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The potential for removing uranium from contaminated groundwater by stimulating the in situ activity of
dissimilatory metal-reducing microorganisms was evaluated in a uranium-contaminated aquifer located in
Rifle, Colo. Acetate (1 to 3 mM) was injected into the subsurface over a 3-month period via an injection gallery
composed of 20 injection wells, which was installed upgradient from a series of 15 monitoring wells. U(VI)
concentrations decreased in as little as 9 days after acetate injection was initiated, and within 50 days uranium
had declined below the prescribed treatment level of 0.18 uM in some of the monitoring wells. Analysis of 16S
ribosomal DNA (rDNA) sequences and phospholipid fatty acid profiles demonstrated that the initial loss of
uranium from the groundwater was associated with an enrichment of Geobacter species in the treatment zone.
Fe(Il) in the groundwater also increased during this period, suggesting that U(VI) reduction was coincident
with Fe(III) reduction. As the acetate injection continued over 50 days there was a loss of sulfate from the
groundwater and an accumulation of sulfide and the composition of the microbial community changed.
Organisms with 16S rDNA sequences most closely related to those of sulfate reducers became predominant,
and Geobacter species became a minor component of the community. This apparent switch from Fe(III)
reduction to sulfate reduction as the terminal electron accepting process for the oxidation of the injected
acetate was associated with an increase in uranium concentration in the groundwater. These results demon-
strate that in situ bioremediation of uranium-contaminated groundwater is feasible but suggest that the

strategy should be optimized to better maintain long-term activity of Geobacter species.

Cold War-era extraction and processing of uranium ore have
left many sites around the world contaminated with uranium.
Groundwater contamination is of particular concern because
oxidized uranium is toxic, generally soluble in groundwater,
and therefore mobile within the subsurface at many of these
sites. Techniques for removing uranium from groundwater rely
on inefficient pump-and-treat technologies or simple ground-
water flushing to lower in situ metal concentrations to below
acceptable limits (41). Projected treatment times (or natural
attenuation) of several decades or longer are not uncommon
and have spurred investigation of more-efficient remediation
techniques (Natural and Accelerated Bioremediation Re-
search [NABIR] program, Office of Biological and Environ-
mental Research, U.S. Department of Energy [http://www.lbl
.gov/NABIRY]). In situ immobilization of uranium, which takes
advantage of the redox character of uranium, has been sug-
gested as a potential strategy to remove uranium from ground-
water (15, 31). U(VI) is the mobile valence state of uranium,
particularly in carbonate-containing groundwater, while re-
duced uranium, U(IV), is insoluble as uraninite (20). Reduc-
tion of U(VI) to U(IV) within aquifers could precipitate ura-
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nium, preventing further downgradient spread of groundwater
contamination (1, 6, 15, 22, 23).

Laboratory studies have suggested that a simple strategy for
promoting U(VI) reduction in contaminated aquifers is to add
acetate as an electron donor to stimulate the activity of dis-
similatory metal-reducing microorganisms (12, 13). Soluble
U(VI) persists in subsurface environments because of an in-
sufficient supply of electron donors to consume dissolved oxy-
gen and/or promote active anaerobic respiration. Acetate ef-
fectively stimulates U(VI) reduction in subsurface sediments,
resulting in removal of uranium from contaminated ground-
water. U(VI) is reduced concurrently with Fe(IIT) and prior to
reduction of sulfate (12). Enhanced U(VI) and Fe(III) reduc-
tion is associated with an increase in the number of
“Geobacteraceae,” by several orders of magnitude. Further-
more, “Geobacteraceae” accounted for ca. 40% of the total
microbial community as determined from 16S ribosomal DNA
(rDNA)-based clone libraries during the most active period of
Fe(III) and U(VI) reduction (18). Detected Geobacter species
were the predominant “Geobacteraceae” in groundwaters with
freshwater salinities, whereas Desulfuromonas species predom-
inated in groundwaters with marine salinities. Most of the
growth of the “Geobacteraceae” could be attributed to electron
transfer to Fe(III) because Fe(III) was present in the sediment
at millimole-per-kilogram quantities whereas only micromole-
per-kilogram quantities of dissolved U(VI) were available (12).
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No other well-studied dissimilatory metal-reducing microor-
ganisms, such as Shewanella species, could be detected in the
anoxic sediments, even with PCR primers specific for the 16S
rDNA sequences of these organisms. This result and the fact
that Geobacter species available in pure culture are capable of
U(VI) reduction (31) suggested that the “Geobacteraceae” in
the sediments were responsible for the U(VI) reduction. Al-
though abiotic mechanisms for U(VI) reduction in sediments
such as reduction by sulfide, Fe(II), or reduced humic sub-
stances have been proposed, each of these abiotic mechanisms
was eliminated as a possibility (12).

