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WHAT WAS RELEASED? 
Assessing the Physical Properties and Chemical Composition 

of Petroleum and Products of Burned Oil

ABSTRACT. The severity of oil spills depends on the quantity of material released and its 
physical and chemical properties. The total amount of petroleum spilled during the Deepwater 
Horizon incident and the relative fractions of the chemical compound classes of the Macondo 
oil were obtained by measurements, observations, and model calculations, with a significant 
amount of uncertainty. Because petroleum is an extremely complex mixture of many thou-
sands or more of gaseous, liquid, and solid constituents, full elucidation of their compositions 
at the molecular level is impossible with presently available analytical techniques. This paper 
reviews published work on widely used analytical techniques and points out that scientists’ 
varying approaches to research questions and preferences for methods of analysis constitute 
a source of uncertainty. In addition, the focus is on two technical advancements developed 
over the last two decades, namely two-dimensional gas chromatography and Fourier trans-
form ion cyclotron resonance mass spectrometry. Both were particularly valuable in the anal-
ysis of the spilled Macondo oil and its weathering products. Among the different processes 
of alteration of the original oil, only in situ oil burning is dealt with in this paper. This review 
reveals the paucity of data on this mitigation process and shows the need for more systematic 
coordination of methods in burned oil research studies.

By Jürgen Rullkötter and 

John W. Farrington

A localized 2010 in situ burning operation in the 
Gulf of Mexico created a large smoke plume. 
Reprinted from Gullett et al. (2016), Graphical 
Abstract, with permission from Elsevier.
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INTRODUCTION
The significance of the Deepwater 
Horizon (DWH) oil spill arises from the 
sheer quantity of petroleum released, 
uncontrolled, from the Macondo petro-
leum reservoir—it is the largest incident 
of this kind in history. Addressing the full 
impact of the released petroleum on Gulf 
of Mexico flora and fauna, coastal areas, 
and human health requires consideration 
of both the quantity and the chemical 
composition of discharged materials.

This paper addresses estimated quan-
tities of original petroleum discharged 
from the damaged DWH wellhead at 
the bottom of the Gulf of Mexico as well 
as the physical properties and chemical 
composition of the petroleum released 
into the environment. The complexity 
of petroleum, in itself, poses a barrier to 
conducting an analysis that everyone can 
agree upon. Investigators use their vary-
ing preferred methods, with attendant 
additional problems and uncertainties. 

The products that result from the 
burning of oil as a specific measure in 
oil spill response are a second aspect 
of this review; other papers in this spe-
cial issue examine the use of disper-
sants (Quigg et  al., 2021) and alteration 
of the original petroleum by physical 
(e.g., evaporation, dissolution), chemical 
(e.g.,  photo-oxidation by sunlight at the 
water surface), and biological processes 
(microbial transformation and degra-
dation), collectively called weathering 
(Farrington et al., 2021).

PETROLEUM
Petroleum is generated from the rem-
nants of (mainly) plant biomass in fine-
grained sediments deposited long ago in 
aquatic environments under low oxygen 
conditions. Upon progressive burial, the 
sediments are compacted into petroleum 
source rocks, typically at depths of sev-
eral thousand meters. Over millions of 
years, the organic material in these rocks 
is transformed into gas and oil under 
the influence of geothermal heat flow. 
Increase in pressure due to the conversion 
of solid material into gases and liquids 

forces these products out of the source 
rocks into more porous carrier rocks. The 
petroleum then migrates upward because 
its density is lower than that of pore 
waters. When it reaches a rock formation 
that is isolated at the top by an imper-
meable cap rock (like claystone or salt), 
it accumulates in a deep reservoir rock 
(e.g., Tissot and Welte, 1984; Hunt, 1996; 
Welte et al., 1997; Overton et al., 2016).

Petroleum is an extremely complex 
mixture of many thousands, if not mil-
lions, of individual constituents at the 
molecular level. As used by the oil indus-
try, petroleum is a collective term com-
prising gaseous (natural gas), liquid 
(crude oil), and solid (asphalt) compo-
nents. Due to co-dissolution effects and 
elevated temperatures, petroleum com-
monly exists as a single phase or in two 
phases (gas and liquid) in reservoirs.

Physical Properties
The most common physical properties 
used to describe petroleum are density, 
viscosity, and boiling point ranges. The 
density of crude oils is usually expressed 
as API (American Petroleum Institute) 
gravity, which is inversely related to spe-
cific density. Viscosity, a measure of a 
fluid’s internal resistance to flow at a given 
temperature and pressure, depends on 
the chemical composition of the petro-
leum, including the amount of dissolved 
gas it contains. The upstream oil indus-
try (i.e., refineries) uses the boiling point 
properties of crude oils to produce distil-
lation fractions (cuts) of defined boiling 

ranges, each with a mixture of different 
chemical compound types. These cuts, 
after further refinement, are the oil frac-
tions known as gasoline, kerosenes (jet 
fuels), fuel oils, and others.

A broad classification of petroleum is 
that of light or heavy oil, based upon vis-
cosity or API gravity (Table 1). According 
to this scheme, the Macondo oil of 40° API 
gravity spilled in the Gulf of Mexico in 
2010 is a light oil lean in sulfur content 
(<0.5% wt.; “sweet”; Reddy et al., 2012).

Chemical Composition – 
General Aspects
Analysis of spilled oil in terms of its ori-
gin and transformation by physical 
(evaporation, dissolution) or (bio)chem-
ical (photo-oxidation, microbial oxida-
tion, selected incorporation into biomass 
or other forms of metabolism) processes 
is in most cases targeted toward its chem-
ical composition rather than its phys-
ical properties. The common strategy 
applied as a first step, after evaporation of 
the most volatile components (topping), 
is to separate the complex mixture of 
oil components into compound classes 
by polarity using liquid chromatogra-
phy with various adsorbents on thin-​
layer plates, in gravity columns, or by 
medium-​pressure or high-​performance 
liquid chromatography. The compound 
classes usually obtained are saturated 
hydrocarbons (alkanes), aromatic hydro-
carbons (including some heteroaromatic 
species), resins, and asphaltenes (SARA). 
Saturates, aromatics, and resins com-

TABLE 1. Oil classification by API gravity ranges with a few examples from different sources. For 
comparison, water has an API gravity of 10°.

OIL TYPE API GRAVITY* EXAMPLES (API) REFERENCES

Condensate >45° Agbami, Nigeria (48°) Speight (2015)

Light oil 35°–45°
West Texas Intermediate (40°),  
Macondo (40°) 

Speight (2015) 
Reddy et al. (2012)

Medium oil 25°–35° Alaska North Slope (32°) Speight (2015)

Heavy oil 15°–25° Venezuela Heavy (17°) Speight (2015)

Extra heavy oil <15°
Tar sands: Orinoco, Venezuela (8°–12°),  
Athabasca, Canada (6°–10°)

Tissot and Welte 
(1984)

* API gravity = (141.5/specific gravity at 15.6°C) – 131.5
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prise a single solubility fraction, collec-
tively called “maltenes.” They are solu-
ble in alkane solvents (most commonly 
n-pentane or n-heptane), while the 
asphaltenes are isolated by alkane solvent 
precipitation (insolubility). Further sub-
fractions can be obtained by employing a 
number of more sophisticated techniques 
(e.g., Peters et al., 2005a).

