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ENVIRONMENTAL IMPACT ANALYSIS OF
QUARRYING ACTIVITIES ESTABLISHED ON AND
NEAR A RIVER BED BY USING REMOTELY SENSED DATA
Orkan Ozcan1,*, Nebiye Musaoglu2 and Dursun Zafer Seker2
1

2
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ABSTRACT
Several serious environmental impacts related to quarrying activities on and near the river, such as vibrations,
land degradation, land subsidence and landslides, water
pollution, occupational noise pollution, and air pollution, will
lead to health-related problems and loss of biodiversity.
Quarrying operations can adversely alter pre-existing
ecosystems, and change hydrogeological and hydrological
regimes. This adverse influence of stone and sand quarrying induces damage in property, depletion of ground water, loss of fertile topsoil, degradation of forests, deterioration
in aquatic biodiversity and public health. On the other hand,
haphazard quarrying of sand from riverbeds may cause a
rapid change in bed configuration in response to the
changes in flow.
Quarrying basically destroys landscape. This can lead
to downstream movement, scouring, or accumulation of
sediment while provoking shoreline erosion. When riverbeds
are composed of sand, this on-going pattern of erosion and
deposition causes meanders to progress slowly downstream
in time.
In this study; change detection and environmental impacts due to stone and sand quarrying activities in the watershed area have been determined and evaluated using
multi temporal Landsat 5 TM satellite images that were
verified with ground truth data. These time series data on
the extent of land in eco-sensitive areas were examined to
assess the impact on environment. At the end of the study,
thematic maps of the affected areas were created by using
appropriate visualization and classification techniques in
conjunction with geographical information system.
Consequently, the changes on the mouth of the river
were investigated by the impact analyses of quarrying
activities established on and near upstream of the riverbed.
Owing to this, a considerable extension in the shoreline
around 400 m was observed on the river mouth in the study
area.
* Corresponding author

1 INTRODUCTION
Environmental changes caused by mankind’s exploitation, and development of natural water and soil resources have long been a severe problem in the world [1].
Quarrying activities have an important influence to
ecological environment [2]. They have had a series of
serious environmental-geological problems to the socioeconomic development and urban modernization process,
such as increased environmental pollution, soil erosion,
destruction of landscape aesthetics, patterns and integrity,
groundwater seepage fluctuations and consequent natural
habitat-induced geological disasters [3, 4].
Baraldi and others [5] observed that the main environmental modifications caused by quarries were creation
of regular-shaped depressions, minor isolated artificial
relief, creation of artificial ponds, partial or total destruction
of fluvial terraces, erosion and instability of quarry scarps,
depression of piezometric surface, alteration of groundwater
flow direction, formation of periodically flooded areas, permanent removal of areas from farming use, alteration of
farming practices, and changes to the pedological characteristics of soil.
The discharge of freshwater and sediment from rivers
into the seas has been drastically reduced over the last few
decades as a result of damming and agricultural irrigation
[6], leading to coastal erosion. Erosion and sedimentation
are natural processes, but often are in conflict with the use
of the shoreline.
The most noticeable problem created by erosion is the
loss of waterfront property. Human activities along shorelines and throughout watersheds can bring about changes
that greatly accelerate the natural erosional process, often
with profound environmental or economic impacts. Morton [7] showed that natural processes and human activities
were responsible for shoreline changes.
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There are several reasons that decrease the sediment
load brought by rivers to the coast. The most important of
these are the construction of dams and engineering works
along the rivers. Dams intercept almost all the sediment
brought from upstream sections.
Furthermore, by modifying the water discharge to
make it more uniform, the sediment transport downstream
of a dam is altered while reducing its efficiency. Previous
studies have revealed impacts including: erosion of the
delta coastline related mainly to water and sediment abstraction by damming [8].
In addition to damming of rivers, alterations of the
flow regimes by diversions, engineering works, modification of the discharge rates and patters are also responsible
for the decreased sediment loads brought to the coast, and
thus for coastal erosion. Another major cause for decreased
sediment input to the coast and the consequent erosion is
sand and gravel quarries located along the active riverbeds.
This activity is usually not allowed from the coast, but significance of mining from riverbeds is often overlooked [9].
Shorelines shrink in size when manmade features like
dams and quarrying activities have been established on
and along rivers, or other bodies of water that stop new
sand from naturally nourishing the sea coast. According
to Berger and Iams [10] geo-indicators such as shoreline
position can be used to assess environmental changes and
measure the integrity, stability and sustainability of the
biological and physical environment.
Remote sensing (RS) is one of the most preferred and
reliable methods in monitoring and managing environment
and resources [11, 12]. Remote sensing data can be used in
environmental monitoring programs where the objective is
to monitor changes in surface phenomena over time [13].
RS technology in recent years has proved to be of
great importance in acquiring data for effective resources
management and, hence, could be applied to coastal environment monitoring and management [14].
Based on remote sensing, a variety of data pertaining
to the coastal zone, such as shoreline changes, can be
monitored and relevant observations can be made that will
help in the management of effective coastal ecosystem.
Monitoring and controlling these changes have been
difficult due to exorbitant expenses and lengthy time periods in producing reliable and up-to-date mapping. Besides,
a successful monitoring approach for evaluating surface
quarrying processes and their dynamics at a regional scale
requires observations with frequent temporal coverage over
a long period of time to differentiate natural changes from
those associated with human activities [15].
On the other hand, visualization of the processed remotely sensed data by using effective tools and techniques
provides significant benefits for the users from different
environmental sciences.
For detection of land use/cover change, multi temporal data of Landsat 5 TM were found to be more suitable
for: (1) the identification of quarrying areas established on

and near the river bed, (2) its environmental impact analysis on shoreline, (3) mapping the regeneration/ regrowth
of quarrying areas, and (4) tracing major changes in land
cover. Furthermore, the application of Geographical Information System (GIS) in analyzing the trends and estimating the changes that have occurred in different themes
helps in management decision-making processes.
Digital spatial data analysis and mapping; remote
sensing and GIS are widely applied in environmental and
natural resources monitoring [16, 17].
This study is carried out in order to assess the land
cover/ use change on upstream and downstream sections of
the Sakarya River by means of multi-temporal satellite
images via monitoring the variations in the shoreline due to
quarrying activities and its impacts on environment. The
used method depends on the comparative analysis of independently classified four Landsat 5 TM images in GIS environment for both upstream and downstream section.
2 MATERIALS AND METHODS
The Sakarya Basin is the twelfth of the twenty-six main
basins located in Turkey. The Sakarya River is 510 km in
total length and 60 - 150 m in width, with a drainage area of
58 160 km2 addressing to 7.5 % overall surface area of
Turkey [18]. Both the main branch of the Sakarya River
and the secondary branches and small rivers on the basin
have a significant amount of sediment transport potential.
The study area was investigated concerning two regions. The first region of the selected study area encloses
the area where quarrying activities established on and near
the upstream part of the Sakarya River. Bilecik is a province in Midwest Turkey at which most of the sand and
stone quarrying operations are especially located. The
second region is the downstream one of the Sakarya
River where shoreline changes have occurred, especially
after 1999 (Fig. 1).
Karasu is situated in the western Black Sea coast having nearly 20 km coastline and located at the downstream
region of the Sakarya River. It has an over winter population of around 54 000 that swells substantially in the summer to around 250 000 due to the increase in tourist inflow.
Regarding the consecutively settled dams (Gokcekaya,
Sariyar and Yenice Dam) on the main branch of Sakarya
River at which suspended sediments are held on the upstream, the annual sediment transport reaches very significant amounts to the downstream [19].
While the quarrying activities on and near the Sakarya
River were accounted to be 9% of the entire sector of Turkey in 1996, this rate has increased to 18% in 2004 [20].
The study region includes the province of Adapazari,
which has earthquake-induced residential areas, as well as
industrial and fertile agricultural lands. The North Anatolia Fault Zone (NAFZ), which is still active, is also passing through this area [21].
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FIGURE 1 - The study area.

2.1 Data and methodology

RS data from Landsat 5 TM system was utilized to
assess quarrying areas’ thermal characteristics in Sakarya
watershed of Turkey.
Landsat 5 TM has been imaging the Earth since
March 1984. The TM sensor has a spatial resolution of 30
m for bands 1 - 5 and band 7, and has a spatial resolution
of 120 m for band 6.
For the analysis of quarrying activities established on
and near the riverbed, thermal band of Landsat 5 TM
imagery was added to the band combination to discriminate the residential and quarrying areas.

a depth of 17 km and caused right-lateral strike-slip
movement on the fault. Several thousand buildings collapsed and 17 480 people lost their lives, and nearly
50 000 people injured in Istanbul, Kocaeli and Sakarya
provinces [22].
The quarrying activities increased on and near the
riverbed after the earthquake due to the preference of
river sand instead of sea sand for the construction of new
buildings in the process of re-structuring.
The designated areas of the quarrying activities are
shown in Table 1.
TABLE 1 – The statistical results of quarrying activities.

The time series of Landsat 5 TM images were used to
investigate surface thermal patterns of the areas where the
volume of stone and sand quarrying activities have been
increased in the period of 1984 to 2010 (Fig. 2).
The areas of quarries in 1984, 1999, 2003 and 2010
were calculated, and the size and direction of expansion
was determined by performing GIS analysis.
On 17 August 1999, an earthquake of magnitude 7.4
shook northwestern Turkey. The earthquake originated at

Year

Area (ha)

1999

379

2003

558

2010

822

Change in area
(ha)

Change (%)

179

47.23

264

47.31

Total Change
(%)
116.89

Time series analysis has shown that the volume of
quarrying activities significantly increased after the earthquake in August 1999.
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1984

1999

2003

2010

FIGURE 2 - Analysis of quarrying activities from 1984 to 2010 using multi temporal Landsat 5 TM Satellite Images.

In order to determine the land use/cover and spatial
changes, ISODATA unsupervised classification method has
been used for the classification of the satellite images [23].
The environmental geo-indicators that were considered in
qualitative and quantitative ways were derived using RS
data.

As the result of the study, the impact analyses of
quarrying activities established on and near upstream
section of the riverbed were determined, and changes on
the mouth of the river were investigated.

Coastal lines belonging to the years of 1984, 2003 and
2010 were extracted and classified as a separate study to
display the differences occurring at the study area (Fig 3).

The Landsat 5 TM image acquired on 1984 was used
as a reference for the measurements of the shoreline
changes in 1999, 2003 and 2010 (Fig. 4).

3 RESULTS
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In order to determine the changes in the shoreline, 10
cross-sections have been taken from near river mouth for
the periods of 1984 –2010.
Graphical representation of coastline changes between the years of 1999, 2003 and 2010 shows that there
were considerable changes on and near the river mouth.

Especially, a coastline erosion of about 400 m was
observed on 5th and 6th cross-sections while showing a
decrease away from the riverbed (Fig. 5).

1984

1999

2003

2010

FIGURE 3 – Classification results of the changes on the coastline affected from quarrying activities in time.
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FIGURE 4 - Cross-sections on reference Landsat 5 TM image acquired in 1984.

FIGURE 5 – Coastline change observations on the cross-sections.

4 CONCLUSION
It is clearly seen that the lack of proper coastal and river basin management triggers coastal erosion. Several of
the causes are due to human activities and developments
that take place far away from the coastline (building of
dams, flow diversions, afforestation works, sand and
gravel mining from river beds).
The damming of rivers and sand quarrying over rivers
that reduce the amount of freshwater and sandy sediment
being discharged at the coast, contributes to the degradation of coastal wetlands and coastal erosion.

Coastal ecosystems are of great importance, and of
immense value to mankind in the present and in the future. They are being degraded at an alarming rate by various preventable activities including that of human interference. The coastal ecosystems are to be monitored periodically for better management plans. The satellite-based
sensors provide valuable information useful in assessment, monitoring and management of coastal ecosystems.
The information, thus derived, can be very useful in
the quarrying impact determination, environmental and
coastal ecosystem management, which is greatly required
for the sustainable use, development, and protection of the
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coastal and marine areas and resources. Thus, RS and GIS
technologies are widely used today in coastal ecosystem
management.
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ECOTOXICOLOGICAL EVALUATION
OF UNCONVENTIONAL MATRICES
Helena Zlámalová Gargošová1,*, Milada Vávrová1, Josef Čáslavský1 and Zuzana Jozífková1
1
Brno University of Technology, Faculty of Chemistry, Institute of Chemistry
and Technology of Environmental Protection, Purkyňova 118, Brno, Czech Republic

ABSTRACT
The energetic by-products (EBP) are a part of energetic wastes covering solid residues of fuels combustion
and also of flue-gas cleaning. Their following use could
impact the terrestrial ecosystems and subsequently in certain cases also the aquatic ones. In this study five samples
of energetic by-products were subjected to ecotoxicological testing via direct contact phytotoxicity tests and via
testing of water leaches of these samples in accordance
with methodology described in valid Czech legislation on
waste management using Embryophyta. For ecotoxicity
testing of the energy by-products water leachates the root
growth inhibition test on following plant species was used:
white mustard (Sinapis alba), turnip kohlrabi rape (Brassica rapa) and oats (Avena sativa). For the evaluation of
ecotoxicity in direct contact arrangement the following
phytotoxicity tests were selected: germination and growth
of higher plants, brassica oilseed rape (Brassica napus)
and oats (Avena sativa). Furthermore, the test of limit concentrations of waste on the plant Brassica napus and screening tests poppy germination of lettuce (Lactuca sativa)
were performed. Water leachates exhibited very low ecotoxicity; it was not possible to calculate the values of 72hIC50
in any case. In accordance with waste management legislation that means that none EBP exhibits ecotoxicological
property H-14 (ecotoxicity). On the other hand by the
application of direct contact phytotoxicity tests the ecotoxicity was demonstrated in four of five tested samples.
On the basis of obtained results the ecotoxicity of various
energetic by-products was assessed and the need of solid
matrices testing in contact arrangement was discussed.

nes of waste is yearly produced. About 40 million tonnes
of them are hazardous waste [1]. Significant increase in
consumption of energy resulted in more intensive use of
fossil fuels and fuels derived from renewable energy
sources. The problem is that the power plants produce
also energetic by-products, mainly ash and desulphurization products, which are primarily considered as waste
materials [2], which can be classified as hazardous or nonhazardous depending on the content of hazardous substances and other risk properties [3]. The Czech and European legislation coincidently states that in assessing the
hazards of wastes that are not listed in the list of hazardous waste (defined as a so called mirror entry) fourteen
criteria including criterion - H 14 ecotoxicity are assessed
[4-9]. Ash and other EBP could be a valuable construction
or reclamation material but their possible secondary use is
limited by environmental requirements. Emphasis is placed
on the evaluation of their ecotoxicological properties to
estimate risks for one or more environmental compartments
in case of their subsequent reuse. Today, however, there are
no harmonized quantitative criterions for such a classification, but it is stated that biological test systems can be used
[2, 3, 10]. Ecotoxicity of solid waste in the Czech Republic
is evaluated on the basis of ecotoxicological values obtained by testing aqueous leachates on three aquatic and
one terrestric organisms [11]. Several studies indicate that
in prediction of environmental effect the results of aqueous tests are relevant only for water ecosystem and thus
battery of tests required by legislation should comprise
also contact (terrestrial) ecotoxicity tests [10, 12].
The aim of our study was the comparison of EBP
ecotoxicologial evaluation results obtained via terrestrial
and aquatic tests.
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2 MATERIAL AND METHODS
1 INTRODUCTION

2.1 Tested materials

High production of waste belongs to serious global
problems. Only in the European Union 1.3 billion of ton* Corresponding author

Ecotoxicological testing was performed on 5 samples
of EBP supplied by four different anonymous energy
producing companies. Information which has been provided relates only to the characterization of fuels used by
power plants (see Table 1).
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TABLE 1 - Overview of tested energetic by-products (EBP), including their designation.
Plant
A
B
C
D

Fuel
Lignite
Biomass
Coal
Biomass
Lignite
Biomass
Lignite
Coal
Biomass

Combustion equipment

Energetic by-product

Atmospheric fluidized bed boiler

Bed ash - BA

Powder granulation boiler

Fly ash-BFA

Powder granulation boiler

Cinders-C
Product of the desulfurization-PD

Atmospheric fluidized bed boiler

Fly ash-DFA

Companies A to D are defined under the Act No
86/2001 Coll. Air Protection, are amended as a particularly large combustion sources with a rated thermal input
of 50 MW and higher

series. For calculation of 72IC50 values the lengths of
hypocotyls (the endpoint for effect calculation) of germinated seeds in tested and in control group were measured
after 72 hours. The test was considered valid if the number of germinated seeds in control was at least 90 %.

2.2 Testing methods

Tests in aquatic arrangements (aquatic tests) –
water leachates were prepared in accordance with EN
12457:1999 [13]. The particle size of the ash was reduced
to less than 4 mm by crushing and dry matter of tested
material at the temperature 105 ± 5 °C was determined
(following ISO 11465) and then on the base of dry matter
the required amounts of samples were calculated. Ratio of
solid and liquid phase should be 10:1. Solid and liquid
phases (distilled water) in 2 L plastic bottle were mixed and
shaken (end-over-end shaker was used). After 24 hours of
shaking the suspension was filtered through 0.5 µm cellulose filter.
TABLE 2 - Characterization of leachates
Sample
BA
BFA
C
PD
DFA

Conductivity (mS.cm-1)
11.00
2.87
0.86
10.10
10.30

pH
12.25
11.84
9.23
12.45
12.50

The filtrates were characterized by pH and conductivity values (Table 2) and enriched with salts solution in the
same ratio as dilution medium was prepared. Dilution medium was prepared as follows: 2.5 ml of stock solution of
every salt were transfered to 1 L volumetric flask and filled
up with distilled water. Stock solution of CaCl2.2H2O was
prepared by dissolution of 11.76 g CaCl2.2H2O in 1L
volumetric flask. The other stock solution was prepared
by dissolution of 4.93 g of each salt (MgSO4.7H2O, NaHCO3, KCl) in 1L volumetric flask. Dilution series of
leachates (leachates diluted with dilution medium) were
subjected to testing to determine the ecotoxicological values 72hIC50. The high quality seeds of tested plant white
mustard (S. alba), turnip kohlrabi rape (B. rapa) and oats
(A. sativa) were exposed to tested leachates at the temperature of 20 ± 2 °C in the darkness for 72 hours. The seeds
(30 pieces) for every tested concentration were placed on
filter paper in Petri-dish which was moistened with tested
solution. Two replicates were done for every dilution

2.3 Contact tests

Testing of concentration series – to calculate the
value of 14dEC50 and to compare ecotoxicological effect
of different tested EPB the tests of the germination and
growth of higher plant brassica oilseed rape (B. napus) and
oats (A. sativa) were selected following ISO 11269-2 [15].
Testing of limit concentration – to decide if sample
is ecotoxic to the testing organism or not the two “tests of
limit concentration” – 50 % of sample : 50 % standard
soil were used. The first one in accordance with ISO
11269-1 on B. napus [16] and the second one on L. sativa
in accordance with ISO 17126 [17]. To decide if difference between control and tested sample are statistically
significant (that means if sample exhibits ecotoxicity or
not) the Dunnett t-test was applied [18].
Testing of concentration series – in these tests seeds
of dicotyledons plant B. napus and seeds of monocotyledons plant A. sativa were used. Plastic pots with a hole
punched in the bottom through which a glass fibre wick
was pulled to reach the bottom of the water reservoir
installed underneath each pot were prepared. Test pots
were filled with 800 g of the tested substrate, which was
the mixture of natural standard soil LUFA 2.3 and EPB in
concentration series 0 – 0.1 – 1 – 10 – 100 %. The mixtures were prepared on the basis of dry weight of tested
material. In each pot 10 seeds were evenly sown. Tests
were conducted at the temperature 20 ± 2 °C, light intensity above 7000 Lx, light/dark period was 16/8h. Two
replicates were used per mixture rate. During the test the
water holding capacity (WHC) of the mixture was maintained at the value of 70 %. After germination the water
reservoirs were filled with a dilution of a commercially
available liquid fertilizer. Test phase started thereafter
when emergence rate in control was at least 50 %. On day
14 the aboveground biomass of each pot separately was
assessed as dry biomass and the length of the plants was
measured. If mixture caused more than 50 % growth
inhibition of testing plant in comparison to plant in the
control soil the values of 14dEC50 were calculated.
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Testing of limit concentration – seeds of B. napus in
test of effects of chemicals on the emergence and growth of
higher plants in accordance with ISO 11269-1 were used.
Plastic pots prepared in the same way as mentioned above
were filled with tested mixture – concentration 500 g.kg-1
(EPB/LUFA 2.3). Three replicates were used for each
tested sample. The same arrangement was done with
control standard nature soil LUFA 2.3. Test duration and
test conditions were the same as in case of concentration
series testing. Limit concentration was also tested via
seeds of L. sativa in accordance with ISO 17126. Seeds of
L. sativa were pregerminated on filter paper moistened
with distilled water for 24 – 48 hours at laboratory temperature, in darkness. 400 g of tested mixture – concentration of 500 g.kg-1 (EPB/LUFA 2.3) were weighted into
closable pots and moistened to 70 % WHC. Seeds with
root length under 2 mm were placed to the 10 mm deep
holes radicle down and planted without soil cover. After
that the pots were closed with a lid and incubated for
120 ± 2 h (5 days) at a temperature of 24 °C in dark.
Length of individual roots was measured and dry biomass
was determined. Three replicates for each EPB were done.
The Dunnett t-test for ecotoxicity evaluation was applied.
3 RESULTS AND DISCUSSION
Ecotoxicity of waste in the Czech Republic is assessed
on the basis of ecotoxicological values obtained by testing
its aqueous leachate on three aquatic and one terrestric organisms (flea Daphnia magna (crustaceans), white mustard
Sinapis alba, (Rosopsida) freshwater fish Brachydanio

rerio Hamilton-Buchanan (Teleostei, Cyprinidae), and on
freshwater algae Desmodesmus subspicatus a Pseudokirchneriella subcapitata) [11]. As mentioned above our tests
were carried out only on plant organisms. If we asses ecotoxicological impact of EBP only on the base of results
obtained on plant organisms we could conclude that none
EBP exhibits ecotoxicological property H-14 ecotoxicity
(in accordance with the Czech legislation - limit value of
LC(EC, IC)50 for declaration of ecotoxicity properties is
≤ 10 ml·L-1 for the most sensitive organisms) [11]. All
samples tested via water leachate exhibited very low toxicity to the all testing plant organisms. From this reason it
was not possible to calculate values of 72hIC50. To decide
if is possible to use the EBP as reclamation material the
Decree No. 294/2005 Coll. Of Ministry of Environment
“On the conditions of depositing waste in landfills and
their use on the surface” was applied. [19]. Only some of
EBP (PD, BFA) can not be used for recultivation – undiluted water leaches exhibit inhibition over 30 % of Sinapis
alba in compare to control group [19]. To compare ecotoxicological impact of tested matrices on all testing organisms the values of 72hIC5 were at least calculated. But
even in this case these values, which serve also for comparison of sensitivity of testing organisms, could not be
determined in all cases – see Fig. 1. Twice it was possible
to calculate this value for the product of desulphurisation
(PD) and bed ash (BA) – tests on S. alba and B. rapa.
Cinders and fly ash from company B (BFA) had sufficient
inhibition effects only in case of the tests on S. alba. The
only one sample – ash from company D (DFA) affects
negatively all testing organisms A. sativa, S. alba and B.
rapa and make possible to calculate values of 72hIC5.

Values of 72hIC5 of tested EBP
88.49
90

72hIC5 (ml.L-1)

80

72.9

70
60

Sinapis alba

50

Brassica rapa

41.44

Avena sativa

40
30
20

23.55

19.61

16.45

11.03

10

3.87

3.18

0
BA

C

PD

BFA

DFA

FIGURE 1 – Calculated values of 72hIC5 for tested energetic by-products
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The most sensitive plant organism as shown in Fig. 1
was seeds of S. alba. Only via this organism it was possible to calculate ecotoxicological value of 72hIC5 for all
tested samples. Fly ash from company B exhibited the
highest ecotoxicity to this organism. We can not conclude
which EBP is the most toxic because in all tests the EBP
showed effects in different degrees. If we take into account the Czech legislation, where S. alba is employed as
testing organism, the fly ash from company B exhibited
the higher ecotoxicity followed with PD. In spite of the
fact that chemical analysis was not done, we can predict
effect of solid sample. Many authors argue that chemical
analysis is not sufficient to predict the harmful environmental effects of tested matrices and very often none or
questionable correlation between toxicity and heavy metal
concentrations or organic compounds levels in the solid
waste samples was found [2, 3, 20]. Controversial is itself
sample preparation. In case of solid matrices the shaking
could overestimate the leaching of hydrophobic organic
compounds (HOCs) and separation of particles from the
eluates by filtration might on the other hand lead to underestimation of the leaching of HOCs due to adsorption of dissolved organic compounds on the filter material [2]. Organic and inorganic may be strongly confined to the solid
matrix, which means that the free and bioavailable and thus
hazard relevant fraction of these contaminants may represents only a minor portion of the total content [21].
Contact ecotoxicity tests – as well as in tests with water leachates the EBP caused in terrestrial tests effects in
different degree. Results of contact ecotoxicity test are
presented in Figure 2 and Table 3. Table 3 summarizes
results of the limit concentration tests on two plant organisms B. napus and L. sativa. If difference between
control soil and tested sample were statistically significant the sample was considered as ecotoxic (in Table +).
As could be seen in Fig. 2 and Table 3 mainly samples of
DFA and PD represent matrices toxic to environment.

TABLE 3 - Ecotoxicity evaluation of EBP on the base of limit concentration testing
Test
ISO 11269-1
Brassica napus
ISO 17126
Lactuca sativa

BFA
+

C
-

-

-

Sample
PD
+
+

Reactions of the two plant species in the EBP tests
were surprising because in the tests with contaminated soils
A. sativa was usually less sensitive than B. napus [22]. Our
results (see Fig. 2) in case of DFA are opposite. Because of
small amount of sample (BA, BFA) or unsuitable physical
properties (C) all final test could not be conducted and
objective conclusion on sensitivity of both plant species
couldn’t be done. Only some matrices tested via B. napus
and A. sativa have sufficient adverse effect to enable calculation of value of 14dEC50. Fly ash from company B in
test of Effects of chemicals on the emergence and growth
of higher plants on B. napus exhibited higher inhibition
than 50 % in comparison to control. Thus it was possible
to calculate the value of 14dEC50 – 4.86 mg.kg-1. Nevertheless in the same test on the A. sativa this sample had
stimulation effect up to concentration 10 % in preliminary
test. 100 % of growth inhibition of A. sativa causes 100 %
of this matrix. Final/limit test and calculation of value of
14dEC50 could not be done because of lack of sample as
mentioned above. Nevertheless testing of limit concentration 500 g.kg-1 on B. napus (ISO 11269-1) clearly demonstrated its ecotoxicity. If the screening test of limit
concentration (ISO 17126) for emergence of lettuce seed-

115.28

111.63
120

14dEC50 (g.kg-1)

100
80
60

32.58

40

3.89

4.86

PD

BFA

NE

0

Brassica napus

+

For better comparison of ecotoxicological impact of
tested samples the values of 14dEC50 using the tests results
on B. napus and A. sativa in Testing of concentration series
(ISO 11269-2) were calculated. The obtained values are
presented in the Fig. 2.

Values of 14dEC50 of tested EBP calculated for plant organisms

20

DFA
+

DFA
Avena sativa

NE – not evaluated
FIGURE 2 - Values of 14dEC50 of tested EBP calculated for plant organisms ISO 11269-2
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TABLE 4 – Summarization of the test results

Sample of EBP
Bed ash - BA
Fly ash-BFA
Product of the desulfurization-PD
Fly ash-DFA

Ecotoxicological evaluation of waste
Aquatic tests
Terrestrial tests
Possible use to reclamaInhibition above
Significant difference from
Ecotoxicity
tion
50%
control – ecotoxicity
No
Yes
Yes
Lack of sample
No
No
Yes
Yes
No
No
Yes
Yes
No
Yes
Yes
Yes

lings (L. sativa) was used the ecotoxicity of this sample
was not confirmed – see Table 3. We must take into account that this test takes only five days. Thus for prediction of environmental effect of solid waste are the
(sub)chronic test more objective. This knowledge is well
in accordance with the findings from the other studies in
which it was recommended that chronic or (sub)chronic
endpoints should be used for toxicity testing [2, 3, 23].
Ecotoxicity of fly ash from company D (DFA) was
confirmed in all used tests. Value of 14dEC50 calculated
from test results on B. napus was 115.28 g.kg-1 and on A.
sativa 32.58 g.kg-1. Results of the tests of limit concentration on B. napus and L. sativa L. were evaluated as significantly different from control group on significance
level = 0.05 (Tab. 3). The similar situation was at the
sample of product of the desulfurization (PD). Values of
14dEC50 on B. napus and A. sativa were 3.89 g.kg-1 and
111.63 g.kg-1. From results evaluated on the base of Dunnett t-test obtained via testing of limit concentration is
evident significant difference from control group on significance level = 0.05 – all tests confirmed ecotoxicological effect of this matrix. On the other hand another
EBP - cinders -doesn’t exhibit adverse effect to any testing organism in all cases. For this reason the values of
14dEC50 could not be calculated. Ecotoxicity of bed ash
was not possible objectively assess as mentioned above
(in Figure 2. marked NE). Because of small amount of
sample only one contact test - test of concentration series
on B. napus - could be performed (ISO 11269-2). Concentrations 0.1 and 1 % of bed ash had stimulation effect.
In case 10 to 100 % concentration bed ash hardened and
made the irrigation and aeration impossible. That was the
most likely reason of 100 % inhibition of germination and
growth of higher plant. Recapitulation of testing on plant
organism in accordance with other study [2, 20] confirms
that detection sensitivity was greater with terrestrial than
with aquatic tests (Table 4). However both solid and
aquatic phase testing is necessary. Aquatic tests are important when ecotoxic potential mobilized via the water
path from tested matrix to groundwater should be evaluated [20].

4 CONCLUSIONS
The main results of our study could be summarized as
follows:
 Results of aquatic tests are very favourable. No one
exhibits ecotoxicological property H-14.
 Only some of them (PD, BFA) could not be used as
reclamation material, because of higher than 30 %
growth inhibition of undiluted aqueous leachate in
comparison to control.
 Results of terrestrial tests demonstrated ecotoxicity in
four of five samples. Only cinders in all terrestrial tests
had no adverse effects on testing organisms.
 Results of aquatic and terrestrial test are consistent only
in one case – above mentioned cinders. Detection sensitivity was greater with terrestrial than with aquatic tests.
 Subchronic and chronic test are more valuable and
objective than acute tests.
Our results indicate that contact terrestrial tests should
be an integral part of testing of solid wastes, since the tests
with water leachate provide information only about the
toxicity of substances soluble in water. Thus they are suitable only for predicting of the effects of tested matrix on
aquatic ecosystems and do not provide information on the
toxicity of substances which remain bound to particles of
solid waste. The next valuable information derived from
contact test is the influence of the physical properties of
the tested material on seed germination and growth.
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Although some studies indicate that plants A. sativa
and B. napus are more sensitive terrestrial organism than
earthworms [3] for objective ecotoxicity evaluation it is
necessary to use battery of tests which covered test species representing different trophic levels [2, 3, 20].
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1 INTRODUCTION

ABSTRACT
The study focuses on exposure and risk assessment of
two major organic compounds (benzene and formaldehyde) commonly found indoors, evaluating accordingly
cancer and non-cancer risks posed by indoor exposure in
dwellings and public buildings in European Union (EU)
countries, considering them either as individual compounds
or as a chemical mixture. The acquisition of data on indoor
concentrations identified significant differences in indoor
air quality within and among EU countries, as well as
significant data gaps. Cancer risks for both of the compounds were one to two orders of magnitude higher than
the one (10-6) proposed as acceptable by risk management
bodies, while cumulative cancer risk was consistently in
the range of 10-3. For formaldehyde non cancer effects, risk
characterization outcome relies significantly on the Exposure Limit (EL) value adopted, in any case average indoor
formaldehyde levels are close to the ELs. The risk assessment evaluation process faces crucial difficulties, either
due to the relative paucity of indoor air quality measurements in many EU countries, or by the lack of sampling
consistency among the already existing studies, indicating
the need for well-designed measurements of indoor air
quality following a harmonized sampling and analytical
protocol. The uncertainties embodied in the cancer potency
factors and exposure limit values by the different scientific/regulatory bodies, alter the prioritization and risk management between these two abundant compounds.

Exposure to air pollutants is a process directly linked
to the indoor locations encountered by the individuals,
since the majority of the daily activity pattern is linked to
activities performed in indoor microenvironments. Indoor
concentrations of the several compounds are the resultant
of two major components, namely indoor sources and outdoor contributions. Briefly, the relative contribution of these
components is defined by the nature and the uses of the
compound (e.g. combustion, solvent or other industrial
uses) which in turn determines the occurrence in outdoor
air the consumer behavior, the housing conditions and.
These continuous and dynamic processes allow the space
for a wide temporal and spatial variability. Among several
indoor pollutants of concern (VOCs, radon, PM, phthalates, carbonyls), benzene and formaldehyde attain significant scientific and regulatory focus, since they are
abundant in all indoor settings, as well as linked to cancer
and non-cancer health endpoints. The broad occurrence
of these chemicals is explained by their volatile character
and their wide presence to a significant number of household products like paints, varnishes, waxes, solvents, detergents, or cleaning products; Environmental Tobacco Smoke
(ETS) is expected to be a significant component, since for
each cigarette smoked, 100 µg of benzene and 900 µg and
formaldehyde are emitted respectively. In addition, the
traffic component (through outdoor penetration) is also
significant for benzene, as well as the proximity to strong
local influences such as gasoline stations.
Based on the considerations above, the study aims on
the identification of the risks posed by co-exposure to
these compounds in EU indoor environments.

KEYWORDS: Indoor Air Quality, benzene, formaldehyde, cancer
risk, Margin of Safety

2 MATERIALS AND METHODS
2.1 Indoor concentrations of benzene and formaldehyde and
exposure estimation

* Corresponding author

To carry out the assessment, a database of concentrations within the several indoor locations was compiled,
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based the existing scientific literature of the last twenty
years (1990-2010) covering a wide range of indoor environments, including flats, residences, public buildings,
cars etc. To calculate the actual exposure based on these
concentrations, the different microenvironments were treated
in different ways in terms of time spent within them, and
time-weighted factors were used, based on the timeactivity data of the EXPOLIS study [1] further enhanced
with data from the MTUS1 database. The exposure factors
used were cross-checked against the European Commission’s EXPOFACTS database2. Thus, to estimate exposure, we used information on actual detailed time activity patterns, linking the several types of activities and
the respective duration, to specific indoor micro-environments. For reasons of parsimony and considering the limitations of concentrations of data regarding the types of
dwellings, we divided indoor locations in four major groups,
namely residential, workplace (for adults), schools (for kids
and adolescents) and other indoor locations, including the
rest of indoor locations related to leisure, entertainment,
services or several other activities. For countries where
there was lack of respective data, surrogate activity patterns
were used, based on criteria of geographic proximity and
socioeconomic status.
Different types of activities demand different levels
of effort which correspond to different inhalation rates.
For this purpose, based on the time-weight contribution of
the activities, the level of intensity and the corresponding
inhalation rate, we derived adjustment factors for each
location type, which obviously are different between
countries reflecting the differences in the activity patterns.
As a result, exposure is given by the following formula:
E = f home ⋅ Chome ⋅ ihome + f work ⋅ Cwork ⋅ iwork + fother ⋅ Cother ⋅ iother

where f is the fraction of time spent in each location,
C is the corresponding concentration and i is the inhalation correction coefficient for each type of microenvironment encountered in the calculations.
2.2 Risk assessment of co-exposure to benzene and formaldehyde

Lifetime cancer risks R for benzene and formaldehyde were estimated by using the methodology proposed
by the Un. States Environmental protection Agency (US
EPA) [2] and given by the formula:

R = E ⋅ IUR
where E is the exposure concentration in µg·m-3 and
IUR is the Inhalation Unit Risk, which is the upper-bound
excess lifetime cancer risk estimated to result from continuous exposure to an agent at a concentration of 1 µg·m-3
in air. For estimating cancer risks, two IUR values were
used for each compound, derived respectively by two
different regulatory bodies, US EPA and OEHHA (Office
of Environmental Health Hazard Assessment). OEHHA
MTUS: Multinational Time Use Study (http://www.timeuse.org/mtus/)
EXPOFACTS: Exposure Factors database maintained by the European
Commission’s Joint Research Centre (http://expofacts.jrc.ec.europa.eu/)

1
2

values, although extrapolated following a methodology
similar to the one used by the US EPA Integrated Risk
Information System (IRIS), take into account the most
recent toxicological and mechanistic findings. Both values
were used for our calculations to avoid introducing methodological bias in our analysis. The corresponding IUR
values for benzene were 6.0·10-6 and 2.9·10-5 by US EPA
and OEHHA respectively, while the corresponding values
for formaldehyde were 1.3·10-5 and 6.0·10-6 by US EPA
and OEHHA respectively.
For assessing the non-cancer risks related to formaldehyde, risk characterization was based on the MoS (Margin of Safety) concept, which is defined as the maximum
amount of exposure (MAE) producing no measurable effect
in animals (or studied humans) divided by the actual amount
of human exposure E in a population, given by the formula:

MoS =

MAE
E

The MAE values for the needs of the assessment
were the ones derived by the INDEX study [3] for long
term exposure, therefore characterized as Limits of Exposure (ELs). For INDEX, EL value for each chemical was
derived after the identification of key studies (critical
study) describing the appropriate toxicological endpoints
for the derivation of health based reference concentrations)
and uncertainty factors (extrapolation from the Lowest Observed Adverse Effect Level (LOAEL) to the No Observed
Adverse Effect Level (NOAEL), interspecies extrapolation,
inter-individual variability, susceptible population etc.).
However, to better understand the variability of the interpretation of toxicological studies, for the needs of the
assessment, MoS was estimated also for the OEHHA
proposed EL value. Thus, the corresponding MAE values
used for formaldehyde MoS assessment were 30 µg·m-3
and 9 µg·m-3 by the INDEX study and the OEHHA respectively.
Treating benzene and formaldehyde as a chemical
mixture of indoor environment, requires some preliminary
investigation with regard to the proper methodology that
needs to be followed. From the mixture toxicology point
of view, each methodology to predict cumulative effects
or to detect interactions has limited applicability under
specific conditions that cannot be generalized. Information
on mode and mechanism of action for each active substance in the mixture is needed to decide whether to use
dose or effect addition, while biochemical and molecular
pathway information regarding enzyme activity and the
ADME (absorption – distribution – metabolism – excretion) properties of the substances are needed to determine
the existence or not and the level of biochemical interactions among them. In risk assessment and management,
however, a more pragmatic viewpoint is taken, and given
the overall uncertainties of the process an approximation
(or worst-case, but not overly conservative estimate) of
the cumulative effects is usually good enough. This assumption is however enforced taking into account trivial
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information regarding benzene and formaldehyde fate
inside human body; Formaldehyde cancer effects are
limited to upper (mainly) respiratory tract, while benzene
elucidates cancer potential after entering the systemic circulation and being subjected to extensive metabolism. Thus,
we have to deal with chemicals that clearly act independently; hence they come up with a similar endpoint (cancer).
Under this perspective, the most suitable way to treat
benzene and formaldehyde as a chemical mixture is the
independent action method. For chemicals acting independently from each other, the toxicity of a mixture, here
the probability pm of an individual to be affected, can be
expressed as:

pm = 1 − (1 − p1 ) ⋅ (1 − p2 ) ⋅ (1 − p3 ) ⋅ .....
where pm is the response to the mixture and p1, p2,….,
pn are the responses due to exposure to the individual
substances S1, S2,…, Sn. This concept has been described
in several publications on health risk assessment of chemical mixtures published by the US EPA [4]. Using the symbols inferred above [5] the formula can written as
n

E (cmix ) = 1 − ∏ (1 − E (c i ))
i =1

E(cmix) is the combined effect at the mixture concentration cmix whereas E(ci) is the effect of the individual
mixture component i applied at the concentration ci. Effects are expressed as fractions of a maximum possible
effect (0% ≤ E ≤ 100%).
3 RESULTS
3.1 Concentrations of benzene and formaldehyde in indoor
locations

Benzene has been widely used as an industrial solvent
in paints, varnishes, lacquer thinners and gasoline (1-4%).
The most important indoor sources are smoking and incense burning, as well as emissions from consumer products. The highest indoor benzene concentration reported in
Europe (109 µg·m-3) was recorded in the study by Zuraimi
et al. [6] , which is a comparative study on the indoor air
VOCs concentration between public offices in Europe and
in Singapore. The mean concentration of benzene in all
European buildings studied was 14.6 µg·m-3. Based on the
outcomes of other similar studies, it is concluded that the
highest benzene concentrations were observed in public
buildings; in a library in Italy the mean value was 39 µg·m-3
[7]; in Thessaloniki (Greece) a mean value of 33 µg·m-3 is
reported [3], and it is interesting to note that in hospital
rooms in Germany the mean concentrations of benzene
in two cases exceeded 20 µg·m-3 [8]. In homes, flats or
residences, mean concentrations are typically lower than
10 µg·m-3 and only in Milan and Athens, the average
concentrations were 17 and 10.1 µg·m-3, respectively [1].
The concentrations of benzene (and other VOCs) are
somewhat higher in southern Europe, a fact attributed to

the higher ambient temperatures that lead to higher volatilization. The type of ventilation may also differ, e.g. in
northern Europe, mechanical ventilation is common,
whereas in southern parts of Europe natural ventilation is
used. The air flow rates may differ significantly among
the different ventilation types resulting in consequent
differences in concentration levels. Concentrations of
benzene inside cars vary between a few µg·m-3 to 44 µg·m3
[9]. It was, however, shown that these concentration values increase dramatically during tank filling, reaching
concentrations of thousands of µg·m-3.
The most important indoor sources inducing human
exposure to formaldehyde are cigarette smoke, insulating
materials, particle board or plywood furniture containing
formaldehyde-based resins, water based paints, fabrics,
household cleaning agents, disinfectants, pesticide formulations, paper products and adhesives containing formaldehyde used for plastic surfaces, parquet, carpets and other
building materials containing urea formaldehyde resins, gas
cookers and open fireplaces [10]. Carbonyl compounds
(including formaldehyde) might occur in the indoor environment as secondary emissions, therefore as products of
the reaction of a primarily emitted pollutant with ozone
[11]. According to various studies, the typical indoor formaldehyde concentrations range between 10–50 µg·m-3.
Formaldehyde concentrations as measured by Jarntrom
et al. [12] in new apartments in Finland varied between
13 and 37 µg·m-3 in the newly finished buildings, not
exceeding 50 µg·m-3 during the first year in any of the
apartments. In general, higher formaldehyde concentrations
were measured in the summer and a slightly increasing
trend (mean value increased from 19 to 26 µg·m-3) was
observed during the first year. Cigarette smoking is also
another source of aldehydes and especially of formaldehyde. Hodgson et al [13] estimated that cigarette smoking
contributed from 57% to 84% to the formaldehyde levels in
the smoking areas of cafeterias where the formaldehyde
concentrations varied between 5 and 42 µg·m-3 when 20–
100 cigarettes were being smoked.
3.2 Risk characterization

Exposure and risk characterization for each contaminant including all countries (where data are available) is
presented in the column diagrams (Figures 1-3). A key
concept for understanding the severity or not of the carcinogenic risks posed is the definition of “acceptable risk”,
which is a risk management term. Acceptability of the risk
depends on scientific data, social, economic, and political
factors, and on the perceived benefits arising from exposure
to an agent. There are no regulations, neither nationally nor
internationally, governing acceptable/tolerable lifetime
cancer risks as this decision is a policy issue [14]. As an
administrative practice, an acceptable/tolerable lifetime
cancer risk has often been set as 10-6, i.e., at one additional cancer case per million exposed persons [14, 15].
For both compounds and in all countries, attributed risk is
one to two orders of magnitude higher than the acceptable
one. However, these results depend heavily on the adopted
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cancer potency factors. If OEHHA cancer potency factors
are adopted, the derived cancer probabilities for benzene
are in the range of 10-4 for the current levels of indoor
exposure, indicating benzene as the indoor contaminant of
major concern, followed by formaldehyde (risk in the

range of 10-5). On the contrary, if the US EPA cancer
potency factors are adopted, formaldehyde cancer risk is
higher. The expected lifetime cases (for a lifespan exposure of 70 years) based on cancer risk assessment are
presented in Figures 4 and 5.

