, TOEFTVEHCCTHEREIT) ET W
T, TV FAUN=BKEHHEKDOREZ1:1000F
Tt L7z ToL &, AT BRML - #oce &
S OEBITRE S nwbol L, FmEIREAKE
HAROBEDATHIE S EHEL TS (McCollom,
2007), LT, EYEEIDEER125°C LT IZD W
TEELMRBIUS (Tablel) [2& > THL I QT
ELIANF—BEFHE L, B, FHHICIZEQ3/6
(Wolery and Jarek, 2003) % v, BAAMOERIZ
B-dot €7V (Helgeson, 1969) 12X K7z, FHEE
RRE, FRA (SHE) B2 RA KL kg
HzY O A NF e, FHUSBKTY P N—
kg H72 YO HRNF—8E LTRRT 5, Wi,
M I EEIIC BT 2 £H &l 2B o [T
WoORS| 2RKL, BEZNUHRHIC L - TR
M HEFE T RE R IR SE DWBEIINA A ADKE S & K
LTWwhbERLZTIENTE S,
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Table 1 Metabolic reactions for chemolithoautotrophy considered in this study.

Energy metabolism Overall chemical reaction chsﬁﬂif:ii(((lj))/
Aerobic reactions
Aerobic methanotrophy CH, + 20, = CO, + 2H,0 Tand C
Hydrogenotrophic O,-reduction H, + 1/20, = H,0 Tand C
Thiotrophic (H,S-oxidizing) O,-reduction H,S + 20, =S0,> +2H" Tand C
Fe(Il)-oxidizing O,-reduction Fe?* + 1/40, + H" = Fe™* + 1/2H,0 ITand C
Anaerobic reactions
Hydrogenotrophic methanogenesis H, + 1/4CO, = 1/4CH, + 1/2H,0 Tand C
Hydrogenotrophic SO,-reduction H, + 1/4S0, 42' +12H" = 1/4H,S + H,0 Iand C
Hydrogenotrophic Fe(III)-reduction H, + 2Fe* = 2Fe + 2H" Tand C

Anoxic methanotrophy with SO,-reduction

CH, + SO, = HCO; + HS + H,0

I but not yet C

3. BAEREZEREEROY > T —
JIF—ZRRET 1

Bk b T BB AKIGR B 25 b 16 8 % D13 T ifERE T
Hbo ThiF, WIEKEOKIIEED60%LL LA D
hoeiEsg e X CTHB Y (Fisher and Schmincke,
1984), ZDIT L A EETHMEKINEE TH S Z &
EEZNMIEAWTH A ) o PUIE IR TKILTEE)
PR LY L L CER—TIUE28F 5N 5 (Fisher
and Schmincke, 1984), HIMKIIZIZELOD DD
Bl { s, MR ALY & ZUSHE ) BokKiGE)IE
Bk, HilgE & I28E < il ST 5 (Ishibashi
and Urabe, 1995; Gamo et al., 2006) , AETIX, =
NoOT7 b= oty T4 07w EKEOKIEE DR
KWy bz, PTHRITAEY - HER{LFBIN
F—=F BIICH L Hi> TVD4DODBKT 4 — IV F &
Bz, BRAKALRE & BURAERBRDOBRICOVWTE L TH
v Bk, LUF Tt 5 5 3ok b & i
ERBWE - HEAEOBRIZOVTIE, TN - S

(2009) IZFELWEHAH L DT, BIROD 5
BZEBE5HBME NI,

3.1 FRFEHKR

HURERE 1 B U BRI B IE, (Z& A ED
WYL RE (mid-ocean ridge basalt: MORB) & I
N5, ERSICHEMRSILRN - aax s s
LTWwWb, —F, EESY PVDRALAEETZ b
Zy 7K E T EA - EBHL TV AHTICEW
T, DALAADVHEEGETEHKROHEHEDHL &
%o Tw5 (Charlou et al., 2002; Douville et al.,
2002), ZOWHEOHKIE, (LFAHIFBIC %) O
WHISETELTE Y, FFRT 5 M F s A R R < 3

TR IR RE R IR & 0B 2 T LT 5 ek
BEV, 2T, LUF TIEH IR S Z 2 iR 20K
ROV FRAYN=LEZBNG, PIIFELIRAC
EIDBDETY FADALAEIED B OIZOWTH
HEITIo

3.1.1 HFRBEXHEHRKR PIEEIR G
AROMFEL LT, &2 TIRAWEERYLHEED Lucky
Strike #t/K 7 4 —)V F %5, T Lucky Strike 24
K74 =V FOHMEE %5 XRA1L, Azores kv b
ARy bOEEEZITTBY, K, Rb, Ba s EDifl
HIBETRICE L VbW S enriched-MORB & i
5b0TH5 (Langmuir et al., 1997), F7z, #K
MK D ZORBIZE5>TK, Rb, Bakh ok
H.S % Br { A ARG (FEIZ CO.) IZE T &\ ) FEAs
&% (Table2) (Charlour et al., 2000), ZD72%,
BEEICIE S S 2P RIERIREGBRAKRORELE T L0
BRAPOBIRTH S L IEFE LRV, (1) FFMA
BRAL L & AL G A B SR IR AT S 3R 1 AT b
TS HE— DR REEIR AR BARKRTH L L &,

(2) normal-MORB & enriched-MORB @ 7T 3 #ll i
DET B 22 TR ISR O NS 720IK—ah
BOBIC BT TRRBII/N S W &5, 4ld 2 ofok
74 = FE g L Ra 8RO EE LTHY
5ZLET 5,

