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Identification of Spilled Oils in the Marine Environment by
Fluorescence Fingerprints and Library Search System
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Multi-spectral analyses of excitation and emission fluorescence was applied to spilled crude oils
in characterization of their specific flucrescence patterns which is called oil fingprprints. In the present
study. oil fingerprints of 33 crude, 4 fuel and 2 other oils were analyzed fo establish data base
library search system. Cluster analysis showed that crude oils could be clasmﬁed into two large groups
according to their fluorescence characteristics. In simulated experiments, all the spilled sources was
identifiable by the present library search system. In the natural environment this system could identify
the exact source of weathered crude oil slicks upto 10 days. The present study $hows that the fluores-
cence fingerprinting method with the library search system is reliable and superior to routine
GC/HPLC analyses in identification of the source of weathered spilled oils in the marine environ-
ment.
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INTRODUCTION

In Korea, oil spill accidents are recently increa-
sing in terms of volume (5,000 tons: "79-85) and
sometimes resulting in devastation of marine culti-
vation grounds (US 10 million: *79-85).

Column chromatography of GC/HPLC has
been widely used for the identification and quan-
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titative purposes (Rasmussen, 1976, Overton er al,
1977; Clark and Jurs, 1979; Crowley er al., 1980).
But it is ime consuming and chromatogram peaks
of low carbon number could be different from
the original source ag spilled oil aging in the natu-
ral marine environm¢nt. One of the problems with
oil identification is that collected samples of spil-
led oil are sometimes aged several days after spill.
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Even in the case of moderate weathering of spilled
oil. it is not easy to identify with routine GC anal-
ysis unless extensive analyses are carried out such
as IR (Blumer er al.. 1973; Reed. 1977), HPLC.
GC/MS (Reed. 1977; Atlas er al.. 1981), carbon and
sulfur isotope ratios (Hartman and Hammond.
1981) and determination of V/Ni ratios.

Spectrofluorometry could be an alternative me-
thod as it is fast and low cost although it lacks
of specificity and information on hydrocarbon co-
mposition (Homig, 1974; Farrington er al, 1976:
U. S. Coast Guard, 1977: Mackie er al., 1978; East-
wood et al., 1978: Eastwood, 1981). Since fluoresce-
nce measurement detects mostly aromatic com-
pounds which are more resistive to biological and
chemical decomposition than aliphatic fraction of
various petroleum oils. spectral analysis of fluores-
cence might be useful for the identification of un-
known sources if proper standards are available.
Application of multi-spectral analysis of excitation
and emission fluorescence can give more valuable
informations to characterize each oil's specific
fluorescence pattern. Such patterns, called oil fi-
ngerprint, might be useful to identify unknown
weathered source or to distinguish features of each
sources. Recent improvement of interfacing bet-
ween analog instrument and personal computer
facilitates fast and efficient data aquisition and
statistical interpretation.

This study is to develope a rapid and fairly co-
nvenient system for the identification of spilled
oil after spill accident using multi-spectral fluoro-
metry and computer data base library search sys-
tem.

MATERIALS AND METHODS

To establish fingerprint data base library search
system, 33 crude. 4 fuel and 2 other oils were cho-
sen in this study (Table 1). Immediately after spi-
king the seawater (33%o) at 10-20C, each oil stan-
dard was extracted with methylene chloride/n-he-
xane. Spilled oils were collected sometimes by dip-
ping small metal pin prewashed with n-hexane
in the sea surface and later stripping off with 5m/
of n-hexane.

Table 1. List of crude fuel and other oils analyzed in

this study.
Saudi Arabia: Malaysia:
1. Arabian light 20. Tapis
2. Arabian medium 21. Bintulu
3. Arabian heavy 22. Labuan

4. Arabian (M73%+H27%) 23. Arun Condensate
Iran: Indonesia:

5. Iranian light 24. Walio

6. Iranian heavy 25. Madura

7. Foroozan 26. Ariuna
Kuwait: 27. Attaka+ Babic
8. Kuwait Mexico:
Oman: 28. Isthmus

9. Oman 29. Isthmus+ Maya
Abu Dhabi: Equador:

10. Zakum 30. Orient
UAE: Venezuelar:

11. Murban 31. Menomata
12. Dubai China:
Libia: 32. Dakyung

13. Brega 33. Shengli
Neutral Zone: Fuel oils:

14. Khafji 34. Diesel oil
15. Dun 35. Bunker A
Egypt: 36. Bunker B
16. Ras Gharnb 37. Bunker C
17. Belayim Lubricant oil:
Brunei: 38. Lubricant oil
18. Champion Waste oil:

