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Fates of petroleum during the
deepwater horizon oil spill:
A chemistry perspective
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1Department of Environmental Sciences, Louisiana State University, Baton Rouge, LA, United States,
2Department of Marine and Earth Sciences, The Water School, Florida Gulf Coast University,
Fort Myers, FL, United States, 3Department of Geoscience, University of Calgary, Calgary, AB,
Canada, 4Ocean Sciences Centre, Memorial University of Newfoundland, St. John’s, NL, Canada
We describe the initial bulk and compound specific composition of the liquid oil

spilled during the Deepwater Horizon (DwH) disaster. The emphasis is on the

target hydrocarbon compounds typically found in highest concentrations and on

those of concern from a toxicological perspective (i.e., the target normal alkanes

and isoprenoids, and PAHs on U.S. Environmental Protection Agency’s (EPA)

priority list with their alkyl homolog compounds), and/or those relevant for

forensic fingerprinting of spill residues (i.e., sulfur containing PAHs and

biomarker compounds). Weathering changed the oil’s composition in various

environmental compartments. These compositional changes and potential

environmental impacts of the remaining weathered residues are presented in

this paper. Biodegradation occurred in both surface and subsurface environments

while photooxidation primarily modified and removed hydrocarbons in floating oil

slicks. The volatile, soluble and highly labile C1 to C10 hydrocarbons were rapidly

degraded in the water column and/or emitted to the atmosphere (evaporation).

The semi-volatile hydrocarbons (labile C10 to C25) that remained in the water

column and floating oil on the water’s surface were lost from oil residues during

weathering. The heavy nonvolatile and insoluble hydrocarbons (recalcitrant C25+)

were least affected by initial weathering processes in 2010. The composition of the

residual oil fraction in surface floating oil was further altered by the addition of oil

soluble oxy hydrocarbons produced from photooxidation. During 2011 and 2012

the resulting highly insoluble recalcitrant C25+ oily residues remained on the

shorelines, bottom sediments, or bound to suspended particulates in the water

column, with detectable residues mostly returning to near pre-spill levels by 2015

to 2020. Some recalcitrant oil residues can still be found at various locations,

including some coastal environments (e.g., marshes), or deep-water sediments, at

very low levels, ten years after the spill.

KEYWORDS

deepwater horizon oil spill, Gulf of Mexico, oil weathering, photooxidation, transport
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Introduction

The 2010 Deepwater Horizon (DwH) oil spill in the

northern Gulf of Mexico was the largest, longest lasting (84

days), and deepest oil spill accident in US waters. Liquid oil and

natural gas were emitted from April 22 to July15, 2010, initially

from kinked portions of the riser pipe, and finally after cutting

the riser to permit capping efforts, from the Macondo well’s

blowout preventer (Reddy et al., 2011; McNutt et al., 2012). As

the liquid oil and gas rose, most of the natural gas and

approximately 11% of the liquid oil were advected to the

southwest of the drilling rig at between 1100 and 1300 meters

of the water column. The liquid oil was advected as dispersed

tiny droplets. Larger droplets of liquid oil rose via buoyancy to

the surface taking ~3 to >20 hours, depending upon droplet size.

During ascension, smaller oil droplets were influenced by

dissolution and limited biodegradation. Upon surfacing,

portions of the liquid oil (30-40% by weight) evaporated

rapidly. Photooxidation of floating oil produced new oxy

hydrocarbons that changed the properties and environmental

partitioning compared to the parent hydrocarbon content of the

spilled oil. Some of these oxy hydrocarbons enabled rapid

emulsion formation with the weathered floating oil potentially

affecting the effectiveness of response measures such as

dispersant application. A portion of the surface weathered oil

was dispersed back into the water column by action of wind and

waves, a process enhanced by the surface spraying of chemical

dispersants. In-situ-burning (ISB) of herded oil at the surface

also caused portions of burned oily residues to partition back

into the water column. Dispersants were also applied into the

jetting oil at the kinked riser and well head, mostly between the

middle of May until well capping on July 15, 2010, impacting the

partitioning of oil compounds between different water phases

(sea surface, deep plume, surface layer) (Hemmer et al., 2011;

Chakraborty et al., 2012; Paris et al., 2012; Kleindienst et al.,

2015; Deleo et al., 2016; Olson et al., 2017; Crowley et al., 2018;

Doyle et al., 2018; Driskell and Payne, 2018). A variety of

physical, chemical, and biological mechanisms rapidly

transformed, removed, and redispersed spilled oil and

dissolved gases. By the end of the summer 2010, the initial

composition of hydrocarbons in the emitted source oil was

substantially changed via weathering processes such as

evaporation, dissolution, photochemical oxidations, and

microbial degradation.
Chemistry of oil spills

Understanding the environmental carbon cycle that occurs

on geological timescales is a first step towards understanding the

chemistry of oil spills. Since the rise of autotrophy, organic

matter has been formed from chemically stable carbon dioxide
Frontiers in Marine Science 02
(CO2) via various biological processes, dominated by

photosynthesis. Through photosynthesis, energy from sunlight

is used to break the carbon-oxygen bonds of CO2 and the

hydrogen-oxygen bonds of H2O, and this process forms new

molecules containing carbon, hydrogen, and oxygen with a

general elemental ratio of {CH2O}. In essence, this process

stores the solar energy in the carbon and hydrogen molecular

bonds and represents a reduction in the oxidation state of carbon

from +4 in CO2 to 0. Photosynthesis is an endothermic

reduction reaction requiring the input of solar energy for

producing biomass. On the other hand, when the energy in

biomass is used for metabolism (e.g., respiration), the reverse

oxidation reactions recycle biomass back to CO2, i.e.,

metabolism involves exothermic reactions releasing energy

needed to sustain life.

When some of the organic matter (e.g., from large forests or

algae sinking to the seafloor) is buried under reducing (anoxic)

conditions, this prevents respiration of the buried organic matter

back to CO2. On geological timescales, as the organic matter

accumulates in the subsurface, the heat and pressure in the

earth’s crust allows further transformation of buried and

preserved biomass to highly reduced chemical species, such as

those that compose peat, lignite, coal, natural gas, and crude oil

(mostly C and H compounds with smaller amounts of

compounds also containing nitrogen, sulfur, and oxygen

heteroatoms - NSO). This fossilized organic matter, which

consists largely of hydrocarbons formed hundreds of millions

of years ago, has oxidation states of -1 (aromatics) or -2

(saturates). The radioactive carbon isotope (14C) content of

this fossilized organic matter has been depleted. When

extracted from the earth, these hydrocarbons become the

major energy source of current civilizations, as combustion of

fossil fuels releases the stored chemical energy and recycles

hydrocarbons by oxidizing them back to CO2 (Peters

et al., 2004).
Oxidation reactions

For hydrocarbon oxidation reactions to occur, four

conditions must be met. First, the material (e.g., fuel) to be

oxidized must be in a reduced state. Second, oxygen or another

electron acceptor must be present. Third, the oxidant and fuel

must be suitably mixed. And fourth, a mechanism to overcome

the activation energy must be provided to the mixture of oxidant

and fuel. Activation energy for oxidation of reduced forms of

carbon, such as hydrocarbons, may be provided in the form of a

spark to get the combustion reaction going or as a catalyst (e.g.,

specialized microbial enzymes) that lowers the activation energy

and thus allow metabolism reactions to proceed at near ambient

temperatures. Figure 1 outlines the process of photochemically

producing biomass from CO2 and then the diagenetic and
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catagenetic formation of crude oil from some of the preserved

biomass. Figure 1 also outlines the relative elemental

compositions of biomass and crude oil fossil fuels and includes

their specific combustion energies.

Carbon and hydrogen containing compounds do not

necessarily react to directly produce CO2, they can go through

a sequence of reactions that each lessens the stored energy

content of the molecular products. Each addition of an oxygen

atom to a carbon-containing molecule, for example, lowers the

stored energy content in that molecule. This process continues

until all carbon atoms in the molecule have been converted to

CO2, the terminal product of carbon oxidations. Therefore,

typically, environmental degradation of hydrocarbons via

microbial and/or photooxidation proceeds on varying time

scales through a series of intermediate molecules that are

dependent on highly variable environmental circumstances.

Coupling of the two degradation processes, wherein

photooxidation produces intermediate species that are more

amenable to biodegradation, has also been postulated

(Harriman et al., 2017).

CO2 is not the only possible end product of carbon

degradation in the environment. In oxygen depleted settings,

reduced forms of carbon are metabolized by specific types of

microbes, through pathways using nitrate, iron, manganese, or

sulfate as terminal electron acceptors, or by fermentation. For

example, methanogenic hydrocarbon degradation occurring

over geological timescales is responsible for the formation of

heavy oil and bitumen deposits, along with methane gas.

