
This article was downloaded by: [Ken Williams]
On: 26 July 2011, At: 08:25
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House,
37-41 Mortimer Street, London W1T 3JH, UK

Geomicrobiology Journal
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/ugmb20

Acetate Availability and its Influence on Sustainable
Bioremediation of Uranium-Contaminated Groundwater
Kenneth H. Williams a , Philip E. Long b , James A. Davis c , Michael J. Wilkins b , A. Lucie
N'Guessan b , Carl I. Steefel a , Li Yang a , Darrell Newcomer b , Frank A. Spane b , Lee J.
Kerkhof d , Lora McGuinness d , Richard Dayvault e & Derek R. Lovley f
a Lawrence Berkeley National Laboratory, Berkeley, California, USA
b Pacific Northwest National Laboratory, Richland, Washington, USA
c U.S. Geological Survey, Menlo Park, California, USA
d Institute of Marine and Coastal Science, Rutgers University, New Jersey, USA
e S.M. Stoller Corporation, Grand Junction, Colorado, USA
f Department of Microbiology, University of Massachusetts, Amherst, Massachusetts, USA

Available online: 26 Jul 2011

To cite this article: Kenneth H. Williams, Philip E. Long, James A. Davis, Michael J. Wilkins, A. Lucie N'Guessan, Carl I.
Steefel, Li Yang, Darrell Newcomer, Frank A. Spane, Lee J. Kerkhof, Lora McGuinness, Richard Dayvault & Derek R. Lovley
(2011): Acetate Availability and its Influence on Sustainable Bioremediation of Uranium-Contaminated Groundwater,
Geomicrobiology Journal, 28:5-6, 519-539

To link to this article:  http://dx.doi.org/10.1080/01490451.2010.520074

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching and private study purposes. Any substantial or systematic
reproduction, re-distribution, re-selling, loan, sub-licensing, systematic supply or distribution in any form to
anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses should
be independently verified with primary sources. The publisher shall not be liable for any loss, actions, claims,
proceedings, demand or costs or damages whatsoever or howsoever caused arising directly or indirectly in
connection with or arising out of the use of this material.

http://www.tandfonline.com/loi/ugmb20
http://dx.doi.org/10.1080/01490451.2010.520074
http://www.tandfonline.com/page/terms-and-conditions


Geomicrobiology Journal, 28:519–539, 2011
Copyright © Taylor & Francis Group, LLC
ISSN: 0149-0451 print / 1521-0529 online
DOI: 10.1080/01490451.2010.520074

Acetate Availability and its Influence on Sustainable
Bioremediation of Uranium-Contaminated Groundwater

Kenneth H. Williams,1 Philip E. Long,2 James A. Davis,3 Michael J. Wilkins,2

A. Lucie N’Guessan,2 Carl I. Steefel,1 Li Yang,1 Darrell Newcomer,2

Frank A. Spane,2 Lee J. Kerkhof,4 Lora McGuinness,4 Richard Dayvault,5

and Derek R. Lovley6

1Lawrence Berkeley National Laboratory, Berkeley, California, USA
2Pacific Northwest National Laboratory, Richland, Washington, USA
3U.S. Geological Survey, Menlo Park, California, USA
4Institute of Marine and Coastal Science, Rutgers University, New Jersey, USA
5S.M. Stoller Corporation, Grand Junction, Colorado, USA
6Department of Microbiology, University of Massachusetts, Amherst, Massachusetts, USA

Field biostimulation experiments at the U.S. Department of
Energy’s Integrated Field Research Challenge (IFRC) site in Ri-
fle, Colorado, have demonstrated that uranium concentrations in
groundwater can be decreased to levels below the U.S. Environmen-
tal Protection Agency’s (EPA) drinking water standard (0.126 µM).
During successive summer experiments – referred to as “Winch-
ester” (2007) and “Big Rusty” (2008) - acetate was added to the
aquifer to stimulate the activity of indigenous dissimilatory metal-
reducing bacteria capable of reductively immobilizing uranium.
The two experiments differed in the length of injection (31 vs.
110 days), the maximum concentration of acetate (5 vs. 30 mM),
and the extent to which iron reduction (“Winchester”) or sulfate re-
duction (“Big Rusty”) was the predominant metabolic process. In
both cases, rapid removal of U(VI) from groundwater occurred
at calcium concentrations (6 mM) and carbonate alkalinities
(8 meq/L) where Ca-UO2-CO3 ternary complexes constitute >90%
of uranyl species in groundwater. Complete consumption of acetate
and increased alkalinity (>30 meq/L) accompanying the onset of
sulfate reduction corresponded to temporary increases in U(VI);
however, by increasing acetate concentrations in excess of avail-
able sulfate (10 mM), low U(VI) concentrations (0.1–0.05 µM) were
achieved for extended periods of time (>140 days). Uniform deliv-
ery of acetate during “Big Rusty” was impeded due to decreases in
injection well permeability, likely resulting from biomass accumu-
lation and carbonate and sulfide mineral precipitation. Such de-
creases were not observed during the short-duration “Winchester”
experiment. Terminal restriction fragment length polymorphism
(TRFLP) analysis of 16S rRNA genes demonstrated that Geobac-
ter sp. and Geobacter-like strains dominated the groundwater com-
munity profile during iron reduction, with 13C stable isotope prob-
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ing (SIP) results confirming these strains were actively utilizing
acetate to replicate their genome during the period of optimal
U(VI) removal. Gene transcript levels during “Big Rusty” were
quantified for Geobacter-specific citrate synthase (gltA), with ongo-
ing transcription during sulfate reduction indicating that members
of the Geobacteraceae were still active and likely contributing to
U(VI) removal. The persistence of reducible Fe(III) in sediments
recovered from an area of prolonged (110-day) sulfate reduction
is consistent with this conclusion. These results indicate that ac-
etate availability and its ability to sustain the activity of iron- and
uranyl-respiring Geobacter strains during sulfate reduction exerts
a primary control on optimized U(VI) removal from groundwater
at the Rifle IFRC site over extended time scales (>50 days).

Keywords uranium, bioremediation, Geobacter, iron-reduction,
sulfate-reduction

INTRODUCTION
Contamination of sediments and groundwater resulting from

the extraction and processing of uranium ore is a problem af-
fecting hundreds of sites across the world. In oxidized ground-
water, the highly mobile nature of U(VI) can result in the rapid
dispersal and contamination of aquifer sediments and drinking
water supplies. Although pump-and-treat technologies exist for
removing uranium from groundwater, these are generally not
applicable for cost-effective, in situ remediation of large-scale
subsurface contamination. The concept of using indigenous dis-
similatory iron reducing microorganisms (DIRB) to catalyze
the reduction of U(VI) in groundwater to insoluble U(IV) was
first proposed as a remediation strategy nearly two decades ago
(Lovley et al. 1991).

In the absence of contamination, DIRB derive energy by
coupling the oxidation of organic compounds to the reduction
of ferric iron in the subsurface. Many of these organisms have
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520 K. H. WILLIAMS ET AL.

significant metabolic versatility and can reduce a wide range
of metals and other oxidized compounds in addition to Fe(III)
(Lovley et al. 2004). In the case of uranium, soluble U(VI) is
enzymatically reduced to sparingly soluble U(IV), which pre-
cipitates from solution. The activity of these bacteria may be
intentionally stimulated through amendment of suitable elec-
tron donors (e.g. acetate) to subsurface sediments. This ap-
proach has been repeatedly tested at the field scale over the past
10 years across a range of subsurface environments, includ-
ing alluvial sediments and fractured saprolites (Anderson et al.
2003; Vrionis et al. 2005; Wu et al. 2006).

The Rifle Integrated Field Research Challenge (IFRC) site
is located in northwestern Colorado at the site of a former ura-
nium and vanadium mill, which operated between 1924 and
1958. Although mill tailings and other contaminated surface
materials were removed from the site by 1996, residual con-
tamination remains, as evidenced by locally persistent levels of
U(VI) in groundwater (ca. 1–1.5 µM); natural flushing over the
intervening 14 years has led to only modest decreases in U(VI).
Between 2002 and 2006, injection of organic carbon into the al-
luvial aquifer was used to study processes associated with stim-
ulated uranium bioremediation (Anderson et al. 2003; Holmes
et al. 2005; Vrionis et al. 2005). Coupled to the enrichment
of members of the Geobacteraceae, these studies were able to
demonstrate rapid removal of U(VI) from groundwater follow-
ing injection of acetate; however, competing biogeochemical
processes were observed to affect the prolonged efficacy of the
remediation process.

Potentially one of the most significant biogeochemical pro-
cesses accompanying acetate injection at Rifle is the onset of
sulfate reduction and the impact of sulfate-reducing bacteria
(SRB) on the bioremediation process. Due to elevated sulfate
concentrations (ca. 6–11 mM) in groundwater, acetate amend-
ment in excess of !30 days typically results in a shift in the
dominant form of microbial metabolism from iron to sulfate re-
duction. The shift to sulfate reduction as the dominant terminal
electron accepting process (TEAP) causes a temporary increase
in U(VI) concentrations. This effect may be partially due to less
efficient reduction of U(VI) by acetate-oxidizing SRB relative
to the Geobacteraceae-dominated population present during the
early stages of biostimulation.

Similarly, diversion of electron flow from iron to sulfate re-
duction as carbon amendment proceeds can result in complete
consumption of acetate, effectively halting the activity of DIRB
implicated in elevated rates of U(VI) removal. The effect is
likely exacerbated by alkalinity and pH increases accompany-
ing reduction of 6–10 mM sulfate, which can promote U(VI)
desorption from aquifer sediments. More specifically, the in-
crease in alkalinity accompanying microbial degradation of ac-
etate results in an increase in the aqueous concentrations of bi-
carbonate and carbonate. Because carbonate forms very strong
aqueous complexes with U(VI), the increase in alkalinity shifts
the equilibrium between dissolved and adsorbed U(VI) (Davis
et al. 2004), resulting in additional desorption and greater aque-
ous concentrations of U(VI).

