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Abstract

Reduced zones in the subsurface represent biogeochemically active hotspots
enriched in buried organic matter and reduced metals. Within a shallow 
alluvial aquifer located near Rifle, CO, reduced zones control the fate and 
transport of uranium (U). Though an influx of dissolved oxygen (DO) would 
be expected to mobilize U, we report U immobilization. Groundwater U 
concentrations decreased following delivery of DO (21.6 mg O2/well/h). After 
23 days of DO delivery, injection of oxygenated groundwater was paused 
and resulted in the rebound of groundwater U concentrations to preinjection 
levels. When DO delivery resumed (day 51), groundwater U concentrations 
again decreased. The injection was halted on day 82 again and resulted in a 
rebound of groundwater U concentrations. DO delivery rate was increased to 
54 mg O2/well/h (day 95) whereby groundwater U concentrations increased. 
Planktonic cell abundance remained stable throughout the experiment, but 
virus-to-microbial cell ratio increased 1.8–3.4-fold with initial DO delivery, 
indicative of microbial activity in response to DO injection. Together, these 
results indicate that the redox-buffering capacity of reduced sediments can 
prevent U mobilization, but could be overcome as delivery rate or oxidant 
concentration increases, mobilizing U.

Introduction

Subsurface sediments are chemically and physically heterogeneous due to 
deposition and burial of soil horizons and surface derived organic material.
(1,2) These organic-rich deposits represent an important facies type of 
subsurface sedimentary systems that generate reduced zones. The high 
concentrations of sediment-associated organic matter in the reduced zones 
generate “biogeochemical hotspots” distinct from the surrounding sediment 
matrix(3−5) and may result in diagentic retention of reduced chemical 
species including iron (Fe(II)) and contaminants such as uranium (U(IV)).
(4−6) The reduction and oxidation of U plays a significant role in controlling 
U mobility.(5,6) Uranium mobility is primarily controlled by the very low 
solubility of solid-phase U(IV) minerals.(7) As such, biostimulation of U-



reducing bacteria has been used to immobilize U in subsurface systems.
(8−11)

The stability of the immobilized U in these reduced regions depends on 
maintaining the immobile, reduced state rather than forming U(VI), which is 
highly soluble and complexes with carbonate.(12) The influx of oxidants, 
such as DO or nitrate, into reduced subsurface systems threatens long-term 
sequestration of U as U(IV)-bearing minerals by oxidizing and thus dissolving 
the minerals rendering U mobile in groundwater.(13) Though the influx of 
nitrate is often attributed to anthropogenic inputs,(14,15) DO infiltrates into 
reduced sediments through advective oxic groundwater flow as well as DO 
intrusion and transport from the capillary fringe.(16,17) Thus, the transitions 
between oxic and anoxic conditions can result in U geochemical changes as 
well as stimulation of microbial activity.(18−20) Organic carbon, H2, or 
reduced minerals in these sediments can scavenge molecular oxygen and 
serve as a redox buffer.(21) The redox buffering capacity in reduced 
environments is not limited to abiotic reactions. Microbial activity has also 
been demonstrated to play a significant role in redox buffering in 
sedimentary environments by scavenging oxidants.(22) The effect of an 
influx of oxidants on reoxidation and remobilization of U in situ is not yet well
understood. However, the prevailing hypothesis describes that an influx of 
oxidants (such as DO and nitrate) will oxidize reduced metals and 
radionuclides subsequently increasing U mobility.(23,24)

The influx of electron acceptors into reduced environments is recognized to 
stimulate microbial activity. Previous column studies indicate that upon 
exposure to an oxidant, reoxidation of bioreduced U(IV) 
occurs(21,25,26) along with changes to microbial population structures.
(27,28)With increased microbial metabolic activity, virus production has also 
been observed to increase,(29) which could further contribute to carbon flux.
Though the role of viruses in subsurface systems is poorly understood, 
viruses have been described to play a significant role in carbon cycling in 
marine and freshwater pelagic environments through the lysis of host cells 
during the process of lytic reproduction and the subsequent release of 
available carbon and nutrients.(30−32)Viruses have been detected  via 
direct counts,(33−35) metagenomic data,(36,37) transcripts of viral proteins,
(38) and electron microscopy(39) in shallow alluvial aquifers including U 
contaminated environments such as the U.S. Department of Energy (DOE) 
Rifle field site. Groundwater from organic rich regions of this aquifer also 
contained high viral loads, likely due to the greater microbial activity 
expected in organic-rich sediments.(35) Given the abundance of viruses in 
shallow alluvial aquifers, processes in the subsurface similar to those 
observed in surface waters can further drive biogeochemical cycling in 
subsurface systems and subsequently influence metal/radionuclide mobility. 
Though viruses have been demonstrated to be abundant in groundwater and
subsurface environments,(29,40,41) the biogeochemical role they play in 
situ in subsurface sedimentary environments remains poorly characterized.



