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Abstract

Clearing up whether spilled oil is mixed or not can strengthen the accuracy of oil spill identification. In the present study, the
biomarkers in spilled oil samples were detected. The weathering modes of different types of diagnostic ratio and carbon isotope
values of individual n-alkanes were also analyzed. The results showed that the diagnostic ratios of steroids, terpenes and aromatics,
and weathering characteristics of carbon isotope composition (8'*C) of individual #-alkanes supported the idea that Dalian oil spill
emerged from a single oil source. Furthermore, commonly used diagnostic ratios of n-alkanes indicated that the Dalian oil spill had
undergone the oil mixing process. The different identifying outcomes indicate that some kinds of n-alkane-rich substance (such as
oil dispersants) were mixed in the Dalian spilled oil and interfered with the routine diagnosis ratios of n-alkanes.

Keywords Dalian oil spill - Mixing spilled oils - Diagnostic ratios - Carbon isotope composition of individual n-alkanes - Oil spill

identification

Introduction

Offshore oil pollution is mainly caused by various human
activities such as the exploration and development of offshore
oil; the breakdown of the hull structure, stranding, or fire
explosion of an oil tanker; and the collision of an oil tanker.
Some oil pollution, having resulted from such accidents, gave
abominable impacts to marine environment. For example, the
Deep Water Horizon oil spill happened in 2010 in the Gulf of
Mexico and released nearly 500 million barrels of crude oil
into the ocean, polluting an area 0of 9900 km? (Wei etal. 2014).
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The spill still affects the ecology of the Mexican coast
(Goldstein et al. 2011; Hayworth et al. 2015).

From a global perspective, large-scale oil spills (the oil
spill quantity is more than 700 t) continued to decrease
recently. Although there were only two large oil spills in
2015, the number of small-scale oil spills (the oil spill
quantity is less than 7 t) has continuously increased
(ITOPF 2016) in the past few years. The small-scale oil
spill accidents are more difficult to be concealed and pose
new challenges for responsible search and identification
of these oil spills. Statistics show that oil and its products
spilled into the China Sea are about 1.2 x 10° t/year since
the start of this century (Guo 2004). The average concen-
tration of the oil in the China Sea has reached the value of
0.055 mg/L, whereas the oil pollution in some offshore
areas is deteriorating (Guo 2004). Several large-scale oil
spills have occurred in China’s coastal waters in recent
years. For instance, Xingang’s 7—16 oil spill accident in
Dalian, which took place on July 16, 2010, spilled about
1500 t of oil, while the pollution caused by the spill
spread to an area of around 427 km®. In addition, the
19-3 oil spill in Penglai and the “11-22” oil pipeline leak-
age accident in Qingdao have not only harmed the marine
ecological environment but have also shown many ad-
verse effects on the coastal socio-economic development
(Guo et al. 2013; Liu et al. 2015). An in-depth study on
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the migration and transformation of different types of oil
in different areas is not only beneficial to predicting the
development and impact of oil spill events (Brandvik
et al. 2006) but will also help to prepare the emergency
response, mitigation, remediation, and remediation mea-
sures for any new oil spill (Fingas 2015).

The application significance of oil spill identification is to
correctly identify the oil source. Relative oil spill identifica-
tion indices are always affected by the oil weathering and oil
mixing processes (Betti et al. 2011; Fingas 2015). Under cer-
tain circumstances, particular spilled oil with mixed sources
usually involves multiple parties at the same time. In such a
case, it is necessary to straighten out the relevant liability
(Kvenvolden et al. 1995) and clear the fingerprinting mea-
sures, which can be applied to trace the oil sources directly
related to the mixed oil spill event (Christensen and Tomasi
2007; Yim et al. 2011).

The complexity of various weathering processes in water
environment, especially the marine environment, makes the
oil mixing process more likely to occur. In order to ensure the
accuracy of oil’s identification, the on-site sampling of the oils
must be obtained rapidly or in a timely manner. In this case, oil
mixing process might not be analyzed correctly and satisfac-
torily if there are mixtures that oil came from different sources.
Therefore, the properties and indices of the miscellaneous oil
samples collected from different sampling points or in differ-
ent times are different and difficult to interpret, thus resulting
in ambiguity as compared to oil spill events which have only a
single oil source. In this paper, the authors have collected and
analyzed oil spill indicators of the “7-16” oil spill, which
occurred in Dalian, and discussed whether it was a mixed spill
oil or not.