HL S R EUA T HE D Bk, K & TR R
FoE By HaAR) &, 3ZhMo in situ pH,
42D HS BLUHESETLE B Z21E, Fe, Mn) T
R ohs, IROEBERSTEL, F 2405
HEDRIBIZE 2 b DT, TRE—AKLIBIZBNWT
I3 & T pyrite-pyrrhotite-magnetite (PPM) 3 L <
I3 hematite-magnetite-pyrite (HMP) SUGiZ & - T
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Ny T77—=83NTWV3EELEZLNTWAS (Seyfried et
al., 1991). BUko pH L, EIZHEA L DRISE SO:7%
EOKRINTADRBAZE > TERENTWEEEZD
N5 25, IO KITEENEFRFE MRS (RILT A
55 BTz, Bk pH I KILA 2 DB
A%, FITK—EAIST X o TRITHRE (i
W 7% BOK ST TH5) iy 77y —3hb
(Seyfried et al., 1991; Wetzel and Shock, 2000) . 7
B, @BFHEKOPHT—F L LTRRENL25CT
WoZeb DS~ ABREORK W EZRT Z LB LW
A, THFBOKEH T TRERBAHAMETH S5 HCI O
AR T CPE S iR, TALE OLEIC L > TS
5K pHOKTIZEE3D0THY, K—AAK
IS BT % in situ pH /8T H D TIE %\ (Seyfried
et al., 1991), #EEHKT O HS 1, EICZRETD
H.S O & KD SODEITIC L » TGS TH
D (Alt et al., 1989), ZOEEIEESELEILICE
WK LEROEAFROEIEWIZL > TNy 77 =3 Tw
bLEZOND, TLEERBBEO LA, EARMIC
PO EESOK TIEE L LTRED LAIHE ) kY
RO REMNMICHI ET AP KE WV (Ding and
Seyfried, 1992) .

Lucky Strike 7 14—V FIZBIT 5, Bk—i#EKIE
EIHE ) B OL OB KIER TR AV F —RmDE
bz, Fig.2llm L7z, £F [HoboRE] &%
TRAEKIkgH =NV DT A LVF—HLRTHDE
(Fig. 2a), Lucky Strike #/K 7 1 — )V FOFAIC
BT, f940°C LUT o i #I Tl b ok F gL
BFBRICS (R ClRILFZOMERILoFEL LT
")) THOLNDZIZANVF=DNRIEBVI EBbR
o F2, ZOMEIMIMERICRZNERDITERESL D
Ehn, KR EmERILH 217 Mmoo [TEl
WoORX]IZENBEEZONS, —J7, 40°C UL
DOIMPEFIR T, MR A 57 BEALEE S % 5T SUS 25%
WIRALICICE, &2 WIZEE T 5 Tk )L ¥ — 2
HECTHb, TOT LMD, GFERN~BIFE R A B HHIE
T, R A5 B ATREBRIL D Zh & [
L HWEARLT VI EXbR b, RIZ, FEkicHE
BigaRal—yavoffizEdyo s Py
N—BKlkgdDH72 VDI ANVF—-—% L TAhB L
(Fig. 2b), 40°C LL'F Cofif s BALAH 1 L - THE
HCTELRE2L—Y a YOHEBMICKEWZ E3%h
Mbo R A Y VLD, ENLYITKRT v
DOFEERLTIEVED, HERILOZNICEXS L

NI ot

Seawater/hydrothermal fulid mixing ratio

I =3 0 © o~

1000

o
)

Metabolic energy yield
(J/kg mixing water)

10000

(b) aerobic anaerobic
e ——H,S-0x —— SO,-red
Do —-—Hy-ox —-—CHg-gen
L3 -===CHgox ---—AMO
g% 1000 0N L Fe-ox e Fe-red
)=
=
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o2
S 2 100
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2o
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=23 .
10
20 40 60 80 100 120
Temperature (°C)
Fig. 2 Potential metabolic energy available from

chemolithoautotrophic reactions for each
kilogram of mixing water (a) and end-
member vent fluid (b) from the Lucky Strike
hydrothermal field at the Mid-Atlantic
Ridge as a function of temperature. Abbre-
viations :  H.S-ox = thiotrophic  ( H.S-
oxidizing ) = Osreduction, H-ox = hy-
drogenotrophic O.-reduction, CHs-o0x = aero-
bic methanotrophy, Fe-ox=Fe(ID)-oxidizing
O:-reduction, SO.-red = hydrogenotrophic
SOs-reduction, CH.-gen =hydrogenotrophic
methanogenesis, AMO = anoxic methanotro-
phy with SOsreduction, Fe-red = hy-
drogenotrophic Fe(IIT)-reduction.

AR RERK V., 512, ZoMlmoff#izonT
13, Lucky Strike K7 4 =)V FTIRIZE A EER
BOIIHLREVL BWVIININWT L bh b, —T,
40°C DL E oI BE SR CUEAR I R AL &IPS 2 & 1R
I & - CHEERT e e R 2 L — 3 3 VIFITIZR&IC
% B0, FOMORHIZ O W TIHMERDOBA & FHEIC
IEFITN SV, TRERRILD 5 VIR X 7 VR RIS
ToTHONE T ANF—IT, BIFEARELHETIE
WO T/RNIVDITH LT, RRICZNIERZIZEKRE
{Tede 2O NS, — % hJeiipd 2 i e R 2
HKITB VT, R T OBEHE ER AL RS A3 1A F)
THHLIENbhb, 52, SMEHBIZES>T
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b, MEMITFICTANT—EED-DDEER
LD 1552 LRI NS,

