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Executive Summary

The migration of “Sr in groundwater is asignificant environmental concern a
former nuclear weapons production sitesin the U.S. and abroad (10, 22 ,35). Although
retardation of °°Sr transport relative to mean groundwater velocity is known to occur in
contaminated aguifers (20), Sr** does not sorb as strongly to iron oxides and other
minera phases as do other metd-radionuclide contaminants. Thus, some potentid exists
for extensive °°Sr migration from sources of contamination (35, 44).

Chemical or biologica processes capable of retarding or immobilizing S* in
groundwater environments are of interest from the standpoint of understanding controls
on subsurface Sr?* migration. In addition, it may be possible to exploit such processes
for remediation subsurface Sr contamination. In this sudy we examined the potentid for
the solid phase sorption and incorporation of Sr?* into carbonate minerals formed during
microbid Fe(l11) oxide reduction as afirst step toward evauating whether this process
could be used to promote retardation of *°Sr migration in anaerobic subsurface
environments.

The presence of Sr?* at concentrations up to 1.0 mM was found to have no
detrimentd effect on bacterid Fe(l11)-reduction. Under non-growth conditions, and with
dead cells, Sr** wasimmobilized by sorption to the bacteria and hydrous Fe(l11)-oxide
(HFO). Applying surface complexation theory in the data anayses yie ded equilibrium
Sr2* sorption congtants for the bacteria, HFO, and bacteria-HFO composites that can be
utilized in geochemicad modeing of contaminant fate and behavior. The bacteriadone
were found to have a higher affinity and sorption capacity for S** than HFO or the
bacteria- HFO composites, but exhibited a grester sengtivity to ionic strength, which is
indicative of outer-gphere complexation reactions.

In actively growing cultures, the solid phase capture of Sr** was enhanced
considerably by the precipitation of siderite (FeCOs). The efficiency of S+
immoilization ranged from 99% at an initia dissolved S** concentration of 0.01 mM, to
90% at adissolved Sr?* concentration of 1.0 mM over a 30 day time period. In each case,
the presence of high concentrations of Ca?* (i.e., 10 mM) as a competing ion reduced the
extent of Sr** solid phase capture to approximately 30% of the initial total dissolved S
Rapid remova of dissolved Sr?* in response to calcium carbonate precipitation (90%
decrease in less than 1 day) was aso measured in cultures of bacteriathat hydrolyze urea.

Our demonstration of Sr?* capture in carbonate mineral phases formed during
bacteria HFO reduction and urea hydrolysis suggeststhat microbid carbonate minera
formation could contribute to Sr** retardation in groundwater environments. This process
may aso provide a mechanism for subsurface remediation of S** and other divalent
metal contaminants that form insoluble carbonate precipitates.



1.0 Research Objectives

The behavior of strontium and other meta/radionuclides in naturd multi- phase
chemica sysemsisacritica concern & DOE dtes where they exist as ubiquitous and
mobile contaminants (4, 10). The concentrations and migration velocities of these
contaminants depend on a number of linked physica, chemica and microbiologica
processes. Many of these processes, induding immohbilization of meta contaminantsin
authigenic minerd precipitates of microbid origin, are not well understood. Thisis
particularly true of authigenic reactions involving bacteria reduction of Fe(l11)-oxidesin
subsurface sediments (27). For example, athough contaminant metals adsorbed by
Fe(I11)-oxides appear to be prone to release following reductive dissolution by bacteria
(3, 18, 24), the same process will cause an increase in dkdinity that is conducive towards
authigenic carbonate minera precipitation (7). Moreover, the overal reaction involving
dissmilatory iron reducing bacteria (with acetate or hydrogen as an eectron donor),

FeOOH + 3HCO3 + 2Me2+ + € = FeCOs; + 2MeCO3 + 2H,0

shows that carbonate minera precipitation can contribute directly to solid phase
immohilization of dissolved metds (eg., Me?** occuring as strontium). 1t is possible that
this process could exceed the origina capacity of Fe(l11)-oxidesto capture and retain
metal contaminarts. In abroader sense, microbia induced minerd precipitation
represents an innovative immobilization concept relevant to development of new cleant
up technologies amed at solving DOE's complex environmentd problems,

The potentid to exploit bacterial Fe(l11)-oxide reduction to induce carbonate
minerd precipitation for the solid phase capture of strontium and other
meta/radionuclide contaminants is inferred from two pardld lines of evidence. From
microbiologicd investigations carried out over the last decade, it has become clear that
diverse communities of microorganiams live in subsurface environments (11, 17, 27, 36).
Iron-reducing bacteria are particularly common in anaerobic subsurface environments,
and have been identified as protagonists of carbonate minerd precipitation (7, 24, 28).
At the same time, geochemica andyses indicate that strontium, uranium, and other
metas are commonly incoporated via adsorption and solid solution (i.e., copreci pitation)
into carbonate mineras that precipitate from natural groundweters in response to
microbid activity (16, 29).

Microorganisms in subsurface environments are generally segregated according to
their physiology into distinct redox zones dong groundwater and contaminant plume
flow paths (27). The zonation evolves in response to microbia consumption of dissolved
oxygen via agrobic respiration with subsequent production of low molecular weight
organic acids by fermentation (33, 36). A succession of anagrobic respiratory processes
follow the declining redox potentid (i.e., nitrate and/or Mn (1V) reduction), eventualy
leading to the onset of bacterid Fe(l11)-oxide reduction (34).

