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MER~FRENBFRIZEOF7 O & LU TORRERY

T 18~19 FERPHAEHEIE (WHFWK, REES 18654085) MABMRBKEE
—-REF BR FR20F38-

[FUHE

SRETRR & IRBIEIBRM EITH T 2R LIEIER (Ca, Na, Cl 2%8ICEdH, Fe EOTRICHEDR
R) & BRER~BEEROBEBEBEOF IO/ THZ. AMARTERERIENOAZERREXSRTH
TORSRBREEANBTRE LT, HER - #IRMLZE - HEPENBRSHOSHREED .. 2 D0REM
BERBESBIRRBIEHEY (FSNX—FV) IEETDIEVWSKRTHETZN, HFERARA BER
FSLATERSh, BRICKEREVSARDOSNDE., FBRANN—FVEEERROBYEZ EHEL,
FFHE/MRE (0.5mm) TRET ZMUOBRBY/NY REFD, —A, F7IdF1NENSNR—-FURIEFESF
E (02mm) OREREBESIFBOBRVELHISAHS. ARRKRER, InsoBRKERSNSN—-FY
EHICEBT DIV T/ NITFUPORERT A ZIVICEETZ2EEBL, EBEHBET30~4 0BBOERE
KEOEBEAZTL, FEHEBE CENREORBNELEEBIILE. ZOBE, £550 R 27
JIRTVTFYUTFOHRERTA VI ERBRU: THH) THHIIEEZERLUEL (BB - 98, 2006; Kano et al,
2006). #O#%, BAUCEAEMESBERBET VA TLAEERL, ZRANSHEEEL, FhoMEPIC
FEOEXYE, BEREICEEOELEICHE > T, ERYPEZBEL WD ENHEoMBo T

Fiz, ANZEHBROBRMEICIIKELRY & FBRAHSBRIHENRERYMIER IR, ThiEgkic
EDHEYTHD, BEX 0.2mm BEOBZES. SHEIRYIEKELFKTHD, B—0EOHT, BEE 10
TOOVORRBEZEL, EANEEET S, HRBEOHICTIE, SKELHE TH S Leptothrix ICHELIL
U ViBELNRDSNhc. £, BRETRETOBROMEFSPTUEBRRICEIGL HBEHEBEOFEEZTRLT
LWz SROMERIE, Sk A Y OBIRIGICIKE T 2HREBLEEORBIERL TWB EERMLITENS.
Dftt, X5 VBAHEEREORIFEHESHBLELERE EHICREIN. B85, RBLCHEN ERE
ICEBET 2 &, HEORBVEYVETHZIHAAVIEHERETRZL, MMOMIREMEE ORSICHE
Thbh - Bhbhs,

BN SN—FUOMEHISBENZHMBRICED. BBNICEMNITZEHYTIVFZROXNOINT A K
PRRSGLBEOHBREBLEABRICOVWTHEBBRAMZI SN, £9. SHRGEBZRI A SOV L
SA4 hOFRTH, BHTHIAWSZIFERIIZANAVNZA MNERDDOFOF ST+ M NTN—=F
KERLEEBERT . ThoSDHRTE, £RICEASELEEBDLNZ Y7/ NITFUTFPHEMRE L TESN
TWEW, TORIEMNIN=FUEHBHBLU, KOBFERRRNEN > EZBTRT B, IRbE, =
ZZARAYNSA MDD U B EBER—FHRERDBEKEIBVATEERRBBRE L PHED pH 255>
TWheo e, £HY TV F7ROBEBACRIE, Fvy— NOBRRMUGALE,S 40~60CEREESNEO. K
SN—FUEHBRITIBRKOBEOHEHERNTHH D, I5IC. SZAMATYNSA ~OBRERD BEE
THZIE5E ZOHEEEBH TREL, BRKEBVBREMRKETSH >t RTINS,

—F. AZEBROSKENSN—FUEBREIEBO7ZFrOJ7E L TOHELERF > TWS, IKERORE
BOBRBICDOWTHHELABRETIDRINTWED, —KRic. BEDLSOFAAVYNREBTOI T /XTTFT
7®%émw&%@%E@ménT%mbttﬁﬁénrm%obb L. TOEFTILTIE., BB TERL
FoSKSEDY, K OBRWEBEALXBTZ I EITARD, BRSEIEEFRICLULELIERH 51D sub~mm A —%
—ORIKEBOFEHI R ICRD, UH L. SBEEREISESEL TWNnIE, XPEIBZWEREBETO TZ20
BB TOHIMBIILERT %, HOCREARMEE OFRICK D XA THEYRROZTRDENE. Bk
HBIEIFERTZ20TH B, £- T YF/NITUFIKLZIBREEOBBEIZDEITE SR,

FKHYTI)FROBEPHEVOLTBIIEDOEREELICEDIEERT—YTHD, ZhEEHET S
fedic, NSN—FyEFZFOTEUVTRVWRZERERTHD, FHYTUPROEADSBLENDER
ERBEDEDZIET, SVBEOBVWEBEBEOETIMNRFGTEDIRLS S,
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1. FU®IC

WEYT Y NEESBERIE, BEASHICHZHFEEL, B SHEZNMEORRICA>TE. L
L, BROWT~HRTOBRRIIEEN 7O ADATIEHBENTHIRVWEIDH D, BEEICK->T, BR
BEICERT 2MEYBEORBNIBREBI IR EZEAH L TWBAEENERINLTWS, £, &
MZERICIE, PCR EICLDEONEEZ OBRRBEVOBEFEERID, 7/ LARGBORBZ D3
ENMTRENTED, BRICBITIHEYBREN KT OHIRBEIC LS T IEEREBRIZEEISN TS,

FHETIE, ZRZEROFT, SEXBYERBETRYEZNHLT ZREIEERER (Ca, Na, Cl 228
I, Fe EOTRICHEDERR) EHREL, "MEVBHEOEMNABTHINIREIHRENOEE,
CEBRTZEEBIT, BER~EER (KDEGMICIE 28~10 BER) OBEBETE > TWMEY —
CZ70CAOF7+O7ELTERY 3.

RETIEER EMER~REROEEREE, a) BVW_BILRRIFIELES TEWERDE, b) BHW
KE (35~50CZHEE) , c) BWCaBE, d) EREYZEETELICEYHE omTHEBELTWS, 5IC,
e) IBRPEICTHD SN BHRELRYIE 28~21 BERNICAMFRHICHERU BRHKILE &, 1) BRKOM
FTORTRETHVICRET IREBELRY (MSN—FV) & 21~10 EEMICHKELANAOTNSA
N ERAOHEBO LT D, £, 9 BRKOBMTRETRI S, BROEBEE _BILRROBEER, 20
BROEEBETE-> TW B OBRE B2 3,

INSOHBREIEIL, AARTIE, BRICHHTDIV DI ORELEERICEVNT, EANGKE
FAEEEREL, W OHOHEBRYZETIRIC, FHRLEBREMEYBRROBINET . TUT, SREER
FELSEONIET—F52b LI, REIEERTOERRIBETCEIMEY—ET70O0ER%E, BRER
YIOBRD EEBITHEOMIT S, 5, BEHIWIHEBEYER - REYRE-BEOMIGERES LI, 28
~10 BEFMOBETCERUBRSEIEBLC A MOV N S1 N OMEY —LEHNBEEERL, COEIKE-S
fo, BE-XRBEOEZEFNABEES UTIRRT S EBIE L

BREROBRBICEWVWT, MERKEE "EXEETIO—7) & "RAVOER WS 2O0BFNF
FEEROANTHREZED ZETEEFT > TWe, EXEERFTIO—7 (FISH) Eid, MEVBEECSHDE
EOMBESIL—T7OBIE%2EEMICTHH T2 ENTE S8, MEYROBITICELFHEzhTWS, B
FHICE, BEOHESIL—7 BIZE, RBERETE) OADPFOIAUIXILAFRETO-T BIZE,
HILtEAY HRE) TENERL, MEATN\ATUFAXIEE EXEHETTREIDZIEVSHO
THBD. —H, NAUOBEEE MEYTY NATORBICHES CERBERET DEHIC, £HENZY
AYHA XOAZRAEEBMERVT, MOBEBOZFELRTT 2HETHS. LHL, FEOHIBICK
D, "RAVOBEWE) CHBEGEBEOREZMZL, MREREI BB, ThiEOWTE, %
BOBEERRNTBEICRZEEISNS.

AAREREEI B EICLD, MARKERZEELRZLEORART —VYOREZEBL T, BRICRI ER
HEREWC DD EFZZENTE. LKL, ENREIDBERERE, MAEYIRBIS & IFRINESHIRH
RAOBICET DARFEPERABERALCLILH D, REETRE, WEYVORSE, - £AVTU7
DR EWEY) - HHRAE KOWTOHMREFEDZI I ERELOBEZEI I LIET B,



2. WEMONH

2.1. HTHRABOEEY LHE
WIRRBTORRBEERIL, BEYCPI T/ NIFTIVFPHTSBRREEENEHEEENOBRIBEO2DOOK
IS TIEHNICEME I N TE 2 (e.g. Berner, 1992) .

CO, + H,0 «— CH,0 (organic matter) + O, (1)
UHL, EHYTYTFROMBRETES >TEROHE L ZOWHEIEOTFRROEWVRETHETLUTE
fo. 5B 21%5H 2 KK OBRIMEOLERIFH 20 BERMICHBL THE D, ZhURIOHIR TIIBKEREH
ICEDBEMONPBIEC > EEZX2. EE.EZXDE, BREOIFEODLERICED, BINFENLD TX
WFE—HEORVWHFITHNHERICHK > TELSNEERXS. 2L, HIREDEZ K DKBETIIBRIMNIE
HICEETTWS., Zhid, KPTODFERIEZEDICHNT 1,/10000 OFRETHET 57128, FXHFR
C & 2BEDDED, BEOLRLIDBEL, BREZHELULTUESHTHD. TORLBEMEE, Bib-
AN TRF a7 ) — - BERE - TR - HISHNAEICRSNS. i, BIENABEORICEING
MBRENFKZET 2ELHD.

BEOHRTIEHISIMNERBRIINIRFTLUHEHEVD, ZOFEAFREL, FIZE HEROXTH
TD 0, & CH, OSHEELIHRDIEFHICIR>TWVWBDIE (Sagan et al, 1993) | HIRRE OB KEIE
TAXYVEEIERICTEONhTWEHISTH S, T, BENREBREE CRBRERLRNARTELLE
BYyHNIEERN, CLARBOY —XERD, BEOIEHEKLEZTITVS, a5, BENRBEDO1 DT
HEMBEBRARRDOERDTHS N, OV —XTHD, BURBEHNESRITNEE N ZBETZ/NITUTH
N, D7 —ILZ i ZDEITHEL TWeE35 (Schlesinger, 1997).

WEDIE, ABOEFY —RXBUKERF—D5, AROEBEFIVIHDWEIEFRZBERANEEFEZBE
THRIEIEDIRILFE—%2ES. FERYOEFRF—ELTE REZHR-—NIBZE/ Y—H5, 7t
T—hPAY Y DRGEBGRDETHRATH D, —BUGEEBNEF R F—EDFKR Hy) - PYEZF
(NHy) » 2OV HY (Mn?) - 208k (Fe®) - TilbkR (H.S) HEIFShD. REINEBEFICLD
FBEINEIXNLNF—EHERNOHZEEZBEC TEFRAGRETCHEINDS. —BNAEFZARIIHE
(NO3) - 4D~ > H > (Mn*) - 3fliDEk(Fe™) - Tl - —BILIRETH 2.

BENRHENILVEL SEROBEFSREEETIZHNEZED. 2<OT—X T}, Fe*2BTT3
EEEOLSIC, EZO0RBREEIEEEYR—NUAL, BOTr—ATlR, EHOBEFZRAEDEWVDHE
NiF, BHRBETFEFTHROHDBFEEITIBEANOBEREZENKRT 2. flXE W O2HhOFIHNITYTIE
BRRDOBEWNKRETIEBICL DIFIRT 3.

TR/ BIHNKBORIAENLGEVWIEA L SINDIIRILF—ICHD. BIWBRERETOTINI—X
OB (X2) I 2900kJ/mol DIXINF—EEAET DI, BIHEHTOAIVER (RX3) &
#9 400kJ/mol D TRJLF—UDEHHI BN,

Ce¢H1,05 + 60, — 6CO, + 6H,0 (2)

CgH1,05 + — 3CO, + 3CH, (3)
FEHURBTECZIXLF—REEVOT, BE—OEYIBEHELBEEYERLICBRIERRENEDET S,
FhiCH L, BEESNMEYIERYERSICHBE LW (Fenchel and Finlay, 1995). B##h 5 ZB{Lix
RNODBRITEMBEENMTSBENLR7OERICRD, Z0ZLKHNEHEEE (substrate: KBINKRTHZE
BYOESH) KHIBHBUTRLEBRIXILF—ZEELTWS, #EIE 20k)/mol OBHIXILF—H1H
hiE, ZORFZHRIT B EDFRETH 2.

BINABORVIORT Y 7IEBEEDPFERORGEMBDFAENET D, Ric, BMADTFIE, 7t
T—RhPOKRDLSBREBMRDSFALREIND. BRENIC, REBEERYIIMEBROWEERLRE ORI F
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BEOLHOBT N —EHRIAT 2. RB - HEE R 1. SENCISRENOBTREORNFIS —Y
XSRS < ORSIERE A S nT 2 TYA ChBE RTRENGERREOMENRIS

THB.
IWFE—UHIEHFEHSTT, EBEVLPERYOBEICHERZX
TH3B BRIBEHBEYERABHICHEEL, — %;mm) En( 4G
\ ‘ w DET (BRI
WO DI HAL TE—DERYEEEHRRT 0,4 a4 40 - 20 0812  -209
%, INIERBHAE (syntrophy) EFENS. TO MBOET (BD)
ABFIEE (mutualism) FESHBEOEE s N0+ 6H 567 = No + 30 0747 -284
» Mn BT

MEVBOBRREHERRICEET S, KK, & reosEn
BERERY THIKEDTEF—NEH < 2HES Fe(OH)s + 3H* + e — Fe?* + 3H20 -0.047 -10.1

FREEETT

Li#%(«:i%ﬁ(b k/\. ﬁﬁ%‘iﬁéﬂ%@%b#mﬁi&l*)b SOAZ' + 10H* + 8e~ — H3S + 4H20 0221 59
F—OBEIICEARL, BREFR>EEBEL>NVAT —mixzoBs

> BT > SORTT > MBGRTT > REUKFORT (X gy 02+ ST+ 867 7 Cha v 210 0244 56
) OETHZ (k1) . COIEER, EHROE e s

FRI—ZAVDIE—DOBEYPORKBIRICEH T

%% (Nealson and Myers, 1992). BBERHEAROBMICHENR L, BRIEIBIHBEYICE >TH
ELTEIC S, BRIESTOBRIHBREZHRY 2, BRIELLRS L, B, E—0RBRRERIERIC
RO, AEShZBFERAIEL LRI ETHERI S, 2L, EFZEFROFEEERZEBMNICRIETH
318, EHORBBRBENIAEIZLHHZ. £, Z2LOEYICHBEVSNIFFNEFR+— (BIX
EKER) OHIGENAKECERTH >0, BOoNHEOHADFANRELAIEREFNEF R F—DERETh
2HEICH, BERZRBEREHHET 3.

BAGHISNEROBNENEEZIEEICOBRLTVWS, MBEIRNITUYFPRKEEREEZEAY VER
BN BRICEITAEABRENTICIMZ 2 ETXY VEREZHRT % (Lovely et al, 1982). EFDI &
D, HBITMAECHRBEBTIEORMTE> TW3, EE BEPTOKROFHERERZERCAHREEZ FH
I2HICBWSN S (Lovely and Goodwin, 1988; Lovely et al., 1994a).

BF R+ — L EFZRFROZENERERBRISNRHONY -V ZHBET 2. BRKEZEORBA AV %Z
- BURY, MERTEEKOEFERYPOEBLBRIMNKRNH THS (Capone and Kiene, 1988). #
BITILEE - RKICHH DS, SPCEDTECHBRBYP TOEETHD (Thamdrup, 2000). X ¥ V4
BISBRP Bt E DR KBETEETH 5.

BRAGBIHREHBEOEMEIRL, EF RN —ELZ2EAORZE
HNELEEDILELRTS (B 1) BEYOREDISBRELERY
BRICK>TESN, TECHEBYORA TROEETHS. KH
DORMEFEEROY —AFFKFILH D, BRPREO—FIX
AKPAKENSEIFTANELEL, HOZEMKE NH,, Fell),
Mn(ll), H,S OBILICEDFR/HERA V5 -7 —XTHBESHh
3. COBATHEINLEABIOEFZREEBHEIHRBICELD
HBIND. :

M% .............................

~<

Mn ZET ~
4

/
{
A
[0}
o
L]

€< H I B ————> W

Fe Z&JT T e -

[ __3042—""/_._ .
FECET //,zk\\7<:\
> Bt OBEEEBEMOFEEICEIVENICIEEZNS. B0
X &R CHy Y & E S8 (bioturbation) EEEMBBYICH (TS Felll) »
FE MnV) OBECE>THICEETH D, BHOEYIEREE LB
X1, HBNAHESHABORES &, - o - = DREAIE S 23 LA
BTt . SEADWET 7u7;4w®x$«tikvé. DIRIGHEWEIRD > 2T I
CBEAMBT IHEELEL, HKCTUTHAEERED. O
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BEZENETNE, TEOCHBYAOBROINEEEHE mm KREIND. BYCEDREKICHEIHR
BHcEEERIFL, FEN/BSHNEROEBRZEMIES. MAT, EYEIRISHRBORRERSZSE
—LRBERRKBITFOV—RATHH 2.

KBLERYEDH S ZERIE, BF R —EZRMEY —ZADSOEHICE U -EBRLBRINREOT /Y
avEEZ EEBERIRILF—HSERTZ L, FRIPERBITHEBEYORAM TERTHD, AT ERIE
BWEETESCKRSZ (B 1). FLORBOER TR, EHRA—N—FyvTUhEL, 1DOREREE
PEOREEIFEE=LICHBLTVNG, CO/Y—ViE, BOEBYORNSOERY, A)0oERYY —2
HSDIEREICIE U TRET 5.

2.2 SE LIRS

wEMESDLTOEYIE, BB (U vET trophos) BRICEITZ3 208K (TXILF—R- B
FRF—DY—X - [REDY—R) THEREIND (X 2). KBEXERBWSEWY%Z phototrophic &MU, 1t
BIXIF—EBAWVSEY%E chemotrophic &L, EHHNET N F—ZBWVW54£EH% lithotrophic &FT,
EENEFRF—Z2BVWBEY% organotrophic EFER. S 5iC, ZE{bkFR%ZEML (assimilate) 254
% autotrophic &MU}, B %# T 244 % heterotrophic &R, ThSDEEFIXILF—/8
F/REDIETENSh, EMORIBERELOVRENICERT ZBEREICKD. FIZE, AXERETSEY
(& photolithoautotrophy & 4%, WL DO DEMIEZ OB RF— A5 EL 71 v b LW, Mixotrophic
BEYISERORSE Y T2 HEL, HIZ L autotrophy THH D heterotrophy TH$H 3.

SERICIE, MEMREIREEEKEL TRV, BEYERET 2ABLr0EYE, BRYNSETF - T
ZIF— - REEENL, EfC heterotrophs &IF(EN 3. Lithotorophic 7ZAR&EYIEAIE autotrophic
DT, chemolithoautotrophs [ZE4, chemolithotrophs, lithotrophs, %% W& autotrophs &IEEh
3. Fie, WAEVBABEIZIEEPR

. o R 2. MEYMRBONESE IXIVF—/BF/REDY—IADEE
KEBZBRETHEREINS. AIZE, <ogans,

hydrogentrophic (& H, ZREET S “Tzrz—v—=x BFOU—ZX
T, BHTAEWBEBETEET S REREDYV—R IR (lithotrophy) B (organotrophy)

£#)i% phychrophilic &EEns, B - {LFTFL*— (chemotrophy)

A. B#4 (heterotrophy) Chemolithohetrotrophy  Chemohetrotrophy
b/ BRI —T 1 —RAICERT S B. &% (autotrophy) Chemolithoautotrophy ~ Chemoorganoautotrophy

FEWIEYIE microaerophiles &BE(E 2 £TRILF— (phototrophy)
A. B4 (heterotrophy) Photolithohetrotrophy  Photohetrotrophy

nEWO, BEICERT 3. B. 47 (autotrophy) Photolithoautotrophy Photoorganoautotrophy

2.3. ¥%% (Photolithoautotrophy) Z##it &5

EHBE{HASONTVWAHREBEREY THDZI Y7/ NIVFVFZEANEVRREABWT_BERREZETE
U, BRZEERYELTRETS (R 3). Y7/ NIFUTRBEHEBSLLET 1 AV MROFEREZ R
5, ZEETHELTHEHD, FERULCEBBROEW AN SREBICECRREITIBELEVEETERLTWS,
HEBROBERRIE 70~74CTH2. OTIN—7FEBNICZHKETHD, BERZEELRD, RKED
SIRILF—EBLD, HSEHXREROBEFRF—&UTHWS (PSIIAERYRATLD 2&6H3.

Z< OXFBHEIREZEERYE UTERLUAY, ZOKRGHEBEICIITErAY - LB8FIAY - &
BAAY - BEIEAATHENS D, &1 A THBEIHCERYFORITICHENICEEY 20, Bl
ISR TH RSN TEETH S (Van Gemerden, 1993), KB IBEEZBEFEL, S EMBEAMNMIERLU,
W< D DB DIE chemolithoautotrophic BT TH S, BEHTHIE - 1 A VICED - PREREOHK
BETEIEr A YHENERT S, —4A, A ATVHEREEIDAAVICZULL - BEYICEDRIET
MBI CAEBL, RBMNICEDZETHS. FIZIE LWL DAL photoheterotrophs (KETXILF—Y —

6



ZELTRWSH, SHILAVEARTIBCEBITELELTZH0) TH3. MEABEEALEVY
1 O EZBAREOBRICAWVS (5 3). M, RE7 A VEEEEEESEENTSD, S° £l
CERBL, ¥OIVRBYCILERAVWTREEEEL, Fe()EXAROBEFRF—L LTHAVIHEESWS,
FEIEA A IME L photoheterotrophic BERRZITSENEZ WS, H, ¥ H.S ZHAVWTERKEENERZ
TBZEbHD. FBRERERKARO LRBRER 70~73CTH 3.

KEHOM, XBFH S0 ITRILE—EELSEHRRGICH

BB LRI R L —CERIND, KEREFTSEDES
7 i BIKT- BIRBE RAONTIARVATLAEEL, KBIOTARAEERNNN—Z
BRREE B o, n%. EMAPOXEREMIEIONT ()L a LEZON

HEBREER YF/NUFUFD HS S04 4l b 25, MEOBRARINEREFN2N1 680nm &
ErfEE2 Hz H20

=3 BRALAKRYATONER

H2S 30.3042- 660nm —6‘%% %&E%@EFTLi, :/7//\\73:') 70)1%7‘;
?a 52? FRNEYIE/O07 1)L a £EODICTL, FEBEERETM

‘ sy Bieny REEEREI/70074LZ2F>. #Ee@EE/N\/7T7UA700
;;z;%ggiﬁifégéggégyigzgéfo 2/:\*;3;;;& Z«4J) a (805nm & 830-890nm) H L E/NZFTUAIO
A7 <)l b (835-850nm & 1020-1040nm) %, &&BHE
@EN2FUA20O007 ) ¢ (745-755nm), RO FUA2007«J)L d (705-740nm), /X7 7YA7 00
Zall e (719-726nm) %, ANUANRIFUFZENIFIVAIOOT7 1)L g (670nm & 788nm) Z#’F->T
W2, 2L, XoFUA- 0874 a i EW D OFSHHEBREBXARMEPRINEEBREALERK
fHE (L&A A VHEO—R) ICERHENS.
HEREROBARIGERDEWE, ELDOIEFICEEL TWESHREENHZ. REDKENIE 500nm
BRICREOE—VEF DN, EHHALEVHORBIELDEL, Z0REFILFIRERAICTh TV EE
Zbh3d, HRERERIPABHRICHIGL TELLEETHIE LORERXECERLEAZTVAZOQT
AN 0070EDBEICHRULEEEZONS. Thabs, BRREDUAOSHISFERRERN SR
LDBRICHELLIZEVNS T EITRD. COEREIAIVATLAILDWTHHERATES NS LhRL,
BRAERASEIHEO2 DOXIY AT LARBBERT Y v LERIGFROIAOT7 LIRS, PS | &
BEWVEERTY Y v ILEES(E® = +0.3V; P700) , PS Il (E° = +1.0V; P680) (¥ TH2MEEEFIAKL
T3 —H, BEERERNAHTRE—DOHRY AT LANFBEIh, I8/ F ) P TILP870 (E° =+0.5V),
BENITUFTIE P840 (E° = +0.3V), AUANIFUFZTIE P798 (E° = +0.2V) HBWVWEh 3. FEEE
RRERHRBEYDOIZOOBF R F—EAATLEY - KK - Fell) 280, BRRBEDNARIIEER
NAREFBE - X THRETITRILY—FE HCLZBTHATRBAET SN 201U, FEEERFERN
BRTIEFEEIERNTH D, IXILF—REDOHFIHKICLDBEINS.

2.4, {b2RE (Chemolithoautotrophy) E2 - e ]

FREOIOHOBF R F—ITIFKER - ZBILRER - TbKkR - FUYEZVAAA VP ZOMOBTHE
FLEEE - Fell) - Mn(ll) 2’33, Ziz, As(V), Cr(ll), Sb(l), Se(-ll)/Se(0), U(-IV) Ot BITHERTT
REBITHIE UTOMEEEISD (Battaglia-Brunet et al., 2002).

Chemoorganoheterotrophs % &$ 2 TOMEMIZTENHILRFVILE BIZIE, COC BEEEE
DFANERRTB) EMPMILREDIMEEREIEIENERSE, ABOZBRIRREEZSIZEEZY. N
A ARXDEED DT, K—H D WRHIEZREMELIHFOECRNRERE, i, ALEYTAIIIL -7
tF)L-CoA &g - BTN Y AILRVEE (TCA) ¥ 7))L - 3-hydroxypriopionate %1 7 )LD 4 DTH 3.

HILEVHA T ILH B WERTHRY =XV VEBY 1 7ILIE, £2TOREEYES < OHEMDBWNS.
AIWREVIALIRY T7O-RERY VBALRF I S—CE-AF 245 F—€ (JLEXD) KLOMEINh 3.



IWE X DR FNTR (EHOBRMGICHEITZZBELKROBL) OBOAFIIF—ERBICHEFEST 3.
KEH OBEREBKFIC, ILEXTFAMERNIC (10~20%) BW_BLRRZEEY 5.

Acetyl-CoA (% % W& Ljungdahl-Wood) REIEA Y VHliE - 7 b V#llH - BERREBRRETHEG S
OBSIHNMEDHIEWVNDG, TR, BRICEAUEANRFIINITIN-TEBRICHERLVEXFILTIL—
THEZ 2 DORBEHIFITUT_BIREEZEEL, 7EFI-CoA (ATVF—L A) BEEES. O
BTORIC 3 2BERIE carbon monoxide dehydrogenase TH 2. X% VERTIE, £&BIE acetyl-CoA
BREBEL TS, Acetyl-CoA REIC & 26°C QBN RIZNR IF-20~-40%TH 3.

BITHNYHIILRVEE (TCA) U4 ZILISELKS TCA o I O¥ERETH D, BLK TCA U1 7L
REFEBENIRILF-—EROIOOBEF R F—& U TEH GBRTHIMYS (NADH, FADH,) Z£HK T 57
lcBW3%. 3-hydroxypriopionate 1 7 JLIG#EEIEAL A DV#BE Chloroflexus ¥ (Strauss and Fuchs,
1003 BRFBEETHENEWVS (Mendez et al, 1999), ZDOEETIE 3-hydroxypriopionate H'#& 7%
ENYTHD.

ZOMDNILREFVILRIEEH D, HIZIE XFILRBMETIE, NLLAFZILTEREZBRIERRDES
LT, £Y>H U <& hydroxypyruvate BEOFRTFZ FIL-CoA %212, —A, MILAFILTE RZEE
T255 1 DOXFILRBRETHZY TO—XBY VEBYA 7IEAILRFDIVIEOBREE TRV, £
Dfts, HILRF VLI ZRIGICIEEILEVBPRI T AT/ —I)L-EILEVEISINL TWS,

2.5, ERYMOS R

HEBETOBRYIIERTREEY THSZ. YVINUE - RKEY - BIEEIMEDICLDBRICOESN
Z(SE=L)DIFLT, UFZy -AZEILO—AREDHEDEARICT LU TEF N ZRFD (recalcitrant) .
EHEYEIERORAT Yy ITHBEINS. £, MEVRBRUN—ET7I /B - BIi# - BEELEOT /Y
—Eﬁﬁ?%(ﬂm.%/7—@é5t:@ﬁﬁ§ﬁﬁﬁéh%b,:@%ﬁ%tx@ywﬁé%kﬁé

FEHEETE, BETRTIEYCLIDE/I—REF_BILRRICESIKSBIND. LHL, BERHFE
HTEBYERDICOBI D LHICRFE/ Y- Z2BRENICHRT 2BREVHERFZLELT S RIDORAT
vy ZREFZILA-IIPCEREEBED L S5 RELSFILEYNODIRTHS. RiT, —RNEBYVEN_BRILKR
BEVOAIIUNEDRINZD, LD WERMEEFBADO RNEENETT 5. ZROAEBEOLERAD
X, BENEFIEGEAVWIEYOHRICED, CO,HULLIE CO& CH,OREMICHEEND.

HENBETORINZERYOLER, SEYOBENERES (SE-L/VALIEZVN) K&E
LTW3. #EFREHDOWFIZ) T/ BILY —ZAPERLEERDO LS BB FHAICEBD ORI
TEHRDEZON, BYW TSV NV ERKEMICEF DRI NPTV, Cowie and Hedges (1993) (&3
BYRTOERYONRINYT L 73 /B>PERE>EERNERY >V /2y ELTVWS,

HEIEH 600Da LD AZVWEKYESZIKIMETERVOT, KSHBESFOORISHENERIC
L DRI B (Weiss et al, 1991). FEN~BREHNIBEESHEOLSTHNINSOBREZSVTESR
TEAW, #-T, ThS>OMERMEABREINT IAOMEICERKET 5. RUY—OMKIEE,
{LEYHHEYEE E XX B KE S CHRDETHES

EERMAORKBEOHEBYHOEEYDEZ < (18 75%) BUTZy 2EEEIO—-X - AZE)IO-
ZDEEETH B VT /I O—RICEDEBHRENTWS (Benner et al, 1985). V= i, HERIEY
D 25~30%% 5, [KWHEBRBIEBICEFREL, FELCAPOEERY —RICE>TWS,

WEED 50~80%IFU T/ I O—XATEBEINTWSODT, BHOKRRERBRTOUT /LY —R
DONMRIZRENT VAD=OHIKHETH S (Maccubbin and Hodson, 1980). #HiOffER T, /=Y
MYV —EBENEVWEREETH D EIhTVLED, BEHNICHEIBINI I ENRSNE. LHL, Z
D7OERFEL, PEINBVWEIERITERLHZ. AURIY-—THRIZE, UV OBRIKD
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RREFSHNAIED 3~30%EETHD, tIO—RLDBRELICL,

BECHBEREBICVIT /00— Z2HHET 2. BEEEZVWCIETERTHD, HERKIDKICED
BIETEHTHS. Benner et al. (1986) (FBKICK DB-BATT, HENU TV ELEBEENBET D
CEETRUKL, BEREYREYE/FILAHUVEDRKERICEWTU I Z Y E2EBEA 0BT 2. SHEEIEY
TJZo&DH 103~10* DELP T, EXEVEARLDEBRBICHBIND. BEPT 1 AV MR
K& DU ITZVOFK[HWEMER (catabolism) TRU T/ UFav T - R)ILAFVF—EHBEWVWSEND
(Black and Reddy, 1991). COBREYVAVICLDEEHLT S, BRINSBOT7OCXICEEL BER
KDWTIERLAShTWARL,

BSHNEHTR, VI/ZUAVIOV—RZFE/X—AEDEL, VIZVTE/ Y —IEZRIERRICDESI N
5%, UVZURIN—ODBEFEROY 71y hZ2HREL, Z<OMABINSOE/X—DFIAES
N3FSHRBERNL TS, B UI/ZVE/X—RYTZVEFIHSFELTRBLBAVWSRTVS,
IAFVF—EPRILFIVF—FORGBEBRICLD, FERNMENZZEHSMSNTVED, ThsORL
FHESHFETIEESRW., VIZVE/I—E—RITKBELE - XFAFVI - HILRFVIEZEHZN
5%, FEBODELDEIICEDBRMNS. Phenylmethylethers @ O-3 X F)LLIE/INT 7Y 7 DERICH]
AL EREYEELERTBLOEBINRTVWSE., O-IXFIILETINITIVFZFREODEZ L (&
acetogenic TH 2, BHEH - RENBHSHIHEO W< DD (RERTT - WERT - REEO—&) IFE
BEIXFIMLT ZEADH 2. WO OMEIEFERIOSEREEZRORCCENTES. 2<DBE
BREENID BRHINIBERIZEBINGW, O-IXFIUEIC L > THREEIREXFILERFEXFILERD,
AFLIYFA=IPTRIEIAFINOREESIZTEIL, Ko BFEFERIIEAEI NV (Bak et al, 1992;
Finster et al,, 1990). /XU 7 U 7 3EVEROBEED FEREIT DHNEF > TW3,

25.1. #E

EBEIEESTFEBEFT R —EFZBRROMAESRBE7O0ECRTHD. F—REBEE I I—XP
ZOMOE/Y—%2FILI—)L - BERAEE - KK - ZEBBLIRBRANEDET S, “RORBE—REEICLIDAE
Ul ESISIKFET— N PEDFOERBALSBEIT ZERETHS (KM4). HBIIHEIERTED, T
I F—ETBEMTBEEELANILO ) VB (U VEEEZ OH ® H EABIRUTASZER. ATP 50V
VBEBRETEDZENZW) ICLDESNZEVNS ATHENIFREAXZELER>TVWS, K - B
HFREABHISOEFERHEZLEE L, BFHXLZEUCELENY VEBELZTS. REBEINSDFIR
EDBEBICNIVWIRILF—UIERELLZL, UHU, FERBEVEIR)I—OMKIMETECLE/X
—EMBHRTVOT, REEESHKBE7OLXOEELEICR>TWS, ZOHERE, WOHDRET
FREBEYIIMMOMEEZZE I 2. flZE MEBEBTOBETE, REBETEEIEFEOSBEETHD, %
O OHEIEZRY ¥ —DHBORELZT> TS (Devereux et al, 1996). EYERHAIEEL I I1—)LEKH
I OHMIMEM T E TR, RANE-> TRS. REBEETEREC7ZII-ILEZRBAERZDOT, REOLE
FELS, 240 30% = LHHDEICKRS.

EBERT ABENELVEELSFERBIZIIENRINTVWS, ThoDRICEWE - 7 /B -
TUE - CUIIY - BEBE - FEFLY - CLis OBEREBNEENS. REITELEVERYEEDD, C.
18 DBEEEE - ZILO—)L - KE - ZBIERESEDHZL) (Schink and Stams, 2002). X% VEBOBIET
(&, CsLLEDBSHAEL - QIS —AFIEREE - C, U EDFILOI—JUIE, X VERBICFHBINSRICERFARE
K& 2EHRETHS (Schmitz et al, 2001). > T, X VERERT T BeHITIE T REBEIILE
FARTH 2. 1L, HEBRTEESEBTREXY VERL DB L ODIEAENEL, KBPLDOE—REBEE
BYZF B THD. SEBLLYPHREBICECBRECERBEEYIBIE2D0XTy 7TED, £FIE—XK
EEBENRUYY—PE/Y—ZNMKDEL, Z0%, MELIRBEERYEZNRTS. L, BIHRZEIL
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I HMBBTEINVWEWES, BIBROMEIETRERICKL DTN,

HEUTOKRIITHERBRTHEICLDFIAS NS, (%’ai%&ﬁ‘mgz;—wg%)
TEROEHURBED FEDIC, BESFIET 1t (acetogenesis) Exoenzyme

TOHOEIND. CORBREIERLLTRD, REEZETE2TO RN BER

FeF— NERRGESELTWS, —RIC, 7tk UARELEE s )

h3MElE, —B{LirREHLIST7E2FIL CoA ZETMICERL, BEF
BREIXILF-—FEBIOERADEHT7EFIL CoA BEEBWS.
REFPEMNVARER7Z7ET— N 2E—0OBTRERERYME L TER
9%, 7EFI CoA BEE_BECRREZEERIFAEEET IHI
MERIGTHD, KBPLOFENVEERERIOERKEENAL, KR
ZBLUTZBERRERTL, BERRENIZET—hZ2E3. B
BWR7Eer— MEBRETE, ZILI-AEF2207F—rE2
DOZBILRRICHBENS, LEL, P VEBREE2D0ZE Y
CREE7ET—NCBTTIOT, AHTIDDOFEF— MED |CW!]CW+C%L ‘

’ M 4. @EpEEy RUS—) &8
% (M5) . ThiZBSNBETEIRLTHD, JINI—-ANTE #LE7FEF— T 3EBOEIX.
F—hALERT BTN AN SR XLRBRIICK S5 R s DRENEX S o=
BALREADODRIIZMN NG, ChiZBAZHICHFELL, #E
HBETERQHO)MBERICKRD. L, EROBETEID2D
ODREOEZBRBIIBEE TR, XTI VERIE-> TLWIBET
OF kDR EIT & CEBRINTULARL,

7 b VERMBE B TERBRTIL-TTHD, WE-B-TF
WA= - BEHEXAFILAF VLT IN—T - C,~C, 2F - CO £ y
WeR(E (ERLVELENOYEICEZSER) OBIERED. /w o et
7EFI CoA BEIFZW OHODORESRTP XY VERMBEICEEE 2H2C03

REEY)
(FILIO—ILE)

N R
BEEELE AR

FEBEMH

oH
H‘C\&H o
(':H/ H \éH +4H20
1 H 1

HONE /8

H OH

L, 7EF— Bl - PEF—hHEDXY VER - “RALKED  coBozmm
EE - CO DL - Ci{EEMOERICES L TWS, %%@753?&%;%@E%2§§
. < T
H, & CO, BEDT T~ DERKBIERIIX I VERCE — 2nzmo—p, |

ERNICBESELTVWS. H, & CO 5D XY VERITENEMIC K
DIFZLWVH, WKOHIDEBETIEFET— NERIERIC/ARS. Kisel and Drake (1994) (XK TED
FeXBICEWT, XYVERELIC, rBTF7eT— M ERUIZZEZRLL

2.5.2, 38 (syntrophy) CERIDKERBE
ZLOBEHHMEYEIEF R F—E LT ET—NOBRBIRORBERYEZELEETS. UM, REF
BIERYMTHDIKENERL, REIIRIILTY (endergonic; XERDKIC, EYRENT, BNEMIC
BENICETUAVIICENE, HMEDOD 2 RWEBEDZMHE NS, fIZE KREBED 10%tm £THE
e dE, BEREEZII-ILORBERROLDOTDBRIRIF—Z2EHFHILW. KLU, KRIEFZ
hZEHBEEBYT IMEICE DERNICHRINDIDOT, ThoORBE—RICERIIILITVRIGICKRS. KRIE—K
HERETEERY THZIH, ZOHEBBBIIEL, BEHIRS TELW (Conrad et al, 1986, 1989). %
T, WEMERB/N— b F— OB TKRERIREL, B—REBERVERINBET CRBICHET 2.
%< DT —ATRKEN—HOEYICRFESh, ZOTOLRISERKEBE (interspecies H, transfer)
EHEND, HRBLEBKREHIEZOFITEEL TWBY, XKRBEIZEFRHO/OELATHD,
tOBEFF+ UV —5EHRT 3.
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Bryant et al. (1967) EX¥ Y ABEEIY / —ILBRTEEL, BRARBBHOGBNAGERWEL
fe. 22T, X9 VBB E Methanobacillus omelianskii NI / —JLHLEEE (S Strain) ©KEF A
DAY VERE (Strain Mo.H) & H£RBICR S,

Strain S: 2CH;CH3OH + 2H,0 — 2CH,COO" + 2H* + 4H, (AGy’ = +19kJ/M)

Strain M.o.H.: 4H, + CO, — CH, + 2H,0 (AGy = -131kJ/M)

HiZ#E: 2CH,CH,OH + CO, — 2CH,COO" + 2H* + CH, (AGy’ = -112kJ/M)

T/ —VEBRIGERIILIVEOT, TNETOWEDIEKRREA Y VEHEEL TREREERZW,
LHL, XY VERICEOKREBEN 103 atm U Tickh3dE, 2EORIGHEIILTVICKRS.

BE—RAEBHEED, DEEOKBTKERBO/\— N —ICKBEZITEYT. BLWKRRENRhDBLE,
B—REEE Hy, "L DBIEHNEATHZT7E2T— b P CO, ZREHNICERTS. IhickD, FHBELD
RIEWICED ATP OEHIMBEIND. ERLGHEIVBEEPTE, KREBEVICLDRBEZT N, TR
BICIHEInhiaWy,. 22U, KFRIE BEFC7I/BOooBHREERY THIRE/ MEESEFEYT 3
HEANIHRBINS. 20, B—REBEN 72T —ME2DOHFEEETNIE, ZRREBEIHERIVRE T
AEXDLIDATEIZLHDBITT TR,

BIHMEEBEAWY S /BEREBAETHD, ZLRKRVBHELFEL LERKRBEZTS. 7
2 /BEBOEHENGEIE, 12073 /BHIREE LT, 507 S /BHETHE L TE < Strickland
BitTH 5, FIZE MENFSZVEFET—NETFVEZFICBLEL, UV ETFETF—RETFVE
—FICRITY 3.

