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ARTICLE INFO ABSTRACT
Keywords: Relationships between dissolved organic matter (DOM) reactivity and chemical composition in a groundwater
Hydrocarbon oxidation products plume containing petroleum-derived DOM (DOMpyc) were examined by quantitative and qualitative measure-

Polar hydrocarbon metabolites
OPAH
Oxyhydrocarbon

aromatic, oxidized compounds persisted.

ments to determine the source and chemical composition of the compounds that persist downgradient. Samples
were collected from a transect down the core of the plume in the direction of groundwater flow. An exponential
decrease in dissolved organic carbon concentration resulting from biodegradation along the transect correlated
with a continuous shift in fluorescent DOMy from shorter to longer wavelengths. Moreover, ultrahigh resolution
mass spectrometry showed a shift from low molecular weight (MW) aliphatic, reduced compounds to high MW,
unsaturated (alicyclic/aromatic), high oxygen compounds that are consistent with carboxyl-rich alicyclic mol-
ecules. The degree of condensed aromaticity increased downgradient, indicating that compounds with larger,
conjugated aromatic core structures were less susceptible to biodegradation. Nuclear magnetic resonance
spectroscopy showed a decrease in alkyl (particularly methyl) and an increase in aromatic/olefinic structural
motifs. Collectively, data obtained from the combination of these complementary analytical techniques indicated
that changes in the DOMyc composition of a groundwater plume are gradual, as relatively low molecular weight
(MW), reduced, aliphatic compounds from the oil source were selectively degraded and high MW, alicyclic/
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1. Introduction

Organic carbon mobilized from hydrocarbons released into the
environment in the form of petroleum-derived dissolved organic matter
(DOMy() poses acute risks to humans and ecosystems. While it is major
oil spills such as Exxon Valdez and Deepwater Horizon that capture the
headlines, there are approximately 126,000 petroleum-contaminated
groundwater sites in the United States alone (NRC, 2012; Allan et al.,
2012; Overton et al., 2016; Sauer et al., 1993). Plumes of mobilized
organic carbon comprised of a mixture of native (background) DOM
(Baker and Lamont-Black, 2001; Luzius et al., 2018), dissolved petro-
leum hydrocarbons (Zemo et al., 2013, 2017), and water-soluble oxy-
gen-containing organic compounds (OCOCs) in the form of polar
metabolites (microbial-derived partially oxidized hydrocarbon degra-
dation products) (Mohler et al., 2013; Gieg and Suflita, 2002; Jobelius
etal., 2011; Schrlau et al., 2017) or hydrocarbon oxidation products (Fry
and Steenson, 2019) are transported downgradient where they may
enter drinking water supplies or surface waters. The selective degrada-
tion and/or persistence of the DOMp in these plumes is of interest in the
context of predicting plume stability and the composition of refractory
products that persist beyond the part of the plume that contains hy-
drocarbons (HCs).

Natural attenuation is the most accepted method for remediation of
petroleum-impacted aquifers. This method utilizes in-situ processes that
include biodegradation, dilution, adsorption, volatilization, and trans-
formation at contaminated groundwater sites (EPA, 1999). Quantifica-
tion of total petroleum hydrocarbons (TPH) as diesel or diesel-range
organics in groundwater by solvent extraction with dichloromethane
(EPA Method 3510C) followed by gas chromatography with flame
ionization detection (EPA 8015 B/C) is used by regulators to monitor
contaminated groundwater plumes and make decisions regarding site
closure. However, neither the extraction nor detection method is specific
for petroleum hydrocarbons. Rather, the extraction method is specific
for all relatively non-polar analytes that are dissolved into the aqueous
phase and the analytical method is specific for all analytes that have a
boiling point between 170 and 430 °C, including OCOCs (Zemo et al.,
2013). Interference in the accurate quantification of TPH at contami-
nated groundwater sites by dichloromethane-extractable OCOCs that
are amenable to gas chromatography in the diesel range is well docu-
mented (Zemo and Foote, 2003). A silica gel cleanup step was proposed
as a technique to remove OCOCs prior to analysis by EPA 8015 B/C
(Zemo and Foote, 2003). Although the application of silica gel cleanup
provides a more accurate measurement of TPH in groundwater plumes,
its proposed use to make regulatory decisions at contaminated implies
that hydrocarbon derived OCOCs in the form of polar biodegradation
metabolites should not be considered in risk assessments.

The concentration of OCOCs in groundwater at HC contaminated
sites greatly exceeds that of TPH and the OCOC plume extends farther
downgradient from the petroleum body than the TPH plume (Zemo and
Foote, 2003; Zito et al., 2019a; Bekins et al., 2016). It is important to
understand the source and chemical composition of the OCOCs in order
to determine their fate and reactivity in terms of impacts on human
health and the environment. There are two proposed mechanisms for the
formation of the observed OCOCs in groundwater plumes. The first is
that hydrocarbons are biodegraded under anoxic conditions by anaer-
obic pathways such as fumarate addition, oxygen independent hydrox-
ylation, and/or carboxylation which results in the formation of
partially-oxidized hydrocarbon products (Toth and Gieg, 2018; Oberd-
ing and Gieg, 2018; Fuchs et al., 2011; Heider, 2007; Callaghan, 2013).
These oxygen-containing hydrocarbon products are more polar and thus
more likely to partition from the oil phase into the aqueous phase. The
end result is that the vast majority of the OCOCs measured as dissolved
organic carbon (DOC) in the saturated zone around the petroleum body
are hydrocarbon derived. Second is a microbial biosynthesis hypothesis
that was proposed as a mechanism of formation for the majority OCOCs
in groundwater plumes at contaminated sites (O’Reilly, 2018, 2019;

Journal of Hazardous Materials 402 (2021) 123998

Mohler et al., 2020). This hypothesis states that OCOCs are products of
microbial growth and biosynthesis, in which hydrocarbon biodegrada-
tion drives anabolic production of relatively high-MW biomolecules
such as proteins, carbohydrates, lipids, and nucleic acids that are
released by the microbes as OCOCs (Mohler et al., 2020). Similar to
DOM that is derived from different sources in the environment, we
expect oxygen-containing biosynthesis products to have analytical sig-
natures that are distinct from hydrocarbon-derived OCOCs in the plume
(Luzius et al., 2018; Kellerman et al., 2018; Drake et al., 2018).

Crude oil is a complex mixture of hydrocarbons with minor contri-
butions from sulfur, nitrogen, and oxygen heteroatoms as well as metals
such as nickel, vanadium, and iron. An understanding of the chemical
composition and structure of crude oil compounds (and refined frac-
tions) is important for determining the source, reactivity, and fate of
OCOCs in groundwater plumes. In a four-part series of papers published
from 1987 to 1992, Boduszynski and Altgelt showed that chemical
constituents that comprise the complex mixture that is petroleum are
continuous in molecular weight (MW), hydrogen deficiency, and het-
eroatom content (Boduszynski, 1987, 1988; Altgelt and Boduszynski,
1992; Boduszynski and Altgelt, 1992). Their “compositional continuum
model” advanced the understanding of the relationships between MW,
aromaticity, heteroatom content, and boiling point, which is essential
for quantitative predictions of distillate fractions and behavior of heavy
petroleum based on the composition of the parent crude oil. Although
the applications of the compositional continuum model are used in the
petroleum industry for upstream and downstream operations, this
model has implications for understanding how crude oil degrades in the
environment. If OCOCs are partially oxidized hydrocarbon products
from microbial degradation, then the compositional continuum model
of crude oil can inform us about the relationship between the molecular
composition of the spilled crude oil (or refined fractions) and the
composition of OCOCs that are formed from biodegradation processes.

