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Abstract

We conducted a detailed investigation of U isotopes in conjunction with a broad geochemical investigation during field-
scale biostimulation and desorption experiments. This investigation was carried out in the uranium-contaminated alluvial
aquifer of the Rifle field research site. In this well-characterized setting, a more comprehensive understanding of U isotope
geochemistry is possible. Our results indicate that U isotope fractionation is consistently observed across multiple experiments
at the Rifle site. Microbially-mediated reduction is suggested to account for most or all of the observed fractionation as abi-
otic reduction has been demonstrated to impart much smaller, often near-zero, isotopic fractionation or isotopic fractionation
in the opposite direction. Data from some time intervals are consistent with a simple model for transport and U(VI) reduction,
where the fractionation factor (¢ = +0.65%o to +0.85%0) is consistent with experimental studies. However, during other time
intervals the observed patterns in our data indicate the importance of other processes in governing U concentrations and
238U/*U ratios. For instance, we demonstrate that departures from Rayleigh behavior in groundwater systems arise from
the presence of adsorbed species. We also show that isotope data are sensitive to the onset of oxidation after biostimulation
ends, even in the case where reduction continues to remove contaminant uranium downstream. Our study and the described
conceptual model support the use of **U/>* U ratios as a tool for evaluating the efficacy of biostimulation and potentially
other remedial strategies employed at Rifle and other uranium-contaminated sites.
© 2016 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Uranium (U) is the heaviest naturally occurring element
on Earth. The two most abundant natural isotopes of U are
238U and **U. These U isotopes decay to form stable >°’Pb
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(half-life of 4.468 billion years) and 2°°Pb (half-life of 703.7
million years), respectively (Jaffey et al., 1971). Recent
investigations (e.g., Stirling et al., 2007, Weyer et al.,
2008) have revealed permil-level natural variations in the
238U/>3U ratio. Mass-dependent fractionation of this mag-
nitude is not expected for very heavy elements such as U.
However, the observed isotopic fractionation is consistent
with theoretical predictions (Bigeleisen, 1996; Schauble,
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2007) of U isotopic fractionation by bonding differences
due to nuclear size/shape among U isotopes during reduc-
tion—oxidation reactions. Nuclear volume fractionation
results from differences in electron density at the nucleus
for U(VI) compared to U(IV). Isotopes with a larger
nucleus (i.e., 22U) are more stable in sites with lower elec-
tron density at the nucleus; for U this is the U(IV) species,
with two additional electrons. As a result, the larger isotope
(**3U) is predicted to partition preferentially into the U(IV)
species and the smaller isotope (**°U) into the U(VI) species
at isotopic equilibrium. For U this partitioning during
reduction—oxidation reactions is in opposition to mass-
dependent fractionation. Theoretical predictions of kinetic
isotope effects are not commonly done because the reaction
mechanism, and in particular the transition states of the
rate limiting steps must be known (Schauble, 2004).

Since the first studies reporting variable isotopic compo-
sitions for U, much effort has focused on improving our
understanding of the mechanisms controlling U isotope
fractionation. Laboratory studies have examined uranium
isotope fractionation associated with biotic and abiotic pro-
cesses. Equilibrium fractionation of 1.3-1.6%0 has been
observed in laboratory experiments (Florence et al., 1975;
Nomura et al., 1996; Fujii et al., 2006; Wang et al.,
2015b). During laboratory microbial reduction, kinetic iso-
tope fractionation has been shown to fractionate isotopes in
the same direction as equilibrium fractionation, with the
product isotopically heavy (Basu et al.,, 2014; Stirling
et al., 2015; Stylo et al., 2015). In contrast, abiotic U(VI)
reduction shows much smaller, often near-zero, isotopic
fractionation (Rademacher et al., 2006; Stirling et al.,
2007; Grimm, 2014; Stylo et al., 2015) or isotopic fraction-
ation in the opposite direction (Stylo et al., 2015). Isotope
shifts associated with U(VI) sorption consistent with mass
dependent fractionation have also been observed (Stirling
et al., 2007; Weyer et al., 2008; Brennecka et al., 2011;
Holmden et al., 2015). This experimental work has been
complimented by studies of natural environments where
these processes occur. Significant U isotope fractionation
associated with redox processes has been observed in stud-
ies of, e.g., black shales (Stirling et al., 2007; Weyer et al.,
2008), anoxic basin sediments (Weyer et al., 2008;
Montoya-Pino et al.,, 2010; Andersen et al., 2014;
Holmden et al., 2015; Noordmann et al., 2015; Hinojosa
et al., 2016), and roll front U ore deposits (Bopp et al.,
2009; Brennecka et al., 2010). Together these studies have
demonstrated the potential of the ***U/** U ratio to serve
as a geochemical tool capable of monitoring redox condi-
tions in modern environments as well as reconstructing
redox conditions in past environments.

One application in which U isotopes have shown poten-
tial is as redox monitors at current and former uranium
mining and milling operations. A primary concern at these
sites is uranium contamination of sediments and groundwa-
ter. In these systems, uranium is mobile in its oxidized state,
U(VI), but largely immobile in its reduced state, U(IV)
(Newsome et al., 2014). The use of native dissimilatory
Fe-reducing microbes to catalyze the reduction of U(VI)
in groundwater to insoluble U(IV) was first proposed as a
remediation technique 25 years ago (Lovley et al., 1991)

and numerous laboratory and field investigations of micro-
bial reduction of soluble U(VI) are reviewed by Newsome
et al. (2014). Microbes catalyze the transfer of electrons
from a reduced species, such as acetate, to an oxidized spe-
cies, such as Fe(III), in the process utilizing energy released
by this redox reaction to carry out life functions. In the case
of microbial reduction of Fe(III), or even S(VI), U(VI) may
be concurrently reduced. Thus, groundwater amendment
with acetate leads to the reduction of U(VI) to U(IV) by
stimulating activity of native dissimilatory metal reducing
microbes such as the Fe reducer Geobacter and sulfur
reducing bacteria Desulfobacter.

This study focuses on the site of the Old Rifle processing
plant in Rifle, CO, used to mill V-U ores from deposits in
the Colorado Plateau area from 1924 to 1958. Before reme-
dial action, a pile of mill tailings, waste produced from the
processing of ores, ~10 m high, covering 4 km? existed at
the Old Rifle site (DOE, 1999). In the early 1990s, the U.
S. Department of Energy (DOE) took over management
of the site and as a part of remedial actions removed the
mill tailings, graded the site with fill material to produce
a level base, and seeded with native range grasses. Despite
these efforts, residual uranium contamination of the local
aquifer remains. Persistence of this plume is attributed to
the slow dissolution of naturally-occurring and contami-
nant U(IV) and the influx of U from natural upstream
sources (Zachara et al., 2013). U.S. DOE-funded experi-
ments have been conducted at the site as a part of the Rifle
Integrated Field Research Challenge (IFRC) projects
(Anderson et al., 2003; Williams et al., 2011; Long et al., 2015).

Uranium isotopes may be useful as a tool in monitoring
remediation efforts by detecting and potentially quantifying
reduction in the subsurface. Laboratory microbial reduc-
tion experiments have demonstrated that 2*U/*°U ratios
vary systematically during microbial U(VI) reduction
(Basu et al., 2014; Murphy et al., 2014; Stirling et al.,
2015; Stylo et al., 2015), with isotopic shifts up to 5%e doc-
umented in natural redox settings (Murphy et al., 2014).
Further, Bopp et al. (2010) provided evidence for this iso-
topic shift (~1%o) with concentration in a field-scale bios-
timulation experiment at the Rifle site where U(VI) was
reduced by acetate addition. In all these studies, the heavier
isotope (>*¥U) was preferentially reduced to U(IV), leaving
the remaining dissolved U(VI) pool with a relatively light
isotopic composition (i.e., relatively low 2*¥U/?°U ratio).

Fractionation of 2%U/?°U ratios by sorption could
potentially complicate the potential for U isotopes to track
redox processes. However, existing studies suggest sorption
is relatively unimportant in this setting. A small isotopic
fractionation during U(VI) adsorption onto Mn-oxides
was measured in laboratory experiments but the fractiona-
tion is much smaller than reduction and opposite in sense
(Brennecka et al., 2011). Further, U isotopic fractionation
induced by desorption and sorption has been shown not
to cause significant shifts in 2*U/?*°U ratios at the Rifle site
(Shiel et al., 2013). The apparent discrepancy between the
result of the laboratory and field experiments is suggested
to result from differences in the U(VI) speciation
(Shiel et al., 2013). In the laboratory experiment, there is
a coordination change between the dissolved UO3" and
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the U(VI) adsorbed onto Mn-oxides. In contrast, no change
in the local U(VI) environment is expected during the
adsorption of uranyl-carbonato and calcium-uranyl car-
bonato complexes to aquifer minerals.

To examine in detail the relationship between U(VI)
reduction and >*®U/?* U ratios in a field setting, we present
the results of two successive field biostimulation experi-
ments performed at the Rifle site in 2010-11 and 2011-12.
The 2010-11 experiment is well described in a recent publi-
cation (Long et al., 2015). The experimental plot is well
instrumented and characterized, and dozens of samples
were collected at each sampling point, daily in some cases,
for each experiment to provide high temporal resolution of
geochemical changes. Although a previous study (Bopp
et al., 2010) presented >**U/?**U ratio data for an earlier
biostimulation experiment at Rifle, that data set was rela-
tively sparse and so the authors were unable to extract
the correct fractionation factor for U(VI) reduction. In
the present study, we report 2*U/**U ratio data at high
temporal resolution and combine those results with other
geochemical and physical measurements (most reported
previously by Long et al. (2015)) that enable precise knowl-
edge of relevant reaction and transport parameters of the
system. Using this large data set, we sought to (1) establish
if U isotope fractionation is consistently observed across
multiple experimental locations at the Rifle site; (2) deter-
mine the magnitude of isotopic fractionation for various
conditions, including Fe(Ill)-reducing and sulfate-
reducing phases, and at various times, such as the onset
of reduction and the recovery phases after acetate injection
ceased; (3) explore the fidelity with which **U/*°U ratio
shifts track U(VI) reduction; (4) identify other processes,
if they exist, which also cause 2**U/**U ratio shifts or
otherwise affect interpretation of the data; and (5) deter-
mine if re-oxidation of U sequestered as U(IV) during bios-
timulation can be detected as shifts in 2**U/*°U ratios
within waters passing through the well array. We present
a conceptual model for transport and U(VI) reduction in
the Rifle aquifer, put forward hypotheses for observed
patterns in the data, and discuss the implications for
Z8U/2U ratio studies at U remediation sites.