The anaerobic physiology of Fe(l11)-reducing bacteriais an important advantage
for the design of in Situ treetment processes. Since Fe(l11)-reducers are anaerobes,



provision of oxygen isnot aconcern. Moreover, many subsurface sediments contain up
to severd weight percent of iron oxides which thus comprise a built-in solid phase
electron sink for anaerobic respiration (28, 34). In addition, iron oxides are often much
more abundant than nitrate or Mn(IV) oxidesin the subsurface, so that iron reduction
generdly dominates organic matter metaboliam in "suboxic' sedimentary environments
(24). lron-reducing bacteria effectively outcompete sulfate-reducing and methane-
producing microorganisms (6, 24) because of their ability to maintain the concentration
of common energy yielding subgtrates (e.g., hydrogen and acetate) at concentrations
below what can be effectively utilized by sulfate-reducers and methane-producers (5, 6,
8). Thus Fe(l11)-reducers are not expected to be adverdy affected by competition with
the other mgjor groups of bacteriain iron oxide-rich anaerobic environments.

Mogt of the Fe(I11) in subsurface sediments occursin complex mixtures of
different oxide minerdsthat vary greatly in their crystdlinity, particle Size, surface area,
and reactivity. Studies with pure synthetic oxides have demonstrated that poorly
cyrgdlineiron oxides (eg., hydrous ferric oxide or ferrihydrite) are most susceptible to
bacteria reduction, whereas more cystaline oxides like goethite (& FeOOH), hematite
(Fe203), and akaganeite (b-FeOOH) support dower rates of Fe(l11) reduction and are
reduced to amuch lesser extent (24, 51). However, recent studies suggest thet a
consderable fraction of the crystdline Fe(l11) oxide content of subsoil and subsurface
materids is subject to microbid reduction (41), which suggests that such oxides could
support a consderable amount of Fe(111) reduction in Stuations where such they are
abundant.

As bacteria Fe(l11) reduction proceeds, concentrations of dissolved Fe(l1)
typicaly increase owing to sustained reductive dissolution of Fe(l11)-oxides. This
phenomenon is commonly observed over large areasin natura aguifers where distinct
regions of anaerobic high-iron groundwater exist (28). In laboratory batch cultures, the
accumulation of Fe(11) tends to attenutate rates of continued Fe(l11) reduction. This effect
has been attributed to a decrease in accessibility to Fe(l11) imposed by sorption of Fe(ll)
onto Fe(l11)-oxide surfaces (41), aswell as the surfaces of Fe(l11)-reducing bacterid cdls
themsalves (49). Whether other metds, in particular strontium, have the same inhibitory
affect is not known.

Microbid precipitation of carbonate minerds has been extensvely documented in
freshwater, marine, and groundwater systems (16, 21, 47). In many of these studies,
phototrophic cyanobacteria are cited as causative agents of carbonate deposition;
however, ironreducing bacteria are dso known to mediate carbonate minera
precipitation (7, 24, 40). Despite the involvement of awide range of microorganisms,
microbially precipitated carbonate phases commonly exhibit an extremely fine-grain sze
(i.e, often lessthan 1.0 mm in diameter) (15, 43). Thisis normdly attributed to rapid
precipitation from highly oversaturated solutions (44). In addition, the precipitates
accumulate extracdlularly, but often appear to originate on the externa surfaces of cells
aswdl aswithin their sheaths or capsules. When microorganims grow in epilithic
biofilms on sand grains or rock surfaces, porous carbonate coatings develop (15, 16).



This pattern of minerdization reflects of the inherent ability of microbid cellsto serve as
templates for heterogenous nucleation and crysta growth (14, 39, 43).

The ability of microbid cdlsto serve as efficient nuclestion Stesfor the
precipitation of carbonate mineras arises from their capcity to adsorb and concentrate
dissolved metadlicions (13, 14, 43, 49). This uptake of metdlic ions tends to shift the
chemica equilibrium in favor of carbonate precipitation by decreasing the degree of
oversaturation needed for crysta nuclestion on the cdll surface. In free energy terms, this
corresponds to alowering of the activation energy barrier that normaly retards
spontaneous crysta nuclestion and growth (45). The effect is apt to be quite pronounced
in metastable solutions that are at or oversaturated with respect to carbonate minerals
(44).

