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1. Introduction 
The industrial revolution evolved the needs for heating, illumination, chemicals and transportation 

and with the consequent expansion of the oil industry in the 19th century oil pollution became a 

problem (Stout & Wang, 2017). Extensive transportation of these chemicals overseas raised 

awareness of this threat (Carpenter, 2016). 

Oil spills have many causes such as seeping of oil from eroded underwater sediments, deposition of 

oil from the atmosphere due to incomplete combustion, transference from rivers or land, shipping 

accidents, authorized discharges, illegal discharges, refineries, oil terminals, (Carpenter, 2016) 

improper waste disposal from industrial sites and automobile repair shops, leaking retail gasoline 

stations and fractured pipelines (Stout & Wang, 2017). 

1.1. Current State of Knowledge 
According to the Bonn Agreement Oil Appearance Code (BAOAC) (The Bonn Agreement, 2016) a 

layer of diesel oil, which is rainbow or metallic colored, on water is 0.3 to 50 µm thick while a layer of 

crude oil, which is black, on water is 50 to 200 µm thick. The composition of the spilled oil 

determines both how it its affected by its environment (Peters, et al., 2005) and how it is analyzed in 

forensic cases (European Committee for Standardization (CEN), 2012; Stout & Wang, 2017). This 

composition is determined by the environment the initial crude oil is collected from, how it is altered 

in a subsequent refinery process and how is affected by weathering effects (Peters, et al., 2005). 

1.1.1. Composition of Oils 
Oils generally consist of a huge number of different molecules of varying complexity. Most of the 

molecules are hydrocarbons that can be either aliphates, such as paraffins and naphtenes, or 

aromatic compounds. Paraffins are linear and branched alkanes while naphtenes are cycloalkanes. 

Unsaturated cykloalkanes are classified as aromatics. Other than hydrocarbons a small portion of oils 

consist of heteroatomic organic molecules that contain other atoms than hydrogen and carbon. 

(European Committee for Standardization (CEN), 2012) 

Most processes for refining crude oils are based on distillation columns divided into sections where 

the crude oil is heated at temperatures decreasing with elevation. At each section of a distillation 

column a fraction containing compounds with boiling points higher than the temperature of the 

current section and lower than the temperature of the lower section is obtained. To make refining 

more profitable the lowest fractions can be converted, with heat or catalysts, to the lighter fractions 

which are used as transportation fuels. (Peters, et al., 2005) 

1.1.2. Weathering Sensibility of Oils 
Weathering encompasses all naturally occurring processes affecting spilled oil; spreading, dispersion, 

emulsification, evaporation, aqueous vapor extraction, dissolution, aggregation, sinking and 

sedimentation, photo-oxidation and biodegradation. The sensibility of oils to these various effects 

depends on the properties of the oil and its environment. (Peters, et al., 2005) 

Spreading generally follows the direction of winds and is more effective for lighter oils since they are 

less viscous. Oils disperse in water over time ultimately becoming droplets that are more exposed 

and vulnerable to other weathering effects. Dispersion of oil droplets in water or water droplets in oil 

can form emulsions which can preserve the oil spill for months. Lighter oils with mainly volatile 

content are generally completely evaporated after a day on a water surface depending on the 

temperature, spreading and dispersion. Introduction of air to the spilled oil enhances evaporation 

effects by aqueous vapor extraction and accelerates biodegradation. Dissolution, transference from 
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the organic to the aqueous phase, affects more polar compounds that are more soluble in water but 

is negligible for the polar compounds that have not already evaporated. The heavy oil fraction that 

may remain in an emulsion after evaporation and dissolution can form hard aggregates, with a less 

weathered core, that may be preserved for years. Sinking and sedimentation can occur by 

aggregation with sand near shores or by accumulation in organisms. Exposure to sunlight causes 

photo-oxidation of oils into compounds that are more toxic, water-soluble and susceptible to 

dissolution. Biodegradation is oxidation by organisms of mainly small non-polar compounds near the 

water surface. (Peters, et al., 2005)  

Saturation makes compounds more resistant to photo-oxidation (Bacosa, et al., 2015), while steric 

hindrance makes compounds more resistant to biodegradation (Stout & Wang, 2017). It is 

noteworthy that all weathering effects are temperature dependent (Stout & Wang, 2017). In the 

current report, vehicle fuel oils are studied. The main weathering effect after discharge of such light 

petroleum products is likely to be evaporation (J Malmborg 2019, personal communication, 10 May). 

1.1.3. Biomarkers in Oils 
Living organisms can produce organic molecules with complex structures that remain almost 

unchanged, due to sedimentary preservation, and therefore become biomarkers. The composition of 

biomarkers in an oil is affected by both the collection of organisms and the extent of heating in the 

sediment. (Peters, et al., 2005) The variation in quantity and composition of biomarkers between 

different oils is useful for forensic oil fingerprinting. Steranes and tri- to pentacyclic terpanes are 

common biomarkers for heavier oils. In lighter and more refined oils, without the common 

biomarkers, bicyclic sesquiterpanes and diamondoids are used as biomarkers. (Stout & Wang, 2017)  

Diamondoids and bicyclic sesquiterpanes are described below with a focus on the compounds that 

are particularly interesting for this project, i.e. adamantanes and isoprenoids. (Stout & Wang, 2017) 

Fatty acid methyl esters (FAME) are described as well since they are found exclusively in MK1 diesel 

oils (SPBI, 2018). Scarce literature describes the backgrounds and applications of other interesting 

compounds for this project; decalines, branched alkanes, tetralins, fluorenes, cyclic alkanes, hydro 

polycyclic aromatic hydrocarbons (PAHs) and pyrenes (J Malmborg 2019, personal communication, 

30 April). 

1.1.3.1. Adamantanes 

Adamantane is the simplest diamondoid; a series of hydrocarbons with the same 

arrangement of carbon-carbon bonds as diamond. As for higher polymantanes, 

adamantanes are the various alkylated versions of the structure of adamantane 

(Figure 1). Diamondoids are very common in oils and are useful for indicating 

biodegradation due to the inherent thermal stability of their cage-like structure. 

The origin of diamondoids is likely acidic areas of petroleum rocks. (Peters, et 

al., 2005) 

1.1.3.2. Isoprenoids 

The most common biomarkers are isoprenoids, also called terpenoids and isopentenoids, which 

consist of isoprene subunits with the structure in Figure 2. All living organisms biosynthesize 

isoprenoids with various cyclic and acyclic structures by polymerization of various amounts of 

isoprene subunits. Isoprenoids are classified both by their number of carbon rings and their number 

of isoprene subunits according to the examples in Figure 2. (Peters, et al., 2005) 

Figure 1 Adamantane. 
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Figure 2 The structures of isoprene (left), an acyclic hemiterpene, and eudesmane (right), a bicyclic sesquiterpane. 

1.1.3.3. FAME 

With the goal of reducing national emission of greenhouse gases by 70 % by 2030 the Swedish 

government has implemented a reduction duty. The reduction duty forces suppliers to increase the 

proportions of biofuels in gasoline and diesel yearly corresponding to specified percentages of 

reduced emission of greenhouse gases. (Näslund & Westerberg, 2019) The most common Swedish 

diesel fuel is MK1 diesel, which translates to “environmental class 1”, containing up to seven volume 

percentages of FAMEs that are produced from vegetable oils (SPBI, 2018). This type of diesel oil is 

also referred to as a biodiesel; a term which is also used to describe pure FAME fuel (SPBI, 2010). 

Fatty acids are named after the amounts of carbon atoms, C, and double bonds, D, in the carbon 

chain by using the notation C:D (Ratnayake & Galli, 2009). 

1.2. Current Technical Level; State-of-the-art 
Measurement of biomarkers in oils became possible with the development of the gas 

chromatography - mass spectrometry (GC-MS) instrument which allows more specific and 

predictable fingerprinting than earlier bulk composition characterization methods that estimated 

specific gravity and optical activity for instance. Since its development in the 1970s, GC-MS is still the 

most commonly used technique for comparative oil analysis and can discriminate oils based on 

differences in source material, environmental origin and maturity level. (Stout & Wang, 2017) Since 

the implementation of the Nordtest Method in 1991 advancements in technology, knowledge and 

statistics resulted in the introduction of the most recent international method for comparative oil 

analysis, the CEN/TR 15522-2:2012 method, in 2012. Since other matrices may affect the oil 

fingerprint the CEN/TR 15522-2:2012 method is primarily for oil spills on water. The CEN/TR 15522-

2:2012 method is a product of the countries included in the Bonn Agreement Oil Spill Identification 

Network of Experts (Bonn-OSINet). (European Committee for Standardization (CEN), 2012) 

1.2.1. The International Method for Comparative Oil Analysis 
The internationally recommended CEN/TR 15522-2:2012 methodology for comparative oil analysis 

demands quality control and laboratory practices that minimize the variation of the method. To 

determine relevant variations between different samples a reproducible analytical procedure is 

required. The method depends on a good sampling practice, especially in cases of mixed oils. 

Nevertheless, oil characterization with the method can be useful for identifying a source, for 

comparison with future spills and as evidence in court. (European Committee for Standardization 

(CEN), 2012) 

1.2.1.1. Correlation of oil Samples 

Current technology does not allow practical comparison of every oil feature and therefore oils are 

compared by gas chromatography-flame ionization detection (GC-FID) or GC-MS analysis of selected 

robust and distinguishing features, such as biomarkers. Two oil samples can be correlated if observed 

differences are smaller than the variation of the method or the differences can be explained by other 

factors such as weathering, mixing or heterogeneity. Primarily a list of normative diagnostic ratios is 

measured, based on robust and distinguishing compounds from different oil types, which can be 
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expanded with a list of informative diagnostic ratios if necessary. (European Committee for 

Standardization (CEN), 2012) 

1.2.1.2. Analytical Procedures 

After samples have been collected and prepared, under chain-of-custody, according to the CEN/TR 

15522-2:2012 methodology GC-FID analysis is used for screening. During GC-FID analysis gas 

chromatograms are compared followed by comparison of ratios of the most abundant compounds, 

n-alkanes and isoprenoids, if necessary. Gas chromatography-percentage weathering (GC-PW) plots 

are constructed, by plotting corresponding alkane-ratios of two samples against each other, if there 

is no significant difference between the chromatograms or the ratios. If even the GC-PW plots show 

no significant difference samples are further analyzed with GC-MS followed by interpretation of mass 

chromatograms and mass spectrometry-percentage weathering (MS-PW) plots. A conclusion is 

evaluated, documented and prepared based on all results. (European Committee for Standardization 

(CEN), 2012) 

1.3. The Aim of this Work 
The international method for comparative analysis of oils is deficient for analysis of lighter oils such 

as diesel oils that do not contain a significant portion of selected robust compounds (European 

Committee for Standardization (CEN), 2012). Together with the international Bonn-OSINet group the 

established analytical method is currently being revised to include new compounds that improve 

comparative analysis of diesel oils (J Malmborg 2019, personal communication, 30 April). The aim of 

this work was to validate the usability of some new compounds that have been suggested for 

inclusion in the method, and to produce advisory statistical data for the Bonn-OSINet group. 

Validation of these new compounds comprised examination of their weathering sensibility, 

correlation, discriminating power and compatibility with the internationally used sampling cloth 

(European Committee for Standardization (CEN), 2006). 

1.3.1. Previous Studies 

1.3.1.1. Examinations of Sampling Methodology Compatibility 

Matrix effects of various sampling cloths have been studied using extraction with dichloromethane 

(DCM) and nitrogen drying to concentrate extracts 10 times followed by GC-MS analysis. Extraction 

time was shown to be irrelevant. Additionally, various types of oil were extracted from water in glass 

vessels at 0 °C, using an ice bath, and at 20 °C showing that only the ETFE material from Sefar is 

simple and cheap while also giving representative extracts. (Viitala, 1999) 

1.3.1.2. Validations of Biomarkers 

The diagnostic powers of diagnostic ratios have been calculated to validate compounds in paraffin 

wax , 14 crude oils (Stout & Wang, 2017) and 70 MK1 diesels (Malmborg & Nordgaard, 2016) as well 

as to validate diamondoids in 100 crude and lighter oils (Wang, et al., 2006). Validation allowed the 

selection of uniquely effective diagnostic ratios as a guideline based on the limited number of oils 

that was analyzed (Stout & Wang, 2017). Further evaluation of diagnostic ratios has been performed 

with partial correlation coefficients giving more unique measures than Pearson correlation 

coefficients (Malmborg & Nordgaard, 2016), weighted mean versus standard deviation plots, PW 

plots (Stout & Wang, 2017) and t-tests with a 95 % confidence limit (Stout & Wang, 2017; Wang, et 

al., 2006). Most analyses were done according to the CEN/TR 15522-2:2012 methodology (Malmborg 

& Nordgaard, 2016; Stout & Wang, 2017). 

1.3.1.3. Studies of Weathering Sensibility 

Evaporation has been simulated for various oils with precise rotary evaporation (Stout & Wang, 

2017; Wang, et al., 2006) and for diesel oils by letting 10 µm thick oil lay on water in petri dishes at 
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room temperature and in darkness (Malmborg, 2017). Biodegradation has been simulated for various 

oils by incubating oils with microbial culture for months (Díez, et al., 2009; Stout & Wang, 2017; 

Wang, et al., 2006) and for crude oils by treatment with sewage sludge (Stout & Wang, 2017). For 

diesel oils biodegradation has been studied by collecting diesel oil mixed with potting soil after 2, 7, 

14 and 30 days at room temperature and in darkness (Malmborg, 2017). Biodegradation has also 

been studied naturally (Albaigés, et al., 2013; Volkman, et al., 1984). Photo-oxidation has been 

simulated by sampling 10 µm diesel oil on water in petri dishes on a rooftop with pieces of ETFE cloth 

after 1, 3, 6 and 24 hours in the sun and after an additional 72 hours in the shade (Malmborg, 2017). 

