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Abstract—Isotopic compositions of biogenic iron minerals may be used to infer environmental conditions
under which bacterial iron reduction occurs. The major goal of this study is to examine temperature-dependent
isotope fractionations associated with biogenic siderite (F¢CExperiments were performed by using both
mesophilic £35°C) and thermophilic¥45°C) iron-reducing bacteria. In addition, control experiments were
performed to examine fractionations under nonbiologic conditions.

Temperature-dependent oxygen isotope fractionation occurred between biogenic siderite and water from
which the mineral was precipitated. Samples in thermophilic cultures (45-75°C) gave the best linear
correlation, which can be described as I, = 2.56 X 10° T2 (K) + 1.69. This empirical equation
agrees with that derived from inorganically precipitated siderite by Carothers et al. (1988) and may be used
to approximate equilibrium fractionation. Carbon isotope fractionation between biogenic siderite ghd CO
based on limited data, also varied with temperature and was consistent with the inorganically precipitated
siderite of Carothers et al. (1988). These results indicate that temperature is a controlling factor for isotopic
variations in biogenic minerals examined in this study.

The temperature-dependent fractionations under laboratory conditions, however, could be complicated by
other factors including incubation time and concentration of bicarbonate. Early precipitated siderite at
120-mM initial bicarbonate tended to be enrichedi®. Siderite formed at<30 mM of bicarbonate tended
to be depleted ift®0. Other variables, such as isotopic compositions of water, types of bacterial species, or
bacterial growth rates, had little effect on the fractionation. In addition, siderite formed in abiotic controls had
similar oxygen isotopic compositions as those of biogenic siderite at the same temperature, suggesting that
microbial fractionations cannot be distinguished from abiotic fractionations under conditions examined
here. Copyright © 2001 Elsevier Science Ltd

1. INTRODUCTION significantly smaller than fractionations obtained from theoret-
ical calculations or inorganic precipitation (Fig. 1).

The formation of siderite in many natural environments has
been interpreted to be microbially mediated (Coleman and
Raiswell, 1993; Curtis et al., 1986; Duan et al., 1996; Ellwood
et al., 1988; Moore et al., 1992; Mozley and Carothers, 1992;
Pye et al., 1990). However, interpretation of the oxygen isotope
sighatures of diagenetic siderite in the low-temperature sedi-
mentary environments is complicated (e.g., Mozley and
Carothers, 1992; Mozley and Wersin, 1992; Mortimer and
Coleman, 1997). In particular, the exceptionally 1F0
values (e.g.,<25%. vs. SMOW) of siderite have been ex-
plained as the result of microbially mediated processes (Mor-
timer and Coleman, 1997). This is intriguing because many
previous interpretations of meteoric water diagenesis in marine
sediments could have been invalid (Mortimer and Coleman,

The oxygen isotope composition of sedimentary rocks may
provide clues to paleoclimate changes and the evolution of
oceans. The interpretation of natural variations#®/-°0,
however, depends on the knowledge of how temperature and
other factors affect the isotopic fractionation between a mineral
and water or between coprecipitating minerals. So far, con-
straints on the magnitude of oxygen isotope fractionation be-
tween siderite and water include three theoretical calculations
and two experimental studies (Fig. 1). Becker and Clayton
(1976) calculated the equilibrium fractionation between siderite
and water by using a combination of spectroscopic and ther-
modynamic data constrained by experimental observations.
Golyshev et al. (1981) calculated fractionations by using a
physical lattice model, which were similar to those of Becker
and Clayton (1976). Zheng (1999) calculated fractionations by 1997)
using an increment model, which were systematically greater o ' li d dth d d
than those of Becker and Clayton (1976) (Fig. 1). Carothers et . urgoalis to understand the temperature-dependent oxygen

al. (1988) first measured the fractionation between inorgani- isotope fractionation in the context of bacterial growth and
cally precipitated siderite and water at 33 to 197°C, which solution chemistry. We chose several species of bacteria over a

varied between the calculated values of Becker and Clayton _temperature range of 10 1o 75°C because bactenally mediated

(1976) and Zheng (1999) (Fig. 1). Mortimer and Coleman iron reduction and siderite formation has been reported at these
(1997) examined the fractionation between biogenic siderite temperatures (Lovley, 1991; Zhang et al., 1997; Fredrickson et

and water at 18 to 40°C in a bacterial culture, which was al., 1998; Zhapg et ?l" 1.999.)' AlthOUQh. Iow-temperature
(<45°C) formation of biogenic siderite is typical of marine and

freshwater environments (Lovley, 1991; Nealson and Saffarini,

Author to whom correspondence should be addressed (zhangcl@ 1994), higher-temperature>@5°C) formation of biogenic si-
missouri.edu). derite indicates microbial contribution to iron reduction in
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Fig. 1. Oxygen isotope fractionations as a function of temperature
determined by theoretical calculations (B, Becker and Clayton; 1976;
G, Golyshev et al., 1981; Z, Zheng, 1999) and by inorganic precipita-
tion (C, Carothers et al., 1988). Also shown are biogenic siderite (letter
“m”) from Mortimer and Coleman (1997).

modern or ancient hot biosphere. The latter has evolutionary
implications because iron reduction by thermophiles may have
been the first external electron accepting process in microbial
metabolism (Vargas et al., 1998).

2. MATERIALS AND METHODS
2.1. Organisms and Experimental Conditions

This study focused on a thermophilie45°C) iron-reducing bacte-
rium strain C1 because of the ease of growing this bacterium. Less
emphasis was placed on two other thermophilic cultures of TOR-39 and
M3-H,, and two mesophilic cultures (10-35°C) of BrY and GS-15. Strains
C1 and TOR-39 reduce iron when breaking down glucose and other
carbohydrates to fatty acids plus, tdnd CQ (Fig. 2). Analysis using
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Fig. 2. A schematic diagram of the culture system in which C1
breaks down glucose into fatty acids plugs &hd CQ. Ferric oxyhy
droxide was reduced to Fe(ll), which was then precipitated as EeCO
and/or FgO, depending on pH, redox potential, and the availability of
dissolved CQ. The source of C& was mostly HCQ provided at the
beginning of the experiments. ¥e for magnetite precipitation was
probably from the dissolution of Fe(O}i)Initial head gas was 100%
N,.

grams per liter of deionized water): NaHG.5), CaC} - 2H,0 (0.1),

KCI (0.1), NH,CI (1.5), and NalPO, - H,O (0.6). Trace minerals and
vitamins were added according to Lovley et al. (1984). Both media
were prepared anaerobically. The final pH was 8.2 to 8.5 for C1 and
TOR-39 and=7.0 for M3-H,, BrY, and GS-15. All experiments were
performed in 26-mL glass tubes containing 10-mL of media that were
autoclaved after preparation.

Different electron donors and gas phases were used for growing
different bacterial species. C1 and TOR-39 were grown on glucose (10
mM) under a N gas atmosphere; M3-}1and BrY were grown on
hydrogen under a $/CO, (80:20 vol:vol) atmosphere; and GS-15 was
grown on acetate (30 mM) under /80, (80:20 vol:vol) atmosphere.
The electron acceptor was ferric oxyhydroxide =a#0 to 90 mM
concentrations for C1, TOR-39, M3;Hand BrY. For GS-15, 250 mM
of ferric oxyhydroxide is typically used in culture experiments (Lovley
and Phillips, 1988) and was used here as well. Ferric citrags(mM)
was used as an alternative electron acceptor for BrY.

For bacterial experiments, a 10% (vol:vol) inoculum from pregrown
cultures was used. A 100-fold lower inoculum of C1 was also used
when testing the effect of decreasing biomass or growth on oxygen
isotope fractionation. Incubation temperatures were 45 to 75°C for C1,
65°C for TOR-39 and M3-k 10 to 35°C for BrY, and 20 to 30°C for
GS-15. Abiotic control experiments were performed at 65°C and 120
mM of bicarbonate, or at 95°C and 30 mM of bicarbonate by using the
same medium for growing C1 and TOR-39. Table 1 summarizes the

high-pressure liquid chromatography showed the presence of lactic, acetic,run conditions for all samples analyzed, which were categorized into 11

and propionic acids in the spent media of C1 and TOR-39 cultures (Zhang
et al., unpublished data). M3;tand BrY reduce iron when oxidizing H

or short-chain fatty acids (Caccavo et al., 1992; Liu et al., 1997; Zhang
et al., 1997). Strain GS-15 reduces iron when oxidizing short-chain
fatty acids or petroleum hydrocarbons (Lovley and Lonergan, 1990;
Lovley and Phillips, 1988). Although these bacteria have different
metabolic pathways, they all form iron minerals extracellularly. The
purpose of using multiple strains in this study is to determine whether
the isotopic compositions of biogenic iron minerals will be affected by
bacterial species. Furthermore, growth of both mesophilic and thermo-
philic bacteria allows examination of temperature-dependent fraction-
ation in a greater temperature range than using a single strain.