Alkdinity changes (i.e., an increase in dissolved inorganic carbon concentrations
and/or pH) that accompany the growth of many carbonate precipitating microorganisms
provide a good explanation for the onset of minerd precipitation (23, 45, 46). Interms of
solution chemigtry, arise in akainity can induce carbonate precipitation by increasing
the degree to which water is oversaturated (15, 16, 46). The following generd reactions
apply to Fe(l11)-reducing bacteria using acetate (equation 1) or hydrogen (equation 2)
with goethite as atermina eectron acceptor (7):

8FeOOH + CH3COO™ + 3H,0 = 8Fe** + 2HCO; + 150H (1)

8FeOOH + 4H, = 8Fe?* + 160H  (2)

These equations show that production of bicarbonate and hydroxyl ionsis expected from
bacterial Fe(I11)-oxide reduction using acetate as the eectron donor. Conversdly, Fe(l11)
reduction coupled to hydrogen oxidation yieds only hydroxyl ions. In both cases,
akdinity should increase to make carbonate precipitation more favorable (16, 46). A
risein pH and precipitation of sderite (FeCOs) is known to occur during growth of
Fe(I11)-reducing bacteriain bicarbonate- buffered culture media (25, 26, 40). In addition,
the accumulation of Sderite in some marine sediments and groundwater systemsis
interpreted initiated by these processes (1, 7). Ultimately, however, the type of carbonate
minerd phase that precipitates as aresult of microbid activity will be controlled by the
chemica composition of the aqueous environment in which the microorganisms are
growing. For example, calcite precipitation proceeds in waters containing mostly Ce?™,
wheress huntite or magnesite precipitates from Mo *-rich waters (15, 46).

In fractured granitic bedrock, anaerobic oxidation of organic materia by Fe(l11)-
reducing bacteria appears to be the main source of dkalinity contributing to ongoing low
temperature precipitation of cacite (29, 37, 38). Studies of groundwater trace element
interactions with fresh carbonate precipitates in these subsurface hydraulic systems
indicate that ssignificant amounts of strontium (100 to 9000 ppm), barium (100 to 1000
ppm), uranium (0.3 to 3.5 ppm), and other metals are commonly incorporated into cacite
(29). High concentrations of strontium have also been measured in cyptocrystdline
cacites precipitated by epilithic cyanobacteria growing in a groundwater discharge zone



(16). In each case, laboratory determined values for the adsorption of corresponding
metd ions on calcite are smdl in comparison to the solid phase concentrations measured
in the naturd precipitates. The implication isthat solid solution formation (i.e.,
coprecipitation) is an important mechanism for retention of trace metas by calcite (31).

Although strontium concentrations of up to 1.0 weight percent are common in
biogenic aragonite (i.e., a CaCO3 polymorph thet comprises the shells of higher
organisms like malluscs), norma vaues for srontium in cacite tend to be much lower
(2,9). Thisis attributed to the availability of more space in the aragonite structurein
comparison to that of cacite; however, high precipitation rates contribute to amore
efficent partitioning of grontium into cacite (31). Astoo much of the larger strontium
ion may destabilize the rhombohedra structure of cacite, the effect of smal grain szeon
eliminating long range lattice effectsin fresh precipitates is consdered to be an important
factor contributing to the stability of the strontium-cacite solid solutions (2). Ina
broader context thisimplies that solid solution formeation involving trace metd species
like strontium may actudly be sgnificantly enhanced in naiurd groundweter sysems,
through rapid microbid precipitation of fine-grained carbonate mineras (16, 29).

Taken together, these lines of microbiological and geochemical evidence suggest
that an opportunity exists to employ microbia minerd transformations &t the
Fe(I1)/Fe(111) redox boundary for solid phase capture of strontium and other
metd/radionuclide contaminants. Specificdly, the precipitation of authigenic carbonate
minerals by Fe(l11)-reducing bacteria has considerable potentia to contribute directly to
solid phase immobilization of dissolved metd ions like strontium. This nove
immobilization concept is relevant to the development of new clean-up technologies
amed at solving DOE's complex environmental problems. In working towards the long-
term needs of DOE Environmental Management, it will be important to assess
geochemicd relationships between bacterid Fe(111)-oxide reduction and carbonate
minerd precipitation. Smilarly, a better understanding of the extent to which microbia
carbonate precipitation effects the solid and agueous phase distribution of rontium is
required. The research summarized in this report is thus focused on developing a better
understanding of microbiologica and geochemicd controls on carbonate minera
precipitation reactions that are caused by bacteria reduction of Fe(l11)-oxides, and on
identifying the potentia contribution of these processes to solid phase capture and
immohilization of strontium in the subsurface.

2.0 Methods and Results

The impact of the Fe(l11)-reducing bacteria Shewanella alga strain BrY on the
solid phase partioning of dissolved Sr** wasinitialy investigated in a series of
experiments using live cdls, dead cdlls (heat-treated at 80 °C), and isolated cell envelope
fractions. Synthetic hydrous ferric oxide (HFO) used in the experiments was prepared in
the laboratory by the gradud titration of Fe(NOs)3 9H,O with 1 M NaOH topH 7. The
resulting HFO gel precipitate was centrifuged at 7000 rpm for 10 minutes, rinsed three
times, and resuspended in sterile ultrapure water (UPW). Totd Fe(l11) content of the gel
was messured by a phenanthroline spectrophotometric assay.



Dissolved Fe(I1) accumulated in response to reductive dissolution of HFO by S
alga in experiments conducted with live cdlls. The presence of 1 mM Sr?* did not
adversdly influence the production of dissolved Fe(11) by the bacteria. In dl experimentd
systems, pH increased dightly owing presumably to a draw-down in the pCO;, of the
culture medium in response to equilibration with the N, atmosphere of the anaerobic
chamber used in theinvestigation. However, in the presence of the live Fe(l11)-reducing
bacteria the pH increase was sufficient to bring about supersaturation with respect to
Sderite after gpproximately two days. The presence of Sderite, as wel as amal amounts
of vivianite, after 5 days of incubation were confirmed by X-ray diffraction.

