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This paper describes a case study in which a multi-criterion approach was used to fingerprinting and identifying mystery
oil samples. Three unknown oil samples were received from Quebec on March 28, 2001 for chemical analysis. The main
purpose of this analysis was to determine the nature and the type of the products, detailed hydrocarbon composition of
the samples, and whether these samples came from the same source. The samples were analyzed by gas chromatography
with a flame ionization detector (GC-FID) and by gas chromatography coupled with mass spectrometry (GC-MS).
Hydrocarbon distribution patterns of unknown oils were recognized. Multiple suites of analytes were quantified and
compared. A variety of diagnostic ratios of ‘“‘source-specific marker” compounds for interpreting chemical data were
further determined and analyzed. The chemical fingerprinting results reveal the following: (1) These three oils are most
likely a hydraulic-fluid type oil. (2) These three oils are very “pure”, largely composed of saturated hydrocarbons with the
total aromatics being only 4-10% of the TPH. (3) The oils are a mixture of two different hydraulic fluids. There is no clear
sign indicating they had been weathered. (4) The PAH concentrations are extremely low (< 10 pg/g oil) in the oil samples,
while the biomarker concentration are unusually high (4700-5500 pg/g oil). (5) Three major unknown compounds in the
oil samples were positively identified. They are antioxidant compounds added to oils. (6) Samples 2996 and 2997 are
identical and come from the same source. (7) The sample 2998 has group hydrocarbon compositions (including the GC
traces, TPH, and total saturates) very similar to samples 2996 and 2997. But, it is not identical in chemical composition to

samples 2996 and 2997, and they do not come from the same source.
© 2002 AEHS. Published by Elsevier Science Ltd. All rights reserved.
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Introduction

In response to the oil spill identification and specific site
investigation needs, attention has recently focussed on
the development of flexible, tiered analytical approaches
which facilitate the detailed compositional analysis by
GC-MS, GC-FID, and other analytical techniques to
determine individual petroleum hydrocarbons and their
relative distribution patterns in a complex mixture of
compounds (Douglas and Uhler, 1993; Nordtest
Method, 1991; Page et al., 1995; Sauer and Boehm,
1995; Short et al., 1996; Boehm et al., 1997;2001; Bence
et al., 1996; Wang et al., 1998; 1999). Many EPA and
ASTM methods have been modified to improve
specificity and sensitivity for measuring spilled oil and
petroleum products in soils, waters and contaminated
sites. A variety of diagnostic ratios, especially ratios of
source-specific oil constituents including PAH homolo-
gous groups at different alkylation levels (such as
relative distribution of alkylated chrysene series and
double ratios of alkylated dibenzothiophenes over
alkylated phenanthrenes), isomeric PAHs within the
same alkylation levels (such as relative ratios of three
methyl-dibenzothiophenes), and biomarker compounds
(such as ratios of C,y aff hopane to C;, aff hopane,
terpane C,;/C,,, and steranes C,; afp/C,, afp) for
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interpreting chemical data from oil spills have been
proposed and successfully used for oil source identifi-
cation and monitoring of weathering and biological
degradation processes.

When crude oil or refined product enters the surface
environment, it is immediately subject to a number of
processes that are collectively known as weathering
(Jordan and Payne, 1980). Some hydrocarbon com-
pounds evaporate, some dissolve, some are dispersed,
some are photooxidized, some adsorb onto suspended
particulate materials, and the majority are eventually
biodegraded. The changes in chemical composition of
spilled oils due to weathering add great difficulties to the
identification of the residual spilled oil in the impacted
environment. Under such circumstances, characteriz-
ation of high-molecular-mass PAHs and biological
markers, which are highly degradation-resistant and
source-specific, would be necessary for source identifi-
cation and can make differentiation of oils with similar
composition possible.

On March 28, 2001, three unknown oil samples were
received from Montreal for hydrocarbon analysis.
The main purpose of this analysis was to determine the
product nature and type, chemical hydrocarbon com-
position of the samples, whether these samples match or
are identical, and whether the oils have been weathered.
In this case study, a multi-criterion approach was used to
fingerprint and identify the mystery oil samples. First,
we determined the product type by recognizing
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hydrocarbon distribution patterns, then compared PAH
profiles, finally we went the extra mile to verify our
conclusions by quantifying biomarkers, determining a
variety of diagnostic ratios of “‘source-specific marker”
compounds, and identifying additives in the oils.

