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Accumulation of radioactive elements and biomineralization in hot spring microbial mats in Japan

[R#E]

WFKDI A A7 P2 I BT RO M
TR T-* - FHIHIL * *

FUJISAWA, Akiko® and TAZAKI, Kazue™ ™

Abstract

Misasa Hot Springs in Tottori Prefecture is known as one of hot springs in which
concentration of high radium (Ra) and radon (Rn) are very high. Especially 226Ra is highly contained in
the microbial mats consist of mainly ferrihydrite compound. The accumulation of radioactive
elements by microorganisms was examined by optical microscopy, EDXRF, AAS, SEM, and TEM
observations in combination of STEM-EDS. In the green parts of microbial mats, ferrihydrite and
calcite are formed by increasing pH and dissolved oxygen (DO ) induced by photosynthesis of
cyanobacteria, such as Oscillatioria spp. and Phomidium spp., suggesting the 226Ra is adsorbed to
cyanobacterial cells. Whereas, coccus and bacillus typed bacteria are found in reddish brown parts
under beneath. Observation by TEM of the ultra thin section of the cells showed that the bacteria
produced extracellular polymers around the cell wall and capsules, cause embedding of granule
ferrihydrite and calcite. The cells tended to be adsorbed highly 226Ra on the capsule and slime layer
of bacterium, because they contain negatively charged carboxylate in rich. The interactions among
the cells, ferrihydrite and 226Ra contribute to environmental factors influencing the biomineralization
processes. The radioactive elements at microbial mats were able to support the growth of resistant

Journal of Fossil Research, Vol. 40 (1), 52-62(2007)

bacteria to enable bioremediation.
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1. LI
HAIZZ L — MUEERICH 20, BIVKEIEE) DS
WREHIETH Y, v 7 E2EHEE T LRENS
AL TS, Fiz, BENRLRVIEINIBVWTY, K
EOIEIFMOHESIZ L 5T, HE 1km UL EOREEE
MOHIEAKERA LT ENUEERSTWSE, &
NODRROREIL, EDOTEMMICEATEY,
HEHRPIRDE L, ROTHMIRLRE, MERPETH
D, MHEERETEARDOK 8% T H % (Horiuchi,
2001). MeatRER i, YA (Ra) T F v
(Rn) Vo2 THZ 2 EA TV AR ZIRL,
WREICE B EK1kgH 21112 LV (Bg) MLk

DRn ZEH5A LTV AIEERNIER EMESRTY
B (BJE - W%, 1991 5 A5, 1998 5 RALE, 2006).

BIUR=lRE, SREO Rl 2567 2HHD
Rn,Rat & LTS5 R TWwB (B, 1981 ; I
M, 1978, 2001). ZHIIRAT TGP AMRITTER S 1
ToNIBRIE RS (RERAERYS) 23948 < 040 L CTHk
ZHERLTBY, ZofEEAETD Ra B XU R A3
SRR LT, EiEEO Ra, Rn @AV ER ST T
W5, SRR Ro i EE 25436, 6B/l TH V),
& Rn-Na-Cl # 8 X 0" Rn-Na-CLHCOs® T 5. i
12K T 5 Rn OREA~O R 131.3%x109 Bq H
L E N TWvWD (Iwasaki, 1994). ZFHRIZB W
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T, RalZgbaWdH 2 iZ Mn k&M% L& ¥
LIRILBWIC, ZRICEINDLZ EME ST
% (CElg, 1969 ; #IR, 1981 ; HEIEAy, 1981).

72, RalZ7nAh) THEROWE AR L, 226Ra
328U RENCIE LCB D, B0Th 38001 7 75 5 T4
TofBLTER S RETETETH L. &5
\Z, 226Ra (F 3% WI16004E C o 4§ B L T222Rn (2 8%
T 5. F72, 22Rn 3 PR3, 825 H T o A3 L218Po
BT B IGHEDO T AR TH Y, WmpAT T
& A D EAALEN S L OMBIZ % {, HACHEAL
LTwa (K, 2001).

