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MESAEP
Mediterranean Scientific Association of Environmental Protection e.V.

The 14th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region
was organised by MESAEP and other international and national institutions in Seville, Spain from October 10 to
14, 2007.
The objectives of this symposium were to provide a forum for interested scientists of different countries to:
- exchange recent results related to the processes of pollution in the Mediterranean region, affecting
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and safety in the
Mediterranean and other neighbouring countries.
Human health is a major consideration of the EU Environmental Action Plan, and a major driver for policy in relation to environment. Environmental health effects are a significant part of the total disease burden even in developed countries. According to the World Health Organisation (WHO) circa 25-33% of the total burden of disease in
industrialized countries can be attributed to environmental factors such as outdoor and indoor air pollution, inadequate water and sanitation, lead exposure, and injuries. The magnitude of burden varies among countries, but in
almost all cases, the burden of disease was much higher in eastern and southeastern Europe due to a combination
of climatic and socio-economic conditions, lifestyle and diet, as well as environmental quality.
This symposium focussed on the interconnections between the quality of the environment and human health in the
Mediterranean region attempting to provide a comprehensive picture of the relative environmental burden and to
elucidate the mechanisms through which environmental condition affects the state of human health. Particular attention was paid to exposure and health effects of vulnerable population groups, such as children and women in
child-bearing age. Papers reporting on results of environmental and biomonitoring, epidemiological analyses and
the impact of health risk modifiers and lifestyle were particularly welcome. In addition, more conventional issues
in environmental science, technology and management were addressed contributing thus to improving our understanding of the state of the environment in the Mediterranean.
The main results of the 14th symposium papers are included in five successive issues of the international journal
“Fresenius Environmental Bulletin” (FEB) and they will contribute undoubtedly to the advancement of the environmental scientific knowledge and hence, to the improvement of the Mediterranean region environment.
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SUSTAINABLE MANAGEMENT OPTIONS AND
BENEFICIAL USES FOR CONTAMINATED
SEDIMENTS AND DREDGED MATERIAL
Manuel Alvarez-Guerra1, Enrique Alvarez-Guerra1, Rebeca Alonso-Santurde1,
Ana Andrés1, Alberto Coz1, Jesús Soto2, José Gómez-Arozamena2 and Javier R. Viguri1*
1

University of Cantabria, ETSIIT, Department of Chemical Engineering and Inorganic Chemistry. Avda. de los Castros, s/n, 39005 Santander, Spain
2
University of Cantabria, Faculty of Medicine, Department of Medical Physics. Avda. Herrera Oria, s/n, 39011 Santander, Spain
Presented at the 14th International Symposium on Environmental Pollution and its
Impact on Life in the Mediterranean Region (MESAEP), Sevilla, Spain, 10 – 14 Oct. 2007

ABSTRACT
Remediation and management of contaminated sediments and dredged material is often difficult due to the
complex mixtures of chemical substances that usually impact the sediments. The selection of the best option that
leads to the sustainable management of the sediments of a
site is not an easy task, and it should be based on the integration of technical, economic, social and environmental
criteria. In this paper, an overview of the main alternatives
for the management of contaminated sediments and dredged
material is presented. This work highlights the wide variety
of techniques and treatments that can be applied, including
no action (i.e. monitored natural recovery), in-situ capping,
in-situ treatments, ex-situ treatments or confined disposal.
The utilisation of contaminated dredged material for a
beneficial use, directly or after treatment, should be considered as its preferred final destination. Therefore, special
emphasis has been given in this study to the presentation
of possible beneficial uses of dredged material. The results
of our research group, which are summarised in this paper,
about the use of contaminated sediments as alternative raw
materials in the manufacture of traditional clay-based ceramics, can serve as an example of beneficial uses that lead
to marketable products.
KEYWORDS: sediment, dredged material, remediation, treatment,
beneficial use, ceramics.

INTRODUCTION
Sediment quality assessment should be carried out
through the application of tiered decision-making frameworks which involve measurement of multiple lines of
evidence (e.g. chemistry, acute or chronic toxicity, in situ
benthic community alteration, biomagnification) in se-

quential steps [1]. Most tiered assessment frameworks begin
with an evaluation of chemical levels in sediments. If the
concentrations of contaminants are below sediment quality
guideline (SQG) values [2], the sediments are perceived to
pose negligible environmental risks, so the management
options can be more flexible and less stringent [3]. However, when the decision reached after the application of the
sequential tiers of a framework is that the sediments could
pose an environmental risk, the need to remediate the contaminated sediments in a sustainable way arises, and management actions are therefore required.
Management of contaminated sediments should be
based on a risk-based assessment strategy [4]. Furthermore,
factors like costs [5], technical feasibility, short- and longterm effects and social repercussion should be considered
as well [6].
Figure 1 shows a flow diagram for the management of
sediments and/or dredged material, in which all the main
options have been included. These options have been set in
order of priority [7, 8] according to a sustainable management strategy. When dredging is necessary and sediments
are not contaminated, aquatic relocation must be selected,
since it is the better option owing to its low environmental
impact. In other cases, other management options, among
the ones shown in Figure 2, should be chosen, taking into
account that the preferred final destination for dredged
material should be its reutilisation for a beneficial use.
The aim of this paper is to present an overview of the
main alternatives, techniques and treatments (outlined in
Figure 2) that can be applied in the management of contaminated sediments and dredged material, emphasising the
possible beneficial uses for dredged material. In this sense,
this paper finally summarises the experimental results obtained by our research group about the use of contaminated sediments as alternative raw material in the manufacturing process of traditional clay based ceramic materials.
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NO
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necessary for
reasons of:
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DREDGING
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CAPPING
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IN-SITU
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AQUATIC
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NO
Can
dredged
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used without any
treatment for
beneficial
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NO

BENEFICIAL USES

CONFINED
DISPOSAL

EX-SITU TREATMENTS

FIGURE 1 - Flow diagram for the management of sediments and/or dredged material.
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Oxidation
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Solidification-stabilisation
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and treatments

Chemical dechlorination

Bioleaching
Bioslurry systems

In-situ capping

Spbt*: land farming

Biological

Spbt*: composting
Spbt* in reactors
Phytoremediation

Ex-situ

Physical-chemical

Sediment Washing
Solvent extraction
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Flotation
Dechlorination
Complexation

Incineration

Thermal

Pyrolysis

Chemical
oxidation/reduction

Vitrification

Electrokinetics

Thermal desorption

Ultrasound

Wet oxidation

Solidification/
Stabilisationl
Confined disposal facilities

Supercritical oxidation

* Spbt: Solid-phase biological treatments

FIGURE 2 - Synthesis of techniques and treatments for the management of contaminated sediments or dredged material.

1540

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

MANAGEMENT OPTIONS
No action: monitored natural recovery

Natural recovery of contaminated sediments consists in
a combination of simultaneous physical, chemical and biological processes which bury, retain or destroy contaminants, reducing their concentration and their associated risks
[9, 10]. The natural processes which lead to these reductions
are physical (sedimentation, advection, diffusion, dilution,
dispersion, bioturbation, volatilization); biological (biodegradation, biotransformation, phytoremediation, biological
stabilisation); and chemical (oxidation/reduction and sorption) [4, 11, 12].
Some factors like contaminants present in the sediments, the extension of the contaminated area and its hydrodynamic, the time required or its economic feasibility [6,
10] have to be taken into account when natural recovery is
considered as a solution. However, the option of no action
with the hope of the natural remediation of the site is only
recommended when risks are low and, consequently, the
application of aggressive techniques does not make sense
because they may cause more environmental impact than
contaminants do. For more details, [4] gives the conditions
which a site should have and make it suitable for its natural recovery.
The advantages of no action are its low implementation
cost, its non-invasive nature and the no need of contaminant removal, whereas the disadvantages are the persistence
of contaminants in the site, the dispersion of contaminants
which may cause their transport to other areas, the wrong
feeling of the society of a lack of concern from stakeholders
and the possible slowness of remediation [4, 10, 13]. However, this slowness can be minimised if a thin-layer placement of clean sediment is applied, but that should not be
confused with in-situ capping since thin-layers are not designed to provide long-term isolation of contaminants.
Monitorisation and control of natural processes are essential because results may be different from expected, predictions of future effects of these processes are required,
the cessation of pollutant sources has to be corroborated (if
other case, natural recovery is not recommended) and the
uncertainties inherent in these processes have to be evaluated [11].
In-situ capping

In-situ capping refers to the placement of a subaqueous covering or cap of clean material (usually sand) over
contaminated sediment that remains in place, in order to
prevent contact between sediment contaminants and the
overlying surface water and benthic communities [4,14].
Several authors [8, 13, 15, 16] only consider capping as a
technique of confinement, but not as a treatment.
In-situ capping must fulfill three primary functions:
physical isolation of contaminated sediments from the
benthic environment; stabilisation of contaminated material
to prevent resuspension and transport to other sites; and

reduction of the flux of dissolved contaminants into the
water column [17]. Capping projects should involve an
evaluation of: site conditions (physical environment, sediment characteristics, waterways uses and infrastructure,
habitat alteration); material used, thickness and number of
caps; technique and equipment selection; monitorisation
and management program; and costs [17-19].
Apart from being a technique of low-cost and lowtechnology [20], the main advantages of capping are the
promptness with which the exposure of biota to contaminants is reduced and the less risk associated with dispersion
and volatilization of contaminants during construction comparing capping with dredging or excavation. On the other
hand, the most important disadvantage is the contaminant
exposure or dispersion in case cap alters or contaminants
move through the cap significantly [4], although natural
attenuation processes continue acting after sediments are
covered [14]. The conditions which make it possible that
in-situ capping is a recommended solution are summarised
in [4, 21].
In-situ treatments

In-situ treatments involve the biological, chemical or
physical remediation of contaminated sediment in place
[4], that is, sediments are treated without dredging [22]. The
application of in-situ treatments to remediate contaminated
sediments is an option that, although it has been considered as potentially viable from the technical point of view
and beneficial in economic terms, has not been developed
widely, with few projects of real cases carried out. This is
due mainly to the difficulty to control the treatments conditions and due to the generation of secondary pollutants and
negative environmental effects.
In-situ biological treatments

They are based on the use of living beings to eliminate (total or partially) contaminants of the sediments by
transforming them to harmless, metabolic products or less
toxic ones. Among the different biological treatments which
are applied nowadays, two should be outstood: bioremediation and phytoremediation.
Bioremediation (also called bioreclamation) is defined
as the process in which microbiological processes are used
to degrade or transform contaminants to less toxic or nontoxic forms [4]. The microorganisms that decontaminate
sediments can be inoculated (bioaugmentation) or biostimulated (e.g. air supply); it is reported that biostimulation
alone and the coupling of both techniques have been
demonstrated to produce the best results [23]. Both aerobic
and anaerobic conditions are possible, but anaerobic degradation is slower and can treat less compounds.
Several references [15, 21, 24] point out several limitations of bioremediation, such as its restrictive application only to organic compounds, the difficulty to control
the reaction and possible undesirable secondary effects, the
lack of oxygen due to the high BOD (biological oxygen
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demand) and its unsatisfactory efficacy in unfavourable
environmental conditions (pH, temperature, absence of
energy-rich electron or high concentrations of certain
pollutants [23]). However, recent studies may make it
possible to mitigate these limitations [25].
Phytoremediation (or phytoreclamation) is a biological treatment based on the use of plants to transfer, stabilise, concentrate and/or destroy organic and inorganic contaminants. Several mechanisms of phytoremediation might
be distinguished [22, 26, 27]: phytostabilisation, in which
plants limit sediment mobility, and consequently, immobilise contaminants and reduce their bioavailability; phytoextraction (by trees, grasses or crops), in which heavy
metals are accumulated in plants; rhizofiltration, which uses
plant roots to absorb pollutants; phytodegradation, in which
plants degrade contaminants within their tissue; phytostimulation, which uses symbiotic soil microbes to degrade pollutants (mainly, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)) on
the plant roots; and phytovolatilisation, with which contaminants are transformed into volatile compounds and released into the atmosphere.
Nevertheless, there are many restrictions to the application of phytoremediation [24]: the difficulty to control the
process and its secondary effects, the limited knowledge
about long-term treatment, the depth of the sediment conditioned by the used plants and the lack of effectiveness if the
concentrations of contaminants are so high that they are
toxic to plants.
In-situ chemical treatments

These are the treatments which use chemical products
to treat in-situ the contaminants in sediments. Different
chemical treatments-neutralisation, precipitation, oxidation
and chemical dechlorination- are summarised in Table 1
[21].
The main disadvantage of these techniques is that they can
produce secondary contaminants due to the toxic agents of

the treatment or as a result of the induced reactions. For
this reason, in-situ chemical treatments are only applicable
if the contaminated area can be isolated during the process,
which represents an obstacle. Another important problem
is the difficulty to guarantee the complete mixing of reactants with contaminated sediment.
In-situ biological/chemical treatments

These treatments consist in the injection of microorganisms and/or chemical products to the sediments in order
to start or intensify the degradation of toxic contaminants.
As a result of the slowness with which microorganisms
degrade contaminants naturally, microorganisms and/or
chemical products, such as oxidising agents or nutrients,
are added to stimulate this degradation. Examples of the
application of these treatments have been developed in
Salem (Massachusetts, USA), where calcium nitrate was injected to stimulate PAH biodegradation [15], and in coastal
sediments of the Cantabrian Sea (Spain) contaminated with
hydrocarbons by the Prestige fuel oil spill [28].
In-situ solidification/stabilisation treatments

These techniques involve the addition of binders (cement, lime) to encapsulate contaminated sediments and/or
transform them into less toxic, soluble or removable compounds. The physical/chemical changes in sediments pursue a reduction of the contaminant spread due to leaching,
erosion or dispersion [29]. Solidification/stabilisation is
mainly used to treat metals because there are few destructive techniques available for metals, while organic contaminants are less stable and biodegradable [13]. However, the
addition of activated carbon can be a potentially attractive
method for in-situ treatment of organic contaminants, since
recent results suggest that adding activated carbon reduces
PCBs and PAHs availability to the aqueous phase [30, 31].
The use of traditional binders could raise the sediment pH
and change the metals speciation, turning some metals into
more soluble forms [15].

TABLE 1 - In-situ chemical treatments.
Treatments
Neutralisation

Used reactants
-Weak acids and bases
-CaCO3, Na2CO3 or
NaHCO3

Precipitation

-Calcium, iron and
sodium sulfides

Oxidation

-O2 and/or O3 and H2O2

Chemical
dechlorination

-Polyethylenglycol
and KOH

Contaminants to treat
-Acids and bases

Potential problems
-Toxicity to benthic organisms sensitive to pH.
-The use of Fe2(SO4)3 under aerobic conditions may produce iron
hydroxides which may remove heavy metals from water, and the
gills of fish of the bottom of the sea can get blocked.
-Inorganic cations and
-Possible formation of H2S gas; this probability increases when sulfide
anions
and metal reactivities decrease.
-Effective only under anaerobic conditions, because aerobic conditions
may produce an oxidation which leads to more soluble forms.
-Organic compounds, but -Oxidation may cause more mobile degradation products.
it is not suitable for very -Both O3 and H2O2 can react with organic compounds of the water
chlorinated or nitroarocolumn or of the sediments which are not an objective of the treatment,
matic compounds
so its effectiveness comes down.
-Compounds adsorbed in sediments may be difficult to oxidise
-Very chlorinated organic -Degradation depends on temperature, and this process might be too
compounds (e.g. PCBs,
slow at room temperature.
dioxins...)
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The inability of these processes to eliminate or destroy
contaminants, erosion and the difficulty to adjust solidification mixture compositions are their most relevant disadvantages [15, 32]. Anyway, solidification/stabilisation
treatments are usually applied as ex-situ owing to the last
limitation exposed.
Ground freezing

“Ground freezing” is an in-situ treatment which avoids
the dispersion of contaminants in sediments due to their
freezing. The process consists in introducing refrigeration
probes, which are chilled by a portable refrigeration unit,
into the sediments during short time intervals [21]. Therefore, ice crystals grow until their coalescence and they make
a wall of frozen sediment.
The main limitations are its high costs due to energetic
requirements and the slowness of freezing processes since
each probe is only able to freeze a small area (less than
0,5m in diameter). However, the future feasibility of its
application can be for dredging, because this technique
minimise contaminant dispersion during the process [33].
Ex-situ treatments

Ex-situ treatments are applied to remediate contaminated sediments which have been removed from the aquatic
environments and constitute dredged material. Generally,
more than one technique is usually used to decontaminate
dredged material, applying several technologies in consecutive steps, which is called train treatments [8].
Dredging for cleanup purposes has been considered for
some time as a primary means for managing contaminated
sediment [17]. However, dredging has an important impact
in the environment, because it disturbs benthic community
and may affect structure, and species diversity and richness
[34].
A great number of ex-situ technologies require a pretreatment. There are two main reasons which justify the
need of a pretreatment: conditioning the material to meet
the chemical and physical requirements for treatment or disposal; and reducing the volume and/or weight of sediment
that requires transport, treatment or restricted disposal. Dewatering and physical or size separation are the most frequent processes used in pretreatment [4, 24, 32].
The residues produced in each technique must be
treated and properly managed since they can contain part
of the contaminants present in the dredged material. Its
technical, economic and regulatory requirements should be
taken into account owing to its possible impact in the
global considerations of the general treatment [4]. Ex-situ
treatments, classified into biological, physical-chemical,
thermal and solidification/stabilisation categories, are described below briefly:
Biological treatments

The majority of contaminants remediated by living beings in these techniques are organics, whereas heavy met-

als can only be treated using bioleaching and phytoremediation. The main ideas of these treatments are stated below:
Bioleaching allows the remediation of sediments which
contain heavy metals by means of their mobilisation by
several types of acidophilic bacteria (among which the
genus Thiobacillus excels) that oxidise reduced sulphur
compounds to sulphuric acid [35-38]. An external reduced
sulphur source has to be added in case no sulphides are
present in the sediment. Bioleaching can be performed
either in sediment-slurry systems or by heap leaching [22].
However, freshly dredged sediment is nearly impermeable,
unsuitable for solid-bed bioleaching, and therefore needs
preliminary conditioning, which is accelerated by the presence of reed canary grass (Phalaris arundinacea) [39].
Bioslurry systems are controlled in a reactor where contaminated sediments are treated in the form of slurry with
low content of solids. Sediments are mixed with water in a
predetermined concentration which depends on contaminants levels, biodegradation velocity and physical nature of
sediments. It is suitable for many types of organic contaminants: VOCs, PAHs, PCBs and pesticides [40]. Microorganisms which biodegrade contaminants are already present in the sediment or can be added during the biodegradation processes. Dewatering is required after the technique
and the wastewater resultant should be treated.
Land farming (a solid-phase biological treatment) is a
method in which partially dewatered sediment is spread out
in a relatively thin layer (15-30cm) on an especially built
site [22]. The addition of nutrients and the plough of the
layer to maintain an adequate aeration are used to stimulate the microbiological activity. The process can be developed in a greenhouse: despite its higher cost, it is more
effective (three months in a greenhouse are equivalent to
a year) [24]. As all solid-phase biological treatments, land
farming can be applied to organic contaminants which may
be biodegraded under aerobic conditions; however, it does
not remediate inorganics and it has difficulties to treat high
molecular weight PAHs and highly chlorinated PCBs [40].
Composting (a solid-phase biological treatment) is a
microbiological treatment system in which partially dewatered sediment, polluted with organic contaminants, is
intensively mixed with bulky natural organic materials
(which improves the permeability of the pile and supplies
nutrients necessary for the microbiological aerobic biodegradation) and then placed in an aerated stockpile [22].
However, this also leads to some disadvantages, like the
rise in volume due to the organic material added or the
vast area which is usually required to develop this technique [40].
Solid-phase biological treatments in reactors is also
known as composting in reactor. Contaminated sediments
are placed into bioreactors, with ventilation systems and
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leachate collection, during two weeks. It is the most expensive process of the solid-phase biological treatments [40].
Phytoremediation is a bioremediation process on the
application of special plants to remove or destroy pollutants (such as heavy metals or PCBs) in sediments [22].
The modifications of this process have already been described in in-situ treatments. Furthermore, phytoremediation is able to stimulate the dewatering of sediment because of its extraction and evaporation. In order to assess
the success of the treatment, three points must be considered: physical and chemical characteristics of the sediment,
plant exposure effects and contaminant reduction effectiveness [26]. Depending on the pollutant that is going to be
treated, specific plants are recommended [41]. Phytoremediation should be applied more than once or combined,
sequentially or concurrently, with other treatments (such
as bioremediation or chemoremediation) in case two or
more contaminants are present in the sediments.
Physical-chemical treatments

Physical treatments are designed to reduce the volume of the contaminated material by means of separating
the most contaminated fractions of a sediment from the
remainder. Thus, only the polluted fraction will be treated
or disposed in a CDF (confined disposal facility), whereas
the less contaminated, or clean, fraction may be suitable
for a beneficial use [42]. On the other hand, chemical techniques tend to immobilise or transform contaminants into
less hazardous compounds. These treatments are summarised below:
Sediment washing involves the extraction of contaminants using only water or water in combination with additives (surfactants, acids, bases, chelating agents) as solvents [32], and, in this way, transferring the contaminants
from the sediments to the wash solution [37]. A clean fraction of coarse particles (sand and gravel) is separated from
another fraction of fine particles (clay and silt) which contains the contaminants concentrated [21]. Sediment washing is suitable to treat organics (PCBs, PAHs, hydrocarbons) as well as heavy metals (weaker bound metals in the
form of hydroxides, oxides and carbonates [37]). However,
this technique does not destroy contaminants: it only reduces the volume of contaminated material, which should
be managed afterwards. It is limited to dredged material
which is permeable, with little humus and with particles no
greater than 0.5cm [21, 40]. Sediment washing may also
generate large volumes of contaminated wastewater which
must be treated prior to discharge [4]. Several steps of washing are necessary to achieve a high efficacy.
Solvent extraction is similar to sediment washing, with
the exception of using an organic solvent (hexane, methanol, kerosene) instead of water. The process has two steps:
the mixing of dredged material and solvents, and the separation of the sediment particles. The solvent (extracting
agent) is treated to remove and concentrate contaminants
and thus, make its reuse (in a new extraction) possible

[22]. It is adequate for dredged material that contains organics (PCBs, PAHs, VOCs, hydrocarbons) but not inorganics. Volume reductions of 98-99% have been obtained,
but a control of the solvent must be done due to its toxicity to organisms [40].
Supercritical extraction (SCE) can be included as a subcategory of solvent extraction. This technology basically
employs green supercritical fluids (SCFs) like carbon dioxide (SCCD) and water (SCW) for the extraction of VOCs
and persistent organic pollutants (POPs). A pretreatment is
usually required to remove debris and to adjust pH and
chemical composition before the placement of the dredged
material in a pressure vessel, where contaminants are
extracted with a recirculated stream of SCFs [43].
Wet classification entails a process of two main steps:
the mixing of sediments to disintegrate agglomerates of
dredged material particles, and mechanical separation (by
means of a hydrocyclone, centrifuge or up flow column)
between polluted and non-polluted particles. It is applicable
when contaminants are specifically bound to an easilyseparable sediment fraction [22].
Flotation is based on the separation owing to density
differences and surface properties of solids (their tendency to surround themselves with air -and float- or with
water –and sink). Both inorganic and organic contaminants are suitable to be treated. A conditioner agent might
be necessary and flotation is not adequate if clay contents
are high [24].
Dechlorination consists in the heating (110-340ºC)
and mixing of the contaminated sediments with chemical
reagents which contain potassium or sodium hydroxide
(KOH and NaOH) in a batch reactor for several hours [24,
32]. Halogenated contaminants decompose into less toxic
glycolethers and water-soluble chloride compounds. It treats
aromatic organic contaminants (especially PCBs, chlorobenzenes and dioxins), but it can produce more toxic compound if dehalogenation is incomplete or inefficient. It is
not effective for metals, PAHs, or if there are high levels
of contaminants, more than 20% of water content, or pH
is lower than 2 [21, 40].
Complexation or chelation involves the addition of
chemical agents with complexing properties (EDTA, NTA
or ammonium acetate) to sediments so that water-soluble
ion complexes are formed and consequently, metals are
immobilised [24]. pH is one of the most important parameters that affects the treatment process [32]. Despite its low
cost, it is not effective for organic compounds or sediments with high contents of clay and/or silt [40].
Chemical oxidation/reduction uses chemical additives
to convert organic contaminants into immobile or less toxic
forms. Some contaminants (like PCBs or dioxins) also require ultraviolet radiation. Chemicals such as O3, H2O2,
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peroxone (a combination of O 3 and H 2 O 2 ), KMnO 4 ,
Ca(NO 3)2 and O2 are the most frequent oxidising agents
employed. The use of O3, H2O2 and peroxone has come to
be known as advanced oxidation processes [32]. It is useful
for organic compounds, excepting some PAHs and highly
halogenated contaminants. The main disadvantages of this
technique are its high cost, the risk of an incomplete oxidation which may produce more toxic contaminants and the
necessary dewatering (before and after the treatment) [40].
Electrokinetic processes involve passing a low intensity electric current between a cathode and an anode imbedded in the contaminated sediments. Ions and small charged
particle, besides water, are transported between the electrodes, where they are concentrated and removed. An electric gradient initiates movement by electromigration
(charged chemicals movement), electro-osmosis (movement of fluid), electrophoresis (charged particle movement)
and electrolysis (chemical reactions due to electric field)
[37]. The temperature of the sediment layer increases slowly
during the electrokinetic remediation, which can be beneficial in case that also organic biodegradable pollutants have
to be removed from the sediment [22]. Some examples to
remove heavy metals [44, 45] and organics [46] using this
technique have been referenced.
Ultrasound is a recent technology which tries to decontaminate dredged material using ultrasound coupled with
vacuum pressure. Meegoda and Perera [47] and Meegoda
and Veerawat [48] managed to remove successfully both
inorganic (chromium) and organic (p-terphenyl) contaminants from dredged sediments obtained from NY/NJ harbour by means of two processes designed to separate and
to treat both coarse and fine fractions of the sediments;
however, they determined that the clay fraction is not able
to be treated by this technology in the case of chromium.
Thermal treatments

Incineration consists in the destruction of contaminants due to their combustion using high temperatures
(800-1200ºC), in presence of oxygen. Two steps usually
form this process: 1) combustion at high temperature in a
rotary furnace; 2) post combustion in a specific chamber
[24]. Incineration is especially adequate to treat sediments
with large amounts of mineral oil (in this way, the energy
requirement is relatively low) or sediments contaminated
with toxic organic compounds such as PAHs, PCBs, pesticides, dioxins or chlorinated hydrocarbons. Heavy metals
(excepting mercury) are in general immobilised in the
solid matrix [22]. The main disadvantages of incineration
are its high cost because of energy consumption and the
need of treating the gases (in which dioxins and furans are
present); ash production as a waste, which contains high
concentrations of heavy metals and should be managed/
treated; and its low water content requirements, which may
imply a pre-treatment step [40].

Pyrolysis destroys organic material using high temperatures, in absence of oxygen. This permits the separation of the material into an organic fraction (gas) and a
carbonised inorganic one (salts, metals, particles). It is
used to treat high organic concentrations (e.g. semivolatiles and pesticides) which are not suitable for a conventional incineration [40]. A pyrolysis system consists in a
main combustion chamber (540-760ºC) and the resultant
gaseous products may be destroyed into a secondary
chamber (1200ºC) or collected (e.g. on a carbon bed). The
most outstanding limitation of pyrolysis is that its costs
are higher than the costs of incineration [32].
Vitrification is a thermal process in which the sediment is heated to such a temperature (usually more than
1600ºC) that the inorganic compounds in the sediment
will melt and the organic pollutants will be completely destroyed (although an after-burning process is often required)
[22]. In this way, sediments are converted into a vitreous
mass (slag), which can be suitable as building material or
possess, with the proper modifications, cementations properties. It can treat all type of contaminants, so it is considered one of the most effective techniques to treat dredged
material. Although vitrification is one of the most expensive technologies [37], it can compete when a treatment
chain is required, because vitrification can act as a stand
alone technology [40]; the possibility of selling a useful
glass product can also contribute to make this process
economically viable [37]. However, vitrification is not
feasible for sediments with high levels of electrically conducting metals and molten products may require months to
years to cool [32].
Thermal desorption heats partially-dewatered-sediment
in a closed reactor system to such a temperature (100500ºC) that organic pollutants (volatile, VOCs, and semivolatile organic compounds, SVOCs) will vaporise from
the sediment together with water [22]. In general, it is applied to treat contaminants with a boiling point below
500ºC, especially VOCs and SVOCs, but also some volatile metals. However, contaminants are transferred to gaseous phase but they are not destroyed, so this phase must
be treated before its emission. For instance, VOCs can be
destroyed in a secondary combustion chamber at a higher
temperature, recovered by condensation or adsorbed into
activated carbon [21].
Wet oxidation consists in a process which occurs in
the water phase at high temperatures and high pressures
but below the supercritical temperature and pressure of
water. The type of pollutants (mainly petroleum hydrocarbons, phenolic compounds and PAHs) and conditions of
the process, like temperature or the residence time in the
reactor, determine the degree of oxidation [22].
Supercritical oxidation is a modification of the previous technique in which temperature and pressure are above
the critical point of water. At these conditions, oxygen and
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toxic organic compound solubility in the water phase is
higher, so a major degree of oxidation is obtained [22],
including sediments highly contaminated with PCBs [49].
Solidification/Stabilisation (S/S) treatments

S/S alters the physical and/or chemical characteristics
of the sediment through the addition of binders (cements,
limes, pozzolans, thermoplastics, clays or silicates). Physical alteration implies the reduction of the accessibility of
the contaminants to water because of their immobilisation
by cement matrix, whereas chemical stabilisation minimises the solubility of metals primarily through the control of pH and alkalinity [4]. It is widely applied to treat
metals, such as arsenic, lead, mercury, cadmium, copper
or zinc, owing to the few destructive techniques available
for these contaminants [37]. Nevertheless, chemical stabilisation of organic compounds might also be feasible [4].
The most important disadvantages are the significant raise
of volume and the possible volatilisation of organics due
to the heat generated during the reaction [40].
Confined disposal facilities (CDFs)

CDFs are engineered structures enclosed by dikes and
designed to provide the required storage volume for dredged
material and to meet the required suspended solids in effluent released from the facility [50].
CDFs should be the end of the management cycle only
for these contaminated sediments or dredged material for
which other options that are in previous steps in the management hierarchy (like beneficial uses, after a possible
treatment) are not viable. They have been widely used for
navigational dredging projects and some combined navigational/environmental dredging projects but are less common for environmental dredging sites [4]. Many CDF field
experiences are summarised in [50]. Nevertheless, as land
development and acquisition costs continue to rise, there
is a growing shortage of CDF storage capacity. Several
options can be considered to increase capacity, including restricted disposal (storage of only the most contaminated sediments), dredged material dewatering and densification, and, more recently, reclamation and reuse of
materials from the CDF [51].
The design of CDFs has to take into account the losses
of contaminants and try to eliminate them [4, 9, 21]. These
losses may occur by leaching through the bottom of the
CDF, filtration through dikes or walls, volatilisation to the
atmosphere (if CDF is not closed), or the possible consumption of contaminants by plants and animals which live
near the CDF.

BENEFICIAL USES OF DREDGED MATERIAL
Nowadays, it is believed that considering dredged material as a natural resource and not as a waste may solve
some problems of dredged material management. In this

way, not only is space in confined disposal facilities (CDF)
saved but beneficial uses of dredged material might also
allow the economic feasibility of some processes.
It is necessary to evaluate several aspects before developing a project to valorise dredged material [52]. Firstly,
assessing contaminant status of materials is essential to
know if they are or not suitable. Moderate and slightly
contaminated sediments can be appropriate for many beneficial uses (it is probable that a pre-treatment or a clean
material coating will be needed), whereas it is unlikely that
highly contaminated materials are adequate for the vast
majority of applications, with few exceptions such as construction products (ceramics, aggregates…). However, these
highly contaminated sediments can be recovered if they are
treated properly. In general, suitability for a specific use
depends on the impact on sensitive natural resources and
the compatibility between the properties of the dredged
material and those of the intended beneficial use [53].
Guidance on the nature and types of physical, engineering, chemical and biological characterization tests appropriate for determining the potential for beneficial uses of
dredged material in aquatic, wetland and upland environments can be found in [54]; practical cases of the application of these characterisation tests are described in [55].
These tests should be done periodically when dredged
material comes from ongoing activities and their characteristics might change. Moreover, site selection must be
considered and its choice is not independent from the use
selected [52].
After use and site selection, it is important that there
are no technical (like water depth or access), legal or environmental impediments. In many cases, an Environmental
Impact Assessment (EIA) is mandatory for projects where
beneficial use of dredged material is planned [56]. Finally, a complete project should develop a commercialisation
plan and examine the costs (compared to disposal of
dredged material) and the benefits of using dredged material, not only economic but also environmental or social
ones.
Beneficial uses are not only possible for “new”
dredged material, but they can also be applied to recover
the sediments stored in CDFs. In this way, [51, 57, 58]
state the relevant aspects to valorise material contained in
CDFs.
In 1992, PIANC edited a guide about beneficial uses
of dredged material [59] in which three categories of uses
are identified: engineered uses, agricultural and product
uses, and environmental enhancement. This classification
has also been included in the guidelines of the OSPAR
Convention for the management of dredged material [7].
Another classification was proposed in 1996 [60]: construction, coast protection, agriculture, horticulture and
forestry, amenity, habitat and capping. A summary of the
main uses found at bibliography [8, 24, 52, 61] grouped in
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the three categories proposed by PIANC is stated below
and shown in Figure 3:
a)

i) Creation or recovery of habitats for fauna: creation
of nesting islands for water birds-dredged material
may provide substratum for nests [67].

Engineered uses

ii) Fisheries improvements: the proper placing of
dredged material can improve fishing resourcesmounds of dredged material may be useful as a
shelter for fish and, moreover, plants may grow on
them, offering a better habitat recovery for fish.

i) Land creation: filling, raising and protecting an area
which is otherwise periodically or permanently submerged.
ii) Land improvement: increasing the quality of the
land which is not suitable for its planned use or because of its insufficient height which may produce
floods.
iii) Fills and replacements: use as filling material in
abandoned mines, obsolete canals, etc. Substitution
of low quality soils or improvement of their properties so that they can fulfill requirements to be used
in construction [62].

iii) Marsh recovery: it may be applied as a barrier
against wind to permit plant growth or to restore
shores from erosion [68].
Figure 3 shows a scheme of the beneficial uses of
dredged material.
Land creation
Land improvement

iv) Submerged berm creation: use of the dredged material to build submerged berms or embankments,
which are utilised to modify shoreline in order to
improve beach stability, to alter wave direction
and to change the speed or the direction of local
sediment transport. Swell modifications with berms
can also improve recreational uses like swimming,
surfing, etc.

Fills and replacements
Engineered uses

Shore protection
Beach nourishment
Capping

Beneficial
uses

v) Shore protection: it includes beach nourishment and
dike or berm construction.

ii) Aquaculture: use of dredged material in the construction of containment structures or ponds of aquaculture.
iii) Topsoil: dredged material is an excellent topsoil to
improve soils with agricultural purposes. For food
products, clean material is needed, whereas for other
agricultural uses, permitted contamination levels
depend on the type of cultivation and its final use
[65, 66].
c)

Environmental enhancement

Aquaculture

Creation or recovery
of habitats for fauna
Environmental
enhancement

Fisheries improvements
Marsh recovery

vii) Capping: use of dredged material as a coating in
in-situ capping techniques.

i) Construction materials: use of sediments as substitutes of raw materials in the manufacturing of construction materials such as bricks, tiles, bituminous
mixtures, mortar or cement [63, 64].

Construction materials
Agricultural and
product uses

Topsoil

vi) Beach nourishment: creation of new beaches for
recreational purposes or replacement of material
which is swept by swell and it is not recovered
naturally.

b) Agricultural and product uses

Submerged berm creation

FIGURE 3 - Scheme of the beneficial uses of dredged material.

Beneficial use of dredged material is the aim of many
processes or technologies. Table 2 shows some cases of
technologies or processes, developed at full, commercial
or demonstration scale, which valorise dredged material.
As already stated, the type of material determines the
beneficial uses dredged sediments have. In this way, rock
is a valuable construction material and whether or not it
can be used economically depends on its quantity and
size. Gravel and sand are generally considered the most
valuable material for use that a dredging project can provide due to their many engineered uses and frequently,
without the need to sort (or pre-wash) the material prior to
being used [8]. Clay and silt are the most common acquired from dredging: consolidated clay can find more
engineered uses than soft clay, whereas silt in particular is
more suitable for agricultural/horticultural purposes and
all forms of habitat creation and/or enhancement [53].
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Table 3, which is based on [8, 52], indicates possible
applications of dredged material depending on the type of

predominant material: rocks, gravel and sand, consolidated
clay, silt or soft clay, and mixture of previous.

TABLE 2 - Examples of technologies or processes (tested at full, commercial or
demonstration scale) applied to dredged material from which beneficial uses are obtained.

Technology

Marketed/ Manufactured by

Application
sites

Fundamentals of the
technology

Results over
contaminants

Cement-Lock®
[69-72]

Gas Technology
Institute/ Endesco
Services, Inc. of Des
Plaines, IL

New York,
New Jersey
and Michigan
(USA)

Rotary kiln natural gasfired thermo-chemical
process

Organics thermally
oxidised; heavy metals
immobilised in cement
matrix

METHA (MEchanical Treatment and
Industrial METHA
dewatering of
plant facility
HArboursediments) [69,73]

Hamburg
(Germany)

Two-step physical
separation. The products Concentration of the
of separation (sand, fine contaminants in the
sand and silt) are then
different fractions.
dewatered

Hanseaten-Stein
brick production
[69,73,74]

Hanseaten-Stein
Ziegelei GmbH

Hamburg and
Bremen
(Germany)

Mixing of the sediments
with crushed bricks and
natural clay. Drying of
the mixture and ceramisation process

Organics thermally
oxidised; metals conCommercial/residential construcverted to stable immobi- tion: bricks for use in the buildlised compounds or
ing industry
volatilised

Plasma Vitrification [69-71,75]

Global Plasma
Systems Corporation, Washington,
DC, in partnership
with Westinghouse
Plasma Corporation

Port of New
York/ New
Jersey (USA)

High temperature plasma arc vitrification
process

Organics thermally
oxidised; heavy metals
immobilised in glassy
matrix

Novosol® process
[76]

Solvay Company

Dunkirk
(France)

Chemical inertisation
followed by thermal
process

Flowable Fill [69]

Pohlman Materials
Recovery, Cary, IL

New York
(USA)

Non thermal, mixing
process using chemical
additives

BioGenesis Enterprises, Inc. and Roy
F. Weston, Inc.