Sample collection and tests
Sample collections

A series of continuously weathered oil dregs were collected
from the oil-polluted seawater in the Dalian Bay on the Oth,
Ist, 10th, 60th, 90th, and 120th day after the oil spill. The
samples were marked as DL-1, DL-2, DL-3, DL-4, DL-5,
and DL-6, respectively. After collection, the oil samples were
placed in a prewashed amber bottle using a solvent-scrubbed
scoop and stored in a freezer until further analysis.

Extraction, fractionation, and instrumental analysis

The n-alkane and biomarkers in spilled oil samples were de-
tected using gas chromatography-mass spectrometry (GC-
MS). Additionally, carbon isotope values of individual n-al-
kanes were also analyzed using gas chromatography-thermal
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conversion/thermal cracking furnace and isotope mass spec-
trometry (GC-IRMS).

Gas chromatography-mass spectrometry

The GC-MS test was performed at Marine Ecology Research
Center, First Institute of Oceanography of the State Oceanic
Administration, Qingdao, China.

1. Reagents and sample preparation

The reagents were TEDIA (Hexane, 95%,
HPLC/SPECTRO), sodium sulfate (Na,SO,, anhydrous, GR
for analysis, from Tianjin Kermal Chemical Reagents Co.,
Tianjin, China), and 0.22 pum nylon filter. Deuterated
tetracosane (Sigma LTD, Castleford, UK), Sx-androstane
(Sigma LTD), and deuterated terphenyl (J&K Scientific
LTD, Beijing, China) were used as internal standards.

Anhydrous Na,SO4 was placed in a muffle furnace at a
temperature of 400 °C. It was baked for 4 h, and then
placed in a desiccator to be cooled to room temperature.
Around 0.1-0.2 g of spilled oil samples were taken in a
15-mL centrifuge tube, while 10 ml n-hexane was added to
them. The solutions were shaken for 15 min in an ultrason-
ic oscillator (DL-1800E). Then, 1 g anhydrous Na2S04
was added to the centrifuge tubes and filtered with a nylon
membrane filter. Afterwards, 350 uL filtered samples were
added to an Agilent bottle (2 mL). Finally, three 50 uL
internal standards (10 g/mL) were added to the filtered
samples, and n-hexane was finally added to make the over-
all volume to be 1 mL.

2. Instruments and analytical conditions

GC-MS analyses of these samples were performed using
an Agilent 5973N-MSD instrument coupled with an Agilent
6890 GC system. The column was an HP-SMS capillary col-
umn (30 m, 0.25 mm, 0.25 um; Agilent).

The gas chromatographic conditions were as follows:
high-purity helium gas (purity >99.99%), column con-
stant current 1 mL/min, injection volume 1 pL; inlet
temperature 280 °C, splitless injection, interface temper-
ature 280 °C (16 min) at a rate of 6 °C per minute, and
the temperature was raised to 300 °C (16 min) at a rate
of 50 °C (2 min).

The mass spectrometry conditions were as follows: elec-
tron impact ion source, interface temperature 280 °C, ion
source temperature 230 °C, electron energy 70 eV, quartile
bar temperature 150 °C, solvent delay 4 min, selecting ion
scan mode.

The results of the analyses of the samples were the average
of the repeated measurements with an RSD <+ 5%. The
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multi-point calibration curve and internal standard method
were used as the quantitative methods.

Gas chromatography-thermal conversion/thermal cracking
furnace and isotope mass spectrometry

The determination of the carbon isotope composition of indi-
vidual n-alkanes was carried out at the Key Laboratory of
Petroleum Resources Research, Institute of Geology and
Geophysics, Chinese Academy of Sciences, Lanzhou, China.

