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Abstract : Bacterial Fe-As mineralization was found in the reddish brown biomats ad-
hered on the wall near to the water drainage of Masutomi mineral springs at Yamanashi
Prefecture in Japan. The reddish brown biomats have been analyzed and observed by
XRD, FT-IR, optical microscope, SEM-EDX complimented with TEM and ED pattern
to clarify the bacterial biomineralization. The reddish brown biomats mainly composed
of bacillus and coccus types of bacteria, those can adsorb Fe and As associated with
other trace elements forming biominerals. The process of adsorption of Fe and As is evi-
denced by SEM-EDX and TEM. Also, the ED pattern of capsule identified lollingite
(FeAs.) and calcite (CaCO:;) around the cell wall. The significant occurrence of organic
components C-H, C=0, CNH, -COOH and N-H in FT-IR data emphasized for metal
binding character of bacteria. While XRD data shows the poor crystalline character
mainly of hydrous iron oxides (2.7A). Formation processes of Fe-As biominerals take
place by adsorption onto the bacterial cell wall evidenced from the microscopic direct
observation and spectroscopic analysis. It was indicated that bacteria in the reddish
brown biomats could have the ability to form biominerals with heavy metals and toxic
metalloids like Fe and As. Bacterial Fe-As mineralization might also be considered to
clean up the environmental geo-aquatic ecosystem, as having their endurance ability in

toxic environment.

Key words : bacteria, Fe-As mineralization, accumulation, microbial mats, lollingite,

calcite.

1. Introduction

Bacteria in microbial mat have controlled biotransfer process and the biogeochemical
cycles during most of the history of life on the Earth (Krumbein, 1979). Bacteria can grow
in some of the most extreme environments on the Earth such as high temperature and high
pressure even in the strong acidic condition (Fyfe, 1997). Heavy metals, such as Fe, Mn,
Cu, Zn, Cd, Pb, and As, can be accumulated by bacteria in most of the aquatic environment
including hot and mineral springs. Bacteria selectively accumulate heavy metals as having
their own niche in the geo-aqua-ecosystem (Ariza, 1998). The accumulation takes place in
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different forms based on various mechanisms such as adsorption, complexation and active
transport into the cell along with physicochemical parameters like pH and ionic composi-
tions (Tazaki, 1999 ; Ledin, 2000). Adsorption of dissolved constituents from the aquatic
environment is considered to contribute significantly to the mineral formation processes
(Tazaki and Ishida, 1996). Most of the heavy metals and toxic materials are accumulated
by bacteria and forming biominerals, after precipitation of insoluble metals (Nagai et al.,
1999 a, b ; Lloyd and Macaskie, 2000).

The toxic metalloid, As is a hazardous material for its widespread carcinogenic char-
acter (Lena et al., 2001), responsible for many diseases such as lung, skin and bladder can-
cer, gangrene and placental problem for unborn children (Fuji and Karim, 1998 ; Banfield
and Nealson, 1999). Most of these kinds of cancer can eventually be developed in those
people, who drink water from tinted sources including As polluted underground water
(Kaiser, 2000). Recently the evidence of arsenical chronic poisoning has been reported in
many parts of the world and has become a serious public health problem in some Asian
countries like Bangladesh, India and Taiwan (Asia Arsenic Network, RGAG, DOEH, and
NIPSM, 1999 ; Islam and Tazaki, 2000 a).

Arsenic is ubiquitous, found at trace levels in the biosphere including organisms
(Newman et al., 1998). Naturally it occurs in many chemical forms on different environ-
mental conditions (Jack et al., 1998). Consequently, it may be considered that geological
sources of arsenic are environmental problem worldwide (Rosen, 1999). Having high tox-
icity in ionic-form is very harmful for the human beings rather than As minerals in geo-
aqueous-environmental ecosystem.