In an effort to investigate the effect of naturally occurring oxidant influx on 
the stability of U in a reduced aquifer we injected oxygen-saturated 
groundwater into a previously bioreduced experimental plot (U.S. 
Department of Energy (DOE) Rifle field site). The shallow unconfined alluvial 
aquifer contains U-bearing sediments that contribute to groundwater U 
concentrations that exceed the maximum contaminant level.
(42) Biostimulation of metal reducers by acetate injection has been used as a
U remediation strategy in the Rifle aquifer and resulted in the successful 
removal of dissolved U from groundwater via the biogenic precipitation of 
reduced U(IV) minerals.(8−11) A byproduct of the in situ acetate injection 
was the accumulation of biomass and the production of artificially reduced 
sediments, creating a bioreduced zone in the aquifer.(43,44) In addition to 
U(IV)-bearing minerals, the bioreduced zone in this aquifer contains not only 
reduced soluble chemical species but also reduced minerals such as 
mackinawite (FeS) and framboidal pyrite (FeS2).(5,8) These artificially 
bioreduced sediments share many similar characteristics with natural buried 
organic-rich sediment lenses, such as concentration of U(IV) and an 
abundance of iron sulfide minerals.(4,42) Thus, this bioreduced zone may be 
indicative of biogeochemical behavior in the wider Upper Colorado River 
Basin region where naturally reduced sediments are postulated to play a 
major role in the fate and transport of groundwater U.(42) The final acetate 
injection that generated the bioreduced zone was completed a year prior to 
the experiment described here. Here we collected groundwater from an 
upstream well, sparged the groundwater with air and injected back into a 
bioreduced region of the aquifer. The DO injection experiment lasted 123 
days from August 18, 2012 to December 19, 2012. During this period, the 
injection was repeated, followed by an injection at a higher rate to increase 
the total amount of DO injected into the aquifer per unit time. Each injection 
was separated by pauses. Groundwater geochemical changes were 
monitored over time concurrent with cell and virus abundance as an 
assessment of microbial activity.

Materials and Methods

Field Site

The in situ field experiment was conducted on the DOE Rifle field site located
480 m east of Rifle, Colorado (USA). The site hosts a shallow, unconfined 
alluvial aquifer situated beneath a floodplain formed by a meander of the 
Colorado River. This aquifer is composed of Holocene-age alluvium consisting
of sandy gravel and gravelly sand interspersed with silts and clays deposited 
by the river and overlying the Paleogene Wasatch Formation,(9,45) which 
serves as a local aquitard. The bottom 3–4.6 m of the alluvial sediments are 
saturated, but groundwater level fluctuates and can increase by as much as 
1.5–1.8 m during periods of high runoff. Hydraulic conductivity is estimated 
to be 2–10 m/day with an average alluvium porosity estimated to be 15–
35%.(46) The major source of groundwater in the aquifer is subsurface flow 
and recharge from the north, flowing southwest toward the Colorado River 



(Figure 1) with localized spatial and temporal variations during high runoff. 
Additional minor contributions to groundwater flow potentially come from 
infiltration from an on-site ditch, recharge from precipitation, or hyporheic 
inflow of water from the Colorado River. Infiltration from the low permeability
Wasatch Formation is deemed insignificant.(47) The groundwater is 
characterized as slightly reducing with DO concentrations typically less than 
0.2 mg/L.(9,46) Further details of the Rifle site geology, hydrogeology and 
history are presented elsewhere.(8,46)

Aquifer Conditions Prior to Oxygenated Groundwater Injection

Biostimulation of the indigenous metal/radionuclide reducing microbial 
community with acetate created a bioreduced zone consisting of immobilized
U within this aquifer. Generation of the bioreduced zone was accomplished 
through acetate injection over two successive field seasons (2010–2011; 2 
and 1 year prior, respectively) into an experimental gallery (Plot C) as 
described elsewhere.(48,49) Plot C is oriented 190° azimuthal from north and
generally oriented in the direction of groundwater flow at the time of the 
experiments (Figure 1). There, acetate stimulation of indigenous 
microorganisms led to the generation of a bioreduced zone characterized by 
elevated reduced Fe concentrations and immobilized U.(49,50)



Prior to the beginning of the experiment, neutral pH (7.2–7.5) groundwater 
was suboxic in all wells (DO concentration 0.05–0.11 mg/L; ORP −132– −196 
mV) (Table 1) consistent with prior reports of aquifer conditions.
(9,46,49,50) Wells within the bioreduced zone contained elevated aqueous 
(filtered through 0.45 μm PTFE membrane) ferrous iron (Fe(II)) and aqueous 
sulfide concentrations (3.4–5.1 mg/L and 9.59–63.26 μg/L, respectively), 
further supporting suboxic conditions within the aquifer (Table 1). This was in
contrast to the upgradient well CU01 (unreduced region of aquifer), in which 
low Fe(II) and sulfide concentrations (0.27 mg/L and 1.92 μg/L, respectively) 
were observed (Table 1). Groundwater sulfate concentrations were similar 
among all wells (Table 1). Groundwater nitrate concentrations were not 
monitored over the course of the experiment but were measured below the 
detection limit in ca. 80% of background wells in Plot C with the highest 
concentration measured as 0.37 mg/L. Groundwater U concentrations varied 
between 66 and 201 μg/L, while Mn varied between 1.02 and 2.11 mg/L 
(Table 1).

