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Abstract—The potential for incorporation of strontium (Sr) into biogenic Fe(ll)-bearing minerals formed
during microbial reduction of synthetic hydrous ferric oxide (HFO) was investigated in circumneutral
bicarbonate-buffered medium containing Sr@l concentrations of 1M, 100 uM, or 1.0 mM. CaC} (10

mM) was added to some experiments to simulate a Ca-rich groundwater. In Ca-free systems, 89 to 100% of
total Sr was captured in solid-phase compounds formed during reduction of 30 to 40 mmol Fetltyér

a 1-month period. A smaller fraction of total Sr (25 to 34%) was incorporated into the solid phase in cultures
amended with 10 mM Cagl X-ray diffraction identified siderite and ferroan ankerite as major end products

of HFO reduction in Ca-free and Ca-amended cultures, respectively. Scanning electron microscopy—energy
dispersive x-ray spectroscopy revealed the presence of Sr associated with carbonate phases. Selective
extraction of HFO reduction end products indicated that 46 to 100% of the solid-phase Sr was associated with
carbonates. The sequestration of Sr into carbonate phases in the Ca-free systems occurred systematically
according to a heterogeneous (Doerner-Hoskins) partition coefficigntYof 1.81 + 0.15. This @), value

was 2 to 10 times higher than values determined for incorporation of SuiI)dnto FeCQy(s) precipitated
abiotically at rates comparable to or greater than rates observed during HFO reduction, and fivefold higher
than theoretical partition coefficients for equilibrium Fe(Sr)30lid solution formation. Surface complex

ation and entrapment of Sr by rapidly growing siderite crystals (and possibly other biogenic Fe(ll) solids)
provides an explanation for the intensive scavenging of Sr in the Ca-free systems. The results of abiotic
siderite precipitation experiments in the presence and absence of excess Ca indicate that substitution of Ca for
Sr at foreign element incorporation sites (mass action effect) on growing fsjC&dirfaces can account for

the inhibition of Sr incorporation into the siderite component of ankerite formed in the Ca-amended HFO
reduction experiments. Likewise, substitution of Fe(ll) for Sr may explain the absence of major Sr partitioning
into the calcite component of ankerite. The findings indicate that under appropriate conditions, sequestration
of metals in siderite produced during bacterial Fe(lll) oxide reduction may provide a mechanism for retarding
the migration of Sr and other divalent metal contaminants in anaerobic, carbonate-rich sedimentary
environments. Copyright © 2002 Elsevier Science Ltd

1. INTRODUCTION ever, the same process generates inorganic carbon (IC) and
alkalinity, which can create conditions favorable for metal-
carbonate mineral precipitation (Coleman et al., 1993). The
latter effect is illustrated by the following reaction, in which a
unit of organic carbon (CkO) is oxidized with the reduction of
"amorphous Fe(lll) oxide, resulting in the production of bicar-
bonate and hydroxyl alkalinity:

The transport and fate of trace metals and metal-radionuclide
contaminants in subsurface environments is controlled by cou-
pled physical, chemical, and microbiological processes (Hunter
et al., 1998; Salvage and Yeh, 1998; Tebes-Stevens et al.
1998). Microbial metabolism can cause both dissolution and
precipitation of inorganic mineral phases, primarily through
redox reactions associated with organic matter oxidation (Lov-

¢ . 4Fe(OH), + CH,O = 4F¢&* + HCQO; + 70H + 3H,0.
ley and Chapelle, 1995). Such microbially catalyzed redox

reactions have the potential to strongly influence the fate of (1)
Ez:]ali;gg) radionuclides in the subsurface (Davis et al., 1993; A rise in pH and precipitation of FeCg¥) (siderite) is known

to occur in bicarbonate-buffered medium in which dissimila-
tory Fe(lll) oxide reduction is active (Roden and Lovley,

1993a; Mortimer and Coleman, 1997; Fredrickson et al., 1998).
In addition, accumulation of siderite and other carbonate min-
erals (e.g., calcite) in a variety of surface and subsurface
sediments has been attributed at least in part to microbial
Fe(lll) oxide reduction (Postma, 1977, 1981, 1982; Gautier,
1982; Pye, 1984; Aller et al., 1986; Baedecker et al., 1992;
Saunders and Swann, 1992; Coleman, 1993; Mckinley et al.,

Microbial Fe(lll) oxide reduction is a dominant microbial
redox process in many anaerobic subsurface environments
(Lovley, 1991). Microbial Fe(lll) oxide reduction can exert
wide-ranging and potentially competing impacts on metal-ra-
dionuclide contaminant mobility in subsurface sediments.
Trace and contaminant metals adsorbed to Fe(lll) oxides are
prone to release during reductive oxide dissolution by Fe(lll)-
reducing bacteria (Lovley, 1991, and citations therein). How-

1997).
*Author to whom correspondence should be addressed Carbonate minerals are seldom present in nature as pure
(eroden@bsc.as.ua.edu). solid phases; most contain significant quantities of metal cation

2823



2824 E. E. Roden, M. R. Leonardo, and F. G. Ferris

impurities in their structure (Stumm and Morgan, 1996). The
incorporation of foreign cations into mineral precipitates is
thought to proceed via adsorption and surface precipitation,
leading to solid solution end products (Sposito, 1984). Because
the solubility of atrace metal constituent can be greatly reduced
when it becomes a minor component of a solid solution phase,
partitioning into carbonate phases plays an important role in
regulating the availability and mobility of trace metals in
aguatic systems (Stumm, 1992). The fact that microbial Fe(lll)
oxide reduction is known to induce carbonate mineral precip-
itation suggests that incorporation of metals into carbonates
formed during Fe(l11) oxide reduction could influence the mo-
bility of trace metal contaminants in anaerobic sedimentary
environments through reactions such as

(1 — X)Fe* + xXMe** +HCO; = Fe; ,MeCO4(s) + H'
2
(1 - x)C&" + xMe&* + HCO; = Ca,_,MeCO4(s) + H",
©)

where x represents the mole fraction of the trace metal Me**
incorporated into FeCO4(s) or CaCO4(s). The magnitude of
metal sequestration via coprecipitation reactions could in prin-
ciple exceed the capacity of sediment Fe(l11) oxides to capture
and retain metal contaminants via sorption/surface complex-
ation before the onset of Fe(l11) oxide reduction.

The behavior of the fission byproduct *°Sr in groundwater
systems is a significant environmental concern at former nu-
clear weapons manufacturing sites in the United States and
abroad (Olsen et al., 1986; Riley et al., 1992; Korobova et al.,
1998). At some sites, groundwater °°Sr concentrations exceed
the National Interim Drinking Water Regulations limit (8 pCi
L~1) by one or more orders of magnitude (Riley et al., 1992).
Although substantial chemical retardation of °°Sr relative to
mean groundwater velocity is known to occur in contaminated
aquifers (Jackson and Inch, 1983), Sr does not sorb as strongly
to iron oxide phases as other metal cations (Dzombak and
Morel, 1990), and therefore °°Sr is significantly more mobilein
the subsurface than other metal -radionuclide contaminants (Sa-
hai et a., 2000).

Abundant evidence exists for the incorporation of Sr into
carbonate minerals such as calcite and aragonite, in which Sr
can be substituted for Ca in the minera lattice (Morse and
Mackenzie, 1990; Mucci and Morse, 1990). The propensity for
Sr to become incorporated into carbonate phases suggests the
possibility that microbial Fe(l11) oxide reduction could lead to
immobilization of Sr in anaerobic subsurface environments
through formation of carbonate minerals such as siderite and
calcite. To our knowledge, however, the potential for copre-
cipitation of Sr with siderite, formed biogenically or otherwise,
has not yet been evaluated. We report here on an experimental
examination of this phenomenon, conducted with a groundwa-
ter dissimilatory Fe(l11)-reducing bacterium (Shewanella putre-
faciens strain CN32) in bicarbonate-buffered medium contain-
ing synthetic amorphous HFO as a model reactive Fe(l11) oxide
phase. These studies extend preliminary work on the behavior
of 1 mM Sr in HFO reduction systems (Parmar et a., 2001),
through experiments with lower levels of Sr (100 and 10 wM)
more detailed analysis of the agqueous/solid-phase partitioning

of Sr and Fe(ll) during HFO reduction. The results demonstrate
the potential for substantial Sr incorporation into biogenic
siderite (and possibly other biogenic Fe(l1) solids), and suggest
that carbonate mineral formation coupled to microbial Fe(lll)
oxide reduction could influence the migration of Sr and other
divalent metal contaminants in anaerobic, carbonate-rich sedi-
mentary environments.

