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Abstract In the present study, we approach the geochem-
ical processes affecting the hydrochemistry and resulting in
elevated concentrations of hexavalent chromium (Cr™") in
groundwater of the Psachna basin, central Euboea, Greece.
Sixty-five groundwater samples and 16 topsoil (5-20 cm)
samples were studied in order to examine groundwater and
soil quality in relation to geogenic processes and anthro-
pogenic activities. Specifically, the origin of Cr and Cr** in
groundwater was investigated by co-evaluating (a)
hydrochemical cross plots of major ions; (b) spatial distri-
bution maps of CI", Mg**, NO5 ", and Cr**; (c) multivariate
statistical analyses such as factor analysis (FA) and hierar-
chical cluster analysis (HCA) of groundwater geochemis-
try; (d) chemical analyses of soil samples; and (e) chemical
analyses of fertilizers. The major factors that control the
hydrochemistry of the study area are reverse ion exchange,
dissolution of silicate minerals, and intense agricultural
activities. According to FA, three factors explain 73.2%
of the total variance of data, whereas according to HCA,
the groundwater samples were classified into three groups
indicating both geogenic (water-rock interaction) and an-
thropogenic (agricultural activities) impact. The high con-
centration of NO5”, up to 540 mg L™"; the strong positive
correlation between NO5 and Cr as well as between NO5
and other parameters such as SO,* and Mg®* in ground-
water samples; and the very high content of P, up to
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2444 mg kg ', in soil samples of the Psachna basin, imply
the synergistic, although commonly neglected, role of the
use of fertilizers in groundwater quality.
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Introduction

Geochemistry of ultramafic environments is strongly
depicted on groundwater quality. Ultramafic rocks and
serpentine soils and sediments exhibit high content in
magnesium (Mg), iron (Fe), arsenic (As), cobalt (Co),
chromium (Cr), manganese (Mn), and nickel (Ni) in
relation to the Earth’s crust composition (Oze et al.
2004; Rajapaksha et al. 2012; Kelepertzis et al. 2013;
Kumarathilaka et al. 2014 and references therein). As a
result, groundwater aquifers developed in ultramafic
environments have been reported to exhibit elevated
concentrations of major ions such as Mg, bicarbonates
(HCO3"), and trace elements such as Cr and As (Fantoni
et al. 2002; Marques et al. 2008; Ryan et al. 2011;
Margiotta et al. 2012; Kaitantzian et al. 2013;
Tashakor et al. 2018). Differences in geochemical char-
acteristics prevailing, i.e., pH, Eh, dissolved oxygen,
organic matter, and degree of weathering, control the
mobility and total concentration of these elements in
groundwater.

Cr has attracted much attention among other poten-
tially harmful trace elements (PHTE). The most com-
mon species of Cr in nature is the trivalent one (Cr™),
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which is an essential nutrient in humans, animals, and
plants. However, exposure to high levels via inhalation,
ingestion, or dermal contact may cause adverse health
effects (Wilbur et al. 2000; Saha et al. 2011; Zhitkovich
2011). Hexavalent chromium (Cr®*) has been shown in
experiments in rats to be a carcinogen via the inhalation
route, although the limited data available do not show
evidence for carcinogenicity via the oral route. In epi-
demiological studies, an association has been found
between exposure to Cr®* by the inhalation route and
lung cancer (WHO 2011). Difficulties exist in
distinguishing between the effects caused by Cr®* and
those caused by Cr’* since Cr®" is rapidly reduced to
Cr’* after penetration of biological membranes and in
the gastric environment (Petrilli et al. 1986). The reduc-
tion of Cr®* to Cr’* inside of cells may be an important
mechanism for the toxicity of Cr compounds, whereas
the reduction of Cr®* to Cr’* outside of cells is a major
mechanism of protection. The United States Environ-
mental Protection Agency (USEPA) has included Crin a
list of 126 priority pollutants (USEPA 2014). However,
the complexity of factors to be considered when evalu-
ating the toxicity of Cr compounds as well as analytical
difficulties in precisely analyzing them has led the
World Health Organization (WHO) and European
Union to set a maximum guideline value of 50 ug L™
in drinking water only for Cr (WHO 2011; Council
Directive 98/83/EC), whereas no value has been set
yet for Cr®*. Similarly, the USEPA (2011) has set the
maximum acceptable concentration for Crat 100 pg L™
in most states of the USA, whereas the Dutch interven-
tion value for Cr has been set at 30 ug L™' (VROM
2000).

