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ABSTRACT: We amended a shallow fast-flowing uranium
(U) contaminated aquifer with emulsified vegetable oil (EVO)
and subsequently monitored the biogeochemical responses for
over a year. Using a biogeochemical model developed in a
companion article (Tang et al., Environ. Sci. Technol. 2013, doi:
10.1021/es304641b) based on microcosm tests, we simulated
geochemical and microbial dynamics in the field test during
and after the 2-h EVO injection. When the lab-determined
parameters were applied in the field-scale simulation, the
estimated rate coefficient for EVO hydrolysis in the field was
about 1 order of magnitude greater than that in the
microcosms. Model results suggested that precipitation of
long-chain fatty acids, produced from EVO hydrolysis, with Ca in the aquifer created a secondary long-term electron donor
source. The model predicted substantial accumulation of denitrifying and sulfate-reducing bacteria, and U(IV) precipitates. The
accumulation was greatest near the injection wells and along the lateral boundaries of the treatment zone where electron donors
mixed with electron acceptors in the groundwater. While electron acceptors such as sulfate were generally considered to compete
with U(VI) for electrons, this work highlighted their role in providing electron acceptors for microorganisms to degrade complex
substrates thereby enhancing U(VI) reduction and immobilization.

■ INTRODUCTION

The use of rapidly consumed electron donors such as acetate
and ethanol for U(VI) bioreduction and immobilization has
been under extensive investigation at the U.S. Department of
Energy (DOE) Rifle site1,2 and Oak Ridge site,3 and models
have been developed to assess coupled field-scale processes.4−8

Frequent injection of these rapidly consumed electron donors
can result in high long-term operating costs to maintain
reducing conditions to prevent reoxidation and remobilization.
An injection of a slowly solubilized substrate, glycerol
polylactate, for Cr(VI) reduction at the DOE Hanford site
maintained reducing conditions in downgradient wells for >3
years.9 A 2-h emulsified vegetable oil (EVO) injection at a DOE
Oak Ridge Integrated Field Research Challenge (ORIFRC) site
resulted in decreased U discharge to a stream for over a
year.10,11 However, few modeling studies have incorporated
complex biogeochemical reactions involved in bioremediation
with slow-release complex substrates at field scale.

EVO has been injected in multiple field sites for
denitrification and dechlorination.12−14 The longevity and
effectiveness of complex electron donors are controlled by
coupled hydrological, geochemical, and microbiological pro-
cesses. Retention of EVO and its degradation products is
necessary to avoid fast washout but strong retention could
cause pore clogging.12,13 The degradation needs to be fast
enough to support the desired level of microbial activity
without jeopardizing the treatment longevity. Colloid transport
theory and kinetic Langmuir isotherm were used to describe
the retention and migration of EVO in lab and field
experiments.12,13,15−17 However, microbial growth and bio-
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degradation of EVO and its daughter products were not
explicitly considered in these models.
Biogeochemical models have been developed to simulate

terminal electron-accepting processes involving simple electron
donors such as acetate and ethanol.4−8 Yabusaki et al.8 and
Fang et al.5 simulated Fe(III), U(VI), and sulfate reduction by
iron- and sulfate-reducing bacteria at the DOE Rifle site. Li et
al.6 incorporated biomass-dependence of the microbial growth
rate, and stressed the importance of modeling spatial and
temporal evolution of microbial communities. Using a travel
time/transfer function approach, Luo et al. modeled in situ
nitrate, sulfate, and U(VI) reduction by ethanol injection.7

Based on the relative abundance of representative operational
taxonomic units and known physiologies of closely allied
species or genera, Gihring et al.10 developed a conceptual
model for EVO degradation and subsequent reactions during
the field test studied here (Supporting Information (SI) Figure
S1). We implemented their conceptual model in a numerical
model and tested it using microcosm data.18 The objective of
this work was to assess the suitability of the biogeochemical
model to simulate the geochemical and microbiological
dynamics in the field EVO injection experiment, with focus
on how these processes influence long-term U(VI) reducing
conditions.

■ MATERIALS AND METHODS
Field Test. A field test10,11 was conducted in Area 2 at the

ORIFRC site, which is about 300 m southwest of the former S-
3 ponds where acidic wastewater containing U and other
contaminants was disposed from 1951 to 1983 (SI Figure S2).
Overlying the intact saprolite and bedrock is about 6 m of
reworked gravel and saprolite fill material.4,19 The surficial
unconfined aquifer is highly permeable, with a hydraulic
conductivity of about 0.08 cm/s and an effective porosity of
about 0.2. The saturated thickness is ∼1−2 m with a seasonal
fluctuation of ∼0.5 m. Groundwater discharges to the adjacent
Bear Creek.
The groundwater in the upgradient well FW215 contained