The work presented here focuses on the water-soluble OCOCs that
are operationally defined as DOM. We apply analytical techniques and
concepts adapted from DOM studies to examine the source, processing,
and fate of the DOMy in the groundwater plume. One concept that will
be discussed is the relationship between chemical composition and
lability of DOM (Benner and Amon, 2015; Catalan et al., 2017; Mosto-
vaya et al., 2017a; Hertkorn et al., 2008; Vahatalo et al., 2010; Guil-
lemette et al., 2013). Similar to the compositional continuum model of
crude oil proposed by Boduszynski and Altgelt, the foundation of un-
derstanding DOM reactivity is that the compounds that comprise the
complex mixture that is DOM are continuous in MW, degree of satura-
tion, and heteroatom content (Hertkorn et al., 2008). Hertkorn et al.
(2008) stated that “soils, sediments, freshwaters, and marine waters
contain natural organic matter, an exceedingly complex mixture of
organic compounds that collectively exhibit a nearly continuous range
of properties”. Degradation of the bulk pool of DOM can be described by
decay of compound classes and individual compounds that comprise it.
Indeed, previous studies show the application of decay models to
determine biodegradation kinetics of chromatographic fractions of DOM
(Catalan et al., 2017) and even individual molecular formulae identified
by ultrahigh-resolution mass spectrometry (UHR-MS) (Mostovaya et al.,
2017a, 2017b). Accordingly, the reactivity and persistence of the
DOMy pool in groundwater plumes should arise as the result of the
exponential decay of each of its individual constituents, thus of its initial
molecular composition.

The National Crude Oil Spill Fate and Natural Attenuation Research
Site is an ideal location to study the biodegradation of a DOMy¢ plume
because of the extensive amount of data collected from historical and on-
going research at the site that began in 1982 (Bekins et al., 2016; Essaid
et al., 2011; Baedecker et al., 1993; Fahrenfeld et al., 2014; Thorn and
Aiken, 1998; Islam et al., 2016). Moreover, the site has an extensive
array of groundwater monitoring wells along the core of the plume that
enables sampling at high spatial resolution (Fig. 1). The documented
east-northeast flow of the groundwater at an average velocity of 22 m
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Fig. 1. Map showing the North oil pool and resulting DOMyc plume at the
National Crude Oil Spill Fate and Natural Attenuation Research Site near
Bemidji, MN. The samples characterized here were collected down the center-
line A-A’ of the plume in the direction of groundwater flow. The 310 well nest
(non-plume affected), 533E (adjacent to the oil body), and 925D (toe of the
plume) are labeled in red for reference.

Figure modified from Bekins et al. (2016)

y! towards the Unnamed Lake provides the ability to utilize a space for
time approach to determine rates of change in the chemical composition
of DOMyyc (Fig. 1) (Essaid et al., 2011). The contamination began when
an oil pipeline outside the city of Bemidji, MN, USA ruptured spraying
approximately 1.7 million L of light (33° API) crude oil across an area of
6500 m> (Essaid et al., 2011). The spilled oil contained 0.56% sulfur and
0.28% nitrogen with a composition of 58-61% saturated hydrocarbons,
33-35% aromatics, 4-6% resins, and 1-2% asphaltenes (w/w by satu-
rate, aromatic, resin, and asphaltene fractionation) (Eganhouse et al.,
1993). Approximately 25% of the unrecovered oil percolated through
glacial outwash silt, sand and gravel to form three residual oil bodies at
the water table of the underlying aquifer (Bekins et al., 2016). The vast
majority of the research efforts at the site have focused on the north oil
body and groundwater plume. Details about the chemical composition
of the oil body (Eganhouse et al., 1993; Baedecker et al., 2011, 2018),
redox conditions (Baedecker et al., 1993; Cozzarelli et al., 2016), mi-
crobial communities (Fahrenfeld et al., 2014; Beaver et al., 2016), and
site hydrology (Bennett et al., 1993) are reported elsewhere (Essaid
et al., 2011). The importance of biodegradation as the primary process
for removal of DOC in the plume compared with dispersion, sorption and
dilution has been demonstrated with modeling (Ng et al., 2015; Essaid
et al., 2003), in-situ measurements (Cozzarelli et al., 2010) and by
comparing volatile DOC concentrations to a conservative solute (Bae-
decker et al., 1993). Redox conditions are primarily methanogenic
within the oil body (Bekins et al., 1999). Within the groundwater plume
redox conditions are primarily iron reducing for the first 150 m (7 years)
with low levels of dissolved oxygen beyond 150 m (Cozzarelli et al.,
2016). Degradation rates of alkylbenzenes have been measured (Coz-
zarelli et al., 2010), but much less is known about the degradation of
compounds in the unresolved complex mixture (Farrington and Quinn,
2015). The goal of this study is to examine the compositional controls on
DOMy reactivity across a transect of the plume to determine the
persistence and fate of OCOCs derived from the source.

This study utilizes complementary analytical techniques that provide

Journal of Hazardous Materials 402 (2021) 123998

both quantitative and qualitative results including measurements of
DOC concentration, excitation-emission matrix spectroscopy (EEMS),
negative-ion electrospray ionization (ESI) UHR-MS, benzene poly-
carboxylic acid (BPCA) analyses, and nuclear magnetic resonance
(NMR) spectroscopy to measure the chemical composition of a DOMpy¢
plume. The primary objective of this work is to identify compositional
pathways resulting from biodegradation of the DOMy that can be used
to determine the source, reactivity, and fate of OCOCs downgradient of
the oil body. Departing from the assumption that the DOMyc in the
plume near the source is similar in chemical composition to the oil
source, we hypothesize that all analytical measurements will show that
the changes in the chemical composition of DOMyc during biodegra-
dation are sequential and predictable with a high concentration of
labile, aliphatic DOMpyc adjacent to the oil body systematically
decreasing to a low concentration of biorefractory DOMy¢ with prop-
erties similar to carboxyl-rich alicyclic molecules (CRAM). Each
analytical technique is expected to show complementary molecular
degradation pathways despite the selectivity or limitations of the
method.

2. Materials and methods
2.1. Experimental design and sampling

Water samples were collected from 19 wells along the centerline of
the north oil pool plume during the 2016-2017 field seasons. The water
table is 6-8 m below the land surface and the groundwater flows east-
northeast at an average velocity of 22 my™' towards the Unnamed
Lake (Fig. 1, Table 1) (Essaid et al., 2011). Wells 310B and 310E are
located ~200 m upgradient from the north oil pool (Fig. 1, Table 1). The
DOM from these two wells is representative of the native uncontami-
nated groundwater DOM at the site. Each well was purged with at least
three-well volumes and samples were collected after field measurements
of pH, dissolved oxygen, temperature, and specific conductance stabi-
lized. A database of the field measurements, including replicate analyses
from previous field campaigns, can be found at https://www.science
base.gov/catalog/item/5910d9b2e4b0e541a03ac976?community=Nat
ional+Crude+Oil+Spill+Fate+and-+Natural+Attenuation+Research
-+Site. All samples were filtered through 0.3 um filters (Advantec GF-75)
that were previously combusted at 450 'C > 5 h and collected in acid
washed high density polyethylene bottles. The filtration step
operationally-defines the water-soluble fraction (Meador and Nahrgang,

Table 1
The name, distance from the center of the oil body, and estimated time from the
center of the oil body for each well sampled for this study.

Well Distance from center of oil body (m) Time from center of oil body (y)
310B —200.1 N/A
310E —200.5 N/A
533E 38.5 1.75
518B 55.7 2.53
518A 56.9 2.59
531A 67.5 3.07
530C 90.5 4.11
530B 91.3 4.15
530D 93.4 4.25
9315D 101.7 4.62
9315C 102.0 4.64
510 104.8 4.76
801D 123.3 5.6
801A 125.5 5.7
515B 135.7 6.17
9316C 151.1 6.87
9316A 152.7 6.94
954A 188.3 8.56
820B 210.7 9.58
820A 214.8 9.76
925D 254.4 11.56
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2019) as DOM (Zito et al., 2019a, 2019b; Harriman et al., 2017; Podg-
orski et al., 2018; Jaggi et al., 2019; Bianchi et al., 2014; Dvorski et al.,
2016). The subscript “HC” was chosen to describe DOM derived from
petroleum sources because HC is commonly used for hydrocarbons,
which are the major and most closely associated components of petro-
leum. Moreover, the DOMyc encompasses the general terms for
oxygen-containing polycyclic aromatic hydrocarbons i.e., OXPAH
(Koenig et al., 1983), OPAH (Nicol et al., 2001), oxy-PAH (Lundstedt
etal., 2007), and the more recent term, oxyhydrocarbon (HCoxy) (Aeppli
et al., 2013), that has been used to describe the residual, water insoluble
fraction of weathered oil, as the source of DOMyc. Another term that is
used a few times in the paper when describing plume composition and as
one of the keywords is “metabolite”. This term is important because it is
often used in the regulatory community to describe OCOCs at petroleum
contaminated groundwater sites (Zemo et al., 2013, 2017; Jobelius
et al., 2011; Schrlau et al., 2017; Bekins et al., 2016; Toth and Gieg,
2018; O'Reilly Kirk et al., 2015; Gieg and Suflita, 2005). Samples were
then stored in the dark at 4 °C prior to extraction or analysis. The
sampling strategy is consistent with previous studies utilizing the
analytical techniques described below to measure changes in DOC
concentration and DOM composition along a biogeochemical gradient
(Del Vecchio and Blough, 2004; Osburn et al., 2016; Spencer et al., 2012;
Stubbins et al., 2010; Koch et al., 2005; Roebuck et al., 2018; Cao et al.,
2016, 2018; Tomco et al., 2019). Although replicate sample analyses
were not feasible within the scope of this study due to financial re-
strictions, duplicate analyses for DOC were conducted (Bekins and
Cozzarelli, 2017) and sampling across a gradient provided the ability to
identify outliers. No outliers were identified, and the results followed
expected trends.