Oxygenated Groundwater Injection

The oxygenated groundwater injectate was prepared by sparging 
groundwater with air until saturation with atmospheric O2 and amended with 
a conservative tracer, deuterium (as D2O; tank concentration δD = +240‰). 
The source of groundwater originated from an unamended well (CU01) and 
was pumped directly into a storage tank (18,000 L). Oxygenated 
groundwater was injected into the aquifer during three different periods 
separated by pauses between each injection period. Each injection and 
pause period is denoted by a numbered phase. In order to account for 
migration time, the phases in downgradient wells are delineated by tracer 
concentrations at each monitoring well. As such, the corresponding dates of 



each phase vary between wells and are indicated on each figure. During 
Phase 1 of the experiment (days 0–23), oxygenated groundwater was 
injected into 6 injection wells (CG01–CG06) at a rate of 36 mL/min per well in
order to achieve a final DO concentration of 2–2.5 mg/L. The injectate was 
circulated between adjacent wells using a peristaltic pump.(8) During Phase 
2 (days 23–51), mineralization in the injectate line resulted in a decrease in 
the delivery of oxygenated groundwater as indicated by tracer 
concentrations (Figure S1). Later during Phase 3 (days 51–80), injection lines 
were checked periodically and cleaned to maintain flow rates. The injectate 
migrated through the aquifer, passing through downgradient wells. During 
Phase 4 (days 75–95), injection halted again, with a brief injection from day 
79–85. On day 85, the brief injection was halted for tank refilling and 
equipment maintenance. During Phase 5 (days 95–125), the injection rate 
was increased by 2.5-fold (90 mL/min per well) in order to increase the 
aquifer DO concentration to ca. 5–6 mg/L. Because O2delivery was achieved 
by groundwater injection, subsurface flow rates may have changed by less 
than 10 mL/h during the slow injection phase to less than 15 mL/h during the
fast injection phase. However, water table levels did not rise in comparison 
to unamended controls (Figure S9A). Because of a temperature differential, 
the injectate slightly increased groundwater temperature no more than +1 
°C before day 70 and no more than −2 °C after day 70 (Figure S8).

Several precipitation (rain and snow) events occurred over the course of the 
experiment with a maximum of 13 mm of precipitation recorded (Figure 
S9B). Days 5, 37, 55, and 84 were the only events associated with any 
considerable rise in the water table (Figure S9A).

Actual groundwater DO concentrations were measured along with ORP in 
purged wells using multiparameter sondes (detection limit 0.04 mg/L, YSI, 
OH). The amount of O2 delivered was inferred from measured concentrations 
of the deuterium tracer quantified using a Liquid Water Isotope Analyzer (Los
Gatos Research). The concentration of injected O2 inferred for each well (that
is the DO concentration if the injected O2 were not consumed) was calculated
by the ratio of D2O measured in the well to the original D2O concentration in 
the tank multiplied by the saturation concentration of DO at the water 
temperature:

The rate of O2 delivery into each well was determined by the following 
equation:

where V is the volume of the well, and ΔDOout is the decrease in DO 
concentration due to flushing. ΔDOout is calculated by the equation:



where m is the first-order rate of loss of the tracer determined by measuring 
the rate of loss of the tracer during Phases 2 and 4 when injectate delivery 
was stopped. Aqueous U concentrations in downgradient wells were 
corrected for the soluble U delivered by injection. Injected groundwater 
accounted for no more than 10% of sampled groundwater at its greatest 
extent during the slow injection phase and less than 18% during the fast 
injection phase.

Over the course of the experiment, groundwater samples for cation, anion, 
pH, and Fe(II) analyses were collected from certain wells. Effects of the 
O2 delivery were studied in the four wells (CD18, CD01, CD02, CD03) closest 
in proximity to where the DO influx meets the bioreduced zone. These were 
compared to two controls: an upgradient control that had never received 
acetate amendments (CU01) and a control that was previously biostimulated
with acetate but in which no O2 is delivered (CD11) (Figure 1). Other 
parameters (DO, ORP, temperature) were measured in situ within the wells. 
Samples for cell and viral enumeration over the course of the experiment 
were also collected.

Geochemical Analyses

Samples for anion, dissolved inorganic carbon (DIC), and DOC analyses were 
filtered (0.45 μm PTFE) and stored at 4 °C in no-headspace HDPE (anion) and
glass vials (DIC/DOC) until analysis.(51,52) Anions were measured using ion 
chromatography (ICS-2100, Dionex, CA) equipped with AS18 analytical 
columns.(53) Cations (U, Fe, Mn) were quantified using inductively coupled 
plasma mass spectrometry (Elan DRCII ICP-MS, PerkinElmer, Inc.) following 
filtration (0.45 μm PTFE) and acidification (0.2 mL 12 N HNO3 per 20 mL 
sample). Total cation groundwater concentrations will include submicron 
colloids less than 0.45 μm. Ferrous iron concentrations were measured on 
filtered samples (0.45 μm PTFE) immediately in the field upon sampling 
using the 1,10-Phenanthroline colorimetric method (Hach Company).
(54) Sulfide was measured spectrophotometrically immediately upon 
sampling using the methylene blue method (Hach Company).
(55) Measurements for DIC/DOC were made on a Total Organic Carbon 
Analyzer (TOC-VCSH; Shimadzu, Corp.). DOC was obtained as the difference 
between total dissolved carbon and DIC. Spearman’s correlation analysis was
conducted to test the relationship between O2 consumed within the aquifer 
and change in abundance of U and other aqueous cations. All statistical 
computation was conducted using GraphPad Prism (v5.02, GraphPad 
Software, Inc.). Significance level for the regressions was chosen at a P-value
of <0.05.