However biochemical activities like bacterial mineralization has not been focused for
bacterial Fe-As mineralization in the natural environment. In most of the cases, it is found
that arsenic concentration is corresponding to Fe, while it is rich in hot springs or under-
ground water (Akai, 1997). The present study is specifically designed to clarify the mecha-
nism of Fe-As biomineralization that can take part in the bioremedial activity for cleaning
As polluted areas.

In this paper, the presence of Fe-As minerals both on the bacterial intra and extra-
cellular wall has been revealed by transmission electron microscopy (TEM) through a di-
rect observation.

2. Materials and Methods

Mineral spring water and reddish brown biomats were collected from Masutomi min-
eral springs located at the northwestern part of Yamanashi prefecture in Japan (Fig. 1). The
area is granite-bodied basement in Neogene penetrating to Shimanto belt, which is com-
posed of sandstone, mudstone, and alternating shales. Yaita et al. (1991) pointed out that
Masutomi mineral spring water is related to the plutonic rocks in Neogene.

The reddish brown biomats were picked up from the mineral spring water drainage of
Furokaku at Masutomi (Fig. 2 A). Biomats were formed over an area of about 3 m in
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Fig. 1. Locality map of Masutomi mineral springs at
Yamanashi Prefecture in Japan.

Fig. 2. Reddish brown biomats (arrow) at Masutomi mineral springs (A). Optical micrograph of the red-
dish brown biomats shows highly densed brown materials (B), and DAPI (4’, 6-diamidino-2-
phenylindole) stained epifluorescence micrograph shows the fluorescent blue parts that indicate

the presence of DNA in bacterial cells (C).
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inspection meter (pH ; D-12, Eh ; D-13, EC; ES-12, DO ; OM-12, made by HORIBA).
The measurement was carried twice in the field, on the December 12, 1998 and July 30,
1999.

Analyses for the chemical and mineralogical characterization of the reddish
brown biomats, as follows.

Fourier-Transform Infrared absorbance spectroscopy (FT-IR)

The organic compounds associated with minerals and organo-metalic complexes in
the reddish brown biomats were analyzed by Fourier-Transform Infrared absorbance spec-
troscopy (FT-IR; Jasco FT/IR-610). The reddish brown biomats were air-dried and
ground for fine powder to carry out chemical analyses. 30 ug of powdered biomats and 10
mg of amorphous potassium bromide (KBr) were taken in an mortar and mixed them very
well. After grinding all to fine particle, tablets were prepared by MP-1 micro tablet maker
and MT-1 model mini press for measuring the transmission of IR light by the spectrometer.

1

IR frequency ranges between 400~4000 cm .

X-ray powder diffractometer (XRD)

The mineralogical properties of the reddish brown biomats were also analyzed by X-
ray powder diffractometer (XRD), using a Rigaku RINT 2000 with a CuKa radiation. It
was generated at 40 kV and 30 mA using the 2 6/6 method with a scan speed of 2°/min.
Dried biomats powder was taken on the square concavity of the slide and fixed them up.
After fixation the slide was set up on the stage of XRD for analysis.

Optical and electron microscopic observations for the identification of microor-
ganisms and their habitat in the reddish brown biomats, as follows.

Optical microscopy

To identify the presence and variety of bacteria optical microscopic observation was
carried out. Hand picked reddish brown biomats, washed with distilled water were
mounted on and spread over the slide simultaneously. Both of the episcopic and DAPI (4°,
6-diamidino-2-phenylindole) stained samples were observed through episcopic fluores-
cence microscope (Nikon OPTIPHOT-2 /LABOPHOT-2). The DNA of bacterial cell in
DAPI staining sample shows the fluorescence blue under the ultra violet ray (365 nm).

Scanning electron microscope (SEM-EDX)

The scanning electron microscope equipped with an energy dispersive X-ray spectros-
copy (SEM-EDX ; JEOL JSM-5200 LV and PHILLIPS EDAX PV 9800 EX) was used in
order to observe the micro morphological surface of bacteria and its chemical composition.
Pipet drawn biomats was mounted on a carbon tape pasted stub and dried in air. Dehy-
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drated sample was coated by carbon carried out in 15 and 25 kV with different magnifica-
tions.