2.2. Dissolved organic carbon (DOC) analyses and excitation emission
matrix spectroscopic analyses

For DOC measurements, water samples were filtered through a
0.2 pm Supor® filter into a pre-combusted (550 °C > 5 h) amber glass
vials and immediately acidified (pH 2, HCl) and stored in the dark at
4 °C until analysis. Previously described methods were used to measure
DOC by the high temperature combustion technique with a Shimadzu
TOC Vesn analyzer (Cozzarelli et al., 2016). Separate filtered aliquots of
water samples that were not previously adjusted to pH 2 were used for
EEMS measurements. These filtered samples were adjusted to pH 8 to
normalize for pH effects on fluorescence, particularly to avoid quench-
ing of “humic-/fulvic-like” signatures, (Yan et al., 2013; Tfaily et al.,
2011; Kulkarni et al., 2019) prior to analysis with an Aqualog® fluo-
rometer (Horiba Scientific, Kyoto, Japan). Each sample was diluted with
Milli-Q water to an absorbance value of 0.1 to reduce inner-filter effects
(Ohno, 2002; Kowalczuk et al., 2003). A 10 mm quartz cuvette was used
for EEMS measurements in a scan range of 240-800 nm and 0.5 s inte-
gration time. Fluorescence intensities were normalized to Raman scat-
tering units (RSU) and dilution corrected prior to parallel factor
(PARAFAC) analysis. The drEEM toolbox (tutorial and MATLAB code)
was used to create and validate (residual and split-half analysis)
(Harshman, 1984; Stedmon and Bro, 2008; Murphy et al., 2013) a six
component PARAFAC model with 129 DOM samples. The 129 samples
used for the validated model include the 19 samples reported here,
samples collected from other wells at the Bemidji site, and those pro-
duced from other petroleum dissolution experiments (Podgorski et al.,
2018; Zito et al., 2019b). PARAFAC is a multivariate modeling technique
that statistically deconvolutes each EEM into individual fluorescent
components and estimates the relative contribution of each component
to the total fluorescent signal of the sample (Murphy et al., 2006, 2013).
PARAFAC modeling can provide general information on source and
reactivity based upon the optical character of DOM.
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2.3. Ultrahigh resolution mass spectrometry

DOM was prepared for Fourier transform ion cyclotron resonance
mass spectrometry (FT-ICR MS) analyses by the solid-phase extraction
technique described by Dittmar et al., (2008). Briefly, filtered water
samples were acidified to pH 2 and passed through a Bond Elut PPL
(Agilent Technologies) cartridge. Salts were rinsed with acidified (pH 2,
HCI) Milli-Q water. The stationary phase was dried with a stream of Ny
and the DOM was eluted with 100% MeOH (JT Baker). The final con-
centration of the extracts was 50 pgC mL™! and they were stored at 4 °C
prior to analysis. The extraction efficiency of DOMpyc across the
compositional gradient of the plume originating from the north oil body
at the Bemidji site by the PPL method was previously shown to be
78.4 + 5.4% (at well 310E), 83.0 + 4.1% (533E), 93.2 + 12% (9315B),
83.6 + 4.9% (925D) (Zito et al., 2019a). Direct infusion negative-ion
electrospray ionization at a flow rate of 700 nL min~* with a custom
built FT-ICR mass spectrometer equipped with a 21 tesla super-
conducting magnet was utilized for DOM analyses (Smith et al., 2018).
Reproducibility of ESI UHR-MS for individual samples on multiple
different instruments is reported in detail by Hawkes et al. (2020).
Molecular formulae were assigned to signals >6c RMS baseline noise
with EnviroOrg software developed at the National High Magnetic Field
Laboratory (NHMFL) (Corilo, 2015). A mass resolving power of 1200,
000 (m/Amsgy,) was achieved at m/z 400, and the mass measurement
accuracy was less than 200 ppb. Each molecular formula was classified
based on stoichiometry; condensed aromatic (CA) (modified aromaticity
index (Alpoq > 0.67), aromatic (0.67 > Alpoq > 0.5), unsaturated, low
oxygen (ULO) (Alyeq < 0.5, H/C < 1.5, O/C < 0.5), unsaturated, high
oxygen (UHO) (Al < 0.5, H/C < 1.5, O/C > 0.5), aliphatic (H/C
> 1.5, N = 0) (O’Donnell et al., 2016; Santl-Temkiv et al., 2013; Koch
and Dittmar, 2006). The abundance weighted nominal oxidation state of
carbon (NOSC,), H/Cy, O/Cy and molecular weight (MW,,) were
calculated based on methods described elsewhere (Riedel et al., 2012;
Spencer et al., 2019; He et al., 2020).

2.4. Solid-state nuclear magnetic resonance spectroscopy

The major limitation with NMR for the purposes of this study is
sensitivity and sample throughput. We analyzed six samples collected
from the core of the plume (533E, 5314, 9315C, 801A, 954A, 925D) and
one background sample (310E) by NMR spectroscopy. Solid phase
extracted DOM was prepared for solid-state NMR analysis after
removing the solvent (methanol) by rotary evaporation and lyophili-
zation. Three freeze-dried samples (533E, 531A, and 9315C) were not
powders (as expected for natural or background DOM); rather they were
highly viscous, brown, oily substances, which made magic-angle spin-
ning (essential in solid-state NMR experiments) challenging. These
samples were therefore packed into a plastic (Kel-F) insert (Bruker
Biospin), which was then packed into a 4-mm rotor. This made spinning
possible and reduced the risk of a rotor crash, but introduced a small
background signal near 105 ppm, which was removed after subtracting
the spectrum of the neat Kel-F insert. Other samples (801A, 954A, 925D,
and 310E) appeared like powders and were packed directly into a 4-mm
rotor. Solid-state NMR experiments were performed on a Bruker DSX400
spectrometer at 100 MHz with a 4-mm double-resonance magic-angle
spinning (MAS) probe head. Semiquantitative >C NMR spectra were
collected by the multiple cross-polarization (multiCP) pulse sequence at
14 kHz MAS, (Johnson and Schmidt-Rohr, 2014) with a recycle delay of
1 s followed by eleven 1.1 ms and one 0.55 ms ramp CP periods sepa-
rated by 0.5s delays for 'H relaxation and repolarization. Non-
protonated carbons and mobile segments were identified by applying a
period of recoupled dipolar dephasing of 68 ps to dephase magnetiza-
tion of carbons with strong *H dipolar coupling, such as in immobile CH
and CHj groups (Mao and Schmidt-Rohr, 2004). Signal was averaged for
between 9 and 15 h for each pair of spectra. The uncertainty for NMR
fractional peak areas is £0.5% based on the signal-to-noise ratio for
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signals with an area fraction <5%, +2% due to systematic errors for
peaks >20%, and +1% otherwise.

