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A B S T R A C T

Preparing a defensible oil spill fingerprinting is always challenging. Presently
available well established method for this purpose is a univariate method
by comparison of diagnostic ratio using repeatability limit as suggested by
European Committee for Standardization (CEN)-method. The consistency re-
sult of this method, however, tends to depend on the skill of the analyst who
performs the analysis. The shortcoming of CEN-method was then demon-
strated by the application of the method to the "MS Server" and "MV Full
City" oil spill cases. The author’s analysis result exposed some discrepancies
when was compared with the one performed by SINTEF. Therefore, this thesis
focuses on the effort of pursuing alternative or at least complimentary meth-
ods to ease the shortcoming of the CEN-method. The main investigation was
then emphasized on the possibility of employing the multivariate analyses, i.e.
principal component analysis (PCA), cluster analysis, and partial least square
discriminant analysis (PLS-DA). The performance of those multivariate analyses
were examined by applying to the case studies of "MS Server" and "MV Full
City" oil spills. Later on, it was found that PCA failed to classify the samples
properly according to the match or non-match with the reference samples.
The power of the PCA was revealed when the method was combined with the
cluster analysis. The PCA combined with the cluster analysis demonstrated
to be faster and undoubtedly more objective (in term of the analyst skill and
expertise) as compared to the CEN-method. PLS-DA also showed the same
benefits. Moreover, the PLS-DA gives more similar result to the CEN-method
applied by SINTEF (irrespective of the difference gaps of the analysts skill,
i.e. the SINTEF researchers v.s. the author) as compared to the PCA combined
with the cluster analysis. However, the main drawback of the PLS-DA is the
requirement of quite large number of sample to obtain a good result. At last,
we could see that there is possibility of applying several multivariate analyses,
i.e PCA combined with the cluster analysis, and PLS-DA, for the alternatives
or complementary of a well established univariate analysis of oil spill finger-
printing (CEN-method). In order to develop the alternative method(s) properly,
further research is needed, especially the one which employs more controllable
samples.
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I N T R O D U C T I O N

1.1 background and motivation

Marine oil spill is a kind of pollution, which is characterized by releasing oil
into the ocean or coastal waters from tankers, offshore platforms, drilling rigs,
oil wells, marine pipelines, etc. Oil spill early detection is necessary and it’s
fingerprinting is needed to indicate the spill source for early action and also
needed for defensible prosecution. In the first place, oil spill fingerprinting
could be seen as threatening to the owners and/or operators. However, it
should be considered as preventive and repressive environmental protection
as well as beneficial tool for responsible industrial and shipping practice. For
the case of marine pipeline, oil spill fingerprinting allows early identification
of the leaking pipeline and gives clue about which pipelines are suspected to
be leaked prior to confirmation by remote operating vehicle (ROV) inspection,
which is a very expensive operation. In this case, oil spill fingerprinting proved
as a highly cost effective tool for early action to cope with oil spill [Sinclair and
Grigson, 1996]. Another case of the usefulness of oil spill fingerprinting is for
the purpose of defensible prosecution. Along with other tools, i.e. automatic
identification (navigation/positional) systems fitted on vessels, the oil spill
fingerprinting (or DNA tagging, as usually called) offer precise identification
of the pollution culprit [Al-Khudhairy, 2002].

All crude oils and petroleum products have chemical compositions that
differ from each other. This variability in chemical compositions results in
unique chemical "fingerprints" for each oil and provides a basis for identi-
fying the source of the spilled oil [Wang et al., 1999]. However, when oil
spilled into the sea, it is subjected to variety of weathering processes, such
as spreading, evaporation, dispersion, dissolution, oxidation, emulsification,
and bio-degradation. It is obvious that as soon as the oil spills, it spreads
over the water surface. Lighter oil components dissolves into sea water or
evaporate to the air. Hydrocarbons can react with oxygen (oxidation), which
may either lead to the formation of soluble products or persistent tars. In
moderate to rough seas, most spilled oils will take up water droplets and
form water-in-oil emulsions under the turbulent action of waves on the sea
surface. Bio-degradation is also take place because sea water contains a range
of marine micro-organisms capable of metabolizing oil compounds. All of
these processes change the chemical and physical composition of the spilled
oil [ITOPF, 2002].

Having the changing of the spilled oil composition taken into main consid-
eration, the basic idea of oil spill identification (fingerprinting) is to identify a
set of components present in most oil types, which changes as little as possible
due to weathering processes, such that we are able to give convincing and
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2 introduction

defensible evidence about the origin of the spilled oil. The relative composition
of these components (two, three, and four ring structures) reflects the biogenic
input, source, migration and reservoir conditions of the oil. These components
are called as bio-markers.

Ratios of selected bio-markers are used to identify the source of an illegal
oil spill by systematic profile comparison between the oil spill and one or
several possible sources [Al-Khudhairy, 2006]. One of the method is called the
European Committee for Standardization (CEN)-method for oil spill identifica-
tion and it is well established method. It is now applied as an international
standard and is based on using univariate statistics. In order to be valid to
state that there is a match between the oil spill and the possible source, only 2

out of total 27 bio-marker ratios can be significantly different.
Even though CEN-method for oil spill identification is a standardized

method, application of this method relies on the skill of the analyst. This
is because crude oils and petroleum products are complex mixtures of chemi-
cal compounds, thus it is not feasible to identify and quantify all individual
compounds in the mixture [Christensen and Tomasi, 2007].

The fact that the established method uses univariate statistics, makes it
interesting to discover whether multivariate statistics can be alternatives as
well as complementary methods. An example of earlier work for this purpose
was done by Christensen and Tomasi [2007]. They summarized several studies
using principal component analysis (PCA) for oil hydrocarbon fingerprinting
and also established integrated multivariate oil fingerprinting method that are
rapid, objective and comprehensive. Their general steps on approaching this
problem was adopted in this thesis.

1.2 problem description

The main issue in this thesis is to define and characterize alternative statis-
tical method(s), preferably among the multivariate analysis, on the oil spill
fingerprinting. Detail of the problems are as follow.

1. Demonstrate the well-established univariate analysis based on CEN
method on the oil spill fingerprinting and give comments about it’s
robustness, benefits, and drawbacks.

2. Demonstrate the application of three available multivariate statistical
methods, i.e. PCA, hierarchical cluster analysis, and partial least square
discriminant analysis (PLS-DA), to solve the same oil spill fingerprinting
problem in point 1 and give comments about it’s robustness, benefits,
and drawbacks.

3. Compare the performance among multivariate statistical methods as
well as with the univariate one.
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1.3 objectives

The main focus on this thesis is to propose alternative statistical method(s),
preferably among the multivariate ones, which could perform better or at
least similar with the univariate method. It is also expected that the proposed
multivariate alternative could overcome the drawback of the univariate method
and act as an additional tool.

1.4 research methodology and writing scheme

In order to solve the problems in Sect.1.2 and to achieve the objectives in
Sect.1.3, a research methodology was designed and executed. The results were
reported according to the following writing scheme:

1. In order to fuel the author with the knowledge of the oil spill fingerprint-
ing as well as the available multivariate statistical analyzes, the state of
the art of these topics were summarized in Chapter 2.

2. The bulk of the data utilized in this thesis were the gas chromatography
and flame ionization detection (GC-FID) chromatogram, gas chromatogra-
phy and mass spectrometry (GC-MS) response, and diagnostic ratio (DR)
of bio-markers and poly-aromatic hydrocarbon (PAH)s for two oil spill
cases, i.e. "MS Server" and "MV Full City". The reports of the oil spill
fingerprinting (in Norwegian) for those two cases [Faksness et al., 2010;
Almås et al., 2007] were also available and the summary, including sam-
ples description, is given in Chapter 3. Moreover, Chapter 3 also contains
spatial description of the samples, which describes relatives distance
between samples and the wrecked ship.

3. Even though the two cases above have been thoroughly analyzed by
SINTEF researchers by means of CEN-method, for the sake of demonstra-
tion of the corresponding method (see Sect.1.2), the author repeated the
analysis according to author’s limited knowledge on the CEN-method
as well as the oil spill fingerprinting case. Based on these demonstra-
tions, some comments about it’s robustness, benefits, and drawbacks,
especially related to the analyst who performing the CEN-method, were
given. This is reported in Chapter 4.

4. Three multivariate analyzes were selected to be applied in this oil spill
fingerprinting, i.e. PCA, hierarchical cluster analysis, and PLS-DA. Those
three methods were implemented to the two cases of "MS Server" and
"MV Full City" and the results are reported in Chapter 5, 6, and 7

respectively.

5. The results from the univariate analysis and multivariate analyzes were
then tabulated and compared. Comments about their performance were
also given. This is reported in Chapter 8.
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6. Chapter 9 concludes the work and gives suggestion about the alternative
multivariate method that possibly is able to overcome the drawback of
the univariate method and acts as an additional tool. Suggested future
works are also given in the same chapter.



2
O I L S P I L L , I T ’ S U N I VA R I AT E F I N G E R P R I N T I N G A N D
A LT E R N AT I V E M U LT I VA R I AT E A N A LY Z E S

In this chapter, the author talks about some terms which are related to oil
spill investigation. First, the composition and properties of crude oil are
reviewed. Subsequently, the description about weathering processes, which
are important when oil spill accident occurred, are described. The univariate
oil spill fingerprinting is represented by CEN-method and briefly explained.
Finally, three alternative multivariate analyzes (PCA, cluster analysis, and
PLS-DA) are summarized to conclude this chapter.

2.1 crude oil composition and properties

Crude oil is a name for organic compounds, which is in a liquid form under
reservoir condition. Crude oil is a mixture of hydrocarbon compounds in
varying proportion. The organic compounds that composing crude oil can be
divided as pure hydrocarbon and heteroatomic organic compounds. Some of
them also contain sulfur, oxygen, phosphorus, and nitrogen. They also contain
minor constituents such as porphyrins, ash-forming metal compounds (usually
sulfides of vanadium, nickel, copper, cobalt, molybdenum, lead, chromium,
and arsenic), inorganic salts, hydrogen sulfide, and water in varying amounts.
The average carbon contents in the crude oil is of ca. 79.5− 88.5wt%, hydrogen
contents of ca. 10− 15.5wt%, and impurity contents of up to a maximum of 5

wt % [Barker et al., 2007].

2.1.1 Hydrocarbon

Hydrocarbon is the major compound in crude oil. It is divided into two classes,
i.e saturated and unsaturated or aromatic hydrocarbon. The saturate hydro-
carbon includes normal alkane (or paraffin), branched alkane (or isoparaffin),
and cycloalkane (or naphthene). Number of carbon atom in the saturated hy-
drocarbon that compose crude oil varies. An important sub groups of paraffin
is wax. This compound contains more than 20 carbon atoms. Commonly, the
world’s crude oil contents of 2− 15% wax. Aromatic hydrocarbon composing
a crude oil also varies from benzene to polyaromatic hydrocarbon, such as
phenantrene, benzopyrene etc.

2.1.2 Heteroatomic Organic Compounds

Heteroatomic organic compounds are a group of organic compounds that
contains not only hydrogen and carbon atoms but also small amount of oxygen,
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nitrogen, sulphur and some trace metal. Two of most important groups in
these compounds are resins and asphaltenes.

Resins are relatively polar compared to hydrocarbons. They often have
surface-active properties. Their molecular weights ranging from 700− 1000.
They contain functional group like carboxylic acid, phenol and sulphoxides.

Asphaltenes are large molecules with molecular weight 1000− 10000. They
consist of polyaromatic compounds with 6− 20 aromatic rings and side chains.
They can be classified as hard and soft asphalts. Crude oil can contain up to
6%wt hard and 10% wt soft asphaltene [Al-Khudhairy, 2006] .

2.1.3 Crude oil Properties

Physical properties of crude oil vary. This is because of variation in composi-
tion of organic compounds content. Therefore, it’s physical properties such as
density, odor, boiling point, viscosity, etc have been used to classify oils.

• Boiling point. Boiling point of crude oil usually can be used to classify the
lightness of crude oil. Light crude oils usually contain greater number
of hydrocarbon with low boiling point, and paraffinic hydrocarbons,
while heavy crude oils contain greater amounts of hydrocarbon with
high boiling point and asphalt-like molecules [Barker et al., 2007]. More
over, boiling point can be used the weathering process of the oil when it
spill to the water column. Oil with high boiling point tend to evaporate
faster then oil with low boiling point. This will also give benefit to oil
spill spill investigation.

• Viscosity. Viscosity of liquid is defined its resistance to flow. In oil
spill related problem, the unit that usually used is centipoise (cP). Total
viscosity of the oil depends on the viscosity of its constituent components.
Crude oil which contain lower molecular weight components will have
lower viscosity compared to crude oil which contain higher molecular
weight components.

• Density. Density of crude oil are vary from 0.78to0.99kg/L at 150
◦ C.

Crude oil, which contains greater amount of lower molecular weight
component has lower density as compared to crude oil that has a greater
amount of higher molecular weight component.

• Pour point. Pour point is a temperature at which oil is unable to flow
when subjected to a slight movement, when it is cooled without dis-
turbance under specified laboratory condition. It can also be defined
as a temperature when an oil become solidify. Oil containing a greater
amount of wax will have a higher pour point.

• Flash point. Flash point is a temperature when the oil start to generate
gas or vapor generated by heating an oil starts to be ignited by a flame.
Oil contains greater number of lower molecular weight compounds will
have lower flash point [Al-Khudhairy, 2006].
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2.2 weathering of oil spill

When oil is spilled into water, it immediately undergoes various chemical,
physical, and biological processes. Those processes are called weathering. The
weathering processes change the chemical and physical properties of the oil.
Thus, it affects the oil spill investigation. The degree of spilled oil weathering
process depends on the original chemical and physical properties of the spilled
oil, environmental condition when the oil spilled, and the properties of the
water. Fig.2.1 shows schematically the weathering process in the water.

Figure 2.1: Weathering process of oil spill in the sea.

2.2.1 Evaporation

Evaporation occurs soon after the oil is released to the water column. Evapora-
tion rate is affected mostly by vapor pressure of the component in the spilled
oil. Usually, lighter components in the spilled oil (compounds with number of
carbon atoms up to 12) or compounds with boiling point lower than 2000C
evaporates within 24 hour period after spilled. Other factors that affect the
evaporation rate are wind speed, thickness of the spilled oil, mousse formation
and water/air temperature. Evaporation affects the oil spill fingerprinting.
Lighter crude oil which contains lighter component will be more difficult
to fingerprint because it may evaporate within a few hours. While, heavy
crude oil, which contains compounds with higher molecular weight, tends to
evaporate slightly, thus will be easier to be fingerprinted [Stout and Wang,
2007].

2.2.2 Dissolution

Dissolution of oil component into water occurs simultaneously with evapo-
ration. Usually the most soluble compounds in the spilled oil are also the
most volatile one. Studies have shown that evaporation dominates the losses
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of spilled oil. Therefore, evaporation effect to oil spill fingerprint is more
significant compare to dissolution [Stout and Wang, 2007].

2.2.3 Emulsification

Crude oil contains surface-active compounds that can make it form a water/oil-
emulsion if the energy at the sea surface is sufficient. Formation of water/oil
emulsion is the only weathering process that makes crude oil persistent on
the water surface. Emulsion can inhibit another weathering processes such as
dissolution, evaporation, photo oxidation and bio degradation of hydrocarbon
[Stout and Wang, 2007].

2.2.4 Bio-degradation

Sea water contains many kinds of microorganisms. When oil is spilled into
water column, some of these microorganisms use oil components as an energy
source. Almost all types of oil components can be degraded by microorganisms.
The easiest oil components to be degraded are the straight chain saturated
hydrocarbons with number of carbon atoms 10 to 22. The most difficult oil
components to be degraded by microorganisms are cycloalkanes, resins, and
asphaltenes. Biodegradation of spilled oil occurs slower than evaporation
or dissolution. It’s effect on an oil spill fingerprinting is also not clear in
the short term after release. Compounds that are biodegraded commonly
are converted into their oxidized states. These compounds can be further
degraded, dissolved, or retained within the oil. Chemical fingerprinting tends
to focus on the compounds that are unable to degrade or are less degradable.
These compounds are called petroleum biomarker and PAH [Stout and Wang,
2007].

2.2.5 Photo-oxidation

Under the influence of sunlight, spilled oil in the water can undergo several
reactions that produce some oxygen-containing compounds such as peroxides,
aldehydes, ketones, sulfoxides, epoxides and fatty acids. These derivative
compounds are usually more soluble as compared to the parent compounds.
Thus, they can be removed from the environment. However, hydrocarbon with
higher molecular weight can form cross-links upon photo-oxidation. Thus,
the derivative compounds become more insoluble as compared to the parent
compounds. The rate of photo-oxidation of crude oil depends on the intensity
of ultraviolet radiation on sunlight [Stout and Wang, 2007].

2.3 oil spill identification using cen-method

The following description of CEN-method was taken from Al-Khudhairy [2006].
CEN-method for oil spill identification is a method issued by European Com-
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mittee for Standardization to identify whether an oil spill is related to the
source or not. This method consists of two parts. The first part (Part 1) is about
sampling techniques and handling of the oil samples prior to their arrival
at a laboratory, which will carry out the analysis. The second part (Part 2)
covers general concepts and laboratory procedures of oil spill investigation
methodology, including analytical techniques, data treatment, data processing
and interpretation/evaluation of the result. Since this thesis focuses on the
data analysis, only the latter part (Part 2) will be briefly discussed in this
section.

The main technique to be used to identify oil spill is to compare the spills
with the suspected sources. The comparison is performed by evaluating the
chromatographic patterns, i.e GC-FID and GC-MS, of the spills and the sources.
A spill sample could be considered as identical to the suspected source if one
of the following requirements is fulfilled.

1. No significance different in GC-FID and GC-MS chromatograms, or

2. any observed differences are from changes introduced when collecting
samples after a spill, e.g because of weathering, contamination, mixing,
etc.

Otherwise, the sample could be concluded as not identical to the suspected
source.

CEN-method for oil spill identification introduces diagnostic ratio to the
basic technique of oil spill identification. Diagnostic ratio is a ratio between the
peak height or peak area of single compound or compound group selected by
their diversity in chemical composition in petroleum and petroleum products
and on their known behavior in weathering processes. The diagnostic ratio
is generated from GC-MS data of selected PAHs and biomarkers compound
that are robust against weathering and the diversity in chemical composition
of oils from different wells and oil types. In order to reduce the variance,
ratios are generated by using the area or peak height of compounds, which
are recorded by the same m/z value and that are within the same reasonable
retention time range.

In the CEN-method, the decision chart for oil spill identification consist of
three level as shown in Fig.2.2. The first level (Level 1) is GC-FID screening
analysis of all spilled samples and suspected samples. Data from this screening
should be used for the following purposes.

1. Characterizing of the oil sample(s) by obtaining the overall boiling
(carbon) range of the oils, i.e. the total distribution of hydrocarbons
including n-alkanes from C10 to C40, if present.

2. Visual inspections of the chromatograms for possible characteristic fea-
tures and a tentative classification to a type of the spilled oil.

3. Establishing selected acyclic iso-prenoid ratios readily determined using
GC-FID.
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Level 1
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Optional: 
Ni/V-determination

Figure 2.2: Decision chart for oil spill identification [Al-Khudhairy, 2002].

If the chromatograms of spilled sample and suspected sources are different
and the differences are possibly from weathering, the next level (Level 2)
should be performed. If the differences are not caused by weathering, the
sample must be eliminated for the next level analysis or concluded as non
match to the suspected sources.

The second level (Level 2) is GC-MS fingerprinting. In this level, the samples
are analyzed using gas chromatography combined with mass spectrometry
in the selected ion monitoring mode (GC-MS-SIM). Data from this level of
analysis should be used for the following purposes.

1. Visual inspection of the ion profiles in the chromatograms for possible
characteristic features, and an oil type classification of the spilled oil.

2. In order to generate diagnostic ratios based on an evaluation of the
presence and ”robustness” of the diagnostic PAHs and biomarkers.

If the pattern of biomarker and PAHs of the spilled samples are different
from the suspected sources, and the differences are possibly due to weathering,
the sample should be performed a weathering check. After weathering check,
if the pattern differences due to weathering, then the sample should continue
to the next level. But if the differences are not due to weathering, the sample
should be concluded as non match.
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Data obtained in this level should be used to generate diagnostic ratios
of selected biomarkers and PAHs. Before integrating the compounds applied
for calculating the diagnostic ratios, a visual inspection of the diagnostic ion
chromatograms should be carried out to eliminate some of the recommended
diagnostic peaks that may not be present in sufficient concentrations. This
step is useful in order to establish robust diagnostic ratios. Also, a visual com-
parison of the ion chromatograms is advised to enable exclusion of obviously
different samples.

