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Biomineralization of schwertmannite on the surface of biofilm
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Abstract

Biofilm was formed on the surface of culture solution using
mining waste water, collected from Hirayu mine in Gifu
Prefecture. Both optical and electron microscopy showed that
numerous bacteria are involved in this biofilm. On the surface
of the biofilm schwertmannite (FesO3(OH)SO4) was identified
using electron diffraction pattern (2.5A and 1.5A). The experi-
mental observations revealed that the Fe-sulfate mineral was
microbiologically formed for only 2 weeks. Atomic-force micro-
scopy showed that the formation processes of the biofilm with
submicron rugged structure on the primitive stage. Fe-sulfate
biomineralization in mining waste water carries an important
role in not only anaerobic condition but also oxydizing condi-
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BRI, BB WAENISRLBESEEEL, AL
W GESMESS) 2EH L TOzitilin 5 oMK » BRER
BEB-oTWE, ok BEREIOKGICE, #EEd by
TEHARESBEEEN TV S, B, $BLUHMEEE
CEUKEICE, ChoZBILLTHABT AV F - 218501
AL S AN R T b BBV (Thiobacillus
Sferrooxidans) CWREMAVIE (Thiobacillus thiooxidans)
1 EDEHTEOHEMMSERLTVWS. Tok S BEEYE,
FRALSEI DB AR LMK OFAE IS L TV 5 LHREX
nTw3 (&8iEH, 1991 ; FRIED, 1993). F72, Frilidk
KATIE, BEA T NA A=y F B SN, AL PMk
R OEeBEBEIRMICEEL, AREYMLER 17> T
5 (HIRF, 1995 ; %2, 1996 ; B2 LiFh, 1999). ¥5i, &
NECHERBME L Tr— 4 F ORI & B
—HREICHI SN T WA, Bigham etal. (1994) 12D
schwertmannite (FesOs (OH)sS0,) 2 &, TFHEA
7% schwertmannite D G R EBRW P E B ITHb N TV 3
(Bigham et al,, 1996 a, b ; Cyril et al., 1998 ; Jae-Young Yu
et al, 1999). T ® schwertmannite & W 5858712, pH 3 Hi
BOWMBBEEOBRED T, SR{LIEO -HETH 3
Thiobacillus ferrooxidans 1< & 0 Fe?* H3 Fe?* o &t
b Eick->THEEKEN S (Bighamet al, 1994). Lo L,
Z OERGETE % S HE T IIMEE CHRE AT - BHiE /bR
V. X SICEFE T, oL unlEsREEd 2T,
BRILFE KD & - fo KNS HIDS R O fo & 5 AL o FER I
FSE N4 A7 4 0s) ZEHOVHL, IhdsEync
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£ DK X N7 schwertmannite Th 3 E[RIET BT &0
TEl, AMETRUEDTHSHICENILIDNNA AT 4
&3, KECERSNE I 0o, EBR—KE WS REEE
BT AN, BARRICBOTIHMIER L TV 5805
SHLVWAIRTH 5.

Z CTAWI TR, BRESEEIICERE N BRRD
BEANL A=y b EFIOOHKE W BAREEERD S
X Nt XA & T ¢ b A OBFIZRES schwertmannite @
SRR, BEMIOBD DIC O WTH ST L2 T4
5.

HEH L UERBRAE

1. BFEEs

SEESRNE, I8 B ESRED_E RSO KRR I &
b, FEALO—IE AFEEOIAREIC 7T EOSTOML
HoTWwWa, AR TIEZ0oho ZFHuc CHIAE 21T -
72 (Fig. ). ZHEVFHOD 5 0HKAFHNA TV BT, B85
EHUOTEHY, 14~y POHRELTVS, F72,
FEHLOMHE QKRB & - 7oKmIcid, A & 7 4 a8
ElREhTwa, £ TAHE T, —&HBHOOEKE
okthicEm s T WA BB <y ARV THRES
EERAITV, KEIERS LM & 7 4 v 2 258K &
LTHWE, B LAIoME 3, HEBOEEIGHRE &
WEOEHBTH O, WEHLr S 3, TICHERSL, Hn,
PABESASE S & ORRILEE 2 EEH L T/, SRiliBEkokE
i3, 1999 # 7 A 21 HOEIETIE, pH 3.1, Eh 413mV, EC
0.80mS/cm, DO 1.6 mg/l, 7KiR 5.9°C TH v, %7z 200048
A 10 HORIETIE, pH3.0,Eh469mV, EC 0.59mS/cm, DO
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% : Sampling points