2.5. Benzenepolycarboxylic acid analysis

The condensed aromatic carbon (ConAC) fraction of DOM was
quantified and characterized using the benzenepolycarboxylic acid
(BPCA) method, which oxidizes condensed aromatic structures to pro-
duce a mixture of benzenetricarboxylic acids (1,2,3-B3CA and 1,2,4-
B3CA), benzenetetracarboxylic acid (1,2,4,5-B4CA), benzenepenta-
carboxylic acid (B5CA), and benzenehexacarboxylic acid (B6CA) mo-
lecular marker products (Dittmar, 2008). The BPCA method is a robust
approach for measuring condensed aromatics in different environmental
matrices, including DOM. The DOMy extracted from the samples was
oxidized and the resulting BPCAs were quantified following previously
described methods (Dittmar, 2008; Wagner et al., 2017a). Briefly, ali-
quots of DOM previously isolated by solid phase extraction (~0.5 mg-C
equivalents) were transferred to 2 mL glass ampules and dried under a
stream of argon until complete evaporation of methanol. Concentrated
nitric acid (0.5 mL) was added to each ampule. Ampules were then
flame-sealed and heated to 160 °C for 6 h. After oxidation, ampules
were opened and dried at 60 °C under a stream of argon. The
BPCA-containing residue was re-dissolved in mobile phase for subse-
quent analysis by high performance liquid chromatography (HPLC).
BPCAs were separated and quantified on an Agilent Poroshell 120
phenyl-hexyl column using a Shimadzu HPLC system equipped with an
autosampler, pump, and UV absorbance detector following procedures
detailed in Wagner et al. (2017a). Individual BPCAs were quantified
using calibration curves derived from a stock solution of commercially
available 1,2,3-B3CA, 1,2,4-B3CA, 1,2,4,5-B4CA, B5CA, and B6CA.
Coefficients of variation for replicate BPCA measurements were <5%.
Sample condensed aromatic carbon concentrations were calculated
using the established power relationship between ConAC (pM-C) and the
sum of B6CA and B5CA (nM-BPCA) using the following equation
(n=351, R=0.998, p<0.0001; ConAC=0.0891 x (B6CA -+
B5CA)*?175 (Stubbins et al., 2015). BPCA ratios (B5 +B6:B3 +B4),
which indicate the degree of condensed aromaticity of the ConAC pool,
were derived from the summed concentrations of BSCA and B6CA
divided by the summed concentrations of B3CAs and B4CA.

2.6. Statistical analyses

Distance from center of the oil spill was converted to time using the
known distance of each well from the center of the oil body and average
velocity of the groundwater (Table 1). Tests of normality and expo-
nential and linear regressions were assessed in R (RC Team, 2015).
Linear models were fitted using the linear model function (Im) from the
’stats’ package and exponential models were fit using the nls function
which is nonlinear least squares, also from the stats package. All vari-
ables (time, DOC concentration, relative contribution of fluorescence
components, relative abundance of UHR-MS formula classes, weighted
averages of UHR-MS metrics, ConAC metrics, and percent NMR com-
pounds) were normally distributed as determined by the Shapiro-Wilk
test of normality (p > 0.05). Decay of DOC concentration, fluorescence
intensities, and BPCA concentrations over time was modeled using a
three-parameter exponential decay function (C(t) = C,, + zoe'kt), which
is widely used in studies assessing decay of organic matter (Lechtenfeld
etal., 2014; Spencer et al., 2009). Here, C(t) = modeled value at time (t);
C, = refractory fraction at time equals infinity; zo = biolabile fraction at
t = 0; k = rate of decay; t = time (years); e = base of natural logarithm
(Table S1). The relative change over time in optical and compositional
parameters was assessed using linear regressions (Table S2). The 95%
confidence intervals are depicted as solid red curves on the figures and
95% prediction intervals are dashed red curves. Spearman rank corre-
lation coefficients between molecular formula relative abundance and
time were calculated in Python (Hemingway, 2017). A false discovery
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rate correction was applied to correct for multiple comparisons (Ben-
jamini and Hochberg, 1995). After the false discovery rate correction
was applied, the significance level was set to p < 0.05. Molecular
formulae that correlated significantly with time were then visualized in
van Krevelen space (Fig. 5f).

JMP software, version 13.1.0 was used for principle components
analysis (PCA). The loadings for the PCA included the normally
distributed percent relative abundance scores of PARAFAC components,
and metrics and compound classes identified by UHR-MS, BPCA anal-
ysis, and NMR spectroscopy. Since only a subset of samples could be
analyzed by NMR spectroscopy within the scope of the project, pairwise
estimation was used for the missing values in the PCA plot.

3. Results and discussions
3.1. Petroleum-derived dissolved organic carbon (DOC) degradation

The light aliphatic crude oil at the spill site has undergone weath-
ering since the time of the spill ~40 years ago (Baedecker et al., 2018).
The relative contributions to weathering by volatilization, dissolution
and biodegradation vary depending on compound properties and loca-
tion in the oil body (Baedecker et al., 2018). Biodegradation and
dissolution have continuously produced a DOMpyc plume comprised of
dissolved hydrocarbons, partially-oxidized hydrocarbon metabolites,
and hydrocarbon oxidation products that extends approximately 340 m
downgradient from the source to a lake (Thorn and Aiken, 1998; Islam
et al.,, 2016; Eganhouse et al., 1993). Fig. 2 and Table S3 show DOC
concentrations measured for the 19 sampled wells as a function of time
from the center of the oil body. A significant, exponential decrease in
DOC concentration is observed along the DOMy plume transect (Fig. 2;
p < 0.001) (Essaid et al., 2003; Cozzarelli et al., 2010). The concentra-
tion of DOC in the wells directly adjacent to the oil body is 31.1 mg L™},
decreasing to 2.26 mg L™ in well 925D located 254 m (11.6 y) down-
gradient from the center of the source. The three parameters for DOC
concentration vs. time are C,, = 0.42, zg = 59.91, and k = —0.40. Most
of the decrease occurs in the interval 0-7 years, which lies in the
iron-reducing portion of the plume. The estimated degradation rate of
—0.40 y! estimated here is similar to previously modeled DOC decay
estimates at the Bemidji site of 0.46 y™! (Ng et al., 2015). Degradation
rates of individual gas chromatography amenable compounds are re-
ported in detail elsewhere (Cozzarelli et al., 2010; Eganhouse et al.,
1996). Collectively, these results indicate that the complex mixture of
DOMy is comprised of labile, semi-labile and persistent fractions
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Fig. 2. DOC concentration in the groundwater plume vs. time from the center
of the oil body fit to a three-parameter exponential decay model (red line). The
gray shaded area represents the range of DOC concentrations measure in
background wells 310B and 310E.
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(Sleighter et al., 2014) providing evidence that there is a gap in
knowledge about the compositional controls associated with DOC
removal at hydrocarbon contaminated sites. Therefore, we will use
samples from this site to study the compositional changes of the DOMpy¢
linked to biodegradation in a petroleum-contaminated aquifer.

3.2. Petroleum-derived fluorescent dissolved organic matter

We previously reported optical measurements used to examine the
transformation of DOMy¢ originating from the north oil pool at the
Bemidji research site (Podgorski et al., 2018). Here, we limit the dis-
cussion to how the PARAFAC components relate to the other analytical
measurements. Fig. 3 shows the six components (C1-C6) identified from
the PARAFAC model and their relative contributions as a function of
time from the center of the oil body. This PARAFAC model was previ-
ously published in (Podgorski et al. (2018)). There, each component is
described in detail including OpenFluor matches with components
derived from non-petroleum DOM sources (Podgorski et al., 2018). The
model can be accessed in OpenFluor (Murphy et al., 2014). For the sake
of highlighting DOMpy( degradation pathways for the compounds in the
unresolved complex mixture that fluoresce, the components are aligned
left to right from relatively shortest to longest wavelength (i.e., lowest to
highest ex./em. maxima) (C1 (<250, 280/306 nm) < C5 (275/325 nm)
< C2 (<250, 285/375nm) < C4 (305/416 nm) < C3 (<250,
305/437 nm) < C6 (265, 365/474 nm)). The bottom panels in Fig. 3
show the changes in the percent relative contribution of each PARAFAC
component as a function of estimated travel time from the center of the
oil source. The observed changes in the FDOM fraction of the DOMy¢
plume provide the first qualitative indication of the compositional and
structural continuum. Each component exhibits a continuous increase or
decrease in relative contribution (p < 0.001 or 0.01; Fig. 3, Table S3).
Moreover, the percent relative contribution of all components at the toe
of the plume, with the exception of C5, do not converge with values
measured in the background 310 wells (Fig. 3, Table S3). Although C1
does not completely reach background values measured at the 310 wells
(0.00%), the value measured in well 925D at the toe of the plume ap-
proaches zero (0.13%). These results provide a preliminary indication
that C1 and C5 are comprised of labile compounds, while the com-
pounds in C2, C3, C4, and C6 are relatively persistent.