Microbial degradation coupled to sulfate as the electron

acceptor is a frequent anaerobic pathway in anoxic sediments

and generates hydrogen sulfide (H2S) gas. During these
Frontiers in Marine Science 03
processes, hydrocarbons are transformed to a complex mixture

of metabolites, including high molecular weight NSO-bearing

products (Gieg et al., 2010; Head et al., 2014; Oldenburg et al.,

2017; Kostka et al., 2020). In general, anaerobic microbial

processes have a higher activation energy and lower enthalpy

than O2 oxidation reactions, resulting in much slower

degradation rates than the pathways involving oxygen as the

electron acceptor (Head et al., 2014).
What is crude oil

Crude oil is the common name for a very complex mixture

of many thousands of distinct chemical species, including

predominantly hydrocarbon type compounds (i.e., containing

only carbon and hydrogen with carbon negative oxidation

states) , and some amounts of heteroatom-bearing

hydrocarbon compounds containing nitrogen, oxygen, sulfur,

or metals, collectively termed non-hydrocarbons (Overton

et al., 2016). Crude oil is found as complex fluids that are

extracted from reservoirs below the earth’s surface (Overton

et al., 2020). Most crude oils, regardless of their geographic

source, are made up of the same types of molecular species, but

the relative quantities of specific molecules vary between crude

oils from different locations as their compositions are

dependent upon the reservoir’s location, depth, initial

biomass composition, and age. Consequently, the quantities

of specific molecular fractions in crude oils will vary with the

source reservoir so that each reservoir’s crude oil is unique in

its exact quantitative chemical composition (National Research

Council, 1985).
FIGURE 1

An overview of molecular transitions that occur over geological timescales during the Slow Environmental Carbon Cycle. Carbon dioxide in the
atmosphere and seawater is converted to living organisms by photosynthesis. The C, H and O ratio content of this biomass is ~CH2O. When a
small portion of the biomass is preserved and buried in deep reservoirs over many millions of years, this material is converted to a liquid
hydrocarbon fluid with average molecular ratio of CH1.75 (mostly saturate compounds with a smaller proportion of aromatic compounds) based
on C and H percent compositions. The heats of combustion (combustion energy) for typical biomass and crude oils show how much energy is
stored in the C and H bonds of these two fuels.
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Chemical composition of crude oils
The crude oil’s basic compositions may be described as

existing in three environmental “fate fractions”, based on their

respective environmental persistence when spilled. The first fate

fraction contains those hydrocarbon compounds that are readily

lost during weathering in a matter of minutes to hours (the

highly labile C1 to C10 fraction). The second fate fraction

contains those hydrocarbon components that can be lost to

weathering during a time frame of days to weeks or more (the

labile C10 to C25 fraction). The third fate fraction contains those

compounds that are only slowly lost during weathering with

time frames of months to years or more (the recalcitrant C25+

fraction). Note that these fate fractions are operational

definitions made to facilitate and aid in understanding

environmental fate assessments. Notwithstanding this, the

sheer chemical complexity and variability of crude oils’

composition challenges any absolute and clear-cut separation

into chemical fractions. Other approaches, such as the ones

based on varying solubility of specific molecular fractions in

organic solvents and solid/liquid chromatographic separations

(the SARA fractionation) or their boiling points, are still widely

used both in environmental and petroleum refining contexts

(Overton et al., 2016; Radovic, 2021).

Figure 2 outlines the relative compositions of the three fate

fractions in the Macondo oil that entered the environment (i.e.,

the source petroleum fluids from the Macondo well blowout).

This source Macondo oil contained compounds that are a gas at
Frontiers in Marine Science 04
ambient temperature and atmospheric pressure, the C1 to C4+

natural gas hydrocarbons, as well as the liquid oil that was

collected from the broken riser pipe. The riser source liquid oil

reflects liquid oil from the Macondo reservoir. The fate fractions

in Figure 2 are based on their molar and mass compositions, as

calculated from the carbon number simulated distillation curves

of the liquid riser oil from Macondo well, provided by Aeppli

et al. (2018). The source oil is commonly known as a “live oil”

because it is mixed with natural gas (the C1 to C4+ hydrocarbon

compounds). The riser liquid oil, collected in open containers

that allowed evaporation of the natural gas, is commonly known

as a “dead oil” because most of its very volatile C1 to C4+

components (the natural gas compounds) have evaporated.

Figure 3 shows the mass and molar distribution of the riser

liquid “dead oil” as calculated from the simulated distillation

data via the oil’s carbon number fractions (Spier et al., 2013;

Aeppli et al., 2018). Over 90% of the molecules that made up the

Macondo liquid oil (the dead oil) are contained in the initial two

fates fractions (highly labile C1 to C10 and labile C10 to C25

fractions). By mass these two fractions contained ~68% of the

oil. Collectively, most of the hydrocarbon molecules in the first

two fates fractions of the spilled oil were lost within weeks to

months after the spill (i.e., the summer of 2010) due to

environmental weathering processes. These two fates fractions

also contain the water-soluble alkanes (<C8 or C9) and aromatic

compounds including benzene, alkyl benzenes, and the two to

four ringed polycyclic aromatic hydrocarbons (PAHs) and their
FIGURE 2

Bulk composition of petroleum compounds released into the deep-water environments by the blowout of the Macondo well in 2010, showing
the relative proportions of Natural Gas (C1 to C4+) and Liquid Oil (C5 to C44 plus resins and asphaltenes) on a molar and weight basis. Further, in
(B), the source petroleum and surface liquid oil’s composition is partitioned between gaseous and volatile components (C1 to C10), readily
degradable labile hydrocarbons (C10 to C25), and insoluble recalcitrant mostly solid material containing hydrocarbons larger than C25 (C25+) as
calculated with compositional data provided in Ryerson et al., 2011; Ryerson et al., 2012 and Stout et al., 2016.
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abundant alkyl homolog analogues. Of these, the four ringed

PAHs and their alkyl homologs were the least affected by initial

weathering during the summer of 2010.

Target alkanes and aromatic hydrocarbons
Since crude oil is such a complex mixture of thousands of

compounds, scientists have traditionally used a select, relatively

small number of representative hydrocarbon compounds as

analytical targets, including a suite of alkanes, PAHs, and

forensic biomarkers, when studying crude oil spills and oil

weathering. These target compounds have been selected based

on their high individual concentrations in typical oil, as well as

their known capacity to cause harm during environmental

exposures (i.e., acute and/or chronic toxicities). The target

alkane compounds, analyzed by GC and GC-MS type

analytical methods, include normal alkanes up to n-C35 or n-

C40, as well as the isoprenoids (branched alkanes) pristane

(C19H40) and phytane (C20H22). Target aromatics include two

to six ringed PAH compounds and their respective C1 to C3 or

C4 alkyl homologs, and includes the sulfur containing benzo,

dibenzo and naphthyl-benzo thiophenes and their respective

alkyl homologs. Forensic biomarkers are the hopane and sterane

type molecules in oils that were present in the source biomass

material and whose chemical structures is maintained in the

reservoir’s crude oil composition, thus enabling source-spill

correlations, and the identification of spilled oil and its

residues in the environment. See Table 1 for target compound

identifications and their GC-MS quantitative ions.

Figure 4 shows the quantitative composition of the target

alkanes and aromatic hydrocarbons found in the liquid dead oil
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collected from the Macondo well’s riser piping. While the target

compounds are representative of the hydrocarbon mixture that

makes up the Macondo and other common crude oils,

quantitatively these selected “target” compounds only

accounted for ~13% of the total mass of the spilled liquid

Macondo oil. Thus, they represent the major compound

classes found in conventional crude oils but not the entire

mass of the spilled crude oil. Note that some other crude oil

types, such as heavy, unconventional crudes, and oil sands

derived bitumen will contain a substantial amount of non-

hydrocarbon species in their recalcitrant C25+ fractions, and

these compounds are not amenable to conventional GC-based

analysis due to their extremely low volatility. Complementary

analytical tools are needed to better assess the complete high

molecular weight molecular compositions of these heavy crude

oils (Radovic, 2021).

Of the target compounds identified in Figure 4, the target

alkanes were by far the most abundant, and accounted for 94%

of all target compounds in unweathered Macondo well oil. These

alkanes represent about 12% of the weight of the initial liquid oil.

The two to six ringed PAH compounds and their alkyl homologs

plus the dibenzo and naphthyl benzo thiophenes and their alkyl

homologs, identified as target aromatic compounds in Table 1,

account for ~6% of this target compound composition. This

means that ~2% of the weight in the fresh un-weathered

Macondo oil was from the target aromatic compounds. In

essence, scientists use analytical methods that quantitate ~13%

of fresh liquid oil’s specific hydrocarbons to follow how the

whole composition of spilled oil’s hydrocarbons changes during

environmental weathering.
FIGURE 3

Plots of the results from the simulated distillation of the Macondo oil separated by carbon number and expressed as the weight percent (blue
bars, (A) and molar percent (red bars, (B). The molar fractions were calculated assuming that the molecular weight of each carbon number
fraction was estimated from the carbon number multiplied by 13.75 (assuming average CH1.75 molar ratio based on C and H percent
composition in the Macondo crude). Ninety percent of molecules in the initially spilled liquid Macondo oil were contained in the fractions with
carbon numbers (86.6% C and 12.6% H) less than C25, while this fraction accounted for 68% of the liquid oil’s initial mass. (Modified from
Aeppli et al., 2018 with permission).
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TABLE 1 Quantitation ions for Parent and Alkyl Homolog PAHs, Alkanes, and Biomarker Compounds in Crude Oil.