To determine if results from laboratory sediment incuba-
tions could be extrapolated to in situ uranium bioremediation
in a contaminated aquifer, an in situ acetate injection experi-
ment was conducted at a field site in Rifle, Colo. A field
experiment was important because static incubations of sedi-
ments in the laboratory do not adequately replicate hydrogeo-
chemical conditions in aquifers. An additional reason for con-
cern is that it was recently suggested that microbial U(VI)
reduction may not be an effective strategy for in situ treatment
of uranium contamination in aquifers because the initial U(IV)
products of U(VI) reduction are small (nanoparticulate) and
may be mobile in the subsurface (39). Here we report that, as
in the laboratory incubations, acetate addition stimulates the
growth of Geobacter species and the effective removal of U(VI)
from the groundwater in situ. However, further optimization is
required in order to promote the long-term growth and activity
of Geobacter species because the sulfate-reducing microorgan-
isms that became predominant with continued acetate injec-
tion appeared to be less effective at U(VI) reduction.

MATERIALS AND METHODS

Site description and test plot design. An in situ test plot was constructed on
the grounds of a former uranium ore processing facility in Rifle, Colo. This site,
designated the Old Rifle site, is part of the Uranium Mill Tailings Remedial
Action (UMTRA) program of the U.S. Department of Energy (41). The former
processing facility contained large piles of mill tailings on site from which resid-
ual uranium leached into the subsurface. All surface structures and contaminated
soil have since been removed from the site, leaving only residual groundwater
contamination within the local aquifer. This unconfined aquifer lies within an
alluvial deposit in the floodplain of the Colorado River and is underlain by an
impermeable layer of the Wasatch formation at a depth of ca. 6.1 m (41).
Groundwater enters the aquifer from upgradient sources above the floodplain
and exits into the Colorado River. Uranium concentrations in the groundwater
within the test area range from 0.4 to 1.4 uM and are above the UMTRA
maximum contaminant limit of 0.18 pM. Nitrate was not detected in Old Rifle
groundwater, and dissolved oxygen concentrations averaged less than 0.2 mg/liter
throughout the site.

Groundwater flow is generally toward the Colorado River at an approximate
linear rate of 0.82 m/day (hydraulic conductivity, 54 m/day; porosity, 0.27; hy-
draulic gradient, 0.004 m/m). An injection gallery composed of 20 3.2-cm-diam-
eter wells (schedule 40 polyvinyl chloride [PVC]) was installed in two rows (0.3
m apart) of 10 wells each positioned perpendicular to groundwater flow. All
injection wells in each row were spaced 1.5 m apart, and the two rows were offset
from each other by 0.8 m for a total gallery width of 16 m (Fig. 1). All wells were
installed to a depth of 6.1 m and were screened from a depth of 1.5 to 6.1 m,
encompassing the entire saturated interval of the aquifer (2.4 m). Each injection
well contained three injection points composed of 0.3-cm-diameter stainless steel
tubing (Supelco, Bellefonte, Pa.) positioned at three different depths within the
saturated subsurface. Each injection point was connected to a flowmeter (59
total; Cole-Parmer Instrument Company, Vernon Hills, IIl.) at the injection well
head, which controlled the flow of acetate solution from a manifold (10.2-cm-
diameter schedule 40 PVC) spanning the entire width of the injection gallery.
The injection manifold was connected to a stainless steel tank placed within a
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FIG. 1. Concept and layout of the in situ test plot installed at the
Old Rifle UMTRA site in Rifle, Colo.

storage shed at one end of the injection gallery via 0.6-cm-diameter stainless steel
tubing (Supelco).