For this study, C1, TOR-39, M3-}1 and BrY were cultured in a
basal medium containing the following reagents (in grams per liter of
deionized water): NaHC9(2.5), NaCl (10), MgC] - 6H,0 (0.8),
CaCl, - 2H,0 (0.1), NH,CI (1.0), 3-N-morpholino]-propanesulfonic
acid (1.0), and yeast extract (0.5). Trace minerals and vitamins were
added according to Phelps et al. (1989). GS-15 was cultured in a
medium described by Lovley and Phillips (1988), which contained (in

suites of experiments. These experiments were designed to examine
different variables that may affect oxygen isotope compositions of the
precipitating minerals: suites 1 to 3 mainly for time effect (0.5-720 h),
suites 4 to 5 for biomass effect (0.1% or 10% inocula), suite 6 for
bicarbonate effect (10—-240 mM), and suites 7 to 11 for temperature
(10-75°C) and bacterial species effects.

Time-course experiments were performed at 120 mM of bicarbonate
to examine changes in pH, Eh, and Fe(ll) as a result of bacterial growth
in the C1-OR and C1-W4 cultures. Changes in pH, Eh, and Fe(ll) as a
result of abiotic reactions were examined in the Control-OR samples.

2.2. Bacterial Cell Counts

Bacterial cell numbers were determined by an acridine-orange di-
rect-count method described in Zhang et al. (1996). Approximately 0.5
to 1 mL of a culture was diluted with sterile phosphate buffer (pH 7),
filtered onto a black Nuclepore filter (02n pore diameter), stained
with 1 mL of a particle-free acridine-orange solution for 2 min, and
observed under an epifluorescence microscope.
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Table 1. Experimental run conditions.

Sample Temp HCO;2 Inoculun? Duratiorf
Suite type (°C) (mM) (% vol:vol) (h)
1 Control-OR 65, 95 120, 30 0 0.5-720, 500
2 C1-OR 65 120 10 0.5-720
3 C1-w4 65 120 10 0.5-720
4 C1-OR 65 60 0.1 3.6-240
5 C1-OR 65 60 10 3.6-240
6 C1-OR 65 10-240 10 720
7 C1-OR 45, 55, 75 120 10 720
8 Cl-w4 45, 55, 75 120 10 720
9a TOR-39-OR 65 30 10 500
9b M3-H,-OR 65 30 10 500
10 GS-15-UM 20, 30 30 10 500
11 BrY-OR 10, 25, 37 60 10 500

1 OR, distilled water from Oak Ridge National Laboratory wifO,gpow = —5.0%o to —7.5%. on different dates; W4, nondistilled Antarctic
water with 880, gpow = —28.0%0; UM, distilled water from University of Massachusetts WitfiO, spow = —9.5%0. A C1-OR sample indicates
that the culture C1 was grown in the OR water under the conditions described in the table. Control-OR indicates that bacteria were not added to the
OR-water.

2HCO; was initial concentration before an experimental run.

3 An inoculum of 0.1% or 10% means that a 0.01-mL or 1-mL pregrown culture was added to a 10-mL medium to initiate the bacterial growth.

4 A duration of 3.6 to 240 h means that samples were collected during incubation between 3.6 and 240 h.

2.3. Measurements of Eh, pH, and Water-Soluble Fe(ll) of minerals (ferric oxyhydroxide, siderite and magnetite), organic
chemicals (glucose and degradation fatty acids), and biomass. The
effects of roasting or chemical treatments on biogenic siderite were not
known. We examined the effects of such oxidative treatmen&'#D

and 8*°C of both naturally occurring siderite and laboratory-produced
biogenic siderite using glucose and spent medium (Table 2). Because

magnetite has much lowét®0 values than coexisting siderite (Becker

Measurements of Eh and pH were performed by using methods
outlined in Zhang et al. (1997). The Eh was measured by placing a
platinum microelectrode (Microelectrodes, Inc., Londonderry, NH) di-
rectly into the culture tube; an Eh value was recorded after equilibration
for at least 5 min. The pH was then measured by transferring 5 mL of the

liquid portion into a 10-mL beaker into which a pH probe was placed. . !
; ) o and Clayton, 1976; Zhang et al., 1997), the effects of magnetite (both
Water-soluble Fe(ll) was determined by a ferrozine method modified commercial and biogenic) on isotope compositions of siderite were also

ggg;g?g gg;meLt g;rglz?r?g)(.l&;lk_))sgg?lﬂiii %f %slir:o g'r?eg]cli_lewaer:g glrrier?“g evaluated (Table 2). Finally, because glass fibers were used in the
The sample was mixed ang filtered throa/ h a?Nhatman svrin ye-fiﬁef reaction vessels to prevent the loss of sample during evacuation, the
p 9 yrng effects of glass fibers on isotope compositions of siderite were evalu-

(13-mm filter diameter, 0.2¢4m pore diameter). Maximum absorbance ) e -
was measured at 562 nm. Standards for the ferrozine assay Wereated as vyell._ Possible contamination from organic ce_irbon was checked
by examination of mass spectrum after each isotopic run.

ﬁ]rgﬁfrg;jH\A&th ferrous ethylenediammonium sulfate dissolved in 0.5 The natural siderite was a single crystal X33 X 2 cf) that

appeared to be pure FeGBased on analysis of X-ray diffraction (data

) ) o not shown). A portion of the crystal was ground to particles@D-um
2.4. Calculations of Saturation Index and Abundance of Siderite in size before isotopic analysis. The biogenic siderite comprised fine-

A MINTEQ geochemical equilibrium speciation model (Allison et gra_lneq particles (3—pm) coprecipitated with submicron-sized mag-
al., 1991) wasgused to calcugte ionic str%ngth, activities (of dissolved Netite in a TOR-39 culture (Zhang et al., 1998). Treatments of the
species, and the saturation index of siderite. The wt.% of siderite in the Natural and biogenic siderite particles included (1) roasting in vacuum
solids was calculated by using the amount of ,G®olved during the at 300°C for 1 h, (2) oxidation by 5% NaOCI solution in an oxygoen-free
reaction of a subsample of a known weight (see Sec. 2.6). The per- environment for 12 h, or (3) oxidation by plasma radiatieril00°C)

centage was then used to calculate siderite (in mg) in the total precip- in air or under a iy atm?sphere fc1>r 1.5 h.
itate. All treatments gaves™®0 and 8"°C values lower than nontreated

samples (Table 2). If the samples were not treated, the oxygen and
carbon isotopes of the natural siderite were not affected by additions of
glucose, spent medium, commercial or biogenic magnetite, or glass
X-ray diffraction (XRD) patterns of run products were obtained on a  fibers (Table 2). These results suggest that glucose, spent medium, or
Scintag automated diffractometer by using cobadt tadiation. Sam- magnetite could exchange isotopic compositions with siderite during
ples were filtered on glass-fiber filters having a diameter of 0.45-mm, the treatments. Other investigators have observed that methods com-
dried in an anaerobic chamber, and then measured on the diffractom- monly used to remove organic matter could cause significant isotopic
eter. The scan range for all samples was 2 to 76} {@th a scanning offsets (Koch et al., 1997). As a result, all samples reported in this
rate of 2°/min. The mineralogic compositions of the sample were study were analyzed without any oxidative treatment. However, pre-
determined by Comparing samp|e diffraction patterns to mineral stan- Cipitates were washed with distilled water at least three times before
dards provided by the International Center for Diffraction Data. The being dried in a vacuum dessicator.
size and shape of synthesized siderite crystals were examined with a  Siderite yield was calculated for the natural siderite but not for the
scanning electron microscope. biogenic siderite because its absolute concentration in the siderite-
magnetite mixture was not determined. The low yield (average-73
16%) from the nonroasted natural siderite (Table 2) was associated
with large reaction vessels used in the early testing. All other non-
Natural siderite samples are typically roasted or treated with plasma roasted samples were reacted in sealed Pyrex tubes, most of which gave
or NaOCI solutions to remove labile organic matter that might cause >90% yield of siderite. On the other hand, three of five roasted samples
inaccurate isotopic results (Bahrig, 1989; Moore et al., 1992; Fisher et gave yield<70% of siderite (Table 2). As a result, the Pyrex tubes
al., 1998). Siderite in bacterial cultures, however, is among a mixture were used for all experimental samples in this study.

