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Metal and hydrogen ion acidity and extreme nitrate concentra-
tions at Department of Energy legacy waste sites pose challenges
for successful in situ U and Tc bioimmobilization. In this
study, we investigated a potential in situ biobarrier configuration
designed to neutralize pH and remove nitrate and radionuclides
from nitric acid-, U-, and Tc-contaminated groundwater for
over 21 months. Ethanol additions to groundwater flowing through
native sediment and crushed limestone effectively increased
pH (from 4.7 to 6.9), promoted removal of 116 mM nitrate, increased
sediment biomass, and immobilized 94% of total U. Increased
groundwater pH and significant U removal was also observed in
a control column that received no added ethanol. Sequential
extraction and XANES analyses showed U in this sediment to be
solid-associated U(VI), and EXAFS analysis results were
consistent with uranyl orthophosphate (UO2)3(PO4)2 ·4H2O(s),

which may control U solubility in this system. Ratios of
respiratory ubiquinones to menaquinones and copies of
dissimilatory nitrite reductase genes, nirS and nirK, were at
least 1 order of magnitude greater in the ethanol-stimulated
system compared to the control, indicating that ethanol addition
promoted growth of a largely denitrifying microbial community.
Sediment 16S rRNA gene clone libraries showed that
Betaproteobacteria were dominant (89%) near the source of
influent acidic groundwater, whereas members of Gamma-
and Alphaproteobacteria and Bacteroidetes increased along
the flow path as pH increased and nitrate concentrations
decreased, indicating spatial shifts in community composition
as a function of pH and nitrate concentrations. Results of this
study support the utility of biobarriers for treating acidic
radionuclide- and nitrate-contaminated groundwater.

Introduction
The oxidized and mobile forms of U and Tc (such as uranyl
carbonates and pertechnetate) have been shown to undergo
microbially mediated reductive transformations that decrease
their solubility and thus mobility in groundwater in a process
referred to as ‘bioimmobilization’. Several iron- and sulfate-
reducing bacteria are known to reduce soluble U(VI) to
insoluble U(IV)-oxides (1-4) and also Tc(VII) to insoluble
Tc(IV)-oxides (5-10). Although microorganisms with the
capability to reduce metals and radionuclides are ubiquitous
in the subsurface (11), their activity is often limited by the
availability of suitable electron donor, high concentrations
of competing electron acceptors, or the presence of inhibitory
compounds or geochemical conditions. Moreover, other
groups of microorganisms and certain chemical processes
may reoxidize and thus remobilize U(IV) and Tc(IV), and
rates of these competing processes must be controlled so
that aqueous U and Tc concentrations remain small (12-15).

Extreme and variable geochemical conditions typical of
Department of Energy (DOE) legacy waste sites pose chal-
lenges to successful implementation of in situ bioimmobi-
lization. For example, groundwater at the DOE Field Research
Center (FRC) in Oak Ridge, TN, is contaminated with U (up
to 210 µM), Tc (up to 16 nM), extremely high nitrate
concentrations (up to 168 mM), and metal and hydrogen ion
acidity (16, 17). Groundwater geochemistry also varies
spatially at this complex site. In the FRC Area 2 field plot,
groundwater is pH circumneutral and contains moderate
nitrate and aluminum concentrations (0.7 and 1.2 × 10-2

mM, respectively), whereas groundwater in the Area 1 field
plot (∼300 m distance) is acidic and contains extreme levels
of dissolved nitrate, aluminum, and calcium (116, 6.78, and
51.1 mM, respectively). Previous studies have shown that
several additions of bicarbonate (for pH neutralization) and
electron donor (concentrations up to 300 mM) were required
to create in situ conditions favorable for U and Tc bioim-
mobilization at the FRC, and these additions resulted in major
shifts in microbial activity, viable biomass, community
composition, and physiologic stress responses (16, 18, 19).
Although some microorganisms can reduce U(VI) under
acidic conditions (20), successful in situ biostimulation
studies conducted at the FRC first neutralized site ground-
water ex situ using bicarbonate (16, 19, 21).

In situ pH neutralization and removal of extreme nitrate
concentrations are significant hurdles that must be overcome
for in situ U and Tc bioimmobilization to be feasible at the
FRC. In this study we found that ethanol additions to nitric
acid-contaminated groundwater flowing through a mixture
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of site sediment and crushed native limestone effectively
increased pH, significantly decreased U and other heavy
metal concentrations, and sustained nitrate removal for 21
months. Results of our previous study showed that ethanol
additions to pH-neutral, low nitrate FRC groundwater
effectively stimulated iron and sulfate reduction and sus-
tained U and Tc removal from flowing site groundwater for
over 20 months (22). Collectively, these results suggest that
an in situ biobarrier for U and Tc removal from nitric acid-
contaminated FRC groundwater is possible. In addition,
microbial community composition data collected over
spatially distinct zones of porewater geochemistry indicate
that Betaproteobacteria, and the genus Burkholderia in
particular, could be important during ethanol-stimulated
nitrate removal from nitric acid-contaminated FRC ground-
water.

