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ABSTRACT

Soil particles contain a variety of natural and anthropogenic organic components,
and in urban areas can be considered as local collectors of pollutants. Surface soil
samples were taken from ten urban areas in Riyadh during early winter of 2007. They
were extracted with dichloromethane-methanol mixture and the extracts were analyzed
by gas chromatography-mass spectrometry. The major compounds were unresolved
complex mixture (UCM), plasticizers, n-alkanes, carbohydrates, n-alkanoic acids,
hopanes, n-alkanols, and sterols. Vegetation detritus was the major natural source of
organic compounds (24.0+15.7%) in samples from areas with less human activities and
included n-alkanes, n-alkanoic acids, n-alkanols, sterols and carbohydrates. Vehicular
emission products and discarded plastics were the major anthropogenic sources in the soil
particles (53.3+21.3% and 22.7+10.7%, respectively). The anthropogenic tracers were
UCM, plasticizers, n-alkanes, hopanes and traces of steranes. Vegetation and human
activities control the occurrence and distribution of natural and anthropogenic extractable

organic matter in this arid urban area.

Capsule:

This work shows that human activities are critical factors that influence the

characteristics and distribution of EOM in soils of arid urban regions.

Key words: soils, biomarkers, lipids, petroleum residues, plasticizers.
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1. Introduction

Biogenic and anthropogenic organic matter (OM) is a major carbonaceous
fraction in different ecosystems (e.g. Hansell and Carlson, 2014; Lischke et al., 2014;
Schmidt et al., 2011). The occurrence and concentrations of OM in urban and
rural/remote region soils vary spatially and seasonally (Fraser et al., 1998; Kononova,
2013; Oros et al., 2002; Trendel et al., 2010). One of the primary sources of OM in soil is
material from plant litter. Other sources include anthropogenic organic chemicals such as
pesticides and fossil fuel residues from vehicles (Al-Mutlag et al., 2005, 2007; Rushdi et
al., 2005, 2013; Yang et al., 2013). The composition, properties and distribution of this
OM controls the formation of soil organic matter (SOM) and humification processes
(Kononova, 2013; Scholes et al., 1997; Schmidt et al., 2011). Microbial activity and
biomass are also important factors in SOM formation and alteration (Schmidt et al.,
2011). Therefore, SOM varies in composition and properties. The major studies on soil
OM have focused on bulk properties (Kdgel-Knabner, 2000; Martin and Haider, 1986),
whereas extractable organic matter (lipid) studies are relatively few (Otto and Simpson,
2005; Rogge et al., 2012; Rushdi et al., 2005, 2006). Less attention has been paid to the
lower molecular weight OM (Kdégel-Knabner, 2000).

Lipid compounds usually comprise 1-5% of the total SOM. They are derived from
plants, fungi, bacteria and mesofauna, and generally consist of n-alkanes, n-alkanols, wax
esters, fatty acids, steroids, terpenoids and acyl glycerols (Oros et al., 2002). These
products are a result of decomposition and exudation of OM from various sources (Miller

and Donahue, 1995). Lipids can be found either free in the soil matrix, chemically bound
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in humic and fulvic material, or absorbed to soil particles (Kononova, 2013; Schmidt et
al., 2011).

Thus, characterization and identification of organic compounds and OM contents
of surface soils are important for understanding the OM composition and compound
sources that may be introduced to the different environmental compartments, such as for
example: (1) absorption into the food chain, (2) advection into the atmosphere via dust
resuspension, machinery and/or human activities, and (3) wash-in to water reservoirs. It
will also aid to better understand the various effects on human health and environmental
assessment processes.

The extractable organic matter (EOM) of surface soil has not been fully
characterized for the Arabian Peninsula region. The preliminary results have shown that
soil and sand dusts from Kuwait and Saudi Arabia contained a mixture of natural and
anthropogenic OM (Al-Mutlag et al., 2002, 2007; Rushdi et al., 2005, 2006). Based on
aliphatic hydrocarbon contents of soil from Riyadh, the natural and anthropogenic
sources ranged from 20 to 57% and from 30 to 55% of the total lipid tracers, respectively
(Rushdi et al., 2005). Soil and sand samples from the vicinity of Kuwait City showed that
the natural sources ranged from 15 to 78% and the anthropogenic sources ranged from 8
to 88% of the total lipid compounds (Rushdi et al., 2006).