Alkanes Abbreviations Quantitation Ions (m/z) PAHs Abbreviations Quantitation Ions (m/z)

nC-10 Decane nC-10 57 *Naphthalene Naph 128

nC-11 Undecane nC-11 57 C1-Naphthalenes C1-Naph 142

nC-12 Dodecane nC-12 57 C2-Naphthalenes C2-Naph 156

nC-13 Tridecane nC-13 57 C3-Naphthalenes C3-Naph 170

nC-14 Tetradecane nC-14 57 C4-Naphthalenes C4-Naph 184

nC-15 Pentadecane nC-15 57 *Fluorene Flu 166

nC-16 Hexadecane nC-16 57 C1-Fluorenes C1-Flu 180

nC-17 Heptadecane nC-17 57 C2-Fluorenes C2-Flu 194

Pristane Pristane 57 C3-Fluorenes C3-Flu 208

nC-18 Octadecane nC-18 57 Dibenzothiophene DBT 184

Phytane Phytane 57 C1-Dibenzothiophenes C1-DBT 198

nC-19 Nonadecane nC-19 57 C2-Dibenzothiophenes C2-DBT 212

nC-20 Eicosane nC-20 57 C3-Dibenzothiophenes C3-DBT 226

nC-21 Heneicosane nC-21 57 *Phenanthrene Phe 178

nC-22 Docosane nC-22 57 C1-Phenanthrenes C1-Phe 192

nC-23 Tricosane nC-23 57 C2-Phenanthrenes C2-Phe 206

nC-24 Tetracosane nC-24 57 C3-Phenanthrenes C3-Phe 220

nC-25 Pentacosane nC-25 57 C4-Phenanthrenes C4-Phe 234

nC-26 Hexacosane nC-26 57 *Anthracene An 178

nC-27 Heptacosane nC-27 57 *Fluoranthene Fla 202

nC-28 Octacosane nC-28 57 *Pyrene Pyr 202

nC-29 Nonacosane nC-29 57 C1-Pyrenes C1-Pyr 216

nC-30 Triacontane nC-30 57 C2-Pyrenes C2-Pyr 230

nC-31 Hentriacontane nC-31 57 C3-Pyrenes C3-Pyr 244

nC-32 Dotriacontane nC-32 57 C4-Pyrenes C4-Pyr 258

nC-33 Tritriacontane nC-33 57 Naphthobenzothiophene NBT 234

nC-34 Tetratriacontane nC-34 57 C1-Naphthobenzothiophenes C1-NB 248

nC-35 Pentatriacontane nC-35 57 C2-Naphthobenzothiophenes C2-NBT 262

C3-Naphthobenzothiophenes C3-NBT 276

*Benzo[a]Anthracene BaA 228

*Chrysene Chr 228

C1-Chrysenes C1-Chr 242

C2-Chrysenes C2-Chr 256

C3-Chrysenes C3-Chr 270

C4-Chrysenes C4-Chr 284

*Benzo[b]Fluoranthene BbF 252

*Benzo[k]Fluoranthene BkF 252

Benzo[e]Pyrene BePy 252

*Benzo[a]Pyrene BaPy 252

Perylene Per 252

*Indeno[1,2,3-cd]Pyrene IP 276

*Dibenzo[a,h]Anthracene D(ah)A 276

*Benzo[g,h,i]Perylene B(ghi)P 278

191 Hopanes 191-Hopanes 191

217 Steranes 217-Steranes 217

218 Steranes 218-Steranes 218

231 Triaromatic Steroids 231-TAS 231
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Aromatic hydrocarbon reactivities
Target aromatics are less abundant, but important because their

unique structure and bonding arrangement increase their water

solubility as well as their ability to react with oxygen via certain

enzyme- and light-mediated oxidation reactions. This reactivity of

aromatic compounds makes themmore bioavailable to many types

ofmarine and terrestrial organisms including shrimp, crabs, finfish,

marinemammals, and humans (Oost et al., 2003; Allan et al., 2012).

PAHs are moderately persistent in the environment and can be

bioaccumulated in the tissues of animals (Douben, 2003). However,

metabolism of PAHs by oxidative-enzyme systems to water soluble

oxidized compounds and depuration products limits their

biomagnification through trophic chains (Meadors et al., 1995).

This metabolic oxidation can also lead to a variety of toxic

consequences for the respective organisms (carcinogenicity,

mutagenicity). Thus, the aromatic compounds in the target

compound list are considered the most dangerous compounds in

crude oils to livingorganisms (Neff andAnderson, 1981;Malins and

Hodgins, 1981; French-McCay, 2002; National Research Council,

2003; Douben, 2003; Abdel-Shafy and Mansour, 2016; Hodson,

2017; Marzooghi and Di Toro, 2017; Honda and Suzuki, 2020).

Approximately 90% of the weight of these target alkane and

aromatic analytes were found in the composition of the “highly

labileC1 toC10” and “labileC10 toC25” fractionsasquantifiedby gas
Frontiers in Marine Science 07
chromatographic methods and compositionally outlined in

Figure 2. However, these two fates fractions account for 68% of

the weight of the whole oil as measured by simulated distillation

methods. Thus, these widely used target compound quantitative

analytical method (GC-MS in selected ion mode) can

underestimate the mass of the recalcitrant C25+ fraction in whole

crude and weathered oil analyses. In addition to the target alkanes

andmulti ring aromatic compounds, the recalcitrant C25+ fraction

contains many cyclic and branched high molecular weight alkanes

as well as the high aromatic content resins and asphaltenes, with

high proportion of NSO species, not detectable via GC based

analytical methods. The recalcitrant C25+ fraction generally

contains compounds that are highly water insoluble and are only

slowly degraded by microbial oxidations. While the target

compound analytical method reflects the fresh oil’s composition

aswell as the concentration of known toxic compounds in the oil, it

does not satisfactorily reflect the quantity of the recalcitrant C25+

compounds, which compose most compounds in residues of

heavily weathered oils (i.e., the solid residues left behind after

initial environmental weathering).

Chemical composition of C25+ fraction
The chemical composition of the recalcitrant C25+ fraction

has been the subject of much analytical research using ultra
FIGURE 4

The composition of the liquid source oil spilled from the Macondo well blowout obtained from gas chromatographic analysis using Flame
Ionization Detector (GC-FID, from Stout et al., 2016) and Mass Spectrometer operating in the Selected Ion Monitoring mode (GCMS-SIM). The
GC-FID chromatogram shows the full range of hydrocarbon compounds in this liquid oil, from ~n-C4 to n-C36+ including benzene and the C1

and C2 alkyl benzenes. Most hydrocarbons in oil samples are analyzed by GCMS analytical techniques that can quantitate selected specific
target analytes that include: a) normal alkanes from n-C10 to n-C35+ including isoprenoid compounds pristine and phytane; b) Polycyclic
Aromatic Hydrocarbons (PAH) and their C1 to C3 or C4 alkyl homologs as well as sulfur containing PAH compounds Dibenzothiophene and
Naphthylbenzothiophene and their alkyl homologs. Additionally, the compositional isomer profiles of the C1 to C3 alkyl chrysenes are shown for
the spilled Macondo oil. The target compounds account for ~13% of the weight of the liquid source oil, and saturate compounds represent
~94% of this weight while the target aromatics account for 6%.
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high-resolution mass spectrometry (FT-ICR-MS) and thin layer

chromatography with flame ionization detection (TLC-FID)

(Aeppli et al., 2012; Ruddy et al., 2014; White et al., 2016;

Aeppli et al., 2018). Most of this fraction initially contains multi-

ringed aromatic and NSO aromatic compounds, resins, and

asphaltene molecular structures that are arranged into very large

molecules with molecular weights of up to 1000 Daltons

(McKenna et al., 2013). Crude oils, especially light crude oils,

generally contains relatively small quantities of these very large

molecules that can also contain trace heavy metals such as nickel

and vanadium chelated in a porphyrin type molecular structure.

These very large molecules in crude oils are not generally useful

as a source of fuel and are particularly resistant to microbial

degradation. Refinery residues containing these types of large

insoluble compounds are commonly used as roofing tar, road

asphalt or in bunker fuels for ships.

It is important to point out that photochemical weathering

of floating crude oils will produce large oil-soluble oxy

hydrocarbons that are operationally described as asphaltenes,

i.e., they are insoluble in light alkane solvents but soluble in more

polar organic solvents like toluene. These oxidized hydrocarbons

are not chemically identical to native crude oil asphaltenes, as

they have a high oxygen content (Ruddy et al., 2014). However,

these photochemically produced oxy hydrocarbons became a

major component of the recalcitrant C25+ fraction in solid

residues lingering from spilled oil weathering. Further, these

oxy hydrocarbons are not detectable using traditional GC-MS

analytical methods. However, they are detectable using

complementary methods, most notably, ultrahigh-resolution

mass spectrometry, in crude oil and crude oil residues (Aeppli

et al., 2012; Ruddy et al., 2014; Wise, et al., 2022).
Chemical and physical properties of petroleum
The molecular properties (size, weight, and structures) of the

hydrocarbon and non-hydrocarbon compounds that make up

crude oils determines the oil’s individual chemical and physical

properties. These individual properties of the specific crude oil

components are comingled with the properties of all the other

thousands of compounds that make up liquid petroleum to

establish the continuum of chemical and physical properties that

are measurable in each crude oil. These collective properties

determine the oil’s initial viscosity, water solubility, volatility,

pour point, toxicity, and bioavailability, as well as the oil’s ability

to be degraded by sunlight and microorganisms.

Crude oils with a large proportion of relatively small, low

molecular weight compounds in the highly labile C1 to C10 and

labile C10 to C25 fractions, i.e., light oils like South Louisiana

Crudes and the Macondo well oil, have low viscosities, relatively

high-water solubilities, high vapor pressures, low pour points,

and are more readily biodegradable and photooxidizable. Fresh,

light crude oils thus not only have impacts on the water’s surface,

but some components readily dissolve into the water column, or
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evaporate into the air above the oil slick. After oxidative

weathering by sunlight, light crude oil can readily form water-

in-oil emulsions, and these emulsions continue weathering but

at a reduced rate, thus prolonging their residence time and

potential for negative effects in the environment. The oil’s

aromatics compounds can be toxic in themselves or

after oxidation.