Alkane (Figure 1) is a synonym for a 
saturated hydrocarbon (i.e.,  a chemical 
compound that contains only carbon and 
hydrogen and has no double bonds or 
aromatic units). Alkanes can be straight 
chains of CH2 groups with methyl (CH3) 
groups at the end (n-alkanes). They 
can have one or more alkyl side chains 
(branched and isoprenoid alkanes), or 
they can contain one ring or several rings 
(cyclic and polycyclic alkanes). Several 
of the polycyclic saturated alkanes like 
(tetracyclic) steranes and pentacyclic 
triterpanes are classified as biomarkers. 
Their presence and relative abun-
dance as well as their remarkable sta-
bility under weathering allow their use 
as fingerprints to gain information on 
the origin of crude oils and to distin-
guish crude oils from different sources 
(for fundamental background and over-
views see, e.g.,  Mackenzie, 1984; Brocks 
and Pearson, 2005; Peters et  al., 2005b; 
Gaines et al., 2009; Brocks and Summons, 

2014; Stout and Wang, 2018). Biomarkers 
(also termed biological markers, molecu-
lar fossils, fossil molecules, or geochem-
ical fossils) are organic compounds in 
natural waters, sediments, soils, fossils, 
crude oils, or coal that can be unambig-
uously linked to specific precursor mol-
ecules biosynthesized by living organ-
isms. The main reason for this specificity 
is that the bonds to the four neighboring 
atoms (carbon or hydrogen) are sterically 
oriented (tetrahedral). Thus, the rings are 
not planar as in aromatic hydrocarbons, 
but rather have a (sometimes slightly 
skewed) three-dimensional chair or boat 
configuration. Biosynthesis leads to spe-
cific steric orientation of several bonds 
in the biomarkers (chiral centers, opti-
cal activity). The orientation of some of 
these chiral centers is altered during the 
geothermal transformation of organic 
matter in petroleum source rocks (stereo-
isomerization) into thermodynamically 
more stable species, providing clues to 
the geothermal history (maturation) of 
the organic matter.

Aromatic hydrocarbons (Figures 2 
and 3) contain one or more hexago-
nal, six-​carbon ring structures with the 
equivalent of three conjugated double 
bonds; in reality, the electrons are not 
localized in three separate bonds but are 
shared among the six carbon atoms. As 

a consequence of the specific bond type, 
aromatic hydrocarbons are planar. In 
heteroaromatic compounds, a carbon 
atom in the six-membered ring is replaced 
by a nitrogen atom (e.g.,  pyridinic spe-
cies). Other heteroatom-​containing com-
pounds in petroleum have a sulfur, a nitro-
gen, or, less commonly, an oxygen atom in 
a conjugated five-​membered ring, either 
alone or adjacent to one or more aromatic 
ring(s). These classes of compounds are 
known as thiophenic (sulfur), pyrrolic 
(nitrogen), or furanic (oxygen). The term 
“aromatic” stems from the fact that many 
naturally occurring compounds that con-
tain aromatic rings have distinctive scents. 
Polycyclic aromatic hydrocarbons (PAHs) 
have two or more fused aromatic rings 
and can be quite large. PAHs occur in 
petroleum and form by incomplete com-
bustion of organic matter. They are com-
mon air and water pollutants. They can be 
toxic, carcinogenic, or mutagenic, and are 
relatively persistent in the environment. 
While most aromatic hydrocarbons in 
petroleum carry one or more alkyl sub-
stituents (methyl groups or longer alkyl 
chains such as those in the alkylated 
homologues of naphthalene, phenan-
threne, dibenzothiophene, fluorene, and 
chrysene; Figure 2), products of incom-
plete combustion are predominantly 
unsubstituted (parent) PAHs (Figure 3; 
see Yang et  al., 2014, for a recent over-
view). In this respect, the aromatic hydro-
carbon composition of petroleum differs 
from that in products of incomplete com-
bustion like those from oil that is burned 
during spill mitigation.

Resins (also called heterocompounds 
or N,S,O-compounds) are the most 
polar maltene fractions obtained by liq-
uid chromatographic separation of crude 
oils. The precise chemical structures of 
most of the individual components are 
ill-defined, but the elevated polarity of 
the resin fraction is due to the presence of 
heteroatoms like nitrogen, sulfur, oxygen, 
and metals (as in the petroporphyrins; 
Figure 1), as well as the larger molecu-
lar size of many of the compounds. Resin 
fractions are not commonly analyzed in 

FIGURE 1. Examples of common saturated hydrocarbon biomarkers and a nickel porphyrin in 
crude oils.
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detail, but their relative proportions are 
determined gravimetrically.

Asphaltenes, the most polar frac-
tion of crude oils, can be extracted from 
sedimentary rocks rich in organic mat-
ter by polar solvents as part of the total 
extract (bitumen). They are defined 
by their insolubility in alkane solvents 
(i.e.,  n-pentane or n-heptane) but solu-
bility in aromatic solvents (i.e.,  benzene 
or toluene). In chemical composition (in 
particular, molecular size and polarity), 
asphaltenes are intermediate between 
resins and kerogen, the insoluble high-​
molecular-​weight organic matter in 
petroleum source rocks. Representations 
of possible asphaltene molecular struc-
tures are found in the literature, but are 
highly speculative (e.g.,  Rullkötter and 
Michaelis, 1990; Snowdon et  al., 2016). 
Asphaltenes are obtained by precipita-
tion of a solution of crude oil in a small 
amount of a polar solvent following 
the addition of excess nonpolar solvent 
(n-pentane or n-heptane) before liquid 
chromatographic separation. The yields 
are solvent dependent (i.e., the less polar 
solvent n-pentane yields higher amounts 
of asphaltenes than the slightly more 
polar n-heptane). Thus, all these subfrac-
tions of crude oil are defined by the pro-
cedures used to separate them as well as 
by their chemical natures.

Quantities Released During the 
Deepwater Horizon Oil Spill
Quantification of oil and gas released 
over an 87-day period after the DHW 
accident from the Mississippi Canyon 
Block 252 (MC252) reservoir of mid-​
Miocene turbiditic sand was not straight-
forward. It required a combination of 
measurements, calculations, and math-
ematical modeling. According to the 
information provided in the review by 
Kujawinski et al. (2020), the broken well 
released 530,000 tonnes of oil (defined as 
hydrocarbons with six or more carbon 
atoms that are liquid at ambient pres-
sure). In addition, 170,000 tonnes of nat-
ural gas (hydrocarbons with five or less 
carbon atoms that are gases at ambient 

pressure) escaped near the seafloor, in 
1,500 m water depth at high pressure and 
with a temperature of about 100°C, into 
the overlying cold water column (Reddy 
et al., 2012; note that these amounts are 
approximate, and slightly different num-
bers can be found elsewhere in the lit-
erature; according to Lee et  al., 2018, a 
federal court ruled in January 2015 that 
“BP was liable for 3.19 M barrels of crude 
oil that leaked into the Gulf ” of Mexico).

