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(A) Three-dimensional mixture in gray scale, shape, and size; (B) one-
dimensional separation in size results in poor separation; (C) two-dimensional
separation improves separation and results in a more ordered chromatogram;
(D) matching mixture and separation dimensions results in complete
separation and ordered chromatogram.

Concepts of comprehensive two-dimensional gas chromatography (GC x
GO): (A) first-dimension chromatogram peak containing coeluents; (B)
modulator samples first-dimension peaks and injects narrow peak into
second dimension; (C) coeluents are separated in the second dimension;

(D) serial flame ionization detector data stream is sliced into segments and
stacked into an array; (E) array is visualized with a contour. Copyright 2002
from GC X GC — A New Analytical Tool for Environmental Forensics, by
G.S. Frysinger et al. Reproduced by permission of Taylor & Francis Group,
LLC, http://www.taylorand francis.com.

Chromatograms of Exxon Valdez cargo oil: (A) One-dimensional gas
chromatogram using a nonpolar 100% polydimethylsiloxane stationary
phase; (B) GC x GC volatility-by-polarity interpolated color contour plot.
The first dimension is a separation using a nonpolar 100%
polydimethylsiloxane stationary phase and the second dimension is a
separation using a polar 50% phenyl polysilphenylene stationary phase;

(C) a small portion of the GC x GC chromatogram visualized as a

mountain plot. The mountain plot is excellent for visualizing relative
differences among neighboring peaks. See color plate.

A small portion of a volatility-by-polarity GC X GC chromatogram of Exxon
Valdez cargo oil showing the region containing the triaromatic sterane,
hopanes, and sterane biomarkers. GC-MS extracted ion chromatograms
(EICs) of these biomarker target ions are overlaid for identification and
comparison. Peaks numbered on each EIC are identified in Frysinger and
Gaines (2001). The structures of 5o, 140, 170(H)-cholestane (20R) (peak 46),
170,21B(H)-hopane (peak 58) and cholestane (20S) (peak 69) are included
for reference. x-axis: minutes; y-axis: seconds. Reproduced with permission
from Frysinger and Gaines (2001). Copyright 2001 Wiley-VCH.

Partial GC x GC-MS chromatogram of diesel fuel. The x-axis is a volatility-
based chromatographic separation on a 100% polydimethylsiloxane stationary
phase. The n-alkanes decane (Cy) to tridecane (C;3) are identified. The y-axis
produces polarity-based chromatographic separation on a 14%
cyanopropylphenyl methylsiloxane stationary phase. The MS total ion
intensity data are displayed as an interpolated color contour. Overlay data:
(A-B) GC-MS spectra for specific retention times; (C) GC-MS m/z 120
extracted ion chromatogram; (D-H) GC x GC-MS spectra and structures

of naphthalene, 1,2,3-trimenthylbenzene, 4-methyldecane, n-
butylcyclohexane, and decahydronaphthalene, respectively; (I) indan;

(J) indene. Copyright 2002 from GC X GC — A New Analytical Tool

for Environmental Forensics, by G.S. Frysinger et al. Reproduced by
permission of Taylor & Francis Group, LLC, http://www.taylorandfrancis.com.
Effect of changing the second-dimension stationary phase on the separation
of nonpolar saturates: (A) GC X GC chromatogram of the saturates fraction
of a sediment extract using a polar second-dimension 14% cyanopro-
pylphenyl polysiloxane stationary phase; (B) GC x GC chromatogram of
the same saturates fraction using a chiral y-cyclodextrin second-dimension
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stationary phase. The expected positions of the n-C;; to n-C,, alkanes are
marked with circles. The region inside the dotted lines is expanded in (C);
(C) expanded region showing expected position of n-C;5 and location of
branched alkane bands. Reprinted with permission from Frysinger et al.,
2003. Copyright 2003, American Chemical Society. See color plate.
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chromatogram. Nonpolar alkanes are located at the bottom, with one- and
multiring aromatics further up the y-axis as their polarity increases. Inset A:
naphthalene region showing bands of alkyl-substituted naphthalenes and
biphenyls; Inset B: nonpolar region showing high-resolution separations of
higher boiling (Cys+) acyclic isoprenoids, normal and branched alkanes, and
cyclic alkanes. See color plate.

Portion of a volatility-by-polarity GC x GC-FID chromatogram from each
of the three samples compared: (a) spill; (b) and (c) potential spill sources.
Both axes are in seconds. The boxes contain chemical families and individual
compounds used to qualitatively and quantitatively compare two potential
source samples with the spill samples. The first column separation shown
along the x-axis was accomplished with a nonpolar 5% phenylmethylsiloxane
stationary phase. The second column separation shown along the y-axis was
accomplished with a polar polyethylene glycol/siloxane copolymer stationary
phase. Reprinted with permission from Gaines et al., 1999. Copyright 1999,
American Chemical Society. See color plate.