Lucky Strike #t/K7 4 — )V FIZBIF B /N—a—
T4 R 1y —r v AP X B R R R
7 (Flores et al.,2011) T, Epsilonproteobacteria
WMORRILDOEEHARREN TS, 272, Zofi
AW RIS I e BIEICZ LK, B ETEN
W HEEAR OB Z R T D THLH L, BIUE
BRI L 2P EEAH OFRAITREN TV EDIFT
EWZ EITHEENLETH %, Epsilonproteobacte-
ria RNON) T =2 a v X DHIN RTADS L,
T EALAH D WHE & # 2 6 N 5B Sulfurovum &,
Sulfurimonas J& X° Nitratifractor J& &, KFEBEILA
H# O AT EEL Caminibacter J& O FAFER O H B A
W, Epsilonproteobacteria f LLAF D 2K I T,
Gammaproteobacteria f ® 1 B B 258 Vo Gam-
maproteobacteria MW D /N1) T— 3 3 VL, Methy-
lococcaceae Ft & Piscirickettsiaceae Ft O 52 fk Kl 235
HLTED, THROEFFRI XY Y BRILIZHES L Tw
5LEz2bN5b, —F, 7T —*F 7T Tl Desulfurococ-
caceae £}, Thermococcaceae £, Deep-sea Hydro-
thermal Vent Euryarchaeotic II (DHVE-II), Ther-
mofilaceae Ft D RFHER AT 5, TNHDOT —F
T D% IEBREN L E 2 5N DD, Lucky Strike
BIKT 4 — IV K @ Desulfurococcaceae Ft O 2L EI D
i, KEREBALE AT ) M KA R AE L C
WAL D B,

WAL 2 W aE Xt o —> & 3§ % Epsilonproteo-
bacteria M ORI DOE L IE, HHWDH Y [ T OB
HHEAKIZBNCHIETZBR L LTHSLR TR
P, LB ANVF—FHOBRLEEANTDH
%o 72, RN A5 VB % 1T 9 Gammaproteo-
bacteria MR E O MBI EO®H S b, A2 ¥
VAL EFRRLICR W TZ A VT —WIZHERTDH 5

(40°C LLETIXICH D 2 W I3 BERET 2) &) il
WRELEENTHHEE RS, —H, @AV F—
HRETIE, AKREMALEESE (R ZEohkosidvwari s
ETHRERIANF—ZAEAME RN LATRIZ
ENTVE, X2 0bbd, KEBRILEZIT) EEZ
LGNNI TN TBLUT—F 70BN EN 5 DI,
—RAFE L RICAZ %, LA L, Lucky Strike
T A =V FOBIKD Hallt BEIZIE R Y MEDNY 2 —
TaYHEEICRECI EPHSNTEY (Charlour
et al., 2000), 0 &AKFEMILEHAED OIEHIHE

KB K DAL IS VRS BOKERRR E BLET 520 ° 287

BEL5 2 TCWBI RIS L, SHHEICHVZRY MO
H.iE 13870 mmol/kg 725 72 DK LT, X

P CIERATHIRHVBENI S Tnwb, F72,
FLEARY MIBWTD, B SN S HailE LR &
HIZTKE 2L L T 5 (Charlour et al., 2000), =
DT ENS, KEOFE (1600~1700 m ) Lucky
Strike 7 4 — WV F T, KB %K OMHIEIGE X
TWbZ EHREENS (Charlour et al., 2000), %
LT, BKICAONEKREL HREOLHIEX, 0
IS L B RA =R TE A TZBRNDO XM DOEE
CEBEEZDLIENTED (PH - EIE, 2009),

3.1.2 Y2 NILRPALARBHKSR <~V MUhA
SAEBUKROMREE LT, 2 TIERPEREA YL
® Rainbow 2K 7 4 =)V K& Ho =~V PR ADS
AERHME T HEKIE, TRE D hdeiEdE 2k
RTHBUM SN TV EEKELRT, EHITKBV-T
B LR TR O T SN, ZoMhic b Ev CH,,
CO MEE LR\ Si, HoS iREEZI¥BE T 5 (Table 2)
(Charlou et al., 2002; Douville et al., 2002), &\
HR W, A D ABDERAILT 2812, 7T
YA Fet B EE AN L BL T B KIS AFET B
LIkl EZLNTVS, CHR CO L\ 7-i
THRRFEDN L 5B D%, H—-FRWITIEZOHE W He
mE (ROBESE) L5500 THHESR D, T
72, ARV HS EEICE LTI, HLigEo LA ICE-
T Magnetite-Pyrrhotite 2 X > TNy 77 —3 N 5
WO HS IBEPMKL 22720 THEHEEZDL I L
MATED (B - ®IE, 2009), —77, SilREAMK
DI, N YT AR RIS ASER O Si 2K <
25720 ThH5H (WH - FIE, 2009) o 735, Rainbow
74—V FO#HKIZ24.1 mM &\ ) IERIZE W Fe &
AEEFF> TVLOMNEHMTH 25, ZORKIZE L
bho TV,

Fig. 312 Rainbow 7 4 — )V FIZ B ) % B k—ifi Kk
WA IHE D BACHOL DR KRR AV F —'D
AL % 7% L7z, Rainbow 7 1 — )V K O¥f#E, fif &
FoThZOEV 2 L T, Br&MKEN
BEIBDIZAINE—RF VI Y LBENI ETh b,
FRIZ, KRFEMACRALR SRR IT A & v A & KA
MERTICE > THONLZAVF -1, ZHLTH
W, Fig.3a T [HLMBORE] # IR L TAS L,
CNLORBRISITERIZES L DT F — %2 G
FTAHZENURETHY, 30°C UL LTS % E
BLTw5, F72, U < HEE 2 BUG T b % B
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Fig. 3 Potential metabolic energy available from

chemolithoautotrophic reactions for each
kilogram of mixing water (a) and end-
member vent fluid (b) from the Rainbow hy-
drothermal field at the Mid-Atlantic Ridge
as a function of temperature. Abbreviations
are the same as in Fig. 2.

