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Abstract
Red brownish microbial mats grow on the surface of drainage pond at Iriki Kaolin deposit, Kagoshima Prefecture, Japan,
are predominantly iron oxidizing bacteria. The Fe-bacteria quickly occur on the surface of acidic water pH 34 within few days.
The biofilms are composed of amorphous iron hydroxides and ferrihydrite are found both in natural system and cultured

solution after 90 days under pH 6—2.5 condition.

Optical and SEM-EDX microscopy showed the formation processes of Fe-rich biofilms with green unicellular bacteria
occurred in the system of deionized water and kaolinite blocks. In the system, Fe and S-rich biofilms around kaolinite blocks
can be seen, suggesting kaolin minerals encourage to form the biofilms as accelerator in the acidic drainage pond. The

biofilms use ferrous ions as their energy source through the oxidation into ferric ions.
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PIZEBRLTWASHMBE O BREREREZT- 2. £
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T, WEWEIFTIFA P EOMEEBIZX AHENE
MEEEHEL LT

2. RBHELHEHA

2-1. HRHAH

JEE V2 5 VL PR )| PRI VS K Sk BT D Rl 22 B KL L P BE A SR o o
U VR T, 20064E10 B17HICHRELL 24 ) V8
Y, Z2ZHhomMT TR, ZORBMERIEHKS
ni-REEEICHW: (Fig 1 A B).

ARHF ) YOERIZOWTE, K-Ar EERHEDOR
B OEERHXLEBKT 5 ENRE A (35-4575 4E50)
OMELRRIVARY, ZOTMNOEHEOBREERKE S
BOKEEMERZ 2 LI X o TARSNEHES
NTWwa®, 72, FWHFVFAL FEFL AL o
B b HF ) VENEIUED X UBIKE FICARH AN R
L, BELOBICIEARAZ ¥4 PHEBRBERISATY
5. REREE L 72BOKEEERAICE o TAER SN
FoogE LC, A%, ZYAMTA b, F3—
VCT, #ekgE, 7+ 5 —Yoml+0Mmasmzemng s
ERBRICOVTHE S TWwETH,

A VEER SN S BT AKIE, E0cm, &S
30m 2B L R REEICED RS LBhICED
hTwd, ERihEEIHROD 5 REBOBECHE D
nTws (Fig.1 BEH). H#iZBW THRBERDOKD
pH, EBEXzEE (EC), B{b&LENM (ORP), BHFMR
# (DO) ZWEL (Table 1), BB OB E AR
ZHOEPICT B0, REBRADOKERERICHN
7o E7 WAV VEMNOMEROFEEZ NS 2D
2, AA Y VEROBENISHABO N ) VP OFIC
B OMCIRVFIET 5o HRIL, BAF Y KeH
WT, BEREEERZIOHMIT-7 (Fig.6).

2-2. RBRBBRIMNEE

Hit s & Ok B o BB 1L DAPT (4.6-diamido-2-
Phenylindole) ¥t %3 &2 L, HHEOBEME (Y
VISR AXR0) &V TRIVREBE T TBRE L. 72,
Bt Bk ORI IEE, AL F— oA X BN
BB %A e BRI E T EMSE (PHILLIPS-EDX-Low
vacuum-XL 30CP, il & F15kV) (SEM-EDX) B &
Py PEEAETFEME (7/ VI vy¥avH
37 S-4100H, 1.6nm, 15kV) (FE-SEM) % Fv»CTiLaEl
BT L R e BRBIER 21T /2. 2 51T, X#HK
Bl $7 % & (Rigaku-RINT 1200) (CuKa#f, iniEE
40kV, BI30mA) (XRD) % HvCHMMK O FE %
o7z,

A

32% N\\

130°E
Iriki kaolin
deposit

Fig.1 Location map of Iriki Kaolin deposit, Kagoshima
Prefecture, Japan (A), and the sampling point in the
drainage pond which occurred red brownish biofilms
(B; an arrow). The samples were collected from B on
Oct. 17 2006.