The research hypotheses of this work are: (1) the EOM sources in soils of an
urban arid region is mainly from traffic emissions; and (2) the sources of natural EOM
are relatively low and are primarily from soil microbiota with lesser contributions from
vegetation. Therefore, the main objectives of this work are to: (1) determine the chemical
composition of the solvent EOM in soils from arid urban areas in Saudi Arabia, (2)

identify the main sources of the EOM, and (3) examine the relative changes in the source
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abundances of the EOM. Consequently, surface soil samples were collected from various
locations such as public parks, streets, and agricultural fields in the city of Riyadh to

investigate the occurrence of natural biogenic and anthropogenic lipid compounds.

2. Experimental Methods
2.1. Sampling and Extraction Procedure
Surface oil samples were collected in November 2007 from different metropolitan

areas of the city of Riyadh in Saudi Arabia to characterize their solvent extractable lipid
contents by gas chromatography-mass spectrometry (GC-MS) analysis. The samples
were taken by scraping the uppermost layer (~1cm) of the soil in a 30 cm? area of
exposed surface. The locations of the samples were chosen to represent urban areas in
and around Riyadh, ranging from highly populated, with different human activities such
as public markets (OL), governmental site (NZ), industrial area (MN), rural areas with
limited human impact (OG), and areas with agriculture (AQ, JZ, DR) (Fig. 1).

After air drying, each sample was sieved to obtain the fine particles (<125um)
before extraction. The extraction was performed twice by adding a mixture of
dichloromethane/methanol (40 mL 3:1 v/v) to about 5 g of the particles of each sample,
ultra-sonicating for 20 min, and then filtering through pre-extracted glass microfiber
filters (Whatman®, GF/A filters). Each total extract was concentrated under nitrogen
blow-down at room temperature to approximately 1.0-1.5 mL before GC-MS analysis. A
50 pL aliquot of each total extract was also derivatized with silylating reagent [N,O-
bis(trimethylsilyl)trifluoroacetamide, BSTFA, Pierce Chemical Co] by the standard

procedure before analysis by GC-MS. This derivatizing agent replaces the H in hydroxyl



134 groups with a trimethylsilyl [(CH3)sSi, i.e., TMS] group for better GC resolution of polar

135  compounds.

- N24°50’

- N24°42'

- N24°34'

Figure 1. Map showing the sampling sites and locations of the soil samples.

136
137 2.2. Instrumental Analysis
138 The analyses of the total and silylated extracts were carried out by GC-MS, using an

139  Agilent 6890 GC coupled to a 5973 Mass Selective Detector with a DB-5 (Agilent) fused
140  silica capillary column (30 m x 0.25 mm i.d., 0.25um film thickness) and helium as the
141  carrier gas. The GC was temperature programmed from 65°C (2 min initial time) to
142 300°C at 6°C min? (isothermal for 20 min final time). The MS was operated in the
143 electron impact mode at 70 eV ion source energy. The data were acquired and processed

144  with an Agilent ChemStation.
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Compounds were identified by GC retention index and comparison of mass
spectra with those of authentic standards, literature and library data, or characterized
mixtures. Unknown compounds were characterized by interpretation of the fragmentation
pattern of their mass spectra. The concentrations of the compounds in ng g sample were
obtained from ratios of peak areas in the total ion current traces of the samples versus the

peak areas of a mixture of quantitative standards.

2.3. Quality Control

Throughout the study, emphasis has been placed on the technical accuracy of the
research. This applied to sample collection, analytical chemistry, biomarker tracer
determination, and geochemical interpretation. All solvents used in the analytical workup
procedure were tested for possible contaminants. Procedural blanks were analyzed to
provide a qualitative and quantitative assessment of background contamination
introduced by laboratory procedures. Blank extracts were performed through the entire
project with batches of three samples. The contamination background levels were
insignificant in all procedural blanks. The recoveries of external standards (tetracosane
for n-alkanes; hexadecanoic acid for n-alkanoic acids, alkyl alkanoates and n-alkanols;
sitosterol for triterpenoids; glucose for monosaccharides; and sucrose for disaccharides)

ranged from 72 to 105%.

3. Results and Discussion
The total extract compositions of the soil samples from the metropolitan Riyadh

area are given in Table SM1 (Supplementary Material) and vary in contents depending on



169  the locations and human activities. This variation is illustrated by the data for samples
170  from the city center (Fig. 2a, sample OL) and outside the city (Fig. 2b, sample OG). The
171 EOM consists mainly of mixtures of n-alkanes, n-alkanoic acids, sterols, n-alkanols,
172 carbohydrates hopanes, plasticizers, and UCM (unresolved complex mixture, mainly of

173 branched and cyclic hydrocarbons from petroleum products, Simoneit, 1985).

