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The 13th International Symposium on Environmental Pollution and its Impact on Life in the Mediterranean Region was organised by MESAEP and other international and national institutions in Thessaloniki, Greece, from October 8 to 12, 2005.

The objectives of this symposium are to provide a forum for interested scientists of different countries
to :
- exchange recent results related to the processes of pollution in the Mediterranean region
- discuss current technological and/or legal measures to avoid or to reduce the degradation of environmental elements
- present suggestions and recommendations to the regulatory authorities on environmental quality and
safety in the Mediterranean and other neighbouring countries.
332 scientific papers have been presented as oral and poster presentations by environmental scientists
from 25 countries: Argentina, Belgium, Croatia, Cyprus, Czech, Egypt, France, Germany, Greece, Holland, Iran, Israel, Italy, Jordan, Malta, Morocco, Poland, Portugal, Russia, Slovenia, Spain, Switzerland,
Turkey, UK, and Ukraine.

The main results of the 13th symposium papers are included in four successive issues of the international journal “Fresenius Environmental Bulletin” (FEB) (1. issue: Environment and Health - Environmental Education and Awareness - Environmental management, planning and policy 2. issue: Air
pollution and control 3. issue: Water pollution and control - Soil pollution and control. 4. issue: Waste Natural Ecosystems) and they will contribute undoubtedly to the advancement of the environmental
scientific knowledge and hence, to the improvement of the Mediterranean region environment.

Prof.Dr. Juan Cornejo
President of MESAEP
Intitute of Naturale Resources and Agrobiology (IRNAS)
Spanish National Research Council (CSIC)
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POLLUTION POTENTIAL OF GROUNDWATER RESOURCES IN ANTALYA CITY
Mustafa Yildirim and Bulent Topkaya
Akdeniz University, Department of Environmental Engineering, Topcular, 07200 Antalya, Turkey

Presented at the 13th International Symposium on Environmental Pollution and its Impact
on Life in the Mediterranean Region (MESAEP), Thessaloniki, Greece, 08 – 12 Oct. 2005

SUMMARY
Antalya is the largest city at the Turkish Mediterranean coast with high population increase rates. During the
last 25 years, the population has increased five fold, whereas the residential areas expanded by 25 times. One of the
main consequences of this development is the stress placed
on the local environment, water supply resources and waste
disposal infrastructure. It is clear that degradation of any of
these assets would have a negative effect on tourism, which
is the city’s most important source of income.
In the recent years the pollution threat especially on the
groundwater resources is worsened. As the whole drinking
water demand of Antalya is supplied by groundwater resources, the vulnerability of groundwater to contamination
around Antalya City is the main focus of this study. The parameters are calculated by using the geological, soil and topographical maps, in addition to the groundwater level data
of the study area. The prepared thematic maps are integrated by the DRASTIC method to determine the vulnerable zones in the study area. Finally, DRASTIC indices for
industrial and municipal pollutants are derived and vulnerability maps prepared. It is determined that the study area
is highly vulnerable to industrial and municipal pollutants.

KEYWORDS: Antalya, groundwater, vulnerability maps, DRASTIC
method, Geographical Information Systems (GIS).

INTRODUCTION
The main residential areas of Antalya are located on
groundwater-rich travertine formation, where precipitation
and surface runoff can easily and rapidly penetrate through
the ground. The porous rock forms the water bearing stratum, from which the whole city and the surrounding settlements obtain their drinking water via springs and wells
that are drilled in the karstic limestone. It is assummed

that the groundwater flows through three main duden channels (rivers in the subterranean), and then reaches the Mediterranean Sea. Tracer tests have demonstrated that flow
velocity in the travertine is about 200 m/ day [1].
The study area which extends to approximately 758 km2
consists of two travertine plateaus, separated by a 100 mhigh cliff. The city of Antalya is located on the lower plateau. It is terminated by a cliff (on average 40 m high), and
thus separated from the sea (Figure 1).
The population increase rate of Antalya is considerably higher than the Turkish overall increase rate. Table 1
sets out the effects of the population increase more clearly:
Between the years 1975 and 2002, the population has increased five-fold, whereas the residential areas have expanded 25-fold and the population density decreased fivefold (Figure 2). According to the results of the population
census and projections, it can be forecasted that the number of residents will increase to more than two millions
until the year 2030 [2]. It is an incredible increase with
enormous environmental impacts on the groundwater resources of this area.
On the other hand, only a part of the city has a modern sewerage system. In the remaining majority of the inhabited areas the wastewater is disposed via percolating
septic tanks. Historically, the porous travertine formation,
on which the major part of the city is settled, has been a
convenient and inexpensive disposal option for wastewater
and storm water, by simply percolating into the porous rock.
Although numerous projects on amendment of the sewer
system are ongoing, the rate of urbanization shadows these
efforts. Therefore, it is most probable that, in the near future, septic tanks would be the major disposal system [1].
This study will mainly focus on the protection of the
groundwater resources, which are under serious pollution
threat. In Figure 2, it can be observed that the groundwater protection zones, as well as the extraction wells and
some parts of the groundwater recharge area, are already
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surrounded by settlements. Due to the topographic conditions and the existing land-use plans in the region, the
city can only expand to the northern direction, and it is
expected in the near future that the recharge areas of the
groundwater sources and the extraction wells will be surrounded by settlements which have no sewer systems (Figure 2).

In this study, the vulnerability of groundwater resources to contamination and possible impacts of various
pollution sources on the groundwater are determined by
using Geographic Information Systems (GIS), Remote Sensing data and the DRASTIC method.

FIGURE 1 - 3D model of Antalya City.

TABLE 1 - Development of population and the expansion of the residential areas in Antalya.
Years
1975
1987
2002

1975 Landsat-MSS

Population
130 774
302 818
657 691

Area (km²)
5,58
11,42
137,22

Population/km²
23436
26516
4793

1987 Landsat-TM
FIGURE 2 - Expansion of the residential areas of Antalya City.
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MATERIALS AND METHODS
The main pollution sources considered in this study
are:
Percolating septic tanks (settlements without sewer system)

In 2002, new sewer systems for the western part of
Antalya were completed, and the main domestic
wastewater treatment plant with a deep-sea outfall system
became operational. However, the new sewer system
covers only less than 40 % of the city area and wastewater
generated in the remaining residential areas, without sewer systems, is still disposed off by percolating septic tanks
(Figure 3). As these settlements are located directly over
the groundwater recharge area, percolating septic tanks
are considered to be the main pollution sources of
groundwater.
Duden Holes

Duden holes (sink holes) are openings in the travertine
upper plateau, where water can easily move to underground.
They are the most important systems for the transportation
of contaminants (Figure 4). A cross section of a duden hole
in Varsak region is illustrated in Figure 5.
Industrial districts and abandoned landfill areas

Two of the three industrial districts in the study area
are located within the city boundaries and connected with
the sewer system. The remaining main industrial site,
Antalya Organized Industrial District (O.S.B.), is located directly on the duden channels and has an operational wastewater treatment facility with a capacity of 10 000 m³/day.

However, the treated effluents are discharged to areas near
the duden channels and can easily reach the groundwater
(Figure 3). In case of a malfunction in the wastewater treatment facility, the groundwater quality can be affected inversely.
The abandoned landfill, within the catchment area of
the duden channels, is out of operation, but due to lack of
adequate impermeable bottom layers, it is possible that the
leachate can also reach the groundwater (Figure 3).
Petrol stations

Parts of the main highways, connecting Antalya with
other provinces of the country, are crossing the duden channels and passing near the extraction wells. Numerous petrol
stations, located along these highways, are also considered
as groundwater pollution sources, as leakages from underground storage tanks and losses during fuel transfers may
reach the groundwater resources. The locations of the petrol stations can be observed in Figure 4.
DRASTIC Model

DRASTIC is a groundwater quality index for evaluating the pollution potential of large areas by using the hydro-geologic settings (factors) of the region. This method
was firstly developed by EPA in the 1980s [3]. DRASTIC
evaluates pollution potential based on seven hydro-geological factors, which make up the acronym DRASTIC:
Depth of the water table, net Recharge, Aquifer media, Soil
type, Topography, Impact of the vadose zone, and hydraulic Conductivity (Figure 6,Table 2) [3-5].
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FIGURE 3 - Areas covered by the sewer system,
location of the industrial areas and settlements.

FIGURE 4 - Locations of highways, petrol stations
and duden holes (GWPZ: Groundwater Protection Zone).

FIGURE 5 - Profile of a duden hole in Varsak region.

The DRASTIC index, a measure of the pollution potential, is computed by summation of the products of rating
and weights of each factor as follows [6, 7]:
DRASTIC Index (DI) =
D rD w + R rR w + A rA w + S rS w + T rT w + I rI w + C rC w
where
Dr = Ratings to the depth to water table
Dw = Weights assigned to the depth to water table
Rr = Ratings for ranges of aquifer recharge
Rw = Weights for the aquifer recharge
Ar = Ratings assigned to aquifer media
Aw = Weights assigned to aquifer media
Sr

FIGURE 6 - Hydrogeological settings
(elements of DRASTIC method).

= Ratings for the soil media

Sw = Weights for soil media
Tr

= Ratings for topography (slope)

TABLE 2 - Hydrogeological settings (factors) and weights [6, 8].

Tw = Weights assigned to topography

DRASTIC factors
(D) Depth of the water table
(R) Net recharge
(A) Aquifer media
(S) Soil type
(T) Topography
(I) Impact of the vadose zone
(C) Hydraulic conductivity

Ir

= Ratings assigned to vadose zone

Iw

= Weights assigned to vadose zone

Weights
5
4
3
2
1
5
3

Cr = Ratings for rates of hydraulic conductivity
Cw = Weights given to hydraulic conductivity

Each factor is assigned a weight (1-5), based on its
relative significance regarding the pollution potential. Each
factor is further assigned a rating value between 1 and 10,
depending on local conditions. High values correspond to
high vulnerability. The attributed values are obtained from
tables, which give the correspondence between local hydrogeological characteristics and the parameter value [6].

The higher the DRASTIC index, the greater is the relative pollution potential. While the minimum value of the
DRASTIC index is 23, its maximum is 226. It should be
noted that such extreme values are very rare, and the most
common values range between 50 and 200 [6]. The DRASTIC index can be further divided into four categories: low,
moderate, high, and very high. The sites with high and very
high categories are more vulnerable to contamination and,
consequently, need to be managed more carefully [9]. The
weights assigned are relative, therefore, a site with a low
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pollution potential may still be susceptible to groundwater
contamination, but is less susceptible to contamination compared with the sites with high DRASTIC ratings [4]. In
the framework of this study, the generalized DRASTIC index is divided into seven categories, in order to classify the
vulnerability of the study area more accurately.
TABLE 3 - DRASTIC Index (DI) ratings [3,6,7].
Pollution potential
Low

Index Ratings
DI ≤ 100

Moderate

100 < DI ≤ 140

High

140 < DI ≤ 180

Very High

180 < DI

Index Ratings
in this study
0 - 80
80 - 100
100 - 120
120 - 140
140 - 160
160 - 180
180 <

take adequate measures against the pollution threat, the locations of each pollution source are overlapped on the vulnerability maps (Figures 8-10). The main results are:
• The entire study area (758 km2) is located on “highvery high” rated zones (Figure 7).
• In the western part of the city, the sewer system is completed and under operation. In the remaining part of the
city (covering 60 %), construction of the sewerage system should be completed immediately (Figure 8).
• Almost all of the scattered settlements in the surroundings of the city area are located directly on the duden
channels. In these areas, wastewater disposal via percolating septic tanks should be avoided (Figure 8).

RESULTS AND DISCUSSION
In order to create the vulnerability maps of groundwater resources, seven DRASTIC factors (Table 2) are transferred by using GIS software. Additionally, rating ratios
for each setting are assigned and using the GIS map calculator, spatial results are calculated. These results are interpolated by using Inverse Distance Weighted (IDW) interpolation method and, finally, the vulnerability map for the
study area is obtained (Figure 7) [10].
The vulnerability map shows that the pollution potential of groundwater sources in Topcular – Airport zone is
rated as “very high”, whereas the entire coastal zone of the
city has a “high-very high” pollution potential. In order to

• The treatment plant of the Organized Industrial District should be amended with impermeable layered lagoons with adequate capacity sufficient for several days
in order to achieve a degree of safety in case of malfunction in the plant operation (Figure 8).
• Due to the ability of direct access to groundwater flow,
special care should be given to duden holes which are
almost completely located in “high - very high” vulnerable-rated areas (Figure 9).
• Attention should be given to highways crossing the
duden channels with many petrol stations located along
them, as urban runoff can transport contaminants, such
as zinc on the tires, metallic and synthetic machine oils,
as well as other materials containing heavy metals, into
groundwater (Figure 10).

985

© by PSP Volume 15 – No 9a. 2006

Fresenius Environmental Bulletin

FIGURE 7 - Vulnerability map of the study area.

FIGURE 8 - Vulnerability map and locations of the scattered settlements,
existing sewer system industrial districts, abandoned landfill, and duden channels.
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FIGURE 9 - Vulnerability map and locations of the duden holes.

FIGURE 10 - Vulnerability map and locations of petrol stations and highways.
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CONCLUSION

gis.esri.com/library/userconf/proc98/PROCEED/TO200/ PAP171/ P171.htm.

In this study, the DRASTIC method is presented as a
tool for the assessment of pollution potential of groundwater affected by various sources, and applied to Antalya
city area. The vulnerability map shows that the activities
take place in the study area represent serious threat for the
groundwater sources where immediate measures should
be taken.
It is possible for the local authorities to assign groundwater protection zones and to create groundwater monitoring programs regarding areas of the highest contamination potential determined by the vulnerability maps.

[9]

Engel, B., Cooper, B., Navulur, K., and Hahn, L. (1997)
Groundwater Vulnerability Evaluation to Pesticide and Nitrate Pollution on a Regional Scale Using GIS. http://pasture.
ecn.purdue. edu/~aggrass/GROUNDWATER/

[10] Arslanoglu, M., Ozcelik, M. (2005) Improvement of Digital
Terrain Elevation Data. Proceedings book of 10th Turkish
Scientific and Technical Surveying Symposium, Ankara, http://
www.hkmo.org.tr/resimler/etkinlikbildirileri/140_ek.pdf
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OCCURRENCE AND REMOVAL OF PESTICIDES
IN THE DRINKING WATER TREATMENT PLANT
OF THESSALONIKI, NORTHERN GREECE
Konstantinos Zambetoglou1, Maria Papagianni1, Anastasios Papaioannou1,
Aikaterini Charalambidou2 and Constantini Samara3
1
Chr. D. Constantinidis Construction Company S.A., Rizareiou 18, 152 33 Athens, Greece
Water Supply and Sewerage Company of Thessaloniki S.A., Egnatias 127, Thessaloniki, Greece
3
Environmental Pollution Control Laboratory, Department of Chemistry, Aristotle University, 541 24 Thessaloniki, Greece
2

Presented at the 13th International Symposium on Environmental Pollution and its Impact
on Life in the Mediterranean Region (MESAEP), Thessaloniki, Greece, 08 – 12 Oct. 2005

SUMMARY

INTRODUCTION

Fifteen pesticides (lindane, trifluralin, alachlor,
metolachlor, simazine, atrazine, diazinon, methyl parathion,
parathion,
chlorpyrifos,
chlorothalonil,
metribuzin, endo-sulfan I, endosulfan II, endosulfan sulfate) were the main target analytes at several stages of the
newly established Drinking Water Treatment Plant
(DWTP) of Thessaloniki, Northern Greece. The DWTP
that is supplied with surface water from Aliakmon river
has been designed to remove organic pollutants (including pesticides) with combined ozonation and activated
carbon adsorption.
Pesticide residue analysis took place at four sampling
points along the process train: (a) the raw water inlet, (b)
after pre-ozonation, flocculation/ coagulation/ clarification and sand filtration, (c) after ozonation, and (d) after
filtration through granular activated carbon (GAC), disinfection and pH adjustment.

Aliakmon river, which supplies the recently built
Drinking Water Treatment Plant (DWTP) of Thessaloniki
in Northern Greece, is the longest river crossing entirely
Greek territory with a total length of approx. 310 km. Its
drainage basin (about 5600 km 2, Fig. 1) includes mountainous terrain, urban areas and agricultural plains, which
are extensively cultivated. Grain, maize, potatoes, horticultural plants, apples, peaches and cherries are some of the
main agricultural products of those areas [1]. Four thermoelectrical power plants (~4500 MW total installed capacity)
are located in the northern region of this basin. In addition, three hydro-electrical units and the corresponding
artificial lakes interpose along the flow of the river.

A multi-residue analytical method using solid phase
extraction disks (C18) and a dual gas chromatographic
system, coupled with ECD and NPD detector, was employed.

DWTP

Water
Reservoir

Results obtained during a 24-months surveying period showed very low frequencies of detection and quantifiable concentrations of target pesticides in source river
water. Moreover, removal of existing traces during the
water treatment process was demonstrated.
FIGURE 1 - Map of the area where the DWTP of
Thessaloniki is located (=== open channel transporting water from Aliakmon river to the plant).

KEYWORDS: Aliakmon river, drinking water treatment, Greece,
pesticides, GAC, ozonation.
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The artificial lake Polyfytos (30 km length) occupies
an area of 74 km 2 and has a maximum depth of 80 m
causing extended homogenization and sedimentation of
the river water [2]. Another smaller water reservoir is located at Varvares site, close to the city of Veria. Water
from this reservoir is flowing through an open 60-km
channel, siphoned under the Axios river-bed, and pumped
to the DWTP intake tank through a pump station.
Results, obtained from continuous monitoring pesticide residues in the water of Aliakmon river for more than
a decade, have shown low concentration levels for most
of them [1-4]. As a result, Aliakmon river has been categorized, according to Greek legislation [5, 6] as A1 quality surface water body having a total pesticide residue
concentration less than 1 µg L-1.
The Thessaloniki DWTP started its operation in September 2003, after a 7-months period of testing. It was
designed to supply Thessaloniki, the second largest metropolitan center of Greece (approx. 1 million inhabitants)
with 150,000 m3 of drinking water per day. In the period
of this study, the DWTP operated at a capacity of 80,000150,000 m3 day-1, covering 40-65% of the city’s drinking water demand.
Based on results from the long-term monitoring of
pesticides in the water of Aliakmon river, and from inventory surveys concerning the chemical classes and amounts
of pesticides applied in the transected area, fifteen compounds were chosen to be the main target analytes in the
DWTP: lindane, trifluralin, alachlor, metolachlor, sima-

zine, atrazine, diazinon and methyl parathion since September 2003, as well as parathion, chlorpyrifos, chlorothalonil,
metribuzin, endosulfan I, endosulfan II, and endosulfan
sulfate since March 2005. Pesticides are regularly analyzed
at four stages of the river water treatment process to test
the quality of the incoming raw water and assess their removal efficiency in the DWTP.
MATERIALS AND METHODS
Description of the treatment process

The river water entering the DWTP undergoes a number of treatments including pre-ozonation, pH lowering
with H2SO4 addition, rapid mixing (alum - flocculation),
polymer dosing-coagulation, clarification (sedimentation),
sand filtration, ozonation, granular activated carbon (GAC)
filtration, disinfection with Cl2, pH adjustment to pH saturation point with Ca(OH)2 addition, storage, and, finally,
distribution to the city. An overview of the whole treatment
process is given in Fig. 2. The sampling points (SPs) selected for pesticide analysis were the source river water
(SP 1), the outflow of the sand filtration (SP 2), the outflow
of the ozonation stage (SP 3), and the finished water from
the storage tank (SP 4). Since March 2005, the analysis at
SP 2 and SP 3 has been carried out only when a quantifiable concentration of a pesticide is observed in raw
water.

Aliakmon
River

Al2(SO4)3

H2SO4

Intake tank

Polymer

Coagulation/Clarification tanks (3)

S.P. 1

Pre-ozonation

Rapid Mixing

O3

To dewatering
unit

Ca(OH)2

Sand Filters (9)

Cl2(g)
S.P. 3

S.P. 2

Ozonation tank
S.P. 4
GAC Filters (8)
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FIGURE 2 - Flow diagram of the DWTP of Thessaloniki.
TABLE 1 - Extraction and analysis information.

SPE Unit
Disk conditioning solvents
Sample Volume
Elution solvents
Drying Column
Final solvent
Final volume
Chromatographic system
Chromatographic columns
Carrier gas
Make-up gas (ECD)
TINJECTOR
TDETECTOR:
VINJECTION
Temperature program

Solid Phase Extraction
Supelco Envi-Disk holder apparatus and disk (C18)
EtAc/CH2Cl2 (1:1 v/v), MeOH, H2O
1 L (+5 mL MeOH + surrogate compound: methyl bromophos)
EtAc, CH2Cl2, EtAc/CH2Cl2 (1:1 v/v)
anhydrous Na2SO4
Isooctane
0.5 mL for OCls, 0.1 mL for OP/THs (+internal standard: ethyl bromophos)
Chromatographic analysis
Perkin Elmer Autosystem XL coupled with an ECD and a NPD detector
(I) Restek Stx-CLPesticides 30m length–0.32 mm i.d.–0.5 µm d.f.,
(II) Restek Rtx-OPPesticides 30m length–0.32 mm i.d.–0.5 µm d.f.
He at 1 mL min-1
N2 at 40 mL min-1
250 0C
375 0C (for ECD), 300 0C (for NPD)
1 µL, splitless for 45 sec, open split at 50 mL min-1.
Tinit: 120 0C, hold 3 min. ramp: 5 0C min-1 till 280 0C, hold 2 min

Sample collection and analysis

Sampling, storage, extraction and chromatographic
analysis were mainly based on US EPA standard procedures 508.1 [7] and 8141 A & B [8, 9]. Briefly, water samples were collected monthly from taps located at each sampling point. In summer, extra samples were taken from SP
1 and SP 4. All samples were collected in solvent-rinsed
dark-colored 2.5 L-glass bottles.
Based on their gas chromatographic analysis, target
pesticides were classified into two groups: the organochlorines (OCls), analysed in the GC-ECD system, and the organophosphate insecticides and triazinic herbicides (OP/
THs), analysed in the GC-NPD system. Immediately after
collection, the pH of samples was adjusted to ≤2 for OCls
analysis and to 6.0±0.2 for OP/THs analysis. In samples
from SP 4, sodium sulfite was added prior to acidification
upto a final concentration of 50 mg L-1 in order to reduce
residual chlorine.
Water samples were extracted by solid phase extraction (SPE). A brief description of the extraction and analysis conditions is given in Table 1.
Identification of analytes was based on their retention
times. It was double-checked using a second temperature
program with a ramp of 3 oC min-1.
Quantification was based on the relative factor (RF)
[7]. The response of the surrogate compound was used to
determine the extraction efficiency.
Pestanal solutions of each pesticide (Riedel de Haen)
and commercial mixtures of them (Restek) were used to
obtain standard solutions for calibration and spiking water
samples for recovery and quality control studies. Solvents

and the other reagents used in sample treatment were of
Pestanal or GC grade.
Method`s quality control

The quality of the method was controlled by analyzing
spiked samples. Liquid Fortified Blanks, LFBs (distilled
water) and Liquid Fortified Matrices, LFMs (river and
drinking water) were prepared at several fortification levels
(10-120 ng L-1), and analyzed to assess recovery efficiencies
and check for biases due to matrix effect.
Method detection limits (MDLs) were calculated from
the standard deviation of 7 LFB replicates containing 30 ng
L-1 of each analyte, at the 99% confidence level [7]. Precision and accuracy were also determined for each analyte
according to US EPA and compared to the European guidelines for drinking water [10].
RESULTS AND DISCUSSION
Performance efficiency of analysis

The performance characteristics of the analytical procedure employed in this study are presented in Table 2.
Targeted pesticides were recovered from LFBs with efficiencies ranging from 32±4.8 % (metribuzin) to 108 ± 6.5 %
(parathion). For pesticides with recovery efficiency <80 %,
the analytical results were properly corrected. The data in
Table 1 also reveal that the method meets the requirements
set by the Council Directive 98/83/EC for accuracy, precision and MDL, which all should be lower than 25% at the
level of parametric value (0.1 µg L-1). Only metribuzin did
not meet this requirement, obviously due to its low recovery, which is also reported by other investigators [7, 12].
Nevertheless, since the MDL and LOQ of metribuzin are
below the E.U. limit, this pesticide is considered to be wellmonitored in the DWTP. A comparison of the MDLs ob-
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tained in the present study with literature values is presented in Table 3.
TABLE 2 - Performance characteristics of the analytical procedure.
Pesticide
Lindane
Trifluralin
Alachlor
Metolachlor
Metribuzin
Chlorothalonil
Endosulfan I
Endosulfan II
Endosulfan sulfate
Simazine
Atrazine
Diazinon
Methyl Parathion
Chlorpyrifos
Parathion
*

Recovery %
(n=7)
82±1.1
81±6.5
97±6.2
105±11.0
32±4.8
72±7.0
75±7.1
82±13.5
87±10.4
75±4.7
77±10.2
82±5.8
99±5.2
98±6.0
108±6.5

Accuracy
%
17.6
20.9
4.3
8.1
>25
12.9
12.1
7.5
5.0
21.7
22.9
18.4
1.0
2.0
8.1

Precision
%
23.9
11.6
3.3
5.4
>25
15.6
14.6
9.8
6.1
16.3
15.1
10.3
5.8
2.7
4.1

LOQ* [11]
(µg L-1)
0.018
0.025
0.010
0.018
0.055
0.023
0.020
0.015
0.010
0.035
0.033
0.023
0.015
0.008
0.013

MDL [7]
(µg L-1)
0.007
0.010
0.004
0.007
0.022
0.009
0.008
0.006
0.004
0.014
0.013
0.009
0.006
0.003
0.005

LOQ = MDL×2.5

TABLE 3 - Comparison of detection limits in this study with literature data (µg L-1).
Pesticide
Lindane
Trifluralin
Alachlor
Metolachlor
Metribuzin
Chlorothalonil
Endosulfan I
Endosulfan II
Endosulfan sulfate
Simazine
Atrazine
Diazinon
Methyl Parathion
Chlorpyrifos
Parathion

This study1
0.007
0.010
0.004
0.007
0.022
0.009
0.008
0.006
0.004
0.014
0.013
0.009
0.006
0.003
0.005

[12]2
0.004
0.002
0.002
0.002
0.004

[13]3
0.0020
0.005
0.0022
0.006
0.003

[14]4

[15]5

0.005
0.002
0.002

0.005
0.020
0.010
0.030

0.005
0.001
0.002
0.006
0.004
0.004

0.0024
0.004
0.003
0.003
0.002
0.005

0.005
0.005
0.005

0.030
0.005
0.015
0.080

[7]6
0.006
0.001
0.009
0.015
0.009
0.002
0.006
0.001
0.003
0.008
0.003

0.030

1

MDL calculated according to US EPA, Method: SPE with GC/ECD & NPD
MDL calculated according to US EPA, Method: SPE with GC/MS-SIM
Long Term MDL (LT-MDL) calculated for 95% confidence level
4
Limit of Detection (LOD), Method: SPE with GC/FTD
5
Limit of Detection (LOD), Method: SPME with GC/FTD
6
MDL calculated according to US EPA, Method: SPE with GC/ECD
2
3

Pesticide concentrations in the DWTP

Concentration data obtained for the targeted pesticides at each sampling point are presented in Table 4.
Trifluralin was detected only twice in raw water (October 2003 and May 2004) at concentrations of 0.018 µg
L-1, about 5.5 times lower than the E.U. limit for drinking

water (0.1 µg L-1 for each individual pesticide, 0.5 µg L-1
for the sum of them). May, generally, is one of the
months of the “peak-period” (April-August) for pesticide
application and run-off. During October, rainfalls may
introduce some high episodic concentrations of pesticides
into rivers after summer’s draught [16]. Lower concentration of trifluralin (0.013 µg L-1) was also detected in the
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outflow of sand filters in May 2004, but no detection was
observed in finished water. The removal of trifluralin

through the water treatment process is confirmed in the
combined chromatogram of Fig. 3.

TABLE 4 - Range of pesticide concentrations (µg/L) encountered at the four
sampling points of the DWTP from September 2003 until September 2005.
SP 1
SP 2
(n=28)
(n=19)
Lindane
ND-ND1
ND-ND
Trifluralin
ND–0.018(E)2
ND–0.013(E)
Alachlor
ND-0.011
ND–0.005(E)
Metolachlor
ND-0.024
ND-0.045
Metribuzin3
ND-ND
Chlorothalonil3
ND-ND
3
Endosulfan I
ND-ND
Endosulfan II3
ND-ND
Endosulfan sulfate3
ND-ND
Simazine
ND-ND
ND-ND
Atrazine
ND-ND
ND-ND
Diazinon
ND-0.053
ND-ND
Methyl parathion
ND-0.038
ND-ND
Chlorpyrifos3
ND-0.014
ND-0.003(E)
Parathion3
ND-ND
ND-ND
1
ND: Not Detected (<MDL)
2
(E): Estimation (MDL<Estimated value<LOQ)
3
Analyzed from March 2005 (n=10)
SP 1: river water; SP 2: outflow of the sand filtration; SP 3: outflow of
from the storage tank
Pesticide

SP 3
(n=18)
ND-ND
ND-ND
ND–0.005(E)
ND-0.014(E)
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND

SP 4
(n=29)
ND-ND
ND-ND
ND-ND
ND-0.017(E)
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND
ND-ND

the ozonation stage; SP 4: finished water

: River water
Trifluralin
: Outflow of sand filters
: After ozonation
: Drinking water

21.00

21.05

21.10

21.15

21.20

21.25

21.30

21.35

21.40

21.45

Time (min)
FIGURE 3 - Comparison of peaks from four different GC-ECD chromatograms focused at the retention time area of trifluralin.
The chromatograms are attributed to water samples collected from different stages of the DWTP in May 2004 (river water: 0.018 µg/L;
outflow of sand filters: 0.013 µg/L; after ozonation: nd; drinking water: nd)

It is evident that traces of trifluralin (<MDL) are likely
to be present also in the water from the outflow of ozonation, however, they are completely removed by GAC filtration. It should be pointed out that this kind of conclusions

have some limitations, because although the samples were
collected concurrently in time from each treatment stage,
a pesticide concentration peak can be slowed and appear
in the DWTP outflow well after the river water entered the
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process [17, 18]. This is due to variations in flow-through
time, GAC functioning as a chromato-graphic column [18],
storage in the plant, non-homogenous mixing in the tanks,
etc.
Alachlor showed its highest concentration in October
2003 source water sample (0.011 µg L-1, almost 10 times
lower than the E.U. limit for drinking water), and it was
again detected at very low concentrations in May, October and November 2004. Traces of alachlor were also detected in the outflow of sand filters and after ozonation in
May 2004, but it was never detected in drinking water.
Metolachlor was present in river water samples at
concentrations of 0.009-0.024 µg L-1. Its highest concentration (0.045 µg L-1) was detected in September 2003, at
the outflow of sand filters (SP 2). Its higher concentration
at the outflow of sand filters compared to river water can
be attributed to reasons already mentioned above [17, 18].
However, this value is still less than half of the E.U. limit.
Metolachlor was the only pesticide found in drinking water
at a concentration of 0.017 µg L-1, almost 6 times lower
than the E.U. limit.
In June 2005, diazinon was detected in river water, exhibiting the highest concentration among all pesticides detected in the two years of survey (0.053 ng L-1). However,
it was completely removed already at the first treatment
stage (Fig. 4).
Methyl parathion exhibited a maximum concentration
of 0.038 µg L-1 in June 2004 in the source water. It was
also detected in July and October 2004 at 0.013 and 0.008
µg L-1, respectively. Methyl parathion contains a P=S bond

in its molecule that can be easily oxidized to a P=O bond
[19, 20], but a clear effect of ozonation is not easily to be
documented.
Chlorpyrifos was detected in June 2005 at very low
concentrations in river water and outflow of sand filters
(0.014 and 0.003 µg L-1, respectively).
Lindane, simazine, atrazine, parathion, chlorothalonil,
metribuzin, endosulfan I, endosulfan II, and endosulfan
sulfate were not detected above their MDLs in any of the
treatment stages.
Generally, legislation for drinking water in the E.U.
encompasses all pesticides under one strict limit, whereas
in the USA different limits for each pesticide are used, depending on the toxic effect of each compound [18]. Still,
even though the European limit is strict, in the present
study, throughout the monitoring period, the concentrations of all examined pesticides in river water were much
below of the limit (0.1 µg L-1). This is consistent to the
classification of Aliakmon’s water as A1 quality surface
water concerning pesticides.
Source water with low levels of pesticides is the best
guarantee for a pesticide residue-free drinking water. However, the Thessaloniki’s DWTP, combining ozonation and
GAC filtration, has been designed to efficiently remove
pesticide contamination in raw water up to 10 µg L-1 (as a
sum) and 5 µg L-1 (for an individual pesticide) down to
0.5 µg L -1 (sum) and 0.1 µg L-1 (for an individual pesticide). Activated carbon adsorption is considered to be an
efficient method for removing several pesticides (e.g.
atrazine and metolachlor, [21]).
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FIGURE 4 - Comparison of peaks from four different GC-NPD chromatograms focused at the retention time area of diazinon.
The chromatograms are attributed to water samples collected from different stages of the DWTP in June 2005 (river water: 0.053 µg L-1;
outflow of sand filters: nd; after ozonation: nd; drinking water: nd).

Episodic high levels of pesticides in Aliakmon river
have been reported after heavy rainfalls in the drainage
basin, occurring mainly from April to August, and less
frequently in autumn [2, 16]. However, although extra sampling and analysis were performed during days with heavy
rains in the drainage basin in order to assess the removal
efficiency of the DWTP at high input loads, episodic high
levels never occurred during the period of survey. An explanation is that the artificial lakes - reservoirs along the
river flow - may cause extensive sedimentation of the water. In addition, previous campaigns [2, 3, 16] have indicated a declining trend in pesticide concentrations in Aliakmon river during the last 12 years. This is probably due
to the more rational use of pesticides in the drainage basin
of the river, or to a shift to other chemical classes. The
possibility of the use of different classes of pesticides in
the drainage area points out the need for continuous update
of the target pesticide list measured in the DWTP.
CONCLUSIONS
A two year monitoring campaign (September 2003 September 2005) was conducted for fifteen pesticides, chosen to represent the highest risk for the river water treated in
the drinking water treatment plant (DWTP) of Thessaloniki, Northern Greece. The target contaminants were determined at four stages of the treatment process: in source
river water, after sand filtration, after ozonation, and in the
drinking water in the storage tank.
Very low frequencies of detection were observed for
all target pesticides in source river water. Quantifiable concentrations were well below the E.U. limits for drinking
water. Even at trace levels, removal of pesticides during
water treatment was confirmed.
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DISTRIBUTION OF POLYCHLORINATED BIPHENYLS (PCBs)
IN SURFACE SEDIMENTS FROM THE MIDDLE
AND SOUTH ADRIATIC COASTAL WATERS
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Institute of Oceanography and Fisheries, Šetalište I.Meštrovića 63, P.O.Box 500, 21000 Split, Croatia
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on Life in the Mediterranean Region (MESAEP), Thessaloniki, Greece, 08 – 12 Oct. 2005

SUMMARY
The distribution of six PCB congeners (28, 52, 101,
118, 138 and 153) was investigated in surface sediments
(0-2 cm) from the coastal waters of the Middle and South
Adriatic. The lowest concentration was found at the "offshore" reference station Stončica, indicating the absence of
an anthropogenic influence at the investigated area. The
highest concentration was obtained at the area of the Kaštela
Bay (Split), as the result of long-term urban and industrial
wastewater discharges. The most abundant higher-chlorinated congeners PCB 138 and PCB 153 were present at
higher concentrations in the entire investigated area than
the lower-chlorinated ones. The obtained results showed
that the PCB levels in the sediments depend primarily on
local pollution sources and environmental characteristics,
as well as on the geochemical characteristics of the sediment.