2-3. SEM-EDX

EDX 12 & 21t 05 kg, Cu oFHERIC
OET, AuTa—7574 »7 L, BEAIEZHSR—Z F
RV ¥72, KERAREZRERREAAEME
(E-SEM) 2 X B{bFMBOGH 24T 0 72.

—77, BA) VERPLBBT LT KRS -2 HE
ERBEICET L2 A0, BElERA F v Kkh
WANBRZEEB XU pH OZLZ0HMAlEL, M
AW DBERERI R EFIME D & RS2 T
B, BROMNBEIHNE LN 474 VA% SEM-
EDX % FWCTIRREEE S X CMLEER OG5 217 /2.

Table 1. Characteristics of water in mining drainage pond where occurred red brownish biofilms.

Sample Location pH |ORP(mV) |EC(mS/cm)|DO(mg/1) | DO (%) WT °c
Inflow water of an entrance 3.4 415 1.675 2.5 28.2 21.6
Center of drainage pond 3.4 435 1.684 4.5 52.0 21. 4
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2-4, BAEEER
HBMERIICER T34 <y FOBKAEEZHS
MPICT B72OIHAOOBTREZRRL, F)FL >
BB L2AKRICA S 4 N7 5 2108 % Rk % B
THEL, 1HOBBICIKTOATIA FII A%
DIB L GEEMEBBICHV AREER 25~
35C) THL 7% % LCHEL, BRINH2H0HHEE
5Lt E X UHOEHMEE, Wet-SEM % A\ T fE
BIETITo 72

F72, AFV) VHRBEED SR L 21508 2, B
A F ¥ K300cc DI ANTERICHE L. pHB X
VEBERKEEEOELZOHMBEL, XM+ 74 V%

flema E S

SEM IZ Xk 2 REEIZ B X ' EDX 12 & 2{LFEHBK D5
Waiio7z. Mokl 265 - SOUsMEx H
WTBMAEOBEE4T) L & b2, Wet-SEM F 7213
Dry-SEM, EDX % H\ CIRREBIZE B X UMLFM R D 57
M aiTo7z.

3. SMEIVBRERER

3-1. KEAE

KA ) VIR G T B H T KB X ULt OB
DRI, 20064E10 A 17 H B IC B CTRIE L7z (Table
D. pHE@WAD, kBt 0 ER E b 1234 & MRk 2 7R

Fig.2 Optical micrographs of biofilms collected from drainage pond (A~D) and clays in kaolin deposit (E, F). Fluorescence
micrographs of DAPI stained biofilms show blue bacteria (B, D, F arrows) at green clayey films (D, F).
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L, ORP 3415, 435mV & BE1LH TdH v, EC L1675,
1.684mS/cm & & \WE Z R L TWw5b. DO 1325, 45mg/1
(282, 52.0%), kil 216, 214CCTH o7z, WTFAIEA
L1 DO & 282% L BITWITH DI LT, ikt
HULERIZ520 % L EEILITH B, ORP & EC kAL
L OB TRAEDOERBRD SN k.

3-2. IBRHOHIRE KUDF ) VRO LT

BB OBIE O RE I IZ/NERN IR E (1-3um) A
SeESEMEE TS s (Fig.2 A,C), DAPL Tl
HFaOEERHEERL (Fig.2 B,D £H)). SEM £
BIUEDX A#M T, FEoBROZELFHF-NT
(B 03-2um) PEWIEREL, Tho%E) EES
Fbhis: (Fig.3 A, Fig.4 A-a). ZoOifgaofbsEi
Bit, S& FeBERBICHDON, Si AIRIMETDH S
(Fig.3 A). X S EKEBH A TIHERRSEED 7 = U
A FT4 b (498 338, 256A) »3d 515 (Fig.3 a).

hF Y VR OMED B 85

COROBIROBEIIAPFMNEEEL T (BEOEX
B2 5% Fig. 4 A-a), WO REH MO LE (5
HOFBEIZMICR LA Fig 4 A-b) IHETHA. o
EEHHOBREIE SEMBETCIEAARKOZ I Y 21k
DTHBY,EDX TS, Al 21D 28k TH5 (Fig.4
A-b). Thbb, MWOREIERINIZAFT ) F A b
FHROEHEEEBL LT, SEFe 2 ELREOBIRDER
SRR IANEIER L T L,

