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1.1 Introduction

Oil can enter water by a number of anthro-
pogenic and natural sources. Acute anthro-
pogenic sources of oil can be generally
classified as either accidental oil spills or
intentional operational discharges. Despite
international antipollution protocols (e.g.,
Marine Pollution Convention MARPOL 73/78
and its amendments) and improved shipping
and handling safeguards (e.g., International
Safety Management Code 1998), accidental oil
spills and intentional operational discharges
from vessels to waterways and the marine
environment regularly occur. Table 1-1 shows
the estimated masses of petroleum from acci-
dental oil spills and intentional operational
discharges in North America and worldwide
(NRC, 2003). The primary sources of acciden-
tal oil spills are from tanker vessels carrying
crude oil or petroleum products, distantly fol-
lowed by pipeline spills, coastal facility spills,
freighter (fuel) spills, and offshore oil produc-
tion platform spills. The largest sources of
intentional operational discharges include dis-
charges from vessels (mostly bilge and other

oily discharges), cargo hold washings, and
produced water discharges from offshore plat-
forms outside of North America (Table 1-1).

Table 1-1 also shows that chronic anthro-
pogenic sources of oil, such as runoff and
atmospheric deposition from terrestrial envi-
ronments, which are not easily classified as
either accidental or intentional, constitute a
major source of oil to the marine environment.
Since these terrestrial sources are chronic and
not easily attributed to a “point source,” they
collectively constitute a chronic source of
anthropogenic “background” hydrocarbons
that must be considered in many oil spill inves-
tigations. In addition, chronic natural sources
of oil (e.g., oil seeps) are thought to exceed all
anthropogenic sources combined, contributing
up to 2 million tonnes of oil annually (Table
1-1). These naturally occurring oil seeps, as
well as other naturally occurring (i.e., bio-
genic) hydrocarbons, must also be considered
in oil spill investigations.

Despite the significant contributions of oil
and hydrocarbons to the marine environment
from chronic anthropogenic sources, oil seeps,
and naturally occurring hydrocarbons, it is the
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Table 1-1

Average Estimated Annual Releases (1990-1999) of Petroleum into the Marine Environment in North

America and worldwide by Source (in Thousands of Metric Tonnes). Data from National Research Council (2002)

North America Worldwide

Best Est. Min. Max. Best Est. Min. Max.
Accidental Oil Spill Sources
Tanker/barge vessel spills 53 4 6.4 100 93 130
Pipeline spills 1.9 1.7 2.1 12 6.1 37
Coastal facility spills 1.9 1.7 22 4.9 24 15
Non-tanker (freighter) spills 1.2 1.1 1.4 7.1 6.5 8.8
Oil production platform spills 0.16 0.15 0.18 0.86 0.29 1.4
Intentional Operational Discharge Sources
Operational discharges (all vessels) 0.22 0.06 0.6 270 90 810
Cargo washings not allowed 36 18 72
Produced waters from offshore rigs 2.7 2.1 3.7 36 19 58
Recreational marine vessels 5.6 22 9 not available
Atmospheric deposition (offshore rigs) 0.12 0.07 0.45 1.3 0.38 2.6
Atmospheric deposition (vessels) 0.01 trace 0.02 0.4 0.2 1
Jettisoned aircraft fuel 1.5 1 4.4 7.5 5 22
Chronic Terrestrial Sources
Land-based (river and runoff) 54 2.6 1900 140 6.8 5000
Atmospheric deposition 21 9.1 81 52 23 200
Natural Sources (Seeps) 160 80 240 600 200 2000
Total 260 110 2300 1300 470 8300

acute accidental oil spills and intentional oper-
ational discharges that tend to promulgate
the greatest need for chemical fingerprinting.
These acute releases can require expensive
response and cleanup activities and damage
marine and terrestrial natural resources; thus,
the resulting casualty and punitive financial
consequences can be substantial. As such, the
source of the spilled oil and the spatial and
temporal extent of any damage need to be
established confidently so that any resultant
liabilities are fairly assessed. Chemical finger-
printing, def., the generation and comparison
of diagnostic chemical features among oil
samples (i.e., both spill and source oils) and
potentially impacted samples (e.g., shorelines,
sediments, or biological tissues), can play an
important role in assessing this liability and
monitoring ecological effects.

The chemical fingerprinting of spilled oils
was initiated in the 1970s following an
increased environmental awareness and the
resulting regulations, such as the Clean Water
Act in the U.S. (e.g., Kreider, 1971; Ehrhardt
and Blumer, 1972; Duewer et al., 1975; Bentz,

1976, 1978; Albaiges and Albrecht, 1979).
Over the past 35 years, the sophistication of
the chemical fingerprinting has evolved with
the advancement of analytical chemistry
methodologies and data interpretation tools —
the current state of which is represented in
various chapters throughout this book.

The exact role of chemical fingerprinting
in an oil spill investigation will vary over
time and depending on the circumstances of
the release (e.g., Boehm et al.,, 1997). For
example, oil spills or operational discharges
that enter surface water can be classified into
two basic categories — (1) “mystery” spills
and (2) known-source spills. The former typi-
cally involves the discovery of a fugitive oil or
oily waste at sea, in rivers and harbors, or in
other water bodies either in the absence of any
known incident or source, or in the presence of
multiple source candidates. The latter, as their
name implies, involve the release of oil or oily
wastes from an identified point source (or at
least, a “prime suspect”) or a known incident
(e.g., accidental discharge during a grounding
or collision). In either oil spill scenario there
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is an opportunity for chemical fingerprinting
to answer important questions, which can
be used to determine how any liabilities
for any cleanup and resource damage are
distributed.

In the case of a “mystery” spill, chemical
fingerprinting can be used to compare the
spilled oil’s “fingerprint” to those of any viable
candidate source oils in an attempt to unam-
biguously identify the lone source — or, at
least, limit the population of possible sources.
These investigations often involve the collec-
tion of waterborne oils (i.e., oil slicks) and
their comparison to oils collected from various
candidate sources or a particular “prime
suspect.” If no prime suspect is identifiable,
based upon other evidence, then a critical
component in the success of a chemical fin-
gerprinting investigation of a “mystery” spill
is the recognition of and collection of all avail-
able viable candidate source oils. Logically, if
the population of possible sources is suffi-
ciently comprehensive, there is a better chance
of identifying the source. A positive finger-
printing “match” between a mystery spill and
a candidate source can sometimes be used
alone, or more powerfully in conjunction with
other evidence (e.g., trajectory modeling or
remote sensing; see Chapters 13 and 14,
respectively), to determine responsibility for
the mystery spill. Other evidence can be very
important when the same oil was present in
multiple sources (e.g., a particular lot of fuel
or cargo oil carried by multiple vessels and/or
terminals within a port). By their nature, inves-
tigations of mystery spills usually occur in the
short term (days to weeks) following the dis-
covery of the spill or discharge — and typi-
cally either solve the mystery at that point, or
the spill’s source often remains unsolved.
Thus, the effects of short-term weathering
(e.g., evaporation) also need to be considered
in the investigation of mystery spills. Under
most scenarios, once a mystery spill is
“solved,” the need for chemical fingerprinting
shifts toward those of a known-source release,
described next.

In the case of a known-source release, for
example, a grounded and leaking tanker or

a production-well blowout, chemical finger-
printing of the spilled oil can be used to estab-
lish the spatial and temporal extent of its
impact in the environment over the short and
long terms. The matrices most often involved
in establishing these impacts involve shoreline
or benthic sediments and biological tissues,
i.e., sites where oil-derived hydrocarbons
might accumulate and reside for longer periods
of time. Two critical components of this type
of chemical fingerprinting investigation are to
(1) establish and allocate the contribution of
any pre-existing anthropogenic or naturally
occurring “background” hydrocarbons from
those that are newly introduced by the spilled
oil and (2) monitor the changes in spilled oil
composition over time (i.e., weathering and
natural recovery). Chemical fingerprinting
investigations of this type can occur for
decades following the release.

The application of chemical fingerprinting
in any oil spill or discharge investigation
requires an understanding of the factors that
collectively contribute to the chemical charac-
ter of petroleum in the environment — and
thereby, its chemical fingerprint. Figure 1-1
shows some of the factors controlling the
chemical fingerprints of oil in the environ-
ment. Some of these factors influence the
chemical fingerprint of petroleum before it is
released to the environment, and other factors
influence its chemical fingerprint after a
release. In this chapter, we review the analyti-
cal methodologies used for chemical finger-
printing of waterborne oil spills and discuss
the factors that affect the chemical finger-
prints of petroleum that are relevant to oil spill
investigations. Examples from various oil
spill investigations are used throughout in
order to demonstrate various aspects of these
factors.

1.2 Methods for Chemical
Fingerprinting Petroleum

1.2.1 Historical Perspective

The analytical methods available for chemical
fingerprinting of spilled oil in the environ-
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Figure 1-1 Diagram depicting the
four factors that affect the chemical
fingerprints of petroleum relevant in
oil spill investigations.
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ment have evolved considerably and basically
have paralleled those used by petroleum geo-
chemists in exploration and production appli-
cations. In the early 1970s, packed-column gas
chromatography and ultraviolet or infrared
spectroscopy yielded basic, semiquantitative
fingerprints of spilled oils (e.g., Ehrhardt and
Blumer, 1972; Bentz, 1976). The application
of these methods relied primarily on relatively
gross evaluation of the boiling range or n-
alkane profiles and degree of weathering of
spilled oils. These methods were later supple-
mented by the development of capillary
column gas chromatography (e.g., Rasmussen,
1975) often coupled with low-resolution mass
spectrometry (GC/MS) for more detailed
molecular characterization of spilled oil (e.g.,
Albaiges and Albrecht, 1979). The increas-
ingly widespread use of low-resolution
GC/MS methods provided a means of measur-
ing the more highly specific compounds that
occurred at lower concentrations in oils, such
as PAH (e.g., Teal et al., 1978; Grahl-Nielsen
et al., 1978) and biomarkers (Seifert and
Moldowan, 1978; Seifert et al., 1979), which
are still targeted analytes in oil spill studies
today. (See ahead and in other chapters
throughout this book.) However, over the past
25 years the advances in the use of GC/MS in

oil spill investigations have relied on (1)
increases in the target analytes of interest,
including an increasing array of “diagnostic”
compounds or compound groups, (2)
improved sensitivity of the analyses (due to
increasingly higher degrees of instrumental
sensitivity and application of selected ion
monitoring data acquisition), and (3) stringent
quality assurances (Douglas and Uhler, 1993;
Wang and Fingas, 1995a, 1997; Boehm et al.,
1997).

While spectroscopic methods have im-
proved and continue to be used in some oil
spill investigations (e.g., Staniloae et al.,
2001), over the last 30 years, capillary gas
chromatography (GC) clearly has proven most
effective in the chemical fingerprinting of
spilled oils. The primary reason for this is that
capillary GC, performed using various column
types, can resolve many, but clearly not all
(e.g., see Chapter 5 and ahead), of the 100s to
1000s of compounds in petroleum permitting
their detection and identification by a variety
of detectors. Chemical fingerprinting using GC
has relied on a variety of detectors, ranging
from nonspecific detectors such as flame
ionization detectors (GC/FID) to highly selec-
tive mass spectrometers (GC/MS). Other
compound-specific detectors such as flame
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photometric detectors (FPD), chemilumines-
cence detectors, and atomic emission detectors
have been utilized less frequently.

The GC fingerprinting methods most widely
used today are based on modifications of the
U.S. EPA’s codified series of GC techniques
intended to measure industrial chemicals
(U.S. EPA, 1997). The two modified EPA
methods of greatest utility in oil spill finger-
printing studies are (1) method 8015B, Non-
Halogenated Organics Using GC/FID, and (2)
method 8270, Semi-Volatile Organic Com-
pounds by Gas Chromatography/Mass Spec-
trometry (GC/MS). These standard EPA GC
methods are, indeed, excellent base techniques
for the chemical fingerprinting of spilled oil,
candidate source oils, and potentially impacted
environmental media. However, because these
methods were developed with the intention of
measuring specific chemicals of concern (i.e.,
the so-called priority pollutant chemicals),
fundamental restrictions to the standard EPA
methods limit their usefulness in forensic oil
spill investigations (Douglas and Uhler, 1993).
Of the more than 160 EPA priority pollutant
volatile and semivolatile organic compounds,
only 20 are petroleum-type hydrocarbons that
would potentially be useful in oil spill investi-
gations. This list includes benzene, toluene,
ethyl-benzene, xylenes, naphthalene, acenaph-
thylene, fluorene, anthracene, phenanthrene,
fluoranthene, chrysene, pyrene, benzo[a]
anthracene, benzo[b]fluoranthene, benzo[a]
pyrene, indeno[1,2,3-c,d]pyrene, dibenzo[a,h]
anthracene, and benzo[g,h,i]perylene (Sauer
and Boehm, 1995). Only half of these com-
pounds are found in significant concentrations
in petroleum- or coal-derived products and
wastes. Even together, these chemicals alone
are of virtually no value in chemical finger-
printing of spilled petroleum because they
offer little or no specificity in differentiation
between different oils or between oils and
other sources of hydrocarbons in the environ-
ment. As such, the principal modification to
the standard EPA methods involves the expan-
sion of the target analytes to include a greater
number of compounds commonly found in
petroleums (see ahead).

Modifications of EPA methods 8015B
(GC/FID) and 8270C (GC/MS) have been
incorporated in multiple oil spill characteriza-
tion protocols used over the past 30 years.
The first of these was 1974’s ASTM D3328,
Standard Test Methods for Comparison
of Waterborne Petroleum Oils by Gas
Chromatography. This method was based
upon GC/FID analysis of spilled oils and their
qualitative comparison to potential sources
and/or impacted samples. ASTM D3328 has
been repeatedly modified, the most current
version being updated in 2000 (ASTM,
2000a). The Nordic countries collectively
developed a protocol that employed both
GC/FID and GC/MS fingerprinting techniques
that were first introduced in 1983 (Nordtest,
1983) and subsequently revised in 1991
(Nordtest, 1991). The introduction of the
GC/MS fingerprinting component by Nordtest
(1991) was, in 1995, followed by the 1995
introduction of ASTM D5739, Oil Spill Iden-
tification by Gas Chromatography and Posi-
tive lon Electron Impact Low-Resolution Mass
Spectrometry. This method was most recently
updated in 2000 (ASTM, 2000b). Both the
ASTM and Nordtest protocols relied upon
qualitative or semiquantitative (i.e., normal-
ized peak areas) comparisons among GC/FID
chromatograms and GC/MS extracted ion pro-
files in comparing a spilled oil to potential
sources and to potentially impacted samples
(e.g., sediments or biota). Concurrent with the
activities of the ASTM and Nordtest organiza-
tions, other organizations were developing
quantitative fingerprinting protocols in the
course of some well-studied oil spill investi-
gations, e.g., Amoco Cadiz (e.g., Page et al.,
1988), 1991 Gulf War (Michel et al., 1993), or
Exxon Valdez (e.g., Page et al., 1995). As such,
quantitative oil spill fingerprinting protocols in
which a large number of target analytes (well
beyond those in EPA methods) were quantita-
tively measured in spilled oils, candidate
sources, and in potentially impacted samples,
were widely adopted in recent years. Among
the analytes most frequently measured in these
investigations were n-alkanes, acyclic iso-
prenoids, polycyclic aromatic hydrocarbons
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(PAHs), alkylated PAHs and sulfur-containing
PAHs, and triterpane and sterane biomarkers
(e.g., Douglas and Uhler, 1993; Sauer and
Boehm, 1995; Wang et al., 1999a, 2000; Wang
and Fingas, 2003; see also Chapters 7 and 8§,
herein). The success of these studies in fulfill-
ing the roles of chemical fingerprinting in
both mystery spills and known-source spills
(Section 1.1) has led to the use of quantitative
or semiquantitative GC/FID and GC/MS in a
logical, “tiered” fashion (Wang et al., 1999a;
Stout et al., 2001; Daling et al., 2002; Wang
and Fingas, 2003; see also Chapters 7 and 8).
An important advantage of these quantitative
or semiquantitative chemical fingerprinting
methods is the ability to analyze the resulting
data using a variety of statistical or numerical
methods, rather than rely upon qualitative
interpretations of chromatographic patterns
(e.g., see Chapters 8 and 9 for more details).

