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Environmental impact

Traditionally, soil quality and contamination sources of hydrocarbon contaminated soils have been
evaluated by the 16 un-substituted polycyclic aromatic hydrocarbons (PAHs) pointed out by the
U.S. Environmental Protection Agency (EPAPAH;¢) as well as total petroleum hydrocarbon (TPH)
concentrations. Un-substituted PAHs constitute more than half of the total concentration of PAHs in
pyrogenic sources; in petrogenic sources alkyl-substituted PAHs constitute more than 90 % of the
total concentration. An evaluation of soil quality and contamination sources based on EPAPAH ¢ is

not representative of petrogenic sources.

This study contributes with a contaminant fingerprinting strategy representative of both petrogenic
and pyrogenic sources of hydrocarbon contaminated soil. Furthermore, the presence of selected

oxygenated PAHs in hydrocarbon contaminated soils is investigated and evaluated.
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Abstract

Chemical fingerprinting analyses of 29 hydrocarbon-contaminated soils were performed to assess
the soil quality and determine the main contaminant sources. The results were compared to an
assessment based on concentrations of the 16 priority polycyclic aromatic hydrocarbons pointed out
by the U.S. Environmental Protection Agency (EPAPAH;¢) and total petroleum hydrocarbon
(TPH).

The chemical fingerprinting strategy proposed in this study included four tiers: (i) Qualitative
analysis of GC-FID chromatograms, (ii) comparison of the chemical composition of both un-
substituted and alkyl-substituted polycyclic aromatic compounds (PACs), (iii) diagnostic ratios of
selected PACs, and (iv) multivariate data analysis of sum-normalized PAC concentrations. The
assessment criteria included quantitative analysis of 19 PACs and C1-C4 alkyl-substituted
homologues of naphthalene, fluorene, dibenzothiophene, phenanthrene, pyrene, and chrysene; and

13 oxygenated polycyclic aromatic compounds (O-PACs).
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The chemical composition of un-substituted and alkyl-substituted PACs and visual interpretation of
GC-FID chromatograms were in combination successful in differentiating pyrogenic and petrogenic
hydrocarbon sources and in assessing weathering trends of hydrocarbon contamination in the soils.
Multivariate data analysis of sum-normalized concentrations could as a stand-alone tool distinguish
between hydrocarbon sources of petrogenic and pyrogenic origin, differentiate within petrogenic
sources, and detect weathering trends. Diagnostic ratios of PACs were not successful for source

identification of the heavily weathered hydrocarbon sources in the soils.

The fingerprinting of contaminated soils revealed an underestimation of PACs in petrogenic
contaminated soils when the assessment was based solely on EPAPAH;¢. As alkyl-substituted PACs
are dominant in petrogenic sources, the evaluation of the total load of PACs based on EPAPAH
was not representative. Likewise, the O-PACs are not represented in soil quality assessments based
on EPAPAH ¢ and TPH. The YO-PACs ranged between < limit of detection (LOD) (0.03 mg kg™
(dw)) and 150.61 mg kg™ (dw). The pyrogenic contaminated soils contained considerable amount of

O-PACs corresponding to between 6 and 18 % of the ) EPAPAH .

Keywords

Chemical fingerprinting; polycyclic aromatic compounds; oxygenated PACs; soil; source

identification; PCA

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants included in the U.S.
Environmental Protection Agency list of priority pollutants due to toxic, mutagenic, and
carcinogenic properties "*. They are formed primarily during incomplete combustion of biomass
and fossil fuels (pyrogenesis) or through petrogenic processes over millions of years at lower

temperature 3,

Elevated concentrations of PAHs are found at industrialized or urban areas and concentrations of

PAHs generally decrease exponentially from point sources * but even in the most remote areas of
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the world, PAHs are present in the soil environment due to diffuse atmospheric deposition >°. PAHs
in soil are often found in mixtures with other groups of compounds which are released together with
PAHs from the source, e.g. alkyl-substituted PAHs, heterocyclic polycyclic aromatic compounds
(PACs) containing sulfur and nitrogen (hereafter all PAHs and PACs are jointly denoted as PACs),
alkanes, and oxygenated PACs (O-PACs). Moreover, a variety of degradation products including
O-PACs, hydroxylated PACs, and carboxylic acid-substituted PACs are formed through chemical
oxidation ’, photooxidation ¥, and biological transformation processes °. The O-PACs have attracted
attention as they are more persistent than other degradation products 79 are toxic '°, and may be

found in significant concentrations at organic contaminated sites *'""'%.

Many countries have put up soil quality criteria. In the screening of contaminated soils, a number of
un-substituted PACs, often the EPAPAH ;¢ and TPH or subsets of these, are used to categorize the

13-16

soils (e.g. ). The limited number of parameters used to characterize a highly complex mixture of

compounds might be an oversimplification.

First of all, the information obtained by quantifying a selected number of un-substituted PACs is
inadequate for source apportionment of hydrocarbon sources '’. The relative abundance of
individual hydrocarbons forms a chemical pattern characteristic of a specific source which can be
used to differentiate between them '"°. Source identification is important for use in liability cases
and for understanding how and where hydrocarbons enter the environment. To enable source
identification and source apportionment it is necessary to include sets of hydrocarbons that work as
indicators for different types of contaminations; both the major sources, i.e. pyrogenic versus
petrogenic sources, and the contribution of specific sources (e.g., creosote, heating oil). Secondly,
the alkyl-substituted PACs make up a significant part of the petrogenic PACs 2% but are not
represented in the soil criteria. In pyrogenic sources, i.e. PACs derived from combustion of organic
materials, the un-substituted PACs make up approximately one-third to two-thirds of the total PAC
concentration while up to 99 % of the PACs in petrogenic sources such as crude oil and diesel fuel
are alkyl-substituted PACs *°. When petrogenic sources are assessed by the un-substituted
EPAPAH, an underestimation of the PAC contamination is likely *. Finally, degradation products
of hydrocarbons are not included in the traditional assessments of hydrocarbon-contaminated soil.
In contrast, during remediation of organic polluted soils the EPAPAH ;¢ and TPH are measured
regularly to fulfill regulations. When the concentration of EPAPAH;¢ and TPH is below the

threshold limit, the soil is considered uncontaminated. However, O-PACs are released together with

Page4c¢: 8
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PACs '°, some are formed during biotransformation of PACs in the soil °, and are persistent in soil
10 0-PACs may constitute a substantial portion in complex organic contaminations ° and O-PACs
may contribute significantly to the total toxic hazards '**'. The O-PACs are not included in

monitoring programs today '°.

Oil hydrocarbon fingerprinting is traditionally used for identification of sources of oil spills, to
assess weathering and biodegradation effects and for apportionment of multiple spill sources '***%.
Multivariate pattern recognition and regression techniques have proved valuable tools for analysis

of the complex data often obtained from oil hydrocarbon fingerprinting studies 2427

The objective of this study was therefore to suggest and apply a contaminant fingerprinting strategy
for hydrocarbon-contaminated soil and to compare the assessments of soil quality and
contamination sources with those obtained using the EPAPAH;¢c and TPH concentrations as the sole
criteria. The chemical fingerprinting approach was applied to 29 soils from the Copenhagen area. A
tiered strategy was applied including (i) qualitative examination of GC-FID chromatograms of
TPH; (ii) a comparison of the concentrations of un-substituted and alkyl-substituted PACs, (iii)
calculation of diagnostic ratios of selected PACs, and (iv) multivariate pattern recognition using
principal component analysis (PCA). Finally, the concentrations of 13 O-PACs were examined. The
data set contains quantitative data of 19 un-substituted PACs (including EPAPAH 4); C,-C4 alkyl-
homologues of naphthalene, fluorene, dibenzothiophene, phenanthrene, pyrene, and chrysene; and
13 O-PACs. Qualitative data was obtained for TPH. All analyses were performed in the same
laboratory. In addition, the soil samples were analyzed for seven PACs and TPH according to the

14,28,29

Danish soil quality criteria at a commercial laboratory.

