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ABSTRACT: We report chemical characterization of natural oil seeps from
the Gulf of Mexico by Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR MS) and Gas Chromatography/Atmospheric Pressure
Chemical Ionization Mass Spectrometry (GC/APCI-MS), to highlight how
FT-ICR MS can also be employed as a means to determine petroleum
connectivity, in addition to traditional GC/MS techniques. The source of
petroleum is the Green Canyon (GC) 600 lease block in the Gulf of Mexico.
Within GC600, two natural oil seepage zones, Mega Plume and Birthday
Candles, continuously release hydrocarbons and develop persistent oil slicks at
the sea surface above them. We chemically trace the petroleum from the
surface oil slicks to the Mega Plume seep itself, and further to a petroleum
reservoir 5 km away in lease block GC645 (Holstein Reservoir). We establish
the connectivity between oil samples and confirm a common geological origin
for the oil slicks, oil seep, and reservoir oil. The ratios of seven common petroleum biomarkers detected by GC/APCI-MS
display clear similarity between the GC600 and GC645 samples, as well as a distinct difference from another reservoir oil
collected ∼300 km away (Macondo crude oil from MC252 lease block). FT-ICR MS and principal component analysis (PCA)
demonstrate further similarities between the GC600 and GC645 samples that distinctly differ from MC252. A common
geographical origin is postulated for the GC600/GC645 samples, with petroleum migrating from the GC645 reservoir to the oil
seeps found in GC600 and up through the water column to the sea surface as an oil slick.

■ INTRODUCTION

Natural oil seeps are global geological features that contribute up
to 2 million tonnes of petroleum a year into the environment
worldwide, which exceeds all anthropogenic sources com-
bined.1,2 The Gulf of Mexico is a prolific oil-producing basin
with large oil fields buried kilometers below the sea floor. Oil
fields were generated by sediment deposition and drainage from
the North American continent,3 and over time the overpressure
on the reservoirs caused hydrocarbons to migrate to the sea floor
and seep into the water column.4,5 There are numerous seepage
zones in the Gulf of Mexico, and oil slicks for some of them can
be seen on the water surface from space.6 The exact volume of
petroleum leaked from those seeps is still under debate, with
estimated values from 80 000 to 200 000 tonnes annually.2 The
seep zones are subjects of active ecological7−9 and biological10−13

studies. Petroleum that enters the environment through these
seeps acts as a nutrition source for the local ecosystem14 that

supports rich biodiversity15,16 as it migrates from the reservoir to
sea surface. The knowledge of hydrocarbon incorporation into
the environment, however, requires familiarity with the
connectivity of petroleum from its source to environmental
introduction and all points in between. Only then, for example,
can the impact of events such as accidental oil spills be fully
understood, beyond normal background hydrocarbon incorpo-
ration.17−19

To fully describe the fate of a petroleum seep, it must be traced
directly to its source reservoir, with oil slicks a typical start point
for natural seep detection. Oil on top of the water surface
suppresses the surface roughness20 and can be detected by
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satellite radar systems, e.g., synthetic aperture radars
(SAR),5,21−23 with automated algorithms developed to aid in
the detection process.24,25 Oil slicks provide an indication of
where petroleum directly enters the environment. Video and
acoustic methods, along with remotely operated underwater
vehicle (ROV) searches, can trace the path of the oil from the
seep on the sea floor to the surface.26−30 Moreover, these
searches may uncover gas hydrate seeps, an indication of an
active hydrocarbon system.31 Intensive geochemical studies are
traditionally implemented after seep discovery to study the
migration of the petroleum through fault lines and other natural
pathways.32−34 Typically, these studies are performed in
attempts to determine the location of major source basins,
reservoirs, and their maturity.35,36 In any case, the evaluation of
environmental impact of the petroleum from oil seeps requires
understanding of its composition and subsequent trans-
formation. Throughout the migration process from reservoir to
surface, the compounds in petroleum are broken up by both
microbial activity37 and by weathering effects such as photo-
oxidation.38,39 The assimilation of petroleum into the environ-
ment and the efficiency with which it is environmentally
degraded, however, depends on the properties of the oil.40

Those properties are in turn governed by the chemical
composition of the source reservior.3,41 Environmental trans-
formation is frequently studied to determine the end fate of the
oil.42

