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Abstract
Bicyclic Sesquiterpanes (BSs) are ubiquitous components of crude oils and ancient sediments. BSs in crude
oils and diesel oil were identified and characterized, the effects of moderate weathering on BS distributions
were discussed, and a methodology using diagnostic indices of BSs was developed for oil correlation and dif-
ferentiation. The results showed that crude oils and oil products had different abundances and distributions
of BSs and, consequently, resulted in different diagnostic ratios. The selected diagnostic ratio indices of BSs,
such as BS4/BS5 (ratio of 4,4,8,9,9-pentamethyl-decahydronaphthalene to 8β (H)-drimane), BS6/BS5 (ratio
of 4,4,9,9,10-pentamethyl-decahydronaphthalene to 8β (H)-drimane), BS8/BS9 (ratio of the second peak to
the third peak of C16 sequiterpane), and BS8/BS10 (ratio of C16 sequiterpane to 8β (H)-homodrimane), still
maintained better stabilities (%RSD< 5%) after weathering for 30 d. The longer weathering process (150 d)
had some effect on such ratios (5% <%RSD < 10%). The facts of the uniqueness, abundance in petroleum,
and chemical stability of BSs enable them to be suitable as an effective diagnostic means for identifying
spilled oil with moderate weathering, particularly for lighter refined product samples that are difficult to
identify by current techniques.
Key words: bicyclic sesquiterpanes, distribution, diagnostic indices, weathering, oil spill source identifica-

tion

Citation: Wang Chuanyuan, Hu Xiaoke, He Shijie, Liu Xin, Zhao Mingming. 2013. Source diagnostic and weathering indicators of
oil spills utilizing bicyclic sesquiterpanes. Acta Oceanologica Sinica, 32(8): 79–84, doi: 10.1007/s13131-013-0344-y

1 Introduction
At present, China is the fifth largest oil producer and the

second largest oil consumer in the world. There is now a greater
chance that oil spill accidents will occur during the transporta-
tion of crude oils and oil products, placing the Chinese marine
environment at risk. According to correlative statistic data, oil
spills from various ships resulted in a total of 2 635 accidents
offshore of China between 1973 and 2006. Oil spills can cause
extensive damage to marine and terrestrial life, human health,
and natural resources. Therefore, characterization of chemical
compositions and identi?cation of oil spill sources are, in many
cases, critical for providing forensic evidence in the investiga-
tion of oil spill accidents and settling disputes related to liability
(Wang and Fingas, 2003).

The biomarkers most commonly used in forensic investi-
gations are the high molecular weight tri- and pentacyclic ter-
panes and steranes (Prince et al., 2002; Hegazi et al., 2004;
Garcia and Grimalt, 2006). However, pentacyclic triterpanes
and steranes, with high boiling points, are generally absent or
in very low abundances in lighter petroleum products such as
jet fuels and mid-range diesels. For lighter petroleum prod-
ucts, refining processes have removed most high molecular
weight biomarkers from the corresponding crude oil feed s-
tocks, while the smaller compounds of bicyclic sesquiterpanes
(BSs) are greatly concentrated in these petroleum products

(Wang et al., 2005). BSs are commonly found in crude oils,
intermediate petroleum distillates, and finished petroleum
products (Yang et al., 2009). Although numerous studies on ap-
plications of BSs have been reported, they mostly relied on the
qualitative information of BSs for geological application (Zhang
et al., 2002). There is no single fingerprinting technique that is
a definitive and ultimately defensible forensic criterion. There-
fore, a “multicriteria” approach—characterization of more than
one suite of analyses–for spill source identification is necessary.

Once oil has been spilled into the environment, it is sub-
jected to a variety of weathering processes, including evap-
oration, dissolution, photochemical oxidation, and microbial
biodegradation (Garrett et al., 1998; Barakat et al., 2002; Wang
and Fingas, 2003; D’Auria et al., 2009). The combined effects
of weathering can strongly modify the fingerprints and param-
eters used to correlate the oil sample with its source on the basis
of gas chromatograph (GC) and gas chromatograph-mass spec-
trometer (GC-MS) analysis. Therefore, it is also very important
to understand the relationships between the weathering pro-
cesses and the distribution of BSs. In the short term after a spill,
evaporation is the single most important and dominant weath-
ering process (Wang et al., 2011). Previous studies indicated
that evaporation had no significant effect on the distribution of
BSs (Wang et al., 2005; Yang et al., 2009). For example, the ef-
fects of evaporative weathering on sesquiterpane distributions
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were examined (Wang et al., 2005). However, little work has
been done to evaluate the effect of moderate or high weather-
ing on the distribution of BSs for oil spill identification under
different weathering processes.

