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gnostic ratios of phenanthrenes
and chrysenes for the identification of severely
weathered spilled oils from the simulation
weathering and the Sinopec pipeline explosion at
Huangdao, 2013

Bin Han, ab Li Zheng*ab and Shun Yua

The composition and physical properties of spilled oil undergo great changes during a serious weathering

process. This causes great difficulties for identifying the source of an oil spill. So stable and trustworthy

diagnostic ratios (DRs) for the accurate identification of severely weathered spilled oils are very

important. An explosion in the Sinopec pipeline happened on November 22, 2013 at Qingdao, China.

Local beaches at Jiaozhou Bay were polluted by spilled oils. After the accident we collected original

spilled oil samples from an area free from human interference near the oil leakage point. Synchronized

with actual beach weathering, laboratory experiments were conducted to simulate oil weathering for

360 days by using the collected original spilled oil samples. Based on the t-test and the repeatability limit

method, 46 diagnostic ratios (DRs) of phenanthrenes and chrysenes were screened. 18 DRs maintained

remarkable stability during the simulated weathering experiments and field weathering process. These

stable ratios can retain the characteristics of the oil source during weathering. They are very beneficial

for improving the accuracy of identifying the source of severely weathered oil and can be used as an

effective supplement to the existing index system for source identification.
1 Introduction

The ourishing development of petroleum exploitation and the
petrochemical industry in recent years has increased the
chances of oil spill accidents. Oil pollution is a serious threat to
the marine environment. Marine oil pollution not only pollutes
the oceanic and coastal environment but also seriously affects
industrial production and daily life in coastal areas.1–7 In the
past few decades, oil spills have become a major environmental
and ecological concern because of their extensive damage to
marine and terrestrial ecosystems, human health, and natural
resources.8,9 In the case of oil spills, it is very important to
determine the source of an oil spill accurately and quickly. The
diagnostic ratio method of biomarkers in spilled oil is critical
for providing forensic evidence in the investigation of oil spill
accidents and settling disputes related to liability.10–15

Biomarkers in petroleum usually include isoprenes, hopanes,
steranes, polycyclic aromatic hydrocarbons, and so on.
However, aer an oil spill, the spilled oil will be affected by the
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weathering process. The weathering processes mainly include
evaporation,16,17 dissolution,18,19 dispersion,20 hydrolysis,21

biodegradation,22,23 photooxidation,24 emulsication,25 adsorp-
tion onto suspended particulate materials, and sedimenta-
tion.26 The long-term effects of weathering change the chemical
composition and physical properties of spilled oil. The lack of
important components has caused great difficulties for the
identication of the source of spilled oil. So it is essential to
develop and verify some new stable DRs to improve the identi-
cation accuracy of seriously weathered spilled oil. These DRs
are helpful for resolving disputes about responsibility caused by
uncertainty about the source of spilled oil.

Polycyclic aromatic hydrocarbons (PAHs) are constituted of
two or more fused benzene rings, which can present different
substituents. PAHs in oils are dominated almost exclusively by
C1 (monosubstituted) to C4 (tetrasubstituted) alkylated homo-
logues of parent PAHs, such as naphthalene (Nap), phenan-
threne (Phe), dibenzothiophene (Dbt), uorene (Flu) and
chrysene (Chr).27 The properties of PAHs are extremely stable
and have strong resistance to thermal degradation and biode-
gradability due to their special structure. Thus, some of these
compounds are particularly recommended for source identi-
cation of oil spills.28 In these compounds, the diagnostic ratios
of some compounds have been used in oil spill identication,
while the DRs between phenanthrenes and chrysenes have
This journal is © The Royal Society of Chemistry 2018
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rarely been selected.29–32 Phenanthrenes have three benzene
rings. Chrysenes have four benzene rings. In terms of structure,
their anti-weathering ability and anti-biodegradability are
stronger than those of low molecular weight polycyclic aromatic
hydrocarbons (PAHs). These two kinds of compounds are easy
to use to build relatively stable diagnostic ratios. These ratios
may be useful to identify the source of heavily weathered spilled
oil. Some DRs of phenanthrenes have been adopted. These
ratios, namely, 2MPhe/(2MPhe + 1MPhe), (C2Dbt/C3Phe)/
(C3Dbt/C3Phe) and (C3Dbt/C3Phe)/(C3Dbt/C3Chr) have been
used to identify the source of crude oils.28,33,34 Current research
on identifying seriously weathered spilled oils according to the
parameters of phenanthrenes and chrysenes is still relatively
rare. On November 22, 2013, an oil pipeline explosion occurred
in Qingdao, Shandong province, China. Aer the accident we
collected original spilled oil samples from an area free from
human interference near the oil leakage point. Synchronized
with actual beach weathering, laboratory experiments were
conducted to simulate oil weathering for 360 days by using the
collected original spilled oil samples. Studies were performed
on changes in the characteristics of crude oil with the weath-
ering process for 360 days. The weathered samples were both
collected in the laboratory and from the coastal eld at the same
time point. The phenanthrenes and chrysenes from the samples
were qualitatively analyzed by the GC/MS method. 46 new DRs
were constructed based on these compounds. The stability and
applicability of the new DRs were screened and evaluated
through practical application in identication of the source of
oil samples collected from two types of serious weathering
situations. On this basis, some reasonable suggestions for the
application of phenanthrenes and chrysenes in the aspect of
identifying the source of seriously weathered spilled oils have
been put forward in this paper. This would be benecial for
improving the accuracy of source identication for seriously
weathered spilled oils.
2 Materials and methods
2.1 Sample and experimental design

