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Abstract The radiological and chemical pollution of a cluster
of four lakes in a lignite mining area of North-Western Greece
was investigated using a variety of analytical techniques.
Alpha spectrometry was applied to measure the activity con-
centrations of the uranium radioisotopes (U-234, U-235, and
U-238) in waters. The mass activities of U-238, Th-232, and
K-40 in sediments were measured by high-resolution gamma
spectrometry. Furthermore, the determination of the minor
and trace elements was carried out by instrumental neutron
activation analysis (INAA) in both water and sediments sam-
ples, respectively. Pollution levels were also evaluated by cal-
culating enrichment factors (EFs), contamination factors
(CFs) and pollution load index (PLI). The data were discussed
taking into account several parameters such as the distance
from the pollution source, temperature, and location and
showed that the environmental impact in this region could
not be considered as negligible. The deviation of the isotopic
ratio of U-234/U-238 from the equilibrium value indicated
waters with intensive dissolution of uranium. The activity
values in both waters and sediments found to be low in cool
periods and increased in warm periods. Moreover, the concen-
trations of the elements U, Zn, and Fe were raised in water
samples indicating possible pollution as well as the CFs and
PLI denoted accumulation in the sediments and moderate to
severe contamination for Zn and Cr in some cases.
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Introduction

Coal thermal power plants are the main source of electricity in
Greece, producing more than 73% of the country’s power
requirements. It is worth to mention that coal exploitation
has increased drastically in this country from 900,000 t/year
in 1955 to over 75 million t/year in the last decade (Public
Power Corporation of Greece 2003).

There are two main coal mining regions in Greece with
coal-fired power plants: Megalopolis Lignite Center (MLC)
in the Peloponnese, Southern Greece, and Ptolemaida Lignite
Center (P-ALC) in Northern Greece consuming more than 60
million t of lignite per year and producing about 13million t of
total ash (Georgakopoulos et al. 2002; Karangelos et al. 2004;
Papaefthymiou et al. 2007). The coal center of Northern
Greece is considered the biggest, producing the 70% of the
electricity with six Power Stations which are operating in
Ptolemaida–Amynteon basin (total power 4440 MW).

It is well known that coal and the combustion residues such
as fly ash produce significant amounts of trace elements and
the naturally occurring radionuclides affecting air, soil, and
water (Asokan et al. 2005; Mljač and Križman 1996). On
the other hand, huge amounts of fly ash are disposed in spe-
cific sites in the surrounding area of the mines and therefore
constitute a potential health hazard especially due to the
leaching of radionuclides or toxic elements. Moreover, the
radiation hazard from primordial radionuclides and toxic ele-
ments in the vicinity of a polluted environment such as lignite
mine and thermal power plant is very significant
(Papastefanou et al. 1999).
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As it is known, lakes and their sediments are often used as
indicators of environmental pollution especially for the deposi-
tion of heavy metals reflecting the effect of human activity on
the aquifer (Arnason and Fletcher 2003; Joshi 1991). Heavy
metals tend to accumulate and remain for long period with im-
pact to the human health through several ways (water consump-
tion by humans or animals, fishing farming, pollution of agricul-
tural crops through irrigation). In our case, a potential pollution
from the naturally occurring radionuclides of the decay of the
U-235, U-238, and Th-232 series and the single decay radionu-
clide K-40 is of great concern due to lignite mining activities and
sustainable disposal of associated by-products such as fly ash
(Karamanis et al. 2009; Mljač and Križman 1996).

Several studies have been reported in the literature based
on the presence of trace elements in the fly ashes from the
Greek power stations near abandoned mines in the area of
Ptolemais–Amynteon, but an essential assessment of the im-
pact of the main radioisotopes and heavy metals in the sur-
rounding region has not been appeared up to day (Adamidou
et al. 2007; Karamanis et al. 2009; Pentari et al. 2006).

The present study was performed in four lakes in a lignite
region of the North-Western Greece and focused on the inves-
tigation of natural radionuclides and heavy elements as well as
their environmental impacts. The aim was to investigate the
seasonal variations of the activity concentrations of the radio-
isotopes U-238, U-234, U-235, Th-232, and K-40 as well as
of heavy metals in water and sediments samples of lakes in the
largest lignite mining area of Greece. The results obtained will
offer valuable information regarding the transfer and behavior
of several trace elements connected with the utilization of
lignite for the production of electricity. The activity concen-
trations of the natural radionuclides in water and sediment
samples as well as the minor and trace elements were deter-
mined using radiochemical and nuclear techniques.