Experimental

Materials and equipments

Distilled chromatographic solvents were used without
further purification. Calibration standards used for the
determination of individual and total petroleum
hydrocarbons include n-alkane standards from C; to
C,, including pristane and phytane, polycyclic aro-
matic hydrocarbon (PAH) standards (SRM 1491) from
the National Institute of Standards and Technology
(NIST), and biomarker standards (hopanes and
steranes) from Chiron Laboratory of Norway.

Sample preparation

All three oil samples were yellow with the sample 2996
being quite cloudy, 2997 cloudy, and 2998 transparent.

After removing the custody seal number from the
sample bottles, approximately 0.2 g of oils were
weighed, dissolved in hexane and made up to the final
volume of 5.00 mL. The final concentrations of oils were
42.30, 45.94, and 40.52 mg/mL for samples 2996, 2997,
and 2998, respectively. A 300 puL of the oil solutions
containing 12—14 mg of oil was spiked with appropriate
surrogates (100 uL 200 ppm of o-terphenyl and 100 pL
of mixture of deuterated acenaphthene, phenanthrene,
benz[aJanthracene, and perylene, 10 ppm each), and
then quantitatively transferred into a 3-g silica gel
microcolumns, which was topped with about 1-cm
anhydrous granular sodium sulfate and had been
pre-conditioned using 20 mL of hexane, for sample
cleanup and fractionation.

Hexane (12 mL) and 50% benzene in hexane (v/v,
15 mL) were used to elute the saturated and aromatic
hydrocarbons, respectively. For each sample, half of the
hexane fraction (labeled F1) was used for analysis of
aliphatics, n-alkanes, and biomarker terpane and
sterane compounds; half of the 50% benzene fraction
(labeled F2) was used for analysis of alkylated homolo-
gous PAHs and other EPA priority unsubstituted PAHs;
the remaining halves of the hexane fraction and 50%
benzene fraction were combined into a fraction (labeled
F3) and used for the determination of the total
GC-detectable petroleum hydrocarbons (TPH) and the
unresolved complex mixture of hydrocarbons (UCM).
These three fractions were concentrated under a
stream of nitrogen to appropriate volumes (~0.4 mL),
spiked with appropriate internal standards (50 pL of
200 ppm 5-a-androstane and 50 pL of 20 ppm C;-Bp-
hopane, 50 uL of 10 ppm terphenyl-d,,, and 50 uL of
200 ppm 5S-a-androstane for Fl, F2, and F3 respect-
ively), and then adjusted to an accurate pre-injection
volume of 0.50 mL for GC/FID and GC/MS analyses.

Sample analysis

Analyses for n-alkane distribution (n-Cg through n-C,),
pristane and phytane) and TPH were performed on a

Hewlett-Packard (HP) 5890 gas chromatograph equip-
ped with a flame-ionization detector (FID) and an HP
7683 autosampler. Analyses of target PAH compounds
(including five alkylated PAH homologous groups and
other EPA priority PAHs) and biomarker terpanes and
steranes were performed on an HP 6890 GC equipped
with a HP 5973 mass selective detector (MSD). System
control and data acquisition were achieved with an HP
G1701 BA MSD ChemStation.

GC-FID analysis provides a baseline resolution of
n-alkanes from n-Cg to n-C,; and n-C,/pristane and
n-C ¢/phytane. Quantitation of the analytes was based
on the internal standard compound (5-a-androstane).
GC-MS analysis was performed utilizing a selected ion
monitoring mode to improve detection limits. The
concentrations of the individual PAH and biomarker
compounds were determined based on the internal
standards d,,-terphenyl and C,,-BB-hopane.

For detailed chromatographic conditions, analysis
quality control, and quantification methodology, refer
to references Wang et al., 1994a, 1994b and 1994c.

Results and Discussion

Determination of hydrocarbon groups and product type

Assessment of chemical composition features of oils and
refined products can be illustrated by qualitative and
quantitative examination of their GC traces. Crude oil
compositions vary widely. Depending on the sources of
carbon from which the oils are generated and the
geologic environment in which they migrated and from
which reservoir, they can have dramatically varied
compositions in C; to C,, carbon range such as relative
amounts of paraffinic, aromatic and asphaltenic com-
pounds, large differences in the n-alkane distributions
and UCM, and significantly different relative ratios of
isoprenoids to normal alkanes. Refined petroleum
products are obtained from crude oil through a variety
of distillation, blending, and catalytic processes. Light
distillates are typically products in the C; to C,, carbon
range. They include aviation gas, naphtha, and auto-
motive gasoline. The GC trace of fresh light distillates
are featured with dominance of light-end, resolved
hydrocarbons and a minimal unresolved complex
mixture of hydrocarbons (UCM). Mid-range distillates
are typically products in a relative broad carbon range
(C¢ to Cy) and include kerosene, jet fuel, and diesel
products. Classic heavy refined products include fuel
No. 6 and lube type oil.