The PAHs used for oil spill identification are the dibenzothiophenes and the
phenanthrenes. In addition, the C1-pyrenes/fluoranthenes/benzofluorenes
are included. In total there are ten recommended diagnostic ratios to be used,
that are derived from PAHs. The biomarkers selected for the analysis are ter-
panes, steranes and mono- and tri-aromatic steranes. These biomarkers are
commonly to be used within organic geochemistry and oil spill identification.
These biomarkers are useful because of their specificity, diversity and resis-
tance to biodegradation and weathering. For the purpose of identification of
the oil spill source, at least 19 suites of biomarker’s diagnostic ratio are avail-
able. Another group of biomarker that can be used for identification of oil is
Sesquiterpanes, therefore it may be included as an optional group of biomark-
ers. Sesquiterpanes are a group of bicyclic (C14-C16 polymethyl-substituted
decalins) biomarkers that comprise one of the largest terpenoid classes. In
GC-MS chromatograms these compounds may be examined by their character-
istic fragment ions (m/z123, 179, 193 and 207). There are four recommended
diagnostic ratios that can be used for oil spill identification. Sesquiterpanes
are low boiling compounds, so they are easily evaporate. Therefore, the use of
sesquiterpanes diagnostic ratio for oil spill identification is an optional. Only
valid if the samples are not weathered.

The next level (Level 3) is evaluation of the data. At this level, the results
obtained from level 1 and 2 should be used for the following purposes.

1. Assessing the impact of weathering based on a weathering check of n-
alkane data from level 1 and the semi-quantitative distribution of the PAH
groups from level 2. The weathering checks are performed optionally.

2. Deciding which diagnostic ratio can be used for comparison based on oil
type and analytical variance, and which samples should be reanalyzed
because of heterogeneity.

3. Comparison of diagnostic ratios data using repeatability limit.

4. Visual comparison of generated ion chromatograms to check the results
of the ratio comparison (ground truth all data).

In this method, to estimate an acceptable difference between two samples,
repeatability (r) is applied. Repeatability is a test method to compare indi-
vidual ratios, assuming that the two samples to be compared are originating
from the same source. Repeatability conditions are met when the samples
are analyzed in one series. If the repeatability limit is exceeded, it is beyond
reasonable doubt that this assumption is not valid and that the samples are
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originating from different sources. The protocol/decision chart for diagnostic
ratio evaluation can be seen in Fig.2.2.

The repeatability limit of validation is based on standard normal distribution.
Determining the repeatability standard deviation, Sr, of an analysis method
depends on the quality assurance (QA) system of the laboratory. In general,
it is calculated by analyzing samples relevant for a method at least seven
times in one series when a method is taken into use and if the method has
to be validated. Calculation of the standard deviation or relative standard
deviation (RSD) reveals r. CEN-method for oil spill identification, choose a fixed
repeatability RSD of 5% for Sr . The RSD = 5% limit can be seen as a quality
criterion.

The repeatability limit r95% is calculated by multiplying the fixed RSD (Sr)
with a factor 2.8 as follows.

r95% = 2.8× 5% = 14% (2.1)

This means when the samples are analyzed under repeatability conditions,
each ratio with an Sr of 5% may not differ more than 14%. The critical differ-
ence (CD) is calculated as follows.

CD =
mean× r95%

100
(2.2)

When the value of the critical difference (CD) based on the repeatability limit
for one of the ratios between two samples is higher than the absolute difference
measured, the samples are accepted as a positive match.

The results from all analytical levels should be specified either as a Positive
Match, Probable Match, Inconclusive or Non-Match. A Positive Match means
the spill and the source samples are identical beyond reasonable doubt. Both
GC-MS and GC-FID chromatograms show no differences or the differences are
caused by weathering. The diagnostic ratio evaluation also show that the dif-
ferences are below repeatability limit. A Non-Match means a condition when
the chromatograms of the spilled and the source samples are different and
the differences can not be explained by weathering and the several diagnostic
ratios are outside the repeatability limit. If only very small differences are
observed, or if only just one pair of ratios is outside the repeatability limit, a
Probable Match can be concluded for the samples. If the total amount of oil
in the samples are very low, and analytical variance of the diagnostic peaks
is high, the differences of diagnostic ratios may be higher than repeatability
limit. This would imply the elimination of so many diagnostic ratios from
further comparison so that it can be concluded as Inconclusive [Al-Khudhairy,
2002].

2.4 multivariate analysis of oil spill identification

2.4.1 General

Multivariate analysis has been used for hydrocarbon fingerprinting since the
beginning of 1980s, but the application of oil hydrocarbon fingerprinting in
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environmental forensic is relatively recent, i.e in the middle of 1995s. Common
methods to be used for this oil hydrocarbon fingerprinting are PCA and factor
analysis such as performed by Aboul Kassim in 1995 and Simoneit in 1995,
Burns et al in 1997, Lavine et al in 2001, Stout et al 2001 etc [Christensen
and Tomasi, 2007]. Other method such as cluster analysis is also known to
be used such as performed by Sun et al. [2009] and partial least square (PLS)
as performed by Mudge [2002]. Four steps of multivariate analysis for oil
spill identification includes chemical analysis, data pre-processing, numerical
analysis and statistical test [Christensen and Tomasi, 2007]. Flow chart of the
method is presented in Fig.2.3.

In this master thesis, sample preparation and chemical analysis step was
excluded. Therefore, the description is solely for the other 3 subsequently
steps. Since the analyses performed in this work were utilized DR, the second
step, i.e. data pre-processing, the description focuses on the selection of DR.

(IV) Data evaluation

(III) Multivariate statistical data analysis

(II) Data preprocessing

(I) Sample preparation and chemical analysis

Figure 2.3: Flowchart of Multivariate Method for Oil Spill Fingerprinting. Adopted
from [Christensen and Tomasi, 2007].

2.4.2 Pre-processing of Diagnostic Ratio Data

Diagnostic ratio (DR) is a ratio between the peak height or peak area of single
compounds or group of compounds selected for their diversity in the chemical
composition in petroleum and petroleum product and their reported response
to weathering processes [Hansen et al., 2007]. DR has been widely used in
geochemistry for oil correlation, determination of organic input and precursor,
depositional environment, assessment of thermal maturity, and evaluation
of in-reservoir oil biodegradation [Wang et al., 2007]. The application of
diagnostic ratios in oil spill fingerprinting was based on this geochemistry
literature. The benefit of using diagnostic ratio for oil spill finger printing are
[Wang et al., 2007]:

1. Diagnostic ratios can minimize concentration effect.

2. Diagnostic ratios have self normalized effect so that it can reduced any
variations due to instrumental operating condition.
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Collect a variety of quantitative chemical 
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Inspect chromatogram and data with 
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features of the spilled oils
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Eliminate from numerical 
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PCA) to determine ”positive” correlations 
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data
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Values
(<~5%)
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(<~5%)

Evaluate
weathering/

heterogeneity
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analytical 
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Flowchart for evaluation of DR for oil spill investigation

Figure 2.4: Flowchart for evaluation of diagnostic ratio of oil spill fingerprinting [Stout
et al., 2001].

Nevertheless, not all diagnostic ratios can be used for the analysis. Only
source ratios or ratios of compounds that are robust to weathering processes
can be used for oil spill fingerprinting. Selection of appropriate ratios should
be based on oil type, weathering condition and the distribution of target
compounds [Yang et al., 2008]. Diagnostic ratios selection is also important
in order to keep uncertainties to a minimum level, such that the result will
be more reliable. Otherwise, improper ratio selection will result an incorrect
correlation result [Yang et al., 2008].

There are many methods to select the diagnostic ratios to be used for the
analysis in order to generate reliable result. Christensen and Tomasi [2007]
used diagnostic power (DP) to select diagnostic ratio. DP is defined as the
relative standard deviation of a diagnostic ratio in oils with different origin
(RSDV ) divided by relative standard deviation of a diagnostic ratio of samples
(RSDA). CEN methodology select diagnostic ratio using signal to noise (S/N)
test. This method only uses peaks with S/N > 3 to 5 for comparing diagnostic
ratio [Al-Khudhairy, 2006]. In this thesis, method suggested by Stout et al.
[2001] which excluded ratios with relative standard deviation of triplicate
sample (RSDA) larger than 5% is adopted (See Fig.2.4).
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2.4.3 Principal Component Analysis

PCA is an appropriate tool when we have a number of observed correlated
variables and would like to develop a smaller number of latent variables (which
are called principal components) that represent most of the variance in the
observed variables. The principal components may then be used as criterion
variables in subsequent analyses. For our purpose of oil spill fingerprinting,
the variables thrown into PCA should be the diagnostic ratios. All oil spill
samples, including the ones used as (candidate) references, are treated as
the data set. The first and second principal components (or more) may be
used as criterion variables. If we observe score plotting of these first two
criterion variables, the clue to classify the oil spill sample may be obtained.
Any samples clustering together with reference sample, shown in score plot,
could be categorized as ”match”, while the ones away from reference samples
(outliers) could be considered as "non match".

Mathematically, PCA is defined as an orthogonal linear transformation that
transforms the data to a new coordinate system such that the greatest variance
by any projection of the data comes to lie on the first axis (called the first
principal component), the second greatest variance on the second axis, and
so on [Jolliffe, 2002]. Technically, a principal component can be defined as a
linear combination of optimally-weighted observed variables.

The PCA model can be written as

X = TPT + E (2.3)

where X, T, P, and E are the data matrix, the scores matrix, the transposed
loadings matrix, and the residual matrix, respectively.

The size of data matrix X is N×K. The N represents the number of object
included in the analysis. For our case the object is the oil sample. While
K represents the number of variable involved in the analysis. For our case,
the variables are biomarkers and PAH. The data matrix X itself contains the
diagnostic ratios.

The matrix operation in Eq.(2.3) can be well illustrated by the following
diagram.
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Figure 2.5: Illustration of PCA model.

The loading matrix contains the weights needed to define the direction of
the latent variable axis in the original space. The loading weights pj are the
coefficients in the linear combination of the original variables:

ti = p1x1 + p2x2 + . . .+ pKxK (2.4)

where ti is the score for object i for one principal component, pj is the loading
associated with variable xj, and M is the number of original variables. It is
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noted that the scores are the coordinates of the object along the new latent
variables.

2.4.4 Hierarchical Cluster Analysis

The term of cluster analysis refers to a a class of technique which has an
objective to divide a set of samples or object into several groups or cluster.
The main criteria of this divisions is that the clusters are homogeneous and
samples in the same group are more similar to each other compare to samples
in the other groups [Bratchell, 1992].

Hierarchical cluster analysis is one of the most popular clustering tech-
nique and widely used because of its simplicity, rapid to compute and gives
straightforward and intuitive interpretaion. In this technique, objects which
are most similar are merged into larger cluster [Bratchell, 1992]. This technique
has been used in several studies for oil spill investigation. Sun et al. [2009]
used cluster analysis for fingerprinting of oil spill in China Bohai sea using
GC-FID and GC-MS data. Shigenaka and Jr. [1996] also used cluster analysis to
asses bioavaibilty of PAH in several location three years after Exxon Valdez
oil spill. This method meets the criterion for oil spill forensic that are fast,
comprehensive, and unsupervised [Christensen and Tomasi, 2007].

Hierarchical cluster analysis are based on the measurement of distance or
similarity between objects. Similarity between objects is satisfied by consider-
ing the spatial distances between points: objects with similar measurements are
located close each other. Distance is governed by three conditions [Bratchell,
1992].

(i) Dij > 0; Dij = 0 if xi = xj

(ii) Dij = Dji

(iii) Dsia +Dja > Dij

(2.5)

where Dij denotes the distance between to objects i and j. Condition (i) and
(ii) confirm that the measure is positive and symmetric. Symmetry means
the distance from point i to point j is equal. Condition (iii) is called the
metric inequality and distinguishes between metric distance and non-metric
dissimilarities. This condition confirm that the direct distance between two
points is less than or equal to that measure via a third point [Bratchell, 1992].

Measurement of a distance is based on several types of variable, i.e. categor-
ical and continuous variable. Categorical variable is a variable that the values
function as label rather than as number. This variable includes binary variable
and ordinal variable [Sherrod, 2003]. Binary variable is variable which denote
division into two categories. Usually the values of this variables are 0 and 1.
The simplest similarity measurement of categorical variable is using matching
coefficient in which for kth variable is given by [Bratchell, 1992].

sijk = 1 if xik = xjk

sijk = 0 if xik 6= xjk
(2.6)
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Another matching coefficient proposed by Jaccard, so called Jaccard coeffi-
cient, was given by [Bratchell, 1992].

sijk = 1 if xik = xjk = 1

ignored if xik = xjk = 0

sijk = 0 if xik 6= xjk

(2.7)

Ordinal variable is categorical variable in which the category has logical
order. The most appropriate distances for this variable are Manhattan or city-
block distance. For k−th variable, the city-block distance is given by [Bratchell,
1992].

dijk = |xik − xjk| (2.8)

and the similarity measure is

sijk = 1− dijk (2.9)

Continuous variable is a variable which has numeric value (for chromatog-
raphy peas, boiling point etc) [Sherrod, 2003]. For this variable, euclidean
distance is the best known and the most appropriate distance [Bratchell, 1992].
The distance is given by

d2
ij = (xi − xj)(xi − xj)

′ (2.10)

Instead of measuring distance or similarity between objects, hierarchical
cluster analysis also considers the measurement of inter-cluster distance or
distance between clusters. There are several types of inter-cluster distance. This
thesis focuses on the three most common distances, i.e. the nearest neighbor
distance, the average link distance, and the furthest neighbor distance.

The nearest neighbor, also called single linkage, uses the smallest distance
between objects in two clusters [Bratchell, 1992].

d(r, s) = min(dist(xri, xsj)),i ∈ (i, ...,nr) (2.11)

The average linkage measures the distance between cluster centroids [Bratchell,
1992].

d(r, s) = ||x̄r − x̄s||2 (2.12)

where

x̄r =
1

nr

nr∑
i=1

xri

While the furthest neighbor, also called complete linkage, measures the
largest distance between clusters [Bratchell, 1992].

d(r, s) = max(dist(xri − xsj)), i ∈ (i, ...,nr), j ∈ (i, ...,ns) (2.13)

The results of hierarchical cluster analysis is shown graphically by a dendro-
gram. Dendrogram is a tree-like structure which shows the series of merges
between objects and clusters and the similarities at which they occur. Typical
dendrogram is shown in Fig.2.6.
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Figure 2.6: Example of a dendrogram.

2.4.5 Partial Least Square - Discriminant Analysis (PLS-DA)

PLS-DA is a supervised classification method based on PLS algorithm. As in any
supervised classification method, the class information is stored in Y matrix.
Here we have two datasets stored in X and Y matrix. X contain independent
variables and information will be dependent to Y. This matrices are related
through regression relationship. Process to find this relationship is called
calibration step. This process is often called training step or learning step.The
model gives reliable results and reliable predictive ability, if it has a low Root
Mean Square Error of Prediction (RMSEP). RMSEP is a direct measurement
of prediction error in Y. Once a model found by calibration step, it can be
applied to new data. This is called as prediction step. In this step, the new
X-data are projected onto principal or PLS components. Y was estimated using
these projected scores and loading matrices. During prediction, uncertainty
limit can be calculated from validation variances, the residual variances, and
the leverage of X-data in the prediction objects. This uncertainty limit called
deviation. Smaller deviation interval means the prediction sample is very
similar to the training sample. The larger deviation interval means the new
sample is more different from the training sample [Esbensen et al., 1994].

In oil spill case, once a model has been developed based on data (information
about the references or source or suspect), it can be used to predict new data
we want to know whether it is match to the references or not. Moreover, Barker
and Rayens [2003] suggest that PLS, and not PCA, to be used for dimension
reduction in connection with discrimination purposes when a training set is
available.

PLS-DA gives qualify model, if all procedure is applied properly. Therefore,
the data sets should be divided into training set, validation set and test set. The
number of samples needed to accurately describe such classification problem
increases exponentially with the number of variables measured [Westerhuis
et al., 2008]. This will be a problem when the number of sample is small such
that separation into training set, validation set and test set is not possible. In
order to overcome this problem, cross validation is often used. In the cross
validation, one or more samples are temporary taken out from the data set.
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The rest of samples can be used in calibration step to predict error. This
process is repeated until all samples in the data set is taken out. The cross
validation makes better use of the data when separation into the three sets is
not possible.

2.4.6 Data Evaluation

The fourth step of multivariate analysis for oil spill investigation is data
evaluation. Several methods have been used to evaluate the output from
multivariate analyses and to classify whether an oil spill is match or not to
the suspected source.

In PCA, the most straightforward and intuitive method for data evaluation
is through visual inspection of score and loading plots [Christensen and
Tomasi, 2007]. A cluster can be distinguished based on their size, shape, or
curved arrangement of the objects. More often, this classification is difficult
because the objects form several clusters, which have different shapes and
densities [Bratchell, 1992]. Therefore, the objectivity of matching process of
spill and source oil samples can be improved by numerical comparisons and
statistical tests. Christensen and Tomasi [2007] summarized several methods
performed in many studies. Other numerical comparison using student’s-t is
also recommended by [Faksness et al., 2002]. These comparisons and statistical
tests need replicated data such as score value or diagnostic ratios.





3
F U L L C I T Y A N D S E RV E R O I L S P I L L C A S E S T U D I E S :
S A M P L E D E S C R I P T I O N

3.1 coverage

This chapter is intended to present the available and utilized data for this
thesis, which was taken from two oil spill case studies, i.e. ”MV Full City”
and ”MS Server”. In fact, these cases were thoroughly investigated by SINTEF
and related summary of the result is described here. Later on in Chapter
4-7, the univariate and multivariate analyzes upon both oil spill cases are
presented and in Chapter 8 comparison between the SINTEF’s result and the
author’s result is given. The SINTEF’s result is the one which is presented
in this chapter. This chapter also elaborates additional information, which is
not covered by SINTEF’s reports (i.e. Faksness et al. [2010] and Almås et al.
[2007]), such as spacial consideration among the samples and relative distance
between the suspected spill and the spill source (shipwreck location).

3.2 full city

MV Full City is a Panama flagged bulk cargo carrier. Her length is 167 meters.
Because of bad weather, MV Full City grounded at 31st of July 2009 at 00:23

local time, close to the town of Langesund in Telemark, Norway. See Fig.3.1.
At the time of grounded, MV Full City hauled approximately 1000 tons of
heavy bunker oil (IFO 180) and 120 tons of marine diesel oil on board. Water
penetrated into all cargo holds except cargo hold number #1 and all double-
bottom tanks. The fore- and after-peak were not penetrated. Oil residues were
observed in all cargo holds and in the engine room [Kystverket, 2009b].

Figure 3.1: MV Full City oil spill accident [Kystverket, 2009b].

The oil spill was present and observed from Larvik to Grimstad. It was
also found oil lumps in several places down to Mandal. The oil lumps were
suspected from MV Full City accident [Kystverket, 2009a]. For identification,
SINTEF has received 58 samples under the auspices of the Norwegian Coastal

21
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Administration (Kystverket). The samples were taken at the accident location
and further south along the coast from the areas around Oddane to Mandal.
In addition, SINTEF has also received 67 samples from Bamble Sheriff Office
(both regional samples and reference oils from damaged ship), see Faksness
et al. [2010]. Overview of the sample description is shown in Table 3.1.

Table 3.1: Sample description for oil spill fingerprinting of Full City accident [Faksness
et al., 2010].

SINTEF ID Location Date Description

2009-0472 Oddane, Vestfold 31-Jul sand/stones contaminated with oil

2009-0473 Oddane, Vestfold 31-Jul sand/stone not visible contamina-
tion

2009-0474 Oddane, Vestfold 31-Jul thick oil washed up on beach

2009-0482 Krogshavn 2-Aug teflon

2009-0483 Krogshavn 2-Aug heavy oil and teflonpad

2009-0484 Krogshavn 2-Aug litle oil sample with bark, etc

2009-0485 Krogshavn 31-Jul 20 liter with smooth, fine emulsion
pumped up in Krogshavn

2009-0486 Landoy, Mandal 3-Aug oil with traces of free water

2009-0487 Hanestangen,
Kristiansand

water with black particles (pliers?),
no oil smell (received 7 August)

2009-0489 Barge by unload-
ing

6-Aug sample 21, taken by E. Lydersen,
saksnr. 108-27053

2009-0490 Såstein 7-Aug sample 23, made by E. Lydersen,
saksnr. 108-27053

2009-0491 Nevlunghavn,
Ødegårdsfjord

6-Aug 1-15 mm thick, taken in Steinvik in
Ødegårdsfjord, Nevlunghavn

2009-0492 Krogshavn 7-Aug scraped off from the steep, solid
rock, sample from deep pools in the
mountains (5-10mm thicknesses)

2009-0493 Langesund Bad 7-Aug langesund bad, 1 mm, Krogshavn.

