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Bacterial mineral formation of covellite in oily hot springs*

WAKIMOTO Rie** and TAZAKI Kazue***

Abstract The inner wall of the Tsukioka hot spring well was covered with green microbial mats which contained
black crude oil. The hot spring is located in Tsukioka, Niigata, Japan. The hot spring water (pH 7.3, Eh -184 mV and
49.2°C) that was produced from a 280m in depth originated from fossil seawater. The aim of this study was to
investigate of covellite biomineralization in the green microbial mats with crude oil from the Tsukioka hot spring
water. Observations by optical and electron microscopy, phospholipid analysis and bacterial cultivation showed that
the biomineralization of covellite (CuS) was found on the surface of crude oil droplets. ED-XRF analysis showed that
the crude oil contained SO; (67.6wt%), CaO (24.8wt%) and Cu,O (2.6wt%). Observations by optical and
epifluorescence microscopy as well as scanning electron microscopy (SEM) showed that two morphological types of
bacteria (i.e., filamentous and coccus typed bacteria) were found on crude oil droplets. Transmission electron
microscopic (TEM) observations further revealed that the cell wall of the filamentous bacteria had a double membrane
and was surrounded by Extracellular Polymeric Substance (EPS), which might provide the favorable nucleation sites
for CuS. X-ray diffraction and electron diffraction analyses of the microbial mats showed that the materials
precipitated on the surface of the oil droplets were highly crystallized covellite (CuS). FT-IR spectra of the microbial
mats that contained covellite showed the appearance of C-N-H, P=0, P-O-C and N-H bands, indicating the presence
of phosijholipids (lecithin and phosphoric ester) in the microbial mats. Cultivation experiments, furthermore,
demonstrated that the cultivated bacteria were identified as sulfate reducing bacteria (for coccus typed bacteria) and ol
decomposing bacteria (for filamentous bacteria). A schematic formation model is here suggested to better understand
the interaction between bacterial cells and oil droplets under anaerobic conditions in the Tsukioka hot spring water.
The biomineralization of covellite described in this study might have profound implications for bioremediation of oil-

contaminated site.

Key Words : biomineralization, covellite, crude oil, bacteria, phospholipids, extracellular polymeric substance,
Tsukioka hot springs

schwertmannite DEEMLIZE LT, SBLHIRE TR = 128
L (Kawano and Tomita 2001), F 7, fAWEB L O EEIH
BIZSkZEET AL ICL o THEMMTHERE KT S

LI
RSP T AT SEERLMEMHERL, $FEON

432y FEEHRL TS (Moyer et al. 1995; Asada and
Tazaki 2001). —#IZNA F <y M2, BEHEEYD 5 WidH
MR LAY THER S N2 REY T, MUk oRs L o E
AL, BHOWELFNREL KB LA SHET 5.
ZTOWHTIXEEA 4 ¥ OWR & ARG OER (N4 F 3
A7V E=Vav) MibhTwsd (ERE 19%; F Li3h
1999 HIEF 13 4 2002). Bl Z EFelSOHEWTD 5

(Akaietal. 1999). & 512, SOEMKIEWLEHICE T,
YT INTFY T OO A X2 & o T woodwardite DR
B2y ba—v &b (Watanabe et al. 2003).
HAEROAMERERTH 5I0iEE, KHEL X UCHEE
T, ATMIEEIEECIEN & &b ICRE KD LT 55008
Z. MEWEAMOBRICOWTIE, EWEHBERB LT
TEOMFBRIIBOAMAMRRE I L BERREOBE (N4
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FULATF 4 L= av) OMENFRENTWS (Bragg et al.
1994 © # 1l - 3 2003 ; Chaerun et al. 2004). =D & 9 &l
AP X B AMO5RE, HFRNERRE TICB T AR MR
WX BHDFE—EMTH DA, Rueter et al. (1994) 1THEN,
MEEETLSEO TIZBWTHMAEWI X 2 MO SR TERL
ShafZEE LTS, LaL, AHBSHICEDNTIER
END KGN ZOWTIE , Yushkin (1998) 28EARIE 788
BEETIEELBEL TWLDORTH 5.