The study area

The study area with the four lakes (Cheimaditis, Zazari,
Petron, and Vegoritis) which are protected by the European
Ecological Network Natura 2000 is presented in Fig. 1a. The
area belongs to the Florina–Ptolemais–Kozani basin in
Northwestern Greece where the towns Amyntaion and
Ptolemais are located as well as 14 villages with an average
population of 50,000. The basement of the basin consists
mainly of Palaeozoic and Mesozoic metamorphic and pluton-
ic rocks, underlying Cretaceous limestone and flysch. The
basement rocks are divided into four distinctive tectonic units
(Pavlides and Mountrakis 1987; Megalovasilis et al. 2013).
The cluster of the four lakes Cheimaditis, Zazari, Petron, and
Vegoritis can be seen around the field mine of Amyntaion–
Ptolemais (Fig. 1b). In the center of the region is the
BAmyntaion^ (600 MW) lignite power plant whereas four

more plants (3500 MW) are located around, in distance of
30 km, and their effluents after a primary treatment are
discharged through a system of channels in the lakes, espe-
cially in Vegoritis (Karamanis et al. 2009; Pentari et al. 2006).
The Lake Vegoritis is the largest in Greece (54.31 km2) and
receives water through canals and tunnel system from the
other lakes, Petron (12.6 km2), Zazari (2.0 km2), and
Cheimaditis (10.8 km2).

The lithological composition of the Lake Vegoritis is rep-
resented by limestones while the Lake Petron is composed of
sandy clays and limestones. At the Lake Zazari, recrystalline
carbonate and metamorphic (marbles and schists) rocks are
presented as well as at Cheimaditis, crystalline rocks (meta-
morphic marbles and schists) can be mainly found.

Materials and methods

Sampling and sample preparation

Water and sediment samples were collected at positions
around the lakes and close to the villages. The sampling loca-
tions are shown in the Fig. 1b (orange spots). At each location,
the samples were taken inside the lakes 1 to 2 m from the
coastline. Three samples were collected along a line approxi-
mately 30 m. The sampling was performed during 1 year from
December 2012 to September 2013. In order to estimate the
seasonal variations of the investigated parameters, four differ-
ent sampling periods were selected (first week of December,
March, June, and September with temperatures 2–5, 9–11,
19–25, and 18–22 °C, respectively). Samples of sediments
were collected using a sediment trap (thin surface layer up to
10 cm) in polyethylene containers after removing stones and
algae. The sediments were dried first in air and then in an oven
at a temperature of 65 °C until a constant weight was reached.
The dried samples were mixed together in order to have one
representative sample and defined as clay (more than 80%
fine-grained material). Then, they were pulverized into a fine
powder and passed through a standard 1-mm mesh size
(ASTM No. 18). The homogenized samples were filled into
cylindrical plastic containers (80 mL), which were then sealed
with the aid of PVC tape to prevent the escape of Rn-222 and
Rn-220 from the samples. All samples were weighed and
stored for at least 1 month prior the measurement in order to
attain radioactive secular equilibrium between Ra-226 and
Rn-222 and their short-lived progenies (Tsabaris et al. 2007,
Noli et al. 2017).

In the case of the water samples, the same sampling proce-
dure was followed. Avolume of approximately 5 L (3 × 1.5 L
from the three points at each location) was collected at the
same locations (average depth 1 m) and the pH and conduc-
tivity were measured immediately. Then, the samples were
transported to the laboratory in polyethylene bottles, filtered
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through 0.45-μm filters, mixed, and acidified to pH 2 with
5 M HNO3 to avoid adsorption of radionuclides on the walls
of the container. The pH and the electrical conductivity mea-
surements were carried out using a Metrohm 941 pH meter
and a Crison Basic 20 conductivity meter, respectively.

A relatively simple and effective method for the pre-
concentration and separation of uranium by cation exchange
resin and its alpha radiometric determination after electrode-
position on stainless steel discs was used. One hundred milli-
liters of each water sample after addition of U-232 tracer was
pre-treated by Chelex 100-resin as described elsewhere
(Kiliari and Pashalidis 2010; Noli et al. 2016). This pre-
analytical procedure is selective for uranium and was carried
out in parallel for every sample.

Furthermore, 1 L of water was evaporated at 65 °C leading
to dry residue from 0.3 up to 1.2 g approximately. About 50–
70 mg of each dry sample (water or sediment) was placed in
special vials in order to analyze them by INAA.

Analytical methods

The activities of the radionuclides U-238 and Th-232 were
determined assuming a state of secular equilibrium associated
with decay of Th-234 (63 and 93 keV) as well as of Ac-228

(911.2 and 968.9 keV), Pb-212 (238.6 and 300.0 keV), and
Tl-208 (583.1 keV), respectively. Additionally, the activity of
K-40 at 1460.8 keV was also determined in all samples. The
system used was a high-resolution gamma spectrometry with
an HPGe detector (CANBERRA, REGe detector, efficiency
20%, energy resolution 2.1 keV for the 1332 keV 60Co γ-
radiation). The detector was shielded using a 10-cm-thick
low-background lead shield (model Canberra 747E). A stan-
dard computer-based gamma spectrometry setup (Ortec-
Maestro-32) was used for collection of the detector signals.
The gamma background spectra were measured, and the mea-
suring time ranged from 15 to 25 h. The energy and efficiency
calibrations were performed with standard reference sources
of IAEA though the IAEA-CU-2007-03 worldwide open pro-
ficiency test and standards of a sediment sample spiked with
Ba-133, Cs-137, and Eu-152 reference NIST solutions as de-
scribed elsewhere (Noli et al. 2017).