HFFTRT A IOk x Ty T VHRFIIB T
WL 72800FE D I OWT, UDiEkiten A ¥
V==V 7T A #fTo 72k, Bacillus subtilis B X
O Arthrobacter sp. 75 & THEE N 72 U i 6E % FF o
TWwWb ZENHLME % o7 (Sakaguchi and
Nakajima, 1991). SN 5OWZ R L T, U KisiB5E
K7 EDEGHIREIICEEEK D S, U 2Rz n§
LHEPHEEN TS, Z0LHIZ, URETTO
PRI SIS R8N TE DY, RalcBld
BLWFZEEIEF A v, RIEE (2001) &, =HIR
REFUEREORSM Ry B X U Ra 2 A3 5 115
IME SR BT, BRI, BW, BB X OUKEEt
BT SN L2814 F <> b25, RaZIDAA
TVhAIlaEL TS,

=7, SRR T, KB X R ILEmICD
WC, BEHMEEMITEILEZE < fTb T & 7228, it
PEICHE OB & MAEM OB X 2T A HIEZ Lw
ZRIRAEISB VT, BEWENEBE D S Ra DFEH)IC
OWTHISIT A 2 &, HRBEEOBEHRELED
JHEEELL ETRIOERS.

2T, AWFZETIE =R TR L 72 iRk B &
UL+ <y bOETEMEIC X MR BT
W, BRI RaZIEH LTA F <y bAORBUHTE
DR & KBACBIE ONL F I ATV E—Y 3 VI
DWTHISE %217 - 7.

2. BB LUERAE

LU T 2 58 10km B 3 2 BAAHS =5
o =R N (FiglA) 2BV, BT TH A4
H—HT 5y — % TREBIEZ 1TV, FCEW
fili & 7R U 72 ZHAAE N O Bl 3 TR AR B X ONRBHRIL
AT o7z REHI BRI E T 2R K (FiglB,
KEHID) BEOBHEONSEITH > THRNALED 585
WL TwizNf < + (FiglB, &Fla) %
WL, DToamB LBzt Nf 4=y b
W REAFRD, NEAEELEE2ELTBY, E3i
1.5~2.0mm Toh o 72.

2-1. KERE S L OHEHEAE
20024E12H10H B L 020034 4 A 5 B2, =#AlTD
S OHEE B I B VTR KO KE I E (pH ;
R#EAF Vi, ORP; BILEILENM, EC; BRI
R DO EfFEEEE, WT; Kilh) 24r-7. &
NZN ol HORIBA % A % =— LAB pH # —
% — (D-21), HORIBA # A ¥ = — ACT pH # —
% — (D-14), HORIBA # A % = — ACT EEHR * —
% — (ES12), TOAN Y F 4 BHEBREAX—F —
(DO-21P) Z M7z, 2 OHfEREF L, 1ZIFFEBD
flizRL720T, 20034 4 H 5 HICHIE L72kR 0 A
#mR$ (Tablel). o, B, yRMEIZIEIAAL A=A
v % — Inspector & JH\WC, B ClLREAK, /N1 F
<y b, BA4, KRR ONv 27592 F) oflE?
f‘?of:.

2-2. TRLF-BBEEXEDH (EDXRF;
Energy Dispersive X-ray Fluorescence Analysis)
SRR TR L 72N A<y P B X ONRRKE T
AV F — 53 R G X Mo A 26 (JEOL JSX -
3201, Rh-Ko#ti§) % Hwv-C, N#EE0kY, H%E
ST FP 7NV 7 S X ) @V 5 & U o)
M &AT - 7. SATIRENZ600%), 40T #3835 10mm
x 10mm TdH 5.

2-3. Ge ¥ EBRIGHBEHVAHMAES LVET
IR % (AAS; Atomic Absorbed Spectrometer)
EENH

MRAKB L ONA <y bHICE T h 5280,
226Ra, 228Ra, 28ThiZDOWTC, "I VA V<=
2B 2 Ty AR E Lz, BB E B
IR R, ATPICE T 5 T2 ~ 3HEMBE L7
BINEZ AT - 72, 28U, 226Ra B X U228Ra 13 2 Ot
WMCIIHEENE TEX 20, ENENOBEH L gt
2D Dy & T A I AGZ4Ph B X UV228Ac
ZHWCEREZRD 7.

WRAKB L UONA F= v b ® Total Fe, Mn 2D
WU, 7 L= A FOGEE R T AT 2 4T o
oo N4t~y MIHREERSE-%, BEerille
L, URAlNE & MIRHEME L 5 0F 1 CREE bR 7230
ml FHUSE D L, N2 N5 S 4 5 ml IZHM L
7o O, A K KA A TOmLISARL,
HMLIBOAWE A CTEEZIT->72. 7L —2JK
FUOCEED T 4 o — BT3B SAS-727%f
M L7, Wik, Fe: 249.0nmMn : 280.0nm T
WE %247 - 72,



135° 1

o o

.. Kurayoshi city
Misasa hot springs

Tottori Pref.

