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Abstract

The effect of microorganisms on Fe precipitation rates at neutral pH in the field was examined. The studied area was a
cave having Fe-stalactites composed mainly of ferrihydrite and associated microorganisms. The microorganisms were
covered with ferrihydrite. Water associated with stalactites was slightly supersaturated with respect to ferrihydrite, and had a
dissolved oxygen concentration of 2 ppm, a pH of 6, and an Fe concentration of approximately 14 ppm. Fe precipitation
rates were estimated from decreases in Fe concentrations in water during flowing through the Fe-stalactites. The estimated
Fe precipitation rate in the field ranges from 6.8=10y8 to 4.0=10y7 molrlrs. These values are in good agreement with

Ž .bulk estimates of Fe-stalactite growth rates derived from the length increase 1.3 cm of one formation over 30 days. The
estimated Fe precipitation rates are faster by about four orders of magnitude than expected inorganic precipitation rates.
On-site Fe precipitation experiments with sterilized and unsterilized Fe-stalactites and without Fe-stalactites indicate that
microorganisms are the controlling factor accelerating Fe precipitation rates at neutral pH. These results suggest that
microbially accelerated Fe precipitation rates are more likely related to exopolysaccharides and microbial surface properties
than metabolic precipitation mechanisms. q 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Iron minerals occur widely in various geological
environments at the Earth’s surface, play an impor-
tant role in Fe transport and distribution and are
important adsorbents for various dissolved cations.
Iron minerals can be formed by bacterial processes
Že.g. Ferris et al., 1988; Ghiorse and Ehrlich, 1992;

. Ž .Mann et al., 1992; Brown et al., 1999 . Iron III
hydrolysis and precipitation proceed more rapidly
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Ž .than Fe II oxidation at the Earth’s surface, and
Ž .therefore Fe II oxidation can be a rate-controlling

influence on the formation of Fe minerals, especially
Žferrihydrite Singer and Stumm, 1970; Brown et al.,

.1994; Kirby et al., 1999 . Microorganisms such as
Thiobacillus ferrooxidans catalyze the oxidation of
Ž . ŽFe II in natural systems at low pH Noike et al.,

.1983; Schrenk et al., 1998; Kirby et al., 1999 , and
Ž . Žthus accelerate the rate of Fe II oxidation Singer

and Stumm, 1970; Pesic et al., 1989; Kirby et al.,
. Ž . 5 61999 . Fe II oxidation rates are 10 to 10 times

faster in acid mine drainage containing Fe-oxidizing
bacteria such as T. ferrooxidans than abiotic labora-

Žtory rates under acidic pH conditions Singer and
Stumm, 1970; Noike et al., 1983; Williamson et al.,
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.1992 . However, the effect of Fe-oxidizing bacteria
Ž .on Fe II oxidation rates has not been quantified

Ž .adequately. For instance, Kirby et al. 1999 applied
Ž .the rate law proposed by Pesic et al. 1989 to Fe

oxidation rates in acid mine drainage with the pres-
ence of T. ferrooxidans, and found that the measured
bacterial concentration is approximately 107 times
lower than those required to show any significant

Ž .bacterial effect on Fe II oxidation.
Ž . Ž .Barry et al. 1994 compared Fe II oxidation

rates between untreated, gamma irradiated and auto-
Ž .claved Fe III sediments in the laboratory at an
Ž .initial Fe II concentration of 0.5 ppm and pH of

Ž .;5; Fe II oxidation rates decreased by a factor of
100 for gamma irradiated sediment and by ;2000
for autoclaved sediment, compared to untreated sedi-
ment. The differences in oxidation rate among the
three sediments may be attributed to differences in

Ž .pH and soil conditions Barry et al., 1994 .
Ž .Iron II oxidation is thought to occur predomi-

nantly inorganically at neutral pH, where oxidation
Žrates obtained from field studies Kirby and Elder

.Brady, 1998 are consistent with those calculated
from the inorganic rate law of Stumm and Lee
Ž .1961 . In these environments Fe-oxidizing bacteria
such as Gallionella and Leptothrix are observed at

Žgroundwater seeps Crerar et al., 1979; Lutters-
Czekalla, 1990; Hallbeck et al., 1993; Emerson and
Revsbech, 1994a; Ehrlich, 1996; Emerson and

.Moyer, 1997; Casanova et al., 1999 . Hallbeck and
Ž . Ž .Pedersen 1991 and Hallbeck et al. 1993 demon-

strated that G. ferruginea grows autotrophically and
mixotrophically with CO , glucose, fructose and su-2