Quantitative comparisons between spill sample and two potential source
samples from Figure 5-8. A quality-control (QC) sample, split from the spill,
was also quantified. Each panel represents the results of integrating peaks
within an individual box shown in Figure 5-8. Each bar represents the total
peak or band of peaks integration results normalized to the first peak in the
box. The error bar represents an estimated 10% variation calculated from
replicate data, but is shown only in the plus direction. Compound classes
represented: (a) alkylnaphthalene bands normalized to 2,3,5-
trimethylnaphthalene; (b) alkylphenanthrenes normalized to phenanthrene;
(c) cycloalkanes normalized to pentadecane; (d) heptadecane, octadecane,
pristine, and phytane normalized to each other. Reprinted with permission
from Gaines et al., 1999. Copyright 1999, American Chemical Society.

Map of the general area near the 1969 grounding of the barge Florida.

Gas chromatograms of Wild Harbor marsh sediment extracts: (A) Nov. 1973;
(B) Aug. 2000. Reprinted with permission from Reddy et al., 2002.
Copyright 2002, American Chemical Society.

Chromatograms of a Wild Harbor sediment extract, Aug. 2000: (A)
Conventional one-dimensional gas chromatogram. The separation was
accomplished using a nonpolar polydimethylsiloxane stationary phase;

(B) volatility-by-polarity GC x GC chromatogram. The first column
separation along the x-axis was accomplished using a nonpolar
polydimethylsiloxane stationary phase. The second column separation

was accomplished using a polar 14%-cyanopropylphenyl polysiloxane
stationary phase. Reprinted with permission from Reddy et al., 2002.
Copyright 2002, American Chemical Society. See color plate.

Comparison of Wild Harbor sediment extract with weathered MERL oil:

(A) Enlarged volatility-by-polarity GC x GC chromatogram of Wild Harbor
extract, Aug. 2000 (as in Figure 5-12); (B) neat MERL oil; (C) 30% by mass
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weathered (WX) MERL oil; (D) 70% by mass weathered (WX) MERL oil.
The first column separation along the x-axis was accomplished using a
nonpolar polydimethylsiloxane stationary phase. The second column
separation was accomplished using a polar 14%-cyanopropylphenyl
polysiloxane stationary phase. Weathering experiments were performed in

a hood where neat MERL oil was allowed to evaporate until the desired
mass loss was achieved. The background is blue. Peak intensity is scaled
from white, to red, and then to blue (most intense). Compound abbreviations:
(N) naphthalene; (CIN) C;-naphthalenes; (C2N) C,-naphthalenes; (C3N)
Cs-naphthalenes. Reprinted with permission from Reddy et al., 2002.
Copyright 2002, American Chemical Society. See color plate.

Map of the general area near the grounding of the barge Bouchard 65. The
grounding of the barge Florida, discussed previously, is also shown for
reference.

Chromatograms of the sediment extract taken from Winsor Cove in 2002
approximately 30 years after being contaminated with No. 2 fuel oil: (A)
one-dimensional gas chromatogram showing UCM and the region of the
chromatogram visualized in (B). The separation was accomplished using

a polydimethylsiloxane stationary phase; (B) volatility-by-polarity GC X
GC-FID chromatogram showing the region containing the target compounds.
The first-column separation shown along the x-axis was accomplished with
a polydimethylsiloxane stationary phase. The second-column separation
shown along the y-axis was accomplished with a 50%-
phenylpolysilphenylene-siloxane stationary phase. See color plate.

Possible structure of Cs- and Cy-decalins found in degraded No. 2 fuel oil in
Winsor Cove approximately 30 years after a spill: (A) 8B(H)-drimane; (B)
8B(H)-homodrimane.
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degraded in the laboratory: (A) day 1; (B) day 11; (C) day 46.
Volatility-by-polarity GC x GC m/z = 123 extracted ion chromatographs of
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region: (A) neat Bouchard 65 fuel oil; (B) day 11; (C) day 36; (D) day 46;
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(F) Winsor Cove sediment extract showing the bands of peaks containing
C,-decalins (C4D), Cs-decalins (C5D), C¢-decalins (C6D), and location of
8B(H)-drimane (A) and 83(H)-homodrimane (B) whose structures are given
in Figure 5-16. The first-column separation shown along the x-axis was
accomplished with a nonpolar polydimethylsiloxane stationary phase. The
second-column separation shown along the y-axis was accomplished with

a polar 50%-phenylpolysilphenylene-polysiloxane stationary phase. See
color plate.

Map of Buzzards Bay showing the track of the Bouchard 120 barge on April
27, 2003. Oil-impacted beaches are highlighted in gray around the perimeter
of the bay. Nyes Neck (where the oil spill samples discussed in this section
were collected) is shown on the inset map. Copyright 2006 from Tracking the
Weathering of an Oil Spill with Comprehensive Two-Dimensional Gas
Chromatography, by Nelson et al. Reproduced by permission of Taylor &
Francis Group, LLC., http://www.taylorandfrancis.com.