Combination of mechanPort of New
ical and chemical proYork/ New
Organics are oxidised;
cesses using highJersey (USA).
metals are removed
pressure water jets and
Venice (Italy)
chemical additives

BioGenesis Sediment Washing
[69-71,77,78]

Solidification/
Stabilisation [69]
Rotary kilnJCI/Upcycle
[71,79]

HREG process
[71,80]

OENJ Cherokee
Corporation, Bayonne, NJ
Jay Cashman, Inc. of
Boston, MA and
Upcycle Aggregates
of New Providence,
NJ
Harbor Resource
Environmental
Group, Inc. (formerly NUI Environmental Group)

Heavy metals chemically inertised; organics
thermally eliminated
Contaminant chemical
stabilisation and incorporation in physical
matrix

Beneficial uses
Glassy granular product
(“Ecomelt”) that can be used as a
pozzolan in commercial-grade
blended cement for general
construction, soil stabilisation
and solidification
Use of the separated dewatered
silt as a sealing material. Backfilling of harbour basins. Use as
clay replacement in the production of bricks (in HanseatenStein facility) or in dike works

Glass aggregate that can be used
as a raw material in the manufacture of architectural tile, glass
fibre, blasting grit, aggregate and
glass cullet
Introduction of treated sediment
aggregate in cement-based
materials
Replacement for compacted fill
Manufactured soil by addition of
bulking materials for fill, cover
or topsoil applications (in
NY/NJ). Raw product (decontaminated silt and clay) that can
be used for brick manufacturing
(in Venice)

Elizabeth
(USA)

Non thermal, mixing
process using chemical
additives

Incorporated in physical
matrix product

Compacted fill and capping

Port of New
York/ New
Jersey (USA)

Belt press dewatering.
High-temperature rotary
kiln thermal process

Organics thermally
destroyed; metals immobilised in the mineral
matrix

Feedstock for the manufacture of
lightweight aggregate

Port of New
York/ New
Jersey (USA)

Chemical oxidation with
Organics oxidised;
KMnO4 and superionmetals stabilised in the
ised water. Dewatering
matrix
and addition of cement

Manufactured soil that can be
used in construction and remedial projects.

TABLE 3 - Beneficial uses of dredged sediments depending on material.
Beneficial use options
Dredged material
sediment type
Rock
Gravel and sand
Consolidated clay

Engineered uses

Agricultural/Product uses

a,b,c,d,e
a,b,c,d,e,f,g
a,b,c,d,g

h
h
h,i
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Silt/Soft clay
a,b
h,i,j
k,l,m
Mixture
a,b,c,e,g
h,i,j
k,l,m
a:land creation; b:land improvement; c:berm creation; d:shore protection; e:replacement fill; f:beach nourishment; g:capping; h:construction materials; i:aquaculture; j:topsoil; k:wildlife habitats; l:fisheries improvement; m:wetland restoration

UTILISATION OF CONTAMINATED SEDIMENTS FROM CANTABRIAN ESTUARIES
FOR CERAMIC MATERIALS: A CASE STUDY
A summary of the previous results obtained by our
research group about the use of contaminated sediments,
from the Santander Bay and Suances Estuary (Spain), as
alternative raw materials in the manufacture of traditional
clay based ceramic materials is presented.
Sediments from Cantabrian estuaries (Northern Spain)
have been previously characterised by different chemical
and ecotoxicological parameters showing that sediments
contain significant concentrations of heavy metals and organic pollutants derived from intensive industrial, agricultural and urban activities [81-83]. The most polluted sediment samples S1, S2 and S3 have been studied in order to
evaluate landfill disposal and introduction into ceramic
matrices as alternatives to sediment management [84].
Physico-chemical and environmental characterisation of
these sediments has been carried out (Figure 4). The evolution of the physical parameters, density, porosity, specific surface and water content with particle size, showed
that the studied sediments can be used as clay replacement
in ceramic processes. Availability and mobility concentrations of inorganic parameters obtained by leaching tests
suggest that only a small part of the total concentrations
are bioavailable for all samples except for zinc, which has
very high availability. From the mobility results, it can be
concluded that all sediments can be disposed of in a landfill for non hazardous waste, but should be pretreated if
their disposal is to be in a landfill for inert waste, due to
their high lead mobility.
The work of Romero et al. [85] has proved that it is
possible to obtain dense sintered compacts from sediments

S1, S2 and S3. Water absorption and mechanical properties showed that the specimens fired at their respective
optimum sintering temperature met the requirement values established by different European Standards for high
density traditional bricks, covering ceramic tiles as well
as for the more demanding criteria to high density clinker
bricks and pavement ceramic tiles. Based on these preliminary analyses, the investigation conclude that the studied
marine sediments can be used as secondary raw materials
for the production of ceramic bricks, floor and wall tiles by
powder technology [85]. The ceramic bodies obtained from
the contaminated marine sediments S1, S2 and S3 have
been fully characterised in terms of both phase evolution
during firing and microstructure at the optimum sintering
temperature. The mineralogical evolution examined revealed that quartz, which is a main crystalline phase in the
original marine sediments, remains as a main phase in the
sintered bodies. In addition, a glassy phase and new crystalline phases appear as result of different chemical reactions during firing. Scanning electron microscopy (SEM)
showed a homogeneous microstructure composed by pores,
crystals and a ceramic matrix [86].
As shown in Figure 4, the sediments S1, S2 and S3
with physico-chemical characteristics similar to clay, have
been used as clay replacements in bricks, obtaining a final
marketable product. The sintering process leads to a ceramic material with similar density and porosity, but smaller
specific surface area than the commercial bricks which
could have an effect on the technical properties as water
absorption as well as on the leaching characteristics of the
final product [87]. The technical parameter, water absorption, fulfils the proposed limit for Spanish standards (15%)
in spite of the quantity of sediment in the brick that increases this technical value.
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Selected sediments
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characterisation (Viguri et al. 2002 [81]; 2007 [83];
González-Piñuela et al. 2006 [82])

SINTERING
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(Laboratory conditions)

Sediments from
estuaries of
Cantabria (Spain)
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H2O, pH, ρ, ε, Se, dp, Metals, LOI
Romero et al. 2007 [85]; 2009 [86]

TECHNICAL PARAMETERS
• Water absorption
• Linear contraction

• LOI
• Visual defects

Coz et al. 2005 [87]; 2007 [84]

ENVIRONMENTAL ASSESSMENT

BENEFICIAL USES
OF SEDIMENTS

© by PSP Volume 17 – No 10a. 2008

• Availability (NEN 7341)
of metals and anions
• Mobility (EN 12457)
H2O: water content (%)
ρ: density
ε: porosity (%)
Se: specific surface area (m2/g)
dp: grain size distribution (mm)

Metals (mg/kg):
Major elements: SiO2, Al2O3, Fe2O3, MgO, CaO, MnO, Na2O, K2O5, TiO2, P2O5
Minor elements: As, Ba, Cd, Cr, Cu, Mo, Ni, Pb, Sb, Se, V, Zn
Anions (mg/kg): chlorides, fluorides, sulphates
LOI: loss on ignition (%)

FIGURE 4 - Framework of the research activities to the use of contaminated sediments in the ceramics production.

The availability and mobility of the anions increase with
the percentage of sediment used in the brick, showing
linear expressions between both parameters in all cases.
The results of mobility are due to the solubility and not the
availability of the corresponding anion. A comparison of
the L/S=2 and L/S=10 ratio results and the regulated limits
by the Council of the EU for inert waste have been performed. The arsenic limits are not fulfilled for the commercial brick (0% of sediment) and lead exceeds the limits in both the sediment and the bricks with high percentages of sediment (> 10%).
On the other hand, the effect of water content (between 2-8%) and sediment content (between 0-50%) on
the technical characteristics density, porosity, LOI, water
absorption and linear contraction, of fired clay products,
have been studied. The results show linear correlations
between additions and technical properties. The regulated
values [88] to water absorption (max. 15%) and linear contraction (max. 8%) are fulfilled in all experiments; only the
limit value of 15% LOI in bricks is exceeded at sediments
additions higher than 30%.
The physico-chemical and environmental properties of
the studied sediments, their sintering behaviour, and the
technical and environmental properties of the final bricks
obtained with sediment additions, lead to obtain a marketable product. This strategy gives the opportunity to use
waste materials containing various organic or inorganic
contaminants as admixtures together with common raw
material to overcome environmental problems.
CONCLUSIONS
This work reports a wide variety of techniques and
treatments that can be applied for the remediation of contaminated sediments and dredged material. The selection of

the best option that leads to the sustainable management
of the sediments of a site is not an easy task, and it should
be based on the integration of technical, economic, social
and environmental criteria. The involvement of stakeholders
is of crucial importance to achieve successful results in the
decision-making process of management and treatment
alternatives. The development of sound methodological
tools and clear environmental criteria is necessary as well
to make these decision-making processes easier.
In any case, the utilisation for beneficial uses should
be the preferred option for contaminated dredged material
whose relocation in the aquatic environment is not possible, while confined disposal should be considered as the
last option in the hierarchical sequence of alternatives (i.e.
only for those contaminated sediments for which other
options are not viable). Although the direct use of dredged
sediments with high levels of pollutants is not normally
appropriate, there are several examples of the application
of treatments that finally allow the beneficial and commercial use of the material. In this sense, successful results such as the ones obtained by our research group about
the use of contaminated sediments as substitute of raw
materials in the ceramics production can promote a wider
application of beneficial use options for dredged sediments.
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ABSTRACT
Air quality evaluation was performed regarding atmospheric particles (TSP and PM10), As, Cd, Ni and Pb in
a Spanish coastal area for five years (2001-2005) in order
to compare these values with other areas in the Mediterranean basin. The study area, Vila-real (Castellón, Spain), is
highly industrialised, with businesses involved in nonmetallic mineral material industries (ceramic production)
and chemical industries (colour, frit and enamel manufacturing) standing out. The origin of the contamination in this
area is both natural and anthropogenic. The natural origin is
due to the re-suspension of mineral materials from the surrounding mountains and from the long-range transport of
materials from North Africa. The anthropogenic contamination sources are the aforementioned industries as well as
vehicular traffic. The objective of this study was to assess
the concentrations of these contaminants and elaborate a
series of mathematical models of them. The goal is to provide a useful instrument to alert the population facing possible episodes of high concentrations of atmospheric pollutants. Once the particle samples were collected in quartz
fiber filters, the concentration levels of TSP and PM10
were determined gravimetrically. The chemical analysis of
the filters was carried out by ICP-MS. Predictive models
have been constructed by using Multiple Regression
Analysis together with Time Series Models (ARIMA). The
SPSS 14.0 statistical software has been employed to analyze the obtained experimental data.

KEYWORDS: Air pollution, ambient air, prediction models, public
health, TSP, PM10, heavy metals.

INTRODUCTION
From the earliest times, urban air pollution has been perceived as a potential source of health problems [1]. Through

its high development, our society introduces large quantities of chemical substances into the atmosphere. Theses
substances cause pollution that may affect the development
of human beings and deteriorate the natural and artistic heritage of mankind [2, 3]. Furthermore, they influence increasing global problems affecting the climate [4], such as global
warming, environmental acidification, photochemical smog,
and ozone layer depletion [5-7].
The Earth’s atmosphere is finite and its self-cleansing
capacity has limits, so control and prevention measures for
atmospheric pollution must be taken. Control of exposure
conditions must be exerted to ensure an accurate estimation of inhaled doses and, subsequently, the best possible
correlation between the concentration of material presented
and the biological response at tissue, cellular and molecular
levels [8].
In this study, air quality evaluation was performed on
atmospheric particles, TSP (total suspended particles) and
PM10 (particles less than 10 µm) in a Spanish coastal area
(municipality of Vila-real, Fig. 1) for five years (20012005) in order to compare these values with other areas in
the Mediterranean basin. The reason to choose this pollutant type is because particulate matter may present a much
higher potential risk despite its low representativeness compared to the gas pollutants group. This pollutant enters the
organism exclusively through the respiratory system, and
its effects depend on the capacity to enter, or not, the respiratory tract and how deep down they enter, which depends on their size [9]. Recent studies have shown a positive correlation between high concentrations of particles
and deterioration in public health [10-13].
The objective of this study was to assess the concentrations of these pollutants and to elaborate a series of mathematical models of them. The goal is to provide a useful
instrument to alert the population about possible episodes of
high concentrations of atmospheric pollutants.
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located at 39º 56’ North, 0º 56’ West, and is 46 meters
above sea level.

MATERIALS AND METHODS
Description of the study area

The study area is located in an important ceramic industrial area in the province of Castellón, East Spain (Fig. 1).
This area produces approximately 93% of the Spanish ceramic tiles and 95% of its frits and enamel colours. It is in
the E-SE part of the province, and covers approximately
1000 km2. Given the density of industries in Vila-real, this
municipality was chosen from de ceramic industrial cluster. This city, with approximately 49,000 inhabitants, is

The origin of pollutants in this area is both natural
and anthropogenic. The natural origin is due to the resuspension of mineral materials from the surrounding mountains [14] and from the long-range transport of materials
from North Africa [15, 16]. The anthropogenic pollution
sources (Fig. 2) are the traffic (mobile sources), and also
originate from the manufacturers of ceramic tiles and raw
material as frits, enamel and ceramic colours (fixed sources)
[17, 18].

FIGURE 1 – Location of studied area.

FIGURE 2 – Location of the primary emission sources
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Sampling condition

The sampling station was set up in the south-western
part of the city (UTM: X 746,543 Y 4,424,906) in accordance with the implementation guidelines of European
Council Directive 1999/30/EC [8]. In order to avoid measuring microclimates, the sampling station was situated
3 meters above ground level on a special metallic platform
in an open area covering at least 500 m2. There were no
local emission sources nearby, thus avoiding a distortion of
the samples due to the influence of smoke plumes from
specific pollutants.
The technology of the equipment used consists in
blowing air through an inlet with a vacuum pump. According to the characteristics of the inlet, different types of atmospheric particles were collected, TSP and PM10 [18].
Particles were trapped on a permeable support, this being
a 47mm diameter filter. Quartz fiber filters were used in the
sampling. They are made of a pure SiO2 base with totally
free of additives. Polystyrene cassettes were used to protect filters during transport and storage.

FIGURE 3 – Weight chamber.

A PM10 medium volume sampler model IND-LVS3,
manufactured by Kleinfiltergerät, was used. This device is
considered as a reference according to European regulations
(Council Directive 1999/30/EC [19]; UNE-EN 12341:1999
[20]) for the sampling of PM10 particles. The particulate
matter was blown in through the opening circumference
between the frame and round cover mounted on top. Within
the sampler inlet the airflow was accelerated by eight impactor nozzles and then directed toward the impacting surface. The device contains a temperature sensor with a radiation protector that eliminates deviations in the reading due
to solar radiation. It also has a pressure sensor. The sampling flow volume was 2.3m3/h during 24-h periods. A total
of 887 PM10 samples were collected.
The captor for TSP sampling used was a high-volume
MCV-8D sampler, to fulfill European Council Directive
80/779/EEC [21]. The flow volume was 1.5 m3/h during
24-h periods. A total of 1003 TSP samples were collected.

FIGURE 4 – Filters inside of the weight chamber.

Meteorological data were also obtained from an automatic meteorological station (Weather Monitoring IIDAVIS). Daily data were used to build a matrix for each
sampling period with the following parameters: daily mean
temperature, daily mean atmospheric pressure, daily mean
humidity, wind direction, wind speed and daily total precipitation.
Methodology

Particle concentration levels were determined gravimetrically. This method consists in weighing the empty
filter and with sample. In order to weigh the filter correctly, it must be conditioned for at least 48 hours in a special
chamber (Fig. 3 and 4). The conditions inside the chamber are 50% relative humidity and 20ºC temperature,
according to normative UNE-EN 12341:1999 [20].
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Filters were weighed on an analytical balance with a
precision of 0.1 mg (Fig. 5). The PM concentration levels
were determined from the sample quantities obtained and
the volume of air pumped.
The As, Cd, Ni and Pb levels in the PM10 samples
were determined by ICP-MS. The equipment used was a
PerkinElmer model Elan-6000, with a 3600 lines/mm holographic network, 1 meter focal distance, 0.26nm/mm linear
dispersion, 27.12 MHz frequency and 1.60 kw maximum
power. This instrumental technique allows a rapid form of
determining the As, Cd, Ni and Pb levels after dissolution
of the sample. The dissolution was obtained by acid digestion in hermetic Teflon recipients. This methodology has
been used by many authors [22, 23].
In order to determine the possible traces of As, Cd, Ni
and Pb that the reagents and quartz filter fibers might
contain, which give rise to sample contamination, digestions with only reagents (blank reagents) and filters without a sample (blank filters) were performed. The SRM
1648 “urban particulate matter” pattern was used to validate the results, whose composition is a particulate matter
of an anthropogenic origin which was collected in an industrialised urban atmosphere and was adequate for use as a
reference standard.
As available data was time dependent, predictive models have been constructed by using Multiple Regression

Analysis [24] together with Time Series Models [25]. We
recall that one of the standard hypotheses in Multiple Regression Analysis is the independence of the residual errors. However, if variables are periodically observed over
time, a lack of independence occurs and, therefore, straightforward linear regression predictions are inefficient. To
avoid this difficulty, Time Series Analysis, and more concretely ARIMA models, were used for modelling the behaviour of residual errors. The SPSS 14.0 statistical software has been employed to analyze the experimental data
obtained.

RESULTS AND DISCUSSION
Atmospheric polluting agent concentrations

The statistical pollutants values obtained during the
sampling period are presented in Tables 1-6. In these tables, the concentrations levels of the TSP and PM10 particulate matter are seen to follow a similar trend during the
study period (2001-2005). The highest levels were detected during 2001. They declined from 2001 to 2005, and
were at their lowest in 2004.
In relation to the chemical elements studied, As, Cd
and Pb decreased during the study period, while Ni remained constant.

TABLE 1 - Statistical values of PST concentration levels.
PST (µg/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 1,5 m3/h
2001
2002
151
141
23
31
541
239
69
68
109
98
93
93
126
121
224
169
71
41

2003
237
13
373
42
70
65
94
128
40

2004
282
3
197
42
63
63
79
104
27

2005
192
7
179
48
71
70
86
127
31

2004
194
3
121
35
46
45
57
79
19

2005
181
5
149
35
52
51
67
90
23

TABLE 2 - Statistical values of PM10 concentration levels.
PM10 (µg/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 2,3 m3/h
2001
2002
183
150
4
4
212
119
33
35
52
51
48
49
66
66
105
93
31
24
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2003
178
4
137
32
47
42
60
86
24
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TABLE 3 - Statistical values of arsenic concentration levels in PM10.
Arsenic (ng/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 2,3 m3/h
2001
2002
79
99
2.0
0.9
10.0
106.4
7.7
7.8
16.0
15.0
13.0
12.6
20.1
19.2
37.3
31.7
12.3
12.7

2003
112
0.7
33.7
5.0
9.8
7.9
12.1
24.4
6.9

2004
115
0.0
19.8
1.8
4.0
3.2
4.8
9.8
3.5

2005
111
0.2
11.4
1.1
2.5
2.1
3.1
6.3
2.0

2004
115
0.0
45.6
0.2
2.0
0.7
1.7
5.0
5.6

2005
111
0.0
7.8
0.1
0.4
0.2
0.4
1.2
0.9

2004
115
0.0
18.9
2.6
4.9
4.1
6.3
12.4
3.5

2005
111
0.0
24.7
2.1
5.3
3.9
6.9
16.3
5.1

2004
115
1.7
580.3
66.0
129.3
93.8
163.6
388.9
109.9

2005
111
10.3
2206.8
49.5
108.7
81.9
123.9
184.1
207.5

TABLE 4 - Statistical values of cadmium concentration levels in PM10.
Cadmium (ng/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 2,3 m3/h
2001
2002
79
99
0.1
0.0
11.2
9.4
0.8
1.1
1.8
2.4
1.4
2.0
2.5
3.2
4.4
6.0
1.6
1.8

2003
112
0.0
97.3
0.6
2.2
1.0
1.8
3.1
9.1

TABLE 5 - Statistical values of nickel concentration levels in PM10.
Nickel (ng/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 2,3 m3/h
2001
2002
79
99
0.0
0.0
25.5
40.1
2.5
2.6
6.1
5.6
4.8
4.7
8.1
7.3
15.5
13.4
5.0
5.3

2003
112
0.2
21.0
2.1
3.9
3.5
5.1
8.1
2.9

TABLE 6 - Statistical values of lead concentration levels in PM10.
Lead (ng/m3)
Sampling condition:
Total number of samples:
Minimum recorded value
Maximum recorded value
1est quartile (25%)
Mean
Median
3rd quartile (75%)
95th percentile
Standard deviation

24-h cycles at 2,3 m3/h
2001
2002
79
99
37.5
2.4
1037.9
1128.1
141.8
115.3
260.0
252.5
216.3
201.3
295.0
332.9
595.7
606.3
186.4
209.7
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2003
112
14.4
1061.4
91.0
235.7
155.0
294.6
693.1
212.0
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Prediction models

TSP and PM10

The objective of this study is to construct a model to
obtain predictions of a dependent variable based on several
independent variables with information over time. The dependent variables are TSP and PM10 in µg/m3, and As, Cd,
Ni, and Pb in ng/m3. The independent variables are the
following meteorological variables: average wind speed
(Vav, m/s), maximum wind speed (Vmax, m/s), predominant wind direction (DirDom, degrees), average temperature (Tav, degrees Celsius), relative humidity (RH in %)
and pressure (P, millibars). All the independent variables
were initially considered in the model, but only those that
were significant were finally used to obtain predictions.

TSP(t) = -1256.970 + 2.545 Tav(t) – 0.055 DirDom(t) +
1.282 P(t) + ε(t) =
= -1256.970 + 2.545 Tav(t) – 0.055 DirDom(t) + 1.282
P(t) + 0.451 ε(t-1) – 0.316 ε(t-2) + a(t)

The models obtained are the following, where ε(t) is the
prediction error, and is estimated as the difference between
the observed value and the predicted value in the model. a(t)
is white noise with standard normal distribution.

PM10(t) = -1110.954 + 1.168 Tav(t) – 0.024 DirDom(t) +
0.257 RH(t) + 1.112 P(t)+ ε(t) =
= -1110.954 +1.168 Tav(t) – 0.024 DirDom(t) + 0.257
RH(t) + 1.112 P(t) + 0.448 ε(t-1) – 0.34.2 ε(t-2) + a(t)
The correlation coefficient obtained as a result of the
primary multiple regression fitting is R2=0.55 for TSP and
0.45 for PM10. The residuals obtained do not follow a
normal distribution after being tested with the corresponding goodness-of-fit test in the both cases. With regard to
fitting residuals with the ARIMA model, the autocorrelation and partial autocorrelation functions of the residuals

FIGURE 6 – Residuals’ autocorrelation and autocorrelation partial function of TSP.

FIGURE 7 - Residuals’ autocorrelation and autocorrelation partial function of PM10.

1560

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

are presented in the Figures 6 and 7. Therefore, after analyzing several ARIMA models, modelling with an AR(2)
model was decided, which is also a totally valid model for
making predictions. In both cases, we note how the stationarity conditions are fulfilled as far as the estimations of the
calculated model parameters are concerned. In Tables 7
and 8, we may also observe how the coefficients significantly differ from zero.

The relationship between particles and predominant
wind direction is inverse. The concentration levels of particles increase under low degree directions, for example NE
(45º) winds, and decrease if the predominant wind is W
(270º) or NW (315º). This behaviour is logical if we bear in
mind that the greatest sources of theses pollutants are the
ceramic sector businesses which are located between SW
(225º) and NW (315º) in relation to the sampling point
(Fig. 2).

TABLE 7 – ARIMA model. Coefficients of TSP.
Estimations

Standard
error

t

Non stationary delays
AR1
-0.552
0.036
-15.212
AR2
-0.342
0.036
-9.409
Constant
-0.028
0.496
-0.056
The filter Kalman algorithm was used for the estimation.

Sig.
aprox
0.000
0.000
0.956

TABLE 8 – ARIMA model. Coefficients of PM10.
Estimations Standard
error

t

Non stationary delays
AR1
-0.549
0.034
-16.120
AR2
-0.316
0.034
-9.290
Constant
-0.050
0.835
-0.060
The filter Kalman algorithm was used for the estimation.

Sig.
aprox
0.000
0.000
0.952

Unlike the TSP model however, the PM10 model reveals a direct relationship between this pollutant and the
relative humidity (RH). This new variable introduces the
influence of traffic on the PM10. The particles from traffic that contribute to PM10 present a small particle size, that
is, those within the PM10 range are in the smallest region,
of around 1-2µm. These particles are influenced by condensation processes which, at the same time, are governed
by environmental humidity. More humidity leads to greater
condensation [28], and to increase concentrations of these
particles.
Arsenic

TSP and PM10 present a direct relationship with temperature and atmospheric pressure. In the case of the temperature, this is due to an increase that causes the dryness
of the substrate in the area and which favours resuspension
of the particles from this substrate [26]. This fact causes
an increase of TSP and PM10 concentration levels in the
atmosphere. On the other hand, when the pressure increases
there is less expansion in the lowest layers of the atmosphere, which carry less dispersion of the pollutants with it,
and their concentration increase [27].

As(t) = 13.104 + 0.064 PM10(t) – 0.333 Tav(t) + ε(t)
= 13.104 + 0.064 PM10(t) – 0.333 Tav(t) + 0.448 ε(t-1) –
0.34.2 ε(t-2) + a(t)
For arsenic, the correlation coefficient obtained as a result of the primary multiple regression fitting is R2= 0.52,
and the residuals obtained do not follow a normal distribution after being tested with the corresponding goodness-offit test. The autocorrelation and partial autocorrelation functions of the residuals (Fig. 8) show that the ARIMA AR(2)
model is the best option. We note how the stationarity conditions are fulfilled as far as the estimations of the calculated
model parameters are concerned. In Table 9, we may also
observe how the coefficients significantly differ from zero.

FIGURE 8 - Residuals’ autocorrelation and autocorrelation partial function of arsenic.
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TABLE 9 – ARIMA model. Coefficients of As.
Estimations Standard
error

t

Non stationary delays
AR1
-0.576
0.051
-11.198
AR2
-0.239
0.051
-4.656
Constant
-0.018
0.250
-0.071
The filter Kalman algorithm was used for the estimation.

Sig.
aprox
0.000
0.000
0.944

Arsenic is a very volatile element that is present in the
lowest grain size fractions of PM10, 74.8% of arsenic is
found in the fraction <0.6µm [29]. It inversely depends on
temperature. Arsenic oxides, from different local sources,
condense when they come into contact with the atmosphere;
the aerosol-vapour equilibrium depends on temperature. At
low temperatures the aerosol phase is favoured and at high
temperatures is the vapour phase [30]. Because of this, the
arsenic concentration increases at low temperatures just as
the model demonstrates. Arsenic is shed by several of the
aforementioned sources, and it must be noted that it stems
from the combustion of combustible fossils, which are used
in many fields. From here on it does not depend upon meteorological factors other than wind direction.
Cadmium

Cd(t) = 1.541 + 0.034 Vmax(t) + ε(t)
The correlation coefficient obtained as a result of the
primary multiple regression fitting is R2=0.6, the residuals
obtained follow a normal distribution after being tested
with the corresponding goodness-of-fit test. In this case,
and given the autocorrelation functions of the residuals
(Fig. 9), the use of the former regression model to make
predictions was decided rather than any type of ARIMA
model.
According to the proposed model, cadmium is related
with maximum wind velocity. This element is the chemical element studied that appears at lesser concentrations in

PM10. Cadmium is found in 61.3% of that associated with
the fraction <0.6µm [29], from which it has long residence
times in the atmosphere [30]. By being the element with the
lowest concentration, the variations it can undergo are influenced by external contributions when suitable atmospheric conditions take place with the arrival of pollutants
from locations at considerable distance from the sampling
point. Thus, there the only significant variable that appears
in the proposed model is maximum wind velocity. Therefore, cadmium concentration levels increase with the velocity, disperse a large amount of particles and arrive at the
sampling point from external sources in large numbers
(Fig. 2).
Nickel

Ni(t) = -2.682 + 0.045 PM10(t) + 0.083 Tav(t) +
0.009 DirDom(t) + 0.0 44 RH(t) + ε(t) = - 2.682 + 0.045
PM10(t) + 0.083 Tav(t) + 0.009 DirDom(t) + 0.044 RH(t)
+ 0.46 ε(t-1) – 0.256 ε(t-2) + a(t)
The correlation coefficient obtained as a result of the
primary multiple regression fitting is R2=0.40, and the
residuals obtained do not follow a normal distribution
after being tested with the corresponding goodness-of-fit
test. Once again, modelling with an AR(2) model was
done as it was considered to be the best option for making
predictions (Fig. 10). In this case, we note how the stationarity conditions are fulfilled as far as the estimations
of the calculated model parameters are concerned. In
Table 10, we may also observe how the coefficients significantly differ from zero.
Nickel, like the previous chemical elements, is found
in a high percentage, 57.5%, in the fraction <0.6µm [29].
The main origin of nickel is the combustion of combustible fossils, as found in petroleum from traces. The main
sources of this pollutant are the power station and the
petrochemical plant in “Grao de Castellón”, located SE of

FIGURE 9 - Residuals’ autocorrelation and autocorrelation partial function of cadmium.
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FIGURE 10 - Residuals’ autocorrelation and autocorrelation partial function of nickel.

FIGURE 11 - Residuals’ autocorrelation and autocorrelation partial function of lead.

TABLE 10 – ARIMA model. Coefficients of Ni.
Estimations Standard
error

t

Non stationary delays
AR1
-0.540
0.051
-10.538
AR2
-0.256
0.052
-4.944
Constant
0.002
0.125
0.013
The filter Kalman algorithm was used for the estimation.

Sig.
aprox
0.000
0.000
0.990

the sampling point (Fig. 2). For this reason, the model
presents a direct relationship with the dominant wind direction. At wind directions between SW (225º) and NW (315º),
the arrival of pollutants from “Grao de Castellón” is favoured and the nickel concentration levels increase at the
sampling point. Nickel also presents a direct relationship
with temperature. The main emission sources of nickel, the
power station and the petrochemical plant, emit this pollutant in the form of airborne ashes, but not in a gaseous state
[2]. These airborne ashes have a very fine grain size and
temperature influences their dispersion. A greater atmos-

pheric turbulence is noted at high temperatures [27], and
this is due to greater dispersion, which makes these
ashes arrive from greater distance, and increases the nickel
concentration levels at the sampling point, just as the
model presents. Relative humidity is another significant
variable in this model, which presents a direct relationship
with nickel. A higher relative humidity means greater condensation [28], and increases concentration levels of this
pollutant.
Lead

Pb(t) = -5072.687 + 1.474 Vmax(t) – 0.175 DirDom(t) + 1.651 RH(t) + 5.105 P(t) + ε(t) = -5072.687 +
1.474 Vmax(t) – 0.175 DirDom(t) + 1.651 RH(t) + 5.105
P(t) +0.445 ε(t-1) – 0.297 ε(t-2) + a(t)
The correlation coefficient obtained as a result of the
primary multiple regression fitting is R2=0.58, and the residuals obtained do not follow a normal distribution after
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being tested with the corresponding goodness-of-fit test.
Once again, modelling was done an AR(2) model as it was
considered to be the best option for making predictions
(Fig. 11).In this case, we note how the stationarity conditions are fulfilled as far as the estimations of the calculated
model parameters are concerned. In Table 11, we may also
observe how the coefficients significantly differ from zero.

mum wind velocity indicate from which industrial park
the pollution comes; the average temperature indicates the
relationship with the types of industrial processes developed in the area, and this variable along with the atmospheric pressure and relative humidity mark the convective
dynamics of the atmosphere that carries a greater or lesser
dispersion of the pollutants.

TABLE 11 – ARIMA model. Coefficients of Pb.
Estimations Standard
error

t

Non stationary delays
AR1
-0.555
0.050
-11.020
AR2
-0.297
0.050
-5.903
Constant
-0.549
4.883
-0.112
The filter Melard algorithm was used for the estimation
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Sig.
aprox
0.000
0.000
0.911

Lead has the highest concentration levels in PM10
than the other studied elements. Notwithstanding, the variation of its concentration levels with the PM10 variation is
not sufficiently significant for this variable to appear in the
proposed model. Like the other chemical elements, it is
associated with the finest PM10 fraction; 69.0% is found
in the fraction <0.6µm [18]. The main emission sources
of lead are the ceramic industries located between NW
(315º) and SW (225º) from the sampling point (Fig. 2).
This pollutant presents an inverse relationship with the
dominant wind direction and a direct relationship with the
maximum wind velocity. We must be in mind that this
element is heavier than those previous ones and presents
a greater concentration. Although its emission source is
closer than the previous elements, greater wind velocities
are needed to displace it. This model also presents a direct
relationship between lead and relative humidity and atmospheric pressure. As explained in previous models,
higher relative humidity favours condensation [28], and
increases the con-centration levels of this pollutant. Likewise an increase in pressure reduces the expansion of the
lowest atmospheric layers, and pollutant dispersion decreases [27], leading to increase concentration levels of
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CONCLUSIONS
The detected values of the atmospheric pollutants
TSP, PM10, As, Cd, Ni and Pb are presented in this study
during a period of 5 years in a heavily industrialised area.
Some easily applied prediction models of the studied
atmospheric pollutants have been developed and are presented as a useful tool to alert the population for possible
episodes of high pollution.
The independent variables, considered to be significant in the final prediction models, mark the importance
of the types of anthropogenic emissions that occur in the
study area, and the influence they have on the concentration levels of the different atmospheric pollutants. Therefore, the variables of both predominant direction and maxi-
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ABSTRACT
The main objective of this study is to characterise the
settleable and suspended air particles of an industrialized
area close to a population centre as a result of the complaints lodged by citizens to the town council of this locality.
An exhaustive control of the levels of particles was
performed using a PS Standard Britannic captor and a
model PS1 high precision Retsch cascade impactor which
is a seven-stage cascade impactor mounted on a standard
low-volume air sampler. Then, air samples were analysed by
scanning electron microscopy (SEM) and X-ray diffraction
(XRD) to know the structure, morphology and composition
of the particulate matter and to identify their sources of
origin.
Regarding the aerosol collected by the cascade impactor, the highest values were located in the range of fine
particles (50% of particulate matter was distributed in the
particle range of 1 to 4 µm, and 70% in particles lower than
4 µm).
On the other hand, the main components identified in
the samples were mineral particles originating from natural emission and the ceramic industry, glass particles and
carbonaceous amorphous matter (mainly carbon), plus
small quantities of S, Ca and Na from combustion processes (traffic, fossil fuel combustion, high-temperature
industrial processes).
According to the mineralogical analysis, quartz, calcite and illite/mica are the most common compounds in
samples, but dolomite, K-feldspar, plagioclase and kaolinite/ chlorite are also common. The mineralogy composition
of the atmospheric particulate samples obtained in the study
area was compared with two other areas to evaluate the
influence of industries based on mineral raw materials.

KEYWORDS: Settleable air particles, suspended air particles,
SEM, XRD, mineral particles, glass particles, cascade impactor,
industrialized area, Coastal Mediterranean area.

INTRODUCTION
Since the beginning of the century XX, several European Mediterranean coastal areas have experienced important industrial growth. Nowadays, European environmental policy focuses on the problem of air pollution
from industrial plants [1-3] as an important part of the
move towards more sustainable development. But there
are times when legislation cannot solve specific problems
and it is necessary to resort to scientific studies.
The present study arose in response to the complaints
received in a European Mediterranean coastal area near an
important industrial cluster, that is basically dedicated to
the ceramic and glass industry. The competent authorities
needed to identify the sources of the atmospheric particulate matter to seek technical solutions in order to improve
the air quality in the area in question.
Mediterranean coastal areas present episodes of high
levels of particles that are due to: 1) the incidence of a
semi-arid climate (dryness and loss of precipitations) that
favours erosion and the wind transport of particles [4-7],
2) inputs of particulate matter from long transport (e.g.,
Sahara dust) [8, 9], and 3) phenomena of resuspension
and particle accumulation [10–12]. This situation exacerbates in areas where an important industrial cluster also
exists, composed of the mineral raw materials industry, as
is the case of the ceramic and glass industry, since it considerably increases particulate emissions in a wide range
of sizes and compositions [13-17]. The final result is the
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formation of a complex atmospheric aerosol. Its characterisation is the base upon which to study the possible
toxicity of the material [18] and to identify both the incidence and influence of the various sources.
The aims of this work are to determine the concentration as well as the mineralogical and amorphous composition of particulate matter according to size grain, and the
assessment of different sources of origin of air particles.
MATERIALS AND METHODS
Site description

The study area is located in an important suburban
industrial area 600 m away from a population centre in a
Mediterranean coastal basin of Spain (province of Castellón). The zone has the potential to be affected immediately by emissions from the glass industry, cement companies and ceramic activities, such as dust emissions produced when raw materials are transferred, and emissions of
particles enriched with volatile and trace elements generated in high-temperature processes. In addition, there is
intense vehicular traffic (cars and trucks), whose emissions
affect the air quality in this area.
The point of sampling (see Figure 1) is located precisely in an intermediate position between the population

centre and the industrial area, on the terrace of a public
building.
Sampling collection

With the objective of obtaining representative samples to characterise the particulate matter in the area, two
kinds of equipment were used.
An authorised MCV-PS2 settleable captor (PS Standard Britannic captor) was used to obtain monthly settleable particle samples. This open polyethylene funnel collector with an 800 cm2 aperture was maintained for monthly
periods between March 2004 and March 2005. After these
time periods, particles deposited on the funnel were washed
with ultra pure water. The total suspension taken from each
sampling was immediately filtered (0.45 µm diameter pore,
Millipore HAWP), dried and weighed. Following these
procedures, the concentration of settleable particles for the
thirteen-month sampling period, in gram per square metre
per day, was obtained.
Samples of TSP (Total Suspended Particles), stratified according to grain size, were collected using a high
precision Restch cascade impactor sampler type PS1. This
collector, which is a seven-stage cascade impactor mounted
on a standard low-volume air sample, allows to obtain suspended particles without filtering the system. The cut-off
aerodynamic size of each stage, at a flow rate of 2.4 m3h-1,
was 32, 15, 8, 4, 2, 1 and 0.5 µm, respectively.

FIGURE 1 - Location map of the selected site (X) for collection of air samples.
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For each month from May 2004 to March 2005, August excluded, samples of a four-days duration were obtained. Weighing the impactor rings before and after samplings allowed the characterisation of the concentration
levels (µm/m3) of TSP in seven sized grains for twelve
months.
A precision balance, with an accuracy of 0.01 mg,
was used to weigh the filters and the impactor rings, all of
which were conditioned and weighed inside a special weigh
chamber which controls temperature and humidity. Samples were stored flat on a Petri dish, and were covered after
conditioning or weighing.
SEM analysis

Suspended particles have an important proportion of
amorphous phases (e.g. some combustion particles, glass),
and their characterisation by X-ray diffraction is not adapted.
Nevertheless, the Scanning Electronic Microscopy technique (SEM) has been used to study non-internal reticulated order materials, and the morphological and microanalytic research (EDX) of atmospheric aerosol [10, 19].
For this reason, settleable and suspended particles were
analysed by the SEM technique, using a scanning electron
microscope type LEO model 440. Besides, an OXFORD
EDX micro-analysis equipment was incorporated into the
microscope to allow us to study these particles in detail.
The geometric shapes of these particles showed a possible
anthropogenical source. First, the size and morphology of
aerosol particles were studied by secondary electrons which
allow to improve images. All measurements were carried
out at an accelerating voltage of 20.00kV and with a beam
current of 10 nA.
With the objective to value the importance of the different compounds (mainly mineral phases, different types
of glass and particles from combustion processes) in the
fraction of particles in suspension, we decided to carry out
a comparative study by means of elemental distribution
maps (mapping). This study involved analysing and comparing particles with a high content of Ca, Si and Na of
the coarse fraction of both the suspended particulate, fraction 15-32 µm, and the fine fraction, from 2 to 4 µm, corresponding to the months of September, October, November,
December, 2004 and to January, February, March, 2005.
For these chemical analyses, back-scattered electrons
and the OXFORD EDX equipment were used. The working conditions were the following: acceleration voltage
20 kV, energy range 0-10 keV, acquisition time 500 s.,
and ZAF method for semi-quantitative analysis with virtual samples.

by means of a sterilised slice and were suspended in cyclohexane. These suspensions were deposited immediately
under vacuum on silver filters (Millipore AG 45, pore size:
0.45 µm, diameter: 25 mm). The X-ray diffraction experiments were conducted in a Siemens D5000D powder diffractometer with the Bragg-Bentano θ:2θ configuration,
using CuKά radiation (40kV, 30 mA), aperture slit = 2mm,
divergence slit = 2mm, detector slit = 0.2 mm, antiscatter
slit = 0.6 mm and a graphite secondary monochromator.
Samples were analysed within the range 3º-65º. Data were
taken at every 0.04º in a time step of 3.2 s. The X-ray
diffraction plots were analysed using a Siemens automatic
software for peak recognition, mineral identification and
peak intensity calculations.
For the quantitative analysis, the standardless quantitative method (SQM), according to [22], was modified and
applied using the computer program MENGE [23]. This
method was developed in 1987 to quantify environmental
samples with similar drawbacks as atmospheric dust; no
pure standards are available. It is difficult to obtain standards with the same crystallinity, and mineralogical composition is a complex multiphase mixture. In addition, only
small amounts of mineral aerosol are available as it is impossible to achieve an infinite thickness in X-ray experiments. Therefore the SQM and the computer program
MENGE were modified to solve these final conditions.
Complete descriptions of the SQM modified method are
provided in [24, 25], 2002. Briefly, the SQM was modified to overcome the drawbacks of non-infinite thickness
samples in X-ray diffraction by applying a correction to
experimental intensities, according to measured sample
transmissions, by using crystalline supports such as silver
filters [26], and by adding the refinement of the transmissions values to the computer calculation, required for the
intensity corrections from the sample specific masses.