DEHP

(a)
e n-Alkane
OL o n-Alkanoic acid
(] A n-Alkanol
(2}
c
o
o
(%)
Qo °
4§
g 5 Sugars
=
% bBp Cholesterol-TMS
o
o N
1 o 14 16 18 24
10, 1112 17 14 o A . o
. W
15 " 25 " 35 ' 5
Time (min)
DEHP
(b)
) oG
2 DIBP
o
o
0
(O]
@
o DBP
. 2 27
8 H 29
_ 25 .
DG:) . Cholesterol-TMS
23
.
16

Time (min)

Figure 2. GC-MS total ion current traces of total extracts of the soil samples from outside
and in the city of Riyadh showing the major organic components: a) OL (center); b)
OR (outside the city) (Numbers refer to the carbon chain length and symbols are:

DIBP= diisobutyl phthalate, DBP= dibutyl phthalate and DEHP = diethylhexyl

phthalate, H = hopanes, and UCM = unresolved complex mixture).
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The n-alkanes were detected in all samples and ranged from Ci3 to Cszs with a
maximum concentration (Cmax) at nonadecane, eicosane or heneicosane for some samples
and heptacosane, nonacosane or hentriacontane for others (Fig. 3a,b; Table SM1). The
concentrations of the total n-alkanes ranged from 0.10 to 4.28 pg g* with an average
value of 1.64+1.53 ug g.

The n-alkanoic acids ranged from Ce to C1g with a Cmax at octanoic and nonanoic
acids in all samples, except sample JZ where the Cmax Was at tetradecanoic acid (Table
SM1). Their total concentrations ranged from 0.06 to 2.29 ug g with an average value of
0.70+0.69 pg g*. The n-alkanols were also present in all samples and ranged from Cio to
Cao with a Cmax at tetradecanol, hexadecanol, octacdecanol, octacosanol or triacontanol.
The total concentrations of n-alkanols ranged from 0.06 to 0.43 pg g with an average
value of 0.17+0.12 ug g*.

Sterols were found in all samples and included mainly cholesterol, brassicasterol,
campesterol, stigmasterol and sitosterol. The maximum concentration was -either
cholesterol or sitosterol. The total concentration of sterols ranged from 0.03 to 0.35 pg g*
(mean = 0.12+0.11 pg g™). The carbohydrates in the soil samples included glucose,
sucrose and mycose as well as glycerol (sugar alcohol). The maximum concentration was
glucose, sucrose or mycose. The total concentrations of carbohydrates ranged from 0.18

to 3.22 ug gt with an average concentration of 0.73+0.76 pg g,



195

Relative Response

Relative Response

Relative Response

(@)
0G

(b)
SH

15

n-Alkanes
. m/z 85

31

23

. 33

17 21
1 15 19 35
]|13!! : [J[rll.hux L ¥ .

25 35 45

Time (min)

n-Alkanes
m/z 85

Time (min)
(C) 29
Hopanes
MN m/z 191
30
Tm
Ts
LA L I AL B AL LA L ALLRL B AL LA L B AL (LR L AL LR |
39 45 47 49
Time (min)

10



196

197

198

199

200

201

202

203

(d) 27poc R Steranes

MN s m/z 217/218
(]
0
c
o
o
0
O]
ad
(]
>
=
i
O]
@

Time (min)

(e) DEHP

MN
8 DIBP Plasticizers
c m/z 149
o
(o
(%]
O]
ad
(]
>
=
© DBP
O]
’ L

. Jo
22 ' 26 ' 30 ‘ 3 ‘ 38

Time (min)
Figure 3. Examples of typical GC-MS key ion plots for various compound series found in the
soil samples: a) OR and b) SH, m/z 85 for n-alkanes; ¢) MN, m/z 191 for hopanes; d)
MN, m/z 217 and 218 for steranes, and €) MN m/z 149 for phthalate plasticizers.

Hopanes, biomarkers for petroleum residues (Peters and Moldowan, 1993;
Simoneit, 1985), were found to range from Cz7 to Css, with a Cmax at 29 and 30 (e.g. Fig.
3c), and concentrations from 0.02 to 3.35 ug g, mean 0.47+1.08 ug g. The C27 to Cx
steranes were only detectable in the sample from Manakh (MN) at a concentration of
7.36 pug gt (Fig. 3d). Plasticizers, including diethyl-, dibutyl-, dioctyl-phthalates and
dioctyl adipate, were significant components of these samples (Figs. 2 and 3e), with

concentrations ranging from 0.37 to 8.03 ug g* and mean of 2.49+2.40 pg g1,
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The UCM concentrations were high in some samples and ranged from 0.0 to
83.28 ug g*. The average concentration of the UCM was 9.59+26.03 ug g*.

