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a b s t r a c t

Hexavalent chromium is one of the most toxic and carcinogenic species known and can be released into
the environment from several sources. In Sarigkiol basin (N Greece) the presence of Cr(VI) in soil, sed-
iments and groundwater may originate from both natural (ophiolitic rocks and their weathering prod-
ucts) and anthropogenic (dispersed fly ash produced from lignite power plants) sources. In this study, the
distribution of contents and origin of environmentally available Cr(VI) in soils, sediments, regoliths and
fly ash of Sarigkiol basin is presented. Detailed geochemical and mineralogical studies were performed
on soil samples (up to 1m) and regoliths, while leaching tests were also applied to fresh and old fly ash
samples. Leachable chromium from soil and sediment samples generally increased with depth and the
highest concentrations were observed near to the power plant of Agios Dimitrios. The speciation of
chromium in leachates revealed that Cr(VI) concentrations accounted for more than 96% of total Cr.
Leaching tests of regoliths established that the natural contribution of Cr(VI) is up to 14 mg kg�1.
Therefore, the measurement of higher concentrations (up to 80 mg kg�1) of environmentally available
Cr(VI) in soils and sediments can be attributed to the impact/presence of dispersed fly ash in the soils and
sediments of the same area. This was also supported by the low correlation recorded between envi-
ronmentally available chromium and Cr-bearing minerals (mainly serpentine and talc). The influenced
zone is located in the eastern part of the basin near the local power plant and surrounds an open
conveyor belt that transfers fly ash to an open temporary storage pit. This zone overlies an unconfined
porous aquifer thus explaining the elevated concentrations of Cr(VI) in groundwater (up to 120 mg L�1)
previously reported in this area.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Chromium is a common element in the Earth's crust with an
average concentration of 100mg kg�1 (Nriagu, 1988). In soils and
sediments, geogenic chromium occurs at various concentrations
e by Dr. Jorg Rinklebe.

).
from 10 to 200mg kg�1, while in serpentine soils it can reach up to
6wt.% (Oze et al., 2004). The main geogenic source of chromium in
the environment are ophiolitic rocks and, specifically, their alter-
ation derivatives such as serpentinite, consisting of serpentine, Cr-
chlorite, talc, etc., and their weathering products (Nriagu and
Nieboer, 1988). Additionally, anthropogenic Cr sources can
contribute significantly to the existing natural background of Cr in
soils and groundwater; combustion of coal and oil, ore refining,
production of steel and alloys, leather tanning, phosphate fertilizer
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manufacturing and paint manufacturing are considered the main
industrial sources of Cr in the environment (Adriano, 2001; Jacobs
and Testa, 2004; Molina et al., 2009).

The oxidation states of Cr may range from eII to VIþ; however,
in soils, minerals and groundwater, trivalent (Cr-III) and hexavalent
(Cr-VI) are the dominant species, and these two forms have
significantly different toxicity and environmental mobility. Specif-
ically, Cr(III) complexes are rather inert, suppressing exchange with
surrounding media, and are characterized by modest immobility
mainly owing to sorption on negatively-charged soil colloids
(James and Bartlett, 1983). The stability and low solubility of Cr(III)
renders its penetration through the cellular membranes more
difficult; consequently, it is considered 1000 times less toxic than
Cr(VI) (Costa, 2003). On the other hand, Cr(VI) complexes such as
chromate (CrO4

2�) and dichromate (Cr2O7
2�) are strong oxidants and

sufficiently mobile due to the repulsive forces of negatively-
charged (soil) clays, thus constituting Cr(VI) more environmen-
tally available than Cr(III) (James et al., 1995). Cr(VI) can cause
various types of cancer and DNA damage in humans (Abreu et al.,
2014), rendering it a pollutant of groundwater and a serious
threat to public health (World Health Organization, 2012). There-
fore, several methods have been developed for the speciation of Cr
in plant leaves, soil and sediment samples (Duran et al., 2009; Elci
et al., 2010).

In Greece, naturally occurring Cr(VI) is common in groundwater,
mainly in porous aquifers located nearby ophiolitic rocks and their
weathering products (Kaprara et al., 2015). However, anthropo-
genic sources of Cr should not be neglected, especially in industrial
zones and coal-mining areas, such as Asopos basin (in central
Greece) and lignite mining centers, respectively (Petrotou et al.,
2010; Economou-Eliopoulos et al., 2011, 2017; Kazakis et al.,
2017). The two main Greek lignite mining areas are located in the
FlorinaePtolemaiseKozani basin (northern Greece), and the
Megalopolis Lignite Center (Peloponnese, southern Greece). It
should be noted that the thermal utilization of 55 million tons of
lignite per year generates around 60% of the electrical power re-
quirements of Greece (Kaldellis et al., 2009).