Conventional GC and GC x GC chromatograms of sample extracts from
Bouchard 120 No. 6 fuel oil-covered rocks collected at various times after
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the spill: (A) conventional GC chromatogram of sample taken 12 days after

the spill. The separation was achieved using a polydimethylsiloxane stationary

phase; (B) GC x GC volatility-by-polarity chromatogram of sample taken

12 days after the spill. The first dimension separation along the x-axis was
achieved using a nonpolar polydimethylsiloxane stationary phase. The
second dimension separation along the y-axis was achieved with a polar 50%
phenylpolysilphenylenesiloxane stationary phase; (C) conventional GC
chromatogram of sample taken 179 days after the spill; (D) GC x GC
volatility-by-polarity chromatogram of sample taken 179 days after the spill;
(E) a point-by-point difference chromatogram produced by the subtraction

of chromatogram (D) from chromatogram (B) after normalization to the
conserved standard 17o(H)-21B(H)-hopane (marked with a star). Copyright
2006 from Tracking the Weathering of an Oil Spill with Comprehensive
Two-Dimensional Gas Chromatography, by Nelson et al. Reproduced by
permission of Taylor & Francis Group, LLC., http://www.taylorandfrancis.com.

5-21 Percent losses of select hydrocarbons from Bouchard 120 No. 6 fuel oil
covered rocks collected at Nyes Neck after six months of weathering: (@)
n-alkanes; (@) n-alkylcyclohexanes; (A) branched alkanes. Copyright 2006
from Tracking the Weathering of an Oil Spill with Comprehensive
Two-Dimensional Gas Chromatography, by Nelson et al. Reproduced by
permission of Taylor & Francis Group, LLC., http://www.taylorandfrancis.com.

5-22  Volatility-by-polarity GC x GC chromatogram of (A) reservoir crude oil from
platform Holly, Santa Barbara Channel, California, and (B) oil stringer
emerging through the sea floor collected at the Jackpot seep field, Santa
Barbara Channel, California. The first-column separation shown along the
x-axis was accomplished with a nonpolar polydimethylsiloxane stationary
phase. The second-column separation shown along the y-axis was
accomplished with a polar 50%-phenylpolysilphenylene-siloxane stationary
phase. A star on each chromatogram indicates the position of the internal
standard dodecahydrotriphenylene (DDTP). The distinct difference in n-alkane
content between the two samples is evident in this figure. See color plate.

5-23 Partial volatility-by-polarity GC x GC chromatogram of the platform Holly
produced crude oil showing peaks in the vicinity of n-Cs; through n-Cs,.

The location of high-molecular-weight isoprenoid alkanes (both acyclic and
cyclic), thought to be biomarkers of Archaean membrane lipids, are indicated
along with some representative molecular structures. See color plate.

5-24 Partial volatility-by-polarity GC x GC chromatogram of the platform Holly
reservoir crude oil showing peaks in the vicinity of the sterane and
desmethylsterane biomarkers. Identification of labeled peaks is found in
Table 5-1. See color plate.
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6-1  Carbon isotope ratios in a variety of geochemical materials. (Reprinted with
permission from Fuex (1977). Copyright (1977) Elsevier Science.)
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7-4  GC/MS ion fragmentograms of diagnostic alkylated PACs. 4A,
methylphenanthrenes (m/z 192); 4B, methyldibenzothiophenes (m/z 198);
4C, C2-phenanthrenes (m/z 206); 4D, C2-dibenzothiophenes (m/z 212);
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7-5

7-6

7-1

7-8
7-9
7-10
7-11

7-12

7-13

7-14

4E, C3-phenanthrenes (m/z 220); 4F, C3-dibenzothiophenes (m/z 226);

4G, C4-phenanthrenes including retene (m/z 234); 4H, methylfluoranthenes/
methylpyrenes/benzofluorenes (m/z 216); 41, C3-chrysenes (m/z 270).
Relative distribution of PAC homologues in two different IFO-180 bunker
oils (from different refineries).

GC/MS ion fragmentogram of tri- and pentacyclic triterpanes (“hopanes”)
recorded at m/z 191 in the SINTEF standard oil mixture.

GC/MS ion fragmentogram of tetracyclic rearranged (diasteranes) and regular

170(H)-steranes, and 17B(H)-steranes recorded at m/z 217 and m/z 218,
respectively, in the SINTEF standard oil mixture.

GC/MS ion fragmentogram of triaromatic steroids recorded at m/z 231 in
the SINTEF standard oil mixture.

GC/MS ion fragmentogram of sesquiterpanes recorded at m/z 123 in the
SINTEF standard oil mixture.

Protocol/decision chart for selection/elimination of diagnostic ratios.
Signal-to-noise calculation. The distance between the highest and lowest
peaks of a part of the noise is used as N (see insert) and the peak height
as S. In this example, S/N is 4.5.

PCA score plot of data (diagnostic ratios) from a recent mystery oil spill
in the North Sea. Several possible source samples (production samples
from nearby offshore fields) together with other production samples were
included in the PCA.

GC/FID chromatogram of extracts of (A) candidate source sample (bilge),
and (B) spill sample.

Weathering check. Overlay of GC/FID chromatograms of spill sample and
candidate source sample.

8 Advantages of Quantitative Chemical Fingerprinting in Oil Spill Identification

8-1

8-2

8-3

Comparison of two oils that exhibit qualitatively similar GC/FID patterns
and selected extracted ion profiles (partial) that were interpreted to be
“probable matches” by a laboratory conducting ASTM D3328 and D5739.
Quantitative analysis showed some measurable differences existed,
including higher concentrations of C2- and C3-dibenzothiophenes in oil 2
(see Fig. 8-2). *—internal standards.