Transmission electron microscopy (TEM)

Complementary techniques of transmission electron microscopy (TEM ; JEOL JEM-
2000 EX) were used for the observation of extra and intra cellular condition of bacteria.
This was also equipped with electron diffraction (ED) analysis, which can identify miner-
als through the diffraction pattern of the reddish brown biomats. The sample was set into
the ultra sonic separator (JINMEIDALI Ind. sine sonic 100) for residual separation for about
3 minutes. One drop of the suspension was taken by pipet and mounted on the micro grid
for observation. The accelerating voltage ranged between 120 and 200 kV with different
magnifications.

3. Results
3.1. Optical microscopy

The reddish brown biomats were collected from the water drainage of Masutomi min-
eral springs for microscopic observation (Fig. 2 A arrow). Optical micrograph of the red-
dish brown biomats showed the presence of high-density brown materials in the microbial
colonies (Fig. 2 B). Epifluorescence micrographs revealed numerous bacterial cells ab-
sorbed the fluorescent blue in DAPI stained biomats (Fig. 2 C). It was indicated that the
reddish brown biomats contain granular materials with living bacteria.

3.2. SEM-EDX

SEM observation recognized the bacterial colonies in the reddish brown biomats. The
entire colony is composed of bacillus typed bacteria, about 1.0 um in size (Fig. 3 A) and
surrounded by granular particles of about 0.5 um in size (Fig. 3 B arrow). EDX spectrum
of a bacillus type of bacterium in reddish brown biomats shows in Fig. 3 C. The arrow in
Fig. 3 B indicated analytical point for EDX showing the presence of Fe, Ca, Si, P, Cl, K
and As with a hilly back ground, which suggest the presence of organic materials. Further-
more, SEM elemental mapping showed that the association of Fe and As on the bacterial
surface within a specific area, while Ca and Si were observed although the cell surface (Fig.
4). It was indicated that the bacterial cells are capable to accumulate Fe and As with Si and
Ca from the mineral spring water.

3.3. FT-IR and XRD

The spectra in Fig. 5 A imply that organic components are present in the reddish
brown biomats. The most intense contributions consist of two doublets one at 2853-2923
cm ' arising from stretching of C-H, C-H groups and the others at 1653-1744 cm ' stretch-
ing of C=0 and C=0 groups. Additionally the presence of peptide linkage functional
groups are notable, such as N-H, -COOH and CNH at 3287, 3068 and 1546 cm ' bands
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Fig. 3 SEM image of the reddish brown biomats, showing the bacterial colony (mainly consisted of
bacillus types of bacteria) aggregated with granular particles (A). Closed up bacillus cell (indi-
cated by arrow) surrounded by granular particles (B). The EDX spectrum of a bacterium (ana-
lyzed in the arrow pointed B) indicating the presence of Fe, Ca, Si, P, CI, K and As (C).
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Fig. 4 SEM image (A) and the EDX maps (B) of the reddish brown biomats, showing the association of
Fe and As in the same bacterial surface whereas Ca and Si are observed at almost all the cell sur-
face (B).
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Fig. 5 FT-IR spectrum of the reddish brown biomats showing the presence of organic and inorganic sub-
stances. The C-H, N-H, C=0, and CNH bands are derived from peptides contained in bacterial
cells. The Si-O and Fe-O bands are derived from biominerals (A). The XRD pattern at about 2.7

A shows the presence of amorphous or poorly crystalline materials, suggesting hydrous iron ox-
ides (B).

respectively. Furthermore, the stretching peaks at 465, 535 cm™ and 1035 cm suggest the
presence of Fe-O and Si-O. The XRD patterns of the reddish brown biomats from

Masutomi mineral springs reproduced in Fig. 5 B showed the hilly peak at about 2.7 A
suggesting the presence of hydrous iron oxides.