The results indicate that both natural biogenic and anthropogenic sources are the
main inputs of the EOM to the soil samples of the city of Riyadh. Therefore, the entire
data set was statistically analyzed by principal component analysis (PCA) techniques
using the SPSS (IBM-Statistical Package for the Social Sciences, version 21) software to
understand the similarity among the different sites. The output of the PCA analysis,
explaining 85.1% of the variance, is shown in Figure 4a where two site groups were
recognized. The first group (C1 explains 47.1%) included the sites AQ, NZ, DR, OG,
AZ, JZ and OL; and the second one (C2 explains 25.4%) included the AM, MN and SH
sites. The MN site was in an industrial area and the AM and SH sites were in an area
where large trucks usually gather and idle before entering the city. The rest of the sites
were in different locations inside the city. This indicates that the locations and the type of
human activities have an impact on the characteristics and distributions of EOM in the

region.

12
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3.1.

Natural biogenic sources

The occurrence and distribution of vegetation wax lipids, such as n-alkanes (in

part), n-alkanols, and sterols, validates the natural source input from higher plant biomass

to the soils, as well as carbohydrates indicate input from plant detritus (e.g. roots) and

microbial/fungal activity in the soils (Otto and Simpson, 2005; Simoneit, 2006; Trendel

et al., 2010). Plant wax n-alkanes show a Cmax in the range of 25 to 33, which depends on
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the plant species, as well as the season and locality (e.g. Simoneit, 1977; Buch and
Mclnerney, 2013; Eglinton and Hamilton, 1967). A CPl (here the ratio of
> (Co3+Co5+Co7+Co0+C31+C33+C35)-10-Y (Co2+C2s+Cos+Cos+Ca0+Ca32+C34) value of >1.0
is also an indicator of natural sources, whereas a CPI ~1.0 (Table SM1) supports a source
from fossil fuel utilization (Bray and Evans, 1961; Mazurek and Simoneit, 1984). The
odd numbered n-alkanes were dominant in the NZ, DR, SH, AZ and JZ samples, with
CPI ranging from 1.4 and 2.5, whereas samples from AM, OG, MN and OL showed no
significant carbon number preference with CPI of 0.8 to 1.1 (Table SM1). This odd
carbon number preference (CPI >1) of the n-alkanes supported by the Cmax mainly at 29
and/or 31 is distinctive of higher plant waxes (e.g. Table SM1, Fig. 3b, Buch and
Mclnerney, 2013; Carr et al., 2014). The contribution of wax n-alkanes were calculated
following the method developed by Simoneit et al. (1991) and found to range from 0.01
to 0.31 pg gt in these samples.

The presence of long chain n-alkanols and minor n-alkanoic acids (>Czo), with
primarily only the even carbon number homologs in the series, is another indicator for
plant wax (e.g. Hitchcock and Nichols, 1971; Simoneit, 1989; Table SM1). The n-
alkanoic acids (<Cz) with a strong even carbon number predominance and Cmax at 16,
are from multiple sources including microbiota and vascular plant waxes, cutin and
suberin (Holloway, 1982; Simoneit, 1989). The absence of unsaturated n-alkanoic acids
indicates extensive oxidation and biodegradation of the biomass components in the soils.
The even carbon numbered n-alkanols ranging from Cis to C3zo with a Cmax at 28 and 30
are from vascular plant wax typical of desert environments (Simoneit, 1989). The

occurrence of high levels of short chain n-alkanols (<Cig) with a Cmax at 10, 11 and 12

14
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indicate biodegradation and oxidative processes of the plant wax as well as microbial
activities in soils.

Steroids can be derived from vascular higher plants, microbial activity in the soil,
and cooking in urban areas (Huang and Meinschein, 1976; Rogge et al., 1991). The
phytosterols, mainly campesterol, stigmasterol and sitosterol, in the samples from outside
the city are derived from vegetation (Simoneit et al., 1983). The presence of cholesterol
at relatively high concentrations in most of the soil samples (e.g. AQ, AM, AZ, MN and
OL; Table SM1) indicates microbial and/or cooking activities in the area (Rogge et al.,
1991, Thompson et al, 2013). The ratio  of  cholesterol-to-
(campesterol+stigmasterol+sitosterol) was used to estimate the dominant sources of
sterols in soils (Table SM1). The sites of AQ AM and MN were found to have higher
ratios indicating that microbial activities and possibly cooking as a result of evening
picnics in these areas were the major sources of sterols.