Tier 1 typically is the GC/FID analysis of
samples — spilled oils, potential sources, or
potentially impacted samples and Tier 2 is the
GC/MS analysis of those samples which, after
Tier 1, still require additional chemical char-
acterization in order to answer the specific
questions at hand. Finally, if necessary, Tier 3
involves the statistical or multivariate analysis
of Tiers 1 and 2’s data to answer specific ques-
tions, e.g., “Is there a positive match to the
mystery spill oil” or “what, if any, proportion
of hydrocarbons in this sediment is attribut-
able to the spill 0il?” Obviously, answers to
such questions must consider the precision of
the quantitative data, the effects of weathering
of any spilled oil, and the potential for
mixtures.

1.2.2 Tier 1 — Chemical Fingerprinting
via GC/FID

Tier 1 analysis of oil spill-related samples
involves a GC/FID based on a modified EPA
Method 8015B. The qualitative results avail-
able from this tier of analysis include the
overall chemical fingerprint of an oil or of
extractable hydrocarbons in some matrix (e.g.,
sediments, soils, or biota). Various methods
exist for the extraction, cleanup, and/or frac-

tionation of water, sediment, soil, and tissue
extracts so that spilled oil in these matrices
can be better characterized either through the
removal of external interferences (e.g., bio-
genic compounds or elemental sulfur) or the
concentration of targeted compounds (e.g.,
compound class or group separation). The
reader is directed to sample extraction and
preparation procedures described in Sauer and
Boehm (1995).

The most appropriate capillary column for
oil spill investigations is narrow bore (0.25-
mm i.d.) fused silica coated with a 0.25-um
100% methyl-silicone cross-linked stationary
phase. Minimum column length for oil spill
investigations is 30 meters, although longer
columns, e.g., 60 meters, will afford even
better resolution at the expense of longer run
times. The keys to the successful application
of this method are (1) optimal operation of the
GC inlet (McCarthy and Uhler, 1994), which
will minimize mass discrimination of heavier
hydrocarbons (e.g., >C;), and (2) utilization of
a very slow GC oven temperature program, to
facilitate optimal resolution of close-eluting
compounds. GC oven programs for high-
quality Tier 1 fingerprints typically have initial
temperatures of 30° to 35°C, and oven ramp
rates of 6°C/min or less and total run times of
about 60 minutes. It is possible to use shorter
run times (higher ramp rates) depending upon
the specific character of the oil spill under
investigation and questions being addressed.

GC/FID fingerprints will reveal the boiling
(carbon) range and, hence, the general hydro-
carbon composition of a spilled oil or
spill-related samples. Even qualitative chro-
matographic fingerprints are useful because
almost all hydrocarbon assemblages — crude
oil, petroleum fuels, petroleum lubricant, and
their combustion and waste products — have
distinctive chromatographic signatures (e.g.,
Wang and Fingas, 1997; Stout et al., 2002a).
These qualitative differences are the basis of
the ASTM D3328 oil spill fingerprinting
method. Although weathering and/or mixing
(described later in this chapter) can greatly
influence the appearance of the chromato-
graphic signature of spilled petroleums, more
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often than not, distinctive features can be
retained in the Tier 1 GC/FID chromatogram.
Depending on the extent of weathering, such
features may include the ratios between or
among resolved compounds that have similar
environmental behaviors (e.g., pristane/
phytane ratios or carbon preference indices
among higher-boiling n-alkanes). Even the
profile of the unresolved complex mixture
(UCM “hump”), a common feature of weath-
ered petroleum, can be distinctive in some
circumstances, e.g., perhaps distinguishing an
environmentally evaporated petroleum from
a refined/distilled petroleum or background
hydrocarbons. Despite what can be revealed
by qualitative GC/FID analysis (e.g., overall
boiling range, the degree of weathering, or
likelihood of mixing), Tier 1 analysis can
involve quantitation of any individual com-
pounds that can be chromatographically sepa-
rated and measured, e.g., the n-alkanes and
selected acyclic isoprenoids (e.g., pristane and
phytane). The absolute concentrations of these
compounds can be quantitatively measured
through the use of internal or external stan-
dards and appropriate instrument calibration
and quality-control measures (see Section
1.2.4), or relative concentrations measured
using peak areas.

Strategically, the results of the Tier 1
GC/FID analysis dictate the next step(s) in an
oil spill fingerprinting investigation. If, for
example, a mystery crude oil spill is under
investigation and a potential source candidate
is determined to consist of diesel fuel, there is
no obvious need to analyze that diesel fuel
further, since GC/FID is sufficient to exclude it
as a source of the mystery spill. If, however, the
Tier 1 results are equivocal in some way, addi-
tional analysis via Tier 2 is likely warranted —
again, depending upon the specific question(s)
at hand. This type of flexibility is inherent in
the tiered chemical fingerprinting approach.

1.2.3 Tier 2 — Chemical Fingerprinting
via GC/MS

Although waterborne oil spills can sometimes
involve volatile petroleums, such as natural

gas condensate or automotive gasoline, the
impact of such spills on the aquatic and sedi-
mentary environments generally is short lived
due to the propensity for evaporation. Finger-
printing of volatile petroleums generally relies
upon GC/MS based on modification of EPA
Method 8260, sometimes referred to as
“PIANO” analysis (Uhler et al., 2002). Most
waterborne oil spills involve petroleums con-
taining semi- to minimally volatile constituents
that can persist longer in the environment and
are amenable to analysis via GC/MS based on
a modified EPA Method 8270C.

The operating procedures and GC/MS con-
ditions for optimal detection, separation, and
measurement of these semi- to minimally
volatile target compounds are somewhat dif-
ferent from those presented in EPA Method
8270 (Stout et al., 2002; Douglas et al., 2004).
First, GC and MS operating conditions need to
be optimized for separation and sensitivity. At
a minimum, 30-m, 0.25-mm i.d., 0.25-um film
thickness 5% phenyl-95% methyl-silicone (or
equivalent) capillary column should be used
for separation. Optimal operation of the GC
should be established to minimize mass dis-
crimination of heavier hydrocarbons (e.g.,
>C;) during sample injection (McCarthy and
Uhler, 1994). A slow GC oven temperature
program should be used to ensure adequate
resolution of closely eluting compounds.
Appropriate GC oven profiles have initial tem-
peratures of 30° to 35°C and oven ramp rates
of 6°C/min or less. Total GC run times of 1 to
2 hours are typical for these analyses. The MS
is commonly operated in the selected ion mon-
itoring (SIM) mode, which greatly enhances
the sensitivity and lower detection limits for
quantitative analysis. (See also Chapter 3 for a
more detailed discussion of GC/MS analysis in
oil spill investigations.)

The most common groups of targeted ana-
lytes via GC/MS analysis of spill oils, candi-
date sources, and potentially impacted samples
are the (1) homo- and hetero-atomic polycyclic
aromatic hydrocarbons (PAHs) and (2) petro-
leum biomarkers. Other compounds of poten-
tially diagnostic value, e.g., diamondoids,
n-alkylcyclohexanes, macrocyclic alkanes,
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etc., can, of course, be included in any oil spill
investigation where necessary. The utility of
the PAHs and biomarkers lies in the combina-
tion of their specificity to different hydrocar-
bon sources and their generally reduced
susceptibility to weathering on environmental
time scales (e.g., see Chapter 11). In crude oil
and most petroleum fuels and lubricants, the
PAHs and biomarkers are present at much
lower concentrations than the more abundant
normal, branched, and (nonbiomarker) cyclic
alkanes that can easily be detected by Tier 1
GC/FID analysis. Once dispersed in environ-
mental media, the concentrations of PAH and
biomarkers are often in the parts-per-million to
low parts-per-billion range. In order to detect
and quantify these hydrocarbons in sediments
and biota potentially impacted by spilled oil,
these analyses must be conducted under

closely monitored analytical and quality-
control protocols (Douglas et al., 2004).

1.2.3.1  Polycyclic Aromatic
Hydrocarbons

Table 1-2 presents a list of target homo- and
hetero-atomic PAHs that are widely used in
Tier 2 analysis of oil spill-related samples.
This compilation includes parent and alkyl-
substituted PAH with long demonstrated
utility in environmental forensics investiga-
tions (Boehm and Farrington, 1984; Colombo
et al., 1989; Sauer and Uhler, 1994/1995). The
list also includes the naphthobenzothiophene
homologues, which have been less commonly
used in oil spill investigations.

The chromatographic retention times for
each target compound or compound group

Table 1-2 PAH and Related Compounds or Groups Commonly Targeted in Oil Spill-Related Samples Obtained

Using GC/MS-SIM

Target PAH/PAH Groups Key Quant. RF Target PAH/PAH Groups Key  Quant. RF
Ion Ion

(m/z) (m/z)
Naphthalene NO 128 NO Pyrene PY 202 PY
C1-Naphthalenes N1 142 NO C1-Fluoranthenes/Pyrenes FP1 216  FL
C2-Naphthalenes N2 156 NO C2-Fluoranthenes/Pyrenes FP2 230 FL
C3-Naphthalenes N3 170 NO C3-Fluoranthenes/Pyrenes FP3 244  FL
C4-Naphthalenes N4 184 NO C4-Fluoranthenes/Pyrenes FP4 258 FL
Acenaphthene ACE 154 ACE Naphthobenzothiophenes NTO 234 NTO
Acenaphthylene ACY 152 ACY  Cl-Naphthobenzothiophenes NT1 248 NTO
Biphenyl BPHN 154 BPHN C2-Naphthobenzothiophenes NT2 262 NTO
Dibenzofuran DBF 168 DBF C3-Naphthobenzothiophenes NT3 276  NTO
Fluorene FO 166 FO C4-Naphthobenzothiophenes NT4 290  NTO
C1-Fluorenes F1 180 FO Benzo[a]anthracene BaA 228 BaA
C2-Fluorenes F2 194 FO Chrysene Co 228 CO
C3-Fluorenes F3 208 FO C1-Chrysenes/benzanthracenes  Cl1 242 CO
Dibenzothiophene DO 184 DO C2-Chrysenes/benzanthracenes ~ C2 256 CO
C1-Dibenzothiophenes D1 198 D C3-Chrysenes/benzanthracenes  C3 270 CO
C2-Dibenzothiophenes D2 212 D C4-Chrysenes/benzanthracenes  C4 284 CO
C3-Dibenzothiophenes D3 226 D Benzo[b]fluoranthene BbF 252 BBF
C4-Dibenzothiophenes D4 240 D Benzo[j,k]fluoranthene BjkF 252  BKIF
Anthracene AN 178 AN Benzo[a]fluoranthene BaF 252 BAF
Phenanthrene PO 178 PO Benzo[a]pyrene BaP 252  BAP
C1-Phenanthrenes/Anthracenes Pl 192 PO Benzo[e]pyrene BeP 252  BEP
C2-Phenanthrenes/Anthracenes P2 206 PO Perylene PER 252 PER
C3-Phenanthrenes/Anthracenes  P3 220 PO Indenol[1,2,3-c,d]pyrene IND 276 IND
C4-Phenanthrenes/Anthracenes P4 234 PO Dibenzo[a,h]anthracene DA 278 DA
Fluoranthene FL 202 FL Benzo[g,h,i]perylene GHI 276  GHI

RF-response factor.
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must be established under the appropriate
GC/MS operating conditions. The diagnostic
and confirmatory ions for each target analyte
must be verified from GC/MS analyses of
authentic standards, whenever possible. Since
only a handful of authentic standards exists for
the literally hundreds of C, to C, alkylated
isomers of PAH, characteristic ions, retention
time windows, and homologue group patterns
must be constructed based on carefully docu-
mented PAH and alkyl PAH chromatographic
retention indices (Lee et al., 1979), and then
redocumented by the analysis of a well-
characterized reference petroleum product
such as Alaska North Slope (ANS) crude oil or
Alberta Sweet Mix Blend (ASMB) (Wang
et al., 1994a). Alkyl homologues of PAH are
quantified using the straight baseline integra-
tion method versus relative response factors
(RRFs) assigned from the parent PAH com-
pound (Madsen, 1991). Although the alkylated
PAH homologous groups can be quantified
using the RRF of the respective parent PAH
compounds, it is preferable to obtain RRFs
directly from alkylated PAHs (if they are
commercially available) for further improve-

Table 1-3
Using GC/MS-SIM

ment of PAH quantitation accuracy. For
example, the RRFs obtained from 1-methyl-
naphthalene, 2-methyl-naphthalene, 2,6-dimethyl-
naphthalene, 2,3,5-trimethyl-naphthalene, and
I-methyl-phenanthrene can be used for quan-
titation of 1-methyl-naphthalene, 2-methyl-
naphthalene, C,-naphthalenes, Cs-naphthalenes,
and C,-phenanthrenes, respectively; and the
RRFs of 2,3,5-trimethyl-naphthalene and 1-
methyl-phenanthrene can be used for quan-
titation of Cg-naphthalenes, and C,-, C;-, and
Cs-phenanthrenes in oil, respectively (Wang
et al., 1994a).

1.2.3.2  Petroleum Biomarkers

In Tier 2 GC/MS analysis, the concentrations
and/or relative distribution of biomarkers —
e.g., acyclic isoprenoids, regular and
rearranged steranes, bicyclic, tricyclic, tetra-
cyclic, and pentacyclic terpanes (Table 1-3) —
can be measured by taking advantage of the
knowledge of characteristic ion fragments and
well-documented retention indices for each
class of compounds. The analysis of biomark-
ers is thoroughly described in Chapter 3 and is

Inventory of Petroleum Biomarkers Commonly Used in the Characterization of Spilled Oil Obtained

Triterpanes

Steranes

Cyy Tricyclic terpane

Cy Tricyclic terpane

C,, Tricyclic terpane

Cy, Tricyclic terpane

C,; Tricyclic terpane

C,4 Tricyclic terpane

C,s Tricyclic terpanes (a & b)

Cy6 Tricyclic terpanes (a & b)

C,, Tetracyclic terpane

Cy Tricyclic terpane (a)

Cyg Tricyclic terpane (b)

Cy Tricyclic terpane (a)

C,y Tricyclic terpane (b)

180u(H)-22,29,30-trisnorhopane
(Ty)

170(H)-22,29,30-trisnorhopane
(Tw)

170(H)-diahopane (X)

18a(H) & 18B(H)-oleanane
170((H),21B(H)-hopane

17B(H),210u(H)-moretane

Gammacerane

170u(H),21B(H)-30-norhopane
180(H),21B(H)-30-norneohopane (CyT)

17B(H),210/(H)-30-normoretane

170(H)-30-nor-29-homohopane

22S-170(H),21B(H)-30-homohopane
22R-170(H),21B(H)-30-homohopane

22S-17a(H),21B(H)-30-bishomohopane
22R-170uH),21B(H)-30-bishomohopane
22S-170(H),21B(H)-30-trishomohopane

22R-170(H),21B(H)-30-trishomohopane

Cy SouH),140u(H),170(H)-sterane
C,; 50(H),14B(H),17B(H)-sterane
Cy, 50(H), 14B(H),17B(H)-sterane
13B(H),170(H)-diacholestane (20S)
13B(H),170(H)-diacholestane (20R)
13B(H),170(H)-diastigmastane (20S)
13B(H),170(H)-diastigmastane (20R)

50/(H), 140/(H), 1 7o(H)-cholestane (20S)
Sou(H),14B(H),17B(H)-cholestane (20R)
50(H), 14B(H), 17B(H)-cholestane (20S)
Sou(H),140u(H),170u(H)-cholestane (20R)
50(H), 14B(H),17B(H),24-methylcholestane (20R)
Sou(H),14B(H),17B(H),24-methylcholestane (20S)

SouH),140uH),170uH),24-methylcholestane
(20R)

C; Tricyclic terpane (a)

Cy Tricyclic terpane (b)

170((H),180(H),21(B)H-28,30-
bisnorhopane

170u(H),21B(H)-25-norhopane

22S-170(H),21B(H)-30-tetrakishomohopane
22R-170(H),21B(H)-30-tetrakishomohopane
22S-170(H),21B(H)-30-pentakishomohopane

22R-170(H),21B(H)-30-pentakishomohopane

So(H),140uH),170(H),24-ethylcholestane (20S)
Sa(H),14BH),17BH),24-ethylcholestane (20R)
Sou(H),14B(H),17B(H),24-ethylcholestane (20S)

SoH),140uH),170(H),24-ethylcholestane (20R)
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not recounted here. It is notable, however, that
the GC/MS analysis of biomarkers can be
carried out simultaneously with the analysis of
PAH described above. Two types of calibration
standards are appropriate for determination of
biomarker concentrations. The first are reten-
tion time marker compounds [e.g., SB(H)-
cholane], against which measured biomarker
retention times can be compared (Sauer and
Boehm, 1995). The second are discrete bio-
marker chemicals, available commercially,
that can be used to generate response factors
for individual compounds and compounds of
similar structure.

