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Abstract Anaerobic biodegradation of organic amendments and contaminants in aquifers can trigger
secondary water quality impacts that impair groundwater resources. Reactive transport models help elucidate how diverse geochemical reactions control the spatiotemporal evolution of these impacts. Using
extensive monitoring data from a crude oil spill site near Bemidji, Minnesota (USA), we implemented a comprehensive model that simulates secondary plumes of depleted dissolved O2 and elevated concentrations
of Mn21, Fe21, CH4, and Ca21 over a two-dimensional cross section for 30 years following the spill. The
model produces observed changes by representing multiple oil constituents and coupled carbonate and
hydroxide chemistry. The model includes reactions with carbonates and Fe and Mn mineral phases, outgassing of CH4 and CO2 gas phases, and sorption of Fe, Mn, and H1. Model results demonstrate that most of
the carbon loss from the oil (70%) occurs through direct outgassing from the oil source zone, greatly limiting the amount of CH4 cycled down-gradient. The vast majority of reduced Fe is strongly attenuated on
sediments, with most (91%) in the sorbed form in the model. Ferrous carbonates constitute a small fraction
of the reduced Fe in simulations, but may be important for furthering the reduction of ferric oxides. The
combined effect of concomitant redox reactions, sorption, and dissolved CO2 inputs from source-zone degradation successfully reproduced observed pH. The model demonstrates that secondary water quality
impacts may depend strongly on organic carbon properties, and impacts may decrease due to sorption and
direct outgassing from the source zone.

1. Introduction and Motivation
Secondary water quality impacts (SWQIs) in contaminated aquifers consist of groundwater plumes that
result from the degradation of a primary contaminant or organic amendment. Although secondary impacts
are typically less harmful than the contaminant of concern, they can impair water quality, even after the
original contaminant sources are attenuated. There is growing concern surrounding SWQIs at electron
donor addition remediation sites, where organic substances are introduced into aquifers to stimulate biodegradation of chlorinated solvents [AFCEE (Air Force Center for Environmental Excellence), 2004; Borden, 2007;
Cox, 2009; Stroo and Ward, 2010], explosives and propellants (TNT, RDX, HMX, ClO2
4 ) [Rodgers and Bunce,
21
2001; Hatzinger, 2005], selected metals and radionuclides (Cr[VI], TcO2
,
UO
)
[Lloyd
and Lovley, 2001], and
4
2
other contaminants. Secondary impacts of the intentionally injected organic substances must be considered
for the development of responsible, effective, and sustainable remediation practices.
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Secondary impact characterization is complicated by the need to consider a diverse range of coupled, indirect, and future outcomes following the introduction of the electron donor. Numerical reactive transport
models that can represent multiple components and include a comprehensive set of secondary reactions
triggered by organic degradation are essential for evaluating the overall consequences in contaminated
subsurface systems (for reviews of such models, see Hunter et al. [1998], Islam et al. [2001], Barry et al.
[2002], Brun and Engesgaard [2002], Steefel et al. [2005], and Thullner et al. [2007]). Biogeochemical models
have provided important insights into contaminated groundwater sites. They have helped in identifying
redox zonation and dominant terminal electron acceptors [Prommer et al., 1999a; Mayer et al., 2001; Brun

NG ET AL.

MODELING SECONDARY WATER QUALITY IMPACTS OF CRUDE OIL SPILL

C 2015. American Geophysical Union.
V

4156

Water Resources Research

10.1002/2015WR016964

et al., 2002; Vencelides et al., 2007]. Also, they have illustrated the major roles of nonaqueous phase processes, such as mineral dissolution and precipitation [McNab and Narasimhan, 1995; van Breukelen et al.,
2004; Vencelides et al., 2007], sorption [van Breukelen et al., 2004], outgassing [Mayer et al., 2001; van Breukelen et al., 2004; Vencelides et al., 2007], gas bubble formation and entrapment [Amos and Mayer, 2006], and
dynamic permeability feedbacks [Singhal and Islam, 2008; Li et al., 2010]. Biogeochemical models have
become common predictive and research tools at contaminant sites over the last couple of decades, but
their site-speciﬁc implementation can remain a challenge due to limited ﬁeld-scale observations, parameter
values, and process understanding [Steefel et al., 2005; Thullner et al., 2007]. This is particularly the case at
electron donor addition remediation sites, which are generally monitored for secondary water quality
impacts, but are typically lacking in spatially extensive and long-term information.
SWQIs also result from biodegradation of hydrocarbons. Study sites for hydrocarbon natural attenuation
provide strong launching points for developing a geochemical model suitable for probing secondary water
quality impacts at electron donor addition remediation sites. Intensive monitoring and investigation have
been carried out at the National Crude Oil Spill Fate and Natural Attenuation Research Site near Bemidji,
Minnesota (USA) following a crude oil pipeline spill on 20 August 1979. The Bemidji site has been the subject of multidisciplinary studies by the U.S. Geological Survey Toxic Substances Hydrology program, many
of which are described in the review by Essaid et al. [2011]. A number of geochemical modeling studies
have been conducted to assess processes behind the hydrocarbon attenuation [Bennett et al., 1993; Baedecker et al., 1993; Essaid et al., 1995; McNab and Narasimhan, 1995; Curtis et al., 1999; Curtis, 2003; Essaid
et al., 2003; Amos, 2006; Amos and Mayer, 2006], making the Bemidji site an ideal test case with which to
develop a model to investigate SWQIs.
Most of the previous Bemidji models have focused on the fate of hydrocarbons, especially BTEX (benzene, toluene, ethylbenzene, m,p-xylene, and o-xylene), and the emphasis has generally not been to fully represent degradation products and by-products or follow their fate. Many of these modeling studies lack data constraints
on some of the secondary components of the model, such as mineral or gas phase observations. As a result,
previous Bemidji models have each lacked certain processes and/or included simpliﬁed representations, which
hampered their ability to represent the geochemical evolution of the plume, including many aquifer impacts
that are secondary to the primary BTEX attenuation. In this study, we build off the previous Bemidji models
listed above and develop a reactive transport model that is guided by diverse data types and updated measurements at the site. The new and/or improved components to the Bemidji model incorporate recent inferences by Ng et al. [2014], including detailed treatment of the oil source, new outgassing mechanisms, multiple
pH buffering sources, and representation of sorption. The resulting comprehensive model is used to quantitatively evaluate the different biogeochemical processes that control the spatiotemporal evolution of both the
primary organic carbon and secondary water quality groundwater plumes of depleted O2 and elevated dissolved organic carbon, reduced metals, CH4, and other major ions at the Bemidji site.

2. Bemidji Oil Spill Site
Over 30 years of data collected at the Bemidji site have demonstrated that persisting oil pools along the
water table are ongoing sources of dissolved organic carbon and degradation products in the groundwater.
Shortly after the spill, oxygen became depleted near the source, and anaerobic terminal electron accepting
processes (TEAPs) involving Mn oxide minerals, Fe oxyhydroxide minerals, and methanogenesis became
important [Baedecker et al., 1993; Cozzarelli et al., 2001]. The attenuation of the organic carbon in the aquifer
has resulted in observed secondary plumes of depleted dissolved oxygen (DO) and elevated levels of dissolved Mn21, Fe21, and CH4.
2.1. Previous Modeling Studies
Previous modeling studies have all focused on the Bemidji north pool transect, as does this model. Onedimensional modeling studies examining the effects of the oil biodegradation on inorganic chemistry [Bennett et al., 1993; Baedecker et al., 1993; McNab and Narasimhan, 1995; Curtis et al., 1999; Curtis, 2003] have
provided a number of important insights. Bennett et al. [1993] showed that aqueous concentrations of
major cations could be largely explained by the addition of CO2 from biodegradation and the dissolution or
precipitation of various minerals at equilibrium. Baedecker et al. [1993] established the importance of CO2
and CH4 outgassing, the coupling between organic carbon degradation and Fe reduction, and
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reprecipitation of reduced Fe. McNab and Narasimhan [1995] demonstrated the difﬁculty of simultaneously
matching Fe21 and pH data and the sensitivity of model results to the assumed ferric oxide mineral phase.
Curtis et al. [1999] showed that simulating observed pH required the onset of methanogensis before the
cessation of Fe reduction. Curtis [2003] found that the Monod kinetic modeling of multiple TEAPs can allow
thermodynamically unfavorable reactions to proceed, resulting in large errors in pH. He further established
that partial equilibrium [Jakobsen and Postma, 1999] or fully kinetic reactions with free energy dependencies
successfully avoid these unrealistic simulations.
Two-dimensional cross section modeling studies by Essaid et al. [1995], Essaid et al. [2003], Amos [2006], and
Amos and Mayer [2006] provided additional insights. Essaid et al. [1995] simulated sequential aerobic,
Mn(IV)-coupled, Fe(III)-coupled, and methanogenic biodegradation of dissolved organic carbon (DOC) using
multiple Monod kinetics with microbial growth. Their results showed that microbial growth was unimportant 5–10 years after the spill and conﬁrmed that most of the reduced Mn and Fe are retained on sediments. Essaid et al. [2003] focused on modeling dissolution from the oil and biodegradation of BTEX. Using
inverse modeling, they demonstrated the importance of dissolution properties and oil saturation on BTEX
loss from the oil and the relative unimportance of seasonal recharge variation. The most comprehensive
previous modeling was by Amos [2006], who modiﬁed the unsaturated/saturated zone reactive transport
model MIN3P [Mayer et al., 2002] to include bubble formation, contraction, and entrapment [Amos and
Mayer, 2006]. A major contribution by Amos [2006] is the representation of redox-related gases in the saturated zone plume, including O2 dissolution and CH4 and CO2 outgassing.
Although each of these models provided important insights, no single model included all of the following:
dissolution and biodegradation of all forms of organic carbon from the oil source, multidimensional domain
spatial effects, explicit mineral representations, inorganic reactions, sinks for reduced iron, and outgassing
based on all dissolved gases. All of these processes are required to fully characterize dynamical processes
starting from the degrading organic carbon source to the various geochemical phases that participate in
the production and attenuation of the diverse secondary water quality species as they are transported
through the aquifer. Our comprehensive model will be used to evaluate the relative importance of these
different processes for SWQIs at Bemidji.
2.2. Data
Data used in this modeling study were chosen to span different time periods, to encompass diverse geochemical phases and constituents, and to serve distinct functions in guiding the model development. The
four time periods (the time of the oil spill in 1979, 1987 6 2 years, 1993 6 2 years, and 2008 6 2 years) were
selected on the basis of data availability and to provide a representative sampling throughout the 30 year
history of the spill. Table 1 lists the data used and the associated references. Descriptions of data methods
and previously published data sets are presented in Ng et al. [2014].
Recent 2008 data on aqueous and gaseous degradation products and extensive sediment-associated reduced
Fe (Fe(II)) observations were not considered in previous Bemidji modeling work. This is also the ﬁrst modeling
study to incorporate direct observations of temporal changes in oil source composition, thus providing a full
accounting of the organic carbon sources driving secondary plume production. Oil data include analyses of a
1984 pipeline sample taken to represent the initial composition of the spilled oil and 2008 samples from ﬁve
wells. In addition to volatile hydrocarbon data from Baedecker et al. [2011], we also analyzed the initial content
of high molecular weight alkanes in a sample representative of the spilled oil. For the analysis, 10 mL of oil was
diluted with 5 mL hexane and 1 mL of the mixture was analyzed by GC/MS on an Agilent 6890A GC interfaced
with an Agilent 5973 MS using a 30 m DB-5 column with a coating thickness of 0.25 mm. The GC inlet temperature was 2508C and the column was programmed from 508C to 3008C at 58/min and held 10 min. The MS was
operated with an ionizing energy of 70 eV at 2508C in full scan mode. An external standard comprised of 21 nalkanes and pristane and phytane was used to quantify the data based on response of ion 57. Deuterated-nC24 was added to the samples and standard to monitor instrument response.