2.5. X-ray Diffraction and Scanning Electron Microscopy

2.6. Analysis of Oxygen Isotopes
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Table 2. Effects of treatments @®0 and&*°C of natural siderite and laboratory-produced biogenic siderite.

Sid. Yield 8°Cypps 8150y spmow
Sample Treatment (wt.%) (%) (%)
FeCOs1 No 73+ 16 -4.8+0.2 10.8+= 0.1

(n=4) (n=4) (n=4)
FeCQ, Roast@300°C, 1 h 86 -5.22 10.3
FeCQ, + glucose No 98 -4.7 10.8
FeCQ, + glucose Roast@300°C, 1 h 59 —6.4 8.8
FeCQ, + spent mediurh No 90 —-4.8 10.8
FeCQ + spent mediurh Roast@300°C, 1 h 69 -51 10.4
FeCQ, + Fisher magnetite No 91 —4.8 10.8
FeCQ, + Fisher magnetite Roast@300°C, 1 h 46 —-5.4 10.3
FeCQ, + Fisher magnetite Roast@300°C, 1 h 106 -5.3 10.3

+ glucose+ spent mediurh

FeCQ, + biogenic magnetite No 98 -4.8 10.8

FeCQ, + glass fiber No 92.8 —4.74 10.78

87.3 —4.63 10.90

Biogenic siderité No nd* —3.17 19.94

—3.20 19.81

Biogenic siderite Roast@300°C, 1 h nd —4.92 16.76

—4.37 17.34

Biogenic siderite 5% NaOCl, 12 h nd -10.77 17.42

nd —4.24 18.76
Biogenic siderite Air-plasma, 1.5 h nd —-4.1 18.5
Biogenic siderite N-plasma, 1.5 h nd —-4.4 18.4

The = values indicate one standard deviation of the mean.

1 Natural siderite from Brazil; X-ray diffraction pattern showed no other minerals. The origin of the Brazilian siderite is unknown.
2Containing metabolic products such as short-chain fatty acids.

3Coprecipitated with biogenic magnetite in a TOR-39 culture; X-ray diffraction showed only siderite and magnetite peaks.

“Not determined.

Isotopic analysis of siderite was accomplished by reacting a sub- creased~24-fold, changing from 1.2x 10" cells/mL at 0.5 h

Samp'le (125408 rgg dry weight) with 100‘? p][‘tosf’zh(éric acid i”r? ';Wex to 2.5% 10° cells/mL at 14 h (Fig. 3a). Cells began to decrease
vessel at 60°C. Reaction was terminated after ays, at which time - .

CO, was no longer produced, and the reaction was considered com rapidly in both C1-OR an'd C1-W4 _cultures aﬁgr 14 h.
pleted. The evolved CQwas used for calculation of siderite abundance ~ The pH decreased during bacterial growth (Fig. 3b). In both
in the subsample and for analysis of oxygen and carbon isotope cultures, the pH dropped slightly between 0.5 h and 14 h and

compositions. Because G@as a different oxygen isotope composition  more markedly between 14 and 168 h. After 168 h, pH de-

than siderite from which the gas was evolved, a fractionation factor .
(Cageme.co) Of 1.01006 (Rosenbaum and Sheppard, 1986) was used to creased much more slowly. The decrease in pH was probably

back-calculate the isotopic compositions of siderite. Oxygen isotopes due to the production of organic acids from the breakdown of
of siderite were reported relative to the international standard Vienna- glucose by the cells of C1 (Fig. 2). The more rapid decrease in
SMOW and carbon isotopes relative to the international standard pH petween 14 and 168 h indicated that the buffering capacity

Vienna-PDB. Oxygen isotope compositions of the medium waters (OR, . N g
UM, and W4: Table 1) were analyzed by the SB,0 equilibration of the bicarbonate perhaps could not keep up with the produc

method calibrated against Vienna-SMOW at 25°C (Epstein and tion of organic acids produced by cells of C1.

Mayeda, 1953). Because our focus was on oxygen isotopes of siderite, The pH also decreased in Control-OR samples (Fig. 3b);
only limited carbon-isotope data were collected for total dissolved however, the overall drop in pH was much less than in the
inorganic carbon, and no data were collected for head-space CO . . :

Carbon isotope compositions of the head-space, GOwever, were bacterial cultures. The final pH in the Contrc_>I-OR sample was
calculated by using the fractionation between bicarbonate angd co 7.9, whereas the values were 7.2 to 7.4 in the C1-OR and
according to Szaran (1997). All isotopic analyses were performed by C1-W4 cultures (Fig. 3b). Nevertheless, the decrease in pH in
using a Finnigan MAT 252 mass spectrometer, which has an internal the Control-OR samples indicated that production of organic

precision of = 0.01 to 0.03%. for both oxygen and carbon isotope acids or CQ might be possible from abiotic degradation of

analyses. - . .
glucose under the conditions examined (high temperature and
3. RESULTS presence of reactive iron). The excursion to a pH 9.3 at 14 h in
the Control-OR was unexpected and inconsistent with the
3.1. Solution Chemistry and Mineralogy chemical reactions described above. Because multiple tubes

were used for the experiments, this high pH may reflect high
initial pH in this particular sample.

The Eh was low £—350 mV) in C1-OR and C1-W4 cul-

In the C1-OR cultures and at 120 mM of bicarbonate con- tures when first measured at 0.5 h (Fig. 3c). These low Eh
centration, cells increased14-fold within the first 14-h incu- values were most likely caused by inoculation from low-Eh,
bation, changing from 1.& 10’ cells/mL at 0.5 h to 2.4< 10° pregrown cultures because the control samples not receiving
cells/mL at 14 h (Fig. 3a). In the C1-W4 cultures, cells in- the inoculation had much higher Eh at 0.5-h120 mV) (Fig.

3.1.1. Changes in solution chemistry in bacterial cultures
and in abiotic controls
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Fig. 3. Changes in cell abundance (a), pH (b), Eh (c), and total Fe(ll) (d) as a function of time in bacterial cultures
(C1-OR, C1-W4) and in the abiotic control (Cntrl-OR). Both cultures and the abiotic control contained 120 mM of
bicarbonate and were incubated at 65°C. Error bars indicate one standard deviation. The timescale is logarithmic so that a
better separation can be achieved between data points within the first 24 h. Numbers within the figure were incubation times
(same in Figs. 4, 7, and 8).

3c). During incubation, Eh in C1-OR cultures increased slightly ~ Total Fe(ll) production in C1-OR and C1-W4 cultures was
from —430 mV at 0.5 h to about-410 mV at 14 h and then  similar and concurrent with cell growth (Fig. 3d). In both
increased more markedly to abouB10 mV at 24 h (Fig. 3c). cultures, total Fe(ll) changed from5 mM at 0.5 h to~40 mM
After 24 h, Eh increased slowly to about270 mV at the end at 24 h and decreased thereafter. Because of mineral precipi-
of experiment (Fig. 3c). Eh in C1-W4 cultures, on the other tation during iron reduction, most of the Fe(ll) was fixed in the
hand, decreased gradually from abeu860 mV at 0.5 h to solid phases (i.e., siderite and magnetite, see next section) and
about—440 mV at 24 h and then returned to abet880 mV only a small portion £3% in most samples) of the iron was in
at the end of experiment (Fig. 3c). Eh in Control-OR decreased the dissolved phase (Table 3). The final Fe(ll) in the C1-OR
slightly from —120 mV at 0.5 h to—150 mV at 11 h. It sample (15.4 mM) was much lower than that in the C1-W4
decreased much faster after 11 h and reached a valu& b® sample (35.6+ 2 mM) (Fig. 3d), which was most likely due to
mV at the end of experiment (Fig. 3c). the low amount of iron initially added to the tube (C1-OR (S2),
Some of the variations in Eh can be explained by changes in Table 4).
pH because Eh is negatively correlated with pH for many redox  Fe(ll) was also produced in Control-OR samples. This has
reactions. The pronounced increase in Eh between 14 and 24 hbeen observed previously and was attributed to abiotic reduc-
in C1-OR was probably due to significant decrease in pH tion of Fe(lll) by glucose at higher temperatures (Zhang et al.,
during this period of incubation; the low Eh at 14 h in the 1996). The total Fe(ll) in the Control-OR samples wa3.0
Control-OR was probably the result of the high pH (Fig. 3b). mM throughout the experiment (Fig. 3d), which included only
Other variations in Eh, however, cannot be explained by soluble Fe(ll) (0.0-0.25 mM) and siderite Fe(ll) (1.7-2.3
changes in pH. For example, in Control-OR, both pH and Eh mM). Magnetite was also detected in the abiotic samples after
decreased after 24 h (Figs. 3b and 3c). These results suggesfi68 h as evidenced by weak attraction of the precipitate to a
that changes in Eh may be affected by pH and/or other chem- magnet. With use of techniques of magnetic remnance, the
ical parameters that have yet to be determined. abundance of magnetite in similar control experiments was
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Table 3. Production of Fe(ll) as a function of time for C1-W4 cultures at 120 mM of bicarbonate concentration (suite 3 experiment, Table 1).