Nevertheless, lignite consumption produces an average of 13
million tons of fly ash per year and this ash contains, among others,
potentially toxic elements such as Cr, As, and Ni (Georgakopoulos
et al., 1994, 2002a; Megalovasilis et al., 2013). The largest Greek
power station (Agios Dimitrios, 1595 MW) is located in Sarigkiol
basin (northern Greece) and mis-management of the produced fly
ash causes the dispersion of relatively large amounts in the sur-
rounding area. Specifically, part of the produced fly ash is trans-
ported via an open conveyor belt (with a length of ~7 km) from the
power station to the disposal area near Akrini village. Additionally,
another part of the fly ash is temporarily deposited in a nearby open
pit, named “A-9”, located just behind the power station, and is
subsequently transported by trucks to the main disposal area of
Akrini (Fig. 1). Considering the high mobility of Cr(VI), the disper-
sion of fly ash in the soils of this area (Sariskiol basin) threatens the
quality of groundwater resources and consequently, human health,
when they are to be used as a drinking water source. The elevated
concentrations of Cr(VI) in the drinking water of local villages has
been reported in previous researches (Kaprara et al., 2015; Kazakis
et al., 2017).

This study aims to determine the environmental available
fraction of Cr(VI) in regoliths (i.e., the weathering mantle above
rocks), soils, sediments and fly ash of the Sarigkiol basin. Addi-
tionally, the natural (due to ophiolites) and anthropogenic (due to
fly ash dispersion) contribution of environmental available Cr(VI) in
this basin was quantified. Finally, the spatial distribution of envi-
ronmental available Cr(VI) in soils and sediments was used as a tool
to map fly ash dispersion in the region. The importance of this
study emanates from the co-existence of geogenic (ophiolites) and
anthropogenic (dispersed fly ash) Cr sources in the soils and sedi-
ments above an unconfined aquifer with known elevated concen-
trations of Cr(VI) in its groundwater (Kazakis et al., 2017).
Additionally, the zone of impacted soils is an agricultural region
were farmers are daily in contact with this toxic species. To the best
of our knowledge is the first time that is distinguished and quan-
tified the natural (due to ophiolites) and anthropogenic (due to fly
ash dispersion) contribution of environmentally available Cr(VI) in
a heavy industrialized area in Greece. Therefore, this research could
be used in global scale as a model study to quantify anthropogenic
and geogenic Cr(VI) contribution in soils and groundwater, and
therefore prevent local populations from future exposure to toxic
hexavalent chromium.

2. Materials and methods

2.1. Study area

The Sarigkiol basin constitutes a sub-basin in the larger basin of
Ptolemaida and it is located in NW Greece, near the city of Kozani.
The thermal power plant of Agios Dimitrios (burning lignite) is
located in the eastern part of the basin. The hydrological basin of
Sarigkiol covers a total area of around 470 km2, while the mean
elevation of the lowlands is 655m and the land is mainly flat. The
mountainous area surrounding the basin comprises carbonate and
ophiolitic rocks. Quaternary and Neogene sediments are located in
the lowlands. The upper formation consists of conglomerates and
gravels, which are located along the basin's margins, while clays
with sands are located in the central part. Lignite deposits alter-
nating with marls occur at greater depths. The geological forma-
tions and structure of this basin are shown in detail in Fig. 1.

The porous aquifers can be categorized into unconfined and
confined (porous) in the lowlands. The confined porous aquifer is
located in the central part of the basin. The open pit of the nearby
lignite mines constitutes the northern boundary of the porous
aquifers, while the eastern boundary of the aquifer constitutes a
normal fault of NW-SE direction (Fig. 1). Recharge of the porous
aquifers occurs mainly via infiltration of precipitation, percolation
from streams and, to a lesser extent, from the nearby small, artificial
channel of “Soulou”. Lateral inflows from the karstic aquifer have
been excluded by previous studies (IGME, 2010). The highest con-
centration of Cr(VI) has been observed in the porous unconfined
aquifer, close to the power plant of Agios Dimitrios (Kazakis et al.,
2017). Until 2013, the water demands of the nearby villages
(Akrini, Agios Dimitrios and Ryakio) were met by pumping
groundwater from the basin's unconfined porous aquifer, exploited
through a large number of boreholes.

The co-existence of dispersed fly ash in the soil and vadose zone
of this area, along with the serpentinized derivatives and their
weathering products in the unconfined porous aquifer resulted in
increased contamination of the groundwater by Cr(VI). Considering
the high concentration of Cr(VI) in this aquifer, with values of up to
120 mg L�1, the local population was exposed to hazardous Cr(VI)
levels (Kazakis et al., 2017). For comparison, the Maximum
Contaminant Limit (MCL) permissible by Greek legislation is
currently 50 mg L�1 of total chromium. Therefore, detailed knowl-
edge of the distribution of Cr(VI) availability in soils, sediments and
fly ash, would be of utmost importance in protecting groundwater
from further pollution/degradation with Cr(VI) and consequently,
the health of the local population.