Cell and Virus Collection for Enumeration



Prior to sample collection, wells were purged (12 L; ca. 1–1.5 well volumes) 
with a peristaltic pump (ca. 50 mL/min). Samples were immediately filtered 
through low protein-binding PVDF filters (0.45, 0.22, and 0.1 μm pore size; 
Millipore SLHV033RS, SLGV033RS, and SLVV033RS, respectively) to produce 
<0.45 μm, <0.22 μm, and <0.1 μm size fractions. DNase I (10 U/mL final 
concentration) was added to remove free and particulate DNA. Samples were
subsequently fixed with electron microscopy grade glutaraldehyde (0.5% 
final concentration) for 15–30 min at 4 °C and frozen in liquid N2.(56) Fixed 
samples were stored at −80 °C prior to overnight shipment on dry ice to the 
University of Nebraska–Lincoln for enumeration. Cells and viruses were 
enumerated by epifluorescence microscopy using SYBR Green I (Life 
Technologies) as a nucleic acid stain (Supporting Information). Viruses, 
contained within the <0.1 μm fraction, were collected onto Anodisc filters 
(0.02 μm pore size, Whatman/GE Healthcare 6809-6002). Cells, within the 
<0.45 μm fraction, were collected onto 0.2 μm black polycarbonate filters 
(Millipore GTBP02500). Epifluorescence enumeration was conducted on an 
epifluorescence microscope (Axioskop 40, Zeiss) with mercury lamp (Osram, 
HBO50W.L2) and 35001v3 filter cube (Chroma). At least 10 fields or 200 
counts were enumerated per filter.(57) When monitored over time, the virus 
to cell ratio may reflect changes in underlying ecosystem properties 
including microbial activity.(58)

Planktonic cell and viral abundance prior to the experiment ranged from 1.9 
to 3.3 × 105 cells/mL and 2.1–2.6 × 106 viruses/mL, respectively (Table 1). 
Planktonic cell and viral abundance in upgradient well CU01 measured 2.4 × 
105 cells/mL and 2.6 × 106 viruses/mL, respectively, resulting in a virus-to-
microbial cell ratio (VMR) of 10.6 (Table 1). VMR ranged from 6.4 to 13.5 in 
sampled wells within the bioreduced zone (CD18, CD01, and CD11) (Table 1).

Results

Phase 1: Initial O2 delivery

Fluctuations in groundwater biogeochemistry were observed with the 
injection of oxygenated groundwater into the bioreduced zone of the aquifer 
during Phase 1. Despite the injection of oxygenated groundwater, DO 
concentrations measured in the downgradient wells remained low (<0.2 mg/
mL; initial DO concentration 0.05–0.11 mg/L) (Figure 2A,B). If DO had not 
been consumed, up to 0.8 mg/L DO may have been expected based on 
tracer concentrations. The low DO concentrations were not solely the result 
of dilution but rather the consumption of DO before the injectate 
(as indicated by the tracer) arrived at the monitoring wells (Figure 2A,B). 
Consumption of DO is further supported by a decrease in measured ORP 
values starting on day 6–10 from −146– −132 mV to −317– −304 mV by day
19 (Figure 2E,F). On day 19, decreases in ORP values were also observed in 
control wells, however this only occurred after ORP had already started 
decreasing in downgradient wells. Groundwater sulfide concentrations, 
higher relative to controls, varied in their response to the oxygen injection 



(Figure S3). Sulfate concentrations fluctuated similarly in all wells (Figure 
S3). Following the DO injection into treatment wells, aqueous U 
concentrations also decreased, while groundwater U concentrations 
remained constant in unamended control wells (Figure 2I–L). Interestingly, 
during this same period, significant fluctuations in groundwater DOC as well 
as DIC concentrations were observed in treated downgradient wells 
(Figures 2U–W and S5). Though DIC concentrations in the upgradient control 
well CU01 also fluctuated, DOC concentrations did not signficantly change 
(Figure 2W). Total Fe (fraction <0.45 μm) decreased during Phase 1 and was 
negatively correlated with the mass of DO consumed (Figures 3 and S2). 
Measured groundwater Fe(II) concentrations were not significantly correlated
to DO. Similar to total Fe, total Mn concentrations were also negatively 
correlated with DO consumption (Figures 3 and S2).