AWETIE, FlEZRICEDRAKIEY L T 5518
VL5 T RHRSR OISR H T IR kS < v b
TR LNIE (covellite 5 CuS) DAEMKIMLIERIC
DWTHET S, iz, HIREBHICBWTEHEW DL
AL & LCHEAEL, HTHEEE (CuS) 13 chalcocite
(Cu,S), chalcopyrite (CuFeS,), bornite (CusFeS,) 7z & &3t
WZESEMICERT S (Dunn and Muzenda 2001). L7
REETICBT 2MEORBIL, —H#IZ 220 ~ 350C DEE
BER A2\ T#EZ % (Lusk and Bray 2002). —7%, 2~ 50
COREMIRTIE, EITBRETIZBWT Cu OfgfIEIZH
KL, SEOEEMMEZ L EEZ 5N TS (Ehrlich et al.
2004). PER DALY B A HFE I IR L F M 7
MHEEOHRTHEONTELD, MAYOMRZEHRB L0
MR 22 & OB ASE P OB LY & BN BT
LEHHMHENTED (Daubree 1862 ; Duff et al. 1963 ; Mor
and Beccaria 1975 ; Mcneil and Little 1992), A:/REHI2R 5
R 21T LENS S, T, WMAEWHKEYS L8
WALTER OWZeid, BRRPBERICET %07 — 71230
CEEVETH ), MAEMOREEERL B L THONAK
SMEIsu~HTIsurt—F—THE - 5 L2
iz,

Z TR TIE, HEMER (492C), FEO, RE-
B - AEO=FRE LRERICBWT, B[4
<y MICHBEOF A EFEMSEBETHL ML,
7o, WAEMOREEERICLY), WEOBKICEERS T
DN 7Y T OFAEDH S DI O THET 5.

AR S UERAE
FFHRE

KT OTAX R IR TH 5 HiBE A HiRRIHEFEO
H - AAHBEICET 5. WEERFESLoFH~tE
JEARARE, FRICRIEEP I T 2R A ICEN AL
HHER E N T % (Tsuchiya 1995; Hirai et al. 1995) (Fig.1A).
ARSI 1912 48, AIEH OB (2 S Wz H T 2 5 Bl
LRICZBOIAHEKTH HIRAIEHR L2 L ICRER A
5. WRTELEMOENDLho 72720 lBHE LT
MEINT, RRELTHHIWBEIIE>TS (B
2001). AR5 5HEOFRKITEBEH T, 401/ 5
DEBMETHY, RASTRICEINE, WILKERERG
1258 mg/l L IEFIZH W (Fig1B).
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Fig.1 Tsukioka hot springs in Niigata Prefecture, Japan. A;
Sampling location. B; Overview of the hot spring well.
C; Photograph shows the green microbial mats and black crude oil
along the wall of the well

2003 4E 5 BIC ARMBROBERIF T, S, HTONEEI
EL-BEOFEMEGKEBENSI A<y b (FiglC &KH) %
L7, NAF<y bEEE, BEBADNA 7TIUHE TAR
DOBEEHCTIHRM L, BEARARI25% D7 VE =T
Ve FCHEZE L7z A AEEHIRR K & ITIRIL, 4
CIABLTHRZEICH LR o772, R U JREMmRBHIR A %
BRONATVREF 7RV IIIOERHY, BELTELRE
o7z, BRARBZ2mm DA VYT TV T4 VI —THBE
L7-%%, WEEHVTpHL TS LTHE, EftEiro7.

XEBRAE
BROKGAE
RRAKDOKE L, BMICBWT, pHIZTHORIBA # A% =
—LABpH * — ¥ —F-24 %, B{tELENM (Eh &
HORIBA # A ¥ =— ACT Eh X —% — D-13 %, BX(=EE
(EC) X HORIBA 1 A # =— ACT EEF A — ¥ — ES-12 %,
WHEEE (DO) I ZHORIBANY F A BHEBEA -5 —
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JEH 2 & SRR KIS BV 2 S 0 A ARgE LR

OM-12 ZHHWTZENZENWREITo 7. Fibilgo 2Rk
D) HNa, KIZOWTIRNEHEDET, Ca, Mg, Total Fe,
Mn iZ2W TR 7 L — A EFRAAERT, /2, Culco
WTR 7 L—A VARFIOLELE CERGHT 21T 72,
72, SOS BEREER VTR T 72, 808 E:
BLUT7 V-2 BFFEOLEEICII S, o BT TR
SAS-T27 %, 7 L — AV ARFRBELIC IS4 SAS-
705V ZREHL, ERSBMBFEZHHEL CREERTo 2.
ICGERICIE APEL Model PD-3 12T, BREE/NY w7 A2 &
5 A& (DAL ZZAIEE IR 1994) v
WEZEITH 72,

