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Abstract

Uranium contamination of groundwater remains a pressing problem at many
former uranium mining and milling operations, such as the Rifle, Integrated
Field Research Challenge (IFRC) site. Biostimulation of the subsurface with
an organic carbon source such as acetate, followed by the microbially-
induced reductive precipitation of uranium has been proposed as an
effective remediation strategy. While uranium bioreduction has been studied
in several field experiments, the transformation and fate of injected carbon
remains poorly understood. This study evaluated the impact of added
organic carbon on the long-term biogeochemical attenuation of uranium in
the subsurface of a former mill tailings site. Fluorescence and ultraviolet-
visible absorbance analyses were used together with dissolved organic
carbon (DOC) measurements to track organic carbon dynamics during and
post-biostimulation of the 2011 Rifle IFRC experiment. An electron mass
balance was performed on well CDO1 to account for any unidentified carbon
sinks. Measured DOC values increased to 1.76 mM-C during biostimulation,
and to 3.18 mM-C post-biostimulation over background DOC values of 0.3-
0.4 mM-C. Elevated DOC levels persisted for 90 days after acetate injections
ceased. The electron mass balance revealed that assumed electron
acceptors would not account for the total amount of acetate consumed.
Excitation-emission matrices showed an increase in signals associated with
soluble microbial products, during biostimulation, which disappeared post-
biostimulation despite an increase in total DOC. Specific ultraviolet
absorbance analyses, indicated that DOC present post-biostimulation is less
aromatic in nature, compared to background DOC. Our results suggest that
microbes convert injected acetate into a form of solid phase organic matter
that may be available to sustain iron reduction post-stimulation.
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Introduction

Contamination of groundwater by uranium remains a ubiquitous
environmental challenge in all areas that are host to identified uranium
resources (Mangini et al. 1997; Sheppard and Evenden 1988; USGS 2009).
The microbial reduction and subsequent precipitation of the uranyl ion has
been suggested as a possible remediation strategy (Anderson and Lovley
2002; Gorby and Lovley 1992) and been the subject of study at the
Integrated Field Research Challenge (IFRC) sites at Rifle, CO for over a
decade (Anderson et al. 2003; Williams et al 2013). Despite its promising
applications, uranium bioreduction still faces several challenges that
complicate long-term applications to the field. Sediment porosity can
decrease during biostimulation as a consequence of microbial growth and
mineral precipitation (Englert et al 2009; Li et al. 2009; Seifert and
Engesgaard 2007, 2012). The resulting bioclogging of the aquifer may have
diverted plumes away from remediation zones and monitoring wells. In
addition, maintaining reducing conditions past active remediation remains
difficult. During field studies at Rifle IFRC, CO, dissolved uranium
concentrations returned to background values after the injection of the
carbon source was terminated (Williams et al. 2011; Yabusaki et al. 2007). To
make bioreduction a viable remediation tool for a variety of uranium
contaminated sites, the long term stability and tendency for aquifer clogging
need to be addressed.

The wastewater treatment literature has long recognized that
microorganisms convert their primary organic substrate (e.g., acetate) into a
range of solid-phase and soluble microbial products (SMP) (Barker and
Stuckey 1999; Aquino and Stuckey 2008; Ni et al. 2009a; Wang et al. 2007,
Ni et al. 2010a). The production and character of these microbially produced
organic matter during bioreduction remains poorly understood. There has
also been a significant lack of focus on closing the carbon and electron mass
balances that have been shown to contain missing carbon sinks (Komlos et
al. 2008; Regberg et al. 2011). The production of these organic compounds
during biostimulation constitutes a possible carbon sink that could contribute
to aquifer clogging as extracellular polymeric substances (EPS). More
importantly, during periods of excess carbon availability bacteria have been
shown to shuffle electrons into the production of storage polymers which
may allow for continued microbial activity after injection of acetate is
stopped (Krishna and Van Loosdrecht 1999; Freguia et al. 2007; Wang et al.



2007; Tian 2008). Studying the transformation pathways of organic
substrates and the characteristics of microbially-produced organic matter in
biostimulated systems can address some of the fundamental challenges that
keep uranium bioremediation from being accepted by regulators and
industry.