0.19 mM Cl−, 0.11 NO3
−, 1.23 mM SO4

2−, 5.07 mM HCO3
−,

2.98 mM Ca, 0.11 mM K, 0.20 mM Na, 0.78 mM Mg, and
0.546 μM U(VI) with pH 6.64 before the test.11 The aquifer
solids consist of about 86, 9, 4, and 1% gravel, sand, silt, and
clay, respectively, by weight. The dominant minerals are quartz,
anorthite, calcite, and dolomite. Illite is the major clay
mineral.19 X-ray fluorescence (XRF) analysis yielded a solid
phase content in mg/g of 0.02−0.7 U, 14−130 Fe, and 0.6−3
Mn, with higher contents in the fine fraction (clay and silt) than
the coarse (sand and gravel) fraction. Additional character-
ization is available in ref 19.
We injected 3406 L groundwater from the site amended to

contain 450 mg/L bromide into wells FW212, FW213, and
FW214 over 2 h on December 8, 2008, and monitored the
bromide concentration in 41 wells for 2 weeks. On February 9,
2009, we injected EVO (20% by volume with groundwater) in
a similar manner, and monitored microbial and geochemical
responses in the aquifer for over a year. Detailed sampling,
geochemical and microbial analytical methods, and results were
described elsewhere.10,11

Modeling. We modeled the groundwater flow and solute
transport by treating the unconfined aquifer as homogeneous
with a constant head and concentration on the upstream and
downstream boundaries, and no flux on the lateral and bottom
boundaries. Bromide was simulated as a nonreactive tracer.

EVO retention was approximated by a kinetic Langmuir
isotherm 15

= −s t k c cd /d ( )s e (1)

with c and s as the aqueous and sorbed EVO (M, approximated
as triglyceride), ks as the rate coefficient (s−1), and ce as the
equilibrium concentration in the Langmuir isotherm

= +s s c k c/(1/ )m e a e (2)

in which sm is the sorption capacity (M) and ka is the affinity
coefficient (M−1). The hydrologic parameters (hydraulic
conductivity k, effective porosity ne, and dispersivity λ) and
the EVO sorption parameters (ks, ka, and sm) were estimated by
matching the bromide and EVO observations, and a range of
values were tested to assess the sensitivity (SI Table S1).
We formulated microbially mediated reactions for EVO

hydrolysis, LCFA oxidation, glycerol fermentation, denitrifica-
tion, metal reduction, sulfate reduction, and methanogensis.18

These reactions and parameters (SI Tables S2−S4) were used
with slight modifications described herein. The hydrolysis rate
was

= −
+

m
t

k x
m

k m
d
d h

m (3)

with m as the aqueous and sorbed EVO (M), kh as the rate
coefficient [M−1 s−1], km = 10−6 M, and x as the hydrolytic
bacteria (Pelosinus,10 M), with the biomass represented by
C5H7O2N.

20 While kh was estimated to be 3 × 10−5 M−1 s−1 in
the microcosms,18 various values were tested to assess the
sensitivity in the field (SI Table S1).
Nitrate entered with upstream groundwater and laterally

diffused into the treatment zone. Nitrate reduction is
energetically more favorable than glycerol fermentation and
LCFA oxidation by sulfate reducers, and denitrifiers can use
glycerol as an electron donor for denitrification.21,22 Thus, we
added two denitrification reactions

+ +

= + + + +

+ −

+ −

10Glycerol NH 24NO

C H O N 25H O 12N 2H 25HCO
4 3

5 7 2 2 2 3

+ + +

= + + + +
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+ −

6Oleate NH 32NO 5HCO

C H O N 13H O 16N 12H 54Acetate
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where oleate was used to approximate LCFA. Similar to ref 18,
the reactions were derived using energetics20 (SI Tables S2−
S3). The rate coefficient was set at 10−5 s−1, which is typical for
denitification (Table S4).18 The growth of microorganisms was
approximated by the dual Monod model. Biomass decay was
revised following ref 23 as

= − −x t k x xd /d ( )d 0 (5)

where kd is a rate coefficient (s
−1) and x0 is the initial biomass.

Without the initial biomass term, the biomass could decrease to
zero before injected substrate arrives. With zero initial biomass,
the numerical model would predict no growth.
We specified six microbial functional groups: denitrifiers,

metal reducers, LCFA-utilizing sulfate reducers, acetate/H2-
utilizing sulfate reducers, fermenters, and methanogens, each
with an initial biomass of 10−6 M (0.113 mg/L, SI Table S1),
which is between the values used in the microcosm tests (SI
Table S418). To assess the influence of syntrophic LCFA
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degradation, an acetogen group was included for simulations
with initial biomass of 10−7 and 5 × 10−7 M.
Similar to ref 18, we used a generic surface complexation

model24,25 for the sorption of cations (Ca, Mg, etc.), anions
(carbonate species, sulfate, etc.) and U(VI), uraninite
precipitation to describe the removal of U(IV) from the
aqueous phase. We assumed precipitation of FeS and uraninite
to be equilibrium reactions and biomass to be immobile.5−8

Considering the high permeability of this gravel zone, potential
permeability change due to EVO injection, biomass accumu-
lation, and precipitation were ignored. Only microbially
mediated reduction reactions were included. Abiotic reduction
reactions (e.g., sulfide and ferrous iron to reduce nitrate, U(VI),
etc.) were not considered due to lack of published kinetic rates.
We did not simulate reoxidation due to lack of understanding
and quantification of relevant microbial and abiotic processes.
We used PHAST26 with a uniform grid of 0.25 m for the 20

m by 50 m domain with 1 layer (SI Figure S3). We confirmed
the results by using MODFLOW27 and PHT3D28 with a fine

grid of 1 layer with 50 rows and 100 columns of variable
spacing. With many kinetic reactions, the simulation was
computationally intensive. A single simulation run took 1−2
weeks using 32 computer cores. We ran these simulations on
high-performance computers at FSU (www.hpc.fsu.edu),
NCCS (www.nccs.gov). and NERSC (www.nersc.gov).