The “live oil,” a technical term used 
by the petroleum industry for the reser-
voir-derived mixture of gaseous and liq-
uid petroleum components, was affected 
right after its release due to the change in 
pressure and temperature. Extensive dis-
solution of particularly the gaseous hydro-
carbons in the deep sea (Kessler et  al., 

2011; Valentine et  al., 2010) occurred in 
the subsurface plume at around 1,100 m 
water depth. Thus, according to Reddy 
et al. (2012), differences in calculated total 
amounts of petroleum released by various 
investigators are most likely due to dif-
ferent assumed gas-to-oil ratios (GOR). 
These different assumptions in turn relate 
back to variations in the composition of 
samples affected to different extents by 
dissolution processes (e.g., see differences 
in GOR in the two samples in Table 2).

The remainder of the petroleum 
reached the sea surface, where 140,000–
200,000 tonnes of the volatile com-
pounds (about up to the volatility of 
n-hexadecane) evaporated into the atmo-
sphere within 3–10 h of surfacing (Gros 
et  al., 2017; Ryerson et  al., 2012; Drozd 

FIGURE 2. Examples of structures of alkylated aromatic hydrocarbons, aromatic hydrocarbon bio-
markers, and alkylated heterocyclic aromatic hydrocarbons in crude oils.

FIGURE 3. Sixteen US Environmental Protection Agency parent polycyclic aromatic hydrocarbons 
(PAHs) plus benzo[j]fluoranthene and benzo[e]pyrene.
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et al., 2015) and 330,000–360,000 tonnes 
of the less volatile compounds spread 
over 11,000 ± 5,000 km2 (Ryerson et al., 
2012; Drozd et al., 2015; McDonald et al., 
2015; Gros et al., 2017), reaching a total 
of 2,000 km of coastline along five Gulf 
of Mexico states (Nixon et  al., 2016). 
Approximately 2%–20% of the total 
released hydrocarbons were deposited 
on the seafloor (Passow and Stout, 2020), 
primarily as oil residue. In response to the 
disaster, 2.9 million and 4.1 million liters 

of chemical dispersants were applied 
at the wellhead near the seafloor and at 
the sea surface, respectively (Lehr et  al., 
2010). These efforts to sequester oil in 
the deep sea and reduce surface oil slicks 
used quantities of dispersants higher than 
during any other known application in 
history (for more information on disper-
sants, see Quigg et al., 2021, in this issue). 
In total, the unintentional DWH oil 
release and its mitigation were unprece-
dented by almost any metric of marine oil 

discharge disasters, including in terms of 
volume and scale of hydrocarbon release, 
depth of the discharge, and application of 
surface and subsurface dispersants. Only 
the war-related intentional destruction of 
oil installations during the Iraqi invasion 
into Kuwait near the Arabian-Persian 
Gulf in 1990 released more petroleum 
into the ocean (Tawfiq and Olsen, 1993).

Physical Properties and Chemical 
Composition of Macondo Oil
Oil droplets released during the Macondo 
oil spill occurred in three size catego-
ries, each with different buoyancies but 
with overlapping chemical compositions 
(Ryerson et al., 2012). Oil droplets greater 
than 0.3 mm diameter exhibited sufficient 
buoyancy to rise to the ocean surface 
in less than four hours (Ryerson et  al., 
2012), transporting a mixture of soluble 
and insoluble compounds, some of which 
volatilized into the atmosphere (Ryerson 
et  al., 2011; de Gouw et  al., 2011). The 
medium-sized droplets (0.1–0.3 mm) 
ascended more slowly (rise times below 
10 h), and their behavior was very sensi-
tive to initial oil composition and release 
dynamics. For example, moderately solu-
ble hydrocarbons such as toluene, xylene, 
naphthalene, cyclopentane, and methyl-
cyclopentane partitioned to the aqueous 
phase from all droplet sizes as a function 
of the droplets’ exposure time and surface 
area-to-volume ratio, as well as their rel-
ative concentrations in the oil (Ryerson 
et al., 2012). In contrast, droplets smaller 
than 0.1 mm and soluble gases (methane, 
ethane, propane) lacked the buoyancy 
to rise after being emplaced in deep-sea 
intrusions, although the degree of hydro-
carbon dissolution could not be mea-
sured due to challenges in separating 
oil droplets from the surrounding water 
(Ryerson et al., 2012). A substantial frac-
tion of the released oil and gas (by mass) 
was retained in the deep-sea intrusions 
because of the relatively high proportion 
of gases in the DWH blowout. However, 
reducing the sea surface concentrations 
of released hydrocarbons was a high pri-
ority during DWH spill mitigation. Thus, 

TABLE 2. Composition of hydrocarbon gases (C1 to C5) and oil sample MW-1 collected from the 
Macondo well on June 21, 2010 (Reddy et al., 2012), and a comparison of gas end members esti-
mated from field data collected by Valentine et al. (2010). 

ANALYTE MW-1 CONTENT VALENTINE ET AL. (2010)a

GASb

Methane 82.5% (δ13C = −57.5‰; δD = −187‰) 87.5% (δ13C = −61.3‰)

Ethane 8.3% (δ13C = −31.5‰; δD = −147‰) 8.1%(δ13C = −30.5‰)

Propane 5.3% (δ13C = −29.2‰; δD = −123‰) 4.4% (δ13C = −29.0‰)

Isobutane 0.97% (δ13C = −29.9‰) NA

n-Butane 1.9% (δ13C = −27.9‰; δD = −119‰) NA

Isopentane 0.52% NA

n-Pentane 0.52% NA

Methane/ethane 9.9 10.85

Methane/propane 15.5 19.8

GOR (measured) 1,600 standard cubic feet per barrel NA

GOR (estimated) 1,730 standard cubic feet per barrelc NA

GOR
3,000 standard cubic feet 
per barreld

OIL (SELECT PROPERTIES)e

Density 820 g L−1 NA

Gravity 40° API NA

Carbon 86.6% NA

Hydrogen 12.6% NA

Nitrogen 0.38% NA

Sulfur 0.39% NA

Saturated hydrocarbons 74% (δ13C = −27.9‰) NA

Aromatic hydrocarbons 16% (δ13C = −26.5‰) NA

Polar hydrocarbons 10% NA

GOR = Gas-to-oil ratio; NA = not applicable
a	 Valentine et al. (2010) defined only the relative abundances for the endmembers methane, ethane, and pro-

pane from field samples. The relative percentages of hydrocarbon gases measured in MW-1 were calculated 
using methane through pentanes.

b	Reddy et al. (2012) measured butanes and pentanes in both the gas and oil in MW-1. Here, only the butanes 
and pentanes isolated in the gas fraction are shown. For a complete accounting of all compounds collected, 
see supplementary material in Reddy et al. (2012).

c	Estimated from Mango ratios (Jarvie et al., 2015) using the composition of 2- and 3-methyl pentanes and 
2- and 3-methyl hexanes in MW-1 oil (Table S2 in Reddy et al., 2012)

d	Valentine et al. (2010) chose this value based on “information released by BP.”
e	See SI text in Reddy et al. (2012) for discussion of properties listed in this section of the table.
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responders decided to convert the larger, 
faster-rising oil droplets into small drop-
lets that would remain in the deep sea 
applied chemical dispersants directly at 
the outflow near the seafloor.