2. MATERIALS AND METHODS
2.1. Media and Cultivation

HFO reduction experiments were conducted in bicarbonate-buffered
(30 mM NaHCOg3) medium containing 4.4 mM NH,CI and 0.5 mM
KH,PO,. The phosphate concentration used was the lowest level re-
quired to minimize phase transformations of synthetic HFO (e.g., to
goethite; Zachara et a., 2002) during bacterial reduction. The medium
was supplemented with nitrilotriacetic acid—complexed trace elements
(final concentrations in uM: AIK(SO,),-12H,0, 0.21; CaCl,-2H,0,
6.8; CoCl,-6H,0O, 4.2; CusO,, 0.63; HsBO,; 1.6; FeSO, 5.0;
MgSO,:7H,0, 122; MnSO4-H,0, 30; NaCl, 170; Na,M00,-2H,0, 1.0;
NawO,-2H,0, 0.76; 1.0 uM; NiCl,-6H,0, 1.0; Na;NTA, 64) and
vitamins as described in Lovley and Phillips (1986). Sodium lactate (20
mM) was used as carbon and energy source in all experiments. Fifty-
milliliter portions of culture medium were dispensed into 100-mL
serum bottles and bubbled for 30 min with O,-free N,:CO, (80%:20%),
which produced an initial pH of 6.8 and a dissolved IC (DIC) concen-
tration of ~20 mM. Quartz sand (—50 to +70 mesh; Sigma Chemicals)
was added to culture medium at a concentration of 100 g L~ before
bubbling; preliminary experiments showed that inclusion of the sand
prevented formation of mineral precipitates on the bottom of the culture
bottles. The bottles were capped with thick butyl rubber stoppers, crimp
sealed, and autoclaved at 121°C for 20 min.

A sterile stock suspension of hydrous ferric oxide (HFO) was pre-
pared by neutralizing 0.4 M FeCl;-6H,0 with 1 N NaOH and repeat-
edly washing the oxide precipitate with sterile distilled water to reduce
the Cl~ content (measured by ion chromatography) to <1 mM (Lovley
and Phillips, 1986). All solutions and containers were sterilized by
autoclaving before HFO preparation. The resulting HFO suspension
was purged with sterile, O,-free N, and stored at 4°C. An aliquot of the
suspension was added to culture medium to obtain a Fe(I1l) concen-
tration of 30 to 40 mmol L™

SrCl,-2H,0 was added to HFO-containing culture medium from
sterile, 100X anaerobic stock solutions to achieve concentrations of
~1.0 mM, 100 uM, or 10 uM. In some experiments, CaCl,-2H,0 was
added from a sterile anaerobic stock to a concentration of ~10 mM. A
1- to 2-h equilibration period preceded inoculation of cultures.

S putrefaciens strain CN32 (Subsurface Microbial Culture Collec-
tion; Fredrickson et al., 1998) was grown for 16 h in tryptic soy broth
at 37°C on arotary shaker (150 rpm). Cells were harvested by centrif-
ugation and washed twice in 10 mM 1,4-piperazinediethanesulfonic
acid (pH 7.0) in an anaerobic chamber. Direct and viable counts
indicated a density of ~5 X 10° cells mL~?* for a typical washed
suspension. The cell suspension was added to culture medium at a 1:50
(v/v) ratio, yielding a cell density of ~10° cells mL~2. Duplicate
cultures were used in each experiment. All cell additions, transfers, and
culture component additions were made via sterile plastic syringes and
needles sparged with O,-free N,. Culture vessels were incubated stat-
ically at 30°C in the dark. Controls consisted of medium that received
sterile anaerobic buffer instead of the cell suspension.

2.2. General Analytical Techniques

The concentration of CO, in the headspace of culture bottles was
determined with a Shimadzu GC-14A gas chromatograph (GC)
equipped with a methanizer. After headspace analysis, culture bottles
were placed in a Coy anaerobic chamber (98:2 N,:H, atmosphere). A
0.25-mL aliquot was added to a preweighed vial containing 5 mL of 1.0
N HCI for Fe(ll) and total Fe analysis as described previously (Roden
and Lovley, 1993b). A 1-mL aliquot was removed for pH determina-
tion with an Orion model 710A pH meter equipped with a Corning
minielectrode. A 1-mL aliquot was added to a sealed, preweighed 6 mL
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Wheaton serum vial containing 1 mL of 4% Ultrex nitric acid. Another
1-mL sample was centrifuged inside the chamber for 10 min to pellet
particulates. The supernatant was collected and passed through a
0.45-um filter on the way into a second preweighed, nitric acid—
containing 6-mL Wheaton serum via. These samples (whole and
filtered) were allowed to stand overnight. By acidifying the samples, it
was assumed that all solid-phase and/or DIC was driven out of solution
as CO, and into the vial headspace. The CO, concentration in a 100-uL
sample of the vial headspace was analyzed by GC. The difference
between the amount of IC liberated from whole-culture samples (con-
taining particulates) vs. that from filtered samples was assumed to
represent the total solid-phase inorganic carbonate content of the cul-
tures, which is designated as IC(s). The ability of this procedure to
quantitatively recovery the IC content of carbonate minerals was ver-
ified by analyzing a 10 mmol L ~* suspension of reagent-grade calcium
carbonate. The acidified whole and filtered samples were analyzed for
Fe, Sr, and Ca by inductively coupled plasma (ICP) analysis (Leeman
Labs).

2.3. Quantification of Metals Associated with Solid-Phase
Carbonates

A modification of the citrate-dithionite (CD) extraction of Mehra
and Jackson (1958) was used to determine the proportion of the Fe(ll),
Sr, and Ca associated with carbonate mineral phases vs. other Fe-
bearing solids. The akaline CD extractant (see below) dissolved un-
reduced HFO and thereby released any sorbed Sr (and Ca) while
preserving the stability of the carbonate minerals, leaving them as
residual particles that were recovered by filtration. As described in
section 3.6, substantial amounts of noncarbonate Fe(ll)(s) aso re-
mained stable during the alkaline CD extraction, so that this procedure
did not provide specific information on the quantity of Fe(l1)(s) asso-
ciated with carbonate minerals. In addition, some portion of the solid-
phase Sr and Carecovered by filtration of the alkaline CD extracts may
have been associated with noncarbonate Fe(ll)-bearing phases (see
section 4.2).

Inside the anaerobic chamber, 1 mL of culture sample was added to
a scintillation vial containing 5 mL of anaerobic N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES) buffer (0.1 M, pH 8.0)
containing 0.3 M Na-citrate. Sodium dithionite (0.025 g) was added to
each via and the contents mixed by swirling. After a30-min extraction,
the samples were passed through a 0.2-um filter enclosed in a plastic
filter holder (Gelman Sciences). The filters, which retained the carbon-
ate mineral precipitates, were washed with 5 mL of the HEPES-citrate
buffer. The filters (two per culture bottle) were removed from the
holder and processed in one of two ways. One filter was mounted on an
aluminum stob by means of a carbon disk for analysis by scanning
electron microscopy (SEM). The other filter was placed in a 6-mL
Wheaton vial, sealed, and acidified with 2 mL of 4% Ultrex nitric acid.
The IC content of the CD-extracted (carbonate) material retained on the
filters was determined by GC analysis of the vial headspace; the Sr, Fe,
and Ca content was determined by ICP analysis of the nitric acid
extract.

The solid-phase speciation of Sr in Cafree (6.8 uM CaCl,-2H,0
from the trace element solution) cultures without added S. putrefaciens
cells was examined by the akaline CD extraction to define the initial
disposition of Srin our culture systems. SrCl,-2H,0 was added at 1.0,
0.1, or 0.01 mM to bottles containing 100 mL of culture medium with
quartz sand (100 g L~%), with or without 30 mmol HFO L~ The
cultures were analyzed as described above after 1, 2, and 7 d for total
and aqueous Sr, as well as carbonate- and noncarbonate-associated
solid-phase Sr.

2.4. X-ray Diffraction

Samples (0.25 mL) collected at the end of the 1 mM Sr experiments
were placed on petrographic slides for X-ray diffraction (XRD) anal-
ysis. After drying anaerobically overnight, the samples were sealed
with ethyl cellulose dissolved in amyl-acetate (8% w:v) to prevent
oxidation. Slides were stored under anaerobic conditions until the time
of analysis. Analysis was performed with a Phillips APD 3600 auto-
mated X-ray powder defractomer (45 kV/40 mA) that used Cu K,
radiation. All samples were analyzed between 2° and 70° (26). Dif-

fraction patterns were analyzed by the Jade software package (version
3.0).

