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• High concentrations (up to 120 μg/L) of
Cr(VI) were locally observed in the
groundwaters of Sarigkiol/Kozani area.
• Unconﬁned aquifers are more vulnerable to Cr(VI) pollution from ophiolitic
rocks, as well as from dispersed ﬂy ash.
• Fly ash produced from a power plant
burning lignite, was found to contribute
to groundwater pollution with Cr(VI).
• Positively fractionated δ53Cr values in
groundwater and ﬂy ash leachate point
to partially anthropogenic origin of Cr(VI).
• The natural (geochemical) contribution,
regarding Cr (VI) pollution, was found
up to 60 μg/L.
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a b s t r a c t
Hexavalent chromium constitutes a serious deterioration factor for the groundwater quality of several regions
around the world. High concentrations of this contaminant have been also reported in the groundwater of the
Sarigkiol hydrological basin (near Kozani city, NW Greece). Speciﬁc interest was paid to this particular study
area due to the co-existence here of two important factors both expected to contribute to Cr(VI) presence and
groundwater pollution; namely the area's exposed ophiolitic rocks and its substantial ﬂy ash deposits originating
from the local lignite burning power plant. Accordingly, detailed geochemical, mineralogical, hydro-chemical,
geophysical and hydrogeological studies were performed on the rocks, soils, sediments and water resources of
this basin. Cr(VI) concentrations varied in the different aquifers, with the highest concentration (up to 120
μg L−1) recorded in the groundwater of the unconﬁned porous aquifer situated near the temporary ﬂy ash
disposal site. Recharge of the porous aquifer is related mainly to precipitation inﬁltration and occasional surface
run-off. Nevertheless, a hydraulic connection between the porous and neighboring karst aquifers could not be
delineated. Therefore, the presence of Cr(VI) in the groundwater of this area is thought to originate from both
the ophiolitic rock weathering products in the soils, and the local leaching of Cr(VI) from the diffused ﬂy ash
located in the area surrounding the lignite power plant. This conclusion was corroborated by factor analysis,
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and the strongly positively fractionated Cr isotopes (δ53Cr up to 0.83‰) recorded in groundwater, an ash leachate, and the bulk ﬂy ash. An anthropogenic source of Cr(VI) that possibly inﬂuences groundwater quality is especially apparent in the eastern part of the Sarigkiol basin.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Due to its high toxicity, the origin and occurrence of Cr(VI) in
groundwater is of major worldwide concern. The toxicity of Cr(VI),
which can cause various types of cancer and DNA damage in humans,
has been reported in several studies (e.g., Barceloux, 1999; Linos et al.,
2011; IARC, 2012). Additionally, groundwater is the main source of
drinking water for up to 2 billion humans (Gleeson et al., 2010). However, the presence of Cr(VI) in groundwater strongly depends on the geological background of the speciﬁc area (Kaprara et al., 2015), as well as
the prevailing hydrogeological conditions, which may inﬂuence its concentration (Kazakis et al., 2015). Ophiolitic rocks and speciﬁcally their
serpentinized derivatives, such as serpentinite (containing serpentine,
Cr-chlorite, talc, etc.) and their weathering products, constitute the
main geogenic source of chromium in the environment (Nriagu and
Nieboer, 1988). However, in rocks, soil and sediments chromium mainly
occurs in the Cr(III) form (Bartlett and James, 1979). In contrast, Cr(VI)
complexes are released into run-off following the oxidation of Cr(III),
mostly indirectly catalysed by manganese oxides (Eary and Ral, 1987)
or directly catalysed by oxidants such as hydrogen peroxide or free oxygen (Richard and Bourg, 1991).
Cr(VI) can also be directly released into the environment via several
anthropogenic activities, such as coal combustion and the uncontrolled
disposal of produced ﬂy ash (Jacobs and Testa, 2004), as well as paint
production, mining activities and phosphate fertilizer production
among others (Molina et al., 2009). The reduction of Cr(VI) to Cr(III)
can be primarily achieved by the presence of Fe(II), organic acids, sulphides or speciﬁc microorganisms (Fendorf et al., 2000). The mobility
of Cr(VI) in groundwater is signiﬁcantly higher than that of Cr(III),
due to its higher solubility and lower adsorption capacity onto aquifer
materials (Calder, 1988). Conversely, surface waters generally contain
lower Cr(VI) concentrations, even in catchments with ophiolitic substrata (McClain and Maher, 2016), due to their higher concentration of
natural organic matter (humic acids etc.), microbes and Fe(II), which
can directly favor the reduction of Cr(VI) to Cr(III) (Fendorf et al., 2000).
In temperate climates, concentrations of dissolved Cr in rivers might
be increased, due to differing soil mineralogy (McClain and Maher,
2016). Chromium concentrations in the major rivers of Greece have
been found to range from 1.1 (River Acheloos) to 29 μg L− 1 (River
Alpheios) (Lekkas et al., 2004). Elevated concentrations of Cr(VI) in
groundwater have been detected in several areas in Greece including,
the Asopos hydrological basin (Economou-Eliopoulos et al., 2011), the
Thiva basin (Panagiotakis et al., 2015), and the Vergina (Imathia)
basin (Dermatas et al., 2015). Economou-Eliopoulos et al. (2014) used
chromium isotopes and Cr speciation analyses in an attempt to determine the origin of Cr(VI) in the central part of Euboea island.
Furthermore, the origin and fate of Cr(VI) in groundwater has also
been the subject of extensive research in several countries, such as
Italy (Fantoni et al., 2002; Apollaro et al., 2011), the USA (Deverel and
Gallanthine, 1988; Gonzalez et al., 2005; Mills et al., 2011; Izbicki et al.,
2015; Densmore et al., 2014), Australia (Gray, 2003), Mexico (RoblesCamacho and Armienta, 2000), and Brazil (Bourotte et al., 2009).
Even when the anthropogenic, mineralogical and geochemical environment favors the generation and liberation of Cr(VI), the pollution of
groundwater with Cr(VI) will be controlled mainly by ﬂow paths, aquifer types, and last but not least, by reductive processes during the transport of Cr(VI). Flow paths will mainly determine the residence time and
the possible reduction of leached Cr(VI), before entering the aquifer,