Aer the accident, we collected original spilled oil samples from
an area free from human interference near the oil leakage point.
The oil sample was identied as heavy crude through compo-
nent analysis. A long-term simulated weathering lab experiment
was performed by using this collected oil sample. A laboratory-
scale weathering facility was designed and built on an open-air
roof platform. The simulated natural weathering process was
conducted in an experimental tank, which was 80 cm long,
60 cm wide, and 40 cm high, with about ten liters of seawater
Table 1 Name and description of tested oil samples

Name Description N

S01 Spilled oil at Qingdao, China S
S02 Spilled oil at Bohai (193), China S
S03 Crude oil from Bohai oil platform (282) S
S04 Crude oil from Bohai oil platform (361) S

This journal is © The Royal Society of Chemistry 2018
and sand on the bottom (approximately 8 cm thick). About two
liters of the oil sample were dropped into the weathering tank.
Aer weathering for 90 days, the oil spill on the shoreline was
very sticky and clung to the stones. The spilled oil became stiff
180 days later, but the interior of a block of oil was so. Aer
360 days, the spilled oil became very hard. Under the laboratory
simulation experiment conditions, the oil samples remained
viscous for 90 days and the surface layer of the oil became stiff
aer 180 days, and the inside of the oil remained viscous the
whole time. The simulated weathering oil samples were
collected periodically on the 90th, 180th, 270th, and 360th days.
The simulated weathering process is the natural weathering
process without human disturbance. At the same time, the
coastal weathered oil samples were collected from one site with
no human disturbance near the oil leakage point. The coastal
sampling time was consistent with the sampling time of the
laboratory simulation experiment. All of the oil samples were
collected carefully in 100 mL wide-mouthed dark brown glass
jars and transported to the laboratory where the analysis was
conducted immediately. The remainders were stored in the
refrigerator at 4 �C.

In this study, eight crude oil samples from different regions
were selected for testing the new DRs of phenanthrenes and
chrysenes. The selected crude oil samples were mainly from the
Bohai oil platform and the Bohai oil spill, South China Sea
Oileld, Congo and Saudi Arabia. The spilled oil sample from
the Sinopec pipeline explosion on November 22, 2013 at Qing-
dao was selected as the contrasting test sample. The names and
descriptions of the samples are shown in Table 1.
2.2 Extraction and instrumental analysis

The weathered oil samples were processed as follows. Approx-
imately 0.05 g of the oil samples was initially dissolved in
hexane and then centrifuged at 2800 rpm speed. A silica gel
column (30 cm � 1.2 cm I.D.) with a PTFE stopcock was packed
with 5 g of activated silica gel and topped with approximately
1.0 cm-high anhydrous granular sodium sulfate. The column
was then conditioned using 20mL of hexane. Before exposure of
the sodium sulfate layer to air, 200 mL of the centrifuged oil
solution was quantitatively transferred into the column. 3 mL of
hexane was used to complete the transfer. Approximately 25 mL
of hexane was used to elute phenanthrenes and chrysenes.
Thereaer, hexane was concentrated under a stream of nitrogen
to less than 1mL and was then adjusted to exactly 1.0 mL for gas
chromatography-mass spectrometry (GC-MS) analysis.