Methods
Biobarrier Model Systems. The shallow, unconfined aquifer
at Oak Ridge National Laboratory is contaminated with
nuclear wastes from former unlined storage ponds and was
established as a Field Research Center (FRC) by the U.S.
DOE (23). This study was designed to simulate an in situ
biobarrier in FRC Area 1, where groundwater is acidic and
sediments forming the shallow (∼7 m) aquifer consist of
placed fill underlain by weathered saprolite. Contaminated
saprolite from FRC Area 1 (4.7 wt %) and crushed May-
nardsville Limestone from nearby outcrops (92 wt %, <0.6
cm sieved) were combined to simulate fill material for a
potential biobarrier at the FRC. In an effort to stimulate the
denitrifying community and decrease start-up lag time, the
contaminated FRC saprolite was incubated with 120 mM
nitrate and 100 mM ethanol amended tap water in 1 L glass
bottles for 6 to 8 weeks prior to combining with crushed
limestone. This “preincubation” could conceivably be per-
formed at a larger scale by incubating site sediment in tanks
prior to mixing with limestone for placement during biobar-
rier construction. Advantages to using this fill material: (1)
large quantities of native material were available on site, (2)
the crushed limestone created favorable hydraulic conduc-
tivity, and (3) the limestone provided buffering capacity to
neutralize the acidic groundwater. The fill material was placed
to a depth of ∼90 cm in an above-ground rectangular
chamber constructed from sheets of 1.3 cm Plexiglas G acrylic
(dimensions 226 cm long, 20.3 cm wide, 102 cm deep), which
remained open to the atmosphere to allow for gas exchange.
Contaminated site groundwater (from well FW21 (24)) was
pumped through the chamber using a piston pump to
simulate groundwater flow through a transect of an in situ
biobarrier. This groundwater was aerobic (dissolved oxygen
∼ 6 mg/L), with pH 4.7, and nitrate (116 mM), sulfate
(1 mM), U (4.4 µM), and Tc (12 400 pM) concentrations typical
of FRC Area 1 groundwater. Sodium bicarbonate (3.3 wt %)
was added to the constructed sediment pack to prevent
sorption of U(VI) to sediments, as was previously done in
our small-scale laboratory studies (data not shown). Sub-
sequent porewater measurements of total inorganic carbon
indicated that the added sodium bicarbonate was flushed
from the chamber within four months of operation. The
chamber was equipped with an inlet, outlet, 14 sampling
ports, manometers, and 8 vertically configured, perforated
PVC wells (1.9 cm diameter) positioned along the centerline
of the chamber (Supporting Information Figure 1). A syringe
pump was used to inject 6 mL of ethanol (190 proof ethyl
alcohol) daily into the inlet and into five ethanol injection
lines that were attached to wells within the saturated zone,
for a target final ethanol concentration of 100 mM. Ethanol
has been shown to effectively stimulate U and Tc reduction
in low pH environments at the FRC (16, 19, 21, 25) and was
chosen as an electron donor for its convenience for auto-

mated injection and because concentrated ethanol inhibited
microbial growth in injection tubing.

An additional above-ground column was constructed
using 15.2 cm inside diameter × 245 cm long PVC pipe. This
column was packed with the same constructed sediment
pack and was operated in an identical fashion as the chamber,
only the column was closed to the atmosphere, received no
ethanol additions, and served as a control. Both the ethanol-
stimulated chamber and control column were deployed and
operated in an outdoor tent in Oak Ridge, TN. Pumping rates
were selected to yield porewater velocities similar to those
reported for site groundwater (0.13-2 m/day 24, 26). Pumping
rates were monitored weekly but varied during the long
experiment duration at this remote site; average flow rates
were 3.5 ( 2.7 mL/min in the chamber and 2.1 ( 0.70 in the
control. Porewater samples were collected from all sampling
ports located along the length of chamber on a weekly basis
and from the control on a monthly basis; changes in flow
rates and manometer levels were monitored with each
sampling. Quantities of analytes removed during the experi-
ment were quantified by integrating flow rates and differences
in inlet and outlet concentrations. Average daily temperatures
in Oak Ridge, TN, during the experiment were collected from
the data archive maintained by the National Weather Service
Forecast Office (available online http://www.srh.noaa.gov/
mrx/oqt/clioqt.php). See Supporting Information Figure 2
for a detailed experimental timeline.