Overton et  al. (2016), Kujawinski 
et al. (2020), and Oldenburg et al. (2020) 
included bulk and molecular informa-
tion on the Macondo oil in their reviews 
of the chemical analysis of original and 
transformed petroleum spilled during 
the DWH incident at mid-term and 
toward the end of the Gulf of Mexico 
Research Initiative (GoMRI), respec-
tively. Petroleum sampled directly above 
the Macondo well during the blow-
out (“live oil”; Table 2) was determined 
to have a GOR of 1,600 standard cubic 
feet per barrel petroleum (Reddy et  al., 
2012). Valentine et al. (2010) and Reddy 
et al. (2012) both reported the gas being 
composed of mainly methane (87.5% 
and 82.5%, respectively) and smaller 
amounts of ethane (abundance just above 
8%) and propane (around 5%). The 13C 
and 2H stable isotope contents increased 
with increasing carbon number of the 
gases (Table 2), indicating generation of 
the hydrocarbons from mature organic 
matter in the petroleum source rock 
(cf. Sherwood Lollar et al., 2002). Reddy 
et al. (2012) assessed the Macondo oil as 
a light oil (API gravity 40° with a density 
of 820 g L−1), whereas Daling et al. (2014) 
reported that the oil collected through the 
riser insertion tube tool (RITT) on the 
drillship Discoverer Enterprise on May 22, 
2010, had a density of 833 g L−1, a pour 
point of −27°C, and an interfacial tension 
of 20 mN m−1 (millinewtons per meter). 
The initial viscosity of the Macondo oil 
was evaluated to be 3.9 cP at 32°C (Daling 
et  al., 2014). The relative distribution of 
compound groups of the pyrrolic N1 
heteroatom class, namely, double bond 
equivalent (DBE) 9 (alkylated carba-
zoles), DBE 12, and DBE 15 (alkylated 
benzo- and dibenzocarbazoles, respec-
tively) as established by Oldenburg 
et  al. (2014) indicated a maturity level 
of 0.9% vitrinite reflectance equivalent 
(%Re) for the Macondo oil. This is con-

sistent with %Rc of 0.94 calculated from 
the Methyphenanthrene Index 1 (MPI-1; 
Radke and Welte, 1983) based on the rel-
ative PAH concentrations displayed in 
Figures 2 and 3 of Overton et al. (2016). 
Both values render the Macondo oil mod-
erately mature near the peak of oil gener-
ation, consistent with the stable isotope 
composition of the gases (Table 2).

Reddy et  al. (2012) found the non-​
biodegraded Macondo oil to be domi-
nated by saturated hydrocarbons (74%), 
followed by aromatic hydrocarbons (16%) 
with the non-hydrocarbon (polar) fraction 
comprising 10%. The authors reported 
that the GC-MS amenable Macondo oil 
composition (C5 to C38 saturated and 
aromatic hydrocarbons) was dominated 
by branched alkanes (26%), followed by 
cycloalkanes (16%) and n-alkanes (15%), 
and that aromatic species such as alkyl-
benzenes and indenes (9%) and poly-
cyclic aromatic hydrocarbons (4%) were 
less abundant. The GC-MS amenable 
content of polar oil constituents was 10% 
(e.g., dibenzothiophenes), with sulfur and 
nitrogen elemental abundances of the 
Macondo oil assessed as 0.4% each. 

Mass chromatograms of saturated 
hydrocarbon biomarkers in the Macondo 
oil (Overton et  al., 2016) show the typi-
cal distribution pattern of thermally sta-
ble 17α-hopanes (m/z 191, displayed 
in the C27 to C33 range of pseudo-
homologues) and steranes (m/z 217), 
indicating generation from a source 
with a clastic rock matrix (due to signif-
icant amounts of diasteranes, or rear-
ranged steranes; e.g.,  Mello et  al., 1988) 
and moderate maturity of the oil (based 
on the amount of 5α,14β,17β- relative to 
5α,14α,17α-steranes; Mackenzie, 1984; 
Seifert and Moldowan, 1986). The PAH 
distribution patterns, besides moderate 
amounts of the respective parent hydro-
carbons, exhibit a prominent series of 
alkylnapthalenes followed in abundance 
by alkylphenanthrenes, alkyldibenzothio-
phenes, alkylpyrenes and alkylchrysenes 
(Overton et al., 2016).

As only a very small percentage of 
the non-hydrocarbon (polar) fraction is 

GC-amenable due to high boiling points, 
Fourier-transform ion cyclotron reso-
nance mass spectrometry (FT-ICR MS) 
was the analytical method of choice 
to study this oil fraction. McKenna 
et  al. (2013) characterized more than 
30,000 acidic, basic, and nonpolar unique 
neutral elemental compositions for the 
Macondo crude oil constituents (see 
below). However, while certain chemi-
cal characteristics of these compounds 
are known, the exact chemical structures 
are not yet elucidated. That is a challenge 
going forward.

Analytical Techniques for Oil Spill 
Sample Analysis
The challenge of analyzing crude oil of 
any origin, native or altered, arises from 
the complexity of this substrate on the 
molecular level. Attempts made many 
decades ago to achieve a complete inven-
tory of all constituents of petroleum 
(Rossini and Mair, 1959; Smith, 1968) 
turned out to be illusory. The task is to 
simplify the mixture by fractionation and 
then search these fractions for charac-
teristic components of high significance, 
such as biological markers as indica-
tors of origin or selected PAHs as indica-
tors of source and/or toxicity. White et al. 
(2016a) provided a helpful review of the 
analytical chemistry used to study the 
Macondo oil and samples taken to study 
the fates and effects processes. We present 
a brief synopsis and an update of what has 
been learned since that review.

Fractionation uses “dead oil” (i.e.,  the 
most volatile components have been evap-
orated so that they do not interfere with 
gravimetric determination of the propor-
tions of the separated fractions). The pro-
cess starts with removal of asphaltenes (as 
described earlier), which may otherwise 
precipitate during chromatography and 
cause bad separation performance.