1. Reagents and sample preparation

The standing oil spill and chloroform asphalt were filtered
through a filter paper using a funnel. The filtrates were mixed
with the saturated hydrocarbon, aromatic hydrocarbon, and
non-hydrocarbon. The asphaltenes were obtained with meth-
ylene chloride, air-dried in air, and washed with 60 mL petro-
leum ether-leaching solution. The saturated hydrocarbon com-
ponents were washed with 40 mL of methylene chloride: pe-
troleum ether (2:1 v/v) mixture, which washed the aromatic
hydrocarbon components, whereas the non-hydrocarbon com-
ponents were eluted with 30 mL of ethanol.

2. Instruments and analytical conditions

The carbon isotopes values of individual n-alkanes were
determined using a combination of Trace GC (Thermo-
Fisher Scientific, USA), thermal conversion/thermal cracking
furnace (TC), and isotope mass spectrometer (Thermo
Scientific MAT 253, Thermo-Fisher). The mass spectrometric
conditions were as follows: 5.0 x 1077 MPa for the foreline
pump, 1.4 x 10~'° MPa for the ion source, EI for the ion
source, 1.5 mA for the emission current, and 90 V for the
electron energy. The receiver temperature was 270 °C to en-
sure complete gasification of the samples. In order to ensure
complete cracking of the samples, the cracking furnace tem-
perature was kept at 1480 °C. A quartz capillary chromato-
graphic column (50 m % 32 mm x 25 um) was used. The car-
rier gas was high-purity helium (99.999%). Further conditions
were as follows: constant current mode (1.2 mL/min) with less
splitting injection. Column temperature program: the initial
temperature of 80 °C was maintained for 5 min. The temper-
ature was raised to 300 °C at a rate of 3 °C/min and maintained
for 30 min.

The samples are first separated into individual
compounds by gas chromatography, followed by
pyrolysis in a cracking furnace at elevated temperature
and then conversion to hydrogen and elemental carbon.
Finally, the elemental carbon entered the mass
\spectrometer for the analysis of isotopic composition
of the compounds (Li et al. 2007). Under normal cir-
cumstances, good chromatographic separation is a

prerequisite to ensure the experimental results.
Additionally, complete cracking of alkanes is a signifi-
cant factor affecting the analysis results. For mass spec-
trometry, the stability and accuracy of data quality play
a decisive role (Wang et al. 2016). The results were
compared according to the VPBD criteria. Each sample
has passed repeat tests, whereas the data shown are the
averages of the test data. The deviation error for each
compound is less than 0.5%o.

Results and discussion

Significant changes in the short-term weathering trend of the
PAHs’ diagnostic index for oil spills are characterized by
mixed-source oil or mixed oil spills. Because of the low de-
tection rate of PAHs, this study did not analyze and discuss
relative diagnosis indicators of PAHs. The numbering system
and the values of different diagnostic ratios are listed in
Table 1.

Weathering characteristics of saturated hydrocarbon
indicators

The pattern of GC-MS saturated hydrocarbons of oil samples
collected from one oil spill cannot give information about the
specific type of the oil sample. If there is a similar pattern with the
suspected oil source, it can only judge the suspected oil source as
one of the oil end members; however, it cannot confirm that the
oil spill completely came from the suspected oil source (He et al.
2014a). Using the fingerprint distribution characteristics of satu-
rated hydrocarbon to identify oil source is a method of oil spill
identification, though it is difficult to detect the phenomenon of
oil mixing and even the different classification of miscellaneous
spilled oils.

The GC-MS mass chromatograms (m/z 85) of the saturated
hydrocarbons in the Dalian spill oil (Fig. 1) shows that the initial
n-alkane content of n-Cg~n-Csg in the initial oil spill sample is
higher than others (DL-1). The highest abundance values ranged
from n-C,( to n-C,g and from n-C, to n-Cs;, whereas the abun-
dance of n-C;, was the highest and that of the n-C,; was the
lowest. With the increase in the degree of weathering, the satu-
rated hydrocarbon content of the oil spill gradually decreased.
After 120 days of the weathering process, the residual oil’s (DL-
6) saturated hydrocarbon content of n-Cg~n-C;5 of Dalian oil
spill disappeared. Thereafter, lower-molecular-weight alkanes
(LMW) were affected by the biodegradation as compared to
the higher-molecular-weight (HMW) alkanes. The LMW/
HMW values of the weathered residual oil were lower than those
of the initial oil (Fig. 2).