■ RESULTS AND DISCUSSION
Tracer Test. Bromide travel time from the injection wells to

Bear Creek was 1−4 days (SI Figures S4−S5). Multilevel
monitoring wells generally indicated slightly earlier arrival and
higher concentrations in deeper than shallower ports. Model
predictions with a hydraulic conductivity k = 0.08 cm/s,
effective porosity ne = 0.2, and dispersivity λ = 0.3 m
approximately matched the bromide observations. These
parameters were used as the base case in the subsequent
simulations. Inversely proportional changes in k and ne (e.g., k
= 0.04 cm/s, ne = 0.1 or k = 0.12 cm/s, ne = 0.3 such that the
travel time remained similar) produced similar results. With

Figure 1. Observed (data points) and calculated (curves) aqueous concentration after the injection. FW215 = upgradient well, FW212/3/4 =
injection wells (o/x/Δ), MLSC and DP13 = downgradient monitoring wells; and SEEP2 = discharge to surface water. The concentration unit is mM
except μM for U. For biomass, 1 mM = 0.113 mg/L. NRB = denitrifiers, FeRB = Fe reducers, SRB = sulfate reducers, FM = fermenters, and MeG =
methanogens. EVOs = sorbed EVO. For multi-level well MLSC, o/x/Δ denotes observations at port 17/16/15 ft below ground surface.
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greater k and ne, peak bromide concentrations were predicted
to be smaller due to dilution (SI Figure S4), and also resulted in
a proportionally greater flux of electron acceptors (nitrate,
sulfate, and U(VI)) entering the treatment zone from upstream.
EVO Retention. The EVO in groundwater samples was

determined by weight loss on ignition for 1 h at 550 °C.12,29 A
fraction of the injected EVO moved faster than bromide11 (SI
Figures S4−S6), probably due to size exclusion, i.e., colloidal
EVO migrated in the large pores and was excluded from small
pores.30 Observed concentrations in the shallower ports were
generally greater than in the deeper ports due to buoyancy
effects (EVO density 0.92 g/cm3). This generally correlated
with an observed longer period of acetate increase, nitrate and
U decrease, to a lesser extent of sulfate loss and Fe increase
(Figure 1, SI Figures S7−S11). Compared with bromide, the
observed high concentrations in the shallow ports and injection
well (FW214) were not representative of the depth averaged
concentration. Therefore, we did not strive to match the EVO
observations in the shallow ports at early times as doing so

resulted in fast washout and insufficient EVO retention to
sustain reducing conditions for over one year as observed.
The predicted biogeochemical dynamics were determined

largely by the EVO hydrolysis and sorption parameters. With kh
= 2 × 10−4 M−1 s−1, ks = 2 × 10−5 s−1, ka = 1000 M−1, sm = 0.3
M (base case), the model approximately described observed
EVO concentrations for the first 10 days (except shallow ports,
SI Figures S4, S6), and predicted sorbed EVO near the
injection wells for 100 days (Figure 1, SI Figure S12).
Decreasing kh, ks, ka, or sm generally led to increasing predicted
aqueous EVO concentrations, decreasing sorption/LCFA
precipitation, and reducing period (SI Figures S14−S17).
Even though the predicted aqueous EVO in the first 10 days
did not change substantially when these parameters were
adjusted (SI Figure S13), the predicted longevity did (SI
Figures S14−S17).

EVO Hydrolysis, Glycerol Fermentation, LCFA Oxida-
tion, and Acetate Accumulation. The injected EVO was
distributed across the aquifer in 1−2 days with concentration
up to 100 mM (SI Figure S6). In contrast, ∼0.3 mM EVO was

Figure 2. Calculated nitrate, U(IV), and sulfate distribution after the injection. The predicted U(IV) precipitate accumulated near the injection wells
and along the boundaries where electron donors from the injection wells met the electron acceptors (sulfate) from the surrounding environment.
The white squares represent locations of the upgradient (FW215), injection (FW212, FW213, and FW214), and monitoring (MLSC, DP13, and
SEEP2) wells from upgradient to downstream.
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added in the microcosms.18 Acetate accumulated in multiple
wells within 10 days in the field test (Figure 1, SI Figure S7),
which was approximately 26 days earlier than in the
microcosms,18 suggesting faster EVO hydrolysis and LCFA
degradation in the field than in the microcosms. This may have
been because EVO hydrolysis was more energetically favorable
with nitrate present, kinetically favorable with higher EVO
concentrations in the field than in the microcosms, or the
microbial communities were different.
Within the model, acetate concentration was determined by

the balance of acetate production by glycerol fermentation and
LCFA oxidation, and acetate consumption by denitrifiers, metal
reducers, sulfate reducers, and methanogens. The predicted
rapid acetate accumulation at early times was due to fast
hydrolysis and LCFA oxidation. As bacteria grew, the modeled
acetate consumption increased rapidly. At the same time, as
sulfate and nitrate were consumed in the treatment zone, LCFA
degradation by sulfate reducers and denitrifiers slowed due to
lack of electron acceptors, slowing acetate production in a