2.2. Sampling of soil and sediments

Soil (<0.5m) and sediment (>0.5m) samples were collected



Fig. 1. Geological map of Sarigkiol basin (modified from I.G.M.E, 1980) showing the sampling points.
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using a Dutch auger from 49 positions in the upper vadose zone at
depths of 0.1, 0.5 and 1m, in May and June 2014 (Fig. 1). Addi-
tionally, the regoliths of 11 rocks were collected from the moun-
tainous part of the basin. Three samples of fly ash were also
analyzed to determine the availability of Cr(VI) in fly ash. The first
sample (1FA) was collected from the open conveyor belt, the sec-
ond obtained from the power station (2FA), and the third sample
(3FA) was an older one taken from the open disposal pit (“A-9”). All
samples were air-dried at room temperature and stored in refrig-
eration at 4� C. The pH value of soil and sediments was determined
in solid-water mixture 2:1.
2.2.1. Mineralogical composition
Themineralogical composition of the soil and sediment samples

was determined using X-ray Powder Diffraction (XRPD). XRPD
measurements were carried out using a Philips PW1710 diffrac-
tometer with Ni-filtered Cu Ka radiation on randomly oriented
samples. The counting statistics of the XRPD study were: step size:
0.01� 2q, start angle: 3�, end angle: 63�, and scan speed: 0.02� 2q/s.
Phase identification was carried out using the PDF-4þ (2009)
database and applying the DDViewþ/Sieveþ ICDD's viewing/search
indexing software. An initial, semi-quantitative, estimate of the
abundance of the mineral phases was derived from the XRPD data,
using the intensity of certain reflections according to the
absorption-diffraction method of Klug and Alexander (1959).
External standard mixtures of the phases identified in ratios ob-
tained from the absorption-diffractionmethodwere scanned under
the same conditions and the accuracy of the semi-quantitative re-
sults was improved (Kantiranis et al., 2004). Finally, corrections
were made using the software MAUD-Material Analysis Using
Diffraction with full pattern RIETVELD refinement (Lutterotti et al.,
2007). Applying these successive steps for the calculation of
mineralogical composition we have found that the analysis accu-
racy is ±1%w/w (Kantiranis et al., 2004, 2011). Amorphousmaterial
of the studied samples was calculated according to Kantiranis et al.
(2004).

2.2.2. Chemical analysis
The chemical analysis of major and trace elements of soil, sed-

iments and fly ashes was performed on powdered samples shipped
to Activation Laboratories Ltd., Canada. Combinedmethods of INAA,
total digestioneICP and lithium metaborate/tetraborate
fusioneICP-OES were used for the determination of major (SiO2,
TiO2, Al2O3, Fe2O3T, MnO, MgO, CaO, Na2O, K2O and P2O5), 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 together with its
measurement method is provided in the Supporting Information
(Table 1S).

2.3. Leaching tests of soils, sediments and fly ash

2.3.1. Leaching procedures
The soil, sediment and fly ash samples were submitted to

standard leaching tests, according to the EN 12457-2 method/
protocol, which can provide information on the leaching behavior
of granular waste and sludge under specific experimental condi-
tions and, particularly, by applying a liquid (distilled water) to solid
ratio of 10 L kg�1 drymatter and a particle size below 4mm, with or
without previous size reduction (European Committee for
Standardization, 2002; Van der Sloot, 2005). The EN 12457-2 pro-
tocol is abbreviated as “leaching method 1”, henceforth. The sus-
pension was left to sediment for 5min and the supernatant was
filtered through a 0.2 mm pore membrane filter before determining
the concentrations of most elements (Al, As, Ba, Ca, Cd, Co, Cr,
Cr(VI), Cu, Fe, Hg, K, Mg, Mn, Mo, Na, Ni, Pb, Se, Sr, Sb and Zn), and
the anions Cl�, NO3

� and SO4
2� in the filtrate. Additionally, pH,

electric conductivity (EC) and redox potential were also determined



Table 1
Variation of representative geochemical data of the studied sediments.

Fe2O3(T) MnO MgO CaO As Cr Ni

(wt.%) mg kg�1

Depth 0.1m, n¼ 49a

Mean 5.47 0.11 6.23 14.51 14 633 372
Stdev 1.38 0.03 3.35 7.88 6 560 203
Median 5.24 0.11 5.49 13.86 13 469 303
Min. 2.87 0.05 1.25 1.28 3 178 71
Max. 8.70 0.20 15.75 32.98 31 3260 970
Depth 0.5m, n¼ 49
Mean 5.51 0.11 6.02 15.65 14 674 377
Stdev 1.56 0.04 3.36 9.43 8 665 218
Median 5.57 0.12 4.88 14.43 12 460 321
Min. 1.78 0.04 1.28 1.26 3 126 65
Max. 9.13 0.19 13.57 40.25 31 3350 1020
Depth 1m, n¼ 42
Mean 5.50 0.11 6.17 17.16 15 612 366
Stdev 1.52 0.03 3.57 9.90 9 611 218
Median 5.65 0.11 5.44 17.26 13 405 296
Min. 2.13 0.04 1.39 1.25 3 127 41
Max. 8.51 0.19 17.29 40.17 35 3160 981

a Data after Kazakis et al. (2017).
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(Table 2S).
Furthermore, in order to estimate the total environmentally

available Cr(VI) of pristine fly ash liquid to solid ratios (L/S),
25 L kg�1, 50 L kg�1, 100 L kg�1 and 200 L kg�1, L kg�1 were imple-
mented following a procedure similar to EN 12457-2 at pH 8
(leaching method 2) that faces the soil pH of the studied area.