In some instances where conventional Tier
1 GC/FID and Tier 2 GC/MS analyses achieve
equivocal results, additional chemical detail
may be necessary to answer specific questions
of some oil spill investigations. In recent
years, two such analytical methods have been
applied to oil spill investigations, namely, (1)
compound-specific stable isotope analysis
(CSIA) and (2) two-dimensional GC analysis
(GC x GC). Both of these methods are dis-
cussed in subsequent chapters in this book and
are not discussed further herein.

1.2.4 Quality Assurance and Quality
Control

Like any high-quality laboratory work, analyt-
ical chemistry measurements carried out in
support of oil spill investigations must be con-
ducted within the framework of a robust
quality assurance (QA) and quality-control
(QC) program. Beyond the obvious, a practi-
cal reason a laboratory should operate under a
well-defined QA/QC program is the need for
the utmost confidence in the quality of the data
because of the likelihood that the data will be
used in litigious inquiries.

1.2.4.1 Quality Control

The quality of chemical fingerprinting data is
an essential component of any environmental
forensic investigation. In most litigious situa-
tions the data quality must be defended (long)
before the interpretations of those data. Dif-
ferent laboratories employ different degrees of

quality control (QC) governing the sample
handling, sample preparation, sample analysis,
and reporting of data. The practicalities of
running a commercial laboratory often
compete with QC of the data. Fingerprinting
data to be used in a given oil spill investiga-
tion should be analyzed in exclusive analytical
batches, on the same analytical instrument,
and, to the extent possible, within the same
analytical sequence. Whenever practical the
data analyses (peak integrations) for a given
batch of samples should be conducted by a
single GC/MS analyst with experience in
petroleum analysis and hydrocarbon pattern
recognition. These steps, combined with the
calibrations (initial and continuing), appropri-
ate QC samples (procedural blanks, laboratory
control samples, reference oils), and replicates
(duplicates or triplicates), each contribute to
overall data quality.

1.2.4.2  Quality Assurance

A QA program assures laboratory management
and project investigators that documented
standards for the quality for facilities, equip-
ment, personnel training, and work perfor-
mance are being attained, and if not, to identify
and report the areas that need improvement to
meet those standards. A laboratory’s QA
program should be described in the labora-
tory’s Quality Management Plan (QMP). The
QMP should describe the laboratory’s policy
for management system reviews, quality-
control and data-quality objectives, QA project
plans, standard operating procedures, training,
procurement of items and services, documen-
tation, computer hardware and software, plan-
ning and implementation of project work,
assessment and response, and corrective action
and continuous improvement. A QA system
should consist of a minimum of six compo-
nents, namely,

1. A formal Work/QA Project Plan that
describes all work, QA, and quality-control
activities associated with a project is devel-
oped for each study.

2. Up-to-date standard operating procedures
(SOPs) that describe all technical activities
conducted by the laboratory.
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3. A program to ensure and document that all
project personnel are fully trained and qual-
ified to perform project activities before
independent activities may begin. Person-
nel training records should be maintained
by the QA Unit and include records of qual-
ifications, prior experience, professional
training, and internal training procedures.

4. A documentation and records system that
facilitates full sample and data tracking.

5. A quality assessment program for all proj-
ects, conducted through management
system reviews, technical system audits,
performance evaluation samples, data vali-
dation, laboratory inspections, and inde-
pendent data audits. An independent QA
Unit within a laboratory should conduct the
latter two activities.

6. A continuous improvement program, facil-
itated through quality assurance audits, a
formal corrective action program, and
routine, laboratorywide performance assess-
ments and reviews.

In addition, all laboratory deliverables should
receive an independent review that includes a
quality assurance (QA) and technical compo-
nent. The QA review should ensure that the
data are (1) complete, (2) in compliance with
the procedures defined in the QAPP, (3) in
compliance with regulatory statutes, and (4)
accurate and technically sound. The technical
review should ensure that the results and

Table 1-4

interpretations are (1) objective, (2) defensible
among peers, and (3) presented in a manner
that conveys the conclusions clearly, often to
nonexpert decision makers.

1.3 Factors Controlling the
Chemical Fingerprints of Spilled
or Discharged Petroleum

Figure 1-1 depicted the four factors that influ-
ence the chemical fingerprints of petroleum in
the environment that are relevant to oil spill
investigations. In this section, these factors are
presented and described.

The term “petroleum” collectively refers to
the family of materials, naturally occurring and
humanmade, that contain complex mixtures
of up to tens of thousands of hydrocarbons
and nonhydrocarbons (nitrogen-, sulfhur-,
oxygen-, and metal-containing compounds;
Speight, 1991). Naturally occurring petrole-
ums include gases (e.g., natural gas), liquids
(e.g., gas condensates and crude oils), and
solids (e.g., solid bitumens and oil shale/sand).
The chemistry of naturally occurring petrole-
ums is the collective result of the geologic
processes that led to their formation over mil-
lions of years, namely (1) the nature of the
ancient, organic-rich, source strata, (2) the
thermal history of the source strata, and (3)
changes brought about during petroleum’s
migration to and residence in reservoir strata
(Tissot and Welte, 1984; Hunt, 1996; Table 1-4).

Inventory of the Factors Controlling the Chemical Fingerprints of Spilled or Discharged Petroleum

Controlling Factors in Chemical Fingerprints of Petroleum

Petroleum Types

Primary source rock organic matter type
Controls source rock thermal maturity
(Geology) migration effects
in-reservoir alteration
Secondary fractionation
Controls conversion
(Refining) finishing
blending
Tertiary evaporation
Controls water-washing
(Weathering & biodegradation
Mixing) photo-oxidation

mixing with “background”

natural gas/condensates
crude oils

solid bitumens

oil sand/shales

Naturally
Occurring

gasoline
distillate/residual fuels
lubricants
waxes/greases/asphalts

Man-Made

all fugitive petroleums
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These three “primary controls” impart very
specific chemical features to naturally occur-
ring petroleums, which will vary markedly
between different oil provinces (e.g., coastal
California versus Alaska; Kvenvolden et al.,
1995). More subtle differences can even exist
between oils produced from individual reser-
voirs within a single oil field (e.g., Kauffman
et al., 1990; Peters and Fowler, 2002). As such,
the primary controls impart very specific
genetic features to petroleums that provide the
primary basis for the chemical fingerprinting
of naturally occurring petroleums in oil spill
investigations (Stout et al., 2002; see Section
1.1.1 ahead).

Manmade petroleums are derivatives of nat-
urally occurring petroleums that are produced
in the course of petroleum refining. (Minor
changes in chemistry may also occur during
the production of natural petroleums from the
subsurface, e.g., through phase separation, but
these are not considered herein.) Manmade
petroleums include various fuels (e.g., lique-
fied petroleum gas, automotive gasoline, and
distillate and residual fuel oils), lubricants,
and other products (e.g., waxes, greases, and
asphalts) and their wastes (e.g., waste oils,
bilge oils). Although some of the genetic
chemical features of the naturally occurring
parent petroleum are passed directly to the
daughter petroleum products, the refining
process can impart its own effects on the
chemical composition of the resulting
manmade petroleums and can, therefore, be
considered as a “secondary control” on their
chemical fingerprints. For example, distillation
and thermal cracking can affect the distribu-
tions of some biomarkers and PAH (e.g.,
Peters et al., 1992; see also Section 1.3.2
ahead). Thus, in total, the chemical composi-
tions of manmade petroleums are effected by
the combined affects of the primary and sec-
ondary controls (Table 1-4). The chemical
specificity imparted by these combined affects
provides the basis for the chemical finger-
printing of manmade petroleums in oil spill
investigations.

Both naturally occurring and manmade
petroleums are transported from areas of their

production to areas of their use. Most often
it is in the course of this transportation when
oil is accidentally spilled or intentionally
discharged (Table 1-1). Once petroleum is
released into the environment, it immediately
is subjected to various physical, chemical, and
biological processes that will affect its chemi-
cal composition (Jordan and Payne, 1980).
These processes are collectively referred to as
weathering, which can be considered a “terti-
ary control” on the chemical fingerprinting of
petroleum in the environment (Table 1-4).
Weathering will affect the chemical composi-
tion of fugitive petroleum at widely different
rates. For example, evaporation of volatile
constituents will occur much more rapidly than
the biodegradation of recalcitrant constituents
(see Section 1.3.3), and chemical fingerprint-
ing of samples following an oil spill —
sometimes collected decades later (e.g., Wang
et al, 1994b, 1998; Reddy et al., 2002;
Petkewich, 2002; Prince et al., 2002a; Short et
al., 2004; see also Chapters 5 and 15 herein)
— must consider these longer-term weathering
effects. Because of this, both the shorter-term
investigations of mystery oil spills and the
longer-term investigations of known-source
spills must account for the chemical changes
to the spilled oil brought about by weathering
and focus instead on those features that are un-
or minimally affected by weathering (e.g.,
Douglas et al., 1996; Wang and Fingas, 1995c;
Stout et al., 2001; Daling et al., 2002; see also
Chapter 7 herein). In fact, in investigations of
known-source spills, the effects of weathering
are often what chemical fingerprinting is trying
to measure — i.e., how has the spilled oil
changed over time (e.g., Wang et al., 1994b,
1998).

Concurrent with the weathering, once petro-
leum is released into the environment it
becomes subject to mixing with pre-existing
anthropogenic contaminants or naturally
occurring materials already present in the envi-
ronment. These other sources of “background”
hydrocarbons can contribute to the collective
fingerprint of any floating oils, sediments or
soils, waters, and tissues thought to be
impacted by the spilled oil (only) and, there-
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fore, need to also be considered as another
“tertiary control” on the chemical fingerprint
of spilled oil (Table 1-4). If unrecognized, the
presence of pre-existing, background hydro-
carbons can confound both the identification of
a mystery spill’s source or the assessment of
any long-term effects of a spill on the envi-
ronment. Even major oil spills from known
sources can be confounded by alternative
sources of hydrocarbons in the environment.
For example, the Amoco Cadiz grounding, the
Ixtoc-1 blowout, and Exxon Valdez groundings
each were, in part, confounded by the presence
of other anthropogenic and natural hydrocar-
bons in the spill area (Boehm et al., 1997; Page
et al., 1988, 1995). Similarly, smaller oil spills
and discharges in ports, which are typically
areas with long-term, industrial activities sur-
rounded by urbanized areas, are subject to a
multitude of “urban background” hydrocar-
bons (see Section 1.3.4.4; Stout et al., 2004).
The chemical complexity imparted by the
combination of primary, secondary, and terti-
ary controls on a spilled oil’s fingerprint (Table
1-4) provides the oil spill investigator with
both the challenges and the means to answer
questions surrounding the source and fate of
waterborne oil spills or operational discharges
in the environment. In the following sections,

the bases for these controls on crude oil and
petroleum products are described in greater
detail (Sections 1.3.1 through 1.3.4).

1.3.1  Primary Control — Crude Oil
Genesis

Crude oil is an extremely complex mixture of
tens of thousands of individual hydrocarbons
and nonhydrocarbons. These compounds
range from small, simple, volatile, and distinct
compounds (e.g., methane) to extremely large,
complex, nonvolatile, colloidally dispersed
macromolecules (e.g., asphaltenes). The distri-
bution of these compounds imparts certain
physical properties on the oil, and it is these
physical properties (e.g., density or viscosity)
by which crude oils are generally classified,
bought, and sold. These physical properties
can be used to grossly classify crude oils as
either conventional (light or medium) or
heavy, where conventional oils have an API
gravity above 20° or viscosity (at reservoir
conditions) below 100cP (Speight, 1991).
Conventional crude oils can be generally
classified based upon the predominance of
the major hydrocarbon classes — paraffins,
naphthenes, and aromatics — as shown in
Figure 1-2 and described ahead.

N, Heavy
\ Oils
Aromatic

Aromatic Oils \\\
HCs and “\ Cycloalkanes
NSOS 50 BIODEGRADATION \\ 50
. Mixed )/
\ Oils /
Paraffinic ./ Naphthenic
. Y .
Figure 1-2 Ternary diagram show- Oils i Oils
ing the general compositional fea- i
tures of crude oils. After Tissot 0 i
and Welte (1984). Arrow indicates 5'0 0 100

general compositional change due to 100
biodegradation.

Normal and Iso-Paraffins



14 Oil Spill Environmental Forensics

All crude oils contain aliphatic and aromatic
hydrocarbons and nonhydrocarbons. The
proportions of these three major classes of
compounds, and the specific distributions of
individual compounds within each class, vary
widely among crude oils (Tissot and Welte,
1984). The aliphatic hydrocarbons (sometimes
called paraffins or saturates) include multiple

compound types, such as normal alkanes
(sometimes called normal paraffins), acyclic
isoprenoids (sometimes called iso-paraffins),
and monocyclic and polycyclic alkanes
(collectively called naphthenes), the latter of
which include sesquit-, di-, tri-, tetra-, and
pentacyclic terpanes and sterane biomarkers
(Figure 1-3). The aliphatic hydrocarbons com-

Aliphatic Hydrocarbons

SN T

Normal Alkanes
(n-decane)

P P PPN

Acyclic Isoprenoids
(pristane)

Steranes (Cholestane)

Bicyclic Sesquiterpanes
(Eudesmane)

Tricyclic Diterpanes (Abietane)

(Hopane) (Oleanane)

Pentacyclic Triterpanes

Aromatic Hydrocarbons

Monoaromatics
: : Tetraaromatics
(chrysene)
. . Triaromatics
Diaromatics

(1,6-dimethylnaphthalene)

Tetraaromatics
(1,2-(3’-isopropyl)propane-methylchrysene)

phenanthrene)

(retene; 1-methyl-7-isopropyl-

Pentaaromatics
(2,9-dimethylpicene)

Figure 1-3 Examples of aliphatic and aromatic hydrocarbons in crude oils.
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prise the largest weight percentage of most
conventional crude oils, and are markedly
reduced due to biodegradation in heavy crude
oils (Figure 1-2; Speight, 1991; Hunt, 1996).
Aromatic  hydrocarbons include mono-
aromatic (BTEX) and polycyclic aromatic
hydrocarbons (PAH), the latter of which
include various aromatic biomarkers (e.g.,
PAH with terpane or sterane skeletons; Figure
1-3). Nonhydrocarbons include polars, resins,
and asphaltenes. Polars include compounds
containing one or more nitrogen, sulfhur, or
oxygen atoms (NSOs) that impart a “polarity”
to the compounds. Nitrogen-containing com-
pounds include benzocarbazoles, quinolines,
and porphyrins, sulfhur-containing com-
pounds include benzo-, dibenzo-, and
polynuclear thiophenes, and oxygen-containing
compounds include furans, phenols, and acids.
Heavy crude oils contain higher percentages of
aromatic hydrocarbons, predominantly PAH,
and nonhydrocarbons (NSOs) than conven-
tional crude oils (Figure 1-2; Speight, 1991;
Hunt, 1996).