In this work, we comprehensively analyze oil slicks, oil seeps,
and reservoir oil to establish a compositional linkage between the
samples and track the transformation of petroleum compounds
during migration from the reservoir to the water surface.
Biomarker analysis, based on gas chromatography mass
spectrometry (GC/MS), has traditionally remained the method
of choice for determining relationships between different
environmental samples.43−46 Sample characterization with this
technique remains limited, however, due to the technique’s
inability to analyze nonvolatile molecules and limited chromato-
graphic resolution, which traditionally results in a significant
unresolved complex mixture (UCM). Here, we employ Fourier

transform ion cyclotron resonance mass spectrometry (FT-ICR
MS)47−51 to provide chemical fingerprinting information to
determine petroleum complexity, while also providing an
excellent starting point to begin a more complete character-
ization of the sample. We examine the petroleum in the Green
Canyon (GC) region off the coast of Louisiana, specifically lease
block GC600 (Figure 1). We compare samples from oil slicks
collected on the water surface sites∼1 km apart to aMega Plume
oil seep sample located in GC600 and to a reservoir sample in
nearby lease block GC645 (∼5 km SE of GC600), where
commercial oil production is being conducted on the Holstein
platform. Finally, we compare the samples to a sample from the
Macondo reservoir (MC252), approximately 300 km NW of
Green Canyon to serve as an experimental control. Although the
present methods are previously established, the results represent
a novel application of FT-ICRMS to verify chemical connectivity
in the environment, supported by traditionally accepted
biomarker analysis by gas chromatography/(atmospheric
pressure ionization) mass spectrometry (GC/(APCI)-MS).”

■ EXPERIMENTAL METHODS
Sample Collection. U.S. Coast Guard certified Teflon

collection nets were used to collect oil samples. Oil was collected
from surface slicks at Birthday Candles and Mega Plume by a
Teflon net attached to an extractable pole. The oil sample from
the Mega Plume seep (27°22.466′ N, 90°30.689′ W) at depth
(∼1220 m) was collected by a Teflon net attached to a T-handle
which was maneuvered by a remotely operated vehicle (ROV)
and then stored in a sealed box on the ROV tray during the
ascent. The samples were stored in glass jars at −40 °C. GC645
reservoir oil was provided from the Anadarko operated Holstein
Spar oil platform (located approximately 5 km SE from Birthday
Candles andMega Plume). Crude oil fromMC252 (NIST2779),
28°44′17.3″N, 88°21′57.4″W, approximately 300 kmNW from
the natural seep site, was purchased from NIST (Gaithersburg,
MD). A description of the samples is given in Table 1.

Sample Preparation.The oiled Teflonmesh (4.1583 g) was
washed with 20 mL aliquots of toluene (HPLC grade, J.T. Baker)

Figure 1. Image of the Gulf of Mexico region off the coast of Louisiana with marked locations of GC600 and GC645 lease blocks. Inset (left): Position of
“Mega Plume” and “Birthday Candles” oil seeps in GC600. Inset (right): Picture of “Mega Plume” oil seep taken at a depth of 1220 m.
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until toluene was clear to extract trapped petroleum compounds.
The toluene extract was then filtered through a filter paper of
medium porosity (Fisher Scientific, Hampton, NH). The filtered
extract was evaporated under a gentle nitrogen flow for complete
solvent removal and diluted with dichloromethane (HPLC
grade, J.T. Baker) to a concentration of 20 mg/mL. Crude oil
samples (Holstein and Macondo) were subjected to 5-fold
dilution with dichloromethane.
Gas Chromatography/Atmospheric Pressure Chemical