A5 LIRS TR D, F9100°C DL L o> i sk
ZBWTIE, MoFRN R LRSS L < idEhl
o AN F—%2HETEX S, Zid, Rainbow 3t
KO CHNDE E % KML72bDTH b, RIS
TlaME—, KEBILERTIGDADE 72 =AW
F—ZRNR VA, ZHIFBKICHHEKICOETZH
HKTHLFSPIFEAEGEINTVREWVWEZDTDH
bo b L, BILENF 2 =—FKilik EDOEMOBES
TLREEZD ERERIIED DL WEENED D 5 A, 4
WA & ORUBIZ DWW T 2z v,
—HOFRHBIZOWTHRTABL E, £ DiRE
FMHIZB VT, BEANKISOERNZRT V¥ v Vv
FRIZ A & VR EBiEERTT) ICHART, KT A
F—LPE/RTLIENTE RV, L2L, 30°CLL
TTIERN S D ANV F—RT ¥ ¥ ¥ IVidAaEIC
BETL, RSO RT V¥ v VHBERI IS D Z
Nxfz$ % (Fig. 3a)e FUBDOWNIRE L THD &,
YT EITHE D BOK O HoAME 2 B LT, K
FRALBEER TGO I A NVF—RF V¥ ¥ VAR D

B4 %, ¥/, MU CHOBEORE S % ML
TR A 7 VLR RIS DR T Y v v b,
PRV EL o TWBE I EDbhb, —J, TikAER
BOK CRIEBIN 22 A7 TE & 2 7R L 72t bk SRR AL iR 3% &
LRI, BT ¥ BBOK O HeS #K % Sk
LT, Lo o s 2 TR 2 v
F—RTFT I ¥ VLI FELR V. 27ZL10°C L. LD
IEHEETIE, FIERREHKIZEHT 2 T AV F —
RV VEMFFLTED, BERMIGRKE - £
7 YEALRISICH I SN Tnw b Eidvw iz, B
LTHhA D ABITHE D BUKSREBRILHEWIZE 5
TR AT VDT TRV,
IYRAUN—BK1IkgH72DV DA NVF—THR
ThbE (Fig.8b), ZEAEITHE) Bok & FERIC, K
i (20°C LLT) TOMRMRIS OKFEMRALEE S &t
PO, MR R Y BALRE R ITCROE, KRkt
MFEEICEIS) PHFWICKE LI ANT KT~
Yy VERT. 72, 10°C LT @454 Tl Rain-
bow ZK D Fe i B & RO L C 8k ERLER 35 % 7T UG
DAL KFEBRILSOS LT 2 AV F—KTF v v v
WERED, —F, B HgEE2 ML Cefmz [E
DHORE] ZRLBANISTH 525, T PR
UN—BIK1I kg HTZDDOZANF—-—TRTAL L,
R E Db nwZ E25b a5 (Fig. 3b)o
UL, BERM ISR BRI Aoy (Buk
AT DEY) BHiREHR TOAIRAVF—RFT VI ¥
ME L, HRBKRELROE Y (BRSO )
IR CIEEE 2L TH 5 HA B L TR
FORT V¥ WML % 572012, #KlkgH 7
DOZANF—mERMMP VW EIGRNT 5, 7272
L, MEONA IR AREETL2OICLERT RV
F—omIL, FREAEWOHVHRMEEY LD b B
YEREVWZEFASNTS (Heijnen and van
Dijken, 1992; McCollom and Amend, 2005), Z®7>
B, TORKRE D> THAMWBISIZKZ b7z KR 2
L—3 a YRS D ZF R T/ S vW eI,
—IIEE R BV WTIIZLTD, RIS
DOEBT L LRAERMBKTIZIEEA LI ANVF— LI
N o T iF B~ P LN AR BT BT, A
R TSIZ & o TEFMICZ RV F— 2RI S HI3TE
HIZET %, T, HRULAEKDOEE DL
HiROFIR T, BELZNGEETH S OAET S
DI R IR 2201 LT, HAMN G
WCREHDOIETH 5 Hold, BKBIEGRET DT 0
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WAL BB POThHb, TbL, BiFEFIZBEN
TENLRYDORE 2L —3 3 Y EHFT 57201243,
B RO DSEBIICAH A TH D, F2Z2 ORI He
WCEBARZBKOMIG VP ELZ LRI DI EDDR 5,
FEBHZ, N—T—=F 4 P a Y= Y AEITED
AL W AR U RE SR AR AT 12 X o C Rainbow 24K 7 4 —
VR THBIE I NSRS MBS E W HEY R R
X, AP VERT—FT7THo7z (Flores et al.,
2011), CZHhid, 30°C BLEOMmBEHBIZHE VT, K
R WAL FEFRIC A & AR BIEO T4 L F— K
TV X VAURFERALAT R T UG & R Il & B L
THWZE (Fig.3a, b) LFEWICEANLERTD
5LERb. COXIBHMI T4y T EOME LT
HACEAZBKRIIBWTRA Y VERT —F 7 598
H5 52 b, U4 v R BRSSO Kairei 2 K
74—V RIZBTLEIS O (Takai et al,
2004) I2X o TTTEHLRNICShTWD, ZLT,
Z® X 9 AR R I Hyperthermophilic Subsurface
Lithoautotrophic ~Microbial Ecosystem (Hyper
SLIME) &4affiyoh, @M~7 4 v 7 518k 2ok
WEBWICHAEL TWLZERNFFENTVS
(Takai et al., 2006b) . Flores et al. (2011) D#5F
i3, 2D Takai 5OFEDPELEZFAW LD L
EYIRDPTEL Y AF VEBRUHNOT—FTLLT
1%, Desulfurococcaceae #t, Thermococcaceae ¥}, Ar-
chaeoglobaceae Bt R R A3 5o Desulfurococ-
caceae Bt O HE K Z AL M & L T3, Lucky Strike
T4 = B R ) RRBILERITTZAT ) Staphy-
lothermus JEME L L T 5%, 72, Archaeogloba-
ceae Bt O EEREW R CTdH % Archaeoglobus J& b
KFEBRACHEETCZITI W TH D, N7 71U T T,
Epsilonproteobacteria #i it B A3 5§ 5 X~ b
L, Epsilonproteobacteria # 5% #% % & 3% 12 Gam-
maproteobacteria M RHIBEH T HX Y M D
%, Epsilonproteobacteria fl & L THELH L Tw5 %
AL, KRR EMRALIC X 2L Gl f v
F— D] BE 2 Sulfurovum J&, Sulfurimonas J&
X Nitratifractor J& &, K&K AW % Camini-
bacter JETH VY, Gammaproteobacteria i & L TH
HLTWaRHMIE, A5 VEBLEfITo TR EER
5 M % Methylococcaceae ¥} & Piscirickettsiaceae F}
AUN=TdhH 5o MWIZ, MBBHEIZMRN D ODOKFER
LR ICEIT) TN TE DL LEEZHND Ther-
modesulfobacterium J& X°, Desulfonauticus /& &
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BHERIN TV,