The determination of phenanthrenes and chrysenes was
performed on an Agilent 6890N gas chromatography 5973N
ame Description

P5 Crude oil from South China Sea oil platform (NH047)
06 Crude oil from South China Sea oileld (NH046)
07 Crude oil from Congo
08 Crude oil from Saudi Arabia

RSC Adv., 2018, 8, 32164–32171 | 32165
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mass selective detector (GC-MS, Agilent, USA) system equipped
with a fused silica capillary HP-5MS column (30 m � 0.25 mm
i.d., 0.25 mm lm thickness, Agilent, USA). The oven tempera-
ture program was as follows: start at 70 �C held for 5 min, 50–
300 �C at 6 �C min�1 held for 20 min. An aliquot sample (1 mL)
was injected in the splitless mode and helium was used as the
carrier gas (1.0 mLmin�1). Themass spectrometer was operated
in the selective ion monitoring (SIM) mode using positive ion
electron impact ionization (EI). The selected ions with m/z
values of 184, 192, 206, 220, and 234 are for phenanthrenes. The
selected ions with m/z values of 228, 242, 256, and 270 are for
chrysenes.
Fig. 2 Series of compounds of chrysenes.
2.3 Qualitative and quantitative analyses for phenanthrenes
and chrysenes

Petroleum is a complex mixture of alkanes, aromatic hydro-
carbons, resins, and asphaltenes. Most compounds in the eld
lack standards. The mass chromatogram of the PAHs in crude
oil has obvious distribution characteristics. A large number of
PAHs have been identied qualitatively.27,35 PAHs can be
conrmed qualitatively by combining information about ion
fragments in the mass spectra with the retention time index,
and comparing them with the spectra and data in the refer-
ences. So the phenanthrenes and chrysenes were analyzed
qualitatively by using the chromatogram properties and reten-
tion time index. The semi-quantitative GC-MS with internal
standard (p-terphenyl-d) method was used to analyze the
phenanthrenes and chrysenes quantitatively. The qualitative
and quantitative determination methods for the standard
samples were developed using SIM. Fig. 1 and 2 show phen-
anthrenes and chrysenes, respectively.
Fig. 1 Series of compounds of phenanthrenes.

32166 | RSC Adv., 2018, 8, 32164–32171
2.4 DRs of phenanthrenes and chrysenes

The diagnostic ratio is mainly the ratio of biomarkers in oil
samples. DRs are characterized by good stability and weath-
ering resistance. The DRs of biomarkers are frequently used for
oil source identication.27,35–37 On the basis of the calculation
method for DRs,38 46 new DRs of the qualitative phenanthrenes
and chrysenes were selected for source identication of
weathered oil spills, as presented in Table 2.

2.5 Screening technique for the DRs of phenanthrenes and
chrysenes

The DRs of phenanthrenes and chrysenes should differ between
oil samples from different sources. And they should remain
stable during the weathering process. Thus, the DRs should be
veried and screened prior to their application in source iden-
tication for severely weathered oils. The screening technique
in this paper includes the similarity method, Student's t-test
and repeatability limit.

The degree of similarity between the oil samples can be
acquired by using the correlation coefficient calculation
method.39 N pairs of data from two sets (x, y) were represented
as (xi, yi) (i¼ 1, 2, 3,. n). The correlation coefficient is given by:

r ¼
Pn
i¼1

ðxi � xÞðyi � yÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðxi � xÞ2 Pn
i¼1

ðyi � yÞ2
s

¼
Pn
i¼1

xiyi � nx yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�Pn
i¼1

x2
i � nðxÞ2

��Pn
i¼1

y2i � nðyÞ2
�s
This journal is © The Royal Society of Chemistry 2018
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Table 2 Selected DRs of phenanthrenes and chrysenes

