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ABSTRACT: From August 2019 to June 2021, viscous oil residues =es-
appeared along the Brazilian coast spanning 11 states and more
than 3,000 km of tropical shoreline. Forensic results published to
date indicate that the majority of oil samples collected share a
common origin, yet the exact source of the mystery oil has yet to be
conclusively determined. The proposed sources include illegal
discharges from vessels traversing near, within, or downstream of
Brazilian waters, leaking offshore platforms, natural seeps, and
historic shipwrecks. To constrain the potential sources of oil and
provide additional insights into the composition of the oil, we
analyzed samples collected from the Ceara state coastal zone in
2019 with a broad suite of geochemical tools and approaches.
These approaches included bulk elemental analyses and state-of-
the-art analytical platforms including comprehensive two-dimensional gas chromatography (GC X GC), gas chromatography with
triple-quadrupole mass spectrometry, and Fourier transform ion cyclotron resonance mass spectrometry. Based on bulk and
molecular features, field samples collected from northeast Brazil share the same source as other 2019 mystery oil samples collected
over ~2400 km to the south. A shared source across the Brazilian coast points to an input location east of Brazil within the southern
branch of the South Equatorial Current, allowing transport both north and south of the bifurcation. The relative abundance and
composition of diagnostic markers were consistent with the published analyses of Venezuelan petroleum. The composition of the
field samples is consistent with the blending of, at least, two different petroleum products, a common practice to produce an “on
spec” product such as a fuel oil used to power an underway vessel. The two components appear to be the residuum from
atmospheric distillation and a thermally altered, aromatics-rich, nondistilled material. To the best of our knowledge, no samples from
potential sources are available for a direct comparison to field samples. Hence, these results play a supporting role in determining the
source, and benefit efforts to understand short- and long-term weathering and recovery.
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1. INTRODUCTION

Between late August 2019 and June 2021, a dark, viscous oil
began washing ashore along the coastline of northeastern
Brazil. Oil reappeared intermittently in 2020 and 2021
following periods of strong winds, high waves, and spring
tides (Figure 1). The Bahia and Paraiba states’ coastline was
re-oiled as late as July 2021 and Rio Grande do Norte as late as
June 2020." The oil reached more than 55 coastal and marine
protected areas” including the rich and diverse ecosystem of
Abrolhos Marine National Park (Figure 1).>* Unique tropical
marine ecosystems in the region, including intertidal sandstone
reefs, rhodolith beds, sandy beaches, mangroves, estuaries,
seagrass beds, and coral reefs, were all affected by the oil>™’
With over 1000 oiled locations documented and more than
200 tons of oily material removed from impacted areas,’ this
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event has been called the worst oil spill in the history of Brazil
and the most extensive in the tropical coastal regions.”

The area impacted by the oil spill spans >3,200 km of
coastline from the extreme northeast to southeast of Brazil
covering 11 states (Figure 1).7 Examining the surface currents
in the southwestern Atlantic Ocean indicates that the release
likely occurred within the southern branch of the South
Equatorial Current (sSEC) or in the waters close to its
bifurcation and was subsequently carried northward and
southward by the western boundary currents (Figure 1).”’
Oil was transported north and then west along the continental
slope by the North Brazil Current and south along the
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Figure 1. Map of Brazilian coastline with locations of reported oiling (red line) and field samples from this study (yellow circle), de Oliveira et al,,
2020 (green circles),” Lourengo et al., 2020 (purple circles),'” and Carregosa et al., 2021 (blue circles)."" See Figure S1 and Table S1 for additional
details on the locations and analyses performed on each sample in this study.

continental slope by the Brazil Current. From the continental
slope, oil was moved toward the coast by cross-shore wind-
driven circulation and tidal currents.”

Initial geochemical analyses of oil samples by gas
chromatography with flame ionization detection (GC-FID)
and mass spectrometry (GC-MS) indicated a common
source.”'” In addition, the spilled oil appeared to be crude
oil or heavy fuel oil, with the origin consistent with a
Venezuelan crude oil.® Evaluation of hopane and sterane
biomarkers present in the mystery oil by GC with triple-
quadruple MS (GC-QQQ-MS) supported these findings and
suggested the oil was most strongly correlated with the oil from
the Venezuelan Eastern basin.'' Despite these efforts, the
specific identity of the source of the spill remains a mystery
with several hypotheses offered.”'” The proposed sources
include several wrecks in the region, particularly vessels sunk
during World War I1,"* an extraction platform (e.g., presalt or
postsalt oil fields), or natural oil seeps (Figure 1). The primary
hypothesis, however, was the oil originated from an offshore
vessel that illegally dumped (intentional discharge) or
accidentally released crude oil or a refined petroleum
product."* It is also possible that if the release occurred from
an underway vessel, it may have carried'> and subsequently
spilled multiple distinct fuels.'®"”

Several vessels were initially identified by Brazilian author-
ities as possible suspects responsible for the release. On
November 1, 2019, the Brazilian government accused a Greek-
flagged ship, the Bouboulina, of releasing crude oil approx-
imately 700 km offshore in August 2019.'* It was then
reported on November 6, 2019 that the Brazilian government

had added four more Greek-flagged oil tankers as suspects:
Maran Apollo, Maran Libra, Minerva Alexandra, and Cap
Pembroke.'® Another report by the Federal University of
Alagoas released on November 17, 2019 pointed to another
(as yet unnamed) vessel.'” More recently, Brazilian Federal
police reaffirmed its accusation and concluded the Bouboulina
was the source based on the ship’s course and location, satellite
imagery, and modeling/simulations of ocean currents.”’ In a
separate investigation, the Brazilian navy determined the
source was the Bouboulina, which was known to have departed
from the Venezuelan port José Terminal Sea Island in late July
2019.”° A subsample of Bouboulina’s cargo was not collected
and hence unavailable for a direct comparison to field samples.

This oil spill, hereafter referred to as the Brazil mystery oil
spill, presents a challenge to both characterize the oil
composition and identify its source as well as an opportunity
to investigate short- and long-term weathering and recovery.
Advanced chemical analysis can provide geochemical insights
into the oil composition and any changes that may have
occurred during the refining process and after the spill. For
example, Peters et al.”' reported that hydrocracking of
feedstock completely removed monoaromatic and triaromatic
steroids, while some steranes and terpanes were generated in
the resulting product. Further investigation of the chemical
composition of the oil spilled will detail to what extent it
contains forensically valuable industrial chemicals, such as
additives for oil recovery”” or any overprint from the
preferential removal or addition of petroleum fractions that
may have occurred during refining or other postrecovery
facilities.”® Tt is important to identify forensically valuable
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compounds present in the oil so that it can be distinguished
from current and future petroleum contamination.