FIGURE 1 - EU scale exposure levels and carcinogenic risks imposed by benzene based on US EPA and OEHHA inhalation unit risk (IUR)
values

FIGURE 2 - EU scale exposure levels and carcinogenic risks imposed by formaldehyde based on US EPA and OEHHA inhalation unit risk
(IUR) values

FIGURE 3 - EU scale exposure levels and non-cancer risks imposed by formaldehyde based on INDEX and OEHHA Exposure Limit (EL)
values
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FIGURE 4 - EU scale exposure lifetime expected cancer cases due to indoor benzene exposure

FIGURE 5 - EU scale exposure lifetime expected cancer cases due to indoor formaldehyde exposure

FIGURE 6 - EU scale population above formaldehyde Exposure Limit

The assessment of formaldehyde non-cancer effects
(Figure 3) revealed that MoS values for formaldehyde
are reason for concern for all the countries according to
the EL value proposed by OEHHA (9 µg·m-3), and in a
smaller extend for the less conservative INDEX EL

value (30 µg·m-3) in specific countries (Austria, Germany,
France, Sweden, UK). In Figure 6, the population exposed
to concentration levels higher to the respective ELs for
each country is presented.
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FIGURE 7 - Cumulative risk and expected lifetime cases

The results of cumulative risk are presented in Figure 7.
Cumulative risk due to benzene and formaldehyde coexposure is always within the range of 10-3.
4 DISCUSSION
With regard to indoor concentrations of the compounds of interest, the levels of formaldehyde in northern
Europe are higher than in the South, especially in dwellings. This can be explained by different ventilation schemes
between north and south, due to the differing climatic conditions, resulting in lower air exchange between the indoor and the outdoor environment, as well as by the much
more extended use of wooden furniture and building
materials in the European north. Fuel- and solvent-related
compounds such as benzene are two to three times more
abundant in the indoor air in the south than in the north of
Europe. This is mostly associated to indoor sources such
as building materials and environmental tobacco smoke
(ETS) and outdoor sources such as transport; the latter
have a much higher influence on indoor air concentrations
in the south than in the north, because of the higher outto-indoor air penetration observed due to the different
climate (much warmer in the south).
One of the main ascertainment of the study is the
relative paucity of data with regard to the several types of
locations or the complete lack of data in many of the EU
countries, especially from Spain, Portugal and the newer
member states in southeastern Europe. This fact is a definite obstacle for the exposure/risk assessment process, especially under the light of chemical mixtures assessment,
considering the difficulty of finding consisted data for two
compounds that belong to different chemical groups, requiring different sets of samplers and analytical chemistry
practices. However, even at the countries where data exist,
there are significant problems and inconsistencies in the
respective datasets. A major issue is that within the same

country no data exist from a large number of different
cities/towns. Yet, large variation in the measured data
might be expected due to socio-economical differences,
affecting both consumer product use and building materials/emission sources, and/or climatic differences that may
affect the indoor/outdoor air exchange. All of the above
limit the representativeness of measurement campaigns.
Other determinants are the number and the distribution of
samples collected. In many studies, the number of samples
and/or the combination of the selected dwellings (mixed
occupational and non-occupational settings) are not adequate
for considering them representative of the entire urban area.
Finally, the way that the results are presented lacks consistency with regard to the statistical metrics used, further
obstructing data interpretation. Thus, the need for air sampling harmonization arises by the overall data acquisition
process. To better facilitate the risk assessment process and especially under the mixtures perspective - by providing consisted and representative exposure data, a series of
criteria need to be fulfilled, including the minimum number of samples per campaign, the distribution of samples
within urban areas, a better distribution of sampling within
the country level, and the optimal use of active and passive
sampling for capturing temporal variability of exposure
Risk characterization process faces difficulties beyond the lack of concentrations/exposure data of the indoor environments. For the carcinogenic compounds the
methodology proposed by EPA was applied to estimate
the cancer risks; however, IUR values were taken from
2 different regulatory bodies (EPA and OEHHA). The
variability in cancer potency factors is wide (in the case of
benzene the respective value derived by OEHHA is 5 times
higher than the one proposed by EPA, while for formaldehyde the derived value by EPA is 2 times higher). The
large differences between the derived cancer potency
factors are caused by the different interpretation of epidemiological and toxicological data and the corresponding extrapolation to low and environmentally relevant
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doses. As a general recommendation, the implementation
of mechanistic data and biology based dose-response
models on the extrapolation of higher to low doses should
provide a substantial backing towards the definition of more
realistic cancer potency factors. This includes extrapolation
to doses below the observable pathogenicity data. In the
absence of additional mechanistic data, for DNA reactive
chemicals it is required that extrapolation from high dose
data needs to be done using a linearized multistage procedure [16, 17].
According to INDEX and OEHHA assessments, the
Exposure Limit for formaldehyde is 30 and 9 µg·m-3 respectively (for non-cancer risks); the air in most of the indoor environments assessed exceeds these safety thresholds.
Thus, either risk assessment of formaldehyde needs to be
refined and the unnecessary conservatism reduced, or
measures for risk reduction need to be taken.
Indoor locations comprise the most characteristic types
of microenvironment where prolonged exposure to actual
environmental mixtures occurs. Since exposure levels are
relatively low, but duration of exposure is prolonged, effect
addition with regard to cancer endpoints is a good starting
point for enhancing risk assessment process. A detailed discussion on the data and methodological gaps with regard
to mixture toxicology and its implementation in indoor air
quality is presented elsewhere [18].
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ABSTRACT

1 INTRODUCTION

For the assessment of the suspended particulate pollution levels, the atmospheric concentration measurements
of the PM10 atmospheric particles in the two major urban
areas of Greece, Athens and Thessaloniki, have been analyzed in parallel with the corresponding measurements of
nitrogen oxides (NOx) and ozone during the 4-year period
2001-2004. In each urban area, two air pollution monitoring stations with different site characteristics (central urban,
peripheral) have been examined. The highest PM10 hourly
values appear in the central urban stations during the cold
semester of the year and during the morning hours. It also
comes out that the PM10 variation characteristics exhibit
similar features with the corresponding variation patterns
observed for primary urban pollutants (NOx) like the existence of the sharp morning and the evening peaks at the
central urban stations. On the other hand though, they
exhibit also characteristics encountered in secondary photochemical pollutants (ozone), like the broad mid-day peak
at the peripheral stations as well as the existence of relatively high rural background levels around both urban
areas. The PM10 concentration levels at the peripheral stations of Athens and Thessaloniki are in the 25-35 µg/m3
range, in agreement with measurements reported at rural
sites in Central and Southern Greece. These rural levels are
considered as significant regarding the EU air quality annual standards and should be taken into account in the
formulation of the local pollution abatement strategies as
they cover about the half of the average PM10 levels measured at the central urban stations of both examined urban
areas.

KEYWORDS: Urban air pollution, PM10, NOx, O3 urban and rural
concentrations, Athens, Thessaloniki

* Corresponding author

The Athens and Thessaloniki urban areas in Greece
are facing air pollution problems during the last decades
due to the high population density in association with intense emissions of air pollutants, which, especially for the
Athens basin, are constrained by the local topography as
the mountains surrounding the urban areas cause poor
ventilation [1-10]. An additional factor is the high level of
solar irradiation leading to the formation of secondary
photochemical pollutants like ozone. At present, the most
serious air pollution problems in both urban areas are related to the high concentrations of ozone and atmospheric
particles (PM10) violating the EU standards [8, 11-13].
During the recent years many studies with PM10 measurements including chemical analysis, have been published,
especially for Athens [14-17], enriching our knowledge on
the PM10 particle phenomenology and especially on their
chemical composition.
In this work, which is a continuation of previous studies on the major ambient air quality parameters of the city
of Athens [6, 18-20] the measurements of suspended PM10
particles in two monitoring stations in Athens and also in
two monitoring stations in Thessaloniki with different site
characteristics (central urban/traffic and peripheral) are
examined, during the 4-year period 2001-2004. The PM10
seasonal and diurnal variations are examined in parallel
with a characteristic primary urban pollutant (NOx) and a
characteristic secondary pollutant (ozone) in order to
identify any common variability patterns between PM10,
NOx and ozone, which would permit an investigation into
the nature of the measured PM10 particles at both examined urban areas as NOx and ozone are considered as
excellent indicators of the primary urban pollution and the
secondary photochemical pollution respectively. Emphasis will be given on the determination of the levels and the
variation characteristics of the regional PM10 background
levels in the area, based on the wind screening of the data
at the peripheral stations of both cities with a final aim to
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make a first assessment of the local urban PM10 contribution to the measured ambient PM10 atmospheric concentrations.
2 MATERIALS AND METHODS
The selected central urban monitoring stations are located close to intense urban emissions mainly from car
traffic while the peripheral stations, located at the edges
of the respective urban areas are influenced either by
urban or rural atmospheric conditions depending on the

prevailing meteorology (air masses coming either from
the “polluted” (urban) or the “clean” (rural) sector. In
Athens, the urban station of Aristotelous (23° 43΄ 40΄΄ N,
37° 59΄ 17΄΄ E) is located at the city center (95 m altitudea.m.s.l) while the Thrakomakedones peripheral station
(23° 45΄ 30΄΄ N, 38° 08΄ 37΄΄ E) is located 10 km to the N
of the city center at 550m altitude (Fig. 1). In Thessaloniki, the urban station of Aghia Sophia (22° 56΄ 43΄΄ N,
40° 38΄ 02΄΄E) is located at the center of the city (27 m
altitude), while the Panorama peripheral station (23° 01΄
54΄΄ N, 40° 35΄ 20΄΄ E) is located 9 km SE from the city
center at 363m altitude (Fig. 2). All these stations are part

2

1

FIGURE 1 - Map of the Athens urban area indicating the sampling stations of the air pollution network. The distance between the central
urban station [1] and the peripheral station [2] is about 10km.

1

2
FIGURE 2 - Map of the Thessaloniki urban area showing the sampling stations of the air pollution network. The distance between the central urban station [1] and the peripheral station [2] is about 9km.
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of the National Air Pollution Monitoring Network
(NAPMN). NAPMN has been installed by the Hellenic
Ministry for the Environment since the end of 2000 thus
implementing the EU Directives 96/62/ΕC and 99/30/ΕC.
The PM10 measurements (mean hourly values) are performed by Particulate Monitors (Andersen FH62-IR), which
utilize the radiometric principle of beta attenuation by a 2beam compensation method. The monitors perform real
time measurements of the ambient dust concentration, continuous and fully automatic. Their resolution is 1µg/m3 and
their digital resolution 0.5µg/m3. An air sample of flow
rate 1m3/h passes through a glass-fiber filter tape and the
accumulated particle mass is monitored. Calibration procedure is based on standard foils. The wind pattern in
Athens, as measured at the central urban Patission station,
shows that the prevailing wind directions are N 15.82%,
NNE 15.57% and SSW 10.95%, while the annual average
wind speed is 2.8 m/s). In Thessaloniki, at the peripheral
station of Panorama, the prevailing wind directions are
NNW 11.02%, NE 10.39% and SE 10.36%, while the
annual average wind speed is 1.4 m/s.
3 RESULTS AND DISCUSSION
3.1 Interannual variation of the PM10 annual average concen3
trations and of the number of days exceeding 50 µg/m daily
average PM10 concentration in a year

In Table 1, the annual mean PM10 concentrations at
the central urban and the peripheral stations of Athens and
Thessaloniki for the 2001-2004 period are presented. The
yearly mean values at the central urban stations range
from 54 to 58 µg/m3 for Athens and 64-71 µg/m3 for
Thessaloniki,. The corresponding ranges of the peripheral
stations are 31-34 µg/m3 and 32-37 µg/m3 for Athens and
Thessaloniki respectively. Only the peripheral Thessaloniki station shows a slight decreasing tendency.
TABLE 1 - Annual mean PM10 concentrations at the central urban
and the peripheral stations of Athens and Thessaloniki for the 20012004 period.
Athens
Central
urban
2001
55
2002
54
2003
56
2004
58
*low data coverage

Athens
Peripheral
31
34
32
33

Thessaloniki
Central
urban
64
71
64
*

Thessaloniki
Peripheral
37
34
33
32

In Table 2, the number of days exceeding 50 µg/m3
daily average PM10 concentration in a year at the central
urban and the peripheral stations of Athens and Thessaloniki for the 2001-2004 period are presented. The number
of days exceeding the limit value are 85-180 for Athens
and 200-273 for Thessaloniki. The corresponding number
of days for the peripheral stations are 31-35 and 24-62 for
Athens and Thessaloniki respectively. The central urban
Athens station and the peripheral Thessaloniki station show
decreasing tendencies.

TABLE 2 - Number of days exceeding 50 µg/m3 daily average PM10
concentration in a year at the central urban and the peripheral
stations of Athens and Thessaloniki for the 2001-2004 period.
Athens
Central
urban
2001
180
2002
109
2003
115
2004
85
*low data coverage

Athens
Peripheral
35
31
33
31

Thessaloniki
Central
urban
200
273
214
*

Thessaloniki
Peripheral
62
43
28
24

As observed, the PM10 annual average EU standard
(40 µg/m3) is exceeded at the central urban stations of
both examined cities during the 4-year period, while the
EU standard concerning the days (35) in a year exceeding
50 µg/m3 daily average PM10 concentration is also exceeded at the central urban stations of Athens and Thessaloniki for the 4-year period (2001-2004) but also at the
peripheral Thessaloniki station for 2001 and 2002.
3.2 Seasonal variation of PM10, NOx and ozone monthly mean
values

The seasonal variation of the mean monthly concentrations of PM10, NOx and ozone at the two examined monitoring stations of the urban area of Athens for the 4-year
period 2001-2004 are presented in Figure 3. The mean
monthly PM10 concentrations observed at the central Athens
urban station, are about twice as high as the corresponding ones at the peripheral station (Fig. 3a). At the central
urban station, the PM10 monthly mean values range between 45 and 65 µg/m3 throughout the year with minimum in June and maximum in November favored by the
lowest mixing layer height and the most frequent temperature inversions observed typically during this month.
At the Athens peripheral station, the highest monthly
mean values are observed in spring and summer at the 30
– 40 µg/m3 range while the minimum monthly value is
observed in December.
NOx (NO + NO2) is a very good tracer for traffic pollution, which is considered as the most important primary
urban emission source of gaseous air pollution in urban
areas, especially during the warm semester of the year as
during the winter months there is also an additional contribution from central heating to the NOx atmospheric
levels [1]. NOx is a more representative parameter of the
primary urban pollution than NO alone due to the rapid
conversion of NO to NO2 following the reaction with
ozone [6]. Regarding the NOx seasonal variation, the
highest monthly values at the central urban station are
observed during the cold semester of the year with maximum in November (Fig. 3b), as it was also observed for
PM10. But on the other hand, the NOx concentration levels
at the central urban station are about an order of magnitude higher than the corresponding levels at the peripheral
stations, which is a substantial difference in comparison
to PM10 , (levels twice as high at the central urban station
than at the peripheral one). Therefore, by comparing the
concentration differences between the central and the peripheral station for PM10 and NOx (Fig. 3), it comes out that
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the contribution of the PM10 urban local pollution sources
to the PM10 monthly mean values of the peripheral station
(influenced by the rural background levels most of the
time) is significantly less than the corresponding contribution of the urban area to the NOx levels of the peripheral
station.
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In Figure 4 the seasonal variation of the mean
monthly PM10, NOx and ozone concentrations at the central urban and the peripheral monitoring stations of the
urban area of Thessaloniki (2001-2004) are presented.
The average PM10 monthly mean values at the central
urban station of Ag. Sophia range between 50 and 85
µg/m3 throughout the year with minimum in July and
maximum in November. At the peripheral station of
Panorama the highest values are observed in spring
(April) and the mean monthly values vary in the range of
30-40 µg/m3, quite comparable with what is observed at
the peripheral station of the Athens urban area.
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The NOx seasonal variation at the central station of
Thessaloniki (Fig. 3b) shows the same pattern with the
corresponding station in Athens (winter maximum –
summer minimum) but the average concentrations are
about a factor of 3 less than in central Athens. On the
other hand, the NOx levels at the peripheral station of
Thessaloniki are equivalent with the corresponding NOx
levels at the peripheral Athens station. Regarding the
ozone levels, they are comparable at both peripheral stations of Athens and Thessaloniki but the ozone levels at
the central Thessaloniki station are about twice as high as
in Athens, which could be explained by the difference in
the NO levels between the two examined urban centers
resulting in less ozone destroyed in central Thessaloniki.
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Concerning the seasonal variation pattern of photochemical pollution, the ozone seasonal variation in the
Athens central urban and peripheral stations shows its
maximum values during summer and its minimum during
winter months (Fig. 3c). An additional difference is that
the highest ozone values are observed at the peripheral
station and the lowest at the central one. The high ozone
values at the peripheral station are due to the photochemically produced ozone in the urban plume during summer
months, which is added to the high regional ozone background in the area. On the other hand, the lowest ozone
levels at the central station are due to the rapid ozone destruction from NO emitted from the car exhausts [1, 2, 5].

10 11 12

Month of the year
FIGURE 3 - Mean monthly PM10 (a), NOx (as NO2-eq., b) and ozone
(c) atmospheric concentrations in Athens, at a central urban station
(Aristotelous, grey) and at a peripheral station (Thrakomakedones,
white), for the 4-year period 2001- 2004. Vertical bars indicate the
standard deviations.

As observed in Figures 3a and 4a the seasonal PM10
variation of the urban stations is quite different than the
corresponding seasonal variation pattern of the peripheral
stations. At the central urban stations the average PM10
monthly mean values during the cold period of the year
are higher than during the warm period, while for the
peripheral stations the opposite is observed, especially for
Athens (the PM10 levels of the warm semester are higher).
The difference of the mean monthly PM10 values between
the urban and peripheral stations in spring and summer is
about 15-20 µg/m3, while the corresponding difference for
the autumn and winter months is about 25-40 µg/m3. The
examination of these differences between the PM10 levels
of the urban and peripheral stations, could be used as a first
approach in the estimation of the PM10 contribution originating from local urban activities. It comes out (Figs 3a, 4a)
that the estimated PM10 levels attributed to the activities
of the urban area (the difference between the central and
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differences between urban and peripheral stations (low
summer - high winter), approximating the local urban
PM10 production is similar to the seasonal variation pattern of the urban NOx concentrations (Figs. 3a, 3b) but
also of the other primary pollutants (SO2, CO) in the urban area of Athens [6].
It comes also out from Figures 3a and 4a that at the
central urban stations of both examined cities, the concentration level of the annual mean EU standard (40 µg/m3)
is exceeded. It is though remarkable that the measurements of the peripheral stations, where on the average the
urban pollution influence is not significant as it is deduced from the corresponding NOx levels, approach this
concentration level especially during the warm period of
the year. In the following paragraphs the PM10 diurnal
profiles it will be examined in parallel with the corresponding NOx and ozone profiles in order to detect the
relative influence of the major source categories of the
PM10 particles (local urban or rural background), while a
closer focus will be given on the peripheral stations as
more information on this subject could be extracted.
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FIGURE 4 - Mean monthly PM10 (a), NOx (as NO2-eq., b) and ozone
(c) atmospheric concentrations in Thessaloniki, at a central urban
station (Ag. Sophia, grey) and at a peripheral station (Panorama,
white), for the 4-year period 2001-2004. Vertical bars indicate the
standard deviations

the peripheral stations) are comparable to the levels observed at the peripheral stations. This is a very different
pattern in comparison to the primary pollutants (NOx) as
the urban produced NOx are significantly higher than that
at the peripheral stations (by a factor of 5 to 10). It should
be noticed that the seasonal variation pattern of the PM10

In Figure 5a the diurnal variation of PM10 concentrations at the urban and the peripheral stations of Athens
during the cold and the warm semester of the year are
presented. The PM10 concentration curves of the Athens
peripheral station exhibit a totally different behavior than
the corresponding curves of the urban station. The PM10
curves at the peripheral station show a broad PM10 concentration maximum in the middle of the day (11:00 –
15:00) while the PM10 curves at the urban station show a
sharp peak in the morning hours (8:00 – 9:00) and a secondary wider peak at night (21:00 – 02:00). Another difference is that at the Athens peripheral station the concentrations during the warm semester of the year are
slightly higher than during the cold semester while in the
urban station the opposite is observed especially during
the morning and the evening peaks (higher values during
the cold period). The above characteristics probably indicate the different nature of the measured PM10 particles at
the two examined sites (central urban – peripheral). A
similar pattern is observed in the diurnal PM10 variations
of the warm and the cold semester of the year for the two
examined monitoring stations in Thessaloniki (Fig. 6a).
At the urban station of Thessaloniki the concentrations
during the cold semester are clearly higher than during the
warm semester showing differences of about 15 µg/m3 in
the afternoon and the evening hours. The corresponding
difference in Athens is 5–10 µg/m3 and it is observed only
during the morning and the late evening hours. At the
peripheral station of Thessaloniki (Fig. 4a) the average
diurnal PM10 concentrations during the warm semester
shows in general slightly higher values than during the cold
semester except for the afternoon hours (14:00 – 19:00).
The diurnal variation patterns of the examined peripheral
stations at both cities are quite comparable and their ob-
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served average diurnal concentration levels show broad
midday peaks at the 40 - 45 µg/m3 level.
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FIGURE 5 - Diurnal variation of PM10 (a), NOx (as NO2-eq., b) and
ozone (c) concentrations in Athens, at the central urban station of
Aristotelous (bold solid line: cold semester, dashed line-circles:
warm semester) and the peripheral station of Thrakomakedones
(solid line: cold semester, dashed line-triangles: warm semester),
averaged over the 4-year period 2001-2004.

FIGURE 6 - Diurnal variation of PM10 (a), NOx (as NO2-eq., b) and
ozone (c) concentrations in Thessaloniki, at the central urban station
of Ag. Sophia (bold solid line: cold semester, dashed line-circles:
warm semester) and the peripheral station of Panorama (solid line:
cold semester, dashed line-triangles: warm semester), averaged over
the 4-year period 2001-2004.
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The parallel examination of the PM10 diurnal variation curves with the corresponding NOx and ozone curves
at both cities (Figs 5b, 5c, 6b, 6c) shows that at the central
urban stations the PM10 concentrations show similar variation characteristics with NOx (morning and evening peaks),
while at the peripheral stations the variations of the PM10
diurnal variation curves show similar variation characteristics with ozone (a mid-day maximum).
Concerning the ozone levels at the peripheral stations of both cities they are quite comparable exceeding the 120 µg/m3 level at mid-day during the warm period
of the year. Regarding the central stations, the ozone levels
at the central Thessaloniki station are higher than the corresponding ones in Athens, which could be explained by the
difference in the availability of NOx (higher NOx levels at
the central Athens station), inducing more important
ozone destruction by NO in central Athens.
The general impression arising from the parallel examination of the diurnal variation of PM10, NOx and
ozone (Figs 5 and 6) is that the diurnal variation characteristics of the PM10 concentration curves seem to be a
combination of the variation characteristics of the NOx
and O3 variation curves and that a simple interpolation of
the ozone and NOx diurnal variation could give a satisfactory approximation of the levels and the variation characteristics of the PM10 diurnal variation at both central urban and peripheral sites.
From the above analysis of PM10 atmospheric measurements, it seems that PM10 particles show characteristics of both primary and secondary atmospheric pollutants. At first, the particle levels at the peripheral stations
are lower than the corresponding ones at the urban stations, which is a primary pollutant characteristic, same as
NOx. On the other hand the PM10 average value of the
peripheral stations during the warm period of the year is
higher than the corresponding average for the cold period,
which is a characteristic observed for secondary pollutants
like ozone. A first examination of these variation characteristics by comparing cold semester and warm semester averages, has been done for Athens in a previous study [19].
The above observation is a strong indication that in the
atmosphere of the urban areas of Athens and Thessaloniki
even at central urban stations there is a substantial amount
of particles not originating from local urban activities. As
reported in the literature there are some categories of
PM10 particles either of natural or of anthropogenic origin
(mainly in a secondary form), which can be transported
over large distances and which could deteriorate the air
quality even of large urban centers [21].
In order to obtain a more accurate determination of
the rural background PM10 levels of the surrounding areas
of both cities, the Directorate of Air Pollution and Noise
Control of the Ministry for the Environment performed a
series of daily PM10 measurements during the year 2006
in the rural station of Aliartos, located about 100 km NW
of Athens and participating in the EMEP network. The
mean of the PM10 daily concentration values in the rural

station of Aliartos was 32 µg/m3 [20], which is about the
half in comparison to the measured mean concentration
levels at the central urban station in Athens for the corresponding days (59 µg/m3). It comes out that the rural
PM10 levels are quite comparable with the average PM10
particle levels of the peripheral stations in Athens and
Thessaloniki indicating the preponderant influence of the
rural background levels on the concentrations of the peripheral stations.
The above results concerning the average PM10 values
of the peripheral stations, which seem to be directly related to the rural background PM10 levels, are in good
agreement with the results of similar studies carried out in
the city of Volos in Central Greece [22], as well as at the
urban area of Heraklion and the rural site of Finokalia in
Crete [23, 24], which indicate that comparable conditions
regarding the variability of PM10 levels are encountered
throughout Greece from the North to the South. As reported in the literature the high PM10 rural background
levels over the Aegean area could be due to a variety of
sources such as: regional episodes of dust transport from
desert areas, sea-spray and secondary aerosol formation
either from biogenic or anthropogenic emissions as well as
long-range pollution transport [23-27]. The relative contribution of each of the above factors could be determined by
chemical analysis of PM10 particles coupled with modeling.
For a more accurate determination of the origin of atmospheric PM10 particles contributing to these important
background levels, more such studies should be carried
out at various locations with different pollution characteristics. In addition, for a more effective monitoring of the
atmospheric particles emitted by anthropogenic activities
smaller particles (like PM2.5 or PM1) should be measured
as the soil dust fraction originating from natural sources is
the determinant factor in PM10 particles throughout the
Mediterranean but it is expected to be less significant in
the fine particles [26].
4 CONLUSIONS
At the central urban stations of Athens and Thessaloniki, Greece, the annual mean EU standard (40 µg/m3) is
exceeded for PM10 particles. At the peripheral stations,
the average PM10 particle levels approach the annual mean
EU standard especially during the warm period of the year.
The parallel examination of the PM10 diurnal variation
curves with the corresponding NOx and ozone curves at
both cities shows that at the central urban stations the PM10
concentrations show similar variation characteristics with
NOx (appearance of morning and evening peaks), while at
the peripheral stations the variations of the PM10 diurnal
variation curves show similar variation characteristics with
ozone (a mid-day maximum). In general, the seasonal and
diurnal variation of PM10 particles show characteristics of
both primary and secondary atmospheric pollutants. The
comparison of the urban peripheral PM10 particle measurements Athens and Thessaloniki with measurements
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carried out at rural sites in Central and Southern Greece,
indicates that the PM10 rural or regional background levels are significant if compared with the EU air quality
standards.
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ABSTRACT
The air quality of a residence is influenced by both
indoor (i.e. smoking, cooking, cleaning activities etc) and
outdoor (vehicles emissions, domestic heating etc) sources.
The purpose of the present study is to examine the indoor/
outdoor relationship of PM2.5 mass concentration and
chemical composition in OC, EC and ions, in an apartment
situated on a high-traffic street (Charilaou Trikoupi) in
central Athens.
The results showed that during the experimental campaign, indoor to outdoor (I/O) ratio ranged between 0.48
and 2.85. However, the ratio exceeded unity only during
the two days that smoking took place, indicating the important role of the activity. In the absence of strong indoor
sources, indoor and outdoor concentrations are highly correlated (R2=0.94), amplifying the assumption that it is
the outdoor environment that mainly contributes to indoor
PM levels.
OC/EC ratios in PM2.5 mass ranged from 2.48 to
21.24, averaging 5.16 for the indoor environment and
from 1.67 to 3.78, averaging 2.61 for outdoor environment. The average I/O ratio for OC and EC was 1.26 and
0.65, respectively. In addition, regression of indoor versus
outdoor concentration of OC and EC, revealed an indoor
origin of OC, presumably due to such activities as smoking, cooking and cleaning.
Concerning the ionic composition, SO42- had a significant contribution to PM2.5, for both indoor and outdoor
environment. For NO3- and ΝΗ4+, the I/O ratios were
much lower than unity (<0.44 and 0.22 respectively), due
to the presence of strong outdoor sources (intense vehicles
circulation).

* Corresponding author

1. INTRODUCTION
Indoor particle concentration is a function of a number of factors, the most important of which are the generation rate of particles indoors, the outdoor particles concentration, the air exchange rate, the particle penetration
efficiency from the outdoor to the indoor environment and
the particle deposition rate on indoor surfaces [1-4]. The impact of outdoor particles on the indoor environment is particularly important in many developing countries where outdoor particle pollution is increasing. A number of studies
have focused on the influence of outdoor environment to
the indoor concentrations [1-13].
Carbonaceous species, including organic carbon (OC)
and elemental carbon (EC), are major components of PM2.5.
OC can be both emitted from primary emission sources
and generated from chemical reactions among primary
gaseous organic carbon species in the atmosphere (secondary production). EC is formed from incompletely combusted carbon-based fuels and its chemical transformations
are limited [2, 14]. Therefore, OC/EC ratio has been used
to identify the presence of secondary organic aerosols [2,
14-16]. Only limited studies of indoor/outdoor relationship
and correlation of carbonaceous species have been conducted [2, 6]. Indoor to outdoor ratio of PM and carbonaceous species gives an indication for particles origin. In
the absence of indoor sources, I/O ratio will be less than,
or equal to one [2, 3, 6].
The aim of this study is to examine the effect of the
outdoor environment on the indoor air of a residence
situated in the center of a high-polluted city. In particular,
the indoor/outdoor relationship of PM2.5 mass concentration and their chemical composition in OC, EC and ions
was examined for a typical apartment situated on a hightraffic street of Athens city.

3177

© by PSP Volume 21 – No 11. 2012

Fresenius Environmental Bulletin

2. METHODS AND MATERIALS
2.1 The sampling site

For the purpose of the campaign, an apartment situated in the center of Athens was selected. The urban area
of Athens extends beyond the administrative municipal
city limits, with a population of 3,074,160 (in 2011), over
an area of 412 km2. According to Eurostat, the Athens
Larger Urban Zone (LUZ) is the 8th most populous LUZ
in the European Union (the 5th most populous capital city
of the EU). The selected residence is a typical Athenian
apartment of a 40-year old five-storey block of houses situated on a high-traffic area in the centre of Athens (Fig. 1).
The atmospheric pollution load of the area is high [17,
18]. The front balcony of the apartment faces a high traffic road (Charilaou Trikoupi), which is characterized as a
street canyon, while the back one faces a clear ground. The
apartment covers an area of 120m2 and is situated on the 5th
floor. During the experimental campaign, the house was
naturally ventilated in a daily base. In particular, windows
and balcony doors were left open daily between 22:00 23:00. The apartment has three non-smoking inhabitants.

MX-5) with resolution of 10-6 g, which is placed in an airconditioned weighting room (Τ=20±1 oC, R=50±5 %). The
filters conditioning period before and after weighting was
at least 48h and were weighed twice.
Additionally, four field blanks (two per week) were
weighted and analyzed and their values were extracted
from the other samples. 8 lab blanks were also analyzed
for ionic species and OC/EC. In order to check the correlation of the measurements between the two samplers, a
pilot study in the laboratory (including simultaneous 24-h
sampling in the same room) was conducted and a correlation co-efficient R>0.8 was achieved.
A Thermal/Optical Carbon Aerosol Analyzer (Sunset
Laboratory) operating on the NIOSH Method 5040 was
used to analyze OC and EC. The instrument’s detection
limit is 0.2 ugC/cm2 and the analytical uncertainty is equal
to ± (concentration10.05)+ instrument blank concentration.
Furthermore, the samples were analyzed for anions
(F-, PO43-, Cl-, SO42- and NO3-) and cations (ΝΗ4+, Na+,
K+, Mg2+ and Ca2+) using a DIONEX ICS-1100 chromatographic system, with IonPac AS22 (4mm) and IonPac
CS12A (4mm) columns, respectively. LOD ranged between 0.01 and 0.11 µg/ml for anions and between 0.00
and 0.33 µg/ml for cations. LOQ ranged between 0.03 and
0.36 µg/ml for anions and between 0.01 and 1.08 µg/ml for
cations. Uncertainty (95%, k=2) ranged between 5.61 and
9.31% for anions and between 2.63 and 10.7% for cations.
Finally, occupants’ activities were daily recorded in
questionnaires.
3. RESULTS AND DISCUSSION
3.1 Indoor and outdoor PΜ2.5 mass concentrations

FIGURE 1 - Map of the area
2.2 Instrumentation, sampling and chemical analysis

Twenty-four hour indoor and outdoor particulate matter (PM2.5) samples were collected from 21th January 2011
to 2th February 2011. Two identical low volume controlled flow rate (2.3m3h-1) samplers (DERENDA) were
used for simultaneous indoor and outdoor sampling. The
two samplers were placed in the center of the living room
and at the front balcony, respectively. Particles were collected on 47-mm pre-conditioned quartz filters.
Particle mass concentration was determined gravimetrically using an electronic microbalance (Mettler Toledo

PΜ2.5 concentrations ranged between 9.0 and 65.4 µg/m3
indoors, while the outdoor concentrations ranged between
11.7 and 43.5 µg/m3. The average indoor and outdoor concentrations were 19.0±16.5µg/m3 and 20.7±7.6µg/m3, respectively. The indoor and outdoor daily variations of
PM2.5 mass concentrations are illustrated in Figure 2,
where the Ι/O ratio is given at the right axis.
The two most elevated indoor PΜ2.5 concentrations
(65.4µg/m3 and 33.3µg/m3) were noticed during the days
that smoking took place, on 30/1 and 31/1, respectively.
This is in accordance with several studies shown that environmental tobacco smoke (ETS) is a significant pollutant
for indoor air and is one of the major sources of fine and
inhalable particles in indoor environments [2-4]. Specifically, it has been found that smoking can add ~20µg/m3
(24-h mean) of fine PM per smoker to a household (Ho et
al. [2]). An elevated value of outdoor PΜ2.5 concentration
(27.1 µg/m3) was noticed on 26/1. This can be attributed to
random outdoor factors (intense vehicles circulation, meteorological conditions etc).
The indoor PΜ2.5 levels were lower than those observed outdoors, except for the two days that smoking took
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place. This can be attributed to the fact that in the absence
of major indoor sources, indoor air quality is directly
linked to the outdoor air quality [19]. The high outdoor
concentrations in this study were due the apartment being
located in the urban area and near to heavily trafficked
roads.
Eight percent (8%) of all PΜ2.5 samples exceeded the
European 24h standard for PΜ2.5 concentrations (25µg/m3
in outdoor locations) [20].

FIGURE 3 - Indoor versus outdoor concentration levels for PM2.5
for all days and for days without smoking (1-1 line)

FIGURE 2 - Daily variation of PM2.5 mass concentration and I/O ratio

The ratio between indoor and outdoor concentrations
of PM gives an indication as to whether PM found indoors are the result of indoor generation or derive from
the outdoor environment. In the absence of indoor
sources, I/O ratio will be less than, or equal to unity [2, 3,
6]. In the present study, indoor to outdoor ratio (I/O) for
mass concentration ranged between 0.48 and 2.85, implying the presence of significant indoor sources. Nevertheless, the values of I/O ratio that exceeded unity corresponded to the (two) days that smoking took place (2.85
and 1.63 for 30/1 and 31/1 respectively), indicating the
important role of this indoor activity. For the other days,
the I/O ratios for PΜ2.5 were smaller than 0.8, which indicates that the fine PM derived mainly from the outdoor
environment. These values are comparable with the values reported in a relevant study (I/O=0.4-0.6), where I/O
ratio has been estimated for typical houses, based on air
exchange rate and particle deposition rate [13].
Furthermore, it was found that the indoor PΜ2.5 levels
were poorly correlated to the corresponding outdoor concentrations with an R2 equal to 0.13 (Fig. 3), which is
indicative of indoor sources, such as smoking. The value
of correlation coefficient (R2) between the indoor and
outdoor data can be used as indicator of the degree to
which fine particulate matter measured indoors is attributed to infiltration from outdoors [2, 3, 8].

However, if data from the two days that smoking took
place are excluded, indoor and outdoor concentrations are
highly correlated with an R2 equal to 0.94. This strong
correlation, amplifies the assumption that the outdoor
environment mainly contributes to indoor PM levels. The
high correlation produces a large slope and a low intercept which is indicative of no indoor sources [21], as it is
shown in Figure 3.
3.2 Organic carbon and elemental carbon concentrations

The indoor OC concentrations ranged from 4.37 to
37.78 µg/m3 (average 9.55±9.28 µg/m3) while the outdoor
OC concentrations ranged from 4.61 to 17.05 µg/m3 (average 7.55±3.06 µg/m3). The indoor EC concentrations
ranged from 1.05 to 3.91 µg/m3 (average 1.94±0.76
µg/m3) while the outdoor EC concentrations ranged from
1.93 to 6.46 µg/m3 (average 3.03±1.32 µg/m3) as it is
shown in Figure 4. Table 1 presents the total data for OC,
EC in PM2.5 and TC.

FIGURE 4 - Daily variation of organic and elemental carbon

TABLE 1 - OC, EC average values (µg/m3) & percentages in PM2.5 & TC

Indoor
Outdoor

PM2.5
19.0
20.7

OC
9.6
7.6

EC
1.9
3.0

TC
11.5
10.6

OC/EC
5.2
2.6
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% of PM2.5
OC
EC
50.3 13.0
36.3 14.8

TC
63.3
51.1

% of TC
OC
EC
79.5 20.5
71.1 28.9
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The OC/EC ratio for PM2.5 ranged between 2.48 and
21.2 (average 5.16±5.06) for the indoor air and between
1.67 and 3.78 (average 2.61±0.65) for the outdoor air
(Fig. 5). The OC/EC ratio has been used to study the
emission and transformation characteristics of carbonaceous aerosols. OC/EC ratios exceeding 2 have been used
to indicate the presence of secondary organic aerosols [2,
14-16, 22]. In the present study, OC/EC ratio exceeded
the value of 2 in all indoor samples and in the 77% of the
outdoor samples, implying the presence of secondary
organic aerosol (SOA).
FIGURE 6 - Correlation of indoor OC and EC

FIGURE 5 - Daily variation of OC/EC ratio indoors and outdoors

The highest OC/EC ratios for indoor air were observed during the two days that smoking took place (30
and 31/1)
However, it is difficult to conclude the presence of
secondary OC from the absolute values of OC/EC alone.
The origin of carbonaceous particle can be qualitatively
estimated by examining the relationship between OC and
EC concentrations. If major fractions of OC and EC are
emitted by a dominant primary source (e.g. vehicle emission, meat cooking), the correlation between the OC and
EC concentrations should be high because the relative
rates of EC and OC emission are proportional to each
other [23].
Figures of OC versus EC (Fig. 6, 7) show a large intercept for the indoor and outdoor samples, indicative of
indoor sources. In the present study, correlation between
OC and EC were 0.76 and 0.75 for indoor and outdoor
environment, respectively. This suggests that OC and EC
fractions may not originate from a single dominant primary source.

FIGURE 7 - Correlation of outdoor OC and EC

For EC, the I/O ratio for 24-h concentrations ranged
between 0.53 and 0.92 (average 0.65±0.11). In opposition
to OC, there was a good correlation between indoor and
outdoor EC concentrations (R2 = 0.88), confirming elemental carbon’s outdoor origin, i.e. vehicular emissions
[2]. As shown in Figure 9, the small intercept suggests
that virtually all indoor EC originates from outdoors, with
very efficient penetration.
However, if the two days that smoking took place are
excluded, the correlation between indoor and outdoor air
for OC is strong (R2 = 0.95), implying common (outdoor)
origin. The correlation for EC is also strong (R2 = 0.96),
confirming the lack of an indoor emission source for EC.

The relationship between indoor and outdoor concentrations of OC and EC are shown in Figures 8 and 9 respectively.
The I/O ratio for 24-h OC concentrations ranged between 0.82 and 4.48 (average 1.26±1.06). In addition, OC
in indoor air was poorly correlated to that in outdoor air
(R2 = 0.07), implying impact from major indoor sources
for OC, such as smoking.
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FIGURE 9 - Correlations of indoor EC and outdoor EC

FIGURE 11 - Ionic composition of PM2.5 indoors

3.3 Ionic constituents of PM2.5

Indoors, the most predominant ionic constituents
were SO42- and Cl- (~14%). Outdoors, sulfate comprises
~22% of the total ions, followed by Cl- (~16%) and NO3(~10%) (Fig. 10, 11).
Among the ions measured, SO42- and Cl- presented the
most significant variation indoors, while SO42-, NO3-,
ΝΗ4+ and Cl- had the most significant variation outdoors.
SO42- concentration ranged between 1.3 and 7.2µg/m3
indoors and 2.0 and 6.1 µg/m3 outdoors. Correspondingly,
Cl- concentration ranged between 0.3 and 3.0 µg/m3 indoors and 2.4 and 3.4 µg/m3 outdoors, while NO3- ranged
FIGURE 12 - Indoor and outdoor ionic mass concentration

between 0.7 and 3.4 µg/m3 outdoors (Fig. 12). The average values, the range and the I/O ratio for each ion are
given in Table 2.
In the present study, SO42- appeared slightly elevated
in outdoor PM2.5 than in indoor PM2.5. As derived from a
similar study [12], the sulfate ion in indoor aerosol seems
to originate from external penetration rather than indoor
sources (in the case of significant indoor combustion
sources absence). However, sulfate may originate within
the home from sources such as smoking and some gas
cooking fuels but the contribution from these sources is
low [6].

FIGURE 10 - Ionic composition of PM2.5 outdoors

TABLE 2 - Average values (µg/m3), range (µg/m3) and I/O ratio of ionic constituents of PM2.5.

Ions
FClNO3PO43SO42Na+
ΝΗ4+
K+
Mg2+
Ca2+

average
0.19
2.09
0.44
0.54
3.69
6.33
0.12
0.46
0.16
0.49

Indoor
range
0.06 – 0.37
0.26 – 3.05
0.36 – 0.60
0.37 – 0.65
1.30 – 7.16
5.69 – 6.63
0.06 – 0.15
0.23 – 0.66
0.12 – 0.19
0.39 – 0.72

%
1.3
14.4
3.1
3.7
25.5
43.7
0.8
3.2
1.1
3.4

average
0.14
2.76
1.70
0.54
3.84
6.68
0.53
0.73
0.12
0.38
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Outdoor
range
0.11 – 0.25
2.44 – 3.36
0.65 – 3.40
0.49 – 0.58
2.04 – 6.09
6.07 – 7.20
0.08 – 1.10
0.41 – 1.04
0.06 – 0.18
0.24 – 0.49

I/O ratio
%
0.8
15.9
9.7
3.1
22.1
38.4
3.0
4.2
0.7
2.2

average
1.30
0.76
0.28
1.00
1.17
0.95
0.16
0.64
1.64
1.46

range
0.40 – 2.44
0.10 – 1.20
0.15 – 0.44
0.75 – 1.24
0.51 – 3.52
0. 85 – 1.05
0.10 – 0.22
0.48 – 0.88
0.99 – 2.47
0.90 – 2.66

© by PSP Volume 21 – No 11. 2012

Fresenius Environmental Bulletin

I/O for Mg2+ was noticed to be ≥1 in all the samples,
which implies the presence of indoor sources. In addition,
the SO42-/Mg2+ ratio was found 21.1 and 36.3 for indoor
and outdoor environment respectively. These values are
much higher than that in seawater, 0.12 and 0.53 respectively [24], indicating the strong influence from other
non-marine sources such as pollutants transport al local
level [24-26].
For Ca2+, the I/O ratio exceeded 1 in 78% of samples.
The I/O ratio for Νa+ was approximately equal to unity
during all days. In addition, The SO42-/Νa+ ratio was 0.6
for indoor and outdoor environment. For NO3- and ΝΗ4+,
the I/O ratios were much lower than unity (<0.44 and
<0.22 respectively), due to the presence of strong outdoor
sources (intense vehicles circulation).
4. CONCLUSIONS
The aim of this study was to examine the effect of the
outdoor environment on the indoor air of a house situated
in the center of a high-polluted city. In particular, the
indoor/outdoor relationship of PM2.5 mass concentration
and their chemical composition in OC, EC and ions was
examined for a typical apartment situated on a high-traffic
street of Athens city.
The results showed that in absence of smoking (the
strongest indoor source), it is the outdoor environment
that mainly contributes to the indoor air PΜ2.5 levels.
Indoor to outdoor ratio is indicative, as its values remained lower than unity during the days without smoking. The strong effect of the aggravated outdoor atmosphere on the indoor air quality is also implied by the results of the particles chemical analysis. Indoor to outdoor
ratios for OC and EC indicate particles outdoor origin,
while OC/EC ratios (>2) for indoor and outdoor air imply
secondary aerosol formation (possibly vehicles exhausts,
photochemical atmosphere processes etc). On the other
side, the results are quite different for the two days that
smoking took place, indicating the strong contribution of
this indoor source. Smoking lead to a remarkable increase
in indoor PΜ2.5 and OC concentration (up to 3 and 4.5
times respectively higher than the outdoor).
To conclude, the results from the present study indicated the significant effect of a polluted atmosphere on an
indoor environment, when strong indoor sources are absent. Particles originating from vehicles exhausts, road
dust, natural dust or secondary particles penetrate into the
building and influence the indoor air quality. An extensive source apportionment study in a number of houses
situated in an aggravated urban environment is proposed
for future study.
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ABSTRACT

1 INTRODUCTION

Supercritical Fluid Extraction (SFE) with CO2 is often applied to extract organic trace compounds from environmental samples. For the purpose of extracting sufficiently organic compounds from samples with the method
of SFE-CO2, CO2 of high purity is required. Because of
the lack of detailed information on the identity and concentrations of impurities in commercially available CO2
and the widely varying cost of different CO2 types, five
different CO2 brands were analyzed for their impurities.
The experiments have been performed using an on-line
combination of the SFE extractor and GC chromatograph.
Furthermore, liquid CO2 of all brands was also passed
through an active charcoal trap before entering the SFEGC combination to investigate the effectiveness of the trap
on the impurity results. To eliminate impurities of previously analyzed CO2 samples from the analytical system,
the analysis of all CO2 brands, with and without charcoal
filter, has been repeated several times until a stable impurity level was achieved.
The evaluation of the chromatograms was carried out
using two different integration procedures. The differences found in the results on the sum of the impurities in
the brands, between the cases with or without a charcoal
filter, were in the range of 18 to 116 when applying the
automatic integration approach. The respective range of
the results in the case of manual integration, including the
unresolved part of the eluting impurities, was lower with
values found between 5 and 18.

Supercritical Fluid Extraction (SFE) has attracted
considerable attention in recent years as a promising alternative to conventional solvent extraction. SFE is very advantageous and environmentally friendly over other conventional solvent extraction methods since it offers a nontoxic solvent without any difficulty of disposal (use of CO2
as supercritical fluid) and much shorter times to achieve
quantitative extraction. Use of SFE technology that offers
suitable extraction and fractionation appears to be promising in food, pharmaceutical and environmental fields [1].
On-line supercritical fluid extraction/capillary gas
chromatography (SFE/GC) has been shown to be a valuable
technique for the analysis of complex matrices, such as
environmental samples [2, 3] and natural products [4, 5]. In
contrast with off-line techniques, in on-line SFE/GC the
entire extract, rather than an aliquot, can be analyzed. Consequently, detection limits are much lower and the potential
for (environmental) trace analysis becomes obvious. The
applicability of the method was found to be restricted by
the purity of the supercritical fluid, i.e., carbon dioxide.
The impurities are, in principle, also pre-concentrated and
subsequently injected into the capillary gas chromatograph [6]. Because of the lack of detailed information on
identity and concentrations of impurities in commercially
available CO2 and the widely varying cost of different
CO2 types, five different CO2 brands were analyzed (see
Table 1) for their impurities using an on-line SFE-GC
combination as described below. For comparison, liquid
CO2 of all brands was also passed through an active charcoal trap before entering the SFE-GC combination.

KEYWORDS:
SFE-CO2, purity, carbon filter

* Corresponding author

2 MATERIALS AND METHODS
Experiments have been performed using a combination of the Carlo Erba SFC 300 syringe pump, the SFE 30
extractor and the SFC/GC 3000 chromatograph. For the
identification of compounds extracted from the GC col-
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umn, the outlet was directly connected to a Finnigan 4500
quadrupole mass spectrometer.
Figure 1 shows the essential parts of the SFE-GC combination. Liquid CO2 was pumped by the SFC 300 pump
into the SFE oven (at 50 oC) where the CO2 has become
supercritical. For the analysis of CO2 impurities, supercritical CO2 was passed by means of a six-port (V1) and
an eight-port valve (V2), and transferred to a heated block
(300 oC) through a fused silica capillary (internal diameter
100 µm) which (near its end) was restricted to a diameter
of a few µm (R) where decompression of CO2 occurred.
Subsequently, the gaseous CO2 passed through a heated
transfer line (fused silica capillary with internal diameter
0.53 mm) to a cryo-trap where organic impurities were condensed at a temperature of -60 °C.
During this process the split valve was open. After
transfer of 2300 mg of CO2 to the cryo-trap, valve V2 was
switched (Figure 2). Helium (2 ml/min at 50 oC) was
passed through the transfer line and the cryotrap and, after
elution of the remaining CO2, the split valve was closed,

the trapped impurities were injected into the GC column by flash heating of the cryotrap to 320 °C, and the
GC temperature program was started: 10 °C/min from 50 to
320 °C. The eluted impurities were detected by a flame
ionization detector (FID).
Liquid CO2 could be passed through a charcoal filter
before entering the SFE pump. The filter consisted of a
stainless steel tube of 4 cm int. diameter and 50 cm length,
filled with activated charcoal (Chemviron Carbon, Via
Paracelso No 4, Agrate Brianza, Italy, DeguSorb F 12/470).
Experiments with all five CO2 brands have been performed
with and without the charcoal trap.
In order to eliminate impurities of previously analyzed CO2 samples from the analytical system, the analysis of all CO2 brands, with and without charcoal filter,
were repeated several times until a stable impurity level
was achieved. The figures and results, reported in the
“Results and Discussion” section, refer always to the last
of each series of analyses.

FIGURE 1 - Schematic view of essential parts of the SFE-GC combination during transfer of CO2 impurities to the cryotrap.