RESULTS
Concentration levels

The concentration values of settleable particulate matter obtained in the study period are included in Table 1.
According to Spanish law [27], which establishes reference values such as the permitted situation for the mass
concentration of settleable particles, an excess of the fixed
limit would take place (300 mg/m2·day). With regard to the
rest of values, we can point out that 60 % of the measures
are found in the interval between 120-180 mg/m 2·day,
which is the reason why these values do not represent a
problematic situation.

X-ray diffraction analysis

The mineralogical analysis monthly samples of the settleable particles (March 2004 to March 2005) was conducted by means of the power X-ray diffraction technique [20,
21]. The following procedures for sample preparation
were carried out. Particles were extracted from the filters

The results obtained of the TPS levels are represented
in Figure 2. The highest concentrations of suspended particles were obtained in September 2004 and in January and
March 2005. The sizable increase of suspended particulate matter in September 2004 and in March 2005 agrees
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the behaviour differs and the increase is associated with an
increase of coarse particles from 4 to 32 µm.

TABLE 1
Concentration values of settleable particulate matter.
Month
Mar-04
Apr-04
May-04
Jun-04
Jul-04
Aug-04
Sep-04
Oct-04
Nov-04
Dec-04
Jan-05
Feb-05
Mar-05

mg/(m2·day)
265
109
149
163
145
105
536
181
119
141
76
160
181

The annual evolution of fine particles (lower than 4 µm)
and coarse particles (higher than 4 µm) is different. Therefore, the factors that govern the evolution of both particle
types (emission sources, meteorological parameters) are
different.

with a significant increase of particles of two sizes: lower
than 0.5 µm, and particles from 1 to 4 µm. In January 2005,

The extrapolated data of the levels of concentration of
the measures taken with the cascade impactor show low
levels for particles from 4 to 15 µm and intermediate levels
for coarse particles (higher than 15 mm), whereas those
corresponding to particles lower than 4 µm are high. In the
distribution of suspended particles in %, the greater proportion of particulate matter is, in general, the fine fraction (<4 µm). The percentage of particles lower than 4 µm is
equal to, or higher than, 60% (Figure 3), except in the
months of November 2004, and January and February 2005.

FIGURE 2 - Annual evolution of suspended particles levels according to the particle size in the study area.

FIGURE 3 - Annual evolution of suspended particles percentages according to the particle size in the study area.
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The lowest values of suspended particulate were obtained in November 2004, a period that corresponds to
low values of fine particles. In general, the levels of suspended particles are quite homogenous for the majority of
samplings, where values ranged between 30 and 40 µg/m3.
Between these episodes of homogeneity, we can emphasise
periods with high increases of total concentration, which
are only associated with the increase of fine particles. The
finest particles below 4µm, evidence greater variability,
around 18-40µm, November excluded. These fine particles
regulate the levels of suspended particles in the study area.
Besides, fine particles present more variability than coarse
particles due to the influence of external factor, such as
meteorological conditions, is greater.
From these observations, it is possible to deduce that
the contribution of fine particulate matter prevails in a greater proportion than coarse particulate matter in the concentration levels of suspended particles within the study area.
Particle description according to size particle
Scanning electron microscopy (SEM)

In the morphologic SEM-based analysis of the settleable particulate (Figure 4), we have identified mineral phases
(from both natural emissions and the ceramic industry) and
glass particles as majority compounds. In addition, organic
particles of pollen and spherical particles of a vitreous nature from high-temperature industrial processes have been
identified in smaller amounts. Carbon-rich particles derived
from fossil fuel combustion (traffic) or carbonaceous parti-

cles are scarcely identified in this coarse atmospheric particulate and tend to concentrate in fractions lower than
2.5 µm [28].
Mineral particles (Figure 4.A.) will be described in
depth after their characterization by means of XRD. Glass
particles (Figure 4.B.) are clearly identified in all the samples of the study period, and include a wide range of particle sizes from around 10µm (Figure 4) for particle B(1)
for example, to 60 µm (particle B(2)). These glass particles
have been identified by the morphology of their angular
edges and curved fractures. In addition, the microanalysis
(EDX) carried out on this type of particles has shown rich
silicon compositions (Si) with minor contents of aluminium (Al), sodium (Na), magnesium (Mg) and calcium (Ca).
These compositions are typical of glass compounds.
Pollen grains (Figure 4.C) are not identified in all the
samples, only in April and May, which coincides with the
most intense flowering period in the study area.
High-temperature spherical particles (Figure 4.D.) evidence a geometrical shape which rules out any possible
explanation based on a crystalline genesis process. Most of
these particles have a seemingly plain texture on the surface, lined with a slender net of small cracks. These spherical nodules constitute a clear example of particle pollutants
of an anthropogenical origin which are related to a specific
kind of industrial activity, where certain raw materials can
be involved in high-temperature fusion processes [13, 20,
26].

FIGURE 4 -SEM micrograph of settleable particulate matter:
(A) mineral phases, (B) glass particles, (C) grain of pollen and (D) spherical particles.
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FIGURE 5 - SEM images of suspended particulate matter: (A) fine fraction 2-4µm; (B) coarse fraction 15-32µm;
(C) mineral particle; (D) glass particle; (E) dendritic soot particles produced by the internal combustion of diesel and
petrol vehicles; (F) and (G) carbonaceous particles and (H) spherical particles involved in high-temperature fusion processes.

1572

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

With the objective of corroborating whether finer-sized
glass particles also exist, we proceeded to conduct the study
of particulate matter in suspension by means of SEM (Figure 5).
The main compounds identified in the samples collected
with the impactor were mineral particles (Figure 5.C.), glass
particles (Figure 5.D.), groups of fine particles corresponding to carbon-rich particles (Figure 5.E., 5.F and 5G), and
organic compounds derived from fossil fuel combustion.
The first two components fundamentally constitute the
coarse matter fractions, whereas the compounds from combustion processes make up the main fine-fraction component. The carbon-rich particles from combustion, or carbonaceous particles, may present different morphologies. On
the one hand, they may be seen as either agglomerations
or masses of aggregated particles without a crystalline
appearance (Figure 5.G.) [29]. On the other hand, they may
also be identified by their characteristic dendritic structure,
in which case, these particles correspond to soot, commonly
known as Black Carbon, the most polymerised and refractory fraction of the combustion aerosol [29-31]. Their dendritic or chain-like structure appears to be typical of certain gas condensation reactions which take place during
fossil fuel combustion [30], and is caused by the internal
combustion of diesel and petrol vehicles [28]. Finally, the
spherical particles in the 100 nm to 1 µm range are also
purely carbonaceous particles (Figure 5.F.). These compounds include rounded particles that consist of a carbon
matrix with trace elements (S, Na, K etc..), which are either
absorbed or included in phases of greater carbon crystallinity, like graphite [30]. Also, we have identified spherical
nodules from high-temperature industrial processes (Figure 5.H.).
In order to compare the relative abundance of the mineral phases, glass particles and carbon-rich particles in the
suspended particulate during the different months of the
study period, we resorted to applying elemental distribution
maps (mapping) in the study. Those particles with a high Si
content, and which present a morphology of angle edges
and curved fractures, are associated with glass particles,
and permit us to assess the evolution of these kinds of particles throughout the different months. Those particles with
a high Ca and/or Na content represent the evolution of the
different groups of mineral particles. According to previous studies [10, 23, 14], dust emissions in the study area are
fundamentally dominated by quartz, silicon aluminates
(clays, feldspars) and carbonates (calcite, dolomite). Thus,
a mapping of silicon distribution, corresponding to those
particles which do not present characteristics of glass, will
provide us with an insight into the abundance of quartz.
Furthermore, a mapping of calcium distribution will indicate the abundance of carbonates. Similarly, the proportion of Na may provide information about the distribution
of clays and feldspars since the ceramics industry prefers
to use illite and kaolinite type clays, and also Na- or Krich feldspars [32]. Those particles which do not present
high contents of any of these elements will provide infor-

mation about the content and evolution of carbon-rich particles.
By following the former specifications for the coarse
TSP fraction, glass particles have been identified in all the
monthly samplings. A greater proportion of glass particles
was recovered in the months of October and November
2004, and January 2005. These periods coincide with the
highest sampling levels of coarse suspension particles.
Therefore, an increase in glass particles is clearly reflected
in an increase of the levels of coarse suspension material.
Regarding the fine TSP fraction, glass particles have
also been detected, but not in all the monthly samplings.
This identification has been possible in the samplings undertaken in the months of October and November 2004, and
in January and February 2005. These glass particles are unmistakably identified in the sampling of November 2004.
This period presents a lower concentration of particles and
carbon-rich particles, a fact that facilitates the identification of minority particles from other sources of emission.
Glass particles were not identified in September 2004 and
in February 2005, the periods which registered the highest
levels of particles, while the presence of mineral particles
was scarce. During these periods, practically all the fine
particles corresponded to carbon-rich particles. From these
observations, it is feasible to conclude that an increase in
the concentration of fine particles is associated with an increase of carbon-rich particles (fundamentally traffic). A
supply of fine-sized glass particles exists, but these phases
are only detected clearly during episodes with low levels
of carbon-rich particles. This is because the traffic emissions during these incidents do not mask those emissions
from other sources at lower levels, such as emission activities with glass particles.
X-ray diffraction.

In the study of SEM samples, the main particle group
present in the settleable particulate has been corroborated
to be mineral phases. Therefore, as one of our objectives is
to extend the information of this type of material, a study by
means of the X-ray diffraction technique was carried out on
crystalline dust.
Table 2 presents the settleable compounds identified
by XRD and the average of the SQM quantitative analysis
for the main (> 10%) and secondary (< 10%) phases, respectively. The error associated with the information, as a
percentage, is ±4%.
Quartz, illite/mica, calcite and dolomite are the most
common compounds found in settleable particles, but NaCa plagioclase and Na-K feldspar are also common. According to mineral phases, the contents of illite/mica, kaolinite/chlorite, Na-Ca plagioclase, Na-K feldspar, hematite
and zircon are mainly related to dust emissions from the
ceramic industry, while the contents of quartz, calcite and
dolomite are associated with mixed origins in natural
(wind erosion of locals soils) and anthropogenic sources
(ceramic, glass and cement industry).
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TABLE 2 - Average percentage of the mineral phases present in settleable particulate
matter obtained in the study area compared with a coastal area and a ceramic area.
Mineral
Phase (%)
Quartz
Calcite
Na-Ca Plagioclase
Dolomite
Illite/mica
Hematite
Kaolinite/chlorite
Na-K -Feldspar
Zircon

Min
14.4
1.8
3.4
6.0
5.4
<l.d
1.1
2.5
<l.d.

Study area
Max
31.3
28.9
16.8
25.2
33.5
2.4
19.4
13.5
1.5

Average
22.2
17.0
9.7
12.6
21.3
0.5
7.9
8.7
0.1

In order to extend the information, the mineralogical
data obtained in the study area have been compared with
the percentages obtained in other parts of the municipality
with a view to assessing the impact of the supply sources
(Table 2). Thus, it has been verified that the mineral distribution percentage reveals an intermediate composition
between the settleable particulate of a coastal area and
that of an area dedicated to the ceramics industry.
The quartz and Na-Ca plagioclase values are relatively
higher than those corresponding to the coastal and ceramics
area, and estimations show that dolomite is also higher in
this study area, but at a lower rate. On the other hand, the
drop in the content of the two clay mineral groups (illite/mica, kaolinite/chlorite) in relation to the compared
areas is highlighted, and this drop is particularly sharp in
the illite/mica group. The clays from the town of San Joan
de Moró in the Province of Castellón (eastern Spain),
known as "clays of Moró" are exploited and of widespread
use in the areas dedicated to the ceramics industry of nearby
municipalities. These clays stand out as they have high
contents of illite, cements and hematite coverings.
The study on the evolution of the concentration levels
of settleable particles, and the percentages of majority
phases, has also allowed us to obtain information. Thus, we
may observe that the evolution of the percentages of quartz

Coastal area
Average
11.5
18.5
6.3
12.3
26.0
0.3
15.7
9.4
0.1

Ceramic area
Average
17.0
9.6
5.1
5.2
40.7
0.6
15.0
6.6
<l.d.

maintain the same trend as that of the concentrations of
settleable particles (Figure 6). In general, the highest levels
of settleable particles are recorded in those months when
the highest percentages of quartz are noted, except for the
months of March 2004, September 2004 and March 2005,
which we will go into on later. Nonetheless, the evolution
of other phases, like calcite and clays (illite/mica, kaolinite/chlorite), and the concentrations of the settleable
particle matter (Figures 7 and 8), present a very different
trend. Therefore, increases in the levels of settleable matter
within the study area appear to be associated with increased
levels of quartz. Quartz-rich sands are habitually used in
glass manufacturing.
The greatest supply in the study area of the Na-Ca plagioclase phase, along with similar values of Na- and K-rich
feldspars in relation to the coastal area, is associated with
the use of both compounds in ceramics production, particularly in the production of frits, enamels and tile colours. The
coastal area presents high levels of Na- and K-rich feldspars since this type of compounds is transported by boat
to be subsequently used in industry. Even in the month of
September, the presence of zircon (zirconium silicate) is
detected, which is a widely used element in enamel production.

FIGURE 6 - Annual evolution of settleable particles concentration and the percentage of quartz phase.
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FIGURE 7 - Annual evolution of settleable particles concentration and the percentage of calcite phase.

FIGURE 8 - Annual evolution of settleable particles concentration
and the percentage of clay minerals (illite/mica + kaolinite/chorite).

Finally, dolomite values have a mixed origin: the erosion of dolomitic rocks that are typical of the province on
the one hand, and through the contribution by the cement
industry [33], located in the industrial estate, on the other
hand.
The sharp increase in the concentration of settleable
particles corresponding to the month of September is
associated with a marked increase in the proportion of
clays (Figure 8). During this month, various phenomena
took place which favoured the increase of this kind of
compounds in the settleable particle matter. Intrusion
phenomena of material being transported from afar took
place in the first days of September (the arrival of Sahara
dust, mainly composed of clays) to produce the so-called
“red rains” [9, 34]. Subsequently, these phenomena coincided with intense rainfall which led to both those clays
present in the atmosphere and those habitually found in the
area originating from the ceramics industry, being swept
away. Therefore we may conclude that the combination of
particles derived from natural and anthropogenic emissions
is what causes the sharp increases noted in September.

In the months of March 2004 and March 2005, relatively high values of settleable particles are noted which, as
previously mentioned, are not reflected in increases of
quartz. It is during these periods part of the increase in
settleable particles is associated with the presence of
organic compounds (pollen, spores), which are characteristic of the flowering season in the study area, and which
have been identified by SEM.
DISCUSSION AND CONCLUSION
The values of the settleable particles obtained in the
sampling station do not represent a problematic situation.
The only time when the acceptable value is exceeded (300
mg/m2/day) is associated with intense rainfall which has
led to the mineral particles present in the atmosphere
being swept away, having accumulated through internal
factors (industry in the area, wind erosion, specific environmental conditions) and external factors (Sahara dust).
The accumulation of particles may prove to be a sporadic
problem in the study area during episodes characterised by
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specific environmental conditions: long periods with strong
sea-earth breeze winds, adding at the same time a highpressure trough situated over eastern parts of Spain, without precipitation [11]. In this sense, even though the levels
of coarse particles are not the problem in general terms,
they ought to be controlled as a possibility that they may
coincide with accumulation episodes exists.
Once the particulate in suspension obtained with the
cascade impactor has been distributed as a percentage, it
has been corroborated that the higher proportion of material in suspension in the area corresponds to fine particles
(particularly 1 to 4 µm). In most of the samplings performed, the percentage of particles below 4 µm is equal to,
or higher than, 60%. Furthermore, the episodes of a greater
concentration of particles in suspension correspond to an
increase in the fine particle values. In such cases, the SEM
technique verified that fine particles are practically composed completely of carbon-rich particles. Thus, it may be
stated that the increase in the concentration of fine particles is fundamentally associated with the high source of
particles from combustion processes, this basically being
traffic. The study area is completely surrounded by four
ring roads, two of which have very heavy traffic as they are
access roads to the industrial estates. From these results,
one suggestion made to the competent authorities in the
area is to continue undertaking studies to learn more details
about the effects of these fine particle values on the legislated PM10 and PM2.5 levels, and how they are distributed. Presently with a legal base, and now with the
knowledge obtained as to the origin of the problems encountered, applying deliberate solutions is more feasible,
although they are not expected to be simple.
SEM characterisation of the settleable particles has
verified the existence of glass particles in this type of coarse
material originating from dust emissions. Emissions of
settleable particle matter are characterised by their origin in
nearby sources. This is owing to the fact that it is difficult
for larger sized to be transported over long distances by
the wind [35]. The SEM study performed on samples of
particles in suspension has detected glass particles in the
suspension of coarse particles (15-32µm) in all the samplings. Furthermore, the episodes with a higher concentration of this fraction of particles coincide with an increase
in glass particles. Therefore, glass is a habitual component
in emissions of coarse particles in suspension, and besides,
it also has an effect on increases of these particles. In addition, glass particles have been identified in the fine particulate (2-4 µm), although this fine fraction is a very small
proportion of the total particulate in suspension, and it may
be identified only in the episodes with a lower supply of
particles originating from vehicle emissions. In this way, as
the glass content is concentrated in a particle size range, the
technical solutions to diminish its supply may be applied
much more easily. Storage control (locked warehouses,
internal ventilation systems) and material handling activities (pneumatic transport, programmed and monitored unloading) are some measures that are easy to carry out. It

was verified from the mineralogical study that the distribution of minerals as a percentage of the study area displays an intermediate composition between the settleable
particulate of a coastal area and that of an area dedicated
to the ceramic industry. The quartz values in the study
area are high. In general, the annual evolution of the percentage of quartz and of the concentration of settleable
material is similar, so much so that increases in the levels
of settleable particulate matter are related to in-creases in
the amounts of quartz. These high levels are associated
with the use of this mineral as a raw material in the ceramics industry, particularly in glass manufacturing.
Slightly higher values are also detected than in other areas
of compounds related to the production of frits, enamels
and tile colours, as well as to phases linked to cement production. Therefore, the effect of the activities which take
place in industrial estates is clearly reflected in the mineralogy of the settleable material. This permits us to conduct
a follow-up of such activities. Applying solutions to improve the situation would have a rapid effect on a change in
the mineralogical composition, if these solutions were
duly fulfilled.
After attaining the results of this study, a series of
measures for improvement was set up at the end of 2005
for the purpose of reducing glass emissions into the atmosphere, this being the reason behind the neighbours’ complaint. The study has continued to not only check the effectiveness of the various measures for improvement, but also
to extend the information about the fine particulate.
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ABSTRACT
A theoretical investigation is presented on the approximate solutions of the radiation budget equation in
complex terrain. A method of calculating an exact solution to the net radiation balance is also developed and compared to the commonly used approximations. The suggested
procedure adopts the effects of multiple reflections of the
longwave radiation by evaluating an infinite convergent geometric series in terms of the surface emissivity and sky view
factor. The exact solution varies significantly from the approximate methods, and the need for a full solution of the
radiation budget equation becomes more critical as the sky
view factors or the surface emissivities decrease. A simple
semi-empirical scheme based on the exact solution of the
radiation budget equation is also presented, which gives
estimates of the net all-wave radiation avoiding the use of
surface radiation temperature.

KEYWORDS: Radiation budget, complex terrain, multiple reflections, longwave radiation.

INTRODUCTION
Net all-wave radiation Q* provides the energy that is
responsible for the turbulent exchange of sensible and
latent heat between the earth’s surface and the lower troposphere. The radiation budget for any point on the earth’s
surface can be expressed as
(1)
*
*
*

Q =K +L

L* = L ↓ − L ↑

(2)

where L ↓ and L ↑ are total incoming and outgoing
longwave radiation, respectively. The total outgoing
longwave radiation is given by

L ↑= ε sσ Ts4 + (1 − ε s ) L ↓

(3)

where εs is the surface emissivity, σ is the Stefan–
Boltzmann constant and Ts is the surface radiation temperature. The second term on the right accounts for the
amount of L ↓ that is reflected. The total incoming
longwave radiation comes from two sources - longwave
radiation from the overlying atmosphere and longwave
radiation from the surrounding terrain. The fraction of
energy coming in these various components depends, in
part, on the relative fractions of sky and ground seen in
the viewing hemisphere of the surface (i.e., the sky view
factor); it also depends on the atmosphere’s transmittance
to longwave radiation, which depends on the concentrations of radiatively important atmospheric constituents
[e.g., 1, 2, 3]. To account for the effect of sky view factor
(υ), a very simple parameterization of the total incoming
longwave radiation L ↓ is given by

L ↓= υ LSKY + (1 − υ ) L ↑
with LSKY

(4)

= ε rσTr4 where Tr is the air tempera-

ture at a reference height, and εr is the atmospheric emissivity that can be expressed as a function of air temperature, vapour pressure and total cloud cover.

where K* and L* are net shortwave and longwave radiation, respectively. The net longwave radiation term is
given by
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Based on Eqs. (2)-(4) yields

L* = ε s L ↓ −ε sσ Ts4

(5)
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or equivalently [from Eqs. (4) and (5)]

L* = ε s [υ LSKY + (1 − υ ) L ↑] − ε sσ Ts4

(6)

In this study, a theoretical investigation is presented on
the approximate solutions of the radiation budget equation
in complex terrain by developing a method for calculating
an exact solution to the longwave radiation balance equation [Eq. (6)]. The exact solution is compared to the commonly used approximations showing the need for a full
solution of the radiation budget equation. A simple semiempirical scheme based on the exact solution of the radiation budget equation is also presented, which gives estimates of the net all-wave radiation avoiding the use of surface radiation temperature.
THEORETICAL BACKGROUND
In order to use Eq. (6) the total outgoing longwave
radiation L ↑ from the surrounding terrain must be determined. Since L ↑ is not available from routine meteorological observations, Eq. (6) cannot be applied directly.
An initial approximate solution (e.g. [4]) can be obtained
from Eq. (6) by setting

L*1 = ε sυ LSKY + ε s (1 − υ )ε sσ Ts4 − ε sσ Ts4

(8)

where LSUR = σTs4 . Since the surface radiation temperature is not normally available, Ts can be approximated
by [4, 5]:

σ T ≈ σ T + C3Q

*

(9)

where C3 is an empirical constant. With this assumption [combining Eqs. (1), (8) and (9)] a simple approach
(approximate method) to the estimation of the net radiation over a surface in complex terrain (Q1*) is given by
[4]:

Q1* =

Li ↓= Ψ i + ∑ Ξij ↑

(11)

j

from Eqs. (6) and (7) yields

4
r

The traditional view of the surface radiation budget as
described by the bulk radiative transfer equations mentioned in the previous section (i.e., equations with no
angular or spectral dependence or vertical integrations) is
significantly more complicated in the case of complex
terrain. Not included in this simple scheme is spatial variability of the radiative properties of the surface, which is
typically significant in complex terrain [e.g., the variation
of effective radiation temperature with distance up the sidewalls of a typical valley is missing from Eqs. (3) and (4)].
Consequently, there are a range of radiative flux densities
on the ith calculation point; the total incoming longwave
radiation, Li ↓ , involves a fraction of the total outgoing
radiation from the overlying atmosphere (Ψi) and an additional contribution from the other sites of surrounding
terrain:

(7)

L ↑≈ ε s LSUR

4
s

decreases. It is reasonable to hypothesize that these unphysical features in the approximate methods are mainly
due to the traditional assumption that the total outgoing
longwave radiation L ↑ is given by the Stefan–Boltzmann
law [Eq. (7)] ignoring the amount of L ↓ that is reflected
[Eq. (3)]. In the next subsections, the commonly used approximations (2), (3), (4), (7), (8) and (10) are critically
examined.

K * + ε s [ε s (1 − υ ) + (ε rυ − 1)]σ Tr4
1 − ε sC3[ε s (1 − υ ) − 1]

(10)

Figure 1a (contour plot) illustrates the functional de-

where Ξ ij ↑ is the incoming radiation onto surface i
originating directly from the surface j (i.e., an additional
contribution to the total incoming radiation in the ith
calculation point received directly from the proportion of
the total outgoing radiation from the site j of surrounding
terrain); the total outgoing longwave radiation Li ↑ from
the surface i, involves the emitted radiation, Si, and the
amount of Li ↓ that is reflected:

Li ↑= ε si Si + (1 − ε si ) Li ↓

(12)

where εsi is the local emissivity of the surface i. The
effects of surface morphology in the second term (on the
right) of Eq. (11) can be expressed in terms of the relative
fractions of the individual topographic elements of surrounding terrain (surfaces j) seen in the viewing hemisphere of the calculation site i. With these assumptions,
the net longwave radiation component, L*i . for the ith calculation point is given by

*

pendencies of the net longwave radiation QL1 from Eq.
(10) with K*=0 (assuming a typical value of LSKY ≈ 250
Wm-2) on the surface emissivity and sky view factor using
the approximate method (contours every 5 Wm-2). It follows from Fig. 1a that there are unphysical features in the
approximate methods discussed earlier. For example, the
approximate solution (10) shows a minimum as εs varies
and net longwave radiation does not tend to zero for all
the values of the surface emissivity as the sky view factor

L*i = Li ↓ − Li ↑

(13)

It follows from Eqs. (11) – (13) that the radiation
component L*i is a complicated function of the surface
radiation temperatures of surrounding terrain, the local
view factors for the system of surfaces i and j, and the
amount of incoming radiation L ↓ that is reflected. Therefore, even over near-ideal terrain, the commonly used
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simplified parameterizations [e.g., Eqs. (2), (3), (4), (7),
(8) and (10)] have serious limitations.
In complex terrain, the variability of topography and
surface characteristics (including vegetation cover, soil
moisture, radiative properties of the surface and local topographic shading effects, etc.) combine to generate complicated spatial and temporal patterns of radiation and surface
energy budgets. Thus, the surface radiation budget for the
ith calculation point is strongly dependent on the
radiation budgets into individual topographic elements j
within the complex terrain. Since the real environment
consists of various interrelated topographic elements with
different physical characteristics, the coupling of Eqs. (11)
- (13) for the different individual calculation sites (to simulate the surface radiation budget) would be extremely difficult.
METHODOLOGY
In this study, a simplified alternative approach was
tentatively adopted in which the bulk radiative transfer
equations (3) and (4) are used to obtain functional dependencies of the net longwave radiation in a highly idealized environment. The modified version of the general
radiation budget equation [i.e., Eq. (5)] requires only the
surface radiation temperature (Ts) in the calculation point
and the total incoming radiation ( L ↓ ) onto the surface.
The source of total incoming radiation L ↓ is divided between surrounding terrain and the overlying atmosphere,
depending on the sky view factor through the simple linear
relationship (4). Thus, in order to estimate L* from Eq. (6),
the total outgoing longwave radiation L ↑ from the surrounding terrain must be determined. As a working hypothesis based on a homogeneity assumption of uniform
surface characteristics over the surrounding terrain, L ↑
in Eq (6) can be determined by the amount of emitted
radiation from surrounding terrain and incoming radiation
L ↓ that is reflected [Eq. (3)]:

L*2 = ε s {υ LSKY + (1 − υ )[ε Ωσ TΩ4 + (1 − ε Ω ) L ↓]} − ε sσ Ts4

L*2 = ε s {[υ LSKY + (1 − υ )ε sσ TΩ4 ][1 + (1 − ε s )(1 − υ )] + (1 − ε s ) 2 (1 − υ ) 2 L ↓} − ε sσ Ts4 (16)

and from Eqs. (4) and (16) finally yields
L*3 = ε s {[υ LSKY + (1 − υ )ε sσ TΩ4 ][1 + (1 − ε s )(1 − υ ) + (1 − ε s )2 (1 − υ )2 ] + (1 − ε s )3 (1 − υ )3 L ↓} − ε sσ Ts4

(17)
We now repeat this simple iterative process to obtain
the sequence of the successive approximations for the net
longwave radiation. When we have reached the nth iteration, we use the simple analytical formula:

L*n = ε s {[υ LSKY + (1 − υ )ε sσ TΩ4 ]Gn*−1 + (1 − ε s )n (1 − υ )n L ↓} − ε sσ Ts4 (18)
with

G n* = 1 + ω + ω 2 + ω 3 + ... + ω n −1 + ω n

where ω = (1 – εs)(1 – υ). It follows from Eq. (18)
that the net longwave radiation L* is an infinite geometric
series in (1-εs)(1-υ). A key question regarding the stability
of the scheme (2)-(4) is the convergence of this infinite
series. Thus, the sum of the infinite geometrical progression [Eq. (19)] converges to the value:
G * = lim Gn* =
n→∞

L* = lim L*n = ε s [υLSKY + (1 − υ )ε sσTΩ4 ]G * − ε sσTs4

(20)

(21)

n →∞

i.e.,

L* = ε s (υG * ) LSKY + ε s [(1 − υ )G * ]ε sσTΩ4 − ε sσTs4 (22)
or (in the case of TΩ ≈ Ts)

L* = ε s {υLSKY + (1 − υ )G * [ε sσTs4 + (1 − ε s )υLSKY ]} − ε sσTs4 (23)
and from Eqs. (1), (9) and (21) finally yields:
Q* =

where TΩ and εΩ are representative surface radiation
temperature and surface emissivity of the highly idealized
surrounding terrain, respectively. Unfortunately, due to the
bulk nature of the simplified scheme (2)-(4), it does not
differentiate reflections between the major topographic surfaces. In any case, it is concluded (from the forms of the
above equations) that L ↓ in Eq. (14) is equivalent to an
iterative process, i.e. this remainder component is a series
with an infinite number of terms. Therefore ignoring the
local view factors [Eqs. (11) – (13)], combining Eqs. (4)
and (14) and assuming εΩ ≈ εs it follows that

and combining Eqs. (3) and (15) yields

1
1 − (1 − ε s )(1 − υ )

Solving the full geometric series in Eqs. (2)-(4) [i.e.,
Eqs. (18) - (20)], a limiting value (an exact solution) of
the net longwave radiation is given by the following simple analytical formula:

(14)

L*2 = ε s {υ LSKY + (1 − υ ){ε sσ TΩ4 + (1 − ε s )[υ LSKY + (1 − υ ) L ↑]}} − ε sσ Ts4 (15)

(19)

K * + ε s {ε s [G* (1 − υ )] + [ε r (G*υ ) − 1]}σ Tr4
1 − ε sC3[ε sG* (1 − υ ) − 1]

(24)

or equivalently [from Eqs.(20) and (24)]

Q* =

K * + ε s (G*υ )(ε r − 1)σ Tr4
1 − ε sC3{ε s [G * (1 − υ )] − 1}

(25)

DISCUSSION
Ignoring all terms of second order, i.e., G* → 1, Eq.
(22) gives Eq. (8) and Eq. (24) finally gives the Q1* approximation [Eq. (10)]. Furthermore, the values of the net
longwave radiation
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K*=0. Figure 1b (contour plot) illustrates the functional
dependencies of the net longwave radiation on the surface
emissivity and sky view factor (assuming a typical value
of LSKY ≈ 250 W m-2) using the exact solution (contours
every 5 W m-2). The exact method from Eq. (25) (Fig. 1b)
presents the expected decreasing behavior of Q L* as the
surface emissivity or the sky view factor increase. Note
the tendency towards the flat case as the sky view factor

increases [e.g. 6] the tendency to zero net longwave radiation when εs → 0 and the decrease in the magnitude of
Q L* as the sky view factor decreases. It follows from Figs.
1a and 1b that the regions which show the unphysical
features discussed earlier are where the approximate method
deviates significantly from the exact solution.

*

FIGURE 1 - (a) The net longwave radiation QL1 (contours every 5 Wm-2) as a function of sky view factor and surface emissivity using the approximate method [Eq. (10)]. (b) Same as (a) but the values of

Q L* (contours every 5 W m-2) are calculated using the suggested methodology [Eq. (25)].

Figures 2a – 2d show the net longwave radiation calculated using the limiting values L* and Q L* (solid lines)
*

*

and approximations L1 and QL1 (dashed lines): (a) L* from
*

Eq. (21) and L1 from Eq. (8) as functions of εs for different values of υ (assuming typical value of LSKY ≈ 250 Wm2
and LSUR ≈ 300 Wm-2) (b) Q L* from Eq. (25) and

QL*1 from Eq. (10) as functions of εs for different values of

υ (assuming a typical value of LSKY ≈ 250 Wm-2), (c) L*
from Eq. (21) and

*
1

L

from Eq. (8) as functions of υ for

surface emissivity. Differentiation of Eq. (8) with respect
to surface emissivity shows that there is a minimum in the
approximate solution L*1 (see dashed lines in Fig. 2a) when
εs = εsm , such that

ε sm =

*

approximate method QL1 (see dashed lines in Fig. 2b)
when εs = εsm , such that
1/ 2

⎧⎪⎛ q ⎞2 ⎡ q − υ ⎤ ⎫⎪
ε sm = ⎨⎜ ⎟ + ⎢
⎬
cυ
c υ (1 − υ ) ⎦⎥ ⎪
⎩⎪⎝ 3 ⎠ ⎣ 3
⎭

*

from Eq. (25) and QL1 from Eq. (10) as functions of υ for
different values of the surface emissivity. Figures 2a – 2d
(solid lines) show that L* and Q L* decrease monotonically
as the surface emissivity or the sky view factor increase.
In contrast, there is an unphysical feature in the approxi*

(26)

Also, differentiation of Eq. (10) with respect to surface emissivity shows that there is a minimum in the

different values of the surface emissivity, and (d) Q L*

⎛ q ⎞
− ⎜
⎟
⎝ c3υ ⎠

(27)

with

q=

*

mations L1 and QL1 (dashed lines) for small values of sky
view factor or surface emissivity. Figures 2a and 2b show
that there is a minimum in the approximate solutions, i.e.,
if the sky view factor is less than ≈ 0.8 the net radiation
initially decreases and then increases with increasing

1 − υ qs
2(1 − υ )

σ Tr4 + c3K *
LSKY

(28)

where K*=0 [the locus of minima from Eq. (27) are
marked in Fig. 1a as dashed line]. Further, for different
values of the sky view factor, the corresponding curves
computed with the approximate solution (8) (see dashed
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lines in Fig. 2a) pass through the unique intersection point
(ε

*
*
s , QC )

ε s* =

ε s* =

which is given by

LSKY
LSUR

(29)

(C3 − q) + [(C3 − q)2 + 4C3 ]1/ 2
2C3

(30)

where q is calculated using Eq. (28). The salient fea*

Also, for different values of the sky view factor, the
corresponding curves computed with the approximate
method (10) (see dashed lines in Fig. 2b) pass through the
unique intersection point ( ε s* , Q C* ) which is given by

ture of Figs. 2c and 2d is the almost linear increase in L1
with υ for small values of the surface emissivity (i.e., for
*

εs < ≈ 0.8) and the almost linear decrease in QL1 with υ for
large values of the surface emissivity.

FIGURE 2 - Net longwave radiation calculated using the limiting values L* and

*

Q L* (solid lines) and approximations L1

*

(a) L* from the suggested methodology [Eq. (21)] and L1 from Eq. (8) as functions of εs for different values of υ, (b)

and

QL*1 (dashed lines):

Q L* from the suggested

QL*1 from Eq. (10) as functions of εs for different values of υ, (c) L* from Eq. (21) and L*1 from Eq. (8) as functions of
*
*
υ for different values of the surface emissivity, and (d) Q L from Eq. (25) and QL1 from Eq. (10) as functions of υ for different values of the
methodology [Eq. (25)] and

surface emissivity.

Finally, the comparison of the net longwave radiation
limiting values L* and Q L* with the approximations L*1 and

QL*1 , respectively, is shown in Figures 3a and 3b. They

illustrate the relative (percentage) errors: (a) r.e.=ΔL*/L*
[combining Eqs. (8) and (21)] as a function of the parameter qs=LSKY / LSUR and (b)
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2

bining Eqs. (10) and (25) with ε r = c1Tr where c1 is an
empirical coefficient [7] as a function of air temperature,
for different values of surface emissivity and sky view
factor.
It would be wise to note some of the obvious limita*

tions of the simplified schemes L* [Eq. (21)] and Q L [Eq.
(25)] mentioned in the previous sections. The need for the
*

net longwave radiation limiting values L* and Q L becomes
more critical as the sky view factors or the surface emissivi-

ties decrease (Figs. 1 - 3). Actual sky view factors in most
topographical situations are rarely below 0.6 ~ 0.7 (e.g.
[2]). Moreover, in deep valleys with low sky view factors,
it is expected that the spatial variabilities of surface temperatures and radiative fluxes become larger, and thus a
key question regarding the surface radiation budgets into
individual topographic elements with different physical
characteristics is the representativeness of TΩ , Ts and Tr
for estimating the net longwave radiation component over
the complex terrain as a whole [e.g., Eqs. (21) and (25)].

FIGURE 3 - Relative (percentage) errors of net longwave radiation: (a) r.e.=ΔL*/L* from
Eqs. (8) and (21) as a function of the parameter qs=LSKY / LSUR and (b)

r.e. = ΔQL* / QL* from

Eqs. (10) and (25) as a function of air temperature, for different values of surface emissivity and sky view factor.