In this work, the distributions of BSs in crude oils and
diesel fuel derived from China were identified and character-
ized. Weathering effects on BSs distribution were quantitatively
studied and a number of diagnostic indices of BSs were devel-
oped for oil correlation and differentiation.

2 Experimental design

2.1 Weathering simulation experiment
A simplified weathering simulation experiment was per-

formed on the representative crude oils and diesel fuel. Crude
oil is derived from Liaohe Oilfields, China. Based on the pre-
vious study results, no or only trace amounts of sesquiterpane
were detected in gasoline, light kerosene, and heavy-end lubri-
cating oils (Yang et al., 2009). Thus, diesel fuel was regarded as a
typical petroleum product in this study. For the weathering ex-
periment outdoors, the weighed crude oil samples (LH-W, C-W,
about 40 mg each) were dropped into a series of 250 ml beaker-
s containing purified sea water (salinity of 32), which spread
rapidly to form slicks on the surface. Beakers were placed on
a window sill of the laboratory building for 150 d. For the lab-
oratory experiments, similar samples (LH-N, C-N) were placed
in a ventilating cabinet, stirred by magnetic stirrers in the pres-
ence of wind at 3 m/s, under irradiation with incandescent and
fluorescent lamps (luminance was about 2 300 lx) at room tem-
perature (thermostatic bath held at 20◦C) for 150 d. Thus, the
main weathering processes (evaporation, photo oxidation, and
biodegradation) were artificially reproduced in the laboratory.
The biodegradation process in this paper only means the hy-
drocarbon biodegradation activities of marine bacteria under
the natural environment.

2.2 Separation and analysis
The oil samples were deasphalted by precipitation with

n-hexane followed by filtration. The deasphalted oil was frac-
tionated by column chromatography on alumina over silica
gel. Saturated hydrocarbons, aromatic hydrocarbons, and non-
hydrocarbons were obtained by successively eluting with n-
hexane, toluene, and chloroform/methanol (v/v, 98:2), respec-
tively.

The saturated hydrocarbon fraction was used for anal-
ysis of BS, terpane, and sterane compounds as well as n-
alkanes. The saturated hydrocarbons were analyzed with a
6890N GC/5973N mass spectrometer equipped with a HP-5
capillary column (50 m×0.32 mm×0.25 μm, Agilent Technolo-
gies, USA). The GC oven temperature was programmed from
80◦C to 300◦C at 4◦C/min, and maintained at this temperature

for 30 min. Helium was used as a carrier gas. Mass spectrometer
conditions were electron ionization at 70 eV with an ion source
temperature at 250◦C.

3 Results and discussion

3.1 Distribution of BSs in crude oils and diesel fuel from

China
The BSs eluted between n-C13 and n-C16 (boiling points:

235–287◦C), while the conventional polycyclic terpanes and
steranes eluted between n-C21 and n-C37 (boiling points: 345–
500◦C). Analysis of BSs will provide another criterion to finger-
print oil sands in addition to polycyclic aromatic hydrocarbons
(PAHs) and biomarkers (Wang et al., 2005; Stout et al., 2005).
The identified BSs in this study are illustrated in Fig. 1. Their
relevant information, such as abbreviations and retention in-
dices, are summarized in Table 1. Ten major peaks were iden-
tified at m/z 123 as drimane-based C14 (BS1 and BS2), C15 (B-
S3 to BS6), and C16 (BS7 to BS10) BSs with molecular weights
of 194, 208, and 222 atomic mass units, respectively. The overall
distribution patterns of individual sesquiterpane compounds in
diesel fuels were similar to that in crude oils: BS3, BS5, and B-
S10 were the most dominant while BS9 often showed the lowest
abundance. There were distinguishing features on the relative
distribution patterns of BSs in crude oils from different sources.
Thus, the fingerprints of BSs as well as their diagnostic ratios
may find their forensic applications for oil source identification.