Evaluation of mass chromatograms (Albaigés, et al., 2013; Díez, et al., 2009; Stout & Wang, 2017; 

Volkman, et al., 1984; Wang, et al., 2006) and GC-MS PW plots (Malmborg, 2017) showed that 

steranes, terpanes (Stout & Wang, 2017) and diamondoids except for adamantanes (Wang, et al., 

2006) are resistant to biodegradation while aromatic and aliphatic compounds are susceptible to 

biodegradation (Malmborg, 2017). For aromatic compounds it was shown that resistance to 

biodegradation increases with the number of aromatic rings (Díez, et al., 2009; Volkman, et al., 1984) 

and the degree of alkylation (Díez, et al., 2009; Malmborg, 2017; Volkman, et al., 1984) as for all 

types of compounds (Stout & Wang, 2017). Additionally, for compounds such as alkylbenzenes and 

alkyltoluenes, it was shown that meta-, para- and ortho-isomers are increasingly resistant to 

biodegradation in that order (Albaigés, et al., 2013; Malmborg, 2017). Regarding evaporation and 

photo-oxidation it was shown that lighter compounds are susceptible to evaporation (Malmborg, 

2017; Wang, et al., 2006) and that 2,6-dimethylnaphthalene is the only compound in diesel oils found 

susceptible to photo-oxidation (Malmborg, 2017). 

1.3.2. The Strategy of This Project 
Compatibility with the internationally used sampling cloth was examined by extracting a clean 

sampling cloth and by extracting oil from water according to the experiments of Viitala (Viitala, 

1999). Obtained data was analyzed with GC-MS-PW plots (Malmborg, 2017) and t-tests (Wang, et al., 

2006) as utilized by Malmborg and Wang et al., respectively. New diagnostic ratios were evaluated by 

calculating diagnostic powers based on 91 MK1 diesel oils. Correlations between diagnostic ratios 

were examined with regular Pearson correlation coefficients as mentioned by Malmborg and 

Nordgaard (Malmborg & Nordgaard, 2016). The weathering sensibility of the new diagnostic ratios 

was studied by analyzing the exact laboratory-photo-oxidized and laboratory-biodegraded samples 

that were prepared by Malmborg in 2017, as well as new laboratory-evaporated samples prepared 

similarly to the experiments of Malmborg, followed by evaluation of obtained GC-MS-PW plots as 

demonstrated by Malmborg (Malmborg, 2017). All analyses were done with GC-MS analysis 

according to the revision of the CEN/TR 15522-2:2012 methodology (J Malmborg 2019, personal 

communication, 30 April). 

1.3.2.1. Delimitations 

As in previous studies and for practical reasons, a limited number of oils were collected from local 

sources during a five-year period, from early 2014 to early 2019, and thereafter analyzed by GC-MS. 

The similar origins of analyzed oil samples make calculated diagnostic powers underestimates, since 

greater variation should be observed among oils of very different origins, which should therefore be 

used as guidelines (Stout & Wang, 2017). Some quotients were absent in the analyzed oils and could 

not be evaluated. Another delimitation was that correlations between quotients were only calculated 

for 12 normative ratios with high diagnostic powers while the correlations of other quotients are 

interesting as well. This was due to the high amount of data handling necessary when comparing all 

25 proposed ratios. 
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Only the sampling cloth considered as the best sampling method was examined, although there are 

other possible sampling methodologies (Viitala, 1999). The ETFE cloth is the preferred method of 

choice in the CEN 2006 sampling guide (European Committee for Standardization (CEN), 2006). 

Sampling was studied at two temperatures as in the previous study by Viitala (Viitala, 1999) while 

other temperatures could be interesting as well since temperature affects all weathering processes 

(Stout & Wang, 2017). Concerning weathering processes, only photo-oxidized, biodegraded and 

evaporated samples were studied, as these kinds of samples had already been prepared, except for 

evaporated samples that are relatively simple to prepare. As mentioned, all analyses were done 

according to the part of the revision of the CEN/TR 15522-2:2012 methodology about GC-MS (J 

Malmborg 2019, personal communication, 30 April) while the GC-FID procedures are interesting to 

evaluate as well. 

1.3.3. Method Descriptions 
The utilized methodology was, as mentioned, GC-MS in accordance with the revision of the CEN/TR 

15522-2:2012 methodology (J Malmborg 2019, personal communication, 30 April) followed by 

statistical evaluations. 

1.3.3.1. GC-MS 

GC-MS consists of a gas chromatograph, separating analytes in time, connected to a mass 

spectrometer, structurally identifying the separated compounds. In the gas chromatograph, the 

analytes are evaporated and transported through a chromatographic column, where they are 

separated, to a detector, which in this case is a mass spectrometer that separates and measures ions. 

(Sparkman, et al., 2011) 

1.3.3.2. Statistical Models 

Results from the GC-MS analyses were evaluated statistically using t-tests to test if datasets are 

significantly different (Miller & Miller, 2011), diagnostic power to estimate the diversity of a quotient 

(Christensen, et al., 2004), correlation matrices to visualize correlations between quotients (R 

Foundation for Statistical Computing, 2019) and PW plots to compare the compositions of samples 

(Stout & Wang, 2017). 

1.4. Ethical Discussion 
The economy and lives of modern societies depend on oil derivatives; a dependency that incites 

tensions between nations and intensifies the global warming. Despite the development of 

substitutes the transition from oil derivatives to substitutes is unlikely to go smoothly. Diminishing 

natural oil reserves make increasing global demands increasingly difficult to meet and negatively 

affect societies, due to higher prices, the environment, due to an ongoing transition to coal, and the 

economy. (Bottery, 2008) Thus, an ethical use of oil is required that allows a smooth transition from 

oil to more sustainable energy. 

1.4.1. Consequences of oil Spills 
Since the large oil spills in the 1960s oil spills have been considered a major cause of lasting 

ecological damage (Stout & Wang, 2017). Although oil is natural, large amounts of oil can disturb 

food chains by impairing habitation, flow of nutrients, thermal insulation, buoyancy, respiration, 

organs and tissues of animals (Peters, et al., 2005). It is not unusual for an oil spill to permanently 

remove seaweed from an ecosystem (Stout & Wang, 2017). Besides ravaging the nature oil spills can 

also impair fishing, tourism, recreation and the economy (Carpenter, 2016).  
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Considering the many negative effects of oil spills affecting vast amounts of animals and humans, 

spilling oils cannot be deemed ethical. Oil analyses on the other hand are ethical since they serve to 

reduce the highly unethical oil spills. 

1.5. Societal Relevance 
Crude oil and lighter oils are the largest chemical source of environmental contamination (Stout & 

Wang, 2017). The average oil spilled globally per year from 1988 to 1997 was estimated to 600 000 

tonnes of oil from natural seeps, 457 000 tonnes of oil from ships, 115 000 tonnes of oil from seaside 

establishments, 53 000 tonnes of oil from small vessels, 20 000 tonnes of oil from seaward 

exploration and manufacturing facilities and 200 tonnes of oil from unknown sources resulting in a 

total of 1 245 200 tonnes of oil per year. No accidental oil spills, which constitute 36 % of the 457 000 

tonnes of oil from ships, have been bigger than seven tonnes since 1970. Through surveillance by 

aircrafts and satellites, improved designs of ships and ports, stronger regulations in the oil industries 

and increased awareness the average number of oil spills per year has been decreased from 24.5 in 

the 1970s to 3.4 in the 2000s and to 1.8 in the 2010s. (Carpenter, 2016) Nonetheless, as the Baltic 

Sea (HELCOM, 2018; Kaasinen, 2016) and the North Sea (Carpenter, 2016) has shown, illegal 

discharges can still be a problem that can be combated with comparative oil analysis. 

1.5.1. Legislation 
In some countries proper surveillance evidence is enough for conviction while other countries 

require comparative oil analysis. Low concentrations of oil discharges are allowed in some waters 

while no oil discharge is allowed in other waters. However, legislation is nothing without 

implementation and improved analytical methods increase the chance that the offender can be 

convicted, and the environmental and economic damages can be compensated for. Legislation is 

based upon various international agreements followed by implementation in accordance with 

national laws. (Carpenter, 2016) 

The Swedish Coast Guard has implemented the internationally acknowledged polluter pays principle 

forcing the responsible party to compensate for all necessary subsequent restorative and preventive 

measures. Shipowners have a strict responsibility and are held accountable if their oil is spilled even 

if they did not directly cause the spill. (Swedish Coast Guard, 2015) The Swedish National Forensic 

Centre (NFC) is the part of the Swedish police that by order of the police, prosecutors and the court 

handles the entire forensic process; organizing methodologies, research and quality assurance (NFC, 

2019). Forensic methodologies used in court must be validated and it is not unusual for the 

admissibility of a scientific method in court to be questioned. Validation proves that the 

methodology is suitable for the reported results. (Haslam, et al., 2011) 
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2. Process 
When the project was planned a weekly schedule, for the execution of the project, in the form of the 

Gantt chart in Figure A - 1 in appendix A was constructed with Microsoft Excel. The main segments of 

the project were ordered chronologically and described by dividing them into as few practical tasks 

as possible to facilitate estimation of necessary time. Necessary time was estimated for each task 

and the time that was spent for each task was documented in a separate sheet of the Excel 

document to allow systematic and retrospective evaluation of the process. Milestones and decision 

points were defined as concrete intermediate objectives that could be systematically evaluated. The 

plan for systematic evaluation consisted of four steps that were repeated until the project was 

fulfilled; reviewing the plans of a task, executing the task, analyzing obtained results and continuing 

with the next task or changing the plan. Fulfilment of the project was achieved when the analytical 

results were presented orally and in a written report. The report was meant to serve as an advisory 

guideline, ranking the new biomarkers in the revised CEN/TR 15522-2:2012 method, for the 

international Bonn-OSINet group. 
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3. Theory 

3.1. Analytical Methods 
The utilized analytical method GC-MS separates compounds with a gas chromatograph so that they 

can be detected individually by a mass spectrometer allowing simple interpretation of complex 

samples (Sparkman, et al., 2011). All matter except the analytes from the chromatography must be 

removed to achieve high vacuum and prevent unwanted collisions in the mass spectrometer. The 

little matter expelled from the capillary columns used in gas chromatography only requires simple 

pumping capabilities. (Harris & Lucy, 2016)  

3.1.1. Gas Chromatography 
Gas chromatography starts with injection of analytes into an injection port where they are 

evaporated and transported to a chromatographic column. The gaseous analytes are separated as 

they travel along the column, which leads to a detector reacting to the separated analytes. (Harris & 

Lucy, 2016) 

3.1.1.1. Injection 

Approximately one microliter of sample is injected with a syringe into an injection port liner where 

the analytes are vaporized and transferred to the chromatographic column by the carrier gas. To 

enter the liner the syringe pierces a septum beneath which there is a low carrier gas flow (i.e. septum 

purge) that removes decomposed pieces of the septum. If the concentrations of the analytes are 

sufficiently high, split injection is generally used. In this injection technique a major proportion, which 

is defined by the split ratio, of the sample is discarded through a split vent while only 0.2-2 % of 

injected sample reaches the column. (Harris & Lucy, 2016) The split ratio is calculated by dividing the 

sum of the column flow and the split flow with the column flow (Sparkman, et al., 2011). However, 

irreproducibility of the split ratio may lead to inaccurate quantitative analysis. Alternatively, on-

column injection, in which the solvent/sample is injected directly onto the column, can be used. 

(Harris & Lucy, 2016) 

If split injection is unsuitable due to low analyte concentrations splitless injection is generally used. 

Splitless injection applies approximately 95-99 % of injected sample to the column by having the split 

vent closed for a specified time, the splitless time, after which remaining analytes are discarded 

through the split vent. During the splitless time, the carrier gas flow mixes and dilutes analytes in the 

injector and continuously transports diminishing concentrations of the analytes to the column. 

Splitless injection results in peaks as broad as the splitless time unless injected sample is focused. 

Primarily, the focusing technique solvent trapping is achieved by starting the temperature program 

40 °C below the boiling point of the injection solvents, which, in turn, should be more than 30 °C 

lower than the boiling points of the analytes. In solvent trapping, the low initial column temperature 

condenses the solvent at the head of the column and traps the analytes, which are subsequently 

released as a focused analyte band when the temperature is raised. Additionally, analytes can be 

focused with cold trapping, which is enabled by starting the temperature program 150 °C below the 

boiling points of the analytes and condensing the analytes themselves. (Harris & Lucy, 2016) To avoid 

overloading of the injector during hot splitless injection pressure-pulsed injection can compress the 

sample by temporarily increasing the pressure of the carrier gas before the injection (Sparkman, et 

al., 2011). 