The role of geogenic input of Cr and other PHTE in
soils and groundwater in ultramafic environments as
well as of natural oxidizing factors such as manganese
oxides in the oxidation of Cr** to Cr®" has been increas-
ingly highlighted in the last decade. Geogenic Cr may
be derived by natural processes such as weathering of
Cr-bearing ultramafic complexes. Common minerals
that host Cr are spinels such as chromite and magnetite;
silicate primary minerals such as pyroxene and olivine;
silicate secondary minerals such as amphibole, serpen-
tine, chlorite, talc, and clays; and Fe-hydroxides, mainly
goethite (e.g., Fantoni et al. 2002; Oze et al. 2004;
Morrison et al. 2009; Economou-Eliopoulos et al.
2011). The crystal lattice of the most abundant rock-
forming Cr-bearing minerals hosts Cr**, except for very
rare minerals such as crocoite (PbCrO,) in which Cr is
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hexavalent. Whereas Cr’* is mobilized in acid condi-
tions (Richard and Bourg 1991; Kotas and Stasicka
2000), Cr®* exhibits high mobility in alkaline conditions
characterizing ultramafic environments (Kotas and
Stasicka 2000); therefore, relatively elevated concentra-
tions of Cr and Cr®" are expected in groundwater aqui-
fers developed in ultramafic environments.

Manganese oxides in the form of birnessite/0-MnO,
(Fendorf and Zasoski 1992; Fendorf et al. 1992; Oze
et al. 2007; Rajapaksha et al. 2013), pyrolousite/(3-
MnO, (Eary and Rai 1987), asbolane-type/(Ni,Co); —
{Mn"0,), - (OH),_ 5, , »,,nH,0, lithiophorite-type/
(ALL))Mn'YO,(OH), (Fandeur et al. 2009), and
cryptomelane/K(MniV7Mniii)O16 (Feng et al. 2007) in
rocks and soils have been reported to act as natural
oxidizing agents under favorable pH and redox condi-
tions (Kozuh et al. 2000; Fantoni et al. 2002; Kazakis
et al. 2015).

Water—soil-rock interaction has resulted in elevated
Cr®" concentrations in many areas in Greece (Megremi
2010a, 2010b; Economou-Eliopoulos et al. 2011;
Economou-Eliopoulos et al. 2012; Moraetis et al.
2012; Tziritis et al. 2012; Kaitantzian et al. 2013;
Dermatas et al. 2015; Kaprara et al. 2015; Megremi
et al. 2019) and in the rest of the world such as the
USA (Oze et al. 2004; Gonzalez et al. 2005; Morrison
et al. 2009), Italy (Fantoni et al. 2002), Brazil (Bourotte
et al. 2009; Bertolo et al. 2011), Mexico (Robles-
Camacho and Armienta 2000), New Caledonia
(Becquer et al. 2003), and Zimbabwe (Cooper 2002).
In the aforementioned areas, Cr®" concentration exhibits
a wide range from less than 2 up to 130 ug L' (Bertolo
et al. 2011); conditions such as the aquifer media, the
depth of the aquifer, and seasonal climate variations
seem to define the maximum concentration even in
similar geological environments.

Anthropogenic Cr has been related to industrial
wastes from metallurgy, refractory, chemical
manufacturing, etc. (Jacobs and Testa 2004; Rakhunde
etal. 2012), and it can be either Cr’* or Cr®* depending
on the industrial process.