A 2120L (560-gal) stainless steel tank (Rain-for-Rent, Rifle, Colo.) served as
a storage tank for the acetate solution. The tank was filled periodically over the
course of the experiment with native groundwater collected from an upgradient
well (~50 m upgradient from the gallery) and amended with sodium acetate
(Sigma Chemical Company, St. Louis, Mo.) and potassium bromide (Sigma
Chemical Company) at concentrations of ca. 100 and 10 mM, respectively.
During filling and chemical addition, groundwater within the tank was continu-
ously sparged with nitrogen gas to remove residual traces of dissolved oxygen.
The solution of acetate and bromide was stored under a 0.1-atm (1.5-1b/in?) N,
headspace to prevent entry of air into the tank over time and to provide addi-
tional head for injecting the acetate solution into the subsurface. During oper-
ation of the injection gallery all flowmeters were set to provide 1 to 3 ml of
acetate solution/min to the subsurface, which corresponds to approximately a 1
to 3% volume addition (1 to 3 mM acetate, 100 to 300 uM bromide in situ) to
the aquifer per day.

To evaluate stimulated changes within the subsurface, a total of 15 monitoring
wells were installed downgradient in three rows of five wells, each spaced 2.8 m
apart and centered on the injection gallery (Fig. 1). Each row of monitoring wells
was positioned at fixed distances from the injection gallery roughly correspond-
ing to groundwater travel times of approximately 4, 9, and 18 days (ca. 3.7, 7.3,
and 14.6 m from the gallery). An additional three wells were installed 3.7 m
upgradient from the injection gallery to serve as control wells. All monitoring and
control wells were installed to the same depth and were screened over the same
interval as the injection wells. The entire test plot sits within a uranium-contam-
inated portion of the aquifer. Groundwater containing U(VI) flows past the
control wells and injection gallery from upgradient sources and out into the
monitoring-well field.

Analysis of groundwater samples. Acetate was continuously injected into the
Old Rifle aquifer for 3 months between June and October 2002. Groundwater
samples were systematically collected at regular intervals from all monitoring
wells and the storage tank during acetate injection. Groundwater parameters
from each well, including pH, dissolved oxygen, conductivity, and redox poten-
tial, were monitored by using a peristaltic pump (Cole-Parmer Instrument Com-
pany) connected to a flow cell attached to multiprobe data sonde (Hydrolab-
Hach Company, Chicago, IIl.). All wells were purged until these groundwater
parameters stabilized (ca. 12-liter purge at 0.5 liters/min). After purging, the data
sonde was disconnected and groundwater samples were taken directly from the
pump outlet. All groundwater samples were filtered with 0.2-pm-pore-size PTFE
(Teflon) syringe filters (Alltech Associates Inc., Deerfield, Ill.). Samples (15 ml)
for U(VI) and anion (bromide, nitrate, and sulfate) analysis were placed into
plastic 15-ml sterile conical tubes (VWR International, Inc., Bridgeport, N.J.).
Samples (19 ml) for acetate were collected into no-headspace glass sample
containers (Eagle Picher 20-ml amber vials; VWR International, Inc.) and pre-
served with 1 ml of 0.1 M H,SO,. Samples (19 ml) for Fe(II) and sulfide analyses
were also collected into no-headspace glass sample containers (Eagle Picher
20-ml amber vials; VWR International, Inc.) and preserved with 1 ml of 10 M
HCl and 0.1 M KOH, respectively. All samples collected in the field were shipped
back to the laboratory via overnight courier and stored at 4°C prior to analysis.
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Uranium was measured by kinetic phosphorescence analysis as previously de-
scribed (12). Acetate was measured with high-pressure liquid chromatography on
a Hewlett-Packard series 1100 high-pressure liquid chromatograph (Agilent
Technologies, Inc., Albany, N.Y.) using a fast-acid analysis column (Bio-Rad,
Hercules, Calif.) with a 0.5 mM H,SO, eluent and absorbance detection (210
nm). Sulfate, nitrate, and bromide concentrations were measured from filtered
samples with a Dionex DX-100 ion chromatograph as previously described (28).
Fe(II) and sulfide concentrations were determined by previously described spec-
trophotometric techniques (5, 9, 29).