A

Hirayu Mine

(sea level)

Hirayu Big Hall Nagata Pit 1(1900m)

Nagata Pit 2(1920m)
~——@ North No.5 Pit(2000m)
No.5 Pit(2030m)
No.4 Pit (2080m)
No.2 Pit
(2130m)

No.1 Pit

1 6-6m
(2230m)

Fig. 1. Locality map of Hirayu Mine (&), Gifu Prefecture, Japan (A).

Sampling point is shown in this map (B).

Field view of brown biomats at Hirayu Mine (C). Biofilm was formed on the surface of mine drainage water (D

arrow).

2.8mg/l, 7Ki& 55°C (Table 1) &, Wih bigfight, AR,
BREV-1BIETH .

2. EEBAE

B0 ZEICT, 199947 H 21 H & 200058 H
10 Ho 2 [EHRHEEE ATV, Tt BbinogkE, B
KOEICHRE L TOWHBEAI 47y P 2T NENIRIL
7c.

EISRIEEREER L L C, 2000 4E 8 A 10 HIKERNs Wiz Eg
snllo Z/FiOOEKE, 2 icEREN T RER 1
A<y b E3HDOY IRy b LTI, ZORET % Fig.
2IRd. XHAEEEREY, BHLALY TR (B3 11
cm) oz, OYWOOHK% 150ml AhicbD, @ &L=
Y v 3% g (40ml) A, WOk 150mD) &8
BNt A<y b (15g) A LSO, @BLEOHOD
Pk (150ml) LBFE A1 F <y b (15g) ZANKHDOD 3
DILHOWTHARERER LT - 7. BTN 17 H
B, —#EIcg 40w v 7 UHmo pH, Eh DRIEZETT -
72, pHIiz2>\WTid, HORIBA pH/ION METER F-24 % H

WTHES 5cm OB O FEE OKmD, FEE OKmEH»
525cm RS- i), TRESH (8 (4~ bOE L)
D 3 T TRIEEIT- 7. Ehic2WTid, HORIBA-D-14 %
FWT, B 5em OREEROKED S 25cm FHi- foiis
£ LORBETOED 2 rFATRIEEIT- 2. ERICAV
HODHKPBE S A< v b, FRERIC XD KE K
ENFNA AT 4 VAD[EEERIC DV T, TRV F—4
HIEOE X #atr (ED-XRF) (JEOL JSX-3201, Rh-Ka ##
) ZHWT, TEEF 30kV T FP- N7 3T & O ot &
-t WOodgkhicEEsh 2BBOESE/ A4 ViEEK
2\, Fe Zn,Na, Cu, K i3, 7 v — aBEFREEER (&
4 a0 —BFTHEE SAS-12T) ZHVEESTEIT- 7. Cd,
Pbid, 7L —ALRRTFREEE (4 2-FFLER
SAS-705V) ZHWEBNMREIT-7. ik, HiOogkd
WWESENARBA A4 VEEI>WTR, 14 v27exbd 5
7 (Y- A4 v 0= 37 VAT AR00 Y —X)
EHOWTEBRSN AT -7z, N4 7 4 VT OMENOE
HAETEDPD B o, DAPI (4,6-diamidino-2-phenylindole)
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Table 1. Physical and chemical characteristics of
Hirayu mine drainage water, Gifu Prefecture, Japan.
pH Eh(mV) EC(mS/cm) DO(mg/l) WT(°C)
1999.7.21 3.1 413 0.80 1.6 59
2000.8.10 3.0 469 0.59 28 5.5