feedback loop. As a result, the predicted acetate concentration
decreased rapidly after the initial peak.
After acetate was consumed, nitrate and sulfate moved back

to the treatment zone, LCFA degrading sulfate reducers and
denitrifiers grew again as electron acceptors and LCFA became
available, producing another acetate concentration peak (Figure
1c,d, SI Figure S7). Due to the abundance of Ca in the
groundwater, the model predicted LCFA to precipitate with Ca,
producing a secondary long-term electron donor source near
the injection wells and downgradient (Figure 1, SI Figure S12).
Mg-LCFA precipitates are several orders of magnitude more
soluble than Ca-LCFA precipitates, and inclusion of Mg-LCFA
precipitation had negligible effect on the predictions (not
shown). If syntrophic bacteria were included,18 the model
predicted slightly shorter reducing period than that model that
ignored syntrophic LCFA degradation (SI Figure S17).
Using the laboratory-determined parameters in ref 18, a

hydrolysis rate coefficient kh = 2 × 10−4 M−1 s−1, and a lag time
of 50 days for acetate-utilizing methanogens, observed acetate

Figure 3. Calculated biomass accumulation (1 mM = 0.113 mg/L) for denitrifiers, metal reducers, and sulfate reducers after the injection. The
biomass was predicted to accumulate near the injection wells and along the boundaries where electron donors from the injection wells meet the
electron acceptors from the surrounding environment. The white squares represent locations of the upgradient (FW215), injection (FW212, FW213,
and FW214), and monitoring (MLSC, DP13, and SEEP2) wells from upgradient to downstream.
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concentrations were approximately matched (Figure 1, SI
Figure S7). With kh = 10−4 M−1 s−1, hydrolysis was predicted to
be too slow to accumulate acetate and decrease sulfate and U
concentration in the injection wells. With a fast kh = 3 × 10−4

M−1 s−1, an order of magnitude greater than estimated from the
microcosm tests,18 sulfate and U were predicted to be reduced,
and the reducing period was decreased. Further increase to kh
had less impact as EVO hydrolysis was no longer the rate-
limiting process for EVO degradation, and the predicted Ca-
LCFA precipitates became the long-term electron donor source
(SI Figure S14).
Glycerol was expected to be more mobile than LCFA, and

accounted for <10% of the total electrons available in
triglycerides. However, it was assumed to be the electron
donor for the growth of fermenters, which were assumed to
catalyze EVO hydrolysis in the conceptual model.10 Further
investigation is needed to identify and quantify the role of
glycerol fermentation in EVO degradation.
Nitrate Reduction. The model predicted nitrate from

upstream to be completely reduced within the first few days
after EVO injection, with accumulation of denitrifiers between
upgradient well FW215 and the injection wells (Figures 1 and
3, SI Figures S8, S18). In the injection and downgradient wells,
denitrifiers were predicted to increase concurrently with
decreasing nitrate concentration. Once nitrate was consumed,
denitrifiers stopped accumulating. In this manner, sequential
denitrifying, metal-reducing, sulfate-reducing, and methano-
genic zones formed from upstream to downstream, respectively
(Figures 2 and 3).31 As electron donors were consumed in
upgradient wells, the active denitrifying zone moved down-
stream, and denitrifiers increased in the downgradient wells. In
the end, the denitrifiers decreased to the upgradient level when
electron donors were exhausted (Figure 1). Due to the
decreasing nitrate concentration and electron donors trans-
ported from upstream locations, peak denitrifier biomass
decreased with increasing distance from the injection wells.
The model generally predicted earlier than observed rebound
because we did not include abiotic denitrification by Fe2+ and
sulfide.
Fe(III) Reduction. Site characterization demonstrated that

the aquifer solids contained more goethite than ferrihydrite,32

and microcosm model18 indicated that use of ferrihydrite could
result in overprediction of Fe(III) reduction extent. Therefore,
we used goethite to represent ferric oxide minerals, assumed
that 20% of the total Fe(III) was bioavailable,32 and modeled
cases with initial goethite contents of 0.25, 0.5, and 1.0 M (SI
Figures S9, S19). Predicted Fe(III) reduction occurred after
nitrate reduction, increasing the Fe(II) concentration and metal
reducer biomass accumulation in downgradient wells (Figures 1
and 3, SI Figure S18). The predictions matched the general
observed Fe concentration trends but underestimated the
extent (Figure 1, SI Figures S9, S19). Increasing EVO
hydrolysis rate and/or decreasing Fe2+ sorption could mitigate
the underestimation (SI Figures S14−17). When goethite
content was small (initial 0.25 M), the predicted biomass was
nearly uniformly distributed from the injection wells to DP13
because no Fe(III) was assumed to be supplied from outside of
the treatment zone (SI Figure S18), contrasting substantial
accumulations of denitrifiers and sulfate reducers near the
injection wells.
U(VI) Reduction. The modeled aqueous U(VI) concen-

tration increased at early times due to U(VI) release from the
sediments by biogenic bicarbonate production and loss of

sorption sites due to Fe(III) reduction18 (Figure 1, SI Figure
S10). As aqueous U(VI) continued flowing into the treatment
zone from upstream and diffused from the sides into the
treatment zone, the model predicted accumulation of biogenic
U(IV) precipitates near the injection wells, and near lateral
boundaries of the treatment zone (Figure 2), similar to the
sulfate reducers (Figure 3). The aqueous U concentrations
were generally above 0.126 μM, the EPA maximum
contaminant level for drinking water, and rebounded to the
preinjection level eventually. However, the 2-h injection did
substantially decrease the U flux to the Bear Creek for over a
year.11