It is important to note that, due to the bulk nature of the
simplified scheme, it does lack the consideration for the inhomogeneity of the ground surface including the sunlit/
shade distributions, the resulting spatial distributions of surface temperatures, and the local view factors among constituent surfaces [8-10]. Although the range of emissivities for materials is εs > 0.5, however, εs is generally in
the range 0.90 to 0.99 for most natural surfaces. Therefore, the large values of surface emissivity lead to a range
of small absolute errors even though the relative errors can
be larger. For example, in the case of surface emissivity
εs ≈ 0.99 the effect of multiple reflections is extremely
low (Figs. 3a and 3b).

of the radiative transfer equations (2) – (4), the corresponding simplified scheme [e.g., Eqs. (10) and (25)],
because of its simplicity, is a widely used approach for
obtaining quick, but reliable, preliminary estimates of net
longwave radiation term (e.g., [4]). There is clear evidence
that the input parameters to the simplified scheme discussed earlier, may be improved by the use of a topographically driven surface radiation scheme combined
with Eqs. (21) and (25) [instead of using Eqs. (8) and
(10)] and algorithms to account for topographic shading
effects and surface temperature dependence on terrain elevation. Furthermore, instead of using a homogeneity assumption of uniform surface characteristics, L*i for the ith

Among the limitations, the most noteworthy fact is
that, the surface radiation budget as described by the bulk
radiative transfer equations (1) - (4) is significantly more
complicated in the case of complex terrain [Eqs. (11) –
(13)]. Despite the fundamental criticisms of the bulk nature

calculation point [Eq. (13)] may be properly determined
by developing the system of radiative transfer equations
on individual topographic elements within the surrounding terrain [e.g. Eqs.(11)- (13)].
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CONCLUSIONS
The purpose of this study was to demonstrate a search
approach rather than a radiation budget scheme. It is
important to note that a full investigation of radiative
exchange in complex terrain was beyond the scope of this
contribution. In practice, the net radiation budget in the
real world is an extremely complex phenomenon. In any
case, we have taken a first preliminary crude step toward
an understanding of the net longwave radiation limiting
values as described by the bulk radiative transfer equations (3) and (4). The comparison of the suggested equations (21) and (25) to the commonly used equations (8)
and (10), respectively, shows that the limiting values (L*
and Q L* ) vary significantly from the approximate solutions ( L*1 and QL*1 ) and the need for a multiple reflection
process becomes more critical as the sky view factors or
the surface emissivities decrease. Most natural materials
have emissivities that are generally large but albedos have
a much greater natural range (e.g., 0.05 – 0.80 for natural
surfaces). Reflections are therefore more likely to become
important for the solar component of the net radiation
balance in complex terrain. Thus, in such extremely complex processes, a similar method to that illustrated here
may be tentatively used to extend the multiple reflections
to shortwave radiation. It is realized that this idea needs
further verification. Nevertheless, the major conclusion is
that there are unphysical features in the approximate solutions of the radiation budget equation in complex terrain.
It is concluded that in view of Fig. 2 and Eqs. (8), (10),
(21) and (25) the commonly used simplified parameterization (i.e., the approximate methods L*1 and QL*1 ) is conceptually incorrect and any functional dependence of the
net longwave radiation on the surface emissivity and sky
view factor resulting from it will inherently be in error.
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ABSTRACT

INTRODUCTION

The Greek electricity generation system, mainly based
on the use of local lignite and imported heavy-oil, is assumed responsible for more than 50% of the CO2, almost
80% of the SO2 and approximately 33% of the NOx emissions at national level. This fact, along with the considerable energy consumption increase during the last 25 years,
results in serious difficulties on fulfilling the EU Directives concerning the Large Combustion Plants and the reduction of the greenhouse gas emissions for Greece. On the
other hand, renewable energy sources (RES) -like hydro,
wind and solar energy- used extensively for electricity production throughout the world, are practically air-pollution
free based on a life cycle assessment (LCA). In this context,
the objective of the present work is to quantify the pollution
caused from the Greek electricity generation system as is
now and that avoided with the exploitation of RES. More
precisely, the present work investigates the specific air
pollution emission factors related with the electricity production from fossil fuels in Greece, estimates the air pollution avoided due to the exploitation of the available hydro
and wind potential on annual basis since 1990 and the
corresponding potential contribution of RES to significantly
reducing the above mentioned pollutants. The results of the
work indicate that the RES may, in the near future, contribute significantly to minimizing the environmental impacts
of the electricity generation sector, including the emissions
of CO2 and other various harmful gases, at rational investment cost.

KEYWORDS: Electricity generation, air pollution, fossil fuels, sulphur dioxide, nitrogen oxides, carbon dioxide, Greece

The Greek electricity generation sector is based -as far
back as to early 60’s- on the usage of local lignite and imported heavy oil. In fact, the mainland’s electrical grid is
mainly supported by 15 major thermal power stations rated
at 8200 MW. More specifically, the existing electricity
generation units are mainly based on the local lignite reserves -eight (8) power stations with 5300 MW of installed
capacity- while the corresponding capacity share for the oil
and natural gas along with the operating combined cycle
stations reaches 2900 MW [1, 2]. The second sub-sector includes the non-interconnected Aegean Archipelago islands,
where the approximately 250 thermal power units [3] comprise 13 autonomous and 19 local power stations on top of
the Crete island autonomous power network [4], all operating on the basis of imported amounts of diesel and heavy
oil. In the interconnected electrical system one may also
find fifteen (15) large hydropower stations in conjunction
with several (100) other small ones with total capacity of
3100MW [5]. Apart from the hydropower units, additional
RES contribution derives mainly from the existing wind
parks with an installed power of 750 MW [6, 7].
Observing Figure 1, one may confirm the increasing
rate of the national electricity consumption demand during
the time period 1990-2005, as well as the dominant share
of fossil fuels (up to 90%) in the local electricity generation fuel mix. Accordingly, the electrical demand time evolution, described by a mean annual increase rate of 4.0%,
well represents the last 15 years under study. The corresponding percentage for the coming decade is estimated at
an annual increase between 3% and 4% since the authors
expect an average value of 3.5%.
Taking into consideration the significant contribution
of lignite and oil to the local electricity generation, the electricity production process is assumed responsible for more
than 50% of the CO2, almost 80% of the SO2 and approxi-
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Time Evolution of National Electricity Generation Fuel Mix
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FIGURE 1 - Evolution of the various types of fuels used by the Greek electricity generation system in the period 1990-2005.
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FIGURE 2 - Contribution of the electricity sector to the national CO2 emissions.
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FIGURE 3 - Fluctuation of the SO2 and NOx emissions from the electricity sector.
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Kyoto Commitment: National GHG
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FIGURE 4 - Evolution of the national greenhouse emissions in the period 1990-2005.

mately 33% of the NOx emissions at national level [8-10].
More specifically, the above mentioned fossil fuels utilization is accused (see Figures 2 and 3) of serious environmental damage caused by air pollutants emissions (i.e. over
55 Mt of CO2, approximately 360 kt of SO2 and 75 kt of NOx
annually), water and land resources use, water discharges
and solid waste generation.

cost-benefit analysis concerning the remarkable RES contribution to the local electricity balance, substituting imported oil, is carried out.

Taking also into consideration that during the last
15 years a considerable energy consumption increase has
taken place in view of the local economy development and
the improvement in the standards of living, Greece faces
serious difficulties in fulfilling the EU Directives [11, 12]
concerning the reduction of the greenhouse gas emissions
and the protection of the local population from the dangerous toxic effects of various harmful gases and particles
release, like NOx, SO2 (see for example [13, 14]). This difficulty is implemented in the commitment of the local electricity generation sector to accomplish the Large Combustion Plants Directive (2001/80/EC). Additionally, the target
of +25% CO2 emissions (to the 1990 baseline) set for the
period 2008-2012 (2001/77/EC) is currently expected to
finally reach the level of 40% during the remaining time
(Figure 4).

One of the main inputs of the present study is the estimation of the specific air pollution emission factors related
with the electricity production from fossil fuels in Greece.
The analysis is based on recent long-term official data concerning the operation of the existing thermal power stations.

On the other hand, RES -like hydro, wind and solar energy- used extensively for electricity production throughout
the world, are practically air-pollution free on an LCA. In
this context, the present work investigates first the specific
air pollution emission factors related with the electricity
production from fossil fuels in Greece. Next, the air pollution avoided due to the exploitation of the available hydro
and wind potential is predicted on an annual basis for the
last fifteen years. Finally, the potential contribution of the
renewable energy sources to significantly reducing the
above mentioned pollutants is estimated on the basis of
the corresponding EU targets included in the relevant EUDirectives (e.g. 2001/77/EC). Finally, a macroeconomic

EMISSION COEFFICIENTS RELATED
TO ELECTRICITY GENERATION

In order to get a clear-cut picture of the electricity related air pollution burden on every consumer, an attempt is
made to express the main flue gases (CO2, SO2 and NOx)
production as a function of the amount of electrical energy
reaching the consumers, i.e. electricity delivered to the consumption. The present analysis includes the total efficiency
of the corresponding thermal power stations and line transmission losses (1%-5%) from the power stations to the main
consumption centers. Thus, the coefficients given are expressed in g (or kg) of air pollutant released per kWh consumed. For this purpose one may use measurements concerning the annual flue gas emissions from every thermal
power unit of the Greek electricity generation system along
with the corresponding net electricity generation modified
in order to estimate the energy line transmission losses. In
this context, the CO2, SO2 and NOx emission factors (eCO2,
eSO2, eNOx) of the entire fossil fuel based electricity generation in Greece are defined as:
eCO2 =
eSO2 =

1588

(mCO2 )

(1)

E ff
( mSO2 )
E ff

(2)
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(mNOx )
E ff

to 1.03kg/kWhe, mainly due to the substitution of local
lignite by imported natural gas. Similarly, the SO2 emission
factor shows initially a slight decrease, while after 2000 the
corresponding value is stabilized around 6.5g/kWhe. This is
also the case for NOx where an average value of 1.5g/kWhe
is encountered.

(3)

where "m CO2, m SO2 and m NOx" are the annual mass
(equivalent) productions of the above mentioned air pollutants and "Eff" is the annual energy yield of the local thermal
power stations, including line transmission losses. For the
accurate estimation of the corresponding numerical
values, the statistically weighted average values based on
detailed previous works [8-10] are taken into consideration.
Actually, one may use the corresponding emission factors
for every Greek thermal power station for a ten-year time
period investigated.

In order to present a fair comparison, one should also
take into consideration the corresponding emission factors
resulting from the existence of hydro power stations and
wind parks. Since the operation of these power stations is
air pollutants free, their main air pollution impact (on the
basis of an LCA) comes from the equipment construction
and the erection and decommissioning of the relative power
stations [15-18]. Using available data from the international
literature one may use the values suggested in Table 1. As
it is obvious from the data available, the hydro and wind
related emission factors are really very small justifying their
omission during a first approximation analysis.

The results of the present analysis are summarized in
Figures 5 and 6, where one may find the time-evolution of
the (eCO2, eSO2, eNOx) emission factors. Using official data for
the last fifteen years it is concluded that the CO2 emission
factor presents a steady gradual decrease from 1.23kg/kWhe
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FIGURE 5 - Variation of the electricity generation CO2 emission factors.
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FIGURE 6 - Variation of the electricity generation SO2 and NOx emission factors.
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TABLE 1 - Air pollution emission coefficients from hydropower stations and wind parks
Source

SO2 (g/kWhe)

NOx (g/kWhe)

Hydro
4

Wind
0.087

Hydro
-

Wind
0.036

Hydro
-

8.2

-

0.079

-

0.032

-

10-17
6.1

7-8
4.6

0.01-0.032
0.033

0.018-0.021
0.006

0.014-0.043
0.031

0.034-0.040
0.037

RES CONTRIBUTION
ON REDUCING AIR POLLUTION
RES -like hydro, wind and solar energy- are used extensively for electricity production throughout the world,
due to their limited environmental impacts [19-23]. In this
context, the air pollution avoided due to the exploitation of
the available hydro and wind potential in Greece is predicted on an annual basis for the last fifteen years.
In Greece, up to now there exist fifteen (15) large hydro power (LHP) stations with a total capacity of 2950MW
and almost one hundred (100) small hydro power (SHP)
stations with total rated power of 120MW [5]. According to
the official data concerning the energy yield of the existing hydro power stations, considerable variation is encountered, since the hydroelectricity was 1.9TWh in 1990 and
approached the level of 5TWh in 2005. Unfortunately the
hydroelectricity contribution to the local electricity consumption (Figure 7) is limited, since the 25-year average
value is only 9.5%. In fact, the hydroelectricity contribution after 1990 has been always less than 11%, taking into
consideration the almost constant hydropower stations capacity and the continuously increasing network electricity
demand.
Additionally, according to the existing official data in
Greece (end of 2006), there exist approximately 1050 commercial wind turbines, while their corresponding rated

power is 750MW. It is important to mention that the Greek
wind energy programme [24] started in 1982, when the
Greek PPC (Public Power Corporation) installed the first
wind turbines 5x20kW on a research wind park on the island of Kythnos. Since then, the wind energy applications
showed a very unsteady development and only after 2000
wind energy started to remarkably contribute to the national
electricity grid. Since then, the installation of new wind
parks is encouraging; however the entire contribution from
the existing wind parks hardly reaches 2% of the national
electricity consumption (Figure 7).
Thus, using the official data, see also Figures 1 and 7,
the average annual contribution of the existing RES-based
power stations, mainly large hydro stations and recently
wind parks, to the local electricity consumption is approximately 10%, while in some years it hardly surpasses 12%.
However, even this moderate contribution saves annually almost 10Mt of CO2, 30kt of SO2 and 7kt of NOx
(data of 2005) on top of all the other environmental benefits related with the replacement of fossil fuels by the
exploitation of the available renewable potential. In fact,
one may find in Figures 8a and 8b the estimated annual air
pollution avoided distribution during the last fifteen year
period. For practical purposes one may assume that the
operation of the RES-based power stations does not replace
a specific type of thermal power stations, hence the results
obtained are representative of the national fuel mix.

Time Evolution of RES Contribution to the
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FIGURE 7 - RES contribution to the national electricity generation.
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Annually Avoided CO2 Emissions due to RES Contribution
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FIGURE 8a - Avoided CO2 emissions due to the RES electricity generation.
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FIGURE 8b - Avoided SO2, NOx emissions due to the RES electricity generation.
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Additionally, in order to fulfill the 2010 targets dictated by the corresponding EU directives and the approved
international agreements (e.g. Kyoto protocol) the installation of approximately 7GW of cumulative RES power
(mainly supported by wind energy and small hydro-units,
ex-works specific cost (Pr WT =) 600€/kW and (Pr SH =)
1100€/kW, respectively), is required. The corresponding
annual increase in the RES share (base year 2005) in the
national electricity generation should approach the 10%, a
very ambitious goal not expected to be accomplished. Nevertheless in the next section the expected air pollution reduction is estimated as well as the corresponding capital
required.

EVALUATION OF INCREASED
RES PENETRATION STRATEGIES
In order for the 2010 national target to be achieved
(20.1% of gross electricity generation covered by RES)
various scenarios and strategies concerning the future RES
penetration are evaluated on the basis of air pollution reduction, investment requirements and exchange loss avoided.
More specifically, the implementation of the basic scenario
proposed by the Greek State [25] requires the installation
(Figure 9) of (NWT=) 3000MW of wind parks, (NSH=)
200MW small and (NLH=) 150MW large hydro as well as
some MWs of biomass powered thermal power stations
and photovoltaic parks. In this context the initial capital
required "ICtot" is expressed by the following relation, i.e.:

ICtot = NWT ⋅ PrWT ⋅ (1 + fWT ) + N SH ⋅ PrSH ⋅ (1 + f SH ) + N LH ⋅ PrLH ⋅ (1 + f LH ) + N oth ⋅ Proth ⋅ (1 + f oth )

(4)

where "f" expresses (f≈15-30%) the first installation
cost coefficient [5, 7] and the subscripts "WT", "SH" "LH"
and "oth" are used for wind turbines, small hydro, large
hydro and other RES power stations, respectively. The
corresponding total investment required is approximately
3.5 billion euros, or equivalently 700-1000 million euros
per year. Note that although the majority of the equipment
required is imported, a remarkable (≈30%) part of the initial capital invested is absorbed by the local economy, contributing thus to an increase in the Gross National Product
(GNP).

for example during 2010, more than 15.5Mt of CO2 (see
also Figure 8a) and almost 100kt and 18kt of SO2 and NOx
(see also Figure 8b) respectively, contributing to the reduction of the above mentioned electricity generation air
pollutants in the order of 2% per annum. On the basis of
the proposed scenario, the quantity of avoided air pollutants by the end of 2010 represents almost the 25% of the
corresponding air pollutants quantities, contributing significantly to the compliance with the national Kyoto commitments and the EU Large Combustion Plants Directive
(2001/80/EC).

In case that the above mentioned (State) scenario is realized, one may also estimate the corresponding emissions
avoided using the analysis followed in Section 3. In fact,
in Figure 10 one may find the annual emissions avoided due
to the new and the existing RES power stations for every
year between 2006 and 2010. According to the calculation
results the enhanced RES participation is expected to save,

Taking into consideration the initial capital required
and the air pollution avoided due to the implementation of
RES power stations, the corresponding air pollution reduction cost (Figure 11) varies between 2.6€/kg of SO2 up to
14.2€/kg of NOx avoided. Also for every ton of CO2 not
released to the environment the corresponding cost is almost 17€/t. On the other hand, emphasis should be given to
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FIGURE 10 - Expected annual emissions avoided up to 2010 due to RES utilization.
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FIGURE 12 - Comparing the macroeconomic data (2006-2010) to the
expected RES penetration with an assumed oil price of 65€ per barrel.

the EU Emission Trading Scheme implying serious financial surcharge in case of increased CO2 emissions. Actually, this damage is strongly depended on the rather unstable
allowance prices of the CO2 emissions, which dropped
down to 0.13€/t during June 2007, while they peaked at
30€/t a year before. Nevertheless, estimations and forecasts
[26] concerning the future CO2 allowance price converge
at a range of 20-30€/t up to the year 2012. In this context,
one may also mention that the price to pay for avoiding
1 ton of CO2 emitted by a conventional thermal power station (such as combined cycle units operating on natural gas)
with mechanisms for capturing CO2 is suggesting a cost of
25-40€/t of CO2 avoided. Even in the case of a considerable and economically efficient reduction in the air pollution levels, a large scale integration of RES is necessary [27,
28].

On the other hand, one should not disregard the annual exchange loss avoided, in case that the new RES power
stations substitute oil-fired or natural gas thermal power
stations, Figure 12. As it is obvious, the money spent to
import the necessary equipment is less than the macroeconomic cost resulting from the corresponding oil imports
during two successive years, while the service period of
these RES power stations exceeds twenty (20) years. Note
also that the above mentioned power stations have also limited maintenance and operational cost [5, 7], which is less
than 2% of the initial capital invested on annual basis. On
top of this, the imported energy exchange loss is strongly
depending on the unstable and continuous increasing prices
of oil and natural gas in the international market.
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CONCLUSIONS
The interaction between the main air pollution (CO2,
SO2 and NOx) emission factors caused by the fossil fuels
based electricity generation and the amount of electrical
energy reaching the consumers, i.e. electricity delivered to
the grid, has been modelled in the present work. In addition,
the annual air pollution avoided with the use of RES during the last fifteen years has been estimated.
Accordingly, the air pollution reduction, due to the expected faster penetration of the RES in the local electricity
market, on the basis of the national Kyoto commitments and
the Large Combustion Plants Directive, is estimated. Actually, the increased participation of RES is expected to save
during 2010 more than 15Mt of CO 2, 100kt of SO 2 and
almost 20kt of NOx. Finally, the investment cost for the
penetration of RES in the Greek energy system has been
calculated for the selected percentages of RES contribution
and the resulting values have been used to estimate the
corresponding specific cost (€/kg) of the avoided air pollutants. The total investment required is approximately 3.5
billion euros, hence the corresponding air pollution reduction cost varies between 2.6€/kg of SO2 up to 14.2€/kg of
NOx avoided. Besides, for every ton of CO2 not released the
corresponding cost is almost 17€/t.
According to the results obtained, despite the up to now
fair participation of the existing hydropower stations and
wind parks in reducing the air pollutants, the RES may, in
the near future, contribute significantly to minimizing the
environmental impacts of the electricity generation sector,
including the emissions of carbon dioxide and other various harmful gases, at rational investment cost.
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ABSTRACT
The present study refers to experimental ambient air
hydrocarbon measurements in the city of Thessaloniki,
Greece, during June and July 2006. The measurements were
performed at two sites of the Municipal Air Quality Network of Thessaloniki, at the commercial city center (11.4 m
asl) and at an urban peripheral site (174.0 m asl). The two
locations, city center and peripheral site, have been selected
because they represent the maximum and minimum levels
of pollutants measured in Thessaloniki, respectively. The
measurements concern two hydrocarbon groups, C2-C5
and C6-C10 and were performed with three automatic gaschromatographs, selected for their suitability to measure in
the field, equipped with FID and PID detectors. The daily
and hourly variations of these measurements are presented
and a comparison between the two sites is performed. Moreover an additional comparison is made with the permanent
measurements of BTEX and of other relevant air pollutants
which are performed at the urban area of Thessaloniki.

a basin of approximately 200km2 surface area in Northern
Greece (40.5 oN, 22.9oE), with fairly high mountain on
ENE side (mount Hortiatis), with nearly flat terrain on the
west side and the sea on the south. Most of the industrial
activities are located to the NW of the city.
A comprehensive network of five monitoring stations
has been established and operated by the Environmental
Department of Municipality of Thessaloniki, since 1989, in
order to monitor the levels of air pollutants in urban Thessaloniki area [1]. The network consists of two stations in
the commercial city center, three stations at residential areas
and one peripheral monitoring station at 174 m above sea
level.
BTEX hydrocarbon measurements are performed on
continuous basis at the station in the city center, while during June and July 2006 additional hydrocarbon measurements were carried out for the first time in the urban air of
Thessaloniki.

KEYWORDS: urban air pollution, ambient hydrocarbon measurements, gaseous phase chromatography.

INTRODUCTION
In urban atmospheres, increased levels of hydrocarbons in ambient air may be encountered due to combustion,
solvent and fuel evaporation and tank leakage. Despite the
fact that Athens and Thessaloniki frequently face high ozone
values, only little knowledge about ozone precursors e.g.
NMHC in the ambient air of the two cities has been available so far [1].
The concentration of commercial and industrial activities in Thessaloniki, in relatively small area over the past
20 years, has resulted in severe environmental degradation.
Thessaloniki (with population of 1,000,000) is located in

MATERIALS AND METHODS
The scope of the present study is to investigate the
levels of a wider range of NMHC in the air of Thessaloniki during the summer period, when high photochemical
activity takes place, in addition to the continuous BTEX
measurements. From the existing air pollution monitoring
network, two stations were selected for on-line hydrocarbon measurements. One at the commercial center (S1 - City
Center, 11.4m asl), close to the high traffic-density Egnatia
Street and an other at the urban peripheral site of
Eptapyrgio (S2 - Eptapyrgio, 174.0m asl) which represents well-mixed urban air conditions, near major anthropogenic sources of primary pollutants. The above two
locations have been chosen because they represent the
maximum and minimum levels of pollution measured in
Thessaloniki, respectively.
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FIGURE 1 - A map of Thessaloniki and the positions of measuring sites.

The measurements concern two hydrocarbon groups, C2-C5
and C6-C10, and were performed from May 2007 until July
2007, with three automatic gas-chromatographs equipped
with FID and PID detectors. The measurements were carried out by means of two GC-PID analyzers (Syntech Spectras-Synspec GC-955, for C6-C10 measurements and Syntech Spectras-Synspec GC-855 for aromatic hydrocarbon
measurements) and one GC-FID analyzer (Syntech Spectras-Synspec GC-955, for C2-C5 measurements) [2]. From
the end of May till the end of June the measurements were
performed at the central station S1 (Fig.1). During July the
two GC 955 analyzers (PID and FID) were measuring at
the peripheral station of Eptapyrgio, S2 in Fig. 1, while at
the central station BTEX measurements continued with the
third analyzer, GC-855.
The measurement application consists of quasi-continuous ambient air-sampling and its metrology is based
on the gas chromatographic separation of the compounds
of interest combined with a photo ionization detector or
flame ionization detector [2]. For the calibration procedures
dynamical dilution methods were applied. Although these
methods are rather time-consuming (GC calibration-cycle
time 15-30min) calibrations were extensively performed,
with gas-cylinders containing gas mixtures, in order to
avoid deviations.
Additional ambient air data of O3, NO, NO2 were obtained at the two measuring sites. Ozone was continuously
measured by UV-absorption method, while the chemiluminescence principle is used for continuous measurements
of NO-NO2.
RESULTS AND DISCUSSION
Hydrocarbons in urban atmosphere consist of different classes with specific properties regarding their origin,
chemical structure, reaction kinetics and atmospheric life-

times. Their degradation paths are rather complex [3-4]
and some steps are not yet fully understood [5].
The present study refers to experimental ambient air
hydrocarbon measurements in the city of Thessaloniki,
Greece, for June and July 2006. Two groups of hydrocarbons were measured: C2-C5 and C6-C10. In the present
study special attention is given to BTEX compounds due
to their high importance in the urban photochemical processes [6-8].
Table 1 and Table 2 give the mean concentrations of
the corresponding measuring period for each site, for the
two groups of hydrocarbons. As shown from the calculated ratio, the concentrations are significantly lower (less
than 30%) at the peripheral station for almost all the species, except for 2-methyl-pentane which shows similar
values at both sites. Four species of the C2-C5 group and
two species of the C6-C10 group were not detected (“nd”
in Table 1 and 2) at the peripheral station while the corresponding concentrations at the central station were not
negligible ({ }indicate that the values where close to detection limits, Table 1 and 2). The measured values and
the differences presented between the two sites are characteristic of urban and suburban areas [9-15].
Figure 2 presents the diurnal variations of NO, NO2
and O3 for winter and summer period at the city center
and at the peripheral station. The variations are typical of
the two sites and the two periods of the year. They indicate higher NO burden during winter at the city center as
a result of elevated emissions, while in the summer photochemical process plays a very important role and combined with lower emissions and the enhancement of the
sea breeze circulation, leads to an increase of ozone concentrations, mainly at the peripheral station [16-17].
In Figure 3 the diurnal variations of benzene, toluene
and m-p xylene are presented. The measurements are obtained from the GC-855 analyzer which operates continu-
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ously at the city center monitoring station. Two minima
occur followed by two maxima, one around noon and the
second late in the evening. There is a difference of about
2 hours in their occurrence between summer and winter
periods. The concentrations in summer are slightly lower
due to lower emissions and increased photochemical activi-

ty. In winter the evening peak is higher than the morning
one. This may be attributed to the combination of high
emission potential and reduced photochemical destruction,
since due to the prolonged night time period, the reactions
with OH are limited to the fewer daytime hours.

TABLE 1 - C2-C5 mean concentrations at the two measuring sites of Thessaloniki.
HC (ppb)
Ethane
Ethene
Propane
n-Butane
Ethyn
trans-2-Butene
1-Butene
iso-Butene
cis-2-Butene
n-Pentane

City Center
4.42
3.53
1.66
0.74
0.89
0.25
{0.14}
1.99
1.58
4.2

Peripheral
1.11
0.72
0.46
{0.13}
{0.12}
nd
nd
1,22
nd
nd

Ratio (peripheral/central)
0.25
0.20
0.28
0.18
0.13

0.61

TABLE 2 - C6-C10 mean concentrations at the two measuring sites of Thessaloniki.
HC (ppb)
Benzene
Toluene
M&P-Xylene
O-Xylene
Ethylbenzene
Heptane
1,2,4TMB
1,3,5TMB
2-methylpentane
3-methylpentane
Hexane

City Center
2.26
6.10
2.04
0.68
1.48
0.76
1.54
0.35
0.25
2.65
0.97

Peripheral
0.61
1.01
0.39
nd
0.26
{0.14}
0.20
nd
0.20
0.43
0.56

Ratio (peripheral/central)
0.27
0.17
0.19
0.18
0.19
0.13
0.80
0.16
0.58
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FIGURE 2 - Mean diurnal variations of NO, NO2 and O3 at the city center and the peripheral stations for winter and summer period.
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FIGURE 3 - Mean diurnal variations of the aromatic compounds benzene, toluene and m-p/xylens, at the city center for
winter (A) and summer period (B), at the central station during June 2006 (C) and at the peripheral station during July 2006 (D).

Figure 3 also shows the diurnal variations of the same
species for June at the city center and for July at the peripheral station. Furthermore for July the diurnal variations of
the same species obtained by the GC855 analyzer at the
city center station are presented (dot lines).

In Figure 4, time series of benzene are presented for
both stations during the experimental measuring period, as
an indication of the variations, the differences and the
magnitude of its concentration. Benzene is the most
known carcinogenic aromatic hydrocarbon and the only
one for which an EU limit of 5.0 µgr/m3 annual mean has
been imposed.

1599

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

4.0
Benzene
Central Station, June 2006

Concentration (ppb)

3.0

2.0

1.0

27-06-06

25-06-06

23-06-06

21-06-06

19-06-06

17-06-06

15-06-06

13-06-06

11-06-06

09-06-06

07-06-06

05-06-06

03-06-06

01-06-06

0.0

4.0
Benzene
Peripheral Station, July 2006

Concentration (ppb)

3.0

2.0

1.0

25-07-06

23-07-06

21-07-06

19-07-06

17-07-06

15-07-06

13-07-06

11-07-06

09-07-06

07-07-06

05-07-06

03-07-06

01-07-06

0.0

FIGURE 4 - Time series of Benzene at the central station during June 2006 and at the peripheral station of Eptapyrgio during July 2006.

All BTEX species originate from the same anthropogenic sources, mainly automobiles, they are exposed to the
same dilution effects once they have been emitted into the
ambient air and they share the same and only atmospheric
degradation pathway via the reaction with OH. At the same
time, however, they cover a wide spectra of reactivity, from
low reactive benzene to m- xylene [6]. Benzene has a long
lifetime (depending on latitude and season) and as a result
air masses from the city center that are transferred with the
sea breeze circulation to the peripheral site may be rich in
benzene and contribute to the local burden of this species.

Figure 5 shows the diurnal profiles of toluene and mp/xylene normalized against benzene. Benzene was chosen
for normalization for its low reactivity and long atmospheric lifetime, as mentioned above. Thus the ratios will
reflect chemical losses and differences in sources. In particular, the toluene/benzene ratio is commonly used for this
purpose. Ratios for urban areas with NMHC dominated
by vehicle emissions are typically about 2.0 [15]. Because
toluene reacts more rapidly than benzene, ratios in photochemically aged air masses will be less than 2.0.
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FIGURE 5 - Mean diurnal variations of selected hydrocarbon ratios and mean diurnal variation of traffic load at city center.

As shown in Figure 5, at city center for June the ratio
is almost constant (just above 2.5) throughout the day, while
for July is close to 3 with a drop close to 2 from 2:00 to
6:00. This indicates constant high emissions from traffic at
this site that overwhelm the photochemical process. This
can be seen in Figure 5, which shows that traffic load remains high and almost constant from 9:00 to 21:00.
At the peripheral site, which is much less affected by
traffic the ratio is less than 2 and with a fluctuation which
denotes either photochemical process that destroys toluene or/and transport of aged air masses from the center by
the sea breeze. The m-p xylene/ benzene ratio is almost
constant at the city center and with a pattern similar to the
toluene/benzene ratio at the peripheral station.

CONCLUSIONS
The mean concentrations of C2-C5 and C6-C10 hydrocarbons are significantly lower (less than 30%) at the
peripheral station than at the city center, for almost all
species and are characteristic of urban and suburban areas.
The diurnal variation of BTEX shows two minima followed by two maxima, one around noon and the second
late in the evening. There is a difference in their occurrence
of about 2 hours between summer and winter periods. The
concentrations of BTEX in summer are slightly lower, due
to lower emissions and increased photochemical activity.
In June at the city center the toluene/benzene ratio is almost constant and just above 2.5. At the peripheral site (in
July), which is much less affected by traffic, the toluene/
benzene ratio is less than 2.0, which indicates aged air
masses and photochemical process. The m-p xylene/ ben-
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zene ratio is almost constant at the city center and with a
pattern similar to the toluene/benzene ratio at the peripheral station.

[11] Kourtidis, K., Ziomas, I., Zerefos, C., Gousopoulos, A.,
Balis, D. and Tzoumaka, P. (2000) Benzene and toluene levels measured with a commercial DOAS system in Thessaloniki, Greece. Atmos Environ, 34, 1471-1480.
[12] Moschonas, N. and Glavas, S. (1996) C3-C10 hydrocarbons
in the atmosphere of Athens, Greece. Atmos Environ, 30,
2769-2772.
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ABSTRACT

duced into the food chain as well as have an impact on the
environment [1].

The objective of the present study was to investigate
the content of 27 polycyclic aromatic hydrocarbons (PAHs)
in soil, fertilized or unfertilized with sewage sludge or mineral fertilizer, and in cereal plants (barley, wheat and oat)
from agricultural fields located in Madrid (Spain). PAHs
were extracted from soil by sonication assisted extraction in
small columns (SAESC). Plants, roots and the aerial part
separately, were extracted with ethyl acetate by matrix
solid-phase dispersion (MSPD) on a Florisil-anhydrous
sodium sulfate mixture. PAHs were determined by isotope
dilution gas chromatography with electron impact mass
spectrometric detection in the selected ion monitoring mode
(GC-MS-SIM) using deuterated compounds as internal
standards. In general, the most abundant PAHs found in
plants were naphthalene and phenanthrene and the PAH
concentration detected in the aerial part of plants was
lower than in roots. In soil samples, the main compounds
detected were phenanthrene, benzo[a]anthracene and benzo[b]fluorene. The PAH levels found in plants and soil
were not affected by fertilizer application, at the doses
applied in cereal fields. The concentration of PAHs in soil
samples were of the same order than those found in rural
soils by other authors.

KEYWORDS:
soil; sludge, cereals, fertilization, contaminants.

INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous organic pollutants that are released into the environment as a consequence of incomplete combustion originated
from natural and anthropogenic processes. The amendment
of agricultural soils with sewage sludge is an important way
to improve crop yields, but sludge may contain organic
contaminants such as PAHs that can be potentially intro-

Various studies have been carried out on PAHs uptake
by plants from sewage sludge–amended soils, mainly cultivated plants [2-5]. These studies have shown, in some cases,
an influence of the PAH levels of the sewage sludgeamended soil on the content of these compounds in plants
[4, 5]. This effect was more pronounced at the high sludge
application doses (15-180 ton/ha) used in some horticultural crops [5].
Determination of PAHs in soil and plants is important
for knowing the level of environmental pollution [2, 6-9]
and different species of plants have been used with this aim
[9,10]. Soil and plant contamination generally originates
from diffuse sources such as atmospheric deposition, which
is considered the principal pathway for the accumulation of
PAHs in those matrices. Although, in some cases, a direct
relationship between soil and plant PAH concentrations has
been observed, suggesting a possible pathway from contaminated soil to plant roots [9], most studies indicate that
PAHs detected in plants are primarily derived from the
atmosphere and independent of PAH concentrations in
soil [5].
The objective of the present study was to investigate
the content of 27 PAHs in soil, amended with or without
sewage sludge or a mineral fertilizer, and in the aerial part
and roots of cereal plants (barley, wheat and oat) from agricultural fields located in the province of Madrid (Spain).
Cereal plants were chosen because they are one of the typical crops in this area. Analyses of PAHs were carried out
by isotope dilution gas chromatography-mass spectrometry with selected ion monitoring (GC-MS-SIM).
MATERIALS AND METHODS
Sampling

Samples were collected from cereal fields of an experimental station located in the province of Madrid (Spain)
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from October 2005 to September 2006, covering a period of
one year.
Soil from the plough layer (0-30 cm) of cereal fields
was sampled with a stainless steel corer and transported to
the laboratory where it was air dried, sieved through a 2 mm
mesh and thoroughly mixed.
Three different soil treatments were done in triplicate,
which included the control treatment, where no fertilizer
was added, soil fertilized with a standard N P K fertilizer
(300 kg/ha), and soil amended with sewage sludge at
12 ton/ha at cereal sowing. Soil samples were collected
for analysis before sowing (T0); 6 months after sowing (T1)
and 12 months after sowing (T2). Plants were harvested
6 months after the application of sewage sludge. Cereal
plants (oat, barley and wheat) were transported to the laboratory where the aerial part and roots were separated
and cleaned with distilled water.
Reagents and Standards

PAHs analyzed in this study were naphthalene (Naph),
acenaphthylene (Acyl), acenaphthene (Ace), fluorene (Fl),
phenanthrene (Phen), anthracene (Anth), fluoranthene (F),
pyrene (Py), benzo[b]fluorene (BbFl), benzo[b]naphto[2,1-d]-thiophene (BbNT), cyclopenta[cd]pyrene (CpcdPy),
benzo[g,h,i]fluoranthene (BghiF), benzo[a]anthracene
(BaA), tryphenylene (Try). chrysene (Chr), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[j]fluoranthene (BjF), benzo[a]pyrene (BaP), benzo[e]pyrene (BeP),
perylene (Pery), indeno[1,2,3-c,d]pyrene (IcdPy), dibenzo[a,
h]-anthracene (DbahA), dibenzo[a,c]anthracene (DbacA),
benzo[g,h,i]perylene (BghiP), dibenzo[def,mno] chrysene or
anthranthene (Db[mno]Chr) and coronene (Cor). The
standard solution of the 27 PAHs (10 µg/ml each in toluene), purity 99 %, was supplied by Promochem (Wesel,
Germany). The deuterated internal standards (200
µg/ml in isooctane purity higher than 98 %) anthracene–
d10 (Anth-d10), acenaphthene–d10 (Ace-d10), benzo[b]fluoranthene-d12 (BbF-d12), indeno[1,2,3-c,d]pyrened12 (IcdPy-d12), and ben-zo[g,h,i]perylene-d12 (BghiP-d12)
were supplied by Cambridge Isotope Laboratories (LGC
Promochem, Wesel, Ger-many). The internal standard
solution used to spike all the samples prior to the extraction was prepared in isooctane at 4 µg/ml for each component. This solution was stored at 4 ºC in an amber glass
container.
Dichloromethane, acetonitrile, ethyl acetate, isooctane
and hexane, residue analysis grade, were purchased from
Scharlab (Barcelona, Spain). Anhydrous sodium sulfate,
reagent grade, and aluminium oxide 90 standardized were
obtained from Merck (Darmstadt, Germany). Silica
Bondesil-C18, particle diameter of 40 µm, was purchased
from Scharlab (Barcelona, Spain). A Milli-Q water purification system from Millipore (Bedford. MA, USA) was
used to provide Ultrapure water in this study.
Sample Preparation

Soil, Sewage Sludge and
Sewage Sludge-Amended Soil Samples

The analytical procedures employed in the present
study for soil are based on a previously published paper
[8] with some modifications. Briefly, a mixture of deuterated
PAH standards [anthracene–d10 (Anth-d10), acenaphthene–
d10 (Ace-d10), benzo[b]fluoranthene-d12 (BbF-d12), and benzo[g,h,i]perylene-d12 (BghiP-d12)] was added to each of the
samples prior extraction. Then 10 g of sieved soil were
placed in a 20 ml glass column with two filter paper circles
and a layer of anhydrous sodium sulfate at the end. Soil
samples were extracted two times by sonication assisted
extraction in small columns (SAESC) using 5 ml of ethyl
acetate each time. After final concentration of the extract, a
deuterated PAH internal standard [indeno[1,2,3-c,d]pyrened12 (IcdPy-d12)] was added prior to the analysis by GCMS-SIM. All concentration values of PAHs are expressed
on a dry-weight basis of soil or sewage sludge amended
soil.
The extraction procedure employed for sewage sludge
has been described elsewhere [11]. Briefly, the procedure
was as follows: a mixture of deuterated PAH standards
[anthracene–d10 (Anth-d10), acenaphthene–d10 (Ace-d10),
benzo[b]fluoranthene-d12 (BbF-d12), and benzo[g,h,i]perylene-d12 (BghiP-d12)] was added to each of the samples
prior to the extraction. Then 2 g of lyophilized sludge, in
mixture with 3 g of alumina, were extracted with dichloromethane by matrix solid-phase dispersion (MSPD) assisted
by sonication. Purification of extracts was carried out by
solid-phase extraction with C18 and PAHs were eluted with
acetonitrile.
Plant samples