BRENTIF <y MEEROUMER S LUVEETE

NA Ty bOBYHREIZoWTIE, B LA <y
FRBEBRIZL, XBBEREY (XRD) EEZHVTH
L7z R B ERE RINT1200 B X M E & E %
fEH L, CukK a #% FvCTERE 40kV, Bt 30mA THIE L 7-.
Tz, Nty M BLUOEHBBOLEMAE (BFF5
Nall EOTeE) 122w Tid, HABEFET AL F—45HH
HOU X M (ED-XRF) 218 JSM-3201 ¢, Rh-K a #iE
ZHW, MM#EEE30kV TFP (77 V¥ XV FNIST A—
=) -V IHEIE DRI E T o7 N A=y b
AEHIEEZ L, B THARICLAb DRV y MRIIIT L
ST RATo 72, BRILL 72 EhERE (Fig1B) X2 o< 5
=74 NVAIZIRATHIEAT o 72
JZEINA F <y POIEMIEER

HHho 4+ <y MRBHIOWTIRIE b ICHES L -
o T BIEE (BT HOLEE EFD-3 B L G BAI#
ST R NTF-2A) ZHWTBE2To7. EHEA0OLEM
FEISOBIIL, BAEYOHFLELHRT 572012, DAPI (4,
6-diamidino-2-phenylindole) $«t% i LBIZ %17 o 72, ik
Y3 DAPI Reftufl, FOUBAMSE T CBIZR Y % & DNA 235 6®
EL, EWIEROIEEET S (Kawaietal. 1999). F 72,
BRI & > TR 2BROFEERT
NAF =y b AR O & R RBBE G BRI E AN
(SEM JERO-JSM-5200LV) % BT, H#EH 15 kV TfF
o7z 72, SEMIZEW o774 v SRR RV
F -5 X o HEEE  (EDX Philips-EDAX-PVI800STD)
2HOTNAM A<y MRBOTEIMMN 21T 72, BIEORIC
ERAEY, SWEB L IHEORELIEDO 72D, Suzuki et
al. (1995) OFFEICHTE, FEZHREL V.

SO A OBE ISR E T HME (TEM
JEOL-JEM-2000EX) #H\WWTAio7z. T2, MAEWB IO
SEMONTHBBOBLE AT 720, BEYTEZHWTER
80nm DYIF Z/EHL L, TEM #1585 X OB TRIE A 217
o7z BB, BEYRETRLSY ) —VTORASB LR
BRICEDEERIT) 120, N F <y Mhoig i g -
BELansg.
7= IEBFNADRKITE Y VRELH

(9)
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AL A<y M EFMOLFRHEEZRWRL 720127 =)
TEBFAIOCERT (JASCO FT/IR-610V) % Hv»T 4000
~ 400cm” OHFHATHEETo 72, AE I3, < b
HARHIRANEB/ELCH AMADRIA Y 74 (KBr) 10mg
FRAL, BEE3mm OXLy MIEML-BHIEET- 72
F 7 FHEARHIEA A v R W THlE 2T o 72,

=}, NAA=y MIEINDLY VIRE, BKICLYFUR
IOV T Bligh-Dyer i T/ kv A, A%/ —), KCI
B X A 24T - 7o, B0t HOCHlER T -
72, RVTFUBT VESLABI VOB T FOVIC L) ML
% 4, ttEEET (APEL Model PD-303) % Fiv THUER
FBCIWNRET -7 BB, ZOWMEIEHARELSSR
(1991) B X HAMAL 22 (1996) OFHEI - 7.
BENT A<y MROWENDIEEER

NA A=y MHRCERT AMAENORBHA LW ST
5 72O HiER R T RS L 3 & VR R R RO A
WA OREER T o7, MBETHOFBIZER 1
| ¥, KH,PO,:0.5g, NH,CIl:1lg, Na,SO,:1g,
CaCl, + 2H,0 : 0.1g, MgSO, * 7TH,0 : 2g, Na-lactate : 1g,
Yeast extract : 1g, Resazurin-Na (0.1% &) & 1ml,
FeSO, - 7TH,0 : 0.2g, cyctein-HCI1: 100mg, Na-ascorbate :
100mg TpH 7.2-74 CHE L2 b 0% R L7z (LK - ki
1993). HEFITIZEHEAK 10 ml 24 F~ v b 25 g #IRE
SELLORFERE LT, BEREZ S0 1056 RERE
SERFEER L, PR L AR 7.5m] & ANZZREE AR
BE (YUavgfti) cehZhlm $oMz 7. REB
BlLireRERL, Sy 7 (TR ZZFETR
LA E) BV T 30T, &G T T3 HME#EZT- 7.
R E O #1213 Bushnell Hass Mineral Salts medium
(BHMS) {2 H iR R I A & 0 BRI 72 1% % R F%
FelTmrazboz@A L2 B3 @E®RLLD
MgSO, * 7TH,0 : 0.2g, CaCl,: 0.02g, KH,PO, : 1g, K;HPO,:
lg, NH,NO;: 1g, 60 % O FeCls % 234Nz, pH % 7.2-74
\ZFREI L 72 (Chaerun et al. 2004). FEFEIHBRETTHERTIEL
FROEEFERZEHAL, FROTIETI0 HHOREELAT
ol EBLOEMb -7 L—7 (121T, 204) TH
WL, Bz 2Bt 02mm 07 4 vy —THRE L
bOR T B LM ESEOL - o TP
WEB LU ERRMEFHEMSEICL Y, BRBESE 2T