FIGURE 2 - Schematic view of the SFE-GC combination during GC analysis.
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3 RESULTS AND DISCUSSION
The chromatograms obtained by the procedure described above, have been evaluated using two different
integration procedures:
(a) Automatic integration by the HP3365 Chemstation using the same integration parameters for all experiments, so that the integration results are comparable, and
(b) manual integration by drawing a baseline and integrating the whole area above it. From this area, the area of a
blank run was subtracted, which was obtained using the
same temperature program.
Automatic integration provides an estimate of those
impurities which are emerging as peaks from the background, and which usually are more disturbing for the
analysis of SFE extracts.

Manual integration as described above is a more appropriate measure for the total amount of impurities in the
CO2 brands. It may be pertinent to the analysis of minor
sample constituents hidden in the unresolved background,
by means of specific detection methods like multiple or
single ion mass spectrometry.
Figure 3 shows the chromatograms obtained for the
five CO2 brands, without and with charcoal filter.
The results of the analyses of all five CO2 brands are
summarized in Table 1.
The dominant peaks and the hump in the chromatograms on Figure 2 are due to n-alkanes and branched
alkanes, respectively, as verified by mass spectrometry.
The counts in Table 1 have been transformed in the approximate weight of impurities per weight of CO2 [mg/g],
using the FID response factor of n-tetracosane. Results
are reported in Table 2.

FIGURE 3 - Chromatograms obtained without (left) and with charcoal filter (right).
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TABLE 1 - Results (in area counts) of the determination of impurities in five CO2brands, with and without use of activated charcoal filter.
Brand No

Type

Total FID response (counts) of detected impurities
Without charcoal filter

1

2

3

4

5

With charcoal filter

Technical grade
Automatic integration

187,400

1,600

Manual integration

700,000

60,000

SFE grade
Automatic integration

25,100

730

Manual integration

260,000

55,000

Analytical grade
Automatic integration

8,282,500

23,900

Manual integration

10,500,000

248,500

Analytical grade
Automatic integration

303,100

4,000

Manual integration

542,000

30,000

SFE grade
Automatic integration

65,900

3,700

Manual integration

254,000

29,000

TABLE 2 - Results (mg/g CO2) of the determination of impurities in five CO2brands, with and without use of activated charcoal filter.
Relative amount of impurities [mg/g]
by automatic integration
Without charcoal filter
With charcoal filter

Relative amount of impurities [mg/g]
by manual integration
Without charcoal filter
With charcoal filter

Technical grade (no. 1)

0.0553

0.0005

0.2043

0.0177

SFE grade(no. 2)

0.0074

0.0002

0.0696

0.0162

Analytical grade (no. 3)

2.4500

0.0071

3.1200

0.0732

Analytical grade (no. 4)

0.0895

0.0012

0.1700

0.0089

SFE grade (no. 5)

0.0194

0.0011

0.0753

0.0086

The results of the analytical grade CO2 brand No. 3
are excluded from the following discussion. Presumably
the cylinder in which it was contained had been accidentally contaminated.

ried out in the experimental laboratories of the Environment Institute of JRC, E.U. in Ispra, Italy.

The sum of the impurities in the remaining four CO2
brands varied by a factor of 12 in case of the automatic
integration, and by a factor of 2.8 in case of the manual
integration, including the unresolved part of the eluting
impurities.
Interestingly, the charcoal filter reduces the amount
of the impurities in all CO2 types substantially: after passing through the charcoal filter, the purity of all CO2
brands is better than that of the cleanest CO2 brand without filter. Also, the differences between the four brands
are reduced. For automatic integration, the ratio between
the highest and lowest impurity content is reduced to six,
and for manual integration to two.
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1 INTRODUCTION

ABSTRACT
Measurements of both mass (PM10, PM2.5, PM1) and
number concentration of particles (diameter between 0.30
and 20 µm), were employed at a coastal background area
of Athens during the summer period July-August 2008.
The daily concentrations of PM10, PM2.5 and PM1 did not
exceed 74.7µg/m3, 47.3µg/m3 and 32.0µg/m3, respectively
while the maximum value for the number concentration of
particles was recorded for those with diameter varying
between 0.30 and 0.40µm (236294 number concentration/l). The acquired data underline the determinant role
of transportation to the configuration of the particulate
pollution of an area, clearly suggesting the non local role
of the emissions. The dependence of the aerosols behavior on the prevailing meteorological conditions (temperature, relative humidity, wind, atmospheric circulation)
was also evaluated. The very few associations between
the particles (number and mass) and the meteorological
parameters fluctuations confirm the hypothesis of the complicity of the PM character. Taking into account the experimental data and the trajectory analysis results, the obtained
picture was characterized by high concentrations during the
domination of North flow (days with the combination of
high-low pressure systems and/or the strong north wind
regime), with intrusions of polluted air masses from both
regional and large scale distances. Being registered only
during the specific wind regime, the exceedances of both
E.U. and E.P.A. daily PM10 and PM2.5 limit values support
further the previous assumption.

KEYWORDS: PM10, PM2.5, PM1, number concentration, meteorological parameters, atmospheric circulation.

* Corresponding author

Accurate and reliable monitoring of Particulate Matter
(PM) is a legislative requirement of local authorities since
the aerosols are considered to be one of the most sensitive
indicators to diagnose the degree of air pollution [1-4]. The
debate over the scientific evidence for the key parameters
(size, composition, number concentration, optical/physical
properties) governing the particles behavior and most
importantly linking them to adverse health effects as well
as to effects on visibility and climate has been intensified
[5, 6]. However, the exact mechanisms involved are not
known yet [7].
Aerosols have both anthropogenic (traffic, power
plants, central heating, constructions activities) and natural
(fungi, bacteria, pollen, algae, sea salt, soil dust and natural
combustion process as wildfires and volcano eruptions)
origin [8]. Despite the series of control measures which
have been implementing, particulate pollution still maintained a high level, especially in urban areas. Natural
sources are very difficult to be controlled while the air
quality depends not only on emission quality and quantity
but also on the large-scale and local weather patterns. The
complicity of these interactions increases in urban areas
due to modified aerodynamic roughness and the urban heat
island effect, as well as the variety of the sources [9].
Epidemiology suggests that particularly the particles
with the smaller diameter which are able to reach deeper
lung regions, have considerable impact on health even at
concentrations below the present ambient air quality standards [7, 10]. However, as in most of the urban areas [11],
PM10 is the only fraction which is routinely measured
throughout the Greater Athens Area (G.A.A). Many experimental studies give information for PM10 and/ or PM2.5
characteristics, for different sites within the basin [12-24].
However, PM1 as well as number concentration data are
extremely rare [20, 25, 26].
The campaign described in this work was addressed
to different tasks: to determine the PM10, PM2.5 and PM1
mass concentrations, to record the number particles size
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distribution (0.30-20µm) as well as to explore the role of
the local meteorology and synoptic scale atmospheric circulation on the obtained pattern of the PM pollution, in
Aegina Island, just opposite the polluted Athens Basin.
Trajectory analysis was also used in order to investigate the
large scale transportation effect while the similarities of the
behavior between mass and number concentration of particles during the different prevailing meteorological conditions are also discussed. It is of great importance to mention that previously reported information for the air quality of
the Aegina are very few, dealing only with the behavior of
ozone [27-29].
2 MATERIALS AND METHODS
2.1 Study area

The study has been carried out in the southwest direction of the Athens area, the Aegina Island. To be more
specific, the fieldwork took place at Tourlos, 16 nautical
miles away and just opposite of Piraeus, the main port of
Athens (Fig. 1). Being located in the countryside, the
sampling station could be characterized as coastal background. The air quality of the Aegina, due to the absence
of stationary sources, the light traffic in the center of the
island and the emissions from the ships at the harbor, can
be easily ascribed to the regional and large scale transportation. Twenty seven daily parallel PM measurements (mass,
number) were deployed covering the period 20/720/8/2008.

sampling. The effects of heating and cooling sources such
as solar radiation and electrical apparatus were minimized.
Daily sampling period lasted 24 h covering both the weekdays and the weekends of the experimental campaign,
under a variety of weather conditions. The filters were conditioned, in a weighing room with controlled temperature
and relative humidity (T = 20 ± 10C and RH = 50 ± 5%)
as well as the particle mass concentration determination
was conducted gravimetrically using an electronic microbalance with a resolution of 1 µg (MX-5 Mettler Toledo).
It is known that substantial fractions of PM mass may
be composed of semi-volatile components, such as ammonium nitrate, which can volatilize at any time between
entry to the sample inlet and weighing of the sampled filter.
Key factors in the rate of volatilization are the temperatures
of the sampling system and the filter, relative humidity,
filter material, and the flow rate. Hence, some loss of semivolatile material is expected when the Standard is followed
and the loss will vary with time and location. This volatilization loss is limited within the standard measurement
method by the constraints on the sampling system components and on sample storage, transport and conditioning. The Environmental Research Laboratory (EREL) is
accredited by the Hellenic Accreditation System S.A
(ESYD) according to the ELOT EN ISO/IEC 17025:2005
Standard for carrying out: Determination of the PM10 fraction of suspended particulate matter according to ISO
12341:1998. Accordingly, EREL strictly follows QA/QC
described on the above ISO. More specifically, the quality
assurance/quality control (QA/QC) procedures are separated into those activities typically carried out with each
measurement (filter handling and conditioning, weighing
room conditions, proper functioning of the weighing instrument, and the use of blank filters) and those carried out
less frequently (flow calibration, calibration of the weighing
instrument, and maintenance (inlet cleaning) and leak testing of the sampling system). Therefore, the average effect
of volatilization losses on the measurement of PM is considered to be zero by convention, when the constraints set
out in the European Standard are followed.
The automatic portable aerosol spectrometer (GRIMM
1.108), based on the principle of light scattering was used
for the particle number measurements (size distribution:
0.30-20µm of dust particles in number of particles/l). The
record was every minute.
2.3 Data processing and analysis

FIGURE 1 - Map of the sampling area
2.2 Αerosol Sampling

Three identical low-volume (Derenda (LVS3.1/
PNS3.1-15)) controlled flow rate (2.3 m3/h) samplers were
used simultaneously collecting PM10, PM2.5 and PM1 on
Tissue Quartz filters with diameter 47 mm. The samples
were protected in plastic filter holders before and after

Besides the statistical analysis used in order to study
the temporal variation of particles (both mass and number
concentration), three different approaches were followed
in order to explain the role of meteorology (wind, temperature, humidity, atmospheric circulation, long range
transportation) to the configuration of the obtained picture
of the PM pollution.
With the first approach, regression analysis was used
in order to investigate the possible links between the particles and the meteorological parameters. To this effort,
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the hourly data of wind speed and direction (WS, WD),
temperature (T) and relative humidity (RH) were provided by the station of the Hellenic National Meteorological Service, next to the sampling point.
Secondly, in order to study the connection of the surface synoptic scale atmospheric circulation to the obtained
aerosol patterns, the environment-to-circulation approach
was followed [30], by identifying circulation schemes specifically assessed on the specific experimental days at both
sites. For this purpose, surface synoptic maps at 0000 and
1200 UTC were employed during the sampling period, as
derived from the European Meteorological Bulletin Archive. The experimental days were differentiated according to the prevailed pressure systems on the surface charts
and the classification resulted in the verification of Anticyclonic (High Pressure System), Cyclonic (Low Pressure
System) and HL (Combination of High and Low Pressure
System) days. Then, the mesoscale wind regime was investigated with the aid of hourly wind data of the area. Following the classification of Helmis [31], it was found that five
different wind patterns prevailed: Type A: Pure sea breeze
circulation (Saronikos and Evoikos gulf), Type B: Strong
interaction of the sea breeze with northerly synoptic wind,
Type C: strong northerly component synoptic wind, Type
D: strong southerly component synoptic wind, Type F:
strong westerly component synoptic wind.
Finally, in an attempt to establish source - receptor relationships of the air pollutants, the backward trajectory
modeling procedure was employed in clusters that could
strongly be associated with long range transported air pollution. In this study, the Hybrid-Single Particle Langrangian Integrated Trajectory (HYSPLIT, v4.8) model [32, 33]
was applied. The HYSPLIT model is the newest version of
a complete system for computing simple air parcel trajectories to complex dispersion and deposition simulations.
The required meteorological data (vertical distribution of
wind speed and direction, temperature, mixing layer
height, humidity, precipitation, etc) were extracted from
the National Centres for Environmental Prediction (NCEP

/ USA) Global Forecasting available on a 6-hour temporal
resolution from a planetary model of 1 degree horizontal
resolution. For the purpose of this study, 2 day backward
trajectories computed in 6-hours time steps, covering the
period from 20/7/2008 to 20/8/2008, were estimated from
the place of measurements (receptor at 23.554W 37.746N)
at 15 m height above sea level.
3 RESULTS AND DISCUSSION
3.1 Particulate matter

PM10 and PM2.5 exceedances of both the European
Union and Environmental Protection Agency daily limit
values (150 and 25 µg/m3 as well as 50 and 35 µg/m3, respectively), were obtained only in a few cases, due to the
absence of stationary sources in the island (E.U.: 0.00%,
13.3% and U.S.E.P.A.: 16.7% and 4.50 % of the sampling
period, respectively). However, it is worthy to note that the
average recorded concentrations of both fractions (Table 1)
appeared to be in some cases higher than those reported
from previous studies at different sites within the Athens
basin. The PM10 mean value was higher than those indicated by Grivas [15] and Pateraki [21] for the suburban
background Zografou, Thrakomakedones and Aghia
Paraskevi stations (34.5 µg/m3, 32.8 µg/m3 and 34.1 µg/m3,
respectively) while the average PM2.5 concentration recorded by Vasilakos [23] at Aghia Paraskevi (21.1 µg/m3)
was lower than the one registered in the specific study.
The same assumption can be made for the PM1 level which
exceeded the one reported by Pateraki [19] at different sites
within the basin (13.9-16.8 µg/m3). Being combined with
the fact that smaller particles seemed to constitute, in
most of the cases, the greater part of the mass of the bigger ones (PM2.5/PM10, PM1/PM2.5≥0.50: 75.0% and 85.7%,
respectively), the aerosol pollution becomes a major environmental issue for the ‘clean’ background area. The secondary particles formation (PM2.5/PM10≥0.50) has already
been proven within the basin [12, 13, 20, 21].

TABLE 1 - Statistical summary of the Number Concentration of particles, PM fractions and PM ratios

Particles diameter
Max
Min
Average
Stdev
Particles diameter
Max
Min
Average
Stdev

0.35
236294
15035
79653
50492
2.5
477
72.9
214
88.4

0.45
39782
4679
13351
8042
3.5
180.03
9.07
49.7
30.6

Max
Min
Average
Stdev

ΡΜ10
74.7
19.0
35.5
15.4

ΡΜ2.5
47.3
13.5
21.7
7.69

Number Concentration of particles
0.575
0.725
0.9
6887
2068
1368
1225
324
197
3016
881
520
1194
503
353
4.5
6.25
8.75
86.0
41.6
5.74
2.67
0.77
0.04
20.1
10.5
1.12
15.0
7.70
1.10
PM concentrations and ratios
ΡΜ1
PM2.5/PM10
PM1/PM2.5
32.0
1.00
0.99
5.70
0.34
0.39
17.8
0.62
0.83
6.60
0.21
0.19
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1.3
1004
137
365
244
12.5
0.83
0.00
0.17
0.17

1.8
725
105
265
153
17.5
0.07
0.00
0.02
0.02
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To further assess the PM profile, the fluctuations of
the mass and number concentration between weekdays
and weekends were also examined. The weekly cycles
proved to be clearly governed by the emissions [13]
which, in the investigated area, were enhanced during
weekends. Being very close to the Athens basin, the island is a ‘clever’ destination for vacations, especially for
summer weekends. The already mentioned absence of
stationary sources in the island in combination with the
increased number of visitors on Sundays and the ship
emissions in the harbor might be the explanation for the
PM peaks (mass and concentration number) during the
weekends (Fig.2). Fine particles have longer residence
time in the atmosphere and are more resistant to removal
due to physical processes [13]. This might be the case for
the more significant PM10 fluctuations between the days
of the week as well as the decreasing relative difference of
the aerosols concentration between weekends and weekdays with decreasing particles diameter. ΡΜ10 as well as the
particles number between 5 and 15 µm presented the most
significant increases (10.4% (PM10), 33.5% (5-7.5 µm),
47.3% (7.5-10 µm), 31.9% (10-15 µm)).

As far as the number concentration is concerned, the
maximum values were registered for the particles with
diameter varying between 0.30 and 0.40µm (Table 1). It is
worth commenting on the number concentration decrease
with the decreasing diameter as well as the absence of
particles with diameter bigger than 12.5 µm. Analyzing
the hourly picture, the peaks for particles between 0.65
and 5.00 µm and between 10.0 and 20.0 µm were recorded
at 20:00 p.m. and 10:00 a.m., respectively. The highest values for particles with diameter between 0.30 and 0.50 µm
was registered at 0:00 p.m. while for those between 0.50
and 0.65 µm as well as between 5.00 and 7.50 µm at
13:00 p.m. The combination of the changing emission
differentiations with the prevailing meteorological conditions might be the explanation.
All the concentrations (both mass and number concentrations) were highly variable on a daily time scale, a
fact that has previously been reported by Kocak [34] for
the Mediterranean area. As it was expected, due to their
lower lifetime in the atmosphere, the bigger particles presented the more significant daily range (0.12-31.5 µg/m3,
0.28-21.8 µg/m3 and 0.14-13.3 µg/m3 for PM10, PM2.5 and
PM1, respectively). The same behavior was obtained for
the number concentration of particles, with the maximum
day to day difference being recorded for particles with
diameter smaller than 0.40 µm (80775/l).

Concentration (µg/m^3)

ΡΜ10

ΡΜ2.5

Regression analysis was used in order to explore the
relationships between the possible PM pairs. All the three
PM fractions were correlated between each other (R=0.590.80) indicating their common origin. Investigating further

ΡΜ1

PM2.5/PM10

PM1/PM2.5

40.0

1.00

35.0
30.0

0.80

25.0
20.0
15.0
10.0

0.60
0.40
0.20

5.0
0.0

0.00
Weekdays

Weekends

Time
a

14.0
LN (Number concentration/l)

PMx/PMy
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12.0
10.0

Weekdays
Weekends

8.0
6.0
4.0
2.0
0.0
0.35 0.45 0.575 0.725 0.9

1.3 1.8 2.50 3.5
Particles Diameter (µm)

4.5

6.25 8.75 12.5 17.5

b
FIGURE 2 - Average variation of a) PM10, PM2.5, PM1 mass concentration and PM ratios and b) number concentration of aerosols with
diameter between 0.3 and 20µm between weekdays and weekends
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the associations between the number concentration of particles and the PM mass, significant Pearson coefficients were
recorded with particles between 0.30 and 0.65 µm. In all
the other cases, the correlations varied between significant
and insignificant values indicating the complicity and
differentiation of the aerosols character. It is worthy to
note the existence of relationships in 98.9% (r: 0.54-1.00)
and 33.0% of the cases (r: 0.51-1.00) between the possible
pairs during the weekends and the weekdays, respectively.
3.3 Particulate Matter and Meteorology
3.3.1 Temperature, Relative Humidity and Wind Speed

3.3.2 Atmospheric Circulation

The maximum PM10 values were recorded in 21/7
while the PM2.5 and PM1 peaks were registered in 6/8. Both
days could be characterized as hot (340C and 350C, respectively) but with different windy conditions. PM10 mass
was favored by stagnant conditions (ws= 0.03 m/sec) while
the transportation effects and the ‘interaction’ with the
neighboring and polluted Athens basin led to increased
concentrations of fine particles (ws=3.71 m/sec).
The combination of emissions and meteorological
conditions is crucial when studying the particulate matter
pollution [15, 19, 35]. Trying to examine further the factors
influencing the aerosols’ behavior, the relationships between the three PM fractions and meteorological parameters, i.e. wind speed, relative humidity and temperature
were analyzed in terms of linear regression. The important role of the emissions in the configuration of the particulate pollution picture was once again clearly highlighted.
Strong Pearson coefficients between the meteorological parameters and the aerosols were recorded, only in the
case of the temperature (r: 0.69-0.77). The same behavior
was also registered for the number concentration of particles between 0.30 and 0.50 µm as well as between 5.00
and 7.50 µm (r: 0.51-0.74). The result was expected, especially for the aerosols mass [20]. As it is well-known,
PM2.5 and PM1 are clearly favored by the intense photochemical chemistry and the temperature increase due to
their secondary nature [24]. Moreover, PM2.5 constitutes a
significant part of the PM10 mass and this might be the
case for the PM10 behavior. The intense photochemical
reactions/activity favors the formation of secondary sulphate and deters the condensation of nitrates which are
the main components of the secondary particles. Sulphate
is produced by oxidation of sulphur dioxide to sulphuric
acid which occurs via both homogeneous and heterogeneous reactions. During summer time the homogeneous
reactions (photochemistry) can explain the majority of
2−

mation that favors the PM2.5 concentration. However, a
negative correlation between the specific parameter with
PM10 and PM2.5 has been indicated by Khan [40] and
Mugica [41]. It is worthy to note the absence of any association between the aerosols and the wind speed. Pearson
coefficient values for the meteorological parameters and
PM10, PM2.5, PM2.5-10 varying between significant and
insignificant values, without a specific trend, have also
been reported previously by Pateraki [21] clearly suggesting the significance of the emissions patterns.

sulphate in the area [36]. SO 4 are among the main ionic
components of secondary aerosols [37] and had already
been detected at a coastal and an inland station of the
Athens basin [21]. In connection with the relative humidity, only in the case of PM2.5 the Pearson coefficient was
strong (r: 0.69). The result complies well with the results
reported by Tsai [38] and Zhao [39] who suggest that high
humidity rates may enhance the photochemical transfor-

In connection with the frequency of appearance for
the different atmospheric circulation patterns, HL days
were prevalent being combined with the Northerly synoptic wind regime (Type C, Fig.3). It should be mentioned
that the domination of the North flow which is called
Etesians, is a usual characteristic of the summer period,
especially in July and August [42].
The day-by-day categorization shows that the most favorable cases for the increase of the aerosols levels at the
Aegina, are the HL and/or Type C days (Fig.4). The maximum PM10, PM2.5 and PM1 mean values as well as the
peaks for the number concentration of particles between
0.30 and 0.40 µm and between 2.00 and 15.0 µm which
were measured during the previously described circulation
patterns verifies the previous assumption (Fig.4). The configured picture can be easily attributed to the prevailing
wind conditions. Due to the absence of stationary sources
in the island and the increased human activities in the urban
center, the transportation from the polluted Athens basin
along with the sources in regional and large scale distances
proved to be determinant. Winds blowing from the north
sector, with intensity more than 4.80 m/sec cause the
transportation of the air pollutants from the north sector to
the southern one i.e. from the ‘polluted’ urban center to
the ‘clean’ coastal area. It should be noted that the Type C
category (Etesians), has already been connected with the
particles dilution (decrease of the concentration values)
from the Athens basin [20]. The only exception was the
number concentration of particles between 0.40 and 3.00
µm with their maximum values mainly being recorded
during the Anticyclone prevalence and/or sea breeze development (Fig.4). The less their diameter, the less susceptible were the aerosols to the atmospheric circulation
changes. The longer lifetime in the atmosphere of the
smaller diameter particles might be the explanation [43].
PM10 and PM2.5 mass appeared to be mostly contributed by PM2.5 and PM1, respectively, without any susceptibility to the prevailing synoptic-mesoscale wind regimes.
The maximum PM2.5/PM10 ratio value was registered
during Cyclonic and/or Type F days while the Anticyclonic and/or Type A days favored the PM1 formation
resulting to maximum PM1/PM2.5 values (Fig.4).
Studying the hourly variation of the number concentration of particles, very few common trends came obvi-
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ous, highlighting once again the key role of the emissions.
During the Cyclonic, HL and Type F days, the peaks for
particles between 0.35 and 0.575 µm as well as between
4.5 and 12.5µm were registered at 0:00 and from 20:00
to 23:00 p.m., respectively. During the Anticyclonic, HL
and Type F days, the highest values for the number of
particles between 3.50 and 12.0 µm was registered from
11:00 a.m. to 13:00 p.m.
The differentiation of the emissions and as a result
the diversity of the aerosols character could be the
explanation for the variation of the Pearson coefficients

between significant and insignificant values. Except for
the Cyclonic and west flow circulation types, significant
associations were recorded between the possible matching pairs. In connection with the number concentration of
particles, more associations were obtained during the Anticyclone and sea breeze days (in 84.1% of the cases for both
patterns). Even with the absence of a specific trend, significant Pearson coefficients were recorded between the
PM mass and the number concentration of the particles.
More often were the relationships during the Type C days
(in 84.1% of the cases).

Type A
H-L
Anticyclone

17.2%

Type C

Type D

10.3%

6.90%

Cyclone

Type B

10.3%

Type F
3.45%

10.3%

72.4%

79.3%

FIGURE 3 - Frequency of appearance (%) of the different prevailing a) pressure systems and b) synoptic circulation wind patterns
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1.3
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4.5

6.25 8.75 12.5 17.5

Particles Diameter (µm)
FIGURE 4 - Average variation of a) PM10, PM2.5, PM1 mass concentration and PM ratios and b) number concentration of aerosols with
diameter between 0.3 and 20µm during the different prevailing meteorological conditions
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Regression analysis was also used in order to investigate the dependence of the aerosols behavior on the meteorological parameters fluctuations during the different
prevailing circulation patterns. PM1 was always correlated
positively with temperature with the Pearson coefficients
varying between 0.69 and 0.87. The combination of highlow pressure system, Anticyclone, sea breeze and north
flow favored the correlation between PM2.5 and the specific parameter (r: 0.68-0.70) while for the number concentration of the particles the coefficient was more often
strong during the North flow, Anticyclonic and Cyclonic
days (r: 0.53-0.98). As far as the relative humidity is concerned, its relationship with PM2.5 seemed to be independent of the prevailing synoptic circulation type. During the
Cyclonic and type F days the Pearson coefficient between
the number concentration of particles and the specific parameter was negative (r: from -0.64 to -0.94). The wind
velocity which did not exceed 1.41 m/sec (absence of
transportation from the polluted neighboring areas) being
combined with the strong negative Pearson coefficient of
PM2.5 and PM1 with the wind speed (r: -0.99 and -0.98,
respectively [12, 44] explain the minimum concentrations
of both fractions during the Anticyclonic days. On the
contrary, the wind intensity (3.65 m/sec) during the Cyclone prevalence in combination with the strong positive
Pearson coefficient (r: 0.99) with PM2.5, suggest increase of
the concentration levels increasing the wind velocity and
highlights the role of transportation to the configuration of
the PM2.5 pollution. As far as the number concentration of
particles is concerned, the Pearson coefficient with the
velocity was negative during the Anticyclone and sea
breeze development (r: from -0.80 to -0.99) and positive
during the Cyclonic and west flow days (0.52-0.85).
3.3.3 Air mass backward trajectories

The modeling calculations revealed two main paths of
back trajectories that prevailed during the period of study
(Fig. 5). Consecutively, clustering calculations showed a
distinctive Northeasterly and Northwesterly flow. Fewer
trajectories were identified to originate from the West.

FIGURE 5 - HYSPLIT calculated back trajectories from the field
site (Tourlos, Aegina island) for the period 20/7 – 20/8/2008 and
clusters of the trajectories (in bold).

FIGURE 6 - Calculated back trajectories for the dates of maximum
observed PM concentrations i.e. 21/7/2008 and 6/8/2008.

Further investigation of the occurrence of maximum
PM concentrations observed on July 21 and August 6,
2008, yielded the origin of polluted air masses from the
Northeast direction in agreement with the measured wind
direction locally at the field site (Fig. 6).
4 CONCLUSIONS
A twenty seven days campaign of both PM mass and
number concentration of particles took place in the Aegina Island, just opposite the greater area of Pireaus, the
main port of Athens. The field measurements verified the
complicity of the aerosols character with the observed
pollution patterns clearly denoting the large differences in
the formation and pathways of particles with different size
ranges.
Despite the very few exceedances cases of the daily
limit values of PM10 and PM2.5 (E.U., E.P.A.) which can
be easily attributed to the absence of stationary sources in
the island, the average concentration levels of both fractions proved to be, in some cases, higher than those reported from other experimental studies at different sites
within the basin. The result highlights the key role of the
regional and large scale transportation clearly supporting
the assumption that the emissions are not strictly a local
problem. To be more specific, investigation of the occurrence of maximum PM concentrations by backward trajectory analysis, yielded the origin of polluted air masses from
the northeast direction in agreement with the measured
wind direction locally at the field site. The specific pattern
occurred during the prevalence of the HL pressure system
and the strong North wind regime. Furthermore, the secondary particles formation was verified in the area since
PM2.5 and PM1 appeared to constitute the most significant
part of the PM10 and PM2.5, mass, respectively.
Due to their longer lifetime in the atmosphere, the
less their diameter, the less susceptible were the aerosols
to the prevailing meteorological changes. Investigating the
common fluctuations between the particles (mass, number)
and the meteorological parameters, the Pearson coeffi-
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cients varied between significant and insignificant values
suggesting the complicity of the aerosols character. The
smaller the particles the more crucial is the role of the atmospheric chemistry. This might be the case for the always
significant coefficient values between the temperature and
PM1. PM2.5 appeared to be always positively associated
with relative humidity, suggesting that high humidity rates
may enhance the photochemical transformation that favors
the concentration of the specific fraction. In the case of the
wind speed, the associations with the mass and/or the number concentration of particles varied between significant
and significant values without presenting any specific
trend. The well dispersed and various PM sources not only
within the basin but also to larger scale distances might be
the explanation since wind is clearly connected with the
transportation of air masses from and/or towards the sampling point.
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ABSTRACT
Growing scientific evidence resulting from both in
vivo and in vitro analyses suggests that current models of
uranium dust toxicity on humans are not fully satisfactory.
They should be refined in order to obtain more effective
responses and predictions regarding health effects. A
review of recent findings in the field of uranium toxicity
is carried out, and a model based on the Toxicity Equivalent Factor approach is outlined. The model takes into
account both radiological and chemical toxicity of Uranium, and it will be adopted for a revision of risk assessment due to Depleted Uranium dust.
KEYWORDS:
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mainly due to the emission of alpha particles, with a weak
contribution of beta and gamma radiation. Ingestion and
inhalation are the most important pathways for DU exposure. External radiation exposure may be a concern only
when the source term is very large, such as for military
personnel in tanks with DU shields.
Scientific evidence resulting both from in vitro and in
vivo analyses shows that current models of the mechanisms of toxicity of uranium dust are not fully satisfactory. They should be refined in order to obtain more effective responses and predictions regarding health effects.
Emerging data on the different hazards of enriched uranium and depleted uranium indicate that the radiological
toxicity cannot be neglected: a synergy between chemical
and radiological toxicity must be taken into account in a
new model.
2 RECENT FINDINGS ON
DEPLETED URANIUM TOXICITY

1 INTRODUCTION
Depleted uranium (DU) is mostly composed of U238, a naturally radioactive isotope. Being a by-product of
the enrichment process, it has a lower content of U-235
than natural uranium. Important characteristics of DU are:
high chemical toxicity, low specific radioactivity (with
emission of alpha particles), high density, low cost, wide
availability. Even if radioactivity of DU is weak compared to several other sources, its biological effects cannot be neglected if its concentration is sufficiently high.
The largest exposure to depleted uranium occurs during and after warfare operations since, unlike in industrial
processes, toxic particulate cannot be confined. Bullets
containing depleted uranium, hitting their target, form
uranium oxide dust between 0.5 and 5 microns in size,
which can be transported at a long distance by atmospheric
processes. The size range spans from larger fragments
which could be seen with bare eyes to small and volatile
dust which can be easily inhaled.
Concerning chemical toxicity, uranium, being a heavy
metal, is known to have toxic effects on specific organs in
the body, the kidneys in particular. Its effects are similar
to those of other heavy metals, such as lead and cadmium
DU is a radioactive material too, and its radiotoxicity is.
* Corresponding author

The biological effects of gamma radiation resulting
from the direct or indirect interaction between secondary
electrons and the DNA of living cells have been subject of
recent attention in literature. The probability of absorption
of X-rays and gamma rays with energies below 200 keV
emitted by particles of high atomic number is proportional
to the third to the fourth power of the atomic number itself.
In this case, the most highly ionizing low-energy recoil electrons cause increase in dose in the vicinity of the particles.
The “dose enhancing effect” has been suggested as a
mechanism by which low levels of radiation can cause
adverse health effects. As a mechanism for increasing the
radiation dose in the vicinity of DU in the body, it was
suggested that the radiation dose to tissues surrounding
the DU particles resulting from the radioactivity of uranium is inherently complemented by an increase in the
radiation dose received by the natural gamma background
radiation3. It was argued that when exposed to natural
gamma background radiation, particles of depleted uranium in the human body can produce an improvement in
3

Original claim for the dose enhancing effect can be found in the paper by Chris Busby:
C. Busby, Eur. J. Biol. Bioelectromagnet. 1, 82–93, 2005. A lot of skepticism can be
however found in literature about the reliability of this published reference, since the
journal stopped its publications after a few numbers and the peer-review process was
supposedly unfair. The author has no sufficient means to assess those claims, and
therefore report both the reference and the warning here in note.
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dose by a factor of 500-1000, contributing to a significant
dose of radiation, and more dose of radioactivity inherent in
depleted uranium. Recent studies [1] found that - despite
the improvement of the dose is large, about 1:10 - it is
considerably smaller than suggested above. The latter findings can be taken as a reference for an initial assessment.
The low radioactive depleted uranium particles can
cause damage to cells adjacent to those directly irradiated,
a phenomenon called "bystander effect" [2]. The effect
is typical of alpha-emitters such as uranium-238. The bystander effect is predominant in the case of tissues treated
with low doses, where only a few cells interact with alpha
particles. At higher doses, in fact, the greatest number of
cells in direct interaction with alpha particles, the number of
dead cells and the magnitude of other effects on neighboring
cells, put the bystander effect in the background.
For this reason, our case seems an ideal candidate to
highlight the importance of the bystander effect, taking
also into account that concentrated sources of alpha radiation (such as uranium particles) can induce different effects compared to a uniform irradiation the same level.
In the case of uranium, in the vicinity of individual
particles or aggregates, it is possible that the highest concentration of uranium in soluble form, can cause a synergistic effect with irradiation of the tissues located around
the irradiation point. Uranium particles, moreover, can accumulate or aggregate in interstitial tissues of the lungs,
lymph nodes and in reticuloendothelial tissues. This type of
behavior and exposure has not been studied in any previous situation of exposure to alpha emitters in the lungs, in
the civil applications environment. The exposure is very
different from that derived from the ICRP model. The fact
that low-dose irradiation can also affect the cells were not
directly affected by the radiation had already been reported in the 50's. It has recently been shown that cells are
not directly affected by radiation, but close to the irradiated cells could produce mutations, micronucleus formation, chromosomal structural damage [3]. Those are not
isolated and random events, but complex effects on tissue
reactions [4]. Among the molecular mediators involved in
the process, the oxygen radicals [5] (directly produced by
radiation in radiolysis of water), and the radical citochine
[6] were found. The new situation indicates clastogenic
molecules as the mediators of inflammation-oxidative
stress implicated in the bystander effect.
The bystander effect is in contradiction with the basis
of the classical model: the direct action of radiation on DNA,
the early genetic damage, the linear dose-effect relationship.
It is a further reason suggesting a revision of the actual
model.
Despite its low level of specific radioactiviy, evidence
continues to accumulate radioactive than depleted uranium,
if ingested, may present a radiation risk. [7] The influence
of the isotopic composition of uranium particles in their
genotoxic profile (clastogenic / aneugenic) has never been
described. Recent studies [8, 9] evaluated the profile of
genotoxicity of uranium with the centromere test binucle-

ate micronuclues: the study showed that the profile of genotoxicity of uranium depends on its isotopic composition,
being higher for Enriched Uranium than for Depleted Uranium. A number of studies [8, 9] have shown that in vitro
exposure to depleted uranium in immortalized human osteoblast cells (HOS) is causing genotoxic and neoplastic
transformation. Recent animal studies have also shown
that DU is genotoxic and causing leukemia.
There is limited research information on the potential
carcinogenicity of DU in human bronchial cells. Accordingly, a series of studies [10-12] determined the neoplastic transforming ability of particulate DU to human bronchial epithelial cells (BEP2D). These data indicate that
human bronchial cells are transformed by DU and exhibit
significant chromosome instability consistent with a neoplastic phenotype.
All the above quoted studies put into evidence that in a DU particles toxicity model - radiotoxicity cannot be
neglected.
3 MODELING THE HEALTH RISK ASSOCIATED
WITH THE CHEMICAL AND RADIOLOGICAL
EFFECTS OF DEPLETED URANIUM
Alpha particle radiation is known to be a potent cause
of unusual effects, as seen above, particularly in the form
of genomic instability and, since heavy metals can also
cause instability, there is a strong case that the mixed
radio-chemical exposure may be acting in this context.
The implication of the combined chemical and radiological transforming capability of uranium, the doseenhancing effect and the bystander effect, means that,
in estimating its significance in causing cancer, simple
assumptions, based on committed effective dose, ie
(committed absorbed dose to the lung, modified by a
radiation weighting factor for the fact that the radiation
arises from alpha particles) would probably underestimate
risks.
When several toxic compounds share a mechanism of
action, their toxic effects are similar, and, to understand
and measure their toxicity, it is common practice to employ a value that shows the relative weight of each compound compared to the toxicity of a reference compound
in that group [13]. The weight of each compound compared with the total in terms of effect, which is usually the
LD50, is called toxic equivalency factor (TEF). The TEF
values are usually applied with regard to control or surveillance systems, where the presence of groups of toxins
in food needs to be defined by means of one single parameter that gives a reliable measure of the total toxicity
present in a sample. As many of the biological effects
elicited by these compounds are receptor mediated, such
differences can be attributed to different receptor binding
affinities. Therefore, an evaluation of the environmental
risk from such complex mixtures requires detailed information on each substance. The combination of different
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toxicities (chemical, radiological) of the same material to
compute a Toxicity Equivalent Factor (TEF) has never
been attempted for several reasons, such as the difficulty
to combine different actions and different mechanisms.
We will restrict our approach to long-term effects of
Depleted Uranium, and in particular the carcinogenetic
effects.
Plackett and Hewlett [14] introduced a generalized
model of correlated independent action. For a combination of two agents with concentrations c1, c2 the response
surface P1,2 was modeled by the bivariate normal distribution f. The correlation coefficient U was used to differentiate 3 subtypes of independent action:
(1)
Where:
independent action (2)
independent action

(3)

effect summation

(4)

The same model could be used for DU combined toxicity evaluation, given that a new Eq. (2) is introduced:
enhancement, synergy (2’)
That is the case, in fact, that better applies to our
problem, where enhancement effects are part of the experimental evidence.
If we now determine:
P1 = long-term teratogenic effect due to chemical
toxicity
P2 = long-term teratogenic effect due to radioactive
toxicity
We should be able to give a first estimate of the enhancement effects.
Concerning P1, reference can be made to [15] and other similar assessments, however a relatively scarse database
is available on teratogenic (long-term) effects. Concerning
the chemical toxicity of hexavalent uranium, it might have,
as uranyl ion, a genotoxicity similar to hexavalent chromium [16] (a known human carcinogen), given the presence of some parallels between their chemistry: there are
two possible molecular mechanisms that could result in a
uranium chemically induced strand breaks: indirectly by
free radical generation (Fenton type chemistry) or through
direct interactions. For P2, the National Research Council
Committee on the Biological Effects of Ionizing Radiation
BEIR IV report calculated that the ingestion of additional 1
pCi/day (0.0015 mg/day) of soluble natural uranium would
lead to a fractional increase in the incidence rate of osteogenic sarcoma (bone cancer) of 0.0019. The above listed
references concerning radioatoxicity show that the enhancement factor between 1 and 10 can be further enlarged by the bystander effect. We should therefore choose

a factor close to 10 for a new estimate of the long-term
radiotoxicity effects of DU. According to the publication
69 of ICRP [17], the most significant risk cause associated with the intake of uranium compounds is chemical
toxicity rather than radiation dose. The main sources of
uranium risk for the human body may be divided into the
following categories: ingestion, inhalation, external radiation exposure, contact with skin, contact with open
wounds - e.g. bullet penetration. Publications 69 and 71 of
ICRP [17, 18] contain accurate biokinetic compartment
models related with uranium ingestion and inhalation, as
well as rates of uptake, distribution, retention and excretion. Body fluids are the major distribution mechanism to
all compartments, while urine and faeces are the main
excetion mechanisms.
The aforesaid radiological model is used by ICRP to
calculate the dose coefficients for ingestion and inhalation
[19]. The goal is to obtain a value for the human detriment
connected with the radiation exposure. Detriment [20] is
“The total harm to health experienced by an exposed group
and its descendants as a result of the group’s exposure to
a radiation source”. Detriment is evaluated taking into
account the probability of fatal cancer caused by radiation,
and the weighted probabilities of other effects: non-fatal
cancers, heritable effects, years of lost expected life. We
should recall that the weighting is a measure of the negative effects of a specific disease to life quality. Let us define the new concept of Modified Detriment, which uses
the same philosophy of radiation detriment, extending it to
harm to human health due to both chemical and radiological effects. In this case, not only cancer has to be considered, but also other effects of uranium toxicity, such as
behavior alterations and other non-cancer diseases, with
proper weighting factors. A new model is being developed which uses a compartment biokinetic scheme similar
to ICRP 69 and 71. In this model, the uranium retention in
each organ produces two separate effects: radiological
damage and chemical damage. Comparing those two sources
of damage in one same model requires particular caution.
Radiological risk is usually treated using a linear-nonthreshold model, while chemical toxicity is usually modeled with non-linear probabilistic curves which produce no
negative effects at low doses. Therefore, some errors may
arise due to low-dose over-conservativism in the radiological model compared to the chemical one. Another major
issue is how to combine the cancerous effects induced by
chemical toxicity with the ones induced by radiation. Recent data are available to separate the effect of radiation
from the chemical effect, either comparing enriched and
depleted uranium [8] or comparing uranium with other
heavy metals [21].
The tool which is being developed for the calculation
of the Modified Detriment will be built as a computer
code which will request an input card with the intake
modes and time-dependent rates, and will provide an
estimate of the Modified Detriment, which is a measure of
the risk associated with an exposure.
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4 CONCLUSIONS
The most recent findings about the toxicity of Uranium and Depleted Uranium point out that a revision of the
current models, as defined for instance by ICRP, is recommendable. In particular, radiotoxicity potential of Depleted
Uranium dust originated by military use of this material for
ammunition must be re-evaluated taking into account the
bystander effect, the dose enhancing effect and other minor
phenomena.
Uranium dust has both chemical and radiological toxicity: the sinergistic aspect of the two effects has to be
accounted for, in order to arrive to a complete description
of the phenomenon. The combination of the two different
toxicities (chemical and radiological) of depleted uranium
is attempted here for the first time, restricting our approach to long-term effects of Depleted Uranium, and in
particular the carcinogenetic effects.
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ABSTRACT
The present paper analyses the State of Air quality in
Greece based on a series of environmental indicators related to state, drivers and pressures. The air quality assessment for the period 2001-2009 refers to population resident in Metropolitan Area of Athens, and there was no clear
trend over the reporting period. The limit of 120 µg/m3 for
ozone has not been exceeded for 50-70% of population;
however, the pattern is not consistent, indicating even up to
100% exceedance more than 25 days in a couple of years.
Up to 85% of the resident population was exposed to NO2
annual mean concentrations in the range of the annual
indicative target limits, with a few exceptions. Less than
4% of the above urban population was exposed to daily
mean PM10 concentrations in excess of the indicative
limits set for each year, except for years with high construction activity (up to 30%). There was no exceedance
of the EU limit for SO2 daily mean.
The share of transport to ozone precursor emissions is
currently the highest, followed by energy supply. Energy
supply has the highest share in the emissions of acidifying
substances and secondary particulate matter. Emissions of
particulate matter and acidifying substances from the transport sector were almost stable between 1990 and 2009,
whereas the transport emissions of ozone precursors decreased by 1/3. Although the NOx emissions remained the
same, there is a great decrease in CO and NMVOC emissions due to the continuing increase of passenger cars with
catalytic converters.

KEYWORDS:
air quality, indicators, exposure, emissions, energy

1 INTRODUCTION

The main driving forces of environmental pressures
on air quality in Greece are related to population growth
and economic trends, transport, energy and agricultural
demand, and household consumption. The present paper
analyses the current situation of air quality in Greece
based on a series of environmental indicators related to the
state, drivers and pressures. These were proposed by the
European Environment Agency, in the preparation of the
State of Environment Report SOER 2010 (EEA, 2010, [2]).
2 MATERIALS AND METHODS
The paper focuses on the analysis of the state of air
quality in Greece and the factors that affect it. The analysis is based on the Core Set of Indicators (CSI) proposed
by the European Environment Agency (EEA) during the
preparation of the State of the Environment Report for
Europe SOER 2010. Thus, in order to characterize Air
Quality, the following indicators were used: i) for State,
the indicator CSI 004, ii) for Drivers, the indicators CSI
027 and CSI 029, iii) for Pressures, the indicators CSI
002 and CSI 003. These indicators are updated using the
most recent available data for 2009. The state indicator is
applied in the case of the Metropolitan Area of Athens
(MAA), whereas for the calculation of the driver and
pressure indicators, national data are used, due to the lack
of disaggregated data on a local scale.
2.1 State

Urban and industrial air pollution cause air quality issues in Greece. The sources of urban air pollution are transport and central heating, as a result of the economic and
social development of Greece. The major challenges of
transport in urban areas are the rising number of vehicles,
* Corresponding author

their increased average age, and the traffic congestion. Industrial sources deteriorate air quality where thermoelectrical power stations and industrial units are located close
to residential areas. Furthermore, local meteorological conditions, topography and natural sources (such as transport
of dust from deserts) can deteriorate urban air quality, especially in the summer months (NCESD, 2009, [1]).

In order to examine the trends in air quality in MAA,
the indicator CSI 004 (EEA, 2011a, [3]) is used to estimate the fraction of the urban population potentially exposed to ambient air pollutant concentrations, in excess of
the indicative limit values as adopted by Greece, according to the relevant Directives. This indicator focuses on
sulphur dioxide (SO2), particulate matter (PM10), nitrogen
dioxide (NO2), and ground-level ozone (O3).
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CSI 004 has been calculated based on the methodology proposed by Dimitroulopoulou et al. [4], in order to
improve the existing methodology applied by EEA, which
provides estimates for Greece based only on one urban
background monitoring station in Athens. Thus, for NO2
and O3 assessment, data from 10 stations in the Metropolitan Athens Area (MAA) (Fig. 1) were used, which represent 1.5 million people (see Tables 1 and 2). For PM10, data
from 4 stations were used, representing 240,000 people
(see Table 3), whereas for SO2, 1.4 million people were
represented by 8 stations (data not shown). The assumption is that the population resident in municipalities with
one urban/suburban monitoring station (mainly residential
areas) is exposed to the concentrations monitored at this
station. The air pollution data derived from Airbase database (EEA, 2011b [5]).
2.2 Drivers

EEA proposes CSI 029 on total primary energy supply (TPES) to indicate to what extent pressures on air
quality caused by energy production are likely to diminish

or not. TPES represents the quantity of energy required to
satisfy inland consumption in a country, in order to provide economic stability and development. This is the sum
of the gross inland supply of energy from solid fuels, oil,
gas and renewable sources (EEA, 2011c, [6]). Given that
the associated environmental impacts are fuel-specific,
the indicator displays data disaggregated by fuel type, and
calculates the relative share of each fuel in TPES (EEA,
2011c, [6]).
CSI 027 is used to highlight the country needs in terms
of total final energy consumption (TFC) from industry,
transport, households and services/agriculture, to track
progress in reducing the energy consumption by those
sectors, and to monitor progress in implementation of
energy efficiency and energy conservation policies. The
indicator can be presented in relative or absolute terms.
The relative contribution of a specific sector is measured
by the ratio between the final energy consumption of that
sector and total final energy consumption calculated for a
calendar year (EEA, 2011d [7]).