19. Sena light 39. Bilge

Fluorescence intensities of extracts (10 ppb) were
measured with Shimadzu RF-540 spectrofluoro-
photomater. Subsamples of extracts were saved for
later GC analysis. Emission spectra from 300 to
500 nm were scanned over a range of excitation
wavelength from 260 to 460 nm at 20 nm interval.
Slit width of both monochromators were set at
5nm. Scanning velocity was set at 2 nm/sec. Ana-
log fluorescence signals (1VFS) were simultaneou-
sly transmitted to IBM/XT/AT compatible perso-
nal computer through 12 bit resolution A/D con-
verter (PC-LabCard PCL-712) and stored in a
hard disk. Multi-spectral analysis usually comple-
ted within 20 minutes. During the multi-spectral
analysis, raw signal of spectra were subtracted by
previousely stored background solvent spectra to
eliminate any solvent impurities and scattering ef-
fects. This file of difference spectra were used to
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Fig. 1. A flow chart of analysis and library search iden-
tification system.

generate characteristic oil fluorescence fingerprint
map by dot-matrix printer or plotter (Fig 1).

Once library system was established, unknown
oil samples could be identified through the library
search system. Unknown spilled oil samples were
treated with the same above procedure and their
data were statistically compared by multivariate
data analysis such as cluster analysis. Correlation
coefficient was used as similarity index.

It usually takes about 1 minute to search the
most probable source of unknown sample through
the library search system. All the required softwa-
res for controlling 1/O ports of instrument, A/D
interfacing, contour plot. statistical analysis and
library search system were written in Turbo C la-
nguage and MS fortran.

To investigate the time course variation of finge-
rprint due to weathering processes such as biologi-
cal degradation. chemical transformation and phy-
sical fractionation in the natural marine environ-
ment, Iranian light crude oil was released into a
seawater tank (100 liter) which was placed in an
ambient seawater condition (33%o, 15C). Air bub-

blers were used for thp vertical mixing water co-
lumn and oxygen suppley for aecrovic microbial
oxidation. The above identification procedure was
employed at every 2 days interval and it lasted
15th day. Subsamples of extracts were saved for
GC analysis. At the same sampling interval. sca-
water just below the sca surface was collected to
investigate any change of phytoplankton commu-
nity structure.

RESULTS AND DISCUSSION
Characteristic fluorescence properties of crude oils

All the sequential procedures could be accomp-
lished within 30 minutes from instrumental fluore-
scence analysis. data aquisition. contouring chara-
cteristic oil fluorescence fingerprint map to com-
puter library search. Each crude oil showed its
characteristic fluorescence pattern respectivery ac-
cording 1o the compositional vanation and quan-
tity of its aromatic fraction (Fig.2). Heavy crude
oils were apparently different from light crude oils
because chemical composition of crude oils vary
according to their producing regions and processes
of petroleum formation. In general. hydrocarbons
have been known to be the most abundant frac-
tion accounting for 50-98% of crude oils and
among them aromatic compounds occupy about
17-25% (Clark and Brown, 1977). Aromatic hydro-
carbons, which is most responsible for fluoresce-
nce, contain benzene, naphthalene. biphenyls, alk-
ylated benzene groups, and polycyclic aromatics
more than three benzene rings (Clark and Brown,
1977).

In the present study., two groups can be divided
from statistical analysis of 39 oils in the data base
library. As shown in the dendrogram (Fig.3) the
first group is characterized by mostly heavier
crude oils and the second group by lighter crude
oils. GC analysis shows that the first group has
higher carbon number fraction of hydrocarbon
than the second group. It is interisting to note
that the first group has maximum fluorescence
emission wavelength around 380 nm with excita-
tion around 280 nm and the second group around
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Fig. 2. Representative oil fingerprint of Iranian light, Shengli (China), Brega, and Madura crude oils showing their

characteristic fluorescence properties respectively.

330 nm with excitation around 280 nm. Further-
more heavier crude oils tend to have relatively
higher fluorescence distribution in the longer exci-
tation/emission wavelengths than the second
group.

It has been known that humic materials in coa-
stal waters have background fluorescence maxi-
mum excitation at 340 nm and emission at 440 nm
(Mopper and Park, 1991; Park and Lee, unpubli-