3. Model Formulation
This study incorporates processes from previous Bemidji models, including diverse hydrocarbon compounds [Essaid et al., 1995, 2003; Amos, 2006], mineral controls on anaerobic biodegradation [Baedecker
et al., 1993; Curtis et al., 1999; Curtis, 2003; Amos, 2006], mineral controls on inorganic geochemistry [Bennett
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Table 1. Bemidji North Pool Data Sources (adapted from Ng et al. [2014, Table 1])

Initial/ Background

198762

199362

200862

Data Type

Data Source(s)

Oil composition
Oil saturationa
Aqueous speciesb
Sediment-associated Fec
Dissolved BTEXd
NVDOCe
Aqueous species
Sediment-associated Fe
Dissolved BTEX
NVDOC
Aqueous species
Sediment-associated Fe
Dissolved BTEX
NVDOC
Aqueous species
Sediment-associated Fe
CO2 surface efﬂux
Oil fates

Eganhouse et al. [1993], Baedecker et al. [2011], Thorn and Aiken [1998], this study
1990, 1992: Essaid et al. [2003], 1998: Ng et al. [2014]
Ng et al. [2014]
Tuccillo et al. [1999]
Eganhouse et al. [1993], Baedecker et al. [1993]
Eganhouse et al. [1993], Baedecker et al. [1993]
Bennett et al. [1993], Baedecker et al. [1993]
Not available
Cozzarelli et al. [2001]
Cozzarelli et al. [2001]
O2, CH4 , Fe21: Cozzarelli et al. [2001], Others: Ng et al. [2014]
Tuccillo et al. [1999]
Ng et al. [2014]
Amos et al. [2012]
CH4: Amos et al. [2011], Others: Ng et al. [2014]
2006-2007: Amos et al. [2012], 2008: Ng et al. [2014]
Sihota et al. [2011], Sihota et al. [2014]
Baedecker et al. [2011], Thorn and Aiken [1998], Bekins et al. [2005]

a

Data collected in 1990, 1992, and 1999 used to represent initial oil pool conditions.
Includes dissolved O2, pH, alkalinity, CH4, Fe21, Mn21, Ca21, and Mg21.
c
Includes 0.5 M HCl extractions for Fe(II) and Fe(III) measurements.
d
Includes benzene, toluene, ethylbenzene, and xylene.
e
Includes non-volatile dissolved organic carbon.
b

et al., 1993; Curtis et al., 1999; Amos, 2006], multicomponent outgassing [Amos, 2006], and secondary chemical reactions such as full carbonate and hydroxide chemistry and (re)oxidation of reduced TEAP products
[McNab and Narasimhan, 1995; Curtis et al., 1999; Curtis, 2003; Amos, 2006]. To ensure valid thermodynamic
reaction progression, these processes are implemented using the partial equilibrium approach following
Curtis [2003]. Microbial growth is neglected based on the ﬁnding by Essaid et al. [1995] that populations stabilize early following the spill.
Based on gaps identiﬁed by a mass balance analysis of the Bemidji data in Table 1, Ng et al. [2014] proposed
an updated conceptual model that requires additional mechanisms for carbon outgassing, dissolved inorganic carbon (DIC) inputs, pH buffering, and Fe(II) immobilization. As depicted in Figure 1, we develop a
numerical model that tests and further develops these ideas through the following processes not considered in previous work on the Bemidji site:
1. Direct outgassing of CH4 and CO2 produced from oil constituents that degrade within the pore space
adjacent to the entrapped oil (outgassing mechanism),
2. Dissolution of CO2 that is produced from oil constituents degrading within the pore space adjacent to
the entrapped oil (DIC source and pH buffer), and
3. Sorption of reduced Fe involving exchange with H1 (pH buffer and Fe(II) immobilization).
Simulations over 30 years of the 2-D cross-sectional study domain along the Bemidji north pool transect are
carried out using the reactive multicomponent transport model PHT3D [Prommer et al., 2003], which couples groundwater ﬂow from MODFLOW2005 [Harbaugh, 2005], the transport component of the model
MT3DMS [Zheng and Wang, 1999], and the geochemical capabilities of PHREEQC-2 [Parkhurst and Appelo,
1999].
3.1. Model Domain and Flow Model
The model simulation period covers the time of the spill in August 1979 until December 2008. The study
domain comprises a 260 m horizontal (45 m up-gradient of reference well 421–215 m down-gradient) and
7 m vertical (417–424 m elevation) cross section along the north pool transect. The computational grid was
extended 260 m farther down-gradient and down to 410 m elevation to avoid boundary effects on simulations. The domain was discretized into 4.3 m (horizontal) by 0.47 m (vertical) grid cells allowing efﬁcient
computation of multicomponent kinetic simulations. The homogeneous porosity is assigned to be 0.38,
which is the mean value determined for the north pool area [Dillard et al., 1997]. Longitudinal and transverse dispersivity were set to 1 and 0.04 m, respectively.
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Heterogeneous permeability values
based on geostatistical interpolation of grain size data are available
from Dillard et al. [1997] down to
an elevation of 421 m and over a
120 m horizontal interval of our
domain. Permeability values were
replicated to cover our computational domain and converted to
saturated hydraulic conductivity.
The conductivity was then inﬂated
by a factor of two to yield a geometric mean of 5.1 m/d and arithmetic mean of 6.3 m/d for a closer
match with the homogeneous
Figure 1. New conceptual model of the Bemidji north pool implemented with the reac6.1 m/d determined in the inverse
tive transport model. Included are processes not considered in previous Bemidji modelmodeling of Essaid et al. [2003].
ing studies, such as distinct degradation pathways for diverse oil constituents, direct
1
While
the model is an approximate
outgassing in addition to outgassing from the aqueous phase, and Fe sorption with H
exchange. The model domain includes the oil body at and below the water table.
characterization of actual spatial
variability, it incorporates realistic
patterns and length scales of heterogeneity based on soil texture observations. We neglect multiphase ﬂow
and treat the oil phase as stationary in time, but, following Essaid et al. [2003], we represent the effect of
partial oil saturation through the application of relative water permeability (krw):
1=m m 2
krw 5S0:5
w ð12ð12Sw Þ Þ ;

(1)