Fe Zn Na Cu K Pb Cd sSo”
1999.7.21 138 51 1.1 0.79 0.65 0.064 0041 ——
2000.8.10 64 31 28 12 016 0020 0016 204
(ppm)

o L, H90VERMEE (Nikon OPTIPHOT-2) THIEA4T-
fo. NA AT o v ADEE CRKUCHEL T 585 SHE
OKIZEEL TV 35 OB > VT3, EHBIE FraMes
(SEM) (JEOL JSM-5200LV, JEEE 15kV) 2 HWO THE
AT 1o, 2 OB, EEETHEMSIICO T onk
T R IVFE -G8 (EDX) (PHLLIPS EDAX PV 2000EX)
EHWT, NIEEE 15k, ERIARE 30° TL2EMAE 0
Lic, WA 47 4o Vs DRMIRE LS HHOBREEITH
¥, RR7EENEE (AFM) (JEOL JSTM-4200D) % H W
7z, BB YY) avio bicEERY, 2097 b E—FT
FEEL, vVarvosrvFuroa—E2RL, FEKERET,
BERERTEERT-. £/, MEYKEToEDS
HEREABEST 01, Ax~17027) 0 b0 ki
B, ZEUBELTMEE (TEM) (JEOL JEM-2000EX,
NEEEE 200k V) TEIE AT - 72,

AE L URREE

L. ODOHKE/ENSF Ty OB

ROOPIKPIcE TN LB 1 4 v B % HFROERT
TREEDT LICRER, 199947 A 21 HIcEIR L&D,
pH 3.1 T Fe %5 138ppm &—&Z <, LN Zn (5.1 ppm),
Na (1.Ippm), Cu (0.79ppm), K (0.65ppm), Pb (0.064
ppm), Cd (0.041 ppm) DJEICE TN TV (Table 1). *
7z, 200048 H 10 HIZERHU L 72 b Did, pH 3.0 T Fe 256.4
ppm & —&FZ <L, LIFNZn (B.1ppm), Na (28ppm), Cu
(1.2ppm), K (0.16 ppm), Pb (0.020 ppm), Cd (0.016 ppm)
Thh, 199FDbDEHETEE, FEAEDTHRIZON
TEENESLITF L -1 (Table 1), FohiOdogks,
ED-XRF TH#r L4558, SHERBICE TN, MED Al S,
P,Ca,Mn, Fe, Zn ME&F N T/ (Fig. 3.A). &2
Hkduc B h 201 4 VIBEIC>WTiE, A4y re<
NS TN L SR, 204 ppm TV (Table
V. %7/, #EkhotE@ 1 +< v + % ED-XRF THH L
TAER, FeMEZEIZEEN, ROTS, ISICHEBOD S, P,
Ca, As gFh T (Fig. 3.B).

2. BREEEBOERZI

BRI 2 13213 — 7 AT - e R % FediciliN g,
EEREIGD 5 10 A%, BB @ DA, REOHEED
MESicEtoEBE L T 20088 snk (Fig.
2.B). ¥5iC 14 BRI, BUBE DK OQ® 0FEIZONEED
FEECE TRBEOMEMMIE L, KEIC A A 7 4 v ads
ks nt., LHL, SiDoHKkoA0EMO P, si<y

Fig. 2.
© only mine drainage water, @ mine drainage water
and brown biomats disinfected by formaldehyde solu-
tion, @ mine drainage water and brown biomats. (A)
starting point, (B) after 10 days aging, (C) after 14 days

Photographs of a natural cultivation systems

aging. Optical micrograph (D-1) and fluorescence
micrograph (D-2) of biofilm formed in the solution of

®.

YTHE LA Q@ ORBTE, oLy nBEEKES
-7z (Fig. 2.C). pH & Eh OFBEZ{% Fig. 4 lcx L
7o, pHIE, LEH, BEH, FEc->LTREET- 2
H, [E OB TSI L 2 pHEDEVAI/NS - 127
O, TNTNEE L EE s 5 7170y f Lz, STO0HE
KOABOFEEDIF, 3.0 &13iF—r AR, TbomWE%E
RLEDITH LT, du<) vy CHEEL 2R © & e
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Fig. 3. Energy dispersive fluorescent X-ray spectra of
mine drainage water (A), brown biomats (B), and bio-
film (C).