Double-ratio plot showing the results of replicate analysis of the two oils
shown in Figure 8-1. Despite qualitatively comparable D2 (m/z 212), D3,
P2 (m/z 206), and P3 patterns (e.g., Fig. 8-1) the concentration of D2 and
D3 were higher in Oil 2.

Examples of linear regression analysis as per the revised Nordtest oil spill
identification method for the data shown in Table 8-4. (A) Example of
“non-match” between spill oil and Source A based upon 98% confidence
interval. (B) Example of “match” between spill oil and Source B based
upon 98% confidence interval.

Revised Nordtest linear regression plots for ten diagnostic ratios (A-J) in
the mystery spill oil and two candidate source oils from case study 1.

(A) comparison of bilge oil with spilled oil resulting in a non-match, (B)
comparison of HFO oil with spilled oil resulting in a non-match, (C)
comparison of theoretical mixture of bilge and HFO with spilled oil
resulting in a positive match.
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Comparison of IFO and HFO source fuels oil fingerprints from a marine oil
spill from case study 2. (A) GC/FID chromatogram for IFO, (B) GC/FID
chromatogram for HFO, (C) PAH concentration histogram for IFO, (D) PAH
concentration histogram for HFO, (E) Partial m/z 191 triterpane extracted
ion profile for IFO, and (F) Partial m/z 191 triterpane extracted ion profile
for HFO. H29 = Norhopane, H30 = Hopane * = internal standards.
Comparison of two field samples (mousse and tarball) associated with case
study 2 and the vessel containing the fuels shown in Figure 8-5. (A) GC/FID
chromatogram for the mousse sample (B) GC/FID chromatogram for the
tarball sample, (C) PAH concentration histogram for the mousse sample,

(D) PAH concentration histogram for the tarball sample, (E) Partial m/z 191
triterpane extracted ion profile for the mousse sample, and (F) Partial m/z
191 triterpane extracted ion profile for the tarball sample. H29 = Norhopane,
H30 = Hopane * = internal standards.

Revised Nordtest linear regression plots for eleven diagnostic ratios (a-k) in
the mousse sample and two candidate source oils (IFO and HFO) from case
study 2. (A) Comparison of IFO with the mousse sample resulting in a
non-match, (B) comparison of HFO oil with the mousse sample resulting

in a non-match.

Revised Nordtest linear regression plots for eleven diagnostic ratios (a-k) in
the tarball sample and two candidate source oils (IFO and HFO) from case
study 2. (A) Comparison of IFO with the tarball sample resulting in a
non-match, (B) comparison of HFO oil with the tarball sample resulting in
a non-match.

Plot of the D2/P2 versus percent IFO and HFO from the grounded vessel.
This equation was used with the D2/P2 ratios measured in the field samples
to calculate the % IFO and % HFO in the field samples. These percentages
were then used with the field sample quantitative data to calculate mixed oil
source ratios that were used in the revised Nordtest method (e.g., Fig. 8-10).
Revised Nordtest linear regression plots for eleven diagnostic ratios (a-k) in
the mousse (A) and tarball (B) samples versus the associated mixed source
oils. The parity correlation was improved for both samples when the
quantitatively determined mixed source ratios were used. Based on this
analysis and considering the additional variability introduced by the mixing
model but not reflected in the 98% confidence interval, a source match with
the mixed oils is likely.

Revised Nordtest linear regression plots for eleven diagnostic ratios (a-k) in
the tarball #2 sample versus the associated mixed source oil. No improvement
in parity correlation was observed over the entire range of possible mixtures
including the mixed source presented in this figure that was calculated based
on the D2/P2 ratio in the sample. This data combined with GC/FID, PAH
and biomarker signatures is conclusive evidence that this sample is not
related to the oil spill discussed in case #2.

A Multivariate Approach to Oil Hydrocarbon Fingerprinting and Spill
Source Identification

9-1

[lustration of the research strategy behind the IMOF methodology, which is
based on four steps: chemical analysis, data preprocessing, multivariate data
analysis and data evaluation. The aim of the work in our research groups has
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been to develop rapid, reliable and objective tools for comprehensive analysis
and characterization of complex oil hydrocarbon mixtures using the IMOF
methodology.

Fluorescence excitation-emission scans of an HFO. The vertical axis and
scale bar show the fluorescence intensity. Modified from Christensen et al.
(2005b). See color plate.

Partial GC-MS chromatogram of m/z 217, which contains tricyclic steranes
(eluting between 26 and 34 min) and tetracyclic steranes (eluting between

35 and 42 min).

First derivative of a section of m/z 217 for five reference oils and five

source oils: (a) before warping and (b) after warping using COW with
segment length of 175 data points and a slack of three points. Modified

from Christensen et al. (2005d).

Preprocessed fluorescence EEM of the same oil sample as shown in Figure
9-2 after blank subtraction, insertion of missing values, and a small triangle
of zeros and excitation/emission correction. The vertical axis and scale bar
show the fluorescence intensity. Modified from Christensen et al. (2005b).
See color plate.