where Sw is water saturation (Sw 5 1 2 So, where So is oil saturation), m 5 (1 2 (1/n)), and n is a pore size distribution parameter set to 3.98. Also to account for the oil, we specify an effective porosity, deﬁned as the
volume of water per total grid cell volume, by scaling total porosity by the water saturation. A steady state
ﬂow ﬁeld was produced with MODFLOW by imposing constant head boundary conditions consistent with
an observed average water table gradient of 0.0035 m/m and left head boundary of 424 m elevation (above
sea level), and a constant recharge rate of 4.88 3 1024 m/d determined by the inverse modeling of Essaid
et al. [2003]. The saturated conductivity ﬁeld and resulting ﬂow lines are shown in Figure 2a.
3.2. Geochemical Model Formulation
3.2.1. Model Components and Background Conditions
The aqueous components in the model include inorganic C (carbonate species), CH4, DO, Mn, Fe, Ca, Cl, Na,
H, and inert N. Mineral phase electron acceptors include pyrolusite (MnO2) and amorphous ferric hydroxide
(Fe(OH)3), and rhodochrosite (MnCO3) and siderite (FeCO3) are allowed to precipitate. Calcite is also
included for its involvement in the carbonate chemistry of the aquifer. The model represents sorption of
Fe(II), Mn(II), and H1. Dissolved gas phases for CO2, CH4, O2, and inert N2 are incorporated to simulate
outgassing.
Our model representation of the oil body along the water table is based on interpolated oil saturation data
at and below 424 m elevation [Ng et al., 2014], as shown in Figure 2b. Herkelrath [1999] calculated about
40% of the total north pool oil volume to be located in the unsaturated zone, which is not included in our
groundwater model. Gas concentration data show that unsaturated zone oil biodegrades anaerobically
[Chaplin et al., 2002; Amos et al., 2005], but model sensitivity tests indicate insigniﬁcant recharge contributions to secondary groundwater plumes compared to biodegradation at and below the water table in the
oil body. Organic carbon from the oil is represented in both dissolved and nonaqueous (immobile oil) forms
following the deﬁnitions by Ng et al. [2014] based on oil observations by Eganhouse et al. [1993], Thorn and
Aiken [1998], and Baedecker et al. [2011]. The degradable oil categories are (with representative stoichiometries in parentheses): BEX (C6H6) for combined benzene, ethylbenzene, and xylene; toluene (C7H8); preNVDOC (C19H24O6) for oil phase precursors to NVDOC [Thorn and Aiken, 1998]; short-chain n-alkanes
(C11H25); and long-chain n-alkanes (C15H32). The remaining unreactive oil pool is assigned a molar concentration calculated using an average molecular weight of 341 g/mol determined by Baedecker et al. [2011].
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BEX are grouped together for
simplicity due to their shared
tendency to migrate in dissolved form before degrading.
Using weighted-average stoichiometries, the short-chain
n-alkane model compound
represents all C6-C12 n-alkanes, and the long-chain nalkane model compound represents all C13-C32 n-alkanes.
Composition of the original oil
[Eganhouse et al., 1993] is
combined with spatially distributed oil saturation measurements [Essaid et al., 2003;
Ng et al., 2014] to produce the
initial condition ﬁeld for different degrading oil constituents (for details, see Ng et al.
[2014]). We set the fraction of
initial oil that is long-chain nalkanes (flong) to be 0.1. This
number is based on new
heavy molecular weight oil
analyses indicating 5% of the
Figure 2. (a) Saturated hydraulic conductivity ﬁeld (log10 (m/s)) and resulting steady state ﬂow
initial oil is C13-C32 n-alkanes.
paths for the north pool transect study domain. In this and all following ﬁgures, horizontal disAn additional 5% is included
tance is in reference to well 421, approximately at the center of the oil body, and elevation is
shown using the NAVD29 standard. The reference rectangle indicates the area containing the
to account for n-alkane side
oil body. (b) Oil saturation ﬁeld interpolated from core data. Figure 2b is based on Figure 3
chains
attached to benzene,
from Ng et al. [2014].
and cyclohexane, which also
degrade under methanogenic
conditions [Hostettler and Kvenvolden, 2002; Hostettler et al., 2007]. The preNVDOC is derived from the
remainder of the oil, which is estimated to be 40% of the original oil mass [Eganhouse et al., 1993].
Initial condition aqueous concentrations were set according to background conditions from well 310e,
located about 200 m up-gradient from the center of the oil body [Ng et al., 2014]. Average background concentrations measured over six sampling times (over 1986–1995) were equilibrated with calcite and charge
balanced using PHREEQC-2, which resulted in a downward adjustment of pH by about 0.1 due to calcite
precipitation (see Table SI1 in supporting information). A sorption model, further discussed in section 4.2.6,
was also initialized with the equilibrium background pH. For all aqueous species, a concentration ﬂux
boundary condition was implemented at the water table by specifying recharge with background concentrations. Dissolved O2 concentrations in recharge were further reduced by half in oil body grid cells, as well
as those up-gradient due to biodegradation in an up-gradient spray zone. The constant head boundary condition at the up-gradient left side was set to constant background concentrations.
Mineral Fe concentrations are based on a 0.5 M HCl extraction method described by Tuccillo et al. [1999]. Initial Fe(OH)3 concentration of 0.0393 mol/Lv (Lv is bulk or total aquifer volume in liters) was determined from
average background samples measurements of Fe(III) [Tuccillo et al., 1999] and assuming a bulk density of
1650 g/Lv. We consider 0.0288 mol/Lv of that amount to be bioavailable for redox coupling, based on the
average 0.0105 mol/Lv Fe(III) remaining near the oil body (average within 100 m) 30 years after the spill
[Amos et al., 2012; Ng et al., 2014]. Using low Mn oxide extraction results of <<1.5 lmol/g (0.0025 mol/Lv
assuming a bulk density of 1650 g/Lv) by M.E. Tuccillo (personal communication, 1997) as an upper-bound
guideline, initial bioavailable pyrolusite (MnO2) was set to 0.001 mol/Lv to produce the observed elevated
aqueous Mn21 concentrations of approximately 5 3 1025 mol/L.
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3.2.2. Partial Equilibrium Redox Model
The model uses the partial equilibrium approach of Jakobsen and Postma [1999], which assumes that the
organic carbon oxidation step is the rate-limiting step, and the corresponding reduction step may be represented as equilibrium reactions. Following Prommer et al. [1999b], this is implemented in PHT3D by kinetically and irreversibly adding organic carbon compounds by their constitutive elements and known valence
states. For example, for one mole of benzene (C6H6) degrading at a speciﬁed rate, six moles of C(21) and
six moles of H(11) are newly introduced into the equilibrium solution (oxidation states in parentheses).
C(21) then automatically converts to the inorganic carbon form via the TEAP with the most favorable equilibrium thermodynamic conditions in the solution. This model implementation is equivalent to organic carbon fully fermenting to H2 and CO2 at a determined rate, and then H2 becoming consumed by multiple
aqueous and mineral phase TEAPs controlled by their equilibrium constants. Speciﬁcally, the equilibrium
redox couples needed to simulate the secondary plumes at Bemidji are H1/H2, O2/H2O, Fe(III)/Fe(II), Mn(IV)/
Mn(II), and CO2/CH4. Other aqueous phase equilibrium reactions considered include those found in the
PHT3D database, such as full carbonate and hydroxide chemistry and reoxidation.
3.2.3. Organic Carbon Degradation
In order to use oil body observations to constrain the model, we represent organic carbon dissolution
kinetics starting from four oil constituents: BEX, toluene, long and short-chain n-alkanes, and oil constituents
contributing to NVDOC (preNVDOC). We tailor the expression of the degradation process of each to follow
the pathways described in Ng et al. [2014]. Other hydrocarbon modeling studies have separately represented the different compounds comprising the bulk mixture and showed that implementing unique degradation parameters for each strongly affects the overall simulations [Nicol et al., 1994; D’Affonseca et al.,
2011]. Similar to Essaid et al. [2003] and Curtis et al. [1999], BEX is assumed to follow a multicomponent dissolution rate (Table 2):
rdiss;BEX 5kdiss;BEX  ðCsat;mc;BEX 2CBEX Þ;

(2)

where rdiss,BEX (mol/Lw/s) (Lw is volume of pore water in liters) is the rate at which BEX dissolves into the
aqueous phase, kdiss,BEX (s21) is the ﬁrst-order kinetic dissolution coefﬁcient, Csat,mc,BEX (mol/Lw) is the multicomponent solubility of BEX, and CBEX (mol/Lw) is the concentration of dissolved BEX. The multicomponent
solubility follows Raoult’s law:
Csat;mc;BEX 5Csat;BEX 

CBEXnapl
;
Ctotnapl

(3)

where Csat,BEX (mol/Lw) is the single-species solubility of BEX, CBEXnapl (mol/Lw) is the concentration of nonaqueous phase BEX, and Ctotnapl (mol/Lw) is the total concentration of all nonaqueous phase components in
the oil.
In the partial equilibrium implementation, kinetic rates are established only for the oxidation half reaction
of organic carbon degradation, or equivalently, the completed fermentation reactions to H2 and inorganic
carbon shown in Table 2. Note that although inorganic carbon is the immediate product shown, CH4 may
be the end form when it is the thermodynamically favorable TEAP in the partial equilibrium approach. As
further detailed below, n-alkane oxidation is treated differently, with kinetic rates set explicitly for methanogenic biodegradation (Table 2). We assume a ﬁrst-order kinetic rate for each organic carbon component:
dCOCi
52kOCi COCi ;
dt

(4)

where kOCi is the ﬁrst-order rate coefﬁcient for the ith organic carbon component, and COCi is the concentration of that organic carbon component. In this partial equilibrium approach, organic carbon degradation follows the same kinetic rate law for both aerobic and anaerobic TEAPs, which we consider reasonable given
the dominance of anaerobic biodegradation over the 30 years following the spill. For BEX biodegradation,
equation (4) is applied with a coefﬁcient kBEX and with COCi as the aqueous phase concentration of BEX.
Ng et al. [2014] described oil-contact degradation (adjacent to the oil) for toluene and n-alkanes, which is
simulated by allowing degradation to occur directly from their nonaqueous forms following equation (4),
with ﬁrst-order rates (kTol, knAlk,S, and knAlk,L) deﬁned with respect to nonaqueous phase concentrations
(Table 2). Aqueous phases of toluene and n-alkanes are not represented in the model, which is consistent
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Table 2. Model Implementation of Oil Constituents
Kinetic parametersa

Kinetic Reactions
BEX (C6H6)
BEXNAPL ! BEXaq
1
BEXaq 118H2 O ! 6HCO2
3 115H2 16H
Toluene (C7H8)
1
TolNAPL 121H2 O ! 7HCO2
3 118H2 17H
NVDOC (C19H24O6)
preNVDOCNAPL ! NVDOCaq
1
NVDOCaq 151H2 O ! 19HCO2
3 144H2 119H
Short chain n-alkanes (C11H25)
nAlkSNAPL 14:75H2 O ! 8:625CH4 12:375CO2
Long chain n-alkanes (C15H32)
nAlkLNAPL 17H2 O ! 11:5CH4 13:5CO2
a

kdiss,BEX, Csat,BEX
kBEX
kTol
kpreNVDOC, kinhib
kNVDOC
knAlk,S
knAlk,L

Manually calibrated values for the kinetic parameter are provided in Table 3.

with the absence of these dissolved compounds in the plume [Eganhouse et al., 1993], large surface carbon
dioxide efﬂux, and dissolved gas data.
With little theoretical guidance for representing the breakdown of the complex preNVDOC pool, we include
a two-part implementation of the ﬁrst-order degradation model. The ﬁrst part represents the kinetic partial
degradation of immobile preNVDOC to aqueous phase NVDOC (kpreNVDOC), and the second part implements
a distinct coefﬁcient for subsequent degradation of NVDOC to carbonate species and H2 (kNVDOC) (Table 2).
In order to produce the observed increase in NVDOC by the end of the 30 years (see Figure 1 in the supporting information), we pose a conceptual model in which formation of NVDOC from preNVDOC in the oil is
inhibited by competition with toluene and n-alkanes, which also degrade under methanogenic conditions
adjacent to the oil body. Thorn and Aiken [1998] found large alkylaromatic oil constituents to be likely precursors to NVDOC, and these aromatic molecular structures may support shared enzyme use and competition. Furthermore, proposed anaerobic pathways for n-alkane degradation [Callaghan, 2013] and inferred
partial degradation intermediates for toluene [Cozzarelli et al., 1990] both involve hydroxylation of methyl
groups, lending additional credibility for related enzymatic activity. The partial degradation rate of preNVDOC to NVDOC (rpreNVDOC) (Table 2) depends on the nonaqueous phase concentration of preNVDOC
(CpreNVDOC):
rpreNVDOC 5

kpreNVDOC
CpreNVDOC ;
InAlk;S InAlk;L ITol

(5)

with noncompetitive inhibition terms due to short-chain n-alkanes, long-chain n-alkanes, and toluene,
respectively:
InAlk;S 511

CnAlk;S
kinhib

InAlk;L 511

CnAlk;L
kinhib

ITol 511

(6)