Samples of cereal plants were collected six months after sowing and roots and the aerial part were analyzed separately. A representative amount, 2 g of the aerial part or 1 g
of roots, was placed in a glass mortar containing a mixture
of Florisil-anhydrous sodium sulfate (2.5:1, 3 g) and gently
blended with a glass pestle with circular motion to yield a
homogeneous material. The deuterated PAHs (anthracene–
d10, acenaphthene–d10, benzo[b]fluoranthene-d12 and benzo[g,h,i]perylene-d12) were then added. The blended sample was transferred to a 5 ml glass column (5 cm × 10 mm
i.d., from Becton-Dickinson, Madrid, Spain) with a Teflon frit (1 cm diameter and 20 µm pore, Supelco, Madrid,
Spain) at the end and PAHs were extracted twice with 5 ml
of ethyl acetate by placing the column for 15 min in an ultrasonic water bath at room temperature. Mortar and pestle
were rinsed with an additional 3 ml of ethyl acetate that
were also transferred to the column. The water level in the
bath was adjusted to equal to the extraction solvent level
inside the columns. After extraction, the columns were
placed on a multiport vacuum manifold where the solvent
was filtered and collected in graduated tubes. The combined extracts were concentrated with a gentle stream of
air at ambient temperature in a fume-hood to 1 ml.
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Clean-up was accomplished by passing the extract
through a column containing aluminium oxide (3.5 g) with
a thin layer of anhydrous sodium sulfate lying on top. A
hexane-ethyl acetate (80:20, v/v) mixture (10 ml) was used
to elute the PAHs from the column. Finally, the extracts
were concentrated and after addition of 200 µl of indeno[1,2,3-c,d]pyrene-d12 (4 µg/ml) the solution was reconstituted to 2 ml with hexane-ethyl acetate (80:20, v/v) and
stored at 4 ºC until analyzed by GC-MS-SIM.
Apparatus

GC-MS analysis was performed with an Agilent 6890
(Waldbronn, Germany) gas chromatograph equipped with
an automatic split-splitless injector, Model HP 7683 and a
mass spectrometric detector, Model HP 5973N, which is
equipped with a solid inert ion source. A fused silica capillary column ZB-5MS, 5 % phenyl polysiloxane as
nonpolar stationary phase (30 m × 0.25 mm i.d. and 0.25
µm film thickness), from Phenomenex (Torrance, CA),
was used. Operating conditions were as follows: injector
port temperature 290 ºC; helium as carrier gas at a flowrate of 1.0 ml/min; pulsed splitless mode (pulsed pressure
45 psi = 310 kPa for 1.5 min). The column temperature
was maintained at 80 ºC for 0.5 min, then programmed at
5 ºC/min to 230 ºC; increased to 300 ºC at a rate of 5
ºC/min, and held for 15 min. The total analysis time was
59.5 min and the equilibration time 2 min. A 2 µl volume
was injected splitless, with the split valve closed for 1
min.
The mass spectrometric detector was operated in electron impact ionization mode with an ionizing energy of
70 eV, scanning from m/z 60 to 500 at 3.62 s per scan. The
ion source temperature was 300 oC and the quadrupole
temperature 150 oC. The electron multiplier voltage was
maintained 100 V above autotune and a solvent delay of
5 min was employed.
Analyses were performed with selected ion monitoring
(SIM) using one target and two qualifier ions. The target
and qualifier abundances were determined by injection
of standards under the same chromatographic conditions
using full-scan with the mass/charge ratio ranging from
60 to 500 m/z.
Quantification

Quantification was based on the peak areas of the target ions in samples versus those found in the calibration
standard. The details of the ions monitored and the SIM

program for the PAHs analysis have been reported previously [11].
A calibration solution was prepared with the PAH
standard solution, the deuterated PAH solution and the
internal standard solution. Concentrations of PAHs were
measured by means of the relative response factors to the
internal standard (indeno[1,2,3-c,d]pyrene-d12). Recoveries
of surrogated standards (anthracene–d10, acenaphthene–
d10, benzo[b]fluoranthene-d12 and benzo[g,h,i]perylene-d12
) were calculated using their relative response factor to
the internal standard spiked to the extract prior to injection. Recoveries ranged between 89.9 and 102 % in soil,
from 91.5 to 101.7 % in sewage sludge-amended soil
and be-tween 92.5 and 99.8 % in plants. Precision, expressed as relative standard deviation (RSD), was determined analysing ten fortified samples and found to be
lower than 15 %. The detection limit was within the range
of 0.03 - 0.3 ng/g for soil samples, between 0.03 and 0.45
ng/g for sewage sludge and from 0.04 to 0.5 ng/g for plant
samples.
RESULTS AND DISCUSSION
PAHs in soil

Table 1 lists the mean PAH concentrations found in
soil, amended with or without sewage sludge or a mineral
fertilizer, and in plants (barley, wheat and oat) from the
studied cereal fields. The sampled soil was characterized
by a low content of PAHs, which ranged from 42.8 ± 4.8
to 61.3 ± 7.5 ng/g, along the studied period, and the
sludge used in this study had a PAH content of 780.3 ±
4.2 ng/g (Table 2), which is in the range of the PAH levels previously found in sewage sludge from the area of
Madrid, 386-6387 ng/g dry weight [11]. Similar values
were obtained for total PAH concentrations in untreated
control soil and in fertilized soils collected from the cereal
fields during the period studied. Therefore, PAH levels in
soil were not affected by fertilizer application.
Figure 1 presents the concentrations of the main PAHs,
expressed as ng/g dry weight, found in soils collected from
a wheat field, which are similar to the concentrations found
in the other cereal fields studied. These PAH levels are
typical of the soil concentrations reported for rural environments [6, 7]. The most abundant PAHs were phenanthrene, benzo[b]fluorene and benzo[a]anthracene. These
compounds are more water-soluble and volatile than the

TABLE 1 - Mean concentration of PAHs (ng/g, dry weight) in untreated
soil, in mineral or sewage sludge treated soil and in plants from these soils
SOIL
T0
T1

CONTROL
OAT
BARLEY
56.1 ± 4.9
49.3 ± 9.3
47.3 ± 5.5
51.9 ± 5.7

WHEAT
43.6 ± 3.5
56.1 ± 4.9

MINERAL
OAT
BARLEY
50.5 ± 9.1
48.3 ± 3.4
45.5 ± 3.9
46.8 ± 4.1
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WHEAT
56.1 ± 4.9
51.1 ± 4.9

SLUDGE
OAT
55.8 ± 5.3
50.6 ± 4.2

BARLEY
42.8 ± 4.8
52.9 ± 3.4

WHEAT
56.3 ± 3.4
56.1 ± 4.9
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T2

53.8 ± 3.5

54.3 ± 6.4

53.6 ± 2.7

45.8 ± 2.4

56.5 ± 5.1

61.3 ± 7.5

54.4 ± 7.2

59.8 ± 5.6

48.5 ± 6.6

PLANTS
AERIAL
ROOTS

178.2± 6.5
286.2 ± 7.5

193.7± 5.9
293.2± 4.9

164.2 ± 6.3
265.7± 7.5

176.3 ± 6.4
288.2 ± 5.9

203.5 ± 6.0
286.2 ± 5.2

162.3 ± 7.1
277.4 ± 5.5

189.9 ± 7.5
281.1± 4.6

198.7± 4.1
291.7± 6.3

173.0 ± 6.2
276.3± 7.3

30

ng/g

25
20

Control

15

Mineral

10

Sludge

5
0
Phen BbFl

BaA

BkF

BaP

BeP Pery BghiP

PAHs
FIGURE 1 - Concentrations of main PAHs, expressed as ng/g dry weight, found in soil collected from a wheat field.
Phen = phenanthrene, BbFl = benzo[b]fluorene, BaA = benzo[a]anthracene, BkF = benzo[k]fluoranthene, BaP = benzo[a]pyrene, BeP = benzo[e]pyrene, Pery = perylene, BghiP = benzo[g,h,i]perylene. Results are the mean of three replicates with their relative standard deviations.

TABLE 2 - Concentrationa of PAHs (ng/g dry weight) in sludge and in wheat plants (aerial part and roots).
PAH
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo[b]fluorene
Benzo[b]naphtha[2.1d]
Cyclopenta[cd]pyrene
Benzo[ghi]fluoranthrene
Benzo[a]anthracene
Triphenylene+Chrysene
Benzo[b]fluoranthrene
Benzo[k+j]fluoranthrene
Benzo[a]pyrene
Benzo[e]pyrene
Perylene
Indeno[1.2.3-cd]pyrene
Dibenzo[ac+ah]anthracene
Benzo[ghi]perylene
Anthranthene
Coronene
Σ 27 PAHs
a
b

Sludgeb
33.0 ± 3.5
n.d.
25.6 ± 2.8
163.5 ± 5.6
199.5 ± 2.9
n.d.
41.7 ± 3.0
68.1 ± 4.5
51.4 ± 5.4
n.d.
n.d.
n.d.
6.0 ± 3.6
8.0 ± 3.8
24.3 ± 6.2
27.9 ± 2.8
46.6 ± 6.1
33.1 ± 5.8
10.3 ± 3.5
34.4 ± 4.7
6.9 ± 2.4
n.d.
n.d.
n.d.
780.3± 4.2

Control
99. 2 ± 6.5
n.d.
2.2 ± 6.8
8.1 ± 8.9
40.7 ± 7.3
n.d.
2.3 ± 5.2
2.3 ± 4.9
1.5 ± 8.5
n.d.
n.d.
n.d.
1.5 ± 7.0
n.d.
n.d.
2.1 ± 5.8
1.0 ± 5.1
1.2 ± 5.0
1.0 ± 4.8
n.d.
n.d.
1.1 ± 7.2
n.d.
n.d.
164.2 ± 6.3

Aerial part
Mineral
100.2 ± 5.5
n.d.
1.0 ± 7.1
4.9 ± 7.6
40.8 ± 8.5
n.d.
2.1 ± 5.9
1.1 ± 6.5
1.1 ± 8.5
n.d.
n.d.
n.d.
2.0 ± 7.4
n.d.
n.d.
1.4 ± 8.3
1.5 ± 5.4
2.0 ± 5.0
1.2 ± 7.8
n.d.
n.d.
2.0 ± 9.0
n.d.
n.d.
162.3 ± 7.1

Sludge
109.3 ± 5.9
n.d.
0.8 ± 4.8
4.4 ± 8.3
41.6 ± 6.1
n.d.
2.8 ± 3.8
2.6 ± 7.5
1.5 ± 6.3
n.d.
n.d.
n.d.
2.8 ± 4.5
n.d.
n.d.
1.9 ± 7.0
0.8 ± 5.2
1.4 ± 6.3
1.6 ± 5.5
n.d.
n.d.
1.5 ± 7.5
n.d.
n.d.
173.0 ± 6.2

Control
149.1 ± 7.3
n.d.
4.5 ± 7.8
6.7 ± 6.3
80.2 ± 9.1
n.d.
9.6 ± 6.8
5.9 ± 5.7
0.8 ± 6.4
n.d.
n.d.
n.d.
1.8 ± 9.2
1.2 ± 8.4
n.d.
1.2 ± 7.1
1.0 ± 6.3
1.1 ± 9.0
0.9 ± 6.2
n.d.
n.d.
1.7 ± 8.2
n.d.
n.d.
265.7 ± 7.5

Roots
Mineral
151.4 ± 6.6
n.d.
2.5 ± 5.8
6.9 ± 6.3
90.7 ± 5.9
n.d.
10.2 ± 4.7
6.5 ± 5.5
1.5 ± 4.9
n.d.
n.d.
n.d.
0.5 ± 4.8
1.5 ± 6.8
n.d.
1.5 ± 4.7
0.9 ± 5.4
1.0 ± 5.8
1.1 ± 4.4
n.d.
n.d.
1.2 ± 5.3
n.d.
n.d.
277.4 ± 5.5

Sludge
151.2 ± 9.0
n.d.
2.9 ± 6.2
5.7 ± 7.9
90.1 ± 8.9
n.d.
10.5 ± 8.6
6.2 ± 7.5
1.1 ± 6.7
n.d.
n.d.
n.d.
0.9 ± 6.1
1.0 ± 8.3
n.d.
1.9 ± 5.8
0.7 ± 7.2
1.8 ± 5.9
0.8 ± 7.8
n.d.
n.d.
1.5 ± 6.8
n.d.
n.d.
276.3 ± 7.3

Results are the mean of three replicates, n.d.= not detected.
PAH levels in the sludge applied in the cereals fields at a dose of 12 ton/ha

PAHs with relatively higher molecular weights, and they
can be more easily transported by wind and water and
found in soil as a result of atmospheric deposition [5]. In
addition, PAH levels in soil may decrease by processes
such as volatilization and degradation and the low molecular weight PAHs, such as naphthalene, are the compounds
lost from soil more rapidly than the other PAHs with higher
molecular weights [12].

PAHs in plants

Table 1 shows the mean PAH concentrations detected
in the aerial part and roots of cereal plants (barley, wheat
and oat) grown in control or fertilized soils. Similar PAH
levels were observed in plants (aerial part and roots) from
fertilized soils in relation to those from control soils. Mean
concentrations for all treatments ranged from 162.3 ±7.1
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to 203.5 ± 6.0 ng/g dry weight in the aerial part and from
265.7 ± 7.5 to 293.2 ± 4.9 ng/g dry weight in roots (Table 1).
All the cereal samples analyzed showed a similar content
and composition of PAHs and the levels found in wheat
are presented in Table 2 as representative of the three cereal
plants studied. The low molecular weight PAHs dominated
in all cereal plants with naphthalene and phenanthrene being
the most abundant PAHs found, whereas PAHs of 5 or 6
rings were present at very low concentrations. These levels
are similar to those previously reported by other authors for
various plants [5, 13]. The dominance of PAHs of low molecular weights in plants may be attributed to their greater
water solubility and volatility [9].

lower than in roots, on the contrary to the results found in
horticultural plants in some studies.
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On the other hand, PAH concentrations in roots were
somewhat higher than those found in the aerial part in all
treatments.
Although in some cases a direct relationship between
soil and plant PAH concentration has been observed, suggesting a possible pathway from contaminated soil to plant
roots, most studies indicate that PAHs detected in plants,
particularly in soils having a low level of contamination,
are primarily derived from atmospheric deposition and independent of soil PAH concentrations [13, 14]. This is the
case in our study, where the quantitative composition of
the PAHs found in plants is different to the one obtained
for the sludge applied in the cereals fields and to the soil
PAH composition.
The concentrations of PAHs found in soil and plants
in the present study are similar to those obtained by other
authors in rural areas. Tao et al. [9] studied the levels of
PAHs in soil and vegetables and reported concentrations
of PAHs in roots significantly higher than those in soil,
which is in agreement with the result obtained in our study,
and concentrations in the aerial part of vegetables higher
that in roots. In our case, the PAH levels in roots were
higher than those of the aerial parts and this fact may be
due to the type of leaves of the plants studied. Vegetables
typically have wider leaves than the cereal plants studied
in the present work.
CONCLUSION
Levels of 27 polycyclic aromatic hydrocarbons (PAHs)
in soil and plants from Spanish cereal fields were determined by isotope dilution GC-MS-SIM. Concentrations of
PAHs in soil and plants from fields fertilized at the doses
used in cereal fields were similar to those from control
fields, suggesting atmospheric deposition as the main source
of PAH contamination. PAHs levels found in the studied
soil and cereal samples are in agreement with those reported by other authors for rural areas. The concentration of
PAHs in plants was found to be higher than in soil, similar to observations made in other studies, although in our
case, PAH levels in the aerial part of cereal plants were
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ABSTRACT

INTRODUCTION

The present research paper is based on a study elaborated in the Laboratory of Oceanography and Marine Geochemistry. The purpose of this study was to produce a
mathematical model for pollutant dispersion that potentially
will be used in practical environmental assessment processes. According to the increasing environmental awareness there is a need to predict and improve environmental
quality and well being and therefore mathematical modelling can be regarded as a useful tool for the decision making processes achievement.
Thus, surface and subsurface sediment samples were
collected from the Piraeus, Lavrio and Rafina ports and the
Elefsis gulf, on the coast of Attiki, and analyzed for the
determination of Fe, Mn, Ni, Cr, Al, Zn, Pb, Cu, Sn, Cd,
CO32-, and TOC content. That data was treated using suitably modified geostatistical analysis followed by the
presentation of metal content in contouring maps. In a
next step, for each area and metal, two models were created, correlating total metal content with North-South and
East-West direction and they were combined via weight
factors. It is concluded that the final mathematical model
produced, succeeds in providing with acceptable accuracy
forecasting values in case of homogeneous marine environments with dense sampling. As far as heterogeneous
environments with sparse sampling are concerned, the
model identifies new sampling sites for a better understanding of the study area that will improve its effectiveness.

KEYWORDS:
dispersion, metal, model, pollutant, port, sediment.

Increasing environmental awareness asks desperately
for prediction and improvement of environmental quality.
Processes controlling pollutant dispersion are numerous
and complicating while mathematical models are of a great
help for the definition of preventive and clean-up strategies.
Various efforts for coastal pollutant, ecosystem and water
quality modelling exist, with a significant progress in coastal
regions multidisciplinary modelling [1]. It is reported that
metal fate and transport can be represented using an integrated model [2] while the use of a geochemical model for
element co-variation helps investigating natural and anthropogenic fractions of sediment metal concentrations [3]. But,
sophisticated models are not always a necessity and often
the simpler the approach the better.
In the present study, a mathematical model was produced for pollutant dispersion in Piraeus, Lavrio and Rafina
ports and Elefsis gulf, on the coasts of Attiki, Greece.
Piraeus including passenger, commercial and ship remaining/repairing zones is the largest passenger port in Europe
and the top container in West Mediterranean. It has anthropogenic pollution enrichment with Cu, Zn, Pb and Ni following similar distribution patterns in seawater [4] while
there are significant bioavailable fractions of sediment Cu
and Zn concentrations [5]. Lavrio, situated in a mixed sulphides deposits area serves as mainly passenger but also
commercial port and is an attractive starting point for travellers in the Aegean Sea. Sediment is high enriched in total
Pb (770-6255µg/g), Zn (495-21360 µg/g) and Fe (5625497000 µg/g) [6] with significant concentrations of Pb, Fe,
Cu, Zn associated with the non-residual fraction [7, 8]. Rafina is a passenger port in the vicinity of tourist areas and
its sediment is poor in heavy metals [6, 8]. Elefsis port
serves in the transportation of raw material and products
from nearby refineries, shipyards, iron and steel industries.
Elefsis gulf shows significant heavy metal enrichment
[9-13].
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MATERIALS AND METHODS
Surface and subsurface sediment samples were collected from the four ports situated in the vicinity of Athens, in other words Piraeus, Lavrio, Rafina and Elefsis.
Surface samples were collected using either Van Veen
stainless steel grab or Marucawa type read lead coated one
while cores were collected using plastic tubes in a steel
gravity corer. From the passenger zone of Piraeus port, 7
surface samples were collected in 1997, 5 in 1998 and 8 in
1999 while from the commercial and ship remaining/ repairing zones, 10 surface sediments in 1999. From Lavrio
port, 12 surface sediment samples were collected in 1999
and from Rafina 8 in 1999. From Elefsis gulf both surface
and subsurface sediment samples were collected, 5 surface
samples in 1997, 2 surface samples in 2001 and 8 cores in
2001. The upper part of each core sample was treated in
our data analysis as surface sample. The sampling sites are
given in Figs 1-5. They were analyzed with atomic absorption spectrophotometry for the determination of heavy metal
content (especially for the metals Fe, Mn, Ni, Cr, Al, Zn,
Pb, Cu, Sn and Cd). For the determination of total metals
the sediment samples were digested on a hot plate in screwcapped Teflon beakers with mixtures of concentrated acids
(HClO4, HF, HNO3) [14]. The extracts and digests were
analysed with FAAS (AAS Varian SpectrAA - 200) and
GFAAS (Perkin Elmer 4100 ZL AAS Zeeman, auto
sampler AS – 71, THGA graphite tube endcaps B300) [for

Cd, Sn and partially for Pb and Ni (lower concentrations
only)] [4,15]. The sediment reference material IAEA-433
was also digested for total metal content along with the
sediment sample. The recoveries for the studied metals are
shown in Table 1.
TABLE 1 - Recoveries of trace metals
from the sediment reference material IAEA-433.
Metal

Recovery (%)

Cd

86

Cu

95

Fe

95

Mn

78

Ni

97

Pb

95

Zn

113

Also, carbonates and total organic carbon content
were measured too. Carbonates were calculated by measuring the weight difference of dry samples after treatment
with HCl [16]. Total carbon content was measured with
the Walkey – Black method, modified by Jackson [17].
The data was used for the production of a pollution
dispersion mathematical model.
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FIGURE 1 - Map showing the Piraeus port passenger zone sampling sites.
Point (0, 0) has coordinates 23E 30’ 00’’, 37Ν 56’ 00’’. Distance units are in minutes.

FIGURE 2 - Map showing the Piraeus port commercial and ship remaining/repairing zones
sampling sites. Point (0, 0) has coordinates 23E 30’ 00’’, 37Ν 56’ 00’’. Distance units are in minutes.
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FIGURE 3
Map showing the Rafina port sampling sites. Point (0, 0) has
coordinates 24E 00’ 00’’, 38Ν 00’ 00’’. Distance units are in minutes.

FIGURE 4
Map showing the Lavrio port sampling sites. Point (0, 0) has
coordinates 24E 00’ 00’’, 37Ν 40’ 00’’. Distance units are in minutes.
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FIGURE 5 - Map showing the Elefsis Gulf sampling sites. Point (0, 0)
has coordinates 23E 00’ 00’’, 37Ν 40’ 00’’. Distance units are in minutes.

RESULTS AND DISCUSSION
In a sedimentation basin, like for example a port, the
deposition of any given sediment can be assumed that it
constitutes a mechanism of sedimentation in action. This
means that the “picture” of the area at any given moment is
the result of both structural and random factors. Based on
that, we decided that when studying environmental problems associated with sedimentation we could apply the
principles and experience of the mining industry. Therefore, the data sets from the study areas were treated with
suitably modified geostatistical analysis using the kriging
method for data presentation [18-25] in contouring maps.
The maps given here (total concentration distribution
for Fe and Pb) show clearly the high concentration areas
(Figs 6-9). These are the hotspots. In the case of Lavrio port,
high concentrations were spotted in the outer pier area. This
was attributed to the fact that material from earlier (including ancient) smelting disposal was used for the pier
construction.
In a following step, bearing in mind that (a) there is
only one polynomial of n degree joining all the n+1 points,
(b) metal distribution trend is best presented by a straight
line or a smooth curve, and (c) a simple methodology like
the least squares one is preferred, for each area and metal,
two models were created, correlating the total metal content with North-South and East-West direction, respectively.
Having in mind that all available information is useful but
not of the same importance, they were combined via weight
factors based on the data correlation in each axis. Thus all
available data is taken into account, while a first approach

to sea-bed element dispersion is achieved. [26-29]. Using
this procedure, for any given point A of the study area, the
metal content is calculated by the formula:
FA = {Rx2 / (Rx2 + Ry2)} ΧΑ + {Ry2 / (Rx2 + Ry2)}YΑ ,
where,ΧΑ ,YΑ : the metal content predicted by each
model on the respective axis, and Rx ,Ry : the correlation
factor between the total metal content and the respective
axis.
In practice, for k sampling sites, a prediction model is
made using data from the k-2 and the model is tested for
the prediction of the (already measured) concentrations of
the remaining two samples, keeping in mind rather to interpolate than extrapolate. Then, the model is used to estimate
the values for any point in the study area: the values predicted for each point by each of the two (NS and EW)
curves are combined with the weight factors as described to
give a first estimation of the metal content.
For each area the simplest possible polynomial distribution model that provides with a good estimation was chosen.
A higher model degree corresponds to increased correlation
factors (R). In larger and more complex areas with many
hotspots present, a higher degree model (up to 6th) is necessary (as in the case of Elefsis gulf and Piraeus port). For
areas characterized by either the presence of specific pollution sources (as in Lavrio) or low pollution content (as in
Rafina), a low degree model (2nd) is able to give good
results. Higher degree models increase the correlation factors only marginally.
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Fe

Pb
FIGURE 6 - Piraeus port: contouring maps of total Fe and Pb distribution in sediments.
Point (0, 0) has coordinates 23E 30’ 00’’, 37Ν 56’ 00’’. Distance units are in minutes and concentrations in mg/kg.

Fe

Pb

FIGURE 7 - Lavrio port: contouring maps of total Fe and Pb distribution in sediments.
Point (0,0) has coordinates 24E 00’ 00’’, 37Ν 40’ 00’’. Distance units are in minutes and concentrations in mg/kg.
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Fe

Pb

FIGURE 8 - Rafina port: contouring maps of total Fe and Pb distribution in sediments.
Point (0,0) has coordinates 24E 00’ 00’’, 38Ν 00’ 00’’. Distance units are in minutes and concentrations in mg/kg.

Fe

Pb
FIGURE 9 - Elefsis port: contouring maps of total Fe and Pb distribution in sediments.
Point (0,0) has coordinates 24E 00’ 00’’, 38Ν 00’ 00’’. Distance units are in minutes and concentrations in mg/kg.
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CONCLUSIONS
A first approach was made in order to successfully apply a pollutant dispersion model in marine sediments, alongside with the presentation of the pollutant content in contouring maps. The study area includes four ports on the
coasts of Attiki, in Greece, that correspond to various pollutant concentrations, due to the variety in coastal geology,
hydrological features, land current and past uses and port
capacity. A total of 63 sediment samples were collected
and analyzed for the determination of Fe, Mn, Ni, Cr, Al,
Zn, Pb, Cu, Sn, Cd, CO32-, and TOC content. Geostatistical
analysis was applied on the data produced, followed by
metal content presentation in contouring maps allowing the
easy and clear identification of hot spots. In a next step,
two models were created, correlating total metal content
with either North-South or East-West direction. Then, they
were combined via weight factors on the basis of data
correlation in each axis, allowing all available information
to be used.
The mathematical model resulted from the combination of the two axes models, was intended to be as simple
as possible, providing with the trend rather than following
the exact values measured. In case of homogeneous marine
environments with specific pollution sources and dense
sampling, the mathematical model developed succeeds in
providing with acceptable accuracy forecasting values concerning the pollutant content in marine sediments. Such is
the case in Lavrio, where the pollution sources are located
in specific places. On the other hand, in case of heterogeneous environments with sparse sampling and many pollution sources, the model is not that accurate. Such is the
situation in Piraeus and Elefsis ports. When the study area
is characterized by a higher complexity then the polynomial distribution model required must be of a higher degree. Areas with little or no pollution sources (as for example in Rafina) show no specific trend in pollutant distribution. The preliminary study for new sampling areas
indicates as such the peaks, as well as the turning points
of the curves. The reason is rather obvious, they correspond
to a change in trend, therefore possible change in the sedimentation laws and further sampling as well as study is
probably required in order to define the reason for the distribution of the pollutants (heavy metals in our case).
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ABSTRACT
This study explains variations of Adriatic fish and
cephalopods landing data in relation to the changeable
atmosphere over the northern hemisphere, which is synchronized with regional Adriatic Sea atmospheric patterns
and local sea conditions, from 1961 to 2003. Fish-cephalopods landing data is subject to principal component analysis, and 4 significant components are extracted describing
the similarity between Cephalopoda, Merluccius merluccius, Mullus barbatus, and Thunnus thynnus, between
Boops boops and Spicara smaris, and between Sardina
pilchardus and Sarpa salpa. The last component describes
the variation of only one species, Scomber japonicus. Relating principal components to environmental data using
the correlation technique, significant correlation with
regional atmospheric forcing and hemispheric climate
was found. For the most abundant pelagic fish, Sardina
pilchardus and for Sarpa salpa (both described by the same
principal component), first-differencing was used to remove autocorrelation. The same procedure is performed on
environmental data, and using the lag correlation coefficient, the dependence between fish-cephalopods and environmental data was established. The highest-lagged correlation coefficients of the fish species are found with the
wind intensity and primary production.
KEYWORDS: hemispheric climate, regional atmospheric forcing,
productivity, fish and cephalopods landings, Adriatic Sea.

the marine ecosystem are attributed to changes in the sea
temperature, salinity and circulation, controlled by the regional atmospheric variations and large-scale teleconnection. The eastward shift of the northern hemispheric sea
level pressure pattern around 1980 [1], as a consequence of
the increasing trend of the North Atlantic Oscillation index
during the last decades of the 20th century [2], change the
hydro-climate and biology of the Mediterranean seas, including the Adriatic [3]. The most significant changes in
the Adriatic productivity coincided with the extremely cold
winters of 1980, 1987 and 1996, having extremely negative
winter temperature anomalies over the Mediterranean [4].
Changeable regional atmospheric forcing, influenced by
atmospheric processes on spatial scales larger than the
Adriatic, shows interannual variability connected to the
local marine ecosystem and fish stock. The evidence for this
is observed through variations in the sea surface temperature, advection, mixing, upwelling and some other parameters that control productivity, growth and migration of marine organisms.
In this paper, the influence of climate changes on regional atmospheric forcing, important for the marine ecosystem in the coastal zone of the eastern Adriatic Sea, has
been recognized as a key factor which controls variations
in primary production, and in fish-cephalopod stock from
inter-annual to long-term scales.
MATERIALS AND METHODS

INTRODUCTION
Although the linkage between the marine ecosystem
changes and climatic trends exists from decadal to longterm scales, the results obtained for various basin-scale case
studies (for example Bering Sea, Baltic and North Sea)
suggest that shifts in the climate regime can be responsible for shifts in the marine ecosystem. Most of the shifts in

To analyze inter-annual and decadal variations of fishcephalopod populations under the hemispheric and regional
atmospheric influences, various atmospheric parameters
from hemispheric to local scales, such as NAO, air temperature, wind speed, and fish-cephalopods landings data
were used. For the North Atlantic Oscillation (NAO), the
winter index (means from December to March; DJFM)
provided by the Climatic Research Unit, UK was used
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(www.cru.uea.ac.uk/cru/). It is determined by a normalized
pressure difference between Ponta Delgada (Azores) and
Reykjavik (Iceland). The annual air temperature and the
wind speed from the 9 East Adriatic meteorological stations, covering the 1961-2003 period, were used as the
atmospheric factors from which influences of changeable
climate can be seen. At a local scale, primary production
and intermediate salinity for the permanent oceanographic
station in the Middle Adriatic Sea, selected as the control
one, are used to present the influence of variable atmosphere
to sea conditions (Fig. 1). Salinity data collected on a monthly scale cover the period 1961-2003. Measurements of primary production by the standard Steemann Nielsen 14C
tracer method, started in 1962. Primary production was
collected on monthly basis since 1960 [5].
The fish-cephalopods landing data used in the analysis
correspond to the fish caught in the coastal and open seas
of the eastern Adriatic sea. All the catch data for the 8 fish
species (from demersal to pelagic ones) and cephalopods
used here were taken from the periodical „Morsko
ribarstvo“ (1952-1995), and later data from the FAO
Fishery Statistics. The fish and cephalopods catches do not
depend exclusively on environmental conditions in the
fishing areas and on fluctuations of the stock, but also on

changes of fishing techniques, fishing effort, and a number of economic and social factors, and so the catch of all
the mentioned species along the eastern Adriatic coast
reflects these influences. Climate dependence on fish
and cephalopod populations is usually derived from biomass data; however, in absence of these data, landing data
were taken as a first approximation.
Statistical analysis

Monthly landing data of the 8 commercial fish and
cephalopods was summarized at an annual scale, and then
subject to principal component analysis (PCA), in order to
identify fish-cephalopods groups with similar variability.
Only those principal components showing Eigenvalues
greater than 1 (Kaiser-Guttman criterion) were used in further analysis. In order to obtain a better insight into the
behavior of the output loadings, the orthogonal varimax
rotation of extracted PC components was used. This method
simplifies the interpretation because, after a varimax rotation, each original variable tends to be associated with one
(or a small number) of factors, and each of them represents only a small number of variables. Additionally, the
obtained significant PCs were compared with those of
physical forcing which can be responsible for time varia-

FIGURE 1 - Adriatic Sea map with positions of meteorological and oceanographic stations.
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tions of fish-cephalopods landings. We must have in mind
that the process of autocorrelation removal can decrease
statistical power in that situations where slowly changing
processes are important. In the first step of correlation
analysis, the original series of environmental data and PC
scores which contain low-frequency (slowly changing processes) were compared via Pearson correlation analysis.
Comparing factor scores with the environmental variables
(at hemispheric, regional and local scales), temporal series
of landing data can be explained in sight of climatecontrolled processes.
The second step in the statistical correlation analysis
is to remove autocorrelation from fish-cephalopods landing, and environmental data prior to applied correlation
analysis, because the presence of temporal autocorrelation in fish-cephalopods and in environmental data can
produce correlation which refers to persistence in long-term
processes. As we are, in this moment, interested only in
ecological behavior of the most abundant Sardina pilchardus and Sarpa salpa (both described by the PC3 component), autocorrelation was removed from this series of
landings and from selected environmental data using firstdifferencing before performing lag correlation.

a lower loading, the northern bluefin tuna Thunnus thynnus.
The second one (explained variance is 23.1%) has significant loadings for two species Boops boops and Spicara
smaris. The third component which explains 21.2% of the
total variance has significant loadings for the most important commercial species, the European pilchard Sardina pilchardus, and for Sarpa salpa. The last one explaining only 12.1% of the total variance is attributed to
inter-annual variations of only one species, Scomber japonicus.
An abrupt shift in time evolution of PCs scores (T-mod
of PCA) is found to be different for extracted factors (Fig. 3).
For the first one, the shift is observed in the period 19882001, for the second one the shift started around the 1960s.
For the PC3, the shift is observed in the period 1972-1993.
For the last one, no clear shift signal is observed. The biological response of the climate influences can be found
throughout correlation analysis between PC scores and environmental conditions at hemispheric, regional and local
scales for the original series, including the component of
slowly changing processes. These slow changes processes
in the Adriatic may be rated to prolonged periodical intrusions of Mediterranean waters to the Adriatic. The results
of applied Pearson correlation techniques are summarized

RESULTS AND DISCUSSION

TABLE 1 - Principal component loadings
obtained from initial fish-cephalopod matrix.

After performing the PC analysis on annual fishcephalopod groups, the 4 significant components (eigen
values >1) were extracted explaining 91% of the total variance of the initial matrix. Extracted PC loadings (S-mod)
separate 4 different groups, which contribute with different
amount in the total variance of the fish-cephalopod landing data (Fig. 2; Table 1). The first extracted component
(explained variance is 34.2%) grouped three species: Cephalopoda, Merluccius merluccius, Mullus barbatus, and, with

Sardina pilchardus
Boops boops
Spicara smaris
Cephalopoda
Scomber japonicus
Merluccius merluccius
Sarpa salpa
Mullus barbatus
Thunnus thynnus

PC1
0.003
0.218
0.483
0.908
0.173
0.832
0.324
0.809
0.672

PC2
0.226
0.937
0.769
0.212
0.017
0.235
0.123
0.359
0.574

FIGURE 2 - The scatter plot of significant PC loadings (S-mod of PCA) in the coordinate PC frame.
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PC3
0.940
0.001
0.182
0.048
0.221
0.300
0.867
0.270
0.158

PC4
0.111
0.080
0.098
0.110
0.954
0.309
0.239
0.092
0.040
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FIGURE 3 - Time evolution of extracted scores (T-mod of PCA).

TABLE 2 - Pearson correlation coefficients between extracted
PCs from fish-cephalopods matrix and environmental data on
hemispheric (H), regional (R) and local (L) scales. Marked correlations are significant at p* < 0.05 and p** < 0.001 for N=35.
r
NAO winter (H)
Air temperature
Senj (R)
Air temperature
Hvar (R)
Air temperature
Lastovo (R)
Wind speed
Senj (R)
Wind speed
Hvar (R)
Wind speed
Lastovo (R)
Salinity (L)
Primary production
STS (L)

PC1
0.42*

PC2
0.39*

PC3
0.18

PC4
0.18

0.52*

0.44*

-0.35*

-0.14

0.33

0.31

-0.42*

0.02

0.30

0.27

-0.48*

0.03

-0.75**

-0.41*

0.38*

0.06

-0.38*

0.10

0.65**

0.19

0.48*

0.56**

0.21

0.21

-0.26

0.32

0.31

0.25

0.19

0.41

0.04
*

0.33

in Table 2 for only those results with higher correlation
coefficients. The stock dynamics of many fish species is
thought to be strongly influenced by environmental factors, which determine the food availability both in time and
space for larvae and juveniles [6].
Among the ambiental characteristics, the highest correlation coefficients of the PCs representing fish species

are found with the wind intensity. This is expected, because the wind, waves and turbulence have direct correlation to the fish population. The general reaction of the majority of the fish species, as well as the Cephalopods, to the
increased wind intensity is the escape into the deeper sea
levels. This would generally diminish the probability of fish
and other species of being caught. Such a behavior was
confirmed through a number of studies for plaice and cod
[7, 8]. The wind effect to the fish catch was shown on the
diurnal scale for the pelagic fish, which also move into
deeper levels when the sea is rough [9]. The bottom fish
also may be affected [10, 11]. The correlations in Table 2
are based on annual catch and, therefore, represent the overall annual influence. The correlation coefficient of the PC1
(which describes the behavior of Cephalopoda, M. merluccius, M. barbatus and T. thynnus) with the wind has the
highest value for the wind in Senj. Such a high correlation
is a consequence of the fact that the Velebit channel belongs to the rich fishing ground for these species, while
the annual wind in Senj is characterized by the strong bora
wind which is the cause for a generally reduced catch under
the wind action in the coastal area. The PC2 has the highest correlation with the wind at the middle Adriatic island
Hvar, which may represent generally the conditions in the
middle Adriatic channels, known as a fishing ground for
B. boops and S. smaris, explained by the PC2. The correlation coefficient of the PC3, which describes the behav-
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ior of small pelagic fish is highest with the wind in Lastovo, where the small pelagic fish are caught. The sign of
these correlations are opposite to those with the PC1, distinguishing between different oceanographic processes
occurring in the coastal and open sea areas. The winds at
both open sea stations are highly correlated to the largescale weather systems which are indicative for the interannual fluctuations of intrusion of the Mediterranean
waters into the Adriatic. These saltier and nutrient-richer
waters have high impact on the Adriatic ecosystem and fish
[11]. High correlation between PC3 and primary productivity shows synchronicity of small pelagic fish and
productivity at the open sea, both being a consequence of
inter-annual fluctuations of the Mediterranean intrusions
(which is the process on the decadal scale). The high correlation of PC1 with temperature shows higher sensitivity
to temperature of Cephalopoda, M. merluccius, M. barbatus and T. thynnus than other species. According to the
cephalopods, it seems that squids and cephalopods, in
general, have the intrinsic flexibility to adapt to climate
change – their life-history and physiological traits enable
them to be opportunists in variable environments [12].
Although the meteorological variables mutually have significant correlations, it seems that regional wind speed,
production, salinity and air temperature are the key factors which control fish-Cephalopoda stock. Such high
correlations are present because of the existing lowfrequency component both in fish-cephalopods and environmental data, when considering importance of processes on the long-term scale.
In the second part of the statistical analysis, we are
concerned only with one extracted component, PC3, which
described temporal variations of fish, Sardina pilchardus
and Sarpa salpa. The obtained significant lag correlation
coefficient between detrended (removed autocorrelation by
first-differencing) landing and environmental data is discussed in more details, taking into account the specific biological pattern of each fish.
The annual detrended data of Sardina pilchardus are
highly correlated with primary production, and wind speed,

with a time lag of 3 and 4 years, respectively (Table 3,
Fig.4).
TABLE 3 - Correlation coefficients between
Sardina pilchardus and Sarpa salpa and environmental
data (detrended). Marked correlations are significant at p* < 0.05.
Sardina pilchardus
Sarpa salpa

Wind Hvar
0.44*
lag=4
0.22
Lag=0

PP
0.32*
lag=3
0.26
Lag=3

The correlation is less significant for Sarpa salpa. The
wind speed is an indicator of mixing and upwelling, since
up-welled waters enrich the surface coastal ones with nutrients, supporting primary productions and, consequently, the
abundance of fish. It is obvious that synchronicity exists
between the inter-annual variability of primary production,
wind speed and fish stock with some delay. A possible
explanation of this may involve relative changes in recruitment rates and, in this case, a phase lag is expected. This
phase lag should be equal to the modal age of sardines in
the catch, which in Adriatic waters is 3 to 4 years. Some
mechanisms may be implicated in such changes, thus involving complex interactions between growth rate of sardine larvae, climatically mediated long-.term changes in the
Adriatic production and plankton species composition, relative changes in larval dispersion due to changing patterns
of currents, and other factors that may affect the egg/
larval/post-larval/juvenile phases. Another explanation could
be related to the relative availability of species to fishing
gears, and/or in the relative fishing effort expended on
each species. Lots of changes in fishing techniques and
fishing effort have taken place, but there was also a substantial increase, for example, in sardine annual catch. It
may, therefore, be concluded that the sardine stock in the
Adriatic was not over-fished during any phase of fisheries
development; it may thus be assumed that a large part of
the increasing trend may be attributed to development of
the sardine fishery, and that signals of natural fluctuations
were mixed with „noise“ caused by the changes in fishing
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FIGURE 4 - Lagged inter-annual fluctuation of Sardina pilchardus in comparison
with annual primary production (PP) and wind speed in the middle Adriatic sea.

technique and fishing areas. The first signs of a probable
anthropogenic influence on the sardine population in the
Adriatic, causing an increase in primary productivity, were
detected in 1980s, when it was observed that the annual
sardine catch increased while the fishing effort increased
as well. It seems that the fluctuations derived from sardine
assessments in the Adriatic do not seem to be strongly influenced by fishing.
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ABSTRACT
Liming is often, although not always, carried out in acid vineyard soils to decrease soil acidity due to exchangeable aluminium. Vineyard soils are characterized by the
accumulation of Cu in upper layers due to application of
fungicide. However the effect of liming on Cu sorption has
not been studied in detail. In this study, we investigated
copper adsorption in limed and unlimed soils, using batch
experiments to determine how Cu adsorption is influenced
by liming. The results showed that copper adsorption was
substantially higher in the limed soils (mean value of Xm,
31 mmol kg-1) than in the unlimed soils (mean value of
Xm, 20 mmol kg-1). Exchangeable calcium was the soil
parameter most closely related to adsorbed Cu, probably
because of the increase in pH due to addition of lime. Total
carbon and exchangeable Cu also affected Cu adsorption.