Crude oils that are composed of a higher proportion of the

high molecular weight compounds (high portions of the

recalcitrant C25+ fraction), i.e., heavy oils and bitumen, are

comparably more viscous and less volatile, have high pour

points, and extremely low water solubilities. Higher alkanes

and the larger five to six ringed PAHs, as well as the residue’s

resin and asphaltene components, are less bioavailable and only

degraded slowly even in the presence of nutrients and oxygen.

This is because of the extreme water insolubility of these larger

hydrocarbons, thus limiting their mixing ability with the

oxidants, and accessibility to light and microbes (Stout and

Payne, 2016a; Stout and German, 2018; Passow and Stout,

2020; Karthikeyan et al., 2020). Extremely low solubility

components of the recalcitrant C25+ fraction can however be

slowly degraded in anaerobic environments (Kostka et al., 2020).

In addition to forming a portion of the surface slick of

weathered liquid oil, some of the weathered oil residues can be

entrained or entrapped in the water column and can even sink

when associated with mineral particles and/or marine oil snow

(Passow et al., 2012, 2017; Burd et al., 2020; White et al., 2020).

Even though most of the toxic aromatic compounds in viscous

heavy crude oils and weathered oil residues are individually

more toxic than their smaller aromatic counterparts in the labile

C10 to C25 fractions, the larger PAHs are much less water soluble

and are contained as part of the solid insoluble residues that tend

to sorb to particulate matter. This phase partitioning behavior is

the primary reason that most light crude oils are considered

more environmentally dangerous than heavy crudes/bitumen.

Some exceptions to this assumption occur when insoluble

weathered oil residues get ingested as part of the sinking

marine oil snow (Van Eenennaam et al., 2018; Passow and

Stout 2020).
Introduction to weathering of oils

The environmental fates of the different hydrocarbon

compounds that make up crude oils are determined by a

complicated series of transport and transformation processes

that are collectively known as weathering (Payne et al., 1984;

Payne and McNabb, 1984; Mackay and McAuliffe, 1988; Tarr

et al., 2016; Passow and Overton, 2021; Farrington et al., 2021;

French-McCay et al., 2021). The term fate is typically used to

discuss both the spatial distribution and transport of spilled

material in the environment as well as the compositional

changes of crude oil on the molecular level as the oil is
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transformed. Removal and transformation processes occur in

hours to days depending upon the spilled material and

conditions during the early part of the release (Radovic et al.,

2021; Farrington 2014; Tarr et al., 2016; Farrington et al., 2021).

Evaporation transfers large amounts of light volatile

hydrocarbons to the atmosphere, and small amounts of fresh

whole oil can be atomized thus producing aerosol particles in the

atmosphere (Li et al., 2017).

The initial chemical composition of spilled crude oil will have

important implications for its near- and far-field transport aswell as

on its weathering. Understanding, the weathering processes on the

spilled oil’s chemical composition involves multiple scientific

disciplines with each discipline focusing on different aspects of

weathering. Using the 2010 DwH oil spill as a case study, we have

developed diagrams that outline themovement (into the air, water,

soils, sediments, marine and mineral particles, and biota) and

transformations (i.e., microbial and photooxidation) involved in

the oil’s composition during weathering. To aid in understanding

the fates of oil spilled into the ocean, thesemovements, phases, and

transformation processes are outlined in Figures 5, 6.
Partitioning

When oil is spilled the components of this complex mixture

of hydrocarbons and non-hydrocarbons enter the environment,
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and immediately begin to partition into the different phases as is

shown in Figure 5. Thus, the oil’s initial composition quickly

changes, as some compounds evaporate into the air, dissolve into

the water, remain floating as liquid oil on the sea surface, or are

dispersed below the surface as liquid oil droplets. Micro-droplets

(<70 µm) remain suspended in the water column. The relative

importance of these different processes depends upon the depth

(pressure) and temperature where the spill occurs. As a result of

this partitioning, the floating oil differs in composition from the

initially spilled oil. Micro-droplets dispersed in the water may act

as if they were dissolved in that they move with waves and

currents in the water column rather than floating on the water’s

surface. However, these micro droplets act like particles in that

they can aggregate or be collected by filter feeding plankton.
Weathering processes

The hydrocarbons in spilled oil are subjected to a plethora of

further transport weathering processes including dilution/

dissolution, evaporation, aerosolization, spreading, emulsification,

aggregation, and sedimentation (Figure 5) (Payne et al., 1984; Payne

andMcNabb, 1984; Mackay andMcAuliffe, 1988). Weathering also

encompasses chemical transformations of the oil’s hydrocarbons via

microbial and photochemical oxidations (Overton et al., 1980; Payne

and Phillips, 1985; Liu et al., 2012; Tarr et al., 2016). Some oxidative
FIGURE 5

Outline of the phases that are immediately encountered when oil spills into the environment. The circumstances of the spill (source, source
composition, location, depth, weather, containing hydrocarbon molecules, etc.) will determine which phases will initially predominate. However,
when oil is spilled, its hydrocarbons components are immediately distributed between these phases, and environmental weathering proceeds
from the starting point of hydrocarbons in these phases.
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transformations result in net loss of the oxidized compounds from

the oil residues into the water column and air, while other photo

induced oxidations convert crude oil components into higher

molecular weight oxygenated compounds that become part of the

oil residues (Hall et al., 2013; Ward et al., 2018) (Figure 6).

Weathering, by altering the composition of the original oil, changes

the oil’s physical, chemical, and biological (including toxic)

properties, its distribution throughout the environment, as well as

its response effectiveness to remediating measures.
Toxicity

For example, if fresh light oil, which is relative volatile,

contains more water-soluble components, floats and is not

very viscous, is spilled onto the sea surface, it easily spreads

out from the source. These characteristics also imply that fresh

light oil has a high potential for interactions with the many

various phases and ecosystems as outlined in Figure 6. Fresh

light oil is therefore often considered the most environmentally

dangerous form of spilled oil because exposure pathways depend

on the presence of oil in the respective ecosystems. Fresh oil

exists mainly near the source, where concentrations are highest

in the air, water column and on the water surface. As time

passes, weathering allows the oil’s hydrocarbon compounds to

not only be transformed, but also become diluted and dispersed

by spreading. Toxic effects are very dependent on concentration,

thus the perception that fresh light oil is more dangerous than

weathered oil is based on both exposure as well as high
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concentrations before dilution. However, many exposure

pathways are only now being discovered, e.g., grazing on

marine oil snow (Podgorski et al., 2018; Van Eenennaam et al.,

2018), or the increased solubility, potentially higher

bioavailability, and toxicity of products of photooxidation

(Zito et al., 2019). Therefore, this assessment of relative

environmental danger may well be modified as we learn more

about oil’s interactions in the environment.
Oil residues

As fresh oil weathers, it loses volatile components, including

the more water-soluble components (i.e., the benzenes and

naphthalenes), and the weathered oil residues become more

viscous, emulsified and are more likely to glob or stick together

as opposed to spreading out in a thin film while floating. Over

time, weathering continues until much of its mass has been

degraded, lost, or diluted to below detection, leaving behind solid

residues like tarballs, tarmats, surface residue balls (SRBs),

vegetated tar mats, or highly oxidized solid residues that form

sinking particulates.
Emulsification

During the weathering process, much of the floating liquid oil

will mix with water and can emulsify especially after

photooxidations, forming a viscous mixture. Emulsified oil is also
FIGURE 6

Weathering encountered by spilled oil in different physical phases (gases, liquids, solids) in the marine environments following a well blowout.
Remedial actions influence the partitioning into the different phases and the subsequent fate of the spilled oil. The figure does not include a
possible methane hydrate solid phase that may develop in deep water. The term biomass refers to all living organisms in the marine
environment as well as those organisms produced from metabolism of the spilled oil hydrocarbons.
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somewhat more difficult to remediate by skimming, dispersing, or

burning. Emulsified oil is sticky and causes adverse effects mainly

through covering or smothering as opposed to toxic interactions.

However, if emulsified oil is ingested through, for example, the

preening of feathers, it can have significant toxic effects on internal

organs. Heavily emulsified oil is slower to degrade and will stay in

the environment longer (i.e., be weathered slower) than non-

emulsified liquid oil. Once stranded on shorelines, most

emulsified oils are generally heated by the sun’s energy, causing

the emulsifications to separate back into water and spilled viscous

black oil residues that mixes with sand/sediment forming surface

residue materials (Warnock et al., 2015), which covers rocks and

other solid surfaces, or forms vegetated oilmats in coastal wetlands.
Weathering at depth

Oil spilled into deep-water environments also undergoes rapid

weatheringprocesses that initially include dissolution of the soluble

light aliphatic (highly labile C1 to C10 fraction) and one to three

ringed aromatic compounds from the liquid oil (the C1 to C10 and

C10 to C25 fractions). Liquid oil droplets are buoyant and ascend to

the surface. However, micro- droplets experience flow resistance

from the water column and become essentially neutrally buoyant.

These tinydroplets of liquid oil are advected away fromtheir release

point along with dissolved components including the emitted

natural gas by deep-water currents (Gros et al., 2017; Payne and

Driskell, 2018; French-McCay et al., 2018a, French- McCay et al.,

2018b; Malone et al., 2018; Pesch et al., 2018; French-McCay et al.,

2021). Both dissolved hydrocarbons and liquid oil micro-droplets

can interact with marine snow and mineral particles and settle

towards the seafloor in association with sinking aggregates

(Lombard et al., 2013; Adhikari et al., 2015; Vonk et al., 2015;

Adhikari et al., 2016b; Yan et al., 2016; Yan et al., 2016;Wirth et al.,

2018; Adhikari et al., 2019). The tiny oil droplets can also undergo

biodegradation, both in the water phase and when deposited onto

bottom sediments or can be ingested and metabolized by deep-

water organisms (Brakstad et al., 2015).