16S rDNA-based microbial community analysis. Microorganisms in the
groundwater were collected in the field either on sterile flat filters (0.2-wm pore
size; Supor-200; Pall-Gelman Laboratory, Ann Arbor, Mich.) or cartridge filters
(0.2-um pore size; Sterivex-GP; Millipore Corporation, Bedford, Mass.). The
filters were immediately frozen in the field and shipped on dry ice back to the
laboratory for analysis. Microbial community analyses were performed as previ-
ously described (18). Briefly, DNA from filters was extracted with either the
FastDNA SPIN kit (Bio101, Inc., Carlsbad, Calif.) or by a modified phenol-
chloroform DNA extraction method (34, 37). Comparable community analyses
were obtained regardless of filter type or DNA extraction method utilized (data
not shown). 16S rDNA was amplified with two primer sets: (i) 8F (AGAGTTT
GATCMTGGCTCAG) and 519R (GWATTACCGCGGCKGCTG) and (ii)
338F (ACTCCTACGGGAGGCAGC) and 907R (CCGTCAATTCMTTTRAG
TTT) (4, 11, 19). PCR mixtures (100 wl) contained ~5 ng of template DNA, 10
wl of 10X polymerase buffer (Qiagen, Valencia, Calif.), 20 pl of 5X Q buffer
(Qiagen), 3 mM MgCl, (Qiagen), 1 pl of bovine serum albumin (0.5 mg/ml), 200
1M deoxyribonucleoside triphosphates (Sigma-Aldrich Co., St. Louis, Mo.), 25
pmol of forward and reverse primers (Sigma-Genosys, The Woodlands, Tex.),
and 1.25 U of Taq polymerase (Qiagen). PCR mixtures containing all compo-
nents except the template and Tag polymerase were UV irradiated for 5 min to
ensure sterility. Reactions were carried out in a Peltier thermal cycler (PTC 200;
MIJ Research Inc., Waltham, Mass.), beginning with a 5-min denaturation at
95°C and then 30 cycles of 94°C (30 s), 45°C (1 min), 72°C (1 min) and a final
7-min elongation at 72°C. The PCR products from the two primer sets were
isolated by gel extraction (Qiagen) and pooled prior to cloning. Clone libraries
were constructed by insertion of the amplified 16S rDNA sequences into the
TOPO TA vector pCR 2.1 and cloning into chemically competent Escherichia
coli TOP10 cells according to the manufacturer’s instruction (Invitrogen, Carls-
bad, Calif.).

Inserts of 16S rDNA from at least 30 clones from each clone library were
amplified with M13 forward and reverse primers (33, 42). PCR products were
cleaned with the QIAquick PCR purification kit (Qiagen) and sequenced with
the M13F primer. Sequences were compared to those compiled in GenBank with
the BLAST suit of programs (2, 3). Alignments and identity matrix comparisons
of clone and deposited sequences were performed in BioEdit (17).