Fig. 3% RILIEH SR £ 912, HACEALEKT
WERFBALIRERR TG I L > TH A ¥ VY AERKIGIC
BELLLLLVIAINF—2RHILENTEL, €
D7z, TORISEM S TRV F— 25T 5546
HoMBBHERCSHREPIREWI LEF, Y Iab—
TavORREEENTHSLLEERX S, EB, WMEHE
LAY VERICE LTI, ZORBROBET TH
% dissimilatory sulfite reductase large subunit gene

(dsrA) % methyl-CoM reductase large subunit
gene (mcrA) OBIETF IV —HABEREINTED

(Flores et al., 2011), MAMHEIZBIT 5 HEEETT
WeEAY VERNOBEPHERIN TS, 7,
Rainbow 7 4 — b K TIZ KD E v CHIRE % UL
L TR R & VAR D AV F —KF ¥ ¥ v b
bEV (FFIZ30°C L), 20720, IF5M A ¥ V1
L@ 24T 5 &% 2 5N % Gammaproteobacteria O
FAEMOMBEHER BV EDHHOTIE —F L 72
MRTHDLLEEZ D, 51T, 30°C LT ol i
BV TIIAKRERILEE R E TR D T A VF—ICH
A & % 5135, BALKFERILEOE O T 4L F —
KTV VIZOWTHHR L TRREITHE ) Bukich
RTHELLSE>TWEDIFTE RV, 2D, Zh
5 O % 1T 9 Epsilonproteobacteria i JAEEL O
HHEOREIIIOVWTYH, BEWNTHHLER b,

3.2 Bl HikR

EI—5ICR O BTGB X, hRiEEOZ R E
HARTIEHHE DO SR ICE ATV S 2 EHHSNT
W5 (Ishibashi and Urabe, 1995; Gamo et al.,
2006), COFKEE LTIE, (1) ez a5001L
FHEPEHTH L L, (2) <7395 OHREMNE
WAOBRANHETHHZ L, (3) BKROHFET
LIKEVERHTHHZ LR ERDITONE, ZD7:
9, B IEAK RO AR R E —~EICRD LD
FIEFICHE LV, 72721, CThETT—0R_/EKSh
TV BB B IMBACREZBIL TAL &,
Uil HoS X COZE A TWS b DR HEREY o B 528
H5DOEEITE, SERMITITPIEREBIKCRIZITER
TEHET pHMEL, XVEEEICEAR, BESEIS
DTHDHEVH, FFICRKE»rMINE LT &1
T& %9 TdH% (Ishibashi and Urabe, 1995; Gamo
et al., 2006; Takai et al., 2008, 2009; Mottl et al.,
2011), £2°C, I TIRZD L) MM % RO H#K
ZDOVEDTH 5 Lau i 4 ® Mariner 7 4 — )V F
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(Table 2) %#Bl& LT, EiR—8&EKR D6 %
RTHhIzv, 2D &9 % BT IEK R DO A2 R
Bix, 7250 SO ADBATY ¥ T IVIZHNA
FTHIEDNTED, LWI)DIE, SOHADEKND
RAZ, BESEOLAELEpHOKTE2L7256L, &
522D pH DI TR ESRBEEO LA B 72
5976 THL (P - HIE, 2009 ZDX) %I
AR HRAL D 5 X9 RBBRTIE, K—
ARG & H A DFERIIS M A D S 72012,
FEREOBIKBUZRER I S 2RI IERICKRE %
NTDERRTEEZEZOND,

RO RS] 2K THEEKLIkgH72) O A
VEF—%H L L (Fig.4a), BEAMGIE, Mariner
T4 =NV FOREMTIRHITLALIAVF -2 TN
WZ e bh b, TNiE, Mariner 7 4 — )V FDEh
KOB HtEx ML 725D TH B, /2, WL
AR Hoil ) & 2 SRS L 724K CHAR E O &\ T,
ISR RAKREBAEB X O X 7 VBIEIZOWTDH, B