DOFEM @ 1F, 4 HMTHR 25 FHEE TR, Z0%kiE, &
Lo DL WEERLA. £/4Ehic>W\WTiE, HOD
PkoBOERE O EF <) v THELLAE®E, FE

2001—10
pH
I — A—————J;l’"fl
S < R
e S o
ﬁ
@
2.0
7 14 21 28 (days)
(mV) Eh
g L P @
500 » : |

400 - 'Jigiiﬂﬂj‘j
*T 1 @b
300 | | |

7 14 21 28 (days)

Biofilm was formed

Fig. 4. The pH and Eh of cultivated solutions aging
for 30 days (Sample No. @, @ and @ are the same as
in Fig.2). Eh data are plotted both values at the
upper (a) and lower (b) parts of cultivated a solutions.

8 (a), FEH (b) & &8500mV (L TiEIE—47 Jil, &
boHWEEZRLEZ, LhrLZhicxl, SR @
&, EEBmER, LET (2, FEH (b &65600mV
TH - CDOPRAZIENR TN, S5 B (@ K0T
(D) OBMEBEL ot N A7 1 VADERENS
14 HEE, EEES (a) T3 468mV, T (b) T 373
mV &5 100mV OZEMNE U (Fig 4 RED. 20%kiE, £
B (), N (b) &HIEELEDHL LT WVEERL .

3. NAF T4 IWLDBEEELUSH

BHARBEEERIC LD, ~1 47 4 VaPEREShIZOW,
TEMBEDZE @ DA T, HIONOHIKD A DO P kL=
VU TBE LR ® TR, N4 7 4 vadERE AL
Motz, TOTEWE, BEANAA Ty MRONT F Y T,
A F 7 4 VADIERRIBES LTWA I EARLTVAS,
OEMIFEORE @ DA IS NN 27 4 WLz D0
T, BEBIUNT AT ISR 2 TR Tib N5,

3-1. AFEMBHE  QREBEBRTERI NI A £
7 4 VAREBEAZEL (Fig. 2.D-1), DAPI fuc ki
BOHNERLLDOT, DNA 28 - 1 AEEHOELEHIE S »
L1551z (Fig. 2.D-2). #D4EHER, KE2EX 1~3um OEH
ETELNIFY)THEBL, AVAXSEHP N+ v
Vw7 RIS EDRIROBBEAGIRIEZBD Shlsh o 7fc. T
OB, A A7 4 VLD 15 - 12 S HIEIEL,
TERESL 4 BB A & Thiobacillus ferrooxidans &\ 5 Bkl
(LI T d 2 AIEEES RIS 1L 5,

3-2. IRIF—HHBIEE X RS BREEERT
RS Nt N4 A 7 4o 5 DIEERERKIE, Fe, SEZRICE
&, HBO P, Ca2&ATUL (Fig. 3.0). iOOHK (Fig.
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EARGYMEERIC X O /314 & 7 ¢ b 2IZTERK L 72 schwertmannite 663

Fig. 5. Scanning electron micrographs of biofilms and their EDX spectra. (A) the upper surface of the biofilm, and
(B) the back face of the biofilm showing different micromorphology. But, the EDX spectra of the upper surface and

back face of indicate the almost same S/Fe ratio.

(nm) _ (hm)
200 50
N
200 400 (nm)
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B-2 100 C-2
50
100 (nm) 50 100 (nm)

Fig. 6. Atomic force micrographs in contact mode showing a growing process of biofilm structure from rim (A-1) to
middle (B-1) and core (C-1) parts, showing development of height and wide of particles. (A-2), (B-2) and (C-2) cross
sectional views along the black lines in (A-1), (B-1) and (C-1) show the structural growing processes.

3.A) PEfEANL F <y b (Fig. 3.B) EHET 2L, HMOD
HkiE S22 RICEH, BB SM1 A~y MiFe228ICE
ATWBDIZKRL, N4 7 1 vaiEFe, S & &IZIERZD