SMP comprise a complex mixture of organic compounds that include
proteins, fulvic-like substances, biomass decay products, polysaccharides
and extracellular polymeric substances (EPS) (Barker and Stuckey 1999;
Aquino and Stuckey 2008) which may have varying degrees of bioavailability
and chemical characteristics. For convenience, microbial process modeling
frameworks group SMP into two operationally defined categories: Utilization
associated products (UAP) and biomass associated products (BAP) (Laspidou
and Rittman 2002). UAP are produced only during the growth stage in
significant quantity and consist of organic compounds such as enzymes and
sideraphores, metabolic intermediates or end products (Barker and Stuckey
1999). UAP can be a measurable carbon sink during active metabolism
consuming between 5% and 20% of supplied substrate (Aquino and Stuckey
2004; Ni et al. 2009a). BAP are released through the degradation of biomass,
which can include cell lysis products as well as the hydrolysis of microbially
produced solid phase organic carbon such as EPS (Namkung and Rittmann
1986; Ni et al. 2010a). Naturally in the absence of substrate, BAP will
dominate SMP composition. Since UAP and BAP stem from different microbial
processes, they may serve as additional indicators to determine when and
where microbes are actively growing. In addition, the bioavailability of
dissolved organic carbon (DOC) might change when SMP composition shifts
from UAP to BAP.

The complex composition of SMP has led to the use of spectroscopic bulk
characterization to elucidate major features of soluble compounds in
microbially active systems. Two spectroscopic bulk methods used to
characterize SMP are 3-dimensional excitation-emission matrix fluorescence
(EEM) and specific ultra-violet absorption at 254 nm wavelengths (SUVA)
(Sheng and Yu 2006; Henderson et al. 2009; Ni et al. 2009b; Wang and
Zhang 2010; Ni et al. 2010b). EEMs are three dimensional landscapes that
plot a sample’s fluorescence intensity to the corresponding emission and
excitation wavelength (Fellman et al. 2010; McKnight et al. 2001). Specific
regions in those EEMs have been shown to correlate with either microbially
produced organic matter or terrestrial organic matter (Chen et al. 2003;
Sheng and Yu 2006; Wang et al. 2009). SUVA 254 nm values have been
linked to a higher fraction of aromatic structures in DOC (Weishaar et al.
2003). A change in observed SUVA values could then indicate a shift in the
bioavailability of SMP during or post-biostimulation (Marschner and Karsten



2003; Kang and Mitchell 2013). Spectroscopic techniques might offer new
insights into the carbon dynamics of a biostimulated system both during
active remediation and post-stimulation.

The purpose of this study was to determine, if in-situ biostimulation would
produce SMP in measurable quantities and how long SMP production would
persist once acetate addition was terminated. In addition, an attempt was
made to close the carbon and electron mass balance for the biostimulated
system to determine possible carbon sinks that are not accounted for solely
by biomass growth and substrate utilization. Dissolved organic carbon and
acetate were measured to estimate the amount of SMP. A conceptual model
was used to divide SMP into two pools based on the postulated origin: UAP
and BAP. Bulk analyses were used to characterize SMP by spectroscopic
properties. Fluorescence spectroscopy was used to differentiate between
UAP and BAP based on EEMs characteristics while SUVA was used to assess
aromaticity and hence bioavailability of SMP compared to background DOC.
We postulate that SMP maintain reducing conditions post-stimulation, by
providing a continued supply of bioavailable carbon after acetate injections
ceased, and that fluorescence spectroscopy can be used as an indicator of
active microbial growth due to the presence of microbial signatures
associated with UAP production. In addition, the carbon mass balance shows
electron sinks unaccounted for by microbial biomass production or dissolved
organic carbon alone, which could be indicative of the formation of a solid
phase carbon sink, such as storage polymers.

Methods
Site description and field experiment

The Rifle, IFRC site was home to a uranium and vanadium mill whose tailings
leached significant contamination into the groundwater. The site was
cleaned up under Uranium Mine Tailing Reclamation Act (UMTRA) between
1992 and 1996 by removing the nearly 5 million tons of tailings. However,
residual uranium (0.2-1.5 uM) present in the subsurface aquifer was not
removed and the Rifle, IFRC site has been used to study uranium
bioreduction extensively. The Rifle, IFRC site offered a unique opportunity to
improve our understanding of the carbon cycle during and after
biostimulation. In Fall 2011 the “Best Western” well gallery at the Rifle, IFRC
site was used to examine organic carbon dynamics during bioremediation.
The Rifle, IFRC site has been described in detail elsewhere (Anderson et al.
2003; Bao et al. 2014; Long 2012; Williams et al. 2011), while details of the
well gallery, hydrogeology, and biostimulation experiments conducted a year
prior to this research, are provided in Bao et al. (2014) and Long (2012).
Briefly, the water table fluctuates seasonally at an average of 3.5 m below



surface based on the stage of the Colorado River. Figure 1 depicts the well
gallery studied for the 2011 experiment. The gallery was aligned with the
historic average groundwater flow direction at the site (0.1-0.6 m/d at a
north-to-south orientation). Injection wells are denoted as CG, while
observation and background wells have the CD and CU prefix, respectively.
Wells were installed at a depth of ~6.5 m below surface. Acetate and
bromide injection occurred over a 72-day period from 8/23/11 to 11/3/11.
Injection solution contained 150 mM Sodium Acetate and 20 mM Sodium
Bromide and was delivered at a flow rate to achieve groundwater
concentrations of approximately 15 mM and 2 mM, respectively.
Groundwater samples were collected before, during and after the 2011
acetate injection experiment.