& R

BROKERERER

FRIREAKDOKE R ERERE Tablel IORT. pHIZ 73T
EIEHYETH Y, EhiZ-184 mV EIERWISETH ZBRE SR
L7:. ECl7.3mS/em & HEWE <, DO d 0.8 mg/l & £k
FREEARL, KEIZ492CThHo7 T/, EPWLB &
OGN ORERIE, Na’ 281375.1mg/1 & FFICH L,
72, Ca”, K', Mg" BED 0mg/1 L EOfEERL, LA
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pH | Eh EC DO WT | Na' K* | Ca?*| Mg>| Mn?* [TotalFe| Cu?* | SO
(mV) |(mS/em)| (mg/D) | (°C) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm)
73 | -184 73 08 492 [ 13751} 353 66.1 30.5 03 0.03 nd 526.2
n.d. ; not detected

F1R ARRROKES L OLFEHE

Table 1 Chemical composition of hot spring water collected from the Tsukioka hot spring well, Niigata, Japan

Component Microbial mats Crude oil
oxides (wth) | (except hydrocarbon) | (except hydrocarbon)
Na,0 135 03
MgO 14 -
A0, 09 -
Si0, 33 39
P,05 1.2 -
SO, 178 67.6
¢] 14.9 -
K,0 08 0.3
Cal 3.1 248
CrO 0.1 -
MnO 0.1 -
Fe,04 43 04
Cu,0 372 26
Zn0 06 -
PbO, 0.7 -
Total 99.9 99.9

- ; not detected
2R HMBRIVERRLAGEAS A<y P BIPEROK
W X ST RV F— AR

Table 2 Data of energy dispersive X-ray fluorescence analyses of
microbial mats and crude oil collected from the Tsukioka hot
spring well

WAROBEZRLTVWA. 72, SO BED 526.2mg/l & &
, COBBAVRBELTRETHLEEZRT. LiL,
Mn®" B & UF Total Fe #F13 0.3mg/1 3 & 07 0.03mg/1 £ 1% <,
C' WDV TR LT Th - 72.

BENIF 7y FERAOEMER S L UVEETH
ED-XRF G#112 & V), Ffas4 F< v M2k, #ILKER
MHZDEED Cu,0 (37.2wt%) & SO, (17.8wt%) M & TN,
Na,0 (135wt%) & Cl (149wt%) DEHEED HBEHE:
HPW S o7 72, MgO, Si0, Fe,0, 72 &b
WEEINTWD (Table2). T/, BaNfF~<y b
T 5 BEFEmEE (Fig.1B) Tl SO, BSRILAZEUS TR D
ZEENTHEY (676wt%), Ca0 (24.8wt%) HRIZHWV
BEEERT. Si0, I 39wt% HENTBY, NM4<y b
FIZZBIZED LN Cu,0 DEEEI 26wt% Tho 72,
MEILFE L LTI NayO, K0, Fe,0, P& ThTwiz

XRD A HAERIZE D, N F~<y MICRFEDKE
(281 A, 189A, 305A, 271 A, 1734, 155 A) »°82
oM (Fig2). $72, 20 =20° fHEDTT— FTHV

:‘_ @ pyrite
3 Vcovelite
£ <
2 :
© °
2 10 20 30 40 50 60
CuKa 26[° ]

F2l RS 47y b O X BRKER TR

Fig.2 X-ray powder diffraction pattern of green microbial mats
showing covellite peaks

KERFEREMEB L AR OFELRT (HPIEL
2003).
BENT1F7y FOBEMBEERER

EEHHOE - A TR EEMEBBOMR, "M +< v b
I IERIRMI & 3R o B OMAEN SIS EERD bh iz
(Fig.3A, B). 72, "M A<y MIEERAEMIMTT
BRFEMET CREBREEL, BRAKLELIHWV, T
VY avEREELTYS (Fig.3A KH). —F%, ®ETT
ERBBEOREYETS. FORMPEY BE X9 IRRH
Eaao=—%BRLTEBY (Fig3A &), BLIZIZH
OIRBAEAE L Tz (Fig.3B). T, SRR 1
B AR L CORBHGEE %17 ) AWMAHRE T, Rt 0%
Wi AR OB S % FH L CREZITHIWETH B HENE
ERBELTWAS.