[EOHOBRE | IZZO W ENbhI b, —F, &
R EEICHIET 5 HS & FIUH L 2B R LA o
RO RFZOIMAZ T, AHULBEDOE W Fe %
7= bR R R0 b, RIS BV T K
ERRTF VY Ve TWh, HFRELRBEEL DR
TN A F T ADORESERTHKIkgH72) DT
ANF—% HTH B L (Fig. 4b), Lucky Strike
7 4 = Nk, SRALKRMRICR & T OB K & 72
RFVYXNEHSTWDBLIENDbRD, ZOWEE
EOZANVF—=RFT Iy vid, KiRIZEREL %
D, F20°CUTTRMto RIS ZEBE L TWwb, &5
2, Lucky Strike &13#£7% ), Mariner 7 1 —JV F
DBIKITZ DE N\ Fe %2 ML L C, KR T o8k
LBOE DR T ¥ 2 v VHHIBR E W e v ) Kb &
%o —H, Hok CH.D 23K\ Mariner 7 4 — )V
R OEAITBECH S B & OIFRN 2 7 2 ERILIX
IRDRT VY x MABIZ L AL, ED70IZ, Y
IHEHRBILE X OB OS PIAC T AL F — 2 1%
TRHDPIEFICHE L W & 25D 5,

Takai et al. (2008) IZX % &, Mariner 7 4 — )V
RIZBIF BRI X A ITIS B W TBE S 5 5 a7 s
WAEMCIZ, Aquifex J&, Persephonella J&, Sulfuri-
monas BAEHEENT VD, Thbid, Wi dR_H
WCIREERALEOG 2 ) A Th b, T2, BERBITK
1 L2 Wil fn T Of5 R121d, Lucky Strike 7 1 —
VR EDHUEDRRDOEND, HlZIE, £ DF L
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Fig.4 Potential metabolic energy available from

chemolithoautotrophic reactions for each
kilogram of mixing water (a) and end-
member vent fluid (b) from the Mariner hy-
drothermal field at the Lau Basin as a func-
tion of temperature. Abbreviations are the
same as in Fig. 2.

= — 2B\ T Epsilonproteobacteria HiAR 85 5
NHEETHY, TORMUAMED L BT 2,

Takai et al. (2008) 2> TRENIZTNSOMAE
WMD% ik, BEBALRS & ARERELEIS O ) 2 1%
IR B D D EBEPLETH B2, Tk
) IR R O W RE A AR OB 1%, A7 <
& b Mariner 22K 7 1 — )V FIZB W TR EBIL 2K
bEMZIANTF-RPTHEILLEERNTHS L
S Z%. —1, Gammaproteobacteria Hil O A D
BB 3E <, Lucky Strike (CHIB L7225 V1
L% 94 7ORBERIIMIB SN h oz T
&, Mariner 7 1 — )V FO#KIZ CHAD & {, XA
T UBALICE o TUTEAEZANF - EE[TE LW
ZLLEAENTH D, 7272 L, Mariner 7 4 — )V K
(2B 2 Bk O CHLO jié 3 % 5€ [7] A7 4 Lo AL 2 &
&, KT ORI A Y ERLOTEEDHE RIS
T2 (Takai et al., 2008) TDZ &b, M
K& TR DR RD, WE T ICHET 2M4EW
ARROFEREZZEIIIB L ENTWRWITREMED



MR O A IR

REENG, 2070, SHREHZED X ) EENZ
FHETHE FHAEWERRIT 70 —F 7548 D
Db LNV, YIalb—va yOfEENLIE,
Mariner 7 4 — v ¥ T3 #kER 1L EE % % 70 JOG O = &
NWE—=KRT ¥ v B, WERILIZRNTEWI LD
IRENTW: (Fig.4) o LA L, &% 255 Mariner
T A=V FIZBWT, HAYZSm kiR & %
119 £ Z 2 5N WMAMRHE ORI S Tw
%2\ (Takai et al., 2008), ZOJEKE LTUTF D20
BEZOND, —DIRADOPIRACE O Z Fk L
TWABIREETH S, TNE TIEERAKRTHON
TV SR H ZROBMEWM I, b3 2
Zetaproteobacteria #® Mariprofundus ferooxydans
& Alphaproteobacteria fl O\ D OFE/Z1T TH
D, B5LEZL S ORAMOBIALEASFEL TV D
39 CTH b, Bz, Mariner 7 1 — IV FIZFEH 5
N5 Nitrospirae fl 3 & U° Marine Benthic Group E
(MBGE) ORfEIE, SKBRILWICE AZREEIC
BWTHEHHEICHBT 26025 ) (Suzuki et al.,
2004; Takai et al, 2008), SkFRACHRF&ETTIHZ
ToTWBL e H 5 (Takai and Nakamura,
2010)c b9 —2i, BIASEITLE - T
REMETH 5. SBILRH CHEFFCE B EEZ N LA
RBROBEIL, TREBILOZIIIERS LIS A2/
8L, LOKREE TCREWwWE ENL ) ORBOERESR
EHERT A 2N TELVIREMESTE V- (Fig. 4b) o
bLEITHL%HIE, RRLRFIICI R L —
Ya VHMEROGEARB LD X ) B ORLEAET BT
B L, HBIN R T A=—%F -7 v e T 51
KOBIPSIFRWNTLE S TWB RSN H S LT
25