2. ANALYTICAL METHODS

2.1. Site description, experimental design and sample
collection

Detailed descriptions of the site and its history are pro-
vided elsewhere (Anderson et al., 2003; DOE, 1999). In
brief, the Rifle site is situated on a former uranium mill
and processing facility located in Rifle, CO. All structures
and the mill tailings piles and ponds have been removed
leaving only residual contamination within the aquifer.
Two apparently distinct uranium plumes exist, associated
with the former locations of both the tailings pile and the
ore storage area (DOE, 1999). The Rifle site is located on
a floodplain of the Colorado River and is an unconfined
aquifer composed of unconsolidated sands, silts, clays and
gravel that overlie the relatively impermeable Wasatch for-
mation at a depth of ~6.1 m (Williams et al., 2011). The

aquifer materials are composed of Quaternary floodplain
sediments dominated by quartz, with significant amounts
of plagioclase and K-feldspar, smaller amounts of calcite,
chlorite, kaolinite, smectite, illite and iron oxide minerals
(primarily magnetite, goethite and aluminum-substituted
goethite) (DOE, 1999).

Field experiments were conducted within an experimen-
tal test plot (Fig. 1) at the Rifle site. The experimental test
plot (Plot C) consists of one row of background wells, two
rows of injection wells and five rows of monitoring wells
placed approximately perpendicular to groundwater flow,
with a total footprint of ~13 m by ~12m (Fig. 1). Wells
are identified as either upstream or downstream of the
injection wells as CU and CD, respectively. This plot is
located within the contaminated aquifer underlying the site
of the former tailings pile. Linear groundwater flow velocity
ranges from 0.4 to 0.6 m per day (DOE, 1999).

The impact of stimulated bioremediation on U concen-
trations and 2**U/*°U ratios was evaluated during consec-
utive field experiments (‘Super 8 in 2010-11 and ‘Best
Western’ in 2011-12) within experimental Plot C (Fig. 1).
Summaries of injection parameters for both the ‘Super 8
and ‘Best Western” experiments are provided in Table 1.
During both experiments “background” groundwater sam-
ples were collected from well CUOI1, located ca. 2m
upstream of the bicarbonate injection wells and 4 m
upstream of acetate injection wells (Fig. 1). In addition,
during the ‘Super 8 experiment ‘“‘background” groundwa-
ter samples were collected from well CUO3, located ca.
1 m downstream of the bicarbonate injection wells and
1 m upstream of the acetate injection wells (Fig. 1). Results
for CUO3 have been published by Shiel et al. (2013).

During the ‘Super 8 experiment (August 2010), both
bicarbonate and acetate were injected into the aquifer
(Fig. 1). Acetate (3,700 L of 50 mM CH3;COONa) was
injected into the aquifer over 23 days total (August
23-September 7 and September 13-22, with the 6-day
period in between required to re-fill and re-mix the contents
of the injection tank). This injectate was made from water
from a nearby unimpacted well, doped with NaBr (to a
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Fig. 1. Map of experimental Plot C. Wells relevant to this study
(i.e., background well CUOI, injection wells CA01-CA03 and
CGO01-CG10, and monitoring wells CD01 and CD14) are identi-
fied. Groundwater flow is generally from left to right but is canted
slightly such that flow lines from CUO3 are unlikely to intersect
CDl14.
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Table 1
Injection parameters for the Super 8 and Best Western experiments.
Injection activity Injection wells Date Duration Injectate Injected Isotope
(days) concentration (mM)* volume (L)* enrichment (%o0)"
Super 8
CH;COONa and NaBr CG01-CG10  Aug. 23-Sept. 7, 2010 14 50 [CH3;COO™]; 20 [Br™] 2,200
Sept. 13-22, 2010 9 50 [CH3;COO ], 20 [Br~] 1,500
NaHCO; and D,0O CAO01-CA03  Aug. 16-27, 2010 11 50 [HCO3] 6,000 380 (*°H)
Aug. 29-Sept. 7, 2010 10 50 [HCO3] 6,000 380 (°H)
Best Western
CH3COONa and NaBr CGOI-CG05  Aug. 23-Nov. 3, 2011 72 150 [CH5COO ], 20 [Br'] 4,200

* Concentrations are those in the injection tanks.

concentration of 20 mM to serve as a conservative tracer)
and sparged with N, to reduce dissolved oxygen content.
The tank remained sealed under an N, headspace through-
out the injection period. In addition, bicarbonate (12,000 L
of 50 mM NaHCO;) was injected into the aquifer over a
21-day period (August 16-27 and August 29-September
7, 2010, with the gap in between required to re-fill and
re-mix the contents of the injection tank). This injectate
was made from water from a nearby unimpacted well,
enriched with D,O (8*H = 500%0) as a conservative tracer
to produce a bulk 8?°H of ~380%0 and sparged daily with
CO; to achieve and maintain a pH of ~7. The ‘Super 8
experiment allowed direct comparison between acetate
injection alone and combined acetate and bicarbonate
injections through sampling at monitoring wells CDO0I
and CD14, respectively (Fig. 1), because the bicarbonate
injection doesn’t reach well CDO1.

During the ‘Best Western’ experiment (August 2011),
acetate (4,200 L of 150 mM CH;COONa) was injected into
the aquifer over a 72-day period (August 23-November 3,
2011). Like the ‘Super 8 experiment, ‘Best Western’
involved adding NaBr and acetate to water from a nearby
unimpacted well (sparged with N, to minimize oxygen
and sealed under N, headspace through the injection per-
iod). The purpose of ‘Best Western’ was to examine the
impact of prolonged acetate injection through sampling of
CDO01 water (analogous to the shorter acetate only side of
the ‘Super 8’ experiment).

All groundwater samples (~20 mL) were collected from
a depth of ~5 m, passed through 0.45 pm PTFE membrane
filters and acidified to ~0.15 M with trace metal grade nitric
acid (HNO3). Groundwater samples were collected from
background wells CUO1 and CUO03, and monitoring wells
CDO01 and CDI14 (1) before the injections, (2) during the
injections and (3) post-injection. The pH of CU01, CDO01
and CD14 groundwater samples was monitored throughout
the duration of the experiment. During the ‘Super 8’ exper-
iment, the pH varied between 7.1 and 7.3 for CUOI, 7.0 and
7.6 for CDO1 and 7.1 and 7.4 for CD14. During the ‘Best
Western’ experiment, the pH varied between 7.1 and 8.1
for CUOI and 6.8 and 8.0 for CDO1.

2.2. Concentration determinations

Groundwater U concentrations were determined using
inductively coupled plasma-mass spectrometry (ICP-MS)

(Elan DRCII, Perkin Elmer, CA) at the Lawrence Berkeley
National Laboratory. A subset of these samples was
selected for U isotopic analysis.

2.3. Uranium double spike correction and sample preparation

Previous work demonstrates high precision U isotopic
analysis is possible using a 2*U-?°U double spike
(Stirling et al., 2005, 2006, 2007; Weyer et al., 2008; Bopp
et al., 2009, 2010). We added a spike with a 233U/%U ratio
of ~0.45 (prepared in-house from 2**U and #*°U isotope
spikes) to all samples prior to analytical separation of U.
The double spike allowed for the correction of instrumental
mass bias and any isotopic fractionation associated with the
sample preparation. The reference material CRM 112A was
spiked to give a 2*U/*°U ratio of ~30. Samples were
spiked to give ratios of 18-34. Over-spiked (**¥U/**°U ratio
of ~17) and under-spiked (***U/?*°U ratio of ~56) refer-
ence materials were routinely run to demonstrate the mea-
sured U isotope ratios are identical within uncertainty.
Spikes were equilibrated with sample solution ~16 h before
they were dried and then re-dissolved in 3 M HNOs;. U was
purified by extraction chromatography using Eichrom
UTEVA resin (~0.2mL column; after Weyer et al.
(2008)). After drying down the eluate, we spiked samples
with ~20 pLL 15 M HNOj; and dried down, twice, to remove
organic residues and then dissolved them in 0.30 M HNO;
for MC-ICP-MS analysis.

2.4. Uranium isotopic measurements

Samples were analyzed for U isotopic composition using
a Nu Plasma HR (Nu 039; Nu Instruments, UK) multi-
collector inductively coupled plasma mass spectrometer
(MC-ICP-MS) housed in the Department of Geology at
the University of Illinois at Urbana-Champaign. A DSN-
100 (Nu Instruments, UK) desolvator system was used
for sample introduction. A modified sample-standard
bracketing (SSB) measurement protocol was followed,
where the standard was run after every three samples.

The measurement method was adapted from Bopp et al.
(2009) and Bopp et al. (2010) and consisted of static mea-
surements of masses 233-238 (isotopes of U). Sample
238U was measured in a collector equipped with a 10'° Q
resistor for detection of large ***U beams (allowing beam
currents of up to 1072 A), while the remaining isotope ion
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beams were measured in collectors with standard 10'! Q
resistors. An analysis comprised of 5 blocks of 10 x 8 s inte-
grations. Samples were measured using a two zeros method,
where zeros were measured at 0.5 amu above and below the
measured mass for 30 s, and the average of those values was
used to correct for background signal and tailing from
neighboring peaks. This is especially important for
correcting potential tailing of the *°U peak onto that of
25U. For all reference materials and samples, **U and
26 signals were 1.5-8.0 x 107'° A and 0.39-2.5 x 10712 A,
respectively.

Uranium isotopic compositions are reported relative to
the U isotopic standard CRM 112-A (New Brunswick
Laboratory, U.S. Department of Energy) in the standard
delta notation:

28
6238U _ (235U)sample
- (mU) -
235U/ standard

1) % 1,000(%0)

IRMM REIMEP 18-A and CRM 129-A (New Bruns-
wick Laboratory, U.S. Department of Energy) were mea-
sured routinely. The running averages (+2S.D.) for
IRMM REIMEP 18-A and CRM 129-A are —0.14 +
0.08%0¢ (n=24) and —1.70 4+ 0.08%0 (n = 33), respectively.
The running averages (+£2S.D.) for CRM 112-A and
IRMM REIMEP 18-A purified by extraction chromatogra-
phy are 0.00 4+ 0.06% (n=21) and —0.14 4 0.07%0
(n = 36), respectively. Twenty-three full procedural sample
duplicates (Table 2) were analyzed and a modified root-
mean-square calculation:

S (ia — i)’

20 =2- o

(Hyslop and White, 2009), where i, and i, refer to the two
duplicate measurements of sample i, was used to determine
the analytical uncertainty of the data, £0.07%0 (95%
confidence).

The magnitude of isotopic fractionation, is described by
the isotopic fractionation factor, o, where o = Ryroduct/
Rreactant and R is the 2*8U/?*U ratio in the U(IV) product
and U(VI) reactant pools. This quantity can be expressed in
permil (%o0) as &, where ¢ = 1000 x (o — 1).