CTol
;
kinhib

where kinhib is a noncompetitive inhibition constant, and Cnalk,S, Cnalk,L, and CTol are, respectively, the concentrations of nonaqueous phase short-chain n-alkanes, long-chain n-alkanes, and toluene. We assign identical
inhibition constants to the three constituents, given the assumed similar enzymatic activity described
above.
Dissolution and degradation rate coefﬁcients for quantiﬁed oil components are determined using observed
fractional depletions of different oil components [Baedecker et al., 2011; Bekins et al., 2005]. Final parameter
estimates are provided in Table 3. The observed 60% of benzene lost from the oil through dissolution by
2008 [Baedecker et al., 2011] translates to 13% BEX lost, assuming insigniﬁcant loss of ethylbenzene and
xylene. The ﬁrst-order kinetic dissolution rate coefﬁcient for equation (2) and degradation rate coefﬁcient
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for equation (4) are calibrated to this and dissolved BEX data, as well as other plume features. For simplicity,
the single-component, pure-phase solubility of benzene (0.02282 mol/L) was adopted for BEX, given that
benzene is by far the most soluble of the three species and 70–80% of the other constituents remained in
the oil in 2008 [Baedecker et al., 2011]. Toluene had nearly entirely been depleted from the oil by 2005 [Baedecker et al., 2011], but matching this rate yields too much decay in 1988, when the average value observed
at 5 wells was 3.2 mg/g. Instead, we set the degradation rate coefﬁcient to 3.5 3 1029 s21, which yields
2.1 mg/g in 1988 and 4% remaining in 2008. We set a ﬁrst-order decay rate coefﬁcient of 7.6 3 10210 s21
for short-chain n-alkanes, based on observations that they are on average about 50% depleted by 2008
[Baedecker et al., 2011]. The degradation rate of long-chain n-alkanes is more uncertain. We visually approximated 50% degraded over 20 years from gas chromatograph results in Bekins et al. [2005] and determined
a corresponding ﬁrst-order rate coefﬁcient of 1.1 3 1029 s21. Due to a lack of data on the loss of oil precursors to NVDOC, parameters for preNVDOC and NVDOC are adjusted to match aqueous observations.
For comparisons with literature values, kinetic parameters used for BEX in this study should approach those
for benzene alone, given the very low solubility and observed loss of ethylbenzene and xylene from the oil.
Our ﬁeld-calibrated ﬁrst-order degradation coefﬁcient for BEX (kBEX 5 1.00 3 1028 s21) is comparable in
magnitude to anaerobic rates previously found for Bemidji using well data (4.28 3 1028 s21) [Cozzarelli
et al., 2010] and inverse modeling for the site (2.00 3 1028 s21 for the iron-reducing case) [Essaid et al.,
2003]. Compared to estimates for other sites, our value is within the lower end of microcosm and ﬁeld estimates compiled by Suarez and Rifai [1999] (0 to 3.94 3 1027 s21, mean 1.04 3 1027 s21) and is closer to
mean values found from the inverse model of Lønborg et al. [2006] (1.85 3 1028 s21) and ﬁeld values collected by Aronson and Howard [1997] (1.22 3 1028 s21).
Direct measurements of dissolution coefﬁcients are generally not available for the high ﬂow rates found at
Bemidji. Our adjusted value for ﬁrst-order BEX dissolution (kdiss,BEX 5 6.31 3 1029 s21) is lower than the
inverse modeling value of Essaid et al. [2003] (7.6 3 1028 s21); however, in their simulations, total nonaqueous components did not change with time, which leads to underestimated multicomponent solubility at
later times. Essaid et al. [2003] also noted that their initial effective (multicomponent) solubility was likely
too low, because it was based on maximum aqueous-phase equilibrium data and not constrained by oil
composition observations. The above studies with benzene degradation rates also provided results for toluene, but evaluation against these literature values is not straightforward because our ﬁrst-order degradation
model for toluene is deﬁned relative to oil phase concentrations rather than the standard aqueous form. In
addition, there is high uncertainty in degradation estimates for dissolved toluene because of very low
observed concentrations [Cozzarelli et al., 2010].
Methanogenic degradation of n-alkanes has been demonstrated [Anderson and Lovley, 1999; Zengler et al.,
1999], but there have been few efforts to estimate rates. First-order rate coefﬁcients determined for n-alkanes by Siddique et al. [2008] were about 10–50 times greater than our calibrated parameters. There is no
basis for evaluating parameters for our novel NVDOC model with inhibited dissolution of preNVDOC.
3.2.4. Direct Outgassing Adjacent to the Oil Body
Characterizing aqueous phase impacts requires proper representation of the signiﬁcant carbon loss through
outgassing. Our proposed conceptual model includes direct outgassing of CO2 and CH4 from the oil body
source zone in order to match surface efﬂux measurements from Sihota [2014]. In the model, we attribute
this mechanism to poorly soluble short and long-chain n-alkanes that degrade in pore spaces within the oil
body. Similar to n-alkanes, we approximate toluene degradation as occurring adjacent to the oil body without an intermediary aqueous phase in the model. However, because toluene is observed to be more soluble
than n-alkanes, we allow its degradation products to enter into the aqueous equilibrium solution rather
than directly outgas.
The directly outgassed products at the water table include both CO2 and CH4, but CH4 is oxidized to CO2
before reaching the land surface [Amos et al., 2005]. Using C efﬂux measured at the land surface over the
period of June 2011 to July 2013, Sihota [2014] determined a seasonally weighted annual average due to oil
degradation of 1.3 mmol/m2/s. The observed surface efﬂux includes contributions from the vadose zone,
which was not represented in our groundwater model. We attribute 60% of the surface efﬂux to the modeled oil body at and below the water table, based on spatial calculations by Herkelrath [1999] of the amount
of oil near the water table versus in the vadose zone. Applying this fraction results in 0.78 mmol/m2/s efﬂux,
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Table 3. Organic Carbon Parameters
Value
Bulk Oil
Density (g/cm3)
Initial total mass (g/m)

0.854
7.77 3 106

BEX (C6H6)
Mass fraction of initial oil
0.010
0.02282
Csat,BEX (single-component solubility) (M)
6.31 3 1029
kdiss,BEX (ﬁrst-order dissolution coefﬁcient) (1/s)
1.00 3 1028
kBEX (ﬁrst-order degradation coefﬁcient) (1/s)
Toluene (C7H8)
Mass fraction of initial oil
0.0035
3.50 3 1029
kTol (ﬁrst-order degradation coefﬁcient) (1/s)
preNVDOC and NVDOC (C19H24O6)
Mass fraction of initial oil
0.40
kpreNVDOC (ﬁrst-order degradation coefﬁcient) (1/s) 1.18 3 1025
1.63 3 1024
kinhib (inhibition constant) (M)
1.47 3 1028
kNVDOC (ﬁrst-order degradation coefﬁcient) (1/s)
Short-Chain n-Alkanes (C11H25)
Mass fraction of initial oil
0.074
7.60 3 10210
knAlk,S (ﬁrst-order degradation coefﬁcient) (1/s)
1.5
g (dissolved CO2 per mole degraded) (mol)
Long-Chain n-Alkanes (C15H32)
0.1
fLong (Mass fraction of initial oil)
1.10 3 1029
knAlk,L (ﬁrst-order degradation coefﬁcient) (1/s)
0.1
h (dissolved CO2 per mole degraded) (mol)]

Equation Reference
n/a
n/a

Essaid et al. [1993]
Derived with oil saturation data from Essaid et al. [2003]
and Herkelrath [1999]

n/a
(3)
(2)
(4)

Derived with BEX data from Baedecker et al. [2011]
Pure phase benzene
Calibrated
Calibrated

n/a
(4)

Baedecker et al. [2011]
Derived with oil loss data from Baedecker et al. [2011]

n/a
(5)
(6)
(4)

Derived with oil data from Eganhouse et al. [1993]
Calibrated
Calibrated
Calibrated

n/a
(4)
(10)

Derived with n-alkane data from Baedecker et al. [2011]
Derived with oil loss data from Baedecker et al. [2011]
Calibrated

n/a
(4)
(11)

This study’s data
Based on chromatograph data from Bekins et al. [2005]
Calibrated

which we use to constrain the direct outgassing rates in the model. For short-chain n-alkane degradation,
the fermentation reaction can be written as:
C11 H25 14:75H2 O ! 8:625CH4 ðgÞ12:375CO2 ðgÞ;

(7)

where CH4 and CO2 are considered to be gases based on the high CO2 efﬂux observed. However, for
CO2(g), the DIC data suggest that some of the CO2 dissolves into the groundwater. Assuming that g moles
of aqueous CO2 are produced per mole of C11H25, and the rest remains a gas, the reaction becomes:
C11 H25 14:75H2 O ! 8:625CH4 ðgÞd 1ð2:3752gÞCO2 ðgÞd 1gCO2 ðaqÞ;

g  2:375:

(8)

All of the gaseous CH4 and CO2 produced by this reaction are outgassed directly (indicated with the superscript d), and the aqueous CO2 helps to buffer the groundwater pH. The fermentation of long-chain nalkanes can be written using a similar approach:
C15 H32 17H2 O ! 11:5CH4 ðgÞ13:5CO2 ðgÞ;

(9)

and with outgassing and dissolved CO2:
C15 H32 17H2 O ! 11:5CH4 ðgÞd 1ð3:52hÞCO2 ðgÞd 1hCO2 ðaqÞ;

h  3:5:

(10)