Hot spring water
0.174Sv/h

Fig.1. A. Locality map of Misasa Hot Springs in Tottori Prefecture, Japan. B.Sampling points of green and reddish brown

microbial mats (arrow a)and hot spring water (arrow b). Radio activities are: back ground (BG 0.18 uSv/h), hot
spring water (0.17 uSv/h), the surface of granitic rock (0.30 uSv/h) and microbial mats (11.9 uSv/h).

Fig. 2. Optical light micrograph of green parts of the microbial mats in Fig.1.
A. Arrows show cyanobacteria which have sheath.

B. Fluorescence micrograph shows the presence of the chlorophyll indicated by red fluorescence.
C. Optical light micrograph of reddish brown parts of the microbial mats shows granular mineral particles.
D. Fluorescence micrograph reveals the presence of abundant living bacteria indicated by blue fluorescence.



2-4. WHTEIFIEMR S L OCHIIEMBERR

NA X<y VROMEMOREEZBET 500, M
TSR X %S EL M EE (Nikon
OPTIPHOT-2/LABOPHOT-2) % M W72, /N A %
~ v MIRMOREISE, WEHORB G5
T %2ITo72. %72, 74 Vv¥— (UV-1A; lE
365nm) %l L CHIZET 5 &, Milio DNA 2350l
29 % DAPI (4’ 6-diamidino-2-phenylindole) % Fi\»
T, WAL 2R L.

2-5. EEREFIEMEE(SEM; Scanning Electron
Microscopy) ERZR
SRR TR L 7284 F <y R ofd g ERE o
IR & L HE % BlgE3 5 72, SEM (JEOL JSM-
5200LV) 2247572, N4+~ MISGEE IR,
WFEAEEEL, NEBE1SKV OF&MCTBIZE L.

2-6. EBEE FIEME (TEM; Transmission
Electron Microscopy) £iz=

INA =y SO OMTEREE A I S 2T 5
72912, TEM (JEOL JEM-2000EX) % H\ TR
JE120kV CBIZ 24T - 7. F 72, MOl Ici0
SN EWORIEZITH 72012, HIBREE R -/ m 7

(SAED; Selected Area Electron Diffraction) 43 #
Aol 61T, WAMFRIEE T 5700, St
EBIOV T2 ALy FiEERHWE, R: 8
PRiCEI L, #5004 > 7 A bE—2DE &YV b
53708 b—24 (JEOL EM-ULTRACUT R) Tl
YR 2 e LAY oM oRrm#lgi 2 1r-72. 2
T, e, MBI AT 50 TIER
, B ORTHREZYD LT, FOHITHIR P
RSN ETBIET L HLETH L. 72, VT =
ALy FEgkid, 6ok~ 4 ik ThbLT =7
ALy FREMSHERH LA T 22 LT, MgstoM
WREZ g3 2L TH 5. SH1T, HEFITHILL
TN DAL W 247 9 728, E AR F-8H
M #E (JEOL JEM-2010FEF) % Hi \» C i # 7 200
kV T, F7, TANF AR K2 7o AR
&R T-BEMSE (STEM-EDS : Scanning Transmission
Electron Microscopy - Energy Dispersive Spectrometer)
Z W THHTRE 2008, AT HIER 3 I 7 0 v Tt
ERARBLOARZ PVE LY, S5, TAL
F—T7 4V BRRHEEFEHME (EF-TEM;
Energy Filter Field emission Electron Microscope)

TYu-u A GEEER L7,

3. &R
3-1. KEAES L OHEHEAERR

ZRANTPNIC B B ZRAAIAL O SR 35 0 R E R R &
Table 1 12789, 200344 H 5 HIZHlE L7z iR KD
KB pH7. 28 121, EC 1E1.3mS/cm, ORP &
226mV & R R WAL TH Y, DO IF1.5mg/l & K
flizRL, KikiZ42CTHh -7z,

Table 1. Characteristics of the hot spring water at Misasa hot springs.

ORP EC DO WT
(mV) (mS/cm) (mg/)  (C)

Hot spring water 7.2 226 1.3 1.5 42.0
measurement date ; 2003. 04. 05.