The diagnostic ratios of some low-molecular-weight com-
ponents, such as Pr/Ph, Pr/n-C,,, Ph/n-C,g, and carbon pref-
erence index (CPI), are mainly used to identify the unweather
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Table 1 Selected diagnostic ratios used for source identification of the Dalian oil spill
Diagnosis ratios Sample ID

DL-1 DL-2 DL-3 DL-4 DL-5 DL-6
Pr/Ph* 1.22 1.70 1.12 1.44 1.73 1.70
Pr/n-Cy7° 1.52 1.82 1.77 1.98 2.59 6.30
Ph/n-C5° 1.43 1.25 1.93 1.59 1.27 1.68
(C13 + C14)/(C25 + C26)° 1.34 0.62 1.31 1.43 0.71 0.63
LMW/HMW® 0.97 0.46 1.37 1.11 0.86 0.88
cpr,f 0.95 0.97 1.04 1.21 1.17 1.30
CPL# 0.95 1.08 1.06 0.93 0.82 0.78
OEP," 091 0.89 1.06 1.03 0.73 1.08
OEP,' 1.19 1.00 1.07 1.40 1.31 1.71
Ts/Tm’ 0.29 0.36 0.29 0.29 0.30 0.36
C29aB/C30ap" 0.73 0.68 0.73 0.73 0.73 0.68
C30Ba/C30ap' 0.13 0.15 0.13 0.13 0.14 0.15
C31S/(S+R)™ 0.55 0.56 0.55 0.56 0.56 0.56
H32S/(S+R)" 0.58 0.58 0.58 0.58 0.59 0.58
C33S/(S+R)° 0.58 0.56 0.58 0.58 0.58 0.56
C27/C29° 1.37 1.29 1.39 1.29 1.41 1.29
C29B R/ (o + B PB)? 0.41 0.41 0.42 0.41 0.41 0.41
C29S/(S+R)" 0.38 0.51 0.40 0.51 0.42 0.51

? Pristane to Phytane

® Pristane to n-C; alkane

¢ Phytane to n-C,5 alkane

4 n-Alkanes (1-C3 + 1-C14)/(n-Cas + n-Cag)

¢Ratio of sum of n-C,4 to n-C,; alkanes to sum of n-C», to n-Cs4 alkanes

f 1/2[(]1-C15+ n-Cy7+ n-Cig+ n-Cy 1+ n-Cx3)/(n-C4+ n-Cg+ n-Cig+ n-Cyo+ n-Cyp;) + (n-C 5+ n-Cy7+ n-Cio+ n-Cy 1+ n-Cp3)/(n-C6+ n-Cig+ n-Coot+ n-

Copt+ n-Cp4)]

g 1/2[(}1-C25+ }’I-C27+ }’l-C29+ }’l-C31+ n—C33)/(n—C24+ }’l-C26+ }’l-C28+ n—C30+ n—C32) + (i’l-C25+ I’l-C27+ n—C29+ n—C31+ n—C33)/(n—C26+ I’l-C28+ }’l-C30+ n-

Caxt n-Cz4)]

b Alkanes (7-Cy7 + 6 X 1-C o+ n-Co)/(4 % n-Cyg + 4 % n-Cap)

i n-Alkanes (n-Ca1+ n-6 X n-Cyz+ n-Css5)/(4 X n-Co + 4 x n-Coy)

iRatio of 18x-22,29,30-trisnorneohopane to17x-22,29,30-trisnorhopane

KRatio of to 17a(H), 21 3(H)-29-hopane to 17c(H), 213 (H)-30-norhopane

IRatio of 173(H), 21 0«(H)-30-moretane to 17x(H), 213 (H)-30-norhopane

MRatio of 17c(H), 21 B (H)-C3;-hopane (S) to sum of 17a(H), 213(H)-Cs;-hopane (S) and 17a(H), 21b(H)-Cs,-hopane (R)
"Ratio of 17c(H), 21 (H)-C3,-hopane (S)to sum of 17x(H), 213 (H)-Cs,-hopane (S) and 17x(H), 213 (H)-C3,-hopane (R)
®Ratio of 17c(H), 21 (H)-Cs3-hopane (S)to sum of 17a(H), 213 (H)-Cs3-hopane (S) and 17x(H), 213 (H)-Cs3-hopane (R)
PRatio of sum of 5a(H),14x(H),17x(H) -C,5-steranes (S + R)and 5(H), 140«(H), 17x(H)-C,7-steranes (S+ R) to sum of Soe(H), 14x(H), 17(H)-Cso-

sterane (S + R) and 5«(H), 143 (H), 173 (H)-Cyo-sterane (S + R)