A steady increase over time in the solid phase capture of Sr?* was observed in dl
of the various experimental systems. The highest measured solid phase concentrations of
Sr?* dways occurred in the live cell experiments, followed by the cdll envelope, dead
cdl, and findly the abiotic HFO control. These variations extend directly from two
different kinds of processes that contributed to the solid phase capture of Sr?*. Inthe
dead cdll, cdl envelope, and abiotic HFO systems, sorption reactions aone account
entirely for the uptake and retention of S**. In thelive cdll experiments, the solid phase
capture of Sr?* occurred not only through sorption to the bacteria cdls themsdlves, but
aso from incorporation into precipitating siderite, either through sorption or
coprecipitation mechanisms. Overall, these results showed that non-viable S. alga cdls
and S alga cell envelopes can sorb significantly grester quantities of S*?* compared to
HFO done, and that Sderite preciptation in live Fe(l11)-reducing S. alga cultures
enhances the solid phase partioning of Sr*.

In order to quantify sorption reactions involving S?* under Fe(l11)-reducing
conditions, bacteria (S alga strain BrY and Shewanella putrefaciens strain CN-32)were
grown overnight at 37° C in Trypticase soy broth (TSB, mediapH ~ 7). Prior tousein
the sorption experiments, the bacteria were washed by centrifugation three times with,
and resuspended in, sterile UPW. Bacteria cell concentrations used in the experiments
were equivaent to an optical density of 0.4 at 600 nm (approx. 8x10° cdls/mL = 0.18
g/L; DAPI [4',6-diamidino-2- phenylindole dihydrochloride] epifluorescence counts on
cdl suspersionsin pure water). Cell viability was evauated by epifluorescence
microscopy direct counting using the LIVE/DEAD BadightO Bacteria Viability Kit
(Molecular Probe Inc. L-7007). Viability counts indicated that the maority (>90%) of
the bacterid cdls remained intact and viable throughout the sorption experiments. Fresh
HFO was prepared syntheticaly, as described above, immediately prior to each set of
experiments. An Fe concentration of 45 mM Fe(l11) was used in the sorption assays.

To prepare Fe(l11)-reducing bacteria cdls coated with HFO, S. alga cdll
suspensions were washed and resuspended in UPW as explained above a a cell density
equivalent to an O.D.sgo nm Of 0.4 (approximately 8x10° cellgmL = 0.18 g/L). An
Fe(NO3)3 9H,0 solution was then added to make afind tota Fe concentration of 0.8 mM
Fe(ll). Thesolution of S alga celsand 0.8 mM Fe(l11) was then gently stirred for 1h a
apH of ~3 to promote Fe(I11) sorption to the bacteria surface. This pH was chosen asit
isbelow the critical pH with respect to supersaturation and precipiteation of Fe(OH)z() for



these experimentd conditions. After one hour the cell-Fe(l11) solution was dowly

titrated with 1 M NaOH at 0.5 pH unit intervas, with an equilibration time of 15 minutes
a eech interva, until afina pH of 7 wasreached. The solution was then maintained a
this pH and gently shaken for 12 hoursto alow complete HFO precipitation. Fe(l11) was
not detected in solution after this period; i.e. dl of the Fe(l11) added to solution was
precipitated as HFO. Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS) confirmed the presence of iron precipitates at the bacteria surface.
X-Ray diffraction analyses were used to determine that the HFO precipitatesused in
these experiments were amorphous both in the presence and absence of bacteria

Strontium sorption experiments were carried out using the four substrate systems
(S alga, S putrefaciens, HFO, and S. alga-HFO composite) over arange of S
concentrations (102-10>°M at 10%° M increments) and pH (2.5-11 at 0.5 pH increments)
under dilute agueous, non-growth conditions. Experimenta samples were gently shaken
a room temperature for 2 hours. This rdatively short equilibration time (determined
through time course experiments) has been shown to maintain cell viability and to
gpproach equilibrium conditions without measurable dissolution of HFO at lower pH
vaues. After 2 hours, the solution pH was measured and used in the calculation of
complexation congtants, maximum binding capacities and the construction of pH sorption
edge diagrams. Measured concentrations were thus assumed to be equa to activities (12,
44), and were subsequently used to quantify S** partitioning. Solid phase strontium
concentrations (Sre) were determined by taking the difference between the total Sr?* (Srr)
and dissolved Sr** (Srp) concentrations. Samples for Srp werefiltered through 0.22 pm
derile acrodisc filters with a Supor membrane, and measured using atomic absorption
gpectrophotometry (AAS), or inductively coupled plasma atomic emission spectroscopy
(ICP-AES). The experimenta solutions were found to be undersaturated with respect to
Sr-carbonates and hydroxides over the pH range of the sorption assays (MINEQL +).