Phospholipid fatty acid (PLFA) analysis. For lipid-based community analysis,
microorganisms in the groundwater were collected on Bio-Sep polymer beads
retained in perforated Teflon perfluoroalkoxy tubes (length, 4 cm; outside di-
ameter, 1.25 cm) that were suspended in selected wells (B-02, M-03, M-08, and
M-13) within the test plot during acetate injection. At selected time intervals the
tubes were recovered, frozen on site with dry ice, and shipped via overnight
courier to the laboratory. Lipid biomarkers were analyzed as previously de-
scribed (36, 44). Briefly, the biocarrier beads were extracted with a single-phase
chloroform-methanol buffer system (43). Total extracted lipids were fractionated
into neutral lipids, glycolipids, and polar lipids by silicic acid column chroma-
tography (16). The polar lipid fraction was transesterified to the fatty acid methyl
esters with a mild alkaline methanolysis (16) and was analyzed by gas chroma-
tography-mass spectroscopy (6890 series gas chromatograph interfaced to a 5973
series mass-selective detector; Agilent Technologies).

RESULTS

Operation of injection gallery. Potassium bromide added to
the injected acetate solution served as a groundwater tracer
within the test plot and as a control on the volume of solution
added to the subsurface. During the experiment, bromide was
not found in any of the upgradient control wells and was
detected in all the downgradient monitoring wells, except one
well (M-15) positioned at the furthest downgradient corner of
the test plot (Fig. 2). This confirmed initial estimates of the
direction of groundwater flow and indicated injection of solu-
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FIG. 2. Bromide within the monitoring-well field. B-01 to B-03,
upgradient control wells; M-01 to M-15, downgradient monitoring
wells. Groundwater flow is from left to right, and the injection gallery
is positioned between the control wells and the first row of monitoring
wells.
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tion across a broad front within the subsurface. Breakthrough
of bromide was detected within 4, 9, and 18 days after initiation
of injection in the first, second, and third monitoring-well rows,
respectively, corresponding to a groundwater travel time of
0.82 m/day (linear distances from gallery, 3.7, 7.3, and 14.6 m
respectively). Averaged bromide concentrations from within
the first row of monitoring wells from day 17 through day 59
(186 wM) compared with the concentration of bromide within
the storage tank (9.7 mM) indicate a 2% (average) volume
addition of solution to the aquifer per day.

Impact of acetate injection on aquifer geochemistry. Soluble
U(VI) concentrations began to decrease within the monitor-
ing-well field relative to upgradient control wells within 9 days
after the start of the acetate injection (Fig. 3). U(VI) concen-
trations decreased to levels at or below the UMTRA-pre-
scribed limit of 0.18 wM within 50 days in some of the wells.
This initial loss of U(VI) was not the result of a pH change
within the test plot as all pH values remained essentially con-
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FIG. 3. U(VI) in groundwater samples. The layout is described in
the Fig. 2 legend.
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FIG. 4. Fe(Il) in groundwater samples. The layout is described in
the Fig. 2 legend.

stant throughout acetate injection and varied by less than 0.2
units from pH 7.0 across the site. Decreases in U(VI) were
coincident with the accumulation of Fe(II) (Fig. 4) and prior to
the loss of sulfate (see Fig. 6). After 50 days of acetate injec-
tion, U(VI) began to increase within much of the well field
(Fig. 3). Coincident with the rise in U(VI), Fe(II) generally
decreased (Fig. 4) and acetate within the well field decreased
to nondetectable levels (Fig. 5). Acetate concentrations in the
tank remained stable and bromide remained detectable within
the well field (Fig. 2), suggesting that the decrease in acetate
was due to increased consumption at the point of injection.
These changes after 50 days of injection were accompanied by
a decrease in sulfate (Fig. 6) and the appearance of a black
precipitate, presumably ferrous sulfide, in the groundwater.
Sulfide was detected within the groundwater during this time
(data not shown). The loss in sulfate (2 to 3 mM) was approx-
imately stoichiometric with the loss of acetate (2 to 3 mM).
Impact of acetate injection on the microbial community. To
monitor changes within the subsurface microbial community
during the injection of acetate, 16S rDNA sequences detected
in the groundwater from representative monitoring wells were
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FIG. 5. Acetate in groundwater samples. The layout is described in
the Fig. 2 legend.
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analyzed from clone libraries. Coverage for all libraries was
greater than 86% (14). In an upgradient control well, 16S
rDNA sequences of B-proteobacteria predominated, with a
low percentage of 16S rDNA sequences closely related to those
of Geobacter or sulfate-reducing species (Fig. 7). Changes in
microbial diversity within the control well over the course of
the study were not significant (¢ test evaluation, 5% cutoff [21]).
B-Proteobacteria tended to remain the dominant detected
group throughout the experiment (Fig. 7).

