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Abstract Eight different surface sediment samples
(K1–K8) were collected from two separate areas of
Lake Koumoundourou and two samples (E1 and E2)
from one area of Elefsis Bay, Athens, Greece. The
level of pollution attributed to heavy metals was eval-
uated using several pollution indicators. Degree of
Contamination, Modified Contamination Degree and
Geoaccumulation Indexes were applied in order to
determine and assess the anthropogenic contribution
of the selected six elements (Cr, Ni, Cu, Zn, As and
Pb). Moreover, the adverse effects of the sediments to
aquatic organisms, from both heavy metals and poly-
cyclic aromatic hydrocarbons (PAHs), were deter-
mined by using Sediment Quality Guidelines. The
results indicated that Lake Koumoundourou is con-
taminated with heavy metals in a moderate degree
and almost 50 % of the sediments are associated with
frequent observation of adverse effects, when it comes to
Ni and occasional observation of adverse effects, when it
comes to Cu, Zn and Pb. As far as PAHs are concerned,
around 60 % of the samples can be occasionally associ-
ated to toxic biological effects according to the effect-
range classification for phenanthrene, benzo(a)anthra-
cene, chrysene and pyrene. Finally, samples taken from

the north side of the lake are more contaminated with
PAHs than the ones taken from the east side probably
due to the existence of the water barrier which acts as a
reservoir of PAHs.
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Introduction

Unfortunately, nowadays, the presence of heavy met-
als in lake and sea sediments has created an alarming
situation that requires immediate attention. Careless or
inappropriate disposal of industrial wastes, pipeline
leaks, faulty drainage systems and insufficient main-
tenance of petroleum tanks are some of the reasons
that often lead to contamination of the surrounding
areas not only by organic compounds (e.g. polycyclic
aromatic hydrocarbons (PAHs)) but also by heavy met-
als such as Cr, Ni, Cu, Zn, As and Pb (Fiedler et al.
2009; Ugochukwu 2004; Chindah et al. 2004).

Heavy metals occur naturally in the ecosystem in a
variety of concentrations. Some of them are dangerous
to human health or to the environment (e.g. mercury,
cadmium, lead and chromium), some may cause cor-
rosion (e.g. zinc and lead) and some are harmful in
other ways (e.g. arsenic may pollute catalysts) (Hogan
2009). The knowledge of total concentration of a
metal in soils or sediments is undoubtedly of great
significance, but it is a rather poor indicator of its
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bioavailability, mobility and toxicity. In order to assess
the environmental impact of a contaminated area, the
knowledge of the available fraction of a metal in the
sediment is a necessity. The metal properties depend,
therefore, not only on their total concentration but also
on the physicochemical form they appear, a phenomenon
characterised by the term “speciation” (Giacalone et al.
2005; Ure et al. 1993)

The distribution and speciation of heavy metals
in sediments is a very complex procedure that
depends on various parameters such as the concen-
tration of the metal ions, pH and redox potential of
the sediment, the anthropogenic impact on aquatic
ecosystems caused by the discharge of urban and
industrial wastewaters and the natural erosion pro-
cesses of coastal and seafloor (Tsai et al. 2003;
Carman et al. 2007). One of the largest problems
associated with the persistence of heavy metals is
their low rate of biodegradation causing even great-
er exposure for some organisms than is present in
the environment alone (Diagomanolin et al. 2004).

On the other hand, PAHs are common constituents
in aquatic sediments and their origin can be either
natural or anthropogenic (Sklivagou et al. 2001). The
naturally formed PAHs are biosynthesis products of oil
and usually occur in marine sediments in low concen-
trations (e.g. 0.01–1 ng/g dw) whereas the human
origin PAHs occur in higher values and can be easily
found in estuaries and coastal areas as well as areas
associated with the disposal of oil or petroleum
wastes. Some of them such as benzo(a)anthracene,
benzo(b)fluoranthene, chrysene and benzo(a)pyrene
are considered to be carcinogenic for human (Anyakora
et al. 2003; Orecchio and Papuzza 2009). They are
present in both dissolved and particulate phases. Due
to their low solubility and hydrophobic nature, they can
be associated with both organic and inorganic particles,
therefore accumulated to relatively high concentrations
in sediments (Orecchio 2010; Giacalone et al.
2004). Sediments, therefore, represent the most
important recipients of PAHs in the aquatic envi-
ronment (Culotta et al. 2006).