2009-0494 Nevlunghavn,
Ødegårdsfjord

6-Aug emulsion foam absorbent booms to
.....

2009-0495 Mølen 6-Aug thick emulsion.

2009-0499 Hassletangen
Grimstad

2-Aug ruakerkilen outside the entrance,
viscous coating spring stones.

2009-0500 Fie, Risør 1-Aug petroleum lumps (about 5 mL)

2009-0501 Arendal komm. 7-Aug oil with soil and sand

2009-0518 Barge 1 8-Aug car no. 2

2009-0521 Barge 1 8-Aug car no. 29

2009-0522 Barge 2 8-Aug car no. 2

2009-0525 Barge 2 8-Aug car no. 18

2009-0579 Såstein 6-Aug oil from bay within havarist

Continued on Next Page. . .
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SINTEF ID Location Date Description

2009-0602 Cargo no 2 1-Aug sample no 1 (oil from ”FullCity”)

2009-0603 Cargo no 3 1-Aug sample no 2 (oil from "FullCity")

2009-0604 Cargo no 4 1-Aug sample no 3 (oil from "FullCity")

2009-0605 Cargo no 5 1-Aug sample no 4 (oil from "FullCity")

2009-0606 Machine room 1-Aug sample no 5 (oil from "FullCity")

2009-0609 Vysotsk, Daman-
skiy

17-Jul IF180 (sealing No. 9487431)

2009-0614 Skagen Roads 30-Jul LS180 (sealing No. 0027014)

2009-0616 Skagen Roads 30-Jul HS180 (sealing No. 0027074)

2009-0622 Lyngholm, Lille-
sand

19-Aug

2009-0624 Napa, Vestfold 25-Aug taken in trawl at 160 m depth

2009-0630 Barge 3 26-Aug sample 3209-5

2009-0634 Barge 3 26-Aug sample 3209-28

2009-0736 Krogshavn 19-Oct petroleum lumps from HC Ramp

2009-0737 Krogshavn 19-Oct mud from the sandy beach

2004-0355 Sample taken from ”Rockness”

2004-0626 Sample taken from Åskoy in connection with "Rockness" accident

The references to be used for the analysis should be the oil samples from the
wrecked ship and probably also the samples from the location of accident as
soon as possible after the accident happened. It means for this case, all samples
from MV Full City tanks must be treated as reference samples. Another
possibility for the reference sample is the oil sample obtained from the ship
(and/or skimmer) that was used for collecting the oil spill.

However, referring to SINTEF report for ”MV Full City” oil spill, samples
from Oddane (2009-0472), Såstein (2009-0579) and Krogshavn (2009-0485) are
chosen as reference. Those samples are clearly from the surrounding area
where the accident took place. The reason of the selection is because there
were relatively large mark-up of oil in the area soon after the accident. While,
samples from the tanks of MV Full City itself (SINTEF ID: 2009-0602, 2009-
0603, 2009-0604, 2009-0605, and 2009-0606) were not selected as the reference.
This is surprising for some extent. Why were the samples from the tanks of
the wrecked ship disregard as reference? The author guesses that probably
the sample from the MV Full City’s tanks were in the intact condition, which
means no weathering and no contamination at all affected the samples. It
could be difficult to have the spill samples match with, especially for the ones
which heavily weatherized and severely contaminated. Therefore, the samples,
which more and less experienced weathering process but hundred percents
sure that the samples were indeed from the Full City spill, were preferable
to be selected as reference. By doing this, it was expected that the other spill
samples do not differ very much with the reference.
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The map of the samples location is shown in Fig.3.2. The map in Fig.3.2 was
developed with the help of kart.finn.no based on tabulated data in Table 3.1.
It shows sample locations along the east coast of Norway, stretched out from
Larvik to Mandal. It is merely approximate locations in order to give overview
about the relative distance between the sample and the accident location. The
relative distance is tabulated in Table 3.2.

Figure 3.2: Approximate sample locations of Full City accident along the east coast of
Norway, stretched out from Larvik on the North to Mandal on the South.

Table 3.2: Relative distance of the sample locations to the Full City shipwreck accident.

Locations SINTEF ID Dist.(km)

Cargo no 2 2009-0602 na

Cargo no 3 2009-0603 na

Cargo no 4 2009-0604 na

Cargo no 5 2009-0605 na

Machine room 2009-0606 na

Såstein 2009-0490 na

Krogshavn 2009-0482, 2009-0483, 2009-0484,
2009-0485, 2009-0492, 2009-0736,
2009-0737

3.3

Langesund Bad 2009-0493 3.7

Mølen 2009-0495 6

Oddane 2009-0472, 2009-0473, 2009-0474 7.7

Napa, Vestfold 2009-0624 9.5

Nevlunghavn, Ødegårdsfjord 2009-0491, 2009-0494 9.8

Fie, Risør 2009-0500 40

Continued on Next Page. . .

http://kart.finn.no
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Locations SINTEF ID Dist.(km)

Arendal kommune 2009-0501 75

Hassletangen, Grimstad 2009-0499 100

Lyngholm, Lillesand 2009-0622 115

Hanestangen, Kristiansand 2009-0487 145

Landoy, Mandal 2009-0486 190

Vysotsk, Damanskiy 2009-0609 na

Skagen Roads 2009-0614, 2009-0616 na

Barge 1 2009-0518, 2009-0521 na

Barge 2 2009-0522, 2009-0525 na

Barge 3 2009-0630, 2009-0634 na

The map in Fig.3.3 is a zoomed version map of the sample locations around
the vicinity of the MV Full City shipwreck accident as shown as red dashed-
line in Fig.3.2. The red dots represent coastlines where there is a registered
mark of oil. The map was reproduced based on the one given in SeilMagasinet
[2009] and then the sample data was added into it.

Figure 3.3: Sample locations of MV Full City accident in the close vicinity of the
shipwreck scene.

Data received by the author were GC-FID chromatogram of the samples, the
peak response of bio-marker and PAH compounds for each of the samples,
and DRs generated from GC-MS response. The data was produced by SINTEF
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and the result of the corresponding fingerprinting was reported in Faksness
et al. [2010].

3.3 server

The Cyprus-registered cargo ship MS Server went on the ground next to
Hellesøy lighthouse, just south of Fedje in Hordaland, at 18.30, Friday, 12

January 2007. The ship is owned by Cypriot Avena Shipping. It was southwest
stiff wind (15− 16 m/s) in the area when the grounding occurred, and wave
height was about seven meters. It was announced that the ship was broken
into two, see Fig.3.4. MS Server had 585 tons of heavy fuel oil and 72 tonnes
of diesel on board when it grounded. The ship broke into two on the place
of the largest oil tank was located. This tank contained 290 cubic heavy oil. It
was likely that all of the contents have leaked out.

Figure 3.4: MS Server oil spill accident [Kystverket, 2007a,b,c,d]. She broke into two.
The upper figures show the forepart of the ship, while the lower figures
show the afterpart which sunk completely near Hellesøy lighthouse.

The influence area estimated were around 134 km far [Kystverket, 2007e].
Almås et al. [2007] developed a statistical map showing the probability of
contamination due to MS Server oil spill accident. The map probably could be
used as guidance on taking the samples. For oil spill fingerprinting purpose,
SINTEF received 45 samples taken from the wreck of MS Server and the areas
along the coast around Bergen and north of Gryllefjord of Troms. The samples
were taken in the period of 13 January to 16 July. The samples consist of oil
samples and birds feathers polluted by oil. SINTEF ID, sampling date and the
description of the sample can be seen in Table 3.3.
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1 Innledning  
Etter at det kypriotiske lasteskipet MS ”Server” grunnstøtte fredag 12. januar, 2007, ved Fedje i 
Hordaland, har SINTEF mottatt 45 prøver for oljesølidentifikasjon. Prøvene var tatt fra og ved 
forliset av MS ”Server”, videre langs kysten fra områdene rundt Bergen og nordover til 
Gryllefjord i Troms, samt en del fugleprøver. De første prøvene ble tatt 13.januar, mens de siste 
ble tatt 16.juli. 
 
SINTEF har simulert sannsynligheten for spreding av oljen fra MS ”Server” (Figur 1.1) i 25 
dager etter utslippet. Prøvetakningssted for en del av oljeprøvene for identifikasjon er også lagt 
inn i figuren. Kartet viser sannsynligheten for ankomst av olje (IF180) på overflaten etter havariet 
av MS ”Server” utenfor Fedje. Simuleringene antyder at det er liten sannsynlighet for påslag av 
olje nord for Molde og sør for Kollsnes.  
 

 
 
Figur 1.1 Sannsynlighet for ankomst av olje (IF180) på overflaten, når nedblanding og 

stranding er tatt i betraktning. Utslipp over 12 timer sør for Fedje fra 11. til 
15.januar, 2007. Oljetransport simulert over 25 dager, basert på 4 km strøm og 
vind i feltene beregnet av met.no for perioden 8.januar til 11.februar, 2007. 

    Prøvetak.pkt 
X  Utslippspkt. 

Figure 3.5: Probability of contamination due to MS Server oil spill accident [Almås
et al., 2007].

Table 3.3: Sample description for oil spill fingerprinting of MS Server accident [Almås
et al., 2007].

SINTEF ID Date Description/Location

2007-0010 14.01 Emulsion, taken up by the sea of KV Ålesund
2007-0011 14.01 Emulsion, taken up by the sea of KV Ålesund
2007-0012 13.01 Emulsion, from skimmer head to KV Eigun on

deck
2007-0014 14.01 PadSample from sheet/rainbow Oil film outside

the lihgthouse at Fedje
2007-0015 14.01 Emulsion scraped off the rocks at Innarøyene
2007-0016 14.01 Emulsion from scrapped the rock. Only patchvis

Oil in the area around the scrapped
2007-0017 13.01 Emulsion from ”TV-bukta” by the lighthouse on

Fedje. Sample from Sturla Dyregrov
2007-0018 14.01 Sample included Teflon pad, Herdla Vest

Continued on Next Page. . .
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SINTEF ID Date Description/Location

2007-0019 14.01 Kelp from rullestein strand, Herdla vest
2007-0020 14.01 Emulsion, from east of Sauøy (farm Øygarden)
2007-0021 14.01 Oil/Emulsion from lense, Gudbrandsøy
2007-0022 * Oil from shipwreck - "Server": Sample from Tank

2

2007-0023 * Oil from shipwreck - "Server": Sample from Tank
3

2007-0024 * Oil from shipwreck - ”Server": Sample from Tank
4

2007-0025 18.01 Oil sample from sandy beach, Selje kommune
2007-0026 18.01 Oil sample (nr. 1), v/Kanneasteinen-Oppedal,

Vågsøy kommune
2007-0027 18.01 Oil sample (nr. 2), Vågsøy kommune
2007-0028 16.01 Oil sample (nr. 1), Rognaldsvåg Havn,

Fyllingskaien, Flora kommune
2007-0029 18.01 Oil sample (nr. 2), Båsund/Skorpa, Flora kom-

mune
2007-0030 19.01 Oil sample (nr. 3), Båsund/Skorpa, Flora kom-

mune
2007-0033 17.01 Oil sample collected at KV ”Eigun”
2007-0042 29.01 Oil sample, Osnessanden, Ulstein Kommune
2007-0055 23.01 Oil sample from pool, Fedje kommune
2007-0056 22.01 Oil sample (nr. 1), v/Gullbransøyna, Post 4

2007-0057 15.01 Oil sample, Radøy, Syltavågen
2007-0058 19.01 Oil sample, Radøy /Marøy/Leitevågen
2007-0059 31.01 Oil sample (nr. 4) MS Server, Gulen
2007-0060 31.01 Oil sample ( nr. 13) MS Server , Gulen
2007-0061 31.01 Oil sample (nr. 18) MS Server, Gulen
2007-0062 28.01 Oil on birds (gulls)Onøy, Lurøy
2007-0063 2.02 Oil sample, Kvamsøy, Sande Kommune,
2007-0064 31.01 Oil sample, Stongholmsvikjo, Bømle kommune
2007-0065 31.01 Oil klatt, Ivasanden, Ulstein
2007-0066 31.01 Bird feathers from gannets (nr. 3), Ivasanden,

Ulstein
2007-0067 31.01 Bird feathers from guillemot/razorbills (nr. 4),

Ivasanden, Ulstein
2007-0068 31.01 Bird feathers from dead eiders (nr. 5), Osnes-

sanden, Ulstein
Continued on Next Page. . .
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SINTEF ID Date Description/Location

2007-0069 19.01 Sample from bucket of contaminated seawater,
Hamsundpollen, Hamarøy kommune.

2007-0070 30.01 Bird feathers from wounded seagull (skårunge),
Træna

2007-0084 31.01 Oil sample from kelp and grass, Okstadvika,
Herøy

2007-0105 * Oil sample from Eide, 9380 Gryllefjord
2007-0118 8.03 Oil sample (nr. 27 eller 22), Austrheim
2007-0119 8.03 Oil sample (nr. 27 eller 22), Austrheim
2007-0282 25.04 Oil sample, Vetvika, Bremanger kommune, Nord-

fjord
2007-0394 16.07 Oil sample (nr. 1), Fyrsundet position 2, Fedje
2007-0395 16.07 Oil sample (nr. 2), Fyrsundet position 2, Fedje

Again, the references to be used for the analysis should be the oil samples
from the wrecked ship and probably also the samples around the area of
accident as soon as possible after the accident happened. It means for this case,
all samples from MS Server tanks must be treated as reference samples. The
samples taken at Fedje at the day after accident should be treated as reference
sample as well. Another possibility for the reference sample is the oil sample
obtained from the ship (and/or skimmer) that was used for collecting the oil
spill. Thus, it should be at least 8 reference samples, i.e oil from tank 2, tank 3,
tank 4, and other tanks of MS Server (if exist, but no information is available
for this), emulsion samples taken by KV Ålesund and KV Eigun and emulsion
from TV-bukta near the lighthouse at Fedje.

SINTEF report for MS Server oil spill case uses only 4 oil samples as
references, i.e sample from tank 3 and tank 4 of MS Server, sample taken
by KV Eigun and sample from TV bukta near the lighthouse at Fedje. It is
interesting to put forward a question why was tank 2 not being considered
as reference. The reason was not mentioned. Sample from other tanks, for
example tank 1 was not considered. Logically, if there is tank number 2, 3, and
4, there should be tank number 1. Or probably there is also tank number 5,
6, etc. However, there is no information about tank number 1 in the report,
as well as other tanks. There was sample taken from KV Ålesund. It was not
considered as reference sample. No reason is mentioned in the report. If KV
Ålesund was involved during the oil spill cleaning operation, any sample
taken should be considered as reference sample.

Because of the lack of information and description of the sample and the
condition of the ship, e.g. the condition of the ship when it wrecked, how
many tanks the ship has, how many tanks that broken such that the oil spilled
out due to the accident, the placement of the oil spill in the collecting ships;
therefore the author decided to use the same reference samples as used in
SINTEF report.
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The map of the samples location is shown in Fig.3.6 and 3.7. The maps
were developed with the help of kart.finn.no based on tabulated data in
Table 3.3. It shows sample locations along the west coast of Norway. It is
merely approximate locations in order to give overview about the relative
distance between the sample and the accident location. The relative distance
is tabulated in Table 3.4.

Figure 3.6: Approximate sample locations of the MS Server oil spill accident 1.

The author also received data of GC-FID chromatogram of the samples, the
peak response of bio-marker and PAH compounds for each of the samples,
and DRs generated from GC-MS response. The data was produced by SINTEF

http://twitter.com/home
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Table 3.4: Relative distance of the sample locations to MS Server accident.

Location SINTEF ID Dist.(km)

Fedje 2007-0017, 2007-0394, 2007-0395 0

Innarøyene 2007-0015 8

Austrheim 2007-0118, 2007-0119 9

Radøy 2007-0057, 2007-0058 13

Sauøy 2007-0020 20

Herdla 2007-0018, 2007-0019 23

Flora 2007-0028, 2007-0029, 2007-0030 95

Vetvika 2007-0282 125

Gulen 2007-0059, 2007-0060, 2007-0061 125

Vågsøy 2007-0026, 2007-0027 145

Selje 2007-0025 165

Herøy 2007-0063 180

Sande 2007-0084 200

Ulstein 2007-0042, 2007-0065, 2007-0066,
2007-0067, 2007-0068.

205

Figure 3.7: Approximate sample locations of the MS Server oil spill accident 2.
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and the result of the corresponding fingerprinting was reported in Almås et al.
[2007].



4
C E N U N I VA R I AT E M E T H O D A P P L I E D T O F U L L C I T Y
A N D S E RV E R O I L S P I L L

4.1 coverage

Before addressing the multivariate problem, it is necessary to have complete
understanding of the presently available univariate CEN-method. Therefore,
this chapter focuses on the application of CEN-method (CEN/TR 15522-2) on
the identification of sources for illegal oil spills. The method is implemented
to the case of MS Server and MV Full City oil spills at Norwegian waters in
2007 and 2009 respectively.

As the basis for the investigation, SINTEF reports for both oil spill cases
were made available as well as its supporting data. The main data needed
for Level 1 (GC-FID) screening is the GC-FID chromatogram, which available in
form of figures in pdf file. No digital data available. Therefore, effort has been
given to digitize all GC-FID chromatogram of the samples by mean of graph
digitizing software, windig25. Afterward, Level 1 screening by overlaying the
chromatogram of the spill sample on top of the reference sample could be
easily performed in Matlab. Hopefully any difference of chromatograms and
n-alkanes distribution can be observed. If there is exist any difference, con-
sideration should be made whether the differences are caused by weathering
process or other reasons.

Primary weathering process after oil spill accident is evaporation. Thus, for
oil spill investigation, spill samples could be stated weathered or not by seeing
are they evaporated or not. A spill sample can be said evaporated if it fulfills
two conditions as follows.

1. Concentration of low-boiling compounds is lower in the spill sample
than in the sample taken from a suspected source.

2. In the case of compounds with otherwise similar weathering characteris-
tics, the decrease in concentration is always more pronounced in those
compounds with lower boiling points.

The main data needed for Level 2 (GC-MS) analysis is the response of
biomarkers and PAHs. Most of the responses were available in excel file (*.xls)
format. Thereafter, the author calculated the diagnostic ratios as suggested
by CEN. It has been found some discrepancies in the calculation as compared
to the ones calculated in the excel file provided by SINTEF. The reason is
explained later in the discussion section. There was no responses of the
biomarkers and PAHs for reference sample at Såstein (MV Full City case).
Therefore, the author employed directly its diagnostic ratios, which available
from the SINTEF report.

33
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The second and third part of this chapter present the case study of MS
Server and MV Full City oil spill respectively. Visual inspection of GC-FID,
GC-MS fingerprinting and evaluation of diagnostic ratio, and the discussion of
the results, as well as the comparison with the SINTEF reports are presented
in the consecutive sub-sections.

4.2 server

4.2.1 Visual Inspection of Gas Chromatography and Flame Ionization Detection
(GC-FID)

The first level (Level 1) for oil spill investigation using CEN-method is GC-FID
screening analysis. The GC-FID chromatograms data of spill samples are com-
pared with the GC-FID chromatograms of the source samples by overlaying
both chromatograms. In this case, samples with SINTEF ID 2007-0017,2007-
0023,2007-0024,2007-0033 are used as references. This samples then will be
overlayed with another spill samples to see whether they are different or not.
Typical overlaying of the GC-FID chromatograms between the spill and refer-
ence samples is presented in Fig.4.1. The figure shows that there is shifting
of retention time between the spill and reference taken from Fedje (SINTEF
ID 2007-0017), tank 4 (SINTEF ID 2007-0024) and "KV Eigun" (SINTEF ID
2007-0033), which indicates that there is re-distribution of chemical composi-
tion. While overlaying with sample from tank 3 (SINTEF ID 2007-0023) shows
no shifting. However, the spill sample tends to have higher concentration as
compared to the reference sample. This is somehow interesting and need to
be explained more.

The overlaying of the GC-FID chromatograms for all sample is presented in
Appendix B and the conclusion is drawn in Table 4.1.

Table 4.1: Summary of result of overlaid GC-FID Chromatogram of "Server" oil spill
samples.