KEYWORDS:
PCBs, sediment, Adriatic Sea.

sequestered in the sediments close to their point of introduction, as a result of adsorption and incorporation into
particulate organic matter [2]. The particle size, the particle
surface area, and the nature of its surface determine such
interactions, but the presence of organic matter has been
shown to be the dominant factor controlling the sorption of
hydrophobic pollutants to sediments [3, 4]. Sediment contamination by PCBs is of great concern because re-suspended sediments may act as a secondary source of contaminants to aquatic organisms, and may ultimately be hazardous to human health [5].
Environmental conditions along the well-indented
Croatian coast change over a short distance. The same
applies to the concentration of various pollutants in the
marine environment. In addition, numerous islands that
are located in front of the mainland in several lines create
numerous channels and passages. This limits the exchange
of water masses between the "inner shore" and "off shore"
areas. Consequently, terrigenous inputs may remain in the
"inner shore" water, as it was shown for trace metal concentrations in the surface sediments from the Middle Adriatic coastal waters [6].

INTRODUCTION
STUDY AREA
Polychlorinated biphenyls (PCBs) are among the most
widespread and persistent environmental contaminants of
anthropogenic origin introduced into seawater by atmospheric deposition, river inputs, and coastal industrial and
urban wastewater discharges. They are being used as dielectric and hydraulic fluids, lubricating oils, plasticisers,
additives in pesticides and paints, etc. PCBs are a group
of halogenated bi-aromatic compounds, that consists of
209 congeners differing either in physicochemical properties or toxicological response [1]. Because of low water
solubility and hydrophobic nature, PCBs tend to become

The PCBs content in the surface marine sediments
was investigated at 8 stations with different hydrographical and environmental conditions, located in the eastern
coastal area of the Middle and South Adriatic Sea (Fig. 1).
Seven stations were located in the "inner shore" waters
(estuaries, channels or bays) along the mainland coastline
in front of towns and/or river mouths. Zadar station was
located in a narrow channel in front of the town of Zadar.
The town is a centre of an industrially and agriculturally
developed area with 73,000 inhabitants. Šibenik station
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was located in the river Krka estuary in front of the town of
Šibenik (52,000 inhabitants). Inavinil and Vranjic stations
were located in the eastern part of the semi-enclosed Kaštela
Bay. The Bay is a recipient of most of the untreated urban
and industrial wastewater of the relatively densely populated surrounding area (350,000 inhabitants). Split station
was located in a channel, in front of the town of Split. The
channel receives approximately the half of the town's
urban wastewaters, which are discharged into the sea without any treatment. Ploče station was located near the town
of Ploče (7,000 inhabitants), at the mouth of the river
Neretva. The river Neretva is the largest river at the Croatian coast, 218 km long, and has 5,581 km2 of water shade
surface. It drains untreated industrial and urban
wastewater, as well as an agricultural run-off from the
mainland. The most southern station Dubrovnik was located at the open sea in front of Dubrovnik city (30,000
inhabitants). It is under the impact of open waters and, to
some extent, of freshwaters from the outlet of the nearby
hydroelectric power station. The "off shore" station
Stončica was located close to the Island of Vis (88.3 km2,
4,000 inhabitants). This station is far away from sources of
pollution, and, therefore, was used as a reference station for
the Middle Adriatic Sea.

FIGURE 1 - Study area with sampling stations.

MATERIALS AND METHODS
Surface sediment layers (0-2cm) were collected by a
Veen Van grab in October 2004. Samples were placed in
an Al-foil, deep-frozen (–20 °C), transported to the laboratory and freeze-dried. Dried samples were placed in a
glass bottle and stored at room temperature until analysis.
The granulometric composition of the sediment samples was determined by sieving (> 63 µm), and hydrometric according to Casagrande method (< 63 µm). Sediment
type was determined according to the Shepard classification [7]. Granulometric parameters were calculated according to Folk and Ward [8]. The carbonate content was meas-

ured as weight loss after treatment with 4M HCl [9]. The
organic matter content was determined by H2O2 treatment
of the samples at 450 °C for 6 hours. The loss of weight
after this treatment was assumed to be due to the organic
matter content [10].
To analyse PCBs, freeze-dried and homogenized sediment was sieved through a 250 µm stainless steel sieve. A
sub-sample of recuperated fraction (10 g), together with
added internal standard PCB 29, was extracted in a
Soxhlet apparatus for 8 hours with 240 ml of n-hexanedi-chloromethane (50:50) mixture. The extract was reduced by rotary evaporation, followed by gentle nitrogen
”blow down” to 5 ml. The removal of sulphur compounds was performed using elemental copper powder,
previously ac-tivated with conc. HCl and washed in the
following se-quence with distilled water, acetone and nhexane.
The separation of chlorinated hydrocarbons was performed on a column filled with Florisil (18.5 g), which had
been activated at 130 °C for 12 h and deactivated overnight with 0.5 % distilled water extracted with methanol.
The concentrated sample extract (1 ml) was added to the
top of the column and eluted with 65 ml n-hexane. The obtained eluate was concentrated down to 15 ml by rotaryevaporation, and, finally, to 1 ml by a gentle flow of pure
nitrogen gas. The final extract was GC-analysed (Agilent
Technologies, Model 6890N, equipped with an electron
capture detector). A fused silica HP-5 capillary column
(J&W Scientific; 30 m long, 0.32 mm i.d. and 0.25 µm film
thickness) was used for the separation. Splitless mode of
injection (1 µl) was applied to all samples. Oven temperature was programmed from initially 70 °C (2 min hold) to
260 °C at a rate of 3 °C min-1, and was then maintained
at 260 °C for 25 min. Injector and detector temperatures
were maintained at 250 °C and 300 °C, respectively. Nitrogen was used as carrier gas (1 ml min-1) and make-up gas
(60 ml min-1) [11].
Peak identification of individual PCB congeners was
based on comparison of retention times in the chromatograms of samples and standards. Quantification was performed relative to the peak area of the respective individual standard congeners (PCB Nos. 28, 52, 101, 118, 138
and 153), including the internal standard PCB 29 recovery
(average 88.7 %) and blank values` correction. To ensure
data quality, the marine sediment reference material IAEA408 was analysed. An average recovery of 92.8 % was obtained for the investigated congeners.
RESULTS AND DISCUSSION
The results of size composition of sediment particles
are shown in Fig. 2. As it was expected, silt and clay are the
dominant size fractions of the "inner shore" sediments,
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amounting to an average level of 57 % and 29 %, respec-

tively, indicating that the fine-grained particles have set-
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FIGURE 2 - Granulometric composition of surface sediments from the Middle and South Adriatic coastal waters.

tled near the coast. This leads to the conclusion that the
exchange of water masses between the channels/bays and
the open sea is relatively weak and the majority of inputs
from the land remain in the inner coastal waters. At the
"off shore" station, the coarse-grained particles (sand) prevail (58 %), as result of the presence of relict sediments and
a slow sedimentation in the area.
The average carbonate content (42 %) in the "inner
shore" sediments can be attributed to both, the weathering
of surrounding limestone rocks and biogenous origin (Table 1). The highest carbonate content (71 %) found at the
"off shore" station, is rather the consequence of the prevailing coarse-grained particles.
The average organic matter content found at the "inner shore" stations is 8.3 %. Since the organic matter could
be autochthonous, particularly in coastal regions with a high
primary production, and allochthonous [12], it is reasonable
to correlate the high organic matter content with both the
input from the land and the autochthonous origin [13, 14].

Consequently, the lowest value of organic matter (3.4 %)
was found at the "off shore" station, where the primary
production and contribution from the land are low.
TABLE 1 - Depth and chemical characteristics of sediments at the investigated stations.
Station
Stončica
Zadar
Šibenik
Inavinil
Vranjic
Split
Ploče
Dubrovnik

Depth
(m)
103
32
37
12
18
32
32
102

Moisture
(%)
31.5
50.8
55.3
59.4
49.7
55.1
54.3
56.7

Carbonate
(%)
71.0
42.7
41.5
46.0
52.0
48.3
43.0
19.2

The sum of PCB values in sediments from "inner
shore" stations range from 0.51 to 31.2 ng g-1 dry wt (average 15.1 ng g-1 dry wt) (Fig. 3). The highest concentrations were found in sediments taken at Vranjic and Inavinil

PCBs (ng g-1 dry wt)

16
14
12
10
8
6
4
2
0
Stončica

Zadar
PCB 28

Šibenik
PCB 52

Organic matter
(%)
3.4
6.7
15.4
8.0
6.9
7.6
7.6
6.0

Inavinil

Vranjic

PCB 101

PCB 118

1000
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PCB 138

Ploče Dubrovnik
PCB 153
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FIGURE 3 - Spatial distribution of PCB congeners in sediments from the Middle and South Adriatic coastal waters.

stations (31.2 ng g-1 dry wt and 28.7 ng g-1 dry wt, respectively), as the result of a shipyard and industrial facilities, and long-term discharges of urban and industrial
wastewater. Slightly lower PCB values were measured in
sediments from Split (18.9 ng g-1 dry wt) and Šibenik
(16.4 ng g-1 dry wt) stations, indicating the urban runoff
and/or shipping activities` influences in these regions. At
Zadar, Ploče and Dubrovnik stations, the PCB concentrations were much lower (8.51 ng g-1 dry wt, 1.6 ng g-1 dry wt
and 0.51 ng g-1 dry wt, respectively), probably due to minor anthropogenic urban and industrial impacts. As it was
expected, the lowest PCB level was found at the "off shore"
control station Stončica (0.22 ng g-1 dry wt), reflecting the
absence of anthropogenic influence at the investigated area.
From the obtained results, it may be concluded that
the Middle Adriatic "inner shore" waters were not considerably contaminated by PCBs. The contamination was restricted to the limited areas close to the land-based sources
of contamination, and it was not spread into the "off shore"
waters. The channels and bays may be considered as a trap,
retaining PCBs that enter into the sea from the mainland.
The comparison of the obtained results with published
data may be very indicative, although different authors
have analysed different series of congeners, or have expressed the concentration in equivalents of technical mixtures. The sum of six PCB congeners from this study was
lower than the concentrations found in sediments from the
Mediterranean Sea (0.5-3200 ng g-1 dry wt [15]; ND-15
850 ng g-1 dry wt [16]). Moreover, PCB concentrations reported for the sediments from the Adriatic Sea (period
1976-1990, and 1997) were higher (ND-332 ng g-1 dry wt),
particularly in samples collected during 1997 (6-2203 ng
g-1 dry wt) [16]. The latter data refer to the sediments collected from the coastal waters at Zadar and Dubrovnik
areas, which were impacted by the warfare during 19911995. PCB concentrations (expressed as Aroclor 1260) in

surface sediments along the Adriatic Sea (Italian coast) varied between 4.14-129 ng g-1 dry wt, with significantly
higher values in front of the river Po [17]. In the sediments
of the Ligurian Sea, PCB concentration (sum of 14 congeners) ranged from 9.6-227 ng g-1 dry wt, with maximum
values measured at very industrialised areas [18]. The concentrations of ten PCB congeners (0.36-52.7 ng g-1 dry wt)
found in the sediments from Galicia coast, Northwestern
Spain, are slightly higher than data from this study [19].
The PCB congeners` composition profile is similar for
all the investigated stations (Fig. 4). The dominant homologues were hexa-chlorinated congeners, PCB 138 and PCB
153, amounting on average to 44 % and 38 %, respectively, of the total PCBs. As known, the physicochemical
properties of PCBs vary widely and depend on the number and position of chlorine atoms in the biphenyl rings.
Generally, vapour pressure, water solubility and biodegradability decrease with increasing number of chlorine
atoms. Consequently, higherchlorinated congeners, having
higher oc-tanol-water distribution coefficients (Kow), are
more likely to be adsorbed to suspended particulate matter
than lower-chlorinated PCBs. By settling of the particles
on the bottom, PCBs are being accumulated in the sediments near the source areas [20]. Therefore, PCB congeners containing 6 and 7 chlorine atoms per biphenyl molecule were present in high contents in surface sediments
from Galicia coast, North-western Spain [21]. The obtained
concentrations of tri- and tetra-chlorinated PCB congeners
(Nos. 28 and 52) were low and/or even under the detection limit of the applied method. This could be the result of
their slightly higher water solubility, losses through volatilization and higher tendency to biodegradation by aerobic
microorganisms existing in marine sediments [1]. Moreover, the residence time of PCBs in sediment for lowerchlorinated congeners is about 6 weeks, whereas for higherchlorinated congeners is several years [1].
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FIGURE 4 - Distribution profile of individual PCB congeners in sediments from the Middle and South Adriatic coastal waters.
TABLE 2 - Correlation matrices of PCB congeners, carbonate, organic matter and particle size
fractions of the sediments at the investigated area (marked correlations are significant at p < 0.05).

PCBs
Carbonate
Organic matter
Gravel
Sand
Silt
Clay

PCBs
1
0.14
0.32
-0.18
-0.21
0.16
0.12

Carbonate

Organic matter

Gravel

Sand

Silt

Clay

1
-0.28
0.77*
0.84*
-0.59
-0.59

1
-0.19
-0.40
0.15
0.45

1
0.96*
-0.91
-0.27

1
-0.87*
-0.38

1
-0.11

1

Particulate organic matter content has been known to
be an important factor for the partitioning of hydrophobic
compounds to particulate matter. Moreover, small particles, in particular medium to fine silt, which are rich in organic carbon, should be the most efficient in PCBs accumulation [22]. Accordingly, in this study, higher PCB concentrations were associated with higher contents of organic
matter and fine-grained particles (Table 2).
Moreover, good correlation was found between PCBs
and organic matter content, and the size of sediment particles in the North Sea (r = 0.79 and r = 0.83, respectively)
[23]. Numerous literature data indicate that PCB contents
in environmental samples are related to total organic carbon (TOC) content and particle size [24, 21]. On the contrary, the Caspian sediment TOC contents did not correlate with the total PCBs suggesting that TOC in the Caspian Sea is affected by natural organic sources and/or other
anthropogenic contamination [25]. Similarly, no significant
correlation was found between total PCB concentration
levels and TOC or particle size in sediments from the Battery Park in the Clyde Estuary [26]. It might be that the
nature of the organic carbon would have influenced the
affinity of the sediment for PCBs, rather than the absolute
amount of TOC present. PCBs as highly non-polar compounds were correlated with the lipid content, showing
their strong dependence on the non-polar lipid material in
the sediment [27, 28]. The vertical and spatial trends of
PCBs in sediment showed no correlations to TOC, but were
directly related to changes in anthropogenic sources [29].
Scarce relationship between PCBs and organic carbon content was found in sediments from the Lagoon of Venice,
suggesting that the distribution of contaminants is mainly
related to the proximity and importance of the sources [30].
On the contrary, more strictly correlation of organic pollutants with the particle grain size was established. Consequently, the highest PCB levels can be found at lagoon’s
areas, where the bottom is mainly formed of silty-clayey
sediments, and the lowest PCB concentrations at areas,
where sandy-silty materials predominate.

CONCLUSIONS
PCBs concentrations in the studied surface sediments
were generally low, indicating that the Middle and South
Adriatic coastal waters were not considerably contaminated
by PCBs. The spatial distribution of PCBs suggests that
long-term discharges of untreated or partially treated urban
and industrial wastewater are being the main sources of
organic contaminants in the "inner shore" area. Due to the
environmental characteristics, there is no transfer of PCBs
to the "off shore" waters. However, geochemistry of sediment, besides the physicochemical characteristics of PCB
compounds, is the most important factor for PCB accumulations. Marine sediments, as an important repository of organic pollutants, can be considered to be a good indicator
of recent PCB contaminations of the aquatic environment.
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SUMMARY

INTRODUCTION

Eleven phenolic compounds, namely, phenol, 2-chlorophenol, 2,4-dimethylphenol, 4-chloro-3-methylphenol,
2,4-dichlorophenol, 2-nitrophenol, 2,4,6-trichlorophenol,
4-nitrophenol, 2,4-dinitrophenol, 4,6-dinitro-2-methylphenol and pentachlorophenol, which are included in the list
of prime pollutants of the US Environmental Protection
Agency, were determined in water samples. Solid phase
extraction with LiChrolut EN was performed for the isolation of phenols. The extracts were divided into two fractions. One was analysed using liquid chromatography with
UV-DAD, and the other using GC-MS. Before the GC-MS
analysis, phenols were derivatized with N-(t-butyldimethylsilyl) - N- methyl-trifluoroacetamide (MTBSTFA), forming their t-butyldimethylsilyl derivatives. The detection
limits of the majority of phenols ranged between 0.010 –
0.045 µg l-1 for both methods. The established method was
then applied to determine the concentration of phenols in
river and sea water samples.

KEYWORDS: Phenolic compounds, water analysis, extraction, gas
chromatography-mass spectrometry, liquid-chromatography.

The analysis of phenols in environmental samples is
of great importance because of their widespread occurrence in the environment [1], their toxicity [2, 3], persistence [4], and bioaccumulation to most aquatic organisms.
Phenolic compounds are common by-products of many in-

dustrial processes, such as the production of plastics, drugs,
dyes, pesticides, detergents, antioxidants, wood processing,
tannery, and the petrochemical industry [5-7]. Apart from
anthropogenic sources, phenolic compounds are also formed
naturally during the degradation of humic substances, tannins and lignins [8, 9].
Phenols are extremely toxic for aquatic organisms at
concentrations of ppm level, and most of them like chlorophenols influence the organoleptic properties of fish and
shellfish at ppb level [10]. Owing to their toxicity, both the
United States Environmental Protection Agency (USEPA)
and the European Community Agency (ECA) have included some phenols in their lists of priority pollutants [11].
European Community Directive 80/778/EEC specifies that
the maximum admissible concentration (MAC) of phenols
in drinking water should be 0.5 µg l-1 for the total content,
and 0.1 µg l-1 for the individual content [12].
Analysis of phenolic compounds is frequently based
on liquid-liquid extraction (LLE), solid phase extraction
(SPE), solid phase microextraction (SPME) and steam
distillation extraction (SDE), followed by gas chromatog-
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raphy (GC) or high performance liquid chromatography
(HPLC) [13].
The purpose of this study was to develop a method
for the determination of the eleven phenolic EPA priority
pollutants in river and seawater samples, at the levels required by the current legislation. It is a modification of
methods [1, 14] that have been used for this purpose, and
is based on the use of SPE with polymeric adsorbent. Two
analytical techniques were used: (a) HPLC analysis, in combination with ultraviolet-diode array detector (UV-DAD),
and (b) GC-MS analysis, after a derivatization step.
MATERIALS AND METHODS
Chemicals and reagents

The compounds studied were the eleven priority EPA
phenolic pollutants: phenol (Ph), 4-nitrophenol (4-NP), 2,4dinitrophenol (2,4-DNP), 2-chlorophenol (2-CP), 2-nitrophenol (2-NP), 2,4-dimethylphenol (2,4-DMP), 2-methyl4,6-dinitrophenol (2-M-4,6-DNP), 4-chloro-3-methylphenol (4-C-3-MP), 2,4-dichlorophenol (2,4-DCP), 2,4,6-trichlorophenol (2,4,6-TCP), and pentachlorophenol (PCP).
They were all purchased as a mixture (PHENOL MIX 604,
Dr. Ehrenstorfer) of 1 ml in methanol from Metrolab, in concentrations ranging from 500 to 2500 µg/ml. The corresponding working standard solutions were obtained by diluting the stock solution with acetonitrile, and stored in a refrigerator. 2-Fluorophenol (2-FP) and 2,4,6-tribromophenol (2,4,6-TBP) were used as surrogate standard in concentrations of 2000 µg/ml for each component in isopropanol.
MTBSTFA was obtained from Merck (Darmstadt, Germany). Solid-phase extraction (SPE) was carried out with a
vacuum manifold (Supelco). The polymeric styrene-divinylbenzene adsorbents (LiChrolut® EN), 200 mg, 3 ml were
obtained from Merck KG, (Darmstadt, Germany). HPLCgrade methanol and acetonitrile were obtained from LabScan. Purified water was obtained using a Milli-Q appa-

ratus. All the solvents were filtered through a glass filter
(Millipore) before use.
Sample preparation

Water samples of 1 L were filtered through a glass
filter and spiked by adding a mixture of phenols dissolved
in acetonitrile and by adding the surrogate standard in concentrations of 0.5 µg/ml for each compound. The sample
was then acidified to pH<2 with H 2SO 4. Each SPE cartridge was filled with 200 mg of styrenedivinylbenzene adsorbent. Conditioning was performed by passing successively 7 ml CH3OH and 3 ml of distilled, deionized water
(pH<2) through the cartridges at a flow rate of 1 ml min-1.
The sorbent was not allowed to dry during the whole conditioning procedure. The water samples spiked with the phenols were then percolated through the cartridge at a flowrate of 6 ml min-1, applying a low vacuum. After drying the
cartridge for 1 h with nitrogen, the phenols were eluted
twice with 3 ml of acetonitrile. The eluate was reduced to
1 ml under a gentle stream of nitrogen, and divided into
two fractions. One was analyzed using liquid chromatography with UV-DAD, and the other using GC-MS. Before
GC-MS analysis, phenolic compounds were silylated, applying derivatization with MTBSTFA. Special care was
needed in the evaporation step in order to avoid losses of
the more volatile compounds. Figure 1 depicts the experimental procedure for the determination of phenols.
Liquid chromatography-UV DAD analysis

The HPLC consisted of a Waters Model 660, a Photo
Diode Array – PDA, model 996 detector, and a Millennium
2000 Chromatography Management System. A Spherisorb
S5 ODS2, 4.6 mm× 250 mm C 18 column of Waters was
used. Many different elution systems were tested using acetonitrile, methanol and water, all acidified with 1% acetic
acid in different proportions for the better separation of the
phenolic compounds. Finally, gradient elution was chosen

1 L water sample
(filtered)
pH < 2
+ surrogate standard (2-FP, 2,4,6-TBP)

Solid
Phase
Extraction

Ø
Ø
Ø
Ø
Ø

Cartridge LiChrolutEN
Conditioning CH3OH (7 ml), Η2Ο (3 ml)
Sample percolation
Drying with nitrogen
Elution 2 x 3 ml CH3CN

Concentration of the extract to 1ml under nitrogen

Derivatization
HPLC-UV-DAD

Ø
Ø
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50µl MTBSTFA in 50 µl extract
Heating to 80 0C for 1 hr

GC - MS
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FIGURE 1 - Schematic diagram of sample analysis.

using acetonitrile-water, both acidified with 1% acetic acid,
with the following gradient: from acetonitrile-water (30:70
v/v) in isocratic mode over 25 min to 100 % acetonitrile,
and back to the initial conditions in 3 min, at a flow-rate of
1 ml/min.
To improve sensitivity, quantification was done using
the optimum wavelength for each compound: P, 2-M-4,6DNP at 268 nm, 2-CP, 2,4-DNP, 2-NP, 2,4-DMP, 4-C-3MP, 2,4-DCP at 280 nm, 4-NP at 315 nm, 2,4,6-TCP at
294.3 nm and PCP at 302 nm.
Derivatization

50 µl of the phenol standard solutions, dissolved in
acetonitrile, or 50 µl of the extract obtained from SPE,
were derivatized at 80 0C using 50 µl of MTBSTFA. The
derivatization was carried out in vials, which were capped
with a Teflon-lined cap and placed in a drying cabinet for
1 h. 2 µl of the derivatized solution injected directly into
the gas chromatograph.
The resulting TBDMS derivatives produce very characteristic mass spectra with electron impact-mass spectrometry (EI-MS). The spectra are dominated by base peaks
formed by the loss of the t-butyl moiety [M-57]+. Table 1
compiles the most important masses and their corresponding relative abundances in the EI mass spectra of the
TBDMS derivatives of the studied phenols.
Gas chromatography-mass spectrometry analysis

All mass spectrometric measurements were carried out
on a Varian GC 3400cx system, equipped with split/ splitless injector and a Varian Saturn 2000 ion trap mass spectrometer. Gas chromatographic separation was performed
using a 30 m x 0.25 mm i.d. x 0.25 µm DB-5 MS fused
silica column. Injections (2 µl) were conducted in the splitless mode with the column held at 40 0C for 1.20 min, then
heated to 150 0C at 10 0C / min, then to 180 0C at 5 0C / min
and, finally, to 290 0C at 10 0C / min and held for 3 min. Injection-port and transfer-line temperatures were set to 300
and 200 0C, respectively. Helium was employed as carrier
gas, with a flow of 0.9 ml/min. MS measurements were per-

formed with electron ionization (EI) at 70 eV. A mass range
of 80 – 395 m / z was scanned.
RESULTS AND DISCUSSION
Chromatographic separation

Figure 2 shows chromatograms, obtained from both
chromatographic separations of a standard solution of
10 µg/ ml for P, 2-CP, 2,4-DCP, 2,4-DMP, 2-NP, of 30 µg/
ml for 2,4-DNP and 2,4,6-TCP, and of 50 µg/ml for 4-C3-MP, 2-M-4,6-DNP, 4-NP and PCP.
The quantification of the phenolic compounds was carried out by comparison of the peak areas of each compound
with that of the internal standard. 2-Fluorophenol and 2,4,6tribromophenol were selected as surrogate standards because of their similar chromatographic behaviour with the
studied analytes. A series of injections of the target compounds was used to obtain the calibration graphs and to
determine the calibration equations, which were linear over
the studied range (see Table 2). The linearity of response
for the total analytical system, including the pre-concentration step with LiChrolut EN, was checked for both chromatographic methods for 1 L Milli Q water spiked at different concentrations. As can be seen in Table 2, in both instances, the regression coefficients were above 0.9920.
The limits of detection (LODs) were determined by
injecting sample extracts that were serially diluted until the
signal-to-noise ratio (S/N) for any single analyte reached a
value of three. The limits of quantification (LOQs) were calculated from LODs by applying a factor of 3.3. Repeatability
studies were performed (n = 3) to establish the relative
standard deviation (R.S.D.) of both the analytical methods.
2,4-Dimethyl-phenol can be detected only in high concentrations, at ppm levels, by GC-MS. For the trace-level determination, its detection was impossible.
Recovery studies

Methanol and acetonitrile were tested as elution solvents after pre-concentrating the water sample containing

TABLE 1 - Mass spectral data of TBDMS derivatives of phenols (important ions and
their relative intensities recorded with electron impact mass spectrometry, at 70 eV).
TBDMS ethers
P
2CP
2,4DMP
4C-3MP
2,4DCP

[Μ-57]+
151 (100)
185 (100)
179 (100)
199 (100)
219 (100)

Important fragments
193 (10)
93(30), 95(10),149(44), 187(40)
105(52), 149(28), 163(13)
93 (25), 95 (9), 201 (40)
93 (44), 95 (16), 183 (25), 185 (10), 221 (73), 223 (15)
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4NP
2,4DNP
2M-4,6DNP
PCP
2FP
2,4,6TBP
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196 (100)
255 (100)
196 (100)
241 (100)
255 (100)
323 (100)
169(64)
389 (100)

136 (7), 151 (12), 180 (17)
93 (6), 95 (3), 159 (6), 217 (19), 219 (7), 253 (97), 257 (37)
135 (40), 150 (85)
57, 195 (35), 225 (20)
57(16), 179 (5), 209 (43), 239(8)
93 (19), 95 (8), 321(21), 325 (68), 327 (26)
91(100)
137 (3), 139(3), 385 (4), 387 (20), 391(37)

(A)

PCP
TBP

4NP

DN-2MP

NP

D

P

2,4DCP
2N

2CP
2,4DMP

2FP

Ρ

TCP

4C-3MP

(B)

FIGURE 2 - Chromatograms of a standard mixture of phenolic compounds containing
10 – 50 µg/ml of each phenol by direct injection (A) HPLC-UV-DAD and (B) GC-MS.

TABLE 2 - Linearity range, correlation coefficients, detection limits, and limits of quantification
for the eleven phenolic compounds, by applying both of the chromatographic methods after SPE.

Compound
Ρ
4-ΝΡ
2-CP
2,4-DNP

Linearity
range (µg/L)
0.05-1.50
0.05-7.50
0.08-1.50
0.06-4.50

SPE-HPLC-UV-DAD
r2
LOD
(µg/L)
0.9980
0.030
0.9987
0.015
0.9966
0.020
0.9945
0.021

1007

LOQ
(µg/L)
0.099
0.050
0.066
0.069

Linearity
range (µg/L)
0.05-1.00
0.06-4.50
0.05-1.50
0.60-4.50

SPE-GC-MS
r2
LOD
(µg/L)
0.9985
0.020
0.9990
0.020
0.9972
0.010
0.9935
0.240

LOQ
(µg/L)
0.066
0.066
0.033
0.792
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2,4-DMP
4-C-3-MP
2,4-DCP
2-M-4,6-DNP
2,4,6-TCP
PCP

Compound
Ρ
4-ΝΡ
2-CP
2,4-DNP
2-NP
2,4-DMP
4-C-3-MP
2,4-DCP
2-M-4,6-DNP
2,4,6-TCP
PCP
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0.05-1.50
0.9968
0.010
0.033
0.05-1.50
0.9992
0.08-1.50
0.9990
0.020
0.066
0.10-7.50
0.9961
0.045
0.150
0.10-7.5
0.9947
0.08-1.50
0.9993
0.030
0.099
0.05-1.5
0.9929
0.03-7.50
0.9998
0.015
0.050
1.00-7.5
0.9970
0.06-4.50
0.9984
0.030
0.099
0.03-7.5
0.9990
1.00-7.50
0.9995
1.000
3.000
0.05-7.5
0.9986
TABLE 3 - Mean recoveries (%) obtained on loading 1 L of distilled and sea water
spiked at three different levels of concentration with each phenolic compound.

Fortified
levels (µg/L)
0.05-0.20
0.10-0.50
0.05-0.20
0.09-0.60
0.05-0.20
0.05-0.20
0.10-0.25
0.05-0.20
0.02-0.25
0.06-0.15

SPE-HPLC-UV-DAD
R%
R%
Milli Q
Sea water
94.3
67.3
90.0
94.5
99.0
97.0
84.0
95.0
89.5
96.0
75.7
70.7
105.0
71.0
91.0
90.0
114.0
93.0
93.5
94.5

the phenolic compounds. Both of the solvents showed similar recovery of all compounds, except 2-methyl-4,6-dinitrophenol, which was more easily eluted with acetonitrile.
For this reason, and for the fact that for the derivatization
an aprotic solvent must be used, the elution was performed
with acetonitrile.
The results of the recoveries of the eleven phenols,
after extraction of 1 L of Milli Q water and sea water each
on the Lichrolut EN solid phase and elution with 2 x 3 ml
acetonitrile, are summarized in Table 3. The recoveries for
the HPLC-PDA method ranged from 75.7 – 114.0 for distilled water and 67.3 – 97.0 for environmental water. For
GC-MS analysis, recoveries ranged from 50.0 – 97.0 for
distilled water and 46.5 – 101.0 for environmental water.
Stability study

Moreover, the stability of the t-butyldimethylsilyl
(TBDMS) derivatives was examined. Four standard mixtures of phenolic compounds containing 0.03 - 0.20 µg/ml
of P, 2-CP, 2,4-DCP, 2,4-DMP, and 2-NP, 0.09 - 0.60 µg/ml
of 2,4-DNP and 2,4,6-TCP, and 0.15 - 1.00 µg/ml of 4-C-3MP, 2-M-4,6-DNP, 4-NP and PCP were derivatized and
stored in the refrigerator. In a period of 10 days, these mixtures were injected periodically to the GC-MS. From the

Fortified
levels (µg/L)
0.05-0.20
0.10-0.50
0.05-0.20
0.30-0.60
0.03-0.20
0.05-0.25
0.05-0.20
0.15-1.00
0.06-0.30
0.10-0.50

SPE-GC-MS
R%
Milli Q
92.3
86.7
91.3
50.0
86.7

0.015

0.050

0.010
0.010
0.300
0.015
0.040

0.033
0.033
0.990
0.050
0.132

R%
Sea water
46.5
88.8
82.0
58.7
70.0

97.0
86.3
71.3
85.3
79.7

101.0
80.3
70.0
88.7
72.7

results, all derivatized phenols except 2,4-DNP and 2-M4,6-DNP, remained stable in the period of 10 days.
Application to environmental water samples

The water samples analyzed were collected from
Elefsis gulf, South Euvoikos gulf, and Asopos river in
Eastern Attica.
Elefsis gulf is affected by a lot of pollution sources as
it is near an industrial area which includes metal works, oil
refineries, chemical and cement industries. Koumoundourou
lake is located in Elefsis region, and it is a small lake heavily polluted by crude oil. Four sampling sites were chosen
along the coast of Elefsis gulf.
Asopos river is a small river which flows into south
Euvoikos gulf, an area with great touristic interest. It receives the industrial effluents of the Schimatari-Inofyta region, where about 230 industries are located. Various types
of industries are included, like metallurgy, food industries,
chemical industries, tanneries, poultry and cattle farms, textile and paint factories etc. A large portion of the polluting
load is disposed into the river and transported to the sea
during the winter period, when the river flow increases due
to rainfalls. During this high flow period, the river is a sig-

TABLE 4 - Mean concentrations (µg/L) of detected phenols in water samples collected from the region of eastern Attica.
Compound
Ρ
4-ΝΡ
2-CP
2,4-DNP

Euvoikos
gulf 1m
0.47
0.14
ND
ND

Euvoikos
gulf film
0.58
0.16
ND
ND

Euvoikos
gulf 10 m
0.18
0.17
ND
ND

Euvoikos
gulf 20 m
0.44
0.16
ND
ND

1008

Asopos
river
4.17
2.64
0.03
ND

Elefsis
gulf
0.20
0.15
ND
ND

Koumoundourou
lake
5.02
0.76
ND
ND
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2-NP
2,4-DMP
4-C-3-MP
2,4-DCP
2-M-4,6-DNP
2,4,6-TCP
PCP

0.06
ND
ND
ND
ND
0.05
ND
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0.03
ND
ND
ND
ND
0.03
ND

0.04
ND
ND
ND
ND
0.09
0.17

nificant polluting source for the marine environment of south
Euvoikos gulf. The water samples analyzed from Euvoikos
gulf were collected from three sites near Asopos mouth,
and from different depths including surface film. Moreover, a sample at the estuary of Asopos river was collected.
The results are presented in Table 4. Phenol was detected in all of the samples and, in most of them, 2-nitrophenol and 4-nitrophenol. Some high values were determined in freshwater samples indicating increase of organic
pollution.