Polycyclic Aromatic Hydrocarbons (PAHs)
Of all the compounds in crude oils, PAHs are of greatest

environmental concern because of their reactivity and toxicity

when oxidized by mixed function oxidase enzymes in marine and

terrestrial organisms (NRC Oil in the Sea 1985 and 2003). The

chemical composition of PAHs in oils, and consequently their

ability to inflict harm to marine and terrestrial communities,

dramatically changes during weathering. The toxicity of oil’s

hydrocarbon components depends upon the specific types of

interactions with organisms, routes of exposure, and the

component’s concentration. Typically, toxicity is estimated from

the concentrations of aromatic compounds (i.e., PAHs) in oil and

the various environmental phases, shown in Figure 5, 6, as

determined from the quantitative analyses of a selected group of
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toxic aromatic molecular structures known as the “target

aromatic compounds”.

The 5-6 ringed PAH aromatics and the resin/asphaltene

portion of crude oils are insoluble and not rapidly biodegradable

even in aerobic environments. Interestingly, all oil compounds,

rapidly biodegradable or not, can ultimately be anaerobically

degraded very slowly when deposited in sediments lacking

oxygen, i.e., anoxic conditions (White et al., 2012; Montagna

et al., 2013; Fisher et al., 2016).

PAH compounds in the environment originate predominately

from two sources, petroleum (petrogenic sources) and combustion

of fossil fuels or biomass (pyrogenic sources). Figure 7 provides an

overview of the specific concentrations and distributions of the

target PAHs in fresh Macondo oil (PAH profiles) and several

environmental samples as these spilled compounds weathered

during exposures to the elements. Also shown are the total

concentrations and profiles of environmental PAHs in a surface

sediment (in the lower left frame) that were produced by pyrogenic

sources such as marsh fires or combustion of fossil fuels. As shown

in the top part of Figure 7, petrogenic PAHs have relative low levels

of the unsubstituted 2 to 6 ringed parent PAH compounds and

substantiallymoreof theC1 toC4alkyl homologsof theparentPAH

compounds. Conversely, pyrogenic derived PAH compounds are

characterized by much higher levels of the parent unsubstituted

PAH compounds and less of their respective alkyl homologs as is

shownon the bottom left side of Figure 7. The right side shows that,

as petrogenic PAHsweather, the two and three ringed PAHs in oils

are lost first, and the parent and C1 alkyl homologs are lost more

quickly than theC2 toC4 alkyl homologs (orange lines),whereas the

four to six ringed PAHs are the last to be removed by weathering.

The presence and isomeric position of alkyl substitutions in PAH

will influence their rates of biodegradation, and photooxidation

(Aeppli et al., 2014; Radović et al., 2014; Albaigés et al., 2016).

Finally, peri-condensed structures (e.g., pyrene and benzo[a]

anthracene) are more sensitive to photooxidation than cata-

condensed ones (e.g., fluoranthene and chrysene) (Radović et al.,

2014). High molecular weight (HMW) PAH compounds are

generally associated with solid insoluble residues from oil

weathering, and this insolubility limits their routes of exposure

(Shigenaka et al., 2015; Adhikari et al., 2016a). By examining not

only the quantity of PAHs in environmental samples but also their

relative compositions (i.e., compositional profiles), scientists can

infer their source (natural vs petrogenic vs pyrogenic) as well as

assess their respective toxicities and potential routes of exposure

(through water solubility and/or ingestion of oil residues).
Photooxidation

Sunlight causes photooxidations of the oil’s hydrocarbons

into oxygenated analogs, and these oxy hydrocarbons have three

main fates (Ward and Overton, 2021; Overton et al., 2021;

Freeman and Ward, 2022). Some of the photo oxygenated

compounds are water soluble and rapidly dissolve. Some
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newly formed oxy hydrocarbons act as surfactants, which allows

and promotes formation of water in oil emulsions. A large

portion of oxy hydrocarbons formed from photooxidations are

soluble only in the weathered liquid oil residue. These oil-soluble

oxy hydrocarbons become a component of the very viscous

resin-asphaltene fractions of the weathered oil residues, thus

dramatically changing the oil’s residue into a solid, very water

insoluble material that only very slowly weathers further.
Biological interactions

Biological processes are a major contributor to stranded and

below the surface oil weathering. Preferentialmicrobial degradations

of specific compounds change the composition and characteristics of

the oil. Additionally, in the presence of soluble oil compounds,many

microbes release exopolymeric substances (EPS) that act as

emulsifiers, surfactants, or dispersants (Rahsepar et al., 2016; Quigg

et al., 2016; 2020; Bacosa et al., 2018; Bera et al., 2020). SuchEPSmay

coat oil droplets or form aggregates that scavenge oil droplets and

function as microenvironments. Dissolved oil compounds may sorb

to biogenic or lithogenic particles in the water column and droplets

maybe included into sinkingmarine snow,which transports them to
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the seafloor (Brooks et al., 2015;Daly et al., 2016; Romero et al., 2015,

2017). Such sedimentation of weathered liquid oil droplets, which

usually are less dense than seawater, leads to the oil residue’s sinking

and exposure to deep-sea benthic organisms (Montagna et al., 2013;

Fisher et al., 2016). Biodegradation rate is thought to be enhanced

within the microenvironment of marine oil snow (Wozniak et al.,

2019). In addition, the presence of marine snow-oil aggregates can

potentially slowdown the degradation of hydrocarbons in sediments

(Rahsepar et al., 2017; Rahsepar et al., 2022).
Changes in the composition of the
DwH surface oil during weathering

Weathering of floating surface oil

During the DwH spill, oil droplets merged when reaching

the sea surface, forming oil slicks and eventually oil streamers

with vast areas of the northern Gulf’s surface covered by sheens

(MacDonald et al., 2015). Because rising times of oil droplets

ranged from three to four hours to >100 hours, the degree of

weathering of the oil when it reached the sea surface varied.
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FIGURE 7

Chemical compositions and compositional profiles of Petrogenic and Pyrogenic PAH compounds typically found in environmental samples,
such as sediments collected from coastal marshes impacted by the 2010 DwH oil spill. (A) shows the PAH quantitative composition and
composition profile of the source MC252 liquid Riser oil. The arrows indicate the relative quantities of un-substitutes or parent PAH compounds
and the red dashed lines show portions of PAH compounds found with two and three rings and with four rings; (B) shows PAH quantitative
composition in a sediment core sample containing no evidence of oil contamination, i.e., no hopane/sterane biomarker compounds and with
parent PAH concentrations much higher than its alkyl homologs; (C–F) show PAH quantitative compositions and profiles in progressively more
weathered oil residues (from top to bottom) extracted from coastal marsh sediments.
frontiersin.org

https://doi.org/10.3389/fmars.2022.928576
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Overton et al. 10.3389/fmars.2022.928576
Smaller droplets were much more depleted of their aromatic

content than larger ones because their rising speed was slower

and because their ratio of surface area to volume larger. The

application of dispersants at the wellhead, as during DwH, can

additionally increase the partitioning of low-molecular weight

aromatics (BTEX) to the water column (Jaggi et al., 2020). Once

at the surface, rapid evaporation and photooxidation changed

the composition of the floating oil, and thus it’s physical and

chemical properties including its density, viscosity, and ability to

interact with water to form emulsions (Stout and Payne, 2016b).

In addition, it is possible that the use of in-situ-burning (ISB)

contributed to the formation of oxidized species that partitioned

as dissolved organics into the water column (Jaggi et al., 2019;

Tomco et al., 2022), akin to what has been observed for some

photooxidation products (Liu and Kujawinski, 2015; Zito et al.,

2019). In addition, a portion of gaseous oxidized products of ISB

can solubilize in the atmospheric water phase and be recycled

back to the sea surface with rainfall.

Oil composition, collected from the floating oil slick at the

sea surface off the coast at the mouth of the Mississippi River to

when the floating oil stranded on coastal marshes are shown in
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Figures 8, 9. These compositional profiles reflect the results of

the different weathering processes and weathering times before

collection in early June 2010. Figure 8 compares the

compositional details for two oil samples collected near coastal

Louisiana in late May and early June of 2010.

Photographs documented the typical appearances of floating

and near surface oil (Figure 8).The hopane-normalized emulsified

oil slick (Figure 8A) was 66% depleted and the percent aromatics

divided by total alkane and aromatics was slightly elevated (13 vs

14) when compared to Macondo source oil (definition of hopane-

normalized depletion is in Stout et al., 2017). However, the oily

material suspended just below the surface was hopane-normalized

depleted by ~96% and their percent aromatics divided by total

alkane and aromatics ratio was just 2.6%, indicating that light

aromatic compounds had been preferentially removed compared

to alkanes from this oily residue. These near surface oily residues

were probably from small droplets of liquid oil that had been

extensively water washed during their slow transit to the surface

with preferential removal of the more water-soluble aromatic

compounds compared to similar sized alkanes. Note that the

alkane distribution of this near surface material was much less
FIGURE 8

Photos of typical floating emulsified oil (A, B) and suspended just below the surface oil particles (C, D)with their respective alkane chromatograms (E,
F) and PAH compositional profiles (G, H). The inserts in the alkane chromatograms are blow-up portions showing the n-C17/pristine and n-C18/
phytane pair of petrogenic compounds used to indicate microbial degradation in samples. The subsurface oil flock shows very limited initial
biodegradation as compared to no biodegradation of the floating surface oil emulsion. Numbers in red are percent hopane normalized depletion, and
in blue are percent sum of target aromatics divided by the sum of aromatics and alkanes. In the source oil, this ratio is ~13%. The subsurface flock was
significantly degraded of its light PAH compounds when compared to the floating emulsion. However, the floating emulsion has lost to evaporation
light alkanes below C13 when compared to the subsurface flock. PAHmethyl isomer homolog profiles of phenanthrene, pyrene and chrysene (G, H)
showed weathering in the subsurface flock sample when compared to the floating slick. The samples and pictures were collected and taken offshore
from the Birds Foot delta of the Mississippi River during two research cruises in June 2010.
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impacted by evaporation when compared to floating oil

emulsions. Chemical analysis of hundreds of Natural Resource

Damage Assessment (NRDA) samples from the surface and near

surface oil (Stout and Payne, 2016a) also revealed that the floating

oily residues were heavily depleted of aromatics compounds

compared to saturates.