Column chromatography, a technique 
for separating mixtures of organic com-
pounds, involves dissolving the mix-
tures in a mobile phase and passing them 
through a column filled with a station-
ary phase. Compounds in the mixture 
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have different affinities for the mobile 
and stationary phases. They are adsorbed 
onto the stationary phase and then, as the 
mobile phase flows through the column, 
separated and sequentially released and 
collected. A compound’s residence time 
in the column depends on the stationary 
and mobile phases, and its boiling point, 
molecular size, molecular shape, and 
polarity. Column chromatography refers 
to the use of a vertical glass column filled 
with silica gel or aluminum oxide, as sta-
tionary phase; an organic solvent dripped 
into the top of the column, as mobile 
phase; slow percolation through the col-
umn under the force of gravity; and sep-
arated groups of compounds collected as 
they drip out the bottom. In a more gen-
eral sense, thin-layer chromatography 
(TLC), medium-pressure liquid chro-
matography (MPLC), high-performance 
liquid chromatography (HPLC), and pre-
parative gas chromatography (prep GC) 
are forms of chromatographic separa-
tion with different stationary and mobile 
phases (e.g.,  Vitha, 2016). This initial 
step is occasionally followed by further 
fractionation including separation of 
straight-chain, branched, and cyclic satu-
rated hydrocarbons by (thio)urea adduc-
tion or application of zeolites with differ-
ent pore sizes (e.g., Peters et al., 2005a), or 
by separation of aromatic hydrocarbons 
into classes of different ring numbers 
(e.g., Radke et al., 1984).

Even after fractionation, the identifi-
cation of individual constituents of crude 
oils and related substances is not straight-
forward. A breakthrough in the 1970s 
was the development of capillary col-
umns a few tens of meters in length and 
internally coated with different types of 
silicone oil as stationary phases. Shortly 
after, this was followed by the construc-
tion of devices for coupling such col-
umns to fast-scanning mass spectrome-
ters with connected computers for data 
processing. Continuous development of 
the gas chromatography-mass spectrom-
etry (GC-MS) technique over about two 
decades was the basis for a rapid increase 
in understanding of the molecular com-

position of organic matter in sedimentary 
rocks and petroleum, and of changes in 
its composition as a function of geologi-
cal and environmental conditions.

The straight-chain alkanes (n-alkanes) 
and isoprenoid alkanes pristane and phy-
tane that are abundant in most unaltered 
crude oils can be identified and quantified 
by gas chromatography with flame ioniza-
tion detection (GC-FID; e.g., Peters et al., 
2005a). (This rarely applies to other com-
pounds, which may not have the regular 
retention time pattern on a GC column or 
are abundant enough for easy detection.) 
They require the power of mass-specific 
detection and benefit from the fact that 
entire groups of saturated hydrocarbon 
biomarkers have a common mass spec-
trometric key fragment. Thus, mass chro-
matograms, which by a factor of about 30 
are more sensitive than entire mass spec-
tra, reveal the presence of the full range 
of these compounds (e.g.,  Peters et  al., 
2005b; Overton et al., 2016). An even fur-
ther advanced mass spectrometric detec-
tion technique, mass fragmentography 
(GC-MS-MS), further increases the sen-
sitivity by another factor of up to five 
and is also more compound-specific than 
mass chromatography (e.g.,  Summons 
et al., 1999; He et al., 2018).

Similarly, comprehensive two-dimen-
sional gas chromatography (GC×GC) 
increases the resolution of complex mix-
tures. Gaines et  al. (1999) published 
an early application of this technique 
to a marine oil spill. Using two sequen-
tially coupled gas chromatographic col-
umns with different separation effi-
ciencies related to molecular properties 
(e.g.,  volatility and polarity), GC×GC 
produces a two-dimensional retention 
surface, which significantly improves 
compound identification compared to 
the one-dimensional retention data of a 
normal GC column. Compounds with 
similar chemical structures are grouped 
together in the chromatogram, allow-
ing rapid preliminary identification with 
even minor components being separated 
and detectable. The GC×GC technique 
considerably matured scientifically in 

the course of the GoMRI research. It was 
intensely used to examine changes in the 
abundance of Macondo oil constituents, 
and the products were ascribed to vari-
ous categories of physical and chemical 
weathering (e.g., Hall et al., 2013; Aeppli 
et al., 2014, 2018; Gros et al., 2014, 2016).

The two-dimensional retention sur-
faces from GC×GC analysis of crude oils 
and their transformation products after 
an oil spill, despite the additional dimen-
sion of separation, are still very complex. 
Figure 4 illustrates the principles of this 
technique for a simple case study. Aeppli 
et al. (2013) analyzed oil sheens that were 
first observed in September 2012 close 
to the DWH disaster site more than two 
years after the Macondo well had been 
sealed. Linear unsaturated alkenes com-
mon in synthetic drilling fluids led them 
to identify an 80-ton cofferdam, aban-
doned during the operation to control the 
Macondo well in May 2010, as the source 
of the sheens. Figure 4a–d compares the 
GC×GC data for the cofferdam oil, an oil 
sheen sample, the hydrogenation product 
of the oil sheen sample, and drilling mud 
from the multi-purpose supply vessel 
HOS Centerline, which supplied drilling 
mud during the Top Kill and Static Kill 
operations at the DWH site. The more 
polar alkenes occur slightly higher on 
the second dimension separation (y-axis) 
than the n-alkanes. The white dashed 
lines in the four diagrams denote the sur-
face where drilling-mud olefins elute. The 
compounds have disappeared in the oil 
sheen hydrogenation product because the 
alkenes were transformed into n-alkanes 
(see Figure 4 caption).

Even with the expanded compositional 
information from GC×GC (Hall et  al., 
2013), GC-based techniques are unable to 
detect many oxidation products, notably 
those that are highly oxidized with boil-
ing points or thermal stabilities outside 
of the GC range (Aeppli et al., 2018). As 
determined through ultrahigh resolution 
mass spectrometry (FT-ICR MS), ele-
mental assignments for tens of thousands 
of molecules in the native (unaltered) 
and weathered Macondo oil revealed the 
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chemical changes induced by weathering (Figure 5d; Ruddy 
et al., 2014). Subsequent analysis of different crude oil fractions 
(oil-soluble non-interfacially active, oil-soluble interfacially 
active, and water soluble) indicated that decreasing carbon 
and increasing oxygen numbers determined the progression of 
molecules from oil-soluble to water-soluble (Zito et al., 2020). 
Thus, weathering-induced chemical changes (see arrows in 
Figure 5) were linked to changes in oil solubility. Both the oil- 
and water-soluble photo-transformed species span aliphatic to 
highly aromatic structures (Ruddy et al., 2014; Niles et al., 2019), 
indicating that these products originate from both aliphatic 
and aromatic hydrocarbon precursors (Hall et al., 2013). These 
results suggest that both direct and indirect photo-oxidation 
contributed to the generation of most of the transformation 
products identified in field samples. Thus, FT-ICR MS devel-
oped into an extremely powerful technique for analyzing high- 
molecular-weight and polar constituents of crude oil and its 
transformation products within GoMRI research and for an 
understanding of the fate of petroleum during weathering.

FT-ICR MS was responsible for only part of the progress 
made in molecular insight into oil spill processes. The complex-
ity of oil required a suite of analytical tools to comprehensively 
explore weathering mechanisms and products (Figure 5a–d). 
In addition to the GC-based and FT-ICR MS tools described 
above, thin-layer chromatography-flame-ionization detection 
(TLC-FID; Aeppli et al., 2012) and Fourier-transform infrared 
spectroscopy (FT-IR; White et  al., 2016b) provided quantita-
tive and informative estimates of functional group changes from 
weathering processes.