CH,CH(NH;")COO' (alanine) + 2CH»(NH;")COO" (glycine) — 3NH,* + 3CH;COO + CO,
2L, CORKTIE, FSZVOoBbETVIVDBTIDAY FUVIT LBV EHH S,

CH3CH(NH5*)COO" + 2H,0 — CH,COO™ + NH,* + CO,+ 2H, (AGy' = +2.7kJ/M)
CH,(NH5*)COO" + H, — CHCOO + NH,* (AGy = -78kJ/M)
INS2DDOREHNS,

CH,CH(NH3)COO" + 2CH»(NH;*)COO" — 3NH,* + 3CH,COO + CO, (AGy = -153kJ/M)
B—DONIFTFYTFIEINE3IDORIBETICKEETES. LIZL, F5ZUVBICKDECKELNTET
— N ZEWVE XY VAEBRMEVCREETHICLDEBEIND I &HH S, Strickland RIGIE7 = / BHERE
KERIGE U TRIRILE—KITEFELL (Schink, 1997), 7= L

-6
-7

JBICEORE T S VBLOB BB TE S, o2
26, XYY j%
r— 3

A VEREEENORENHRICE T EREBRTES. X5 s 2

3

VERBICEZRBENLB 2 DDATFY TR 7 EF— M RBEICL S
CO, & CH, D4Rl E, KROBEIICKZKOERTH D, EE5D
7O0EXTH, BRHICECZ XYV EI 5 RIBIREET R
—hTZIRILF—RFUIvILEFD. TRbs, BERREO
BEORBATY TREAIVEZBLRRICT DHSHBILTHS.
BENTFETDIEATIVEA I VBIEHEOIRILF -V —RER
%

T
bl
o

r
e
n

T

(wiyerl) sueyiain

T
[
FS

T

T T

1850 FRLE, TICLBOEMIROR Y VEREFRpSt © W B 0 ® @ b o
22 EICED ANEEBIIAY VORBREZL 0.7ppmv D5 1.8ppmyv M6 B% 16 HEMOSELIL LK
ANEEIMEETE (Lelieveld etal., 1998). IREDA Y ViEBEL, [IXY VEEOZE CKEKI7OoKE

BE 42 FEMOKEIFCRBINERBLALO 2MEI0EL,  TORD) O
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ABEEIC & 2RE{LEIR DK 20%ICEE(T 2 (Prather et al, 2001). XKD A5 ViRETHIFRDO I
SEEEBHOTRBWEBEEZ D EPMShTWS (K6) . Zhid, BFEMBEIt¥ROBREROZELE
BELTWREEZISNTED, SENERTZE, FnoSoBTOX Y v ARIERELEINS, L
5T, HRICBTBIAYVERRBSBRBOED 7« — RNV I VAT LEEDS. T, AFVINARL—NE
BEOKELELZIZTRITERDORKFOXI VY —RILIRZDT, ITNSOERBAY Y UYTF—/N—D
REHREELRNEY 7L >TWS (Kvenvolden, 1999; Wood et al.,, 2002).

BEDAIVY —ZDH TO%RAIHTH D, ThidtARRICEELCTE TIWBIXT L, BE
CEEL-BE,SSOBME & IFFZEL W (Table 5), SBHEKANSDY —ZAD 60%IEHEHIRITH D,
35RIFIEROBRE, 10%HHRECH S, KRS ZVREBS NSRS DX 5 I ISR
HEBO 2% TH DD, EXEGLETERZEEL 70%KEof. TRXF 27U —Hh5ORHBIEEKNSDK
HEOD I%UTTHS.

XTI VDRERTDYAF IR G IBRILIRRE EFXECRB->TVWS, XY VERIBEDOBWHATH

D, NO, NO,, CO, O; DEBEICEETZARMEZRGICENTZ. A1 BLTHET DL, XYVEZ@
LIREBELDS 3~22 FERVEBEPRAXTH DN, KERTOFERENEN (#9 10 F£& 100 FEUEEW
SEANBHB) 1=, ZOREREY —REVVYIOEMICBRETHD. IhS5ORHELS, HWKERRILOX
REUVTRUIIAY VEEOBRRBRITEEIESH SN T,
A VIEIERENICOEERHRATH D, RRAREUVTOX I VIEHFRICRADZIXILF—Y—ATHD,
FIHVEBROLOOEERRERETHS. XY VEREOREL,S, REBIXLF—0OORXEUTEE
T3 AYVERBEREUHEEEYEEENICOBELLBVD, RBERYORBREDOTOERIZLDDEL,
RECAEVEHSNICOET 2BEEZFELTVWS, XY VERBRCARRNEBYPRICETNITELE
RICKZOTI—TTHBZFIAYOHRICENWT, ®REZEU TWS (Anderson and Lovley, 2000;
Zengleretal,1999) X7 VRBHEOLSBRRREIRILF—EATYDSEKELTWVWBI NI T UTII,

NUsOOTFL Y (TCE) OiRLGBUHERYZEEIRT 2.

2.6.1. X9VERBEDSKRE & R#

XY VERBIIBBLRESEMEDTH D, KBEBRYELTXIVEES. AT VEREE ZOMOM
EMEDBT BENL DD DORKHENH . TNSEHHEEOFT, BHIRSLERELLIIL-TTHS. &
HEDOX Y IN—D%  (LTERIZERE - pH - BEOBETHRL, XFVERMREIEZOPRICELDHY 5.
AYVERBERES QI -V R@EERESS, EEHME S GHEEOBENERD, XRZ2 U U PHoH
EMBICH U TERDEE D, XY VERBEZ0MOEHEIE 420nm OENMETERENZROEFF
v U7 —Fup & DEELRES (Edwards and McBride, 1975). < O X VERBEIFF b O—LPVE
FEHXETDFE/ YOBREBED IR, Methanosarcinales TIR7 I VA FHEFBEIOKEEZE >
TW3. Boone etal (1993) IE&ZEAY VERBICIE 26 B 74BHEEThTNS.

X VERBEIEMENICEZHETH I, ZOBRIHRBIESVWTHAWShZIXRILF—Y —XERES L
TW3, IXIF—ERRICEZZEOOERDIEKE - FETF—b - TAIA—=k - FLO=IL - XFIE
LIcltBTH 2. BHEERY —RRBKREFET—MTHD, N73%BDXT VERENKREZHET 2.

4H, + CO, - CH, + 2H,0 =~ (4)
KEEHE (hydrogenotrophic) DX % Y& (CO,/H, reduction %% W& Hy-dependent X & V&R E
HFEND) FEFAREENLZTIOLATHD, KRFIXILF-—EBFOV—-IXELT, ZBRIERRE
BF YV EMBORRE LTALSNZ, KRRBEOA Y VARBORICIERRO D ICERKEDY —
ZEBWVWBEDHLS (Vogels et al, 1988). CO,/H, reduction (LB CO, & H, OFILHIE 1 X 4
THBILHEDLST, RAVATALIREETS H, & nM OLRILTHS. Thbbs, KRREOAIVE
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BHORZHICIETEEOHRNS D, BFRF—THIKRERBLTWS,

KRRBOAIVERRZLDOXAIVYARBICLDITONTVWBDICRL, 7T RE (X5 5%
WE 77— hREBED U < & acetoclastic X5 V&) (& Methanosarcina & Methanosaeta D 2& (1
¥IcT 2E2EDH 10%) ICUDRBH SRR,

CH3;COOH — CO, + CH4 (b)
WS DHDXY VERBER T ET— MOXY / —LOBRE—OEBICEEL TWBH, toYEEROE
BEBRRTETHD. 2TOTANAX—NBIEX YV ERERBKRRETHDID, ZOSERE] DIEFEIL
R—  FKBETHHR TE S, Methanosaetaceae DAY N\N—FF7 27— hZ2FAL, KRZFBEFRZVD,
Methanosarciaceae (M5 ZFIBTE 3.

XY VEBRREBREYR—MUEBVWWOHIDOEEEZRH T S. Methanosarcina barkeri (& Fe(lll)D
PERIRTICE DEEBITRT VY vIILETIFT, Zhd' 50mV ICETDEXT Y ENZMIRT S (Fetzer
and Conrad, 1993). IBEVWRHEEBNY 1 THESRBAREEDDXIVERBIKDOWTRLIcEZ 3,
LTOKRREBEND Fe(l)ZBTI 2 P> 7 (Bond and Lovley, 2002). Fe(ll) L TOEREA G
Haniad o7z, COE CHNAERELT ZD, COEETOAEBNREIEARIATHS. Rich and King (1999)
IS TETD CO ORKXEIGEE% 1-2nM/cmihour & BIED - 72, MREBBPHEBIYORMP X5 >
BEMEHITH S BES OFMCTTIREERDE, XY VAREITBEED 30%BUTICUHNEBLT
WAW, XY VARBERERZETEEEEYEZIEL, N1 AAXATAI—2avIiRE<AWShTWS
(Mikesell and Boyd, 1990).

XY VEBEIE 4-100°C, #KHS5IEK, pH3-9 OFEHEICERY 2. RROEBEE 30CLHAULEDT
H2H, FERAYVERER 100CAETEIGL, W<OMIERLEEEISHEHBEIhTWS, 68 &
DAY VERERBICOWTEE LT3, KPP OEIF pH=6-8 DEHTERL, 56 UTTERTSD
DIFWIAH - e (Garcia et al, 2000), 772U, BUEBEBETHEXYVUNRET DI EN S, pHB.6 UTOD
BIETHERHRDIKRIBEEBA Y VERENFEL TWB EREE e (Walker, 1998).

2.6.2. HTMIXY VEAL

BMIA Y VEEIE 1970 ERICHD TEFERY L SHESI N, LBKPOX I VRBREORETOY
7AIVEBEROLBERTIEDLS, ZOT7OCRAEABEKOMBEBEA Y 7OT7 71 ILsFEShic, &
ST, BWEMEHET “CH, DY “COL IRE(LL TWBED, X520 BC ABVWY -V ZR{LRRD °C H
BWY—YE—HKTBIED, TOTOCAEZEXHLTVWS, X5 VOBRIWELIEHEYICKE DN
ZZEEHELLHSHENTWED, XY VEZBHINICERILYT 2HMEYEBRECEESINTE ST, Z0RKH
BEBICOWTHEHERZBERHMNMBETREINTWVWS,

EEHBYR TCOBINX Y VB EHRBETZ3D0X A XLNERINTWVS. BENX Y VELE
XY VRBERBRBTENY TV ITBE—DEYICLOBREINTVENE UGV, HREETEAY T
U Td 2 X5 VBLIEEDZERICEFEE LW (Martens and Berner, 1977).

CH, + SO, - HS + HCO; + H,0O (6)
FURIGZSISHRIT2FFOTEMEE, XIVEZBLLRREKRICEBLETIENE, KREHET IR
BETEOHRETHD. FEULVWBRNZENRHFRREEINDG, COTF—ATE, RIWX T VBILIEKR
REXY VEROYRGICIES.

CHy + 2H,0 — CO, + 4H, (7)
S0, + 4H, + H* = HS + HCO; + 4H,0 (8)
REBROETIIHABICTETH D, BEREBVMORATYEVTHESHEYISBEIhTWS. X
£, REFENVERBEEMIENS Reversibacter [$KBREMEVWEICT T —MNE ZBLIREB & KEIC
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BitL, KEBENBVWKBERERIGZTS. IELU, KEREAZEZITT LAY VEROBERIGIZIEESE
BTRINTLVWARL, BHERNEL NIRRT Ay IRERETZEN VY REBX Y VEROBERGIEAY VY
—T7OBBBVWAY VBETOHRED, ZORBEZET— NOWEYBOBEZLELT S, RAUKIC,
XY VUBEICEGRL, KB TAIAXA—K X5 /- )LOBEEHEZLE L §5REKIEEMIHIA 57 > B1L
TEBDZESICBW, XV I—THhSEREUVEBYICKR - TAIX—F - FETF—h - X5 /—)L%
AL CTHMESRTIIRES AR > 2 (Nauhaus et al., 2002).
WX Y VERRBEOHRETIRIE Valentine and Reeburg (2000) IC& D REhic. T ORIGIEEMRBERHI X
VBt (X6) O2FBOIXRILF—ZRAEL, BARZMICKDEFILL,
2CH, + 2H,0 — CH;COOH + 4H, (9)
ZDT—ATHE, XY VERENMERIGICED 7 ET—MEKREED, KREHBBRTHEICFIAINS.
S0,% + 4H, —» S + 4H,0 (10)
SO,% + CH;COOH — H,S + 2HCO; (11)

INS53DDOTOCRIE TXYVHEEBE SPAENTILH ] 1 1 THEITI S EVWSEBEERBRLESHNTHS.

AZUIESPC MEWE ESERIIFEIMICA YV EBILT I2HEYMOUBEERFTZOICERNTSHS. X
7> DS3C [FH-50~-110%TH DD T, X¥ VERDKRFRIEZDOHBEREGIALZRBVWTEIIAE TS 5.
KBAOBMERAEIEIA TV NARL—KNES UK R YT OHEBYICOVWTITON, ZZTOBWVWZERKX
XY VRBERRELRBESUEX Y VELESIZREILYL TV, ZOHRERY P TIE, THBICKEREEDL
BWRRRMEL (£<1E, 8°C < -100 %) Z/H5, ThHAXIVEBRTHZIEEZRLTVNS, EIKR
WZ &, MBRTHEICHEOERBOESBERICIEL (-75%IET ) , MERTEI XY VEILEIC
EOESn-PEEERYEEBLTWZEETRBT S, HLESTHNIE, CNEBRIA T VEEH S
HE—EFHEOBEICK DTN TH 2.

EHEEECMEOXRZRI BOBEAERIE, N1 RL—k>—
THRYF TORENEETH D, REBREEZFORERNAEE (FISHE)
%ZFWT. Boetius et al. (2000b) (#9100 B O HHEMBEOESHED,
R 1~2 EOMBRTHEICL DEDEEFN TLWIHEFEHRRL: (K
7). Orphan et al. (2001b) & 51T, Th S DREYOEME I 7 T'°C
PMEWT EZRUTe, COEMERMINX Y VERLICEITZHREBDE
FILEZFL, XY VEREROTHENX YV ZBEL, REBTE
HNEREBRYEHEBEL T, RIDZBNEMICHFZELVHDICLTVS, X 7. MR E A BIS U 7= FISH
2L, ZOBEMEDOAYN=—HAS VEREBEOTADARGA Y (X —Y KEEHMEE (XYY
VARMETE N ERET BLRE>TOEN, BROEHEEESL o s o R
3PC HMEVD T, MAEMBEIIRIA Y VB DT HITRATIZRW, 7O0-7TRELL

XY VU EFEINICEBILT 2EYICOVWTIX, ZORBEOBMELIAICIE
FEEAEBRINTWERL, WOHDXY VY —THBEYH S5/ SN 16S rRNA O¥—7 TV REFRA
DEWEEEFTH D ANME-1 & ANME-2 TH 3. ANME-1 ZIL—TFB—DT7 1 T AV hHDWIFE—
BOWEHNYY NEULTEEL, NOTFTUFDOIR—rF—ZHEE LW (Orphan et al, 2002). Zh5
[$EKEHO (Takai and Horikoshi, 1999), X#>v/\A RL — b, ZREEBEYH SEINRT L TWS, BIR
@ ANME-1 HEEBTERINTVS, BIMNICXY VBT 28EMO 27 IE ANME-2 51 7O &
BTHD. ZOTIN—TETET—RNEXAIVICHKEHDWEDBOT T — M EX I VICBILTEAT Y
ARHE Methanosarcinales L BIEICEEL TWS., MAEYBHETOX Y N—DUREFX IV 27T —
NEXRKBICBETZZE (R9) ITETH D, REBRTEEEDEVS'C £HBETIZEVNSRTEFL L,
XYy —T7HEYF T, W OHOHRERTHE (BIZ L Desulfosarcinales) W77 —KNEZHEBL T
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WBZEDE>TWD,

AXG V=T TOWEYSREL SHMTL T, RN A S VB EOE—D ORI THRBETELRL.
Z OBENA Y VEALBEICRSNIMBBTHEIIRASG U FI=—IBbDTHD, N1 AY—H—
DF—F THEA Y VBILHIREE CLWIHEBYIHSHHBECEIMEORS ZHELTVWS, XFVE
BAE - MEEBRTE @ P77 — MACHEBICT T 208 RINA Y VEBLEEICHET 21580, &
LBWSEEHH D MBBENMEVAKBETHEHINX S VBIENEETVWEIELHD, REBUANDE
FRREHDEBVWTWSAREDHD. BNZENICERTDE, BEINXA I VEBLORKEIX YV PEIREC
TZE{L$ % (Valentine, 2002). ZhICEAET 2EMONBHEIEENRVEDETH S,

BIRX Y VBAZHET I2EBHNEHFCOVWTOBRIZIFEAEEN. X5y —JHBEYOEEER
T, 4~16COEBAEVREEZRL, REICLZEENTA SN EFERYOKEPRTECE>TY
BP7OCRRABAIVERZSIZRITREOIE-—LBRRIZHIET 2. BHENXA I VBLEIHROBEE
TODE—RPBAXIYI VI THYD (D’Hondt et al, 2002), EEHEREY, BFICX IV ERBOTIOT 74
I RDIZHDTORBRBTOE L OEH%ESHBET S (Table 6). XFVINA RL—KMDBMEL TWVWB L
IKHEWT, 140mM/miday ICHET MEBBTOEENMESI N TE D (Boetius et al, 2000b), HEHY
BRALIEKRBORR ) T — /DS AKELHMESINBIA IV TSV I REERICHINLTWS,

2.6.3. FRMIXT VEIL

AT VSR FRA VI —T7 1 —AZBBUKRKKICHEERT BE1IC, X7 VREBMEICK D IFSHNICEL

Ih3 (King, 1992). '
CH, + 20, = CO, + 2H,0 (12)

AT VRBHERAY VERBEOFR /BRI VI —T7x—X, B 0HLLERE, BHiEYORRICE

B9 2. AVUEBHARFSISHNABLEEZEZILTSH, PYEZFHESIEPERYITIEOXY VR

LEBNCERRT 2. :

X5 UREBHE FREBEIUEBEDTHD, AYVVERRBEIRILF—OY—REULTHAWS, XFVU%
BEHERAFILRBHAROERTH D, 2 THREES (CC BREEERVDF(TAbsL, C, 2R ED
T3 AFILRBHED C)9F2REIIFBEXA IV EBRMEEEBELTWS, BB 2207)L—7F
FEMAEE 7ATANITUTZ EVWS RBENIEOTHNABICSH T 2D, COFORBBOLHOELD
BEFEHET 3.

XY RBOEIZ, R - BIEEE - BEOMER - £1t% - SEOKRTERZ 2207 —FCHBESh
3 9471 1Zr7a7AN7FYUFPD Methlococcaceae FHCEBL, 24 7 Il ZaZ70FQNIFYTFD
Methylocystaceae BHCET 2. Z2DJ I —7EER 258X D. Amaral and Knowles (1995) (&
BREXY VEBECARZHFLELEBICEVWTY I 7 | X5 VRBHEENBEVWX Y VREMRERIC, 917 I
XY VREBHBENBWA Y VBEERICEL T2 2R £, 9147 | OAHNBREBEEIT ZEE
Zbon, BRICZLWBHTRY AT | ZZBIZ2EP, KAKFZYEZVLOENEMZZ L5147 | DX
FURBHENSEMTZ L EHERNTH D, 2L, BEREEERF (nifH) P05+ —EERD
ARIE, BEREEN2DO0TIL—TIKEELTWVWRIEETRB UL, Thbs, 147 | X4 VEBHENE
RETEDEHNZERS EWSEZHRFHEFPRIILAW. LHAL, BHICEWTY AT | XY VRBHEO= ~
O F—CEOFEHORBEIIRAEI L THLARN

ITRTOBRADOAY VREMBEIFA Y VICH U TEWRIE EEH0RE) Km > 1uM) 85, X
[OASVRETRRERFETZIEEFELLZLD. BOWRMAEZRHOX Y VRIHEOEBBEIFEELZL
N, ZORGEYRE ATV ID 10%E2ESHZ2EMTBEICHSIhTVNS, BUWXYVENEZSOXYY
BRACHE SR TIBETHERKICESh, #TKAMETPEREEOTE, BVWEEMBREICHIGL T, BX5
VHBENETSE. 2001 THRBAUABETOXY VEBILDOHA RT 14 7 ADNA AT —H—PA
fIEEBAVWTRES 5hTW3. Bull et al. (2000) [FHFEMLEFEICHEFZSRY VS UK *CH, oY VEE
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(PLFAs) ADOEEASHH L 1=, TIERETIE °CH, &5 1 7 Il D PLFAs ABIE S h, X ¥ VBEHLE L (100
pul/L) BRI TIESY A T 1 E I HHFL TV,

BREET, STOEBAYVREEI pH5 ORGFEDBEEL, FEAENPEBEBICEDEEISNT

Z7c (Hanson and Hanson, 1996). LA U, pH<b OEMED I XTIV bog THAY VEELIEE TN,
Fie, BEXY VRBHELOEIN, 2D08E pH=45-55 TROERTHS.
Z< DBEICBVWTESRRA Y VEBLHED PLFA 947 - DNA M7 - FISH SZOMERRICINTNS, X
& VBAMIEICNY 3 FISH £70—TREVWY A7 - B - BILERLELDDH 2. BEOBRBEL -
FUT FISH ZBRALIZET S, XTVRBEHED 1BUTHIAT | THZIZEL BT, BOIXEL pH
R EE DD, 5 YU TABAMOBEEL > -, @ TOX ¥V REEMIE O 60-95%H & —8 Methylocysis
T& 7= (Dedysh et al,, 2003),

A VBICEEIRERER XYY, BERIELDEEEING. BRICKIFHRE ERNICEKIESD,
KBUEYATFATRLEETHS. HORKEHOERYRENORED T S v I REA Y VB ESHIR
%, ZOERHIS, BEVY MPKEUKEEBYREEIAY VEEOBY L EZEDHL, KERIC
Kb BEARICEKXICH S, Heilman and Carlton (2001) (&K% U KEBMEEISHE I ZERICKID X
& VBRHEIBIMNICEL L TWBHERU., 2OT—ATE, BROEBYIEAY Y OXRY NIV I THD,
TEICEXYYDRY NY—RTHB. LHL, BoDOERICLDE, BREAIVREZRETDIEWVND
&0b, XIVERENFHITZERZI SN

BEHBOREREICL > T, BREDCIBEEIAI VBILODELHHTZIEELERICAS. H(X
F 4w IZREFIEZBL, van Bodegom et al. (2001) (FEFREN 10uM UTORKICOH, XF¥URE
AEEEEIEMELEET S ELBREEOROXAY VEEREOHES FOMSERENOBVENY
K53 BLVERENHRTOHMTFISHEEICEROSN, TholEBREEDHS > TAIVERIELHEEY, #%he
b KRIC K 2 EERE{LEB% TS, Van Bodegom et al. (2001) (L&D RENFZVYZTaL—YavET
IVHBBETOX Y VRILICR T 2EROMREMRET 2OICRIDLESS,

—7, BEEBEYPHINICER T 2B TIEORR, XFVBEOLBHEWSATATE, XFV0D
EREELBLEFHRT Z2LS5THS. RBRMOERERTIE, X5 VEENESCEBEIBENMEWVTKEHER
IKEWTXY VBILRT Vv IILDBBRICE>TED, X I VHIROX 5 v REOBENGIMCR> TWS,
COKRLBBECIIFMEREYHIEB R IERAITITZRL, X & VEEREE BB

X9 VBLIEERL NLOMEC X Y U REBHEOERBECHEL T, BERICLVHBEINZILEHH
3. A URBMEICLDAY VR FYEZFRIGEEICS 3 NHyORLEEML 2 DOBR, X4
VE/AF VTS —E MMO) EFVEZVLAE/ AFISF—E (AMO) THES. MMO ZEZ4REE
LRI AMO EBRL TED (Holmes et al, 1995), MMO OBERHEET S, MMO & AMO [F&
HICFDMDLEYERRLTRETH D, MMO (£ NH* % AMO [ X % > %#B{t T = %. Bodelier and Frenzel
(1999) [FAAICHITBZWEBERE (nitrifers) DX Y VBIEADTSEERTEZ L LD, X5 VREH
HO NH;BIAOBERBEATHZIEERLE. MMO DFEMH A FEHS S NHtE AT Y OFSIE,
BRERNA Y VB ZIMETEE VWS —RVBRICNTT S 1 DOHRBICHR>THD, WHIHAS Y E NH*
BEOHICE>TETZEVWSIERLEEAGNTHS. XY VEILOMTHIE NO, OBETEHRIAT 2AKE
HWB, L, BENBETEIX Y VEBELNEL, BREENMEWLSY, BRBRIIIFIENZ O, Ih
5DERIFVWITNHEE TG

2.6.4. BHTOXY VFRE EHIRNE(L
RGBS DAY VRERAIGAHMENEERD 1/3 2552, BHTOXTVRELEICDVWTD 48 DFEX
ZIAV/)X1ILF % & (Le Mer and Roger, 2001), —HD A% VAR, R TIX 0.43kg/ha, FEHHE
B TIE 0.72kg/ha, KHTIE 1.0kg/ha THSD. ZOIEBIE—REEEBDIEELBENTSHD, X5V
EERPIHRERICEDREMIGE DY FUVITULTWBR I EERRYT D, RETIE, XYUEEICHETDIAHE
BREECDOW\WTFENICEBT 5.
AKOZBICRROEMEITEEHICEBRRICEMTOX Y VRECEETS. KHOLSA, BF~H
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EOREMAERRETBLRROEME EHIT, KBHEATVREEEMEE S (Ziska et al, 1998). #&
BLE XY VREDBRWEDEE (2 = 0.87-0.97) &, “BLREEMICKZIHED, FE-LREOHGE
EMCEZHDTH B EERBRT S (Vann and Megonigal, 2003), 7z72L, BREORKMEERTD
W EBANTEAL, ZBIEREREDNKEN - EVEE - XY VRECREBEIFELIRRLERS. 20
HREERFRICHZ LS. VYR ITOMRTH, ZBLIRBEORED, 4ACLLLEOREREMEZFHFDARWN
BD, —REECEZEBLHBVWEZINTWS (Oechel et al,, 1994). |

WERCREIC L ZTEBELRENAZVWE FHEINZILE 45 B TlE, BEEOD 57% & HER
K7D 33%EEHD, ZOHIBTOBRMEIAT VEED 10%ICESL, BFEREEABEICEETH
% FR#EK 10 ERTORELICLD, TEEEYONMRERBIEEL, BRE U TXY VEEELEM
2L INTWS (Bartlett and Harriss, 1993). 722U, BEEENX IV RLEEBINIEZEVWSKT
BHEERAIR, EYOERBRERBEBOELTHZ. ERXSTBEORELRICLZEENR, JtADOEMIC
BII2EYEEREED, BROZEHERELTSD (Myneni et al, 1997). BoiV Y RITH, XFVHERE
KNI RIEZEORENRLDS, BEELOEENKEVWE SIS (Granberg et al, 2001).

HECGREARIET KXHEEIBEICT T IHELD DREENTHS. #TKEORBHIRETIEX
SVEREETEIZ LD, REBHETIES. Freeman et al. (2002) [FFBRUISRBERETDOX Y
VREEDBAE, XY VRBOEMELDS, XFVELEOETTE->TWSE@ERMITL ®5E, &EXKUL
TWRWHEBRE TOX Y VIEEIEX Y VB OEINERTICES XD ICRETH D EEX .. XFVRE
BERENRLTIIEDIC, ZREOXTVREEFID KD EEET 3.

AEESEBHERRICBICUVLER - 1A VLAY ERMNT S, X5 50 FHT, 1AVOREERE?2
 fEICEATBEEZ SN (Rodhe, 1990), ATHWAREZREESRIMNICEMT 21235, Z0RDIC, A5V
EREEHEMAECHBETECEEEZOSC > TESRULATNERS T, A9 VAR S BAREHED
H3. HMBICEDEEEBYPI TR XY VERIIPRIINZ I EERCAISNTED, KETOREO RN
EAYVEREREENZ S, £z, BERDPICEENIHMEBOLX Y VERZIH LS % (Dise and Verry,
2001). Gauci et al. (2002) (& 1990 EORBEHBRDOLNILT, bABHTOAXY VFEEHN 5-17%ETL
ERBUR. BEREROXYVREICHTEIDREIFELATHD, BEY - XIVERE - XIVRBEOR
BIEKELTWS, WODDOARIEERERNESENICA Y Y EEZBIMSETWE I EZERLUIC (Banik
et al, 1996; Linday et al., 1991).

SEERBETFREOHRNELEE, BEPRIXTHSD CO, CHy NJO OV —REDVIDNT VA%
T3 KREZBIREOEMEMTEMETHNERREERMCEZINE, NIATICETBIKRE
FREXENESE3. L£EL, —REEBOENNEEHRGEZENIEXAI VREBZENSEZIELN
BV, HTFKEDETIEXY VREBEETIESH, N,OFREEXENIEZHE LAV (Martikainen
et al, 1995). MEATIEK, SEREHEBHTORBOBTESD 74— RNy IHPBRBFEZ LIFEHTIT
ZHOEEETERN, COMBEBRT D 0HICE, WED CO, CHi NO 75 v I ROECERTT 200
ENHS.

2.7. ERfH

L2TOBSHNABIIEEN / BENCBRROFEERITIN, COBFRICERRHICHTEES. B
NICERZAVBZIZ DEYREFSHEHTRL L CBD, BRICRZIENIGT 2 cDICRINAEZ{T
5. ZOEBPNAMEEEBRORDD CERBIYEETFSEAL LV TAVWTHIXILF—ORDREEA
ERW (K1) EVWSEELE, BERCET(HIMRFNTENTHIEVWSERTHHD. HEEM
RODBRHERU LEHTHRI D (Peterjohn, 1991). ERICEDKHEEMNRBOMK I EICHEZR -
TEl. LHAML, REDHEIE, /"aU@ﬁﬂ%b“F#@@iﬁEc‘:E%@EE&:%Z@L}{LLZEj{’G%%Zt%fﬁbf
W3 (Zehr and Ward, 2002),
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Be b/ EABBICKIT2EROFRERBEELZFIRYT 20T, MEVICLIZEROGEBEERROBE
CHEICEAREEEZRIFT. ARRBEXBRERL Y -—N—THIDTERICLZEERDOFIREIFYICE

ABH N, OBOERERVWSREEMBHFELEN. OENO: o0 ro
(BEB) . NHe (PYEZILCAY) , ABEROVOERER }/« ' ]
W, BEEBNZEELNOBYIE, BYCETSNLERENA o
T3 ZhSOERLAME, —F —ERAOXENL ZEE E
BEED NLITHART, KDNSIVWIRILF—THBETE, Tav ,;;”0 o o8 lo T’?:;
JRInfcs HB2WE TEYER) BERERENS. REEDIR “g /7 ______ '_
N, sRAShAERCEZ 36H (ERED) =285, zowos . | || || @M/ -
EQERGEERGOIFEFETICESERZ (B8) . § 24 | g
ERHBHEZ DT VHOBRRE, BEREVNEZOEBRES . / :
KRB E LT, EWERERE N, A\EBMI B2 E (B2 7%
Foha BENICET BERERETL/NSYRERS>THD, i ©l D e gintd

~-—>exchange

S EERO NIRRT A EASOERY F— N cRBE Y O Xho
mATED BEGERIER (N,0) P—BILER NO) OV —
2Tb53 NO H-B{LRELD S 300 EHRWEEHEH 2 H8. EROLERCETRIC. 1) S8

i lization), 2) 7EZ=F7E®E, 3
TBD, 1750 ELBORSBENON 6%IERLTIS. 20 s 4 Bey IEEREEL & »

KERTOREREEEW DI, BRECEZENKRBEICEAT S \%}E;véfés, 6) @Eﬁéﬁ@/{gk 7)EIE
- i o ] BT, 8) i
EAYVVKEES|ZRTIT. NO EREBEREVYITOREYMETH BEER, o) BE 10) {L20BE 11)

D, AMKICE>TEELRTRBTOAY VEELZSIZEIY. BFE BRIVFUEZIVLRE 12) ZRETE.
HI0FEIThDEREGEHSRICED, N,O & NO OREEFEML
TEr. : =4, A BBRAH
AEEEEIERETOEES FFEEI Y, MEVICLZIERT BRE ERTFRBEURLEHY TUVT)
1. NOz + 6H* + 5e~ — Nz + 3H20

BarBHlc. BEORBICLZEREE/NITY ZORFRIEICI 2. NOs + Hz = NOz~ + Ho0

ATTHUABROES TOS, K- BR - MEHTAUEER o Zp Rl S

HXFERERTOLEEEESBHTWVWS, FIXE IYvyE—)llpy 4 T0Fe? + Z]T\IOOFs'O+OL4Hz[\|O —>]8H
. e + + i
S OEROTHE X F Y IETORTHERNOBAEBRL TV jyg (Ermssremoml)
3, Ffe. BER 74y I ASNEEROREICE > THRKAGA |- NHat+3/202 = NOz™ + 2H20
2. NO2~ + 1/202 — NO3
ETHD, BMKUEBICELBWSNTWS, RACKRRBERAT o7 E-7~0E7T DNRA)

-z abjological reaction|

ZEEHI NO2~ + 3Hp + 2H* = NHa* + 2H,0

2.7.1. BExREE
—hOrr—tEEWSBRIEEBERICLD®EL
FHEEINBZEVWSERICEWVWT, 2TOEYH
ERBETIIHEINTHD. 22T, ZLOHR
HWy7ry Oy (ZREETIHEY) BRA
#iBE (heterocysts; K19) DOKRLGFFHLIBE
TERBEEDBERR7V—IcLTVWE. 20D = py oo :
BILRBENEVE, BERETOREIHRREE Light ) Light  Ligh

L& DEML, BEREDHERIESBVE SEREe s
CBXICHRD. 9. YF/NITIVFHEOATAYAL (B +

—mEEE T L L — SRR TS TOEZRETERE BRIMEROLOHI, BRRZHETS.

18



D, $DNEBRIXINF—TCTEAESNBITZVEZIVLCAYDOLRLICEDPHENZ., TOTOEANE
RIZBEBVWIRILF—DRHIC, Z2<OIFPYVRNOATEZFREENXEREZT DD, EYPICEELTWVWS.
2L, YPVRAZRINSOTIN—ZICRESNZIRTIEAL, EBRE - LEEREEMEYICER
Sh, RN - BIWOEESICHEET 2.

IPYROTEXRY VEROBOBEEENIEL.E Hoehler et al. (2001) IC&hEBEES N, BSEY T/
NRIFTIYFHREBEORFICEVWTKEEEDRY N ARy MER->TWBZEEZRBWEL, Z#hdtZ 0O
JFr—FPBRIVATLADARGICEZEEZE. WED2DDIT—XATEIYYMNDODTTERYT DKRLANILIE
XY VEREYR—NTEDICT+DTH -7z, SSICEEREL, BENRBICEDEEINZKRIEIFH
KR EnhE, BUERIOERZSIZHIL, THOMIKERCU OEENH B ETHS.

2.7.2. WWIRRIBEZE

B2 (REEML : denitrification) & WS EEE, EREIY (NOs,NO,) ZBITMERT X (N.O,Ny) N
EETEZETOTOLICHLTHWSNS., BAEYRBOBRRLSES &, ZOEERBELHERE
BICHUTAWSNhS, BREEFERICETRINFRORES—RNAETH O, HRENCEET Z2ERE
It %BTI 2 VBILEFEXEAY 7V VI UTIRILF—DPEAETN D, EREHEBICEATS LR
WDT, ZORIGE dissimilatory GEEIER) THD. MEMRIEHKERL - MEET - A Y VERLDSHT
FILF—HICENTED, NO;, NO; NEELRFAHTIIEBRBINRARFCR>TWVWS, Z<OWHEY
ERROEDODOIRINF-—ER/DI LB ERREYERTL, ZOTOCIEFERENTS S, FEFIRH
BRERBEAYORITIE assimilatory THZZEEHH D, dissimilatory THBZ & HH B, FEEHG NOs
D5 NHS ADBTIEXBLOERRICEWTEELRNOy YV IIKARD S 3,

BEARZFSNENTSED, BRDPELAEEVWER, BEFEFHLLTHFEROEDLDIC NO,ZH
W3, FEHRIEE NOsICHRTLDZ<0BBHIXLF—EEHHL, RBHNICLOFELVDOT, BERE
BREERZNFTSZ. W OLOEYITAKD SOVEREOEFRBETCHELTSN, TO7OEIFHEIN
EtEDD NO; OEHE T TROBFICHETT 2. MERIBRINWFRICEDE Z SBRBEE 10pmol/L TH
3. BREFEBRFTCOEROSHPHIEOBREUICHFSHNIIBCOEZRD ZTREICT 3.

REMEIEEHEAER - BEY HXO3D20IRILF—YV—-RZEFAVNBZZENTES. REMEEOERLGY
I— & Pseudomonas ¥ Alcaligenes DRRIGBEMIRETH S, OTIL—FIERELLLD, H, 147,
FYEZODLEIRILF—Y—REULTEHW3. Rhizobium BOBRLGHEIENEEEL TEREZBEFET S
B, TNSOREN NO; ZHE—DEFSARGELTEEVWEHNITETHS. Nitrosomonas europaea D
KIZ, Z2<OBMERHAIICEELRETHD.

BH—MOICE, BEMAEEERKREEFRF—E0T, NOsHUKIENO, ZEFZAEE UL THWS.
EFZRRELTESNIEZRBPENERYBEBNIC N, NEBTEIND. ChSIKISEHERCAY
(NOy) , HRHETHZ—BLER (NO) , BEBLELER (NO) HEFEhd. ChSOBIPREFZRHRE
LT3 FV, BREFEYTHSE N, NEELT B, F/=, Nitrosomanas eutrophica B _BILERH X

(NO,) #BFZRHEULTHAW, NLELETRIZENRESIhTVWS.

IR E L% < OEBENPMEN I —7ILRD 5N, BRENRFOPTREMEIFICETES. BRE
BESERVWEKREYMD T )L — 7 Enterobacteriaceae ODHTHBH, BRFEWEIL, ZOTIL—TE7
VEZVALANDOKBEEHNBITETWV, NO;EZEHS > THEBEESRT D, W DL DOFINEHZH, BREEFS
T LABEHE P ERSRSAHEEICEERO S nwn,

Fusarium oxysporum W< DHhOEEIE NOsw» NO,;y%Z N,O NEBZDRBAZRD. ThSORERE
RVATALE ATP 24ETZ2INIVRYPOBFEZEHEEZ L TVWD, IhSRESBBRINEHSTE
&ET%T,95@@?%%?&?%_ﬂmuetm(ﬂmmLiE<Mwwwwnﬁ&§®ﬁ%§EmDT39
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DERBRZIATORBETSZEERL. BRICEOHICEIFSIHWTFRNAEBICHRD, BISHWRETOH
BEDO™ICIE NOs & NHITBITTE 5.

REXEETZERE LT, BR - BB - 8KE - EEOUENIE TSNS, W OHIOERRBEEY
—IVICEEZEL, HOBEREFEBEOEICHETZ. EREZENICKRFTT2OEENLED, Bt TORE
BEEZFRTDHICE, Z0BESREEREZERLRITNERSRV,

BIZiE, PDFBER (0) HREMAREICLOEBEPZNICHFEINIBFIRATSHD, ZOEERREERD
BREFEUEEETIES. W OHLOEYIEBROGE T THREZTZA RN, ThEIBSHN - FREEGH
HETZZEMTEDS. KOFEEFTBROLEEELZZSRICHERTIADDO 1 IKETIEZOT, BREIC
ESTEEDERGTHDEEZS. BbIETE ZRICEAHZVOT, R 1m TOBRBERT 21%
EFTUMETULARW, KEEBETOYITBIETHRROREZHIRT 2. HBEKOSEENENT S L,
AENTOv I Eh, REEOBRREITLICENSINDS. FIZE BFTCOFMLIETORBERROFTER,
3B =EICE L (Bohlen et al., 2001).

2.73. WILEBREBEODYTIVYT

MEMORBOABFHIWBOBERY —XTHD. HRIIECEZERRBEICLZIWEEOREYTHD,
BHGHE I —TICE2 2200 ) —XOFBEEBRCRIGTEL S, BYIDAT Y I T, Nitrosamonas
europeae B U < & Nitrosocossus % Nitrospira =& Nitroso-BIC & % NH, D NO, A DEELTH 5. pH
NE8UTDEHETIE, FYEZFZ7—IL (NHs + NH) @ 95%LLED NHf TH DD, ThSDEIE NH,
EBEROLANIITEVWSOTZ VEZ7BMEHEE LA N3, BZDOXT v ITH, Nitrobacter ¥
Nitrospira OFRGEMEEBEBICHED NO, Z NOsABLT D, FYEZVALAL AV IEMORBITEHRLL
HEICEDBIhEZIEHH2. BOEEROEAY VRERETHD, KEATO NO/BELD 44-85%
ICEBAL TW3 (Bodelier and Frenzel, 1999). AT, X% VREMEEII—BNLBMEECERYTHS NO
BAER - MET S, NHAEREROTRE - MBAOBRLEIEECSRDONBIENHB, ABHD
HRRICEVWT, NITUTPHHEHEROEBRRY —XATHBEEZISNTNS,

BILERREFSN (+HFEN) £647T, BEZBSHNEZGTEZOT, 2272070 ARZERBICHBE
Ehd. KEL, 22070EX0U A MAFREICBHEL TWSREE, NO,OEXEHBIEREICED, W
{CEBMBEN Y FY T TS, Seitzinger (1988) @ L Ea—(Ei)ll - # - BEBRETHILIREDOTLDHD
NO; YV —RICiR> TWB &R T 7. RO ENFEMERTOLTEICOH TEES.

NOsARAK - B} - BUERBE OAZEY —ZAh 5653 n 256, BEBREEAY UV ITLAEN
ERHIHTARAD NOsY —RXERD, ZhFEEFEEMPIXAF 27 U—CdoTnD. HRERNDIK
ENO; &M - ¥« TRF 27U — - BEANEHHET S, NO;OFHGENREVE, MEFRE(LKFOD NOy
BEICHHIT S

HBRYANDOBERDEIADBRED EHWEROFEENEBNML, BE—HREOAYTU Y INREASNSD,
BICHENL AT —AD NO; DILEIERN R 23728, KIEPOWBICKIBENHEIND. TXAF2
7Y —HEBYTIE, HERICLDECEBROEADBEE—BMEAY TV ITEEE 2@BICT B0, KiEH
DR IC L DBMEENESH /RS (Risgaard-Petersen et al, 1994). W{t—BREAY TV TIC L DHRE
PR EEICHDHIEEHNTN (0 16%) 0T, BRIEIAILLZEHRNDREMEZINT 5. KL,
NOsV —R & U THBRYNEBRRILETIE, BREANMEZBMEETVLS (Lohse et al,, 1993).