E—7&E%RLTVS,

3-3. EFREFEMBHEELIRLF-SEIT: 8RR
HERERTIERINIASA 47 4 VaOFKHE (BRICHELT
WAERSY) LEE CKISELTWSES) ico\WT, E&ER
BFEMEBEBL O A VE - EIT - R, &
(A SEmE (B) &ETH, HENPKESCELLIENHES
izt -7 (Fig. 5). &l (A) &, BEfE (B) <t~
ThH oD, KESH lum ORKROMEI TS HEIE S 12
(Fig.5.A). F7, Eiim (B) 3, H—7iiEkE cBbN
THEY, Frrlic REX 10pm OEDA MRICES L2850

g anic (Fig. 5.B). &4 DfbFfikis, REmME b Fe
ESIKEATVLA,

3-4. BEFRNEMBEHE  QREEERCERI LN
A A 7 4l FUlEED SEHRICIEA 2 LS akE L T
WS DOWEREI NI, NA & T 4 W ADEED SHULERIC
mhr-Taryy s bE—-FTERL, BEE2T-HEEE
Fig. 6 12/ 3. XA 4 7 4 v 2D (A-1), FLES (C-1D), #
otffiEs (B-1) D LIS € — FoXy — vinEn 5
TW5B, N A7 4 VADHTIF, IE500nm, =X 80nm O
BRIk oYE B S n, Bz [ 5 i o TERIE A ER
L, s 5, b cid, i@ 100nm, & 50nm
DRHER OWEREDS, HMEE & - T » TV B RIEEE
St = ko — v AL SHINT I B IO TIRIA
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664 fEx RES - HIF  F07L

Mo Yy — TR BEAPED NS,

3-5. SBREFHEMBER  OREEEB RS hk
NAF T 4 VL EBBRETHMSETHET L, EX05
~lpum OREPZHBE SN, EEPEIC K-> TESESO
feao=—2ERL, BECHERSENED bhic (Fig
T.ARH). ZOREESECHET 2 &, BEOENITKE
X 100 nm DA ERROYMELEHHE s 1z (Fig
7.B). ZOFELRROMER, RET S EEVEHIRE 2D
(Fig. 1.0), Mo &Rif2E~2E> (Fig. 7.D). I Ofi#E
ROYEDETFHEEFE L, 254, 15AMITICY ¥ 7 %RL
7z (Fig. 7.D inset).

% £

1. HEBESPONAFIRSUE—- a3y

RSO A 32 5V E—va ViDL T, 5%
THBRALME O —~FE T d % Thiobacillus ferrooxidans %
WEBRIC K - T, VoA NS E ORRBRIEIEY SRS
EMHENTVS (JEO - $5K, 1983 ; /NEIFIE A,
1993 ; ¥R, 1997 ; Sasaki and Konno, 2000). Thiobacillus
ferrooxidans I & » TR E Nz Y vy a4 4 bICDH, FOD
A HWIRYEPZHEE S LT3, Norman et al. (1982) i<
£BE, ZOEDA HIRYVEL amorphous ferric hydro-
xysulfate TH 5 EHEEINTW D, |, TOLH1EY)

2001—10

Fig. 7. Transmission elect-
ron micrographs of biofilm
showing bacterial colonies
and micro crystals on bac-
terial surface (A arrows),
brush like materials on the
bacterial surface (B), fibro-
porous materials on the bac-
terial cell (C) and covering
whole cell (D). The diffrac-
tion pattern of the most
developed fibroporous mate-
rials  identified schwert-
mannites with 25A and 1.5A
d-spacings (D inset).

B3, Bigham et al. (1994) {2 & » schwertmannite & #3%4
Xht. T D schwertmannite & W 5§02, pH 3 AR D
REE B o A e d ©, Thiobacillus ferrooxidans 12 & 0
Fe* W Fel iclgfban s 2 Eick - TERk&E b, L,
Z OTEHOERE & FA0 IC B BT RAMER CBIZE 217 - oS
AR A&GD T L0,

AT}, S 4 7 1 v LA DORE L Bl TIEENER
v, HAEIC/IZT Fe & SIKBUREE 10um DDA AR
BEREHE s N RJilE, FEFEDEMERICEL D nm ¥4 X
O ENSBRE SN, FEoA HIRWE ED S h s
mote. oI, BMMETIHMBHECLD, KX 05~1
pm OIREIMEEMBIC L > T2 o= —ZERL TV 20D
BiEshi, CoORER, BROAEERES S Thiobacillus
ferrooxidans THHEEZ 6NS. £, TOREICE, 2E
DA HIRYIEOFERIK & Z Z 5 5K & X 100 nm OMFH7S
FHRROYEPED LN, S5, TNOPHRELLESE
ZoNBBHERME GIREICNE L THD, £/, I
WHERIEPRE LIt EEZAONHKRESI 3um OEDOA
RYE b2 HBE SN, TOEOA MIRYE IR, BFHE
ProfE®, 2564, LSAMMEICY v I/s@B» oh, JEEER Fe
ESIKEATWSZ &5 schwertmannite & [R]E S rc.