The predominant SRB identified at the site are closely related
to Desulfosporosinus and members of the Desulfobacteraceae.
Although able to couple acetate oxidation to sulfate reduction,
these strains have yet to be implicated in enzymatic U(VI)
reduction at Rifle. This observation is in contrast to ethanol-
amendment field experiments at a uranium-contaminated site
near Oak Ridge, TN, where removal of U(VI) from groundwa-
ter corresponded to decreases in sulfate and enrichment of SRB
strains belonging to the family Desulfovibrionaceae, known to
be capable of enzymatic U(VI) reduction (Cardenas et al. 2008;
Hwang et al. 2009).

Although the impact of alternate electron donors on U(VI)
removal remains to be assessed at the site, this paper focuses on
biogeochemical changes accompanying two successive acetate
amendment experiments at the Rifle IFRC site and presents data
indicating that – when not limited by acetate availability – DIRB
are active during periods of extended sulfate reduction. Such
concurrent metabolism contrasts with the original conceptual
model proposed to describe TEAP succession at the site.

This model suggested that the switch to sulfate reduction oc-
curred following exhaustion of microbially available ferric iron,
which resulted in zonation of TEAP’s from higher to lower
energy yield. Given observations of concomitant iron and sul-
fate reduction in a variety of sedimentary environments, al-
ternate models have been proposed to account for concurrent
metabolism (Postma and Jakobsen 1996). Models using a par-
tial equilibrium approach have indicated that segregation of iron
and sulfate reduction largely depends on both the stability of
reducible Fe(III) oxides and the pH. From a thermodynamic
standpoint, the model predicts that the presence of more stable
oxides (e.g., goethite and hematite) creates conditions where
both iron and sulfate reduction can proceed simultaneously;
however, DIRB may only poorly utilize such crystalline ferric
minerals.

Our results are consistent with this latter model and support a
conceptual model for acetate amendment in sulfate-rich aquifers
wherein SRB grow more slowly than DIRB, requiring about
30 days for sulfate reduction to become a dominant TEAP. Once
established, SRB are capable of consuming equimolar amounts
of acetate and sulfate, creating conditions where electron flow
to iron reduction is suppressed given limiting amounts of
acetate.

The impact of biostimulation on aquifer mineralogy, as well
as selected other parameters, such as hydraulic conductivity, ob-
served during the course of the experiments is also presented.
We use the results to demonstrate the importance of electron
donor concentrations in maintaining iron reduction and its out-
sized role in optimal U(VI) removal – even during periods where
sulfate reduction is a dominant process. We also establish a con-
ceptual model for key biogeochemical pathways that influence
U(VI) mobility and which accompany in situ biostimulation
at the Rifle IFRC site, providing added constraints on existing
reactive transport models of previous experiments at the site
(Yabusaki et al. 2007; Fang et al. 2009; Li et al. 2009; Li et al.
2010).
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 521

MATERIALS AND METHODS

Site Description and Experimental Design
Comprehensive descriptions of the Rifle IFRC site have been

presented elsewhere (DOE 1999; Anderson et al. 2003; Vrionis
et al. 2005; Yabusaki et al. 2007). Briefly, the site is located on a
small (!9 hectare) flood plain in northwestern Colorado under-
lain by an aquifer comprised of !6.5 m of unconsolidated sands,
silts, clays and gravels deposited by the adjacent Colorado River
and underlain by a relatively impermeable aquitard known as
the Wasatch formation. Depth to water table fluctuates season-
ally, averaging 3.5 m below ground surface (bgs). Groundwater
flow direction changes with falling river stage, moving from
an azimuth of !220" to !180" (from north) as runoff wanes.
Hydraulic conductivities and pore water velocities range from
0.06–20 m/day and 0.1–0.6 m/day, respectively, depending upon
local lithology. Elevated concentrations of uranium in ground-
water result from residual contamination from mill tailings (now
removed), varying from 0.2–1.5 µM depending upon location
and season.

Acetate amendment experiments investigating stimulated
uranium bioremediation were conducted over consecutive sum-
mers [“Winchester” (2007) and “Big Rusty” (2008)] within an
experimental well field (Figure 1) located in a previously un-
treated portion of the Rifle aquifer. Installation and development
of the injection and monitoring wells occurred 4–5 weeks prior
to starting acetate amendment for the Winchester experiment.
All wells were emplaced using the rotary sonic drilling method
and completed to an average depth of 6.5 m (!0.3 m into the
Wasatch formation). Outer diameters (OD) of the injection and
monitoring wells were 3.8 and 10.1 cm, respectively, and all
wells were screened (250 µm slot size) over the lower 3 m
depth interval.

Prior to injection, upgradient groundwater was pumped into a
stainless steel storage tank (2100 L) and amended with sodium

FIG. 1. Flow cell layout used for the Winchester (2007) and Big Rusty (2008)
field experiments at the Rifle Integrated Field Research Challenge (IFRC) site.
Groundwater flow directions vary seasonally, with azimuthal direction from
north indicated.

TABLE 1
Experimental timeframe for the Winchester and Big Rusty

field experiments; the groundwater flush periods are denoted
by an absence of acetate and bromide

Experiment Elapsed Time Acetate# Bromide#

[year] [days] [mM] [mM]

Winchester 0–12 50 20
[2007]a 12–18 — —

18–31 50 20
Big Rusty 0–15 50 13

[2008]b 15–24 — —
24–38 50 13

38–110 150 13

#Concentrations represent injection tank values; an average dilution
factor of 1:10 accompanied injection into the aquifer.

aStart date 08-Aug-2007; bStart date 20-July-2008.

acetate and sodium bromide while sparging with N2 to min-
imize oxygenation. Amendment of acetate to the aquifer was
accomplished via ten boreholes (G51 to G60) oriented roughly
orthogonal to groundwater flow direction and spaced at 1 m in-
tervals (Figure 1). Acetate and bromide amended groundwater
was injected into each well over three depths (3, 4, and 5 m
bgs) at a rate of 16 L per injection well per day, with the tank
contents emptying every 12–14 days. The injection durations
were 31 and 110 days for the Winchester and Big Rusty experi-
ments, respectively (Table 1). The target aquifer concentrations
of acetate (5–15 mM) and bromide (1.3 and 2 mM) varied for
the two experiments, as indicated in Table 1, with target concen-
trations of acetate increased to 15 mM during “Big Rusty” after
38 days. Referred to as a groundwater flush, both experiments
involved short-duration (6–8 day) intervals bracketing the first
and second amendment tanks where neither acetate nor bromide
was injected.

Cross-well mixing was used to disperse the injectate across
the zone of injection, with peristaltic pumps circulating flu-
ids (0.7 L min$1) between adjacent wells through high-density
polyethylene (HDPE) tubes. During Winchester, fluids from
two wells (e.g., G52 and G54) were withdrawn from a depth of
6 m and injected simultaneously into an adjacent well (e.g.,
G53) at a depth of 4 m to create significant head differences
between adjacent wells. Pump directions were changed daily
such that individual wells served alternately as extraction and
injection wells.

The same configuration was used during Big Rusty for the
first 38 days, after which it was reconfigured such that fluids
were simultaneously withdrawn from and injected into a given
well. For example, fluids withdrawn from G52 (6 m) and injected
in G53 (4 m) were simultaneously replaced by fluids withdrawn
from G51 (6 m), with the sequence repeating down the line of
injection wells. Large offsets in water level were minimized, as
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522 K. H. WILLIAMS ET AL.

no net difference in fluid flux existed between adjacent wells;
pump directions were again changed daily.

Analysis of Groundwater and Sediment Samples
Pumped groundwater samples (12 L purge volume) were

obtained from monitoring wells located up (U01-U03) and
downgradient (D01-D12) from the injection gallery (Figure 1).
Samples for anion and alkalinity analysis were filtered (PTFE;
0.2 µm) and stored in refrigerated, no-headspace HDPE vials
until analysis. Acetate, bromide, chloride, and sulfate were mea-
sured using an ion chromatograph (ICS-1000, Dionex, CA)
equipped with an AS-22 column. Total alkalinity was deter-
mined by titration with 0.01 M HCl (DL50 Graphix, Mettler
Toledo, OH). Samples for cation analysis were filtered and pre-
served with trace metal grade 12 N HNO3, with concentra-
tions determined using ion coupled plasma mass spectrometry
(ICP-MS) (Elan DRCII ICP-MS, Perkin Elmer, CA). Fe(II) and
dissolved sulfide concentrations were determined immediately
upon sampling using the 1,10 Phenanthroline and Methylene
Blue colorimetric methods, respectively (Hach Company, Love-
land, CO). Dissolved uranium was quantified using kinetic phos-
phorescence analysis (Chemchek Instruments, Richland, WA).

Groundwater quality parameters including pH, dissolved
oxygen, temperature, conductivity, and oxidation-reduction po-
tential (ORP) were measured continuously in wells U01, D04,
and D07 during both experiments using multi-parameter son-
des (YSI, OH). The sondes were calibrated at regular intervals
throughout the experiments.

Sediments recovered during installation of the flow cell (D05
and D07) and from three downgradient locations (P104, P105,
and P106) at the conclusion of Big Rusty (Figure 1) were pro-
cessed in an N2-filled glove bag to minimize oxygen exposure.
Subsamples collected from the 3, 4, 5, and 6 m depths (bgs)
were used to quantify pools of reducible Fe(III), elemental sul-
fur (S0), and total reduced inorganic sulfur (TRIS). All samples
were dried in a 100% N2 atmosphere and passed through a 2 mm
sieve prior to extraction. Pools of reducible Fe(III) were divided
into two fractions: 1-hour and 16-hr hydroxylamine reducible.
The hydroxylamine reducible fractions were determined using
0.5 g of sediment, as previously described (Lovley and Phillips
1987b).