Fig. 4a—f and Table S3 show the fluorescence intensity of each
component in Raman Scattering Units (RSU) as a function of time from
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the oil body. Unlike the analysis of relative contributions reported in
Fig. 3, examining the fluorescence intensity of each component provides
a semi-quantitative perspective. Each component exhibits an exponen-
tial decrease in fluorescence intensity as a function of time from the oil
body. The rate of decay for each component is proportional to its ex./em.
maxima with the shortest wavelengths exhibiting the fastest rates of
decay (Table S1). C1 and C5, the components with the shortest ex./em.
maxima have the fastest rate of decay at 0.44 y* and 0.43 y™!, respec-
tively. The decay rates for C1 and C5 are both faster than that for the
total DOC pool (Table S1). The rate of decay for C2 is 0.40 y ™, equal to
the modeled value for decay of DOC. Both C4 and C3 have the same rate
of decay 0.36y . C6, the component with the longest ex./em.
maximum, has the slowest rate of decay at 0.30 y ..

The composition of even the most complex mixture is still simply a
sum of its parts. Fig. 4f-1 and Table S1 show fluorescence intensity
divided by DOC concentration as a function of time from the oil body.
These plots compare the rate of decay for each component to the rate of
DOC degradation to understand which components are comprised of
labile, semi-labile, and persistent DOMpy compounds. The relationship
between the decay rates of fluorescence intensity and DOC concentra-
tion are best described by linear models with the slope as an indicator of
lability or persistence. The slopes obtained from dividing C1 and C5 by
DOC concentration (p < 0.001, > = 0.86 and p < 0.001, 2 = 0.87
respectively) indicate that the fluorescence intensity of these compo-
nents decreases much faster than DOC concentration (Fig. 4g-h). This
result indicates that C1 and C5 are comprised of the most labile com-
pounds in the DOMy¢ mixture, in agreement with previous reports on
the labile nature of DOM compounds with similar spectral features
(Fellman et al., 2010; Yamashita and Tanoue, 2003; Davis and Benner,
2007). Relative to C1 and C5, the slopes for two of the components with
longer wavelengths, C2 and C3, are shallower (p < 0.001, r* = 0.72 and
p < 0.05, r2 = 0.21 respectively) (Fig. 4i and k). Although the fluores-
cence intensity of C2 and C3 decay faster than DOC concentration, they
are still relatively slower than C1 and C5. Therefore, we can consider the
DOMy¢ compounds that comprise C2 and C3 as semi-labile in this
plume. C4 is another component that could be considered to be
comprised of DOMy¢ compounds that are semi-labile (Fig. 4j). The rate
of decrease in the fluorescence of compounds associated with C4 is
approximately the same as DOC concentration. Conversely, the com-
pounds that comprise C6 degrade at a slower rate than DOC concen-
tration (p < 0.01, 2 =0.36) (Fig. 41). This result indicates that these
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Fig. 3. Six fluorecent DOM components identified by PARAFAC analysis in order of shortest to longest wavelength (top panels). Relative contribution of each
component as a function of time from the oil body with shaded gray regions representing the range of values measured for DOM collected from background wells
310B and 310E (bottom panels). The solid line in the middle shows the linear regression, 95% confidence intervals are depicted as solid red curves, and 95%

prediction intervals are dashed red curves.
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Fig. 4. Fluorescence intensity in Raman scattering units of components C1-C6 as a function of time from the oil body fit to the three-parameter exponential decay
model (a—f). Fluorescence intensity of each component divided by DOC concentration as a function of time from the oil body (g-1). The solid line in the middle shows
the linear regression, 95% confidence intervals are depicted as solid red curves, and 95% prediction intervals are dashed red curves. The shaded gray regions show
the range of values measured for DOM collected from background wells 310B and 310E.

DOMy¢ compounds will persist the farthest downgradient. As such, the
underlying compounds that comprise each component (i.e., the parts of
the total fluorescent DOMy pool) can be ranked on a scale from most
labile to persistent as follows; C1, C5, C2, C3, C4, C6. The biolability of
the fluorescent compounds that comprise the DOMy in this plume is
almost exactly in line with a continuum based on the ex./em. maxima of
the components.

3.3. Molecular composition of petroleum-derived dissolved organic matter

Here we examine the fraction of DOMyc that is accessible by solid-
phase extraction using PPL and subsequent negative-ion electrospray
(ESI) mass spectrometry. The chemical information obtained by (-) ESI
is an important part of this study because the technique is selective for

OCOCs. Fig. 5 (bottom-right) shows a visual representation of molecular
formula classifications in van Krevelen (vK) space. For the purposes of
this study, we highlight the degradation pathways with compound
classification regions rather than focusing on nomenclature (Kim et al.,
2003). In the broadest sense we examine changes in degree of saturation
where condensed aromatic (CA) < aromatic < unsaturated low oxygen
(ULO) < aliphatic, and oxygen content, ULO < unsaturated high oxygen
(UHO). Since DOM is a complex mixture of compounds, the subdivision
of vK space can yield many different regions or classifications. Thus,
changes in the composition by biogeochemical processes can be selec-
tive for compounds with similar chemical composition, giving the
perception of a uniform shift in vK compositional space. The defined
regions provide a mechanism to track compositional degradation path-
ways in vK space as changes either in relative abundance or percentage
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Fig. 5. Change in the percent relative abundance of the molecular formula classes identified by (-) ESI UHR-MS as a function of time from the center of the oil body
(Table S1). Shaded gray regions indicate the range of values measured for DOM collected from background well 310B and 310E. The solid line in the middle shows
the linear regression, 95% confidence intervals are depicted as solid red curves, and 95% prediction intervals are dashed red curves. Spearman correlation plot shows
the correlation between time and molecular formulae in the DOMy¢ plume obtained by UHR-MS (bottom-right).
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of assigned formulae that “shift” in and out of these regions.

Fig. 5 shows the change of the percent relative abundance of the
assigned formulae in the groundwater plume as a function of estimated
travel time from the oil body. The abundance of formulae classified as
CA (0.01-0.10%) or aromatic (2.39-3.57%) between the source and the
toe of the plume is very low because of the composition of the light,
aliphatic-rich crude oil that serves as an oil source for the DOMpc plume
(Fig. 5a and b). Although the crude oil that was spilled at the Bemidji site
is comprised of 33-35% aromatics, the aromatics in a light crude oil are
relatively small (1-3 ring) and highly alkylated (Thorn and Aiken, 1998;
Eganhouse et al., 1993). Moreover, these small, highly alkylated aro-
matics determined by separation of the crude oil into saturates, aro-
matics, resins, and asphaltenes (SARA) may not fall within the
compositional constraints to be classified as CA or aromatics in DOM
(Koch and Dittmar, 2006). Rather, partially oxidized analogues of the
SARA defined aromatics from a light, aliphatic crude oil are mostly
classified as ULO or even aliphatics due to their high degree of saturation
even though they may contain 1-3 ring aromatic cores (Zito et al.,
2019b). Thus, contributions from formulae classified as CA and aromatic
are minimal, yet there is a significant decrease in the abundance of CAs
across the plume gradient (Fig. 5a; p < 0.05; r? = 0.28) whereas the
decrease in aromatics with time was not significant (Fig. 5b; Table S1).
The degradation of the small aromatic compounds over time is consis-
tent with previous reports in the literature for both natural organic
matter and petroleum in the environment (Dvorski et al., 2016;
Anderson et al., 1998; Frontera-Suau et al., 2002; Hazen et al., 2016).

Compared with the CA and aromatic classes, it is easier to discern the
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changes in the % relative abundance of the aliphatics, ULO and UHO
classes as the trends are smooth and continuous along the biogeo-
chemical gradient (Fig. 5c—e; r2 = 0.78, 0.58, and 0.85, respectively).
Fig. 5c-d and Table S4 show that the maximum values of aliphatics
(26.2%) and ULO (58.4%) are in the wells adjacent to the oil body. We
expect high values for saturated and reduced classes of DOM compounds
because of the aliphatic-rich composition of the hydrocarbon pool that is
the source of carbon for the DOMyc plume. There is a significant
decrease in the relative abundance of these two classes downgradient of
the oil source to minimum values of 5.08% (aliphatics) and 47.4% (ULO)
(Fig. 5c and d); p < 0.001). This change along the gradient corresponds
to a decrease of 80.6% and 18.8% for each class, respectively.
Conversely, the UHO class has a minimum relative abundance of 15.5%
adjacent to the oil source and exhibits a significant increase to 45.1%
downgradient (Fig. 5e; p < 0.001). These values correspond to a 191%
increase in the abundance of the UHO class along the plume. The plots of
each class shown in Fig. 5 indicate that with the exception of the CA
class, the relative abundances of compounds that comprise each class at
the toe of the plume (925D) do not converge with those measured in the
310 background wells.