9Ratio of Cy9 Sax(H), 143(H),173(H)-24-ethyl-cholestane (20S + 20R) to sum of Ratio of Cp9 Sa(H), 140«(H), 17x(H)-24-ethyl-cholestane (20S +

20R), and Cy9 Sav(H), 143 (H),17(H)-24-ethyl-cholestane (20S + 20R)

"Ratio of Cag Sau(H), 140u(H),17o(H)-24-ethyl-cholestane 20S to Cag Sav(H), 140e(H), 170u(H)-24-ethyl-cholestane (20S + 20R)

or weakly weathered oils which originate from a single source.
However, these indices have limited capability about discrim-
inating the medium and severity of the weathered oil spills.
The results showed that, in the short-term weathering process,
the degree of weathering of light components in the oil with
more abundant light components were different.
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It can be seen from Fig. 2 that the diagnostic ratios of
LMW/HMW, Pr/Ph, Ph/n-C,g, and (C;3 + C14)/(Cas + Cpe)
of 1-day weathering oil sample (DL-2) are different from the
same ratio of the other oils, indicating that the oil sample of 1-
day weathering is significantly different from the other
Dalian-spilled oils. This indicates that the Dalian oil sample
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of 1-day weathering should have been mixed with another
spilled crude oil or mixed with oils having saturated hydrocar-
bons with concentration comparatively different from the con-
centration (of saturated hydrocarbons) in the Dalian spilled
oil. Furthermore, the mixed oil is not a mixture of the
unweather Dalian spilled oil; rather, it is weakly weathered oil.

Most of n-alkane diagnostic ratios remain constant in the
short-term weathering process and are appropriate for the
identification of oil which is undergoing a short-term
weathering process. Additionally, the tracing effect of these
diagnostic ratios is not obvious in the long-term weathering
process. If some severe oil process happened with one of end
member oil passing through a severe weathering process,
some diagnostic ratios, such as Pr/Ph, are not suitable for the

201
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Fig. 2 Short-term changes of diagnosis parameters of n-alkanes and
isoprenoid hydrocarbons in the Dalian spill oils

short-term weathering of the oil spills. If there is a certain
difference in the diagnostic ratios of several short-term sam-
ples collected at the oil spill site, especially at the marine oil
spill site, an oil spill mixing process is likely to have taken
place (Yim et al. 2011).

The correlation between Pr/n-C;; and Ph/n-C,g showed that
the relationship between the ratio of Pr/n-C;; and that of Ph/n-
Ci5 could be used to trace the intensity of the microbial action,
sedimentary environment, parent material type, and degree of
maturation (Shanmugam 1985; Peters and Moldowan 1993). It
is obvious to state that for higher values of Pr/n-C;; and Ph/n-
C,g ratios, the action of microorganisms is stronger, and vice
versa (Formolo et al. 2008). The graph of Pr/n-C,; against Ph/
n-C,g of the weathering oil with a single source should roughly
be a straight line along the direction of the biodegradation (He
et al. 2014b). In this paper, the authors have used the Pr/n-C;,
and Ph/n-C,g values as references as stated in Liu et al. (2012)
for oil spill samples (0, 5, and 9 days) and for oil spill samples
(0, 15, and 23 days). Figure 3 shows that the ratio spots of Pr/n-
Cy7 to Ph/n-Cy3, as reported by Liu et al. (2012), fall approxi-
mately in a straight line parallel to the trend line of biodegrada-
tion. The difference between Pr/n-C,; and Ph/n-C;g was small,
which indicated that there was a correlation between the series
of Dalian oil spill samples collected by Liu et al. (2012), which
also experienced some degree of weathering. It can also be seen
that the weathering speed of the oil samples collected from the
sea surface of the Dalian Bay was faster than for the oil spills
collected along the shore of the Dalian Bay.