Dissolution of a fraction of produced CO2 is consistent with its high aqueous solubility, and it helps to
achieve observed DIC concentrations and low pH in simulations without incurring higher than measured
dissolved CH4 concentrations. Greater occurrence of aqueous CO2 compared to CH4 is in line with ﬁndings
in previous Bemidji studies. Amos et al. [2005] required 4 times more CO2 input than CH4 to match observed
partial pressure values in their degassing batch model. Revesz et al. [1995] calculated from isotopic fractionation measurements an unexplained 2.4 times more CO2 produced than CH4 consumed by oxidation.
Excess ratios of CO2 to CH4 can occur if methanogenic degradation is partially stalled at intermediary stages,
although site data supporting this mechanism are not available.
Data are insufﬁcient to uniquely calibrate the respective contributions from the two separate n-alkane
model constituents to dissolving CO2. We ﬁnd that a total dissolution of 0.054 moles CO2 per mole C from
both n-alkane sources provides reasonable matches to efﬂux and plume observations. We attribute more
CO2 dissolution to the better-constrained short n-alkane degradation, setting g 5 1.5 and h 5 0.1, though
the distribution between g and h does not signiﬁcantly affect other processes in the model.
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3.2.5. Outgassing From Solution
In the model, all CO2 and CH4 produced from the biodegradation of BEX, toluene, and NVDOC enter the
aqueous solution, unlike from n-alkane biodegradation in the oil body, which generates direct outgassing.
However, aqueous plumes of CO2 and CH4 are strongly controlled by their outgassing, which has been
found to occur based on dissolved gas measurements [Revesz et al., 1995; Amos et al., 2005]. Following the
degassing batch model implemented in Amos et al. [2005], we allow outgassing to occur in the model once
the sum of the partial pressures of CO2, CH4, and N2 reaches 0.93 atm, the average atmospheric pressure at
425 m elevation. Each gas species outgasses at a molar rate that is proportional to its partial pressure fraction of the total pressure. The same pressure threshold was applied to the entire domain, which we considered reasonable given that most outgassing occurs around the oil body near the water table [Amos et al.,
2005]. Complex and detailed treatment of bubble formation and collapse [Amos and Mayer, 2006] and gas
phase transport through the vadose zone [Amos, 2006] were beyond the scope of this work. Without a
vadose zone component in the model, we assume all gas phase CO2 and CH4 simulated in the aquifer and
the oil body ﬂux out of the land surface.
3.2.6. Solid Phase Processes
Solid phase processes and parameters implemented are summarized in Table 4. Fe(OH)3 and pyrolusite are
treated as equilibrium phase minerals. Fe(OH)3 represents freshly precipitated ferric oxyhydroxide that is
arguably much more unstable than the background Fe minerals in the aquifer. The Fe(OH)3(a) dissolution
reaction log K in the PHT3D database (4.891) was lowered (0.239) just enough to produce the observed
early appearance of CH4 and low pH in simulations while allowing Fe(OH)3(a) dissolution. Pyrolusite is both
a smaller reservoir of electron acceptors and is reduced with less pH impact (per electron accepted), and
the original database log K value for the half reaction of pyrolusite reduction provided reasonable matches
to the data.
Model representations of carbonate minerals are based on saturation indices determined using PHREEQC-2
batch simulation results shown in Figure 3. Based on consistent saturation indices near 0 throughout the
domain for calcite, the system is modeled to be in equilibrium with calcite. Bennett et al. [1993] also identiﬁed dolomite as important for controlling background aquifer conditions, but considering its uncertain but
likely slow dissolution properties [Morse and Arvidson, 2002], we treat it as nonreactive over the decadal
time scale of this study.
Extraction studies [Tuccillo et al., 1999] and modeling studies [Baedecker et al., 1993; Essaid et al., 1995]
showed that nearly all reduced Fe mobilized by dissimilitory Fe reduction was rapidly immobilized on sediments. To represent the possible sinks of reduced forms through precipitation, we include the mineral
phases of siderite (FeCO3) and rhodochrosite (MnCO3). We simplify the model implementation by omitting
magnetite, which is limited to locations within the oil body [Atekwana et al., 2014]. Siderite has been
detected in the reduced zones of the Bemidji plume [Baedecker et al., 1992; Tuccillo et al., 1999; Zachara
et al., 2004], but saturation indices of siderite and rhodochrosite, using the PHREEQC-2 database dissolution
log K values of 210.89 and 211.13 for siderite and rhodochrosite, respectively, are often above zero within
the plume (Figure 3). This may suggest a kinetically limited precipitation model [Jensen et al., 2002], but we
choose instead to apply in-plume saturation indices determined with the original database (Figure 3) to
adjust the dissolution log K values upward (Table 4). Because Mn reoxidation is signiﬁcantly slower than Fe
reoxidation [Martin, 2005], we do not allow it in the model implementation.
Previous Bemidji modeling studies that have included removal of reduced Fe and Mn from solution have
attributed this effect to mineral precipitates [Bennett et al., 1993; Essaid et al., 1995]. Mass balance calculations indicate that a large and potentially unlikely amount of DIC would be removed if all sedimentassociated Fe(II) occurred as siderite [Ng et al., 2014], supporting the importance of alternative immobilization processes. Ferric oxide minerals and organic substances have signiﬁcant Fe sorption capacity. Tuccillo
et al. [1999] detected possible organically sorbed Fe(II) using Na-pyrophosphate extractions on Bemidji sediments, and Zachara et al. [2004] noted signiﬁcant amounts of ion exchangeable Fe(II). Sorption of Fe(II) on
sediment surface sites is a well-recognized phenomenon [Liger et al., 1999], but quantitative characterization in natural environments can be difﬁcult due to high sensitivity to oxygen exposure and interaction
with other cations [Hiemstra and van Riemsdijk, 2007]. The importance of sorbed Fe(II) at Bemidji has not
been explored or quantiﬁed. Some modeling studies of other anaerobic biodegradation sites explicitly consider Fe sorption [e.g., Prommer et al., 1999a; Brun et al., 2002; van Breukelen et al., 2004; Miles et al., 2008],
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Table 4. Solid Phase Parameters

Equilibrium Mineral Phases
FeðOHÞ3 13H1 $ Fe31 13H2 O
Fe(OH)3
Pyrolusite
MnO2 14H1 12e2 $ Mn21 12H2 O
Siderite
FeCO3 $ Fe21 1CO22
3
Rhodochrosite
MnCO3 $ Mn21 1CO22
3
21
Calcite
CaCO3 $ Ca 1CO22
3
b
Sorption by Cation Exchange Model
Fe(II)
Fe21 12X 2 $ FeX2
Mn(II)
Mn21 12X 2 $ MnX2
H1 1X 2 $ HX
H1

log10K

Reference

0.239
41.38
29.35
210.13
28.48

Calibrated
PHT3D database
Adjusteda
Adjusteda
PHT3D database

24.03
24.03
0

Calibrated
Calibrated
Set

a
Model implementation of siderite and rhodochrosite dissolution log10K values are PHREEQC-2 database values adjusted upward to
approximate saturation index values calculated within the plume using the original database values (see Figure (3)).
b
Sorption site X-: calibrated cation exchange capacity of 0.0475 mol/Lv (Lv is volumetric liters of total aquifer).

Figure 3. Histograms (normalized counts) for saturation index (SI) values calculated using PHREEQC-2 and original database dissolution
logK values. Bars are for all well observations in the domain, ‘‘in’’ is for observations within the plume, and ‘‘out’’ is for observations outside
the plume. The ‘‘plume’’ is deﬁned as the area with elevated levels of the major cation for the corresponding mineral phase.
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but many do not [e.g., Mayer et al., 2001; Vencelides et al., 2007; D’Affonseca et al., 2011], including previous
Bemidji modeling studies. Essaid et al. [1995] included uptake coefﬁcients in their model that allowed for
the majority of reduced Fe to remain on the sediments, but the form of the solid phase fraction was not
modeled. We include surface reactions in our simulations to evaluate the conceptual model posed by Ng
et al. [2014], in which sorption immobilizes Fe(II) and exchanges with H1.
A diverse set of surface processes, including multiple site properties and complex electron transfer, likely
occur. However, with little data to constrain a detailed surface model, we implement an effective parameterization of surface interactions that can produce the observed plume evolution. Surface site reaction models include ion exchange, mostly on clays [Fletcher and Sposito, 1989], and surface complexation, mostly on
metal oxide phases, aluminosilicates, quartz, and edges on clay minerals [Davis and Kent, 1990]. The abundant metal oxide minerals at Bemidji support the occurrence of surface complexation. A complication to
modeling adsorbed Fe(II) is that it can transfer an electron to an Fe(III) mineral structure [Jeon et al., 2003],
which could lead to a change in surface properties such as cation adsorption afﬁnity [Pedersen et al., 2005].
For our empirical sorption model, we elect to approximate cation sorption using a simple ion exchange
model, which requires one less parameter than a surface complexation model. Prompted by observations
of abundant sediment-bound Fe(II) and low pH, we include Fe21, Mn21, and H1 in the surface reactions. A
cation exchange capacity of 0.0475 mol/Lv was chosen to allow for the possibility of the majority of immobilized Fe(II) to appear as FeX2. Assuming similar sorption behavior of Mn(II), we implement the same manually calibrated sorption logK parameter (24.03) for both metals (Table 4).
Clays that exchange cations typically also involve Ca21 and Mg21 [Fletcher and Sposito, 1989; Charlet and
Tournassat, 2005]. However, overlapping orbitals between Fe/Mn and the surface are stronger bonds than
electrostatic attractions with Ca/Mg; also, the one to 2 orders of magnitude greater concentrations of Ca21
and Mg21, compared to Fe21, complicate the adjustment of the sorption model for the Bemidji site. We
thus omit Ca21 and Mg21 in our simplistic sorption model to facilitate matching observed concentrations
of Fe and Mn. Fe and Mn plume evolutions are SQWI’s of major concern, because these are redox species
directly impacted by anaerobic biodegradation, and they have secondary water quality standards recommended by the EPA.

4. Model Simulation Results and Discussion
Cross-sectional simulation results are presented at three times that correspond closely to the postspill
observation time periods: 2500 days (1986), 5000 days (1993), and 10,000 days (2007). To compare simulations against observations, normalized residuals are used:
residuali 5

yi 2xi
;
R

(11)

where xi is the model result at location index i, yi is the collocated observation, and the normalization factor
R is the maximum observed deviation from background conditions over the three observational periods.
According to this equation, a positive residual indicates that the observation is higher than the simulated
value.
4.1. Aqueous Phase Simulations
Figure 4 shows the full plume simulations of major aqueous redox species, including aqueous form electron
donors (BEX, NVDOC), anaerobic electron acceptors (Mn21, Fe21, and CH4), and DIC, which is produced with
all TEAPs in the model. The simulations successfully capture the observed shift in importance from dissolved
volatile organic carbon (BEX) to NVDOC. The model also simulates the observed slow growth of the Mn21
and Fe21 plumes and recent concentration decreases near the source. The early appearance of CH4 and limited growth of the CH4 plume are reproduced. Finally, the rapid growth and high concentrations of the DIC
plume are matched.
Figure 5 shows residuals corresponding to Figure 4, and Figure 6 shows residuals for other important
groundwater parameters (DO and pH) and cation contributor (Ca21). SWQI motivations focus less on Ca21
compared to the redox species of Fe and Mn, as described above in section 3.2.6, but examining simulated
Ca21 results provides some assessment of how suitable our simple solid phase model is for representing
overall aqueous geochemistry data. To further facilitate comparison of simulation results with data, ﬁgures
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Figure 4. Model simulation results for six major redox species at three times corresponding to the observational time periods chosen for
the data compilation. Gray boxes correspond to the oil body reference rectangle. BEX and NVDOC represent electron donors. Mn21, Fe21,
and CH4 are reduced aqueous species resulting from different anaerobic TEAPs. DIC is produced by all TEAPs.

showing residuals at available observation locations also have superimposed on them outlines of the
observed plume. The plume outline is drawn as a convex polygon around wells or cores with measurements
that are signiﬁcantly different than background levels (further details on the plume delineation are provided
in Ng et al. [2014]). The supporting information includes ﬁgures showing simulations and observations at
the well locations (Figure SI1–SI4), which are used for calculating the residuals for Figures 5 and 6. Full simulated plume ﬁgures of DO and Ca21 are also in the supporting information (Figure SI5)
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Figure 5. Normalized model residuals (equation (11)) for the six major redox species shown in Figure 4, calculated with corresponding
observations at well locations sampled at the three observational periods. Positive (negative) residual signiﬁes observations are higher
(lower) that model values. The boxes correspond to the oil body reference rectangle. The polygons outline the observed plume extent for
the corresponding component, which are delineated around wells with measurements signiﬁcantly different than background.