3.4. TEM

The microbial mats, collected from Mastomi mineral springs showed the dominance
of coccus and bacillus types of bacteria that formed colonies (Fig. 6 A). The size of coccus
is about 100 nm in diameter. As far as bacillus type of bacteria is about 200~ 1000 nm in
length and 100~200 nm in width (Fig. 6 B, C and D). Most of them have a crust of about
50 nm in thickness, which made a capsule. Electrical high-density crust formation process
has been seen in Fig. 6 B, C and D. In the later stage, bacillus type bacteria formed
spherules range between 100~200 nm in diameter. These are also electrical high-density
(Fig. 6 D). At the final stage, both of the extra and intra cellular surface of bacillus type
cell was covered with numerical cohesive spherules (Fig. 7 A, B). The coccus typed
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Fig. 6 TEM micrographs of bacterial cells in the reddish brown biomats indicating the dominance of ba-
cillus and coccus types of bacteria encrusted with granular particles (A). Image of a bacillus
typed cell about 200~1000 nm in length and 100~200 nm in width showing the successive
process of crust formation by cohesive materials around their cell wall (B). Electrically highly de-
nsed bacillus types of bacteria undergo encrustation (C). High densed nanoparticulate materials

encapsulate the cell. Colloidally aggregated nanoparticles are also existence (D). Biomineraliza-
tion processes can be followed as B, C, and D.
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“

Fig. 7 TEM micrographs of the bacillus (A, B) and coccus (C) types of cells covered with abundant
spherules around 10~ 100 nm in diameter. Thin flaky materials are formed around spherules (B).
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Fig. 8 TEM micrographs of the bacillus typed cell covered with numerical spherules around 50~ 100
nm in diameter (A, B). Oriented lattice images are also can be seen in the cell (1.2~3.9 nm)(B).
Electron diffraction (ED) pattern of the capsule around the bacterial cell wall indicates amor-
phous (D) or poorly crystallized (C) lollingite (FeAs,) showing diffraction at 1.62, 2.21, 2.69 and
3.01 A (C). The 3.01 A diffraction is identified as calcite (CaCO) underneath of lollingite.
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bacteria also heavily encapsuled with spherules (Fig. 7 C). Numerous spherules are formed
on cellular surface of bacillus type bacteria (Fig. 8 A). The spherules are composed of Fe-
As, which show the defused electron diffraction pattern at 1.62A, 2.21A, 2.69A and 3.01A
(Fig. 8 C, D) suggesting lollingite (FeAs) and calcite (CaCOs). This is also consistent with
the SEM-EDX data. The highly magnified TEM image of Fig. 8 B shows lattice images on
the cell surface. The space of lattice image ranges between 1.2~3.9 nm on the bacterial
surface suggesting the presence of calcite underneath of lollingite spherules (Fig. 8 B).
Extra and intra cellular surfaces of both bacillus and coccus types of cells were covered
with numerical cohesive spherules around 10~100 nm in diameter.