3.1.1.2. Separation 

Separation is achieved in the chromatographic column by partition of gaseous analytes between the 

mobile phase, which is a carrier gas commonly consisting of helium, and a solid stationary phase 

(Harris & Lucy, 2016). A polysiloxane-based stationary phase is commonly used (Poole, 2012). 
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Retention of analytes on the column is proportional to their tendencies to mix with the chosen 

stationary phase, following the rule “like dissolves like”, and their boiling points. At temperatures 

above the boiling points of the analytes they will be entirely gaseous resulting in barely any retention 

or separation. At temperatures too much lower than the boiling points of the analytes the fraction of 

molecules in the gaseous phase will be too low for the analytes to elute from the column at a 

reasonable pace. Analytes with similar boiling points can be analyzed isothermally, using a constant 

temperature. To analyze samples containing analytes with disparate boiling points a temperature 

program must be used, increasing the temperature of the column during analysis. Alternatively, 

electronic pressure programming can be used to obtain suitable retention of thermolabile analytes 

with high boiling points. (Harris & Lucy, 2016) 

Temperature programming allows higher temperatures, as specified by column manufacturers, than 

isothermal analyses since exposing of the column to higher temperatures should be minimized. 

Heating decomposes the stationary phase that subsequently bleeds into the detector elevating noise 

levels and giving broader peaks with varying retention times. (Harris & Lucy, 2016) 

3.1.2. Mass Spectrometry 
Mass spectrometry allows qualitative analyses by comparing a peaks spectrum with a spectrum in a 

library. Quantitative analyses can also be done with mass spectrometry by measuring the height of a 

quantification ions peak if its identity is confirmed by the relative height of a confirmation ions peak. 

A mass spectrometer ionizes analytes, accelerates them, separates them and measures their masses 

producing mass spectra where abundance relative to the highest peak, the base peak, is plotted 

against mass-to-charge ratio (m/z). Thus, any mass spectrometer consists of an ion source, a mass 

separator and a detector. (Harris & Lucy, 2016) In this work a single quadrupole mass spectrometer 

was used and is therefore the type of mass spectrometer that is described theoretically. 

3.1.2.1. Electron Ionization 

The most common ion source for GC-MS is electron ionization (Sparkman, et al., 2011). Electron 

ionization accelerates electrons, through 70 V, that interacts with and ionizes analytes producing 

mainly positive molecular ions that generally gain enough energy to fragmentize. The common 

voltage of 70 V gives reproducible spectra that can be compared with libraries. Acceleration plates, 

with small differing potentials, transmits fast and focused ions to the mass analyzer. (Harris & Lucy, 

2016) 

3.1.2.2. Mass analyzers 

The most common mass separator is the transmission quadruple analyzer, also called the quadrupole 

mass filter (QMF) (Sparkman, et al., 2011). The Quadrupole connects the ion source to the detector 

with four parallel metal rods having a constant voltage as well as a swiftly oscillating radio frequency 

voltage. For each voltage setting one specific mass-to-charge ratio resonates with the electric field 

and reach the detector while other ions deflect into the rods and are lost. (Harris & Lucy, 2016) 

3.1.2.3. Detection 

Following the quadrupole mass analyzer, the cations hit a conversion dynode sending electrons of 

similar electrical response, to prevent discrimination, towards a continuous-dynode electron 

multiplier. As electrons travel through and collide with the electron multiplier they are accelerated 

towards more positive potential and multiplied approximately a million to a hundred million times to 

produce the analytical signal. (Harris & Lucy, 2016) 
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3.1.2.4. Data Acquisition Modes 

The selectivity that is achieved with mass spectrometry, by measuring few analytes at a time, lessens 

the demands on sample preparation and chromatographic separation. Using a regular quadrupole 

data acquisition can be done by repeatedly measuring either the entire mass spectrum or a few pre-

selected ions. Full scan analysis is the data acquisition mode that repeatedly measures the entire 

mass spectrum. Selected ion monitoring (SIM) is the data acquisition mode that measures a few pre-

selected ions which further increases the selectivity since more time is spent measuring analyte 

specific ions increasing the signal-to-noise ratio. Regardless of which data acquisition mode is used a 

chromatogram is produced by plotting the total current of all measured ions against retention time. 

The chromatogram is called a selected ion chromatogram when a few ions are measured, otherwise 

it is called a total ion chromatogram. Higher selectivity, although not as high sensitivity as with 

selected ion chromatograms, can be achieved with total ion chromatograms by only plotting the total 

current of a few of all the measured ions against retention time producing an extracted ion 

chromatogram. (Harris & Lucy, 2016) 

3.2. Statistical Models 
The utilized statistical models are t-tests, diagnostic power, Pearson correlation matrices and PW 

plots although t-tests were automatically calculated with a Microsoft Excel formula and PW plots 

were automatically constructed with a premade Excel file. 

3.2.1. T-tests 
Statistical significance tests determine if a measured difference between two values is significant or 

can be attributed to random error. The basis of these tests is determining the probability of a null 

hypothesis, H0, which states that the observed difference is solely caused by random error. In 

general, the null hypothesis is rejected if the probability that the measured difference is solely 

caused by random error, P, is less than 5 %. However, a 95 % confidence limit results in a 5 % 

frequency of false results (Type I error). Either calculated test values can be compared to tabulated 

critical values, which depend on the number of degrees of freedom and correspond to different 

probabilities, or the probability P itself can be calculated by statistical software. The degrees of 

freedom compensate for the number of measurements used to calculate the standard deviation. 

(Miller & Miller, 2011) 

Commonly these tests are two-sided, examining differences regardless of direction, but they can also 

be one-sided, examining either if there is a significant positive difference or if there is a significant 

negative difference, if only one direction is interesting. One-sided tests use the critical values for two-

sided tests at twice the chosen probability level since half of the probability is located on each side of 

the distribution. T-tests compare an experimental mean with a known mean value or another 

experimental mean. Comparison of a known mean value, µ, with the experimental mean, x,̅ of a 

sample with standard deviation s and the sample size n can be done with the following equation. 

(Miller & Miller, 2011) 

𝑡 = (�̅� − 𝜇)
√𝑛

𝑠
 

To compare two experimental means, it is necessary to first compare the standard deviations of the 

two samples, s1 and s2, which is done with a two-sided F-test according to the following equation 

(Miller & Miller, 2011). 

𝐹 =
𝑠1

2

𝑠2
2 
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The value of F is always ≥ 1 due to how the numerator and denominator, whose degrees of freedom 

are n1 - 1 and n2
 - 2 respectively, are chosen. If the difference between the two standard deviations is 

insignificant, according to the F-test, they can be pooled using the respective sample sizes, n1 and n2, 

according to the following equation. (Miller & Miller, 2011) 

𝑠2 =
(𝑛1 − 1)𝑠1

2 + (𝑛2 − 1)𝑠2
2

(𝑛1 + 𝑛2 − 2)
 

The two experimental means, x1̅ and x2̅, can be compared with the following equation using the 

pooled standard deviation, s, which gives a t value with n1 + n2 – 2 degrees of freedom (Miller & 

Miller, 2011). 

𝑡 =
�̅�1 − �̅�2

𝑠√
1

𝑛1
+

1
𝑛2

 

However, if the two standard deviations are significantly different the comparison must be done 

according to the following equation (Miller & Miller, 2011). 

𝑡 =
�̅�1 − �̅�2

√
𝑠1

2

𝑛1
+

𝑠2
2

𝑛2

 

When the two standard deviations differ significantly, the calculation of the t-value remains relatively 

simple but the degrees of freedom of the t-value must be calculated with the following equation 

followed by truncation to an integer (Miller & Miller, 2011). 

𝐷𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 =  
(

𝑠1
2

𝑛1
+

𝑠2
2

𝑛2
)

2

𝑠1
4

𝑛1
2(𝑛1 − 1)

+
𝑠2

4

𝑛2
2(𝑛2 − 1)

 

These formulas cannot be used to compare two methods that were used to analyze one set of 

samples with varying concentrations since they would confound, that is not separate, method 

variation and sample variation. A paired t-test avoids this confounding by calculating a t-value, with n 

– 1 degrees of freedom, using the mean, d̅, and the standard deviation, sd, of the differences, d, 

between n measurements of the two methods according to the following equation. (Miller & Miller, 

2011) 

𝑡 = �̅� √𝑛 𝑠𝑑⁄  

3.2.2. PW Plots 
PW plots visualize what percentage of each compound, N, remains in a sample, compared to its 

source, and the extent of weathering of the sample. Each compounds quotient between its 

normalized analytical signal in the sample and in the source respectively is calculated, converted to 

percentages and plotted in a PW plot according to the following equation where normalization is 

achieved by division with the analytical signal of a normalization compound, norm, present in both 

the sample and the source. (Stout & Wang, 2017) 

𝐶𝑁 (%) =
𝐶𝑁𝑠𝑎𝑚𝑝𝑙𝑒

𝐶𝑛𝑜𝑟𝑚𝑠𝑎𝑚𝑝𝑙𝑒
⁄

𝐶𝑁𝑠𝑜𝑢𝑟𝑐𝑒
𝐶𝑛𝑜𝑟𝑚𝑠𝑜𝑢𝑟𝑐𝑒

⁄
∙ 100% 
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The most common normalization compound is C30 αβ hopane due to its resistance to weathering. In 

lighter oils, where hopane and similar heavy compounds are absent, bicyclic sesquiterpanes or 

alkylated PAHs can be used instead. Even these normalization compounds can nevertheless be 

affected in severe cases of weathering resulting in an underestimation of weathering effects. (Stout 

& Wang, 2007) 

Concentration differences, extent of weathering, and instrumental variation can be estimated from 

the distribution of data points in a PW-plot. Quotients affected by weathering are generally 

irrelevant in oil comparisons. Instrumental variation results in a standard deviation of data points, 

calculated for two identical samples, which has been determined to be 7.5 percentage units and 

therefore data points calculated for two identical samples have values between 85 and 115 

percentage units with 95 % certainty according to the normal distribution. The upper limit is 

corrected mathematically to 118 percentage units by setting one of the samples as 100 % and if more 

than 5 % of the data points from duplicate analyses exceed these limits the method should be 

adjusted. However, these limits are somewhat inaccurate since the actual variation of data points 

increases with differences in treatment, composition and injection between samples and decreases 

with proficiency in integration of chromatographic peaks. (European Committee for Standardization 

(CEN), 2012) 

Calculated data points are plotted against retention time, which is strongly correlated to the boiling 

point of an analyte. If a sample is affected by evaporation the data points to the left in its pw-plot are 

typically lower the further to the left the data points are since compounds with lower boiling points 

evaporate faster and generally get lower retention times. (European Committee for Standardization 

(CEN), 2012) To avoid scientific doubt for an evaporated sample the depletion of the data points to 

the right in the pw-plot must correspond with the depletion of data points to the left which results in 

an S-shaped evaporation curve (Carpenter, 2016). 

Mixed oil spills result in relatively high data points for the group of compounds that are more 

prevalent in the additional oil type which is why compounds within the same group are chosen for 

normative diagnostic ratios. Photo oxidized samples can be recognized from the three low data 

points of 2-MPy, 4-MPy and 1-MPy that are increasingly depleted in that order. (European 

Committee for Standardization (CEN), 2012) Biodegradation can be recognized in several groups; 

FAMEs, alkylbenzenes, alkyltoluenes and n-alkanes. Dissolution will first affect low substituted two- 

to three-ring PAHs such as naphthalenes and phenantrenes. (Malmborg, 2017) 

3.2.3. Diagnostic Power (DP)  
A diagnostic ratio (DR) between two peaks is calculated by dividing the peak height or area of one of 

the peaks with the corresponding value of the other peak (Stout & Wang, 2017). Ratios between 

similar analytes are used to minimize weathering effects. Diagnostic power (DP) is calculated by 

dividing the relative standard deviation (RSD) of a diagnostic ratio in different oils, RSDV, with the RSD 

of the sampling process, RSDS, according to the following equation (Christensen, et al., 2004). 

𝐷𝑃 =
𝑅𝑆𝐷𝑉

𝑅𝑆𝐷𝑆
 

The analytical relative standard deviation, RSDA, can be used instead of RSDS at the cost of not 

compensating for heterogeneity and weathering (Christensen, et al., 2004). RSDA was used in the 

current study. RSD, also called coefficient of variation (CV), allows comparison of the precision of 

different types of data by combining the standard deviation with the mean value according to the 

following equation (Miller & Miller, 2011). 
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𝑅𝑆𝐷 = 𝑠 �̅�⁄ ∙ 100 % 

3.2.4. Correlation Matrix 
Correlation matrices find correlations through Pearson correlation coefficients obtained by plotting 

data series against each other (Stout & Wang, 2016). In a correlation matrix both the columns and 

the rows represent all data series with correlation coefficients within the matrix. Correlation 

coefficients range from negative one to positive one resulting in a diagonal of positive ones across 

the correlation matrix showing the correlation of the data series with themselves. With the R 

Foundations “corrplot” package stronger correlations can be visualized with increasing size of 

different shapes and increasing color intensity in a positive and a negative gradient. (R Foundation 

for Statistical Computing, 2019) Two data series that simultaneously have either high or low values 

have a strong positive correlation. A strong negative correlation, on the other hand, means that one 

of the data series has a high value when the other one has a low value and vice versa. (J Malmborg 

2019, personal communication, 10 May) 
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4. Materials and Methods 

4.1. Materials 
Emsure DCM of pro analysi quality from Merck (Kenilworth, USA) was used as extraction and 

injection solvent for all samples. DCM was therefore used as blank solution and as wash solvent 

together with Emsure toluene of pro analysi quality from Merck (Kenilworth, USA). To saturate active 

sites in the injector and prevent discrimination of heavy analytes a saturation sample, consisting of 

heavy fuel oil mixed with DCM, was used. The employed system control, for resolution and 

sensitivity, was a hydrocarbon reference consisting of linear hydrocarbons with eight to 38 carbon 

atoms as well as pristane, phytane and squalane dissolved in DCM. MK1 diesel samples for diesel 

analysis were obtained from various local Swedish gas stations and refineries. Middle eastern crude 

oil from Iran was used for crude oil analysis. Sea salt from Sigma-Aldrich (St. Louis, USA) was used to 

create simulated sea water. Lake water was collected from the Swedish lake Visjön in the 

municipality Ödeshög. The 2 kg/m3 NPK fertilizer potting soil “Planteringsjord” was purchased from 

the florist Plantagen (Stockholm, Sweden) for biodegradation experiments. Sampling cloth 

examinations were done with the internationally utilized Fluortex 09-250/39 ethylene 

tetrafluoroethylene (ETFE) monofilament open mesh fabric from Sefar (Thal, Switzerland). 