In order to lower the detection limit of mobile Cr(VI), as well as
of total Cr, in the soil and sediment samples, a distilled water to
solid ratio of 2:1 and mixing time of 30min was practiced (Mills
et al., 2011). The suspension was left to sediment for 5min, the
supernatant was filtered through a 0.2 mm pore membrane filter
and Cr(VI) and total chromium concentrations were then deter-
mined in the filtrate (leaching method 3). The leaching time of
30min is practiced due to avoid the reduction of Cr(VI) by humic
substances of soils and sediments. Furthermore, during tuning of
Cr(VI) determination by diphenylcarbazide method we run more
than 10 replicates for all samples with Cr(VI)< 10 mg kg�1, along
with implementation of standard addition method, and we
concluded that the accuracy of the method was poor. In contrast,
total chromium determination by graphite furnace atomic ab-
sorption spectroscopy (GFAAS) presented high precision and ac-
curacy and for this reason only total chromium is reported at low
concentration (<10 mg kg�1).

To examine fully the leaching characteristics of fly ash under
continuous flow conditions, column tests (CTs) were conducted
with two fly ash samples, i.e., a “fresh” sample and an older one. For
the CT experiments, glass columns of 2 cm diameter and 50 cm
length were used, each with the appropriate poly-tetrafluoro-
ethylene (PTFE) valves and caps, and a glass frit in the bottom
(leaching method 4). The columns were filled with the fly ash
samples to the height of 32 cm and the sample volume was
Vs¼ 100.5mL. Distilled water was fed into the column from the top
with a dosing pump at a flow rate of Q¼ 5.5mLmin�1, which
resulted in an Empty Bed Contact Time (EBCT¼ Vs/Q) of around
18min at 20 �C. Leachate samples were regularly collected from the
effluent of the CTs, and concentrations of Cr(VI) and SO4

2�, as well as
pH and electric conductivity, were determined.

2.3.2. Chemical characterization
The concentrations of the elements As, Ba, Ca, Cd, Co, Cr, Cu, Fe,

K, Mg, Mn, Mo, Na, Ni, Pb, Se, Sr, Sb and Zn in the filtrates were
determined using a Perkin Elmer AAnalyst 800 Atomic Absorption
Spectrophotometer with flame or graphite furnace. Mercury con-
centration was determined by a Bacharach cold vapor mercury
analyzer system (Coleman-Model 50B). Concentrations of the an-
ions Cl�, NO3

� and SO4
2� were determined by an Alltech 600 Ion

Chromatography system with a Transgenomic ICSep AN1 column,
using a 1.7mM NaHCO3/1.8mM Na2CO3 solution as eluent. The pH
and redox potential of leachates were determined with WTW 3110
instrument and electric conductivity with WTW 3310 instrument.
The Cr(VI) concentrationwas determined by the diphenylcarbazide
method [3500-Cr D], using a Perkin Elmer Lambda 2 UV/VIS spec-
trophotometer version 3.7, equipped with 10 cm length-path
measurement cells and the reported results are the mean value of
3 replicates (Table 2S). The detection limit of this method, was
calculated from seven replicates of initial concentration 2e5 mg
Cr(VI)/L and was estimated to be 1.4 mg L�1.

3. Results

In this study, the geochemical and mineralogical composition of
soil and sediment samples were determined at depths up to 1m
(0.5 and 1m), while data for depths of 0.1m was obtained (for
comparison reasons) from previous studies (Kazakis et al., 2017).
The detailed geochemical compositions of the soils and sediments
at different depths within the study area are shown in the Sup-
plementary material (Table 1S), while the statistical evaluations of
some representative data are presented in Table 1. Total Cr con-
centrations ranged between 126 and 3350mg kg�1 at depths of
0.5m, while at depths of 1m the respective concentrations varied
from 127 to 3160mg kg�1. Although a positive correlation between
Cr and Ni was observed at all depths (r¼ 0.644, r¼ 0.581 and
r¼ 0.726 at 0.1, 0.5 and 1m, respectively), this correlationwould be
much stronger if the Cr concentrations in the study area were of
geogenic origin alone. Therefore, this result supports the hypoth-
esis of mobilization of dispersed fly ash at greater depths.