2. Experimental
2.1 Chemicals and reagents

Dichloromethane, n-pentane, n-hexane, and acetone of HPLC grade (Rathburn) were used in the
extraction and cleanup. Anhydrous sodium sulfate (pro analysis, Merck) was rinsed three times with
dichloromethane and left to dry in a fume hood over night before drying in an oven at 85°C for 20
h. Silica gel 60 (0.063-0.200 mm, Merck) was rinsed sequentially with acetone (Baker), n-pentane,
and dichloromethane. When dry, the silica gel was activated at 180°C for 20 h. Ottawa sand (20-30
mm mesh) from AppliChem (Darmstads, Germany) was pre-cleaned by heating at 450°C overnight.
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For PAC quantifications, mixtures of 19 individual PACs, naphthalene, acenaphthylene,
acenaphthene, dibenzothiophene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene,
benz[a]anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene,
benzo[a]pyrene, perylene, indeno[1,2,3-c,d|pyrene, dibenz[a, h]anthracene, and

benzo[g, A, i]perylene (including the EPAPAH;¢), were used as quantification standards. An internal
standard solution (IS) containing 20 pug mL™ of each of naphthalene-d8, acenaphthene-d10,
fluorene-d10, dibenzothiophene-d8, phenanthrene-d10, pyrene-d10, chrysene-d12,
benzo[k]fluoranthene-d12, benzo[g, A, i]perylene-d12, and a recovery standard solution contained 20
ug mL"! of acenaphthylene-d8, anthracene-d10, fluoranthene-d10, benz[a]anthracene-d12, and

benzo[a]pyrene-d12 were prepared; both in isooctane.

For O-PAC quantification, a mixture of 13 individual O-PACs was used: 1-idanone, 1-napthol, 1-
napthaldehyd, 2-phenylphenol, 9-fluoranone, 1,2-acenaphthenequinone, anthracene-9,10-dione, 4H-
cyclopental[def]phenanthrenone, benzo[a]fluorenone, 7H-benz[de] anthracene-7-one,
benz[a]anthracene-7,12-dione, naphthacene-5,12-dione, and 6H-benzo[cd] pyrene-6-one. All
quantification standards were purchased at Sigma-Aldrich. An internal standard solution of 20 pg
mL™" anthraquinone-d8 was prepared. Anthraquinone-d8 was purchased at Chiron. The recovery

standard solution was the same as for PAC analysis.

2.2 Soil sampling

A total of 29 contaminated soils were sampled from Copenhagen Recycling Centre from April 2010
to October 2012 and stored at -18°C until analysis. The specific origin of the soils was confidential
but they all originated from the island of Zealand (Denmark) which has a cold-temperate, coastal
climate. The prerequisite for sampling a soil was an exceeding of the PAC or the TPH threshold
limits specified in the Danish soil quality criteria '*. For soil characteristics, the soil samples were
thoroughly mixed, air-dried, and filtrated through a two mm sieve. Soil characteristics were
determined according to the procedure described by Boll e/ al. (2015) *°(Supplementary Data, Table
S1).

2.3 Extraction and quantification of PACs and alkyl-homologues PACs

Integrated extraction and cleanup was performed by pressurized liquid extraction (PLE) with a

Dionex ASE 200 accelerated solvent extractor as described previously®'. The extracts were used for

Page 6 c¢. 8
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quantification of the 19 PACs and of C;-C,4 alkyl-homologues of naphthalene, fluorene,

dibenzothiophene, phenanthrene, pyrene, and chrysene, and for qualitative analysis of TPH.

Qualitative analysis of TPH was accomplished using an Agilent 6890 GC equipped with a FID. The
column was a 30 m ZB-5 capillary column (0.25 mm id- 0.25 um film thickness) with hydrogen as
carrier gas at a flow rate of 2.0 mL min™. Aliquots of 1 uL were injected in split mode (1:2) mode
at 300°C and the oven temperature program as follows: 60°C (held for 2 min.) and then increased to

310°C with 20°C min™ (held for 5.5 min) giving a total analysis time of 20 min.

Quantitative analysis of the 19 un-substituted PACs was conducted as described previously 1 We
used a GC (Agilent 6890N) interfaced to a quadrupole mass spectrometer (MS) operating in
electron ionization mode (Agilent 5975B) for the analysis. The GC was equipped with a 60 m ZB-5
(0.25 mm L.D. x 0.25 pm film thickness) capillary column. Helium was used as carrier gas with a
flow rate of 1.1 mL min". Aliquots of 1pL were injected in splitless mode. Injector, ion source, and
quadrupole temperatures were 325°C, 230°C, and 150°C, respectively. The oven program was: 35°C
(held for 3 min), increased to 100°C (25°C min™), then to 247°C (5°C min™"), and to 320°C with a
rate of 3°C min™' (held for 10.67 min) leading to a total analysis time of 70 min. Selected ion
monitoring (SIM) was used to analyze 21 mass-to-charge (m/z) values in the range of m/z 128-288,
divided into eight groups with 2-4 ions in each. Two six-point internal calibration curves (high and
low concentrations) were used for quantification of the 19 PACs; concentrations were corrected for
recovery. For specification of recovery and internal standards used to quantify the 19 PACs, please

see Supplementary Data, Table S5.

Quantitative analysis of homologue series of PACs was performed using the same GC-MS system
as described by Gallotta et al. (2012) **. Briefly, aliquots of 1uL were injected in pulsed splitless

mode with injection temperature of 315°C. The column temperature program had an initial
temperature of 40°C which was held for 2 min, 25°C min' to 100°C then followed by an increase of
5°C min "' to 315°C (held for 13.4 min). The transfer line, ion source and quadrupole temperatures

were 315°C, 230°C, and 150°C, respectively. A total of 55 m/z’s divided into 12 groups were

acquired in SIM mode (for specification, see *%). The dwell time for each m/z was 25 ms with 2.81
scans s . In absence of appropriate alkyl-substituted PAC calibration standards, the relative

response factors (RRFs) of alkyl-substituted PACs described by Hawthorne et al. (2006) 2 and

calibration curves from the respective un-substituted PACs were used for estimating the
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concentration of alkyl homologues series of PACs. For dibenzothiophene and benzothiophene no
alkyl RRFs were available and the RRF of their respective un-substituted PACs assumed to be 1.0

were used 2.

The quantitative analysis of Danish EPAPAH>s (fluoranthene, benzo[b]fluoranthene,
benzo[j]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene, and dibenz[a, h]anthracene), and TPH

at a commercial laboratory was done accordingly to the REFLAB4 and REFLABI, respectively
33,34

2.4 Extraction and quantification of O-PACs

Extraction was performed by PLE with a Dionex ASE 200 accelerated solvent extractor. Briefly, a
5 mL stainless steel extraction cell was packed with two cellulose filters followed by 1.0 gram of
Ottawa sand. 2 g of soil was mixed thoroughly with 2 gram of Ottawa sand in a mortar and
quantitatively added to the extraction cell. 200 pL of the internal standard solution was added
directly on top of the sample and left for 20 min. Extraction was performed using n-hexane/acetone
(1:1, v/v) at 150°C and two static cycles of 5 minutes each. The extracts were fractionated as
follows: An open glass column (15 mm) was packed with 5 g deactivated silica gel (10% water) and
eluted with 5 mL n-hexane, 15 mL n-hexane:dichloromethane (3:1,v/v), and 30 mL
dichloromethane in succeeding order to recover PACs and O-PACs in fractions 2 and 3,
respectively. Recovery standards were spiked to each fraction. The analysis of the O-PACs was
performed using the same GC-MS as for the PAC analysis. The temperature program was 90°C for
1 minute, increase by 8°C min™ up to 300°C and hold for 10 minutes. The 13 PACs were detected
by SIM as described earlier 3> The monitored m/z’s for the measured compounds are shown in
Supplementary Data, Table S4. Two six-point internal calibration curves (low concentrations (0.008
to 0.3 pg mL™) and high concentrations (0.3 to 5pg mL™) were used for quantification of the O-

PACs; concentrations were corrected for recovery.