Soluble Fe(ll) of Fe(ll) of Total

Time Total Weight Siderite Fe,0,2 Fe(ll)® siderite magnetite Fe(ll)

(h) (mg) (mg) Sl-sidt (mg) (mM) (mM) (mM) (mM)

0.5 82.1 3.8 1.8 rfa 0.0 3.3 na 3.3
3 91.3 4.3 na 0.1 3.7 na 3.8
3 83.0 5.8 2.5 na 0.1 5.0 na 5.1
6 83.0 8.9 na 0.1 7.7 na 7.8
6 84.0 9.6 3.1 na 0.1 8.3 na 8.4
11 79.8 14.2 na 0.3 12.2 na 12.5
11 79.0 14.9 35 na 0.2 12.9 na 13.1
14 79.5 14.7 na 0.3 12.7 na 13.0
14 82.0 17.9 34 na 0.2 15.4 na 15.6
24 76.0 18.2 57.8 0.4 15.7 24.9 41.0
24 77.0 16.2 2.8 60.8 0.3 14.0 26.2 40.5
168 65.9 4.5 26.4 0.1 3.9 26.4 30.4
168 68.0 6.0 2.3 26.7 0.1 5.2 26.7 32.0
720 67.8 11.4 24.3 0.1 9.8 24.3 34.2
720 72.0 13.6 2.5 25.2 0.1 11.7 25.2 37.0

All Fe(ll) concentrations are normalized to the total volume of solution. Sksghturation index for siderite. S| was not calculated for magnetite.

1 Estimated from C1-OR samples in suite 2 experiment (Table 1).

2 Calculated as the difference between total solids and siderite weight. Magnetite began to precipitate at 11-h incubation (see Fig. 5); ibgcontribut
to total reduced iron at this time was small because iron oxyhydroxide was still abundant. After 24 h, the total solids were assumed to consist of only
siderite and magnetite on the basis of X-ray diffraction patterns (Fig. 5).

3 Soluble Fe(ll) accounted fos3% of total Fe(ll) at each sampling time.

4 Not available.

<2% of total solids (Zhang et al., manuscript in preparation).  Additional time-course experiments were performed at 60
This would give~0.6-mM Fe(ll) from magnetite in additionto ~ mM of bicarbonate to examine the effect of bacterial growth on
Fe(ll) from the solution and siderite. Overall, iron reduction in  solution chemistry and isotope fractionation (suites 4 and 5,
the abiotic control was significantly less than in the bacterial Table 1). Two concentrations of inocula were used:®.10°
cultures (Fig. 3d). This finding suggested that iron reduction cells/mL (0.1%) and 7.& 1P cells/mL (10%). Although more
was substantially enhanced by bacterial growth in the C1-OR biomass was produced with the greater amount of inoculum
and C1-W4 cultures. (Fig. 4a), the resulting changes in pH and total Fe(ll) were

Table 4. Summary of Fe(ll) species in C1 cultures at the end of experiments (240-720 h).

Initial Total Fe(ll) in ~ Fe(ll)in  Fe(ll) in Total [Fe(ll) +
Temp HCO; Final Solids Sid Sid Mag Mag solutio? siderit¢ magnetité  Fe(ll)*  Fe(lll)]?
Sample D~ (°C) (mM)  pH (mg) (mg) (%) (mgy (%)  (mM) (mM) (mM) (mM) (mM)

C1-OR (S2) 65 120 7.4 32.3 32 100 29.0 900 0.14 2.8 125 154 40.4
C1-W4 (S3) 65 120 7.2 69.9 125 179 574 821 0.09 10.8 24.7 35.6 85.1
C1-OR (S4) 65 60 7.5 37.0 1.8 48 352 952 0.15 15 15.2 16.9 47.2
C1-OR (S5) 65 60 7.3 415 2.8 6.7 387 933 0.40 2.4 16.7 19.5 52.9
C1-OR (S6) 65 10 5.9 37.0 0.3 0.8 36.7 99.2 1.24 0.3 15.8 17.3 49.0
C1-OR (S6) 65 30 6.4 52.8 0.8 16 520 984 0.39 0.7 22.4 23.5 68.3
C1-OR (S6) 65 60 7.2 57.1 5.4 9.4 517 90.6 0.26 4.6 22.3 27.2 71.8
C1-OR (S6) 65 240 6.9 53.3 2.0 3.8 513 96.2 0.44 1.7 22.1 24.2 68.4
C1-OR (S7) 45 120 7.6 34.0 73 213 268 787 0.13 6.3 115 17.9 41.0
C1-OR (S7) 55 120 7.5 34.6 50 143 29.7 857 0.10 4.3 12.8 17.1 42.7
C1-OR (S7) 55 120 7.5 39.5 44 112 351 8838 0.09 3.8 15.1 19.0 49.3
C1-OR (S7) 75 120 7.8 54.7 155 283 392 717 0.08 133 16.9 30.3 64.1
C1-W4 (S8) 45 120 7.7 43.0 23.6 548 194 452 0.07 20.3 8.4 28.8 45.5
C1-W4 (S8) 55 120 7.5 45.0 65 144 385 856 0.11 5.6 16.6 22.3 55.5
C1-W4 (S8) 75 120 7.4 55.8 9.6 172 46.2 828 0.06 8.3 19.9 28.2 68.1

Numbers in parentheses (such as S2) in column 1 are suite numbers of experiments defined in Table 1. All Fe(ll) and Fe(lll) concentrations are
normalized to the total volume of solution.

1 The abundance of magnetite (Mag) in milligram (mg) was calculated as the difference between total solids and siderite (Sid) assuming magnetite
and siderite were the only phases after a 24-h incubation.

2Fe(ll) in solution was measured by using the ferrozine method. Fe(ll) in siderite (mM) was calculated on the basis of the sample weight (mg)
and formula weight (116) of siderite and a volume of 10 mL. Fe(ll) in magnetite (mM) was calculated on the basis of the sample weight (mg) and
formula weight (232) of magnetite and a volume of 10 mL.

3 Total Fe(ll) is the sum of Fe(ll) in solution, Fe(ll) in siderite, and Fe(ll) in magnetite. Total iron is the sum of total Fe(ll) plus the Fe(lll) in
magnetite.
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Fig. 4. Changes in cell abundance (a), pH (b), and total Fe(ll) (c) as
a function of time in C1-OR cultures of two different inoculation
concentrations: circles, 7.8 10° cells/mL; squares, 1.X 10° cells/
mL. Cultures had 60 mM of initial bicarbonate and were incubated at
60°C. Error bars indicate one standard deviation.

similar between the two experiments (Figs. 4b and 4c). This
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Fig. 5. X-ray diffraction patterns of the iron minerals formed in
C1-OR cultures at 65°C and 120 mM of initial bicarbonate.=A
akaganeite. S= siderite. M= magnetite.

summarized in Table 4. The results indicated that significantly
lower pH (=6.4) occurred in samples having initial HGO

of = 30 mM, which also had the lowest amount of siderite
(Table 4). Overall, the total Fe(ll) varied from 15.4 to 35.6 mM
in the final samples, which accounted for 34 to 47% of total
iron (Fe(ll) + Fe(lll)). There was one exception of much
higher Fe(ll) (63%) that occurred in a C1-W4 sample at 45°C
(Table 4).