Many excellent reviews of crude oil com-
position are already available (Kinghorn,
1983; Tissot and Welte, 1984; Speight, 1991;
Hunt, 1996), which allows this section to focus
on those primary molecular features of crude
oils that are most useful in oil spill finger-
printing. (Isotopic features of crude oils that
are useful in oil spill fingerprinting are dis-
cussed in Chapter 6 herein.)

On a molecular level, it can be safely stated
that no two crude oils are identical due to the
variability in the primary controlling factors
leading to their formation (Table 1-4). First,
the nature of a crude oil’s source rock organic
matter type(s) varies widely with geologic age,
lithology, and the particular conditions of the
ancient depositional environment (e.g., lake,
ocean, delta, etc.) in which these source strata
accumulated (Tissot and Welte, 1984). Second,
the variable kinetic conditions during the gen-
eration and expulsion of crude oil from the
source strata will impart certain maturity-
based features driven by various cracking, iso-
merization, and aromatization reactions on a
crude oil. Third, migration can impart addi-
tional changes on the composition of an oil due

to geochromatographic or ‘“‘contamination”
effects. Exploration geochemists have long
understood the effect that the source rock
organic matter type has on the molecular and
isotopic composition of crude oil and have
used this knowledge to improve crude oil
exploration and production (Moldowan et al.,
1985). The environmental applications of this
knowledge have been increasingly applied to
oil spill investigations over the past 35 years
or so (see Section 1.3.1 below).

Primary chemical features imparted by the
source, maturity, and migration of crude oil are
of great value in chemical fingerprinting of
both mystery and known-source oil spills. In
particular, a variety of petroleum biomarkers
offer a very high degree of specificity among
crude oils (Table 1-5). Petroleum biomarkers
are organic compounds in crude oil whose
carbon skeletons can be unequivocally linked
to those found in the naturally occurring bio-
chemicals from which they are derived, i.e.,
biomarkers are “chemical fossils” (Eglinton
and Calvin, 1967). The biochemicals that
accumulated in ancient sediments are con-
verted into biomarkers during the diagenesis
and thermal maturation of the sediments over
geologic time, i.e., during their conversion into
petroleum source rocks (e.g., Seifert and
Moldowan, 1978; Simoneit, 1986). Crude oil
expelled from a given source rock sequence
will contain biomarkers whose character testi-
fies to the ancient biomass that had originally
accumulated in the ancient sediments that later
formed the source rock (Didyk et al., 1978;
Moldowan et al., 1985; Peters et al., 1986;
Volkman, 1988) and its lithology (Rubinstein
and Albrecht, 1975). The relative abundances
of more and less thermally stable biomarker
isomers, or their degree of aromatization, will
testify to the thermal maturity of the source
rock strata when the oil was expelled (e.g.,
Seifert and Moldowan, 1978; Mackenzie et al.,
1980; Radke, 1988; Farrimond et al., 1998).
The migration of crude after its expulsion from
the source strata can introduce new com-
pounds “extracted” from carrier beds or reser-
voir rocks (Curiale, 2002) or experience subtle
molecular fractionation (Larter et al., 1996;
Matyasik et al., 2000). Finally, after reaching
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Table 1-5 Inventory of Common Biomarker Compound Classes Available for Chemical Fingerprinting of Petro-
leum in the Environment. The Table Includes the Carbon Boiling Range over Which Each Class Occurs and
the Dominant Mass/Charge (m/z) Ratio upon Which They Can Be Identified Using Gas Chromatography-Mass

Spectrometry

Biomarker Compound Class

Approximate Carbon Boiling Range

Mass Spectral Fragment lons

n-alkanes

acyclic isoprenoids

bicyclic sesquiterpanes
diterpanes

extended tricyclic terpanes
tetracyclic terpanes
25-norhopanes (10-desmethylhopanes)
pentacyclic triterpanes
diasteranes

regular steranes

C-ring monoaromatic steranes
triaromatic steranes

C1 to C45%* m/z 85
Cl2to C19 m/z 113
Cl13 to C17 m/z 123
C19 to C24 m/z 191
C18 to C26 m/z 191
C22 to C23 m/z 191
C25 to C33 m/z 177
C26 to C34 m/z 191
C23 to C26 m/z 217
C25 to C29 m/z 217 and 218
C23 to C26 m/z 253
C26 to C29 m/z 231

* As measured by conventional (low temperature) gas chromatography.

a reservoir (but prior to its discovery and pro-
duction) crude oil composition can further
change due to water-washing by meteoric
water, deasphaltening, or biodegradation in the
reservoir (Connan, 1984; Seifert et al., 1984,
Palmer, 1993; Cassani and Eglinton, 1991. The
latter process, biodegradation, is generally
responsible for the vast majority of heavy
crude oil deposits worldwide (Tissot and
Welte, 1984).

Thus, collectively these primary controls on
crude oil (Table 1-4) invoke tremendous vari-
ability in the molecular compositions, including
the biomarker “fingerprints,” of conventional
and heavy crude oils (Peters et al., 2005, and
refs. therein; see also Chapter 3 herein).
Because of this inherent variability, and their
relative resistance to biodegradation on envi-
ronmental time scales (see Chapter 11 herein),
petroleum biomarkers have proven particularly
useful in crude oil spill investigations (e.g.,
Kvenvolden et al., 1995; Daling et al., 2002;
Page et al., 1995; Volkman et al., 1997; Kaplan
et al., 1997, 2001; Stout et al., 2001; Wang and
Fingas, 2003; Stout, 2003; Wang et al., 1999b,
2006). The reader is directed to Chapter 3
(herein) to see multiple examples of the bio-
marker variability among crude oils.

Figure 1-4 demonstrates some disparate
primary features for two conventional crude

oils. Figures 1-4a and b show the gas
chromatography-flame ionization detection
(GC/FID) chromatograms for a North Slope
crude (NSC) and a Nigerian Bonnie Light
crude oil blend, respectively. Both oils contain
abundant normal alkanes, but each exhibits a
different n-alkane profile and the Nigerian
crude exhibits a slight odd-over-even predom-
inance in the C,s+ normal alkanes. The NSC
has a higher nC,,/Pr and lower Pr/Ph ratio than
the Nigerian crude. Figures 1-4c and d show
the partial m/z 191 mass chromatograms in
each oil, which reveals a relative abundance of
extended tricyclic triterpanes and homo-
hopanes in the NSC, and a relative abundance
of oleanane in the Nigerian crude (all versus
hopane). The ratios of T/T;, vary between the
oils, being lower in the NSC. Finally, Figures
I-4e and f show the distributions of dia-
(rearranged) and regular steranes, which show
a higher proportion of diasteranes and C,,
regular steranes and a higher C29S/(C29S +
C29R) ratio in the NSC than in the Nigerian
crude. These differences collectively indicate
that these oils’ source rocks had varying pro-
portions of marine and terrestrial organic
matter and had expelled oil at different heating
conditions. These differences in the biomarker
distributions are more fully explained in the
geochemical literature of these two oil
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Figure 1-4 Example of the disparate primary chemical fingerprinting features in crude oils from the North Slope
of Alaska and the Niger Delta, Nigeria. (a—b) GC/FID chromatograms, (c—d) partial m/z 191 mass chromatograms, and
(e—f) partial m/z 217 mass chromatograms. * = internal standards, left to right: o-terphenyl, 50-androstane and tetracosane-

dso.

provinces (e.g., Mackenzie et al., 1985;
Ekweozor and Udo, 1988; Ukpabio et al.,
1994). However, it should be clear that such
differences will provide a strong basis to pos-
itively or negatively correlate a spilled crude
oil to its candidate sources and to recognize
any contribution to potentially impacted sedi-
ments or biota. This high degree of chemical
disparity between crude oils parallels those
recognized in crude oil spill investigations
in California and Alaska, where significant
primary chemical differences are known to

exist between crude oils produced from the
Miocene, coastal California basins, the Meso-
zoic North Slope of Alaska, and natural oil
seeps east of Prince William Sound (e.g.,
Kvenvolden et al., 1995; Bence et al., 1996;
and Chapter 15 herein).

The primary chemical differences demon-
strated in Figure 1-4 are relatively obvious,
given the significant geologic differences
between the Mesozoic petroleum system in the
North Slope of Alaska versus the Tertiary
petroleum system in the Niger Delta. A simple
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qualitative comparison of these oils’ finger-
prints (Figure 1-4) can reveal these marked
differences. However, crude oils produced
from a single petroleum system within a single
petroleum province will exhibit far more
subtle primary differences than are evident in
Figure 1-4. Petroleum geochemists working
within a petroleum province recognize these
subtle differences, often recognizing “oil fam-
ilies,” frequently using multivariate techniques
(e.g., Telnaes and Dahl, 1986; Osadetz et al.,
1995). Similarly, oil spill investigations in
some areas may require precise quantitative
(or semiquantitative) comparisons among oils
with similar chemical fingerprints in order to
facilitate their distinction (see Chapter 8
herein). This situation, for example, as might
exist for a mystery oil spill in an offshore pro-
ducing area where genetically similar crude
oils are being produced from different produc-
tion platforms, has led to the development of
numerically or statistically based analysis of
crude oils’ primary (genetic) fingerprinting
data in efforts to more quantitatively determine
the degree of correlation between spill oils and
candidate sources (e.g., Urdal et al., 1986;
Stout et al., 2001; Daling et al., 2002; and
Chapters 7 and 9 herein). In such cases, the
subtle differences between oils produced from
individual reservoirs or production zones may
reveal important differences.

An example of this type of oil spill investi-
gation is shown in Figure 1-5, which shows the
GC/FID chromatograms and partial triterpane
(m/z 191) distributions in a mystery spill oil
found in an offshore operating area and in two
(of the many studied) candidate source oils
from nearby crude oil production platforms.
All the crude oils produced in the area are
“genetically” similar due to the overall consis-
tency in the primary factors described above
— source organic matter type, thermal matu-
rity, and migration — within the local petro-
leum system. The overall similarity of the oils
is evident in the highly comparable GC/FID
fingerprints of the whole oils. For example,
while the spilled oil obviously has been
affected by evaporation, each oil is dominated
by n-alkanes that exhibit a slight odd-over-

even predominance in the C,s+ range (Figure
1-5). While there is no obvious difference
among the oils based upon the GC/FID chro-
matograms, subtle differences in the primary
factors lead to subtle differences in the triter-
pane distributions in the oils. Close inspection
reveals that the relative abundance of gam-
macerane, a pentacyclic triterpane with a bac-
terial origin (ten Haven et al., 1989), varies
among the oils. This variation eliminated Plat-
form B as a source for the spilled oil (Figure
1-5). In this investigation, all other candidate
crude oil sources were similarly eliminated on
some subtle basis and Platform A was con-
firmed to be the likely source of the mystery
oil spill.

1.3.2 Secondary Controls — Petroleum
Refining

Crude oil is converted into marketable petro-
leum products through refining. Refined petro-
leum products are then transported from
the refinery to market via trucks, pipelines,
and product tankers and barges. The most
common petroleum products transported
generally reflect their economic value, with
automotive gasoline, distillate fuel oils, and
residual fuel oils being the most common
petroleum products in use. For example,
Figure 1-6 shows the approximate volumes of
different petroleum products transported as
cargo by product tankers and barges in U.S.
waterways in 2003 (the last year data are
available; WCUS, 2003). These data show that
gasoline, distillate fuels, and residual fuels are
the most commonly transported petroleum
products in U.S. waters. Accidental releases of
petroleum product cargo or fuel from vessels,
pipelines, and coastal facilities, or intentional
discharges of cargo washings or wastes (oily
water, slops, and sludges) from vessels can
produce both mystery spills and known-source
spills. In addition, other sources of fugitive
petroleum products in the environment can
require investigation as to their source or
impact (e.g., jettisoned aircraft fuel; Table 1-
1). Thus, although crude oil is the most volu-
minous petroleum cargo (see above), refined
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crude oil feedstock processed at any given
refinery can include a single “local” crude oil
commingled from genetically similar crude oils
from within a single basin or a dynamic blend
of multiple and genetically dissimilar crude oils
produced from different basins, often obtained
from different continents. In either case, the
commingled production of similar crude oils or
the blending of disparate crude oils will result
in a crude oil feedstock that exhibits the col-
lective and mass-balanced “primary” chemical
(elemental, molecular, and isotopic) features of
the individual parent crude oils in the feed-
stock. As such, the crude oil feedstock at any
given refinery at any given time will still
exhibit a unique set of primary features (Table
1-4). These features still offer a high degree of
chemical specificity that is, at least in part,
passed along to the daughter petroleum prod-
ucts or altered to reflect the refining process.

The modern petroleum refinery has evolved
from a simple turn-of-the-century facility
whose goal was to produce fuel oils for heating
and lighting (while discarding then uneco-
nomical gasoline-range hydrocarbons) to
modern operations of varying complexity
focused on squeezing as much automotive
gasoline (the most economically valuable
product) out of a barrel of crude oil as feasi-
ble. Modern refineries are complex industrial
plants where various crude oil feedstocks are
utilized to produce not only gasoline, but other
economically valuable distillate and residual
products. Figure 1-7 shows the complexity that
can exist at a modern refinery. For an in-depth
understanding of refinery operations, we rec-
ommend one of several excellent reference
texts on the subject (Gary and Handwerk,
1984; Speight, 1991; Leffler, 2000).

The dominant three processes at any refin-
ery are (1) fractionation, (2) conversion, and
(3) finishing (Speight, 1991). Fractionation
involves the separation of a crude oil feed-
stock into various “cuts” that are defined by
their boiling points. These cuts, obtained by
both atmospheric and vacuum distillation
(Figure 1-7), traditionally include light gases
(C, to C, hydrocarbons), straight run naphthas,
kerosene, light and heavy gas oils, vacuum dis-

tillates, and residual material (bottoms). The
approximate boiling and carbon ranges of
these distillate cuts are shown in Table 1-6.
Few of these distillation cuts are used directly
in products (anymore), but rather they are fed
to other units in the refinery, either for con-
version or for blending into commercial prod-
ucts. Conversion, as the name implies, changes
the molecular composition of a distillation cut
by cracking larger molecules into smaller ones
(thermal or catalytic cracking), sometimes in
the presence of excess hydrogen (hydrocrack-
ing), stripping hydrogen to convert naphthenes
into aromatics or normal paraffins into
branched paraffins (catalytic reforming), com-
bining two lower-octane molecules into one
higher-octane molecule (alkylation), or con-
verting the chemical structure from one con-
figuration to another (isomerization; Figure
1-7). The finishing process typically involves
sweetening and blending of multiple straight-
run and converted intermediates into finished
petroleum products that meet the required per-
formance and regulatory specifications.

The petroleum products at the right of
Figure 1-7 have a range of boiling distribu-
tions, which generally increase from top to
bottom in the figure. Examples of the chemi-
cal fingerprints obtained via Tier 1 GC/FID
(Section 1.2.2) of representatives of these dif-
ferent products are shown in Figure 1-8. The
carbon (boiling) ranges of these products vary
widely and chemical fingerprinting can rely
upon these gross differences to distinguish one
petroleum product from another.

The detailed chemistry of these various
petroleum products depends in part upon the
nature of the crude oil feedstock, which, as
described above, is highly variable. Further-
more, the detailed product chemistry is a func-
tion of the specific operational conditions
within a given refinery. Since no two refiner-
ies operate in an identical manner, and even a
single refinery can change operations daily, the
chemical composition of petroleum products
on a molecular level is expected to widely
vary, while still meeting any required product
specifications. This is indeed the case and is
why chemical fingerprinting of petroleum
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Figure 1-7 Schematic flowchart of a modern complex refinery highlighting the distillation, conversion, and finishing

processes used in the production of petroleum products.

products has proven a useful tool in all types
of environmental forensic investigations (e.g.,
Kaplan et al., 1997; Stout et al., 2002a), not
just waterborne oil spills.