—Ji, AF VY EROBED SR L AL, B
IO REORFBEL TV LESEH Y, ok
BOMTOESIZTEDXIZBWT Fe, SR LD LN
72, F7, ZOESIC DAPLEERMICB W TEHERZ
ET2HNIRWE Gumiuitk) bV, 2o, Fm
DOEFFMERTIIROR L (B50-100 um) b BIFF
Eh7: (Fig. 2 E F, 2B EZFRBEONRE). Zogw
¥t ok o SEM BIE 2 XL, AABIROK T8
RICELZ-TED, EDX TS, Al (2:1) ©ADAL
MWK AR L7 (Fig 3 B, inset). I DOESD X BHE
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Fig.3 Scanning electron micrographs (SEM) equipped with the energy dispersive X-ray analyses (EDX) (A,
inset), and X-ray powder diffraction analysis (XRD) (a) of biofilms collected from drainage pond (A, a),
and clays in kaolin deposit (B, b). The biofilms of chestnuts shape (0.3-2 ym in diameter) which wears
on membranes, composed of O, S and Fe (A), identify as ferrihydrite with sulfur. The kaolin minerals
compose of the hexagonal plates (B). The spectra indicate peaks of O, Al and Si (B, inset),

characterized kaolinite and cristobalite (b).
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Scanning electron micrographs equipped with the energy dispersive X-ray analysis (EDX) of biofilms

collected from drainage pond (A). The characterized shape of chestnuts (0.3~2 ym in diameter) with
membranes which were associated with ferrihydrite (a). The biofilms occurred reverse side of clayey

films (b).

FHCL DA FVFA PBITZ YA MITA b ERE
L7z (Fig.3b).

3-3. BABERE

3-3-1. WEMREDOEE
REEZOMTKIZHETIZERTH - 7275, BHIC
IR EEIZEIL L7 (Fig.5 A). 5HHORBNEOK
FROMLCAHD EFORKEIEHTH -7 (Fig.5 B
). CORO—EERHOFHFICIHOBL LD DI,
OOV EBECHABREHUORBOIIEDLZ TR
ol REEBZORE LIZ Uo7k E RFHEME TH

B35 EMEFTFIESICHE SN, 2 HHICIZEHRIC
%Y (Fig.5 C), 3AURIINA 74V 2ADBKIHR
b (Fig.5 D, E), 600 LRI ESBEMEE O MEF 21k
W74 NVADELN, RROKNTTHIZ-INTW
(Fig.5F). $7°, ZOBOEHZNDKIZ60H HIZIE
pH25TH o 72, 1 A B OKFBOME I, M
8 DAPI Jefaic X 5 L HROUERaEE L (Fig 5 H,
B, GIXFHEONHE), ThOtaGREEL 7w
TANOFREOFEEETLHDOBRD LN (Fig.5
I, B, TIAREOXH). T/ RUZFL 8%
BORTRH 3 r AREET 5 2 LI X VI L 72k Yk
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Fig.5 Biofilms quickly occurred inside wall of the container after 1-5 days in Fe-rich water collected from
drainage pond (A, B). Optical micrographs of biofilms show coccus typed bacteria after 2 days (C), and
became higher dense after 3, 5, and 60 days (D-F). The higher magnification of the optical
micrographs of bacteria after one day (G ~ ]), and wet scanning electron micrograph of bacteria (K,
an arrow) on the wall of polyethylene container after 90 days, collected from inflow water of an
entrance of drainage pond. Enlarged micrograph of the biofilms is inset in K.

BUdAEmICHKRSEL L, BEERY TV VR 3.3.2. Bt EeWEHOBRF

B EICERESNEOT, LB KFEIE TOREYH ) ‘/é?f;%*c’)ﬁkff; 45 (Fig.6 A) 1Zix Fe, S, Si,
fi &1k ;afm& A O 8 B AN EHE wet- AlRBH LN, TOTERBES Y FTR2RLE
SEMIZ X o THBE X7 (Figb5 K, inset). HEH (Fig.6 Ba b, ¢, d). ZOHRERERIOOFIZIIHE
100nm 0)1%/:% SWE NIHIROWE S EATL, R it O REICAIRMIC D RO HR0 fahf’ 90 [
KoEHDZEICEEEABR LTV BRI #OKD pH 12607 5251224 L T2 (Fig. 6 C, D).