THPNBHE—BREBAY TV VTR T YEZILAAY - BHBIKE - FROEH - ISHNEGFZLEET
3 FRE3IDOBEEBELAHMEYREXEELTED, WO EKEREN, MOYIZERRENTSHS.
ZORR, TOEAOFHHIEEETHD, BERIBZRCEYOENNAHEREIBE L ERNFHICEIOXE
KZEd 3.
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WS DHODERED NO;7HS N, AOBTEARTEERICL, NO ® N,O 07— )LEES. BIEPHREOERIE
PMEAREBRICLOME I NG, MEBEROBRFININORERZEZEREEORIKEICREFILTED (K
8), WELBIHE<EMEBITER<NO BILERE<N,O BXBROIETH 2. BHYEICKT L THEHIE
ETHIE BABRATY JTTOEERULBRPYODAVWNELTWBREEII, 7-IHELS. BERIE
REFRVEYD NO P N,O ZHHT 3.

2.74. 7VEZVLNDEBEEOHEETT (DNRA)

BEREBTICOWTOZEL OMEBRBBEMOY VIANERBBITEZ 7 VYEZIJALANDFEEDOHEEET
(DNRA or nitrate ammonification) ICDWTiTh TZE/z. NOs%Z NHANETTT %D, N, ANBTI %H
FEREMICKZECERS. NHAFERERRICEDOP®P T L, EPICLDEEINZIHNSTHS. 45105, DNRA
FEEN,&E UTATALEEINZIEREZETL, EXRBREEZE>TWVWS,

NOsA NHANBTENZRBEIE 2052, BIEHEET THEYLPEDICLE DIDAENTHEEBOER
B, NHAAEBTEh, 73/ BOLSHERERCAMICEEING. TOTOERFEN NH, PHEH
EFREEO. 1L LTS h, BRICIOHEINEZWV. Tho05M4E DNRA (ICXFL TIEHEICEH . #
EMIC K D EEHEBRITIE NHAC K 2MF DO ERTED EShTWS,

DNRA (& NH,"BEICEEZINBVWIRILF—SEOHIHRETHZ. COTOERDE—RREISHEE
Wk EMEEh, ATP Z245ET 2 VBEANEEFZEHET 3.

NO; + H, = NO; + H,0 (13)

EEREIR I MEMIC < RO BN, W DODIENOS%E NH NERTTT 5.

NO, + 3H, + 2H* = NH,* + 2H,0 (14)
BZOATY 7EB L OBTIXILF—EEHEIRW. BINE Campylobacter, Deulfovibro, Wolinella
THBH, RABETIIEETIEAWV. DNRA RIG2MATIE, M1 TILICH L T8 BOBF=Hix* L, 600kJ
DIRILF—EFKET S (Tiedje, 1994).

NO; + 4H, + 2H* — NH4* + 3H,0 (15)
E_RETCHMEBEBT TCECRFYEZ LM AYVIFERICL DERT N, BEYICLDBESNIZDEBA
Aot/ NELTHEINS, HRVWIEHRBEIERIT Z2MMBICLIDEEIND, IXILF—REZ
R VWE RIS OEEBNE UK BERBHNTRZRT DL THS. 8Z5<, BEH D Z5B0DIE NADH,
5 NADH ZEZBDEFI VI & L/’Cﬁ}K ZETHBS.

DNRA #EIZIFEH, BIRMUEIH, BEUESHIIL—T700WThICER D Sh, KPIEHRBEHEE TH
ZHEMEE L8> TW3. DNRA #iFlZ DNRA FMENELBRWEFEHIELEOBBICEEICES.
Zhid., DNRA HiIE Mt OERBHAECHFSHEEERREELEDS > THRETED I L ETKT S, DNRA #
RIEBHEBMAEICHART, ZOZKREPEENEBINTVWERY, EEL, WKO2IDBETIIREMELD
bRELREE VIICRS.

DNRA ¢BZERERKICED, RREWBEN S >THERITZEBbn3. Tiedie et al. (1982) (LREEH
N, 2 WE NHAANERBIS W ZHEE, RER/TEBEOBKTHIEREL. BOSDEZICLDE, K
ROBBBFRNF—ICEH, BEROBLEFZIEAINBRONLEBETE, EFZBRAREZVRNICBVWEEY
NEFTHS. DNRAMEIZHEE 1 TILICH U TET . 8EEHET 2D L, MEMEIXSBTHZDT,
ZDT—RTIE, DNRA HENEHTHD. EHREBEHRL T THNEEFZ2ELMEELRWV. €T,
RENRSh-BIETE, BEE DNRA HIEEHERT 3. W OHLhOMRS, SE—LRREHNEET, HE
DPERSNhTWES T —ZT, DNRA WBREZHBRTZELTWS, ZEL, ThE 2207 )L—7OETES
BEEBUICHARINTE ST, MHOBENERT 2004552,

DNRA OFHIXBTHRFHETOHREETH D EEZ SN TET (Eh = -200mV,; Buresh and Patrick,
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1981). LHAL, HEMBELHRESETE DNRANBEETH D I EERTIENOE . HIEMRBEN 15%
ICETIREBMATCOMBBITON 75%H DNRA IC£2HDTHS. DNRA [EEBEE Corophium
volutator MIFFGEBC L D{BESNBEEZ 5N TWS. Fazzolari et al. (1998) (& DNRA HHEH LI
BLOHBIRICHEEZE D ERB L. BSHNICRTHERIEE DNRA [CE > TOREFRETIFRL,

&85 © Cu(l) ORAHMESEOEE T COEYRIG LA UKRGEE TEITT 2IEMNRIGZ DNRA
D, TRsE FEBETHRW Fe()ICED TEPHEYFRTHENRS Fe(l)-Fe(l) Xt TH 2. RHRDO RIS
[FAEROEWNERADOMIRT NH A OERICEUL I EZZ 51 TWS (Summers and Chang, 1993).

#EE. DNRA IR KBETEREDICKWEEZ ShTWD (Tiedje, 1988), BEDIHHLE, Zo7O0€EX
NEETHD, BEVWKKBETCOWREY Y 7Ich>TWEZE%RY. DRNA OFEMEE KR/ HEEL, B
% BEEOHEBIL, DNRAFBUNEETHIEXHEZERT DOHDOEREICR>TWS.

2.7.5. ERELETZH5 1 DORK 1 2 TR
: . _ iy " ) nir _’é:,& hao
EE, HHPLGEBRY AT LAICEEFNRVGRED w-fixatio, Ho-v4 NaHy = )"’ %
HDES 1 SORBILOWT, TOEELIES N hae Y . o
BRINTE . BENFELTNBE, <OT Nk .
% & L& (Mn(ll), MnO,, NOy, NO;, NO) AP NH,* & f = £ et s
EBbTE DL SICRD, BENE NHiD N,Ad 2l ° (8 MOl JeINO; K ‘
Bl WEEBEONY 7Y /ORDOEMEE B N S S nosp>
X Y Y C N ) NOy < b ; NO , N.H,
k27 y 7E@EETZOT (H8) , ZOREER PPN S
EI2EEPEER THNARDY—J7IVA% + Ew&ﬁ. 6H-
XETIEHEFRRBRS>TVBERDNS, BES T The
HIEHTZNEO 7O XOBRELOVTRE &

2 \ 5 < i 10, BEYA MK TR T7FEYIR
CEBSNTOWRWLA, RAEBRRPHKLETD (Anaerobic ammonia oxidation) () &, RIGIEE (BL :

CATEHENICEETHDEBbhD. —BIEEREC RS IVUNPBERYICRES) BLUTERE
BT UV L7 Y ES Y AORLIEE FEE (BT : 7EFI CoARBTRENEEIND) .
MICHADEBY 7T LATRBEIN, BENT7VEZVLARBLCOBETHZFFEVIR LR ITShie (K
10 ; Mulder et al, 1995). COXEE BSHNEHT, NOs& NHDERICEESI N, Zhdt N, £E
BEDO0H->TVWBEVWSEERBRICLZHDTHS. NHSADOELE NOsHBWE NO, DETZAY 7Y
VT ZEMIEK 20 ERHBNFMICFEEINTWE (Broda, 1977). ZFEY 7 ARIGEERAIE NOy &

BEY 3 EEBESIN (Mulder et al., 1995).
BNH,* + 3NO3” — 4N, + 9H,0 + 2H* (16)
LWL, BEEEFFRRICZFEY 7 ATIENOHEELFITH S ERES N (Van de Graaf et al., 1995).
NO, + NH;/— N, + 2H,O (17)
RIS 16 & 17 i PNH/2RIBLTHENShe, 7HEY 7 ATRIB(CRREEORTHNSFMY Z 457
ZEEZSNTVWBDEBDONO,BEEINS.

BEWT Y EZ Y LARCEBRSHENE ST 20 IRD THRE T, MREBERIIL TWRW, 2L,
FFEYYIZARIGHIETU TWBEKNMEBRIE T2 DOMEYNESBTHED, TOEBEEHINLTWS
(Strous et al, 1995). 2 DDO#LEMIF Candidatus Brocadia anammoxidans & Candidatus Kuenenia
stuttgartiensis THH, EEMBEOKRZAYIL—FTH3 Planctomycetelas BD X > /\— & RWVEHTH
BELTWS, ZOXYN—RBEZENEMBERRO IV /- XY NEFOREEBRFHZR > T
% (Linday et al, 2001). Planctomycetelas BO7 Y E=Z T L% BT 2 AV /N—F, RWEEH,SHEK
INZFFEYIYV—LEVWSAVN— AV NEHD. FHEYIV-LOEERRTEETHD, 77
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Ty IV RAEBET Z2EYWTEERYH SHIEERET 2REEHODEBLND. EYFTHERYE, OTY
NDMRITHEEHBERSYY (NHy), EEORYIY (NHOH) 288, ThSOEMIIERERER
FETHD, FRIDEL, BBRVEAHTHIHKIKIEULIIRLAN, FFEVIV—LAOTREEEREITE
SHARAREZRETIREEZE > TVWBONABULIAWL, FFEy Y AMEIE 2uM BEOEWERICK DA
23h3.

FFEYIANEBREY A IVNEHRICRIEIEREEZTBUEMREDERL, ZOEEAEIFEKERLELRT
TonizbDThsd. FINANIC, NILNEBE—ILBORRYATLATOMREIE, B N, EEDSERK 67%H
BENARTYEZYLARLICLZZEETRT. 51, NH & PNO,DEENT 1 1THD, FF 100%
DEZEN PN, THBZ L, FhDTFEY I ADKELBRETE> TWEIEETRKBT 2.

2.7.6. W{LRIRBRE

FYEZOLAEBLCT HEICHEERBROEERY —XTHD, NO—=NO—=N,0—N,
R Mt OMEICE DBRINICHEEIC T3 (Henriksen and | Nirification 1\!0; o
Kemp, 1988). 112U, 7YE=YABRCHEBORBRZEEL N0 ’ Denitrification
ERBLU, TSSO ATHAIINICRIFTREZERT DL T
FEETHZ. W< DL ORI 0, P NO, ZBkF & L [ |~ HhO = N0 - NO—=N0—N,
FWT NHA DS N, ES. 20 70t R & TRLAIR ) (Nitrifier Nitrifier Denitrification

denitrification) & FE(Eh, REERBMBEME S EYL cpx B 11 3OORBRNEIRIRTEROHN
{%. Nitrification = 4k, Denitrification = %

VRATLERFOEBRREBFZVEZVLABRMCHBEICL 2D THS. = Nitifier denitrification = TEAYEEALEE.
EE BRETZIFZVEZIVAIAHLMEE REMAEOBICITEL
HEDENDAB D, EEBBITEGFY—V IV AIKREAEREGFREMNEIROSLTVS, BN
RETIE, BANAMLERRIE, ZYEZF7RERBALBLEIN, Z0%, NO, N,O, N, AEETIN
% (B 11) . $7bpB5, Nitrosomanas europaea ¥ N. eutropha ORBE—DEYDHT, FUEZD
LBICEWER DY UV TEINTVWEDTHS.

Nitrosomonas TRE S 1, BRI RBHREE IS, BBRN 2BEER (NOYPZD 2FETH B N0,
ANBRSINIOIBFATORINT Y EZ7BRILTHS.

NH; + N,O, — NO, + 2NO + 3H* (18)
C ORFEBIFETEMICIE hydrozylamine HMBN L, BHEBEAEETZIHFENT v E- 7B SEOL, EiEER
D—FIEETSIC N, ANEBTENS.
NO, + 4H" — 0.5N, + 2H,0 (19)

Schmidt and Bock (1997) 3SR TOMLHNBREIBRREZ Y R— NI 2EBZRU .

BENAHECNBREORIE CIIRRERYE 22 NO X, FRW 7O TRABERYTHS. AT,
N. eutropha I£& % N,O ICKFLIZFZVYEZFBEIE, ZYEZVLAE/ AFITF—EEVWSHFRNEGHE
{CHBREBOBRENEE LEWN, FYTEZFHREVBRIETE, N eutropha i H, PEMOEHSFZEFRN
F—EULTRHWRZENERD. REICBENARFFEY 7 ABREFES> T, NO REQOFVEZTFEI
E N, AEFIFENBRETOEITT . 2720, Shrestha et al. (2002) (& N. eutropha I &% N, &
BEVERRETOMERINDEE LTVS, |

IhsORBVMBEZFO7 Y E-FEBAGHEENERIC NO © N, £ECENZITEBML TWEDIIKD
WTIED DIz B %, Webster and Hopkins (1996) (ZTE{LRIREHLEZETIETIX 29%, BELET
(& 3%D N,O £EICEBU TWBZ E%RUT. Wrage et al. (2001) [FHEEHNRBIEIRRPEROESEE
NMEWBETROLERENBECRZEERLTVWS, BINGIELHERY TIE, BV NO, OBEBEMNHEL
HIREOERMEZHIRL TW3.
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ERFEBWEITEERROFMEVICHEETS OTH KR LICEWTEREORRICE>TWVWS, Inb
DAINYRATFLATOBEMOERIE, RAVATLALDHRLEBRINTWS, PFEVI/IAMED B.
anammozidans ETHCHBED N. eutropha IEBRED R — )L THET S, KRB N eutropa OEESHIT
VEZFBLOREDIZHEBEBICED 10 FcEHS5NhD. 2207)I0—7F, BEEHC N, ZEET3EVWS &K
DH, HHEBBRCHEEERBUVEELEEBEONY 7YY T%2{T->TVWRESTHS. 7HEY 7 REBREE
{BET ZHXRRIIEFRN - BSHNT7 VETBEHEEEEATWVWSD, Nitrobacter OB EHREHEZS
ATWEYL, ChiZHEHEBEEIBREDC>-TFVEZTZHEERETEARVWD, BN 7Y EZILE
CHEEHINEEBEEDH > TP VYEZTBRIBECHEETIAVWIEEZTRT. BEERYFTCO7FEY IR
BREOKBRIXARERRTOINSDT I —T7OREERICET 280 TH 5.

2.7.7. FFEVHIBE & BRKRERBE

B I EEREUNDOBT R+ —TH3 Fell), Mn(ll), H,S Itk bHR—rEah3Ze6Hb, 2070t
RAEFEEMH, EVHNOVWTh ORI THETITS. Fel)OBLEAY TU VT UBEED N, NDFEY
KBTI pH = 2-7 OXETEVWEETES (Postma, 1990),

10Fe?* + 2NOy + 14H,0 — 10FeOOH + N, + 18H* (20)
CORIGIGREICK U THEEICBRTSH D, A Fe(l)BILH® Cu*ic L DEx N2 (Buresh and
Moragham, 1976; Postma, 1990). JE4AEMMIRMICKTL T, WBE Ny 7U VT U bR ERFERE,
1R - B pH THREICEITT S (Weber et al, 2001).
BEUVAEREVVAVOBTESFEYNRGE,S N, ZEZ 2 DORBEMNREREINLTED, WAL HHE
RSB BRI TRAZRICED 5%, Mn*IZ L 2B OETER,
2NOs + 5Mn? + 4H,0 — N, + 5MnO, + 8H* (21)
Mn2Hi 0, EBEIRET 20T, B 21 RYV Y EOHRYORSNECRES S, ORI
Fe()ICBSE U I=MEYNRIG (RIS 26) EM{TWED, MEMIICETTT %2 & ZRY SNV, Luther
et al. (1997) BFYEZYLA AV HSHEBHHESREH MnZbh 522 MnO, HHESRENEET
BOPIWVWEEZT.
2NH; + 3MnO, + 6H* — N, + 3Mn?* + 6H,0 (22)

CORIGIEHF R MnO, & NH/ ZE8DHRINBFHERYPTE> TWB I EeHRENTWS, LHL, ¥
VHIUICEDHEBYTO PN SRYYITOMETERE TS A >, TORBERER MnO, DFEEPE
BERNH DB ZEBETOHFEDIPTVOLS LA,

Thiobacillus B® T. denitrificans OEZHETIE HLS, SO S,0.2& v 7V VT LI ERFEREHE
3. ZORGRICKL ZWEBRBITIIESRLEORDMC L DEML, SNITYRX—AVEYOFRERICRS.

2.8. eV DOMIRILZE

SEXVAHAVRHRDOL B E LD, FDS55E 98%ILHKTH S (Weaver and Tarney, 1984). SKIRF I
IR TELRY (ferric) ZxFe(lll) &BTHY (ferrous) B Fe()DETH A JILEFE>TWS, IV /7> IEMn(l),
Mn(lll), Mn(IV)D 3D DOB{LBTTIRETERET 2. 22T, Mn(V)iZ Mn(IV)& Mn(lilE&bEHD%
FRT 5.

bRy askis pH 8 OMEKPTIE 108 BILUAFERRT, BUHRY YAV iEHE pH TRIEEAER
BELRL, ZUWAREDS, IhSORRFEGREISE5 TN, LECERYPICRITSNS. Fl)
E Mn(IV)DBBEIFERUFICE DEMHILU RICKZE<EINT S (Lovely and Woodward, 1996). &%
BRUPT WL Fe(lTHB SN 3D, BEYICLZ2EHEORET, ZBRKFD Fe(llDRBEIE Fe(l)
ORE LR UIBEIC/S (Ratering and Schnell, 2000). I74bs5, $KOY 1 ZILIEEEYFL — N DA
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_ BlEmy -
HETVAY @@ﬁ@fgtiﬁmﬂfﬁﬁ lC&bKREC  CO2HO ( Y /@ﬁ ,/ EHY (Mn™ )
gﬂﬂ?%b“, ﬁﬁ%q:?@ Fe(II) & Mn(IV) @j(%ﬁ : 0, + CO;
BRAFWTREAEL (B 12). 2208BOBE " onr 59 € Fe T NOs-+ Co:
BUIRSA A V3T A MMEBRIRET 3. Fe(ll) 1% "
B4 (monosulfide; FeS), E8kiL, ¥ 73 mﬁg«r}ig """ “') ) (BLEIBES)
1 NRED2RMFME L THRT 3. TAF 2 Y
v . - ) BITMERY -
7U—PEFERYTEIRCIEYIEBRETHD, FRERRCH - m@e{tm Y VB FIEY (Mn?* )

BROFNPE~SREORRTRETDS. ¥ 5 1) pm,/ BrcEELAERE 7OLAOBE &
FIANBFILAVEDS TmM U EORETHER BT (B BAVEEELEEYLEOBLENYTY
LT < (King, 1098), SBTEP X s> ampt L7 BRSO B-RIGEROAT (RRAEE
BRZEBRYPTEIRLEDLHBLYTHS

(Coleman et al., 1993). T S D#IE Fe()BT/NITUFICLOFRENS. Fel)ElkRBE, Mn(l)
(FBEDO pH TEBROFETTHEETHD, BRIEMNBETERLLIL. Mn(hid MnCO; & LTIERT S
B, ZEIRE, BT b UL ITERYESHEZ/ES (Burdige, 1993).

TEOHBEYRTO 35%DHKE 7T5%DY U H YV ITEHBABREYME UTHEEL, B EERELEYOMER
PEUVTHFET D, HKBEAEYORFBERBLEVWSKREELZRD. BiIhi Fell)ZIRRICKEETHRE
B7ZxYNARZAN, Fe(OH); EUTMHBT S, 7 YINA R4 MNMIFEEYH - R/ BENBETO
EYNBRILIC K Z2BRBRERYTHZ. BBRALSH sy AORET, EESBELEI7YNIRS1MILD
REBLYTH 588 (c-Fe,0,) 5 —H 1k (0-FEOOH)AEZE(LT S (Cornell and Schwertmann,
1996).

TZzYNA RS NOREMICERT ZHBIT/NI T YOI TR T 1~ (Fes0,) T 5. EE,
Shewanella oneidensis DHBERICHKIEY ZFERL TWBH I ENRB I Wiz, MR ORI ISERE/INY
TUZEWL DD OBEFEEPHSDHABETN TN,

28.1. & VHVETHE

Fl) & Mn(IV) Z#ifaN TRT I 2MEYIE 2 DOEEBW AT TV —ICoEIh3. 120, 88PHLLE
i H,ZBtI 2 1-HDOBFZRRHE VL TERBERWVWS 7/ NL—7THD, Fe(ll)® Mn(IV)OIFRZELCTT
RIE—ZE/BBIED. 272HDTI—TE, HFEMHOSEBUILEFO—IB (<5%) % F(l)E Mn(IV)D
BROLOIEEETZIEDTHD, ERBEFRTRESBFIYIZ7EVLTHWSNS (Lovely, 1997). i
EEILFEL, HOTRED/EENDNRWZD, SEROMEVBRTOZ L OWFIEHER > TWS. LHL.
SEERTHAEYMOZ IBVWREEORRE.EF >THD, EOLBBEELAMEYMICLDBTINS 5L
EZ5Nn5.

Fl) & Mn(IV)BTTORAIEZEEHEO I —7, Hc7OF7ANITY 7 E—EHBOBEFREICRH SN,
HRTHEORANEDOZ (S 7A7ANITUFICEBL, ZDOFD Geobacteraceae FOLTHEETTH
BTHD, BLHAKRINhTWS Geobactor metallireducens #&ATW%, BREBITOREARRETHEOR
FRENSHEREINTWVWS (Vargas et al, 1998). HSHERE Fe(ll)FRkzE Ay 7U>T92% 40 MU E
O REDEFBA T ShTWwd (Coates et al., 2001),

Fal) & Mn(IV)IEIRMEICE DAWSNB TR F =Y —REFKEPTETF—RTHD, XFVERTHE
BTEAOILOOEBELRAUTHS. XY VERREEIIEST, WCOHOESEFREEIEZI7T—b - R#
FERFEE - FEBRLCEY I /B - I A-XARBREDZREZCEYERLTZ. IhsDtEMEERICZ
BIELRENEBIEINZD, PFET—MERETZ. WOLOREBEYIIVEBD Fe(ll) & Hike R
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BREFYY7ELTRHWS,

Geobacteraceae D4 DDEDS> 53D &, FMMIICHABRIR Geovibrio & Deferribacter [3BHRRZ5E
DICTEBLRBEANE BT SZ. r-$&0e-7OT7ANIFUFIRLORESnICBKEREZELT Z2ERN S
D, EERYVORBRLIEIFRRETHS. BOEDNICERINICIERE Fe(l) BTNV T FTHSD Shewanella
oneidensis IFHHHSHRE (FINBEICHERLERZIMEA) THD. KREIRILF—V—-XEULTH
WEBBENBARRSICBLT 2HBTE CFRANSGHEEICEBLTVWS, ChSHUAOHKBITEDOF T,
Geobacter OFIELMNCITKRZRILT 2HENENTH S,

AHESD Fe(l)BTHMEIE MN(IV)%BTT 28125, O,  HE - B - iR AV - 7IVEEDS
BB ES 1 DOBHELBT S (Thamdrup, 2000). 7 I V#EIE, HFICAATVHEETHWEKE
BILEWT, SERBTNITUYFOBFEERE L TRD—MNTH S, Desulfovibrio desulfuricans d &
52\ DHOFRBETEIE Fe(l)® UVNERTT 2. KL, ThoRSBRTOHATIRRETERL,

Fll) & Mn(V)BTE 200 TEHSHABRBOAENREWVE, BEYIITBLRERTHZ IR
BFSRhEBD O, MERE, 1) BEPRACHENICERT SD, 2) Ao FeETL, BFe
b SBIEYMREANLEHETZD, 3) BFEOHULKREFL—MELEEBZRHEWS. ChS3D0ERA
EiE F)E Mn(V)ERMEICRD 52 SEFRIEBEYICERER I IDEREVWEEISNTE
D, FORREHI—RUICTEHESNTWS, FOIEE UT, G sulfurreducens & S. oneidensis O
FONET Fell)BTERDEFENB B> TW3 (Beliaev and Saffarini, 1998). EBFMHEHHFEZ BV
T, Lower et al. (2001) ' S. oneidensis OIS SMERMOBRBENZRELLE T 3, BRNEHFTY
—H A FEDRJREANEMU I EPBREBESI L. NEROTEINE D H 2 RBTERI ML S KRB D
FENEEBFEHET ZEUMNEBESHTWS. Grantham et al. (1997) & S. oneidensis H'SkER{L¥FTREIC
F&L, #ZTiF Fe(l)OBBICREALZEY NBHETWB I ENRINTWS., RAKROEBERHI ORI
DWTHEEINTWNWS,

2.8.2, Fe(ll) oERZEHHITSER

HIFPRIEBEICR > TCEB SN CBSHARBLROT, Zhzilld 270t X% in situ TRITL B
ERERW, BULB, HEYD Fe(ll)ZEID AN, FOBEBBZITSABCENTO X EOHEEERIC
B2 XNZXALIRDWTIFEBEHIEATWND. '

7 VMBEEHRNLBEFRESFTH D HELHBEYPICEBNICHFET 2 (Stevenson, 1994). Th
SOBCBRTICHBBAEERY /U OPZFNICEEV-FERBRTHICHS. 7IVEBOBFZERELTO
BEHEWET Z-HDOEFTIDFELT, quinone 2,6-authraquinone disulphanate (AQDS) A EBWLSh
3. STTEHBVWAKREEHD Fe(l)BT/NITUFIE AQDS UK 7 I VEEDEBTICL D IRILF—%
EET2L57. BEXTIC, Geobacteraceae RlEBIFREORMICDOWTIXZ OEBLIERINLTVS,

JIVEELXERTY SRAPVSERIBEY O RICRZBRNVW O0H B, 7IVEPENOIEE
iz, BEEBREYEDERELEETETHITRTHS. 7IVEREFIETENCEELTWS., EHOERS
NWEFZARGEERIC, FREDITIRAZTIVYEEZBER TS 70EATEDSNS. BTHRT I
VNS ROF /Y BITWARF/ V) & Fell)® Mn(V)ick DEZFICBbIh, FMEYOFERICHAE
AlgEICRd, 7 VBAFIEIEBERNEWVWOT, BEYOHIEL D BHMRENICEBRIEYZIMDAT I LN
AgETH D (Zachara et al, 1998). T 5(C, BRICLDBTINILT IV IiE Felll), Mn(lV), UNVHIZEF
AHXTEHOT, EMEHENICZREFZRFEENDADIENTE S, BMEYE EBNBLCYOFETE
%'@?ﬁitﬂ@ﬁ%ﬂt;", ERED AQDS (5 umol/kg) ¥ 7 S UHBEHEYF T Fell)DBTZEH D DL %
SBAY 5.

ERDEMERMELEBDDZIEZLDIIY - FT7IVERYITFETS. FL—rEUK Felll)oW< D
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NOFETEYE Fell)BPLDBRREICNITYTICL>TRTIND (Loviey, 1991). #EMIc =~V
O 3EFE (NTA) Z&RML, B7F Fe() OBEEFEBRL, Fe(l) DERNETINIEKXRT S (Lovley and
Woodward, 1996). Fe(ll)@TOEMEERDBEE Fe(l)DEMIcLZ2HDTHD, MBITRORBITER
BERRICLDIEROEBEICELZEDOTIARWESS, LHL, TOHRIZTBYERAE TO Fe()IREZTITS,
NTA I2& 3 Fe()o#Esl (FL—hMb) THHBERD. 7IVEBERKIC, FL—F - BEPOHN
HICEKICELETZ 2RI AV., HiEE Fell)OBEOLEOHICFL —F—ICBlRITREGES W
DT, Fe(l)ZEBuT 2ILEYOLEMEIE Fell) DBTEEICEEES XS, S oneidensis DFFRE T, 1k
BYORENEE Fe(l) DBTEE L REFIT 5 Z RSN TWS (Haas and DiChristina, 2002).

THEEHBYOSEBRIYITHERENBEVWGD - RLWHO - BEBIEICNI Y RINEODREEMTHS.
INSEVRIEEDOBVWERATERINZSERTEELZHAI 20K +HTHZ. FIXE BEEOE
WY 2 TBRYPHVERTERET N, BREOBVHEDIE dithionate-cirtate-biacarbonate DO&ER
EFRWRIThIERSRW. EL, EYEERETLIBRBT Iy 7R D2H0 > TWRW (Zachara et al,
2002). Fe(lhBB{tYOESHDORIGEEEFH T B7/Hlc, Postma (1993) (FE—DERIMEEZIRREL,
reactivity continuum % & &t 7 7. _

SEBICYOBTOBHELUYL T I LIYE - BRE - RER - Bl FL— MNIORE - MEYESIIC
KELTWS, THOMEYIEERETE Fe(l) OBTEEINIYB L BRECHEL TVWB I ENREN
7z (Loveley and Phillips, 1986). 7z Y/\C1 RS PLERIOYA LN (r-FeOOH) &5 —H 1 Pk
HRILEDERHIBTEING. TP F 51 NOBRBIERERY VI VB LV BEEEOTWILEYREL
DEHERITINPT L.

RSHC &7 2 BYREOEVERAZHRERICLZHDOTEHAL, FRERMICRESND LS ICEE
BICBEGRLTWB LS (K 13). Kostka et al. (2002a) (& Fe(l)BTENN 7z V/\1 RT4 N EERRICA
X791 NDEETRBLERTIBZIEERUE. AXVIAM NIBREORBWIYTHZHS, 7z UNAR
SAMEBULK SVWREBMNAET W (~700m?/g). ZORE,
Fe(ll)BTE IS T EES LU TWARED 20-50%%2fRET &S
hTWw3 (Kostka et al,, 1999a, b).

Fe(l) & Mn(IV)SE¥MI O RIGHEIE, ZnobhgEe~Y > Y O
BICLDRBULERTROREVN., EBETIEUVEVEETF
SREODEEEICLDFHRIhTVWROT, %K - Y VHVYOR : : , :

0 100 200 300 400 500 600
kHBT>TVIEETE, Fell) & Mn(V) DRTTARES Surface area (w2 g))
%, KBPTOBROIGEEE LB T/hEWwoT, il -# - 12
BECHTIRROBLEED < D RSB, ERYETORL _ 0]
FEFTPNRNA AT —R=2a VDR TCRELREIND. H
BRECOTHNRMTKAORBEIRRICBRREZMIEL, &8
ORI ERET D, BHTOEYEIRISEETEICEREZE
AL, 2ROBRZRET S =/, BRHRELHNTS, 02 04 0.6 08 10 12 14 16 1.8 20
WEPDNAAD - 8% - TVHVOBREBRTI A JIILICEELT Fe(lI) (mM)
SEZHBLIEE BHIETEIhSETOIOEALNESE 13, ﬁﬁﬁﬂ%@%’l&t@ﬂ?%@%ﬁﬁ
TWBOT, KT OB OBANBREELDERIBLY - o R e om

W, DED, BMESKT A IILORY NARY NRDTH S, BNKREL B, B) Shewanella oneidensis
O & BT S NI 8RRE DR,

Ch
(o]

- N W
0008

Percent Fe(III) reduced

o

107 cells mL-!

2.8.3. FEEPN vs EVHETT
FENVHVRBENBITEREICZITZEWVWSEAT, BE - HEE - B - RBKRAAVREDETF
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SREEZRADS. BIZE Fel)iE Mn(IV)ERTYT 3.

2Fe(ll) + Mn(IV) — 2Fe(lll) + Mn(ll) (23)
ZORBIE, Fe(l)BITEICEDHEEBINLEEEYO—FICOWT, YVAVEBFIVYIEUVLTHAT S
EEBERL, HBRYHISOKOBREENZS. Fe(l)il & 2IEERII Mn(V)BTTIE, Mn(IV)IcED HEY
HTEETH BN, FH—/ULICIE Mn i Fe ICHRTRIGICDR WS, EXTEREWV, ‘

RRICEAREBITIABELBSHRBICTHIERTIE, Fell)& Mn(lV) IZFMbHic & 0 IERENICE
TEND. ULHL, Fell)BTEIETEPHBYTICEETHD, W OHDFEIE, TY 77 VEHL H,S
DEEZTOY I UL TWEEBETIE Fe()IIERMICEMT 2 EH/ELTWS,

BRASYIIIFEMNIC Fell)& Mn(V)ZRBTTT 28NEZHD. 7/ —ILPZOMOEELRD TISERME
pH TaZEIL, P pH TH LK D E Fe(l) 28T 5. 7 VBIITBEHEBYDPICEEICEEL, i pH '
THRNIC Fe()2RTT 3. 7IVBEZOMOEESFIISERETHE c2BRILYOR TOEFREY
FBEULTRZDESTEHHD, EFYV—AEMEYNLEREYPHI ZRANT Z2OLEETHS. 51T,
oK - EKEBIETIXIFEMR Fe(ll) OXBITNAFEINTWS (Barbeau et al, 2001) A%, 2O7O0tX
MNIEBRNFBTOPRTENLETEETHINNIFRBETHS.

EEBIEICH TS Fe(l) BT TOBRN,/FBERNBRROLERLAERETH D, ZHTHZERDNS.
EEZENBTIEIHMEYEBETIOTDRETHZDT, MILYHNEET Fell)BMICZ L WEBETITE
B T7OERICRS. ZOBERERYP TR HLEVMOLRILHEL, SHKEBECYOEREINBVHEEICER
ELTEYHEBTHES. LHL, £< DERY D ZEBRAKDRT, b XRBEEERBREYWERIGLTUES
EHIEBVWLRIICERLAW, P AVIKZLWEBETR, BRNKBTHEERICLD. (LE2ERD
(stoichiometric) ZRb XT3, HIZE, 1 TILOFEREN_BIRERLCBLLINIRGE 4
EJLOD Fe(l) DETTH L < I, 0.5 FILD SO2D SEPADBTEYR— N3, SO2LHNH,SABTINDE
T3&, H,S IE 1/3 BILD Fe(l) UNEBEIETEAL (3H,S + 2FeOOH — 2FeS + S). 2T —X T,
BERN/IEBRENRIEOLLEIFREICRD, SKETIIEEYERLD 10%ICULEBULAGW., BHETICH
FZ2HBTHBEOEMEEXTEI ZLELNH DD, 2URNLEBEYOREISFERIT DL, HKETIEHEY
OEROBRECTVWBEEZEND. DD, Fe(l)PFEBERMIC H,S ICL D BT IhicKICIE, Fell)id
MBEBETINI TV 7O OBFRAREZBENICIRHLIEEZS.

Fedl) & Mn(IV)BEAOBEMOEREILREVINS VAL LD BRSSO —RIIE. BIESH
WEMOWRIEREOIBEE (5CO, + CH) HERHSNS. FEBTHEE X5 ¥ AREIC & 2R
THBEINREEAHNSELIICE, FellllE Mn(IV)BTHEOSMEN BV A NS (Canfield et al,
1993b; Thamdrup, 2000). &%, WMROBEAER/NS<, HEMEOBREIERTES. £, XY
VREDRBIBEEYERSICBILRENEDBUAVWERBEEOND. COFERIEAY VERIERT
= CHREBITHBEED ¥S BV CHHMEL R EEHERYICD b\‘(’ﬁ%?%% Wi, BEYORELE
AICEZTWBIESOBWE TIHERIHNHETH 5.

BEN/FERNBERTZXANTZES 1 200 AREYTFVE (MoO)ERINL THEBRTEZMNZ S
FETHD. TOFEERAVT, KK/ BKBELEWITEBENEBINEETHIILNRINLTVS, £
TOWHIT I =y 70k, TV 77 VEORMIHRERTUAO 7O CRAICHFELZ RITTAREENS S,
Fe(l)EBICNT 3 H,S EDBENEVNDT, £YK Fell)BTIEBAFHESI L TWEIhELAGZW, 0
BRIGBEANH DN, T ITFVBERELOOMIRCENT -5 EEENTHZDOT, LLAVWShTWS,

Fe BIEAREZRWT, BRI/ FEBENRTEXTES. LHL, TOAERFHVWENWTHBIEDN
SRS hic. $KBTT/NY T YU 7 Shewanella algae #BWERTIEARE Fe()&e 7z YNNI RSk Fe(ll)
DEIC 1.3%DHNERENEL, RADBEWVSFe (FEMNTH 2 EMINI Nz (Beard et al, 1999). &R
RBREIC, EDKEVHEDODH (<3.6%) NEEMHPAN=ZXLTHARETHS (Anbar et al, 2000). 7
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S4 b (FeCO) DBRRIAELE /NI T UTICLZHRBITOBEICR SR, oz, BREHE Fe OFRMS HA!
ICIEEXRM > T

2.8.4. MEVOHETVT VDR

Fe(l)& Mn(l)DE1LIE Fe(l) & Mn(V)BEMEYICTH U TEREOEEZIEH®HT 2. (HOBFIZEHKRE
EERD, ThSOTRIFBLICEDEPHICHRL, £FEROPTHENICUTAI7ILEIND. W -
BENERGEOWMAET, £LEVOHENH S WEECEIEN (autocatalytic) ICBILHIET D, BINEHET
@ Fe(l) D{LEREELIE Mn(V) - EBREE (Hansen et al.,, 1994; Weber et al., 2001) & ORIGTES. Fe(ll)
EMNNZBILL THRRIT 2EDE TN S OLENBIEEBRELRTNER SN,

Fe(ll) BMLICIKFE L BEVDORRIL, Fe™ 1 AV HRETH 2 RIEHREE (pH<4) THETTI B (Patrick and
Henderson, 1981). —74, BCEBENEBLHISRICED, RIGEFRYNLITNEERTRILF—UDEH
HEAWREBETIEEYN Fe()BLIEZEETIEAWE I TS (Staub et al, 2001). LHAL, XARE
BRTO Fe()& Fell)oFzERT DL, PHERETO Fe()EL/K7F7VF7H, BEHELDS, Fe(l)
PESZLDIRNF—E4EFHT I EDTRETHS. pH D 6~7 DFEHFTIE, Fe(l)id FeCO,DEELD,
Fe(l) ZFTBHDIEREKELLY [Fe(OH), ¥® FeOOH] Kb, BRMOSID RIS, ThSOFEHLT
(& Fe(l)iZ O,k E hy 7V UTKREDHHAIRILF—EEHHT

Mn(ll) i pH< 8 DEHTRERDT, MEYH Mn(l) DBRR{EICERL TWBHIEIBRICTEI NS, BEY
DOEREISHRERKBEICHITD MNI)OBIELXAZXLEUVTRHEETHS (Ghiorse, 1984; Nealson et
al, 1988), V¥ %##&ED/N\UFTUF Leptothrix discophora EEZF5<BORLMARINIHEETHD, %
D Mn(IVB1Li& pH - BE - AERR - FREOBEHTH D I EHNRINTWS (Zhang et al., 2002). Bacillus
sp.strain SG-1 HR<AETIhTWS, 2 TOEHAD Mn(I)B{LIZREBFRETH D, chemolithoautotrophy
ED) VTIEREINTLERWN,

2.8.5. BisK Fe(ll)E&{L
HWEH Fe(hBLEBERBEINLRBD 1 DTH B, ZORBHOBAICHESI NIzOE Fe(ll), CO, KD
HEDEE T IHEINNEREYNTH S (Widdel et al., 1993).
4Fe?®* + CO, + 11H,0 — 4Fe(OH); + CH,O + 8H*  (24)

CORKBLUE BBONITUTPHRK - BEBEHNSERINTVWS, CORBOBEELRRIE, MEDD
BRSGEBOHBICBE UL LEWVWS T ETHS., ThoDEYOEBICODWTRIFEEAEEBBEINTWA
WA, KEHORMIE Fe(l) DBR{L 2 HESBTICRE VM 51 3.
HEBETEHY TV YT ULEFe()BHMEDHERBRIZZ SICRBED Z &2 (Straub et al,, 1996).

10FeCO; + 2NOy + 24H,0 — 10Fe(OH); + N, + 10HCO; + 8H* (25)
LTORGIIWEEE NLIOBTL, ThiENZEETIHLVWRETEHZ. WO DHRFIE Fe(l) & CO,
R TREREBUEEDY, Z0M0RKE 7T — NORGEEYEEZMARITINERZSHEY. HEERYH
DOIEME D 58%IFWIH Fe(DBILETSDICFL, fhOKBETOREME TIIHRETHW Fe()BLZT
550 0.8 UTTH 2. KKEVIHERTE, MEVNICBITINS —T 1 AP EHOEHNE Fe()D
BibE Sy UV TES (Weber et al, 2001). 722U, BFHERYPHI S OBEEIE FeS ZBELT 515,
FeS, FB{LTERWN. TNSOEYD N, £EY Fe(hBbicxd 28MERFFMI L TWEL, Zn50D8k
BN EZERUICHEBOEAEICHIRINTWS, LHL, ZLOINSEPRFHNHEIHEE TS0,
ZORBREBNBRRICBUTEFEARRELT 0, 2RIRTES. BFZA/NRZE 0, & NO;OB TR Y FY
BEENIE, Fe(hBbe N,EERY V7 32 EEERREBHEE T RN TSH 3.
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2.8.6. IFKK Fe(ll)E&{L
BEN/ FENBEDA VY — T - ACB T B HBEIUTORXTERLEI NS,
Fe? + 1/40, + H* — Fe* + 1/2H,0 (26)
Fe®* + 3H,0 — Fe(OH)s(s) + 3H* @7

Fe(hB{tick T3, BEN/EBENRIGOLIEE, pH: - BERE - Fel)BRELHEEEOFEEZRITS
(Neubauer et al, 2002), PH< 4 O&HETIE, BRICK DHELEEITESD TEL, MEYMEHICL>T
B EEEIE 100 AEL EICHEINT % (Singer and Stumm, 1970), & OE(ISEEKHI BUEBOHEET
ELTBHTRWI E#RL, Acidthiobacillus ferrooxidens (fE€3l& Thiobacillus ferrooxidans &L
n1z)® Leptospirillum ferrooxidans HBHE I N TE = (Nordstrom and Southam, 1997). Zn 5 Dl
BENHEKD pH IERIFTEEREIRLTHD, ZNSOEHZ Y F ICKFT S, L ferrooxidans (FESKIL
SEERICHEMR U 72488 TIEW pH (<1.0) CHMiEESSE, BRI OBHREBELLERI—EFEORDEZFEL T
W3, Thermoplasmales BEOEHE X Z OB 1 MIEETH D Fe(l)OBLICERMLTWE L5 THS
(Edwards et al., 2000b). ZhXfL T, A. ferrooxidens |&, EHKIBBOFELZIFLAERZITTRVLD
BMEEOBEWEBIEICERT S (Schrenk et al, 1998). EBE, A. ferrooxidens & Fe(l) Pt D& E DRITHY
BIEH DD SRHEEZF/TNS.