Bac hgraund Well | | Flenw Direction
Acetate Injecticn Well -
Monitoring Well ® CD01  CDD4 CDO7

Width {m)
| ]
| ]
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L

Fig. 1 Depiction of the portion of “Best Western™ well gallery
used for biostimulation with relevant observation wells CIDOT,
CDd, CDOT and background well CU01 locations noted

Sample collection and preparation

Pumped groundwater samples (after ~ 12 L of purge volume) were taken
from selected wells (CUO1, CD0O1, CD04 and CDO07). Samples for acetate,
bromide, and groundwater chemical analysis were taken at least weekly over
the 210 days of this investigation. Samples for anion and total inorganic
carbon (TIC) analysis were filtered (PTFE; 0.45 um) and stored in
refrigerated, no-headspace HDPE and acid-washed glass vials, respectively,
until analysis. Samples for organic carbon analysis were collected in brown
100 mL glass on a biweekly to monthly interval during biostimulation and a
bimonthly interval post-stimulation. Samples were filtered in the laboratory
with a 0.45 um filter within 48 h after sampling and stored at 4 °C.

Groundwater chemical analysis

Acetate, bromide, and sulfate were measured using an ion chromatograph
(ICS-2100, Dionex, CA) equipped with an AS18 column. TIC values
(carbonates, bicarbonates, and dissolved carbon dioxide) were determined
by sample acidification and sparging with the subsequent quantification of
evolved CO; (TOC-VCSH, Shimadzu, Corp.) Samples for cation analysis



(including uranium) were filtered (PTFE; 0.45 um) and acidified (0.2 mL 12 N
HNOs per 20 mL sample), with concentrations determined using ion coupled
plasma mass spectrometry (ICP-MS) (Elan DRCII ICP-MS, Perkin Elmer, Inc.)
(USEPA 1994).

Organic acids, TOC, and SUVA analyses

An Aminex HPX-87H ion-exclusion column (Bio-Rad) with a UV/VIS detector
(210 nm) was used to determine concentrations of organic acids (acetic,
oxalic, citric, formic, succinic, and propionic acid) in collected samples. DOC
concentrations were analyzed using a Shimadzu TOC-5000 analyzer with a
high sensitivity catalyst. Total Fe of filtered samples was measured using a
Perkin-Elmer Optima 3000 ICP-AES (EPA Method 6010B). Absorbance
measurements were taken with a Perkin EImer scanning UV-Vis
Spectrophotometer for wavelength 254 nm in a 1 cm long cuvette. Specific
UV absorbance (SUVA) values were calculated by dividing absorbance values
by non-acetate DOC concentrations and the path length of the cuvette.
Absorbance values were corrected for measured Fe concentrations using the
method described in Weishaar et al. (2003).

Fluorescence analysis and EEM regional integration

Excitation-emission matrices (EEM) were obtained by scanning samples over
an excitation (ex) range of 240-450 nm (10 nm intervals) and an emission
(em) range of 280-550 nm (2 nm intervals) using a JY-Horiba/Spex
Fluoromax-4 spectrofluorometer. A blank (MilliQ water) was scanned prior to
each run and subtracted from each sample EEM to account for Raleigh
scattering. The area under the Raman peak (ex 350 nm) of the same-day
blank was used to normalize the intensities of all samples and a UV-Vis scan
was used to apply an inner-filter correction to the EEMs. Since the same
instrument was used for all fluorescence analyses, the EEMs used in this
study are comparable to each other. Prior to fluorescence analysis, all
samples were acidified to pH 3-3.3 and adjusted to room temperature 15
min prior to analysis to reduce the effect of ion quenching and increase
fluorescence intensity (Chen et al. 2003; Ohno et al. 2008). The EEMs
presented in this study were not diluted to a common DOC concentration,
since intensities were non-detect whenever dilutions of higher than 2x were
applied to samples taken after the stimulation period.

