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ABSTRACT: The late stage of petroleum hydrocarbon releases to
the subsurface is an evolving but largely unexplored concept.
Herein, transmissive aquifer zones with little remaining petroleum
liquids become attenuation zones for dissolved organic species
released from low-permeability (low-k) zones via back diffusion. To
address the knowledge gaps surrounding these subsurface zones, we
explored a 40-year-old depleted petroleum body at a former
refinery through high-resolution chemical and biomolecular
analyses of a cryogenically collected soil core. 16S rRNA gene
transcript-based analyses of active microbial communities uncov-
ered predominately aerobic bacteria in the transmissive zone in contrast to anaerobic fermenting bacteria and methanogenic archaea
in the low-k zone. Unexpectedly, Fourier-transform ion cyclotron resonance mass spectrometry (FT-ICR MS) analyses revealed a
substantially higher degree of oxygenation in the petroleum biodegradation metabolites from the anoxic low-k zone compared to
species in the oxic transmissive zone. Likely, a small diffusive influx of molecular oxygen enables limited aerobic metabolism in the
low-k zone, while more abundant O2 in the transmissive zone promotes rapid aerobic biodegradation of petroleum hydrocarbons
without the accumulation of highly oxygenated intermediates. While much remains to be uncovered, our work is a critical first step
toward enabling better-informed decision making regarding best management practices for late-stage petroleum hydrocarbon-
impacted sites.

■ INTRODUCTION

Subsurface releases of petroleum liquids are among the most
common causes of soil and groundwater contamination in the
world. Spills can range in size from 10s to 100 000s of cubic
meters at various sites from retail to refining facilities.
Typically, a substantial share of subsurface light nonaqueous
phase liquids (LNAPLs) are biodegraded anaerobically to CO2
and CH4 through natural source zone depletion (NSZD)
processes.1−5 Biogenic gases migrate upward through off-
gassing and ebullition to the vadose zone where the methane is
mineralized by methanotrophs using downward-diffusing
atmospheric oxygen.5−7 The fate of subsurface petroleum
liquids follows the short-term carbon cycle wherein C−H
bonds are iteratively replaced with C−O bonds and ultimately
oxidized to CO2, which cycles back into organic compounds
via photosynthesis.
Subsurface petroleum releases evolve with time.8 Early stage

releases are largely about expanding pools of unaltered
LNAPLs in transmissive zones of the aquifer. At early stage
sites, active recovery efforts are commonly employed to
deplete LNAPL to the extent practicable.9 With time, NSZD
and active recovery efforts transform early stage LNAPL sites
into middle-stage sites, where continuous LNAPL is largely
depleted, while dissolved-phase total petroleum hydrocarbons

(TPH) as well as benzene, toluene, ethylbenzene, and xylenes
(BTEX) persist in groundwater. Soluble species move into
low-permeability (low-k) zones within the aquifer via slow
advection and diffusion. Given the limited efficacy of active
remedies at middle-stage sites, NSZD often emerges as the
primary factor driving the maturation of LNAPL sites with
reported rates of cleanup due to NSZD ranging from 1000s to
10 000s of liters per hectare per year.10

The late stage of petroleum releases is an evolving but
largely unexplored concept wherein (1) much of the remaining
contaminant mass remains in low-k zones, and (2) transmissive
zones, with little to no remaining petroleum liquids, become
attenuation zones for species released from low-k zones via
back diffusion. Contaminants diffusing out of low-k zones can
become a persistent secondary source long after the primary
source has been removed.11 Of emerging scientific, engineer-
ing, and regulatory concerns are oxygenated hydrocarbon
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transformation products, sometimes referred to as “polar
hydrocarbons”, “oxyhydrocarbons”, or “petroleum biodegrada-
tion metabolites”. Oxygen-containing metabolites such as
organic acids, esters, alcohols, phenols, aldehydes, and ketones
are generated through biologically mediated “weathering”
processes.12 Partially oxidized petroleum metabolites can
comprise up to 100% of the extractable organic carbon in
the downgradient groundwater plume2,13,14 with a principal
concern being increased water solubility and mobility of
metabolites in aqueous environments.15−17