Ž .crose as carbon sources and Fe II as an electron
Ž .donor. Brown et al. 1994 showed that Fe precipi-

tates aerobically as ferrihydrite and anaerobically as
siderite in neutral pH to weakly alkaline biofilms at
depths of 400 m at the Underground Research Labo-

Ž .ratory. Brown et al. 1998 indicated from the results
Žof laboratory experiments at pH 7 that siderite Brown

.et al., 1994 could occur only by the activity of
microorganisms such as Fe-reducing bacteria. On the

Ž .contrary, Ehrlich 1996 showed that there is no
unequivocal evidence for Fe oxidation by Gal-
lionella, and no clear evidence for enzymatic Fe
oxidation by Fe-oxidizing bacteria at neutral pH.
Thus, there is no definitive conclusion on the effect

Ž .of microorganisms on Fe II oxidation at neutral pH.

Ž .Yoneyama 1998 found microorganisms in Fe-
stalactites in a cave near the Seki hot spring, Niigata,
Japan. This site is suitable for examining the role of
microorganisms in the formation of Fe minerals at
circumneutral pH. We investigated the mineralogy of
Fe minerals occurring around the microorganisms
present in the Fe-stalactites and measured Fe precipi-
tation rates in the cave. We also did on-site Fe
precipitation experiments with sterilized and unsteril-
ized Fe-stalactites and without Fe-stalactites in the
cave to examine the effect of microorganisms on Fe
precipitation rates.

Fe-mineral precipitation includes reaction steps
Ž . Ž .such as Fe II oxidation, Fe III hydrolysis and pre-

Ž .cipitation. Oxidation of Fe II is the rate controlling
Ž .step at neutral pH Singer and Stumm, 1970 . Fe-

Ž .mineral precipitation including Fe II oxidation is
hereafter referred to as Fe precipitation in the present
study to avoid unnecessary confusion.

2. Samples and methods

2.1. Samples

The Seki hot spring is located at the eastern foot
of the Myoko Volcano in Niigata Prefecture, Japan.
The rocks of this area are predominantly andesitic.

Ž .Fe-stalactites samples S1–S8 and initial water sam-
ples were collected from the ceiling at the entrance
in the cave near the source of the hot spring. For the
on-site Fe precipitation experiments mentioned be-
low, we used another Fe-stalactite and water sample
collected in the same way. The experimental proce-
dures are given in Fig. 1 schematically.

2.2. Solid analysis

Ž .Solid-phase analyses Fig. 1a were carried out
for Fe-stalactite samples S1–S4. Fe-stalactite sam-
ples were dried at room temperature for a week in
advance for the solid analysis. Thin sections of the
interiors of the Fe-stalactites were examined by light

Ž .microscopy LM . Density was determined by the
Archimedes method; after a sample mass was mea-
sured in air, a mass of the sample in water, thinly
coated with resin to avoid water penetration into the
sample, was measured, yielding a volume estimate.
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Ž . Ž .Fig. 1. Experimental procedures. a Flowchart of the procedures and methods, b illustration for the measurements of Fe precipitation rates
Ž .in the field, and c illustration of the on-site Fe precipitation experiments with sterilized and unsterilized Fe-stalactites and without

Fe-stalactite.

Chemical analysis of the Fe-stalactites was carried
out by inductively coupled plasma atomic emission

Ž . Žspectrometry ICP-AES Seiko Instruments,
.SPS7700 . Twenty milligrams of sample was im-

mersed into 100 ml of 1 M HCl solution and stirred
with a magnetic stirrer at 808C for 8 h. No precipi-
tates were found in the acid digests and it was
confirmed that all the materials were completely
dissolved. The mass loss of the sample after drying
at 1108C for 12 h was taken as mass of adsorbed

Ž .water, H O y . The subsequent ignition at 10008C2
Ž .for 4 h gave structural OH, H O q . The chemi-2

cal compositions of the Fe-stalactites are given in
Table 1.