2.5 PCA

The 29 soil samples were analyzed by PCA. 54 variables were included in the analysis. These
variables consisted of concentrations of individual compounds or groups of compounds in the soils:
TPH; 19 un-substituted PACs (see Chemicals and reagents for specification); alkyl-homologues of
naphthalene, fluorene, dibenzothiophene, benzothiophene, phenanthrene, pyrene, and chrysene (31

variables); and ) EPAPAH;¢, >.19 PACs, and ) Danish EPA PAH, respectively. The O-PACs were

Page 8c¢. .8
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not included in the PC model as they were detected in < 70 % of the soils leading to a large number
of missing values in the data set (see Supplementary Data, Table S3). If variables with too many

missing values in the same soils are included in PC models it introduces some spurious correlations
in data. Thus, the variation in the data matrix X of size / (29 soils) % J (54 compounds) is described
by the outer product of the score matrix T (/ x K), the loading matrix P (J x K) and the residual, £ (/

x J). The score matrix T is column-wise orthogonal while P is columns-wise orthonormal (Eq. 2).
X=TPT+E 2)

The principal components (PCs) are linear combinations of the original variables and are ordered
accordingly to their explained variances, thus the first PC describing the highest variation in the
data, and the following PCs account for less. The variables were normalized to the sum of the 54
variables included in the data set to remove concentration effects and focus the analysis on patterns.
Data were then autoscaled prior to analysis to provide each compound with the same likelihood to
influence the PC model independent on the absolute concentrations. A full cross validation (leave-
one-out) was applied to the PC model. The explained variance of the PCs suggested flattened out
after PC3, which indicates inclusion of PC1, PC2, and PC3 (combined explaining 72 % of the
variation) and three PCs were therefore included in the final PC model. The PCA was performed in

LatentiX version 2.1.

3. Results and discussion

3.1 Source identification

The PAC composition constitutes the backbone of source identification of hydrocarbons '#°26-3¢-3%,

In addition, a wide range of source identification techniques exists. In this study, we use qualitative
analysis of GC-FID chromatograms, the chemical composition of PACs, diagnostic ratios, and

multivariate pattern recognition.

3.1.1 Qualitative analysis of GC-FID chromatograms

GC-FID chromatograms are often used as a powerful visual screening tool in fingerprinting of

contamination of petrogenic origin *****°

. The saturates, containing among others straight- and
branched chained alkanes, are the dominating compound group in crude oil and petroleum products.

In non-weathered petrogenic sources the distribution of the straight alkanes (n-alkanes) and the
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retention time region for the unresolved complex mixture (UCM) hump in the GC-FID
chromatogram reflect the type of oil product by which the soil was contaminated **. Soil 9 (Figure
1) shows a well-characterized n-alkane profile ranging from Cs- to Cys-n-alkanes indicating a newly
spilled heating oil/light fuel oil. The n-alkanes are generally the most susceptible for biodegradation
of the hydrocarbons in soil ** and this changes the hydrocarbon fingerprint over time. Soil 29 shows
no n-alkane pattern, nearly no low-molecular-weight (LMW) hydrocarbons, and very few resolved
peaks. A large UCM in the Cy- to the Csp-region dominates the chromatogram. The UCM of
petroleum products is believed to originate from among others the presence of naphthenic acids
either inherent in the oil or originating from microbial degradation of branched chain alkanes

142 and recognized by low abundance or complete absence of straight- and branched

(paraffins)
chain alkanes *'. The GC-FID chromatogram of Soil 29 indicates presence of a heavily weathered
heavy fuel oil or lubricating oil *. Soil 1 (Figure 1) reveals no n-alkane pattern; clear, resolved
peaks of primarily un-substituted PACs dominate the GC-FID chromatogram which suggests
pyrogenic hydrocarbon sources (Supplementary Data, Figure S2 shows the TPH chromatograms of
the 29 studied soils). The qualitative analysis of GC-FID chromatograms reveals chemical

composition features of hydrocarbons which are highly useful in source identification.

Soil 1 Soil 9 Soil 29

Figure 1 TPH chromatograms of Soil 1, Soil 9, and Soil 29.

3.1.2 Chemical composition of un-substituted and alkyl-substituted PACs

A more detailed analysis of the composition of un-substituted PACs and alkyl-substituted
homologues series of PACs (naphthalene, dibenzothiophene, flourene, phenanthrene, pyrene, and
chrysene) was applied to determine the overall petrogenic and pyrogenic source origin (Figure 2).
The PAC fingerprints of Soil 1 (Figure 2a) reveal a soil contaminated with mainly pyrogenic PACs:
The un-substituted PACs are dominant with a decreasing profile of alkyl-substituted PACs (see

Page 10 c: 28
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profiles of alkyl-substituted homologues of pyrene and chrysene in Figure 2a, left). A pronounced
pattern of EPAPAH ¢ (Figure 2a, right) is present in the soil: The high-molecular-weight (HMW)
PACs being dominant over LMW PACs >***°. Both trends are characteristic of a pyrogenic
chemical fingerprint. In contrast, Soil 9 exhibits the characteristic bell-shaped petrogenic
distribution profiles of phenanthrene and pyrene homologues series (Figure 2b). The bell-shape is
readily modified to a distribution profile of Cy<C;<C,<C3<C, of the alkyl-substituted homologues
(see alkyl homologue series of naphthalene and fluorene, Figure 2b, left) most likely due to
weathering or degradation 47 Soil 15 is a mixed petrogenic and pyrogenic source contaminated
soil; it shows higher concentrations of un-substituted PACs resulting in lower relative
concentrations of the alkyl-substituted PACs (see profiles of alkyl-substituted homologues of
pyrene and chrysene Figure 2c, left) and a dominance of 4-6 ring PACs over 2-3 ring PACs. The
clear changes in PAC fingerprints from pyrogenic (Figure 2a) to petrogenic (Figure 2b) sources
demonstrate the power of the PAC composition as a tool to determine the sources of hydrocarbons
in soil. Exclusively examining the EPAPAH ¢ provides only weak diagnostic tools for
differentiation between pyrogenic and petrogenic hydrocarbon sources. This is clear from the
EPAPAH;¢ analysis of soil 1, 9, and 15 leaving only the impression of a heavily PAC contaminated
soil (Soil 1, Figure 2a), a lightly contaminated soil (Soil 9, Figure 2b) and a moderately

contaminated soil (Soil 15, Figure 2c).
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Figure 2. PAC fingerprints of Soil 1(a), Soil 9 (b), and Soil 15 (c) showing concentrations of alkyl-

substituted PAC homologues series of naphthalene (N), dibenzothiophene (DBT), fluorene (F), phenanthrene

(P), pyrene (PYR), fluoranthene (FLR), and chrysene (C) (left), and EPAPAH;s (N, acenaphthylene (ACY),
acenaphthene (ACE), DBT, F, P, anthracene (A), FLR, PYR, benz[a]anthracene (B(a)A), chrysene(C),
benzo[b]fluoranthene (B(b)FLR), benzo[k]fluoranthene (B(k)FLR), benzo[a]pyrene (B(a)PYR),

indeno[1,2,3-¢,d]pyrene (IP), dibenz[a, h]anthracene (DB(ah)A), and benzo[g,4,i]perylene (B(ghi)P) (right).