HREGRE W L7\ vy P OEERE T EMGBIERIC
BWT, BFEMEBRETHIAD ONARME X DR S
NLBEELZRRBEIFD LN N F=y MIEH 1
mm DHRPFHEO I = — 2L o THBRENRTEY, FHiRD
WEESHEA LTS (Figda KA. HHOKE SiXE
FZ# 2~ 10mm ERA T, N, A<y PREKHBEL TV A.
WHEIZE S, THY, SEM-EDX S CTIREELR SOE
— LA E RS TU—-FenNv s 7o/ (B -k
BE 1989) A SNz (FigdB KHla i34 ERT). %
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Sl & & Gl R KIS BV B SEE DAL RS L

B/I3E MRONAF~y bOMSTELRIEME D L OE R
NFBEMBEE. A RRHEATL Y 3 VL LB S
IEICHEEL TS (EH). B: DAPI Y2 L CHET CH
Bynk, FMEREBRELZEL, £ 0LRMEEE L UREIZE
BOREERL, MEYOELIHRINT:

Fig.3 Optical and epifluorescence micrographs of green microbial
mats. A ; Filamentous bacteria observed near brown colored,
emulsified oil droplets. B ; Oil droplets show dark-orange color,
whereas filamentous and coccus typed bacteria show yellow and/
or blue colors under ultraviolet ray

72 IR ERBE A LT/ (FigdB &£ b) .
SHIZSEMBIZIZL Y, N F=y MIfME L72liEss
FRMEICLOVMYBAEITRTCOIHETAED SN
(FigdC). F7=, MAEWIMEY HTEw7 o V2AKRWE (N
A7 4N0A) BB TN MBS (FigdD
KHla), KED SEM-EDX /8% — > TiiP, SiBLU S
LEICKILS N, MEDONa, Mg, Al ClL, K, Ca FeBX
T Cu DL RO LN (FigdD ZHIb W HERT).
72, BEOMEFET 5 TV AEFT T FAEORRE) S
SN, BNALF T4 VAP OMEEEE L L) RS
NTwiz (FigdB). LT, N1 474 VA TEbLNIM
B R OB SRS S, 215D SEM-EDX ZH#t
TiE, SECUDBNE—IPRDOLN, WETHLI LN

(11)
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bhotz (FigdF EHNIAH M ERT).

NA Ty bOEBEETEMEBL T, 1Y lmm ©
SR B oM B R MRS ¥ES (EPS ; Extracellular
Polymeric Substance) 75383 5, Z® EPS FEMIZIZERE D
BB SN2 (FighA &KHY). F72, EPS ZREZBOMATH
fEL TV N4 F<y P OBEYRBIE T, SRRME
2 EREE AR THEZ FOEIH S MR o7 (FighB
KED). TRHORRMEIR, VF=v ALy FIZX5EPS
ORBEZFDLNT-FH2S, FI2BEREREEINT
(Fig.5B &), FigAF (R L7-TE ORI TR L 72 EE 0
BHEOH 2R LA, WEESEONIIZZERICE -
TWARTHRD SN (FighC). ZOFF, AEMERHE
Wy ) — VAL % i U7, IR - B S el
HRECER L TSR, Rl 3R
HL-HERBLTWS, $72, 304 A, 278 A, 183 A
DAEy MROEFHEPIY — Y ZRTHELD, ZhHD
EARPEREREONEICL VER SN2 HPHL N E %5
7z
7= ITHB/FARKLTE Y CIREIER

fENL F 2y b EJEHO FT-IR #HE % Fig6 loR$. A
AF=<y FBIOEME 12 3200-3500cm™ (2D O-H i
B o T A WL AT, 3284-3300cm™ 12 N-H O W IX,
1633cm™ 12 C=0 #AOWARD HN D, FIMOHEAEZ R
+ CH,, CH,#%6132920, 2853cm™ 3 & UV 1455, 1375 cm”
OWIRT, TR . —T, N 4=y M,
154lcm™ 2 C-N-H# &% R T RO BD bR, P=0fKE
(1250cm™) B & CHREiE D P-O-C %4 (1029cm™) %R
WILASZRD bz, THHENA <y hoOREY O
B2 Ins) VBT AT VICHET 2L E2 605,