1.3.2.1 Gasoline

Although automotive gasoline is the most
voluminous petroleum product produced and

transported, the sources of waterborne gaso-
line spills and discharges are rarely a
“mystery” and their persistence in the surface
water environment is relatively short-lived due
to their volatility and solubility. As such, the
chemical fingerprinting investigations of gaso-
line spilled onto open water are rare. Occa-
sionally, gasoline spilled onshore into storm
water drains can enter waterways through
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Table 1-6 Typical Distillation Fractions and Petro-
leum Products Produced from Crude Oil. (Boiling and
Carbon Ranges Are Approximate and Can Vary Slightly
with Refiner)

Boiling Point
at 1atm (°C)

Carbon Range
(as n-alkane)

Distillation Fractions

Gases -160-0 Cl1-C4
Light Straight Run 25-90 C5-C6
Heavy Straight Run 85-190 C6-C10
Kerosene 160-275 C9-Cl15
Atmospheric Gas Oils 250425 C13-C27
Vacuum Gas Oils 370-575 C22-C45
Vacuum Residuum >540 >C40
Petroleum Products

Aviation Gasoline 25-175 C4-C10
Automotive Gasoline 25-215 C4-C12
Volatile Solvents 70-250 Co-Cl4
Commercial Jet Fuel 80-290 C7-Cl16
Kerosene (Fuel Oil #1) 200-290 Cl11-Cl16
Fuel Oil #2 150400 C9-C25
Diesel Fuel #2 150425 C9-C27
Heavy (Residual) 150-575 C9-C45

Fuel Oils
Lubricating Oils 270-525 C15-C40

outfalls and require chemical fingerprinting to
determine the source. Similarly, small spills
during fueling or boat repairs at marinas may
have a cumulative effect in some environments
and therefore can be investigated using chem-
ical fingerprinting.

Modern automotive gasoline contains hun-
dreds of hydrocarbons and nonhydrocarbons
boiling in the C, to Cy, range (Figure 1-8A).
The exact number and distribution of these
compounds depend on refining processes
employed in the production. For example,
gasolines blended to contain a high percentage
of alkylate or reformate can contain less than
half the number of detectable hydrocarbons
than in gasolines containing mostly cracked
naphthas (Hamilton and Falkiner, 2003). The
complexity and composition of automotive
gasoline and its chemical fingerprinting in the
environment have been recently reviewed
(Stout et al., 2006a). This review has shown
that modern gasolines are a complex mix of
highly refined intermediate blending stocks —

such as polymer gas, alkylate, straight-run
naphtha, reformate, and cracked naphtha
(Figure 1-7) — and various additives (e.g.,
oxygenates). Historically, a significant propor-
tion of gasoline included a straight-run
naphtha blending stock that might retain
certain primary features of the crude oil feed-
stock (e.g., adamantane or C; isoparaffin
distributions; Stout and Douglas, 2004).
However, due to the complicated blending of
multiple refinery intermediates in the produc-
tion of modern gasoline (Figure 1-7), different
gasoline grades and brands can exhibit
markedly different chemical fingerprints
reflecting the blending practice of a particular
refiner. Some features in gasoline are more
useful than others in distinguishing different
gasoline sources. For example, most modern
gasolines are blended to include an alkylate
blending stock produced during alkylation.
The alkylate blending stock is enriched in
high-octane trimethylpentane isomers, the
abundance and proportions of which can vary
depending on the specific nature of the alkyla-
tion process and blending practice (Beall et al.,
2002). As such, the relatively rare oil spill
investigations involving gasolines can still
benefit from detailed chemical fingerprinting
in an attempt to distinguish the source of
waterborne gasoline or to trace its impact in
the environment. However, the effects of
weathering on waterborne gasoline, which
due to its relatively low boiling range
(Figure 1-8A), is subject to rapid evaporation
that can quickly remove many potentially
diagnostic features. In such instances, chemi-
cal fingerprinting of the highest boiling frac-
tions of any gasoline residues, e.g., in the Co+
range may still yield useful results.

1.3.2.2 Distillate Fuels

Distillate fuels, on the other hand, are com-
monly the focus of waterborne oil spills due to
the frequency by which they are transported as
cargo (Figure 1-6) and their widespread use as
fuels in marine diesel engines. Middle distil-
late fuel refers to a category of fuels, largely
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Figure 1-8 Gas chromatography-flame ionization detection (GC/FID) chromatograms of distinct petroleum products.
(A) automotive gasoline, (B) jet fuel A, (C) diesel fuel #2, (D) heavy fuel oil #6, (E) lubricating oil, and (F) petroleum
asphalt. # = n-alkane carbon number.
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classified depending on their intended use.
They include civilian and military jet engine
fuels, on-road diesel (truck and bus), off-road
diesel (diesel-electric locomotives, heavy
equipment, and farm machinery), marine
diesel engine fuels, nonaviation gas turbine
fuels, and domestic and commercial heating
fuels. Although each distillate fuel type’s spec-
ifications are defined by various ASTM stan-
dards, the primary distinguishing features of
relevance to chemical fingerprinting of the dif-
ferent distillate fuel types relate to their boiling
distributions and sulfur contents. In addition,
the specific molecular characteristics of a dis-
tillate fuel type will depend, in part, on the
primary characteristics inherited from the
crude oil feedstock.

As their name implies, the production of dis-
tillate fuels primarily involves fractionation by
distillation. The primary effect of distillation
on the different distillation cuts (Table 1-6)
is to alter the distributions of compounds
depending upon their volatility. An example of
this effect appears in Figure 1-9, which shows
the distributions of tricyclic triterpane bio-
markers in a parent crude oil feedstock and in
a middle distillate cut of the feedstock. These
tricyclic triterpanes occur in the Cy to Cye
range, i.e., near the higher boiling range of
most distillate fuels. As can be seen, there is a
gradual reduction in the abundance of tricyclic
triterpanes with increasing molecular weight
(decreasing volatility) in the distillate cut
(Figure 1-9). This type of distillation effect can
alter any ratios between compounds with
varying volatility (e.g., Peters et al., 1992),
particularly those that boil nearer to the end
points of the distillate fuel.

Oppositely, molecular features that exist
nearer to the middle of any distillate cuts and
fuels often are inherited directly from the
crude oil feedstock without modification. For
the more broad-boiling distillate fuels, these
features can include ratios between compara-
bly boiling isoprenoids (pristane/phytane),
proportions of methyl-phenanthrene isomers,
or distillate range biomarkers such as
sesqui- or diterpanes (see Table 1-5 and
Chapter 3 herein). Proportions of n-alkanes-to-

isoprenoids (nC;,/Pr or nCg/Ph) can be altered
from the feedstock during blending of distil-
late blending stock to produce higher cetane
fuels, which typically contain a high propor-
tion of n-alkanes (see Figure 1-11 below, in
which the nC,;;/Pr ratio is increased in the
cracked distillate relative to the straight-run
distillate).

The five methyl-phenanthrene isomers all
boil in the C,, range and as such can be passed
unchanged from the crude oil feedstock into a
straight-run distillate. The proportion of these
isomers is a primary feature related to the
thermal maturity of the source strata, which
can be expressed by ratios involving the less
stable o-type and more stable B-type isomers
(Radke et al., 1982; Radke, 1988). However,
conversion refinery processes can alter the dis-
tribution of the methyl-phenanthrene isomers
— and create new compounds typically absent
in the feedstock. Specifically, catalytic crack-
ing can reduce the proportion of the less stable
a-type (9-, 4-, and 1-) methyl-phenanthrene
isomers and produce methyl-anthracene
isomers that are not typically present in crude
oil. (An example of this is shown in Chapter
10 herein.)

The sesquiterpanes with a drimane skeleton
are “low-boiling” biomarkers that occur in the
Cy; to Cy¢ range (Peters et al., 2005). These
compounds can provide diagnostic informa-
tion about the parent crude oil feedstock used
in the production of distillate fuels. Under
some oil spill circumstances, these biomarkers
can distinguish and correlate distillate fuel
sources from spilled fuel (Stout et al., 2005,
Wang et al., 2005). For example, Figure 1-10
shows the distributions of sesquiterpanes in a
spilled jet fuel and a candidate source jet fuel
from a nearby storage facility. The patterns of
sesquiterpanes were distinct between these
fuels, indicating that the candidate source from
the storage facility was not the source of the
spilled jet fuel.

Another group of compounds that can be
useful in the characterization distillate fuels
are normal alkylcyclohexanes (as revealed in
m/z 83 mass chromatograms). N-alkylcyclo-
hexanes are 6-carbon cyclic hydrocarbons
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various CH-1 to CH-18 alkyl-cyclohexanes is
indicative of both a petroleum product’s nature
and type under most weathering states (Kaplan
and Galperin, 1997). Thus, as the refinery
blends various middle distillate fuels to meet
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its customer specifications using distinct
blending stocks, it will produce distillate fuels
with distinctive n-alkylcyclohexane distribu-
tions (Song, 2000; Stout et al., 2004, 20006).
Under most circumstances the production of
finished distillate fuels that meet modern spec-
ifications from a straight-run crude oil distil-
late(s) is noneconomical. This fact, combined
with the availability of many refining inter-
mediate streams (Figure 1-7). Most modern
refineries blend cracked intermediated prod-
ucts (e.g., light- and mid-cut cycle oils, vis-
breaker or coker gas oil, or hydrocrackate)
with straight-run distillate products [e.g., light
and heavy straight-run (virgin) distillates] in
order to produce their distillate fuels (Jewitt
et al., 1993). Cracked products can exhibit dis-
tinct secondary chemical fingerprinting fea-
tures (Table 1-4) produced during various
refinery conversion processes. For example,
Figure 1-11 shows the GC/MS total ion chro-
matograms for a straight-run distillate (Figure
1-11A) and a cracked intermediate distillate
(Figure 1-11B) produced from a single crude
oil feedstock from the Williston Basin. The

straight-run gas oil represents a “slice” of the
Williston Basin parent crude oil feedstock and,
as such, retains any primary chemical features
of the feedstock unaffected by the distilla-
tion process (e.g., pristane/phytane ratios,
sesquiterpane  distributions, and relative
abundance of alkylated dibenzothiophenes to
alkylated phenanthrenes). The cracked inter-
mediate, however, contains lower relative
abundances of isoprenoids (e.g., pristane and
phytane relative to n-alkanes) and a three-
times higher concentration of PAHs than the
straight-run distillate. These differences indi-
cate that excess n-alkanes and PAH apparently
were formed, or released from asphaltenes,
due to the thermal stresses of the catalytic
cracking process. In addition, the distribution
of individual PAH groups, as reflected by the
relative abundance of alkylated dibenzothio-
phenes to alkylated phenanthrenes, also has
been significantly decreased by the cracking
process (Figure 1-11C and D).

Because the sulfur content is an important
specification of distillate fuels, the distribution
and proportions of sulfur-containing com-
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Figure 1-11 Chemical fingerprints for two distillate fuel blending stocks. (A) GC/MS TIC for straight-run (virgin) gas
oil, (B) GC/MS TIC for light cracked distillate (cycle oil), (C) PAH histogram for straight-run gas oil, and (D) PAH
histogram for light cracked distillate. # = n-alkane carbon number, Pr = pristane, Ph = phytane; for PAH analytes, see
Table 1-2.
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pounds in middle distillate fuels can prove
useful in oil spill investigations of these fuels.
The lower sulfur requirements of modern on-
road diesel fuel #2 (<50 or 500 ppm) require
that refineries employ some form of distillate
desulfurization in order to produce low or
ultralow sulfur diesel fuels. Most commonly,
this requires the deep hydrodesulfurization
(HDS) of distillate blending stocks, which
reduce sulfur-containing compounds by re-
placing sulfur with hydrogen (and producing
H,S). Many sulfur-containing compounds,
e.g., benzothiophene and sterically hindered
alkyl-benzothiophenes like 4-methyldiben-
zothiophene, 4,6-dimethyldibenzothiophene,
and 4-ethyl-6-methyldibenzothiophene, are
resistant to HDS (Song, 2000), and therefore
the distribution of individual dibenzothio-
phene isomers can be altered during HDS,
which could be useful in some oil spill inves-
tigations. (See Chapter 4 herein.)

The sulfur content in distillate fuels is
expressed by the relative concentration of
alkylated  naphthothiophenes,  benzothio-
phenes, or dibenzothiophenes, which are the
predominant forms of organic sulthur within
the distillate boiling range (Mossner and Wise,
1999). Most commonly, the relative concen-
tration of the dibenzothiophenes is reflected in
the ratio of alkylated dibenzothiophenes to the
comparably boiling alkylated phenanthrenes.
Both groups of compounds respond similarly
in the environment and thereby retain their
proportions during environmental weathering
(Douglas et al., 1996). Ratios between the two-
carbon (C,) and three-carbon (C;) alkylated
derivatives of dibenzothiophenes and phenan-
threnes — D2/P2 and D3/P3 — can help dis-
tinguish distillate fuels refined from sweet and
sour crude oil feedstocks and/or fuels subject
to different degrees of desulfurization (e.g., see
Figure 1-11). For example, the relative abun-
dance of alkyl-dibenzothiophenes was a dis-
tinguishing feature in identifying the source of
a “mystery” diesel fuel spill in the Lachine
Canal, Quebec, Canada (Wang et al., 2000).
Among other features, including comparable
methyl-phenanthrene ratios, these authors
showed that the ratios of D2/P2 and D3/P3 were

virtually identical between the mystery spill
samples and one of the two candidate sources.

As noted above, distillate fuels refined
to contain predominantly or exclusively a
straight-run distillate component, a difference
in the relative abundance of alkyl-dibenzo-
thiophenes to alkyl-phenanthrenes may be
identical to that of the crude oil feedstock. This
was apparently the case for marine diesel fuels
refined from Alaska North Slope (ANS) crude
oil versus the Exxon Valdez cargo oil, both of
which exhibited comparable D2/P2 and D3/ P3
ratios (Page et al., 1995). However, the ANS
diesel could be distinguished from the cargo
oil on the basis of the absence of higher boiling
chrysenes in the ANS diesel.

1.3.2.3 Residual Fuels

Residual fuels, as their name implies, are pre-
dominantly comprised of the less valuable
residues from the various fractionation and con-
version processes at a refinery. These fuels are
used in marine diesel engines and boilers and in
industrial power generation. They require pre-
heating prior to their use due to their high vis-
cosity, relative to distillate fuels, and are often
transported by heated barges. As the need for
gasoline in distillate fuels increases and refining
operations ‘““squeeze” more of these products
from crude oil, the nature of the residual hydro-
carbon mixtures has become increasingly
“heavier” in character. This practice, and the
resulting effect on the chemistry residual fuels,
is described thoroughly in Chapter 10.

The molecular composition of residual fuels
derives, in part, from the molecular composi-
tion in the crude oil feedstock. The highest
boiling distillation residuum of the feedstock
is the primary blending stocks used in the pro-
duction of residual fuels (Figure 1-7). Mo-
lecular features contained within these highest
boiling residues largely will be inherited by the
residual fuel. These would include the features
of most higher-boiling biomarkers such as
pentacyclic triterpanes, steranes, aromatic
steranes, and porphyrins. However, the effects
of heating during distillation, particularly
vacuum distillation, can alter various bio-
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marker thermal parameters in residual fuels
containing vacuum distillation residuum, i.e.,
flasher bottoms (Peters et al., 1992; Pieri et al.,
1996). Peters et al. (1992) showed that bio-
markers with comparable boiling points in a
parent crude oil feedstock were variously
depleted or enriched compared to daughter
refinery streams; e.g., vacuum gas oil or
vacuum residuum. Such changes were attrib-
uted to either (1) a preferential preservation
(i.e., a greater thermal stability) of certain bio-
markers or (2) preferential formation (cracking
from bound precursors in the oil) of certain
biomarkers during heating. Such changes do
not preclude the use of biomarker-based ratios
in characterizing a spilled residual fuel to its
source, but they can confound any attempt to
determine the crude oil parent of the spilled
fuel. See Chapter 10 for additional information
on the compositions of residual fuel oils.