For clarity, varying Y-axes of the alkyl-substituted PAC homologues are applied.
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284
285 3.1.3 Diagnostic ratios

286  Four diagnostic ratios of un-substituted PACs were applied: LMW/HMW PACs (i.e. 3-4 ring PACs
287  /5-6 ring PACs) 8. anthracene/(anthracene + phenanthrene) (Ant/(Ant+Phe)) 3. benz[a]anthracene/
288 (benz[a]anthracene + chrysene) (BaA/(BaA+Chr)) **; and fluoranthene/(fluoranthene + pyrene)
289 (Flr/(Flr+Pyr)) ***° (see Supplementary Data, Figure S1). Four of the petrogenic contaminated soils
290  (Soil 6, 10, 19, and 29) were not included in the analysis as they displayed concentrations of un-
291  substituted PACs (including anthracene, phenanthrene, benz[a]anthracene, chrysene, fluoranthene,

292  and pyrene) below LOD.

293  The ratios of LMW/HMW PACs have previously been used to differentiate between petrogenic and
294  pyrogenic sources in sediment ** and in urban run-off, dust, rain, and canopy throughfall *°. For

295  high temperature processes, such as combustion of fossil fuels in engines, organic molecules are
296  cracked to free reactive radicals forming stable HMW PACs (pyrolysis) while LMW PACs and

297  alkyl-substituted PACs are usually formed during low temperature processes (petrogenesis) .

298  Pyrogenic sources are thus dominated by HMW PACs and petrogenic sources by LMW PACs. Two
299  soils, Soil 24 and Soil 28, were highlighted as petrogenic contaminated soils by ratios above 1. Soil
300 9,20, and 22, which are classified as highly petrogenic contaminated soils according to

301 fingerprinting of the sources (e.g. Figure 2) and multivariate data analysis (Figure 3), are not

302  grouped together with the petrogenic contaminated soils. The misclassification may reflect the soil
303  matrix and the degree of weathering/degradation of the contamination source; the LMW are

304  susceptible to evaporation **°* and are more readily degraded than HMW PACs in the soil °. The
305 alkyl-substituted homologues series of naphthalene and fluorene of Soil 9 and Soil 15 (Figure 2b
306 and 2c¢) indicates weathered PAC fingerprints. Most of the contamination sources in the soils of our
307  study are old and heavily affected by weathering and thus the concentrations of LMW PACs may be
308 low resulting in lower ratios of LMW/HMW. Based on this, the ratio of LMW/HMW PAC:s is not

309 suitable for source differentiation of weathered hydrocarbon sources in soil.

310 Thermodynamically stable compounds are present in higher concentrations in sources originating
311  from high temperature processes than less stable compounds 2% Phenanthrene is the most stable
312 3-ring PAC ** and pyrogenic sources contain relatively more of phenanthene than of anthracene.
313  The ratio of Ant/(Ant+Phe) differentiates petrogenic sources (< 0.10) and pyrogenic sources (>

314 0.10) *®*. However, the ratio of 0.10 is not a clear-cut distinction as ratios > 0.10 have been
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reported for a variety of petrogenic sources *’. The Ant/(Ant+Phe) ratio could not be used to
differentiate between petrogenic and pyrogenic sources in this study (see Supplementary Data,
Figure S1). The same principal of thermodynamically stable versus less stable compounds applies
for benz[a]anthracene and chrysene and for fluoranthene and pyrene. The ratio of BaA/(BaA+Chr),
however, showed no differentiation between petrogenic and pyrogenic sources. The ratio of
Flr/(Flr+Pyr) did to some extent distinguish between petrogenic and pyrogenic sources. The four
petrogenic contaminated soils (Soil 9, 20, 22, and 28) were classified with ratios below 0.4
indicating petrogenic sources; five sources were classified as petroleum combustion sources; and
the remaining soils as combustion sources from grass, wood, and coal combustion. Yunker ef al.
(2002) evaluated the range of stability of PAC isomers and concluded that the isomers of
fluoranthene and pyrene (ion 202) revealed the highest stability, followed by the isomer of
anthracene and phenanthene (ion 178), and last benzo[a]anthrancene and chrysene (ion 228) (only
isomeric pairs of PACs used in this study are listed here) *. According to this, the ratio of
Flr/(Flr+Pyr) is the best indicator of thermodynamic (petrogenic) versus kinetic (pyrogenic)

sources. Our study of urban soils affected by weathering processes confirms this.

3.1.4 Multivariate data analysis for source characterization

PCA was applied to the sum-normalized concentration data obtained from the 29 soil extracts.
Multivariate pattern recognition studies provide a means to distinguish minor differences in the
hydrocarbon fingerprints. As the main variance in the data set was explained by PC 1 and PC 2 the
data analysis only focus on PC1 and PC2. Figure 3 shows the score (a) and loading (b) plots of PC1
versus PC2. First of all, the PCA revealed a clear differentiation between pyrogenic and petrogenic
sources along PC1. The HMW un-substituted PACs representative of pyrogenic PACs have high
negative loading coefficients (-0.2 to -0.15), the LMW un-substituted PACs, which may origin from
both pyrogenic and petrogenic sources have slightly negative loading or positive coefficients (-0.15
to 0.05), and the C,-C; alkylated PACs and TPH, characteristic of petrogenic sources, have positive
loading coefficients (Figure 3b).

PC2 mainly describes the heaviness of the oil products for samples with large positive PC1 scores;
thus samples with positive PC2 scores (marked cluster ‘IV. Heavy petrogenic sources’ in the score
plot) contain a larger fraction of the more alkylated homologues, indicating a heavy oil product or a
lighter but weathered oil. The group is also characterized by a higher sulfur content represented by

larger relative concentrations of 3-4 ring alkyl-substituted PACs as well as sulfur containing
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346  heterocyclic polyaromatics such as C;-Cs alkyl-substituted benzothiophenes and dibenzothiophenes.
347  In contrast, soils with negative PC2 and positive PC1 scores (samples marked cluster ‘III. Lighter
348  petrogenic sources’ in the score plot) are lighter un-weathered oil represented by a large relative

349  concentration of two-ring alkylated-PACs.
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351  Figure 3. PCA of 29 soils showing PC1 vs. PC2 of scores (a) and loadings (b). Variations explained by the
352  PCs are shown in brackets. Clusters I to IV are presented (circles) in the score plot while an alkylation trend

353  (dark line) is shown in the loading plot.

354  In contrast, soil samples with negative PC1 scores are samples with mainly pyrogenic PAC input.
355  These are represented by large positive loadings of the pyrogenic PACs, i.e. A, FLR, BaA, BbF,
356  BKF, IP, and BghiP, and of the > EPAPAH 4. Soil samples with PC1 scores around zero (Cluster II)

357  are soils with mixed hydrocarbons sources of both petrogenic and pyrogenic origin.
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As described above, the PC model was in accordance with the chemical interpretation of the
contamination sources of the soils except for Soil 21. The PC model classified Soil 21 as a “lighter
petrogenic source” while the TPH analysis and the chemical composition of un-substituted and
alkyl-substituted PACs of Soil 21 clearly pointed at a pyrogenic pollution source. Soil 21 displays
very high concentrations of naphthalene; as mentioned above, LMW un-substituted PACs may
origin from both pyrogenic and petrogenic sources which might explain the discrepancy in source
apportionment in the PC model. The inclusion of more soils in the model in the future will create a
more robust model and the ability to extract even more detail source related information from the
data set. In addition, source samples of e.g. creosote and soot samples to represent pyrogenic
samples and different crude oils and refined petroleum products to characterize petrogenic sources,

would improve the range of fingerprints represented by the model.