Figure 1 shows the GC/FID chromatograms of F3
for n-alkane and TPH analysis. The saturated fractions
F1 demonstrated very similar GC/FID chromatogram
profiles to their corresponding Fraction 3. Figure 2
shows the GC/MS chromatograms of the m/z 85
fragment of the saturated hydrocarbons. Due to the
increased resolution and higher sensitivity of the MS
detector, the distribution of low-abundance n-alkanes
and isoprenoid compounds, which may not be seen in
GC/FID traces, can be more clearly distinguished.
Table 1 summarizes the hydrocarbon group analysis
results of the oil samples. In addition to the GC-TPH
values and percentages of saturates and aromatics in the
TPH, the ratios of resolved peaks/TPH and UCM/TPH
are listed in Table 1 as well. The GC-TPH are defined as
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Figure 1. GC-FID chromatograms of Fraction 3 for n-alkane and TPH analysis. Sur and IS stand for surrogate o-terphenyl and internal
standard S-o-androstane, respectively. The GC traces of F3 are featured by dominance of unresolved complex mixture (UCM) of hydrocarbons

with very small amount of resolved peaks being detected.

the sum of all resolved and unresolved distillable hydro-
carbon detected by GC. The UCM appears as the
“envelop” or hump area between the solvent baseline
and the curve defining the base of resolvable peaks.

The major chemical composition features of TPH
and saturate hydrocarbons in the samples are sum-
marized as follows:

(1) GC/FID chromatograms provide a fingerprint
picture of major oil components and information about
weathering extent of the oil. The GC traces of F3
(Figure 1) are clearly dominated by the UCM of
hydrocarbons with very small amount of resolved

peaks being detected (the ratios of the GC-resolved
peaks to the total GC area were determined to be only
0.04—-0.05). The GC chromatographic profile and shape
of the UCM “humps” are significantly different from
crude oils and most refined products. The hydrocar-
bons of the samples are mainly distributed in a carbon
range from C,; to Cy; with the retention time ranging
between 30 and 50 min. No hydrocarbon was detected
prior to 16 min. Also, there were almost no n-alkanes
were detected by the FID detector.

Generally, asphaletenes and polar compounds in
crude oils and heavier refined products are retained on
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Figure 2. GC-MS chromatograms of the m/z 85 fragment of the saturated hydrocarbons, more clearly showing the distribution of the low-
abundant n-C; to n-C,, and two unresolved complex mixtures of hydrocarbon ‘““humps”.

the cleanup column, and high molecular weight satu-
rated and aromatic hydrocarbons (called the GC-unde-
fined hydrocarbons) are retained on the GC column
and would not be detected by the FID detector. All of
these result in the TPH values determined by GC being
exclusively smaller than theoretical TPH values (Bragg
et al., 1993; Wang et al., 1994c). For these three oils,
however, the GC-TPH were determined to be close to
1000 mg/g oil (960—-997 mg/g oil), significantly higher
than the corresponding TPH values for crude oils and
most refined products. The unusually high TPH values
clearly indicate that the oil is “‘special”” and very “pure”.

The aromatic fractions in the TPH were determined
to be only 4% for samples 2996 and 2997, and 10% for
the sample 2998, significantly lower than crude oils and
most refined products as well.

All these GC trace features suggest that the oil is a
hydraulic fluid.

(2) GC traces, in particular the GC-MS chromato-
grams at m/z 85, clearly exhibit two “humps’ with the
maxima being around 35 and 42 min for the lighter and
heavier one, respectively. This suggests that the oil is a
mixture of two hydraulic fluid oils. The resolved peaks
were mostly located in the second heavier component

Table 1. Hydrocarbon group analysis results

portion. There is no clear sign indicating they had been
weathered.

(3) Samples 2996 and 2997 show nearly identical GC
chromatographic profiles, n-alkane and isoprenoid
distribution patterns (m/z 85), and the relative ratios
of low abundant hydrocarbons C,,/Cs (0.51 v. 0.53),
C,,/pristane (1.52 v. 1.54), C¢/phytane (1.09 v. 1.08),
and pristane/phytane (0.37 v. 0.38). This implies that
these two samples were probably identical and from
the same source. (Note: these ratios were determined
from GC/MS measurements at m/z 85).