This study collected and analyzed 14 oil samples from the
Ceara state coastal zone, one of the areas most impacted by the
oil spill” Recognizing that heavier and more viscous oils
contain a continuum of molecules that challenge any single
analytical platform, we used a suite of methods to characterize
the bulk, elemental, molecular, and isotopic composition of oil
residues. In addition to conventional GC-based analytical
techniques primarily used in the aforementioned studies on the
spill, and GC-QQQ-MS used in one study, we expanded our
analysis with comprehensive two-dimensional gas chromatog-
raphy (GCXGC) and ultra-high-resolution Fourier transform
ion cyclotron resonance mass spectrometry (FT-ICR MS).
The combined application of GCXGC and FT-ICR MS has
uncovered and provided previously unattainable insights on
fingerprinting and weathering of oils following the M/V Cosco
Busan (2007),”* Deepwater Horizon (2010),”*° Kirby 27706
(2014),”” and Southern Star VII (2014)*” oil spills, chronic
pollution from coal tar,”® and petroleum formation.”” The
insights provided here have utility in constraining possible spill
sources, oil type, and understanding this event in the context of
previous and future studies of oil spills.

2. EXPERIMENTAL SECTION

Sample Collection and Approach. Fourteen samples were
collected from September to October 2019 on beaches spanning
~200 km along the northeast State of Ceara in Brazil. The collection
locations for each sample are listed in Table S1 and shown in Figures
1 and S1 along with the local currents, shipwrecks, area of oiling,
natural seeps, and locations of other samples collected following the
Brazil mystery oil spill.*'>"" These locations were easily accessed
from land and near populated areas. The samples were collected
above the high-tide line, initially stored in precleaned aluminum foil-
lined envelopes prior to being transferred to glass jars in the
laboratory, and then refrigerated until sample analysis.

A multitiered approach was used for analyzing the samples. Every
sample was solvent-extracted and analyzed by GC-FID and GCXGC-
FID (methodological details provided in the Supporting Informa-
tion). Subsamples of Samples 1, S, 6, and 12 were extracted separately
and analyzed by FT-ICR MS at the National High Magnetic Field
Laboratory (NHMFL; Tallahassee, Florida). Samples 12 and 13
represent the northernmost extent of sampling within this and other
published studies (Figures 1 and S1) and were nearly devoid of sand.
Due to their similar characteristics and sample size requirements,
Sample 12, or a combination of Samples 12 and 13 (50/50) (hereafter
referred to as Sample 12/13), was selected for further analysis via a
wider range of analytical platforms and laboratories including
elemental analysis, GCXGC-HRT, and GC-QQQ-MS (Table S1).

Bulk Analysis. The solvent-extracted residue for Sample 12 was
analyzed in triplicate for bulk carbon, hydrogen, nitrogen, sulfur, and
oxygen by Midwest Microlab (Indianapolis, IN). The bulk stable
carbon isotope ratio was measured on CO, following combustion in
an elemental analyzer. The saturate, aromatic, resin, and asphaltene
(SARA) contents were determined by thin layer-chromatography with
flame ionization detection, TLC-FID.** High-temperature simulated
distillation from Cg to Cj,y was performed on Sample 12/13 by
Triton Analytics (Houston, TX) using the ASTM method D-7169.

GC-FID and GC-MS. Every sample was analyzed by GC-FID at
Wood Hole Oceanographic Institution to visually inspect and gauge
general features (see Supporting Information for additional details).”!
Each chromatogram was compared to previously published GC-FID
chromatograms collected in response to the Brazil mystery oil spill.>"°
Sample 12/13 was analyzed for saturated hydrocarbons (HCs),
polycyclic aromatic hydrocarbons (PAHs), S-heteroaromatics, and
select biomarkers by Alpha Analytical (Mansfield, MA) using United
States Environmental Protection Agency (EPA) Method 8015

analysis (GC-FID; saturates) and a modified 8270D analysis (GC—
MS; PAHs and biomarkers). The methods and performance details
are provided by Stout (2016).>

GC-QQQ-MS. The solvent extract for Sample 12 was additionally
processed with activated copper to remove elemental sulfur and
fractionated into nonpolar and polar fractions with silica gel
chromatography.>® The nonpolar fraction was analyzed on an Agilent
gas chromatograph (GC, 7890B) coupled to an Agilent triple
quadrupole MS system (QQQ, 7010A) operated in multiple reaction
monitoring mode to analyze C,s—Cj, steranes, C,;—C,4 tricyclic
terpanes, and C,;—Cj; triterpanes, together with saturated and
aromatic carotenoids. The isolated saturated HC fraction was also
analyzed by GC-MS in full-scan mode for biomarkers.

GCxGC Analyses. Details on GCXGC-FID (all samples) and
GCXGC-HRT (Sample 12) analyses are described elsewhere.””?!
Chromatographic peaks were identified with pure standards or
tentatively identified based on retention times in both dimensions,
mass spectral matches (above 80% similarity; NIST/EPA/NIH 0S5
Mass Spectral Library), or mass spectral interpretation.”* See the
Supporting Information for complete methods.

FT-ICR MS Ultrahigh-Resolution Mass Spectrometry. Sam-
ples were extracted in toluene/tetrahydrofuran (THF)/methanol
(2:2:1) and diluted to 1:40 (vol/vol) in heptane to precipitate the
asphaltenes. Thus, each sample yielded a maltene (heptane-soluble)
and an asphaltene (heptane-insoluble) fraction. The whole extracts
were analyzed for Samples 1, S, and 6 as well as the maltene and
asphaltene fractions for Sample 12. The extracts and fractions were
analyzed by (+/— ESI) and (+) APPI FT-ICR MS using 9.4 T FT-
ICR MS at the NHMFL.*

3. RESULTS AND DISCUSSION

The single most valuable common denominator to compare
the composition of oil between different studies on the Brazil
mystery oil spill is GC-FID chromatograms. However, as
uncollected oil continues to persist in the environment and
weather, the diagnostic features available in GC-FID
chromatograms will diminish and higher resolution, molec-
ular-level analyses will be needed for a continued study of this
spill.‘?’6 To this end, the goals of our work were threefold. First,
we wanted to confirm our samples were consistent with others
collected in response to the Brazil mystery oil spill. Secondly,
we wanted to provide a detailed molecular level character-
ization for source identification and to direct future monitoring
studies. Third, we wanted to provide forensic support to
characterize the type of spilled petroleum and spiller. Our
results are summarized here, with additional tables, chromato-
grams, mass spectra, and other results in the Supporting
Information (Tables 1, S2—S6; Figures S2—S11).

Fourteen samples were collected in September and October
2019 along the coastline of the Brazilian state of Ceara
(Figures 1 and S1, Table S1). Twelve of the samples appeared
to be oil mixed with varying amounts of sand with a slight
luster. Two samples were dull, solid residues and looked
heavily weathered (Samples 2.1 and 6) (Figure S2). A visual
comparison of GC-FID chromatograms (Figure 2) and further
quantitative analysis indicates the latter two samples were
different from the other samples and unlikely connected to the
Brazil mystery oil spill. Additional information on the
characteristics and diagnostic ratios for Samples 2.1 and 6
are shown in Tables S4 and S5 and Figures S3, S8, and S9.
Given the uncertainty regarding the source of these samples,
we limit our discussion to the 12 remaining samples
determined to be related to the Brazil mystery oil spill. All
samples were analyzed by GC-FID and GCXGC-FID, while
GC-MS, GCXGC-HRT, GC-QQQ-MS, bulk analyses, and
FT-ICR MS were performed on a subset of samples (Table
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Figure 2. GC-FID chromatograms for (a, b) Stations #6 and #12
from this study, (c) Station #3 from Lourengo et al. (2020),'® and (d)
beach sample from de Oliveira et al. (2020).° (C) Reproduced with
permission from ref 10. Copyright 2020 Elsevier. (D) Reproduced
with permission from ref 8. Copyright 2020 Elsevier.