EEI-3um BEOEOBIROK FA R L, BEERH3 F 72, KIS LR RIS S ICkkE RO —EB D
um O BHBMAEMREZERL T b O0RRD LN o aw ATz (Fig.6 C, D a, E!ﬁ&liiﬁ.ii" % b).

(Fig. 5 K %&H1). ISR EEE ARA FTHD H LG sles

2AT) &, BUEYESk \%A/J’b&}—‘f%ﬁ%iﬁ(mﬁﬁi
)

I T=Z—2BE LT 200BIE sz (Fig6
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Fig.6 The elemental content maps of green color part in white kaolinite clay (an arrow) (A). Green color
parts were characterized high Fe (B-a) and S (B-b) contents, whereas Si (B-¢c) and Al (B-d) are rich
on the base. Natural cultivation system after 6 months (C, D) showing both green bacteria (D-a) and
white parts of kaolinite (D-b). Optical micrographs show green bacteria and oxidized coccus bacteria
(E, F). The DAPI stained sample indicated chlorophyll red in color (G).

E). ¥/, IhsoMEmEkkeaonNs 7T Ligth
OIPFHBE AR L T B0 d 5N (Fig. 6 F).
DAPLIZ X AHE0ERETIE, o7 7Y TIGERE
¥bhrau s VOREEERTREOEBRETEL L
(Fig.6 G). —J5, B[O [k Lokt
LAEASEM I X VMR X (Fig.7 A-a &HD), M
B ORICEZEIOmm BEON T3 — 5 ¥ - 72
WFTLTEEZRRL TV LB RDHNE (Fig 7
AEHD). T/, ZOWHICBTONRMPIRD A F 1)
FA4 POEBEbOT2ICL»ED 5NT (Fig.7 B),
EDX I2BWTh AlBRA L (Fig7 A), #4Y F4
FEEPSBRA LTS, —F, FhookTE2ai L)
RO EEO SN (Fig. 7 B). BA 4 vk
e AN BREEEORTHERICE, 240U F
4 b BN RAPIRORT O LI/NERAFED H 1L
(Fig.7 C&H), HAlO/N7 79 7 OMmS Wohi:

(Fig.7 D).

WA+ v ARICA T ) F A4 bx ARz ERPOKREL
% Fig. 8IZ7R L7z, EC B4 5 H#12133.0mS/cm T
HY, EBRBIEHE0H M TL02mS/cm 2 EHL, €0
BOOHF CHELMHER L. &6, 60HZHEZ
AP S HF140mS/em 12 EH L, 700 # TIi130
mS/ecm 2720, FOHIOH FTEE LT/ pH i,
FEEBIARI0 0 ] C552 H45F T L, Z0#%30H
FCHEELT. 0H~50HEE pHIZ 58 FTEHL
7228, TOHMBICIE 41T LIZ U@, 90H % Tl pH4
PN o7z.

4. B

4-1. HhF ) it ERBAROR L
) YERAHEMT HH TR, Bt (pH3. 4)
DRTHY, Si, AL S, FezERpLdsH. INHIES
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Fig.7 Scanning electron micrographs equipped with the energy dispersive X-ray analyses (EDX) of starting
material {A) and the sample after 90 days in the natural cultivation system (C, D) of clays collected from
in kaolin deposit. Formation of sachet with 6 yum in diameter of colony (A, an arrow) and 3um in
diameter of bacteria (a, an arrow), 0.5 #m in diameter of hexagonal plates (B, an arrow) in clays films (B).
The bacteria on the hexagonal plates 0.1 um in diameter (C, arrows) and unicellular bacteria after 90
days (D).
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Fig.8 Electrical conductivity (A) and the pH (B) in the
system of deionized water and kaolinite within 90
days.