Num. Description Num. Description Num. Description

DR01 Phe/(Phe + C1Phe) DR17 Chr/(Chr + C2Chr) DR33 C1Phe/(C1Phe + C3Chr)
DR02 Phe/(Phe + C2Phe) DR18 Chr/(Chr + C3Chr) DR34 C2Phe/(C2Phe + Chr)
DR03 Phe/(Phe + C3Phe) DR19 Chr/total Chr DR35 C2Phe/(C2Phe + C1Chr)
DR04 Phe/(Phe + C4Phe) DR20 C1Chr/(C1Chr + C2Chr) DR36 C2Phe/(C2Phe + C2Chr)
DR05 Phe/total Phe DR21 C1Chr/(C1Chr + C3Chr) DR37 C2Phe/(C2Phe +C3Chr)
DR06 C1Phe/(C1Phe + C2Phe) DR22 C1Chr/total Chr DR38 C3Phe/(C3Phe + Chr)
DR07 C1Phe/(C1Phe + C3Phe) DR23 C2Chr/(C2Chr + C3Chr) DR39 C3Phe/(C3Phe + C1Chr)
DR08 C1Phe/(C1Phe + C4Phe) DR24 C2Chr/total Chr DR40 C3Phe/(C3Phe + C2Chr)
DR09 C1Phe/total Phe DR25 C3Chr/total Chr DR41 C3Phe/(C3Phe + C3Chr)
DR10 C2Phe/(C2Phe + C3Phe) DR26 Phe/(Phe + Chr) DR42 C4Phe/(C4Phe + Chr)
DR11 C2Phe/(C2Phe + C4Phe) DR27 Phe/(Phe + C1Chr) DR43 C4Phe/(C4Phe + C1Chr)
DR12 C2Phe/total Phe DR28 Phe/(Phe + C2Chr) DR44 C4Phe/(C4Phe + C2Chr)
DR13 C3Phe/(C3Phe + C4Phe) DR29 Phe/(Phe + C3Chr) DR45 C4Phe/(C4Phe + C3Chr)
DR14 C3Phe/total Phe DR30 C1Phe/(C1Phe + Chr) DR46 Total Phe/(total Phe + total Chr)
DR15 C4Phe/total Phe DR31 C1Phe/(C1Phe + C1Chr) — —
DR16 Chr/(Chr + C1Chr) DR32 C1Phe/(C1Phe + C2Chr) — —

Table 3 Similarity between oil samples from different fields using 46
selected DRs

Samples

Samples

S01 S02 S03 S04 S05 S06 S07 S08

S01 1.00 0.62 0.80 0.64 0.95 0.87 0.91 0.93
S02 0.62 1.00 0.85 0.69 0.55 0.42 0.74 0.52
S03 0.80 0.85 1.00 0.81 0.75 0.60 0.93 0.72
S04 0.64 0.69 0.81 1.00 0.57 0.44 0.68 0.56
S05 0.95 0.55 0.75 0.57 1.00 0.97 0.91 0.92
S06 0.87 0.42 0.60 0.44 0.97 1.00 0.81 0.93
S07 0.91 0.74 0.93 0.68 0.91 0.81 1.00 0.87
S08 0.93 0.52 0.72 0.56 0.92 0.93 0.87 1.00
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when |r| is close to 1, the similarity between x and y is high.
When |r| is close to 0, the similarity between x and y is low.

Student's t-test was adopted in this study to identify the DRs
of phenanthrenes and chrysenes. Detailed descriptions and
demonstrations for the t-test can be found in the reference (Sun
et al., 2007). A straight line (x ¼ y) represents a “perfect”match.
If the error bars of all selected DRs overlap with the line, then
the oil sample displays a positive match with the other sample
(i.e., within analytical variation). Aer presenting the results of
a comparison between different oil samples in the x–y plots, the
DRs should not show a match.

The repeatability limit parameter was used to calculate the
selected DRs in this study. The repeatability limit can be
calculated from the standard deviation. It represents the
maximum permitted difference between the weathered and
original oil samples. A reliable estimate of the standard devia-
tion was required to calculate the appropriate repeatability
limits. The repeatability limit (r) is reported as

r95% ¼ 2
ffiffiffi
2

p � x � 5% ¼ x � 14%; thereby providing limits
within 95% of measurements.38,40 If the absolute difference
between two DRs of the weathered and original oil samples is
less than r95%, then the DRs show good stability during
weathering. These DRs could be used for the source identi-
cation of weathered spilled oil samples. However, these DRs are
not suitable. The repeatability limit analysis can be recom-
mended for verifying the anti-weathering capability of the
selected DRs in the weathering process.