EEMs were divided into five characteristic fluorescence regions (Fig. 2) based
on operationally defined excitation and emission boundaries by Chen et al.
(2003). Regions I, Il, and IV have been linked to protein-like compounds while
regions lll and V have been attributed to the presence of humic and fulvic
acids. The cumulative fluorescence intensities for each region were
calculated by integrating intensities within the defined boundaries in



MATLAB. Further details on the integration method can be found in Chen et
al. (2003). Of specific interest to this study were changes in intensity of the
biostimulation impacted wells relative to EEMs found in upgradient
background well CUOL. As a consequence, cumulative intensities in regions
IV and V were normalized by dividing the average cumulative intensities
measured in region IV and V in periodically collected background samples.
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Microbial stoichiometries and conceptual model

Relevant microbial reaction stoichiometries for iron, sulfate, and uranium
reduction are presented below for acetate as the electron donor (Egs. 1-3).
The stoichiometries are based on the method presented in Rittman and
McCarty (2001) using standard free energy corrected to pH 7 and an
efficiency of 0.6 with the exception of iron reduction, which was based on an
efficiency of 0.42 (Yabusaki et al. 2007).



FeOOH(s} + 1.9 H™ + 0.033 NH]
+ 0.21 CH,COO
— Fe'" + 0.033 CsH;0:N + 0.25 HCO
+ 1.6 H-O (1)

SO;” + 1.08 CH;COO™ + 0.052 H' + 0.035 NH;
— 0.035 C;sHy0:N + 0.104 H;O + 2HCO;

+ HS
(2)
IJD%' + 0.067 NHy + 0.42 CH:COO™ + 0.8 H;O
— UO4(s) + 0.067 CsH;O0-N + 0.5 HCOq
+ 2.15 H”

(3)

The microbial stoichiometries were used to relate electron donor consumed
to electron acceptor utilized, based on measured concentrations in the
groundwater. The theoretical acetate utilization for each well could then be
calculated through measured Fe(ll), SO4*~ and uranium concentrations and
compared to actual acetate concentrations. Dissolved oxygen and nitrate
reduction were not incorporated into the electron mass balance, since
concentrations for both electron acceptors at the Rifle site have been
repeatedly reported at micromolar to non-detect concentrations in
background wells across several well galleries (Anderson et al. 2003;
Williams et al. 2011; Long 2012; Bao et al. 2014).

SMP can be calculated by the difference between measured DOC and acetate
concentrations if the result is significantly above background DOC observed
in well CUOL. A conceptual graph for the expected production of SMP during
and after acetate injection is given in Fig. 3. The SMP components are based
on a modeling framework proposed by Laspidou and Rittman (2002) where
SMP is divided into two fractions based on origin. Utilization associated
products (UAP) are produced as part of microbial growth. In a biostimulated
system the relative fraction of UAP is expected to increase after a lag with
acetate injection, plateau when acetate utilization reaches steady state, and
decline to zero after acetate injection is terminated. Biomass associated
products (BAP) stem from the degradation and solubilization of biomass. The
fraction of BAP is expected to contribute to a small fraction of SMP during
acetate injection but dominate post-stimulation as accumulated biomass and
solid-phase organic carbon begins to degrade.
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Fig. 3 A conceptual graph of SMP composition during the
biostimulation event relating UAPs and BAPs to overall SMP
production

Results
General performance

Biotransformations stimulated by acetate injection were assessed by
analyzing acetate, bromide tracer, ferrous iron, organic carbon, uranium, and
sulfate concentrations. Acetate, Fe(ll), and sulfate are shown in Fig. 4, for
observation wells CD0O1, CD04, and CDO07. Uranium concentrations in
observation wells and background wells are shown in Fig. 5 together with
breakthrough curves of the bromide tracer for wells CD01, CD04, and CDO7.
Acetate and bromide concentration by day 120 were zero. Data for the
inorganic indicators are presented from the day of initial acetate injection
until 210 days after acetate injection was terminated. The production of
ferrous iron and the removal of uranium relative to background
concentrations are still evident at day 282 even though uranium begins to
rebound after acetate injections are stopped.
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Non-acetate DOC was calculated by subtracting measured acetate
concentrations as mM-C from the measured DOC (mM-C) and is presented in
Fig. 6. DOC concentrations in observation wells were compared to DOC from
background well CUOL1. Any organic carbon above background values was
considered to be of microbial origin (SMP) produced during biostimulation.
Determining non-acetate DOC concentrations was difficult for CDO1 during
the first 28 days, as acetate concentrations ranged up to 15 mM-C. Small
instrument errors in either DOC or acetate would have overshadowed actual
non-acetate DOC. Most observation wells experienced elevated DOC values
ranging from 0.67 mM-C up to 1.76 mM-C during biostimulation and reaching
up to 3.18 mM-C 32 days after injections ceased in well CD0O7. DOC
concentrations in background well CUO1 remained between 0.3 and 0.4 mM-
C throughout the experiment. Elevated DOC concentrations persisted 169
days into the experiment.
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Electron utilization accounting