BSs in most crude oils and diesel fuels were dominated
by 8β (H)-drimane and 8β (H)-homodrimane (compounds B-
S5 and BS10, respectively) (Fig. 1), although these compound-
s were present in varying proportions. The ratio of 8β (H)-
drimane/(8β (H)-drimane+ 8β (H)-homodrimane) varied from
0.30–0.55 in the crude oils studied (ratio: BS5/[BS5+BS10]; Ta-
ble 2). For crude oil, this particular ratio has been suggested
to be related to the depositional environment of the oil source
rock (Weston et al., 1989). The Pristane/Phytane ratio (Pr/Ph)
is dependent upon the source of organic matter and diagenetic
transformations. The Pr/Ph ratio is widely invoked as an indi-
cator of the redox condition in the depositional environment
(Peters and Moldowan, 1993). Figure 2 depicts the cross plots of
Pr/Ph versus BS4/BS5, Pr/Ph versus BS6/BS5, Pr/Ph versus B-
S8/BS10, and Pr/Ph versus BS5/BS5+BS10 for oil samples from
different regions. There was a large scatter in the cross plot da-
ta: Pr/Ph, BS4/BS5, BS6/BS5, BS8/BS10, and BS5/(BS5+BS10).
Thus, the variability in the BS4/BS5, BS6/BS5, BS8/BS10, and
BS5/(BS10+BS5) ratios observed among the oil samples may
reflect variability in the character of the parent crude oil(s).
Moreover, the considerable variability that exists among the dis-
pensed diesel fuels studied was shown by other ratios among
BSs (Table 2). The selection of these particular ratios was based

Table 1. Bicyclic sesquiterpanes identified in oil samples by GC-MS

Peak number Compound Abbreviation Formula M+ (m/z) Base peak
1 4,4,8,10-tetramethyl-decahydronaphthalene BS1 C14H26 194 179
2 nordrimane BS2 C14H26 194 179
3 4,4,8,8,9-pentamethyl-decahydronaphthalene BS3 C15H28 208 193
4 4,4,8,9,9-pentamethyl-decahydronaphthalene BS4 C15H28 208 193
5 8β (H)-drimane BS5 C15H28 208 123
6 4,4,9,9,10-pentamethyl-decahydronaphthalene BS6 C15H28 208 123
7 C16 sequiterpane BS7 C16H30 222 123
8 C16 sequiterpane BS8 C16H30 222 193
9 C16 sequiterpane BS9 C16H30 222 193

10 8β (H)-homodrimane BS10 C16H30 222 123
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Fig.1. GC-MS chromatograms of bicyclic sesquiterpanes in the crude oil from Liaohe Oilfield: a. total ion chromatogram, b. m/z
123, c. m/z 179, d. m/z 193, and e. m/z 207 chromatograms.

upon our observations of the data, the objective of which was
to evaluate whether distillate fuels collected from different lo-
cations and/or times (i.e., different sources) exhibited different
BS distributions.

The diagnostic ratios of selected paired BSs in crude oils
from some oilfields in China were developed and calculated.
Diagnostic ratios varied greatly among oils from different re-
gions. The cross plot of peak 4/peak 5 (P4:P5) versus peak
3/peak 5 (P3:P5), peak 4/peak 5 (P4:P5) versus peak 6/peak
5 (P6:P5), and peak 4/peak 5 (P4:P5) versus peak 8/peak 10
(P8:P10) are shown in Fig. 3. There was also a large scatter in
this set of oils in these cross plot data. This implies that the
BS ratios, in combination with other fingerprinting data, may
be used to discriminate different oils and identify the source of
spill samples.

3.2 Effects of weathering on BSs distributions
The second step was to determine if moderately or high-

ly weathered processes can compromise correlations between
pollutants and suspected sources. This work quantitatively in-
vestigated the effects of weathering on alteration of BS distri-
butions and their relative diagnostic ratios. Table 2 summa-
rizes the relative abundance of BSs and chemical composition
change of selected hydrocarbon groups in crude oil and diesel
fuels at different degrees of weathering. As shown in Table 2,

the weathering process had little effect on distribution patterns
of BSs. No apparent depletion was observed for BSs in the stud-
ied oil samples. However, it was found that the smaller C14 BSs
(BS1 and BS2) started to be lost as oil was subjected to a higher
degree of weathering. Stout et al. (2005) also reported that, if
evaporation continued and had affected the n-alkanes beyond
n-C13, then a relative depletion of the lower boiling C14H26 BSs
would be expected. For highly weathered oil in this study, how-
ever, the lighter C14 BSs, Peaks 1 and 2, were preferentially lost.