3. RESULTS

Changes in U concentration and §***U through time for
upstream background well CUO1, monitoring well CDO01
(for acetate only injection) and monitoring well CD14
(acetate + bicarbonate injection) are shown in Fig. 2a—c
and given in Table 2. Time is in days, with day zero being
the first day of bicarbonate injection for the 2010-11 ‘Super
8 experiment and acetate injection for the 2011-12
‘Best Western” experiment. Results for CUO3 (effect of
bicarbonate only) come from Shiel et al. (2013) and are
shown in Fig. 2b. Fig. 2a and b compare the effects of
acetate only and acetate and bicarbonate addition for the
2010-11 ‘Super 8’ experiment. Fig. 2¢ provides the extended
acetate injection (2011-12 ‘Best Western’), which can be
compared to the shorter acetate only injection of Fig. 2a.
Concentrations of acetate, bromide (conservative tracer),

Table 2
Uranium concentration and isotopic results for background well
CUO1 and monitoring wells CD0O1 and CD14.

Date Days" U conc (uM)° 328U (%o)*
Background well CUOI

7/31/2010 —16 0.77 0.11
8/18/2010 2 0.66 0.06
9/6/2010 21 0.62

9/22/2010 37 0.62 0.08
10/11/2010 56 0.59

10/21/2010 66 0.59 0.02
11/2/2010 78 0.58

11/10/2010 86 0.59 0.06
12/9/2010 115 0.63

1/20/2011 157 0.72

2/24/2011 192 0.84 0.01
3/25/2011 221 0.82 0.01
4/26/2011 253 0.84 —0.03
5/20/2011 277 0.86 0.00
6/9/2011 297 0.83

6/16/2011 304 0.78

7/11/2011 329 0.76

7/26/2011 344 0.73 0.05
8/9/2011 —14 0.64 0.03
8/9/2011 dup. —14 0.64 0.06
Mean 0.04
8/23/2011 0 0.68

8/31/2011 8 0.64 0.06
9/5/2011 13 0.64 0.00
9/5/2011 dup. 13 0.64 0.05
Mean 0.03
9/12/2011 20 0.64

9/16/2011 24 0.63

9/21/2011 29 0.62 0.03
9/26/2011 34 0.62

9/30/2011 38 0.64

10/5/2011 43 0.63

10/14/2011 52 0.62 0.04
10/19/2011 57 0.62

10/24/2011 62 0.63

10/31/2011 69 0.63

11/4/2011 73 0.63 0.00
11/9/2011 78 0.64

11/14/2011 83 0.65

11/18/2011 87 0.64

11/28/2011 97 0.64

12/2/2011 101 0.66 —0.09
12/7/2011 106 0.67

12/12/2011 111 0.67

12/19/2011 118 0.64

12/28/2011 127 0.64

1/6/2012 136 0.63 0.00
1/13/2012 143 0.65

1/20/2012 150 0.66

1/27/2012 157 0.68

2/8/2012 169 0.71 —0.05
2/21/2012 182 0.70

3/8/2012 198 0.73 —0.01
3/22/2012 212 0.75

4/5/2012 226 0.84

4/10/2012 231 0.84 0.01
4/17/2012 238 0.84

5/2/2012 253 0.89

5/14/2012 265 0.88 0.02
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Table 2 (continued)
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Date Days® U conc (uM)°® 328U (%o)*° Date Days® U conc (uM)°® 328U (%o)*°
5/22/2012 273 0.89 11/10/2010 86 0.46
5/29/2012 280 0.89 11/15/2010 91 0.52 ~0.51
6/6/2012 288 0.92 11/24/2010 100 0.58
6/13/2012 295 0.91 ~0.01 12/3/2010 109 0.61
6/13/2012 dup. 295 091 0.02 12/9/2010 115 0.69
Mean 0.00 12/19/2010 125 0.72 ~0.15
6/21/2012 303 0.91 12/26/2010 132 0.75
6/28/2012 310 0.92 1/8/2011 145 0.74
7/5/2012 317 0.90 1/20/2011 157 0.81
7/12/2012 324 0.87 0.05 1/28/2011 165 0.81 0.01
7/19/2012 331 0.84 1/28/2011 dup. 165 0.81 ~0.01
7/26/2012 338 0.84 Mean 0.00
8/2/2012 345 0.84 0.04 2/10/2011 178 0.86 —0.04
8/15/2012 358 0.84 2/10/2011 dup. 178 0.86 ~0.03
L Mean —0.03
Monitoring well CD01 2/24/2011 192 0.93 —0.01
7/30/2010 -7 0.74 0.03 2/24/2011 du 192 0.93 0.01
8/18/2010 2 0.70 Moo p- : 0.00
gﬁgggig d g ggg 0’8'302 3/10/2011 206 1.00 0.04
Meor up- : 001 3/25/2011 21 1.01 0.06
8/24/2010 8 0.69 13\//13:2{1 2011 dup. 221 1.01 8'8i
8/25/2010 ? 0.71 0.05 4/11/2011 238 1.02 0.06
8/26/2010 10 0.68 4/11/2011 du 238 1.02 ~0.05
8/27/2010 11 0.74 0.02 Mean p- : 001
§/28/2010 12 0.75 4/26/2011 253 1.02 0.03
8/30/2010 14 0.81
5/11/2011 268 0.99
8/31/2010 15 0.86 ~0.07
8/31/2010 dup s 086 oLl 5/20/2011 277 1.03 0.00
Moo : : 009 5/29/2011 286 1.01
6/2/2010 17 051 o1 6/9/2011 297 0.99
6/16/2011 304 0.90 0.01
9/3/2010 18 0.69 ~0.29
6/30/2011 318 0.90
9/5/2010 20 047 —0.57
o/5/2010 d % 047 0.8 7/11/2011 329 0.81 0.02
Moon up- : o 7/26/2011 344 0.82 0.01
9/7/2010 2 0.30 ~0.83 8/9/2011 —l4 0.7 0.03
8/23/2011 0 0.62
9/9/2010 24 0.19 ~0.93
8/29/2011 6 0.63
9/11/2010 26 0.14 ~1.05
8/29/2011 6 0.66
9/13/2010 28 0.09 112
8/30/2011 7 0.63
9/17/2010 ) 0.06
8/31/2011 8 0.60 —0.14
9/20/2010 35 0.05 —1.21
9/2/2011 10 0.40 ~0.38
9/22/2010 37 0.05
9/3/2011 11 0.40
9/24/2010 39 0.04
9/5/2011 13 0.24 —0.64
9/27/2010 4 0.03
9/7/2011 15 0.15 ~0.73
9/29/2010 44 0.04 132
9/9/2011 17 0.10 ~0.80
10/1/2010 46 0.05 ~1.30
9/12/2011 20 0.07 091
10/4/2010 49 0.07
9/14/2011 2 0.07 ~0.92
10/6/2010 51 0.10 ~1.15
9/16/2011 24 0.06 ~0.98
10/8/2010 53 0.11 ~1.10
9/19/2011 27 0.05
10/11/2010 56 0.12
9/21/2011 29 0.05 ~0.75
10/13/2010 58 0.15 ~1.25
9/23/2011 31 0.04
10/15/2010 60 0.16 ~1.15
9/26/2011 34 0.05
10/18/2010 63 0.18
9/28/2011 36 0.05 ~0.79
10/21/2010 66 0.22 ~1.17
10/21/2010 dup 66 0.22 ~1.20 9/30/2011 38 0.05
Monr, : : Tk 10/3/2011 41 0.09 ~0.87
10/25/2010 70 0.28 10/5/2011 43 0.08
10/7/2011 45 0.09
10/28/2010 73 0.31 ~1.00
10/10/2011 48 0.11 ~0.88
11/1/2010 77 0.36
10/12/2011 50 0.09
11/4/2010 80 0.32 ~0.92
11/4/2010 dup 80 0.32 ~0.90 10/14/2011 32 0.10 —0.7
M : : ool 10/17/2011 55 0.08
can : 10/19/2011 57 0.08

(continued on next page)
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Table 2 (continued) Table 2 (continued)

Date Days" U conc (uM)° 378U (%o)° Date Days" U conc (uM)° 378U (%o)°
10/21/2011 59 0.08 8/20/2010 4 0.61 0.01
10/24/2011 62 0.08 8/20/2010 dup. 4 0.61 0.06
10/27/2011 65 0.07 Mean 0.03
10/31/2011 69 0.07 8/21/2010 5 0.47

11/2/2011 71 0.07 8/22/2010 6 0.48

11/4/2011 73 0.07 8/23/2010 7 0.64 —0.08
11/7/2011 76 0.08 8/24/2010 8 0.62

11/9/2011 78 0.09 8/25/2010 9 0.74 —0.05
11/11/2011 80 0.09 8/26/2010 10 0.86

11/14/2011 83 0.13 —-0.99 8/27/2010 11 1.13

11/16/2011 85 0.13 8/28/2010 12 1.36 —0.12
11/18/2011 87 0.13 8/30/2010 14 1.57

11/23/2011 92 0.13 8/31/2010 15 1.92

11/28/2011 97 0.13 9/3/2010 18 1.74 —0.25
11/30/2011 99 0.12 9/5/2010 20 1.52 —0.13
12/2/2011 101 0.13 —1.01 9/5/2010 dup. 20 1.52 —0.16
12/5/2011 104 0.12 Mean —0.15
12/7/2011 106 0.13 9/7/2010 22 1.08 —0.59
12/9/2011 108 0.13 9/9/2010 24 0.52 —0.89
12/12/2011 111 0.12 9/9/2010 dup. 24 0.52 —0.98
12/15/2011 114 0.12 —1.18 Mean —0.94
12/19/2011 118 0.11 9/11/2010 26 0.42 —0.85
12/22/2011 121 0.11 9/13/2010 28 0.32 —1.09
12/28/2011 127 0.10 9/17/2010 32 0.23

1/3/2012 133 0.10 —1.06 9/20/2010 35 0.22 —1.03
1/6/2012 136 0.10 9/22/2010 37 0.11 —1.09
1/10/2012 140 0.10 9/24/2010 39 0.15

1/13/2012 143 0.09 9/27/2010 42 0.11 —0.91
1/16/2012 146 0.09 -1.22 9/29/2010 44 0.07

1/20/2012 150 0.09 10/1/2010 46 0.08 —0.87
1/24/2012 154 0.09 10/4/2010 49 0.07

1/27/2012 157 0.11 10/6/2010 51 0.07

2/1/2012 162 0.11 —1.52 10/8/2010 53 0.06

2/8/2012 169 0.11 10/11/2010 56 0.07

2/14/2012 175 0.12 —1.69 10/13/2010 58 0.06

2/21/2012 182 0.14 10/15/2010 60 0.06 —0.85
2/28/2012 189 0.16 10/18/2010 63 0.07 —0.81
3/8/2012 198 0.19 —1.89 10/21/2010 66 0.07

3/15/2012 205 0.24 10/25/2010 70 0.07 —0.78
3/22/2012 212 0.24 10/28/2010 73 0.07 —0.92
3/29/2012 219 0.28 —1.62 11/1/2010 77 0.07