considering that the leached Cr(VI) might not enter the groundwater
of a well-conﬁned, or even semi-conﬁned aquifer. Despite the aforementioned arguments, the majority of relevant studies published in
the literature focused on the potential sources of chromium and its concentrations in groundwater, neglecting the variation of this contaminant within the body of an aquifer and the speciﬁc conditions which
may inﬂuence its distribution.
The main purpose of this study was to determine the origin of Cr(VI)
in the groundwater of Sarigkiol hydrological basin (near Kozani city, NW
Greece), the area of which is under the inﬂuence of geogenic and anthropogenic chromium pollution. Additionally, a further goal is to establish
the detailed hydrogeological, mineralogical and geochemical regime of
this basin, which can favor the occurrence of Cr(VI) in groundwaters.
Flow paths of leached Cr(VI) and the groundwater recharge zones
were determined by linking the distribution of Cr(VI) concentrations in
the disparate aquifers with both natural and anthropogenic sources of
chromium. The high concentrations of Cr(VI) that have been recorded
in the drinking water of this area originally promoted this research.
This study differs from others as the area combines the presence of
ophiolitic rocks (a potential geogenic source of Cr(VI) in groundwater)
and dispersed ﬂy ash (an anthropogenic source of Cr(VI)) from a nearby
lignite burning power station, which allows for a subtle discrimination
between the potential sources of chromium contaminant. To clarify the
mechanisms of Cr(VI) release and accumulation in the groundwater of
this area, data available from deeper zones was evaluated and leaching
tests of soils, sediments and ﬂy ash were conducted.
2. Study area
The Sarigkiol basin, located in NW Greece near the city of Kozani,
covers an area of 470 km2 and is considered a sub-basin of the larger
Ptolemaida basin, the main lignite production region of Greece. This
basin is surrounded by the mountains of Vermio in the east with its highest
elevation of 2502 m above sea level, by Askio mountain range in the west
reaching an altitude of 2110 m, and by Mount Skopos in the south with elevations reaching 1256 m. The open pit of the nearby lignite mines constitutes the northern boundary of the study area. The mean altitude of the
lowlands is 655 m and slope inclinations are mainly level (Fig. 1). Most
of the lowlands are covered by irrigated agricultural land with crops mainly corn, barley, wheat and potatoes. In contrast, the mountainous part of
the basin is characterized by steep slopes covered with mixed forests
and grasslands on which cattle and sheep graze. The power station of
Agios Dimitrios (1595 MW) is located in the eastern part of the basin.
This is the largest power station in Greek and it burns local lignite which
is transported to the plant directly from the open pit mine in the north
via an open conveyor belt. Some of the ﬂy ash produced is transported
north of the power station to a disposal site located close to Akrini village
via a second open conveyor belt (~7 km in length). Additionally, some of
the ﬂy ash is temporarily stored in an open pit, named “A-9”, located behind the power station, before being transported to the disposal area of
Akrini by truck. Relatively large amounts of ﬂy ash are always present in
the area surrounding the “A9” and adjacent the open conveyor belt (Fig. 1).
The geological formations of the study area can be distinguished into
three main groups: (i) carbonate rocks, which dominate the mountainous part of the basin and co-exist with the overlying ultramaﬁc rocks,
(ii) clastic sedimentary formations, which are deposited in the lowlands
and consist of conglomerates and gravels along the margins of the basin
and clays with sands in the central part, and (iii) the deep Neogene
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Fig. 1. Topographic map of the Sarigkiol basin, showing also the sampling points and the ERT lines.

lignite deposits that alternate with marls and are disrupted by complex
tectonic structures. The geological formations and structure of Sarigkiol
basin are shown in detail in Fig. 2.
According to Voudouris (2009), a mixed Mediterranean and continental climate type characterizes this area, with a mean annual precipitation of 640 mm and a mean annual temperature of 13 °C. Due to the
absence of lakes and rivers, with the exception of a small artiﬁcial small
channel named “Soulou”, the water requirements of the basin (mainly
for agriculture) are met by using groundwater through an extensive
well network. The “Soulou” channel was opened in 1954 and has a
small river bed and a rather insigniﬁcant natural water ﬂow. Additionally, the channel is the receiver of used waters from the nearby power
plant, as well as groundwater from drainage boreholes of the open pit.
Until 2013 groundwater was the main source of drinking water for
the nearby villages of Akrini, Agios Dimitrios and Ryakio, located in
the eastern part of Sarigkiol basin. However, a detailed chemical survey
of the drinking water consumed in the area indicated that the local population was exposed to hazardous Cr(VI) concentrations of up to 120
μg L−1, while the maximum permitted concentration limit (MCL) of
total chromium is currently 50 μg L−1. Therefore, a detailed investigation on the occurrence, distribution and fate of Cr(VI) in the groundwater resources of study area is warranted to help improve and sustain the
quality of the local water supply.
3. Materials and methods
Geochemical and mineralogical analyses were performed on
soils, sediments and rocks, and then complemented by chemical

analyses of surface waters, springs and groundwater, and speciﬁc
hydrogeological and geophysical measurements. The plethora of
collected data was stored, analysed, managed and displayed,
using Geographical Information Systems (GIS). The interpolation
method of natural neighbor (Sibson, 1981) was used for the map
of spatial distribution of all parameters using the Spatial Analyst
Tools package. A detailed description of each ﬁeld is presented
below.

3.1. Determination of the hydrogeological regime
The determination of aquifer types, respective recharge mechanisms and hydraulic connection characteristics are based on existing
geological maps, available lithological proﬁles from existing boreholes, pumping tests, water level measurements, and electrical resistivity tomographies (ERTs). Additionally, a detailed literature review
of previous relevant studies was performed to supplement the
hydrogeological study. More speciﬁcally, the type and geometry of
existing aquifers was determined from geological maps and 170
lithological borehole proﬁles. The consistency of the vadose zone
and aquifer anatomy were deﬁned by combining lithological proﬁles
with ERTs. Springs were initially mapped from the digitized geological maps and their presence was then conﬁrmed with ﬁeld investigations, although in one case spring type was determined by ERT.
Water level measurements were performed in 29 boreholes of the
porous aquifer in four time periods (wet: May 2014 and 2015, and
dry: September 2014 and 2015).
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Fig. 2. Geological map of the study area (I.G.M.E., 1980).

3.1.1. Electrical resistivity tomographies (ERTs)
Twenty-four (24) ERT lines were measured in the study area. The
ERTs were classiﬁed into three groups according to their total length
and depth of the respective section. The ﬁrst group consisted of eighteen
ERT lines, with a length of 1000 m per line and for each line twenty-one
(21) stainless steel electrodes were used at 50 m intervals. In two cases
the ERT lines were overlapped by 500 m in a roll-along scheme to obtain
measurements along total lengths of 1500 m (i.e., 2 ERT lines) and
2000 m (i.e., 3 ERT lines). The second group comprised ﬁve ERT lines
each of 600 m in length. Along these ERTs, twenty-one (21) stainless
steel electrodes were placed at 30 m intervals. The ERTs of this group
had multiple objectives and aimed to localize faults and aquifer boundaries, determined aquifer anatomy, and determine consistencies of
vadose zone material. The third group comprised one ERT line which
was set-up in the mountainous area of the study site, and aimed to determine the type of one speciﬁc spring located on the ophiolitic formation. The total length of this ERT line was 230 m and twenty-four (24)
stainless steel electrodes were placed every 10 m. The locations of all
ERT lines are shown in Fig. 1. A SYSCAL Pro resistivity meter was used
to perform all electrical resistivity measurements. The contact resistance of electrodes with the ground was checked (Juanah et al., 2013)
before data acquisition and was found to be less than 1 kΩ. Dipole–
dipole array conﬁguration was used to determine if lateral changes are