Before stranding on beaches and in coastal marshes, floating

oil was subjected to extensive evaporation and photo induced

oxidations (Ward et al., 2018; Ward and Overton, 2020). Figure 9

compares the compositional profiles of surface floating oil samples

collected near the mouth of the Mississippi River in early June

2010 to similar compositional profiles of recently stranded oily

material collected from the marsh shoreline in Barataria Bay,

Louisiana (Nixon et al., 2016). The floating oils exhibit an increase

in the chromatograms unresolved compounds in addition to

evaporative loss of their normal alkanes below ~C13 and most

of the naphthalenes and fluorenes PAH compounds. However, the

ratios of the n-C17 to pristane and n-C18 to phytane was like that

in the source oil (n-C17/Pr = 1.5 and n-C18/Ph = 2.3), meaning

these oil samples had not been subjected to biodegradation. Oil

residues were subjected to biodegradation only after stranding if
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deposited in a way that allowed ready access to nutrients and

oxygen. The rapid uptake of oxygen to form oxidized petrocarbon

compounds in floating oil residues with little change in

biodegradation indicators, suggests the oxidations at the surface

were photochemically catalyzed and not from microbial

degradation (Ward et al. (2018). This matches well with the

rapid loss of two and three ringed PAH compounds seen in

floating oil residues (Stout et al., 2017) (Figure 9). Photo

oxidations supported formation of emulsions, which increased

the viscosity of floating oil (Payne and Phillips, 1985).

Photooxidation also produced water soluble oxidized

petrocarbon compounds, like carboxylic acids from alkanes,

PAH alcohols, ketones, and sulfones (Patel et al., 1979; Overton

et al., 1980; Niles et al., 2019; Zito et al., 2019; Freeman andWard,

2022). Many of the higher molecular weight photo-oxidized

hydrocarbons, instead of being soluble in water, were soluble in

the oil residues and became a significant component of the oily

residue’s mass (Ward et al., 2018; Ward et al., 2019). Others

solubilized and became a part of the dissolved organic matter,

DOM (Liu and Kujawinski, 2015). These amphiphilic oxy

hydrocarbon compounds enhanced the floating oil residue’s
FIGURE 9

Compositional profiles of typical oil residues collected floating near the mouth of Mississippi River (A) and stranded oil residues on the shoreline
of Bay Jimmy Louisiana (B) in 2010. The numbers in red are the hopane calculated depletion of the hydrocarbon residues compared to source
liquid oil samples collected from the riser pipe. Similarly, the numbers in blue are the ratios of the sum of the target aromatic to total targeted
aromatic and alkane hydrocarbons which is around 13% in the riser oil sample. The n-C17/pristane and n-C18/phytane ratio in floating oils show
little change from that found in the liquid riser oil, implying essentially no biodegradation in floating oil (the top left inserts in each
chromatogram). The same ratios found in stranded oil residues show significant depletion of the normal alkanes (first peak of each doublet)
when compared to the pristine and phytane peaks (second compound in each doublet) indicating microbial depletion of normal alkanes in
preference to isoprenoid alkanes. The stranded oil had lost significantly more of the two and three ringed PAH compounds relative to the four
ringed PAH compounds when compared to floating oil residues.
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ability to entrain water and become emulsified, as well as

increased its viscosity. Further, these oxy hydrocarbons added to

the oil residue’s matrix (i.e., the recalcitrant C25+ fraction) and

changed the chemical properties of the photooxidized oil residues.

This chemical transformation towards more polar hydrophilic

products on the surface of the floating emulsions potentially

lowered dispersant effectiveness (Ward et al., 2019). Stranded oil

residues coated marsh grasses and formed thick vegetated oil mats

that continued to be weathered eventually turning into insoluble

solid material coating the impacted marsh surfaces and grasses

and persisted until at least 2018.

The production of EPS (exopolymeric substances) by

microbes, as a response to oil exposure, also influenced the

expression, appearance, and fate of oil at the surface (see pictures

in Figure 10). Likely, the cocktail of oxidized water-soluble oil

compounds triggered the production of EPS by microbes (Xu

et al., 2018a; Xu et al., 2018b, and Xu et al., 2019). Details of

specific EPS-oil interactions are only slowly coming to light

because of the complexity of both oil and EPS composition (Xu

et al., 2018a; Xu et al., 2018b, and Xu et al., 2019 and references

therein). During the spill, large mucus-rich particles formed that

had a 14C isotopic signature identical to that of the spilled oil

(Passow et al., 2019). These appeared to act as biofilms, allowing

complex bacterial communities to grow, giving them access to

oil and degradation products. Whereas these large bacterial oil

agglomerations (BOA) initially floated at the surface, ballasting

particles eventually attached to them, and this mucus-rich,
Frontiers in Marine Science 15
bacterial marine snow sank. Sinking of BOAs and other

marine oil snow has been referred to as MOSSFA: marine oil

snow sedimentation and flocculent accumulation (Daly

et al., 2016).
Weathering of stranded oil

Compositional changes associated with the weathering of oil

that stranded on shorelines are outlined in Figure 11. These bulk

compositional changes occurred during the oil’s transit from

floating offshore to stranding on sandy beaches and in coastal

marshes (Wang and Roberts, 2013). This diagram functionally

splits floating oil residues into two fractions, the labile C10 to C25

and the recalcitrant C25+ fractions while assuming that

essentially all components in the very labile C1 to C10 fraction

had been lost to evaporation and dissolution prior to stranding.

The labile C10 to C25 fraction of light floating oil was composed

of normal, branched, and cyclic alkanes and two to four ringed

parent and alkyl homolog PAH compounds. These chemicals are

susceptible to rapid weathering losses caused by evaporation,

dissolution, and photo and microbial weathering (Bagby et al.,

2017). Most of the floating oil emulsions had been weathered by

evaporation and photooxidations with little biodegradation

(Ward et al., 2018) as is seen in the unchanged normal to

isoprenoid ratios in the floating oils. Once stranded, liquid oil

residues stayed on the marsh surface and were mostly weathered
FIGURE 10

Photos of an emulsified surface slick and bacteria-oil agglomerations (BOA) suspended in the Gulf of Mexico water column just below the
surface. The center picture insert (E) is a close-up of the EPS (extra polymeric substances) produced in a laboratory experiment showing the
initial formation of MOS particles (marine oil snow) Pictures (A–C, F–H) were kindly provided with permission by the Oceans Future Society.
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by tidal washing, and microbial oxidative processes. These

microbial degradations were indicated by the reduction of the

n-C17 and n-C18 compounds compared to their respective

quantities of the isoprenoid hydrocarbons pristane and

phytane in stranded oil residue samples.

Figure 12 shows alkane chromatographic and PAH

compositional profile data in recently stranded oil residue

(Figure 12A), as well as a residue found in the top 5 cm of a

sediment core collected in 2010 from an impacted coastal marsh

(Figure 12B) and buried/entrapped oil residue collected

subsurface from a fiddler crab burrow sampled in

2016 (Figure 12C).

New research has shown that photooxidations of floating oil

add to the C25+ fraction by production of oxy compounds that

are soluble in the oil, not volatile, and insoluble in water (Niles

et al., 2019). Heavily photochemically weathered floating oil

residues contain large portions of C25+ chemicals (range) that

are not readily lost during weathering, and that have a viscous

solid-like appearance and that stick and coat surfaces when

stranded on shorelines. Consequently, the shorelines along the

northern Gulf were impacted not by a light crude oil, but by an

emulsified oil that resembled the composition of a moderate to

heavy crude oil. This stranded oil residue contained significant

portions of “resin, asphaltenic and oxy hydrocarbon” material

(heptane insoluble compounds) in addition to small quantities

of its readily weathered C10 to C25 compounds and the target
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alkanes and larger PAH and alkyl PAH compounds in the C25+

fraction. The implications of this stranded oil’s composition

were that a large portion of the stranded material did not get

significantly removed from the environment by traditional

weathering. Stranded oil on beaches was removed by

mechanical cleanup machines. However, stranded oil in marsh

environments, inaccessible to mechanical cleanup equipment,

retained oily mats even through 2020. Something similar has

been observed in the aftermath of the Ixtoc-1 spill (1979), a

historic analog of the DwH, when a portion of surfaced oil ended

up in marshy, sub-oxic mangrove environments of the Yucatan

peninsula, where residues of Ixtoc-1 oil have been recently

found, almost 40 years after the spill (Radović et al., 2020).