4/5/2012 226 0.33 11/4/2010 80 0.07

4/10/2012 231 0.33 11/10/2010 86 0.08 —0.86
4/17/2012 238 0.37 —1.36 11/15/2010 91 0.08

5/2/2012 253 0.45 -1.27 11/24/2010 100 0.09 —1.03
5/14/2012 265 0.47 12/3/2010 109 0.11

5/22/2012 273 0.53 —1.07 12/9/2010 115 0.12 —1.17
5/29/2012 280 0.54 12/19/2010 125 0.16

6/6/2012 288 0.62 12/26/2010 132 0.19 —1.19
6/13/2012 295 0.65 1/8/2011 145 0.22 -1.09
6/21/2012 303 0.62 —0.80 1/20/2011 157 0.29 —1.09
6/28/2012 310 0.60 1/20/2011 dup. 157 0.29 —1.13
7/5/2012 317 0.61 —0.71 Mean —1.11
7/12/2012 324 0.61 —0.78 1/28/2011 165 0.35 —0.99
7/19/2012 331 0.66 1/28/2011 dup. 165 0.35 —0.98
7/26/2012 338 0.62 Mean —0.99
8/2/2012 345 0.66 2/10/2011 178 0.37 —1.03
8/15/2012 358 0.67 2/24/2011 192 0.53 —0.71
Ajo;aitoring well CD14 %iifml dup. 192 0.53 :g;z
8/3/2010 -13 0.66 —0.04 '
8/17/2010 | 0.55 3/10/2011 206 0.53 —0.65

3/25/2011 221 0.64 -0.43
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Table 2 (continued)

Date Days" U conc (uM)° 3238U (%o)°
3/25/2011 dup. 221 0.64 —0.52
Mean —0.48
4/11/2011 238 0.64 -0.43
4/11/2011 dup. 238 0.64 —0.47
Mean —0.45
4/26/2011 253 0.63 —0.36
5/11/2011 268 0.64 —0.39
5/29/2011 286 0.61 —0.43
6/9/2011 297 0.63 —0.33
6/16/2011 304 0.62 —0.34
6/30/2011 318 0.68 -0.29
7/11/2011 329 0.68 —0.30
7/11/2011 dup. 329 0.68 —0.25
Mean —0.28
7/26/2011 344 0.63 0.01
7/26/2011 dup. 344 0.63 0.09
Mean 0.05
8/9/2011 358 0.65 —0.19
8/9/2011 dup. 358 0.65 -0.25
Mean -0.22
8/23/2011 372 0.66 —0.22
8/31/2011 380 0.60 —0.15

* Days after first day of injection, 8/16/2010 and 8/23/2011 for
years 1 and 2, respectively.

® Concentrations provided by the Lawrence Berkeley National
Laboratory group.

€ 40.07%0 (2 x the square root of the rms uncertainty for 23 full
procedural duplicates).

and total inorganic carbon (TIC) are provided for the back-
ground and monitoring wells in Table Al.

3.1. Background geochemical conditions

3.1.1. Background well (CU0I)

Because of its location upstream of the injection
galleries, CUO1 provides information about the initial com-
position of water moving into Plot C. The U concentration
of groundwater from well CUO1 varied between 0.58 and
0.86 uM during the first year (day —27 to 344), and between
0.62 and 0.92 uM in the second year (day —14 to 358;
Table 2 and Fig. 2a). This variation in concentration is
attributed to seasonal changes in groundwater elevation
associated with increased runoff from snowmelt during
the spring and early summer. Elevated groundwater leads
to the release of adsorbed U(VI) during the spring/early
summer, with the highest concentrations occurring in the
late spring (June) and the lowest in the late fall (October).

The 8%*%U values of groundwater samples from back-
ground well CUOI varied from —0.03%c to 0.11%c and
—0.09%o to 0.06%0 during the first and second years, respec-
tively (Table 2 and Fig. 2a). The two-year combined data
set yielded a 2S.D. of +0.08%0, which is very close to the
analytical uncertainty. Therefore, despite significant sea-
sonal variation in groundwater U concentration, no signif-
icant variations in 3°°®U occur, indicating that all
downstream variations in 8**%U reflect processes within
the experimental plot.

3.1.2. Background well (CU03)

This well is located downstream of the bicarbonate
injection gallery and upstream of the acetate injection gal-
lery, on the western side of plot C. CUO3 thus provides
information about the initial composition of water moving
into the reducing zone created by the acetate injection in the
combined bicarbonate-acetate experiment of ‘Super &’
(Fig. 2b and Table Al). Groundwater amendment with
bicarbonate leads to the desorption of U(VI) from mineral
surfaces by increasing the relative abundance of highly
stable calcium-uranyl carbonato species (Stewart et al.,
2010; Fox et al., 2012) thus increasing groundwater U
concentrations.

CUO03 variations during the ‘Super 8 experiment
(Fig. 2b) thus provide information about the compositions
of waters entering the acetate treatment zone. Prior to the
start of the bicarbonate injection, the U(VI) concentration
of groundwater from well CUO3 was ~0.63 uM. As bicar-
bonate increased during the injection phase (day 0-22;
Fig. 2b), U concentration increased (Fig. 2b) reflecting U
(VI) desorption from aquifer sediments. The U(VI) concen-
tration doubled to a maximum concentration of ~1.26 uM
(day 4; Fig.2b). After day 8, the U concentration
decreased, presumably reflecting U(VI) depletion from min-
eral surfaces (Fig. 2b). As bicarbonate was flushed out of
the experimental plot post-injection (after day 22), the U
concentration decreased further (Fig. 2b). Fifteen days after
the injection ceased, U concentrations had decreased to a
minimum concentration of 0.29 uM (day 42), which is less
than half that observed in pre-injection groundwater
(Fig. 2b). Assuming this groundwater advected into the
experimental plot with a U(VI) concentration of approxi-
mately 0.63 uM (similar to CUO1 at this time), the water
must have lost U(VI). We attribute this loss to adsorption
of U(VI) back onto sorption sites opened up by the bicar-
bonate flush (Long et al., 2015). As these newly available
sites became repopulated, U concentrations increased
rapidly (days 47-50) ultimately returning to background
values (0.49-0.87 uM) from day 50 to 380 (Fig. 2b).

The 8%*%U values of groundwater samples from back-
ground well CUO3 varied from —0.19%o0 to 0.08%0 during
and immediately following the bicarbonate injection (day
—9 to 49; Fig. 2b) (Shiel et al., 2013). The data set yielded
a 2S.D. of £0.11%o, which is identical to the reported
analytical uncertainty (£0.11%0) (Shiel et al., 2013). Thus
despite a doubling of concentration due to desorption, no
measurable changes in *®U/**U ratios were observed
through day 50; we assume that like CUO1, no changes in
28U/35U ratios occurred in CUO3 groundwater through-
out the rest of the experiment.

3.2. Short duration acetate injection (2010-2011 ‘Super 8’)
experiment

3.2.1. Eastern side of plot: acetate injection only
Monitoring well CD01 was impacted by the acetate
injection (day 7-37; Table 1) but not by the bicarbonate
imposed on the western half of the experimental plot
(Fig. 1). Prior to the start of the injection, the U concentra-
tion was ~0.68 uM (Fig. 2a). During the initial phase of the
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Fig. 2. Temporal trends of U concentration (circles) and §*3%U (squares) for groundwaters from the ‘Super 8’ experiment (A, B) and the ‘Best
Western’ experiment (C). (A) shows results from the eastern half of the experimental plot of ‘Super 8’ where only acetate is injected; (B) shows
the western half of the experimental plot which combined bicarbonate injection with acetate injection. Vertical gray bands show timing of
acetate injection while blue lines denote bicarbonate injection timing. U concentration (light blue line) and 5***U (dark blue line) are shown
for input groundwaters from background wells CUO1 (A) and CUO03 (B). [U] and 52*8U data from monitoring well CDO1 (green) (A) show

good correspondence, consistent with isotopic changes reflecting

chemical reduction of U(VI). In (B), while data from CD14 (red) also

indicate correspondence, concentrations are strongly affected by desorption and readsorption thus complicating the [U}-52*%U relationship.
(C) Results for the extended acetate injection experiment ‘Best Western’ (year 2). U concentration (light blue line) and §***U (dark blue line)
are shown for input groundwaters from background well CUO1. The vertical green line identifies the shift from primarily iron reduction to
sulfate reduction (Long et al., 2015). Data show the extended period of low concentration U and two-stage drop in §***U. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

injection, acetate and the co-injected bromide tracer
increased in the well and the U concentration decreased
rapidly (Fig. 2a and Table Al). U concentrations decreased
smoothly over 35 days to a minimum of 0.03 uM, about 5%
of the concentration in upstream well CUOl at that
time (Fig.2a). The presence of elevated acetate and
bromide in the vicinity of CDO1 confirms the presence of
the injectate throughout the period from day 9 to 49
(Table Al; Long et al., 2015). Injection ceased on day 37,
and as acetate concentrations dropped in the experimental

plot, U concentrations increased concurrently (Fig. 2a)
returning to background levels approximately 100 days
after the injection ceased.

Total inorganic carbon (TIC; predominantly HCO3)
concentration is important, as it influences U(VI) speciation
and adsorption (see Section 4). Two peaks in TIC concen-
tration occurred, with maximum concentrations of 12.7
and 12.2mM found on days 12 and 44, respectively
(Table Al; Long et al., 2015). These concentrations are
about 45% larger than those found in background well
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CUO1 during the 2010-11 experiment. We attribute this dif-
ference to two processes. First, bicarbonate was produced
as a result of acetate oxidation accompanying microbial
respiration. Second, an unintended, minor incursion of
injected bicarbonate, which targeted the western side of
the plot, crossed over into the eastern side near well
CDO01 (evidenced by the presence of the D,O tracer injected
with the bicarbonate). This occurred because of cross-well
mixing among the acetate injection wells, a process
designed to generate uniform acetate concentrations across
the injection gallery (day 11). This incursion led to a small
U concentration increase to ~0.86 uM from day 11 to day
15, reflecting U(VI) desorption due to a relatively small
increase in bicarbonate.

3.2.2. CDOI groundwater 5°3%U values

Concomitant with U concentration decreasing upon the
start of acetate injection, the 8***U at CDO1 decreased
strongly (Table 2 and Fig. 2a). Pre-injection samples exhib-
ited 82*%U values of ~0.0%o, equal to those of upstream well
CUO1. §**U values then decreased smoothly to a minimum
of —1.32%o (Fig. 2a), coinciding with the minima in U con-
centration that occurred at termination of acetate injection.
As acetate was flushed out of the plot and reduction slowed,
both 8**%U and dissolved U concentrations increased in
parallel. Concentrations attained values equal to those of
background (CUO1) about 90 days after acetate injection
ceased, then maintained values slightly greater than those
of CUOI after that time. 3**%U returned to initial values
(0.0%o, identical to CUO1) about 120 days after injection
ceased and remained at 0.0%o for the remainder of the
monitoring period.