4.2. Instrumentation 
Samples were analysed with an Agilent 7890A GC system (Agilent Technologies, Santa Clara, USA) 

connected to an Agilent 5975C mass spectrometer with 70 eV electron ionization. Analytes were 

separated with an HP-5MS coated capillary column (30 m x 0.25 mm ID x 0.25 µm film thickness). 

4.3. Analytical Conditions and Evaluations 
Before each GC-MS sequence the syringe was cleaned with a tissue soaked in toluene. Samples were 

kept in a refrigerator and were loaded onto the GC system as the sequence progressed to prevent 

evaporation. A hydrocarbon reference, followed by a blank solution, was analyzed at the beginning 

and end of each sequence. As the first analysis and after every sixth or seventh analysis in a sequence 

a saturation sample, followed by a blank solution, was analyzed. All samples were analyzed using the 

GC-SIM-MS method described in Tables 1 and 2. 

Table 1 Instrumental parameters for the utilized GC-SIM-MS method 

Injector temperature 325°C 

Pulsed splitless pressure 100 kPa (0.5 min); 32.061 kPa 

Total injector flow 43.8 mL/min 

Septum purge flow 3 mL/min 

Split flow 0 mL/min (2 min); 40 mL/min 

Gas saver 0 mL/min (4 min); 15 mL/min 

Oven 42 °C (0.71 min); 5.52 °C/min; 310 °C (20 min); 50 °C 

Column flow rate He, 0.8 mL/min 

Solvent delay 6 min 

Ionization type Positive EI (70 eV) 

Ion source temperature 230 °C 

Quadrupole temperature 150 °C 
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Table 2 The groups of ions measured by the utilized GC-SIM-MS method as well as their start times and dwell times. 

Group Start time (min) Dwelltime (ms) Ionz (m/z) 

1 6 100 83.1, 85.1, 92.1, 104.1, 106.1, 113.1, 128.1, 134.1, 135.1, 

138.1, 148.1, 149.1, 152.1, 163.1, 166.1, 177.1, 180.1 

2 16.50 30 83.1, 85.1, 92.1, 106.1, 113.1, 123.1, 135.1, 142.1, 148.1, 

152.1, 154.1, 156.1, 162.1, 166.1, 169.1, 179.1, 180.1 

3 20.00 30 74.1, 83.1, 85.1, 92.1, 106.1, 113.1, 123.1, 152.1, 154.1, 

156.1, 162.1, 168.1, 169.1, 170.1, 176.1, 187.1, 188.1 

4 22.60 30 74.1, 83.1, 85.1, 92.1, 106.1, 114.1, 123.1, 166.1, 168.1, 

170.1, 176.1, 180.1, 184.1, 186.1, 187.1, 188.1, 193.1 

5 26.40 30 74.1, 83.1, 85.1, 92.1, 106.1, 113.1, 178.1, 180.1, 184.1, 

186.1, 192.1, 194.1, 198.1, 206.1, 208.1, 212.1, 225.1 

6 30.50 30 74.1, 83.1, 85.1, 92.1, 106.1, 192.1, 198.1, 202.1, 206.1, 

208.1, 212.1, 216.1, 219.1, 220.1, 226.1, 234.1, 290.1 

7 34.90 30 74.1, 83.1, 85.1, 92.1, 106.1, 191.1, 216.1, 219.1, 220.1, 

226.1, 228.1, 230.1, 231.1, 234.1, 242.1, 244.1, 256.1 

8 40.00 30 85.1, 92.1, 106.1, 177.1, 191.1, 205.1, 217.1, 218.1, 230.1, 

231.1, 242.1, 244.1, 245.1, 252.1, 256.1, 276.1, 412.1 

9 45.00 30 85.1, 92.1, 106.1, 177.1, 191.1, 205.1, 217.1, 218.1, 231.1, 

245.1, 252.1, 276.1, 278.1, 279.1, 412.1 

 

Chromatographic peaks were identified by retention time and compared with the chromatogram 

from a previous analysis of a refence oil. Due to deterioration of the chromatographic column over 

time the quantification method was frequently adjusted with corrected retention times. Most 

compounds were quantified individually by peak height, but some groups of compounds were 

quantified by area, which required manual integration. The ions used for quantification of each 

compound as well as corresponding means of integration are presented in Table B – 1 in appendix B. 

After manual confirmation of each integration a quantification report was generated and imported to 

a Microsoft Excel file that calculated quotients and constructed pw-plots. The Excel file was provided 

by the BONN-OSINet. Absent peaks (defined as S/N < 3 or no recognizable pattern for compound 

groups) were deleted from the quantification report. 

4.4. Validation of the Sampling Cloth 
Since most oil spills occur on sea water, general sea water was simulated by dissolving 132 g sea salt 

in four liters of deionized water. For all sampling experiments 270 µL diesel oil or crude oil was 

pipetted onto the surface of simulated sea water, followed by 

mixing with the pipette, in an 18.5 cm diameter petri dish to 

obtain an oil thickness of 10 µm as specified for diesel oils in the 

Bonn Agreement Oil Appearance Code. The oil was collected 

from the water surface with ca. 1 dm2 pieces of sampling cloth 

by moving each side of the cloth around the oil two to three 

times according to the photo in Figure 3. Lower temperatures 

were achieved by suspending the petri dish in an ice bath. 

Source samples, for comparison, were prepared by adding a 

few drops of the original oil to 7 mL DCM followed by 

concentration adjustments. 

4.4.1. Matrix Effects 
Four unused sampling cloth were folded into glass jars. Two of the sampling cloths were extracted 

directly with 25 mL DCM while the other two were washed once with 25 mL DCM before extraction 

with 25 mL DCM. The extracts were concentrated ten times with nitrogen drying; evaporating solvent 

Figure 3 Collection of oil from a water surface. 
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with a stream of nitrogen gas. After GC-MS analysis of the concentrated extracts, the mass 

chromatograms were interpreted. 

4.4.2. Evaporation Effects 
Two petri dishes with diesel oil on sea water 

were placed in a fume hood. The oil in one of 

the petri dishes was adsorbed with a sampling 

cloth which was then left on the water surface 

(Figure 4). After four hours the oil in the 

second petri dish was collected with a 

sampling cloth. This sampling cloth and the 

other one, that was left on the water surface 

for four hours, were extracted with 25 mL 

DCM. The extracts were diluted to appropriate concentrations. Evaporation samples and source 

samples were analyzed twice followed by a comparison of obtained PW plots. 

4.4.3. T-testing of Compounds and Quotients 
Oil on water in a petri dish was prepared followed by immediate collection of the oil with a sampling 

cloth. The sampling cloth was thereafter immersed and shaken for one minute in a glass jar with 25 

mL DCM. After dilution of the extract seven times, its concentration was measured and adjusted to 

an appropriate level. This procedure was repeated thrice at room temperature and thrice at 5 °C for 

both the crude oil and an MK1 diesel oil. Duplicate analyses of prepared extracts and sextuplicate 

analyses of the diluted original oils were done in a random order. This procedure was repeated on a 

separate occasion, but with lake water instead of simulated sea water; only 5 °C was tested in these 

additional experiments. 

Each quotient was t-tested, using the function T.TEST in Microsoft Excel, comparing the mean of the 

six analyses of one oil extracted at a specific temperature with the mean of the sextuplicate analyses 

of the corresponding original oil. All t-tests were two-sided and homoscedastic, since the sampling 

variance should be negligible compared to the analytical variance. Besides the t-tests the correlation 

of the samples was also evaluated using obtained PW plots. 

4.5. Discrimination Capability and Quotient Correlation 
A selection was made of 90 random MK1 diesel oils and an additional MK1 diesel oil for measuring 

the analytical variance. After dilution to appropriate concentrations each of the 90 diesels were 

analyzed once in a sequence with ten evenly distributed analyses of the additional diesel oil. Each 

quotients DP was calculated by dividing a quotients RSD in the 90 diesel oils with its RSD in the ten 

analyses of the additional diesel oil. The quotients were imported to the R foundation software to 

produce correlation matrices, examining Pearson correlations between the 12 normative ratios with 

the highest diagnostic powers, for interpretation. 

4.6. Weathering Sensibility Analysis 
Two different MK1 diesel oils were subjected to increasing durations of photo oxidation and 

biodegradation. Analyses of prepared samples and triplicate analyses of the original diesel oils were 

done in a randomly ordered sequence. PW plots were constructed, with the mean analytical signals 

of each triplicate, and analyzed. For evaporation and photo-oxidation PW plots normalized to 

phytane were used since phytane is more resistant to evaporation than bicyclic sesquiterpane 10 

(BS10). BS10 is more resistant to biodegradation and was used as the normalization compound for 

the biodegradation analyses. (Malmborg, 2017) 

Figure 4 Evaporation of oil in a cloth (left) and on water (right). 
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4.6.1. Photo-oxidation Simulation 
An 18.5 cm diameter petri dish with 10 µm oil on 2 cm tap water was placed on a rooftop in 

Linköping, Sweden. A small portion of the diesel was collected with a tiny piece of sampling cloth 

after 1, 3, 6, and 24 hours in the sun and after an additional 72 hours in the shade yielding a sample 

after 96 hours. The sampling cloths were extracted with 7 mL DCM followed by concentration 

adjustments. This procedure was repeated thrice for the two diesel oils. Stable and sunny weather, 

with a few clouds, dominated the photo oxidation period. 

4.6.2. Biodegradation Simulation 
One third of a mix of 1.4 mL diesel and 70 g potting soil was placed in a sealed dark 150 mL airtight 

glass jar. After 2, 7, 14 and 30 days the jar was opened and mixed followed by collection of 3.5 g soil. 

Collected soil samples were extracted with 10 mL DCM followed by adjustment of the concentrations 

to appropriate levels for GC-MS analysis. This procedure was repeated thrice for the two diesel oils. 
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5. Results 

5.1. Validation of the Sampling Cloth 

5.1.1. Matrix Effects 
Analysis of extracts from the unwashed sampling cloths gave the total ion chromatogram in Figure 5. 

 

Figure 5 Total ion chromatogram from analysis of unwashed sampling cloths showing a relatively large peak at 24 minutes 
belonging to a phthalate. 

The relatively large peak at 24 minutes in Figure 5 was identified, with a second analysis operated in 

full scan mode recording the entire spectrum, to be a phthalate which is a plasticizer. The phthalate 

gave a distinct peak in the extracted ion chromatogram for the ion m/z 176 as Figure C – 4 in 

appendix C shows. Further examination of extracted ion chromatograms gave the two interesting 

chromatograms in Figure 6-7. 
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Figure 6 Extracted ion chromatogram, for the ion m/z 191, from analysis of unwashed sampling cloths showing only a 
baseline. 

Ion m/z 191 is important for oil samples. There were no matrix effects observed for the ion m/z 191 

as Figure 6 shows, where only the baseline is visible. 

 

Figure 7 Extracted ion chromatogram, for the ion m/z 85, from analysis of unwashed sampling cloths. 

The only relevant ion that was affected by the matrix was ion m/z 85, as the matrix peaks in Figure 7 

shows. The retention times of the peaks correlate to the n-alkanes. Analysis of extracts from 

sampling cloths washed once with 25 mL DCM gave the total ion chromatogram in Figure 8. 
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Figure 8 Total ion chromatogram from analysis of washed sampling cloths showing a relatively large peak at 24 minutes 
belonging to a phthalate. 

Figure 8 shows that no noticeable differences were observed for the washed sampling cloths 

compared with the unwashed sampling cloths which gave the total ion chromatogram in Figure 5. 

Overall, the background noise from the ETFE cloth is negligible for larger m/z values, but visible in the 

lower ions (m/z 74, 83 and 85) as the extracted ion chromatograms in appendix C show. This is 

generally not an issue if enough oil is adsorbed on the cloth. If the cloth sample must be 

concentrated using nitrogen gas, caution in the low ions is recommendable, e.g. by using a blank 

cloth. 

5.1.2. T-testing of Quotients 
Table 3 shows the probabilities P, calculated with t-tests, that the differences of the quotients, 

between sampled oils and the corresponding original oils, are caused solely by random error. 

Insignificant differences are marked with green since differences caused by the sampling 

methodology should be insignificant. Due to compounds from the revised CEN/TR 15522-2:2012 

method (Table B – 1 in appendix B) missing in the analyzed oils, some quotients in the revised 

CEN/TR 15522-2:2012 method (Table B – 2 in appendix B) could not be calculated and are therefore 

absent in Table 3. 

Table 3 Probabilites P, marked with green if more than or equal to 0.05 and with red if less than 0.05 as well as with yellow 
and blue if significant differences can be explained with observed evaporation and concentration differences respectively, 
calculated using t-tests with a 95 % confidence limit comparing quotients in diesel and crude oil, collected from sea water at 
5 °C and 20 °C and from lake water at 5 °C, with the corresponding original oils. 