signiﬁcant (fault detection), while the Wenner array conﬁguration
was used to accurately delineate the predicted horizontal structures
and their interfaces. The reliability of the ERTs was tested using the
available lithological proﬁles and geological data. The inversion of the
resistivity data set was performed using the DC2DPRO software (Kim,
2009) and 2-D resistivity images were produced. Dark blue colors indicate low resistivity values, corresponding to clay or very ﬁne material,
while red was assigned to gravels and coarse sands. The RMS error
values of all ERTs ranged between 2 and 11.5%, indicating the reliability
of the acquired data.
3.2. Soils, rocks and sediment collection, mineralogical and geochemical
characterization
3.2.1. Sampling collection of soils and sediments
Using a Dutch auger, soil and sediment samples were collected from
49 positions of the upper vadose zone at depths of up to 0.1 m, between
May and June 2014 (Fig. 1). Additionally, 11 rock samples and their
regoliths (weathering zone above rocks) were collected from the mountainous part of the basin. Two samples of lignite and three samples of ﬂy
ash were also analysed to determine the mineralogical and geochemical
composition of the used fuel (lignite) and ﬂy-ash originating from the
local power station.
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3.2.2. Mineralogical composition
The mineralogical composition of the studied samples was determined
using the X-ray Powder Diffraction (XRPD) method. The XRPD measurements were carried out using a PW1710 diffractometer with Ni-ﬁltered
CuKa radiation (Philips, Eindhoven and Almelo, The Netherlands) on randomly oriented samples. The counting statistics of the XRPD study were:
step size: 0.01° 2θ, start angle: 3°, end angle: 63°, and scan speed: 0.02°
2θ/s. Quantitative estimates of the abundance of the mineral phases
were derived from the XRPD data using the intensity of certain reﬂections
and external standard mineral mixtures (Kantiranis et al., 2004, 2011).
Corrections were made using MAUD-Material Analysis Using Diffraction
software with Rietveld reﬁnement (Lutterotti et al., 2007).
3.2.3. Chemical analysis
Chemical analysis of whole sample (major and trace elements) was
performed on pulp material prepared from each sample. Combined
methods of INAA, total digestion–ICP and lithium metaborate/
tetraborate Fusion–ICP-OES were used to determine the major (SiO2,
TiO2, Al2O3, Fe2O3Τ, MnO, MgO, CaO, Na2O, K2O, P2O5 and LOI) and
trace elements (Au, Ag, As, Ba, Be, Bi, Br, Cd, Co, Cr, Cs, Cu, Hf, Hg, Ir,
Mo, Ni, Pb, Rb, S, Sb, Sc, Se, Sr, Ta, Th, U, V, W, Y, Zn, Zr, La, Ce, Nd, Sm,
Eu, Tb, Yb and Lu). The detection limit of each element along with its
measurement method is given in the Supporting information (Table S1).
3.3. Water sampling and analysis
Water samples were collected from springs, the artiﬁcial channel
“Soulou” (i.e., surface water), and selected boreholes drilled in the

Sarigkiol basin. The samples were collected during the dry (September
to October) season of 2014, and the wet (May to June) season of 2015.
The main objective of corresponding seasonal sampling and respective
chemical analyses was to conﬁrm the long-term elevated concentrations of Cr(VI) in the Sarigkiol watershed reported by Kaprara et al.
(2015). In the dry season of 2014 twenty-two (22) groundwater samples were collected along with ﬁve (5) samples from springs, and
seven (7) from the “Soulou” channel. During the wet season of 2015, a
total of ﬁfty-two (52) groundwater samples were collected together
with six (6) samples from springs and one (1) sample from the “Soulou”
channel. Sampling in the wet period was performed to obtain a spatial
distribution of Cr(VI), and a more detailed characterization of the chemical composition of waters in the porous aquifer of the study area. Finally, stable chromium isotopes were determined in representative
groundwater samples taken from the east (two samples) and west
(one sample) parts of the study area, as well as from one sample obtained from the spring located within the ophiolite-dominated area. In addition, Cr isotopes from one ﬂy-ash sample and its leachate were also
measured.
Fig. 3 shows the spatial distribution of collected samples categorized
by sampling season and year.
All water samples were ﬁltered through 0.45 μm membrane ﬁlters
(Whatman, mixed cellulose ester). One aliquot of each sample was refrigerated at 4 °C (if not analysed immediately) and later used to identify speciﬁc physico-chemical parameters, and the remaining aliquot was
acidiﬁed to pH 2 by adding a few drops of conc. HCl, and stored in the
laboratory for further analysis. All parameters were determined according to the respective Standard Methods for the Examination of Water

Fig. 3. Hydrogeological map of the Sarigkiol basin.
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and Wastewater (Rice et al., 1999) and are presented in the Supporting
information (Table S2).

3.3.1. Chromium isotope analyses
In amounts that would yield concentrations of about 1 μg of total
chromium, water samples and an ash leachate were pipetted into
30 mL Savillex™ beakers together with an amount of 50Cr–54Cr double
spike, in order to obtain a sample to spike ratio of ~3:1 (total chromium
concentrations). A double spiked ash sample (30 mg) was also attacked
by conc. Aqua regia for 12 h. Addition (spiking) of 50Cr–54Cr double
spike (known isotope composition) to a sample before chemical puriﬁcation allows the accurate correction of both the chemical and instrumental shifts in Cr isotope abundances (Ellis et al., 2002; Schoenberg
et al., 2008). The water-spiked and ash-spiked mixtures were completely evaporated and 3 mL of conc. aqua regia was subsequently added to
the dried water samples. After 3 h during which the water samples
were exposed to aqua regia on a hotplate at 100 °C, the samples were
again dried. Finally, the water samples and the ash sample were taken
up in 20 mL of MilliQ water, containing 0.5 mL of 1 N HCl, to which
0.4 mL of a 1 M ammonium peroxydisulfate solution (puratronic® quality) was added. The samples were then boiled, with closed lids, for
30 min at the lowest energy level in a microwave oven. This procedure
enabled the total oxidation of chromium to Cr(VI). After cooling to room
temperature, the solution was then passed over an extraction column
(BioRad) charged with 2 mL of intensively pre-cleaned 200–400 mesh
AG1-X8 (BioRad) anion resin. Cr(VI) was retained by the resin, while
the other co-existing cations, such as Ca2+, Na+, and K+, were efﬁciently washed out. After rinsing with 5 mL of 0.1 N HCl, Cr(VI) was reduced,
during the following 5 min on the columns, by using 1 mL of 2 N HNO3
to which three drops of 5% hydrogen peroxide were added. Cr(III) was
then extracted with the addition of another 5 mL from the same 2 N
HNO3–hydrogen peroxide mixture into a 17 mL Savillex™ beaker and
was subsequently dried. This extraction procedure usually has a chromium yield of ~ 90%. The produced chromium fraction was then puriﬁed, by passing the sample in 0.5 N HCl over a miniaturized
disposable pipette-tip extraction column, ﬁtted with a bottom and a
top disposable PVC frit, which was charged with 300 μL of 200–400
mesh cation resin (AGW-X12, BioRad), thus employing the slightly
modiﬁed extraction procedure, published by Trinquier et al. (2009)
and Bonnand et al. (2011). The yield of this mini-column extraction
and puriﬁcation step is usually ~70%. Samples were loaded onto Re ﬁlaments with a mixture of 3 μL silica gel, 0.5 μL 0.5 mol L−1 of H3BO3 and
0.5 μL 0.5 mol L−1 of H3PO4. The samples were statically measured on an
IsotopX “Phoenix” multicollector thermal ionization mass spectrometer
(TIMS) at the Department of Geoscience and Natural Resource Management, University of Copenhagen, at temperatures between 1050 and
1200 °C, aiming for beam intensity at atomic mass unit (AMU)
52.9407 of 30–60 mV. Each load was analysed 2–4 times (Table 1). Titanium, vanadium and iron interferences with Cr isotopes were corrected
by comparing with 49Ti/50Ti, 50V/51V and 54Fe/56Fe ratios. The ﬁnal isotope composition of each sample was determined as the average value
of repeated analyses and reported, relatively to the certiﬁed SRM 979