Acetate utilization was analyzed for CD0O1 because of the difficulties in
estimating hypothetical acetate influent past the 1st observation well. The
injection ratio of 7.5:1 for acetate and bromide respectively, was used to
estimate the expected acetate concentrations for well CDO1. Electron
equivalents of donor utilized, were based on 8 electron equivalents per mole
of acetate. Utilization of electrons for the three important electron acceptors
in the system was derived from stoichiometric Egs. 1-3. Reduction of O, and
NO ; - was ignored due to low measured concentrations at the Rifle, IFRC site
(2.0 po/L and 1.4 ug-N/L respectively) (Bao et al. 2014). Sulfate utilization
was calculated by subtracting measured SO4* values from the average
background value of 7.5 mM (£ 0.093) from well CUO1 from day 0 to day 72.
Fe(lll) utilization was calculated from the production of Fe(ll). Uranium
utilization was calculated by subtracting the measured uranium values from
the average uranium concentrations in well CUO1. Estimated total electrons
utilized for iron and uranium reduction was less than 0.1 mM. Figure 7 shows
the electrons utilized for sulfate reduction during acetate injection. On
average, a daily 20.8 mM of electrons (or 5.2 mM-C) remained unaccounted
for throughout the injection period for well CDO1. Electron deficits ranged
from 2.4 mM on day 4 to 38.7 mM on day 30. Between 0.31 mM and 4.1 mM
carbon was unaccounted for during the first 20 days of stimulation, before
sulfate reduction became observable.
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SUVA 254 nm results

SUVA values in the background well CUO1 ranged from 1.6 to 2.0 throughout
the experiment. SUVA values for observation wells fluctuated during
biostimulation from 0.64 to 2.98. The fluctuations are most likely due to
difficulties in estimating accurate non-acetate DOC concentrations during the
first 47 days due to the high acetate load. Post-stimulation values for
observation wells on days 105 and 169, however, were relatively stable and
hovered between 0.39 and 0.58.

Excitation-emission matrices and regional intensities

EEMs for the background well CUO1 on day 16 and observation well CD04 on
days 16, 67, and 282 are presented in Fig. 8. Well CD04 showed a well-
defined fluorescence peak in the excitation emission (ex/em) characteristic
of SMP (region IV) on day 67 when sulfate reduction dominated acetate
consumption (Fig. 8c). Fluorescence intensity was already elevated in region
IV, 16 days after the onset of biostimulation (Fig. 8b). During biostimulation
EEMs of background well CUO1 (Fig. 8a) did not show any significant
deviations from each other in either the SMP region or the humic (region IV
and V respectively). By day 105 or 33 days post-stimulation, the EEM for
CDO04 were indistinguishable from EEMs for background well CUO1, with
fluorescence intensity in region IV disappearing almost entirely. Similar
trends were observed in wells CD01 and CDO07, though not all EEMs exhibited
characteristic peaks. Regional intensities for all observation wells, as a ratio
of the average regional intensity of background well CUO1, are shown in Figs.
9 (for region IV) and 10 (for region V). Fluorescence intensities for humic and
fulvic peaks (characteristic for region V) increased during biostimulation and
returned to background values post-stimulation in all three observation
wells. At day 282 (or 210 days post-stimulation) a marked difference
appeared in well CDO7 (Fig. 11). Fluorescence peaks in region IV and Il



increased to values 5x observed in the background well and showed
characteristic peaks in the 350 nm emission range that were not observed
even during biostimulation, even though DOC concentrations returned to
background concentrations at day 282. In addition, signatures in region V
(typically associated with humic and fulvic acids) disappeared. EEMs for wells
CDO01 or CD04 did not show any similar characteristics on day 282, and were
almost identical to EEMs for background well CUO1.
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Discussion