The main mineral phases identified in the sediment samples
taken at depths of 0.5m were calcite and dolomite, with relative
abundances reaching 72wt.% (mean value 27± 17wt.% andmedian
value 24wt.%) and 30wt.% (mean value 7± 8wt.% and median
value 3wt.%), respectively. Similar values were also recorded at
depths of 1m where calcite reached 72wt.% (mean value
30± 16wt.% and median value 28wt.%) and dolomite reached
20wt.% (mean value 8± 7wt.% and median value 7wt.%). Chlorite
(±kaolinite) and serpentine were recorded in various contents in
the majority of the samples. At 0.5m depth, the mean values were
7± 3wt.% (median value 7wt.%) and 7± 5wt.% (median value
6wt.%) for chlorite (±kaolinite) and serpentine, respectively.
Almost the same values were also recorded at depths of 1mwhere
chlorite (±kaolinite) reached 8± 4wt.% (median value 7wt.%) and
serpentine 6± 4wt.% (median value 5wt.%). The mineralogical re-
sults are shown in detail in the Supplementary material (Table 3s),
while their statistical evaluations are shown in Table 2. The spatial
distribution of serpentine in the study area is shown in Fig. 2.

The majority of soil pH values (>95% of samples taken from all
depths) were alkaline, ranging between 7.9 and 8.5, whereas in the
remaining 5% of the samples pH values varied from 7.5 to 7.9. The
presence of serpentine and carbonate minerals in the soils could
explain these elevated pH values. The pH values of regoliths of the
area's carbonate and ultramafic rocks ranged between 7.8 and 8.5.
The spatial distribution of pH values in soil depths up to 0.5m is
shown in Fig. 3. It is worth mentioning that the pH values of soils
and their spatial distribution at different depths (0.1, 0.5 and 1m)
showed insignificant differences.

The concentrations of environmentally available Cr in soil and
sediment samples taken from depths up to 0.1m, which were
determined following leaching method 3, ranged from 1.8 to



Table 2
Variation of mineralogical analysis (wt.%) of the studied sediments.

Quartz Feldspars Amphibole Pyroxene Carbonates
(calciteþdolomite)

Micas Chlorite
(±kaolinite)

Serpentine Clay
Minerals

Talc Goethite Amorphous

Depth 0.1m, n¼ 49a

Mean 26 6 3 2 23 10 3 8 7 4 2 3 21
Stdev 12 4 2 e 14 12 2 5 4 1 2 e 7
Median 27 5 3 2 21 4 2 7 5 4 2 3 21
Min. 4 1 1 2 2 1 1 1 1 2 1 3 8
Max. 56 18 8 2 59 50 14 17 17 6 10 3 37
Depth 0.5m, n¼ 49
Mean 27 6 3 e 27 7 2 7 7 5 3 4 20
Stdev 13 3 2 e 17 8 1 3 5 4 2 e 8
Median 25 5 3 e 24 3 2 7 6 3 2 4 20
Min. 4 1 1 e 0 1 1 1 1 1 1 4 6
Max. 55 14 8 e 72 30 6 14 26 16 9 4 39
Depth 1m, n¼ 42
Mean 26 6 3 2 30 8 8 8 6 5 2 5 19
Stdev 12 4 2 e 16 7 7 4 4 3 2 e 7
Median 24 5 2 2 28 7 6 7 5 5 2 5 18
Min. 3 1 1 2 2 1 1 1 1 2 1 5 8
Max. 54 22 6 2 72 20 20 17 17 11 6 5 36

-: Was not determined.
a Data after Kazakis et al. (2017).

Fig. 2. Distribution of serpentine content (wt.%) measured in the study area (sediments obtained from depths of 1m).
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31.4 mg kg�1, but were less than 10 mg kg�1 in the majority of
examined samples (90%). The highest concentrations were
observed in the eastern part of the basin (Fig. 4). At greater depths,
values of environmentally available Cr increased significantly.
Specifically, the concentrations of environmentally available Cr in
the samples taken from 0.5m depth varied between 2.6 and
47 mg kg�1, while at depths of 1m the concentrations ranged be-
tween 2.4 and 80 mg kg�1. At the depth of 0.5m the environmen-
tally available Cr exceeded 10 mg kg�1 in 39% of the samples, and at
the depth of 1m the environmentally available Cr exceeded that
value in 65% of the measured samples. Fig. 4 shows the spatial
distribution of environmentally available Cr at the depths of 0.5 and
1m. At both depths the highest concentrations are observed in the
eastern part of the basin and near to the open conveyor belt and the
Ag. Dimitrios power station.

The environmentally available Cr presented insufficient corre-
lation with the respective values of total Cr at the depth of 0.1m
(r¼ 0.195), while at the greater depths the correlation was even



Fig. 3. Distribution of pH values recorded in sediments obtained from depths of 0.5m of the study area by implementation leaching method 3.
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lower (r¼ 0.064 and r¼ 0.016 for depths 0.5 and 1m, respectively).
A positive correlation between MnO and environmentally available
Cr was observed at all examined depths, i.e., r¼ 0.355 at 0.1m,
r¼ 0.300 at 0.5m and r¼ 0.355 at 1m. On the other hand, the
correlation between Ni and environmentally available Cr decreased
with depth, i.e., r¼ 0.530 at 0.1m, r¼ 0.331 at 0.5m and
r¼ 0.296 at 1m. In the surface samples, the highest correlation of
environmentally available Cr with the identified minerals was
observed with serpentine (r¼ 0.530). It is notable that the corre-
lation between environmentally available Cr and serpentine
decreased at greater soil depths, while the correlation coefficient
between the environmentally available Cr and clay minerals and
talc was found to increase. The medium to low correlation coeffi-
cient of environmentally available Cr with Cr-bearing minerals
confirms the anthropogenic contribution of Cr to the soils and
sediments located in the eastern part of the basin near the power
plant of Agios Dimitrios. The correlation analysis is given in the
Supplementary material (Table 3S1-3S2).