3.2.3. Western side of plot: combined bicarbonate and acetate
injection

Monitoring well CD14 was impacted by both the bicar-
bonate injection (day 0-22) and the acetate injection (day
7-37) (Table 1). Prior to the start of the injections, the
U concentration of groundwater from well CD14 was
~0.66 uM (Fig. 2b). During the initial phase of only bicar-
bonate injection, measured 8D and TIC increased
(Table Al; Long et al., 2015). Like CU03, U concomitantly
increased (Fig. 2b) due to bicarbonate induced desorption.
However, the U concentration nearly tripled (~1.9 uM)
(Fig. 2b), reflecting the greater contributing volume of sed-
iments, and hence inventory of sorbed U(VI), as compared
to the CUO3 flowpath. During this pre-acetate injection
time, U concentration at CD14 was closely related to the
TIC concentration, conforming approximately to the rela-
tionship [U]=17.6 x TIC (Long et al., 2015). However,
increases in U concentration halted when acetate levels
began to rise, despite TIC continuing to rise (Table Al).

A similar increase in the U concentration occurred in
CUO03 (Fig.2b), the upstream well impacted by the
bicarbonate injection but not the acetate injection (Shiel
et al., 2013). The increase was smaller in CUO3 because
the bicarbonate-rich water had traveled a smaller distance
at that point and thus desorption gains were smaller.
Accordingly, although CUO3 provides information about
sorption, we note that it is not an accurate indicator of

the U concentration entering the western zone of the exper-
imental plot, near well CD14 due to the placement of wells
relative to groundwater flow direction (Fig. 1).

Injection of acetate and bromide began on day 7
(Fig. 2b) with their arrival at CDI4 on day 10
(Table Al). Maximum acetate concentrations were about
one quarter of those in well CDO1. Once acetate concentra-
tion exceeded 1 mM (Long et al., 2015), U concentration
decreased rapidly, falling over a period of 35 days to a min-
imum of 0.06 uM. This minimum was reached a few days
after acetate injection terminated. Notably, U concentra-
tion then remained low for about 30 days before increasing
gradually (Fig. 2b). This contrasts with U concentration
behavior in monitoring well CD01 which rebounded within
~12 days. Some of the lag seen in CD14, may be due to
adsorption losses as open sorption sites were repopulated.
However, the U concentration recovery at CU03 occurred
in a few days, whereas U concentration in CD14 remained
low for up to 50 days.

Recovery to a stable U concentration occurred
~180 days after the injection ceased, although it remained
~25% lower than in the background well (CUO1) until
approximately day 350 (Fig. 2b). Thus, the recovery time
for the combined bicarbonate and acetate treatment
(CD14) is much longer than that observed for the acetate
injection alone (CDO1; Fig. 2b).

3.2.4. CDI4 groundwater 5°°U values

Pre-injection groundwater samples exhibited a &*%U
value of —0.04%o (Fig. 2b) equal to those from background
wells CUO1 and CUO03. No changes were observed in early
samples, prior to the onset of U(VI) reduction, despite U
concentration increasing due to bicarbonate-induced des-
orption. 8**8U values in well CU03 (Fig. 2b) impacted by
bicarbonate injection (but not acetate injection) similarly
showed no change in 53U in response to desorption
(Shiel et al., 2013).

The 5***U of CD14 waters decreased to a minimum of
—1.09%0, as U concentration decreased in response to the
acetate-induced U(VI) reduction (Fig.2b), following the
same behavior observed at CDOl (impacted by acetate
alone). Whereas both U concentration and 3***U increased
in sync upon acetate termination in CDO0I1, both U concen-
tration and §**®U behaved entirely differently at CDI14.
Upon acetate termination, 8***U of CD14 rebounded to
—0.78%0 on day 70 (Fig. 2b) followed by decreasing again
to —1 on day 120. This second low corresponds to a time
when the U concentration is beginning to increase again
after the 50 days of sustained low U concentrations. Indeed,
32*8U values recovered even more slowly than U concentra-
tions, not clearly recovering to background levels as of day
380, the end of the experiment (Fig. 2b).

3.3. Long duration acetate injection (2011-2012 ‘Best
Western’) experiment

3.3.1. Monitoring well (CDOI)

Monitoring well CDO1 was subjected to a second, pro-
longed (72 day) acetate injection in year 2 (day 0-72;
Table 1). Acetate levels were intentionally higher, with the
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maximum concentration in CDOl approximately 3 times
that observed during year 1 (Table 1). Prior to the start
of the injection, the U concentration of groundwater from
well CD01 was ~0.63 uM (Fig. 2c). During the acetate
injection, U concentrations fell to a minimum of 0.04 pM
(day 31), which is ~7% of the concentration observed in
groundwater from background well CUO1 at the same time
(Fig. 2¢). A small increase in the U concentration accompa-
nies the onset of sulfate reduction, as evidenced by a
dramatic drop in sulfate levels and a concurrent increase
in S72 levels around day 34 (Long et al., 2015).

Once acetate injection ended, sulfate levels increased
(and S72 levels decreased) slowly, returning to background
levels ~100 days after the injection ends (Long et al., 2015).
U levels increased slightly to ~0.08-0.13 uM, and then
remained at this low level for ~100 days, before gradually
increasing. U levels stabilized from day 288 to 358
(0.60-0.67 uM), remaining lower than those of upstream
water (~0.84 uM). At the end of the experiment (day
358), the U concentration and isotopic data indicate that
reduction was still occurring.

A large peak in the total inorganic carbon (TIC) is
observed with a maximum concentration of 26.5 mM
occurring on day 73 (Table A1). This concentration is more
than double the size of the peak observed in year one
(12.2 mM; Table Al). The much higher TIC levels during
‘Best Western’ reflect increased microbial bicarbonate pro-
duction due to the relatively high acetate concentrations,
combined with the occurrence of sulfate reduction, which
produces more TIC than Fe reduction per the stoichiometry
of the reactions (Langmuir, 1997).

3.3.2. CDOI groundwater 5°33U values

The 8**%U value in CDO1 waters prior to injection is
0.03 + 0.07%0. As acetate was injected into the plot, 55U
decreased along with dissolved U concentration (Fig. 2c),
reaching an initial minimum of —0.98%o on day 24 (Fig. 2c).
A small rebound in §**3U corresponds (Fig. 2¢) to the shift
from Fe reduction to sulfate reduction in the plot (Long
et al., 2015).

For ~50 days post-injection (day 83—-133), the U concen-
tration and &®U remained relatively constant at
~0.08-0.13 uM and ~—1.00%0. During the period from
day 133 to 195, 5**®U strongly decreased from ~—1.00%0
to —1.89%0. U concentrations steadily increased from
0.1 pM at day 150 to 0.65 uM at day 290. The 5***U began
to increase on about day 195 (>120 days post-injection) and
remained much less than initial input at the end of the
experiment with a value of ~—0.80%o.

4. DISCUSSION

4.1. Processes governing U concentration and §>**U in CD01
and CD14

The observed changes in 8***U and U concentration as
groundwater passed from the upstream area, sampled by
wells CUO1 and CUO03, to CD01 and CD14 impacted by
the experimental manipulations, resulted from various reac-
tion and transport processes in the aquifer. Given the

known configuration and manipulation of the experimental
plot and the geochemical properties of U, we identified five
processes that were involved: (1) transport of dissolved
U(VI) with groundwater flow; (2) U(VI) reduction and
the precipitation of the product U(IV) from solution; (3)
adsorption and desorption in response to changes in dis-
solved U concentration and/or speciation; (4) “memory”
of past conditions cause by exchange of dissolved U(VI)
between faster flowing domains of the aquifer and lower
permeability domains that are not rapidly flushed; and (5)
oxidation and remobilization of U(IV) as reducing
conditions wane and oxidants re-enter U(IV)-bearing
zones. As we argue below, the patterns observed in the data
were created by all of these processes.

4.1.1. Transport, adsorption, and desorption

Though upstream background wells CUO1 and CUO3 are
not perfect indicators of the U concentration in the inflow-
ing waters, they provide a reasonable approximation of the
U concentration and 8**3U of water that is the inflow to the
reducing zone. While the groundwater flow direction is gen-
erally from north to south (left to right in Fig. 1) in the
experimental plot, the flow direction changes somewhat
over time in response to variation in the level of the
Colorado River and other seasonal hydrologic changes.
While background wells are not necessarily on the same flow
path as the observed CDO01 and CD14 wells, total travel is
only a few days and the upstream wells in most cases do
not change rapidly.

The HCO3 injection in the western side of the plot
caused the inflow U concentration at the upstream edge
of the reducing zone to depart from that measured in the
upstream well CUO1. The injection caused a strong release
of adsorbed U(VI) into solution; this roughly doubled the
U concentration in CUO03 (Fig. 2b), located about 1 m
downstream of the HCO53 injection wells. The U concentra-
tion peaked quickly and began to decrease as the adsorbed
pool became depleted. Immediately after the bicarbonate
injections ceased, U concentration decreased quickly to
about half the background level and eventually recovered
25 days after the injection ceased. The inflow at the
upstream edge of the reducing zone, about 2 m downstream
of the HCO3 injection wells, must have responded simi-
larly, but with a greater amplitude of change, as the HCO3
acted on about twice as much aquifer material. This is
reflected in well CD14’s U concentration, which roughly
tripled before acetate-induced bioreduction caused it to
decrease (Fig. 2b). Because of the strong sorption-related
effects, CUO3 is not a precise indicator of inflow concentra-
tion during the bicarbonate injection and its aftermath,
making it difficult to precisely determine the effects of
U(VI) reduction on concentrations measured in CD14, as
we discuss below.

The eastern side of the plot, as represented by well
CDO1, was also mildly impacted by desorption and
re-sorption, because some of the bicarbonate injected in
the western side was moved eastward by cross-well mixing
in the acetate injection gallery. This is exhibited in the brief
U concentration increase in well CDO1 just before the onset
of reduction (Fig. 2a).
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4.1.2. Rayleigh distillation. a simple model for transport and
U(VI) reduction

As groundwater passes the acetate injection gallery, U
concentration decreases reflecting precipitation of U(IV)
and causing an isotopic fractionation (Anderson et al.,
2003; Holmes et al., 2007, Komlos et al., 2008; Fang
et al., 2009; Bopp et al., 2010; Williams et al., 2011;
Alessi et al., 2014). With increasing distance, the water’s
U concentration and 8**U continuously decrease. The
relationship between concentration and 5>°%U for a given
mass of water moving through the system is given approx-
imately by the Rayleigh distillation equation:

()
¢(0)

where 7 is time spent inside the reducing zone, 5>%U(0) and
¢(0) are the inflowing water’s U isotope composition and U
concentration as it enters the reducing zone, 5>°%U(7) and
(1) give the same variables at time ¢, and « is the isotopic
fractionation factor (defined above). Strictly speaking, this
equation applies only to a closed batch reactor in which
the product U(IV) does not interact chemically with the
reactant U(VI). We assume here that the latter condition
applies to the reducing parts of the system, where the
U(IV) is not oxidizing and the rate of isotopic exchange
between U(VI) and U(IV) is slow, as indicated by Wang
et al. (2015b). The former condition is not strictly obeyed
because a mass of water moving through an aquifer is not
a closed system as dispersive mixing occurs. However, dis-
persive mixing does not destroy the validity of the Rayleigh
model for simple systems, provided a somewhat smaller
effective isotopic fractionation factor is used in place of
the instrinsic fractionation factor (Abe and Hunkeler,
2006).