We also investigated the molecular ratios of BSs in fresh
and weathered oils (Table 2). For lightly and some moderately
weathered oils, most of these diagnostic ratios provide a use-
ful tool for spill identification. However, for heavily weath-
ered samples, the early-eluted lower molecular weight C14 BSs
(BS1 and BS2) could be preferentially depleted into cer-
tain degrees, resulting in some changes of their correspond-
ing diagnostic ratios, such as BS1/BS5, BS1/BS10, and (B-
S1+BS2)/BS10. 4,4,8,8,9-pentamethyl-decahydronaphthalene
and 4,4,8,9,9-pentamethyl-decahydronaphthalene are rear-
ranged isomers of 8β (H)-drimane. It has been reported that the
relative amount of the rearranged drimane in terrestrial facies
oils is higher than that of marine facies oils (Zhang et al., 2002).
The (BS3+BS4)/BS5 ratio, invoked as an indicator of the re-
dox condition in the depositional environment, also decreased.
Such change is likely due to the more ready degradation of the
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Table 2. Weathering regularities of sesquiterpanes from crude oil and diesel fuel

Sample No. Time/d BS1/BS2 BS1/BS5 BS1/BS10 BS3/BS4 BS3/BS5 BS4/BS5 BS6/BS5 BS8/BS9 BS3/BS10 BS5/BS10 BS8/BS10
C-0 0 2.02 0.59 0.52 1.84 1.06 0.58 0.53 1.42 70.94 0.88 0.31

C-N-1 10 2.03 0.46 0.42 1.89 1.05 0.55 0.54 1.28 0.95 0.91 0.28
C-N-2 20 2.06 0.42 0.36 2.11 1.12 0.53 0.53 1.57 0.96 0.85 0.28
C-N-3 30 1.86 0.35 0.31 1.94 1.00 0.52 0.53 1.29 0.89 0.89 0.28
C-N-4 150 1.15 0.02 – 1.01 0.54 0.53 0.76 1.42 0.19 0.35 0.28
aRSD1 3.79 16.54 16.34 4.98 3.84 4.24 0.63 4.93 2.74 2.24 3.85
bRSD2 18.89 51.75 54.31 22.0 22.2 4.04 6.7 7.64 38.02 27.34 3.71

C-0 0 2.02 0.59 0.52 1.84 1.06 0.58 0.53 1.42 0.94 0.88 0.31
C-W-1 10 1.78 0.5 0.47 2.09 1.19 0.57 0.56 1.61 1.12 0.95 0.31
C-W-2 20 1.32 0.5 0.4 1.83 1.00 0.54 0.67 1.24 0.8 0.81 0.3
C-W-3 30 1.32 0.5 0.4 1.83 1.00 0.54 0.67 1.24 0.8 0.81 0.3
C-W-4 150 0.81 0.05 0.02 1.27 0.67 0.53 0.66 1.42 0.3 0.46 0.3
cRSD3 15.86 7.2 10.01 5.51 7.02 2.76 4.63 3.11 12.82 6.37 2.48
dRSD4 28.9 45.16 48.55 15.25 17.57 3.49 10.01 9.97 34.23 21.76 2.34
LH-0 0 1.53 0.26 0.20 1.45 0.73 0.51 0.46 1.61 0.59 0.80 0.30

LH-N-3 30 1.01 0.07 0.04 1.06 0.47 0.44 0.46 1.68 0.28 0.60 0.31
LH-N-4 150 1.93 0.17 0.08 1.04 0.37 0.36 0.42 1.56 0.17 0.45 0.24
eRSD5 20.3 58.12 66.78 15.7 22.1 4.62 0.35 2.21 35.16 14.16 0.77
fRSD6 30.8 56.94 79.77 19.6 35.6 17.1 5.45 3.76 62.73 28.45 9.56