However, the significance and prevalence of oxygenated
hydrocarbon metabolites in groundwater are insufficiently
understood, constrained by limited data and analytical
challenges. Most often, only TPH and BTEX are analytically
quantified using gas chromatography (GC)-based methods.
While TPH may be a useful bulk parameter for the
characterization of the nonpolar LNAPL fraction, this GC-
based analysis is not suitable for the detection of low-volatility,
high-molecular weight transformation products.18,19 Conse-
quently, recent research has applied (ultra)high-resolution
mass spectrometry, sometimes coupled with chromatographic
separation, to investigate the fate of dissolved hydrocarbon
weathering products in downgradient groundwater
plumes.16,20,21 The interdependence of oxygenated hydro-
carbon metabolites and microbial ecophysiology is one of the
keys to understanding the late-stage processes leading to site
cleanup and ultimately forecasting the time to site closure. Yet,
molecular insights into the nature and release of organic
carbon from aged LNAPL source zones along with knowledge
pertaining to the active microbial communities largely driving
transformation processes are critically missing.
Herein, we uniquely explore a late-stage petroleum hydro-

carbon-contaminated site in both transmissive and low-k zones
at the upgradient edge of a 40-year-old depleted petroleum
LNAPL body at a former refinery. Our work was motivated by
the vision that an enhanced understanding of the nature of
late-stage sites will support better-informed decisions regarding
best management practices for middle- and late-stage
petroleum LNAPL sites. First, we collected a cryogenic soil
core for subsequent high-resolution stratigraphic and chemical
characterization. In contrast to traditional soil coring methods,
such as direct push or hollow-stem auger drilling, cryogenic
coring with a liquid nitrogen cooling system improves core
recovery and preserves critical soil attributes such as pore fluid
distribution22,23 and ribonucleic acid content.24 Second, we
sought to define the prevailing redox conditions in the low-k
and transmissive zones governing hydrocarbon biodegradation
through determining the active microbial community compo-
sition via 16S rRNA gene transcript analysis as opposed to
traditional DNA-based microbial community profiling. Third,
we applied Fourier-transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) to highlight compositional
differences in acidic and aromatic species between soil samples
originating from transmissive and low-k zones. FT-ICR MS
achieves unrivaled resolving power and mass accuracy and thus
provides unprecedented molecular-level details for the
characterization of petroleum-derived compounds.18 Results
suggest that, much like chlorinated solvent sites, the late stages
of petroleum LNAPL sites will be defined by processes in and
about low-k zones.

■ EXPERIMENTAL SECTION
Field Site Characterization and Soil Core Sampling. Between

1931 and 1986, gasoline, jet fuel, diesel, and heating oil were
produced from crude oil at the study site, a former refinery. Standard
practices of the era of operations had caused inadvertent releases of
substantial volumes of petroleum liquids to the subsurface, leading to
a largely contiguous body of LNAPL about the water table beneath
the ∼1 km2 former refinery. The site is situated above a high
transmissivity glacial valley train aquifer near the terminus of
continental glaciation in the central U.S. High-transmissivity sands
and gravel beds (high-flow summer glacial melt deposits) are
interbedded with low-k silts (low-flow winter deposits). Inclusive to
the aquifer is a large river that is in direct hydraulic connection with
the aquifer. Groundwater fluctuations on the order of 3−7 m follow
the river stage.

In August of 2016, 6 cm outer diameter (OD) cryogenic soil cores
were collected from the upgradient edge of the depleted petroleum
LNAPL body following the steps illustrated in Figure S1 (Supporting
Information). Core was collected continuously in six 76 cm intervals
(drives) about the water table, from 7.4 to 10.5 m below ground
surface (bgs). Soil cores were frozen in situ using a dual-wall closed-
loop cooling barrel inside a standard CME continuous sample tube
system for 11 cm inner diameter (ID) hollow stem augers drill
systems. Details of the cryogenic sampling tool and associated drilling
methods are documented in ref 23. The core was shipped overnight
on dry ice to Colorado State University, Fort Collins, Colorado, and
stored at −80 °C until processing.

Sample Preparation. The frozen soil cores were cut into 2 cm
thick cylinders (“hockey pucks”) at 5 cm intervals. The hockey pucks
were quartered into subsamples for analyses of petroleum hydro-
carbons, soil gases, and microbial community from the same depth
interval following methods described by Olson et al. in 2017.25 For
high-resolution hydrocarbon analysis, the frozen samples (including
any frozen water) were thawed and extracted with HPLC-grade
toluene in a wide-mouthed glass jar on a mechanical shaker for at least
2 h. Toluene was chosen as the extraction solvent to minimize
interferences from nonpetroleum hydrocarbons.26 Toluene extraction
of spiked samples showed (near-) complete recovery of diesel range
organics at 104 ± 6% and of decanoic acid, a surrogate for polar
hydrocarbons, at 108 ± 7%. Subsamples for methane analysis were
placed frozen in jars containing deaired deionized water as described
in Olson et al.25 Subsamples for TPH analysis were thawed and
extracted with methanol.