Fig. 5f provides another visualization of the changes in chemical
composition across the biogeochemical gradient using a Spearman
correlation with estimated travel time as the independent variable. The
Spearman correlation shows a negative correlation between relatively
low O/C and high H/C compounds with travel time from the oil source.
The composition of the plume shifts downgradient from the source to
relatively high O/C, low H/C compounds. The chemical reaction
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Fig. 6. The relationship between the weighted average of (a) H/C, (b) O/C, (¢) MW, and (d) NOSC of the DOMy in the plume as a function of time from the center of
the oil body. Shaded gray regions indicate the range of values measured for DOM collected from background well 310B and 310E. The 95% confidence intervals are

depicted as solid red curves and 95% prediction intervals are dashed red curves.
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pathways responsible for these shifts are reported by Kim et al. (2003) as
demethylation, dehydrogenation, and oxidation (Kim et al., 2003). The
corresponding exponential decrease in DOC concentration along the
gradient indicates the existence of two fractions, one behaving as labile
(Fig. 5f, blue) and the other as persistent (Fig. 5f, red).

Additional values such as relative abundance weighted average H/
Cyw, 0/Cy, molecular weight (MW,,), and nominal oxidation state of
carbon (NOSC,,) provide insight into the biodegradation of the DOMy¢
in the plume. Fig. 6a-b and Table S4 show the weighted average values
H/Cy and O/C,, across the plume transect. The compositional trend
across the plume transect shows a decrease in saturation of the com-
pounds that comprise the pool of DOM (Fig. 6a). The maximum H/Cy, is
1.33 for the DOM adjacent to the relatively aliphatic oil source. The
minimum H/Cy, value of 1.19 is approximately 200 m downgradient,
which corresponds to a significant decrease of 10.5% in H/C,, along the
flow path (Fig. 6a; p < 0.001, r> = 0.82). Conversely, the minimum O/
Cy values (0.40) are in the wells adjacent to the reduced oil source
(Fig. 6b). A maximum value of 0.48 is measured downgradient, corre-
sponding to a significant increase of 20% in O/C,, across the plume
compositional gradient (Fig. 6b; p < 0.001, r* = 0.81). Like the H/C,,
values, the increase in the O/C,, values along the gradient is apparently
linear.

Fig. 6¢ and d shows plots of the MW,, and NOSC,, as a function of
time from the oil source. The minimum MW,, value (m/z 401 Da) is near
the source while the maximum value of 487 Da occurs downgradient
(Fig. 6¢, Table S4). This change across the gradient corresponds to a
significant increase of 21.4% in the MW, of the compounds that
comprise the pool of DOMy (Fig. 6¢; p < 0.05, r2 = 0.30). The increase
in the MW,, along the gradient with a corresponding decrease in DOC
concentration indicates that the low MW compounds are selectively
degraded and relatively high MW compounds such as those derived from
resins and asphaltenes persist. The persistent products may also be
relatively higher in molecular weight than parent compounds from the
source due to the incorporation of additional oxygen heteroatoms as a
result of aqueous phase degradation. The minimum NOSC,, value of
—0.49 reflects the compounds near the source (Fig. 6d) and NOSC,, in-
creases to —0.21 downgradient from the oil source, corresponding to a
significant increase of 46.9% along the gradient (Fig. 6d, Table S4;
p < 0.001, r2 = 0.83). These values indicate a pool of reduced DOM is
produced from the oil source and this pool of carbon steadily becomes
more oxidized downgradient. Collectively, the information obtained
from examining the chemical composition by (-) ESI UHR-MS indicates
that the aliphatic-rich, reduced oil source in the aquifer produces DOM
that is skewed to low MW, reduced, aliphatic compounds. The microbes
responsible for decreasing the DOC concentration along the gradient are
selectively degrading the low MW, reduced, aliphatic compounds and
leaving heavier MW, relatively aromatic/alicyclic, highly oxygenated
compounds to persist downgradient. This result is consistent with pre-
vious reports for non-petroleum derived DOM (Kellerman et al., 2015;
Spencer et al., 2014; Heslop et al., 2019; D’Andrilli et al., 2015) and
DOMyc (Harriman et al., 2017).

3.4. Distribution of condensed aromatics in petroleum-derived dissolved
organic matter

We determined the transect chemistry of the condensed aromatic
portion of DOMyc, here termed ConAC, using the BPCA molecular
markers. BPCAs are produced from condensed aromatic structures
deriving from both petrogenic and pyrogenic organic matter sources
(Wagner et al., 2017a; Hindersmann and Achten, 2017; Chang et al.,
2018). Although the current study focuses upon the decadal evolution of
DOM within a subterranean oil plume, we must also note that initial
remediation of the spill ~40 years ago included the burning off of re-
sidual surface oil. Details surrounding the burn off event are scarce,
therefore resulting pyrogenic inputs to the subsurface environment are
unknown. As such, here we use BPCA data to track compositional
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changes in ConAC along the plume transect, regardless of its origin.
Overall, we did not expect the plume to contain significant quantities of
ConAC, given the largely aliphatic composition of the crude oil source.
Fig. 7a-e and Table S5 show values for the total concentration of ConAC
and individual BPCAs measured in each well. The highest ConAC con-
centration (46.3 uM-C) was observed near the oil source and the lowest
concentration (5.0 pM-C) was observed downgradient, corresponding to
an 89% decrease in [ConAC] across the gradient (Table S5). The con-
centration of individual BPCAs decreased significantly along the oil
plume, where losses > 70% were observed (Fig. 7a—e, Table S5). The
rates of degradation for each individual BPCA almost directly align to
the number carboxylic acid groups and are always less than that of the
bulk DOC (Fig. 7a—e, Table S5). The degradation rates of 1,2,3-B3CA and
1,2,4-B3CA are —0.34 and —0.31 y’l, respectively (Table S1). The rate
of degradation of B4CA is the same as 1,2,3-B3CA at 0.34 y’1 (Table S1).
B5CA and B6CA exhibit the slowest rates of degradation at 0.30 y™*
(Table S1). These results are consistent with previous reports of
biodegradation of both low- and high MW polycyclic aromatic hydro-
carbons (Kanaly and Harayama, 2000; Simarro et al., 2013). Moreover,
it was shown that low molecular weight organic acids enhance
biodegradation of high MW PAHSs (Sivaram et al., 2019). The DOMyc¢
plume at the Bemidji spill site contains large quantities of organic acids
that would enhance degradation of relatively large PAH analogues that
partition into the aqueous phase (Thorn and Aiken, 1998; Cozzarelli
et al., 1994). These biodegradation processes are likely responsible for
the decrease in ConAC concentration downgradient. However, we
expect the higher molecular-weight fractions of ConAC to be more
persistent downgradient.

Although concentrations of ConAC and DOC decreased down-
gradient, the proportion of condensed aromatic carbon in bulk DOC
(ConAC:DOC) increased significantly along the transect (from 1.79% to
4.02%; Fig. 8a; p < 0.001, 12 = 0.72). The composition of ConAC also
varied along the gradient, becoming enriched in more highly condensed
aromatic structures downgradient, as indicated by higher (B5+B6):
(B3+B4) ratios in wells further from the oil source (Fig. 8b). Taken
together, these results indicate that larger, condensed aromatic com-
pounds are more biorefractory than smaller, less condensed aromatics
and aliphatic compounds which comprise most of the freshly produced
DOM from the oil source. As the DOC concentration decreases down-
gradient, aliphatic DOM is degraded at a faster rate than condensed
aromatic DOM. The relative bio-recalcitrance of BPCAs derived from
ConAC is consistent with previous observations for this condensed aro-
matic OM fraction in soils (Kuzyakov et al., 2014). Although ConAC is a
small fraction of total DOC (2-4%) across the oil plume, these data
corroborate results from fluorescence and ultrahigh-resolution mass
spectrometry analyses. Specifically, that relatively small compounds are
biodegraded while large conjugated aromatics persist downgradient.