Quotients (Normative in Bold) Diesel 
(5 °C) 

Diesel 
(20 °C) 

Diesel 
(Lake) 

Crude Oil 
(5 °C) 

Crude Oil 
(20 °C) 

Crude Oil 
(Lake) 

NR-1-M-Adam/1,2-DM-Adam 0,0468 0,0020 0,0105 0,0011 0,0000 0,0354 
1-M-Adam/2-E-Adam 0,0042 0,0047 0,0026 0,0002 0,0000 0,0009 
NR-i-C13/2-M-tetralin 0,0000 0,9083 0,3537 0,7450 0,4383 0,0135 
NR-c-1,3,4-TM-Adam/2-E-Adam 0,0000 0,7265 0,9614 0,5543 0,4100 0,7649 
NR-C6-/C7-Benz 0,3451 0,0118 0,1816 0,8554 0,0344 0,5319 

10 .00 15 .00 20 .00 25 .00 30 .00 35 .00 40 .00 45 .00 50 .00 55 .00 60 .00 65 .00

700

800

900

1000

1100

1200

1300

1400

1500

1600

1700

1800

1900

2000

2100

2200

2300

2400

2500

T im e- ->

A bundanc e

T IC :  1 9 0 4 2 5 3 9 .D \ d a ta .m s



22 
 

NR-2-E-Adam/i-C14 0,0000 0,2276 0,9468 0,3765 0,2509 0,5294 
NR-BS1/BS2 0,0740 0,6107 0,2076 0,1620 0,2420 0,8007 
NR-C3-de peak/BS2 0,5700 0,2397 0,0482 0,4521 0,4777 0,8897 
NR-BS4/BS5 0,0002 0,0459 0,2495 0,6265 0,1836 0,7733 
NR-Br-Alk 169-3/n-C15 0,0299 0,1433 0,7084 0,9953 0,3269 0,8142 
NR-BS5/BS6 0,0033 0,0928 0,1271 0,6117 0,1610 0,7125 
NR-BS8/BS9 0,7302 0,5262 0,3022 0,2126 0,9620 0,9497 
NR-m-/o-C8-Tol 0,0065 0,0637 0,2481 0,6067 0,9797 0,6187 
NR-BS10/Norpri 0,0000 0,0010 0,7845 0,6601 0,0981 0,5718 
NR-Norpri/m-C9-Tol 0,0025 0,0007 0,6196 0,2555 0,9995 0,1050 
NR-n-C17/Pri 0,5804 0,1717 0,2065 0,2971 0,3542 0,3818 
NR-Pri/Phy 0,0027 0,0464 0,2905 0,6697 0,2909 0,6961 
NR-n-C18/Phy 0,0010 0,0004 0,9419 0,9180 0,2318 0,0362 
NR-4-M-Dbt/1-M-Dbt       0,3095 0,0595 0,0772 
NR-Br-Alk-225-3/n-C19 0,0000 0,0004 0,9497 0,6574 0,0014 0,2306 
NR-2-M-Phe/1-M-Phe       0,7830 0,4800 0,2047 
NR- FAME 16:0/18:0 0,5443 0,1951 0,5774       
NR-C2-dbt/C2-phe       0,1225 0,3730 0,1760 
C15/C17-Benz       0,7327 0,6008 0,3376 
NR-BaF/4-M-Py       0,3789 0,4938 0,7565 
NR-2-M-Py/4-M-Py       0,1496 0,1194 0,3270 
NR-1-M-Py/4-M-Py       0,3927 0,1191 0,2364 
NR-C23Tr/C24Tr        0,2523 0,0691 0,3491 
NR- FAME 20:0/18:0 0,8667 0,3213 0,6060       
NR-27bb/29bb       0,9774 0,3944 0,8518 
NR-27Ts/30ab       0,8095 0,5331 0,8348 
NR-SC26/ RC26+SC27 TA       0,4158 0,1864 0,8499 
NR-27Tm/30ab       0,9208 0,4325 0,8723 
NR-SC28/RC26 + SC27       0,7207 0,6309 0,8591 
NR-29ab/30ab       0,6461 0,0298 0,2944 
NR-30O/30ab       0,6469 0,2989 0,4142 
NR-RC28/RC26+SC27       0,6010 0,7755 0,2460 
NR-31abS/30ab       0,3731 0,8424 0,8251 
De/1-M-Adam 0,0000 0,0005 0,0291 0,0040 0,0000 0,0968 
1-M-Adam/2-M-Adam 0,0205 0,0037 0,0174 0,0125 0,0000 0,0066 
1,3,5-TM-Adam/tr-1,4-DM-Adam 0,0005 0,0007 0,0537 0,1098 0,0003 0,2462 
1,3,5-TM-Adam/1,3,6-TM-Adam 0,0031 0,0004 0,1914 0,0070 0,0000 0,0698 
C1-de/C2-de 0,0101 0,0008 0,0190 0,0903 0,0000 0,0059 
tetralin/2-M-tetralin 0,0000 0,0009 0,0039 0,0037 0,0000 0,0218 
1,2,5,7-TeM-Adam/2-E-Adam 0,0046 0,0178 0,7812 0,8110 0,5411 0,0214 
1,2,5,7-TeM-Adam/BS10 0,1576 0,0270 0,3931 0,1465 0,0091 0,0334 
m-C6-Tol/BS10 0,0315 0,0403 0,5640 0,3610 0,0094 0,5500 
m-/o-C6-tol 0,0003 0,0765 0,2159 0,7891 0,7580 0,2737 
C7-/C10-Benz 0,5544 0,0055 0,3937 0,9157 0,6478 0,6683 
B/2-E-N 0,7605 0,1317 0,4013 0,5987 0,5549 0,1102 
2-E-N/2,6+2,7 DM-N 0,5614 0,3966 0,4718 0,1695 0,0717 0,1258 
BS3/BS5 0,0021 0,0429 0,2960 0,9427 0,6394 0,8158 
 1,6-DM-N/1,3+1,7-DM-N 0,5050 0,4642 0,4063 0,2814 0,0195 0,1189 
Diam/4-M-Diam 0,8300 0,8035 0,4792 0,2792 0,1471 0,5678 
NR-1,3,7 TM-N/1,3,6-TM-N  0,2466 0,1177 0,5037 0,4421 0,7107 0,4481 
BS8/BS10 0,8404 0,6115 0,7102 0,8001 0,4455 0,9860 
C10-Benz/n-C11-CyC6 0,5187 0,1215 0,8968 0,1618 0,0927 0,3603 
 FAME 14:0/16:0 0,2707 0,2170 0,5696       
1-E-Phe/1,7-DM-Phe       0,2627 0,2288 0,3366 
NR-C3-dbt/C3-phe       0,4343 0,7999 0,9741 
 FAME 18:2/18:0 0,6234 0,1751 0,6470       
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 FAME 18:1+18:3/18:0 0,0000 0,0000 0,7095       
C23Tr/phy-tol       0,9134 0,3300 0,1685 
C20TA/C21 TA       0,3414 0,1521 0,9359 
C21TA/ RC26+SC27 TA       0,9822 0,8510 0,4272 
C28(22S)/30ab       0,4793 0,1684 0,6767 
29aaS/29aaR       0,9475 0,6433 0,1931 

 

Although there are many significant, red, differences in Table 3, the significant differences of 

quotients marked with yellow and blue can be explained by evaporation effects and concentration 

differences respectively; this can be observed in the GC-MS PW plots in Figure D – 1 to D – 6 in 

appendix D. Concentration differences were observed for diesel oil collected from sea water since 

the corresponding source sample was three to four times more concentrated than the prepared 

samples. These concentration differences affected the isoprenoids and the n-alkanes as the PW plot 

for diesel on sea water at 5 °C shows (Figure 9). 

 

Figure 9 GC-MS PW plot comparing diesel oil collected from sea water at 5 °C against the corresponding source sample. 

The PW plot in Figure 9 shows that the isoprenoids and the n-alkanes are affected by the 

concentration difference which affects quotients containing both an affected compound and a 

compound of another class. Figure 10 shows the PW plot for diesel on sea water at 5 °C that was 

obtained in a separate experiment. In this case, there were no significant concentration differences 

between the prepared samples and the corresponding source samples. 
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Figure 10 GC-MS PW plot, from a separate experiment without considerable concentration differences, comparing diesel oil 
collected from sea water at 5 °C against the corresponding source sample. 

As Figure 10 shows, the isoprenoids and the n-alkanes were not affected when there were no 

significant concentration differences between prepared samples and the corresponding source 

samples. Nonetheless, there are 28 significant differences in Table 3 that cannot be explained, which 

corresponds to approximately 7 % of the total 402 calculated values compared with the expected 5 % 

frequency of false results when using t-tests with a 95 % confidence limit. Considering the limited 

number of analyses, a frequency of 7 % false results is reasonably close to 5 %. Most significant 

differences are associated with the sea water diesel oil sample at 5 °C where concentration 

discrepancies were most pronounced. Table 3 shows that some significant differences are very close 

to significance, the value 0.05, while other probabilities are very small. However, each quotient had 

at most one very small unexplainable significant probability in one out of six similar datasets. 

5.1.3. Evaporation Effects 
Figure 11 shows the obtained GC-MS PW plot, comparing diesel oil that was on a water surface for 

four hours against diesel oil that was in a sampling cloth, on a water surface, for four hours. 
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Figure 11 GC-MS PW plot comparing evaporated diesel oil on water against evaporated diesel oil in cloth on water. 

The PW plot in Figure 11 shows that within compound groups, some compounds evaporated more in 

the diesel on water, while other compounds evaporated more in the diesel in cloth on water. These 

results are probably caused by inhomogeneous evaporation due to folded sampling cloths, as Figure 

4 shows, with parts both above and below the water surface. Nonetheless, no considerable 

difference in evaporation was observed when comparing oil adsorbed by a sampling cloth with oil on 

a water surface after four hours of evaporation. However, when comparing against the 

corresponding source sample, expected s-shaped evaporation curves were obtained, with all 

compounds eluting before 25 minutes being severely evaporated after four hours, as the GC-MS PW 

plots in Figure E – 1 to E – 4 in appendix E show. 

5.2. Discrimination Capability and Quotient Correlation 
The bar chart in Figure 12 shows all calculated diagnostic powers in descending order together with 

the respective number of different oils (dots) used for each calculation, out of the total 91 oils. For 

some quotients, as Figure 12 shows, a smaller number of different oils was used for the calculation 

due to missing peaks in some oils. In Figure 12 all diagnostic ratios starting with NR are normative. It 

is noteworthy that despite not having the prefix NR the quotient 1-M-Adam/2-E-Adam as well as the 

quotient C15/C17-Benz, which is absent in Figure 12, are normative ratios as Table B – 2 in appendix 

B shows. Many diagnostic ratios (Table B – 2 in appendix B) are missing in Figure 12, because the 

corresponding high-boiling compounds (Table B – 1 in appendix B) are absent in diesel oils. 
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Figure 12 Calculated diagnostic powers (bars), for each available quotient, ordered in descending order together with the 
respective number of different diesel oils, including the oil analyzed ten times for the analytical variance, used for each 
calculation (dots) out of the total 91 oils. 

Figure 12 shows that although many diagnostic ratios are missing from diesel oils there are still 

almost 12 normative ratios and almost 12 informative ratios with diagnostic powers above five, 
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which is regarded as a good diagnostic power. However, a limited number of oils was used in the 

calculations, especially in some cases as Figure 12 shows.  The limited number of oils probably makes 

calculated diagnostic powers underestimates since greater variation should be observed for a larger 

amount of oils. Figure 12 also shows that the most ineffective diagnostic ratios are those based on 

FAMEs since those ratios are six out of the ten diagnostic ratios with the lowest diagnostic powers. 

The low values for FAMEs might be because all originate from rapeseed oil, which is used for FAME 

production in Sweden. Rapeseed oil does not seem to differ substantially in fatty acid composition 

between oils. Possible correlations between the 12 normative ratios with the highest diagnostic 

powers in Figure 12, except for NR-1-M-F/8H-Phe that was absent in many oils, were examined. This 

resulted in a correlation matrix that is presented in Figure 13. 

 

Figure 13 Correlation matrix showing Pearson correlation coefficients obtained when the 12 normative ratios with the 
highest diagnostic powers, except for NR-1-M-F/8H-Phe, were plotted against each other. 

Figure 13 shows some strong correlations, both negative and positive, for the 12 normative ratios 

with the highest diagnostic powers. Ratios with stronger negative or positive correlations give more 

similar information. Using ratios that correlate strongly might therefore be redundant and the 

viability of the ratios with strong correlations in Figure 13 as normative ratios might need to be 

reconsidered. The strongest correlation in Figure 13 is between the quotients NR-n-C17/Pri and NR-

BS4/BS5. This correlation is further visualized in Figure 14, where the datasets of the two quotients 

are plotted against each other. 
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Figure 14 The quotient NR-n-C17/Pri plotted against the quotient NR-BS4/BS5 and the resulting trendline showing the strong 
negative correlation between the two quotients. 

5.3. Weathering Sensibility Analysis 
GC-MS PW plots comparing an original MK1 diesel oil (Diesel 520) to the same oil subjected to photo-

oxidation and biodegradation are shown in figure 15-19 and figure 20-23, respectively. The same 

experiments were done with another MK1 diesel oil (Diesel 592), yielding the GC-MS PW plots in 

Figure F – 1 to F – 9 in appendix F. Diesel 592 gave GC-MS PW plots similar to those in figure 15-23 

and therefore the conclusions drawn for diesel 592 are the same as those drawn for diesel 520. 