Evans Seeley et al. (2018) followed a different route to unravel 
the complexity of weathered petroleum from the DWH oil spill. 
They explored the analytical capabilities of ramped pyrolysis-​gas 
chromatography–​mass spectrometry (py-GC–MS) and showed 
that bulk-flow py-GC–MS can quantify the overall degree of 
petroleum hydrocarbon weathering. Furthermore, thermal 
slicing py-GC–MS can quantify specific compounds in the 
“thermal desorption zone” (50°–370°C), as well as characterize 
pyrolyzed fragments from non-GC-amenable petroleum con-
stituents (including oxidation products) in the “cracking zone” 
(370°–650°C). Their data suggest an increase in thermodynamic 
stability, concentration of oxygenated products, and complex-
ity of high-molecular-weight and/or polar components with 
advanced weathering. Wang et  al. (2020) further applied this 
approach to gain insight into formation mechanisms and struc-
tures of some of the asphaltenes generated by photo-oxidation.

Stable carbon and hydrogen isotopes are widely used to char-
acterize crude oils and their constituents (cf. Table 2). For trac-
ing the fate of the Macondo oil spilled during the DWH disaster 
(i.e., mixing with organic matter of recent origin on the seafloor 
or the incorporation of carbon from the microbial transforma-
tion of Macondo oil components into biomass and food webs), 
measurement of the radioactive carbon (14C) contents of sed-

FIGURE 4. Partial two-dimensional gas chromatography flame-ionization 
detection (GC×GC-FID) chromatograms of (a) cofferdam oil, (b) oil sheen 
121312-1, (c) hydrogenated oil sheen 121312-1, and (d) drilling mud from the 
multi-purpose supply vessel HOS Centerline. White dashed lines denote 
the surface locations where drilling-mud olefins elute. The sum of the C16-, 
C17-, and C18-olefins relative to the whole FID signal was 1.2% in the sheen 
sample (b) and not detectable in the cofferdam oil (a). The olefins in the 
sheen sample disappeared upon hydrogenation and exhibited a pattern 
like that of pure drilling mud, which represents an isomer mixture of C15 
to C18 internal olefins that includes one linear α-olefin per carbon number. 
The data are displayed as color contour plots, with blue representing low 
signal, yellow representing medium signal, and red representing high sig-
nal. In order to visualize minor peaks, the plotted dynamic range is less 
than the total dynamic range of the sample, with the intensity saturated 
near the point of maximum elution. Reprinted with permission from Aeppli 
et al. (2013). Copyright 2013 American Chemical Society
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imentary and biological substrates was the method of choice. 
Because it has been so long since the petroleum source organic 
matter was buried and transformed from plant biomass into 
petroleum, the 14C isotopic content of petroleum is zero when 
compared to recently produced plant biomass (Chanton et al., 
2015). Thus, radiocarbon contents lower than those of fresh bio-
mass indicate mixing with petroleum-derived carbon.
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As summarized by Kujawinski et  al. 
(2020), dioctyl sodium sulfosuccinate 
(DOSS) was used to track the fate of the 
deep-sea dispersants applied for spill mit-
igation during the DWH disaster; this 
compound was selected because it com-
prises a large and relatively constant 
fraction of Corexit and other disper-
sant formulations, and it was amenable 
to existing analytical protocols. Samples 
taken during and a few months after the 
disaster indicated that DOSS persisted 
in the subsurface intrusion and was not 
degraded (Kujawinski et  al., 2011), con-
trary to expectations based on labora-
tory experiments performed under sur-
face conditions (Baelum et  al., 2012). 
These data suggest that some of the 
chemical dispersant components were 
not degraded appreciably in the deep 
sea in the aftermath of the DWH disas-
ter. Subsequent laboratory work showed 
that DOSS was less labile than the solvent 

carriers in the dispersants under deep-sea 
conditions (Baelum et al., 2012), and oth-
ers found minimal degradation of DOSS 
at low temperatures (Campo et al., 2013), 
further supporting this conclusion.

IN SITU BURNING OF OIL 
AT THE SEA SURFACE
In situ burning (ISB) of spilled oil on the 
surface of the water (see photo on first page 
of this article) is controversial because of 
concerns about chemicals produced and/
or released to the atmosphere during the 
burn process and concerns about the 
chemicals left in the unburned residues 
at the water-​atmosphere interface or in 
the unburned slick (Stout and Payne, 
2016). During the DHW spill response, 
an estimated 220,000–313,000 barrels of 
oil at the ocean’s surface were removed 
during 411 carefully conducted ISB 
operations. This estimated 5% of the 
spilled oil (Schaum et  al., 2010) is con-

sidered to have “played a significant 
role in reducing the amount of oil on 
the water’s surface” (NOAA Office 
of Response and Restoration, 2020). 
For comparison, the 5% Macondo oil 
removed by ISB is roughly equal to the 
estimated total oil released during the 
1989 Exxon Valdez tanker accident  
(Stout and Payne, 2016).

The ISB operations were informed by 
experience gained between the 1970s and 
2010 from laboratory tests, controlled field 
experiments, and a few oil spill responses 
(e.g.,  Fritt-Rasmussen and Wegeberg, 
2015; Gullet et  al., 2017; Bullock et  al., 
2019, and references therein). The differ-
ent mixes of gas and oil and their vari-
able compositions, and environmen-
tal conditions such as temperature and 
wind, can influence the efficiency of ISB 
and the composition of products formed. 
Burning of oil yields mainly carbon 
dioxide and water. According to a liter-

FIGURE 5. Analysis of Deepwater Horizon oil and field sample chemical compositions. Four different techniques capture the collective effects of abiotic 
and biotic weathering on oil (initial oil spectra along top row), which are manifested in changes of: (a) gas chromatography flame-ionization detection 
(GC-FID) chromatograms, (b) thin-layer chromatography flame ionization detection (TLC-FID) chromatograms, (c) Fourier transform-infrared (FT-IR) absor-
bance, and (d) broadband Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) spectra. Field samples include sand-oil patties col-
lected from Gulf of Mexico beaches. Overall, weathering led to degradation of saturated and aromatic compounds leaving recalcitrant compounds in 
the unresolved complex mixtures, an increase in oxidized hydrocarbon (OxHC) fractions relative to saturated and aromatic hydrocarbon compounds, 
and increases in hydroxyl and carbonyl functional groups. The negative ion mode ESI FT-ICR MS revealed a complexity increase in the number of peaks 
(from m/z 200–1,000), and the appearance of oxygenated species (red peaks) in a mass-scale expanded 400 mDa segment at 501 Da. Similar molec-
ular information is available for all other nominal masses in the mass spectrum. Reprinted from Kujawinski et al. (2020) with permission from Springer 
Nature; panels a–c were adapted from Aeppli et al. (2012) with permission from the American Chemical Society
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ature compilation of different oil burn-
ing experiments using various substrates 
(Booher and Janke, 1997, mostly based on 
the work of D.D. Evans, National Institute 
of Standards and Technology, in the early 
1990s), products of burning oil, exclud-
ing water, are about 92% carbon diox-
ide, 3.2% carbon monoxide, 4.6% smoke 
(soot/black carbon), 0.03% PAHs, 
and 0.27% volatile organic chemicals 
(VOCs). Of the VOCs, about 0.14% 
are C2-C6 hydrocarbons and 0.12% are 
C1-C16 aldehydes/​ketones (organic com-
pounds escaping complete combustion), 
0.9% SOx and 0.0004% NOx (Figure 6a).