SRR BT B BURHRR I E KSR % Fig 1B I2R
T, ZEtIcB VT, KAy 2y X5 v K
(BG), HEAK, fEMETTE LAEOES130.17~
0.30uSv/h LR WEZ IR T DK L, REAKIEN
TWABNAF <y bOFEETIZIL.9uSv/h &Ny »
7oy FEWET S E, 10055 O ITHE W E
ZRLIZ. Thbb, NF<y FAEKLTWLE
GORBEEPENMEE R T PSP TH 5.

pH

3-2. ED-XRF A/#iER

NA A<y B XKD ED-XRF 55#rf %
Table 2 1278, N4+~ FOILFMBIE Na L )
BEWILHZ R E, Fe ik b & <66.0wt%, KIZ Mn
2315. 3wt%, Si2%6.9wt%, Ca A%5. 0wt%, As %34, 9wt
% TR EN TS, ZoMS, K, Cu, Sr, Ba#%
BERIZEA TS, —77, iRKIEEIC Na (28, 1wt
%), Si (34.2wt%), S (23.2wt%) % &, €Ol
DaEd Mg, K, CanbiRINTn5.

Table 2. XRF analysis of chemical compositions of microbial
mats and hot spring water at Misasa Hot Springs.

microbial mats (wt.%) Hot spring water (wt.%)

Si 6.9 Na 28.1
P n.d. Mg 2.7
S 0.5 Si 34.2
0.2 S 23.2
Ca 5.0 K 4.5
Ti n.d. Ca 7.2
Mn 15.3 Total 100
Fe 66.0
Cu 0.6
As 4.9
Sr 0.2
Ba 0.3
Total 100.0

(n.d.; not detected)



Table 3. Comparison of concentrations of 238U, 226Ra, 228Ra, 228Th, Total Fe, and Mn between microbial mats and hot spring water
at Misasa Hot Springs. The microbial mats accumulated all elements.

z80 226Ra 225Ra 28Th Total Fe Mn

(Bq/kg) (Ba/kg) (Bq/kg) (Bq/kg) (ppm) (ppm)
Microbial mats 6.4 6.9x104 8.3x10% 8.8x103 2.2Xx105 6.2x10%
Hot spring water 1.1x107°3 1.4x10°1 1.6x10°1 5.1x1073 1.0x10°1 1.2x10°1

3-3. Ge¥EMEHETHAVWEIBHNES L VEF
WAFEE (AAS) EENIIER

Ge P K B 1 2% % J W 722380, 226Ra, 228Ra,
228Th B L& " AAS #7112 & % Total Fe, Mn ® % &
ARG A & Table 3 12783, FFIZ, 226Ra (XK
120.14Bq/kg TH L DIZK L, A F < v FHIZIE
6.9x10‘Bq/kg & FEHIZE\WEZ R L T 5. Total
Fe, Mn (&t @ KW 12 % 2 10.10ppm, 0.12ppm
ELBVOITH L, N4 A<y P ICi32.2X10
ppm, 6.2X10%ppm &L FEFN TV L. F
bbb, WMBEAKERKRLT N4+ vy ML
132380, 226Ra, 228Ra, 228Th, Total Fe, Mn 233 X T
103~10°H5 b DEVE TR L TW 5B 2 LS 50T
Hb.

3-4. WHTHHFIEMIES L CENIEMEHRTER

ZHEIR TR L 7285 = v b ofkfa s % oty
WS CTBIZE Lz, FICWzH2Y 7 /N7
T CTHERENTWD ZEDPHL IR 572 (Fig2A,
L ). R A X e EOYFEA S Oscillatioria spp.
Phomidium spp.& [l %€ SNz, 72, T 0 H I
DAPI Jeft 2 Jifi L CHOGBAMEE T CHIL L2 L 2 5,
FOOHREEEZET 7007 4 LARD SN

(Fig2B). 512, N+ = v M OXBLifsrzt
FHMSECTHIE L2 25, BRI OMHR T2
5% 5B D 5Nz (Fig2C). Z ok
DAPI #eftx i L CHETFCBIZ L2 25, Hho
WHERLTCWDL I NS, LEWHICLEOMEY
DOEBEMR L (Fig2D).

3-5. EEWETFIEMSE (SEM) BRER
SO 2y N OBIIBREEZHNRS 720,
SEMIZX A8 2B ho/z b 25, EAK5000nm
DYT7 377y 7 (Fig3A, KH) BXUOEBHEOM
JLERICIEAR1000nm DMK T- & & b ISHA w255
KERL w2008l s N7z (FigdA k).