5.3.1. Photo-oxidation 
One hour of photo-oxidation gave the GC-MS PW plot in Figure 15. 

 

Figure 15 GC-MS PW plot comparing a diesel oil, labeled 520, photo-oxidized for one hour against the original diesel oil. 
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After one hour of photo-oxidation, as Figure 15 shows, mainly the evaporation curve of compounds 

eluting early is observed and no disparate photo-oxidation effects. An additional two hours of photo-

oxidation gave the GC-MS PW plot in Figure 16. 

 

Figure 16 GC-MS PW plot comparing a diesel oil, labeled 520, photo-oxidized for three hours against the original diesel oil. 

Except an increased evaporation of early eluting compounds after three hours of photo-oxidation, 

the FAME 18:2 with two double bonds was affected by photo-oxidation (Figure 16). FAME 18:2 was 

not evaporated since it clearly elutes after the compounds affected by evaporation. An additional 

three hours of photo-oxidation gave the GC-MS PW plot in Figure 17. 

 

Figure 17 GC-MS PW plot comparing a diesel oil, labeled 520, photo-oxidized for six hours against the original diesel oil. 
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As can be seen in Figure 17, the photooxidation of FAME 18:2 is more extensive after photo-

oxidation for six hours. Moreover, it was shown that photooxidation of octahydroanthracene and 

octahydrophenanthrene was also detectable after six hours (Figure 17). An additional 18 hours of 

photo-oxidation gave the GC-MS PW plot in Figure 18. 

 

Figure 18 GC-MS PW plot comparing a diesel oil, labeled 520, photo-oxidized for 24 hours against the original diesel oil. 

Due to the small size of the hydro PAH (Hy-PAH) peaks, the photooxidation rendered the 

octahydrophenanthrene undetectable after 24 hours (Figure 18). The octahydroanthracene was also 

photo-oxidized but could still be detected (Figure 18). After 24 hours of photo-oxidation FAME 18:2 

was increasingly photo-oxidized, while FAME 18:1+18:3 and FAME 20:1 that both contain one double 

bond were slightly affected by the 24-hour photooxidation (Figure 18). An additional 72 hours of 

photo-oxidation gave the GC-MS PW plot in Figure 19. 
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Figure 19 GC-MS PW plot comparing a diesel oil, labeled 520, photo-oxidized for 96 hours against the original diesel oil. 

Finally, after 96 hours of photo-oxidation, FAME 18:2 was eliminated from the oil sample, while 

FAME 18:1+18:3, FAME 20:1 and octahydroanthracene were increasingly affected. In conclusion, 

photo-oxidation, over the time period monitored in Figure 15-19, severely affected the more 

unsaturated FAMEs, since photo-oxidation decreases with saturation (Bacosa, et al., 2015), as well as 

the Hydro PAHs. Evaporation dominated compounds eluting before 26 minutes (Figure 15-19). 

5.3.2. Biodegradation 
Two days of biodegradation gave the GC-MS PW plot in Figure 20. 

 

Figure 20 GC-MS PW plot comparing a diesel oil, labeled 520, biodegraded for two days against the original diesel oil. 
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After two days of biodegradation (Figure 20), the FAMEs were biodegraded the most followed by the 

alkylbenzenes (Cx-benz), alkyltoluenes (Cx-tol) and linear alkanes (n-Cx). FAME 14:0 and FAME 18:0, 

which were present in the photo-oxidized samples, had already been eliminated after two days of 

biodegradation (Figure 20). This is due to the microbially susceptible ester bond of the FAMEs. The 

two lowest and most biodegraded alkylbenzenes (Figure 20) were hexylbenzene and heptylbenzene, 

which are the alkylbenzenes having the shortest side chains. Present alkyltoluenes (Figure 20) 

consisted of five pairs of meta- and ortho-isomers ranging from hexyl- to undecyl-toluene, which are 

decreasingly biodegraded in that order. In all cases, the biodegradation of the meta-isomer was more 

extensive than for the ortho-isomer, which is consistent with literature (Malmborg, 2017). As can be 

seen in Figure 20, the linear alkanes pentadecane, heptadecane, octadecane and nonadecane seem 

to be decreasingly biodegraded in that order. Figure 20 also shows that there is an evaporation of 

compounds eluting early in the chromatograms. An additional five days of biodegradation generated 

the GC-MS PW plot in Figure 21. 

 

Figure 21 GC-MS PW plot comparing a diesel oil, labeled 520, biodegraded for seven days against the original diesel oil. 

FAME 20:1 was eliminated as well after seven days of biodegradation, while the other FAMEs were 

increasingly biodegraded (Figure 21). Alkylbenzenes, alkyltoluenes and linear alkanes (Figure 21) 

were further biodegraded in order of decreasing alkyl chain length, except that meta-heptyltoluene 

disappeared. Figure 21 also shows that the branched alkanes (br-Cx), alkylated PAHs (Cx-PAH) and 

PAHs are extensively biodegraded. Additionally, Figure 21 shows that early eluting alkyl cyclohexanes 

(n-Cx-cyhex), isoprenoids (iso-Cx) and hydrated PAHs (Hy-PAH) were also biodegraded to a large 

extent. All biodegraded compounds (Figure 21) were increasingly biodegraded in order of decreasing 

alkyl chain length. An additional seven days of biodegradation gave the GC-MS PW plot in Figure 22. 
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Figure 22 GC-MS PW plot comparing a diesel oil, labeled 520, biodegraded for 14 days against the original diesel oil. 

It was evident that the biodegradation was a function of time. The compounds for which 

biodegradation were detected after seven days (Figure 21), exhibited a more extensive degradation 

after 14 days of biodegradation (Figure 22). An additional 16 days of biodegradation gave the GC-MS 

PW plot in Figure 23. 

 

Figure 23 GC-MS PW plot comparing a diesel oil, labeled 520, biodegraded for 30 days against the original diesel oil. 

Finally, Figure 23 shows that after 30 days of biodegradation the only remaining FAME was FAME 

18:1+18:3. Among the alkylbenzenes, alkyltoluenes and linear alkanes, the compounds 
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hexylbenzene, decylbenzene, ortho-octyltoluen, meta-octyltoluene and nonadecane had completely 

disappeared after 30 days of biodegradaton (Figure 23). 

Conclusively, the decalines (de), adamantanes (adam), sesquiterpanes (BS) and diamantanes (diam) 

are the only compound classes that were unaffected by biodegradation after 30 days of 

biodegradation according to Figure 23. The compound classes unaffected by biodegradation were 

affected by evaporation instead (Figure 20-23). The compound classes that were most susceptible to 

biodegradation were FAMEs, alkylbenzenes, alkyltoluenes and linear alkanes which were already 

severely biodegraded, after two days of biodegradation, in the first biodegraded samples as Figure 20 

shows. Observed weathering in Figure 15-23 followed the known rules that lighter compounds are 

more susceptible to evaporation (Malmborg, 2017; Wang, et al., 2006), biodegradation decreases 

with the degree of alkylation (Díez, et al., 2009; Malmborg, 2017; Volkman, et al., 1984) and that 

meta-isomers are more susceptible to biodegradation than the corresponding ortho-isomers 

(Albaigés, et al., 2013; Malmborg, 2017). 

5.4. Process Analysis 
To make the process effective long GC-MS sequences were analyzed over almost every weekend. 

Analyses were primarily done chronologically according to the planned schedule but during GC-MS 

analysis the next planned experiment was usually started to reduce downtime and make the process 

more effective.  

5.4.1 Matrix Effects 
When matrix effects were examined the first prepared solution was red and gave a chromatogram 

with many peaks. Due to the surprisingly large number of peaks the project plan was changed to 

simply retry the experiment. As the first cloth was taken from the top of the pile of cloths it had been 

in contact with the container, a plastic zip lock bag. The second cloth was therefore taken from the 

center of the pile, yielding a transparent solution that also gave many peaks. Since the sampling cloth 

should not give many peaks the decision to replace the liner in the gas chromatograph and reanalyze 

the transparent sample was taken. Nonetheless, the sample still gave many peaks and therefore the 

plan was changed to verify the result and examine its reproducibility by analyzing a sequence with 

sextuplicate analyses of a blank solution followed by sextuplicate analyses of the transparent sample. 

Since one considerable high peak, which can be seen in Figure 5 and 8, remained it was concluded 

that it was from the sampling cloth and the decision was made to continue with the plan. 

5.4.2. T-testing of Quotients 
Initially the BAOAC was followed by collecting 200 µm thick crude oil layers with pieces of sampling 

cloth but after the samples were prepared the realization was made that the amount of crude oil 

used was so high that the sampling cloth simply mechanically carried over the crude oil. Since the 

purpose of the experiment was to test the adsorbing abilities of the sampling cloth the plan was 

changed to include another set of samples prepared by collecting 10 µm thick crude oil layers in 

accordance with the diesel oil samples. 

After the analyses many t-tests resulted in significant differences after sampling and to explain these 

results the data for each quotient was examined with scatter plots in Excel which generally gave clear 

trends as the example of a scatter plot in Figure 24 shows. 
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Figure 24 Chronological measurements of the quotient 30O/30ab in crude oil where the first, middle and last six dots 
represent crude oil sampled at  5 °C, crude oil sampled at room temperature and the original crude oil respectively. 

Figure 24 shows a clear negative trend across the analyzed sequence indicating a systematic 

decrease of the ratio over the length of the sequence. In this case the systematic decrease affects the 

t-tests greatly since the source samples which were used for the comparisons were analyzed at the 

end of the sequence. Based on this analysis the decision was made to reanalyze the samples, except 

the ones prepared with 200 µm thick oil, in a randomly ordered sequence. The plan was also changed 

so that all remaining experiments were to be analyzed in randomly ordered sequences. Randomly 

ordered analyses gave better results, which are presented in Table 3, and therefore the decision was 

made to continue with the plan. 

5.4.3. Evaporation Effects 
Figure 25 shows a GC-MS PW plot, comparing evaporated oil against evaporated cloth, from analysis 

of the first evaporation experiments with crude oil. 
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Figure 25 GC-MS PW plot comparing evaporated crude oil on water against evaporated crude oil in cloth on water. 

The PW plot in Figure 25 suggests that some compound classes would evaporate more from the 

sampling cloth, while other compound classes would evaporate more from a water surface and since 

that observation cannot be explained the plan was changed to retry the experiment but with an MK1 

diesel oil instead. PW plots from the diesel oil experiments, as the one in Figure 11, were easier to 

explain and the decision was made to continue with the plan. 

5.4.4. Examinations of Discrimination Capability and Weathering Sensibility 
The results obtained for examinations of discriminating capability and weathering sensibility can be 

seen in Figure 12-14 and Figure 15-23 respectively. Good results were obtained and during these 

experiments only decisions to continue with the plan were made.  
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6. Discussion 

6.1. Analysis of the Results 
The results have generated new knowledge about the strengths and weaknesses of the new 

compounds and diagnostic ratios for the revision of the CEN/TR 15522-2:2012 methodology. 

Although many similar studies have been done previously, the compounds in oils that became 

interesting first in the revision of the CEN/TR 15522-2:2012 methodology have not been validated 

before. According to the aim of this project, the weathering sensibility, compatibility with the 

internationally used sampling cloth, discriminating power and correlation of most of the new 

biomarkers was examined. 

Since some of the biomarkers in Table B – 1 in appendix B were absent in the analyzed oils the goal of 

this project was not entirely reached and a continuation of this project would be to simply analyze 

oils containing the remaining biomarkers. Relatively many biomarkers were missing from the 

weathering sensibility experiments where only diesel oils were analyzed. Weathering sensibility of 

the biomarkers was not thoroughly examined since only photo-oxidation, biodegradation and 

evaporation were studied. Another continuation of this project would therefore be to thoroughly 

study the new biomarkers susceptibility to spreading, dispersion, emulsification, aqueous vapor 

extraction, dissolution, aggregation, sinking and sedimentation. 

All the results were relevant since diagnostic power and correlation are criteria used for choosing 

diagnostic ratios and since knowledge about how they are affected by weathering and sampling is 

crucial for interpreting oil comparisons. The most important limitation of this project was that only a 

limited number of Swedish oils were analyzed which gave diagnostic powers that are accurate for 

Swedish diesel oils but might be inaccurate from an international perspective. Additionally, other 

sampling methodologies and temperatures might be relevant to examine for other countries. These 

issues can be solved by studying them through international cooperation. Another delimitation was 

that correlations between quotients were only calculated for the 12 normative ratios with the 

highest diagnostic powers, except for NR-1-M-F/8H-Phe, to get readily interpretable correlation 

matrices. This selection was made because it is more necessary for normative ratios to be unique. 

Nonetheless, correlations of the other quotients can be interesting to examine as well since 

correlation is a criterion for diagnostic ratios. 