4. Discussion

In this study the results revealed that bacillus and coccus types of bacteria in the red-
dish brown biomats of Masutomi mineral springs are capable of adsorb Fe and As forming
lollingite by microbial processes in an As contained spring water system. It is ambiguously
identified that both of the bacillus and coccus types of bacteria are enable to accumulate Fe
and As around their extra and intra cellular surface. Generally the cell wall of microbes
contains more or less polysaccharides, proteins, amines, or polyamines (Oshima, 1995 ;
Asada and Tazaki, 2001). Bacteria can produce macromolecules outside of their cell wall,
commonly consisting of polysaccharides together with some protein, DNA and RNA
(Geesey and Jang, 1990). The cellular systems actively transport ion through their mem-
brane in order to maintain osmotic stability (Simkiss and Wilbur, 1989). The reasons re-
semble with this study basing on the optical microscope, SEM, TEM observation and FT-
IR analyses. The heavy metals and toxic materials can be accumulated by bacteria after
precipitation or accumulation processes of insoluble metals (Lloyd and Macaskie, 2000).
Microorganisms in different color of biomats, (e.g. green, black, and reddish brown) could
accumulate heavy metals and toxic elements in the geo-aquatic environments through ad-
sorption, precipitation, complexation or transportation (Gadd, 1992 ; Nagai and Tazaki,
2000 a, 2000 b, 2001 ; Islam and Tazaki, 2000 b). Ledin (2000) reported that metal ion
was accumulated by bacteria in presence of other ions and showed that Scenedesmus pan-
nonicus can accumulate As, which is consistent to Demon et al. (1998). In addition
Labrenz et al. (2000) also reported some selective microorganism (e.g. the bacteria of Di-
sulfobacteriacea family) can survive in highly toxic environment and can reduce aqueous
Zn, As, and Se concentration to well below the acceptable level by the geochemical and
microbial processes. Hence, it is reasonable to assume that bacteria can clean up As pol-
luted water, because recently technologies for As removal and environmental remediation
will be considered in a combination of geology with microbiology (Fyfe et al., 2000). Be-
sides this Pseudomonas aeruginosa can accumulate Fe (I) and Fe (III), Cu (II), Pb (II)
with U (Hu et al., 1996). Zoogloea ramigera also showed the capability of Fe (III) with Pb
(@), Ni (II), and Cu (II) (Sag and Kutsal, 1995). The similarity has been found in the pre-
sent study that bacteria can adsorb Fe and As to form lollingite (FeAs.).
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The presence of various functional groups on the bacterial surface can interact with
metals. The importance of-COOH (carboxylic) and NH, (amino) groups has been empha-
sized for binding metals (Beveridge and Murry, 1976, 1980 ; Beveridge, 1981, 1989). For
an instance, when As enters the human-body once by drinking or through membrane also,
it can not comes out easily as it might be forming a arsenic-protein complex (Minato,
1989 ; Islam and Tazaki, 2001) and remains in the body. It might also be considered for
the microorganisms, as having high molecular polymeric peptide bonded protein com-
pound in their cell surface (Jones, 1997). Polysaccharides of bacterial capsule can also be
influenced by the presence of metals, because metals and metalloids can serve as cofactors
in polysaccharides synthesis (Geesey et al., 1988). For example, the mucoid substance
(polysaccharides) of some oxidizing bacteria such as Toxothrix sp. is very effective for ad-
hesion of Fe’ producing iron hydroxide Fe(OH); biominerals (Tashiro and Tazaki, 1999).
The iron hydroxides are expected to have a key role in the geochemical behavior of toxic
heavy elements or harmful radionuclides by their accumulative or incorporative character
on or into the cell surface (Schwertmann, 1988 ; Schwertmann and Taylor, 1989). Ca™ can
also be adhered to the bacterial surface forming calcite (CaCOs) (Yasuda et al., 2000). Asada
and Tazaki (2000) reported that silica biomineralization also takes place in microorganisms
and forming Si crust over their cell surface, even under the strong acidic condition.

In our study it might be suggested that polysaccharides of bacteria in microbial mats
could adsorb Si and Ca first, from the spring water to form a complex minerals containing
calcite in the preliminary stage. In the secondary stage Fe-As adsorption takes place
through cohesive method to form spherules, and finally producing Fe-As biominerals
(lollingite) over the calcite that encapsuled the bacterial cell surface (Fig. 9). Goldberg and
Glaubig (1988) reported that calcite is capable to adhere As strongly for adsorption when
pH value ranges between 6~ 10. It is notable that pH value of mineral spring water ranges
between 6.5~7.7. It might be the reason of lollingite formation in the secondary stage.
However, microbial mineralization of metals or metalloids can clean up the environmental
geo-aquatic ecosystem (Lovley, 2000), having their (microorganism) endurance ability in
the toxic environment as in As or Ti polluted area (Tazaki et al., 1998).

Consequently, bacteria in microbial mats certainly play an important role in the for-
mation of biominerals with heavy metals or toxic metalloids like Fe and As. Stabilized As
in minerals is less harmful for human beings rather than its ionic form. That’s why it also
might be considered that selective bacteria can play an important role in the natural biore-
mediation process of As polluted geo-aqua ecosystem.