3.1.2. Changes in mineralogy in bacterial cultures and in
abiotic controls

Calculations of saturation indices indicated that the solution
was supersaturated with respect to siderite from the beginning
and throughout the course of the experiments (Table 3). The
formation of siderite and magnetite during bacterial iron reduc-
tion was confirmed by X-ray diffraction (Fig. 5) and scanning
electron microscopy (Fig. 6). The XRD patterns showed a
small amount of nonmagnetic akaganeite in the bulk phase of
amorphous ferric oxyhydroxide at 0.5 h (Fig. 5). Although O
yields measured from reaction of total solids with phosphoric
acid indicated the presence of carbonate in the solids at this
time (Table 3), siderite was not detected by the X-ray diffrac-
tion before 11 h.

After 11 h, the precipitate became weakly magnetic, and
XRD showed the presence of siderite and a small peak of
magnetite (Fig. 5). After 24 h, the precipitates became strongly
magnetic, and the XRD patterns showed major peaks of mag-
netite and smaller peaks of siderite (Fig. 5). Note that the
akaganeite peaks almost completely disappeared at 24 h, indi-
cating the production of siderite and magnetite and the con-

finding suggested that increase in bacterial biomass did not sumption of the ferric oxyhydroxide. After 720 h, magnetite

significantly affect the solution chemistry under the conditions

peaks became predominant, whereas the siderite peaks became

examined. The final pH values in these experiments were closeeven less intense (Fig. 5). Under SEM, siderite crystals (3-5

to those in C1-OR and C1-W4 in Figure 3b. The total Fe(ll)

uwm) in the C1-OR samples were rhombohedral in shape and

values at the end, however, were lower than that in the C1-W4 coated with fine-grained magnetite (Fig. 6). Siderite particles

culture (Fig. 3d). These low values were again due to low total
iron initially added to the tubes (C1-OR (S4) and C1-OR (S5),
Table 4).

Final pH and Fe(ll) from all C1 culture experiments were

were only observed in samples after 11 h, which was consistent
with the X-ray diffraction data. The size of siderite crystals did
not seem to vary noticeably with incubation time (data not
shown). Because the solids consisted of mostly siderite and
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Table 5. Summary of oxygen isotope compositions of siderite and
water for the 11 suites of experiments performed in this study (Table 1).

Time Temp HCO; 80,0 8"0gy 10°Nagy o0

Sample  (h) (°C) (MM) (%)  (%o) (%)
Suite 1
Contr-OR 05 65 120 —49 243 29.0
Contr-OR 6 65 120 —-48 229 27.5
Contr-OR 11 65 120 -51 225 27.4
Contr-OR 14 65 120 -53 225 27.6
Contr-OR 24 65 120 -6.2 224 28.4
Contr-OR 168 65 120 -52 191 24.1
Contr-OR 720 65 120 -52 184 23.4
Contr-OR 500 95 30 -56 115 17.1
Suite 2
C1-OR 0.5 65 120 ra na na
C1-OR 3a 65 120 na na na
C1-OR 3b 65 120 na na na
C1-OR 6a 65 120 na na na
C1-OR 6b 65 120 na na na
C1-OR lla 65 120 -53 286 335
C1-OR 11b 65 120 na na na
C1-OR l4a 65 120 —-48 268 313
C1-OR 14b 65 120 na na na
C1-OR 24a 65 120 —-48 283 32.7
Fig. 6. A large siderite crystal (center) formed in a C1-OR culture at C1-OR 24b 65 120 -53 28.6 33.5
65°C and 240 mM of bicarbonate after a 720-h incubation. The siderite 01'0§ 168a 65 120 4.6 20.3 24.7
crystal was covered with finer grains of coprecipitating magnetite. C1-0 168b 65 120 -52 309 nd’
C1-OR 720a 65 120 -53 189 24.0
C1-OR 720b 65 120 -53 225 nd
) ) ) Suite 3
magnetite after 24 h (Fig. 6), the abundance of magnetite after c1-w4 0.5a 65 120 -26.6 10.7 37.6
24 h can be estimated from the measured siderite and the totalC1-W4 0.5b 65 120 -29.1 na na
solids (Table 3 and Table 4). The results indicated tha0% gi:\\flvi gg g’g 38 —;25389 ;—3 gg-%
of the total precipitates were magnetite in most samples (Table =7 \y4 6a 65 120 -284 65 35.4
4). C1-w4 6b 65 120 -29.2 65 36.1
In GS-15 cultures, magnetite and siderite were also the C1-w4 lla 65 120 —-26.3 5.6 32.3
dominant minerals. In the BrY cultures, however, siderite, C1-W4 11b 65 120 -29.0 53 34.8
vivianite, and other unknown iron minerals were produced, but Cl: ﬂs g’g 38 :gg'g gg gg;
magnetite was not detected. These results _ind_icated that_ mag-c1-wa4 24a 65 120 -289 48 341
netite was not always formed during bacterial iron reduction. c1-w4 24b 65 120 -28.6 5.1 34.1
C1-W4 168a 65 120 —-276 —4.2 23.8
- - C1-w4 168b 65 120 —28.9 —47 24.6
3.2. Oxygen Isotope Compositions of Siderite C1-wa 7202 65 120 -285 49 240
A complete list of oxygen isotope compositions of siderite ©1-W4 720b 65 120 -28.8 55 23.7
and water is in Table 5. A total of 51 samples were analyzed for Site 4
180/160, among which 53% had duplicates (Table 5). These ¢1-OR 3.6a 65 60 -75 180 25.4
duplicates gave standard deviations ranging from 0.0%. to C1-OR 3.6b 65 60 —r6 142 217
uplicates g ging V%0 10 c1.0R 6a 65 60 nd nd nd
2.6%0 with an average of 0.7= 0.7%. (n = 27). Samples C1-OR 6b 65 60 nd nd nd
C1-OR 168 h-b and C1-OR 720 h-b (suite 2) and C1-OR C1-OR 12a 65 60 nd nd nd
55°C-a (suite 7) were contaminated when they were washed 21'82 ;ib gg gg 7”g 11”2 18”;‘
with acetone instead of water. These samples were not includedCl:OR 243 65 60 -75 140 213
in the calculation of standard deviation and not reported in the c1.0r 120a 65 60 -76 150 204
following sections. All other samples were clean, judging from C1-OR 120b 65 60 —7.4 141 21.4
mass spectrum after each isotopic run. C1-OR 240a 65 60 -71 133 20.3
C1-OR 240b 65 60 -—-7.0 14.0 21.0
3.2.1. Time effect on oxygen isotope compositions of siderite Suite 5
C1-OR 3.6a 65 60 7.2 14.5 21.6
Effects of incubation time on oxygen isotope compositions C1-OR 3.6b 65 60 -72 149 22.0
of the medium water and siderite were examined in C1-OR, S1-OR 6a 65 60 nd nd nd
. ; C1-0R 6b 65 60 nd nd nd
C1-W4, and ControI-QR at 120 mM pf blcarbqnate (Fig. 7). c1-0r 12a 65 60 nd nd nd
The 6*®0 of the medium water remained relatively constant c1-OR 12b 65 60 nd nd nd
throughout the course of experiments (Figs. 7a—7c). Siderite C1-OR 24a 65 60 -71 126 19.6
was always enriched itfO relative to the medium water, but ~ ¢1-OR 24b 65 60 -71 140 21.0

its 5*80 values decreased with time in both culture samples and (continued)
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Table 5. (Continued) cells grew exponentially (Fig. 3a). After 24 h, the differences in
fractionation between culture samples and abiotic controls be-
came smaller. After 168 h, the difference had essentially di-