The carbohydrates are comprised mainly of primary saccharides produced by
photosynthesis and utilized by biota for energy, with minor metabolites. Complex
carbohydrate biopolymers (e.g. cellulose) in soils undergo enzymatic and hydrolytic
degradation to simple sugars (i.e., glucose) (Gleixner et al., 2002). Glycerol, the simplest
reduced sugar, is derived from the hydrolysis of glyceride lipids and is a significant
carbohydrate component of the soils (mean concentration 0.17 pg g, Table SM1). The
total saccharide concentrations are low in these soils (0.16 to 3.22 g g, mean 0.90 pg g
! Table SM1), compared to an example from a temperate region (3.77 to 23.71 pg g%;
Medeiros et al., 2006). Also mycose (a.k.a. trehalose), the recognized fungal saccharide
(Niederer et al., 1989), is low compared to sucrose or glucose (Table SM1). This

indicates that fungal activity in these soils is minor. The ratio of sucrose-to-mycose was
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used to explore the microbial/fungal activities in these soil samples. The ratios were low
in the sites of DR, OL and MN due greater fungal activity there. Moreover, the small
sugar levels in these samples confirm low primary production and alteration of soil
biomass.

The results of these natural compounds were also analyzed by principal
component analysis (PCA) to understand the similarity among these sites in terms of
natural components. The PCA analysis output (explaining 98.5% of the variance with an
Eigen value of > 1) is shown in Figure 4b where two groups were recognized. The first
group included the AQ, AM, NZ, SH, AZ, MN and OL sites (explained by 53.4% as C1
dominant) and the second group included the DR, OG and JZ sites (explained by 45.1%
as C2 dominant). The former sites are mainly located in areas with less vegetation and
relatively high human activities, where the latter sites are located in the city outskirts of
Riyadh in areas of relatively low human activities and more vegetation. This indicates
that the vegetation cover has an impact on the characteristics and distributions of the

natural EOM in the region.

3.2. Anthropogenic sources
Fossil fuel components such as n-alkanes, biomarkers (e.g. hopanes and steranes,
Fig. 3c,d and Table SM1), and UCM, as well as the plasticizers (Table SM1 and Fig 3e)
indicate anthropogenic inputs from traffic and litter (plastics) (Al-Mutlaqg et al., 2002;
Rushdi et al., 2005). The n-alkanes with a carbon number predominance of about unity
(i.e., CPI ~ 1.0, Bray and Evans, 1961), after subtraction of the wax n-alkane contribution
(Simoneit et al., 1991), suggest a source from vehicle/traffic emissions. Crude petroleum,

the primary source of gasoline and diesel fuels, and lubricating oils, contains n-alkanes
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ranging up to about Css with essentially no carbon number predominance (CPI ~ 1)
(Simoneit, 1984) and with lower carbon number maxima in the range of Cx to Cos
(Simoneit, 1984). These results indicate that fossil fuel utilization is a major input of
organic matter to the soil samples, quite obvious for the AM and MN sites (Table SM1).
The contribution of total petroleum residues ranges from 0.48 to 98.86 g g of the total
EOM.

The presence of hopane and sterane biomarkers in the samples confirms the input
from traffic emissions (Simoneit, 1984). Hopanes and steranes are present in exhaust
particles from both auto and diesel engines (Simoneit, 1985). This particulate matter falls
out and becomes entrained in urban soil. The C-22 S/(R+S) epimer ratios of the
homohopanes (Cs1 and Csz), which have been used as maturity indices for petroleum
(Seifert and Moldowan, 1978), range between 0.36-0.65 in the soil samples from the city,
further indicating the anthropogenic petroleum product inputs (Table SM1). Evidently,
crude oil products are one of the major inputs of the OM to the soils. The predominant
petroleum component is derived from engine lubricating oil in vehicle emissions, and that
with direct oil leakage from vehicles is represented by the UCM (Table SM1). These
petroleum residues were detected in samples from areas where truck traffic and industrial
factories are major activities (e.g. AM, MN, OG, SH). The absence of levoglucosan and
PAHs indicates that organic compounds from biomass burning, i.e., soot fallout
(Simoneit et al., 1999) are not a detectable input.