ID Ref 1* Ref 2* Ref 3 Ref 4

2007-0010 similar similar similar similar

2007-0011 similar similar similar similar

2007-0012 similar similar similar similar

2007-0014 diferent different different different

2007-0015 similar similar similar similar

2007-0016 similar similar similar similar

2007-0018 diw diw different diw

2007-0019 similar diw different similar

2007-0020 similar diw different similar

2007-0021 similar similar different similar

2007-0022 similar different different different

Continued on Next Page. . .
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ID Ref 1* Ref 2* Ref 3 Ref 4

2007-0025 diw diw different diw

2007-0026 similar similar different similar

2007-0027 similar similar different similar

2007-0028 similar similar different similar

2007-0029 similar similar different similar

2007-0030 similar similar different similar

2007-0042 diw different different diw

2007-0055 similar similar different Similar

2007-0056 diw different different diw

2007-0057 similar different different similar

2007-0058 similar diw different diw

2007-0059 similar diw different Similar

2007-0060 similar diw different Similar

2007-0061 similar diw different Similar

2007-0062 different different different different

2007-0063 diw diw different diw

2007-0064 diw diw different diw

2007-0065 diw diw different diw

2007-0066 diw diw different diw

2007-0067 diw diw different diw

2007-0068 diw diw different diw

2007-0069 diw different different diw

2007-0070 different different different different

2007-0084 diw diw different diw

2007-0105 different different different different

2007-0118 similar similar diw similar

2007-0119 similar different different diw

2007-0282 similar diw diw Similar

2007-0394 diw diw different diw

2007-0395 similar diw different similar

*Note Ref 1: comparison with SINTEF ID 2007-0017,

Ref 2: comparison with SINTEF ID2007-0023,

Ref 3: comparison with SINTEF ID2007-0024,

Ref 4: comparison with SINTEF ID:2007-0033,

diw:different-weathered
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Figure 4.1: Overlaying of the GC-FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0010) and the reference samples.

4.2.2 Gas Chromatography and Mass Spectrometry (GC-MS) Fingerprinting and
Evaluation of Diagnostic Ratio

The next level (Level 2) was GC-MS fingerprinting. The samples that continued
to this level should be 41 samples because four samples were identified as non
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match at level 1. But the author only received diagnostic ratios data, which
were generated from GC-MS responses for only 23 samples. From those 23

samples, some of them were analyzed several times. For example sample with
SINTEF ID 2007-0017 and 2007-062 were analyzed three times, sample with
SINTEF ID 2007-0022, 2007-0023 and 2007-0070 were analyzed twice. These
duplications were used for evaluating the precision of the actual analysis
series and the precision of the individual diagnostic ratios.

Those 23 samples analyzed using GC-MS also included SINTEF ID 2007-0014,
2007-0062, 2007-0070 and 2007-005. These samples should not be analyzed
using GC-MS according to CEN-methodfor oil spill forensic because from the
result of screening level indicated that they were different from the references
and their differences were not caused by weathering.

Considering some backgrounds above, the author decided to do this level
of analysis by using the data given by SINTEF without the data of the samples
that should be ruled out, i.e data from 23 samples minus data from samples
that different from references in the first level.

The data obtained from GC-MS analysis were responses of selected PAHs and
biomarker compounds. These responses were used to calculate diagnostic ratio
of each PAHs and biomarker compounds. Calculation of the diagnostic ratios
was inaccordance with the recommendation given in the CEN-method for oil
spill identification Part 2. Detailed calculated DR is provided in Appendix C.
After calculating the diagnostic ratio of each sample, the diagnostic ratio of
spill samples then to be compared with the diagnostic ratio of source/reference
samples. The calculation of diagnostic ratio for each sample was done using
MATLAB. Detailed evaluation of diagnostic ratio for "MS Server" oil spill is
given in Appendix E.

The results of the evaluation of the GC-FID chromatogram from Level 1,
the evaluation of the GC-MS chromatogram in Level 2, and the evaluation
of the diagnostic ratios are summarized in Table 4.2. The table shows that
samples with SINTEF ID no 2007-0014 (PadSample from sheen/rainbow oil
film outside the lihgthouse at Fedje.), 2007-0062 (Oil on birds (gulls) Onøy,
Lurøy), 2007-0070 (Bird feathers from wounded seagull (skårunge), Træna),
and 2007-0105 (Oil sample from Eide, 9380 Gryllefjord) are concluded as non
match because according to GC-FID chromatograms, they are different from
the reference samples and the differences were not caused by weathering.
Another sample that concluded as non match are oil sample from sandy beach
Selje kommune, bird feathers from dead eiders (nr. 5), Osnessanden, Ulstein
and oil sample from kelp and grass, Okstadvika, Herøy with SINTEF ID
20007-0025, 2007-0068, and 2007-0084, respectively. This oil sample has many
diagnostic ratios that exceeded repeatability limit, i.e has many diagnostic
ratio the different percentages more than 14%. The rest of the samples that
have been analyzed until Level 2 can be concluded as probable match. This is
because the samples have several diagnostic ratios that outside repeatability
limit, but it can be explained by weathering.



38 cen method applied to the spill cases

Table 4.2: Summary of the results of MS Server oil spill fingerprinting.

ID L1* L2* Concl ID L1* L2* Concl

2007-0010 X - * 2007-0011 X - *

2007-0012 X - * 2007-0014 X X NM

2007-0015 X - * 2007-0016 X - *

2007-0017 X X Ref 2007-0018 X X NM

2007-0019 X X PM 2007-0020 X - *

2007-0021 X X M 2007-0022 X X NM

2007-0023 X X Ref 2007-0024 X X Ref

2007-0025 X X NM 2007-0026 X - *

2007-0027 X - * 2007-0028 X - *

2007-0029 X - * 2007-0030 X - *

2007-0033 X X Ref 2007-0042 X - *

2007-0055 X - * 2007-0056 X - *

2007-0057 X - * 2007-0058 X - *

2007-0059 X - * 2007-0060 X - *

2007-0061 X - * 2007-0062 X X NM

2007-0063 X X PM 2007-0064 X X PM

2007-0065 X X PM 2007-0066 X X PM

2007-0067 X X PM 2007-0068 X X NM

2007-0069 X - * 2007-0070 X X NM

2007-0084 X X NM 2007-0105 X X NM

2007-0118 X - * 2007-0119 X - *

2007-0282 X X PM 2007-0394 X X PM

2007-0395 X X PM

*Note. L1: Level 1, L2: Level 2, Concl: Conclusion

4.2.3 Comparison with SINTEF’s Result

First of all, the author would like to comment regarding the procedure of the
oil spill forensic as reported by Almås et al. [2007] in SINTEF report. They
indicated that if the result of the Level 1 evaluation (i.e. visual inspection on
the GC-FID) confirms of non match between the spill sample and the source
sample due to non-weathering process, then the sample still goes to Level
2 evaluation (i.e. GC-MS). This practice seems to be difference from the CEN-
method for oil spill identification Part 2. CEN documentation mentions that
if the result of Level 1 evaluation confirms of non match between the spill
sample and the source sample due to non-weathering process, then the spill
sample can be concluded as non match and no further evaluation is needed.
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CEN documentation also mentions that if the result of Level 1 evaluation
confirms of match between the spill sample and the source sample, then
the spill sample will be subjected to Level 2 evaluation. Almås et al. [2007]
indicated the same way as what CEN documentation suggested, but most of
the spill samples were end up at Level 1 only after being concluded as match
with the source sample.

The author of this report believes that regardless of the limitation in time,
money, and resources, all the spill samples need to be assessed with Level 1

and 2 evaluation before being concluded as match or non match. Of course, in
reality those limitations force us to give priority, i.e. which sample goes for
Level 1 only and which sample goes for Level 1 and 2. CEN documentation
seems to be in favor for the oil spill suspects (ship owners, oil companies, etc)
rather than the environmentalists and government or local population who
suffers due to the oil spill. Whilst, Almås et al. [2007] shows the opposites. In
this regard, the author expresses her support for the SINTEF approach.

Some of the conclusion are different as compared to the conclusion by
Almås et al. [2007] in the SINTEF report for MS Server oil spill (see Table 4.3).
For example, Almås et al. [2007] concluded oil sample from Stongholmsvikjo,
Bømle kommune with SINTEF ID 2007-0064 as match. Almås et al. [2007]
found that all of diagnostic ratio for this sample are below repeatability limit,
while the author found that this sample still has diagnostic ratio that outside
repeatability limit. Table 4.3 summarized the conclusion from SINTEF report
[Almås et al., 2007].

Table 4.3: Summary of the results of MS Server oil spill fingerprinting by SINTEF.

ID L1* L2* Concl ID L1* L2* Concl

2007-0010 X - M 2007-0011 X - M

2007-0012 X - M 2007-0014 X X NM

2007-0015 X - M 2007-0016 X - M

2007-0017 X X Ref 2007-0018 X X NM

2007-0019 X X M 2007-0020 X - M

2007-0021 X X M 2007-0022 X X NM

2007-0023 X X Ref 2007-0024 X X Ref

2007-0025 X X NM 2007-0026 X - M

2007-0027 X - M 2007-0028 X - M

2007-0029 X - M 2007-0030 X - M

2007-0033 X X Ref 2007-0042 X - M

2007-0055 X - M 2007-0056 X - M

2007-0057 X - M 2007-0058 X - M

2007-0059 X - M 2007-0060 X - M

2007-0061 X - M 2007-0062 X X NM

Continued on Next Page. . .
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ID L1* L2* Concl ID L1* L2* Concl

2007-0063 X X M 2007-0064 X X M

2007-0065 X X M 2007-0066 X X M

2007-0067 X X M 2007-0068 X X NM

2007-0069 X - no oil 2007-0070 X X NM

2007-0084 X X M 2007-0105 X X NM

2007-0118 X - PM 2007-0119 X - PM

2007-0282 X X M 2007-0394 X X M

2007-0395 X X M

*Note. L1: Level 1, L2: Level 2, Concl: Conclusion

The other reason for the differences of SINTEF conclusion by Almås et al.
[2007] and the author conclusion is on the selection of the diagnostic ratio.
Some of diagnostic ratios recommended in CEN-method are not performed in
SINTEF report, i.e DR-28ab, DR-25nor30ab, DR-Retene/C4phe, DR-TA21, and
diagnostic ratio for sesquiterpanes. The reason for not included sesquiterpanes
diagnostic ratios could be because of sesquiterpanes are optional and for
samples that weathered, sesquiterpanes may not appear. DR-Retene/C4Phe
was generated from retene, which is not specific for IFO oil type, therefor,
DR-Retene/C4Phe also can not be used for "MS Server" oil spill fingerprinting.
The reason why SINTEF did not include DR-28ab, DR-24nor30ab, and DR-
TA21 could be because of the S/N of GC-MS chromatograms for these DRs were
not qualify the criteria which has been determined by Al-Khudhairy [2006]
in the CEN-method. This information was not available for the author since
GC-MS chromatograms is only available in SINTEF report, which does not give
clear profile.

The author also tried to compare the diagnostic ratio of spill sample with
the single reference instead of compared it with the average diagnostic ratio of
the reference sample. The intention of this was to find whether the comparison
gives different conclusion. Even tough some diagnostic ratios evaluation in
a spill sample were different when it was compared with the single source
sample, overall diagnostic ratios drive the same conclusion as when it was
compared with the average ratio of spill samples.

4.3 full city

4.3.1 Visual Inspection of Gas Chromatography and Flame Ionization Detection
(GC-FID)

The visual inspection of GC-FID chromatograms of the ”MV Full City” samples
was done with the same way as those for ”MS Server” samples. Typical of the
overlaying process is shown in Fig.4.2. Detail overlaid GC-FID chromatograms
of spill and source samples is presented in Appendix A.
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Figure 4.2: Overlaying of the GC-FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0602) and the reference samples.

The result in this level is summarized in Table 4.4. The table presents sample
SINTEF ID no 2009-0473, 2009-0487, 2009-0494 and 2009-0624, which can
be concluded as non match because they are different from the reference
samples and the differences were not caused by weathering. Those samples
than should be ruled out and eliminated from the next level. While the other
samples should continue to the next level.

Table 4.4: Summary of result of overlaid GC-FID chromatogram of "Full City" spill
samples.

ID Ref 1* Ref 2* Ref 3

2009-0473 Different different Different

2009-0474 similar similar diw

2009-0482 similar similar diw

2009-0483 similar similar similar

2009-0484 similar similar similar

2009-0486 similar similar diw

2009-0487 Different different different

2009-0489 similar similar similar

2009-0490 similar similar similar

2009-0491 similar similar diw

Continued on Next Page. . .
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ID Ref 1* Ref 2* Ref 3

2009-0492 similar similar similar

2009-0493 diw diw diw

2009-0494 Different Different Different

2009-0495 similar similar similar

2009-0499 similar similar similar

2009-0500 diw diw diw

2009-0501 diw diw diw

2009-0518 similar similar similar

2009-0521 similar similar similar

2009-0522 similar similar similar

2009-0525 similar similar similar

2009-0602 similar similar similar

2009-0603 similar similar similar

2009-0604 similar similar similar

2009-0605 similar similar similar

2009-0606 diw diw diw

2009-0609 similar similar similar

2009-0614 diw diw diw

2009-0616 diw diw diw

2009-0622 diw diw diw

2009-0624 Different different Different

2009-0630 diw diw diw

2009-0634 diw diw diw

2009-0736 similar similar diw

2009-0737 similar similar diw

*Note,

Ref 1: comparison with SINTEF ID 2009-0472,

Ref 2: comparison with SINTEF ID2009-0579,

Ref 3: comparison with SINTEF ID2009-0485,

diw:different-weathered

4.3.2 Gas Chromatography and Mass Spectrometry (GC-MS) Fingerprinting and
Evaluation of Diagnostic Ratio

According to CEN-method for oil spill identification, all samples that has the
same pattern with the references or if there is any different, while the difference
is caused by weathering, should continue to the next level of analysis, i.e GC-MS
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fingerprinting [Al-Khudhairy, 2006]. In this case, all samples except samples
with SINTEF ID 2009-0473 and 2009-0487 should continue to the next level.
Unfortunately, as happened in MS Server oil spill investigation, not all of the
sample that should be analyzed in Level 2 was performed. The author only
received 16 GC-MS data out of 37 samples. The non-match samples are not
included in the GC-MS data.

The data obtained from GC-MS analysis are responses of selected PAHs and
biomarkers compounds. These responses were used to calculate diagnostic
ratio of each PAHs and biomarker compounds. Calculation of the diagnostic
ratios was in accordance with the CEN-method for oil spill identification Part
2. The response of sample from Såstein is not given, so that the author did not
calculate the diagnostic ratio of this sample for diagnostic evaluation, but use
the diagnostic ratio of Såstein given by Faksness et al. [2010] in the SINTEF
report.

After calculating the diagnostic ratio for each sample, the diagnostic ratio
of spill samples then to be compared with the diagnostic ratio of source/ref-
erence samples. Calculated diagnostic ratios are given in Appendix C. There
are some differences in the result of diagnostic calculation between the author
calculation and SINTEF calculation. The differences occurred when calculating
DR-C28 and DR-C29. These differences were because SINTEF calculation was
not in accordance with CEN recommendation. According to the CEN recom-
mendation, DR-C28 and DR-C29 should be calculated by C28(R+ S)/30ab

and C29(R+ S]/30ab, respectively. But in the SINTEF calculation sheet (excel
file), DR-C28 and DR-C29 were calculated by C28R/C28S and C29R/C29S,
respectively.

The result of the evaluation of the GC-FID chromatogram in Level 1, GC-MS
chromatogram in in Level 2, and the evaluation of the diagnostic ratios,
the results can be summarized as shown in Table4.5. Detail evaluation of the
diagnostic ratio of spill sample and reference samples can be seen in Appendix
D.

Table 4.5: Summarized comparison of MS Full city oil spill sample and reference
samples.

SINTEF ID Comparison to
Ref1*

Comparison to
Ref.2*

Comparison to
Ref.3*

2009-0472 match Non match Non match

2009-0473 Non match Non match Non match

2009-0474 * * *

2009-0482 * * *

2009-0483 * * *

2009-0484 * * *

2009-0485 Non match Non match match

2009-0486 Probable match Probable match Non match

Continued on Next Page. . .
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SINTEF ID Comparison to
Ref1

Comparison to
Ref.2

Comparison to
Ref.3

2009-0487 Non match Non match Non match

2009-0489 Non match Non match Non match

2009-0490 * * *

2009-0491 Probable match Probable match Probable match

2009-0492 * * *

2009-0493 Non match Non match Non match

2009-0494 Non match Non match Non match

2009-0495 * * *

2009-0499 Probable match Probable match Non match

2009-0500 Probable match Probable match Probable match

2009-0501 match Probable match Probable match

2009-0518 * * *

2009-0521 * * *

2009-0522 * * *

2009-0525 * * *

2009-0579 Probable match match Non match

2009-0602 Probable match Non match Probable match

2009-0603 * * *

2009-0604 Probable match Non match Non match

2009-0605 * * *

2009-0606 Non match Non match Non match

2009-0609 Non match Non match Non match

2009-0614 Non match Non match Non match

2009-0616 Non match Non match Non match

2009-0622 Probable macth Probable match Non match

2009-0624 Non match Non match Non match

2009-0630 * * *

2009-0634 * * *

2009-0736 * * *

2009-0737 * * *

*Note Reference 1: Oddane(2009-0472)

Reference 2: Såstein (2009-0579)

Reference 3: Krogshavn (2009-0485)
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4.3.3 Comparison with SINTEF’s Result

Some conclusions given in Table 4.5 are different as compared to SINTEF’s
conclusion presented in the SINTEF report for "MV Full City" oil spill. Table
4.6 presents the conclusion from SINTEF report [Faksness et al., 2010].

Table 4.6: Summarized comparison of MV Full city oil spill sample and reference
samples.

SINTEF ID Comparison to
Ref1*

Comparison to
Ref.2*

Comparison to
Ref.3*

2009-0473 non match non match non match

2009-0474 match match match

2009-0482 match match match

2009-0483 match match match

2009-0484 match match match

2009-0485 non match non match match

2009-0486 non match match non match

2009-0487 non match non match non match

2009-0489 non match non match non match

2009-0490 match match match

2009-0491 match match non match

2009-0492 match match match

2009-0493 non match non match non match

2009-0494 non match non match non match

2009-0495 match match match

2009-0499 match

2009-0500 match

2009-0501 match

2009-0518 match match match

2009-0521 match match match

2009-0522 match match match

2009-0525 match match match

2009-0579 probable match match non match

2009-0602 non match non match non match

2009-0603 match match match

2009-0604 probable match non match non match

2009-0605 match match match

2009-0606 non match non match non match

2009-0609 non match non match non match

2009-0614 non match non match non match

Continued on Next Page. . .
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SINTEF ID Comparison to
Ref1

Comparison to
Ref.2

Comparison to
Ref.3

2009-0616 non match non match non match

2009-0622 probable macth probable match non match

2009-0624 non match non match non match

2009-0630 match match match

2009-0634 match match match

2009-0736 match match match

2009-0737 match match match

*Note Reference 1: Oddane(2009-0472)

Reference 2: Såstein (2009-0579)

Reference 3: Krogshavn (2009-0485)

These differences were because, first, the author did not make any conclu-
sion for some samples that according to GC-FID screening are match to the
references. This was because Level 2 of analysis was not performed, whilst
according to CEN-method, it must be performed. Faksness et al. [2010] con-
cluded that these samples as match to the oil from "MV Full City". This could
be because those samples were taken at the ship (cargoes and barges) and at
the accident area (Såstein and area closest to Såstein, i.e. Mølen). This means
no doubt that these samples were spilled oil from "MV Full City". Therefore,
in order to save costs, etc. somehow GC-MS was not performed.

The other reason for the differences of Faksness et al. [2010] conclusion
and the author’s conclusion is on the selection of the diagnostic ratio of PAHs
and biomarker compounds. Some of diagnostic ratios recommended in CEN
methodology are not performed in SINTEF report i. e DR-C28, DR-C29, DR-
C2829, DR-28ab, DR25nor30ab, DR-29ba, DR-Retene/C4-Phe and diagnostic
ratios for Sesquiterpanes.

The reason for Faksness et al. [2010] report excluded DR-28ab and DR25nor30ab
for evaluation could be because these diagnostic ratios were generated from
28,30-bisnorhopane and 25-norhopane. The response of GC-MS of these biomark-
ers in all reference samples is zero. These mean 28,30-bisnorhopane and
25-norhopane markers are not available in all of the reference samples.

The reason for sesquiterpanes were excluded for the evaluation is also under-
standable. Sesquiterpanes are optional biomarkers for oil spill identification.
The use of sesquiterpanes only valid if the samples are not weathered. This is
because sesquiterpane has low boiling point and can be easily evaporated.

The reason for DR-Retene/C4-Phe were excluded for the evaluation could
be because "MV Full City" containing IFOs oil type. In this type, retene should
be not appears because it is an aromatics with slightly longer side chains that
are not produced in higher-temperature processes. Therefore, this DR is not
source specific [Al-Khudhairy, 2006].
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The reason for Faksness et al. [2010] excluded DR-28ab, DR25nor30ab, DR-
TA21 and DR-Retene/C4-Phe in the analysis could be because of the S/N of
GC-MS chromatograms for these DRs are not fulfilled the criteria which has
been determined by Al-Khudhairy [2006] in the CEN method. This information
as not available for the author since GC-MS chromatograms was only available
in SINTEF report by Faksness et al. [2010] which did not give clear profile.