Data Analysis. Tracer tests (chamber only) were con-
ducted by amending influent groundwater with 1.25 mM
bromide and sampling to obtain breakthrough curves.
Porewater velocities were determined by fitting bromide
breakthrough concentrations to the advection dispersion
equation using CXTFIT (27). Porewater velocities were used
to calculate travel times from the inlet to each sampling port.
Apparent zero-order removal rates for nitrate, U, and Tc were
computed by performing a least-squares regression of
concentration profiles and travel times. Porewater mass
balance calculations were performed by integrating measured
pumping rates and differences in inlet and outlet concentra-
tions. Contaminant removal efficiency values were calculated
as the total mass of contaminant removed (from the mass
balance) divided by the total volume of groundwater that
passed through the system. Hydraulic conductivity was
computed using measured pumping rates and hydraulic
heads.

Sediment Uranium Analysis. It was only possible to
collect a single sediment sample for this special analysis
because of instrument availability and project budget. A single
sediment sample was collected from the saturated zone near
the chamber inlet and was sequentially extracted to quantify
U using previously published methods (28, 29). Briefly, the
sediment sample was extracted sequentially with anoxic
deionized (DI) water, anoxic, 1 M bicarbonate, and finally
nitric acid. Using previously published criteria (28, 29),
uranium extracted with deionized (DI) water and bicarbonate
was assumed to be U(VI), and acid-extractable uranium was
assumed to be U(IV). U X-ray absorption measurements
(XANES and EXAFS) were collected at PNC-CAT and MR-
CAT (30) at the APS. The speciation of U in this sediment
sample was determined by modeling the extended X-ray
absorption fine structure portion of the spectrum. See
Supporting Information for additional detailed methods.

Sediment Collection and Lipid Analyses. Sediment
samples were collected for microbial community charac-
terization from six locations within the chamber saturated
zone after 16 months of operation and from the eight
sampling ports along the control after 9.8 months of operation
(Supporting Information Figure 3). Chamber sediment core
locations and corresponding characteristic porewater con-
centrations at these locations are summarized in Table 1.
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Total lipids were extracted from the sediment samples using
a modified Blyer and Dyer method (31, 32). Silicic acid
chromatography was used to separate the total lipids into
polar, neutral, and glycolipid fractions (33). The polar lipid
fraction was subsequently transesterified using mild alkaline
methanolysis to form fatty acid methyl esters (FAMEs) (ref
33 with modifications in ref 34). The different lipid fractions
were quantified as previously described (35).

Molecular Microbial Community Analyses. DNA was
extracted from all chamber and control sediment samples
using the FastDNA spin kit for soil (BIO101, La Jolla, CA) and
eluted in 100 µL of 1/10 TE buffer. Quantitative PCR (Q-PCR)
was performed by Microbial Insights Inc. (Rockford, TN) as
described previously (35) to target and quantify different
groups of bacteria. TaqMan-based PCR was used to detect
the following groups using the indicated probes and forward/
reverse primers: Bacteria (TM1389, BACT1369/PROK1492R
(36)); Deltaproteobacteria (GBC2, 361F/685R (37)); Geo-
bacteraceae (GBC2, 561F/825R (37)). SYBR green PCR was
used to detect the following targets using the indicated
forward/reverse primers: nirS gene (1260F/1363R (38)) and
nirK gene (nirK876F/nirK1040R (39)). DGGE analysis was
performed on PCR-amplified partial 16S rRNA genes from
the chamber sediment cores only using the 16S rRNA primer
set 341F/519R with a 40-bp GC clamp on the forward primer
(40). 16S rRNA gene clone libraries were constructed from
the three sediment core samples nearest to the chamber
inlet only. PCR products from the sediment-extracted DNA
were obtained using primers uni8F/EUB805R and purified
using the Geneclean Turbo Kit Bio 101. Details of our Q-PCR,
DGGE, and 16S rRNA gene clone library analysis methods
were previously described (35). GenBank accession numbers
for sequences from this study are EF422267 to EF422276 and
EF507905 to EF507962 for DGGE gel band sequences and
clone sequences, respectively.

Analytical Methods. pH was measured by a glass electrode
and meter. Inorganic anion (nitrate, nitrite, sulfate, chloride,
bromide) concentrations were measured by ion chroma-
tography. Ethanol was measured by gas chromatography with
flame ionization detection. Uranium concentrations were
measured using a kinetic phosphorescence analyzer (KPA-
11, CHEMcheck Instruments). Technetium was measured
using a liquid scintillation analyzer (Tri-Carb 2900TR, Packard
Instruments). See Supporting Information for additional
detailed methods.