Significant S** sorption occurred a significantly lower pH vauesto the bacteria
and S. alga-HFO composite (5.5 to 5.9) compared to HFO (7.6). Geochemical modeling
using agenerdized Langmuir equation showed that the bacteria sorb significantly grester
quantities of Sr** (maximum sorptive capacity: BStmax = 0.079 and 0.075 mmol.g* for S
alga and S putrefaciens, respectively) than the HFO (0.001 mmol.gt). The observed
BSrmax for the S. alga-HFO composite (0.034 mmol.gt) was less than the combined
sorptive properties of its components (BSrmax = 0.041 mmol.g't), likdly reflecting HFO
measking of bacteriad surface binding Stes.

In sorption reactions involving bacteria and HFO, deprotonation of amphoteric
surface functiona groups provide specific Stes for the complexation of metd ions (12,
13). The extent to which dissolved metds are retained is therefore strongly pH
dependent (45). Surface charge devel ops aso as a consequence of deprotonation and
sorption reactions. In the amplest mode for charged surfaces, this contributes to the
formation of a diffuse dectrochemica double layer (13, 45). The innermost layer
extends from fixed charges a the solid surface, whereas the outer layer isformed by a
diffuse swarm of ions that maintain the overdl dectroneutrdity of the surface (45).



While deprotonation reactions and solid phase charge development are confined
to the inner layer, sorbed ions can accumulate ether as specific surface chemicd (i.e,
inner-sphere) complexes, or as dectrogaticaly associated diffuse layer (i.e., outer-
sphere) complexes (13, 45). A convenient method to distinguish between inner-sphere
and outer-sphere complexes is to assess the effect of ionic strength on sorption equilibria
(13). A drong dependence on ionic strength istypica for an outer-sphere complex (45).
Moreover outer-sphere complexes involve eectrogtatic bonding patterns that are less
gtable than convaently bonded inner-sphere complexes. Accordingly, the influence of
ionic strength on Sr** sorption to bacteria, HFO, and bacterial-HFO composites was
investigated.

Theionic strength sorption experiments were carried out with three subsirate
sysems (S alga, HFO, S alga-HFO composite, as described above) over a pH range of
2.5-11 (at 0.5 pH increments), known concentrations of NaNOs (0.01 and 0.1 M), and at
constant 10° M Sr?*. Sorption of Sr** to S alga exhibited a strong dependence on ionic
strength with the maximum concentration of solid phase strontium (BSrmax) decreasing
from 79 mmol.g* under dilute aqueous conditions to 4 mmol.gi* a high ionic strength (0.1
M NaNOs). Corresponding ent surface complex formation (K %) vauesfor S alga
increased from 10%-°* to 10°%-° with incressing ionic strength, implying that only high
affinity sites remain to bind Sr** under conditions of increased ionic strength. In contrast,
Sr?* sorption to HFO surfaces was independent of ionic strength with BSrmay and K
remaining relatively constant (approximately 1 mmol.git and 10>, respectively) under
increasing ionic strength conditions. The ionic strength dependent sorptive behaviour
exhibited by S. alga is consistent with electrogtatic outer-sphere complexation reactions
occurring in the diffuse layer, whereas inner- sphere complexation reactions account for
the Sr?* sorption behaviour of HFO. The bacteria-HFO composite solid exhibited
moderate ionic strength dependence with maximum binding capacities decreasing from
34 mmol.g* (dilute conditions) to 24 mmol.g* (0.1 M NaNOs). These results suggest that
Fe3* sorption and precipitation at the bacteria surface alters the electrochemical surface
properties of the composite solid, buffering the effects of increased ionic strength on
subsequent Sr** sorption.

The solid phase paritioning of Sr2+ under active Fe(l11)-reducing conditions was
investigated further with the groundwater dissmilatory Fe(l11)-reducing bacterium S.
putrefaciens strain CN32 in defined bicarbonate-buffered (30 mM NaHCOs) medium
containing amorphous hydrous ferric oxide (30-40 mmol Fe(ll1) L) asamodd Fe(lll)
oxide phase and lactate (20 mM) as carbon/energy source. Medium quartz sand (100g L
1Y was added to provide surfaces for carbonate mineral nucleation, smulating a saturated
groundwater system. SrCh2H,0O was added from sterile, anagrobic stock solutions to
achieve find concentrations of 1.0, 0.1 or 0.01 mM. In some experiments, CaCh2H,0O
was added to afina concentration of ca. 10 mM. A 1-2 hr equilibration period preceded
inoculation of cultureswith ca 108 mL™* of TSB-grown CN32 cdls. Culture vessels were
incubated gaticaly at 30°C in the dark. Aqueous and solid- phase samples were collected
periodically and analyzed for total (0.5M HCI extraction) and aqueous Fe(1l) (Ferrozine),
total and agueous Sr and Ca (ICP), total (unfiltered) and agueous inorganic carbon
(headspace GC technique), and pH. The amount of Sr associated with carbonate phases



was determined via selective extraction with dkaine (pH 8.0) citrate-dithionite to

remove resdua oxide phases. Saturation indices for carbonate minerals were computed
based on measured agueous phase solute concentrations with correction for ionic strength
effectsusng MINEQL +.

The bacteria Fe(l11)-reduction experiments showed again that Sr at
concentrations up to 1 mM had no detrimenta effect on HFO reduction by strain CN32.
Between 15% (0.1 and 0.01 mM Srt) and 40% (1 mM Srr) of added St wasin solution at
the start of the Ca-free HFO reduction experiments. Testing showed that essentidly al
of theinitid solid-associated Sr was sorbed to HFO+CN32 cell surfaces. Based on
previous studies of Sr sorption to HFO and CN32, sorption by bacterial surfaces was
probably minor compared to HFO at their respective concentrations in the experiments.