(4) In general, the sample 2998 shows very similar
GC chromatographic profiles to samples 2996 and
2997. However, the relative ratios of low abundant
hydrocarbons C,,/C,,, C,,/pristane, C,¢/phytane, and
pristane/phytane were determined to be 0.41, 1.68, 1.14,
and 0.28, respectively, slightly different from the
corresponding ratios for samples 2996 and 2997. In
addition, an abundant compound at the retention time
of 20.61 min was detected in samples 2996 and 2997,
but not found in the sample 2998. The questions which
must be answered at this stage are: Do these three oils
come from the same source? Is the sample 2998 really
different from samples 2996 and 2997 in chemical

Resolved peaks UCM
GC-TPH GC-saturates Total aromatics ~ GC-saturates/  GC-aromatics/
Sample (mg/g oil) (mg/g oil) (mg/g oil) GC-TPH (%) GC-TPH (%)  Total GC area GC-TPH
2996 997 956 41 96 4 0.04 0.96
2997 990 955 36 96 4 0.04 0.96
2998 959 861 98 90 10 0.05 0.95
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composition, or just because of contamination or
weathering? In order to unambiguously differentiate
and identify these samples, the multi-criterion approach
to fingerprinting must be adopted, that is, analyses of
more than one suite of analytes were performed in
source identification.

Distribution of target alkylated PAH homologues and
other EPA priority PAHs

PAH compounds, especially the high molecular mass
PAHs and their alkylated homologues are relatively
stable. Therefore, the distribution patterns and the
diagnostic ratios of these PAH compounds can be used
as fate indicators of oil in the environment and oil
source markers (Stout et al., 1998; Sauer and Boechm,
1991; Short et al., 1996; Fayad and Overton, 1995;
Kennicutt, 1988; Teal et al., 1992; Farran et al., 1987,
Page et al., 1995; Wang et al., 1997; 1999).

Figure 3 shows the total ion GC/MS chromatograms
(in SIM mode) of the samples for analyses of BTEX
compounds and target PAHs. The “humps”™ of unre-
solved complex mixture in 35-45 min are pronounced
for samples 2996 and 2997, while the sample 2998 only
shows a much smaller “hump”. Table 2 summarizes
quantitation results of five petroleum-characteristic
alkylated PAH homologous series (alkylated naphtha-
lene, phenanthrene, dibenzothiophene, fluorene, and
chrysene series) and other EPA priority PAHs. Figure 4
shows the distribution of these target PAHs.

GC/MS measurements show that the samples only
contained trace amount of BTEX and other lighter
C,-benzene compounds. The concentrations of target
PAHSs in the samples were found to be very low. The
total of the five target alkylated PAHs and other EPA
priority PAHs were determined to be 6.4, 6.5, and
6.5 pg/g of oil (Table 2) for samples 2996, 2997 and
2998 respectively, which are significantly lower than in
crude oils and most refined products. Among the other
EPA priority PAHs, the 2-ring compound biphenyl was
the most abundant and no high molecular weight (4- to
6-ring) PAHs were detected in the sample 2998
(Table 2). Samples 2996 and 2997 show nearly identical
PAH distribution patterns and fingerprints. However,
sample 2998 demonstrates different PAH distribution
pattern from the samples 2996 and 2997. For example,
sample 2998 showed higher concentration of the total
naphthalenes (5.9 v. 4.5 ug/g oil) but much lower
concentrations of the other four alkylated PAH homo-
logues (0.31 v. 0.97 ug/g oil for the alkylated phenan-
threne series, 0.10 v. 0.52 ug/g oil for the alkylated
dibenzothiophene series, and 0.02 v. 0.17 ug/g oil for
the alkylated chrysene series).

The dominance of alkylated naphthalenes among
five target alkylated PAH homologous series is
pronounced for all three samples. Different from
crude oils and most refined products, however, the
alkylated naphthalenes demonstrate a very unique
distribution pattern with the concentrations of the
C,-naphthalenes being many times higher than
naphthalene and C,- to C,-naphthalenes.