The elemental composition of the samples was determined by
instrumental neutron activation analysis (INAA), at the 2 MW
pool-type research reactor (TU-Delft, The Netherlands) com-
bined with high-resolution gamma spectrometry (neutron dose
4.5–5.3 × 1016 n/cm2 × s, activation time 4–5 h) as described
elsewhere (Bode and Blaauw 2012). The system was calibrated
using NIST-CRM mono-element solutions. The samples and

Fig. 1 a Map of Greece with the study area. b Map showing the Ptolemais–Amynteon basin (study area), the cluster of the four lakes (1 Cheimaditis, 2
Zazari, 3 Petron, and 4Vegoritis), the sampling locations (orange spots), the corresponding lignite mines A, B, and C (gray color), and the five power plants

12224 Environ Sci Pollut Res (2018) 25:12222–12233



certified standards (IAEA soil-5 and soil-7), ranging in mass
from60 to 80mg,were sealed in nitric acid-cleaned polyethylene
vials. A network of three gamma spectrometers with well-type
detectors and two gamma spectrometers with coaxial detectors,
as well as two spectrometers with coaxial detectors at the two fast
rabbit systems. was used for the measurements.

The determination of the concentrations of uranium iso-
topes (U-234, U-235, and U-238) in water samples was per-
formed by alpha spectrometry using an Ortec Dual 576A al-
pha spectrometer and PIPS detectors (450 mm2). Prior to sam-
ple measurement, the background was carefully measured un-
der identical conditions and was found to be about 50 counts
per day within the energy range of 3–8 MeV. The efficiency
after the separation using the cation exchange Chelex 100-
resin was of 85% as well as the electrodeposition of uranium
on stainless steel discs was resulted in excellent yields, gener-
ally over 99%. The uranium activities were measured by alpha
spectrometry with a detection counting efficiency of 8%while
the minimum detectable activity of the method (95% confi-
dence level) is 1.2 mBq/L U-238 (or 97 ng/L U-238). The
determinations with gamma and alpha spectrometry were per-
formed in duplicate.

EF, CF, and pollution load index (PLI)

To estimate the anthropogenic impact on sediments, calcula-
tion of a normalized enrichment factor (EF) was performed
according to the Eq. (1). This factor is referred to metal con-
centrations above uncontaminated background levels. The
background concentrations were based on the elemental abun-
dances of continental crust, and iron (Fe) was used as the
reference element for geochemical normalization (Rudnick
and Gao 2014; Tamim et al. 2016) because it exhibits a geo-
chemistry similar to that of many trace metals and its natural
mass fraction is almost uniform.

EF ¼ Metal=Feð ÞSample
Metal=Feð ÞBackground ð1Þ

Metal/Fe represents the mass fraction of metal to the mass
fraction of Fe in the sample and in the background (reference
values), respectively. When EF >1, the element is of anthropo-
genic origin. Values in the range 1.5–3, 3.01–5, 5.01–10, and
>10 indicate minor, moderate, severe, and very severe
modifications.

Contamination factors (CFs) of the specific heavy metals
for a specific sampling site were determined, which can be
described as follows (Hakanson 1980):

CF ¼ Metal concentrationð ÞSample
Metal concentrationð ÞBackground ð2Þ

Values of CF <1, 1 ≤ CF < 3, 3 ≤ CF < 6, and CF ≥6 are of
evidence of low contamination, moderate contamination, con-
siderable contamination, and very high contamination
(Hakanson 1980).

Another empirical index which characterizes the level of
heavy metal pollution is the PLI calculated from the following
equation (Tomlinson et al. 1980):

PLI ¼ CF1 � CF2 � CF3 �……::� CFnð Þ1=n ð3Þ
where CF1, CF2,CF3, and CFn represent the contamination
factors. Values of PLI higher than 1 indicate progressive
deterioration.

Results and discussion

Uranium activity concentrations in water

The activity concentrations of the uranium isotopes (U-238
and U-234) in water samples are listed in Table 1 with the
associated standard deviations and the minimum and maxi-
mum values whereas U-235 was not detected. In the same
table, parameters such as pH and conductivity as well as the
U-234/U-238 activity ratio and the total uranium concentra-
tion are also presented.

As can be seen in Table 1, the pH values of the waters were
slightly basic and varied from 7.2 to 9.1. Uranium can be
found in aqueous environment due to the water-rock/sediment
interaction. As it is known, the speciation of uranium depends
on pH, concentration, redox potential, presence of other spe-
cies, carbonate, and organic ligands. In alkaline aqueous so-
lutions, uranium exists in the form of negatively charged spe-
cies, uranyl carbonato (e.g., UO2(CO3)2

2−, UO2(CO3)3
4−),

and uranyl hydroxy-carbonato (e.g., (UO2)2(CO3)(OH)3
−).