Agricultural activities have been related to mobiliza-
tion of PHTE from cultivated soils to groundwater
(Becquer et al. 2003; Izbicki et al. 2008; Mills et al.
2011; Remoundaki et al. 2016; Hausladen et al. 2018).
Phosphorous (P)-bearing fertilizers are the main source
of PHTE between the three major fertilizer types, i.e.,
nitrogen (N)-bearing, phosphorous (P)-bearing, and po-
tassium (K)-bearing fertilizers (Sager 1997; Nicholson



Environ Monit Assess (2019) 191: 317

Page 3 of 32 317

et al. 2003). The majority of P-bearing fertilizers are
produced from phosphate rocks which are a possible
source of PHTE since they are enriched in trace ele-
ments such as As, Cd, Cr, Cu, Ni, Pb, and Zn (Mortvedt
1996; Faridullah et al. 2017). Modaihsh et al. (2004) and
Molina et al. (2009) showed that PHTE concentrations
in fertilizers varied widely with the P-bearing fertilizers
having the highest Cr content. Furthermore, agricultural
and other anthropogenic activities such as unsewered
sanitations, livestock wastes, and sewage effluents result
in high concentration of NO;  in groundwater (McLay
et al. 2001) compared to areas relatively unaffected by
human activities in which NO5;~ concentrations are less
than 10 mg L' (Panno et al. 2006). Mills et al. (2011)
and Mills and Goldhaber (2012) related the use of N-
bearing fertilizers to elevated concentration of Cr®* in
surficial layers of soils. A proposed possible mechanism
is that the process of nitrification (oxidation of NH4" to
NO;") results in the production of H* and soil acidifi-
cation, favoring the increased dissolution of Cr’* which
is subsequently oxidized into Cr®* by natural and/or
anthropogenic factors.

In the Psachna basin, central Euboea, Greece, which
is an ultramafic-dominated environment, elevated Cr
concentration in groundwater has been reported since
2010 (Megremi 2010b). To date, an increasing number
of studies have tried to approach the geochemical pro-
cesses that control the mobility and bioavailability of Cr
and Cr®*, mainly placing emphasis on the geological
environment (Megremi 2010a; Economou-Eliopoulos
et al. 2013, 2014, 2017; Voutsis et al. 2015). Besides,
Vasileiou et al. (2014a, b), Remoundaki et al. (2016),
and Megremi et al. (2019) highlighted the strong posi-
tive correlation between NO; ™~ and Cr®* in groundwater
of the Psachna basin. However, the exact mechanism of
relating NO5 ™ to Cr®* has yet to be defined.

The complexity of the oxidizing factors of Cr’*, the
synergistic role of anthropogenic activities in elevated
Cr and Cr®* concentration in groundwater in ultramafic
environments along with the usually neglected effect of
fertilizers, the debatable background threshold for
geogenic Cr, and the lack of a reliable and widely
accepted quantitative method for distinguishing and
quantifying geogenic and anthropogenic Cr input con-
stitute a challenging field of research for further
investigation.

In this study, we aim to elucidate the major factors
affecting the hydrochemistry and resulting in elevated
concentrations of Cr and Cr®* in groundwater of the

Psachna basin, central Euboea, Greece. In addition to
geochemical processes controlling the geogenic input,
we study the synergistic role of agricultural activities in
groundwater quality in an ultramafic environment as
that characterizing the Psachna basin, focusing on the
use of N-bearing and P-bearing fertilizers. Specifically,
the origin of Cr and Cr®" in groundwater was investi-
gated by co-evaluating (a) hydrochemical cross plots of
major ions; (b) spatial distribution maps of CI~, Mg**,
NO; ", and Cr®"; (¢) factor analysis (FA) and hierarchical
cluster analysis (HCA) of groundwater geochemistry;
(d) chemical analyses of soil samples; and (e) chemical
analyses of fertilizers. Elucidating the role of the use of
fertilizers in already geogenically degraded soils will
contribute to define the best practices available in im-
proving the environmental sustainability of water man-
agement and agriculture in ultramafic-dominated areas.