2.5. SEM—Energy Dispersive X-ray Spectroscopy

Samples (1 mL) collected at the end of the 100 uM Sr HFO
reduction experiments were centrifuged under anaerobic conditions.
The supernatant was removed and the pellet resuspended in an equal
volume of deionized water. A portion of the washed sample (0.25 mL)
was dried on an auminum stob in the anaerobic chamber. The stobs
were stored in the chamber until coated with Au-Pd under vacuum with
a Technics Hummer V sputtering coater. A Hitachi S-2500 SEM was
used to observe crystal morphology. X-ray energy dispersive spectros-
copy (EDS) analyses were conducted with a Noran Instruments EDS
unit linked to the SEM.

2.6. Abiotic Coprecipitation Experiments

Two experiments were conducted to examine the potential for in-
corporation of Sr into chemically precipitated FeCO4(s). Both experi-
ments were conducted at room temperature (22 = 1°C) in NaHCO5-
buffered medium that was identical to that used for the HFO reduction
experiments (including quartz sand at 100 g L %), with the exception
that the electron donor, inorganic nutrients, vitamins, and trace ele-
ments were omitted. Sr was added from an anaerobic stock solution to
achieve a fina concentration of 10 uM. In the first experiment,
FeCl,-2H,0 was added (from anaerobic stock solutions) to bottles of
medium to achieve fina concentrations of 1, 2, 5, or 10 mM Fe(ll).
NaOH was added (from anaerobic stock solutions) at a 1.5:1 or 2:1
mol/L ratio with the FeCl, to maintain pH values low enough to avoid
supersaturation with respect to strontianite. Final pH values ranged
from 7.2to 7.5. Samples were analyzed for total and aqueous IC, Fe(ll),
and Sr as described above after 1, 10, or 22 d of incubation. In the
second experiment, 10 mM FeCl, + 15 mM NaOH was added to
medium containing 10 uM Sr with or without 1 mM CaCl,-2H,0;
samples were collected for total and dissolved IC, Fe(ll), and Sr
andlysis after 1, 2, 3, 4, or 6 d of incubation.

2.7. MINEQL + Calculations

MINEQL + (version 4.0; Schecher and McAvoy, 1998) was used to
compute saturation index (SI) values for metal-carbonate minerals by
means of total agueous metal, DIC, and pH values measured during the
HFO reduction experiments. Both major medium components and trace
elements  (excluding  AIK(SO,),-12H,0, CuSO,, H3BO;,
Na,M00,-2H,0, and NawO,-2H,0) were considered in the speciation
calculations. Stability constants (log K values) for agueous complexes
were obtained from the MINEQL + database, with the exception of
those for the Fe?"-CO,2"-H,0, Sr**-C0O,% -H,0, and Fe&#"-NTA3~
systems, which were obtained from Bruno et al. (1992), Nordstrom et
a. (1990), and Smith and Martell (1997), respectively. Stability con-
stants for lactate-metal ion complexes were obtained from Smith and
Martell (1997). A log K of 2.0 was used for lactate-Fe(I1) complexes,
equal to the average value for several divalent cations (Smith and
Martell, 1997). The solubility products for carbonate minerals were
those included in the MINEQL + database. Activity corrections based
on computed ionic strengths were included in al Sl calculations.

3. RESULTS

3.1. Influence of Sr on Bacterial HFO Reduction

An experiment was conducted to determine whether Sr had
any detrimental effect on HFO reduction by S putrefaciens
CN32. The presence of 1 mM Sr led to a detectable but minor
(~10%) decrease in HFO reduction over a 30-d incubation
period (data not shown). Similar experiments performed with
another Shewanella species (S. alga strain BrY) aso demon-
strated only a minor negative influence of 1 mM Sr on HFO
reduction (Parmar et al., 2000; M. Leonardo, unpublished data).
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Table 1. Sr recovered in the solid-phase at the beginning and end of
low-Caand Ca-amended HFO reduction experiments. Each valueisthe
mean (range) of duplicate cultures.

% Sr in solid phase®

System Experiment Beginning End
Cafree 1mM Sr 55.3(1.0) 88.6 (0.7)
100 uM Sr 80.9 (2.2) 99.5(0.1)
10 uM Sr 87.1(8.4) 96.4 (1.5)
10 mM Ca 1mM Sr 23.2(2.5) 24.7(0.7)
100 uM Sr 28.1(1.4) 27.4(1.7)
10 pM S 326 (5.1) 33.6 (0.5)

2 Computed from the difference between the Sr content of whole
(unfiltered) and 0.2-um-filtered culture samples.

3.2. Initial Disposition of Sr

Approximately 45% of total Sr was in solution at the start of
HFO reduction experiments in Cafree 1 mM Sr cultures,
whereas less than 20% of total Sr was initially in solution in
Cafree 100 uM and 10 uM Sr systems (Table 1). A substan-
tialy greater amount of total Sr was initialy in solution in
Caramended cultures (Table 1). Analysis of uninoculated cul-
tures by akaline CD extraction (see “Materials and Methods”)
showed that virtually none of the initial solid-phase Sr (Sr(s))
was associated with carbonates 2 to 7 d after Sr addition (Table
A1). Thesefindings indicate that the Sr(s) present at the start of
the experiments was sorbed to HFO and bacterial cell surfaces.
It can be inferred from studies of Sr sorption to HFO and S.
putrefaciens CN32 cell surfaces (Small et a., 1999) that at the
cell densities used in our experiments, Sr sorption by bacterial
surfaces was minor compared with sorption by HFO.

3.3. Behavior of Sr during HFO Reduction

Preliminary experiments with uninoculated 1 mM Sr cultures
failed to show systematic changes in aqueous Sr (or Cain 10
mM CaCl,-amended systems) concentration over a 1-month
period (Table A2). Thus, changes in aqueous/solid-phase Sr
and Ca partitioning in cultures inoculated with S. putrefaciens
can be attributed to bacterial HFO reduction activity. A con-
sistent pattern of Sr partitioning between the agueous and solid
phase was observed during active HFO reduction in Ca-free
cultures with different levels of total Sr. Sr was released to
solution in parallel with Fe(l1)(ag) during the early stages of
HFO reduction (Figs. 1A,B). Between 75% (10 uM Sr system)
and 93% (1 mM Sr system) of the initially sorbed Sr was
released. Subsequent to the initial period of mobilization, Sr
and Fe(ll)(ag) were removed from solution in parale with
accumulation of 1C(s), asteady risein culture pH (Fig. 1C), and
achange in the color of the suspension from brownish-black to
whitish-gray associated with the production of siderite (see
below). Agqueous Sr concentrations in the 100 uM and 10 uM
Sr cultures were close to the detection limit of 0.5 uM at the
end of the incubations. The amount of Sr immobilized (i.e., not
present in solution) at the end of the Ca-free experiments (89 to
99%; Table 1) was greater than the amount of Sr, which was
sorbed to HFO and bacterial cell surfaces at the start of the
experiments (55 to 87%).
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Fig. 1. Changes in agqueous and solid-phase chemical conditions
during HFO reduction in Ca-free cultures containing 1 mM (squares),
100 uM (circles), or 10 uM (triangles) Sr. (A) Total (solid symbols)
and agueous (open symbols) Fe(Il). (B) Aqueous Sr. (C) pH (solid
symbols) and 1C(s) (open symbols). Symbols represent means of du-
plicate cultures; the range of duplicates was <10% of the mean.

As in the Ca-free cultures, Sr and Fe(ll) were released to
solution during the initial stages of HFO reduction in Ca
amended cultures (Figs. 2A,B). However, the degree of subse-
quent Sr immobilization was dramatically reduced compared
with Cafree cultures. After ~5 d of incubation, agueous Ca
concentrations began to decline in paralle with Fe(ll)(aq),
indicating the onset of FeCO,(s) and CaCO4(s) precipitation.
The onset of carbonate precipitation was evidenced by the
accumulation of whitish precipitates and accompanied by a
sharp increasein 1C(s) and anoticeable drop in culture pH (Fig.
2C). pH values increased only slightly after initiation of car-
bonate precipitation. The fraction of Sr not present in solution
a the end of the Ca-amended experiments was similar to the
amount of Sr, sorbed to HFO and bacteria cell surfaces at the
start of the experiments (Table 1).
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Fig. 2. Changes in agqueous and solid-phase chemical conditions
during HFO reduction in Ca-amended (10 mM) cultures containing 1
mM (squares), 100 uM (circles), or 10 uM (triangles) Sr. (A) Tota
(solid symbols) and aqueous (open symbols) Fe(ll). (B) Agueous Sr
(solid symbols) and Ca (open symbols). (C) pH (solid symbols) and
1C(s) (open symbols). Symbols represent means of duplicate cultures;
the range of duplicates was < 10% of the mean.