FIGURE 1 - Monitoring stations in the Metropolitan Area of Athens (MAA).
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TABLE 1 - Number of days with daily maximum of 8-h mean O3 concentrations in excess of 120 µg/m3, averaged over three years.
2001
2002
2003
2004
2005
2006
2007
2008
2009
AGIA PARASKEVI
143
145
170
131
126
100
47
97
102
GALATSI
75
53
80
73
N/A
N/A
N/A
N/A
N/A
LIOSIA
73
114
118
51
47
24
29
101
25
LYKOVRISI
43
78
69
58
97
45
86
145
58
NEA SMIRNI
75
131
155
11
124
49
92
93
99
PERISTERI
38
36
86
27
43
46
36
44
66
PIREAUS-2
105
71
81
1
0
0
0
N/A
N/A
THRAKOMAKEDONES
84
128
95
114
101
103
64
63
54
VOTANIKOS
29
0
0
16
66
31
19
17
16
ZOGRAFOU
122
89
112
61
49
15
48
N/A
N/A
Resident population in
2001
2002
2003
2004
2005
2006
2007
2008
2009
MAA
AGIA PARASKEVI
60065
60284
60504
60723
60942
61162
61381
61600
61820
GALATSI
63418
63650
63881
64113
64344
64576
64807
65039
65271
LIOSIA
27305
27709
28114
28518
28922
29326
29731
30135
30539
LYKOVRISI
8426
8457
8488
8518
8549
8580
8611
8641
8672
NEA SMIRNI
76508
76787
77067
77346
77625
77905
78184
78464
78743
PERISTERI
146743
147279
147815
148350
148886
149422
149958
150494
151030
PIREAUS-2
181933
183527
185121
186714
188308
189902
191496
193090
194684
THRAKOMAKEDONES
77679
79304
80929
82554
84179
85805
87430
89055
90680
VOTANIKOS
789166
792048
794929
797811
800692
803574
806456
809337
812219
ZOGRAFOU
81435
81732
82030
82327
82624
82922
83219
83517
83814
Total population
1512678
1520777
1528876
1536975
1545074
1553173
1561272
1569371
1577471
*1 - N/A: Not Available data from some monitoring stations due to either low data capture or closure of the site
*2 - The Ozone Daughter Directive (2002/3/EC) sets a target value for the protection of human health of 120 µ O3/m3 as maximum daily 8 h mean,
not to be exceeded more than 25 days per calendar year, averaged over three years. This target should be met in 2010.

TABLE 2 - Annual NO2 levels in MAA and percentage of population potentially exposed to NO2 levels (based on 10 stations).
Annual NO2 concentra2001
2002
2003
2004
2005
2006
2007
2008
2008
tions at Monitoring
Limit =
Limit =
Limit =
Limit =
Limit =
Limit =
Limit =
Limit =
Limit =
3
3
3
3
3
3
3
3
stations
58 µg/m
56 µg/m
54 µg/m
52 µg/m
50 µg/m
48 µg/m
46 µg/m
44 µg/m
42 µg/m3
AGIA PARASKEVI
18.8
18.5
19.5
22.2
23.2
22.6
22.0
21.4
18.3
GALATSI
44.4
49.8
41.7
46.6
N/A
N/A
N/A
N/A
N/A
LIOSIA
37.9
41.4
35.5
42.2
37.5
36.3
34.6
35.1
32.6
LYKOVRISI
37.6
37.2
31.2
31.9
32.3
30.5
34.2
31.1
33.0
NEA SMIRNI
44.9
47.2
46.2
43.2
44.8
43.6
42.9
42.4
33.1
PERISTERI
40.0
42.2
43.8
48.6
41.4
40.9
41.4
40.2
43.3
PIREAUS-2
49.6
52.0
42.4
47.1
N/A
N/A
54.2
50.3
51.0
THRAKOMAKEDONES
10.8
10.9
10.7
9.5
11.9
13.1
13.3
12.1
10.6
VOTANIKOS
51.4
50.7
47.6
50.2
47.6
44.7
42.4
46.3
46.3
ZOGRAFOU
20.2
20.1
22.5
19.4
19.9
18.7
17.3
N/A
N/A
Resident population in
2001
2002
2003
2004
2005
2006
2007
2008
2009
MAA
AGIA PARASKEVI
60065
60284
60504
60723
60942
61162
61381
61600
61820
GALATSI
63418
63650
63881
64113
64344
64576
64807
65039
65271
LIOSIA
27305
27709
28114
28518
28922
29326
29731
30135
30539
LYKOVRISI
8426
8457
8488
8518
8549
8580
8611
8641
8672
NEA SMIRNI
76508
76787
77067
77346
77625
77905
78184
78464
78743
PERISTERI
146743
147279
147815
148350
148886
149422
149958
150494
151030
PIREAUS-2
181933
183527
186714
189902
193090
194684
185121
188308
191496
THRAKOMAKEDONES
77679
79304
80929
82554
84179
85805
87430
89055
90680
VOTANIKOS
789166
792048
794929
797811
800692
803574
806456
809337
812219
ZOGRAFOU
81435
81732
82030
82327
82624
82922
83219
83517
83814
Total population
1512678
1520777
1528876
1536975
1545074
1553173
1561272
1569371
1577471
*1 - N/A: Not Available data from some monitoring stations due to either low data capture or closure of the site
*2 - In the first Daughter Directive (Council Directive 1999/30/EC, section 1 of Annex II) an annual mean limit value for nitrogen dioxide of 40
µg/m3 has been set for the protection of human health.The limit value has to be met by 1 January 2010.
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TABLE 3 - Number of days in MAA with a daily averaged PM10 concentration in excess of the indicative limit value for each year and percentage of population potentially exposed to PM10 levels (based on 4 stations).
Number of days with a daily
averaged PM10 concentration in excess of the indicative limit value (*1)

2001

2002

2003

2004

2005

2006

2007

2008

2009

>70
>65
>60
>55
>50
>50
>50
>50
>50
µg/m3
µg/m3
µg/m3
µg/m3
µg/m3
µg/m3
µg/m3
µg/m3
µg/m3
AGIA PARASKEVI
N/A
N/A
N/A
58
67
11
18
20
17
LYKOVRISI
93
N/A
113
189
126
157
178
147
86
THRAKOMAKEDONES
N/A
N/A
N/A
24
25
10
10
21
22
ZOGRAFOU
N/A
N/A
N/A
19
21
6
28
N/A
N/A
Resident population in MAA
2001
2002
2003
2004
2005
2006
2007
2008
2009
AGIA PARASKEVI
60065
60284
60504
61162
61381
61600
61820
60723
60942
LYKOVRISI
8457
8672
8426
8488
8518
8549
8580
8611
8641
THRAKOMAKEDONES
77679
79304
80929
82554
84179
85805
87430
89055
90680
ZOGRAFOU
81435
81732
82030
82327
82624
82922
83219
83517
83814
Total population
227605
229778
231950
234123
236295
238468
240640
242813
244986
*1 - N/A: Not Available data from some monitoring stations due to either low data capture or closure of the site
*2 – The first Daughter Directive for sulphur dioxide, oxides of nitrogen, particulate matter and lead in ambient air (Council Directive 1999/30/EC,
Annex III) set for the protection of human health the limit value for PM10 of 50 µg/m3 (24 h average, i.e. daily), not to be exceeded more than 35 times
a calendar year.

The driver indicators have been calculated for Greece
by Dimitroulopoulou et al. [8] using data for 2007, and
are updated herein using Eurostat data for 2009.
2.3 Pressures

The pressures on air quality are related to emissions
of ozone precursors and emissions of particulate matter
from various sectors. So, EEA proposes the indicator CSI
002 to track trends in anthropogenic emissions of ozone
precursor pollutants (i.e. nitrogen oxides - NOx, carbon
monoxide - CO, methane - CH4, and non methane volatile
organic compounds - NMVOCs), which are weighted by
their tropospheric ozone-forming potential factor. The
weighting factors are: NOx: 1.22, CO: 0.11, CH4: 0.014,
and NMVOCs: 1.0. The indicator also provides information on emissions from various sectors (EEA, 2011e, [9]).
Furthermore, CSI 027 (emissions of particulate matter) is used to track changes in emissions of primary and
secondary particulate matter precursors (NOx, SO2, and
NH3), weighted by their respective PM formation potential factor. The weighting factors are: PM10: 1.0, NOx:
0.88, SO2: 0.54 and NH3: 0.64 (EEA, 2011f, [10]).
The time series of emissions used in both indicators
derived from the annual National Inventory Report (NIR,
2011) for Greece, submitted to UNFCCC under the Convention and the Kyoto Protocol for greenhouse and other
gases (MEECC, 2011, [11]). Primary PM10 data is not
officially available. To estimate CSI 003, national primary PM10 emission totals and sector data estimates were
obtained from EMEP (Centre on Emission Inventories and
Projections), as used in EMEP models (EMEP, 2011, [12]).

NO2, CO and benzene. However, in suburban areas, the
air quality issues are the high O3 concentrations monitored in North and East / South-East of Attica peninsula.
Finally, very high PM10 levels are monitored both in City
Centre and Suburban areas (Fig. 2).
Figures 3-5 present the percentage of urban population living in urban/suburban areas, and exposed to concentrations of air pollutants in excess of the indicative
limits. Exceedance of air quality limit for O3 occurs when
the concentration exceeds the target values for O3 as specified in the Ozone Daughter Directive 2002/3/EC. Exceedance of air quality indicative limits for NO2 and PM10
occurs when the concentration of air pollutants exceeds the
values set by the Greek Ministry for Environment in order
to reach, by 2010, the limits specified in the first Daughter
Directive of the Air Quality Framework Council Directive
1999/30/EC for these pollutants (see notes in Tables 1-3).
During a large part of the period 2001-2009, the current target level of 120 µg/m3 for tropospheric ozone that
is not to be exceeded more than 25 days per calendar year,
has not been exceeded for 50-70% of the urban popula-

3 RESULTS
3.1 State - CSI 004

The data of the monitoring stations show that in Athens City Centre, the major issue is high concentrations of
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FIGURE 3 - Percentage of population resident in MAA, potentially exposed to O3 concentrations over the long-term objective for protection of
human health (120 µg O3/m3 as maximum daily 8-h mean, not to be exceeded more than 25 days per calendar year, averaged over three years).

FIGURE 4 - Percentage of population resident in MAA, potentially exposed to NO2 concentrations exceeding the annual indicative limit
value.

FIGURE 5 - Percentage of population resident in MAA, potentially exposed to PM10 concentrations exceeding the daily indicative limit value.
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tion resident in MAA (Fig. 3; Table 1). However, despite
the reductions in ozone precursor emissions (see section
on “Pressures”), a large part of the resident population,
which was 100 % in 2001 and around 80% in 2005-2006)
may have experienced exceedances of the long-term objective for protection of human health more than 25 days.
In the years 2005 and 2007, 12% of the resident population only in one station (PIREAUS-2) was exposed to
NO2 annual mean concentrations greater than the indicative
limits for those years (50 and 46 µg/m3, respectively; Fig. 4,
Table 2). This increase corresponds with the increase in
NOx emissions in 2005 compared to 2004 levels (7.7%
from transport and 10.3% from energy industries), which,
however, went back to similar or lower levels in 2006.
The increase in 2007 corresponds with an increase in NOx
emissions from energy industries. However, the apparent
increase in the NO2 exposure of the MAA resident population in 2008-2009 (51% and 61%) is due to the comparison with lower indicative limits (44 and 42 µg/m3,

respectively). It should be noted that there is no data
available for PIREAUS-2 for these two years.
The proportion of the urban/suburban population in
MAA that was potentially exposed to concentrations of
particulate matter, in excess of the indicative limit (50 µg/m3
since 2005, not to be exceeded more than 35 days per calendar year), was generally below 4% over the periods 20012003 and 2006-2009, but approximately 30% in 2004-2005,
years with high construction activity (Fig. 5, Table 3).
Finally, there was no exceedance of the EU limit for
SO2 daily mean, as the SO2 levels in all the stations (data
not shown) were well within this limit (125 µg SO2/m3
daily, not to be exceeded more than three days a year).
3.2 Drivers

CSI 029 – Total primary energy supply (TPES) increased continuously until 2008 and decreased in 2009
(Fig. 6, Table 4). In 2008, it was about 42.5% above its
1990 level (average growth of 2% per year) and decreased

FIGURE 6 - CSI 029 - Total Primary Energy Supply, by fuel.

FIGURE 7 - CSI 027 - Total Final Energy Consumption, by sector.
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TABLE 4 - CSI 029 - Total primary energy supply by fuel (shares, %; source EUROSTAT (NISE, 2011, [13])).
Fuel type
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009
Solid fuels
36.1 34.4 35.2 35.6 35.7 35.1 32.4 33.5 33.3 31.8 32.0 32.0 30.4 29.3 29.5 28.5 26.7 28.0 26.1 27.5
Oil
58.0 59.3 58.7 58.4 58.6 58.8 61.2 59.6 58.4 58.2 56.8 56.8 57.9 58.2 57.3 57.7 57.8 54.7 55.9 55.5
Gas
0.6
0.6
0.5
0.4
0.2
0.2
0.2
0.7
2.7
4.5
6.0
5.8
6.1
6.7
7.2
7.5
8.7 10.6 11.0
9.7
Renewables
4.9
5.4
5.0
5.1
5.1
5.4
5.6
5.3
5.0
5.3
5.0
4.5
4.7
5.1
5.1
5.2
5.6
5.5
5.4
6.1
Other fuels
0.0
0.0
0.2
0.1
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.1
0.1
0.1
0.1
0.1
0.0
0.0
0.0
0.0
Electricity
0.3
0.2
0.2
0.3
0.1
0.3
0.5
0.8
0.5
0.1
0.0
0.7
0.8
0.6
0.8
1.0
1.1
1.2
1.5
1.2
Total
Primary
Energy
22353 22600 23201 22949 23737 23868 24555 25483 26809 26950 28265 29103 29551 30340 30810 31387 31566 31607 31845 30629
Supply
(1000 TOE)

TABLE 5 - CSI 027 - Total final energy consumption by sector (shares, %; source EUROSTAT (NISE, 2011, [13])) .
Sectors
1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007
2008 2009
Industry
27.4 26.5 25.6 24.7 24.3 25.5 25.2 25.0 24.1 22.6 24.0 23.5 22.8 21.1 20.0 20.0 19.7 21.0 19.8 16.9
Transport
39.9 40.2 41.1 41.8 42.1 41.0 39.1 39.0 40.2 41.2 38.9 38.5 38.3 38.1 39.2 38.8 39.5 39.8 40.1 44.9
Agriculture
7.0
7.4
7.0
7.1
7.0
6.4
6.2
6.1
6.0
6.0
6.0
5.8
5.9
6.1
5.4
5.5
5.5
5.0
5.1
4.2
Households
20.9 21.0 21.1 21.0 20.9 21.2 23.4 23.6 23.2 23.4 24.2 24.5 25.1 26.7 26.6 26.4 25.6 24.5 24.5 23.6
Services
4.5
4.9
5.1
5.4
5.7
6.0
6.1
6.3
6.6
6.8
7.1
7.7
7.9
8.1
8.7
9.3
9.7
9.7 10.4 10.4
Final energy
consumption
(excluding
non-energy 14597 14910 14983 15030 15337 15712 16812 17288 18178 18116 18560 19166 19517 20546 20328 20821 21425 21937 21256 20544
consumption)
(1000 TOE)

in 2009 (by 3.8%), back to its 2004 level. TPES increased
overall by 37% between 1990 and 2009. Fossil fuels (coal,
lignite and oil) continue to dominate TPES (share 83% in
2009, compared to 94% in 1990). Oil accounts for 56% of
TPES in 2009, and is the major fuel in transport. The
share of renewables remained small (6.1% in 2009, similar to 4.2% in 1990). The use of fossil fuels has considerable impact on air pollution. Nevertheless, changes in
energy mix have brought about environmental benefits.
3.3 Pressures

CSI 002 - In Greece, actual emissions of tropospheric
(ground-level) ozone precursors were reduced by 10%
between 1990 and 2009 (Figure 8). In 2009, emissions of

nitrogen oxides (NOx) increased by 13% compared to
1990 levels, whereas emissions of carbon monoxide (CO)
and non methane volatile organic compound (NMVOC)
emissions were decreased by 52% and 24%, respectively,
compared to 1990 levels. In 2009, emissions of NOx
(61.8% of the total weighted emissions) and NMVOC
(28.5% of the total weighted emissions) were the most
important that contributed to the formation of tropospheric
ozone. CO and CH4 emissions followed with 8.9% and
0.8%, respectively.
In 2009, the most significant sources of ozone precursor pollutants in Greece were “transport” (46% of total
emissions) and “energy industries” (23% of total emissions), followed by “other sectors (industry)” (7% of total

FIGURE 8 - CSI 002 - Emissions of ozone precursors.
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FIGURE 9 - CSI 002 - Emissions of ozone precursors, by sector.

FIGURE 10 - CSI 003 – Total emissions of PM10 equivalents.

FIGURE 11 - CSI 003 – Shares of emissions of PM10 equivalents, by sector.
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emissions (Fig. 9). Transport is clearly the dominant source
of ozone precursor pollutants. The emissions of ozone
precursors from the transport sector were reduced by 26.4%
compared to 1990 levels. The decrease after 1998 has primarily been achieved by the substitution of old technology vehicles by new catalytic ones, coupled with an increased penetration of diesel-fuelled vehicles.
CSI 003 - Total equivalent emissions of primary particulate matter (PM10) and secondary particulate precursors increased by 3.0% between 1990 and 2009 (Fig. 10).
Since there is no official data in Greece, estimates of the
primary PM10 emissions show an increase since 1990 by
108%. However, these emissions make only a small contribution to total particulate matter formation (5.3% in
2009). Collectively, emissions of the secondary particulate precursor pollutants NOx (52.1%), SO2 (36.3%) and
NH3 (6.3%) were the most important pollutants contributing to particulate formation in Greece in 2009 (Fig. 11).
4 CONCLUSIONS
The present paper analyses the State of Air quality in
Greece based on a series of environmental indicators
related to state, drivers and pressures. The main conclusions are as follows:
State: In the reporting period 1997-2008, 50-70% of
the urban population in MAA was exposed to ambient
ozone concentrations that did not exceed the EU target
value set for the protection of human health (120 µg O3/m3
daily maximum 8-h average, not to be exceeded more than
25 times a calendar year by 2010). However, 100% in
2001 and around 80% in 2005-2006 of the MAA urban
population was exposed to ambient ozone concentrations
over the EU target value. There was no clear trend over
the period.

increased by 37% over the period 1990-2009, counteracting in this way some of the environmental benefits from
fuel switching.
Total Finally Energy Consumption (TFC) increased
by 41% between 1990 and 2009. Transport represents the
higher share of TFC, with the consumption by this sector
being increased by 58% over the reporting period. Transport together with households/services account for nearly
80% of TFC. The fastest growing sector is services, with the
2009 final energy consumption being 3 times higher than in
1990. However, its share is quite low (10% in 2009).
Total weighted emissions of O3 precursors decreased
by 10% between 1990 and 2009. In 2009, the most important emissions were NOx (62% of the total weighted) and
VOC (28% of the total weighted). Transport is the dominant source of O3 precursor emissions, followed by energy
industries (shares 46% and 23%, respectively, in 2009). In
2009, emissions from transport were reduced by 26% compared to 1990 levels. The decrease after 1998 was achieved
by the substitution of the old technology vehicles by new
catalytic ones, and the increased penetration of dieselfuelled vehicles.
Although total weighted PM emissions increased until 2007 by 19%, they fell again due to decrease in NOx
and SO2 emissions. PM primary make a small contribution to total PM formation (5.3% in 2009). Main contribution derives from NOx (52.1%), SO2 (36.3%) and, finally,
NH3 (6.3%). In 2009, the most important sources of PM
emissions were “energy industries” (47.5%), “transport”
(31.5%), and “industry” (6.4%).

In the period 2001-2007, up to 85% of the resident
population was exposed to NO2 annual mean concentrations within the indicative target limit for each year, and
only in 2008-2009, up to 60% of the population was exposed to concentrations exceeding those limits.
In the period 2001-2009, less than 4% of the urban
population resident in MAA was exposed to daily mean
PM10 concentrations in excess of the indicative limits (since
2005: 50 µg/m3 daily mean, not be exceeded more than 35
days per calendar year). This percentage increased to 30%
for years with high construction activity (2004-2005).
There was no exceedance of the EU limit for SO2 daily
mean (125 µg SO2/m3 daily, not to be exceeded more than
three days a year).
Fossil fuels continue to dominate total primary energy
supply (TPES) in Greece; however, environmental pressures have been reduced due to a significant switch from
coal and lignite to relatively cleaner natural gas. The share of
renewable energy sources remained small (6.1% in 2009),
despite an increase in absolute terms. Overall, TPES
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CLEARING THE POLLUTION INDOORS
DimitriosKotzias*
European Commission, Joint Research Centre, Institute for Health and Consumer Protection, 21027 Ispra (VA), Italy

ABSTRACT
Indoor air pollution has been considered an emerging
environmental health issue. In the last decades, substantial
work has been carried out to identify and quantify the main
indoor air contaminants, to evaluate human exposure and
to assess the risk for human health. The European Commission with its Environment and Health Action Plan
(2004-2010), and the specific action on indoor air quality therein, significantly contributed to the understanding
of the issue and to initiatives for reducing the pollution
indoors. To substantially facing indoor air pollution, there
is the need of a) to apply harmonized procedures for indoor air pollution monitoring at European level, b) to reduce/ eliminate indoor pollution sources e.g. ban smoking,
reducing the use of cleaning agents, use of low emitting
(chemical substances) building and construction materials,
and c) to integrate all political tools and initiatives available, e.g. the Construction Products Directive (CPD) and
the Energy Performance Building Directive (EPBD).
1 SOME FACTS
Despite the fact that the issue of indoor air pollution
has been the focus of efforts and detailed investigations
for many years, neither harmonized sampling and measuring procedures nor criteria for the selection of the measuring objects have been developed until now [1-3, and Lit.
cited herein]. Measuring campaigns have often been conducted on the basis of the experiences and technical possibilities available by individual institutions/ networks.
For individual projects, this may be acceptable and logical.
However, such an approach does not guarantee the data
obtained from different projects carried out by means of
different strategies; sampling and analytical techniques
often are not per se comparable. With other words, there
are not enough comparable data, which can provide a clear
picture of the overall indoor air pollution/quality situation
at European level in the Member States. Various projects
(INDEX, AIRMEX, ENVIE, BUMA) financially supported by the European Commission were executed in the
last years by European research networks including universities, research centres and industrial partners with the
focus on indoor air and human exposure [4a,b,c,d]). Results
* Corresponding author

from all these projects/activities clearly demonstrate that
combined efforts are needed to create a human friendly
indoor environment. Campaigns on indoor air quality mostly
focused onto pollutant identification and distribution; combinations with epidemiological or bio-monitoring studies
are limited (mostly at national level) or missing.
2 WHICH CHEMICALS/BIOLOGICAL
COMPOUNDS ARE SIGNIFICANT FOR IAQ?
Chemical and biological compounds are considered to
be relevant factors affecting comfort and wellbeing in confined spaces. A high number of chemicals and biologically
originated compounds have been identified indoors, belonging to different chemical classes:
• Gaseous inorganic compounds: CO2, CO, nitrogen
oxides, SO2, ammonia, ozone
• Volatile organic compounds (VOCs) including carbonyls
• Particulate matter (PM10, PM 2,5, PM1, Ultra-fine
particles/nanoparticles) and compounds bound to PM
(SVOCs)
• Asbestos, PAHs, pesticides, flame retardants
• Radioactive elements: radon
• Biological contaminants: substances produced by molds,
allergens, endotoxins
The questions to be answered hereby are: Do we have
enough (toxicological) information about these compounds?
What is the basis for the definition of risk? Is it an exposure to a single chemical or to a mixture of chemicals? At
which indoor concentration levels are risks for human
health expected, and how is it connected with the duration
of exposure?
Existing information on the health impact of indoor
air pollutants in Europe is partial and not conclusive, since
the design of experimental investigations to date has not
followed an integrated approach of studying human health
effects at chronic low dose exposure to pollutants and/or
pollutant mixtures. Moreover, the progress made to quantify human exposure to indoor air toxicants and to assess
the associated health risk is limited, because of the lack of
a common monitoring strategy.
Toxicological data exist mostly for single compounds
and for concentrations typical for occupational environments. In 80 to 90% of all investigated confined environ-
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ments, the indoor air concentrations of chemicals are in
the µg per m3 range. In some few cases, higher indoor air
concentrations (after an accidental event) have been measured; a situation which requested an immediate intervention and which cannot be considered as typical for indoor
environments. Toxicological data for chemical mixtures
are very scarce, mostly for high doses that do not represent the real indoor environments.
Based on the risk characterization, the European
Commission (The INDEX project) and WHO (Guidelines
for selected pollutants indoors) have established a list of
compounds relevant for indoor environments:
Formaldehyde, nitrogen dioxide, carbon monoxide,
benzene, naphthalene, trichloroethylene, tetrachloroethylene,
and PAHs (benzo(a)pyrene).
Guideline values for these compounds as reported in
the WHO Guidelines for selected pollutants are as follows [5]:
Benzene

No safe level of exposure can be recommended
Unit risk of leukaemia per 1 µg/m3 air concentration is 6 x
10–6.
The concentrations of airborne benzene associated with
an excess lifetime risk of 1/10 000, 1/100 000 and 1/1
000 000 are 17, 1.7 and 0.17 µg/m3, respectively.
CO

100 mg/m3 - 15 minutes
35 mg/m3 - 1 hour
10 mg/m3 - 8 hours
7 mg/m3 - 24 hours
HCHO

0.1 mg/m3 - 30-min average
Naphthalene

0.1 mg/m3 - annual average
NO2

200 µg/m3 –1 hour average
40 µg/m3 – annual average

Tetrachloroethylene

0.25 mg/m3 – annual average
3 HARMONISATION PROCESSES
AT COMMUNITY LEVEL
In the last years, there are several activities on-going
with the aim of harmonizing processes dealing with the
control of indoor air quality within the frame of a common strategy. This has also been necessary following the
Inter-ministerial conference on health and environment
with the focus on children health - Parma declaration
(March 2010).
Coordinated by the European Commission's Joint Research Centre and the collaboration with European national experts work has been carried out on:
a) The evaluation of the health impact of productbased emissions through the concept of LCI [lowest concentration of interest] and
b) The monitoring of indoor air via the application of
harmonized criteria and protocols for monitoring indoor
air in confined environments in the EU Member States (Indoor Air Monit-project, financially supported by DG
SANCO [6]).
In addition, the WHO European Centre for Environment and Health, Bonn office, in collaboration with the
European Commission’s Joint Research Centre (JRC)
coordinated the development of new indicators of exposure
to indoor air pollutants. These indicators will be implemented in the European Environment and Health Information System (ENHIS) in order to monitor the implementation of the Parma Declaration commitments. Children’s exposure to insufficient ventilation in classrooms and relevant indoor air pollutants have been selected as indicators
that will enable the monitoring of efforts to provide each
child with a healthy indoor environment in children’s
facilities.
The aforementioned activities are in line with the Indoor Air Quality Guidelines - Selected Pollutants released
by WHO by the end of 2010.

PAHs

No threshold can be determined, and all indoor exposures
are considered relevant to health. Unit risk for lung cancer
of PAH mixtures is estimated to be 8.7 x 10–5 per ng/m3
of B[a]P
The corresponding concentrations for lifetime exposure to
B[a]P producing excess lifetime cancer risks of 1/10 000,
1/100 000 and 1/1 000 000 are approximately 1.2, 0.12
and 0.012 ng/m3, respectively.
Trichloroethylene

Unit risk estimate of 4.3 x 10–7 per µg/m3
The concentrations of airborne trichloroethylene associated with an excess lifetime cancer risk of 1/10 000,
1/100 000 and 1/1 000 000 are 230, 23 and 2.3 µg/m3,
respectively

4 CONCLUDING REMARKS
On the basis of the information available right now,
the contribution of poor indoor air quality to the total
burden of disease cannot be quantified with a high degree
of certainty. Short-term exposure to single compounds
does not reflect all real health risks. We need to change
the current paradigm for assessing health risks of indoor
air contaminants. In future work, the focus should be on
combined exposure to chemical mixtures (cocktail effect),
and to a combination of chemicals and physical agents (e.g.
noise). Toxicological studies based on chronic low-dose
exposure would provide more in-depth information on
possible long-term effects of air contaminants at concen-
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trations typical for indoor environments. European projects
combining epidemiological, chemical and bio-monitoring
studies could provide the knowledge needed to better
assess the real risk, and evaluate the impact of indoor air
pollutants on human health. Linking all this with exposure
scenarios on the basis of consumer choice and environmental conditions would allow the translation of scientific
evidence into policy-relevant knowledge.
The way ahead - A Multi-Pollutant Approach

[4d] BUMA /Prioritizitation of Building Materials as indoor pollution sources http://www.uowm.gr/bumaproject/
[5]

World Health Organization, Regional Office for Europe
(2010) WHO guidelines for indoor air quality-selected pollutants. ISBN: 9789289002134) http://www.euro.who.int/

[6]

Directorate-General for Health and Consumers (DG SANCO)/
Joint Research Centre (JRC) (2010) Administrative Arrangement CT 32038 2010 SI2582843, December 22, 2010.
(Contact: Dr. S. Kephalopoulos
stylianos.kephalopoulos@jrc.ec.europa.eu)

A key issue is the understanding of synergistic effects
of multiple exposures to air toxics and particulate matter,
in particular with:
Targeted studies including sensitive populations (elderly people, children and people with lower socioeconomic status)
Development and validation of new toxicological
methods and statistical analyses; characterization of
biomarkers
Establishment of a human exposure fingerprint for a
longer period of time (personal sampling-integrated
exposure assessment)
Focus on biologically relevant substances and mixtures, and also substances not considered before, such
as surfactants and pesticides
Focus on particles (in particular ultra-fine PM) and
on chemical composition of particles
Emphasis should also be given on indoor air chemistry and the formation of reactive oxygen species (radicals) and on possible health effects (of combined exposures) in terms of both acute and long-term effects
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ABSTRACT

2 COUMARINS AND QUINOLINONES

Coumarins, quinolinones, tetramic and tetronic acid
analogues, play an integral role in biological systems and
forms a variety of complexes with environmentally active
metals. A survey of their synthesis as ligands and their
ability to form coordination compounds is presented.

KEYWORDS: N-,O-ligands, biological activity, complexation,
environmental ions.

1 INTRODUCTION
It is widely acknowledged that there is a growing need
for more environmental acceptable processes in the chemical industry. This trend towards what has become known as
“Sustainable Technology” necessitates a paradigm shift
from traditional concepts of process efficiency, that focus
largely in chemical yield to one that assigns economic
value to eliminating waste at source and avoiding the use of
toxic or hazardous substances. In addition in recent years
there have been considerable comments arising from the
misuse of chemicals. This concern has been fuelled by a
number of incidents which attracted international attention.
However to put the problem in perspective we note that
there are compounds that are useful in health, despite their
inevitable toxic chemical preparations to some life forms.
In the past twenty years our group is concentrated on the
synthesis of useful pharmaceutical products; Coumarins,
Quinolinones, Tetramic and Tetronic acid analogues, are
highly active biological compounds.

Coumarins comprise a vast group of natural and unnatural compounds which have proven to possess diverse
biological and pharmacological activities. Among them,
cytotoxicity has made them “targeted molecules” in the
research of anticancer agents. A review presenting the broad
range of effects of coumarins on the tumors as shown by
in vitro and in vivo experiments and clinical studies has
been published a few years ago [1].
So far, the results of different coumarins with various
tumor lines are often contradictory. This fact indicates that
there is still a long way to go until researchers reach a
consensus about which cytotoxic agent will be suitable for
clinical treatment.
On the other hand, quinolinonecarboxamides have
been more extensively examined. As an example, linomide
or roquinimex (Figure 1), is a quinolone-3-carboxamide
molecule which has proven to inhibit the process of angiogenesis, which is the vital step in tumor development [2].
In particular, linomide was proven to decrease human prostate carcinoma growth in mice by inhibiting vascular endothelial cells [3-5], as well as by inducing the apoptotic
death of androgen-dependent prostate cancer cells [6]. More
recently, linomide was synthesized and assessed for its in
vivo antiangiogenic activity and the results shown its
pharmacological activity in anticancer treatment [7].

* Corresponding author

FIGURE 1 -Quinolinone derivatives known as anticancer agents
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The well-known anticancer activities of coumarins
and quinolinone-3-carboxamides, motivated us to prepare
a compound library to examine their potency as antitumor
agents. Particular attention was paid to the side chain at
C-3 position of heterocyclic nucleus. Diamines bearing two
free amine groups (ethylenediamine, hexamethylendiamine,
1,8-diamineoctane and o-phenylenediamine), were used as
well as diamines with tertiary amine group (N,N-dimethylethylenediamine and 1-(2-aminoethyl) piperidine). Concerning the heterocyclic ring, N-phenyl,N-methyl-4-hydroxy
quinolinones and 4-hydroxy coumarins were used.
The starting materials, 3-methyloxycarbonyl coumarins
and quinolinones were synthesized following published
methodologies. The first were prepared using the Nhydroxysuccinimide protocol [8] and the latter using the
HOBt method [9].
Schemes 1 and 2, illustrate the approach to the synthesis of the aminoamides. In the case of free aminoamides,
the diamine and heterocycle were dissolved in toluene and
heated to afford the target molecules as insoluble solids
[10, 11].
The products were obtained in high yields and very
good purities after typical filtration and washing procedures
with toluene and diethylether. The amines were used in
three fold excess to avoid formation and unwanted diamides.

In the case of substituted aminoamides this process is
unsuccessful. These products were obtained by the reaction of the reagents in polar protic solvent (methanol), or in
solvent “free conditions”, depending on the substituents.
After careful treatment with the appropriate solvent,
the final products are obtained as pure solids or crystals.
3 TETRAMIC ACIDS
Tetramic acids, pyrrolidine-2,4-dione derivatives, are
naturally occurring molecules synthesized by numerous
organisms and found in a variety of natural products [12,
13]. This class of five membered heterocycles has attracted
significant attention due to the broad range of biological
activities they exhibit. This activity comprises of antibiotic
and antiviral, cytotoxity, mycotoxity, as well as inhibition
of the cell cycle. Various examples of tetramic acid derivatives isolated from the nature are streptolydigin which
inhibit RNA polymerase [14], the melophlin family of
compounds which have shown antimicrobial activity [15],
equisetin and its homologue trichosetin with inhibitory
activity against Gram positive bacteria [16, 17] and
reutericyclin which exhibits a wide range of pharmacological activities [18, 19]. In addition, a series of derivatives have been patented by Bayer Crop Science as ingredients for fungicidal and herbicidal use [20].

SCHEME 1 - Synthesis of primary coumarin and quinolinoneaminoamides

SCHEME 2 - Synthesis of tertiary coumarin and quinolinoneaminoamides
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Owing to the importance of tetramic acid derivatives,
numerous approaches to their synthesis have been developed. They mainly make use of amino acid-derived precursors whose stereochemical integrity remains more or less
conserved in the structure of the products. Significant studies on the synthesis of such optically active compounds
have been made by Ley et al. [21] who used a series of βketoamides as intermediates for the preparation of enantiomerically pure 3-acyl tetramic acids, based on the Lacey
methodology for the synthesis of tetramic acids by Nacylation of α-aminoacids (Scheme 3.)
Andrews et al. [22] provided an N-acyloxazolidine derivative of L-serine as a suitable precursor for the construction of chiral substituted tetramic acids with high enantiomeric excess. Other methodologies based on the enanti-

oselective Lacey-Dieckmann cyclization, requiring strongly
basic conditions, have also been reported [23, 24] whereas
Jouin and coworkers have proposed the use of meldrum
acid in the presence of isoprenylchloroformate and DMAP
reagents [25]. Recently, Schobert and Jagusch [26] proposed an expedient synthesis of tetramic acids from αamino esters, in which the cyclization route involved a
domino addition-Witting alkenation reaction with immobilized triphenylphosphoranylidene ketene under neutral
nonracemizing conditions. Acylation to 3-acyltetramic acids
was then performed with the appropriate acyl chloride and
boron trifluoride-diethyl etherate under microwave irradiation. This route was followed in the synthesis of natural products like reutericyclin (Scheme 4).

SCHEME 3 - Synthesis of optically active tetramic acids by Ley et al. [21]

SCHEME 4 - Synthesis of reutericyclin by Schobert and Jagush [26].
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SCHEME 5 -Synthesis of tetramic acids.

Our first attempt to use N-hydroxybenzotriazole in
the synthesis of heterocyclic compounds was made in the
field of tetramic acids [27]. We applied the “one- pot”
synthetic strategy which comprises of a C-acylation reaction between the N-hydroxybenzotriazole ester of the
appropriate optically active amino acid 1 and diethyl
malonate3. When the product was not the corresponding
tetramic acid 4-6, but the C-acylation compound A, a
cyclization reaction under basic condition was performed
to afford the corresponding tetramic acid 7-9 (Scheme 5).
The crucial parameter on the synthesis of the Nacylated-3-ethoxycarbonyl tetramic acids 4-6 or N-H-3ethoxycarbonyl tetramic acids 7-9 is the molar ratio between the N-acylated amino acid 1 and diethyl malonate3.
We observed that when diethyl malonate3 was used in
molar excess (2 equivalent), the oily product containing
the C-acylation compound A and diethyl malonate3 was
obtained. On the other hand, when diethyl malonate3 was
used in stoichiometric ratio (1 equiv.), the N-acetyl-3ethoxycarbonyl tetramic acids 4-6 were obtained as white
solids. The enantiomeric purity of the final products was
tested by HPLC and the results were in the range 82%96%.
These results indicate the success of the proposed
methodology to maintain the stereochemical integrity of
the corresponding α-amino acids. Another advantage of
the proposed methodology is that there is no need for
isolating the intermediate N-hydroxybenzotriazole esters
of the chiral α-amino acids, in contrast to previously de-

scribed methodologies. This fact reduces the time for the
synthesis of the desired products and is beneficial for the
overall yield of the reaction (45%-75%). Therefore, the
reaction is simple, inexpensive, easily scaled up and proceeds with low racemization.

4 TETRONIC ACIDS
Tetronic acids, 4-hydroxy-[5H]furan-2-ones, are
compounds with antibiotic, antiviral, antineoplastic and
anticoagulant activity [28, 29]. Compounds which have
been isolated from natural products and exhibit such activity are tetronasin [30], RK-682 [13,31], the well-known
family of compounds named vulpinic acids [32,33] and
many others.
In the literature, there are a number of reliable methods for the synthesis of such derivatives. Several methodologies include Dieckmann cyclization [34], cycloaddition [35], oxidation [36], Witting-Claisen [37], lactonization [38] and enzymatic reaction [39]. A few years ago,
the synthesis of 3-acyl-5-methoxycarbonyl tetronic acids
has been reported from our research group [40]. A new
strategy for the synthesis of functionalized tetronic acids
was developed by Schobert and coworkers [41], applying
the “domino” process, which comprises of the reaction
between the esters of α-hydroxy acids and the cumulated phosphorus ylideketenylidenetriphenylphosphorane
(Scheme 6).
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SCHEME 6 - Synthesis of tetronic acids by Schobert et al. [41].

In addition, the one pot synthesis of 3-aryl-unsubstituted, mono and disubstituted at 5 position of the heterocyclic nucleus tetronic acids, as well as three natural vulpinic acids have been recently studied by Malligner and
coworkers, based on a tandem transesterification/ Dieckmann condensation reaction (Scheme 7) [42].

As a logical extension of our previous efforts on the
synthesis of small heterocyclic compounds, we decided to
investigate the condensation reaction of N-hydroxybenzotriazole esters of O-protected α-hydroxy acids and active
methylene compounds bearing appropriate substituents suitable for preparing highly functionalized tetronic acid derivatives with pharmacological interest [43]. Generally, a definite
short-step methodology for producing chiral 3-substituted
tetronic acids or their γ-hydroxy ester precursors via a Cacylation reaction between the N-hydroxybenzotriazoleester of an appropriate O-protected-α-hydroxy acid and the
desired active methylene compound was accomplished
(Scheme 8.)

SCHEME 7 -Synthesis of 3-aryltetronic acids as precursors for vulpinic acids by Mallinger et al. [42].

SCHEME 8 - Synthesis of tetronic acids.
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The proposed strategy comprises of a C-acylation
reaction between an active methylene compound 3 and
the N-hydroxybenzotriazole ester of the appropriate Oprotected-α-hydroxy acid 1. In cases where the main product of the C-acylation reactions were the functionalized 4acetoxy-3-hydroxybutenoates 7-14, we used these γhydroxy esters for the preparation of the corresponding
tetronic acid derivatives 15-21 under acidic condition
(MeOH, 10% HCl). At this point, it is important to notice
that the lactonization of the β-hydroxybutenoates proceeded without racemization of stereogenic centers at C-5.
One first remark in our proposed synthetic route is that
only the O-acetyl-glycolic acid1a gave the corresponding
tetronic acids 4-6 via one-step reaction. In contrast, Smandelic acid 1b, α-hydroxyisobutyric acid 1c, L-α-hydroxyisovaleric acid 1d and L-α-hydroxyisocapronic acid 1e,
gave the corresponging γ-acetoxy-β-hydroxybutenoates
7-14 as oily products. These intermediates were treated
with 10% HCl in MeOH at room temperature for 24 or 48
hours to afford the corresponding tetronic acids 15-21.
Additionally, the tetronic acids 15, 16 and 18-21 have
been found to be optically active as shown by their optical
rotations. This observation is in full accordance with the
results obtained in the synthesis of tetramic acids [27].
4 METAL IONS
Metal ions are involved in all aspects of cell life. For
example the cations K+ and Mg2+ are bulk intracellular
species, while Na+, Ca2+, a number of transition elements
and Zn2+ are all essential metals, although they are present
only at trace or ultra-trace levels. These cations have a
variety of functions, although in many cases their roles are
not yet fully understood. Chemists have been increasingly
involved in the study of the roles of metals in biological
systems. They have moved from the investigation of model
systems involving coordination compounds to studies on
the structure, electronic properties and reactivity of isolated metalloenzymes, metal-containing cofactors and biologically-relevant metal cluster compounds. Future developments are likely to centre on the behavior of metal ions
in whole cells under physiologically relevant conditions.
Enzymes and micro-organisms offer the opportunity to
study the function of metals in intact biological systems, which have well-studied nutritional requirements
and growth characteristics. In addition enzymes and micro-organisms offer a challenge to scientists to prepare
model systems that increase the reactivity and selectivity
displayed in bio-coordination chemistry. Also chemists
sometimes need to synthesize simple ligands that bind
metal ions selectively and strongly. Often are high effective
catalysts of a range of diverse biochemical processes and in
cases are able to trigger, moderate or inhibit reactions.
Most current interest centres on the recovery of high
value metals. Gold sometimes occurs in a matrix of pyrites or arsenopyrite and so cannot be extracted by cyanidecontaining solutions. Autotrophic bacteria solubilize the

sulphidic material allowing considerable enhancement of
gold recovery, typically from 20-40% to over 95% [44].
Removal or recovery of toxic or precious metals from
wastes or factory process streams can be accomplished
with micro-organisms. Waste, dead biomass binds metals on the cell surface, often with greater capacities than
ion-exchange resins and, suitably immobilized or granulated has been used commercially. Cells may also excrete
biopolymers with significant metal-binding properties. Removal of metals from effluents can also involve cellular
activity, such as accumulation in the cell, reduction of sulphate to sulphide and precipitation of metal sulphides.
There is also the possibility that cells could be engineered
to over-produce metal-binding ligands which could be
exploited in metal recovery in several ways.
Our group in a parallel way to new synthetic routes of
coumarins, quinolinones, tetramic and tetronic acid derivatives is involved in the synthesis of their coordination
compounds with environmental ions such as Mg(II), Zn(II),
Ba(II), Cu(II), Pt(II), Pd(II), Co(II) [45-50].
All these compounds can be acted as bio-inorganic
models for understanding the active center of an enzyme;
they have several interesting structural possibilities for
keto-enol tautomerism and hydrogen bonding. These molecules, due to their β,β’-tricarbonyl system, can occur in
enolic “internal” tautomers a↔b and c↔d in addition to
the “external” tautomers (ab↔cd) (Scheme 9).

SCHEME 9 - Tautomeric forms of β,β’-tricarbonyl functionalities

The β,β’-tricarbonyl moiety present in these molecules provides a suitable site for bidenlatecomplexation
to a metal. This is proved by several examples at naturally
occurring coordination compounds such as: “magnesidin”, a natural antibiotic as a 1:1 mixture of the covalent
magnesium chelates of 1-acetyl-3-hexanoyl- and 3octanoyl-tetramic acid derivatives; “geodin A” a new
macrocyclic polyketide lactam tetramic acid which has
recently been isolated as a magnesium salt; whereas “oleficin” functions as an ionophore for Ca2+ and Mg2+ ions in
isolated rat liven mitochondria. [51]. The mechanisms
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responsible for the various biological properties of tetramic
acids have been shown to include the complexation with
various metal cations, which in-creases the liposolubility and permeability through cell walls, thus enhancing
their activity [52]. Moreover, the synthesis of new platinum(II) complexes containing 3-alkanoyl tetramic acids
were synthesized and reported to exhibit a broad spectrum
of biological properties, including antitumor activity [47].
The synthesis and X-ray crystallographic studies of a
Cu(II) complexes of N-acetyl-3-butanoyl tetramic acid
enlightened the coordination pattern of the ligand. In this
complex the metal adopts the octahedral geometry with
the tetramic acid enolate ligand an O,O’ mode of coordination via the functionalities associated with the hydroxyl
group at C-4 and the acyl group at C-3 in the pyrrolidine
ring [49].

From all these coordination compounds it is clear that
functionalities at C-3 and C-4 positions are the possible
“target areas” for chelation of the environmental mentioned ions.
5 CONCLUSIONS
The use of coumarines, quinolinones, tetramic and
tetronic acids and their coordination compounds despite
their phenomenological anti-green chemistry process are
useful in the pharmaceutical and biological field, because
they have genetic functional groups which can be coordinated to biological useful metals. They can be transferred
through the plasmatic membranes into the “heart” of
biological nucleus.