1990 ERETICBELNRIN U A Fe()BMLMEIZ, MIFKETRRIROX Y —2 Z8/ D Gallionella
ferruginea 1213712 > 7 (Emerson, 2000). Z OB A-7OTFAONIFUFDAYNN—=THD, (EFBRFK
#+H L < 12 mixotrophic BEiR%1T> (Hallbeck and Pederson, 1991; Hallbeck et al., 1993). < ®
{L2EREBNR Fe()BBL/NI T U7 ORFEHLH#TK (Emerson and Moyer, 1997)% EokIEH O
(Emerson and Moyer, 2002) HSHHINTER. ThsORRIEEERTSH D, MREADOXSY—-I %5
eV, ThslE Xanthomonaceae RO r-FOFANIFUFTHS. Fih, HiE RKBEHIASHHBS
7z lithotrophic 7%k Fe(I)BR{LHRE strain TW-2(28-7OF70ONI T U TP TH B ERE I fc (Sobolev and
Roden, 2003).

mig pH £H4TIE, BECRBENABCEENAZVOT, 2ITKE3 Fel)BLISEBREN 7O EATES
EEZSNTWE, Ihid YEREK - R1A5—-R-2 a3y - #HTKAOSREGERRETRIELANIL
ABWEEFICEES., ULHL, BRIV I—T7 2 —ADBRELTED, Fe(l)& O, BEILDOWVWTO™
[EQHELIHIFERNE ([0,] < 0.5%) HhSELCTWSR LEFILKE, ETHEEME O, ODWMSEFRD-H
EAWREMICE > TRENLGRIETHS. BERBETO Fel)O¥BHBEBBRBEOEEZLDD 300
fZHRKZEW (Roden et al, 2002). Fe* D¥FHAILR W E EMEYMNERILIC L > THREMNRW. ER 2
BSRFEME P pH OEbD R cIEBERNER L & HiSE e TH S (Emerson and Revsbech, 1994).

EESRETE, RABETERN Fe()B{EHET 2RABRER (ERY - £8) KODWTREShTWL
%. Neuhauser et al. (2002) [FRABETOD 0, & Fe()BEERWT, B THEBILETS RBZOBEL
fo. SIE, EYN - EEYHISE A EDIC Fe()OFMEEELFWEE (2 = 0.90) THHITBZIEER
W2 U 7z (Figure 23). REETHWST/c Fe(l) OFRMEEXRACEEOLETO Fe(l)IEE0ERE & BIRE
BOT, ThEOF—5EWEWICE S Fe()BbiE Fe(BEICHEBI N TWS I EERY. MEICERY
ZEHEMEVWEEIC, NITUTZIIEBERNBLLRGORESTZ. ZO0BEFEENMNFOTIX -
B SHEBROLSBRERICHEET S L ETBT S CNSOERIE Fe()ZRkE UBIERIGZR T RE
DESPUHEICEET S, BRI, IKRICK>TE, Fe)BILNNI 7Y 7 OFEIF Fell) DELEE ZE<
33, Zhid, Fe(loFL—MMEEBU TRES, FBERNZMEITESD, InEHKBR{ICEELI WSS EPS
PZOMOMEABERIFICLZHDTH S,

BERR /BRI Fe() 28T 28 AHRAEERV. LHL, WOHDFERRTIE, KD 90%
MNRITFUTICELZDEDTH B ENTREINI (Emerson and Revsbeck, 1994; Neubauer et al., 2002;
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Sobolec and Roden, 2001). <hS5DAFEICTL T, van Bedegom et al. (2001)HKEHTT > KT
&, FEBRMBLNEBL TWBERI NI

28.7. QY1 IN

Nealson (1983) WM& RFIEERICE VW HT A ZILICOWTHH THEMICEERU Tz, ThUBEOH
T, MEMOSHKY A JILICEUL TFEINFBELER I, Fe(l) BT E Fe()B{L%ZE ) > 9 3 ferrous
wheel; MBHETEICDWTIRESI . MEVOHKYT 1 I Fe(l)BRZBU -BEYEBLLEREL, Z
hiZFell)BTEEDENICHES UBRVWRERTEP X Y VAREZHRT 5. COPBTOZORER,
BRiEic &2 Fe(l) DEBRNBTIELENEE A WVEKEBERZE L Roden EEEICKZHDTHS
(Roden et al, in press). 5 BENBXY VEBIEHE> TWBHREYH T Fel)BE{HE & Fe(ll)ET
HEHLIZCENICEEINR TVWBEWVWSTEFILERIE L 2 (Sobolev and Roden, 2002). £#&E#iE Fe(lll)ic
dA—hEIhizhiE s Fe()BHELIER T 2AEHHI 542, KBRAEEE, 1) 28R 0, 0AEZED
FOEERIHICES, 2) Fe(ll)zFL—MMEI2UEYZED, ZhEHINBPOBICEREIES L
Ik D Fe(l)BTZREL TWD. Fe(l)BTHEICK DIESNTe Fe()ERYISREYDBINEHERL,
SO UL ERRLTWS. InSOMERRIGOER, Fell)BRYEHEY 2 LR BRYIRILSh
3. ZOEFIOFEMIEEEROIMIC L DIz (Roden et al, in press), BEHNTHZEEZI SN
BNER, BREVYPICERENSRBRILEBEZRB ORI 2HENTEL TWIHEEKSH D,

Roden et al. (2002) ICEDEBREINEZEFILELD S, KOXELRKEN ZEBRT—ILTHY 1 7LD
BVWTVWEHLE LRV, EBHOLETE, SHYCIILNEEYOFECEEL W O2DOBRICK D{RE
Th3. RBEBSHWEIEANERZEAL, £Y8 - FEYNSBLECEXIEL, BREOCEBEVHRERLYZIRL
BItE3 BOBREKLED—FEOHA7ILICED, Bt TIETIE, EHOEWERYICLLRL T, &2
EOEW Fe(l) Bt EEILRD. BRECBWVWHKEIEYESE-LBZBRRREOEEICLD, Fell)0&E
TSN AREICRESI NS, EYOFKZEOHEROFREOELIE, BHSO O, MEEEOHEFHE -—8 -
EHNYT VI EEODHL, BROHIKHICITBEREDOEW Fe(l)BIHOHERDY, | Fe(ll)
DBITHNE S, EFE Fe(l)BTHES Fe()BMEIEDIRD 1cm OEBETHET S, RZEZIEY
HEVIREAECEABZEZ L, T KEORES RRREIN/ BRINBEZCORREICIRS.

29, %
DA - IR BB RTRTH D, WBTIE 14 Ok

ERCEETHD, AVOLBERO 1%%E, WEN - BRN © g,

BEERHT S, 2<OMBORBICENTI 1Y LEERBTL :‘3/ gxé

F-EBREICRD, BWEDICLZAATOEBRREY AL E o
BECEEL, AVBTIERREOBLENYTUYTL, # TR >@
W

SHBREBOBRARIXIIVELRRICA>TED, BRRENIAD %

BLIZIFRN,/ BENBEOHATES. 1 AEAMRLIELE NN 2
RISHAE <. MR A 541 2 )L OEALE,/ BITHIES 3 < s, 2

HyZIV>09% (KB 14) . BEL - RKBETHIADOYALS
LD, HREREEOREWEKERTRETSHS. SEREVE
RIGZEDIMNIBIR AT — I DRHLBBRETOERROWEDO A
VEBICLDERLTWS (eg, Ehrlich, 2002). F*BiETIE, BRRROXZLHS (8K 80%) HHR
BERTICLDDBINTHE D, REOWRILYHHIRILEN, / MEYNERICERTH S,

TR L 260ppm O A TS ERLY, A8, BTEE, BERROKTEATWS, 1AVDER

14, ADDEBAAVLFZEDORET
5 EBWEYIRID.
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REEISBTHA AV D-2 D SMEBD+6 £TREW., TRAAVLFARBOKRGHPENGETZRHOMA
i, WEMICES>TEFRF—ICHZRHICHRD. MBIIBHRENB, RKBETRREBKRAAY
[ERWT, BABETHECYAAVICRWTEETHD. MEBIERETHDAT (CaS0, - 2H,0) &L
THEEL, FNHIBRIZEHMEYICHRBEZRIET 2. RBEZECHYRRICEVORILERYTHD, %
NSORITE/INSA FDORBEKREBEPCFILYA b (KAL(SOL)(OH)e) DG KBIL I NRMEBIBENE E
h3. THRA 47 RBEKERYPTRIEYOBIERPE LTTES, 2L, S°RMEIK LSHRILYBRILD
ERPELTHE—RITH D, HBEOFROHOEFEBRICEHRES,

BN SINEFHREHE L IEh, Z2<EBE®EULTEEYT S, BEMEYIE, Pt pH TREFRILKELS
#+> (bisulfide ion, HS), ZILAUKBEBTEWEYAY (8%) , BUEBETIEMILKE HS) &UT
BETS. H,S BE—OERMERIYTHD, THROUEBRYOEIFBDORETHS. BEMICYIEEP
BESEA AV ERNCRIGL, FREOWYSEEZMED, BLBELOSMILK TS D RSHERYZ
Bicd3. BRULEDD OFLEXIFIERE LD, BEICTIAGE IO Mackinawite (tetragonal FeS)
¥ Greigite (cubic Fe;SONEERILT D, Z<OSEBIETAEOILEYZIED, PbS, CuS, HgS 7 ERIXS
RO DL < FBAKZRIEYLED, EVNICESHIETREYH SEERT D, 1A TOHRMIC K DAAER
PRI 2T OEKIICIR D, EHLEBICTATHO, BIUNEBEBYP O AVORKRERDEL
T, oK DEHENFTTERT S, 72120, SKEFCYHIRBINGRICIE, BHEIEBEICERLS 3.
2O TEEEEL, FILE//IXAS1C Kk (FeAsS) PEVIFFA L (MoS)ILRB I ENH S,

2.9.1. HBOWEYET £5. IhAa AR
EYHnBETEEEVW 0%

MEBET (RTeniR) 2 lactate + SO42- — acetate + 2C0z + 2H20 + 2~

ZT% ‘9 35 {ﬁﬁﬁﬁuﬁﬁtiﬁfb (%%ﬁj\%) acetate + 8042‘ - ZCOZ + HzO + SZ‘
U7z (Shen et al, 2001). #iBR (ooRifk (FARE) S205% + Hz0 — SO2 + HS™ + H
BITHE I EYEHOR (FTHRA D) 4S80 + 4H0 — S04 + 3HS + 5H*
WmICEY 2RXHMETH D, (BRE) 4S0s% + H* — 35042 + HS-
“EfRRE S(VERRERYy TTIRE HS- + 207 = SO + H*

HBICLB1A VBRI 5HS™ + 8NO3z~ — 55042 + 4Nz + 30H" + H20

LT BITHE
LTRIET 5. REATEE HERICKBAATEL  HS + 2C0z + 2H20 — SO42 + 2[CN20] + H*

BRLEYS L <IE H, ZHBED
BUTICAYTUYTL, IXILF—%Z2/2EHTHS (B 15) . <

07O LR EAENREETE b Fih, AAROLpICERN (A 1O ]
YELET ZREENRBRETE RIS ND. BENRBETREY s
DET—RMICED, RILYORHES LT SAV. RibkROF o
ERERSENS, BEORLBONRERESH, BiERpELT 2 TS

O L OEEONYFEERT S, FEENRERTES < OREI e SREENS
BEWT 508U toFEYDERICERYT % (Canfield et al., 1993a). SO4%-..
—EBICH 5 x 10'2 kg OFREE-S NN TFUTFICLDDEEN, = SO \ HoS €

D I5%IEXTEE TN EREESNTNS (Skyring, 1987). |, ¢ ] Egézzk_zfﬁmz
LR TOAES ORERTISEBIO > Ty b HAE VER o | T
BETE->TWS, 2L, RKBEBICEITZRBETLRINDHE s
FOEATEBETHD, W oD OPITHERREETHS, ol [ o]

BRYOBRE U TOEEREDENIC, RERBTTERT 2 BTN 9 15 HENEACORBET M
+ 5 RRBROS BRI OB BERIMOEMEL 25T EN  OBTEE—REBE & DARNNE
S R THRESNICEBE T2, BTNARYERNEE T ER o oPRBITRSES.
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ftah, XEBEMEEZSLNNITIVTIRE>TORBEEEEL LD, REBTOSRE - BREBRY IZHERY P
NEHE T 2BEEEEL, OV 0BRBEFESHIMEYTEREBEETHS (Jorgenen, 1977). HE
HAERERY T, MEBETICK DECKBTHNAADVD 0%IHBBAE VT IILIND. ED OFIML
MIZSBHIME U THRL, BRIICIE FeS,A\EEBY % (Jergenen, 1982a).
 REVA7IILOBRTORBRETOE—ORBEIHBR NS LEREEE _BRIRRICOEIZIETH S,
ZORBEDZIBLEWVY, REBTER—MCARAUIT—Z29BLAEWV., INATERETHETH S
Archeoglobus £ ZDMD 2 ~3DETH D, ThSEBMARE/ Y- PRELRY L D ERLRHS Z5E
TE?2. FEAEHBETIKLOBONZIXIFT—EEBRINEL, PFEF—MPIIT—MNORELBRTE
LREANDOELICLZEAIRILF— (AG) FZFNhZh, -48k) £-128k) THZ. Ihid, ZnZhOR
SOBRICEDIBIUETELDITRILF— (-844kJ £-1323kJ) @ 1/10~1/20 IRV, L, Zh
SORBICEDELZIMCYERDIEMEONT T UT, BEXEBRRBECZERREAEOLOOIXIV
F—ZEFSNBEREHEBRYICE W TRHT 5.
FEYVORE /AR LBIE—SEENICRBRTEIRS /FAR2BE7O0tX L 29Ehd. FE2RH
BRZHRLEEEZFAL, Z<E7PET— MORELLMEEITS. FIZE,
2 lactate + SO,> — 2 acetate + 2CO, + 2H,0 + S (29)
UL,
4 propionate + 3 SO, — 4 acetate + 4CO, + 2H,0 + 3S% (30)
WS DD DARLEB I EIIMEBETEHLRTEEERKET S, X
3 lactate — 2 propinate + acetate + CO, (31)

2L, MBRTEOW DAORMIEERBERYE LT H, ZRHEL, H BT FUTFICLDEPH
KBREIWARIFThERSRW, BERIECEWT, BRREFYELTFZET—IAPREThBZEDS, HREE
THIIEBHE CHZLEMINTE L. REBRTHOWRNEENERINOE 1950 FROZETH
%. 1977 EFXTIKDHESNIEETORBRTHEIITRSBLETHD, IEFEALED 100 FallchBEsnrk
Desulfovibrio BD X > IX\—T&% - 1= (Voordouw, 1995). 1970 ERMUEIICIE 7 T — M EZHET 27K
EDBEIhTWERD S e, MEBBBRTELN 7 T — N EBF R F—& UTHAVWRERHEI NS5 TWE,

BACHOBI N7 T — MNIBOREBRTEIZ S 7 LABEME TH S Desulfotomaculum BTH %
(Widdel and Pfening, 1977), ZhlEg 77— hEHBT 377 LRERAEIFES L TRESh TV
3. 7T ML BREREIER 32 ORICTHILRROKEEMES.

acetate + SO, — 2CO, + H,0 + S* (32)

SHNREBEVWDH IRE/ FReMBRTHEEHREFL, BEEAECHLTZET— M ER#HT 3.

TESRETHEIER H, BEICEEL ThoEs H4AL, H2 Iz tOBARHL, MEFRZTS.
Bl Z (L, Desulfovibro i

2 lactate + 4H,0 — 2 acetate + 2CO, + 4H, (33)
KRREBXY VEREI,
CO, + 4H, — CO4 + 2H,0 (34)

BEEZEHDE, COT—ATORBRTEEEBETSHD, KBREZEBWVWLARILICRDLLHIIATY
ERBEIIEKELTWS, MAT, XY VERBEIRBREBTREICLOREEINE 7T —MZERET 2.
BFRF——WMEETEICL DAV SNB3IXIF—V—AGLERBTPAI VERRICLDFBEINSD
DEFEBPLTWS, HREEBRBTHENEER - 7)L0—)L - H, EORBARYERLT 2 & E—RNICE T
ANShTWSD, COURNIRELTHO, FHLWREREORRIHEVWTVNS. MEETEIE H, 28
FRFA—EUVLTAVWEBKIC, LEABRHNGRHMETSIENTED. RBBETEICL VBTSN ZIAEIO
BEENMEOSHEAHBEICL ODBRBEINZIDT, REETHNEY JFVE (Mo0,?) L VE (Se0,%) @
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BARBEMWICLOMEIchds, Tho0BHEEBRRRICHEERY EEHHT.

FRO—MHULBHRBERYOMIC, REBTEHIERFEDH 2E4KEY (xenobiotics), ZOMOFE
MRS, 7T N —XOBIHE Cyp ETOFINAYETIVTY, BYUVE JAHIKRVE 7)IdL—h,
BEXFIL, 41ATEEY, Fhy, 90U VFEORIIRVEBEEZEET 5.

MEBTHIIEEICEYEETFSRHREEF N —O@AICAWS Z EDHFKS. FIZIE, Desulfovibrio
BIE7IVEY ) Y JBZHEET 2D, b UERLREFZRRNINDSZ L, InSZI/N\TBEAEERTT 3.
BEFZFE—MBORTIIHREBEETEOTHIRFREITH DD, IhsOMBE RS REE A ULEY (&E
B, FAME, TRAAVERE) 2BFZTERE UL THWSZ ENHES (Fitz and Cypionka, 1990).
W DODDREEFEBFZARARELT SCTHRRT 2N, Z<DEOHERIE S ICEDEEIh, ZhiEEZE5<
BB TEMO ERICKZEBPNS (Rabus et al., 2000).

HEEBTEODS < (MR - BNERTEZTL, BARICL > T IhSoRBIEIBEETLODBFTEFNS.
MERTENE OEEMRE (HSO,) BIBRITHEHEEICTL THEI<. L, BHERTICHEUER
HERHSNTVSE. BEHISEREEIRNEMEHLIERD, MEBRTHOBERT CEL IBRERYIE
NH, TH 3, 20, HEERTHIEDNRA (FYEZIVANDOIEEDOHERT) 7> TVWBDTHS.
FBTORENDIFERBITEORICHRDSNZD, TORNIFERERTOO 7OTANITUFICLDE
ETHD, HIBBEREBEREILA VWAL, REETEIEVZY - 704 - fREOEEHRTT I, BE
lZULAW, EEE(V) (arsenate)z EEE(Il) (arsenite) N\BTI ZHIC, HEBTHEIIEREYR—KNL, 8BS
&> TEHEBV)IIMELDOEFSZRAE L THFENS. RBETHEIEEL VEL Mn(IV) ZH5&TY 3.

MEBTHICKDAWSKh DA AVERLELEYME U TIKREBIAZETSn, TRE7ET—FEBREANE

TTEND. BRRBITOMEBITHEICE > T—RHNGRETHS. 2L, BEFRETREFSHAREEEA
ERSY, BERBTIIBELERETDCOHOANZILATHD EBPND (Cypionka, 2000). FIsiEH S
D, FENBEHI SO NIHEBTEDSZ < [ Desulfovibrio BTH%. MEEBTHRICK U TEFZE
FEMIGIT2EREBL L TREY Y IR, FANTE, JATAVRELNHS.
MEBTH IS EFROBITHRIERRIGTHARL, BERICULIZEREBEYTOE7 /- ILEZBFZAKEL
TRHW?, HMEBRTEODMULHEITZI/VILBOY—RICHY VLD, PV VIBIEEEDOA S
VU-IXAFIIRIKRZAZOEAL X—K~ (DMSP) OQRICEDEDL, 2070 IEHREBRTEICK D
wWIh, Z0% MEBERTHEICKDBITINS (van der Maarel et al.,, 1998).

292 MEETEOSENER

MEETHE SEELREBNIIL—-TTHD, GHRHUICVWODDIOEEZER L THET Z2LENS S.
EEQEEL U TEEENE, HEOE, DNA L3/ 7ZVEY NIV YOEEE, EMEETER
(Desulfoviridin) &F M O—LDFEE, BRREE, BF N —0OhRE &/ AZREBRAEZTSEAD
EFshd URY—LA RNA OY—JIVASHREETHEZ, J7LBERERR 77LBESMEHEE,
FHREAE FRLHEAEOC4DICRS TS, V7 LABEREREO/IL—FE7A7ANIFTUFT, %
< [& Desulforvibrionaceas & Desulfobacteriaceae BlicE I %. A
Desulforvibrionaceas #H& Desulfovibrio & Desulfomicribium & (K
16) & Fh, RHEWICHEETHS. hicxtlL, Desulfobacteriaceae
Bloxfld 20 LEOBEEE#H, Z0ZINERER{ILOETHS. /74
BN S I — 7l& Desulfotomaculum BICEE N3 EHDHEL,

1970 ERB¥EETIE, MEETHEE L T2 DDRE (Desulfovibrio
& Desulfotomaculum) UDHI ST WD o Tz, Desulfovibrio BISE [ 2
SICBE - B TEZDT, MERJRICKRZZENSEH T, HH, 16. Desulfovibrio desulfuricans.
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OBIZEMUEBROZS LAREET, FICKEEBWISIF—MNEBFRF—ICT DB Ihr L
MU, desulfovibrios ¥(Desulfovibrio BE RO IL— 7)) ISEHOEBF N+ — L HEE - BBR - @BEERLY
EEDHRBUNOEBFERAEZRAVIIENB->TE.. ThoB7ET— M 2REEBYME U TRET S
ReSRBETS5MBEBTEOTHNASTH S, desulfovibrios FITRBMNITIC K DMERICEZKRTSH
D, ZOBEEORHTADEI S\, Desulfovibrio BILEFHEBRMN SEBICHMTS, BHEILHE T IMER
TTO%L ZB->TWS, Zhitwl, desulfovibrios g X9~ ERHIE & HABRICH 3.

Desulfotomaculum BOEILT S LABMETERTHMLT 2HEBETETH D, BEEFREMICSKTH D,
HOLTOFBREAHE IXNTEZBERFEERD. ZORBEMMUREBEBIE & RRICIBE VREAD
BibEES, H, ZIO—)l, BB BEAILRFIVIL~2HILRFIILE 77Uz kBEnmER
TOBFRF—EULTEWS, Desulfotomaculum BOBILGEFHEBYF TCRENEFEEEETHRVNEEX
SNTW3D, BEYICEDHEBRYDITEBRZICHEINZORBEBEIIEETH . Tns5Hab(Spore)
AEDENEBEROLHICAVWSHh, KHOKRBER/BRKZRVETRIETIERLREIKZS. D,
acetoxidans (F7 27— MBI ZITSMBEETEE U TRIICEEI L TWS,

1980 FRUUE Z< OREGHEH - TRIh, B2/ FTELBZiTS5HEH Desulfobacteriacea
CEUTRBINTE., 7145 XY NROEBTH S Desulfonema ($BBBELAECRTARFOEEYICED
HEYRICRS SNE. REBTHESHKOS I —T7E0LT, HOHEEL DS BEARENREEESS, Y
RY—LAHT1Zy NBEFHD DNA Y= TV AAAYTXILAF RZO-TPRY XS —E#RG
754Y—ELTHBVWSHh, BREZBVWERERELhTE. REETHICEEO /70— 7 8 FHER
WMaAS L, NAAT LA - MEYT Y b (Fukui et al,, 1999; Minz et al,, 1999a; Ramsing et al, 1993;
Santegoeds et al., 1999), HEMICHL THWSK TS, MAT, EHYTILY/ LESE (Voordouw
et al, 1991), /\«1 ROFF—tELIFBETERBRTERT, VN AEREXRFEE (Okabe et al, 2002) H
RBEETEOMRTCHAVWSNTEL .

2.9.3. HEETOME

GESRTEOBEERIIIEE - £1b% -4/ LEERV TR SR TE . — I, FRE (B¥E MPN
%, most probable Number) ®E&E# ETOIOZ—A7Y NEOKRLBFETRED SNIEREE
(T 10°~10°@,/mL TH D, MBEOREBETEHEEFETERESNZIHLOB/NEN. COFR—EZE, 7
VT 4 T DIEICEENS - 2 Z EIFERVRW. EEMEYT Y N PIERERY ICEBR Y %158, MPN
EEREBERETEOZFNS ULWME (10°~10%@/mL) 2R&EH 3.

BENMEYBYEROERLREBICLD, RERETEIZOEERRBICHE LS TLMERDKIE %
EESBICTERN HHEAY TXVLAF R7O-T 2BV FISHERISEFERYPOMBRTER Z 3 X
1078,/ mL EB#ED, COEIESHEEMED 6 RICEEL TWe. £/, RNA ORI DR S nfE
E1~6%TH-H, BHICIEZ20% 2 LHHZERBEESN T,

HEYTH S EELRBRTENR DD > TS, MPN E2AWVWHEOFHHEIC L5, 5797 —h T
y/—=, Prr—~, UYIE, 70 Fx— NOBRGZESGEEIMEBETREICLKDAVWSND I ELE
St WEYR TORBBTIRS /T — NPT — N EDMBET BTN -TICL D ELTONZBENE .
REBRINET > TOWBBEERYIEHROMEYRRO Y VEBERRICES,, 72T -NIBHEETHS
Desulfobacter BOTEHEEZRLTWS. MPN ZEBWT, BFEMEYYY NTR7Z 7 — MNIBORER
FTED, EEMTEIY / —IIFHBAOREBRTENERT B ENRS N
CDFOFSHERIEICE T EIRERTS I — DI SKRITHEED . HERYPFH,ISHE L RNA ZB8
Wz FISH R DB RTHEOZHEENRE O SN TV, EFHERYPTRIMEETROART SR
7IL—7HE# L, Desulforvibrionaceas BH% WA, Desulfobulbus ODESH RS SNz, 7EL, =ik
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TETI—ZEFREPERBICEEL TELT 3. FIZXE Desulforvibrionaceas & Desulfobacteriaceae
RHUSHEBRY O _EZ2.0m TIHIEFRBI L TWB D, REHNREL 43 T LB Z1T S Desulforvibrionaceas
MENT 3. FE2BEIVREOHERYICTIZEFELRWD, BEMTIEEHT 5. Desulfobacteriaceae
BOXYNR—ERBEMNICEZHETHD, EBBOKRLGEHECEESBETERT 5.

294, GEETEHZHNETSIER

RESETORECET 2MBIL S EBRVWREBRTEEDRE (Jergensen and Fenchel, 1974)
L DS U, %i, TEERYTHZEEZISR TV HS LEBHEY (FeS) OFRAD S oftmmEic
&0, BEBRBTEENBELSh TV, LHL, EEMPEL BTERTOHMBY T, KREOEKIL
NERINBZENB-Tz. BEIL—T«YEULTHWSNhZAEIE, BRHIOL Crl)ZERE TR
TEBITATY IHRRENTWS (Meier et al, 2000). E#ICED HEPHEY TIE, REEALR S
OENRSMETHD. MEBBTEE IIEBHEBYRTORBOHEENSHRBEONTRETHD. REDE
MICHES BITHA A VREOEXERERTHEOEMIMEBT 7O L ADERE VU TAWSNBD, &
EORBED ICIIMBE DI ZEHEIT 20ELH D, FEE#TH 3.

EEYMOEIAEREL, RBOFAEREBRYP TCORBRRBTEEEZIELT 5. MREIBFIATLATRIE
EREEBLL RSBV, FIAKIC, JKBOIRAF 17U —TEIHERYRRTRERENRL T S, HEY
FTORBRTEEE 10 HEOIETEZHETH DD, EBRMEOEEHERYORE 5-10cm TOFEEL 50-
500nM cm?® day ' I2ET#% 2 (Crill and Martens, 1987). EEMOHEN Y Y NATORBETEE,
Fn2n# 4,000, $14,000nM cm™ day'I2EEBW (Canfield and Des Marais, 1991; Hines et al,
1999). BWERHIA Y VELISEEEBRY TCOXREORERTZHET 5.

BE-FEETIE 0-110°COBEVEETES. 115CHU LIRS E, MEBERETIERNENRIGOHICELD
BZEEUShTVWS, MOBEYRIGEBERIC, EYNMBETEIRELLORZIEFEINS. HREE
TOEHZEE, UVRFUITBEECICES. —RICEOFEHFLE5BHULE 30 FUTEEICEL, Z0ZE
LIFB{LRTIREO BTN FBOERICEXRICHEET 3.
RE-GBEBTIIRROBLEICKE(FEINDS. BFHERYTIE, ARERBLHBRETEEORICHR
WHEENRSD 5h, MEC A VBEMECATNIE, REBEETEIEEYOEREKFHRINS. RKETE
FERWEEOBENFOHEHEBET DD, MERBTEZNNEIHOSBRTIOLIDOBWAY TU VT,
BERLBEESFONEEHREROBTOBICEERM (stoichiometric) BEEZEU I3, MEBITFIC
EWTIE, —BIC, SE—LRREBTINLHBEOEILIZ 2:1 1425 (Thamdrup and Canfield, 1996).
HEBTICEORELLERE Y VEBOBIEHRYO C/N/P LLERBRBTOMERICLDFAHINDG. R
BITEHRIAFELRERREDT Y 7y MK ORIGT 2.

W DI DBFRF—EIFHBETEL DO X Y VERBEICLDAAINY T, ThokRENEEOF
ER2OORBORELERT. COFA TOEBEDHIE LT, XFIETIY, MEBXFILELEY X5/
—LRED CRFHEFENE, AFIEULEBER - 1A VEVERELPEEOBEYE L U T—RNT,
ZNSNAXY VEBMBEICKL DFIBI NSz, EEMERYL SIEABOX I VHRET 2.
REBESFERREOEBE—HEVTORB A A VRBER, ZnNMEVROACREBITICEET S, KKEER
T, RMEBRENHIRDELLASBRVWEREBITAHIPRLAW (Bak and Pfenning, 1991). #K T DOHRER
BEIEKICHRNTHRDIEVWT —XATORKBET, MBRTEIEIRBESESICERIS. 20y,
MEBTHOEENLND BMESRE L L BICHERL, XY VERTILRBAE TSNS,

REBTEHIET—RICESHNTHZD, BEOHETEW DHOOEIBRZABL, ER2ICHESHNGRIE
ICHBRRZShEIENREIN. REETEIL, BRZEEIT I HABHEEOFEICKLD, BRANL
IR MZ 5N, 2L, HBETES BROBRSEHEORLEEORERIEE, MENEVBSHITHRE
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BITEI’BRRRFORRZITS>IEERL TV,

WA Y NOBRBRFERBZEEYD T TCORBRBTHREL 2 DOBBLRBEICL I BNERERL, TH
TIEBILR, TETIIHESHICARSD (Minz et al, 1999a). BLZBHEICER T ZHMEETHEIE, KERT
ZMECHEREYISOSE—LREEDISEVE WSFIENH D, EBE MEHTY N OB THE
UZeMBETEER L DFVWERSBEFFEL WD, BH<E>TWe (Canfield and Des Marais, 1991;
Visscher et al., 1992). ELICELT 2MEETE CH S Desulfonema [EHEMN Y b DL /BT >
F—Tx—RC—RHOTH D, BERMBOBICHNLBZIBBEICEETHS. 71 IAY MNROBECLBEENE
OBORERFHEICHT ZEISTHS.

2.9.5. 1AV DWEYRIRT .

TERAAT () OWEYHNBRTORRIIHRRBTESRECEARV. SPE2E—DEFRAKL T IHRRN
FESINDIF 20 HICICA>THSTH D, BHOHEE (Desulfuromonas acetoxidans) (& Pfenning
and Biebl (1976) &b hic. ZOEE, MBZAAVICBET 2BRSHNASGHEHED/\—~hF—& U
THRREINZ., 2T, ZB2RAATHAIINEEIND. Z0%, 1o SCRITENEREIh, 77
— K, SUT—RBREDHESFP H,DICLD SPEBTYT 2 EHERINZ. W DL OFREETEIE
SCEBTIDENER > TVBEY, BTN THZ. SHETHEO—ZBIE S° ZRTL, HE - Mn(lV) -
FATE - O, BE DMOBEBFSHMEEENS Z EHTEER (Caccavo et al, 1994). FEE S° Bmix, B
ED O, RATHSHICHRT 2MBICERDEINTVE, YXATFAYOBARIRIL T« R (1 AVREFHIER
FICERUR) BRCEYEBFZRHEL L TAWVWRENIEZ SCBRTEORKRR I —7IKBEIhTWS,
SCBITEOW DA DX SP #BTT D& =T ATP 4RSS (Hedderich et al, 1999). LAL, &
HEDOE DA YN—SERLHKE SCBTE THD, SCBAUEEFY Y/ LT3, SCIFTBNEROT, £
KO SPEBRTERIRUTILT 74 REEFZERGL UL SPETOBMPELTHAWS. —RIC, 1ATE
TEOARBIIMBERETHEIBERTHD, HET D, L, REBBETEOAIREYERLELPT W,

VHICEINFRAETHES A A VBRTORENERS, ZO05E5W0WDONEAMAVEEFRF—&ELT
FEHERETSD, 1A VEZBEFEARE LU THIHERREZITDS (Segerer et al, 1985). BEX, X&o
DAAVEBTHEITERRO RAAVICEET S, 1 AVOFEETT, XY VERTHE FIKEFREOR
FIEA ADETRCARICETL, AFVOERIEESIDND., 1A VBRTIEHEYRBORTICEZLRBDS
h, ZOERAAVETHNIEEICHWIOCATHZIEEREYT S (Stetter, 1997; Woese, 1987).

Desulfuromonas sp.{&d 7OT7ONI FTUFZICEBL, T2BIOMERTEIEY., LHL, 1ATE
{CtOEREHEEZETHD, 707007V F7OMOEHICHERSh, RENICHREETE S FBERLT
WaL, —fRIC, 1 AVBTARBER LV PEIRERTI—TTHS.

2.9.6. gt
MEETEHIEAAVLEYOESRBLZFEL, 1A 7OFRH (sulfur disproportationation) Z3|Z &
Y. FARE BREB TRAAVERELETZIENEZOMBETHEICES SN, UTOLSICES.
FARE S,0: + H,0 - SO,% + HS + H* (35)
TEAAY 48°+ 4H,0 — SO,% + 3HS + 5H* (36)
B 450:2 + H* > 350,2 + HS (37)
iR LD EBEMINZEOOFRICEK, ChESL2TORIGIKEBSEEZ DY, REtbELTITVWREE
BTLRLWHDEEFEh TV
RO RIGIEHIA AT A VI OBRBERBIT D E VWS [ATHERYPRTEETHD, TOF1T7D
REBEHEB ORBRETHIHENICEETH S, FAMBRAA IS IVILORTRERZIDFTHD, B
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It - BT - NEDETORRICIES. MEBRTHIEIHRE - FARBEZRTL, FARBEREGLLT S, TF
ARBEREG ) (FHEBEYPICEEL TWDBLST, ZITREFAMBLI A ATY A JILTORTH - BILEIRE
BOMAICHY TY YT LTWS (Jsrgensen, 1990b) . FARREE IS BITHHEBY OFTRICYBEILDOE
BERYTHD, ZOEZLEFRELIn, B IIMBICEELINDD, MEYICBRTINS. T4DS5, B
BBITICK DEUEREY ORI IEFARBFEY Z BB L TREBICAEBILINS. S°OREIEr A
YHA O TEBETH Y, TRLE—WICRFELVWRRTEES, BEOIXLE —BEORED
FERBRE TRV,

29.7. €1AIHR

HAEDA A VIEEYEHEYIC LD AR - HBIh, NG AT IILOFTEELRREEZR
Y. ROEEQEREAAVILEYIEWMAKE, FEIXFIL (DMS), FO—ILX%F> (MeSH), FitH
JLIR=JL (OCS), 2WLIRE(CS,), 2 HiLkI X FI)L (DMDS)TH 2. BITHERA A 9bEMIEREF T
FH - AR ZZ T TBRERC7Z7IOVILORRICAR S, MBOMEISIEREHRERTICEDEL S H,.S
HASIKBHEENZEFRLRE. LML, B ATHIDOEER 1930 ERISHSNTWEICHEDLS
7, ZOEEUHIRBINZOIEF 1970 ERICA>THETHS. REWER, BEBEHISATAREETNLS
AATD 75%HDMS TH B Z ENBESHICE> TS,
bk FT—H,S OREIHMEBBTICL DIEEEREL T THRL, pH KKELZCFEBOLSE, £ERHRLY
DL, EFEH - EYNBIEEEICETREIRTWS, 7OV EFBEULERE (HS) OHDEHRETH
D, FE pH TR, KBLOWEYIE HSEULTHEEL, ZILAYEOEETEEREY 4> (SHNE-T
3, INS3DODLFEESETLTIHS &REID L
NH3. FAEYMOBRIZE pH £ETEDYPITL., RER
TILEBEHBY TELERETHD, FITD H,S HRAD
REFBHZ\. /272U, DelLaune et al. (2002) (£5
HKEHMNSHW H,S MHZEHRELTWS, KD —
ATE. BERCYORENFEZCEWN (MM A—5—)
KHbBEHLET, RIABRETIIDIEGIENAT L,
Bodenbender et al. (1999) (c &% &, EE®mTD H.S
B ERE SR RTTEED 2 A 6 THo01TH5. BE
BEHEREYH T EEENITEELLD, BRORLE
& DRHEMITEBT B71ic, H.S ORHBIEREICEL A
%. BMEHHL S OMEPOBBITHORY EV T Dlshic e
HOKKFICIBING 5. EEEDHDHEBYTIX, BHSOEER
REDLEOHICHtYD BT HS NHEOBRESI i
W, —iRIC, RO TRTHTEEDOEWHERY TIE, BR
PEAZINBZVDT, H,S BMEAELYPI W, L, 20
KRIGBIEIHINTH S. 17. B{EXFJL (DMS: dimethylsulfide) HK%(F
WEX FIL—DMS B OEMMIRESE L KElpIc L | oamroove T e 7= .
STEEBEBRHANTHZERHINTET . KB DMS [T 2D 75% %593, RIEAFILIERILINS EHEE
BERANSHBENB I AID 0% EEDS T R
(Andreae and Crutzen, 1997). DMS OEEET75Y BRORS-[ESKIEEO T —RNv2ELT
7z,@W&@k%v@@m,%nw&%ﬁ§71D9w f%;éé&ﬁﬁéiﬂ;ip%;ﬁéiiﬂa“
DERK, BEOEBIII)>I7LTWBEEDhTWS
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(Charlson et al, 1987). COEFILTlX, [ELEFEH DMS OAEZEL, TF7AVILPEICLZ KB
ORETRELEEETD (B 17) . ThETOEL OFRIGEKTD DMA OB A JILICEAELIcH DT
A, B OHREYHTO DMA OHIR(EZESREFINTWS. DMS OERMEE LT, IAXAFIAILIRZY
LAZ7OFK—bK (DMSP) OSBRI AFINRAIKRZULMMEEY), 1 AVEEDFI /B, MeSH, Y XF
JWZAIERFY R (DMSO) , AFIALLIEBEENEITSND, XFAZVEEYHICEBNICEEL, DMS

HEEDAATHAOERYEICTERS. XFAZY ORI MeSH Z/ED, ZHAFILLLTDMS (2723,

AAIXFINVATAVONBRENDE MeSH ITRD, 1A TAXAFIVAFAZVIIDET DMS £4£U 3.

HEIc &% DMSO OBTHE/c DMS Z£EL, REBETEO—ENENETS.

DMSP (& DMS 0OEZERY —XTH35. DMSP [ZEFORE - RS - EYICLDESh, REEFHED
EE{LR5LEHI & U TE< (Sunda et al, 2002), < OEHB TSV hvH DMSP SBEEBEEFOH, BK
TO DMSP S BIZHENEICT>TWS. BRULEHEETORES DMSP 2#BRZHWT 5. DMSP
IO T 2E, DMS EF 07 VILEENREET D, DMSP (FIYXFIMEULTIXFILXANANZ7OER—K
[Zb, Z0O% MeSH HULIEF3XILANTOEER~NZR@EINS. 7O7ON0F7V7, Hicallb—
TD%L (&R, O, r TI—FDO—) IEBETHO DMS £EICE > TEETH S, AR ETIE, DMSP
DPEIZ DMSP OBEE A AU DRICKEL S, DMSP ORELBEWEE DMS OERHIED T L,

DMS P DBHEMEEA A VL EYVISHBEY P THAEYICL DEEINDZOT, BRI ZIEEFINTHS
Thiobacillus, Methylophaga, Hyphomicrobium B®D WL DHhOHEIZEFSHIC DMS & MeSH N9 Y
%, < OMEIIMOREY —ADH 25E, DMS % DMSO ANE#LT 3.