Untreated and NaOH-treated samples of the Fe-
stalactites were used for X-ray powder diffraction
Ž . Ž .XRD and Fourier transform infrared FT-IR analy-
sis. The treated sample was prepared as follows: an
Fe-stalactite sample was immersed in 1 M NaOH
solution at 808C for 2 h and polymerized Si such as

biogenic opal and crystalline silica was extracted
Ž .Carlson and Schwertmann, 1981 . XRD patterns
were obtained by monochromatized CuKa radiation

Table 1
ŽChemical compositions of Fe-stalactites wt.% for oven-dried

.material

Elements S1 S2 S3 S4

SiO 17.29 17.28 16.03 17.312

Al O 0.02 0.06 0.01 0.042 3

Fe O 67.75 66.89 68.47 68.372 3

MnO 0.32 0.65 0.22 1.09
MgO 0.02 0.03 0.03 0.03
CaO 1.32 1.41 1.60 1.39
Na O 0.04 0.03 0.08 0.032

K O 0.02 0.01 0.02 0.012

P O 0.19 0.28 0.24 0.262 5
Ž .H O q 8.23 8.98 8.16 8.592

Total 95.20 95.62 94.86 97.12
aŽ .H O y 16.75 15.96 16.88 15.882

a Based on mass loss by heating at 1108C.
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Ž .using X-ray diffractometer Rigaku, RINT2000 . For
FT-IR analysis, a KBr pellet was made by homoge-
nizing 200 mg KBr with 2 mg of sample. The FT-IR
spectra were recorded using a JASCO FTrIR-350.

A sample of Fe-stalactite was dropped into a 2%
liquid agar at 40–508C, gently stirred, cooled with
ice for 10 s, and fixed for 2 h with 2.5% glutaralde-

Ž .hyde in cacodylate buffer pH 7.4 , and then for 1.5
h in 1% OsO in cacodylate buffer for transmission4

Ž .electron microscopy TEM examination. The sam-
ple was treated with ethanol, polypropylene oxide
and resin by gradual substitution, and prepared as

Ž .ultra thin sections about 60 nm thick by ultramicro-
tomy. TEM observations were carried out using a
JEOL JEM2010 operating at 200 kV. Elemental
analysis was made by energy dispersive X-ray spec-

Ž .trometry EDS attached to the TEM using a Kevex
Sigma system software package.

2.3. Microorganism analysis

The presence of microorganisms in the Fe-stalac-
tites was confirmed by laser scanning microscopy
Ž . Ž .LSM Olympus, FLUOVIEW using ethidium bro-

Ž .mide that stains DNA and RNA Fisar et al., 1990 .
The morphologies of microorganisms in the Fe-

Ž .stalactites were observed by LM Fig. 1a .

2.4. Solution analysis

Ž .Fe II concentrations of initial water samples were
measured by colorimetry using an o-phenanthroline

Ž .method Akai et al., 1999 in the field. The concen-
trations of NHq, some anions such as PO3y and4 4

y Ž .NO and dissolved oxygen DO were also analyzed3

by colorimetry in the field where Eh, pH and temper-
ature in the water samples were measured. For the
measurements of cation concentrations in the labora-
tory, 50 ml of each initial water sample was filtered
at 0.22 mm, and then 1 ml of 50% HNO was added3

to the water sample in the field to lower the pH and
preserve the metal ions for analysis. They were

Ž .analyzed for Si, Al, Fe total , Mn, Mg, Ca, Na and
K by ICP-AES. The chemistries of the initial water
are given in Table 2.

2.5. Measurements of Fe precipitation rates in the
field

As water runs down the side of or through an Fe-
stalactite, it precipitates Fe-oxides along the way.

Table 2
Ž .Chemistries of initial water ppm

a 3ybSi 47.3 PO -0.14
3qa ybAl n.d. NO -0.022

b ybŽ .Fe II 14.1 NO -0.13
cŽ .13.8–14.2

a 2ybŽ .Fe total 14.3 SO 51.84
dŽ .14.1–15.5

2qa ybMn 6.3 Cl 19.8
2qa b dŽ .Mg 20.4 DO 1.7 1.4–2.1

2qaCa 88.7
qa dŽ . Ž .Na 173 Temp. 8C 20.8 19 –21

qa dŽ .K 15.1 pH 6.0 6.0–6.1
qb dŽ . Ž .NH 2.4 Eh mV 236 229–2424

Values without parentheses were averages of three samples in
November 2000.
n.d.snot detected.

a Measured by ICP-AES.
b Measured by colorimetry.
c The parentheses indicated the range of concentrations mea-

sured in September 1999.
d The parentheses indicated the range of concentrations mea-

sured in September 1999 and November 2000.