2 Fe OREL7EAPRACL VB L TEMB L L

W ERNERLOAR TR, WA T KRB TORREER

2BV, A4 A4 PERECKREOREMBENS FI T

DU/ BANA T T ANVLDIZE L 722 LRI

Lotz ) VEWIIAARKROBREELRL, HNaA

B4 FO7-10ADBHIC OH H\Wv LKGF03H 5.

SHEOERICHC OGOt (WFYF 4 PEE) @

2L S, Fe 2 8URBORIBLEL TS, TDOSR

Fe # = 2 V¥ —RBFICH W 2 MEW S, OH HKE

KENMLTHEMICE VEEREZRTI NG, MAY

D S % Fe OAEMKBMIEHAN ZRINICEZ 5722 L 05%

ZoNBY  SEOBEICENTYS, LWRLONA F

TANVNEMOKEDOREIE S N EZEb o

TR ENTWAS Z &) SEM BB & » THR SN

(Fig.4 A a b). —F, WEHOKER)ZF L 8K

BHCANTORBRERE L2+ 74 IV AIEZEDOREEC

EEMELTERLTBY, M HEOERIIRD LN

BWZEDPHLPIC o7 (Figb K). Tabb,

EWIZ X o THEBBRINZFe R S2EETLIHBED

Kix, AFV)FA POFKEEFEEEORKZ/ED B

FTIEILLST, BEOMMEERD LRI, BUkE%E

oREHENCANT, 74 F A4 M Z KR RIS

L2 EATRBE N SO ORBEOKREICKE

L7280 F1%, SEM, EDX 2L ) S & Fe %o 67,

TxINA FIA4 M&, BRBROBA + A bFEE R

HOEE/RY A + & ORMMEEFREREIT). OB

BARMELC I, AT X A S oA RiRAEASEE S L, &

RINKTORAERT 2R LT, #FUFA b

DEIREARE L 72 E 2 5™,

4-2. BAIEEER

LB~ DAL DR E I AN E D O Ml O
BAIZU T Y, BRONEMAEMEZER L. &
BHOKIZTTIINA T 74 NVLZTBREES Fe %S
DRENREDH TV EEZLNL, TN EER

HhiERAE

AW IREE B S BAEPEE 2 R EICHD 525, 5 H
BIZBEBRAOKEZ ORI L CTHLHUERNEL R
BEICREDDLIEF R oI Ens, BERENOMAEY
EOFEBIE5 BRITT7 2 UNAL ¥4 M EOERDIH
Aaehol Lz aRL TS (FigbBH).

HFVFA FEERORLIRZRA 4 KPICARS Z
LIk, HANETRALLMAEwZ, Reoiik
Nz F )T (EAE3um) L HABEBEOKRE (BEE
100nm-1um) TH5. Ry & b TRE CEEEREM L
auz=—%ER LT Fig6C D). ¥H- HIF
(2000, 2002) EHF VU F 4 POEEBEMKRIZD N F I &
FNEL Y a vHFBELTVwEERRTEYT?, 4MH
DEBRIZBWTY, WIS OKE TII T TICHAEY
EAFYFA b EDOHEERICBIT ST A4V ADTHEBE
TIHH DB EHRBENT.

F 72, B OBIEIZ20064E 108 17H O ¥ 7 IVEREL
BRI SRR O R AR SN 7zds, £o—HEE#%
L ) RHOBEIIHIES LTV, Z0BITEH D
REO D2, FEBEOWEIMOKICHE LT E
T, WMOKIZBERIC o Tz 20074E7 ~8 H, Wil
PRETCHTMOKAOHEREOEEAR LN, ML
WER R BEERIEERIC L ) ZOFEIVNE R, B
WA —BE RIS T R oz 2 b F—HEZEZ LN
5.

TSR RREE C b B ERE S TR 0 o v = — 25
FZELTVWLONEEINS. NS OMBEIINEETD
0, BB LRELNL T T4 VA ERELT
W5, WEBOMBNERS IO —-B XU T 4 VATRK
WZOWTIREFLETH LIZLIEHEICEhTw B,
AAVFA LDI TR =LA IO =—Db Y,
AAZFA N7 4 NVA® TERMEE LOBEREERED
A E—F A EWEY DGR E™ T nsoWnE R
E3R s & AEM A 5 TV B 2 L A AR T H R
Fe7z.