0.05
ND
ND
ND
ND
ND
ND
[5]

0.73
0.03
0.04
ND
0.36
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
0.29
ND
ND
ND
ND
ND
Masqué, N., Pocurull, E., Marcé, R. M. and Borrull, F.
(1998) Determination of Eleven Priority EPA Phenolics at ng
L-1 Levels by On-Line Solid - Phase Extraction and Liquid
Chromatography with UV and Electrochemical Detection.
Chromatographia 47, 176-182.

[6]

Rodríguez, I., Lliompart, M. P. and Cela, R. (2000) Solidphase extraction of phenols. Journal of Chromatography A
885, 291-304.

[7]

Kumaran, P. and Paruchuri, Y. L. (1997) Kinetics of phenol
biotransformation. Wat. Res. 31, 11-22.

[8]

Alonso, M.C., Puig, D., Silgoner, I., Grasserbauer, M. and
Barceló, D. (1998) Determination of priority phenolic compounds in soil samples by various extraction methods followed by liquid chromatography – atmospheric pressure
chemical ionisation mass spectrometry. Journal of Chromatography A, 823, 213-239.

[9]

Puig, D. and Barceló, D. (1996) Comparison of different
sorbent materials for on-line liquid-solid extraction followed
by liquid chromatographic determination of priority phenolic
compounds in environmental waters. Journal of Chromatography A, 733, 371-381.

CONCLUSIONS
In this study, we established a sensitive and reliable
analytical method suitable for quantitative determination
of the eleven phenolic compounds, which are included in
the list of prime pollutants of the US Environmental Protection Agency. After SPE of 1 L samples, two chromatographic methods were examined. Both methods enabled
the eleven phenolic compounds to be determined at levels
<0.1 µg/l in water samples, the maximum concentration
allowed in water for human consumption. The detection
limits were lower for GC-MS analysis, except for 2,4DNP and 2-M-4,6-DNP. 2,4-DMP could not be detected
by gas chromatography at trace levels.
The method was applied successfully for environmental
samples, and can be used for monitoring of phenolic compounds in polluted areas.
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SUMMARY
Besides accidental pollution caused by ships in distress, different types of deliberate and routine operational
discharges of oil from ships affect the sea. Illicit discharges
are the greatest source of marine pollution from ships, and
the one which poses a long-term threat to the marine and
coastal environment. Reliable monitoring methodologies
and continuously updated comprehensive information are
key elements to create effective contingency planning.
The present activities of the Joint Research Centre
(JRC), in the field of monitoring sea-based oil pollution
using space-borne radar imagery, are described. A specific
methodology for processing and interpreting a massive set
of satellite images has been implemented. Such an approach
allows to perform a systematic mapping of the possible
illicit vessel discharges over all the European Seas. These
maps and the associated statistics are repeated on an annual basis in order to assess its evolution. In particular,
the results obtained during the period 1999-2002 for the
Mediterranean Sea are presented. This analysis is of special interest due to the lack of a regular aerial surveillance
as that in the North and Baltic Sea. This action helped to
reveal for the first time what is the dimension of the oil
pollution problem, thus stressing the need for more concerted international actions.

KEYWORDS:
Oil spill, illicit discharges, SAR, monitoring, Mediterranean Sea .

ating sea water quality. Satellite images can improve the
possibilities for the detection and monitoring of oil spills
as they cover large areas, and offer an economical and
easier way of continuous coastal areas` patrolling. Synthetic Aperture Radar (SAR) systems are extensively used
for the identification of oil spills in the marine environment. SAR systems detect spills on the sea surface indirectly, as they cause a modification on the wind-generated
short gravity–capillary waves [1]. The oil film damps these
waves which are the primary backscatter agents of the
radar signals. Consequently, provided that a moderate wind
field is present, an oil spill appears dark on SAR imagery,
in contrast to the surrounding clean sea. However, dark
areas may be also caused by other phenomena, like locally
low winds, currents or natural sea slicks called “lookalikes” [2]. In addition, radar sensors can operate day and
night, and independently from the cloud coverage and
weather conditions.
The present study refers to the use of radar space imagery (SAR) for a long-term analysis of the 1999-2002
illicit vessel discharges into the Mediterranean Sea, which
has been granted the status of “special Sea area” in accordance to the International Convention for the Prevention of Pollution from Ships (MARPOL 73/78). In such
areas, ship oil discharges are prohibited almost totally.
The main aim is then to monitor the extent of compliance
with regulations, through a statistical assessment of spilling events. Archived SAR data from the European Space
Agency’s satellites (ERS-1 and ERS-2) have been used.

MATERIALS AND METHODS

INTRODUCTION
Oil spills seriously affect the marine ecosystem and
cause political and scientific concern, since they have serious effects on fragile marine and coastal ecosystem. The
amount of pollutant discharges and associated effects on
the marine environment are important parameters in evalu-

Getting the scene

In the Mediterranean Sea, the oil transport is intense,
since it gives a maritime way to Europe, for the oil produced in Middle East, Northern Africa and the Caspian
basins. According to Regional Marine Pollution Emer-
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gency Response Centre for the Mediterranean Sea
(REMPEC) [3], 360-370 million tones of oil and refine
products are transported annually through the Mediterranean Sea, representing 20-25% of the world total. Maritime traffic in the Mediterranean is characterized by the
existence of a large number of ports in the region (more
than 300), and by a significant volume of traffic which
transits the Mediterranean, without ships entering any of
these ports [3].
Due to very high marine traffic density, the Mediterranean Sea is often quoted as one of the world seas with
the highest risk of oil pollution. Transportation of large
quantities of crude oil and refined products, narrow and
congested straits through which ships enter and exit the
Mediterranean, large numbers of ports and islands, especially in certain areas with high traffic density, are increasing the risk of oil pollution in the region.
Sources of oil pollution, related to oil transportation,
are traditionally divided in accidental and operational ones.
Major maritime disaster may result in large or even massive amount of oil released into the marine environment. On
the other hand, operational oil pollution from ships encompasses a variety of discharges of oil and oily mixtures that
are generated on board, including oil tankers, as a result
of their normal operation. The term includes ballast water,
tank washings and engine room effluent discharges. Since
any ship is a potential source of operational pollution, the
practice is supposed to produce a very large number of
events spread out over the entire extension of the sea, thus
representing the most insidious threat for the marine ecosystem. Such a potential risk has been recognised since a
long time and, as previously mentioned, precise rules have
been introduced, by International Regulations, to control

them. Any operational oil discharge violating such rules
has to be regarded as an illegal practice. Nevertheless, even
though major disasters bring pollution incidents into the
public awareness, the level of oil released into the marine
environment from severe incidents is significantly less than
that of release from operational pollution.
The present study concerns exclusively the problem
of monitoring operational ship discharges with space-borne
SAR. We distinguish them from major accident pollution
caused by ships in distress, because its singularities pose
different requirements for investigation.
Dataset description

The data type used was uncalibrated low-resolution
SAR images (100x100m pixel size). The small size of
low resolution data files makes data processing faster,
while oil spills greater than 1 km2 can be detected [5-6].
Even though a significantly large number of images have
been analysed, the data present different spatial and temporal distribution with significant variations. Orbital characteristics of the spacecraft are the main constraint for the
coverage, and determine the revisit time over a specific
area. Due to polar orbiting of the platform, such a parameter is roughly dependent on the area latitude. As a rule of
thumb, higher latitude areas are observed more frequently.
In addition, not all the possible frames have been actually acquired. This may depend, for instance, on a conflict
be-tween different sensors flown by the spacecraft, preventing the operation of more than one instrument at the
same time. However, the coverage non-homogeneity is to
the same extent systematically, with, for instance, a lower
number of images over the Libyan coast than over the
seas surrounding the Italian peninsula.
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FIGURE 1 - The total area coverage of the 11700 ERS-1 and 2 SAR images,
which were analyzed in the present study, and their spatial repetition density.

It should be also taken into account that, in general,
images acquired in busy traffic routes present a high percentage of spills per image [4], compared to those in secondary traffic routes. The different spatial coverage of images, and how this evolves over the total period of time of
the study, is an important element to be taken into consideration in order to achieve unbiased results.
The total area coverage and the density of the analyzed SAR images are presented in Fig. 1.
For the period 1999-2002, approximately 11700 ERS-1
and ERS-2 images have been analyzed, and 7000 possible
spills were detected. Table 1 summarises, for every year,
the number of analyzed SAR images and the number of
detected oil spills. The number of images was calculated
as that of SAR frames covering the Mediterranean Sea, including the cases where part of frame contains land. We
should address that SAR images present different spatial
distribution through the years, and no more assumptions
can be made according to the extent of compliance with
regulations.

Mediterranean Sea, taking into account the different temporal and spatial distribution of SAR data.
After having identified the study area, all the available images are stored in a database with the relevant information according to a format which includes the ID,
platform type, orbit, frame, date, time, and geographical
coordinates.
Then the analysis of each single image is performed
by a specialist using photo-interpretation techniques. The
procedure includes the following two steps:
a) inspection of the image, and detection of candidate features to be an oil slicks;
b) analysis of each candidate feature to discriminate between probable oil slicks and look-alikes.

Methodology

The discrimination process excludes ‘easy’ look-alikes
on the basis of the shapes and configurations, such as the
dark patches caused by internal wave areas and rain cells.
More detailed analysis is performed for the ‘difficult’ cases,
taking into account the period of the year (for example,
natural slicks in winter are impossible), the local wind conditions, a detailed analysis of the shape (borders, tails, size),
as well as the analysis of the geographical location. Local
wind conditions, when known, are an important element for
the final decision. If the wind speed is less than 2-3 m/s, the
detection is almost impossible, since no contrast with the
surrounding clean sea will appear. When wind speed is
above 7-8 m/s, the natural films are likely to be washed
down and the slick is probably man-made. Above about
15 m/s, the dumping effect of the oil film is no longer possible, and the dark patch cannot be associated to a spill.

The developed methodology has the ultimate goal to
identify the trend of the illicit vessel discharges in the

Results of the photo-interpretation of each SAR image are then stored in the database. For each identified oil

TABLE 1 - SAR images analyzed and
spills detected for the years 1999-2002.
Year
1999
2000
2001
2002
Sum 99-02

SAR Images analyzed
1849
4807
2894
2237
11787

Spills detected
1638
2297
1641
1401
6977
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spill, relevant information, including ID, geographic position, date, time, area, contour, corresponding SAR image,
is recorded. At this stage, the database, implemented using
My-SQL, offers the possibility to query the detected oil
spills (time and space queries).
The described database is used for creating map
products. An intermediate product is a synoptic point-like
map (Fig. 2), where, for the whole study area and a defined period of time, each possible oil spill is identified by
a point at the geographical location of the spill contour
centroid. This kind of map is further coupled with the information on the density of observations (Fig. 3) for each
location, including all the analysed frames, over the whole
study area and the defined period of time in order to produce
a cumulative normalised oil spill density map as shown in
Fig. 4. A predefined normalization radius of 0.5 degrees is
applied in order to facilitate the assessment of the oil spill
distribution.
In order to enhance the multi-year comparison capabilities, an alternative parallel procedure has been implemented. In this case, a regular grid is superimposed to the
area under study. By choosing, as a first example, a ‘pixel’
area corresponding to a squared degree, the Mediterranean
Sea is covered by 359 pixels. The detection phase is done
as in the previous case, but all the results, in terms of images coverage and, in particular, observed spills, are now
cumulatively referred to each pixel for a predefined reference period of time. An oil spill density value for the reference period of time will be associated to each pixel and a
corresponding map product, referred to as a unit area density map, for the reference period of time will be created.
While the geographical precision of the analysis is now
decreased, the procedure makes possible a systematic statistical approach, allowing to take into consideration the spatial and temporal variability of the analysed dataset. For
each pixel, it is now easy to calculate precisely the number of observed spills for an arbitrary period of time, as

well as that of the area`s observation, providing a stable
basis for trend analysis.
The cumulative point normalized density map is ideal
to identify, in a relative way, the most polluted areas as soon
as the analysis is limited to a specific period of time. On
the contrary, multi-year analysis is possible using the unit
area density map approach. Direct comparison of the distribution for two different years is now possible, as well as
the analysis of the distribution of a single year, with respect
to the average over a very long time interval. In general,
any area for any period of time, arbitrarily chosen, can be
directly compared. By decreasing the spatial dimension of
the grid pixels and/or making shorter the reference period
of time, the analysis can be further refined. In fact, it should
be noted that the density of oil spill over a defined area
and period of time may be seen as the average of the density of oil spills. Extended to all the spatial pixels and
shorter time intervals, the whole area and period of time
have been respectively sub-divided. The procedure may
introduce a degree of uncertainty, since the information on
the precise location of a single event is lost. But the problems arising from a non-homogeneous temporal and spatial sampling will be correctly accounted for.
RESULTS
Figure 2 presents the 7000 detected spills on ERS-1
and ERS-2 SAR images for 1999-2000 as a point-like map.
From a very general point of view, the distribution of
the black points is not homogeneously. On one side, the
seas around the Italian peninsula appear to be very much
affected by oil spilling, while not many events have been
detected in front of the coast of Libya. A more robust analysis of the situation can be made using a cumulative normalized density map (Fig. 4). Focusing our attention on
the same two areas, it is confirmed that a relatively high
and low oil spill density may be associated to the seas
around Italy and that in front of Libya, respectively. At
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FIGURE 2 - Point-like map of possible illicit vessel discharges detected on
ERS-1 and ERS-2 SAR images, during 1999-2002 in the Mediterranean Sea.

FIGURE 3 - Cumulative normalized density map for the Mediterranean basin for the years 1999-2002.
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FIGURE 4 - Trends of 2002 for each square degree, in terms of density
division of this year, with the cumulative density map for the years 1999-2002.

the same time, other areas of quite high density, not clearly
identified in the previous type of map, are now visible in
the eastern part of the basin. In more general terms, the
latter type of map may allow to better identify a dominant
pattern in the distribution of relatively higher density areas.
For the Mediterranean basin, as shown in the map, we note
a locally relatively higher density well correlating with
major maritime routes, such as those crossing the Ionian
Sea towards the Adriatic Sea, towards the Messina Straits
and towards the Sicily Straits. In the western part of the
basin the density patterns is quite well corresponding to
the two main routes to the Gibraltar straits along the southern and northern coasts. It should be noted that in these
cases in particular, the density along the routes is not constant. Higher density areas along maritime routes appear

also in the Ligurian Sea, the Gulf of Lion as well as very
close to the eastern coast of Corsica. Here the spilling appears to be localized and frequent. All over the region
however the spillages show considerable spatial dispersion.
Finally, Fig. 4 shows the trend of 2002. The displayed
map has been obtained as a ratio of the 2002 density of oil
spills for each degree-squared pixel, with respect to the
corresponding average value over the whole period 19992002. An increase, a decrease, or a stability of the problem
is then represented by a value of the ratio greater, lower or
equal to zero, respectively. Even though four years of observation cannot yet robustly express the average trend of
spilling activities on the Mediterranean Sea, the example

FIGURE 5 - Overall spilling trend for the Mediterranean Sea during 1999-2002.
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demonstrates the potential of the methodology, and some
preliminary conclusions can be made. An overall tendency
to an increase of spilling activities can be identified in the
western part of the Mediterranean and, in particular, in the
Adriatic Sea, the Aegean Sea, the Sicily Straits, the Gulf
of Lion, as well as in the northern part of the Tyrrhenian
Sea. The central part of the basin exhibits a decreasing tendency of the problem, even though the quite low total number of images over the area may affect the statistical assessment. The eastern part of the basin shows an overall
stable trend.
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Maps of the type shown in Fig. 4 can be used to assess the overall trend at basin scale. The chart in the figure
summarizes the situation for the different years, in terms of
decreasing, stable and increasing square degrees. The overall trend is then calculated as the median number of the
corresponding data-set for each year. The overall trend
remained to be substantially stable along the four analyzed
years, with an initial small decrease from 1999 to 2000,
and a very modest increase in the two following years.
Yearly maps and additional information can be found
at Monitoring Illicit Discharges from Vessel (MIDIV) webpage [7].
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DISCUSSION AND CONCLUSION
The capability of space-borne SAR sensors to detect
oil spills over the sea surface is well known and proven.
Building on this, the present study demonstrated the possibility of using space radar imagery for long-term monitoring of operational oil pollution at basin scale. The implemented approach and methodology represent a new and
relevant source of information to assess, on a solid observational basis, the dimension of shipping pollution in the
Mediterranean Sea, not as a result of accidents, but from
routine and often illegal practices. Moreover, a robust procedure for a trend analysis has been implemented and
demonstrated. This may represent a powerful tool to verify, at different time and space scales, the variations of the
problem as a result of specific actions and newly adopted
measures to further extend and reinforce the level of protection of the marine environment against oil pollution.
The extent of non-conformity, with the relevant international regulations in the region, is striking, and calls for
more decisive steps forwards.
Several sub-areas of the region appear to face visible
threats of chronic pollution and need to receive focused attention. However, the detected spills show also considerable spatial scattering, which makes even more difficult
both the monitoring and enforcement activities over a large
area with airborne means. In this respect, additional efforts
should be made to exploit the operational way of the spaceborne observations as an effective tool for early-warning.
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SUMMARY
In this study, the distribution of physical parameters
(electric conductivity, pH and total hardness) and major
ions (nitrate, nitrite and chloride) of groundwater in the
region of Thessaly, Central Greece, is reported. Samples
were collected from three representative areas (lowlandurban, semi-mountainous and coastal one) for the period
1994 to 2004. The results reveal that in some sample-sites
of the above areas the determined values of total hardness,
nitrate and nitrite exceeded the maximum allowable limits. The values differ significantly among the studied areas,
too. Results provide an overview of the hydrochemical functioning of a major water supply system for the region of
Thessaly.

The European Union, recognizing the importance of
the quality of groundwater has issued a number of directives imposing rules and instructions for assessment and
protection of the quality of groundwater [2-10]. According to the philosophy of the existing legislation, groundwater quality assessment (physical and chemical) should be
based on the determination of certain indexes (pollutants),
and the establishment of maximum and minimum allowable limits for every index. This approach is in alignment
with the sixth action plan for the environment, and it is also
essential since there are not sufficient data and consolidated
knowledge referring to this index monitoring up to now.
The aim of this study is the establishment and determination of physical and chemical indexes to monitor the
quality of groundwater in the region of Thessaly, Central
Greece (Fig. 1). The data presented in this study refer to
physical and chemical index values determining the quality of groundwater in this region for the period 1994 2004.

KEYWORDS:
Groundwater quality, Nitrate, Nitrite, Thessaly, Greece.

INTRODUCTION
Groundwater constitutes an important natural resource
functioning as a reservoir from which good quality water
for human consumption as well as for other uses (agriculture, industry) can be drawn. Its contribution as a regulatory factor to the maintenance of wetlands and rivers during
the periods of drought is also valuable.
Since groundwater moves slowly through the ground,
any human activity influencing the composition of soil will
have a relative long-term repercussion on the quality of
groundwater. Consequently, these repercussions can influence other water ecosystems linked with groundwater or
land ecosystems. Thus, cleaning of groundwater is a difficult process, even if the source of pollution has been eliminated. Taking this into account, pollution-preventing should
be of first priority [1].

MATERIALS AND METHODS
Area of study

The current study refers to the region of Thessaly in
Central Greece, which consists of two hydrologic basins:
the drainage basin of Lake Karla (1,050 km2), situated at
the eastern side of the region, and, at the western side, Lake
Plastira which is a part of Achelloos River watershed area.
The main economic activities in the region are agriculture,
industry, tourism, animal husbandry and forestry. The total
water consumption in the Aquative Region of Thessaly is
1,634.2 hm3/year. In particular, the quantity of water for
irrigation is 1,568.7 hm3/year (96%), for water supply is
53.7 hm 3/year (3.3%), (22.6 hm3 at the duration of dry
period), and for animal husbandry is 11.8 hm3/year (0.7%),
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FIGURE 1 - Map of Thessaly (studied areas).

respectively. The quantity of water used by the industry is
negligible [11, 12]. Consequently, the main factors influencing the quality of groundwater in this area are:
• Specific and diffuse sources of pollution (urbanization, industry, agriculture, stock-farming).
• Intensive exploitation of groundwater during the irrigation period, with drillings and wells
• Regulation of floods.

• Water for irrigation.
• Tourism development of coastal areas.
Methodology and Instruments

Three representative areas (lowland-urban (LLU), semimountainous (SM) and coastal (C)) were selected for the
collection of water samples (Fig. 2). In each area, four different sample sites were selected, and water samples from
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every site were collected once every six months (March
and September) for the period 1994 2004 (Fig. 1). ULL area
sample sites: city of Larissa, city of Trikala, city of Karditsa
and Farsala, SM area sample sites: Rapsani, Damasi, Sikourio, Argiropouli (Perfecture of Larissa), and C area sample sites: Kokkino Nero, Sotiritsa, Agiokampos (Prefecture
of Larissa) and Nea Achialos (Prefecture of Magnessia).
Volumes of 1L-unfiltered water were collected in acidcleaned high-density polyethylene (HDPE) containers,
which are the most appropriate ones for the collection of
water samples [13]. Samples were stored in the dark at 4 0C
to minimize sample deterioration prior to analysis. Electric conductivity (EC), pH, total hardness (TH), and nitrate
(NO3-), nitrite (NO2-) and chloride (Cl-) concentrations were
determined for the above period of time.
For the analysis of water samples, a spectrophotometer Hitachi model U-1100 (UV-Vis) was used. Moreover,
both EC and pH measurements were performed by a Jenway 3410 instrument, while titrimetry for TH was used. The
operating parameters for working elements were set according to the recommendations of the manufacturers.
Physical and chemical parameters were determined
with classical analytical techniques [14]. The determination of nitrate and nitrite ions in water was carried out spec-

trophotometrically using the methods described in APHA
[15].
The chemicals used for the analysis were of analytical
reagent grade, and all solutions were prepared using HPLC
water.
The information was recorded in an MS Excel database, and processed using the statistical software MedCalc
version 6.15.000 and SPSS 12.0 for windows.
RESULTS
The results of the study, with relation to EC, pH and
TH during the study period in the three selected areas where
water samples were collected, are presented in Figs. 2-4
as error bars. The evolution of the mean values, as well as
the 95% confidence intervals (95% C.I.), of the above mentioned physical parameters are presented.
The determined values of the mean and 95% C.I. of
nitrate (NO3-), nitrite (NO2-) and chloride (Cl-) concentrations during the study period are presented in Figs. 5-7 as
error bars, too. Moreover, the evolution of the mean values as well as the 95% confidence intervals of the abovementioned chemical parameters is presented.
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FIGURE 2 - Evolution of electric conductivity (EC) mean values (µS/cm) in all studied
areas for the period 1994-2004 (A: Lowland-urban, B: Semi-mountainous and C: Coastal).
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FIGURE 3 - Evolution of pH mean values in all studied areas for the
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FIGURE 5 - Evolution of nitrate mean concentrations (mg/L) in all studied areas
for the period 1994-2004 (A: Lowland-urban, B: Semi-mountainous and C: Coastal).
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FIGURE 7 - Evolution of chloride mean concentrations (mg/L) in all studied areas
for the period 1994-2004 (A: Lowland-urban, B: Semi-mountainous and C: Coastal).

TABLE 1 - Mean ± SD values of physical and chemical parameters in the
studied areas (LLU=Lowland-Urban, SM=Semi-mountainous and C=Coastal).
Areas
LLU
SM
C

EC
667.2±287.0
545.9±188.6
773.6±301.5

Physical Parameters
pH
TH
7.83±0.31
344.4±78.8
7.50±0.39
425.8±115.1
7.88±0.31
452.0±92.2

Chemical Parameters
NO3NO2Cl28.4±29.0
0.02±0.05
55.9±0.6
22.2±14.4
0.01±0.02
24.3±14.2
35.4±25.4
0.01±0.02
84.5±26.8

EC (µS/cm), TH (mg/L CaCO3), Chemical Parameters (mg/L)

TABLE 2 - Results from the performed statistical analysis for the comparison of physical and chemical
parameters’ averages among the considered areas (LLU = Lowland-urban, SM = Semi-mountainous, C = Coastal).
Areas
LLU vs SM
LLU vs C
SM vs C

Physical Parameters
EC
pH
P<0.01
P<0.0001
P<0.05
NS
P<0.0001
P<0.0001

TH
P<0.0001
P<0.0001
NS

The mean values and standard deviations (SD) of all
the determined parameters (physical and chemical) of the
study period are presented in Table 1.
The physical parameter values are normally distributed, according to the Kolmogorov-Smirnov criterion. Additionally, statistical analysis for the comparison of physical
parameters’ averages among the considered areas was
performed by the Student’s t-test, and P<0.05 was considered to be statistically significant. Concentration values of

Chemical Parameters
NO3NO2P<0.05
NS
NS
NS
P<0.0001
NS

ClP<0.0001
P<0.0001
P<0.0001

the chemical parameters did not follow a normal distribution, and their analysis was performed by the non- parametric Mann-Whitney test (P<0.05). The results of this analysis are presented in Table 2.
DISCUSSION AND CONCLUSION
The groundwater flows with low speed, and requires
a lot of time for the transport of pollutants from its sources.

1023

© by PSP Volume 15 – No 9a. 2006

Fresenius Environmental Bulletin

This means that pollution from decades ago, independently
of its agricultural, industrial and anthropogenic origin, may
continue to be dangerous for the quality of groundwater.
The observation and assessment of these activities is not
easy, and there is often no knowledge or/and clue about the
pollution of groundwater. The existing E.U. legislation
prompts the member states to take appropriate actions for
the maintenance groundwater’s good quality. In the legislation, it is pointed out the absence of data about the quality
of groundwater in Europe. In Greece, during the last years
efforts have been done for the harmonization of national
legislation to E.U. standards concerning the quality of water.
EC mean values are relatively low and progressively
increase towards the C area (see Table 1). From the data in
Fig. 2, it can be inferred that the mean EC values varied in
all the areas from which water samples were collected and
analyzed. The variations are within the acceptable limits,
without any exceedance. The high EC values in C area can
be attributed to the big amount of total dissolved salts in
groundwater, and the reasons for that phenomenon can be
seawater intrusion in some coastal aquifers, increasing fertilization and tourism development. Comparison of the mean
EC values among the areas revealed significant differences
between LLU-SM, LLU-C and SM-C areas (Table 2). This
can be attributed to different geological constitution and
land-use of each area. Anthropogenic activities, such as
agricultural, cattle farming, industrial and residential uses
of territory, induce an increase in salinity.
The mean values of pH are higher than 7 in all study
areas (Table 1), indicating the slight alkaline character of
groundwater. Fig. 3 shows the evolution of pH values among
the studied areas for the period 1994-2004, and there is a
different trend of pH mean values in each area. There are
significant differences of pH values between LLU – SM
and SM – C areas, possibly attributed to urbanization and
wastes from municipalities and industries in LLU area,
animal wastes and agricultural activities in SM area, as well
as tourism development and agricultural activities in C area.
The mean values of total hardness are rather high and
their spatial progressive increase is following the order
LLU-SM-C, so the greatest mean values of TH occur in C
area (Table 1). Specific sites in the studied areas were characterized by medium and high hardness values, and this is a
problem concerning the use of groundwater in industrial
activities. In addition, the mean values of total hardness in
all areas did not exceed the acceptable limits. However, in
some cases of SM and C areas, the mean values exceeded
the limit of 500 mg/L CaCO3, which is the highest acceptable value (Fig. 4). The comparison of areas` TH
mean values shows a significant difference between LLUSM and LLU-C areas (Table 2). This can be attributed to
their geological and land-use differences.
The nitrate pollution in each area is very important,
and, therefore, must be assessed. Nitrates are noticeable in
the entire region rendering most of groundwater improper

for human consumption. The lowest mean nitrate concentration occurs in SM area, and the maximum in C area. It
can be seen from Table 1, that high concentrations of nitrate ions (>50 mg/L) occur in LLU and C areas. Especially
in the C area, there are values exceeding the acceptable
limit. During the last years, nitrate concentration values
showed an increasing tendency in all areas (Fig. 5). The
results` comparison (Table 2) elucidates that in areas with
higher population density and intensive human activities
nitrate pollution increase differs significantly from those
where these parameters do not exceed (semi-mountainous
area). The LLU and C areas are characterized by intense
industrial and agricultural activity, and the high nitrate
level in groundwater is related to wastes and over-fertilization. This has been also observed in other studies, and can
be attributed to the fact that coastal areas near sea-level
receive all the pollutants from every activity.
Nitrite was stable in all areas (Fig. 6). In some cases
of local pollution, values exceed the acceptable limit (Table 1). In general, the trend of the mean value is obviously
stable among the areas, since there is no significant difference among them (Table 2).
The highest mean values of chloride concentrations
(Table 1) are observed in the C area, and they are attributed to the salination of groundwater. However, also the
chloride concentration values remain up-to-now within the
acceptable limits. Chloride levels in LLU area are high due
to intensive human activities, but have recently been decreased (Fig. 7). The lowest values are observed in the SM
area, but with increasing trend in the recent years, due to
increasing agricultural and animal husbandry activities
(Table 1). Significant differences between the studied areas
can be attributed to different geological constitutions and
human activities (Table 2).
To sum up, groundwater in urban areas has been contaminated to varying degrees. Central municipal sewagetreatment systems exist in the big cities (Larissa, Trikala
and Karditsa). At other places, municipal wastewater is
generally collected into uncontrolled septic tanks, thus
contributing to groundwater contamination. In mountainous areas, the municipalities use the main fault zones and
karstic features as sites for their solid waste and
wastewater disposals. The deterioration of groundwater
quality is attributed to nitrate pollution, originating from
the excessive use of fertilizers in urban lowland, semimountainous and coastal areas, too. Consequently, the
findings of this study can be attributed to different geological constitution of the ground, different climatic
conditions among the areas during the study period, as
well as different human activities in every area [16 - 27].
Monitoring the quality of groundwater must be an ongoing process, so every change in pollutants should be
recognized at an early stage. As a result, appropriate actions could be taken by official authorities to avoid the expansion of pollution and protect public health [28].
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SUMMARY
The distribution of selected Polycyclic Aromatic Hydrocarbons (PAHs) in surface sediments and clams of marine coastal lagoons, called Ganzirri, located at the Sicilian
coast of the Messina’s strait, has been investigated by
GC/MS analysis with Selected Ion Monitoring (SIM) mode.
The lagoon is characterized by abundant organic detritus, deriving from aquagenic and anthropogenic inputs.
Anoxic/reduced conditions of sediments make them a preferential site for uptake and preservation of PAHs.
The investigations have been performed on the 16 PAHs
recommended by US-EPA as priority pollutants to be monitored in the framework of environmental quality control.
The sediment PAH concentrations ranged from 135 to
1650 µg/kg dry matrix. The total concentrations of PAHs
in clams ranged from 60 to 1427 µg/kg d.w. The relative
standard deviation (RSD) for all samples of the concentration replicates of individual compounds ranged from 10%
to 25%.
The resulting distributions and ratios of specific compounds have been discussed in terms of sampling location
and origin of contaminants. The results obtained show that
levels of contamination are not homogeneous throughout
the stations.
In the Ganzirri Lagoon, the bioavailability of hydrophobic organic compounds, such as PAHs, seems to be
mainly governed by chemical characteristics of the contaminants. Pyrolytic compounds (penta- and hexa-aromatics) are not readily available. In contrast, petroleum hydrocarbons (some tetra-aromatics) are accumulated by clams
to a great extent.

From an eco-toxicological point of view, the aquatic
ecosystem investigated appears to be moderately polluted.

KEYWORDS: PAHs, sediments, clams, bioaccumulation factor,
lagoon, Ganzirri.

INTRODUCTION
Methods used to quantify contaminants in marine environments involve the study of the pollutant levels in seawater, sediments and biota. The low levels of pollutants
in seawater create analytical sensibility and contamination
problems during sample collection and preparation. Several quantification methods involving the study of certain
marine organisms have already been developed [1-3]. It was
found that some of these organisms can accumulate, and
bioconcentrate seawater pollutants. The bivalves are wellknown concentrators of persistent chemical pollutants and
have been utilized in international programs for monitoring
contaminants, such as the International Mussel Watch [4].
In particular, these organisms do not biotransform organic
contaminants like PAHs, and for that reason the bivalves
often are used as biomonitoring tools to assess PAH bioavailability [5]. When an organism is exposed to organic
contaminants, the concentration of these compounds in its
tissue varies until it reaches a steady-state level. This apparent constant concentration results from a balance between uptake (from the water, the sediment, the diet) and
direct excretion [2]. In particular, the uptake of a contaminant is governed by its bioavailability, which, in the case
of PAHs, is related to their water solubility.
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The PAHs include molecules containing fused aromatic rings, and are of special concern because of their
widespread distribution throughout the environment and
their often toxic and carcinogenic properties [6, 7]. PAHs
are hydrophobic compounds, and this property is represented by the octanol-water partition coefficient (K OW).
Their bioavailability decreases as KOW and molecular weight
increase [2]. As a consequence of their hydrophobic nature, PAHs in aquatic environments rapidly tend to become associated with particulates. Sediment, therefore, represents the most important reservoir of PAHs in the marine environment [8]. In this paper, we report results on concentration levels and the distribution of PAHs in sediments
and various species of clams (Tapes decussatus, Cardium
edule and Chamelea gallina) of a marine coastal lagoon,
called Ganzirri, located at the Sicilian coast of Messina’s
strait. Due to its geographical position, and very nearness
to the town, and to economic traffic around, the Ganzirri
lagoon ecosystem is threatened by accidental and chronic
releases of PAHs. The Ganzirri Lake is devoted to clam
farming. Because of the environmental, tourist and economic interest, this lake was chosen for the biomonitoring
with clams. In fact, the most useful bioindicator organisms (mussels and oysters) do not occur along the Sicilian
coasts, so it has been necessary to look for other species
present in the coastal areas as possible sentinel organisms.
The determination of PAHs in bioaccumulator organisms
and sediments is of great importance to precise the origin
and fate of these widely spread compounds throughout the
environment. Knowing the level of hydrocarbons, several
indexes can be calculated [9, 10] and, therefore, the biogenic or anthropogenic origin of these hydrocarbons can

be established. In general, the two main sources of PAHs
in the environment are fossil fuels, mainly crude oil, and
the incomplete combustion of organic materials, such as
wood, coal and oil [11]. Under anaerobic conditions, some
PAHs can also be derived from biogenic precursors [12].
They are also formed naturally in forest fires and volcanic
eruptions. Anthropogenic activities are generally recognized to be the most important source of PAH release into
the environment. In the present study, investigations were
carried out concerning PAHs identified by the US-EPA as
required priority monitoring action within the framework
of environmental quality control [13]. Bioaccumulation
factors (BAFs) were calculated for the individual PAHs,
and discussed in terms of compound bioavailability to estimate the most probable route of contaminant uptake relative to the molecular weight of the compounds.
MATERIAL AND METHODS
Study site

Ganzirri Lake has an elongated form and its surface
is 338.400 square meters with an average depth of about
6.50 m (Fig. 1). It is connected to the sea by means of two
input/output canals, which are periodically open in order to
allow the seawater re-circulation. A third canal connects it
to the Faro Lake. The lagoon is characterized by abundant
organic detritus, deriving from aquagenic and anthropogenic
inputs. Anoxic/reduced conditions of sediments make them
a preferential site for uptake and preservation of PAHs.
Sediments were collected at 7 sampling sites (Fig. 1), and
clams were collected at 3 stations.