The distribution of Pr/n-C,; and Ph/n-C,g of four short-
term weathered Dalian oil spill samples is scattered and
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Fig. 3 Isoprenoids plot of Ph/n-C;g vs. Pr/n-C;7 in the Dalian spill oils.
Wake weathered oil samples (WWO) were sampled by our work. Sea
surface and stranded oil samples (SSO and SO) were collected by Liu
etal. (2012)

\does not represent a straight line, indicating a low correlation
for the oil samples. The ratios of Pr/n-C;; and Ph/n-C,g for
DL-1 and DL-3 are roughly in line with those of the oil spill
samples collected from the sea surface and the heavy oil-
contaminated area of the beach analyzed by Liu et al.
(2012). It is worth mentioning that the scattered plots of Pr/
n-C;7 and Ph/n-C,g of DL-2 were different from others. The
results showed that there were obvious differences between
DL-2 and other Dalian oil spill samples (e.g., DL-3, DL-4,
DL-5, and DL-6), which suggested that DL-2 may be mixed
or a different oil from another single-source oil.

The standard deviation of the n-alkanes index is a manifes-
tation of the mixed oil spill, and the RSD% of some diagnostic
ratios over 5% is a manifestation of the mixed oil spill (He et al.
2015). From the RSD% values of the n-alkanes in the Dalian oil
spill samples (Fig. 4), it can be found that only the RSD% of
CPI, is less than 5% in all the diagnostic ratios of short-term
weathered Dalian oil spills, indicating that the stability of the
diagnosis of Dalian short-term weathering oil spill is low.
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Fig.4 RSD% of conventional diagnosis parameters of Dalian oil samples
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Fig. 5 Change modes of diagnostic ratios of terpanes and steranes in the
Dalian spill oils

Only the standard deviation of Pr/Ph for oil spill is less than
5%, which can be linked to incomplete mixing of the oil spills,
as suggested by Liu et al. (2012).

Characteristics of steranes and terpanes indicators

Both the steranes and terpanes are not readily influenced by
the weathering process in comparison to n-alkanes. Their
mass reduction is very low even after undergoing a moderate
to severe weathering process. It indicates that some ratios of
the steranes and terpanes can be used to trace the weathered oil
source, especially the moderate to severely weathered oil. In
this work, some commonly used diagnostic ratios of steranes
and terpanes were selected (Table 1).

Figure 5 shows that the enumerative diagnostic ratios of
steranes and terpanes in the Dalian oil spill (except C29xf3/
C30axf3 and Ts/Tm) remained almost constant throughout the
weathering process, suggesting that the effect of the
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Fig. 6 RSD% of conventional common diagnostic terpanes and steranes.
DP1: Ts/Tm; DP2: C3,22S/(22S + 22R); DP3: C3,22S/(22S + 22R);
DP4: C29OCB/C3OOCB; DP5: C30BO€/C30(XB; DP6: C27/C29; DP7: ngﬁﬁ/
(BB + xer)
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weathering process on the ratios of steranes and terpanes was
limited. Moreover, the weathering change of these indices
except C27/C29 indicate that the Dalian oil spill does not have
the obvious characteristics of oil undergoing the mixing pro-
cess, which is different from the characteristics reflected
through the ratios of n-alkanes. The fact that the C27/C29
change mode exhibits a “zigzag” pattern indicates that there
was a mixing process that influenced some ratios of steranes
and terpanes.

The standard deviation of the diagnostic ratios for steranes
and terpanes is high when mixed oils are not well mixed,
which can ultimately influence the standard deviation of the
diagnostic ratios of steranes and terpanes from the mixed
spilled oils (He et al. 2015). In general, multiple indicators
of marine fuel oil with multi-sources show the characteristics
of larger standard deviation, which is not related to the
weathering stability of the indicators but may be the result of
the mixing process (Sun and Ma 2014). The stability of
H31S/(R +S) and H32S/(R + S) in all types of oil spill iden-
tification is strong.