F72 KPTHNAF T4 NVEAETER L TWEEREE &
) VM FRE I HERT 2 EKEI1X, S & Fe 0dt@ L7
R CHIMT 52 LD, HIIIZEL L 728k - ik
BRAbfiFE LTEZONS. LarL, EBRLEOBELA:
REOHTOMTEWERLE, MEMORBED;EE
WEPNBKFEERRZY, 2FVFL DT A NLD
R OEER EORBIZXY, MAEDOEBRENE
ToTWwheZEzbNb., Tz, SBBILIREOBEK
ZowTi, < FThicrzuoo 7 VigMs DAPI &
FFREICLVHEREL TS (Fig.5]). IhbiddE
BROBENROD, BAEMEOENTHZ2PIEHLPT
v, L L, HMtoRmICHEMEL e o il s
FUTRIEEAEOMBYS s vu T 4 VEEEERLTWY
5.

BiA F v ARICA L) T4 g2 ANEBRTOBERGE
BEIZBIAE 5 H#121X3.0mS/cm, 20H < EC 13102mS/
ecm i LR LS0AHETEE LT, $£7, pHIX10
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B#T550 545 TIERTL, ZOHOHTERET 4.
ZOBRBEAFTIFAL MBI ZFORLRED S % Fe
BPRA T VKE~NBH L7200 EZELTwA. L
L, OHBZREZIAPLBERAEEERIFEV
140mS/cm 2 EH L, 130mS/cm TOHBZEEFTREL
72. pH X EBRPGEHIOH 2B E/ZAH50HBE S
FTOMSELETLERAL, VHERXH-V00LH
ETLEAD, WHHTR4UTIETLA Zhso
BN, WLAEO S Fe 2 A 4 vk IzEH LI
L7z b2 RBLTWEH, MEMEEO L F—{
B LB Fe R SOERBHKOLEDL ALY T, MWD
Bl & H ) F A4 MEFORIAEROT S0 S I REE
bdHYEREV. ThbL, SEOERIIBITSELAR
BEEB XU pH O, K2 HD S & Fe 0B HAE
BEMABIOETABICBZY, 60BZEX B0 D2
5, MAMRBOFENHIZ LD EATRE ST,

B A VERNO A F Y F A4 PRETIE, A BEM
FFEAROMAEMRBN L 2 AFBEIBEOKE A Y
VM EDOMTRIS., T, BUOKOREMTI,
BUKEZ KEBN 0T 72RO F <y b DTBEA
BEULA LT, IhHoht)r4 bBLURBEYSE
JEASKENCIRL 72012iE, #F ) F A4 P74 IV ADOE
2T, BEBOKRZVASL Ty M AEBEOH
KB IrPREVWEEZOND, ERIZCEBRES
N-RELHMBLUOBRAMGEEL pH 0Z{bE, £h
LOMESEZERLTVAS, BARTIHMEZ MRS
INSDORIGAHERD BRI, KECHWENZOMOER
b o T, MRLOREOMAEYHEI R EINS T
LRGP o7z

5. ¥&¥

HEYFA N OWE L WAEDBEREORBRERIZ, S*®
Fe THDOBEO KL B L TOMED OB X IZX Y, B
BORRICE-7. T/, B4 VEKRNOLB oM
AP EASKTENICIE 720121, S Fe 2T 5
HEORBHES OBS, 4512, WEEMERRE L bt
JF A4 POBEORE—RIIZHEBILRIZLILEZA
BREW, INSOMEME, HFYFA PORETIE
FeAREMEL N7 57 ) 7 HAEERE HD, BUKEEBER
WKHNT 5 & & DICHARERZKFICLITS. Thbb, &
U VEME, ZONLFT 4NV EDOREERET H1E
ARH5.

%

4

B FVAREITIE, AES AV ¥ (BR) N HEAKERE B E
WHROTH DG ICEREEL TS EHEA
BEIR B ARSAEBHIICIE, AR S EwIIow
TETITRE LR W20 F2, KEBEZHATH
7PE, BRGBIBERTIbolk. ZZKEIBILEL
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