Ionization Mass Spectrometry (GC/APCI-MS) and Corre-
lation Analysis. The analysis of petroleum biomarkers was
performed with a gas chromatography/atmospheric pressure
chemical ionization mass spectrometer (GC/APCI-MS) as
described by Lobodin et al.52 A GC/APCI-MS instrument
consisting of an Agilent 7890 GC system (Agilent Technologies,
Santa Clara, CA) and a Xevo TQ-S tandem quadrupole mass
spectrometer (Waters Corp., Milford, MA) was equipped with
an atmospheric pressure GC ion source. The gas chromatograph
parameters were as follows: carrier gas (helium, 99.9995% purity,
Airgas, Inc.) at a flow rate of 1.2 mL/min; inlet temperature, 300
°C; oven temperature-programmed from 50 °C for 3 min, then
ramped at 20 °C/min to 150 and 2 °C/min from 150 to 350 °C,
and then kept at 350 °C for 25 min. A GC column (MXT-5, 60 m
long, 250 μm ID, 0.25 μm film thickness) was procured from
Restek (Bellefonte, PA). The sample injected volume was 1 μL in
split mode (split ratio was 1:10). The transfer line was kept at 350
°C. The ion source was held at 150 °C. Auxiliary gas (250 L/h),
cone gas (200 L/h), and makeup gas (350 mL/min) for the
APGC ion source was nitrogen delivered from aDewar (as a boil-
off of liquid N2). Analytes were ionized by APCI (corona
discharge in an atmosphere of nitrogen; current, 2.5 μA) and
positive ions were mass-analyzed. Argon (99.999% purity, Airgas,
Inc.) for collisionally activated dissociation (CAD) was delivered
to a collision cell at 0.15 mL/min. Mass spectrometry data were
acquired with MassLynx 4.1 software (Waters Corp.) in full scan
(m/z 50−650) and MS/MS modes: single reaction monitoring
(SRM) and product scan. Table S1 shows conditions for
acquisition of SRM transitions. Each sample was run in triplicate
with a solvent blank between the samples to eliminate carry-over.
Areas under biomarker peaks from the corresponding SRM
chromatograms were used to calculate biomarker ratios. Seven-
axis diagrams were constructed with Microsoft Excel (Microsoft
Office Professional Plus 2010). The correlation coefficients were

calculated and plotted with MATLAB R2014a (MathWorks,
Natick, MA).

Bulk Elemental Analysis. Elemental analysis was performed
as previously described.53 Approximately 1−2 mg of sample was
placed in a tin cup for analysis to determine C, H, N, O, and S
content. Analysis of 2,5-bis(5-tert-butyl-2-benzoxazolyl)-
thiophene (BBOT) was performed to provide instrument
calibration. To ensure instrument accuracy over time, BBOT
was subsequently reanalyzed after the samples.

9.4 T FT-ICR MS. Samples were diluted to 100 μg mL−1 in
50:50 (v/v) toluene/methanol. A custom-built FT-ICR mass
spectrometer, with a 22 cm horizontal bore passively shielded 9.4
Tmagnet, was used for analysis.54 Operation and data acquisition
were facilitated with a modular ICR data station (Predator).55

Ions were generated at atmospheric pressure by direct sample
infusion at a rate of 50 μL min−1 into the heated (300 °C) vapor
region of an atmospheric pressure photoionization (APPI)
source, where gas-phase neutrals, nebulized with the aid of N2

sheath gas (∼50 psi), were photoionized by a 10 eV ultraviolet
krypton lamp (Syagen Technology, Inc., Tustin, CA).56

Ions were transferred by a tube lens/skimmer into the mass
spectrometer, accumulated in an rf-only octopole (100−500
ms), passed through a mass resolving rf-only quadrupole, and
collisionally cooled with He gas (∼3.5× 10−6 Torr). A second rf-
octopole transferred the ions into a seven-segment cylindrical
ICR detection cell.57,58 A broadband frequency sweep (“chirp”)
excitation (∼70−700 kHz, with sweep rate of 50 Hz/μs and
amplitude, Vp‑p= 0.60 V) was used for detection. A total of 100
time-domain acquisitions were coadded and zero-filled once
prior to fast Fourier transform and phase correction to yield an
absorption-mode mass spectrum.59

Mass Calibration and Data Analysis. ICR frequencies
were converted to ion masses based on quadrupolar trapping
potential approximation60,61 and internally calibrated with a two-
step “walking” calibration based on homologous series that differ
by degree of alkylation (mass of CH2).