1.3.2.4  Lubricating Oils

Lubricating oils are produced from the finish-
ing (deasphaltening, hydrotreatment, solvent
extraction, and dewaxing) of heavy vacuum
gas oils (Figure 1-7). The resulting family of
base oils is blended to yield different types of
lubricating and hydraulic oils that meet various
physical- and performance-based properties.
Figure 1-12 shows a series of GC/FIDs for
different types of base oils. The chemical
compositions of the base oils are complex and
poorly understood due to the overwhelming
predominance of hydrocarbons (straight,
branched, cyclic, and aromatic) that cannot be
resolved by conventional GC methods. As
such, the predominant feature of the GC/FID
chemical fingerprints of lubricating oils is the
shape of the UCM. Figure 1-12 shows,
however, that some base oils contain n-alkanes
and biomarkers, the latter of which sometimes
can appear as the only resolved peaks in some
lubricating oils (e.g., Figure 1-12D). The bio-
marker distributions in lubricating oils will
largely reflect those inherited from the crude
oil feedstock and thereby provide a high
degree of specificity in the characterization of
spilled lubricating oils.

1.3.2.5 Oily Waste/Bilge Water Discharges

Bilge water consists of drippings of various
liquids that accumulate in the bottom of a boat.
Although bilge water is not comprised of any
particular petroleum product, it is worth men-
tioning here since it most often contains a
mixture of petroleum products found onboard
a given vessel. As such, the chemical finger-
print of any oily waste contained within the
bilge water will reflect the collective features
of the fuels, lubricants, and solvents in use on
a given vessel. The discharge of oil in bilge
water is prohibited in navigable waters of
many countries. In order to satisfy the prevail-
ing regulations, most vessels pass bilge water
through an oil-water separator to isolate oils
until they can be off-loaded at the dock or
burned on-board. In addition, large ships
install sensors that trigger alarms and the need
for immediate corrective actions if the bilge
water effluent contains more than 15 parts per
million (ppm) of oil and grease. Despite these
precautions, poor engine and oil-water sepa-
rator maintenance are suspected causes of
significant chronic petroleum discharges above
regulatory concentration limits in coastal
waters (Costa, 2001). In addition, the inten-
tional and illegal bypass of the bilge water
oil-water separator, unfortunately, is not an
uncommon practice.

The chemical fingerprint of oily waste will
vary based on the type of materials and waste
management practices on-board. Conse-
quently, the chemical composition of hydro-
carbons and other chemicals within the waste
stream is expected to be highly variable and
often reflect the presence of multiple petro-
leums. Figure 1-13 shows the GC/FID for a
bilge oil that exhibits multiple n-alkane and
UCM maxima suggesting the presence of
middle distillate fuel oil (MFO), heavy fuel oil
(HFO), and lubricating oil. Characterization of
the oily wastes on-board vessels would employ
the same chemical fingerprinting as for the
fuels and lubricants used on vessels (described
above). Specifically, the distributions of PAHs
and biomarkers can be used to characterize
oily wastes and their associated discharges.
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GC/FID chromatograms for four base oils used in the manufacture of lubricating oils. (A) low-viscosity

base oil (70N), (B) mediumviscosity base oil (150N), (C) heavy-viscosity base oil (320N), and (D) bright stock (850N).

1.3.3 Tertiary Controls — Weathering

In addition to primary and secondary controls
on the chemical fingerprints petroleum
imposed during petroleum’s generation and
refining (Sections 1.3.1 and 1.3.2), petroleum
released into or onto water immediately is
subjected to the collective effects of multiple,
naturally occurring chemical, physical, and

biological processes, collectively referred to
as weathering. Weathering will alter the
chemical fingerprint of spilled or discharged
oil so that its fingerprint may not “match” the
original oil.

The most important weathering processes
following a release of oil to fresh or marine
waters include processes such as spreading,
evaporation, dissolution, dispersion into the
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Figure 1-13 GC/FID of a bilge oil containing a mixture of different petroleums. (Modified from Emsbo-Mattingly,

2006.)

water column, formation of water-in-oil emul-
sions, photochemical oxidation, microbial
degradation, adsorption to suspended particu-
late matter, and stranding on the shore or sed-
imentation to bottom sediments (Payne and
McNabb, 1985; Payne et al., 1987; Mackay
and McAuliffe, 1988; Neff, 1990; Wolfe et al.,
1994; Wang and Fingas, 1995b). Generally, the
mostly physical processes (e.g., dispersion,
spreading, emulsification, tar ball formation)
do not alone substantially alter the chemical
fingerprint of spilled oil. However, these
processes largely will affect the rates by which
and degrees to which an oil will evaporate, dis-
solve, or biodegrade — i.e., all processes that
will alter a spilled oil’s chemical fingerprint.
For example, as an oil spreads, the rates of
evaporation and dissolution will increase as a
greater mass of oil becomes exposed to air
and water, respectively, thereby increasing the
rates of evaporation and dissolution, respec-
tively. As volatile and soluble constituents
preferentially are lost, the physical properties
and consequent spreading of the spilled oil are
further altered. Thus, the physical behavior
and chemical composition of a spilled oil are
interrelated and dynamic (Fingas, 1995;
Michel et al., 1995).

Extensive reviews on the effects of weath-
ering on spilled oil are found elsewhere
(Mackay and McAuliffe, 1988; NRC, 2003).
In this section, the effects of weathering on the

chemical composition of spilled oils generally
are described in terms of their effect on the
“chemical fingerprint” of the oil. As such, we
focus on the effects of evaporation, dissolu-
tion, biodegradation; however, other processes
are also considered.

1.3.3.1 Evaporation

Evaporation and dissolution are the primary
weathering processes affecting the chemical
composition/fingerprint of spilled oil in the
hours or days following an oil spill. Although
spill-specific  conditions (e.g., thickness,
mousse formation, wind speed, ambient
water/air temperature) will affect the rate of
evaporation, under all conditions the propen-
sity for evaporation is ultimately governed by
the vapor pressure of individual constituents.
Compounds in petroleum that boil at tem-
peratures below about 270°C, or have vapor
pressures greater than about 0.1 mmHg, tend
to evaporate rapidly from the surface of spilled
crude oil (Stiver and Mackay, 1984; Fingas,
1995). Included in this category are alkanes
from methane to n-C;s and one- and two-ring
aromatics ranging from benzene through
alkylnaphthalenes (Bobra et al., 1979; Wolfe
et al.,, 1994). The rate of evaporative loss
depends on multiple factors, but in general,
compounds with boiling points below about
200°C (~Cy,) will evaporate within a 24-hour
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period of a spill (Stiver and Mackay, 1984).
The mass reduction attributable to evaporative
loss will depend on the composition of the
spilled oil, with the percent mass reduction
being inversely proportional to the density of
the petroleum (e.g., Mackay and McAuliffe,
1988). Under some rare circumstances — e.g.,
high altitude, 22°C, and turbulent water —
evaporative losses can reduce compounds up
to Cs6 (Prince et al., 2002b).

The effect of evaporation on the fingerprint
of a spilled oil will depend on the oil’s origi-
nal composition. Obviously, spilled gasoline
may evaporate completely within a few hours,
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effectively eliminating its fingerprint, whereas
a heavy crude oil will experience minimal
losses or change to its fingerprint due to
evaporation.

Figure 1-14 shows the effects of evaporation
on a 34°API crude oil spilled following the
structural failure of an aboveground storage
tank (AST) during Hurricane Katrina (Stout
et al., 2006b). Figure 1-14A shows the slightly
evaporated crude recovered from inside the
failed AST two weeks after the failure. It
shows a mild loss of hydrocarbons boiling
below n-C,,. Figure 1-14B shows the residual
crude oil recovered from a surface soil
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Figure 1-14 GC/FID chromatograms showing the progressive loss of compounds from a 34°API crude oil spilled fol-
lowing Hurricane Katrina. (A) slightly evaporated crude oil, (B) moderately evaporated crude oil, and (C) severely evap-

orated crude oil.
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impacted by the crude oil approximately two
weeks after the spill. In this sample, the crude
oil has experienced evaporative loss of com-
pounds below n-Cyo resulting in an increase in
the relative mass of the UCM. Figure 1-14C
shows the residual crude oil recovered from an
oily “bathtub ring” on the side of a building,
also about two weeks after the spill. This oily
residue has experienced evaporative loss of
most all compounds boiling below 1-Cy,.

As demonstrated by the crude oil shown in
Figure 1-14, some spilled fuels (e.g., gasoline
or kerosene) or high-API gravity crude oils
may evaporate completely. Most light- and
midweight crude oils will lose between 10 and
50% of their mass to evaporation in the first
few days of a spill. Emulsification, the process
wherein small water droplets are incorporated
into the spilled oil, can substantially retard the
rate of evaporation allowing the retention of
otherwise volatile compounds in some light-
and midweight oils (Fingas, 1995). In the case
of heavy crude oils and residual fuel oils,
which are already depleted of volatile hydro-
carbons, the effects of evaporation generally
are lower (Mackay and McAuliffe, 1988).
However, evaporation may have a greater
effect on certain residual fuel oils that have
been blended using a lower-boiling (lower-
viscosity) petroleum. In such instances the
preferential evaporation of the “diluent” may
alter the chemical fingerprinting.

Under most conditions, the effects of evap-
oration are generally restricted to compounds
having vapor pressures above that of approxi-
mately n-Cis, or to be conservative (and as
evident in Figure 1-14), above that of approx-
imately n-C,. As such, chemical fingerprint-
ing of spilled oil residues often must focus on
diagnostic features expressed in constituents
with vapor pressures lower than about n-C,.
In such instances, the effects of evaporation on
any diagnostic features (e.g., biomarkers) must
be carefully examined.

In general, the effects of evaporative weath-
ering on the oil chemical compositions gener-
ally are predictable. Studies of the effects of
evaporation on chemical composition changes
of a number of oils (Wang et al., 1995b, 2003)

at various weathering degrees (from 0 to ~40%
loss by mass) reveal that (1) ratios of n-
C,s/pristane, n-Cg/phytane, and pristane/
phytane were virtually unaltered, (2) isomeric
distributions  within C;-phenanthrenes (4
isomers), C,-dibenzothiophenes (3 isomers),
C,-fluorenes (3 isomers), and C;-naphthalenes
(2-methyl- and 1-methyl-naphthalene) exhib-
ited great consistency in their relative ratios as
the weathering percentages increased, (3) bio-
marker compounds were concentrated in pro-
portion with the increase of the weathering
percentages, and (4) the weathering degree can
be readily checked by integration of n-alkanes
in the GC-FID chromatograms, as Figure 1-14
shows.

1.3.3.2 Dissolution

Although occurring simultaneously with evap-
oration, the effects of dissolution are less
obvious—and difficult to separate from
evaporation. For example, the most soluble
constituents in most spilled oils are the
monoaromatic hydrocarbons, which are also
among the more volatile. Studies have shown
that evaporation clearly dominates the
losses—for example, as reflected in the lack of
preferential removal of benzene over cyclo-
hexane (i.e., compounds with comparable
vapor pressures and dissimilar aqueous solu-
bilities; Harrison et al., 1975). It is estimated
that dissolution will reduce the mass of a crude
oil by 1 to 3 wt% (as opposed to 10 to 50 wt%
due to evaporation; Mackay and McAuliffe,
1988). Thus, dissolution is relatively insignif-
icant compared to evaporation (McAuliffe,
1977; Payne et al., 1987; Neff, 1990) and will
have little effect on a spilled oil’s chemical
fingerprint. Understanding the dissolution
process, however, may be important in recog-
nizing the impact of spilled oil on biota, which
can uptake dissolved hydrocarbons more
readily.

1.3.3.3 Biodegradation

The rate of mass loss due to biodegradation is
slower than that of evaporation or dissolution.
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As such, the effects of biodegradation on a
spilled oil’s chemical fingerprint are not
obvious in the short term following a release.
As with the other weathering processes, the
effect of biodegradation will depend upon
the nature of the spilled oil and the spill
conditions.

Following a spill of crude oil or refined
petroleum to soils, sediments, or open water,
different hydrocarbon classes are degraded
simultaneously, but at widely different rates
by indigenous microbiota (Atlas et al., 1981;
Oudot, 1984; Gough et al., 1992; Prince et al.,
2003; see also Chapter 11 herein). Low-
molecular-weight n-alkanes with chain lengths
of 10 to 22 carbons are biodegraded most
rapidly, followed by isoalkanes and higher-
molecular-weight n-alkanes, olefins, monoaro-
matics, PAHs, and, finally, highly condensed
cycloalkanes, resins, and asphaltenes. Some
sulfur heterocyclics, such as dibenzothiophene
and its alkyl homologues, seem to be more
resistant than PAHs of similar molecular
weight to aerobic microbial degradation
(Fedorak and Westlake, 1984; Wang and
Fingas, 1995c). However, some strains of
aerobic and anaerobic bacteria are able to
efficiently degrade dibenzothiophenes (Wu
et al., 2002). Compounds that are degraded are
typically converted into oxidized compounds
that can be further degraded, dissolved, or
retained within the oil. Few studies have been
directed at understanding that chemical finger-
printing tends to focus mostly on compounds
considered resistant to the effects of biodegra-
dation over environmental timescales, namely,
PAH and petroleum biomarkers. Though rela-
tively resistant, not all PAH or biomarkers are
recalcitrant. Notably, parent PAHs often are
biodegraded more rapidly than their alkyl
homologues; the rate of biodegradation
decreases as the number of alkyl groups on the
PAH nucleus increases (Prince et al., 2002a).
This is opposite the pattern for photooxidation
of PAH (see below); the rate of photooxidation
often increases with increasing PAH alkylation
(Prince et al., 2003).

Recognizing and monitoring the effects of
biodegradation on conventional crude oils and

most fuels (kerosene, diesel fuels, fuel oils)
are readily reflected in the relative depletion
of n-alkanes which is relative to comparably
volatile isoprenoids (e.g., n-C;;/Pr and n-Cy/
Ph). However, in the case of heavy crude oil
or residual fuels, which can contain little or no
n-alkanes by virtue of their formation or refin-
ing, the effects of biodegradation are less
obvious. For example, heavy crude oils, which
(in most cases) have already been biodegraded
in an oil reservoir for millions of years, in most
cases, are likely to be largely unaffected by
microbial biodegradation on environmental
timescales. Similarly, residual fuel oils that can
be blended using vacuum distillation residuum
(Figure 1-7) can contain little or no n-alkanes
(see Chapter 10 herein). Nonetheless, given
sufficient time, biodegradation can alter even
heavy oils and residual fuels, in generally pre-
dictable ways. For example, the PAHs in a
Bunker C oil, stranded for 22 years on a shore-
line in Nova Scotia, Canada (following the
1970 Arrow spill), were highly depleted in
naphthalene and alkyl-naphthalenes, enriched
in C,- through C,-phenanthrenes and diben-
zothiophenes, and strongly enriched in C;-
through C;-chrysenes due to weathering, prob-
ably primarily by a combination of bio-
degradation and water-washing (Wang et al.,
1994b).

Prince et al. (2003) provide several exam-
ples of the effects of biodegradation (and
photooxidation) of crude and refined oils
following release to the environment. In
December 1999, the Erika broke up in a storm
off the French coast and released about 19,000
tons of a heavy fuel oil, which emulsified and
subsequently came ashore (Oudot, 2000). A
sample of the cargo oil was collected from the
shore at Le Croisic less than four months after
the spill and evaluated for loss of hydrocar-
bons by comparison of analyte concentrations
with the concentration of a conservative
natural internal marker in the oil,
170(H)21B(H)-hopane. Almost 20% of the
hydrocarbons in the heavy oil had been lost in
less than four months (Prince et al., 2003).

Petroleum biomarkers, such as steranes and
triterpanes (Table 1-3) are considered to be
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extremely resistant to microbial degradation
(Hughes and Holba, 1987). Because of the per-
sistence of most petroleum-derived steranes
and triterpanes, they are used frequently to fin-
gerprint and identify the sources of complex
hydrocarbon mixtures in soils and sediments
and to quantify rates of biodegradation (Atlas,
1995; Page et al., 1995; Prince et al., 2002a,
2003).