Analytical Methods. Methanol extracts were transferred to 2 mL
vials and analyzed for TPH including benzene on an Agilent 6890N
gas chromatograph (Agilent Technologies, Santa Clara, CA) equipped
with a flame ionization detector (GC/FID) and a Restek Rtx-5
column (30 m length × 0.32 mm inner diameter × 0.25 μm film
thickness, Bellfonte, PA). Aqueous extracts were analyzed for methane
via headspace analysis on an Agilent 6890N gas chromatograph
(Agilent Technologies, Santa Clara, CA) equipped with an FID,
following methods described by Olson et al. in 2017.25

Toluene extracts to be analyzed by FT-ICR MS were desolvated in
preweighed borosilicate dried under nitrogen gas for analysis at the
National High Magnetic Field Laboratory in Tallahassee, FL. All
solvents were HPLC-grade (Sigma-Aldrich Chemical Co., St. Louis,
MO).

Samples were dissolved in toluene to a final concentration of 125
μg/mL for positive-ion atmospheric pressure photoionization
((+)APPI) FT-ICR MS at a flow rate of 50 μL/min.27 An APPI
source (Thermo-Fisher Scientific, San Jose, CA) was coupled to the
first stage of a custom-built FT-ICR mass spectrometer (see below)
through a custom-built interface.27 (+)APPI was chosen to target
aromatic and less polar compounds. The tube lens was set to 50 V (to
minimize ion fragmentation) and the heated metal capillary current
was 4.5 A. A Hamilton gastight syringe (5.0 mL) and syringe pump
were used to deliver the sample (50 μL/min) to the heated vaporizer
region (350 °C) of the APPI source, where N2 sheath gas (50 psi)
facilitates nebulization. The auxiliary port remained plugged. After
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nebulization, gas-phase neutral analyte molecules exit the heated
vaporizer region as a confined jet. A krypton vacuum ultraviolet gas
discharge lamp (Syagen Technology, Inc., Tustin, CA) produces 10−
10.2 eV photons (120 nm). Toluene increases the ionization
efficiency for nonpolar aromatic compounds through dopant-assisted
APPI through charge exchange and proton transfer reactions between
ionized toluene molecules and neutral analyte molecules as previously
reported.28−32

For electrospray ionization (ESI) analysis, samples were recon-
stituted in toluene and then dissolved in methanol to a final
concentration of 150 μg/mL in Tol/MeOH (1/1). Once dissolved in
solvent, oil samples were acidified with formic acid to a final
concentration of 2% acid (v/v) and 0.0125% tetramethylammonium
hydroxide (TMAH) by volume for negative electrospray ionization
((−)ESI) at a flow rate of 500 nL/min.33 (−)ESI was selected to
target carboxylic acids and other polar functional groups.
All samples were analyzed with a custom-built FT-ICR mass

spectrometer34 equipped with a 22 cm horizontal room temperature
bore 9.4 T superconducting solenoid magnet (Oxford Instruments,
Abingdon, U.K.), and a modular ICR data station (Predator)35

facilitated instrument control, data acquisition, and data analysis.

Positive ions generated at atmospheric pressure enter the skimmer
region (∼2 Torr) through a heated metal capillary, pass through the
first radiofrequency (rf)-only octopole, pass through an rf-only
quadrupole, and are externally accumulated36 (25−50 ms) in a second
octopole equipped with tilted wire extraction electrodes for improved
ion extraction and transmission.37 Helium gas introduced during
accumulation collisionally cools ions prior to transfer through rf-only
quadrupoles (total length 127 cm) (into a seven-segment open
cylindrical cell with capactively coupled excitation electrodes on the
basis of the Tolmachev configuration.38,39 One hundred individual
transients of 6.8 s duration were signal averaged. The data was
collected at the maximum memory depth of the data station hardware
(16 million samples), apodized with a single sided Hanning
apodization, zero-filled to 16 megasample (16 777 216 samples or
224). An additional zero fill brings the preFT data packet to 32
megasample, which in turn is processed via absorption-mode FT
analysis.40,41 Experimentally measured masses were converted from
the International Union of Pure and Applied Chemistry (IUPAC)
mass scale to the Kendrick mass scale42 for the rapid identification of
homologous series for each heteroatom class (i.e., species with the
same CcHhNnOoSs content, differing only by degree of alkylation).43