3 Results and discussion
3.1 Difference analysis for the selected DRs

The individual differences in the DRs of phenanthrenes and
chrysenes can be very important. If the differences in the
selected DRs are small or do not exist between crude oils from
different sources, then these DRs cannot discriminate between
the oil samples from different sources. Moreover, these DRs will
not be suitable for identifying the source of the oil. So if the DRs
of phenanthrenes and chrysenes differ between different oil
This journal is © The Royal Society of Chemistry 2018
samples, they can be selected for the next stage of verication
between simulated weathering and original samples. Finally,
the DRs would be used to identify severely weathered spilled oils
for further testing. Thus, the 46 selected DRs were used to
differentiate crude oil samples from different regions. The
selected DRs with a relative standard deviation (RSD) of less
than 5% are not suitable for distinguishing oil samples from
different elds. We rst calculated and compared the RSDs of
the 46 selected DRs between different samples. Taking S01 as
the comparison object, the RSDs between the eight samples
were calculated. The relative standard deviations (RSDs) of the
46 selected DRs between S01 and S02 range from 6.34% to
136.14%, with a mean of 51.51%; those between S01 and S03
range from 5.91% to 163.04%, with a mean of 49.13%; those
between S01 and S04 range from 7.41% to 186.69%, with
amean of 58.40%; those between S01 and S05 range from 6.76%
to 157.94%, with a mean of 52.71%; those between S01 and S06
range from 6.04% to 146.89%, with a mean of 47.41%; those
between S01 and S07 range from 5.52% to 146.92%, with
a mean of 44.98%; and those between S01 and S08 range from
5.56% to 128.68%, with a mean of 41.10%. The inconsistencies
among the selected DRs may be partially explained by hetero-
geneity in the oil samples from different elds. The selected
DRs with an RSD of more than 5% are suitable for
RSC Adv., 2018, 8, 32164–32171 | 32167
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Fig. 3 Student's t-tests of 46 DRs of phenanthrenes and chrysenes during the simulated weathering experiment (RSD < 5%).

Fig. 4 Repeatability limit analysis results of weathered S01 samples during the simulated weathering experiment.

32168 | RSC Adv., 2018, 8, 32164–32171 This journal is © The Royal Society of Chemistry 2018
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Fig. 5 t-tests of 31 DRs of phenanthrenes and chrysenes during the coastal weathering experiment.
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distinguishing oil samples from different elds. Thus, all of the
46 selected ratios can be used for the identication of crude oils
from different sources.

Then, we screened and veried these diagnostic ratios by the
similarity method. The calculation results for the similarity
between the eight samples are shown in Table 3. The similarity
between the oil samples from different elds using the 46
selected DRs was less than 1. Samples from close regions are of
high similarity, with a similarity ratio of more than 0.80, such as
those of S05 and S06, S03 and S04. But such phenomena are
also found between oils from different sources, such as those of
S01 and S07, S01 and S08, S07 and S08. This phenomenon may
be the result of the diagnostic ratios between total numbers of
PAHs. At this point, the 46 selected DRs are benecial for
identifying the source of oil without weathering. However, once
oil leaks into seawater, weathering inevitably occurs. Thus, the
identication of weathered oil samples should be considered
further.
3.2 Weathering resistance of the selected DRs under the lab
simulation

The weathered and original S01 samples from the long-term
simulated weathering experiment were selected to validate the
This journal is © The Royal Society of Chemistry 2018
46 selected DRs. The correlation diagram of the t-test is shown
in Fig. 3. Fig. 3 shows that when the condence level is 95%, for
S01 weathering for 90, 180, 270, and 360 days, some error bars
of these DRs do not cross the y ¼ x entirely tted line. In this
case, we can judge that some of the 46 selected DRs are unstable
aer weathering for 90 days in the simulated weathering
experiment.

Meanwhile, the repeatability limit method was adopted to
display the anti-weathering ability of these DRs during the long-
term simulated weathering experiment. The repeatability limit
analysis result for weathered S01 is shown in Fig. 4. These DRs
are suitable for the source identication of weathered spilled oil
when the absolute difference between the maximum and
minimum values of the diagnostic are smaller than the
repeatability limit. Otherwise, these DRs are not suitable. The
repeatability limit analysis shows the anti-weathering capability
of the selected DRs in the weathering process. Except for DR02
and DR18, the selected DRs maintain good stability during
weathering for 90 days. Aer 90 days of weathering, other DRs,
such as DR01, DR02, DR03, DR05, DR08, DR16 and DR20, dis-
played instability. The number of unstable ratios continues to
grow over 180 days of weathering. Overall, under the weathering
scale of the laboratory, 31 DRs including DR06, DR07, from
DR09 to DR13 and from DR23 to DR46 maintained good
RSC Adv., 2018, 8, 32164–32171 | 32169
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Fig. 6 Repeatability limit analysis results of weathered S01 samples during the coastal weathering process.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
18