Therefore, the Fe precipitation rates in the field were
estimated by decreases in Fe concentrations in water

Žsamples before and after cutting Fe-stalactites Fig.
.1b . A water sample was collected at the tip of an

Fe-stalactite. The volume of this sample, divided by
the time required to collect it, yielded a rate of flow
for the water. Another water sample was collected at
the tip of the Fe-stalactite for the measurement of Fe
concentration. Then, 15–25 cm of the Fe-stalactite
was cut from the tip and another water sample was

Ž .collected at the new tip Fig. 1b . Water samples, 50
ml each, was filtered at 0.22 mm and then 1 ml of
50% HNO was added to the water sample in the3

field. The Fe concentrations in the water samples
were analyzed by ICP-AES. The cut Fe-stalactites
were used to measure the mass of water contained in
them. Cut Fe-stalactites were weighed then heated to
1108C for 12 h and weighed again. The mass loss on
drying corresponds to the mass of water in the
original cut stalactite. We carefully collected cut
Fe-stalactites in plastic bags so as not to spill water
from them. Estimates of Fe precipitation rates ob-
tained through this method are given in Table 3.

We measured the length of an Fe-stalactite in the
cave in August and October, 1996 and April, June,
August and October, 1997 to compare the growth of
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the Fe-stalactite with the Fe precipitation rates ob-
tained by the above method.

2.6. On-site Fe precipitation experiments with steril-
ized and unsterilized Fe-stalactites and without Fe-
stalactites

To examine the effect of microorganisms on the
Fe precipitation rate, we carried out two on-site Fe
precipitation experiments with sterilized and unsteril-
ized Fe-stalactites. We prepared 265 ml of initial
water sample and 15 g of gently crushed Fe-stalactite

Ž .for each trial Fig. 1c . One of the two Fe-stalactites
was used for the live experiment and the other was
used after heating at 1208C for 1 h for sterilization.
Sterilization was confirmed by attempting to culti-
vate microbes from heated stalactite samples; a ster-
ilized Fe-stalactite was used to inoculate solid media
ŽKucera and Wolfe, 1957; Hallbeck and Pedersen,

.1990 containing FeS at pH 5.6. No colony growth
was observed in media inoculated with the sterilized
stalactite. In contrast, we found several kinds of
colonies in solid media inoculated with an unsterile
Fe-stalactite under the same conditions.

Cave water samples were filtered at 0.22 mm
Ž .before on-site experiments Fig. 1c . Filtered water

samples were poured into bottles containing steril-
Ž .ized and unsterilized Fe-stalactites Fig. 1c and

gently stirred at intervals of 20 min. Solutions of 10
ml were taken from the bottles at intervals of 20–200
min, filtered at 0.22 mm, acidified with 0.2 ml of
50% HNO , then were taken back to the laboratory3

for Fe concentration measurements by ICP-AES. We
measured water temperature, pH, Eh and DO con-
centrations at each time interval. Part of the filtered

initial water sample before the on-site experiments
was treated in the same way and measured for initial
Fe concentrations.

During on-site experiments, the temperature was
18"28C and DO concentrations were constant at
;2 ppm. We heated an Fe-stalactite at 1208C for 1
h, examined it by XRD, IR, TEM and confirmed no
change in the Fe-stalactite after heating.

We carried out a separate on-site Fe precipitation
experiment in which the filtered initial water sample
was placed into a reaction bottle with no Fe-stalactite

Ž .for 13 h Fig. 1c . The supernatant of this trial was
filtered and acidified with 0.2 ml of 50% HNO and3

the Fe concentration in this solution was measured
by ICP-AES.

3. Results

3.1. Mineralogy and chemistry of the Fe-stalactites

The XRD pattern of the untreated Fe-stalactite
had two broad bands, indicating that the Fe-stalactite

Ž .was X-ray amorphous or poorly crystalline Fig. 2 .
After removing silica from the Fe-stalactite by NaOH
treatment, there appeared two weak bands at about

Ž .0.26 and 0.15 nm Fig. 2 , consistent with two-line
Žferrihydrite or protoferrihydrite Chukhrov et al.,
.1973; Vempati and Loeppert, 1986 . The presence of

two-line ferrihydrite was confirmed by TEM and we
also found a small amount of higher crystalline

Žferrihydrite Eggleton and Fitzpatrick, 1988; Drits et
.al., 1993; Janney et al., 2000 by TEM.

The IR spectrum of the untreated Fe-stalactite
indicated the presence of amorphous silica and cal-

Table 3
Data for the estimation of Fe precipitation rates in the field

a b cSample Water Fe-stalactite Velocity Residence Fe conc. Fe conc. Fe precipitation
Ž . Ž . Ž . Ž . Ž .ml g mlrmin time min before cutting after cutting rate molrlrs

Ž . Ž .ppm ppm
y7S5 99 32 39.8 2.5 11.7 15.0 4.0=10
y8S6 147 29 11.9 12.4 8.4 11.2 6.8=10
y7S7 256 111 18.5 13.9 9.0 14.3 1.1=10
y7S8 88 48 2.3 38.2 1.9 15.0 1.0=10

aAmount of water contained in an Fe-stalactite, considering 1 g of water as 1 ml of water.
b Mass after heating at 1108C.
c Velocity of the flowing water.
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Fig. 2. XRD patterns of the untreated and NaOH-treated Fe-
stalactites.