S1). Samples 12 and 13 represent the northernmost extent of
sampling within this and other published studies (Figures 1
and S1) and were nearly devoid of sand.

Bulk Chemical Properties. The bulk properties of the
material extracted from Sample 12 were consistent with a
petroleum residue of a sulfur-rich source. Elemental analysis
for carbon, hydrogen, nitrogen, and sulfur were 83, 10, 0.7, and
3.6%, respectively, with a molar C/H ratio of 0.7. The stable
carbon isotope composition (§'°C) of the samples was
—27.0%o0, consistent with the values reported by de Oliveira
et al.® The saturate, aromatic, resin, and asphaltene content
was 9, 17, 49, and 25%, respectively, as determined by TLC-
FID. The solubility in hexane and heptane was ~26 and ~30%,
respectively.

High-temperature simulated distillation (HTSD) of the
extracted residue of Sample 12/13 yielded a cumulative mass
of 10, 30, 50, 70, and 90% at the equivalent boiling points of
Cypy Cs1;, C43 (approximate upper limit for GC-based
techniques), Cqo, and C, g, respectively (Figure S4).

These bulk measurements are consistent with a mixture of
petroleum HCs with elevated amounts of polar, higher
molecular weight non-GC-amenable components.

GC-FID Analysis of General Chromatographic Fea-
tures and n-Alkanes. Analysis of the sample extracts by GC-
FID showed a distribution of components across a carbon

number range of C;; to C,; (Figures 2 and S3). Normal
alkanes and many other compounds were well resolved and
rested upon a smooth and continuous unresolved complex
mixture. GC-FID chromatograms did not exhibit a bimodal
distribution, a feature that typically indicates mixtures of
different petroleum types or mixing with background biogenic
organic matter.””**

Quantitative analyses of Sample 12/13 by GC-FID
determined that the total amount of n-alkanes and isoprenoids
was 10700 mg/kg (Figure 3 and Table S2). The ratio of
resolved/unresolved HCs was ~5%. The odd-over-even
preference for C, to C, was 0.93. The C,,/pristane and
C,s/phytane ratios were 1.8 and 2.1, respectively. The GC-
amenable material from Cy to Cyy accounted for ~25% of the
sample mass.

GC X GC-FID analysis of Sample 12 yielded an ordered,
three-dimensional chromatogram (Figure 4). Applying a
signal-to-noise ratio cutoff of 500, a total of 2200 peaks were
detected along a volatility basis in the first dimension (x-axis)
and by relative polarizability in the second dimension (y-axis).
Branched isoprenoids and n-alkanes eluted first in the second
dimension and grouped along the x-axis (lower region of the
chromatogram). More polar aromatic compounds were
retained by the second dimension column and eluted later in
the second dimension (see PAHs, top of the chromatogram).
The sample contained an abundance of normal, branched, and
cyclic alkanes between C,,—C,;, PAHs, sulfur-containing
aromatics, and biomarkers (Figure 4). The chromatograms
of the remaining 11 samples were similar (Figures S8 and S9).

Polycyclic Aromatic Hydrocarbons and Molecular
Markers. The total amount of two- to sixring PAHs for
Sample 12/13 was 9900 mg/kg (Table S2; Figures 3 and S5)
and comprised mainly of the parent and alkylated isomers of
naphthalene, fluorene, phenanthrene/anthracene, fluoran-
thene/pyrene, and chrysene. Notably, there were detectable
amounts of five- and six-ring PAHs, including benzo[b]-
fluoranthene, benzo[a]pyrene, benzo[e]pyrene, and benzo-
[gh,i]perylene and their extended alkylated series (up to Cs-
and C,-homologues). The sum of the parent and alkylated S-
containing heterocyclic benzothiophenes, dibenzothiophenes,
and naphthobenzothiophenes was 180, 1900, and 1230 mg/kg,
respectively (Figure 3; Table S2).

Alkylated PAHs were more abundant than the parent PAHs
and exhibited a bell-shaped curve among the distribution,
which is a typical feature of petrogenic sources (Figures 3 and
§5).>” Presumably, the spilled oil initially contained a full
complement of naphthalene and benzothiophene and their
alkylated homologues, and then abiotic weathering processes,
such as evaporation and dissolution, preferentially removed
naphthalene and C,-naphthalenes relative to the C,- to C4
naphthalenes. Similarly, the loss of lower molecular weight
alkanes (<Cy,) in the absence of extensive biodegradation (as
demonstrated by the ratios of straight and branched alkanes)
can also be attributed to abiotic weathering. Similar weathering
changes in naphthalene and alkane compositions were
observed within days to weeks following spills of fuel and
crude oils.">*?

Hopanes, diasteranes, steranes, and other molecular markers
(Table S4) were present in all samples. Diagnostic ratios
(Tables SS and S6) and the chromatographic distributions
(Figures 4—7) were consistent with a petroleum source and
instructive on several fronts of this study. Future sections will
discuss their application when comparing to other field
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Figure 3. GC-MS analysis for Sample 12/13. (a) Saturates and (b) parent and alkylated PAHs. GC-MS-extracted ion current chromatograms: (c)
m/z 184, C,-dibenzothiophenes and (d) m/z 192, C,-phenanthrenes/anthracenes for this study, (e) m/z 184, C,-dibenzothiophenes and (f) m/z
192, C,-phenanthrenes/anthracenes, reprinted from Lopez, 2014.47/Panels (e) and (f) are reprinted from Organic Geochemistry, 66, Lopez, L., Study
of the biodegradation levels of oils from the Orinoco Oil Belt (Junin area) using different biodegradation scales, Copyright (2014), with permission

from Elsevier.

samples collected in 2019 along the Brazilian coastline,
determining the geological origin and type of oil and utility
for future studies.

Comparison to Previous Studies. Compared to
previously published GC-FID chromatograms from samples
collected in response to the 2019 Brazilian mystery oil spill,
our 12 samples share features and similar C,,/pristane, C s/
phytane, and pristane/phytane (Pr/Ph) ratios (2, 2, 1) to
those in the works of Lourenco et al. (2020)'° (2.4, 2.0, and
0.91) and de Oliveira et al. (2020)° (2, 2, and 1), respectively
(Figure 2). Notably, our samples appear to have lost more of
the lower molecular weight compounds (Figure 2). Alter-
natively, different (and likely shorter) transport pathways and/
or deposition mechanisms led to greater preservation of
volatile compounds, as in the studies of Lourengo et al. (2020)
and de Oliveira et al. (2020).*"° For example, Lourengo et al.
(2020)"? hypothesized that wax formation may have preserved
their samples from extensive weathering.