Gullett et  al. (2017) performed lab-
oratory-​scale experiments by burning 
representative crude oil in two outdoor 
pans with areas of 0.47 m2 and 0.93 m2. 
The pans were filled with seawater and 
a Strategic Petroleum Reserve Bayou 
Choctaw Sweet crude oil reported to have 
chemical composition and physical char-
acteristics similar to that of the Macondo 
oil. They measured 82% carbon dioxide, 
2.5% carbon monoxide, 7.0% total par-
ticulate matter, 0.34% volatile organics, 
and 0.10% PAHs in the resulting smoke 
(Figure 6b), but because 7.6% of prod-
ucts were not accounted for among the 
components listed, the differences from 
the Booher and Janke (1997) compilation 
are not substantial.

US NOAA aircraft-based measure-
ments during active surface burning of 

Macondo oil slicks led to estimates of 4% 
of the burned material or an estimated 
1.35 ± 0.72 thousand tonnes released as 
black carbon into the atmospheric plume 
(Perring et  al., 2011). Those authors 
reported the black carbon particles had 
little non-refractory material and were 
typical of black carbon from fairly effi-
cient fossil fuel burning.

The combustion products of main con-
cern were residues of black carbon and 
other components of soot. Most attention 
focused on PAHs formed during combus-
tion and associated with the soot and black 
carbon. Combustion-derived PAHs have 
an overlapping chemical composition 
with PAHs native to crude oils. Numerous 
studies have shown that PAHs from com-
bustion sources contain more of the par-
ent, non-alkylated PAHs compared to 
crude oils and fuel oils, with the predom-
inance of the parent, non-alkylated PAHs 
increasing with higher temperatures of 
combustion (e.g., Lima et al., 2005). The 
composition of the PAHs associated with 
the soot and black carbon were assessed 
by several studies that measured mainly a 
number of parent PAHs in the molecular 
range of naphthalene through benzo[ghi]
perylene (e.g., Gullett et al., 2016, 2017). 
Insights into the general mechanisms 
of rapid molecular clustering that could 
lead from combustion-formed PAHs to 
black-carbon soot in general are provided 
by Johansson et al. (2018).

There is a paucity of published data for 
the chemical composition of ISB residues 
(i.e., the tarry, flakey-like material found 
floating at the surface near or in oil slicks 
subjected to ISB). This is understand-
able. Air sampling and the smoke plume 
have taken priority in the past because 
of human health concerns (see Sandifer 
et  al., 2021, in this issue, regarding fac-
tors that are considered in response 
options). Thus, it is fortunate that Stout 
and Payne (2016) collected two not-yet-
cooled floating ISB residues immediately 
after ISB events. They also collected three 
ISB residues from the seafloor between 
1,400 m and 1,440 m depth using cor-
ing and slurp gun samplers mounted on 
a remotely operated vehicle. All sam-
ples analyzed by gas chromatography 
and gas chromatograph-mass spectrom-
etry showed some percent enrichment of 
pyrogenic PAHs mixed with unburned, 
relatively fresh Macondo oil when com-
pared to samples of DWH oil slicks not 
subjected to extensive weathering. One 
ISB residue from the seafloor appeared 
to contain some admixed diesel fuel-​like 
lower-​molecular-​weight hydrocarbons. 
The other two samples were similar in 
hydrocarbon composition to the ISB resi-
dues collected at the sea surface.

Stout and Payne (2016) estimated that 
most or all ISB residues eventually sank to 
the seafloor. ISB residues and their asso-
ciated PAHs added to the uptake of toxic 

FIGURE 6. Fate of combusted oil into products (excluding water), by weight. (a) Percentages adapted from a literature compilation of Booher and 
Janke (1997). (b) Percentages of combustion products from experimental burning of a Strategic Petroleum Reserve Bayou Choctaw Sweet crude oil 
with reported chemical composition and physical characteristics similar to that of the Macondo oil (after Gullet et al., 2017). The amount of unaccounted 
material affects the relative proportions of the identified products. VOCs = Volatile organic compounds. PMTOT = Total particulate matter.

a b
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materials and their potential adverse 
effects on benthic organisms (Murawski 
et  al., 2021, in this issue). The composi-
tion of the PAHs in the floating ISB res-
idues indicated definite loss of PAHs of 
lower molecular weight (e.g., naphthalene 
and alkylated naphthalenes), slightly 
less loss of phenanthrene and alkylated 
phenanthrenes, and less or no loss of the 
higher-​molecular-​weight PAHs relative 
to 17α-hopane used as a relatively stable 
internal hydrocarbon standard (see ear-
lier discussion, although 17-α-hopane 
during ISB may not be as stable as during 
geothermal transformation or weather-
ing). The sunken ISB residues contained 
some increase in relative concentrations 
of a few higher-molecular-weight PAHs 
indicative of contributions of combustion 
product PAHs to a petroleum or oil-type 
PAH mixture (Stout and Payne, 2016).

A US EPA 4.0 m diameter, helium-​filled 
aerostat-​lofted instrumentation pack-
age sampled plumes of 27 surface fires 
of various sizes using quartz filters and 
also polyurethane foam (PUF/XAD2/
PUF) sorbent (Aurell and Gullett, 2010; 
Gullett et  al., 2016). The samples were 
analyzed for polychlorinated dibenzo-
dioxins (PCDDs) and polychlorinated 
dibenzofurans (PCDFs). This assessment 
was undertaken because incomplete 
combustion of organic matter in the pres-
ence of chloride can form small amounts 
of PCDDs and PCDFs, and seawater 
admixed with the surface oil is poten-
tially an abundant source of chloride. 
Aurell and Gullett (2010) reported that 
the analysis of a single composite sample 
resulted in an emission factor of 1.7 ng 
toxic equivalency (TEQ) of polychlori-
nated aromatics per kg of oil burned.

One unintended sampling occurred 
during the campaign described above 
when it was recognized that sail fabric of 
the aerostat collected fine particles that 
could be sampled, extracted, and ana-
lyzed for various chemicals such as PAHs 
(Gullett et  al., 2016). The focus was the 
long-standing EPA Priority Pollutant 
PAHs (initially defined for water sam-
ples; see Figure 3) that are also com-

mon in combustion products. However, 
a few other PAHs were detected such as 
alkylated naphthalenes, methylfluorene, 
and methylpyrene, and their presence indi-
cates that the sample may contain some 
lower-​temperature combustion products.