3-6. EERNETFIEME (TEM) HEER
EHIT, N ATy P OBAEYEEZ NS 72
O, BEBE M TEE LR, MOk T8

b7 287 7)) 7O, K E81000nm, E
#500nm OFEE M2 LT B8+ (Fig3B),
Z R T & IEARRI500nm, MEH300nm O R (Fig.
3C) RO LNZ. TS ORGMELYIR T 0 BT
a3 (SAED) #47-72& 2%, 0.266nm, 0.157nm
WU Y ZIROE 2R L DS, R HTEDKEE
1Lk 859 T % Ferrihydrite (5Fe20s + 9H20) Td
HEME L. OB SEMRT1X, R OMIRE
PREZREWE L & BT PAA TS, TOREWE
BREM AR ~—T, MHERoZEE»S %
LA OTNETH 5 LRI NIz, £ T, TDOR
MEDGAEZTARD 720, Bl fta i L, TEM %2
ZiTo7zb 2 A, K S#500nm, IEFI300nm O FEH
HNE O JE FR % T AR ASHL Y P A TV 2 IREEDSBIZE T
7., BtoRic k) ERE R L2HTREBEIN
JE NP IR D4 - 6 DR 2 > Tw b (Figs
D, ZH). ZOMBEMEE > T L REOE XX
200~800nm H 5. F72, V7= AL vy FEEFHW
TR DYt 2 i L 72U K o TEM Big %
fTolze A, MAEWOWTHHEEARD S5 (Fig
4A, B). HFE500nm OMAEWIEHILE (CM), X7
FrEZ) AV (PG, SHE (OM) »567% 5 2 \IE
2FD, SMED SO A > THEHER 920~
50nm DL (CAP) 23N Tw 5 (FigdA). &5
12, 2HEBEEHED, 50~200om D F v T —ZRD
KIETEDON TV LML D RO Sz, ZORBEDRK
B A D B4 VA I KT 100nm D BN 85 Wk T- 254
#HLTwb (FigdB). FigdA OREWIMEIZ A &
BLTWwA7, FigdB OMAEYHEIZAME A ©50nm
BN TV 5.

JE WV %2 O E O EF-TEM O ¥ u-1 & %
(Fig5hA) B X SR T-(1), & 7k (2), M),
N 77Ty RA)DZFENEND STEM-EDS A7 b
WV (FighB) & ¥ u-u 2o i o ek X
(FighC) #7/RF. SEWR T 121 E12C, O, Sik
Fe 7% (Fig5B-1), EKW O M5 121k C N, O, Na,
P,Ca & Mn 2% (Fig5B-3), #E5121X C N, O, Si
AR bz (FigsB-2). MBEAIZIE Mn 25 Fe & )
ZLHEHEL TV E#M»H 5 (FighB-3). = 2 T,
Ny 775 F (FigsB4) TRLAZEIICCHET



bacterium

/Sy
0.266nm

. SEM photograph of microbial mats at Misasa Hot Springs shows cyanobacterial sheath (arrows)and granular

mineral particles in the center.

. TEM photograph of microbial mats shows cyanobacterial sheath associated with bacillus typed bacterium.
. TEM image of microbial mats. Bacillus typed bacteria about 500 nm in diameter are spread on the bacterial

slime layer. SAED pattern of the granular mineral particles (arrow) shows diffraction at 0.266 nm and 0.157 nm
indicating Ferrihydrite (5 Fe20s-9 Hz20) (insert C).

. Indian ink method gives the shape boundary of capsule around the cell. The bacterial capsule contrasted with

black back ground (arrow).



Mineral
particles

200nm

Fig.4. TEM micrographs of ultra thin section of reddish brown microbial mats stain by ruthenium red.

A. cytoplasmic membrane (CM), peptidoglycan layer (PG), the outer membrane (OM) and capsule (CAP) of
bacterial cell. The bacterial cell is covered with capsule extending~50 nm from the surface of the outer
membrane (CAP in A).