3.4. Sl Calculations

MINEQL + calculations indicated that the agueous phase of
the 1 mM Sr cultures was oversaturated with respect to stron-
tianite throughout the experiments (SI = 0.2 to 1.4) (Figs.
3A,B). In contrast, the 100 uM and 10 uM Sr culture systems
were at al times undersaturated with respect to strontianite.
The Ca-free systems became increasingly undersaturated with
respect to strontianite as Sr was removed from solution during
HFO reduction, whereas S| values remained relatively constant
in the Ca-amended cultures in which much less Sr immobili-
zation took place. All culture systems were substantially over-

saturated with respect to siderite throughout the experiments
(Fig. 3C). The initia increase and subsequent decline in Sl
values for siderite paraleled the time course of Fe(ll)(aq)
concentration during HFO reduction (Figs. 1A, 2A). The Ca
amended systems were continuously oversaturated with respect
to calcite, athough conditions approached equilibrium as
CaCO4(s) precipitated during the course of the experiments
(Fig. 3D).

3.5. XRD and SEM-EDS Analyses

Siderite was identified by XRD as the major end product of
HFO reduction in Ca-free 1 mM Sr cultures (Fig. 4C) ; no other
crystalline Fe(ll)-bearing minerals (e.g., magnetite, vivianite)
were detected. XRD analysis suggested that ankerite, a Fe(ll)-
substituted analog of dolomite (Lippman, 1973), was the pri-
mary mineral formed in Ca-amended HFO reduction cultures
(Fig. 5C). EDS analysis during SEM revealed the presence of
Sr associated with carbonate phases in both Ca-free and Ca
amended cultures (Figs. 4B, 5B).

3.6. Wet-Chemical Speciation of Solid-Phase Sr, Ca, and
Fe(ll)

Samples collected at the end of the HFO reduction experi-
ments were extracted with alkaline CD reagent and filtered to
separate Sr, Ca, and Fe(ll) putatively associated with carbon-
ates from other solid phases (see Materials and Methods).
Values for 1C(s) content determined by this procedure agreed
well (94.6 £ 5.8%, n = 12) with the difference between the
amount of IC released by acidification of whole versus filtered
culture samples (Table 2), which verified the ability of the CD
extraction to quantitatively recover solid-phase carbonate min-
eras produced during HFO reduction.

The quantity of Sr recovered in particulate form after CD
extraction was egual to 46 and 59% of the total solid-phase Sr
(as determined by analysis of whole vs. 0.2 uM-filtered culture
samples) content of Ca-free and Ca-amended 1 mM Sr cultures,
respectively (Table 2). A larger fraction (88 to 100%) of Sr(s)
was retained by filtration after CD extraction of materials from
100 uM and 10 uM Sr cultures (Table 2). Therelative recovery
of particulate Ca after CD extraction paralleled that of partic-
ulate Sr in Ca-amended cultures: recovery was substantially
lessin 1 mM Sr systems (56% of total Ca(s)) compared with
100 uM (85% of total Ca(s)) and 10 uM (79% of total Ca(s))
(Table 2).

The difference between the total Fe(I1)(s) and 1C(s) contents
of Cafree cultures (Table 2) suggested that appreciable
amounts of noncarbonate Fe(l1)(s) were produced during HFO
reduction, which amounted to 11.2 = 2.1 mmol L ~* (mean +
SD, n = 6) of noncarbonate Fe(ll1)(s), equivalent to 38.6 =+
3.8% of total Fe(I1)(s). For these calculations, the carbonate-
associated Sr(s) content of the particulate materials, as deter-
mined by the CD extraction procedure, was subtracted from
total 1C(s) values to estimate the quantity of IC(s) directly
associated with FeCO4(s). Analogous calculations for Ca-
amended cultures, which included a correction for the esti-
mated contribution of CaCO4(s) to 1C(s), indicated the forma-
tion of 13.6 * 2.7 mmol L~ * of noncarbonate Fe(ll)(s),
equivalent to 43.1 = 3.0% of total Fe(l1)(9).
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Fig. 3. Sl calculations (MINEQL +) for SrCO4(s) (strontianite) (A, B), FeCO4(s) (siderite) (B), and CaCO4(s) (calcite)
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Fe(11)(s) recovered by filtration after alkaline CD extraction
accounted for ~90% of the total Fe(l1)(s) (whole minus fil-
tered), with no mgor differences observed among cultures
containing different levels of Sr and Ca (Table 2). Because
noncarbonate Fe(l1)(s) accounted for a significant fraction of
total Fe(l1)(s), these results indicate that most of the noncar-
bonate Fe(l1)(s) remained stable during the CD extraction.
Assuming that carbonate-associated Fe(l1)(s) (i.e., siderite and
ankerite) remained completely undissolved during CD extrac-
tion, the quantity of Fe(ll)(s) lost during CD extraction (~2.5
and 3.5 mmol Fe(ll)(s) L™ in the Ca-free and Ca-amended
cultures, respectively) averaged ~25% (24.7 = 17.0, n = 12)
of noncarbonate Fe(l1)(s).

3.7. Abiotic Coprecipitation Experiments

Abiotic Sr-Fe(ll) coprecipitation experiments were con-
ducted in reaction systems having agueous phase conditions
(pH, DIC, Fe(ll), Sr) comparable to those present in the HFO
reduction experiments (see “Materials and Methods’). Forma-
tion of awhitish precipitate was observed when FeCl,, (1 to 10

mM) was added to anoxic NaHCO; solutions, and this mineral
precipitation was associated with a rapid decline in Fe(ll)(aq)
concentration (Fig. 7A). XRD and SEM-EDS analysis con-
firmed the formation of siderite (data not shown). Sr was
removed from solution in parallel with Fe(ll) during siderite
precipitation (Fig. 7B). In a second experiment, the presence of
1 mM Ca suppressed coprecipitation of Sr with ~10 mmol L~
siderite (Fig. 8A), whereas Ca was removed from solution in a
manner comparable to that observed for Sr in the absence of Ca
(Fig. 8B).

4. DISCUSSION

4.1. End Products of Bacterial HFO Reduction

Wet-chemical determinations (Figs. 1, 2) together with XRD
and SEM analyses (Figs. 4, 5) showed that siderite and ankerite
were major end products of HFO reduction in Cafree and
Ca-amended cultures, respectively. The siderite rhombs formed
in Ca-free cultures (Fig. 4A) were morphologicaly similar to
those described by Mortimer and Coleman (1997) and
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Au and Pd peaks are artifacts of the Au-Pd coating of the sample before SEM analysis. (C) XRD spectrum of untreated
minerals. The top spectrum represents the analyzed sample; the lower spectrum shows peaks characteristic of pure siderite.

Fredrickson et al. (1998) for bicarbonate-buffered HFO reduc- forming minerals, and chemical analysis of siderites from sed-
tion systems similar to those employed in this study. imentary formations generally show considerable amounts of
Ankerites are known to occur with some frequency as rock- Caand Mg (Lippman, 1973; Pye, 1984; Mozley and Carothers,
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Fig. 5. Carbonate minerals formed during HFO reduction in 10 mM Ca systems. (A) SEM micrograph showing
CD-treated mineras (bar = 6 um). (B) EDS spectrum of the minerals shown (A). The Au and Pd peaks are artifacts of the
Au-Pd coating of the sample before SEM analysis. (C) XRD spectrum of untreated minerals. The top spectrum represents
the analyzed sample; the lower spectra shows peaks characteristic of pure minerals listed.

1992). Incorporation of Ca (aswell asMg and Mn) into siderite ankerite formation during bacterid HFO reduction. The dight
formed during bacterial HFO reduction has been previously pesk shift observed in relation to the reference spectrum for
observed (Mortimer and Coleman, 1997; Mortimer et al., 1997), ankerite (Fig. 5C) is probably the result of the relatively high
athough we are unaware of previous XRD documentation of concentration of Fe(Il) within the mineral (Lippman, 1973).
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Table 2. Composition of solid-phase materials recovered by filtration at the end of the Cafree (—Ca) and Ca-amended (+Ca) HFO reduction
experiments. Each value is the mean of duplicate cultures; the range of duplicate cultures was typically <10% of the mean. Units are mmol L2,

Fe(ll) Ice Ca Sr
Noncarb
Experiment CD? WvF® CD/WvF Fe(l1)(9)¢ CD WvF CD/WvF CD WvF CD/WvF  CD WvF  CD/WvF
1mM Sr, —Ca 222 236 0.938 8.86 151 151 1.000 NA® NA NA 0.346 0.748 0.462
100 uM Sr, —Ca 286 323 0.885 12.3 17.7 201 0.884 NA NA NA 0.0751 0.0857 0.876
10uM Sr, —Ca 281 306 0.909 12.3 179 183 0982 NA NA NA 0.00974 0.0102 0.951
Mean 0.914 11.2 0.956
SD (n = 6) 0.071 21 0.083
10mM Sr, +Ca  20.7 255 0.813 104 178 192 0927 393 7.05 0.559 0.139 0.238 0.585
100 um Sr, +Ca 311 35.0 0.892 16.2 231 247 0935 593 696 0853 0.0256 0.02323 1.100
10 uM Sr, +Ca 315 334 0.943 14.2 233 247 0946 540 6.86 0.787 0.00381 0.00404  0.942
Mean 0.883 13.6 0.936
SD (n = 6) 0.068 2.7 0.017
Grand mean 0.898 124 0.946
SD (n = 12) 0.068 2.6 0.058

aFrom analysis of particulate materials retained by filtration from alkaline citrate—dithionite (CD) extraction.

b From analysis of whole vs. filtered (WvF) culture samples.
¢ Inorganic carbon.