Tetronic acid derivatives, represent an important class
of oxygen 5-membered heterocyclic compounds containing the β-diketonate moity. A classical example of this type
of structure is the molecule of ascorbic acid. The coordination chemistry of zinc(II) β-diketonates has been extensively explored as a novel compound to understand the
role of zinc as a structural cofactor in metalloproteins. In
these complexes metal-oxygen bonds are formed. The crystal structure of the β-diketo-tetronic acid (3-methoxycarbonyl-5-phenyl tetronic acid) with Zn(II) indicates that
the complexation is achived through the oxygens of alkoxide group and the carbonyl functionalities [53].
The term quinolones is commonly used for the quinolone carboxylic acids or 4-quinolones, which are a group
of synthetic antibacterial agents containing a 4-oxo- 1,4dihydroquinoline skeleton. From crystallographic data in
the copper-CfH complex {[Cu(CfH)2Cl2]6H2O}, the copper atom is positioned at the centre of inversion and surrounded by four oxygen atoms. The two chloride ions are
axially coordinated to copper [54].
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1 INTRODUCTION

ABSTRACT
The aim of this study is to determine the bacteriological water quality and the incidence of enteric bacteria in
the Gulf of Gemlik by means of GIS analysis. Because of
the difficulty of individually determining of all types of
bacteria in the surface water, the enteric bacteria were categorized in terms of the dominant species and their bacterial
composition in the coastal area were also investigated in
details. Eleven sampling stations were selected for conducting the measurements on a monthly basis during the
July 2010- May 2011. The physico-chemical parameters
were measured insitu at all sampling stations and the density
and the bacterial identification of the species in the enteric
bacteria were also determined in the Gulf of Gemlik.
During the spring and summer period, the bacterial density was observed to be reduced. However, when the environmental factors began to change, such as an increase in
temperature, different genera were identified. At the littoral stations 6, 7 and 8, the density of the enteric bacteria
were determined to attain higher values, except for the cold
season, because of the negative effects of anthropogenic
pollutants carried by various different loads. The results
obtained by the GIS analysis pointed out those differences
in enteric bacteria species with respect to varying locations.
The results reveal that the study area faces bacteriological pollution and the existing pollution level in this
area is above the criterion level that is specified for aquaculture, fishery and recreational activity. Employing modern tools like GIS helps us better to understand the spatial
distribution of enteric bacteria in the sea. These tools might
also be used as the initial steps of determining and providing the input data for water quality modeling studies.
KEYWORDS: Water quality, GIS, Enteric bacteria, Gulf of Gemlik, Marmara Sea, Turkey.
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Over population, pollution, deforestation and natural
disasters are among the major problems faced by the
world today. Same problems would be encountered in the
Gulf of Gemlik (Marmara Sea), and measures are attempted
to be taken in order to solve the encountered environmental
problems such as severe coastal erosion, shoreline recession
and over pollution due to the reaction of the coast to human activities. Destruction of coastal areas have caused
people to encounter problems in using natural sources because coastal areas which are significant sources of marine
biodiversity that serve as a means of filtration of the pollutant, as well as the providing of food, living habitats and
breeding areas for aquatic living organisms. In developing
countries, 90 percent of the wastewater and 70 percent of
the industrial wastes are inflicted on nature and the wastes
were released into the coastal waters without treatment [1].
Natural bodies of water will purify themselves and
eliminate the added foreign materials given sufficient time.
Pollution therefore occurs when the self-purifying powers
of a body of water did not have sufficient time to remove
the pollutant and recover itself back to its original state.
Pollutants in water include bacteria, chemicals through
the addition of organic or inorganic nutrients or eutrophication. Many parameters are used by different authorities
as indicators of water pollution. These parameters include
temperature, BOD, DO, pH, specific conductance, and the
amount of chemical constituents including nitrates and
phosphates. The most widely used parameters of faecal
pollution are bacterial indicators. Measures need to be
undertaken in order to protect human health [2].
The ability to detect faecal contamination of water is
a prerequisite for the maintenance of public health. When
faecal coliform bacteria are present in high numbers in a
water sample, it means that the water has received faecal
matter from one source or another. Although not necessarily agents of disease, faecal coliform bacteria may indicate
the presence of disease-carrying organisms, which live in
the same environment as that of the faecal coliform bacteria [3,4]. Indicator bacteria, including total coliform (TC),
faecal coliform (FC) and faecal streptococci (FS), have
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been used and generally accepted as markers in water
quality studies to assess the level of faecal contamination
in water bodies [5]. The presence of these organisms has
also been used as an indicator to estimate the potential
human health risks of other pathogenic organisms of faecal
origin [6]. Total coliforms (TCs), faecal coliforms (FCs)
and Escherichia coli are used as the indicators of marine
recreational water quality. Among these, E. coli is generally considered as the most reliable source since its presence directly relates to faecal contamination with an implied threat of the presence of enteric diseases [7]. Because of this reason, it was selected as the investigated
species in order to determine the distribution of the dominantly characterized E. coli and the environmentally more
resistant E. faecalis among enteric bacteria in this study.
The other remaining species excluding these two were
defined as the enteric bacteria.
The aim of this first comprehensive study was to determine the bacteriological water quality and occurrence
of enteric bacteria on the Gulf of Gemlik by means of GIS.
GIS, a computer-based tool for mapping and analyzing
spatial data and events that take place in the earth is also a
useful tool in terms of the water management aspect. Due
to difficulty of the determination of all bacterial species in
the surface water, enteric bacteria were identified in terms
of the dominant species, and their bacterial composition
in the coastal area was also investigated in detail.
2 MATERIALS AND METHODS
2.1 Study Area

In this study, Gulf of Gemlik (Marmara Sea) was selected as study area. The Gulf of Gemlik, which is located

on the southeastern region of the Marmara Sea, enclosing
critical coastal and shore areas on 31 km, is the second
most polluted area in the Marmara Sea with the industrial
and domestic pollutants from neighboring towns as well
as from the Iznik Lake being discharged into [8,9]. The
most important characteristic feature of the Gemlik Gulf
is the fact that it is separated from the Marmara Sea by a
50 m deep ridge [10]. There is a regular sediment deposit
controlled by the formation of an elliptically centered bed
located slightly northwesterly with a maximum depth of
107 m in the gulf [11]. Any previous study regarding the
enteric bacteria in the Gulf of Gemlik was not encountered.
2.2 Water Sampling and Bacterial Isolation

Eleven sampling stations were selected in order to
conduct measurements in monthly basis during the July
2010- May 2011 (Figure 1). Previously conducted studies
and findings as well as the observations during the preliminary sampling were taken into consideration in the
selection of the location of these stations. The first five
stations were positioned within the gulf. The first station
was located in an area where currents and water circulation
was the least. Station 5 was selected such that it was the
least affected station from the gulf stresses. The remaining stations were positioned at areas subject to anthropogenic loads, especially from the coastal areas. Discharge
into the sea was carried out at the locations where Stations
6 and 7 were positioned. Station 8 was located at an area
where highly saline olive industry black water with high
organic matter content would be discharged without being
subjected to prior treatment [12]. The area where Station
11 was positioned is usually preferred to be used as a
public beach.

FIGURE 1 - Study area (adapted from Kuscu et al, 2009) [13]
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Quantitative data related to enteric bacteria were obtained by the method of multiple tube fermentation. Water
samples (100 ml) were collected using sterile screw capped
glass bottles, and stored in cold bags at 4ºC until analysis in
the laboratory. The number of total coliform bacteria was
enumerated by the method of multiple-tube fermentation
within Lauryl Sulphate Broth (Merck). If necessary, water
samples were diluted ten times (10x). Faecal growth was
achieved by monitoring the acidification and the production of gas during growth in Brilliant Green Lactose Broth
(Merck) at 44±0.5°C for 24±3 h and they were sub-cultured
on Eosine Methylene Blue agar (Merck) plates from the
fermentation tubes in order to isolate the coliform. For purposes of controlling, the same samples were incubated on
Chromocult Coliform® agar for 24 hours. The detailed
analyses for identification, the standard water and wastewater methods were applied [14, 15].
The survival of a micro-organism in an environment
in which it is not indigenous depends upon its ability to
tolerate an alien set of biological, physical and chemical
conditions. Therefore, in the present study, the physicochemical parameters, salinity and the sea surface temperature, were measured. A 3-L Ruttner water sampler
with a thermometer was used for water analyses. The
salinity of the sea water was determined by the MohrKnudsen Method [16].

3 RESULTS
During this study, the expected seasonal variations
for the values obtained from the measured physicochemical parameters were determined. As it may be seen in
Figure 2, the mean sea surface temperature values varied
between 8.6°C and 27.9°C. During the sampling period,
the highest temperature (29.3ºC) was recorded in August
2010 at the eleventh station as it was expected. The lowest value was detected as 8.3ºC in March 2011 at five
numbered station with effects of strong currents and wind.
However, mean surface temperature did not differ considerably among the sites (p<0.001). The data showed that
survival was greatly encouraged in sea water.
Similar results were obtained also for salinity. Salinity fluctuated between 17 – 22.1 ppt. Slightly higher salinity was measured (24.5 ppt) at station 1 in March 2011;
the minimum value was 14.9 ppt measured in October
2010 at the 11th station where this particular coastal station was receiving industrial wastewater. However these
values did not show any sudden changes that needed to be
taken into consideration in terms of affecting bacterial
growth.
24,0

30,0
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20,0

Data regarding water quality are easily accessible and
distributed among various organizations and institutions
in Istanbul, in which the study was conducted. Many
times it may not be possible to get the required data that
would be needed available for the study in question. At this
point, the significance of storing environmental data in a
reliable systematic manner and of presenting the updated
data to users becomes important. It is certain that the application of Geographic Information Systems (GIS) to fulfill
the requirements of the planning strategies is of utmost
importance and that GIS is a useful management tool [17].
The developed GIS database contains basically two
layers. These are the administrative boundaries of the
related districts and the locations of the sampling stations.
Spatial data used in this study was collected from various
sources and the magnitude of the data was in a range of
scales. All data were converted into a single scale and the
UTM coordinate system [18]. In this study, 11 sampling
stations were selected and the parameters used in GIS
were obtained monthly during the period of July 2010May 2011. The collected data were used as the input data
to produce different maps which represent the spatial
distribution of enteric bacteria in the Gulf of Gemlik. The
spatial distribution map was prepared for a period of 11
months for displaying the differences taking place
throughout the period in different months.
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FIGURE 2 - Monthly mean values of sea surface temperature (TºC)
and salinity (ppt)

There are statistically significant differences during
periods of intensive input especially in terms of salinity at
the coastal stations. The salinity values with an average of
18 ppt reaches up to 22 ppt with an increase in precipitation during fall. Annual changes in temperature were
distinctively observed without indicating significant differences as in the case of salinity. High negative correlation (r= -0.564; p<0.001) was detected between salinity
and temperature.
The bacterial contamination level was determined as
high at all sampling stations. In Figures 3 and 4, monthly
values of total coliform bacteria were displayed in Log
MPN/100 ml units. The MPN values were recorded in the
range of 102 – 107; and for this reason the values were
logarithmic transformed for ease of display values to understandable easily.
As it may be seen in the Figures (3, 4), the maximum
value was 7.1 log MPN/100 ml and it was recorded at the
coastal stations. The minimum value was 2.8 log MPN/
100 ml recorded at the 5th station. The values that were

3226

© by PSP Volume 21 – No 11. 2012

Fresenius Environmental Bulletin

7,0

Log MPN/100 ml

6,0
5,0

1
2

4,0

3
3,0

4
5

2,0
1,0
0,0
J 10

A 10

S 10

O 10

N 10

D 10

J 11

F 11

M 11

A 11

M 11

Months
FIGURE 3 - Total coliform bacteria at the sea stations (Log MPN/100 ml)
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FIGURE 4 - Total coliform bacteria at the coastal stations (Log MPN/100 ml)

recorded especially 6th, 7 th and 8th stations reflected the
suddenly occurring variances, which would be affected by
the wind parameter and the temperature.
The distribution of enteric bacteria and sea surface
temperature (SST) at all stations are given in Figures 5
and 6. Investigation of the first 6-monthly distribution
(Figure 5) indicated that the enteric bacteria population was
denser specifically during the summer periods. Decrease in
temperature in coastal areas and the effect of precipitation

caused E. coli and E. faecalis species to become more
dominant. It was determined that the raise in the temperature in April and May 2011 stimulated the growth of
microorganisms in terms of the mean bacterial counts
(Figure 6). However, planktonic activities, which were detected in the offshore of the gulf, led to a reduction in the
number of enteric bacteria [19]. February 2011 when has
the surface layer would be affected by strong currents and
waves in addition to low temperatures was a sampling
period during which the lowest bacterial numbers were
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obtained at all stations. Although similar results had been
expected in January 2011, the excavations in the coastal
area as a result of human activities increased the density
of bacteria at Stations No. 7 and 8.
The Bray-Curtis similarity index identified unpronounced differences among the sampling stations based
on the ecological parameters. As shown in the dendro-

gram (Fig. 7), a high similarity value (98.11%) was recorded between stations 7 and 8. There was 97.96% similarity between stations 3 and 4 which were representative
of the offshore region. The similarity between stations 4
and 5 was 97.59%, whereas that between stations 9 and
10 was 97.11%. During the study, the lowest similarity
value was recorded to be as 93.82% between stations 5
and 7.

FIGURE 5 - July 2010 – December 2010 enteric bacteria and SST (TºC) distribution on the Gulf of Gemlik
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FIGURE 6 - January 2011 – May 2011 enteric bacteria and SST (TºC) distribution on the Gulf of Gemlik

FIGURE 7 - Bray-Curtis similarity dendogram of the sampling stations
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4 DISCUSSION
Marine organisms are also adapted to live at different
temperatures, which would thus determine the diversity or
the number of different levels of the water column. Sea
surface temperature is known to be one of the parameters
that mostly stimulate bacterial growth and the major factor affecting the disappearance of faecal bacteria. Additionally, stagnant surface waters and the high coastal activity cause an increase in the load. In the present study, the
maximum bacterial numbers that were measured during the
summer season would be explained within this perspective
at stations no.7 and 8. For enteric bacteria, this is important from a public health point of view. Many studies
were conducted on the survival of Escherichia coli and
other indicators of faecal pollution in freshwater, marine
and estuarine habitats [12]. During the study, there were
significant differences (p<0.01) observed in the relation
between salinity and total bacteria; as well as temperature
and salinity; temperature and total bacteria. However, there
was no statistically significant correlation between temperature and salinity (p>0.05) with the total number of
bacteria. However there is no significant difference (p>
0.05) among stations with respect o temperature, salinity
and total bacteria values. On the other hand, Carlucci and
Pramer [20] mentioned that the survival of bacteria might
be influenced by a general osmotic effect or specific ion
toxicity caused by sea salts. Thermal pollution of freshwaters may result in a large increase in the temperature of
the nearshore water, and differences between freshwater
and seawater may be even greater if cold nearshore waters
have upwelled. Such changes in the temperature and the
salinity of seawater affect the growth, metabolism, and
the survival of marine bacteria as well as the rate at which
mineralization processes by bacteria would occur [21].
During the study, a higher negative correlation was detected
between salinity and temperature (r= -0.564 (p<0.001)).
This situation indicated an upwelling process in the system
[22]. The bacterial biomass and activity are generally low
during early phases of upwelling but it is also important
in the cycling of carbon and nutrients [23].
It was determined that the bacterial population increased during spring and summer periods. However, as the
environmental conditions began to change and the temperature began to increase, changes in bacterial genera were
observed. Indeed, the diversity and the number of organisms also changed with respect to seasonal changes in
temperature [2]. Water temperature may cause bacterial
mortality and rate of its multiplication. As stated by Solic
and Krstulovic [24] the increase in temperature and salinity was more detrimental to the survival of faecal coliform
in the presence of sunlight. The range of temperatures
recorded in this study was the normal ambient temperatures for a tropical climate [6].
Seasonal changes in the wastewater inlet at different
depths, which was washed during the seasons with high
levels of precipitation draws attention. Coastal stations 6,

7 and 8 were the locations at which the most adverse negations of anthropogenic effects were observed coupled with
the highest measured values throughout the period of study
except for the cold seasons. The highest values throughout
the sampling period were observed at Stations 7 and 8 in
October 2010 and November 2010 (>12.106) among the
measured values. The increased survival of bacteria at
low temperatures was due to reduced activity of predatory
protozoa rather than to any direct effect of temperature on
the bacteria. So, the contribution of protozoan predators
to the death of bacteria in sea water was of minor importance. Predation by higher forms would be difficult to
evaluate [20]. Especially, the abundance of tintinnids
were affected by different water masses in the area and
the maximum abundance of tintinnids was found when
salinity was high and the temperature was low. It is
known that there are limited vertical exchanges between
water masses due to the presence of thermocline and
halocline layers, particularly during spring and summer,
and the water on the surface does not usually sink down
to the bottom. In autumn and in winter, winds cause the
water to become rough, the stratification is broken up, and
the water from the bottom comes up to the surface [25].
Station 1 is under the polluting effects of the gulf and
intense pollution was recorded in that station. The formation of mucilage in the form of soapy foams in December
2010 and the planktonic blooms encountered in the samplings in April-May 2011 were the most observable proof
of this problem [19]. The presence of plastic remains and
rubbish that were encountered in the December 2010
sampling at Station 3 describes the pollutant load of the
station. The over-production of enteric bacteria at Station
4 in November 2010 was also striking. High particle density was observed at Stations 1 and 2 in January 2011
while an accumulation of jellyfish masses were observed
at Stations 4 and 5. Bacterial counts were lower in the
May 2011 sampling at the first five stations due to the
dense population of planktonic organisms. Station 5 could
be defined as an open sea station owing to low bacterial
population density at all sampling periods. Starting with
the first station, as the stations go further away from the
coast, a relative decrease in the density of bacterial populations was observed.
However, the situation was significantly different in
the coastal stations. Specifically Stations 7 and 8 are located at regions of both intense urbanization and industrialization. Moreover the coincidence of dead benthic invertebrates and the occurrence of putrefaction in October
2010 would be presented as an indicator of the area being
under high pollution load. The lowest value of DO was
detected as 4.44 mg/L at the surface stations. But especially the excessive growth of aerobic bacteria (and to a
lesser extent fungi), which are the primary stabilizers of
added material/waste results in greater demand for oxygen.
Under normal conditions, the nutrient load of a stream is
low and hence the bacterial and fungal populations are
also low. With heavy eutrophication and the consequent
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increased microbial growth, the depletion of oxygen may
be so severe that the dissolved oxygen is finally exhausted
and anaerobiosis sets in; consequently, fish, which also
depend on dissolved O2, may die, followed by deaths among
crustaceans, rotifers, and protozoa [2].
The apparent increase of coastal inputs following the
intensive precipitation, which was also discussed in the
newspapers, was observed specifically in the fall period.
The same stations were subject to direct discharge of
olive black water in the winter months. The release of
excavations in the coastal line of Station 7 in January
2011 clearly presents the expected load imposed by the
anthropogenic effect in that station. Although periods,
during the months in which the surface would be relatively cleaner due to the presence of strong currents and
waves, were encountered, an overall turbidity of the water
caught attention (secchi disk 3-4 m). The effect of postprecipitation input would be observed through the local
red tide events that were encountered during the April
2011 sampling [19]. Intensive macro-algae formation was
encountered during the summer period as a result of the
increase in water temperature. However, the presence of
jellyfish that was observed during almost all periods
would indicate another type of threat [19].
It could be deduced in light of all these observations
collected from this first study on the distribution of enteric bacteria in the Gulf of Gemlik that the area was
exposed to a significant pollution load. The anthropogenic
load especially stemming from the coastal areas also carry
enteric bacteria that impose a threat on human health.
The results reveal that the study area faces bacteriological
pollution and the existing pollution level in this area is
above the criterion specified for aquaculture, fishery and
recreational activity. Additionally, the distribution of enteric bacteria determined from the water samples that were
collected from different depths at the first 5 stations would
be an indicator of the extent of the dilution of bacterial
populations. The presence of physical pollutants in addition to the bacterial load in areas, where sufficiently frequent controls were not conducted, indicated the possibility of these wetlands reaching a point of no return very
shortly. The determination of the multi-antibiotic resistance index for the enteric bacteria that were detected in
dense populations was planned as an extension of this
study.
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play of all kinds of temporally collected spatial data and
their related attributes.

ABSTRACT
In this study, Istanbul, which is the most crowded city
in Turkey, was selected as the study area and the chlorophyll-a distribution was monitored using GIS technologies and in situ measurements at the southwestern coast of
the Istanbul metropolitan area, which would be expected to
be influenced by nutrient run offs from the city. Five
sampling stations located at the south- western coast of the
city were selected for investigating the spatial and temporal
chlorophyll-a distribution in the region. Monitoring stations
were selected at locations that were either highly urbanized
or heavily deteriorated. Sampling in these stations was
carried out monthly between January 2008 and December
2010. The parameters of air and sea surface temperature
were measured in the selected stations in situ.
The chlorophyll-a measurements varied between 0.23
and 181.4 µg/l throughout the sampling period. The lowest value was measured in October 2008 as 0.23 µg/l at
Station 1 and the highest value was measured in August
2010 as 181.4 µg/l at the Kucukcekmece Station. The significant station at Kucukcekmece Lagoon was selected in
order to represent the lagoon ecosystem and its connection
to the Marmara Sea via a narrow channel. Generally, the
water exchange rate of the Kucukcekmece Lagoon is too
small to describe it as an estuarine lagoon. Under these
circumstances, the dynamics of the environmental parameters and the chlorophyll-a values in the lagoon would be
expected to be considerably different from the other station.
In this study, the developed GIS database contains
basically two layers, the administrative boundaries of the
related districts and the locations of the sampling stations.
The chlorophyll-a concentrations that were measured at the
Kucukcekmece station were different than those measured
at other stations, just like the physical and chemical parameters of this station being different than those of other
stations. These differences would easily be demonstrated
using GIS as an important tool for the analysis and dis* Corresponding author

KEYWORDS: Water quality, Chlorophyll-a, Kucukcekmece Lagoon, GIS, Marmara Sea, Turkey

1 INTRODUCTION
Coastal environments are of more complex organization than high seas owing to their physical properties, topological structure and their hydrography. The increase in
nutrient levels in the water column as a result of the mixing of the deep waters via physical processes, the increase
in nutrient levels of terrestrial origin and the optimal levels of the strength of light for primary producers owing to
the shallow environments result in high primary production. The phytoplankton composition of coastal areas also
differs from those of high seas in addition to their high
plankton productivity. Coastal areas, being regions possessing dense human population, are greatly affected by anthropogenic pollution. The increase in the amount of
terrestrial input as a result of anthropogenic activities
causes the disruption of the balance within nutrient elements in these environments and this excessive increase in
the amount of nutrients might cause eutrophication; a serious
problem in the coastal areas in the recent years [1]. The
increase in nitrogen and phosphorous in coastal areas
would cause changes in phytoplankton populations and
reduction in the species diversity [2]. Agriculture contributes to nitrogen pollution of surface waters both via direct
runoff from agricultural fields and nitrogen in animal
wastes [3].
The fact that planktonic organisms reflect variations
in the environmental conditions in very short time scales
and that they display variations in species composition or in
density in response to these changes makes these organisms
one of the most accentuated groups in marine monitoring
studies. Since coastal environments are the most affected
by environmental pollutants, the identification of the plank-
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ton populations in these environments is of vital importance in the identification of the changes that occurred in
time [4]. Phytoplankton populations play a crucial role in
the ecosystem since that affect the amount of nutrient elements as well as the effectiveness of the food chain and its
structure [5]. The prediction of the composition and the
amount of phytoplankton biomasses is rather important
for understanding the dynamics and the organization of the
pelagic ecosystems. Phytoplankton biomass could be estimated using the amount of photosynthetic pigment, chlorophyll a, which is found in all phytoplankton cells.
The determination of the concentration of the photosynthetic pigments in marine waters may provide information on the algae groups in the phytoplankton populations and usually simple deductions would be made just
by the knowledge on chlorophyll-a concentration. Chlorophyll-a is also one of the most utilized indicators in the
determination of eutrophication and water quality in both
coastal and marine systems [6]. One particular scheme,
developed by the Organization for Economic Cooperation
and Development (OECD), provides specific criteria for
temperate lakes in terms of the mean annual values of
total phosphorus, chlorophyll-a, and Secchi depth. On this
scheme, for instance, the maximum concentration of chl-a
ranges in surface waters from 2.5-8 µg/1 in oligotrophic
lakes, to 8-25 µg/1 in mesotrophic lakes and to 25-75 µg/1 in
eutrophic lakes. If the chl-a concentration is higher than
75 µg/1, it means that this lake is hypertrophic. Although
this scheme provides a useful conceptual framework for
defining trophic categories, there are limitations in its practical use for classifying actual lakes. Because of the variability within ecosystems, some water bodies would be
classified in one or another trophic category, depending on
which parameter is used [7].
In previously conducted studies on the Marmara Sea,
the Bosphorous and the Golden Horn [8-15], the chlorophyll-a levels were determined to be in the range of 0.05286 µg/l and the highest values were measured in the
Golden Horn, specifically due to the over-population of
Prorocentrum minimum and Skeletonema costatum [14].
The reason for measuring this high value of chlorophyll-a
was that the Golden Horn Estuary is a 7.5 km long and
200-900 m wide estuary serving as a fishery ground, recreational area, and, especially after the 1950s, as an industrial area for the inhabitants of Istanbul. Moreover, this area
has been polluted since the 1950s and has become the most
significant environmental problem in Istanbul. The water
column of the estuary was characterized by frequent anoxia [16], high domestic pollution causing serious bacteriological contamination [17] and very high nutrient concentrations [18, 19].
In this study, the chlorophyll-a values determined from
the samples that were collected monthly between 20082010 from 5 stations located on the southwestern coast of
Istanbul were investigated in order to determine the monthly
and seasonal changes in phytoplankton productivity. The

collected data were used as input data for producing different maps which represent the spatial distribution of chl-a
values and the sea surface temperature (SST) on various
parts of the southwestern coast of Istanbul. The chl-a concentrations at the Kucukcekmece station were different
than those measured at other stations, just like the different physical and chemical parameters attributed to this
station. The determination of the anthropogenic input and
the variations in the trophic levels was aimed through
following this special station.
2 MATERIALS AND METHODS
In this study, Istanbul was selected as the study area.
In the past 20 years, the coastal retorts to human impact
including planktonic blooms in distinct locations varied in
magnitude. Five sampling stations (Figure 1) were selected on the southwestern coast of Istanbul in order to
investigate the spatial and the temporal phytoplankton
biomass through the determination of chl-a values using
GIS. The sampling was carried out monthly during the
period between January 2008 and December 2010.

FIGURE 1 – Study area and the locations of the sampling stations
on the southwestern coast of Istanbul.

Monitoring stations were selected at locations that were
either highly urbanized or where the coastal ecosystem was
heavily deteriorated. For instance, the first station (Atakoy)
was located near a harbor. The second station (Yesilkoy)
was selected such that it was located at the very far end of
the sampling area, outside of the gulf, thus unaffected from
the presence of blooms. Station 3 (Menekse) was selected as
a region, which is used as a public beach during summer
months. The Kucukcekmece Lagoon is connected to the
Marmara Sea via a narrow channel, and stations 4 and
5 were selected such that the lagoon ecosystem and its
connection with the sea could be represented. The essential station at the Kucukcekmece Lake (5) is selected so as
to represent the lagoon ecosystem and its connection to
the Marmara Sea through a narrow channel. Generally,
the water exchange rate of the Kucukcekmece Lagoon is
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too small for the lagoon to be defined as an estuarine
lagoon. Under these circumstances, the dynamics of the
environmental parameters and the chl-a values in the lagoon were expected to be considerably different than those
determined at the other stations.

winter (14.2 ºC) and fall (22.6 ºC) average temperatures
were also higher than those that were measured in the
corresponding seasons in the remaining years of the
study.
30

The monitoring study was conducted on a monthly
basis for a period of three years. All of the results that were
obtained by data analysis were visualized using Geographical Information System (GIS). In this study, the developed
GIS database consisted of basically two layers; the administrative boundaries of the related districts and the locations of the sampling stations. Spatial data that was used
in this study were collected from various sources and they
were of differing magnitudes. All data were normalized to
a range of similar magnitudes also to a similar scale to that
of the UTM coordinate system. The collected data were
used as the input data for producing different maps which
represented the spatial distribution of chl-a values and
SST on several of the southwestern coast of Istanbul.
3 RESULTS
The SST and air temperature were measured on a
monthly basis from 2008 to 2010. The highest SST was
measured as 26.7 ºC in August 2008 and August 2010
and the lowest SST was measured as 8.9 ºC in January
2008 during the sampling period (Figure 2). A similar
investigation of the ambient temperature yielded that the
highest temperature was measured in August 2009 as 37.8
ºC and the lowest temperature was measured in January
2008 as 5 ºC (Figure 3).
The first observation regarding the temperature variations was that the annual seawater surface temperature
was higher (17.7 ºC) in 2008 on average. On the other
hand, the annual average ambient air temperature in 2010
was 21.9 ºC. Taking seasonal average temperatures into
consideration, SST was higher during summer (25.6 ºC)
only in 2010. However, same analysis indicated that the

2009
2010

O

T C

20
15
10
5
0
J

F

M

A

M

J

J

A

S

O

N

D

Months

FIGURE 2 - Average SST for years 2008-2010

It was observed that the ambient temperature values
recorded for the past two years have higher average values during summer and fall months than for those recorded in 2008.
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The absorbance values at 750, 665, 664, 647 and
630 nm were recorded using a Shimadzu T60U spectrophotometer. Then, the absorbance values measured at 664,
647 and 630 nm were subtracted from the absorbance
value at 750 nm in order to take the errors introduced by
turbidity into consideration. Following these measurements,
the amount of chl-a per liter of seawater was calculated
using a previously reported calculation procedure [20].
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The samples were collected from the surface water.
Seawater (1 L) was filtered through filter paper with pore
size of 0.45-µm. Following filtration, the filter paper was
folded and placed into a 20-ml centrifuge tube. Then, 10 ml
of 90% acetone solution was added and the tube was left in
the refrigerator overnight to ensure the extraction of chlorophyll by acetone. Following this procedure, the sample
was centrifuged for 10 min at room temperature.
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FIGURE 3 - Average ambient air temperature for years 2008-2010

The highest chlorophyll-a concentration was measured as 181.4 µg/l at Station 5 in August 2010 and the
lowest value was obtained as 0.23 µg/l at Station 1 in October 2008 throughout the period of sampling. The annual
variations in the chlorophyll-a concentration for Stations 1,
2, 3 and 4 regardless of the differences among stations (A)
and for Station 5 (B) are displayed in Figure 4. The values
that were recorded in 2010 were higher among all years.
The overall average was 36.6 µg/L in 2008 whereas it was
recorded as 52.9 µg/L in 2010 increasing 1.44 fold. It was
determined that the Chl-a values were measured to be
higher than 25 µg/L for 7 months in 2010 at Station 5.
The Kucukcekmece Station (Station 5), at which the
Chl-a concentrations were high throughout the study,
caused the overall average values to be higher in the remaining stations as well. The relationship between the Chl-a
values measured in Kucukcekmece and in the remaining
stations is presented in Figure 5. The correlation value
regarding this relationship was determined as R2=0.7399.
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determined at Station 5 in 2009 reached a maximum in
4 months, which was different from what was expected
(Figures 6 C and D). The values measured in fall 2009
varied between 30 and 40 µg/L. Figures 6 E and F display
the variations in the Chl-a values in 2010. Rather different
and higher values were observed than those measured in
the previous two years. The sampling periods during which
the Chl-a values were higher than 25 µg/L at Station 5
were the fall periods. The highest value throughout the sampling period was encountered at this station as 181.4 µg/L in
August 2010.
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Chl-a (µg/L)

80,0

40,0

The GIS distribution for the months, during which the
surface seawater temperature and the chlorophyll-a values
were measured during the period of sampling, are shown
in Figures 7-9. The expected seasonal increase in the
chlorophyll-a concentrations during the period of MayOctober 2008 is given in Figure 7.
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FIGURE 4 - The average Chl-a values recorded at Stations 1, 2, 3
and 4 (A) and at Station 5 (B)
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FIGURE 5 - The relationship between Station 5 and the remaining 4
stations

The Chl-a values recorded at Station 5 and the average Chl-a values that were recorded at the remaining
4 stations were comparatively displayed in Figure 6 for
the purpose of comparing the Chl-a values measured at
Station 5 with those measured at the other stations. The
Chl-a values that were higher than 25 µg/L were taken into
consideration in this analysis. Investigation of the values
that were displayed in Figures 6 A and B yielded that the
expected increases during spring and fall were realized in
May 2008 as 47.1 µg/L and in October 2008 as 27.6 µg/L.
However, these values were determined to be almost 3 fold
higher at Station 5 (140.7 µg/L and 121.9 µg/L). The values

Especially the highest chl-a value that was measured
at Station 5 draws attention. The value obtained at the connection station (Station 4) was similarly high. High chl-a
values were noted during 4 periods in 2009, which was
different from the case observed in 2008 (Figure 8). The
values that were measured at Station 4 in March 2009 and
September 2009 were higher than those measured at Station 5. The SST values were higher in fall 2009, which
was distinct from what was observed during other periods
as well as during other seasons. In addition, the chlorophyll-a values that were measured at Stations 4 and 5 were
determined to be similar during these periods. The increase
in the values as well as the duration, during which increase
was observed, was both remarkably larger in comparison
to the results obtained during the previous year.
The comparison of the SST and chl-a values measured
in 2010 with the values obtained throughout the period of
sampling indicated that almost a 3-fold increase was encountered when compared with the results that were obtained in the previous years. High chl-a values, which were
almost 3 times more than the average, were measured during 7 months in 2010 excluding the two expected seasonal
increases.
The statistical analysis (ANOVA) that was conducted
in order to display the differences among the stations split
the stations into two major groups. The differences in water
color and density that draws attention during sampling in
the stations, in which the chl-a values were determined to
be high, were also determined to be statistically significant as a result of the evaluation of the data. The stations
with a statistically significant difference among themselves (p<0.01) are provided in Table 1. The results provided in this table indicated Stations 1, 2 and 3 as well as
Stations 4 and 5 as two distinct groups.
Investigation of the results of the Bray-Curtis similarity analysis (Figure 10) indicated that the similarity between the co-clustered Stations 4 and 5 was 57.3% and
that the similarities among the remaining three stations
varied in the range of 63.4-72.3% (Table 1).
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FIGURE 6 - The average Chl-a values for the coastal stations in 2008 (A), 2009 (C) and 2010 (E) and the Chl-a values in the Kucukcekmece
Lagoon in 2008 (B), 2009 (D) and 2010 (F)
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FIGURE 7 - SST and the maximum Chl-a values measured at the sampling stations during the period of May - October 2008.

FIGURE 8 - SST and the maximum Chl-a values measured at the sampling stations in March, September, October and November 2009.
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FIGURE 9 - SST and the maximum Chl-a values in measured at the sampling stations March, June, August, September, November and
December 2010.
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TABLE 1 - The statistical analysis of the
differences observed between the stations (p<0.01)

FIGURE 10 - Bray-Curtis similarity dendrogram for the sampling
stations

4 DISCUSSION AND CONCLUSION
Eutrophication, also known as nutrient pollution, is a
process whereby water bodies, such as lakes, estuaries, or
slow-moving streams, receive excess nutrients that stimulate excessive growth of microorganisms including algae
and cyanobacteria. This enhanced growth often results in
a bloom [21]. The major problems of eutrophication come
with anthropogenic enrichment of the environment and the
formation of dense blooms of toxic Dinoflagellates (principally marine) and colonial blue green algae (freshwater).
The ability of blue-green algae to out-compete other members of the phytoplankton at a time of year when certain
environmental aspects (light, temperature) are at an optimum, is a key feature of the success of these organisms in
bloom formation [7]. The situation that was observed at
Station 5 (The Kucukcekmece Lagoon) designated this condition. Previously conducted studies reported this station to
be under intense stress of pollution stemming from unavoidable nutrient input and phytoplanktonic blooms (especially cyanobacterial) were frequently encountered in
the area [22].

The past few decades have seen a massive increase in
coastal eutrophication globally, leading to widespread
hypoxia and anoxia, habitat degradation, alteration of foodweb structure, loss of biodiversity, and increased frequency,
spatial extent, and duration of harmful algal blooms. Regional variation in this increase is great, and some regions of
the Earth have seen little change, while in other areas,
nitrogen fluxes through the atmosphere and through rivers
have increased by 10–15-fold or more [23]. Both the TN
and the TP load feeding Station 5 via 3 individual rivulets
were of both industrial and anthropogenic sourced and no
preventive measures could be taken [24]. The delimitation
of planktonic bloom could not be foreseen under the present circumstances.
Water temperature and nutrients are the two important factors affecting the growth of phytoplankton masses
[25]. The presence of high phytoplankton biomass might
cause an increase in SST values since this biomass could
detain the short wave radiation in blue. Blue-green algae
have higher growth optima than do green algae and diatoms. The midsummer increase in the abundance of these
algae in temperate lakes, and their success for survival in
tropical lakes, may be the direct result of their ability to
grow well in warm water conditions. Chemostat experiments
of Tilman et al. [26] suggested that blue-greens isolated
from Lake Michigan and Lake Superior (North America)
have maximum growth ability at temperatures exceeding
20ºC. The spatial and the temporal variability of the Kucukcekmece Lagoon was dominated by the phytoplankton
dynamics, which in turn was mainly associated with the
availability of physical and chemical resources (light, temperature, nutrients). The spectral characteristic of chl-a,
which could be identified between blue–green wavelengths of the light spectrum, made it detectable by remote optical sensing.
Coastal lagoons are commonly characterized by high
productivity due to the fact that they are areas with restricted exchange with the adjacent ocean [27]. The Kucukcekmece Lagoon had a very consistent and pronounced
annual spring diatom bloom formation, which was observed
during the period between May and September in 2008.
However over the years, average chl-a concentrations
peaked towards the recent years, and the values were
3 times higher than the chl-a concentrations that were
typically observed during the stratified conditions in
summer and autumn.

TABLE 2 - Chl-a values (µg/L) measured at various stations in the Marmara Sea
Stations
Büyükçekmece
Bosphorus
Beylikdüzü
Baltalimanı
Bosphorus
North-eastern of the Marmara Sea
Golden Horn-in the lower estuary
Golden Horn-in the upper estuary
Büyükada

Min
0.05
0.10
5.00
0.44
0.54
0.26
1.10
1.50
0.10
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Max
8.50
2.10
28.00
3.94
6.13
11.72
27.20
286.00
6.35

Citation
Balkıs [8]
Aktan et al.[10]
Okuş &Taş [12]
Balkıs [9]
Aktan et al.[11]
Deniz & Taş [13]
Taş et al. [14]
Taş et al. [14]
Balkıs et al. [15]
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An overall summary regarding the Chlorophyll-a studies conducted in the Marmara Sea is provided in Table 2.
The highest chl-a concentration was measured in the upper
estuary of the Golden Horn as 286 µg/L and this area calls
attention as a special ecosystem. The Golden Horn, which is
an estuary that is under intense pollution stress, has become
a region of dense population and high urbanization in the
recent years. Chl-a values were determined to be very high
during warm periods in this area where currents and fresh
water flow are very low.
The Beylikduzu region located in the northwestern
coast of the Marmara Sea has become among the most
popular areas of settlement in Istanbul since 2004 owing
to the increasing number of residential facilities as well as
intense industrialization. The area is under serious threat
just as the most polluted gulf of the Marmara Sea; the
Izmit Gulf, due to the similar characteristics of both areas
in terms of location, widespread industrial settlement and
development. The discharge of wastes into aquatic environments without being treated saturates these areas in
terms of TN and TP load and the suitability of the environmental parameters in addition to this problem causes a perceptible increase in chl-a concentrations. The very similar
situation that was encountered at Station 5 reveals the necessity of the monitoring and the supervision of the area.
The present results clearly highlighted the incidence
of high Chl-a concentration in the coastal waters to the
southwestern of Istanbul. The data collected from the
study site indicated that there is a loss of quality in the
recreational areas. The magnitude of the trophic status of
seawater and the scale ranges for each category differed
significantly among various researchers. Giovanardi and
Tromellini [28] suggested that areas having average chl-a
levels of 1.7 µg l-1 were characterized as oligotrophic,
whereas areas,in which mean values of 4.7 µg l-1 and
14.3 µg l-1 were measured, were defined as meso-and eutrophic respectively. In addition, Babin et al. [29] stated that in
the northern Atlantic, areas having average chl-a values of
approximately 0.05 µg l-1 were defined as oligo-trophic and
those having approximately 1.0 µg l-1 and 4 µg l-1 as mesotrophic and eutrophic, respectively. According to the results
of the study conducted by Ignatiades [30] in the Aegean
Sea, the limits of average chlorophyll a concentrations
were <0.5 µg l-1 for oligotrophic, 0.5-1.0 µg l-1 for mesotrophic and >1.0 µg l-1 for eutrophic waters. Under the
light of these previously established scale factors, the
southwestern coast of Istanbul showed meso-eutrophic
conditions. In other words, the determined chlorophyll-a
values indicated that the southwestern coast of Istanbul
showed mesotrophic conditions in some periods and eutrophic conditions in others.

those nutrients, usually require legal regulations. Besides,
the control of diverse pollutant resources such as agricultural and urban pollution is another inevitable measure to
be taken in terms of water quality management. The government needs to decide if these areas are to be maintained as recreational areas benefiting tourism in the long
run or if they are to be used as a disposal area. However,
the marine environment is an important resource not only
in terms of the biodiversity it supports, but also as a resource for industry, freshwater production and recreation
[30]. The national environment policy must provide local
resource users with diversified incentives (not just economic) to sustainable manage natural resources; and promote national and international collaboration and networking among natural and social scientists and the local
people working in protected area management.
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Chlorophyll blooming along the southwestern coastal
area could be associated with the upstream discharges that
bring nutrients to the sea. So, efforts for periodic monitoring would be insufficient for determining the quality parameters of water in coastal areas [31]. Approaches towards
the control of land use, which limit the activities producing

3241

REFERENCES
[1]

Castro, P.& Huber, M.E., (2005) Marine Biology, McGrawHill Science Engineering, 460 p.

[2]

Officer, C. B., Ryther, J. H. (1980) The possible importance
of silicon in marine eutrophication. Marine Ecology Prog.ress
Series,3: 83-91.

[3]

Howarth, R. W. (2008) Coastal nitrogen pollution: A review
of sources and trends globally and regionally, Harmful Algae, 8: 14–20.

[4]

Polat, S. (2008) Distribution and Seasonal Dynamics of Diatoms and Dinoflagellates in Iskenderun Bay, Journal of Fisheries Sciences, 2(2): 153-163 (In Turkish).

[5]

Sakshaug. E. & Slagstad. D. (1991) Light and productivity of
phytoplankton in polar marine ecosystems: a physiological
view. Pp. 69-85 in Sakshaug. E.. Hopkins. C. C. E. & Britsland. N. A. (eds.): Proceedings of the Pro Mare Symposium
on Polar Marine Ecology. Trondheim. 12-16 May 1990. Polar Research 10(1).

[6]

Coelho, S., Gamito, S., Pérez-Ruzafa, A. (2007) Trophic state
of Foz de Almargem coastal lagoon (Algarve, South Portugal) based on the water quality and the phytoplankton community. Estuarine Coastal and Shelf Science, 71: 218-231.

[7]

Sigee, D.C. (2005) Freshwater Microbiology, Biodiversity
and Dynamic Interactions of Microorganisms in the Aquatic
Environment, John Wiley & Sons Inc., USA, 541 p.

[8]

Balkıs, N. (2003) Seasonal variations in the phytoplankton
and nutrient dynamics in the neritic water of Büyükçekmece
Bay, Sea of Marmara, Journal of Plankton Research, 25 (7):
703-717.

© by PSP Volume 21 – No 11. 2012

[9]

Fresenius Environmental Bulletin

Balkıs, N. (2007) Variations of nutrients and chlorophyll-a in
the coastal area of Baltalimanı (Bosphorus-Turkey), Fresenius Environmental Bulletin, 16 (11b): 1429-1434.

[10] Aktan, Y., Luglie, A., Aykulu, G., Sechi, N. (2003) Species
composition, density and biomass of coccolithophorids in the
Istanbul Strait, Turkey, Pakistan Journal of Bot.any, 35: 45-52.
[11] Aktan, Y., Balkıs, N., Balkıs, N. (2007) İstanbul Boğazı bentik mikroalg topluluğunun mevsimsel değişiminin incelenmesi ve sediment örneklerinde ağır metal ve TOK birikiminin belirlenmesi, I. U. SRF Project No: 111/15052003,
Project Report (in Turkish)
[12] Okuş, E., Taş, S. (2007) Diatom increase in phytoplankton
community observed in winter in the north-eastern Marmara
Sea (Beylikdüzü), J. Black Sea/Mediterranean Environment,
13: 7-17.

[25] Tang, D.L., Kawamura, H., Lee, M.A. and Dien, T.V. (2003)
Seasonal and spatial distribution of chlorophyll-a concentrations and water conditions in the Gulf of Tonkin, South China Sea. Remote Sensing of Environment, 85: 475-483.
[26] Tilman, D., Kiesling, R., Sterner, R., Kilham, S.S and Johnson, F.A. (1986) Green, blue-green and diatom algae: taxonomic differences in competitive ability for phosphorus, silica and nitrogen. Archives of Hydrobiology, 106: 473–486.
[27] Wood, E.J.F. (1967) Microbiology of Oceans and Estuaries,
Elsevier, The Netherlands, 333 p.
[28] Giovanardi, F., Tromellini, E. (1992) Statistical assessment
of trophic conditions. Application of the OECD methodology
to the marine environment. Science of the Total Environ.ment,Suppl., 211-233.

[13] Deniz, N., and Taş, S. (2009) Seasonal variations in the phytoplankton community in the north-eastern Sea of Marmara
and species list, Journal of the Marine Biological Association
of the United Kingdom, 89 (2): 269-276.

[29] Babin, M., Morel, A., Claustre, H., Bricaud, A., Kolber, Z.,
Falkowski, P. G. (1996) Nitrogen and irradiance dependent
variations of the maximum quantum yield of carbon fixation
in eutrophic, mesotrophic and oligotrophic marine systems.
Deep-Sea Research, 43: 1241-1272.

[14] Taş, S., Yilmaz, N., Okus, E. (2009) Phytoplankton as an indicator of improving water quality in the Golden Horn Estuary, Estuaries and Coasts, 32: 1205-1224.

[30] Ignatiades, L. (2005) Scaling the trophic status of the Aegean
Sea, eastern mediterranean. Journal of Sea Research., 54: 5157.

[15] Balkıs, N., Atabay, H., Türetgen, İ., Albayrak, S., Balkıs, H.,
Tüfekçi, V. (2011) Role of single-celled organisms in mucilage formation on the shores of Büyükada Island (the Marmara Sea), Journal of the Marine Biological Association of
the United Kingdom, 91 (4): 771-781.

[31] Sivri, N. and Seker, D.Z. (2010) Investigation of Enteric Bacteria of Surface Waters in the Southwestern Istanbul Coast by
Means of GIS, Turkish Journal of Fisheries and Aquatic Sciences, 10 (4): 505-511.