Time Temp HCO; §¥0,,0 6"%0gy 10°INagigp,o0

o 0 0
Sample (h) (°C) (MM)  (%o)  (%o) (%) minished (Fig. 8).
Suite 5 The pronounced decrease in fractionation with incubation
C1-OR 120a 65 60 —-75 146 22.0 time, however, was not observed in experiments at 60 mM of
C1-OR 120b 65 60 -71 146 210 bicarbonate (Fig. 8). At 7.6< 10° cells/mL inoculation, the
C1-OR 240a 65 60 —7.0 142 21.0 : . . i
C1-OR 2400 65 60 -71 146 216 fractionation varied from 21.8%. at 3.6 h to 21.3%. at 240 h; at
Suite 6 1.7 X 10° cells/mL inoculation, the fractionation varied -be
C1-OR 720 65 10a -59 na na tween 23.5%o and 20.6%. during the same period of incubation
C1-OR 720 65 10b -52 16.4 21.5 (Fig. 8). Overall, the difference in fractionation between the
C1-OR 720 65 30a -52 182 233 two experiments was statistically insignificant, even though
C1-OR 720 65 30b -45 na na there was more biomass with the greater amount of inoculum
C1-OR 552 65 30c —-6.4 16.0 22.3 . . . .
C1-OR 720 65 60a —45 202 246 (Flg. 4a). This ;uggests _that in these_expe_rlments (60_mM of
C1-OR 720 65 60b —4.8 202 24.8 bicarbonate), different biomass or microbial growth did not
C1-OR 720 65 240a -53 193 245 affect the fractionation between siderite and water. The frac-
C1-OR 720 65 240b 53 19.0 24.1 tionation values in these experiments, however, were smaller
Suite 7 than those with 120 mM of initial bicarbonate (Fig. 8).
C1-OR 720 45a 120 —4.7 226 27.0
C1-OR 720 45b 120 —4.7 227 27.1 . . N
C1-OR 720 55a 120 —-47 26.6 nd 3.2.2. Bicarbonate effect on oxygen isotope compositions of
C1-OR 720 55b 120 —-48 214 25.9 siderite
C1-OR 720 75a 120 -54 182 23.5
C1-OR 720 75b 120 -4.6 180 225 The effect of bicarbonate on isotope fractionation was fur-
Suite 8 ther evaluated by using C1-OR cultures at 10, 30, 60, and 240
Cl-w4 720 45a 120 —28.4 -21 26.8 mM of bicarbonate after 720-h incubation (Fig. 9). The results
Cl-wa4 720 45b 120 -289 -24 27.0 indicated that the oxygen isotope fractionation was small when
gi:wj ;gg ggg igg :gg'g :g'g ég'g the initial bicarbonate was low. For example, thélt@,q -0
C1-W4 720 75a 120 —-28.4 —5.9 229 was 21.5%o at 10 mM of bicarbonate and was 22.8%o. at 30 mM
C1-W4 720 75b 120 —28.7 —6.4 22.7 of bicarbonate. The Fhagq..0Was similar, however, at 60
Suite 9a mM (24.7%0), 120 mM (24.0%0, from time-course experi-
TOR-39-OR 552 65 30 —-48 191 23.7 ments), and 240 mM (24.3%0) of bicarbonate (Fig. 9). In
Suite 9b C1-W4 and the Control-OR experiments (120 mM of bicar-
M3-H2-OR 500 65 30 —-47 210 255 bonate, 720 h), the Mgy 4.0 Values were slightly smaller
Suite 10 than those in the C1-OR experiment at the same bicarbonate
GS-15-UM 500 210 30 -95 221 314 concentration (Fig. 9). These experiments plus the time-course
GS-15-UM 500 30 30 94 194 286 experiments at 60 mM of bicarbonate (Fig. 8) indicated that
Suite 11 _ oxygen isotope fractionation tended to decrease when bicar-
BrY—ORZ'S 500 10 60 —-58 308 36.2 bonate was=60 mM.
BrY-OR~ 500 25 60 -6.7 101 16.8
BryY-OR? 500 25 60 —-56 256 30.9
g%-gg 288 igg 28 *g-g ggg gg-i 3.2.3. Effect of incubation temperature on oxygen isotope
ry- _6. ) ) . S
BrY-OR 500 37a 60 —-6.1 207 26.6 compositions of siderite
BrY-OR 500 37b 60 -66 207 271 The temperature effect was examined by using samples
Oxygen isotope compositions of water,(B) and siderite (sid) were _Co”eCted after 240 to 72_0 h ,because at these time POIntS the
reported relative to the international standard VSMOW. isotope compositions of siderite had approached relatively con-
1 Not available due to the loss or small sizes of samples. stant values (Fig. 8). Results showed a general trend of tem-
2 Ssamples washed with acetone. All others were washed with dis perature-dependent fractionation at 10 to 95°C (Fig. 10). In
tiled water. particular, The C1-W4 samples at 120 mM of bicarbonate gave

5 - or fi loti ) on. Cl
4(,\318? ga;?;?;ti'r?gd?nd not used for figure plotting and discussion good reproducibility (n= 2) at all four temperatures: 26:9

5 Ferric citrate (25 mM) was used as the electron acceptor instead of 0-1%o at 45°C, 25.65 0.2%. at 55°C, 23.8£ 0.2%. 65°C, and
amorphous iron. 22.8 = 0.2%0 at 75°C (Fig. 11). The fractionation values of
C1-OR samples at 120 mM of bicarbonate were consistent with
those of the C1-W4 samples. Collectively, these data provided

in the abiotic controls (Figs. 7a-7c). As a result, the fraction- 5 peqt fit petween the fractionation and temperature at 45 to
ation between siderite and water decreased with time, changing750C which can be described by the following equation:

from 32.8%o (3 h) to 24.0%. (720 h) in C1-OR (Fig. 7a), from
37.6%o (0.5 h) to 23.8%o0 (720 h) in C1-W4 (Fig. 7b), and from 10% Inagigy = 2.56X 10°T"4K) + 1.69 (= 0.972)
29.0%o (0.5 h) to 23.4%o. (720 h) in Control-OR (Fig. 7c). )
The fractionations in C1-OR and C1-W4 cultures were sig-
nificantly higher than those in the Control-OR samples during As the number of samples increased, some fractionations de-
the first 24 h (Fig. 8). This was also the time when bacterial viated below the general trend (Fig. 10). In the C1-OR samples,
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~ mM and 60 mM). C1-OR (120 mM) and C1-W4 (120 mM) had similar
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— concentration. Also shown is the fractionation (23.9%., arrow-pointed
o line) at 65°C for inorganically precipitated siderite based on fraction-
09 ation factor of Carothers et al. (1988).
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s O—HHH+—T0—0 the smaller fractionations<(23%o) at 65°C were related to low
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Fig. 7. Oxygen isotopic compositions of siderite (sid) and water Fig. 9. Oxygen isotope fractionation between siderite and water
(H,0) and the fractionation between the two as a function of time at (65°C) as a function of initial bicarbonate concentrations. Also shown
65°C and 120 mM of initial bicarbonate concentration. Data represent is the fractionation (23.9%.) at 65°C for inorganically precipitated
average values one standard deviation when duplicate samples were siderite based on fractionation factor of Carothers et al. (1988), who
available. used 300 mM of bicarbonate in their experiments.
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Fig. 10. Oxygen isotope fractionation as a function of temperature -10 T T T
for all samples collected at the end of experiments (240-720 h), which 0.1 1 10 100 1000
were compared with biogenic siderite from Mortimer and Coleman .
(1997), inorganically precipitated siderite from Carothers et al. (1988), Time (hr)
and theoretical calculations from Becker and Clayton (1976), Golyshev
et al. (1981) and Zheng (1999). See Fig. 1 for more information. Fig. 12. Carbon isotopic compositions of siderite (sid) as a function

of time at 65°C and 120 mM of initial bicarbonate concentration. Data
represent average values one standard deviation. For C1-W4, the
was related to low bicarbonate. At 25°C, for example, the error bars were smaller than the symbols and were not shown.

sample with a smaller fractionation (16.8%.) had 2.7% (0.5 mg)
siderite, whereas the sample with a larger fractionation
(30.9%0) had 43% (14.3 mg) siderite; at 10°C, the two samples 3.3. Carbon Isotope Compositions of Siderite
with fractionations below 29%. had siderite abundarc@2o,
whereas the sample with a fractionation of 36.2%. had a siderite
abundance of 27%. These smaller fractionations suggest an
isotope discrimination against the hea¥0 when forming
siderite under low-bicarbonate conditions.