3.2 Including alkyl-substituted PACs in quantitative analysis of PACs

The YEPAPAH, concentrations in the soils varied from below LOD to 267 ug g (dw) while the
Y alkyl-substituted PAC concentrations varied between 1.54 and 131 ug g"' (dw) (all concentrations
are specified in Table S2 in Supplementary Data).The chemical fingerprints of EPAPAH ¢ and the
alkyl-substituted PAC homologues series of selected PACs are presented for Soil 25 and Soil 22 in
Figure 4. Soil 25 represents a typical pyrogenic contaminated soil while Soil 22 is an example of a

petrogenic contaminated soils.

The EPAPAH ¢ fingerprint of Soil 25 (Figure 4, left) shows a dominance of 4-6 ringed PACs
(XEPAPAH s =266 ug g (dw)). In contrast, Soil 22 contains negligible concentrations of the un-
substituted EPAPAH ¢ 3_EPAPAH ;s =1.98 ug g'1 (dw)). The evaluation of the PAC contamination
load based solely on the EPAPAH; ¢ fingerprints of Soil 25 and Soil 22 gives the impression of a
heavily PAC contaminated soil (Soil 25) and an uncontaminated soil (Soil 22). Figure 4 (right)
shows the chemical fingerprints of alkyl-substituted PAC homologues series of Soil 25 and Soil 22.
The C;-, C;-, C;-, and — when possible — C4-alkyl-substituted PAC homologues were calculated as
groups of alkyl-isomers **, e.g. the C,-naphthalenes are made up of 12 isomers and the
concentrations of C,-naphthalenes are the sum of the 12 C,-naphthalene isomers. The chemical
fingerprints of alkyl-substituted PAC homologues of Soil 25 and Soil 22 (Figure 4) reveal a
different picture of the two soils than the evaluation based on EPAPAH¢; Soil 22 is not

uncontaminated but contains substantial amounts of alkyl-substituted PACs. The high levels of
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388 alkyl-substituted PACs and negligible levels of un-substituted PACs is a characteristic chemical
389 fingerprint for petrogenic contaminated soils in our dataset (Soil 9, 19, 20, 22 and 29).
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391  Figure 4. Contaminant fingerprints of Soil 25 (a) and Soil 22 (b), showing EPAPAH ¢ (naphthalene (N),
392  acenaphthylene (ACY), acenaphthene (ACE), dibenzothiophene (DBT), flourene (F), phenanthrene (P),
393  anthracene (A), fluoranthene (FLR), pyrene(PYR), benz[a]anthracene (B(a)A), chrysene(C),

394  benzo[b]fluoranthene (B(b)FLR), benzo[k]fluoranthene (B(k)FLR), benzo[a]pyrene (B(a)PYR),

395  indeno[1,2,3-¢,d]pyrene (IP), dibenz[a, h]anthracene (DB(ah)A), and benzo[g,/,i]perylene (B(ghi)P) (left),
396  and alkyl-substituted PAC homologues series of N, dibenzothiophene (DBT), F, P, PYR, and C (right).

397 In Figure 5 the percentages of un-substituted PACs are compared with the percentages of alkyl-
398  substituted PACs (see Table S2 for compound specification). Soil 25 contains 25 % alkyl-

399  substituted PACs while Soil 22 holds 98 % alkyl-substituted PACs. If the alkyl-substituted PACs
400 are included in the sum of PACs, the total concentration of PACs in Soil 22 increases from 1.98 ug
401 g (dw) (CEPAPAH ) to 93.8 ug g (dw) (XEPAPAH, + Yalkyl-substituted PAC homologues).
402  The Y EPAPAH s is fairly representative for pyrogenic sources; the ) EPAPAH ¢ has been reported
403 to make up one-third to two-thirds of the total PAC concentration **. In our study, YEPAPAH
404  made up three-fourth of the total PAC concentration in five soils with dominant pyrogenic sources,

405 i.e. Soil 1, Soil 11, Soil 21, Soil 25, and Soil 26 (see Figure 5). The EPAPAH ; is not representative
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for petrogenic sources; the ) EPAPAH ¢ make up < 10 % of ) EPAPAH;¢ + > alkyl-substituted
PAC homologues in the petrogenic contaminated soils (see Figure 5) and this implies a risk of

underestimating the concentration of PACs at petrogenic contaminated sites ',

Un-substituted PACs B Alkyl-substituted PACs
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o il
50%

40%

i
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0% :

2625 1 211115171812 7 16 4 1423 3 27 2 28 5 2413 8 29 9 22201910 6
Pyrogenic Petrogenic
contaminated soils contaminated soils

Figure 5. Percentages of alkyl-substituted PACs (Alkyl PACs, see Table S2) and un-substituted PACs
(PACs, see Table S2) in the 29 soil samples. The primary pyrogenic and petrogenic contaminated soils are

highlighted (red boxes).

3.3 O-PACs

The YO-PAC concentrations in soils ranged from < LOD (0.03 mg kg™ (dw) for Soil 6 and 0.05 mg
kg (dw) for Soil 29) to 151 mg kg™ (dw) (Soil 21) (Table S3 in Supplementary Data lists the O-
PAC concentrations and LODs of all soils). Soil 21 had a very high concentration (140 mg kg
(dw)) of one specific carbonyl O-PAC, benz[a]anthracene-7,12-dione. A study on O-PACs in urban
soils of Bratislava found benz[a]anthracene-7,12-dione to be dominant in highly contaminated soils
and closely correlated to combustion derived PACs *°. The concentrations of YO-PACs in the soils
are comparable to concentrations in urban soils of Basel °® and Bratislava >> when the varying

number and selection of O-PACs are taken into account, but lower than > O-PAC concentrations at
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former gasworks sites and wood preservation sites '>’. Generally, the hydroxyl-O-PACs (i.e. 1-
Naphthol and 2-Phenylphenol) revealed lower concentrations than the carbonyl-O-PACs, which is
in line with earlier studies '**>. Table 1 shows the O-PAC concentrations of three pyrogenic
contaminated soils, Soil 1, Soil 16, and Soil 25, and two petrogenic contaminated soils, Soil 9 and

Soil 22.

Table 1. Concentrations of O-PACs in selected soils with pyrogenic and petrogenic sources.

. Petrogenic
Pyrogenic sources
sources

Soil I  Soil 16 Soil25  Soil9  Soil 22
O-PAC mg kg (dw)
1-idanone 0.08 0.02 n.d. 0.02 0.01
1-napthol n.d. n.d. 0.09 n.d. n.d.
1-naphthaldehyde 0.06 n.d. 0.10 n.d. 0.02
2-phenylphenol 0.01 0.01 0.08 0.00 0.01
9-fluorenone 0.54 0.88 1.03 0.02 0.15
1,2-acenaphthenequinone 0.13 n.d. 2.45 n.d. 0.04
9,10-anthraquinone 1.59 4.01 1.70 0.09 0.15
4h- 1.80 0.89 1.66 0.08 0.05
cyclopental[def]phenanthrenone ' ' ’ ’ ’
Benzo[a]fluorenone 1.90 1.01 1.30 0.07 0.20
7h-benz[de]anthracen-7-one 3.58 1.53 7.31 0.27 0.25
Benz[a]anthracene-7,12-dione 0.85 0.81 0.56 0.04 0.04
Naphthacene-5,12-dione 1.02 0.51 2.26 0.05 0.14
6H-benzo[cd]pyrenone 3.97 1.03 4.90 0.14 0.27
YO-PACs 14.5 10.2 23.4 0.54 1.26
YEPAPAH 4 218 60.6 267 6.80 1.98

n.d. = not detected. Values below LOD are in italics.