62 Ion masses were
converted to the Kendrick mass scale, and each assigned a unique
elemental composition (CcHhNnOoSs) with PetroOrg soft-
ware.63,64 Heteroatom class (NnOoSs), double bond equivalents
(DBE = number of rings plus double bonds to carbon), and
carbon number (C) were tabulated with relative abundance to
aid in data visualization

Multivariate Analysis. Principal component analysis (PCA)
was performed by PetroOrg with a nonlinear iterative partial
least-squares (NIPALS) algorithm.65,66 The relative abundances
for the six most abundant heteroatom classes (N1, S1, S2, O1S1,
HC, and radical HC) were loaded as variables into the input data
matrix, with zero-filling applied for missed variables.67 The
principal components were assigned according to the percent of
explained variance between the samples.

Table 1. Sample Description

Mega Plume oil seep Petroleum collected directly from Mega Plume seep
Mega Plume oil slick Petroleum collected from oil slick above Mega Plume

seep
B-Day Candles oil
slick

Petroleum collected from oil slick above B-Day Candles
seep

GC645 reservoir Petroleum collected from Holstein crude reservoir
MC252 reservoir Petroleum collected from Macondo crude reservoir

Table 2. Percent Elemental Composition of Carbon, Hydrogen, Nitrogen, Oxygen, and Sulfur in the Samples, Determined by Bulk
Elemental Analysis

GC645 reservoir Mega Plume oil seep Mega Plume oil slick B-Day Candles oil slick MC252 reservoir

C (%) 78.3 ± 0.9 84.1 ± 0.5 84.4 ± 0.1 84.3 ± 0.1 74.5 ± 0.6
H (%) 11.1 ± 0.2 11.2 ± 0.1 11.36 ± 0.03 11.10 ± 0.02 10.8 ± 0.1
N (%) 0.27 ± 0.01 0.29 ± 0.02 0.30 ± 0.02 0.33 ± 0.01 0.21 ± 0.01
O (%) 0.61 ± 0.03 0.96 ± 0.07 1.55 ± 0.03 1.79 ± 0.03 0.59 ± 0.06
S (%) 2.0 ± 0.1 2.48 ± 0.08 2.7 ± 0.2 2.82 ± 0.05 0.27 ± 0.01
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■ RESULTS AND DISCUSSION

Bulk Elemental Analysis. The percent compositions of C,
H, N, O, and S for each of the samples are listed in Table 2 after
triplicate analysis. For the Mega Plume seep, surface slick, and
Birthday Candles surface slick, approximately 100% of the
sample composition was determined, versus only ∼92% and
∼86% for Holstein and MC252 reservoir crudes. Notably, the
elemental composition determined for the MC252 crude is
significantly different than previously reported in the literature, in
whichMacondo crude is reported to be 86.6%C, 12.6%H, 0.38%
N, and 0.39% O.68 Elemental analysis was performed by the
combustion of the sample preweighed in a tin cup; however, that
technique results in the loss of volatile components before
measurement. Alternative analysis techniques (i.e., liquid
injection) can minimize the loss of volatiles in elemental analysis
and should be employed if available for use. Because the Holstein
and MC252 are reservoir crudes, they contain volatile material,
which explains the ∼10+% imbalance in total composition. The
field samples (Mega Plume seep, surface slick, and Birthday
Candles surface slick) have already lost their volatiles before
collection, and the elemental analysis technique selected was
sufficient. It should be noted that the H/C ratios for the MC252
sample are similar to those previously reported. The H/C ratios
for the reservoir crude are both higher, suggesting a more
aromatic character than the H/C ratios for the field samples,
whose lower H/C ratios suggest a more aromatic character.
Aliphatic species are more likely to be volatile (i.e., fully lost in the
field samples) and are favorably environmentally degraded over
aromatic species, accounting for the H/C ratio differences
determined between the reservoir and field samples.
Similarly, the oxygen content of the field samples is

significantly higher than those of the GC645 and MC252
reservoir oils (∼1−2% versus <0.60%) and reflects the
environmental exposure of the Mega Plume and Birthday
Candle samples compared to the reservoir crudes. Oxygenation