The injection of DO resulted in an increase in virus abundance relative to the 
control wells that did not receive the DO injection, day 4 to 11 (Figure 4B). 
During this period, virus abundance and the virus-to-microbial cell ratio 
(VMR) increased relative to the control wells (Figure 4B). The virus 
abundance increased 136% and 71% in CD18 and CD01, respectively, while 
in the control wells, viral abundance increased only 7% (CU01) and 33% 
(CD11). In downgradient wells, the VMR increased 32% (CD18) and 44% 
(CD01), and in control wells the VMR only increased 3% (CU01) and 9% 
(CD11). The increases were not due to a higher load of viruses in the 
injectate. If the injectate were to account for the increase in viruses observed
in CD18, nearest the injection wells, virus abundance in the injectate would 
have had to have been greater than those observed in the Colorado River.
(35) Cell abundances would also be expected to increase. However, cell 
abundance remained relatively constant over the course of the experiment 
despite the influx of an electron acceptor and evidence of biogeochemical 
activity (Figure 4A). Viral abundance continued to increase in downgradient 
wells until it was 1.5 to 4-fold higher compared to the beginning of the 
experiment (1.1 × 106–2.1 × 106 viruses/mL to 2.3 × 106–4.6 × 
106 viruses/mL) (Figure 4A). VMR in downgradient wells increased (1.8 to 3.4-
fold) from 3.9 to 10.1 to a maximum of 11.0–17.9 (Figure 4A). An increase in 
virus abundance in control wells indicate that viral abundance can naturally 
fluctuate between sampling time points (approximately 1 week). While VMR 
in control wells fluctuate throughout the experiment, the highest increase 
was observed in downgradient wells immediately after DO injection. A 3-fold 
increase in virus abundance in CD11 (from 9.7 × 105to 2.9 × 106 viruses/mL) 
was also observed concomitant with a decrease in ORP (from −155 to −289 
mV), similar to other wells from the bioreduced zone (Figures 2G and 4A).



Phase 2: Response after a Pause in O2 Delivery

Delivery of oxygenated groundwater was paused on day 23 due to mineral 
precipitation in the injectate line. During the pause in oxygenated 
groundwater injection, groundwater DO concentrations remained below 
detection limits (<0.2 mg/L) (Figure 2A,B). However, the pause in oxidant 
delivery resulted in the shift from a reducing system (ORP −305 ± 11 mV) to 
a slightly more oxidizing (ORP −141 ± 6 mV) system and allowed the ORP to 
recover to preinjection levels (−148 ± 24 mV) (Figure 2E,F). The pH 
decreased during Phase 2 but did not correspond with ORP changes 
(Figures 2E–H and S5B). The pH reached as low as 6.5 in some wells, 
including CU01 (Figure 2E–H). The change in redox conditions is marked with
a rebound in groundwater U concentrations back toward preinjection levels 
(Figure 2I,J), while groundwater Fe and sulfate concentrations also trended 
upward (Figures 2M,N, S2, and S3). A visual observation of orange-red 
mineral precipitates on membrane filters and appearance of orange-red 
mineral flocs in well casings from downgradient wells was observed when the
ORP increased (Figure S4). The orange-red mineral precipitates are 
consistent with the precipitation of iron oxides that would occur in an 
oxidizing system.(59) Groundwater DOC concentrations continued to 
fluctuate within the wells of the bioreduced zone while DOC in the upgradient
well CU01 remained low (1.9–4.0 mg/L) with little fluctuation (Figures 2U–W 
and S5F). DIC generally increased in downgradient wells as well as 
upgradient well CU01 during Phase 2 (Figures 2U–W and S5F).



During Phase 2, viral abundance decreased 50–90% (from a range of 2.–4.6 
× 106 viruses/mL to 3.2–2.4 × 106 viruses/mL), concomitant with formation of
orange-red precipitates consistent with minerals presumed to be Fe(III) 
oxides in groundwater (Figures 4A and S4). Because mineral surfaces can 
serve as attachment sites for the adsorption of viruses, the planktonic, 
unattached groundwater viruses that were measured in this study represent 
a subset of the total viral abundance present in the aquifer.(60,61) As such, 
after the onset of visible mineral precipitation during Phase 2, groundwater 
viral abundance is inferred to be suppressed due to adsorption onto newly 
precipitated mineral surfaces. After Phase 2, groundwater virus and cell 
abundance did not significantly change for the remainder of the experiment. 
VMR remained relatively low, ranging from 1.3 to 4.7 following the initial 
drop during Phase 2 (Figure 4A).

Phase 3: Response after Resumption of O2 Delivery

The delivery of oxygenated groundwater resumed on day 51 and as 
observed with the initial injection (Phase 1), geochemical conditions shifted 
again. Aqueous U concentrations decreased and replicated the decrease in 
groundwater U concentrations observed after the initial delivery of DO 
(Figure 2I,J). Similarly, Fe and Mn concentrations decreased in accordance 
with the negative correlation with DO consumption in the sediment 
(Figures 3 and S2). As previously observed after the initial period of DO 
delivery, significant DOC fluctuations continued after day 51 (Figures 2U,V 
and S5F). However, in the upgradient well CU01, DOC only changed 
minimally, decreasing slightly to 0.4 mg/L and subsequently rising to 3.2 mg/
L (Figure 2W). DIC concentrations also fluctuated (Figures 2U,V and S5F). In 
contrast to results observed in Phase 1, ORP remained stable (ca. −145 mV) 
(Figure 2E,F) during Phase 3. Across all wells, including control wells, 
groundwater sulfate concentrations increased and then decreased in Phase 
3 (Figure S3). Groundwater sulfide concentrations did not substantially 
change during Phase 3. The stability of the ORP following the second oxygen 
injection (Phase 3) coincided with the introduction of oxidized species 
introduced during Phases 2–4, indicated by an increase in groundwater 
sulfate concentrations. Introduction of oxidized chemical species may have 
been due to upgradient flow or an aquifer recharge event.