Pollution indicators

There are a number of methods for calculating the
degree of metal enrichment in sediments (Ridgway
and Shimmield 2002). Various authors have proposed
contamination impact scales in order to affiliate the

numerical results provided from the field to descriptive
tables of contamination ranging from low to high
intensity (Hakanson 1980). These methods do not
take into consideration the speciation of heavy met-
als in sediments, but indicate the level of contami-
nation of a particular area from heavy metals or PAHs,
based on their total concentrations. The three methods
used in this study are discussed in the following
sections.

Degree of contamination

This method is based on the calculation of a contam-
ination factor (Cf) for each pollutant. The individual
contamination factors are calculated according to the
following equation:

Ci
f ¼

Mi
x

Mi
b

where Mx and Mb respectively refer to the mean con-
centration of the target metal in at least five sub-
samples and the pre-industrial “baseline” sediments.

Then, Hakanson’s (1980) study suggests that the
numeric sum of all the aforementioned contamina-
tion factors should express the overall degree of
contamination in the sediment by using the following
formula:

Cd ¼
Xn
i¼1

Ci
f

where Ci
f are the individual contamination factors for

the selected element and n is the number of the Cfs
examined for a specific sediment.

Modified degree of contamination

Unfortunately, Hakanson’s proposal requires seven
specific metals plus a polychlorinated biphenyl, hence,
all eight species must be analysed in order to calculate
the correct degree of contamination (Cd). As a conse-
quence of these limitations, Abrahim and Parker
(Abrahim and Parker 2008) proposed a variation of
this method which takes into consideration all the Cfs
for a given set of pollutants divided by the number of
the analysed pollutants, e.g. heavy metals (Abrahim
and Parker 2002).
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mCd ¼
Pn
i¼1

Ci
f

n

where n is the number of analysed elements, i the
element and Cf the contamination factor.

The mean concentration of a metal requires the
analysis of at least three samples of the contaminated
sediment and the reference (“baseline”) concentrations
are determined from uncontaminated sediments of the
surrounding area (Abrahim and Parker 2008).

The classification of the sediments according to the
modified degree of contamination (mCd) is the following:

mCd<1.5 Zero to very low degree of contamination

1.5<mCd<2 Low degree of contamination

2<mCd<4 Moderate degree of contamination

4<mCd<8 High degree of contamination

8<mCd<16 Very high degree of contamination

16<mCd<32 Extremely high degree of contamination

mCd≥32 Ultra-high degree of contamination

Geoaccumulation Index

The geoaccumulation index (Igeo), originally introduced
for bottom sediments by Muller in 1969 (Abrahim and
Parker 2002), enables the assessment of contamination
by comparing current and pre-industrial concentrations,
using the following equation:

Igeo ¼ log2
Cn

1:5 � Bn
� �

where Cn and Bn are respectively the measured concen-
tration of the selected element in the sediment and the
geochemical background reference concentration value.
The constant 1.5 allows us to take into consideration
natural fluctuations that may have occurred in the envi-
ronment of the sediment including possible small an-
thropogenic inputs (Yaqin et al. 2008).

The classification of the sediments according to the
Igeo values is the following (Abrahim and Parker 2008;
Anagnostou et al. 1997):

Igeo Pollution status

>5 Extremely polluted

4–5 Strongly to extremely strongly polluted

3–4 Strongly polluted

2–3 Moderately to strongly polluted

1–2 Moderately polluted

0–1 Unpolluted to moderately polluted

<0 Unpolluted

Sediment Quality Guidelines

The Sediment Quality Guidelines (SQGs) were origi-
nally intended for use by National Oceanic and Atmo-
spheric Administration (NOAA) scientists in ranking
areas that warranted further detailed study on the ac-
tual occurrence of adverse effects such as toxicity.
They were also intended for use in ranking chemicals
that might be of potential concern. SQGs developed
by NOAA include a large set of effect range guidelines
derived from a large series of chemical and biological
data collected from North American coastal regions
(McCready et al. 2006). SQGs provide concentrations
limits of contaminants (heavy metals and PAHs) in
sediments in order to ensure safe living of organisms
in or near them (Hinkey and Zaidi 2007; Violintzis et
al. 2009).