These species are also frequently present in natural waters
(Gavrilescu et al. 2009; Skwarzec et al. 2012; Wu et al.
2014). In our case, the pH and the carbonate content present
in bedrock material of the investigated area favor dissolved
uranium to exist in soluble di- and tri-carbonate complexes.
The conductivity was also measured and varied from 109 to
926 μS/cm2 with higher values in warm periods. As it is
known, high conductivity values indicate presence of ionic
species due to dilution/dissolution processes. The presence
of these species increases positively the solubility of uranium
(Vidic et al. 2013, Wu et al. 2014). This could be an explana-
tion of the elevated total uranium concentrations determined
in the lakes of the investigated region in the present study
compared to lower concentrations measured in other lakes in
Greece (Kehagia et al. 2007). The activity concentration
values varied in the range 7.01–79.9 and 6.22–119 mBq/L
for U-238 and U-234, respectively, corresponding to a total
uranium concentration of 0.57–6.10 μg/L. Although these
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values are much lower than the guideline value of the World
Health Organization for drinking water (30 μg/L), the risk of
uranium should be taken into account (WHO 2011). USEPA
has classified uranium as a confirmed human carcinogen
(group A), not only due to its radioactivity, but also due to
its chemical toxicity and suggested zero tolerance as the only
safe acceptable limit for the carcinogenic risk from that
(UNSCEAR 2000).

Natural radioactive equilibrium (isotopic ratio of U-234/U-
238 close to 1) was found only in two cases whereas devia-
tions from the equilibrium value were observed in many cases
(0.66 up to 2.77) as can be seen in Table 1. Deviations of the
isotopic ratio of U-234/U-238 from the typical activity ratio
are reported often in the literature. Higher values have been
detected in groundwaters, and several theories to explain this
phenomenon have been referred: (1) the U-234 atom displace-
ment from the crystal lattice due to Th-234 ejection after the
decay of U-238 and (2) the preferential leaching of U-234
which is moremobile and is taking place when the water–rock
interaction is long and the dissolution rate is low (Al-Masri
et al. 2004; Boryło 2013; Chkir et al. 2009; Skwarzec et al.
2009, 2012; Tripathi et al. 2013; Vidic et al. 2013).

The low values of the isotopic ratio of U-234/U-238 in our
case indicate presence of Byoung^waters (no long water–rock
interaction) and high dissolution rates of uranium because of

the characteristics of the region (lignite field, waste of power
plants, presence of carbonates, high conductivity values)
(Abdul-Hadi et al. 2001; Grabowski and Bem 2012).

A significant variation of the uranium concentration in the
water was observed for the four lakes between warm and cool
periods as it is shown in Table 1. The concentration values
were low in winter and then gradually increased in spring and
summer. Similar observations have been referred by Skwarzec
et al. (2009), Al-Masri et al. (2004), and Abdul-Hadi et al.
(2001) for studies in Poland and Syria, respectively. This
could be attributed to the enrichment of the lake water with
the measured isotopes due to leaching after the snow melting
and rainfalls. Other possible reasons are the evaporation and
the increased operation of the power plants during this period
due to higher power demand in the summer and the dry depo-
sition of lignite and ash from the dust generated from mining
operations, such as excavation, transport, and disposal of
wastes close to the mines (Noli and Tsamos 2016;
Triantafyllou et al. 2006).

Mass activities of radionuclides in sediments

The mass activities of U-238, Th-232, and K-40 in the sedi-
ments were also measured (uncertainty varied from 6 to 12%),
and the results are graphically presented in Figs. 2, 3, and 4

Table 1 pH, conductivity,
activity concentrations (mBq/L)
of uranium isotopes (U-238 and
U-234), and total concentrations
(μg/L) of uranium in water
samples

pH Conductivity
(μS/cm2)

U-238
(mBq/L)

U-234
(mBq/L)

U-234/U-
238

Total uranium
concentration (μg/L)