The goal of the Rifle field experiments was to promote the reduction of
uranium from the groundwater plume. Acetate was added above the
estimated stoichiometric requirement for the microbial reduction of iron,
uranium and sulfate. The highest amount of uranium was removed during
acetate injection, however, measurable uranium reduction continued to
occur 100 days after acetate injections were terminated (Fig. 5). Fe(ll)
measurements peaked at 64.2 uM in well CD0O1 7 days after the injection
period started and remained elevated for the first 21 days at approximately
28 UM (Fig. 4). Meanwhile background Fe(ll) values for well CUO1 remained
within a range of 0.9 to 13.6 uM during the entire observation period of 282
days. Sulfate reduction became noticeable after 28 days in well CD0O1. By



day 42 all wells experienced a 90% reduction in measured sulfate
concentration. Iron reduction was difficult to assess during sulfate reduction
because the formation of ferrous sulfide precipitates would have removed
Fe(ll) from solution. However, significant Fe(ll) production was observed even
after acetate injections were terminated. Fe(ll) concentrations remained at
approximately 20-40 uM in all wells after day 100 (28 days post-stimulation)
and even surpassed Fe(ll) concentration during biostimulation in well CD0O1
on day 259 (or 187 days post-stimulation). The persistence of uranium and
iron reduction in the absence of added acetate, suggests that other forms of
organic carbon were available to uranium and iron reducing bacteria post-
stimulation.

The electron mass balance showed that the measured consumption of
electron acceptors failed to account for a significant fraction of the acetate
consumed in well CDO1. During the initial iron reduction period
(approximately day 7 to day 30) 88% (* 13%) of electrons donated from
acetate were not utilized for microbial growth based solely on the
stoichiometries in Egs. 1-3. During sulfate reduction, (approximately days 44
to 72), an average of 33% of the consumed acetate still remained
unaccounted for. These results hint that an unknown electron sink exists that
was active within the first week of acetate injection (prior to sulfate
reduction) and continued through the injection period. Other experimental
systems studying uranium bioreduction also documented an incomplete
carbon mass balance relative to the measured change in identified electron
acceptors. Komlos et al. (2008) observed that only 1 to 1.5% of acetate was
consumed by sulfate, iron, and uranium reduction. Regberg et al. (2011)
could account for only 28% of acetate consumed by iron reduction in column
experiments.

Methanogenesis has been suggested as a possible sink for acetate during
biostimulation (Regberg et al. 2011; Komlos et al. 2008) and has been shown
to occur concurrently with sulfate and iron reduction in saturated aquifer
sediments (North et al. 2004; Gu et al. 2005b; Williams et al. 2011). However
it is unlikely that methane production could explain the significant gap in the
electron mass balance observed in this experiment. Methanogens and SRBs
grow slowly compared to IRB (Capone and Kiene 1988; Gu et al. 2005b;
Williams et al. 2011). Yet, a 33 mM electron gap in acetate utilization relative
to terminal electron acceptors (TEAP) consumption occurred 16 days after
biostimulation. In addition, an average 20.8 mM of electrons, or 2.6 mM
acetate were unaccounted for during the biostimulation period. If
methanogenesis was responsible for that loss, well CD01 would have
produced roughly 2.4 mM of methane (or 52 mL CH, per liter of groundwater)
each day. However the highest methane concentration measured in well



CDO04 was only ~15 uM 20 days post-stimulation. The microbial reduction of
manganese oxides (MnO;) into soluble Mn(ll) (Nealson and Myers 1992) is
also thermodynamically favorable. However, Mn concentrations never
exceeded 40 uM in any of the observation wells during the entire
experimental period, which would contribute only a small fraction to the
calculated electron consumption. Our results suggest that an unaccounted
for carbon sink exists during biostimulation, assuming that iron and sulfate
reduction represent the predominant metabolisms during the biostimulation
experiment.

The wastewater treatment literature has long recognized that SMP
production can constitute a significant carbon sink in microbial systems.
Aquino and Stuckey (2003, 2004) reported as much as 37% of substrate
being shuffled into SMP production under anaerobic conditions based on the
presence of toxic metals or nitrogen availability. SMP have previously not
been considered in the carbon cycle that affects the geochemistry of
biostimulated aquifers even though organic carbon cycling is a primary
driver of biogeochemical reactions that are harnessed to achieve
bioremediation. During the Rifle IFRC biostimulation experiment, SMP
concentrations more than doubled in wells CD04 and CDO07, and increased
five-fold for well CDO1 on day 47 (Fig. 6), just as sulfate reduction become
predominant (Fig. 4). It should be noted that the amount of SMP produced
still fails to account for all the acetate consumed in well CDO1. Roughly 1.6
and 1.8 mM-C of SMP were produced in well CDO1 on days 47 and 67.
However, the carbon mass balance suggests a carbon excess of over three
times as much (~3.2 mM-C and 6.7 mM-C respectively) for the same days
(Fig. 7).