Depending on physical dynamics, sunken oil residues were

buried in intertidal areas off sandy beaches. These submerged oil

residue mats degraded very lowly, largely because of their limited

water solubility and limited access to oxygen and nutrients.

Coastal erosion processes subsequently dislodged these buried

submerged oil residue mats during passage of storm and weather

fronts. A portion of this dislodged oil residue material was

washed upon beaches as tarball like oily residues and surface

residue balls following the storm events. Such events of

dislodging buried oil residues lasted for several years following

the DWH spill and caused episodic re-contamination of coastal

areas with small globs of heavily weathered oil residues mixed

with sand and detritus (i.e., surface residue ball). Deposited
FIGURE 11

An overview of the bulk composition of Deepwater Horizon Oil calculated from simulated distillation data for the liquid source oil. The fresh
floating oil sample was estimated from the chemical composition of target alkanes and PAH compounds, assuming that natural gas and very
volatile compounds were rapidly lost during the transit of oil drops to the surface. The composition of average floating oil and average stranded
oil was estimated from the target compound concentrations as presented in Stout et al., 2016, assuming 50% of the labile C10 to C25 fraction
was lost and most of this 50% was converted to oil soluble oxy hydrocarbons that become a component of the C25+ fraction (Ward et al.,
2018). Once stranded, oil residues were subjected to biodegradation with daily water washing by tidal flushing converting components of the
labile C10 to C25 fraction into CO2 and biomass.
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shoreline oil poses exposure risk to intertidal organisms and

bivalves such as oysters and clams.

As emulsified weathered and floating oil approached coastal

wetlands, particularly at high tides, the oil slicks were washed

into and onto coastal grasses, coating the leaves, stems, and

sediments typically 10 to 30 meters inland from the marsh edges.

Initially, before continued weathering and during the subsequent

tidal cycles, some of the stranded oil was moved to previously

unoiled coastal marsh areas. This movement of stranded oil on

marshes did not significantly penetrate horizontally into marsh

structures but remained mostly associated with the first 10 to 30

meters of marsh shoreline. The exception occurred during tropical

weather events, when exceptional high tides and high wind energy

distributed oily residues throughout previously unoiled interior

marsh areas, albeit at much lower and diluted levels of

contamination. A small fraction of these shoreline stranded oily

residues, perhaps 2-3%, were washed by tidal action back into the

first 50 meters or so of offshore/near shore bottom sediments

(Michel et al., 2013; Lin et al., 2016; Willis et al., 2016).
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Continuous coastal erosion in coastal Louisiana increases this

process, releasing buried shoreland stranded oil residues back into

the waters as the coastline eroded. All residues were heavily

weathered and depleted of their PAH content by >97% when

sampled. However, target PAH concentrations were still an order

of magnitude above pre spill concentrations in 2011/2012 (Turner

et al., 2014, Turner et al., 2019) in areas associated with impacted

coastal marsh sediments.

Oil residues in marshes showed two distinct weathering trends

(Figure12). Samples generally containingelevated levels of solid likeoil

residues that were globed together or coated on vegetative leaf

structures (oily mats) showed less weathering than samples

containing low levels of dispersed oil on sediment particles. Most of

the stranded viscous thick oil residues forming the mats stayed on the

marsh surface andwere furtherweathered slowly by tidal washing and

mostly microbial oxidative processes. Even the composition of the

recalcitrant sterane petroleum biomarkers were altered by weathering

in these surface oily vegetatedmat samples. The eventual composition

of these highly weathered oily residues, that made up the vegetative
FIGURE 12

Diagram estimating the composition of Deepwater Horizon Oil residues in three fractions as this spilled oil undergoes compositional changes
during weathering. These fractions are: C1 to C10, containing hydrocarbons that are low molecular weight compounds and will rapidly be lost to
evaporation and or dissolution, this fraction has been depleted in stranded oil residues; C10 to C25, containing moderate molecular weight
hydrocarbon and NSO compounds that are susceptible to loss by evaporation, dissolution, microbial weathering and to photo oxidative
production to oil soluble and water soluble oxy hydrocarbons products; C25+, containing higher molecular weight hydrocarbons and NSO
compounds such as the 5-6 ringed PAH compounds and also includes resins, asphaltenes and oil soluble oxy compounds. As the relative
composition of C25+ fraction gets larger, the oil residues become much more viscous, even solid, and are sticky, covering and coating stranded
shorelines with an oily material that degrade very slowly. The oil residue shown on the right is from oil entrapped below a surface tarmats in an
anaerobic zone, undergoing very slow anaerobic degradation, and still being liquid oil in 2016. The residue on the left is from a surface tarmat
that had been heavily weathered, with little C10 to C25 fraction remaining in 2010. The top profile data show the typical chemical composition of
weathered liquid oil that came ashore in 2010.
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mats, contained hydrocarbon and oxy hydrocarbons founds in the

recalcitrant C25+ fractions and retained only small amounts of the

labile C10 to C25 hydrocarbon fraction.

In heavily oiled areas of the coastal wetlands, some of the

thick emulsified oil on the original marsh surface was also

trapped/buried under oiled vegetation mats and wrack. Some

of this oil residue became re-buried over time by sediments/soils

(Zengel et al., 2016). Figure 13 outlines the compositional

profiles of four oil residues that were initially stranded in 2010

but were collected from the same location in the Bay Jimmy area

of Barataria Bay, Louisiana in 2016. Surface sediment cores

(vegetated tarmat material and oiled sediments) that had been

extensively weathered are shown in Figures 13C, D. The upper

right sediments showed extensive weathering including changes

in the sterane biomarker profiles, in addition to loss of portions

of the C1 to C3 alkyl chrysene isomer. Tarmat weathering

(Figure 13D) showed less significant loss when compared to

oil residues on sediments. This pattern of more severe

weathering was generally found in sediment cores with small

amounts of oily residues when compared to, for example, the

oily residues of the vegetated tarmat material.

A small but significant portion of the initial stranded liquid oil

residue in 2010 was trapped below surface in coastal fiddler crab

burrows and under surface oil residue vegetatedmats. This trapped

oily material, shown on the Figure 13A, B, weathered very slowly

under anaerobic conditions, meaning there was little loss of target

alkaneandPAHcompounds andbiomarkersover at least a six-year

period since 2010 (i.e., in the labileC10 toC25 fraction).TheC1 toC3
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isomer profiles of the alkylated chrysene homologs are also shown.

Note that the subsurface isomer profiles were not modified when

compared to those in the source oil (as shown inFigure 4),while the

heavily weathered surface oil residues showed marked weathering

of the chrysene isomer homologs. Interestingly, anaerobic

degradation of the samples on the Figures 13A, B changed the

PAHprofiled over a six-year time frame, but the isomeric profiles of

the alkyl chrysenes in this 6-year weathered oil closely resembled

the isomeric profiles of the initial spilled oil, highlighting the

differences between aerobic and anaerobic metabolisms.

Rapid weathering of the stranded oil residues in and on coastal

marshes occurred mostly over a three-year period, reducing the

quantityofdetectableoil residues tonear background levels by 2014

(Turner et al., 2014a; Turner et al., 2014b; Fleeger et al., 2015). The

solid oily residues in coastal marshes were extensively weathered

(depleted) of their target petrogenic PAH and alkane content, and

these residues contained, in addition to their resin and native

asphaltene content, high molecular weight oil soluble oxygenated

hydrocarbon compounds photochemically produced in the

floating oil prior to stranding (Ward et al., 2018; Ward et al.,

2019). These vegetated tarmats covered anaerobic zones containing

moderately weathered liquid oil residues in 2016 and beyond.

Figure 14 provides an overview of the saturate resolved and

unresolved hydrocarbon profiles, the PAH concentration

profiles, total PAH quantities in ppm, and the percent 2 and 3

ringed PAHs of total PAH compounds in representative samples

of stranded oil residues during 2010. Two additional samples

were collected in 2016, one of the surface vegetated tarmat and
FIGURE 13

Outline of the compositional profiles of four oil residues stranded in coastal marshes in Bay Jimmy area of Barataria Bay Louisiana. The surface
soil/sediment core samples impacted by the stranded DwH oil were collected in July 2016. Surface oil residues on sediments (A) and vegetated
tarmat (B) were heavily weathered aerobically. Small amounts of stranded oil were trapped in abandoned fiddler crab burrows and under heavily
weathered vegetated oil residues mats laying on the marsh shoreline when stranded in 2010. These latter stranded oil samples (C, D) underwent
very slow anaerobic degradation over time when compared to surface oil residues in aerobic sands and sediments.
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the other from liquid oil seeping from beneath the vegetated

tarmat. Oil residues in surface samples, exposed to frequent tidal

washing with oxygenated seawater, weathered very quickly,

typically by the end of September 2010. In contrast, the

composition of the vegetated tarmats changed very little

between September 2010 through 2016. However, the tarmats

covered portions of oil residues stranded 2010 in an

environment depleted of oxygen (Zengel et al., 2015). This oil,

trapped in anoxic environments, was only very modestly

weathered when sampled in 2016. Further, vegetated oil

residue mats inhibited the growth of marsh grasses, causing

erosion of the coastline (Lin et al., 2016; Zengel et al., 2016). The

fate of the solid oil residues on vegetated mats that have been

eroded has not been established.
Summary overview of oil residue
compositions in various
compartments

Oil’s initial composition

Petroleum that entered the waters of the Gulf of Mexico

from the Macondo well blowout caused by the Deepwater

Horizon disaster was a mixture of natural gas and a liquid oil
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saturated with natural gas. Shortly after release from the well’s

damaged blowout preventer and ruptured piping, the natural gas

dissolved into the surrounding water column and was advected

away from the release point generally to the southwest. Much of

the liquid oil, which had an initial density of ~0.82 g/ml, rose to

the surface with speeds determined by drop sizes. Some small

portion of the liquid oil drops, those with very small diameters

(<0.1mm), experienced buoyancy rising resistance from the

water column and were also advected from the wellhead’s

location by deep sea currents. The dissolved natural gas and

suspended liquid oil micro droplets (i.e., naturally dispersed oil)

formed an intrusion plume ~200 meters above the initial

seafloor location around the wellhead. The liquid oil micro

droplets and dissolved natural gas moved towards the

southwest and their components were detectable during the

active portion of the release, from April 22 until capping on July

15, 2010, and for several months thereafter (Stout and

Payne, 2016b).