Ž .cite in addition to ferrihydrite Fig. 3 . TEM revealed
that ferrihydrite coexisted with amorphous silica and
calcite in the submicron scale. The NaOH treated

y1 Ž .Fe-stalactite had a band at 938 cm Fig. 3 . The
band at 938 cmy1 was related to Fe–O–Si bonding
on the surface of ferrihydrite and the wave number
of 938 cmy1 indicated that ferrihydrite contained

Ž .4–5 wt.% Si SirFes0.14–0.17 in atomic ratio
ŽSchwertmann and Thalmann, 1976; Carlson and

.Schwertmann, 1981 . Chemical analyses showed that
the Fe-stalactites consisted of about 68 wt.% Fe O2 3

Ž .and 17 wt.% SiO Table 1 .2

3.2. Microorganisms in the Fe-stalactites

The florescence image of an Fe-stalactite by LSM
using ethidium bromide corresponded well to the

Fig. 3. IR spectra of the untreated and NaOH-treated Fe-stalac-
tites.

Fig. 4. Light micrograph of microorganisms in an Fe-stalactite.
Ž . Ž . Ž .The major microorganisms are a stalk-like, b sheath-like, c

Ž .fan-shaped, and d spherical. These microorganisms are not
identified.

transmission one by LM, indicating that microorgan-
isms were abundant in the Fe-stalactites. The major
microorganisms present in the Fe-stalactites had
stalk-like, sheath-like, fan-shaped and spherical

Ž .structures Fig. 4 .

3.3. Relationships between ferrihydrite and microor-
ganisms

The internal structure of an Fe-stalactite consisted
Žof plate-like and filament-like materials Pl and Fi in

.Fig. 5 forming a framework. The plate- and fila-

Fig. 5. Light micrograph of the interior of an Fe-stalactite. Fi:
filament-like material, Pl: plate-like material, and Po: pore.
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ment-like materials were probably microorganisms
on which ferrihydrite precipitated. The density of
0.52 grcm3 showed that the Fe-stalactites have a

Ž .significantly porous structure Po in Fig. 5 .
Microorganisms were mostly covered with ferri-

hydrite that coexisted with amorphous silica and
Ž .calcite e.g. Fer in Fig. 6 . TEM and EDS revealed

that the atomic ratios of SirFe were similar to one
another in the precipitates that occurred on the sur-
faces of microorganisms and distant from the sur-
faces. The average atomic ratio of SirFe of the
precipitates, obtained by TEM-EDS, was 0.33. This
value included the contribution of Si of amorphous
silica as well as that of Si bound to ferrihydrite by
Fe–O–Si bonding and thus, ferrihydrite and amor-
phous silica were distributed homogeneously in the
precipitates. The crystallinity of ferrihydrite was not
different between the positions of the precipitates, as
was the atomic ratio of SirFe.

3.4. Chemistry of initial water

The initial water was slightly supersaturated with
Ž .respect to ferrihydrite Vempati and Loeppert, 1989 .

Comparison of Fe concentrations in the initial water
Ž .between the field o-phenanthroline method and

Ž .laboratory ICP-AES revealed that all the Fe in the
Ž . Ž Ž . Ž .initial water occurred as Fe II Fe II and Fe total

.in Table 2 .

Ž .Fig. 6. TEM image of a microorganism Mi encrusted with
Ž .ferrihydrite Fer that coexists with amorphous silica and calcite.

3.5. Iron precipitation rate in the field

ŽWe did find differences in Fe substantially,
Ž ..Fe II concentrations in the water samples before

Ž .and after cutting the Fe-stalactites Table 3 . The
differences in Fe concentrations were due to the
formation of ferrihydrite in the Fe-stalactites. That is,
the difference in Fe concentration was equivalent to
the amount of Fe lost to the precipitation during
transport. In the present study, all the mass of Fe
calculated from the difference in Fe concentration
before and after cutting an Fe-stalactite was assumed

Ž .to be used to form ferrihydrite from dissolved Fe II .
Ž .The Fe precipitation rates in the field Table 3

were calculated by the equation

w x w xRs Fe y Fe rt 1Ž .Ž .conc ,after conc ,before

where R stands for the Fe precipitation rate
Ž . w xmolrlrs , Fe is the concentration of Feconc, after
Ž . w xmolrl after cutting an Fe-stalactite, Feconc, before