Figure 1. Graphic log of the cryogenically collected core illustrating sediment color, soil classification, water level, methane, and petroleum
hydrocarbon component concentrations as a function of depth below ground surface. The blue and red lines indicate the locations at which the
low-k zone and the transmissive zone samples were taken, respectively.
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For each elemental composition, CcHhNnOoSs, the heteroatom class,
type, double bond equivalents (DBEs), and carbon number were
tabulated for subsequent generation of heteroatom class relative
abundance distributions and graphical relative-abundance weighted
DBE versus carbon number images. Peaks with a signal magnitude
greater than 6 times the baseline root-mean-square noise at m/z 500
were exported to peak lists, internally calibrated based on the “walking
calibration”,44 and molecular formula assignments and data visual-
ization were performed with PetroOrg software.45 Molecular formula
assignments with an error >0.5 ppm were discarded, and only
chemical classes with a combined relative abundance of ≥0.15% of the
total were considered. For all mass spectra, the achieved spectral
resolving power approached the theoretical limit over the entire mass
range: for example, the average resolving power, m/Δm50% in which
Δm50% is the mass spectral peak full width at half-maximum peak
height, was ∼1 000 000−1 500 000 at m/z 500.
All raw FT-ICR mass spectra files and complete elemental

compositions are publically available via the Open Science Framework
at https://osf.io/pt8gh/.
Characterization of Active Microbial Communities. To probe

microorganisms that were active at the time of sampling, as opposed
to overall microbial community composition, this study targeted
ribonucleic acid (RNA), which is only produced by metabolically
active cells. Samples from two intervals were selected for detailed
differential characterization based on representing two distinct
hydrogeologic zones and the presence of a substantial TPH
concentration (Figure 1). RNA was extracted from each soil sample
with a Powerlyser Powersoil DNA Isolation Kit (MoBio, Carlsbad,
CA) generally according to the manufacturer’s instructions but with a
modified protocol that preserves intact RNA and removes molecules
that interfere with downstream analysis of extracted RNA (i.e.,
polymerase chain reaction inhibitors) while maximizing yield.6,24

RNA concentrations were quantified via optical density with a
NanoDrop 2000 UV−vis spectrophotometer (Thermoscientific).
RNA was stored at −80 °C prior to it being reverse transcribed
into complementary DNA (cDNA) for downstream analysis.
To gain information regarding all types of bacteria and archaea

active in the subsurface at the time of sampling, cDNA obtained from
extracted RNA was used for 16S rRNA amplicon sequencing via next
generation sequencing (Illumina MiSeq). Sequencing was performed

by Research and Testing Laboratories, LLC (Lubbock, TX) using an
Illumina MiSeq System (Illumina, San Diego, CA). 16S rRNA
community profiling was performed with bacterial primers 28F and
519r and archaeal primers 517f and 909r.46,47

The Ribosomal Database Project (RDP) classifier was used in
conjunction with the Silva database for taxonomic placement of the
16S rRNA gene sequences analyzed (https://www.arb-silva.de/).
Relative abundance (%) data generated by high throughput
sequencing was used to construct pie charts that present microbial
community composition for each sample. Analyses were conducted at
the genus level. In cases where genera could not be classified, higher
level taxonomic identifications are reported, but grouped taxa shared
>95% sequence similarity. Genera that individually represented less
than 3% of the microbial communities were combined and reported
as “other”.

■ RESULTS AND DISCUSSION
Soil Core Characterization. Figure 1 presents a gINT plot

illustrating the soil core log and concentration data collected
from 21 subsamples between 7.4 and 10.5 m bgs. Core was
recovered from 88% of the sample intervals, with recovery
occasionally being inhibited by cobbles larger than the 6 cm
outer diameter (OD) of the core barrel. Geologic logging
revealed a transmissive medium- to coarse-grained sand at 9.3
m bgs and a low-k zone at 8.2 m bgs composed of gravel
infilled with silt (panels 6, 7, and 8 in Figure S1). Samples from
these two intervals were used to explore differences in active
microbial ecologies and hydrocarbon speciation between
transmissive and low-k zones. TPH concentrations in the
low-k and transmissive zones were 3170 and 11 775 mg/kg,
respectively, with observed residual LNAPL and diesel range
organics (DRO) to gasoline range organics (GRO) ratios
slightly greater than one in both samples.
At a mean water table depth of 8.0 m bgs, the low-k zone is

located within the range of natural groundwater table
fluctuations. However, there is no inflow of atmospheric
oxygen to the low-k zone due to an overlying layer of methane
from anoxic hydrocarbon biodegradation, where methano-