6

7
4
2
3
1

5

FIGURE 1 - Location of sampling sites.
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Sampling

A total of 7 sediment samples were collected employing a metallic box corer. About 1 kg aliquots of sediment
were placed in plastic bags.
The samples of clams (approx. 30 mussels with a shell
length of 3-5 cm) were taken 2005 during spring. Efforts
were made to obtain specimens of homogeneous size at
every station, but size differences may occur among the
stations.
The clam and sediment samples, wrapped in aluminum foils, were immediately refrigerated (4 °C), stored
avoiding exposure to light, and then rapidly transported to
the laboratory where they were frozen (-20 °C), less than
6 hours later, prior to analysis.
Preparation of sample

Tissues were prepared for analysis by manually removing limpet tissue from their shell. We homogenized the
tissues by lyophilization. This process consists of two major steps: freezing of a protein solution, and drying of the
frozen solid under vacuum. The drying step is further divided into two phases: primary and secondary drying. The
primary drying removes the frozen water, and the secondary
one removes the non-frozen ‘bound’ water [14].
	
  
Chemicals

All chemicals used were of analytical grade with high
purity. In particular, n-pentane and dichloromethane, from
Fluka, were 99.8% pure. Ethanol was of analytical grade,
from Scharlau Chemie S.A. (Barcelona-Spain). Acetone
(Envisolv for analysis of dioxins, furans and PCBs) from
Fluka was ≥ 99.8% pure. KOH for trace analysis from
Fluka, Standard PAH mixtures (EPA 610 PAH mix, lot
LA-96245) and perdeuterated internal standards (fortification solution B Lot N° LA-92479), and benzo(a)anthraxcene d12 were from Supelco.
Alumina (150 basic, type T, particle size 0.063-0.2 mm)
and silica (silica gel, particle size 0.063-0.2 mm; Merck,
Darmstadt, Germany) were washed with CH2Cl2 and activated for 14 h at 150 °C.
Extraction and clean-up of clams

Various techniques were tested in order to identify the
most efficient preparation and extraction procedure. Different recovery tests were carried out by using clam tissues not
containing polycyclic aromatic compounds. These “blank”
samples were obtained performing several extraction steps
in 48 hours on three samples. After the complete PAH extraction was obtained (checked by GC-MS analysis), a
known amount of PAH (EPA) standard mixture was added
to each “blank” sample. The test-samples obtained in this
way were extracted using two different methods. In particular, we have compared the extraction after saponification with 2 M ethanolic KOH, and the Soxhlet extraction
with a 1:1 mixture of dichloromethane/n-pentane.

The extraction tests, together with the total PAH concentrations, were calculated for the compounds investigated, and the relative mean deviations reported in Table 1.
The results showed that the Soxhlet method allowed us to
extract the highest PAH total amounts with a smaller standard deviation.
TABLE 1 - Extraction tests carried
out with a 16 compounds` mixture.
Extraction method
Soxhlet
After saponification (KOH 2M)

Total PAHs (µg/kg d.w.)
153 ± 63
52 ± 23

The sample was extracted in Soxhlet apparatus for 24 h
with dichloromethane:pentane/1:1. The extract was reduced
to a small volume using a rotary evaporator (T = 35±1 °C).
The purification of the extract was performed by liquid chromatography after dilution with dichloromethane/
pentane (35:65, v/v) on an alumina micro-column (1.4 g
of Al2O3, length ca 7 cm). The hydrocarbons were eluted
with 8 mL of dichloromethane/pentane (35:65, v/v). The
solution was taken up to dryness, diluted with 1 mL of pentane and then transferred to a silica micro-column (0.8 g
of SiO2). The stationary phase was saturated with pentane,
the alkanes were eluted with 2 mL of pentane, and the aromatic fraction was eluted with 5 mL of the C2H2Cl2/C5 mixture.
The last stage in the procedure involved drying of the
PAH solution under a weak nitrogen flow at room temperature. The dry residue was dissolved in 250 µL hexane
containing the following perdeuterated internal standards
(0.2 mg/L each): acenaphthene d10; phenanthrene d10,
chrysene d12 and perylene d12.
Treatment and extraction of sediment

About 5 g of sediment, after centrifugation for 10 min,
was treated with pre-cleaned (Soxhlet-extracted with dichloromethane for 24 h) anhydrous Na2SO4 (Carlo Erba).
Activated copper (200 mg) was added to the extraction
vessel to remove elemental sulphur. The copper (40 mesh,
99.5% purity, from Aldrich) was activated with 1N HCl,
and then washed with water, acetone and CH2Cl2. The PAH
extraction was performed in a Soxhlet apparatus as described by Giacalone et al. [8].
GC/MS analyses

PAHs were detected with a Shimadzu gas chromatograph-mass spectrometer (GC–MS mod. GC-17A quadrupole detector GCMS-QP5000), equipped with a capillary Equity-5 (30 m x 0.25 i.d., 0.5 µm) column from Supelco (Milano, Italy) and a splitless injector (0.61 min).
The carrier gas was He at a flow rate of 1.4 ml min–1. The
injector was heated to 280 °C; the column temperature was
60 °C for 2 min, then it was raised to 100 °C at 40.0 °C
min–1, to 200 °C at 10 °C min–1, to 325 °C at 30 °C min– 1
and kept for 8 min. The detector was heated at 250°C. The
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total runtime was about 35 min. The spectrometer was used
in Selected Ion Monitoring (SIM) mode.
Identification of the components of the standard mixture was carried out by comparing retention times for each
component in the mixture with those of pure components
analyzed under the same experimental conditions. Identification was confirmed by comparing the spectra of the
single components with those stored in the acquisition system library. The identification of PAHs in the solutions extracted from clams and sediments was carried out on the
basis of previously determined retention times and confirmed using mass spectra.
The PAH content in the sample was quantified relatively to the perdeuterated PAHs added to the dry residue.
The response factors for different compounds were measured by injecting a mixture containing standard compounds
at the same concentrations of perdeuterated PAHs used for
spiking the sample. The most abundant ion was used for
quantification, and two other ions were additionally used for
confirmation. The list of groups of PAHs formed, the perdeuterated standards employed, the quantification ion, and
the confirmation ion for each PAH are shown in Table 2.

The individual concentrations of PAHs in organisms
and sediments are given on a dry weight basis in Table 3.
TABLE 2 – List of PAHs analyzed, the perdeuterated
standards employed (underlined), the quantification ion
and confirmation ion for SIM GC-MS mode.
Chemical
Acenaphthylene
Acenaphthene
Fluorene
Acenaphthene d10
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Phenanthrene d10
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Chrysene d12
Perylene
Indeno(1,2,3-cd)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene
Perylene d12

Quantification ion Confirmation ion
152
76, 151
154
152, 76
166
164, 165
164
178
188, 89
178
188, 89
202
101, 200
202
101, 200
228
114, 226
188
228
114, 226
252
126, 250
252
126, 250
252
126, 250
240
252
126, 250
276
138, 277
278
139, 279
276
138, 277
264

TABLE 3 – Organism and sediment concentrations in µg/kg of dry matrix.
Sediment →

Chamelea →

Compounds
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyrene
Benzo(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Perylene
Indeno(1,2,3-cd)pyrene
Dibenzo(a,h)anthracene
Benzo(g,h,i)perylene

1
0.0
0.0
5.9
29.5
5.1
27.9
21.7
10.3
10.3
9.0
0.5
17.1
0.7
10.5
7.3
10.0

Total PAHsa

165.8 268.3 169.2 295.5 134.8 1204.8 1650.2

a

2
0.0
0.0
3.0
24.4
2.9
22.0
16.0
0.0
0.0
0.0
0.0
35.9
2.4
32.5
85.1
44.1

3
0.0
0.0
6.7
43.5
1.0
41.6
23.0
7.8
11.3
0.0
0.0
8.3
0.7
6.6
3.5
15.2

4
3.7
0.0
3.3
21.8
2.5
41.9
67.7
57.4
16.7
29.6
16.0
15.3
1.4
5.5
3.4
9.3

5
1.0
0.7
2.7
8.2
1.4
24.6
32.1
13.6
11.6
1.6
0.5
7.6
0.0
9.3
0.0
19.9

6
25.6
3.8
11.1
119.3
13.6
166.6
163.1
61.1
120.7
129.7
45.3
97.3
20.8
116.1
28.8
81.9

7
11.9
14.5
19.9
128.2
27.1
234.3
215.5
427.9
196.1
74.6
21.0
154.7
19.7
64.6
4.4
35.8

Gallina

Tapes→
1
0.9
10.6
13.9
28.2
2.5
27.8
27.2
14.8
13.5
0.0
0.0
3.1
2.3
1.8
0.5
3.2

2
1.0
7.8
20.9
41.0
4.8
178.3
162.7
16.8
18.1
0.0
0.0
4.8
13.7
0.0
0.0
0.0

3
Decussatus
2.5
4.4
8.8
35.8
3.5
78.8
836.5
2.8
12.2
0.0
0.0
0.0
9.1
0.0
0.0
0.0

150.3 469.9 944.4

Cardium→
1
2.5
8.5
8.4
23.8
2.7
28.1
30.6
10.2
13.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0

2
0.0
6.6
5.3
19.6
3.2
51.2
50.7
3.7
6.7
0.0
0.0
7.9
3.8
0.0
0.0
0.0

3
Edule
0.0
5.9
3.4
39.0
1.6
114.2
1220.6
12.0
17.1
0.0
0.0
7.4
5.6
0.0
0.0
0.0

127.9 158.7 1426.8

1
0.0
1.8
0.0
9.2
0.5
14.1
19.9
3.1
7.1
0.0
0.0
1.7
2.7
0.0
0.0
0.0

2
4.9
8.4
24.3
79.4
4.0
79.8
392.0
12.5
13.9
0.0
0.0
0.0
6.6
0.0
0.0
0.0

3
2.1
0.6
3.5
34.9
4.3
188.6
921.9
63.5
62.8
0.0
0.0
24.8
0.9
10.4
5.6
11.5

60.1 625.8 1335.4

Relative standard deviations range from 10% to 25%.

Water content analysis

Carbonate content

About 2 g of homogenized sample (clams or sediments) was dried at 105 °C for one night. The water content was determined by weight los, and utilized to correlate all the results with dry weight.

The carbonate content in the sediment was determined
by weight loss at 1000 °C for 6 hours.
RESULTS AND DISCUSSION

Organic Matter

To characterize chemical nature of sediment, total
organic matter was determined by ignition at 550 °C for
6 hours. The organic content was determined by weight
loss.

For the clams, the total concentration of the 16 compounds investigated, expressed as the sum of concentrations, ∑PAH, varies from 60 to 1427 µg/kg of dry sample.
The wide range of PAH concentrations found in the clams
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indicates heterogeneous levels of contamination. This can
be explained by considering the different characteristics of
the sampling sites.
The highest PAH concentrations have been measured
in station n° 3. The high concentrations of PAH recorded
at stations corresponding to sewer trunk line with water containing domestic organic matter, but also washing-out water from road, and petroleum products. The concentration
of carcinogenic PAHs in the samples of clams ranged from
1.5 to 44 µg/kg d.w., expressed as benzo(a)pyrene [15].
For the sediments, the total levels of the 16 PAHs investigated varied from 135 to 1650 µg/kg of dry weight
and, practically, showed spatial trends. This high variability is correlated to the different physical-chemical characteristics (Table 4) of collected sediments.
On the basis of literature data [16], two types of sediments can be characterized by water content (about 20%
for sands, and more than 40% for muds). Muddy sediments
are known to accumulate hydrophobic compounds to a much
greater extent than sandy ones. In our samples, water con-

tent ranged from 6.2 to 59%. The overall PAH concentration is lower in sand (samples n° 1-5), ranging from 135 to
295 µg/kg, than in mud (samples n°6, 7) with 1205-1650 µg/
kg. The lower absorption of PAHs by sandy sediments has
been already well-recognized, and the present results are
in good agreement with literature data [8].
TABLE 4 – Physical-chemical characteristics of sediments.
Sediment
1
2
3
4
5
6
7

Organic matter (%)
1.1
0.1
0.8
0.2
2.5
28.1
23.7

Carbonate (%)
1.4
0.5
1.4
1.2
2.1
0.4
3.4

H2O (%)
21.7
22.4
23.5
22.8
6.2
56
59

The different nature of the bottom of the lake is justified by letting in of terrigenous matter for clams` farming.
In fact, in the sampling sites, identical PAH distribution
(expressed as weight percentage) was not observed.

100%
80%
60%
40%
20%
0%
1

2

3

4

5

6

7

FIGURE 2 – Percentage distribution of Polycyclic Aromatic Hydrocarbons in sediments.

Clam bioaccumulation

Clams and sediments collected in different sites of
Ganzirri lake were analyzed for the 16 PAHs, and their bioaccumulation factors (BAFs) in the sediments determined.
The BAF factor is calculated as ratio of the organism concentration of a compound versus its sediment concentration, and this factor allows to estimate contaminant accumulation by organisms from the sediment. To allow comparison between the different stations, relative BAFs (BAF

against the sum of all BAFs × 100) were then calculated
for each station. The correlation between relative BAFs
and log KOW was studied. The BAFs were calculated for
the three clam species and showed analogous behavior.
They were found to be significantly negatively correlated
with log KOW, however, with a higher slope for station 3.
As example, Table 5 shows the correlation log KOW vs.
BAFs only for a clam species (Chamalea gallina).

1030

© by PSP Volume 15 – No 9a. 2006

Fresenius Environmental Bulletin

by the presence of PAHs over a wide range of molecular
weights, while petrogenic sources are dominated by the
lowest molecular weight PAHs.

TABLE 5 – Linear correlation between relative
bioaccumulation factors (BAFs) and log KOW values.
Chamelea gallina

1

2

3

Slope

-5.90

-9.52

-2.18

Correlation coefficient (r2)

0.27

0.38

0.41

As reported [2], this negative correlation between the
bioaccumulation factor values and the log KOW values indicates that the clams accumulate the bioavailable fraction
of the contaminants present in the water column, and the
PAH content of their tissue reflects the profile of pollution
they have been exposed to. In fact, the clams are filterfeeding organisms and mainly exposed to the soluble fraction of PAHs, the most water-soluble one. The higher molecular weight compounds seem to be accumulated in the
clams of all stations, particularly at station 3. There, the
tetra-aromatic PAHs represent 90%. These compounds are
present in great abundance in petroleum [17], and near S 3
there is a fuel and oil-containing sewer trunk line flowing
into the lake water.
Origins of contaminants

Some processes can generate polycyclic aromatic compounds. What makes it difficult to accurately identify
PAH origins, is the fact that there exist a number of possible sources and processes that analytes can undergo prior to
absorption in sediments and clams.
The molecular patterns generated by each source, however, are like fingerprints, which make it possible to hypothesize which processes generate PAHs by studying their
distribution in samples. Pyrolytic sources are characterized

The presence of low-molecular weight compounds is
typically from spill-associated hydrocarbons, while pyrogenic polycyclic aromatic hydrocarbons are generally characterized by the dominance of high-molecular PAHs [15].
If we group polycyclic aromatic compounds into different classes depending on the number of aromatic rings
present in their structure (Fig. 3), we observed that PAHs
with 4 rings, found in clam samples at the sites under investigation, constitute 60-90% of total PAHs.
However, a preferential accumulation of the more
water-soluble PAHs was observed. Thus, clams accumulated preferentially pyrene that is present in great abundance in petroleum. These evidences suggest that PAH
contamination in the clams might originate mainly from
pollution by petrogenic sources.
Furthermore, sources of PAH pollution in the aquatic
ecosystems under investigation were estimated by comparing the distribution indexes of some polycyclic aromatic
compounds with their concentration ratios. Supposing that
clams, likewise mussels, are characterized by low biotransformation capacities compared to vertebrates. PAH ratios
in marine sediments for marine invertebrates (clams), commonly phenanthrene/anthracene and fluoranthene/ pyrene
ratios, have commonly been used as means of the main
PAH origins [9, 10].
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FIGURE 3 – Contribution of 2,3,4,5 and 6 ring-compounds to total PAH content in clams.
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Phenanthrene and anthracene are both structural
isomers. In particular, phenanthrene is more thermodynamically stable than anthracene. Therefore, in petrogenic
PAH pollution the Phe/Ant ratio is very high, while high
temperatures during the combustion process favor the
formation of anthracene and a lowering of the Phe/Ant
ratio. Because of the differences in reactivity and solubility
of these two pairs of isomers, their respective ratios are not
expected to remain constant and cannot, therefore, provide
a picture of the progress of PAHs from their origins,
through environmental transport, to their uptake in marine

organisms. In particular, a ratio of Phe/Ant <10 and
Flu/Pyr >1 indicate a contamination due to pyrolytic origin.
The data (Table 6) suggest that PAHs in the clams are
mainly of petrogenic origin, while those in the sediments
are of pyrolytic origin (Fig. 4).
TABLE 6 - Summary of Phe/Ant and Flu/Pyr ratios for clams.
Isomeric Ratio
Flu/Pyr
Phe/Ant

Phenanthrene/Anthracene

50
45

1
0.88
12.4

2
0.77
11.4

3
0.13
14.3

3

40
35
30

Petrogenic Origin

25
20
15
10

4

5

6

5

Pyrolitic Origin

7

1

2

0
0

0,5

1

1,5

2

Fluoranthene/Pyrene

FIGURE 4 - Plot of ratio Phenanthrene/Anthracene vs. ratio Fluoranthene/Pyrene

However, there are some limitations in the use of only
a few ratios. The simultaneous consideration of various
molecular indices is thus necessary.
Additionally, it is reported in literature [10] that a chrysene/ benzo(a)anthracene ratio lower 1 indicates pyrolytic
sources, while larger ratios indicate petrogenic origins. The
ratios for all the sites investigated in this work ranged between 0.29 and 1.97.
The ratios reported in Table 7 confirm the pyrolytic
origins for all stations of sediments, except for the station
n° 3.
TABLE 7 - Summary of origins` ratios for sediments.
Isomeric
Ratio
Flu/Pyr
Phe/Ant
Chr/B(a)ant

1

2

3

4

5

6

7

1.29
5.9
1.00

1.38
8.5
-

1.81
43.5
1.45

0.62
8.6
0.29

0.77
6.0
0.86

1.02
8.8
1.97

1.09
4.7
0.46
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CONCLUSIONS
Our main remarks are as follows:
a) The analyses show that the characteristics of the Ganzirri lake bottom vary meaningfully, also for near
points. This is the consequence of anthropic activities
for clams` farming.
b) The present study made it possible to optimize extraction and analytical conditions for the determination
of PAHs in clams. Under these conditions, reproducibility is satisfactory (relative standard deviation = 1025%). The organism`s lyophilisation is indispensable
to have a good reproducibility.
c) The clams are good bioaccumulators for PAHs in
aquatic ecosystem. In fact, the clams are filter-feeding
organisms and they concentrate in their tissues the
compounds present in water, and, generally, the water contaminants` detection by direct analytical methods is difficult.
d) The PAHs bioaccumulation is not influenced by the
different clam species.
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e) The use of an Equity-5 column allowed complete
separation in a shorter space of time (about 30 min),
proven already in previous studies on PAHs [8, 18].

[10] Soclo, H.H., Garrigues, P. and Edwald, M. (2000) Origin of
Polycyclic Aromatic Hydrocarbons (PAHs) in Costal Marine
Sediments- Case Studies in Cotonou (Benin) and Aquitaine
(France) Areas. Mar. Poll. Bull., 40, 387-396.

f) The results reported here represent the first quantitative investigation of PAHs in clams of the Mediterranean area.

[11] Howsam, M. and Jones, K.C. (1998) Source of PAH in the
Environment. In: Springer, The Handbook of Environmental
Chemistry-PAH and Related Compound, vol.3-I, 137-174.

g) The greater presence of low-molecular weight PAHs
(4 rings) in all samples, and the Phe/Ant and Flu/Pyr
ratio values used as PAH distribution indexes demonstrate that most of the clam samples contain PAHs
predominantly from a single origin, i.e. a petroleum
product. Instead, the sediments are characterized by
pyrolitic origin.
h) Total PAH content in clam samples is not correlated
with that in sediments from the sampling place.

[12] Wakeman, S.G., Schaffner, C. and Giger, W. (1979) Perylene
in sediments from the Namibiam Shelf. Geochim and Cosmochim. Acta. 43, 1141-1144.
[13] Simoneit, B.R.T. (1998) Biomarker PAH in the Environment.
In: Springer, The Handbook of Environmental ChemistryPAH and Related Compound, vol.3-I, 175-222.
[14] Arakawa, T., Prestrelski, S.J., Kenney, W.C. and Carpenter,
J.F. (1993). Factors affecting short-term and long-term stabilities of proteins. Adv. Drug Deliv. Rev. 10, 1-28.
[15] Witt, G. (1998) Polycyclcic Aromatic Hydrocarbons in water
and sediments of the Baltic Sea. Mar. Poll. Bull., 36, 577586.
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SUMMARY

INTRODUCTION

The concentrations of 16 polycyclic aromatic hydrocarbons (Σ16PAHs) in 17 surface and 5 core samples collected from Santander Bay were analysed. The Σ16PAHs
concentrations in surface sediments exhibit high variability, with values ranging from 10 to 8404 mg/kg TOC and
mean value of 1419±2792 mg/kg TOC (n=17). The spatial
distribution of PAHs reflects different degrees of environmental deterioration across the Bay. The vertical distribution profiles of Σ16PAHs in core samples ranged from
values below detection limit to 1000 mg/kg TOC. Principal component analysis and molecular ratios including
RL/T= Σ6LPAHs/Σ16LPAHs, phenanthrene/anthracene, fluoranthene/pyrene and chrysene/benzo[a]anthracene were
used to evaluate the possible sources of PAHs. The obtained RL/T ratios from studied cores do not show any clear
trend with depth, but the average RL/T ratios from the cores
and surface sediments lead to the identification of two different zones in the Santander Bay: i) the Zone 1 with a RL/T =
0.074 ± 0.043, where the intensive industrial and combustion activities in the western edge of the Bay are an important source of high molecular PAHs; ii) the Zone 2 with
a value ofRL/T = 0.47 ± 0.22, indicating a petrogenic
source of PAHs contamination. An absence of a discernible trend in the studied isomer ratios with depth is observed.
These ratios reflect a main contribution of the pyrogenic
inputs of PAHs in the majority of the studied sediments
located in the proximity near the most industrialised
areas; some surface and core sediments show a mixed
pattern of pyrogenic and petrogenic inputs of PAHs.

KEYWORDS:
PAHs, molecular ratios, sediment, surface, core, Santander Bay.

Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants and have been shown to exhibit potentially harmful effects in the environment, showing some
individual PAHs dioxin-like toxicity [1]. PAHs entering
the aquatic environment become associated with sediments
depending on their physico-chemical properties. The determination of PAHs in sediments have been proven an
efficient tool to identify the environmental impact because
they can act as an indicator of the relationship between
natural and anthropogenic variables providing historical
records of contamination.
There are three major types of PAHs depending on
their genesis: petrogenic, biogenic and pyrogenic. PAHs
of petrogenic origin are related to crude oil and its refined
products. PAHs of biogenic origin are generated by biological processes or by diagenesis in marine sediments (e.g.
perylene). PAHs with four- to six-ring hydrocarbons are
generally of pyrogenic origin and generated by the combustion of fossil fuels. To estimate the pyrogenic or petrogenic
origin for the PAHs contamination on sediments, different
studies have demonstrated the usefulness of the ratio between low molecular weight PAHs (two and three-ring
PAHs) and high molecular weight PAHs (four, five and
six-ring PAHs) (L/H ratio) [2, 3]; in a previous research
of our group [4], the ratio between low molecular weight
PAHs (Σ6LPAHs) and total PAHs (Σ16PAHs) defined as
RL/T ratio has been used in order to distinguish the PAHs
origin. The ratio is based on the predominance of low molecular weight PAHs in the petrogenic sources of contamination (high RL/T ratio) and the predominance of high molecular weight PAHs in the pyrogenic sources of contamination (low RL/T ratio) [5, 6]. In addition, sources of PAHs
in sediments can also be assessed using isomer ratios.
Phen/Ant, Flu/Pyr and Chr/BaA ratios have been often used
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to differentiate PAHs of petrogenic origin (Phen/Ant>10,
Flu/Pyr<1 and Chr/BaA>2.5) from those of pyrogenic origin (Phen/ Ant <10, Flu/Pyr>1 and Chr/BaA<2.5) [7-11].
The aim of this paper is to determine the concentration
and discuss the possible sources of 16 PAHs in 17 surface
sediments and 5 core samples collected from Santander Bay
estuary and its tributaries in order to understand the environmental quality of the studied area. PAHs molecular
ratios and principal components analysis (PCA) were employed for data assessment.

MATERIAL AND METHODS
Sampling

Seventeen samples of surface sediments (top 2 mm
layer) were scrapped off with a plastic spatula during low
tide on May 2000 (Figure 1). Sediment cores (50 cm length)
were collected from five intertidal areas of the Bay on April
1997 (C2 and C9) and May 2000 (C1, C3 and C6). Two
cores were taken at each sampling site, using a PVC handcorer (12.5 cm diameter). Compaction during sampling was

considered to be negligible. Upon arrival in the laboratory
the cores were separated into two halves with a nylon wire
and sliced into 1 cm sections. All materials in contact with
the samples were previously washed with ultrapure water,
acetone and methylene chloride.
Analytical methods

Sediments were air dried in the dark, homogenised,
wet extracted in duplicate form and cleanup. Details of
the steps involved in the extraction, cleanup and analysis
of PAHs have been described in a previous work [4]. PAH
identification and quantification were performed by High
Performance Liquid Chromatography (HPLC) over the
extract fractions on a Hewlett Packard equipment HP1100, with an Alliance Separation Module 2690, and a
HP G1946A 1100 Series Mass Spectrophotometer Detector
(MSD), using a Vydac 201TP52 (25 cm x 2.1 mm, 5 µm)
column. Each sample was quantified for its content of
the following 16 PAHs; six Low Molecular Weight, two
and three rings aromatics, Σ6LPAHs: Naphthalene (Naph),
Acenaphthylene (Aceph), Acenaphthene (Ace), Fluorene
(Fl), Phenanthrene (Phen), Anthracene (Ant); and ten
High Molecular Weight four, five and six aromatic rings,

Surface sediments

Cores

FIGURE 1 - Geographic location of the Santander Bay, showing the
positions of the surface samples, short cores and main industrial activities.
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Σ10HPAHs: Fluoranthene (Flu), Pyrene (Pyr), Benzo(a)anthracene (BaA), Chrysene (Chr), Benzo(b)fluoranthene
(BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP),
Dibenzo(a,h)anthracene (DBA), Benzo(g,h,i)perylene (BgP)
and Indeno(1,2,3-cd)pyrene (Inp). The recovery data, using
external standard solutions, ranged between 90% and 110%.
Blank values (extraction, cleanup and analysis) remained
below the detection limit of the analytical procedure (0.01
mg/kg dry wt). Previous studies on surface sediments of the
area [12] established the relative standard deviation (RSD)
of PAH concentrations, coming from replicate injections
(RSD=3%), replicate extractions (RSD=11%), and replicate
sampling of a single site (RSD=30%).
Total organic carbon (TOC) of sediments was determined according to standard procedures in a Euroglass TOC
1200 equipment [4].
RESULTS AND DISCUSSION
Obtained results for surface and cored samples (n =
47) are given in Table 1 and PAHs results were studied
by means of Principal Component Analysis (PCA). Prior
to statistical analysis, concentrations below detection limit
were replaced by the half of each detection limit value.
Moreover, log–transformation was applied to normalize the
data, because contents of some isomers showed differences
up to 5 orders of magnitude.
The 90.1% of the total variance was explained by the
principal components PC1 (82.2%) and PC2 (7.9%), and
loadings for the individual PAHs in PC1 vs. PC2 plane are
shown in Figure 2a. The first component is represented by
highly correlated (r>0.85) Flu, Pyr, BaA, Chr, BbF, BkF,
BaP, DBA, Inp and Phen, reflecting the pyrogenic information of the analyzed PAHs. On the other hand, PC2
is mainly defined by Aceph and Ace, two low molecular weight PAHs that characterize a petrogenic
origin. Fluorene, Ant, Naph and BgP show an intermediate behaviour marked by moderate correlations with PC2
(r ~0.5) and stronger correlations (r = 0.6 to 0.8) with
HPAHs (four, five and six-ring PAHs). A similar distribution of HPAHs

and LPAHs (two and three-ring PAHs) in the R-mode ACP
graph has been documented by other authors [13, 14].
The projection of sample scores on the PC1PC2 factorial plane (Figure 2b) allows differentiating four sample
groups which agree well with the different levels of pollution found across the Santander Bay. Sample groupings 1,
2 and 3 show low PC2 scores with PC1 loadings changing
continuously from the negative-coordinate side to the positive side of the dimension. Group 1 represents samples
characterised by very low PAH contamination, recovered at
the NE side of the Bay. When the ratio between Σ6LPAHs
and total Σ16PAHs (RL/T) is calculated, these sediments
exhibit the highest values (Table 1), pointing out the low
contribution of combustion derived sources in this area. In
contrast, Group 3 is composed by surface samples from
the Boo estuary (Figure 1) that show the highest contribution of PAHs from pyrogenic origin. Between these two
clusters, the rest of the surface sediments and those from
C1, C3 and C6 form a heterogeneous group (group 2) reflecting also local sources of pyrogenic PAHs. Finally,
group 4 correspond to sediments from C2 that show comparatively high contents of petrogenic LPAHs, with mean
values of Aceph=0.24 mg/kg and Ace=0.09 mg/kg. In the
first 40 cm of the core concentrations of Aceph range from
0.11 to 0.68 mg/kg and concentration of Ace range from
0.05 to 0.17 mg/kg.
Figure 3 shows the spatial distribution of the RL/T ratio obtained from surface and core sediments in the present study. The obtained ratios from studied cores do not
show any clear trend with depth, but the average ratios
from the cores, together the ratios from surface sediment,
lead to the identification of two zones with a different average value of RL/T. The Zone 1 would include the surface
sediments from western area, San Salvador estuary and
Stations 5 and 6, together with the sediment cores C1, C2,
C3 and C6, with a value ofRL/T = 0.074 ± 0.043; the Zone 2
would include stations 7, 8 and Cubas estuary, together
with the C9 core with a value ofRL/T = 0.47 ± 0.22. The intensive industrial and combustion activities in the western
part of the Bay are an important source of high molecular
PAHs, which become associated with sediments of Zone 1.
The high contribution of the low molecular PAHs in Zone 2

TABLE 1 - Mean, standard deviation and range values of TOC, groups of PAHs
and studied PAHs molecular ratios in surface and core sediments from Santander Bay.
Surface sediments (n=17)

C1 Core. Raos (n=6)

C2 Core. Maliaño (n=6)

C3 Core. Astillero (n=6)

C6 Core. Elechas (n=6)

C9 Core. Pedreña (n=6)

M ± std dv

range

M ± std dv

range

M ± std dv

range

M ± std dv

range

M ± std dv

range

M ± std dv

range

TOC (%)
∑16PAHs (mg/kg TOC)

1.7±1.2
1419±2792

[0.1–4.1]
[10–8404]

1.9±0.4
275±126

[1.2–2.3]
[36–391]

2.0±1.0
521±439

[0.4–3.2]
[110–1000]

0.8±0.2
174±40

[0.6–1.0]
[117–226]

2.0±1.0
193±178

[1.1–3.4]
[82–549]

0.4±0.1
**

[0.2–0.4]

∑6PAHs (mg/kg dry weight)
∑10PAHs (mg/kg dry weight)
∑16PAHs (mg/kg dry weight)

3.17±8.35
45.8±99.3
49.0±106.9

[0.02–33.32]
[0.00–311.25]
[0.02–344.57]

0.23±0.17
5.35±2.54
5.58±2.63

[0.03–0.52]
[0.40–7.70]
[0.43–7.82]

1.00±1.04
8.01±9.00
9.01±10.01

[0.04–2.81]
[0.39–21.03]
[0.43–23.84]

0.12±0.05
1.29±0.47
1.41±0.50

[0.07–0.20]
[0.61–1.67]
[0.69–1.85]

0.20±0.15
3.54±3.18
3.74±3.24

[0.03–0.44]
[0.80–9.63]
[0.86–9.88]

0.01±0.01
0.01±0.01
0.02±0.01

[0.00–0.02]
[0.01–0.03]
[0.01–0.04]

R L/T
0.21±0.32
[0.02–1.01]
0.05±0.02
[0.02–0.08]
Phen/Ant
7.47±7.69
[1.28–23.99]
3.91±1.37
[3.00–6.33]
Flu/Pyr
1.58±0.70
[0.57–3.45]
2.75±0.91
[1.83–4.20]
Chr/BaA
1.09±0.42
[0.43–1.93]
0.31±0.16
[0.00–0.42]
M: arithmetic Mean; std dv: standard deviation; n: Number of samples.
PAH data: ** C9 data were not normalized due to very low TOC values. dl: detection limit.

0.14±0.05
1.59±1.55
1.36±1.40
2.14±1.34

[0.08–0.23]
[0.13–3.56]
[0.02–3.37]
[0.89–4.17]

0.09±0.03
<dl
7.39±14.57
0.78±0.47

[0.05–0.12]
[0.42–37.04]
[0.07–1.25]

0.07±0.04
4.83±2.02
1.06±0.97
0.40±0.25

[0.01–0.10]
[2.50–6.00]
[0.00–2.79]
[0.09–0.70]

0.38±0.1
2.17±1.76
0.53±0.06
2.0

[0.20–0.58]
[0.50–4.00]
[0.50–0.60]
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FIGURE 2 - Principal component analysis on log-transformed PAH data from Santander Bay sediments: (a) Plot of variables
in the factorial plane defined by principal components PC1 and PC2; (b) Sample loadings with indication of assigned groups.