Sr was released to solution in pardld with Fe(I1) during the initid stages of HFO
reduction in Ca-free cultures (Figs. 1- 3, panels A&B). These results are consstent with
previous studies indicating the potential for release of sorbed or coprecipitated metals
during microbia Fe(I11) oxide reduction (24). After theinitia phase of aqueous S and
Fe(I1) accumulation, concentrations of these species declined in pardle with the
accumulaion of solid-phase inorganic carbon (SMeCOs, Figs. 1-3, panel C). pH vaues
increased from ca. 7.0 to ca. 8.0 during HFO reduction in Ca-free cultures. Greater than
90% of Srr was removed from solution at dl three levels of S addition (Table 1). No
Fe(I1) production or changesin Sr speciation or pH occurred in uninoculated controls.

Table 1. S immobilization during microbial HFO reduction

Experiment % S Immobilized % Immobilized S in
Carbonates
1mM S, - Ca 90.4 38.2
0.1mM Srr, - Ca 98.0 76.5
0.01mM Srr, - Ca 99.0 100
1mM S, +Ca 29.7 46.8
0.1mM Sy, +Ca 354 76.5
0.01mM Srt, +Ca 33.3 100

The addition of 10 mM CaCl, strongly influenced the behavior of Srin our
culture systems. Calcium competed with Sr for sorption sites on HFO+CN32 surfaces,
such that only ca. 20-40% of added Sr was sorbed at the start of the experiments. Similar
to Ca-free cultures, sorbed Sr was initialy released during HFO reduction. However, the
degree of subsequent St immobilization was reduced relative to Ca-free cultures, with
only ca. 30% of Srt removed from solution after 30 d of incubation (Table 1). Mgor
declines in agueous Ca concentration occurred 5-10 d into the incubations (Figs. 1-3,
pand B), indicating CaCOg3 precipitation. The onsat of carbonate minerd precipitation
was reflected in asharp increasein SMeCOs and apardlel drop in culture pH (Figs. 1-3,
panel C).
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XRD and SEM/EDS andyses identified siderite as amgjor end product of HFO
reduction in Ca-free culture systems; no other crystdline Fe(l1)-bearing minerds were
detected. XRD andysis suggested that ankerite, a co-precipitate of cacite and Sderite
(30), was the primary minerd formed in Ca-amended cultures. SEM andysis confirmed
the typical rhombic crysta structure of calcite and siderite minerds. SrCOs could not be
detected by XRD in any of the cultures due to the rdatively low abundance of &
compared to FeCO3 and/or CaCOs3 phases. However, EDS andysis during SEM reveded
the presence of S associated with carbonate phases in both Ca-free and Ca-amended
cultures.

End-point samples from the experiments shown in Figs. 1-3 were treated with
dkaline citrate-dithionite (CD) and filtered to separate carbonate from noncarbonate Sr-
bearing mineral phases. Subsequent ICP and GC analyses of mineras captured on the
filter demongtrated that the filterable Fe(I1) and inorganic carbon retained after CD
extraction were comparable to values determined by acidification of whole vs. filtered
samples of the same culture. Inthe 1 mM Srt experiments, only 35-40% of the solid-
phase Sr was retained on the filters after CD treatment (Table 1). A nonacid-extractable
phase (low crygdlinity goethite asindicated by XRD) formed over timein most of the
HFO reduction cultures. We suspect that the CD extraction released Sr that was captured
within this non-carbonate Fe(I11) oxide phase. Alternatively, some Sr may have become
trapped within amorphous Fe(I1)-hydroxide phases that are likely to have formed in the
cultures. A larger fraction (76-100%) of the Sr immobilized in 0.1 and 0.01 mM Sry
cultures was recovered within carbonate mineral phasesin both Ca-free and Ca-amended
cultures (Table 1).

Saturation index caculations indicated that the 1 mM St systems were
supersaturated with respect to SrCOs at the Sart of the experiments, athough testing
showed that no SrCO; formation occurred in uninoculated control cultures. Alkdinity
production during HFO reduction was likely responsble for triggering precipitation of
SrCOs inthe Cafree cultures. Theinhibition of St immobilization in Ca-amended 1 mM
Srr cultures can be attributed at least in part to consumption of DIC and akalinity during
CaCOg precipitation.