In a particular well, within the reducing zone, the rela-
tionship between 8°®U and U concentration over time

(x=1)
38U (1) = [82¥U(0) + 1000%o) { } — 1000%0

Super 8 (acetate only)

Super 8 (acetate and bicarbonate)

should also conform to the Rayleigh model provided cer-
tain conditions are met. For instance, as the amount of
reduction increases, the amount of U(VI) removed
upstream of a given well increases, meaning the concentra-
tion at the given well decreases. While the Rayleigh equa-
tion applies strictly speaking to each volume of water
moving through the reducing zone, each successive volume
of water arriving at a given well experiences greater U(VI)
reduction due to an increase in biomass and thus evolves
to lower U concentrations and lower ***U following the
same Rayleigh function. This application of the equation
is subject to certain conditions. The fractionation factor,
o, must not vary over time. This is likely true if the condi-
tions are near steady state, but it may not be true if the
mechanism of reduction, or metabolic state of any microbes
involved, changes. Also, the 8?*U and U concentration of
the water entering the reducing zone must be constant. In
this system, the inflowing water’s ***U is essentially con-
stant, as reflected in the background wells (Fig. 2a and b).
The U concentration is not constant as a general rule, as
it varies seasonally (+15%) and in response to bicarbonate
injection (Fig. 2a and b). Accordingly, we do not expect
simple Rayleigh models to fit all data in this system, but
they approximate the data during certain time intervals
when o and the inflowing concentration are nearly constant.

4.1.2.1. ‘Super 8: short duration acetate only injection
experiment. Plots of our data indicate several time intervals
when the 8**3U vs. U(VI) relationships in wells CDO1 and
CD14 conform approximately to Rayleigh models with
e=10.65%0 to +0.85%0c («=1.00065-1.00085). In
‘Super 8’, CDO01 samples collected during the first 13 days
of acetate injection, and during most of the recovery period
(all but the first 16 days after injection ceased), conform to
a Rayleigh model with an ¢ value of +0.85%0 and inflow U
concentration of 0.90 uM (Fig. 3a). This concentration is

Best Western (acetate only)
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Fig. 3. 238U vs. U as well as Rayleigh models for three separate experiments: (A) ‘Super 8’ (year 1), acetate only, (B) ‘Super 8 (year 1),
acetate and bicarbonate, and (C) ‘Best Western’ (year 2), acetate only. Diamonds are data from the early phase of acetate injection, triangles
are data from the recovery phase, and circles are data from the middle phase based on U concentration changes (see Fig. 2). Lines represent
Rayleigh distillation models; ¢ = +0.85%o for all models except for the early phase model in (B), where it is +0.65%0. Inflow U concentrations
for the models were chosen to represent those occurring at various times in the experiments (see text). Crosses represent calculated

compositions of waters with a hypothetical “memory” component, 7 pg/L and 8***U = 0%o, rem

oved (see text).
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reasonable for the earlier time interval. Although the back-
ground concentration in well CUO1 was lower (starting at
0.66 M and decreasing to 0.59 M), the unintended HCO3
injection caused U(VI) desorption, with the CDO1 concen-
tration measured at 0.86 uM, and still increasing, at the
onset of reduction. During the recovery period, CUO1
concentrations (0.59-0.72 uM) were considerably lower
than the best-fit model’s inflow concentration, 0.90 uM
(discussed below in Section 4.1.4). For instance, CDO1
eventually attained a concentration of 1.0 pM, considerably
higher that that in CUO1, after it completely recovered from
the acetate injection. Overall, during the two modeled time
intervals in CDO1, the results are consistent with a simple
system, having roughly stable conditions, except for chang-
ing reduction rate, and no significant processes other than
simple transport and reduction. The magnitude of isotopic
fractionation, +0.85%o, is within the range obtained in lab-
oratory U(VI) reduction experiments for a range of
microbes (Basu et al., 2014; Stirling et al., 2015; Stylo
et al., 2015). However, groundwater from the middle time
span, with concentrations of 0.29 uM U or less, do not
conform to the Rayleigh model, having much greater
3238U for a given U concentration than predicted by early
or late models. This departure from the model indicates a
change in conditions or additional process not accounted
for in the model as discussed below.

4.1.2.2. ‘Best Western': long duration acetate injection
experiment. The second year’s data from CDO01 exhibit a
similar pattern during the first part of the experiment, con-
forming to a Rayleigh model with an inflow concentration
of 0.72 uM (equal to the concentration just prior to the
onset of reduction) and an ¢ value of +0.65%0 (Fig. 3c).
As in year one, this initial period of simple behavior is
followed by a period of low concentrations in which the
measured §**¥U values are greater than those of the model,
for a given concentration.

During the latter part of the recovery phase, the
data once again conform to a Rayleigh model, with
& = 1+0.85%¢ (Fig. 3¢). This value is required for the model
to reproduce the observed slope of the data array. How-
ever, compared to data from the early time interval, these
data are shifted strongly toward negative 5°°U values
and/or toward higher U concentrations, indicating extraor-
dinary conditions in the system. If an inflow 3***U value
close to 0.0%o is assumed, to match the upstream measure-
ments, the model fits the data, but requires a high inflow
concentration of about 1.7 uM (Fig. 3¢c). Background well
CUO1 concentration was 0.73 uM at that time, and desorp-
tion processes were not operating to augment it. Accord-
ingly, some other process must be at work if such high
inflow concentrations occurred (see below).

On the other hand, if an inflow concentration of 0.73 uM
is assumed, then the data can be fit only by a model with an
inflow 528U value of about —0.75%.. A strongly negative
value such as this can only be attained if an additional pro-
cess alters the 32°®U value of the water after it passes the
upstream well, without greatly increasing its concentration.
We considered exchange with adsorbed U(VI) as a potential
process, but it requires adsorbed §***U values more negative

than those of the groundwater—adsorption is not strong
enough to drive the large shift required. This could occur
only during the later part of the recovery phase, if the
adsorbed U(VI) or fine-grained sediments (see below) retain
some memory of more negative 6>°%U values that came
before. Thus, this effect does not provide a mechanism for
attaining the most negative 8>*%U values observed, before
major 838U increase during the recovery phase. It also can-
not explain the downward evolution of §**®U values that
occurred for about 100 days in the early recovery phase,
after acetate injection ceased (Fig. 2¢).

A third possible model for the strongly negative §***U
values during the year 2 recovery phase in CDO01 involves
a larger isotopic fractionation. For example, at the time
the most negative 5>°%U value was observed, well CUOI
had a concentration of 0.73 pM and a 8***U of —0.01%o.
Starting with that composition, an isotopic fractionation
of ¢=+1.50%0 is required to attain the —1.89%0 and
0.19 uM composition observed in well CDO1 on day 198.
Subsequent data require even greater fractionation; the
day 273 sample requires ¢ = +2.1%0. These fractionations
are much larger than those observed in laboratory experi-
ments with a variety of microbes (Basu et al., 2014;
Stirling et al., 2015; Stylo et al., 2015). Furthermore, they
exceed measurements (Fujii et al., 2006; Wang et al.,
2015b) and theoretical models (Abe et al., 2008) indicating
equilibrium isotopic fractionation of about 1.3%0 between
U(IV) and U(VI). Kinetic isotope effects for reduction of
elements other than U are generally observed to be substan-
tially smaller than equilibrium isotopic fractionations
(Canfield, 2001; Johnson and Bullen, 2004; Kritee et al.,
2007; Basu and Johnson, 2012). Accordingly, the large frac-
tionations of 1.5-2.1%o required for simple Rayleigh models
of the system during the recovery period are unreasonable.
Overall, the strongly negative values observed in well CDO01
during this period require an additional process acting in
the aquifer (discussed below).

4.1.2.3. Acetate and bicarbonate injection. Well CD14
also has time intervals that fit Rayleigh models with
& = 1+0.85%¢. Data from the first phase of reduction fit only
roughly (Fig. 3b), because the bicarbonate injection on the
west side of the plot caused inflow U concentrations to
change greatly. The inflow concentration increased very
strongly as U(VI) initially desorbed from solid surfaces,
decreased slightly as the adsorbed U(VI) pool was depleted,
then decreased very strongly after the bicarbonate injection
ended. Nonetheless, the first three data points in CDI14
roughly conform to a Rayleigh model with ¢ =+0.85%0
and an inflow concentration of 1.9 uM, the maximum
concentration observed in CD14 before reduction caused
it to decrease (Fig. 3b).

After the initial reduction phase, when U concentrations
were low (~0.06 pM), anomalously high 8***U values were
observed (up to ~0.80%0), following the pattern of CDO1 in
both years. During the recovery phase, after U concentra-
tions increased above 0.25 uM, the data conformed to a
Rayleigh model with ¢ =10.85%0 and inflow water with
88U =0.0%0 and U concentration of 1.09 uM. This
concentration is much greater than that observed in the
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upstream well CUO3 during that time (0.64-0.78 uM).
Alternatively, a model based on inflow water with
828U = —0.35%0 and U concentration of 0.71 uM is consis-
tent with the data. As with the year 2 data from well CDO1,
an additional process not accounted for by a simple Ray-
leigh model is required.

4.1.3. “Memory” effects in the aquifer

Past research at the Rifle site has revealed that desorp-
tion of U(VI) is “kinetically inhibited” (Fox et al., 2012).
Desorption of U(VI) in response to HCO3 injection was
less intense and peak concentrations were delayed relative
to an equilibrium surface complexation model. A multi-
rate kinetic exchange model successfully reproduced obser-
vations by incorporating kinetically limited exchange
between advecting waters and slow-flow zones bearing
adsorption sites. This model is consistent with the presence
of lenses of fine-grained materials in the aquifer. Best-fit
exchange rates varied spatially, with mean exchange time
scales varying from 1 to 14 days.

The existence of domains in the aquifer that exchange
slowly with migrating groundwater suggest that the aquifer
will retain a “memory” of past conditions that alters the U
concentrations and 8***U values of waters moving through
the reducing zone. U(VI) inside the finer-grained domains
would remain at high concentrations and near-zero §**¥U
values for some time after the aquifer around them became
reducing during the acetate injections. Trapped U(VI)
inside silty domains close to wells CDO1 and CD14 would
slowly advect or diffuse out and arrive at the wells relatively
untouched by reduction.