Figure 2. Active microbial community composition and relative abundances in the oxic transmissive zone and in the anoxic low-k zone.
Assignments were made at the genus level; in cases where genera were unclassified, higher level taxonomic identifications are reported, but grouped
taxa shared >95% sequence similarity. Not detected indicates that no amlicon could be generated for sequencing.
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trophic microorganisms use any downward-diffusing oxygen as
electron acceptor.7 This was reflected by a concentration of
2.18 mg/kg of methane. In contrast, the transmissive zone
experiences a constant influx of dissolved oxygen from the
nearby river. Nevertheless, methane was detected here at 2.62
mg/kg methane, likely due to methane production at greater
depths and subsequent vertical transport of the ebullient gases
through layers of higher permeability.4

Active Microbial Community Analysis Reveals Pre-
dominant Redox Conditions. To acquire a better
representation of the prevalent redox environment in both
the transmissive and low-k zones, and to broadly relate
metabolic processes to the hydrogeochemical conditions, we
conducted 16S rRNA gene transcript sequencing from select
samples. We note that this microbial community composition
analysis was limited to RNA only, and sequencing was
performed on only one representative sample from each
respective zone; thus, we obtained only a snapshot of the
overall microbial community in a highly heterogeneous system.
Nevertheless, as visible in Figure 2, distinctly different active

microbial communities were established in the transmissive
zone compared to the low-k zone. In the transmissive zone,
aerobic microorganisms comprised over 75% of the assigned
phylotypes for the active bacterial community. Coupled with
nondetectable archaea in this zone, these findings corroborate
the presence of oxygen here and establish the transmissive
zone as oxic and conducive to aerobic hydrocarbon
degradation. Moreover, several assigned phylotypes have
been previously associated with aerobic hydrocarbon degrada-
tion. For instance, members of the genus Kluyvera have been
associated with aerobic benzene and naphthalene degrada-
tion.48 Members of the genera Citrobacter and Serratia have
been associated with surfactant production where biodegrada-
tion of hydrocarbons is active.49,50 Lastly, members of the
assigned phylotypes Streptococcus and Staphylococcus have been
associated with aerobic heavy alkane biodegradation.51

In contrast, the low-k zone showed an active microbial
community reflective of anoxic conditions primarily composed
of anaerobic fermenting bacteria and methanogenic archaea.
Within the bacterial population, 63% of phylotypes were
assigned as unclassified clostridia, which are generally known as
strict anaerobes; in addition, some members of this class have
the ability to degrade hydrocarbons synergistically with various
methanogenic archaea.52−54 Other anaerobic fermenters

previously associated with hydrocarbon fermentation were
identified, including Pelotomaculum,55 Firmicutes,56 Smithella,56

and unclassified Anaerolineaceae.57 Turning to the archaeal
population in the anoxic low-k zone, 96% of the active Archaea
identified were methanogens, of which 75% are associated with
tolerance to oxygen exposure. The most abundant oxygen-
tolerant archaeal phylotypes included members of the genera
Methanoregula (52%)58 and Methanolinea (19%). These
methanogens are likely associated with methanogenic hydro-
carbon degradation.55,59,60

The active microbial community in the oxic transmissive
zone established a basis for aerobic hydrocarbon biodegrada-
tion. In the low-k zone, the active microbial community
composition generally established a basis for anoxic conditions
but also raised some questions regarding metabolic aspects in
relation to the redox conditions and molecular formulas
determined by FT-ICR MS (see below). The co-occurrence of
strict anaerobes and oxygen-tolerant methanogens in the
anoxic low-k zone at first glance may appear contradictory. A
likely explanation for this observation is the assembly of
microeconiche environments within a heterogeneous geo-
logical backdrop and fluctuating water level as visible in Figure
1.61 Furthermore, we infer from this microbial community
analysis the likelihood of syntrophic interactions among
microbial populations to drive methanogenic hydrocarbon
degradation in the anoxic low-k zone.62 Lastly, given the age of
the petroleum LNAPL body at this site, it is also possible that a
portion of the phylotypes detected may not be directly
involved with anaerobic hydrocarbon degradation but rather
participate in synergistic, peripheral metabolic processes. In
conclusion, our results highlight the significance of the
interconnected governance of microbial ecology and bio-
geochemical environments underpinning late-stage hydro-
carbon release sites.