Some of the petroleum fluid emitted from the blowout site

was directed through a “riser” collection pipe to surface vessels

and recovered. Natural gas was separated and flared while the

liquid oil was collected. This liquid oil is the only portion that

was collected of the pure liquid oil from the Macondo reservoir

and is generally known as the Riser or Source Oil. Other “oil”

samples were collected as either water or sediment samples

containing liquid oil. These latter types of samples present
FIGURE 14

Overview of the alkane and PAH compositional trends for weathering of Macondo oil once stranded on Louisiana coastal marshes through the
summer of 2010 and extended to 2016. Oil stranded in 2010 was weathered rapidly in aerobic environments with daily tidal surface washing
with oxygenated seawater. A portion of the stranded oil was buried below vegetated surface tarmats and in fiddler crab burrows in anaerobic
conditions, and this oil weathered much more slowing with compositional profiles in 2016 similar to recently stranded 2010 oil residues.
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issues related to accurately determining the fractions of very

volatile compounds (i.e., the C1 to C10 fraction) and semi and

nonvolatile compounds in the C10 to C25 and C25 + fractions,

which also contains non-GC amenable oil material such as

resins, asphaltenes, and oil soluble oxy hydrocarbons.

Figures 2, 3, 4 outline the compositions of the petroleum

fluids emitted from the wellhead as the liquid source oil

collected from the riser pipe. These initial bulk compositional

data are based on the Simulated Distillation analytical results

found in Stout and German (2018) and Aeppli et al (2018).
Oil’s components in water and sediment

In water and sediment samples containing oil residues, the

C1 to C10 fraction had been essentially removed by evaporation

and/or dissolutions. Therefore, the composition of freshly

floating surface oil, relative to the Riser fluid, can be estimated

to a first approximation as having lost most of its natural gas and

volatile organic compound (VOC) content (Figure 11, Stout and

German, 2018). Further, photochemical oxidation of

approximately half of the labile C10 to C25 fraction occurred,

and this oxidized material was converted into water-soluble

DOM (Freeman and Ward, 2022) and oil soluble oxy

hydrocarbon compounds that became components of the

recalcitrant C25+ fraction (Ward et al., 2018). The fractional

compositions of the average floating and stranded oil residues

was estimated to a first approximations from Stout and German

(2018) compositional data for the average floating and stranded

oil samples. The main point of this is that, as the surface floating

oil weathered by evaporation and photochemical oxidations

(Ward et al., 2018; Freeman and Ward, 2022), the liquid

floating oil residue was not only enriched in the high

molecular weight fraction (C25 +) but also emulsified. Thus,

the surface floating oily material that was stranded on beaches

and in marshes was composed of a very significant portion of

high molecular weight compounds that are solid in nature and

very resistant to rapid weathering. In essence, the material

stranded had lost 70 to 90% of the target alkane and PAH

content (mostly in the C1 to C25 fractions) when compared to

the liquid Riser Oil. Because the stranded oil was largely

composed of high molecular weight compounds, it was very

viscous, insoluble, and weathered slowly. Once stranded, oil

residues underwent further weathering as outlines in Figures 11,

12. Aerobic oxidations removed most of the remaining C10 to

C25 fraction within months and portions of the C25+ fraction’s

PAH analytes, while the remaining solid sticky C25+ fraction

persisted on stranded shorelines.

The composition of the weathered oil was significantly

changed by loss of components due to evaporation,

dissolution, and microbial and photo degradation (see

processes in Figures 5, 6). Further, photochemical catalyzed

oxidations of the oil’s components (Ward et al., 2018;
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Freeman and Ward, 2022) resulted in new oxy compounds

being produced, some were water soluble and many of these

compounds were soluble in the oil residue’s recalcitrant C25+

fraction (resin and asphaltene content) and became components

of the residue’s “insoluble in heptane fraction” asphaltene

fraction (i.e., the fraction functionally defined as the

asphaltene fraction of oil).
Oil weathering while floating
and stranded

The compositional differences of oil weathering in offshore

waters and after stranding on beaches and in marsh

environments is highlighted in Figures 8, 9. Offshore oil

weathered in the deep sea and coastal waters during the

summer of 2010 leaving behind oily residues containing

mostly the C25+ fraction compounds. Oil residues stranded on

beaches were mostly removed by physical labor and mechanical

equipment, leaving behind small amounts of solid surface

residue ball and some buried mats in intertidal zones. Oil

residues stranded on the first 10-20 meters of marsh shoreline

covered and coated marsh grasses causing thick viscous oily

vegetated mats to be formed. In general, the C10 to C25 fraction

of this surface oil weathered over 2-3 years, leaving behind solid

residues coating the vegetated mats, and some persist to this day

(see picture inserts in Figure 12). Portions of the marsh shoreline

were lost to erosion, presumably spreading the insoluble solid

oily residues as small particles around the estuary. This erosion

process was speeded up by weather events like Tropical Storm

Isaac (Bam et al., 2018). Oil residues entrapped under vegetated

mats or in fiddler crab burrows weathered very slowly under

anaerobic conditions, and small seeps of liquid oil can still be

found in heavily impacted marsh areas of Bay Jimmy (as is

shown in Figures 12, 13).

As oil weathers, its total amount is substantially reduced by

evaporation and dissolution, but the composition of the

remaining oil residue is also changed including by production

of oxygenated water-soluble and oil-soluble oxy hydrocarbons

(Ward et al., 2018; Freeman and Ward, 2022). The residue’s

physical, chemical, and toxic properties are thus altered. In

general, during weathering oils from the Gulf of Mexico go

from a volatile, soluble, non-viscous and less dense than water

mixture to a more viscous liquid that readily forms emulsions,

and finally to a very viscous or solid, insoluble in water and

sticky material residue. Concurrent with these changes in the oil

residue’s physical and chemical properties are the oil residue’s

ability to be biodegraded and photolyzed, and the speed with

which the residue further weathers. In general, for South

Louisiana Crude oils like the Macondo oil, initial weathering is

very quick, minutes to hours, with well over 50% being lost in

days to weeks. Weathering speeds of heavily weathered residues

depend upon temporal conditions in the environment, but are
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much slower, typically taking months to years. Very heavily

weathered oil residues, like the material that remains in coastal

marshes as vegetated mats, can remain for decades, as observed

in some analogous historic spill cases (Metula, Barge Florida,

IXTOC -1, Exxon Valdez, etc.).
Impacts

When oil is spilled, weathering processes reduce the quantity

of spilled material that can be identified as oil, and change the

residue’s chemical, physical and toxic properties. Impacts maybe

expected not only from exposure to the oil at the sea surface, but

also from potential exposures to the oil’s hydrocarbons that

moved into the air, the water column or onto particles. Over

time, hydrocarbon compounds are lost or transformed by

photochemical and microbial oxidations. Oxidation leads to

the formation of CO2, new biomass (bacteria via oil

metabolism), and new water-soluble oxy hydrocarbons

containing acidic, phenolic, ketonic, and aldehydic functional

groups. Some new oxy hydrocarbons remain as a water insoluble

component of the oil’s residue. As weathered residues spread

into various environmental compartments, weathering

continues, depending on the conditions of the new

environment, and thus the type of impacts also change.

Oil spills are acute events, having potential for causing

environmental impacts in the air, on the water’s surface, in the

water column and bottom sediments, and in organisms

inhabiting these impacted areas. However, as oil weathers, the

residue become resistant to further rapid compositional changes,

and this means that, if not removed by response personnel,

residues can remain in environments for extended time, causing

long term disruptions of impacted areas. The main point is that

most environmental consequences from oil spills are caused by

hydrocarbon material whose composition has changed, to lesser

or greater degree, when compared to the initial spilled material.

In many cases, the alterations represent significant

compositional alterations affecting the residue material’s

chemical, physical, toxic properties and affecting routes of

exposure, and thus their potential for environmental impacts

and remediations.
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Radović, J.R. (2021). “Chapter 7 - chemical assessments of sources, fate, and
impacts of marine oil spills,” in Marine hydrocarbon spill assessments. Ed. O.
Makarynskyy (Elsevier), 221–243.

Radović, J. R., Aeppli, C., Nelson, R. K., Jimenez, N., Reddy, C. M., Bayona, J. M.,
et al. (2014). Assessment of photochemical processes in marine oil spill
fingerprinting. Mar. pollut. Bull. 79 (1-2), 268–277. doi: 10.1016/
j.marpolbul.2013.11.029

Radovic, J., Xie, W., Silva, R., Oldenburg, T., Larter, S., and Zhang, C. (2021).
Multi-proxy assessment of surface sediments using APPI-P FTICR-MS reveals a
complex biogeochemical record along a salinity gradient in the Pearl River estuary
and coastal South China Sea. EarthArxiv.. doi: 10.31223/X5DP7P
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