(a) Weights (RSD3") used for WLS-PCA and (b) the aligned and normalized
mean combined chromatogram of unweathered Brent crude oil. The mean was

calculated from four replicate samples. Modified from Christensen et al. (2005a).

Score plot (PV2 versus PC4) using WLS-PCA on sections of preprocessed
partial GC-MS/SIM chromatograms of m/z 217. The PCA model was
calculated from the calibration set (61 x 1231), whereas a reference set

(18 x 1231) of replicate references and test set (22 X 1231) were calculated
by projecting the data onto the loadings. The test set was comprised of 16
Baltic Carrier oil spill samples and two spill samples from a Round-Robin
exercise analyzed in triplicate (Spill I and Spill II) (Faksness et al., 2002).
Integrated mean-chromatogram (dotted line) and integrated PC4 loadings
(solid line) for WLS-PCA in the oil hydrocarbon fingerprinting study in
Christensen et al. (2005d). The o.o-steranes (o) and B-steranes (BP) are
marked in the plot.

PARAFAC score plot. Factor 3 versus Factor 5. Symbols for LFOs, HFOs,
lubes, crude oils, unknown oil samples, replicate reference oils, and the
triplicate spill and ship samples are explained in the legend. The 17 replicate
references are circled, and arrows mark the position of spill and Baltic
Carrier ship samples.

Comparison of PARAFAC excitation and emission loading spectra of
selected PAHs. Loadings and spectra of individual PAHs have been
normalized to ease visual comparison. Furthermore, excitation and emission
loadings are shown together in the plots, where excitation loadings appear
to the left of the corresponding emission loadings.

Flowchart for the IMOF methodology including the individual oil
hydrocarbon fingerprinting methods developed by Christensen et al. (2004,
2005b, 2005c¢, 2005d).

Chemical Heterogeneity of Marine Heavy Fuel Oils

10-1

Gas chromatographic “fingerprints” of six IFO-380 HFOs, demonstrating the
significant variability in chemical compositions in the sample fuel class.
* — internal standards.
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Ternary diagram depicting the variability in the bulk hydrocarbon composition
among 71 worldwide IFO 380 heavy fuel oil samples. Weight percentages
based upon quantitative GC/FID analysis and gravimetric analysis.
Ternary diagrams showing the distribution of C,;, Cy, and Cy regular
steranes (50, 14f, 17B(H) 20S+20R) calculated from absolute concentrations
determined from the m/z 218 mass chromatogram for 71 IFO 380 residual
fuel oils.

Cross-plots of (A) triterpane-based and (B) sterane-based thermal maturity
parameters for 71 IFO 380 fuels. Dashed lines show typical maximum
(equilibrium) values for crude oils (from Peters et al., 2005). Triterpane
ratios both measured on the m/z 191 mass chromatograms. 140a(H),170(H)
C,, steranes measured on the m/z 217 mass chromatogram and 14p(H),
17B(H) Cy steranes measured on the m/z 218 mass chromatogram.
Average (1 standard deviation) concentration of select PAH compounds in
71 worldwide IFO 380 HFOs. See Table 10-3 for compound abbreviations.
Inset shows expanded view of 4- to 6-ring PAH.

Percentage C,—C, naphthalenes of the total PAH in 71 worldwide IFO 380
samples. Total PAH represents sum of 54 analytes from Table 10-3.
Histograms comparing distribution and concentration of PAH in (A) low
aromatic IFO-380 and (B) high aromatic IFO-380. Gas chromatogram for
(C) high aromatic, cracked gas oil blending stock, and (D) a high aromatic
IFO-380 containing a prominent cracked gas oil blending stock.
Cross-plots of (A) the range in of the diagnostic source ratios D2/P2 and
D3/P3 and (B) the relationship between D2/P2 and total PAH in 71
worldwide IFO 380 heavy fuel oil samples.

Structures of (A) linear 3-ring anth-racene molecule and (B) nonlinear
3-ring phenanthrene molecule.

GC/FID chromatograms for (A) an unweathered IFO 380 fuel and (B)
moderately evaporated crude oil and partial m/z 192 mass chromatograms
for (C) the unweathered IFO 380 shown in (A) and (D) the moderately
evaporated crude oil shown in (B). N — alkyl-naphthalenes, P — alkyl-
phenanthrenes; MP — methylphenanthrene, MA — methylanthracene.

11 Biodegradation of Oil Hydrocarbons and Its Implications for Source Identification

11-1

Typical reactions catalyzed by hydro-carbon monooxygenases. Octane
monooxygenase of Pseudomonas putida catalyzes the oxidation of octane

to octanol (van Beilen et al., 1994), toluene-3-monooxygenase of Ralstonia
pickettii catalyzes the oxidation of toluene to 3-cresol (Tao et al., 2004), the
cytochrome P450 of Mycobacterium vanbaalenii apparently catalyzes the
oxidation of benzo[a]pyrene to benzo[a]pyrene-11,12-epoxide (Moody et al.,
2004), and the cyclohexane monooxygenase of Brachymonas petroleovorans
oxidizes cyclohexane to cyclohexanol (Brzostowicz et al., 2005). Other
enzymes catalyze the subterminal oxidation of alkanes (Ludwig et al., 1995),
and the oxidation of the 2- or 3-position of toluene (Yeager et al., 1999;

Tao et al., 2004).