Ž .the concentration of Fe molrl before cutting the
Ž .Fe-stalactite, and t represents the residence time s

of water contained in the cut Fe-stalactite mlrwater
Ž .velocity mlrs . The residence time is the average

time that water remains in an Fe-stalactite. The
estimated Fe precipitation rate ranged from 6.8=

y8 y7 Ž .10 to 4.0=10 molrlrs Table 3 .
The growth rate of the Fe-stalactite for which we

measured the length in the cave throughout more
than a year was different between summer and win-
ter, but it was constant in each season; 1.3 cmrmonth
from April to October and 0.13 cmrmonth from
October to April the following year. The growth rate
of Fe-stalactites was very low in winter.

3.6. Iron precipitation with sterilized and unsteril-
ized Fe-stalactites

The Fe concentrations in water samples decreased
with time for the on-site Fe precipitation experiments
with sterilized and unsterilized Fe-stalactites. The
decrease in Fe concentration at each sampling inter-

Ž .val from the initial Fe concentration 14.1 ppm was
converted to a precipitated Fe amount required to

Ž .form ferrihydrite Fig. 7 , assuming all the decrease
in Fe concentration was attributed to the formation
of ferrihydrite. Iron loss by precipitation for the
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Fig. 7. Variations of precipitated Fe amounts with sterilized and
unsterilized Fe-stalactites. Circles are with the unsterilized Fe-
stalactite and crosses with the sterilized Fe-stalactite.

on-site experiment with an unsterilized Fe-stalactite
was faster than with a sterilized Fe-stalactite. The Fe
concentrations in the reactant solutions dropped to
10% from the initial value in 340 and 180 min for
the on-site experiments with sterilized and unsteril-
ized Fe-stalactites, respectively. During on-site ex-
periments, the pH increased gradually and the Eh

Žslightly decreased with time Figs. 8 and 9, respec-
.tively . There was no significant difference in pH

and Eh between experiments with sterilized and un-
sterilized Fe-stalactites.

The decrease in Fe concentration was extremely
small for the reference experiment lacking an Fe-
stalactite; the precipitated Fe amount was 0.042 mg
for 13 h, which should be compared to about 3.2 mg

Fig. 8. Variations of pH in the solutions with sterilized and
unsterilized Fe-stalactites. Circles are with the unsterilized Fe-
stalactite and crosses with the sterilized Fe-stalactite.

Fig. 9. Variations of Eh in the solutions with sterilized and
unsterilized Fe-stalactites. Circles are with the unsterilized Fe-
stalactite and crosses with the sterilized Fe-stalactite.

for 9 h in the experiment with the unsterilized Fe-
Ž .stalactite Fig. 7 .

4. Discussion

4.1. Characteristics of ferrihydrite

Ferrihydrite surrounds the individual surfaces of
Ž .the microorganisms Fig. 6 and is a major con-

stituent of the Fe-stalactites. The ferrihydrite shows
poor crystallinity with a two-ring pattern, the chemi-
cal composition is rich in Si and there is no essential
difference in crystallinity and composition of ferrihy-
drite on the surfaces of microorganisms and apart
from cell surfaces. The presence of Fe–O–Si bond-

Ž .ing on the surface of ferrihydrite Fig. 3 prevents it
from developing more ordered crystalline structures

Žsuch as hematite and goethite Henmi et al., 1980;
Carlson and Schwertmann, 1981; Vempati and Loep-

.pert, 1989; Mayer and Jarrell, 1996 . Therefore,
ferrihydrite in the Fe-stalactites is stable and does
not readily recrystallize to more ordered Fe phases.

4.2. Factors controlling Fe precipitation rates in the
field

Estimated field Fe precipitation rates ranged from
y8 y7 Ž .6.8=10 to 4.0=10 molrlrs Table 3 and are

dependent on Fe concentration in an Fe-stalactite
during water transport, volume of water in the Fe-
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stalactite and water through-flow rate. We observed
independently that an Fe-stalactite grows in length
by ;1.3 cm in a month, which is consistent with
the mass of ferrihydrite estimated from our measured
precipitation rates to grow in that time.