Cheimaditis

Winter 7.7 351 7.01 ± 0.35 6.22 ± 0.30 0.89 ± 0.06 0.60 ± 0.03

Spring 8.3 426 9.89 ± 0.50 8.31 ± 0.46 0.83 ± 0.06 0.80 ± 0.04

Summer 7.8 377 38.2 ± 2.28 106.1 ± 8.48 2.77 ± 0.28 3.00 ± 0.18

Autumn 7.8 628 51.1 ± 2.81 44.3 ± 2.29 0.81 ± 0.06 4.10 ± 0.22

Zazari

Winter 7.2 109 15.1 ± 0.75 12.4 ± 0.64 0.82 ± 0.06 1.20 ± 0.06

Spring 7.6 165 32.2 ± 1.60 29.3 ± 1.50 0.91 ± 0.06 2.60 ± 0.13

Summer 8.9 126 67.1 ± 4.69 80.2 ± 5.84 1.20 ± 0.12 5.40 ± 0.38

Autumn 9.1 197 66.0 ± 3.96 66.1 ± 4.09 1.00 ± 0.09 5.30 ± 0.32

Petron

Winter 7.9 590 35.0 ± 1.75 35.2 ± 1.89 1.01 ± 0.07 2.80 ± 0.14

Spring 8.1 873 75.9 ± 5.32 99.1 ± 7.13 1.31 ± 0.13 6.10 ± 0.43

Summer 8.5 669 61.1 ± 4.27 111.8 ± 8.65 1.81 ± 0.19 4.90 ± 0.34

Autumn 8.8 926 52.8 ± 3.18 79.9 ± 5.76 1.51 ± 0.14 4.20 ± 0.25

Vegoritis

Winter 7.8 372 25.2 ± 1.25 23.3 ± 1.22 0.93 ± 0.07 2.00 ± 0.10

Spring 8.1 415 79.9 ± 6.00 46.0 ± 3.45 0.66 ± 0.06 6.00 ± 0.48

Summer 8.9 536 75.9 ± 6.08 119 ± 9.49 1.57 ± 0.18 6.10 ± 0.49

Autumn 8.5 676 66.1 ± 4.62 48.0 ± 2.98 0.73 ± 0.07 5.30 ± 0.31

The data concerning concentrations are presented together with the standard deviations for different seasons and
for four lakes (Cheimaditis, Zazari, Petron, and Vegoritis)
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(mean values of two measurements for each sample). The
values ranged from 3.53 to 29.9, 0.41 to 38.7, and 1.29 to
585 Bq/kg for U-238, Th-232, and K-40, respectively, where-
as the minimum detectable activity was 1.68, 0.24, and
1.03 Bq/kg.

The results were in good agreement with relevant results
reported in the literature (Matveyeva et al. 2014;
Santawamaitre et al. 2014). For example, Aytas et al. (2012)
reported similar range for radionuclides in sediments in
Danube and other rivers in several countries (Turkey, India,
Nigeria). Comparable results were found by Otansev et al.
(2016) in sediments in Marmara sea and Tsabaris et al.
(2007) in sediments in Ionian sea whereas higher values were
reported by Erenturk et al. (2014) for the Lake Van in Turkey
(174–225, 63–70, 263–486 Bq/kg for U-238, Th-232, and
K-40, respectively). Slightly higher mass activities were also
reported for U-238 (25–87 Bq/kg) in a lake of Slovenia but
lower for K-40 (210–380 Bq/kg) compared to our results
(Mljač and Križman 1996). During a line of research in the
same basin, Karamanis et al. (2009) also found comparable
values with the results of this study, for soils irrigated with

discharged water, but rather higher for the sediments at the
bottom of the channels of the discharged water.

Seasonal variations of the mass activities of U-238, Th-
232, and K-40 in sediments were observed with low values
in winter due to accumulation effects, findings which were in
good agreement with the results of Al-Masri et al. (2004),
Skwarzec et al. (2009), and Noli et al. (2017). During the
winter, rainfalls and snow lead to leaching and subsequently
deposition of heavy and trace metals to the sediments and then
higher values were detected in spring, summer, and autumn.

The lakes Zazari and Cheimaditis presented enhancedmass
activity values for the nuclides U-238, Th-232, and K-40
(19.2–28.7, 11.0–38.7, and 183.0–585 Bq/kg) probably due
to the higher degree of dry and wet deposition of fly ash
because these lakes are close to the big Amyntaio lignite mine
(point B) and the lignite power plants as it is shown in Fig. 1b
(distance from themine B: Cheimaditis 2.3 km, Zazari 5.1 km,
Petron 8.4 km, and Vegoritis 10.6 km). The low mass activity
values measured in sediments of the lakes Vegoritis and espe-
cially Petron for the same radionuclides (9.28–24.2, 0.43–
12.7, and 1.11–145 Bq/kg) could be attributed to the

Fig. 3 Mass activities (Bq/kg) of
Th-232 in sediments

Fig. 2 Activity concentrations
(mBq/L) of U-238 in waters and
mass activities (Bq/kg) of U-238
in sediments
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geological background. A possible explanation could be that
the presence of carbonate formations and ionic species, as it
was indicated by the high conductivity values found in the
Lake Petron, favors the dissolution of uranium from the sed-
iments and transport into the water (Gavrilescu et al. 2009;Wu
et al. 2014). This can be seen in Fig. 2 where a comparison of
the concentration of uranium in both sediments and water
samples at different seasons is presented. In the case of waters,
a significant difference can be observed during warm and cool

periods with low activity concentrations in winter, while in the
case of sediments, the difference was moderate.