KEYWORDS:
Adsorption, copper, vineyard soils, liming.

INTRODUCTION
Copper-based fungicides have been used to treat vines
in winemaking areas since the late XIX century. As a result, the upper horizons of vineyard soils have accumulated copper in amounts that considerably exceed those
present in natural soils developed on identical parent materials [1]. This has led to severe environmental problems,
since increased copper contents diminish the biological
quality of vineyard soils relative to forest soils [2]. The
problem has been addressed by the use of agricultural practices that increase copper retention by the soil components
in order to decrease plant bio-availability, and hence the
phytotoxicity of this metal, and also to alleviate its potential adverse effects on nearby natural environments (soils,
water). The capacity of vineyard soils to adsorb copper depends on several soil components, including organic mat-

ter and Al and Fe hydrous oxides [3], in addition to various
soil properties such as pH [4]. Liming is commonly used
to correct soil acidity, and may affect organic matter and
the copper retention capacity of soil. In this study, we examined the influence of this agricultural practice by comparing the copper adsorption capacity of limed and unlimed
acid vineyard soils.
MATERIAL AND METHODS
Soil samples

Soil samples were obtained from 18 acid vineyard soils
(eight from traditionally limed soils and ten from unlimed
soils). Each sample comprised five replicate sub-samples
that were collected within 0.5 m of each other and then
pooled. Two of the five replicates were collected from
within the same vine row and three from the adjoining between-row space. The rows were 1.0-1.2 m apart. This sampling method was adopted on the grounds of the high variability in Cu contents among sampled plots observed in
previous experiments [5]. Each five-replicate sample consisted of 2 kg of soil collected from the top 20 cm layer
(i.e. the layer usually affected by the action of rotary cultivators). Samples were transferred in polyethylene bags to
the laboratory, where they were air-dried, passed through
a 2 mm mesh and stored in polyethylene jars.
Physicochemical characterization of the soil samples

The particle size distribution of the < 2 mm fraction of
the soils, which comprised sand (2-0.05 mm), silt (0.050.002 mm) and clay (< 0.002 mm), was determined by use
of the widely adopted pipette method [6]. The soil pH in
water was measured in 1:2.5 soil: water suspensions, with
a combined glass electrode. The total organic C and N contents were determined in finely milled samples, with a
Thermo Finningan 1112 Series NC soil analyser.
The effective cation-exchange capacity (ECEC) was
estimated as the combination of base cations (K, Na, Ca and
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Mg) displaced by 0.2 M NH4Cl [7] and Al extracted by 1 M
KCl [8]. The contents of Ca, Mg and Al were determined
by flame atomic absorption spectrometry, and those of Na
and K by flame atomic emission spectrometry.
The distribution of Fe and Al in the soils was studied
by the selective extraction methods usually used for acid
soils: with 0.1 M Na-pyrophosphate (Fe and Al bound to
organic matter, Alp and Fep), oxalic acid-ammonium oxalate
at pH 3 (Fe and Al bound to organic matter and non crystalline inorganic forms, Alo and Feo), dithionite-Na citrate
(total free Fe, Fed) and 0.5 M NaOH (total free Al, Aln).
Exchangeable copper (CuE) was quantified by shaking 10 g of soil in 50 mL of 1 M ammonium acetate for 1 h
[9]. Total copper was determined by digesting 0.5 g of soil
with 5 mL of HNO3, 4 mL of HF and 1 mL of HCl in a
microwave oven at 700 kPa. The copper content of the
samples was determined by flame atomic absorption spectrometry. For quality assurance and control (QA/QC) purposes, two certified reference materials (CRM 141 and
CRM 143, which consist of calcareous loam soil and sewage sludge-amended soil, respectively) were analysed by the
above-described method for total copper; the copper recoveries obtained from both materials were consistent with
the certified values.
Copper adsorption

Copper adsorption was determined, in triplicate, by a
batch technique. Thus, a volume of 25 mL of a copper solution containing 10-200 mg Cu L-1 was added to 2 g of soil,
supplied with 0.01 M NaNO3 as background electrolyte
and adjusted to pH 5.5. The resulting soil suspensions were
shaken at 22 ± 2 ΕC for 1 h (preliminary runs had shown
that further adsorption after 1 h was negligible), centrifuged at 4000 rpm for 15 min and filtered through Whatman
No. 40 paper. Copper in the filtered extracts was determined
by flame atomic absorption spectrometry. The amount of

copper adsorbed was estimated as the difference between
Cu added and Cu remaining in solution in the extracts.
The amounts of copper adsorbed were fitted to Langmuir and Freundlich equations:
Langmuir equation:
Freundlich equation:

X =

K L X mC
1 + K LC

(1)

X = KFCn

(2)

where X is the concentration of adsorbed copper
(mmol kg-1), C is the equilibrium concentration of copper
(mmol L-1), Xm is the maximum capacity for copper adsorption (mmol kg-1), KL (L mmol-1) is an equation parameter, and KF and n (dimensionless) are the Freundlich
coefficients.
Statistical analyses

A Student t-test was performed to compare the properties of the limed and unlimed soils. Pearson´s correlations coefficients were calculated and a stepwise regression analysis carried out to identify possible relationships
between the percentage of copper adsorbed and the parameters of Langmuir and Freundlich equations as a function of various soil properties at each final concentration
of Cu. Summary statistics were used to calculate the mean,
maximum, and minimum values and standard deviations for
all studied parameters. All statistical analyses were carried
out with SPSS software (version 14.0).
RESULTS AND DISCUSSION
General soil properties

The soils consisted largely of sand (> 60%) and most
had a sandy loam texture (Table 1). The soils were acid; the

TABLE 1 - Values of selected properties of the studied soils.

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

Limed
Limed
Limed
Limed
Limed
Limed
Limed
Limed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed
Unlimed

Sand
Silt
Clay
----------- % --------57
33
10
36
47
17
67
21
12
64
27
10
66
25
9
68
19
13
55
33
12
77
14
9
53
31
16
77
14
8
44
36
20
68
20
12
54
29
18
67
17
16
55
31
14
60
31
10
54
34
12
65
20
15

pH
5.4
5.8
6.3
6.1
5.3
5.8
4.8
5.0
4.5
4.8
4.4
4.8
4.3
4.6
4.3
4.6
4.6
4.9
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C
%
1.7
1.5
2.4
2.4
2.2
1.7
6.1
3.8
3.0
3.8
2.3
3.4
3.4
2.9
8.6
6.9
3.8
1.5

Ca
1.3
1.2
2.3
2.0
1.1
1.5
1.1
1.2
1.1
0.4
0.8
0.7
0.6
0.7
0.7
1.1
0.8
1.1

Mg
Na
K
Al
--------------- cmol(c) kg-1 ---------------0.5
0.7
0.4
<0.05
0.9
0.7
0.4
<0.05
1.1
0.8
0.5
<0.05
2.6
0.6
0.5
<0.05
1.0
0.6
0.3
<0.05
1.0
0.6
0.4
<0.05
0.9
0.7
0.4
0.2
1.7
0.7
0.3
0.1
0.8
0.6
0.4
0.1
0.7
0.6
0.2
0.9
0.5
0.6
0.3
0.3
0.5
0.6
0.3
0.8
0.3
0.9
0.5
1.2
0.4
0.6
0.5
0.3
0.4
0.9
0.3
2.6
1.0
0.7
0.3
0.2
0.5
0.6
0.4
1.1
0.8
0.7
0.2
0.5

ECEC
2.9
3.2
4.7
5.7
3.0
3.5
3.3
4.0
3.0
2.8
2.5
2.9
3.5
2.5
4.9
3.3
3.4
3.3
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TABLE 2 - Amounts of Al, Fe and Cu extracted from the studied soils.
Alp*
Alo
Aln
Fep
Feo
Fed
CuE#
CuT
Soil
----------------------- % ------------------------ mg kg-1 ---1
Limed
0.2
0.2
0.2
0.0
0.2
1.3
5.2
253
2
Limed
0.0
0.1
0.1
0.0
0.2
0.8
2.0
137
3
Limed
0.1
0.1
0.1
0.0
0.1
0.6
0.9
122
4
Limed
0.1
0.1
0.1
0.0
0.1
1.3
6.8
433
5
Limed
0.1
0.1
0.1
0.0
0.1
1.1
1.7
141
6
Limed
0.2
0.2
0.3
0.0
0.2
0.8
2.1
200
7
Limed
0.2
0.2
0.3
0.0
0.1
0.7
2.2
231
8
Limed
0.1
0.1
0.2
0.1
0.2
1.7
1.9
238
9
Unlimed
0.1
0.2
0.2
0.1
0.4
2.1
1.5
149
10
Unlimed
0.3
0.3
0.4
0.0
0.1
0.2
10.1
422
11
Unlimed
0.2
0.1
0.2
0.1
0.4
2.3
4.1
212
12
Unlimed
0.2
0.2
0.4
0.1
0.2
1.0
2.7
192
13
Unlimed
0.2
0.2
0.3
0.0
0.2
0.4
15.9
511
14
Unlimed
0.2
0.2
0.2
0.1
0.3
2.1
2.1
177
15
Unlimed
0.3
0.3
0.4
0.1
0.3
0.9
6.9
381
16
Unlimed
0.1
0.1
0.1
0.0
0.1
0.8
4.1
346
17
Unlimed
0.2
0.2
0.2
0.1
0.2
0.9
2.0
168
18
Unlimed
0.1
0.1
0.2
0.0
0.2
0.6
13.4
353
*
Al and Fe extracted with Na-pyrophosphate (Alp, Fep), oxalic acid-ammonium oxalate (Alo, Feo), dithionite-Na citrate (Fed), 0.5 M NaOH (Aln).
#
CuE and CuT are exchangeable and total Cu respectively.

unlimed soils were more acidic than the limed soils (average pH 4.6 and 5.7, respectively: t = 6.9, P = 0.000) (Table 1). The average carbon content was lower than 5%
and significantly higher in the unlimed soils than in the
limed soils (t = 2.2, P = 0.040). The effective cation exchange capacity was low (< 3.8 cmol(c) kg-1) in both types
of soil; however, the content of exchangeable Ca was significantly higher in the limed than in the unlimed soils (t =
4.1, P = 0.001). The apparent similarity between ECEC
values in limed and unlimed soils results from the compensating effect of the presence of Ca in limed soils, in
which Al is almost absent, whereas in unlimed soils low
values of exchangeable Ca are compensated, in terms of
ECEC, by the presence of Al.
Organically bound Al was found to be the dominant Al
fraction (Alp/Alo>0.5) in limed and unlimed soils with values ≤ 0.3 %, whereas crystalline iron (Fed-Feo>Feo) was the
most abundant Fe fraction (Table 2).
The total Cu contents ranged from 122 to 511 mg kg-1;
and indicated that the soils were strongly contaminated

with copper. Such high Cu levels can be ascribed to the
use of copper-based fungicides as the effect of fertilizers
is much less marked [10]. There were no significant differences in total Cu contents between limed and unlimed soils
(t = 1.2, P = 0.235).
Copper adsorption

The average percentage adsorption of copper in the
limed soils exceeded 90% with Cu additions below 80 mg
L-1 (Table 3). The addition of greater amounts reduced
copper adsorption to an average of 74% (with 200 mg Cu
L-1). The average percentage adsorption of copper in the
unlimed soils was somewhat lower (less than 90% with
additions ≥10 mg Cu L-1). Also, copper adsorption in such
soils fell to 55% with additions of 150 and 200 mg Cu L-1
(Table 3). The greater adsorption in the limed soils than in
the unlimed soils was a result of the higher pH of the former; in fact, adsorption of most metals increases with increasing pH [11]. In addition, the degree of negative charge
in soils containing a variable charge such as those under
study increases with increasing pH and facilitates interaction of colloids with cations in the soil solution.

TABLE 3 - Mean and standard deviation (SD), maximum (Max) and minimum (Min)
percentage adsorption of copper in limed and unlimed vineyard soils after addition of Cu.
Soils
10
Limed

Unlimed

Mean
SD
Max
Min
Mean
SD
Max
Min

96
1
98
95
93
3
97
85

20
93
3
97
90
88
6
95
74

40
97
1
98
94
89
6
97
76
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Cu added (mg L–1)
50
80
96
93
2
4
97
97
93
87
86
76
10
13
96
94
68
56

100
88
6
97
80
68
15
91
46

150
77
12
93
60
55
16
81
31

200
74
12
93
60
55
14
79
37
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TABLE 4 - Coefficients of correlation between Cu adsorption (% Ads)
at different levels of Cu added (10 to 200 mg L-1) and selected soil properties.
pH
Ca
%Ads10
0.607**
0.691**
%Ads20
0.530*
0.703**
%Ads40
0.579*
0.711**
%Ads50
0.521*
0.686**
%Ads80
0.608**
0.786**
%Ads100
0.660**
0.853**
**
%Ads150
0.714
0.901**
%Ads200
0.744**
0.910**
ns = not significant; * p < 0.05; ** p < 0.01

Mg
0.482*
0.519*
0.569*
0.482*
0.582*
0.640**
0.674**
0.678**

ECEC
ns
ns
ns
ns
0.496*
0.520*
0.570*
0.635**

CuT
–0.580*
–0.506*
–0.488*
–0.518*
ns
ns
ns
ns

CuE
–0.635**
–0.688**
–0.699**
–0.675**
–0.520*
–0.503*
–0.456*
ns

TABLE 5 - Results of the multiple regression analysis of the Cu adsorption results (% Ads) obtained for three
different amounts of copper added (10, 80 and 200 mg L-1) and selected soil properties averaged for all samples (n = 18).

%Ads10
%Ads80
%Ads200

R2
0.625
0.595
0.915

Equation
(91.7 ± 1.5) + (3.8 ± 1.1)Ca – (0.34 ± 0.12)CuE
(58.3 ± 5.2) + (22.2 ± 4.4)Ca
(14.2 ± 4.2) + (35.5 ± 2.6)Ca + (2.7 ± 0.6)C

On the basis of the results of the correlation analysis
(Table 4), exchangeable calcium was the single variable
that most strongly affected copper adsorption. Also, the
correlation between exchangeable calcium and adsorbed
copper increased with increasing amount of copper added
to the soil, which is consistent with its increased retention
in the limed soils. As can be seen in Table 4, there was significant correlation (P < 0.05) between adsorbed copper
and pH, and exchangeable magnesium and ECEC, which
are closely related to exchangeable calcium. Finally, CuT
levels in the soil were negatively correlated with adsorbed
copper for additions below 50 mg L-1 (Table 4). However,
exchangeable copper ─which constitutes the most mobile
copper fraction─ was also significantly negatively correlated with adsorbed Cu for most additions (Table 4).
The equations relating the proportion of copper adsorbed and soil variables for all samples (n = 18), as
obtained by stepwise regression analysis of the experimental data, are shown in Table 5. At a low surface
coverage (10 mg Cu L-1), exchangeable Ca and CuE accounted for 62% of the variance in the proportion of copper adsorbed (% Ads10). The higher the Ca content, the
higher the copper adsorption; also, the higher the CuE, the
lower the copper adsorption. At a medium surface coverage (80 mg Cu L-1), CuE had no significant effect on copper adsorption (% Ads80) and exchangeable Ca was the
only influential variable, accounting for ca. 60% of the
variance in Cu adsorption (Table 5). Finally, at a high
surface coverage (200 mg Cu L-1), exchangeable Ca and C
accounted for ca. 92% of the variance in Cu adsorption (%
Ads200). Therefore, the multiple regression analysis revealed that exchangeable Ca, and also carbon in the soil
plays a key role in the retention of copper when there is a
high concentration of this metal in the soil solution. At
low concentrations of copper, however, exchangeable Cu
in the soil plays a highly prominent role in its adsorption.

F
15.2
25.9
92.5

P
0.000
0.000
0.000

Adsorption curves

Plotting the amounts of copper adsorbed by the soils
as X (mmol Cu adsorbed per kg soil) against its equilibrium concentration (C, in mmol L-1) produced L-shaped
curves, whose slope decreased with increasing concentration of Cu in equilibrium in the soil solution as a result of
the gradual decrease in the number of free adsorption sites.
This suggests that the soil particles have a high affinity for
copper at low concentrations and that the affinity decreases
as the metal concentration in the soil approaches the maximum adsorption capacity of the soil [12]. For example,
Figure 1 shows the results for two selected samples. As can
be seen from this figure, the X-C curves for the two types
of soil (limed and unlimed) were fitted with Langmuir and
Freundlich equations (see Table 6 for the corresponding
equation parameters). The mean value of maximum copper adsorption capacity, Xm, for the limed soils (31 mmol
kg-1) was significantly higher (t = 2.8, P = 0.012) than for
the unlimed soils (20 mmol kg-1; Table 6). Interestingly,
the soils exhibited a high adsorption capacity for copper,
although they already contained large amounts of this
metal. This suggests that the soils can continue to be supplied with copper without significantly increasing the risk
of phytotoxic effects. Also, previous copper fractionation
tests on similar soils revealed that Cu present in soil is
largely bound to organic matter [3]. In addition, incubation
tests involving the addition of copper to soil revealed that
added Cu rapidly binds to organic soil components [13].
As regards soil parameters, Xm was significantly correlated with soil pH (r = 0.758), ECEC (r = 0.666), exchangeable Mg (r = 0.664) and exchangeable Ca (r =
0.948). These results suggest a strong influence of the previous soils parameters, which are closely related to liming,
on Cu adsorption. On the other hand, the parameter KL was
significantly correlated with soil pH (r = 0.530), exchangeable Ca and Mg (r = 0.494 and r = 0.563, respectively),
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and CuE (r = -0.622). The constants in the Freundlich
equation, KF and n, were significantly correlated with the
same variables as Xm, namely: pH (r = 0.722 and r = 0.603,
respectively), exchangeable Ca (r = 0.936 and r = 0.784),
exchangeable Mg (r = 0.658 and r = 0.470) and ECEC (r =
0.694 and r = 0.623). Although Al and Fe hydrous oxides
have a relevant influence on Cu adsorption in soils [3], in
the present study no significant relationships between these
parameters and adsorbed Cu were found, probably because
any potential influence was masked by other relationships
such as those due to exchangeable Ca or total carbon.

of the variance in Xm (Eq. 3). On the other hand, KL which
is related to the energy of interaction between the sorbate
and sorbent, was negatively correlated with exchangeable
copper (CuE) and positively correlated with exchangeable
Mg (Eq. 4).

The maximum copper adsorption capacity, Xm, was
strongly dependent on the soil contents of exchangeable Ca
and carbon; in fact, these two variables accounted for 96%

The soil variables significantly correlated with the
Freundlich constants (KF and n) were very similar to those
for the Langmuir parameters.

Xm = (–2.3 ± 1.7) + (20.3 ± 1.0)Ca + (1.3 ± 0.2)C
(R2 = 0.958; F = 193, P = 0.000)

(3)

KL = (9.4 ± 1.4) – (0.5 ± 0.1)CuE + (3.3 ± 1.1)Mg
(R2 = 0.562; F = 11.913; P = 0.001)

(4)

X (mmol kg-1)

40
a
)

30
20
10
0
0,0

0,1

0,2

0,3

0,4

-1

C (mmol L )

X (mmol kg-1)

25
b
)

20
15
10
5
0
0,0

0,5

1,0

1,5

-1

C (mmol L )
FIGURE 1 - Copper adsorption curves for selected limed (a) and unlimed vineyard soils (b).

TABLE 6 - Mean and standard deviation (SD), maximum (Max) and minimum (Min) values of the
Langmuir and Freundlich equation parameters for Cu adsorption in limed and unlimed vineyard soils.
Soils
Limed

Unlimed

Mean
SD
Max
Min
Mean
SD
Max
Min

Xm
31
10
47
22
20
6
31
13

Langmuir
KL
12
3
17
8
8
3
16
3
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R2
0.945
0.026
0.980
0.911
0.914
0.050
0.970
0.814

KF
39
23
80
21
19
9
35
10

Freundlich
n
0.41
0.09
0.56
0.33
0.36
0.04
0.42
0.30

R2
0.944
0.019
0.976
0.916
0.928
0.037
0.963
0.841
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KF = –(23.7 ± 4.8) + (39.6 ± 3.0)Ca + (2.1 ± 0.7)C
(R2 = 0.911; F = 87.779; P = 0.000)

(5)

n = (0.2 ± 0.03) – (0.1 ± 0.02)Ca + (0.01 ± 0.00)CuE
(R2 = 0.715; F = 22.301; P = 0.000)

(6)

On the basis of the previous equations, proper management of organic matter and liming will play a key role
in copper dynamics in these soils. However, the soils should
be carefully amended as addition of too much lime may
raise the pH to exceedingly high levels. Although such pH
conditions may facilitate copper retention, they may also
cause partial dissolution of soil organic matter and release
associated Cu. In fact, previous copper release tests on vineyard soils provided U-shaped curves and revealed that Cu
release in the alkaline pH region is dependent on the extent of dissolution of organic matter [14].
CONCLUSIONS
The studied soils were found to retain copper quite
efficiently despite their initial high contents of this metal.
Also, the limed soils exhibited a higher capacity to retain
copper than the unlimed soils. Calcium and organic matter
were the two soil variables most closely correlated with the
adsorption parameters. Therefore, liming and maintenance
of the initial organic matter contents of the soils appear to
be effective management practices in order to control Cu
mobility, diminishing its potential environmental impact
in viticultural areas.
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ABSTRACT

INTRODUCTION

The aim of this study was to evaluate the adsorption
capacity of two ionisable herbicides, terbutryn (weak basic)
and dicamba (acid) by agricultural soils from the North of
Morocco with low organic matter content (0.87-2.18%), and
by clay minerals usually present in soils. Adsorption isotherms were obtained using the batch equilibrium technique
and Freundlich adsorption constants and distribution coefficients were determined. Adsorption by one soil at different
pHs was also carried out. The Kf values ranged between
3.40 and 11.8 for tertutryn, and between 0.001 and 0.67 for
dicamba and the nf values were always lower or higher than
unity for terbutryn and dicamba, respectively, indicating
non-linear isotherms. The Kf constants were correlated positively with clay content (r=0.92, p<0.01) and clay plus silt
content (r=0.73, p<0.1) for terbutryn and with organic matter content (r=0.69, p<0.1) for dicamba. The results obtained indicate adsorption of terbutryn by soils and clay
minerals higher than that of dicamba. Dicamba may cause
water pollution because of its low adsorption and leaching
potential. Further adsorption at different pHs showed an increase in adsorption of both herbicides at lower pH values, and for terbutryn, a negative and significant correlation
was found between Kf and pH values (r=-0.91, p<0.05).
The results obtained are of interest to improve the management of herbicides in Moroccan soils, which present increased agricultural production and use of herbicides. They
could be useful to predict the fate of these compounds in
these soils and to prevent water contamination.

KEYWORDS: Adsorption, ionisable herbicides, terbutryn, dicamba,
Moroccan soils, clay minerals

One of the steps adopted in developing countries to
improve the agriculture and obtain more and better food is
the protection of the cropped plants by the use of pesticides
[1]. In Morocco, the agricultural areas have increased
4 times during the last 30 years, which has given rise to an
increase in the use of these compounds that could have
negative consequences in the environment. This country
has a Mediterranean semi-arid climate in most of its territory and water resources are limited and irregular in time
and space. Agriculture spends almost the 87% of these
resources, and the rest is dedicated to drinking water and
industry [2]. The successive droughts have limited the water
resources to superficial springs during the last years. The
economical importance of agriculture is generating an important increase of the irrigated areas and a great use of
groundwater. This fact is seen mainly in the region of
Loukkos situated in the northwest of Morocco (N-W)
between Tanger-Tetouan and Ghard regions. It has a superficial area of 250000 ha, using the 51% as agricultural
land. There are three different zones, one dedicated to
cereals and forests, another dedicated to beetroot and a
third one dedicated to horticulture. In this area, an increasing number of different chemical products are applied [3].
They are used without control in many cases, and can
generate problems of contamination because they could
persist during long periods of time, or leach to the groundwater originating a degradation of the quality of the water
used for irrigation and for human consumption.
The potential risk implied when a pesticide is incorporated in the environment depends on many factors, especially on the characteristics of the compound and environment where it is going to be applied [4,5]. Adsorption of
pesticides by the soil is the main process which controls
the magnitude and effect of other processes that pesticides
can suffer in soils [6,7]. According to this, the objective
of this work has been to study the adsorption of two ionisable herbicides with different structure, terbutryn (weak
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base) and dicamba (acid), by soils from Morocco with low
organic matter content (0.87-2.18%) and by clay minerals
usually present in soils. Both herbicides have been found
in surface and groundwater of different countries [8-10].
Adsorption studies of herbicides by Moroccan soils are
scant in the literature, although they accounted for 10-15%
of the Moroccan market in 2002. Adsorption coefficients
could be used to predict the susceptibility of these compounds to leach to groundwater.
MATERIAL AND METHODS
Chemicals

Terbutryn (N-(1,1-dimethylethyl)-N´-ethyl-6-(methylthio)-1,3,5-triazine-2,4-diamine) (>98.5% purity) is a
basic solid herbicide (pKa=4.3) with solubility in water
of 22 mg/L and Kow of 3.65 [11]. Dicamba (3,6-dichloro2-methoxybenzoic acid) (>99.2% purity) is an acid solid
herbicide (pKa=1.97) very soluble in water (6.1 g/L at 25ºC)
and Kow value is variable depending on the pH (-0.55 at
pH 5.0) [11]. They were supplied by Riëdel de Haën (Hannover, Germany). Both herbicides are used in cereals, sugar
cane and horticulture.
Soils

Characteristics of soils used in this study are included
in Table 1. Soils 1-5 were from different agricultural areas
in Loukkos (Morocco) and soils 6 and 7, included for comparison reasons, were from different agricultural areas in
Salamanca (Spain). Soil samples (0-15 cm) were collected,
air dried and sieved through 2 mm mesh. Their particle
size distribution was determined using the pipette method
[12]. Organic carbon (OC) was determined according to a
modified version of the Walkley-Black procedure [12], the
results being multiplied by 1.72 for conversion into organic matter (OM) contents. Soil pH values were measured in
slurries made up at a 1:1 soil/water ratio. Clay minerals
were identified by the X-ray diffraction technique [13]. The
soils used are characterized by a low OM content (0.872.18%) and a variable clay content (9.45-33.6%) with presence of illite and kaolinite in all soils and montmorillonite
in some of them.
Clay minerals (<1 mm) selected for this study were
bentonite from Morocco, Fithian illite from the American

Petroleum Institute and Cuenca kaolinite from Spain, with
cation exchange capacity (CEC) values, determined by the
acetate ammonium method, of 84, 15 and 6.1 cmol/Kg,
respectively.
Adsorption of pesticides by soils and clay minerals

Adsorption experiments were carried out by the batch
equilibration technique. Triplicate 1 g-samples of soils or
0.1 g of clay minerals were equilibrated with 10 mL of
0.01 M CaCl2 aqueous solutions of terbutryn ranging
between 1-20 µg/mL or dicamba ranging between 50250 µg/mL. The suspensions were kept at 20±2ºC for 24 h
in a thermostatted chamber with intermittent shaking (2 h
every 4 h). Preliminary experiments revealed time contact
of 24 h to be long enough for equilibrium to be reached.
Subsequently, the suspensions were centrifuged at 6000 rpm
for 15-30 min. Equilibrium concentration was determined
in aliquots of supernatant withdrawn from each tube by
UV spectroscopy at 224 nm for terbutryn and 280 nm for
dicamba, respectively, using a Varian CARY 100 spectrophotometer (Palo Alto, CA). All determinations were carried out against a soil blank to correct for possible interferences in the measurement of the organic compounds. The
amount of pesticide adsorbed was considered to be the difference between that initially present in solution and that
remaining after equilibration with the soil. Adsorption isotherms of pesticides by Soil 2 in water solutions at pHs between 2 and 11 were also obtained to know the pH influence on the adsorption of these ionisable pesticides.
The adsorption data were fitted to the linear form of
the Freundlich equation: log Cs=log Kf + nf log Ce,
where Cs (µg/g) is the amount of adsorbed pesticide; Ce
(µg/mL) is the equilibrium concentration of pesticide in
solution, and Kf and nf are two characteristic constants of
the adsorption. Kf is the amount adsorbed for an equilibrium concentration of 1 µg/mL and hence represents adsorption at low concentrations, while nf reflects the variation in adsorption with the concentration (curvature of the
isotherms). A distribution coefficient Kd was also determined because some isotherms were non linear. Kd was calculated as Cs/Ce being Cs the amount adsorbed by the soil
for an equilibrium concentration (Ce) selected (10 µg/mL or
200 µg/mL for terbutryn and dicamba, respectively). Kf
and Kd constants were used to compare the adsorption of
both pesticides by the soils and to study the influence of

TABLE 1 - Characteristics of soils used in this study.
Soils
Texture
pH
OM%
Soil 1
Sandy loam
7.3
2.18
Soil 2
Sandy loam
6.6
1.40
Soil 3
Sandy clay loam
7.8
1.96
Soil 4
Loamy sand
6.2
1.28
Soil 5
Sandy loam
6.6
1.24
Soil 6
Sandy clay loam
7.1
2.12
Soil 7
Loamy sand
6.1
0.87
*I, Illite; K, Kaolinite; M, Montmorillonite, in order of abundance.

Sand%
80.2
61.0
53.0
81.2
65.1
61.7
83.3
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Silt%
3.80
19.6
24.8
9.32
15.4
4.70
3.20

Clay%
16.0
19.4
22.2
9.45
19.5
33.6
13.1

Clay Mineralogy*
I, K
I, K
I, K
I, K
I, K
M. I, K
I, K, M
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soil characteristics on the adsorption using a statistical
approach. Kf values normalised to 100% OM (Kom= Kf*
100/OM%) were also determined. Statistical analysis of
adsorption studies included calculation of standard deviation for three Kf, Kd and nf replicates.
RESULTS AND DISCUSSION
Adsorption of terbutryn by soils and clay minerals

Figure 1 shows the adsorption isotherms of terbutryn
by different soils studied and the adsorption isotherms by
Soil 2 at different pH conditions. These isotherms are of the
L type (initial concave curvature) according to the classification of Giles et al. [14], indicating high initial affinity of
the adsorbent for the adsorbate. However, as the pesticide
concentration increases, it was more difficult to find vacant
sites for adsorption. All the isotherms fitted the Freundlich
equation with r2 values ≥0.97 (p<0.001). The values of Kf
and nf constants, and distribution coefficients, Kd, at an

Soil
Soil
Soil
Soil
Soil
Soil

Cs µg/g

75

Kf values obtained for the soils ranged between 3.40
and 11.8. Soil 6 with the highest clay content and montmorillonite in this fraction presented the highest Kf value.
In general, nf values were lower than 1. Kd values were
lower than Kf values according to the curvature of the
isotherms and they varied between 2.46 (Soil 4) and 6.68
(Soil 6). Similar values were found by other authors carrying out adsorption of terbutryn by grassland or forest
soils [15] or for arable soils [16,17]. Adsorption of this
herbicide has been indicated greater than that of other basic
herbicides such as atrazine, metribuzin, terbuthylazine
and ametryn [15-19] by different soils. Terbutryn adsorption increased at low pH of solution (Kf value of 16.6 at
pH 3.2 and 10.9 at pH 5.0) and decreased when the pH of
solution increased (Kf value of 8.53 and 5.28 at pH 6.0
and 8.2, respectively).

75

1
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4
5
6
7
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pH=6.0
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Cs µg/g

100

equilibrium concentration of 10 µg/mL determined from
that equation are shown in Table 2.
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FIGURE 1 - Adsorption isotherms of terbutryn by soils (left) and by Soil 2 at different pHs (right).

TABLE 2 - Freundlich constants (Kf, nf) and distribution coefficients (Kd) for adsorption of terbutryn by
soils and clay minerals, correlation coefficients and adsorption constants normalized to 100% of organic matter (Kom).
Samples
Kf±SD1
nf±SD
Soil 1
3.64±1.08
1.04±0.57
Soil 2
8.53±0.64
0.65±0.02
Soil 3
7.40±1.96
0.65±0.24
Soil 4
3.40±0.18
0.86±0.04
Soil 5
4.63±0.37
0.91±0.02
Soil 6
11.8±1.85
0.75±0.06
Soil 7
4.22±0.42
0.88±0.19
Bentonite
24.7±1.06
0.77±0.07
Illite
12.5±1.74
0.95±0.17
Kaolinite
5.07±0.06
1.17±0.02
1
Mean value±Standard deviation of three replicates, 2Ce=10 µg/mL
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r2
0.99
0.99
0.97
0.98
0.99
0.98
0.97
0.96
0.97
0.95

Kd±SD2
4.03±0.46
3.78±0.11
3.29±0.02
2.46±0.11
3.78±0.24
6.68±0.69
3.22±0.25
14.7±0.06
11.1±1.20
7.42±0.25

Kom
167
609
378
266
373
560
485
-
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FIGURE 2 - Adsorption isotherms of terbutryn (left) and dicamba (right) by clay minerals.

TABLE 3 - Correlation coefficients (r) between Freundlich constants (Kf)
and distribution coefficients (Kd) of terbutryn by soils and soil characteristics.
Parameter
Kf
Kd
*p<0.1; **p<0.01

pH
0.391
0.329

OM
0.453
0.575

Clay
0.915**
0.903**

Silt
0.197
-0.303

Sand
-0.720*
-0.363

Clay+Silt
0.726*
0.364

Adsorption isotherms of terbutryn by bentonite, illlite
and kaolinite are included in Figure 2. They are of L type,
similar to those obtained by the soils studied. The analysis
of the adsorption constants Kf and distribution coefficients
Kd included in Table 2 indicate that the order of adsorption of terbutryn by these minerals is bentonite>illite> kaolinite.

At pH below pKa, terbutryn is in a cationic form and it
could be adsorbed by a cation exchange mechanism by clay
minerals and/or soil OM. The decrease in adsorption at
pH>pKa could indicate that the adsorption of neutral form
of terbutryn by these soil fractions occurs in a lesser extension. Such adsorption-pH variations have been found
generally for other weak bases [18,20].

The influence of soil properties on the adsorption of
terbutryn by soils was studied by a statistical approach.
Simple correlations between Kf and Kd constants and the
soil parameters were determined by linear regression analysis. The results are shown in Table 3. A positive significant correlation was found between Kf and Kd and the clay
content of soils (r=0.915 and 0.903, p<0.01) and between
Kf and clay+silt content (p<0.726, p<0.1). The determination coefficients, r2, indicated that clay content account
for 84% and 82% of the variance in adsorption of terbutryn
by soils studied. There was not significant correlation between adsorption constants and pH of soils, although a significant negative correlation coefficient between terbutryn
adsorption constants (Kf) and solution pH was found (r=–
0.91, p<0.01), when this was increased artificially from
3.2 to 8.2 as previously indicated (Figure 1). Some authors
[18] have attributed the lack of correlation with soil pH due
to the generally narrower range and higher level of native
pH values compared to those considered in adjusted soil
solutions.

Significant correlation between Kf and soil OM content was not found in this work, although it has been reported for ionisable (terbutryn included) [18] and many
non-ionised compounds and/or pesticides in the literature
[21,22], indicating that other factors could be involved in
the terbutryn adsorption by the soils studied. This may
explain the wide range of values obtained for the Kom
coefficients. The average Kom value from Table 2 was
405±158. This normalized coefficient is often observed to
be less variable than Kf or Kd values and it is usually
used for adsorption of hydrophobic compounds [23] since
OM is widely identified as the primary sorbent of these
compounds. However, it could not be appropriate for ionisable compounds as their adsorption depends in a greater or
lesser extent on the pH and they can interact strongly with
other soil fractions such as clay minerals, as it has been
indicated by adsorption constants for bentonite, illite and
kaolinite obtained in this work (Table 2).

The pH dependence of adsorption derives mainly from
the different proportions of ionic (pH<pKa) and neutral
(pH>pKa) forms of the pesticide present at each pH level.