We calculated an Fe precipitation rate based on
Ž .the equation by Stumm and Lee 1961 and com-

pared it with our measured field Fe-precipitation
rates. The assumed conditions for the calculation
were a pH of 6, a DO concentration of 2 ppm, an
Ž .Fe II concentration of 14 ppm and a temperature of

Ž .208C Table 2 . The calculated, inorganic Fe precipi-
tation rate is 9.4=10y12 molrlrs, which is slower
by about four orders of magnitude than the observed

Ž .rates Table 3 .
Ž .The Fe II oxidation or Fe precipitation rate is

Žaffected by such factors as ferric hydroxide Tamura
et al., 1976; Sung and Morgan, 1980; Barry et al.,

. Ž1994 , organic acids Theis and Singer, 1974; Miles
. y 2y Žand Brezonik, 1981 , Cl and SO Sung and4

. 2q 2q 2q ŽMorgan, 1980 , Cu , Mn and Co Stumm and
.Lee, 1961 , and the presence of microorganisms

ŽSinger and Stumm, 1970; Pesic et al., 1989; Emer-
.son and Revsbech, 1994b; Kirby et al., 1999 . The

precipitated Fe amount, 0.042 mg for 13 h for the
reference on-site lacking an Fe-stalactite, yields an
Fe precipitation rate of 8.0=10y11 molrlrs, which
is one order of magnitude larger than 9.4=10y12

molrlrs, the calculated, inorganic Fe precipitation
rate. The stalactite-free value, 8.0=10y11 molrlrs,
includes the effects of factors such as aqueous or-
ganic acids, anions and cations. Ferric hydroxide

Žaffects the rate when the pH is 7 and higher Sung
.and Morgan, 1980 . Therefore, factors other than

microorganisms accelerate inorganic Fe precipitation
rates only by one order of magnitude and cannot
explain the observed Fe precipitation rates.

4.3. Effect of microorganisms on the Fe precipitation
rate

An inorganic Fe precipitation rate can be related
to Fe concentration at a given temperature if pH and

Ž .DO concentration are known Stumm and Lee, 1961 .
The temperature and DO concentration are almost
constant during the on-site Fe precipitation experi-
ments, and the pH difference between the sterilized

and unsterilized Fe-stalactite experiments is negligi-
Ž .ble Fig. 8 . In addition, factors other than microor-

ganisms do not accelerate inorganic Fe precipitation
rates significantly. Therefore, the Fe precipitation
rate as a function of Fe concentration obtained from
the on-site Fe precipitation experiments with steril-
ized and unsterilized Fe-stalactites can provide a
quantitative estimate of the effect of microorganisms
on the Fe precipitation rate if compared with an
inorganic rate.

To estimate the effect of microorganisms on the
Fe precipitation rate, we used the data in Fig. 7 and
obtained a relationship between Fe precipitation rates

Ž .and Fe concentrations in the solutions Fig. 10 .
Each Fe precipitation rate in Fig. 10 was obtained
from the slope of two neighboring data points in Fig.
7, and Fe concentration from an average of the two

Ž .neighboring data points see caption of Fig 10 . We
also give calculated, inorganic Fe precipitation rates
as a function of Fe concentration based on the

Ž .equation by Stumm and Lee 1961 in Fig. 10,

Fig. 10. Variations of Fe precipitation rates as a function of Fe
concentration in solution deduced from the data points in Fig. 7.
Circles are with the unsterilized Fe-stalactite and crosses with the
sterilized Fe-stalactite. The curve is a calculated, inorganic Fe
precipitation rate based on the equation by Stumm and Lee
Ž .1961 . The data deduction from Fig. 7 to Fig. 10 is: the horizon-

Ž . Ž .tal axiss Fe qFe r2 ppm and the vertical axiss logconc,a conc,b
wŽ . Ž . Ž . x Ž . Ž .P yP r T yT r W qW r2 molrlrs where T s isb a b a a b a

Ž .the sampling time, T s the sampling time next to T , Feb a conc,a
Ž .ppm the Fe concentration in the solution in the reaction bottle at

Ž .T , Fe ppm the Fe concentration in the solution in thea conc,b
Ž .reaction bottle at T , P mol the precipitated Fe amount at T ,b a a

Ž . Ž .P mol the precipitated Fe amount at T , W ml the volume ofb b a
Ž .the solution in the reaction bottle at T , and W ml the volume ofa b

the solution in the reaction bottle at T .b
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Žassuming a constant DO concentration, 2 ppm see
.Section 2.6 , and considering pH change with time

Ž .Fig. 8 . The Fe precipitation rates with sterilized
and unsterilized Fe-stalactites at an Fe concentration
of 14 ppm are approximately within the range of

Ž .those in the field Fig. 10 and Table 3 .
There are three possibilities for the effect of

Ž .microorganisms on the Fe precipitation rate: 1 the
Ž .metabolism of microorganism e.g. Ehrlich, 1996 ;