Elemental sulfur concentrations were quantified by addition
of 5 mL of acetone (HPLC grade) to 1 g of sediment, followed
by a 24-h extraction period on a horizontal shaker. The extracted
supernatant solutions were filtered though 0.1 µm filter, passed
through an Econosphere 5 µm C18 HPLC column (250 mm by
4.6 mm; Alltech, IL) at 1 mL min$1 with a mobile phase com-
posed of 95:5 methanol/water and analyzed by UV-vis detector
at 254 nm. TRIS concentrations were determined with 1.5 g
sediment samples, as previously described (Ulrich et al. 1997).

U(VI) Adsorption Calculations and Modeling
Calculation of U(VI) distributions between the sediment and

aqueous phase were based on the equilibrium surface complexa-

tion model of Hyun et al. (2009). A porosity of 27% in the aquifer
was used to determine the ratio of groundwater to sediments.
Based on field site characterization, it was assumed that 50% of
the sediments were <2 mm in grain size and that only sediments
<2 mm contributed to U(VI) adsorption. An average surface
area of the <2 mm sediment fraction of 3.45 m2/g was used,
based on characterization of several different samples collected
at the field site. A total site density value of 3.84 µmol/m2 was
used for the modeling, as suggested by Davis and Kent (1990).
Calculations with the generalized composite surface complex-
ation model and of U(VI) aqueous speciation were made with
the program FITEQL4 (Herbelin and Westall 1999). The for-
mation constants of aqueous species were the same as used by
Hyun et al. (Hyun et al. 2009). The U(VI) thermodynamic data
are from the NEA database (Guillaumont et al. 2003), with the
exception of the Ca-uranyl-carbonato and Mg-uranyl-carbonato
complexes (Dong and Brooks 2006; 2008). Ionic strength cor-
rections for aqueous species in FITEQL4 were made using the
Davies equation.

Kinetic and Thermodynamic Calculations
Kinetic and thermodynamic parameters related to the activ-

ity of SRB were calculated using published constants, as noted
below, and groundwater concentrations of acetate, sulfate, sul-
fide, and alkalinity (as bicarbonate) in D01 during the Big Rusty
experiment. The rate of uptake of an electron donor by a partic-
ular catabolic pathway is modulated by both a kinetic term, FK,
and a thermodynamic term, FT, following the work of Jin and
Bethke (2005), as interpreted by Dale et al. (2008):

RD = !maxFKFT [1]

where !max is the maximum rate of electron donor utilization,
with the biomass implicit in the rate constant. Here, FK is based
on the hyperbolic Monod expressions.

The thermodynamic driving force, which is assumed to drive
the reaction in only one direction, is given by:

FT = max
!

0,

"
1 $ exp

"
"Gnet

#RT

##$
[2]

where "GNET is the fraction of the Gibbs energy of catabolism
that provides a thermodynamic drive for the reaction (further
defined later) and # is the average stoichiometric coefficient,
R is the gas constant, and T is the absolute temperature. The
average stoichiometric coefficient, # , is equivalent to the num-
ber of protons translocated across the cell membrane during
catabolism and is assumed equal to 1 in anaerobic metabolism
Jin and Bethke (2005). As is apparent from Equations (1) and
(2), both FK and FT are dimensionless and vary from 0 to 1.

In the formulation of Dale et al. (2008) as adapted from Jin
and Bethke (2005), the "GNET term is the sum of two Gibbs

D
ow

nl
oa

de
d 

by
 [K

en
 W

ill
ia

m
s]

 a
t 0

8:
25

 2
6 

Ju
ly

 2
01

1 



EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 523

energy terms of opposite sign:

"GNET = "GINSITU + "GBQ [3]

where "GINSITU is the in situ Gibbs energy yield of the catabolic
process and "GBQ is the bioenergetic energy quantum (Hoehler
2004; Dale et al. 2006):

"GINSITU = "G0% + RT ln[Q] [4]

Here "G0%
is the standard Gibbs energy of catabolism at the in

situ temperature following the following stoichiometry, with the
reaction written in terms of one electron:

3/8H+ + 1/8SO2$
4 + 1/8CH3COO$ & 1/8H2S + 1/4CO2

[5]

Hydrological Testing
Slug tests were used to quantify the hydraulic conductivity

of sediments surrounding the injection and monitoring wells
at multiple time points during the Winchester and Big Rusty
experiments. The slug tests involved rapid in-well displacement
of known volumes and recording water level recoveries with
time. Two displacement volumes were used for the monitoring
wells (1400 cm3 and 4530 cm3), imparting theoretical applied
stress levels of 0.173 m and 0.559 m, respectively.

A single displacement volume (556 cm3) was used for the
injection wells, imparting an applied stress level of 0.488 m.
Multiple slug tests were performed at all stress levels to assess
reproducibility; however, decreased permeability accompany-
ing acetate amendment during the Big Rusty experiment (2008)
made repeat measurement in some wells impractical due to
slow recovery times. The type-curve method was used for an-
alyzing the slug-test responses due to the unconfined nature of
the aquifer using initial parameters detailed in Newcomer et al.
(in preparation).

Stable Isotope Probing and Gene Expression Analysis
Stable isotope probing experiments were performed during

Winchester using groundwater pumped from D07, 7 and 20
and days after beginning injection. Unfiltered groundwater was
added to 60 mL glass serum vials and amended with a stock solu-
tion of 13C-labeled (99 atom%) sodium acetate (Sigma Aldrich,
MO) to yield a final acetate concentration of 1 mM. Filled, no-
headspace vials were capped, shaken, and incubated at room
temperature for 6 hours.

Planktonic cells were collected through filtration (<0.2 µm)
and genomic DNA from each filter was purified using phenol/
chloroform methods (McGuinness et al. 2006). Separation of
12C and 13C DNA was accomplished by cesium chloride gradi-
ent with archaeal carrier DNA technology (Gallagher et al. 2005)
yielding two bands in all gradients. Small subunit (SSU) rRNA
genes were amplified with the universal forward primer 27 F and
the bacterial-specific primer 1100 R. Terminal restriction frag-

ment length polymorphism (TRFLP) analysis was completed
as described (McGuinness et al. 2006). Cloning and shotgun
sequencing was accomplished using a TA cloning kit (Invitro-
gen, CA) on 13C SSU amplicons and dye terminator chemistry,
with reactions performed on a Perkin-Elmer ABI 310 genetic
analyzer. Control incubations were performed using 12C acetate
and tested for amplification of bacterial genes in the 13C carrier
band, with no 13C amplification observed.

Transcription levels of Geobacter-specific citrate synthase
(gltA) – a robust marker for this phylogenetic group (Holmes
et al. 2005) – were monitored in D07 groundwater during Big
Rusty at nineteen time points over the first 52 days of injection.
Following collection of groundwater for geochemical analysis,
ca. 15 L of groundwater was filtered through two sequential
Supor membrane filters (293 mm diameter) with pore sizes of
1.2 and 0.2 µm (Pall Life Sciences, NY). The filters were flash
frozen using an ethanol-dry ice mixture, shipped on dry ice to
the laboratory, and stored at $80"C until analysis.

Extraction and purification of mRNA and DNA from a subset
of each 0.2 mm filter was performed as previously described,
as was the development of degenerate primers designed to tar-
get and amplify the Geobacteraceae gltA gene (Holmes et al.
2005). Genes were amplified from the environment using mix-
ture concentrations and cycling parameters described previously
(Holmes et al. 2004).

RESULTS

Geochemical Changes Accompanying Acetate Injection
Background concentrations of uranium in groundwater were

relatively uniform across the flow cell, varying from 0.8–
1.2 µM. The large reservoir of carbonate- and acid-extractable
uranium associated with bulk sediments in the flow cell
(!10$8 mol U g$1 sediment) constitutes a long-term source
of uranium (Campbell et al. 2008), as do framboidal pyrites
recovered during well installation (max. 4 ' 10$6 mol U g$1)
(Qafoku et al. 2009). Groundwater was largely depleted of dis-
solved oxygen (<16 µM), with spatially varying concentrations
of Fe(II) (10–50 µM) and NO$

3 (2–12 µM), likely due to the
presence of refractory organic carbon compounds (e.g. roots,
twigs, and bark) recovered during well installation. Background
calcium (!5 mM), magnesium (!4 mM), and alkalinity lev-
els (6–8 meq/L; total carbonate) create conditions where Ca-
UO2-CO3 ternary complexes are predicted to be the predomi-
nant uranyl species, with Ca2UO2(CO3)3 the primary complex
prior to acetate amendment (Figure 2). Background pH values
were relatively uniform (6.9 ± 0.1) across the flow cell prior to
injection.

The start of the Winchester experiment (Table 1) corre-
sponded to a period where changes in groundwater flow di-
rection were minimal due to reduced late summer flows in the
Colorado River. The flow direction estimated from groundwater
levels measured during the 31-day Winchester experiment did
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524 K. H. WILLIAMS ET AL.

FIG. 2. Groundwater uranyl speciation calculated using background U(VI), calcium, magnesium, and alkalinity concentrations.

not change significantly from an azimuthal direction of !200"

from north, which minimized delivery of the injectate along the
D04-D08-D12 transect (Figure 1); neither acetate nor bromide
was detected in D12 during Winchester. In contrast, the start
of Big Rusty (Table 1) corresponded to a period where water
levels were dropping rapidly as the river stage fell, resulting in
a change in groundwater flow direction from !220" to !180"

from north over the 110 day experiment (Steve Yabusaki; per-
sonal communication).