4 Noncarbonate solid-phase Fe(l1), computed as the difference between total (WvF) solid-phase Fe(l1) and total (WvF) solid-phaseinorganic carbon,
with corrections for the estimated (CD extraction) carbonate-associated Sr and Ca contents of the particulate materials.

¢Not applicable.

The wet-chemical speciation of solid-phase Fe(I) conducted
a the end of the HFO reduction experiments indicated the
formation of appreciable quantities (~40% of total Fe(l1)(s)) of
noncarbonate Fe(11)(s). Because most of the HFO content of the
cultures was reduced by the end of the experiments (88.1 =
0.9% and 93.0 = 1.1% for Ca-free and Ca-amended cultures,
respectively), magnetite (Fe;O,; Fe(ll):Fe(lll) = 0.5:1), if
present, could have accounted for = 20% (~2 to 3 mmol Fe(Il)
L~1) of the noncarbonate Fe(l1)(s). The apparent absence of
major magnetite formation is supported by first, the lack of
XRD detection of this mineral phase (or any others besides
siderite and ankerite; Figs. 4 and 5); and second, the fact that no
systematic decline in total 0.5 M HCl-extractable Fe was ob-
served during HFO reduction (data not shown), which was
shown by Fredrickson et a. (1998) to occur as a result of
magnetite production during HFO reduction by S. putrefaciens
CN32. Because the culture medium contained only 0.5 mM
KH,PO,, the maximum amount noncarbonate Fe(ll)(s) that
could have been present in the form of vivianite (Fe;(PO,) ()
was 0.75 mmol Fe(l1) L1, less than 10% of total noncarbonate
Fe(I1)(s)). These considerations indicate that the mgjority of the
noncarbonate Fe(11)(s) produced in our experiments cannot be
accounted for by magnetite and vivianite, which are known
from previous studies (Lovley et al., 1987; Roden and Lovley,
1993a; Fredrickson et al., 1998) to be dominant end products of
HFO reduction.

Although the identity of the majority of noncarbonate
Fe(I1)(s) generated in our experiments remains unclear, we
speculate that poorly crystalline (i.e., X-ray amorphous), mixed
Fe(11)-Fe(111) hydroxy compounds (green rusts) can account for
the majority of such phases. Both field (Trolard et al., 1997
Genin et al., 1998, 2001) and laboratory (Fredrickson et a.,
1998; Parmar et al., 2001; Ona-Nguemaet al., 2002; Zachara et
al., 2002) studies have demonstrated the potential for formation
of such compounds under bacterial Fe(lll) oxide reducing
conditions. Concentrations of Fe(lll) remaining in the Ca-free

and Ca-amended cultures averaged 3.91 = 0.58 and 2.48 =+
0.68 mmol L~ (n = 6), respectively. Given these levels of
residua Fe(lIl), Fe(ll):Fe(lll) ratios of 2.9 and 5.5 in mixed
Fe(11)-Fe(111) hydroxy compounds would be required to ac-
count for the 11.2 = 2.1 and 13.6 + 2.7 mmol L ~* of noncar-
bonate Fe(l1)(s) in the Ca-free and Ca-amended cultures, re-
spectively. Although Fe(I1):Fe(l1) ratios of this magnitude are
not typical of green rusts produced by Fe(OH), oxidation in
carbonate-buffered medium (Hansen, 1989; Genin et al., 2001),
the formation of mixed Fe(ll)-Fe(lll) phases with relatively
high Fe(I1):Fe(l11) ratios was indicated in studies of bacterial
HFO (Parmar et al., 2001) and lepidocrocite (Ona-Nguema et
al., 2002) reduction in which alarge fraction of the total Fe(I11)
oxide content of the cultures was reduced.

4.2. Mechanisms of Sr Immobilization in Ca-Free HFO
Reduction Systems

4.2.1. Srontianite Precipitation

The agueous phase of the 1 mM Sr systems was saturated
with respect to strontianite from the outset of the HFO reduc-
tion experiments (Figs. 3A,B), although wet-chemical analysis
of uninoculated cultures showed no evidence of strontianite
precipitation in the absence of HFO reduction activity. Sl
values for strontianite increased three- to fourfold (~0.5 S|
units) during HFO reduction in Ca-free cultures. Therefore, one
possible mechanism for Sr immobilization in these cultures was
precipitation of strontianite inducted by alkalinity generation
during HFO reduction. Earlier studies also suggested that stron-
tianite precipitation may have contributed to Sr immobilization
in 1 mM Sr HFO reduction systems (Parmar et al., 2000).
Although strontianite was not detected by XRD analysis of
carbonate phases produced in these studies (e.g., Fig. 4C), the
relative abundance of Sr compared with Fe (~5 wt%) was
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probably not high enough to permit detection even if substan-
tial amounts of SrCO5(s) were produced.

In contrast to the 1 mM Sr systems, the aqueous phase
remained undersaturated with respect to strontianite throughout
the 100 uM Sr and 10 uM Sr HFO reduction experiments.
These results suggest that some mechanism other than direct
SrCO;(s) precipitation was responsible for the extensive incor-
poration of Sr into carbonate mineralsin the 100 uM Sr and 10
uM Sr Cafree culture systems.

4.2.2. Coprecipitation with Sderite

The well-known potential for coprecipitation of trace metals
with mgjor carbonate mineral phases, including siderite (Thorn-
ber and Nickel, 1976), suggests that coprecipitation of Sr with
siderite could explain the parallel behavior of Sr(ag) and Fe(l-
1)(ag) during HFO reduction in the 100 uM Sr and 10 uM Sr
Cafree cultures (Fig. 1A), and the recovery of Sr with carbon-
ate phases (CD extraction) at the end of the experiments (Table
2). The close correlation between Sr(ag) and Fe(ll)(ag) in
Cafree 1 mM Sr systems suggests that coprecipitation of Sr
with siderite may have also occurred in conjunction with (or in
place of) direct SrCO4(s) precipitation in these cultures.

The Sr(aq) and Fe(l1)(ag) data in Figure 1A were analyzed
according to the integrated form of the Doerner-Hoskins rela-
tion (Doerner and Hoskins, 1925) for heterogeneous copreci pi-
tation of trace elements with major (carrier) elements (Morse
and Mackenzie, 1990; Mucci and Morse, 1990):

Do = In([Trly/[Trln/In([Cr]o/[Crly) 4

where [Tr] and [Cr] are the concentrations of the trace (Sr) and
carrier (Fe(l1)) components in solution before (0) and after (f)
crystallization, respectively, and Dy, is the Doerner-Hoskins
partition coefficient. Rearrangement of Eqgn. 4 permits estima-
tion of Dy, from the slope of a plot of In([Cr]/[Cr],) vs.
In([Tr]o/[Tr],), where [Tr], and [Cr], represent agueous metal
concentrations measured at the point in time when carbonate
mineral precipitation began (after 5to 7 d of incubation; Figure
1C), and [Tr], and [Cr], represent agqueous metal concentrations
at various times during carbonate precipitation. Although cor-
relations between the mole fraction of Sr in precipitated solids
and the aqueous-phase Sr:Fe(ll) ratio were observed in these
experiments (data not shown), it was not appropriate to analyze
the data according to the classical homogeneous coprecipitation
framework (Morse and Bender, 1990), because the agueous
concentrations of both Fe(ll) and Sr changed dramatically
during mineral precipitation, and because mineral recrystalli-
zation is not likely to have occurred at the temperature of our
experiments.