Results
Biobarrier Model Performance. Differences between the
ethanol-amended chamber and control are summarized in
Figure 1, which shows the long-term average porewater
concentrations and pH values over the entire experiment for
both systems. During the 21 months of chamber operation,
2184 L of groundwater was passed through the chamber, pH
was increased on average from 4.7 to 7.6, and 340 mol of
ethanol, 6.8 µmol of Tc, 8.3 mmol of U, and 87 mol of nitrate

were removed from influent groundwater, and 11 mol of
nitrite produced during denitrification were detected in the
chamber effluent. During the 15.7 months of control opera-
tion, 1366 L of groundwater was passed through the control,
pH was increased on average from 4.2 to 6.3, and 3.7 µmol
of Tc, 3.4 mmol of U, and 3.6 mol of nitrate were removed
from influent groundwater, and 41.5 mmol of nitrite produced
during denitrification were detected in control effluent. On
the basis of the mass balance performed on the routinely
measured analytes shown in Figure 1, 93% less nitrate, 35%
less U, and 13% less Tc was removed per liter of groundwater
in the control compared to the chamber.

U concentrations decreased with increased pH in the
chamber and control (Figure 1). Sediment near the chamber
inlet where pH neutralization occurred contained 14 ppb
total extractable U (5.88 × 10-2 µmol per gram dry sediment).
One third of the total U was extracted using 1 M bicarbonate
and was considered sorbed U(VI), while the remaining U
was extracted using nitric acid and was considered U(IV)
(28, 29). It is unlikely that U(IV) was present in significant
quantities in the chamber sediment near the inlet where U
deposition occurred, given the continuous high nitrate
concentration in this location. Indeed, XANES spectra
collected from this sediment showed 100% of the U in this
sample to be U(VI), suggesting the majority of U was
recalcitrant U(VI) that was not effectively extracted by the 1
M bicarbonate solution. The distribution of Ca and U in core
1 sediments shows elevated U concentrations on the outer
regions of the limestone particles (Figure 2A), which is
consistent with the precipitation of U(VI) on the limestone

TABLE 1. Sediment Core Locations within the Ethanol Stimulated Chamber and Corresponding Porewater Chemistry

characteristic porewater concentrations

distance to
core location
from inlet, cm

depth to core
sample from

surface of fill, cm
U, µM Tc, pM NO3, mM NO2, mM pH

core 1 2.81 21.0 4.4 12408 116 0.03 4.7
core 2 41.9 24.0 0.31 10889 106 5.0 6.9
core 3 104 22.9 0.29 8854 85.4 8.5 7.3
core 4 137 24.0 0.16 7763 66.5 9.1 7.4
core 5 168 24.8 0.17 6057 55.3 9.7 7.6
core 6 193 28.6 0.14 6589 67.4 8.8 7.6

FIGURE 1. Average concentration profiles in the ethanol stimulated
chamber verses travel time over 21 months (solid symbols, n )
130), where inlet concentrations correspond to time zero. Aver-
age control concentrations over 18 months (open symbols, n )
16) are shown verses distance along the column flow path
because no tracer tests were conducted in the control and travel
times were unknown.
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surface. The EXAFS spectra collected from this sediment is
consistent with the structure of (UO2)3(PO4)2 ·4H2O(s) (Figure
2B and 2C), which to our knowledge has not been previously
detected in natural samples (41) but could be important in
controlling U solubility in this system. Although phosphate
concentrations were not measured in this study, historical
data for groundwater from well FW21 (source well for this
study, data available online (24)) indicate a total phosphorus
concentration of 4.73 mg/L.

U removal rates remained fairly constant (2.49 ( 1.63
µM/day), whereas nitrate and Tc removal rates fluctuated
during this long-term outdoor experiment (Figure 3). Nitrate
and Tc removal rates increased to a maximum of 23 mM
day-1 and 1897 pM day-1, respectively, early during the
experiment. While nitrate and Tc concentrations decreased
concomitantly and to similar extents in the chamber (55%
on average, Figure 3), nitrate concentrations decreased only
slightly and Tc concentrations were decreased by 35% on
average in the control. We did not monitor Fe(II) in chamber
porewater based on results of laboratory-scale chamber
experiments conducted with pH-neutralized FRC Area 1

groundwater, which indicated that nitrate reduction would
predominate in the chamber and prevent the onset of Fe(III)
reduction (data not shown). However, it was not possible to
exclude a role for Fe(II) in the observed Tc removal because
Fe(II) concentrations were not monitored. In a follow-up
laboratory batch experiment, ethanol addition to a mixture
of high-nitrate artificial groundwater, FRC sediment, and
Maynardsville limestone resulted in a 20% reduction in
aqueous Tc concentrations under denitrifying conditions;
Fe(II) concentrations did not exceed 2.95 µM (see Supporting
Information Figure 4 and associated text).