Two sets of guidelines are commonly used, the
effects range low/median (ERL/ERM) and threshold/
probable effect level (TEL/PEL). The low-range val-
ues (ERL or TEL) represent concentrations below
which adverse effects upon sediment dwelling organ-
isms are not likely to occur. Upper range values (ERM
or PEL) represent concentrations above which adverse
effects are expected to appear.

The ERL/ERM indicators use percentiles of the 10th
and 50th of metal concentrations that create adverse
biological effects respectively. On the other hand,
TEL/PEL indicators use the geometric mean of the
aforementioned percentiles of concentration values that
create or not adverse effects, respectively (Violintzis et
al. 2009). Each set of guidelines delineates three ranges
of metal concentrations where adverse effects are ob-
served rarely (<ERL or <TEL), occasionally (ERL-
ERM or TEL-PEL) and frequently (>ERM or >PEL).

In order to obtain a more realistic measure of the
sediments’ toxicity, mean quotients were introduced
according to the following equations:

ERMQ ¼
Pn
i¼1

Mi ERMi=

n PELQ ¼
Pn
i¼1

Mi PELi=

n

where Mi is the concentration of element i in sedi-
ments, ERMi and PELi the guideline values for the
element i and n the number of metals. These mean
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quotients can be used in case of existence of multiple
contaminants in the sediment where the adverse effects
caused by each chemical are additive and not antago-
nistic (Violintzis et al. 2009). The sediment quality
criteria for eight metals and fourteen PAHs are shown
in Table 1 (Burton 2002) and the classification of sedi-
ments according to ERMQ and PELQ is as follows:

ERMQ values of <0.1, 0.11–0.5, 0.51–1.5 and >1.5
are related to 12, 30, 46 and 74 %, respectively, that
sediments present toxicity in amphipod survival bio-
assays. Similarly, PELQ, values of <0.1, 0.11–1.5,
1.51–2.3 and >2.3 coincide with 10, 25, 50 and 76 %,
of toxicity, respectively (Long and MacDonald 1998;
McCready et al. 2006). Consequently, four relative lev-
els of contamination have been created (high, medium
high, medium low and low) (McCready et al. 2006).

The objectives of this study were: (1) the use of
pollution indicators, such as mCd and geoaccumula-
tion indexes, in order to evaluate the anthropogenic
participation in the contamination of surface sediments
of Lake Koumoundourou from heavy metals, (2) the
use of SQGs, so as to evaluate the pollution status and
the adverse biological effects to aquatic organisms due
to heavy metals and PAHs in sediments of the lake and
of Elefsis bay and (3) the comparison of contaminated
sediments from lake Koumoundourou and Elefsis Bay.
A more comprehensive assessment of the contamina-
tion of an area requires also the knowledge of the
speciation of heavy metals, something that will be
addressed in another study of ours.

Materials and methods

Study area

Koumoundourou Lake is located inshore of Elefsis Bay
(Saronikos Gulf, Greece; Fig. 1), and it is surrounded by
many contamination sources, most of which are oil
refineries. Moreover, the lake is the main recipient of
groundwater leaching from the major landfill of Athens
(Karageorgis et al. 2009). The lake is separated from
Elefsis Bay by the Athens-Corinth national road, but it is
linked to the gulf through a narrow weir and a pipeline.
It covers an area of 147,000 m2, and it is approximately
600 m long and 400 m wide. The shoreline perimeter is
about 1,700 m and the surface elevation is 1.4 m above
sea level (Karageorgis et al. 2009). Water depths do not
exceed 3.3 m in the North East part of the lake, while in
the South East part, water depths are less than 1 m, thus
giving a mean of 1.5 m (Roussakis 2003). Koumoun-
dourou Lake is bordered by oil refinery companies, a
marble cutting factory and a military camp used as an oil
supply depot station, the latter one located on the east
side of the lake (Conides et al. 1996).