5. Conclusion

Bacteria in the reddish brown biomats show the formation of Fe-As biominerals
(lollingite FeAs,). TEM on direct observations show the processes of Fe-As encrustation
over the bacterial capsule by adhering and cohering materials. Bacillus and coccus types of
bacteria in the reddish brown biomats play an important role for cleaning the As polluted
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geo-aqueous system. Bacteria have the metal accumulating character even in the toxic en-
vironment as they can endure there.

Acknowledgement

We wish to express our thanks to Dr. Okuno, M. of Kanazawa University for allowing
to use FT-IR. Thanks are also due to Furokaku and Gorosha Hotel for their cooperation
during sampling in Masutomi mineral springs. We would also extend our gratitude to Dr.
Asada, R. of Kanazawa University for his cooperation and technical assistance. This study
was supported by the grants from the Japanese Ministry of Education, Science and Culture.

References

Akai, J. (1997). Fe - As precipitates at hot springs partially derived from bacterial a ction-A viewpoint
for processes of As pollution of groundwater-. Geological education and scientific movement, 60-69.

Ariza, L.M. (1998). River of Vitriol. Scientific American. Sept. 15-18.

Asada, R. and Tazaki, K. (2000). Biomineralization of silica associated with colonization of an unicellu-
lar alga, Cyanidium caldarium, in an acidic hot spring. The Journal of The Geological Society of Ja-
pan, 106, 9, 597-608.

Asada, R. and Tazaki, K. (2001). Silica biomineralization of unicellular microbes under strongly acidic
conditions. The Canadian Mineralogist, 39, 1-16.

Asia Arsenic Network (AAN), Research Group for Applied Geology (RGAG), Department of Occupa-
tional and Environmental Health (DOEH), National Institute of Preventive & Social Medicine
(NIPSM), Bangladesh (1999). Arsenic contamination of ground water in Bangladesh. Interim Re-
port of the Research at Samta Village, 90 pp.

Banfield, J.F. and Nealson, K.H. (1999). Interactions between Microbes and Minerals. Geomicrobiology,
Reviews in Mineralogy, 35, Washington. Mineralogical Society of America. 351.

Beveridge, T. (1981). Ultrastructure, chemistry, and function of the bacterial wall. Int. Rev. Cytol, 72,
229-317.

Beveridge, T. (1989). Interactions of metal ions with components of bacterial cell walls and their
biomineralization. In poole, R., Gadd, G. (Eds.), Metal microbe interactions : Spec. Publ. Soc. Gen.
Microbiol , 65-83.

Beveridge, T. and Murry, R. (1976). Uptake and retention of metals by cell walls of bacillus subtili. J.
Bacteriol , 127, 1502-1518.

Beveridge, T. and Murry, R. (1980). Sites of metal deposition in the cell wall of bacillus subtilis. J. Bac-
teriol , 141, 2, 876-887.

Demon, A., de Bruin, M. and Wolter, H. (1998). The influence of pre-treatment, temperature and cal-
cium ions on tress element uptake by an alga (Scenedesmus pannonicus subsp. Berlin) and fungus
(aureobasidium pullulans) : Environ. Monit. Asscss, 13, 21-33.

Fuji, T. and Karim, M.M. (1998). Arsenic in ground water and health problems in Bangladesh. Annual



64 Kaori Nacar , ABM Rafiqul IsLam , Kazue TazAk1

Journal of Hydraulic Engineering, 42, 397-401.

Fyfe, W.S. (1997). The earth science and Society : The needs for the 21" century. Proc. 30" Int’l. Geol.
Congr, 2 & 3. 147-162.

Fyfe, W.S., Han, J. and Koval, S. (2000). Sulphide minerals and bacteria clean arsenic polluted water :
But where do we put the waste?. Cogeoenvironment, 17, 15-16.