Average ethanol concentrations decreased initially due
to microbial consumption. In order to ensure adequate
electron donor in the chamber, influent site groundwater
was amended with 95 mM ethanol beginning on day 179 to
supplement daily injections. Hydraulic conductivity increased
in the chamber when rates of nitrate removal were small but
subsequently decreased when rates of nitrate removal
increased, suggesting a link between increased production
of nitrogen gas or biomass during denitrification and
decreased hydraulic conductivity. Hydraulic conductivity in

FIGURE 2. X-ray analysis of chamber core 1 sediment. (A) X-ray fluorescence of sediment showing the distribution of Ca (left) and U
(right). Regions 1 and 2 (circled) were further probed for XANES and EXAFS measurements. (B) EXAFS spectra collected from region
2 (open symbols) and model fit based on the structure of uranyl orthophosphate (UO2)3(PO4)2 · 4H2O(s). Top: EXAFS �(k) spectrum,
middle: magnitude of Fourier transform of EXAFS spectrum, bottom: real part of Fourier transform of EXAFS spectrum. (C) Structural
model of uranyl orthophosphate. Blue, red, and orange spheres represent U, O, and P atoms, respectively.
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the chamber averaged 1.93 × 10-4 m s-1 initially but decreased
to an average of 2.85 × 10-5 m s-1 by the end of the
experiment.

Microbial Community Composition. Phospholipid Fatty
Acid (PLFA) Results. PLFA biomass was 65% greater on average
in the chamber compared to the control, confirming that
ethanol additions promoted microbial growth. Differences
in percentages of total PLFA within PLFA groups were
observed as well (Table 2). Percentages of midchain branched
saturates, indicators of sulfate reducing bacteria (42, 43),
were smaller on average in the chamber compared to the
control. Hydroxy fatty acids, which are common though not
exclusive to Gram-negative bacteria (44, 45), were greater on
average in the chamber compared to the control. Differences
in percentages of the remaining PLFA groups were not
observed.

Elevated ratios of both cyclopropyl fatty acids to their
monoenoic precursors and ratios of monounsaturated trans
to cis isomers have been linked with starvation, stationary-
phase growth, nutrient deprivation (33, 46-49), and also
ethanol exposure (g1% by volume) (49). Both of these ratios
were increased in the chamber compared to the control (Table
2), suggesting a community response to high ethanol
concentrations (120 mM, 0.7% by volume), limited microbial
growth when sediment samples were collected, or nutrient
limitations occurring as high levels of carbon but no other
nutrients are added. Elevated ratios of iso- to anteiso-
saturated fatty acids have been linked with bacterial mem-
brane fluidity changes in response to environmental stress,
particularly temperature (50-52). Though both models were
subject to the same outdoor temperature shifts during the
experiment, the ratio of iso- to anteiso-saturated fatty acids
was decreased in the chamber compared to the control,
suggesting less environmental stress in the chamber com-
pared to the control. Respiratory ubiquinones are associated
with high energy electron acceptors such as oxygen and
nitrate while menaquinones are associated with other types
of anaerobic respiration (53); thus, elevated ratios of ubiquino-

nes to menaquinones (UQ/MQ) as observed in the chamber
(a 6 fold increase) confirm a shift toward a denitrifying
community.

Quantitative-PCR Results. Bacterial 16S rRNA gene copy
numbers were more than 2 orders of magnitude greater in
the chamber compared to the control, further substantiating
that ethanol additions promoted microbial growth (Table
2). Dissimilatory nitrite reductase genes, nirS and nirK, were
both 2 orders of magnitude greater in the chamber compared
to the control. Geobacteraceae were detected in several
chamber samples but were not detectable in control samples
using our methods. Deltaproteobacteria were not significantly
different on average in the chamber compared to the control.

Community Composition of Chamber Core Sediment. No
visually dominant bands were detected in the chamber core
1 sediment sample DGGE profile (Supporting Information
Figure 5). Selected DGGE band sequences from subsequent
chamber core sediment samples were most similar to the
genera Pseudomonas (Core 2-A, Core 2-B, Core 5-F, Core
5-G, Core 6-J), Sporomusa (Core 5-H), Castellaniella (Core
2-C, Core 5-I), and Bacteroides (Core 4-E, Core 3-D) (Sup-
porting Information Figure 6). Most sequences detected in
chamber core 1 and 2 sediment 16S rRNA gene libraries (100
and 89%, respectively) belonged to the Proteobacteria phylum
(Table 3). In chamber core 1 sediments, 86% of sequences
belonged to Betaproteobacteria; other sequences detected
belonged to Alpha- (8%) and Gammaproteobacteria (6%).
Betaproteobacteria sequences were also dominant in core 2
sediment (64%); other sequences detected belonged to
Gamma- (21%) and Alphaproteobacteria (4%), Acidobacteria
(4%), Bacteriodetes (3%), Firmicutes (3%), and Actinobacteria
(1%). In contrast to core 1 and 2 sediments, Bacteroidetes
(29%) and Alphaproteobacteria (27%) sequences were domi-
nant in chamber core 3 sediments, and Betaproteobacteria
sequences were detected in smaller proportions (13%). Other
sequences detected in core 3 sediments were Actinobacteria
(13%), Firmicutes (9%), Gammaproteobacteria (5%), and
Acidobacteria (4%).