Sediment sampling

On May 2011, eight sediment samples labelled as K1–
K8 were collected from Lake Koumoundourou. Sedi-
ments K1, K3, K5 and K7 were collected from the
surface of the east side of the lake, near the military camp
and sediments K2, K4, K6 and K8 were collected from
the surface of the north side of the lake, near the existing
water barrier. Moreover, two samples with the code

Table 1 Sediment quality guidelines for metals (in milligrams
per kilogram dry weight) and organics (in nanograms per gram
dry weight)

ERL ERM TEL PEL

Element

Pb 46.7 218 30.2 112

Cd 1.2 9.6 0.68 4.21

Cr 81 370 52.3 160

Ni 20.9 51.6 15.9 42.8

Hg 0.15 0.71 0.13 0.7

Zn 150 410 124 271

Cu 34 270 18.7 108

As 8.2 70 5.9 17

Substance

Acenaphthene 16 500 10 90

Acenaphthylene 44 640 10 130

Anthracene 85 1,100 50 240

Fluorene 19 540 20 140

Napthalene 160 2,100 30 390

Phenanthrene 240 1,500 90 540

Benz(a)anthracene 261 1,600 70 690

Benzo(a)pyrene 430 1,600 90 760

Chrysene 384 2,800 110 850

Benzo(b)fluoranthene 320 1,880 70 710

Benzo(k)fluoranthene 280 1,620 60 610

Dibenzo(a,h)anthracene 63 260

Fluoranthene 600 5,100 110 1,490

Pyrene 670 2,600 150 1,400

Values for TEL/PEL on the substance dibenzo(a,h)anthracene
are not reported
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names E1 and E2 were taken from the surface of Elefsis
bay, as shown in Fig. 1. Sampling sites were selected to
cover an impacted area based on known anthropogenic
sources. All samples were collected using a Zn-plated
Petersen grab sampler and were transported to the labo-
ratory at −4 °C. During sampling, the weather conditions
were calm winds, shiny, with no rain and ground tem-
perature of approximately 25 °C. The sediments were
then slowly air dried at 105 °C, gently homogenised and
dry sieved through stainless steel sieves of 2 mm.

Physical properties of sediments

The physical properties of all sediment samples are
presented in Table 2. Moisture and organic matter
were calculated using method ASTM D2974, specific
weight according to method ASTM D854-92 whereas
pH and redox potential according to method ASTM
D4972 with the use of a Crison pH meter. Cation

exchange capacity was calculated according to EPA
method 9081. Moreover, an X-ray diffraction technique
was applied in order to determine the structure of the
sediments. The results showed that the main minerals of
all sediments were calcite (50–54 %), quartz (15–29 %)
and dolomite (6–14 %) and their classification accord-
ing to the Unified Soil Classification System was clayey
sands for lake’s Koumoundourou sediments and sands
for the sediments of Elefsis. For the XRD analysis, a
Siemens 5000 refractometer was used.

Determination of heavy metals and PAHs in sediments

The determination of the total concentrations of six
heavy metals in all ten sediment samples was done
according to EPA method 3051Α for total digestion of
the samples and the calculation of the heavy metals
concentrations was made with the use of inductively
coupled plasma mass spectrometry.

K1

K3

K5

K7

K2 

K4 

K6 

K8

Elefsis Bay 
(Eastern Part) 

National 
Road Military 

Camp 

Water
Barrier 

E1 

E2 

Elefsis Bay  

(North Western Part)

Fig. 1 Maps of Koumoundourou Lake and North Western part of Elefsis Bay. Sampling sites are shown

Table 2 Physical properties of all sediment samples

Physical properties Κ1 Κ2 K3 K4 K5 K6 K7 K8 Ε1 E2

Moisture (%) 22.4 38.5 19.5 34.8 20.8 35.8 21.9 36.1 21.7 21.1

PH 7.51 7.82 7.31 7.88 7.43 7.91 7.58 7.79 6.95 6.87

Redox (mV) −16 −28 −15 −27 −16 −26 −15 −28 −8 −9
Organic matter (%) 4.31 7.47 3.98 7.32 4.19 7.45 4.23 7.86 5.64 5.32

Specific weight 1.43 0.91 1.45 0.98 1.54 0.93 1.42 0.94 1.83 1.91

Cation exchange Capacity CEC (meq/100 g) 3.6 3.9 3.7 4.1 3.7 3.9 3.8 3.9 1.28 1.35
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The determination of PAHs in the samples was
made according to DIN ISO 11465 for the dry matter
and 18287 for SUM PAHs (EPA) by the use of a gas
chromatography–mass spectrometry. In accordance
with this method, approximately 10 g of air-dried
sediment sample (8 h at 35 °C) which is formerly
crushed/sieved to/at 2 mm are extracted by 30 ml of
acetone/hexane in an ultrasonic bath for 1 h. If it is
necessary, a clean-up is conducted using acetoni-
trile. A secondary PAH solution serves as internal
standard.