Zinder and Brock (1978d) & DMS & MeSH % —B{LiRFE X I VICEZ ZBSHBEERAICERS

Liz. Z0%, ZO7O0ERIFIZOBSHBEISHREINTVS, DMS & MeSH OBESHDEIEA Y
VERE -  HEEERTHE - HEBRETHE - XABRMEICLDITbNS. DMS & MeSH 9B 5DX Y VERD
ERECHEI DD ST, EERETONRIEEICHMBERBITENT > TWSE. XY VERERRERTEE DMS
ZHSH>THESEL, DMS BENE TN IEREBBENEL &b, MBERETHEEOHRFICED. DMS 2#icH
FRMERTOREE, TY T VEBORMICL D HREBRTEINH TS E DMS SBHBRRITZEVSHEE
BREHISHXHIND. EL, £/, DMS ZBVW3HEETHIIFHBENSHEREINTWS., XFI
BLIeA A VLAV BSHARICEDLSICIRILF—EZRBHU TVLWENERCEBREINTVWERWD, X
Y UERBEYREEBTEOT — A TORNENRENRINTE L (Scholten et al, 2003). DMS Z 9 #&
TEMEMEOERSIN TS,
WMEBANKRZI & ZHLRFE—HAEIIREBE LRIV (OCS) PIHbiRE (CS,) DIRGEHKMEYE DA
ENBICHED > TWS, MEXFILVEEEICHRSZ E, TNSORSOME (FICHRSHHEE) CXL3K
BIEIECEBINTLERL, IhS 200D IERKICERINZ A A VIZEEELTREYIF—TH 3.
BMEBANRZILEXETOFEREIRLAAVESTHAE L TERHEBENSL, —4A, CS, FBEN
BV, 2DEKBETCOXRARICEDERTZN, ZOEEHERIBLL, S1ATVFI/ B HDI0WEY
T > O—JLE(CH,[SCH,CH(CH,) COOHLL) ¥ T >~ F 7 = > (S[CH,CH(NH,) COOHL,) DB & D Eb > 1cH
DEEL. —MIC, ThSOAAIBEVCECBETHRINICERT 2D, TOEBRANZILREZLD
BITHBEETH S, CS, EZ<OMBAICE > THEMENH D, BYIEBETZDICRNS CS, ZRET 3.
OCS & CS, dliALd, HEEAAVELEYERLTIMEICLDFINITHETND. NS ITHRIAVER
MTHHEBINDD, TOXNZXLIETREATH S, CS, [FHEKHIC OCS ¥ H,S [CB{bEh, ZIHh5EF
BHEMEN BRI N, |

2.9.8. 1AV DHWEMEI
WtHEFE/ BEROBTHNA A VD FRERMEYORBRCEBIRTICN U TEF M —Z2 #6935, XAH
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BRESHZWLGERBETOEERICNAT, 1AVEBLEEIIENICEETHS. (A VERBELHBRBESES
Wt EBREL, SRMIEYERLL, TRAA VLI THLZHEBSY, KBNS VLZBHET 3.
MBRIC K ZRFBIELTEOSNZIEBRIRINF—IEBRICEDIELLDS 4~10 FhEV. ULHL, REET
KL DECBFHYEEBNIZEF RF—THD, BREUTORIGZITS.

HS + 20, = SO,Z + H* (37)
CORMBODBEHIRILF—(F-798kJ/mol TH B, H2W WEEAVZBRIHWEBLELEEUCKFLRIRILF
—ZH57.

5HS + 8NO; — 5S0,% + 4N, + 30H + H,O (38)
CORBOBEHRIXILF—F-744kd/mol THZ. ZORIGIKED TRILF—%%ES chemolithotrophic 7
MEMTEBAATHEE (CSB) THH, £1AVHME (PSB) & IZHERICERBNERS. BER
photoautotrophic lc —ELIREEZBEEY 5.

HS + 2CO, + 2H,0 — SO,% + 2[CN,O] + H*  (39)

Wt kREZDMDBTH A A VLEYIE (B/FREHE) OFBRREBASHONIATL | ICEFRF
—E#H89 2, HS OEFIEMLENRBITRS THZ NADP)H © ATP OXEICAVWEINS. BRFEE
BNERMEK 3B > T, XERERYIEHREEIICESD. CSB £ PSB &, 1 AVERLICLDTESnIcTRIL
F—OAR¥%E _BRRZFLT BcHICANS.

KABEICH TI2RBRIE—BIRGICESE T 2 Z0MOBTHA A TR E LT, FeS, FeS, S,05%, S
(polysulfides), S,06> (polythionates), S°, Fift X FJIL (CH:SH HF)D & SBEHA A V{LEVHEITFT SN
3. BESHIC, RILMICETBETIE, 1AVEEYREE/ HERICE>TEERIXILF—RTHS.
ULHL, 1 AVEMCHEEIEEAREYDN - BENRISEEFZREROBEOLDICHEELRFINERSZRN,

2.9.9. #|E/AVHE

CSB [SBEHEPHEEBEFE > TAATVEBELTIXILF—%%E%. CSB &
JRERY - RIBMICBSH TEHETH D (71 5 XY MNROD Beggiotoa ¥
Thioploca spp. (K 18A) & % WIZE#MiRED Thiobacillus ¥ Thiomicrospira
spp) . 747XV MR CSB ONIFTUTFEBH THERTH D, DM
a1 XIEWEBETR X %IFEKREV. Thiomargarita namibiensis O¥BABIE
BER0.75mm T#HH (K 18B; Schulz et al., 1999; Schulz and Jorgensen,
2001), 74 T XY NJR®D Thioploca OEERTH 70mm CET 3
(Jorgensen and Gallardo, 1999). 7 ®BFE THEI % Thioploca-
Beggiotoa Ic &% < v M 10°%km? OEETRET 3 (Jorgensen and
Gallardo, 1999). LML, E#iig CSB [IXFHLD1 AVEBEICERL, %
ORBNIZHETHD, BRICT 4 TAY MNROSDERHFICERTH 3.
Hififa@\e A A VHE— BT AV EEYORRIEI S IXILF 25 2HE
B D B Ra MY (Z{EFRIC Thiobacillus spp.E %S h, BFROHD
l& Thiomicrospira £ TEfz. ZONERREIHDFREFICLDRES
h, Effilz CSB ORMIFREZEPFTHD. 5T, £ENICOAAVE T ——
CERYEFMICRTITIDELNHZ. WO DREBREMEIE HS, (A) 717X MR Thioploca,
$,0,2 Z DI DETTHIA 4 L EMERBA LB TH S, chiig (O Thomargarta
CSB IZEI NV, BEPRTO HSENIZEETH 3.

EiRfE CSB (ZIBAWERE  BERAAVILEVEREFTRILT S, 1A VILEYORAYDOFT, CBS
& HS Z45IciFd, BEORVWEBETE, MBEFELAWVEICE 5T, S% S0 (polythio-nates), S,*

40



(polysulfides) N ER{L £ TH O, WMEOARMICIHET 2 S° IEHEMIC micellelike BiE%Z F2 R
polythionates THE N2 (Steudel et al, 1987). 4 A VELRETOBERIE, BREAFISF—E&E
PFEZv-UVERB-LY VY —ED 20 TH D ERBEEHREEICELT S, BERERER{LE ATP £5ICH
WUV TIEBZEANEN. Thid, BERIEBOERICHLERIXINF—BTREIND thiobacili @2
DT IL—T%EBT B, %—@7»—703" 1 ELO-BIRREEICN 4 TLORIEKRERIETZH0
TH YD, Thiobacillus meapolitanus, T. thiooxidans, T. versutus &%, BZOJ7IL—7EH 2 EILO
BbkET1 BELO-BREEZETET 30T, T, thioparus, T. aquaesulis, T. denitrificans £&%.
BRFED thiobacili HRREEKAILEYYA VI ERAN, BREAIEXIZHMEEICEATVWS. %
<D CSB IREMNRLIERFEMA XL, autotrophs (T. pantotropha, T. denitrificans, T.
bersutus) * mixotrophs (T. novellus) 72D, BFRF—& L TA A VEEMLUNCEBRRRZAWS.

B{HfE CSB (JIBEVWESD - pH - BEBEHISHEIL TV, W OHDOERHKOILERYT 2EEH
¥, —#E Calyptogena magnifica 7R & & H&ET 3,

BERARMEDEEEEYHTO thiobacili DAEBEEEKREL, 10%10° cell/cm® (L&Y 3. FEED
BEEA A IO KROBENBVWHKPTHERDENSD. W< DHD CSB FBRIRTERL, FIZE,
T. ferrooxidans |ZEEMESLEEHEKFRICRH SN, Fell) & Fe(ll) (T, Cu(l) % Cu(l)ic, HS % SO, ICEL
5. ZOEYITESRLERET DI EHTRET, BLADBRY, ARDPSOBRAATICIGASATWS, T.
thioparus FSAEHNE L, MeSH * DMS &#1bd 5. Xz, ZOREICBITWS Thiobacillus sp.l& DMS
EWEBEEBRVWTHET 2ED, PILFILFA-ILOCEEEREBA BT S,

Thiomicrospira Bix 3 D DBMOBEE#H, THS5ORTRHILZARSEEMRETHS. InSOEYIEH
BACBEBICERL, 1 2OBEMtYE FARBOBLEMEETE Ay TUVIIES. 5120144
B{L/IN TV 7 OIEIR Achromatium TH D, S° & HRAEMBBRICEZ 3EIRK autotrophs TH D
(Head et al, 2000), #K - 3"K - BABEISHEESINTWVWS, CORBKETS3DORANOERET
mixotrophic T$% 3. ABAOHEICLD, ZOBEOMEEIE 8x10*'um® £ TXEC KB (Schulz and
Jogensen, 2001). ABAEDRIIFEATSHD, RENMER I/ EOMBEECES SULIEERRE
BROKLOODZEBALRERTH S, 1L, RBANYTLADORBRIIKBEAAVERETZOT, BEDOY
FUAFEZICL L, CSBIEZFDERFEBNBRROBICHBAERBTZEEZSNTWS (Visscher et al,
1998).

THEEA A VBLEO2DOBESATED, WIhbBEMETHS. Sulfolobus IKRI1 A VE1L
HETHD, Fe(l) e BHRREBWVWRIENTES, Acidianus HREBOEREZRFON, BROFEICED
STHETETHD. BIWEETE, ZOBE S°ERBBICELT 2D, BINEGTIE S°IETFZERE
ELTRWSHh, FbhEmans. '

7145 AY NMROBEA AVHE— 07 IL—FIcE&Eh B Thioploca, Thiothrix, Beggiatoa & & RFERIIC
W RIAE W, Beggiotoa spp. FIEFHRFEMBEL LU TRAKEEHI NN, D%, chemolitho-
organotrolic (or mixotrophic) BR4EX Y 1 ILEFODENED, #KK - BAKBEOBRREHRIELKRDOT Y
—T7 T —AMSIRESINLTWVWS (Schulz and Jorgensen, 2001).

Beggiotoa [ZTTHEA A VEMBAICEHEEL, BENMR, 71 XV MBEICES. COEYR1 AV
BR - ENICEDEN  ERERY TEET LYY M D RERKBELHOTEERICKE D Beggiatoa
spp. (Jannasch et al, 1989) (ciiZ, E#fifg CSB TH S Riftia spp. 28T A VRERRIFEET 5.
W< DD Beggiotoa spp.TlE, TRIEMIHDEREMEEEIC K DBLEIh, WHESRTOLERYE L TERI K
23 (Sweerts et al.,, 1990),

Thioploca spp. & Beggiotoa spp. ICBc V& D T+ AV MR CSB THD. IhbSidi@K - KK
OEBERBIVETERL, WEICHEEZEEL (Beggiotoa spp. DWLK D H1TS), HS, O, NOsOETH
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B> TOWARWEBEICEEIGLTWS, ETO NO;OREIE 0.5M ITETZ B D, I OREICH
ART 100 BHEICHET S, 2720, BEHWEETIE, NOsE N, TR NHfANERBTTENS, 0, AND
FEDOFETHICINZ T, Thioploca IZTEEBEASETL, MIEMOREOEVWABAANEEL ZEMS, MBI
ZEEFD. Thioploca DY VIZTRBETNI TV FEZEL I ENH D (Desulfonema spp,; Jergensen
and Gallardo, 1999), ZnS5ARBOMILKREZMIET 5. HMULARETHEBMITISNET 1 S XAY ML
HPOATHERTETH D, MigMIC SPEFET 2.

2.9.10. FEFREBNXSHHAE

i - BB A IHEEIDRTHA A IEEMHS, S:0:%, S2, S,04, SHOEXEROEFN+—& LTHA
5 - REFEAAAVHBICNSOBF R F—0FBEFIRINTVNS, EERREWEIL, W<DHDPSB
FBEOEETT, LEAERNICHR{tY%EEB{iLT S (De Wit and Van Germerden, 1987). #lIlZ (£,
Thiocapsa reseopersicrina (I EBMIC HSEFBT 2D, BREOFE T CRAEHEROBHDRHIC
BENEENDETH S, U, TOFKFLBWVWESR, COBRERZFLALARD, IRILF—DERD
FeDICEZERIICA AV ERELT 2. HINBREENEET 2L, LEERBXEGERNEYTNT B,

PSB & thiobacilli R DEHEND &, PSB (H U EEORER- A VH#E) A thiobacilli DA%
HTHZERBTS, M- WEYIT YN - EDIKEDBICE FEIHRERNITY 7 OERIERINTW
%, &Ik ATHME (PNSB) (FREVWVEBKRLEVERBL, (A VEERMICECRE CHENICE
ETD. W<DOHD PSB & PNSB FRIUEKILEMEEN, —HREFRF—ELT, B5—FREFR
F—EBBRFEUVLTAWS,

2.9.11. 1AVELOERBHESEY

A ATRCHEEORE - A8 - #HREZEBREINTED, ThoOWEYORER - 147 - EXREE
CHTBEENEEELPEYRECENRIERKECREINRTWVWS. FIZE WEYPOFARBEZERLT
ZEEN I EYE ST B O OEENEE (LIRS KRV. OB, Bl CSB AR LRHTHEL
THEETZIIELERLHPETD. 1 AVBIHMBREETHZ I LITMAT, BREMEKRICERT PR
BHEEICHD.

EEMAME R WNTEL B A THEBEOBRERIC D WTOFHFUWEAHIRREI L TWS (Overmann and
van Gemerden, 2000). —2®#lid CSB & PSB BEffRT#H 5. PSB (Thiocapsa roseopersina)& CSB
(Thiobacillus thioparus) DBt/ BTN DETRETRIELYICOVWTHESET S E. PSB (& CSB ZHR
LTULES. ORI, MiERIERUL S° EXE2RRBT 280D PSB L& > THENLFIRTHS. A
BIC, CSB & PSB OHSRICIRLT, XOBELKHE, BREMIEKROBESERLUAITNIERSRWV
(Jergensen and Des Marais, 1986). EER/TALPLLICDOWTIHIRFD SN TED, PSB [EZDLH 1.6
UToE (BENHIBRESTVWERME) OMIC CSB EHERMETHD, I T CSB ITLDESNIHEIN
BAA A TIEYH PSBICKDFHEEINS (Van den Ende et al, 1996).

A ATBILOER - LFRENEBM A A VLAY OREY, —HOITF/NITUTPHHNBETZEFRS
— (HS', S,0:%), BEOELETTD CSB & SRB OHFICHTRIND. MEYOEBBECDHE, 1A47Y
A I ICHB T RN EBEEICDOWTE, BE 125 EBOAEICEI HDST, BEERAIDETHS.

2.10. HRHTEY 1 7 ICB T B HENHEEER
TROVA VN ETRTELERITZIORFEANTH D, RAKCHFET 2HRINABO TS I2REH
DHENNEREEBRT 220, TRNEOKSICHEERBT ZHEEET S AR
WEPOBEF RS —2HCZBFEHSOENERAFHNERICLOFHSIATED (R 1), ZOFHE
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BEF—9E—RICEENTH 3. MEYRBREROBENY 7> 3 VBB e LELHERY A DMK
THRETZ (K 1). HENEROBEHNT I3 Y OABHOEEHKEBEEZROERT RO LED
SH/EINTWS, LHIL, AROHA7ILIEBHTOLETHHREINTNS, BF R F—2H25F
(FHEOHBYORLBRETHERETES. 1kg OLEIC 30g OHKKBILYERNT 2L, XFVOHRE
% 84%MZ BT EMNTES. Freman et al. (1994) (X2 D X5V FHEOIH ZFREE OFMIC & DHERT
ThbRBIEERLUE

DFKRBRRBICLIBLEELRERYTHD, BIHNRBORL—RNGEFRF—THZ. HINHE
BYTOBDTEW H REE, H, ZHSIBUVWEEDIENTH D, KEREHIRXILF—ZETS (LD
BVWEDOAG O) REHEIRIZTLEKTO HIBENMEWRIICFEZLLTW (F]). I4bs5, REBETHE,
H, BEZ XY VARICRERBEMTICETIEZZEICED, H IKKFLREAY VAREIFIL (Loviey
et al, 1982), Fe(l)BTHISMBRTHICH L TRUEFEZE5Z3.

H, EEYMTRILF—EDBERIIEBLREFZATITORAEZOETREI Z2HEETEICT S (Hoehler
et al, 1998). ZOKRF7O—F&, RBE - pH - EPREEP ZOMOERICLD Y AT LATOEHIR
IF—DHETZEZBRAICESHRNTHS. Hoehler et al. (1998) IFBEY pH ZHHLI-& =i, $H3
R 7OEADAG BEIE—FICARZIEERRL, Thid, MEYPN H, EBRETEZLHOIXILF—RE
THRT Z2HEHERRLTWDE U, £MERET S HOBRHRD I XILF— (biological energy
quantum) (FRE 1 RBBICOZT 1/3DATP £LEETEZETH D, H-20k)/M [THEHET B (Schink, 1997).
Ihix, ZOBBRETEONLBRLEFE-"HTD. RE - XIVER - ZO0MOBRIHNKRHHTHESNBE
WIRILF—BIEIBINEINEDEDDOLNILTREET>TVWSH I &ERT (Valentine, 2001).

BHENERICKDE, 7T N EHCDHSS, BREBIXLF—ORBEREORBIRICE . L2
L, @TOI—X 77— MORBENRERBOBRICEH LI TREL, ZTOEWMEEEEICED, 7
A RT 1Y T BRHRDBANZNREICTHET 5.

EFERFELTO7IVEEMEERHE IN TWS,. Cervantes et al. (2000) &7 I VEEMNY
(AQDS) N"EUMEFREFVOMBRICLD XY VEREINHIT ST & ERU. AQDS BITICLPHNFNT
FLE—BEIRBETOA Y VERL DS, HBTLVEN EHFRENTVNS, 73 VEEE Fe(l) @
BLREFSARBICAECEFEHRIZOT, ZNSEFREICU T 7L, BEME THRIAH
IKEWTEETHS.

LA L, BSHABRIEOT 7ty a v HHR/NY—VILH TEESRVWEHOFANS S, BUERE
HIXILE-EFO2OOBFZEHE (NOsE Mn, Fe & SO,%) NEETZERANH S, hSOHEEIE
LCIEVLEBE T BT R —HIEELRVWEICLDHRBAIND. WHEE - Fe(l) - MEBHAFEL TVWTS, KkH
KEWTHBOAY YHERSND, XY VEREHRVIOSIDEHRBICL DERL: H, BEDE—J &
—T 3. R, SFBETOHREETI HIBEE XY VARORENTIETIE2E, XYVERIIKDS.
EFSEREHCRIBEOMEBIEI Y AT LOBRNRICEET 2L DERICK > TEAT . HERYLE
DEERTETERINREZERE Fe(l) & Mn(IV)EEM DR TH S, —RICHERTH SHKBETANDY —7
IV RARHKABEYOERZRSE—L Fell) EMOEES L HDHEETELT B (Postma and Jakobsen,
1996). TOEE, FEHERYP T Fe(l)BTEMBESBITNHTFT S L Z5FHAT 5. Postma and Jalobsen
(1996) T DHEED Fe(l)BItMORENE (B U IERERET) S&HICBMIBEFALL
EBSNBEERA—Z< 0T —ATlE, BFREO7OCRONHEHRFLUNOERICLS. HKEBTPXY
VEBENE T IWBORENIE, BONICREEBOFEERYICEDIEITNS. <100um NOg, 1-2um
NO, <ImM N,O DBEICELD, KERBOXIVEREIZEREWMFETN, JFOBVWRELLLIODZET—H
HEOAYVERDIEHIINS. T, TEPCOWBROFMEIIINI-IAERBLIES. INZEREL
Mk DREBNMIFISh, X5 VEBRDIEENIHITFONI EZTRET 3.
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2.11. EEABAOEMR

Thamdrup (2000) (& 16 OBEERRICOWVWT, BRETT - BT - MEBRTOENWEBEICDOWT
B U, FHT2E, MEBETHIROHED (62+:17%) THD, FKFR(18+E10%) & $KFBT(17+15%)
FEEFEEETH . ROFEHTIE, ¥ S50%HIBRERTHZEIN, HKBTOEEENRBSINT
e, SKBTNELOBWEMTOERBRRERBTHS.

WAKERRICE T EHBTOBBIERULMESGHS. Yao et al. (1999) BHPE - 15U T7 - 71 UK
YOKAIEWTIHIERZESD, RERBO 58-7TIBNKBTICLZDBDTHD, KO OKIBADA T VER
THBIEERLE

EYOEENRERBEA I VERDSKBITICEMI BRI EETRTEIUDIBELLTINTWVNS,
Wentzel (1996) (&3 &, EVELOREFTIEIESHARBO 69%EEHTWe XY VERD, EVOFE
TTE 30BUTIBET I B ENTINTVWS, AROBERERINBHPKEISHESILTVWS, %
HBATEXHNZXALE, EPCEDTHEFICEEICFET SHREEOEWN Fe(lllTHD, BERSE—LE
BXROBIFETH S,

1990 EMBEOAEIIBENRBICE I ZIBAOERZXEERSI . BIMWICFP VY EZTFEERA
EBILT 2 (anammox) L WHBEMBERIN. Tho0EYOFERBRNENEREHISFHINTL
=D, WK DA DBEEMBYP COBRREECEEICEML TWBZ EREI N, BHROEYOW D
HEFBLUTVWAVWRBEETS. FIZE BEZTSHLEHEEY, XIVELERIIHRBTHETHS. #HKE
TIEAREELN R TO LA THZEEZSNTERLD, RETEZ L ORKBEICEWTEELRBESHKRE
RBETHBZZENRINTWS, BEDEFHE pH £METO Fell) BILICKE LTI 5. BESFPRE
BRIEOT I Zy 7 OESICE OMEYBREOFRLRTHLI B AR-Tc. ZORBRT Iy 7 I3HIR
A VBN EHEE EFMEOHREBERTTOATVWE I EZBITETSZ. Zh50HLWERPRE
BREBOEEHREZOBTREINTVWRWS, RKE-ZEFR-Mn-Fe - 1 ATVDOTRPIXPH A T7ILICEDLS
ANZXLEREBET B EICEND. HBTIKLOFRTZNIFTUFORRICELD, EEHEEYH
TOFSHNRERFEEIRASIZ TS, BRIC, HEREFEE BRIHASIVEBLEHECPFVEZT
BLEEORREEEU T, BEHEMBILCRECTERL . LDZOEERRVERNINHISHFTES
235,
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3. FHhYTI7ROKERD EWED

3.1. SFEEFHTEDORSE

WIRAEROFEEDOTHEENMEVIEBEURE IR TWED, BBETEhEINGIT2EREEES LTV
BW, ULled->T, TEHORER, EWSHBZ2OFRBUDEICTL, FAlEEHIREORMISTTIO—F
TBULHEV,. 1953 F£D T2 5—0DEEK, MK BEEIRBNICADEZEEN TS IE2R A TERL. L
U, EEYH SESEEDIEROERIE, W OIOMBMEEERT RICE- D, £MOEIEE L
EONETESZ DNA OBEICT SETIL TWAWDTHS. DNA P URY —LREHEOEEIFESDLE
BOoMGKE UTOLEGOERIE, BINABHET -V TEHZD, 8F5<, AEOFMRICEEHT ZIRHAE
OEEHIRETH 3.

T LABEOESICLD, SZHOMEYORERYT / LAPBERINWTWS, CORERRT—FICLD, &£
BORENBRERDZ EVWSEENEL—RIB N, 3DOMBEILETHD. X9, ELOEEEZ
DEEIHEZNRRICELNBEVWEE+TDITEVWE, AS5HOEREENBEDERERL, TLERE
ENHEBERORVVMERBBOR TS VY LAICRELIZETHIE B 10 BFEROTRICEDIEITEDHZW,
IhicoWTOHERTIE, Benner et al. (2002) 7, EEEMOBELEFOAMBEZIEEEERT DL, TH
EWNZOEHWEEEFNTHIZE/RMITITWS., 2BBIC, ELEEN—ETHD L. InlE, BHIERE
BEYZRS BAICESELEETHZ. IhSOEREEFIES TEETH DD, |REIC, XF (A1H)
BEFIEE (HGT H UL IZLCT) MNEEFEBOPTENTHZD, BRELTDHRINZIITHS.

Doolittle &fEDOEEIFIESH T > DEELTZ I VIVBEERWVWT, £HFOFERARY A ZRED
Stz BlZIE EREYOEELRS I —7RBEUCEEHLI SH 20 EERIICMELIcETRE L. COR®ED
[, BEFREHN,EAL, SNIYVRUZHEREVOHBICEHFBVWCZRHALONLZOFHFLL, EWSKT
EHEL, ULHL, SORBICEEHOBVWEGEFICOVWTENT 2L, BROBRIZLODERICES.
Delong (1998) A T9F ¥ —4o Y ADOTBIZERED, ZOLRIIRFEOFMZRHAL RV, EESKIC,
BEWERATRICL D EGCFEREE CKFPEGFEREDLDIK, PFTF—FTBEORBHOELERETS
DIRFAETHD. ChIFEBLEELRETHD, BEOHEICRDSNBIZRBABEZOEHESEOVLWTOD
EREEEM T,

e ZiE, SBTHER THMAYINEMN, 2belcHWEMTH DI EInTVWS (Vargas et al. 1998).
ChIZEENCIZEENZREEOLED, BEFOTFT—IHSEFSEETZIOERBKRTHSD. BERREINT
WBEYMDLETIE, ZORTOORBEHNMSKELZMLTED, HIBENHVWEERT BDICTER
MRETH D, Vargas et al. (1998) REBREICSVWTHHEEOHFRTEZATL, HETHTRORIIDY
A7 THZERNTVNS, ZORBRITIIZORMEHIES. TFREREV EWSKSOEELRIRIEH
£DOMITHE>TWS, ZORKED ICIEBBRENEN - £BHRRIELEV. S D Archeoglobus fulgidus
DHEBITERICOVTOZDEDOHE (Vadas et al. 1999) FZFhdFL —MEULLSKOHICIERL, D
SBTEREBERIC LCT ILLDBEBINLEDTHZEER UL, KBETIE, #OFL— MEEBEBREHE
BTOHMBIDZD, THhbIDEHFFERIRERNERIELL, HIROBMITER > TCRICHKITY 5.

LOT EERFBEINTWe L D HEER 7O LA TH BT LH > TE /. Dodlittle (2002) [FIhz 4
FoL I, L2640 TREEVDYT / LAZEL OFEIOSFIFRVEHAROEEARTH D, EBRTWVWS,
L EDRRETIE, PFEEROFEDEGOERRE/RIDICEIERGRANSZIEZTT. JOR
RITHA T Benner et al. (2002) [HBIEFEAD RS LEXBRARY M ZDFEFH SR U, WSEA
—ZANDOHRIICHKELIETY / —ILEBROEETFEEBIFL, TOREFBETCEDOELY, ABRARETLT
X2EUE KIE ZOBRLBEREIHEZOEENEN IRV NOBBEERINZOEZEEL. LML,
ZNIEAIETH D, [FRELLMELBTHS. LHL, BESHIERLTVWEIKIC, BEREVEETFOAN
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BZEEICED, TOHERIWOEEFTETUMBERETERN,

BT, 16S rRNA OBRABRTFNARTZ 7O0—F2BWVT, ERENOEO TN —TOREFRERK
HZDE, FAETRBWHEERL. £/, TOF77O0-F2REVWTBEOEYPORENLGRTEZEDIDS
ERICRETHSD. CHIFEBHRARRAEN, ¥/ LAREEOBELICED, EBLIHZMEH LA

TEGORR) IKD L DEENBMEFEE, bR - 9FOEN - HIKICRZREN - BA&D 7% ED
HERRISZHWREDTH D, INSEFIRTEAV T FROERICEINTVS,

3.2. BOWEWKBDNFRYI R

THORREA S ICE > TRETHS. ERICE > TEANS
B9, BICBIREIC SV TR BR> TS, EIRPHRER
OEEHESET, BUABKERN U2 TONGRERRE | ////’

1.0m ﬁlce age

ERTEZS, #BEEETHE HERRRIED > <D EEIED
IRMOEVIETERIN, B25 CBEESHOLEBIVNL  oss /
ORI ITIT AV I A=+ THo>Te (Drake and Right, /
2002; Nisbet and Walker, 1982). 7z, BIFBELD/NEIH > 0.7 ey T Y 1
ef235. BERICREUN\T A ORRAKUNFEL, BEXGIOY Age (Ga)
Fr4 NESEBEL, BAEROBCH ECETLTWICEN %;%Efi%fgggﬁﬁgégﬁ
ROV, So=REDABGEE

KAV TYTZROKBOBRFNEEL LT HBIHEVWRBO/NZ
Rw 7 Z(FYS B, 752 KEEHOEENTTIVE, HIRSTEL 46 BEROKBL 30% 65
Stz EHEREL (19) , FhlE Gough (1981) O 40 TRINBKIC, BHMUTEL.

S = S5/ (1+0.4t/t,) (40; Sg = 1370W/m? t, = 4.6, t = Ga &ER)
ABEEHOEMEABZATOKESAY TLAOHENKMEORRETH S, IhEIFEEZEML, M
L OBBERLEREILTS. SLEOHELICEATZIBRAOYENERNELTNE, THEIEHEVWKES
OB, »SBHTIEXENLRAEE, THOKBGHIRELDEXRS, >IARETHS. TEEERT
T, EOXEBZFOEE M OAF|ICHAFALTEMT S, —4, BEOTEFXEE 1/M ICHHIL, ZIICE
HENZEENSOIRILFX—XERO2RICRLGITZ. Thbs, HRSZIRIABOIRILF—E
ME CHBIT 2. K DRXZERIABETEBICELVELS, BLVABRICLIDEREZRTLETBLT
W3, LHUL. FEFEICEHE>T Wood et al. (2002) WL DHIDEVWEEDEBBARE., Ly afkil (B
ERNBEHOERHMYVE LA T IBM TCOER TCKEILIDRININDIRE) KETWTREE -2, &5
DHMTHREL FhiE, KB 20%FERZh-TeEZ NS, LKL, RFLEERVOBEEELS, 2
BERETH-IcEBbn, ABXIE 4 BEMICIIEENREAEBALELEEZ SRS, COREERE
BOELICEET BICTIRTEDL, #HIRICIEZ OBROEIRNZEI N TWRL,

51 'D\@fi—"’?ﬁﬂl&%%ﬁﬁﬁ@@ﬁ’ifﬁﬁ%b“%i&ﬁﬂgéhfc. Shaviv (2003) [EEHEWKEHL S DEWKE
REHROASICRHNTZ2TERERDI LI LU, Thickh, BEREILIHRMPFHL, BOBEN
BOULEEZONS. ZFORE, #HEROFIRRFETL, [EEEBIHCGT2EVWSHDE. LA,
CORBEB D FSICRV, 30%HBEVKGERERTT ILHICETILNREZ 03 "5 00 ZTETZ
BRI SEBRSHBVWASE. LEh->T, BEVRICLDIBERBEEEZIDENH S,

20 £ EHHEC, Walker et al. (1981) AR ZE{LIRED FYS FMEBEOREH D 5 BRBRAET
HBERE UK. Kasting and Ackerman (1986) DO ERRIE, 45 BEROKRBERDIIRED 70%TH
STELTH, “BALREN 10 REBNIE, K81 80°Clciad & LTW3, Veizeretal. (1999) ¥ Shields
and Veizer (2002) I & D REaNBERMELOF—4 SEIVWIEMREZFT 3. hER, RER,

Sx/S0
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ZUTHHBEEROKRBIES SBERMALLLD 6-10%IFEEL, AHROERNFr—MhSHRIhTWVWS
(Knauth and Lowe 2003; Knauth 2005). U, BEREAMAELOT—5YE2Z0XEHBETIE5E 33 @
FRDBEACREL 55-85Clci>TULZES (Knauth and Lowe 2003).

TIEAHIRDO WL DD ETIL (Walker 1985) (I DREDO_BILIRESEEXFTI I, HOoEFIL
(Sleep and Zahnle 2001) TEARZOEVW_BRICKRZBET S RLWKBAXT—-ILTEXSRE, RROZ
BCRRISRBIE-—EBET M VIILICEDEHIhTWS, ZBAERRIERBEORC S EBETORBED
HBICEODRK[—BEIV AT LSO BRMIMD. HWHIRTE, EBRER/LEEEI, ERBAAWL
EBICL D RRICTERICRRNIBENT 5. Z0HER, [IBETHSEEHRNMEAL, AOT7r—RN\yv s
kS, EREBORBERZT — XTI, EBRERIZIZERSICELEL, XKEMEITIETIBLR
ROEBERT S, COMRYIDY—IIVABHFRERDOAZST, 23 BEMICBER>TWeEEZ SN
TW3 (BEvans et al., 1997; Pavlov et al., 2000),

BE 10 FE7T, FYS MEBEEZBRT 2BV _BILRRICKRT
%2 D0WEIRSI NIz, —DIESERTH S, Rye et al. (1995)
(& 22-28 BEROHHEZHARL, COMHAOXIZEILRED
EOLREZZRELE (K120) . COLRIEREICKEFELTHD,
WRSEBNBELAFETHNIE 102KEOLRILTHS. Th

W
[~}
<

13
®
<

Temperature (K)

" " keH J=0 i'f;‘f 08
(&, 28 EERID 25%HEVWKBEEHERHIET 2 _BIELRESE |

[
[+
(=}

£DBH 20 FHEWL, BSEYTSA K~ (FeCOy) NEWEILS D000 0.
EERLTVWS., T34 MNIBRNRLEYATHD, BEOLETIE 20 MHEROXRMEEE pCOz EXF Y
BRICBLENSY, LERO_BBREL IAEINEFET il ;gfﬁgﬁgﬁ-
5. ChFBRBABRER~ERERORI_BERZISJRERE 4158851k pCO, DLE
LT BEETDBL AL >LEERERT S, 23 EEIETICIEK
% RY ARG, DD, BEHBRERIEIRELDSE I oL

2 OHDRRIIERBNREDTHS (Sleep and Zahnle, 2001; Zahnle and Sleep, 2002). Fhick3
L, BERASD SO BRRROBRERZAERALL D HBEEORBELICLZEDTES. BLESTH
hif, RKEZBUERZREKBEOBTEZIBD 71— RNV I IHENICES T, BREROKEEIIZODES
THole. MBS, WSRO REZBAFFML TWD. BERS, BSOEFILIE, BENF WA
BiET5E, REEFEO_BILRFBEENFITFSNZEVWSEREZERL TVWAEW (2EFZEREXETO
RETORCESES Tkm OXKEEOHEY) | HREENHDMCEFREALO ZBICRERASICER
T5DTHD. ETINERENERERZERLDDDINCEDI >LRSIERIT D, TheXiFd 3K
R DEEHLIZEE,. Sleep & Zahnle OEARNREZ IRV, I SRIBENREEEZZIDINENH S,

33. BRERLHITEIAYVEREHRERBESR

OBEDRAR, B XY YV EIBERBRENMBEVWVAERDOARICBETH > c. RERDOXRREBARENIC
BRI TH B & WD % < OFEHL A A4 VEMF L DFFEEEKEFEDFD 5 RS TWB(Farquhar et al, 2000,
2001, Kasting, 2001; Pavlov and Kasting, 2002; Mojzsis et al., 2003; Farquhar and Wing, 2003; Ono
et al, 2003). MEDERRBETIE, AYVORKHPTOEMDIF 10-12 FEETH DD, BROZLWVWKRK
FTIE 1000-10,000 FRcns. Fl, BERICEAIVHIEPICLDREBIREELDOT, ZOXKH
TOREREBHNED >TcEBbons.

B 20 OFRREBELBZ _BICRKRDPEEA Y VEBLICE T2 FERATETH S, BWVKRIEELED
FT—IDSRBESNTEIBIELRZDEDLRTH D, RLWVIERIIKOERBRETHD. IhsDEHER,
TBACRRBENMBEDOLANIL (370ppmv) TH, KEDOAX Y VEEEH 100-1000ppm BETEHEELIS
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BNDIEERT. BlCAXY VIRED 10ppmy BLTICES &, hir
Z OFRF % R R AR, : \j CHz => C2H2 — CH3C2H

".4' - CHs C2Hs4 CH3CaHs

SH, XFVRATVEREICEDARLTET— ook
5h3. EYREEFIXIVERBIELCHNICHRENTH D ETF Ttz
BULE Zhid X9 VERBIETHERXA A VORTUZS ¥ o ",.‘;'éc02—>o\—> CH20
HTWBENETHS. LHL, TOENIAYVERBEIREE ‘ f g
WEMTH B EEBKUAN. EB SHEO 1 JIL—7T .
% % Euryarchaeota [ Zn(EF EH <& <. House et al _?:\ %i%bﬁéj};%@%(;;i;;ﬁzig%
(2003) ETTHEAATRBOANLDEFVWEEBHET . WITh Xy EBEREODVBICEDEEYOTF
ek, XY VEREE <, ERREOES RS A 30 [V (RIEARA—EEOEEND) ARE
FERICEITEELTWEESS.

S[EOHEDLHICEISICERINEZENHSB. X5 )

i i ot [ XsoERmEors | xsvam
VEREEBEVWEET CARAEICHERTES) WS ZEkE, & ————2] 2CH20 — GOz + CHs
DIFREICIE, FEX Y VERBEIEFERLD HRRICEIET S
(Cooney, 1975). Zhif, [EOEDT 1 — RNy I %Z4ED mﬂ;é _xm[EEm | R>07[ Xm0
3. RERNAA S VERERL, BESREEME s, | SEEEl (A0 [LE ] eRE (O o
2L, 2OHA JILICIERAENS D, RIELFETILERID
CH,CO, kN1 U LICimB E, X VIEEDFIL, KK 5T > i?ﬁtg;{% —EHERED
EN—TEEZEFAT D ChiERK 20 OE LR ICENRS. B T
BWEEE —BRERROBEZTITT, XY VEREEELCY mozmemssiEl -Telr 52807 1
3. A—EHVS AR Z EEBEEORTHNEERINL, F  — RNy IHE4E (Paviov etal,2001),
HEEABREL, ERENREEAET. MURRBERHK
BEOHETHIYAIVTE->TWS (K 21 ; McKay et al, 1991). Zhickbh, XFVKEV AT LR
XY VBEEHBTZEDO T — RNy I I RTLEFDORICKES (K 22) . BOWXYVREIIREHRIC
SOHERDBEEZFRL, XYVERBRBEIVBEZFOODOT, XY VEERFISICMESIND. BED
FRET2ERETOEBISHYORALIIMES L, —BILREORENTET D (Walker et al, 1981). &
NS 2720BRICED, KKD CH,/CO, LLiZBEHIN—ENEREDZETEMTS. LHL, COAN—FERBE
KiR3BE, REAOKBIETERL, X&VERMEIIERET S (Paviov et al, 2001),

CH3=» C2He

3.4, VAHIROBFRE L 1AV OFERIEKFSH

RIT, BEDBRICDODVWTEZTHELD. Walker &3 E, EMECLEIORRIEEICERMISARD, &
BREEZBOBEE, BELDSVW_BLRERE, VBOD H, OBRLGBTNARZEA TV, LK ODUFIOW
KiE, FEYNRBRTI/BOEROHIC. FHORIDNX Y Y PKROKREETNEASZEE L TN L
EZID, KKEBEOKUAZELD T > EBOMNBHAZRETTERVWLES S, BEOHBWRAKILAX
%, 80-90%MKES, 6-12%D_BILIRE, 3%DAATEASDHRX (H,S » S,0) , 0.6-1.5%DKE,
0.4% LU TO—E{LikERTHS (Holland 1978).

HEAENENT ZUMDEEYNBR T Sy 7 A, KBEEPZBERROXISMBEZERELTHED, K
ROREELEDHRS. ARHFOKKRBERIMAXEFENOREDONT Y ATRES. KILEICHBKER
BFEFEALBESIh, ZOFREFERLE KRERDPE VL TEDHADREHTRES (ftotal = fH,0 +
fH, +2fCH, + . . . ). BEEER

descape = 2.5 x 10" ftotal (41; H,2F cms™)
REDHEE L 4.8 Tmol/year (= 1.8 x 10° H, 2 F cm?s)TH D, WHAOHIRTIEZ OEEIEH -7
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EBbns.

HABICLDBRROERIEKBREFENERET 2D, PEBEIMDIBREEI DT, KEKSPIBILRE
DHDBNZOEEMRY —RICFBSRV, KEIOEDPBEKROBRBICLDBEROEEEREIE 0.01
Tmol/year BE 35, 98bH5, KIUHSOKROKMEBHIEREERODON 100 FICHYITZDT, B
ZREZ10PGEREICR>TULES.

BREROEBEVWEBRBEOROSEELRIIIZA AV OFEBKEDF (MF) THB. AR BEIESIBIETE
BOBWILUTEZZHDTHZD, FEERESNEIHASBICLODEID S, REOKK T, AW
DA A TEBEED (SO, IMBAEELIh, BAKZEL TEEANERATS. LHAL, BEHWAKTE
2DODHEEBENELD. £9, HEBICEIFTZAYVIUYNEWESIC, EREREABHIETREETEAL, X
DERICK DIFEBKTFEZES, +10 :

SO, +hv=S0+0 £&U SO+hv=S+0 (42) 81 » .
HUBESEN 10°KEUTTHNE. 1A 7LaPAKEI
BED, FEBKREINIERYICREINS (Farquhar and
Wing, 2003). COE&KIE 27~24 BEROHEYICIZBEEE
M. 24 EERLBRICIFEHRI N TLRY (K 23).