The Fe(l1)(aq) and Sr(aq) datafrom Figure 1A (t > 5to 7 d)
conformed reasonably well to the Doerner-Hoskins relation
(Fig. 6A). However, the loss of Sr(ag) from solution was
retarded relative to loss of Fe(l1)(aq) during the initial stages of
mineral precipitation in the 100 uM and 10 uM Sr systems. To
obtain a D_,, value for Sr coprecipitation with siderite during
HFO reduction that could be compared with values for other
trace metal-siderite coprecipitation systems (see below), pooled
data from the Cafree experiments were fit to Eqgn. 4 for
In([Fe(ll)ag)/[Fe(ll)(aq)]) values greater than 1, where the
relationship between In([Sr(ag)/[Sr(ag)]) and In ([Fe(ll)(ag)y/
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Fig. 6. Doerner-Hoskins analysis of Fe(ll)(ag)-Sr(ag) (Cafree ex-
periments; A) and Fe(l1)(ag)-Sr(ag)-Ca(ag) (10 mM Ca experiments;
B) from HFO reduction experiments (Figs. 1, 2). The plotsinclude data
from after the initiation of major carbonate mineral formation (t > 5to
7 d). Solid and open symbols in (B) show data for Sr and Ca,
respectively. Symbols represent means of duplicate cultures; the range
of duplicates was <10% of the mean. Solid lines show results of linear
least-squares regression analyses; dashed lines indicate the 95% con-
fidence interval for the regression.

[Fe(IN(ag)]) was generally linear (Fig. 6A). This approach
yielded D, value of 1.81 + 0.15 (r* = 0.94).

Abiotic coprecipitation experiments were conducted to ver-
ify the potential for coprecipitation of Sr with siderite. These
experiments were carried out in the absence of electron donor,
inorganic nutrients, vitamins, and trace elements so as to ex-
plicitly demonstrate the potential for coprecipitation of Sr with
FeCO4(s). The Fe(ll)(aq) and Sr(aq) data conformed generally
to the Doerner-Hoskins relation, yielding amean D,_, value of
0.143 = 0.018 (r*> = 0.57) for pooled data from systems
amended with different levels of FeCl, (Fig. 7B). D._ values
computed (Egn. 4) by using individua data points from the
different FeCl,, systemsincreased systematically from ~0.05 to
0.4 with increasing rate and quantity of FeCO4(s) precipitation
(Fig. 7B, inset).

A study by Rimstidt et al. (1998) developed a framework for
calculating theoretical and experimental solid-solution partition
coefficients (K4 and K' values, respectively) for coprecipita-
tion of trace elements with calcite and siderite, based on the
Mclntire (1963) model for equilibrium solid solution formation
and experimental partition coefficient data from the literature.
Predicted K ' values take into account the effects of surface-site
and boundary-layer-related process on trace element partition-
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Fig. 7. (A) Time course of Fe(Il)(aq) concentration (normalized to
initial concentration) from abiotic Fe(Sr)CO; coprecipitation experi-
ment (different levels of FeCl, added to 30 mM NaHCO;, pH 6.8,
containing 10 uM SrCl,; see Materials and Methods). Each symbol
represents the mean of duplicate samples from a single reaction system.
(B) Doerner-Hoskins analysis of Fe(ll)(ag)-Sr(ag) data for abiotic
coprecipitation experiment. Solid line shows result of linear least-
squares regression analysis; dashed lines indicate the 95% confidence
interval for the regression. Inset shows mean (+=SD) Dy (see text)
values computed from individua time points (n = 3) for systems
amended with different levels of FeCl..

ing, whereas predicted K4 values are thermodynamic parame-
ters for equilibrium solid solution formation. Because we are
unaware of any previous experimental data on the partitioning
of Sr into siderite, the following relationships developed in
Rimstidt (1998) were used to estimate K4' and K4 values for Sr
partitioning into siderite to permit comparison with our exper-
imental results:

Krecos 087

Ky=4.1 — 0.866 )
KSI’CO3
K . 10

Ky= 4.1( Feco) =0.269 6)
KSrC03

where Koo, and Ko, are the solubility products for siderite
and strontianite (10~2°4° and 10~°%, respectively; values
from Stumm and Morgan, 1996). Note that because of solution
boundary-layer-related effects, elements such as Sr with Kq
values less than 1 are expected to yield experimental K’ values
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Fig. 8. Analysis of Fe(l1)(aq)-Sr(ag)-Ca(ag) data from abiotic Fe(Sr,
Ca)CO; coprecipitation experiment (10 mM FeCl, added to 30 mM
NaHCO;, pH 6.8, containing 10 uM SrCl, = 1 mM CaCl, and sampled
after 1, 2, 3, 4,and 6 d; see Materials and Methods) according to the
Doerner-Hoskins relation for heterogeneous coprecipitation. Open
symbols = 1 mM CaCl,; solid symbols = no CaCl,. Each symbol
represents the mean of duplicate samples from asingle reaction system.

that are greater than the theoretical K, (Rimstidt et al., 1998).
The mean experimental D_, values obtained for Sr incorpo-
ration into abiotically precipitated FeCO4(s) (Fig. 7B; see also
Fig. 8) were substantially lower than calculated K value, but
bracketed the calculated K value. In contrast to these results,
the mean Dy, value for Sr partitioning into siderite formed
during HFO reduction in Ca-free systems (Fig. 6A) was five-
fold higher than the predicted K4 and 1.5-fold higher than the
predicted K.

The high degree of Sr partitioning into biogenic siderite is
surprising because the relatively large ionic radius (sixfold
coordination; Shannon, 1976) of Sr2* (1.18 A) compared with
Fe?* (0.78 A) would be expected to prevent major isomorphic
subgtitution of Sr into the FeCO4(s) lattice (Reeder, 1990).
Rates of mineral precipitation strongly influence the degree of
trace element partitioning into a major element precipitate
(Morse and Mackenzie, 1990; Mucci and Morse, 1990) and the
rapid rate of siderite precipitation during the latter stages of
HFO reduction could perhaps be expected to account for the
relatively high Dy, values obtained from the analysis in
Figure 6. However, rates of FeCO4(s) precipitation in the
abiotic coprecipitation experiments containing 5 to 20 mM
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FeCl, were equal to or greater than those occurring in the HFO
reduction experiments (compare Fig. 7A with Fig. 1A). Thus,
elevated rates of FeCO,4(s) precipitation cannot alone account
for the anomalously high D, values for Sr partitioning into
FeCO4(s) observed in the HFO reduction experiments. It is
important to note that, with the possible exception of phosphate
(see below), the additional components present in the culture
medium would have been expected to retard coprecipitation of
Sr with FeCO(s) relative that occurring in their absence in the
abiotic coprecipitation experiments. For example, the addi-
tiona ionic strength must have reduced the aqueous phase
activity of Fe*" and CO,?~, and the additional trace metals
(Ca, Co, Cu, Mg, Mn, Ni) may have competed with Sr for
incorporation into solid-phase Fe(ll) compounds (see discus-
sion of the Ca effect below). Hence, the large difference in the
extent of Sr coprecipitation with siderite observed during the
HFO reduction vs. abiotic coprecipitation experiments cannot
be attributed to differences in medium composition in the two
different reaction systems.

Association of Sr with the surface of rapidly growing siderite
crystals (e.g., through sorption to sites with remnant ionic
charge or substitution at vacant surface lattice positions result-
ing from defects in crystal structure; Veizer, 1990) and subse-
quent entrapment of Sr within the siderite lattice provides a
plausible explanation for the intensive scavenging of Sr during
biologically induced siderite precipitation observed in this
study. The capacity for carbonate mineras (e.g., calcite, si-
derite) surfaces to sorb divalent metal cations is well recog-
nized (Morse, 1986; Wersin et al., 1989; Zachara et al., 1991),
and the phenomenon of surface enrichment leading to trace
element entrapment during crystal growth is widespread in
natural systems (Watson, 1996). Surface enrichment and en-
trapment leads to preservation of a condition of thermodynamic
disequilibrium relative to the equilibrium solid-solution com-
position of crystal phases (Watson, 1996). This process can
account for the much higher functional partition coefficient for
Sr incorporation into biogenic siderite compared with that
expected from solid-solution theory. In addition, a zone of
locally elevated pH and alkalinity (i.e., reduced H™ activity) is
likely to occur in the vicinity of the bacteria-oxide interface
during Fe(lll) oxide reduction (Roden and Edmonds, 1997;
Zachara et al., 2002). By analogy to the influence of pH on
trace metal sorption by calcite (Zachara et a., 1991), the
presence of such a microenvironment may enhance the associ-
ation of Sr>* with reactive sites on the siderite surface, thereby
promoting Sr surface enrichment and entrapment during crystal
growth. This phenomenon may have contributed to the sub-
stantially higher D_, vaues for Sr partitioning into biogenic
vs. abiotically precipitated FeCO4(s).