The 8*°C of siderite in C1 cultures and in the abiotic controls
at 120 mM of bicarbonate also decreased with incubation time
(Fig. 12). In C1-OR sample$*C of siderite decreased from
—6.0%o & 3 h to—7.6%o at 720 h. In Control-OR sample®>C
decreased from-6.0%o at 0.5 h t0—8.9%o at 720 h. In C1-W4
samples8*°C decreased from-7.4%o at 0.5 h to—8.5%o at

(oC) 720 h; however, the lowest values (aroun@®.8%.) occurred
75 65 55 45 between 11 and 14 h (Fig. 12). Similar to oxygen isotope
28 L L ! L composition, thes**C of siderite tended to become constant in
y =2.563x + 1.691 r2=0972 each experiment (Fig. 12). Using limited isotopic data of total

dissolved inorganic carbon for C1-OR samples, we could cal-
culate the fractionation between siderite and,CGD different

- temperatures collected after 720 h (Table 6). These fraction-
ations are compatible with the trend of carbon isotope fraction-
ation determined for abiotically precipitated siderite by Caroth-
ers et al. (1988), but are 5 to 10%. smaller than theoretical
- calculations by Golyshev et al. (1981) (Fig. 13). T&l€C of
siderite in GS-15 and BrY cultures varied betweed7%. to
—40%.. However, fractionation between siderite and,@@s

not determined for these samples becads€ of the bicar

- bonate was not known.

103 InQug;q 120 (%o)

4. DISCUSSION

4.1. Oxygen Isotope Fractionation Between Siderite and
20 T T T Water

8 8.5 . ) ' .
6 9_2 9.5 10 This study represents one of the few experimental studies of
10°T-=(K) oxygen isotope fractionation between siderite and water at
i i L ) relatively low temperatures{(200°C). Carothers et al. (1988)
Fig. 11. Oxygen isotope fractionation as a function of temperature at

120 MM of initial bicarbonate and after a 720-h incubation. Open performed inorga.nic precipitation'expe_riments by slow titration
squares, C1-OR cultures; open circles, C1-W4 cultures. The regression0f & 300 mM of bicarbonate solution with 1500 mM of ferrous

line was drawn by using data from both types of cultures. chloride in a hydrothermal vessel. Samples were collected at




2268 C. L. Zhang et al.

Table 6. Carbon isotope fractionation between biogenic siderite and gasegua CO-OR samples with 120 mM of initial bicarbonate.

Temp 10Ny, cos-co? 8 *Cpcoz 8%Ccoz 8 *Cigerind 10°INagigerite-cos

9] (%) (%) (%0) (%) (%)

45 6.117 —8.58 -14.61 —7.18 7.47
—7.26

55 5.163 —8.66 -13.75 —5.46 7.86
—6.47

65 4.209 —8.06 -12.21 —7.51+0.36 (n=5) 4.75

75 3.255 —8.96 -12.18 -7.27 5.18
—6.83

1 Equilibrium fractionation as a function of temperature calculated using the following equati®nalQosz co,= — 0.0954X T (°C) + 10.41

(Szaran, 1997).
2 Measured value3313CHCO3 was approximated as the isotopic compositions of total dissolved inorganic carbon for a pH range of 7.4 to 7.8.
3 Calculated by using columns 2 and 3.
4 Calculated by using column 4 and the average value in column 5.

the end of experiments after 5 to 6 days and analyzed for GS-15-UM samples at 20°C and 30°C fell on the theoretical
oxygen isotopic compositions of the siderite. Their results curves of Becker and Clayton (1976) or Golyshev et al. (1981).
showed temperature-dependent fractionation between the pre-The other three samples of BrY-OR at 25°C and 10°C had
cipitating siderite and water at 33 to 197°C, and varied agree- significantly smaller fractionations than the empirical curve of
ment with theoretical calculations (Fig. 1). Mortimer and Carothers et al. (1988) and those derived from theoretical
Coleman (1997) analyzed biogenic siderite precipitated at 18— calculations (Fig. 10). The smaller fractionations exhibited by
40°C in GS-15 cultures incubated for 6 to 48 days. Their the BrY samples had similar deviations from the theoretical
fractionation values were smaller than those determined from values as those of GS-15 reported by Mortimer and Coleman
either inorganically precipitated siderite or the theoretical cal- (1997) (Fig. 10). In addition to a possible biologic origin, these
culations (Fig. 1) and were thought to be indicative of a low fractionations may also be caused by changes in chemical

microbial origin (Mortimer and Coleman, 1997).

The fractionation data from C1 cultures compared favorably
with the empirical curve of Carothers et al. (1988) in the
temperature range of 45 to 75°C for samples=d20 mM of
bicarbonate (Fig. 10). Below 45°C, only two of the seven
samples from the BrY-OR cultures still followed the empirical

conditions of bacterial growth. For example, GS-15 in our
study gave fractionations close to abiotic fractionation of
Carothers et al. (1988), whereas the same bacterial strain pro-
duced lower fractionations in most samples of Mortimer and
Coleman (1997), who might have used a different chemical
milieu.

curve. However, the two BrY-OR samples at 37°C and two  One important finding of this study was the variation in
fractionation at different bicarbonate concentrations. During
the early precipitation of the solids in the 120 mM of bicar-
bonate experiments, the fractionation between siderite and wa-
ter was very high (more positive) but gradually decreased to
near constant values (Fig. 8). Even in the control experiment
without bacteria, a similar pattern, although less pronounced,
was observed (Fig. 8). The patterns were likely due to kinetic
processes during early precipitation of siderite or possibly the
formation of a Fe(ll)Fe(lll) hydroxy-carbonate. At 120 mM of
bicarbonate, substantial fractions (3—14%) of total dissolved
CO, including HCQ; and CQ precipitated quickly as solid
iron carbonates within the first 24 h. This means that algCO
(0.5-1.2% of total dissolved C@initially in the solution was
rapidly removed, and the carbonate system had to continuously
produce the C@ ion to maintain chemical equilibrium. It is
well documented in the literature (Mills and Urey, 1940; Us-
dowski et al., 1991) that oxygen isotope exchange between
dissolved CQ and water is orders of magnitudes slower than
chemical reactions, depending on temperature and pH. Thus, it
is very likely that during the rapid precipitation of iron carbon-
ates at the beginning, the precipitating minerals were not at
isotope equilibrium with the water, even though chemical equi-

5—1

1031n a(13C/12C): FeCO5-CO, (%o)

-5 T T T T T
0 20 40 60 80 100 120

TCC)

Fig. 13. Carbon isotope fractionation between siderite and.CO

librium might have been maintained throughout.
Kinetic isotope effects have also been observed for other

Circles, this study; squares, Carothers et al. (1988). Also shown is a Carbonate minerals. Li et al. (1997) reported that when calcite

theoretical curve from Golyshev et al. (1981).

was precipitated instantaneously from an alkaline lake water,
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oxygen isotope fractionation factors between calcite and water °
S . °C)

are~10%o greater than those of expected equilibrium fraction-
ation (Fig. 4 of Li et al., 1997). Kim and O'Neil (1997) 125100 75 50 25 0
observed that isotopic fractionation among nonequilibrium car- 45 —1—1 L L L L
bonates varied significantly with initial bicarbonate and the 1
higher the metal ion and bicarbonate, the larger the fraction-
ation (up to 3%. at a given temperature). The magnitude of
enrichment reported by Li et al. (1997) was very similar to
early fractionation in our experiments at 120 mM of bicarbon-
ate and 65°C (Fig. 8). Li et al. (1997) attributed this enrichment
to insufficient isotopic exchange between carbonate crystals
and solution due to fast crystal growth. Similarly, th#%0
enrichment in early precipitated iron carbonates in this study
may be due to the rapid formation of the minerals. In the 60
mM of bicarbonate experiments at 65°C, there was no clear
trend of isotope fractionation with incubation time (Fig. 8).
Siderite formed in these experiments might simply reflect a
slow precipitation. .

Although it is not possible to prove that siderite precipitated L
from solution has reached isotopic equilibrium with water, 20 T T T
general trends 0820 values of siderite with incubation time 6 8 10 12 14
suggested that siderite at 120 mM of bicarbonate may have 612
approached isotopic equilibrium with water after 168 h (Fig. 8). 10°T-= (K)
In - particular, the Cl-cuIFure gxperlmeqts with W4 Wate,r Fig. 14. Oxygen isotope fractionation between siderite and magnetite
showed a good linear relation with incubation temperature (Fig. gerived from experimental measurements (curve A) and theoretical
11), and its temperature dependence is almost the same agalculations (curves B and C). Curve A is obtained by combining the
observed by Carothers et al. (1988) for equilibrium fraction- siderite-water fractionation of this study with the magnetite-water

ation between inorganic siderite and water in the same temper- Tactionation of Zhang et al. (1997). Curve B is obtained by combining
the siderite-water and magnetite-water fractionations reported in

ature range (Fig. 11). These results corroborate the findings of gocier and Clayton (1976). Curve C is obtained by combining the
Zhang et al. (1997) and Mandernack et al. (1999), who showed siderite-water and magnetite-water fractionations reported in Zheng
temperature-dependent fractionations between biogenic mag-(1991; 1999).

netite and water.