Data from the periods with lowest U concentrations
provide evidence for such a memory effect. The addition
of a small mass of U(VI) with a near-zero 5***U would have
little effect on the water while the U concentration is high,
but the observed 8***U would be shifted to greater values as
the dissolved U(VI) decreased in concentration and was
thus more easily shifted. This is precisely what is observed.
In both years’ data series from CDO01 and CD14, the system
exhibits simple behavior and conforms to a Rayleigh model
while concentrations are high, but the data shift away from
the model toward higher 8***U when concentrations
become low.

A quantitative “unmixing” model provides a test of the
hypothesis that a small mass of U(VI), with near-zero
5°%U, emerged from silty domains and mixed with
U(VI), that had evolved to low 8***U and low concentra-
tion, as it passed through the reducing zone. The §**%U
value of the mixture (measured) can be related to the two
mixed components via the equation:

6238Ijmix = 8238UreduC&:dfreduced + 6238Umemory ( 1- freduced)(Y)

where “reduced” refers to U(VI) that migrated through the
reducing zone to arrive at the well, “memory” refers to U
(VI) derived from slow-flow zones close to the well, and
Jreduced 18 the fraction of U contributed by the reduced U
(VI) component. To construct a simple model, we assumed
the “memory” had a 8**%U value of 0.0%0, and solved for

the composition of the reduced component with the mem-
ory component removed:

238
& Umix
f reduced

The mixing hypothesis predicts that 8***U of this
reduced component (8*33U equced) should match the Ray-
leigh model-predicted 8***U when the memory component
is removed (i.e., 8238Umemmy is 0.0%o), given the calculated
U(VI) concentration of the reduced component The U(VI)
concentration of the reduced component is calculated from
the measured U(VI) concentration and the only free param-
eter, the U(VI) concentration of the memory component.

In both years’ data series from CDOl1 and CDI14,
removal of a memory component from the measured water
samples yields 8**%U values that do coincide with the
Rayleigh models. Tuning of the U(VI) of the memory com-
ponent revealed a memory component providing 0.03 uM
of U(VI) with §**¥U = 0%0, constant over time, yields good
results for all three data series. This memory component
represents 16-66% of the total observed concentration.
The unmixing model (Eq. Y) was used to remove this mem-
ory component from the low concentration samples in the
middle of each data series. The calculated reduced compo-
nents form arrays of 8**8U vs. concentration that are close
to Rayleigh models appropriate for those times periods
(Fig. 3). In other words, when the memory component is
removed, the remaining U concentration and 538U are
consistent with simple transport-reduction models describ-
ing the evolution of waters in the reducing zone. For exam-
ple, for the middle time interval of year one in well CDO1,
we constructed a best-estimate Rayleigh model to approxi-
mate expected groundwater compositions in the reducing
zone for this time interval. Inflow concentration and
52°%U were set at 0.59 pM and 0.0%o, respectively, to match
the composition of upstream well CUO1, and ¢ was set at
0.85%0 to match the value that fits several time intervals
in this study (see above). The results of the unmixing calcu-
lations are plotted in Fig. 3a. Whereas the measured sam-
ples fall in a cluster far from the best-estimate Rayleigh
model, when the memory component is removed, the sam-
ples conform closely to the model. The results are similar
for CDO1, year 2 (Fig.3c). For the CDI14 case, the
calculated compositions plot along a Rayleigh trend with
a low inflow concentration (Fig. 3b), as expected due to
strong adsorption as surface sites were repopulated after
the HCO3 injection ended.

Overall, the anomalously high 8***U values observed in
the middle periods of all three data series are consistent
with a simple model involving a small amount of “memory”
of past conditions. We expect the actual kinetically limited
exchange process in the aquifer to be more complex (e.g.,
waning with time) but to first order, the model appears to
be a good approximation. In the simple analysis we present
here, the memory effect is apparent only when the dissolved
U concentration is small. However, a more accurate
representation of exchange processes, as part of a more
detailed and complex reaction-transport model for the U
isotope data presented here, would provide a more rigorous
data interpretation.

6238Urcduccd = (Z)
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4.1.4. Post-acetate oxidation

After the acetate injection ceased, small amounts of dis-
solved oxygen and/or other oxidants in the inflowing water
may have oxidized some of the recently formed U(IV) pre-
cipitates to U(VI). From the concentration data alone, it is
not clear if U(IV) oxidation occurred. If it did, it would
have occurred initially only on the leading edge of the
reducing zone, because oxidants could not penetrate far
into it before being consumed by residual reducing power
remaining from the acetate injection, including continued
microbial activity and reduced solids such as biomass,
Fe(I)-bearing minerals, and sulfide minerals that were
formed during the acetate injection (Williams et al.,
2011). Any U(VI) generated at the oxidation front would
thus be carried into the remaining reducing zone and would
likely be reduced again, partially or completely, by the
residual reducing power. Accordingly, the U(VI) in ground-
water sampled at wells CDO1 and CD14 may be the end
product resulting from addition of oxidized U(IV) to waters
migrating from upstream, followed by varying degrees of
subsequent U(VI) reduction.

We hypothesize that this scenario, with U(IV) oxidation
at the upstream side of the reduced zone, and U(VI) reduc-
tion continuing in the downstream side of the reduced zone,
could have produced the anomalous values observed in well
CDO1 during the year 2 recovery phase (Fig. 3¢c). As dis-
cussed above, the observed array of points from the late
recovery phase conforms to a simple Rayleigh model, but
requires the inflowing water to have a very high U concen-
tration. If oxidation of U(IV) occurred in the upstream part
of the reduced zone, the generated U(VI) would augment
that of the inflowing water, leading to the required high
U concentrations at the upstream side of the reducing zone.
As the water migrated deeper into the reduced zone, ongo-
ing U(VI) reduction could produce the lower concentra-
tions and strongly negative observed §**%U values (Fig. 3c).

Although the oxidized U(IV) must have had positive
3238U values, they would not be strongly positive. We esti-
mated the range of possible §***U values for the groundwa-
ter in the zone of U(IV) oxidation, based on the apparent
isotopic fractionation factor for the reduction process that
generated the U(IV), the 5***U value of inflowing water,
and the expected spatial pattern in the 3°%U value of
precipitated U(IV). We assumed that oxidation of solid
U(IV) phases involves no isotopic fractionation, based on
an experimental study (Wang et al, 2015a). With
8%8U = 0.0%0 for the inflowing water, the §*°U of the
(IV) precipitated at the upstream edge of the U(IV)-
bearing zone would have been about 0.65%¢, assuming the
isotopic fractionation was +0.65%o (the apparent value
derived from the preceding reduction phase). Importantly,
the U(IV) precipitates must have decreased in 8°°U
with increasing distance downstream, following the spatial
trend of the parent waters, and the 8**®U value of the
U released via U(IV) oxidation to waters traveling
downstream would be a spatially integrated average of
the U(IV) acquired. During the time interval when U(VI)
reduction was strong, U(VI) was removed quickly from
inflowing waters, and thus 3***U of both the dissolved
U(VI) and the precipitated U(IV) decreased strongly over

a short distance (e.g., <0.5 m). Essentially all of the incom-
ing U(VI), with 3***U close to 0.0%s, would have been
reduced in this zone and deposited as U(IV), which there-
fore would have a spatially averaged 8***U close to 0.0%o.
Later, if U(IV) oxidation became strong, oxidants would
likely penetrate significantly into this zone, releasing
U(IV) with 528U values ranging from +0.65%. at the
upstream side to much lower values deeper into the zone.
Accordingly, we expect the ***U value of the total U(VI)
acquired by oxidation to be considerably less than
+0.65%0, and possibly close to 0.0%c if the oxidants
penetrated across most of the zone of former U(IV)
precipitation.

Mixture of this U(VI) with that dissolved in water
migrating from upstream would result in a 8***U value
not much greater than 0.0%c. For example, if upstream
water containing 0.84 uM  U(VI) with 8°*%U = 0.0%0
acquired 0.84 uM additional U(VI) with 8***U = 0.40%0
via U(IV) oxidation, the water would then have 1.7 uM
U(VI) with §*%U = 0.20%0. Similarly, water with a total
U concentration of 2.5uM could be produced with
5238U = 0.27%0. We cannot determine the exact composi-
tion of waters resulting from U(IV) oxidation during the
experiments, because it is controlled by several variables.
However, we assert that oxidation could readily produce
high U concentrations, with slightly positive §*3U values.

The anomalous data observed in CDO1 during the year
two recovery phase conform to a model based on U(IV)
oxidation in the upstream side of the U(IV)-bearing zone.
A Rayleigh model shown in Fig. 3c, based on ¢ = +0.85%0
and inflow 8**U and U concentration values of +0.30%0
and 2.5 uM, respectively, approximates the observed data
array. These values are reasonable, but are non-unique; a
closely similar Rayleigh trend can be produced using initial
328U and U concentration values of +0.40%0 and 2.9 pM,
respectively. The uncertainty in ¢, determined from the scat-
ter of the points about the best-fit line via standard linear
estimation methods, is 0.19%0 (2 S.E.). In general, U(IV)
oxidation could produce inflow values in this range, and
can produce a model that fits the data. The extent of reduc-
tion required is 93-94% of inflowing U(VI) reduced prior to
the water’s arrival at CDO1. This is high, but not unreason-
able. Similar extents of reduction probably occurred earlier
in the year 2 experiments, but as discussed above and
illustrated with the unmixing model, highly negative
3%38U values were obscured by the memory of earlier,
higher 5?*%U values.

Overall, these fits show that U(IV) oxidation upstream,
combined with continued strong reduction downstream,
could have caused the anomalous data trend. We are
unable to find other reasonable models that can reproduce
the data. As described above, a simple model involving only
transport and reduction requires isotopic fractionation
much stronger than current experiments and theory allow.
U(VI) exchange with an adsorbed pool, or “memory”
stored in fine grained sediments, cannot explain the data
because it cannot act to shift 5*°%U lower except after
3238U begins to increase strongly. Furthermore, such mem-
ory effects appear to be small, affecting only U(VI)-poor
waters. Given the known processes occurring in this system,
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the only other process that could greatly impact the dis-
solved U(VI) is oxidation.

It appears that smaller amounts of U(IV) oxidation may
have impacted the data from CD14 and CDO1 in year one.
In both cases, the data conform approximately to a
Rayleigh model having an inflow U(VI) greater than the
concentration observed in upstream wells CUOI and
CUO03. Similar to the CDOI year 2 case, such a shift toward
greater concentration could have been caused by oxidation
of U(IV). Additional evidence that oxidation occurred
during year one recovery is provided by the higher concen-
trations for well CD0O1 as compared to the upstream well
CUO01 (Fig. 2a).