From Figure 5, it can be seen that simulated concentrations of both dissolved BEX and NVDOC are somewhat too high near the oil body at early times (2500 days). Uncertainty in that area may be greater due to
subpixel oil and water interactions and sparser data. However, the model does well in capturing later time
concentrations and overall temporal changes of dissolved BEX and NVDOC. The distinct characters of these
plume changes suggest that properly representing drivers of SWQIs may require accounting for interactions
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Figure 6. Normalized model residuals (equation (11)) for DO, pH, and Ca21, calculated with corresponding observations at well locations
sampled at the three observational periods. The boxes correspond to the oil body reference rectangle. The polygons outline the observed
plume extent for the corresponding component, which are delineated around wells with measurements signiﬁcantly different than
background.

among oil components, such as inhibition behavior. The favorable match at later times in the evolution of
this plume indicates that our new inhibition-degradation model for NVDOC production provides a plausible
mechanism for the observed shift in organic carbon plume composition.
Observed anaerobic conditions are well simulated (Figure 6), and the model also reproduces the early
appearance of Mn21 (Figure 4), which poses a nuisance secondary water quality problem. The Mn mass balance is not well constrained because bioavailable Mn(IV) and sediment-associated Mn(II) are highly uncertain. The model is calibrated to produce Mn21 concentrations around 0.05 mM (Figure 4), consistent with
observed Mn21 levels in 1993. The signiﬁcant discrepancy between 1987 data and simulated Mn21 (Figure
5) is due to very high Mn21 concentrations observed in 1987 but not observed again during later sampling
periods. The early elevated levels apparently reﬂect a transient phenomenon not represented in the model.
Later time simulations show an undersimulated Mn21 plume extent. Simulations would likely better match
observations if they incorporated more solid phase Mn data and a better sorption model, as further discussed in section 5.4.
The Fe21 plume has over 10 times higher concentrations than Mn21 (Figure SI1). A good match to these
data in the simulated plume progression is apparent from the low residuals outside the plume outline at all
three times (Figure 5). Following the appearance of dissolved Fe21 by 2500 days, successful simulation of
the limited Fe21 plume extent at the end of the simulation at 10,000 days is achieved by representing solid
phase immobilization of Fe(II). Negative residuals within the plume outline in Figure 5 at 10,000 days indicate high simulated plume concentrations, which may be due to insufﬁcient sorption model constraints.
Overall, the discrepancy between simulated and observed aqueous Fe concentrations is small compared to
total reduced Fe concentration when sediment-associated quantities are also considered, and thus the mismatch has little impact on the total electron balance represented.
The early appearance of the CH4 plume and modest plume extent observed at later times also are well
matched by the model (Figure 5). Simulating CH4 production by the earliest time period requires low
Fe(OH)3 solubility with the partial equilibrium implementation to achieve concomitant Fe reduction and
methanogenesis, but this leads to simulation of higher than observed CH4 concentrations at later times

NG ET AL.

MODELING SECONDARY WATER QUALITY IMPACTS OF CRUDE OIL SPILL

4171

Water Resources Research

10.1002/2015WR016964

Figure 7. (a) Two-dimensional domain totals (concentrations integrated over 2-D cross-sectional area) for the ﬁve oil phase components
included in the model (B: BEX, T: toluene, N: preNVDOC, S: short-chain n-alkanes, and L: long-chain n-alkanes), at the initial time of the spill,
at the ﬁnal simulation time (10,000 days), and for the degraded amount over the simulation period. For each component, the percentage
of its initial amount that is degraded at the end of the simulation period is printed in parentheses. (b) For each oil phase component, the
total moles of C per aquifer thickness degraded over the simulation.

(Figure 5). The early appearing but moderate concentration CH4 plume maybe be due subgrid heterogeneity or to kinetic controls on bioavailable Fe mineral dissolution. Given its advantages in facilitating incorporation of secondary, coupled reactions, we favor the partial equilibrium model over a fully kinetic
implementation in the model. The partial equilibrium model implementation adequately describes the role
of microbially mediated Fe oxide dissolution properties for controlling the Fe plume. Anaerobic methane
oxidation coupled to Fe reduction, as proposed by Amos et al. [2012], is implicitly represented with our partial equilibrium model, resulting in the limited extent of the CH4 plume and close correspondence with the
Fe21 plume.
Oxidation of organic carbon, through all TEAP pathways, contributes to the signiﬁcant plume of DIC (Figure
4). High observed DIC concentrations are well simulated, especially near the oil body (Figure 5). Mass balance calculations indicate that matching the observed DIC concentrations requires other sources besides
DIC produced from degradation of BTEX coupled to DO, Fe-reduction, and methanogenesis [Ng et al., 2014].
Additional processes incorporated in the model include DIC from the degradation of NVDOC and n-alkanes
and from dissolution of carbonate minerals. The DIC plume extent appears somewhat oversimulated, from
a comparison of full plume results in Figure 4 and the observed plume outlines in Figure 5, but this may be
partially due to limited down-gradient data, especially at the two earlier observational periods. The DIC simulation also seems to show the progression of two overlapping plumes originating from the oil body. This
detail is due to the distinct oxidation timing of the different oil constituents in the model, especially NVDOC,
which degrades only as other compounds become depleted. Fine-resolution concentration variations simulated with the model are difﬁcult to detect from the well samples.
4.2. Oil Phase Simulations
The overall fate of the oil components may be readily compared by integrating their C concentration (moles
C/m3) over the entire 2-D domain (m2), to arrive at domain totals in moles of C per m. In Figure 7a, the initial
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domain totals were speciﬁed according to available oil composition data, while the ﬁnal domain totals were
simulated with kinetic parameters to match available oil data at 30 years following the spill (section 3.2).
Quantitative measurements of long-chain n-alkanes and precursors to NVDOC are lacking compared to the
volatile oil constituents, so their simulations are also calibrated to other aqueous, gas, and solid phase data.
Figure 7a shows that of the ﬁve modeled oil components, long and short-chain n-alkanes make up the ﬁrst
and second greatest fractions of the degraded oil (52% and 30%), respectively. Most of the degraded carbon from n-alkanes outgases directly as CH4 or CO2, with only 5% of the degraded n-alkane carbon forming
dissolved CO2. Of the three other oil components (BEX, preNVDOC, and toluene), which all degrade fully
into the aqueous phase, preNVDOC has contributed most of the C degradation (76%). After 10,000 days,
preNVDOC makes up the majority (77%) of the remaining oil components, indicating continued importance
of NVDOC in driving secondary groundwater impacts at the site. As future concentrations of toluene and nalkanes drop, decreased competition by their degradation could accelerate the ﬂux of NVDOC from the oil
(see equation (6)). However, the preNVDOC category has by far the smallest percent decrease from initial
conditions (6%), suggesting that of the possible NVDOC precursors identiﬁed by Thorn and Aiken [1998],
biotransformation may only affect a small fraction.
The total toluene degradation is greater than BEX, even though it makes up a smaller fraction of the initial
oil. Figure 7b shows that in terms of moles C, more toluene is degraded within the ﬁrst half of the simulation period (5000 days) compared to BEX and preNVDOC, indicating that in the early period aqueous conditions were heavily inﬂuenced by toluene degradation. At the end of the simulation, 84% of the BEX persists
in the oil phase. Properties of the combined BEX component will change in the future, due to its operational
treatment as a single model component represented by the properties of benzene. This simpliﬁcation is
computationally convenient, but it is only reasonable as long as benzene makes up the bulk of the BEX dissolution and degradation activity. After most of the benzene is consumed, the remaining members, ethylbenzene and xylenes, will dissolve and degrade at slower rates.
Dissolved organic carbon present in the aquifer at 10,000 days comprises only about 1% of the total oil carbon loss. Dissolved BEX and NVDOC both comprise 11% of their respective losses from their corresponding
oil phases. This demonstrates that the dissolved phase of organic carbon is a small transient pool compared
to the total degraded organic carbon, and it does not serve as a good indicator of biodegradation activity.
These new quantitative results on the Bemidji oil provide insights into the importance of n-alkanes and
NVDOC at the site. More generally, they highlight the need to consider multiple electron donors that make
up complex organic carbon sources and account for their distinct behavior when evaluating SWQIs from
organic carbon biodegradation.
4.3. CH4 and CO2 Outgassing Simulations
Figure 8 shows simulated C gas ﬂux, which includes the contributions from the two model processes:
outgassing of CH4 and CO2 from the aqueous phase (denoted CH4(g)a and CO2(g)a) and direct outgassing of an undifferentiated mix of CH4 and CO2 from n-alkane degradation adjacent to the oil body
(denoted C(g)d). It is uncertain how well the seasonally weighted average efﬂux from Sihota [2014],
which is based on 2011–2013 data, represents the full 30 year simulation period, but even conservative
estimates indicate the gas phase carbon sink to be signiﬁcant [Ng et al., 2014]. In order to simulate
adequate CH4 and CO2 to match vadose zone gas data 28 years after the spill, Molins et al. [2010] found
it necessary to include ﬂux boundary conditions of CH4 and CO2 from the water table, which they chose
to implement starting 16 years after the spill. Figure 8 compares this study’s simulated time series of
efﬂux contributions, integrated over the horizontal interval with efﬂux detected by Sihota et al. [2011],
against the portion of the observation from Sihota [2014] that is attributed to oil degradation near the
water table. At the end of the simulation period, total simulated C efﬂux from all sources matches well
against the observed rate (in gray).
By 30 years after the spill, the model predicts total C efﬂux to consist overwhelmingly of directly outgassed
carbon (C(g)d), which is more than 5 times the total outgassing from the aqueous phase (Figure 8, note different y axis scales). Amos et al. [2005] showed decreased N2 concentrations near the oil body as evidence
of outgassing, but N2 concentrations in 2002–2003 demonstrate that aqueous phase CH4 production had
not reached levels that completely depleted N2. The observed N2 is not likely due to advective and diffusive
ingress, and so this strongly limits the amount of CH4 that could be cycled through the aqueous phase.
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Figure 8 also shows that outgassing from the aqueous phase is
mostly all in the form of CH4,
consistent with its much higher
volatility compared to CO2 and
with previous vadose zone modeling studies indicating high CH4
releases relative to CO2 into the
vadose zone [Molins et al., 2010;
Sihota and Mayer, 2012]. Preferential outgassing of CH4 maintains
low CH4 to CO2 concentration
ratios, which are observed even
where the plume is strongly
methanogenic.
Early time simulations show direct
outgassing from the water table
beginning immediately following
Figure 8. Left y axes: simulated CH4(g)a and CO2(g)a, which are gas efﬂuxes from the aqued
the spill and then decreasing with
ous phase. Right y axes: simulated C(g) , the efﬂux of undifferentiated C degradation products that are directly outgassed from degradation of n-alkanes; and simulated total C(g),
time in response to slowing ﬁrstthe C efﬂux from both the aqueous phase and directly outgassed sources. The efﬂux is inteorder degradation rates (equation
grated over the horizontal interval over which outgassing occurs due to oil biodegradation.
(4)). In contrast, simulated outgasThe gray line corresponds to the right y axis and indicates the seasonally weighted annual
mean measured over 2011–2013 by Sihota [2014] that is attributed to oil degradation at
sing from the aqueous phase
and below the water table. The simulated total efﬂuxes are average values at 100 day temincreases with time, as dissolved
poral resolution.
CH4 and CO2 increase in the
plume. Of the total outgassing
from the aqueous phase over 10,000 days, CH4 makes up 88%. The model indicates that the recent seasonally
weighted average measurements may be lower than early time efﬂux.
The model formulation with direct outgassing is an approximation for uncharacterized aqueous and gas
phase interactions, and it provides a reasonable match to the data. Down-gradient processes not incorporated in the model include bubble entrapment, which Amos et al. [2011] demonstrated can limit CH4 plume
extent in the ﬁeld. Gas bubbles may also enhance CH4 outgassing directly from the oil body area by lowering the relative permeability to water and limiting the transport of localized water pockets in contact with
the degrading oil. Slow horizontal ﬂow and transport in the capillary fringe can allow n-alkane degradation
products to outgas with limited interaction with the rest of the plume. Lab-scale experiments have demonstrated discontinuous gas phase mobilization through a DNAPL pool, which generated signiﬁcant concentrations of the gas compound above the pool [Mumford et al., 2010]. A recent study in a natural asphalt lake
reported anaerobic microbes in miniscule water droplets entrapped in oil, providing ﬁeld evidence for oil
degrading apart from the bulk aqueous environment [Meckenstock et al., 2014]. Although the precise mechanism behind our direct outgassing formulation is not clear, its importance in simulations indicates that carbon losses to the gas phase signiﬁcantly diminish the secondary water quality impacts of oil body
degradation.
4.4. Solid Phase Simulations
Figure 9 shows full plume model results for oxidized and reduced solid phases of Mn and Fe, as well as
calcite. The rate at which the depleted Mn(IV) mineral front proceeds is directly controlled by the initial
bioavailable pyrolusite concentration in the model. There is a lack of conclusive Mn extraction data so
the model is calibrated to observed concentrations of dissolved Mn21. The simulations of pyrolusite
(Mn(IV)) and sorbed MnX2 (Mn(II)) show that the Mn reduction front moves ahead of Fe reduction (Figure
9), as is expected and observed. Simulations indicate that a contributing factor to the observed faster
Mn21 transport could be the earlier desorption of Mn compared to Fe, as Mn reduction ceases due to
depleted Mn oxides, and exchanged Mn ions are replaced by Fe. This effect is apparent in Figure 9, from
the attenuated concentrations of MnX2 appearing around the oil body area, and spreading downgradient at later times.
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Figure 9. Model simulation results for solid phase components at three times corresponding to the observational time periods. X is the
cation exchanger used to represent sorption. Fe(OH)3 represents the Fe(III) electron acceptor, and FeX2 and siderite (FeCO3) make up the
reduced solid phase Fe(II). Pyrolusite (MnO2) represents the Mn(IV) electron acceptor, and MnX2 makes up the reduced solid phase Mn(II);
no precipitation of rhodochrosite (MnCO3) occurred in the model. Changes in calcite (CaCO3) are caused by pH and aqueous carbonate
conditions. The boxes correspond to the oil body reference rectangle.