Phase 4: Cessation of O2 Delivery

The injection of oxygenated groundwater halted near day 75. Again, an 
increase in groundwater U concentrations was observed as well as a slight 
increase in groundwater Fe and Mn concentrations in accordance with the 
negative correlation with O2 (Figures 3 and S2) similar to prior results 
(Figures 2M,N and S2). For a brief period from day 79–85, injection resumed, 
observable as a small peak in tracer concentrations in downgradient wells. In
this short period, a small decrease in groundwater U was observed 
(Figures 2I,J and S5C). On day 85, injection was stopped for 5 days in order 
to refill the injection tank. It should be noted that we observed a decrease in 



ORP (range −253.6– −213.5 mV) in all wells except CD11 on day 82 
(Figures 2E–H and S5B). Dissolved inorganic carbon concentrations 
continued to fluctuate during Phase 4 (Figures 2U–W and S5F).

Phase 5: Response Following an Increase in O2 Delivery Rate

The rate of oxgenated groundwater delivery into the aquifer was increased 
by 2.5 times from 21.6 mg O2/h per injection well to 54 mg/h when the 
injection resumed on day 95 in order to determine whether the total amount 
of O2 impacted U mobility. Despite the increase, groundwater DO remained 
suboxic (<0.2 mg/L), indicating near complete consumption of the 
introduced DO (Figure 2A,B). The ORP in all wells was observed to increase, 
ranging from −86.8 to +164.7 mV on day 101 (Figures 2E–H and S5B). This 
observation included unamended control wells CU01 and CD11 (Figures 2E–H
and S5B). The rise in ORP was accompanied by a decrease in total Fe and 
groundwater pH in all wells and initially an increase in groundwater sulfate 
concentrations. The loss of total iron and increase in ORP and sulfate 
suggests the intrusion of oxidized species, possibly DO, from the capillary 
fringe following an aquifer recharge event or flow from upgradient. The 
increase was greatest in the upgradient well CU01, rising to +164.7 mV from
−213.5 mV (Figure 2H). Groundwater U concentrations did not change in the 
upgradient well (Figure 2L). In the unamended acetate-reduced control well, 
CD11 groundwater U concentrations slightly increased by 15 μg/L 
(Figure 2K). In contrast to control wells CU01 and CD11, groundwater U 
concentrations substantially increased in all amended wells (Figures 2I–L 
and S5C), up to 124 μg/L. During Phase 5, as DO was consumed more 
groundwater U was released into solution (Figure 5). These results are 
opposite of the decrease in groundwater U when the rate of DO injection was
low (Figure 5). Groundwater total Fe and Mn decreased with O2 delivery 
(Figure S2). While groundwater sulfate concentrations were initially observed
to increase, groundwater sulfate concentrations decreased to levels similar 
to those measured at the beginning of Phase 5. During this period, DOC 
concentrations diverged. In CD01, DOC increased to 10.4 mg/L, while in both 
CD18 and CD02, DOC decreased to 0 mg/L (Figures 2U–W and S5F). 
Groundwater DOC concentrations fluctuated in the upgradient well CU01, an 
increase to 6.2 mg/L then decreased to 3.6 mg/L (Figure 2W). There were 
slight increases in DIC in CD18 and CD01, but not in CD02, nor upgradient 
well CU01 (Figures 2U–W and S5F).



Discussion

Here our results indicate that the influx of oxygenated groundwater into a 
reduced system may not necessarily result in the mobilization of a redox 
sensitive contaminant such as uranium. Rather, subsurface bioreduced zones
may serve as a geochemical trap and redox buffer upon the influx of low 
oxidant concentrations but can be overcome once a tipping point is reached. 
Here, biogeochemical dynamics following the initial injection of oxygenated 
groundwater into the previously bioreduced zone resulted in loss of aqueous 
U from groundwater. Reduced U minerals including biogenic uraninite are 
expected to be solubilized by oxidative dissolution coupled to the abiotic 
reduction of O2.(21,23,26,62,63) Thus, an increase in aqueous U 
concentrations would have been expected due to chemical(23) or biological 
oxidation upon the influx of DO into the aquifer.(64,65) Rather, aqueous U 
concentrations were observed to decrease. Once the injection rate increased
from 36 mL/h per injection well to 90 mL/h, representing an increase from 
21.6 mg of O2 delivered per hour to 54 mg/h, aqueous U concentrations 
increased, presumably as a result of oxidative dissolution of reduced U 
minerals. These results are consistent with prior results where oxidative 
U(IV) dissolution rates have been demonstrated to increase with increasing 
groundwater DO in the Rifle aquifer.(21) This indicates that high rates of DO 
infiltration above a threshold or “tipping point” can lead to U mobilization. 
This result may also explain the results reported in a meta-analysis where a 
single DO measurement was not significantly correlated with elevated 
groundwater U concentrations.(15) Instead, the delivery rate (or mass/unit 
time) of DO plays a significant role in controlling U mobility, such that the 



contaminant retention either by (i) reduction or (ii) association with reactive 
Fe(III) oxide surfaces is overcome and U solubilization becomes favorable.