The results for both heavy metals and fourteen
PAHs in all ten sediment samples are shown in Table 3.
Because of collecting the samples from three main
different geographical areas it was considered neces-
sary to separate the samples into three categories and
investigate each one separately, when needed, hence
the creation of Table 4.

Results and discussion

Sediment characteristics

In general, all sediment samples have a low cation
exchange capacity (CEC) of approximately 4 meq/
100 g for the sediments collected from the Lake and
around 1.3 meq/100 g for the sediments collected from
Elefsis bay. This is totally acceptable since sandy and
sandy clay soils with high percentages of quartz and
calcite have such low values of CEC (Appelo and
Postma 1993). Moreover, sediments collected from
the east side of the Lake have lower values of
moisture and organic matter than those collected
from the north side. All the sediment samples col-
lected from the Lake have similar specific weights,
around 4, whereas sediments from the bay have values
around 1.

Table 3 Concentrations of six heavy metals (in milligrams per kilogram dry weight) and fourteen PAHs (in nanograms per gram dry
weight) in total matter

K1 K2 K3 K4 Κ5 Κ6 Κ7 Κ8 Ε1 Ε2

Element

Cr 65.08 31.26 86.81 38.79 69.32 37.8 83.24 43.51 158.46 143.12

Ni 53.19 20.61 90.17 30.29 56.27 19.23 86.45 28.65 71.23 48.49

Cu 16.35 13.82 31.59 29.46 17.54 14.48 32.87 24.65 145.36 169.32

Zn 47.28 111.39 121.28 181.97 65.34 107.57 132.78 176.61 251.78 363.78

As 2.85 0.35 9.05 7.14 1.67 0.87 10.86 6.82 6.90 7.65

Pb 37.38 156.01 51.12 201.28 31.78 154.65 64.23 187.54 123.57 85.45

Substance

Acenaphthene <50 <50 <50 <50 <50 <50 <50 <50 90 120

Acenaphthylene <50 <50 <50 <50 <50 <50 <50 <50 80 90

Anthracene <50 110 <50 120 <50 115 <50 115 240 210

Fluorene 50 110 70 60 50 115 60 115 270 190

Napthalene <50 <50 <50 <50 <50 <50 <50 <50 70 80

Phenanthrene 80 510 90 580 85 530 80 520 1,800 1,700

Benzo(a) anthracene <50 760 <50 850 <50 900 <50 780 480 760

Benzo(a) pyrene <50 <50 <50 <50 <50 <50 <50 <50 370 350

Chrysene <50 690 <50 790 <50 730 <50 710 630 690

Benzo(b) fluoranthene <50 80 <50 90 <50 95 <50 100 680 510

Benzo(k) fluoranthene <50 <50 <50 <50 <50 <50 <50 <50 320 360

Dibenzo(a,h) anthracene <50 <50 <50 <50 <50 <50 <50 <50 60 70

Fluoranthene 70 150 75 130 85 140 80 145 1,200 1,050

Pyrene 80 690 80 780 90 710 75 700 1,500 1,350

Average of three replicates “<” below detection limit
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General observations of heavy metals and PAHs
in all sediment samples

The total metal content of all the sediments and the
total concentrations of PAHs detected in all samples
are shown in Table 3. In general, sediments from
Elefsis Bay are contaminated in a higher degree than
the ones from Lake Koumoundourou, both in heavy
metals and PAHs. This can be attributed to several
industrial activities in the Elefsis basin and to the point
where the sediments were collected. Concentrations of
Cr, Cu and Zn in Elefsis sediments are higher than in
any sediment taken from the Lake. Furthermore, nickel
concentrations are predominant in samples K3 and K7
and generally in higher values than in the sediments
come from the north side of the Lake.