Table 1
δ53Cr values for groundwater, spring water, ﬂy ash and ﬂy ash leachates.
Sample

Site

[Cr]

d53Cr

± (2 s)

n

Spring water
Groundwater
Groundwater
Groundwater
Fly ash
Fly ash leachate

Ophiolitic spring
Eastern part nearby A-9 open pit
SW part of Sarigkiol basin
Eastern part nearby A-9 open pit
Agios Dimitrios Power Plant
–

0.047
0.092
0.061
0.075
127.8
1.88

1.15
0.91
1.80
0.83
0.55
0.86

0.09
0.09
0.09
0.07
0.03
0.07

3
4
3
4
4
2
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standard, as:
0 53

1
1 Cr
B 52 Cr sample
C
B1
C
δ53 Crð‰Þ ¼ B53
−1C  1000
@1 Cr
A
SRM979
52 Cr
1
Repeated long-term analysis of 0.5 μg loads of unprocessed double
spiked NIST SRM 979 standard, yield an average δ53Cr value of 0.08 ±
0.05‰ (n = 296; 2σ; 52Cr signal intensity at 0.35 V) on the “Phoenix”
TIMS, which we consider as minimum external reproducibility for a speciﬁc sample, including the separation procedure, double spike correction error and respective internal analytical errors.
3.4. Multivariate statistical analysis
Multivariate statistical analyses were performed to determine the
hydrochemical relevance of groundwater samples (Voudouris et al.,
2000; Belkhiri and Narany, 2015) and the geochemical coherence of
sediment samples (Wang et al., 2015). In this study, Factor analysis
was applied to evaluate groundwater quality in the Sarigkiol basin, as
described below. Additionally, the correlation matrix was produced to
determine any potential correlations between hydrochemical, geochemical and mineralogical components of groundwater and sediment
samples.
3.4.1. Factor analysis
The reduction of dimensionality of a large set of data, including interrelated variables, is the main reason for applying Factor Analyses
(FA), which also include Principal Component Analysis (PCA). Transformation of the initial data set into a new set of variables (principal components), which are non-correlated and arranged in descending order
of importance, can provide the desirable reduction (Ujević Bošnjak et
al., 2012). Thereinafter, the contribution of less signiﬁcant variables is
obtained by applying FA, hence the axis deﬁned by PCA is rotated and
a new group of variables is generated. In this study, the Varimax rotation
via the Kaiser normalization procedure was selected, whereas variables
exhibiting a rotated loading N 0.5 were considered signiﬁcant (Liu et al.,
2003). According to Ujević Bošnjak et al. (2012) variables and factor
loading correlations (absolute values) ranging between (a) ±0.75 and
±1.0, (b) ±0.5 and ±0.75, and (c) ±0.5 and ±0.3 can be distinguished
into strong, moderate and weak, respectively.
4. Results
4.1. Aquifer characteristics
The aquifers of the Sarigkiol basin can be grouped into two main categories, according to their respective geological formations: (i) karstic,
and (ii) porous aquifers (Fig. 3). Additionally, ﬁssured rock aquifers
are developed in the ophiolitic rocks. Porous aquifers are located in
the lowlands of this basin and are developed in Quaternary and Neogene formations. In the Quaternary formation, the porous aquifer can
be further divided into conﬁned and unconﬁned aquifers, located in
the central part and along the margins of basin, respectively. The thickness of the saturated and unsaturated zones varies but has a mean value
of 150 m and is strongly determined by normal faults that shape the
basin.
Lacustrine deposits deﬁne the conﬁned conditions of the porous
aquifer, and consist of clay with lenses of silt and ﬁne sand. The conﬁned
aquifer coincides with the dried swamp area of Sarigkiol. The resistivity
of the conﬁning layer ranges from 10 to 25 Ω m and its thickness decreases from 30 m in the center up to the surface, moving outwards towards the margins of the basin (Fig. 4, ERTs 13 and 14). The material of
the saturated zone is sand with ﬁne grained gravel, with electrical
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Fig. 4. Electric resistivity tomographies (ERTs) of studied areas.