B. The bacterial cell is covered with slime layer constructed by network structure of polysaccharide fibers 200~
500 nm in thickness (CAP in B). Spherical mineral particles attach on the surface of networked capsule.
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Fig.5. A. EF-TEM Zero loss image.
B. EDS spectra.
C. STEM-EDS elemental maps of coccus typed bacterium associate with capsule. The bacterium and capsule
contained high C, N, O, P, Ca and Mn elements, while the mineral particles contained C, O, Si, Ca Mn and Fe.
EDS analytical points indicated Mineral particles (D, Capsule ), Cell 3, and Back ground @ in A and B.



pH 7.2

ORP 226 mV |
DO 1.5 mg/l capsule
226Ra 6.9 X 104 Bq/kg oM

N;. cell EEE;T%M

(0)

¢

. Ca
2
c Mn
°
¢ °
<9 o‘

Mineral particles
O Si Ca Mn Fe
Ferrihydrite 5Fe,O * 9H,0

Fig.6. Schematic diagram of a cross-sectioned bacterium cell,
capsule and mineral particles in microbial mats. The
bacterial capsule plays an important role of accumulation
of C, N, O, Ca, Mn and Ra from hot spring water under
pH7.2 and reduction conditions. (CM; cytoplasmic
membrane, PG; peptidoglycan layer, OM; outer
membrane)

BT EN D, REZ2KEL27Y v FEE
WCHA—RUVEEEZHRLTHH-OTHAH. &8, Si
DY—=21%, Ny 77T v FHEENIC S O T2
HFAHELTWELEDTHS. E512, (Cu) 3k %2
T THAH7) Y bOEGTTHS. DLo@sts L0y
Mt % Fig 612 R L7z,

4, #E&=

4-1. MEHRENA <Y b

KIFFEIC BT, ZFAN O =8t TH A FT—A
vE—ERWza, B, yBREIEOMRER, Ny
FETKRER ONv 27592 FK) OF100/E D D EWw
BAREE R L7z, 72, Ge BEfkkiligsz Hwv 72
B RE BRI R 25 D, BEEtHk TH 5226Ra
FRR AR & LT, #1065 b OFEFITE W ET
ATy PHIZEMENTVWLZ ERHL N E RS
7z, AKIEED (2001) 12X AUE, UL HEiE O R,
Ra% A3 5 ILAEEMERRICBNT, KK, HH,
HMEB X ORI LS TR S h a8t N+~
ME, KB LSk A EHK, B8R, B
KL SREE M RIS s S8, BT 2%H %00
L LT \w b, 72 Tazaki and Watanabe (2004)
1, BREEEER B W T pHL 20 SR EBRBE T
THRBENA 7 4V AR OWAEY DS, HALIEY %
KT HIEWCX 5T, S, Ba, Ca, As Dt %47

TWAZEZMBELTWAS. KIS, Z@iRRICBW
THNA A=y M T 2B VT, MEDS
IKERALSSEW AN E LR TH S Ra ZHLY IAA, &
W 2 RS HEPA S o7z, Thbb, v
FTROBFFERICB T, ROBEH#EEL, 2212
BT HMEY & AR TR AR T 5 2 &
ERLTWA,

4-2. N1 F <y PAD2RaEFEA HZ X Ls

RalZ7wa ) LHEERETH Y, KIRITIF2Ra,
24Rq, 226Ra, 228Ra D AM ORIV AKEH>, o
T, MW7 Ra & iE, URVIEAM D26Ra % $5 L,
PRI 16224E T o B2 L C22Rn & 72 . KT CIEE
WEA 2flichy, WMUTVAY) TEHERETH S
Ca % Ba & B 72z% %537 .

i K D226Ra 1d Ge B 1 27 % H W 72 gt
B EANRE RS S, FEFICEHWETNA, F <y b
B ENTWAZERHLNE RS2, L2 L,
ED-XRF, STEM-EDS 71 #&H4 5 Ra (34t HBR A LI
TThorzZbh b, Raiffil SoTd I I TIEEK
ppm L FEZ 2 CTikfmx ED 5. N4+~ v b
D226Ra PEAHICIE, 1) MUEMMIERTE X O E
D26Ra W5, 2) KEEALELSEMRL T~ D226Ra W35
2O EZSNSE. UTICENZIZOWTIR
Watior-.