5
P R I N C I PA L C O M P O N E N T A N A LY S I S

5.1 general

In the previous chapter, CEN-method for oil spill investigation has been applied
for "MV Full City" and "MS Server" oil spill cases. There are some discrepancies
between the author’s conclusion and SINTEF’s conclusion. These discrepancies
may be because CEN-methods and other univariate methods for oil spill
investigation are heavily relied on skill and expertise of the analyst. Another
reason is because crude oils and petroleum products are complex mixtures of
chemical compounds, so it is not sufficient to analyze the oil spill phenomenon
by using univariate approach [Wang and Scout, 2007]. Moreover, CEN-method
for oil spill investigation mentions that the multivariate analysis, such as PCA,
may be performed as an alternative approach on evaluating the diagnostic
ratios between multiple samples [Al-Khudhairy, 2006].

The objective of oil spill investigation is to discover whether an oil spill
sample matches to the reference (source/suspect) or not. The PCA is able to
find the relationships between objects or finding classes of similar objects,
such that we know which object is not belonging to the classes [Wold, 1990].
In oil spill forensic case, a sample that lays far from any clustered reference
samples means not match to the reference (source/suspect) samples. Another
advantage of using PCA for oil spill investigation is its ability to determine
which variables (diagnostic ratios) that contribute to a class. It is useful to
investigate whether an oil has been subjected to weathering process or not. In
this work, PCA was performed with a multivariate statistical analysis software
called Unscrambler.

This PCA was conducted to the diagnostic ratios data which was generated
from GC-MS chromatograms performed by SINTEF. Therefore, not all of the
samples were included in PCA because not all samples were analyzed using
GC-MS. Detailed DRs data can be seen in Appendix C.

All variables to be used in this analysis has been selected in order to evaluate
heterogeneity and analytical variation based on Stout’s suggestion [Stout et al.,
2001]. See Fig.2.4. The method excluding DRs of triplicate sample which has
RSD greater than 5%. Both of DR data from "MV Full City" and "MS Server" oil
spill cases contain number of samples which are smaller as compared to the
number of variables. Therefore, cross validation was applied [CAMO, 2006].

As comparison, PCAs were performed on the data sets, either with or with-
out autoscaling the variables. By autoscaling the variables, each element in the
X-matrix is divided by its standard deviation. This will make each autoscaled
variable get the same variance and therefore, give them the same chance to
influence the estimation of the principal components [CAMO, 2006]. Other-
wise, performing PCA without autoscaling the variables also give advantages.
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Especially when a variable has small variance and this variable is a noisy
variable. Dividing this variable with it’s standard deviation will increase the
impact of noise in the model [Esbensen et al., 1994].

5.2 principal component analysis applied to "full city"oil spill

case

Evaluation of GC-MS chromatograms of the selected samples shows some target
analytes that are relevant for the analysis. Available data (i.e. diagnostic ratios)
is presented in Appendix C. These diagnostic ratios were provided by SINTEF
and were not directly calculated from GC-MS data. In addition, the diagnostic
ratios of sample from Såstein sample (that were used for reference sample
and triplicate analysis) were not adopted from SINTEF’s report [Faksness
et al., 2010], as shown in the Table 5.1. For comparison, samples taken from
Rockness accident, i.e sample Rockness and Askøy were also included in the
data set.

Some samples contain missing value in some variables, i.e. C28 Tricyclic, C29

Tricyclic, C28+29 tricyclic, 28ab, 25nor30ab, 30G, retene/C4-Phe, SES1/SES2,
SES3/SES5, SES4/SES9, SES5/SES10. These missing values also appear in
the reference sample, i.e. sample from Såstein. This mean that these DRs are
not source specific, such that they are not valid for analysis and should be
eliminated.

Evaluation of DR in order to asses the heterogeneity and analytical variation
showed that DR 30O, 29ba, TA21, and C2-dbt/C2-Phe have RSDs greater than
5%, so that those DRs should be eliminated from further numerical analysis
(see Table 5.1).

5.2.1 Principal Component Analysis Without Autoscaling the Variables

Performing PCA without autoscaling means all calculation are based on the
raw variables. This computation is useful if we want to see contribution of
each variable in the model. This computation also useful when a variable
has small variance and this variable is a noisy variable. Dividing this noisy
variable with it’s standard deviation will increase the impact of noise in the
model [Esbensen et al., 1994].

Several PCAs were conducted to the selected diagnostic ratios from entire
sample set. The results are shown in Fig.5.1 - 5.6. Fig.5.1 is the score plot of
PCA conducted to all samples. The figure shows two samples that lay far from
others. These samples were taken from Rockness and Askøy. This mean all
samples taken after "MV Full City" casualty is different from sample from
Rockness accident, i.e Rockness and Askøy. This also supported by Hotelling
T2 view shown in Fig.5.2.

Loading plot of this PCA, Fig.5.3, shows that variable B(a)F/4-Mpy has high
contribution on sample from Askoy and variable C3-dbt/C3-Chr has high
contribution on sample from "Rockness". These variables distinguished those
two sample from oil samples taken from "Full City" accident.
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PCA: All_Unscal 2D Scatter Plot
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Figure 5.1: Score Plot PCA performed on all of the sample from "Full City" accident.
See Table 5.2 for remarks.
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Figure 5.2: Hotelling T2 view of all sample from "Full City" accident. See Table 5.2 for
remarks.
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PCA: All_Unscal 2D Scatter Plot
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Figure 5.3: Loading Plot PCA performed on the data uses for "Full City" Oil Spill
Identification without scaling the variables. See Table 5.2 for remarks.

PCA: minRockAskUnscale 2D Scatter Plot
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Figure 5.4: Score Plot PCA performed on the data from "Full City" accident without
sample from Åskoy and Rockness. See Table 5.2 for remarks.



5.2 principal component analysis applied to "full city"oil spill case 53

Table 5.1: Diagnostic ratios value of triplicate sample ("Full City" oil spill case).

SINTEF ID
Såstein Såstein Såstein

Mean STD RSD
0308 0508 1008

27Ts 0.47 0.47 0.51 0.48 0.02 4.78

29ab 0.70 0.71 0.72 0.71 0.01 1.41

29Ts 0.14 0.13 0.13 0.13 0.01 4.33

30d 0.04 0.04 0.04 0.04 - -

30O 0.05 0.06 0.04 0.05 0.01 20.00

29ba 0.06 0.06 0.07 0.06 0.01 9.12

29aaS 0.92 0.88 0.88 0.89 0.02 2.59

29bb 1.32 1.29 1.34 1.32 0.03 1.91

27bbSTER 0.52 0.52 0.51 0.52 0.01 1.12

28bbSTER 0.38 0.36 0.39 0.38 0.02 4.06

29bbSTER 0.62 0.64 0.63 0.63 0.01 1.59

TA21 0.58 0.50 0.50 0.53 0.05 8.77

TA26 0.41 0.44 0.45 0.43 0.02 4.80

TA27 0.96 0.91 0.88 0.92 0.04 4.41

2-MPIl-MP 2.12 2.14 2.10 2.12 0.02 0.94

4-MD/1-MD 2.55 2.58 2.59 2.57 0.02 0.81

C2-dbt/C2-phe 0.37 0.42 0.39 0.39 0.03 6.40

C3-dbt/C3-phe 0.53 0.54 0.51 0.53 0.02 2.90

C3-dbt/C3-chr 2.28 2.40 2.41 2.36 0.07 3.06

B(a)F/4-Mpy 0.38 0.39 0.41 0.39 0.02 3.88

B(b+c)F/4-Mpy 0.20 0.19 0.21 0.20 0.01 5.00

2Mpy/4-Mpy 1.06 1.07 1.05 1.06 0.01 0.94

l Mpy/4-Mpy 0.91 0.92 0.91 0.91 0.01 0.63

Sample from "Rockness" and "Askøy" are therefore not relevant for inves-
tigation of "Full City" oil spill case and should be removed for the next PCA.
Fig.5.4 shows the score plot of PCA after removing sample from Rockness and
Askøy. In this figure we can see none of the spill samples match with any type
of heavy bunker oil (IFO180 and LS180) samples. Spilled samples seem to be
a mixture of oil taking from machine room, barges and cargo tanks.

Loading plot in Fig.5.5 shows highly contribution of variable (Ba)F/4-Mpy
to the samples from the ship barge and cargo. Variable 2-MP/1-MP gives
high contribution on sample taken from machine room. This DR is useful
to differentiate diesel oils and heavy bunker fuel oil. The loading plot gives
information that oil in the machine room is strongly affected by DR 2MP/1MP.
This means oil in the machine room contain more methyl-phenanthrenes as
compared to the oils in the cargoes.
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PCA: minRockAskUnscale 2D Scatter Plot
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Figure 5.5: Loading Plot of PCA performed on the data from "MV Full City" accident
without sample from Askøy and Rockness. See Table 5.2 for remarks.

PCA was then performed on the data by removing samples from machine
room, barge samples, IFO 180 Vysotsk, HS 180 Skagen, and LS 180 Skagen. In
this case, samples from Såstein, Oddane and Krogshavn have been chosen as
reference samples [Faksness et al., 2010]. Fig.5.6 shows the score plot of this
PCA. This figure is not easy to interpret by the author. The objection of this
PCA is to see the tendency of a sample match to one of the reference sample.
Whilst, this figure still not showing any cluster clearly. Therefore, another
classification method should be applied to suggest the right conclusion.

PCA: minRockAskFreshUnscale 2D Scatter Plot
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Figure 5.6: Score Plot PCA performed on only spill samples from "MV Full City"
accident. See Table 5.2 for remarks.
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Table 5.2: Remark for "Full City" Case

Remark Sample Remark Variable name

R1 Krogshavn V1 30d
R2 Oddane V2 1 Mpy/4-Mpy
R3 Såstein V3 4-MD/1-MD
S1 Mandal V4 2-MPIl-MP
S2 Lekter V5 2Mpy/4-Mpy
S3 Nevlunghavn V6 27bbSTER
S4 Langesund bad V7 29ab
S5 Grimstad V8 29bbSTER
S6 Risor V9 29bb
S7 Arendal V10 29aaS
S8 Lasterom2 V11 C3-dbt/C3-phe
S9 Lasterom 4 V12 C3-dbt/C3-chr

S10 Maskinrom V13 B(a)F/4-Mpy
S11 IFO180Vysotsk V14 28bbSTER
S12 LS180 Skagen V15 29Ts
S13 HS180 Skagen V16 TA27

S14 Lillesand V17 27Ts
S15 Rockness V18 TA26

S16 Askøy V19 B(b+c)F/4-Mpy

5.2.2 Principal Component Analysis With Autoscaling the Variables

Autoscaling or weighting variables by dividing each element in the X-matrix
with its standard deviation. This method gives all variable, in this case DRs,
the same chance to influence the model. This is used because several variables
have different range. For example, variable 30d has value from 0.001-0.010,
while variable 2-MP/1-MP ranged from 1-2.

The result of this PCA methods are shown in Fig.5.7-5.13. Fig.5.7 shows
sample from Askøy which lays far from other samples. This is consistent with
the one performed without autoscale the variables. Since sample from Askøy
was taken from "Rockness" accident, this sample can be concluded as not
match with oil from "MV Full City" accident and then was removed for the
next PCA run. However, sample from "Rockness" (which is non match in the
PCA run without autoscaled), in this PCA run seem to show sign of match
with "MV Full City" accident. This is interesting since in fact sample from
"Rockness" was not part of "MV Full City" accident. This could be because oil
from "Rockness" and "Full City" were similar, i.e IFO 380. The loading plot,
Fig5.8, shows that all variables have similar contribution to the model.
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PCA: All_scale 2D Scatter Plot
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Figure 5.7: Score plot PCA performed on all sample uses for "Full City" oil spill
identification, all variables are weighting with 1/STD. See Table 5.2 for
remarks.
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Figure 5.8: Loading plot PCA performed on all sample uses for "Full City" oil spill
identification, all variables are weighting with 1/STD. See Table 5.2 for
remarks.
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Result of PCA run after removing this sample can be seen in Fig.5.9. This
figure gives information that spilled oil samples form a linear line cluster.
Sample taken from the ships cargoes and barges are located on the top of the
line, whilst samples taken from the spilled area are located on the bottom
of the line. Other samples, i.e sample taken from machine room and heavy
bunker oil (IFO180, HS180 and LS180) seems to be different from spilled
samples taken from the ship and the accident area.

PCA: minAsk_Scale 2D Scatter Plot
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Figure 5.9: Score plot PCA performed on "MV Full City" oil spill DR data without
sample from Askøy. All variables are weighting with 1/STD. See Table 5.2
for remarks.

It is interesting to see the behavior of "MV Full City" oil spill sample by
removing these different samples for the next PCA run. The score plot is shown
in Fig.5.10. In this figure, sample taken from "Rockness" appears as non match
to oil from "Full City". This sample is then removed from the next analysis.

The score after removing "Rockness" is shown in Fig.5.11. This figure shows
interesting pattern. Samples taken from the ship lay on negative direction on
PC1, while samples taken on the spill area lay on positive direction on PC1.
The biplot shown in Fig.5.12 tells us that some variables with higher ion mass
(m/z), e.g. V18(TA 26) and V16 (TA 27), tend to lay on the right side of PC1.
These variables are close to samples taken from the spilled areas. This mean
that samples taken from spill area were more subjected to the weathering
process as compared to the samples taken from the barges or cargoes. Samples
taken at later date after accident, such as S4 (sample taken from Langesund
bad at 7th August 2009), was more subjected by weathering processes as
compared to the sample taken at earlier date, such as S6 (sample taken from
Risør at 1st August 2009).

In order to obtain information about the behavior of oil after spilled, oil
samples taken from the barges and cargoes were then removed from the next
PCA run. Samples from Såstein, Oddane and Krogshavn have been chosen
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PCA: minAskLsHsMaskIF_Scale 2D Scatter Plot
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Figure 5.10: Score plot PCA performed on "MV Full City" oil spill DR data without
sample from Askøy, IFO 180, HS180, LS180 and oil sample from machine
room. All variables are weighting with 1/STD. See Table 5.2 for remarks.

PCA: minAskLsHsMaskIFRock_Scale 2D Scatter Plot
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Figure 5.11: Score plot of PCA performed on "MV Full City" oil spill DR data without
sample from Askøy, IFO 180, HS180, LS180, oil sample from machine
room and "Rockness. All variables are weighting with 1/STD. See Table
5.2 for remarks.
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PCA: minAskLsHsMaskIFRock_Scale 2D Scatter Plot
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Figure 5.12: Biplot of PCA performed on "MV Full City" oil spill DR data without
sample from Askøy, IFO 180, HS180, LS180, oil sample from machine
room and "Rockness”. All variables are weighting with 1/STD. See Table
5.2 for remarks.

as reference samples [Faksness et al., 2010] for this PCA. The score plot of
this PCA, given in Fig.5.13 is not easy to interprets by the author. It seems
the figure contain three clusters. The first cluster matches to reference oil
from Oddane, the second cluster matches to reference oil from Såstein, and
the last cluster match to reference oil from Krogshavn. This is in agreement
with SINTEF’s report which applied CEN-method for oil spill investigation
[Faksness et al., 2010].

5.3 principal component analysis applied to "ms server"oil spill

case

In this case, oil sample from Fedje, KV eigun, tank 3 and tank 4 of MS Server
are chosen as reference samples [Almås et al., 2007]. The diagnostic ratios were
provided by SINTEF and can be seen in Appendix C. Some samples contain
missing value in some variables, i.e. SES1/SES2, SES3/SES5, SES4/SES9,
SES5/SES10.

Variable DR SES1/SES2 also has missing value in the references samples
taken from tank 3 and tank 4 MS Server. It means that this DR is not source
specific. Thus, DR SES1/SES2 can not be used for oil spill finger printing.
The others variables, i.e. SES3/SES5, SES4/SES9, and SES5/SES10 mostly
missing in the bird feathers samples. This indicates that these variables have
been subjected by weathering processes. Therefore, these variable are also not
suitable for oil spill finger printing. In order to evaluate analytical variance
and weathering/heterogeneity, relative standard deviation of DR of triplicate
samples are calculated. The triplicate sample is sample with ID 2007-017 from
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PCA: minRockAskFresh_scale 2D Scatter Plot
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Figure 5.13: Score plot PCA performed on "MV Full City" oil spill DR data without
sample from Askøy, barges, cargoes, machine room, IFO 180, HS180,
LS180, and "Rockness". All variables are weighting with 1/STD. See Table
5.2 for remarks.

Fedje. The calculation is shown in the Table 5.3. As shown in Table 5.3, DR
30O, 29Ts, Retene/C4-phe, C3-dbt/C3-chr, 29aaS, C28tricycllics, 25nor30ab,
C28+C29tricyclics, C29 tricyclics, 30d, and DR 28ab have RSD greater than 5%
percent, therefore, this DRs should be removed for the analysis.

5.3.1 Principal Component Analysis Without Autoscaling the Variables

By performing PCA without autoscaling the variables, all calculations were
based on the raw value of the variables. This computation is useful if we want
to see contribution of each variable in the model. Some variables also have
small variance, for example 29ab, 29ba, 30G and 27Ts. If these variable are
noisy variables, dividing these variables with their standard deviation will
increase the noise impact in the model [Esbensen et al., 1994].

Several PCAs are performed on the selected diagnostic ratio index from
the entire sample sets without autoscaling the variables. The result is shown
in Fig.5.14-5.18 Fig. 5.14 shows some samples form a cluster. This clustered
samples contain reference samples. Some samples lay far from clustered
sample are also detected. These samples are oil sample from Gryllefjord,
teflon pad sample taken at Fedje, and bird Feather samples taken from Træna,
and Lurøy. The composition of these samples also can not be easily explained
by the variables in the biplot. See Fig.5.15. Fig.3.7 shows the location of the
samples that quite far to the north from the accident area. Therefore, these
samples are concluded as non match to the references samples and should be
removed from the next PCA.
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Table 5.3: Diagnostic ratios value of triplicate sample (sample from Fedje ID 2007-
0017).

SINTEF ID 2007-0017 2007-0017 2007-0017 mean STD RSD

C28tricycllics 0.22 0.2 0.24 0.22 0.02 9.02

C29 tricyclics 0.16 0.15 0.19 0.17 0.02 12.18

C28+C29tricyclics 0.39 0.34 0.42 0.38 0.04 10.36

27Ts 0.52 0.51 0.49 0.51 0.02 3.17

28ab 0.15 0.12 0.1 0.12 0.02 18.6

25nor30ab 0.07 0.06 0.06 0.06 0.01 9.8

29ab 0.9 0.92 0.88 0.9 0.02 2.01

29Ts 0.16 0.15 0.15 0.15 0.01 6.18

30d 0.05 0.04 0.04 0.05 0.01 14.65

30O 0.09 0.08 0.09 0.09 0 5.72

30G 0.14 0.13 0.13 0.13 0 3.64

29ba 0.07 0.07 0.07 0.07 0 3.47

29aaS 0.87 0.87 1 0.92 0.08 8.41

29bb 0.98 0.93 1.02 0.98 0.05 4.75

27bbSTER 0.75 0.71 0.72 0.73 0.02 2.55

28bbSTER 0.31 0.32 0.32 0.32 0.01 2.52

29bbSTER 0.51 0.52 0.51 0.51 0.01 1.09

TA21 4.86 4.99 4.64 4.83 0.17 3.62

TA26 0.44 0.43 0.44 0.44 0.01 1.18

TA27 1.03 1.06 1.06 1.05 0.02 1.67

2-MP/1-MP 2.14 2.14 2.18 2.16 0.02 1.16

4-MD/1-MD 2.43 2.42 2.49 2.45 0.04 1.44

C2-dbt/C2-phe 0.63 0.63 0.65 0.63 0.02 2.5

C3-dbt/C3-phe 0.8 0.77 0.8 0.79 0.02 2.1

C3-dbt/C3-chr 2.95 2.8 2.53 2.76 0.21 7.6

Retene/C4-phe 0.04 0.05 0.04 0.04 0 6.52

B(a)F/4-Mpy 0.46 0.46 0.45 0.45 0.01 1.95

B(b+c)F/4-Mpy 0.28 0.27 0.27 0.27 0.01 2.2

2Mpy/4-Mpy 0.95 0.97 0.96 0.96 0.01 1.16

1Mpy/4-Mpy 0.93 0.91 0.96 0.94 0.02 2.4
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Figure 5.14: PCA score plot performed on all sample data from "MS Server" accident
without autoscaling the variables. See Table 5.4 for remark.
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Figure 5.15: PCA biplot performed on all sample data from "MS Server" accident
without autoscaling the variables. See Table 5.4 for remark.
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Fig.5.16 is the score plot of PCA after removing samples from Gryllefjord,
teflon pad sample taken at Fedje, and bird Feather samples taken from Træna,
and Lurøy. These figures still show another possible sample that lay far from
others, i.e. teflon pad sample from Herdla vest and bird feathers sample
from Osnessanden. Hotelling view shown in Fig.5.17 clears up the position of
these samples. According to this figure, sample from room 2 and teflon pad
sample from Herdla vest are probably not match to any references. Whilst,
bird feathers sample from Osnessanden is probably match to the references.