Typical reactions catalyzed by hydro-carbon dioxygenases. The alkane
dioxygenase of an Acinetobacter apparently converts alkanes to
alkanehydroperoxides (Maeng et al., 1996). Naphthalene dioxygenase of
Pseudomonas putida oxidizes naphthalene to cis-naphthalene-1,2-
dihydrodiol (Karlsson et al., 2003).
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11-3

11-5

11-6

11-9

The opening of aromatic rings by extradiol and intradiol dioxygenases.
Examples include the extradiol protocatechuate 4,5-dioxygenase of
Sphingomonas paucimobilis (Sugimoto et al., 1999) and the intradiol
protocatechuate 3, 4-dioxygenase of Acinetobacter (Vetting et al., 2000).
The biodegradation of trimethyl, methyl-ethyl, propyl, and isopropyl
benzenes by four organisms. Pseudomonas putida F1 degrades toluene with
a dioxygenase (Cho et al., 2000), while Ps. putida mt-2 (Biihler et al., 2000),
and Ps. mendocina KR (Tao et al., 2004) use monooxygenases, directed at
the methyl group and the para-position, respectively. Sphingomonas
yvanoikuyae B1 possesses a biphenyl dioxygenase and a xylene
monooxygenase (Kim and Zylstra, 1999), and it is certainly possible that
all strains contain other hydrocarbon-oxidizing enzymes. These experiments
(Prince, V.L., Zylstra, G.J., and Prince, R.C., unpublished) used cells initially
grown with vapor phase toluene that were washed and resuspended in
minimal medium with 1l of gasoline in 10ml of culture in a 40-ml vial
and incubated for 90—113 hr. The traces are for the m/z = 105 ion.
Anaerobic hydrocarbon activation by fumarate addition. The denitrifying
bacterium HxN1 catalyzes the production of 1-methylpentylsuccinate from
hexane (Rabus et al., 2001) and Biegert et al. (1996) were the first to
demonstrate the production of benzylsuccinate under anaerobic conditions
with Thauera aromatica. Similar reactions have been seen under a variety
of conditions by a diverse array of organisms (Rabus, 2005).

Anaerobic hydrocarbon activation by carboxylation and dehydration.
Carboxylation at the 2-carbon of hexadecane by the sulfate-reducing

strain AK-01 was reported by So and Young (1999). Carboxylation at the
3-position was subsequently reported for strain Hxd3 (So et al., 2003).
Carboxylation of naphthalene by a sulfate-reducing enrichment culture was
reported by Zhang and Young (1997). Recent work on benzene degradation
(Chakraborty and Coates, 2005; Ulrich et al., 2005) suggests that a transient
hydroxylation precedes carboxylation. While it seems clear that labeled
bicarbonate is incorporated into the hydrocarbons, the enzymes responsible
have not been characterized. In contrast, ethylbenzene dehydrogenase from
Azoarcus has been well-characterized (Johnson et al., 2001; Kniemeyer and
Heider, 2001); it contains the molybdopterin cofactor.

Anaerobic degradation of hexadecane under methanogenic conditions. A
consortium of syntrophic eubacteria and archaea can degrade hexadecane to
CH,, CO,, and H,S. [Figure adapted from Parkes (1999) and Zengler et al.
(1999)].

Bulk oil properties for a suite of oils (La Luna source) from Eastern
Venezuela. Sulfur, nitrogen, nickel, and vanadium increase proportionally
with decreasing API gravity. The degree of biodegradation is indicated by
the numerical ranking of the Biomarker Biodegradation Scale (Peters et al.,
2005) and by descriptive terms used by Wenger et al. (2002).

Gas chromatograms for a suite of selected crude oils from Africa. The oils
were generated and expelled from the same source rock under comparable
thermal conditions, but indicate quite different amounts of in situ
biodegradation. Shown are reservoir temperature, API gravity, viscosity,
pristane/phytane (Pr/Ph) and nC,/ pristane (nC,,/Pr) ratios, and mass
percentage lost calculated using hopane as a conserved internal standard.
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Number labels indicate n-alkane carbon number [modified from Wenger et al.
(2002)]. 359
The extent of biodegradation of mature crude oil can be ranked on a scale

of 1-10 based on differing resistance of compound classes to microbial
attack. Biodegradation is quasi-sequential because some of the more labile
compounds in the more resistant compound classes can be attacked prior to
complete destruction of less resistant classes [from Peters et al. (2005)].
Arrows indicate where compound classes are first altered (dashed lines),
substantially depleted (solid gray), and completely eliminated (black).
Sequence of alteration of alkylated PAHs is based on work by Fisher et al.
(1998) and Trolio et al. (1999). Qualitative descriptions of the degree of

biodegradation from Wenger et al. (2002) reflect changes in oil quality. 361
Differential biodegradation within compound classes. Modified from Peters
et al. (20095). 362
25-norhopanes have the same optical configuration as hopanes. They differ
only by the removal of the methyl group attached to the C-10 carbon. 363

Mass chromatograms of hopanes (m/z 191) and norhopanes (m/z 177) from

Eastern Venezuela. Ion traces are scaled proportional to their relative

response. The 25-norhopanes (indicated by D-carbon number) are believed

to originate by loss of a methyl group from C-10 in hopanes. Thus, the

single epimer of Csy 170,213 (H)-hopane (top) has been partially altered to

Cy 25-nor-170-hopane (bottom), while each of the C;—Css 170-hopane

(22S + 22R) epimers correspond to two Cs, to C4 25-norhopane epimers.