In contrast, the injection of acetate resulted in a substantial
enrichment of “Geobacteraceae” and decreased calculated di-
versity within the treatment zone (Fig. 7). At 17 days after the
start of the acetate injection “Geobacteraceae” accounted for
89% of the groundwater microbial community (a second ver-
ification analysis resulted in 87% Geobacter enrichment, data
not shown). Sequences that fell within the Geobacter genus
accounted for 83% of the sequences of the “Geobacteraceae.”
“Geobacteraceae” continued to comprise more than 50% of the
groundwater microbial community through at least the first 39
days of the experiment. Other well-known U(VI)-reducing or-
ganisms, such as Shewanella or Desulfovibrio species, were not
detected.

As acetate injection continued beyond 39 days the compo-
sition of the microbial community began to shift from a
“Geobacteraceae”-dominatated community to a community
dominated by organisms known for sulfate reduction. This shift
was reflected in the microbial community at 52 days, where the
abundance of “Geobacteraceae” had dropped to 35% of the
groundwater microbial community and calculated species di-
versity tended to increase. Other prominent groups at this time
point included organisms exhibiting similarity to gram-positive,
sulfate-reducing Desulfosporosinus species (80 to 88% se-
quence identity), which comprised 33% of the microbial com-
munity. Beyond 52 days the relative abundance of “Geobacter-
aceae” detected within the microbial community continued to
decrease, falling to below 7% by day 80, when the microbial
community became dominated (45%) by members of the fam-
ily “Desulfobacteraceae” (80 to 95% similarity), organisms
more commonly known for acetate oxidation coupled to sul-
fate reduction. Desulfosporosinus-like organisms comprised
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FIG. 7. Clone library analyses of changes in the groundwater microbial community from a representative downgradient well (M-07) within the
second row of monitoring wells compared to data from an upgradient control well (B-02) during the experiment. The results are compiled from
sequences of at least 30 clones analyzed for each time point. Calculated diversity values (Shannon-Weaver index) are provided in parentheses at
the top of each clone library. Similar results were obtained from a nearby downgradient well.

17% of the population at this point (day 80), and one clone
exhibited 87% similarity to Desulfotomaculum acetoxidans, a
gram-positive, acetate-oxidizing sulfate reducer.

PLFA analysis. The microbial community in the subsur-
face was also evaluated by suspending Bio-Sep polymer
beads in perforated containers at two depths within moni-
toring wells and then extracting and analyzing the PLFA
content (36, 45). All capsules were retrieved and replaced
with fresh capsules at two time points (day 38 and 89) during
acetate injection. Beads from the first two rows of monitor-
ing wells in the treatment zone that were sampled after 38
days of acetate injection had 2.5 to 7 times more bulk bio-
mass PLFA than those from upgradient control wells or
wells positioned further downgradient in the treatment
zone. The PLFAs in the two rows of wells immediately
downgradient of the injection gallery were enriched in three
fatty acids, 16:1w7c, 115:0, and 16:0, known to be associated
with “Geobacteraceae” (24), compared to the upgradient
control wells or the downgradient wells furthest from the
injection gallery (Fig. 8). Later in the experiment (>50
days), overall biomass and the proportion of Geobacter sig-
nature lipids within the well field decreased (Fig. 8).

DISCUSSION

The results provide the first field evidence that it is possible
to effectively remove uranium from contaminated groundwater
in situ by stimulating the activity of Geobacter species in the
subsurface. When acetate was added to enhance the growth of
Geobacter species, U(VI) was actively removed. When condi-
tions no longer favored the growth of Geobacter species and
sulfate-reducing microorganisms flourished, uranium removal
was less effective. These results suggest that implementation of
a long-term in situ bioremediation strategy should optimize
conditions for continued growth and/or survival of Geobacter
species.