4.1.5. Limitations of this model

The conceptual model presented above accounts for
expected processes in the aquifer and suggests that 833U
values respond in a coherent way to those processes. Given
the available detailed characterization of the experimental
plot and processes within it (Long et al., 2015) a groundwa-
ter reactive transport model that quantitatively simulates
the processes governing 8>°°U values is achievable and
would provide a better assessment of the strengths and
limitations of 8**®U data in this and other groundwater
systems. Such a model is currently planned as a future study.

4.2. Apparent isotopic fractionation factors: comparison to
previous field and laboratory experiments

The apparent ¢ values we infer from our data range from
+0.65%0 to +0.85%0 and are close to those reported for
microbial U(VI) reduction by various microbial strains in
laboratory experiments (0.68-0.99%0) (Basu et al., 2014;
Stirling et al., 2015; Stylo et al., 2015). According to previ-
ous work at this site, the observed decrease in U concentra-
tion results from microbial reduction (Williams et al., 2011;
Zhuang et al., 2011; Wilkins et al., 2013; Long et al., 2015).
This reinforces the simple interpretation implied by our
Rayleigh models; during some time intervals the data are
consistent with straightforward advection and microbial
reduction of U(VI), with relatively minor roles for other
processes.

The apparent magnitude of fractionation observed in
this study is considerably larger than an earlier estimate
of 0.46%o calculated for the 2009 Rifle biostimulation exper-
iment in plot A (Bopp et al., 2010). However, the isotopic
analyses in that study had greater uncertainty (£0.12%o)
and were relatively sparse, with eight analyses of pre-
reduction samples, nine analyses from the middle part of
the experiment when U(VI) reduction was strong (>70%
removal), and only two from times of moderate reduction.
We expect the 8**%U results from the middle part of the
experiment, when U concentration was very low, were
impacted by the memory effect that is apparent in all three
of our data series, and are thus not good indicators of the
magnitude of fractionation. Furthermore, one of the
Bopp et al. (2010) moderate reduction samples had a
5**%U value with a significant negative deviation from
the Rayleigh model used to calculate the magnitude of

fractionation. Taken alone, this data point fits a Rayleigh
model with a fractionation of 0.86%o.. Generally, the results
of the Bopp et al. (2010) study are quite similar to our data
from CDOI in year one, the most directly comparable case:
523U decreased by about 1.0%0, then remained nearly
constant during the middle period of the experiment.
Accordingly, we suggest that the actual isotopic fractiona-
tion occurring in the 2009 plot A experiment was likely
greater than the value reported in Bopp et al. (2010),
because the memory effects apparent in our data set proba-
bly affected their results as well.

Abiotic reduction of U(VI) has been shown, in recent
laboratory studies, to impart little or no U isotope fraction-
ation (Rademacher et al., 2006; Stirling et al., 2007; Grimm,
2014; Stylo et al., 2015) or isotopic fractionation in opposi-
tion to nuclear volume fractionation (Stylo et al., 2015).
Assuming these laboratory results apply to the Rifle site,
most or all of the U(VI) reduction we observe must have
been directly mediated by microbes. If reduction had
proceeded dominantly via reaction with dissolved Fe(II),
Fe(I)-bearing solid phases, dissolved sulfide, or solid
sulfide phases, all of which are known to be generated by
microbial action during the acetate injections, isotopic frac-
tionation would be been nearly zero (Stylo et al., 2015).
This conclusion is especially significant during the long
recovery phase of CDOI in year two. U concentrations
remained low long after acetate amendment ceased, indicat-
ing that the built-up reducing power of the aquifer contin-
ued to reduce U(VI). During this time interval, we observed
extremely negative §2°%U values, and it appears that micro-
bial action remained the dominant reduction mechanism,
despite the low acetate concentrations that would tend to
slow microbial reduction and the expected presence of
sulfide minerals that are known to reduce U(VI)
(Hua et al., 2006; Boonchayaanant et al., 2010; Williams
et al., 2011). Our field data provide an example of how
Stylo et al. (2015) results can be used to distinguish between
reductions occurring via microbial or abiotic pathways.

4.3. Implications for >*3U/*5U ratio studies at U remediation
sites

The results of this study illustrate both the unique capa-
bilities and limitations of 2**U/?*U ratio measurements.
First, the results of this study suggest that microbial reduc-
tion in field settings induces consistent isotopic fractiona-
tion similar to that observed in laboratory experiments
(Basu et al., 2014; Stirling et al., 2015; Stylo et al., 2015).
This fractionation factor is approximately double that
extracted from the relatively sparse 235U/?*°U ratio data
set of Bopp et al. (2010). Accordingly, 2*U/**°U ratio mea-
surements show promise as indicators of microbial U(VI)
reduction in groundwater systems. Importantly, 2*3U/?*°U
ratio shifts occur primarily as a result of microbial U(VI)
reduction, and thus provide direct evidence for biotic reduc-
tion (Stylo et al., 2015). In contrast, use of dissolved U con-
centrations to infer reduction involves interpretation of
spatial or temporal changes in concentrations after adsorp-
tion processes have been accounted for.
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In the case of the Rifle experiments, the careful experi-
mental design, the simplicity of the system, and the detailed
spatial and temporal U concentration measurements
provide for a very controlled setup. The occurrence of
reduction is obvious from concentration data alone and it
can be quantified reasonably well (Long et al., 2015). How-
ever, in many more common U contamination sites,
groundwater flow and geochemical variations are more
complex, sampling points are sparse, and reduction is not
as abrupt or as strong. Sorting out the effects of mixing
and adsorption on U concentrations is likely much more
difficult. In such settings, observed shifts in dissolved
U(vIl) B8U/2BU ratios can still provide straightforward
evidence of U(VI) reduction. The present study makes use
of the detail of the Rifle experiments to demonstrate that
238U/335U ratio measurements respond in a straightforward
way to microbial reduction in the field. This knowledge can
now be applied to other sites that are less intensively instru-
mented and sampled, where reduction is more difficult to
detect and/or quantify via concentration changes.

In a more general sense, 238U/?3U ratio measurements
provide complementary information not contained in U
concentration data alone, and the two data types can be
used together to reveal processes not fully constrained by
either one. One example of this is our inference that oxida-
tion of U(IV) occurred at the upstream side of the reducing
zone after acetate injection ended in year 2. The strongly
negative 828U values indicate very strong reduction, and
because the U concentration is too high to be explained
by a simple transport-reduction scenario with such strong
reduction, we infer that an additional source of U(VI)
was required.

The present study also shows that 2**U/?*°U ratio data
do not always provide a straightforward indication of the
extent of U(VI) reduction. In the times of strong reduction
and low U concentration, we found that a mixing model
was required to account for a local “memory” component,
in addition to the simple Rayleigh equation used to model
advection and reduction of U(VI) from upstream. More
complex reactive transport models that simultaneously
account for advection, reduction, dispersion, sorption,
and oxidation would provide a means to interpret the data
in cases where sites are characterized well enough to con-
strain these processes.

5. CONCLUSIONS

A highly detailed 2*U/***U ratio data set from the Rifle
IFRC biostimulation experiments of 2010 and 2011 in Plot
C indicates that ***U/*°U ratios decrease consistently in
response to microbial U(VI) reduction, which is well con-
strained by spatially and temporally dense U concentration
measurements. During some time intervals, the >**U/**U
ratio data are consistent with a simple advection-
reduction model; data fall along Rayleigh distillation
trends. These trends indicate isotopic fractionation of
+0.65%0 to +0.85%o0, similar to that observed in recent lab-
oratory studies of microbial U(VI) reduction. The results
are also consistent with the relatively sparse **U/?*°U ratio
data set from an earlier experiment in a different area of the

Rifle site (Bopp et al., 2010). In light of recent findings that
abiotic U(VI) reduction induces little or no isotopic frac-
tionation (Rademacher et al., 2006; Stirling et al., 2007;
Grimm, 2014; Stylo et al., 2015), or isotopic fractionation
in the opposite direction (Stylo et al., 2015), the large
Z8USBU ratio shifts observed at Rifle indicate that
U(VI) reduction must occur via direct microbial activity
with little if any reduction occurring by abiotic processes.

During times of strong U(VI) reduction and low U con-
centrations in wells impacted by the biostimulation, the
2B8U/23U ratio data suggest the presence of a U(VI) com-
ponent with a near-zero 8***U value, in addition to the
highly negative U(VI) arriving at the wells after passage
through the zone of intense reduction. The extra compo-
nent is likely derived from kinetically inhibited U(VI)
exchange between faster-flowing aquifer domains and
fine-grained domains in the aquifer, a process previously
identified at the Rifle site by Fox et al. (2012).

During time intervals when U concentrations recovered
after the cessation of acetate injection, the relationships
between U concentration and 8**U suggest the occur-
rence of U(IV) oxidation at the upstream edge of the
reducing zone, and the subsequent partial reduction of
the produced U(VI) as it migrated deeper into the reduc-
ing zone.

Our study supports the use of 2**U/?*U ratios as a tool
for evaluating the efficacy of biostimulation and potentially
other remedial strategies employed at the Rifle IFRC and
similar sites. The results demonstrate the ability of
Z8U/2PU ratios to detect U reductive immobilization in
the subsurface, distinguishing reduction from temporary
removal processes such as sorption, and suggest quantify-
ing the extent of U reduction is possible. Further, the
results identify departures from Rayleigh behavior in
groundwater systems arising from the presence of adsorbed
species and show that isotope data are sensitive to the onset
of oxidation after biostimulation ends, even in the case
where reduction continues to remove uranium downstream.
These results have important implications for the interpre-
tation of U isotopes at field sites. These field results may be
used to calibrate reactive transport models, which take into
account the complex and heterogeneous environments of
real field sites. Ultimately, these models will facilitate the
prediction of uranium fate at remediated sites.

ACKNOWLEDGEMENTS

We thank Alison Montgomery and Mark Robbins for help
collecting groundwater samples and Joern Larsen for quantifying
dissolved U concentrations in groundwater samples. Funding was
provided through the U.S. Department of Energy (DOE), Office
of Science, Office of Biological and Environmental Research under
contracts DE-SC0006755 (University of Illinois at Urbana-
Champaign) and DE-AC02-05CH11231 (Lawrence Berkeley
National Laboratory; operated by the University of California).
This material is based upon work equally supported through the
Integrated Field Research Challenge Site (IFRC) at Rifle,
Colorado and the Lawrence Berkeley National Laboratory’s
Sustainable Systems Scientific Focus Area. We are greatly appre-
ciative of the constructive reviews by three anonymous reviewers
and to Claudine Stirling for editorial handling.



A.E. Shiel et al./ Geochimica et Cosmochimica Acta 187 (2016) 218-236 235

APPENDIX A. SUPPLEMENTARY DATA
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