The persistence of the highly condensed aromatic structures down-
gradient of the oil body was further examined by comparing the
degradation rate of each BPCA with the rate of DOC degradation
(Fig. 7f-j). There is no significant trend observed in the 1,2,3-B3CA,
1,2,4-B3CA, and B4CA as a function of time from the oil body
(Fig. 7h—j). This result indicates that the degradation rate of those three
BPCA markers are similar to the rate of DOC degradation. Interestingly,
the trends observed in 1,2,3-B3CA:DOC, 1,2,4-B3CA:DOC, and B4CA:
DOC are similar to the % relative abundance of the aromatics class
measured by FT-ICR MS (Fig. 5b). It was previously reported that
measurements by (=) ESI FT-ICR MS underrepresent ConAC, likely due
to bias in ionization efficiency against this fraction of DOM (Wagner
et al., 2017b). However, the similarities in trends observed between the
BPCAs and relative abundance of aromatic compounds measured by
FT-ICR MS support the idea that there is some overlap in analytical
windows between the two techniques (Wagner et al., 2017b). These
results also show that crude oil and/or fractions may be good candidates
to study future hypotheses about the overlap between BPCA and FT-ICR
MS measurements.
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Fig. 7. Concentration of each BPCA in uM-C as a function of time from the oil body fit to the three-parameter exponential decay model (a—e). Ratio of each BPCA
divided by DOC concentration (uM-C) as a function of time from the oil body fit to the three-parameter exponential model (f-j). The shaded gray regions show the
range of values measured for DOM collected from background wells 310B and 310E.
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Unlike the 1,2,3-BCA, 1,2,4-BPCA, and B4CAs, the concentration of
B5CA and B6CAs divided by DOC concentration result in a significant
trend that can be modeled with the three-parameter exponential func-
tion (Fig. 7f and g). The results show that BSCA and B6CA degrade more
slowly than the DOC pool and the curve flattens at approximately 6-7
years downgradient from the oil body. Moreover, the modeled data
indicate that the BSCA and B6CA from the plume will never converge
with the groundwater with C,, = 0.17 and 0.65, respectively. The sig-
nificance of this result is that it shows that BSCA and B6CAs are con-
servative tracers of the contaminated plume. This is the first time that
conservative tracers have been identified for petroleum-contaminated
plumes. Although the source is a light aliphatic crude oil, it still con-
tains relatively large (“heavy”) compounds (1-2% asphaltenes w/w).
Partially oxidized products from the heavy end of the compositional
continuum of this crude oil are the most likely source of precursors for
B5CA and B6CA. Future studies will examine the utility of the BPCA
method to trace DOMy produced from petroleum sources with different
initial compositions in freshwater and marine ecosystems. We posit that
heavy oils and fractions will produce the most biorefractory DOMy¢ and
therefore be enriched in the large BPCAs while DOMy¢ produced from
gasoline (for example) will be depleted in large BPCAs.
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3.5. Structure of petroleum-derived dissolved organic matter

The steep biogeochemical gradient created from biodegradation of
DOM produced predominantly from a single source enables us to study
the changes in structure of DOMyc by semi-quantitative 1°C NMR
spectroscopy. Although the NMR data set lacks high spatial resolution (i.
e., sampling of plume), we can project the continuum observed by DOC,
EEMs, UHR-MS, and BPCA measurements to understand the changes in
the molecular structure of DOMpy¢ across the compositional gradient.
Fig. 9 shows the solid-state 13C NMR spectra, and corresponding spectra
after dipolar dephasing, of the seven DOM samples. Notably, the spectral
features of DOM downgradient from the source become progressively
more like those of the background DOM (310E). In addition, prominent
signals from carboxyl, methyl, quaternary C (Cq) as well as quaternary C
bonded to O (OCy) are consistent with the presence of CRAM as previ-
ously documented in the Rifle aquifer and other DOM samples (Cao
et al., 2018; Cao, 2014). Table S5 shows the percentages of ketone,
COO/amide, aromatic/olefinic, (hemi)acetal, (hemi)ketal, alcohol/-
ether, and alkyl (or aliphatic (Thorn and Aiken, 1998) carbon and
subfraction of methyl groups) measured in each sample. Because the
rotor crashed during the measurement of the spectrum of the 801A
sample after dipolar dephasing the NMR measurements for 801A are not
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CH,
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Fig. 9. Solid-state 13C NMR spectra (thick black lines) of 7 DOM samples taken
at various distances from the oil source as indicated on the right. The bottom
spectrum is the background reference. Thinner red lines: corresponding spectra
of C not bonded to H and from mobile segments (except for sample 801A,
because the sample rotor broke during measurement). Some peak assignments
are indicated with the top spectrum.

included in the figures or principal component analyses Table S6.

Fig. 10 shows plots of the percentages measured for the alkyl,
methyl, and aromatic/olefinic carbon as a function of travel time from
the oil source. Thorn and Aiken (1998) reported that the light, paraffinic
crude oil that spilled at the Bemidji site is composed of 87% aliphatic
carbons by NMR spectroscopy (Thorn and Aiken, 1998). Therefore, it is
reasonable that the DOMy in the well adjacent to that oil source is
composed of 66% alkyl (including 35% methyl) carbons. Across the
gradient, the percentage of alkyl carbons decreases to 54% (Fig. 10a,
Table S6). The methyl carbons in the DOM decrease by 57% to a final
value of 15% (Fig. 10b). These changes indicate that the relatively
aliphatic DOMyc is bioavailable and degraded by microbial
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communities (Hur et al., 2011). Moreover, aromatic/olefinic com-
pounds comprise a minimum of 9.5% in the well nearest the oil source
and there is an increase downgradient in the percentage of aromatics to
17% (Fig. 10c). These results show the selective degradation of highly
alkylated, methylated, aliphatic, reduced compounds and preservation
of unsaturated, highly oxygenated compounds.

Fig. S1 and Table S6 show the trends for the oxygen-containing
functionalities measured by NMR spectroscopy across the plume tran-
sect. Ketones comprise 2% of the DOM pool in the wells directly adjacent
to the oil source. As the DOMy pool decreases, the percentage of ke-
tones in the mixture remains constant 188 m (8.6 y) downgradient
before increasing to 2.5% in well 925D, located 254 m (11.6 y) down-
gradient. The percentage of COO/amide compounds is 10.5% in the well
adjacent to the oil body and increases in the percentage of COO/amide
functional groups to 13% in the DOMpyc downgradient from the oil
source. Conversely, the class of nitrogen-containing aliphatics (H/
C > 1.5, N > 0) measured by UHR-MS ranges from 1.0% adjacent to the
source and decreases to 0.045% in the 925D well located 254 m (11.6 y)
downgradient. Therefore, we propose that the increase in the COO/
amide functional groups across the plume transect is a result of an in-
crease of COO as opposed to amides. The (hemi)acetal, (hemi)ketal
carbon class of compounds exhibits a minimum of 2% adjacent to the oil
body and remains relatively constant, only increasing to a maximum of
3% downgradient from the source. Finally, the alcohol/ether functional
groups exhibit a minimum of 10% in the well adjacent to the oil source.
The values for this class increase to 12% downgradient. Although the
composition of oxygen-containing functionalities identified in the plume
DOMyc trend toward that of the composition of the native groundwater
DOM, the DOMyc in well 925D still contains a relatively larger per-
centage of alkyl groups and a smaller percentage of oxygen-containing
groups (Table S6). This result indicates that a portion of the down-
gradient DOM is a product of the aliphatic oil body from which it is
derived as opposed to compounds produced by biosynthesis.

Collectively, the trends observed for the structural changes of
DOMy in the plume by NMR spectroscopy complement those measured
by optical spectroscopy, UHR-MS (chemical composition), and BPCA
method (aromatic cores). In the context of a pool of DOC that is
decreasing as a function of time from the source (Fig. 2), selective
preservation is shifting the DOM pool from reduced-aliphatic com-
pounds to highly oxygenated biorefractory products that are similar to
CRAM-like compounds. Simultaneous decreases in methyl and alkyl
functionalities, coupled with decreases in short wavelength fluores-
cence, and a decrease in high H/C compounds indicate that the rela-
tively aliphatic DOM is biolabile (Harriman et al., 2017; Spencer et al.,
2019; Yamashita and Tanoue, 2003; Davis and Benner, 2007; Heslop
et al., 2019). Biodegradation of these compounds is sequential and
progressive which enables us to observe a shift in the composition of the
DOM pool. The products are characterized by red-shifted fluorescence
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Fig. 10. Changes in the percentages of (a) alkyl, (b) methyl, and (c) aromatic/olefinic compounds in the pool of DOMy as a function of time from the center of the
oil body. The gray lines indicate the values measured for DOM collected from background well 310E.
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and molecular formulae with high O/C (unsaturated, CRAM). The NMR
data suggest that these oxygen-containing compounds are predomi-
nantly comprised of COO and alcohol or ether functionalities.