In PAH fingerprinting, we simply do not quantify
PAH alone, but determine a number of diagnostic
ratios of “‘source-specific marker” PAH compounds as

well (see Table 2). In recent years, determination of
ratios of the conventional diagnostic PAH and
biomarker compounds, in particular determination of
relative distribution of source-specific isomers within
the same alkylation levels and isomeric groups, has
been used for oil source identification (Fayad and
Overton, 1995; Wang et al., 1995; 1999). The differ-
ences between the isomer distribution reflect the
differences of the depositional environment during oil
formation. Compared to PAH homologous groups at
different alkylation levels, higher analytical accuracy
and precision may be achieved for determination of
ratios of source-specific isomers within the same
alkylation levels, due to the close match of physical/
chemical properties of the isomers. Also, the relative
distributions of isomers at the same ratios of m/z are
subject to little interference from weathering. Hence
they can be more positively used for oil spill
identification and differentiation. Analysis of the
diagnostic ratios of ‘“‘source-specific’” PAHs (Table 2)
clearly reveals the following:

(1) Isomeric distributions of 2-m-naphthalene to
I-m-naphthalene at m/z 142, (3- 4+ 2-m-phenan-
threne) to (4-/9- 4+ l-m-phenanthrene) at m/z 192
were determined to be 1.83, 1.80, and 1.90; and 0.86,
0.84, and 0.80 for samples 2996, 2997, and 2998,
respectively. Obviously, the differences in these
isomeric ratios between samples are not significant.

(2) The double ratios C,D/C,P:C,D/C,;P) were deter-
mined to be 0.69:0.15, 0.68:0/16, and 0.25:0.01
for samples 2996, 2997, and 2998, respectively.

(3) The ratios of the most abundant alkylated naph-
thalenes at different alkylation levels (C;—N:C,—
N:C,-N:C;-N:C,—N, normalized to the highest
molecular weight C,-naphthalene series) were
determined to be 0.34:8.9:6.2:3.3:1.0,
0.33:8.7:6.0:3.0:1.0, and 0.20:23.0:11.1:4.1:1.0
for the sample 2996, 2997, and 2998, respectively.
Obviously, the relative distribution of the alkylated
naphthalenes for the sample 2998 is greatly
different from the other two samples. Also, this
difference cannot be explained by weathering effect.
It has been well demonstrated that weathering
causes chemical composition changes of oil and
would result in development of a profile in each
alkylated PAH group showing the composition
changes of Cj— > C;— > C,— > Cy— > C—.

(4) The relative distributions of the alkylated naphtha-
lene, dibenzothiophene, fluorene, and chrysene
series to the alkylated phenanthrene series were
determined to be 4.8:1.0:0.54:0.29:0.18, 4.7:1.0:
0.55:0.29:0.19, and 19.1:1.0:0.32:0.45:0.06 for
samples 2996, 2997, and 2998, respectively. The
alkylated phenanthrene series were chosen as
the normalization standard is because they are
considerably abundant and more degradation-
resistant than alkylated naphthalene, dibenzothio-
phene and fluorene series.

For most spill samples, it is preferred to determine

ratios of alkylated PAH homologues normalizing to

chrysene series. This is because environmental exposure
will preferentially strip out lighter PAHs such as
naphthalenes, while the most degradation-resistant
chrysenes are not likely change much. However, this
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Figure 3. The GC-MS total ion chromatogram (in SIM mode) for analyses of BTEX and PAH compounds. C_—B, N, Unk, Sur and IS represent
alkyl-benzene, naphthalene, major unknown compounds, deuterated surrogates and internal standard.

situation does not allow us to determine relative ratios
normalizing to chrysenes, because concentrations of
chrysenes are extremely low compared to other series,
determination of diagnostic ratios normalizing to
chrysenes might introduce bigger uncertainty and
mislead conclusions.

In summary, samples 2996 and 2997 not only show
nearly identical PAH distribution, but also very
matching diagnostic ratios of “‘source-specific” PAHs.
In contrast, sample 2998 demonstrates different PAH
distribution profile and diagnostic ratios from samples
2996 and 2997.

Distribution and diagnostic ratios
of biomarker compounds

Figures 5 and 6 show GC/MS distribution chromato-
grams of the highly degradation-resistant biomarker
terpane and sterane compounds at m/z 191 and at m/z
217. A wide range of terpanes are present in the samples
from C,, to C,5 with the C;; and C,, ap-hopanes and
225/22 R C;, homohopanes being the most abundant. In
addition, the presence of a triplet (at retention time of
35 min) in the samples is also identified. This feature is
very unique and has rarely been seen in crude oils and
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Table 2. PAH analysis results

2997 (ng/g oil) 2998 (ug/g oil)