Gadd, G.M. (1992). microbial control of heavy metal pollution. In Fry, J.,G. M., Herbert, R.A., Jones, C.
W., Watsoncraik, I.A., (Eds) Fourty-Eight symposium of the society for general microbiology, Cam-
bridge University press. the university of Cardiff. March. 59-88.

Geesey, G.G., Jang, L., Jolley, J.G., Hankins, M.R., Iwaoka, T. and Griffiths, P. R. (1988). Binding of
metal ions by extracellular polymers of biofilm bacteria. Water Sci. Technol , 20, 11/12, 161-165.

Geesey, G.G. and Jang, L. (1990). Extracellular polymers for metal binding. In : Ehrlich, H.L., Brierley,
C.L. (Ed.), Microbial Mineral Recovery. McGraw-Hill Publishing Company, New York, 223-247.

Goldberg, S. and Glaubig, R.A. (1988). Anion sorption on a calcareous nontmorillonitic soil-Arsenic.
Soil Sci. Soc. Am.J ., 52, 1297-1300.

Hu, M.Z.C., Norman, J.M., Faison, B.D. and Reeves, M.E. (1996). Biosorption of uranium by Pseudo-
monoas aeruginosa strain CSU. characterization and comparison studies. Biotechnol. Bioeng., 51,
237-247.

Islam, ABM. R. and Tazaki, K. (2000 a). As-Contaminated underground water and plants. Abstracts of
the 107" Annual meeting of the Geological Society of Japan, 212.

Islam, ABM. R. and Tazaki, K. (2000 b). Arsenic accumulation in microbial mats from underground
water in Bangladesh. The Science Report of Kanazawa University, 45, 1-12.

Islam, ABM. R. and Tazaki, K. (2001). The Actual condition of Arsenic pollution in Bangladesh. Ab-
stracts of the 108" Annual meeting of the Geological Society of Japan, 39.

Jack, C.Ng., Johnson, D., Imray, P., Chiswell, B. and Moore, R.M. (1998). Speciation of arsenic metabo-
lites in the urine of occupational workers and experimental rates using an optimised hydride cold-
trapping method. Analyst, 123, 929-9363.

Jones, J.M. (1997) Organic Chemistry. W. W. Norton&Company, Inc., 1394 pp.

Kaiser, J. (2000). Net watch. Science, 288, 1699.

Krumbein, W.E. (1979). Photolithotropic and chemoorganotrophic activity of bacteria and algae as re-
lated to beach rock formation and degradation (Gulf of Aqaba, Sinai). Geomicrobiol. J ., 1, 139-203.

Labrenz, M., Druschel, G.K., Ebert, T.T., Gilbert, B., Welch, S.A., Kemner, K.M., Logan, G.A., Sum-
mons, R.E., Stasio, G.D., Bond, P.L., Lai, B., Kelly, S.D. and Banfield, J.F. (2000). Formation of
Sphalerite (ZnS) Deposits in Natural Biofilms of Sulfate-reducing Bacteria. Science, 290, 1744-
1747.

Lena, Q.M., Kenneth, M.K., Cong, T., Weihua, Z., Young, C. and Elizabeth, D.K. (2001). A fern that
hyperaccumulates arsenic. Nature, 409, 579.

Ledin, M. (2000). Accumulation of metals by microorganisms-processes and importance for soil systems.
Earth-Science Reviews, 51, 1-31.

Lloyd, J.R. and Macaskie, L.E. (2000). Bioremediation of Radionuclide-Containing Wastewater. edited

by Lovely, D.A., in Environmental Microbe-Metal Interactions, Washington. American Society of



Bacterial Fe-As mineralization 65

Microbiology. 277-327.

Lovley, D.A. (2000). Environmental Microbe-Metal Interactions, Washington : American Society of Mi-
crobiology, 3-384.

Minato, H. (1998). Environmental problem of arsenic-toxicity and non toxicity in the natural and applied
geology-.Tokai university publishing meeting, 4, 201 pp.