Discarded plastics (e.g. shopping bags) are probably the major sources of the
plasticizers in the soils of Riyadh, because we have not detected them in blank sample
analyses of solvents or the analytical procedures. The contribution of plasticizers in the

soil OM ranges from 0.37 to 8.03 g g of the total EOM.
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The results of the anthropogenic compounds were also analyzed by the PCA
statistical analysis to investigate the similarity among the different sites based on the
anthropogenic components. The PCA analysis output (explaining 89.0% of the variance
of an Eigen value of > 1) is shown in Figure 4c where two site groups were observed.
The first group (C1 and explains 61.9% of variance) included the AQ, NZ, DR, OR, AZ,
JZ and OL sites, which are inside the city with relatively more vegetation and
landscaping. The second group (C2 and explains 27.1% of the variance) includes only
sites AM, SH and MN, which are characterized by the presence of stop stations for large
trucks and industrial factories with little vegetation. This indicates that the types of
human activities have an impact on the characteristics and the distribution of

anthropogenic sources of the EOM in the area.

3.3. Anthropogenic versus natural sources

It is obvious that the contribution of natural biogenic versus anthropogenic
sources varies and depends on the locations of the soil samples (Fig. 5). The contributions
from natural sources (mainly vegetation) ranged from 1.5 to 46.0% of the total EOM in
the soils of the city. These values are relatively lower than those reported previously (20-
57%, Rushdi et al., 2005). This is attributed to less vegetation and arid conditions in and
around Riyadh.

The anthropogenic sources were found to range from 54 to 99% of the total EOM.
This includes fossil fuel combustion and unintentional crude oil leaks and spills (31 to
99%, based on n-alkanes, hopanes, steranes and UCM, and market place and leisure

related activities 6% to 39% based on plasticizers, Figs. 5 and 6). The results confirmed

18



345  that traffic is the major source of detrital anthropogenic OM and pollutants in Riyadh.

346  Littering is another major source of organic pollutants in soils of the city (Fig. 6).
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Figure 5. Pi plots of the petroleum residue (black), plasticizers (white) and natural (black and

white stripes) fractions at different sites in Riyadh.
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Figure 6. Ternary diagram showing the EOM compound compositions from petroleum

residues, plasticizers and natural inputs.

349
350 4. Conclusions
351 The analysis of soil samples from the Riyadh metropolitan area showed that both

352 natural biogenic and anthropogenic sources contributed to their OM contents. The natural
353  sources of organic compounds are primarily from higher plant wax (i.e., vegetation) and
354  ranged from 1.5 to 46.0% of the total EOM of the soils. The natural components included
355  n-alkanols, n-alkanoic acids, n-alkanes (in part), and sterols, with concentrations lower in

356  the city compared to the surrounding rural areas. The presence of the natural compounds
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from vegetation as major sources refuted the second hypothesis of this research (the
sources of natural EOM are relatively low and are primarily from soil microbiota with
lesser contributions from vegetation.).

The presence of n-alkanes with CPI ~1, hopanes, steranes, and UCM from urban
traffic emissions and plasticizers from plastic litter and detritus (e.g. shopping bags)
characterized the anthropogenic sources, and comprised from 54 to 99% of the total
EOM. This, reasonably validated the first hypothesis of this work (the EOM sources in
soils of an urban arid region is mainly from traffic emissions). The abundances of
anthropogenic organic compounds in the soils of the city depend on fallout/washout at

the sampling location and the types of urban activities.

Acknowledgement
Support for this research was provided by the Distinguished Scientist Fellowship

Program (DSFP) of King Saud University.

References

Al-Mutlag, K., Rushdi, A.l,, Simoneit, B.R.T. 2002. Characteristics and sources of
organic matter in desert sand samples from the Riyadh and Al-Qasim areas of
Saudi Arabia: Preliminary results. Arab Gulf J of Sci Res 20, 141-155.

Al-Mutlag, K., Rushdi, A.l., Simoneit, B.R.T. 2005. Pesticides residues in dust sources
in winter and summer seasons in Riyadh City, Kingdom of Saudi Arabia.

Alexandria Science Exchange 26, 125-139.

21



380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

Al-Mutlag, K., Rushdi, A.l., Simoneit, B.R.T. 2007. Organic compound tracers of fine
soil and sand particles during summer in the metropolitan area of Riyadh, Saudi
Arabia. Environmental Geology 52, 559-571.

Bray, E.E., Evans, E.D. 1961. Distribution of n-paraffins as a clue to recognition of

source beds. Geochim Cosmochim Acta 22, 2-15.