Given the differences in GC-FID traces (Figure 2), we
performed additional compositional analysis to determine if
our samples shared the same source as those of Lourengo et al.
(2020), Oliveira et al. (2020), and Carregosa et al.
(2021).>'>"" Quantitative analysis of diagnostic ratios
supported the qualitative differences observed in GC-FID
and GCXGC-FID chromatograms from Lourengo et al
(2020), Oliveira et al. (2020), and Carregosa et al. (2021)

(Figure 5).510M A comparison of overlapping diagnostic ratios
in the aforementioned studies is listed in Table S4. An
expanded list of ratios from GCXGC-FID revealed that our 12
samples were similar and had relative standard deviations of
less than 10% for all but the oleanane/hopane (O/H) ratio,
which had a relative standard deviation of 15%. The diagnostic
ratios with the greatest variability were O/H, C,; tricyclic
terpane/17a(H),213(H)-hopane (Tri-CT C,;H,,/H), 24-
methyl-Sa(H),144(H),175(H)—20S-cholestane/17a(H),214-
(H)-hopane (C,3af$-20S/H), regular C,, steranes/regular
Cyo steranes (C,;/C,y), and 24-methyl-Sa(H),145(H),17p-
(H)-20R-cholestane/17a(H),215(H)-hopane (C,zafp-20R/
H) (Tables S4 and SS). Possible explanations are the presence
of low amounts of, for example, oleanane, or preferential
weathering for some sterane compounds.”’ The similarities
between these diagnostic ratios, despite the differences in
measurement methods, collection times, and locations, indicate
that the three other studies also examined samples from the
same unknown source.

Classification of Spilled Oil. Diagnostic molecules and
ratios are often used to differentiate crude oils from petroleum
products, especially fuel oils, that otherwise share similar GC-
FID and GC-MS chromatograms.‘“’42 Prior studies have
suggested this mystery oil may have originated as a Venezuelan
crude.®'! However, the isomer distributions of C,-phenan-
threnes/anthracenes and C;-dibenzothiophenes indicate that
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the mystery oil contains some thermally altered material. First,
the more thermally stable 2- and 3-methylphenanthrene are
preferentially enriched relative to 9/4- and 1-methylphenan-
threne (Figure 3). Second, 2-methylanthracene was detected in
our field samples (Figures 3, SS, and S7). This compound is
not present or only fresent at trace levels in crude oils and
petroleum distillates*"** but has been found in numerous
cracked products including coal tar, coal-tar-based asphalt
sealant, creosote (coal), creosote (wood), byproducts of coal
gasification, catalytic cracked gas oil, and fuel oils.** Third, the
ratio of 2-methylanthracene to the total C,-phenanthrenes/
anthracenes was 0.05, within the range of 0.04 to 0.09 in
modern heavy fuel oils that contain cracked materials (n = 71;
Table $2).*' 2-Methylanthracene has also been found in fuel
oils held in sunken vessels from the mid-20th century and in
oils from numerous spills over the last several decades (Figure
S7 and Table $5)."* Lastly, desulfurization and other thermal
treatments of petroleum products preferentially enrich 4-
methyldibenzothiophene relative to 2-/3- and 1-methyldiben-
zothiophene.**** The 2-/3- and 1-methyldibenzothiophene/4-
methyldibenzothiophene ratio in our sample was 1.1 (Table
S2) and greater than those measured in crude oils (Figures 3
and $5)." A comparison of our data with that of a Venezuelan
crude oil highlights the aforementioned features indicating
thermal alteration (Figure 3).*” These findings signal that the
Brazil mystery oil contains refined materials and not solely a
virgin crude oil.

It is important to note that there is no set recipe for fuel oils.
Sun et al. (2015)* state that a fuel oil is a combustible product
with a flashpoint greater than 37.8 °C. Others equate fuel oils
as a blended mixture of a heavy refinery product (residuum)

with another lighter product (diluent). These differences were
typified from the analysis of two spills of fuel oils that occurred
in 2014.>” The Kirby 27706 spilled ~760,000 L of intermediate
fuel oil in Galveston, TX, in March 2014. The Southern Star
VII spilled ~425000 L of a so-called “furnace oil” near the
Sundarbans, Bangladesh. Furnace oils are confusingly another
term for fuel oils. While both spilled oils were blended
products that contained 2-methylanthracene, Chen et al.
(2018)* concluded that the Kirby contained cracked residues
that were at one point distilled while the furnace oil was
prepared by blending a heavy crude oil with a cracked material
that was not previously distilled.

Geologic Origin. Quantitative GC-MS analysis of Sample
12/13 contained a wide range of diagnostic compounds
capable of constraining or identifying the geologic origin of the
Brazil mystery oil (Table S3; Figures 3, S, and 6) (GC-QQQ-
MS analysis captured similar trends for hopanes, steranes,
diasteranes, and triaromatic steroids but not presented).
Briefly, the Brazil mystery oil is consistent with a source oil
originating from marine organic matter deposited under anoxic
conditions and a carbonate source rock. Pr/Ph ratios are one
of the most widely used proxies for the assessment of redox
conditions present during the oil source rock deposition. High
Pr/Ph values (>3) are suggestive of terrestrial organic matter
input under oxic conditions, and low values (<1) are indicative
of anoxic conditions, while ratios in the range of 1-3 are
characteristic of intermediate environments.*® Pr/Ph ratios for
our samples were 0.87 + 0.07 (Table SS). Others have
expanded the interpretation of this ratio to distinguish
argillaceous source rocks deposited in a suboxic marine
environment, from a carbonate anoxic marine environment.*’
An anoxic depositional environment is also supported by the
dibenzothiophene/phenanthrene ratio <1 (0.45).>° Distribu-
tions of regular steranes and triterpanes strongly support the
marine or marginal marine (i.e., estuarine/deltaic) depositional
environment and marine organic matter input, for example,
C,,/Cy sterane ratio is <1, characteristic distribution of C,,,
C,g and Cy steranes, high abundance of C,; tricyclic terpane/
hopane ~1, and C,; tricyclic terpane/C,, tetracyclic terpane =
8.96)°"°* (Tables S4 and S5).

In addition, we attempted to further constrain the possible
geological origin by a close inspection and comparison of the
C,,—Cy regular steranes relative to the published results for
crude oils representative of the Venezuelan Eastern basin
(Socororo field)*® and Northwestern (NW) Lake Maracaibo
basin (Caimbas field).” When placed within the ternary plot of
regular steranes, the representative samples from both basins
fall within the compositional space that corroborates a
Mesozoic marine origin,””** albeit with the distinguishable
separation of the two basins, mainly driven by the content of
C,; and C,g steranes (Figure S). Hence, our samples appear to
be compositionally more related to the NW Maracaibo basin
samples. We report this observation as an incentive for further
petroleum geochemistry studies of Venezuelan and other
marginal South Atlantic basins that may help further constrain
the origin of the Brazil mystery oil spill.