Petroleum Biodegradation Metabolites Have a High-
er Degree of Oxygenation under Anoxic Conditions.
Two subsamples from the same depth as the two subsamples
for microbial community analysis were selected for ultrahigh-
resolution FT-ICR MS analyses of hydrocarbons and their
biodegradation metabolites. Totals of 10 311 peaks and 8178
peaks were assigned elemental compositions with ∼0.2 ppm
mass measurement accuracy in the anoxic low-k zone and oxic
transmissive zone samples in negative-ion ESI, respectively.
Figure 3 shows the heteroatom class distribution for acidic

Figure 3. Heteroatom class distribution derived from (−)ESI FT-ICR MS for toluene-soluble extracts in the anoxic low-k (blue) and oxic
transmissive (red) zones.
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species derived from negative-ion ESI FT-ICR MS. In both
zones, the highest relative abundance was observed for the O2
class, which includes species with a carboxylic acid functional
group.12 Crude oil can naturally contain hydrocarbon species
with a low number of oxygen atoms. Both abiotic and biotic
transformation processes (“weathering”) are expected to lead
to a transient increase in oxygenation on the path to full
mineralization.63−66

Surprisingly, the ultrahigh-resolution mass spectra revealed a
substantially higher degree of oxygenation in the biodegrada-
tion metabolites from the anoxic low-k zone compared to the
oxic transmissive zone. In the oxic zone, relative abundances
among oxygen-containing classes steadily decreased from the
maximum at O2, without detections above 10 oxygen atoms. In
contrast, a second maximum was found in the anoxic low-k
zone for the O5 class, and species with up to 20 oxygen atoms
were observed. Oil-extractable acidic compounds within the
oxic transmissive zone correspond to compounds isolated in
weathered oil,12 whereas more oxygen-rich compounds in the
anoxic zone correspond to heavily degraded oil-soluble
compounds that are interfacially active.67 We reiterate that
discriminatory sample extraction with toluene was performed
to minimize detections of natural organic matter, which may
sometimes interfere with high-resolution hydrocarbon anal-
ysis.20,26

The microbial generation of highly oxidized hydrocarbon
biodegradation metabolites with 20 oxygen atoms in the
absence of molecular oxygen is mechanistically unprecedented.
Anaerobic hydrocarbon degradation is most commonly
associated with pathways such as fumarate addition, hydrox-
ylation, carboxylation, or alternative anaerobic respiratory
processes (e.g., denitrification and sulfate reduction) in
addition to methanogenic hydrocarbon degradation.68 Two
potential scenarios can be provided to explain the observed
speciation. First, groundwater solutes and contaminants are
known to diffuse from highly transmissive zones into low-k
zones.11 It appears possible that highly diffusive oxygen was
transported from the oxic transmissive zone into the (overall)
anoxic low-k zone to a limited extent. Consequently, some
aerobic transformation of petroleum hydrocarbons may be
enabled, albeit at a substantially lower rate compared to the
oxic transmissive zone where a constant high influx of river-
derived dissolved oxygen leads to the rapid and complete
mineralization of petroleum hydrocarbons without the
accumulation of highly oxygenated intermediates. The high
relative abundance of oxygen-tolerant Archaea in the anoxic

low-k zone supports this conclusion. Second, some of the
highly oxygenated compounds may not be direct hydrocarbon
biodegradation products but rather cellular components such
as biosurfactants that may aid in hydrocarbon degradation or
lipid macromolecules.69 Our results demonstrate the power of
coupling microbial community composition analysis and FT-
ICR MS on cryogenically collected core both to gain novel
insights and to provide guidance for further investigation of
hydrocarbon fate in the subsurface that can be used for site
management.
Detections of pyrrolic nitrogen (N1) and deprotonated

hydrocarbon (HC) compounds were observed in both zones.
These species correspond to five-member ring hydrocarbons
(fluorene) and carbazoles that are prevalent in petroleum and
can be deprotonated at the bridgehead carbon in negative-ion
ESI with tetramethylammonium hydroxide solvent modifica-
tion.44 In crude oil, N1 species have previously been reported
as the major heteroatom class.12,65,66,70 In both oxic and anoxic
zone samples, the N1O6 class had the highest relative
abundance among nitrogen-containing classes, implying that
the hydrocarbons in both oxic transmissive and anoxic low-k
zones had undergone oxidative transformation processes to a
similar extent. We note that the higher relative abundances of
N1Ox classes in the oxic transmissive zone do not translate into
higher absolute concentrations. Relative abundances of N1Ox
classes in the anoxic low-k zone sample were likely biased by
the dominant Ox compounds. Likewise, while slightly higher
oxygenated N1Ox classes were detected in the anoxic low-k
zone with up to N1O20 versus N1O17 in the oxic transmissive
zone, ion suppression may have caused low-abundance
compounds to fall below the peak detection limit.
Finally, mass spectra collected using positive-ion APPI

supported the presence of nonoxygenated hydrocarbons as
quantified by TPH analysis but showed only minor differences
in less polar HC, Ox, and S1 classes between the two
hydrogeologic zones (Figure S2).