Sample 2996 (ng/g oil)
Alkylated PAHs
Naphthalene
CO0-N 0.08
CI-N 2.05
C2-N 1.43
C3-N 0.74
C4-N 0.23
Sum 4.53
Phenanthrene
C0-P 0.03
Cl-P 0.18
C2-p 0.26
C3-p 0.24
C4-P 0.22
Sum 0.94
Dibenzothiophene
C0-D 0.02
CI-D 0.12
C2-D 0.18
C3-D 0.19
Sum 0.51
Fluorene
CO-F 0.03
CI-F 0.05
C2-F 0.08
C3-F 0.11
Sum 0.27
Chrysene
C0-C 0.02
Cl-C 0.03
C2-C 0.06
C3-C 0.05
Sum 0.17
TOTAL 6.42
Other PAHs
Biphenyl (Bph) 0.04
Acenaphthylene (Acl) 0.01
Acenaphthene (Ace) 0.02
Anthracene (An) 0.00
Fluoranthene (FL) 0.00
Pyrene (Py) 0.01
Benz[a]anthracene (BaA) 0.00
Benzo[b]fluoranthene (BbF) 0.00
Benzo[k]fluoranthene (BkF) 0.00
Benzol[e]pyrene (BeP) 0.01
Benzo[a]pyrene (BaP) 0.00
Perylene (Pe) 0.00
Indeno[1,2,3cd]pyrene (IP) 0.00
Dibenz[a,h]Janthracene (DA) 0.00
Benzo[ghi]perylene (BgP) 0.00
TOTAL 0.09
Diagnostic ratios
2-m-N/I-m-N 1.83
(3 4+ 2-m-phen)/(4-/9-+1-m-phen) 0.86
Phens/dibens 1.84

C,D/C,P:C,P/C,D 0.69:0.15

C)N:C|N: CZN :C3N: C,N(normalizing to C,N)

to phens)

0.34:8.9:6.2:3.3:1.0
Naphs: Phens: Dibens: Fluos: Chrys (normalizing 4.8:1.0:0.54:0.29:0.18

0.08 0.03
2.09 3.44
1.43 1.66
0.72 0.62
0.24 0.15
4.57 591
0.03 0.02
0.18 0.07
0.28 0.08
0.25 0.09
0.24 0.05
0.97 0.31
0.02 0.00
0.12 0.06
0.19 0.02
0.20 0.02
0.53 0.10
0.03 0.03
0.05 0.04
0.09 0.04
0.12 0.03
0.28 0.14
0.02 0.01
0.03 0.01
0.07 0.00
0.06 0.00
0.18 0.02
6.51 6.48
0.04 0.10
0.01 0.02
0.02 0.03
0.00 0.00
0.00 0.00
0.01 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.01 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.00 0.00
0.08 0.16
1.88 1.90
0.85 0.80
1.83 3.10
0.68:0.16 0.25:0.01

0.33:8.7:6.0:3.0:1.0
4.7:1.0:0.55:0.29:0.19

0.20:23.0:11.1:4.1:1.0
19.1:1.0:0.32:0.45:0.06

petroleum products (Kvenvolden ef al., 1995). As for
steranes at m/z 217 and 218, in addition to the presence
of diasteranes, the dominance of C,,;, Cy,, and C,, 208/
20R steranes, particularly the epimers of o 3-steranes, is
obvious. Table 3 summarizes quantitation results for
the target terpanes and two groups of afp-steranes (C,,
and C,g). These biomarker compounds have been
increasingly used in recent years for the purposes of

source identification and differentiation of oils, and
monitoring the weathering and degradation process of
oil hydrocarbons under a wide variety of conditions
(Peters and Moldowan, 1993; Barakat et al., 1999; Bence
et al., 1996; Kvenvolden et al., 1995; Wang et al., 1994c;
1999; 2001; Kennicutt, 1988; McKirdy et al., 1994; Page
et al., 1996; Killops and Howell, 1991; Short et al., 1999;
Zakaria et al., 2000).
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Figure 4. Alkylated PAH fingerprints of the unknown oil samples, illustrating the PAH compositional features. N, P, D, F, and C represent
naphthalene, phenanthrene, dibenzothiophene, fluorene, and chrysene, respectively; 0, 1, 2, 3, and 4 represent carbon numbers of alkyl groups in
alkylated PAH homologues. The fingerprints of the other EPA priority PAHs are shown in the left insets. Refer to Table 2 for the abbreviations

of these PAHs.

From Figures 5 and 6 and Table 3, it can be seen
that the samples 2996 and 2997 are nearly identical in
distribution patterns and profiles of biomarker ter-
panes and steranes. The total target biomarkers were
determined to be 4701, 4759, and 5464 pg per gram of
oil for samples 2996, 2997, and 2998, respectively. In
comparison to most crude oils, these three samples
demonstrate extremely high concentrations of terpanes
and steranes.