. D
ow

nl
oa

de
d 

on
 7

/2
3/

20
25

 1
2:

38
:2

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
weathering resistance for 360 days of weathering. It is not
difficult for us to perceive that the stable DRs are mainly
concentrated in the ratios between phenanthrenes and chrys-
enes. This is mainly related to the phenanthrene content being
far greater than that of chrysenes in crude oils.
3.3 Weathering resistance of the selected DRs under the
coastal experiment

In order to verify the stability of the 31 screened DRs under
actual coastal weathering conditions, the weathered oil samples
were used to verify the stability of the 31 selected DRs. These
weathered oil samples were collected from an area free from
human interference near the oil leakage point aer the explo-
sion in Qingdao. The Student's t-test (Fig. 5) and repeatability
limit method (Fig. 6) were adopted to investigate the feasibility
of the 31 DRs during the coastal weathering process.

Fig. 5 shows that most of the DRs remain relatively stable.
However, when the condence level is 95%, certain DRs of the
weathered oil sample cannot be completely consistent with
those of the original oil sample. When the weathering time is
over 180 days, a large deviation is found in the DRs.

Fig. 6 shows that unstable DRs can be clearly identied. Aer
more than 90 days of weathering, some of the 31 selected DRs
show instability. These DRs are concentrated in the ratios
between phenanthrenes themselves. 10 DRs, namely, DR07,
from DR09 to DR13, from DR23 to DR25 and DR28, of the
weathered oil display a noticeable difference from those of the
original oil sample. Aer more than 270 days of weathering, the
number of such DRs continued to rise. Aer more than 360 days
of weathering, more DRs of weathered oil exhibit a large devi-
ation from those of the original oil samples. There are 18 DRs,
32170 | RSC Adv., 2018, 8, 32164–32171
namely, DR26 and from DR30 to DR46, which have retained
good stability during both the simulated weathering experiment
and the coastal weathering experiment. Those DRs are mainly
composed of polysubstituted phenanthrenes and chrysenes.
They can effectively eliminate the deviation caused by monomer
weathering by using the form of a gross class. Therefore, they
remained relatively stable during heavy weathering. So, these
DRs can be used as an effective supplement to source identi-
cation of severely weathered oil.

4 Concluding remarks

Spilled oil samples collected from the catastrophic pipeline
explosion in Qingdao were used as the original oil for a simu-
lated weathering experiment. In the same period, weathered
samples were also collected on site. Laboratory simulation was
conducted synchronously with the coastal weathering. Such an
experimental design provides a good scenario for screening and
validating new DRs. The 46 selected DRs of phenanthrenes and
chrysenes were veried by initial screening, a laboratory
weathering test, and an actual coastal weathering test. 18 DRs,
namely, DR26 and from DR30 to DR46, retained good stability
during both the simulated weathering experiment and the eld
weathering experiment. So, those 18 DRs, namely, Phe/(Phe +
Chr), C1Phe/(C1Phe + Chr), C1Phe/(C1Phe + C1Chr), C1Phe/
(C1Phe + C2Chr), C1Phe/(C1Phe + C3Chr), C2Phe/(C2Phe +
Chr), C2Phe/(C2Phe + C1Chr), C2Phe/(C2Phe + C2Chr), C2Phe/
(C2Phe + C3Chr), C3Phe/(C3Phe + Chr), C3Phe/(C3Phe +
C1Chr), C3Phe/(C3Phe + C2Chr), C3Phe/(C3Phe + C3Chr),
C4Phe/(C4Phe + Chr), C4Phe/(C4Phe + C1Chr), C4Phe/(C4Phe +
C2Chr), C4Phe/(C4Phe + C3Chr), total Phe/(total Phe + total
Chr), can maintain good stability under two weathering
This journal is © The Royal Society of Chemistry 2018
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conditions, especially in complex coastal weathering condi-
tions. This is a good indication of their conservation. Thus, the
18 DRs would be strongly recommended as supplemental
differentiating indicators for the source identication of
severely weathered oil.
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