S
urface

FIGURE 3 - Spatial distribution of the RL/T ratio from the surface and core sediments in the Santander Bay and tributary estuary.

leads to high RL/T values, indicating a petrogenic source
of PAHs contamination; petrogenic PAHs are mainly from
crude oil and refined products spills connected to petroleum transportation and shipping activities [15, 16]. Petroleum related input in Zone 2 might result from the intensive
commercial boating activity.
The possible sources of PAHs in sediments may be
assessed by the ratios of selected individual PAHs compounds. Nevertheless, the limits between the pyrogenic and

petrogenic processes are not precise and three indices have
been considered simultaneously in the present study to
provide a good estimate of the different PAH sources. The
triangular plots in Figure 4 shows the Phen/Ant, Pyr/Flu
and Chr/BaA detected ratios in surface samples (1, 2, 6,
Bo1, Bo2 and Bo3) and core samples (C1, C2 and C6), with
the shaded area indicating PAHs from pyrogenic origin. The
absence of a discernible trend in the studied isomer ratios
with depth is consistent with data from other sediment cores
[17, 18]. PAHs in surface samples, C1 and C6 core samples
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FIGURE 4 - Source diagnostic triangular plots of Phen/Ant, Cry/BaA and Pyr/Flu isomer ratios of
the surface and core sediment samples with the shading area indicating PAHs from pyrogenic origin.

are homogeneously characterized as contaminants from pyrogenic sources except the Bo3, 6 and C6-1 samples that are
characterised as a mixture of petrogenic and pyrogenic contamination. Sediments collected from C2 core show a mixed
pattern of pyrogenic and petrogenic contamination; this
behaviour may be result of PAHs co-contributions from
multiple sources. In this way, PAH observed behaviour is
similar to that described in other coastal areas of the world
where PAHs come from multiple sources [19, 20]. It is interesting to note that C2 core shows an average value of RL/T =
0.134 (Table 1), accounting the highest contribution of the
lowest molecular weight compounds Naph, Aceph and
Ace. In turn, surface sample 2, collected three years later
(May 2000) at the same sampling site yields a clearly lower
value of RL/T (0.023) and a lack of Naph, Aceph and Ace.
These PAHs are typical constituents of refined oil products and high concentrations have been detected in soils
and sediments contaminated by spillage of fuels [21-23].
Nevertheless, they are easily depleted by volatilization from
oil products, dissolution from sediments and microbial
degradation within a short period of time [24, 25]. Therefore, and considering that core C2 was retrieved in April
1997, a recent oil spill at that time and a subsequent depletion of LPAHs could explain the lower RL/T found in the
sample collected in May 2000.
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SUMMARY

selection, unprecedented in the history of evolution [1].
Antimicrobials have reduced the numbers of susceptible

The increased antibiotic use (for humans/animals, in
clinics and agriculture) leads to the propagation of resistant variants in microbial communities. This phenomenon has been verified for bacterial communities in water
and sediments of Tiber River. The heterotrophic aerobic
isolates were checked for resistance to ampicillin, chloramphenicol, streptomycin, sulfadimethoxine and tetracycline. From 1 to 5 resistances were found in more than
80% of isolates. Sulfadimethoxine and tetracycline were
ascertained to be the most and the least diffuse resistances,
respectively. Resistance incidence is independent from the
variation in total microbial count. Multiresistance was also
observed, and 5-antibiotic-resistant isolates were mainly
found in sedi-ments. The resistance pattern has been explained in term of use and persistence of the different
antimicrobials.

KEYWORDS: Antibiotic resistance, ampicillin, chloramphenicol,
streptomycin, sulfadimethoxine, tetracycline, Tiber River.

INTRODUCTION
Over the past 50 years, the treatment of bacterial infectious diseases with antimicrobial drugs, in both human
and veterinary clinic has completely changed the approach
to diseases, but also changed bacteria themselves. Before
of antimicrobial introduction, the large majority of bacteria were susceptible to these chemicals. But the large increase in their use, not only for humans, but also for animals, especially in agriculture, has delivered a widespread

strains, leading to the propagation of resistant variants,
which are going to be the prominent members of the microbial communities.
Several are the causes of this phenomenon. Antimicrobial drugs enter in the environmental compartments as waste
of human and veterinary use. In both clinics they are used
for therapeutic purposes, but in veterinary/agriculture also
the prophylactic apply is common [2-3]. The several uses
give raise to a widespread and differentiated waste disposal
(localized, in private use; dispersed, in hospitals and intensive animal farming), and to a different waste composition (complex or simple) exerting different selective pressures on the microbial communities. Although the antimicrobially contaminated wastes have different composition
and different ways of introduction in environmental compartments, antimicrobials affect all the environmental compartments [4].
As happens in the case of several other contaminants,
effects of antibiotics on biota can be acute or chronic, toxicity depending on drug amount, exposure time and kind of
exposure. But in the case of antimicrobials, also the specific effect on microorganisms must be taken into account.
Bacterial resistance is a natural regulatory factor of all microbial communities, but the increased use of antimicrobials causes a long-term wide and irreversible effect, i.e. the
modification of the microbial genetic pool, including the
increased incidence of resistant pathogens (animal/ human)
and the horizontal/vertical transmission of “resistance cassettes”.
The aim of this preliminary work was to determine the
seasonal variation of the resistant strains count in the
heterotrophic aerobic microbial community of the Tiber
River (downstream Rome). The resistance to 5 antibiotics
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(ampicillin, chloramphenicol, streptomycin, sulfadimethoxine and tetracycline) was evaluated, and strategies to
con-tain this dramatic phenomenon are discussed.
MATERIALS AND METHODS
From June 2004 to May 2005, at the same hour in
the late morning (11 a.m.), sampling of Tiber river sediments and water was performed at Mezzocammino (South
Rome), downstream a treatment plant, using a Petersen
drag 250 cm 3 at 5 m depth, and a 2.5 L Niskin bottle at
2.5 m depth. Samples, stored at 4 °C in the dark, were processed within six hours from sampling.
Water and sediment samples were plated in toto,
1/10, 1/100, 1/1000 diluted in sterile physiological solution (50 µl, 4 replicates), on Petri-dishes containing water
or sediment agar (poor media; by utilizing the soil extract
technique; [5]) and Zobel (rich medium) to determine the
total count after 24, 48 and 96 h. Individual colonies chosen on the basis of easily recognizable morphological differences (totally 706) were picked from both the employed
media, isolated to purity and plated on Muller Hinton agar
(MH) containing antibiotics at the resistancebreakpoint concentrations: ampicillin (AMP, 50 µg/ml), chloramphenicol
(CM, 30 µg/ml), streptomycin (STRP, 10 µg/ml), sulphadimetoxine (SDX, 200 µg/ml) and tetracycline (TET, 16 µg/
ml). Breakpoint concentrations are standard antibiotic concentrations known to discriminate between susceptible and
resistant strains. All isolates were investigated for Gram
staining.
RESULTS AND DISCUSSION
Total count

The total microbial counts (96h) are reported in Table 1.
Two media were utilized to detect both the oligo-(water/
sediment agar) and the mesotrophic (Zobel) components
of the microbial community. As a general rule, the Zobel

medium allows a better growth than water/sediment agar,
accounting for a prevalence of the mesotrophic component. Student's t-test was performed to check differences
between isolate growth on different media. Water agar vs
Zobel (water), sediment agar vs Zobel (sediment), water
agar vs sediment agar, Zobel (water) vs Zobel (sediment)
were checked. Statistically significant differences were
found only between water agar and sediment agar growth
analysed on all year round basis (Student’s t = 0.02, p>
0.05). The total sediment count is 10-fold higher than
water count on both media, and a seasonal variation was
observed. The highest total count was detected in autumn
for both water and sediment. These results can be easily explained with regard to environmental conditions: sediments
constitute a more rich and stable environment, and, at our
latitude, autumn is the most favourable season for the life
in the river, due to the contemporary high availability of
organic matter (low in winter), water and oxygen (both
low in summer), with a suitable temperature (high in summer and low in winter).
Resistance

All the isolates were checked for antibiotic susceptibility and Gram-staining: 19.68% of total isolates were susceptible to all antibiotics, while 80.32% were resistant,
from 1 to 5 antibiotics. Obviously, 82.24% of the resistant
bacteria gave negative results applying the Gram-staining
procedure, whereas 17.76% gave positive result. Among
the susceptible isolates, 70% was Gram-negative, and 30%
Gram-positive. The incidence of resistant strains is significantly high (χ2 test = 18.88; df = 1; p ≤ 0.001).
Different percentages of resistance were found in isolates (a total of 706), when grouped for resistance to each
antimicrobial (Table 2). The general order of decreasing incidence was sulfadimethoxine > ampicillin > streptomycin >
chloramphenicol > tetracycline.

TABLE 1 - Total bacterial count in water and sediment after
96 h as CFU (Colony Forming Units) on two culture media.
Water (cfu/g)
June 2004
November 2004
February 2005
May 2005

Water agar
5.95 x 104
1.11 x 105
5.15 x 104
5.95 x 104

Zobel
6.50 x 104
2.03 x 105
8.65 x 104
1.93 x 105

Sediment (cfu/g)
Sediment agar
Zobel
1.45 x 106
1.22 x 106
3.58 x 106
5.43 x 106
9.28 x 105
2.10 x 106
2.29 x 106
1.65 x 105

TABLE 2 - Incidence of resistance and Gram-negative
staining of the isolates grouped for resistance to each antimicrobial.

SDX (>200 µg/ml)
AMP (> 50 µg/ml)
STRP (>10 µg/ml)

Resistance (%)
68.55
53.97
39.80
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14.59
13.74

CM (>30 µg/ml)
TET (>16 µg/ml)

91.67
88.46
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FIGURE 1 - Seasonal incidence of resistant isolates in water.
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FIGURE 2 - Seasonal incidence of resistant isolates in sediment.

Seasonal variations in the resistance incidence were
also found when isolates were grouped for resistance to
each antimicrobial in both water (Fig. 1) and sediment
(Fig. 2). The highest count of resistant isolates was observed
in winter and summer for water and sediments, respectively, showing that (i) resistance incidence is not directly
related to the increase/decrease of the total microbial count,
and (ii) a different selective pressure acts to favour/disfavour resistant strains.
In water, SDX resistance is the most common from
summer to winter, AMP resistance is also common, while
in all seasons TET and CM resistance are the less represented. Even in sediment, although the higher count, SDX

resistance is the most common all the year round, followed
by AMP resistance, while TET and CM resistances are the
less represented ones.
Multiresistance

Multiresistance was found in the isolates. From 706 isolates considered, more than 5% was found to be resistant to
the 5 tested antibiotics, while more than 43% show, at least,
resistances to SDX and AMP, the most frequently associated ones (Table 3).
Isolates resistant to all five antimicrobials (5.0%) were
sampled mainly from sediments (4.2%), primarily in summer, and only 0.8% belonged to water samples.

TABLE 3 - Isolates from both water and sediment showing resistance against 5 to 2 antibiotics;
the more frequent association is reported even if all the other possible combinations were found.
Resistance to
5 antibiotics
4 antibiotics

N
36
50

% total
5.09
7.08
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135
308

19.12
43.63

AMP-SDX-STRP
AMP-SDX

CONCLUSIONS
REFERENCES
Both the water and sediment microbial communities
from the river Tiber seem to be mainly mesotrophic; total
counts are significantly higher in the sediment sample. Antibiotic resistance is widespread in the microbial heterotrophic aerobic community from water and sediment of the
river, downstream Rome. Sulfadimethoxine and ampicillin resistances are the most frequent, and chloramphenicol and tetracycline the less frequent ones. Multi-resistance
patterns were also observed.
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use and persistence of the different compounds. SDX and
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Resistance must be considered, not only from a clinical point of view, but also from an ecological perspective,
because gene transfer crosses species and genus barriers
and is maintained by selective pressures, i.e. the presence
of drugs in environmental compartments.
Reversal of resistance is a difficult task, and, at the
moment, there is no known active counter-selective force
to drive repopulation toward susceptible strains. But the
progressively higher concern among the failure of antimicrobial treatments against animal and human diseases must
address research and use of antimicrobials on different perspectives. The future use of antibiotics has to favour the
predominance of susceptible bacteria, to restore to antibiotics the role of “magic bullets”.
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SUMMARY

INTRODUCTION

This paper presents results of trace metal monitoring
in the coastal waters of the eastern Adriatic (Croatian
coast), during the 2001-2005 period, using the Mediterranean blue mussel (Mytilus galloprovincialis) as indicator
species. Levels of essential (Cu, Zn) and non-essential (Cd,
Cr, THg, Pb) metals were determined in a whole soft tissue
of mussels collected from 20 locations along the eastern
Adriatic coast. Examination of the spatial pattern of contaminants revealed two types of metal distribution. Lead,
chromium, copper, zinc and total mercury were significantly elevated in the urban and industrial areas. Concentrations of Cr and Cd were more uniformly distributed
across all sites. Elevated concentrations of Cd were also
found in mussels from rural areas located far away from
known anthropogenic sources of contamination. Although
elevated concentrations of all trace metals were recorded
in the areas with high input of industrial, harbor and urban
wastes, the obtained data provide no proof of the significant pollution along the eastern Adriatic coast. Analysis
of temporal trends showed that metal concentrations had
not changed with time during the monitoring period. With
few exceptions, 98% of values were well below the permissible limits for fresh seafood.

KEYWORDS:
Adriatic Sea, biomonitoring, heavy metals, mussels, trends.

Monitoring of the coastal environment is needed to protect both human health and living marine resources [1].
Trace metals are one of the most serious pollutants of the
marine ecosystem. Estuaries and coastal zones, particularly
areas near large urban and industrial centers, are of most
concern as they are exposed to the largest concentrations
of these contaminants. Coastal monitoring programs are
valuable tools for assessing the current state of coastal environments, for determining trends in contaminants over space
and time, and for identifying potential sources of contamination to prevent future problems.
During the last 20 years, mussels of the genus Mytilus
have been successfully used as indicators of heavy metal
contamination in coastal areas [2-4], since they meet most
of the required criteria for biomonitor species [1, 3]. Most
of all, they are able to concentrate trace metals from surrounding water, providing a time-integrated indication of
metal contamination [3].
In 2000, biomonitoring activities were initiated in
Croatia, with the intention to assess the influence of human activities on the quality of coastal areas. This paper
presents the results of the monitoring of heavy metal contamination in the Croatian coastal area using the Mediterranean blue mussel (Mytilus galloprovincialis) as indicator species, in the period from 2001 to 2005. The main
objective of this work was to investigate spatial variations
of biologically available heavy metals and, from the data
collected, to determine baseline conditions and evaluate
anthropogenic influence in the coastal waters of the eastern Adriatic. In addition, the collected data were analyzed
to detect possible temporal trends in trace metal concentrations during a 5-years period.
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MATERIALS AND METHODS
Samples of mussels for heavy metal analysis were
collected at 20 locations along the eastern Adriatic coast
(Figure 1), from natural mussel populations. Based on the
knowledge about the main human activities and possible
sources of contamination with trace metals along the Croatian coast [5], some of the sampling sites were intention-

ally selected near small-scale patches of contamination (‘hot
spots’), while other sites were selected to be more representative of large areas. Location of station 12, situated
near the historic source of contamination with inorganic
mercury [10-12], was changed in 2003 in order to be more
representative of the real conditions in the surrounding
area. Mussels were collected in the pre-spawning period
(from February to end of March) to avoid the influence of

2
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FIGURE 1 - Mussel-watch project on the eastern Adriatic coast.
(a) map of the Adriatic; (b) geographical locations of sampling sites (1-16); (c) sampling sites (17-20) in the Mali Ston Bay.
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the condition index on trace metal concentrations in tissues. At each site, individuals of similar shell-length were
collected, scrubbed with a brush to remove adhering detritus, washed with seawater, and transported to the laboratory, where they were dissected according to Bernhard [6].
The length and wet weight of each specimen was determined. Also, the whole soft tissue and the shells were
weighted. After dissection, composite samples of mussel
tissue were freeze-dried and homogenized. Water content
in soft tissues varied between 80.22 and 91.49%. Samples
(approx. 0.2 g of homogenized tissue) were digested in
Teflon vessels on the hot plate using HNO3 (65%, Merck,
suprapure). The analyses of Cd, Cr and Pb were performed
using Graphite Furnace Atomic Absorption Spectrometry
(GF-AAS) on an Analyst 800 (Perkin-Elmer) instrument
with Zeeman background correction. Zinc and copper concentrations were determined using Flame Atomic Absorption Spectrometry (F-AAS) on the same instrument. Total
mercury concentrations were measured using cold vapor
atomic absorption spectrometry (CV-AAS) on a Perkin
Elmer Flow Injection Mercury System (FIMS-100). The
accuracy of the applied analytical procedure for the determination of trace elements in mussels was tested using
SRM 2976 (mussel homogenate) certified reference material. The obtained results showed good compliance with the
referred ones. All results are reported on a dry weight basis.
The regression analysis was used to examine metal-metal
correlations in tissues. Tissue concentrations were analysed
for temporal trends using two different methods: the nonparametric Spearmans rank test for site-by-site analysis of
metal vs. year correlations [7], and examination of national
trends based on means of all data on annual basis [8]. In all
cases, the level of significance was set at P<0.05. Principal component analysis (PCA) was used to investigate
spatial pattern of contaminants. Both PCA and trend analysis were performed on logarithmically transformed data.

RESULTS AND DISCUSSION
As expected, there was a large range in metal concentrations among 20 locations (Figure 2). Concentrations of
THg in mussels collected during 5-years monitoring
period varied from 0.04 to 8.58 mg kg-1 d.wt. However, at
19 of 20 stations, concentrations in mussels were lower
than 0.55 mg kg-1 d.wt. As an exception, total mercury
concentrations at station 12 were consistently higher (16
to 200 times) in comparison to the other stations. Although
a wide range of concentrations was observed for lead (0.2815.06 mg kg-1 d.wt.), copper (3.1-60.3 mg kg-1 d.wt.) and
zinc (44-387 mg kg-1 d.wt.), most of the values were lower
than 5 mg kg-1 d.wt., 20 mg kg-1 d.wt., and 200 mg kg-1
d.wt., respectively. With some exceptions, values for cadmium (0.19-1.97 mg kg-1 d.wt.), chromium (0.33-5.35 mg
kg-1 d.wt.) and total mercury did not differ significantly
from those found at the stations 17-20 in the Mali Ston
Bay (Figure 2), which are located away from known anthropogenic sources of contamination with these metals.

Examination of the spatial patterns of contaminants
using principal component analysis [9] revealed two types
of metal distribution (Figure 3). The PC analysis showed
that the first two axes explained little more than 61% of
the variance, indicating that these axes should be useful
for examining the major differences between distributions.
Factor loadings and the bi-plot (Figure 3) showed that the
concentrations of Pb, Cu, Zn and total Hg were positively
associated with the first axes, although a result for HgT was
not statistically significant. At first sight, it may seem that
the spatial distribution of mercury is different from that of
other metals in this group (Figure 2). This is due to extremely high concentrations of mercury recorded at station 12, which is known to be heavily contaminated with
inorganic mercury from the historic anthropogenic source
(ex chlor-alkali plant) [10-12]. When this extreme value is
put aside, it becomes clearly visible that spatial distribution of Hg in mussels at the remaining stations is very
similar to other metals in this group. Generally, distributions of Cu, Pb, HgT and Zn are characterized with elevated values in the areas with high input of industrial and
urban wastes, and/or in the harbor areas (stations 3, 5, 13,
16) (Figure 2). The only important difference between distributions of Cu and other metals in this group is the elevated Cu level at station 14, which is also located in the
harbor area. This is mainly owing to the extreme value recorded in 2004. We also found significant positive correlations between pairs (Cu-Pb, HgT-Pb, HgT-Zn and PbZn) of most of the metals from this group in the soft tissue of mussels (Table 1), which indicates that the spatial
distributions of these pairs are regulated by similar input
and removal processes. Out of 6 analyzed metals, zinc
had the lowest ratio between maximum and minimum
values (max./min.=8). With some exceptions, similar observations were reported for Mytilus species on a worldwide scale [13-15]. This can be explained by the existence
of certain regulation capability of mussels for this essential element, and the inherent dietary need that mussels
have for some metals [3, 16].
The anthropogenic origin of Cu, Pb, HgT and Zn in
urban and industrial areas is confirmed also by data obtained on their content in surface sediments from the same
localities [17, 18].
Cadmium and chromium were separated from the other
metals by the second principal component (Figure 3). Probably, Cd and Cr were combined in this group owing to
the fact that their concentrations in the northern part of the
Croatian coast (stations 3 and 5) were not so markedly
higher in comparison to the other stations. Also, elevated
levels of Cr and Cd were recorded at station 14, located in
the harbor area, which was not the case with Pb, Zn and
HgT. It should be pointed out that elevated concentrations
of Cd were also found in the mussels from the areas with
no known point sources of contamination (stations 1, 1720). Previous studies in the areas of the Lim Channel [14,
19] and Mali Ston Bay [20] showed that this is not due to
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FIGURE 2 - Mean concentrations (mg kg-1 dry weight) of Cd, Cr, Cu, HgT, Pb and Zn in whole soft tissue of mussels collected
at 20 sites along the Croatian coast between 2000 and 2005. Dots represent mean values; lower and upper box edges represent
mean±1 SD; outlying bars are minimum and maximum values; full horizontal line represents overall mean for 5-years period;
dashed horizontal lines represent mean±1 SD during 5-years period.
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TABLE 1 - Linear correlation coefficients
between trace metals in whole mussel tissue (n=98).
N= 98

Cd

Cd
Cr
Cu
HgT
Pb

Cr
0.17

Cu

HgT

0.02
0.34

Pb

-0.05
-0.06
0.09

Zn

0.03
0.16
0.58
0.41

0.20
0.18
0.27
0.37
0.67

ranges for Cd, Cr, Pb, Zn and HgT (except station 12)
found by our national program during 2001-2005 are not
too high. In fact, they fall in the range of values usually
found in low to moderately contaminated marine coastal
areas. Copper concentrations are somewhat higher, being
more in the range of values reported for estuaries.

1,0

Cd

* bolded coefficients are statistically significant at p < 0.05

0,8

the pollution, but rather to natural weathering in upland
areas, natural processes of sedimentation, and supply by
rivers and submarine springs.

Cr

Factor 2

0,6

The necessary part of trace metal pollution monitoring
in marine environment using mussels is deciding whether or
not the environment is really polluted with the biologically
available forms of metals. Generally, metals which were
commonly found to be significantly enriched in mussels
from urban areas, were lead, chromium and copper, followed by zinc and mercury. These metals have variety of
point and diffuse sources in urban environments, and may
be good indicators of increased effects of urbanization,
even where there are no other clear point sources [21]. A
more detailed comparison of data obtained in this work
(Figure 2) with previously published values for Mediterranean and Europe (Table 2) showed that concentration

0,4

Zn

0,2

Pb
Cu

0,0

Hg
-0,2

-0,4
-0,2

0,0

0,2

0,4

0,6

0,8

1,0

Factor 1
FIGURE 3 - Results of Principal Component Analysis: plot of factor loadings.

TABLE 2 - Overview of trace metal concentrations in the whole soft tissue of Mytilus species collected in European coastal waters;
REF-reference, SP-species. All the values are expressed in mg kg-1 d.wt. If necessary, values originally expressed on wet weight were
recalculated to dry weight by multiplying the original values with average conversion factor = 6.
AREA
Gdansk Bay, Poland
Orwell river estuary, England
Stour river estuary, England
The Bay of Piran, N Adriatic
Portugal, southern coast
NW Mediterranean

REF
[22]
[4]
[4]
[23]
[24]
[25]

SP
MT
ME
ME
MG
MG
MG

Cd
2.9-8.3
1.4-2.9
1.0-2.1
0.6-0.9
1.2-3.8
0.4-5.9

Mediterranean

[26]

MG

Irish sea
England, NE coast
Central North Sea
Kaštela Bay, Adriatic,
near the outlet
Kaštela Bay, Adriatic,
1 km away from the outlet
Lim channel, Croatia
Eastern Adriatic coast
Krka river estuary, Adriatic
Eastern Adriatic coast
French coast
Kaštela Bay, Adriatic
Krka river estuary, Adriatic
Thermaikos gulf, Greece
Eastern Adriatic coast
MT–Mytilus trossulus
ME– Mytilus edulis
MG– Mytilus galloprovincialis

[27]
[28]
[29]

2.7-117

ME
ME
ME

5.1
1.1-2.8
0.8-5.4

9.1
9.8-39.1
1.3-3.8

[30]

MG

0.7-1.1

8.1-11.7

16-33

12.7-27.1

[30]

MG

0.4-0.5

2.6-4.1

93-105

1.08-2.52

MG
MG
MG
MG
MG
MG
MG
MG
MG

1
0.7-1.7
0.8-2.3
0.2-1.6

11.5
4.2-17.7
4.6-7.7
4.2-20

149
109-189
124-269
58-170

[31]
[14]
[32]
[33]
[34]
[11]
[35]
[36]
This work

Pb
7.6-36
0.8-5.9
4.8-8.3

1.37
1.2-8.3
0.5-4.1
0.5-2.2

Cu
8.2-14.6
9.3-21.4
1.9-11.2
6.5-7.6
4.3-7.2
2.4-154
0.4-36
(6-9.1)
9.6
17.3-30
5.2-9.2

Cr

0.5-28.8

2.8-4.7

0.9-2.6

Zn
77-276
160-239
71-153
102-108
165-545
97-644
19-586
(84-240)
91
114-368
91-143

Hg
0.29-0.65
0.24-0.45
0.08-0.1
0.18-0.96

0.12-0.45

0.08-0.20

0.04-0.49
0.3-79.7
0.07-0.35
0.74-1.37
0.2-2.0

0.6-2.7
0.9-15.1
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4.1-6.9
3.1-60

0.9-9.3
0.3-5.4

50-115
44-387

0.04-8.58
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As an exception, concentrations of total mercury at
station 12 (0.57-8.58 mg kg-1 d.wt.) are significantly higher
than those found in uncontaminated areas, and more consistent with the values found in the areas with the history
of the contamination with mercury from different industrial sources [37, 38]. Fortunately, the obtained values at
station 12 are significantly lower in comparison to the
period be-fore the chlor-alkali plant was closed, when
mussels in the vicinity of the plant effluent contained up to
100 mg kg-1 d.wt. [10, 11, 39].
It should be pointed out that the obtained values in
this work were in many cases nearly the same as those
found in mussels from Croatian rural areas (such as shellfish breeding farms; stations 1 and 17-20), which are located
far away from known anthropogenic sources of contamination (Figure 2). This means that, with some exceptions,
there was considerable overlap of concentrations between
rural sites and hot spots for most trace elements. In other
words, it was very difficult for us to identify statistically
what could be called baseline or natural levels, and what
could be attributed entirely to human activity.
One of the aims of this project was to detect sitespecific temporal trends of trace metals at hot spots and
coastal areas [40]. Having in mind that trend is a statistically significant correlation between contaminant concentration and year, two different statistical tests were performed. The results of the site-by-site analysis of correlations between metal concentration and year [7] showed
that there were no significant trends. Among 120 combinations of 6 metals at 20 sites at the chosen level of significance, 98% of coefficients were almost equal zero. Correlation coefficients higher than 0.10 and lower than 0.33
were recorded in 7 cases (5 increases and 2 decreases).
However, none of these 7 correlations were significant, and

could have resulted from random sequences of concentration results rather than actual trends. Just for illustration,
the positive trend of Hg at station 12 (r=0.334) was not
caused by changes in input of this toxic element. Rather,
it was due to change in location of this station in 2003,
which was dislocated closer to the historic source of contamination with inorganic mercury [41]. Another examination of national trend was based on the means of all data
on annual basis (Table 3). Results of such trend analysis,
which was performed as suggested by Nicholson et al. [8]
and MED POL [40], has also shown that there are no significant increasing or decreasing trends. Given variations
in natural sources of metals and natural factors affecting
their accumulation in mussels, and given small number of
years, the results of both trend analyses were probably to be
expected.
The main intent of the mussel watch projects is to
monitor status and trends of coastal contamination, regardless of whether trace metal concentrations represent a hazard to marine biota or human consumers of seafood. Nevertheless, there is natural interest in their hazard potential.
Similar to many other Mediterranean countries, Croatian
law defines legal limits on the permissible concentrations
for only a few metals and metaloids in fresh seafood,
mainly the most toxic ones (Table 4) [42]. For those elements regulated by law, we found out that more than 99%
of the values, when expressed on wet weight basis, were
lower than the MPL for trace metal content in fresh shellfish (Table 4). Among the 280 mussel samples analyzed
during 2001-2005, only 1% of the values, such as total
mercury concentrations at station 12 and lead concentrations at stations 3 and 5, were higher than the legal limits
defined by law.

TABLE 3 - Results of the trend analysis of metal concentrations based on means of all data on annual basis for the period 2001-2005 [8].
Metal

Variance
Ψ

Coefficient of correlation
b

Signal-to-noise ratio
│b│/ Ψ

Trend significance

Cd
Cr
Cu
Hg
Pb
Zn

0.170
0.245
0.444
0.662
0.715
0.157

0.102
0.097
- 0.053
0.046
0.088
0.083

0.599
0.395
0.118
0.069
0.123
0.335

ns
ns
ns
ns
ns
ns

ns-not significant

TABLE 4 - Preview of the Maximum Permissible Levels (MPLs) of metals
and non-metals (mg kg-1 w.wt.) in the fresh shellfish in Croatia [42].
Metal

Pb

Cd

Hg

MeHg

As

Cu

Zn

Sn

Fe

Ni

MPL

1

1

1

0.8

8

NLL

NLL

NLL

NLL

NLL

NLL-no legal limit
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CONCLUSION
Comparison of data with previously published values
for the Mediterranean showed that our values fall in the
range of values usually found in low to moderately polluted areas of the Mediterranean. Generally, elevated concentrations of all trace metals were recorded in the areas
with high input of industrial, harbor and urban wastes.
Elevated concentrations of Cd were also found in mussels
from rural areas located far away from known anthropogenic sources of contamination. However, the obtained
data provide no proof of the significant pollution of the
eastern Adriatic coast.
Analysis of temporal trends revealed that metal concentrations had not changed with time during the monitoring period of 5 years.
More than 98% of the values obtained in the edible tissue of mussels, when expressed on wet weight basis, were
lower than the maximum permissible levels (MPL) prescribed by Croatian legislative provisions for trace metal
content in fresh shellfish.
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SUMMARY
The present research paper is based on a study elaborated in the Laboratory of Environmental Chemistry. The
purpose of this study was to gather information and compare the present state in the most important marinas on the
coast of Attiki concerning: a) metal pollution and b) provided services and to recommend practices for combination of good environmental quality and economic sustainability of the marinas.
The marinas studied were: Zea, Mikrolimano, Alimos,
four marinas of Glyfada, Voula, Vouliagmeni and Olympic
Marine in Lavrion. The research was divided in two parts.
The first part was the determination of trace metal pollution in these systems. The main trace metals (Pb, Zn, Cu,
Cd, Ni, Mn, Fe) were determined in the dissolved and particulate phase and also in sediment samples (Pb, Zn, Cu,
Cd, Ni, Mn, Fe, Al). The second part examined the operation of the marinas in connection to the provided services.
In order to accomplish this, questionnaires were created
and distributed to users of the marinas. Furthermore another type of questionnaire was distributed to the managers or personnel of the marina.

The first marinas in Greece were established in the
1960’s under the auspices of the Greek National Tourism
Organisation. Until 1993 there were 12 marinas operating
in the main coastal cities of Greece. Since then more marinas have been completed. The number of marinas today is
52 and the total number of mooring berths is 14916. At the
same time the Greek state supports the shift of ownership
or management of marinas from the public to the private
sector, in order to achieve better results in their operation
[2, 3].
The operation of marinas has been reported to cause
environmental problems such as: low concentrations of
dissolved oxygen, high concentrations of heavy metals and
petroleum hydrocarbons in seawater, increased levels of
pollutants in sediments and marine organisms. There are
also increased levels of coliforms, perturbation of sediments
and ecosystems and finally erosion of the coastline [2-10].
Saronikos gulf, where most of the studied marinas are
situated, has received a lot of attention from an environmental point of view since a wide variety of polluting sources
are located in the general area of the gulf [11].
Since 1992, The Hellenic Society for the Preservation
of Nature is co-ordinating the Blue Flags Programme for
Greek coasts and marinas. It should be noted that for the
year 2004 the number of Greek coasts that were rewarded
with a Blue Flag was 378 while the number of marinas
only 7, one of them on the coast of Attiki [12].

KEYWORDS:
marinas, Saronikos, Attiki, metals, questionnaires, management.

INTRODUCTION
A marina (touristic port of entertaining vessels) is the
terrestrial and marine space, which is mainly meant to serve
entertaining vessels for anchoring or long duration or transient terrestrial deposit or service of the passing vessels [1].

For the Greek marinas there is available information
about the provided services, operation characteristics and
statistics from the management authorities, websites and
from the National Statistical Service of Greece. Such information depicts the potential of the marinas, sometimes
beautified for the sake of business. On the contrary there
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are very few studies about the environmental characteristics of the marinas (pollution measurements, water renewal
rates etc.), which are also not widely available to the general public [13, 14].

samples were taken in September 2003 and February 2004.
The sediment samples were received in September 2003
with a grab sampler at the central stations of the marinas.

Therefore the aim of the present study was on the one
hand to explore the metal pollution in the marinas and on
the other hand, with the use of questionnaires, to give an
idea about the marinas’ true operation and actual problems using the opinions and practises of the users and managers.
MATERIALS AND METHODS
The marinas included in the present study are located
at [15]:
1) Zea – Piraeus, with 670 mooring berths under K&G
Med. Marinas Management.
2) Mikrolimano – Piraeus, with 100 mooring berths, it
is considered to be a small port and it is under the
management of the Port Authority of Piraeus in collaboration with maritime clubs of the area.
3) Alimos, with 1000 mooring berths, under the management of Tourism Development Co (a company
under the control of the Greek Ministry for Development).
4) Glyfada, (4 sub-marinas) with 810 mooring berths
under the management of the municipal authorities
of Glyfada -mooring berths per sub-marina 180-100280-250.
5) Voula has very few mooring berths; it is managed by
the maritime club of Voula and is mainly used for
athletic purposes by the members of this club.
6) Vouliagmeni, with 115 mooring berths under the management of Tourism Development Co (same as 3).
7) Lavrion Olympic Marine, with 685 mooring berths
is the newest of the marinas of Attiki and it is privately owned and managed by the company Olympic
Marine.
Figure 1 is a map of the eastern part of Saronikos gulf
and the coastline of Attiki where the marinas of the present study are situated.
The study was divided in two sections, the chemicalenvironmental section and the managerial section. For the
chemical-environmental section measurements of physicochemical parameters (Temperature, pH, Salinity, Dissolved
oxygen) and trace metals (in seawater - suspended matter,
sediments) were carried out. Two seawater samplings were
performed with acid cleaned polyethylene bottles. There
were two sampling points in each marina, a central station
inside and a station outside of the marina. The seawater

FIGURE 1 - Map of the study area.

The seawater samples were successively filtered in
the laboratory through 8 µm and 0.45 µm Millipore filters.
The filters with pore size 0.45 µm are widely used for the
separation of dissolved and particulate metals. Furthermore
the particles with diameter over 8µm (the maximum commercially available Millipore cellulose filters) present high
settling rate and do not remain in suspension for a long time.
In particular the settling velocities of silt particles (10µm)
and clay particles (1µm) are 0.025 cm×s-1 and 0.00025 cm×
s-1, respectively [16, 17].
The filtrates were passed through a resin Chelex 100
for the pre-concentration and subsequent elution of trace
metals [18-20]. The filters were digested on a hot plate
using screw-capped Teflon beakers with conc. nitric acid
overnight at 85 °C [17]. The eluents from the pre-concentration of dissolved metals and the digests of the particles
were analysed with Flame and Graphite furnace AAS (Varian 200 FAAS and Varian 640 Z-GTA 100 GFAAS). The
sediment samples were wet sieved with a nylon net (openings 63 µm), air-dried and sub-sampled for the determination of non-lattice held and total metal content. For the determination of non-lattice held metals the sediment samples were extracted with hydrochloric acid 0.5 N in room
temperature. For the determination of total metals the sediment samples were digested on a hot plate in screw-capped
Teflon beakers with mixtures of concentrated acids (HClO4,
HF, HNO3) [17]. The extracts and digests were analysed
with FAAS and GFAAS (for Cd). The sediment reference
material IAEA-433 was also digested for total metal con-
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tent along with the sediment samples. The recoveries for
the studied metals are shown in Table 1.

areas without major freshwater inflow and corresponding
to the sampling seasons.