The sample 2998 shows different distribution pattern
of biomarkers from the samples 2996 and 2997. The
concentrations of C,, and C,, hopanes in the sample
2998 match the concentrations of C,y and C;, hopanes
in samples 2996 and 2997 (Table 3), but, the concen-
trations of C,; and C,,, and the sum of C;; to C;;4

homohopanes in the sample 2998 are significantly
lower (39 v. 145-152 pg/g oil for C,;, and 36 v. 83—
87 ng/g oil for C,,) and higher (2072 v. 13581376 ng/g
oil for C;, 55) than the corresponding compounds in
samples 2996 and 2997, respectively.

The relative ratios of target biomarker terpanes
Cy3/Chy Cyy/Cy, Ts/Tm  (Ts: 18(H), 21P(H)-22,
29,30-trisnorhopane; Tm: 17a(H), 21p(H)-22,29,30-
trisnorhopane), C,y-af-hopane/C,;-af-hopane, C,,Bo/
C,,0B-hopane, C;,(225)/C;,(22R), C4,(225)/C5,(22R),
C5(228)/C55(22R),  C45(228)/C5(22R), Cy5(229)/
C33(22R),  Cyp/(Cyy + Cy + G5+ G5y + C59), and
C,,0BB/Cyy PP are found very much the same for
samples 2996 and 2997. The relative distribution ratios
of the unique triplet biomarker are also nearly identical



Using Multiple Criteria for Fingerprinting Unknown Oil Samples Having Very Similar Chemical Composition 259

Abundance

90000 —
80000 —
70000 —
60000
50000 —
40000
30000
20000
10000 —

|
0

C

c. 2996

0
25-00 30-00 35-00

Abundance

100000
90000
80000
70000
60000 —
50000
40000
30000 —
20000
10000

[

I

I

I

40-00
Time

45-00 50-00

2997

| |

0
25-00 30-00 35-00

Abundance

100000 —
90000 —
80000 —
70000 —
60000
50000
40000
30000
20000
10000

[

40-00 45-00 50-00
Time

2998

Ml

0
25-00 30-00 35-00

40-00 45-00 50-00
Time

Figure 5. Comparison of distribution of biomarker terpane compounds (m/z 191). Cy;, C,,, C,, C5, C5; to Cys, Ts, Tm represent Cy; and C,,
tricyclic terpanes, C,y- and C;,-of-hopanes, 22S/22R epimer pairs of C;; to C;5 homohopanes, and 18a(H), 21B(H)-22, 29,30-trisnorhopane

(Ts) and 17a(H), 21B(H)-22,29,30-trisnorhopane (Tm), respectively.

too. All these evidences, in combination with the TPH
and PAH analysis results, unambiguously point toward
to the conclusion that samples 2996 and 2997 are
identical and from the same source.

The biomarker distribution profile of the sample
2998 looks similar to that of samples 2996 and 2997,
but it is indeed different and is not from the same
source as samples 2996 and 2997, evidenced by not
only differences in the biomarker quantitation results,
but also in diagnostic ratios of target biomarker
compounds.

It is important to note that the fingerprinting results
described above strongly demonstrate the necessity to
analyze for more than one suite of analytes in source
identification. Characterization of PAH and biomarker

compounds must include determination of both
concentrations and relative distributions, and should
not be just measuring peak ratios alone. The quantified
biomarker data show that the two set of samples have
uniquely different analyte distribution, irrespective of
the what the ratios might show. This is important
because it is possible to have situation where a source
might have similar biomarker ratio but very different
actual amounts of biomarkers.

Identification of major unknown compounds

Three major unknown compounds with remarkable
abundances in the aromatic fractions (F2) were
positively (>96%) identified. They are 2, 6-bis
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Figure 6. Comparison of distribution of biomarker sterane compounds (m/z 217). C,;, Cy, and C,, represent four oo and o (20S5/20R)

epimers of C,,-cholestanes, C,g-ergostanes, and C,y-stigmastanes.

(1,1-dimethylethyl)-phenol at 15.49 min; butylated
hydroxytoluene or 2,6-di-tert-butyl-4-methylphenol at
17.01 min; and N-phenyl-1-naphthalenamine at
27.72 min (Figure 3).

Samples 2996 and 2997 contained these three
compounds with the concentrations being nearly
identical. However, butylated hydroxytoluene (BHT)
was not detected in the sample 2998. The sample 2998
only contained the first and the last compounds with the
abundance of 2, 6-bis (1,1-dimethylethyl)-phenol being
largely higher than N-phenyl-1-naphthalenamine.