The impact of the groundwater flush during both experi-
ments was to temporarily interrupt delivery of bromide and
acetate. During Winchester, concentrations of both compounds
decreased commiserate with the flush, rebounding upon resump-
tion of injection. Maximum bromide concentrations measured
in the first row of downgradient wells corresponded to a dilu-
tion factor of ca. 1:10 from that of the tank contents. In contrast,
significant changes in breakthrough patterns were observed fol-
lowing the Big Rusty flush.

Although bromide concentrations generally rebounded fol-
lowing resumption of injection, acetate remained below pre-
flush values of 3–4 mM, and in certain cases (e.g., D01), fell to
levels below detection. As a result, the concentration of acetate
in the injection tank was increased from 50 to 150 mM on day
38, leading to renewed delivery of acetate to select downgradi-
ent wells (Figure 3). Coinciding with this increase, a change in
crosswell mixing strategy occurred due to the observed surface
discharge of fluids from select injection wells.

Following these changes, the subsequent delivery of bromide
and acetate exhibited significantly greater variability than ob-
served during either Winchester or the early stages of Big Rusty.
Preferential delivery of both compounds was observed along the
D01-D05-D09 transect (Figures 3 and 4), and to a lesser extent
along the D03-D07-D11 transect (Figure 3). Acetate reached a
peak concentration of !30 mM in D01 and decreased gradually
towards D09; bromide concentrations along the same transect
were relatively stable post-flush but exceeded pre-flush values
by 50–95% (Figure 4). Neither compound fell to levels below
detection in D01, D05, or D09 until day 150. In contrast, only
limited delivery of bromide and acetate to the remaining wells
occurred post-flush, with breakthrough patterns largely replicat-
ing those observed during Winchester.

Injection of acetate resulted in rapid increases in Fe(II) dur-
ing the first 20–40 days, with levels remaining elevated in all
wells where cumulative acetate delivery was less than !30 days.
The trends were similar during both experiments, with results
from Big Rusty shown in Figures 4 and 5. Upgradient Fe(II)
levels were relatively stable over the course of both experi-
ments, with values 10–20-fold lower than stimulated locations
(Figure 5). Prolonged acetate delivery resulted in rapid titra-
tion of Fe(II) as dissolved sulfide concentrations increased from
100–1300 µM, depending on location (Figures 4 and 5). In all
cases, the appearance of sulfide was preceded by decreases in
sulfate from pre-injection levels of 9–10 mM. Elevated sulfide
persisted so long as acetate remained at detectable levels, after
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 525

FIG. 3. Groundwater uranium and acetate concentrations during the Winchester (‘W’; filled symbols/dashed lines) and Big Rusty (‘BR’; open symbols/solid
lines) experiments. Elapsed time is measured from the start of each injection experiment (day 0) and groundwater flow direction is approximately from left to
right, as indicated in Figure 1.

which time Fe(II) concentrations rebounded, reaching values
consistent with post-Winchester levels.

As expected from previous experiments at the site (Ander-
son et al. 2003; Vrionis et al. 2005), rapid removal of U(VI)
was observed within 2–5 days of the initial appearance of ac-
etate (Figures 3–5). For most locations, the onset of U(VI) re-
moval occurred more rapidly during Big Rusty than Winchester.
In both experiments, U(VI) concentrations fell below the pre-

scribed uranium mill tailing remedial action (UMTRA) limit
(0.18 µM) in all wells and below the U.S. EPA drinking water
standard (0.126 µM) in select wells. U(VI) concentrations in the
upgradient wells deviated only slightly (0.9 ± 0.2 µM) during
the experiments (Figure 5).

As a result of its shorter duration, low U(VI) concentrations
were maintained for a relatively brief period of time (ca. 20–
25 days) during Winchester. Following injection, U(VI) levels
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526 K. H. WILLIAMS ET AL.

FIG. 4. Temporal change in geochemical constituents along the D01-D05-D09 transect during Big Rusty. Elapsed time is measured from the start of the injection
and the groundwater flow direction is approximately from left to right.

rebounded gradually over the course of 100 days to levels at or
slightly above pre-injection values. In contrast, U(VI) concen-
trations during Big Rusty decreased abruptly within !2 days of
acetate delivery, reaching levels from 0.1–0.17 µM within 7–
10 days.

U(VI) levels remained low so long as acetate persisted (i.e.,
prior to the groundwater flush), after which time increases
were observed in all wells. In certain cases, the rate of re-
bound was more rapid than that observed following cessa-
tion of injection, such as occurred at the end of Winchester.
The extent of U(VI) rebound varied from well to well; how-
ever, subsequent decreases in U(VI) only occurred in wells
where acetate delivery was resumed. In wells where deliv-
ery was impeded, U(VI) returned to pre-injection levels, ex-

hibiting rebound patterns similar to those following Winchester
(Figure 3).

Where acetate delivery was sustained, U(VI) concentrations
decreased to very low levels (50–100 nM), with enhanced re-
moval occurring at a time when aqueous sulfide concentrations
were elevated (Figures 4 and 5). The eventual rebound in U(VI)
coincided with the disappearance of both sulfide and acetate
by day 150 in D01, whereas U(VI) removal was sustained in
D05, D07, and D09 past the point where concentrations of
both compounds fell below detectable limits. All wells exposed
to prolonged acetate delivery maintained levels of U(VI) that
were 55–30% lower than pre-injection values for an additional
210 days, constituting a total period of U(VI) removal of 350+
days from the start of the Big Rusty injection.
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 527

FIG. 5. Temporal change in geochemical constituents at wells U01, D04, and D07 during Big Rusty; upgradient Fe(II) concentrations in U01 are plotted over an
narrower range of values.

Although sulfate concentrations fluctuated across the flow
cell – including values measured in U01 (Figure 5) – unam-
biguous decreases in sulfate were observed after 25–30 days in
both experiments, reflecting the onset of sulfate reduction, as
previously reported (Anderson et al. 2003; Vrionis et al. 2005;
Komlos et al. 2008a; Moon et al. 2009). Although limited sul-
fate reduction likely accompanied the end of the Winchester
injection (data not shown), its impact on long-term U(VI) re-

moval was difficult to assess. In contrast, sulfate reduction dur-
ing Big Rusty created conditions where limiting amounts of ac-
etate were consumed to threshold levels. In contrast to bromide,
acetate levels did not rebound following the groundwater flush
(Figures 4 and 5), indicating near-complete consumption be-
tween the region of injection and the first row of downgradient
wells. Prior to tripling the tank concentration, the target con-
centration of acetate in the aquifer (5 mM) was approximately
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528 K. H. WILLIAMS ET AL.

half that of sulfate. The subsequent threefold increase enabled
sustained delivery of acetate even as sulfate was reduced from
10 to <0.1 mM, as observed along the D01-D05-D09 transect
(Figure 4); less extensive sulfate removal was observed at other
locations (Figure 5).

Large increases in carbonate alkalinity accompanied sul-
fate reduction during Big Rusty, and pH values rose from pre-
injection values of 7.0 ± 0.1 to 7.4 ± 0.1 during peak sulfate
removal. An initial rebound in U(VI) corresponded to a period of
elevated alkalinity in the absence of acetate, with D01 exhibiting
the most pronounced increase (Figure 4). U(VI) levels subse-
quently decreased as acetate concentrations rebounded, even
as alkalinity increased significantly, reaching a maximum of
40 meq L$1. Increases in total alkalinity and pH were concurrent
with the removal of calcium (Figures 4 and 5) and magnesium
(data not shown) from groundwater. Within 30–40 days of ac-
etate falling to levels below detection, sulfate, Fe(II), calcium,
and magnesium largely returned to pre-injection levels, as did
alkalinity and pH.

Temporal changes in calculated U(VI) adsorption on sedi-
ments in the vicinity of D01 exhibited variations closely related
to the trends in dissolved U(VI) (Figure 6A). The temporal
changes in aqueous chemistry affected the ratio of adsorbed
and aqueous U(VI), and thus the computed gravel-corrected
distribution coefficient (Kd) value (Figures 6B and 6C). The
ratio plotted in Figure 6B shows that, for a given volume of
aquifer, there was a greater amount of adsorbed U(VI) than
dissolved U(VI) at the start of the experiment. However, as al-
kalinity produced by microbial activity rose to peak values 50
and 90 days after the experiment began, the ratio of adsorbed
to dissolved U(VI) was predicted to decrease substantially from
values 1.2 to values near 0.3, indicating significant U(VI) des-
orption. The desorbed U(VI) thus adds to the pool of uranium
that may be reduced to U(IV). As a reminder, calculations were
conditioned by assumptions with respect to surface area, aquifer
porosity, and texture (as described in Methods), as well as the
assumption of chemical equilibrium. If a portion of the sediment
U(VI) desorbs more slowly (on the time scale of weeks versus
days), then the predicted amount of desorbed U(VI) would be
overestimated.

Hydrological Changes Accompanying Biostimulation
Hydraulic conductivities derived from slug tests in the in-

jection and monitoring wells exhibited only modest changes
between the start of Winchester and the start of Big Rusty
(Figure 7). Pre-injection values in the injection and downgra-
dient wells ranged from 0.3–3 and 2–10 m/day, respectively.
Measurements made subsequent to Big Rusty exhibited pro-
nounced decreases in injection well hydraulic conductivity, with
decreases exceeding four orders of magnitude in the most se-
vere cases (e.g., G51). Decreases were not uniform across the
zone of injection; however, only a single injection well (G53)
exhibited a decrease of less than one order of magnitude.