from biodegradation and photo-oxidation as the sample floats on
the sea surface could account for the differences seen between
surface slick samples and reservoir samples as well as oxygen
concentration enrichment as lighter, more volatile hydrocarbons
evaporate at the surface. The lack of information on time frame
for exposure of samples in the environment before collection
precludes quantitative data interpretation. Nevertheless, the
greater oxygen content of the Birthday Candles surface slick
sample suggests that the oil from that slick floated on the ocean
surface longer than the Mega Plume surface slick prior to
sampling. On the basis of chemical analysis, the Mega Plume oil
seep sample understandably experienced the least environmental
exposure, likely only to bacteria found around the oil vent with
minimal photooxidation from sunlight.
The GC645 reservoir oil sample, Mega Plume oil seep, surface

slick samples, and Birthday Candles surface slick sample all show
higher levels of N and particularly S than theMC252 reservoir oil
sample. Although weathering often results in oxygenation (e.g.,
photoxidation, biodegradation), N and S incorporation is rare.
Therefore, the GC645 reservoir oil’s sour (high sulfur) nature
likely derives from the source material of the reservoir, rather
than from environmental alterations as petroleummigrates in the
subsurface or the water column. Because this sour character is
detected in the Mega Plume and Birthday Candles samples, they
are likely sourced from the GC645.

Chemical Fingerprinting Based on Petroleum Bio-
markers. Bulk elemental analysis is readily affected by
environmental transformations of the oil through biotic
(biodegradation) and abiotic (e.g., dissolution, photooxidation,
and evaporation) changes. Moreover, GC/(APCI)-MS/MS
analysis is a powerful tool for fingerprinting crude oils and
identifying the oil spill source and remains the traditional
technique of choice.52 The fingerprinting of samples in this case
is based on a trace analysis of petroleum biomarkers (steranes,
diasteranes, and pentacyclic triterpanes) that naturally occur in
crude oil and are highly resistant to environmental degradation.69

Figure 2. Sum of single reaction monitoring (SRM) transitions (M+•→m/z 191) for C27−C35 hopanes from the GC/APCI-MS/MS chromatogram for
the Mega Plume oil seep sample.
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Figure 2 shows a gas chromatogram for a summed signal derived
from nine SRM transitions for C27−C35 triterpanes (M

+•→m/z
191) in the Mega Plume oil seep, with assignment of more than a
dozen hopanes: Ts, Tm, H29, C29Ts, H30, H31S, H31R, H32S, H32R,
H33S, H33R, H34S, H34R, H35S, and H35R (see SI for full compound
names).
Steranes and diasteranes provide reliable sample identification.

However, the coelution of steranes and diasteranes produces a
challenge for their reliable assignment and integration without
MS/MS capabilities. Thus, individual SRM transitions (M+• →
m/z 217) facilitate assignment and integration of the peaks.
Figure 3 shows chromatograms for each individual SRM
transition for C27−C29 steranes/diasteranes (M

+• → m/z 217).
We identified two dozen steranes and diasteranes: C27βαS,
C27βαR, C27αβS, C27αβR, C27αααS, C27αββR, C27αββS,
C27αααR, C28βαS, C28βαR, C28αβS, C28αβR, C28αααS,
C28αββR, C28αββS, C28αααR, C29βαS, C29βαR, C29αβS,
C29αβR, C29αααS, C29αββR, C29αββS, and C29αααR (see SI
for full compound names). Additional SRM transitions (M+• →
m/z 218, M+• → m/z 259) specific for steranes and diasteranes
(added to the experiment script, see Table S1) were used to
increase confidence in the assignment of chromatographic peaks.
In addition to selective SRM transitions, assignment of the peaks
was also based on the elution order of hopanes, steranes, and
diasteranes and retention times of hopanes and steranes in the
NIST2266 standard.
Diagnostic biomarker ratios (rather than quantitative data for

individual biomarkers) are usually reported in environmental and
geochemical studies. Their utilization minimizes concentration
effects of individual compounds caused by the samples (e.g.,
environmental changes, sample preparation, etc.) and levels out
variations in routine instrument operation. Therefore, compar-
ison of diagnostic ratios directly reflects differences in the target
biomarker distribution among samples.70 The petroleum

biomarkers identified in the Mega Plume oil seep sample were
also found in all of the samples. In the current work, we consider
seven diagnostic ratios (Ts/Tm, H29/H30, H31S/H31R, H32S/H32R,
H30/(H31+H32+H33+H34+H35), C27αββ/C29αββ steranes, and
C27βα/C29βα diasteranes), most of which were successfully used
previously for fingerprinting and identification of chemical
constituents of the Macondo oil spill.52