4. Implications for understanding plume stability and fate of
DOMy¢

4.1. Plume degradation and source of relatively high-MW compounds

As previously mentioned, there are two proposed mechanisms for the
formation of the observed OCOCs in groundwater plumes. The biosyn-
thesis hypothesis proposes that OCOCs are products of microbial growth
and biosynthesis, in which hydrocarbon biodegradation drives anabolic
production of relatively high-MW biomolecules such as proteins, car-
bohydrates, lipids, and nucleic acids that are released by the microbes as
OCOCs (Mohler et al., 2020). Support of the biosynthesis model is based
on the identification of high-MW compounds identified downgradient at
the Bemidji site (Mohler et al., 2020). However, the exponential
decrease in DOC concentration observed in Fig. 2 and previous studies
(Baedecker et al., 1993; Ng et al., 2015; Essaid et al., 2003; Cozzarelli
et al.,, 2010) indicates that the compounds nearest to the source are
susceptible to biodegradation and the refractory compounds persist
downgradient (i.e., the continuum model). Fig. 11 summarizes the
changes in chemical composition of DOMy in the plume. The two red
lines indicate the composition of the DOMy adjacent to the oil body and
that which persists at the toe of the plume, respectively. The direction of
flow can be indicated by the blue arrow because the distance/time from
the source also corresponds to an increase in PCA 1 (Fig. 11). The green
line indicates the composition of the native DOM in the groundwater
collected upgradient from the source. Collectively, Figs. 2 and 9 show a
relationship between reactivity and the chemical composition of
DOMyc. The decrease in DOC concentration corresponds with a change
in the composition of the pool of DOMy as biodegradation removes the
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most labile compounds. After depleting the most labile fraction, the
microbes metabolize the relatively oxidized, aromatic compounds at a
slower rate. Finally, the remaining DOMy that has traveled for ~11.6
years (assuming 0.06 m d™! flow) (Essaid et al., 2003) to well 925D
(located 254 m downgradient from the oil source) is comprised of
microbially refractory products with structures consistent with CRAM.
These relatively high MW compounds are the result of selective
biodegradation of the “light” compounds and persistence of the “heavy”
compounds (parent crude has 4-6% resins, and 1-2% asphaltenes).
The persistence of DOMy that is sourced from the petroleum body is
further supported by compositional discontinuities identified in the data
(Fig. 11). Although the chemical composition of the compounds in the
plume are trending towards those identified in the native groundwater
DOM in well 310E (right-side of Fig. 11), the molecular composition of
the DOMy and native DOM in the groundwater do not converge. This
result is visualized as a compositional discontinuity in the PCA plot
between well 925D located 254 m (11.6 y) downgradient from the oil
body and well 310E located upgradient from the oil body (Fig. 11). The
presence of the discontinuity is especially noteworthy because the
concentration of DOC at the last well (925D) is less than twice that of the
background well (310E) and presumably both the DOMy and the native
DOM are present in this well. One possible reason for the discontinuity is
that more than 11.6 years are required to degrade the petroleum-derived
compounds to products with similar composition as the native DOM.
Alternatively, it is possible that the compounds that are produced from
this organic matter source (i.e., light aliphatic crude oil) do not produce
products that fill in the compositional space between refractory products
derived from the oil body and native groundwater DOM at the site.
Regardless, the discontinuity is interpreted as an indicator of DOM with
different chemical compositions derived from different sources. Finally,
support for the degradation continuum model over the biosynthesis
model is visualized in Fig. 11. Like the parent crude, the DOMy adja-
cent to the oil body is composed of low MW, highly reduced, aliphatic,
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and methylated compounds. Selective biodegradation of the most labile
components in succession gives rise to the systematic, continuous
changes in the composition of the DOMyc in the wells between the
source and toe of the plume (Fig. 11) (Podgorski et al., 2018).

4.2. Linear vs. non-linear models

We have shown that quantitative measurements (DOC concentra-
tion, fluorescence intensity, ConAC concentration, and even the semi-
quantitative NMR results to an extent) decrease exponentially while
relative changes in DOMyc composition change linearly as a function of
estimated time traveled from the center of the oil body. A possible
explanation for this behavior is that the difference in relative pro-
portions of the compositional endmembers. In this case, the reactive
(reduced, aliphatic, low MW) DOMy is at much higher concentration
than the background native DOM endmember and degradation prod-
ucts. As such, the change in chemical composition will appear linear
until a large fraction of the reactive pool is mineralized or processed. A
long linear change is expected along the core of petroleum contaminated
plumes followed by a quick, nonlinear change in DOM composition as
zero reactive DOMpyc contamination is approached resulting in a
“hockey stick” shape. One way to test this hypothesis would be to sample
the toe of the Bemidji plume at higher resolution to determine if there is
an asymptote in DOC concentration and corresponding DOMyc
composition. Unfortunately, the well coverage at the toe of the plume at
the Bemidji site is currently limited. However, there are reports of lab-
oratory biodegradation experiments on DOM that demonstrate this
concept (Spencer et al., 2009; Sleighter et al., 2014). Sleighter et al.
(2014), show exponential decay models of labile, semi-labile, and re-
fractory fractions of DOM from headwater streams that were passed
through a bioreactor (Sleighter et al., 2014). All three fractions exhibit
degradation patterns that resemble a hockey stick. Most notably is the
labile fraction that shows the most rapid linear degradation trend
(hockey stick handle) followed by an abrupt change to non-linear
change (hockey stick blade) as the labile substrate is consumed. Simi-
larly, it was shown that the early photodegradation timepoints (first 15
days) for DOM from the Congo River exhibit a linear change in chemical
composition as highly photolabile DOM is degraded (Spencer et al.,
2009). The addition of a 57-day timepoint shows that the change in
composition is not linear because it exhibits a quick non-linear change
after ~15 days.

The implication for understanding petroleum-derived groundwater
plumes is that there is a large pool of highly reduced, aliphatic (in the
case of the Bemidji site) carbon that sits on an aquifer that contains a low
concentration of relatively biorefractory DOM. Biodegradation of that
highly reduced, aliphatic pool of carbon produces partially oxidized
intermediates that can partition across the oil/water interface, resulting
in DOMgyc. The proportion of this highly biolabile DOMyc is in great
excess relative to the background native DOM present in the aquifer. As
such, the degradation of these highly biolabile DOMpyc components
initially exhibit linear changes in composition. Measurements of selec-
tive fractions of the DOMpyc pool show that there is a reactivity con-
tinuum that spans from labile, semi-labile, and refractory (Sleighter
et al., 2014). As shown in Fig. 2 and mentioned previously, more sam-
pling at the toe of the plume is required to identify the presence of
asymptote. We posit that there is an asymptote and that even the linear
trends that we report will rapidly change to non-linear at that point.
Moreover, the composition of the petroleum source is expected to have
an impact on the linear and non-linear regions in respect to changes in
chemical composition along the core of the plume. This concept will be
the subject of future hypotheses that will be tested at spill sites with
longer plumes and parent petroleum sources with different chemical
compositions.
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5. Conclusions

The data presented here support a continuum model to explain
DOMy dynamics at petroleum-contaminated sites. Although the mea-
surements were made at a single site contaminated with crude oil, the
results have generated several hypotheses that can be tested at sites
contaminated with refined fuels and crude oils with different composi-
tions. One hypothesis that is of particular interest to regulators is that
the DOMy plume biodegradation continuum model suggests that the
composition, reactivity, and fate of OCOCs are dependent on the
composition of the parent petroleum source. As such, follow-up exper-
iments are in progress to examine plume composition originating from
petroleum sources with different chemical compositions. If the contin-
uum model is validated from data collected at different sites, the model
can be used for predicting plume stability and the composition of
compounds that may impact downgradient receptors. While ultimately
it may be necessary to determine relationships between the chemical
composition of DOMy¢ and impacts on human health as well as the
environment (McGuire et al., 2018), the scope of this work is limited to
describing the origin, transport, and fate of DOMyc.
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