The majority of clone sequences within the chamber core
1 and 2 sediment 16S rRNA gene clone libraries (59% and
41%, respectively) shared close homology with Burkholderia
fungorum within the Betaproteobacteria (Supporting Infor-
mation Figure 6). Other clone sequences detected in core 1
sediment shared close homology with Variovorax paradoxus,
which was also previously detected in pH 5.5, low nitrate
FRC groundwater (54). Other clone sequences detected in
core 1 shared close homology with Ralstonia insidiosa;
Ralstonia sequences were also dominant (86%) in RNA-based
clone libraries from acidic FRC sediments (55). Also within
the Betaproteobacteria, DGGE band sequences (Core 5-I, Core
2-C) and other clone sequences from this study shared close
homology with Castellaniella defragrans and several other
clones and isolates from acidic FRC sediments (19, 21). Other
Betaproteobacteria clone sequences were similar to Acidovo-
rax defluvii. Interestingly, an Acidovorax isolate from a
denitrifying fluidized-bed reactor used to treat FRC ground-
water was also implicated in U(VI) reduction (56). Betap-
roteobacteria clones were also detected in significant pro-
portions in ethanol- and nitrate-amended FRC Area 2
sediment microcosms (57). Within the Gammaproteobacteria,
DGGE band sequences (Core 2-B, Core 5-G, Core 6-J) and
clone sequences from this study shared close homology with
Pseudomonas stuzeri; other DGGE band sequences (Core 2-A,
Core 5-F) were also similar to other Pseudomonas species.
Other Gammaproteobacteria clone sequences from this study
shared close homology with a Rhodanobacter clone previously
detected in U contaminated FRC sediment (58). Within the
Firmicutes phylum, DGGE band sequence Core 5-H was most
similar to the obligate anaerobe Sporomusa silvacetica (59),

FIGURE 3. Apparent zero-order rates of U, Tc, and nitrate
removal, as well as average daily temperatures, porewater
ethanol concentrations, and hydraulic conductivity (K) verses
experimental time (lower x-axis) and total pore volumes passed
through the chamber (upper x-axis). Filled triangles represent
nitrate removal rates and open circles represent all other data.
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which is capable of using ethanol for growth but does not
reduce nitrate.

Discussion
The constructed sediment pack composed of crushed May-
nardsville Limestone and site sediment effectively increased
influent pH from 4.7 to 6.9, with a corresponding 94%
decrease in U concentrations in port 1 porewater. In a
separate study, U concentrations decreased by 90% when
acidic FRC groundwater was titrated to pH ∼ 5 with sodium
carbonate, although 70% of U reappeared in solution

following additional titration (17). Energy dispersive X-ray
analysis showed this initial decrease was due to U sorption
or coprecipitation with Al- and Fe-hydroxides formed during
titration and the authors attributed the subsequent increase
to decreased zero points of charge of Al- and Fe-hydroxides
or the formation of soluble U-carbonate complexes. In this
study, Al concentrations in the acidic influent groundwater
were decreased by 99% following pH adjustment (Supporting
Information Figure 7). However, EXAFS spectral analysis
detected the presence of uranyl orthophosphate (UO2)3-
(PO4)2 ·4H2O(s) in chamber core 1 sediment, which could
control U solubility in this system (60). Using the average
historical phosphate concentration in FW21 groundwater of
4.73 mg/L (data available online (24)), we estimate U(VI)
solubility to be 1.29 × 10-7 M, which just so happens to equal
the current Maximum Contaminant Level (MCL) for U
concentrations in drinking water (61) (see Supporting
Information for calculations). Other U-phosphate minerals,
such as autunite (Ca(UO2)2(PO4)2 ·10H2O) and saleeite
(Mg(UO2)2(PO4)2 ·10H2O), are known to control U solubility
in natural deposits (62) and hydroxyapatite (Ca10(PO4)6(OH)2)
has also been shown to effectively remove U from solution,
showing promise for application in permeable reactive
barriers (63, 64). Inorganic phosphates produced as byprod-
ucts of microbial activity have also recently been shown to
facilitate precipitation of U-phosphate minerals (65). Ad-
ditional research is required to determine the long-term
stability of the observed uranyl orthophosphate mineral and
its utility in controlling U solubility at the FRC.