PCA: minGrylltefFedBTrabLur_unScale 2D Scatter Plot
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Figure 5.16: PCA score plot performed on data from "MS Server" accident without
autoscaling the variables. Samples from Gryllefjord, Teflon pad sample
from fedje, birds feathers sample from Tæna, and Lurøy were removed.
See Table 5.4 for remark.

As explained in Sect.3.3, there is no clear explanation about oil type of sam-
ple taken from room 2. This sample was also not considered as reference sam-
ple even though room 2 is part of the ship. More over GC-FID chromatogram
of this sample shows different pattern from most of all reference samples and
the difference is not cause by weathering. See Table 4.1. This sample could be
not match to the references sample and therefore was removed for the next
PCA run.

Another possible not match sample is teflon pad sample taken at Herdla
vest. The GC-FID chromatogram of this sample shows different pattern with all
reference sample. Therefore, this sample was also removed for the next PCA.

PCA score plot after removing the non-match samples in Fig.5.17 is shown
in Fig.5.18. This figure indicates that the rest of oil samples are positive match
to oil from "MS Server".
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PCA: minGrylltefFedBTrabLur_unScale 2D Scatter Plot
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Figure 5.17: PCA Hotteling view performed on data from "MS Server" accident with-
out autoscaling the variables. Samples from Gryllefjord, Teflon pad sam-
ple from Fedje, birds feathers sample from Tæna, and Lurøy were re-
moved. See Table 5.4 for remark.
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Figure 5.18: PCA score plot performed on data from "MS Server" accident without
autoscaling the variables. Samples from Gryllefjord, oil sample from
room 2, Teflon pad sample from Fedje and Herdla vest, birds feathers
sample from Tæna, and Lurøy were removed. See Table 5.4 for remark.
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Table 5.4: Remark explanation for "server" Case

Remark Sample name Remark variable name

R1 Fedje V1 29bbSTER
R2 rom 3 V2 2Mpy/4-Mpy
R3 rom 4 V3 2-MP/1-MP
R4 KV Eigun V4 TA26

S1 rom 2 V5 4-MD/1-MD
S2 Teflon Herdla vest V6 TA27

S3 Kelp Herdla Vest V7 B(a)F/4-Mpy
S4 Gudbrandsøy V8 29ab
S5 oil selje V9 C3-dbt/C3-phe
S6 oil Kvamsøy V10 B(b+c)F/4-Mpy
S7 oil Stongholmsvikjo V11 1Mpy/4-Mpy
S8 oil Ivasanden V12 C2-dbt/C2-phe
S9 Bird gannet V13 28bbSTER

S10 Bird guillemot V14 27bbSTER
S11 Bird Osnessanden V15 27Ts
S12 Birds Lurøy V16 29ba
S13 birds Træna V17 TA21

S14 oil Herøy V18 30G
S15 Oil Gryllefjord V19 29bb
S16 Oil Vetvika
S17 Oil Fyrsundet
S18 teflon Fedje

5.3.2 Principal Component Analysis With Autoscaling the Variables

As in the "MV Full City" oil spill case, some variables to be used in this analysis
have different range. For example, variable 30G has value from 0.03-0.05, while
variable TA21 ranged from 0.4-4.9. By autoscaling or weighting variables, i.e.
by dividing each element in X-matrix with its standard deviation, all variables
will have the same chance to influence the model. Fig.5.19-5.27 show the result
of PCA performed on the DRs data of "MS Server" oil spill identification.

If all samples were included, score plot of PCA (autoscaled variable) as
presented in Fig.5.19 shows some samples that not match to references sam-
ples. These samples are identical to the one for without autoscaled variables
explained in Sect.5.3.1. Removing these samples, the score plot is then shown
in Fig.5.20.
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PCA: All_Scale 2D Scatter Plot
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Figure 5.19: PCA score plot for "Server" oil spill identification. All variables are scaled
by 1/STD. See Table 5.4 for remark.
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Figure 5.20: PCA Score plot of data from "Server"accident after removing sample
from Gryllefjord, Teflon pad sample from fedje, birds feathers sample
from Tæna, and Lurøy. All variables are scaled by 1/STD. See Table 5.4
for remark.
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Again, Fig.5.20 shows another possible not match samples. Fig.5.21 con-
firmed that these not match samples are the ones from room 2 and teflon pad
sample taken at Herdla vest.
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Figure 5.21: PCA Hotteling view of data from "Server" accident after removing sample
from Gryllefjord, room 2, teflon pad sample from fedje and Herdla vest,
birds feathers sample from Tæna, and Lurøy. All variables are scaled by
1/STD. See Table 5.4 for remark.

PCA score plot after removing sample from room 2 and teflon pad sample
taken at Herdla vest is presented in Fig.5.22. Hotelling view of this PCA pre-
sented in Fig.5.23 shows another not match sample, i.e sample from Fyrsundet.
This is different if we compare to the one without autoscaled the variables as
explained in Sect.5.3.1. This differences are because all variable have the same
chance to influence the model, whilst the one without autoscaling the variable,
the higher value of of a variable the higher its influence to the model. This
seems strange since its location closed to Fedje, casualty area, but the sampling
time which is six months after casualty could explain this phenomena. This
sample may have been very weathered so that almost all of the component of
the oil is changed. Another possibility is that it does not belong to oil from
"MS Server" casualty. Other classification method such as cluster analysis or
PLS-DA will be useful to define this sample.

The next PCA run was done without sample from Fyrsundet. Score plot of
this PCA presented in Fig.5.24 shows another possible not match sample. This
sample was taken on 25th April 2007 at Vetvika, Bremanger municipality. This
sampling date explains why this sample may be not match to the reference.
Removing this sample for the next PCA run, the score plot is then shown in
Fig.5.25.

No more sample is detected as not match in this PCA run. This is confirmed
by Hotelling view in Fig.5.26. This means, the samples are positive match to
the "MS Server" oil. The samples seems to be divided into two clusters. The
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Figure 5.22: PCA score plot of data from "MS Server" accident after removing sample
from Gryllefjord, room2, teflon pad sample from Fedje and Herdla vest,
birds feathers sample from Tæna, and Lurøy. All variables are scaled by
1/STD. See Table 5.4 for remark.
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Figure 5.23: PCA Hotelling view of data from "MS Server" accident after removing
sample from Gryllefjord, room2, teflon pad sample from fedje and Herdla
vest, birds feathers sample from Tæna, and Lurøy. All variables are scaled
by 1/STD. See Table 5.4 for remark.
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Figure 5.24: PCA score plot of data from "MS Server" accident after removing sample
from Gryllefjord, room2, Fyrsundet, teflon pad sample from fedje and
Herdla vest, birds feathers sample from Tæna, and Lurøy. All variables
are scaled by 1/STD. See Table 5.4 for remark.
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Figure 5.25: PCA score plot of data from "MS Server" accident without sample from
Gryllefjord, room2, Fyrsundet, Vetvika, teflon pad sample from fedje and
Herdla vest, birds feathers sample from Tæna, and Lurøy. All variables
are scaled by 1/STD. See Table 5.4 for remark.
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first cluster (on the positive direction of PC1) contains reference samples, spill
sample from Kvamsøy, Gudbrandsøy, Stongholmvika, and Kelp sample from
Herdla vest. The second cluster contain some bird feather samples and oil
sample from Herøy, Ivasanden and Selje kommune.

PCA: minGrylltefFedBTraBLurR2TefHerdFyrVet_Scale 2D Scatter Plot
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Figure 5.26: PCA Hotelling view of data from "MS Server" accident without sample
from Gryllefjord, room2, Fyrsundet, Vetvika, teflon pad sample from
fedje and Herdla vest, birds feathers sample from Tæna, and Lurøy. All
variables are scaled by 1/STD. See Table 5.4 for remark.

The second cluster seems to be more subjected by weathering processes.
This can be explained by looking at the date and the sampling location. All
samples in the second cluster were taken 4− 19 days after the accident. The
sampling location ranges from 105− 205 km. Whilst, some samples in the first
cluster, i.e sample from Stongholmsvikjo, Gullbrandsøy, could not be easily
explained by looking at the sampling location since the author could not find
the exact position of this area in the map. Sample from Kvamsøy which is
taken for 21 days after casualty and located at approximately 200 km also part
of the first cluster. This needs another analysis to explain this phenomena.

Loading plot in Fig.5.27 shows the variables which were highly affected by
the first cluster are 27bbSTER and 30G. Whilst, the second cluster was highly
affected by variable 29bbSTER and C3-dbt/C3-Phe.
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Figure 5.27: PCA loading plot of data from "MS Server" accident without sample from
Gryllefjord, room2, Fyrsundet, Vetvika, teflon pad sample from fedje and
Herdla vest, birds feathers sample from Tæna, and Lurøy. All variables
are scaled by 1/STD. See Table 5.4 for remark.
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H I E R A R C H I C A L C L U S T E R A N A LY S I S

6.1 general

The previous chapter presents classification based on visual inspection of
score plot using PCA. Sometimes a cluster can be distinguished based on
their size, circular, spherical, elongated or curved arrangements of the objects.
More often, this classification is difficult because the objects form clusters
with different shapes and densities [Bratchell, 1992]. The latter seemed to be
occurred when the author performing PCA for oil spill identification in this
work. The simplest way for cluster analyses are based on the measurement of
distance or similarity of objects. Selection of the distance or similarity is based
on the type of variable to be used in the analysis (see Sect.2.4.4).

As presented in this chapter, cluster analysis was performed using hierarchi-
cal methods because of its simplicity, rapid to compute, give straightforward
and intuitive interpretation [Bratchell, 1992]. Three types of linkage, i.e. single
linkage, average linkage and furthest neighbor, were used for comparison.
Once again, MATLAB was used to perform the method. The results are pre-
sented in dendrograms.

Cluster analysis was applied to the score value data from the last PCA run
of each spill case. Only score value of PC 1 until optimal PC number were
used for the analysis. This was to avoid participation of sample outliers in
the classification. The variables were continuous variables, therefore the most
suitable distance to be used for clustering was euclidean distance [Bratchell,
1992].

6.2 hierarchical cluster analysis of "full city"oil spill case

6.2.1 Hierarchical Cluster Analysis Applied to Unscaled Principal Component
Analysis

Fig.6.2 was used to find optimal PC number obtained from the last PCA in
Sect.5.2.1. The plot reaches its plateau in PC 8. PC 4 was chosen as optimum
PC number. Score value from PC1 until PC 4 is given in Table 6.2 for unscaled
PCA and Table 6.3 for autoscaled PCA.

Fig.6.3-6.5 show the results of cluster analysis using Euclidean distance for
single linkage, average linkage and furthest neighbor linkage, respectively.
The figures show dendrograms (using furthest neighbor), which perform the
clearest classification. This is because the samples naturally tend to form dif-
ferent clusters. Whilst, single linkage or average linkage are more appropriate
for samples that tend to form "chain like" cluster type [Statsoft, 2011].

73
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Figure 6.2: Residual variance plot obtained from final PCA run of "Full City" accident.
No variables were scaled.

Table 6.2: Score value of unscaled PCA applied to "Full City" Case

Samples PC_01 PC_02 PC_03 PC_04

Krogshavn 3107 ref -0.36 -0.10 0.01 0.02

Oddane 3107 0.15 0.05 -0.01 0.07

Mandal 0308 0.05 0.08 0.06 0.02

Nevlunghavn 0608 -0.08 -0.06 -0.04 0.05

Langesund bad 0708 -0.12 0.26 -0.09 -0.03

Grimstad 0208 0.09 -0.15 -0.03 -0.01

Risor 0108 0.15 0.03 0.00 0.01

Arendal 0708 0.08 -0.19 -0.04 -0.05

Lillesand 1908 0.10 0.05 0.02 -0.05

Såstein -0.07 0.02 0.14 -0.02
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Figure 6.3: Single linkage Euclidean distance dendrogram of "Full City" case. No
variables were scaled.
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Figure 6.4: Average linkage Euclidean distance dendrogram of "Full City" case. No
variables were scaled.
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Figure 6.5: Complete linkage Euclidean distance dendrogram of "Full City" case. No
variables were scaled.

Fig.6.5 shows two main clusters. Sample taken from Såstein is clustered
together with sample from Nevlunghavn, Lillesand, Mandal, Risor, Oddane,
Arendal, and Grimstad. Whilst, sample from Krogshavn is clustered together
with sample from Langesund bad. This classification is similar as performed
by Faksness et al. [2010], which applied CEN-method. The dendrogram also
shows greatest similarity of sample from Nevlunghavn with sample from
Såstein. This meets the conclusion given by Faksness et al. [2010].

6.2.2 Cluster Analysis Applied to Autoscaled Principal Component Analysis

Fig.6.6 was used to find optimal PC number obtained from the last PCA in
Sect.5.2.1. The plot reaches its plateau in PC 9. And consecutively PC 6 was
chosen as optimum PC number. Therefore, score values of PC1-PC6 were
used for clustering. Fig.6.7-6.8 show the results of cluster analysis using
euclidean distance for single linkage, average linkage, and furthest neighbor
(or complete) linkage, respectively.

As in Sect.6.2.1, dendrogram using complete linkage shows the clearest
separation among clusters. This dendrogram is presented in Fig.6.9. The den-
drogram shows the same tendency as performed using the unscaled PCA
score. Sample taken from Såstein is clustered together with sample from
Nevlunghavn, Lillesand, Mandal, Risor, Oddane, Arendal, and Grimstad.
Whilst, sample from Krogshavn is clustered together with sample from Lange-
sund bad. The dendrogram also shows greatest similarity of sample from
Nevlunghavn with sample from Såstein. This meets the conclusion given by
Faksness et al. [2010] using CEN-method.
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PCA: RESULT4 Line Plot
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Figure 6.6: Residual variance plot obtained from Final PCA run of "Full City" accident.
All variables were scaled by 1/STD.

Table 6.3: Score value of scaled PCA applied to "Full City" Case

Sample PC_01 PC_02 PC_03 PC_04 PC_05 PC_06

Krogshavn 3107 ref 6.682 -1.424 1.149 0.471 0.139 -0.257

Oddane 3107 -3.149 1.595 3.087 0.321 0.391 -0.124

Mandal 0308 -1.036 -0.372 -0.006 -1.559 -1.285 0.950

Nevlunghavn 0608 0.937 -1.462 -0.156 -0.200 -1.097 -1.194

Langesund bad 0708 4.511 3.905 -0.921 0.110 -0.069 0.361

Grimstad 0208 -1.485 -1.524 -0.018 0.837 -0.798 0.488

Risor 0108 -3.114 1.298 -1.166 -0.226 0.137 -1.475

Arendal 0708 -1.717 -0.957 -1.200 1.999 0.572 0.492

Lillesand 1908 -2.044 0.616 -0.382 -0.259 0.123 0.624

Såstein 0.414 -1.674 -0.387 -1.493 1.888 0.134
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Figure 6.7: Single linkage Euclidean distance dendrogram of "Full City" case. All
variables were scaled by 1/STD.
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Figure 6.8: Average linkage Euclidean distance dendrogram of "Full City" case. All
variables were scaled by 1/STD.
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Figure 6.9: Complete linkage Euclidean distance dendrogram of "Full City" case. All
variables were scaled by 1/STD.

6.3 cluster analysis of "server"oil spill case

6.3.1 Cluster Analysis Applied to Unscaled Principal Component Analysis

Fig.6.10 was used to find optimal PC number obtained from the last PCA in
Sect.5.2.1. The plot reaches its plateu in PC 14. PC 3 was chosen as optimum
PC number. Score values of these PC were shown in Table 6.4.

The dendrograms of this hierarchical cluster analysis are shown in Fig.6.11

- 6.13. Again, dendrogram which was developed using furthest linkage, as
presented in Fig.6.12, shows the clearest separation between clusters. The sam-
ples are clustered into two main clusters. First, cluster (blue line) representing
samples which are very similar to the reference samples (samples taken from
Herdla Vest and Gudbrandsøy). This similarity was because they were taken
not far from the accident area and were taken soon after accident.

The second cluster represents samples, which are more weathered. These
samples were taken quite far (at least 100 km) from the accident area and
most of them (especially bird feathers samples) were taken two weeks after
the casualty (see Table 3.3 and 3.4).

6.3.2 Cluster Analysis Applied to Autoscaled Principal Component Analysis

Fig.6.14 was used to find optimal PC number obtained from the last PCA in
Sect.5.2.1. The plot reaches its plateau in PC 12. PC 6 was chosen as optimum
PC number. The score value of these PCs was presented in Table 6.5.
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PCA: minTefedjGryllbTrabLurR2tefHerd_unscal Line Plot
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Figure 6.10: Residual variance plot obtained from final PCA run of "Server" accident.
No variables were scaled.

Table 6.4: Score value of unscaled PCA applied to "Server" Case

Samples PC_01 PC_02 PC_03

Fedje Ref 0.63 -0.05 0.03

Rom3 -0.20 -0.10 -0.08

rom4 0.45 -0.02 -0.04

KV eigun 0.40 -0.10 0.00

Teflon Herdla vest 1.45 0.20 -0.03

Kelp Herdla Vest 0.63 -0.03 0.02

Gudbrandsøy 0.62 -0.10 -0.02

oil selje -0.20 -0.01 0.12

oil Kvamøy -0.20 -0.08 -0.09

oil Stongholmsvikjo -0.03 -0.05 -0.03

oil Ivasanden -0.08 -0.02 0.13

Bird gannet -0.51 -0.02 0.05

Bird guillemot -0.50 0.02 0.08

Bird Osnessanden -1.25 0.03 -0.06

oil Herøy -0.75 0.08 -0.04

Oil Vetvika 0.24 0.10 -0.03

Oil Fyrsundet -0.70 0.14 -0.01
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Figure 6.11: Single linkage Euclidean distance dendrogram of "Server" Case. No
variables were scaled.
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Figure 6.12: Complete linkage Euclidean distance dendrogram of "Server" Case. No
variables were scaled.



82 cluster analysis

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Fedje Ref

Kelp Herdla Vest

Gudbrandsøy

rom4

KV eigun

Oil Vetvika

Rom3

oil Kvamsøy

oil Stongholmsvikjo

oil selje

oil Ivasanden

Bird  gannet

Bird  guillemot

oil Herøy

Oil Fyrsundet

Bird Osnessanden

Teflon Herdla vest

Euclidean Distance (Centroid Linkage)

Figure 6.13: Centroid linkage Euclidean distance dendrogram of "Server" Case. No
variables were scaled.

PCA: minTefedjGryllbTrabLurR2TefHerdFyrVet_scal Line Plot
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Figure 6.14: Residual variance plot obtained from final PCA run of "MS Server" acci-
dent. All variables were scaled by 1/STD.
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Table 6.5: Score value of scaled PCA applied to "MS Server" Case

PC_01 PC_02 PC_03 PC_04 PC_05 PC_06

Fedje Ref 2.02 -0.63 -0.33 0.02 -0.82 -0.73

Rom3 0.68 -3.29 1.11 0.35 1.25 -0.05

rom4 3.41 2.13 -0.51 1.49 1.38 1.10

KV eigun 2.54 -0.65 0.67 -0.25 -0.02 -1.27

Kelp Herdla Vest 2.09 0.48 -1.04 -1.10 0.09 1.32

Gudbrandsøy 3.78 0.39 -1.84 -0.20 -1.00 -0.69

oil selje -4.09 1.12 -2.25 2.14 -0.46 -0.89

oil Kvamsøy 2.71 -0.91 0.96 -0.04 -1.47 -0.36

oil Stongholmsvikjo 1.59 -0.06 0.33 0.25 1.54 0.45

oil Ivasanden -3.50 1.05 0.85 -0.23 1.50 -1.84

Bird gannet -2.90 0.09 -1.40 -2.37 0.15 0.81

Bird guillemot -3.20 -0.16 0.07 -2.17 -0.18 0.08

Bird Osnessanden -3.98 -2.30 0.10 1.91 -0.80 1.43

oil Herøy -1.13 2.76 3.28 0.19 -1.15 0.63

The dendrograms of this hierarchical cluster analysis are shown in Fig.6.15 -
6.17. Once again, dendrogram which was developed using complete linkage,
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Figure 6.15: Single linkage-Euclidean distance dendrogram of "Server" Case. All vari-
ables were scaled by 1/STD.

as shown Fig.6.16, demonstrates clearer explanation as compared to the two
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Figure 6.16: Complete linkage-Euclidean distance dendrogram of "Server" Case. All
variables were scaled by 1/STD.
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Figure 6.17: Centroid linkage-Euclidean distance dendrogram of "Server" Case. All
variables were scaled by 1/STD.
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others. This figure classifies the samples into two clusters. The member of the
cluster is different as compared to the one using PCA unscaled scores. This
is because oil sample from Vetvika and Fyrsundet categorized as non match
to "MS Server" by this scaled PCA. Whilst, unscaled PCA categorized them as
match to "MS Server" oil.