Statistical verification of the results was achieved by the usage of t-tests, PW plots, diagnostic powers 

and correlation matrices which are statistical tools. More precise results would have been obtained if 

the populations used for the statistical tools were increased in size by performing more analyses and 

analyzing more samples. As mentioned, more accurate diagnostic powers could be obtained by 

analyzing oils of very different origins. Calculated diagnostic powers might also have been affected by 

the fact that the last two of the 91 analyzed oils had to be analyzed in a different sequence after 

calibration of the chromatographic column. Adjustment of the column might have affected obtained 

chromatograms but since only two out of 91 oils could be affected it should have a negligible effect 

on the calculated diagnostic powers. Additionally, the 18 oils analyzed before the last two oils had to 

be analyzed without intermediate analyses of saturation samples and blank solutions which might 

have resulted in discrimination of later eluting compounds. Another observed source of error was 

the folded sampling cloths (Figure 4). This behavior of the cloth caused inhomogeneous evaporation 

and did not allow any conclusions regarding the evaporation from sampling cloths. Finally, as 

mentioned, concentration differences affected some quotients, as the GC-MS PW plots show, for two 

of the datasets used for t-testing. 
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6.2. Analysis of the Process 
The initial plan worked well since only two minor experiments, matrix effects and evaporation 

effects, had to be repeated and the major experiments worked well except for the t-testing 

experiments which only required reanalysis of the samples. Additionally, the thickness of crude oil on 

water had to be changed but three new samples were quickly and immediately prepared. The most 

important changes of the plan were the decisions to perform all analyses in randomly ordered 

sequences and to study evaporation effects for diesel oils instead of crude oils to obtain better 

results. Reduction of downtime by running GC-MS sequences over weekends and executing different 

tasks in parallel made the process effective in reaching desired goals. However, some results were 

impaired due to issues such as a systematic error, a dirty liner and column, plastic packaging of 

sampling cloths, a folded cloth used for estimation of evaporation effects and poorly sealed test 

tubes. 

To conclude, an effective process should start each experiment by reconsidering what can go wrong 

to avoid as many issues that can impair the results as possible. It is good practice to control the liner 

to avoid ghost peaks, especially for matrix effect experiments which may have to be repeated. The 

quality of the chromatographic column should be checked as well to reduce the degree of column 

degradation during analyses which would diminish the need to adjust retention times in the 

quantification method and consequently make data analysis more effective. If samples are 

reanalyzed after a while their concentrations should be controlled to avoid large differences in 

concentration due to evaporation. Most importantly however, longer analysis sequences should 

always be randomized since it is simple to do in for example Microsoft Excel and only requires a few 

extra sample vials which is much more effective than having to reanalyze the samples. 

6.3. Social Analysis 
There are several societal benefits of the results since the generated knowledge aids forensic 

processes in Sweden and internationally. Validation of the new biomarkers allows the Swedish 

National Forensic Centre to replace the CEN/TR 15522-2:2012 methodology with its new revision. 

The revision of the CEN/TR 15522-2:2012 methodology gives more information, for various oils, upon 

which more accurate conclusions can be drawn. Combating of crimes such as theft and illegal spills of 

various oils will be more effective with the new information. Since oil is a crucial resource that can 

have devastating environmental consequences the results are meaningful for sustainable ecological 

and societal development. Concludingly, the results will help shape the revision of the CEN/TR 

15522-2:2012 methodology that will be used by forensic laboratories around the world to prevent 

economic and environmental disasters. 

6.4. Ethical Analysis 
Evaluations of how well certain features of oils can be used for oil fingerprinting cannot be misused 

for other purposes neither do these results give any information about environmental risks or health 

risks. Local refineries have consented to the usage of their oil samples and animal studies are 

irrelevant for this type of study. There are no direct ethical concerns of the results. However, it is 

important to prioritize protection of the environment when dealing with oil spills and safety when 

handling dichloromethane, a possible carcinogen. 

6.5. Future Perspectives 
Future projects could, as mentioned, be thoroughly examining weathering sensibility, compatibility 

with the internationally used sampling cloth, discriminating power and correlation of all quotients. 

This could be done effectively through international cooperation that would simplify analysis of very 

different international samples for subsequent sharing of data produced by the common method.  
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7. Conclusions 
Even though a lot of diagnostic ratios were missing in the analyzed oils, good normative ratios and 

informative ratios could be identified in diesel oils. The identified good ratios had high diagnostic 

powers, but strong correlations for some of the tested ratios. Strongly correlating quotients give 

similar information and might be redundant. 

The examined diagnostic ratios seemed to be compatible with the internationally used sampling 

cloth and showed weathering susceptibilities following expected patterns except for observed photo-

oxidation of hydro PAHs.  

Of the analyzed compound classes decalines, adamantanes, sesquiterpanes and diamantanes were 

the only ones resistant to biodegradation, while FAMEs and hydro PAHs were the only ones 

susceptible to photo-oxidation.  

Blank samples of the sampling cloth exhibited interfering matrix effects only for the ions with the 

mass-to-charge ratios 74, 83 and 85. Washing of the cloth prior to use did not change this situation. 

The blank sample also had an interfering phthalate peak, which exhibited an intense ion at m/z 176. 

At higher m/z ions, no interfering matrix peaks were found. Additionally, oil adsorbed to a sampling 

cloth evaporated similarly to oil that was on a water surface. 

As was shown by PW-plots and t-tests, the cloth did not systemically discriminate between 

compounds. This is important since the oils composition must remain unchanged after sampling for 

the subsequent oil correlation to be correct.  



40 
 

8. Acknowledgements 
The author thanks the supervisor of this project Jonas Malmborg, National Forensic Centre, Sweden, 

who made this project possible by providing prepared photo-oxidized and biodegraded samples as 

well as many different MK1 diesel oil samples. Additionally, the author acknowledges the dedicated 

support provided by Jonas Malmborg for all parts of the project who helped with finding literary 

sources, planning the project, understanding relevant theories, analyzing obtained results and 

analyzing the process of the project. Finally, the author would like to thank Johan Dahlén, Linköpings 

University, Sweden, for initially advertising the project at the university which allowed the author to 

discover and undertake it.  



41 
 

References 
Albaigés, J. et al., 2013. The use of Long-chain Alkylbenzenes and Alkyltoluenes for Fingerprinting 

Marine oil Wastes. Chemosphere, 91(3), pp. 336-343. 

Bacosa, H. P., Erdner, D. L. & Liu, Z., 2015. Differentiating the roles of photooxidation and 

biodegradation in the weathering of Light Louisiana Sweet crude oil in surface water from the 

Deepwater Horizon site. Marine Pollution Bulletin, 95(1), pp. 265-272. 

Bottery, M., 2008. Educational Leadership, the Depletion of oil Supplies and the Need for an Ethic of 

Global Sustainability. School Leadership & Management, 28(3), pp. 281-297. 

Carpenter, A., 2016. Oil Pollution in the North Sea. 1st ed. Cham: Springer. 

Christensen, J. H. et al., 2004. Integrated Methodology for Forensic Oil Spill Identification. 

Environmental Science & Technology, 38(10), pp. 2912-2918. 

Díez, S. et al., 2009. The Prestige oil Spill. I. Biodegradation of a Heavy Fuel oil Under Simulated 

Conditions. Environmental Toxicology and Chemistry, 24(9), pp. 2203-2217. 

European Committee for Standardization (CEN), 2006. OIL SPILL IDENTIFICATION - WATERBORNE 

PETROLEUM AND PETROLEUM PRODUCTS - PART 1: SAMPLING, Brussels: Brussels Studies Institute. 

European Committee for Standardization (CEN), 2012. Oil Spill Identification — Waterborne 

Petroleum and Petroleum Products — Part 2: Analytical Methodology and Interpretation of Results 

Based on GC-FID and GC-MS Low Resolution Analyses, Brussels: Brussels Studies Institute. 

Harris, D. C. & Lucy, C. A., 2016. Quantitative Chemical Analysis. 9th ed. New York: W. H. Freeman 

and Company. 

Haslam, M. et al., 2011. Archaeological Science Under a Microscope: Studies in Residue and Ancient 

DNA Analysis in Honour of Thomas H. Loy. 1st ed. Canberra: ANU Press. 

HELCOM, 2018. HELCOM Annual Report on Discharges Observed During Aerial Surveillance in the 

Baltic Sea 2017, Klaipeda: HELCOM. 

Kaasinen, S., 2016. Discharges Observed During Aerial Surveillance in the Baltic Sea 2016, Helsinki: 

HELCOM. 

Malmborg, J., 2017. Examining the Weathering Susceptibility of Light Biomarkers. Environmental 

Forensics, 18(3), pp. 197-206. 

Malmborg, J. & Nordgaard, A., 2016. Forensic Characterization of Mid-range Petroleum Distillates 

Using Light Biomarkers. Environmental Forensics, 17(3), pp. 244-252. 

Miller, J. N. & Miller, J. C., 2011. Statistics and Chemometrics for Analytical Chemistry. 6th ed. 
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Appendix A – The Gantt Chart Constructed for This Project 

 

Figure A - 1 The Gantt chart constructed for this project where estimated time, milestones and decision points are marked 
with blue, yellow and red respectively. 
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3 11 6 5 11

4 3 3 3

5 4 4 4

6 0,5 1 0,5
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8 3 3 3
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14 10 5 5 10

15 7 5 2 7

18 16 4 8 4 16
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22 6 3 3 6

25 8 4 4 8

26 8 4 4 8
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28 8 4 4 8
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Appendix B – Full Lists of Analyzed Compounds and Quotients 
Table B - 1 Full list of compounds, in the revision of the CEN/TR 15522-2:2012 methodology, together with their compound 
classes, full names, quantification ions (Q ion), retention times (RT) and means of integration.  

Class 
Compound 
(Normative in Bold) Full Name Q Ion RT 

Height (H) 
or Area (A) 

n-Cx 

n-C15 n-C15 169 22,1 H 

n-C17 n-C17 113 26,2 H 

n-C18 n-C18 113 28,1 H 

n-C19 n-C19 225 30,0 H 

iso-Cx 

i-C13 acyclic isoprenoid C13 = 2,6-dimethylundecane 113 15,2 H 

i-C14 acyclic isoprenoid C14 = 2,6,10-trimethylundecane 113 16,5 H 

i-C15 farnesane = 2,6,10 trimethyldodecane 113 19,2 H 

i-C16 i-C16 = 2,6,10 trimethyltridecane 113 21,2 H 

Norpri Norpristan = 2,6,10-trimethylpentadecane 113 25,2 H 

Pri i-C19 = Pristane= 2,6,10,14-tetramethylpentadecane 113 26,3 H 

Phy i-C20 = Phytane = 2,6,10,14 tetramethylhexadecane 113 28,3 H 

br-Cx 

Br Alk 169-1 Branched alkane 169-1 169 19,1 H 

Br Alk 169-2 Branched alkane 169-2 169 21,1 H 

Br-Alk 169-3 Branched alkane m/z 169-3  169 21,3 H 

Br alk 225-1  branched alkane 225-1  225 27,6 H 

Br alk 225-2 branched alkane 225-2 225 29,2 H 

Br-Alk 225-3 Branched alkane 225-3 225 29,3 H 

n-Cx-
cyhex 

 n-C9-CyC6   n-nonylcyclohexane 83 23,2 H 

n-C11-CyC6 n-undecane cyclohexane 83 27,4 H 

de 

De Decalin 138 11,1 H 

C1-de C1-decalins 152 13,0 A 

C2-de C2-decalins 166 15,0 A 

C3-de peak  C3-decalin range peak (ratio with BS2) 180 18,8 H 

adam 

1-M-Adam 1 methyl adamantane    135 12,3 H 

1,3,5-TM-Adam 1,3,5-trimethyl adamantane 163 13,0 H 

2-M-Adam 2-methyl adamantane 135 14,0 H 

c-1,4-DM-Adam 1,4-dimethyl adamantane cis  149 14,3 H 

tr-1,4-DM-Adam 1,4-dimethyl adamantane trans 149 14,5 H 

1,3,6-TM-Adam 1,3,6-trimethyl-adamantane 163 14,6 H 

1,2-DM-Adam 1,2-dimethyl-adamantane 149 15,1 H 

 c-1,3,4-TM-Adam 1,3,4-trimethyl-adamantane   cis 163 15,3 H 

tr-1,3,4-TM-Adam 1,3,4-trimethyl-adamantane trans 163 15,4 H 

1,2,5,7-TeM-Adam  1,2,5,7-TeM-Adam  177 15,5 H 

2-E-Adam 2 ethyl adamantane   135 16,5 H 

BS 

BS1 bicyclic sesquiterpane 1   179 18,5 H 

BS2 bicyclic sesquiterpane 2 179 18,9 H 

BS3 BS3 123 20,4 H 

BS4 bicyclic sesquiterpane 4 123 21,3 H 

BS5 bicyclic sesquiterpane 5 123 21,5 H 

BS6 bicyclic sesquiterpane 6 123 21,8 H 

BS8 BS8 193 23,2 H 

BS9 BS9 193 23,3 H 

BS10 BS10 123 23,4 H 

diam 

 Diam diamantane 188 22,5 H 

4-M-Diam 4-methyl-diamantane 187 22,7 H 

Tricy-
terp 

C21Tr C21 tricyclic diterpane 290 34,0 H 

C23Tr C23 Tricyclic diterpane 191 36,7 H 

C24Tr C24 tricyclic diterpane 191 37,6 H 

C25Trab C25H46 tricyclic diterpane (a+b) 191 39,2 H 

hop 

C28 (22S) C28H52 tricyclic terpane 191 43,2 H 

C29 (22S) C29H54 tricyclic terpane 191 44,0 H 

27TS 18α(H)-22,29,30-trisnorneohopane 191 44,7 H 

27TM 17α(H)-22,29,30-trisnorhopane 191 45,2 H 

28ab 17α(H), 21β(H)-28,30-bisnorhopane 191 46,3 H 

25nor30ab 17α(H), 21β(H)-25,28,30-trisnorhopane 177 46,5 H 

29ab 17α(H), 21β(H)-30-norhopane 191 46,8 H 

29Ts 18α(H)-30-norneohopane 191 46,9 H 

30O 18α(H)-oleanane 191 47,7 H 

30ab 17α(H), 21β(H)-hopane (hopane) 191 47,8 H 

30ba 17β(H), 21α(H)-hopane (moretane) 191 48,2 H 

31abS 31abS 191 48,9 H 

30G Gammacerane 191 49,3 H 

32abS 17α(H), 21β(H), 22(S)-bishomohopane 191 49,8 H 

ster 27dbS 27dbS 217 41,7 H 
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27dbR 27dbR 217 42,1 H 