GCXGC-FID analyses identified a suite of 8,14-secohopanes
whose origin is still somewhat ambiguous in the literature, but
they have been associated with biodegraded oils.*® Another
suite of biomarkers were the 25-norhopanoids, which have
previously been detected in heavily biodegraded oil reservoirs
(Figures 4 and 7).>»” The possibility that the investigated
residue contains some biodegraded oil is consistent with the

https://doi.org/10.1021/acs.energyfuels.2c00656
Energy Fuels XXXX, XXX, XXX-XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c00656/suppl_file/ef2c00656_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00656?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c00656?fig=fig4&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c00656?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels

pubs.acs.org/EF

(a) m/z 191

GC-MS
de Oliveira et al. 2020

GC-MS
This study

(c) m/z191.1794

Tr23 HH

GCxGC-HRT
This study

(d) m/z217

(e) m/z 217

(f) m/z217.1951
CZS

Czr aBBS  aaas B

app-S  app-R / app-R
app-R aaa-S uuu-R// aBB-S
aaa-S \ /gqq.R BB

DiaC,Ba-20R
DiaC,,Ba-20S
N

Figure S. Extracted ion current chromatograms: (a,d) GC-MS m/z 191 and m/z 217, from de Oliveira et al. (2020) ;% (b,e) GC-MS m/z 191 and
m/z 217, from this study, and (c,f) GC X GC-HRT m/z 191.1794 and 217.1951. (a,b) Reprinted from Marine Pollution Bulletin, 160, de Oliveira, O.
M. C,, Queiroz, A. F.de S., Cerqueira, J. R, Soares, S. A. R, Garcia, K. S., Filho, A. P,, Rosa, M. L. d. S., Suzart, C. M., Pinheiro, L. L., & Moreira, I,
T. A, Environmental disaster in the northeast coast of Brazil: Forensic geochemistry in the identification of the source of the oily material,

Copyright (2020), with permission from Elsevier.

B-carotane

isorenieratane

B-isorenieratane

%paleorenieratane

% B -paleo-renieratane
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observations from GC-MS, namely m/z 191 and m/z 217
traces, which are similar to the previously regorted fingerprints
of oil from Eastern Venezuelan basins®*® as well as Lake
Maracaibo Basin in northwestern Venezuela® (Figure 5). A
plausible hypothesis to reconcile this observation with
apparent low biodegradation levels inferred from C,,/Pr and
C,s/Ph ratios would result from the mixture(s) of oils of

different biodegradation levels, that is, lightly and heavily
biodegraded.’

Archaeal core ether lipids (ACLs) including biphytane and
ACL-3 were also detected by GCXGC.****° The high
abundance of the three-ring phytane fragment could
potentially be an indicator of planktonic marine archaea as
well as another genetic marker of marine origin of the spilled
0il.°> These compounds are difficult to measure with one-
dimensional GC. Yet, with GCXGC analysis, biphytane played
a key role distinguishing the nearby naturally seeped oil and oil
released during the 2015 Refugio pipeline spill (Goleta, CA).*°
While the “outlier” samples (2.1 and 6) are unlikely to
represent the background signal of all inputs of petroleum HCs
along the Brazilian coastline, the ACL-3/biphytane ratios in
these two samples were the most different among the 12
samples. The structure of the ACLs points to recalcitrance,
which in turn suggests that the ACL-3/biphytane ratio could
be useful for tracking the residues from the 2019 Brazil mystery
oil spill in the future, as other, less recalcitrant diagnostic
compounds become less forensically useful.

An appreciable abundance of nontypical sterane diginane,
which has been related to increased thermal maturity,”' was
also observed. Diginane has been reported previously in some
marginal South Atlantic oils.”” GCXGC-HRT was also used to
confirm the identity of biomarkers (Figure 7) and record the
mass spectra for 34 biomarkers (see Appendix 1 in the
Supporting Information).
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The diagnostic ratio of oleanane/hopane was below 0.1
(0.08), indicating that the age of the rock sourcing the
analyzed oil is early-to-late Cretaceous,”> which was further
supported by C,¢ sterane distribution (Figures 4, S, and 7).
Oils from younger source rocks, that is, Cenozoic, would
contain a hlgher abundance of both oleanane and 24-
norcholestanes.”* While de Oliveira et al,® did not detect
oleanane, Carregosa et al.'' reported oleanane/(oleanane +
hopane) ratios of 0.06, 0.13, 0.15, and 0.16 for their four
samples (0.13 + 0.05). In this study, for all 12 samples, the
oleanane/(oleanane + hopane) ratios were 0.07 & 0.01 (Table
S4).

Additional insights into the geologic origin of the Brazil
mystery oil were uncovered from the analysis of carotenoid-
derived HCs via GC-QQQ-MS analysis.”> While not
previously employed for oil spill forensics, this class of
biomarkers captures the upper ocean conditions of primary
productivity (e.g., light availability, taxa, and oxygenation) and
depositional environment, which in turn helps characterlze the
source organic matter for petroleum generatlon Sample 12
contained an abundance of f-carotane, isorenieratene, and
paleorenieratiane and lesser amounts of f-renieratane and f-
paleoreneiratane (Figure 6). Little or no reneirapurpanane,
reneiratane, and degradation products were detected. This
signature is associated with low light-adapted, brown-
pigmented strains of green sulfur bacteria in the photic zone
and burial in low-oxygen, sulfidic depositional environments,
that is, euxinia. Generally speaking, lacustrine settings are
commonly lean in sulfide, whereas marine settings are
relatively stable in sulfate supply.”® Therefore, sulfidic water
columns are typical to marine settings that are either
permanently stratified or subject to strong upwelling cycles
that bring deep sulfide-bearing waters into the photic zone.””**
Collectively, the distribution of carotenoid-derived HCs in the

Brazil mystery oil supports an organic matter with a marine
0r1g1n ’

In summary, the indicators of organic matter source and
depositional history for the mystery oil samples are consistent
with the marginal South Atlantic basins in Colombia,
Venezuela, and Brazil.””~"* Similar basins are also present
along the conjugate margin along the Western African coast
from Ivory Coast to Angola.”” However, oils from some of the
Western African basins, for example, in the Niger Delta, have
high Pr/Ph ratios (in the ~2—3 range) associated with a
significant input of terrestrial organic matter to the
depositional environment.””

Synthesis of GC-Based Analyses. Traditional and
advanced GC-based analyses of field samples collected in
September and October 2019 agree on the overall character-
istics of the Brazil mystery oil (Table 1) and are consistent
with previously published peer-reviewed research works.*"°

High-temperature GC-FID (simulated distillation) revealed
a wide carbon range and appreciable amounts of non-GC-
amenable material. GC-FID and GCXGC-FID also showed a
wide carbon range and unimodal distribution of HCs including
n- and branched alkanes. Evaporation appears to have resulted
in the loss of some HCs < C;. Biodegradation may have
occurred, but this loss was not extensive based on the
continued presence of n-alkanes. The relative abundance and
composition of PAHs analyzed by GC-MS were dominated by
a petrogenic signal. However, the presence of five- and six-
ringed PAHs and 2-methylanthracene indicates some or all the
petroleum was thermally altered. Diagnostic molecules
(biomarkers) from the analysis by GC-MS, GCxXGC-FID,
and GC-QQQ-MS are consistent with the marginal South
Atlantic origin, likely Venezuelan, and possibly from Western
Venezuela. GCXGC-HRT analyses identified both 25-
norhopanoids and 8,14-secohopanes. Previous studies have
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Table 1. Results and Summary of Findings from the Detailed Analysis of Field Samples Collected in 2019

diagnostic feature/method

C, H, N, and S composition

simulated distillation

SARA analysis by TLC-FID
solubility in heptane

BC (%o)

summary

general features

% of solvent extract is GC-
amenable

total of individual n-alkanes and
isoprenoids

resolved/unresolved
n-C,,/pristane
n-Cg/phytane

odd/even preference
(n-Cyy to n-Cyo)

fatty acid methyl acids

output

significance

Bulk Features of the Dichloromethane/Methanol Extract

83, 10, 0.7, and 3.6%

10, 30, 50, 70, and 90% at C20, C31, C43, C60, and C108, respectively

9, 17, 49, and 25%
30%

—27%0

sulfur-rich petroleum

hydrocarbons span a wide carbon range and ~50% is
non-GC-amenable

rich in resins and asphaltenes
contains significant amounts of polar material (i.e., resins
and asphaltenes)

within the range expected for crude oils and comparable
to values found in South American marginal oils”

mixture of petroleum HCs with elevated amounts of sulfur and polar, higher molecular-weight non-GC-amenable components