Sulfate Reduction. Sulfate reduction occurred after metal
reduction in the simulations. Similar to nitrate and U, sulfate
concentrations near the injection wells exhibited significant
temporal variations (Figure 1, SI Figure S11) near the
treatment front. The predicted sulfate concentration decreased
rapidly after the EVO injection, and rebounded when the
electron donors were exhausted. After nitrate and metal
reduction, the model predicted sulfate reducers to dominate
the microbial community near the injection wells (Figure 1F),
which was greater than observed in Girhing et al.,10 because we
assumed sulfate reducers to be the major LCFA degrader. The
model predicted that sulfate reducer growth stopped when
sulfate was exhausted, began again during the rebound phase
when sulfate became available and precipitated LCFA was still
available (Figure 1G−I).
Similar to nitrate and U(VI), due to the continuous supply of

sulfate into the treatment zone from upgradient and along the
edges of the treatment zone, the predicted sulfate reducer
biomass accumulated near the injection wells and side
boundaries (Figure 3). Along the center line of the domain,
sulfate was exhausted, limiting the accumulation of sulfate
reducer biomass and biogenic U(IV) precipitates (Figure 2).
Sulfate and other electron acceptors have generally been
considered to compete with U(VI) for electrons and limit the
extent of U(VI) bioreduction. However, in the presence of
complex carbon sources such as EVO, they could be conducive
to U(VI) bioreduction as sulfate reducers could contribute to
the degradation of complex substrates to produce electron
donors such as acetate that could be utilized by U(VI)-reducing
microorganisms.

Methanogenesis. Acetate was observed for over 100 days
in multiple downgradient monitoring wells in the field test
(Figure 1, SI Figure S7), which could drive growth of
acetoclastic methanogens. To match acetate concentration in
microcosms, a lag phase of up to 100 days for acetoclastic
methanogens was used.18 A 50−100-day lag time provided an
approximate match to the data in the field test. Absent this lag
time, acetate was predicted to be consumed in about 50 days,
much shorter than observed (SI Figure S20). However, the
EVO hydrolysis and sorption parameters have similar effects,
making the lag time less important for acetate prediction in the
field test than in the microcosms. The predicted acetoclastic
methanogens accumulated downstream of the injection wells
and the nitrate-, metal-, and sulfate-reducing zones after the lag
time.

Microbial Community Evolution. The model predicted a
short initial period of enrichment with denitrifiers followed by
metal reducers and sulfate reducers in the upgradient well
FW215. The predicted microbial community composition
within the front of the treatment zone was dominated by
denitrifiers and sulfate reducers due to transient transport of
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EVO from the injection wells, and continuous incoming nitrate
and sulfate from upgradient (Figure 1E,3). Sulfate reducers
dominated near the injection wells (Figure 1F-G) after
denitrification and metal reduction, due to incoming sulfate
from upgradient, and the abundance of LCFA (Figure 1B−C).
The relative abundance of microbial groups was not predicted
to change substantially after 100 days because we used an
identical decay rate for each functional group.
The predicted fermenters were abundant in downgradient

locations (Figure 1F−I, SI Figure S18) because of nonretarded
glycerol transport, and the reaction was not limited by electron
acceptors. The predicted relative abundance of fermenters was
less than observed for Pelosinus, the dominant fermentative
organism found during the field test10 at the early times,
because glycerol accounted for less than 6% and 10% of the
carbon and electrons in triglycerides, respectively, and LCFA
was not assumed to be an electron donor for the fermenters. In
contrast, the model predicted much more growth of sulfate
reducers than detected in the field10 as they were assumed to be
the major LCFA degraders. The predicted methanogens were
abundant in downgradient wells at late times (Figure 1G-I, SI
Figure S18). Because the observed relative abundance was
determined from groundwater samples while the model
predicted total biomass, we did not show quantitative
comparison of the predicted relative abundance with
observations reported in Girhing et al.10

Implications. A comprehensive biogeochemical model
based on microcosm and field experiments has been used to
assess complex processes in a field test, in which EVO was
injected into a fast-flowing aquifer to reduce and immobilize
U(VI). Model results indicated that precipitation of long-chain
fatty acids with Ca in the aquifer could create a secondary long-
term electron donor source for longer-term bioremediation
than simpler substrates. We predicted lower than observed
fermenters and higher than observed sulfate reducers,
suggesting that long-chain fatty acids or other daughter
products might also be used by the abundant Pelosinus. The
model predicted U(IV) accumulation near the injection wells
and along the side boundaries of the treatment zone where
electron donors (long-chain fatty acids) from the injection wells
met electron acceptors (nitrate, sulfate) from the surrounding
environment. Finally, the terminal electron-accepting processes
simulated in this model are general so that the model can be
modified to accommodate other anaerobic processes (e.g.,
chlorinated solvents, nitrate and Cr(VI) reduction) in the
subsurface.
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Table S1 Hydrological, EVO hydrolysis and sorption parameters, and initial biomass used in the model 