N. Kazakis et al. / Science of the Total Environment 593–594 (2017) 552–566

resistivity values ranging from 25 to 55 Ω m. According to data obtained
from the ERTs and the respective lithological proﬁles, the mean thickness of the conﬁned porous aquifer is 80 m. The conﬁned conditions
change into unconﬁned ones within the alluvial deposits, fans, talus
and screes (Fig. 4, ERTs 10 and 13).
The host material of the saturated and unsaturated zones consists
mainly of conglomerates and gravel with small amounts of ﬁne sand
and silt. The resistivity of the saturated and unsaturated zones ranges
from 30 to 90 Ω m and 90 to 700 Ω m, respectively (Fig. 4, ERTs 1 and
13). The abnormally high resistivity values recorded in some parts of
the unsaturated zone correspond to the presence at deep glacial erratic
rock blocks with diameters of up to 1 m. The boundary of the porous
aquifer in the western part of the basin is a normal NE-SW trending
fault (Fig. 2) that isolates the porous from the karstic aquifers (Fig. 4,
see ERT 1). According to a recent study (IGME, 2010), the porous aquifer
is characterized by a mean hydraulic conductivity value of 2 × 10−3 m/s,
storability of 2.5% and transmissivity of 9 × 10−2 m2/s. The piezometric
head of groundwater in the porous aquifers varies between 588 and
679 m above sea level (a.s.l.). The groundwater ﬂow direction is mainly
from NNE to SSW in the west, whereas in the central and western parts
of the basin, groundwater ﬂows from S to N, forced by the drain wells of
the open pit lignite mine (Fig. 3). Recharge of the unconﬁned porous
aquifer in the east is mainly due to the inﬁltration of precipitation. The
recharge regime of the unconﬁned aquifer is supported by the
hydrogeological, hydrochemical and geophysical data presented
below. According to Aschonitis et al. (2014), the recharge rate in the
lowlands varies between 96 and 259 mm/year, while surface runoff
ranges between 95 and 302 mm/year.
The karst aquifer is developed in the mountainous part of the study
area (Mts Vermio and Askio), whereas in the lowlands it is covered by
the unconsolidated sediments deposited in the Sarigkiol basin. The
mean piezometric head of the karst aquifer is 290 m a.s.l., and the
mean hydraulic conductivity has been determined as 1.15 × 10−3 m/s,
storability as 2%, transmissivity as 1.7 × 10−1 m2/s, and the inﬁltration
coefﬁcient as 60% (IGME, 2010). In the karst aquifer groundwater
ﬂows from N to S and discharges into “Neraida” spring (Groba et al.,
1985; IGME, 2010). The ophiolitic ﬁssured rock aquifer is of limited extent in the mountainous part of the basin and tectonically overlays the
karst aquifer. Numerous small springs (with discharge b 1 m3/h) emerge
close to the point where limestones and ophiolites meet, thus
conﬁrming the impermeability of the ophiolitic rocks. According to
data obtained from ERT 21, the weathering zone of the ophiolitic rocks
penetrates to ~ 10 m depth, forming an enhanced “dual” porosity of
the otherwise unweathered ﬁssured rock aquifer. Data from the remaining ERTs are presented in the Supporting information (Fig. S1).
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4.2. Physico-chemical analyses of water samples
Chemical analyses of the water samples conﬁrmed the elevated concentrations of Cr(VI) and, simultaneously, revealed the variability of Cr
concentrations in both groundwater and spring water. The minimum,
maximum and mean values of the respective analytical determinations
for the two sampling periods (dry and wet) are shown in Table 2,
whereas further details are provided in the Supplementary material
(Table S3). For the dry period between September and October 2014,
concentrations of Cr(VI) in the “Soulou” channel ranged between 2
and 5 μg L−1, while in the springs Cr(VI) concentrations varied from
11 to 31 μg L−1 (in two samples concentrations were below the respective detection limit). For the same period, groundwater Cr(VI) concentrations ranged between 2.9 and 88 μg L−1.
An electrical conductivity (E.C.) value of 1166 μS/cm was recorded in
the water of “Soulou” channel, and this is higher than the corresponding
values measured in both groundwater and spring water. Additionally,
−1
the concentrations of SO2−
and NO−
,
4
3 varied from 255 to 385 mg L
and 6 to 15 mg L−1, respectively. Moreover, the total organic carbon
(TOC) of “Soulou” channel water ranged between 2.3 and 2.7 mg L−1,
and Na2 + concentrations ranged from 38 to 119 mg L− 1. The high
values of these parameters could be attributed to the operation of the
local power plant, since the “Soulou” channel is the receiver of the
plant's treated aqueous wastes, in addition to run-off waters from the
surrounding area.
The area's springs can be grouped into “karstic” and “ophiolitic”.
Concentrations of Cr(VI) recorded in the karst springs were below the
method's detection limit, whereas concentrations of Mg2 + were
below 4 mg L−1 and the E.C. value was below 496 μS/cm. In contrast,
Cr(VI) concentrations in the ophiolite-hosted springs ranged between
11 and 37 μg L−1, and Mg2+ and E.C. values were 37–44 mg L−1 and
524–565 μS/cm, respectively. During the dry season groundwater sampling was focused on the eastern part of the porous aquifer. The concentrations of Cr(VI) in groundwaters collected during the dry season in the
eastern part of the porous aquifer ranged between 3 and 88 μg L−1. The
highest concentrations were observed near the short-term ﬂy-ash deposition station (“A-9”). Samples with Cr(VI) concentrations above 50
μg L−1, which is the MCL, were generally characterized by relatively
low concentrations of Mg2+ (18–36 mg L−1), Ca2+ (36–42 mg L−1),
and SO24 − (2.3–9 mg L−1), and by low E.C. values (318–378 μS/cm).
Within the unconﬁned porous aquifer dissolved oxygen of 8 ±
1 mg L−1 was recorded, while the redox potential of the groundwater
was 200 ± 30 mV, i.e., oxic. Additionally, the oxic conditions of groundwater and spring waters were also veriﬁed by the absence of Fe and Mn
and the low DOC concentrations.

Table 2
Statistical analysis of the hydrochemical data.
ΗCO3
mg L−1

Cl
mg L−1

SO24
mg L−1

NO3
mg L−1

Na
mg L−1

K
mg L−1

Ca
mg L−1

Mg
mg L−1

Cr(VI)
μg L−1

Cr
μg L−1

SiO2
mg L−1

TOC
mg L−1

52
246
127
183
942

11.7
17.8
2.0
95.0

52
108
2
465

29.3
19.2
2.0
90.0

12
19
2.8
118

1.4
1.9
0.5
10.9

56
30
32
152

31
22
8
105

56.4
30.0
2.9
120.0

59.9
31.9
4.0
120.0

18
5
8
42

1.0
0.4
0.5
2.0

Springs (wet season 2015), n = 6
Mean
7.6
548
330
STDEV
0.2
80
58
Min
7.4
428
237
Max
7.9
659
406

2.5
0.3
2.1
3.1

25
5
21
34

3.8
3.2
1.5
8.5

2.3
0.4
1.7
2

1.0
0.4
0.3
1.4

69
20
48
100

30
17
3
50

26.8
16.3
15.3
55.1

31.3
24.3
17.7
74.5

31
18
5
52

1.1
0.6
0.5
2.1

Surface water (dry season 2015), n = 6
Mean
7.6
1074
128
STDEV
0.3
111
48
Min
7.1
859
97
Max
8.0
1166
226

85.0
28.8
27.2
101.2

321
42
255
385

9.4
3.1
5.9
14.7

88
26
38
119

5.6
0.8
4.5
6.6

79
11
70
100

41
4
33
46

3.1
1.1
2.0
4

3.3
1.7
2.0
6

7
2
5
13

2.5
0.2
2.3
2.7

Statistic

pH

EC
μS/cm

Wells (wet season 2015), n =
Mean
8.0
532
STDEV
0.2
326
Min
7.2
315
Max
8.2
1762
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The water sample collected from the “Soulou” channel, during the
wet season, conﬁrmed a similar hydrochemical status of this run-off
watershed to that recorded in the sample collected during the dry
season. Samples from springs collected in the wet season revealed increased concentrations of Cr(VI), Mg2 + and Ca2 +, ranging between
20–55 μg L−1, 20–50 mg L−1, and 48–88 mg L−1, respectively. Concentrations of Cr(VI) in groundwaters collected during the wet season varied from 4 to 120 μg L−1 (in three wells concentrations were below the
respective detection limit) and their spatial distribution is shown Fig. 5.
Additionally, the pH of porous aquifer waters was mainly alkaline (pH
= 7.9–8.2), although local exceptions with near-neutral (pH = 7.2–
7.6) values were recorded in some wells. E.C. and SO2−
values ranged
4
between 315–600 μS/cm and 2–70 mg L−1, respectively, whereas high
values (i.e., up to 1762 μS/cm and up to 465 mg L− 1, respectively)
were observed in a small number of water samples. Cr(VI) concentrations were higher in the eastern part of the porous aquifer than in the
ophiolitic springs. Contrariwise, the E.C. of the groundwater recorded
in the eastern part of studied basin is lower than that recorded in the
karst and ophiolitic springs in the mountainous zone. This supports
the argument that spring waters in the mountainous part of the basin
do not contribute to Cr(VI) concentrations in the groundwater of the
porous aquifer in the eastern part of studied basin.
The concentrations of NO−
3 in the groundwaters ranged between 2
and 90 mg L−1 with signiﬁcant variations in their spatial distribution
(Fig. 6). In most of these samples, the concentrations of other trace elements (e.g. Fe, As, and Cd) were found mostly below the respective detection limits, despite some local exceptions. More speciﬁcally, As was
mostly detected in the wells nearby the short-term ﬂy-ash deposition
station (“A-9”).