SMP continued to be present in measurable concentrations even after
acetate injections were halted on day 72. On day 105 (23 days after acetate
injections), SMP concentrations ranged from 1.3 mM-C to 3.2 mM-C, while on
day 169, measured SMP values remained between 0.79 mM-C and 1.5 mM-C
among the three wells (Fig. 6). Microbes are known to shuffle carbon into
storage polymers and EPS which may be released as substrate during
starvation periods (Krishna and Van Loosdrecht 1999; Wang et al. 2007). In
addition EPS are produced to grow biofilms to support adhesion to sediment
particles. We postulate that the excess carbon consumption observed during
the biostimulation period may have been shuffled into a solid organic matter
phase and that the degradation of this solid-phase organic matter led to
elevated DOC concentrations post-stimulation. Incidentally the peak SMP
production in well CD0O7 on day 105 (Fig. 6) also coincided with a uranium
spike observed during that same time period in well CDO7 (Fig. 5). This post-
stimulation release of uranium and DOC may be attributable to the re-



oxidation and/or complexation of uranium due to elevated organic matter
(Ganesh et al. 1997; Artinger et al. 2002; Gu et al. 2005a), or the
degradation of biomass that incorporated non-uraninite U(IV) (Bernier-
Latmani et al. 2010).

It was hypothesized that the bulk characteristics of the SMP would be
different during the stimulation and post-stimulation periods. Fluorescence
and SUVA were used in this study to characterize SMP produced during the
field experiment. Soluble SMP production was observable after 47 days,
which coincided with the onset of sulfate reduction (as indicated by a drop in
sulfate concentrations shown in Fig. 4). EEMs in Fig. 8 shows that a distinct
protein-like signature started to appear in observation well CD04 on day 16
(Fig. 8b) while a characteristic protein-like peak can be observed on day 67
(Fig. 8c). After acetate injections were stopped, these protein-like peaks
disappeared by day 105 (Fig. 8d). EEMs of background well CUO1 (Fig. 8a)
never displayed the protein-like peaks observed in the CD wells during the
entire duration of the experiment. A similar trend was observed in well CDO1
where fluorescence intensities in region IV (indicative of SMP production)
experienced a significant spike over background intensities (Fig. 9) during
the biostimulation period which dropped back to background intensities 33
days after the biostimulation period. Well CD0O7 also showed a mild increase
in intensities in the SMP region (Fig. 9) on day 16, though the signature was
less distinct and disappeared quickly on day 47. The absence of protein-like
signatures can be explained by the acetate concentrations in well CDO07,
which dropped sharply on day 47 compared to well CD01 and CDO04 (Fig. 4).
A lack of substrate could have stymied microbial activity in well CDO7 and as
a consequence the UAP production correlating to the fluorescence intensity
in region IV. The presence of these peaks are in agreement with other
fluorescence literature and indicate SMP associated with microbial growth (or
UAP) (Aquino and Stuckey 2008; Hur et al. 2009; Jarusutthirak and Amy
2007; Wang and Zhang 2010; Xie et al. 2010; Zhao et al. 2009).

On day 105 protein-like peaks were greatly diminished in all wells, and
vanished completely on day 167 (Fig. 8d, Fig. 9). Overall fluorescence
intensity in the SMP region was also greatly reduced after biostimulation
ceased and dropped back to background values (Fig. 9). Initially all samples
were diluted to a DOC concentration of ~4 ppm to prevent changes in peak
appearance due to higher carbon content. However, fluorescence intensities
vanished when dilutions were applied to samples collected after day 105.
Undiluted, EEMs post-stimulation were essentially indistinguishable from
samples in background wells, even though DOC concentrations were still
elevated by a factor of 3 to 8 for all wells. The decrease of fluorescent



material in post stimulation EEMs would suggest that the produced SMP was
composed of non-aromatic compounds found in EPS and polysaccharides.

We believe the SMP observed during acetate injection were most likely
associated with UAP. This conjecture is based on the protein-like signatures
in EEMs that have previously been linked to UAP formation. Xie et al. (2010)
found that the protein-like peak at ex/em 280/350 nm increased in intensity
during the growth phase of denitrifying bacteria in batch tests. This
observation was consistent with UAP formation and an increase in the
protein fraction of SMP. Meanwhile, Zhao et al. (2009) observed the release
of protein-like fluorophores during the growth and stationary phase of P.
donghaiense, while EEMs shifted to more humic and fulvic like components
during the death phase. Overall EEMs could identify the production of UAP in
bioremediation systems, through the presence of protein-like peaks during
biostimulation. The produced SMP observed post-stimulation are therefore
postulated to be BAP. In the absence of added substrate, microbial growth
and corresponding UAP formation would be a limited and insignificant
fraction of produced SMP (Aquino and Stuckey 2008). These results support
our conceptual model illustrated in Fig. 3.