In contrast to the 1 mM Srt systems, the aqueous phase remained undersaturated
with respect to SrCO;3 at dl timesinthe 0.1 and 0.01 mM Sr cultures. These results
suggest that some mechanism other than SrCOs precipitation was responsible for the
extengve incorporation of Sr into carbonate phasesin the Ca-free cultures. A strong
linear correlation was observed between the mole fraction of Sr in carbonates and the
aqueous- phase Sr:Fe(11) ratio in these experiments (Fig. 4B,C), which suggested that S
partitioned into FeCOs phases produced during bacterial HFO reduction. These results
differ from those obtained in the 1 mM St Ca-free systems, in which S partitioning into
carbonate phases was not positively correlated with the agueous- phase Sr:Fe(l1) ratio
(Fig. 4A). The potentid for Sr to coprecipitate with FeCOs was verified in chemica
(abiatic) precipitation experiments under pH and carbonate akalinity conditions smilar
to those present in the HFO reduction cultures. These experiments yielded an gpparent
nor+thermodynamic partition coefficient (32) of ca. 0.02. ThisD vaueis4-5times
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lower than the dope of the linear regression linesin Fig. 4B,C, which suggeststhat S
partitioning into FeCO3 was enhanced by some mechanism during microbialy-induced
FeCOs formation. Although differencesin the rate of mgor eement precipitation could
potentialy account for these contrasting results (32), rates of FeCO3 formation during the
abiotic precipitation experiments were comparable to or greater than those observed
during HFO reduction. Hence, the mechanism for biogenic enhancement of &
incorporation into FeCOs remains unclear, but may be reated to the unique geochemica
conditions (eg. elevated pH and/or [S] relative to bulk phase) at the cdll-minerd
interface.

Abiotic FeCOsz precipitation experiments were conducted in the presence and
absence of 1 mM CaCl, to assess the mechanism of Cainhibition of Srimmobilization in
the Ca-amended 0.1 and 0.01 mM Sry culture syslems. The presence of 1 mM Ca
dramatically decreased (ca. 10-fold) the apparent D vaue for S partitioning into FeCOs.
Interestingly, the gpparent D vaue for Ca partitioning into FeCOs observed in these
experiments (0.020) was quite similar to that obtained for S in Ca-free systems (0.023).
These results suggest that competition between Caand S for incorporation into biogenic
FeCO3 may explain the inhibitory effect of Caon S immobilization in the 0.1 and 0.01
Srr systems.

Elevated solid phase concentrations of strontium (up to 2.0 weight percent) were
a0 ataned in less than one day by using bacterid urea hydrolysisto produce cacium
carbonate (cacite and some vaterite, as determined by XRD) with decreases in dissolved
strontium concentrations of up to 90 percent. Solid phase digtribution coefficients
approached four orders of magnitude (10%). This discovery demonstrated that solid phase
capture of strontium by microbia carbonate minerd precipitation is not only feasible, but
can be highly effective and accomplished in arapid fashion. At the sametime, adiverse
assemblage of carbonate minera grains were produced that included spherica accretions,
as well as dumbbell-shaped polymorphs. Scanning e ectron microscopy showed that
bacteria were often embedded directly within the minera grains, suggesting thet the cdlls
served as heterogeneous nuclestion templates for carbonate preci pitation.

3.0 Relevance, Impact and Technology Transfer

Demonstration of Sr** solid phase capture in response to microbial induced
carbonate minera precipitation, initiated by Fe(l11)-reduction or urea-hydrolys's, suggests
that consderable potentia exigts to adapt this novel immobilization concept to the
development of new cleanup Strategies for DOE sites where strontium and other
meta/radionuclides exist as ubiquitous and often mobile contaminants. These Studies
have dso fundamentally advanced our understanding of how microorganisms may
influence contaminant fate and behavior in subsurface environments.  Moreover, this
investigation has enabled a new EM SP research initiative at INEEL under the direction of
R.W. Smith (rgs@ind.gov) focused on cacite precipitation and trace meta partitioning
in groundwater and the vadose zone of arid western environments.
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4.0 Project Productivity

This project has accomplished the origind god of developing a better quantitative
understanding of microbiologica and geochemica controls on carbonate minera
precipitation reactions that are caused by bacterid reduction of Fe(l11)-oxides, and has
identified potentia contributions and congtraints of these processes for the solid phase
cgpture and immobilization of strontium in the subsurface.
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9.0 Patents

None

10.0 LiteratureCited

1.

2.

10.

11.

12.

13.

14.

15.

Aller, R.C.,, JE. Macklin, and R.T.J. Cox. 1986. Cont. Shelf Res. 6: 263

Blatt, H. 1982. Sedimentary Petrology. San Francisco: W.H. Freeman and
Company.

Bourg, A.C.M., D. Darmendrail, and J. Ricour. 1989. Geoder ma 44: 229

Bradley, D.J.,, CW. Frank, and Y. Mikerin. 1996. Physics Today 49: 40

Caccavo, F., R.P. Blakemore, and D.R. Lovley. 1992. Appl. Environ. Microbiol.
58: 3211

Chapelle, F.H. and D.R. Lovley. 1992. Ground Water 30: 29

Coleman, M.L., D.B. Hedrick, D.R. Lovley, D.C. White, and K. Pye. 1993..
Nature 361: 436

Cord-Ruwisch, R., H. Saitz, and R. Conrad. 1988. Arch. Microbiol. 149: 350

Deer, W.A., RA. Howie, and J. Zussman. 1992. An introduction to the rock-
forming minerals. 2nd ed. Hong Kong: Longmean Scientific and Technica.

DOE. 1991. Subsurface science program: Program overview and research
abstracts DOE ER-0432, Office of Energy Research, Office of Hedth and
Environmental Research, Washington.