1) MEMARERE S L OFKEAND26Ra W&

— R HRAE ORI RIS ELTB Y, K
T DOREA F > DHI WS X P9 (Beveridge,
1978). F 7z, TEM B2 5, XM+ < v FNHOD
IR T 2 BRI AR A XS O 42 kit
RBICAY NI —ZIROFKZFOZ RO LN
72, ORI, 2~ 6O Ty FO#D R
L2 bR)Y oy I FTHESINTED
(Sutherland, 1972), HMIf@REEIZ i hyng < A E L7258
& (capsule) &MlfESMND Z 0D 5 HERE
(slime layer) 2473 &1 % (Beveridge, 1989). 3¢
RNz —Z Lo EEELTEY, Siloki1x
HE RV, 9%HIKTH B 7208)E A + VI HIC
ADALZENTE S, HEFDOAIVKRF D IVIER,
ko = v b oK, FKEPLHEREICBW
TAF %A &b (Corpe, 1964 5 1975). [k
12, Appanna and Prestion (1987) &, #¢ i i3 K 1
FohTARRY X7 B OR RANL 725 %
FVTHY, WVFRFINIEL) VBEEZ L EDT
W, BEWEH 22y -2 REEZERLTE
D, EEHEAFTVEDISDOETHHIEEZMELT
Wh. INSOWERNS, BAEWOMIEBEEE X 0%
BIEROEBREZHED720, BEAKTITHEELTY



LR DFEGIIRE IND EEZ OIS,

[F UBE M ICE TH S U OMAEWIZ X HHD AA
IZDOWTIRE L DR R EINT VS, MAEMIZES
U QWY AKIE, pH, R, URE, MINLREE,
ke A F v O3t kA4 BRI X » THEZ 2T
L. F7z, U AAmIL, MAEWOREIZ X >TK
SRR, R HRLIIZHNONE 7T A
PRI D Zoogloea ramigera 1%, 400mg/g ® U % HL Y
Ate. ZOWIE, BRKEEOMIS R LKL,
U DY A&RIE, 7723 (UOLY) EMllst%HE
HOBAF A M THLIVKF VL D LD
MR ELEZ LN TW B (Norberg and Persson,
1984). T H0HEDPS S, AWML S X OKIK
AND26Ra WAEDPEMITHND, Lo T, KWEICE
WCd, 2RaDTT N7 T T NOWHERMAEY
AR AE R S 2 R ENDWE I TDON TS EE X
5.

2) SMRIFREAN D26Ra K&

SRR ICB VT, Rald#kib&WH % ik Mn 1k
G EFRGET DB LEICL ®IZ (1.3x106
Bakg) &END I EHFHEIN TV D CAIF,
1969 5 45, 1981 ; T A, 1981). AREFZEICB WV
ThH, N4 F =y MIEHE MO KBRS
Ferrihydrite & Calcite TR S L TW5 2 LW 5
e otz KEEALELELY Ferrihydrite (5 W #2000
i (25%105m2kg) ZFo /-0, HFEIILHK, Ea
&, WSR2 S R TIC W AE T 50 & 2 FEo
(Schwertmann and Fitzpatrick, 1992). ¥ 7z, Waite
et al.(1994) 12 X % & Ferrihydrite & % @ $5 P 3 1Hi
W2, EREERO 6l T v EWAET AT LS
SNTVS. T%bbh, FHROREKF TN, <y
MR S N, O H O IKEBEALERELY Ferrihydrite
L Calcite ®FRHNC 6 fliy T ¥ 25 SN b, [HERC
WA OIS WD 71 VR % 2 VL E D LD
B, MM F3IATYV¥—=varyPELE. ZLT, £
D HEARGEW R T- D KM IZ226Ra SR AE I ND EEZ S
Nb. L7zh>T, SRR L7z <y b
TTh, MY OB R FBEN DU N Z KR
ALSREEP KL T~ DG DM H T X - T, 226Ra A%
fibhaeEzZ o5,

AIFFE TR O NTZNL F = v PADE Ra GO
HEDPS, 7T VHIRRIESVIETHIIBNT, R
R OAMIC XD TR 2RI T & 50
BURH L. T, AMRICE > THEELRESEHYSC
O % 5. 2 Bi54IBIC B VT, RN F
Ty FENRLF I AT =T g VT RE R BREE
e LCHfEs 5.