4.2.3. Coprecipitation with Noncarbonate Fe(I1) Solids

Another potential explanation for the high D _,, valuesfor Sr
partitioning into biogenic Fe(l1)(s) compounds is related to the
apparent formation of substantial quantities of noncarbonate
Fe(l1)(s) during HFO reduction. It is possible that some of
portion of the immobilized Sr coprecipitated with vivianite,
which is likely to have formed through reaction of biogenic
Fe(ll) with PO, present in the culture medium (Fredrickson
et al., 1998). Zachara et al. (2001) demonstrated incorporation

of Co?" into abictically precipitated vivianite, and suggested
that coprecipitation of Co®" with biogenic vivianite may have
influenced the extent of Co release to solution during bacterial
reductive dissolution of Co-substituted goethite. However, it is
unlikely that this process could have been responsible for the
loss of Sr from solution observed during the latter stages of the
Cafree HFO reduction experiments reported here (Fig. 1B).
Fredrickson et al. (1998) demonstrated near-complete removal
of phosphate from solution during the first few days of HFO
reduction by S putrefaciens CN32 in NaHCO,-buffered culture
medium very similar to that employed in this study. Rapid and
extensive precipitation of vivianite during HFO reduction is
consistent with the very low solubility of this mineral (Al-
Borno and Tomson, 1994), and the rapid kinetics of vivianite
precipitation documented in other Fe(l11) oxide reduction sys-
tems (Zachara et a., 1998). These considerations suggest that
production of vivianite is likely to have occurred during the
early stages of HFO reduction in our experiments—that is, at a
time when Sr was being released to solution.

The possibility exists that Sr became associated with amor-
phous mixed Fe(ll)-Fe(lll) hydroxy compounds that were
likely generated during HFO reduction. By analogy to amor-
phous HFO surfaces (Dzombak and Morel, 1990; Small et al.,
1999), such phases would be expected to have substantial Sr>*
sorption capacity, particularly at the pH values observed in our
experiments, Complexation of Sr by Fe''OH or Fe'''OH surface
sites could lead to surface enrichment and entrapment of Srin
a manner analogous to that suggested for siderite, thereby
leading to enhanced Sr scavenging during the latter stages of
HFO reduction. Incorporation of Sr into such phases provides
an explanation for the apparent formation of noncarbonate
solid-phase Sr during HFO reduction (Table 2), assuming such
phases were subject to partial dissolution by the alkaline CD
extraction procedure.

4.3. Influence of Ca on Sr Immobilization

In light of the propensity for coprecipitation of Sr with
cacium carbonate minerals (Morse and Mackenzie, 1990;
Mucci and Morse, 1990), we anticipated that the presence of
mM levels of Cain HFO reduction cultures would promote Sr
immobilization through incorporation of Sr into CaCO4(s)
phases formed as a result of alkalinity generation during HFO
reduction. In contrast to this expectation, the presence of 10
mM Ca strongly inhibited Sr incorporation into biogenic car-
bonate phases, despite the fact that wet-chemica (Figs. 2B,C)
and XRD analyses (Figs. 5C) analyses suggested that large
quantities (5 to 10 mmol L™ of CaCO4(s) were produced.
This result is clearly illustrated by the lack of correlation
between solution-phase changes in Sr and Fe(ll) in the 10 mM
Ca systems (Fig. 6B, solid symbols).

Increasesin pH (Figs. 1C, 2C) and S values for strontianite
(Figs. 3A,B) during HFO reduction were much smaller in
Ca-amended than in Ca-free 1 mM Sr cultures. These results
suggest that inhibition of Sr immobilization in Ca-amended 1
mM Sr cultures may have been caused at least in part by
consumption of alkalinity and DIC during CaCO4(s) precipita-
tion. This mechanism does not apply, however, to the 100 uM
and 10 uM Sr experiments, in which saturation with respect to
strontianite was never achieved.
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The ideas discussed in the preceding section provide the
basis for an explanation of the negative influence of Caon Sr
scavenging during carbonate mineral precipitation in the 100
uM and 10 uM Sr HFO reduction systems. These arguments
apply aso to the 1 mM Sr cultures to the extent that coprecipi-
tation with siderite (vs. strontianite formation) was responsible
for Sr immobilization in these cultures. Calcium is known
compete with Co (Kornicker et a., 1985) and Zn (Zachara et
al., 1988) for sorption onto calcite surface sites. By analogy, it
islogical to assume that Cawould compete with Sr for sorption
onto siderite surfaces. Because surface complexation represents
the first step in the process of solid solution formation (Stumm,
1992) as well as the general process of surface element and
trace element uptake during heterogeneous crystal growth
(Watson, 1996), the presence of a vast excess of Carelative to
Sr would be expected to inhibit (by a mass-action effect)
coprecipitation of Sr with the FeCO4(s) component of the
ankerite produced in the Ca-amended HFO reduction cultures.
This suggestion is supported by the observation by Mortimer
and Coleman (1997) that high concentrations of Mg inhibited
incorporation of Ca into siderite produced during bacterial
HFO reduction.

To directly test the above assertion, we examined the influ-
ence of Ca on Sr partitioning into abiotically precipitated
siderite. The results showed that 1 mM Ca strongly inhibited
sequestration of 10 uM Sr during precipitation of ~10 mmol
L~* siderite (Fig. 8A). In this experiment, the D, value for
Capartitioning into siderite (0.252; Fig. 8B) was comparable to
that observed for Sr partitioning into siderite in a paralel
Cafree system (0.190; Fig. 8B). These results are similar to
those from Ca-amended vs. Ca-free HFO reduction experi-
ments: the average D, value for Ca incorporation into si-
derite in Ca-amended cultures (0.800 = 0.061; Fig. 6B) was
comparable to that for Sr incorporation into siderite in Ca-free
cultures (1.35 = 0.13; Fig. 6A). These findings suggest that
direct substitution of Ca for Sr took place at foreign element
incorporation sites on growing crystal surfaces during both
abiotic and microbialy induced FeCO,(s) precipitation. An
analogous argument, so far untested, may explain the lack of Sr
partitioning into the CaCO4(s) component of ankerite produced
in the Ca-amended HFO reduction cultures: the large quantity
of Fe(ll) generated during the initia stages of HFO reduction
would be expected to compete with Sr for sorption on growing
calcite surfaces, thereby blocking incorporation of Sr into the
CaCO4(s) lattice.

4.4. Biogeochemical Significance

The near-quantitative release of sorbed Sr during the initia
stages of HFO reduction is consistent with previous field and
laboratory studies documenting solubilization of trace and con-
taminant metals during dissimilatory microbia Fe(lll) oxide
reduction (Lovley, 1991, and references therein; Landa et al.,
1991; Zacharaet al., 2001). The observed immobilization of Sr
during the latter stages of HFO reduction is a new finding, as it
represents the first explicit demonstration of the sequestration
of a contaminant metal through FeCO4(s) formation coupled to
microbial Fe(l1l) oxide reduction. A study of trace metal sol-
ubilization during microbia reduction of Co- and Ni-substi-
tuted goethite (Zachara et al., 2001) indicated that coprecipita-

tion with siderite (and vivianite) may have contributed to
retention of metals in the solid-phase during the oxide reduc-
tion process. However, in this study it was not possible to
clearly distinguish between solid-phase sequestration of metals
through adsorption/surface precipitation vs. authigenic mineral
formation. Several articles have demonstrated sequestration of
divalent metalsin mixed Fe(l1)-Fe(l11) phases produced during
bacterial reduction of HFO (Parmar et al., 2000; Fredrickson et
a., 2001) as well as lepidocrocite and goethite (Cooper et a.,
2000) reduction. Collectively, these studies emphasize that the
traditional view of bacterial Fe(l11) oxide reduction as a phe-
nomenon responsible for trace/contaminant metal mobilization
in sedimentary environments may not be universally applica-
ble.

The spatial and temporal interplay between metal mobiliza-
tion during microbial reductive dissolution of Fe(lll) oxides
and immobilization through precipitation of carbonate minerals
and other biogenic Fe(ll) solids is likely to have a crucia
impact on the behavior of Sr and other divalent cations in
Fe-rich anaerobic sedimentary environments. Metals mobilized
during Fe(l11) oxide reduction at a given place and time may be
subject to immobilization later in time or in a different region
of sediment where conditions become favorable for carbonate
mineral precipitation. Many subsurface sediments contain up to
severa weight percent of iron oxides, which represent abundant
electron acceptors for anaerobic respiration (Lovley, 1991;
Nealson and Saffarini, 1994). A survey of published data
(Lovley and Phillips, 1987; Chapelle and Lovley, 1992; Heron
et a., 1994a,b; Heron and Christensen, 1995; Swartz et al.,
1997; Anderson et al., 1998) on subsurface Fe(l11) oxide abun-
dance revealed whole sediment Fe(l11) concentrations ranging
from 1 to ~500 wmol per cm® wet sediment, with an average
value of 168 + 150 umol cm—3 (n = 10). Although not all of
the Fe(l11) measured in these studies was present as amorphous
HFO (the most available form for microbial reduction), studies
indicate that a substantial fraction of the crystalline Fe(l1l)
oxide content of natural subsurface materials is available for
microbial reduction (Roden and Zachara, 1996; Zachara et a.,
1998).