103 an.Sid_Mag (%0)

4.2. Geological Implications Both magnetite and siderite were formed at a temperature range
] o o ) ] ~of 45 to 75°C but from different culture samples. Analysis of
Microbial iron reduction is a major respiratory process in  coexisting siderite and magnetite from the same culture is
low-temperature sedimentary environments (Lovley, 1991, needed to validate this empirical equation, which will be done
Nealson and Saffarini, 1994). Siderite and magnetite can co- i fyture studies. We also compared Eqn. 3 to siderite-magne-
precipitate during iron reduction under the same condition jte fractionation calculated from existing data in the literature
(Zhang et al., 1997). This provides an opportunity to establish (kg 14). The results show that fractionations between siderite
a geothermometer based on oxygen isotope fractionation be-5nq magnetite of our experimental measurements are 3.8 to
tween the two coexisting minerals. Coprecipitation of siderite g 79;, smaller than siderite-magnetite fractionations from the-
and magnetite might have occurred widely in the Precambrian- etical calculations (Fig. 14).
banded iron formations (Eugster and Chou, 1973; Perry etal., A geothermometer based on coexisting siderite and magne-
1973; Becker and Clayton, 1976; Klein and Bricker, 1977) and it may be particularly useful because their isotope composi-
has been observed in a Devonian ironstone (Hangari et al., tions can be much better preserved in the geologic record than
1980). Although theoretical calculations of temperature-depen- fids from which these minerals were originally precipitated.
dent fractionation exist for siderite-water and magnetite-water Hangari et al. (1980) analyzed the oxygen isotope compositions
pairs (O'Neil and Clay.ton, 1964; Be(.:ker and Clayton, 1976; . giagenetic siderite and magnetite coprecipitated in the Upper
Golyshev et al., 1981; Zheng, 1991; Rowe et al., 1994), N0 peyonjan ironstones in the Wadi Shatti District, Libya. Using
experimental data are available for oxygen isotope fraction- Eqn. 2, we calculated the formation temperatures of these
ation between coexisting siderite and magnetite. Here we pro- minerals to be in the range of 10 to 76°C. Magne®t§O
vide a preliminary equation of temperature-dependent fraction- \,51yes were corrected for siderite contamination by a factor of
ation between l;)l_ogenlc siderite and magnetite formed under g o5 pased on information provided by Hangari et al. (1980).
laboratory conditions: These temperatures are more realistic than original estimation
10° INatggmag= 1.76X 10°T 2(K) + 9.43 @) _(45 to 120°C), given the fa_ct that_ the ironstone was deposne_d
in a fresh or brackish deltaic environment and had not experi-
Eqn. 2 is derived by combining the siderite-water pair (Eqn. 1) enced high-temperature metamorphism (Hangari et al., 1980).
of this study with the magnetite-water pair (’“‘.L[Dlocmag_\,vt = Another application of the siderite-magnetite isotope pair may
0.80 X 10° T2 (K) —7.74) reported by Zhang et al. (1997). be to validate the formation temperatures of iron carbonates
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and magnetite in a Martian meteorite, which were proposed as Precambrian banded iron-formation, Hamersley Range, Western

possible biomarkers of past biogenic activiies on Mars _ Australia.Geochim. Cosmochim. Act0, 1153-1165.
(McKay et al., 1996) Caccavo F., Jr, Blakemore R. P., and Lovley D. R. (1992) A hydrogen-

oxidizing, Fe(lll)-reducing microorganism from the Great Bay Es-
tuary, New HampshireAppl. Environ. Microbiol.58, 3211-3216.
5. CONCLUSIONS Carothers W. W., Adami L. H., and Rosenbauer R. J. (1988) Experi-
) . . mental oxygen isotope fractionation between siderite-water and
Oxygen and carbon isotope compositions were determined  phosphoric acid liberated GSiderite Geochim. Cosmochim. Acta
for biogenic siderite formed in both mesophilic (15 to 35°C) 52, 2445-2450.
and thermophilic (45 to 75°C) iron-reducing cultures. Oxygen Coleman M. L. and Raiswell R. (1993) Microbial mineralization of

isotope compositions of siderite formed abiotically at 65 and organic matter: Mechanisms of self-organization and inferred rates
05°C Iso det ined. Th biotic siderite had simil of precipitation of diagenetic mineral®hil. Trans. R. Soc. Lond.
were also aeterminea. € aplotic siderite nad simiar A344,69-87.

oxygen isotope compositions as those of biogenic siderite curtis C. D., Coleman M. L., and Love L. G. (1986) Pore water
formed at the same temperature, suggesting that microbial evolution during sediment burial from isotopic and mineral chemis-
fractionations cannot be distinguished from abiotic fraction- t?]’_ of CAa'C'tev %0'35””29 aEd siderite concretior@eochim. Cosmo-
ations under the conditions examined here. chim. Actas0, 2321-2334.

. . Duan W. M., Hedrick D. B., Pye K., Coleman M. L., and White D. C.
Temperature appears to be a dominant factor controlling the (1996 A preliminary study of the geochemical and microbiological

oxygen isotope fractionation between water and the final si-  characteristics of modern sedimentary concretidiisinol. Ocean-
derite precipitate. Fractionations for the biogenic siderite  ogr.41,1404-1414. '
formed at=120 mM of bicarbonate and after 500 to 720 h may Ellwood B. B., Chrzanowski T. H., Hrouda F., Long G. J., and Buhl

have reached equilibrium, because they are comparable with M- L- (1988) Siderite formation in anoxic deep-sea sediments: A
S . . . . L. . synergetic bacterially controlled process with important implications
equilibrium fractionations of inorganically precipitated siderite in paleomagnetismGeology16, 980—982.

(Carothers et al., 1988) and theoretical calculations (Becker and Epstein S. and Mayeda T. K. (1953) Variations# content of waters
Clayton, 1976; Golyshev et al., 1981; Zheng, 1999). Samples in _ from natural sourceszeochim. Cosmochim. Actg 213-224.
thermophilic cultures (45 to 75°C) gave the best linear corre- Eugster H. P. and Chou I. M. (1973) The depositional environments of

: - . - Precambrian banded iron-formatiofscon. Geol 68, 1144-1168.
lation between fractionation and temperature, which can be Fisher Q. J., Raiswell R., and Marshall J. D. (1998) Siderite concretions

described as fﬂnasid-wl: 256X 10°T 2 (K) + 1.69. These from nonmarine shales (Westphalian A) of the Pennines England:
results corroborate the findings of Zhang et al. (1997) and  Controls on their growth and compositiod. Sediment. Re$8,
Mandernack et al. (1999), who showed temperature-dependent 1034-1045.

fractionations between biogenic magnetite and water. Carbon Fredrickson J. K., Zachara J. M., Kennedy D. W., Dong H., Onstott

isotope fractionations between biogenic siderite and,,CO T. C., Hinman N. W., and Li S.-M. (1998) Biogenic iron mmeral-_
ization accompanying the dissimilatory reduction of hydrous ferric

based on limited data, also varied with temperature and were  oxide by a groundwater bacteriuGeochim. Cosmochim. Ac&e,
consistent with the inorganically precipitated siderite of  3239-3257.

Carothers et al. (1988). Other variables, such as isotopic com- Golyshev S. I, Padalko N. L., and Pechenkin S. A. (1981) Fraction-
positions of water, types of bacterial species, or bacterial ation of stable oxygen and carbon isotopes in carbonate systems.

; : : Geochem. Intl18, 85-99.
growth rates, had little effect on the fractionation. Results of Hangari K. M., Ahmad S. N., and Perry E. C., Jr. (1980) Carbon and

this study show that oxygen and carbon isotope fractionations  oyxygen isotope ratios in diagenetic siderite and magnetite from

may help constrain formation temperatures of biogenic miner-  Upper Devonian ironstone, Wadi Shatti District, Libycon. Geol.

als in low-temperature sedimentary basins where biologic ac- 75, 538-545.

tivities always occur. Kim S.-T. and O'Neil J. R. (1997) Equilibrium and nonequilibrium
oxygen isotope effects in synthetic carbona®gsochim. Cosmo-
chim. Acta61, 3461-3475.
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