 Base case Lower case Upper case 
Hydraulic conductivity k (cm/s) 0.08 0.04 0.12 
Effective porosity ne (-)  0.2 0.1 0.3 
Dispersivity λ (-)  0.5   
EVO hydrolysis rate coefficient kh (1/Ms) 2×10-4 1×10-4 3×10-4 
EVO sorption rate coefficient ks (1/s) 2×10-5 1×10-5 4×10-5 
EVO sorption affinity ka (1/M) 1000 100 10000 
EVO sorption capacity sm (M) 0.3 0.1 0.5 
Initial goethite content (M) 0.5 0.25 1.0 
Bioavailable goethite (%) 20.0 20.0 20.0 
Lag time acetate-utilizing methanogens tlag (d) 0.0 50.0 100.0 
Initial denitrifiers (M) 1×10-6   
Initial metal reducers (M) 1×10-6   
Initial LCFA-utilizing sulfate reducers (M) 1×10-6   
Initial acetate-utilizing sulfate reducers (M) 1×10-6   
Initial fermenters (M) 1×10-6   
Initial methanogens (M) 1×10-6   
Initial acetogens C0 (M) 0.0 1×10-7 5×10-7 
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Table S2 Reaction stoichiometry for the microbially mediated reactions. All from [1] except 15, 17, and 18 derived in [2], 4 and 5 from this work.  
   log K 
1 NRE C5H7O2N + 21.35 H2O + 13.5 HCO3

- + 9.1 N2 = 3.7 H+ + NH4
+ + 18.2 NO3

- + 9.25 Ethanol -879.23 

2 NRA C5H7O2N + 5.8907 H2O + 7.2268 HCO3
- + 2.8907 N2 = 3.6680 H+ + NH4

+ + 5.7815 NO3
- + 6.1134 Acetate- -456.23 

3 NRO C5H7O2N + 13 H2O + 16 N2 + 12 H+ + 54 Acetate-  = 6 Oleate- + NH4
+ + 32 NO3

- + 5 HCO3
-  -2830.84 

4 NRG C5H7O2N + 25 H2O + 12 N2 + 2 H+ + 25 HCO3
- = 10 Glycerol + NH4

+ + 24 NO3
-  -2231.32 

5 NRH C5H7O2N + 37.0302 H2O + 4.005 N2 = 12.0101 H+ + 5 HCO3
- + NH4

+ + 8.0101 NO3
- + 30.0252 H2 -841.79 

6 FeRE C5H7O2N + 57.7 Fe2+ + 73.1 H+ + 19.4 Acetate- = 6.4 H2O + 5 HCO3
- + NH4

+ + 57.7 Fe3+ + 19.4 Ethanol -594.48 

7 FeRA C5H7O2N + 150.1676 Fe2+ + 167.4385 H+ + 37.5419 HCO3
- = 72.0838 H2O + NH4

+ + 150.1676 Fe3+ + 21.2709 Acetate- -1428.38 

8 FeRH C5H7O2N + 114.7648 Fe2+  + 110.7648 H+ + 13 H2O = 5 HCO3
- + NH4

+ + 114.7648 Fe3+ + 57.3824 H2 -1505.39 

9 URE C5H7O2N + 32.5 H2O + 13.2 Acetate- + 16.4 U4+ = 23.5 H+ + 5 HCO3
- + NH4

+ + 16.4 UO2
2++ 13.2 Ethanol -125.12 

10 URA C5H7O2N + 40.0921 H2O + 18.5461 HCO3
- + 37.0921 U4+ = 66.4112 H+ + NH4

+ + 37.0921 UO2
2+ + 11.773 Acetate- -229.74 

11 URH C5H7O2N + 46.368 H2O + 16.684 U4+ = 37.3679 H+ + 5 HCO3
- + NH4

+ + 16.684 UO2
2+ + 26.684 H2 -243.86 

12 SRE C5H7O2N + 31.8 H+ + 69.5 H2O + 30.6 HS- + 66.5 Acetate- = 5 HCO3
- + NH4

+ + 30.7506 SO4
2- + 66.5 Ethanol -471.7 

13 SRA C5H7O2N + 3 H2O + 44.9044 HCO3
- + 22.4522 HS- = 1.5 H+ + NH4

+ + 22.4522 SO4
2- + 24.9522 Acetate-  -137.87 

14 SRH C5H7O2N + 82.6115 H2O + 17.4029 HS- = 21.4029 H+ + 5 HCO3
- + NH4

+ + 17.4029 SO4
2- + 79.6115 H2 -598.46 

15 SRO C5H7O2N + 19.75 H+ + 16.25 HS- + 45 Acetate- = 2 H2O + 5 HCO3
- + NH4

+ + 16.25 SO4
2- + 5 Oleate- -145.068 

16 HGE C5H7O2N + 496 H+ + 990 H2 + 500 Acetate- = 5 HCO3
- + NH4

+ + 487 H2O + 500 Ethanol 4322.15 

17 HGO C5H7O2N + 28 H+ + 50 H2 + 36 Acetate- = 5 HCO3
- + NH4

+ + 51 H2O + 4 Oleate- 320.34 

18 HGG C5H7O2N + 26 H+ + 10 H2 + 13 H2O + 30 Acetate- = 5 HCO3
- + NH4

+ + 20 Glycerol -238.76 

19 MeGA C5H7O2N + 101.1836 HCO3
- + 101.1836 CH4 = 1.5 H+ + 98.1836 H2O + NH4

+ + 103.6836 Acetate-  209.25 

20 MeGH C5H7O2N + 255.6428 H2O + 80.8809 CH4 = 84.8809 H+ + NH4
+ + 85.8809 HCO3

- + 333.5237 H2 320.34 
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Table S3 Redox half reactions and reaction energy ΔG0' at 25 °C and pH = 7 (kJ/e-). All from [1]  
except oleate based on estimate from [3]  