Saturated HCs

HCs from Cy; to Cy, including n-alkanes, on a smooth and continuous

unresolved complex mixture
25%

10700 mg/kg
5%
1.8

2.1
0.93

not detected

not a distillate cut over a discrete range (i.e., diesel, etc.)

corroborates simulated distillation assessment of non-
GC-amenable content

no extensive biodegradation

most GC-amenable material is not resolved
no extensive biodegradation
no extensive biodegradation

minimal or no input from plant wax n-alkanes

unlikely a biodiesel

mixture of petroleum HCs with elevated amounts of sulfur and polar, higher molecular-weight non-GC-amenable components; not

similar to modern heavy fuel oils (0.04 to 0.09) containing

cracked materials®

pyrogenic petrogenic determination”“%*
<10 >1S pyrogenic
<1 >5 petrogenic
<1 >1.S petrogenic
>1.5 <0.5 petrogenic
~0.3 ~4 petrogenic
<0.5 >1 petrogenic
>0.5 <0.5 petrogenic
<1 not pyrogenic
>1 <0.25 indeterminate
<10 >10 indeterminate
>0.5 <0.3 petrogenic
>0.5 <0.1 pyrogenic
>0.5 <0.1 indeterminate
>0.5 <0.1 indeterminate

summary

extensively biodegraded

PAH" output
phenanthrene/anthracene 7.8
C,-phenanthrene/phenanthrene 33
(C,-phenanthrenes + C, anthracenes)/(phenanthrene + anthracene) 4
fluoranthene/pyrene 0.15
(C,-fluoranthenes + pyrenes)/pyrene 327
(C,fluoranthenes + C,.pyrenes)/(fluoranthene + pyrene) 2.85
benzo[aJanthracene/chrysene 0.37
benzo[e]pyrene/benzo[a]pyrene 1.54
indeno[1,2,3-c,d]pyrene/benzo[gh,i]perylene 0.28
pyrene/benzo[a]pyrene 4.07
parent PAHs/alkylated PAHs 0.04
anthracene/(anthracene + phenanthrene) 0.89
fluoranthene/(fluoranthene + pyrene) 0.13
benzo(a)anthracene/(benzo[a]anthracene + chrysene) 0.27
2-methylanthracene/ Y, (C,-phenanthrenes + C,-anthracenes) 0.05
(2-/3- + 1-methyldibenzothiophene)/4-methyldibenzothiophene 1.1

summary

diagnostic feature/method
biomarkers
oleanane/hopane

C,,/C,y sterane
Cy; tricyclic terpane/hopane®

C,; tricyclic terpane/C,, tetracycl
terpane®

8,14-secohopane
25-norhopanes
Diginane

carotenoid biomarkers

summary

unlikely a virgin crude and includes thermally altered material

PAH distribution consistent with petrogenic source; elevated five- to six-ring
PAHs and diagnostic indicators support inputs from a thermally treated
petroleum. Unlikely a virgin crude

output significance
0.08 source rock early-to-late Cretaceous
1.02 marine or marginal marine (i.e., estuarine/deltaic) depositional environment and marine organic matter
input®”
~1 marine or marginal marine (i.e., estuarine/deltaic) depositional environment and marine organic matter
input®”
ic 8.96 marine or marginal marine (i.e., estuarine/deltaic) depositional environment and marine organic matter

input®”

detected  associated with in-reservoir biodegradation’
detected  associated with in-reservoir biodegradationjch

detected  associated with increased thermal maturity and some marginal South Atlantic oils

Lm

detected  diagnostic for green and purple sulfur bacteria supports the low oxygen, sulfidic depositional environment, i.

..n
€., euxinia

diagnostic molecules (biomarkers) are indicative of marginal South American crude oil; some indication of in-reservoir
biodegradation counter to the presence of n-alkanes and suggests a mixture(s) of oils of different biodegradation levels,

i.e,, lightly and heavily biodegraded”.
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Table 1. continued

“Mello et al. (1988).”° bStogiannidis and Laane (2015)."°° “Uhler et al. (2016)."* dEmsbo-Mgtti_ngly and Litman (2016)_.44 “Wang and Fingas
(1995).* "Moldowan et al. (1994).°° &Peters et al. (2007).°" "El Diasty and Moldowan (2012).” “Oliveira et al. (2012).%¢ /Lépez et al. (2015).%
*Bennett et al. (2006).>” ‘Schiefelbein et al. (2000).” "Yang et al. (2014).”" "French et al. (2015).%° “Escobar et al. (2020).’

(a) Evidence of thermal alteration
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(b) Evidence of atmospheric residue
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Figure 8. Color contour plots of DBE versus carbon number for (+) ESI, (+) APPL, and (—) ESI 9.4 T FT-ICR MS analysis of the maltene
fraction. (A) Presence of species with increased DBE and lower alkylation, indicative of thermal alteration. (B) Compound classes with extended

alkylated series (~C,—Cy,). Although such extents of alkylation are typical for heavy crude oils,"

07 i 1
the absence of species below C,, rapid increase

in relative abundance from C,;—Cj;,, combined with a gradual drop-off in the relative abundance at Cg,+/DBE > 10, suggest the material is an

atmospheric residue.

associated these biomarkers with extensive biodegradation and
hence would contradict the limited biodegradation (n-alkanes
present). One explanation would be that the mystery oil is a
mixture of nondegraded and degraded oil. In summary, GC-
based analyses of field samples from the Brazil mystery oil spill
tell us that the spilled oil is not solely a crude oil but possibly a
mixture (Table 1).