Figure 3 shows the adsorption isotherms of dicamba
by different soils studied and the adsorption isotherms by
Soil 2 at different pH conditions. They were of S type (ini-

Adsorption of dicamba by soils
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the Freundlich equation with r2 values ≥0.83 (p<0.01).
The values of Kf and nf constants, and distribution coefficients, Kd, at an equilibrium concentration of 200 µg/mL
determined from that equation are shown in Table 4.

tial convex curvature) according to the classification of
Giles et al. [14], indicating an initial affinity of the adsorbent by the solvent which competes for the sites of
adsorption and an increase in adsorption when the pesticide
concentration in solution increases. All the isotherms fitted

600
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FIGURE 3 - Adsorption isotherms of dicamba by soils (left) and by Soil 2 at different pHs (right).
TABLE 4 - Freundlich constants (Kf, nf) and distribution coefficients (Kd) for adsorption of dicamba by
soils and clay minerals, correlation coefficients and adsorption constants normalized to 100% of organic matter (Kom).
Samples
Kf±SD1
nf±SD
Soil 1
0.67±0.08
1.05±0.29
Soil 2
0.10±0.04
1.40±0.53
Soil 3
0.001±0.00
1.95±0.19
Soil 4
0.16±0.02
1.30±0.39
Soil 5
0.09±0.08
1.37±0.09
Soil 6
0.37±0.07
1.12±0.14
Soil 7
0.001±0.00
2.21±0.32
Bentonite
0.073±0.05
1.76±0.45
Illite
0.015±0.04
2.13±0.50
Kaolinite
0.001±0.00
3.26±0.57
1
Mean value±Standard deviation of three replicates, 2Ce=200 µg/mL

Kf values obtained for the adsorption of dicamba by
the soils are very low, ranging between 0.001 and 0.67.
Soil 1 with the highest OM content presented the highest
Kf value. Kd values were higher than Kf values, according
to the curvature of the isotherms and nf values. In general,
nf values were higher than 1. They varied between 0.22
(Soil 3) and 0.89 (Soil 1). Dicamba adsorption by soils
studied was lower than terbutryn adsorption, which is in
accordance with results in the literature about adsorption
of ionisable (acid and basic) pesticides by soils [18]. Also
its adsorption is lower than other acid herbicides such as
2,4-D or picloram [24-26]. Dicamba adsorption increased
at low pH of solution (Kf value was 6.47 at pH 2.1) and
decreases deeply when the pH of solution was increased
(Kf value was 0.03, 0.10 and 0.07 at pH 5.0, 6.0 and 11,
respectively).	
  	
  

r2
0.99
0.97
0.95
0.97
0.95
0.83
0.90
0.95
0.88
0.96

Kd±SD2
0.89±0.14
0.83±0.09
0.22±0.03
0.77±0.14
0.63±0.07
0.63±0.09
0.77±0.13
4.79±0.23
6.04±0.48
5.83±0.45

Kom
30.7
7.29
0.07
12.5
6.99
17.4
0.15
-

The inorganic adsorbents bentonite, illlite and kaolinite
show a similar behaviour to soils studied. Adsorption isotherms included in Figure 3 are also of S type and the values
of adsorption constants, Kf, included in Table 4 indicated a
low and similar adsorption of dicamba by these minerals.
Results of simple correlations between Kf and Kd constants and the soil parameters determined by linear regression analysis are shown in Table 5. Only a positive significant correlation was found between Kf and OM content
of soils (r≥0.689, p<0.1). The determination coefficients,
r2, indicated that OM content account next to 50% of the
variance in adsorption of dicamba by soils studied. There
was not significant correlation between adsorption constants and native pH of soils. Neither was found significant correlation between adsorption constants (Kf) and
solution pH when this was increased artificially from 2.1
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to 11, although a deep decrease in adsorption was seen
(Figure 3). Grover [25] found Kd values of dicamba adsorption by soils, with OM contents ranging from 1.77 to
10.49%, significantly correlated with the soil OM content
and to a lesser extent to soil pH, and not correlated with
the soil clay content. However, Menasseri et al. [27] did not
found correlation between soil properties and dicamba sorption-desorption parameters.
TABLE 5 - Correlation coefficients (r)
between Freundlich constants (Kf) and distribution
coefficients (Kd) of dicamba by soils and soil characteristics.
Parameter
Kf
Kd
*p<0.1

pH
0.190
-0.621

OM
0.689*
-0.258

Clay
0.197
-0.398

Silt
Sand
-0.557 0.286
-0.639 0.711*

portant in order to prevent contamination of groundwater
by these compounds.
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ABSTRACT
Air samples of ultra fine particles (PM1) were collected
in the winter period of 2007 at Kozani, a city in northwest
Greece, where intensive coal burning is used at four power
plants operating in the area. PM1 and particle-bound polycyclic aromatic hydrocarbons concentrations were determined. PM1 were collected on quartz fiber filters and PAHs
were ultrasonically extracted with dichloromethane. The
extracts were subjected to gas chromatography-mass spectrometric (GC-MS) analysis. This study is a first approach
on PM1 bound PAHs concentration in this area. In general, the results were found to be within the range of values reported worldwide.

occurrence of these compounds in the environment is justified since they are ubiquitous in ambient air and some of
them are among the well known carcinogens [5]. Most of the
particulate-phase PAHs (80 %) are absorbed onto fine particles (d <2.5µm). Despite the fact that the region of West
Macedonia and particularly the Kozani area have been
studied for particulates and their chemical composition,
there is a lack of information concerning fine and ultra fine
particulates and particularly PM1. Therefore, this study was
conducted in order to provide information on PM1 concentrations, as well as the chemical composition of the fraction mentioned above, regarding polycyclic aromatic hydrocarbons (PAHs) for the city of Kozani during winter period.

KEYWORDS:
Polycyclic Aromatic Hydrocarbons, PM1, GC-MSD

MATERIALS AND METHODS
Site description

INTRODUCTION
During the last decades an increased concern has
been grown up on atmospheric pollution in areas suffering
from major air quality problems. Kozani in Greece is considered one of these areas, due to the operating lignite-fire
power station and their mining activities [1-3]. Recent epidemiological studies and research on mutagenic effects of
airborne particulate matter focus on the adverse health effects of fine and ultra fine particles, as they are carriers of
various toxic substances and can enter deep into lungs [4].
Polycyclic Aromatic Hydrocarbons (PAHs) are widespread
semi-volatile organic compounds, formed during the incomplete combustion of organic material. Concern about the

Seven-days sampling was conducted from 30th of
January to 5th of February, 2007. The sampling site was at
the roof of the University of West Macedonia (UOWM)
building, which is located approximately 0.5 km from the
center of the city of Kozani, which has about 48,000 inhabitants. The roof of the building is 10 meters above ground
level. The sampling site (40o 18' /21o 24') is located in Eordea basin where four large lignite-burning power plants
operate. The location of the power plants as regards the
sampling site is north-northeast (N, NE) and more or less
10.5 km away (Figure 1). 24-hour samples of airborne particulate matter were collected on 47 mm quartz fiber filters,
mounted in Low Volume Air Sampling System (Derenda
LVS3.1/PMS3.1-15). The sampling flow was set to 2.3 m3/h
and the total volume sampled was 55.2 m3. Particle mass
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concentrations were determined gravimetrically using an
electronic microbalance (Mettler Toledo MX-5) with a resolution of 10-6 g. In order to create the appropriate conditions
in the weighing room (T= 20 ± 1°C, RH= 50 ± 5%), temperature and relative humidity were automatically controlled
with the use of an air-conditioner operating on a continuous
basis. After weighing, the samples were stored at -20oC for
the analysis and no longer than two weeks prior to extraction.

Weather conditions

The climate in Eordea basin is continental Mediterranean characterized by low temperatures during winter time.
The meteorological data collected from UOWM’s weather
monitoring station, located at the same point as the sampling
site. The measured parameters were temperature (oC), relative humidity (%), wind speed (m/s) and wind direction,
as shown in Figure 2 and 3.
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FIGURE 1 - Map of the sampling area.

FIGURE 2 - Daily average meteorological data during sampling period.
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FIGURE 3 - Prevailing wind speed (m/s) and direction during sampling period.

Filter sample

Ultrasonic extraction 2x 30 min (2x40 ml CH2Cl2)
Rotor evaporation to 5-10 ml
Add 10 ml of n-hexane (2 times)

Rotor evaporation up 2 ml
Silica gel column cleanup (elution: 10ml CH2Cl2, 10ml n-hexane, 10 ml n-hexane: Ethylacetate 9:1

Concentration up to 2 ml by rotary evaporator
Nitrogen blow down to ~ 100 µl

Add 2 ml isooctane (2 times) and nitrogen blow down to ~ 100 µl
Addition of internal standard
GC/MS determination
FIGURE 4 - The flow chart demonstrating extraction procedure for the analysis of PAHs.
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TABLE 1 - Selected target ions and qualifier ions used in SIM mode for PAHs analysis.
Compound
Naphthalene, Nap
Acenaphthylene, Ace
Acenaphthene, A
Phenanthrene, Phe
Fluorene, Fl
Anthracene, Ant
Fluoranthene, Fla
Pyrene, Pyr
Benzo[a]anthracene, BaA
Chrysene, Chr
Benzo[b]fluoranthene, BbP
Benzo[k]fluoranthene, BkF
Benzo[e]pyrene, BeP
Benzo[a]pyrene, BaP
Indeno[1,2,3-c,d]pyrene, IP
Dibenzo[a,h]anthracene, DA
Benzo[g,h,i]perylene, BP

Target
128
152
154
178
166
178
202
202
228
228
252
252
252
252
276
278
276

Qualifiers
129, 127
151, 153
152, 153
176
165
176
101, 203
200
226
229
253, 125
253
253, 125
253, 125
138, 227
139, 279
277

Injector temperature: 285oC

Extraction and analysis of PAHs

The filters were placed in a flask and 40 ml of dichloromethane were added. The samples were ultrasonically extracted for 30 minutes in an ultrasonic bath (Soltec
Sonica Model 3200 MH). The procedure was repeated using
another 40ml of dichloromethane. The combined volume of
the extracts (80ml) was then concentrated up to 5 ml, using
a rotary evaporator (Heidolph Laborota 4003 control). To
the remaining volume, n-hexane (10ml) was added and
rotary evaporated again until 2-3 ml of final volume. The
n-hexane extract was transferred quantitatively to a prewashed, (with 10 ml of dichloromethane) column (25 cm x
0.9 cm i.d.) filled with approximately 2 g of activated silica
gel and topped with 0.5 g of anhydrous sodium sulphate.
Firstly, aliphatic hydrocarbons were eluted by passing 10 ml
of n-hexane through the column and finally, the PAHs
fraction was collected by eluting the column with 10 ml of
n-hexane-ethylacetate 9:1 mixture. The PAHs solution was
concentrated up to 2 ml by rotary evaporation. It was further concentrated to 100 µl by a gently steam of pure nitrogen. This procedure was repeated twice adding each time
2ml of isooctane. The procedure described above for the
extraction of PAHs is summarised in Figure 4. All chemicals used were of analytical-reagent grade unless stated
otherwise. Dichloromethane, n-hexane, ethylacetate and
isooctane were purchased from Merck-Germany (SupraSolv for gas chromatography).
Extracts were analysed for PAHs by Agilent Technologies 6890N Gas Chromatography with 5973 mass selective detector (GC-MSD) using a DB-5MS capillary column
(30m, 0.25mm I.D., 0.25µm film thickness), operated in the
selected ion-monitoring mode. The final determination of
the 2- to 6-ring PAHs was carried out according to the following parameters:
Carrier gas: Helium (1ml/min, constant flow)
Temperature programme: 60oC (1min), 60oC – 290oC
(15oC/min) 290oC (15min)
Injection Volume: 1µl (splitless)

The transfer line was held at 280oC and the identification - quantification procedure was based on calibration
with standard PAHs solutions, using the mass spectrometric parameters (selected ion monitoring, SIM mode) shown
in Table 1 and on the basis of internal standard solution of
deuterated PAHs (d8-Nap, d10-A, d10-Phe, d10-Chr, d10Pyr, d12-BP and d12-Perylene). The standard PAHs solutions were purchased from Dr. Ehrenstorfer (Augsburg,
Germany) and added prior to the analysis.
RESULTS AND DISCUSSION
The daily variation of the mass concentrations of PM1
for the city of Kozani is shown in Figure 5. Daily concentration of PM1 ranged from 5.4 to 17.0 µg m-3. The highest daily concentration of PM1, 17.0 µg m-3, was observed
on 5th of February 2007, which was the coldest day of the
sampling period (2.9 oC, Figure 2). The mean value of PM1
(10.8 µg m-3) is 4 times lower than the value of 48.0 µg m-3
and 41.0 µg m-3, that was observed for the city of Milan
during winter sampling periods of 2003 [6] and 2002 [4],
respectively . On the other hand this value is comparable
with the results obtained in 2004 at Genoa, northwest of Italy
in winter time (16 µg m-3) [7]. Furthermore the above mentioned value for PM1 concentration is considerably lower
than the values of 48 - 107 µg m-3 for an Asian city
(Kaohsiung, Taiwan) [8].
The sum of PAHs concentrations in PM1 was 5.79 ng
m-3. Table 2 presents the mean concentrations of individual PAHs. It is commonly observed that higher molecular
weight PAHs are often associated with particulates while
low molecular weight compounds tend to be more concentrated in the vapour phase, a trend that is fulfilled in our
study. Four and five-ring compounds contribute to the majority of the total PAHs, accounting for 64.1%. With respect to the carcinogenic and mutagenic group of PAHs,
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FIGURE 5 - Daily mass concentration of PM1 measured at Kozani.

TABLE 2 - Mean particulate PAH concentrations in PM1 for the sampling period at Kozani (ng m-3).

2 rings
3 rings

4 rings

Nap
Ace
A
Fl
Phe
Ant
Fla
Pyr

Average ±SD (range)
0.015±0.017 (ND-0.050)
0.008±0.001 (ND-0.010)
0.021±0.010 (ND-0.028)
0.016±0.004 (ND-0.021)
0.173±0.059 (0.088-0.251)
0.170±0.058 (0.084-0.250)
0.353±0.123 (0.178-0.526)
0.376±0.130 (0.199-0.555)

ΣPAHs
0.015
0.388
5 rings

1.406
6 rings

indeno[1,2,3-cd]pyrene had the largest contribution (40.1 %),
while dibenzo[a,h]anthracene is the compound with the
minimum proportion to the amount of the carcinogenic
species (4.5 %).
Diagnostic PAHs ratios, such as, Flu/Flu+Pyr, and
IcdP/BghiP+IcdP have been used to investigate their origin.
The Flu/Flu+Pyr ratio is 0.44 for vehicular emissions and
especially corresponds to emissions from automobiles
equipped with catalytic converters [9]. The ratio in this
study was 0.48, which indicates a relationship to vehicular
emissions. Another diagnostic ratio represents gasoline
emission, is BeP/(BeP+BaP) which was range from 0.60.8 [10] or 0.57- 0.63 [11]. In this study BeP/(BeP+BaP)
ratio was found to be 0.54, which is in good agreement
with the above mentioned values. It has been found by Bi
et al. [12] that the value for IcdP/BghiP+IcdP is 0.56 for
coal emissions. In this study the value of IcdP/BghiP+IcdP
(0.42) is rather close to the range of 0.35-0.70 indicating
emissions from diesel engines [9]. The above values are in
good agreement with the values of Kalaitzoglou et al. [2]
concerning although TSP particle-phase PAHs concentration.
Taking into account the PAHs profiles for emission
sources [11] it appears that for the power plant (a stationary category source), and from coal combustion (a combus-

BaA
Chr
BaP
BeP
BbF
BkF
DA
IP
BP

Average ±SD (range)
ΣPAHs
0.158±0.100 (0.002-0.287)
0.519±0.205 (ND-0.800)
0.295±0.187 (0.003-0.560)
1.611
0.344±0.205 (0.003-0.621)
0.742±0.430 (0.004-1.281)
0.188±0.109 (0.001-0.319)
0.052±0.030 (0.002-0.091)
0.463±0.290 (0.006-0.895)
1.100
0.637±0.274 (0.366-1.109)

tion category source) the predominant PAH species are
cyclopentan[c,d]pyrene-dibenzo[a,h]anthracene and phenanthrene-fluorene-pyrene, respectively. As it is shown
in Table 2 those species are not the predominant ones
among PAH species. Despite the fact that four power plants
using lignite, operate in the area, the conclusion seems to
be that they do not contribute to the atmospheric PAHs
concentration in the city of Kozani. Additionally, this fact
may be attributed with the prevailing wind direction (Figure 3), which was SW and W-WNW in an opposite direction as regards power plants site which is located in the
N and NE direction.
CONCLUSIONS
PAHs analysis on PM1 collected filter samples were
conducted at the city of Kozani, West Macedonia, Greece,
an area where intensive coal burning for power generation
occurs. The sampling period lasted for one week during
winter time (30th January – 5th February 2007). To the best
of our knowledge, this research is the first field investigation on submicron particles concentration measurements
and chemical analysis, in the atmospheric environment of
Kozani, Greece.
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The concentration of PM1 in the cold period for the
city of Kozani was found to be between 5.40 and 17.50
µg.m-3, while the mean value of ΣPAHs was 5.79 ng.m-3.
The most abundand PAHs found on PM1 were Chr, BkF,
BeP, IP and BP many of which are known as carcinogenic.
The mean value for the Benzo[a]pyrene, a compound for
which EU has established a limit value of 1ngr ·m -3 [13],
was 0.29 ng ·m-3.
Based on the diagnostic ratios it is concluded that vehicular emissions seem to be the predominant source of
airborne PAHs in the city of Kozani during the particular
sampling period. Since the measurements and conclusions
obtained in this study are initial and preliminary due to
the small amount of data, further research on concentration, chemical composition, source contribution, and formation of submicron particles in this area needs to be carried out.
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ABSTRACT
Uptake and accumulation of lead by broccoli plants
(Brassica oleracea L. var. italica Plenck) grown in contaminated soils were studied. The experiment was performed in pots with the plants at a concentration of Pb of
400 mg.kg-1 added as PbNO3 (lead nitrate). Species from
Brassicaceae family like broccoli are excellent biological
indicators of some chemical elements present in the environment due to the physical, chemical and biological characteristics. Broccoli is extensively consumed as a vegetable. Therefore it is very important to study the capacity of
this vegetable for lead accumulation.
The objective of this work was to study the distribution of the accumulated Pb among roots, shoots and edible
parts of two varieties of broccoli (Romanesco and Chevalier). Broccoli plants accumulated Pb mainly in roots and
edible parts of two varieties, where the mean values of
edible parts were 13.1 mg.kg-1 in Chevalier to 22.1 mg.kg-1
(dry weight) in Romanesco, which were always over the
maximum limit allowed for Pb in vegetables (5 mg.kg-1
dry weight). These findings should be taken into account
in relation with a healthy consumption of this vegetable.

KEYWORDS:
Lead uptake, edible part, broccoli, Brassica oleracea.

INTRODUCTION
In the environment small levels of heavy metal such
as lead are being continuously released in lithospheric parent rock materials or soils. Disposal of municipal and industrial wastes, application of phosphorous or nitrogen fertilizers and atmospheric deposition lead increase the rate of
this element to a high concentration in the soil. When Pb
is released into the environment it has a long persistence
time compared with most other pollutants. Lead and its compounds tend to accumulate in soils and sediments due to their

low solubility and relative freedom from microbial degradation; they will remain bioavailable far into the future [1].
Lead is neither an essential nor a beneficial element for
plants or animals. Plant species differ markedly in their
sensitivity to high lead concentration, which in turn is taken
up by the plants and enters into the food chain resulting in
phytotoxicity [2]. An excess of Pb intake may cause damage to the gastrointestinal, neuromuscular or blood-forming
systems [3].
In the last three decades, Brassica production has increased to become important oil and protein source plants
for human and animal nutrition, respectively. In Spain, the
high consumption of Brassica crops was reflected by a large
use of flower buds and leaves of some of these species.
On the other hand recent evidence has suggested that
some species from the Cruciferae family have a high capacity to accumulate heavy metals [4]; particularly the genus Brassica have been shown to accumulate moderate
levels of heavy metals like Brassica carinata and Brassica
juncea with mean value of Pb 24.9 and 21.5 mg.kg-1 dry
weight in shoots, respectively [5, 6] or previous studies of
B. oleracea L. var. italica was found to have a mean value
of Pb 15.7 mg.kg-1 dry weight in edible parts [7].
We designed a greenhouse experiment with two varieties of Brassica oleracea L. var. italica Plenck (broccoli) of
important consumption in the Mediterranean region.We
studied the Pb accumulation capacity and their distribution
in parts of the plants grown where there are high levels of
Pb in contaminated soils.
MATERIAL AND METHODS
Plant material and crop cultivation

The plants studied were two varieties of broccoli
namely Chevalier and Romanesco (Brassica oleracea L.
var. italica Plenck).
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Broccoli varieties were grown in controlled conditions,
for that the seeds were germinated in Petri dishes for 48 h.
One seed from each species was transferred to a plastic pot
containing 3kg of soil. The commercial potting soil was a
sandy loam (sand 50 %, silt 33 % and clay 17 %) and
chemical characteristics were: pH=6.0, Corg= 35%, NT=0.3%
and Organic matter= 60%. Pots were placed in the greenhouse under natural light, temperature of 27/18ºC (day/
night) and with a relative humidity of 50/70% (day/night).

(Sea lettuce) [9] and CRM 60 (Lagarosiphon major). The
values obtained for the reference sample by atomic absorption spectrophotometer, were concordant with the certified
values (data not shown).

Six Pb-treated plants from each variety were used in
the study. Pb treatments started by adding Pb as (Pb
(NO3)2) to the surface of soil at 400 mg.kg-1 one month
later planting until flowering state appeared for every
variety. We used this concentration due to legislation
considering an uncontaminated soil one with up to 400
mg.kg-1 Pb, depending on the soil characteristics [8]. The
metal exposure was during plant growth, the Pb solution
was added every seven days to initiate the first treatment.
Two controls with no added Pb were also included.

Statistical analyses

Broccoli Chevalier treatment finished at 73 days when
the flowering period began while in the other Romanesco
variety treatment finished after 97 days of Pb exposure.

Biomass plant

For each plant variety we calculated the shoot/root
metal concentration quotient (MS/MR) as a measurement of
the Pb translocation; metal immobilization in root cells, as
emphasized by the MS/MR < 1.

The t-Test, applied to data of dry weight and Pb contents of each plant part of broccoli, was used to assess
whether the means of two groups are statistically different
from each other. A significance level of P<0.05 was used
throughout the study.
RESULTS AND DISCUSSION

Pb-treated plants biomass did not show significantly
less biomass for two broccoli varieties than plants grown
in uncontaminated soils (control). Stress caused by the addition of lead in the plant has not been sufficient for biomass
reduction in plants, probably due to the optimal levels of
nutrients provided by the commercial potting soil used.
Pb-treated Romanesco plants shoots showed significantly higher biomass 24.2 g dry weight (dw) than the
same variety collected on unpolluted soil control plants
(10.0 g dw), the reason for the observed positive growth
response is unclear. Other authors also reported higher biomass in other plant species (Oryza sativa, Amaranthus blitoides) when they are grown on As contaminated soils compared to growth on uncontaminated soils [10, 11]. On the
other hand, Chevalier variety showed significantly higher
biomass in edible part with mean values of 4.8 g dw than
Romanesco variety (2.5 g dw) grown on contaminated soils
(Table 1).

FIGURE 1 - Pb-treated broccoli
plants adding Pb as PbNO3 at 400 mg.kg-1.
Sample preparation and chemical analysis

Cultivated plants were collected at the flowering state
and immediately transported to the laboratory and separated into roots, shoots and edible parts. These plant parts
were washed with tap water and given a final rinsing with
desionized water (0.2% non phosphate detergent solution), then oven dried at 80 ºC for 2 days.
For Pb analysis, plant samples were digested using
3:1 (vol.) concentrated nitric and perchloric acids to dryness. The solution was thereafter brought to 15 ml volume
with desionized water [7]. Pb content in plants was determined with an Atomic Absorption Spectrometer with
graphite chamber (Perkin Elmer AAnalyst 600 with an
autosampler AS 800), able to measure concentrations of
the order of the ppb. For roots the analysis was made by a
Varian atomic absorption spectrometer.
The accuracy and precision of the analytical method
was assessed by carrying out analyses of BCR (Community Bureau of Reference) reference sample: CMR 279

Genotypical difference in Pb-treated plant tolerance
and growth was found between two varieties of this work.
Accumulation of lead by broccoli plants

Pb concentrations in plants grown in contaminated soils
are shown in Table 2.
Pb concentrations in Pb-treated broccoli plants were
significantly higher than the same plants grown on uncontaminated soils, where the Pb-treated plants accumulated
Pb mainly in the root system, ranging from 4832.1 to
7827.9 mg.kg-1.
Chevalier variety showed a higher concentration of
Pb in roots than Romanesco variety, where the last one
translocated more Pb from the root to shoots and edible
parts (Table 2).
In all cases, Pb concentration found in edible parts was
over the limit allowed for vegetable food (5.0 mg.kg-1 dw)
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TABLE 1 - Dry biomass (g) of plants grown in contaminated and uncontaminated soils
for two varieties (mean ± standard error.). Control is average with 2 plants of each variety.
Dry biomass (g)
Control
Pb treatment
Part
5.3 ± 0.0a*
4.8 ± 0.3a
Edible part
13.1 ± 1.6a
Shoot
14.4 ± 1.3a
1.7 ± 0.3a
0.8 ± 0.1b
Root
3.4 ± 1.6a
2.5 ± 0.6b
Romanesco
Edible part
10.0 ± 0.0a
Shoot
24.2 ± 4.2a
2.6 ± 0.1a
Root
3.6 ± 0.3a
* For each part of plant mean values with different letters (a, b) within the same column are significantly different using T-test (P<0.05 ).
Broccoli variety
Chevalier

TABLE 2 - Concentration (mean ± standard error) and percentage of Pb in different parts of broccoli varieties
grown in contaminated and uncontaminated soils (mean ± standard error). Control is average with 2 plants of each variety.
Pb (mg.kg-1)

% Pb
Part
Control
Pb treatment
0.2
Edible part
3.1 ± 0.1b*
13.1 ± 2.4a
0.1
Shoot
0.5 ± 0.1a
11.1 ± 1.4b
99.7
Root
2.7 ± 0.1b
7827.9 ± 797.7a
0.4
Romanesco
Edible part
0.5 ± 0.1a
22.1 ± 5.6a
0.4
Shoot
0.2 ± 0.0a
20.9 ± 2.0a
99.1
Root
1.8 ± 0.1a
4832.1 ± 774.7b
* For each part of plant mean values with different letters (a, b) within the same column are significantly different using T-test (P<0.05 ).
Broccoli
Chevalier

though Pb translocation to shoots and edible parts was
very low (< 1%) (Table 2).
The differences between root and shoot concentrations
for most plants indicated an important restriction of the
internal transport of metal from the roots towards shoots
and edible parts. The roots accumulated the highest content of Pb, 99.7 - 99.1 % in Chevalier and Romanesco
varieties, respectively (Table 2). Such metal immobilization in root cells, as emphasized by the MS/MR (shoot/root
metal concentration quotient) quotient < 1 (range 0.0010.004), is related to an exclusion strategy [12]. When a
toxic metal or metalloid has been absorbed by plants, the
most extended mechanism involved in plant tolerance to
contamination is by limiting the upward transport, resulting in accumulation primarily in the root system.
A plant capable of accumulating Pb at a concentration
of 1000 mg.kg-1 or higher in shoots is considered to be a
Pb hyperaccumulator [13]. Approximately 400 plant species were reported to hyperaccumulate metals, however,
there is no known Pb hyperaccumulator [14]; the reason
could be that plants may not have developed effective
mechanisms for Pb absorption. This process is strongly governed by soil and plant factors, such as organic matter content, pH, temperature, soil chemistry and presence of other
metals. Review literature shows values where Pb in edible
parts of plants grown in uncontaminated areas ranges from
0.001 to 0.08 mg.kg-1 fresh weight (0.05-3 mg.kg-1 dry
weight) [15, 16].
Spanish legislation limits allowed for Pb content in
food, crops and edible vegetables is 1.0 mg.kg-1 (fresh

weight), considering an average water content of the edible
part of the broccoli in our experiment of 80 %, this limit
on a dry weight (dw) basis is 5 mg.kg-1; However under the
conditions of the present study, Pb concentrations in the
edible parts of two varieties were always over this maximum limit and ranged from 13.1 to 22.1 mg.kg-1 (dw) for
plants grown in contaminated soils.
The Pb concentrations found in tissues of broccoli varieties in this study is in accordance with previous studies
performed by our research group with the same varieties of
broccoli grown in polluted soils (224.5 mg.kg-1 dw) from
an affected zone of the ecological disaster of Aznalcóllar
(Seville, Spain). These authors found a greater accumulation of arsenic and lead in roots and shoots in broccoli
than the control plants. In addition, Pb concentration in
edible parts was higher than maximum limits allowed in
vegetables where Romanesco variety showed more Pb
accumulation (mean value 25.5 mg.kg-1 dw) than Chevalier variety (5.9 mg.kg-1 dw) [7].
Different authors have reported other species of Brassicaecae family showing high Pb hyperaccumulation in roots
when they were grown on contaminated soils (884 mg.kg-1
Pb). Thus, Brassica napus has shown to accumulate concentrations of Pb of 472 mg.kg-1 and Raphanus sativus
407 mg.kg-1, both species showing lower values in shoots,
5.5 mg.kg-1 and 16 mg.kg-1 respectively [17]. In contrast,
other studies with the species Brassica carinata and Brassica juncea grown on contaminated soil have shown the
highest values in shoots (21.5 and 24.9 mg.kg-1 of Pb, respectively) [18].
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CONCLUSIONS

[9]

The Pb concentration accumulated in broccoli tissues
depend upon the level of Pb present in the soil, the crop
varieties and the chemical properties of the soil.
Differences for Pb accumulation have been found between the varieties of broccoli studied where Romanesco
plants accumulated more Pb than Chevalier plants.
Broccoli plants accumulated Pb mainly in the root
system. A lead fraction was translocated to shoots and Pb
concentrations in the edible parts of the two varieties were
always over the maximum limit allowed for Pb in vegetable food.

[10] Carbonell-Barrachina, A.A., Burló-Carbonell, F., Mataix, J.
and Beneyto, J. (1995). The influence of chemical from and
concentration of arsenic in rice growth and tissue arsenic
concentration. Plant and soil. 139, 175-183.
[11] Del Río, M., Font, R., Vélez, D., Almela, C., Montoro, R.
and De Haro, A. (2002). Uptake and distribution of Arsenic
in Amaranthus blitoides growing on contaminated soils.
Fresenius Environmental Bulletin 11 (9ª), 589-593.
[12] Baker, A.J.M. (1981). Accumulators and excluders-strategies
in the response of plants to heavy metals. J. Plant Nutrition 3,
643.
[13] Baker, A.J.M. and Brooks, R.R. (1989). Terrestrial higher
plants which hyperaccumulate metallic elements. A review of
their distribution, ecology and phytochemistry. Biorecovery
1, 81–126.
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ABSTRACT
The Ap horizon of a Typic Haploxerept was mixed
with increasing amounts of CaCO3 (20, 40, 60, 80, and
100 g kg-1). A pollutant solution coming from acidic mine
drainage (AMD) was added both to the original soil as well
as to the five soil-CaCO3 mixtures, and the leachates were
collected and analyzed. The results indicate that the CaCO3
in soil reduces the aluminium toxicity in the leachates, by
raising the pH, lowering the Al concentration, and reducing the activity of the Al species. An equation is calculated
to determine, from the pH of the AMD and the CaCO3
content in soil, the amount of pollutant solution that can
be added to a soil without adversely affecting the Al toxicity of the leachate.

KEYWORDS: Soil, acidic mine drainage, calcium carbonate,
aluminium toxicity.

soil solution and drainage waters [2]. The release of large
amounts of aluminium is of particular concern because of
the risk of phytotoxicity [3-7]. The activity of total Al in
solution is not a suitable indicator of Al toxicity, whereas
the soil pH and the Al species present in the soil solution
are more important [8]. Al3+ and monomeric hydroxylates
of Al are generally considered to be the most toxic species,
while the Al-SO4 complex is less toxic [9-11]. On the other
hand, cations such as Ca and Mg have been shown to reduce Al toxicity [12-13].
When the acidic mine drainage (AMD) infiltrates soils
with CaCO3, the acidity is neutralized, Ca2+ is released, and
the dissolved aluminium reacts with the sulphate ions forming Al-SO4 complexes and precipitating as basaluminite
[14]. The aim of the present work is to determine the liming rates necessary to mitigate the Al toxicity in leachates
of soils affected by AMD.
MATERIALS AND METHODS

INTRODUCTION
The sulphide oxidation in mine spoils is a complex biogeochemical process that releases sulphate ions, intensifies acidity, and solubilizes different elements associated
with sulphides [1]. In the case of pyrite, the most abundant sulphide in these spoils, the oxidation can be represented by the reaction:
4FeS2 + 15O2 +14H2O

4Fe (OH) 3 + 8SO42- + 16H+ (1)

When the acidic solution generated by the oxidation
of the pyrite infiltrates the soil, the protons may act as
weathering agents, promoting the dissolution of other soil
components and increasing the ionic concentration in the

The experiment used the Ap horizon of a Typic Haploxerept [15] with intermediate buffering capacity (pH =
7.6, sandy-loam texture, cation-exchange capacity (CEC) of
16.3 cmol(+) kg-1, base saturation about 70%, and organiccarbon content lower than 3 g kg-1). The element concentration (%) was: 36.5 Si, 5.17 Al, 2.39 Fe, 0.85 Ca, 0.37
Mg, 0.63 Na, and 1.21 K. The soil sample was air-dried
and sieved through 2 mm mesh size. Five samples were
prepared by the addition of increasing amounts of CaCO3
to the original soil sample (20, 40, 60, 80, and 100 g kg-1).
Each sample was introduced in a glass column of inner
diameter 3.5 cm and 10 cm length, narrowing towards the
bottom to inner diameter 0.4 cm. The bottoms of the columns were refilled with fiberglass to retain the soil within
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the columns. Each column was hand-packed with 50 g of
the original soil sampled and with the five soil-CaCO3 mixtures. In all cases, the height of the soil column was 5 cm.
The pollutant solution from the acid mine drainage (AMD)
used had a pH of 1.8 and the element concentration (mg
dm-3) was: SO4 15078, Fe 4360, Al 290, Ca 9.6, Mg 222,
Na 45, and K 1.8. The top of the soil column was covered
with a 2 cm layer of fiberglass to facilitate a uniform flow.
Afterwards, in darkness, to inhibit algal growth [16], 50 cm3
of AMD with a 10 cm3 h-1 flow were added to each column. This addition was repeated three times every 5 days.
The pH of the leachates collected in each addition was
measured, and the solutions were immediately filtered
through cellulose filters (0.45 µm pore) by vacuum suction into PyrexTM flasks previously washed with acid, and
stored at < 4ºC before analysis. The pH of the soil was
measured in a 1:2.5 soil:water suspension and the total
element concentration determined by X-Ray fluorescence.
Organic carbon was analyzed by dry combustion with a
LECO instrument. Fe, Al, Ca, and Mg concentration in the
AMD and leachates were measured by atomic absorption
spectroscopy; Na and K by flame photometry; and SO42by ion chromatography in a Dionex DX-120 instrument.
The amount of each element precipitated was calculated
by the difference between the concentrations in AMD and
in leachates. The Al species present in leachates were processed using the computer program Solmineq [17]. The
Al toxicity indexes of the leachates were estimated
from Ca+Mg/Al molar ratio [18] and from the activity
of Al species [19]. Values lower than 1 in the first index,
and higher than 1 in the second, indicate Al toxicity.
RESULTS AND DISCUSSION
Precipitated aluminium in soil

Precipitated aluminium in soil (PAl) was found to be
linearly and significantly (P<0.001) related to the Al added
with the AMD (AMDAl) and with the CaCO3 content in soil
(SCaCO3) by the multiple regression:
PAl (mg/kg) = -318.1 + 0.149 AMDAl (mg/kg) +
11.21 SCaCO3 (g/kg) r2 = 0.562
(2)
This indicates that, in decarbonate soil, Al does not
precipitate; even in soils with 20 g CaCO3 kg-1 Al precipitates only when the pollution is relatively low (≤ 2 dm3
AMD kg-1 dry soil); on the contrary, in the soils with
CaCO3 content ≥ 40 g kg-1 some of the Al present in the
AMD invariably precipitates.
On the other hand, PAl was significantly (P<0.001) and
directly related to precipitated sulphates (PSO42-) but inversely to precipitated iron (PFe), by the multiple regression:
2-

PAl (mg/kg) = -131.6 + 0.088 PSO4
0.066PFe (mg/kg) r2 = 0.773

(mg/kg) (3)

Consequently, the sulphate ions dissolved in the AMD
increased the precipitation of aluminium in soil, probably

as basaluminite, while the dissolved iron reduced this precipitation. This reduction could be related to the significant
(P<0.001) linear relationship between PSO42- and PFe, by
the equation:
PSO42- (mg/kg) = 2477.9 + 1.761 PFe (mg/kg) r2=
0.879
(4)
This indicates that iron and sulphate in the AMD tended
to precipitate in soil, probably as Fe-hydroxysulphate [14],
which would reduce the concentration of SO42- ions in the
soil solution and, consequently, PAl (Eq. 3).
Aluminium in the leachates

Aluminium concentration (LAl) was inversely and
significantly (P<0.001) related to the pH of the leachate
(LpH) by the equation:
LAl (mmol dm-3) = -13.11 + 73.03 LpH-1 r2 = 0.959 (5)
This indicates that the leachates had only Al when the
pH was lower than 5.5. On the other hand, LpH was significantly (P<0.001) and directly related to the SCaCO3 but
inversely to H+ added from AMD (AMDH+) by the multiple regression:
LpH = 3.99 + 3.45 SCaCO3 (mol kg-1) – 39.79 AMDH+
(mol kg-1) r2=0.878
(6)
This equation allows an estimation, depending on the
CaCO3 content, of the acidity that each soil can neutralize
when the pH of the leachate remains below 5.5 and, consequently, can contain dissolved Al. Therefore, the pH of
the leachate of soils with a CaCO3 content < 0.4 mol kg-1
was consistently below 5.5, regardless of the AMD added;
whereas soils with 0.6 mol CaCO3 kg-1 needed the addition of 0.013 mol H+ kg-1 to reach LpH < 5.5, 0.031 mol
H+ kg-1 in soils with 0.8 mol CaCO3 kg-1, and 0.049 mol
H+ kg-1 in soils with 1.0 mol CaCO3 kg-1.
In addition, with Eqs. 5 and 6 considered together, LAl
was significantly (P<0.001) and directly related to AMDH+
but inversely to SCaCO3 by the multiple regression:
LAl (mg dm-3) = 208.5 + 6396.6 AMDH+ (mol kg-1) –
530.3 SCaCO3 (mol kg-1) r2 = 0.789
(7)
This indicates that in the soil without CaCO3 the Al
concentration in leachate was higher than the Al concentration in AMD and, therefore, the added H+ in the AMD
causes the weathering of the primary minerals in soils,
promoting the dissolution of Al and increasing its concentration in the leachates.
On the other hand, the activity of the Al species in the
leachates (L[Al]) was significantly (P<0.001) and directly
related to LAl but inversely to LpH by the multiple regression:
L[Al](µmol dm-3) = 1207.9 + 564.3 LAl (mmol dm-3) –
220.2 LpH r2 = 0.999 (8)
This indicates that, for a certain Al concentration in the
leachate, the activity of the species of Al decreases when
pH increases.
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Consequently (Eqs. 6 to 8), L[Al] was significantly
(P<0.001) and directly related to AMDH+ but inversely to
SCaCO3 by the multiple regression:
L[Al](µmol dm-3) = 4795.8 + 140.0 AMDH+ (mmol
-1
kg ) – 11.86 SCaCO3 (mmol kg-1) r2 = 0.793
(9)
Aluminium toxicity of the leachates

The Al toxicity index (ATI) of the leachates was calculated according to [19]:
ATI = [9{Al3+} + 4{AlOH2+} + {Al(OH)2+} +
9{Al(OH)4-} + {Al(SO4+}] / [ 4{Ca2+} + 4{Mg2+} +
0.02{K+} + 0.02{Na+}]
In this expression, brackets denote molar activities and
each element is weighted by a coefficient intended to reflect its relative effect. ATI values higher than 1 denotes Al
toxicity.
Because the ATI was significantly (P<0.001) and
directly related to L[Al] (Fig. 1), ATI was significantly
(P<0.001) and directly related to AMDH+ but inversely to
SCaCO3 by the multiple regression:

ATII

1,8
1,6
1,4

ATI = 0.296 + 1.102 10-2 AMDH+ (mmol kg-1) –
8.804 10-4 SCaCO3 (mmol kg-1) r2=0.790 (10)
This equation allowing to calculate, from the pH of
the AMD and the CaCO3 content of the soil, the amount
of AMD that can be added to the soil to obtain drainage
water without the risk of Al toxicity.
On the other hand, the toxicity index estimated from
the molar ratio between the divalent basic cations and the
aluminium (Ca+Mg/Al) in the leachates, was significantly
related (P<0.001) to ATI by the potential regression:
Ca+Mg/Al = 0.5535 ATI -1.0911 r2= 0.986 (11)
This indicates that when ATI = 1 the value of
Ca+Mg/Al is 0.55, in this case, the authors [18] estimate
toxicity by the mean of a decrease in root growth and in
the mycorrhiza development. When Ca+Mg/Al ≤ 0.15,
the toxicity is extreme because the root growth stops, the
thinner roots die, and the tree undergoes severe stress, this
corresponding with ATI > 3.5.