The soils with primarily pyrogenic sources of hydrocarbons (Soil 1, Soil 16, and Soil 25) did
contain a considerable proportion of O-PACs corresponding to between 6 and 18 % of the

> EPAPAH;; levels. The soils with primarily petrogenic sources (Soil 9 and 22) were nearly
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431  depleted of the O-PACs included in this study. Figure 6 shows total summed selected ion
432 chromatograms of O-PACs in Soil 1 (pyrogenic pollution sources) and Soil 22 (petrogenic pollution

433 sources).
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435  Figure 6. Total summed selected ion chromatogram of O-PACs in Soil 1 (top) and Soil 22 (bottom). 9 O-
436  PACs are highlighted by an asterix: 1-idanone, 9-fluorenone, anthraquinone-d8 (internal standard), 9,10-
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anthraquinone, 4h-cyclopental[def]phenanthrenone, benzo[a]fluorenone, 7h-benz|[de]anthracene-7-one,

benz[aJanthracene-7,12-dione, 6H-benzo[cd]|pyrenone.

The Y O-PAC concentrations have previously been shown to be highly correlated to ) EPAPAH
> In line with this, studies of O-PACs in heavily polluted soils with pyrogenic sources, e.g. old
wood preservation, gasworks, and coke production sites, revealed much higher total amounts of O-
PACs ', The proportion of YO-PACs to YEPAPAH ¢ in the heavily polluted soils revealed
proportions between 12 and 20 % > O-PACs (only the O-PACs quantified in our study were
included in the comparison) '*°®. This is comparable with our findings in pyrogenic contaminated
soils with proportions of Y O-PACs between 6 and 18 %. Combustion-related sources, i.e. coal and
vesicular combustion, are known sources of O-PACs *>%. A plausible explanation for the low
concentrations of O-PACs in soils with petrogenic sources is that the precursors of the determined
O-PAC:s are primarily un-substituted PACs. The ratios between PACs and their likely derived O-
PACs (e.g. naphthalene to 1-naphtol and anthracene to 9,10-anthraquinone) were examined by
Bandowe et al. (2011); most carbonyl-O-PACs correlated significantly with their parent PAC *°. O-
PACs are present in petrogenic sources, for instance in crude oil where e.g. naphthenic acids and

Co-Cg alkyl-substituted phenols are common, but these O-PACs are not included in this study.

4. Conclusion

The chemical fingerprinting in this study was a four point strategy of 1) qualitative analysis of TPH
chromatogrames; ii) quantitative analysis of EPAPAH ¢ as well as the alkyl-substituted homologues
series of naphthalene, dibenzothiophene, fluorene, phenanthrene, pyrene, and chrysene; iii) source
specific ratios of LMW/HMW PACs, Ant/(Ant+Phe), BaA/(BaA+Chr), and Flr/(Flr+Pyr); and iiii)

multivariate pattern recognition of sum-normalized concentrations.

For source identification of hydrocarbon-contaminated soils, the composition of PACs as well as
TPH chromatograms and multivariate data analysis were successfully applied to differentiate
between and within petrogenic and pyrogenic sources. The selected source specific ratios of un-
substituted PACs in this study were only to some extent applicable for distinguishing the sources;
partly because the soils were affected by weathering and/or degradation resulting in loss of LMW
PACs which blurred the differentiation of contamination sources and partly because the soils with

highly petrogenic sources were excluded from the ratios as the concentrations of un-substituted
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PAC:s in the soils were below LOD. To provide a robust identification of hydrocarbon sources in
soils, the qualitative analysis of GC-FID chromatograms and the quantitative analysis of PACs
cannot stand alone; a combination of the techniques is required. The multivariate pattern
recognition, however, could distinguish between hydrocarbon sources of petrogenic and pyrogenic
origin and differentiate within petrogenic and pyrogenic sources, respectively. This illustrates the

power of multivariate data analysis for source characterization and identification.

The fingerprinting of 29 soils revealed that the EPAPAH ¢ are not representative for petrogenic
contaminated soils; the six petrogenic contaminated soils of this study (Soil 6, 9, 10, 20, 22, and 29)
comprised between 94 and 99 % alkyl-substituted PACs of the total concentration of PACs.
Exclusively quantifying the un-substituted PACs will result in an underestimation of the PAC input

to petrogenic contaminated soils.

The quantification of O-PACs in the soils revealed concentrations of O-PACs between <LOD (0.03
mg kg (dw)) and 150.61 mg kg (dw). The proportion of O-PACs in pyrogenic contaminated soils
corresponded to between 6 and 18 % of the ) EPAPAH,¢ while the petrogenic contaminated soils
were nearly depleted of O-PACs. The O-PACs are not routinely included in the screening of
contaminated soils. Thus, even when a remediated soil complies with the threshold limits in the soil
criteria, the soil may contain considerable amounts of degradation products, including the O-PACs.
The selected O-PACs of this study are likely degradation products of un-substituted PACs. In
perspective, it would be interesting to examine potential oxidative degradation products of alkyl-

substituted PACs in petrogenic contaminated soils.

Acknowledgements

Department of Plant and Environmental Sciences, University of Copenhagen, Copenhagen
Recycling Center, and Research School of Environmental Chemistry, Microbiology and Toxicology
(RECETO) are acknowledged for funding the PhD study of Esther S. Boll. The authors would

furthermore like to thank Jette Petersen for assisting with chemical analysis.

Page 22 ¢ 8



Page 23 of 28

495
496
497

498
499
500
501

502
503

504
505
506

507
508
509

510
511

512
513

514
515
516

517
518
519

520
521
522

523
524
525

526
527
528
529

Environmental Science: Processes & Impacts

Reference List

1. WHO.IARC Monographs on the Evaluation of the Carcinogenic Risks to Humans. Supplement 7[1
to 42]. 1987. Lyon, World Health Organization. Overall Evaluations of Carcinogenicity: An
Updating of IARC Monographs Volumes 1 to 42.
Ref Type: Serial (Book,Monograph)

2. 1ARC Polynuclear aromatic compounds: Chemical, environmental, and experimental data.;Volume
32, Part 1; Interanational Agency for Research on Cancer: Leon, France, 83.

3. Yunker, M. B.; Macdonald, R. W.; Veltkamp, D. J.; Cretney, W. J. Terrestrial and Marine Biomarkers
in A Seasonally Ice-Covered Arctic Estuary - Integration of Multivariate and Biomarker
Approaches. Marine Chemistry 1995, 49 (1), 1-50.

4. Johnsen, A. R.; Karlson, U. Diffuse PAH contamination of surface soils: environmental occurrence,
bioavailability, and microbial degradation. Applied Microbiology and Biotechnology 2007,
76 (3), 533-543,

5. Johnsen, A. R.; Wick, L. Y.; Harms, H. Principles of microbial PAH-degradation in soil. Environmental
Pollution 2005, 133 (1), 71-84.

6. Wilcke, W. Polycyclic aromatic hydrocarbons (PAHSs) in soil - a review. Journal of Plant Nutrition and
Soil Science 2000, 163 (3), 229-248.

7. Kochany, J.; Maguire, R. J. Abiotic Transformations of Polynuclear Aromatic-Hydrocarbons and
Polynuclear Aromatic Nitrogen-Heterocycles in Aquatic Environments. Science of the Total
Environment 1994, 144, 17-31.

8. Yu, H.T. Environmental carcinogenic polycyclic aromatic hydrocarbons: photochemistry and
phototoxicity. Journal of Environmental Science and Health Part C-Environmental
Carcinogenesis & Ecotoxicology Reviews 2002, 20 (2), 149-183.

9. Lundstedt, S.; Haglund, P.; Oberg, L. Degradation and formation of polycyclic aromatic compounds
during bioslurry treatment of an aged gasworks soil. Environmental Toxicology and
Chemistry 2003, 22 (7), 1413-1420.

10. Lundstedt, S.; White, P. A.; Lemieux, C. L.; Lynes, K. D.; Lambert, L. B.; Oberg, L.; Haglund, P.;
Tysklind, M. Sources, fate, and toxic hazards of oxygenated polycyclic aromatic
hydrocarbons (PAHs) at PAH-contaminated sites. Ambio 2007, 36 (6), 475-485.