NAE<y MCEEhsY VIRE, BRIV Y F Ym0
AT o TR R, NAF <y MlE 2g H12 1.32 X 106mg D
) YRDPRED LN ZofEE

1) v (mg/g) =A/B/1000

(A REMPORDZY Vi (mg), B: REHRIE (2)
FHOCEHMILZE, ) v 8Iid 660me/g &2 0, A%
vy MERIZBITSY VIRER FBICLYFUR) 0GR
¥33% 2 HOLENHELRE Lo DEOKRIE, Ch
LOEREYMEETHMRERE D, AR LrER o RIS 03
WXRoTWAHEERIEL TS,

BENLF 7y NROMENDBEERIER

TR RS R ERRTI, WE3 B, HHICRAED
HobNz ZhiRkE L Ty b HRICHEE TR ER
THHEERLTWS. 20, RERECHAREEL®RTL
THILKZERER S, TROERFICETND Fe &K
JBLTCFeS DRBIBZART L0 EZLNS. Rk
B R OWRY & EAEOE - o TEOREEMEE S X U'EE
METEMELHCTEELEE JORERETHERE
HICTHEBINWMAEVIRETHLESHL 2L o7
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Energy tkeVi

Biofilms

EAR N[ A<y PO SEMEB L EDX MATER. S 4 v v FREICIZZE < ORRME & Bix 2K E SOMBIFET 2 (A, &RHD).
WO KRE WEEFICS2EA B, £fla)  HHICEZROKEFROONS (B, KHb). SFEOHREMEZ C~FIIRT. HiE
RRMECIOETR (), SRMBEIMEY BT, BICPA2ETLEE (XA F74V4) [CEhBEDbRE (D, KHla b). NAF=Ty b
KRR A RIESHEAEL, EPNL T T4 VARV EDRS (B, KH). ZRINAF 7 4 VA TEDONIZMERT T, WEOH
RALBAD LN S (F, ZH)

Fig.4 SEM micrographs and EDX analyses of green microbial mats. A ; Agglutination of filamentous bacteria with different sizes of oil
droplets in microbial mats (indicated by arrows). B ; Magnified oil droplets mainly contain S (an arrow a) surrounded by coccus typed
bacteria (indicated by arrows b). Formation processes of covellite mineralization in the oily hot spring water (C-F). C ; The oil droplet is
surrounded by filamentous bacteria. D ; Biofilm (an arrow b) which contains P, Si and S covers the mass of filamentous bacteria and oil
droplets (arrows a). E ; Wide range in size of oil droplets exists on the microbial mats which are covered with biofilms (an arrow). F ;
Covellite biomineralization has completed and the covellite was formed on the surface of oil droplets and wrapped the oil droplet in biofilms.
The crystalline covellite is composed of high S and Cu with trace of Na (an arrow)

(12)
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JEiH & 2 sl R I BV B S D ARG AL A

EES5E AL F<y FHOTEME A SKIRHE OM KL E L
I3 S $848 (Extracellular Polymeric Substance) A382% &h (%=
), EPS ABICEIREFHEEL TS (RH). B RRME M
BEURG MRGZERELRED, LHEBEIICEPS FRELTWS (&

H). C: MEOWNIBIL, BHIZZ-THED, PO THEIEEL
7205, Y= VIBIZ L YBREINLFEZRLTVAS, 7, #
BELEAGKRORBIZEBTRLAEL I ZZLOMBIED LN,
BTHRE/SS — 2 ix@#ED 278 A (103), 188 A (110}), 3.04
A (102) oEFHED LR

(13)
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Fig.5 TEM micrographs of the green microbial mats containing
filamentous bacteria and oil droplets. A ; Many of the filamentous
bacterial cells (an arrow) are covered with cohesive EPS
(Extracellular Polymeric Substances) (indicated by an arrow).
Coccus typed bacteria are also found near the EPS (arrows).
B ;Cross-section of filamentous bacteria observed in the green
microbial mats. The filamentous bacteria have double membranes
and the extra cellular polymeric substances (EPS) (indicated by an
arrow). C ; Covellite crystals are observed around the cavity,
which are formed through the dissolution of oil droplets. Covellite
crystals are surrounded by a number of bacterial cells. Electron
diffraction date with dotted and ring patterns are identified as a
crystalline covellite (analytical point indicated by white arrow)
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Fig.6 FT-IR spectra of (a) microbial mats and (b) crude oil. N-H,
C=0, CH, and CH, bands are detected in both microbial mats and
crude oil. C-N-H, P=0 and P-O-C bands are only detected in
microbial mats indicating the presence of phospholipids

HEFEMEZHCTHBELLER ZORBETH &R
HIZTHEERINWMAEDEIRETHLEVHLr o7
(Fig.7A,B). EREIIHEE lmm (2 &T (Fig.7B), RATHIZI
Do—%2FHR LT (Fig7A).