Minor and trace elements in water and sediments

In the case of the water samples, 17 minor metals and trace
elements were determined. The range of the concentrations
detected for the four periods as well as the mean values is
reported in Table 2. The calculated values showed a decreasing

Table 2 Minor and trace element concentrations (μg/L) in waters

Cheimaditis Zazari Petron Vegoritis

Range Mean value Range Mean value Range Mean value Range Mean value

As 0.55–0.75 0.67 ± 0.41 0.08–1.38 1.06 ± 0.09 – – 2.60–8.13 3.00 ± 0.29

Cs 0.05–1.60 0.82 ± 0.08 0.05 –0.85 2.50 ± 0.18 0.13–0.56 12.4 ± 3.54 – –

Mo – – 0.70–2.90 1.20 ± 0.83 – – – –

Rb 2.60–5.10 4.00 ± 0.61 1.80–5.00 3.34 ± 0.25 1.90–3.40 2.70 ± 0.59 – –

Sc 0.01–0.05 0.03 ± 0.01 0.01–0.13 0.08 ± 0.003 0.01–0.02 0.02 ± 0.01 0.01–0.02 0.02 ± 0.01

Th – – 0.09–0.14 0.12 ± 0.01 – – – –

U 0.48–2.90 1.92 ± 0.12 1.02–4.40 3.06 ± 0.18 2.40–4.91 3.76 ± 0.19 1.72–4.89 3.95 ± 0.19

Ce – – 0.64–1.14 0.89 ± 0.11 – – – –

Co 0.18–0.53 0.34 ± 0.02 0.10–0.73 0.37 ± 0.01 0.12–0.24 0.19 ± 0.03 0.70–0.22 0.16 ± 0.02

La – – 0.06–0.63 0.32 ± 0.09 – – – –

Ba 17.0–49.0 33.0 ± 4.98 16.7–83.0 46.0 ± 3.07 22.0–24.0 23.5 ± 5.50 20.1–20.8 20.4 ± 3.78

Cr – – 1.10–2.10 1.20 ± 0.13 – – – –

Sr 180–250 210 ± 7.23 50.0–240 130 ± 5.21 280–389 140 ± 5.47 150–220 180 ± 6.31

Zn 8.00–52.0 22.6 ± 1.48 2.00–359 136 ± 9.9 5.70–48.0 29.0 ± 2.42 3.00–304 122 ± 8.53

Fe 160–1280 580 ± 31.8 150–810 586 ± 15.3 60.0–70.0 67.0 ± 6.85 40.0–94,780 37,000 ± 6.03

K 8400–15,300 10,600 ± 530 3370–10,700 6420 ± 215 5800–9100 6950 ± 684 4600–8100 6400 ± 419

Na 55,400–58,700 57,100 ± 651 103,000–27,000 16,300 ± 1514 76,900–98,700 84,800 ± 1567 36,900–49,300 42,200 ± 658

Range of the minimum and maximum values for four seasons (mean value is the result of four values, one for each season)

Fig. 4 Mass activities (Bq/kg) of
K-40 in sediments
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order of Na > K > Fe > Sr > Zn > Ba > Rb > U > Cr > Mo >
As > Ce > Co > La > Th > Sc >Cs. In the case of the sediments,
the determined elements were 18. The corresponding results of
the mass fraction are reported in Table 3 and followed a de-
creasing order of Fe > Na > K > Sr > Cr > Ba >
Zn > Rb > Ce > Nd > La > Ga > Co > Sc > Th > As > U > Cs.

Concerning the waters, the concentrations of the majority
of the elements for the four lakes found in this work were
comparable with results that appeared in the literature and

regarding studies in waters and mainly in rivers and lakes.
High values were detected only for Zn (maximum literature
values 34.0, 51.3, and 157 μg/L reported by Alvarado Corcho
et al. (2014), Boskidis et al. (2011), and Simeonov et al.
(2003), respectively) and Fe (10.581 by Alvarado Corcho
et al. (2014) and 833 μg/L by Simeonov et al. (2003)). In
the case of uranium, the concentrations measured with
INAAwere in agreement with the results of alpha spectrom-
etry and higher than those found in a lake in Slovenia (0.2–

Table 3 Minor and trace element mass fractions (mg/kg) in sediments

Cheimaditis Zazari Petron Vegoritis

Range Mean value Range Mean value Range Mean value Range Mean value

As – – 0.95–9.80 5.70 ± 0.29 – – 1.15–3.01 1.66 ± 0.17

Cs 0.52–3.04 1.37 ± 0.13 1.01–3.30 2.5 ± 0.03 0.13–0.39 0.24 ± 0.16 0.40–0.84 0.67 ± 0.07

Nd 19.9–34.0 26.7 ± 2.30 24.1–39.8 30.0 ± 3.21 – – 4.40–9.89 7.80 ± 1.60

Rb 28.3–79.0 47.2 ± 2.22 35.7–95.4 72.4 ± 3.46 – – 15.0–26.9 19.9 ± 1.86

Sc 9.92–16.7 12.7 ± 0.11 12.0–12.7 12.4 ± 0.15 0.29–0.64 0.45 ± 0.01 1.97–4.41 3.34 ± 0.05