3.3 HBYOE5T 2#KFR

b ORI MR OBKSBEI NI E L
T, WM OMG T 2BKREE R THIzV, HitEW
DG OAH I, Hik ORI R B X OEI—E IR
REVoTF T b2y Ty T4 VT EIZEERERA
<, FNTEIAIGENIRAHERE Y DR & 72 B BRIk
WREIPICE o TRE D, TD720, HRMOMS
T3 BACRICITHPIEERIIET 250 (Bl
Juan de Fuca iff4d) & BI—FIRICET 250 (B
ZIE, WH T 7)) OMBEBPHFELTVD, WTFho
T v Iy T4 TIIBWTY, HRDOBS
L 72 8KGRICHE T 2498 & L TRV CH,, NHBEE
RSBV pH D ZEIFS5N S (German and Von
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Damm, 2004), = ZTi&, HAAIEIGADE
Bk LB L OEWF 07—  BEIHi> TWw b
W 7HPERIL7 4 — )V K (Table2) 261 LT,
HEREW B G- TSR DORRET 2479 o AR BE G- B 28K
DEV CHAEEDFERIZOWTIE, F& LTHREY
HOEEOBE, b L IIHER T O IR E)
WCEBAY VEEPEZONTWS (Lilley et al.,
1993) . EKH D CHOMIFIZ DOV T, fRFBREGE
Vi Ehcwszoc (il - i, 2010), 7
LAY 72nhidEb o eIz v, NHICB L
Th, BEANICIE CH P2 E ) LT UL ATH S
SRR OB D L < ITHERW h O AW I X 550 %
WCEoTh7H SNBMRENFEVEEZLNTWS
(Lilley et al., 1993), X512, 20 X9 ZHkEW®
5L o TNH: 2% K S E#uKITiE, NHY/NH 12
% pH /Ny 77 —FRULHE) 72912, #oKD pH H*
mEHE#25615 (German and Von Damm,
2004) o

PERIE 7 4 — v FoBk T, RO SIC X
BEIEE O CHZE KB LT, 13IE$ T o I
TA Y VLRGBS D T A F—KRF VT v V)SE
ML TWw3 (Fig.52). LM< HTHE, K80
°C X ) ERM T, BRNEIGTH S A5 v
BRSO T AN F—NERT L0123 LT, €1
LD IRM T, RIS TH S 2 5 v BLEERE
TLHIED T AN F =il $ 5, 6°C LLT 2% - Tl
U T, B bRKERBALER R ICE O T 4 )L F— 25,
IR 2 5 YEBALRS D E N e 02 BBl b, 7272
L, ZHIFRLTHEBILORT ¥ ¥ v VMR WZ &
EFBERLTVWADIFI TRV EICEETLLEND
%o WREWOBEG T L0 FREILT 4 — )V FOBKIZE
VT, HSBEIIMBOZKR L HRTERV DI TIX
%<, WREBALIZ X AT 3V F— b b Bk RFERET
FIZEG. L L, ZRICHMLTX ¥ YB(bD T+
VE—RF VI Y ADBEDTH D, B, HEEBIL
EIHENA Y VLD Z ANV F—RF VY v VIdETR
JEFEB T RAEIL TV b, HFTRELZRE 2L —
YavERETIYNAYAN—BKIkgH72 ) DL F
V¥ — (Fig.5b) THTATYH, ML L TN
A7 UBILIC X BRT VY v VIFMEERIZ EE L, #9540
CUTTIRMEERLTWS, —7, EiicBwT
X, BRI A 5V EREAHIS0°C L E TR D B A T
YU NERTREE R D, 12720, KiRToO L2
DR FIIZEERS &, ZORRKDOIAINF =R
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Fig.5 Potential metabolic energy available from

chemolithoautotrophic reactions for each
kilogram of mixing water (a) and end -
member vent fluid (b) from the Theya North
hydrothermal field at the Okinawa Trough
as a function of temperature. Abbreviations
are the same as in Fig. 2.

T Y v VIS~ BN S v,

PRERIE 7 4 — v FIZBW TS SN s MAEwIC
i, F9MROBKRERICHERILE X OKREBRILA
# %479 Sulfurimonas J&, Sulfurovum J&, Nitrati-
fractor J&, Persephonella J&, Aquifex JES&EN T
W% (Nakagawa et al., 2005), ZhiE, ¥ Izl —
Pa BV TTRTORMEFIRT, x 7 VBILEEHR
BIGEFEIL TV L idn, MERIEIRDE N %
RBOBREDO—2L o TnDLIEEFIHE LRV,
F72, A Y UALERFRE T 21T o T B THEED
# 5 Gammaproteobacteria MRMILAHS, D7 ) O
HHETHEL TS, IThd, 27 VB LD
INVF—=KRT ¥ v VHTRERRALC LT 213 LW
PPRACEAR DAL F R E RN TH 5, —T5, 7
FRALT 4 = FTIIBREMRILDIEAIT, Bk
AL % 17 95 & % 2 51 5 Nitratiruptor J&, Ar-
chaeoglobus J&, Nautiliales B dE 5L TEBH, &
5121d Rainbow 7 1 — )V FIZO AR S N7z, KFERE
LB LIRFERITA ¥ VK % 1T ) Methanococcales