TABLE 2. Data Summary of Q-PCR and PLFA Groups for Chamber Core (left, n = 6) and Control Sediment Samples (right, n = 8)a

chamber core sediment samples control sediment samples

avg stdev avg stdev

PLFA
viable biomass, cells/gram sediment 2.83 × 108 1.42 × 108 9.85 × 107 5.62 × 107

community structure (% total PLFA)
midchain branched saturates 1.36 0.23 4.3 0.90
hydroxy 0.61 0.52 0.00 0.00
terminally branched saturates 12.4 2.63 10.8 1.68
branched monounsaturates 2.81 0.47 2.51 0.37
monounsaturates 54.0 2.06 55.0 1.73
normal saturates 28.0 2.10 26.9 2.48
polyunsaturates 0.79 1.22 0.46 0.23

metabolic status (ratio)
cy17:0/16:1w7c 2.36 0.710 1.23 0.483
cy19:0/18:17c 1.518 0.327 0.78 0.225
total cyc/cis 3.88 1.02 2.01 0.704

16:1w7t/16:1w7c 0.314 0.102 0.084 0.007
18:1w7t/18:1w7c 0.097 0.049 0.069 0.008
total trans/cis 0.411 0.141 0.153 0.012

i15:0/a15:0 0.605 0.168 1.06 0.074
i17:0/a17:0 0.640 0.189 1.09 0.179
total iso/anteiso 1.24 0.270 2.15 0.217

ubiquinones/menaquinones (ratio) 22.1 4.12 3.63 1.86

Q-PCR, Copies/Gram Sediment
Eubacterial 16S rRNA 1.60 × 109 8.48 × 108 7.06 × 106 3.18 × 106

nirS 7.56 × 108 3.89 × 108 2.12 × 106 1.40 × 106

nirK 2.01 × 108 1.03 × 108 1.15 × 106 1.49 × 106

δ-Proteobacteriab 3.22 × 104 4.34 × 104 5.66 × 102 1.27 × 103

Geobacteraceae <100c - NDd -
a Individual data values for all chamber core and control sediment samples are included in Supporting Information. b The

full detection limit of 100 was utilized to obtain the average and standard deviation values. c <100 indicates below
detection limit, ND or estimated value in all samples. d ND, not detected in any sample.

TABLE 3. Distribution within Clone Libraries of Ethanol Stimulated
Chamber Core Sediment

clone library (%)

phyla core 1 core 2 core 3

�-Proteobacteria 86 64 13
γ-Proteobacteria 6 21 -
R-Proteobacteria 8 4 27
Bacteroidetes - 3 29
Firmicutes - 3 9
Actinobacteria - 1 13
Acidobacteria - 4 4
δ-Proteobacteria - - 5

Distribution
no. taxa 51 73 55
no. OTUs 7 16 14
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Interestingly, nitrate and Tc concentrations decreased
concomitantly in the chamber and to a lesser extent in the
control. These results were confirmed in a well-mixed
laboratory batch experiment where Tc concentrations de-
creased during denitrification. Nitrate and Tc were also
observed to decrease concomitantly and prior to iron
reduction during in situ push-pull test conducted at the
FRC (16). However, other sediment incubation (66, 67) and
pure culture studies (6, 67) have shown that denitrification
must be complete prior to Tc removal. Using the nitrate and
nitrite concentrations measured in the batch system, we
calculated a redox potential of 459 mV, which is much higher
than the 38 mV required for thermodynamically favorable
Tc reduction at pH 7 (calculations in Supporting Information).
The mechanism of observed Tc removal in the chamber and
control is unknown, although the apparent temperature
dependence of Tc removal in the chamber suggests a
biologically mediated mechanism.

Ethanol additions to acidic, high nitrate FRC ground-
water sustained nitrate removal for 21 months and
promoted growth of a largely denitrifying community.
Community composition also varied spatially with distance
along the chamber flow path in apparent response to shifts
in porewater chemistry. The core 1 sediment 16S rRNA
gene clone libraries were dominated by a single OTU (59%
of sequences), which shared close homology with Burkhold-
eria fungorum. Burkholderia species have been detected
in acidic FRC sediments following ethanol additions
(19, 21), in RNA-based clone libraries of pH-neutral FRC
sediment that were not electron donor stimulated (55),
and in iron-reducing enrichment cultures from pH-neutral
FRC sediments (68). Burkholderia species are known to
occupy diverse ecological niches, many of which are
associated with nitrogen cycling and in particular deni-
trification (69-72). Burkholderia cepacia PR1301 was shown
to exhibit increased tolerance to nickel concentrations
under acidic conditions (73), suggesting Burkholderia may
have had a competitive advantage in core 1 sediment near
the acidic influent groundwater in the chamber. The 16S
rRNA gene clone library and Q-PCR analysis appeared to
better capture core 1 sediment community composition
as distinct DGGE bands were not observed for this sample.
Groundwater pH was increased from 4.7 to 6.9 and nitrite
concentrations were increased substantially in core 2
compared to core 1 (Table 1). Burkholderia were dominant
in core 2 sediment as well (41%), although Pseudomonas,
Castellaniella, and Acidovorax were also detected. Cas-
tellaniella defragrans (formerly Alcaligenes defragrans (74))
was previously identified as an important denitrifier in
ethanol stimulated FRC sediments (21) and were also
dominant in clone libraries constructed from hematite
coupons incubated in acidic FRC groundwater (75). In
another study, over half of all nirS genes detected in acidic
FRC groundwater were highly similar to the nirS genes of
Alcaligenes faecalis and Pseudomonas stutzeri (76), sug-
gesting their potential importance in acidic FRC ground-
water. Castellaniella defragrans and Pseudomonas stutzeri
were detected in both clone libraries and DGGE analysis
of core 2, confirming their presence in the chamber
sediment under denitrifying conditions following pH
adjustment. Groundwater pH was increased from 6.9 to
7.3, nitrate was decreased from 106 to 85 mM, and nitrite
was increased from 5 to 8.5 mM in core 3. Burkholderia
composed only 14% of sequences detected in core 3 and
Castellaniella and Pseudomonas sequences were not
detected. In contrast, DGGE band sequences from cores
3 and 4 and 29% of clone sequences detected in core 3
sediment shared close homology with an effluent treatment
plant clone within the Bacteroidetes phylum (DQ531963,