[16] Kıratlı, N., Balkıs, N. (2001) Distribution of dissolved oxygen, TSS and H2S in Golden Horn. Haliç 2001 Symposium,
3-4 May 2001, Istanbul, pp. 329-338 (in Turkish).
[17] Aslan-Yılmaz, A., Okuş, E., Övez, S. (2004) Bacteriological
indicators of antropogenic impact prior to and during the recovery of water quality in an extremely polluted estuary,
Golden Horn, Turkey. Marine Pollution Bulletin, 49: 951958.
[18] Okuş, E. Aslan, A., Taş, S., Yılmaz, N., Polat, Ç. (2001) Distribution of nutrients and chlorophyll a in Golden Horn. Haliç
2001 Symposium, 3-4 May 2001, Istanbul, 145-152 (in Turkish).
[19] Yüksek, A., Okuş, E., Yılmaz, İ. N., Yılmaz, A. A., Taş, S.
(2006) Changes in biodiversity of the extremely polluted
Golden Horn Estuary following the improvements in water
quality. Marine Pollution Bulletin, 52: 1209-1218.
[20] Parsons, T. R., Maita, Y. ve Lalli, C. (1984) Manual of
Chemical and Biological Methods for Sea Water Analysis,
Pergamon Press, Great Britain, 173 s.
[21] Okafor, N. (2011) Environmental Microbiology of Aquatic
and Waste Systems, Springer, New York, 307 p.
[22] Albay, M., Matthiensen, A. and Codd, G. A. (2005). Occurrence of Toxic Blue-Green Algae in Kucukcekmece Lagoon
(Istanbul, Turkey) Environmental Toxicology, 20: 277-284.
[23] Howarth, R.W., Anderson, D., Cloern, J., Elfring, C., Hopkinson, C., Lapointe, B., Malone, T., Marcus, N., McGlathery, K., Sharpley, A., Walker, D. (2000) Nutrient pollution of
coastal rivers, bays and seas. Issues Ecology, 7, 1–15.
[24] Ozman, A.N., Sivri, N., Erturk, A., Seker, D.Z. and Fuseng,
L. (2010) Analysis Of Phytoplankton Distribution at the
South-western Coast of İstanbul Utilizing GIS”, Fresenius
Environmental Bulletin,19 (9b): 2116-2122.

3242

Received: December 29, 2011
Revised: April 17, 2012
Accepted: May 03, 2012

CORRESPONDING AUTHOR
Assoc. Prof. Dr. Nuket Sivri
Istanbul University Faculty of Engineering
Department of Environmental Engineering
34320 Istanbul
TURKEY
Phone: +90 212 473 70 70 /17651
Fax: +90 212 473 71 80
E-mail: sivrin@gmail.com
FEB/ Vol 21/ No 11/ 2012 – pages 3233 – 3242

© by PSP Volume 21 – No 11. 2012

Fresenius Environmental Bulletin

ANALYSIS OF URBANIZED AREAS
USING V-I-S COMPONENTS MODEL
Sinasi Kaya1,*, Dursun Zafer Seker1 and Aysegul Tanik2
2

1
Istanbul Technical University, Department of Geomatics Engineering, Maslak 34469, Istanbul, Turkey
Istanbul Technical University, Department of Environmental Engineering, Maslak 34469, Istanbul, Turkey

ABSTRACT
Remotely sensed data have been widely used to record any land cover/use change. In this study, the spatial
distribution of land cover/use, and its corresponding temporal changes that have occurred in the megacity of Istanbul were analyzed by utilizing Landsat 5 TM images belonging to years 1987 and 2007. The land-use/cover distribution is realized through the application of V-I-S model
that is based on 3 landform classes: Vegetation (forest, green
areas, parks, etc.), Impervious land (settlements and transportation), and Soil (V-I-S model). The analyses of especially
urbanized areas of the megacity were conducted using the VI-S component model for both of the examined years. Besides, the urbanized area boundary obtained for 2007 was
overlaid on the classified image of 1987 to recalculate V-IS components and to represent the changes that have occurred during the years. The past and present land-use
status of the suburban residential area, Sultanbeyli, representing one of the areas under severe threat of illegal and
rapid population increase since 1987, and the highly urbanized district of Kadikoy representing a district with
high population density, were thoroughly investigated by
utilizing the V-I-S model. The findings point out the drastic land-use changes in the suburban district, and a highly
stable situation in the old residential urban district of the
megacity. It is expected that such results are achieved in
quite shorter periods of time by application of simple models with fewer components providing valuable information
to decision and policy makers who are responsible for the
sustainable management of administrative areas.

KEYWORDS: Satellite images, V-I-S model, classification, Landsat 5 TM, urbanization.

1 INTRODUCTION
The land-use distribution of the earth concurrently
changes with the population increase, especially due to
* Corresponding author

dynamic process, continues in the form of both increasing
migration to more developed areas. Urbanization, that is a
population density and of spreading outwards from the city
centres. According to a report of United Nations (2010),
35% of the world's population lived in cities in the 1980s;
however, most recently 50% of the world population lives
in urban areas [1]. This situation clearly indicates the remarkable urbanization trend in the last thirty years. As such,
unhealthy urbanization brings together many environmental
problems. For example, unconscious consumption of resources, an ever-increasing amount of asphalt by means
of increase in the construction of transportation networks,
an ever-increasing number of buildings together with their
increase in height and width, growing of parking areas,
narrowing already existing streets, and the huge number
of tree-cutting for expanding the construction areas, dried
rivers, lakes, bringing down parks, gardens and forests. As
a result, reduced vegetation cover and loss of soil leading
to expansion of impervious land in urban areas is becoming a problem. Today, the satellite sensors that periodically
pass through the same region at different times produce
satellite image data that enable the determination of changes
of the earth in short- and long-time intervals. Many researchers have so far studied on urban areas, land-use and
land-cover of the earth, and have analyzed the results obtained [2-4]. Remotely sensed data analysis is also widely
used in urban areas. A lot of studies on the analysis of
urban morphology using such data may be addressed [512]. Compiling the information obtained and submitting
the results in the digital form to the decision makers is of
utmost importance for the analyser. The data that are
evaluated within the V-I-S model also identify various
aspects of urban development. The purpose of this study
is to determine the change vectors and, correspondingly,
the spatial variations of land-use/cover with the aim of
monitoring the variation of vector trends within the metropolitan area of Istanbul, within the urbanized areas, and
within the two selected districts representing suburban and
urban settlements, respectively. The input data used in the
model are the results of classified Landsat 5 TM satellite
image data belonging to 1987 and 2007. The results obtained
are numerically given by taking into account the V-I-S components. Figure 1 shows the location of the study area and
the classified satellite image of the megacity Istanbul.
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to increase the distinguishing ability between classes
according to the method of uncontrolled ISODATA classification as a 25-class. Then, these classes are combined in
4 main classes: vegetation cover (V), impervious land (I),
soil (S) components, and the water (W) component that is
not used in the model. Figures 2 (a) and (b) present the
unprocessed and classified images of the study area for
the two corresponding study years, respectively.
2.2 V-I-S Model

V-I-S model was firstly applied by Ridd [13] in Salt
Lake City in 1995. Then, many scientists have tested this
model and its modified and developed forms in different
cities of the world [7; 14-17]. The method provided to
obtain some concrete data on the land-use change of cities
simultaneously. V-I-S model was initially proposed to
introduce and display the structures of urban morphology.
According to the model, linear combinations of the three
components` model basically state the urban land.
These components are vegetation (Vegetation), impervious land (Impervious), and soil (Soil) (Fig. 3). V-I-S
model analysis takes the advantage of utilizing remote
sensing data, and enables practical ease in displaying the
temporal variations of land-use/cover areas under inspection.

FIGURE 1 - The study area and watershed boundaries.

2 MATERIALS AND METHODS
2.1 Classification of Satellite Images

The satellite image data of Landsat 5 TM of September 25, 1987 and of June 28, 2007 are initially classified

(a)

(b)

FIGURE 2 - (a) - False colour Landsat 5 TM, (b) Classified images of Istanbul.
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tion of the V-I-S components for the overall metropolitan
area of Istanbul is shown in Fig. 4.

FIGURE 3 - V-I-S model [9].

3 RESULTS AND DISCUSSION
The satellite images of megacity Istanbul belonging
to 1987 and 2007 are initially cut from the administrative
boundaries on both the European and Asian sides, and the
classification of the images are realized on the 3 components that will be used in the application of the V-I-S
model as shown in Fig. 2. The areal distribution of the
classification under the 3 components is given in Table 1
for the overall megacity. According to data processed, it
is found that the surface area of Istanbul is approximately
5360 km2 out of which 2867 km2 in 1987 was covered by
vegetation, 402 km2 by impervious land, and 2090 km2 by
soil; on the other hand, the corresponding distribution was
2714 km2 vegetation, 714 km2 impervious land, and
1895 km2 of soil in 2007. Between 1987 and 2007,
impervious land increased by 311 km2, while the vegetation and soil land comparatively decreased. The presenta-

FIGURE 4 - Presentation of the V-I-S components for the overall
Istanbul Metropolitan Area.

The next analysis was performed on more specific
sites focusing on only the urbanized areas of the megacity,
again within the same period. Figure 5 shows the urbanized
regions and Table 2 refers to the numerical values of the
areal distribution among the 3 components of concern.
Looking into the urbanized area of Istanbul between
1987 and 2007, it can be stated that impervious land increased by 284 km2 and, in particular, a noteworthy
change in the soil component has been realized.
This condition indicates that such soil land within the
city has been converted to dense residential areas (Table 2).
Figure 6, on the other hand, shows the V-I-S components
for the urbanized regions of the megacity.

TABLE 1 - Areal distribution of the V-I-S components in megacity Istanbul.
Land Classes
Vegetation
Impervious
Soil

Areal distribution in 1987 (km2)
2867.04; 53.5 %
402.74; 7.5 %
2090.02; 39,0 %

Areal distribution in 2007 (km2)
2714.44; 51.0 %
714.17; 13.4 %
1895.43; 35.6 %

Variation between 1987-2007 (km2)
-152.60
+311.43
-194.59

FIGURE 5 - Classification of the urbanized regions of Istanbul.
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TABLE 2 - Areal distribution of the V-I-S components in the urbanized regions of the megacity Istanbul.
Land Classes
Vegetation
Impervious
Soil

Areal distribution in 1987 (km2)
370.21; 27.4%
336.37; 24.8%
647.69; 47.8%

Areal distribution in 2007 (km2)
318.81; 23.6%
621.07; 46.0%
411.44; 30.4%

Variation between 1987-2007 (km2)
-51.4
+284.7
-236.25

37.5 to 32.4% in 20 years of time whereas the distribution
of impervious land has slightly increased from 54.1 to
64.7% within the same time interval. On the other hand,
the share of the soil component is reduced to 2.9 from
8.45%. These results of the V-I-S components are shown
in Fig. 10.

FIGURE 6 - Presentation of the V-I-S components for the urbanized
regions of Istanbul.

A similar processing of data is then followed on the
two significant districts of the megacity located on the
Asian side; both known to be highly populated. One of the
districts is a suburban district, Sultanbeyli, whose boundaries are drawn by utilizing the images (Fig. 7). The land-use
distributions of this district within 1987 and 2007 are given
in Table 3.
According to the results obtained, the impervious land
of this district has increased from 18.7 to 65% within a
period of 20 years. In particular, the soil land has decreased
from 38.4 to 8.8%. These remarkable results indicate that
V-I-S components have considerably changed in the last
20 years. The same situation is also observed in the change
of vegetation cover (Fig. 8).
The final example of applying the V-I-S model is on
the urban district of Kadikoy that is one of the oldest residential sites of the megacity. The district is among the
highly populated and urbanized regions of the city. Utilization of the district’s data (Fig. 9) and application of the
V-I-S model (Fig. 10) indicate that there appear no highly
significant variations in the land-use distribution within
20 years. Table 4, which numerically refers to land-use
distribution values within the two inspection years, shows
that the area devoted to vegetative land has changed from

FIGURE 7 - Classification of the suburban district of Sultanbeyli.

FIGURE 8 - Presentation of the V-I-S components for the suburban
district of Sultanbeyli.

TABLE 3 - Areal distribution of the V-I-S components in the suburban district of Sultanbeyli.
Land Classes

Areal distribution in 1987 (km2)

Areal distribution in 2007 (km2)

Variation between 1987-2007 (km2)

Vegetation

12.5; 42.9 %

7.7; 26.2%

- 4.8

Impervious

5.5; 18.7%

19.2; 65.0%

+13.7

Soil

11.3; 38.4%

2.6; 8.8%

-8.7
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FIGURE 9 - Classification of the urban district of Kadikoy.

TABLE 4 - Areal distribution of the V-I-S components in the urban district of Kadikoy.
Land Classes
Vegetation
Impervious
Soil

Areal distribution in 1987 (km2)
15.6; 37.5 %
22.5; 54.1 %
3.5; 8.4 %

Areal distribution in 2007 (km2)
13.5; 32.4%
27.0; 64.7%
1.2; 2.9 %

Variation between 1987-2007 (km2)
- 2.1
+5.1
-2.3

built on three components, the spatial variations of these
components and their percent change over 20 years has
been calculated.

FIGURE 10 - Presentation of the V-I-S components for the urban
district of Kadikoy.

4 CONCLUSIONS AND RECOMMENDATIONS
Use of satellite image data and the corresponding results to be obtained compared to conventional methods is
very fast. Therefore, important information and data are
provided on urbanization aspects by the utilization of V-IS model. In this study, the model is tested on various
forms of urbanization with different surface areas and
urbanization trends. As a conclusion, it can be stated that
this model can successfully be used to obtain information
on both the magnitude and direction of urbanization. The
development vector has enabled to make comments and
evaluations on urbanization. Direction of the vector provided ideas on possible future urbanization trends, and
has made it possible to examine the morphology of the
city between the years 1987-2007. As the V-I-S model is

In this study, V-I-S components defined the development direction of change and are shown by drawing
vectors within the boundaries of the megacity, urbanized
regions, and on the two districts representing suburban
and urbanized regions. Particularly in urban areas, impervious land increased while the vegetation and soil components decreased. Intensively populated district of Sultanbeyli which is under the threat of illegal and rapid population has been determined to put forth the drastic changes
in the land-use distribution. This remarkable variation is
clearly indicated by the model as well. In general, the
model applications on various lands in the megacity of
Istanbul have exerted a common finding that the upward
movement of the direction vector is towards the impervious land region.
This study establishes grounds that give rise to valuable information on the urban morphology with fewer
components in a short period of time. Thus, it can be
emphasized that such simple models can be applied with
ease, and the findings can be submitted and presented to
the decision makers who are responsible for the wellbeing of the urbanized areas.
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ABSTRACT
The paper summarizes the baseline results for concentrations of heavy metals (Cd, Pb, Cu and Cr) in marine
water, mussels (Mytilus galloprovincialis) and seagrass
(Posidonia oceanica) tissues as they relate to the concentrations in fractionated and total sediments. Six sampling
stations were selected in Saranda Bay, Ionian Sea, and concentrations of heavy metals were analyzed in water, surface
sediment, three sediment fractions, Mytilus tissue and Posidonia leaves. The concentrations of Cd, Pb, Cu and Cr in
the sediment were lower than ERL, or between ERL and
ERM. The trend of heavy metal concentrations in Posidonia oceanica leaves was Cr>Cu>Pb>Cd while it was
Cu>Pb≥Cd>Cr for Mytilus galloprovincialis tissue. Results
indicated that the elemental concentrations in sediment
correlate more significantly with concentrations in Mytilus
tissue than those in Posidonia leaves. These observations
confirmed that heavy metals in the sediment are bioavailable to both Mytilus and Posidonia, which thus can be
used as good indicators of the spatial variation of heavy
metals in marine water environments.
KEYWORDS: Albania, Ionian Sea, heavy metals, sediment,
water, Posidonia oceanica, Mytils galloprovencialis

1 INTRODUCTION
Studies on heavy metal pollution, especially in coastal
zones, have increased over the last few decades at global
scale due to the rapid increase of urbanization in coastal
areas, the increased activity in harbors, and the large
quantity of pollutants released by industrial and agricultural activities [1-4]. In Albania, studies on coastal environmental issues and the role played by sediments have
been published only during the last decade; e.g. a general
overview of impacts [5], assessment of heavy metals in the
sediment, ecological status of lagoons and bays [6, 7], and
sediment mineralogical analyses [8]. Sediments are considered to be an important carrier as well as a sink of heavy
* Corresponding author

metals in the hydrological cycle [9]. Heavy metals released into water are eventually accumulated in the sediments, which act as recorders of heavy metal pollution
events [10]. The majority of heavy metal discharges from
anthropogenic activities accumulate in the sediment surface layer at the seabed, and gradually are adsorbed into
the clay or particulate organic matter. The sediments can
release heavy metals to the overlying water via natural or
anthropogenic processes, causing potential adverse effects
to the ecosystems. Moreover, benthic organisms can take
up metals directly from the sediments, which, in turn, enhances the potential of some metals to enter into the food
chain [11-13].
The physical and chemical characteristics of the sediments give an insight into the degree of accumulation of
potentially toxic elements in the marine bed, and thus indicate the possible adverse effects to the local biota. The
macrophytes, mollusks and fish are influenced by the metallic sediment composition, while the sediment quality
plays an important role in the water and sea product quality. In turn, seagrass and marine bivalves are considered as
biological indicators [14], and serve as tools for assessing
the water quality of fragile ecosystems.
The composition of sediments at Saranda Bay, Albania, depends on hydrological conditions, wastewater discharge, harbor waste, land erosion and agricultural runoff.
To date, there are few monitoring studies on sediment
quality in this bay. This study aimed to assess the water
and sediment quality status in the benthic system of the
Saranda Bay vis-à-vis the Sediment Quality Guideline
(SQG). Furthermore, the study explores the role of heavy
metal concentrations in both Posidonia oceanica and
Mytilus galloprovencialis as they relate to the overall
sediment values in the Saranda Bay.
2 MATERIAL AND METHODS
2.1 Water sampling

Samples of water, sediment, Posidonia and Mytilus
were collected at the same locations in 6 sampling stations
of the Saranda Bay during August 2009 (Fig. 1). Sampling
stations were selected based on a previous work of Mall-
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tezi et al. [6]: point-source pollution (harbor, discharged
wastewater, Bistrica estuary) and in parts of the coast most
affected by erosion discharge. Samples were taken at a
distance of about 50 m from the shoreline, at about 50 cm
depth, in order to avoid sampling of accidental surface
water contaminants. Five-hundred ml plastic bottles were
used for analysis of heavy metal concentrations in seawater. The water samples (500 ml) were filtered using
Whatman No. 41 (0.45 µm pore size) filter paper for estimation of dissolved metal content. Water samples collected
after filtration (500 ml each) were preserved with 2 ml
nitric acid to prevent the precipitation of metals. Both samples were 10-fold concentrated in a water-bath and subjected to nitric acid digestion using the microwave-assisted
technique (setting pressure 30 bar and power 700 watt) [15,
16]. Heavy metal analyses were carried out using a flame
atomic absorption spectrophotometer (GBC Avanta version
1.31). The calibration curves were prepared separately for
all the metals by running different concentrations of standard solutions (Pb 0.0-50 µg L-1, Cd 0.0-1.6 µg L-1, Cu
and Cr 0.0-300 µg L-1). The instrument was set to zero by
running the respective reagent blanks. Average values of
three replicates were taken for each determination.
2.2 Sediment sampling

Three replicates of sediment cores were collected using a hand-held stainless steel box corer (17x17x15 cm),
which was vertically pushed through the sediment. Afterwards, the samples were immediately placed in labeled
plastic bags, which had been cleaned with nitric acid (1N)
for 1 h, rinsed thoroughly with double-distilled water, and
kept on board in a cool box at 0 °C. They were stored in
the Lab at -20 °C, and later were kept at 104 °C for 24 h.
The samples were rinsed at room temperature and sieved

in a polyester sieve in order to determine the two most
important fractions, namely, <64 µm and >64 µm<1 mm.
The fractions >1 mm were not analyzed. The content of
heavy metals (Cd, Pb, CU and Cr) were measured in each
fraction and in the total sample (<2 mm), after being dried
and homogenized. A sediment sub-sample of 0.25g was
digested in a mixture of 5 ml strong acid (1 ml HNO3 + 3
ml HCl + 1 ml HF) for 30 min, using microwave heating
(230 °C) for 5 min to complete specific reactions. The
concentrations of Cd, Pb, Cu and Cr were analyzed in
triplicate by using atomic adsorption spectroscopy (AASAPHA 1985 equipped with a graphite furnace). Quality
assurance of analytical results was controlled using reference marine sediment material (“No.12 CRM”), certified
by the NIES. In order to determine the precision of the
analytical process, samples from the SS4 were analyzed 4
times. The standard deviation was calculated to be 3.8 %,
and can be considered satisfactory for environmental
analysis.
2.3 Posidonia oceanica sampling

Seagrass samples, with dominance of Posidonia oceanica, were taken by using scuba divers at the same sampling stations (1-6) where sediment samples were taken.
An area of 100 m2 (10x10m) was selected in each sampling site. Three separate samples of about 400 g wet
weight were taken in each of the sampling sites. Later, the
samples were dried in the sun (about 35 °C), rinsed with
distilled water, ground into fine particles, and 0.25 g from
each sample were mineralized in digestion pipes with 8
ml HNO3 (69%) and 2 ml H2O2. Then, the samples were
filtered and treated with 25 ml of 0.1 M HNO3. They were
analyzed for heavy metals (Cd, Pb, Cu, Cr) by atomic
absorption spectrometry.

FIGURE 1 - Map of the Saranda Bay and location of sampling stations 1-6.
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2.4 Mussel sampling

A total of 160 individuals were sampled (10 for each
replicate, three replicates in each of the 6 sampling stations). The soft tissues and shells were weighed, and then
dried for 48 h at 105 °C. The dried soft tissue of all organisms from each station (10 organisms) was pooled and
homogenized. Aliquots of 2 g of soft tissue and 1 g of
shell material were digested in strong acid mixture (HNO3
+ H2SO4 (v/v, 1/1). The metals (Cd, Pb, Cu and Cr) were
AAS-analyzed by comparing with a reference sample
certified by an EU reference laboratory.
2.5 Statistics

Spatial distribution patterns of heavy metals were
demonstrated by means of STATGRAFICS v.7.1. Different
modules of the statistical software STATISTICA version
7.0, such as the Pearson Product - Moment linear correlation method, were used to elucidate the relationships between heavy metals (Cd, Pb, Cu and Cr) in the sediment
and heavy metals in the seagrass and mussels.
3 RESULTS
3.1 Local environmental conditions

The seawater in the Bay of Saranda is influenced by
the discharge of untreated wastewater, port activity, surface water runoffs and land erosion from the slopes. As
the most important factor influencing the seawater quality, wastewater was analyzed for heavy metals and the
following yearly average figures were obtained: Cd = 2.1
± 0.9 µg L-1, Cr = 23.5 ± 7.3 µg L-1, Cu = 74 ± 28 µg L-1,
and Pb = 68 ± 17.4 µg L -1 . The yearly contribution
of wastewater with heavy metals is 18 kg year-1 for Pb,

2.1 kg year-1 for Cd, 19 kg year-1 for Cr and 63 kg year-1
for Cu, which are negligible amounts for the Bay. The
Bistrica River which collects wastewater prior to flowing
into the Saranda Bay does not seem to substantially influence the deposits of heavy metals in the bay [17].
3.2 Sediments

The textural fractionation of the sediment (Table 1)
shows that the fraction portions (in percentage of the total
sampling measured) differed among the sample stations.
The coarse fraction (>1 mm fraction) was higher than 50%
in the stations 1, 2, 3, 5 and 6, with a maximum at St1
(74.3%) while the minimum value of this fraction was
found at St4 (38.5%). The B fraction (64 µm < B < 1 mm)
values ranged from 11.4% at St1 to 42.1% at St4. The
fine fraction (<64 µm) was lower for all stations as compared with other fractions; the values varied from 9.4% at
St3 to 24.1% at St2.
The overall pattern of total heavy metal concentrations
in the sediment was Cr>Pb>Cu>Cd (Table 2). The values
for Cd were different among the stations; they varied from
0.36 to 1.34 µg g-1, and the average for all sediment stations was 0.83 ± 0.33 µg g-1. The concentrations of Pb
were nearly the same for sampling stations 1, 2 and 5 (on
average 22 ± 2.1 µg g-1), and were higher in stations 3 , 4
and 6. The average value for all samples was 29.6 ± 10.4 µg
g-1). The values for Cr varied from 31.4 (St5) to 75.6 µg g-1
(St4), and the average was 50.0 ± 15.5 µg g-1. The values for
Cu were different between stations varying from 13 to 44.3,
at St5 and St2, respectively, and the average was 29.33 ±
12.17 µg g-1).
The minimum and maximum values of Cd into coarse
fraction were 0.32 and 1.92 µg g-1, for Pb were 19.4 and

TABLE 1 - Heavy metal distribution in various fractions of Saranda Bay sediments: (A) 2 mm >x > 1 mm, (B) 1 mm > x >64 µm, (C) x <64 µm.
The fractions > 2mm were not considered for heavy metal analyses. n.d. = not detected.

Cd
Stations
1

2

3

4

5

6

Fractions
Fraction portion (%)
A
74.3
B
11.4
C
14.3
A
51.2
B
24.7
C
24.1
A
61.9
B
28.7
C
9.4
A
38.5
B
42.1
C
19.4
A
66.5
B
19.8
C
13.7
A
50.8
B
36.7
C
12.5
Total concentration for total sample*

0.32
0.41
0.63
0.80
0.62
1.09
0.76
0.46
nd
1.92
1.18
1.83
0.70
nd
0.91
0.99
0.70
1.09
0.67±0.18
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Trace metal content, µg g-1 dry weight
Pb
Cu
(in mg kg-1 dry weight)
21.4
16.2
18.2
16.4
33.2
22.0
31.3
45.6
20.4
40.6
27.8
44.8
22.7
29.7
27.7
39.2
39.0
30.4
30.1
27.4
48.8
43.1
55.4
50.0
19.4
10.2
22.4
16.7
27.5
14.1
32.1
18.9
29.0
29.9
33.7
36.5
30.9±3.9
28.2±4.3

Cr
37.8
40.1
42.0
50.2
39.7
61.2
46.4
52.3
50.4
74.2
77.6
80.1
30.9
34.0
32.7
44.0
39.5
52.1
43.6±6.6
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TABLE 2 - Posidonia oceanica elemental concentration in plant tissue (µg g-1 dry-weight) vs. sediment collected samples (µg g-1 dry-weight);
nd = not identified.
Station
sampling
SS1
SS2
SS3
SS4
SS5
SS6

Cd
Pos. ocean.
0.63±0.18
0.6±0.30
0.22±0.10
1.86±0.42
0.49±0.20
0.78±0.30

Pb
Sed. sampl.
0.36±0.18
0.99±0.23
0.74±0.16
1.34±0.84
0.9±0.21
0.67±0.18

Pos. ocean.
6.50±0.24
2.24±0.90
6.62±1.42
19.1±4.30
2.21±0.40
4.56±2.40

Cu
Sed. sampl.
21.2±3.3
23.8±6.4
30.6±4.3
49.0±6.3
22.0±4.9
30.9±3.9

Pos. ocean.
6.29±1.23
15.73±3.14
16.53±4.4
16.53±3.72
9.09±1.19
14.80±4.90

Cr
Sed. sampl.
18.0±2.9
44.3±5.5
32.8±4.1
39.7±3.8
13.0±2.1
28.2±4.3

Pos. ocean.
1.29±0.40
5.37±1.19
11.69±2.13
33.53±6.17
5.29±2.10
37.1±6.62

Sed. sampl.
38.5±3.9
55.3±9.6
49.5±7.6
75.6±8.8
31.4±4.6
43.6±6.6

TABLE 3 - Mytilus galloprovincialis elemental concentration in tissue (µg g-1 dry-weight) vs. marine water in the summer season (µg L-1).
Station
sampling

Myt. gall.

SS1
SS2
SS3
SS4
SS5
SS6

1.97±0.18
2.15±0.24
2.70±0.40
4.10±0.28
2.90±0.16
2.44±0.56

Cd

Pb
Marine water
(August)
1.12±0.42
1.42±0.22
0.98±0.2
3.40±1.78
1.87±0.81
2.97±0.54

Myt. gall.
1.89±0.23
2.29±0.22
1.15±0.29
3.88±0.13
2.17±0.56
3.35±0.98

Cu
Marine water
(August)
2.02±0.7
1.90±0.32
2.90±1.19
2.80±0.4
2.20±0.2
4.4±0.55

32.1 µg g-1, for Cu 10.2 and 45.6 µg g-1 and for Cr 30.9
and 74.2 µg g-1. In the medium fraction, those values were
for Cd 0.41 and 1.18 µg g-1, for Pb 18.2 and 48.8 µg g-1,
for Cu 16.4 and 43.1 µg g-1, and for Cr 34.0 and 77.6 µg g-1.
In the fine fraction, all metals were higher; values varied
from 0.46 to 1.91 µg g-1 for Cd, from 27.5 to 55.4 µg g-1
for Pb, from 14.1 to 50.0 µg g-1 for Cu, and from 32.7 to
80.1 µg g-1 for Cr.
3.3 Marine water

The temporal and spatial distributions of heavy metals in the marine water at Saranda Bay are discussed in a
previous publication [6]. In this publication, in order to
compare the relationship between the concentration of
metals in different pools studied, we focused on the summer period concentrations presented in Table 3 as opposed to elemental concentrations in tissues of Mytilus
galloprovincialis for each station.
In August, the trend of the mean concentration of the
trace elements in the marine water was Cu>Pb>Cd>Cr.
The minimum and maximum values for the 4 metals analyzed were 0.98 ± 0.2 and 3.40 ± 1.78 µg L-1 for Cd, 1.90
± 0.32 and 4.40 ± 0.55 µg L-1 for Pb, 9.3 ± 2.3 and 72.0 ±
24.4 µg L-1 for Cu, and 0.70 ± 0.40 and 1.70 ± 0.64 µg L-1
for Cr. For Cd and Cu, the maximum values were found
in August and the minimum in March, while for Pb and
Cr, the maximum values dissolved were found in November and May [6].
3.4 The presence of heavy metals in Posidonia oceanica vs
sediment

Seabed grass meadows at Saranda Bay are widely
distributed and the most important sensitive marine habitats, but the Posidonia populations of those meadows are
being affected due to the polluted industrial and urban
discharges [18, 19]. The seagrass meadows were domi-

Myt. gall.
15.20±4.71
88.40±12.40
63.20±14.7
74.00±9.46
15.60±3.12
36.00±7.27

Cr
Marine water
(August)
9.30±2.3
19.00±6.3
12.80±2.9
24.20±12.9
16.70±10.8
72±24.4

Myt. gall.
0.98±0.12
2.52±0.84
0.56±0.34
1.98±0.18
2.14±0.90
1.35±0.30

Marine water
(August)
0.80±0.42
0.70±0.40
0.80±0.40
1.45±0.40
1.30±0.92
1.70±0.64

nated by Posidonia oceanica (up to 65% in the eastern
part and up to 50% in the western part of the bay at the
time of the sampling). The concentrations of heavy metals
in Posidonia are presented in Table 2 as compared to the
concentration of heavy metals in sediment.
The difference in concentration values between stations was very high for Cr, Pb and Cd but less for Cu. The
mean values found for Cd varied from 0.6 ± 0.30 (St2) to
1.86 ± 0.42 (St4) µg g-1 d.w., for Pb from 6.5 ± 0.24 (St1)
to 19.1 ± 4.30 (St4) µg g-1 d.w., for Cu from 6.29 ± 1.23
(St1) to 16.53 ± 3.72 (St4) µg g-1 d.w., and for Cr from
1.29 ± 0.40 (St1) to 37.1 ± 6.62 (St6) µg g-1 d.w.
3.5 Mytilus galloprovincialis

The concentrations of heavy metals (in µg g-1 dryweight) in Mytilus tissue were between 1.97 and 2.90 for
Cd, 1.15 and 3.88 for Pb, 15.6 and 88.4 for Cu, 0.56 and
2.52 for Cr. Similar results were reported for Mytilus
galloprovincialis in Murano-Venecia, Italy [20]. Concentrations of trace metals from certain stations in Saranda
Bay were high relative to previously reported values for
Mytilus at some slightly contaminated sites in the Northern Adriatic Sea. The values are comparable to those found
at the Southern French coast in Mytilus [21], and in tissues
of Crassostrea virginica along the Atlantic coast, except
for Cu [22]. The trend of heavy metal concentrations found
in mussel tissues was Cu>Pb≥Cd>Cr. Furthermore, it appeared that, on average, Cu levels in Saranda Bay were
higher than values reported by Giusti et al. [20]. In particular, certain values of Cu concentrations were significantly
higher than the maximum values found in other parts of the
Mediterranean Sea, including some polluted sites. Along
the southern French coast (n=179), average minimum
(6.8 µg g-1 d.w.) and maximum (67 µg g-1 d.w.) values for
Cu were found. In Saranda Bay the maximum reached
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88.4 µg g-1 d.w. (St2), while in two sampling stations (St4 ,
St3) the values were 74 and 63.2 µg g-1 d.w., respectively.
Elemental concentrations in Mytilus tissue are compared to
those in the water phase (Table 3) and sediments (Table 2).
4 DISCUSSION
Several human activities occur in Saranda Bay, including swimming and other recreational activities on the
beach, in the port and fisheries. The identified sources of
heavy metals include the untreated wastewater, port
activity, and Bistrica River, which, although short and
relatively clean, is used for some industrial and agricultural activities, and contributes to the quality of sea water
and sediments. The urban wastes of Saranda city also
affect the bay, but their contribution is hard to quantify.
Due to the multipurpose use of the bay, the values of
heavy metals found in the sediments, sea grass, marine
water and Mytilus are compared with some guidelines and
standards, such as Sediment Quality Guidelines (SQG)
developed for the National Status and Trends Program of
the US National Oceanographic and Atmospheric Administration (NOAA) and the EC Water Framework Directive
[24-26].
Compared with the values from SQG and Long et al.
[25], the concentrations of Cd at all stations were smaller
than Effect Range Low (ERL); the maximum value was
recorded at St4, corresponding with port activity (1.34 µg
g-1 vs 6.6 µg g-1 – ERL). The average value for Pb (29.6 ±
10.4 µg g-1) was higher than ERL but smaller than Effect
Range Median (ERM), which indicates that the adverse
biological effects are between 40% and 60%. The maximum value for Pb at St4 (49.0 ± 6.3 µg g-1) was found to
be higher than ERL-ERM (35.8 µg g-1). The values at
other stations were ERL< X <ERM. Celo et al. [9] found
similar values for Pb (mean 29.2, range 22.1-51.0 µg g-1)
in the Durres Port, which is the main port in Albania. The
maximum values for Cu (St2 – 44.3 and St4 – 39.7 µg g-1)
and Cr (St4 – 75.6 and St2 – 55.3 µg g-1) were higher than
ERL-ERM (29.1 µg g-1). The other net values for all stations for both Cr and Cu were higher than ERL (2.9 and
9.4 for Cr and Cu, respectively). However, the values are
comparable with other studies conducted in the Mediterranean and other wetland systems [27-29]. Elevated values of Cd, Pb, Cr and Cu in the mentioned stations could
be related to human activities at these locations. Intense
marine transportation, ship painting and fisheries activities for St4, as well as wastewater discharges from residential areas for St2 and St6, could be the major contributors for Pb and Cu. Apart from the anthropogenic sources,
a higher background reference of the Mediterranean as a
whole region could be another reason for the relatively
high presence of Pb, Cr and Cu. The weathering of the
lead and cooper containing rocks may increase the level
in coastal sediments [16, 30] suggesting that a short distance between mountains and coasts, as it is the case for
the rocky shores of the Saranda Bay, could be an impor-

tant factor to increasing concentrations of heavy metals in
the marine environment.
Except for St4, Cd concentration values were higher
in the fine fraction (<64 µm) being 2-fold higher than the
coarse fraction 64 µm – 1 mm (St1, St2, St5 and St6).
Similarly, Pb values were higher in the fine sediments,
with the exception of St2 where the coarse fraction sediments were higher than from the fine sediments (31.3 vs.
27.8 µg g-1). Cu and Cr followed a similar trend; they were
more concentrated in the fine fractions in all cases. The
trend of concentration values in the sediment fractions was
identical with that observed in other wetlands and estuaries
of the Mediterranean [8, 11, 14], and the afore-mentioned
exceptions are a result of specifics that characterize the
Saranda Bay, such as bathymetry, water currents, sediment
stabilization and benthic seagrass composition.
4.1 Marine water

The presence of heavy metals in the marine water
was observed at all stations in order to categorize the water
quality of beaches pursuant the European standards. Point
sources of heavy metals include wastewater discharges
and port wastes.
Cd values were low at all sampling stations. The
maximal value for Cd was recorded at St4, which is located close to the port. Although still relatively low, Cd
values at St4 were maximal (3.40 µg L-1), surpassing even
the values for St6, which is directly influenced by the
wastewater (2.29 µg L-1). Compared with similar studies
conducted in the Mediterranean Sea, these values were
about two times lower [RNO]. This indicates that the
wastewater contribution was lower as compared with other
sources, and that it contributed only about 2 kg Cd year-1.
However, the values found at St1, St2, and St3 were about
two times lower than those found at other sampling stations, which indicated the influence of sediments and
solid urban waste.
The content of Pb in the marine water was not significantly different across sampling stations (single factor
ANOVA, α=0.05). The maximal value was detected at St6
(4.40 ± 0.55 µg L-1), which corresponds with the discharge
of wastewater. The Pb value at St4, located close to the
port, was only 2.80, which is near the mean value. This
could be explained by the homogenizing activity of the
water column and the high diffusive rate of this element. A
similar pattern was noted at St3, while the values of Pb
content in the sediment were high.
Cr concentrations in the sediments were generally
high, but low in the water column (<1.70 µg L-1), with
maximum values at St6 and St4, which indicates that
dissolved Cr values were not influenced by point source
pollution. The values measured at all stations show that
they were similar to the natural geochemical background
of the Mediterranean coast. High values of Cr were found
in the Mediterranean coastal areas only in the cases of
pollution from ultrabasic mines, or from industries that
discharge Cr after their technological processes.
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average had sharply risen due to very high Cr values obtained at St4 and St6. The bio-concentrated value for Cr
found at St4, which is located close to the port, was 33.5 µg
g-1 d.w., while Cr at St6, close to the discharge of wastewater, was 37.1 µg g-1 d.w. The average value for the other
stations was 6.7 ± 3.4 µg g-1 d.w. Both St4 and St6 were
identified as polluted spots. Gjoka et al. [35] indicated
that the nearby lands have a high “background reference”
value for Ni and Cr.
The comparison between the concentrated values of
heavy metals in Posidonia, sediment and Mytilus is shown
in Fig. 2. The values for Cd (Fig. 2.a) in Posidonia differed
widely amongst stations; up to 9 times higher at St4 (1.86
µg g-1) as compared with St3 (0.22 µg g-1). Nonetheless,
the values obtained at St4 were comparable with other
values found in polluted sites of the Mediterranean Sea
[10, 29, 34]. In contrast to the values of heavy metals
found in the sediments, those found in Posidonia were
statistically different (p<0.005); the values were higher at
St1, St4 and St6, but lower at the other stations. The high
values of Cd found at St1, and the abundant dissolved
forms in the marine water, were not clearly linked with
either wastewater discharge or port activities, but could
better be explained by a natural phenomenon, such as an
upwelling of deep waters rich in Cd in the deep Saranda
Bay with continuous water currents. The concentrations
of Cd in marine water do not follow the same trend as Cd

Cu followed a similar pattern; its highest value was
reported at St6 (72 ± 24.4 µg L-1). Contrary to the 3 other
metals discussed above, the maximal values found at St6
were about three times higher than at the other stations. It
seems that the influence from wastewater discharge was
dominant for dissolved Cu forms.
4.2 Seagrass

Posidonia oceanica has been recognized as an effective tool for investigating the coastal environment because
it has a widespread distribution around the Mediterranean
basin, is fixed on the bottom, and is sensitive to both
pollution and human activities [8, 11, 31]. Previous studies suggested that Posidonia could be used as a bioindicator [32-34].
The trend of heavy metal concentrations in Posidonia
tissue in our survey was Cr>Cu>Pb>Cd. Other studies
conducted in living leaves of Posidonia at unpolluted sites
in the Northwestern Mediterranean Sea by Gosslin et al.
[31] showed that the concentrations differed according to
the trace elements, and generally could be ranked from
highest to lowest as follows: Zn > Ni > Cu > Pb > Cd >
Cr. It is interesting to notice that Cr in Saranda Bay is the
highest concentrated heavy metal found in Posidonia,
while in the Northwestern Mediterranean Sea it is the least
bio-concentrated one. However, the ranking was conducted
based on the average values from 6 sampling stations; the
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FIGURE 2 - Metal content (Cd, Pb, Cu and Cr) showing spatial variation in Mytilis galloprovincialis tissues, Posidonia oceanica and sediment
(µg g-1 dry-weight).
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FIGURE 3 - Posidonia oceanica: Correlation between tissue metal content and metal concentrations in sediments (Pearson correlation (r)
values are reported).

concentrations in Posidonia and sediments. No correlation was observed in the samples between Cd and any of
the sediment fractions discussed above.
The values for the concentrations of Pb, Cu and Cr
(Figs. 2b, 2c and 2d) in Posidonia were low and much
lower than in sediments. The trend was the same for all 3
metals at all sampling stations, except for St4; the ratios
sediment/Posidonia of concentrated values for Pb, Cu and
Cr found at St4 were 2, 2.5 and 2.1, respectively, while
that ratio was lower at the other stations. This could be
explained by the fresh deposits in the surface of the sediments apparently coming from port activity, as well as
from a potentially high dissolving rate. The average value
of Pb in Posidonia found at Corsica Island was 7 mg g-1
d.w. and in polluted sites 25 µg g-1 d.w., which are both
higher than those found in this survey, with exception of
two cases (St3 and St4). Cu is a crucial element for plant
growth and photosynthesis, and “phanerogames” very
likely self-regulate the absorption of this element [36].
Different authors indicate that there is a close relationship
between the Cu concentrations in marine water and concentrations in plants [34]. On average, Cu value in Posidonia was 12.4 ± 4.5 µg g-1 d.w., and similar to those
found at other beach areas of Italy (Naples) and France
(Corsica). High values were found at stations 2, 3 and 4.
The ratio of concentrated values of Cu found in water and
in Posidonia is close to 1, which makes Cu an element
being highly absorbed by plants in marine meadows.
Figure 3 (a, b, c and d) provides the correlations of
heavy metals found in Posidonia and those found in sediments. In all cases, positive correlations were obtained,

and the Pearson correlation values were largely greater
than those obtained between Posidonia and water. Based
on correlation coefficients, metal uptake by Posidonia oceanica could be arranged in an order of increasing preference as follows: Pb <Cu< Cd<Cr. Again, these patterns
could be related to the direct influence of wastewater and
port activities. Strong correlations were not found either
in seawater or in any sediment fraction.
4.3 Concentrations of heavy metals in Mytilus galloprovincialis

It has been well-documented that the Mediterranean
mussel Mytilus galloprovincialis is capable of bioaccumulating heavy metals in its soft tissue to levels that are
greater than in its corresponding environment [37]. A
study conducted at the Atlantic coast indicated that the
concentrations of Cd, Cu and Zn were significantly higher
in the oyster tissue than the sediment [22]. This conclusion was highlighted by Guisti et al. [20] who confirmed
that the concentration of Cu and Zn in Mytilus tissue was
higher than the concentration of those metals in each of
the fractions in the sediment.
In this survey, the values of Cd found in Mytilus were
significantly higher than those found in sediment (p<0.05).
The factor between the Cd concentrations found in Mytilus and sediment varied from 3 at St4 to 6 at St1, respectively. The factor seems to be lower in the stations identified with direct polluting sources, which could indicate that
the sediment was not the only source for heavy metals
accumulation in Mytilus. Cd concentrations in the marine
water were higher than in Mytilus only at stations 4 and 6,
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FIGURE 4 - Mytilus galloprovicialis: Correlation between tissue metal content and metal concentrations in sediments (Pearson correlation (r)
values are reported).

while at all other sampling stations those values are comparable, albeit slightly lower in the marine water.
Cu concentrations in Mytilus tissue were between Cd
values from the one side, and Pb and Cr from the other
side. The values found in Mytilus were significantly higher
than in sediments at sampling stations 2, 4, 5 and 6 but not
significantly different at stations 1 and 3. When compared
with corresponding values in the water, they were twice
as high, except for the value found at station 6, where the
situation was reversed.
The values for Pb and Cr are characterized by a pattern
quite contrary to that of Cd; they were low and very low
(down to 10 and 20 times) in Mytilus as compared with
sediments, respectively. The concentrations of Pb in the
marine water were low, but not statistically different, while
Cr concentrations were several times higher in Mytilus,
with regard to water.
Relationships between heavy metal concentrations in
Mytilus galloprovicials and those in the sediment are presented in Fig. 4 (a, b, c and d). Correlations have been
found, and the Pearson correlation values were greater than
those obtained for Posidonia oceanica. The trend based on
the correlation coefficient was Cu<Pb<Cd<Cr. Similar to
the case of Posidonia, no correlations (r > 0.50) were
found between Mytilus and seawater concentrations. This
study in Saranda Bay confirmed that although Mytilus and
Posidonia both dwell on the bottom sediments, the heavy
metals content in their tissues were influenced not only by

the metal concentrations in the sediment. The concentrations of Cd, Pb, Cu and Cr in Mytilus and Posidonia were
strongly related with the free cations, or rapidly released
by waste materials or paint and other chemicals in the
port. Both Mytilus and Posidonia could be used as biomonitoring tools for heavy metals in the sensitive areas of
the Mediterranean coasts.
5 CONCLUSION
Results of this study indicate that the concentrations
of Cd, Pb, Cu and Cr in the Saranda Bay sediment, according to SQG, were either lower that ERL, or between
ERL and ERM. Their concentrations in the water categorize the water quality in the beaches as “good” with respect to the EU standards. The values of heavy metal concentrations in Posidonia oceanica tissues were ordered as
Cr>Cu>Pb>Cd while the order for Mytilus galloprovincialis was Cu>Pb≥Cd>Cr. The concentrations for Cd
found in Posidonia were higher than sediment concentrations, while for Pb, Cu and Cr the values found in Posidonia were lower than those found in the sediment.
Analysis of heavy metal concentrations in the Mytilus
tissue revealed that Cd was significantly higher than in
the sediments, Cu concentrations were comparable with
the sediment, while Pb and Cr levels were much lower
than the sediment level. This finding suggests that Mytilus
has more affinity for some metals, such as Cd and Cu.
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Results showed that metal concentrations in Mytilus tissue
correlated better with metal concentrations in sediment
than those in the water column. Similar to the case in
Mytilus, the values of heavy metal concentrations in Posidonia correlated positively with those in the sediment,
albeit lower than in Mytilus. This study in Saranda Bay
confirmed that although Mytilus and Posidonia both dwell
on the bottom sediments, the heavy metal contents in their
tissue are influenced not only by the metal concentrations
in the sediment. The concentrations of Cd, Pb, Cu and Cr
in Mytilus and Posidonia were strongly related with the
free cations, or rapidly released by waste materials, paint
and other chemical substances in the port. Both Mytilus
and Posidonia could be serious candidates for use as
biomonitoring tools for heavy metals in the sensitive areas
of the Mediterranean coasts.
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RESIDUAL ENDOSULFAN CONCENTRATIONS
IN SOME FISH SPECIES OF GÖKSU DELTA,
NORTH-EASTERN MEDITERRANEAN
Mutlu Yalvaç* and Fadime Taner
Mersin University Engineering Faculty, Environmental Engineering Department, 33343 Çiftlikköy, Mersin, Turkey

ABSTRACT
Göksu Delta is a natural wetland, consisting of two
main lakes connected with a channel, together with various little lagoons and lakes. The Delta is surrounded by a
vast agricultural area where different kinds of products
are grown during the whole year, and various pesticides,
such as endosulfan, are used extensively. In the present
study, residual endosulfan concentration of four fish species; Mugil cephalus, Alburnus orontis, Cyprinus carpio
and Clarias lazera have been studied. Totally, 74 fish
samples have been collected from Akgöl, Paradeniz and
from the water channels during the period of June 2002November 2002. The age, length and weight of the fish
samples were also determined. Residual levels of total
endosulfan, α-endosulfan (α-ES), β-endosulfan (β-ES) and
endosulfan sulfate (ESS) have been analyzed in both liver
and muscle tissues of the fish samples according to the
modified GC/µECD Standard Method. Endosulfan (α-ES,
β-ES, ESS) levels were found to be changing from one fish
species to another. The highest endosulfan concentration of
328.60 ng/g dry weight (dw) was observed in liver tissue of
Alburnus orontis. On the other hand, the mean values for
muscle tissue of fish samples were not so high. Residual
endosulfan levels in muscle tissue of fish samples were
7.37±3.76 ng/g dw for Mugil cephalus, 6.94±2.20 ng/g
dw for Alburnus orontis, 11.23±7.23 ng/g dw for Cyprinus carpio, and 13.51±4.95 ng/g dw for Clarias lazera,
indicating a general accumulation trend, particularly in
lipids of fish tissues.