Daig, F., B. Sherwood Lollar, and F.G. Ferris. 1995. Geomicrobiology J. 13: 91

Dzombak, D.A. and Mord, F.M.M. 1990. Surface complexation modeling -
hydrous ferric oxide. John Wiley and Sons, New Y ork

Fein, JB., Daughney, C.J, Yee, N., and Davis. T.A. 1997. Geochim.
Cosmochim. Acta 61, 3319

Ferris, F.G. 1993. Earth Sci. 47: 233

Ferris, F.G., R.G. Wiese, and W.S. Fyfe. 1994 Geomicrobiol. J. 12: 1

15



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

Ferris, F.G., C.M. Fratton, J.P. Gerits, S. Schultze-Lam, and B. Sherwood Lollar.
1995. Geomicrohiol. J. 13: 57

Fredrickson, JK., D.L. Bakwill, JM. Zachara, SW. Li, F.J. Brockman, and M .A.

Smmons. 1991. Appl. Environ. Microbiol. 57: 402
Graybedl, A.L. and G.R. Heath. 1984. Geochim. Cosmochim. Acta 48: 965

Grolimund, D., M. Borkovec, P. Federer, and H. Sticher. 1995. Environ. <ci.
Technol. 29: 2317

Jackson, R.E. and K.J. Inch. 1983. Environ. Sci. Technol. 17, 231

Kempe, S,, J. Kazmierczak, G. Landmann, T. Konuk, A. Reimer, and A. Lipp.
1991. Nature. 349: 605

Korobova, E., A. Ermakov, and V. Linnik. 1998. Appl. Geochem. 13, 803
Krumbein, W.E. 1979. Geomicrobiol. J. 1: 139

Lovley, D.R. 1991. Microbiol. Rev. 55: 259

Lovley, D.R. and E.J.P. Phillips. 1986. Appl. Environ. Microbiol. 53: 2636
Lovley, D.R. and E.JP. Phillips. 1988. Appl. Environ. Microbiol. 54: 1472
Lovley, D.R. and F.H. Chapelle. 1995. Rev. Geophys. 33: 365

Lovley, D.R., F.H. Chapelle, and E.JP. Phillips. 1990. Geology 18. 954
Lanstrom, O. and E.-L. Tullborg. 1995. Interactions of trace elements with
fracture filling minerals from the Asptd Hard Rock Laboratory. SKB Technical
Report 95-13, 75 pp., Swedish Nuclear Fuel and Waste Management Company,
Stockholm.

Lippman, F. 1973. Sedimentary Carbonate Minerals. Springer-Verlag, New
York.

Morse, JW. and M.L. Bender. 1990. Geochim. Cosmochim. Acta53: 745

Morse, JW. and F. T. Mackenzie. 1990. Geochemistry of Sedimentary
Carbonates. Elsevier, New York.

16



33.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

Nedson, K.H. 1983. Microbid oxidation and reduction of manganese and iron.
In, Biomineralization and Biological Metal Accumulation (P. Westbroek and
E.W. de Jong, eds.), p. 459-479, D. Reidd Publishing Company,.Dordrecht.
Neason, K.H. and D. Saffarini. 1994. Ann. Rev. Microbiol. 48: 311

Olsen, C.R.,, P.D. Lowery, S.Y. Lee, I. L. Larsen, and N. H. Cutshall. 1986.
Geochim. Cosmochim. Acta 50: 593

Pedersen, K. 1993. Earth Sci. Rev. 34: 243

Pedersen, K. and S. Ekendahl. 1990. Microb. Ecol. 20: 37

Pedersen, K. and F. Karlsson. 1995. |nvestigations of subterranean
microorganisms. their importance for performance assessment of radioactive
waste disposal. SKB Technica Report 95-10, 222 pp., Swedish Nuclear Fuel and
Waste Management Company, Stockholm.

Pentecost, A. and J. Bauld. 1988. Geomicrobiology J. 6: 129

Roden, E.E. and D.R. Loviey. 1993. Appl. Environ. Microbiol. 59: 734

Roden, E.E. and JM. Zachara. 1996. Environ. Sci. Technol. 30: 1618
Saunders, JA. and L.E. Toran. 1995. Appl. Geochem. 10: 673

Schultze-Lam, S. and T.J. Beveridge. 1994. Appl. Environ. Microbiol. 60: 447

Stumm, W. 1992. Chemistry of the solid-water interface. John Wiley and Sons,
New Y ork, 428 pp.

Stumm, W. and J.J. Morgan. 1981. Aquatic Chemistry, 2nd. ed., John Wiley and
Sons, New Y ork, 780 pp.

Thompson, J.B. and F.G. Ferris. 1990. Geology. 18: 995
Thompson, JB., F.G. Ferris, and D.A. Smith. 1990. Palaios. 5: 52

Urrutia, M.M., E.E. Roden, JK. Fredrickson, and JM. Zachara. 1998.
Geomicrobiology J. 15: 269

Waker, SG., CA. Hemming, F.G. Ferris, T.J. Beveridge, and G.W. Balley.
1989. Appl. Environ. Microbiol. 55: 2976

17



	Table of Contents
	Executive Summary
	Research Objectives
	Methods and Results
	Relevance, Impact and Technology Transfer
	Project Productivity
	Personnel Supported
	Publications
	Interactions
	Transitions and Future Work
	Patents
	Literature Cited