Study area
Geological and hydrogeological setting

The Psachna basin is located in the central part of
Euboea island and lies between the latitudes 38 32’00
and 38 3628’ N and the longitudes 23 32’00 and 23 43’
00" E; altitudes range from 0—15 m in the coastline, to
20 m in the Psachna town and up to 200 m in the
northern part of the basin. The dominant geological
formations apart from Quaternary and Neogene sedi-
ments (alluvial, marls, conglomerates, sandstones) lo-
cated mainly in lowland areas are Cretaceous carbonate
formations (limestones, dolomites), ultramafic/mafic
rocks (serpentinites, peridotites, diabases), and Fe-Ni
ore deposits (Katsikatsos et al. 1980, 1981). Figure 1
presents a simplified geological map of the study area
with the sampling sites. The main aquifer systems that
are developed in central Euboea are (a) the Dirfys karstic
system, (b) a shallow alluvial aquifer, (c) a Neogene
aquifer, and (d) a fractured aquifer in ultramafic rocks.
The geological formations in central Euboea in terms of
their permeability are characterized as (a) permeable
(limestones—dolomites—alluvial deposits—conglomer-
ates—sandstones), (b) impermeable (clays, marls, ultra-
mafic rocks), and (c) semipermeable (fractured ultra-
mafic rocks) (Tsioumas and Zorapas 2004; Dandolos
and Zorapas 2010). The main aquifer system studied
herein is the alluvial one, which expands in a total arca
of 21 km?, with the lowest part to be coastal. It is
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developed within Quaternary sediments and consists of
the products of the erosion of ultramafic rocks and
limestones. The unsaturated zone (UZ) in the study area
is mainly unconfined but locally appears confined de-
pending on the presence of marls and clays (Voutsis
et al. 2015). The natural recharge of the groundwater
in the Psachna basin is achieved via the precipitations,
the infiltrations of the surface runoff (torrents) and the
lateral inflows from groundwater systems developed in
the carbonate (part of the Dirfys karstic system), and
fractured ultramafic rocks at the north part of the basin
(Tsioumas and Zorapas 2004; Dandolos and Zorapas
2010). The hydraulic conductivity of the alluvial aquifer
was estimated about 2 x 10 m s~ (Gyftoulas et al.
2017). The thickness of the UZ in the study area ranges
from 0.8 m in the coastal zone up to 6.8 m in the central
part of the basin (Gyftoulas et al. 2017). Natural springs
flow out in the contact of limestones and ultramafic
rocks in the central-northern part and in the contact of
limestones and Quaternary sediments in the coastal area.

Land uses

Agriculture is the major land use in the Psachna basin. The
main products obtained from agricultural activities, accord-
ing to recent data provided by the Greek Payment and
Control Agency for Guidance and Guarantee Community
Aid (OPEKEPE 2014), are cereals and horticultural plants,
whereas minor products are olive groves and legumes.
Carrots, potatoes, cabbages, lettuces, and broccoli crops
were also observed during fieldwork.

Methods
Groundwater sampling and determinations

Two datasets are processed in the present study. The first
dataset includes 41 samples and corresponds to four
different seasonal samplings representative of dry and
wet periods and was conducted during November 2014,
December 2016, June 2017, and November 2017. All
samples were collected at least 1 week after the last
rainfall had taken place to avoid any direct impact effect
of rainfall to groundwater. Dataset 1 includes samples
from 38 irrigation drills in the alluvial aquifer and three
springs. Emphasis was placed on 22 physical and chem-
ical parameters (electrical conductivity—EC, pH, total
dissolved solids—TDS, Ca**, Mg**, K*, Na*, HCO;,
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NO;, CI, SO,%", As, Cd, Co, Cr, Cr*", Cu, Fe, Ni, P, Pb,
and Zn) of the groundwater samples. Each sample of
1000 mL collected from each sampling site was divided
into three subsamples: one to determine major anions and
cations: one to determine trace elements after filtering
through a 0.45-um filter and acidifying with 1 M HNOs,
and one to determine Cr® by ion exchange using IC-All
tech cartridges (Ball and McCleskey 2003). The EC and
pH for the first dataset were measured in situ immediately
after samples were collected according to YSI Profes-
sional Digital Sampling System (ProDSS). Dissolved
major cations (Ca®*, Mg**, Na*, and K*) were analyzed
in a nonacidified sample by atomic absorption spectrom-
etry; NO; was analyzed by spectrophotometry, Cl™ and
HCO;~ were analyzed by titrimetry, and SO, was
analyzed by turbidimetric determination. The analyses
of trace elements (As, Cd, Co, Cr, Cu, Fe, Ni, Pb, P,
and Zn) were performed at Analytical Laboratories of
Bureau Veritas Commodities Canada Ltd., by means of
inductively coupled plasma mass spectrometry (ICP-
MS), whereas Cr®" was determined by ICP-MS Agilent
Technologies 7700 series in the School of Mining and
Metallurgical Engineering of National Technical Univer-
sity of Athens, Greece. TDS were calculated directly
from the summation of the major ions. The laboratory
of Bureau Veritas Commodities Canada Ltd. is accredited
to the ISO/IEC 17025:2005 standard, which includes
both quality assurance and quality control protocols.
The second dataset includes 24 samples out of a total of
30 samples and corresponds to the study of Remoundaki
et al. (2016), the sampling of which was held during
November 2012, April 2013, and April 2015. Six sam-
ples were excluded from processing due to their sparse
spatial distribution outside the boundaries of the study
area. This dataset includes 18 samples from irrigation
drills in the alluvial aquifer, five samples from springs,
and one sample from a mining pit (Makrimalli village).
The spatial distribution of the groundwater samples of the
two datasets is presented in Fig. 1.