Table S2 lists the biomarker ratios for all of the present
samples. The calculated values are based on chromatographic
peak areas. Reproducibility of the analytical method was
confirmed by triplicate analysis, and relative standard deviation
was within 14%. Spider diagrams constructed from the biomarker
ratios for each sample facilitate data visualization (Figure 4, top).
The Mega Plume oil seep, GC645 reservoir oil, and Mega
Plume/Birthday Candles surface oil slicks samples all show close
overlap across all seven biomarker ratios. The MC252 reservoir
oil, however, has a noticeably larger Ts/Tm ratio and a smaller
H29/H30 ratio than the other four samples, and a slightly larger
H30/(H31+H32+H33+H34+H35) ratio. For a more quantitative
comparison, correlation coefficients for the samples relative to
the Mega Plume oil seep sample were generated (Figure 4,
bottom). In that assessment, the correlation of Mega Plume oil
seep sample with itself is equal to one, and a correlation
coefficient closer to one indicates greater similarity to the Mega
Plume oil seep sample. The GC645 reservoir oil, Mega Plume oil
slick, and Birthday Candles oil slick all demonstrate close
similarity to the Mega Plume oil seep sample, with correlation
coefficients greater than 0.95. It should also be noted that
postseepage weathering of the Mega Plume sample collected on
the sea surface did not significantly reduce the correlation to the
sample collected at the seep site. Thus, we believe that the
composition of the Birthday Candles slick sample collected on
the sea surface is similar to that for the Birthday Candles seep on
the ocean floor, for which no corresponding sample was available.

Figure 3.C27−C29 sterane distribution for theMega Plume oil seep sample fromGC/APCI-MS/MS chromatograms (SRMs). Note the truncated labels
corresponding to compounds described in the text. The number of carbon atoms in diasteranes and steranes is defined in each SRM chromatogram.
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In contrast, the MC252 crude oil demonstrates a much lower
correlation coefficient of 0.506, i.e., significantly different from all
other samples. The biomarker analysis provides clear indication
that the GC600/GC645 samples have a common source that
differs from the Macondo reservoir 300 km away, thereby
verifying our expected hypothesis.
FT-ICR MS Analysis. Gas chromatography limits the

detectable molecules in GC/APCI-MS to those containing less
than ∼40 carbons. We therefore used FT-ICR MS to extend the
analytical window and observe higher-boiling molecules to aid in
molecular characterization while also enabling determination of
the connectivity between the samples. Because most of the
samples have high hydrocarbon and sulfur content, we selected
atmospheric pressure photoionization (APPI), which readily

ionizes aromatic compounds, including sulfur species such as
thiophenes.71 Figure 5 shows the relative abundances for a select
group of highly abundant heteroatom classes (assigned peaks
grouped by heteroatom content) for each sample. The relative
abundance of the hydrocarbon (i.e., no heteroatoms) class for the
MC252 reservoir sample is more than twice that for all of the
other samples and is the most abundant heteroatom class in this
sample. For all of the other samples, the S1 class was the most
abundant, in accord with the bulk elemental analysis shown in
Table 2. Moreover, the relatively abundant S2 and S3 compounds
could be assigned for the GC600/GC645 samples, whereas the
relative abundance of S2 species was less than 1%, and no S3
molecules were observed for the MC252 reservoir sample. All
samples exhibited similar O1 class abundance distributions, but,
as for the sulfur classes, the relative abundance of higher Ox
species for the MC252 reservoir oil sample drops off more
rapidly than for the other samples. Among all heteroatom classes,
the GC600/GC645 samples had the most similar relative
abundances, whereas the hydrocarbon and N1 classes exhibited
the most variance between samples. Hydrocarbon relative
abundance is higher for the Mega Plume site. APPI ionization
preferentially ionizes aromatic hydrocarbons, molecules whose
concentrations would be enriched if the sample was subjected to
greater biodegradation (which results in the loss of aliphatic
hydrocarbons). Conversely, the Mega Plume samples exhibit a
lower nitrogen relative abundance, despite similar nitrogen
content (Table 1). Lower nitrogen relative abundance could
simply be a consequence of higher hydrocarbon signal.