 Reaction ΔG0’ 
Electron acceptor  
NO3

-/N2 1/5 NO3
- + 6 H2O + 5 e- = 1/10 N2 + 3/5 H2O -70.40 

Fe(III)/Fe(II)  Fe3+ + e-  = Fe2+ -74.27 
U(VI)/U(IV) 1/2 UO2

2+ + 2H+ + e- = 1/2 U4+ + H2O 53.95 
SO4

-2/HS- 1/8 SO4
2- + 19/16 H+ + e- =  1/16 H2S + 1/16 HS- + 1/2 H2O

  
20.81 

CO2/CH4 1/8 CO2 + H+ + e- = 1/8 CH4 + 1/4 H2O 24.53 
Electron donor  
Oleate/ Acetate- 3/10 Acetate- + 13/10 H+ + e-  = 1/30 HOleate + 8/15 H2O  26.94 
Glycerol / Acetate- 7/4H+ + 3/4 Acetate- + e- = 1/4 Glycerol  36.87 
Acetate-/ CO2 1/8 CO2 + 1/8 HCO3

- + H+ + e- = 1/8 Acetate- + 3/8 H2O  26.37 
H2/H+ H+ + e- = ½ H2 39.87 
Ethanol/Acetate-  1/4 Acetate- + 5/4 H+ + e- = 1/4 Ethanol + 1/4 H2O 37.47 
Cell synthesis  
 1/5 CO2 + 1/20 NH4

+ + 1/20 HCO3
- + H+ + e- = 1/20 

C5H7O2N  + 9/20 H2O 
58.10 
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Table S4 Parameter values for the microbial-mediated reactions in the microcosms (kI = 1.0 × 10-6 M for nitrate, kDecay = 1.0 × 10-7 s-1) 

  Functional group Donor Acceptor kmax (s-1) kD (M) kA (M) C0 (M) Notation 
1 Denitrification Comamonadeceae Ethanol/CO2 NO3

-/N2 2.40 × 10-5 1.0 × 10-6 2.3 × 10-6 4.63 ×10-7 NREAHd 

   Acetate/CO2 NO3
-/N2 1.70 × 10-5 1.0 × 10-6‡ 2.3 × 10-6  

   H2/H+ NO3
-/N2 4.80 × 10-6 1.0 × 10-6 2.3 × 10-6   

   Oleate/Acetate NO3
-/N2 1.00 × 10-5 1.2 × 10-4 2.3 × 10-6   

   Glycerol/Acetate NO3
-/N2 1.00 × 10-5 5.5 × 10-5 2.3 × 10-6   

2 Metal reduction Anaeromyxobacter Ethanol/Acetate Fe3+/Fe2+ 4.84 × 10-7 1.0 × 10-6 7.0 4.40 ×10-7 FeREAd 

   Acetate/CO2 Fe3+/Fe2+ 2.07 × 10-6 1.2 × 10-5 7.0  

   Ethanol/Acetate UO2
2-/U4+ 1.00 × 10-6‡ 1.0 x 10-6 3.0 × 10-4   

   Acetate/CO2 UO2
2-/U4+ 1.00 × 10-6‡ 1.0 ×10-4††† 3.0 × 10-4   

  Geobacter H2/H+ Fe3+/Fe2+ 3.25 × 10-7 1.0 × 10-6 7.0 1. 0 ×10-7 FeRHd 

   H2/H+ UO2
2-/U4+ 1.00 × 10-6‡ 1.0 × 10-6‡ 3.0 × 10-4   

3 Sulfate reduction Desulfobulbus Ethanol/Acetate SO4
2-/HS- 3.58 × 10-6 8.4 × 10-6 3.9 × 10-5 1.16 ×10-7 SREHd 

   H2/H+ SO4
2-/HS- 2.19 × 10-6 1.1 × 10-6 3.9 × 10-5  

  Desulfovibrio Acetate/CO2 SO4
2-/HS- 4.00 × 10-6 5.0 × 10-6 3.9 × 10-5 1.0 × 10-7‡ SRAd 

4 LCFA degradation Desulforegula Oleate/Acetate SO4
2-/HS- 6.00 × 10-6‡ 1.2 × 10-4†† 3.9 × 10-5 1.0 × 10-6‡ SROd 

5 Fermentation  Ethanol/Acetate H+/H2 6.00 × 10-7† 5.5 × 10-5 N/A 9.26 ×10-6 HGEd 

  Acetogen  Oleate/Acetate H+/H2 1.00 × 10-6†† 1.2 × 10-4†† 3.9 × 10-5 1.0 × 10-6‡ HGOd 