MIF ZA%S igstEcEbI D, A®S (&, %S O=jHIE
£ TS ETSHEBESNBTS ORTHS. B MF B A0 s 2b 25 60 35 40
220nm U TORERICE D SO, OXSBHAERTH % Age (Ga)

(Farquhar et al. 2000, 2001).- DY ¥FILHREShD 23, WELEBUL PS ORMHRE
B, (AT DU EORFETRRICRED, BHiEE G R e R
BINTEWIERY, Z35THRINE MIF OV T FILERES FapEsBic s s tomssyd B
h7zW (Paviov and Kasting 2002). &\ MIF {ElE, 1) SO, %‘:1‘5@505&%1?*"—“‘5- BRSE

) : 105 SEL T ORICES.
NERERENBHSHEEINSZD, 2) ETORHALE SO,
PMEDAATERBETZEERLLRRBICELINDEZICES. BEOKR TR, MADOEELH>THD,
BEREAYVITENEEERU, SO, ISHENICTHBAEBLIND, SADOEHRIE, 20 EERIUETO MIF
NFEOMMETHBEERL, 2DORBFOSEARED 1 DEBLILTVS, LHL, 20-23 EFH
& 28-32 EEHMICH MIF OIEIZ£05 MURIEHSZ. ThoDbTHIRIESDER, MIF=0 DAY ELD
HWE MF 1 AONBRLELEOTHZEEZSNS, IhE5 200D MIF DETICOWTHTD 4>
DOFRPBENEIEETH B,

1) BEXRETLEROELICED 32 BEAMICKTPOBRRBENSIEML, 27-28 EBERIICEASHDOERER
L& DETF L% (Ohmoto et al. 2005). BVBRBEIZX MIF OFEEHT, X5 VORMICL > TKEE
BT, COANZIXLFREHEEROKTHERLUTH D, COAAZILEF 2 DOMELH B, A) &
FTWS AU CBRRBENIBERSGETLTW DN ? B) ZOBBOREEY S VHKROEELH
HBEROFECEANTIERL, LU, InNAFHICRBETHZNEERDI DS (Holland 1984).

2) KEOBRBREIL, REREBTNI/TUTFICELS H, DEBICLD, < ED 32 EBERTICH - D EE
U7 (Kasting and Ono 2006). COEFILTIX, BEROEEIHEARTIEARL, HEERICES b, B
REBERRED 1/1000 BEOBITHD, BEEHEYORBRLEBESLBIM 2. COXAZILEEERTSH
3h, EFILETE TR S 20BHH 3.

3) 28-32 BEFOKBOENRT T v I RFINEShoTcledh, KEHNFEERBICHREINT, KRODKE
BEEEL -T2, ZOBFEGKRE SO, ZMILARICEZL, MFOITFILAEATUE T, TDEZ,
Tian et al. (2005) DINEWKROBBEEIC LY N EBEYED, EFILHEORLELH .

4) MIF QYT FILIEX T Y DOXRDRICE DEBEIN—TFOERICED. TOEFTILTIE. HBERDM
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R ZBICRBREKBZOBREMNRICEDENL, 32 EFERIICAY VEIELLLZZ & T, CH,/CO, A
BLR-EERET S, DI 0.6 2D EBFEYUN—EHEHI NS (Pavlov et al. 2001). AN—€
(& SO, DXNEEHEL, MIF Y7 FILDEL G- EBbhnd, FEEEYA—EITL OHIRIEKTICE
bhd&SIchotc, CORBORFRIEIETIEFEICLDTFANEh, TEEMNICESNTH S, Ihid24-27
EER & 32 EEFMEOBVY MIF 258879 3. COEFILTE, KEEEW MIF & 28 BFEIIOBRRREE
BHEROELTRT I 5.

BL DEELE 24 EERILUETIOBEL RILHIDRDEI -2 & EZREBT 5. REORWHTEIE P REE
DEFEHI SBENEDORED £ HHEICT S (Rye and Holland, 1998). BITHARMI’E > TWEE, #%iF2
oA AV ELTETEMSTEH UL, BB ARZE, MO AVEULUTBEULELAS. EYTALIKS
BAEOENEZ 3. 24 EEFLEIOMN) | REBEYISETNEYEZEATED, R4ZA48 - D5ZF1 K -
VFSA MNEFRZNBEROBRSESE, 0.1, 001, 0.001 KEUTTHZEHRET S, ThicHULT,
REROREREE, BES L ESINNTERS NIcHFHNSRD, ROEKRLY (FICRHFIL) T3I—F«
VTEINEHEDOTHD, BLWEBRREBEEZRL TWS, ‘

ERILE (BIF) BHERROBNN,ISEN, BHRERCEFOL, 18 EENICIIERT 2. BIF E$kic
EDBESZLWE (ElLYUH) OEBHSHZEOHEEYN THS. BIF (& Fe1 AV OBKERDT S Y
JAERLTED, ZhIIBTHLBEROEETIEBRL TWLRESE S, &1 AV IEREDOREMRANEE
Wah, #cTBbEh, 3MOHKELTHBLUE. 7220, BIF IBRREEOCEMNE 5 BEMBHELT
B, FEBEL 18 EEMET TRIMTEAL >EEZ 5N TWS, Canfield (1998) (B BEIHIRE
RETETHTH D, FeIHBBT/NNIFUTICKDIA A MELTRD BRI NIZEREL TWS,

RE-AA7 - KEMELIETA

after Bartley and Kah (2004)

TEREROBETORZILELE 3

RLTWS, XA °C 2HEY T

CERD3AH, REEORMKLES 8

<ULt 35 fﬁﬁﬁﬁb‘B, ﬁ%ﬁ%m [ P'ale'opr.ote‘rozioic, i ]Mesoprc!ter,ozgicg Neoprotro;.l Phanerozoic l

2500 2000 1500 1000 | 500 0

BALRLE (E80 30% 1F & IREEIE D B

(FO0%) £OHBMNTW, Zhid&E
ML BRI TEL 2, KILTEE -
ZRAER - BILERIC L 2D SEBEATRAT IRFRDOEMILAELIEZH-6%TH D, RROBETOHER
BTH23 10 FERU ORI, TATIREOBEMUMEL (3'°C,) H—ETHNI,

8"3Cin = fearn 8 *Cearp + Torg®'°Corg  (43)
EBITD LROEERAT R E, forg i3 0.2 E5HEIND. FRERICSKITZEH TRWREREAEL (B
24) [ IEMYIEGHIRE S TBRECKHDTH S S,

A A IEGIEL T, REBENBENRT 02mM BITTHD, RERIKEMULZ EZRYT. HRERBREN
0.05-02mM Bl tickz &, BERT/NITUFICLEDEESINBHMEYIE 32S KEDKICRD, DRIHLE
E (/23 (Habicht et al, 2002). FHk#h S ICEDKICARDZ DL 23 BERIUBETHD, ZnidBREL
HICEMUZREBRELERLTWS,

B 24 HRERMUBEORBKERREAACALOZXE (Bartley and Kah,
2004) . PRERPHLSEML, HDOXHEHKE LD,

3.5. XERDEL
EMIEFEEMNEBTI Y M AN ABETELRRS NICBATICEEZ TWeD, HERITEMICERLE
THOYV—X%EE5Z. Z0X5BBELEIT. XOIRILF—2ENUETRINE, £MEEZES5/N0A
T4 I ADFRPERFDEORBRBIICBRES N TV S S,

HERIEEWR AR NOEHNSRD, BLROARY MNIBRERICEREF > TWe, #EBRIZ 1
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v N, HEROENEEHBEIZNRIANOLSE, XiF/O0T7 1)L E&EVEST/NRITUTFICK
ZBEXERHABROBR) YN F7VAIOAQT«) OF/NRIFUFUNONITIT) ORGER
P, BAEBR (YFP/NRITFUPPRBERECHZKBEOHEALER) CLDHEIND. XiIEH 300 ED
0074 VDI SBEEINZ 7T HABETERINS. CONEFRELVBFOIRILF*—%, X&
BRIGEYI—ICEETZET, DFDOSOFAEMLET S, ABNITFTUF TR, HEBERLEYY—E
DR FOREDEKI A AV ERALLENANITUZI/O07 LD FHEEBRIND. fIEBNITY
FOLEKHETIOLATE, 220BFIRBEYY—ICBETZIET, 420 HZiElREL SAFEE
NEBENT 3.

VP I/NGTUTEEYOERGTEIMRREMAGH TR, 220RGEYY—IREELTVS. |
DENRVZTAL N (PSI) THOHLENRIFTUFOHDEBTWS, PSI TRERYVAVEBEMEZEDESHED
2DODKDFEADD H'ETDD 0, ICB|ZRL. 31 20KRBEYI—Ii& PSI THOD, PSI TSN
H* & BEMICERL, S5IC2D00EFH NADPH (ZaAFVYFEIRFPFIUIRILAFRYUVE) ZF
%, ZhITMAT, BRTADPERMEIS. Thbs, HicKBEEYMIINADPH & ATP TH2
ROEBBRGTE, NADPH & ATP A BED SRR BT 21 IicEbNn 3. 3DDATP, 2 DDNADPH,
200 HHKEZBILRREBSITRKEYWEDLSD. AHITDIEHXATIRILF—D 12 AOEFN1D0D
TERARESFERDRADLHICREICRD, OO FIERXT (V70— 1.5-EXY VEHILR
FUS—V/AFVTF—C) LIS ZOBER BERENMELTVWIHBIED 0,.C0, LiTiH
CT. XEHNSOBILREDERE, KEAO_BILREOKREOMAZDENICED S,

HERISHEZNZHROPOHRTH 3. ILE X IORESHRERFRERITBRAEERNSHRICHEIIS,
BHBEEBEARYI—T Y N THB. FhIEREFEFEES TRIRMWICERL, BC KZLWEESFEHES. I
X2 2054 7% 3. ILERD | BBRFEENERICAWVWS N, BNBED 2 WEHBETE
=, HFENEGHETERENI GV, LERD N FTBCRRERSHVICEET 2EYICHEBNTHD, RER
BEMITB DI > TWB (Elsaied and Naganuma, 2001).

HEBRORMEY T+ ILIEEEYNHENICOREINZRLESZS. LERJEBERD '°C 2FRL, *
AYNREBIED °C %BiET 3. YV MIEROZBLKERDIC E—5~—7%TH5. Z0OH 1/4~1/5
PILEZX DL DOPC DEVWRERE UTHEEINS. ILERD | IE&2BHEME—28~—-30%TH O, ILE
ANk 2EEDIT—11%IZEETH S (Guy et al, 1993; Robinson et al, 1998). &b D 3/4~4/5 (&
1 0%DREIEE LU THRT 3. Thbs5, 8°C=0%DRBEOFEEIX/ILEZRD | NELAIEEE TRMIRA
CIRBREEINUERBRDOTH S, ‘ '

WRiEHZ 5 < REHOFICHELL (Xiong and Bauer, 2002), RBO#EDEL DR T v TR EHER
EEFEEE > TWBRTTHS, ThiRT—T1 DNV ERLUTHS  BOEDFESRICIDDOMN?
HERDEDFZEGNHZON? THOEINRICTZBWVWEE, EORICESREHIELLLD) &WD
RIEEIC D W Tl Blankenship (2001) A& L TW3, HEZEANOIEIEE, BIBLSOMNRZEFINSIAZX
Fv 7OREEFRRE, FhICBELOATY 7OREESHETZIILTHD.

HERDOERICOWTIEZL OB/ H DD, FEAEGRIEN, < ORBEOBT, Nisbet et al.
(1995) EAEBEIRDY —RAEFET 2 HIELNIFABRREEZABIZENCLIOMBIGLE
MO SHBE->TmERB UL, CORKTIE, NEBRATy 70y NERTRL, BROATY 7RIAKER
DBAOIEBICKEL, XERICRSNZBHTEBELREFIYR—IAY N EF . ATV 7IEREIK
EREFOMBTOB/ROFRIMNRETEL SRR T 2. FEHKOE 350-400CTH HRNRERHT S
KE ORAISESRENEZ DEMICE > TENTHD, EFERVDOLHIKBHNGBY —IANOBEZHEICT
3. INSOMEREICHAMRICTL THRICART 2L5ICHBD. ROXTY TTRE, £HiELDEN
BHOANBEL, ABOFNEEIXILF—Y —REULTERITZHKICKRS. BRPUICELDOIRILF—D
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BLWIAREXREBAWVRLSICAS. ZORBREFRIMRBEREZEDICLTHED, MEEBRIHBETEHIN
J7UAO0Q7 4L ZBVWTWEESES.

LA L, ORHETIEBERERREEMNEICETED, JOQ7 406N FUAIOO7 1 ILHE
fEUte., ROFUAIZOQT7 4 LIZFEABRERINT D, JO07 )L a FFBEELTVWBODT, KT~FED
HERNL, BERHNTZ. HLI7OO0T71DBAICELLIZOTHENIE, FARBEERIIEHNSN
31235,

TRELESHEIENRLIZDEES. 2L OBRITELHS5HS Granick (1965) DRFEZHLICTON
TW3, 70074 EROEHDORATy ZIZEMTHD, ERMICRTICELLULEBZZEVWSHDLE.
BEOWHEEENRIFTUAIOOQT4IDETH D EVWSEZEEZHFL (Xiong et al, 2001), Granick DR
HEEEL, Nisbet D{REEERICULIZ.

JOO074LERTFVAIOOT IR, DI, 4D0BRTRICEENZ1 DOTVHYEEDNK
W7« UVBABZATHETS. ABORILT « U VBEANL (NESOEYO—F) PFrIO—LAIC
HESNh3. IhoDBROZLEHNRDEL, BRENGXEROELICSML, Z0BEBTHERTOEX
DEICHEELE3 5. Xiong and Bauer (2002) (&40 7 | XEHORIGtEY ¥ —0BENF /O
—LbTHolEERMATTWS, IFEYMICE, SBEEROESIFIBH TH W pH TES.

3.5.1. FEEERFEERNEN
IMERERKERBBLELNIFUFIRBO SRS, R IL—TE Chlorobium DIRGFEL A U
(ZnSEFILEXTERBWGW) | Chloroflexus DRERIEA A 7FEME, Thiospirillum ORI EA
7 9#iE, Rhodobacter O#FRIEA AV EBHETH 2. LEBMEIE 16S rRNA OMETIEVW D2HDE
ERENRTIL—TICDEEI D (Woese, 1987). B A VHEIIWMIEKE - KR - 1 ATVEBVWIEER
BEUEFEE THONELEE L, BATERERAEREZWV., W OHIDEBRKEEZREFhZ2E>T, BiL
BTIERAE L TEHHTEL. FAAVEREHRIEFHRETHD, Chloroflexus [ FRRBEYT Y MWD
HANRBECTHD. ABIAVHBEIRSHGBEETHD, MEKREAAVOREANEERLTS. n
SOHMPAEBBIIECHENTH D, FABRNERFTESHOBENEREICHBRDSND. A TE
EME SRS (phototrophic) THEWHDHH D, RMABEFRANAETHS. BRI ESHEE I
BICBEIFEEBFSERPREY —RXEULTAW, WKONEAAVERBAEBRIELT S, BT, X
BRDIEA A THEBINY T U T IEBENGBEPHBETCRRN TR TH 2. '
INSDTIN—ZIHEBTZIHBINITUFZI/7O007 1 )LERVWSZETHD, KEERLEY Y —| (8
BNRITUF) BULIE | GEAATHE) £8ATVNS. ZOXREROTOERAIE Hy, HLS, S, B %E
BFRF—EULTHRWSRY, BREREEYE L TRELLRN. Z2LOKE - IEMEE H, ZE—08F K
F—EUTBW N ROVF—FERAVWT_BILRELBTUTREOY —RET S
HEROBEFV— TV ADHERRIE, REAMATVHBEEFA A VEREMBIREEVWITINL-TTHES
LiERAFTVNS (Xiong et al, 2000). MEXARMERALEY A 7ILENLERTERY, REER
<ARTB. —7A JFEMABEBCHRLRBMES T FILEEIRW, Chlorobium (FRELI TVEBET A
2 )L%ZFW, Chloroflexus X RAF I 7O/ OREEHEWS.
HERTAAVEYEBRILT IMEIEDICHBELLESE, REBRAATVRBRORKENTRETHS. HNE
BUTEHEINSBE, SHBEERL, MItAkRZEESD. 22T, AEHRBLELERBUTORT Y ITIAVE
FN (FENITUF) HULLEFAR (KBPHOILENTTUT) ICHEEBSES.
6CO, + 12H,S — CgH;,06 + 6H,0 + 12S° (42)

BENTIEARWD, Shen et al. (2001) ORAMEDEMIITELBRA AT A I ILEFBEHNTEGEW,
Glrassineau et al. (2002) (c &% 27 BERMDLEWVWDBIEIEZEBRA AV HFAIINORIEZTEBL TWS, ®
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Sk, NWERIOHMELTOTOY zYOBWRRBUALOEMGRU L. I ORRIEMRIE, 27/
NITVT7OFEESD U BIEBRELEBNAEHMEOFEEZRL TWS,

EBMEFRERNERIELNT B E, MIRIIAKERTREICRD, EPEEENEFZS. HEF~XBRE
BT ClERICHE HINT., 1 ATRBRIGEBENLUEDOREDI SAA VT IILEHED, BEHTY L
FTIE &L D LBOBRILHE & THROFRILKRICEDE & OB TEBELRBEDOERBL K.

REOCTSYI NV SHHlE - EEWE - EREYESUSZEAD0TH S, FRRRETNANME
FHEZFSLLTISVIRNVEUVTREREDN 121225, ZOHRBEH T BTHCFEOBRELITT
Hote, WEMEYRISIEBRRERAARITKTL, KBE 10m [TEFEEEL e/ A U PERCFEICTHES
kA, BSHREEDOLICRELUL. TORBTE, BEONAA—LGZLE /BREDFEREERN
BEMAEICMZA 77 hEERAICEDBIRIELTWeEEZ 513 (Fuerst, 1995).

BEURAHIRNBRT A VL ZOBRICHKZELEBES, 727 hIADBLEVEOTHNIE, NH;
E NO, DRIGHS N, ZERHETE., FABORGIE ELALUDOEERICLDIFEEYMICE > TWeERD
nah, TSSOV —RAEBRENRDIOTH 7. REDERTAI7ILEBNITUFZHRIEBE>TWS,
Pseudomonas DN TVUTIE N, ZEBHL, <&/ REMEAIE Fe-Mo — OV F—EZE->TE
REBET D, BERETAIIIIEED THBICHIVEARENHS. W OHODBEBERZRHL, O
FEREZAKEERDSERL TWe, BERBEITIIKROBREEFEICERT S, N2 NH; (BTSN 58
BT, 8DODBEFIEEIND (6DIF 2NH; 24E37z6, 22k H, ZD< %) . $%5<, =h0O
TF—ClEH, 2ERIBX I VERETEEICEEL, PYEZFEEZIHITELRLIEEEZISNS.
BRI TFY 7OELT, RN —ILTOEYBIEFEEICKR>Te. NITUTPRAAY - RE - BR
AEBL, TOMWRNGTZv I AEAKUOKREIEEPHNREDOLDEBIMIREDI > fc&EBbnd.

3.5.2. BRREERKEM

BMEXERNARORENSHOEYBEE -T2, K- ZEBLRE - KEWSHD Snlc RO Bt
ReAEBEREICT IBRNBRERA Ty I TH> o, RBREYREMCERT S, 7/ NXIFU7
NEERSTIREBYIEZOBAICE > TERTH o, Y7/ NITFTITFPRBBIBRADOY AT LZEBEL
TWe $F5< 13, BEREENGRITTEHAEONERS AT L | PREMEEFOXEHRV AT A | OERT
¥t L7z (Nisbet and Fowler, 1999). -

BRIEEBINESHRDEICDOWTIEE L OFBHRNH S (Blankenship, 2001; Nisbet and Fowler, 1999).
STOXRABBIIBELRBDOTHD, LHBORFELEF > TVWIICBVGEWN, BFOTIBICEDIHFERRRER
HEFHETHBIANVANITUFRYFZ/NIFUFZOoO0074)b a KEBLENRITUAZOO0T 1
W g ZBVWSE ANUANRITYFZRYZ/NRNITFIFPORECREEVEEREGTFZR ~ILHBETH S
(Xiong et al, 2000). £%5<, WMEDFKMIL, Chloroflexus OEBBFEMBEDOHERRILY AT LATH
25 ¥ABRTOEAENELT, @HARIMNABIKESEDIEZZ5H? 1 DOHERR, Y7/ RIF
U7 OMEED, AEICEATWNRITUZELEBHZWEANVANIFUFORBTE> kBEFREICL
DESNIEFASTHIZEVWSEZL. COBR, TEXITUFHRIF/NRIFUFTDFEICELLTWY
K EEBKRT 2. BFSKRANBRIGY AT ADNBIAICELL, ZORDOEARAZRICK DFREA A VM
BOAUANTTF U P OBEHIEL 2 (Dismukes et al., 2001). I 5ICBRTI B &, 2D0ELZIHE
AR BTIEBR AR THE/X\—NF—(C2D, PSI & PSI OBEFHEEULEL 5 1 DOFTEEMEE, I
EHEOFR THERIFHELLET, Mg ThZEO-LERFIYTZ/NITIFOEENEGBL, &
EFEREEEL Y7 /NI TV TFRIGHOD I BEEEVWS HDTHS (Xiong and Bauer, 2002).
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YFI/NRITFVFOEREROBXRABENERLL, XKEANEERINBRICOISBRTHNRCAEE
BEEL, ThoSOMBEIERODEBICHZIME (K- X 2R) ZBVWTHKAKRL, BERZEEL, HET
HNITHEENEGTORRT 3. BROBBIEELEZHRIZRTHD, Y7/ NITFUTFRBERZEE
% CZOZOCAEEEMEFTCOBVEBERAELDELTBZD, YP/NITIUTREEBRERET 5L
BYERVWT, BREEETZIIEHNTETHZ. FYEZTHOOERBEERERLSFEZLEEL
(Falkowski, 1997), TO 7O R IBRFERAERORICHEALUIEEZZDOREENE. LML, Hi,

SHHNTIBTEREREROMEHNEVRD, BREEBRNEKIGAERNICEL B EBEHEELZY, 27 /N
IFYT7RRESEEEECLCERL, BYFOERESI T/ NITUFZRUHREDLSLTWVS,

REOCHWEAI IV RUFIREDTOhTWSZ EZE

2%&, AUBHBEBOIOFONY T UTFORICED, : | |
BE S AROERY A I LIRE S EEX B, | g L4 ]']!II [
BRREDHARGIWEOCHFET 3ANSARERD 5 ] a ! I ©

BE, AHERTHHAAOKEN SBR UL, ZT0, g o i g

EEMERTAICE VAR NS, BoOICY VBOBAE 2 ool o B8

RBECHPSNZ2L5 B2 BEOT—5 @BRFEE 7 [ofere .

BREHE, KEOBBTBENEML 7z 24-23 BERIC T T e T 25 T 2o
e ER(Ga)

K DEELHT. 27 BEFOHBEL S5E, 2aXFILIK
INUDBERREROY P /NI TYFPOIENE UTIRRE K 25 38~20 REMNOHEBRRKRDRRBEMELL

_ e e = s ks (Pavio et al.,, 2001 ([CHNEE). 35 EEFaIOARHCH+
hTWwad, Zi, 37 BERORZRUELEXEROF S B DI AT S 5B 27 {54 E DEE

EERKRT 2D, ThEFEREASHTHERLLSS. RICE< BoTVWB T LIER

3.6. ANAYEFS1 K

ZAROYKSA MiE Kalkowsky (1908) ek > THESNIZEE HAREOPITIE, F—LIK - FERROAF
EZEDOHDICRET B2AHBVBH, Riding (2000) FZOEEEZFBRS I FE2/HOERYICTILTHEWT
HPEVWELTWE, ARNAYMSA NIRBETHIVEE LR, EETHERETHRY, KEIE-ER
Bk B R—LBEELTWS (Martin et al, 1993). FYRFA KM PAOVRTA MNERFRRD, £<4D
ZhAOY KNS MNIAREL G FPERNTVNS,

HLHASELFEPNTWEREERLDN, AMAYKSAMCE—BPUECZFIFTANSNIEERNE,
Kalkowsky (1908)(&iBRTHEMM THZZ L EZBKRL Y, BRREERETOAD >, 1970 FLURE,
HEFNREE, 1) 2TOMEDHEBRIHIBIRTIERL, 2) BEOHEBYICOWTEYRSZRTRT ST
CIIRBTHIIENTRINTE. TNE200EHIHS, FIBRERR, HARENEFESIEETINT
W3, Awramik and Margulis (1974) OE&Z "HHlEBREH O TOMEYHERY, WSO THS
M, Semikhatov et al. (1979) & "£MREOEEEBOL IS TOMKERY) CERELL

1970 ERICIFZA AT M SA MCDOWTOEIF—DOEBENAERI Nz (Walter, 1976)5, TZTODE
HEERNEBIC L OBMEMEBRYERFL TWERD > o, HRNICIHRNEBZ R OHBYICSEZ 5N iR
OYARSA MEWSER (Aitken, 1967)BZF AN SN, Awramik and Margulis (1974) OEEZPPE
B, MEYCLZBREBRYEVSEENEBSI L. ULHL, TOERKE, MEPERSWSHROL
2, WREREVWSEBEEANDZDOTHD, THE & TR ZWiIIE, HIRODITEIALL WS, £
®1=%, Burne and Moore (1987) & Awramik and Marguris (1974) OREZZIFANSZET, £DIA
WEETHBIIAI7ANRCMT7 54 M ERREL:. Thid, AbOYRS1 N (@R osaTihrl, FYRS
1R PROVRZA N EHTEIZEETH 2.

ZEM—ZANOTNSA MNIBHTELOERLEREZFSE, SHRLABOUEEZTRYT. BTN TZEKRD
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BREBEED, ZhIIFEHNLERTHHD 52, FIFEFANONMSA NOREBZIFHTHD, K
BLOFXHAY TV 7ROAMOT N 71 MIBPBRTERENG 7 X7 TRHEFII 503 (Walter 1972),
BIRMEZANOYRSA b (skeletal stromatolite) — 4N ZOHRICEET ZZAMOY S~ MMEAKILEL
TeftAE U THREI NS (Riding,1977; E£7z1E& Monty 1981 @ porostromate stromatolite). #4411t
AICBREVWSEEEBWVWBDIXIEHNH BH (Golubic and Campbell 1981), Y7 /NI FTYFT
HBARLEINIEHEYOBBEI EREISIEZRLTVWS, B8A Y I1 REIHEER~PERDEBEFBEOM
ic, BitoAREWFEOINICERHSND. BBRANOATYRNSA MEHEO—BOTREREY, ThiFEIZ
UIe 7« ZAY MOVEEIREBEED, SIX—YavOREEHEITZLHTHBS.

FEBR MOV bk Z 1 b (agglutinated stromatolite) — R FIREBYIDO L Zv TENRA Y RICK DS
H® (Riding 1991b). Ih5EZ V541 D SIWETA XOHEBYEZETY, REZVDRIVILEDEKD
O A XTHD. HEHNRECBSZE, BERBEERICRD, R-—LAPERERYPTHINICZIOVKR
Z4 MEOEBICTRD. COERE, BRAYYy—IBPU-—ANyFUITEBDOHAICHREND. BEODHE
$L R —LDBIEARD THETH S (Braga et al., 1995).

MRAMOIM A MM MO N T4 N OBRIIE THSZ. InSEFABELESODRERLIEED
» (Fairchild, 1991), $2WIMEPHIBEEL TWEHMARBETHS (Riding and Sharma, 1998). & D5k
BMIEREROBRNTEETH D, ZnS5IEFRELEE UCHAMEAZMED, BEOFFOTDEN,. L,
R ANOYESA NIBHOBFEORALGERE, 7Y ROXEDOER>EBEENSEREOT T HICHKET
3. FEZRROY Y JTHHEBYICHEREAMRANOT N1 NIRET 3.
Fo77ZAMAINZAM—=3KA)ID Ko T 7 EEWAIWICAY I RPEVWRROI S NEED, 20
RITEFI T/ NROFUFPORBEINLTVARHSNZ. -7, ThEDOhs 77 AMAYNS A MNEE
CHEY L TORRICK DB END. COKRT, BEY (OFV) RIKERTZEREANOILSA K
EREANEND. EL., BBOYA MNPIIFOHBERBEVCEYNICEARL, BRULY Y (UVYATO
TR IEHAKBIE TR D. ~ v T 7l Cladophora, Gongrosira, Oocardium, Vaucharia 73 E D&
¥EEH (Wallner, 1934; Golubic 1976), EMHIHEL< G2, FREICHEBESNLRZLANY T 7 ZEFRW
KZAMNAXYNSAMNEISANEED. Z2a—3—00FV—-VHBICROSNZKRIC, TORY T 705X
MIEYICER, BHYGA—RNIAT—ILOR—LIRIY T RZES.

3.6.1. AMNAOZLZ1 MOREMNL YK

WEY O OEY OENLCHIKBEOTICHE LT, 35 BEMICHEYRBEZIZTLTE 2. MEYR
BEEANOYES1 hORE UTA BBICHFET 2L WS HBARRRHEENY T U FRICEB TS
20, BERICETII2BEBYCHOERENE OFRFE, HEVRBELEBSEIBEDY v— I BOKRR
BEANBWPS o, COZBZEFENEFERELRON? I TREMAEYRKREBEORKRBNZENSHZXERT
ZERICDVWTEZ 3,

TIV=Y S VR - A X7 ORRAMKLIT 38 BERICHEYIFEL LI EZTBRLED, RERTH
5hTW\wg, BEbFWEAIIK 345 BEROYF /NIFUFPIBET 1« SXAY NROB#EYTH S, A MO
IhRSAMNFZhERBUBRIZY MIEEL (Lowe, 1980), MAEYEMEYKRBIENEEL TWEBEE
Z%. 1ZfZL, 2hESD 32 EBEHUFOX MOV M1 MBEYRBRTH D & WS EITH L TERHIER
IFhiFshnnd (Lowe, 1994),

MAERDZANOY k51 N OEEFIGBE 20 £/MT, 11 (Walter, 1983) /5 32 (Hofmann 2000)ic
ML, BHEWIIER—LA - [ - BROFEAULLAKE /BRETHD. ZOHBNRMERGIT/NS
BITRNYVORICHEEU CERUERBHTHD, BRLOAXUEHNVLIOFRATHDIEREBEINLTWS
(Walter, 1994). [Effic 28 BERITOANAOVYNZA NDIEEE Y XDIEM (Walter, 1994; Hofmann,
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USEBH DRV Rt ERIRL TV RSB S, e
400 : ambrian-
BEBRERD SIE 20 LLEDXNOY RS h OF T %™ oy Ordoweian

. resurgence
%
rmo w

YA TITHEEIRLTWVWS (Hofmann, 2000). 28
EFLSHFRERDEDDTHS 10 EFIIZA
AOY MRS hOESMTSHS (K 26). FREIEZHET
B0, BHFEOBRT/NEWREZFDIAT, &
WEBTH CREL L R—LPESINUIIFEROB D,
FETOMRMEREND D, BRGREHHES (radial

fibrous; E X~ NEBFED 1 D) ZHFO>MPEER
B BE(L 27 BERIICEEICR D (Hofmann, 2000).

Zh5lEfEE LT Asperia & D Pseudogymnosolen .22_ :‘3;@7?;% fg ;‘322; ’;FWAI;vZ;:i: ?ﬁ%ﬁ?ﬁ
@A Ih(liang et al, 1985), BMHEEN YT 7  (1999) £KZ.

(tidal flat tufa) & ®MiEh TH D (Grotzinger and

Read, 1983), #M4EMICEEL TW3 (Grey and Thorne, 1985), H#ERB{R (Hofmann and Jackson,
1987)DiEsI H TULRL,

ARNOYKSA MARBERZILEVWSIBAIRFLT, ANOAYKNSA MHDEBIERALIEEWSESHE
Z%. WFhictk, AMNAYKTA ML 28-10 BEFORBEN SR U, ThidO—YFEORRIC
PTHD, BEIMZIZIERETHZ. nicBELT. FIHOMHKE (Fischer, 1965; Cloud and
Semikhatov, 1969) (FXNAY KNS A M OFRIFFEAA I REAELETH B EBEL TWS,

FEERTOANAY NS MOFRBEANAY N T4 NONMERHNT—IDSRYUIKRI N KAV T
YFPR/OANOAYNSA MNIEBFOBRN TS ILEIRY FTHESTN (Cloud and Semikhatoy,
1969; Semikhatov, 1980), E<BHEINTED, ZLORBMIE,ATE, ANANYKTA MNODHE
BHEBANIKEERTEZ0N? AMOYNSI NORRER, £9, BE SENRGENONRT—>Oong
ny, $2VELTERMLTWE0N? ERIEE HENELE AROCIHPROEEN? 4£BF
DEILIE, WEYORENELLSZWE, BEOEEZRBLTVWEZON? AMOAYKTA MOARIEE
[CBE(C XX N5 & Semikhatov and Raaben (1999) (IR UL 7ch, Th S DOEFEMIEERL TWLELW,

BVWEVWBENEZHOD, <O YRPERBEIEXGFT—5 Yy bERY. XANAOYNSA MDY
JHDOERNTOY MM, BERBFRER, BESYOEL S FF—HIT 51 6.75 BEFMICANGRIZRY.
F—Y OBRNE, FENKOLUED 10 BEFEHSHBL, ZOROFERERTHRLICEBRLTWVWS
(Walter and Heys, 1985). ULhUL, ZO%OKRETIE 20 BEMICBODPBEE>EVWSIERDH S
(Grotzinger, 1990; Grotzinger and Knoll, 1999), 3 /4t5, AMOY T4 MOFEANE 20, 10, 6.758
FROWINDOORHRICHIBLIEWDS Z &ITE5.

Archaean-
Proterozoic
increase

200
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3000 2500 2000 1500 1000 500 0
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4, HRAGE

4.1. SHREMRFEDEA

BREBYIZSHELMEYH Sediments Water
HRIEEN 7O EADOERELT .
ECbDTHD, FOBED Fhanor I & o 22 tmss [l Seated

IeH I ERBARFEZRV
BRhiERsHWw, HRRARE
DT I—TICEY % Takashima
(2008MS) DFFTIER 27 I

TISERFEFEENCHAS R XRD \ 'Z.‘:g:g:gggge SEM Cations  Anions DO  O-Cisotope

e, BROGPMAEDHST \ N/ /
ement PCR [ Water chemlstrL]

(&, MAREBEADEFIKILLL 22 distribution .

Powdered Thin sectlon

Mass

AA lon-chro Titillation spectrom.

/
Stammg

EPMA M:cmscope Alkalinity

1 - BITF RO B Z RS ERD Mineral [ Microbial Textures Sequendng\ Phylotype
520, WEREERZOEY composition distribution -fabrics composition
& RENREFEZHOMAE & 27. Takashima (2008MS) HERIETEWICER U IR A E.
DBEHEVWSBRICEVWTHEE

L<IRWEEZS.

MERREEINETOMR THIILENGARFELZBEBL, ThEHOBEBETLOREHTWVS
£, 2005) . #2T, ZOETE, FARERET ZILHOMRRKREIMER LU "HEDPIMRTE
ICR-> T, £EHBIEET S,

4.2, WEYPORE
IRA A7 AL LPHEYT vy NROEIECHEARYY—E IV NI MDBVOT, BEDOKFEME
THEENEH#ETHD. 22T, REEFBVL SRS, R, BELEOMEYRIE, 14>, #E,
KEFBAULRD, MAEVMRSORITEET S, BERRIE TS XICEHR Uz acidophilic BB & BT 5.
FANRSBLTIIZIVRBRICECODERLS, KFE20Y /(U BIEHHE pH TT acidphilic T$%. &E
HRPE TS AOERFEF ODOT, YA FAICEBR U basophilic BHBMICEST . HILRFILED
ﬁ@%%ﬁ?%*ﬁ%ﬁ, FRAISEOTIVI I VBICEDY VI/INVE, Y VBREEZETILIE basophilic TH
BEEO &S SREBERSE, EEtI 3> Sudan lll P IV OLSHICAIARER TEROHEND.
‘_nbd) 2RI BEE w@ﬁ*@“% FRZILAABYHEEREOREEICERESZ, SARETEME
TOBREBBICT S, ZORRITREMEHBED 2ER/RESERILTDEEHIC, DNA OF IV EFERAHE
waY 3. thkMZT BETREL OEFNGEREAFRISBERILTWS, FZE SYPRO ¥/t
BYIWEBNRAATAIADINS 74> vaviREKBEEh, BLEBETOY Y/ VBEORHDOEREN
AREICTR o T2,

4.2.1. BROEE

RAAT 4V LRBMAEYT Y MEREHREERICERREME O BESETRE FEMBEIC L DEBRNTHE
52 BEOL—Y—ENBEENEERICEVICENTEZD, L-TOERREICEXBRASBD, &
WO 7z MAROBREICE, BEOERIFDETHZ. Ihid, BEYRHORENE COREERDEND
BB E DRERERNT ZBICEBICERTSHS. UL, Z0EDICE, BROBRREEHLET 30
i, BIRNMBETS>SNENHS. UTO4DOERZETEEEFTLHEITEZONEFL L.
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BFEMEBOY Y7 BHDKEHIVILEE (cacodylic acid) TRy 77 —ULicbDIC4%DTILY I
YF7ITER (glutardialdehyde; GDA) ZiIZ/cARICERT. HBWE, GDA OHTIFARL, GDA (0.5-
2%) ERILTUY (2-35%) OBRTHRV, GDA B VIVBEOFI/JI—TERBL, HilE#E
BABRICSIZ /a3, RIC, ARXRIVLABEYERML, TEM BETOIVY N AMZ LTS, A3V
BYAZXI TLA4BIEYISES TEEN RS, BiEiTHS. LEH>T, TV TINEBRATHERE Tcm [CHF
HT, BRENTEEI S LR A

LR-White ZBWEHARY Y7L 3, VYBTNRNYy I 7—UREHIOKIC 4%RILYY VZNAES
DTEETS. OV TILIE—RMTEENTET, ThET->EET, LR White BIBICHATS. Zhic
K OHZ - BNHEHETOBRRY, EFEMREO/N\Y I XAxv vy —VEYRENTREIICRS.

Technovit ZEWHABY Y 7L B, YVBTNY 77 —UREBOKIC 4%RILYYYEMZ
HOTETET S, Z0D#%, Technovit BEEICEBEL, BHREERL T, BERRVCERTFENXIO—-—TET
DERETS. 1IEL, BEBICERKREOHECLIBEIEL, TYORABETHEEINTULES
ZENHB.

K714 0FBOYY 7 B, VYBTNy 77— URBHOKIC 4%RILIYY Y EMZTzHDT
BEYT 3. Ric, TYBEPERELT, BERENS 7 VICBAL, YIREERTS. COAEIBERE
OEEFEALTIO—TTLRET BHIEL TWS,

422 TEM#&=ZREZ7O0R3N

[#@T5HD]

HAAVNEIY 77— BHDK 1170mL (£ LT, 25-100g @ C,HgAsONa-3H0 (HIaATILEESF kU
Y LKFY) EHRINT 3. 259 OFRMT pH (& 7.4 1, 100g OFRINT pH [ 8.3 (T4 3.

EEYR : BHbDK 981mL L T, 25-100g @ C,HsAsO.Na-3H,0 (A IVILEEF b U D LkiNY) &
187mL @ 25%GDA %Y 3. 259 OFMT pH (£ 7.4 1Z, 100g OFRINT pH (& 8.3 L85,
ARZVLBER  HOBENTZ RO T, mzam_g1g@cxo4%@m?% COBRICTL, L
OAAVIVEEI/INY 77 —% 3MZ 3.

ZFDf - 5% 7 vibkE EEBHMOBRRE) & 0.1 /L NapEDTA-2H20 (REREDRHR)

[FlE] :

BE4C CKOESHULLIFABEDOH) T, RBREOHTH Y7L ZEERIC2KERT.

AAVIVEEIRY 77 —TH89 2% (TTETRERTZa—IRT) . SBAAICEL, EREICEXT 3.
BEACT, YYTILEARXIILBRICT ~2KERY.

AAVIVEENY 77 —T3EEET D

423, AFBEMSESRER7OMNINL

[¥EfE T 55 D]

YyBINy 77— UVBE_kEHU L (KH,PO,) 13.61g %7K 1000mL ITABELZHDZER Al
Y VEEAkERF MU L (Na,HPO,) 17.8g Rtk 1000mL (BB LUHDZEE Bl& L, B pH L&
bET, RAELKBOLEEETZS. AB=46 ORI pH=6.98 AB=238DKid pH=7.38 AB=1:19
DB pH =8.04 TH 2. BIHOKNETZILAVKDBEE, KEBEBN\YI77—%2BWVN3

RV VEER: Y VEINY 7 7—=900mL ik 37%HRILY ) % 100mL FHNT 5.

[FliE]

BEATC CKOLESBULEABEDR) T, Y 7ILERILYY VEERICA~SKERY

YYBNNY T 7—THET 2 (TTETETs—ILRT) . BBAAICRL, ERECERT 3.
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BiKIBERIT - Ictgic, BUREEY/T 7« VIKBET 3. BKAEZETHICK > TERS.

[LR White medium grade (London Resin Company) ZH\\/z1EE]

BiK 0 15%, 30%, 50%, 70% T4 ./ —ILICIEXR 30 D028 L, 90%, 99% T4 ./—)Lic 1 KEEZULT:
‘i, 99%TY ./ —ILICHRIE 12 KERY.

BE . AEEOHRT, LRWhite: T4 ./—J)L=1: 2LV : 1 OBESZRICENZN 18 BEERU &,
LR White D#DHDIC 18 KEEY (ThSOBIERRIZEVEILATEE) . RIC, E&ET LR White IC&
B 120, 40CT1K/E, 60CT 24 KEKBULELIES. Ok EBRICHhZEIVENDELSZOD
T, BRAULBREORTHEEZITD.

[Technovit 7100 (Heraeus Kulzer) ZBWEE]

Bk : Bk 1 15%, 30%, 50% L% ./ —JLICIER 30 #D0DRL, BEEFIIT—9—0OFRT 70%, 90%T
5/ —IJLic 1 B0, 99% I ¥/ —ILic 2 BREE% 2 EigDEY. | |

BE : AmEo®hT, Technovit: T4/ —J)L=1:1 OBEARIC 2 BERUIE 4 CoFHFT BEET
V4 —%4—DOHT Technovit [CREH | ZIMZAcHDIC—KRY. BRI, ERT Technovit I[TEEH | &
REF N EMZI-H0IC] BE, 30CT1~2KHEATELIES. Ihnbd, BROASKWMRICTS L.
X771« v ZRW:IBE]

Bik 1 15%, 30%, 50% T4 ./ —)LICIER 30 902%20L, 70%, 90%, 99% T % ./—JLIC 1 KERLK
B, FYLYVICBREIRERT.