KEYWORDS: Organochlorine, endosulfan residues, fish tissue,
wetland, Göksu Delta

1 INTRODUCTION
Göksu Delta is an eutrophic wetland of 1500 km2 at
the Eastern Mediterranean Coast of Turkey. The Delta is
* Corresponding author

composed of an alluvium which is transported by Göksu
River, and it is one of the 8 wetland areas in Turkey under
the protection of Ramsar Convention [1]. As can be seen
from Fig. 1, two large lakes are situated on the western
side of the Delta where Göksu River reaches the sea. One
of them is Paradeniz Lagoon, having 40 km2 of surface
area and brackish waters due to its partial connection to
the sea. Akgöl is having 120 km2 of surface area, and it is
an eutrophic fresh water lake. Akgöl and Paradeniz are
connected to each other with a water channel. The northern parts of these lakes are surrounded by agricultural
areas. [2]. Mediterranean type of climate allows very intense
agricultural activities around Göksu Delta, almost throughout the year. Therefore, tremendous amount of fertilizers
and pesticides are applied to the region in order to increase
agricultural productivity. It has been reported that annually 94 tons of pesticides and 431 tons of mineral manure
are used in the surrounding land of Göksu Delta [3].
Endosulfan (6,7,8,9,10,10-hexachloro-1,5,5a,6,9,9ahexahydro-6,9-methano-2,4,3-benzo(e)dioxathiepin-3-oxide)
is an organo-chlorine compound which is used as a large
spectrum of insecticides. It is commonly used for protecting grain, tea, fruit, vegetables, cotton, tobacco and wool.
Technical endosulfan contains α-endosulfan [6,9-methano2,4,3-benzodioxathiepin,6,7,8,9,10,10-hexachloro-1,5,5a,
6,9,9a-hexahydro-,3-oxide(3α,5aβ,6α,9aα, 9β)-] with 94 %
of purity and β-endosulfan contains [6,7,9,10,10-hexachloro-1,5,5a,6,9,9a-hexahydro-6,9-methano-2,4,3-benzodiozathiepin-3-oxide (3α,5aβ,6β,9aβ, 9α)-] isomers. It was
reported that the ratio of α- and β- stereoisomers are approximately 7:3 [4-7]. Several researchers reported that
endosulfan sulfate [6,7,8,9,10,10-hexachloro-1,5,5a,6,9,
9a-hexahydro-,6,9-methano-2,4,3-benzodiozathiepin-3,3dioxide] is the primary degradation product of endosulfan
[7-11].
Endosulfan is generally adsorbed by soil particles just
after application to the field. Some part of endosulfan in
soil is transported to the atmosphere by evaporation, the
other part is degraded within the soil, and the rest of it
persists there for years. Adsorbed endosulfan fraction can
be washed away from soil by rain waters, and then transferred to the surface water-bodies. A small amount of endo-
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sulfan in water degrades with time. Degradation of endosulfan in water takes place within one day, or within a couple
of months depending on the physical conditions. Partially,
endosulfan is transported to the atmosphere by evaporation.
Solubility of endosulfan in water is 60-100 µg/L at 25 °C
[12]. Since it is slightly soluble in water, endosulfan exists
in ground waters in trace amounts. Concentration of endosulfan within the bodies of aquatic animals can be much
higher than its concentration in water [13].

endosulfan concentration that can be allowed for meat and
oily food is given as 0.2 mg/kg. Henry and Kishimba
(2006) [16] also notified that maximum presence level of
total endosulfan in fish is 0.6 mg/kg (MARL, Maximum
Acceptable Residue Levels). Although the usage of this
pesticide has officially been forbidden, and its certificate
has been cancelled in the beginning of 2008, it is still
widely used in the studied area. The amount of endosulfan
used as a pesticide for various agricultural products in
Mersin Region in 2004 is presented in Table 1.

TABLE 1 - The amount of endosulfan used for various agricultural
products in Mersin in 2004 (Turkish Ministry of Agriculture and
Rural Areas, 2004).
Products

Amount
used
Cotton
1,125 kg
Peach
2,962 kg
Vineyard (grape)
6,000 kg
Vegetables in field
2,950 kg
Vegetables in field
18,168 L
Greenhouse vegetables 6,192 L
Hard grainy (peach,
315 L
apricot, plum, etc.)
Potatoes
150 L

Code and
concentration
35 WP-%32.9
35 WP-%32.9
35 WP-%32.9
35 WP-%32.9
EC-369 g/L
EC-369 g/L
EC-369 g/L

Amount of
endosulfan (kg)
370
975
1 974
971
6 704
2 285
116

EC-369 g/L
TOTAL

56
13452

The toxic effect of endosulfan on juvenile rainbow trout
(Oncorhynchus mykiss) in relation to water quality and size
of the fish have been investigated by Çapkın et al. (2006)
[14], and it has been found that more than 1.3 µg/L of endosulfan concentration in fresh water has toxic effects on
this kind. In CODEX Alimentarus (2010) [15], maximum

2 MATERIALS AND METHODS
2.1. Sampling Stations

Fish samples were taken from Akgöl, Paradeniz, and
from the water channel which connects the two lakes
(Fig. 1). Sampling was performed in spring and autumn
2002. The exact locations of the sampling stations were
identified with Etrex 12 Chanel GPS device. The coordinates of the sampling stations are given below:
1. Paradeniz (36S 0591333, UTH 4018375)
2. Water channel (36S 0590148, UTH 4018918)
3. Akgöl (36 S 0585729, UHT 4020105)
2.2. Characteristics of the Monitored Fish Species

Fish samples were selected according to their habitats
and nutrition styles. Their commercial value which is an
indicator of their consumption rate as a food has also been
taken into consideration. For this purpose, four fish spe-

FIGURE 1 - Fish sampling stations: (1) Paradeniz, (2) Water channel, (3) Akgöl.
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cies, all are native in the Delta, were selected. Totally, 16
samples of Cyprinus Carpio, 23 samples of Clarias lazera, 21 samples of Mugil cephalu,s and 14 samples of
Alburnus orontis have been analyzed for residual α-ES, βES and ESS concentrations.
Cyprinus carpio (Linnaeus, 1758) (Carp-Cyprinidae) is
a commercially valuable omnivorous fish [17-19]. Cyprinus carpio samples were taken from Akgöl (station 3).
Clarias lazera (Valenciennes, 1840) is very much similar to Clarias gariepinus, (Burchell, 1822), both of them are
carnivorous types of fish taking place in the first level of the
food pyramid [20-22]. They can mostly be found in Göksu
Delta. Clarias lazera samples were taken from Akgöl (station 3).
Mugil cephalus (Linnaeus, 1758) (Grey MulletMugilidae) is a kind of detritivorous fish. It feeds on sea
bottom plants and shellfish. They have high tolerance
against environmental changes. They live in lakes, sea,
deltas and stream mouths [23]. They can mostly be found
in water channels and lakes in Göksu Delta. Mugil cephalus samples were taken from water channel (station 2).
Alburnus orontis (Sauvage, 1882) (Bleak fishCyprinidae) is a kind of carnivore. Since this species is not
commercially valuable as an edible fish, it is usually preferred to be used as a feed in fish farms [24, 25]. Alburnus
orontis samples were taken from Paradeniz (station 1).
Fishing in Göksu Delta has totally been forbidden after
this region has been declared as a Privately Protected Environment, in 1990.
2.3. Analysis Methods
2.3.1. Preparation of Fish Samples for Analysis

Fish samples were collected from lagoons and lakes
in Göksu Delta with the method of paying away. All samples were put into an icebox, and then transferred to the
laboratory within 3 h. Samples were covered with aluminum foil and labeled. They were kept in a deep freezer at
–20 °C until analysis.
Analytical-grade branded chemicals from Merck,
Sigma, Aldrich, and Riedel have been used in pesticide
analysis. α-ES, β-ES and ESS standards and the characteristics of internal standards are given below. Characteristics of the used pesticides and internal standards (6890
model Hewlett Packard GC; Dr. Ehrenstorfer) are listed in
Table 2.

A Hewlett Packard 6890 equipped with an auto sampler, a micro electron capture detector (µECD), and a HP-5
crosslinked 5% phenyl-methyl siloxane, 30 m x 0,32 mm x
0,25 µm film thickness column was used for GC pesticide
analyses. The temperature of µECD was kept at 330 °C.
Nitrogen gas was used both as a carrier and make up gas
in the µECD at a flow-rate of 6.9 ml/min and 60 ml/min,
respectively. The injection volume was 1 µl, with splitless
injection mode. The temperature of the injection port was
250 °C. The following oven temperature program was applied: 80 °C (beginning heat), 30 °C/min to 195 °C, 5 °C/min
to 250 °C, and 120 °C/min to 290 °C (finally, held for 5 min)
[26, 27].
During the analyses, slightly modified methods of
Reference Method No 65 (2001) [28], Reference Method
No 57 (1990) [29], Reference Method No 6 (1993) [30],
Reference Method No 12 (1991) [31], Reference Method
No 71 (1996) [32], and IAEA have been used.
Each pesticide was determined by analyses of internal
standards. For this purpose, blank samples have been prepared and the same procedures have also been applied to
these samples in order to determine the possible losses
during extraction and column processes. Preparation of
fish samples for GC pesticide analyses have been carried
out at the Institute of Marine Sciences of the Middle East
Technical University (IMS-METU). Organic Laboratory
of this Institute had attended to UNEP’s Regional Seas
Intercalibration Program used by 83 laboratories from 44
countries. Reference samples supplied from this Intercalibration Program have been analyzed for OC pesticides, and
the mean recovery for endosulfan was found to be 87 %
[33].
2.3.2. Residual Endosulfan Analysis

Before the analysis, fish samples were weighed and
their lengths were measured. Age was determined from
scales and the gender was identified by autopsy. Muscle
and liver tissues of fish samples were extricated by a scalpel. Weighed fish muscle and liver tissues were freezedried until its dry/wet mass ratio reaches approximately 0.2.
Dry sample was triturated by being pounded in a porcelain
mortar, and then, it was placed in a Soxhlet extraction
apparatus within a thimble. After addition of 1 ng internal
standard (α-endosulfan 1D4) into each of the samples,
they were extracted for 8 h with the mixture of 250 ml (1:1)
n-hexane-dichloromethane (n-hexane: Merck 4371, di-

TABLE 2 - Characteristics of the used pesticide and internal standards (6890 model Hewlett Packard GC).
Standards
(Dr. Ehrenstorfer)
α-ES
β-ES
ESS
Internal standard
α-Endosulfan 1D4

Catalog No

CAS No

Chemical formulation

Purity %

Mol mass g/mol

L13121000CY
L13122000CY
L13133000CY
Catalog No
XA13121100AC

959-98-8
33213-65-9
1031-07-7
Lot No
20205AC

C9H6Cl6O3S
C9H6Cl6O3S
C9H6Cl6O4S
Chemical formulation
C9H2Cl6O3SD4

99.30
98.50
99.40
Purity %
99.00

406.93
406.93
422.93
Mol mass g/mol
406.93
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chloromethane: Merck 6054) with approximately 5-6 siphonages per h [27]. The capacity of the extract was firstly
reduced to 15 ml in a rotary evaporator (0.1 MPa and 30 °C)
and then, to approximately 10 ml with nitrogen. Extractable
organic matter of the samples was also determined. Fat
content of the samples, having more than 150 ng/g of fat,
was reduced by H2SO4. After the capacity was reduced to
15 ml in a rotary evaporator, the sample was taken into a
tube, and the volume was reduced to approximately 1 ml
with nitrogen.
The compounds within the extracted samples were
classified by using a florisil column, previously been extracted in a Soxhlet apparatus using methanol for 8 h, in
order to remove any possible contamination. The extract,
reduced to 1 ml, was put into the florisil column. It was
then eluted carefully with 70 ml of hexane, and the first
fraction was collected (the first group of compounds; HCH,
heptachlor, aldrin, op-DDE, pp’-DDE and PCB). Then, the
column was eluted by 50 ml of a mixture containing 70%
hexane and 30% dichloromethane, and the second fraction
was collected (the second group of compounds; α-HCH,
β-HCH, γ-HCH, δ-HCH, α-chlordane op-DDD, pp’-DDD,
op-DDT, pp’-DDT). The third fraction was eluted with
40 ml of pure dichloromethane (the third group of compounds; heptachlor epoxide, α-ES, dieldrin, endrin, β-ES,
ESS). The extract capacity of each group was reduced to
approximately 1 ml with nitrogen stream in a rotary evaporator, and the sample was put into a vial (2 ml Clear
Crimp Vial Cap, Std. Seal 100 piece 5/pk). α-ES, β-ES,
ESS and α-endosulfan 1D4 were analyzed at first, then
the second and third group of extracts. Sample capacity injected was 1 µl. The same procedures were also applied to
α-ES, β-ES, ESS and α-endosulfan 1D4 standards in order
to obtain the calibration curves.
The mean recovery of the internal standard, which was
added to the sample, was 85% (min. 67%, max. 103%).
This value was determined for each of the samples.
Endosulfan concentrations of the calibration standards
were changing between 0.001-0.625 ng/µl while internal
standard concentrations were changing between 0.00050.0018 ng/µl. The detection limits for endosulfan and αendosulfan 1D4 were 0.03 ng/g and 0.04 ng/g, respectively.

3 RESULTS AND DISCUSSION
3.1. Physical Properties of Fish Samples

Fish samples were taken from Paradeniz (station 1),
water channel (station 2), and Akgöl (station 3) (Fig. 1).
Sampling was performed twice in 2002, June and November. Some measured physical properties of fish samples are given in Table 3.
No significant differences have been observed between the lipid levels of muscle tissues among the dry and
wet season samples (Table 3). On the other hand, lipid
contents of almost all liver tissues were found to be relatively higher than those of fish muscle. Additionally, lipid
contents of liver displayed seasonal variation, with an
increase in cold and wet season. This result can be explained by the metabolism of fish which is closely related
to the heat balance of the organisms. Lower lipid concentration of dry season’s liver samples might show that the
most energy gained by fish during this hot period is spent
for breeding and growth of the organism [24, 34-36].
In our study, the mean lipid contents of muscle and
liver tissues of Cyprinus carpio were found to be 3.26 and
12.28%, respectively (Table 2). The lipid percentage of
muscle and liver tissues of Cyprinus carpio were reported
to be 0.66 and 5.72%, respectively [44]. In another study,
the lipid concentration of muscle tissue of Clarias gariepinus, fish native to Quémé River (Republic of Benin)
and being similar to Clarias lazera, was reported as 4.2%
[26]. Our result is very close to this value, and we found
3.37% (as a mean) of lipids in muscle tissue of Clarias
lazera samples.
3.2. Residual Endosulfan Concentrations

The results of the residual α-ES, β-ES, ESS and ΣES
concentrations measured in muscle and liver tissues of
four fish species are presented in Table 3. Endosulfan concentrations have been measured in the lipid fraction, extracted from the freeze-dried muscle and liver tissues of
fish samples. However, the results were given on the dry
mass basis of either muscle or liver tissues instead of lipid
content. This conversion was made by means of the lipid
content of every particular freeze-dried tissue sample.
Relatively higher residual pesticide levels have been ob-

TABLE 3 - Physical properties of fish samples.
Mugil cephalus
Alburnus orontis
(2)
(1)
nJ=10
nN=11
nJ =7
nN =7
Age
1.2
1.2
1.1
1.4
Length (cm)
18.3±2.6
21.6±3.8
15.43±2.4
16.9±2.5
Mass (g)
64.6±8.9
60.3±17.1
34.9±4.2
44.8±15.8
Muscle
3.23
3.31
3.77
3.80
Lipid (%)
Liver
5.43
7.11
5.80
21.42
6
7
7
7
F
Sexuality
M
4
4
Dry/Wet
0.23
0.21
0.20
0.20
F: female, M: male, J: June, N: Novembe,r n: sample number
Station
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Cyprinus carpio
(3)
nJ =7
nN =9
2.0
2.0
15.9±3.0
17.0±2.5
117.0±56.5
119.3±53.2
3.08
3.43
8.43
16.13
6
7
1
2
0.21
0.21

Clarias lazera
(3)
nJ =10
nN=13
5.1
2.1
56.2±4.3
27.3±3.6
569.0±174.9
117.6±85.3
3.16
3.57
8.21
59.60
10
10
3
0.19
0.20
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TABLE 4 - Residual pesticide concentrations (ng/g dw) in muscle and liver tissues of fish samples.
Mugil cephalus (2)
Alburnus orontis (1)
Pesticide
(ng/g)
nN=11
nJ =7
nN =7
nJ=10
Muscle
0.90±0.37
4.82±1.79
2.85±0.93
3.95±1.00
α-ES
0.70±0.26
3.11±2.16
1.72±0.58
2.39±1.10
β-ES
ESS
0.69±0.28
4.70±2.85
1.21±0.45
1.75±0.89
ΣES
2.29±0.71
12.63±5.69
5.78±1.52
8.09±2.63
Liver
23.82
108.38
38.33
287.21
α-ES
1.89
20.64
14.33
11.59
β-ES
ESS
1.24
25.21
12.15
29.80
ΣES
26.95
154.23
64.81
328.60
J: June, N: November, n: sample number, (1), (2), (3): sample station

served in liver tissues of almost all samples. Similar to
our study, Ayaş et al. (1997) [37] also found relatively
higher residual OC pesticides in liver tissue of Cyprinus
carpio samples ( mean value 4217 ng/g for o,p’ DDT).
A comparison among muscle tissues of fish samples reveals that the highest ΣES concentration of 15.93±6.55 ng/g
(dw) belongs to Clarias lazera caught from Akgöl (station 3)
in November (wet season) (Table 4). Total endosulfan concentrations of α- and β– isomers (α-ES+β-ES) in muscle
tissue of Clarias lazera samples of Akgöl were calculated
to be 27.02 ng/g (dw). On the other hand, a quite high (αES+β-ES) concentration of 53.25 ng/g has been reported
in muscle tissue of Clarias gariepinus in Quéme River
[26]. This value is approximately twice higher than our
value. The lowest ΣES concentration of 2.29±0.71 ng/g (dw)
has been observed in muscle tissue of gray mullets (Mugil
cephalus) collected from station 2 in June (dry season)
(Table 4). Kalyoncu et al. (2009) [38] reported a quite
higher ΣES concentration of 9.53 ng/g (dw) for gray mullet samples of Göksu Delta. The same researchers have
also analyzed some Mugil cephalus samples taken from
markets in Konya (Turkey), and they reported a ΣES concentration of 12.9 ng/g (dw). This value is not comparable
to our value, since it was given on wet weight basis.
Total residual endosulfan concentrations of muscle
and liver tissues of four fish species are also compared in
Fig. 2. Relatively high residual pesticide levels have been
measured in liver tissues of almost all samples. Similar to
our measurements, Serrano et al. (2008) [39] and Guo et
al. (2008) [40] have also measured relatively higher residual ΣOC pesticides in liver tissue of fish samples.
Seasonal variation can easily be noticed from Fig. 2,
with higher residual ΣES levels in all species of rainy
season’s samples. The reason of this result can be explained by the formation way of Göksu Delta. The delta is
formed with the regular annual floods of Göksu River.
This formation shows a dynamic structure. Göksu River
floods occur in rainy periods and cause agricultural soils
drift into aquatic environment. The river flows in the
shape of channels by dividing into branches in the delta,
and leaves all the accumulation collected with the flood
there. Slowing down the water flow within the delta is
mostly ended in nearby lakes before reaching the sea. As

Cyprinus carpio (3)
nJ =7
6.60±3.01
2.03±1.41
1.16±0.30
9.79±4.34
28.92
8.95
2.52
40.40

nN =9
7.32±3.36
1.75±1.00
1.23±0.64
10.31±4.94
67.58
15.22
3.61
80.41

Clarias lazera (3)
nJ =10
3.68±0.44
2.05±0.61
5.35±0.75
11.09±0.90
2.13
0.61
1.84
4.58

nN=13
6.18±3.48
3.28±1.44
6.47±4.49
15.93±6.55
48.68
32.41
21.61
102.70

it has already been mentioned in the introduction section,
Göksu Delta is a region where agricultural activities are
densely carried out beyond the privately protected area.
Agricultural activities continue all the year round, and products can be obtained four times per year. The region shows
the typical characteristics of the Mediterranean type of climate which is warm and rainy in winter, but hot and dry
in summer. Water level decreases in lakes and water
channels where irrigated farming is performed during
summer. However, solid matter content decreases because
there is no drift in drainage waters from agricultural areas.
Solubility of endosulfan in water is 60-100 µg/L at 25 °C
[12]. It is slightly soluble in water and mostly adsorbed on
the soil particles [41]. As a result of this, it is thought that
transportation of residual pesticides to the aquatic ecosystems decreases in dry season and increases in wet season.
Muscle (Fig. 3) and liver tissues (Fig. 4) of all fish species, except muscle tissue of Clarias lazera, have higher
concentrations of α-ES than β-ES and ESS. This is a general result usually encountered in this type of studies [16].
One of the reason for the detection of higher concentrations
of α-ES than β-ES in fish might be the presence of α-ES
in higher concentrations (70%) than β-ES in technical endosulfan. Additionally, it has been notified that β-ES is
splitted faster than α-ES by fish metabolism [42]. Therefore, the finding of β- isomer in fish samples can be accepted as an indicator of time elapsed between the application of endosulfan and the sampling of fish [43].
During the period of 1991-1993, residual organochlorine (OC) pesticides (DDT and DDT derivatives, αBHC, β-BHC, lindane, aldrin, dieldrin, endrin, heptachlor,
heptachlor epoxide) in various environmental and biota
samples of Göksu Delta have been investigated by Ayaş
et al. (1997) [37], and the existence of 13 OC pesticides
in water, sediment, soil, crab, blue crab, fish and different
species of water birds have been proven. Even though, the
same species of fish and the same species of OC pesticides have not been monitored by Ayaş et al. [37] as in
our study. This is the only reference research performed
on the residual OC pesticides in biota samples of Göksu
Delta. Carvalho et al. (2009) [27] have measured residual
α-ES, β-ES, ESS concentrations in fish and oyster samples in a natural protection area of Laguna de Terminos in
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FIGURE 2 - Total endosulfan (ΣES) concentrations in fish muscle (a) and liver (b) tissue.

FIGURE 3 - Residual endosulfan concentrations in muscle tissue of fish samples.

FIGURE 4 - Residual endosulfan concentrations in liver tissue of fish samples.
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Mexico. They reported a mean ΣES concentration of
0.385 ng/g (dw) for biota samples, which is approximately 101 orders of magnitude lower than our overall
mean ΣES concentration of 3.52 ng/g (dw) found for all
fish samples of Göksu Delta. Another study has been
conducted in Southern Lake Victoria, Tanzania, and a
concentration range of 0.4–42.0 ng/g (ww) has been reported for (α-ES+β-ES) in Nile tilapia (onmivorous) and
Nile perch (carnivorous) samples [16]. This range is not
comparable to our overall mean (α-ES+β-ES) concentration of 6.66 ng/g (dw), since they are presented on different (wet) basis.
4 CONCLUSION
Residual endosulfan concentrations of four fish species; Mugil cephalus, Alburnus orontis, Cyprinus carpio
and Clarias lazera, all native in Göksu Delta, have been
studied in the year 2002. Totally, 74 muscle tissues of fish
samples have been analyzed, and overall mean values of
4.54, 2.13, and 2.82, ng/g (dw) were found for α-ES, β-ES
and ESS, respectively, while the general mean concentration of ΣES in fish muscle was 9.49 ng/g (dw). Relatively
higher OC pesticide concentrations have been observed in
liver tissues of fish; the overall mean concentration of
ΣES in fish liver was 100.34 ng/g (dw). According to
CODEX Alimentarus (2010) [15], the maximum endosulfan concentration that can be allowed for meat and oily
food is 0.2 mg/kg. If we assume this concentration as a
maximum acceptable residue level of endosulfan, then we
can safely conclude that this limit is never exceeded in
our study. However, the presence of endosulfan in varying concentrations in all fish samples is an indicator of the
bioaccumulation of this OC pesticide within the Delta.
Consequently, this compound will enter the food-chain,
will move along the trophic level, and will be threatened
for all ecosystems including human health. Besides,
Göksu Delta is a natural wetland under protection. Protecting and transferring its natural wealth to future is a
great responsibility, not only for Turkey but also for the
entire world.
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BROMINATED FLAME RETARDANTS
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ABSTRACT
Polybrominated diphenyl ethers (PBDEs) represent
an important group of flame retardants with properties of
persistent organic pollutants (POPs). Various studies have
documented the presence of these compounds practically
in all environmental comparments, both abiotic and biotic. In this study, PBDE congeners No. BDE- 28, 47, 99,
100, 153, 154, 183 were determined in soil samples collected at fire sites where extinguishing preparations were
used. In order to assess the consequences of such event on
soil, also samples from other localities were analysed. Three
different extraction techniques were used for their isolation
from examined matrix: (i) ultrasonic extraction, (ii) microwave extraction and (iii) pressurized solvent extraction. For
the final determination the gas chromatography (GC) employing two different capillary columns in parallel with
electron capture detectors (µ-ECD) was employed. The
locality of Brno was identified as the emission hot spot.
Only some PBDE congeners were found in contaminated
soils at concentrations of 90 – 160 µg.kg-1. The most contaminated site was the urban area of Brno (soil from
scrapyard) – 167 µg.kg-1.

KEYWORDS: Brominated flame retardants, polybrominated
diphenyl ethers, extraction techniques, GC/ECD, fire place

1 INTRODUCTION
Exponential technological developments that have
occurred over the last few decades have been accompanied with a wide range of not only positive outcomes, but
also negative consequences occurred. The release of hazardous man-made compounds into the environment repre* Corresponding author

sents one of the major problems. One group of chemicals
of concern are brominated flame retardants (BFRs) which
are used to protect various flammable materials against the
fire. The protective function of these FRs (i.e. the interference with the combustion process) insists in their decomposition at elevated temperatures. Inert gases and other decomposition products which are released then dilute the
fuel in the solid and gaseous phases and decrease the concentrations of combustible gases under the ignition limit.
In the Czech Republic, the number of fires has increased
by 36 % in the first quarter of 2010 as compared to the
same period in 2009. Various technical preparations are
used as fire extinguishers, among them mixtures based on
PBDEs were extensively used in the past time [1-3].
These compounds are added to polymer matrices because of their favourable behavior at high temperatures.
When exposed to high temperatures during a fire they
decompose earlier than the matrix in which they are incorporated. Substances produced during their decomposition are able to prevent or at least diminish the risk of fire
[1,2].
The first use of PBDEs dates back to the 1970s. Today, these compounds are present in nearly all products
designed to resist excessive heat, for example electric components, cable insulation material, etc. The major disadvantage of these substances is that they can be released from the
polymer matrix even at normal conditions, spread into all
environmental compartments and bioaccumulate there [3].
Flame retardants are chemical compounds used in
different products. They are added to products in order to
minimize the risk of fire [1,2]. Over the last few decades,
there has been a dramatic increase in the production and
the range of applications of BFRs. They should also be
evaluated in terms of their potential negative effect on the
biota in the environment [4,5].
Like other POPs, PBDEs may enter human food
chain and accumulate in adipose tissues; they can also be
found in biotic fluids including breast milk. With regards
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to the health risks associated with PBDEs exposure, the
sources of contamination have to be monitored and, if
possible, respective measures have to be taken to prevent
and/or minimize emissions into surrounding environment.
The objective of this study was to examine soil in
various localities for PBDEs occurrence in order to identify the „hot spots“.
2 MATERIALS AND METHODS
2.1 Chemicals

n-hexane, petroleum ether, dichloromethane were
purchased by Merck (Germany) at a purity for GC and for
residual analysis, sulphuric acid, 96% was supplied by
Merck (Germany), anhydrous sodium sulphate powder,
activated at 550 °C for 6 hours came from Merck (Germany), Florisil® (60-100 mesh), activated at 550 °C for
6 hours was purchased by Sigma-Aldrich (Switzerland),
Alumina and Silica gel 60 (70-230 mesh), purified with
dichloromethane and n-hexane, and activated at 200 °C
for 3 hours (Merck, Germany).
Standards of polybrominated diphenylethers: BDE –
28, BDE – 47, BDE – 66, BDE – 85, BDE – 99, BDE –
100, BDE – 153, BDE – 154, BDE – 183 were from Accu
Standard, New Hawen, U.S.A.
2.2 Sample analysis

Individual samples were collected at different localities in the Czech Republic and Slovakia where fires of
materials assumed to contain FRs occurred in the past.
Soil samples were collected systematically in the surroundings of the scene of a fire in the amount of approximately 1 kg. The samples were transported to the laboratory in thin polyethylene bags (microtene). In laboratory,
extraneous impurities were removed from samples manually and the soil was let dry at laboratory temperature for
two days. Then it was homogenized and sieved through
stainless steel sieves with a mesh size of 2 mm.
The isolation of analytes was performed using three
extraction techniques (the most efficient one was selected
for analysis of real samples): (i) ultrasound assisted extraction (UAE), (ii) microwave-assisted extraction (MAE)
and (iii) pressurized solvent extraction (PSE).
(i) Ultrasound assisted extraction (USE):

Approximately 30 g of sample was accurately weighted
and then transferred into 250 ml extraction flask. After
addition of 60 ml solvent mixture (hexane: acetone, 3:1, v/v)
the content was carefully mixed and placed into ultrasound
bath for 1 hour. After that the mixture was filtered through
anhydrous Na2SO4.
(ii) Microwave assisted extraction (MAE):

Approximately 0.5 g sample was accurately weighted
into extraction thimble and 30 ml of solvent mixture hexane : acetone (7:1, v/v) were added. Then the thimble was

closed and placed into microwave oven. After 10 minutes
of microwave extraction the thimble was cooled for
20 minutes. The extraction mixture was then filtered
through anhydrous sodium sulphate.
(iii) Pressurized solvent extraction(PSE):

Approximately of 10 g sample was thoroughly mixed
with 10 g of hydromatrix. The resulting mixture was placed
into extraction thimble, which was then placed into extractor. Extraction by mixture of hexane:petrolether (9:1, v/v)
was then realized in two 5-minute static cycles at a temperature of 125 °C and pressure of 120 bar, with purging
of extraction vessel for 20 s and 2 minutes of nitrogen flow
drying. The extract was filtered through anhydrous sodium
sulphate, volume reduced under gentle nigrogen stream and
placed into GC vial.
2.3 Final analysis

Crude extracts were purified by shaking with sulphuric acid followed by adsorption chromatography on a
silica column (300 x10 mm). A hexane/dichloromethane
mixture (3:1) was used for elution. The identification and
quantification of analytes was performed using the gas
chromatography on two parallel capillary columns with
different selectivities and with electron capture detection.
Analytes were identified by comparing the retention characteristics of individual standards of PBDE congeners
with those of PBDEs detected in samples in both columns.
Quantification was performed using the method of absolute
calibration based on a multi-point calibration dependence,
which was measured for each analyte; areas of respective
peaks were used for evaluation.
Gas chromatograph Agilent Technologies 6890 N series II equipped with two parallel capillary columns (HT-8,
50 m x 0.22 mm x 0.25 µm; DB-17 MS, 60 m x 0.25 mm x
0.25 µm) connected to PTV injector using dual-hole ferrule
and two micro electron capture detectors (µECD) was
employed for identification /quantification of analytes. The
operating parameters were set as follows: carrier gas H2 @
1.1 ml.min-1 (constant flow), PTV injector temperature
programme: 90 °C for 0.1 min, then ramped to 350 °C at
720 °/min, hold for 5 minutes ant then cooled at 10 °/min to
220 °C; injection mode splitless with splitles time 1 minute;
column oven temperature: 100 °C hold for 2 min, then
30°C/min. to 200°C (hold for 3 min.), 3°C/min. to 230°C
(hold for 10 min.), 5°C/min to 270°C hold (for 3 min.),
10°C/min. to 310°C (hold for 15 min.); detectors temperature 300°C, make-up gas N2 @ 10 ml.min-1.
An example of chromatogram showing PBDEs separation in real sample is presented in Figure 1.
2.4 Determination of efficiency of extraction methods:

30 g of sea sand was spiked by 50 ng of each PBDE.
Aliquots of this sample were extracted by the above mentioned three extraction method (5 parallel extractions for
each method). Obtained extracts were analysed using GC
method as described above.
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FIGURE 1 - Chromatogram of real sample (part 30 – 80 min)

3 RESULTS
In the first phase of the study, analytical procedure
for fast and accurate determination of PBDEs was optimized and then validated. The best efficiency of extraction was shown by sonication which was then used for all
real samples. The Limit of Detection (LOD) and the Limit
of Quantification (LOQ) of the applied method were
determined on the basis of signal to baseline noise (S/N)
ratio measurement. The overview of these values for all
monitored congeners is shown in Table 1.
Table 2 shows average efficiency of tested extraction
methods for all target analytes. The numbers represent
average for all target PBDE congeners from results of 5
parallel analysis for each method, together with minimal
and maximal efficiency.
The best results were obtained by ultrasound assisted
extraction, which was subsequently used for analysis of
all reals samples.
Our study was focused on the monitoring of the most
common BDE congeners (no. 28, 47, 99, 100, 153, 154,

183) that were the major components of technical BFR
mixtures widely used in the past to protect various objects
of daily use against fire. On this account their occurrence
in the localities with potential emission sources such as
dump sites was expected. Another sampling place of our
focus was that one in which BFR containing material was
stored. Figure 2 shows the localities with the highest level
of soil contamination. In some localities (Brandýs) the
presence of PBDEs was not detected, on the other hand.
In line with our assumption, the locality in Brno in
which fire destroyed scrapyard in 2009 was found as the
most extensively contaminated place. The source of contamination might be various seat upholstery, dashboard
and car electronic equipment, which were burnt down
here on this occasion. The total concentration of PBDEs
was 171.9 µg.kg-1 in dry matter. The levels found at other
sites are listed in Table 3. In ten samples of soil collected
at localities with different scenes of a fire; BDE No. 99
was the dominating congener detected in soil samples. Its
levels in samples are also listed in Table 3.

TABLE 1 - The limits of detection (LOD) and quantification (LOQ) for the target BDE congeners
Congener
BDE 28
BDE 47
BDE 99
BDE 100
BDE 153
BDE 154
BDE 183

LOD

LOQ
[µg.kg-1 dry matter]

3.5
3.4
2.6
1.8
1.2
2.0
2.1
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TABLE 2 - Efficiency of extraction methods
Method
Ultrasound assisted extraction
Microwave assisted extraction
Pressurized solvent extraction

Recovery (%)
Minimum
86.1
16
25.2

Average
96.4
40
35.6

Maximum
116.5
49
57.6

FIGURE 2 - The total amount of PBDEs at individual sites (list of sites - see Table 3)
TABLE 3 - The total burden of PBDEs and BDE 99 level at individual sampling sites
Number

The total concentration in
(µg.kg-1) of dry matter
n.d.
123.2
n.d.
n.d.
49.76
48.41
77.45
125.7
48.50
171.9
28.87
71.70

Site

Brandýs - a barn underneath the castle
1
Brandýs-Melicharka - the fire of the store
2
Brandýs - fire of a prefab building
3
Brandýs-Melicharka - restaurant, fireplacet
4
Malšice - the fire of a log cabin
5
Malšice - the fire the scrap collection site
6
Radostovice - fire of the farm
7
Velmovice - forest fire
8
Dolní Hrachovice - the fire of an agricultural facility
9
Brno - the fire of a scrapyard
10
Zvolen SK - HZS smp. 1
11
Zvolen SK - HZS smp. 2
12
n.d. not detected

4 CONCLUSIONS
The presented study was focused on the determination of polybrominated diphenyl ethers in samples col-

The BDE 99 concentration
in (µg.kg-1) of dry matter
n.d.
16.36
n.d.
n.d.
14.90
14.23
13.72
14.36
13.93
22.90
n.d.
22.74

lected from different fire scenes. The presence of the
PBDE congeners No. 28, 47, 99, 100, 153, 154 and 183,
which are present in the majority of PBDE-based commercial products, was evaluated.
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The identification and quantification of target compounds was performed using gas chromatography on two
different capillary columns in parallel with electron capture detection. Individual congeners were identified by
their retention times on both capillary columns, external
calibration based on peak areas was used as the method of
quantification.
Worth to notice is that the same FR containing preparations were used in respective localities, therefore the
BDEs pattterns were very similar. The congener BDE 99
was not detected or identified in any other sample collected from fireplace. The highest level of contamination
was found in the Brno site where samples of soil were
collected from the scrapyard. The total concentration of
all congeners was 171.90 µg.kg-1 of dry matter.
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MEASUREMENTS OF ENVIRONMENTAL POLLUTION
IN THE QUIRRA AREA, SARDINIA ISLAND (ITALY)
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ABSTRACT
In the Italian island of Sardinia, the PISQ military
base polygon in Europe is located. The paper focuses on
the environmental pollution measurements around the
PISQ area, stimulated by an apparently off-normal incidence of illness reported among the population who lives
close to the military area, mainly in the form of cancer to
the hemolimphatic system and natal genetic malformation.
Radioactive pollution from depleted uranium is among the
possible causes. Evidence of depleted uranium contamination in lamb bones has been found, however the datum
was not confirmed by further analyses and findings.
KEYWORDS:
environmental pollution, Quirra, depleted uranium, chemicals

1 INTRODUCTION
Quirra is a village located in the Italian Sardinia Island, close to a big military polygon, PISQ = "Poligono
sperimentale di addestramento interforze del Salto Quirra"
(“Salto di Quirra Polygon” and firing range), where ballistic missiles and weapons are tested. Recently, the zone has
been driven to the attention of the media due to the socalled “Quirra syndrome”, an apparently off-normal incidence of illnesses in that zone. The media indicated in the
military use of Depleted Uranium (DU) a possible cause
of the above situation. Recent specific studies on this
question have been published in specific literature [1-3].
The PISQ is used – since at least fifty years – for missiles and weapons testing abd training base and for the
destruction and disposal of obsolete weapons.
As shown in Figure 1, the military area is divided in
two zones, an elevated one, the “land range”, and a seaside zone, the “sea range”. Launching areas for surface to
air and to sea missiles are located in the sea range, while
the land range is used for training with anti-tank rockets,
bombing, as well as for the destruction of large amounts
of weapons.
* Corresponding author

Concerning DU, its biological effects (chemical and
radiological) cannot be neglected if its concentration is
sufficiently high – like for any other pollutant. The radiological effects of uranium are well known since fifty years
due to its civilian use. Concerning chemical toxicity, Uranium, being a heavy metal, is known to have toxic effects
on specific organs in the body.
Many other environmental pollutants are supposedly
been released due to PISQ activities. Being a a wellknown air force rocket range, where new rocket propulsion systems – for both military and civil use – are tested,
airborne release of toxic and teratogenic chemical substances is a quite probable effect of these tests. Also, test
explosions of bombs and weapons may have had similar
results, with environmental contamination with dioxins,
heavy metals and other toxic chemicals.
Recent environmental assessments and measurements
have been performed in the PISQ area, after the Italian
justice has asked to determine the origin of the Quirra syndrome. In particular:
1) Measurement of radioactive pollution in environmental matrices, like soil, mushrooms, lichens, seaweeds, and many others
2) Assessment of the presence of depleted uranium in the
body of animals living in the area, by means of the
U234/238 ratio.
3) Assessment of the presence of heavy metals and other
chemical pollutants in selected matrices around PISQ
The paper shows some results of the recent measurements mentioned in points 1 and 2 and draws some conclusions based upon the reported data.
2 THE QUIRRA ENVIRONMENT
AND THE “SYNDROME”
In the south-eastern part of the Italian Sardinia island,
is located the biggest military poligon in Italy and Europe
(a 130 Km2 area), the “Poligono Sperimentale Interforze
del Salto di Quirra” (PISQ). It is an experimental polygon
for ballistic missiles and a training base in charge to the
Italian army and used also by NATO alliance forces.
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FIGURE 1 - The Quirra Area in Sardinia

The area is also of great natural interest: it hosts, for
example, the cave system of “Is Angurtidorgius”, and a lot
of endemic and endangered species.
In recent years the Quirra polygon has been driven to
the attention of the Italian media due to the so called
“Quirra Syndrome”, an apparently off-normal incidence of
illness reported among the population who lives close to
the military area, mainly cancer to the hemopoietic system
and natal genetic malformation. However a complete and
reliable assessment is still missing, it has been found evidence about:
• Off-normal cases of cancer to the hemolymphatic
system reported in the small village of Quirra

An increased risk of death from hemolimphatic tumors, over 10 times higher than the Sardinia mean, has
been statistically evaluated for the people that leave and/or
work in the small Quirra village, during the 1998-2008
time interval [3].
Some other investigation on the causes of death,
among the whole population of the municipalities located
near to the PISQ military area, did not highlight any statistically significant increasing risk of death from cancer
[4-7]. Following that, as specified in ref. [4] conclusions,
further investigation, restricted to those groups of subjects
actually exposed to the PISQ activities, is needed.
“Quirra Syndrome“ possible causes are the following:

• Off-normal frequency, for just one year, of children
born with serious natal genetic malformation reported
in the country of Escalaplano.

• Toxic and teratogenic chemical substances generated
by rockets propulsion systems.

• Off-normal cases of cancer reported among military
men that served in that base for just one year.

• Radiological contamination from Depleted Uranium
used in “penetrator” bullets and missiles heads [1].
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•

Radiological contamination by Thorium used in tested
ballistic missiles

•

Electromagnetic pollution from military radars and
electronic warfare devices [3].

•

Arsenicum contamination, from past mining activity,
does not cause hemolymphatic tumors (only liver, kidney, lung, bladder and skin tumors are reported) [4,8]
then should be disregarded as a possible cause .
Recent environmental assessments and measurements
have been performed in the PISQ area, after the Italian
justice has asked to determine the origin of the Quirra syndrome. In particular:
• Measurement of radioactive pollution in environmental
matrices, like soil, mushrooms, lichens, seaweeds, and
many others
• Assessment of the presence of depleted uranium in the
body of animals living in the area, by means of the
U234/238 ratio.
3 INITIAL ASSESSMENT OF DEPLETED URANIUM BY MEANS OF THE U234/U238 RATIO

Depleted uranium (DU) is uranium primarily composed of the isotope uranium-238 (U-238). Natural uranium is about 99.27 percent U-238, 0.72 percent U-235,
and 0.0055 percent U-234. U-235 is used for fission in
nuclear reactors and nuclear weapons. Uranium is enriched in U-235 by separating the isotopes by mass. The
by-product of enrichment, called depleted uranium or DU,
contains less than one third as much U-235 and U-234 as
natural uranium. Because U-234 accounts for about half
the radioactivity of natural uranium, the external radiation
dose from DU is about 60 percent of that from the same
mass of natural uranium. DU is also found in reprocessed
spent nuclear reactor fuel, but that DU can be distinguished from DU produced as a by-product of uranium
enrichment by the presence of U-236.
DU is useful because of its very high density of 19.1
g/cm3. Its other main characteristics are: low specific
radioactivity (with emission mainly of alpha particles),
low cost, wide availability. Civilian uses include counterweights in aircraft, radiation shielding in medical radiation therapy and industrial radiography equipment, and
containers used to transport radioactive materials. Military uses include defensive armor plating and armorpiercing projectiles.
In natural uranium, 234U and 238U are in radiological equilibrium, namely activity ratio of 234U to 238U
being 1.0, if the uranium was placed in closed system. In
DU, the U234/U238 ratio, being U234 at disequilibrium,
is found to be 0,167.
234U/238U ratio, on the other hand, has been found
to vary considerably due to natural cause in many water,
soil, sediment and uranium ores of different geographical
origin [9-14].

The mechanism of such variation is preferential
leaching of 234U compared with 238U from sold phase,
caused by radiation damage of crystal lattice upon alpha
decay of 238U, oxidation of insoluble tetravalent 234U to
soluble hexavalent 234U during decay, and alpha recoil of
234Th (and its daughter 234U) into solution phase.
234U/238U activity ratios in water reportedly vary from
0.5 to 40, while that in soil typically range from 0.5 to 1.2
[9-14].
234U/238U ratios also vary due to anthropogenic discharge. Fertilizer-derived uranium, for example, could be
distinguished from indigenous uranium using 234U/238U
as an indicator and could be used to trace the migration of
fertilizer in the environment [15]. Goldstein et al. [16]
found depleted 234U/238U ratios in soil samples of elevated uranium concentrations and considered it to be a
contribution from anthropogenic uranium.
The measurements were conducted on two samples of
a malformed lamb from Escalaplano, Quirra area (code
AGN-MALF MALF-1-2), on two samples of a control
lamb from Kefalonia (Codes AGN-CEF-2 and AGNCEF-3), a sample of sediment and of moss.
The malformed lamb showed a couple of extra eyes
on the upper part of the head/skull and so it has been
reported by the press like the “two-heads lamb”.
All the lambs belong to the usual domesticated sheep
species (Ovis Aries) and were sacrified as newborns.
The analytical procedure used is described in Wild
and Steffan [17], with minor changes. In short, the bones
and sediment samples were kept at 800 ° C for 12 hours
to destroy organic matter, while the organic material in
the sample of moss was destroyed with a solution of HClHNO3-HClO4 in H2O. The dissolution of the samples
occurred in HNO3 (8M solution), and then 232U was
added as a tracer. After radiochemical separation U sources
were then prepared, and counted by alpha spectrometry
with silicon detectors.
With regard to the analysis carried out on two samples from Escalaplano, AGN-MALF-1 and AGN-MALF2, they have very different results.
• AGN-MALF-2 is compatible with the presence of
natural uranium.
• AGN-MALF-1, presents an activity ratio 234U/238U
significantly lower, even taking into account the statistics, the ratio of activity of natural uranium.
This isotopic ratio is not compatible with the presence
of natural uranium: in all likelihood, the bones of the
lamb have seen a partial contamination with depleted
uranium, which has shifted the isotopic ratio U234/238,
which should be 1 or above unity, to the present value,
0.71 ± 0.10. This, applying one standard deviation, comes
to 0.81, and may even reach 0.91 by applying two. This is
a statistically significant deviation indicating the presence
of depleted uranium.
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TABLE 1 - U234/238 ratio measurements in lamb bones, PISQ area and Kefalonia.
SAMPLE CODE

DESCRIPTION

238
U
mBq/kg

234
U
mBq/kg

AGN-MALF-1

Left radius and ulna of teratologic lamb from the herd flock.
Code: IT 097CA225 (loc. Olistincus, Escalaplano - Ogliastra).

900±70

680±80

0,71 ± 0,10

AGN-MALF-2

Right tibia and metatarsus of teratologic lamb from the herd
flock. Code: IT 097CA225 (loc. Olistincus, Escalaplano Ogliastra).