Both Aliphatic and Aromatic Hydrocarbons Are
Biodegraded. The higher degree of oxygenation of the
petroleum hydrocarbon metabolites from the anoxic low-k
zone was further revealed through van Krevelen diagrams in
Figure 4, which illustrate the degree of oxygenation (O/C
ratio) vs degree of aromaticity (H/C ratio) for acidic species in
the Ox and N1Ox classes identified by (−)ESI FT-ICR MS in
the oxic and anoxic toluene-soluble residues. Each dot on these
graphs represents molecular formulas of the same O/C and H/
C ratios assigned from the mass spectra.71 The color-coding

Figure 4. Van Krevelen diagrams for the anoxic low-k zone and oxic transmissive zone samples, highlighting the global shift in H/C versus O/C
ratios for all assigned Ox and N1Ox species identified by (−)ESI FT-ICR MS. Species with a modified aromaticity index >0.5 were designated
aromatic (AROM), while formulas with H/C ratios ≥1.5 were designated aliphatic (ALIPH) according to Young et al. in 2018.72
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corresponds to the relative peak intensity of the compounds
after normalization to the most abundant peak.
The two samples had similar H/C ranges, covering both

aliphatic (high H/C ratio) and aromatic species (low H/C
ratio). However, in the oxic zone, the acidic compounds had a
narrow distribution of O/C ratios largely below 0.5, with the
most abundant compounds between an O/C ratio of 0.1 and
0.2. The anoxic compounds spanned a wider range of O/C
ratios, with highly abundant compounds at O/C ratios of 0.1−
1.0. The observed minor changes in H/C ratios along with
notable changes in O/C ratios indicate that initial oxidation
reactions generate a diverse range of metabolites, in agreement
with observations of petroleum hydrocarbon transformation in
sediments impacted by the 2010 Deepwater Horizon oil spill.12

Both Low- and High-Molecular Weight Hydrocarbons
Are Biodegraded. It has previously been proposed that C10−
C24 n-alkanes are more readily biodegradable, while species
with less than 10 carbon atoms may be toxic to micro-
organisms, and species with more than 24 carbon atoms
experience reduced transport across cell membranes.73 The O/
C ratio versus carbon number plots of all identified elemental
compositions in the Ox and N1Ox classes identified by (−)ESI

FT-ICR MS shown in Figure 5 reveal that the observed
increase in oxygen content in the anoxic low-k zone occurred
across a broad carbon number range between at least C6 and
C35. The relative abundance-weighted average carbon number
in the oxic transmissive zone was 20.0, compared to an average
of 16.9 in the anoxic low-k zone. The shift in carbon number
with progressing oxidation at this late-state release site implies
a (partial) breakdown of petroleum hydrocarbons across a
range much broader than C10−C24.

Lower-Molecular Weight Aliphatic Species Are
Completely Biodegraded under Aerobic Conditions.
Finally, we characterized the compositional space of petro-
leum-derived metabolites by double bond equivalents (DBEs)
versus the carbon number. DBEs are the number of rings plus
double bonds in a molecule, calculated for compounds devoid
of halogen atoms as shown in Figure 6 via:74

C
H N

DBE
2 2

1= − + +
(1)

In these plots, the x-axis reflects the molecular size and the y-
axis reflects the degree of alkylation or aromaticity. In general,
for any carbon number, the lower DBE numbers correspond to

Figure 5. O/C ratio versus carbon number plots identifying elemental compositions of the assigned Ox and N1Ox species identified by (−)ESI FT-
ICR MS in samples from the anoxic low-k and oxic transmissive zones.