—F, AMSRE BRI L ) RSN MY OES
Ot Mo T RS L OEREE MRS T,
NAF Ty PHRIZEEED L NIRIE & - 0B E R
TR ORI Sz (Fig7C, D). SRARME I0E 1
mm T, BHPTIn=—%2BRLTBY (Fig.70), HH
IZEPS %19 (Fig7D &HI). IhbH0ERIE, N +<y
M HIZRED SN EREDHRERE TR TH D, SRIRME AW
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Fig.7 A) Epifluorescence micrographs and TEM micrograph of sulfate reducing bacteria and oil degrading bacteria. A ; Coccus typed bacteria
cultivated in sulfate reducing bacterial selective medium (EM). B ; Bacterial cells adhered to one another (TEM). C ; Oil degrading
filamentous bacteria cultivated in oil degrading bacterial selective medium (EM). D ; EPS of filamentous bacteria (an arrow) (TEM)

AMETHBILERT. Thbb, B ATy b
B S AT B £ OSRE I T 2R 5 R BT
boTVB I ENHELDE BT,

£ =

SREEWRT S Cu & S DR

AR E T, ARRRFERI TR ET AN 47
v MTOMREOERLIERAFH LD L R otz. —HRICHR
FBREE T COAEKEMALIERIE, BAEWIKBEES D NO;,
SO, CO, HREDBEAF Y BLUF”, Mn" % EDERE
A4V RBEORDYICETZHERL LTHAL, 2081,
AEMOMBEMIALEZN R EE L, SRt sL
ENTWE (Bl H)I - EH 2003). ABFFETIE, BTFR
FAHB & O SHIC X 0 BRRATIALE K DR
NTRIBEONa', Ca®', K, Mg BXUSO,” »35
iz, —%, BEAHO Co™ BEIRBBERUT Tho 72
L2 L%&A 5, ED-XRF 4H1IC & ), e g t=<y M

(14)

12 372wt% DD CL,LOMBETNTEBY, SHIZEMFICY
26wt% O Cu,0 BRD LN, NS OERIIFED Culd
BRAHKTIERL, FMBERTHLIFEZRYT. —H, SH
SMBREK, B EDICEHBICETNTEY, EHH L
EOLRICHHTRETHL EEZ LN,
Cu” OKFADBHICET 3MEMDE X
KFFEMBEBERC BTN 7y PHRICIEISE ORI
BBIUBEISEAETAZ E2HALL (Figd). 7,
SEM BIZTIX, /N4 4~y ORISR % B
STVBBEFIRD bz  OIMBETIA#E L7 IRH
HWAGEHE, BRELT EWCEET AL, WEOFMITEN
AF T4 NVLDBHEEND LEZEZ NS (Figd). 61
TEM B2 ClIMAEW OMIL DS EPS LIRS 5
DAL (Figh). Z®EPS O, MAEYMRE)E
MCEEMNAZ L2, RiMPoRZLRBNFIHL T
BN R R L CWA. 72, FT-IR M7, S0GEEES
XD, "7y MBS EDY VEBIATF VR ¥
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Fig.8 A schematic mechanisms for the biomineralization of
covellite. The interactions between microbial mats (oil droplets,
bacteria) and hot spring water are shown in (A)-(C). (A)
Phosphoric esters and N-H band are derived from bacterial cell
walls and EPS. (B) Osmotic process between crude oil and hot
spring water through the bacterial cell membrane. (C) Bio-
accumulation process : the bacterial cell walls accumulate Cu-S
bonded to phosphoric ester and N-H