Buch, R.T., Mclnerney, F.A. 2013. Leaf wax n-alkane distribution in and across modern
plants: Implications for paleoecology and chemotaxonomy. Geochim Cosmochim
Acta 117, 161-179.

Carr, A.S., Boom, A., Grimes, H., Chase, B., Meadows, M.F., Harrison, A. 2014. Leaf
wax n-alkanes distributions in Arid Zone South Africa: Environmental controls,
chemotaxonomy and paleoecological implications. Organic Geochemistry 67, 72-
84.

Eglinton, G., Hamilton, R.J. 1967. Leaf epicuticular waxes. Science 156, 1322-1335.

Fraser, M.P., Cass, G.R., Simoneit, B.R.T. 1998. Gas-phase and particle-phase organic
compounds emitted from motor vehicle traffic in a Los Angeles roadway tunnel.
Environ Sci Technol 32, 2051-2060.

Gleixner, G., Poirier, N., Bol, R., Balesdent, J. 2002. Molecular dynamics of organic
matter in a cultivated soil. Organic Geochemistry 33, 357-366.

Hansell, D.A., Carlson, C.A. (Eds.). 2014. Biogeochemistry of Marine Dissolved Organic

Matter. Academic Press.

Hitchcock, C., Nichols, B.W. 1971. Plant lipid biochemistry. The biochemistry of fatty

acids and acyl lipids with particular reference to higher plants and algae.

Academic Press, Inc.

22



403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

Holloway, P.J. 1982. The chemical contribution of plant cutins. In: Cutler DF, Alvin KL,
Price CE (Eds.) The Plant Cuticle. Linnean Society, Academic Press, London pp.

45-85.

Huang, W-Y., Meinschein, W.G. 1976. Sterols as source indicators of organic materials

in sediments. Geochim Cosmochim Acta 40, 323-330.

Kdgel-Knabner, 1. 2000. Analytical approaches for characterizing soil organic matter.
Organic Geochemistry 31, 609-625.
Kononova, M.M. 2013. Soil Organic Matter: It’s Nature, its Role in Soil Formation and
in Soil Fertility. Elsevier, Amsterdam.
Lischke, B., Hilt, S., Janse, J.H., Kuiper, J.J., Mehner, T., Mooij, W.M., Gaedke, U.
2014. Enhanced input of terrestrial particulate organic matter reduces the resilience
of the clear-water state of shallow lakes: A model study. Ecosystems 17(4), 616-
626.
Martin, H.P., Haider, K. 1986. Influence of mineral colloids on turnover rates of
soil organic carbon. In: Huang PM, Schnitzer M (Eds.) Interactions of Soil
Minerals with Natural Organics and Microbes, Vol 17, Soil Society of
America, Madison, pp. 283-304.
Mazurek, M.A., Simoneit, B.R.T. 1984. Characterization of biogenic and petroleum-
derived organic matter in aerosols over remote, rural, and urban areas. In: Keith,
L.H. (Ed.) Identification and Analysis of Organic Pollutants in Air. Ann Arbor

Science, Woburn, MA, pp. 353-370.

23



424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

Medeiros, P.M., Fernandes, M.F., Dick, R.P., Simoneit, B.R.T. 2006. Seasonal variations
in sugar contents and microbial community in a ryegrass soil. Chemosphere 65,
832-839.

Miller, R.W., Donahue, R.L. 1995. Soils in Our Environment. Prentice Hall, New York.

Niederer, M., Pankow, W., Wiemken, A. 1989. Trehalose synthesis in mycorrhiza of
Norway spruce: an indicator of vitality. European Journal of Forest Pathology 19,
14-20.

Oros, D.R., Mazurek, M.A., Baham, J.E., Simoneit, B.R.T. 2002. Organic tracers from

wildfire residues in soils and rain/river wash-out. Air, Water and Soil Pollution

137, 203-233.

Otto, A., Simpson, M.J. 2005. Degradation and preservation of vascular plant-derived
biomarkers in grassland and forest soils from Western Canada. Biogeochemistry 74,
377-409.

Peters, K.E., Moldowan, J.M. 1993. The Biomarker Guide, Prentice-Hall, Englewood

Cliffs, NJ, 363 pp.

Rogge, W.F., Hildemann, L.M., Mazurek, M.A., Cass, G.R., Simoneit, B.R.T. 1991.
Sources of fine organic aerosol: 1 - Charbroilers and meat cooking operations.
Environ Sci Technol 25, 1112-1125.