Figure 6. Isoabundance color-coded contoured plots of double bond equivalents (DBEs) versus carbon number for O2−O6 compounds derived
from (−)ESI FT-ICR MS. A red dashed line marks the planar stability line for molecules to remain in a condensed phase. Compounds close to the
planar limit line exhibit minimal alkylation and correspond to bare aromatic heterocycles.78 Relative abundance-weighted average carbon number
and DBE are shown in red for each image and show a slight increase in carbon number and DBE as a function of heteroatom content.
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more aliphatic hydrocarbons while higher DBE numbers
represent more unsaturated or aromatic species. The dashed
red planar stability limit symbolizes the theoretical maximum
DBE for planar polycyclic aromatic hydrocarbons, representing
the theoretical limit between a planar and bowl-shaped
structure.18,75 These plots can highlight structural changes
when comparing the same heteroatom class for two different
samples.
Across both anoxic and oxic hydrogeologic zones, acidic

compounds in the O2−O6 classes span between carbon
numbers of 10 and 30. A bimodal distribution with DBE
values between 1 and 3 and between 6 and 9 suggests multiple
types of hydrocarbon sources/products. The O2 class suggests
molecules with a carboxylic acid functional group,12 likely fatty
acids at a DBE value of 1 as well as naphthenic and aromatic
acids at DBE values greater than 1.65,76 These species occur
naturally in crude oil but may also be initial transformation
products during the biodegradation of hydrocarbons.65,77 Only
minute differences in O2 compositional space were visible
between the two hydrogeologic zones in negative-ion ESI
mode as well as in more nonpolar species detected in positive-
ion APPI mode (Figure S3), suggesting that their speciation
was strongly impacted by the residual oil phase.
However, differences between the samples from the low-k

and transmissive zones begin to emerge with increasing degree
of oxygenation. In the anoxic low-k zone, the relative
abundance-weighted average DBE values and number of
carbon atoms remained largely constant around 7−8 and
17−18, respectively. Analytes with the greatest abundance as
indicated by a dark red color were consistently observed at a
DBE values between 6 and 7 and a carbon number of 13.
Supported by the broad distribution of carbon numbers over a
wide range of O/C ratios in Figure 5, these results imply
multiple partial oxygenation reactions of the hydrocarbons, for
instance through hydroxylation, without carbon cleavage or
diminishing the unsaturated nature of the species. In contrast,
a shift toward a higher average DBE value of 10 and a higher
average carbon number of 25 was observed in the O3−O6
classes from the oxic transmissive zone. Analytes with the
greatest abundance were observed at higher DBE values
between 8 and 9 and higher carbon numbers between 15 and
18 compared to those in the anoxic low-k zone. In conjunction
with the active microbial community identified in the oxic
transmissive zone, these data support the preferential and
complete biodegradation of lower-molecular weight aliphatic
species in the presence of oxygen as the electron acceptor.

■ CONCLUSIONS

Our molecular-level investigations of the transmissive and low-
k zones in a heterogeneous aquifer offer a unique and
astounding first glimpse at a late-stage petroleum hydrocarbon
release site. At this particular study site, petroleum hydro-
carbons in the anoxic low-k zone must be primarily
biodegraded under methanogenic conditions. However, a
small diffusive influx of molecular oxygen from river water
recharge in the oxic transmissive zone likely leads to limited
aerobic metabolism and the accumulation of highly oxygenated
metabolites. In contrast, more abundant O2 in the transmissive
zone enables the rapid aerobic mineralization of petroleum
hydrocarbons without the accumulation of highly oxygenated
species. Biodegradation processes are active for a broad range
of petroleum hydrocarbons, from aliphatic to aromatic

compounds as well as from low- to high-molecular weight
components.
At the same time, we acknowledge that this first (ultra)high-

resolution attempt at characterizing a late-stage petroleum
hydrocarbon release site bears limitations that raise additional
questions to be addressed in future studies. First, the
application of FT-ICR MS herein is a powerful qualitative
analytical technique, and relative analyte abundances do not
translate into absolute concentrations of the identified species.
Rather, these data show compositional shifts and highlight
similarities and differences between samples. The inherent
difference in the ionization efficiency between different classes
or mass-dependent ionization efficiency differences within a
given class may obscure comparisons between relative
concentrations of different classes.79 Second, the ultimate
fate of the identified petroleum hydrocarbon biodegradation
metabolites at this site cannot be conclusively deduced from
our findings. However, the biodegradation of more persistent
naphthenic acids has been shown to occur under both aerobic
and anaerobic conditions.80,81 Additional analyses of samples
over time and downgradient of the collected soil core would be
desirable to confirm findings of previous studies that have
reported the complete attenuation and mineralization of
petroleum hydrocarbon metabolites once the residual
LNAPL is fully depleted.13,82,83

Nevertheless, our work is a critical first step toward enabling
better-informed decision making regarding best management
practices for late-stage petroleum hydrocarbon-impacted sites.
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