ATI = 4 10-9 L[Al] 2 + 2 10-5 L[Al] + 0.0112
r2 = 0.995
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FIGURE 1 - ATI values versus L[Al] values.
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ABSTRACT
The determination of the chemical composition of rainfall related to the origin of the air masses, in two urban sites
in Greece during the year 2006, is investigated in this study.
Two model automatic rain samplers were installed, the first
in the city of Larissa, Thessaly, central Greece and the second in Heraklio, Attica, a northern suburb of Athens. The
concentrations (ppm) of the major cations (H+, Na+, K+,
Ca2+, NH4+ and Mg2+) and major anions (NO3-, NO2-, HCO3-,
and SO42-), as well as total hardness (ppm CaCO3), pH and
electric conductivity in 25 oC (µS/cm) for 27 rainfall samples -11 samples in Larissa and 16 samples in Heraklio
(Athens)- were determined.
In Larissa, the figures of pH range from 5.13 to 6.13
while in Heraklio (Athens), the pH within the range 5.62
to 7.88 indicates a shift of the rainfalls towards alkalinity.
The electric conductivity in Larissa ranges from 16.30 µS/
cm to 110.60 µS/cm and in Heraklio (Athens) from 7.00 µS/
cm to 151.00 µS/cm. The analysis showed that Ca2+ and
Mg2+ appear the highest concentrations out of the examined
cations, while HCO3- and SO42- present the highest concentrations within the anions. Moreover, in order to find out
the origin of the air masses, the air mass back trajectories
were calculated using the HYSPLIT 4 model of Air Resources Laboratory of NOAA for two different levels:
1500 and 3000 m (a.m.s.l.).

KEYWORDS: Wet deposition, air mass back trajectories, Athens,
Larissa, Greece.

life on land. It is almost worse in water than on land because
the fish that are in the water need the water to breathe.
Trees are also harmed by acid rain. The atmosphere deposits a lot of toxic metals into the forests because acid rain
contains metal, such as lead, zinc, copper, chromium, and
aluminium. The main components that produce acid rain are
the sulphur dioxide (SO2) and the nitrogen oxides (NOx).
These ambient air pollutants are emitted by natural and
human activities. A lot of studies and analyses have been
carried out concerning the emissions and deposition of air
pollutants which cause acid rain [1-3]. In the central-eastern
Mediterranean, acid episodes (pH<5), and a great percentage of episodes with pH>6 appeared [4-9]. In Greece, the
phenomenon of acid rain has been studied since approximately 25 years ago in order that the reasons responsible
for the observed deterioration of the marbles of Parthenon
are revealed [10-12]. Later on, a lot of researchers studied
systematically the phenomenon of acid rain during different time periods in Athens [5, 13-18], in Thessalonica [6],
in Patras [4, 19], in Crete [20] and in central Greece [21].
This work presents the results of the chemical composition of the wet deposition, with respect to the concentrations of major anions and cations, in two Greek cities:
the city of Larissa (LAR) and the city of Heraklio (HER),
Attica, a northern suburb of Athens, during 2006. The objective of the analysis is to find out the possible differentiations in the chemical composition of the rainfall in the
two sites and make an effort to interpret these, using the air
mass back trajectories analysis.
DATA AND ANALYSIS

INTRODUCTION
Acid rain is responsible for many environmental problems, such as impacts on the life in the water as well as the

The data analyzed concern the concentrations (ppm)
of the major cations (H+, Na+, K+, Ca2+, NH4+ and Mg2+) and
major anions (NO3-, NO2-, HCO3-, and SO42-), as well total
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FIGURE 1 - Locations of the two sampling sites.

hardness (ppm CaCO 3), pH and electric conductivity in
25 oC (µS/cm) for 27 rainfall samples collected in LAR
(11 samples), a city in central Greece (lowland and medium-sized city with a population of about 150.000 inhabitants according to the census of 2001) and in HER (16 samples), a northern suburb of Athens (population of about
46.000 inhabitants according to the census of 2001). Regarding the samples collected in HER, all the16 samples
were taking into consideration for the determination of pH
and conductivity, but only 6 samples analyzed for the estimation of major anions and cations, because of the analysis limitations arised due to less rainfall volume collected.
The number of samples collected is relatively small due to
precipitation scarcity, which is likely driven by the climatic
change in the Southeastern Mediterranean region. Notwithstanding, the results obtained are representative for the
chemical composition of the wet deposition in the two sites
examined. The rainwater sampling was achieved by two
automatic rain samplers [5, 13], established in the two sites,
during 2006 (Figure 1). The rainwater samples were collected in 24-h basis.
The samples were collected in polyethylene bottles [22]
of one litre, and were promoted in the chemical laboratory
for the analyses. The conductivity and pH were measured
at once after the sample collection. The conductivity meter
(WTW 3L5i) and the pH meter (Metrohm 744) were calibrated before every use. In the process, every rain sample
was kept in the refrigerator (4°C) for the chemical analyses forward. The rainwater samples were vacuum filtered through Millipore 0.45 µm pore size membrane
filters, aiming in the removal of suspended solids. The
determination of anions NO3-, NO2-, SO42- and cations

NH4+, was carried out using a Hitachi 1100 (UV-Vis) spectrophotometer, while HCO3 -, Ca2+ and Mg2+ ions were
measured using a Hach alkalinity titrator. In the process,
Na+ και K+ ions were specified using a flame photometer
(Jenway PFP 7). Total hardness (permanent and transitory)
values were cal-culated as follows: Total Hardness (ppm
CaCO3) = meq/L (calcium + magnesium) x 50; Temporary Hardness (ppm CaCO3) = meq/L (carbonate + bicarbonate) x 50; Permanent Hardness = Total Hardness –
Transitory Hardness.
For the calculation of the back trajectories, the
HYSPLIT-4 model of Air Resources Laboratory of NOAA
[23, 24] is used for two different levels: 1500 and 3000 m
(a.m.s.l.).
RESULTS AND DISCUSSION
The concentration of CO2 in the atmosphere is approximately 325 ppm CO2, which corresponds to a typical
pH value of approximately 5.6. With respect to the examined period, episodes of acid rain (pH<5.6) account for
36% of the total events analyzed in LAR, while these are
not observed in HER (Figure 2). In Larissa, the figures of
pH range from 5.13 to 6.13 with mean ± SD value: 5.64 ±
0.30, while in HER the pHs mean value ± SD (6.32 ±
0.54) within the range 5.62 to 7.88 indicates a shift of the
rainfalls towards alkalinity. The frequency distribution of
pH shows that the class 5.5-6.0 is the prevailing one
(55%) for LAR, while the class 6.0-6.5 (38%) dominates
in the case of HER.
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Notwithstanding, results from previous studied period (1/9/2001-31/8/2002) revealed that, the class 7.5-8.0
presented the highest frequency; 38% for HER [18], while
in the present study the class 7.5-8.0 accounts for 6%. A
possible explanation is that the numerous worksites established in the Greater Athens Area (GAA), concerning the
Olympic constructions of the 2004 Olympic Games, emitted a lot of dust and particulate matter resulted in the alkalinity of the rainfalls. Kita et al. [16] suggested that neutral
rains in Athens must be caused by the counteraction of
artificially and naturally acidified rains with calcium carbonate in the dust carried not only from the urban area of
Athens by local winds but from arid areas in the world by
global atmospheric currents, as well.
The conductivity in Larissa ranges from 16.30 µS/cm
to 110.60 µS/cm with mean value ± SD: 35.38 ± 25.35 µS/
cm and in HER from 7.00 µS/cm to 151.00 µS/cm with
mean value ± SD: 42.81 ± 37.48 µS/cm. With respect to
conductivity histograms (Figure 2), we observe that the
class 0-40 µS/cm is the most prevailing in both examined
sites. Nevertheless, high conductivity values (120-160 µS/
cm) appear in HER, which combined to the observed high
pH values (7.5-8.0) leads to the assumption that neutralization is a likely process, taking part in the GAA.
The conductivity is positively correlated with pH, concerning the total of rain samples for the two sites; LAR:
r=0.6, p<0.042 and HER: r=0.7, p<0.003 (Figure 3). These

relationships are expressed by the linear regression models: y=-263.2+52.9x for the sampling site in LAR and y=259.3+47.8x for the site in HER and could be attributed to
the neutralization of acids in the rain by ammonia (from
fertilizers), marine water and dust from the ground.
Furthermore, the results of the analysis showed that
the concentration of SO42- ions is higher than the concentration of NO 3- ions in all samples and their ratio [SO42 -]/
[NO3-] in the rain was calculated equal to 4.71 for LAR and
2.38 for HER. These findings are in agreement with
Tsikritsis [21] and Nastos et al. [18] respectively, who concluded that rainwater acidity in LAR and HER is mainly
due to H2SO4 and secondary to HNO3. Figure 4 depicts the
calculated concentrations (ppm) of the NO3-, SO42-, Mg2+,
Ca2+ ions for the two sampling sites. It is crystal clear the
predominance of SO42- anions compared to NO3- anions,
especially in LAR. Besides, Ca2+ cations prevail against
Mg2+ cations in LAR, while this pattern is reversed in HER.
Regarding the NO2- anions, we found that their concentrations are by far higher in LAR (mean=0.12 ppm) than
HER (mean=0.009 ppm) and this could be attributed to the
agricultural activities taking place in LAR. Low concentrations with respect to K+ cations (LAR: mean=0.07 ppm;
HER: mean= 0.56 ppm), NH4+ cations (LAR: mean=0.12
ppm; HER: mean=0.32 ppm) were measured in the
rainwater

Larissa

Larissa
12

7
55%

6

91%

10

5

No of obs

No of obs

8

36%

4
3

4

2
9%

1
0

6

2

0%

0%
5.0

5.5

6.0

6.5

0%
7.0

0%
7.5

0%

0

8.0

pH

9%
0%

0%
0

40

0%
80

120

Conductivity (µSiemens/cm)

1655

0%
160

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

Heraklio ( Athens)

Heraklio ( Athens )
14

7
38%

6
31%

10

25%

4

No of obs

No of obs

5

75%

12

3

8
6
4

2
6%

1
0%

0

0%
5.0

0%
5.5

6.0

6.5

7.0

0%
7.5

13%

2

6%

6%

0%

0

0%
0

8.0

40

80

120

160

Conductivity (µSiemens/cm)

pH

FIGURE 2 - Histograms of pH and conductivity for the two sampling sites.
Heraklio (Athens)

Larissa
160

100

140

r = 0.6, p = 0.042

Conductivity (µSiemens/cm)

Conductivity (µSiemens/cm)

120

80
60
40
20

r = 0.7, p = 0.003

120
100
80
60
40
20

0
5.0

5.2

5.4

5.6

5.8

6.0

0
5.4

6.2

5.6

5.8

6.0

6.2

6.4

6.6

6.8

7.0

7.2

7.4

7.6

pH

pH

FIGURE 3 - Conductivity as a function of pH for the two sampling sites.

Larissa

Heraklio (Athens)

8
6
4

09/10/06

27/09/06

26/09/06

13/03/06

12/03/06

02/03/06

24/02/06

0

06/02/06

0

06/02/06

2

05/02/06

2

1656

23/11/06

4

SO4 2-

31/10/06

6

NO3 1-

30/10/06

8

10

10/10/06

2-

09/10/06

SO4

NO31-, SO42- (µg/cm3)

10

12

NO3 1-

22/01/06

NO31-, SO42- (µg/cm3)

12

14

23/09/06

14

7.8

8.0

© by PSP Volume 17 – No 10a. 2008

Fresenius Environmental Bulletin

Larissa

Heraklio (Athens)

16

14

4

09/10/06

27/09/06

26/09/06

13/03/06

12/03/06

02/03/06

24/02/06

0

06/02/06

-2

06/02/06

2

05/02/06

0

23/11/06

2

6

31/10/06

4

8

30/10/06

6

10

10/10/06

8

Mg2+
Ca2+

09/10/06

10

12

23/09/06

Mg2+
Ca2+

Mg 2+, Ca 2+ (µg/cm3)

12

22/01/06

Mg 2+, Ca 2+ (µg/cm3)

14

16

FIGURE 4 - NO3-, SO42-, Mg2+, Ca2+ concentrations (ppm) for the two sampling sites.

samples, while Na+ cations were not measured in the water
samples of both sites. The total hardness is strongly correlated (r>0.9, p<0.05) with HCO3- ions (LAR: mean=20.24
ppm; HER: mean=83.37 ppm) with higher values appeared
in HER (mean=68.33 ppm) than LAR (mean=17.05). It is
considerable to remark that high ions concentrations were
evaluated during light rain events and after preceding dry
periods. The wash out effect of the ambient air pollutants
is more effective during low intensity rains [6].
In the process, the effect of the origin of air masses
on the configuration of the chemical composition of rain
is investigated. For this reason, the 48 hours air mass back
trajectories for the rainy events were calculated, using the
HYSPLIT-4 model of Air Resources Laboratory of NOAA
and are depicted in Figure 5. Two different levels were
used: 1500 and 3000 m (~850 and 700 hPa, respectively).
The air masses come from different directions in the two
examined trajectory heights for approximately half cases
concerning both sampling sites. The sectors according to the
origin of air masses were distinguished as follows: trajectories coming from the north (NW-NE Europe) consist the
northern sector (N), from Northern Africa, the southern
sector (S), from the grid box defined by the coordinates
18o-28o E, 35o-42o N, the local sector (L), from the Western Mediterranean, the western sector (W) and finally from
the Asia Minor and Kaspian Sea, the eastern sector (E). If
the trajectory remained within the mentioned grid box for
48 hours it was characterized as local.
The air mass back trajectories analysis revealed the
variability of the mean concentrations of the major anions
and cations (ppm), among sectors (Table 1). In LAR, the
air masses coming from the northern sector decrease pH
and as a consequence the concentration of H+ ions is the
highest from all other sectors. The conductivity and pH
present maximum values within the southern sector due
likely to high concentrations of HCO3-, SO42-, Ca2+ ions

and the total hardness. The high figures of pH, conductivity, total hardness, HCO3- and Ca2+ ions might be associated with Saharan dust events, mainly appear in spring.
Saharan dust is reported as the source of alkaline earths in
several Mediterranean places [7, 25]. The local sector results in high concentrations of NO3- and NO2- ions and this
probably be attributed to the lignite mines in Ptolemais,
Northern Greece, used for electricity production, which are
established at the NW of Larissa.
In HER, air masses from the southern sector contribute in high conductivity, high concentrations of HCO3and Ca2- ions, as well as high total hardness. This is due to
a Saharan dust event, as it is depicted in Figure 7. Kosmopoulos et al. [26] evaluated the seasonal variability of
specific aerosol types over GAA, analyzing a long-term
(2000-2005) data set of aerosol optical properties obtained
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) over the GAA. The Desert Dust (DD) type exhibited its higher frequency in summer, when the atmospheric conditions favor the erosion of soil dust from the dry
surfaces, the more stable atmospheric conditions and the
absence of precipitation; all these mechanisms allow aerosols to suspend in the air.
On the other hand, the aerosol load and optical properties of the DD type were strongly related to the air mass
pathways and natural events (e.g., Sahara dust transport over
the study region), exhibiting significant variability from
year-to-year. The Aerosol Optical Depth at 550nm (AOD550)
for this aerosol type was higher in spring due to the more
intense dust events occurring in this period. Particularly
high AOD550 values were also observed in winter, despite
the very low occurrence of DD type in this season. However, the occurrence of the DD type in winter was closely
associated with air masses coming from Sahara.
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1500 m (~850 hPa) and 3000 m (~700 hPa), ending at the following 1500 m (~850 hPa) and 3000 m (~700 hPa), ending at the following
specific time and dates for Larissa: Black trajectories (circles) for specific time and dates for Athens: Black trajectories (circles) for
the height of 1500 m (a) while grey trajectories (triangles) for the the height of 1500 m (a) while grey trajectories (triangles) for the
height of 3000 m (b). The numbers stand for the corresponding rain height of 3000 m (b). The numbers stand for the corresponding rain
event : #1 at 04 UTC, 22 January 2006; #2 at 07 UTC, 05 February event: #1 at 01 UTC, 23 September 2006; #2 at 16 UTC, 09 October
2006; #3 at 04 UTC, 06 February 2006; #4 at 17 UTC, 06 February 2006; #3 at 22 UTC, 10 October 2006; #4 at 09 UTC, 30 October
2006; #5 at 13 UTC, 24 February 2006; #6 at 18 UTC, 02 March 2006; #5 at 22 UTC, 31 October 2006; #6 at 21 UTC, 23 November
2006; #7 at 13 UTC, 12 March 2006; #8 at 17 UTC, 13 March 2006; 2006.
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TABLE 1 - pH, conductivity (µS cm-1) and mean concentrations of major anions and cations (ppm),
for every sector estimated from air mass back trajectories analysis, for Larissa and Heraklio (Athens).
Larissa
Sectors
North
South
Local
West
East
Sectors
North
South
Local
West
East

pH

H

+

5.52
6.00
5.75
5.79
---pH
6.16
6.10
5.62
---5.82

Conductivity
3.19
1.04
1.78
1.69
----

H+
0.82
0.79
2.40
---1.51

30.97
71.8
28.4
27.47
---Conductivity
21.00
37.00
7.00
---35.00

NO3

-

1.66
0.46
2.32
1.87
---NO31.77
1.96
1.08
---2.67

NO2

-

HCO3-

SO4-2

0.100
18.30
0.100
32.02
0.030
18.30
0.146
18.30
------Heraklio (Athens)
NO2-

HCO3-

0.004
0.011
0.004
---0.006

61.00
183.00
73.2
---61.00

The local sector is related to low pH and high concentration of H+ ions. As expected, in an urban environment,
like Athens, the Urban Industrial (UI) aerosol type clearly
dominates against the DD type. The UI type occurred mainly
in spring, directly related to the intensity of anthropogenic
emissions, stagnant air masses and poor dilution of aerosols and pollutants in rain [26]. Another important finding
of the performed back trajectories analysis is that, high concentrations of approximately the total examined ions were
associated with air masses coming from the eastern sector
(Table 1).

4.90
8.33
6.77
9.11
---SO4-2
5.09
2.87
2.95
---8.56

Ca+2

Mg+2

3.00
7.00
2.00
1.00
---Ca+2

K+

0.81
0.30
0.61
0.41
---Mg+2

4.00
9.00
1.00
---2.00

3.83
1.82
4.23
---6.05

0.04
0.08
0.10
0.11
---K+
0.53
---0.30
---0.60

NH4+
0.08
0.06
0.09
0.17
---NH4+
---0.17
0.21
---0.59

Total
Hardness
15.83
27.50
15.00
15.00
---Total
Hardness
50.00
150.00
60.00
---50.00

CONCLUSIONS
The analysis showed that in both examined sites,
Larissa and Heraklio (Athens), air masses coming from the
southern sector contribute in the neutralization of acids in
the rain by marine water and Saharan dust. On the other
hand, the local and eastern sector for Heraklio (Athens) is
related to high concentrations of almost all the major ions in
the rainwater, while the local and western sectors for Larissa
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play an important role in the enrichment of the rainwater
with high concentrations of NO 3-, NO 2- and SO 42- ions.
Moreover, Ca2+ ions prevail from the cations in all samples
collected in Larissa while Mg2+ ions and secondary Ca2+
ions are abundant in Heraklio (Athens); HCO3- and SO42present the highest concentrations within the anions. Besides, our findings indicate that rainwater acidity in Larissa
and Heraklio (Athens) is mainly due to H2SO4 and secondary to HNO3.

This study is co-funded by the European Social fund
and National Resources – EPEAEK II (ARCHIMEDES II).
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ABSTRACT
Air pollution remains a serious environmental problem
in Greek cities because of the combined effects of various
pollutants upon the health and the everyday life of citizens.
Urban traffic has been firmly identified as a main pollution
source, in particular the car tailpipe gases. The emissions
from spark ignition car engines have been evaluated with
inter-seasonal measurements for the period 2003-2006 in
the city of Thessaloniki by close monitoring of the following tailpipe gases, both at idle and at 2000 RPM: CO, CO2,
O2 and HC. Sensory observations, i.e. aural, visual and
nasal, have been simultaneously acquired from vehicles
under test for a quick qualitative characterization of the
engine operation. Based on the latter, a novel emission
control method for the detection of gross polluters has been
examined. The presence of a small number of gross polluting cars (approximately among 10 moving petrol cars
there is 1 polluting as much as the rest 9 of them!) consists
the main finding of the present paper, reconfirming some
similar findings, both in Greece and worldwide. Unfortunately, at present most of these vehicles are left in circulation. Thus, while new vehicles start from much lower emission levels due to tighter new standards, the considerable
deterioration rates manifested in practice suggest that
low emissions may not be sustained unless serious steps
are taken to keep the cars in good operating condition.

KEYWORDS:
car pollution, tailpipe emissions, sensory observations.

urban air quality in many countries has not been improved
as dramatically, probably due to the fact that the maintenance of the catalytic SI engines are still not adequately
strict. Various previous studies have already shown that a
small number of petrol-engine cars, usually exhibiting abnormal operation or fitted with very old engines, are to be
blamed for the bulk of emitted pollutants, e.g. 10% of the
circulating cars emit approximately 50% of the carbon
monoxide (CO) [1, 2]. So simply placing the onus of action
on the small group of car manufacturers is a highly inadequate measure for an effective reduction of urban pollution levels, particularly for countries with a still high percentage of non-catalytic vehicles. Interestingly enough, the
case of traffic noise in cities is similar [3].
The vast majority of running cars in the city of Thessaloniki start everyday within the city boundaries, thus
aggravating the problem of the urban air quality during
their transient cold operation. The warming-up transient
phase of the spark-ignition engines in particular has a distinct additional contribution to the unburned hydrocarbons
(HC) tailpipe emissions, as studied in [4]. Still, the core
of the problem in Greek cities seems to be the worrying
number of running cars with excessive tailpipe emission
levels, exceeding grossly the legal upper limits. Unfortunately, at present most of these vehicles are left in circulation, escaping the existing rather meagre control measures
and, interestingly enough, some being also equipped with
the proper national Exhaust Gases (EG) card, in accordance
with the state legislation!

INTRODUCTION

ANALYSIS

The catalytic after-treatment of the exhaust gases and
the interactive management of the engine operation parameters have been both responsible for achieving significant
reductions of the various health hazardous emissions from
Spark Ignition (SI) engines in the recent 25 years. Still, the

A thorough analysis of the exhaust gases in catalytic
and non-catalytic SI engines requires a set of successive
measurements under a variety of operating conditions. Most
measuring techniques used belong to one of the following
generic methods:
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(i) measurements under representative loads, where
standardised running cycles are employed while monitoring
the exhaust gases, simulating realistic car traffic. Such techniques are rather time consuming, requiring well trained
personnel and costly automatic torque measurements.
(ii) measurements under no load, where the engine operates at either idling speed or other specified one. Neither
trained personnel nor costly equipment are required.

- Exhaust gas smell

(i) no smell: the absence of a distinct odour indicates
absence of large quantities of unburned HC, thus probably
satisfactory combustion in all cylinders.
(ii) petrol smell: a distinct petrol odour indicates the
presence of large quantities of unburned HC, thus unsatisfactory combustion in some cylinders.
- Exhaust gas colour

Both the above generic methods may pinpoint a polluting car, although only method (i) will give an accurate
quantitative measure of the CO, HC and NOx pollutants
emitted. Due to the non-representative engine temperatures under no-load operation, method (ii) is completely
inappropriate for monitoring NOx emissions. Nevertheless, method (ii) exhibits some firm advantages, so it has
been accepted long ago for issuing the obligatory national
Ministry Of Traffic (MOT) card in Greece, i.e. KTEO in
Greek, consisting of two successive gas measurements: a)
at idle, and b) at 2500 RPM. The method is employed for
both the roadside tests and the yearly due control of exhaust gases in SI engines. The latter test leads to the acquisition or the yearly renewal of the obligatory EG card.
However, even with method (ii) roadside emission control involves is rather laborious, so it is performed infrequently by traffic officers. Since such sporadic control
measures do not contribute significantly to a strict adhesion of the car owners to the legislative upper limits for car
emissions, remote sensing has been also implemented [5,
6]. Although fast and satisfactory in locating gross polluters, remote sensing of petrol-engine tailpipe emissions has
not been widely applied, mainly due to the high cost of the
equipment involved, their sophisticated operation and some
technical restrictions concerning their usage, e.g. in congestion conditions, in rain and in multiple lane roads.
Responding to the need of acquiring a practical tool
for quicker and successful detection, a novel method has
been tested experimentally in the town of Thessaloniki,
proposed elsewhere [7] as a roadside filter for the detection
of gross polluting petrol cars. This method is based on
some real time simplistic evaluations of sensory observations, which can be easily performed in the vicinity of a
warm petrol car engine running at idle, as follows:

(i) colourless: It indicates no obvious visual malfunction, thus probably satisfactory engine operation.
(ii) blue: It is perceived as a light blue colour of exhaust gas, typically indicating lubricant burning at an excessive rate, thus unsatisfactory engine operation.
(iii) white: It is perceived as a light or dense white
colour of exhaust gas, similar to the boiling water vapour,
indicating unsatisfactory combustion in a warm engine
(during the warming up phase white exhaust gas is normally anticipated and is not alarming, particularly during
severely cold and/or humid atmospheric conditions).
(iv) black: indicates high concentrations of unburned
carbon molecules (soot), thus very rich petrol-air mixture.
Brief explanations of all correlations inferred above are
given in Table 1, along with the anticipated consequences
to the tailpipe car emissions. It can be seen that in all alarming cases high HC emissions are expected because these
cases seem to result from poor combustion of the combustible mixture in one or more cylinders, irrespectively
of the fact that the actual causes may be unknown and
numerous. It should be emphasized that the underlying
detection logic in Table 1 is rather incomplete and simplistic: indeed, Table 1 reflects some consolidated clues derived from both the theoretical analysis and the practical
experience, in addressing the rather complex interrelation
between exhaust gas composition and SI engine operation
at idle, the latter being perceived only by sensory observations. One also realizes that no clues of the CO tailpipe emissions could be extracted from sensory observations alone, since CO is odourless and colourless. Besides,
its presence in the exhaust gas is related to the chemical
equilibrium at high temperatures, being very satisfactorily
predicted by the air-fuel ratio λ with the following well
documented expressions:

- Tailpipe sound. This sound is generated by the repetitive
bursts of the gases exhausted to the atmosphere, distinguished as follows:
(i) normal idling, perceived as a continuous composite sound of fairly constant pitch (frequency) - regarded
to indicate normal engine operation.
(ii) oscillating idling, perceived as a continuous composite sound of abruptly changing frequency - regarded to
indicate abnormal engine operation, due to the lack of repetitiveness in successive cycles.

CO (%) = 41.9 (1-λ)

for λ <1

(1a)

CO (%) ≤ 0.5

for λ> 1

(1b)

The following indices are defined for the analysis of
measurements in the present work:
HCpass: average unburned hydrocarbon percentage of
all vehicles exhibiting HC emissions within accepted limits.
HCno-pass: average unburned hydrocarbon percentage
of all vehicles exhibiting HC emissions exceeding accepted
limits.
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TABLE 1 - Clues for emission levels of a petrol car derived by a simplistic evaluation of aural, nasal and visual sensory observations.
SENSORY
OBSERVATION
TAILPIPE
SOUND
GAS
SMELL
GAS
COLOUR

as:

DISTINCTION

INDICATION OF:

ALARM

-constant pitch
-oscillating pitch
-no smell
-petrol smell
-colourless
-blue
-white
-black

-satisfactory combustion
-unsatisfactory combustion
-no unburned HC
-presence of unburned HC
-normal operation
-lubricant oil burning
-poor combustion
-very rich mixture

NO
YES
NO
YES
NO
YES
YES
YES

ANTICIPATED
CONSEQUENCE
-none
-high HC
-none
-high HC
-none
-high HC
-high HC
-high HC, CO

fHC: gross HC polluter contribution factor, defined

Type C: Inspection of the obligatory EG card and
MOT test papers.

HCno-pass
fHC = ____________
HCpass

A portable gas analyser has been used enabling the
measurements of CO, HC, CO2 and O2 concentrations, as
well as the λ ratio value. The tests have been spread daily
to cover the time period 8.00 to 20.00 in a uniform manner, in all locations selected. A set of measurements was
being acquired for approximately 15 consecutive days in
each season, while many sets have been collected to cover
repetitively all four seasons during the period 2003-06.
However, the Type B tests have been performed only on a
limited number of vehicles. Cars subjected to Type A and
B tests under warming-up conditions of their engine have
been excluded from the present study as invalid measurements.

(2a)

The physical significance of the fHC factor is that the
average car exceeding HC emission limits pollutes fHC times
more than the average car exhibiting HC emissions within
limits. The respective gross CO polluter contribution
factor, fCO, is expressed from the similarly defined average
values for the carbon monoxide, COno-pass and COpass, as:
COno-pass
fCO = ____________
COpass

(2b)

For cars submitted to both sensory and analytical exhaust gas monitoring the following detection indices may
be also defined for the HC emissions (similar indices are
not defined for CO, since no obvious correlation may be
drawn between the sensory observations and the CO content of exhaust gases - see Table 1):
DetHC,aur : successful aural detection index, defined
as the ratio of the cars with alarmingly oscillating idling
and HC emissions exceeding upper limit to the total number of cars with HC emissions exceeding upper limit.
DetHC,nas : successful nasal detection index, defined
as the ratio of the cars with alarmingly smelly exhaust
gases and HC emissions exceeding upper limit to the total
number of cars with HC emissions exceeding upper limit.
DetHC,vis : successful visual detection index, defined
as the ratio of the cars with alarmingly blue, white or black
gases and HC emissions exceeding upper limit to the total
number of cars with HC emissions exceeding upper limit.

CATEGORY A older than 1/10/86 – non catalytic
CATEGORY B after 1/10/86 – non catalytic
CATEGORY C fitted with 3-way catalyst
Table 2 shows that a worryingly large number of cars
exhibit both HC and CO emissions exceeding legal limits,
the percentage being rather higher for catalytic cars. However, it looks encouraging that the various percentages of
cars exceeding the respective upper limits are mostly lower
in comparison with those found in earlier studies, for both
Thessaloniki and other Greek towns [7,8]. From the f factors of Table 3 the following can be also seen:
- the average catalytic car (Category C) with emissions
above limits emits about 5 times more HC and 38-40 (!)
times more CO than the average car within limits,

RESULTS
Several central locations were chosen in Thessaloniki
where cars were randomly stopped with the intervention
of a traffic police officer, to undergo the following tests:
Type A: Tailpipe gas analysis test - at idle and at
2000 RPM,
Type B: Sensory observation test - at idle,

The values of CO and HC tailpipe emissions obtained
by the Type A test were subsequently compared with the
respective upper limits allowed by the EEC Directive 92/55,
adopted by the 18477/1992 Greek government act for
emission control of petrol-engine vehicles, where cars are
distinguished in three categories:

- all respective f factors for the non-catalytic cars (Categories A and B) are one-digit numbers.
The f factors shown in Table 3 have the following
physical interpretation: On average, among f+1 cars there
is 1 polluting as much as the rest f of them. Tables 2 and 3
together with Fig. 1 reveal also the following:
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TABLE 2 - Number and percentage (in parentheses) of cars exceeding legal emission levels.
VEHICLE
CATEGORY
Α
Β
C

VALID
MEASUREMENTS
217(100%)
345(100%)
4415(100%)

EXCESSIVE HC
AT IDLE
30(13.8%)
24(6.9%)
795(18.1%)

EXCESSIVE HC
AT 2000 RPM
25(11.5%)
54(15.6%)
1012(22.9%)

EXCESSIVE CO
AT IDLE
37(17.1%)
62(17.9%)
283(6.4%)

EXCESSIVE CO
AT 2000 RPM
41(18.8%)
62(17.9%)
553(12.5%)

TABLE 3 - Gross polluter contribution factors f for all measurements.
CATEGORY

fHC
AT IDLE
4.3
4.7
5.3

fHC
AT 2000 RPM
5.1
5.0
4.5

fCO
AT 2000 RPM
5.4
6.5
37.6

100%

100%

90%

90%

80%

80%

70%

70%

60%

60%

50%

50%

40%

900 rpm

40%

30%

2000 rpm

30%

96%

90%

84%

78%

72%

66%

60%

54%

48%

42%

36%

0%
30%

0%
24%

10%
18%

10%
6%

20%

12%

20%

0%

Cumulative HC emissions

Α
Β
C

fCO
AT IDLE
4.6
6.4
39.9

Percentage of cars monitored

100%

100%

90%

90%

80%

80%

70%

70%

60%

60%

50%

50%
900 rpm

40%

2000 rpm

40%

96%

90%

84%

78%

72%

66%

60%

54%

48%

0%
42%

0%
36%

10%
30%

10%
24%

20%

18%

20%

6%

30%

12%

30%

0%

Cumulative CO emissions

(a)

Percentage of cars monitored
(b)
FIGURE 1 - Cumulative emissions for catalytic cars during 2005-06, after sorting
all measurements decreasingly, i.e. worst polluters first: a) HC emissions, b) CO emissions.
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TABLE 5
Successful detection indices of pollutant HC for Thessaloniki.

• Non-catalytic cars find it more difficult to conform
with CO limits whereas catalytic ones with HC limits
- see Table 2.
• A small number of gross polluting cars are responsible
for most of the tailpipe emissions - see Table 3.
• On average, among approximately 6 petrol cars there
is 1 polluting as much as the rest 5 of them, with the
impressive exception of CO emissions from catalytic
cars-see below.
• Among catalytic cars the gross polluters are even fewer:
the high values of the fCO factors in particular show
that in a sample of approximately 40 cars there exists
1 that emits as much CO as the rest 39!
• Half the emissions emanate from only a small percentage of cars, e.g. for catalytic cars it can be seen in
Fig. 1 that 50% of the cumulative HC emissions are
emitted from approximately 12% of cars while 50% of
the cumulative CO emissions are emitted from approximately only 3.5% of cars!
The percentages of cars possessing a valid EG card and
undergone a recent MOT test shown in Table 4 are higher
for older cars. This is understandable, since brandy new cars
are not subjected to MOT tests for the initial 5 years neither
they require an EG card for the first year. Still, it may be
alarmingly deduced that, irrespectively of Category, approximately 33% of all circulating cars are not fitted with
the required EG whereas approximately 16% have not
passed the obligatory MOT test!
TABLE 4 - Inspection results on circulating cars concerning
the possession of valid EG card and MOT test (KTEO in Greek).

CATEGORY
A
Β
C

DetHC,aur

DetHC,nas

DetHC,vis

CATEGORY
A
0.75
0.26
0.56*
B
0.62
0.51
0.34*
C
0.33
0.68
0.06*
*due to lack of a full set of measurements for Thessaloniki, the values
for this index refer to the near town of Katerini

The above successful detection indices in the order of
0.70 for both the aural and nasal sensory detection of
gross polluting cars are very satisfactory, considering that
the respective indices of some remote sensing systems are
around 0.90 according to [9] or much lower and of little
practical use according to [10].

DISCUSSION AND CONCLUSION
The monitoring of numerous petrol car exhaust gases
in Thessaloniki reconfirmed similar previous results that a
small number of very bad car polluters cause most of the
pollution in the urban environment of Greek cities. It looks
promising though that the percentages of cars exceeding
the upper limits are mostly lower in comparison with those
found in similar earlier studies [7,8]. On average, out of f+1
circulating cars there is 1 polluting as much as the rest f
of them together, approximately as follows:
non-catalytic cars: f=5 for pollutant HC and f=5 for
pollutant CO
catalytic cars: f=5 for pollutant HC and f=39 for pollutant CO

Possession of valid:
MOT test
EG card
80.6%
62.6%
86.3%
65.8%
41.8%
46.8%

It has been also assessed macroscopically that the average values of emissions for all Categories of monitored
cars were below limits (of course this is hardly satisfactory,
since the law requires that all cars conform to the limits).
With respect to the sensory detection of gross polluting cars, Table 5 shows the following:

The particularly high value f=39 for CO exhibited by
catalytic cars is ostensibly due to the very rich air-fuel
mixture in some cars. This raises serious questions about
the quality of car maintenance (and probably the involvement and credibility of some maintenance shops, since
some cars may well be purposely “tuned” to run illegally
with rich mixture in order to exhibit a well known 5-10%
power increase, at the expense of higher fuel consumption
and considerably higher exhaust gas emissions).

-

aural observations are quite effective in pinpointing noncatalytic cars (Categories A and B), since about 7 out of
10 cars with suspiciously oscillating idle were proved
HC “guilty”, i.e. they actually exceeded legal HC pollution levels,

-

nasal observations are effective in pinpointing catalytic
cars, since about 7 out of 10 cars with suspicious odour
of tailpipe gases were actually proved HC “guilty”,

The entire set of sensory observations has been compiled not by a single monitoring team. Although all teams
have been trained to make meaningful sensory observations, considerable fluctuations are believed to be present
in the data collected, due to the highly subjective nature of
such observations. In distinguishing a warming-up engine
our testing teams had to rely on the driver's answer.
Although the driver was told that the test was experimental
with no legal consequences for him/her whatsoever, a
tendency to cheat has been detected in some cases, by false
reporting that the engine was still warming-up.

-

visual observations are not very successful, particularly for catalytic cars.

These reservations aside, the proposed novel method
is not resource-intensive and can facilitate the detection of
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"suspicious" vehicles, to undergo a full exhaust gas control.
The method has been shown to exhibit an obvious potential
as a filter tool for detecting gross polluters, providing that
the teams of officers are trained in making proper sensory
observations. This will hopefully enable the antipollution
enforcement agencies to target their policing efforts effectively. Furthermore, police officers could become keener
in enforcing control measures, because the challenge in
winning the bet of catching a polluting car may well act as
a strong motivation.
Among the negative aspects of the car traffic in the city
of Thessaloniki the more severe seem to be the following:
a) the presence alone of moving and stationary vehicles, b)
the air pollution from their tailpipe gases, and c) the associated traffic noise. The proposed measures below would
greatly alleviate this combined problem:
-

continuous and more stringent control of EG cards,

-

continuous and more stringent control of illegal car
parking,

-

design and implementation of new circulation patterns,
with more one-way roads and prohibition of car circulation in selected roads for specific periods.

-

creation of a Road Traffic Center for the collection and
elaboration of relevant data along with the information
of the public.
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