COXHINBZEEFHMBICIIBELERY S,
schwertmannite DFER # 7 = X & 2 #EF L 72, &
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HUETME 107 (10)
schwertmannite ® Hij X (& & 72 2 E K 0 ¥ & »
Thiobacillus ferrooxidans O EFIC ZFEH SN L 722
EM B, TN o DOYE T Thiobacillus ferrooxidans D KN
TERs NI EEZ oh5, RBoErficd, %< g
1A YBEENTEBY, COWEAS A4 Y IZMETD Fe?' @
BB IC KL ETH B ESbhT03 (A, 1993). oF
v, Thiobacillus ferrooxidans 3, KD Fe*" ® SO %
HRICE D A #, Fel™ & Felt iICERL L, schwertmannite
DORERA L 73 2HESROWEETEK T 2 EEZ 605, &6
IZ Thiobacillus ferrooxidans DICHTEENIC X T h S ERE
ROVE IZRE L, MERoMEIcEsLEZL 505, £L
TINSOYEY, MiatHEmE NI ThilasdxE
HTEIRLE-T, BDOA HIRAE L /2 schwertmannite 2520
TE5ELEZ LN,

HARREEEBICAV SRR A 4 <y b PREGONEE
It LI EowE bt OFER, schwertmannite &[]
ESNIEMS, ThoDOYES LIl TRS Wi EkEiE
KX OEKT B EEZOND. Z0E, BAREEFERICKLD
NAF T 4 VLD, FUEORODOYK LBE M A<y b
EANTBIRICIE IR LI &R, BEBEOYENEEDOT
[EBEr &L CE LI bEMNTONE. DD, BE
NA A=y bth®D Thiobacillus ferrooxidans D3EFE L, &
O TBEICHEBOYE & L T schwertmannite 2 KT
3. ZL T4 H%E BEDLBEITE T schwertmannite 23
&L, KANICH /N1 4 7 1 Vs & LT schwertmannite 4%
TRk 3.

¥ & 0B

BREEEBROER, v 7 ufloduc, EuEosbo
PkEBENI A=y FEANTEL E, BaNIA< Y b
hosxy 5 1) 7ORFEIC LD Eh 250, pH 25, Eh 460
mV L T/KEIZ NS & 7 4 VeSS v, o 28/
TS NN 4 7 4 v aid, FKilEBEETIREEENER
D, K, EHELOFETDH B0, nm ¥ A X OEHER O
EOHEsNn $AERE, H—RlERMETEDLNT
BY, e REE 10um OFED 1 FMRICES L 7801 E
wahi, ChoOYE, Fe & S THERENTEYD, #4)
I3 EEL B FHEEIITIC £ U schwertmannite & [6E S fufz.
Sou ERMEFHEMEICIIBEEIIC XD,
schwertmannite D f5 Rk E (2, SELHEHO—HETH %
Thiobacillus ferrooxidans DAMNT, schwertmannite D
BXIA & 12 5 EHRAROYEMSERR S W, & NA Thiobacillus
ferrooxidans DRETFEENC X © EVWEkoME &5 5. #
U THRHIIIT I3, Thiobacillus ferrooxidans O $RIA K%
BT, ED 1 TIK%E L1z schwertmannite 23k d % & &
Zoinb.

HEERIEPALERIC & 0 x4 & 7 4 W 2 TTEEK L 72 schwertmannite 665

KIFFEEFT OIS DD, SIRKFEEHHEREZE O HIF
WEZED ¥ I £OEHICE, HEHRED SO ESE T
ANAEBMEEICK S, FhAA Y= T T 7OHH
OB, SRARFORLENK, WroiHERIcBHEECL -
fo. D SESESHL LR, £, BROBFELELY
IEBRFORTEEELIC3ERE 4 v F2TEE, f#HLH
LEF 3. 5B, CHERFHEE B (REH, HEFT %
ARFFED—ERI A L 7z,

X 2
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