1.3.3.4 Photooxidation

Exposure of spilled crude oil and petroleum
products to solar radiation leads to several
free radical, photooxygenation reactions that
produce a variety of oxygen-containing com-
pounds, including peroxides, aldehydes,
ketones, alcohols, carbonyls, sulfoxides, epox-
ides, and fatty acids (Larson et al., 1977;
Thominette and Verdu, 1984a, 1984b;
Nicodem et al., 1997). Since these compounds
are polar, they are more soluble in water than
the parent compounds (Payne and McNabb,
1985; Ehrhardt and Douabul, 1989; Ehrhardt
and Burns, 1990; Ehrhardt et al., 1992) and
therefore can be preferentially dissolved from
the spilled oil. However, photo-sensitive
higher-molecular-weight compounds can form
cross-links upon photooxidation, thereby
becoming increasingly large and insoluble —
and the spilled oil increasingly viscous
(Thominette and Verdu, 1984a; Daling and
Brandvik, 1988). The rate of photooxidation of
crude oil is directly related to the intensity of
ultraviolet radiation from sunlight, but is not
sensitive to ambient temperature (Syndes
et al., 2001; Prince et al., 2003).
Photooxidation and biodegradation are the
only two natural processes that actually
destroy petroleum hydrocarbons and remove
them from the environment — in many cases
forming the same classes of oxygen-
containing products. In many cases the target
oil ingredients of the two degradative processes
are different. Under suitable conditions, they
act together to degrade oil more rapidly than
either process working alone (Dutta and
Harayama, 2000; Prince et al., 2003).

1.3.3.5 Mousse Formation

Among the various weathering processes, the
formation of emulsions (mousse) is the only
one that promotes the persistence of oil on the
surface of water and on the shore — and con-
currently retards the weathering processes.
The formation and stability of mousses have
been well studied in both the laboratory and
field for some time (Payne and Phillips, 1985;
Daling and Brandvik, 1988; Durell et al., 1993;
Strom-Kristiansen et al., 1993; Ronningsen
et al., 1995; Fingas and Fieldhouse, 2003). A
stable oil mousse no longer behaves as a well-
mixed phase. Emulsions often form a crust of
oxidized asphaltene materials that inhibit
dissolution, evaporation, photooxidation, and
biodegradation of hydrocarbons in the bulk oil
phase. As such, the chemical fingerprint of the
emulsified oil is preserved relative to a non-
emulsified oil. Thus, weathered deposits of
mousse, tar, and asphalt pavement on the shore
may retain some volatile hydrocarbons and
biodegradable compounds for long periods of
time (Boehm and Fiest, 1982; Payne and
Phillips, 1985; Irvine et al., 1999). If the
mousse is exposed to air and sunlight, weath-
ering continues at a slow rate, converting the
oil deposit to a tar mat or asphalt pavement that
may be extremely persistent and retain many
of the primary and secondary features of the
spilled oil for long periods of time. Some tar
mats and asphalt pavements become brittle
with time and wave action may erode tarry par-
ticles from the surface, forming tar balls. The
“centers” of tar balls can contain virtually
unweathered oils, weeks or months after the
initial oil spill, thereby providing the potential
to generate chemical fingerprints with little
effect of biodegradation.

1.3.3.6 De-Waxing and Wax Enrichment

Some oils containing prominent n-alkanes
(waxes) are prone to precipitation of the wax
when spilled, especially at low temperatures
(Strom-Kristiansen et al., 1997). This phe-
nomenon can impart a heterogeneity in the
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chemical fingerprint of the spilled oil by reduc-
ing the relative abundance of n-alkanes in the
Cyo+ range in the wax-depleted fraction and
increasing their relative abundance in the wax-
enriched fraction. An example of this phe-
nomenon is shown in Figure 1-15. In this
example, a paraffinic North Sea crude oil
(Figure 1-15A) becomes depleted (Figure
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1-15B) and enriched (Figure 1-15C) in n-
alkanes above n-C,, after being spilled under
controlled conditions at 3°C for 71 hours
(Daling et al., 2002). The effect on the GC/FID
fingerprints of the spilled oils is marked and
would need to be considered in an oil spill
investigation in which the source and spilled
oils are compared.
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Figure 1-15 GC/FID chromatograms showing the effect of wax precipitation on the chemical fingerprint of a paraffinic

oil. (A) starting oil, (B) wax-depleted fraction within spill

ed oil 71 hours after the spill, and (C) wax-enriched fraction

within the spilled oil 71 hours after the controlled spill experiment. Data from Daling et al. (2002).
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1.3.4 Tertiary Controls—Mixing with
“Background”

Although accidental oil spills or intentional
discharges of oil can draw particular attention
due to their acute nature, “background” hydro-
carbons derived from chronic anthropogenic
and natural sources are ubiquitous in modern
environments (Table 1-1). The chemical fin-
gerprint of contamination authentically result-
ing from an accidental oil spill or intentional
discharge is often superimposed upon the
chemical fingerprint of any pre-existing or
“background” chemicals that may have been
present before the impact. Recognizing and
distinguishing this “background” from any
authentic contamination 1is, therefore, an
important component of oil spill investiga-
tions. In this section, we review the potential
sources of background hydrocarbons in the
environment and their potential effect on the
chemical fingerprints of spilled or discharged
petroleum.

1.3.4.1  What Is “Background”?

“Background” chemicals can take the form of
either naturally occurring or anthropogenic
chemicals (U.S. EPA, 1989), either of which
can be confused with authentic contamination
resulting from an oil spill. These two types of
background can be defined as follows:

e Naturally occurring background chemicals
are inorganic or organic chemicals in the
environment that are attributable to natural
geological or hydrological characteristics of
the area. These chemicals have not been
altered by human activity, e.g., natural oil
seeps, metals or plant-derived organic matter
in soils, forest fire debris, etc.

* Anthropogenic background chemicals are
ubiquitous (mostly) synthetic or natural
substances that have been released due
to human activities but are unrelated to
a specific oil spill or discharge. Examples
may include agricultural and urban runoff
or direct deposition of air pollution
particulates.

As implied by these definitions, the issue sur-
rounding background chemicals in oil spill
investigations is most often faced in the char-
acterization of soils/sediments and tissues,
although water and air can be similarly influ-
enced. In any case, if the contribution of
“background” contamination remains unrec-
ognized, the nature and extent of any impact
(or even if any impact has occurred at all) can
be overestimated. As a result, any environ-
mental risk associated with an oil spill can be
overestimated, or unreasonably low cleanup
levels may be established. Therefore, every
effort should be made to recognize and estab-
lish the specific character(s) of the background
chemicals and conditions.

The U.S. EPA acknowledges the issue of
background contamination in various laws
and guidance documents. For example, the
Comprehensive  Environmental Response,
Compensation, and Liability Act includes a
provision [CERCLA; 42 USC 9604(a)(3)(A)]
that recognizes that elevated background
chemicals can render cleanup impractical or
impossible and therefore must be assessed.
The EPA’s Guidance for Conducting Remedial
Investigations and Feasibility Studies Under
CERCLA (U.S. EPA, 1988) includes the
requirement that background or reference
samples be collected for comparison to
impacts associated with site-specific or inci-
dent-specific releases. These samples are
usually collected in areas where chemicals
only attributable to anthropogenic or natural
background are expected to occur. Of course,
where background conditions exclusively
occur is not always apparent ahead of time.
Chapter 2 describes the importance of collect-
ing “background” samples in the course of oil
spill investigations.

Most of the EPA’s guidance for recognizing
and distinguishing background contamination
arises with respect to inorganic contaminants
such as toxic metals. The Office of Solid Waste
and Emergency Response has published a
forum issue paper that specifically addresses
this issue with respect to background metals
(U.S. EPA, 1995). The reason for the empha-
sis on background metals is that they are nat-



Chemical Fingerprinting of Spilled or Discharged Petroleum 37

urally occurring in all soils and sediments and
therefore must always be considered in site
assessments involving metal contaminants.
However, the issue of background contamina-
tion also is crucial in oil spill investigations
due to the ubiquitous distribution of anthro-
pogenic and naturally occurring hydrocarbons
in nature (Table 1-1).

In this section, the fingerprinting character-
istics of some commonly encountered organic
background chemicals are presented and dis-
cussed. The objective is to review the effects
these background chemicals can have on the
chemical fingerprint of spilled oil.

1.3.4.2 Recognizing and Establishing
Background

Two methods are commonly used to assess
background contamination, i.e., statistical
analysis and chemical fingerprinting. The
statistical analysis approach is thoroughly
described in the U.S. EPA’s issue paper on this
topic, which emphasizes the issue with respect
to toxic metals (U.S. EPA, 1992). The
approach generally relies upon various com-
parative population statistical methods that are
used to establish the range of a chemical’s
background concentrations (anthropogenic
and natural) for a study area, and thereby
permit recognition of any impacts above this
range. This approach obviously requires a suf-
ficient number of samples from both the back-
ground area(s) and the impacted area(s) than
can be analyzed statistically. As the number of
samples increases, the accuracy and precision
of each population’s probability density func-
tion can be established and compared.
However, in most oil spill investigations, the
statistical approach is often difficult to achieve
since studies can rarely afford a sufficient
number of background samples to yield reli-
able population statistics, and furthermore
(as mentioned above), the locations of true
background impacts are seldom known a
priori.

Whereas statistical approaches may be more
suited to datasets of toxic metals, which may
or may not co-occur with one another, chemi-

cal fingerprinting is well suited for datasets
involving petroleum. This is because (as
described in Section 1.3.1) crude oil and petro-
leum products are complex mixtures of hun-
dreds of hydrocarbons and nonhydrocarbons,
which, while they may all (or mostly) be
present in different sources of contamination,
are typically assembled in a specific distribu-
tion. This allows for their distinction from each
other, and from the equally complex mixtures
of hydrocarbons and nonhydrocarbons in
natural and anthropogenic background materi-
als. This allows for the chemical fingerprinting
approach to recognizing and establishing
background benefits from the complexity of
organic materials and organic-based contami-
nants. Thus, in most oil spill investigations
chemical fingerprinting is the best means of
establishing “background” hydrocarbon fin-
gerprints and concentrations.

The chemical fingerprinting approach to
recognizing the influence of background
chemicals involves either a qualitative visual
comparison or a quantitative comparison of
diagnostic ratios or distributions within known
forms of contamination (e.g., fuels, lubricants,
or crude oil) and various types of background
(see ahead). Such comparisons can allow an
investigator to recognize and thereby account
for the influence of “background” hydrocar-
bons in potentially impacted soils, sediments,
and tissues. These influences can then be rec-
onciled with respect to the absolute concentra-
tions attributable to the background to assess
the magnitude of any influence attributable to
the spilled oil. In the sections that follow,
various examples of different forms of natural
and anthropogenic organic “background” con-
tamination encountered in oil spill investiga-
tions are presented and discussed.

1.3.4.3 Naturally Occurring Background
Hydrocarbons

Naturally occurring hydrocarbons can take
many forms, including modern plant debris,
forest fire debris, bacteria-derived compounds
(e.g., sulfur species), crude oil seeps, or sedi-
mentary organic particles (e.g., eroded coal).
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The influence of these types of materials typi-
cally is greatest in investigations involving the
chemical fingerprinting of soils and sediments.
For example, most soils and sediments contain
some fraction of naturally occurring organic
matter. Upon solvent extraction by typical
methods (e.g., EPA Method Series 3500), the
naturally occurring organic matter in most
soils or sediments yields hydrocarbons and
nonhydrocarbons within the same boiling
range as petroleum. In addition, some individ-
ual naturally occurring hydrocarbons also
occur within oil (see ahead). Thus, the pres-
ence of naturally occurring hydrocarbons can
be confused with, or contribute to the concen-
tration of, hydrocarbons derived from spilled
or discharged oil. This can result in an overes-
timate of the concentration of total petroleum
hydrocarbons (TPH) or PAH, both of which
can erroneously increase the liability for the
incident.

During solvent extraction of a soil or sedi-
ment in the laboratory (EPA Method Series
3500), any naturally occurring organic matter
(OM) that may be present is co-extracted along
with any authentic organic contamination
present. Thus, the resulting extract contains a
combination of soluble natural background
and the authentic contamination. Some forms
of extractable background contamination can
be removed from an extract prior to chemical
analysis through various extract “cleanup”
procedures (e.g., EPA Method Series 3600).
When properly performed, these procedures
can eliminate the complications due to the
presence of sulfur (EPA 3660), polar com-
pounds (EPA 3610 or 3630), or humic acids,
proteins, etc. (EPA 3640). And while such
cleanup procedures should routinely be
employed in assessing the impacts to soils and
sediments, they sometimes are not. Even when
they are performed, some background con-
taminants, e.g., naturally occurring back-
ground hydrocarbons cannot be separated
from authentic hydrocarbon contamination. In
these instances, chemical fingerprinting is
required to recognize the presence of the back-
ground hydrocarbons and account for them
appropriately. In the following sections, some

descriptions of examples of naturally occur-
ring hydrocarbons are discussed.

1.3.4.3.1 Vascular Plant and Algal
Debris. The most common naturally occur-
ring organic background material encountered
in soils and sediments is due to the presence
of vascular (land) plant debris, which is
pervasive in most soils and coastal sediments.
The extractable component within soils and
sediments containing plant debris can be sig-
nificant, particularly in moist, highly vegetated
environments where peat or other organic-rich
soil accumulate (or had in the past). For
example, Dworian (1997) reported that the
concentration of total petroleum hydrocarbons
(TPH) as diesel range organics (DRO) in some
Alaskan soils was as high as 3600mg/kg.
In such environments, modern plant debris can
significantly increase the measured concentra-
tions of total petroleum hydrocarbons (TPH).

The types of compounds extracted from vas-
cular plant debris include various polar com-
pounds (e.g., organic acids and alcohols, sulfur
compounds, phenols, tannins) and their diage-
netic products. Fortunately, if not removed
during cleanup of the extract (e.g., EPA
Methods 3610 or 3630) these materials
produce “unusual” chemical fingerprints (via
gas chromatographic methods such as EPA
Method 8015) that can be distinguished from
crude oil or petroleum products. However, in
some studies these unusual fingerprints are not
inspected, and the inflated TPH concentrations
reported by the laboratory are accepted blindly.
This, of course, can greatly increase what is
accepted to be the authentic TPH concentra-
tion and aerial extent of any spilled oil.

Even after cleanup of soil/sediment extracts,
any plant-derived hydrocarbons (e.g., waxes,
terpenes, fats, oils) will persist and potentially
contribute to the chemical fingerprint of any
spilled oil. Their presence will increase mea-
sured TPH concentrations and have a dra-
matic influence on the appearance and, thus,
(mis)interpretation of a potentially impacted
sample’s chromatographic fingerprint. This
circumstance was common in a recent investi-
gation of a crude oil spill following Hurricane
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Katrina in Chalmette, Louisiana (Stout et al.,
2006b). The massive floodwaters associated
with Katrina carried and deposited large
masses of peaty debris into the area that, even
after alumina cleanup of soil extracts, yielded
measurable TPH in surface soils. This TPH
could have been mistaken for crude oil spilled
during Katrina if not for the inspection of the
associated chromatograms. Figure 1-16 shows
the GC/FID chromatogram for an alumina-
cleaned extract from a peaty soil from a coastal
Louisiana bayou. The peat is dominated by a
series of odd numbered n-alkanes ranging
from n-C,s to n-Ci;;. This odd-over-even
pattern is typical of n-alkanes derived from
leaf (epicuticular) waxes (Bray and Evans,
1961). GC/MS-SIM analysis of the peat also
revealed the presence of anteiso-alkanes in the
same carbon ranges. Also present are numer-
ous late-eluting peaks consistent with various
plant- and microbial-derived terpenes, includ-
ing a prominent C;; hopene (Figure 1-16).
Pristane is absent in this peat, although this
isoprenoid is a significant component of some
plankton (Blumer et al., 1963), and conse-
quently its presence in coastal sediments is not
necessarily due to petroleum. A small UCM
hump in the Cy—Css range is also evident in
this sample. These chromatographic features
cannot reasonably be confused with crude oil,
even highly weathered crude oil, and thereby
demonstrate the importance of fingerprinting
in distinguishing low levels of spilled crude oil
from allochthonous peat following Hurricane
Katrina.

Figure 1-16 GC/FID chro-
matogram of the TPH extracted from
a Louisiana peat containing 2000 mg/
kg (dry).