Nagai, K., Kunimine, Y., Tada, Y., Tanaka, Y., Nawatani, N., Mogi, K., Ohno, M., Tazaki, K. and
Yamamoto, M. (1999 a). Accumulation of Arsenic in Microbial Mats of Masutomi Mineral Springs.
Abstracts of The 50" Anniversary of the Foundation of Kanazawa University, International Sympo-
sium Earth-Water-Humans, 110-112.

Nagai, K., Tanaka, Y., Tada, Y., Nawatani, N., Mogi, K., Ohno, M., Kunimine, Y., Tazaki, K. and
Yamamoto, M. (1999 b). A high concentration of Arsenic in Biomats. Abstracts of The 43" Annual
meeting of The Clay Science Society of Japan. 114-115.

Nagai, K. and Tazaki, K. (2000 a). Arsenic Biomineralization in Microbial Mats. Abstracts of Japan
Earth and Planetary Science Joint Meeting.

Nagai, K. and Tazaki, K. (2000 b). Accumulation of Arsenic in Microbial Mats Echosystem. Abstracts of
the 107" Annual meeting of the Geological Society of Japan, 38.

Nagai, K. and Tazaki, K. (2001). Arsenic Biomineralization in Microbial Mats. Abstracts of the 108"
Annual meeting of the Geological Society of Japan, 206.

Newman, D.K., Dianne, A. and Morel, M.M.F. (1998). A Brief Review of Microbial Arsenate Respira-
tion. Geomicrobiology, 15, 255-268.

Oshima T. (1995). Life started the hot water. Tokyo kagaku dojin, Science in action series, 24, 141 p.

Rosen, B.P. (1999). Families of arsenic transporters. Trends in Microbiology, 7, 179-220.

Sag, Y. and Kutsal, T. (1995). Biosorption of heavy metals by Zoogloea ramigera. use of adsorption iso-
therms and a comparison of biosorption characteristics. Chem. Eng. J ., 60, 181-188.

Schwertmann, U. (1988). Some properties of soil and synthetic iron oxides. Iron in Soils and Clay Min-
erals, Stucki, J.W., Goodman, B.A. and Schwertmann, U. (Eds.), NATO ASI ser. 217, Chap.9.
Schwerrmann, U. and Taylor, R.M. (1989). Iron oxides. Minerals in Soil Environments, Dixon, J.B.,

Weed, S.B. (Eds), Soil Science Society of America Book Series, 1, Chap.8.

Simkiss, K. and Wilbur, K.M. (1989). Biomineralization-Cell biology and mineral deposition-. Aca-
demic Press, Inc., 3-10.

Tashiro, Y. and Tazaki, K. (1999). The primitive stage of microbial mats comprising iron hydroxides.
Earth Science (Chikyu Kagaku), 53, 29-37.

Tazaki, K. and Ishida, H. (1996). Bacteria as nucleation sites for authigenic minerals. Jour. Geol. Soc.
Japan, 102, 866-878.

Tazaki, K., Ueshima, M., Asada, R. and Ohno, M. (1998). Arsenic bioavailability in clays. Nendo Ka-
gaku (Clay Science), 38, 54-67.

Tazaki, K. (1999). Architecture of biomats reveals history of geo-,aqua-,and bio-systems. Episodes, 22,
21-25.

The central spring lab. (1972). The investigation of geological feature of Sutama, at Kitakyoma, in

Masutomi mineral spring. The report of spring in Yamanashi prefecture.



66 Kaori Nacar , ABM Rafiqul IsLam , Kazue TazAk1

Yaita, T., Ozeki, K. and Kimura, K. (1991). Chemical compositions of the spring waters from Masutomi
and other Northern Yamanashi springs, Japan. Chikyukagaku (Geochemistry), 25, 49-58.

Yasuda, T., Kato, H. and Tazaki, K. (2000). Crystal growth of calcite in microbial mats in hot springs in
controlled by microorganism. The Journal of The Geological Society of Japan, 106, 8, 548-559.