TABLE 1 - Recoveries of trace metals from
the sediment reference material IAEA-433.

TABLE 2 - Physicochemical parameters.

Metal
Cd
Cu
Fe
Mn
Ni
Pb
Zn

Parameter
Temperature (° C)
pH
Salinity (o/oo)
Dissolved oxygen (mg/L)
Dissolved oxygen saturation (%)

Recovery (%)
86
95
95
78
97
95
113

September 2003
23.5-25.4
8.04-8.31
34.1-37.9
4.9-8.9
72-100

February 2004
12.4-13.9
7.95-8.16
37.1-38.0
4.8-8.7
58-100

B. Trace metals in seawater and sediments

The managerial section of the study was elaborated by
the compilation of two types of questionnaires, one for the
managers and one for users of the marinas. The questionnaires were subsequently distributed in the marinas of the
study. The users that answered the questionnaires were
about 100. The questions for the managers included: 1) general information (mooring berths, vacancies, ownershipmanagement, expansion prospects, environmental information), 2) information about the docking services (launching and hauling of vessels, winter docking, refuelling,
water/ electricity supply), 3) information about the management and security services (liquid and solid waste management), 4) information about the quality of the marina
(water quality monitoring, visual pollution, dredging, presence of marine plants), 5) information about repair services, 6) tourist information/facilities- environmental
education/ behaviour [15].
The questions for the users, in summary, were the following:
1) Type and length of vessel. 2) Degree of satisfaction
by: docking potential, parking spaces, water-electricity
supplies, management services (management office, customs service, port authority), security, garbage disposal,
repair services, tourist and other services (restaurant, sanitary facilities, pharmacy, infirmary, bank, the marina in general, Greek marinas. 3) Environmental (degree of pollution
of the marina-subjective opinion, modes of management
for liquid, oil, petroleum and solid wastes, types of paints
used on the boats, visual pollution in the marina and its
causes) [15].

RESULTS AND DISCUSSION
A. Physicochemical Parameters

The ranges of the physicoshemical parameters are
given in Table 2 for the two samplings. The dissolved oxygen levels were normal for relatively shallow coastal environments. In a few cases the seawater was unsaturated in
dissolved oxygen due to slow water renewal. The lowest
concentrations of dissolved oxygen were observed in both
samplings in the marina Mikrolimano. The ranges of temperature, pH and salinity were found normal for marine

The ranges of dissolved and particulate trace metals for
the two samplings in the marinas of Saronikos are given in
Table 3.
TABLE 3 - Trace metals in seawater.
Parameter
Dissolved Cd (ngL-1)
Particulate Cd (ngL-1)
Dissolved Cu (µgL-1)
Particulate Cu (µgL-1)
Dissolved Mn (µgL-1)
Particulate Mn (µgL-1)
Dissolved Ni (µgL-1)
Particulate Ni (µgL-1)
Dissolved Pb (µgL-1)
Particulate Pb (µgL-1)
Dissolved Zn (µgL-1)
Particulate Zn (µgL-1)
Particulate Fe (µgL-1)

September 2003
Inner
Outer
sites
sites
10.9-476
10.8-136
2.56-79.1 3.77-35.4
0.75-5.75 0.81-3.76
0.18-0.95 0.27-0.94
0.26-6.45 0.23-0.97
0.13-2.83 0.18-0.71
0.39-3.39 0.26-0.52
0.05-0.77 0.07-0.67
0.23-14.0 0.21-0.98
0.20-8.34 0.32-5.25
3.88-31.0 2.94-7.97
0.93-4.82 0.88-2.55
8.71-150
12.2-43.9

February 2004
Inner
Outer
sites
sites
7.04-167
5.70-34.2
6.72-234
2.67-26.4
0.60-11.2 0.53-3.91
0.31-2.09 0.36-1.18
0.43-4.72 0.59-2.64
0.17-1.99 0.11-0.58
0.30-1.00 0.27-0.77
0.02-0.45 0.02-0.25
0.25-4.30 0.32-4.56
0.43-3.00 0.43-1.55
3.94-40.2 4.85-31.7
0.61-6.44 1.59-3.33
11.3-181
5.38-61.0

The term ‘‘inner sites’’ refers to the central point of
the marina’s dock. The term ‘‘outer sites’’ refers to sampling points outside but adjacent to the marinas.
It can be observed that the concentrations of trace
metals in the marinas are higher in comparison to the levels
in samples taken outside of them. However the minimum
values for both the ‘’inner’’ and ‘’outer’’ sites were similar, a fact that indicates that the marinas where the trace
metal concentrations were minimum do not differ from
the neighbouring coastal environments.
The concentrations of trace metals ranged significantly
between the various marinas because of the different characteristics in each one. There also seems to be a correlation
between metal pollution and the characteristics of size and
capacity of the marina.
The Figures 2 and 3 represent the distributions of Zn
and Cu in seawater between three fractions, the dissolved,
the particulate larger than 8µm and the particulate between
0.45 and 8 µm. It is apparent that the dissolved fraction
prevailed in almost all marinas for both trace metals. The
same applied for the other trace metals as well, although
there are differences in the distributions between the marinas.
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FIGURE 2 - Distribution of Zn in seawater for September 2003
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FIGURE 3 - Distribution of Cu in seawater for February 2004.

In Table 4 the mean distributions of trace metals between the dissolved and particulate phase for the inner and
outer sites are presented. The average values of dissolved
and particulate metals were calculated from the concentrations in all the marinas. Again it can be seen that for all
trace metals the dissolved fraction prevailed, except for Pb
in the ‘‘inner sites’’ where the percentages of the two fractions were almost the same. It can also be observed that
the percentage of dissolved Mn is higher in the “inner
sites” than in the “outer” and Pb follows the opposite trend.
The comparison between the concentrations of trace metals
in the smaller (0.45-8µm) and the larger (>8µm) particles
showed that for all trace metals the percentage of trace
metal content in the larger particles was higher than 60%,
except for Cd where the particulate metal was evenly distributed between the two particle sizes.

TABLE 4 - Distributions of trace metals between the
dissolved and particulate phases in the marinas of Saronikos.
Metal
Cd
Cu
Mn
Ni
Pb
Zn

Inner sites
% dissolved
% particulate
72.9
27.1
76.9
23.1
93.5
6.5
81.8
18.2
52.8
47.2
83.2
16.0

Outer sites
% dissolved
% particulate
71.6
28.4
81.5
18.5
71.4
28.6
75.8
24.2
65.1
34.9
80.8
19.2

Table 5 represents the comparison of dissolved and particulate metal concentrations between a sampling station
in the open Saronikos gulf from the MED POL-2004 monitoring programme and the marinas of Saronikos from the
present study. Station 8B was chosen because it is located
at the eastern part of Saronikos gulf and can be considered
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as offshore to the coastline where most of the marinas are
situated. The trace metal concentrations in the marinas are
higher than the corresponding values for the open sea and
in most metals, except Cd and Ni, by an order of magnitude.
Still the trace metal concentrations in the marinas are not
exceedingly high as to cause direct toxic effects to marine
organisms [21].
TABLE 5 - Comparison of dissolved and particulate
trace metal concentrations between the marinas of the
study and the offshore station 8B in Saronikos gulf [22].

Cd
Cu
Mn
Ni
Pb
Zn

Dissolved metals (µg/L)
Marinas
Station 8B
September
September
2003
2004
0.095
0.02
4.00
0.16
2.90
0.38
0.90
0.29
1.90
0.18
15.8
1.2

Particulate metals (µg/L)
Marinas
Station 8B
September
September
2003
2004
0.036
0.004
1.20
0.10
0.20
0.19
0.20
0.01
1.70
0.05
3.20
0.17

sediments. The lowest concentrations were determined for
Pb in Alimos and for Al, Cd, Cu, Fe, Ni, Mn and Zn in
Glyfada. From the marinas of Saronikos (all except Olympic Marine, which is located on the coast of Attiki on
Evoikos gulf) the highest trace metals concentrations in
sediments were determined in Mikrolimano. This marina is
small and enclosed, as was observed by the concentrations
of dissolved oxygen. Furthermore, despite the fact that the
mooring berths are relatively few there are other intense
anthropogenic activities, such as heavy automobile traffic,
and a large number of recreational facilities (restaurants
and cafés) around it [15].
The non-lattice held and total metal concentrations in
the sediments of the marinas were compared to corresponding levels of metals in the offshore station 8B. Table 7 presents the mean concentrations of total metal content for the
marinas of the study and for the offshore station.
TABLE 7 - Mean total metal concentrations in the
sediments of the marinas Saronikos gulf [15, 22, 25].

In July 2003 the Hellenic Centre of Marine Research
performed an environmental impacts study in the marina of
Zea. The results of trace metals in the seawater were comparable to the concentrations determined in September 2003
for the present study [23].

Total metal content
(mg/kg)
Cd
Cu
Fe
Mn
Ni
Pb
Zn

The concentration ranges of total metals and non-lattice
held metals in the sediments of the marinas are shown in
Table 6.
TABLE 6 - Trace metals in sediments.
Metal
Al (gkg-1)
Cd (mgkg-1)
Cu (mgkg-1)
Fe (gkg-1)
Mn (mgkg-1)
Ni (mgkg-1)
Pb (mgkg-1)
Zn (mgkg-1)

Non Lattice held
1.10-4.65
0.18-11.1
66.3-245
2.59-9.60
94.0-1230
5.55-41.7
32-4190
118-1740

Marinas 2003

Saronikos 2004

2
147
12178
344
89
595
480

0.27
33
16684
308
115
53
109

From Table 7 it is observed that total Cd, Cu, Zn and
Pb in the marina sediments are much higher than in the offshore stations, while Mn and Ni are similar. Total Fe was
determined higher in the sediments of the offshore stations.

Total
3.26-16.8
0.61-12.6
67.5-265
3.52-26.7
179-1240
30.6-155
42.1-4230
143-2050

100
80
60

The highest concentrations of trace metals in sediments were determined in Olympic Marine Lavrion. This
is because of the geochemical and mining history of the
area, where silver was mined from ancient times until
about 30 years ago [24]. This fact casts uncertainty to the
contribution of the marina to trace metal concentrations in

%

The lowest concentrations of dissolved and particulate
metals in the ‘‘outer sites’’ were determined outside the
marina Vouliagmeni. For the highest concentrations there
was no clear pattern. The lowest concentrations of trace
metals in the ‘‘inner sites’’ were observed in the marinas
Voula and Vouliagmeni, which are characterized by better
water renewal and fewer mooring berths, mainly occupied
by sailboats. The highest concentrations do not follow a
specific pattern and the maximum values for each metal
were determined in different marinas. It is worth mentioning that the higher concentrations of Pb were observed in
the Olympic Marine in Lavrio and of Cd in marina Alimou.

40
20
0

Cd

Cu

Fe

Mn

Ni

Pb

Zn

Marinas of Saronikos Gulf (Summer 2003)
Open Saronikos Gulf 2004 (Stations 8B, 9, 13)
FIGURE 4 - Comparison of non-lattice held metals
between sediments of the open Saronikos gulf and
the mean concentrations from all the marinas.

Figure 4 presents the percentages of non-lattice held
metals in the marinas of Saronikos and the offshore station 8B. In the marinas most metals are non-lattice bound.
Specifically the percentages of non-lattice held Pb and Cu
are about 90%, for Zn and Mn about 80% and for Cd
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about 70%. In contrast Ni, Al and Fe are mostly lattice held
and the respective percentages are 75, 70 and 55%. In the
offshore station Fe, Mn, Ni and Pb presented similar distributions between the non-lattice and lattice phases. On the
contrary Cd, Cu and Zn in the offshore station are mostly
lattice held. This is an indication that the anthropogenic
activities associated with the marinas contribute labile Cd,
Cu and Zn to the sediments.
C. Results form the questionnaires

The questions included in the questionnaires are summarised in Materials and Methods. From the responses of
the managers some interesting key points can be identified
as follows. All of the marinas except for Olympic Marine
are operating in full capacity and there are no vacancies.
In Olympic Marine there are some vacancies, especially in
the low tourist season, because of the greater distance form
Athens. The operation in full capacity causes the complaints
of the users about accidents and difficulties in docking. In
most of the marinas there are security provisions according to the managers but the users complained greatly about
thefts. Only two of the marinas, Alimos and Olympic Marine, which are also the larger, have shipping repairs facilities. Most of the marinas do not have recreational facilities, restaurants and banking services. Therefore the complaints of the users about these facilities are justified. The
managers reported that in most of the marinas there are

hygiene facilities and an infirmary or pharmacy but the
users responded in a negative manner about these issues
as well.
None of the marinas except Olympic Marine has established a liquid and solid wastes management facility.
In about half of the marinas however there are provisions
for the disposal of petroleum and oil residues. All of the
marinas have adequate methods of handling solid wastesgarbage (containers) and the users are also satisfied. A system for water quality monitoring is established in only
four of the marinas (Glyfada 1, 2, 3 and Olympic Marine)
and in these four there is also some kind of printed manual of good practices handed out to the users. Finally only
one of the marinas studied, Olympic Marine, which is also
the newest, has achieved to be rewarded with a Blue Flag.
In Figure 5 the percentages of types and lengths of
vessels in the marinas of the study are presented.
The main types of vessels in the marinas were cruisers and sailboats of medium length. In the largest marinas
(Alimos, Zea, Olympic Marine, Glyfada 4) most of the
boats serviced have medium and large length (10-20 m and
larger than 20 m). In the marinas of medium and small
capacity (Vouliagmeni, Mikrolimano, Voula, Glyfada1, 2
and 3) most of the boats are of small and medium length
(smaller than 10 m and between 10 and 20 m). [15]

a. Type of vessel
3%

27%

b. Length of vessel
6%

27%
10%

16%

25%

38%

48%

Cruiser

Speedboat

Sailboat

Fishing boat

Boat

Other

< 10 m

10-20 m

FIGURE 5 - Vessels using the marinas of Saronikos gulf.

TABLE 8 - Management of liquid and solid wastes
Question
Liquid waste management
Answers
Sea
Marina Sewage
Containers in the marina
Containers-specialized area
Wastewater treatment facility
Holding-tank on the boat
According to MARPOL
No liquid wastes
No response

Percentages %
35
2
13
21
6
3
5
11
4

Question
Solid waste management
Answers
Marina garbage bins
According to MARPOL
Sea
No solid wastes
No response
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a. Type of antifouling paints

b. Objective opinion on the pollution

40%
15%

1%

23%

15%
22%

39%
29%

16%

Old type/Toxic
New type/Environmentally friendly
Whatever
Don' t know/Haven't done it

Not at all

A little

Enough

A lot

Very much

FIGURE 6 - Percentages of answers to selected questions.

From Table 8 the following can be derived. The responses concerning liquid waste management unfortunately
indicate that a large percentage of users simply dump their
liquid waste to the sea. This percentage is higher in Mikrolimano, one of the older marinas and is zero in the Olympic Marine, which is one of the newest and more modern
with a wastewater treatment facility. Most of the users use
the garbage bins provided by the marinas for their solid
waste.
The answers of the users concerning the types of antifouling paints (Figure 6a) are evenly divided between those
who use environmentally friendly paints and those who use
the cheaper older paints or do not care either way or do not
know. The users generally believe that the marinas they use
are severely polluted (62%), mainly due to the fact that they
often observe visual pollution.
The degree of satisfaction by the marina is correlated
with the provided services, ie. success in management and
the age of the marina. Thus users of marinas such as Olympic Marine and Glyfada 4 (newer) seem more pleased by
the marinas while users of Vouliagmeni and Glyfada 1 (older) less pleased. Finally most users consider the marinas
of Greece to be of low quality since they provide inadequate services and they do not have responsible environmental management policies [15].
CONCLUSIONS
No cases of decreased levels of oxygen and the accompanying phenomena were found in the marinas of the
present study during the samplings. The renewal of the
water is good in most of the marinas and unfavourable
conditions could only arise in the summer months therefore monitoring of dissolved oxygen should be established
especially during that time. There was no inflow of fresh
or brackish water in any of the marinas.
Generally the dissolved trace metal form prevailed in
all the marinas, with percentages above 50% except for

Pb. From the comparison of trace metal content of larger
(>8 µm) and smaller particles (0.45-8 µm) it was found
that all metals except Cd presented percentages higher than
60% in the larger particles. There was a wide range between
the trace metal concentrations in seawater and sediments in
the various marinas. However the lower concentrations determined inside the marinas were similar to the levels of
trace metals in the adjacent marine areas.
From the comparison of trace metal concentrations between the marinas of Saronikos and an offshore station in
Saronikos gulf the following can be summarized. For the
dissolved-particulate metals the levels in the marinas were
higher than the open sea, as can be expected. For the sediments total Cd, Cu, Pb and Zn, the termed ‘’anthopogenic
metals’’ are higher in the marinas than in the offshore stations. Another interesting point is that the percentage of
non-lattice held metals in the sediments of the marinas is
much higher. The metals that are mainly lattice held in the
open sea sediment, such as Cd, Cu and Zn, in the marinasare non-lattice held and thus more bioavailable.
The much higher levels of Pb in the seawater as well
as most of the other metals in the sediment of Olympic
Marine can be attributed to the mining history of the area
Lavrio and not to the operation of the marina that is relatively new. The marinas with the lower levels of trace metals were Vouliagmeni, Voula for the seawater levels and
the sub-marinas of Glyfada for the sediment levels.
In the marinas of Attiki the boats that are mostly
moored are of medium length (10-20 m). There is an increasing demand for mooring berths, since all of the marinas are operating in full capacity. It is not therefore a
paradox that the larger marinas with more boats have also
presented higher levels of some trace metals.
Environmental protection issues and policies do not
seem to be high on the priorities of the marinas’ managers
and unfortunately government or state controlled managements are not excluded. In most of the marinas there is inadequate management of liquid wastes and unfortunately
old-type, more toxic antifouling paints are still used.
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From research in Internet sources about Mediterranean
marinas the following information are worth mentioning.
The most popular Mediterranean cruising areas are the
Islands of Sardinia and Corsica, the Dalmatian coasts in
Croatia, the Greek islands of the Ionian and Aegean Sea,
including the small islands of Saronikos gulf, and the Lycian and Karian coasts of Turkey. Along the Mediterranean
coastline there are 711 marinas with about 311.000 mooring berths. In Turkey there are 25 marinas certified by the
Turkish Tourism Administration or the Turkish Tourism Investment Organization with about 10.600 mooring berths.
Most of them are located on the Southern Aegean coast.
For the year 2003 there were 11 marinas of Turkey that
were rewarded with a Blue Flag [26]. In Israel there are
3 ports and 7 marinas in which there is a monitoring system
for water, sediment, and marine organisms. Various parameters are monitored, such as trace metals, tributyltin, nutrients, pathogenic indicators and organic pollutants. Some
concentrations of trace metals in sediments for the year
2004 were: Cd 0.04-0.7, Cu 5-60, Ni 3-30 mg/kg [27].
For the marinas of the Mediterranean countries the
numbers of Blue Flags for 2005 were 50 in Italy, 12 in
Turkey, 82 in Spain, 86 in France, 19 in Croatia and 5 in
Greece [28].
The fact that only 5 of about 50 Greek marinas were
rewarded with a Blue Flag in the year 2005 (2 less than
2004 when the Blue Flags were 7) in contrast to the situation in the neighbouring countries of Turkey (11 of 25) and
Croatia (19 from 39) indicates lack of appropriate environmental and management policies in this growing type of
touristic activity in Greece.
Therefore a more environmentally sensitive approach
should be adopted with establishment of regular monitoring systems in the larger marinas, especially in the summer
months, as well as a more competitive management approach in order to achieve financial success of the marinas, sustainable development and a worthy representation
of Greece in the Mediterranean yachting tourism industry.
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SUMMARY

INTRODUCTION

This paper presents monitoring results of the impacts
of a tuna breeding farm on physical and chemical parameters in sediment and water column. The results showed permanently more negative sediment redox-potential at the
station under the cage than at the referential station, as well
as higher organic carbon and total nitrogen sediment content. The average sediment total phosphorus concentration
(TP) in surface sediment for the station under the cage (G1)
was 24.1±7.9 µmol g-1 d.w., which is almost twofold higher
than at the station 200 meters far from the cage (G2) and
the referential station (REF) distanced 500 meters. These
concentration values were similar to those recorded for
highly eutrophicated bays in the Middle Adriatic area.
SEDEX analysis showed an increased “fish debris phosphorus” concentration at the station under the cage (31% of
TP concentration) in relation to G2 and REF station (20%
and 12% of TP). This increase is directly influenced by fish
farming activities (fish bones and fish tooth remains, originated from uneaten fish food settled at the seabed).
The bottom layer of the water column showed occasionally an enhancement of nutrient concentrations at the
station under the cage in relation to REF station (orthophosphate: 1.423 to 0.028 mmol m-3, organic phosphorus:
0.577 to 0.146 mmol m-3 and ammonia: 2.41 to 0.71 mmol
m-3, respectively).

KEY WORDS:
Adriatic, tuna farming, sediment, water column, redox potential,
phosphorus, SEDEX analysis, nutrient concentration.

During the last ten years an intensive tuna breeding
has been developed along the central Croatian coast. There
are twelve tuna breeding farms in this part of the Adriatic
at the moment, which is the highest number at the Mediterranean nowadays, and their present yearly production
rate exceed 4500 tones [1].
Due to inputs of excretory metabolic products and uneaten food which are settling on the seabed beneath the
cages, fish farms represent an important source of organic
matter. The environmental effects of fish farming have been
reported in numerous publications like specific sediment
geochemistry such as negative redox-potential values [24], organic carbon accumulation [5, 6], accumulation of
phosphorus and nitrogen compounds, [7, 8] and consequently changed or reduced benthic communities [9-12].
Previous investigations about fish farming influence
in the Mediterranean area referred to its eastern [4, 12-15]
and western areas [9, 16, 17] with a few studies in the
northern part of the Adriatic Sea [10, 11]. There is a lack
of information from the central Adriatic coastal area [18].
To investigate the environmental effects of tuna farming, it was decided to introduce qualitative monitoring programs in Croatia. This paper presents the results of such a
monitoring program performed at one tuna breeding farm.
We investigated a set of parameters relative to the water
column (oxygen saturation, inorganic and organic nutrient
concentrations), and a set of parameters relative to the sediment (redox-potential, phosphorus concentration, organic
carbon and total nitrogen content, granulometric composition, organic matter content) through three sampling periods
(2003, 2004 and 2005). The aim of this paper was the identification of the geochemical changes in sediment and water column under the tuna cages in relation to the natural
state of the environment.
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MATERIALS AND METHODS
The investigated tuna farm is located in the semienclosed bay Grška, island of Brač, middle Adriatic. This
tuna farm was established in 2001 and has an annual production of about 450 tones with average breeding cycles of
20 months. Measurements and samplings were performed
in June 2003, April 2004, and January 2005 at two stations
inside the breeding area: G1 under the cage, G2 station
200 meters distanced away from G1 and referential station REF 500 meters distanced away from the cage (Figure 1). Water column salinity values for the sampling area
were in a very small range through investigated periods
(38.29 to 38.62), which indicate the absence of freshwater
inputs. Temperature ranged from 16.3-24.3ºC in the surface layer, and from 13.3 to 15.9 ºC in the bottom layer of
the water column. Vertical profiles of salinity and temperature were measured by means of SEABIRD-25 CTD.

trode in 3M KCl electrolyte. Calibration was performed in
the quinhidrone buffer solutions (pH 4 and pH 7) prepared
according to Metrohm, Ag Herissau, Switzerland.
For measurements of phosphorus sediment concentration, each sample was divided into slices (1 cm thick), frozen and freeze dried until the laboratory analysis. Sediment phosphorus concentrations were measured according
to modified SEDEX methods [19-21]. Determined phosphorus species were: phosphorus in biogenic apatite or ”fish
debris” P-FD, authigenic apatite phosphorus P-AUT, detrital apatite phosphorus P-DET, phosphorus adsorbed on
iron-oxyhidroxides P-FE, and organic phosphorus P-ORG.
Standard reference materials for phosphorus concentration
determination were used (PACS-2 from Canadian Institute
for National Measurement Standards NRC-CNRC, and
BCR-684 from European Commission Community Bureau
of Reference).
Sediment organic carbon and total nitrogen contents
were determined using a CHNS-O Carlo Erba analyzer,
granulometric composition was determined according to
Folk [22] and organic matter content was determined gravimetrically according to Vdović et al. [23].

GRŠKA BAY
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r
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Water column oxygen saturation was determined according to Grasshoff [24]. Dissolved inorganic nutrients
concentrations (nitrates, nitrites, ammonia, phosphates
and silicates) and total nitrogen and phosphorus concentrations were determined colorimetrically on an AutoAnalyzer-3 according to Grasshoff [24].

iat
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RESULTS AND DISCUSSION

43º 16,70‘ N
16º 28,69‘ W

FIGURE 1 - Farm location and sampling-stations (Grška Bay,
island of Brač).

Sediment samples were collected by SCUBA-divers
using plastic tubes which were inserted into the sediment
to preserve an undisturbed core. Plastic rubber stoppers
were used to close the top and the bottom of the each sample. Redox-potential was measured in sediment core „in
situ” by vertical penetration of Pt electrode connected to
voltmeter Metrohm E-605 with Ag/AgCl reference elec-

Sediment collected under the tuna cage (G1 - gravelly
sand) and 200 meters from the cage (G2 - gravelly muddy
sand) was characterized by higher portion of coarse-grained
particles. Sediment from the REF station (slightly gravelly
sandy mud) had higher portion of fine-sized particles (Table 1). Organic matter content in sediment of all collected
samples was in accordance with granulometric composition since organic matter has a higher affinity for smaller
particles in sediments [25, 26] (Table 1).
Sediment redox-potential at the investigated stations
was between -150 mV and +174 mV (at G1 and G2, respectively) (Figure 2).

TABLE 1 - Station depth, sediment type (according to Folk [22]),
organic matter, organic carbon and total nitrogen content at investigated stations.
Station
G1
G2
REF

Depth
(m)
45
48
81

Sediment type

Organic matter (%)

gravelly sand
gravelly muddy sand
slightly gravelly sandy mud

2.2
2.1
3.7
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C-ORG
(%)
0.71-10.13
0.89-1.51
0.51-1.42

N-TOT
(%)
0.19-0.95
0.07-0.33
0.07-0.12
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FIGURE 2 - Sediment redox-potential at the stations G1, G2 and REF station during the investigated period.
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FIGURE 3 - Portion of sediment phosphorus species in total sediment phosphorus (fish debris FD-P, phosphorus adsorbed on iron oxyhidroxides P-FE, detrital apatite phosphorus P-DET, authigenic apatite phosphorus, and organic phosphorus) at the investigated stations.

Redox-potential was permanently more negative at the
station G1 under the cage than at the REF station, which indicates a higher input of organic matter into the sediment
under the cage and presence of SO42- ion as main electron
acceptor for the oxido-reduction processes [6]. According
to Collman and Holland [27] sediment redox transition
from oxic to suboxic conditions occurs between 150 and
300 mV, while transition from suboxic to anoxic between
0 and -150 mV. Results presented in this paper are in agreement with previous investigations of fish farming influence on the sediment redox-potential which also showed
more negative values at the stations under the cages than
at the referential sites; for salmon culture according to
Hargrave et al. [2], and Brown et al. [28], for the sea bass
and sea bream cages in Japan [3], and in eastern Mediterranean [13].
Average sediment total phosphorus concentration (TP)
in 0-2 cm sediment layer for G1 station was (24.11±7.96

µmol g-1 d.w.), which is almost twofold higher than the
average values recorded for G2 and REF station (12.74±2.66
and 12.67±2.86 µmol g-1 d.w., respectively). TP concentration values at G1 station were similar to those recorded for
highly eutrophicated bays in the middle Adriatic area [29].
Mean values of sediment phosphorus species portion in TP
determined by SEDEX methods are shown in Figure 3.
SEDEX analysis showed increased phosphorus incorporated in the fish debris form (FD-P) at the station G1
under the cage (31%) in relation to G2 station (20%) and
REF station (12%). Fish debris phosphorus species presents
phosphorus in biogenic apatite originated mainly from fish
bones and tooth [20], and increased content is directly influenced by fish farming activities (uneaten fish food settled at the seabed). Percentages of FD-P in TP found for
sediment under the tuna cage presented here are the highest values recorded for the middle Adriatic sediments [30].
Our results are not in accordance with study of phospho-

1065

© by PSP Volume 15 – No 9a. 2006

Fresenius Environmental Bulletin

rus sediment species under the fish cages in Aquaba Bay,
Israel [31] that showed 80-90% of TP as Ca-bound phosphorus. However, SEDEX method used in that study [32]
was not selective for distinction between biogenic and
authigenic apatite phosphorus species. Fish debris phosphorus FD-P decreased with the increasing distance from
the cage (Figure 3). On the contrary, detrital phosphorus
(D-AP), phosphorus originated from land plants and riverine inputs [19] increases with distance from the cage. This
phosphorus species is found prevailing in the middle Adriatic areas with a riverine influence [30].
Sediment as important source of phosphorus was reported for trout farms in North Europe [7], and also for
Cephalonia Bay in Greece [12] where, according to the
author, benthic algal production is probably favored by
periodic release of phosphate in reducing conditions in
sediments. According to Sundbay et al. [33] flux of phosphate is correlated with phosphorus associated on iron oxyhydroxides, however, considering our results, phosphorus
species responsible for the phosphate releasing under the
cages could be a fish-debris phosphorus form as suggested
from Schenau and De Lange [34].
Decreasing of the farm impact with increasing the
distance from the cage have already been reported; for
Greek seabass and sea bream farms the influence decreases
25 meters from the cage [4, 13], and for the same farms in
Seto Inland Sea, Japan, farming influence is obvious at
165 meters from cages [3].
Sediment organic carbon and total nitrogen content
values (Table 1) at G1 station were higher than the average
values given for the middle Adriatic area (0.28-1.20 % for
C-ORG, and 0.02-0.15% for N-TOT) [18]. Recorded values for G1 station were enhanced in relation to the REF
station 1.5 to 7 times for C-ORG, and 3 to 8 times for NTOT. Enhancement of organic carbon and total nitrogen
content [5, 6] is already reported for salmon cages in Cana-

da, and for seabass and sea bream cages in Greece and it
was noted that values were 1,5 to 5 times higher under the
cage than at control sites [13]. Sediment C-ORG and NTOT analysis of seabass farm in Adriatic Sea, Slovenia
[11] showed dispersion pattern of organic loadings with
most affected areas under the cages. Vertical distribution
of organic carbon and total nitrogen content indicate that
organic matter is originated from the fish food and feces.
Maximal sediment C-ORG and N-TOT contents (10.13
and 0.95%, respectively, with atomic C/N ratio of 12.5)
reported in this paper are similar to contents recorded for
fish feces in Slovenian seabass farm (15.04 and 1.34%,
respectively with atomic ratio of 12.63) that could be an
indication of the same origin of organic matter.
No negative changes of oxygen saturation were observed in the bottom layer of the water column under the
cage in relation to REF station. Saturation varied between
90 and 97.3% which are usual values for bottom layer of
undisturbed natural middle Adriatic waters [35] (Table 2).
Nitrate, ammonia and ortophosphate concentrations in
the bottom layer at G1 station were higher than at the REF
station during the summer season when water column stratification occurs (Table 2), but they were still in range of
values usual for this area [35]. The only exception was
orthophosphate concentration at G1 station noted in summer 2003 (1.42 mmol m-3 which was up to seven times
higher than concentration for eutrophicated areas of the
middle Adriatic). Inorganic nitrogen concentrations in the
bottom layer of water column for summer 2003 have also
been higher than at the REF station with ammonia as the
most abundant species.
Ortophosphate enhancement have also been reported
by Pitta et al. [15], with concentrations in the farming area
up to threefold than at the referential sites, while, Maldonado et al. [17], observed no abnormal concentrations in
the water column under the cages. Ruiz et al. [36], explained

TABLE 2 - Oxygen saturation (%) and nutrient concentrations (mmol m-3) in
the bottom layer of the water column at sampling sites through the investigated periods.

O2
90.00
92.68
86.63

NO30.195
0.156
0.122

NO20.006
0
0.021

G1
G2
REF

91.17
91.06
81.45

NO31.233
0.150
0.428

NO20.087
0.100
0.212

G1
G2
REF

O2
97.33
97.65
93.39

NO30.250
0.246
0.025

NO20
0.254
0.215

G1
G2
REF

2003
NH4+
1.60
0.45
0.44
2004
NH4+
2.41
1.64
0.71
2005
NH4+
0.06
0.27
0
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N-ORG
5.44
2.87
4.49

PO431.423
0.043
0.028

P-ORG
0.577
0.070
0.146

SiO440.95
0.37
1.39

N-ORG
4.41
1.89

PO430.366
0.132
0.117

P-ORG
0.017
0.245
0.254

SiO440.95
0.69
5.00

N-ORG
2.68
2.16
2.55

PO430.047
0.029
0.084

P-ORG
0.231

SiO442.54
3.11
4.08

0.048
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differences between nitrate and nitrite concentrations with
seasonal pattern rather than fish farming influence. According to Karakassis et al. [37], phosphate and nitrate concentrations differ diurnally (increasing during the morning, reaching maxima at noon, and dropped to very low
levels thereafter). Ammonia as abundant inorganic nitrogen
species in the water column of fish farms was described in
many papers [8, 15, 36, 37], but with no influence on the
primary production in water column [15]. Silicate concentrations showed in table 2 indicate no influence of the fish
farming activities on its concentration in the water column
as reported from Maldonado et al. [17].

[6]

Hargrave, B.T., Phillips, T.A., Doucette, L.I., White, M.J.
Milligan, T.G., Wildish, D.J. and Cranston, R.E. (1997) Assessing benthic impacts of organic enrichment from marine
aquaculture. Wat. Air Soil Pollut. 99: 641-650.

[7]

Holby, O. and Hall, P.O.J. (1991) Chemical fluxes and mass
balances in marine fish cage farm. II Phosphorus. Mar. Ecol.
Prog. Ser. 70: 263-272.

[8]

Hall, P.O.J., Holby, O., Kollberg, S. and Samuelsson, M.O.
(1992) Chemical fluxes and mass balances in marine fish
cage farm. IV. Nitrogen. Mar. Ecol. Prog. Ser. 89: 81-91.

[9]

Mazzola, A., Mirto, S. and Danovaro, R. (1999) Initial fishfarm impact on meiofaunal assemblages in coastal sediments
of the western Mediterranean. Mar. Pollut. Bull. 38: 11261133.