Soil sampling and chemical analysis

Sixteen composite topsoil (5—20 cm) samples were collect-
ed during November 2017 from the sites presented in Fig. 1.
At each sampling site, one sample was collected by
compositing five different subsamples from the corners
and the center of a total 25 m? square, in sealable plastic
bags using a plastic spatula. Since it has been strongly
suggested that chromite (FeCr,O,4) is not completely



Environ Monit Assess (2019) 191: 317

Page 5 of 32 317

38°36'0"N
L

38°34'0"N
|

North Euboean Gulf

0 2 4
I T cilometers

23°32'0"E

38°32'0"N

T T T =
23°34'0"E 23°36'0"E 23°38'0"E 23°42'0"E

23°40'0"E

38°35'0"N

N
w .
[ ]

38°34'0"N

7

38°33'0"N

0 1 2
| | T Kilometers

T
23°39'0"E

T
23°40'0"E

Legend
¢ Town/Village
B  soil sample
© Dpataset 1
@ Dataset 2

Faults

Alluvial deposits

[j Scree
|:| Neogene formations
— P vg [ | Limestones
W Studyarea o /lfj - Flysch
Greece T
Ophiolites
50 Euboea prfecture e s HI 0P

38°35'0"N
I

North Euboean Gulf 0
EEE T <ilometers

T T - T
23°32'0"E 23°33'0"E 23°34'0"E

Fig. 1 A simplified geological map of the study area (after Katsikatsos et al. 1981) and sampling sites. Enlarged images of the Psachna and

the Politika areas are given in a and b, respectively

dissolved by four acid digestion (HNO;, HCI, HF, HCIO,),
a case that should be taken into consideration in geochem-
ical studies carried out in ultramafic environments
(Morrison et al. 2009), chemical analyses of pulp soil
samples (major and trace elements) were determined by
lithium borate fusion and aqua regia methods followed by
X-ray fluorescence (XRF) for major elements (SiO», Al,Os,
Fe203, MgO, CaO, NazO, Kzo, Ti02, PzOS, MIlO, and
Cr,05) and ICP-MS for trace elements at Analytical Labo-
ratories of Bureau Veritas Commodities Canada Ltd.

Fertilizer analyses

Chemical analyses of P-bearing fertilizers (P1, P2, and P3)
of N-P-K composition 0-46-0, 17.5-44-0, and 28-28-0,
respectively, obtained from local fertilizer markets, were
analyzed for trace elements at Analytical Laboratories of
Bureau Veritas Commodities Canada Ltd., by ICP-MS.

Data processing

Spatial distribution maps were generated using
ArcGIS v10.3. Statistical analysis of groundwater
and soil data was carried out with IBM SPSS
version 22 software.