Reduced Regions As Redox Buffers Retaining Uranium

Throughout the experiment, DO delivered into the aquifer did not result in an
increase in measurable groundwater DO, indicating immediate consumption 
within the bioreduced region of the aquifer. Reduced inorganic chemical 
species and minerals such as aqueous Fe(II) and FeS minerals respectively, 
complex organic matter, and detrital biomass may contribute to the 
oxidative buffering capacity providing sufficient reducing equivalents to 
remove an oxidant including DO from the system.(13,21) Thus, reduced 
regions can protect against the oxidation of reduced U(IV) minerals. The 
growth and activity of aerobic respiring microorganisms likely maintain 
anoxic conditions by the consumption of DO, and some fermenting species 
are also expected to increase upon exposure to oxygen.(66) These 
fermenters play a role in the decomposition of organic matter, generating 
labile forms more readily used by heterotrophs which may explain why DOC 
was observed to fluctuate after O2 delivery. Biological consumption of DO, 
release of more labile forms of organic carbon, and decrease in U 
immediately after the initial period of O2 delivery in Phase 1 could be 
explained by reductive processes. The liberation and increase of pools of 
labile organic carbon can thus serve as a microbial energy source which can 
be coupled to U respiration.(4) It is recognized that redox transitions 
between oxic and anoxic conditions enhance degradation of organic carbon 
as a result of microbial activity, releasing labile organic compounds.
(67,68) Decomposition of recalcitrant organic matter in sediment is limited 
by the availability of electron acceptors particularly DO, which facilitates 
oxygen-dependent enzymatic cleaving of nonhydrolyzable bonds(20,67) or 
organic carbon oxidation coupled to the reduction of O2.(68)

In addition, the delivery of O2 may also reoxidize reduced Fe minerals formed
during past biostimulation, which has been observed before in a series of 
column experiments with bioreduced sediment supplied with DO.(69) The 
production of reactive oxygen species, such as H2O2 and ·OH, has been 
observed at oxic–anoxic interfaces(70,71) including the Rifle aquifer. The 
production could be a result of aerobic respiration or oxidation of Fe(II). The 
oxidation of Fe(II) and subsequent formation of reactive Fe(III) oxide species 
may also produce reactive intermediates, such as superoxides, which could 
also catalyze the decomposition of organic matter,(72) further increasing 
organic carbon availability.

Reactive iron sulfide minerals as well as aqueous sulfide may also play a role
in the observed oxidative buffering. Thus, reactive minerals and reduced ions
in groundwater and aquifer sediment represent a potent abiotic scavenger of
groundwater DO.(13,73−75) In some cases, they have been observed to 
prevent oxidation of U(IV),(76) but in other cases, iron sulfide scavenging of 
DO has been demonstrated to be too slow to prevent U(IV) oxidation(28) and



that Fe(II) oxidation occurs concurrently with U(IV) oxidation.(63) These 
conflicting reports may be explained by our findings which show a 
dependence on the rate of O2 delivery. Abiotic reduction of U(VI) by Fe(II) 
may potentially account for some of the decrease in aqueous U during 
O2 delivery.(77−79) The addition of Fe(III) oxide minerals has been 
previously demonstrated to increase U(VI) reduction rates via the biological 
reduction of Fe(III) generating a reductant for U(VI).(80)

Though the redox state of U plays a significant role controlling mobility, U(VI)
incorporation into or sorption onto freshly precipitated metal oxides such as 
Fe(III) minerals could also account for a loss in groundwater U measured in 
this study during the injection of DO.(81−83) Uranium adsorption onto Fe(III) 
oxide minerals is a well-recognized process.(83) Though U will adsorb to 
Fe(III) oxide minerals at near neutral pH, carbonate ligands have been 
recognized to decrease U adsorption to Fe(III) oxides and thus drive U 
mobility.(77,84,85) Despite observed increases in DIC in wells CD01 and 
CU01 during Phase 1, groundwater U concentrations did not rise, rather they 
were observed to decrease (CD01) or remain unchanged (CU01). As such, 
these results are not consistent with adsorption as a primary mechanism 
controlling U mobility during the DO injection phase and the decrease in 
groundwater U concentrations. An alternative explanation is the 
incorporation of U into iron oxides. However, during Phase 5 when a 
significant loss of groundwater Fe was observed, (indicative of precipitation), 
U was released back into the groundwater. As such, U incorporation into 
Fe(III) oxides would not be the sole mechanism controlling U mobility in the 
aquifer.

Microbial and Viral Responses

Prior acetate injections increased microbial biomass in the aquifer and 
increased subsurface organic carbon. As such, microbial activity would be 
expected to be greater in the biostimulated region of the aquifer. Following 
intrusion of O2 into a reduced zone, biomass growth and activity from aerobic
heterotrophs, fermenters, nitrate reducers, sulfate reducers, and 
chemolithoautotrophs are expected.(66) Time-series metagenomic data 
collected from Rifle, CO during DO injection has shown that key metabolic 
processes including both anaerobic and aerobic respiration and C/N fixation 
were always present in microbial communities.(86) However, the abundance 
of metabolic genes varied with geochemical conditions.(86) The potential for 
aerobic respiration was present in 34% of the genomes from the subsurface,
(86) so microbial communities likely shifted in response to the oxygen 
injection. Genes involved in iron cycling were also present, but only a few 
genomes possessed them, primarily deltaproteobacteria.(86)

Whereas planktonic cell abundances did not significantly change, significant 
increases in viral abundances were observed during Phase 1 after DO 
delivery. This interesting observation has implications for subsurface 
biogeochemical cycling. Viruses depend on active host cells for reproduction.