FT-ICR MS Analysis. To support and expand on GC-based
analyses, field samples were analyzed by FT-ICR MS.
Compared to GC, this high-resolution MS technique provides
the molecular analysis of complex organic mixtures over a
much wider boiling point range (C,, < Ciy),”" has a greater
capacity to analyze polar and thermally labile compounds,”
and can disentangle the components of multicomponent
mixtures or blends.”® Here, we sought to confirm or explore
the possibility (or not) that the spilled oil contains higher
boiling compounds indicative of (a) blending/mixing of crude
oil with other petroleum products and (b) thermal alteration.
Positive and negative (+) ESI and (+) APPI ionization
methods were employed to provide complementary composi-

tional information.”® ESI preferentially ionizes polar N-, S-, and
O-containing species, whereas positive APPI is more suitable
for ionizinSg HCs, condensed aromatics, and sulfur-bearing
species.77’7

The whole toluene/THF/methanol extracts of samples 1, 5,
6, and 12 were analyzed by (+) ESI and (+) APPI FT-ICR
MS. The mass spectra were typical for crude oil and petroleum
products based on the molecular mass distribution, elemental
composition, and trends of heteroatom class, double-bond
equivalents (DBE), and carbon number (DBE is the number of
rings plus double bonds to carbon in a molecule).”” Consistent
with the GC-based results, Samples 1, 5, and 12 were similar
and differed from Sample 6 (Figures 2 and S3). The whole
extract of Sample 12 was separated into a maltene (heptane-
soluble) and an asphaltene fraction (heptane-insoluble). Both
fractions of Sample 12 were analyzed by (+) ESI and (+) APPI
FT-ICR MS (Figures 8—10).

Maltenes. The heteroatom class graphs of the Sample 12
maltene fraction analyzed by (+) APPI would be classified as
high-sulfur petroleum (elevated S; and S, class relative
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Figure 9. DBE versus carbon number plot for radical cations from the
HC compound class reveals a diagonal distribution of abundant 2-, 3-,
and 4-ring PAHs (in green, yellow, and red), indicative of near-bare or
alkyl-deficient PAH species. Such abundant species are produced from
the thermal alteration of higher boiling petroleum components.

abundances, Figure S10a), which agrees with the bulk
elemental analysis of the whole extract (3.6% S). Similar
trends of enriched sulfur-bearing species were observed for the
(£) ESI class graphs (Figure S10b,c) with abundant N;S; ((+)
ESI), N;S, ((=) ESI), and O,S, ((+) ESI) species.

Analysis of the maltene fraction by (+) ESI FT-ICR MS
revealed a carbon number distribution (20 < C4 < 70+) and
aromaticity range (5 < DBE < 30), typical of a heavy crude oil
(Figure 8b).°”*" However, there is an absence of species below
C,o and an abrupt increase in the relative abundance of species
in the 20—30 carbon number range. Two possible explanations
for the missing material less than C,, are removal at the
refinery (distillation) or in the environment (evaporative
weathering). Closer inspection of the results supports
distillation. Evaporation generally leads to a gradual shift
with the carbon number. The distinct transition at C,, is more
typical of petroleum refining. In addition, there is a gradual
drop in relative abundance (black to light gray) at high carbon
numbers (>Cq) and DBE (>20), also typical of the residual
stream of petroleum refining.”> Furthermore, the absence of
species below C,; in the N class (pyridinic nitrogen) indicates
that the initial boiling point of the residuum is ~375 °C.*" This
temperature is similar to the final operating temperature (400

°C) for crude (or atmospheric) distillation units at petroleum
refineries and consistent with the characteristics of an
atmospheric distillation residuum.*

Subsequent analysis of the maltene fraction of Sample 12 by
(=) ESI and (+) APPI FT-ICR MS yielded much lower and
narrower carbon number distributions (10 < Cyx < 30) that
were shifted down in carbon number but upward in DBE
toward the planar PAH limit line for the most abundant
species (Figure 8a).*” These dramatic compositional variations
are evident in equally dramatic differences between the (+) ESI
and (+) APPI molecular weight distributions in the broad-
band mass spectra (Figure S11). Here, the (+) ESI molecular
weight distribution begins at ~200 Da with a pseudo-Gaussian
distribution that peaks near 500 Da and ends at ~1100 Da.
Conversely, the (+) APPI molecular weight distribution starts
below 200 Da, peaks at ~225 Da, and decreases rapidly
beyond 300 Da. Similar characteristics were noted for the (—)
ESI data (Figure 8a). The high aromaticity (DBE), low carbon
number, high relative abundance, and proximity of these
species to the PAH limit line are consistent with a thermally
altered material.®> Furthermore, such a dramatic difference in
the compositional space (carbon number range, DBE, and
relative abundance) within a single maltene fraction as a
function of different ionization methods is consistent with a
blend that contains at least two components, an atmospheric
residuum and a material that has experienced some form of
thermal alteration (e.g., coking and visbreaking).*”**

Thermal processing of vacuum residua produces abundant
distillables (maltenes) containing one- to five-ring aro-
matics®>*® that are preferentially highlighted as radical
molecular ions by APPL’® The maltene HC class (APPI,
radical ions only) plot of carbon number versus DBE highlights
the presence of abundant two- (DBE = 7), three- (DBE = 10),
and four-ring (DBE = 13) PAHs with limited alkylation (0—$
methyl equivalents; Figure 9). The most abundant HC species
detected in (+) APPI FT-ICR MS are the alkylated
phenanthrenes/anthracenes (DBE 10), which is consistent
with the GC-based results (Figure 3b), indicating that the field
sample contains a material that has experienced thermal
alteration.

Asphaltenes. Thermal processing also produces coke,
abundant in highly dealkylated PAHs with five or more rings
that are preferentially enriched in the asphaltene fraction.
Thus, we chose to isolate the asphaltene fraction from Sample

Asphaltenes
HC S, S,
40
30 1
w
o 20 1
(=]
10 1
0

10 20 30 40 50 60 10 20

(+) ESI 9.4 Tesla FT-ICR MS

30 40 50 60 10 20 30 40 50 60
Carbon Number

Relative Abundance (% Total)
O N

Figure 10. DBE versus carbon number plots for abundant compound classes (HC, S, and S,) for the asphaltene fraction illustrate the presence of
abundant, aromatic-rich, and alkyl-deficient PAHs (4—14 ring) that suggest that they are the products of thermal alteration and undistilled prior to

suspected blending.
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12 to determine if such dealkylated PAH species are present,
which would provide further evidence of thermal alteration.
The (+) ESI FT-ICR MS analysis of the asphaltene fraction
(HC, S, and S, classes shown in Figure 10) detected highly
aromatic and alkyl-deficient PAHs (near bare PAHs), which
confirms the suspected thermal alteration of at least one of the
materials that comprise the sample extract. Although similar
species have been observed in a few other asphaltene samples
from South America,*”® these data are unique because the
relative abundance is defined to specific carbon numbers and
DBE values that correspond to each successive aromatic ring
addition to a growing PAH core (diagonal “dots” of high
relative abundance along the PAH limit line). The wide
expanse from 3 rings (DBE = 10, C4 = 14) to 14+ rings (DBE
> 30, C4 > 40) establishes that the thermally altered
component has not been distilled. Combined with the results
from the analysis of the maltenes discussed above (Figures 8
and 9), some fraction of Sample 12 is the undistilled product of
thermal alteration.