Vertical lines indicate some peaks that yield both m/z 191 and 177 ions.

Modified from Peters et al. (2005). 363

12 Identification of Hydrocarbons in Biological Samples for Source Identification

12-1

12-2

12-3

12-4

Typical weathering sequence of PAH in Alaska North Slope crude oil.

N = naphthalene, F = fluorene, D = dibenzothiophene, P = phenanthrene/
anthracene, C = chrysene; numbers indicate substituent alkyl carbon atoms.
Weathering increases from top panel (unweathered oil) to bottom panel

(moderately weathered oil). Abscissa: proportion of total PAH. 385
Relative composition of aqueous PAH dissolved from initially unweathered
Alaska North Slope oil. Abbreviations and axes as in Figure 12-1. 386

Relative abundance of PAH and phytane in (A) Exxon Valdez oil mousse 11

days following the spill, and (B) in mussels collected six weeks later. Note

the PAH weathering evident in the mussels compared with the oil (compare

with Figure 12-1), and the prominent phytane in both, indicating ingestion

of whole weathered oil droplets by the mussels. Abbreviations: Naph =

naphthalene, Menaph = methylnaphthalene, Acenthy = acenaphthylene,

Acenthe = acenaphthene, Fluor = fluorene, Dithio = dibenzothiophene,

Phenan = phenanthrene, Anthra = anthracene, Fluorant = fluoranthene,

Benanth = benzo[a]anthracene, Chrys = chrysene, Benzobfl =

benzo[b]fluoranthene, Benzokfl = benzo[k]fluoranthene, Benepyr =

benzo[e]pyrene, Beneapyr = benzo[a]pyrene, Indeno =

indenol[1,2,3-c,d]pyrene, Dibenz = dibenzo[a, h]anthracene, Benzop =

benzo[g,h,i] perylene (from Short and Harris, 1996b). 387
Cytochrome P450 1A induction pathway (from Whitlock, 1993; see text in

section 12.3.1 for abbreviation). 389
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12-5 Gill epithelial cells under normal conditions (left), and under CYP 1A
induction (right) (from Malins et al., 2004).

12-6 Catalysis of 7-ethoxyresorufin to resorufin by cytochrome P450 1A
(CYP 1A). Resorufin is fluorescent, and its production rate is the basis
for the EROD assay for CYP 1A activity.

12-7 Some effects of oil exposure in herring larvae (photos courtesy of NOAA).

Trajectory Modeling of Marine Oil Spills

13-1 Comparison of a trajectory forecast with oil representing 100 (a) and 1000
(b) particles or Lagrangian elements (LEs).

13-2 A cross-sectional view of an idealized oil spill in the sea. The arrows below
the oil streaks represent the motion of these vortices. The oil is shown
collecting in areas with converging surface currents.

Oil Spill Remote Sensing: A Forensics Approach

14-1 Spectra of three fuels with similar physical properties showing the spectral
differences in them using a fluorosensor.

14-2  The return signals from the LURSOT thickness sensor showing a
measurement of 9mm from a light crude oil. Measurement was taken
61 m above ground with aircraft at 200 km/hr.

Advances in Forensic Techniques for Petroleum Hydrocarbons: The

Exxon Valdez Experience

15-1 PAH compositions of major hydrocarbon source inputs to the marine
environment of PWS. A PAH analyte may be a single compound, such as
Co-phenanthrene, or the sum of a group of isomers, such as C;-phenanthrene,
which has four isomers. N1, N2, N3, N4 = C,, C,, Cs, C,-naphthalenes;
ACL = acenaphthylene; ACE = acenaphthene; BPH = biphenyl; F, F2, F2,
F3 =C,, C,, C,, Cs-fluorenes; P, P1, P2, P3, P4 = C,, C,, C,, C;, C;-
phenanthrenes/anthracenes; D, D1, D2, D3 = C,, C,, C,, Cs-
dibenzothiophenes; FL = fluoranthene; PY = pyrene; FP1 = C,-fluoranthenes/
pyrenes; BaA = benzo(a)anthracene; C, C1, C2, C3, C4 = C,, Cy, C,, C;,
C4-chrysenes; BbF = benzo(b)fluoranthene; BKF = benzo(k)fluoranthene;
BeP = benzo(e)pyrene; BaP = benzo(a)pyrene; Per = perylene; IDP =
indeno(1,2,3-cd)pyrene; DBA = dibenzo(a,h)anthracene; BgP =
benzo(g,h,i) perylene.