Speciation of Cr in leachate concentrations over 10 mg kg�1 of
total chromium revealed that Cr(VI) accounted for more than 96%
of the total Cr, which verifies that the concentrations of environ-
mentally available chromium recorded in the soils and sediments of
Sarigkiol basin can be mainly attributed to Cr(VI) (Fig. 5).

Regoliths can be grouped into two categories according to the
respective bedrock: (i) carbonate derivates, and (ii) ophiolitic der-
ivates. In carbonate regoliths, environmentally available Cr (leach-
ing method 3) ranged from 2.0 to 4.6 mg kg�1 with a mean value of
2.9 mg kg�1. In contrast, environmentally available Cr in ophiolitic
regoliths ranged from 4.4 to 13.4 mg kg�1 with a mean value of
8.3 mg kg�1 (Table 3). A high positive correlation was observed be-
tween MnO and the environmentally available Cr (r¼ 0.685).
Similarly, a very high positive correlation between environmentally
available Cr and serpentine was also observed in the regoliths
(r¼ 0.752).

All fly ash leachates (leaching method 1) were highly alkaline
with pH values ranging between 9.0 and 13.1. The presence of CaO
and Ca(OH)2 in fly ash can explain the elevated pH values. Addi-
tionally, the highest pH values were observed in “fresh” fly ash
samples, due to the presence of calcium hydroxide. The neutrali-
zation of the latter to calcium carbonate under the presence of
carbon dioxide was found to reduce pH values in older fly ash de-
posits. According to Kazakis et al. (2017) the mineralogical
composition of neutralized fly ash is mainly composed from calcite
and gypsum. Similarly, electrical conductivity values were signifi-
cantly higher in “fresh” fly ash leachates (i.e., up to 11,000 mS cm�1),
than in older ones (285 mS cm�1). Environmentally available Cr
from fly ash attributed mainly to the recorded presence of Cr(VI)
and ranged between 0.5 and 16mg kg�1, while higher values
correspond to “fresh” samples. The leaching experiments revealed
that Ca, SO4

2�, Cr(VI) and Sr constituents are more mobile in the
alkaline environment, created by the presence of fly ash, in com-
parison to other metal elements (Ni, Cr(III), Mn, Fe, Co and Zn),
which are rather immobile at this pH range. The lower mobility of
the latter metals is attributed to their lower solubility [Ksp, M(OH)
x], as they are existing mainly in hydroxide forms. The results of the
leaching tests are presented in detail in the Supplementary mate-
rial (Table 2S).

The continuous flow leaching experiments (column tests - CTs)
of “fresh” fly ash samples (leaching method 4) showed that pH was
close to 12 at the beginning of the test and then stabilized at the
value of 10 after passing 500 bed volumes (BV). Similarly, the
electrical conductivity of the leachate was initially 1500 mS cm�1,
then gradually decreased to 50e80 mS cm�1 and stabilized after the
elution of 1000 BV. The breakthrough concentration of Cr(VI) in the



Fig. 4. Spatial distribution of environmentally available Cr in soils and sediments of
the study area as recorded at depths of (a) 0.1m, (b) 0.5m, and (c) 1m.

Fig. 5. Correlation between Cr(VI) and total Cr in soil and sediment leachates with a
Cr(VI) concentration over 10 mg L�1.

Table 3
Environmentally available Cr in regoliths and fly ash samples.

A/A Sample pH Cr (mg kg�1)

Leaching method 3
1 1E 8.2 2.0
2 3E 8.0 2.4
3 6E 8.3 4.6
4 7E 8.2 4.6
5 9E 7.8 11.4
6 10E 8.3 3.0
7 40E 8.3 2.4
8 42E 8.5 10.4
9 44E 8.3 3.0
10 49E 8.3 13.4
11 50E 8.5 5.8
12 51E 8.2 4.4
Leaching method 1
13 1FA 11.0 7� 103

14 2FA 13.1 16� 103

15 3FA 9.0 0.5� 103

1E-51E: Regoliths, 1FA-3FA: Fly ashes.
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leachates was also decreased, starting from 200 mg L�1, falling to
10 mg L�1 after passing 200 Bed Volumes (BV) of water and finally, it
was stabilized below the analytical detection limit of applied
diphenylcarbazide method (1.5 mg L�1) after the passing of 2000 BV
of water (Fig. 6a). In order to study the influence of pH in Cr(VI)
leachability the distilled water was replaced for a short time by a
weakly acidic (~10�4 N H2SO4) leaching solution, which resulted in
breakthrough pH range 7.5e8. The decrease of pH in the range
commonly encountered in natural environment (<8) resulted in
turn in significantly increase of Cr(VI) breakthrough concentration
(65 mg L�1) due to the rise of chromate salts solubility. By returning
to distilled water the pH of breakthrough liquid phasewas returned
close to 10 and Cr(VI) concentration was abruptly dropped to
around 5 mg L�1 and gradually diminished below detection limit
(1.5 mg L�1) after passing 2700 BV. Conclusively, the dispersion of fly
ash at soils with pH value mainly ranged below 8 is expected to
increase significantly Cr(VI) leachability and enhance water
pollution.