B8 MBULIAS T Ve 7ILE 1 BBEEY 5. 8T, FISH TAWSY Y ZILICoWTR T KEM
HEFBELAW XK, KE@EBWHTHIC, 60CTEERFTVITI—FOHRICAND. BEZREICT D
Hic, BEAHSH/NST7r v EEAT D, BEIK, ThZEIJ70M-—LATHRZES.

REDOHOFNIE : 2P FISH OBRET ZHICE, /KT 71 Y ERDBRWALEL, F2LVITI10
S, FYLVIK2DE2E, 9%ITY/—ILIC2DE2EET. MAIYTIL—DESBITY/—ILIKE
B EER0IBE, FBEFOFEETAS. LHL, KEEORREZAWSEZE, HERZEBMALEZTNR
Fskl, Zhil, 90%, 70%, 50%TH ./ —ILIC290DRL, RENICERA AVKITRY.

4.3.4. FEHEEFHOFH

IS T7 4V ORPUIBABRRHCB < ZEZE S, Technovit ORKRHIBERR TR FEES. ZOBEEDOX
FILATTUL—FRUY—DXy Y aphRKEVNSTHS. LR White OFRBHI T Y / —ILICEBRFERT
UHFEESHRWN,
[NV TN—-0O/ 18877 V]
0% LY./ —ILBRIC 0.73g DRILA Y TIL—0 & 0239 ODREMT VIV EBHEIES. pH & 6-7
(CHEL, ThERBRET D, EREYOMBEEREYORE NV YV TIL—THRIRE S, ERE
VOB IIBVETREINBDINL, MEARYI—EBVRIEYIBICEED,
FIE: EX20-200 27007y avyThHhid, 1-b P TRENFEEZNS.
FREKELIRIC, 99%ITY / —ILTNRYIT S0V RICIRB MLA IV TIL—ZRID RS,
TLINS— M %EESD. ZOFIEIX LR White TER LT LIS —MNCHBERTES.
[ZIW 72T I—/nuclear fast red]
FIWOTFUTN—EBA AV TKBEORRTHD, BEOLISEEREZRET S InIEBIHR
ATERICHBELIARFVIVE - U VBE - REBLIRDICKET 5. pH ORBPELI TR VLADR
kD, HILRFVILELIRDERBL THRHSDZ EHAEE Nuclear fast red 3Bz R R 3.
S - Nuclear fast red/BREE 7 )L S = LNSBR: 100mL OKICTREEFZ LI =0 % 1.5 388 U, nuclear fast
red z 0.1g B, SHRBRICTAILIT—ZEDTS.
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FZILYF7>TI—8GX (pH 2.5) &
R 3%KEFEED 100mL DKic 7 )L
Y7 7IL—8GX % 1.0 AfRY 3.
FIE: ROV ULEINZ 710 EIY 3
VEKIZIEUFEES.

3% KEFEEARIC 3DERT

FILD T T —BRIC30HEZEL,
EKBKTHRET 3.

Nuclear fast red A& 3-5 2EZ
L, FEBKTHET 3.

70%, 90%99%T 5./ —ILTH 1D
BREKL, ¥ LrTHEL, 7L
Z—~Z{ERT 5.

X 28. #tlc L 3MEYRBOM. (A) B
BOXY VBN SEELZBEYT Y b
DINZ T4 oI aVEFILIFVTI
—TRELEHD, KPOLZEETHREK
I3 MENAESTYEEBETH S
IKBWEETHROSNTWS, (B) EHEE
¥ Vaceletia DN\ 71> a V%7
Y7 TFI—& nuclear fast red TH
BLLHD., BWEBESEHEICLDER
) (mesohyl) IKCETHENE HEE-
THD, BROMEKIRIEED, Hiz
EFEVTICEESTWS, (C) RITM . - - E
DA—A—HOINAIY NS LMD LR White TE{LLERZZ 70N —ALTUMLIZHD, KEOVF /NI TVUF
DA AT IWALIBEEETZ7 IV TERELTHED, il2FEVWEY 7ETHROSNTWVWS, BETHOXNATY NS A
NROZRICH B DB NG FREBEICRHSNTWVWS, (D) LR White TEILULEEBOMEY~ v NOFEHRH
B BEREYOMBEIE NIV IV TIL—0 IKEDELRHENTWVWS, RWVEROMEIZ ANME] 41 7, EFE O
[ ANME2 &+ ZOMifaTH D, EE5HFIMNAY VRILOTHMETHS. (E) BAA—ARNSTVFZOTFT1 IO~
OY K54 k% LR White TE{ELUIED. BEEWVMERIE AL A VICEDFRESINEZODA RITZ/NIFTY 7 O
NPETHS. (F) BENAHE AR Y Y TH S Geodia macandrewii ® DAPI THE L 7z LR White t15. B0 60%
[FHETERINh TWS,

£

4.4, BIEFERX7O—T% (Fluorescence in situ hybridization; FISH) &

FISH & RBEHAPEBPBRETCOIRY VY TINEAYIXILAFRZ7O0-T 2BV, FHEOEEFE/\1
TUTAZXIE, EXBEHR CTHEEIDILT, MEYOFEEZRE - BEUTHERI B IENTEBZHET
HB, EE, EHUWRBZOPHFTIGEINDDHD. BEYOEH - BE - BLTFENEVWSI ATV T%Z
BETICHENORERITNTE, ISIKZOEEMOPHEOBEROBTDIEMNTE S, FISHDLAICDOWTIE,
Amann et al. (1990) ¥ Manz et al. (1992) PEH#HLTWS. BERTIRNUYIIhZ7O-—TPI T+
JLDEBIEIC DWW TIX Perthaler et al. (2004) A& L TWS. /XT 7« % Technovit ICXDEEEhic
I3 ADFISH OIGAICDWTIE Manz et al. (2000) A& L TW3,

2T, ZONBTEAROAEZT>TWBERAIVOT Y FUT Yy RKEMKILFE LY ¥ —HIREYE
AT, EEPEORNMEH 2007 £ 12 BICKBUTELEREBZBNIT 5. COMRETIE, €K E
BONBFTHWSL TWE FISH EVEBFNEEZ, MEYIESULTTELNSIN-—FUPro T 7IC
BRI ELMEEToTED., Y 7ILORILE - FISH EICAVWSER VR, BRICBVWSZTHFMEL
—F—EEREME(2P-LSM) - HESL —F—EBRBEMBE(CLSM) & W IeRBEHIE > TWB, EBIEST
yFUHVKED Dr. Gernot Arp KEBAFLAROEEMNRSHADS EfThbhlz,. BRI AIE, 2007
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F8HI0BICFAVAHDIIMNT )= UNR—DIIYRZIVAATF—TEHRELIENSN=F Y E 11 B 19
~20 BIC KD EREERTIHEUVE N SN—FVDEHSHRICODWTHREE T > 1.

,‘./‘.
!

29. (A) XS T« VIERERE. B)AADED N SN—FUHARRAOD FISH B, FEEFR-FOFANIFTUF. &
®BEIFI/NIFIUFTHB. (C) WBOSDORSIN—FrEE NI A Y TEROLLBREE., KWEKEOYEKIEB-70
FANRGFVFPREEBDONDG, BWREER 7SI+ NOFRESR. (D) BHADESKZ/N—F >0 FISH Bk FHEEB-
ZOFANRIFUFTHD, BRICHOHLTWS, ThSIEFBREICN SN—FURATHERETo>TWEEZISNS
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An iron-rich travertine at Shionoha hot-spring in western
Japan, displays a sub-millimetre order lamination consisting
of microbially-incduced ferrihydrite and calcite-matrix. The
ferrihydrite occurs as 5- to 10-zm thick filaments that extend
and apparently branch upwards. A sheathed morphotype
having a meshwork of a rod-like organic substance and
phylogenetically identified species of genus Siderooxidans
were responsible for precipitation of the ferrihydrite. The
iron oxidizers are microaerophilic and thrive on Fe(II) and a
redox gradient, that are available at the study site near the
vent. Bacterial activity enhanced ferrihydrite deposition at
rate of ~10pm/day, and formed the laminated texture. The
bacteria increased their density upward in each lamina and
suddenly decreased the density at the top of the lamina. This
‘change may have resulted from a deficiency of metabolic
substances at the sediment-water interface when the iron-
oxidizers became very dense or when other chemoattotrophs,
such as methanotrophs, consumed oxygen on the surface. The
metabolism of the microaerophilic iron-oxidizing bacteria
that grow at neutral pH site contributes significantly to
precipitation of iron deposits. Because the laminated textures
observed in this study have a great preservation potential,
they help to identify the contributions of iron-oxidizers to
ancient BIFs and provide the criteria for pO, and pH of the
ancient ocean.

Keywords iron-oxidizing bacteria, ferrihydrites, travertine,

lamination, banded iron formation

INTRODUCTION

The role of bacteria in Fe(Il) oxidation and precipitation
of iron minerals has been widely recognized in redox
mterfaces of various marine and freshwater environments -
(Widdel et al., 1993; Konhauser, 1998; Kennedy et al,
2003; Kappler and Newman, 2004). Bacteria accelerate
iron circulation in natural environments. At neutral pH,
iron-oxidizing bacteria have been shown to precipitate iron
minerals at rates up to four orders of magnitude higher
than the inorganic precipitation rate (Kasama and
Murakami, 2001). These bacteria thrive in a redox gradient
where Fe(Il) is present. A hot spring vent is one such
environment, because the water contains sufficient Fe(II)
which provides metabolic opportunities for iron-oxidizing
bacteria and because the steep redox gradient that develops
in the water immediately adjacent to the vent 1s also ideal.

Iron-oxidizing bacteria might be geologically significant
in iron cycling at the Earth’s surface. Some previous
studies have examined their contribution to the formation
of Archean-Proterozoic banded iron formations (BIFs;
Holm, 1989; Chaudhuri et al.,, 2001, Konhauser et al.,
2002). Moreover, considering the very low pO, of the
ancient atmosphere, Holm (1989) suggested that
microaerophilic species (e.g., Gallionella) were the
organisms responsible for the deposition of these
formations.

However, BIF formation is still being debated, and other



bacterial groups may have played roles in oxidizing iron. A
traditional model for Precambrian BIFs is that iron
oxidization was induced by cyanobacterial photosynthesis
(Cloud, 1973). A supportive result for this model is
reported from iron deposits from Chocolate Pots Hot
Springs in Yellowstone National Park, in which the
filamentous cyanobacteria bind the iron minerals (Pierson
and Parenteau, 2000). The oldest molecular fossil
indicating cyanobacteria (2.7Ga; Summons et al., 1999;
Blocks et al., 2003) shows that cyanobacteria existed
during the period of maximum BIFs deposition between
2.7 and 1.8 Ga (Goldich, 1973).

However, BIFs is also known in older strata, such as the
3.8 Ga Isua Supergroup in Western Greenland (Goldich,
1973). Another potential process is  anaerobic
photosynthesis that directly oxidizes Fe(II) as the electron
donor under anoxic conditions (Widdel et al., 1993) and
may have deposited in the early oxygen deficient ocean
(Heising et al., 1999, Kappler et al., 2005). Present-day
analogues to such organisms include the so-called purple
and green bacteria (Heising and Schink, 1998).

The main objective of this study was to investigate
microbial contributions to the fabric of an iron-rich deposit
at Shionoha hot spring, a calcareous hydrothermal vent site
where calcite travertines are being deposited (Takashima
and Kano, 2005). The fabric of the deposits is noteworthy
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Fig. 1. Map of the travertine-bearing valley at Shionoha hot
spring, showing locations of the sampled travertines (A, B) and
water (sites 1-6).

in that it displays sub-millimetre lamination. We charac-
terized the depositional and microbial properties of the
deposits by -using a wide range of analyses and
investigated the evident contribution of iron-oxidizing
bacteria to the formation of the “banded” texture of the
iron-rich travertine.

Study site

Shionoha hot spring (34°15’, 136°02"; Fig. 1) is near the
Yoshino River in Kawakami village, Nara prefecture. It is
at the intersection of two major faults, an E-W-trending
reverse fault (Butsuzo Tectonic Line) and a N-S-trending
strike-slip fault (Shionoha fault). Both faults occur in
Jurassic-Cretaceous accretionary complexes (Takashima
and Kano, 2005).

The 38-°C water discharges naturally at a flow rate of
500 L/min from a 150-m-long borehole drilled in 1984.
Half of the water is used in a public bath and the other half
flows 70 m along a valley before discharging into the
Yoshino River (Fig. 1). Travertines of various
compositions and textures are deposited along the water
passage. Near the borehole, water precipitates red
ferrihydrite-rich deposits, and the iron content of the
deposits decreases downcurrent. Ten to twenty metres
downcurrent, the deposits become dominated by calcitic
travertines, which form a 5-m-high dome with a steep
slope of >30° (at site 4; Fig. 1). Thereafter, the water flows
along the gently sloping (~10°) valley floor and joins the
water drained from the public bath.

METHODS

Water samples were collected at six sites along the
valley (Fig. 1) after measuring temperature and pH. DO
(dissolved oxygen) was measured by using Winkler-
method on six observation days; 22 August 2002, 19 April
2003, 22 September 2003, 19 April 2004, and 14 March
2005. Two different water sampling methods were applied
to prevent changes in concentration of dissolved chemical
components before the measurement: 1) with addition of
IM HNO; (containing 1%-La and 0.5%-Ce) of 10%
volume of the water sample for cation (Ca®*, Mg®", Na™,
K*, Fe*") measurement with atomic absorption (Shimadzu
AA-646), and 2) diluted 26 times with pure water for anion
(Cl', NOs, SO42') measurement with ion-chromatography
(JASCO Gulliver) and for alkalinity titration by titration
with 0.05N H,SO, (Bromocresol Green-Methyl Red
method). Si (molybdenum yellow method) was measured
with a spectrophotometer (Hitachi U-2810). DO, alkalinity
and Si were measured within 3h in order to minimize the
effects of mineral precipitation in the bottles. Pco, and



saturation index for calcite (SIc) were calculated using the
equations of Plummer and Bosenberg (1982).

Iron-rich deposits developed near the vent (sampling
point A, Fig. 1) were collected for petrological,
mineralogical, and microbial analyses in September 2003.
Thin sections were made from samples dried at room
temperature and hardened with ethanol-diluted epoxy resin.
They were observed under an optical microscope, and
elemental compositions of the observed fabrics were
measured by electron probe microanalysis (EPMA; JEOL
JXA-8200; accelerating voltage 15 kv, probe current 10 nA,
probe diameter 10 pm).

For observation under a scanning electron microscope
(SEM; JEOL JXA-8200), the specimens were etched in
ethylenediaminetetraacetic acid (EDTA) solution and in
warmed citric acid solution. The EDTA solution dissolves
the calcite fraction of the specimen, whereas the citric acid
dissolves both calcite and iron minerals without significant
damage to the microbial texture. Elemental mapping by
energy-dispersive X-ray spectroscopy with transmission
electron microscopy (TEM-EDS; JEOL JSM-2010FEF)
was performed. Moreover, X-ray diffraction (XRD) was
performed using Mac Science MI18XHF with CuKa
radiation and a graphite monochromator for mineralogical
analysis. Operating power in this study was 40.0 KV and
100.0 mA. To estimate the growth rate of the iron minerals,
we embedded a stainless-steel nail at a site near the vent in
September 2003 and recovered it in April 2004.

For the genomic analysis, a well-lithified sample was
collected near the vent (point A) and immediately frozen at
—20 °C. The surface of the sample was burnt with an
acetylene torch to remove potentially contaminated or
altered microflora. Bulk DNAs were extracted with an
Ultra Clean Mega Prep Soil DNA Kit (MoBio Laboratories,
Solana Beach, CA, USA) from approximately 45 g of the
inner part of the sample crushed with a BeadBeater (Dojka
et al., 2000). The purity of the prepared DNA solution was
checked by the ratio of UV absorbance at wavelengths of
260 nm and 280 nm, and then the DNA was used as the
template for PCR  amplification. Near-full-length
sequences (~1400 bp) of 16S rDNA gene were amplified
by PCR with the bacteria-specific 27F forward primer (5°-
AGAGTTTGATCCTGGCTCAG-3") and the universal
1492R reversal primer (5’-GGTTACCTTGTTACGACTT-
3”) (DeLong, 1992).

The amplified 16S rDNA gene sequences were
cloned into the TOPO TA plasmid to transform TOP10
Escherichia coli cells (Invitrogen Corp., Carlsbad, CA,
USA). Plasmids bearing the target inserts were extracted
from randomly selected clones by using the alkaline

miniprep method (Sambrook and Russel, 2001). The target
inserts were then sequenced by using a Dye Terminator
Cycle Sequencing FS Kit (Perkin-Elmer, Wellesley, MA,
USA) with an ABI mode] 373 automated DNA sequencer
(Applied Biosystems, Foster City, CA, USA). The
ClustalW program (Thompson et al., 1994) was used for
multiple alignment of the 16S rDNA gene sequences,
which were grouped into operational taxonomic units
(phylotypes) on the basis of a nucleotide similarity of
>97%. No chimeric 168 rDNA gene sequences were
detected by the program Chimera Check at the Ribosomal
Database Project II and Bellerophon Server (Hugenholtz
and Huber, 2003). The 16S rDNA gene sequences of the
phylotypes were registered in the DDBJ.

RESULTS
Water chemistry

The vent emits calcareous sodium-chloride type water
with high concentrations of Ca®*", Mg®, K*, SiO,, and
dissolved inorganic carbon. No dissolved oxygen was
detected. Because of the non-equilibrium conditions
between the water and the atmosphere with respect to O,
and CO,, the discharged water quickly degasses CO, and
absorbs O, (Fig. 2A), and the concentrations of dissolved
components change downcurrent as a result of mineral
precipitation. The water is clear near the vent, but it soon
becomes cloudy because of the presence of suspended
mineral particles.

Fig. 3 shows averaged values of chemical properties of
water collected on 5 observation days. The downcurrent
changes in the chemical composition of the water,
measured at six sites, are consistent with the occurrence
and composition of the deposits. Absorption of
atmospheric oxygen quickly oxidizes dissolved Fe(Il),
which is precipitated as iron minerals. DO was undetected
in water at site 1 and increased drastically to site 4 (6.2
mg/L). The concentration of the Fe(Il) was 12.1 mg/L at
the vent, and quickly declined to 7.4 mg/L between site 1
to site 3 (Fig. 2A) where iron-rich deposit develops. It
further decreased to 0.9 mg/L at site 6, the most down-
current measurement site (Fig. 2B). Deposits along the
water passage became dominated by calcite downstream,
but iron precipitation could still be recognized in the
travertine dome (sampling point B, Fig. 1).

On the other hand, the equilibrated partial pressure of
carbon dioxide (pCO,) decreased from a high value at the
vent (~1000 matm) to around 50 matm at downcurrent
sites (Fig. 2.A). This CO, degassing increased the
saturation index for calcite, which reached the maximum
of 1.34 at site 4 (Fig. 2C), where the travertine dome is
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Fig. 2. Down-valley changes in the chemical composition of water. (A)
Partial pressure of CO, and dissolved oxygen; (B) Fe** and SiO;; (C) Ca**
and Slc. Averaged values of 5 observation days are shown.

developed. The amount of the dissolved CaCO; remained
high (Ca*, 371 mg/L; alkalinity, 32.8 mM) to site 3,
decreased sharply between sites 3 and 4, and then
decreased gently from sites 4 to 6 (Fig. 2C).

Among other components, dissolved SiO, also showed
an obvious decreasing trend downstream (Fig. 2B),
whereas components such as Mg®*, Na’, K*, and CI
showed only a slight decrease, which can be attributed to
the mixing of freshwater from the stream with the water
drained from the public bath. The nitrate and sulphate
concentration in the water was undetectable (Takashima
and Kano, 2005).

Structures of the iron-rich deposits

The iron-rich precipitates develop as knob-like shapes
~10 cm in diameter in a water pool beside the vent (Fig.
3A), or as thin (<5 cm) crusts along the watercourse
between the vent and site 2. Dissolved oxygen and pH at
the sampling point A (Fig. 1) on 19 April 2004 were
measured as 0.57 mg/L and 6.47, respectively.

A vertical section through a knob-shaped deposit shows
a laminated texture (Fig. 3B). Each lamina ranges its
thickness from 100 to 300 um and consists of reddish
brown and lighter colored parts. In magnified view, reddish
brown filamentous structures can be identified in the
deposit, with higher density in the reddish brown parts (Fig.
3C). The filaments often show dark-tinted axes, likely
consisting of organic substances, and are encased in
crystalline calcite (Fig. 3D). The filaments are 5-10 pm
thick and extend and apparently branch upwards, forming
a shrub-like or tree-like fabric that expands over a distance
corresponding to the thickness of lamina. The shrub-like
fabric stops at the level corresponding with the lamina
boundary, where the filaments often occupy the whole
space, and then restarts immediately above that level (Figs.
3C-E). Thus, the lighter colored parts are abundant in
calcite that develop in space where filaments is poor, and
the reddish brown parts are iron-rich parts where the
filaments are highly branched. Because of upward
branching filaments, the lower part of each lamina exhibit
lighter color and the upper part are darker. These textural
characteristics appear the lamination. In a part of the knob-
like shaped precipitates, the reddish brown part can be
developed massive, with thicknesses up to 5 mm (Fig. 3E).

Precipitates with a similar dendritic structure became
encrusted on the nail at point A (Figs. 3F and G), although
this structure showed neither lamination nor calcite
encrustation. The thickness of the encrustation, which
developed over a period of 7 months (from September
2003 to April 2004) was approximately 2 mm (Fig. 3G).
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Fig. 3. Textures of the iron-rich travertine developed near the vent of Shionoha hot spring, SE Japan. (A) Photograph of the vent discharging water
degassing CO2. The travertine samples were collected from a small pool below the vent (point A; Fig. 1). (B) Thin section of a knob-shaped iron-rich
deposit at point A. (C) Magnified view of the lamination, showing reddish brown laterally aligned shrub-like structures extending and branching
upwards. (D) Reddish brown shrub-like structures consisting of filaments with black centres. The filaments are covered by calcite. (E) Stacked reddish
brown shrub-like structures overlying a massive reddish brown layer. (F) Thin section of a nail recovered from point A and encrusted by iron
precipitates ~2 mm thick, which formed over 7 months. (G) A magnified photograph of the tip of the nail, showing reddish brown shrub-like structures.

The arrows in (B)~(G) show upward.

The SEM image of a sample etched in the EDTA
solution showed a dendritic fabric of 5-um-thick filaments.
The appearance of the surface indicated that the filaments
consisted of spherical precipitates, ~1 pm in diameter or
smaller (Fig. 4A). A sample etched in citric acid showed a
distinct bacterial structure (Figs. 4B, C). The spongy
meshwork is composed of rod-like organic substances and
the diameter of each rod was several hundred nanometres.

TEM observation of the powdered iron-rich travertine
showed two types of organic texture. One was a unicellular
bacterium shaped like a bent rod 100 nm wide and 300 nm
long (Fig. 4D). The dark fringe on the cell is consistent
with tiny mineral grains precipitated on or adsorbed to the
cell wall.

The other texture was a curved fibrous substance 100
nm in diameter, with branched axes (Fig. 4E). Rhombic
calcite crystals and spherical mineral aggregates 50 to 200

nm in diameter adhered to this structure. This fibrous
organic substance may correspond to the sheath-like
structures shown in Figs. 4B and C.

The sample collected from travertine dome (sampling
point B, Fig. 1) encloses a leaf, which fell onto the
travertine surface and then was covered by subsequent
calcite precipitation. Precipitated iron can be seen below
the leaf, but not in the first 3 mm above the leaf (Fig. 4F).

Elemental and mineral compositions

The XRD pattern of a powdered sample dissolved in the
EDTA solution showed distinct peaks corresponding to
quartz (black arrows in Fig. 5), and the background with
two broad peaks at 35" and 62° in 2q (gray band in Fig. 5).
These broad peaks correspond to poorly ordered two-line
ferrihydrite (Vempati and Leoppert, 1986).



Fig. 4. Textures and elemental distribution of the iron-rich deposits. (A) SEM image of the filaments, showing that they are composed of spherical
precipitates. (B) SEM image of the filaments etched by citric acid solution, showing a spongy meshwork of thin rod-like organic substances. (C) SEM
image of the sheath-like material obtained from a specimen etched by citric acid solution. (D) TEM image of a cell of a possible iron-oxidizing
bacterium (white arrow). (E) TEM image of the sheath-like material (white arrow) to which precipitated minerals are adhering. (F) A specimen from the
deposit at point B (Fig. 1) containing a leaf. No red-staining Fe-rich material occurs in a 3-mm-thick band above the leaf. (G)-(J) Backscattered TEM

image and element mappings (Fe, Si and N) of an iron spheroid.

Results of the EPMA analysis showed that the reddish
brown filaments consisted of an iron mineral as the major
component and Si0O, and CaCOj; as subcomponents (Table
1). The sum of the amounts of FeO, SiO,, and CaO was
much less than 100% of the initial weight. The weight loss
from the analysis could not be explained by the loss of
CO, from the calcite but rather by conversion of the iron
mineral. Results of calculations assuming two candidate
iron minerals (goethite and ferrihydrite) showed that

ferrihydrite, Fe(OH)s resulted in a better approximation of
100% of the initial weight (Table 1). On the other hand,
matrix is mostly composed of calcium carbonate, and
contains SiO, and iron mineral as sub-constituent (Table 1).

TEM-EDS mapping of the spherical precipitate (Fig. 4G)
also indicated that the major elements were Fe and Si (Figs.

4H, I). In addition to these two elements, a detectable
signal was obtained for nitrogen (Fig. 47).
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Fig. 5. XRD pattern of the Fe-rich deposit at point A treated with EDTA
solution. The background (gray thick line) shows two broad peaks at
around 35° and 62° in 2q, which are typical signatures of amorphous two-
line ferrihydrite. Sharp peaks correspond mostly to SiO;(black arrow).

Table 1. Results of EPMA analysis of the Fe-rich deposit shown in Fig.
3B. Atotal close to 100% was obtained when it was assumed that the iron
mineral was ferrihydrite [Fe(OH)].

Analyzed spot Filament Matrix
Number of measurements 6 3
SiCe | 1.1 0.6
TiO2 0.1 0.0
FeO 46.9 2.2
MgO 0.2 0.2
Cal 11.5 53.3
Na2O 0.2 0.0
K20 0.1 0.0
P20s5 0.3 0.0
Total 70.3 56.3
GoethiteTotal 90.4 98.6
FerrihydriteTotal 102.2 99.1
Main Mineral Ferrihydrite calcite

Phylotype analysis of the bacteria

A total of 35 sequences from the point A specimen were
grouped into 21 phylotypes, and among these, six
phylotypes were related to known species similarity more
than 92% (Table 2). The two phylotypes were related to
the microaerophilic iron-oxidizing genus Siderooxidans;

clone FDO1 belonged to S. lithoautotrophicus (similarity =
95.7%), and FD13 to S. paludicola (similarity = 92.9%).
Siderooxidans lithoautotrophicus is a motile unicellular
species with a bent rod-shaped cell about 1 pm long (strain
ES-1; Emerson and Moyer, 1997). Other identified close
relatives are a methanotroph (FDO09, 97.2% similarity with
Methylococcus capsulatus), a methylotroph (FD07, 95.0%
similarity with Methylobacillus flagellatus), a sulphur-
oxidizing bacterium (FD15, 98.7% similarity with
Thiobacillus sajanensis), and a nitrite oxidizer (FD19,
94.1% similarity with Nitrospira moscoviensis; Table 2).
No cyanobacterial phylotypes were retrieved, although the
calcite travertine in the downstream sites was colonized by
cyanobacteria (Takashima and Kano, 2005).

DISCUSSION
Morphotype and phylotype of the
bacteria

A microbial contribution to the Fe-mineral precipitate
was clearly indicated by (1) the upward-branching fabric
of the reddish brown filaments (Fig. 3D), (2) the sheath-
like substances in the filaments (Fig. 4B), (3) the presence
of nitrogen, indicated by TEM-EDS mapping (Fig. 4J), and
(4) phylogenetically identified relatives to iron oxidizing
bacteria (Table 2). The mineral is ferrihydrite, which has
precipitated as minute spheroids encrusting the bacterial
sheaths. Ferrihydrite precipitated under the influence of
microbial activity is known to contain SiO, (Comell and
Schwertmann, 2003).

The iron-oxidizing bacteria that formed the dendritic
iron precipitates are sheathed filamentous forms (Figs. 4B,
C, E), with morphotypes resembled the sheath of the iron-
oxidizing bacterium Leptothrix, described by previous
studies (Emerson and Revsbech, 1994; Boyd and Scott,
2001; Kennedy et al., 2003; Chan et al., 2004) and rod-
shape unicellular forms that likely belonging to genus
Sidrooxidans.

Leptothrix is responsible for depositing ferrihydrite in
various environments (Ghiorse, 1984) by passive sorption
of the minerals (Emerson and Weiss, 2004). Like other
iron-oxidizing bacteria such as Gallionella ferruginea,
these sheathed species normally inhabit microaerophilic
and neutral pH environments (Ehrlich, 1990; Hanert, 1992).
The water at the study site satisfies these conditions and is
therefore suitable for these iron-oxidizing bacteria. In
addition, the rate of Fe(Il) oxidation is stimulated to a
value at which it can be affected by the metabolic activity
of bacteria under such conditions (Emerson and Moyer,
2002).

iron-oxidizing



Table 2. Relatives having similarity higher than 92% with the 16s IDNA sequences obtained from the iron-rich travertine from Shionoha hot spring.

Clones (number)

Nearest GenBank relative

Similarity (%)

and accession No. (average) (highest)

FDO9 (6) Methylococcus capsulatus
AB354618 (Methanotroph) 97.2 97.6
FDO1 (5) Siderooxidans lithoautotrophicus
AB354610 (Iron oxidizing bac.) 95.7 9.4
FD13 (2) Sideooxidans paludicola
AB354622 (Iron oxidizing bac.) 92.9 93.1
FDO7 (2) Methylobacillus flagellatus
AB354616 (Methylotroph) 95.0 95.1
FD15 (1) Thiobacillus sajanensis
AB354624 (Sulfur oxidizing bac.) 98.7 -
FD19 (1) Nitrospira moscoviensis
AB354629 (Nitrite oxidizng bac.) 94.1 -

On the other hand, we found no phylotypes (16S rDNA  Mineralization of ferrihydrites and  bacterial

gene sequences) related to Leptothrix despite microscopic
observation of Leptothrix-like morphotypes. The extracted
phylotypes indicated the presence of iron-oxidizing
Siderooxidans lithoautotrophicus. This species was first
reported from Fe(II)-containing (3 tol2 uM) groundwater
of 10°C and neutral pH (7.1) from a basement tile drain in
East Lansing, Michigan, United states (ES-1; Emerson and
Moyer, 1997), and is metabolically similar to other neutral
pH iron oxidizers. Because this species is unicellular and
unsheathed, it could not be responsible for the dendritic
iron precipitates encrusting sheath-like substances (Fig.
4A). However, this unicellular species might have
contributed to the formation of the massive iron
precipitates (shown in lower part of Fig. 3E) patchily
distributed in the iron-rich travertine. The cell fringed by
tiny mineral grains (Fig. 4D) 1s possibly S
lithoautotrophicus or related iron oxidizers, although it is
clearly larger than the S. lithoautotrophicus cells described
by Emerson and Movyer (1997) (typically 0.3 pm to 1 um
long).

metabolism

As a result of the metabolism of iron-oxidizing bacteria,
ferrihydrites are precipitated as sub-micrometre spheroids
that form a filamentous encrustation on the bacterial
sheaths. The sheath, which is composed of layers of
polysaccharides, is important as a surface reactive site that
can bind or nucleate Fe minerals (Fortin and Langley,
2005). Mineral absorption by the sheath prevents the living
cell from becoming encrusted, because encrustation likely
acts as a barrier to the transport of metabolic materials
through the cell membrane (Hallbeck and Pedersen, 1995;
Hallberg and Ferris, 2004). Another advantage of the
sheath, proposed by Chan et al. (2004), is that mineral
precipitation on the extracellular sheath increases the
energy-generating potential which pH gradient across the
cell membrane induced by releasing proton. The oxidation
of Fe** at neutral pH is described as the following equation
(Emerson and Revsbech, 1994):

2Fe** +0.50, + SH,O0 — 2Fe(OH); +4H" e}
Precipitation of iron hydroxide catalyzed on the
polysaccharide layers can release protons, which decrease
the pH outside the cell membrane and provide proton
motive force to ATPase (Chan et al., 2004).



Calcite encrustation on the ferrihydrite filaments
indicates that the iron precipitation was limited to the
microenvironment around the sheaths. Dominance of
ferrihydrite in the filaments (Table 1) indicates that
precipitation of calcite was inhibited in close proximity to
the sheaths, although calcite could be precipitated from the
bulk water. Iron oxidizing metabolism might have
mterfered precipitation of calcite in the microenvironment
around the bacterial sheaths. Proton released by the iron
mineral precipitation (equation 1) caused undersaturation
for calcite by decreasing carbonate ion (equation 2).

COs+H" — HCOs  (2)

The presence of the bacteria certainly activated the
precipitation of ferrihydrite. This was also demonstrated in
the travertine collected at point B (Fig. 1), which enclosed
a fallen leaf, because iron minerals were absent in a 3-mm
interval above the leaf (Fig. 4F). The iron-oxidizing
bacteria were covered by the leaf, and the bacterially
induced precipitation stopped until bacteria transported by
the current above the leaf settled onto the travertine
surface.

The ferrhydrites are principally metabolic by-products
of sheathed iron-oxidizing bacteria, which thrive on a
redox gradient in a microaerophilic environment and fix
CO, (Konhauser, 1998). The hot spring water contains
substantial amounts of the major metabolic substances
required by iron-oxidizing bacteria (Fe, O, and CO,).
Therefore, these bacteria did not require a symbiotic
relationship with other bacteria, although our phylotype
analysis identified other metabolizers, all of which were
chemoautotrophic (Table 2).

The presence of a methanotroph (WMethylococcus
capsulatus) and a methylotroph  (Methylobacillus
flagellatus) indicates that oxidation of methane is an
important microbial process in the environments near the
study site. Methane is a common dissolved gas in hot
spring water (Giggenbach, 1980), although we did not
measure the concentration of CH, Methane oxidization
releases CO,, and may support CO, fixation by iron-
oxidizing bacteria. However, this effect would be subtle,
because the water already contains a substantial amount of
dissolved CO,.

Under an O, deficient condition, the anaerobic oxidation
of methane (AOM) can induce carbonate precipitation by
increasing alkalinity, as expressed in the following
equation (e.g. Peckmann and Thiel, 2004).

CH,+ SO, — HCO; +HS +H,0 3)
AOM can also use with nitrate (Thauer and Shima, 2006).
However, the results of chemical measurement indicate
that the water of the Shionoha hot spring does not contain

detectable concentration of oxidants for AOM (sulphate
and nitrate).

The phylogenetically detected methanotroph, M.
capsulatus, 1s known as an aerobic methane oxidizer, and
its metabolism results in the following reaction (Valentine
et al., 2001).

CH,+0, — H +HCO; +H,0 6]

This reaction releases CO, and decreases pH. Proton
formed in equation (4) decreases concentration of
carbonate ion (equation 2) and also decreases saturation
state for calcite. Therefore, carbonate precipitation in the
Shionoha hot spring was unlikely induced by aerobic
methane oxidizing bacteria, but rather by inorganic
degassing of CO,. Moreover, d"°C values of dissolved
morganic carbon and -calcite at point A were -3.54%o (vs.
VPDB; Takashima and Kano, 2005) and -0.25%0
(unpublished data), respectively. There was no 13C-
depleted signal in the calcite, which was expected if
methane-originated  carbon  contributed to calcite
precipitation.

An influx of molecular oxygen from the atmosphere is
essential for methanotrophs and methylotrophs, and also
provides a metabolic opportunity for the other detected
bacteria, such as sulphur-oxidizing (Thiobacillus
sajanensis) and nitrite-oxidizing (Nitrospira. moscoviensis,
Table 2) species.

Origin and geological significance of the iron-rich
laminated travertine

The most distinct mesoscopic structure was the sub-
millimetre lamination (Figs. 3B, C). The regular rhythm of
the lamination might reflect daily changes, as has been
recognized in the sub-millimetre lamination of some
calcite travertines (Folk et al., 1985; Pentecost, 1994). For
instance, photosynthesis may trigger calcite deposition
because the uptake of CO, increases the calcite
supersaturation. However, in this case, the rate of the
filaments formation was too fast for the lamination to be
daily. Based upon the assumption that the 2-mm thick
encrustation on the nail (Fig. 3F) developed continuously
for 7 months (210 days), we estimated the rate to be about
10 pum/day and this is an order of magnitude smaller than
the actual thickness of a set of laminae (Fig. 3C).
Moreover, our phylotype analysis identified no
phototrophs. Thus, it is unlikely that a daily photosynthetic
cycle contributed to form the laminated structure.

Annual rhythm is also unlikely because the rate of the
filament formation is too fast. Assuming the annual
lamination is also contradicts to the fact that the Shionoha
hot spring was bored 24 years ago. The specimen for iron-



rich travertine (Fig. 3B) includes more than 70 laminae.

The reddish brown filaments stopped simultaneously at
a certain level, apparently corresponding to the top of each
lamina (Figs. 3C, D). Beneath this level, the filaments
were often highly branched and became very dense. A
possible interpretation is that a deficiency of substances
essential for the bacteria, such as Fe(II), dissolved oxygen,
or nutrients, occurred when the filaments distributed very
dense. Because the laminated deposits developed m a pool,
diffusion of the dissolved chemical components at the
sediment-water interface might have become limited.
Consumption by bacteria could cause such a deficiency,
which would have led to interruption of bacterial
metabolism when the surface became largely occupied.
Moreover, if other chemoautotrophs, such as
methanotrophs, also flourished at the travertine surface,
they consumed O, at the sediment—water interface as well,
thus possibly inhibiting the activity of the iron-oxidizing
bacteria.

During the interruption of iron precipitation, calcite
precipitation dominated, resulting in the formation of a
calcite-rich part. After a while, however, the concentrations
of essential substances at the sediment-water interface
would have recovered, allowing the iron-oxidizing bacteria
to restart their metabolic activity. Thus, the cycle of the
laminated deposit might be due to the bacterial activity
itself.

Another distinct feature of the Shionoha iron deposits 1s
the well-preserved erect dendritic fabric. This is unlike
other described ferrihydrite deposits precipitated by
sheathed or stalked iron oxidizers, which normally form
loosely consolidated sediments without any . distinct
textural relation between the bacterial filaments and the
precipitates. The erect filaments are encased and preserved
in calcite. Ferrihydrite and calcite were thus differently
localized by the microbial activity, and the competitive
precipitation of these minerals produced the well-lithified
deposits.

The geological significance of the iron deposits of the
Shionoha hot spring i1s that they show the long-term
preservation potential of bacterial fabrics, such as
branched mineralized filaments and sub-millimetre
lamination. Such fabrics have not been reported from
banded iron formations, and the Shionoha deposit is a rare
case that developed under low pO, and high
supersaturation of CaCOj.

However, the laminated iron deposit with dendritic
microfabric described in this study provides criteria for
paleoenvironments if future study will find similar textures
in ancient marine deposits. It is potentially useful to
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consider oceanic chemical conditions during the period of
BIF formation. Oceanic pH and pCO, in late Archean-
Paleoproterozic are still in debate; whether high pCO,
conditions (> 1072 atm) with a neutral ocean (Grozinger
and Kasting, 1993) or low pCO, with an alkaline soda
ocean (Kempe and Dagens, 1985, Kempe and
Kazmierczak, 1994). Responsible microbes of the
Shionoha iron-rich travertine, sheathed iron-oxidizing
bacteria, grow at neutral pH and therefore prefer the
former setting.

Unlike other two candidates for the BIF-forming
bacterial groups (cyanobacteria and anaerobic phototrophs),
the iron-oxidizing bacteria do not require light and can
grow in deep environments (e.g. Kennedy et al., 2003).
The Shionoha travertine indicates that the laminated iron
deposits could be formed without photosynthesis and on a
deep seafloor. The Fe-rich fluids for BIF formation are
either of direct volcanic origin (Lydon, 1984) or deep
circulating waters enriched by water-rock reactions
(Kimberley, 1994; Chown et al., 2000). Therefore, the first
opportunity to consume Fe(Il) from such fluids was likely
given to the iron-oxidizing bacteria. Such BIFs could be
formed in situ on biofilms consisting of iron-oxidizing
bacteria, and exhibit domical shapes as seen in the
Shionoha iron-travertine. The origins of BIFs remain
controversial. A wide range of approaches including
sedimentary structures and microfabrics would determine
the depositional settings and microbial processes of BIFs.
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Abstract

Carbon isotopic chemostratigraphy and a Sr-isotope datum provide age-constraints to the uppermost Permian—lowermost
Triassic section in central Zagros Mountains, Iran. The 77-m-thick carbonate-dominated section contains two microbialite beds that
consist of abiotic carbonate crystals and possible calcimicrobes. The textures resemble those reported from the lowermost Triassic
elsewhere, which were likely developed under unusual environmental and ecological conditions after the end-Permian extinction.
Our results show that the lower section up to the lower microbialite bed has high 6'3C values of +3 to +4%o, which are typical values
for the latest Permian. From 3 m above the base of the lower microbialite, the values abruptly decreases to —0.3%o. In the upper
section, the 6’°C curve records another negative excursion and gradual increase to +2.0%o. The curve coincides with the global trend
from other Permian—Triassic boundary sections, and places the chemostratigraphic boundary within the lower microbialite. The
6’3C negative excursion postdates geochemical and/or ecological changes that triggered the microbialite development. If the trigger
was increased alkalinity by a vast carbon flux, the source carbon should not have significantly light value of 8”c.
© 2007 Elsevier B.V. All rights reserved.

Kevwords: Permian-Triassic boundary; Carbon isotope; Chemostratigraphy: Microbialites; Stromatolites; Zagros: Iran

1. Introduction isotopic studies (Hsu et al., 1985; Holser et al., 1989;
Kump, 1991; Jin et al., 2000; Baud et al., 1989). The

The Permo-Triassic transition is one of the most well- interval spanning the Permian—Triassic boundary (PTB)
studied bioevents, and has been the focus of many 6/°C witnessed a mass extinction during a period of enhanced

continental weathering (Jin et al., 2000, Cao et al,
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E-mail address: weiwang@nigpas.ac.cn (W. Wang). and used it to correlate the PTB sections (Baud et al.,
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1989; Wignall et al., 1998; Jin et al., 2000; Wang et al.,
2004).