Data were evaluated by applying the Pearson’s
correlation coefficient, the chloro-alkaline indices,
and two multivariate statistical techniques, the FA
and the HCA. The Pearson’s correlation coefficient
(r) measures the statistical association between
pairs of different continuous parameters. The r
values can take on any value in the range between
—1 and 1. The direction of the relationship is
indicated by the sign of the coefficient; a positive
sign (+) indicates a positive relationship and a
negative sign (—) sign indicates a negative relation-
ship between the two examined parameters.
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where, r,, = correlation coefficient value between

parameters x and y, n = sample size, x; = individ-
uval value of parameter x, ¥ = mean value of
parameter x, y; = individual value of parameter j,
and ¥y = mean value of parameter y. Correlation
coefficient is classified as very strong, strong,
moderate, weak, and very weak corresponding to
absolute values of 0.80-1, 0.60-0.79, 0.40-0.59,
0.20-0.39, and less than 0.20, respectively (Evans
1996).

Chloro-alkaline indices (CAIl and CAI2) suggested
by Schoeller (1977) were calculated according to the
following equations:

CAIl = CI'—(Na* + K*)/CI”

CAI2 = CI'—=(Na" + K")/SO4* + HCO;~
+NO; ™, (All values are expressed in meq L")

In the case of an exchange of Ca®* and/or Mg** in
groundwater with Na* and/or K* in aquifer media, both
the abovementioned indices are negative, whereas in the
case of a reverse ion exchange, they are both positive
(Schoeller 1977). So far, chloro-alkaline indices have
been extensively used to identify the ion exchange be-
tween the groundwater and the aquifer media (Kumar
et al. 2007; Aghazadeh and Mogaddam 2011; Singh
et al. 2013, 2014; Toumi et al. 2015).

FA is a statistical procedure to identify interrelationships
among a large number of parameters and to investigate the
way in which the associations between the examined pa-
rameters are affected. A new set of noncorrelated parame-
ters were created in order to reduce the dimension of the data
with the method of principal component analysis (PCA).
The technique of Varimax rotation using the Kaiser proce-
dure (Kaiser 1958) and the scree plot method (Cattell 1966)
was used to separate and identify the distributions associat-
ed with individual components. The factors with eigen-
values higher than 1 are significant according to Kaiser
criterion and the rest are eliminated. Factor loadings are
classified into three groups in order to determine the rela-
tions between the parameters. Three classes with absolute
values > 0.75, 0.5-0.75, and 0.5-0.3 are distinguished into
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strong, moderate, and weak, respectively (Liu et al. 2003).
The Kaiser—Meyer—Olkin (KMO) and the Bartlett’s tests
were used to evaluate the FA method. Supplementary to FA,
HCA constitutes a further approach for the multivariate
statistical analysis in order to approach the factors which
affect groundwater chemistry (e.g., Voutsis et al. 2015;
Tziritis etal. 2016). The HCA is used to classify ground-
water samples into clusters using as linkage the Ward’s
method (Ward 1963) and as similarity measure the
squared Euclidian distances which is the most common
measure of distance in hydrochemical studies; samples
are distinguished by high homogeneity and heterogene-
ity depending on whether they belong to the same
cluster or not.

Results
Groundwater chemistry

Sampling site coordinates and physical and chemical
parameters of the groundwater samples of the Psachna
basin studied herein are shown in Table 1. Descriptive
statistics of groundwater samples are presented in
Table 2; for comparison, the guideline values for
drinking water of WHO (2011) are also given. The value
ranges of the two datasets are provided separately in
order to highlight the fluctuation of the studied
parameters.

The pH value ranges from 6.8 to 8.27 (mean 7.5) and the
EC from 334 to 5129 uS cm ' (mean 1234.32 uS cm ).
The major ions, as well as Cr and Cr®*, present high
variation in the Psachna basin. Cr concentration ranges from
410161.5 ug L ™" (mean 57.15 pg L") and Cr®* from 2 to
146 pg L' (mean 49.84 ug L™"). The concentration of
NO;~ ranges from 4.7 to 540 mg L' (mean
124.60 mg L ™).