FIG. 6. (A) Temporal change in calculated adsorbed U(VI) on sediments near
D01, based on the equilibrium model of Hyun et al. (2009) and geochemical
data collect during Big Rusty at D01; elapsed time is measured from the start
of the injection. Calculated values are based on equilibrium conditions between
adsorbing sediment surfaces and groundwater. (B) Ratio of adsorbed [moles of
adsorbed U per liter of groundwater] and aqueous uranium [mol/L of aqueous
U]. (C) Calculated values of the gravel-corrected distribution coefficient (Kd)
for U(VI) sorption.

Significant increases in water level were observed within
two injection wells (G54 and G59) instrumented with pres-
sure transducers during Big Rusty (data not shown). The water
level within G59 fell !1.6 m within 1.5 days of halting injec-
tion, indicating that the three order of magnitude decrease in
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 529

FIG. 7. Change in hydraulic conductivity measured in injection and monitoring wells over the Winchester and Big Rusty experimental periods.

hydraulic conductivity was insufficient to completely impede
elution of injectate to the aquifer. In contrast, none of the up- or
downgradient monitoring wells exhibited decreases in hydraulic
conductivity following Big Rusty. Post-stimulation values were
within 10–30% of baseline (or pre-Big Rusty) values, and in
some cases, increased slightly. Differences in water table eleva-
tion between measurement intervals may partially account for
these slight increases, as described elsewhere (Newcomer et al.;
in preparation).

Activity of Geobacteraceae During Acetate Amendment
Microbial biomass was collected from D07 and D08 two

weeks after beginning the Winchester injection to assess whether
planktonic cells were dominated by Geobacter-like sequences
as previously documented at the site (Anderson et al. 2003;
Vrionis et al. 2005). SSU gene TRFLP profiles from D07 and
D08 indicated six major peaks dominated the fingerprints (185,
187, 191, 210, 212, and 294 bp), with profile results replicated
using 3 different SSU reverse primers. Sequence analysis of
SSU clones matching the 187, 191, 210, and 212 peaks indicated
the bacteria harboring these genes were most closely related to
Geobacter-like sequences, which represented nearly 75% of the
planktonic community profile (Figure 8).

Stable isotope probing experiments were used to ascertain
which bacteria within the planktonic fraction were responsible
for acetate uptake. Genomic DNA extracted from two D07 13C
acetate incubations (7- and 20-day post-injection) was used to
determine which TRFLP peaks were both ‘present’ (12C labeled)
and ‘active’ (13C labeled), as shown in Figures 9A and 9B.
The second incubation (20-day) corresponded to a period when
U(VI) reached a minimum value in D07 (0.15 µM). Four TRFLP

peaks dominated the 7- and 20-day fingerprints with sizes of
187, 191, 210, and 212 bp.

All four were present in both the 12C and 13C bands, in-
dicating that each was assimilating 13C from the labeled ac-
etate. Although the amplification signals for restriction frag-
ments 187, 210 and 212 were of similar magnitude for the two
sampling events, the TRF-191 signal decreased over the 13-day
interval. A smaller peak (173 bp) present on day 7 was absent
13 days later. No amplifications in the 13C band were observed
when the microcosms were incubated with 12C acetate as a
control (data not shown). Phylogenetic analysis revealed the
relation of all five peaks to known Geobacter-like sequences
(Figure 9C), with the sequence identity of TRF-212 100% sim-
ilar to G. bemidjiensis.

Transcription levels of Geobacter-specific citrate synthase
(gltA) were monitored in D07 groundwater during Big Rusty
over the first 52 days of injection, bracketing the groundwater
flush and covering the transition to sulfate reduction. As pre-
viously documented at the site (Holmes et al. 2005), excellent
correspondence existed between acetate and gltA transcription
levels (Figure 10), with gltA a robust marker for this phyloge-
netic group. The number of gltA transcripts increased rapidly
9 days after beginning injection, tracking the initial break-
through of acetate and concurrent removal of U(VI). Transcript
levels continued to increase until the flush depleted acetate from
the system, after which time the number of gltA gene copies
decreased from 63 to 0.9 over a period of 3 days. Gene copies
remained detectable even at low acetate levels (<80 µM) and in-
creased sharply as concentrations rebounded post-flush. While
not reaching pre-flush levels, transcription of Geobacteraceae
gltA persisted throughout the period where sulfate concentra-
tions decreased from 9 to 2.5 mM.
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530 K. H. WILLIAMS ET AL.

FIG. 8. Percent peak areas from replicate TRFLP profiles using different reverse primers (1100R, 519R, and 907R) obtained from D07 (top) and D08 (bottom)
groundwater 7 days after beginning the Winchester acetate injection. TRF sizes and Geobacter-like sequences associated with particular peaks are indicated.

Mineralogical Changes Accompanying Prolonged
Acetate Amendment

Sediments recovered from multiple downgradient locations
(Figure 1) after the Big Rusty injection were significantly en-
riched in reduced iron and sulfur compounds relative to una-
mended locations (Table 2). Sediments were enriched in acid-
extractable Fe(II), elemental sulfur, and total reduced inorganic
sulfur (TRIS). Elevated concentrations of both sulfur com-
pounds were present in P104, P105, and P106 at all depths
spanning the saturated interval (4–6 m), as well as shallower
locations within the capillary fringe (3 m); shallow enrichment

was particularly evident in P104, located within 0.5 m of the
injection zone. In all cases, TRIS concentrations (which include
pools of elemental sulfur, acid-volatile sulfides, polysulfides,
and pyrite) exceeded those of elemental sulfur alone; however,
elemental sulfur represented a much larger percentage of the to-
tal pool at locations close to the region of injection. The presence
of mackinawite (FeS), siderite (FeCO3), and elemental sulfur in
P104 (6 m) were verified spectroscopically, as described else-
where (Yang et al. submitted).

Pools of reducible Fe(III) were categorized according to
length of extraction, with the operationally defined pool of

FIG. 9. Groundwater TRFLP profiles obtained from well D07 collected (A) 7 days and (B) 20 days after starting acetate injection during Winchester. (C)
Phylogenetic tree based on 16S rRNA sequence analysis of small subunit clones and their relation to Geobacter-like sequences.
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 531

FIG. 10. Temporal expression of Geobacter-specific citrate synthase (gltA)
gene transcripts per µg of total RNA in D07 as compared to changes in U(VI),
Fe(II), sulfate, and acetate during Big Rusty.

bioavailable Fe(III) that reducible by hydroxylamine after 1-
hr (Lovley and Phillips 1987b). Although present prior to ac-
etate amendment, this pool was largely absent from most of
the downgradient locations. Exceptions existed, however, es-
pecially where sediments were obtained from locations where
preferential flow was evident. Such locations included bound-
aries between sandy and silt- or clay-rich depths (e.g., P104; 4
and 5 m), where visibly dark (i.e. reduced) sediments abutted
visibly oxidized sediments.

In contrast, significant pools of 16-hr hydroxylamine re-
ducible Fe(III) were present at all depths and all locations fol-
lowing 60–80 days of sulfate reduction. Even adjacent to the
injection zone where aqueous sulfide concentrations exceeded
500 µM for 100+ days, hydroxylamine reducible Fe(III) per-
sisted at levels ranging from 45–68 mmol/kg. In addition, the
aforementioned spectroscopic techniques identified abundant
Fe(III) oxides in close proximity to reduced iron and sulfur
minerals at P104 (6 m), with goethite the principal phase (Yang
et al. submitted).

DISCUSSION
Previous acetate amendment experiments at the Rifle IFRC

site have broadly classified periods of uranium removal and
rebound into three general classes, characterized by the pre-
dominant metabolic process (Anderson et al. 2003; Vrionis

et al. 2005; N’Guessan et al. 2008). These include an early
period dominated by iron reduction, during which time rates of
U(VI) removal outpace rates of U(VI) desorption and advection
from upgradient locations. This is followed by a transition to
sulfate reduction, which corresponds to a period of less effective
U(VI) removal.

Following cessation of injection, prolonged U(VI) removal
may also occur, with the process attributed to sorption onto
newly formed biominerals or the surfaces of microorganisms
flourishing in the post-stimulation sediments (e.g., members of
the Firmicutes). The results of the successive Winchester and
Big Rusty experiments allow us to refine and expand these
earlier classifications, enabling an improved conceptual model
for U(VI) removal accompanying acetate amendment at the Rifle
IFRC site.

Uranium Dynamics During Iron Reduction
Geochemical conditions where purportedly refractory Ca-

UO2-CO3 ternary complexes (Brooks et al. 2003; Neiss et al.
2007) are the predominate uranyl species (Figure 2) do not
appear to impede rates of U(VI) removal from Rifle ground-
water over the timescales studied here (100+ days). As noted,
U(VI) removal occurs within 5–10 days following acetate de-
livery, with rates of removal even higher during Big Rusty,
possibly due to conditioning of a microbial community predis-
posed to U(VI) reduction following injection of acetate during
Winchester. Although the bioavailability of the two predicted
Ca-UO2-CO3 complexes (and perhaps the Mg-UO2-CO3 com-
plex) is suggested to be low, the bioavailability of UO2-CO3

complexes is well documented (Brooks et al. 2003; Neiss et al.
2007).

As these complexes are preferentially reduced, equilibrium
conditions are disturbed, with the result being conversion of
recalcitrant complexes (e.g., Ca2UO2(CO3)3) to more bioavail-
able forms, such as UO2(CO3)4$

4 and UO2(CO3)2$
2 . These forms

are subsequently reduced at high rates. Given sufficiently rapid
kinetics for conversion between uranyl complexes, the net effect
is the rapid removal of U(VI) through enzymatic reduction.