shed data). However those humic materials might
not act as interference materials because they are
mostly hydrophilic compounds and their fluores-
cence intensity is too low to affect the fluorescence
pattern of spilled oil. Even though some fraction
of marine humus which has maximum Hfuoresce-
nce excitation at 280 nm and emission at 340 nm
can be extraced and concentrated from bulk sea-
water using hydrophobic phase column chromato-
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H #——t } t + t —
1 Arabian light .9989
5 Iranian light .9982
12 Dubai .9976
2 Arabian medium .9993
7 Foroozan . 9989
29 Tsthmus+Maya . 9983
6 Iranian heavy .9977
36 Bunker B .9957
16 Ras Gharib . 9986
31 Menomata . 9985
37 Bunker C .9975
30 Orient . 9888
9 Oman .9935
32 Dakyung .9903
33 Shengli .9799
E 3 Arabian heavy . 9992
4 Arabian(M70%X+H27%), 9985
": 8 Kuwait . 9995
14 Khafji .9813
- —————— 15 Duri .9555
10 Zakum . 9982
28 Isthmus . 9953
17 Belayim .9920
13 Brega . 9950
‘ 24 walio .9888
11 Murban .9951
35 Bunker A .7343
18 Champion . 9994
19 Seria light .9924
22 Labuan . 9979
27 Attaka+Babic .9783
20 Tapis .9893
—‘(_—E 21 Bintulu .9991
25 Madura .9563
: 23 Arun condensate .9861
L] 38 Lubricant oil . 9840
b————— 34 Diesel oil .8853
[~ 26 Ariuna .9867
A 39 Bilge
t A— + + t + {
.7237 . 8907 .9146 .9385 .9624 .9862 .0101

Fig. 3. Result of cluster analysis of 39 oil library with correlation coefficient value.

graphy (Mopper and Park, 1991; Park and Lee, unknown spilled oil with weathering experimeni
unpublished data), its fluorescence is also too low

to interfere and there is little possibility for those The present study shows that results of library
water column humic subtances to be included in search are quite reproducible. Results of black box
the surface oil slicks. experiments of three crude oils (Iranian light Ku-

wait and Madura crude oils) which were intentio-
Library search and identification system of source of nally released in the seawater showed good agree-
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Table 2. Library search system to identify the source af-
ter weathering experiment of Iranian light crude
oil. The most probable sources of weathering
sample are ranked by system with RZ

The most probable source of weathered oil

Rank st day 2nd day
1 Iranian light Iranian light
2 Arabian light Arabian light
3 Bunker B Bunker B
4 Dubai Dubai
5 Iranian heavy Iranian heavy
Rank 6th day 10th day
i Iranian light Iranian light
2 Arabian light Arabian light
3 Bunker B Bunker B
4 Dubai Dubai
5 Iranian heavy Iranian heavy
Rank 11th day 12th day
1 Iranian light Iranian light
2 Arabian light Arabian light
3 Iranian heavy Iranian heavy
4 Bunker B Bunker B
5 Orient Bunker B

ment to the sources in the library data base. The
exact source of each spilled oil was identified as
shown in Table 2. Once the crude oils are intro-
duced into the marine environment some charac-
teristic parameters can be changed with the time
course and degree of change in composition varies
with each spilled source and environmental con-
ditions. Weathering processes include evaporation
(Jordan and Payne, 1980), dissolution (Cohen e
al., 1980), emulsification (Bridie er al., 1980), sedi-
mentation (Bassin and Ichiye, 1977), photooxida-
tion (Zafiriou. 1977, Overton e al., 1980; Zika,
1980) and microbial biodegradation (Atlas er al.
1981).

In the present study, results of weathering expe-
rment of Iranian light crude oil showed that oil
fluorescence fingerprint library search system was
very efficient to identify its source without any er-
ror until 10th day after release (Table 2). From
the starting to 10th day library search system con-
sistently suggested that the most probable source
of spilled oil might be Iranian light crude oil and

0 day
L UMMML
1 1 I | t | i
" (Minutel ¢ F
6 day
“ Mm
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i | 1 1 1 i 1 ]
- © o ®© 2 p:A S
(Minute)

Fig. 4. GC chromatograms of Iranian light crude oil
from weathering experiment. GAS chromatogra-
phy analytical condition: Column: Stainless steel
2mX3mm dia) Silicon OV-1, Chromosorb-W;
Detector: FID; Temperature program: 80~300C
(9.5C/min).

the second to be Arabian light crude oil. However,
this system could not differentiate Iranian light
crude oil from Arabian light crude oil after 12th
day.

Comparison with gas chromatography
GC chromatogram from the subsample of the

same condition showed that physical evaporation
and/or biodegradation of lower carbon number
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Table 3. Compositional variation of phytoplankton po-
pulation during weathering experiment.