27bbR+S 27bbR+S 218 43,9 H 

28bbR+S 28bbR+S 218 45,2 H 

28aaR 28aaR 217 45,6 H 

29aaS 29aaS 217 45,9 H 

29bbR+S 29bbR+S 218 46,2 H 

29aaR 29aaR 217 46,7 H 

Cx-
benz 

C6_Benz hexyl benzene  92 16,4 H 

C7_Benz heptyl-benzene  92 19,0 H 

C10_Benz C10_benzene 92 25,7 H 

C12-Benz Dodecylbenzene 92 29,7 H 

C15-Benz C15-Benzene 92 35,0 H 

C17-Benz C17-benzene 92 38,3 H 

Cx-tol 

m-C6-Tol meta-hexyl-toluene  106 18,7 H 

 o-C6-Tol ortho-hexyl-toluene 106 19,1 H 

m-C7-Tol m-heptyltoluene 106 21,1 H 

 o-C7-Tol  o-C7-Tol 106 21,5 H 

m-C8-Tol meta-octyl-toluene 106 23,3 H 

o-C8-Tol ortho-octyl-toluene 106 23,7 H 

m-C9-Tol m-nonyltoluene 106 25,5 H 

 o-C9-Tol  o-nonyltoluene 106 25,8 H 

m-C11-Tol m-undecyltoluene 106 29,4 H 

o-C11-Tol o-undecyltoluene 106 29,8 H 

Phy-Tol phytanyl-toluene (1-methyl-3-phytanylbenzene)  106 40,2 H 

Hy-
PAH 

Tetralin 1,2,3,4 tetrahydronaphtalene 104 14,1 H 

2-M-Tetralin 2-M-1,2,3,4 tetrahydronaphtalene 104 15,3 H 

8H-A 1,2,3,4,5,6,7,8-Octahydroanthracene  186 26,2 H 

8H-Phe 1,2,3,4,5,6,7,8_0ctahydrophenanthrene  186 26,7 H 

PAH 

N Naphthalene 128 14,5 H 

B Biphenyl 154 19,4 H 

ANY Acenaphthylene 152 21 H 

BaF benzo(a)-fluorene 216 35,3 H 

BePy Benzo (e) Pyrene  252 44,2 H 

BaPy  Benzo (a) Pyrene  252 44,4 H 

Cx-
PAH 

1-M-N 1-M-naphthalene 142 17,7 H 

2-E-N 2-E-naphthalene 156 19,7 H 

2,6+2,7-DM-N 2,6+2,7-DM-naphthalene 156 20 H 

1,3+1,7-DM-N 1,3+1,7-DM-naphthalene 156 20,3 H 

1,6-DM-N 1,6-DM-naphthalene 156 20,4 H 

1,2 -DM-N 1,2 -DM-naphthalene 156 21,1 H 

1,3,7-TM-N 1,3,7-TM-N 170 22,7 H 

1,3,6-TM-N 1,3,6-TM-N 170 22,8 H 

1-M-F 1-M-Fluorene 180 26,4 H 

C2-f C2-Fluorenes 194 28,8 A 

2-M-Phe 2-M-phenanthrene 192 30,1 H 

2-M-A 2-M-anthracene 192 30,2 H 

1-M-Phe 1-M-phenanthrene 192 30,5 H 

1-E-Phe 1-E-phenanthrene 206 32,2 H 

C2-phe C2 phenanthrenes anthr... 206 32,4 A 

1,7 DM-Phe 1,7 DM-phenanthrene 206 32,7 H 

C3-phe C3 phenanthrenes anthracenes 220 34,4 A 

2-M-Fl 2-M-fluoranthene 216 34,9 H 

Retene retene 234 35,4 H 

C4-phe C4 phenanthrenes anthracenes 234 35,4 A 

2-M-Py 2-M-pyrene 216 35,7 H 

4-M-Py 4-M-pyrene 216 36,1 H 

1-M-Py 1-M-pyrene 216 36,2 H 

T-M-Phe TM-phenanthrene 234 36,8 H 

C2-fl C2 fluoranthrenes pyrenes 230 37,6 A 

C1-chr C1 chrysenes 242 40,7 A 

S-
PAH 

C2-bt C2 benzothiophenes 162 20,5 A 

4-M-Dbt 4-M-dibenzothiophene 198 29,2 H 

1-M-Dbt 1-M-dibenzothiophene 198 30,0 H 

C2-dbt C2-dibenzothiophenes 212 31,1 A 

C3-dbt C3 dibenzothiophenes 226 33,0 A 

BNT Benzo[b]naphtho[1,2-d] thiophene 234 37,9 H 

TAS 

C20TA C20TA 231 38,7 H 

C21 TA C21 TA 231 40,0 H 

SC26 TA SC26 TA 231 45,0 H 

RC26TA+SC27 TA RC26TA+SC27 TA 231 45,9 H 

SC28 TA SC28 TA 231 46,6 H 

RC28 TA RC28 TA 231 47,8 H 
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FAME 

FAME 12:0 FAME 12:0 74 22,6 H 

FAME 14:0 FAME 14:0 74 26,7 H 

FAME 16:1 FAME 16:1 74 30,1 H 

FAME 16:0 FAME 16:0 74 30,5 H 

FAME 18:2 FAME 18:2 74 33,4 H 

FAME 18:1 FAME 18:1 74 33,5 H 

FAME 18:3 FAME 18:3 74 33,5 H 

FAME 18:0 FAME 18:0 74 33,9 H 

FAME 20:1 FAME 20:1 74 36,6 H 

 

Table B - 2 Full lists of normative and informative diagnostic ratios, in the revision of the CEN/TR 15522-2:2012 
methodology, based on the compounds in Table B – 2. 

Normative Ratios Informative Ratios 

NR-1-M-Adam/1,2-DM-Adam De/1-M-Adam 

1-M-Adam/2-E-Adam 1-M-Adam/2-M-Adam 

NR-i-C13/2-M-tetralin 1,3,5-TM-Adam/tr-1,4-DM-Adam 

NR-c-1,3,4-TM-Adam/2-E-Adam 1,3,5-TM-Adam/1,3,6-TM-Adam 

NR-C6-/C7-Benz C1-de/C2-de 

NR-2-E-Adam/i-C14 tetralin/2-M-tetralin 

NR-BS1/BS2 1,2,5,7-TeM-Adam/2-E-Adam 

NR-C3-de peak/BS2 1,2,5,7-TeM-Adam/BS10 

NR-BS4/BS5 m-C6-Tol/BS10 

NR-Br-Alk 169-3/n-C15 m-/o-C6-tol 

NR-BS5/BS6 C7-/C10-Benz 

NR-BS8/BS9 B/2-E-N 

NR-m-/o-C8-Tol 2-E-N/2,6+2,7 DM-N 

NR-BS10/Norpri BS3/BS5 

NR-Norpri/m-C9-Tol  1,6-DM-N/1,3+1,7-DM-N 

NR-n-C17/Pri ANY/ 1,2-DM-N 

NR-Pri/Phy Diam/4-M-Diam 

NR-1-M-F/8H-Phe  FAME 12:0/16:0 

NR-n-C18/Phy NR-1,3,7 TM-N/1,3,6-TM-N  

NR-4-M-Dbt/1-M-Dbt BS8/BS10 

NR-Br-Alk-225-3/n-C19 C10-Benz/n-C11-CyC6 

NR-2-MPhe/1-MPhe 8H-A/8H-Phe 

NR- FAME 16:0/18:0  FAME 14:0/16:0 

NR-C2-dbt/C2-phe  FAME 16:1/16:0 

NR-2-M-Fl/4-M-Py 1-E-Phe/1,7-DM-Phe 

C15/C17-Benz NR-C3-dbt/C3-phe 

NR-BaF/4-M-Py  FAME 18:2/18:0 

NR-Retene/ T-M-Phe  FAME 18:1/18:0 

NR-2-M-Py/4-M-Py  FAME 18:3/18:0 

NR-1-M-Py/4-M-Py C21Tr/C23Tr 

NR-C23Tr/C24Tr  C23Tr/phy-tol 

NR- FAME 20:0/18:0 C20TA/C21TA 

NR-27bb/29bb C21/ RC26+SC27 TA 

NR-27Ts/30ab C28(22S)/30ab 

NR-SC26/ RC26+SC27 TA BaPy/BePy 

NR-27Tm/30ab 29aaS/29aaR 

NR-28ab/30ab  

NR-SC28/RC26 + SC27  

NR-29ab/30ab  

NR-30O/30ab  

NR-RC28/RC26+SC27  

NR-31abS/30ab  

NR-30G/30ab  
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Appendix C – Extracted ion Chromatograms with Matrix Effects 

 

Figure C - 1 Extracted ion chromatogram, for the ion m/z 74, from analysis of unwashed sampling cloths. 

 

Figure C - 2 Extracted ion chromatogram, for the ion m/z 83, from analysis of unwashed sampling cloths. 
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Figure C - 3 Extracted ion chromatogram, for the ion m/z 85, from analysis of unwashed sampling cloths. 

 

Figure C - 4 Extracted ion chromatogram, for the ion m/z 176, from analysis of unwashed sampling cloths. 
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Figure C - 5 Extracted ion chromatogram, for the ion m/z 191, from analysis of unwashed sampling cloths. 

 

Figure C - 6 Extracted ion chromatogram, for the ion m/z 218, from analysis of unwashed sampling cloths. 
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Figure C - 7 Extracted ion chromatogram, for the ion m/z 74, from analysis of washed sampling cloths. 

 

Figure C - 8 Extracted ion chromatogram, for the ion m/z 83, from analysis of washed sampling cloths. 
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Figure C - 9 Extracted ion chromatogram, for the ion m/z 85, from analysis of washed sampling cloths. 

 

Figure C - 10 Extracted ion chromatogram, for the ion m/z 176, from analysis of washed sampling cloths. 
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Figure C - 11 Extracted ion chromatogram, for the ion m/z 191, from analysis of washed sampling cloths. 

 

 

Figure C - 12 Extracted ion chromatogram, for the ion m/z 218, from analysis of washed sampling cloths. 
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Appendix D – GC-MS PW Plots for T-testing of Quotients 

 

Figure D - 1 GC-MS PW plot comparing diesel oil collected from sea water at 5 °C against the corresponding source sample. 

 

 

Figure D - 2 GC-MS PW plot comparing diesel oil collected from sea water at 20 °C against the corresponding source sample. 
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Figure D - 3 GC-MS PW plot comparing diesel oil collected from lake water at 5 °C against the corresponding source sample. 

 

 

Figure D - 4 GC-MS PW plot comparing crude oil collected from sea water at 5 °C against the corresponding source sample. 
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Figure D - 5 GC-MS PW plot comparing crude oil collected from sea water at 20 °C against the corresponding source sample. 

 

 

Figure D - 6 GC-MS PW plot comparing crude oil collected from lake water at 5 °C against the corresponding source sample. 
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Appendix E – Remaining GC-MS PW Plots for Evaporated Oils 

 

Figure E - 1 GC-MS PW plot comparing evaporated crude oil on water against the corresponding source sample. 

 

 

Figure E - 2 GC-MS PW plot comparing evaporated crude oil in cloth on water against the corresponding source sample. 
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Figure E - 3 GC-MS PW plot comparing evaporated diesel oil on water against the corresponding source sample. 

 

 

Figure E - 4 GC-MS PW plot comparing evaporated diesel oil in cloth on water against the corresponding source sample. 
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Appendix F – Weathering Sensibility GC-MS PW Plots for Diesel 592 

 

Figure F - 1 GC-MS PW plot comparing a diesel oil, labeled 592, photo-oxidized for one hour against the original diesel oil. 

 

 

Figure F - 2 GC-MS PW plot comparing a diesel oil, labeled 592, photo-oxidized for three hours against the original diesel oil. 
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Figure F - 3 GC-MS PW plot comparing a diesel oil, labeled 592, photo-oxidized for six hours against the original diesel oil. 

 

 

Figure F - 4 GC-MS PW plot comparing a diesel oil, labeled 592, photo-oxidized for 24 hours against the original diesel oil. 
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Figure F - 5 GC-MS PW plot comparing a diesel oil, labeled 592, photo-oxidized for 96 hours against the original diesel oil. 

 

 

Figure F - 6 GC-MS PW plot comparing a diesel oil, labeled 592, biodegraded for two days against the original diesel oil. 
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Figure F - 7 GC-MS PW plot comparing a diesel oil, labeled 592, biodegraded for seven days against the original diesel oil. 

 

 

Figure F - 8 GC-MS PW plot comparing a diesel oil, labeled 592, biodegraded for 14 days against the original diesel oil. 
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Figure F - 9 GC-MS PW plot comparing a diesel oil, labeled 592, biodegraded for 30 days against the original diesel oil. 
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