Given the substantial whole sediment concentrations of
Fe(l11) oxide present in the subsurface environments, the po-
tential clearly exists for generation of large amounts of Fe(ll),
IC, and akalinity coupled to microbia Fe(I11) oxide reduction.
Production of these species is expected to create conditions
favorable for carbonate mineral precipitation. Studies of aquifer
systems impacted by hydrocarbon or municipal landfill
leachate contamination have demonstrated the presence of
agueous geochemical conditions favorable for siderite and cal-
cite precipitation in zones of Fe(I11) oxide reduction (Amirbah-
man et al., 1998; Baedecker et a., 1992), as well as the
existence of authigenic siderite and calcite phases in aquifer
solids (Amirbahman et al., 1998; Baedecker et al., 1992). In
addition, microbial Fe(lll) oxide reduction appears to be the
main source of alkalinity leading to the ongoing precipitation of
calcite in fractured granitic bedrock (Pedersen and Ekendahl,
1990; Pedersen, 1996). Analyses of groundwater/trace element
interactions in subsurface systems indicate that Sr (100 to 9000
ppm) and other metals are commonly incorporated into calcites
in situ (Lanstrom and Tullborg, 1995). Pye (1984) found sub-
stantial amounts of Sr (200 to 400 ppm) associated with si-
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derite-calcite concretions in salt marsh sediments, which were
later shown to be formed through the activity of sulfate-reduc-
ing bacteriathat possess the capacity for Fe(l11) oxide reduction
(Coleman et al., 1993). These findings, together with the direct
demonstration of Sr capture during HFO reduction reported
here, suggest that bacterial Fe(l11) oxide reduction could con-
tribute to the immobilization of Sr and other metals in carbon-
ate-rich aquifer environments. A number of U.S. Department of
Energy sites suffer from varying levels of groundwater °°Sr
contamination (from ~5 to > 200 uM Sr), notably Hanford
(DOE, 1998), Idaho National Engineering Laboratory (Duncan,
1995), and Oak Ridge National Laboratory (Jago et al., 1996).
At Hanford, the size of the subsurface ®°Sr plume within the
200 area plateau is 100 times that of the **’Cs and 2*°Pu
plumes, and °°Sr concentrations in groundwater at the 100 N
area are in excess of the drinking water standard (DOE, 1998).
Our results suggest that formation of siderite and other biogenic
Fe(ll) solid formation coupled to microbial Fe(lll) oxide re-
duction could influence °°Sr contamination in subsurface sed-
iments at these sites.

A comprehensive survey of trace element partitioning into
carbonate minerals Rimstidt et al (1998) concluded that re-
moval of divalent cations from solution through coprecipitation
with relatively insoluble carbonate phases like siderite was
likely to be much less effective than with more soluble phases
such as calcite and magnesite. Our findings suggest, however,
the need for caution in predicting the potential for contaminant
metal sequestration in biogenic siderite based on solubility
product considerations, or on the results of abiotic coprecipi-
tation experiments. As discussed above, unique surface chem-
ical phenomena associated with bacterial Fe(l11) oxide reduc-
tion may lead to dramatically increased partitioning of trace
metals into siderite and other biogenic Fe(ll) solids relative to
that expected for equilibrium or near-equilibrium solid solution
formation. Studies of Sr and other trace-contaminant metal
immobilization coupled to natural Fe(lll) oxide reduction in
experimenta systems that simulate the biogeochemical condi-
tions in subsurface sediments are required to further evaluate
the significance of these processes. Our results with Ca
amended cultures suggest that it will be important to consider
the impact of dissolved Ca in groundwaters on divalent metal
sequestration during carbonate mineral precipitation. In addi-
tion, evaluation of the potential for Ostwald ripening to expel
trace metals from biogenic Fe(ll) solid precipitates is required
to assess the long-term stability of such coprecipitates in sub-
surface environments.

5. CONCLUSIONS

Near-quantitative solubilization of sorbed Sr was observed
during the early stages of bacterial amorphous HFO reduction.
Aqueous Sr was subsequently immobilized during the latter
stages of HFO reduction in Ca-free systems through one or
more of the following mechanisms: (1) strontianite precipita-
tion (1 mM Sr systems); (2) coprecipitation of Sr with siderite;
(3) coprecipitation of Sr with noncarbonate Fe(l1) solid phases.
Direct correlations between Fe(ll)(ag) and Sr(ag) during Sr
immobilization in 100 uM Sr and 10 uM Sr reaction systems,
which remained undersaturated with respect to strontianite,
suggested that coprecipitation of Sr with biogenic Fe(ll) solids

was active. The average heterogeneous partition coefficient for
Sr immobilization computed with Fe(ll)(agq) and Sr(ag) data
from these experiments was approximately fivefold in excess of
values obtained during abiotic siderite precipitation experi-
ments, as well as a theoretical Fe(Sr)CO, solid solution parti-
tion coefficient calculated by using the framework presented in
Rimstidt et a. (1998). The high partition coefficients obtained
in these experiments can be attributed to surface complexation
and entrapment of Sr by rapidly growing siderite crystals and
possibly other biogenic Fe(l1) solids. These findings suggest the
need for caution in predicting the potential for contaminant
metal sequestration in biogenic siderite based on solubility
product considerations or on the results of abiotic coprecipita-
tion experiments. Unique surface chemical phenomena associ-
ated with bacterial Fe(111) oxide reduction may lead to dramat-
ically increased partitioning of trace metals into siderite and
other biogenic Fe(ll) solids relative to that expected from
equilibrium or near-equilibrium solid solution formation. These
same surface phenomena are aso likely responsible for the
observed inhibition by Caof Sr partitioning into biogenic Fe(ll)
solids, which (on the basis of the results of abiotic precipitation
experiments) can be attributed to competition between Ca and
Sr for surface complexation and entrapment by growing si-
derite crystals. The inhibition by Ca of Sr immobilization
emphasizes the need for careful consideration of the influence
of competing cations on the fate of trace metals in carbonate-
bearing sediments. The spatial and temporal interplay between
the Sr mobilization and immobilization processes associated
with bacterial HFO reduction observed in this study islikely to
have crucial impact on the behavior of Sr and other divalent
cations in Fe-rich anaerobic sedimentary environments. Metals
mobilized during Fe(l11) oxide reduction at a given place and
time may be subject to immobilization later in time or in a
different region of sediment where conditions are favorable for
siderite or other biogenic Fe(l1)(s) mineral precipitation.
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Sr immobilization during dissimilatory hydrous ferric oxide reduction

Table Al. Total, aqueous, and carbonate-associated Sr in uninocu-
lated culture medium without and with HFO (~40 mmol L™Y). Each
vaue is from a single culture sampled 1, 2, or 7 d after Sr addition.
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Table A2. Aqueous Sr and Ca concentration and pH over time in
uninoculated 1ImM Sr cultures. Each value is the mean (range) of

duplicate cultures.

Sr Time  Tota Aqueous Carbonate
System  addition (d) Sr2 SrP associated®
— HFO 1mM 1 1.033 1.027 ND¢
2 1.028 1.049 ND
7 1.021 1.035 ND
100uM 1 110 111 ND
2 111 112 ND
7 109 110 ND
10uM 1 11.2 115 ND
2 11.2 11.0 ND
7 10.9 11.7 ND
+ HFO 1mM 1 0.991 0.507 ND
2 1.022 0.429 0.001
7 0.988 0.414 0.000
100 uM 1 108 20.6 ND
2 111 154 0.0
7 104 16.0 0.0
10uM 1 10.7 0.7 ND
2 104 0.5 0.0
7 9.9 0.5 0.0

System Time (d) Sr (mM) Ca (mM) pH
Ca free 0 0.505 (0.160) ND? 7.02 (0.04)
16 0.507 (0.010) 6.96 (0.02)
34 0.509 (0.001) 7.03 (0.02)
10 mM Ca 0 0.696 (0.082) 7.19(0.790)  6.77 (0.010)
16 0.698 (0.000) 7.30(0.020) 6.99 (0.010)
34 0.708 (0.190) 7.41(0.170)  7.00 (0.030)

agr content of whole (unfiltered) culture samples (mmol L~ for
ImMSr system; otherwise wmol L™%).
bSr content of 0.2-Am-filtered culture samples (mM for ImMSr

system; otherwise uM).

¢ From analysis of material retained by filtration after alkaline citra-
te—dithionite extraction (see Materials and Methods).

9 Not determined.

2Not determined.
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