Ist day 605 cells/m/ 19 species occurred
Microflagellates (20 m) 30.0%
Paralia sulcata 199%
Chlorella vulgaris 9.9%

2nd day 595 cells/m/ 16 species occurred
Microflagellates (20 m) 644
Paralia sulcata 59

6th day 960 cells/m/ 8 species occurred
Microflagellates (20 m) 854%
Paralia sulcata 8.3%
(protozoa occurred: 50 cells/m/)

9th day 833 cells/m/ 3 species occurred

Microflagellates (20 m) 94.9%
(protozoa oocurred: 50 cells/m/)

hydrocarbons, mostly short aliphatic hydrocarbon
chains, occurred even after 2nd day (Fig.4). GC
chromatogram of 6th day was quite different from
that of starting day. Those lost fraction of low
carbon number less than 12 could be attributed
to physical evaporation and partly to biological
degradation. To identify the source of weathered
oil with GC, it is mandatory to simulate the natu-
ral condition in the laboratory and compare wea-
thered oil with possible weathered source. Present
study clearly shows why it is so difficult to identify
the source of spilled oil with GC when the spilled
sample is collected several days after an oil spill
accident.

Impact of biological response ori the fluorescence cha-
racteristics of spilled oil

Since most of marine bacterial assemblage res-
ponsible for the biodegradation of hydrocarbon
can utilize aliphatic hydrocarbons rather than co-
ndensed polycyclic aromatic hydrocarbons with
more than five benzene rings which are more resi-
stent to microbial oxidation (Cripps and Watkin-
son, 1978; Hopper, 1978). If there is any significant
utilization of hydrocarbon by marine bacteria,
there might be any reflection in community struc-

ture of smaller plankton due to changes in food
chain and food web.

In the present study. species composition of ph-
ytoplankton began to change after 5th day of ex-
periment. At the first day phytoplankton commu-
nity was stable with diverse species composition
(19 species) with most dominent population to be
flagellates (38.0%). the second to be paralia sulcata
(19.8%) and the third to be Chlorella vulgaris (9.9
%). At the second day. species composition was
nearly the same with the first day with slight dec-
rease in species occurrence (16 species). But after
6th day, species occurrence reduced into 8 species
and at 9th day, it occurred only 3 species mostly

_dominated by smaller (less than 20 m) heterotro-

phic microflagellates (Table 3).

It is remarkable that heterotrophic microflagel-
lates increased from 38.0% at the first day, 66.4%
at the second day. 854% at 6th day and to 94.9%
at the 9th day. Interestingly protozoa appeared in
a large mumber in 6th and 9th day's sample. The-
refore it can be indirectly deduced that spilled
crude oil promoted growth rate of marine bacteria
which might be responsible for those biodegrada-
ble aliphatic portion and in turn prosperity of ba-
cterial population might have induced rapid inc-
rease of smaller heterotrophic flagellates and pro-
tozoa grazing on them. This study shows that
fluorescence characteristics of crude oil are not
so much affected by biological degradation up to
more than 10 days. It implies that fluorophore
of crude oil is mostly composed of aromatic frac-
tion.

Application of specorum deconvolution analysis of spil-
led oil

Mostly bilge oil is composed of various waste
oils of fuel and lubrication oils. When two or
more different oils are mixed up and spilled in
the ocean it is very difficult to seperate and iden-
tify them. In the present study spectrum deconvo-
lution technique is applied to resolve two mixed
oil sources. To demonstrate the capability of the
present method, bilge oil which is known as the
waste oil mixture in the ship was analyzed accor-
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Deconvolution Analysis of Mixed 0il
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Fig. 5. Result of deconvolution analysis of bilge oil. Original spectra of bilge (O) were subtracted by bunker C(+).
Resulted spectra (O) were identified by library search system.

ding to the previously mentioned method. Then
spectrum of Bunker C oil, assuming as the major
fuel source included in the bilge was subtracted
with the least fitting method. Resuited spectrum
from the subtraction was identified by library sea-
rch system. It suggested that the most possible
source might be lubrication oil and the next to
be diesel oil (Fig. 5). In fact lubrication oil can
be commonly found in the bilge and mixture fuel
of diesel with Bunker C is generally used in ship.
Therefore at least two mixed oil can be seperated
and identified by conjugated method of spectrum
analysis and library search system.

The present study showed that the oil fluoresce-
nce fingerprint method with the library search sys-
tem is efficient, reliable and superior to routine
GC/HPLC analysis in identification of the source
of weathered spilled oils in the marine environ-
ment. From the fluorescence fingerprint map of
various crude oils, two characteristic maximum

fluorescence peaks at excitation of 280 nm and
emissions of 330 nm and 380 nm were found. Re-
cently remote sensing devices of airplanes and sa-
tellites are under development in monitoring ma-
rine oil spills (O'Neil er al., 1980; Klemas, 1980;
Massin, 1984). Currently the most promising re-
mote sensing device is known to be the laser-in-
duced UV fluorescence sensor with high speed
and sensitive multi-diode array, since this remote
sensing system can discriminate oil slicks in the
sea surface. Therefore informations on fluorescen-
ce characteristics of various oil sources from the
present study are fundamental and indispensible
in developing a better remote sensing system using
laser-induced fluorescence technique in monitoring
and identification of oil spills in the ocean.
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