The leaching tests on the older fly ash samples by applying
continuous flow configuration, showed that pH values ranged be-
tween 9 and 10 as well that the breakthrough concentration of
Cr(VI) in the respective leachate samples was close to detection
limit (1.5e2 mg L�1) of diphenylcarbazide method for more than
350 BV (Fig. 6b). Following the leaching procedure of fresh ash, the
distilled water was replaced by a weakly acidic (~10�4 N H2SO4)
leaching solution. The pH of breakthrough liquid phase decreased
close to 8, while the concentration of Cr(VI) was abruptly increased
in the range between 3 mg L�1 and 4 mg L�1 (400e500 BV) and sta-
bilized close to 2 mg L�1 after passing 550 BV. Therefore, it is
strongly supported that Cr(VI) leachates contribute to groundwater
pollution of the unconfined aquifer.



Fig. 6. Leaching behavior of fresh (a) and old (b) fly ash in continuous flow
configuration.
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4. Discussion

The availability of Cr(VI) usually governs the environmental
risks associated with Cr-polluted soils (Shi et al., 2016). The avail-
ability of Cr(VI) is determined by the mobility of Cr(VI) from a solid
surface into solution (Yu et al., 2004). Additionally, the concentra-
tions of Cr(VI) in soil solution are influenced by several natural
processes, such as the dissolution of Cr-containing minerals, the
adsorption-interaction with humic substances (natural organic
matter), the adsorption and precipitation onto soil oxides and the
ion exchange reactions (McBride, 1994). Furthermore, anthropo-
genic activities can accelerate the environmentally availability of
Cr(VI) in soils (Mills et al., 2011). In Sarigkiol basin coexist anthro-
pogenic and natural sources of Cr(VI) stipulating the interest to
quantify the environmentally available Cr(VI) in these sources.
Additionally, the dispersion of hazardous materials, such as coal
ash, in soils and sediments can significantly increase the trans-
ferred amounts of environmentally available Cr(VI) to receptors
(Jamali et al., 2007). The dispersion of fly ash has been documented
in a previous study (Kazakis et al., 2017), however the spatial dis-
tribution of the influenced area has not been yet determined.
Hazardous Trace elements (HTEs) emitted from coal combustion
have been also reported by recent studies of Zhao et al. (2017).
Nevertheless, the amounts of environmentally available Cr(VI) from
natural and anthropogenic sources in soils and sediments impacted
by dispersed fly ash has less been quantified. It is worthmentioning
that the extent of anthropogenic Cr(VI) is difficult to quantify since
it presupposes determination of the contribution of natural Cr(VI).
In this study, regoliths, which are soil materials found as a layer
above bedrock, have been used as an indicator to establish the
natural background of environmentally available Cr(VI) in Sarigkiol
basin. According to regolith leaching tests, the natural contribution
of Cr(VI) from the geological background was determined to be up
to 14 mg kg�1. Mills et al. (2011) measured Cr(VI) availability in soils
containing derivatives of ultramafic rocks and concluded that the
maximum concentrations were up to 15 mg kg�1, which are similar
with the present results. Soil and sediment pH in the lowland of
Sarigkiol basin is similar that of regoliths, while concentrations of
environmentally available Cr near the power plant of Agios Dimi-
trios are significantly higher than those of the regoliths (i.e., up to
80 mg kg�1). Local lignite composition has been influenced by the
surrounding ultramafic rocks (e.g., Filippidis and Georgakopoulos,
1992), while elevated concentrations of Cr in fly ash have been
also recorded in previous studies (e.g., Georgakopoulos et al., 1994,
2002a; Megalovasilis et al., 2013, 2016; Kazakis et al., 2017).

The leaching tests of fly ash taken from the local power plant of
Agios Dimitrios revealed that the environmentally available Cr can
be attributed solely to Cr(VI). Therefore, dispersed fly ash contrib-
utes directly to the environment of Sarigkiol basin with the toxic
Cr(VI). Following the EN 12457-2 protocol, a concentration close to
16mg Cr(VI) kg�1 was determined in the leachate, which corre-
sponds to about 4% of the total chromium (384mg kg�1, ranging
between 282 and 443mg kg�1), contained in the original fly ash
samples. These results are in accordance with previous studies of
fly ash originating from Sarigkiol basin (Georgakopoulos et al.,
2002b; Darakas et al., 2013; Megalovasilis et al., 2016). Huggins
et al. (2000) suggested that Cr(VI) accounts for about 3e5% of to-
tal Cr in fly ash, and Shah et al. (2007) determined Cr(VI) concen-
trations in fly ash at 2.7% of total Cr. However, following a procedure
similar to EN 12457-2 with various liquid to solid ratios (L/S)
(leaching method 2), the Cr(VI) content was determined as
55± 5mg kg�1 for any ratio L/S> 100 and pH value 8, indicating
that this value corresponds to the total environmentally available
Cr(VI) of the fly ash.