Figure 10 shows that by 2006–2008, the model reproduces the relatively uniform spatial depletion of
Fe(III) that is observed. Comparison of Fe(III) extraction results in Figure 10a with simulated Fe(III) in Figure 10b reveals the model’s inability to produce high amounts of Fe(III) over the interval of 80–125 m at
5000 days. Tuccillo et al. [1999] attributes the observed above-background concentrations to the
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Figure 10. (a) Observed 0.5 M HCl Fe extraction results, available for the latter two observational periods. Results shown for Fe(II) are
excess concentrations above background (7.6 mmol/Lv). Left-hand stripes indicate background and initial concentrations (0 for no excess
Fe(II)). (b) Simulations of solid phase-associated Fe(III) and Fe(II). Fe(III) extraction results are compared against Fe(OH)3 simulations, and
excess Fe(II) extraction results are compared against the combined simulations of FeX2 (sorbed Fe(II)) and siderite (precipitated Fe(II)). In
both Figures 10a and 10b, the boxes correspond to the oil body reference rectangle, and the polygons outline the observed plume extent
for the corresponding component, which are delineated around cores with extraction results signiﬁcantly different than background. Note
that the plume outline in Figure 10b is based on observations and not model results.

reoxidation and precipitation of reduced Fe at the oxidation front. This formation of down-gradient Fe(III)
may be due to ﬁne spatial scale availability of DO or to reoxidation by Mn(IV) oxides. In our simulations,
DO is uniformly consumed in the plume, and the depleted pyrolusite front moves too far ahead of the
Fe21 plume for either of these mechanisms to occur. In the overall long-term redox evolution, the omission of reprecipitated Fe is relatively insigniﬁcant, because the reoxidation of Fe simply represents a transient exchange of immobile electron acceptors. Thus, although Fe21 concentrations may be affected
during intermediary times, eventual redox conditions and plume growth would not be signiﬁcantly
altered.
Figures 10a and 10b compare observed concentrations of Fe(II) with combined simulations of siderite and
sorbed Fe(II), which cannot be differentiated with the extraction method. Importantly, the model
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adequately represents the overall amount of Fe reduced, with >99% becoming immobilized on sediments
[Tuccillo et al., 1999; Amos et al., 2012; Ng et al., 2014]. Mismatches occur mostly due to ﬁne spatial scale mineral variability not captured by the model, as evidenced by patchy Fe(II) observed among core segments
over 2006–2008 (Figure 10). In previous modeling studies, the omission of data constraints on sedimentassociated Fe(II) likely led to signiﬁcant underaccounting of Fe electron acceptors and organic carbon oxidation rates and affected the simulation of other TEAP species.
Simulations indicate that at all locations in the plume, sorbed Fe comprises at least 76% of the total
Fe(II), even in the area of greatest siderite precipitation (Figure 9). The importance of sorbed Fe is supported by three lines of evidence with the calibrated simulation. The ﬁrst is by pH measurements, as further discussed in section 4.5. The second is the observed slow spread of the dissolved Fe21 plume,
which is matched in the model through the sharp attenuation of Fe21 at the Fe(II) front, because FeX2
may form with any amount of Fe21 in solution. In contrast, siderite precipitation requires sufﬁciently
high Fe21 concentrations to meet the saturation threshold, which would allow low Fe21 concentrations
to migrate farther down-gradient than observed. Third, simulation results in Figure 9 show siderite precipitating in the plume core after the sorption sites are exhausted. The siderite precipitation continues
to take Fe21 out of solution and lowers pH, both of which promote further Fe(III) dissolution and reduction. The ongoing decrease of Fe(III) is consistent with observations (compare observed Fe(III) for 1993–
1995 versus 2006–2008 in Figure 10a). The favored form of sorbed over precipitated Fe(II) in the model
is consistent with slow kinetic precipitation rates measured for siderite in low temperature anaerobic
aquifers [Jensen et al., 2002]. If conditions change in the future to favor remobilization of sorbed Fe, then
the dominance of sorbed over precipitated Fe phases may affect the long-term secondary water quality
impact of Fe.
The simulation shows equilibrium calcite dissolution occurring near the oil body, likely due to low pH
caused by methanogenesis. The Ca21 concentration and plume extent are slightly oversimulated, as shown
in Figure 6 (see also Figures SI3–SI4 in the supporting information), which may be due to the omission of Ca
sorption in the model. However, the model successfully captures the extensive elevated Ca21 plume, suggesting that calcite dissolution may control the Ca21 plume evolution. Calcite dissolution also releases
CO22
3 , which may contribute to the high DIC to CH4 ratios observed [Ng et al., 2014]. However, the increased
alkalinity from calcite dissolution furthers the need for H1 sources to produce the observed slightly acidic
pH levels in the plume. The simulation shows that calcite can be an important inﬂuence on secondary water
quality impacts because some biodegradation reactions are sensitive to pH or cation balances.
4.5. pH Buffering
Figure 11 shows that the various pH-related model features presented in section 3 allowed for successful
simulation of the observed pH, which begins to drop as early as 2500 days and continues to be slightly
acidic until the end of the simulation period. Residuals in Figure 6 indicate some difﬁculty in simulating the
1993 pH values, which were high compared to 1987 and 2009 (see Figure SI4 in the supporting information). However, we capture the overall trend of an early and growing low pH plume, at the typical pH values
observed.
Following Curtis et al. [1999], our adjusted dissolution log K value for Fe(OH)3 promoted concomitant methanogenesis, which provides an H1 source and matches the early appearance of the CH4 plume. However,
the observed low pH plume extends far beyond that of CH4. Either methanotrophy or CH4 outgassing might
help explain the difference in CH4 and pH plume extents, but aerobic methanotrophy and outgassing of dissolved methane are mostly restricted to areas close to the water table [Amos et al., 2011] and Fe-mediated
anaerobic methane oxidation [Amos et al., 2012] would raise pH.
Our sorption model serves as a mechanism for the observed Fe(II) immobilization, and it provides additional
H1 in the same location and time as Fe reduction. Mayer et al. [2001] similarly implemented H1 exchange
with cations to simulate pH buffering in a permeable reactive barrier study. Our model results show that
sorbed H (HX) concentrations drop as H1 leaves exchange sites in the location where Fe(III) is depleted and
FeX2 forms (Figure 9). However, results also show that the reservoir of H1 on surface exchange sites is eventually exhausted. The model also includes dissolution of a fraction of CO2 produced from n-alkane degradation, which forms a weak acid, providing an on-going H1 source. Signiﬁcantly, the effects of CO2 dissolution
are restricted to areas close to the oil body, so it cannot supplant collocated pH buffering by desorbed H1
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Figure 11. Model simulation results for pH and other components inﬂuencing pH at three times corresponding to the observational periods. HX is sorbed H1, which exchanges with Fe21 and Mn21. The aqueous form of the weak acid CO2 also provides a source of low pH.
The boxes correspond to the oil body reference rectangle.

in the Fe reduction zone. This is apparent in Figure 11, which shows locations below the oil body reference
rectangle with relatively low simulated concentrations of CO2 but signiﬁcantly depleted HX. The different
H1 source processes allow simulation of an extensive low pH plume beyond the dissolved CH4 plume
extent. Approximately circumneutral pH perturbations are not generally a water quality concern, but the
changes aid the constraint of various processes affecting secondary water quality impacts.