Positively fractionated δ53Cr values characterize the groundwater
samples from the unconﬁned aquifer in the eastern part of Sarigkiol
basin, where values of 0.83 ± 0.07‰ and 0.91 ± 0.09‰ were obtained,
while an even higher value of 1.80 ± 0.09‰ was measured in one sample taken from the unconﬁned aquifer in the west. In water collected
from the mountainous ophiolitic spring an equally positively fractionated δ53Cr value of 1.15 ± 0.09‰ was recorded. The Cr isotope results indicate oxidative mobilization mechanisms of Cr, most probably from the
weathering of ophilitic rocks and their soils. However, they also point to
redox processes (mainly reduction) during transport that alter the isotopic composition of liberated heavy Cr(VI) to even higher δ53Cr values
as indicated by the δ53Cr value of 1.8‰ from the western unconﬁned
aquifer. This observation agrees closely to the results of similar recent
studies (Economou-Eliopoulos et al., 2011, 2014) on Fe-Ni laterite
mines in northern and central Greece, central Euboea and the Asopos
basin (Greece), in which natural remediation through back-reduction
was demonstrated in groundwater.
4.3. Mineralogical and geochemical composition of soils, sediments and
rocks
The mineralogical and geochemical analyses focused on the rocks
and regoliths of the mountainous region of the studied area in order
to characterize one of the obvious sources of Cr(VI) contamination in
the aquifers of Sarigkiol basin. The composition of basin sediments
was identiﬁed to determine the spatial distribution of chromium, and
other elements, in the lowlands. The minimum, maximum and mean
values of the mineralogical analyses presented in Table 3, and further
data are provided in the Supplementary material (Table 4s). The rocks

Fig. 5. Distribution of Cr(VI) in the porous aquifer of the Sarigkiol basin.
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2−
Fig. 6. Hydrochemical maps of E.C., pH, NO−
of the porous aquifer.
3 and SO4

Table 3
Statistical analysis of the mineralogical data (wt%).
Statistic

Quartz

Feldspars

Amphibole

Pyroxene

Carbonates

Micas

Chlorite ± kaolinite

Serpentine

Clay minerals

Talc

Goethite

Amorphous

Qz

F

Am

Px

Cc

Do

M

Ch + K

Ser

Cl

Ta

Go

A

Sediments, n = 49
Max
56
Min
4
Mean
26
STDEV
12

18
1
6
4

8
1
3
2

2
2
2
–

59
2
23
14

50
1
10
12

14
1
3
2

17
1
8
5

17
1
7
4

6
2
4
1

10
1
2
2

3
3
3
–

37
8
21
7

Soils, n =
Max
Min
Mean
STDEV

12
1
6
4

7
1
3
3

21
21
21
–

71
–
22
26

66
1
19
25

2
1
1
0

10
1
4
3

70
7
38
25

4
1
2
2

7
1
3
3

–
–
–
–

23
10
18
5

–
–
–
–

–
–
–
–

–
–
–
–

98
1
42
37

94
1
37
37

1
1
1
–

1
1
1
–

86
1
64
37

1
1
1
–

11
1
6
7

–
–
–
–

22
–
8
7

12
56
6
15
14

Rocks, n = 11
Max
1
Min
1
Mean
1
STDEV
–
Statistic

Quartz
Qz

Coal ash, n = 3
Max
10
Min
7
Mean
8
STDEV
2

Feldspars
F

Carbonates
Cc

Micas
M

Gehlenite
Gh

Hematite
Ht

Gypsum
Gy

Bassanite
Bas

Larnite
La

Tobermorite
To

Amorphous
A

5
2
3
2

46
37
40
5

1
1
–
–

8
6
7
1

5
4
4
1

23
17
20
4

3
3
–
–

2
2
–
–

5
5
–
–

24
16
20
4
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can be classiﬁed into two main categories, carbonates and ophiolites.
Carbonates are limestones with minor dolomitic components (up to
98 or 94 wt%, calcite, respectively), whereas the dominant mineral of
ophiolites is serpentine (up to 86 wt%). The mineralogical composition
of regolith is similar to the bedrock. Calcite and serpentine dominate
in the carbonatic and ophiolitic regoliths, respectively.
The main phase identiﬁed in the sediment samples was calcite or
dolomite, with relative abundances ranging between 2–59 wt% and
1–50 wt%, respectively. Chlorite (± kaolinite) and serpentine occur
in the majority of these samples and in varying quantities, ranging
between 1 and 17 wt%. Talc also occurs in the majority of sediments,
varying between 1 and 10 wt%. Micas occur in all samples with mean
values around 3 wt%, (range between 1 and 13 wt%). The highest quantities of phyllosilicates (micas, chlorite ± kaolinite, serpentine and talc)
are found, as expected, in the western part of the basin, whereas moderate concentrations (up to 20 wt%) were locally observed in the eastern part. Feldspars occur in all samples and in varying quantities,
ranging between 1 and 18 wt% and the respective mean value is around
6 wt%. Amphibole occurs in the sediments of the eastern part and in
amounts varying between 1 and 8 wt%. The main phases identiﬁed in
the three ﬂy ash samples are carbonates (up to 46 wt%) and gypsum
(up to 23 wt%), while tobermorite, larnite, basanite, and gehlenite
were also determined in minor amounts.
Detailed geochemical compositions of the rocks, soils and sediments
are provided in the Supplementary material (Table S1), and their
statistical evaluations are shown in Table 4. In the ophiolitic rocks, elevated concentrations of Cr (up to 3560 mg kg− 1) and Ni (up to
2230 mg kg−1) were recorded, while in carbonate rocks the respective
concentrations were below 16 mg kg−1. In the ophiolitic regolith, concentrations of Cr and Ni were higher than those recorded in the bedrock,
i.e., up to 4940 and 2310 mg kg−1, respectively. The carbonate regolith
was characterized by the elevated concentrations of CaO (up to 54.8%),
while Cr concentrations reached 691 mg kg− 1. MnO concentrations
reached 0.1% in the ophiolitic rocks and remained below the detection
limit in the carbonate samples.
In the regolitic samples, MnO concentration ranged from 0.03 to
0.16%. Cr concentrations varied in all sediment samples with values ranging between 178 and 3260 mg kg−1 (mean value of 633 mg kg−1). The
highest values were observed in sediments of the western part of basin,
while in the eastern part signiﬁcantly lower concentrations prevailed
(up to 700 mg kg−1). Ni concentrations in the sediments ranged between
71 and 970 mg kg−1 (mean of 372 mg kg−1). Similar to Cr, Ni concentrations were higher in the western part of the basin (Fig. 7). MnO concentrations varied from 0.05 to 0.20%. The highest concentrations were
recorded in samples taken in the west, the lowest in samples from the
center, and moderate values were observed in samples taken from the
eastern part of the basin.
The geochemical composition of ﬂy ash revealed variable concentrations of Cr, Ni and MnO, ranging between 283–443 mg kg−1, 169–
424 mg kg−1 and 0.03%, respectively. In addition, Cr and Ni concentrations of up to 68 and 34 mg kg−1, respectively, were characteristic of
the lignite samples studied here. The above results are in accordance
with those of previous studies concerning the composition of lignite
and ﬂy ash in the wider area (Filippidis and Georgakopoulos, 1992;
Georgakopoulos et al., 1994, 2002a, 2002b; Filippidis et al., 1996;
Adamidou et al., 2007; Megalovasilis et al., 2013).