All these three compounds identified are antioxidant
compounds, also called inhibitors (Ullmann’s Encyclo-
pedia, 1985; Bland and Davidson, 1967). They are
added to oxidizable organic materials (such as lubri-
cants and gasoline) to retard autooxidation and, in
general, to prolong the useful life of the substrates.
There are two major classes of antioxidant compounds,
or additives used for petroleum products, aromatic
amines and alkyl-substituted phenols. Hydraulic oils
are often stabilized with 0.5—1.0% of zinc dialkyldithio-
carbamates in combination with 0.5-1.0% of a
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Table 3. Quantitation results and diagnostic ratios of major biomarke
compounds

2996 2997 2998
Quantitation
Results
(ng/g oil)
C,, 145.3 151.7 38.6
Cy 82.5 87.0 35.9
Cy 549.9 554.4 523.9
Gy 1049.5 1054.8 1164.9
Ciyys) 415.8 427.2 504.3
Ciip) 259.4 262.8 333.8
Caxs) 2314 224.9 330.7
Ciypy 149.0 148.0 196.4
Ciys) 126.2 128.7 219.6
Ciyr) 73.7 75.0 136.7
Ciys) 45.1 48.3 130.6
Ciup) 22.0 22.1 63.8
Ciss) 19.7 22.3 87.2
Cisry 15.2 16.8 68.4
Ts 133.5 136.9 137.2
Tm 148.0 148.3 128.9
C,,-app-steranes 529.2 534.0 596.5
C,y-app-steranes 705.4 715.7 766.9
Sum of Cy; to C;5 1358 1376 2072
homohopanes
Total 4701 4759 5464
Diagnostic Ratios
C,;/Cyy 1.76 1.74 1.08
C,5/Cyp 0.14 0.14 0.03
C,,/Cy 0.08 0.08 0.03
C,9/Cyp 0.52 0.53 0.45
Triplet 1.14:1.08:1.00 1.14:1.12:1.00 2.22:1.09:1.00
(RT = ~35 min)
C;5,(8)/C5,(R) 1.60 1.63 1.51
C5,(8)/C55(R) 1.55 1.52 1.68
C45(8)/C55(R) 1.71 1.72 1.61
C34(S)/C54(R) 2.05 2.19 2.05
C35(8)/C55(R) 1.30 1.33 1.28
Cy/(C5, + Cy, 0.77 0.77 0.56
+ Gy +Cyy
+Cs)
Ts/Tm 0.90 0.92 1.06
C,,apB-steranes/ 0.75 0.75 0.78

C,yaBB-steranes

phenolic antioxidant (such as BHT) or with an aminic
antioxidant (alkylated diphenylamine, or phenyl-
naphthalamine or its derivatives).

This finding clearly supports the general conclusion
described above, that is, samples 2996 and 2997 are
identical and come from the same source, and the
sample 2998 is different from samples 2996 and 2997
and does not come from the same source as samples
2996 and 2997 do.

Summary

This paper describes an analytical approach using
“source-specific marker” compounds and their diag-
nostic ratios for identification and differentiation of
unknown oil samples with very similar but not
identical chemical compositions. The chemical finger-
printing evidences and data interpretation results
reveal the following:

(1) The oil are most likely hydraulic fluid type oil.
(2) The three oils are very “pure”, largely composed of
saturated hydrocarbons. The aromatic fractions in

the TPH were determined to be only 4% for
samples 2996 and 2997.

(3) The oils are a mixture of two different type of
hydraulic fluids with the maxima of the lighter
portion being around 35 min and of the heavier
portion being around 42 min in the GC/FID
chromatograms. There is no clear sign indicating
they had been weathered.

(4) The PAH concentrations are extremely low
(<10 pg/g oil) and the biomarker concentrations
are unusually high (4700-5500 pg/g oil).

(5) Three major unknown compounds in the oil
samples were positively identified as 2,6-bis
(1,1-dimethylethyl)-phenol at 15.49 min, butylated
hydroxytoluene at 17.01 min, and N-phenyl-1-
naphthalenamine at 27.72 min. All these three
compounds are antioxidant compounds added to
oils.

(6) Samples 2996 and 2997 are identical and come
from the same source.

(7) The sample 2998 is different from samples 2996
and 2997 and does not come from the same source
as samples 2996 and 2997 do, but it has bulk group
hydrocarbon compositions, such as the TPH and
total saturates, very similar to samples 2996
and 2997. From this point of view, the sample
2998 may be used to replace samples 2996 and
2997 for certain applications.
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