Removal of U(VI) from contaminated groundwater. (i)
Fe(III) reduction phase. Loss of soluble U(VI) began almost
immediately following the start of acetate injection at the Old
Rifle site, and levels dropped ca. 70% within 50 days, with
concentrations in some wells falling below the UMTRA treat-
ment goal of 0.18 pM. This demonstrates that U(VI)-reducing
microorganisms have the potential to immobilize uranium in
situ. Thus, the suggestion that microbial U(VI) reduction
forms nanoparticles of the U(IV) mineral, uraninite, that will
still be mobile in the subsurface (39) does not appear to be a



VoL. 69, 2003

Bulk Biomass PLFA
Day 38

160
140
120
100
80
60
40
20
0
160]
140]
120]
100]
80]
60]
40]
20] . I I
B02-04 B02-13 M03-04 M03-13 M08-04 M08-13 M13-04 M13-13
Background 3 row

NA

B02-04 B02-13 M03-04 M03-13 M08-04 M0(8-13 M13-04 M13-13

Day 89

PLFA (pmol) per Bead

1st row 20d row

— Increasing distance from gallery —

URANIUM REMOVAL FROM GROUNDWATER WITH GEOBACTER spp.

5889

60 “Geobacteraceae” PLFA

50 | Day 38

| i15:0
40 16:1w7¢
16:0

O WM

30 ]

20 I |
10 ]
1 I: I 11

0 B02-04 B02-13 M03-04 M03-13 M08-04 M08-13 M13-04 M13-13
60

501 Day 89

40
30
20
10

0 B02-04 B02-13 M03-04 M03-13 M08-04 M08-13 M13-04 M13-13

Background 1st row 20d row 3rd row

— Increasing distance from gallery —

FIG. 8. Changes observed in bulk biomass PLFA and signature lipids for Geobacter species detected on Bio-Sep beads in capsules suspended

in four selected control and monitoring wells (B-02, M-03, M-08, and M-13) at two different depths for each well within the saturated subsurface
(designated sampling points 4 and 13 for each well) from two different time points during the field test.

significant concern. This should have been apparent from ear-
lier laboratory studies (15, 30) which demonstrated that, al-
though the initial U(IV) products of microbial U(VI) reduc-
tion are small and readily pass through microporous filters,
within a matter of hours the initial U(IV) products aggregate
into larger U(IV) precipitates which are highly insoluble and
which cannot pass through the filters. In fact, the results of the
study raising concerns about nanoparticles (39) are consistent
with this finding, as the electron micrographs clearly show
aggregation of uraninite nanoparticles into much-larger parti-
cles. This helps explain why, despite the potential formation of
nanoparticles of U(IV), the most recent study found that over
98% of the dissolved uranium in a uranium-contaminated sed-
iment was removed from solution when microbial U(VI) re-
duction was stimulated in laboratory incubations (39). Thus,
even if the initial products of U(VI) reduction are small ura-
ninite crystals, processes such as agglomeration and/or absorp-
tion onto sediments remove them from the groundwater.
The initial removal of U(VI) from the groundwater ap-
peared to be associated with Fe(III) reduction. There was an
accumulation of Fe(II) and a substantial enrichment of
Geobacter species in the groundwater. This is similar to results
from laboratory incubations of uranium-contaminated subsur-
face sediments in which U(VI) was reduced concurrently with
Fe(III) and “Geobacteraceae” became the predominant organ-
isms in the sediments (12, 13, 18). It was possible to more
quantitatively monitor Fe(III) reduction and the growth of

“Geobacteraceae” in the laboratory incubations because it was
possible to sample the sediments over time. Most of the Fe(II)
produced from Fe(III) reduction is associated with the sedi-
ments (27). Furthermore, it is not certain how well the micro-
bial community in the groundwater reflects that attached to the
sediments. Although Geobacter species must attach to avail-
able Fe(III) oxides in order to reduce them (35), it is expected
that at any time a proportion of the Geobacter organisms will
be free swimming because, once they reduce Fe(III) oxides in
the immediate area, they need to become motile in order to
find new sources of Fe(IIl) (8). However, even though the
monitoring of Fe(III) reduction and the microbial community
was more qualitative in the field experiment, the trends in the
initial phase of the field experiment are clearly similar to those
observed in the laboratory incubations.