Although previous studies indicated that Geobacter-like mi-
croorganisms increased in abundance during acetate amendment
and predominated during U(VI) removal, the presence/absence
of a particular SSU rRNA gene sequence did not conclusively
demonstrate that the associated microorganism was active or
important in U(VI) removal at the time of sampling. In con-
trast, incorporation of 13C from the labeled substrate (acetate)
into genomic DNA associated with a variety of Geobacter and
Geobacter-like strains during Winchester demonstrated not just
the presence of the identified strains but their activity with re-
spect to acetate metabolism (Figures 8 and 9).

Although further studies are needed to conclusively demon-
strate that such strains are solely responsible for enzymatic
U(VI) reduction coupled to acetate oxidation, a preponderance
of circumstantial evidence supports this contention. Of note, the
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532 K. H. WILLIAMS ET AL.

TABLE 2
Extraction results for sediments collected during installation of the flowcell (D05 and D07) and three cores (P104-P106)

collected after 110 days of acetate amendment during the Big Rusty experiment

Sediment location Hydroxylamine reducible Fe(III) (1-hr) Hydroxylamine reducible Fe(III) (16-hr) TRIS
[depth; m] [mmol/kg] [mmol/kg] S0 [mmol/kg] [mmol/kg]

D05 (3 m) 36.0 69.9 — —
D05 (4 m) 7.3 38.8 — 0.1
D05 (5 m) 7.6 26.5 — —
D05 (6 m) 33.8 41.4 — —
D07 (3 m) 24.2 96.3 — 0.1
D07 (4 m) — 5.4 — —
D07 (5 m) 3.7 6.9 — 0.6
D07 (6 m) 1.5 15.3 — 0.1
P104 (3 m) — 68.0 3.6 4.0
P104 (4 m) 3.9 49.1 5.0 6.7
P104 (5 m) 2.2 56.4 4.0 6.6
P104 (6 m) — 45.1 3.9 11.0
P105 (3 m) 1.2 62.0 0.2 3.0
P105 (4 m) — 48.3 1.4 3.4
P105 (5 m) — 74.3 5.1 3.1
P105 (6 m) 1.7 38.0 0.7 1.0
P106 (3 m) 5.5 93.6 0.1 0.2
P106 (4 m) 0.5 69.9 0.6 1.1
P106 (5 m) — 65.7 0.8 1.6
P106 (6 m) — 24.2 0.7 0.9

Values represent the average of duplicate samples. The hydroxylamine reducible pools (length of extraction indicated) have been corrected
by the concentration of 0.5 N HCl extractable Fe(II) present prior to extraction. Elemental sulfur (S0) and total reduced inorganic sulfur (TRIS)
extraction results are also included.

sequence identity of TRF-212 shown to be active in D07 during
optimal uranium removal was 100% similar to G. bemidjien-
sis, a strain previously found to be actively expressing proteins
during the Winchester experiment (Wilkins et al. 2009).

Transcription of Geobacter-specific citrate synthase (gltA)
during the precursory period of iron reduction during Big Rusty
corroborates the contention that members of the Geobacter-
aceae predominate during the first 20–30 days of acetate amend-
ment. Serving as a proxy for activity, gltA expression patterns
tracked both acetate delivery and U(VI) removal. Coming after
the Winchester injection the previous year, these results suggest
that patterns of Geobacter activity are largely replicable over
recurrent injection cycles.

Uranium Dynamics During and After the Transition
to Sulfate Reduction

Previous studies at the site have documented less effective
U(VI) removal following the transition to sulfate reduction. It
was suggested that depletion of Fe(III) oxides near the point
of injection created conditions where sulfate reduction domi-
nated and complete consumption of acetate occurred (Anderson

et al. 2003; Yabusaki et al. 2007). In the absence of acetate,
the activity of Geobacter and Geobacter-like strains involved
in uranyl-reduction is suppressed, if not halted altogether.

Although U(VI) removal may still occur via other pathways
(e.g., limited reduction by acetate-oxidizing SRB, abiotic re-
moval processes, etc), the onset of sulfate reduction can create
conditions where rates of U(VI) removal are exceeded by rates
of desorption and advection of U(VI). The net effect is a rebound
in aqueous U(VI), albeit to levels lower than pre-injection values
(Figures 4 and 5). As discussed next, limited oxidation of U(IV)
under anaerobic conditions may possibly contribute to the ob-
served rebound, although a suitable oxidant (e.g., reactive Fe(III)
oxides) remains to be identified. Remarkably similar trends in
U(VI) behavior have been reported for laboratory column ex-
periments (Wan et al. 2005, 2008) using sediments derived from
a uranium-contaminated site near Oak Ridge, TN, suggesting
similar mechanisms influence uranium mobility during organic
carbon amendment across a range of subsurface environments.

In the absence of uranyl respiration by Geobacter, such as
occurred during and immediately after the Big Rusty ground-
water flush where gltA expression was negligible, advection of
U(VI) into the treatment zone is expected to lead to an increase
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EFFECT OF ACETATE ON BIOREMEDIATION OF URANIUM 533

in U(VI), as observed after Winchester. Superimposed on this
increase was an abrupt rebound in U(VI), which may largely
result from geochemical changes accompanying the transition
to sulfate reduction, including increases in alkalinity and pH.
Such changes can have a profound influence on U(VI) adsorp-
tion, as previously demonstrated for Rifle-relevant sorbents in
the absence of microbial activity (Morrison et al. 1995; Davis
et al. 2004; Hyun et al. 2009).

Changes in Kd values for U(VI) sorption in the vicinity of
D01 during the transition to sulfate reduction (days 40–50) pre-
dict lower sorption capacity (Figure 6C), effectively increasing
rates of U(VI) release. The calculated ratio of adsorbed to aque-
ous uranium decreased over the same 10-day interval, reflecting
a greater fraction of U(VI) in groundwater. The effect is likely
exacerbated by the lower affinity of Ca-UO2-CO3 for sorption
sites on crystalline Fe(III) oxides, as reported elsewhere (Fox
et al. 2006; Stewart et al. 2010).

Although reactive transport models had predicted a U(VI)
rebound to accompany sulfate reduction (Fang et al. 2009),
previous Rifle field data sets had not observed the effect. In
contrast, results from Big Rusty capture the predicted U(VI)
rebound, suggesting that uranium surface complexation models
for the site adequately describe the field observations, particu-
larly when sampling intervals are sufficiently dense. Improved
surface complexation models for the site will help better re-
solve lingering discrepancies between field and modeling results
(Hyun et al. 2009).

In addition to enhanced desorption accompanying sulfate
reduction, the U(VI) increases may partially result from oxida-
tion of previously immobilized U(IV). Such a pathway has been
demonstrated theoretically (Ginder-Vogel et al. 2006, 2010) and
used to explain rapid increases in aqueous U(VI) during labo-
ratory biostimulation experiments using Oak Ridge sediments
(Wan et al. 2005). The proposed oxidants were reactive Fe(III)
oxides, particularly ferrihydrite and amorphous FeOOH (phases
unlikely to persist in bulk after the transition to sulfate reduc-
tion at Rifle). Reoxidation of U(IV) coupled to the reduction of
goethite (a phase identified in post-stimulation Rifle sediments)
was thermodynamically unfavorable under their experimental
conditions.

Where reactive Fe(III) oxides do persist following stimula-
tion of metal-reducing bacteria, reoxidation of U(IV) is favored
in the presence of calcium and at elevated pH and alkalinity.
The stability field of the Ca2UO2(CO3)2-UO2(am) couple shifts
towards lower pH-Eh values as alkalinity (as pCO2) increases,
and U(IV) is only favored at low Eh values. The extraction
(Table 2) and spectroscopic results (Yang et al.; submitted) in-
dicate that a pool of reducible Fe(III) oxides persisted following
Big Rusty; however, neither Mössbauer analysis nor spectro-
scopic techniques have indentified ferrihydrite in field samples.
Nonetheless, given the general correspondence of the field (Ri-
fle) and laboratory (Oak Ridge) results under similar conditions,
the observed U(VI) rebound at locations where acetate delivery
was sustained suggests reoxidation tied to an unidentified Fe(III)

mineral may be an additional factor contributing to suboptimal
U(VI) removal during the onset of sulfate reduction.

Uranium Dynamics During Concurrent
Forms of Metabolism

Iron and sulfate reduction – even methanogenesis – need
not be mutually exclusive. When neither electron donor nor
acceptor are limiting to these processes, they can proceed si-
multaneously (Lovley and Phillips 1987a), as was the case fol-
lowing the tripling of acetate levels during Big Rusty. Although
concurrent forms of metabolism are currently incorporated into
reactive transport models for the site (Fang et al. 2009), the sus-
tained activity of metal-reducing microorganisms should only
occur under conditions where acetate is present in excess. The
sustained expression of Geobacter-specific gltA provides the
first field evidence that such strains are indeed active – not just
present – during sulfate reduction at Rifle (Figure 10), with
expression closely tied to acetate availability.

Although sulfate reduction is the dominant electron-
accepting process after 40–50 days of acetate injection, iron
reduction and methanogenesis (data not shown) demonstrably
coexist when organic carbon is not limiting. Given the low
background levels of U(VI) present at Rifle (!1 µM), only
modest levels of activity by iron- and uranyl-respiring strains of
Geobacter need be sustained in order to maintain U(VI) concen-
trations at levels below the U.S. EPA drinking water standard
(0.126 µM).

Results from Big Rusty demonstrate that electron donor
rather than acceptor availability exerts a primary control on
Geobacteraceae activity at the Rifle site over time scales of
100’s of days. This is particularly true under conditions where
sulfate reduction diverts electron flow away from iron reduction,
effectively scavenging acetate to levels insufficient to maintain
an active population of Geobacteraceae capable of immobiliz-
ing U(VI). The existence of a large pool of microbially reducible
Fe(III) in Rifle aquifer sediments has been corroborated by lab-
oratory experiments in which sulfate reduction was impeded
through use of low sulfate (9 µM) artificial groundwater (Kom-
los et al. 2008a, 2008b).