Fig.6.16 shows oil from Herdla Vest, Selje, Gudbrandsøy and Kvamsøy in
the same cluster with the reference samples. Except for sample from Kvamsøy,
the similarity in this cluster can be explained by the time they were taken.

The second cluster in Fig.6.16 represents samples that more affected by
weathering processes. This cluster consists of samples that were taken quite
far (at least 100 km) from the accident area. Again, most of them (especially
bird feathers samples) were taken two weeks after accident (see Table 3.3 and
3.4).





7
PA RT I A L L E A S T S Q U A R E D I S C R I M I N A N T A N A LY S I S

In Chapter 5, PCA was performed to discover whether an oil spill sample
matches to the references or not. Data evaluation was performed by visual
inspection of its score plot. However, this visual inspection was sometime
difficult to be performed because of the shape and the arrangement of the
objects. The objectivity of visual interpretation of score plot of PCA can be
improved by, e.g. numerical comparisons or statistical comparisons. Many
studies showed that either numerical comparison or statistical comparison
needs replicated samples so that can give more objective result [Faksness et al.,
2002; Christensen and Tomasi, 2007]. This mean more cost will be implied.

Another method that useful for classification is PLS-DA. This method is
supervised classification method based on PLS, where class information is
stored in Y matrix. This method assumes that a sample has to be a member of
one of the classes included in the analysis using binary discriminant variable.
Here, the discriminant variable is coded by 1 = member and 0 = not member
[CAMO, 2006]. This is useful to classify whether an spill oil match or not to
the references.

In this thesis, PLS was performed using Unscrambler. PLS2 was used for the
analysis since Y variable to be used in each oil spill case contain two columns,
i.e. one column for "MV Full City" class and one column for "MS Server"
class. Due to small amount of samples, cross validation was conducted to the
variables. Even though this validation can be used for classification model
using small number of sample, this validation only gives a reliable result when
proper procedure is performed. In the proper cross validation procedure, the
total data should be divided into a training set, a validation set and a test
set [Westerhuis et al., 2008]. This cannot be applied for both oil spill cases,
which were investigated in this master thesis, because the number of sample
is very small. Consequently, such separation into training set, validation set,
and test set is not possible. For example, in the "MV Full City" case, the
number of sample is 20 and it consists of 3 reference samples. This means
that only 3 samples that can be used as training samples. Therefore, PLS-DA
was performed by combining the data sets of "MV Full City" and "MS Server"
oil spill. This approach enabled the prediction step in PLS-DA. In this case,
it is assumed that "MV Full City" accident and "MS Server" accident were
happened at the same time.

In this case, the X-variables (diagnostic ratio) of "MV Full City" and "MS
Server" to be used for the analysis should be the same. Therefore, variables 30d,
29aaS, C3-dbt/C3-Chr and 29 Ts from "MV Full City" data sets were removed
because they are not used in the "MS Server" data sets. Whilst, from "MS
Server" data sets, variable C2-dbt/C2-Phe, 29ba, TA21 and 30G were removed.
Totally, only 15 variable were employed for the analysis. The Y-variables are
variable "FC", which is a representation of oil from "MV Full City", and "Ser",
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which is a representation of oil from "MS Server". All variables are scaled by
1/STD.

The first step of this method was modeling, which then consecutively
followed by prediction step. In modeling step, reference samples from both
"MV Full City" and "MS Server" oil spill accidents were utilized. The result is
shown in Fig.7.2-7.5.

PLS2: PLSJoinCrossVal2spls 2D Scatter Plot
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Figure 7.2: Score plot PLS conducted to combined data from "MS Server" and "MV
Full City" accident. See Table 7.2 for remark.
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Figure 7.3: Loading plot PLS conducted to combined data from "MS Server" and "MV
sFull City" accident. See Table 7.3 for remark.
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Prediction: PLSjoinPredictCrosVal2spls Predicted with Deviation Plot
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Figure 7.4: Predicted vs measured plot PLS conducted to combined data from "MS
Server" and "MV Full City" accident. See Table 7.2 for remark.
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Figure 7.5: Residual variance plot PLS conducted to combined data from "MS Server"
and "MV Full City" accident. See Table 7.2 for remark.
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Table 7.2: Sample for PLS-DA applied to a combination of "MV Full City" and "MS
Server" data set

Remark Sample Name Remark Sample Name

FC-R1 Krogshavn Ser-R1 Fedje
FC-R2 Oddane Ser-R2 rom 3

FC-R3 Sastein Ser-R3 rom 4

FC-S1 Mandal Ser-R4 KV Eigun
FC-S2 Lekter Ser-S1 rom 2

FC-S3 Nevlunghavn Ser-S2 Teflon Herdla vest
FC-S4 Langesund bad Ser-S3 Kelp Herdla Vest
FC-S5 Grimstad Ser-S4 Gudbrandsøy
FC-S6 Risor Ser-S5 oil Selje
FC-S7 Arendal Ser-S6 oil Kvamsøy
FC-S8 Lasterom2 Ser-S7 oil Stongholmsvikjo
FC-S9 Lasterom 4 Ser-S8 oil Ivasanden

FC-S10 Maskinrom Ser-S9 Bird Gannet
FC-S11 IFO180Vysotsk Ser-S10 Bird Guillemot
FC-S12 LS180 Skagen Ser-S11 Bird Osnessanden
FC-S13 HS180 Skagen Ser-S12 Birds Lurøy
FC-S14 Lillesand Ser-S13 birds Træna
FC-S15 Rockness Ser-S14 oil Herøy
FC-S16 Askoy Ser-S15 Oil Gryllefjord

Ser-S16 Oil Vetvika
Ser-S17 Oil Fyrsundet
Ser-S18 teflon pad Fedje

Fig.7.2 is the score plot of the model. This figure shows clear separation
between "MV Full City" class and "MS Server" class. The loading plot shown
in Fig.7.3 shows that oil from "MV Full City" is determined by variable 29ab,
B(a)F/4-Mpy, TA26, and 1Mpy/4-Mpy, whilst oil from "MS Server" is deter-
mined by variable C3-dbt/C3-phe, 4-MD/1-MD, C2-dbt/C2-phe and 27Ts.
Predicted v.s. measured plot presented in Fig7.4 also shows clear separation
between "MV Full City" and "MS Server" class. Residual variance in Fig.7.5
shows the optimal PC number, which is equal to 2.

The prediction step was then applied to all samples from "MV Full City"
and "MS Server" accident. The result is shown from Fig.7.6-7.7.

Prediction with deviation is shown in Fig.7.6 for Y variable ”MS Server”.
This figure is useful to define the member of "MS Server" class. Sample with
Ypred > 0.5 and low deviation is predicted as member of the class. These
samples are references samples of "MS Server", which were taken from room 2,
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Table 7.3: Variable name for PLS-DA applied to combination of "MV Full City"

Remark Variable name

V1 1 Mpy/4-Mpy
V2 4-MD/1-MD
V3 2-MP/1-MP
V4 2Mpy/4-Mpy
V5 27bbSTER
V6 29ab
V7 29bbSTER
V8 29bb
V9 C3-dbt/C3-phe

V10 B(a)F/4-Mpy
V12 28bbSTER
V13 TA27

V14 27Ts
V15 TA26

V16 B(b+c)F/4-Mpy

Prediction: PLSjoinPredictCrosVal2spls Predicted with Deviation Plot
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Figure 7.6: PLS prediction with deviation performed on combined data from "MS
Server" and "MV Full City" accident for "MS Server" as Y variable. See
Table 7.2 for remark.
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kelp sample from Herdla vest, oil sample from Gudbrandsøy, oil sample from
Selje, oil sample from Kvamsøy, oil sample from Stongholmsvikjo, oil sample
from Ivasanden, bird feather sample from Gannet, bird feather sample from
Guillemot, bird feather sample from Osnessanden, oil sample from Herøy, oil
sample from Vetvika, and oil sample from fyrsundet. Sample with Ypred < 0.5
and low deviation is predicted as non member of the class. This prediction
shows that all samples taken from "MV Full City" accident are not member of
"MS Server" class or not match to "MS Server". Samples with high deviation
could not be safely classified in any class. This figure shows sample with high
deviation, i.e. sample from Lekter, Langesund bad, Lasterom2, Lasterom4,
machine room, IFO180, LS 180, HS 180, Rockness and Askøy from "MV Full
City" accident and teflon pad sample taken from Fedje, birds feathers sample
taken from Lurøy and Traæna, and oil sample from Gryllefjord from "MS
Server"accident. The deviation is an uncertainty limit. If the X-data for the
prediction sample is very similar to the training X-data, the deviation interval
will be smaller and the prediction becomes more reliable. The larger deviation,
the new sample is more dissimilar with the training sample [Esbensen et al.,
1994]. Therefore, these samples are then concluded as not match to "MS Server"
oil.

Prediction with deviation for Y variable "Full City" is shown in the Fig.7.7.
This figure is useful to define the member of "MV Full City" class. In this
figure, the predicted members are the reference samples from "MV Full City",
sample taken from Mandal, Nevlunghavn, Langesund bad, Grimstad, Risør,
Arendal, and Lillesand.

Prediction: RESULT9 Predicted with Deviation Plot
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Figure 7.7: PLS prediction with deviation performed on combined data from "MS
Server" and "Full City" accident for "Full City" as Y Variable. See Tab.7.2
for remark.

All samples taken from "MS Server" accident have Ypred < 0.5 and low devi-
ation so that predicted as non member of the class. Whilst, sample taken from
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"MV Full City", sample taken from "Rockness" accident, IFO 180 Vysotsk, LS
180 Skagen, and HS 180 Skagen have large deviation and therefore concluded
as not match to "MV Full City" oil.





8
C O M PA R I S O N A N D D I S C U S S I O N

8.1 general comparison

CEN-method for oil spill forensic is a standardized method for oil spill fin-
gerprinting in Europe. The application of this method is intended to assure
standard and uniform procedure on the oil spill examination, such that an
oil spill can be classified as identical or not identical to the suspect/source
samples. Basically, this method can be performed without any special software,
such that can be easily applied by any analyst. However, this method requires
diagnostic ratio (DR) comparison one by one, such that it takes more time
as compared to the multivariate one. This can increase the cost of man hour.
More comments regarding this method is given later in Sect.8.2.

Several multivariate analyses in this thesis were performed using a software
called The Unscrambler. This software has been used by SINTEF as a tool for
oil spill related matter including oil spill investigation and has given satisfied
results. Special expense for this software or perhaps other statistical softwares
is needed and therefore it could be problem for others in elsewhere in the
world to acquire such softwares. A special skill for operating the software
is also needed. Fortunately, The Unscrambler has complete user manual and
technical guidelines so that a new user can learn this software easily. Another
problem related to application of multivariate analyses using special software
is availability. Not every research institute or laboratory in the world has
special statistical software that suitable for oil spill investigation. Therefore,
when an oil spill occurred at the place where this software is not available,
this technique can not be easily applied. In this case, open source statistical
softwares can be used as alternatives.

Other requirement for oil spill investigation results can be accepted is
its simplicity to explain in front of the court and public. In this case, CEN
standardized method tends to be easier rather than any multivariate method.
CEN-method requires to compare spill sample and the reference sample in
one-to-one comparison, a variable by a variable, so that easy to be understood.
For most of the people, multivariate analysis is a sort of throwing in many
numbers to a black box in order to obtain another numbers, which then
interpreted subjectively by the analyst. For the case of oil spill fingerprinting,
many numbers (in this case is DR) from various samples were thrown together
into multivariate software in order to obtain a pattern, which is then used for
deciding whether an oil spill sample is match or not to the reference sample.
Even though the process inside a multivariate software can be explained
mathematically, but it is still too complex for common people. Therefore, there
is a tendency that multivariate analysis is more difficult to be defended in
front of the court as compared to the CEN-method.
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Comparison of the results of oil spill fingerprinting for oil spill case studies
"MV Full City" and "MS Server" by means of standardized CEN-method
and several multivariate methods are tabulated in Table 8.2 and 8.3. Detail
explanation of the result of each method is explained in the Sect.8.2-8.5.

It is noted in the tables that some samples are marked by "∗" indicating
no available diagnostic ratio data and therefore no comparison was made.
Comparison between CEN-method and multivariate methods only valid for
samples which have diagnostic ratio data. Some discrepancies between the
CEN-method applied by the author and the one applied by SINTEF are ob-
served and will be explained later on in Sect.8.2.

8.2 cen method for oil spill forensic

This method, as described in Sect.2.3, involves three levels of examination, i.e.
GC-FID chromatogram visual inspection (level 1), GC-MS chromatogram visual
inspection (level 2), and diagnostic ratio evaluation (level 3). This section is
intended to describe the problems or drawbacks when performing oil spill
fingerprinting by means of CEN-method.

Several problems were experienced by the author when applying the CEN-
method upon both oil spill cases ("MV Full City" and "MS Server"). The first
problem was when deciding which samples should be continued to the second
level after the evaluation of GC-FID chromatogram (level 1). Actually CEN-
method stated that sample which has no different on GC-FID chromatogram
pattern, or the pattern differences were caused by weathering processes, should
continue to the next level. However, the application of the method by SINTEF
seems to be deviate due to consideration of other factors, such as examination
cost, history of the sample, etc. The consideration can be observed from some
samples which has no different on GC-FID pattern with the reference samples,
but they were not considered to the next examination level. This was somehow
deviate from the CEN-method guideline.

For example, in "MV Full City" case, samples numbered SINTEF ID 2009-
0474, 2009-0482, 2009-0483, 2009-0484, 2009-0518, 2009-0521, 2009-0522, 2009-
0525, 2009-0603, 2009-0605, 2009-0630, 2009-0634, 2009-0736, and 2009-0737

were concluded as match to the reference samples, without conducting further
analyses in level 2 and 3 (as supposed to be, according to the CEN-method).
These samples were taken in the ship and at the area which are highly affected
by oil spill (Oddane and Krogshavn). This decision somehow understandable
that no need for further examination when in fact those spill samples were
indeed taken from the wreck and surrounding it. This sort of consideration
somehow reflects the importance of sample history in the analysis.

A contradicting consideration is also observed in "MS Server" case. Samples
numbered SINTEF ID 2007-0070, 2007-0084, 2007-0105, 2007-0062, 2007-0014

were in fact continued to the next level of examination even though the GC-FID
inspection (level 1) showed that they have different pattern and the differences
were not caused by weathering processes. While according to the CEN-method,
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those samples should be directly marked as non match. In this case, there was
no obvious reason apparent to the author.

The first problem as described in the previous paragraphs leads to a conclu-
sion that there are different basic ways of thinking between the CEN-method
and SINTEF approach, even though both apply 3 levels of examination. This
statement is especially true when learning the "MS Server" case. CEN-method
starts the examination by assuming that the oil spill is basically non match.
Therefore, when level 1 examination concluded that the sample is match, the
sample should go through the next levels of examination until at the end of
the examination in level 3. A sample considered as match if all of those 3 levels
of examination conclude it to be match. This way of thinking somehow seems
to be in favor of the shipowners and/or the culprit. However, the benefit of
this approach is the conclusion will be very strong and undeniable, which is
especially needed in front of the court.

While SINTEF approach seems to be started by prejudgment that the col-
lected oil spill sample should be from the suspected/reference samples. There-
fore, once level 1 concluded that the spilled sample is match, then it is enough
to mark it as match and no further examination is needed. But, if level 1

examination concluded otherwise, then more analyses in the next levels are
required until at the end of the examination in level 3. A sample considered as
non match if all of those 3 levels of examination concluded it to be non match.
This way of thinking somehow seems to be in favor of the environment and
regulatory bodies. However, the drawback of this approach is the conclusion
somehow has lower confidence level and it could be a quite setback in front of
the court.

The deviated approach by SINTEF with respect to the CEN-method on
handling the "MS Server" case leads a problem when the author conducting
this work. This is because the work by author depends on the data (either
GC-FID chromatograms, GC-MS chromatograms, and diagnostic ratio) provided
by SINTEF report. When SINTEF [Almås et al., 2007] decided to title match to
the sample in level 1 and then discard it from level 2 and 3 examinations, it
means that there is no available GC-MS chromatograms and diagnostic ratio
data for the corresponding sample. Therefore, no data means no analysis can
be done by the author for particular samples. Samples undergo this condition
were consecutively marked with "∗" in Table 8.2 and 8.3. This case of course
hindered the final conclusion of the investigation in this thesis.

The second problem was diagnostic ratio calculation. Miss-application of
the equation to be used for the calculation of diagnostic ratios sometimes
happened, as describe in Sect.4.3.2. This problem can be solved by creating a
program or excel spreadsheet that can automatically generate diagnostic ratio
based on the responses of GC-MS chromatogram. This has been performed by
the author using MATLAB. Other mathematical softwares, such as Python or
Octave, can be used as an alternative.

Knowledge about the type of oil being investigated is also plays an important
role in selecting diagnostic ratio for evaluation. For example in the "MV Full
City" case, SINTEF did not included several diagnostic ratios such as DR
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-Retene/C4-Phe. It was noted that "MV Full City" contains IFOs oil type which
were produced in high temperature process. Retene is aromatic compound
with slightly longer side chains and therefore will not occur in IFOs oil type
[Al-Khudhairy, 2006]. This information was not known in advance by the
author. Therefore, the author still used this DR for matching process. This was
of course lead to different and wrong conclusion in oil spill forensic. More over,
this case nevertheless supports Christensen and Tomasi [2007] opinion that no
matter how powerful and refined univariate method for oil spill fingerprinting,
even the standardized one (CEN-method), relies on expertise and skill of the
analyst.

Interestingly, comparison of the result between CEN-method performed by
the author and the one performed by SINTEF also shows that CEN-method
relies on expertise and skill of the analyst. CEN-method for oil spill forensic
performed by SINTEF gave more reliable result as compared to the author
results. This kind of conclusion was confirmed later by other methods, such
as PCA combined with cluster analysis and PLS-DA. SINTEF result gave more
similar result to the result of these methods.

8.3 principal component analysis for oil spill forensic

PCA for oil spill fingerprinting has been applied since in the middle of 1990s
[Christensen and Tomasi, 2007]. Al-Khudhairy [2006] also suggest to perform
PCA to support the result of the CEN-method of oil spill fingerprinting. PCA is a
multivariate statistical method that creates new independent variables, which
are linear combination of original variables. In this method, relationships
between similar objects can be found. This is useful for matching process in
oil spill identification.

In this thesis, this matching process was performed by score plot visual
inspection. This method was very easy to be applied, but sometime it was
difficult to be performed because the objects formed clusters with different
shapes and densities [Bratchell, 1992]. This difficulty also occurred when this
method was applied to the "Full City" and "Server" oil spill case. This problem
can be solved by other classification multivariate method, such as cluster
analysis (see Chapter 6). Moreover the objectivity of matching process of spill
and source oil samples can be improved by numerical comparison or statistical
test [Christensen and Tomasi, 2007].

Using PCA loading plot, contribution of variables in the samples can be
explained. This is useful for the analyst. Especially when the knowledge of
the sample to be used for the analysis is limited. For example, loading plot
shown in Fig.5.5 and Fig.5.8 shows high contribution of 2-MP/1-MP. This
diagnostic ratio was generated from M-phenanthrenes. The cluster of isomeric
M-phenanthrenes is typical of the high-temperature production of aromatics,
such as IFO oil type [Al-Khudhairy, 2006]. This information is useful for oil
spill investigation and can be easily obtained by inspection of PCA loading
plot.
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Data pre-processing plays important role for oil spill forensic using PCA.
Different pre-treatment of the data will lead to different conclusion and
moreover can give wrong conclusion. In this work, both scaling and un-scaling
the variables were performed to the data as pre-treatment. In "MV Full City"
case, there are no discrepancy in concluding match or non match of the
sample to the references. But in "MS Server"case, application of scaling and
un-scaling the variables lead to different final conclusion. In "MS Server"
case the application of un-scaled variables give more similar result with CEN-
method conclusion performed by SINTEF as compared to the scaled ones.
This finding also lead to suspicion that the discrepancy also due to lack of the
available data (GC-MS chromatogram and DR data), see Sect.8.2. Therefore, it
is important to specify that comparison of the PCA result with CEN-method
for oil spill only valid for samples that were undergo GC-MS examination.