(ii) Sulfate reduction phase. With continued injection of
acetate, there was a loss of sulfate associated with an increase
in 16S rDNA sequences most closely related to the sequences
of sulfate-reducing microorganisms and an eventual depletion
of acetate from the treatment zone. This suggested that longer-
term injection of acetate promoted the growth of sulfate-re-
ducing microorganisms near the point of injection. There is an
equimolar stoichiometry of acetate and sulfate consumption
associated with the oxidation of acetate coupled to sulfate
reduction, and the loss of sulfate from the groundwater flowing
into the treatment zone corresponded closely with the acetate
input. Furthermore, the loss of sulfate was accompanied by an
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accumulation of sulfide and a decrease in soluble Fe(II), con-
sistent with the precipitation of iron sulfides.

These results suggest that the terminal electron-accepting
process responsible for acetate oxidation in the treatment zone
switched from Fe(III) reduction to sulfate reduction. Previous
studies have demonstrated that, when Fe(III) oxides are avail-
able, Fe(III)-reducing microorganisms are able to outcompete
sulfate reducers for electron donors (7, 26). Furthermore, sul-
fate reducers may preferentially reduce Fe(III) over sulfate but
may not conserve energy to support growth from this reaction
(10, 32). Thus, initially Geobacter species may have been com-
petitive for the acetate entering the treatment zone. However,
as Fe(IIT) oxides nearest the point of injection were depleted,
sulfate reducers became more competitive. If so, there was
more than enough sulfate in the groundwater for complete
consumption of the incoming acetate by sulfate reducers be-
fore it reached downgradient portions of the treatment zone
that still contained Fe(III) oxides. The complete consumption
of acetate under sulfate-reducing conditions near the injection
gallery prevented further metal reduction in these downgradi-
ent sediments. This hypothesis, which is consistent with the
available data, needs further verification, which would include
detailed analysis of the distribution of Fe(III) oxides in the
sediments.

As sulfate reduction became the predominant terminal elec-
tron accepting process in the treatment zone, the concentra-
tion of U(VI) in the groundwater increased somewhat. Some
sulfate-reducing microorganisms have been shown to reduce
U(VI) (25, 30, 32), but typically with hydrogen or lactate serv-
ing as the electron donor. Evaluation of several acetate-oxidiz-
ing sulfate reducers, including Desulfobacter and Desulfo-
tomaculum species with 16S rDNA sequences closely related to
those of organisms recovered from the treatment zone, sug-
gested that they did not reduce U(VI) (32), but a Desulfo-
tomaculum species isolated from marine sediments did reduce
U(VI) with butyrate as the electron donor (40). Furthermore,
16S rDNA sequences closely related to those of Desulfosporo-
sinus species were prevalent during the sulfate reduction
phase, and it has been suggested that Desulfosporosinus species
can reduce U(VI) (38, 39), although the ability of organisms in
this genus to reduce U(VI) with acetate as the electron donor
has not been demonstrated. The increase in U(VI) in the
groundwater during the sulfate reduction phase suggests that
the acetate-oxidizing sulfate reducers may not have been as
effective as Geobacter species in reducing U(VI).

In summary, this study demonstrates that Geobacter species
can be important agents for the in situ bioremediation of
uranium and that sulfate-reducing microorganisms may be less
effective in uranium removal. Thus, further study into strate-
gies to promote the long-term maintenance of metal reduction
and the activity of Geobacter species may yield a better in situ
uranium bioremediation strategy.
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