Th 4.74–10.8 7.41 ± 0.13 5.05–8.80 7.50 ± 0.23 0.12–0.49 0.31 ± 0.01 1.36–3.96 2.36 ± 0.16

U 1.12–2.30 1.62 ± 0.30 1.49–2.30 1.76 ± 0.21 0.39–0.61 0.48 ± 0.05 0.74–1.50 1.03 ± 0.18

Ce 42.7–78.0 58.7 ± 1.32 48.4–85.0 65.8 ± 1.81 0.83–2.91 1.67 ± 0.12 9.70–30.3 18.5 ± 0.51

Co 4.63–14.6 8.24 ± 0.16 7.50–14.9 12.4 ± 0.24 0.36–1.13 0.69 ± 0.04 3.50–7.50 5.20 ± 0.16

Ga 11.1–14.0 12.7 ± 3.55 14.0–16.2 15.3 ± 0.42 – – – –

La 18.8–36.2 26.7 ± 0.19 19.8–41.1 29.9 ± 0.18 0.42–1.37 0.82 ± 0.09 5.05–13.8 8.67 ± 0.13

Ba 226–390 282 ± 28.7 348–470 424 ± 37.5 24.0–35.1 29.5 ± 6.01 58.0–124.80 98.2 ± 18.4

Cr 72.3–158 102 ± 1.59 70.5–414 190 ± 5.87 30.2–95.0 61.8 ± 0.57 197–428 329 ± 6.44

Sr 204–330 258 ± 40.0 133–225 169 ± 30.3 120–170 140 ± 11.2 306–340 321 ± 21.7

Zn 30.8–60.1 43.5 ± 3.13 39.7–84.0 71.6 ± 7.95 10.7–13.1 12.0 ± 3.86 17.7–33.7 23.2 ± 18.0

Fe 15,000–38,000 24,200 ± 222 22,600–39,000 26,600 ± 421 570–1850 1110 ± 19.0 4720–9270 7440 ± 157

K 8400–15,800 10,900 ± 697 12,000–18,400 16,000 ± 496 234–844 540 ± 61.0 3000–4170 3110 ± 217

Na 18,800–21,700 19,800 ± 260 14,300–15,900 15,000 ± 185 190–550 400 ± 4.28 2600–6300 4970 ± 72

Range of the minimum and maximum values for four seasons (mean value corresponds to four values, one for each season)

Fig. 5 Seasonal variation of
chromium mass fraction (mg/kg)
in sediments
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0.66μg/L, Mljač and Križman (1996)). Thorium was detected
only in two water samples because this element exhibits lim-
ited solubility and normally is distributed in sediments.

Concerning the sediments, the detectedmass fractions were
comparable to relevant literature data reported for sediment
samples except for Fe, Zn, and particularly Cr (Arnason and
Fletcher 2003; Cheng et al. 2015; Erenturk et al. 2014; Mamat
et al. 2016; Tamim et al. 2016). For example, values from 18
to 222 and 30 to 80 mg/kg were reported for Cr for the Lake
Van in Turkey and lakes in Kazakhstan, respectively, whereas
in our case, the values were extremely higher and varied from
30 up to 428mg/kg. The lakes Zazari and Cheimaditis seem to
be more affected by the lignite and, in this case, accumulate
the elements which are the main constituents of lignite and fly
ash. The most abundant elements in lignite in this region were
found to be Fe, K, Na, Ba, Cr, Sr, Zn, Rb, As, Co, U, and Th as
has been reported by Georgakopoulos et al. (2002) and
Megalovasilis et al. (2013) while the composition of the fly
ash, determined in this study by INAA, was Fe 4.88% w/w, K

0.89% w/w, Na 0.51% w/w, Ba 510.1 mg/kg, Sr 423.2 mg/kg,
Rb 88.9 mg/kg, Ce 90.1 mg/kg, Zn 110.2 mg/kg, As 25.3 mg/
kg, Co 20.9 mg/kg, Cr 10.7 mg/kg, U 29.3 mg/kg, and Th
26.7 mg/kg, respectively. It is interesting to mention that in
these lakes, the elements Zn and Cr (as well as Ba and Sr)
displayed variation in sediments in different seasons with high
values in autumn as it is shown in Figs. 5 and 6. The same
behavior was observed and in the case of the radionuclides
U-238, Th-232, and K-40 as it was referred above. In Fig. 7,
the seasonal variation of potassium is presented in both sedi-
ments and water samples for the four lakes where low values
can be observed in winter and elevated in spring and summer
following the trend for uranium. Potassium is a major element
in lignite and fly ash and contributes to the radiological back-
ground (1 g of potassium contains K-40 corresponding to
30.3 Bq). A significant factor also for the high concentrations
observed in spring and summer especially for the potassium
could be the fertilizers used in agriculture during these periods
(Noli and Tsamos 2016; Skwarzec et al. 2012).