As mentioned above, in dataset 1, concentrations of
Cd, Co, Cu, Fe, Mn, Ni, P, Pb, and Zn were additionally
analyzed (Table 2); they are all below the guideline
values for drinking water of WHO (2011).

Water type

The chemistry of groundwater samples indicates the
hydrochemical nature of groundwater with respect to aqui-
fer. A trilinear diagram (Fig. 2; Piper 1944) was used to
determine the main groundwater types in the study area.
The cationic triangle is dominated by the presence of Ca**
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Table 2 Descriptive statistical parameters of the analyzed groundwater samples in the Psachna basin (N = 65)

Parameter ~ Unit Dataset 1 (N=41)  Dataset 2 (N=24)

(Remoundaki et al. 2016)

All data (N=65) WHO guideline (2011)

Range Range Mean Min Max
pH - 7.21-8.27 6.8-7.7 75 6.8 8.27 6.5-8.5
EC uSem ' 334-5129 500-2370 123432 334 5129 2500
TDS mg L™ 197.62-3237.32 474.25-1473.3 904.45 197.62 323732 -
Ca** mgL™! 4.48-268 45.4-197.58 94.98 448 268 -
Mg** mgL™'  322-208 7.78-159.89 75.31 7.78 208 -
Na* mgL™'  93-604 14-186.8 50.36 9.3 604 200
K* mgL™  0.57-26.2 0.7-16.5 32 0.57 26.2 12
HCO;~ mgL™! 129-591 211.06-976 365.17 129 976 -
S0, mg L™ 8-310 5.33-315 87.23 5.33 315 250
cr mg L™ 15-1460 8294 10414 8 1460 250
NO;~ mgL™  4.7-540 7.4-452.12 124.6 4.7 540 50
As ug L™ 0.5-3.3 NM 1.14% 0.5 3.3° 10
cd pug L™ <DL-0.1 NM NC <DL*  0.1* 3
Cr ug L 4-161.5 4-146 57.15 4 161.5 50
Cr ug L™ 4-131.1 2-146 49.84 2 146 -
Cu ug L™ 0.2-35.5 NM 3,16* 0.2° 35.5° 2000
Fe ug L <DL-14 NM NC <DL*  14* -
Mn ug L 0.05-25.53 NM 2,93 0.05% 25.53° 50
Ni ug L™ 0.7-21.1 NM 4,97 0.7% 2117 70
P ug L 10-107 NM 26,06 10° 107 -
Pb pg L <DL-2.2 NM 0,68 <DL*  22° 10
Zn ug L™ 0.7-609.8 NM 80,99 0.7* 609.8* -

DL detection limit, NM not measured, NC not calculated
#Only for dataset 1

followed by Mg®* ions, whereas the anionic triangle is
dominated by the presence of HCO; ™ followed by CI ions.
The plot of geochemical data on the central diamond-
shaped field, which relates cation and anion triangles, re-
veals that the predominant hydrochemical facies of the
studied groundwater samples are Mg—Ca—HCO; and Mg—
Ca—Cl as well as a mixed type between them. The samples
were classified into two groups based on the WHO (2011)
guideline value for Cr concentration for drinking water
(50 ug L™"). The samples having Cr> 50 pg L ™" are marked
with red circle, whereas the samples having Cr < 50 ug L™
are marked with blue circles (Fig. 2).

Correlation analysis of groundwater samples
The Pearson correlation matrix of 65 groundwater

samples of the Psachna basin is given in Table 3. Of
statistical interest (p<0.01) are the groundwater

@ Springer

samples that presented very strong positive correla-
tion coefficients between Cr and Cr®* (+=0.98), Na*
and CI” (#=0.97), EC and TDS (»=0.95), EC and
Na* (r=0.87), EC and CI” (r=0.87), and EC and
Mg®* (r=0.82); strong positive correlation coeffi-
cients between Mg®* and SO4* (r=0.61), NO;~
and Cr (r=0.65), and NO;~ and Cr®" (r=0.65);
and moderate positive correlation coefficients be-
tween EC and NO; (r=0.47), TDS and NO;
(r=0.48), Mg®* and Cr (r=0.53), Mg** and Cr®*
(r=0.55), and SO,> and NO;~ (»=0.51).