JRE (B V 5 2) & T A HSH 52 % 5 72 (Figé).
D UBRIATVB LV VF Y 3AEMRROREESE &
LTHSNTED, LDICHRBICE TR TWS (Ruggirello
and Liveri 2003). Fig8IZVY YBIAFVBIULLYF /I
LBEME S DBER A = AL %RY. LI F V2 ERT S
20T ORI MIBALT, 7V ku—N, VBB
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ORI BAEZRYT. COWEICXY, LYFUidE
WREEHEH 2 235 (Urum and Pekdmir 2004) (Fig.8A).
LT v OREEEERIC X 0 BB A SRR AR A
BHL, Fig3 TSN LE) hovya Y EBET S
EEz 505 (Fig8B). Liuetal (1999) 3 ANVEF Vv,
TIJK UVEE CFSVRNERELFL- MEIREARK
L, BEEBLOFL— MERIIOWTHEEITo 7. ZOk
B CufFYiEP=0, P-OBLUN-HEDFL— MNHT
ReZRITIEEZHEL TS, Thbb, LYFVOR
EEEER ClREKF~NEHR Lz Cu 4+ Vi, P=0, P-O
BLUN-HO#E R OMBERE RS L%, Mk
DY VBIAF VD -0-P-0-, N-HE72E C-N-H &S L,
-0-P-O-Cu-N-H-D ¥ L — MEEZ BT 5 (Fig8B). 51T,
WY AW MRORBRI) VBIAFVTHEL )Y b —
VY VEBRERERL KBEBREOEEZEET S (Bolt and
Bruggebwert 1980) T, -0-P-O-Cu-N-H- AR I,
EHLICHMBEERECIICu-SEANELALEZOLND
(Fig.8C). 2% 0, ARMIRFIFERITERICAET S/51 4+
<y MRIZBITAMERRICELTE, UTOX)Zxh=
AENEZONL. FF, WEWSMEZE) BA, BIZF
NOAERET 5 EMBEREINA 74 VATEDNA, &
DKy, MR EPSICEFNEY VBT AT VB L L ¥
F U FEEGR OKEE L, FElP OB S SRR K FICE
W35 BHRLZCuAF Y idEDORBICLV B
BB L s L, MRBEREIC Cu-SHEEMEY, WE
PR ENS.

SHEETERL D X h = X L E DR E

ERLAX 9, MIREXRECOMEDERIE, MEWD
@& T, FEHl»SBEH L Cuft VY REKBD S LES
LTEEEINALEZ S5NA. Brookins (1988) 1%, #i ks
S ER EFE (25T, latm) OKBERETIE, EREO
pH, EhBRBEIC Lo TEBT2HMESRL2FE2HEL T
Wb ZOMPERICLS L, ARMRROKETH S pH
7.3, Eh -184 mV D&M T Tt Cu™ & S0,7 %A L T CuS
REWT AL Sh, KRR EEENTHS.

B, ABRERERPICEHRRETCH TH L HREIFEL,
HREBTICBT 2MBIERIC LY, RILKE L KERAES
FTWHEEZLNS. ZOHIE, ARMRROGILKERE
BEDPSZVELE L TWE, 3512, REBETHIZEMTE
BT A2 TR, MOMEY ORI EZIHT 2 KE
44 v OBREDIT, MERERROMRL X RTERED
MEFRICEERREE RS- LTS (B - k3t 1993). 72
bbb, HREIEREKDOKEAIEE ICHVBEITREIR 2 T»
AL, MEETHOBXICIAEE2LN, ZOMETER
BEPFEOEREZRELTVELEVWR .

¥7:, BRW AWM RIIIETRGE L L CREBEA W
s (RE 2004). ARRRONA F <y MRICAMS
fRETh AR ERMRETH TH LKAV LEIZEDS
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Fig.9 A schematic model of biomineralization of covellite in the Tsukioka hot springs
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R A RS, BimE IS L pH7.3, Eh -184mV, 49.2C DLREABOER T, Z0OERITIC
BEREEOFEMERONAAL Iy MPFEETSE. ZONLF <y MHICIRIRIE S L OCRRESFAEL, §E
(covellite ; CuS) DML D LNz, FEDERITETH S CuldFCHREL TS, SEMEBIZIZLY,
WHXATORRMEO a0 = — BB L OBREERICI AN, 3 74 VAOEESRD LN, 51T, ZOX
HICSHEOR R RO Sz, MAEMOREERICLY, NA4<y MUTAMAER T 2 R KME L 5
BRETHTHIREPFAEEN. S50, ARESBLIOY) VIBESITICEY, NMA=y MDY VIRE,
R, REEEEREZRHOLYF v BI) YBIAFVOBESHO MR- 72, RRMHREES
S UHIRAZREE (EPS) #Fb, VVBRERIOBFICEThLLEZONL. KIRME IR NS + <y PEE
& L7 A SRR E L, BREIER L RBIE 2 BV 5 LTR#EITY, BRE, NAF 74004
BT 5. WET O CulZBRAPICENL, P TR ARETICB W THEORKREEKT 5. T4bb,
ARIZBNT, Gl HE OB S X O EPS O A BRI EEIER L MR TH I X 2 KEoR b2s, M
HEATOREOHRICEELBE R L TWAIEPHLN R COMEIR, TEBIUCHTKEO
FHMGEFHIRICBI ERMONR - BEA DA LOMAOROL LB EEZ NS,
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