The PTB section studied in this paper is exposed in
the Zagros Mountains, Iran, located in the Alpine—
Himalayan Orogenic System that records collision
between the Iranian (or Persian) and Arabian plates
(Kashfi, 1976). The Zagros Mountains are considered as
a paleogeogaphic corridor connecting the eastern and
western parts of the Tethys during the Paleozoic—early
Mesozoic interval (Alavi, 1980), and therefore is an
important region for understanding the depositional
regime of the Tethys. Although these carbonate-
dominated sections have the potential to provide
geochemical data relevant to the geographic extent of
the PTB event, they only have a preliminary biostratig-
raphy (Stocklin and Setudehnia, 1991).

The Zagros PTB section is significant also in terms of
the occurrence of organosedimentary crusts that have
been reported from the other PTB sections elsewhere
(Sano and Nakashima., 1997; Lehrmann, 1999; Ker-
shaw et al., 1999, 2002; Wignall and Twitchett, 2002;
Ezaki et al., 2003; Hips and Haas, 2006; Pruss et al.,
2006). These have been generally described as micro-
bialites that were deposits formed by a result of a benthic
microbial community (Brune and Moore, 1987). The
microbialites exhibit unique textures that are rarely
found post-Cambrian, and may have resulted from the
distinct ecological and geochemical background of the
PTB event. This study presents an isotopic stratigraphy

of the microbialite-bearing section including the PTB
interval, located in the central Zagros Mountains. Based
on the chemostratigraphic data, the exact horizon of the
PTB is located, and the section is compared to other
PTB sections from around the globe. Discussion will be
extended to find the significance of the microbialites
that provides an insight to paleo-oceanographic back-
ground during the greatest crisis in the history of life.

2. Geological setting and lithological sequences

The regional geology of the Zagros Mountains has
been described in terms of the stratigraphy, and its sedi-
mentary and tectonic evolution (Kashfi, 1976; Alavi,
1980; Ghavidel-Syooki, 1995). The convergence of the
Arabian and Iranian plates started during Early Mesozoic
time, resulting in the gradual closure of the Tethys
oceanic basin, the subsequent subduction of the Arabian
plate, and the formation of the Zagros Mountains.

Before these tectonic events, the Zagros basin main-
tained a stable carbonate depositional environment in
the Permian—Early Triassic (Kashfi, 1976). The rocks of
this transition, the Dalan and Khaneh Kat Formations,
are mainly distributed in areas immediately south of the
Main Zagros Thrust, and well exposed in Kuh-d-Yagma
(33°12’ N; 49°27" E), 40 km southwest of Aligoodarz
(Aligudarz, Lorestan Province) in the central Zagros
Mountains (Fig. 1). The Dalan Formation is subdivided
into the lower member of dark grey limestone and the
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Fig. 1. Locality and stratigraphy of the study section at Kuh-d-Yagma in the central Zagros Mountains, Iran.
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upper member of light grey dolomitic limestone, and
intercalates with thin beds of dolostone, carbonaceous
sandstone, gypsum, and marlstone. The upper member
generally exhibits grainstone lithology that yields
abundant foraminifers, calcareous algae, corals, cri-
noids, and brachiopods. The foraminiferal assemblage
indicates typical taxa of the latest Permian Changhsin-
gian fauna, including the genera Palaeofusulina, Nan-
lingella, Paradagmarita and Paraglobivalvulinoides.
In contrast to the Dalan Formation intercalated with
various lithologies, the Khaneh Kat Formation displays
a uniform lithology predominated by dolostone that
contains rare fossils (Fig. 1). The oldest Triassic age-
diagnostic fossil so far found is Claraia (Scythian) from
250 m above the base of the formation. The PTB in this
area has been placed at the boundary between the Dalan
Formation and the Khaneh Kat Formation (Stdcklin and
Setudehnia, 1991; Baghbani, 1992).

Two beds of reddish-brown microbialite occur in the
lowermost part of the Khaneh Kat Formation. The 3.6-
m-thick lower microbialite defines the base of the
formation and conformably overlies the Dalan Forma-
tion. It 1s overlain by 0.6-m-thick thin-bedded dolostone
and the upper 3.0-m-thick microbialite bed (Fig. 1).

These two microbialite beds show identical facies that
mainly consist of columnar-conical crusts 5-10 cm in
diameter and 10—-30 cm long. The crusts widen upwards
and are nearly attached to each other (Fig. 2A). The
texture of the crust is faintly laminated, and mainly
composed of Renalcis-like possible calcimicrobes and
calcite crystals forming bandles of radially-expanded
rods (Fig. 2B). The texture of the calcite is probably
formed by an abiotic precipitation. These characteristics
resemble the microbialites described from the PTB
sections of Sichuan Province in South China (Lehr-
mann, 1999; Kershaw et al., 1999; Lehrmann et al.,
2003; Ezaki et al., 2003) and Hungary (Hips and Haas,
2006). Fine-grained carbonate sediment containing
small gastropods and ostracods fills the space between
the crusts. The Permian elements, such as foraminifers
and brachiopods found in the Dalan Formation are not
present these microbialite beds.

3. Methodology
Carbon isotope chemostratigraphy is used here to

improve the biostratigraphically poorly-defined age-
constraints of the Zagros PTB section. 16 samples were

Fig. 2. Microbialite from the PTB section in the Zagros Mountains. A) Polished surface showing upward-expanding columnar crust in the
microbialite. B) Renalcis-like possible calcimicrobes in the microbialite crust. C) Rod-like calcite crystals in the microbialite crust. D) Inter-crust
sediment consisting of fine-grained carbonate, radially-expanding calcite rods, and gastropods.



W. Wang et al. / Chemical Geology 244 (2007) 708-714 711

collected from the 77-m-thick section. Before isotopic
measurement, the material was carefully extracted from
the centre of each sample to avoid diagenetic veins and
weathered parts. The powdered samples were reacted
with phosphoric acid and left for one week at 25 °C to
gain isotopic equilibrium. The resulting CO, was
purified and measured in the mass spectrometer (MAT
252) at the University of Tokyo. The measured carbon
and oxygen isotopic ratios were calibrated against
NBS19 (5°C=+1.95%0, 6'°0=-2.20%0 vs. VPDB)
and typically include analytical errors less than 0.08 %o
(20). Alteration by meteoric diagenesis of the §’°C
values is thought to be negligible because of a lack of
correlation between 6’°C and 6’%0 values (2=0.04).

Strontium isotopes were analyzed for one sample
from thick-bedded limestone consisting of almost pure
carbonate. We used the updated preparation methods of
Birck (1986) with an acetic acid—acetic ammonium
buffer system in order to minimize contamination by
strontium from clay minerals. The sample was washed
with 1 M NH,4CI and then dissolved by 1 M acetic acid—
acetic ammonium buffer (pH=4.5) in 60 °C ultrasonic
bath for 3 h. Strontium was separated using cation
exchange resin, and its isotopic ratio was measured by a
thermal ionizing mass spectrometry MAT 262 at
Ryukyu University. The measured 87S1/%5Sr value was
normalized to *°St/%¥Sr of 0.1194, and was calculated
from 140 measurements, each of which obtained by 16 s
integration. Fifteen separate analyses of NIST 987
during the period of the measurement gave the average
value of 0.710235+0.000012 (2SD). The reproducibil-
ity for the carbonate sample measurement (2 SD) was
as good as the typical in-run precision of £0.000015
(2 SE). The age was assigned by projection of the
isotopic values to three (young, mean, and old) regres-
sion curves of LOWESS Look-up Table version 4
(revised from McArthur et al., 2001) after the correction
to a value of 0.710248 for NIST 987.

4. Results

The results of the 6’°C measurements are shown in
Fig. 3. The values stay in a narrow range from 3%o to
4%o within the Dalan Formation (0—53 m horizons) and
in the bottom 3 m of the lower microbialite of the
Khaneh Kat Formation. §’°C values dramatically
decrease to —0.36%o in the top of the lower microbialite,
and decrease further to —0.3%o in the overlying thinly-
bedded dolomite. The value recovers to +1.2%o
temporarily in the next sample from the lower part of
the upper microbialite, and again decrease to the second
negative excursion of —0.4%o in the upper microbialite
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Fig. 3. The carbon-isotope curve and a strontium isotopic datum of the
PTB section at Kuh-d-Yagma in the central Zagros Mountains, Iran.
The chamostratigraphic PTB is located 3 m above the base of the lower
microbialite.

(at the 59 m horizon). From this horizon, 6’C gradually
increase to around +2.0%o at the top of the study section
(Fig. 3).

7S1/°°Sr of one sample from the upper member of
the Dalan Formation (at 49 m horizon) is 0.707391 =
0.000015 (Fig. 3), and corresponds to the age of 252.1
(251.6-252.7) Ma (Changhsingian; Fig. 4). The %’Sr/
#Sr value also corresponds to latest Permian age in the
other Sr isotopic stratigraphy (Veizer et al., 1999), and
also to occurrence of the Changhsignian fauna in the
upper Dalan Formation.

5. Chemostratigraphic correlation

The 6”°C excursion of the study section is typical of
the PTB, in terms of 1) a drastic decrease from the
relatively high upper Permian values, and 2) the
subsequent gradual recoveries as the lowermost Triassic
trend. These 6’°C trends have been reported from the
Tethyan sections with well-defined biostratigraphy,
including Abadeh in central Iran (Baud et al., 1989;
Heydari et al., 2000, 2003), Vedi in Armenian, and
Curuk Dag in Turkey (Baud et al., 1989). Microbialite
beds in the Abadeh sections are regarded as the basal
Triassic based on the 6’°C curves, in which a typical
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Fig. 4. Age-estimate of the strontium isotopic datum of the upper
Dalan Formation by projection to three (voung, mean, and old)
regression curves of LOWESS Look-up Table version 4 (revised from
McArthur et al., 2001).

negative shift from +3 to +5%o to 0 to ~—1%o was
recognized below the microbialites (Heydari et al.,
2001). This chronological relation was also extended to
the corresponding sections outside the Iranian Plate
(Lehrmann, 1999; Ezaki et al., 2003), and leads
interpretation that development of the microbialites is
likely to have postdated the mass extinction of marine
invertebrates that grazed on microbes (e.g., Riding and
Liang, 2005). Microbialite-forming microbes could
thrive in such an empty ecosystem after the mass
extinction (Riding, 2000).

However, §°C curve of the Zagros section shows a
different stratigraphic relationship. The PTB defined by
the 8’°C chemostratigraphy should be located at the top
of the lower microbialite or in the overlying dolostone
unit. It seems unlikely that the two high (>3%.) 6’°C
values from the lower microbialite are local or
diagenetically-altered signals from the initially lower
83C values of the basal Triassic, and this interpretation
would fail to explain the lower values recorded in the
upper microbialite that consists of identical lithology of
the lower one. Thus, the bottom 3 m of the lower
microbialite should be assigned to latest Permian.

The results of this study are significant in terms of
showing chemostratigraphic evidence that the micro-
bialites do indeed start growing in the latest Permian. A
possible interpretation is the diachroneity of the
microbialites. However, the age of the microbialites in
other sections is often not very well constrained and they
too could be of latest Permian age. The extinction of

microbe-grazing taxa was initiated before the chemos-
tratigraphically defined PTB. This is not too surprising
because in most parts of the world, the extinction
happens in the latest Permian clearly below the PTB.

Absence of latest Permian microbialites in other
areas is partly related to incomplete stratigraphic records
and/or high growth rate of the microbialites. Due to
rapid sea-level change, the Permian-Triassic strati-
graphic sections often contain a hiatus or high degree of
condensation at the PTB transition, which are not
always easily identified. As seen in the Wadi Wasit
block section, presence of the hiatus reflects an abrupt
negative shift of 8’>C across the PTB (Krystyn et al.,
2003). In such sections, microbialites of the Permian
6'3C signal were not preserved. This interpretation
indicates the possibility that anomalous oceanic condi-
tions and the resultant microbialites could have been
widespread in the latest Permian.

6. Significance of the latest Permian microbialites

Besides the extinction of grazing invertebrates,
development of microbialites likely resulted from an
increased supersaturation of calcium carbonate as a
consequence of (1) alkalinity increase via bacterial
sulfate reduction in widespread oceanic anoxic condi-
tions (Isozaki, 1997; Newton et al., 2004), or (2) a vast
influx of fluid containing high Ca®" and inorganic
carbon from the eruption of the Siberian traps (Reichow
et al., 2002). However, sulfate reduction is unlikely to
have initiated the microbial development, because this
process should have been accompanied with decrease in
oceanic 6’°C. The chemostratigraphic evidence of this
study shows that the oceanic supersaturation clearly
predated the PTB negative excursion of 6’°C (Figs. 3
and 4). The changes would have to be under geochemical
circumstances such that the oceanic inorganic carbon
remained at the high late Permian 6’°C value (+3 to
+4%o) from the lower section.

On the other hand, the effect of a volcanic source of
carbon (ca. —6%o) is insufficient to lower the oceanic
6'3C values (Berner, 2002). The eruption of the Siberian
traps might have accompanied an emission of CO, that
nitially caused acidification of seawater and therefore
decreased saturation for calcium carbonate. However, the
increased level of CO, could have been consumed via
continental weathering intensified by elevated pCO, and
temperature (Wignall, 2001). The weathering induced
further alkalinity increase that potentially explains the
supersaturation before the &’°C excursion. In fact, some
of the Ar—Ar datings from the Siberian traps are clearly
younger than the PTB (Reichow et al., 2002).
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The most significant finding of this study is that the
alkalinity increase clearly predated the PTB negative
excursion of §’°C (Fig. 3). The age-gap between the two
important events corresponds to a period during which a
3-m-thick microbialite bed was developed. The timescale
for microbialite development could be short, in the order
of 10° years, as they were likely deposited under condi-
tions of anomalous supersaturation of calcium carbonate.
It has been suggested that the Permian—Triassic extinction
was brought about by a synergistic combination of causes,
and there have been a wide variety of hypotheses for this
extinction (Erwin, 1993). Chronological and chemostrati-
graphic results of the Zagros PTB section provides insight
into evaluation of the PTB hypotheses.
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Microbial fractal structures by iron-oxidizing bacteria in travertines
Chiduru Takashima, Tomoyo Okumura and Akihiro Kano
(Department of Earth and Planetary Systems Science, Hiroshima University)

Iron-rich deposits are commonly developed around vents of hot-springs that precipitate carbonate deposits
(travertines). Iron-oxidizing bacteria are responsible for the precipitation by their metabolism that transforms Fe(IT) to
Fe(lII) in a microaerophillic condition.

On the Cover: Ared-orange colored dendritic fractal structure by iron-oxidizing bacteria. The iron precipitates are
amorphous ferrihydrites and are encased in calcite (Shionoha Hot-spring, Nara Prefecture). Width of the photo is 5 mm

Fig. 1: Oku-hachikurou Hot-spring in Akita Prefecture. The
vent discharges COz-rich water of 43 °C, which forms iron-
rich precipitates around the bath tub. Leaving from the vent,
calcite deposits become dominated.

Fig. 2: A SEM view of a specimen etched with acetic acid.
The dendritic structure consists of upward-branching
filaments of 5 pm thick. The scale bar is 50 xm long.

Fig. 3: A SEM view of the dendritic structure dissolved by
citric acid showing an organic structure that seems like the
sheath of iron-oxidizing bacteria Leptothrix sp. The scale
bar is 5 ym long.
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Introduction

The central part of Kyushu Island is one of the
most active geothermal areas in Japan. It is located at
the junction of the Southwest Japan Arc and the
Ryukyu Arc, where a graben setting (Beppu-
Shimabara Graben) is developed by the subduction
movement of the Philippine Sea Plate beneath the
Eurasian Plate (Kamata and Kodama, 1993). The
geothermal activity within the graben is represented
by presence of many active or semi-active volcanoes,
such as Ttsurumidake, Yufudake, Kujyu, Aso and
Unzen (Fig. 1), and also by ubiquitous occurrence of
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Fig. 1. Map of Kyushu Island showing locations of Beppu and
Nagayu. Beppu-Shimabara Graben is one of the major
geothermal areas in Japan.

hot-springs.

Among numerous hot-springs (Onsen in
Japanese) in central Kyushu, this two-day excursion
selects Beppu and Nagaya in Ohita Prefecture, and
guides us to various kinds of hot-springs. Excursion
stops, especially in Beppu, are locations attractive for
tourists as well for scientists. Water and sediments
display a wide spectrum in colors (red, yellow, blue,
and white) and textures varied with chemical,
hydrological and microbial conditions.

We have a long tradition in hot-spring bathing
and believe that onsen is good for our physical cure.
Onsens are the most popular destinations for
spending holidays in Japan, and the number of
visitors is growing as our life-style becomes more
stressful. The excursion will also prepare occasions to
take a bath and to mend the tired body after your long
travels. We will stay one night in a hotel in a
traditional style (Ryokan), and there we can really
relax and enjoy onsen with Japanese food.

Onsens in Beppu

Beppu is certainly one of the largest and oldest
spa resorts in Japan. A historical archive in the 8th
century (Bungo Fudoki) had already described the
presence and public use of hot-springs. In the latter
half of the 19th century, when Japan began to
modernize, Beppu was significantly developed by
hydrothermal exploitation enhancing the discharge of
hot water and steam. Today there are over 2300 active
wells discharging water warmer than 40°C (Yusa et
al., 2000). This number roughly corresponds to 10%
of the total number of Japanese onsens, and of course
is largest in Japan. These wells together discharge
137 x 10° ton/day that can provide 1 L/day of hot
water for each Japanese inhabitant. This amount is
also the largest in Japan, and the second in the world
next to Yellowstone National Park in the USA.

The hydrothermal system in Beppu is closely
associated with its geological settings including
volcanisms and fluvial sedimentation. Heat is
originated from the late Quaternary Yufu-Tsurumi-
Garandake volcanic center, which is located at the
eastern end of the Beppu-Shimabara Graben (Fig. 1).
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Yusa and Oishi (1988) estimated that the total heat
output from the 2200 geothermal wells in Beppu

r// * j::m between 1985 and 1987 was about 350 MW. The
Bl :"”“”““"“ volcanic activity has been preceded

contemporaneously with extensional tectonism that
began in the mid-Miocene and increased in the
Pliocene-Pleistocene age (Kamata, 1989; Kamp and
Takemura, 1993), and produced hornblende andesite
and dacite (SiO2; 57-63%) lava and volcanoclastics.
< The most recent explosion happened in 867 AD and
erupted volcanic ash from Garandake. Remnants of
that activity are still seen in superheated (to about
130°C) fumaroles near the summits of Tsurumidake
and Garandake.

Beppu hydrothermal area is a graben region of 5
Fig. 2. Map showing eight spa communities of Beppu and km (E-W) x 8 km (N-S), and its northern and
excursion stops. Hot-springs are mainly distributed along two southern ends are bordered by two normal fault

faults that border the north and south margins of the Beppu ;
fluvial fan area. Isothermal lines at 100 m below sea-level (after ~ Systems; Kan-nawa Fault (in the north) and

Yusa et al., 2000) are also shown. Asamigawa Fault (in the south; Fig. 2). The latter is
an active Holocene fault with a displacement of 35m
since 6,300 BP when volcanic ash from Mt. Aso was
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Fig. 3. Hydrothermal model of the northern Beppu region, modified from Oue et al. (2002).

Table 1. Major dissolved components of representative hot-springs in Beppu. Concentrations are in mg/L.

Community Spring T(dC) pH Na*  K* Mg Ca?* Cl- S04 HCO- Si02 Fe?* ABR* Ref.
Myoban Myoban 600 3.0 15 3 15 15 308 152 0 64 = - )
Yamada-ya 670 1.8 94 24 26 11 9 3382 0 128 84 200 4)
Kan-nawa Sea Hell 980 29 383 57 17 22 965 470 0 215 - - )
Oven Hell 840 35 1298 93 2 6 1958 262 0 508 = - )
Demon M. Hell 80.8 44 1226 171 4 33 1879 315 3 365 - - 7))
White P. Hell 950 63 450 30 2 26 497 460 55 180 - = @)
Golden D. Hell 975 4.1 1300 215 4 23 1982 349 1 500 - - (1)
Shibaishi  Bloody P. Hell 640 24 814 108 18 53 814 607 0 230 4 2 (3)
Water-spout Hell  100.0 28 613 93 18 13 8838 380 0 236 - - )
Shibaishi 635 33 240 51 13 19 308 266 0 192 - - 1)
Kamegawa Hamada 60.1 7.1 298 55 21 46 384 151 198 132 - - (1)
Hotta Hotta 792 6.1 72 6 1 18 37 77 102 105 - - (1)
Kankaiji Suginoi Hotel 895 82 1110 195 2 60 1693 226 105 368 - - (1)
Beppu Kaimonji 577 7.0 148 14 23 40 92 54 192 192 - - (1)
Wakihama Shintama Ryokan 46.0 7.9 822 65 126 138 1472 142 117 117 - - (1

1) Ohita Prefecture, 2) Hoshizumi et al. (1988), 3) Oue et al. (2002), 4) This study.

[}9)
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deposited there (Chida, 1995). Much of the
hydrothermal wells in Beppu are distributed roughly
along the two faults and form eight spa communities;
Myoban, Kan-nawa, Shibaseki, and Kamegawa in the
north, Hotta, Kankaiji, Beppu, and Hamawaki in the
south (Fig. 2). Siliciclastics from the western volcanic
highland filled this graven and formed an alluvial fan
in the Pleistocene-Holocene age. Downhole
temperature measurements (Fig. 2) recognized two
main hydrothermal flow paths that are developed
along conduits associated with the fault systems and
permeate through alluvial gravel and sand (see,
Sturchio et al., 1996).

Although the chemical composition of hot-spring
waters in Beppu is highly variable (Table 1), three
principal types of water were recognized; they are 1)
a high-temperature sodium-chloride type, 2) an acidic
sulfate type and, 3) a near-neutral bicarbonate type
(Allis and Yusa, 1989). Type 1 commonly discharges
in wells of the Kan-nawa spa community (e.g., Oven

Hell). Type 2 is represented by Yamada-ya (Table 1)
in the Myoban spa community and the Tsukahara
Onsen located at the SW foot of Garandake. Variety
in chemical composition can be attributed to different
mixing ratio of the three types. For instance, Ohsawa
and Yusa (1996) found strong correlation between the
Na and Cl contents of the waters from the northern
Beppu geothermal area and suggested that the H-Na—
CI-SO4 type of hot-spring waters are performed by
the mixing of type 1 and type 2. The subsurface
hydrothermal model of Oue et al. (2002) is shown in
Fig. 3.

Nagayu Hot-spring

Hot-springs of intermediate temperature (55-43
°C) are distributed in Naoiri Town (Takeda City)
located 25km SW from Beppu (Fig. 1). Wells ranging
from 50-250m in depth are approximately aligned
along the fault (Oita-Kumamoto Tectonic Line; Fig.
4) that defines the southern border of Beppu-

\\\\ﬁ\

Yukojiss \

Fig. 4. Map showing the Nagayu Hot-spring area. Solid circles show excursion stops.

Table 2. Chemical and isotopic properties of hot-spring waters in the Nagayu Hot-spring area. Concentrations are in mg/L, PCO>

in matm.
Locality T(C) pH Na* K* Mg* Ca?* Fe?* Cl- S042- HCO- PCO2> Sic!) §'802 §'3¢d
Nagan-yu vent 433 648 516 85 267 178 2.0 174 524 2411 885 0.51 -1024 -7.43
valley 332 803 513 97 235 156 12 173 480 2336 20 178 -9.15 -4.86
Satono-yu  vent 519 6.86 416 122 325 251 53 223 320 2960 513 1.16 -9.55 -6.24
point1 314 804 632 126 302 140 05 257 637 2633 22 174 941 -4.93
Daimaru  vent 458 6.55 471 94 232 160 17 186 387 2239 738 055 -9.80 -6.60
point2 372 825 443 83 230 71 03 158 348 1911 1 159 -8.96 -291
Shichirida  vent 451 6.62 449 70 249 157 1.0 142 562 2078 575 0.58 -951 -7.74
Mifune bath 462 7.06 477 83 231 158 06 175 566 2141 219 1.03 -949 -6.69
Ganiyu vent 402 663 466 104 306 198 2.0 176 324 2894 711 071 -922 -6.13
Ramune  vent 332 619 215 59 137 76 29 89 218 1271 831 -0.39 - -

1) Saturation index for calcite: log(@Ca2*aC0O3%/Spcicalcite)), 2) & vs. SMOW,
3) Carbon isotope value of DIC, & vs. PDB, measuring methods refer to Takashima and Kano (2005).
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Shimabara Graben.

Nagayu Hot-spring water is neutral pH Na-Mg-
HCO; type and contains a high concentration of
dissolved chemical components (Table 2). Major
anions (sulfate, chlorite and bicarbonate) are balanced
with Na+, Mg2?+, Ca2*, and K+.

Components, such as SO4%, Cl, Na*, and Mg,
are common for higher temperature Beppu Hot-
springs, and therefore originated from deeper
hydrothermal aquifer. Whereas high dissolved
carbonate and calcium contents indicate water-rock
reaction in shallower aquifer of intermediate
temperature range. Stable isotopic measurements
(Iwakura et al., 2000; Yamada et al., 2005) indicate
that the carbon dioxide is largely originated from a

Mount
Kujyu

Meteoric water

Ohita-
Kumamoto T.L.

Fig. 5. Hydrothermal model of the Nagayu area.
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Fig. 6. Ca/Mg ratio vs. temperature of the calcite and aragonite
travertine-depositing hot-spring waters in Japan. Data were
complied from Kitano (1963), Takashima and Kano (2005) and
this study.

magmatic source. However, high equilibrate carbon
dioxide pressure at the vents (~1 atm) is not easily
achieved by simple cooling of high-temperature
magmatic aquifer due to their low solubility in high
temperature.

The hydrothermal system of the Nagayu Hot-
springs can be explained with a three- layered model
(Fig. 5). In a deeper part, there might be high-
temperature fluid from the Kujyu volcano, which
contains acid (H>SO4 and HCI) reacting with rock-
forming minerals. Volatile CO> degasse by boiling of
water rises and is dissolved in the middle water layers
of lower temperature.

The hot-springs in Nagayu mostly well out from
the middle water layer. It is steam heated meteoric
water mixing with the deeper high-temperature water.
The major reactant of this layer is carbonate acid that
causes raised concentration of calcium by chemical
weathering of Ca-feldspar and Ca-mica. This water
layer rises along the fault up to 50m below the
ground. Decreasing water pressure results to further
CO»-degassing (Fig. 5).

The Ramune (lemonade) Spa is probably the
most famous in Nagayu. It is naturally welled lower-
temperature (33 °C) water that contains significant
dissolved CO: but lower concentration of the other
chemical components (Table 2). The water is from
the third shallowest water layer of the Nagayu
hydrothermal system.

The hot-spring water of the Nagayu middle layer
has a high potential to deposit travertine (carbonates
precipitated hot-spring water; Ford and Pedley,
1996). An important process is CO» degassing from
the water, which increases the saturation state for
carbonate minerals to a significant level. Travertines
are developed along the drainage passages from
baths, of which we can see many along the Seri
River. However, the short passage and periodic
cleaning prevent the accumulation of travertine in
many localities.

The Nagayu hot-spring development is one of a
few aragonitic travertines in Japan. Although there
are several factors controlling carbonate mineralogy,
aragonite of the Nagayu case is principally related to
the high Mg/Ca ratio of the water, which inhibits
calcite crystal growth. Travertine-depositing waters in
Japanese Islands generally contain more Ca?* than
Mg?+, and precipitate calcitic deposits (Fig. 6).

The travertines of the Nagaya area exhibit
various textures that change with hydrological
conditions and microbial association. In general,
tightly calcified texture developed under quickly
flowing water, whereas unconsolidated muddy
aragonite is deposited in calm water pools. Microbes,
such as filamentous algae, cyanobacteria, and
heterotrophic bacteria, are commonly associated with
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the travertine. Their role in calcification is poorly
understood, or they are just passively encased with
fast-growing travertine deposits.

We will visit three localities of the Nagayu Hot-
springs (Fig. 4; Nagano-yu, Satono-yu and Daimaru
Ryokan). If time allows, we will try bathing in a
carbonate spa. The water is colored slightly yellow
due to contents of aragonite powder. People think that
this type of hot-spring provides good cures. CO2
bubbles activates skin metabolism, and radioactive
minor elements (Ra and U) in the aragonite relieves
symptoms of arthritis, emphysema, diabetes, and
other health problems.

Field stops

Day 1
Stop 1 - Excursion in “Hells”

Kan-nawa is the most impressive spa community
in terms of its active hydrothermal activity. Wells
emitting hot vapor are all over the area. Local people
call them “Jigoku”, the Japanese word for hell. We
will visit nine hells that are open for tourists, and

observe some hydrothermal phenomena. Please, do
not touch the water. It is hot enough to feel hell!

1A. Bonze Hell: Typical mud-pods (mud craters; Fig.
7A) appearing as baldheads of bonze (monks). Each
pod explodes hot (> 90 °C) muddy fluid and gas at a
certain interval to the surface. Mud is mainly clay
formed by hydrothermal alteration of the basement
volcanics, as described in the following reactions.
2NaAlSi30s (sodium feldspar) + 2H* + 9H>O = 2Na+
+ 4Si(OH)4(aq) + Al:S1205(OH)a(kaolinite)

2K Al S130g(potassium feldspar) + 2H+ +9H.O = 2K+
+ 4Si(OH)4(aq) + Al>S1205(OH)s(kaolinite)

1B. Sea Hell: It is considered that this hell was bomn
in 1200 years ago, when Tsurumidake (Fig. 2) was
most recently exposed. The vent daily discharges
3,600 m? of water at 98 °C to a wide pond of 260 m?.
The water richly contains iron sulfate that exhibits a
marine blue color.

1C. Mountain Hell: This hell forms a mud volcano
consisting of repeated layers of thick mud
accumulation stacked upon one another. Steaming
from the ground (as well as various animals) can be
seen.

Fig. 7. Sediments seen in the Beppu “Hells”. A) Mud-pods (bonze) in the Bonze Hell. B) Siliceous sinter formed in the Oven Hell. C)
Texture of the siliceous sinter. D) SEM image of a bundle of strings forming the silica sinter. E) Spherical amorphous silica forming the
strings of the silica sinter. F) SEM image of sediment deposited in the Bloody Pond Hell. G) A diatom observed in sentiment in the
Bloody Pond Hell. H) Crystals associated with rod-like structure of sub-micron size.
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1D. Oven Hell: Water richly containing silica fills
several ponds of different sizes. Water changes its
color from transparent through blue to white during
change in physical states of silica. Decreasing
temperature of the transparent hot-spring water, silica
first forms minute colloidal molecules that only
reflect short wavelength blue light. As the colloidal
silica grows into larger grains, the full spectrum of
light becomes reflected and the color turns to white.

‘White and porous silica deposits (Fig. 7B) can be
found on the edge of the largest pond. It consists of
bundles of silica string (Figs. 7C, D). Each string is
formed by spherical amorphous silica of 1 ym in
diameter (Fig. 7E).

Thermophilic and acidphilic Archea was reported
from this hell (Kitajima et al., 1997).
1E. Demon Mountain Hell: This hell is
characteristic in its active steaming. The chemical
component shows typical Na-Cl type high-
temperature water (Table 1). It uses heat from steam
to grow tropical large reptiles (crocodiles, alligators,
etc.).
1F. White Pond Hell: Milky white color is due to
tiny silica grains precipitated from the water, which
have also been seen in Oven Hell. Spring water is
initially transparent. Freshwater fish from the
Amazon can been seen in this hell.
1G. Golden Dragon Hell: This hell shows active
steaming from a fumarole. The water is Na-Cl type
and concentration of dissolved components is the
highest among the hells. They grow bananas here.
1H. Bloody Pond Hell: This is one of the oldest
Onsen in Beppu. A wide (nearly 1,000 m?) pond
reserves hot water of red color from clay deposits
containing iron oxide (hematite and goethite) and
jarosite [KFe3(SO4)2(OH)s]. Biofilm appears as oil
slick on the water surface, and it is probably formed
by iron-oxidizing bacteria. The water discharges from
the center of the pond, where the water depth is at
least 30 m. Frequent vapor explosion used to happen
every several years or decades in the past, however
no explosion has been reported since 1927. This and
Water-spout Hells are located in the Shibaseki spa
community (Fig. 2).

SEM observation recognized that the sediments
of Bloody Pond Hell consist of needle and platy
forms of crystals (Fig. 7F). Microbionts including
diatoms (Fig. 7G) were observed. Rod-like structures
of sub-micron size occur on the crystal surfaces (Fig.
7H).
1G. Water-spout Hell: This is an intermitting geyser
discharging hot water every 25 minutes. The geyser
can expose the water up to 20 m in height, although 1t
is protected for the safety of visitors. An intermitting
geyser consists of complicated subsurface chambers.
When the water does not discharge, vapor pressure

grows in a chamber until it reaches a critical level.
Then, the pressure is released by upwelling of the
boiling water and vapor from the subsurface chamber
system.

Stop 2 — Alum deposits in the Myoban spa
community

Myoban is the Japanese word for alum,
aluminum-containing sulfate mineral (e.g., M(I)Al
(S04)212H>0). This communities name comes from
the  traditional Fe-alum  production  using
hydrothermal steaming. We will visit huts built on the
steaming ground, where people farm alum on local
blue-colored soil consisting mainly of Fe-
montmorillonite. Alum crystal of a few centimeters
grows vertically from the soil within one week.

Onsens of the Myoban spa community are
characteristic for their high contents of sulfur species
(SO4%, HsS, and S), which were initially volatile H>S
released from boiling parent geothermal fluid.
Majorities of the H»>S are oxidized into H2SOs in
steam-heated meteoric waters and became an agent
for hydrothermal alternation of the basement volcanic
rocks and soil. Significant contents of Fe?* and Al
(e.g., Yamada-ya; Table 1) are attributed to this
hydrothermal alteration. The amount of volatile sulfur
is s0 huge that it cannot be completely oxidized by
oxygen in meteoric water. The rest of the sulfur emits
as H2S and S and causes the smell of rotten eggs in
this area. Yellow-colored sulfur crystals are also
precipitated at fumaroles at this stop.

Day 2
Stop 3 — Nagano-yu

Nagano-yu located 2 km W of Nagayu (Fig. 4)
has developed the largest travertine deposit in the
area. The travertine is deposited in a 25m-long valley
of a light deficient condition. The drainage water
increases its pH and saturation state for carbonate
minerals while flowing on a steep slope of the valley.

At the locations of high flow rate, stone-hard
deposits are developed. The color of the surface is
light yellow, but a few cm inside, it changes to dark
brown-black (Fig. 8A) that probably is tinted by Fe
sulfide or oxide precipitation.

The most prominent characteristic of this
travertine is its internal laminated texture (Fig. 8B) of
a sub-millimeter interval, which most likely indicates
a daily pattern. The lamination is repetition of lighter-
colored and darker-colored layers, which are equally
thick (Fig. 8C). The lighter-colored layer consists of
tightly-packed fibrous aragonite crystals (Fig. 8D)
extending perpendicularly to the lamination. The
darker colored layer consists of laterally aliened fan-
shaped bundles, and exhibit several brown bands of
~10um thick. It occurs on the surface of a sample
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Fig. 8. Travertines at Nagano-yu (stop 3). A) Aragonite travertine with dark brown to black color inside. B) Thin section of specimen
shown in Fig. 8A. C) Daily (?) lamination of the travertine consisting of lighter layers and banded darker layers. D) SEM image of
the travertine showing a bundle of aragonite needles. E) Surface of the travertine collected before sunset. F) Porous texture of
travertine a few centimeters deep from the surface. The specimen partly lacks lighter layers. G) DAPI fluorescence image of
microbes extracted at a 2 cm depth from the travertine surfaces. Micron-sized heterotrophic bacteria (bright spots) occur on larger
filamentous bacteria (probably cyanobacterial sheath). H) Elemental mapping of the laminated aragonite travertine (left: Mg, and
right; Ca). Brown bands are rich in Mg contents.

collected before sunset (Fig. 8E), and is likely
developed in daytime. This 1is supported by
fluorescence of photosynthetic pigments from the
brown bands. Common occurrence of tiny (< 1 ym)
spherical crystals commonly result in porous texture
of the brown bands. Results of elemental mapping of
the travertine shows that the brown bands contain
higher Mg and lower Ca concentration than the
surrounding fibrous aragonite (Fig. 8H). This
indicates that extracellular polymeric substance (EPS)
non-selectively  adsorbs cations and induces
precipitation of the microcrystal nuclei.

Dark brown deeper deposits exhibit porous
texture that mainly consists of banded darker layers
and lack lighter layers in some cases (Fig. 8F). They
were formed by biogeochemical chine reactions.
EPMA analysis recognized iron oxide, probably Fe
(OH)s, in the dark brown part. DAPI observation
identified heterotrophic bacteria eating cyanobacteria
(Fig. G). Decomposition of organic matter consumes

dissolved oxygen and succeeds to microbial sulfate
reducing. Produced sulfide combines with cations,
such as Fe?*, and temporally precipitates metastable
sulfide minerals. The sulfide most likely causes the
dark brown color, however it is oxidized quickly to
Fe(OH)s. This oxidization releases H+* that causes
dissolution of aragonite within the inner section of
the travertine.

Stop 4 — Satono-yu Spa

Satono-yu is located 500 m NE of Nagano-yu. It
1s a well-organized public spa consisting of several
baths (Fig. 9A), some of which are built in open-air.
Satono-yu was selected as one of the 100 best Onsens
in Japan. They use 100% welled hydrothermal water
without heating. These baths are well organized and
regularly cleaned, but we can still observe different
types of deposits.

A 3-m high deposit is developed at the drainage
from the northernmost bath into the Ichi River (point
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Fig. 9. Map of Satono-yu (stop 4) and the Daimaru Ryokan
(stop 5).

1; Fig. 9A). The water flows down almost vertically
and deposits hard aragonite travertine. Textural
characteristics are similar to ones seen in Nagano-yu.
It is (daily?) banded, light yellow on the surface, but
grey-dark brown in a deeper part (Fig. 10A). The
travertine surface partly exhibits green color by
biofilm covering (Figs. 10B, C) of filamentous algae
and cyanobacteria.

Thin aragonite film, called paper-thin raft (Guo
and Riding, 1999), is formed on the water surface of
the baths. It is formed by CO: degassing and an
increased saturation state in the uppermost water
layer, and is well observed in open-air baths.

Stop 5 — Daimaru Ryokan

Daimaru Ryokan is one of the oldest hotels in the
Nagayu Hot-spring community. It reserves a
relatively large travertine mound at the bank of the
Seri River (Fig. 9B). Travertines are deposited in
three water passages; overflow from the vent and two
drainages from the baths. The travertines of the
Daimaru Ryokan are generally less consolidated than
those of Nagano-yu and Satono-yu. The travertine
bank facing to the south provides a suitable habitat
for photosynthetic microbes that form various colors
(green, yellowish green, and light purple) of
microbial mats and films on the travertine surface.

Warm (46°C) water overflowing from the vent
(Fig. 10D) falls down to a small pool, where pebble
size spherical nodules were sometimes formed. The
nodules are aragonite and exhibit concentric internal
lamination (Figs. 10E, F) that resembles one seen in
the daytime darker layer of the Nagano-yu travertine.
The fibrous aragonite crystals construct upward-
radiating bundles that are typically 0.5mm wide and
1.0mm long (Fig. 10G). Similar but less consolidated
nodules are formed at the location where drainage
water falls down in the middle passage. A principal
condition for the nodule development is probably
physical disturbance of water, which activates CO2
degassing and significantly increases the saturation
state.

Water flowing over the mound quickly precipitate
aragonite that forms muddy sediments and poorly-
consolidated travertines. During flowing from the
vent to the Seri River, water decreases its Ca content
from 160 to 71mg/L (Table 2).

The travertines of the Daimaru Ryokan are highly
associated with microbes. One collected at the upper
apron of the travertine mound (point 2 in Fig. 9B)
shows porous texture having irregular lamination of
~1 cm interval (Fig. 10H). The texture consists of
oval-semicircular porosity and curved walls fringed
with spherical aggregates of aragonite. The wall was
most likely precipitated on microbial films (Fig. 10I).
This texture is similar to sickle-cell structure that is
formed under a hypersatulated condition (Pache et al.,
2001). Sub-millimeter aragonitic spheroids with
concentric internal structure are also developed in the
porous travertine (Fig. 10J)

Travertine with a possible daily lamination can be
observed at the lower apron (point 3). The texture is
more porous than the Nagano-yu travertine, and
partly lacks the nighttime lighter layers.
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Fig. 10. Travertines at Satono-yu (A-C) and the Daimaryu Ryokan (D-J). A) Aragonite travertine exhibiting dark brown to black
color inside at point 1 (Fig. 9A). B) Travertine surface encrusted by microbial film. C) Fluorescence image of Fig. 10B. D) Vent of
the Daimaru Ryokan with precipitation of iron-rich travertine. E) Section of a spherical travertine nodule collected in a pool (point 1
in Fig. 9B) beside the vent. Concentric lamination is developed. F) Magnified view of the center of the nodule. G) Magnified view of
the outer part of the nodule consisting of upward-radiating bundles, typically 0.5mm wide and 1.0mm long. H) Porous travertine
collected at point 2 (Fig. 9B). I) Calcified microbial film of the porous travertine. J) Sub-millimeter aragonite spheroids with

concentric internal structure in the porous travertine.
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Shionoha hot springs (data are after Takashima and Kano
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Fig. 1. Thin sections of daily laminated travertine surfaces
collected at point 3.5 in Yamabato-yu, Nara Prefecture,
Japan. A) The specimen at 10:30 on March 14, 2005. B)
Fluorescence image of Fig. 1A. C) The specimen collected at
19:30 on March 14, 2005. D) Fluorescence image of Fig. 1C.
E) The specimen collected at 4:30 on March 15, 2005. F)
Fluorescence image of Fig. 1E. All scale bars are 250um
long. Fluorescence from photosynthetic pigment appears
lighter-color images.
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Fig. 2. Travertine deposited at just below the drainage from
the public bath, point BT in Takashima and Kano (2005).
The scale bar is 2 cm long. It represents sets of 6 darker-col-
ored bands (arrows), which were formed in influence from
cleaning. The intervals between the sets correspond to reg-
ular holiday of Yamabato-yu (Wednesday) .
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