(87−90) As such, upon the influx of DO, an increase in microbial activity and 
growth is expected. Yet an increase in cell abundance was not observed, but 
may be a result of cell mediated lysis and viral production yielding an 
increase in VMR. Faster host growth has been associated with higher VMR.
(91) Thus, shifts in VMR may be indicative of relative changes in host 
microbial activity resulting in virus production and cell lysis. The initial 
increases in VMR reported here indicate a bloom of viruses near the injection
site resulting from active viral production and/or cell lysis. The observed 
increase in viruses is not likely to be a result of dislodgement of viruses from 
sediment due to increased groundwater velocity. At the rate of injection in 
the experiment, groundwater velocity would minimally increase relative to 
groundwater flow rates, no more than 240 mL/day faster in Phase 1. Because
viral lysis could result in the liberation of labile organic carbon from cells and 
enhanced biomass turnover, the potential role of viruses has significant 
implications for subsurface metal/radionuclide cycling in subsurface 
sediments.(92) Viral lysis of actively growing cell populations may play a role
in the cycling of metals and radionuclides by increasing pools of labile 
organic carbon which can subsequently be utilized by metal/radionuclide 
reducers and thus drive U immobilization.(38)

The observed decrease in groundwater viruses following the visible 
precipitation of minerals during Phase 2 can be explained by the formation of
ferric oxyhydroxide precipitates.(93−95) The loss of free viruses can occur 
through physicochemical processes, such as adsorption to iron oxides or 
entrainment during mineral precipitation.(60,61,93,95,96) Conversely, some 
increase in free viruses may also come from desorption of attached viruses 
as a result of a change in groundwater geochemistry. As such, groundwater 
geochemical parameters that control formation of mineral sorbents are 
expected to strongly impact virus–host interactions that influence microbial 
activity and microbial community structure. Because only groundwater was 
collected here, the abundances of sediment-associated viruses were not 
possible to determine. However, the initial increases in groundwater virus 
abundance observed here are in accordance with previous observations of 
virus blooms following stimulation of microbial activity in aquifer sediments 
by supplying of an electron donor and acceptor.(29) Further research is 
needed to describe mechanisms that influence viral abundances following 
geochemical perturbations to subsurface systems as well as their 
consequences for subsurface biogeochemical cycling.

Environmental Significance

These results have implications for the stability of reduced U present in 
bioreduced regions. The results shown here indicate that oxidant influx 
exceeding a certain influx rate or threshold concentration can overcome the 
redox buffering–sequestration capacity of sediments potentially leading to 
mobilization of U. Thus, it would also be expected that natural influxes of 
elevated O2concentrations can also play a role oxidizing minerals 
sequestered in these bioreduced zones. Seasonal fluctuations of the water 



table can lead to signficant variation of DO (0.1 to 4–5 mg/L) due to 
O2 transport from the capillary fringe.(11) Using well CD01 as an example, 
results indicte that if the influx rate did not pass the threshold, it may 
potentially lead to sequestration of up to 256–320 μg/L of U due to seasonal 
fluctuation of the water table. However, past the threshold, the release of U 
may be expected. Climate-induced hydrological changes and events could 
also lead to significant changes in the water table level(97) exposing 
reduced sediments to greater concentrations of oxidants(98) and mobilizing 
U.(21,26,63) Anthropogenic groundwater withdrawls could also alter 
subsurface flow rates,(99) increasing the mass of oxidants(98) introduced 
into reduced sediments where heavy metals such as U are geochemically 
trapped. Thus, anthropogenic withdrawl could also catalyze mobilization of U 
in naturally reduced sediments.

Buried naturally reduced sediment lenses are present at the Rifle aquifer and
common in aquifers across the Upper Colorado River Basin and predicted to 
be important contributors to regional biogeochemical processes despite 
comprising only a fraction of the volume of alluvial aquifers.(4−6,100) The 
bioreduced sediments are in various ways similar to buried naturally reduced
sediments. They are both highly reduced zones with abundant iron sulfide 
minerals and where U(IV) minerals are concentrated.(4,42) Because of the 
similarity between bioreduced sediments and naturally reduced sediments, 
naturally reduced sediments thus may also behave in a similar manner.
(4) Intrusion of dissolved oxygen into naturally reduced sediments by a rising
water table have been observed to result in reoxidation and/or mobilization 
of U.(13) Additional studies are required in order to examine the fate of 
reduced metals and organic carbon in zones that have not been augmented 
with labile organic carbon. Additionally, assumptions of constant rates of 
biomass turnover used to model carbon and metal/radionuclide 
biogeochemistry may have to be reconsidered linking viral mediated cell 
lysis.(13,46) We suggest that future experiments and modeling of 
contaminant transport at redox interfaces consider the concentration of 
oxidants transported to the redox interface and the incorporation of biotic 
processes influenced by viral predation and transformations of organic 
matter.
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