It can be found from Fig. 6 that the RSD% of ratios of steranes
and terpanes (except Ts/Tm trinorhopane and C303a/C30x(3)
were less than 5% in 210 days of the weathering process. The
RSD% values of the C27/C29 and C29{33/(cxcx + 33) were
more than 5% of the diagnostic ratios of steranes and terpanes
in the samples collected from the oil-polluted seashore of the
Dalian Bay by Liu et al. (2012). Overall, only few ratios of
steranes and terpanes in different oil samples showed lower
stability, which did not agree to the theory that the Dalian oil
spill has the characteristics of the mixing of oils. In other words,
the difference in the indices of steranes and terpanes in the Dalian
oil spill from different periods is small, indicating that the oil
samples emerged from the same single-source oil.

Characteristics of carbon isotope composition
of n-alkanes

Due to the progress made in detection technology of stable iso-
topes, carbon isotope values of individual organic compounds
have been measured using gas chromatograph/isotope ratio mass
spectrometer (GC-IRMS). GC-IRMS has the capability of carry-
ing out compound-specific isotope analysis (CSIA), which is one
of the most powerful techniques in the molecular isotope studies,
and allows the determination of the stable isotopic ratios in the
individual chemical species occurring in the complex mixtures.
CSIA can overcome some of the limitations of carbon isotope
applications in the oil sector (Slater et al. 1999; Hunkeler et al.
1999; Ferlian et al. 2014; Bashir et al. 2015). Using carbon
isotope composition of individual compounds to identify the oil
source, it is generally based on the similarity of distribution
curves of carbon isotopes of individual n-alkanes as the basis
of the discrimination (Xiong et al. 2001; Wang et al. 2009; Ho
et al. 2015).
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Fig. 7 Change modes of individual carbon isotopic composition of
fractions in the Dalian spill oil samples

The distribution tendency of 8'*C values of individual 7-
alkanes from the Dalian oil spill in different weathering periods
is shown in Fig. 7. It can be observed that the distribution
pattern of the carbon isotope §'°C in different weathering pe-
riods of the Dalian oil spill is very close to its initial distribution
pattern. The standard deviation of §'C values in 0 to 60 days is
0.07 to 0.20%, while the standard deviation of 5'3C valuesin 0
to 90 days is 0.06 to 0.36%. The carbon isotope &'>C values of
individual n-alkanes (except n-C,9) changed slightly, indicating
that the isotopic fractionation of n-alkanes in the Dalian oil spill
was not significant during the whole weathering period.
Therefore, the weathering process had no obvious effect on
the carbon isotope values of all the individual n-alkanes. This
means that there is no noticeable oil mixing process during the
whole weathering period only through the proof of isotopic
fractionation of n-alkanes in the Dalian oil spill; however, some
other evidences of the Dalian spill oil (e.g., n-alkane diagnostic
ratios) show an opposite effect.

A comprehensive analysis of the consequences of the Dalian
oil spill and its weathered oil are required and can be consid-
ered. The results showed that the spill oil came from a single
source and did not involve meaningful oil mixing process. After
being spilled into the marine environment, the n-alkanes index
of the Dalian oil spill was disturbed by some kinds of n-alkane-
rich substance. The mixed materials were difficult to be stored
within the water environment. Hence, the impact of the mixed
materials on the Dalian oil spill indicators was less than 10 days.
Liu etal. (2010) confirmed that the typical oil dispersants rich in
n-alkanes cause an easy change in the n-alkane-related identi-
fication ratios.

Conclusion

The results indicated that the weathering characteristics of the 7-
alkane ratios of the Dalian oil spill were distinct from those of
steranes, terpenes, and carbon isotope compostion of individual
n-alkanes. After the oil was spilled into the environment, some 7-
alkane-rich oils (such as oil dispersants) mixed with the oil and
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influenced the n-alkane indicators. The main period of the dis-
turbance of n-alkane index occurred at the early stage of the oil
spill weathering process. To determine whether an oil spill was
mixed or not, the characteristics of a variety of indicators need to
be taken into consideration, which help in establishing a compre-
hensive analysis.
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