In the absence of sulfate reduction, Geobacteraceae re-
mained active in excess of 200 days, removing aqueous U(VI)
over the entire interval. It seems unlikely then that exhaustion
and/or passivation of microbially reducible Fe(III) is responsi-
ble for the onset of sulfate reduction in Rifle sediments. Rather,
exhaustion of high surface area and/or poorly crystalline Fe(III)
oxides and Fe(III)-containing layered silicates may induce the
onset of sulfate reduction. By extension, the eventual reduc-
tion of more crystalline Fe(III) oxides by Geobacter may be
suppressed over the first 20–30 days of acetate amendment via
a thermodynamic effect that disappears once the high surface
area/poorly crystalline pool is depleted. Conversely, the eventual
onset of sulfate reduction may simply arise from a metabolic lag
associated with initially slower growth rates for acetate oxidiz-
ing SRB, as compared to members of the Geobacteraceae.
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As noted, the onset of sulfate reduction can lead to diversion
of electrons away from iron reduction, with the effect exacer-
bated by exhaustion of the more bioavailable Fe(III) minerals.
Once sulfate becomes depleted ((1 mM) and bicarbonate and
dissolved sulfide become elevated, a combination of kinetic
and thermodynamic effects may limit rates of sulfate reduc-
tion and confer renewed competitive advantage to members
of the Geobacteraceae. As observed along the D01-D05-D09
transect during Big Rusty (Figure 4), resumption of U(VI) re-
moval corresponds to both renewed availability of acetate and
low levels of sulfate. Thermodynamic (FT) and kinetic (FK)
factors determined for D01 during this phase of Big Rusty
(days 46–89) suggest that both the kinetics of sulfate reduc-
tion and the thermodynamic driving force underlying this TEAP
are severely degraded (Table 3). At the lowest sulfate concen-
trations ((40 µM), rates of sulfate reduction (RD) calculated
using Equation (1) fall to levels just 17% of their value when
sulfate concentrations are elevated (<1 mM). As reported by
Lovley and Klug (1986), a similar minimum threshold concen-
tration of sulfate ((30 µM) negates the competitive advantage
of SRB in outcompeting other forms of anaerobic metabolism,
such as methanogenesis. Even when growing on more crys-
talline, and hence, less thermodynamically favorable forms of
Fe(III)-oxides, members of the Geobacteraceae will likely suc-
cessfully compete for electrons derived from acetate oxidation
against both SRB and acetoclastic methanogens during pro-
longed periods of acetate amendment, especially once sulfate
concentrations fall below a threshold value. A combination of
substrate availability and competitive advantage by Geobacter
strains may thus largely account for their inferred outsized con-

tribution to U(VI) removal during prolonged biostimulation at
Rifle.

An alternate explanation for the extensive U(VI) removal
observed in D01 (and similar locations) after the transition to
sulfate reduction may relate to U(VI) reduction by SRB fol-
lowing sulfate consumption (Figure 4) and titration of Fe(II)
by aqueous sulfide. Recent studies investigating the reduction
of U(VI) by the sulfate reducer, Desulfotomaculum reducens,
in the presence of competing electron acceptors have shown
that U(VI) reduction by D. reducens is inhibited by aqueous
Fe(II) (Junier et al. 2010). Complete or near-complete titration
of Fe(II) by aqueous sulfide may thus generate the geochemical
conditions needed for certain classes of SRB to contribute to
the process of U(VI) removal concurrently with members of
the Geobacteraceae. Such a process may help reconcile previ-
ous interpretations of suboptimal U(VI) removal accompanying
sulfate reduction at Rifle with observations made during other
field U(VI) bioremediation experiments, such as those in Oak
Ridge, TN. In those experiments, the activity of sulfate reduc-
ing bacteria (along with members of the Geobacteraceae) were
well correlated with the removal of U(VI) to low levels (Wu
et al. 2006; Wu et al. 2007). As noted below, a variety of abiotic
U(VI) removal processes may have operated in parallel with
enzymatic reduction, with the net effect being titration of U(VI)
to extremely low levels (<0.05 µM).

Additional benefits to concurrent iron and sulfate reduc-
tion may exist insofar as maintaining low levels of U(VI) are
concerned. Prolonged periods of abiotic Fe(III) oxide reduc-
tion accompanying perfusion by aqueous sulfide may scavenge
reactive ferric phases postulated to enable U(IV) reoxidation,

TABLE 3
Thermodynamic (FT) and kinetic (FK) factors determined for well D01 over the period where [SO2$

4 ] ( !1 mM during the Big
Rusty experiment

Sulfide Acetate Sulfate Bicarbonate
Elapsed Time pH [µM] [mM] [mM] [mM] FK FT

#

46 7.4 167.6 4.47 1.03 19.23 0.82 0.78
48 7.4 223.8 6.59 0.68 23.21 0.76 0.76
50 7.4 313.4 8.83 0.37 22.07 0.64 0.74
52 7.4 343.1 10.86 0.27 24.14 0.57 0.73
54 7.4 364.9 10.59 0.44 15.11 0.68 0.77
66 7.4 651.8 15.77 0.04 15.63 0.17 0.68
68 7.4 566.0 19.24 0.04 21.36 0.17 0.67
71 7.4 1016.7 14.34 0.12 13.66 0.37 0.71
74 7.4 991.7 11.80 0.37 13.20 0.64 0.74
82 7.4 1175.7 24.59 0.04 15.51 0.17 0.67
84 7.4 560.1 28.81 0.06 9.49 0.23 0.76
89 7.3 1100.9 15.47 0.53 21.03 0.72 0.73

Values for FK assume a half saturation constant for sulfate reduction of 200 µmol/L. Sulfide, acetate, sulfate, and bicarbonate values represent
total concentrations, while thermodynamic factors (FT) were calculated with activities computed via a distribution of species using the reactive
transport modeling code CrunchFlow. #Values for FT were calculated using a bioenergetic quantum of 4 kJ-e-mol, per the convention of Dale
et al. (2006).
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as previously discussed (Wan et al. 2005, 2008; Ginder-Vogel
et al. 2006, 2010). Elemental sulfur – the end product of this
abiotic reductive pathway – was found in abundance in two of
the three post-stimulation sediment cores (Table 2), as predicted
by reactive transport models for the site (Fang et al. 2009) and
documented in sulfidic marine environments (Yao and Millero
1996).

As elemental sulfur represents an alternate electron acceptor
for maintaining the activity of certain members of the Geobac-
teraceae (Lovley et al. 2004), its accumulation can supplement
the finite pool of microbially available Fe(III) oxides. Indeed,
sulfur reduction by uranyl-respiring Geobacter strains may rep-
resent an important pathway enabling concomitant iron and sul-
fate reduction – and sustained U(VI) removal – over extended
injection periods; additional studies are warranted.

The increase in aqueous sulfide has the added benefit of
poising the system Eh at levels well within the stability field for
U(IV) – even when alkalinities are elevated and reactive Fe(III)
minerals persist. The increase in U(VI) following removal of
aqueous sulfide from D01 may be emblematic of this effect;
however, U(VI) values further along the transect (D05 and D09)
remained low or decreased once dissolved concentrations fell
to levels below detection (Figure 4). Similarly, accumulation
of reduced end products, such as FeS and sorbed Fe(II), that
poise redox conditions by preferentially scavenging dissolved
oxygen may assist in preserving immobilized U(IV) following
cessation of amendment. Laboratory studies using Rifle mate-
rials have indicated prolonged stability of immobilized U(IV)
following iterative stimulation of iron and sulfate reducing mi-
croorganisms (Moon et al. 2007, 2009). Abiotic U(VI) removal
pathways involving metal sulfides – including sorption and re-
ductive immobilization – may also benefit from concurrent iron
and sulfate reduction, as described next.

Post-amendment Uranium Dynamics and Alternate
U(VI) Removal Pathways

Cessation of acetate amendment does not result in an imme-
diate rebound in U(VI) concentrations. This is to be expected,
as the U(VI) surface complexation model predicts an extended
period of U(VI) adsorption accompanying the end of biostim-
ulation and reductive immobilization of uranium (Davis et al.
2004; Hyun et al. 2009). This stems from the fact that surface
complexation sites have been freed up by U(VI) desorption and
reduction to U(IV) accompanying biostimulation. Once these
sites are occupied by U(VI) advected from upgradient loca-
tions – and in the absence of other removal pathways – U(VI)
concentrations are predicted to gradually increase, as observed
in wells where limited acetate delivery inhibited the formation
of conditions conducive to long-term, post-stimulation U(VI)
removal (Figure 3).

Although U(VI) removal during and after prolonged bios-
timulation by alternate processes cannot be overruled, several

points regarding this process can be made. The onset of sulfate
reduction does not correspond to elevated rates of U(VI) re-
moval, as does the onset of iron reduction. Although the lowest
levels of U(VI) were observed at times when dissolved sulfide
concentrations were at a maximum, laboratory experiments in-
vestigating the kinetics of U(VI) reduction by aqueous sulfide
(Hua et al. 2006; Boonchayaanant et al. 2010) suggest that the
mechanism is suppressed at the pH (!7.5) and alkalinity lev-
els (15–20 mM; [CO2$

3 ]T) observed during this phase of Big
Rusty. At lower bicarbonate concentrations ((5 mM), abiotic
reduction of U(VI) by aqueous sulfide has been demonstrated,
although neither laboratory study investigated the potentially
stabilizing effect of dissolved calcium and the formation of
Ca-UO2-CO3 ternary complexes. In addition, the reduction of
U(VI) by aqueous and adsorbed Fe(II) has been found to be
far less effective when using natural sediments and soils, as
compared synthetic Fe(III) oxides (Jeon et al. 2005), suggest-
ing that Fe(II)-driven U(VI) reduction may be of minor im-
portance under field conditions. Such a finding was corrobo-
rated by recent field experiments at Rifle, which suggested that
abiotic U(VI) reduction coupled to Fe(II) injections occurred
only at elevated pH values, if at all (James A Davis; personal
communication).