In summary, the unexpected compositional trends between
the (+) ESI data and that of (—) ESI and (+) AAPI data of the
maltene fraction indicate the Brazil mystery oil is a mixed
product. The continuous, wide carbon number distributions
for a broad range of DBE values observed by (+) ESI suggest
the material is whole heavy crude. However, the lack of
abundant species below C,, and the anomalous, rapid increase
in the relative abundance of species between C,, and Cj is
indicative of an atmospheric residuum. Conversely, the (—)
ESI and (+) APPI data of the asphaltene fraction contain
abundant one- to five-ring PAH species with low extents of
alkylation that lie against the PAH limit line. The wide range of
PAHs (3 to 14 rings) (+) ESI results are consistent with a
highly aromatic, thermally altered oil that was not distilled
prior to blending. Overall, field samples from the Brazil
mystery oil have mass spectral features consistent with the
blending of, at least, two different refined products, commonly
done to provide an “on spec” product for marine fuel oils (e.g,,
bunkers).

Summary. Identifying the source and type of oil during a
mystery spill, even with the most advanced techniques, is
inherently uncertain.*’ Speculation should be avoided or
minimized. Direct comparisons to possible sources using the
known literature and library samples are limited because
analytical data on many oils from around the world are not
publicly available, and methods and instrumentation are not
standardized. Any comparisons must also consider the effects
of weathering, which removes some diagnostic markers,
increases the number of probable sources, and reduces the
analytical window for fingerprinting.*” Our approach was to
therefore employ a wide range of analytical results to
comprehensively outline the chemical composition of the
spilled oil, and, lacking suspect source oil(s) samples, eliminate
the types of oils which, based on our analytical results and the
literature, are unlikely to be the source.

The elevated bulk sulfur content (3.6%) eliminates a low-
sulfur crude oil or low-sulfur fuel oil as a potential source.
Given the abiotic loss of some fraction of the lighter ends
(Figure 2), the original “spilled material” would have been
below 3.5%, the maximum sulfur content for an intermediate
fuel oil in 2019.”° New regulations implemented in January
2020 lowered the allowable sulfur content to < 0.5%.”%"" A
combined amount of resins and asphaltenes (75%) excludes
most distilled products and light crude oils.”* Environmental

weathering will presumably enrich the resins and asphaltenes,
but given the moderate weathering in these samples, the
elevated resin and asphaltene content is thought to be related
to the source of the spilled oil. The bulk properties and HTSD
are also consistent with the potential sources identified from
the visual inspection of the GC-FID chromatograms, as
discussed below.

Chromatographic and high-resolution MS analyses addition-
ally eliminate some fresh and weathered petroleum products,
such as synthetic motor oils and biodiesel blends (e.g., Peacock
etal,, 2010),” or even complex mixtures of synthetic chemicals
such as toxaphene and PCBs. Moreover, the broad range of
boiling points also excludes distillate sources with a “narrow”
elution window, including products solely composed of
gasoline, kerosene, diesel fuel, biodiesel, petroleum-based
lubricating and hydraulic oils, low- and high-viscosity gas
oils, vacuum oil, petroleum asphalt, and so forth.***”°*°> Both
GC and FT-ICR MS indicate compounds/trends unlikely to
be found in crude oil and produced at a refinery. Last, FT-ICR
MS analyses reveal a component consistent with the residuum
of atmospheric distillation.

With the above sources excluded and specific features the
Brazil mystery oil was likely a fuel oil used for underway power
of a vessel or transported for future use. These results alone
cannot discount a shipwreck from WWII® (Figure 1) as it is
possible that a refinery equipped with a delayed coker could
have produced a product similar to the mystery oil. More than
500 shipwrecks from WWII are known to exist in the South
Atlantic Ocean,”” and it increasingly presents itself as a
potential polluter of the oceans.'*”® In this sense, rubber bales
from the SS Rio Grande shipwreck (Figure 1) arrived along the
northeast of the Brazilian coast in 2018.”” The release of this
cargo was attributed to the natural corrosion of the shipwreck
hull or unauthorized salvage of its metal cargo,”” which may
also have released the oil. However, more investigation is
needed as the appearance of ancient raw material and the
possibility of oil produced in the 1940s and 1950s emerge as
strong evidence of the contribution of shipwrecks.

The results of this study show an overall similarity of oil
residues collected in 2019 along the Brazilian coastline and
help constrain the release location, source, and type of the
mystery oil.

Oily residues collected in 2019 from northeast Brazil share
the same source as those collected in 2019 at distances as far
away as ~2400 km along the coastline (Figure 1).*''" The
significance of a sole source across this distance is threefold.
First, samples from the aforementioned studies were collected
north and south of the bifurcation, supporting the area of
release to within the southern branch of sSEC or in the waters
close to its bifurcation (Figure 1). Recently discovered natural
HC seeps on the North Sao Paulo Plateau at ~20°S are an
improbable source due to their location below the sSEC
bifurcation and the lack of compositional differences between
northern and southern samples (Figure 1).

Second, oiling over ~25 degrees of latitude provides a
unique opportunity to monitor the short- and long-term fate of
the remaining residues whether from evaporation, solubiliza-
tion, microbial degradation, and/or photodegraldation.98 For
example, the photochemical degradation rates on oil may be
twice as fast at O than 30° latitude in winter months.”” In
addition, tracking the combined effects of weathering will be
useful when disentangling the future chronic or acute releases
of petroleum HCs via discrete, and ideally unique, molecular
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markers such as ACLs, carotenoid-derived HCs or broadly
across chromatographic and/or mass spectral space with GC X
GC'#1%1%! and FT-ICR MS.**

Last, the extent of coastal oiling relative to the estimated
volume spilled was extreme compared to other spills (~3200
km). While the total volume of spilled oil remains unknown for
the 2019 Brazil mystery oil spill, estimates range from 5 to 12.5
million liters.'”> For comparison, approximately 632 million
liters of oil flowed from the damaged Macondo well following
the explosion of the Deepwater Horizon drilling rig, oiling
~1800 km of shoreline along the US Gulf states of Louisiana,
Mississippi, Alabama, and Florida.'”® This finding may simply
point to the effectiveness of ocean boundary currents to
transport the spilled oil along the Brazilian coastline, or
perhaps the amount of spilled oil was greater than the latest
estimates.

Future Perspectives and Recommendations. It has
been reported that cleanup of the spilled residues in sandy
beaches has been partially successful.” However, the presence
of o0il on the Brazilian carbonate continental shelf, in
mangroves, and on intertidal reefs is detected to this day.'
Nevertheless, sustained monitoring is warranted in order to
validate the effectiveness of restoration measures, monitor the
fate and impacts of any remaining oil contamination, as well as
to confirm no new oil pollution from chronic or acute releases
is linked to the 2019 Brazil mystery oil spill.

In addition, refined estimates of the volume of oil spilled
would be beneficial in eliminating possible sources. For
example, the upper estimate of 12.5 million liters'*” is close
to the maximum capacity of fuel tanks of ocean-goin§ cargo
vessels and tankers (1.5 to 15 million liters'®") but
considerably less than the maximum capacity of tankers that
carry fuel oil (~110 million liters'*®).

A continued and concerted effort will be required to
compare the existing and future results of fingerprinting
analyses with the existing oil and chemical databases, archival
samples, and literature data. These efforts should focus on
crude oils and petroleum products being sourced and
transported in this region. Unique and specific markers, such
as the ones reported in this study, analyzed with advanced
instrumental tools, will be particularly valuable for robust
source identification.
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