5. Relation to Previous Bemidji Mass Balance Efforts and Recommendations
The modeled time series of CH4 and Fe21 forms and electron (e2) balance in Figure 12 summarize the relative contributions of various geochemical processes in controlling SWQIs over the 30 years since the oil spill.
The model simulations (Figure 12c) show that the majority (84%) of the electron equivalents of the oil loss
at and below the water table is due to direct outgassing produced from n-alkane degradation. However,
the carbon mass balance calculated by Ng et al. [2014] showed sources from the oil exceeding the observed
and inferred sinks by about a factor of 2. To close that gap, adjustments were made in this model for oil
constituents that were poorly constrained by data. Long-chain n-alkanes and NVDOC precursors are oil constituents with the least quantitative observations but made up the greatest fractions of C inputs in the mass
balance analysis of Ng et al. [2014] (68% and 22%). In the model calibration, the fraction of oil composed of
long-chain n-alkanes, flong (Table 3) was revised downward from 0.25–0.40 to 0.10, based on newly available
data. In addition, total NVDOC degradation was lowered to only 16% of the approximation in Ng et al.
[2014], which had been based on an estimate with an acknowledged high bias [Amos et al., 2012]. The
observed Fe balance presented in Ng et al. [2014] was used to constrain the model result of 99% reduced
Fe on sediments. The Fe simulations indicate most of the sediment-associated Fe(II) is sorbed, with some
precipitated at later times (Figure 12b).
Consistent with previous works that quantiﬁed the importance of anaerobic degradation [Essaid et al., 2003;
Amos et al., 2012], Figure 12c shows only a small percentage of electron equivalents associated with the
total oil loss could be attributed to aerobic degradation (0.09%) (below the scale in Figure 12c) or the dissolved CH4 pool (0.72%), while a much greater fraction (6% of total) was due to Fe reduction. The model
also indicated that CH4 outgassed from the aqueous phase accounts for as much OC degradation in the
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Figure 12. (a) Simulated time series of dissolved CH4 in the plume (CH4(aq)), outgassed CH4 from aqueous solution (CH4(g)a), and directly outgassed CH4 from nalkane degradation (CH4(g)d). (b) Simulated time series of dissolved Fe, sorbed Fe,
and siderite. (c) Simulated fraction of e2 balance from various TEAP components and
total dissolved organic carbon.

aqueous plume as Fe reduction by
the end of the simulation (Figure
12c). This result signiﬁcantly exceeds
the inferred contribution from aqueous outgassed CH4 in Ng et al. [2014],
which was less than a tenth of that
from Fe reduction. However, temporal dynamics simulated with the
model indicate that aqueous phase
CH4 production played a lesser role
than Fe reduction in the ﬁrst 10 years,
but may exceed Fe reduction in the
future, due to the depletion of bioavailable Fe. The model also suggests
that total dissolved organic carbon
was larger during the ﬁrst years following the spill but has decreased
with time and comprises little of the
lost oil by 30 years (1.5%).
Without the effect of outgassing that
bypasses the aqueous phase, simulations would greatly exceed observed
concentrations and plume extents of
CH4 and DIC in the aquifer. However,
the model also indicates that even
with only 5% of CO2 from degraded nalkanes entering the aquifer, that
amount of dissolved CO2 is equal to
25% of the total elevated DIC (above
background levels) and gaseous CO2
produced by the end of the simulation. This noteworthy contribution
suggests that degradation of the nalkanes plays a role in driving secondary water quality impacts.

We note that the Bemidji models of
Curtis et al. [1999] and Amos [2006]
both incorporated Fe reduction, yet
avoided simulating greater than
observed pH values and CH4 concentrations, without including Fe sorption or other pH-related processes
beyond carbonate and hydroxide equilibrium reactions. This was likely achieved due to less total Fe reduction in their simulations, which was possible because those studies did not fully account for all the organic
carbon inputs or include the sediment-bound reduced Fe sink. Also, in Curtis et al. [1999], the 1-D ﬂow path
in equilibrium with atmospheric O2 likely facilitated CH4 outgassing and aerobic CH4 oxidation, both of
which help attenuate dissolved CH4 concentrations.
The lower oil losses in this model, compared to initial inferred values by Ng et al. [2014], highlight the need
for improved characterization of long-chain n-alkanes and NVDOC at Bemidji, including both their concentrations and their degradation properties. The other poorly constrained component of the model is sorption. Targeted sediment analyses are needed to determine if the simulated dominance of sorbed over
precipitated reduced Fe and Mn can be measured. If sorption is dominant, then work is needed to determine the importance of surface complexation versus cation exchange, whether the reaction sites are Fe
minerals or clays, and the role of other cations such as Ca21 and Mg21. The form and mobilization properties of Fe21 and Mn21 have implications for future plume concentrations and other solid phase-related

NG ET AL.

MODELING SECONDARY WATER QUALITY IMPACTS OF CRUDE OIL SPILL

4179

Water Resources Research

10.1002/2015WR016964

SWQIs such as arsenic. Further plume monitoring is needed as concentrations change in the future to determine if these metals are remobilized.

6. Summary and Conclusions
This newest Bemidji groundwater modeling study investigates the geochemical processes controlling secondary water quality impacts following a crude oil spill that occurred over 30 years ago. This requires a reactive transport model that can simulate the diverse range of processes that impact the aquifer, including
plumes of depleted DO and elevated levels of dissolved organic carbon, Mn21, Fe21, CH4, and inorganic carbon. Drawing on previous modeling studies and on a uniquely extensive and updated set of data at the
site, we developed a comprehensive model that includes detailed treatment of multiple organic carbon
constituents, mineral phases, sorption processes, and gas phases, in addition to transport processes and a
full suite of aqueous system geochemical reactions. The numerical model serves as a powerful tool for evaluating and further elucidating secondary water quality impact processes, including outgassing pathways,
pH buffering mechanisms, DIC sources, and immobilization of reduced metals.
By leveraging the most complete organic carbon data set to date from Bemidji, we were able to demonstrate, with the model, the importance of properly characterizing the primary carbon source driving secondary water quality impacts. Supported by observations, we formulate new carbon input mechanisms in the
model to account for not only the more traditionally considered BTEX mix, but also the signiﬁcant pools of
n-alkanes and other nonvolatile organic carbon compounds. This includes the direct production and outgassing of degradation products from n-alkanes, constrained by observed surface efﬂux of CO2. We also
propose a new dissolution model for the formation of NVDOC from their oil phase precursors, which incorporates noncompetitive inhibition by simpler and presumably more easily degraded oil compounds. We
ﬁnd that plumes of secondary water quality species, such as Fe21, Mn21, and CH4, are likely to persist into
the future, as the organic carbon source shifts to remaining oil components. However, secondary plumes of
dissolved CH4 are signiﬁcantly attenuated by outgassing, much of which appears to occur with little aqueous phase interaction.
Another major geochemical component further elucidated with the model is the role of solid phase Fe.
Most previous Bemidji models have either overlooked or simpliﬁed representations of sediment-associated
Fe(II), which makes up 99% of the total reduced Fe. Immobilization on sediments strongly limits the secondary plume growth of Fe and other reduced metals. The model results suggest that much of the reduced Fe
sorbs on sediments, a process not explicitly investigated in detail in previous Bemidji studies. The model
also showed that precipitated siderite serves as an additional Fe sink that could facilitate continued and
gradual depletion of ferric oxide minerals. The form of reduced Fe on sediments may affect its stability,
which controls the likelihood of remobilization and future plume persistence.
Although a relatively minor secondary water quality concern, pH is both a strong indicator and driver of
coupled redox reactions and thus plays a signiﬁcant role in constraining the model formulation. To counter
the high consumption of H1 by Fe-mediated degradation, the model framework relies on three mechanisms: (1) concomitant iron reduction and methanogenesis; (2) metal sorption with H1 exchange; and (3)
dissolution of CO2 (a weak acid) from degradation of n-alkanes. Simulations demonstrate the combined
effect of the multiple pH buffers, with sorption providing a collocated H1 source with Fe reduction and
methanogenesis, together with CO2 dissolution maintaining a sustained pH plume.
Many of the newly introduced model pathways serve multiple purposes for matching observations of critical secondary aqueous species. In addition to providing for the observed low pH plume, simultaneous
TEAPs also help produce the observed early onset of elevated CH4, sorption provides a mechanism for Fe21
plume attenuation, and CO2 dissolution contributes toward closing the observed carbon balance. This demonstrates the strongly coupled nature of the geochemical components controlling secondary water quality
impacts. With this extensive and tightly interwoven network, a comprehensive reactive transport model is
necessary for resolving the full spatiotemporal and geochemical relationships.
This study proposes a model that is consistent with multiple data sets at Bemidji, yet challenges remain in
simulating early but moderated levels of dissolved CH4, developing a well-calibrated sorption model, quantifying sediment-associated Mn, and constraining nonvolatile organic carbon concentrations and decay
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rates. New sediment and oil analyses are needed to clarify these processes or offer alternative conceptualizations of the data. Although calibrated to conditions at the Bemidji oil spill site, the model demonstrates
the importance of characterizing primary electron donor components, mineral processes, solid and gas
phase plume attenuation mechanisms, and pH effects when investigating secondary water quality impacts
at anaerobic biodegradation sites.
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