Ž .2 the surface sites of microorganisms that might
Žhave –COOH, –OH, and –NH groups e.g. Stone,2

. Ž1997 , and exopolysaccharides e.g. Clarke et al.,

. Ž .1997 ; and 3 a combination of the above two. The
Fe precipitation rates with the sterilized Fe-stalactite
Ž .crosses in Fig. 10 correspond to those affected only
by the surface sites of microorganisms and ex-
opolysaccharides and those with the unsterilized Fe-

Ž .stalactite circles in Fig. 10 by a combination of the
surface sites and exopolysaccharides, and the
metabolism of microorganisms. Therefore, the differ-
ence between the crosses and circles in Fig. 10 is
attributed to the effect of the metabolism of microor-
ganisms.

There is a difference by three or four orders of
magnitude between the calculated, inorganic Fe pre-
cipitation rate and those with sterilized and unsteril-
ized Fe-stalactites, and the difference in Fe precipi-
tation rate between sterilized and unsterilized

Ž .Fe-stalactites is a factor of two to three Fig. 10 .
Because the Fe precipitation rate without Fe-stalac-
tite, 8.0=10y11 molrlrs, is faster by at most one
order of magnitude than the calculated, inorganic Fe
precipitation rate, about 1=10y11 molrlrs at an Fe
concentration of 14 ppm, the above differences
strongly indicate that the major factor to control the
observed Fe precipitation rates in the field is ex-
opolysaccharides and the surfaces of microorgan-
isms. Although the activity of living microorganisms
is lost by sterilization, dead microorganisms can
supply exopolysaccharides and surface sites for
catalysis of Fe precipitation. Thus, microorganisms
control the Fe precipitation rate even at neutral pH
and for water supersaturated with respect to ferrihy-
drite.

Ž .Emerson and Revsbech 1994b concluded that
50–80% of Fe precipitation is attributed to the
metabolism of microorganisms in laboratory experi-
ment with the presence of Gallionella, Leptothrix

and unicellular bacteria and 3–6 ppm of Fe concen-
tration at pH of 6.9–7.2. Similarly, our result shows
a small difference in Fe precipitation rate between
sterilization and unsterilization, which suggests the
metabolism of microorganisms slightly accelerate the
Fe precipitation rate in the field. However, because
we carried out the on-site Fe precipitation experi-
ments once and the difference in Fe precipitation rate
between sterilization and unsterilization is small, the
effect of the metabolism of microorganisms is not
yet certain.

5. Conclusions

Iron-stalactites in which microorganisms were
covered with ferrihydrite were found on the ceiling
of a cave near the source of a hot spring in Niigata,
Japan. Fe precipitation rates were measured in the
cave and the effects of microorganisms on Fe pre-
cipitation rates at neutral pH was examined. Initial
water was slightly supersaturated with respect to
ferrihydrite, had a pH of 6 and an Fe concentration
of approximately 14 ppm. The major conclusions
drawn from the present study are as follows.

Ž .1 Precipitated ferrihydrite is homogeneous struc-
turally and chemically in the Fe-stalactites even on
the surfaces of the microorganisms.

Ž .2 The Fe precipitation rates in the field are
estimated from decreases in Fe concentrations in
water flowing through the Fe-stalactites, volumes of
water contained in the Fe-stalactites, and velocities
of water flowing through the Fe-stalactites. The Fe
precipitation rate ranges from 6.8=10y8 to 4.0=
10y7 molrlrs. Fe-stalactite growth rates were ap-

Ž .proximately 1.3 cmrmonth in summer season ,
based on the measured length of an Fe-stalactite
measured in the cave over approximately 1 year.

Ž .3 The estimated Fe precipitation rates in the
field are faster by about four orders of magnitude
than those calculated assuming inorganic Fe precipi-
tation alone.

Ž .4 Factors such as ferric hydroxide, organic acids,
anions such as Cly and SO2y and cations such as4

Cu2q, Mn2q and Co2q do not affect significantly Fe
precipitation rates in the field. This is confirmed by
the on-site Fe precipitation experiment without an
Fe-stalactite.
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Ž .5 The on-site Fe precipitation experiments with
sterilized and unsterilized Fe-stalactites and without
Fe-stalactite reveal that microorganisms accelerate
the Fe precipitation rate by about four orders of
magnitude compared with inorganic processes even
with water supersaturated with respect to ferrihydrite
and at neutral pH.

Ž .6 The on-site Fe precipitation experiments sug-
gest that the accelerated Fe precipitation rate is more
related to exopolysaccharides and the surfaces of
microorganisms than their metabolism.
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