In contrast, leaching tests of older fly ash samples (leaching
method 1) showed an amount of environmentally available Cr(VI)
closer to the geological background (i.e. <20mg kg�1), verifying its
gradual leachability over time. Consequently, the dispersed (fresh)
fly ash located in the eastern part of Sarigkiol basin has polluted the
surrounding soils and sediments with Cr(VI) within a 20 km2 zone.
The extent of this soil and sediment pollution by the dispersed fly
ash explains the intense presence of anthropogenic Cr(VI) recorded
in the groundwater of unconfined aquifer in the eastern part of the
hydrological basin (Kazakis et al., 2017). The piezometric head of
groundwater in the examined porous aquifers varies between 588
and 679m above sea level (a.s.l.), while the vadose zone is char-
acterized by high permeability (Kazakis et al., 2017). The soils of
lowland in Sarigkiol basin are also characterized by high perme-
ability, while detailed description of soil texture can be found in
previous studies (Aschonitis et al., 2014).

The unconfined conditions of the aquifer in conjunction with
the high permeability of the vadose zone render groundwater
vulnerable to Cr(VI) leaching from the dispersed fly ash, as well as
from ultramafic weathering products. The importance of hydro-
geological conditions regarding the concentration of Cr(VI) in
groundwater has been previously highlighted by Kazakis et al.
(2015).

The results of this study clearly show the environmental impact
of the mismanagement of fly ash on the soils and sediments of
Sarigkiol basin. Fly ash, together with the physico-chemical con-
ditions of basin's soils and sediments, which also favor the mobility
of Cr(VI), has greatly contributed to the pollution of the ground-
water and the vadose zone. Mapping the dispersed zone of fly ash
might prove useful for the future remediation of the area's influ-
enced soils and sediments. Furthermore, the methodology applied
in this study could be used in similar cases worldwide to
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distinguish between natural and anthropogenic environmentally
available Cr(VI). Nevertheless, the detailed processes and release
mechanisms involving the presence of Cr(VI) in groundwater, will
be further detailed and clarified in our future published research,
including the additional analysis of sediment samples taken from
greater depths, as well as from the impacted aquifer.
5. Conclusions

In this study, concentrations of environmentally available Cr
were determined in soils and sediments at depths of up to 1m, as
well as in ophiolitic and carbonate regoliths of Sarigkiol basin (NW
Greece). Concentrations of environmentally available Cr in the soils
and sediments increased with depth, reaching values up to
80 mg kg�1, while the highest concentrations were recorded in the
eastern part of the basin near the local lignite power plant of Agios
Dimitrios. The environmentally available Cr recorded in the ultra-
mafic based regoliths was up to 14 mg kg�1 and this represents the
natural (background) contribution of Cr(VI) in Sarigkiol basin. The
speciation of Cr in the leachates revealed that the environmentally
available chromium concentrations in soils and sediments of Sar-
igkiol basin can be mostly attributed to Cr(VI). Similarly, concen-
trations of environmentally available Cr in the fly ash are attributed
mainly to Cr(VI) and ranged from 0.5 to 55mg kg�1, while higher
concentrations corresponded to recent (“fresh”) fly ash samples.
Older samples of fly ash were characterized by lower Cr(VI) con-
tents, due to the gradual leaching of Cr into the natural environ-
ment. From the leaching experiments, it can also be concluded that
Cr(VI) contained in the fly ash is rather stable at pH values greater
than 10, while its mobility increases exponentially at pH values
lower than 8, which is considered a commonpH in the studied soils.

The impact of dispersed fly ash on soils and sediments was also
supported by the low correlation recorded between the environ-
mentally available Cr and Cr-bearing minerals (e.g., serpentine,
talc). The impacted soils and sediments form a distinct zone located
next (and parallel) to the local, open conveyor belt that transports
the produced fly ash to the deposition stations. This zone covers an
area of around 20 km2 that overlies the unconfined porous aquifer,
and thus explains the very high concentrations of Cr(VI) recorded in
the aquifer's groundwater (up to 120 mg L�1).

The methodological approach applied, and the results of this
study may be used as a tool to distinguish between geogenic and
anthropogenic environmentally available Cr(VI) in soils and sedi-
ments located near industrial activities. In addition, they can be
used as a guide to aid prevent groundwater pollution and exposure
of local populations to Cr(VI), and assist the design of appropriate
practices for the remediation of any contaminated aquifer.
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