Double Bond Equivalents vs Carbon Number Plots. To
visualize all of the elemental compositions for a given heteroatom
class, isoabundance-contoured plots of DBE versus carbon
number of the assigned species within the class were generated
(Figure 6). The degree of aromaticity increases along the y-axis,
and molecular size increases along the x-axis. The DBE and
carbon number ranges for the hydrocarbon class are similar
across all five samples, with the greatest difference for theMC252
sample. The MC252 sample’s DBE is lower (i.e., more aliphatic)
relative to the GC600/GC635 samples.

Figure 4. Spider diagram for seven common biomarker ratios in the
samples, determined by APGC (top). Bottom: Correlation analysis of
the biomarker ratios, comparing the samples to Mega Plume Oil Seep,
with 1 signifying a perfect match. Mega Plume Oil Slick, B-day Candles
Oil Slick, and GC645 Reservoir Oil all have high correlation to
Megaplume Oil Seep, whereas Macondo Reservoir Oil exhibits a low
correlation.

Figure 5. Heteroatom class relative abundance distributions, derived from (+) APPI 9.4 T FT-ICR MS analysis.
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For the S1 class, abundance distribution shows distinct peaks
for DBE = 3, 6, and 9; corresponding to thiophene,
benzothiophene, and dibenzothiophene derivatives, as com-
monly observed for sulfur species in crude oils.72 The Mega
Plume oil seep and surface slick samples have highly abundant
benzothiophenes and less abundant thiophenes and dibenzo-
thiophenes, whereas the GC645 reservoir oil, Birthday Candles
surface slick, and MC252 reservoir samples exhibit higher
abundance in dibenzothiophenes, as well as thiophenes. For the
S2 class, the distinctive bands at DBE 8 and 11 are
benzodithiophenes and dibenzodithiophenes. Due to the low
class abundance, these bands are not detectable in the MC252
reservoir sample. The other four samples are all most abundant in
dibenzodithiophenes, but the GC645 reservoir oil and Birthday
Candles surface slick samples have a relatively higher abundance
of benzodithiophenes than theMega Plume samples. Because the
Mega Plume samples are geographically farthest from the GC645
reservoir, chemical transformations affect benzodithiophene
content as the petroleum migrates occur, although the specific
reactions are unknown.
The O1 heteroatom class for the Mega Plume oil seep, GC645

reservoir oil, and Birthday Candles surface slick sample each
shows a similar abundance peak for DBE ≈ 6, with a carbon
number of ∼28. These patterns are also seen in the Mega Plume
surface slick sample, but in addition there is a range of highly
abundant species that stretches fromDBE 6−11 at higher carbon
numbers. It is possible that this effect in the Mega Plume oil slick
sample results from photooxidation of the oil on the sea surface,
thereby generating additional O1 species.
Relative Abundance vs DBE. To better visualize the DBE

differences among the samples, we plotted the relative
abundance of DBE for each of the six heteroatom classes for
each of the samples in Figure 7. The relative abundance of the
radical hydrocarbon class (top left) is much higher for the
MC252 reservoir oil sample than for any of the other samples. In

contrast, for the protonated hydrocarbons (top right), the
relative abundance distribution for the MC252 reservoir sample
is similar to those for the GC600/GC645 samples, but shifted to
lower DBE (DBE ∼6−7 versus ∼12−14), due to the more
aliphatic character of the MC252 reservoir oil. Note that the
samples with the highest DBE (most aromatic) are the GC645
reservoir oil sample and the nearby (∼5 km NW) Birthday
Candles oil slick sample. As the samples move further away from
the GC645 reservoir (Mega Plume samples,∼1 km further NW)
the DBE decreases and becomes more aliphatic.
The S1 class (middle) diagrams clearly highlight the “steps”

formed at DBE = 6 and 9 from benzothiophene and
dibenzothiophene. Due to the low relative abundances at DBE
= 3, a step for thiophenes is not apparent. For radical species
(middle left), the DBE distributions are similar for all samples,
but for protonated species (middle right), the MC252 reservoir
oil sample exhibits far lower S1 abundances, without the
characteristic steps for the GC600/GC645 samples.
Finally, as for the hydrocarbons, a shift in as to which O1 form

(protonated or radical) is preferentially ionized is apparent
between MC252 reservoir oil and the GC600/GC645 samples.
The MC252 reservoir oil sample preferentially ionizes into
radical O1 species (bottom left), whereas all other samples
preferentially ionize as protonated O1 species (bottom right). A
rationale for this observation is provided below (Principal
Component Analysis section).