The formation of iron sulfide minerals was strongly sug-
gested given both the titration of Fe(II) from groundwater dur-
ing sulfate reduction and the elevated levels of TRIS present
in sediment recovered from P104-P106 (Figure 1; Table 2).
Recent analysis of sulfidic sediments recovered from P104 us-
ing µ-XRF and Fe-XANES analysis (Yang et al. submitted)
identified mackinawite (FeS), which has been shown in labora-
tory experiments to promote formation of uranyl surface com-
plexes on oxidized regions of the FeS surface at U(VI) load-
ings similar to those at Rifle (Moyes et al. 2000; Livens et al.
2004).

Attenuation of U(VI) in mixed valence uranium phases on
the surface of metal sulfides, such as PbS and FeS2, has also
been reported (Wersin et al. 1994; Qafoku et al. 2009) suggest-
ing another pathway for U(VI) removal following prolonged
sulfate reduction. Other laboratory studies have indicated that
rapid (<1 hr) uranyl sorption on FeS surfaces can occur lead-
ing to reductive immobilization of U(VI) over longer timescales
(>1 week) (Hua and Deng 2008). In addition to FeS, precipita-
tion of CaCO3 was suggested by increases in pH and alkalinity
and decreases in calcium (Figures 4 and 5).

Laboratory studies have demonstrated incorporation of UO2+
2

into calcite and aragonite (both polymorphs of CaCO3) under
geochemical conditions similar to those at Rifle, with aragonite
exhibiting a more stable coordination environment for uranyl
incorporation (Reeder et al. 2000; Reeder et al. 2001). Spec-
troscopic identification of uranyl incorporation in organic-rich
calcrete indicates that such a mechanism is plausible under field
conditions (Kelly et al. 2006), with the age of the U(VI)-bearing
calcrete (ca. 300 Ma) demonstrating the stability of the pro-
cess. Further studies of metal sulfides and carbonate minerals
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recovered from post-stimulation Rifle sediments are warranted
to assess their role in immobilizing U(VI).

In comparison to biologically mediated U(VI) removal dur-
ing acetate amendment, U(VI) removal rates tied to such abi-
otic pathways may be insufficient to outpace adjective delivery
of U(VI) into the treatment zone over long timescales. Within
121 days of acetate falling to levels below detection, U(VI)
concentrations in D01 had rebounded to pre-stimulation levels,
closely matching those of the upgradient well U01. Although
oxidation of immobilized uranium cannot be discounted, the
rebound in U(VI) is inferred to result primarily from advection
of upgradient groundwater. A similar rebound was observed in
a majority of the wells receiving acetate during both Winch-
ester and Big Rusty, with only well D09 exhibiting prolonged
(225-day) removal of U(VI) following the exhaustion of acetate
(data not shown). Such sustained removal may be enhanced
through sorption of U(VI) onto cell surfaces, particularly those
of the Firmicutes, as demonstrated during previous field studies
at the Rifle site (N’Guessan et al. 2008).

Implications for Long-term Uranium Bioremediation
at the Rifle IFRC Site

In the absence of iron cycling in the aquifer, the finite supply
of Fe(III) oxides may limit sustainability of enzymatic Fe(III)
reduction over timescales significantly longer that those studied
here (e.g., years to decades). Passivation of crystalline Fe(III)
oxide surfaces by sorbed or surface-precipitated Fe(II) (e.g., FeS
and FeCO3) may also inhibit the long-term microbial reducibil-
ity of Fe(III) oxides within the sediments due to kinetic and/or
thermodynamic impacts on enzymatic electron transfer (Roden
and Urrutia 2002; Roden 2003).

Similarly, the accumulation of elemental sulfur and/or FeS
may act to insulate Fe(III) oxide surfaces from further micro-
bial reduction. Such inhibitory effects may partially account
for the large pool of chemically reducible Fe(III) recovered
from sulfidic sediments in P104-P106 (Table 2), as observed in
other permanently reduced environments (Phillips et al. 1993;
Tuccillo et al. 1999). At present, the maximum duration of ac-
etate injection at the Rifle site has been limited to 120 days.
As such, it remains unclear how long the pool of microbially
available Fe(III) will persist under extended periods of organic
carbon delivery, particularly when acetate concentrations must
be maintained at high levels in order to avoid complete titration
of electron donor. Accumulation of elemental sulfur may sup-
plant consumed and/or passivated Fe(III) oxides, serving as an
alternate electron acceptor capable of maintaining the activity
Geobacteraceae over longer than predicted timescales (Lovley
et al. 2004).

Maintaining elevated concentrations of acetate over extended
timescales may also impart other deleterious impacts to the
system. The large increases in alkalinity accompanying sulfate
reduction generate conditions favorable for carbonate mineral
precipitation, as evidenced by deceases in aqueous calcium and
magnesium in many of the wells during Big Rusty (Figures 4

and 5). When combined with biomass accumulation and the
precipitation of FeS and elemental sulfur, significant alteration
of hydrologic properties can result, as evidenced by the pro-
nounced decreases in hydraulic conductivity within the injection
wells (Figure 6).

These results support previous studies describing permeabil-
ity alterations at the site (Englert et al. 2009; Li et al. 2009; Li
et al. 2010), and likely account for temporal variations in acetate
and bromide breakthrough observed along the D01-D05-D09
transect during Big Rusty. In contrast with most of the injec-
tion wells, the minor permeability decrease observed in G53
(Figure 7) enabled elution of acetate and bromide over the du-
ration of the experiment; its location directly upgradient of the
D01-D05-D09 transect (Figure 1) ensured sustained delivery of
both compounds.

The change in the cross-well mixing configuration 38-days
after starting injection likely accounted for the pronounced in-
crease in acetate and bromide along this transect. Specifically,
decreases in permeability impeded the elution of injectate from
many of the injection wells, resulting in increased water levels
and wellbore concentrations of acetate (150 mM) and bromide
(13 mM) equivalent to those within the storage tank. Switch-
ing to a cross-well mixing strategy that transferred fluids from
one borehole to the next in a cascading fashion delivered con-
centrated injectate from wells with degraded permeability and
minimal discharge to the aquifer to wells where declines were
less severe, such as G53 and to a lesser extent G52. Given
the groundwater flow direction at this time (ca. 180–190" from
north), continuous discharge of acetate and bromide occurred
upgradient from D01; discharge of injectate upgradient from
D07 may have occurred in an analogous fashion, given the de-
creases in permeability in G59 and G60.

Elevated injection well water levels due to clogging may have
also enabled discharge of injectate to the capillary fringe (2–
4 m; bgs), particularly when using the initial cross-well mixing
strategy, where fluids were observed to rise within 10 cm or
less of the ground surface. Injection of acetate and bromide
into this region can greatly confound breakthrough patterns of
both compounds, as draining from the vadose to the saturated
zone can result in sustained release over longer than expected
timescales. Additionally, release of acetate to relatively oxidized
shallow depths, with its large reservoir of reducible Fe(III), can
stimulate microbial activity, leading to consumption of reducible
Fe(III) and precipitation of FeS and elemental sulfur. Such an
effect is evident in the extraction results for sediments recovered
closest to the region of injection (P104 and P105).

In contrast to unamended sediments recovered from the shal-
low depth (D05 and D07; Table 2), the 3 m depths in P104 and
P105 were not only depleted in reducible Fe(III) but were sig-
nificantly enriched in elemental sulfur and TRIS. At no point
during Big Rusty was the water table in this portion of the
aquifer above the 3 m depth, suggesting delivery of acetate to
the vadose zone/capillary fringe likely occurred as a result of
ponding in the injection wells.
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CONCLUSIONS
The results presented here support the contention that pro-

longed U(VI) removal to levels below the U.S. EPA drinking
water standard (<0.126 µM) can occur during acetate amend-
ment at the Rifle IFRC site even under conditions where sulfate
reduction is the predominant terminal electron accepting pro-
cess. This is in contrast to previous interpretations of less effec-
tive U(VI) removal at the site following the transition to sulfate
reduction, where it was suggested that depletion of Fe(III) ox-
ides near the point of injection created conditions where sulfate
reduction dominated and complete consumption of acetate oc-
curred (Anderson et al. 2003; Yabusaki et al. 2007).

Such an effect was documented during the initial phase of
Big Rusty, where acetate concentrations were lower than those
of sulfate. Following the onset of sulfate reduction, diversion
of electron flow from iron to sulfate reduction resulted in ex-
haustion of acetate and decreased rates of U(VI) removal; the
effect was exacerbated by increases in alkalinity and enhanced
desorption of U(VI) from sediments and possibly re-oxidation
of U(IV) by residual Fe(III) oxides.

Given non-limiting concentrations of acetate, both metabolic
processes were observed to occur concurrently, as evidenced by
sustained transcription of Geobacter-specific gltA during sul-
fate reduction. So long as acetate remained available, removal
of U(VI) from groundwater occurred. Indeed, high levels of
acetate and concomitant iron and sulfate reduction created con-
ditions where U(VI) concentrations reached levels far lower
than previously documented at the site. Decreases in injection
well permeability and the inability to maintain uniform deliv-
ery of acetate – or similar organic carbon compounds – may
ultimately limit remediation efficacy at sites prone to exten-
sive mineral precipitation and/or biomass accumulation. Given
these challenges, research into alternate strategies to immobilize
U(VI) with a minimum of deleterious side effects is warranted.
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