In this master thesis, PCA was performed using statistical software called
The Unscrambler. This software is user friendly but of course take more cost as
compared to the analysis using CEN-method, which can easily be performed
using excel spreadsheet or any numerical analysis software such as MATLAB
or Python. Developing a specialized software for oil spill fingerprinting, in-
cluding CEN univariate and multivariate statistical analysis, can be proposed
for further work to reduce cost and generate more reliable and robust result.

8.4 hierarchical cluster analysis

Hierarchical cluster analysis is an unsupervised classification method. This
method is able to find natural classes or clusters in the data by measuring
similarity or dissimilarity. This feature is useful for matching process in oil
spill forensic.

Selection of linkage, i.e. cluster distance measure to be used for hierarchical
cluster analysis, is important. Hierarchical cluster analysis using Euclidean
distance complete linkage shows more reliable result as compared to the
two other linkages. This is because in this method, the distances between
clusters are determined by the greatest distance between any two objects in
the different clusters (i.e. by the "furthest neighbors"). Therefore, it performs
quite well in cases when the objects actually form naturally distinct "clumps"
[Statsoft, 2011], such as in oil spill fingerprinting case.

Cluster analysis gives straightforward and intuitive interpretation on the
sample classification. However the contribution of variables in each class or
cluster is not known by this method. Since cluster analyses for oil spill forensic
applied in this thesis are applied only for supporting method to classify
samples based on PCA scores, further application for the more raw data, i.e
diagnostics ratio, is strongly suggested.

8.5 partial least square-discriminant analysis

Application of PLS-DA in oil spill investigation is relatively rare. This thesis
compared this method with other more common methods, i.e CEN standard-
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ized method and PCA. Again, this comparison is only valid for samples that
were analyzed using GC-MS or samples with known diagnostic ratio values.

PLS-DA results depend on the selected validation. Even though cross valida-
tion can be used for validation of classification model using small number of
sample, this validation only gives a reliable result when proper procedure is
performed. In the proper cross validation procedure, the total data should be
divided into a training set, a validation set, and a test set [Westerhuis et al.,
2008].

Application of PLS-DA by combining datasets from "MV Full City" and "MS
Server" has enabled the division of the data into training set, validation set
and test set. For "MV Full City" case, the application of PLS-DA resulted the
same conclusion as produced by the CEN-method performed by SINTEF and
PCA combined with cluster analysis. Whilst, limitation of PLS-DA in this case
was unable to identified a specific spill sample to be match with a specific
reference sample. This was because the number of reference sample from
"MV Full City" was too small, such that not possible to divide the reference
samples into three classes and performing PLS-DA only on "MV Full City"
case. Increasing the number of reference sample could be a solution for this
problem.

For "MS Server" case, there are some discrepancies between the result of
this method with both by CEN-method and also using PCA combined with
cluster analysis. PLS-DA predicts the oil samples taken from room 2, teflon pad
sample from Herdla Vest, and oil sample from Vetvika are member of "MS
Server". These samples were actually identified as non match by CEN-method.
PLS-DA prediction also shows discrepancies with PCA result, especially when
PCA is performed with autoscaling the variables. These discrepancies could
be because of different variables being used for the analysis. As described in
Chapter 7, some variables were removed in order to combine these two data
sets. The discrepancies also could be because too few number of samples to be
used for building the model, which were only 7 samples. Again, this problem
can be solved by increasing number of samples to be used for building the
model. This is of course will increase the cost, especially when number of
samples needed for analysis is not known. In this case, the author suggests
Monte Carlo simulation for determining the appropriate number of samples
especially source or reference samples [Westerhuis et al., 2008].





9
C O N C L U S I O N A N D F U T U R E W O R K S

9.1 conclusion

A hypothesis as starting point of this thesis was that the CEN-method for
oil spill fingerprinting (even though can be done easily by a calculator or
excel spread sheet) depends on the expertise of the analyst. This made the
method less objective. The hypothesis above turned out to be true when
the author (who has limited skill and experience) conducted the oil spill
fingerprinting based on CEN-method for "MS Server" and "MV Full City" oil
spill cases, see Sect.3 and 4. When the result was compared with the SINTEF
result, some discrepancies were revealed. It was a sort of indication that the
skill level and experience of the analyst does matter and important for the
consistent conclusion when applying the CEN-method, see Sect.8. Moreover,
it was found that the univariate CEN-method tends to take longer time as
compared to the multivariate methods because matching process of spill
sample and reference sample is done in one-by-one basis. This will increase
the cost of man hours, and could be more expensive as compared to the
procurement of any multivariate software.

In this thesis, multivariate analyses using PCA, cluster analysis and PLS-DA
(see Sect.5,6, and 7) have been proven as faster and undoubtedly more objective
as compared to the CEN-method. The gap of the skill level and experience of
the analyst is no longer matter. This has been demonstrated by more similar
result when compared with the SINTEF’s. These benefits consequently give
another benefit, such as reduce the cost for man hours. The limitations of these
method are the cost needed for software expense and in some places of the
world, the availability of the software could be a problem. Another limitation
of the multivariate analysis application is its complexity. This complexity tends
to be more difficult to be defended in front of the court as compared to the
univariate one (CEN-method) due to lack of one to one comparison.

Throughout the case studies, this work shows that PCA is able to be used
to classify whether a spill sample match or not to the reference sample by
visual inspection of score plot. However, in several cases, the objects lay in a
scatter way and therefore it is difficult to conclude whether a spill sample is
match to the reference sample or not. The author found that by combining
PCA with cluster analysis, the difficulty can be solved. However, the difference
in data pretreatment (i.e. by performing auto-scaling or not) tends to give
different conclusion. It means good knowledge about the effects of the data
pretreatment is required. It seems that further research in this area is needed.

The last multivariate analysis investigated by the author was PLS-DA, which
demonstrated even closer result to the CEN-method performed by SINTEF as
compared to the PCA combined with cluster analysis. This method could be
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considered to be more objective and confidence to predict whether a spill sam-
ple match to the reference sample or not. Therefore, the author recommends
to use this method for DR evaluation in oil spill investigation, rather than the
method explained in Al-Khudhairy [2006], which uses repeatability limit for
diagnostic ratio comparison, or PCA combined with cluster analysis. However,
this method seems to be depend on the number of sample to be used for
building the model. The consideration regarding the number of sample to
be used for PLS-DA somehow relates to the cost. The more number of sample
means the more cost for chemical analysis is needed. The optimum number of
sample and other related features should be investigated in the future work.

9.2 future works

Since there is discrepancy on calculation of diagnostic ratio (DR) between
the author and SINTEF, the author suggests to increase the accuracy of DR
calculation by developing software that can automatically generate DR from
response/peak data of GC-MS. The author also suggests to improve the use of
more "raw" format GC-FID or GC-MS data for oil spill investigation. The using
of this data is expected to be able to improve the time efficiency, and also to
be able to reduce error on DR calculation.

In this thesis, several multivariate analyses are performed using a software
called The Unscrambler. For some parts of the world, the using of a licensed
software could be difficult and the expense to acquire it could be a problem.
This problem can be solved by performing multivariate analysis in an open
source chemometric software, such as SciCraft. Otherwise, developing a spe-
cialized purpose software for oil spill investigation could be beneficial and
can be subjected for further work.

Other multivariate analyses for classification such as Soft Independent
Modeling of Class Analogy (SIMCA) is also suggested to be considered as
further work. This approach has a goal to assign a new sample to the class
with the largest similarity. This type of classification is based on separate PC
models, usually separate PCA model. The method consist of two stages, i.e
training stage and classification stage. Different distance measures are used to
evaluate the class membership of new object. Therefore, classification of the
new sample in to any class can be performed easily [Esbensen et al., 1994].

Among several multivariate analyses performed in this thesis, PLS-DA is one
of the promising method for oil spill investigation. However, the optimum
number of sample for analysis in order to obtain a valid model and consistent
result is remain a problem. Further work should be done to figure out the
optimum number of sample for PLS-DA for various oil spill cases.

It should be understood that this thesis has been build up upon the avail-
able data only, which is a real oil spill case. The problem of building up of
a conclusion or theory based on a real case study is we cannot sure about
the "truth" 100% we might found, because everything tends to be uncontrol-
lable. The more appropriate approach in order to pursue an alternative or
complementary method of the univariate CEN-method is by performing this
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investigation upon more controllable samples. Controllable sample means that
the oil type and its components are known. Moreover, the type of weathering
process and its severity with respect to the time of exposure to the weathering
process is also known. An artificial weathering process can be imposed to the
sample to imitate the real weathering process in more controllable way. If the
whole work in this thesis is performed upon such controllable samples, the
conclusion will be strong and undeniable.

Moreover, we could simulate several types of weathering processes to
several oil types or even in a mixture of oil types and then investigate it
using GC-FID and GC-MS. Finally, we could establish a very important database,
which contain information of components in each oil type and the effect of
weathering degree to the oil component. Using PLS-DA, we can build models
from this databases and predict whether an illegal oil spill matching to one of
oil type we have modeled or not.

Application of PLS-DA with other analytical method which is more practical
could be considered as further work. This application will enable to develop
an apparatus that can be used to investigate whether a spill match to any type
of oil or not on site. This is of course will increase the time efficiency, because
the spill sample is not necessary to be analyzed in the laboratory and also
avoid the mixed up of oil samples. Therefore, it will increase the objectivity of
oil spill investigation.





A
C E N L E V E L I - G C / F I D V I S U A L I N S P E C T I O N : ” F U L L
C I T Y ” C A S E

For ”Full City” case, based on GC/FID analysis result done by SINTEF
[Faksness et al., 2010], which was available in form of figures in pdf file (no
digital data available), the author digitized all GC/FID chromatogram of the
samples by mean of graph digitizing software, windig25. Afterward, Level
1 screening by overlaying the chromatogram of the spill sample on top of
the reference sample could be easily performed in Matlab. The results are
presented in this appendix.

5 10 15 20 25 30 35 40
0

10

20

30

40

50

p
A

 

 

0579R
0473

5 10 15 20 25 30 35 40
0

20

40

60

80

100

p
A

 

 

0485R
0473

5 10 15 20 25 30 35 40
0

20

40

60

80

min

p
A

 

 

0472R
0473

Figure A.1: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0473) and the reference samples.
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Figure A.2: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0474) and the reference samples.
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Figure A.3: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0482) and the reference samples.
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Figure A.4: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0483) and the reference samples.
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Figure A.5: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0484) and the reference samples.
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Figure A.6: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0486) and the reference samples.
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Figure A.7: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0487) and the reference samples.
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Figure A.8: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0489) and the reference samples.
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Figure A.9: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2009-0490) and the reference samples.
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Figure A.10: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0491) and the reference samples.
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Figure A.11: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0492) and the reference samples.
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Figure A.12: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0493) and the reference samples.
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Figure A.13: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0494) and the reference samples.
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Figure A.14: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0495) and the reference samples.
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Figure A.15: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0499) and the reference samples.
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Figure A.16: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0500) and the reference samples.
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Figure A.17: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0501) and the reference samples.
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Figure A.18: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0518) and the reference samples.
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Figure A.19: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0521) and the reference samples.
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Figure A.20: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0522) and the reference samples.
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Figure A.21: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0525) and the reference samples.
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Figure A.22: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0602) and the reference samples.
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Figure A.23: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0603) and the reference samples.
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Figure A.24: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0604) and the reference samples.
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Figure A.25: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0605) and the reference samples.
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Figure A.26: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0606) and the reference samples.
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Figure A.27: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0622) and the reference samples.
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Figure A.28: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0624) and the reference samples.
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Figure A.29: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0609) and the reference samples.
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Figure A.30: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0614) and the reference samples.
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Figure A.31: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0616) and the reference samples.
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Figure A.32: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0630) and the reference samples.
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Figure A.33: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0634) and the reference samples.
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Figure A.34: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0736) and the reference samples.
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Figure A.35: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0737) and the reference samples.
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Figure A.36: Overlaying of the GC/FID chromatograms of the oil spill sample (SIN-
TEF ID: 2009-0609) and the reference samples.





B
C E N L E V E L I - G C / F I D V I S U A L I N S P E C T I O N :
” S E RV E R ” C A S E

For ”Server” case, based on GC/FID analysis result done by SINTEF [Almås
et al., 2007], which was available in form of figures in pdf file (no digital data
available), the author digitized all GC/FID chromatogram of the samples by
mean of graph digitizing software, windig25. Afterward, Level 1 screening
by overlaying the chromatogram of the spill sample on top of the reference
sample could be easily performed in Matlab. The results are presented in this
appendix.
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Figure B.1: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0022) and the reference samples.
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Figure B.2: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0010) and the reference samples.
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Figure B.3: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0011) and the reference samples.
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Figure B.4: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0012) and the reference samples.



cen level i - gc/fid visual inspection: ”server” case 137

0 10 20 30 40 50 60 70 80
0

50

100

150

p
A

 

 
017R
014

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

120

p
A

 

 
023R
014

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

120

p
A

 

 
024R
014

0 10 20 30 40 50 60 70 80
0

20

40

60

80

100

120

min

p
A

 

 
033R
014

Figure B.5: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0014) and the reference samples.
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Figure B.6: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0015) and the reference samples.
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Figure B.7: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0016) and the reference samples.
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Figure B.8: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0018) and the reference samples.
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Figure B.9: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0019) and the reference samples.
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Figure B.10: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0020) and the reference samples.
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Figure B.11: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0021) and the reference samples.
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Figure B.12: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0025) and the reference samples.
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Figure B.13: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0026) and the reference samples.
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Figure B.14: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0027) and the reference samples.
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Figure B.15: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0028) and the reference samples.
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Figure B.16: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0029) and the reference samples.
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Figure B.17: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0030) and the reference samples.
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Figure B.18: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0042) and the reference samples.
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Figure B.19: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0055) and the reference samples.
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Figure B.20: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0056) and the reference samples.
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Figure B.21: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0057) and the reference samples.
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Figure B.22: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0058) and the reference samples.
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Figure B.23: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0059) and the reference samples.
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Figure B.24: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0060) and the reference samples.
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Figure B.25: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0061) and the reference samples.
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Figure B.26: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0062) and the reference samples.
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Figure B.27: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0063) and the reference samples.
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Figure B.28: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0064) and the reference samples.
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Figure B.29: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0065) and the reference samples.
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Figure B.30: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0066) and the reference samples.
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Figure B.31: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0067) and the reference samples.
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Figure B.32: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0068) and the reference samples.
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Figure B.33: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0070) and the reference samples.
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Figure B.34: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0084) and the reference samples.
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Figure B.35: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0105) and the reference samples.
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Figure B.36: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0118) and the reference samples.
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Figure B.37: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0119) and the reference samples.
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Figure B.38: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0282) and the reference samples.
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Figure B.39: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0394) and the reference samples.
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Figure B.40: Overlaying of the GC/FID chromatograms of the oil spill sample (SINTEF
ID: 2007-0395) and the reference samples.
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The available data of diagnostic ratio in the form of *.xls files is presented in
the following Fig. C.1 and C.2 for ”Full City” and ”Server” case respectively.

Table C.1: Diagnostic Ratio of ”Full City” Case.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

C28tricycllics 1.00 0.97 0.98 0.91 0.99 1.00 0.93 0.98 0.92 1.00 0.97 0.85 0.84 1.09 1.00 0.97 nd nd

C29 tricyclics 1.08 0.98 1.01 1.48 1.95 3.92 1.92 2.98 1.17 0.97 0.92 0.96 0.93 1.10 1.05 1.04 nd nd

C28+C29tricyclics 2.07 2.00 1.97 1.73 1.67 1.45 1.66 1.49 1.89 1.92 1.99 2.01 1.93 2.21 2.22 1.99 nd nd

27Ts 0.34 0.52 0.50 0.62 0.45 0.34 0.51 0.52 0.49 0.61 0.56 0.79 0.71 0.54 0.19 0.48 0.50 0.89

28ab 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.11

25nor30ab 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08

29ab 0.82 0.73 0.73 0.70 0.75 0.80 0.70 0.72 0.74 0.73 0.74 0.96 0.68 0.58 0.74 0.74 0.67 0.87

29Ts 0.12 0.15 0.14 0.16 0.14 0.13 0.14 0.15 0.15 0.16 0.16 0.18 0.16 0.17 0.10 0.15 0.12 0.21

30d 0.04 0.05 0.05 0.05 0.04 0.03 0.04 0.05 0.05 0.05 0.05 0.03 0.06 0.09 0.04 0.05 0.05 0.06

30O 0.12 0.03 0.04 0.00 0.07 0.13 0.04 0.04 0.04 0.00 0.00 0.12 0.00 0.09 0.00 0.05 0.00 0.00

30G 0.00 0.10 0.09 0.10 0.09 0.08 0.09 0.09 0.09 0.00 0.11 0.10 0.12 0.08 0.07 0.09 0.00 0.00

29ba 0.08 0.06 0.07 0.05 0.07 0.08 0.06 0.06 0.06 0.07 0.06 0.08 0.06 0.08 0.09 0.06 0.06 0.33

29aaS 0.85 0.98 0.96 0.98 0.93 0.85 0.92 0.98 0.93 0.97 0.98 0.87 1.01 0.74 0.93 0.92 0.83 1.15

29bb 1.35 1.36 1.35 1.33 1.33 1.38 1.29 1.33 1.28 1.41 1.39 1.61 1.57 1.04 1.12 1.34 1.40 1.70

27bbSTER 0.53 0.51 0.53 0.51 0.52 0.52 0.52 0.49 0.51 0.50 0.48 0.38 0.39 0.57 0.65 0.51 0.54 0.47

28bbSTER 0.36 0.37 0.37 0.37 0.37 0.34 0.37 0.38 0.37 0.39 0.36 0.32 0.33 0.40 0.38 0.37 0.36 0.40

29bbSTER 0.64 0.65 0.62 0.65 0.63 0.68 0.63 0.65 0.65 0.63 0.69 0.93 0.89 0.54 0.50 0.64 0.63 0.65

TA21 0.80 0.45 0.49 0.40 0.53 0.86 0.49 0.46 0.46 0.41 0.39 0.53 0.22 1.71 1.28 0.48 2.71 0.55

TA26 0.52 0.48 0.45 0.45 0.46 0.49 0.46 0.44 0.44 0.44 0.43 0.41 0.25 0.58 0.61 0.44 0.44 0.33

TA27 0.93 0.87 0.87 0.85 0.86 0.90 0.85 0.86 0.89 0.88 0.85 0.73 0.44 0.89 1.02 0.87 0.80 1.02

2-MP/1-MP 2.20 1.89 2.00 1.42 1.99 1.98 1.90 1.90 1.91 1.65 1.55 1.97 1.63 1.85 1.94 1.95 1.91 1.22

4-MD/1-MD 2.75 2.54 2.53 2.16 2.67 2.65 2.53 2.51 2.52 2.30 2.07 3.14 2.93 2.93 2.25 2.48 3.00 2.66

C2-dbt/C2-phe 0.36 0.40 0.38 0.51 0.38 0.38 0.37 0.38 0.38 0.45 0.42 0.49 0.33 0.27 0.26 0.43 0.35 0.20

C3-dbt/C3-phe 0.50 0.60 0.56 0.63 0.51 0.54 0.55 0.57 0.54 0.61 0.59 0.64 0.40 0.34 0.40 0.56 0.43 0.25

C3-dbt/C3-chr 2.19 2.39 2.42 2.03 2.26 2.55 2.20 2.38 2.15 2.00 2.13 2.38 1.39 0.84 2.20 2.38 21.62 1.25

Retene/C4-phe 0.07 0.02 0.02 0.04 0.02 0.04 0.02 0.02 0.02 0.04 0.05 0.03 0.05 0.04 0.02 0.02 0.04 0.40

B(a)F/4-Mpy 0.32 0.46 0.39 0.92 0.35 0.35 0.40 0.41 0.40 0.64 0.64 0.39 0.82 0.52 0.27 0.42 0.57 1.97

B(b+c)F/4-Mpy 0.18 0.24 0.19 0.43 0.19 0.18 0.20 0.19 0.19 0.32 0.31 0.22 0.39 0.28 0.15 0.20 0.31 0.94

2Mpy/4-Mpy 1.13 1.02 1.05 0.79 1.08 1.13 1.05 1.03 1.04 0.90 0.77 1.18 0.90 0.96 0.91 1.05 1.08 1.11

1Mpy/4-Mpy 0.94 0.91 0.90 0.86 0.91 0.89 0.91 0.88 0.89 0.89 0.84 0.96 0.89 0.89 0.85 0.89 0.89 0.69

*Note: number 1...18 represents the sample of 2009-0485, 2009-0472, 2009-0486, 2009-0489, 2009-0491, 2009-0493, 2009-0499, 2009-0500, 2009-
0501, 2009-0602, 2009-0604, 2009-0606, 2009-0609, 2009-0614, 2009-0616, 2009-0622, 2004-0355, 2009-0626
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176 evaluation of diagnostic ratio (cen method): ”full city” case
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