Fluorescence EEMs of samples from well CD0O7 210 days post-stimulation
(Fig. 11) showed significant differences from EEMs of samples collected from
either background wells or wells sampled during biostimulation.. A five-fold
increase in intensity was observed in region IV (SMP), that surpassed values
measured during active stimulation. In a literature review of fluorescence in
wastewater treatment systems peaks in the < 380 nm emission regions have
been correlated to increased BOD loading (Carstea et al. 2016) and indicate
high microbial activity common to waste water and landfill leachates (He et
al. 2011). The increased microbial activity stands in contrast to the actual
DOC values which returned to background values of ~0.3 mM-C in all wells at
day 282. However, a small but highly bioavailable amount of DOC would
explain the continued production of Fe(ll) observed in all three observation
wells 210 days post-stimulation.

High SUVA values have been shown to correlate to increased aromaticity
(Weishaar et al. 2003) in DOC and to be linked to more refractory DOC
(Wang et al. 2009; Zhao et al. 2009). Batch tests on the microbial
degradation of leaf litter demonstrated that the release of higher molecular
weight compounds corresponded to a similar increase in SUVA (Hur et al.
2009). The higher molecular weight and high SUVA DOC was also
determined to be more refractory based on rates of microbial utilization of
DOC in these systems. In environmental systems, the effect of chemical
structure on the bioavailability of soil organic matter remains ambiguous due
to environmentally determined differences in solubilization rates (Lehmann



and Kleber 2015). However, in biostimulated systems, SUVA measurements
could, nonetheless, serve as an indicator of shifts in the bioavailability of
DOC, since any observed changes would be primarily caused by the
production of SMP rather than the degradation of soil organic matter.

SUVA was difficult to quantify during the first 30 days of biostimulation.
Acetate does not absorb UV light at 254 nm wavelengths, yet it was added at
concentrations 50-100 times that of non-acetate DOC. Since instrumental
errors for both the Schimadzu TOC analyzer and the HPLC were between 5%
and 10%, calculated concentrations of non-acetate DOC were essentially
within the margin of error for these instruments. In well CD04 non-acetate
concentrations dipped to “zero” on day 67, most likely an artifact of these
instrumental errors. SUVA values measured 100 days post-stimulation,
dropped down to about a fourth of the observed background SUVA values,
even though DOC concentrations were still elevated above background.
Together with findings from previous literature (Hur et al. 2009; Wang et al.
2009) these data suggests that the reduction in SUVA values is mostly due to
the addition of new microbially produced compounds such as solubilized EPS
and storage polymers.

If a fraction of SMP was more bioavailable than the background DOC (as
suggested by SUVA) then it could be available to prolong reducing conditions
beyond the stimulation period. EEMs suggest that more complex SMP are
produced during biostimulation while both EEMs and SUVA show that DOC is
dominantly comprised of aliphatic, compounds (such as polysaccharides in
EPS) up to 90 days post-stimulation. SMP measured on days 105 and 169 (33
and 97 days after acetate injections were stopped) contained excess
electron equivalents (> 2 mM) to provide the stoichiometric donor
requirement of the observed iron and uranium reduction (< 0.1 mM e-
equivalents) (Fig. 6). By day 282, soluble SMP was below the resolution of
the DOC measurements. However, the concentration of SMP needed to
provide sufficient electron equivalents for the observed iron and uranium
reduction was < 0.017 mM-C. These results suggest that the BAP portion of
SMP could extend reducing conditions for at least 90 days and possibly
longer post-biostimulation, by providing a more bioavailable carbon source
than background DOC.

Our results indicate that a significant portion of carbon may have been
shuffled into a carbon sink that cannot be related to the consumption of
electron donors or UAP production, and may be indicative of the formation of
microbial storage polymers and/or EPS. Elevated DOC levels that persisted
90 days post-stimulation were accompanied by continued Fe(ll) production
and uranium removal. Fluorescence EEMs showed intensities associated with
microbial growth during biostimulation in all observation wells, while SUVA



analyses indicated that post-stimulation SMP were more bioavailable than
background DOC. These results suggest that acetate was utilized to produce
BAP during biostimulation, which became available after acetate injections
ceased to sustain microbial activity. In addition, fluorescence spectroscopy
and SUVA offer unique insights into the organic matter dynamics during
biostimulation and inform understanding of microbial activity and the
bioavailability of DOC during and post-stimulation.
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