Schaum et  al. (2010) screened the 
low-level risks that could be attributed 
to “dioxin” emissions from burning of 
Macondo oil at the sea surface. The com-
ponents of both the PCDD and PCDF 
groups are of serious concern for human 
health (e.g., Van den Berg et al., 2006). The 
screening level assessment by Schaum 
et  al. (2010) indicated that human can-
cer risks from PCDDs/PCDFs formed 
during the ISB did not exceed 1 × 10–6. 
They noted that US EPA “typically con-
siders the risk range of 10–6 to 10–4 to be 
a range where consideration is given to 
additional actions.” Schaum et al. (2010) 
found sparse sampling and analysis infor-
mation on the generation of PCDDs 
and PCDFs prior to these studies of the 
Macondo oil ISB. These pioneering stud-
ies were limited in scope. However, they 
indicate that more studies of a similar 
nature under varying conditions for ISB 
of different types of oils are needed due 
to the human health risks associated with 
the PCDD/PCDF chemicals.

An intriguing laboratory-scale exper-
iment of ISB of a slick on water surface 
was conducted by Jaggi et al. (2019) and 
assessed using FT-ICR MS, as described 
earlier. They reported that both unburned 
oil slicks and ISB result in the release of 
organic compounds to the water beneath 
a slick. An important finding was that ISB 
strongly increases the concentrations of 
oil-related chemicals entering the water 
phase as a result of production of oxi-
dized organic compounds that are solu-
ble in water. Jaggi et  al. (2019) reported 
that this mixture was different in com-
position from the organic compounds 
entering the water from unburned oil 
in that the mixture from ISB contained 
significantly more condensed aromatic 
chemicals with varying amounts of the 
elements nitrogen, oxygen, and sulfur. 
This is an important finding that merits 

follow-​up research in the laboratory 
and in the field. Jaggi et  al. (2019) note: 
“The effect of these highly unsaturated 
and oxygenated organic species on oil 
spill fate and their ecosystem impact is  
currently unknown.”

CHALLENGES
Analytical Chemistry Methods 
and Applications
The complexity of oil, including the 
Macondo oil, represents a challenge even 
with present advances in analytical chem-
istry. During research to elucidate the 
fates and effects of the DWH spilled oil 
(Farrington et  al., 2021; Halanych et  al., 
2021; and Murawski et  al., 2021, all in 
this issue), inconsistencies were noted in 
the various analytical methods used or 
in which chemicals were measured. For 
example, investigators might measure 
different sets of specific PAHs, thus com-
plicating comparison of total PAHs from 
different parts of the Gulf of Mexico. 
The same applies to ascribing a particu-
lar type and intensity of effect to the pres-
ence of individual chemical components 
or types of components in the Macondo 
oil or weathered, transformed, and/or 
biodegraded oil. This is the result, in part, 
of researchers asking different research 
questions or using their preferred meth-
ods, and that poses additional prob-
lems and uncertainties. Thus, while some 
researchers utilized GC×GC-MS, others 
employed single column fused-silica cap-
illary GC with FID or GC-MS detection.

The US National Institute of Standards 
and Technology (NIST) prepared a 
Standard Reference Material for a rea-
sonable number of Macondo oil hydro-
carbons to assist with quality control 
and quality assurance of analyses (NIST, 
2020). Pairs of this sample and a sample 
of the Macondo oil that had been field-​
weathered (Candidate SRM 2777) were 
distributed to laboratories involved in 
GoMRI research plus several others. The 
report of the results of this GoMRI qual-
ity control/quality assurance laboratory 
intercomparison is available as a NIST 
report (Murray et  al., 2016). It provides 
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a basis for assessing potential uncertain-
ties when comparing analyses from the 
laboratories involved. These uncertainties 
are similar to those that became evident 
from an interlaboratory comparison pub-
lished nearly two decades ago at the end 
of the Cooperative Monterey Organic 
Geochemistry Study based on rock sam-
ples from Naples Beach and Lions Head 
sections of the Monterey Formation 
and related Monterey crude oils (Isaacs, 
2001). An informative and thorough 
discussion of the use of intralaboratory 
and interlaboratory quality assurance/
quality control for the laboratories 
involved in the US NOAA DWH Natural 
Resource Damage Assessment analyses 
for petroleum compounds is available in  
Litman et al. (2018). 

Only a few GoMRI researchers had 
access to or employed FT-ICR MS analy-
ses. This most likely was due to the expense 
of the instrument and fewer people having 
familiarity with the method at the time. 
There are relatively few advanced high 
magnetic FT-ICR MS instrument facil-
ities in the world. Fortunately, GoMRI 
research did involve the National High 
Magnetic Field Laboratory at Florida 
State University (https://nationalmaglab.
org/​user-​facilities/​icr). The researchers 
at this laboratory collaborated with sev-
eral other GoMRI researchers to provide 
new insights into the composition of the 
asphaltenes and other high-​molecular-​
weight chemicals native to the Macondo 
oil and also to provide key insights into 
photochemical reaction pathways and 
products of these reactions as noted in 
references cited previously. Despite these 
important insights, the exact molecu-
lar structures of these chemicals remain 
to be elucidated. Thus, the detailed path-
ways of, for example, some of the photo-​
oxidation reactions and their products  
remain a challenge.

Agencies responsible for oil spill 
response and assessment of the fates and 
effects of spills are challenged with plan-
ning for appropriate incorporation of 
these advanced analytical methods into 
their response and assessment activities.

CONCLUSIONS
Assessment of the full impact of the 
petroleum released during the Deepwater 
Horizon oil spill on Gulf of Mexico flora 
and fauna, and on human health in the 
region, requires determination of the 
quantities of materials that entered the 
environment, including the amounts 
of dispersants used during spill mitiga-
tion. In addition, chemical analysis of the 
composition of the released materials and 
their relative proportions are of similarly 
high importance.

Chemical analyses of the released 
petroleum and the products of physical, 
chemical, and biological alteration were 
performed using a wide range of tech-
niques that were developed in analyti-
cal chemistry, petroleum organic geo-
chemistry, and environmental chemistry 
over several decades since the 1970s. In 
addition, more advanced techniques like 
the sequential combination of two gas 
chromatographic columns with differ-
ent separation efficiencies (GC×GC) and 
ultrahigh-​resolution mass spectrometry 
(FT-ICR MS) were the methods of choice 
for shedding light on the complex mix-
tures of high-molecular-weight and very 
polar petroleum constituents, particu-
larly those newly formed during photo-​
oxidation of liquid oil. Photo-oxidation 
is a very important, but hitherto under-
estimated, weathering process. Together, 
this suite of analytical methods provided 
not only an inventory of the most import-
ant constituents of the released petro-
leum but also a greater understanding of 
the reaction mechanisms of weathering 
processes such as photo-oxidation and 
the identity of its transformation prod-
ucts, as well as their impacts on physi-
cal properties, bioavailability, and tox-
icity of the discharged oil. Expanded 
understanding, combined with applica-
tion of complementary analytical tech-
niques, will inform real-time responses 
in future oil spills.

Finally, important insights have been 
gained in the past 10 years about the 
chemical composition of products of 
in situ burning of oil at the water sur-

face. However, field assessment and lab-
oratory data are limited, and these excit-
ing new insights need further research 
to provide much needed information on 
in situ burning. 
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