11. Schlanges, |.; Meyer, D.; Palm, W. U.; Ruck, W. Identification, Quantification and Distribution of Pac-
Metabolites, Heterocyclic Pac and Substituted Pac in Groundwater Samples of Tar-
Contaminated Sites from Germany. Polycyclic Aromatic Compounds 2008, 28 (4-5), 320-
338.



530
531
532

533
534
535

536
537
538

539
540
541

542
543
544

545
546

547
548

549
550

551
552
553
554

555
556
557

558
559
560
561

562
563

564
565

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Environmental Science: Processes & Impacts

Bandowe, B. A. M.; Shukurov, N.; Kersten, M.; Wilcke, W. Polycyclic aromatic hydrocarbons (PAHs)
and their oxygen-containing derivatives (OPAHSs) in soils from the Angren industrial area,
Uzbekistan. Environmental Pollution 2010, 158 (9), 2888-2899.

CCME Canadian Soil Quality Guidelines. Carcinogenic and Other Polycyclic Aromatic Hydrocarbons
(Environmental and Human Health Effects);PN 1401; Canadian Council of Ministers of the
Environment (CCME): Winnipeg, 08.

Danish EPA List of quality criteria in relation to polluted soil and drinking water (Liste over
kvalitetskriterier i relation til forurenet jord og kvalitetskriterier for drikkevand), In Danish;
Danish Environmental Proctection Agency (Miljgstyrelsen): Copenhagen, Denmark, 10.

German Federal Ministery for the Environment Federal Soil Protection and Contaminated Sites
Ordinance of 12. July 1999 (BBodSchV); German Federal Ministery for the
Environment,Nature Conservation,and Nuclear Safety: Germany, 99.

Swedish Environmental Protection Agency (Naturvardsverket) Riktvdrden fér férorenad mark.
Modellbeskrivning och véigledning, In Swedish;5976; Swedish Environmental Protection
Agency (Naturvardsverket): 09.

Boehm, P. D. Polycyclic Aromatic Hydrocarbons (PAHSs). In Environmental Forensics. Contaminant
Specific Guide., Morrison, R. D., Murphy, B. L., Eds.; Elsevier Inc.: 2006; pp 313-337.

Laflamme, R. E.; Hites, R. A. Global Distribution of Polycyclic Aromatic-Hydrocarbons in Recent
Sediments. Geochimica et Cosmochimica Acta 1978, 42 (3), 289-303.

Wang, Z. D.; Fingas, M. F. Development of oil hydrocarbon fingerprinting and identification
techniques. Marine Pollution Bulletin 2003, 47 (9-12), 423-452.

Hawthorne, S. B.; Miller, D. J.; Kreitinger, J. P. Measurement of total polycyclic aromatic
hydrocarbon concentrations in sediments and toxic units used for estimating risk to benthic
invertebrates at manufactured gas plant sites. Environmental Toxicology and Chemistry
2006, 25 (1), 287-296.

Lemieux, C. L.; Lambert, A. B.; Lundstedt, S.; Tysklind, M.; White, P. A. Mutagenic hazards of
complex polycyclic aromatic hydrocarbon mixtures in contaminated soil. Environmental
Toxicology and Chemistry 2008, 27 (4), 978-990.

Wang, Z. D.; Yang, C.; Yang, Z.; Hollebone, B.; Brown, C. E.; Landriault, M.; Sun, J.; Mudge, S. M.;
Kelly-Hooper, F.; Dixon, D. G. Fingerprinting of petroleum hydrocarbons (PHC) and other
biogenic organic compounds (BOC) in oil-contaminated and background soil samples.
Journal of Environmental Monitoring 2012, 14 (9), 2367-2381.

Costa, H. J.; Sauer, T. C. Forensic approaches and considerations in identifying PAH background.
Environmental Forensics 2005, 6 (1), 9-16.

Christensen, J. H.; Tomasi, G.; Hansen, A. B. Chemical fingerprinting of petroleum biomarkers using
time warping and PCA. Environ. Sci. Technol. 2005, 39 (1), 255-260.

Page 24 ¢/ 8



Page 25 of 28

566
567
568

569
570
571
572

573
574

575
576
577
578
579
580

581
582
583
584
585

586
587
588

589
590
591

592
593
594
595

596
597
598
599
600

601
602
603
604
605

Environmental Science: Processes & Impacts

25. Boehm, P. D.; Douglas, G. S.; Burns, W. A.; Mankiewicz, P. J.; Page, D. S.; Bence, A. E. Application of
petroleum hydrocarbon chemical fingerprinting and allocation techniques after the Exxon
Valdez oil spill. Marine Pollution Bulletin 1997, 34 (8), 599-613.

26. Christensen, J. H.; Tomasi, G.; Scofield, A. D.; Meniconi, M. D. G. A novel approach for
characterization of polycyclic aromatic hydrocarbon (PAH) pollution patterns in sediments
from Guanabara Bay, Rio de Janeiro, Brazil. Environmental Pollution 2010, 158 (10), 3290-
3297.

27. Wang, Z. D.; Stout, S. A,; Fingas, M. Forensic fingerprinting of biomarkers for oil spill
characterization and source identification. Environmental Forensics 2006, 7 (2), 105-146.

28. Danish Ministry of the Environment (Miljgministeriet) . Statutory order no. 1022 of August 25, 2010
on Quality Standards for Water Bodies and Emission Standards for Discharge of Hazardous
Substances to Rivers, Lakes, or the Sea (Bekendtggrelse nr. 1022 af 25/08/2010.
Bekendtggrelse om miljpkvalitetskrav for vandomrader og krav til udledning af
forurenende stoffer til vandlgb, sger eller havet) In Danish. LBK nr. 879. 2010. 26-6-2010.
Ref Type: Statute

29. Danish Ministry of the Environment (Miljgministeriet) . Statury order no. 1479 of December 12,
2007 on Notification and Documentation regarding Movement of Soil. (Bekendtggrelse nr.
1479 af 12/12/2007. Bekendtggrelse om anmeldelse og dokumentation i forbindelse med
flytning af jord). In Danish. MST-783-00006. 12-12-2007. AL001767.
Ref Type: Statute

30. Boll, E. S.; Johnsen, A. R.; Christensen, J. H. Polar metabolites of polycyclic aromatic compounds
from fungi are potential soil and groundwater contaminants. Chemosphere 2015, 119, 250-
257.

31. Soleimani, M.; Afyuni, M.; Hajabbasi, M. A.; Nourbakhsh, F.; Sabzalian, M. R.; Christensen, J. H.
Phytoremediation of an aged petroleum contaminated soil using endophyte infected and
non-infected grasses. Chemosphere 2010, 81 (9), 1084-1090.

32. Gallotta, F. D. C.; Christensen, J. H. Source identification of petroleum hydrocarbons in soil and
sediments from Iguacu River Watershed, Parana, Brazil using the CHEMSIC method
(CHEMometric analysis of Selected lon Chromatograms). Journal of Chromatography A
2012, 1235, 149-158.

33. Reference Laboratory of Environmental monitoring . Reflab method 4: Measurement of
hydrocarbons, BTEX, and PAHs in soil using gas chromatography (Reflab metode 4:
Bestemmelse af kulbrinter, BTEX og PAH i jord ved gaskromatografi), In Danish. [2nd]. 2-1-
2008. Reference Laboratory of Environmental Monitoring.
Ref Type: Online Source

34. Reference Laboratory of Environmental monitoring . Reflab method 1: Measurement of oil in soil,
gass chromatographic method (Reflab metode 1: Bestemmelse af olie i jord,
Gaskromatografisk metode), In Danish. 2nd. 4-11-2010. Reference laboratory of
Environmental Monitoring.