Rogge, W.F., Medeiros, P.M., Simoneit, B.R.T. 2012. Organic compounds in dust from
rural and urban paved and unpaved roads taken during the San Joaquin Valley
fugitive dust characterization study. Environmental Engineering Science 29, 1-13.

Rushdi, A.l., Al-Mutlag, K., Simoneit, B.R.T. 2005. Sources of organic compounds

in fine soil and sand particles during winter in the metropolitan area of

24



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

Riyadh, Saudi Arabia. Archives of Environmental Contamination and
Toxicology 49, 457-470.

Rushdi, A.L., Al-Zarban, S., Simoneit, B.R.T. 2006. Chemical compositions and
sources of organic matter in fine particles of soils and sands from the
vicinity of Kuwait city. Environmental Monitoring and Assessment 120,
537-557

Rushdi, A.l., Al-Mutlag, K., EI-Mubarak, A.H., EI-Otaibi, M. 2013. Occurrence and
sources of aliphatic hydrocarbons in surface soils from Riyadh city, Saudi
Arabia. Journal of the Saudi Society of Agricultural Sciences 12, 9-18.

Schmidt, M.W., Torn, M.S., Abiven, S., Dittmar, T., Guggenberger, G., Janssens,

I.LA., Kleber, M., Kdgel-Knabner, 1., Lehmann, J., Manning, D.A.C.,
Nannipieri, P., Rasse, D.P., Weiner, S., Trumbore, S.E. 2011. Persistence of
soil organic matter as an ecosystem property. Nature 478, 49-56.

Scholes, M.S., Powlson, D., Tian, G. 1997. Input control of organic matter
dynamics. Geoderma 79, 25-47.

Seifert, W.K., Moldowan, J.M. 1978. The effect of biodegradation on steranes and

terpanes in crude oils. Geochim Cosmochim Acta 43, 111-126.

Simoneit, B.R.T. 1977. Organic matter in eolian dusts over the Atlantic Ocean. Marine
Chemistry 5, 443-464.

Simoneit, B.R.T. 1984. Organic matter of the troposphere-Ill. Characterization and
sources of petroleum and pyrogenic residues in aerosols over the Western United
States. Atmos Environ 18, 51-67.

Simoneit, B.R.T. 1985. Application of molecular marker analysis to vehicular exhaust for

source reconciliation. Int J Environ Anal Chem 22, 203-233. .

25



471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

Simoneit, B.R.T. 1989. Organic matter of troposphere - V: Application of molecular
marker analysis to biogenic emissions into the troposphere for source

reconciliations. J Atmos Chem 8, 251-275.

Simoneit, B.R.T. 2006. Atmospheric transport of terrestrial organic matter to the sea. In:
Volkman JK (Ed.) The Handbook of Environmental Chemistry, Vol. 2N, Springer
Verlag, Berlin, pp 165-208.

Simoneit, B.R.T., Mazurek, M.A., Reed, W.E. 1983. Characterization of organic matter
in aerosols over rural sites: Phytosterols. In: Bjorgy, M. et al. (Eds.) Advances in
Orgainic Geochemistry 1981, J. Wiley and Sons Ltd., Chichester, UK, pp. 355-361.

Simoneit, B.R.T., Crisp, P.T., Mazurek, M.A., Standley, L.J. 1991. Composition of
extractable organic matter of aerosols from the Blue Mountains and southeast
coast of Australia. Environment International 17, 405-419.

Simoneit, B.R.T., Schauer, J.J., Nolte, C.G., Oros, D.R., Elias, V.O., Fraser, M.P., Rogge,
W.F., Cass. G.R. 1999. Levoglucosan, a tracer for cellulose in biomass burning
and atmospheric particles. Atmos Environ 33, 173-182.

Thompson, B.M., Grebenok, R.J., Behmer, S.T., Gruner, D.S. 2013. Microbial
symbionts shape the sterol profile of the xylem-feeding woodwasp, Sirex
noctilio. Journal of Chemical Ecology 39, 129-1309.

Trendel, J.M., Schaeffer, P., Adam, P., Schwartz, D. 2010. Molecular characterization of
soil surface horizons with different vegetation in the Vosges Massif (France).
Organic Geochemistry 41, 1036-1039.

Yang, R., Zhang, S., Li, A, Jiang, G., Jing, G. 2013. Altitudinal and spatial

signature of persistent organic pollutants in soil, lichen, conifer needles,

26



494

495

496

497

and bark of the southeast Tibetan plateau: Implications for sources and

environmental cycling. Environ Sci Technol 47, 12736—12743.

27