As far as PAHs are concerned, it is obvious from
Table 3, that phenanthrene, fluorene, fluoranthene and
pyrene are abundant in Elefsis sediments and benzo
(a)anthracene is present in significant concentrations
(regarding its carcinogenic nature) (Anyakora et al.
2003) in all samples from Elefsis bay and in samples
collected from the north side of the Lake.

Application of mCd

The modified degree of contamination for all Kou-
moundourou sediment samples was calculated based
on Table 4 and it was found to be 3.05, a number
which, according to Abrahim and Parker, classifies the
contamination of the lake to “moderate degree of con-
tamination” (Abrahim and Parker 2008). For the calcu-
lation of the Cfs, the reference concentrations of the
selected elements were taken from similar studies done
in the surrounding area (Kokovides et al. 1992).

Application of geoaccumulation index

The Igeo results are shown in Table 5. Samples from
the east side of the Lake present higher values in
chromium concentration than the others from the north
side, whereas the last have higher concentrations of
lead in comparison with the first ones. Samples K3
and K7 showed increased presence of Arsenic but not
in an alarming level.

The sediments taken from Elefsis Bay are more
contaminated in Cr, Cu, Zn and As compared with
the Lake’s sediments, and as far as copper and zinc are
concerned can be characterised as “moderately to T
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strongly polluted”, whereas in case of chromium, even
“strongly polluted”.

Generally, the sediments can be characterised from
“unpolluted” (as far as Ni is concerned) to “moderately
polluted” (as far as Cu, Zn and As are concerned).
However, taking into consideration that the Igeo arbi-
trarily introduces the constant 1.5 in the equation and the
average reference values for the elements are taken
without serious consideration in any possible geological
variation or the existing background, it is clear that it
should not be used as a unique assessment tool for this
area (Christophoridis et al. 2009). Especially for nickel,
as we shall see in the next chapter of the present study,
the application of SQGs indicates that the Igeo is rather
unreliable, when used alone and only.

Nevertheless, the Igeo shows the general tendency
of the sediments that is already proved by the mCd.

Application of SQGs

The results from the application of SQGs for the
selected heavy metals and PAHs are shown in Fig. 2.
Concentrations below detection limit were considered
as half of the limit and values for TEL/PEL on the
substance dibenzo(a,h)anthracene are not reported,
hence the gap on the TEL/PEL diagram of PAHs in
Fig. 2.

Regarding heavy metals, as it is seen from Fig. 2
and taking into consideration the mean quotients,
PELQ diagram indicates a “medium low to medium
high” contamination for the sediments collected from
Koumoundourou Lake and “medium high” for the
sediments of Elefsis. Therefore, the results from the
application of the SQGs for the Lake’s sediments are

in absolute agreement with the results obtained from
the application of the mCd for these particular sedi-
ments. However, we cannot claim the same agreement
between the SQGs and the Igeo results, as far as nickel
concentrations are concerned, since the results of the
first show remarkable contamination of nickel unlike
the results of the latter that show no contamination at
all. This is due to the high reference concentration of
nickel taken for the calculation of the Igeo in the area of
Elefsis and Koumoundourou (Kokovides et al. 1992),
in comparison with the concentration values proposed
by the SQGs for that particular element (Table 1).
Furthermore, the ERMQ diagram, Fig. 2, indicates
“medium-low” contamination for Koumoundourou
Lake and “medium high” for Elefsis Bay. Moreover,
lead is present in significant concentrations in all sed-
iment samples collected from the north side of the lake
(all their concentrations exceed the PEL limit value)
and in the sediments collected from the Bay. Finally,
zinc and copper are also present in noticeable concen-
trations in the sediments from the Bay with values
some of which exceed the PEL limit (concentrations
of zinc and copper in E2 sample and copper in E1
sample) and others close to the PEL limit (concentration
of zinc in E1 sample).