CONCLUSIONS
Monitoring results of physical and chemical parameters in sediment and water column for Croatian tuna farm
showed some negative changes in relation to the natural
state of the environment. Observed changes included: more
negative redox-potential, higher organic carbon and total
nitrogen sediment content and higher phosphorus sediment concentrations.
Enhanced sediment phosphorus originated from “fish
debris phosphorus” (biogenic apatite incorporated in fish
bones and tooth) that falls on the seabed as uneaten fish
food. Accumulation of “fish debris phosphorus” in sediment
and subsequent dissolution could potentially have an effect
on orthophosphate flux and consequently on the primary
production of the water column.
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SUMMARY
Dissolved oxygen (DO) is one of the key parameters
when analyzing river water quality. Correct estimation of
DO being carried by a river is very important for water
quality control. DO is affected by lots of variables such as
decomposition, nitrification, reaeration, sedimentation, photosynthesis, water discharge and temperature for that reason it is hard to solve such a complex problem. The methods available in the literature for DO estimation are complicated, time consuming and necessitate numbersome parameter estimation procedures. Artificial Neural Networks
(ANNs) are simply mathematical representations of the
functioning of the human brain. This paper examines the
potential of ANN in estimating the DO from limited data
(NO2-N, NO3-N, BOD, water discharge and temperature).
This study employed feed forward (FF) type ANN for
computing monthly values of DO. The results of the study
clearly demonstrate that the ANN results are very close to
the observed values of DO.

the algae respiration. Chemical events which occur in the
river water body such as nitrification and temperature increase is limiting the oxygen capacity of the river. DO is a
complex problem due its dependence on quite a few number of variables [2, 3].
There are three common methods for measuring DO.
The firsts and most reliable is the Azide-Winkler titration
method [4]. However, this method also requires the most
training and the use of some strong chemicals. For these
reasons, it is not often used in citizen monitoring programs. The second method is the iodometric method [4], a
titrimetric procedure based on the oxidizing property of
DO. The third and probably most common method is the
use of a DO probe and meter. For all three methods, the
most important step may be the collection of the sample.
Precautions must be taken to ensure the sample is not aerated during collection and that no bubbles are trapped in the
container.
In this paper artificial neural network (ANNs) was
used to estimate the DO concentration. DO estimating capacity of ANN was investigated by using the limited data
(NO2-N, NO3-N, BOI (Biochemical Oxygen Demand),
flow and temperature).

KEYWORDS:
Artificial neural network, dissolved oxygen, water quality.

INTRODUCTION

Overview of ANN

Dissolved Oxygen (DO) is the measuring of the free
existing oxygen in water body. It is a critical parameter
that is used frequently and continuously to determine the
water quality of rivers. Dissolved oxygen is one of the
key parameters when analyzing water quality [1]. The
simplicity of measurement of dissolved oxygen obscures
the fact that a number of physical and chemical processes
within the water body contribute to the dissolved oxygen
level within the stream. Dissolved oxygen depends on the
biochemical oxygen demand (deoxygenation), nitrification, reaeration, sedimentation, and photosynthesis and on

This paper will focus on feedforward neural networks
that are commonly used in environmental problems. Most
environmental applications have utilized supervised training. In this study, the supervised training algorithm is
used.
The back-propagation algorithm based upon the generalized delta rule was used to train the ANN in this study.
In the back-propagation algorithm, a set of inputs and outputs is selected from the training set and the network calculates the output based on the inputs. This output is subtracted from the actual output to find the output layer
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error. The error is back-propagated through the network,
and the weights are suitably adjusted. This process continues for the number of prescribed sweeps or until a
prespecified error tolerance is reached. The mean square
error over the training samples is the typical objective
function to be minimized. After the training is complete,
the ANN performance is validated. Depending on the outcome, either the ANN has to be retrained or it can be implemented for its intended use. An ANN is better trained
as more input data are used. The number of input, output,
and hidden layer nodes depend on the problem studied. If
the number of nodes in the hidden layer is small, the network may not have sufficient degrees to learn the process
correctly. If the number is too high, the training will take
a long time and the network may sometimes over fit the
data. In this study the scaled conjugate gradient is used
for training function. Each of the conjugate gradient algorithms requires a line search at iteration. This line search
is computationally expensive, since it requires that the
network responses to all training inputs be computed
several times for each search. The scaled conjugate gradient algorithm was designed to avoid the time-consuming
line search. Gradient descent momentum function is used
for calculating the weight change [5-8].
Application of ANN
in environmental sciences

Recently, the neural networks approach has been applied to many branches of science. The approach is becoming a strong tool for providing hydraulic and environmental
engineers with sufficient details for design purposes and
management practices. Motivated by successful applications in modeling nonlinear system behavior in a wide range
of areas, ANNs have been applied in environmental sciences. ANNs have been used for rainfall-runoff modeling,
flow predictions, flow/pollution simulation, parameter identification, and modeling of nonlinear/ input-output time
series [9-11]. Suen et al. [12] evaluated neural networks for
modeling nitrate concentrations in rivers. Olsson et al. [13]
designed neural networks for rainfall forecasting by atmospheric downscaling. Cığızoğlu [10] suggested suspended
sediment estimation and forecasting for rivers using ANNs.
Dogan et al. [5] estimated that natural sediment discharge
in the lower Sakarya River in terms of sediment concentration by ANN model gives better results compared with the
measured values.
MATERIALS AND METHODS
Melen River is one of the big rivers in Turkey and is
located in the northwest of Turkey. The Melen River
basin covers about 2238 km2. It flows into the Black Sea
with 44 m3/s average flow. It drains a densely populated
and highly industrialized wastewater. Industrial and domestic wastewaters, run-off from urban, geological nature
and agricultural activities go directly to the river channel,
which receives extremely complex pollutants. Wastewater

treatment within the watershed has improved during the
last decades, but the water quality needs to be regularly
monitored and it is necessary to take precious preventive
action plans. Emphasis was placed on selecting locations
that had been previously determined. The data were available from 11 sampling points. The samples were collected
on a monthly basis from August 2000-September 2001.
ANN Models

The adequacy of the ANN suspended sediment models were evaluated by estimating the coefficient of the
determination (R2) defined based on the suspended sediment load estimation errors as

R2 =

Qso − Qs
Qs
n

(

Qso = ∑ Qsi( measured ) − Qs( mean )
i =1

n

(

(1)

)

2

Qs = ∑ Qsi( measured ) − Qsi(simulated )
i =1

(2)

)

2

(3)

Where, Qsi(measured) and Qsi(simulated) are DO measurement and ANN model estimation values, respectively with
the mean DO, Qs(mean). The mean square error (MSE) is
defined as

MSE =

1 n
− Qsi(simulated )
∑Q
n i =1 si( measured )

(

)

2

(4)

and used in order to decide about the best model,
where n is the number of observed data.
In this study, ANN(i,j,k) indicates a network architecture with i, j and k neurons in input, hidden and output
layers, respectively. Here in i and k are 1 and j assume
values of 1,2,3, 4,10, and 20. Prior to execution of the
model, normalization of the data, Xi, (i = 1,2,…,n) is done
according to the following expression such that all data
values fall between 0.1 and 0.9

xi = 0.8 ⋅ ( Xi − Xmin ) / ( Xmax − Xmin ) + 0.1

(5)

Where, xi is the normalized values but Xmax and Xmin
are the maximum and minimum measurement values.
Such normalization procedures transform the data also
into dimensionless form [5-7].
ANALYSIS OF DATA AND RESULTS
In this study, DO known as a critical parameter in river
water quality control studies has been estimated with a
feedforward ANN related to the values of NO2-N, NO3-N,
BOI, flow and temperature. In this model, NO2-N, NO3N, BOD, flow and temperature explain the input vectors
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TABLE 1 - MSE and R2 values between
predicted values of ANNs and measured values.

and DO explains the output vector. Back-propagation algorithm and sigmoid activation function was used for training
the artificial neural network. MSE (Medium Square Error)
was selected as performance function. Artificial neural network will use in applications was tested for distinct layers
and neurons. The decision of number of hidden layer has
been investigated.
The considered database of 22 each containing one
component of the input vector NO2-N, NO3-N, BOI, flow
and temperature, was split in such a way that the vectors
were divided at random in two parts. The first group of
12 records was used as a training set. The remaining part
of 10 records was used for testing the effectiveness of the
method. Components of the input and output vectors of the
training and testing sets were scaled in order to represent a
pattern of ANN values between 0.1 and 0.9. The results for
the 10 records are given in Table.1. The aim of this study is
to determine the DO values without making any experiments. DO values will be determined by using NO2-N,
NO3-N, BOD, flow and temperature values as input.

Method

R2

MSE

ANN(5 1 1)
ANN(5 2 1)
ANN(5 3 1)
ANN(5 4 1)
ANN(5 10 1)
ANN(5 15 1)

0.006478
0.0027
3.6285E-08
2.9912E-07
1.14E-09
2.83E-09

0.4391
0.1145
0.9186
0.8344
0.4984
0.0913

Determination of the number hidden layers was obtained considering MSE and R2 values. According to the
experiences and existence of 5 inputs and output vectors
number of hidden layer has been taken as one. For ANN
models the number of neurons of hidden layer considered
after trial and error process. In accord with the results presented in Table 1, the number of hidden layer taken one
and 3 neurons give the best result in ANN models according to MSE and R2 values. This network has been shown in
Figure 1.

NO2-N
NO3-N
BOD

Dissolved Oxygen

Flow
Temperature
Input Layer

Hidden Layer

Output Layer

DO Measurement Values (mg/L)

FIGURE 1 - ANN Model used in the study.

12

Relation between DO measurement values and simulation values determined with ANN has been shown in
Figure 2. In respect of the results regression value was calculated to be 91.86%.

10
8
6

DISCUSSION
4

R2=0,9186

2
0
0

2

4

6

8

10

DO Simulation Values (mg/L)
FIGURE 2 - Relation between DO measurement
values and simulation values determined with ANN.

12

In this study, ANN was used for DO estimation at
each measurement points in river by using the limited
data (NO 2-N, NO3-N, BOD, flow and temperature). It
was made using of the data determined with experimental
studies. Determination coefficient was obtained with ANN
model to be 0.9186 as seen in Figure 2. ANN approaches
are reasonable for modelling DO prediction.
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Dissolved oxygen is one of the key parameters when
analyzing the water quality. It is a critical parameter that
is used frequently and continuously to determine the water
quality of rivers. ANN model applications can be used for
planning the river pollution model and estimating the
pollution problems formed in the future.
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SUMMARY

INTRODUCTION

Hundreds of nuclear-powered submarines (NPS) have
been manufactured since 1953; some 160 are still in operation. Decommissioning NPS is a major, delicate and costly
task. There have been many incidents with NPS during
their 50 years operational period: Most of these emergencies resulted in serious radiological and ecological consequences.
In the Mediterranean, the effects of marine pollution
due to NPS have been under recent investigation following the October 2003 accident to the US nuclear submarine
Hartford in Sardinia (Italy). Preliminary studies indicated
that no apparent environmental release had taken place as
a direct result of the accident. However, further analyses
detected traces of Pu-239 in several of the algal species,
indicative of anthropogenic pollutants. Furthermore, several
samples showed concentrations of radially distributed alpha
tracks (forming “hot spots”) emanating from micron-sized
point sources. The concentrated, extremely localized occurrence of these nuclides cannot be explained in terms of
left-over worldwide nuclear pollution. A local source seems
more plausible. Our ongoing sampling programme has revealed that: some of the high alpha/hot spot levels measured in February 2004 have decreased markedly during
subsequent months, others have decreased only slightly,
and others still have remained unchanged: a clear indication
that different nuclides are present. We are now analyzing
2005 samples.

KEYWORDS: Nuclear submarines, marine pollution, radioactivity,
radioecology, accidents.

Some hundreds of nuclear-powered submarines (NPS)
have been manufactured since 1953; about 160 are still in
operation. Decommissioning NPS is a major, delicate and
costly task. There have been many incidents with NPS
during their 50 years operational period: some of these
emergencies resulted in serious radiological and ecological
consequences, such as the discharge of radioactive pollutants into the sea.
Of all the Mediterranean countries, Italy has the greatest number of sea ports (eleven admitted by the Italian
Defense Ministry) which are frequently visited, or indeed
used as home base, by nuclear submarines from the U.S.,
France and Great Britain. In spite of frequent incidents at
sea, the public has always been assured by the authorities
that there has never been any danger from pollution through
radionuclide contamination. We investigated one such recent event in the fall of 2003 which received the same official reassurances from national laboratories.
THE SUBMARINE HAZARDS
AND ACCIDENTS WORLDWIDE
Since 1953, hundreds of nuclear-powered submarines
(NPS) have been produced all over the world [1, 2]. Some
160 of these nuclear submarines are still in operation. In
particular, USSR (then Russia) built 248 NPS in the last
50 years. Most of them are now no longer operating and
have been partially dismantled. At the present time, Russia and USA have 75 and 52 operating NPS, while UK
has 16, France has 10, and China has 6. Other operating
nuclear-powered vessels include 8 US-Navy aircraft carriers (the French carrier Charles De Gaulle is apparently
not operating) and 5 Russian icebreakers.
Naval reactors (with the exception of a liquid-metal
reactor for Alpha-class USSR submarines) have been of
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the pressurised water type. They differ from commercial
reactors producing electricity of the same concept (PWRs)
in that:
• they deliver a lot of power from a very small volume
and therefore run on highly-enriched uranium (>20%
U-235, originally 93% but now 20-25% in western reactors, and up to 45% in later Russian ones);
• the fuel is not UO2 but a uranium-zirconium or uranium-aluminium alloy (e.g., 15% U with 93% enrichment, or more U with less, say 20%, U-235) or a metalceramic (e.g., the ill-fated Kursk NPS: U-Al zoned 2045% enriched, clad in zircaloy, with about 200kg U235 in each 200 MW core);
• they have long core lives, so that refueling is needed
only after 10 or more years, and new cores are designed
to last 50 years in aircraft carriers and 30-40 years in
submarines. The long core life is made possible by the
relatively high enrichment of the uranium and by incorporating a "burnable poison" such as gadolinium in
the cores which is progressively consumed as fission
products and actinides accumulate, leading to reduced
fuel efficiency. The two effects cancel one another out.
Long-term integrity of the compact reactor pressure
vessel is maintained by providing an internal neutron
shield, to avoid neutron-induced embrittlement in reactor structures
The Russian Alfa-class submarines had a single liquid
metal cooled reactor (LMR) of 155 MWt and used very
highly enriched uranium. These were very fast, but had operational problems in ensuring that the lead-bismuth coolant
did not freeze when the reactor was shut down. The design
was unsuccessful and used in only eight NPS, all of which
had a difficult service history due to very frequent failures
and eventually were all withdrawn from service.
Naval reactor power ranges from 10 MWt (in a prototype) up to 200 MWt in the larger submarines and 300 MWt
in surface ships. The French Rubis class submarines have
a 48 MWt reactor which needs no refueling for 30 years.
Russia's Oscar-II class has two 190 MWt reactors.
The Russian, US and British navies rely on steam turbine propulsion, the French and Chinese use the turbine to
generate electricity for propulsion. Russian ballistic missile submarines, as well as all surface ships since the aircraft carrier Enterprise (which had six reactors), are powered by two reactors. Other submarines (except some Russian attack subs) are powered by one.
The larger Russian icebreakers use two nuclear reactors each, with most fuel assemblies of 30-40% enriched
fuel and 3-4 year refueling interval.
Decommissioning

Decommissioning nuclear-powered submarines has
become a major task for US and Russian navies [3-5].
After defueling, normal practice is to cut the reactor section from the vessel for disposal – in the US – in shallow

land burial as low-level waste [6]. In Russia, the whole
vessels, or the sealed reactor sections, sometimes remain
stored afloat indefinitely. Environmental consequences of
such pro-cedures, especially if decommissioning takes place
too much later, operating on derelict units may be very
dangerous both for the operator and the environment
Waste should, as far as possible, be concentrated and
contained, rather than diluted and dispersed into the environment. Dumping or discharging nuclear wastes into the
sea, rivers or groundwater passes nuclear pollution on to
future generations. Such pollution should be avoided as far
as possible and we should give future generations the option to avoid it too. Plans to 'cut up' submarine reactors require contractors to apply to the relevant National Environment Agency for a discharge authorization, because the
process always causes the dispersal of radioactivity into
the environment.
Since the mid-1980s, 183 nuclear-powered submarines
have been withdrawn from service in the Russian Navy. Of
these, 113 are located with the Northern Fleet (Arctic Sea).
The remainders are in the Pacific Fleet. Only 36 submarines have been dismantled [7].
In Russia, there is a great shortage of qualified technical facilities and a lack of sufficient funding to carry out
decommissioning work. The slow tempo of the decommissioning process has led to nuclear submarines being laidup for up to 15 years with their spent nuclear fuel still remaining inside their reactors. In view of the age of the submarines, there is a risk of their sinking at the piers.
Russian nuclear submarines are being decommissioned
for three reasons. Firstly, some of the vessels are more
than 25 years old and past their effective operational life.
Some of the submarines have undergone serious accidents
and are beyond repair. Secondly, the greatly reduced Russian defense budget precludes maintenance and upgrading
of the large cold war force of nuclear submarines established by the Soviet Union. Thirdly, international disarmament treaties, such as START-I and START-II
aimed at reduction of naval strategic forces, require a
reduction in the number of submarines.
Until the middle of the 1980s, older nuclear submarines were kept in service as long as possible. Most of the
vessels were very run down, and some of them spent up to
ten years in ship repair yards, only to be retired shortly
afterwards. The only submarines to have been taken out
of service were those whose fuel assemblies were so badly
damaged that refueling was impossible. These vessels were
laid up, but most of them had their reactor sections cut out
and dumped into the Kara Sea. With new reactor sections
installed they continued their service. One submarine, K27 (November Class with two liquid metal reactors) was
dumped in its entirety in the Kara Sea in 1981.
Accidents

There have been many incidents and emergencies in
the atomic submarine fleet of the USSR / Russia during
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their 50 years operational period: twelve nuclear and more
than 100 radiation emergencies have taken place [8, 9]. A
nuclear emergency is of the type which involves damaged
fuel elements exceeding the established limits for safe operation, and/or irradiation of the crew beyond the permissible level for normal operation; causes include the violation of control and management of the nuclear chain reaction of fission in the reactor core, creation of a critical mass
during reload, transportation and storage of fuel elements,
or violation of heat elimination from fuel elements. Radiation emergencies include the loss of control of an ionizing radiation source caused by equipment malfunction,
mishandlings by the crew, natural disasters or other reasons, which could result or have resulted in irradiation of
crews above established norms, or the radiological contamination of the environment.
Many of the emergencies were accompanied by serious radiological and ecological consequences. A relatively
frequent event is the release of radioactive pollutants to the
marine environment. As a result of those emergencies, either during the emergencies themselves or during the subsequent clean-up of the consequences, more than 1,000 persons were exposed to excessive irradiation.
The history of submarines has spanned over 100 years
[10], two world wars, many regional conflicts, and countless days of "peacetime" patrols. The US Navy has commissioned nearly 800 submarines since 1900, with other
Nations building many more. Considering their high level
of activity, submarines have only been involved in serious
accidents a relatively few times.
Most serious accidents lead to vessel loss. Losses occurred due to the following causes: Foundering; Collisions;
Explosions / Fires; Groundings; Flooding
A brief description of some recent accidents (after year
2000) to non-USSR nuclear submarines is given in [11].
The sinking of K-159 on her way to be scrapped in
2003, and the death of nine men aboard her, while not a
"submarine accident" as normally defined, is just one more
illustration of unlearned lessons involving submarine accidents. The early history of submarines is tragically filled
with repeated accidents that happened again and again in
different navies (collisions with surface ships, gasoline
engine explosions, hydrogen gas explosions, just to name
a few). More recent accidents show that we have not learned
much in the last hundred years. K-159 is a classic example
of how navies fail to learn lessons, for she is far from being
the first submarine to sink in a storm, or while under tow.
Fortunately, most of these accidents have not resulted in
great loss of life.
Another tragic example of unlearned lessons is the loss
of the Kursk after an explosion involving a torpedo fueled
by high-test hydrogen peroxide [12]. A nearly identical accident occurred aboard the British submarine HMS Sidon in
1953, killing 13, injuring 8, and sinking the submarine. The
death toll would probably have been higher, except that

Sidon was still tied up to the pier. This accident led most
navies to abandon the use of high-test hydrogen peroxide
in torpedoes. Unfortunately, 50 years was long enough for
the lessons of Sidon to be consigned to the dustbin of history, and the crew of Kursk was consigned to a sudden and
needless death.
The deaths of 70 officers and crew aboard the Chinese
submarine No. 361 in 2003 – however not a nuclear powered one – is another example of lessons left unlearned.
According to the Chinese navy, all aboard were asphyxiated when the submarine's diesel engine failed to shut
down properly. The entire crew of the French submarine
Galatée was incapacitated in 1970 when the same thing
reportedly happened after a collision. Six men were killed.
One must conclude that many dangers must be faced by
submariners around the world and these dangers exist every
day, even when the guns have fallen silent. The events of
the past five years have shown that these dangers persist.
Unfortunately, some of the dangers return again and again.
THE 2003 MEDITERRANEAN EMERGENCY:
LA MADDALENA
The accident

The La Maddalena National Marine Park consists of
an archipelago of small granitic islands on the northern tip
of the island of Sardinia, separated from the French island
of Corsica by the Straits of Bonifacio. Towards the end of
October 2003 a nuclear powered submarine ran violently
aground onto granitic shoals in the vicinity of the island of
Santo Stefano (some six miles from the town of La Maddalena), Santo Stefano being the submarine’s home base.
There followed a major (fortunately conventional and not
nuclear) explosion which severely damaged the submarine. Although the US Naval authorities tried hard to cover
up the incident, they were unsuccessful in keeping the event
a secret; but to this day the exact time and location of the
incident are still in doubt (originally Secca dei Monaci or
Secca delle Bisce were quoted, but, recently, the Passo della
Moneta – Rada di S. Stefano are suspected; these locations
are just offshore from the town of La Maddalena).
The first gamma ray spectrometric analyses

Once the event became public knowledge, fears that
radioactive material might have leaked from the submarine prompted several agencies, both Italian and French,
governmental and independent, to examine the isotopic
content of algae and sea water using relatively rapid techniques (gamma ray spectroscopy). Gamma-ray emitting
artificial radionuclides that one might expect to leak from
a damaged nuclear reactor (such as U-235, I-131) were
not detected or, as in the case of Cs-137, occurred in the
very low concentrations found at other sampling points
around the Italian coastline. Similarly, more laborious and
time-consuming radiochemical/alpha spectrometric analyses (necessarily performed in very small numbers) sub-
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sequently showed that U-238 and U-234 activities were in
equilibrium, with values in keeping with those of sea water.
These analyses indicated that the submarine incident might
not have caused any grave radioactive pollution.
Anomalous radionuclide concentrations

However, two out of the six algae collected in Nov.Dec. 2003 by local environmental agencies (inc. WWF) and
analysed by the French independent laboratory CRIIRAD
revealed the presence of abnormally high concentrations
of Th-234 [13]. CRIIRAD also demonstrated that this isotope decayed, in their two samples removed from their
marine environment, following its natural 24 day half life
[14]; the parent isotope U-238 has too long a half life (4.5
billion years) to be able to replace the daughter Thorium
in a closed system. At the time, the excess was thought to
be due to preferential absorption of particular isotopes by
the algae during their lifetime; at sea, therefore, given a
constant supply of Th-234 in the water, one would have
expected this effect to have continued indefinitely. Unfortunately, no further samples were collected or sent to
CRIIRAD; the gamma ray data, therefore, was derived
from a few observations during a very restricted time period (end 2003 - beginning 2004).
The alpha ray autoradiographic and spectrometric analyses

Our first sampling campaign (J.V. Legambiente, La
Tuscia University, Scienziate/i Contro la Guerra) was in
February 2004, when 40 samples of Green and Red Algae were collected and analysed for their alpha emissions
using alpha ray autoradiographic techniques. Some very
high values were detected. On our second visit, we collected and then analysed 78 samples [15]. We returned several times thereafter (December '04, April '05, June '05 and

October '05), collecting always the same algae from the
same sites, for a total of 315 samples analysed.
These independent investigations, involving orders of
magnitude more samples and sampling sites, with sampling and analyses repeated over the two subsequent years,
showed that, in reality, the situation was far more complex:
we detected and measured variable concentrations (both
with respect to time and location) of trans-uranium and
other alpha-emitting radionuclides in algae from La Maddalena. Many of these isotopes are not of natural origin; a
possible source is through losses of cooling fluids (water)
from the propulsion units of these nuclear submarines, or
from dumping at sea of radioactive waste material.
Decreases in alpha ray emissions with time from samples
freshly collected

Through repeated sampling and analyses, we discovered that alpha emission levels from samples freshly taken
from the sea decreased with each visit [16] (see Figure 1).
The curves produced by plotting the average alpha emission
values against sampling date give us the sum of a whole
series of individual isotopic decay curves. Therefore, examining all our alpha emission curves individually, and attempting some exponential curve fitting to the data, we
found we could separate this complex mixture of alpha
emitting nuclides into different components:
→

there is at least one very long lived isotope, showing
no appreciable decay loss during the short experimental time at our disposal;

→

an abundant presence of an isotope with half life
around 130+ days;

→

a group of isotopes with much shorter, diverse half
lives, of the order of a few days maximum.
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FIGURE 1 – Alpha emission with time for samples in lab and at sea.
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The longest half life (much longer than our life span)
could be due to Pu-239 and not to U-238: the latter is only
mildly radioactive and would not produce massive hot
spots in a few days; Po-210 could account for the 130 days,
the remainder belonging to the "natural" U-238 decay series, such as Rn-222.
Decreaases in alpha ray emissions with time from samples
stored in the lab.

In September 2005 we re-analysed all our 300 samples,
which had been stored in the lab; we found the same loss
of alpha emissions vs time had taken place in storage as
had for freshly collected samples (again, see Figure 1). As
was the case for the Th-234, there had been no replenishment of the parent isotopes, but this time we know that
this did not occur either in the lab or at sea! The nuclides
which decay through alpha emissions are not being replaced
by the environment.
An example of this is Rn-222 gas, which has an easily measurable presence and a short 3.8 day half life; it’s
parent Ra-226 has a half life of 1,600 years, much too long
a time for us to see it contributing to the Radon in a hand
specimen. We use Rn as an example because, during our
May 2004 sampling, we detected Rn-222 gas emissions from
the algae (when allowed to outgas in sealed containers together with alpha detectors). Analyses were initiated immediately. Fresh samples of the same algae, again collected
and measured immediately in December 2005, did not give
any Radon emissions. Both Rn-222 and Th-234 are part
of the same natural decay series of U-238: both these components of the U-238 decay series are exhausted during their
short, natural lives.
The sources of alpha ray emissions

The different sources of the alpha radiation remain to
be identified: from whole samples and especially from hot
spots, we see that there are mixtures of several different
alpha emitters in action [17, 18], with very different half
lives: some are so long that we detect no difference in two
years, others have lost some intensity, others still have completely terminated alpha activity even after only a few
months. Two years ago, individual algal leaves could be
found containing any number of hot spots, each formed by
20 to 200 or more radiating alpha tracks (formed during an
exposure time of two weeks). Some finite time later, the
same leaves could have, say, only one hot spot with the
original number of tracks, and perhaps one other with a reduced number of tracks; the remaining hot spots had disappeared completely: those produced by short-lived nuclides
having decayed completely. We have started analysing
individual hot spots, each with a known different behaviour over time, using a multi channel X-ray spectrometerequipped scanning electron microscope at high magnification (x 12,500), working at atmospheric pressure. We have
already identified several micron sized metallic granules,
including Pb, Th, U, K, Pu, Sb, Ce, La and Nd at the centres of the hot spots.

The event which contaminated La Maddalena waters

The foregoing data suggest that the La Maddalena
waters and the algae from the area were "contaminated" at
a single instant in time: at some moment before all labs
(CRIIRAD, ASL, ARPA, APAT, ICRAM, ENEA and
ourselves) came upon the scene, i.e. before November
2003. There are no data available prior to that date. We
are the only ones to have repeated sampling and analyses over time. Of the contaminants, we know that they
consisted of both artificial nuclides (e.g., Plutonium, which
was specifically identified by alpha-spectrometry, and is
probably the "long term" active alpha emitter) and natural
ones (Thorium, Polonium, Radon); the latter all belong to
the natural U-238 decay series, but their sudden appearance
at La Maddalena could have had an anthropogenic origin.
The U-238 decay series secular equilibrium was obviously
disrupted by such events as the escape of Rn-222 gas, by
the different solubilities of the isotopes, and by their preferential absorption by the algae. Only the longer half-life
isotopes remain, the others having decayed during the last
two years, both at sea and in the lab.
The contaminants

But what was it that contaminated the area, and when?
It all started (and ended) before November 2003; a date very
close to that of the Hartford accident. Something natural,
mixed with material of anthropogenic origin, entered the
water, dissolved, and was absorbed by the algae living and
growing at that time. The literature shows us, for example,
that the uranyl ion (U6+ O2)2+ has a Class D (=high) solubility [19] such that depending on the water type, up to 80%
of U particles immersed in water could dissolve in two days,
and that equilibrium could be reached in less than 50 days,
to say 0.114 g/l in oxic water conditions [20]. Thorium
would behave similarly.
Given the scant information released by the authorities pertaining to the actual events which took place, and
the damages known to have been sustained during the
grounding of the nuclear submarine Hartford at the end of
October 2003, and examining this information in the light
of our ongoing analytical investigations (revealing both natural and anthropogenic contributions), we propose the following scenario:
the submarine hits the shoals, locally grinds/ pulverises the granite surfaces both through friction and the
force of the ensuing explosion; a section of the hull is also
damaged (including rudder, propeller), possibly with the
loss of cooling fluids (water); the more soluble components
from both submarine and outcrops quickly go into solution in the restricted, shallow waters of the Santo Stefano
basin, whereas the more insoluble metallic micro-particles
remain in temporary suspension. These foreign components
are absorbed by the algae growing at that time, and are
picked up as temporary excesses by our (and colleagues’
labs) first series of analyses: we detect parts of the natural U-238 decay series as well as anthropogenic pollutants; some constituents are depleted, others preferential-
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ly enhanced by marine life. With the passage of time, the
majority of the nuclides, having short half lives, decay,
leaving a small fraction of those isotopes of much longer
life span.
EFFECTS OF LOCALISED,
MINUTE DOSES OF CONTINUOUS
RADIATION FROM HOT SPOTS
Alpha particles are characterised by a short range and
poor penetration capability. Nevertheless, any single particle in contact with the tissue of a target organ can expose
the surrounding tissues to higher orders of magnitude of
α-radiation than that of the annual dosage permitted by the
International Council of Radioprotection (ICRP) for the
whole body of man [21]. This situation has been investigated in more detail for those cases of internal radionuclide emitters localised inside the tissues of organisms [22].
Therefore, in the case presented in this work, one can envisage the immediate external deposition of metallic microfragments (alpha-emitting transuranic and other long halflife nuclides which give rise to hot spots), dispersed in sea
water, onto the thallus of algae: this could be followed, in
marine trophyc chains, by secondary feeding through filtration (in Bivalves, e.g. Mytilus spp.) and/or gnawing (in
Cephalopods, e.g. Sepia officinalis, where these radioactive metallic shards are concentrated onto the shining proostracon of cuttle-bones). Radioecological literature illustrates, for metallic xenobiotics, a process of bio-magnification along the food chain directed towards man through
fish, molluscs and echinoderms in the process of fishing
and subsequent alimentation. Especially in the case of long
term chronic contamination, including accidental causes,
a continuous risk is created which is difficult to evaluate,
if not as a consequence of epidemiological effects; these
have never been carried out officially in any systematic
way in the archipelago.
Given that in this phase of the investigations contaminated organisms were found at the base of the marine
alimentary chain, one should at least hypothesise in a precautional way a process of bio-concentration extended to
the last links of the human alimentary chain: if one considers man as a super predator, in effect all that marine fauna
(especially crustaceans, cephalopods, edible fish) which is
subject to continuous fishing and marketing activities, should
be carefully monitored. Since one foresees that bio-concentration occurs for many xenobiotic contaminants, including Plutonium, caused by the well known biological
concentration processes of trophic networks, biological damage could arise at different stages of the reproductive cycles
of the whole trophic-environmental chain. Hereditary genetic mutations could be found in key organisms in both
the marine and terrestrial ecosystem. There would be a case,
therefore, for a complete updating of the environmental control network, especially bearing in mind that the archipelago
is officially under the care of a terrestrial-marine National

Park of international importance; Park authorities should
therefore guarantee the protection of alimentary networks
within the protected area: the detection of biological alterations should in effect be part of the environmental controls on bio-indicators for comparison with other epidemiological data. It would also be the case for immediate consideration, on a precautionary basis, of the possibility of halting, for an undetermined time period, of fishing activities
in the area of the archipelago, at least in those sites more
subjected to Plutonium bio-concentration, until the main
afore-mentioned questions are verified.
In this case, the low solubility metallic micro-particles of radioactive heavy metals, once introduced into the
human body and in contact with living tissues, emit radiations within those tissues bathed by fluxes of body fluids,
and are transported towards several target organs (bones,
kidneys, gonads, liver etc.). The biological damage can
therefore present itself as genotoxic and dismetabolic, with
cell death through necrosis and apoptosis; this can also be
accompanied by the survival of cells with altered genetic
codes and/or altered biochemical metabolism (rogue cells),
which transmit altered genetic information to the organisms. These phenomena are capable of producing: in the
first place, mutagenesis in both somatic and germinal cells,
with consequent cancerogenetic processes, as well as teratogenetic processes which can appear in subsequent generations, including metabolic alteration of whole systems
(ematopoietic, immunitary, digestive, urino-genital, respiratory) In effect, the presumed correspondent risk depends
on several factors:
-

on the biocenotic and anatomical-physiological location of the biological specimens under consideration,

-

on the degree of biomagnification activated by those
matrices detected in the different tropic networks,

-

on the methods of absorption of the radioemitting particles,

-

on the protection from mutagenic effects, which, within
the tissues, cells are capable of activation through the
management of absorption processes in the organism,

-

on the expulsion and reconcentration in organs;

-

on the effects of anomalous concentrations in specific
biological and environmental matrices, and finally,

-

on the interaction with other sources of biological damage (e.g., asbestos used in building activities at La Maddalena on behalf of the U.S.A.), which could already
have worsened such consequences.

Plutonium and other radioactive heavy metals, therefore, are artificial pollutants of extreme chemical and radioactive danger which disperse in the marine environment.
One route is the protective chelation within organometallic matrices, another is the mobilization of environmental matrices to sediments, and from here, through the
action of marine currents, to its dispersion and/or recon-
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centration in other sites; it is accumulated and released by
living organisms which come into contact with it, in which
it deposits both externally and internally. It concentrates
especially in calcified tissues such as bones; in vertebrates,
man included, it can also attach itself, in the form of a
heavy metal, in spongy bone cavities, sites where red marrow develops blood cells; therefore the risk to man, depending on dosage and methods of absorption and fixation of the radionuclide, is a risk of the toxicological type,
genotoxicological and carcinogenetic in the main ematopoietic tissues (with predictable consequences of leukaemias and lymphomas on average five years of latent period) and in other internal organs (lung, gastrointestinal
tract, liver, kidney, with average 25 years of latency). But it
is also a dismetabolic and teratogenetic risk, in effect comprising all the foregoing risks combined together. A recent
study suggests that a single alpha particle may be carcinogenic [23]; monitoring should therefore be continuous
and should not be interrupted even after the submarines
presences were terminated.

worrisome: adjacent minute surfaces of living tissues receive several orders of magnitude higher radiation doses
than does the surrounding tissue; these are the sites at risk,
where eventually tissue degeneration will take place, triggering the formation of malignant tumors.
Our ongoing sampling programme has revealed an
unexpected situation: some of the high alpha/hot spot
levels measured in February 2004 have decreased markedly
during subsequent months, others have decreased only
slightly, and others still have remained unchanged: a clear
indication that different nuclides are present, with markedly different half lives. We are now analyzing 2005 samples (a) to identify the different radionuclides involved (b)
to see if there is a continuous source of these “hot” particles (slow leaks from the submarines’ cooling systems?), or
(c) if there only occurred a single discharge prior to February 2004 (the Hartford incident?) and (d) if the hot spot
particles are accumulating along the local food chain.
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The concentrated, extremely localized occurrence of
these nuclides cannot be explained in terms of left-over
worldwide nuclear pollution. A local source seems more
plausible. Whereas the overall radionuclide content of bulk
samples is low (generally within the limits suggested by
EURATOM), the occurrence of massive alpha hot spots is
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SUMMARY

INTRODUCTION

Nowadays it’s a great challenge to have quick, simple, cheap test methods for detecting hazards in drinking
water.