unpublished). The ecological role of this possibly fermen-
tative bacterium is unclear.

Groundwater velocities at the FRC vary from 0.129 m day-1

in the fractured saprolite (26) to 2 m day-1 in the shallow,
gravel-filled layer (Dave Watson, Pers. comm., 1998 tracer
test Area 2). The average temperature of the FRC groundwater
is 19.6 ( 2.8 °C (24). Based the range of FRC groundwater
velocities and an approximated first-order denitrification rate
obtained at ∼20 °C during the 14 month of the chamber
experiment, we estimate that a denitrification biobarrier
normal to groundwater flow would need to be at least 2.4-37
feet in length to provide adequate residence time for 99%
nitrate removal (calculations in Supporting Information).

Multiple factors could contribute to poor in situ biobarrier
performance and require additional consideration. For
example, preferential flow path formation due to biomass
accumulation (77) or solids deposition could ultimately
reduce residence time within the treatment zone and
decrease U and Tc removal efficiency. Precipitation of acid
soluble metals with increased pH could encrust the limestone,
thereby decreasing the rate of limestone dissolution and
alkalinity production (78-80). These metal hydroxide pre-
cipitates could also fill pore space and decrease hydraulic
conductivity. Indeed, ICP analysis of select chamber pore-
water samples (n ) 4) confirmed that Al, Mn, and Ca
concentrations in the acidic influent FRC groundwater were
significantly decreased following pH adjustment (Supporting
Information Figure 7). During the 21 months of the experi-
ment, 2184 L of FRC groundwater were neutralized in the
chamber, and this resulted in the deposition of an estimated
812 g of Ca, 400 g of Al, and 203 g of Mn in the chamber.
Clearly solids deposition and associated decreases in hy-
draulic conductivity are important design considerations for
in situ treatment of FRC groundwater. Long-term buffering
capacity of the Maynardsville limestone for neutralizing the
acidic FRC groundwater is also an important consideration.

Bioclogging (77, 81) or decreased water saturation
during denitrification (82-84) and associated decreases
in hydraulic conductivity are also important considerations
for in situ biobarrier applications. In this study, hydraulic
conductivity fluctuated with temperature and denitrifi-
cation rates, suggesting a link between nitrogen gas
production and decreased hydraulic conductivity. In a
recent study, Istok et al. investigated the fate of nitrogen
gas in a mixture of FRC saprolite and Maynardsville
limestone analogous to the constructed sediment pack
used in this study (85). Water containing 100 mM nitrate
and 300 mM ethanol was repeatedly pulsed into a chamber
and nitrate removal rates and gas saturation were moni-
tored. Nitrogen bubbles were observed to coalesce and
escape through connected pores and hydraulic conductiv-
ity did not decrease significantly during the experiment.
In this study, gas bubbles were not visually observed
because the chamber was covered with aluminum foil to
prevent light infiltration and algal growth. Bubbling was
observed at the chamber water table when all sediment
cores were collected except for core 1 near the inlet where
no bubbling was observed.

In our previous study we showed that ethanol additions
to neutral pH, low nitrate FRC groundwater flowing through
an above-ground constructed sediment pack stimulated
denitrification, as well as iron and sulfate reduction and
sustained U and Tc bioimmobilization for 20 months (22).
The results of this study show that ethanol additions to
acidic, high nitrate FRC groundwater flowing through an
above-ground limestone sediment pack effectively in-
creased pH and sustained nitrate removal for long time
periods. Together these studies suggest that in situ
bioimmobilization of U and Tc from nitric acid impacted
FRC groundwater may be possible.
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