Ref Type: Online Source



606
607
608
609

610
611

612
613
614

615
616
617

618
619
620

621
622
623

624
625

626
627
628

629
630

631
632
633

634
635
636

637
638
639

640
641
642

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Environmental Science: Processes & Impacts

Lundstedt, S.; Bandowe, B. A. M.; Wilcke, W.; Boll, E. S.; Christensen, J. H.; Vila, J.; Grifoll, M.; Faure,
P.; Lourgeoux, P.; Larsson, M.; French Igrum, K.; Ivarsson, P.; Ricci, M. First intercomparison
study on the analysis of oxygenated PAHs and N-PACs in contaminated soil. Unpublished
Work, 2013.

Wang, Z. D.; Fingas, M.; Page, D. S. Qil spill identification. Journal of Chromatography A 1999, 843
(1-2), 369-411.

Yunker, M. B.; Macdonald, R. W. Alkane and PAH depositional history, sources and fluxes in
sediments from the Fraser River Basin and Strait of Georgia, Canada. Organic Geochemistry
2003, 34 (10), 1429-1454.

Budzinski, H.; Jones, I.; Bellocq, J.; Pierard, C.; Garrigues, P. Evaluation of sediment contamination
by polycyclic aromatic hydrocarbons in the Gironde estuary. Marine Chemistry 1997, 58 (1-
2), 85-97.

Burns, W. A.; Mankiewicz, P. J.; Bence, A. E.; Page, D. S.; Parker, K. R. A principal-component and
least-squares method for allocating polycyclic aromatic hydrocarbons in sediment to
multiple sources. Environmental Toxicology and Chemistry 1997, 16 (6), 1119-1131.

Wang, Z. D.; Christensen, J. H. Crude Oil and Refined Product Fingerprinting: Applications. In
Environmental Forensics. Contaminant Specific Guide, Morrison, R. D., Murphy, B. L., Eds.;
Elsevier Inc.: 2006; pp 409-464.

Gough, M. A,; Rowland, S. J. Characterization of Unresolved Complex-Mixtures of Hydrocarbons in
Petroleum. Nature 1990, 344 (6267), 648-650.

Killops, S. D.; Al-Juboori, M. A. H. A. Characterisation of the unresolved complex mixture (UCM) in
the gas chromatograms of biodegraded petroleums. Organic Geochemistry 1990, 15 (2),
147-160.

Christensen, J. H.; Tomasi, G. Practical aspects of chemometrics for oil spill fingerprinting. Journal of
Chromatography A 2007, 1169 (1-2), 1-22.

Page, D. S.; Boehm, P. D.; Douglas, G. S.; Bence, A. E.; Burns, W. A.; Mankiewicz, P. J. The natural
petroleum hydrocarbon background in subtidal sediments of Prince William Sound, Alaska,
USA. Environmental Toxicology and Chemistry 1996, 15 (8), 1266-1281.

Mahajan, M. C.; Phale, P. S.; Vaidyanathan, C. S. Evidence for the Involvement of Multiple Pathways
in the Biodegradation of 1-Methylnaphthalene and 2-Methylnaphthalene by Pseudomonas-
Putida Csvs6. Archives of Microbiology 1994, 161 (5), 425-433.

Budzinski, H.; Raymond, N.; Nadalig, T.; Gilewicz, M.; Garrigues, P.; Bertrand, J. C.; Caumette, P.
Aerobic biodegradation of alkylated aromatic hydrocarbons by a bacterial community.
Organic Geochemistry 1998, 28 (5), 337-348.

Wang, Z. D.; Fingas, M.; Blenkinsopp, S.; Sergy, G.; Landriault, M.; Sigouin, L.; Foght, J.; Semple, K.;
Westlake, D. W. S. Comparison of oil composition changes due to biodegradation and
physical weathering in different oils. Journal of Chromatography A 1998, 809 (1-2), 89-107.

Page 26 ¢ Z8



Page 27 of 28

643
644
645

646
647
648

649
650
651

652
653

654
655

656
657
658

659
660
661
662

663
664
665

666
667
668

669
670
671

672
673
674
675

676
677
678
679

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Environmental Science: Processes & Impacts

Soclo, H. H.; Garrigues, P.; Ewald, M. Origin of polycyclic aromatic hydrocarbons (PAHs) in coastal
marine sediments: Case studies in Cotonou (Benin) and Aquitaine (France) areas. Marine
Pollution Bulletin 2000, 40 (5), 387-396.

Yunker, M. B.; Macdonald, R. W.; Vingarzan, R.; Mitchell, R. H.; Goyette, D.; Sylvestre, S. PAHs in the
Fraser River basin: a critical appraisal of PAH ratios as indicators of PAH source and
composition. Organic Geochemistry 2002, 33 (4), 489-515.

Zhang, W.; Zhang, S. C.; Wan, C.; Yue, D. P.; Ye, Y. B.; Wang, X. J. Source diagnostics of polycyclic
aromatic hydrocarbons in urban road runoff, dust, rain and canopy throughfall.
Environmental Pollution 2008, 153 (3), 594-601.

Fingas, M. F. A Literature-Review of the Physics and Predictive Modeling of Qil-Spill Evaporation.
Journal of Hazardous Materials 1995, 42 (2), 157-175.

Wang, Z. D.; Fingas, M. Study of the effects of weathering on the chemical composition of a light
crude oil using GC/MS GC/FID. Journal of Microcolumn Separations 1995, 7 (6), 617-639.

CEN 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
Analysis.;CEN/TR 15522-2, Version 2; European Committee for Standardization: 11.

Hawthorne, S. B.; Poppendieck, D. G.; Grabanski, C. B.; Loehr, R. C. Comparing PAH availability from
manufactured gas plant soils and sediments with chemical and biological tests. 1. PAH
release during water desorption and supercritical carbon dioxide extraction. Environ. Sci.
Technol. 2002, 36 (22), 4795-4803.

Bandowe, B. A. M.; Sobocka, J.; Wilcke, W. Oxygen-containing polycyclic aromatic hydrocarbons
(OPAHSs) in urban soils of Bratislava, Slovakia: Patterns, relation to PAHs and vertical
distribution. Environmental Pollution 2011, 159 (2), 539-549.

Niederer, M. Determination of polycyclic aromatic hydrocarbons and substitutes (nitro-, oxy-PAHSs)
in urban soil and airborne particulate by GC-MS and NCI-MS/MS. Environmental Science
and Pollution Research 1998, 5 (4), 209-216.

Bandowe, B. A. M.; Wilcke, W. hAnalysis of Polycyclic Aromatic Hydrocarbons and Their Oxygen-
Containing Derivatives and Metabolites in Soils. Journal of Environmental Quality 2010, 39
(4), 1349-1358.

Meyer, S.; Cartellieri, S.; Steinhart, H. Simultaneous determination of PAHs, hetero-PAHs (N, S, O),
and their degradation products in creosote-contaminated soils. Method development,
validation, and application to hazardous waste sites. Analytical Chemistry 1999, 71 (18),
4023-4029.

Augulyte, L.; Kliaugaite, D.; Racys, V.; Jankunaite, D.; Zaliauskiene, A.; Andersson, P. L.; Bergqvist, P.
A. Chemical and ecotoxicological assessment of selected biologically activated sorbents for
treating wastewater polluted with petroleum products with special emphasis on polycyclic
aromatic hydrocarbons. Water Air and Soil Pollution 2008, 195 (1-4), 243-256.



680
681
682
683
684

Environmental Science: Processes & Impacts

60. Simoneit, B. R. T.; Bi, X. H.; Oros, D. R.; Medeiros, P. M.; Sheng, G. Y.; Fu, J. M. Phenols and Hydroxy-
PAHSs (Arylphenols) as tracers for coal smoke particulate matter: Source tests and ambient
aerosol assessments. Environ. Sci. Technol. 2007, 41 (21), 7294-7302.

Page 28 ¢ 8