  Pelosinus Glycerol/Acetate H+/H2 2.00 × 10-6‡ 5.5 × 10-5‡ N/A 1.0 × 10-6‡ HGGd 

6 Methanogenesis Methanosarcina Acetate/CO2 CO2/CH4 1.70 × 10-6 2.3 × 10-5 N/A 6.94 ×10-7 MeGAd 

  Methanomicrobia H2/H+ CO2/CH4 1.08 × 10-6 4.7 × 10-6 N/A 1.0 × 10-7‡ MeGHd 

Note: 1) Unless specified, the parameters values were taken from [4]. The biomass was converted by assuming bacterial were associated with 
solid phase.  † = a growth yield of 0.6 g.mol-1 was assumed for the conversion from [4]. †† from [5]. ††† from [6] . ‡ = assigned in[2]. NRG and NRO 
parameters assigned in this work.  
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Figure S1. Conceptual model of EVO degradation and subsequent reduction reactions during an EVO injection experiments based on the relative 
abundance of representative abundant OTUs and known physiologies of closely allied species or genera (Modified from Gihring et al 2011 [7]).  
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Figure S2. Area 2 EVO  injection site at DOE ORIFRC (From [8] with modification). 
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Figure S3. Spatial grid (unit m) used in the numerical simulations with PHAST [9] (rotated 120° 
countclockwise from the local Y12 coordinate system to align with the flow direction). A 0.5 m uniform 
grid is shown here for clarity.  

 
Figure S4. Observed (symbols) vs. calculated (curves) bromide (row 1) and aqueous EVO (row 2), 
sorbed EVO (row 3) concentrations. ○, x/+, and ∆ for FW212, FW213, and FW214 in the injection 
wells, and shallow, middle, and deep ports in the multiple level well MLSC. k = hydraulic conductivity 
(cm/s). ne = effective porosity. 
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Figure S5. Observed (symbols) vs. calculated (curves) bromide concentrations in all of the monitoring 
wells. For multilevel wells such as MLSA, the numbers in the legends (17.1, 16.1, and 15.0) are the 
screen intervals in feet below the ground surface. k = hydraulic conductivity (cm/s). ne = effective 
porosity 
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Figure S6. Observed (symbols) vs. calculated aqueous and sorbed EVO (continuous and dash curves) 
concentrations in all of the monitoring wells. For multilevel wells such as MLSA, the numbers in the 
legends (17.1, 16.1, and 15.0) are the screen intervals in feet below the ground surface. k = hydraulic 
conductivity (cm/s). ne = effective porosity 
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Figure S7. Observed (symbols) vs. calculated (curves) acetate concentrations in all of the monitoring 
wells. For multilevel wells such as MLSA, the numbers in the legends (17.1, 16.1, and 15.0) are the 
screen intervals in feet below the ground surface. k = hydraulic conductivity (cm/s). ne = effective 
porosity 
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Figure S8. Observed (symbols) vs. calculated (curves) nitrate concentrations in all of the monitoring 
wells. For multilevel wells such as MLSA, the numbers in the legends (17.1, 16.1, and 15.0) are the 
screen intervals in feet below the ground surface. k = hydraulic conductivity (cm/s). ne = effective 
porosity 
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Figure S9. Observed (symbols) vs. calculated aqueous Fe and goethite (continuous and dash curves) 
concentrations in all of the monitoring wells. For multilevel wells such as MLSA, the numbers in the 
legends (17.1, 16.1, and 15.0) are the screen intervals in feet below the ground surface. k = hydraulic 
conductivity (cm/s). ne = effective porosity. 
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Figure S10. Observed (symbols) vs. calculated aqueous U(VI) and precipitated U(IV) (continuous and 
dash curves) concentrations in all of the monitoring wells. For multilevel wells such as MLSA, the 
numbers in the legends (17.1, 16.1, and 15.0) are the screen intervals in feet below the ground surface. k 
= hydraulic conductivity (cm/s). ne = effective porosity. 
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Figure S11. Observed (symbols) vs. calculated (curves) sulfate concentrations in all of the monitoring 
wells. For multilevel wells such as MLSA, the numbers in the legends (17.1, 16.1, and 15.0) are the 
screen intervals in feet below the ground surface. k = hydraulic conductivity (cm/s). ne = effective 
porosity 
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Figure S12.Influence of hydrological parameters (hydraulic conductivity k, cm/s and effective porosity 

ne) on predictions  
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Figure S13. Influence of EVO hydrolysis rate coefficient (kha, s-1), kinetic sorption rate coefficient (ks, s-

1), affinity coefficient (ka, M-1), and sorption capacity (sm, M) on predicted EVO concentration in 10 
days.  



 18 

 

Figure S14.Influence of EVO hydrolysis rate coefficient (kha, s-1) on predictions 
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Figure S15.Influence of EVO kinetic sorption rate coefficient (kh, M-1s-1) on predictions  
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Figure S16.Influence of EVO sorption affinity coefficient (ka, M-1) on predictions 
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Figure S16.Influence of EVO sorption capacity (sm, M) on predictions 
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Figure S17.Influence of syntrophic bacteria for LCFA oxidation with initial biomass of 0, 1, and 5×10-7 
M  C5H7O2N on predictions  
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Figure S18. Calculated biomass accumulation concentrations. k = hydraulic conductivity (cm/s) and ne = 
effective porosity  



 24 

 

Figure S19.Influence of initial goethite on predictions 
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Figure S20.Influence of lag time (tlag, day) for acetate-utilizing methanogens on predictions 
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