Table 4
Statistical analysis of the geochemical data.
Statistic

Fe2O3(t)
%

MnO
%

MgO
%

CaO
%

As
ppm

Cr
ppm

Ni
ppm

Sediments, n = 49
Mean
5.5
STDEV
1.4
Min
2.9
Max
8.7

0.11
0.0
0.05
0.20

6.2
3.4
1.3
15.8

14.5
7.9
1.3
33.0

13.6
6.3
3.0
31.0

633.5
560.1
178.0
3260.0

372.5
203.2
71.0
970.0

Rocks, n =
Mean
STDEV
Min
Max

0.1
0.0
0.0
0.1

21.5
13.7
0.7
39.0

26.2
21.4
0.1
54.8

7.0
5.7
3.0
11.0

1006.3
1410.7
3.0
3560.0

755.7
1041.9
1.0
2230.0

Regolith, n = 11
Mean
5.1
STDEV
3.9
Min
1.1
Max
11.4

0.1
0.0
0.0
0.2

12.9
10.3
1.4
30.3

17.9
14.7
1.3
39.9

12.4
15.3
3.0
55.0

1453.9
1863.4
81.0
4940.0

658.1
897.1
34.0
2310.0

Fly Ash, n = 3
Mean
4.3
STDEV
0.6
Min
3.6
Max
4.8

0.0
0.0
0.0
0.0

3.6
0.6
3.0
4.1

25.3
4.5
22.2
30.6

22.0
2.0
20.0
24.0

384.3
88.9
282.0
443.0

322.7
135.3
169.0
424.0

Lignite, n = 2
Mean
0.74
Min
0.74
Max
0.74

b0.01
b0.01
b0.01

0.33
0.22
0.43

4.53
3.82
5.24

9.00
7.00
11.00

55.50
43.00
68.00

31.00
28.00
34.00

11
2.7
3.6
0.0
8.7

appear to indicate different sources/origins of Mg, Ni and Cr(VI) in the
groundwater of the studied area.
In the sediment samples, Cr is positively correlated with Co (r =
0.764), Ni (r = 0.644) and Ta (r = 0.684), while Ni is strongly correlated
with Co (r = 0.942). Additionally, Cr is positively correlated with serpentine (r = 0.259), but it is negatively correlated with chlorite ± kaolinite (r = −0.364) minerals. In contrast, Ni is strongly correlated with
serpentine (r = 0.672) and positively correlated with chlorite ± kaolinite (r = 0.162). The correlation between Cr and Ni is higher in areas
where anthropogenic inﬂuences are absent. This is a strong evidence
of anthropogenic pollution in Sarigkiol basin which results in elevated
concentrations of Cr(VI) in soils and groundwater.
Seven factors were extracted by factor analysis, and these accounted
for 84.7% of the total variance. The number of factors was obtained according to the Kaiser criterion which keeps the components with eigenvalues higher than 1 (Kaiser, 1958) and p-values b 0.05 (i.e., at 95%
conﬁdence level). The ﬁrst factor loading (Factor 1) was attributed
mainly to SO2−
4 , Mg, Ca and Cl, which explained 42.4% of the total variability of groundwater quality. Cr(VI) and arsenic showed strong positive loading in the ﬁfth (Factor 5) and third (Factor 3) factor,
respectively. The highest scores of these factors were both recorded in
the eastern part of the aquifer, and deﬁned by samples taken in the vicinity of the power plant and the open “A-9” temporary ﬂy ash disposal
area (Fig. 8). This part of the basin differs from the others due to the
presence of dispersed ﬂy ash in the sediments, thus indicating anthropogenic contamination of the sediments and groundwater in this part
of the basin. The fourth factor (Factor 4) shows a strong positive contribution of SiO2, and its highest scores are found located in the southwestern part of aquifer.

4.4. Statistical analysis
5. Discussion
The correlation analysis between the minerals, the major and trace
elements in the sediments and the groundwater samples, is presented
in the correlation matrix (Supplementary material, Table 5s). Cr(VI) in
the groundwater is strongly correlated with Cr(III) (r = 0.986), and is
moderately correlated with pH. However, the negative correlations between Cr(VI) and Mg, Ni, and all the other elements analysed, with the
exceptions of As and NO−
3 , are notable. These negative correlations

The different concentrations of Cr(VI) recorded in the groundwater
of Sarigkiol basin, taking into consideration the type of aquifer, are in accordance with values published recently by Kaprara et al. (2015). In the
porous aquifer, the lowest Cr(VI) concentrations were observed in the
central part where the aquifer is under conﬁned conditions. The highest
Cr(VI) concentrations occur in the eastern part of the basin, while in the
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Fig. 7. Distribution of Cr concentrations in the sediments of studied area.

western part only moderate concentrations of Cr(VI) were recorded.
However, the spatial distribution of Cr(VI) in the unconﬁned porous
aquifer is somewhat abnormal, when considering the area's geochemical regime. Speciﬁcally, in the western part of basin the highest concentrations of Cr are observed in soils and ophiolitic rocks, whereas in the
eastern part of basin, the Cr concentrations in the soils are signiﬁcantly
lower. Indisputably, one would expect the highest concentrations of
Cr(VI) in groundwater to occur in the most favorable geochemical and
mineralogical environments, assuming that the hydrogeological conditions are similar. According to Morrison et al. (2015), geogenic Ni and
Cr concentrations are highly positively correlated in both serpentine
and valley soils; however, this seems not to be the case for the Sarigkiol
basin. The poor correlation between Cr and Ni indicates that, besides a
likely geogenic origin of Cr in this area, there is also an additional significant contribution from anthropogenic activities.
Results of the factor analysis support this anthropogenic inﬂuence
regarding groundwater quality, and clearly distinguish the western
part of the basin (where the power plant is located and the ﬂy ash is disposed) with two speciﬁc components, in which Cr(VI) and As present
higher contributions. Considering that As is a typical indicator element
of coal and ﬂy ash, its presence in some groundwater samples polluted
with Cr(VI) and their contribution within the same factor enhances the
theory that the Cr(VI) originates from ﬂy ash. Multivariate methods,
such as factor analysis, can use and correlate a large number of parameters, however, the interpretation of these results is easier and is considered more reliable when they are presented using Geographical
Information Systems techniques (Narváez et al., 2007).
Geochemical analysis of the deposited ﬂy ash revealed high Cr and
As concentrations of up to 443 and 24 mg kg− 1, respectively. In the