LH-W-0 0 1.53 0.26 0.20 1.45 0.73 0.51 0.46 1.61 0.59 0.80 0.30
LH-W-3 30 1.11 0.09 0.05 1.15 0.51 0.45 0.44 1.61 0.29 0.57 0.30
LH-W-4 150 1.19 0.32 0.33 1.82 0.78 0.43 0.40 1.27 0.79 1.02 0.36

gRSD7 15.9 46.56 58.67 11.6 17.6 4.85 1.86 0.06 33.29 16.67 0.87
hRSD8 17.4 52.86 70.78 22.7 20.9 8.70 7.53 13.3 45.07 28.12 9.49

Notes: – means not detected due to low abundance; a relative standard deviation among C-0, C-N-1, C-N-2, and C-N-3; b relative standard

deviation among C-0, C-N-1, C-N-2, C-N-3, and C-N-4; c relative standard deviation among C-0, C-W-1, C-W-2, and C-W-3; d relative standard

deviation among C-0, C-W-1, C-W-2, C-W-3, and C-W-4; e relative standard deviation among LH-0, LH-N-1, LH-N-2, and LH-N-3; f relative standard

deviation among LH-0, LH-N-1, LH-N-2, LH-N-3, and LH-N-4; g relative standard deviation among LH-0, LH-W-1, LH-W-2, and LH-W-3; and
h relative standard deviation among LH-0, LH-W-1, LH-W-2, LH-W-3, and LH-W-4.

Fig.2. Relationships between Pr/Ph and BS4/BS5 (a), between Pr/Ph and BS6/BS5 (b), between Pr/Ph and BS8/BS10 (c), and
between Pr/Ph and BS5/(BS10+BS5) (d). XF represents crude oils from Xifeng Oilfield, CDM crude oils from Qaidam Basin, SL
crude oils from Shengli Oilfield, DQ crude oils from Daqing Oilfield, LH crude oils from Liaohe Oilfield, and TH crude oils from Tahe
Oilfields.
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Fig.3. Cross plots of P4:P5 versus P3:P5 (a), P4:P5 versus P6:P5 (b), and P4:P5 versus P8:P10 (c).

rearranged isomer of 8β (H)-drimane than 8β (H)-drimane.
Based on the evaluation method of indices suggested by

Stout (2001) and Li (2009), relative standard deviation (%RSD)
was considered as an indicator to evaluate the variability of di-
agnostic indices in this experiment. The indices with %RSD <
5% were probably not affected by weathering, while a %RSD
more than 10% suggests that weathering had a remarkable ef-
fect on the index. It was shown that the selected diagnostic ra-
tios of BSs, such as BS4/BS5, BS6/BS5, BS8/BS9, and BS8/BS10,
still maintained better stabilities (%RSD< 5%) after weathering
for 30 d. Furthermore, the longer weathering process (150 d)
had some effect on the ratios (5% < %RSD < 10%). Moreover,
the weathering level of samples in laboratory experiments was
lower than that of experiments outdoors.

As mentioned above, BSs retained their molecular compo-
sitions during the weathering process of moderate degradation
and could be used in tracking sources of hydrocarbon pollution
in the marine environment. However, it should be noted that in
severely weathered or long-term weathered oil, the degradation
of biomarkers, especially C14 BSs, was also observed.

4 Conclusions
Abundances and distributions of BSs in crude oils were

notably different from those of oil products, and consequent-
ly, resulted in different diagnostic ratios. BSs retained their
molecular compositions during the weathering process of mod-
erate degradation and could be used in tracking the origin and
sources of hydrocarbon pollution in the marine environment.
The selected diagnostic ratio indices of BSs, such as BS4/BS5,
BS6/BS5, BS8/BS9, and BS8/BS10, still maintained better stabil-
ities (%RSD < 5%) after weathering for 30 d. The longer weath-
ering process (150 d) had some effect on the ratios (5% < %RS-
D < 10%). These diagnostic indices can be used for the iden-
tification of oil source, which may offer potential applications

for oil spill identification in cases where the tri- to pentacyclic
biomarkers are absent due to refining or environmental weath-
ering of oils. Sesquiterpanes can markedly improve confidence
in oil spill identification, especially for lighter petroleum prod-
ucts.
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