5. £&0

BHUE =15 B W T Ge Rt 82 H v 7z
B RE 2 BTG B2 B, B PEICE TH 5226Ra 1
R E LT, 10565 b oI ITE VTN
A F =<y PRICEMHENTVWALAZEDRHL2E L5
72, SRR TR L 728 <y MY 7T /N
77T BLUL OERREFEFALTED,
226Ra 13 T S DFRERLHEEUR 2 & OIS % 1%
Loe L, ZIIHA5T 2 MM 7% KB LEk k112
WAL TS, S F <y MhOIERICEW26Ra i
EPAEENC X 2 i A LT R 0 5 e 2
TR EZ RO 5.

i

SIRKRFHRFHNC A EE » 7 —, KL OVt
BESZBRIERR D I AR BRI 12 1E, Ge AR M 25 2
H O 7B TREBMRGC o 72, F 72, AF
JERATH D720, HIGHTIEE oL - RO
WA - FBROB NI B L UL oPErwizZ2wniz, D
FoFHAELEWILH L FIFS, el KO
WX SCE A B e B Al Bh 4 (No. 14405001. 1% 3,
HIEHNT) M &Nz, 512, Kz &L,
HRECHERLEE S 2 BDORFHI SR L -
F5.

5| F 32k

Appanna, D.V., and Preston, C. M.(1987) Manganese
elicits the synthesis of a novel exopolysaccharide
in anarctic Rhizobium. FEBS Lett. 215, 79-82.

Beveridge, T. J.(1989) The structure of bacteria. In :
Poindexter, J.S., Leadbetter, E.R.(Eds) Bacteria in
Nature, pp.1-65, Plenum Publ, New York.

Beveridge, T. J.(1978) The response of cell walls of
Bacillus subtilis to metals and to electron-microscopic
stains. Can. J. microbial . 24, 89-104.

Corpe, W. A.(1964) Factors influencing growth and
polysaccharide formation by strain of Chromobacterium
violaceum. J. Bacteriol. 88, 1433-1437.

Corpe, W. A.(1975) Metal-binding properties of surface
materials from marine bacteria. Dev. Ind. Microbiol .
16, 249-255.

TS - AR - ok (1981) =WHESKEE
NOIRR IO W T Gt . Bl 1K S = F
Je Rk 3 51, 35-42.

WHNAT (1978) SR DF YT A, T K VAMERE
BT AMRED 1 — =8, Bil, HiE Br s,
MR, WEICBITAI VYA, I K YORBERE
IZDoWT -, AR 29, 68-75.



JNAT (2001) HADIRS & B, B ARG
e 2 MRS 57, 1462-1468.

Horiuchi, K., (2001) Hot Springs and it radiation in
Japan. Japanese Society of Radiological Technology
57, 1462-1468.

B — (1998) MR OERS. WEaktL, Hul, 231pp.

G EE (1969) WK D T T A (226Ra) D 45 A
LRI R O A R (20 4). TR T RRS
7, 16-24.

Iwasaki T (1994) Population. Dostmetry and Helth.
RS 5. 33.

AR —HE (2006) WAHEE. 4054, HER, 92pp.

AR ECY (1981) W gt RE AR & ZWHR . iR AR
31, 80-93.

I FE R - FHIGFIVL - AP ERAE (2001) 1HALIRSE R
HIRONA =y MBI 2MFEORE. BRKF
WEREIRBRBE A e 20, 179-188.

Norberg, A., and Persson, H.(1984) Accumulation of
heavy-metals ions. Zoogloea ramigera. Biotech
Bioeng. 26, 239-246.

Sakaguchi, T., and Nakajima, A.(1991) “Mineral

Bioprocessing”.In : Smith, R.W. and Misra, M.
(Eds) The Minerals, Metals & Materials Society, USA
pp.309-322.

Schwertmann, U., and Fitzpatrick, R.W.(1992) Iron
minerals in surface environment. In: Skinner, H.C.
W. and Fitzpatrick, R.W.(Eds) Biomineralization
processes of Iron and Manganese—Modern and Ancient
Environments. Catena Suppl. Germany No.21, 7-30.

Sutherland, J. W.(1972) Biosynthesis of microbial
exopolysaccharides. Adv. Microb. Physiol. 23, 79.

Tazaki, K., and Watanabe, H.(2004) Biomineralization
of radioactive sulfide minerals in strong acidic
Tamagawa Hot Springs. The Science Reports of
Kanazawa University 49, 1-24.

Waite, T. D., Davis, J. A, Payne, T. E., Waychunas G.
A., and Xu, N.(1994) Uraniumu ( VI) adsorption to
ferrihydrite : Application of a surface complexation
model. Geochimica et Cosmochimica Acta 58, 5465-
5478.

W RS = WIS (1991) R4, Hh A AR, R
0, 293H.