Nowadays it’s a great challenge to have quick, simple, cheap test methods for detecting hazards in drinking
water.

Workshops on Toxicity for Biodefence were organized
in 2002 at the Oregon State University in the USA, and in
2004 at the University of Pecs in Hungary.

It is important to have tools in defending against bioterrorism via drinking water and accidental water pollutions should be detected. That is why two technical workshops on toxicity for biodefence were organized at the
Oregon State University, USA and the University of Pecs,
Hungary. Both workshops were organized on the idea that
each participant/group brings everything that is needed to
carry out toxicity bioassay(s). All participants were given
identical blind samples. Both toxicity and genotoxicity
assays were included; even those which could detect endocrine disruptors as well. Both commercial kits and those
under development were considered. At the end of the
workshops the results from the different test methods were
compared and the chemical composition of the samples
was disclosed. The results received by Rapidtoxkit and
Thamnotoxkit carried out on 30 blind samples in the workshop organized at University of Pecs in 2004 will be shown
in the paper.

Both Workshops were based on the concept that the
participants had to bring their own equipment and materials to analyze the same blind water samples. At the end of
the Workshop the results from the different test methods
were compared and the chemical composition of the samples was disclosed.
Fifteen different assays, encompassing toxicity, mutagenicity and genotoxicity tests were applied in the workshop at Pecs, with both commercial kits and methods still
under development.
Thirty blind samples had to be analyzed composed of
natural waters (surface waters, ground waters, tap water
and sediment waters) which had been either or not spiked
with one or several chemicals in different concentrations.
This paper reports on the sensitivity comparison of
the (1 hour) Rapidtoxkit and the (24 hour) Thamnotoxkit
microbiotest.
For 19 samples the toxicity signal given by both tests
was of the same toxicity class. For the others the results
differed by one or two classes.

KEYWORDS: microbiotests, Thamnocephalus platyurus, water
toxicology, ecotoxicology, biodefence

MATERIALS AND METHODS
As mentioned previously 30 “blind” samples were analyzed by 15 assays using different endpoints (toxicity, mutagenicity, endocrine disruption, etc). At the end of the workshop the composition of samples was disclosed as shown
in tables. There were 4 basic samples from different origin
like surface water or deep ground water. The total chemical
analyses of sample No. 6 can be seen in Table 1 as an example for evaluating the components analyzed. The other
three basic samples No. 4, 1, 2 were analyzed similarly. The
samples No. 1, 2 had no components in extreme concentration. The sample No. 4 contained uranium in concentra-
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tion of 21600 µg/l and strontium 3062 µg/l. These basic samples were used for spiking with toxicants as shown in Tables 2-5).
TABLE 1 - Chemical composition of surface water
originated from Matra hill, Northern Hungary.
No of
sample
6

sample sign
A-12424

COMPONENT
pH
conductivity
basicity
Ca2+
Mg2+
total hardness

Origin: Matra-hill, chlorid
northern Hungary
Surface water
sulfate
sodium
potassium
total dissolved
solid
carbonate
nitrate
aluminium
arsen
boron
barium
cadmium
cobalt
chrom
copper
iron
antimony
litium
mangane
molibden
nickel
lead
selen
silicium
stroncium
mercury
vanadium
zinc
silver
uranium

value

dimension

5,5
1440
0,45
206
46,8
398

µS/cm
mmol/dm3
mg/dm3
mg/dm3
CaO
mg/dm3
mg/dm3

16

Toxicant
Citric acid

800
57,9
4,45
1220

mg/dm
mg/dm3
mg/dm3
mg/dm3

<10
<1,5
0.22
21.6
60.9
8.94
14.1
22.5
<1.5
<1
22.3
119
3.71
<2
8.5
<7
<18
10.3
1374
<2
14001
<1.5
18

mg/dm3
mg/dm3
mg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
mg/dm3
µg/dm3
µg/dm3
mg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
mg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3
µg/dm3

Concentration
0.05 M

TABLE 3 - Surface water sample No. 4
(A 34465) spiked with toxicants.
No of sample
26
27
28

Toxicant
MNNG
KCN
MNNG
KCN
UO2

No of sample
Toxicant
9
MNNG
10
KCN
11
HgCl2
12
Citric acid
13
estradiol
14
DES
15
Coumestrerol
MNNG: n-metil-n-nitro,-n-nitroso guanidine
DES:dietilstilbestrol

Concentration
10 ppm
40 ppm
1 ppm
4 ppm
200 ppb

Concentration
10 ppm
40 ppm
10 ppm
0.1 M
2.9 ppb
3.16 ppb
2.45 ppb

TABLE 5 - Deep ground water sample
No 2 (A 34459) spiked with toxicants.
No of sample
21
22
23
24
25
29

3

TABLE 2 - Surfacewater sample No. 6
(A 12424) spiked with citric acid.
No of sample
30

TABLE 4 - Deep ground water sample
No 1 (A34457) spiked with toxicants.

Toxicant
MNNG
KCN
MNNG
KCN
HgCl2
MNNG
KCN
HgCl2

Concentration
100 ppm
1 ppm
0.1 ppm
0.4 ppm
0.1 ppm
0.1 ppm
0.4 ppm
0.1 ppm

The further natural samples used for evaluation of
toxicity were analyzed in the same way as the basic samples. The sample No. 16 was the tap water at the university, sample No. 3 was an uranium contaminated ground
water originated from South Hungary near Pecs. The concentration of uranium was 3750 µg/l. The sample No. 5
was a surface water sample with high concentration of strontium of 2298 µg/l. The sample No. 7 was again a surface
water sample containing heavy metals in high concentrations. The samples Nos. 17-20 were sediment pore water
originated from Hungary and Finland. These were not analyzed chemically.
METHODS
The Thamnotoxkit FTM tests were performed according to the Standard Operational Procedure provided with
the Toxkit [1]. Dry Thamnocephalus cysts were hydrated
and subsequently hatched in medium hard reconstituted
water. Neonates, collected 18 hours after hatching, are
inoculated in the cups of multiwell plates containing the
dilution series of toxicants.
Each test was performed in 3 parallels, with 10 larvae
per well, in 1 mL toxicant solution. Mortality was recorded after 24h exposure at 25oC in darkness. The tests were
considered valid if mortality in the controls was less than
10%. LC50 was determined.
The rapid Thamnocephalus test was also carried out
by following the Standard Operational Procedure of The
Rapidtoxkit [2] with some minor modifications. Larvae of
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Thamnocephalus platyurus aged 30-45 hours were exposed for one hour to the cyanobacterial extracts mentioned above in comparison to a control. A suspension of
red microspheres was subsequently added for 30 minutes
for ingestion by the test organisms. The larvae were then
killed by addition of a fixative solution provided in the
kit. The animals were collected from the test tubes and
transferred to an observation plate for microscopical examination of the presence or absence of red particles in
the digestive tract. The larvae in the controls have a digestive tract which is colored deeply red, whereas stressed
(intoxicated) larvae do not ingest any particles and have
an empty digestive tract. Some microspheres can, however, be taken up at the highest test dilutions. The quantitative importance of the toxic effects is rated by determination of the percentage of test biota with colored digestive

tracts in the test dilutions versus that in the controls. EC50
was calculated.
Evaluation of results

The water samples were classified into 4 toxicity
classes on the basis of converting the LC50 and EC50 data
into toxic units (TU) by the equation: TU=1/ EC50(LC50)*
100. Four classes were determined: not toxic (TU:0), toxic
(TU: 0.1-1), very toxic (TU:1-10) and extremely toxic (TU:
10->100) [3].
RESULTS
Results of toxicity of samples examined in Rapidtoxkit and Thamnotoxkit are summarized in Table 6.

TABLE 6 - Toxicity in TU for both tests.
No of sample
1
9
10
11
12
13
14
15
2
21
22
23
24
25
29
4
26
27
28

Type of sample
Ground water
+MNNG
+KCN
+HgCl2
+Citric acid
+estradiol
+DES
+Coumesterol
Ground water
+MNNG
+KCN
+MNNG
+KCN
+HgCl2
+MNNG
+KCN
+HgCl2
Surface water

+MNNG
+KCN
+MNNG
+KCN
+UO2
6
Surface water
30
+Citric acid
3
Ground water (uranium
contaminated)
5
Surface water
7
Surface water
8
Ground water (USA)
16
Tap water
17
Sediment pore water (Hungary)
18
Sediment pore water (Finland)
19
Sediment pore water (Finland)
20
Sediment pore water (Finland)
* chemical composition can be seen in Table 1
** free chlorine

Concentration

Rapidtoxkit TU
0
4.5
37
333
333
0
0
0
0
3.1
3.1
0
0
3.5
0.6

Thamnotoxkit TU
0
0
>10
333
333
0
0
0
0
33.3
0
0
0
3.3
0.4

0

20.8

0.7
37
3.5

2.2
1000
6.5

0
31.2
0

66.6
175
5

St: 2.298 ppm
Heavy metals
Not analysed
**
Not analysed

3.3
3.1
0
4.3
0

3.4
3.3
0
22.7
0

Not analysed

0

0

Not analysed

0

0

Not analysed

0

0

10 ppm
40 ppm
10 ppm
0.1 M
2.9 ppb
3.16 ppb
2.45 ppb
100 ppm
1 ppm
0.1 ppm
0.4 ppm
0.1 ppm
0.1 ppm
0.4 ppm
0.1 ppm
U: 21.6 ppm
St: 3.062 ppm
10 ppm
40 ppm
1 ppm
4 ppm
200 ppb
*
0.05 M
U: 3.750 ppm
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4All the sediment pore water samples (No. 17, 18, 19,
20) did not show any toxicity in both tests. The tap water
toxicity was surprising (TUrapidtox : 4.3, TUthamnotox: 22.7,
they are in very toxic and extremely toxic categories), but
it turned out that free chlorine was in the sample that caused
the toxic effect. Two surface water samples (No. 5, 7) were
very toxic according to the TU in both tests, which can be
explained by their chemical composition ((high strontium
concentration 2298 µg/l and uranium (360 µg/l) and strontium (356 µg/l) together)). Interestingly the surface water
sample No. 6 was toxic in the Thamnotoxtest only in extremely toxic level (TU: 66.6) which might be explained by
the very high concentration of zinc (14001 µg/l) and cadmium of 14.1 µg/l. Its effect expressed in a longer period
only in an exposition of 24h. The uranium contaminated
ground water sample No. 3 was toxic in the Thamnotox test
only again emphasizing the longer effect of uranium (TU:
5). The two ground water samples (No. 1,2) used for spiking were not toxic without any additional chemicals in both
tests. In case of endocrine disruptor samples (No. 13, 14,
15) there was no signal at all in both tests. Citric acid in a
concentration of 0.1 M (No. 12) was extremely toxic for
the animals in both tests because of the low pH.
HgCl2 in concentration of 10 ppm (No. 11) was extremely toxic in both tests even at concentration of 0.1 ppm
(No. 25) was very toxic as well. KCN at a concentration
of 40 ppm (No. 10) was extremely toxic in both tests but
at a concentration of 1 ppm (No. 22) only a stress effect
could be detected in the Rapidtox test. The MNNG as an
alkalating agent could be detected in both tests. At a concentration of 10 ppm (No. 9) it caused only a stress effect;
but at a concentration of 100 ppm (No. 21) the effect was
stronger in the Thamnotox test. At a concentration of 0.1
ppm (No. 23) of MNNG there was no toxic effect in both
tests. Interestingly the sample with a mixture of chemicals
(No. 29) showed a lower toxicity in both tests like in the
samples with the same concentrations of the same chemicals. It can be explained by the antagonist effect of the
mixture. The surface water sample (No 4) without any spiking agents was toxic in the Thamnotox test which can be
explained by its high concentration of uranium (21600 µg/l)
The toxicity could be detected only in Thamnotox test and
not in rapid test showing the need of longer exposure of
uranium manifesting the toxic effect. The sample No. 4
was spiked with MNNG at a concentration of 10 ppm and
the toxic effect could be detected in Thamnotox test, but it
could not be detected in the ground water sample at all
(No. 9) in the same concentration. It can be explained by
a somewhat additive effect. All the spiked samples made
from this surface water sample (No. 4), containing high
amount of uranium, were more toxic in the Thamnotox
test than in the Rapidtox test. At the same time samples
No. 26-28 showed toxicity in both tests. Overall, the intensity of the toxicity signal (toxicity class) was the same
for 21 of 30 water samples (73%). For the other waters, the
24h mortality test in most cases gave a somewhat higher
toxicity signal (higher toxicity class) than the sublethal test.

DISCUSSION AND CONCLUSION
As it was emphasized in the introduction there is a
great need to have sensitive, rapid, cheap routine methods
in detecting hazards in water. During the last few years
toxicity testing has received considerable attention as a
complement to chemical analyses [4]. Some papers deal
with the evaluation and comparison of different microbiotests and so-called conventional test methods according
to OECD guidelines in detecting chemicals. It was found
that the results correlated each other [5]. The results received at the Workshop of Biodefence at the Oregon
University held in 2002 proved the sensitivity of the
Daphtoxkit using Daphnia magna larvae hatched from
ephippia and Thamnotoxkit [6] Drobne and Strus [7]
showed that cadmium is substantially more toxic than
zinc for all the test biota used by a factor of 4. The factorial experiments with binary mixtures showed that for the
micro-algae, both metals showed “additivity” in accordance
with the concentration-addition model. This was, however, not the case for the metal combinations applied to D.
pulex, the outcome of which seemed to be dependent on
the relative contributions of the individual metals [7]. The
sample No. 6 contained both metals cadmium and zinc and
the effect was toxic only in the 24 hour test and not in the
one hour test. The toxicity was very similar for the samples No. 5 and 7 in both tests (TU ranged between 3.1- 3.4)
however the composition of metals was totally different.
The sample No. 5 contained mainly strontium without any
other heavy metals and the sample No. 7 was a mixture of
different metals of chromium, copper, lithium, nickel, lead,
strontium, uranium. Drobne and Strus [7] emphasized the
difficulty of a general application of models for predicting
toxic impacts, and the need for toxicity testing of mixtures
to determine their real hazard. Pollumaa et al. [8] showed
the disagreement between chemical and toxicological evaluations in 14 samples of a total of 27. In two mismatching
cases (soils from the territory of former gasoline stations)
the level of oil products exceeded the PLVr (permitted limit
values in residential areas) but no toxicity was detected,
most probably due to the low bioavailability of aged pollutants. It must be taken as a warning that a majority of
mismatching cases (12/14) of the samples proved to be toxic
or even very toxic despite the fact that the measured hazardous key pollutant levels were below the PLVr. The study
showed the necessity of biotesting in environmental risk
assessment to avoid the false-negative results that may
result in harmful effects for the ecosystems and also to
human health [8]. In our study there were two „false positive” samples namely the tap water No. 16 because of the
free chlorine and the sample No. 30 which was spiked
with citric acid and the low pH caused the toxicity. Czerniawska-Kusza and Ebis [9] examined amongst others
two ground water samples originating from a well near a
dump (an unprotected landfill). While one of them was
toxic, the other well water was not toxic at all on all test
species used (Daphnia magna; Raphidocelis subcapitata;
Tetrahymena thermophila; Thamnocephalus platyurus).
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As a conclusion it can be stated that microbiotests using crustacean larvae hatched from cysts can sign a lot of
types of chemicals both in mortality or stressed situation.
The Rapidtoxkit (1hour exposure) can replace the 24 hour
Thamnotoxkit test in many cases. As a final conclusion
should be emphasized that a battery of tests are needed to
detect the different effect of hazards.

[9]
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SUMMARY

INTRODUCTION

In order to evaluate the environmental quality of Portland cement, an analysis of the total concentration of the
15 minor elements considered in the Dutch Building Materials Decree (DBMD): antimony, arsenic, barium, cadmium, chromium, cobalt, copper, mercury, lead, molybdenum, nickel, selenium, tin, vanadium and zinc has been
carried out. The total concentration (in mg/kg) of these elements has been determined according to the European
standards EN 13656 and EN 13657.
DBMD establishes limits in total concentration for 12
of the 15 minor elements, with the exceptions of antimony,
selenium and vanadium. These limits are based on the utilisation as building materials and based on the natural occurrence of each element in Dutch soils, referred to as limit
composition for clean earth. Results show that all elements
in the end-products fulfill the regulated limits for building
materials and, on the other hand, the results show a barium,
chromium, mercury, nickel and zinc concentration in clinker
slightly higher than the reference in the Dutch Decree for
clean earth.
An individual mass balance has been evaluated for
these elements, and also Vanadium, due to its high concentration in the coke used as fuel, in order to identify the
origin and the relationships of distribution in the manufacturing process.

KEYWORDS:
Building materials, cement, clinker, mass balance, metals, mortar.

The environmental characterisation of building materials is a subject of great relevance and social preoccupation, due to the increasing awareness of the environmental
quality of the end-products. Within the chemical properties of the materials, the presence of minor elements in these
materials is very important in relation to the utilisation of
the product.
In this sense, different regulations have been developed. In U.S. Environmental Protection Agency (EPA), the
regulations of the building materials do not establish limits
for minor elements in the end-products, however, limits for
more volatile elements like mercury, lead, cadmium, arsenic, beryllium and chromium must be fulfill in the raw materials of the furnace in order to assure that the emission
limits in air are fulfilled.
On the other hand, in the European Union, the European Directive 96/61/CE of Integrated Pollution Prevention and Control (IPPC), for the cement and lime sector
[1], gives a methodology for the chemical characterisation
of the raw materials but does not establish regulated limits
and has not regulated the environmental quality of the
end-products. Among the National European regulations,
the Dutch Building Materials Decree [2-4] has a complete
methodology and limits for these materials.
The Dutch Decree proposes regulated limits for building materials in relation to the concentration of minor elements, organic as well as inorganic (metals and anions)
compounds. Furthermore, the Dutch regulation gives limits
for a clean earth (for example for fillings, roads, etc.) and
regulated limits for building materials (mortar, concrete,
etc.). The Appendix I of the Dutch Decree establishes
regulated limits for a clean earth for 12 metals and 6 ani-
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ons and a variety of organic compounds. If the concentration of all the elements is smaller than the Clean Earth
Limits, the analyzed material could be described as clean,
and it can be used in all the applications. In the Appendix
II, the Dutch Decree gives the maximum concentrations
for 11 metals that a product should have in order to use
this material for building aims.

account in other regulations and some of the raw materials
of the cement process have a high quantity of these pollutants. Finally, different mass balances of these metals
have been developed in order to identify the origin and the
relationships of distribution in the manufacturing process.
MATERIAL AND METHODS

Many papers have reported on the quality of the endproducts in building materials [5-8]. However, most of
them have only studied the results of the mobility of minor elements using different leaching tests but the authors
have not reported the total content of metals in the raw
materials in relation to the regulated limits. The aim of
this work is to evaluate the environmental quality of the
raw materials of the Portland cement production based on
the Dutch Decree for 12 elements (arsenic, barium, cadmium, chromium, cobalt, copper, mercury, lead, molybdenum, nickel, tin and zinc). Furthermore, three more elements have been studied (antimony, selenium and vanadium) due to the fact that these metals have been taken into

Materials

The materials used for clinker and mortar production
have been marl, limestone, paper mill sludge, roll scale,
foundry sand, slag and fly ash. Furthermore, tyres and meal
have been used as replacement of coke as fuel. The composition of the main elements of these materials is shown
in Table 1. In the mass balance of the metals, the mass
fraction of the raw materials on the final clinker has been
64.3% marl, 27.1% limestone, 1% foundry sand, 1.7%
paper mill sludge, 2.11% roll scale and 3.7% coke.

TABLE 1 - Composition of the materials.
Material
Fly ash
Slag
Meal
Foundry sand
Roll scale
Paper mill sludge
Limestone
Marl
Coke
Tyres

SiO2
(%)
34-60
29-38
0.8
84-91.8
4-11
0.1-0.3
3
18
500 mg/kg
20000 mg/kg

Al2O3
(%)
17-30
7-16
0.2
0.8-6
0.2-3
0.1
2
5.5
1000 mg/kg
5000 mg/kg

Fe2O3
(%)
5-16
3
0.05
0.4-0.9
19-95
0.1
0.6
1.5
200 mg/kg
20000 mg/kg

CaO
(%)
1-10
35-48
10.2
0.2-0.7
0.1-34
54
51
38
-500 mg/kg

Methods

Total concentrations of 15 minor elements in Portland
cement materials (raw materials, clinker and mortars) have
been analysed. The total concentration has been determined
by means of two total digestion tests, EN 13657 [9] and EN
13656 [10]. The first is with hydrochloric and nitric acids
as reagents, whereas the last one is with hydrofluoric acid
as a part of the solubilisation agent. However, the protocol
of the methods is very similar. In both cases, a microwave
MARS 5 (CEM) has been used with a program for 250 to
500 W in 19 minutes. After heating and cooling, the sample
is centrifuged and filtrated with a Millipore® 0.45 µm of
pore size.
The analyses have been obtained by duplicate. The
analytical technique has been chosen based on the sensitivity to fulfill the regulated limit. The concentration of barium, cobalt, copper, nickel, vanadium and zinc has been
analysed in Atomic Emission Perkin Elmer Plasma 400

MgO
(%)
1.5-4
2-10
0.4
0.4-1.2
<1.5
0.3
0.5
1
---

Na2O+
K2O (%)
0.9-6.2
0.1-2.5
0.8
0.5-1.5
-1.8
0.4
1.1
-0.18-0.34

V
(mg/kg)
---30
----300
--

Zn
(mg/kg)
---80
---80
<60
110000

S
(%)
0.2
0.15
0.6
0.07-0.15
-0.07-0.15
0.15
0.4
4-6.5
1-1.6

equipment. For chromium and lead, Atomic Absorption
with flame, Perkin Elmer 1100B, has been used. The quantity of arsenic, mercury and selenium have been measured
through Atomic Absorption and Hydride generation in a
Perkin Elmer 1100B equipment and, finally, an Atomic
Absorption Perkin Elmer Graphite 1100B and graphite
furnace HGA 700 with automatic sampler has been used
for cadmium, molybdenum, antimony and tin concentrations.
RESULTS AND DISCUSSION
Results of metals in relation to the regulated limits

First, the results of metals have been studied in relation to the regulated limits in the Dutch Decree [2-4],
taking into account the limits for clean earth and building
materials. Only twelve of the metals have regulated limits.
The rest of metals, Antimony, Selenium and Vanadium,
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have been studied because they have a high concentration
in some of the raw materials.
Figures 1 and 2 show the results of metal concentration
of the materials (raw materials: marl, limestone, paper mill
sludge, roll scale, foundry sand, meal, slag and fly ash; and
products: blank clinker and mortar with tyres and meal) in
relation to the Dutch regulated limits. The limit for clean
earth has been represented in continuous line. Discontinuous line has been used for the regulated limit in the case
of building materials.
As it can be observed, the roll scale in the case of Cr,
Cu, Mo and Ni and fly ash and slag for the Ba concentration, do not fulfill the Dutch limits for building materials.
In relation to the regulated limits for clean earth, the met-

als with a smaller concentration than the limits in the endproduct are As, Cd, Co, Cu, Mo, Sn and Pb. However,
some of them do not fulfill the regulated limits in the raw
materials. In particular, As, Co, Cu for fly ash and roll
scale, Mo in the case of foundry sand, Pb for fly ash and
paper mill sludge and Sn in the roll scale. On the other
hand, the metals that do not fulfill the regulated limit in
the blank clinker are the following one: Hg and Ba when
fly ash and slag are used as raw materials and Cr and Ni
when roll scale is used.
Only the Zn and Ba concentrations do not fulfill the
limit in the end-product in the case of using tyres and meal
instead of coke.
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FIGURE 1 - Results of As, Ba, Cd, Co, Cr and Cu in the materials in relation to the regulated limits.
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FIGURE 2 - Results of Hg, Mo, Ni, Pb, Sn and Zn in the materials in relation to the regulated limits.

In spite of having not regulated limits, three more elements have been studied, antimony, selenium and vanadium, due to the fact that these metals have been taken
into account in other regulations and some of the raw materials of the cement process have a high quantity of these
metals. The results of the concentration of these elements
have been shown in Figure 3.
Roll scale gives to high concentration of Sb and fly
ash and slag have to high quantity of Se, however, the
concentration of these metals in the end-product is very
low. On the other hand, regarding the vanadium concentration, although the concentration of this metal is smaller
than 50 mg/kg in all raw materials, a high value in the
clinker is observed (almost 250 mg/kg).

Results of metals in relation to
mass balances in manufacturing process

In order to identify the origin and distribution of the
metals in the end-products, a mass balance of each element has been carried out in clinker production. Only the
concentration of Ba, Cr, Hg, Ni, V and Zn has been studied in this case because they are the metals with a high
value of concentration in the end-products. The results of
mass balances have been represented in the Figure 4 in
pie charts with the mass flow of the raw materials in relation to the end-product.
As it can be observed in the previous Figure, the concentration of Ba, Hg and Zn in the cement products is due
to the use of marl and limestone as raw materials. In the
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case of Cr and Ni, the roll scale gives a high quantity of
these metals (or minor elements) in the end-products. It is
very important to emphasize that the high concentration
of V in the clinker is due to its very high concentration in
the coke. Finally, regarding the Hg, we can observe that
other materials must be studied in the mass balance in
order to know its behaviour in the process.
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SUMMARY
Waste Electrical and Electronic Equipment (WEEE)
present a rapidly growing management problem, due to their
increasing rate of obsolescence and disposal, and their hazardous materials content. WEEE represents 4% of the municipal solid waste stream (MSW) and is a major contributor of hazardous substances, especially heavy metals
to MSW. In Greece it is estimated that WEEE generation
is ca. 175.000 ton/year. The primary disposal route is in landfills without any pre-treatment. A recent European Directive requires separate collection and treatment of
WEEE at a minimum rate of 4 kg/year/person. The objective of this paper is to quantify the amounts of hazardous
substances entering Greek landfills resulting from
WEEE disposal. Estimates are produced fro the current
status of untreated disposal and for 4 kg/person/year separate collection. Results show that for the year 2002 ca. 167
ton Pb, 0,1 ton Hg, 0,7 ton Cd, 25 ton Sb and 0,2 ton Be
end up in Greek landfills.

KEYWORDS:
Waste Electrical and Electronic Equipment (WEEE), hazardous
waste, landfills, heavy metals, municipal solid waste.

INTRODUCTION
Waste Electrical and Electronic Equipment (WEEE)
present a rapidly growing management problem, due to their
increasing rate of obsolescence and disposal, and their
hazardous materials content. The uses of electrical and electronic devices, such as PCs, televisions, refrigerators, washing machines, mobile phones etc, has increased over the
last years, and are now present in almost every aspect of
life. Consequently, the number of appliances being disposed

of has increased proportionally. It is estimated that cumulatively, between 1994 and 2003, about 500 million PCs
alone have reached the end of their useful life. It is also
estimated that in 2005, about 130 million mobile phones
will be disposed of. In Europe, in 1998 ca. 6 million tons of
WEEE were generated. This represents about 4 % of the
Municipal Solid Waste (MSW) stream, but on the other
hand WEEE is the most rapidly growing waste stream with
a rate of 3-5 % every year [1]. The complexity and content
in hazardous substances of electrical and electronic equipment is also of concern. A very large number of substances
(over 1.000) are found in WEEE. Hazardous substances in
significant quantities pre-sent in WEEE are lead, cadmium,
mercury, hexavalent chromium, beryllium, antimony, and
organic substances such as brominated flame retardants,
PVC, PCBs and liquid crystals. In some components, concentrations of such substances are high enough to classify
them as hazardous waste. A fact that ads to the difficulty
of WEEE management is that in many cases, hazardous
substances are used in components that are difficult to
identify and locate, and also that sometimes, smaller and
lighter equipment (e.g. a mobile phone) can contain more
hazardous substances than bigger and heavier appliances
(e.g. washing machines). Despite the small percentage of
WEEE in the MSW, they are a very large source of hazardous substances in MSW landfills, considering the fact that
almost 90% of WEEE is disposed of with no pre-treatment.
In the US, electronic waste is the second largest source of
lead in the MSW, after lead batteries.
The objective of this paper is to quantify the amounts
of hazardous substances present in Greek landfills resulting
from WEEE disposal.
Hazardous substances in EEE, their location and use
in appliances is given in Table 1.
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As regards the mobility of the hazardous substances,
results from TCLP tests have shown that most heavy metals as well as BFRs are leachable under landfill conditions
in concentrations exceeding the US regulatory limits for
classification as hazardous waste [6-8].

The classification and composition of WEEE for
Western Europe is given in Table 2, Figures 1, 2 and 3 [911].

TABLE 1 - Hazardous substances in EEE.
Substance

Component

Use

Quantity

Lead (Pb)

Printed circuit (Wire) boards (PWB)/ tin-lead
solder, Monitor/TV CRTs, batteries in older laptops, cabling

Mercury (Hg)

Fluorescent Lamps, gas discharge lamps, Flat
screen displays in laptops, mobile phones etc.,
Batteries

Cadmium (Cd)

Battery, emitter, CRT, housing/plastics, PWB/chip
resistors/semiconductors

Interconnection materials, good conduc- 0.7% total weight of circuit
tivity, Radiation Shield, stabilizer in
board, 0,5-1,5 kg/CRT
PVC cabling, Surface treatment for
copper alloy
Backlight for LCDs
5 mg/laptop,
20-50 mg/tube depending on
size of tube, 4 g/100 fluorescent tubes
Plating, Phosphorescent coating inside
0,0063% of total PC weight,
of screen, stabilizer, colour pigment
5-10 g/CRT

Hexavalent
Chromium (Cr VI)

Housing, PWB in PCs, hard disk, cabling

Decorative, hardener, stabilizer

0,0094% of total PC weight,
0,2gr/CRT, 0,3gr/PWB

Antimony (Sb)

PC, CRT

Flame Retardant, melting agent in CRT
glass

0,2% in panel and 0,24% in
funnel

Beryllium (Be)

PWB, CRT, relays, switches, laser printers

High strength, high conductivity

0,08 kg/ton PWB, 0,0157%
total PC weight, 0,05 gr/CRT

Brominated Flame
Retardants (BFRs)

Plastics, PWB

Polychlorinated
Biphenyls (PCBs)

Capacitors, ballast in fluorescent lamps

Liquid Crystals
(LCs)

LCDs in laptops, mobile phones etc.

Ozone Depleting
Substances (ODSs)

Refrigerators, air conditioners

Polyvinyl Chloride
(PVC)

Cabling

Up to 25% of plastics

0.5 gr/ laptop, 0.2-0.3 gr/
mobile phone
Cooling agents, insulation materials

Source: Adapted from [2-5].

TABLE 2 - Classification of waste electrical and electronic equipment (WEEE).
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MATERIALS AND METHODS

FIGURE 1 - Percentage of each category in WEEE.

The amounts of selected hazardous substances entering Greek landfills each year due to WEEE disposal for
the period 2000-2006 is calculated, together with the cumulative amount of each substance for the same period. Calculations are made in an Excel spreadsheet, using estimates
for the total amount of WEEE. The base estimate is for the
year 2002 from the Greek Ministry of Environment and a
rate of growth of 3%/a is applied. Since no data is available
for the composition of WEEE produced in Greece, the
average composition of WEEE in Europe is used. Assumptions according to [12] are made for the percentage of each
category that is actually landfilled, while the rest are reused,
sold or put into storage. There are nevertheless no data regarding the amount of WEEE coming out of storage or
second use and into the waste stream each year, nor data
for the length of such storage or second use, which is of importance, because all EEE will eventually be discarded and
will enter the waste stream. Furthermore, another limitation of this study is the lack of data concerning the age or
year of manufacture of the equipment discarded, which is
relevant to the amounts and speciation of hazardous substances in EEE. Finally, for the year 2006, amounts of hazardous substances in landfills are also estimated using the
assumption that the separate collection target of 4 kg/cap/
year set out by the EU WEEE Directive is achieved (and
assuming that removal of hazardous substances for that
stream is total), for comparison purposes.
RESULTS AND DISCUSSION

FIGURE 2 - Composition of WEEE in Western Europe.

Calculations are made for lead, mercury, cadmium,
antimony and beryllium. Results for each substance are
presented in Figures 4-8 and are in tons. For the baseline
year 2002 and the year 2006 results are presented in Table
3. It is estimated that for the year 2002, 157,5 tons of lead,
0,134 tons of mercury, 0,77 tons of cadmium, 25,1 tons of
antimony and 0,177 tons of beryllium end up in landfills.
For 2006 if the separate collection target is achieved, there
will be a 58% reduction in hazardous substances ending up
in landfills, but on the other hand, more than 70 tons of lead
still will be landfilled.
P b	
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FIGURE 3 - Composition of WEEE in Switzerland.
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FIGURE 4 - Lead from WEEE disposal.
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TABLE 3 - Comparison of Results
with and without separate collection.

discarded in the future. Regarding the separate collection
target set by the EU Directive, it can be seen that even by
achieving 4kg/cap/year separate collection and treatment,
relatively large amounts of hazardous substances will still
end up in landfills. Finally, it should be noted that, up until
now, quantities of WEEE entering landfills have not been
monitored in MSW characterization studies, such as [13,
14], but a new project, taking place at the time of writing
in the landfill of Thessaloniki, Greece, will report field data
on WEEE.

Substance
2002
Pb
Hg
Cd
Sb
Be

2002

2006

B e	
  fro m	
  WE E E 	
  D is po s al

C d	
  fro m	
  WE E E 	
  D is po s al

6

2000
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FIGURE 7 - Antimony from WEEE disposal

FIGURE 5 - Mercury from WEEE disposal.

0
1998

2002

166,803
0,134
0,770
25,059
0,177

Amount (ton)
2006 with separate
collection 4kg/cap/a
187,155
74,111
0,151
0,011
0,863
0,360
28,112
11,715
0,199
0,083
2006

The cumulative amount for the study period is ca.
1204 tons of lead, 1 ton of mercury, 5,6 tons of cadmium
181 tons of antimony and 1,3 tons of beryllium. A rough
estimation of liquid crystals landfilled is in the order of
magnitude of 1-1,5 kg/year.
CONCLUSIONS
As can be seen from the results, the amounts of hazardous substances from WEEE ending up in landfills each
year (even without accounting for the total amount of
WEEE produced) justify the need for separate collection
and treatment, as can also be seen from the cumulative
amounts for each substance. Another factor of importance
is WEEE which are in storage or in second use and will be
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