15-2  PAH distributions, TPAH and 3—4-ring PAH concentrations, major fraction
compositions, and weathering parameters for EVC and four variably
weathered PWS shoreline oil samples. The weathering parameter, ®,
calculated from the distributions of 14 PAH analytes (Short and Heintz,
1997) becomes indeterminate (IND) at advanced weathering states when
one or more analytes are not detected.

15-3  Pyrogenic index FP/(FP + C24Ph) vs. the ratio of low-molecular-weight
(2-3-ring PAH) to total PAH, LPAH/TPAH, for naturally and artificially
weathered shoreline oils. LPAH/TPAH decreases with increased weathering.
1989-1990 bioremediation suite oils are from Prince et al. (1994). EM
shoreline oil weathering suite from samples collected in 2001-2002. NOAA
EVTHD oils from the 2003 version of Exxon Valdez Trustees Oil Database on
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NOAA-NMEFS, Auke Bay Laboratory webpage (www.afsc.noaa.gov/abl/oilspill).
These include oils that were weathered in the laboratory.

PAH and triaromatic steroid (TAS) compositions (C,-phenanthrene-
normalized) for (A) PWS prespill segment of a benthic core, (B-J) potential
source inputs to the natural background. Abbreviations: Np = naphthalenes,
FI = fluorenes, Ph = phenanthrenes, Db = dibenzothiophenes, Ch = chrysenes,
Per = perylene, NO = Cy-naphthalene, N1 = C;-naphthalene, PO = C,-
phenanthrene, P1 = C;-phenanthrene, P2 = C,-phenanthrene, Db2 =
C,-dibenzothiophene. Adapted with permission from Boehm et al. (2001).
Copyright 2001, American Chemical Society.

Triterpane and sterane compositions (C2-phenanthrene-normalized) for (A)
PWS benthic core, (B-J) potential source inputs to the natural background.
Abbreviations: Ts = 170(H)-22,29,30-trisnorhopane, Tm = 180u(H)-22,29,30-
trisnorhopane, 28B = C,g;3p-bisnorhopane, Dpl(ROM) = diplotene, recent
organic matter (the Copper River is a major source), 29Nor = norhopane,
Hop = Csp-hopane, Diaster = diasteranes. Adapted with permission from
Boehm et al. (2001). Copyright 2001, American Chemical Society.
C,-Dibenzothiophenes versus C,-phenanthrenes (D2/P2) relationship of
weathered EVC, diesel refined from ANS crude feed stock at a Kenai
Refinery, PWS regional background hydrocarbons from deep subtidal cores,
and Katalla and Cook Inlet crude oils.

Sediment PAH compositions for a profile from the mid-tide zone to 100-m
water depths at a location containing buried EVC residues on the beach,
Northwest Bay, Eleanor Island. (Data from S. Rice, personal communication,
2003).

Factor score plot resulting from the PCA analysis of PAH in shoreline and
benthic sediments in PWS. Modified after Burns et al. (1997).

Source apportionments for GOA and prespill PWS benthic sediments. KB

= Katalla Beach; MGF = Malaspina Glacier Flour. Reprinted with permission
from Boehm et al. (2001). Copyright 2001, American Chemical Society.
1999-2000 embayment benthic sediment sampling program with site
locations, oiling category, representative sediment PAH profiles, and the
results of the CLS source allocations, where ANS = Alaska North Slope oil,
Mon = Monterey petroleum, PYR = pyrogenic PAH, and BKG = regional
petrogenic background.

PAH and alkane compositions of bald eagle eggshells. (A) Weathered EVC
on eggshell collected at Italian Bay on June 8, 1989, EVTHD ID #23363.
(B) Relatively fresh diesel on eggshell collected from Hells Hole in eastern
PWS outside the spill zone on July 18, 1990, EVTHD ID #20029.

PAH and alkane compositions for sea otter tissues. (A) Heavily weathered
EVOS, sea otter skin collected April 12, 1989, EVTHD ID #27757, site not
documented. (B) Relatively fresh diesel, sea otter fur collected August 1, 1990,
site not documented, EVTHD ID #22851. (C) Procedural artifact, sea otter
blood, Ogden Passage, SE Alaska, EVTHD ID #20044.

PAH compositions for Harlequin duck stomach contents (A-B) and
corresponding liver tissue (C—D) from the same bird collected by State of
Alaska investigators. Adapted, with permission, from STP 1219 Exxon
Valdez Oil Spill: Fate and Effects in Alaskan Water, copyright ASTM
International, 100 Barr Harbor Drive, West Conshohocken, PA 19428.
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15-14

15-15

15-16

15-17

15-18

PAH compositions of tissue exposed to weathered oil in column generator
experiments conducted by NOAA/ABL, Juneau, AK. A. Pink salmon eggs
after 36 days of exposure to artificially weathered EVC at a gravel loading
of 281 ppm oil showing characteristic WSF composition. B. Herring eggs
showing mixed oil + WSF composition.

Composition and concentration of PAH in mussel tissues from NOAA oiled
mussel bed sites compared with the PAH composition and concentration of
underlying sediments for samples collected in 2001. The data are presented
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