As far as PAHs are concerned, both ERMQ and
PELQ diagrams, shows “low” to “medium-low” con-
tamination for the Lake and “medium-low” to “medi-
um-high” contamination for the bay, with the tendency,
sediments collected nearby the water barrier (north side
of the Lake) being more contaminated with PAHs than
the sediments collected nearby the military camp (east
side of the Lake). Moreover, PELQ diagram indicates
that the first group of samples (K2, K4, K6 and K8) is in

Table 5 Geoaccumulation indexes for all sediment samples

Igeo table

Element Samples Mean Igeo from
samples K1–K8

Samples Mean Igeo from
samples E1 and
E2

Mean Igeo
from all
samplesK1 K2 K3 K4 K5 K6 K7 K8 E1 E2

Cr 2.35 1.29 2.76 1.60 2.44 1.56 2.71 1.77 2.16 3.63 3.48 3.56 2.86

Ni −0.37 −1.74 0.38 −1.18 −0.29 −1.84 0.32 −1.27 −0.52 0.04 −0.51 −0.20 −0.36
Cu −0.68 −0.92 0.26 0.16 −0.58 −0.86 0.32 −0.09 −0.22 2.47 2.69 2.58 1.18

Zn −0.02 1.21 1.33 1.92 0.44 1.16 1.46 1.88 1.29 2.39 2.92 2.68 1.99

As 0.34 −2.67 2.00 1.66 −0.43 −1.37 2.27 1.59 1.14 1.61 1.76 1.69 1.41

Pb −0.94 1.11 −0.49 1.48 −1.18 1.10 −0.16 1.38 0.61 0.78 0.24 0.53 0.57
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Fig. 2 Distribution of heavy metals and PAHs in all sediment samples with respect to effects range median/low (ERM/ERL) and possible/
threshold effect level (PEL/TEL) guidelines. Values for TEL/PEL on the substance dibenzo(a,h)anthracene are not reported
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the upper limit of “medium low” contamination whereas
the latter group of samples (K1, K3, K5 and K7) is in the
lower limit of the same class. The apparent tendency that
wants the sediments come from the north side of the
Lake being more contaminated with PAHs than the ones
come from the east side, can be explained from the
existence of the water barrier which acts as a collector
of PAHs in that area.

TEL/PEL diagram in Fig. 2, shows clearly that in half
of the sediment samples, benzo(a)anthracene is abundant
in concentration values higher than the PEL limit which is
noteworthy regarding its carcinogenic nature (Anyakora
et al. 2003). Furthermore, fluorene, phenanthrene and
pyrene are present in significant concentrations but in
much lower percentages (20, 30 and 10 %, respectively).

Conclusions

In general, the sediments collected from Elefsis Bay
have shown a more elevated content in heavy metals
and PAHs compared to those collected from Lake
Koumoundourou. Furthermore, samples taken from
the north side of the lake are more contaminated with
PAHs than the ones taken from the east side. More
specific, Cr, Cu and Zn are the predominant elements
in sediments collected from Elefsis, whereas Ni is
abundant in half of the sediments collected from the
east side of the lake, near the military camp. Phenan-
threne, fluorene, fluoranthene and pyrene are the main
PAHs present in significant concentrations in all Elef-
sis sediments and benzo(a) anthracene is the predom-
inant one in all samples taken from Elefsis and in all
those taken from the north side of the lake, nearby the
water barrier.

The application of mCd classifies the contamina-
tion of Lake Koumoundourou in “moderate degree”
and it is chromium, zinc and lead the elements which
mainly contribute to the mCd. Had it been only Cr,
the sediments would have been characterized as
“highly polluted”.

The Igeo is not in total agreement with the other
pollution indicators, as far as Ni and Pb are concerned.
It classifies the sediments to “unpolluted”, when it
comes to nickel and “unpolluted to moderately pollut-
ed”, when it comes to Pb. However, the mean Igeo
(Table 5) shows the tendency of the sediments (“mod-
erately polluted”) which is the same as the one we
concluded by the use of mCd.

Regarding heavy metals, the application of SQGs
and toxicity mean quotients show that almost 50 % of
the sediments are associated with frequent observation
of adverse effects, when it comes to Ni and occasional
observation of adverse effects, when it comes to Cu,
Zn and Pb (judging from the TEL/PEL diagram
Fig. 2). No particular tendency was observed between
sediments collected from the two different areas of the
lake, based on the effect-range approach.

As far as PAHs are concerned, around 60 % of the
samples can be occasionally associated to toxic bio-
logical effects according to the effect-range classifica-
tion for phenanthrene, benzo(a)anthracene, chrysene
and pyrene. In addition, more than 50 % of the sam-
ples in the TEL/PEL diagram (Fig. 2) show concen-
trations of benzo(a)anthracene higher than the PEL
limit value and therefore are frequently associated
with adverse effects.
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