Fig. 6 Seasonal variation of zinc
mass fraction (mg/kg) in
sediments

Fig. 7 Seasonal variation of
potassium concentration (μg/L) in
waters and mass fraction (mg/kg)
in sediments
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In the Lake Petron, the concentrations of all elements in
both water and sediments were considerably lower in compar-
ison to the other lakes probably because in the area of this
lake, the human activities are limited. It also seems that there
is a trend of transfer of metals from the sediments in the water,
indicated by the conductivity values especially in warm pe-
riods, most likely due to diffusion into the sediment pores and
solubility in the water. Other possible reasons could be attrib-
uted to the geological background, but further investigation is
required for that, which is beyond the aim of the present study.

Heavy metal contamination level

Figure 8 presents the enrichment factor (EF) for selected
elements in the sediments of the four lakes in order to
investigate whether these elements are of anthropogenic
origin. As it is known, lignite produces incombustible
elements with high content of the natural radionuclides
and heavy metals contributing to the activity and chemical
contamination of the surrounding area (Karangelos et al.
2004; Papaefthymiou et al. 2007).

The elements presented in the plot of Fig. 8 are the main
elements of fly ash, and as it is shown, most of them exhibited
values of EF >1, evidence of anthropogenic origin. Cr and Zn
presented the highest EF values for the majority of the sedi-
ments: Cr from 3.1 up to 23.7 and Zn from 1.15 up to 6.32. In
Table 4, the values of the contamination factors (CFs) and the
PLI for the sediments are given, whereas low contamination is
indicated in most of the cases. Only Cr in lakes Zazari and
Vegoritis presented values indicating moderate to severe con-
tamination and Zn in Zazari borderline contamination. These
values are comparable with results reported by other re-
searchers for sediments in sea and rivers (Cheng et al. 2015;
Otansev et al. 2016; Tamim et al. 2016). The PLI of the Lake
Zazari was >1 and suggests increasing deterioration.

In general, the results of this study showed a possible pol-
lution of the lakes (radiological and chemical) reflecting the
impact of the lignite production and utilization. The environ-
mental impact is associated with the location depending on the
distance from the lignite mines and power plants. Although
the determined concentrations of the studied metals were not
in excess to pose any threat for drinking purpose, agriculture,
and fish activities, the findings were interesting because they
can be served as a baseline for future comparison. The obtain-
ed data also provide information about the pollution in the
vicinity of a lignite mining area regarding the accumulation
of heavy metals and radionuclides and contribute to further
research in these regions.

Summary

The radiological status and chemical pollution in a cluster of
four lakes in a lignite mining area of North-Western Greece
were estimated. Sediments and water samples were studied
over a period of 1 year in different seasons in order to

Fig. 8 Enrichment factors (EFs)
for selected elements in the
sediments

Table 4 Contamination factors and pollution load index (PLI) for the
sediments (bold letters indicate contamination)

As Th U Cr Zn PLI

Cheimaditis – 0.71 0.60 1.11 0.65 0.75

Zazari 1.19 0.71 0.65 2.07 1.09 1.05

Petron – 0.03 0.18 0.67 0.18 0.16

Vegoritis 0.35 0.22 0.38 3.58 0.35 0.69

Background 4.8 10.5 2.70 92.2 67.1

Background mass fractions are in mg/kg (Rudnick and Gao 2014)
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investigate seasonal variations of natural radionuclides
(U-238, Th-232, and K-40) and minor and trace elements.

Τhe uranium concentrations determined for the waters
were lower than the WHO guideline value of 30 μg/L but
higher compared to values measured in other lakes in
Greece, and the isotopic ratio of U-234/U-238 varied between
0.66 and 2.77 indicating presence of young waters with inten-
sive dissolution of uranium.

In the case of the sediments, the measured mass activities
were comparable to the literature data referring to regions with
relevant activities.

For the most radionuclides, a significant variation was
established between cool and warm periods. For the waters,
the activity values were low in winter and then gradually in-
creased in spring and summer whereas for the sediments, el-
evated values were detected in warm periods and mainly in
autumn due to accumulation effects. The accumulation seems
to depend on the distance from the pollution source whereas
the sites close to mines and power plants exhibited higher
activity values.

The concentrations of the majority of the elements deter-
mined by INAA in waters as well as the mass fractions in
sediments were in agreement with results that appeared in
the literature. Elevated concentrations were detected for U,
Th, Zn, Fe, and mainly Cr indicating possible water pollution.

In sediments, Zn, Fe, and Cr were increased, probably due
to migration of radionuclides and minor and trace elements
through the aquatic pathway and seasonal variation was ex-
hibited, with higher concentrations in autumn, especially in
the lakes close to the lignite mines. The calculated CFs and
PLI showed accumulation in the sediments and moderate to
severe contamination for Zn and Cr only in some cases.

The obtained data indicated minor pollution of the lakes
(radiological and chemical), slightly higher in warm periods
because of leaching effects after the snow melting and rain-
falls as well as the evaporation and increased industrialization
activity especially in summer. These data can be served as a
baseline for future comparison in lignite regions with mining
and energy production activities.
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