500±17

533±17

1,07 ± 0,07

AGN-CEF-2

Radius and ulna (two samples) of lamb from the herd control
of Kefalonia, Greece

167±17

150±17

0,85 ± 0,13

AGN-CEF-3

Radius and ulna (two samples) of lamb from the herd control
of Kefalonia, Greece

11700±600

11700±600

1,00 ± 0,03

This first set of measurements has however to be reinforced and confirmed by further investigations, because:
- Other control lambs coming from the same area would
be preferably sacrificed, in order to have a better homogeneity of samples.
- The parameter 238U Bq/kg is 0,500±0,017 in one lamb
of Quirra, in the case of Kefalonia the same parameter shows a ten-times-higher (11,7±0,6) value; however the important factor is the U234/U238 ratio, it
would be better to compare samples with similar levels
of U in the bones.
- The measure of AGN-MALF-1 was repeated several
times, however it is only one datum and further assessments are necessary, since a single datum is not statistically meaningful for a validation
First of all, further assessments and measurements
have been performed in order to verify the above results
(see Table 2) in water and soil. All the samples were collected in quantities of several grams, which are quite sufficient to proceed with measurements and determination of
uranium according to the method. They all come from the
Quirra area, mostly from the locations: “Ovile Pinna”,
“Ovile Vacca”, “Risorgiva S’ollistincu” where the original malformed lamb was living.
In most samples, the isotopic ratio is equal to or
U234/U238 around the unit, as compatible with the presence of natural uranium, as it was logical to expect. And,

Description
Water 1D
Water 2D
Water “Ovile Pinna”
Water “Ovile Vacca”
Soil 1B Risorgiva S'ollistincu
Soil 2B Risorgiva S'ollistincu
Soil 3B -Risorgiva S'ollistincu
Soil 4B -Risorgiva S'ollistincu
Soil 5B -Risorgiva S'ollistincu
Soil 6B Risorgiva S'ollistincu
Soil 7B Risorgiva S'ollistincu
Soil 1B Ovile Pinna
Soil 8CRisorgiva S'ollistincu

U/238U

in fact, it is unlikely to find traces of depleted uranium in
environmental matrices such as water or land, unless a
massive and located use, at a distance of several years
from a possible use. The UN Environment Programme
(UNEP) in the Balkans in 2001 found that, after a documented use of depleted uranium from NATO in 1999,
nothing was found in environmental matrices, just after
two years: the only traces were found in some trophic
matrices (in this case, mosses) close to the point of explosion of the uranium bombs. This confirms the expediency
of our approach, which focuses on the research of DU in
trophic matrices (in this case, animal bones or potentially
exposed persons), while maintaining measurements in
environmental matrices (water and soil) as a check.
In some samples, and three in particular regarding
water, the isotopic ratio is markedly greater than unity
U234/U238, around 3. Even this may be attributed to the
presence of natural uranium. In fact - as we know from
the literature - U234 can pass more easily in water matrices than U238: U234 is a product of radioactive decay,
and can be in a position of the lattice damage, which
favors the mobility and the transition from solid to water.
Literature reports values up to 40 for U234/U238 isotope
ratios in water, data that are perfectly compatible with the
presence of natural uranium [9-14].
The purpose of the surveys conducted and described
in Table 2, this time, was not to find depleted uranium,

TABLE 2 - U234/U238 measurements, PISQ area
Sample
code
A-30-A
A-31-B
A-32-A
A-33-D
A-34-D
A-35-D
A-36-B
A-37-C
A-38-C
A-39-D
A-40-A
A-41-B
A-42-D

234

234 U Bq/kg

238 U Bq/kg

234U/238U

0,125±0,019
0,68±0,02
0,066± 0,005
0,0039± 0,0006
31,2± 0,6
24,3± 0,8
68,9±1,6
36,1± 0,4
35,2± 1,3
64,2±1,6
17,9± 0,8
25,8± 1,1
46±2

0,038± 0,010
0,218±0,009
0,018± 0,003
0,0023± 0,0004
27,3± 0,6
18,7± 0,7
37,3± 1,0
31,9± 0,4
33,2±1,3
55,6±1,4
17,5± 0,8
23,6± 1,1
45±2

3,3±0,5
3,13±0,14
3,5±0,5
1,6±0,4
1,14±0,03
1,30±0,05
1,84±0,05
1,13±0,02
1,06±0,05
1,15±0,03
1,03±0,05
1,09± 0,02
1,02±0,05
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after many years, in soil or in water, but to ensure that any
natural phenomenon did not cause a lower isotope ratio
U234/U238 than the unit. This finding could explain the
limits the isotopic ratio equal to 0.71 detected by the previous determination.
The presence of such isotopic ratios equal to or greater than 1 in environmental media - water and land – is
consistent with previous data: the isotopic ratio equal to
0.71 U234/U238 found in the bones of the malformed
lamb is not due to natural phenomena, as in environmental matrices around the place where the lamb was
born has not found any natural occurrence of isotopic
ratios below unity.
Nevertheless, the single datum will be verified by further analyses and findings.
4 FURTHER ASSESSMENTS
IN THE PISQ AREA
To further investigate and substantiate the above results, we analysed samples of further control lambs, coming from the same area of the malformed “suspect” lamb.
The methodology of analysis is again described in
[17]. Isolation of Uranium for age determination of fossil
bones was again done by this method and it is fully fit for
the purpose, instrumentation and techniques used are
consistent and the results produced entirely reliable. The
analytical procedure that has been used is based on technical standards ASTM C100-11 "Radiochemical Determination of Uranium Isotopes in Soil by Alpha Spec-

trometry" and HASL-300: U-04-RC: "Uranium in biological materials and environmentally."
As specified above, however the ratio U234/U238 in
the soil is equal to 1 for natural uranium, the passage of
Uranium in the various trophic matrices (plants and animals) preferably takes place with an increase in the ratio
U234/238, as there is a preferential absorption of U234 in
plants and animals. This is because U234 appears to be
slightly more soluble of U238, more mobile at the level of
the crystal lattice. When U238 decays, it produces a micro-damage and leaves in place its decay product, which
is precisely the U234. This is in a position of the reticulum damaged by the decay of U238 and therefore more
able to move easily. The incorporation in the carcasses of
animals and plants causes, therefore, if we analyze the
uranium in them, the presence of a ratio greater than unity
U234/U238.
Results are available in Table 3.
All uncertainties have been computed to one standard
deviation.
-

-

We observe the following:
The two samples A-65-D and A-67-A have U234/238
ratio greater than unity, thus demonstrating the selective absorption of U234 as previously described. It is
therefore proven to be compatible with the presence of
natural uranium.
In conclusion, the analysis of the isotopic ratio
U234/238 is compatible with the presence of natural
Uranium. Nothing can be inferred from these measurements for the presence of depleted uranium in the area.

TABLE 3 – Further U234/238 ratio measurements in lamb bones, PISQ area
Sample

Description

A-65-D

Radius and ulna of lamb A-65-D (Escalaplano - Ogliastra)
Radius and ulna of lamb A-67-A (Escalaplano - Ogliastra)

A-67-A

234U
Bq/kg
6,1±0,7

238U
Bq/kg
3,0±0,5

234U/238U
2,0±0,4

6,2±1,1

1,7±0,5

3,6±1,3
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In the Italian island of Sardinia, the “Poligono Sperimentale Interforze del Salto di Quirra” (PISQ), the biggest military poligon in Italy and Europe, is located. The
Quirra Syndrome (an apparently off-normal incidence of
illness reported among the population who lives close to
the military area, mainly in the form of cancer to the
hemolymphatic system and natal genetic malformation) has
radioactive pollution from depleted uranium among its
possible causes: the paper has focused its attention on the
measurements of such pollution in the PISQ area. Evidence of depleted uranium contamination in lamb bones
has been found in one sample, however the datum was not
confirmed by further analyses and findings.
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IMPACT OF ANTHROPOGENIC
ACTIVITIES ON A TEMPORARY RIVER
Anna Maria De Girolamo*, Angelo Calabrese, Giuseppe Pappagallo, Gerardina Santese and Antonio Lo Porto
Water Research Institute of National Research Council, Bari, Italy

ABSTRACT
The Celone River Basin (Puglia, Italy) is characterized by a diffuse pollution from agricultural sources. Like
most intermittent rivers in the Mediterranean area, this
stream is not well monitored; only few water quality data
are available. Thus, due to high variability in streamflow
and nutrient concentrations, which characterizes this type
of rivers, it is difficult to estimate accurately nutrient loads
from point and non point sources and consequently anthropogenic activities impact on the river. In this work, a
detailed study was carried out on the Celone river to identify the chemical characteristics of the water and to quantify the annual nutrient loads delivered to the downstream
reservoir. An automatic sampler and a flow module were
set up in a section of the river. Continuous measures of
flow were carried out using a different frequency for water
sampling when floods occurred and during normal or low
flow state. Nutrient concentrations in the water samples
were accurately determined in laboratory. Water quality
of the river was found to vary considerably along the year
in terms of nutrient concentration. Nitrate and total phosphorus are the main cause of water pollution. Nutrient
losses by surface runoff were essentially a winter process.
The contribution per hectare of non point sources can be
estimate at about 39 kg/ha of total nitrogen and 2.4 kg/ha
of total phosphorus. Estimates of loads in terms of TN
and TP for the 21-day period of flood were calculated in
55 and 81% of annual loads, respectively. This study
clearly demonstrates the importance of flood event contribution to the annual nutrient load.

KEYWORDS: Temporary river, water quality, nutrient load estimation, point and non point source pollution.

1 INTRODUCTION
In rural areas, agriculture is the most important cause
of water pollution. Diffuse pollution from agriculture is
difficult to control and manage due to its complex nature,
* Corresponding author

and spatial-temporal variability, compared with point
sources. On the other hand, a quantification of runoff, and
nutrient loadings from agriculture is required in a river
basin management plan before identifying a set of measures that can reduce environmental impacts due to human
activities. For small basins, many difficulties have been
observed in quantification of nutrient loadings because it
requires monitoring activities that accurately analyze the
peak discharges, in addition to the normal and low flow
conditions [1-3]. It is well known that during floods, pollutant concentrations have a wide range of variability [4,
5] and the flood loads constitute the majority of the total
annual pollutant loads. All of that has a high impact on
river ecosystems and reservoirs [6]. Several methodologies have been developed to estimate diffuse nutrient loads
extending from the simplified methods using just unit loads
and/or export coefficients of various diffuse pollutants to
more complex models [7-9]. Existing models accurately reproduce quality aspects in normal flow conditions, while
their performance in simulating episodic phenomena is
affected by high uncertainty, which is also due to the lack
of measured data for calibrating these events [10-12]. Direct estimation methods [13-15] are based on streamflow
and concentration measurements. Monitoring of nutrient
and sediment loads discharged from rivers is one of the
expensive efforts that is normally reduced when financial
resources are limited. In Italy, data and information are
poor. Generally, only water level measurements and a few
(3-4) nutrient sampling concentration sampling per year are
available. This sampling strategy is inadequate to evaluate
pollutant loads both with direct methods and with mathematical models.
This paper presents the results of a detailed study
based on monitoring activities which was carried out on
the Celone river to identify the chemical characteristic of
the water and to quantify nutrient loads delivered to the
“Capaccio” reservoir during the different hydrological
statuses. By means of nutrient load estimation, the impact
of anthropogenic activities on water bodies was assessed
and the source allocation, which is essential to identify a
Program of Measures that could improve water quality of
the river and in downstream reservoir, was derived. Loads
were estimated on annual and seasonal basis and during
flood events.
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This study has been carried out within the MIRAGE
research project (FP7/2007-2011 under grant agreement
211732) which aims at improving the understanding of
water quality dynamics of temporary streams in semi-arid
regions and to develop appropriate management measures
accordingly.

move in free pasture) on both spontaneous prairies or on
cultivated pasture. In addition, there are 20000 chickens in
the area, 99% are living in battery farm. Chicken manure
is spread to fertilize crops, both in the study area and in
adjacent watersheds.
TABLE 1 – Land use distribution
Landuse
Urban areas
Durum Wheat
Sunflower
Tomato
Vineyard
Olive trees
Pasture
Forest-Deciduous

2 MATERIALS AND METHODS
2.1 Study area

The study area (72 km2 ) is the upper basin of the Celone river. The basin is located in the Puglia region in
southern Italy (Figure 1). It is characterized by a mean
elevation of 500 m above sea level, ranging from 150 m
to 1150 m. The river drains into the “Capaccio” reservoir
(capacity at full supply 25.82 Mm3; Current Volume
17.56 Mm3). The main economic activity in the area is agriculture: durum wheat, olive trees, and pasture, being the
main cultivations (Table 1). Also, natural forest is present.
Hilly-mountainous area of Celone basin is characterized
by favorable conditions for livestock breeding, hence
cattle and ovine breeding is also an activity of this area’s
inhabitants. However, the number of livestock farmings is
humble, as well as the numbers of animals. In fact, 350,
500, and 250 is approximately the number of cattles, sheeps
and pigs, respectively [16]. Most of them are still managed
in a traditional extensive way (animals are allowed to freely

Ha
71
3343
608
101
3
541
462
2064

% Area
1.0
46.5
8.5
1.4
0.04
7.5
6.4
28.7

Human settlements are restricted to three small villages
(about 3000 EI). Wastewater is treated in three treatment
plants that discharge into the river net. Detailed data from
waste water treatment plants are not available. In 2011,
three sampling campaigns were done to analyze nutrient
concentrations at the outlet of the plants (in April, September and November). A great variability was found in
concentrations, especially for one of them (Castelluccio).
Table 2 summarizes WWTPs characteristics, which have
to be considered as average values, discharges, which are
provided by local authorities, are overestimated.

FIGURE 1- Study area: Celone river basin

TABLE 2 – Waste water treatments plant characteristics: discharge and chemical components of effluents
WWTP
Faeto
Castelluccio
Celle

Discharge
(m3/s)
0.025
Not Avail.
0.002

N-NO3
mg/l
0.6
3.53
0.58

N-NH4
mg/l
0.8
1.34
0.12
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PN
mg/l
0.01
0.90
0.17

N-NO2
mg/l
0.01
0.01
<0.01

DP
mg/l
0.25
1.36
0.17

PP
mg/l
0.53
5.26
0.58
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The soils are related to the lithology and generally
show a texture varying from sandy-clay-loam to clay-loam
or clay. Depth and topsoil conditions are highly variable, the
plain part of the basin comprises deep soils (1.5 - 2.00 m)
while the hill and the mountainous part of the catchment
consists of moderately deep soil (less than 1.00 m).
The climate is typically Mediterranean: warm and
dry. The rainfall season is from November to May, while
during the dry season, from May to September, rainfall is
concentrated in a few events. Rainfall is mostly concentrated in autumn and winter, with a mean annual rainfall
of 800-900 mm in the mountainous area and 500-550 mm
in the plain area; it is unevenly distributed and often occurs as short duration and high intensity events. These
rainfall characteristics have a great influence on the flow
regime, extreme flow events, erosion, sediment and nutrient delivery. The stream flow regime has typical Mediterranean semi-arid features with a seasonal pattern of a
drought period and flash floods. Temperature variation is
marked throughout the year with a mean monthly temperature range between 3.4 in January to 20.3 in August
in the upper part of the basin and from 7.2 to 25.5 in the
lowland area.
According to the national Decree 131/2008 [17], the
Puglia Region Authority defines this river body as an
ephemeral river (an ephemeral stream is a temporary river
with continuous flow conditions during less than 8 months
per year) and considering the anthropogenic pressures on
surface water it defines this river body probably at risk of
failing to meet the Water Framework Directive's environmental objectives.
2.2 Samplings and physico-chemical analysis

Surface water in the basin was sampled over a period
of 24 months from June 2009 to July 2011 at a monitoring
point (Masseria Pirro) located 8 km upstream of the outlet (Capaccio dam). During the first year, samples were
taken on a monthly basis in “normal” flow condition between storms. Discrete concentration data are useful for
comparison to existing water quality standards. On the
other hand, they are not sufficient to assess pollutant loads
over a long period (e.g. month, season, year). The information needed for load calculations are streamflows and
nutrient or pollutant concentrations, which have a great
variability in time and space. Streamflow is generally measured continuously while concentrations are measured less
frequently because of high costs of sampling and laboratory analysis. For this reason, and since we are convinced
that this is a common issue in prevention and protection
of water quality in rivers, we defined a strategy to obtain an
acceptable load estimate. Through the second year, from
July 2010 to June 2011, a more accurate sampling campaign was done generally once a week, spanning both the
wet and the dry seasons. In addition, in order to monitor
nutrient concentrations during flood events, an ISCO automatic sampler (model 6712FS) with internal data logger
was installed in the same station (Masseria Pirro). The

sampler is connected with a flow module to directly measure channel flow (ISCO 750 Area Velocità Flow Module).
Continuous measures of flow (at 5-min intervals) and discrete water sampling were carried out. A different frequency
was used for water sampling in normal flow and during
floods. With some exception, the time intervals varied
from 15-min to 2 h in the rising limb of hydrograph and
from 2 h to one day in flood recession. Therefore, the
number of samples varied from event to event.
Water pH, electrical conductivity (EC), and temperature were measured in situ using a calibrated digital sensor. The concentrations of ammonia (N-NH4), nitrate (NNO3), nitrite (N-NO2), organic nitrogen, organic phosphorus, ortho-phosphate (P-PO4), total P (TP), total N (TN),
total suspended solids, and COD were determined in the
IRSA-CNR laboratory. The measurements of TSS and COD
were determined using the APAT-IRSA analytical methods
[18]. The ammonia, nitrate, nitrite, total nitrogen, orthophosphate and total phosphorus concentrations were determined using the photometric method. Organic phosphorus
is obtained as the difference between total P and total
inorganic P (DP). Organic nitrogen has been determined
as the difference between the total N and the sum of the
inorganic nitrogen compounds. The photometer (System
MaxiDirect of ACQUA LYTIC) was precalibrated appropriately before measurements and replicate analyses in
laboratory were carried out in order to evaluate the instrument error which is irrelevant (0.01%).
2.3 Estimation of nutrient loads

Loads were calculated on a monthly and seasonal basis
and for the whole period July 2010 to June 2011. Mathematically, the load passing through a river cross-section
during a time interval is given by:
t2

L = ∫ Qt Ct dt
t1

where Qt is the streamflow (l/s) at time t, Ct is the
chemical concentration (mg/l) at the time t (s), and L is
the load (mg). As describe above, flow and concentrations
measurements are not simultaneous and continuous, then
the problem is to find a procedure for calculating total
loads. Several approaches can be used to calculate loads
from discrete observed concentration and continuous flow
data [19]. Some are more accurate than others, some are
only appropriate under special circumstances. Number
and frequency of sampling, the size of watershed and the
anthropogenic activities, the length of study period [17],
type of flows and relationship between flow and concentration appears to play an important role in estimator
performances. Therefore, selection of a better load estimation method for a given data set is not an easy task.
In this case, the river type and its hydrological regime
play an important role in nutrient delivery and losses. Lag
time (time between peck rainfall and peck discharge) is
short and the duration of the flood is typically only a few
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3.1 Hydrometeorology and hydrological condition

Sub-daily rainfall data and minimum and maximum
daily temperature were recorded at two gauging stations
in the study area. Figure 3 shows monthly rainfall and
minimum and maximum temperature recorded over the
period 2010-2011 in both these stations. In 2010 and
2011, dry conditions were recorded only in the secondary
reaches while in the main channel a continuous flow was
recorded. Discharge in the Celone river changes rapidly
during rainfall events. This regime has a huge impact on
sediment and nutrient loads.
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FIGURE 2 – Flood hydrograph and total phosphorus concentration

n

L = K ∑ Ci (Qi )
i =1

Where: L is the total load calculated over a time interval (kg); Ci is the ith measured concentration or the
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During low and normal flow the instantaneous concentration measures were considered as a mean daily
value. Then, continuous daily flow data and discontinuous
daily concentrations were used to calculate monthly and
annual loads. In this case, the method we used is based on
linearly interpolating the nutrient concentration between
two consecutive measurements. The method is generally
used when the number of samples is quite high and all the
flow classes are well analyzed, as in this case. The equation used is:
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Where: DailyL is the daily load (kg); qi measured
streamflow (m3/s) at time t (1, 2, …96); Cint is the measured or interpolated concentration (mg/l) at the time t (1,
2, …96); 0.9 is the time interval (15×60=900 s) over
which the load is calculated and it includes the conversion
factor (1000-1) between the different units used in the
equation. Dividing daily load by daily total discharge, taking into account the conversion factor, a mean daily concentration value was obtained for each chemical compound
during the floods.
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3 RESULTS AND DISCUSSION

O

96

DailyL = 0.9∑ qiCint

linearly interpolated value to represent unsampled days
(mg/l); Qi is ith daily flow (m3/s); K is the number of seconds in a day (3600×24) divided by 106, which is the
conversion factor between the different units.

Se
p

hours (Figure 2) during which nutrient concentrations, as
well as streamflow, increase and decrease rapidly. Hence,
taking into account the “flashy” response to inputs of
precipitation, the method we used consists in a preliminary analysis of flood events. In particular, during each
event, a daily equivalent concentration was calculated for
all nutrient compounds from the measurements (minimum
3 measurements for event). To do this, the computation of
daily load and daily discharge during flood events is required. In order to have streamflow and concentrations
values on the same time interval, measured streamflow
data (m3/s) on 15 min time interval were used and linear
interpolated pollutant concentrations were evaluated between two consecutive observations when the time interval of sampling was longer than 15 min. Then, we used
the following equation to calculate daily load:

'1
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FIGURE 3 - Monthly rainfall, minimum and maximum monthly
temperature recorded over the period 2010-2011.
3.2 Hydrochemistry

In 2011, the Italian Decree 260/2010 [20] fixed physico-chemical factors such as dissolved oxygen and nutrients (N-NH4, N-NO3, TP) which are required to support
a functioning ecosystem. The Legislative Decree proposed
five levels for these factors and assigned a score to each of
these levels (Table 3). In order to classify a river body, the
LIMeco index (Level of pollution from macro-descriptors
related to ecological status) was introduced. This index is
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the mean value of the scores assigned to each factor on
the measured concentration basis.
The mean value of all the LIMeco indexes calculated
over the sampling period (one year or more) defines the
corresponding quality status (Table 4). In this classification, however, supporting elements can only influence
High, Good, and Moderate status, while only biological
factors can determine Poor or Bad status. If the LIMeco
score is poor or bad but the biological indexes are good the
ecological status is at least defined moderate. The others
parameters, temperature, pH, conductivity and alkalinity,
are analyzed only to improve the investigations on the
biological status.
In this study biological data were not available,
hence, here we can’t define water quality status. However,

Table 3 summarizes average nutrient concentrations observed over the period of 12 months, in normal flow conditions, from 2009 to 2010 on monthly basis (13 samplings)
in addition to the boundary values of physico-chemical
factors to support ecological status.
The pH values range between 7.8 to 8.9 and water
temperature ranges from 3°C to 17°C. In spite of the fact
that samplings are taken between storms, or rather in normal flow conditions, nitrates and total phosphorus concentrations are high. Organic phosphorus is the main component of total phosphorus (TP), while ortho-phosphate (DP)
general fell within the range from 0.005 mg/l to 0.05 mg/l,
which is usually considered the natural background level of
dissolved phosphorus in river waters [21].

TABLE 3 - Boundary values of physico-chemical factors to support ecological status classification of river bodies and average observed
values over a period of 12 months in 2009-10.
Parameter
100-O2% sat.
N-NH4 (mg/l)
N-NO3 (mg/l)
Total P (mg/l)
Total N (mg/l)
SCORE

Observed
(July 09-June 10)
18%
0.05
3.94
0.27
19.87

Level 1
≤10
<0.03
<0.6
<0.05
1

Level 2
≤20
≤0.06
≤1.2
≤0.1
0.5

TABLE 4 - Quality status according to the LIMeco score.
Quality status
High
Good
Moderate
Poor
Bad

LIMeco score
≥ 0.66
≥ 0.50
≥ 0.33
≥ 0.17
≤0.17

The hydrograph as measured at Masseria Pirro gauging station (from 2010 to 2011), as well as the TN, TP
nutrient concentrations are shown in Figure 4. The majority of the peak flow events were sampled for water quality
except few events in November and February when the
sampler pump tube was damaged. This implies an uncertainty in load calculation for that month and for the year.
In the graphs two periods can be identified, the dry and
the wet season. In the wet season, a wide range of concentration is recorded for most parameters, while in the dry
season the concentrations fall in a more restricted range,
with the exception of some “flash” events. Nitrate concentration shows a wide range of values (0.03-17.70
mg/l). As expected, the highest values were recorded
during flood events, especially in autumn and early spring
when fertilizers are applied on winter wheat and olive
trees. After a dry period, a high level of nutrient concentrations was generally recorded in water as a response to a
rainfall event. In July, a very high level in total phosphorus (TP) concentration is recorded in the first flash event
(14 July 2010) during which the streamflow was not exceptional (daily flow was 0.192 m3/s) but sufficient to

Level 3
≤40
≤0.12
≤2.4
≤0.2
0.25

Level 4
≤80
≤0.24
≤4.8
≤0.4
0.125

Level 5
≥80
>0.24
>4.8
>0.4
0

remobilize nutrients accumulated along the bed of the
river and to remove dissolved and suspended solids with
runoff. The succeeding event (21 July), which is caused
by a more intense rainfall event generates a higher concentration of TP (max concentration value recorded during the event was 16.4 mg/l) and TN (max concentration
value recorded during the event was 18.6 mg/l). Organic
phosphorus and organic nitrogen are the main component
(max concentration value were 16.27 mg/l and 15.16,
respectively). Because of the extreme low flow conditions
recorded in June and July, the river bed accumulated
organic matter coming from waste water treatment plants.
In the Celone river basin, “flush” events are quite common; even if the volume of water in such events is generally not large, so that river loads may be not exceptional,
they can have negative effects on the river ecosystem
functioning due to the high concentrations of pollutants.
Total phosphorus concentration was plotted versus
streamflow. As Figure 5(a) shows, a large dispersion of P
concentration is associated with flow and the highest
values of TP and PP concentrations were recorded during
the extreme low and high flow condition. In extreme low
flow conditions, the flow is almost exclusively due to
waste water treatment plants which discharge their sewage into the river; the natural flow is just few litres per
second hence, dilution effect is very low. In addition,
during a dry period, rainfall events (even not exceptional)
remobilize accumulated nutrients generating high concentration of nutrients in runoff.
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Figure 5(b) shows the Flow Duration Curve, total P concentration and the threshold limits (level II of the Decree
260/2010). The flow duration curve represents the percentage of time during which a specified flow is equaled
or exceeded. This representation is particularly interesting
in temporary river because it shows the wide range of
variability that occurs in streamflow and the percentage of
days in a year (or more, if the data cover a longer period)
when no flow is recorded. The flow duration interval can
be divided in intervals reflecting hydrological conditions.
Dry conditions (exceedance frequency interval of 65 to
90%) and extreme low flows (exceedance frequency interval of 90 to 100%) are represented on the right site of
the graph, here a decrease in concentration is clearly shown
when the flow increases (dilution effect). On the left, the
runoff contribution is clearly evident; in fact the high flow
regime (exceedance frequency interval of 0 to 10%) is
characterized by high concentrations, and in this case non
point sources are the main responsible for nutrient loads.
During the normal flow, which is represented in the graph
in the interval of 10 to 65%, concentration spans are in
more restricted ranges than the high flow regime. The
majority of the measured concentrations is higher than the
value fixed for the level II, which correspond to “good”
water quality level. In this transition zone total loads are
due to a combination of point and non point sources. Figure
6 shows the relationship between streamflow and nitrogen
(TN and PN), and nitrate (N-NO3) concentrations over
different portion of flow.
Like for P, a large dispersion was associated with flow
conditions. The role of point sources is also in this case
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FIGURE 5 – (a) Total P, Dissolved P, and Particulate P versus
streamflow. (b) Flow Duration Curve and TP concentration and
limit value for level II of water quality.
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FIGURE 4 – Total nitrogen and total phosphorus concentrations
and daily streamflow recorded at Pirro gauging station. Celone
river.
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TABLE 5 - Seasonal and annual load estimations in kg and total annual load per hectare. JAS=July, August, September; OND= October,
November, December; JFM=January, February, March; AMJ=April, May, June.
TN
3187
99691
158318
18880
280076
38,90

JAS
OND
JFM
AMJ
Tot (kg/yr)
Tot (kg/ha/yr)

PN
1559
74098
91674
9051
176382
24,50

N-NO3
1434
23291
64139
9396
98260
13,65

N-NO4
193
1235
2029
350
3807
0,53

relevant during low flow conditions (less than 0.1 m3/s) and
negligible in high flow conditions (higher than 1.00 m3/s),
when fertilizers on cropland are responsible of the excessive nitrate enrichment of water.
3.3 Nutrient loads

Nutrient loads were evaluated both on annual and
seasonal basis, with results shown in Table 5. Seasonal
load of nutrients was characterized by high values in
autumn and winter, especially from November to March.
On yearly basis, 87% of the total P load is attributed to
the particulate P while 36% of total N loads is N-NO3 and
62% corresponds to organic N. The load calculation for
TP was performed based on the sum of DP and PP concentration. Therefore, the results in terms of TP loads are
slightly different from the sum of the loads of PP and DP.

Total load (kg/ha)

Winter loads were calculated from January to March.
As displayed in Figure 7, in this basin nutrient losses by
surface runoff are essentially a winter process. Total P
(TP) and total N (TN) loadings calculated for winter season account for 59% and 57% of the annual load, respectively. The high level of nutrient loads during this period
is due to an exceptional rainy March 2011. As a result of
several large floods recorded during the month, total water discharge in March was 26% of annual discharge.
25
20
15

TN

10

TP

5

DN

0
JAS

OND

JFM

AMJ

2010-2011
FIGURE 7 – Seasonal in-stream loads of TN, TP, and Dissolved N.
JAS=July, August, September; OND=October, November, December; JFM=January, February, March; AMJ=April, May, June.

An attempt to evaluate the contribution of point sources
was done considering the periods during which the baseflow contribution to the streamflow was zero and calculating the corresponding average daily load on the basis of
measured concentrations in this period. When baseflow is
zero, we assumed that nutrient loads are exclusively associated to point sources. Baseflow Program [22] was used to

TP
579
4694
10763
2352
18388
2.55

PP
563
4101
9179
2110
15952
2.22

DP
18
589
1593
241
2440
0.34

calculate the baseflow. In terms of TP, TN, and N-NO3
daily load are 1.76 kg/day, 4.43 kg/day and 3.27 kg/day,
respectively. These values were considered constant during the year. On yearly basis, total loads are shown in
Table 6. We are conscious that these results are affected
by uncertainty due to the high variability in discharge and
nutrient concentrations of waste water and to the few measurements available during the zero-baseflow period.
TABLE 6 – Point and Non Point Sources contribution to annual
total loads.
Sources
Point sources
Non Point Sources

TN
kg/yr
1618
278458

N-NO3
kg/yr
1194
97066

TP
kg/yr
644
17444

The contribution of non point sources per hectare in
terms of TN, N-NO3 and TP is 38.67, 13.48 and 2.42 kg/ha,
respectively. These values are higher than estimated annual
export rates of nutrient in similar basins located in the
South of Italy [12]. However, studies carried out in Europe
reported a wide range of N losses, from less than 10 kg/ha,
to more than 100 kg/ha [23]. On the other hand, great
diversity exists also in P budgets among countries, within
a country, or between fields in the same farm. Annual P
losses less than 1 kg/ha was estimated in Canada [13], in
contrast, in China and Thailand some areas showed an
annual average losses of 12 kg/ha [24]. Taking into account that the study period was a wet year, the estimated
nutrient losses are higher than the values recorded in dry
years. In fact, nitrogen and phosphorus loads tend to be
substantially higher during years of high precipitation,
because of increased erosion and transport of the nutrients
to stream channels. Nevertheless, these results can be used
for calibrating water quality models both in this basin and
in the adjacent river basins which are characterized by the
same factors, such as soil types, climate, land uses and
type, amount and timing of fertilizers. The study area is a
subbasin of the Candelaro river basin (Puglia region) which
is severely impaired. The upper Celone subbasin is representative of the whole mountainous part of the Candelaro
river basin, Thus, the data collected here are more important for the whole river basin management.
3.4 Flood loads

Total loads were evaluated for the most relevant flood
events which are represented in the FDC in the interval 05% of exceedence of frequency. Table 7 shows total nu-
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TABLE 7 – Nutrient loads from 21-day flood events recorded over the period 2010-2011. Comparison with annual total loadings.
TN
(kg/yr)

TP
(kg/yr)

N-NO3
(kg/yr)

N-NH4
(kg/yr)

PN
(kg/yr)

DP
(kg/yr)

PP
(kg/yr)

floods

154006

14875

64814

2034

86483

1789

13088

%

55%

81%

66%

53%

49%

73%

82%

trient loads for the 21-day which cover that interval, and a
comparison with the total amount evaluated in the study
period. The importance of floods to annual fluxes is clearly
shown in the table. Nutrient loads during the 21-day period
accounted for 49 to 82% of the annual loads, depending
on the constituent. Total N and TP loads are 55 and 81%
of the annual loads, respectively.
Previous investigations of nutrient loads entering into
the reservoir were not available, as well as a study about
nutrient leaving the basin through the Celone river network. These results show that a significant portion of total
yearly nutrient loads can be exported during few extreme
events. Hence, considering the importance of flood events,
the Programmes of Measures (POM) at basin level for
achieving the environmental objectives of the WFD have
to identify specific best management practices able to
mitigate the effects of large precipitation events.

events which occur during the summer period. However,
loads coming from point sources are negligible where compared with non point sources. On annual basis organic
nitrogen and phosphorus are the main nutrient components.
This may be explained by the presence of livestock manure distribution. The inorganic nitrogen load consists
mostly of nitrate and shows a marked seasonality related to
rain patterns and agricultural practices. The contribution
per hectare of non point sources can be estimate at about
39 kg/ha of total nitrogen and 2.4 kg/ha of total phosphorus. This amount could be potentially lowered improving
fertilizer efficiency by matching supply to crop needs or
adopting best management practices. In addition, this study
clearly demonstrated the importance of flood event contribution to the annual nutrient load. Since it is well known
that magnitude and timing of floods can vary largely, especially in temporary rivers, further research is needed to
better characterize nutrient transport during these events
and identify mitigation management actions.

4 CONCLUSIONS
In temporary river hydrology and physico-chemicals
parameters are generally variable in space and time. Monitoring of streamflow and chemicals parameters in these
river types is not an easy task. Limited financial budget, not
stable river banks, and vandalism acts make more difficult
the monitoring activities in temporary rivers. For all of that,
only few data are generally available. Hence, it is difficult
to define the current status of waters, to evaluate pollutant
loads delivered to the river and above all to allocate loads
between different sources (point and non point). On the
other hand, this task is essential in order to identify a
programme of measures (POM) at basin level for achieving the environmental objectives of the Water Framework
Directive. In such a complex contest, this work can give a
contribution at improving the knowledge of water quality
dynamics and for water resources management. The results of this study show that the Celone stream is characterized by high variability in flow and pollutant concentrations. Hence, by using only periodic samples, a high level
of uncertainty was associated to pollution loads estimation.
In this work, the temporal variability of nutrient loads at
the basin outlet was studied from 2010 to 2011, considering the contribution of flood events, the normal and low
flow to the total annual load. Nitrate and total phosphorus
are the main cause of water pollution. Nutrient losses from
surface runoff were essentially a winter process and constitute the main component of total loads. Point sources have
a huge impact in terms of nutrient concentration for the
duration of low flow conditions and during the rainfall
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ABSTRACT
Understanding and quantifying natural climate variability is necessary to detect and attribute anthropogenic
warming and to predict future climate change. It is important to extend the evaluation of models used for climate
projections through the pre-industrial period when natural
variations were pronounced while anthropogenic influence was small. The four main relevant forcings (greenhouse gases, solar variability, volcanism, land-use change)
have different time-dependence over long periods, so can
be separated more effectively than for the shorter instrumental period.
The potential role of solar variations in modulating
recent climate has been addressed in his paper. We used a
climate model to analyze past climatic responses to solar
and volcanic forcing, using a solar irradiance history
partially based on a recent 10Be findings from Antarctica.
Our results suggest that, while solar irradiance changes
and volcanism were the dominant forcings in preindustrial
times, their combined role has been changing over the
past century. Although these natural forcing factors could
be responsible for some modification of the decadal structure over the 20th century, they only played a minor role
in the most recent warming. Therefore, the 20th century
warming is largely caused by anthropogenic forcing.
KEYWORDS:
climate change, natural forcing, solar forcing, global warming

1 INTRODUCTION
In predicting future climate change, there are three
main sources of uncertainty:
We do not know the future anthropogenic emissions
and consequent atmospheric concentrations of greenhouse
gases and aerosols.
The response to greenhouse gas and aerosol forcing
differs between the various models, particularly regional
climate changes are model-dependent.
* Corresponding author

In addition to anthropogenic forcing, climate change
is caused by natural forcing (eg, volcanoes and variations
in solar activity) and unforced internal variability of the
climate system.
Forced and unforced natural climatic fluctuations cannot be predicted at the present time in a deterministic sense.
The estimated time series of solar forcing is based on
Lean et al. [1] irradiance reconstruction. The response to
solar forcing is found in the hemispheric mean data on
only some records (those that represent the annual data
rather than growing season), and appears weak.
The most commonly used tools for the projection of
future climate are coupled atmosphere-ocean general circulation models (AOGCMs). These numerical models provide
a complete three-dimensional representation of the climate
system, describing the main dynamical and physical processes, their interactions and feedbacks. They can generate
estimates of regional climate in response to changes in the
concentrations of greenhouse gases and aerosols: an increase of greenhouse gases tend to warm the Earth, while
most of the aerosols have a cooling effect. The ability of
models to simulate the climate is better in general at horizontal scales and is severely limited as the scale is decreased. Therefore, any comparison of regional climate
changes of these models is likely to be particularly significant if carried out at sub-continental scale (106–108 km2)
regions. A corresponding regional division has been used
by Giorgi et al. [2] and Giorgi and Mearns [3].
At smaller spatial scales (for example, the scale of
several national or local impact studies), AOGCMs can
still provide useful information on climate change. However, they are not able to acquire many features of changes
in local climate, such as storms, rain and strong orographic
precipitation. Other techniques are commonly used to
obtain such high-resolution information, including statistical downscaling and dynamic approaches.
2 UNCERTAINTIES IN GLOBAL FORCINGS
There are two key sources of uncertainty in projections of future regional climate that should be considered
in determining the impacts of climate change:
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Uncertainties in future emissions, which affect the radiative forcing1 of the climate system. Climate modellers
have recently begun to apply a number of different emissions scenarios reported in the IPCC Special Report on
Emissions Scenarios (SRES, [4]) to represent the emission-related range of uncertainty.
An additional source of uncertainty relates to the natural variability of climate. Part of this variability is unforced,
due to internal perturbations in the climate system. Another
part is due to external forcing from natural phenomena
such as variations in solar activity or volcanic eruptions.
The four main relevant forcings (greenhouse gases,
solar variability, volcanism, land-use change) have different time-dependence over long periods, so can be separated
more effectively than for the shorter instrumental period.
Climate response to solar and volcanic forcing from
ice cores used in Energy Balance Models and first GCM
simulations show good agreement with proxy reconstructions. Although the magnitude of solar irradiance changes
is unknown, large values seem to cause climates inconsistent with climate reconstructions.
We have focused on the last millennium, a period for
which the natural radiative forcings remain poorly quantified. Sensitivity studies to three different solar forcing
scalings from cosmogenic isotopes were performed with
the NCAR model from year 900 to year 2000. The comparison between model results, 20th century trends and
northern hemisphere temperature reconstructions rules
out the small and large solar forcing hypotheses (0.1%
and 0.65% variations of the solar constant for the Maunder minimum) and confirms a large role of solar forcing
on centennial scale temperature changes. With natural
forcings only, the 20th century northern hemisphere temperature fluctuations remain below 0.2°C. The solar constant is set to 1360 W/m2
Understanding and quantifying natural climate variability on decadal to centennial time scales is a prerequisite to detect and attribute anthropogenic warming and to
project future climate change. It is important to extend the
evaluation of models used for climate projections through
the pre-industrial period when natural variations were pronounced while anthropogenic influence was small.
The magnitude of low-frequency solar irradiance
changes is highly uncertain. Tentative correlations with
records of cosmogenic nuclei (10Be, 14C), sunspots, aurora
histories in combination with the behaviour of solar-like
stars have been used to estimate past solar irradiance. The
temporal evolution of different proxy series is in reasonable agreement for the past millennium. However, the scaling required to translate a proxy record into solar irradiance
anomalies is highly uncertain and published estimates of
multi-decadal solar irradiance changes vary by a factor of
five. Apart from changes in total solar energy output,
amplification of solar forcing and changes in stratospheric
ozone distribution and wave dynamics or modifications of

cloud properties by variations in cosmic-radiation are
under discussion.
Various Northern Hemisphere (NH), and one global,
surface temperature reconstructions for the past millennium
have become available. These proxy-based reconstructions
are affected by uncertainties and individual studies deviate notably from each other.
However, taken together they suggest that natural lowfrequency NH-temperature variations over the past millennium were within 0.3 to 0.9oC. The instrumental-based
temperature record shows an increase in global average
surface temperature of 0.6 ± 0.2oC over the 20th century.
Low-frequency solar irradiance changes were varied
by a factor of 6.5 between different simulations with the
NCAR coupled climate system model [5]. Simulations
extended over the past 1150 years and include volcanic
and anthropogenic forcing.
Three key findings emerge:
First, the model is able to reproduce main features of
the paleo-temperature records. A clear link between the
radioisotope-based solar irradiance record, NH-temperature
reconstructions, and modelled temperature variations is
found.
Second, large, low frequency solar irradiance variations are not compatible with the NH-temperature proxy
records within the framework of the NCAR model.
Third, the cosmogenic isotope records and the NHtemperature proxy records constrain the contribution of
natural climate variations to 20th century warming to be
less than 0.2oC. All simulations with anthropogenic forcing included match the observed temperature increase
over the industrial period and simulated global average
surface temperature was higher during the most recent
decades than during the previous 1100 years. On the other
hand, only small warming over the industrial period is
found in runs with solar and volcanic forcing only. This is
the case even for the high solar scaling that yields larger
than reconstructed temperature variations before the industrialization.
3 THE ROLE OF SOLAR VARIATIONS ON
CLIMATE CHANGE
The potential role of solar variations in modulating
recent climate has been debated for many decades and
recent papers suggest that solar forcing may be less than
previously believed. Because solar variability before the
satellite period must be scaled from proxy data, large uncertainty exists about phase and magnitude of the forcing.
We used a coupled climate system model to determine whether proxy-based irradiance series are capable of
inducing climatic variations that resemble variations found
in climate reconstructions, and if part of the previously
estimated large range of past solar irradiance changes could
be excluded. Transient simulations, covering the published
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range of solar irradiance estimates, were integrated from
850 AD to the present. Solar forcing as well as volcanic
and anthropogenic forcing are detectable in the model results despite internal variability. The resulting climates are
generally consistent with temperature reconstructions.
Smaller, rather than larger, long-term trends in solar
irradiance appear more plausible and produced modelled
climates in better agreement with the range of Northern
Hemisphere temperature proxy records both with respect
to phase and magnitude. Despite the direct response of the
model to solar forcing, even large solar irradiance change
combined with realistic volcanic forcing over past centuries could not explain the late 20th century warming without inclusion of greenhouse gas forcing. Although solar
and volcanic effects appear to dominate most of the slow
climate variations within the past thousand years, the impacts of greenhouse gases have dominated since the second half of the last century.
There is an ongoing debate on the role of the sun in
recent observed warming. Century-scale solar irradiance
variations have been proposed as cause for past climatic
changes (e.g., refs. 6 and 7). The latest summaries of the
various uncertainties can be found in two recent reviews
[8, 9]. Satellite data since 1979 quantify the irradiance
variations associated with the 11-year Schwabe sunspot
cycle to 0.08–0.1% of the 1,367 W/m2 solar radiation
reaching the top of our atmosphere [9]. This variation translates into a radiative forcing of 0.2–0.3 W/m2, roughly a
factor of 10 smaller than the radiative forcing by well
mixed greenhouse gases (2.4 W/m2 in 2000 AD relative to
1750 AD). Although direct measurements of solar irradiance are limited to the satellite period [9], tentative correlations with records of sunspots [10,11], aurora histories,
geomagnetic indices, or the production rates of cosmogenic nuclei such as 10-Beryllium (10Be) and radiocarbon (14C) [12, 13] in conjunction with magnetic behaviour of solar-like stars [14,15] have been used to estimate
solar irradiance in the past. The phase relationship between the isotopic records indicative of the sun’s open
magnetic field, sunspot numbers, and the sun’s closed
magnetic field or its total energy output is not fully understood [16]. Nevertheless, the temporal evolution of the
different proxy series, particularly in certain well defined
frequencies (11-year Schwabe Cycle, 80- to 85-year
Gleissberg Cycle, and 207-year deVries Cycle), is in reasonable agreement across most solar proxies [8, 17], and
comparisons between proxies suggest significant modulation consistent with deduced solar cycles [8]. However,
the scaling required to translate a proxy record of sunspot
number, or production rate of 10Be, into actual solar irradiance anomalies is highly uncertain, and published estimates of multidecadal solar irradiance changes vary by
more than a factor of five [9,12]. Recently, astronomical
evidence has been used to suggest that low-frequency
variability of solar irradiance might be very low, possibly
restricted to the range of the observed high-frequency
variability [18,19]. These new estimates are lower by a
factor of five or more than the upper end of previously

used values [14,20]. Such low forcing from solar irradiance changes has even led to suggestions that low frequency paleoclimatic variability was not forced by solar
variability.
The Java Climate Model (JCM) [21] can be used to
analyze climatic responses to artificial, solar and volcanic
forcing, using a range of estimates of the magnitude of all
forcings to estimate the climate sensitivity to any of the
variables.
Some results are shown in Figures 1-4. Figure 1 reports the contribute of all radiative forcings to recent climate change, either natural or artificial. It can be noticed
the preponderant contribution of CO2 as far as positive
radiative forcings is concerned, while the effect of solar
forcing is negligible. Figure 2 goes more into detail, comparing the contribution of all natural radiative forcings,
showing the contribution of solar radiative forcing to be
of minor importance compared to aerosols and volcanoes.
As far as other outputs of the model are concerned, Figure 3
shows the carbon dioxide emissions, and Figure 4 the corresponding temperature increase in the last two centuries:
Figure 3 and 4 curves can be superposed.

FIGURE 1 – All radiative forcings in the last two centuries. OC =
Organic Carbon. SAD, SAI = Sulphate Aerosols, Direct and Indirect.
O3T, O3S = Tropospheric and Stratospheric Ozone. BC, OC = Black
and Organic Carbon. SOV = Solar Variability. VOL = Volcanoes

FIGURE 2 – Natural radiative forcings in the last two centuries:
aerosol, volcanoes and solar. SAD, SAI = Sulphate Aerosols, Direct
and Indirect. BC, OC = Black and Organic Carbon. SOV = Solar
Variability. VOL = Volcanoes.
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other forcings indicate that 20th century anthropogenic
forcing is much larger than solar forcing [22].
4 CONCLUSIONS

FIGURE 3 – Carbon dioxide emissions in the last two centuries. AC
= Model results. AM = Measured concentrations.

In conclusion, the model results indicate that the
range of Northern Hemisphere temperature reconstructions and natural forcing histories (cosmogenic isotope
record as a proxy for solar forcing, and volcanic forcing)
constrain the natural contribution to 20th century warming
to be 0.2°C. Anthropogenic forcing must account for the
difference between a small natural temperature signal and
the observed warming in the late 20th century.
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