Hx% YRR INTWS (Nakagawa et al.,
2005), ZOFRIZ, ERMEFBIIDZoTINLD
RBNIEEAEBESFNPENETH VI —Y gy
DIFERLEIFHEL TS, EiL, FEELT -V F
THHKDOBEARZ o TVWBE I LRSI N TS
D, WEEIC X BN = RKITCE A PZEIRAND HoD
RIENTTITEZONLY;THS (Nakagawa et al.,
2005), FHFE, LY XA - RWHITEAFZEKEEH
THFLA=—IEE, Hox BERDEERMN 2 ACH %2179
WMAEMORE 2L —2 a3 YHPWART L EPMEIN
Tw5% (Nakagawa et al., 2005), %3, BEREKS
NTWABETERILT 4 — )V FOBKO Hit L, i
b RAN—EHITE AZZD O T H0.346 mmolkg
(Takai and Nakamura, 2010) &, —#&I¥) 7% rhoei
FHYWAEMBKEKRELEDL RV, L2L, #EIC
&% H.0#413, Lucky Strike 2 HKTFEEHER O v
KOPOBKRZTHEIN TS LI, FA—F 4
Z—IIBTHHEEEH L KX\ (Lilley et al., 1993;
Charlou et al., 2000), L722%-> T, R T 1 —
VWEORY MZBWTH, IVERBREO L&A
BOKDIE T 2R H 5 (B o72) Wtz a1
EZzbN5b,
PPRALEK 7 4 — )V FORHIFEH§REEE R4
Bix, €O CHEA®mORE ST, H80°C X 1 B
DL THEI A 5~ BRAUBREE & IC SIS O T 4 )L F —
BTV XU, $XTORBROSOH TR KE L
%5ZLTHA (Fig.5b)o T, &6 HEEMO
59 2 BKRUATIIARSNEVWEMTHA ), 72
2L, BUKBHILEZIC BT DU 5 W IZBIF 2
DRI A 7 VALY, ThE THESh
TBlE v, ZORKND, ZbZ DA A
7 VLRI L SR 0h, ThE IR
LTV &EZ0HREREY Z ICREZRI S Twi
WL RO EHET HDE, BHEEETIIEELY, L
LA, W b T 7 & EARICHERE Y & BRI By ATk
FTALICHERET S, ) 7+ )IV=7E®D Guaymas
Basin I2BWTC, HEAMEOBKRIN A Y VBILT —F 7
DDA EN TS (Holler et al., 2011). 4
%, M NS 7OBKT 4 =V FIZBWTH, BRI
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Fig. 6 Potential metabolic energy available from

thiotrophic (H.S-oxidizing) O.-reduction for
each kilogram of mixing water (a) and end-
member vent fluid (b) at the temperature
ranges of <25, 25-45, 45-80, and 80-125°C
as a function of H.S concentrations in the
end-member hydrothermal fluid. The tem-
perature ranges of <25, 25-45, 45-80, and
80-125°C generally correspond to psychro-
philic, mesophilic, thermophilic, and hyper-
thermophilic microbial components, respec-
tively.
Abbreviations: MOR (basalt) = mid-ocean
ridge basalt-hosted hydrothermal vent sites
including Lucky Strike (Mid-Atlantic
Ridge), TAG (Mid-Atlantic Ridge), Edmond
(Central Indian Ridge), and EPR 21°N (East
Pacific Rise) hydrothermal fields, MOR (ul-
tramafic) = mid-ocean ridge ultramafic rocks
-hosted hydrothermal vent sites including
Rainbow (Mid-Atlantic Ridge), Logatchev
(Mid-Atlantic Ridge), and Kairei (Central
Indian Ridge) hydrothermal fields, IA &
BAB =island arc and back-arc basin hydro-
thermal vent sites including Mariner (Lau
Basin) and NW Caldera (Kelmadec Arc)
fields, Sed. Covered = sediment-covered hy-
drothermal vent sites including Theya North
field (Okinawa Trough).
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Fig. 7 Potential metabolic energy available from hydrogenotrophic O,-reduction (a, b), hy-
drogenotrophic methanogenesis (c, d), and hydrogenotrophic SO;-reduction (e, f) for each
kilogram of mixing water (a, c, e) and end-member vent fluid (b, d, f) at the temperature
ranges of <25, 25-45, 45-80, and 80-125°C as a function of H, concentrations in the end-
member hydrothermal fluid. The temperature ranges of <25, 25-45, 45-80, and 80-125°C
generally correspond to psychrophilic, mesophilic, thermophilic, and hyperthermophilic
microbial components, respectively. Abbreviations are the same as in Fig. 6.
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Potential metabolic energy available from aerobic methanotrophy (a,

b) and anoxic methanotrophy with SO.-reduction (c, d) for each kilo-
gram of mixing water (a, ¢) and end-member vent fluid (b, d) at the
temperature ranges of <25, 25-45, 45-80, and 80-125°C as a function
of CH, concentrations in the end-member hydrothermal fluid. The
temperature ranges of <25, 25-45, 45-80, and 80-125°C generally cor-
respond to psychrophilic, mesophilic, thermophilic, and hyperthermo-
philic microbial components, respectively. Abbreviations are the same

asin Fig. 6.
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Fig.9 Potential metabolic energy available from

Fe(II)-oxidizing O:-reduction for each kilo-
gram of mixing water (ar) and end-member
vent fluid (b) at the temperature ranges of
<25, 25-45, 45-80, and 80-125°C as a func-
tion of Fe concentrations in the end-member
hydrothermal fluid. The temperature ranges
of <25, 25-45, 45-80, and 80-125°C gener-
ally correspond to psychrophilic, mesophilic,
thermophilic, and hyperthermophilic micro-
bial components, respectively. Abbrevia-
tions are the same as in Fig. 6.
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Fig. 10 Comparison of potential energy yields from chemolithoautotrophic
reactions for each kilogram of mixing water (a, ¢) and end-member
vent fluid (b, d) between modern (a, b) and possible early Earth’s (c,
d) MORB-hosted seafloor hydrothermal systems. Low concentrations
of O, (Pavlov and Kasting, 2002) and SO, (Walker and Brimblecombe,
1985) and high concentrations of CO. with relatively low pH
(Grotzinger and Kasting, 1993) in seawater were assumed for the cal-
culation of the early Earth’s system. Abbreviations are the same as in

Fig. 2.
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Fig.11 Comparison of potential energy yields from chemolithoautotrophic
reactions for each kilogram of mixing water (a, ¢) and end-member
vent fluid (b, d) between modern (a, b) and possible early Earth’s (c,
d) peridotite-hosted seafloor hydrothermal systems. Low concentra-
tions of O, (Pavlov and Kasting, 2002) and SO, (Walker and Brimble-
combe, 1985) and high concentrations of CO, with relatively low pH
(Grotzinger and Kasting, 1993) in seawater were assumed for the cal-
culation of the early Earth’s system. Abbreviations are the same as in

Fig. 2.
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