Principal Component Analysis. The first two principal
components (PC1 and PC2) account for 98.83% of the total
explained variance between the samples. Most (97.13%) of the
variance is along the first principal component (PC1). Along that
axis, MC252 reservoir oil is readily distinguished from all of the
others (Figure 8, bottom). The loadings plot (Figure 8, top)
indicates that the hydrocarbons detected as M+• (radical HC
class) are primarily responsible for the large negative difference in
the MC252 reservoir oil versus the other four samples in accord
with the differences in hydrocarbon class abundance seen in
Figures 6 and 8. The main reason for the difference is the lower
sulfur content of the MC252 reservoir sample. Both sulfur and

Figure 6. Isoabundance-contoured plots of double bond equivalents
(DBE) vs carbon number for HC, S1, S2, andO1 heteroatom classes from
each of the five listed oil samples. Although all samples exhibit similar
carbon number ranges for each class, the DBE ranges differ, most
notably for the Macondo reservoir sample. The data are derived from
(+) APPI 9.4 T FT-ICR mass spectra.

Figure 7.Relative abundance versus double bond equivalents (DBE) for
HC, S1, and O1 heteroatom classes, for each of five listed oil samples.
Left: Molecular ions (M+•). Right: Protonated species ([M+H]+). The
Macondo oil (yellow) differs significantly from the others, suggesting a
different reservoir source. The data are derived from (+) APPI 9.4 T FT-
ICR mass spectra.
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aromatic hydrocarbons are readily ionized by APPI; thus, a
reduced sulfur content significantly increases the total relative
abundance of the ionized hydrocarbons.
Among the other four samples, GC645 reservoir oil is

primarily separated along the second principal component
(PC2), which accounts for 1.70% of the data-explained variance,
as a result of greater N1, S1, and S2 versus HC and O1S1 relative
abundances indicated by the loadings plot. The greater O1S1
relative abundance in the GC600 samples versus GC645
reservoir oil likely results from environmental oxidation of S1
species as they made their way through the water column and sit
exposed on the ocean surface. The HC class detected by APPI
ionization is likely composed mainly of alkylated polycyclic
aromatic hydrocarbons (PAHs). These PAHs are also present in
higher concentration in the environmental samples, as evidenced
from the H/C ratios derived from Table 2 as aliphatic carbon is
degraded away. PC2, however, accounts for only a relatively small
difference between the samples.
Implications. Throughout the data there is a consistent

trend, in which the GC600 and GC645 samples differ from
Macondo reservoir oil (MC252) based on bulk elemental
composition, biomarker ratios, and relative abundance of ion
classes from FT-ICRMS. Because MC252 was collected 300 km
away, we conclude that it is geologically distinct from the
GC600/GC645 samples, and that similarities between the others
are the result of actual compositional similarities detected by the
present methods. From the present results, we believe that
petroleum from the GC645 reservoir is geologically linked to
GC600, breaking through the sea floor through natural seeps
such as Mega Plume and Birthday Candles,and forming oil slicks
on the sea surface. The linkages between samples revealed by the
present techniques provide a clear future pathway for future

study into petroleum migration, namely, how the oil is
transformed, and thus integrated into the environment, as it
travels. FT-ICR MS, through principal component analysis
(PCA), demonstrates a clear relation between the GC600/
GC645 samples not seen for theMC252 sample, which is verified
by traditional biomarker analysis. FT-ICR MS further provides a
path to more extensive molecular characterization, showing how
chemical properties change (e.g., the petroleum appears to
become more aromatic as it moves closer to the Mega Plume
seep site and away from the GC645 reservoir, as well as changes
in S character), whereas bulk elemental analysis demonstrates
oxygen uptake of the petroleum at the seep site, sea surface, and
the journey in between. A more intensive look into these
chemical changes will provide a better understanding of the fate
of petroleum in the environment.
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