1.3.4.3.2 Particulate Coal and Wood
Charcoal. In many coastal environments,
coal is eroded from sedimentary rock outcrops,
and minute coal particles are transported and
deposited in coastal sediments by rivers. In
such areas, coal would be considered a natu-
rally occurring source of background hydro-
carbons. Alternatively, many ports formerly
hosted industries that utilized coal delivered by
vessel or barge. Over the decades of operation
particulate coal and coal dust can become
widely distributed in sediments. In such areas,
coal would be considered as an anthropogenic
background material. In either case, particulate
coal can occur as a background contaminant
that must be distinguished from authentic con-
tamination arising from spilled oil.

The contribution of background hydrocar-
bons that particulate coal may impart is largely
a function of the precursor plant material
(e.g., Mesozoic gynmosperm versus Tertiary
angiosperm dominant) and the coal’s rank
(Chaffee et al., 1986). Lower-rank coals
(lignite and sub-bituminous) typically yield
higher concentrations of nonhydrocarbons
during solvent extraction while bituminous
coals yield more hydrocarbons (Radke et al.,
1980; White and Lee, 1980) with the highest
yields resulting from high volatile bituminous
coals (Stout et al., 2002b).

The occurrence of coal particles in sediment
could confound interpretations surrounding
TPH, PAH, and biomarkers in the sample.
Figure 1-17 shows the distributions of PAH
in three coals of varying rank (obtained from

IS

31
27

C31-homohopene




40 Oil Spill Environmental Forensics

1000

o0{  Beulah Seam, ND =
800 | lignite A
700 1 8508 ug/kg
o 600 -
i; 500 -
S 4004
300 -
200 A
100 +
0 &
14000
12000 | Pittsburg Seam, PA
bituminous- hvA
10000 76,258 ug/kg
D 8000
E’ 6000

4000

2000

BaF
BeP
BaP
Per
D
DA
BgP

Lycens Valley #2, PA

anthracite
177 ug/kg
$8cug3hss8k5azd

2500

2000

1500

ug/kg

1000

500

Wood Charcoal
8258 ug/kg
g E % O - N M % § % % % S < %
LrimOOOCOOCDNDNmmma 2 0n

Figure 1-17 Histograms showing the distribution of PAH in three U.S. coals of varying rank and in modern wood-
derived charcoal. For PAH compound abbreviations, see Table 1-2.

different U.S. coal fields). The PAH concen-
trations and distributions vary widely among
the coals. The distribution of PAH in the
lower-rank coals is dominated by 3- and 4-ring
PAH (phenanthrenes PO—P4 and fluoranthene/
pyrenes FP1-FP3). Perylene, a commonly rec-
ognized naturally occurring PAH (e.g., Silli-
man et al., 2001), is also abundant. The highly
volatile bituminous A coal and the anthracite

are both dominated by 2-ring PAH (naph-
thalenes NO-N4). However, the anthracite, a
much higher-rank coal, contains these at far
lower concentrations than the bituminous coal.
Obviously, the presence of dispersed coal par-
ticles in sediments and soils will increase the
concentrations of PAH (and TPH), which
could be mistakenly identified as spilled oil if
the chemical fingerprints were not considered.
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In some instances, organic petrographic
inspection of the sediment may be necessary
to recognize the presence of coal. In fact, the
presence of sedimentary coal in Prince
William Sound sediments has been argued to
have confounded the allocation of the differ-
ent PAH sources in Prince William Sound fol-
lowing the Exxon Valdez oil spill (Short et al.,
1999; Boehm et al., 2000a, 2000b; see also
Chapter 15 herein).

Finally, debris from forest fires can also
occur naturally in many sediments. This debris
contains various PAH derived from the
combustion/pyrolysis of vegetation (e.g.,
Laflamme and Hites, 1979; Simoneit and
Elias, 2000). This material can also contribute
hydrocarbons that, if unrecognized, can affect
interpretations and decisions surrounding the
potential impact of spilled oil. Figure 1-17 also
shows the distribution and concentration of
PAH in wood charcoal collected from a
recently burned area. The charcoal contained
8258 ug/kg of PAH, which were dominantly
comprised of 2- and 3-ring PAH. These
occurred in a very different distribution than
was observed in the coal samples.

1.3.4.3.3 Natural Oil Seeps. In some oil
spill investigations, the occurrence and influ-
ence of natural oil seeps must be considered.
The reason for this is obvious — is there any
“real” contamination or only background con-
tamination? Natural oil seeps are a worldwide
phenomenon that contributes more petroleum
to the environment than all other sources
combined (Table 1-1). In coastal southern
California the phenomenon is particularly pro-
lific (e.g., Mikolaj et al., 1972; Straughan,
1979) and must always be considered when
investigating the origin of forms of coastal
contamination, e.g., tar balls (Wang et al.,
1993). Chemical fingerprinting studies have
shown that some of the hydrocarbons in Prince
William Sound sediments also are attributable
to long-persistent oil seeps that exist east of
Prince William Sound (see Chapter 15 herein).
The character of this seeped oil was estab-
lished through the analysis of radiogenically
age-dated sediment cores, which revealed the

distinctive fingerprint of the naturally seeped
oil in sediments deposited centuries prior to
the Exxon Valdez oil spill (Burns et al., 1997;
Boehm et al., 1997, 2000a).

Of course, in some instances when the sus-
pected spill oil is from the same geologic
province as the naturally occurring seeped oil
(and therefore shares identical or nearly iden-
tical primary chemical features (Section 1.3.1),
the ability of chemical fingerprinting to distin-
guish any spilled oil from any seeped oil is
vastly reduced.

There is some expectation that seeped crude
oil may exhibit features of a more highly
weathered equivalent of locally produced (and
typically obtained from deeper production
zones) oil. The basis for this is that natural
oil seeps often occur when shallower and
cooler reservoirs, i.e., those most prone to in-
reservoir weathering, are connected to the
surface via faults. Alternatively, it is possible
that produced (and possibly spilled) oils are
derived primarily from deeper reservoir zones
where in-reservoir weathering is reduced rela-
tive to the natural seeps. In such cases where
the naturally seeped oils are already weath-
ered, it may be possible to distinguish spilled
crude oil from seeped crude oil — at least in
the earlier stages of weathering of the spilled
oil. When genetically related seeped and
spilled oils from the same petroleum system
co-occur in the environment, chemical finger-
printing may be unable to distinguish these
two sources unless subtle though measurable
variations are present (e.g., as in Figure 1-5).
In such instances other forensic tools such
as spill trajectory modeling (Chapter 13)
or remote sensing (Chapter 14) may prove
useful.

1.3.4.4  Anthropogenic Background
Hydrocarbons

In port sediments and near urban areas, the
anthropogenic background contains PAH and
other hydrocarbons that are collectively called
“urban background.” Urban background con-
sists of hydrocarbons derived from a variety
of nonpoint sources such as (1) stormwater
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runoff, (2) direct deposition (atmospheric
fallout) of combustion particles (soot) from
vehicle exhaust and factories, (3) surface
runoff from proximal roadways, parking lots,
and bridges, or (4) discharges from recre-
ational, commercial, and military boat/ship
traffic. In many environments, stormwater and
river runoff are probably the largest chronic
contributors of anthropogenic background
PAH to urban and coastal sediments (Egan-
house et al., 1982; Table 1-1). These PAH
source materials, which often have been enter-
ing a waterway for decades, can impart
obvious and recognizable profiles of anthro-
pogenic background PAH to the sediments
(e.g., Daskalakis and O’Connor, 1995).

1.3.4.4.1 Urban and River Runoff.
Runoff is the most important source of anthro-
pogenic background hydrocarbons to urban
and coastal sediments. It consists of a mixture
of organic materials — dust, dirt, particulate
matter, soot, solid wastes — that are trans-
ported to urban waterways, ports, rivers, or
coastal waters and sediments via nonpoint
(general runoff) and point (end-of-pipe)
sources, often during storm events. In many oil
spill investigations involving urban or coastal
sediments, the presence of anthropogenic
background hydrocarbons derived from runoff
must be established in order to assess the

potential impact from any authentic contami-
nation derived from spilled or discharged oil.

The presence and composition of the hydro-
carbons within runoff have been long recog-
nized (Wade and Quinn, 1979; Eganhouse
etal., 1982; Hoffman and Quinn, 1987). Lubri-
cating and other heavy oils contained within
urban runoff can be an important source
of anthropogenic background hydrocarbons,
which must be distinguished from any authen-
tic petroleum contamination. The presence
of these (mostly) residual range background
hydrocarbons can be generally recognized in
GC/FID fingerprints by the presence of an
unresolved complex mixture (UCM) that
appears as a broad “hump” in the baseline of
the fingerprint. The prominence of the UCM
is typical of biodegraded petroleum, uncom-
busted petroleum, lubricating oils, and
asphalts, all of which may be components of
urban runoff (Gogou et al., 2000). The specific
shape of the UCM “hump” can vary in differ-
ent study areas, but these can generally be dis-
tinguished from specific petroleum types.
Figure 1-18 shows an example of the UCM
hump for an urban runoff-impacted sediment
from the Thea Foss Waterway, Tacoma,
Washington (Stout et al., 2003). The finger-
prints for a motor oil and a hydraulic oil are
shown for comparison. Each of these is domi-
nated by a UCM hump, and it is easy to envi-
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Figure 1-18 GC/FID fingerprints showing the chromatographic character of the UCM “humps” in (A) urban sediment
impacted by urban runoff, (B) motor oil, and (C) hydraulic oil. OTP (o-terphenyl) and So-androstane are internal

standards.
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sion how these heavy petroleum products,
dripped from vehicles and washed from urban
road surfaces during storm events, could even-
tually enter the sediment and produce a broad
UCM hump (as appears in Figure 1-17A).
PAHs are also well-known components of
urban runoff (Stout et al., 2004). The sources
of PAH in urban runoff vary, but the most
common sources are (1) soot particles con-
taining combustion-related PAH (principally
arising from internal combustion engines,
especially diesel based (e.g., Harrison et al.,
1996; Marr et al., 1999), (2) street runoff con-
taining traces of used lubricating/hydraulic
oils, and (3) illegal or unintentional discharg-
ing of waste oil and petroleum products into
storm drain systems. The PAHs associated with
urban runoff are complex mixtures that tend to
be dominated by higher-molecular-weight 4-
to 6-ring PAHs (Stout et al., 2004). The promi-
nence of 4- to 6-ring, nonalkylated PAH is
indicative of a combustion (pyrolysis) product
(Laflamme and Hites, 1978), as is typical in
motor exhaust (Westerholm et al., 1988) or
wood smoke (Oahn et al., 1999; Simoneit and
Elias, 2000). Thus, the PAHs associated with
combustion-derived soot particles are likely to
contribute the majority of background anthro-
pogenic PAH to urban and coastal sediments.
Figure 1-19 shows the distributions and con-
centrations of PAH in an wurban runoff-
influenced sediment from a tributary to the
southern branch of the Elizabeth River in
Norfolk, Virginia. For comparison, the PAHs in
selected components that may be contained
within urban runoff are also shown. These
include the PAH found in urban dust (SRM
1649a), diesel exhaust soot (SRM 1650), used
motor oil (Restek, Inc. Standard), used
hydraulic oil, and road asphalt. A strong pyro-
genic signature of the PAH is evident in the
urban dust and tends to most closely resemble
that found in the Elizabeth River sediment. The
diesel soot, used motor oil, used hydraulic oil,
and road asphalt all exhibit strong petrogenic
PAH signatures, although each of these exhibits
a distinct distribution. The greater resemblance
between the distribution of the PAH in the sed-
iment and in urban dust suggests that the latter

(i.e., its equivalent in the Elizabeth River area)
is the predominant source of background PAH
to the area’s sediments. This appears to be the
case in spite of the generally low concentration
of PAH in urban dust compared to the other
contributing sources.

1.4 Summary

Accidental oil spills or intentional operational
discharges of crude oil and petroleum products
and wastes are frequent occurrences. Deter-
mining the liable source and environmental
impact, both spatially and temporally, of these
releases relies largely upon chemical finger-
printing. Chemical fingerprinting of petroleum
in the environment can be defined as the gen-
eration and comparison of diagnostic chemical
features among oil samples (i.e., both spill and
source oils) and potentially impacted sam-
ples (e.g., shorelines, sediments, or biological
tissues). The analytical methods available for
chemical fingerprinting have evolved over
time, with advances in analytical methods gen-
erally providing an increasing degree of
molecular specificity. Most chemical finger-
printing of oils relies upon gas chroma-
tography (GC) or gas chromatography-mass
spectrometry (GC/MS) that can target specific
molecular features within petroleum. Because
of the chemical complexity of petroleum,
which contains hundreds to many thousands of
individual compounds, this specificity attain-
able by GC and GC/MS analysis provides the
ability to determine the source and impact of
petroleum in the environment. These analyses
most often target compounds affording a high
degree of specificity between oils, namely, bio-
markers and PAHs.

Any determination of the source or impact
necessarily relies upon a comparison of the
chemical fingerprints of the spilled or dis-
charged petroleum versus those of the candi-
date source(s) or the potentially impacted
samples. Such comparisons, be they qualita-
tive or quantitative, need to consider and
account for the factors that collectively affect
the chemical fingerprints of petroleum spilled
or discharged in the environment. These
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Figure 1-19 Histograms showing the distributions and concentrations of PAH in an urban sediment from the Elizabeth
River (Virginia) containing anthropogenic background PAH and in various urban runoff candidate source components.
For compound abbreviations, see Table 1-2. Concentrations refer to mg of PAH per kg of sediment (dry), urban dust (dry),
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factors can be classified as (1) primary, (2) sec-
ondary, and (3) tertiary.

Primary factors include those processes at
work during the original generation and accu-
mulation of crude oil over geologic time, and
include the (1) character of the ancient organic
matter in the source rock strata, (2) the thermal
history of the source rock strata, and (3) the
processes active during migration and within
the crude oil reservoir. Because of these
primary factors, crude oils from different
geologic provinces and even from different
reservoirs in a single oil field can exhibit dis-
tinguishable chemical fingerprints, thereby
allowing their distinction in oil spill investiga-
tions involving crude oil(s).

Secondary factors include those processes
used in the refining of crude oil to produce
various petroleum products, mostly fuels and
lubricants. The modern refining process relies
upon various fractionation, conversion, and
finishing steps that collectively will determine
the chemical fingerprint of the petroleum prod-
ucts produced. Some primary features of the
parent crude oil feedstock will be inherited by
the daughter petroleum products and other fea-
tures will be modified by the refining process.
The combined effects of primary and second-
ary processes (i.e., different crude oil feed-
stocks and different refining processes) can
impart different chemical fingerprints for the
same petroleum product types, thereby allow-
ing their distinction in oil spill investigations
involving a petroleum product(s).

Tertiary factors include the processes that
affect the chemical fingerprint of petroleum
after it is released into the environment. The
two most important tertiary factors are (1)
weathering and (2) mixing. It is well estab-
lished that the processes of weathering will
alter the chemical fingerprint of petroleum. For
petroleum spilled or discharged to water,
the weathering processes of evaporation and
biodegradation can have a significant effect on
the petroleum’s chemical fingerprint, though
the effects of other processes on both the
chemical fingerprint and the rates of evapo-
ration and biodegradation — dissolution,
photooxidation, mousse formation, and

dewaxing/wax-enrichment — must also be
considered. Another tertiary factor is the effect
of mixing of a spilled or discharged oil with
any pre-existing, “background” petroleum or
other hydrocarbon sources in the environment.
“Background” hydrocarbons may be naturally
occurring (e.g., modern organic matter, coal or
ash, or seeped oil) or anthropogenic (e.g.,
runoff or atmospheric particulates). The effect
of mixing can alter the chemical fingerprint
of a petroleum spilled or discharged into the
environment, emphasizing the importance of
recognizing and characterizing the contribu-
tion of “background” when attempting to
determine the source or potential impact of
spilled petroleum.

Collectively, the effects of these primary,
secondary, and tertiary factors must be consid-
ered and accounted for in any comparison of
chemical fingerprints before any determination
as to the source or impact of spilled or dis-
charged petroleum can be established.
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