western part of the basin, the only anthropogenic source of Cr(VI) is
ﬂy ash, while the use of fertilizers, another potential source of Cr(VI),
is rather limited in this region. Cr(VI), as well as other toxic elements,
accumulate on ﬂy ash particles during the combustion of lignite. Some
types of ﬂy ash are considered as hazardous wastes and therefore
sound environmental management is required (Borm, 1997). In cases
of mismanage disposal programs for ﬂy ash, toxic elements, such as Cr
and As, can be mobilized from these wastes by rain water or snow,
and transported to aquifers where they contaminate the groundwater
(Baba and Usmen, 2006). Fly ash is mainly composed of silt-sized material (grain diameters between 0.01 and 100 μm; Chang et al., 1977), with
a high surface-to-volume ratio making this material extremely susceptible to leaching, and attributing a high hydraulic conductivity
(Stewart and Tyson, 1996) that enables easy dispersion and transport
into vadose zones. Therefore, the dispersion of ﬂy ash, especially from
the operating open conveyor belt and the nearby open disposal pit
(“A-9”) in the western part of the basin, appears to be facilitated and
most probably causes signiﬁcant contamination of the surrounding
soils and the vadose zones with (leachable) toxic elements. This argument is also supported by the low values of electrical resistivity recorded in the upper vadose zone of the eastern part of the basin, which is
mainly composed of talus and scree (see also ERTs 1, 17, 18 and 25).
The bioavailability of Cr in ﬂy ashes and soils in the area has been reported in several studies (Georgakopoulos et al., 2002a, 2002b; Petrotou et
al., 2010). Darakas et al. (2013), reported that the bioavailable Cr in ﬂy
ash leachates from the nearby power station reaches up to 90 μg L−1.
A second lignite burning power plant (Kardia) is located in the north
western part of the Sarigkiol basin. However, the ﬂy ash produced
here is directly transferred to its disposal area via an open conveyor
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Fig. 8. Spatial distribution of individual components contribution, according to Factor 5.

belt that runs the Komanos lignite mine. Therefore, this plant does not
contribute to the potential dispersal of ﬂy ash into the vadose zone of
the porous aquifer. In contrast, ﬂy ash from the Agios Dimitrios Power
Plant is temporarily deposited in the nearby open pit “A9” located
above the unconﬁned aquifer before being transported by trucks to
the disposal area of Akrini and inside the Southern Sector lignite mine.
Therefore, relatively large amounts of ﬂy ash from this plant are being
dispersed within the vadose zone of the unconﬁned porous aquifer.
The zone polluted with dispersed ﬂy ash overlies the unconﬁned
aquifer in the studied basin. The low values of electrical conductivity recorded in the groundwater indicate direct recharge of the aquifer, mainly through precipitation, and a very short residence time within the
vadose zone. The high permeability of this site's aquifer was also reported in a previous study (IGME, 2010). According to Robertson (1991), in
sites where groundwater has longer residence times, higher Cr(VI) concentrations can be observed (i.e., concentrations are inversely correlated with recharge rates). This is in contrast to the situation observed in
the eastern part of Sarigkiol basin where the shorter residence times
correspond to higher Cr(VI) concentrations in the groundwater. Undoubtedly, the dispersed ﬂy ash prevalent in the eastern part of basin
signiﬁcantly impacts on the pollution of groundwater with Cr(VI).
Groundwater and soil pollution deriving from nearby temporary ﬂy
ash disposal sites has also been reported in studies carried out in other
countries, such as Turkey (Gulec et al., 2001; Baba and Kaya, 2004),
the USA (Kopsick and Angino, 1981) and India (Suresh et al., 1998).
Cr(VI) release from ﬂy ash is conﬁrmed by the data of this study. A
strongly positively fractionated δ53Cr value of 0.86 ± 0.07‰ in an artiﬁcial leachate of ﬂy ash, together with a similarly positively fractionated
value of a bulk sample of ﬂy ash (0.55 ± 0.03‰), hint at a possible

source of Cr(VI) associated with this dangerous waste. With only a
few indicative samples it is premature to discuss possible mixing scenarios between anthropogenic and geogenic sources of Cr(VI) in the
groundwater of the studied basin. The δ53Cr values measured in the
groundwater here are compatible with values detected in groundwater
from other locations, ranging between 1.0 and 5.8‰ (Ellis et al., 2002;
Johnson et al., 2005; Izbicki et al., 2008; Bullen, 2013; Novak et al.,
2014). While Cr(VI) of anthropogenic origin is thought to be characterized by δ53Cr values close to 0‰ (Ellis et al., 2002; Schoenberg et al.,
2008), our study indicates an oxidative release of isotopically heavy Cr
from ﬂy ash waste that is probable transported into the vadose zones
and should therefore be considered a severe threat to groundwater
purity.
The contribution of Cr(VI) originating from surface water
to groundwater Cr(VI) concentrations, is probably insigniﬁcant,
since the discharge of the ophiolitic springs is extremely low (i.e.,
b1 m 3/h and the respective Cr(VI) concentrations reach up to 37
μg L− 1). Surface run-off through the existing torrents is highly sediment loaded and has high natural organic matter content (humic
acids, etc.), that act as a reducing agents for Cr(VI) and lead to a general immobilization of dissolved Cr. This is veriﬁed by the low Cr(VI)
concentrations recorded of just ~ 5 μg L− 1. Such waters are therefore
very unlikely to have a signiﬁcant impact on the Cr balance of the
investigated groundwater.
In this study the geochemical and mineralogical composition of surface soils (up to 0.1 m) was determined and showed that Cr(VI) in the
groundwater of the study area may originate from both anthropogenic
and natural sources. However, deeper understanding of the processes
and release mechanisms involved in the presence of Cr(VI) in
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groundwater, will hopefully be obtained via future research, including
analysis of samples taken from the deeper sedimentary zones, as well
as the bio-available Cr(VI) fraction in soils, sediments, rocks and ﬂy ash.
Nevertheless, the negative inﬂuence of dispersed ﬂy ash on groundwater quality, regarding the presence of Cr(VI) is conﬁrmed. The study
also highlights the necessity for rational management of the by-products of lignite combustion in order to protect water resources and
human health from the presence of Cr(VI), as well as other potentially
toxic elements. Additionally, the results of this study can be considered
as fundamental to the design of the optimal treatment method for
Cr(VI) removal from polluted groundwater.
6. Conclusions
Hexavalent chromium (Cr(VI)) concentrations vary signiﬁcantly in
the surface, spring and groundwaters of the Sarigkiol basin, NW Greece.
Low concentrations, up to 5 μg L−1, were observed in the karst springs,
the artiﬁcial “Soulou” channel, and the conﬁned porous aquifer. Moderate concentrations, up to 55 μg L−1 of geogenically sourced Cr(VI), were
determined in spring water that discharges the weathering zone of
ophiolite rocks. Similar moderate concentrations of up to 60
μg Cr(VI) L−1 were also recorded in the south-western part of the unconﬁned aquifer, where the most favorable conditions for the geogenic
formation of Cr(VI) are met. In contrast, signiﬁcantly higher concentrations of Cr(VI), up to 120 μg L−1, were observed in the eastern part of
the unconﬁned aquifer nearby the temporary ﬂy ash disposal site (“A9” open pit).
Recharge of the unconﬁned aquifer in the eastern part of the basin is
dominated by the inﬁltration of precipitation, while the percolation
from run-off is estimated to be extremely low, due to the high permeability of karst aquifer, favoring inﬁltration in the mountainous part of
the basin. Indisputably, an anthropogenic source of Cr(VI) contribution
also exists in this section of the aquifer, which is supported by the results of the multivariate statistical analysis, as well as by the isotopic
analysis of Cr(VI). Therefore, Cr(VI) leaching from the ophiolitic
weathering products and from the dispersed ﬂy ash in the vadose
zone can contribute synergistically to the occurrence of elevated
Cr(VI) concentrations in Sarigkiol basin.
This research could be used as a model study to distinguish anthropogenic and geogenic Cr(VI) formation, as well as preventing the local
population from future exposure to toxic hexavalent chromium.
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