Spatial distribution maps

Figure 3 presents spatial distribution maps of the concen-
trations of CI", Mg®*, NO; , and Cr®* for the 65 ground-
water samples in the Psachna basin. The classification of
different groups on the maps is symbolized by green circles,
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Ca2+

Legend

Cr<50pglL?
@ Cr250pgl?
1 Mg-Ca-Cl

2 Na-Cl
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Fig. 2 Piper plot (Piper 1944) of major ion chemistry for the groundwater samples of the Psachna basin (analyzed herein)

blue squares, orange diamonds, and red triangles from
lower to higher concentration. The CI™ distribution map
(Fig. 3a) shows that the highest concentrations are observed
along the coastline. Concentrations of Mg”* (Fig. 3b) are
high in the coastal zone and exhibit an enrichment in the
central part of the Psachna basin. NO5~ (Fig. 3¢) and Cr®*
(Fig. 3d) exhibit similar patterns with high concentrations
situated in the central part of the study area and a notable
enrichment in the NW.

Multivariate statistical analyses
Factor analysis

To identify the dominant factors affecting the
hydrochemistry in the Psachna basin, 12 parameters,

ie., EC, pH, Ca™, Mg**, K*, Na*, CI", SO,*", HCO;,
NOs ', Cr, and Cr%*, were analyzed to obtain the principal
components for the 65 groundwater samples. As, Cd, Co,
Cu, Fe, Mn, Ni, P, Pb, and Zn were excluded from
processing since their concentrations were not available
in the second dataset; TDS was not included either, since
EC and TDS are highly dependent parameters (Obiefuna
and Orazulike 2011). The Varimax orthogonal rotation
with KMO normalization was used to extract the princi-
pal components. Three components having eigenvalues
higher than 1 are the principal components extracted as
shown in Table 4. The three factors explain 72.719% of
the total variance of data. The KMO coefficient is 0.636
indicating that the results are statistically significant. Be-
sides, the value of Bartlett’s test of sphericity is <0.05
showing that data are valid and suitable for FA.

@ Springer
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Table 3 Pearson correlation matrix and p values for the groundwater analyses of the Psachna basin (N = 65)

Parameter pH EC DS  Ca®*  Mg®* Na* K* HCO; SO CI'  NO;  Cry ot
pH 1

EC -0.10 1

TDS -0.15 0.95%% ]

ca** —0.43%%  0.73%F  0.71%F ]

Mg —0.04  0.82% (.78 046 |

Na* 0.05 0.87#%  0.82%% 0.62%% 0.51%F ]

K* 0.05 0.32%  030%  0.05 0.21 0.24 1

HCO;~ -029% 000  025* —002 003 —004 —009 1

S0 —0.06  0.67%F 0.70%% 044%F 0.61%F 046** 017  0.00 1

cr 0.09 0.87+%  0.80%% 0.64%% 0.54%% 097+ 027% —0.12 042%% 1

NO;~ —0.14  047% 048 037+ 066** 0.08 035 —0.16 051* 0.1 1

Cryor 0.14 0.39%%  038%* 026%  0.53* 016  029% —0.19 034* 021 0.65% 1

ot 0.14 0.42%%  040%% 028*  0.55% 020  025% —0.18 031*  025% 0.65% 0.98%* |

**Correlation is significant at the 0.01 level (2-tailed)
*Correlation is significant at the 0.05 level (2-tailed)

The first factor (FA1) explains 42.626% of the total parameters of Na™ (0.966), CI” (0.966), and EC (0.896);
variance and includes with strong positive loadings the with moderate positive loadings the parameters of Ca**

38°36'0"N
L

38°36'0"N
L

38°34'0"N
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Legend
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Fig. 3 Spatial distribution maps of a Cl~, b Mg>", ¢ NO;, and d Cr** for the groundwater samples of the Psachna basin (analyzed herein)
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Table 4 Varimax rotated principal components analysis for the
groundwater samples in the Psachna basin

Parameter Component
1 2 3

EC 0.896 0413  —0.047
pH —0.061 —0.062 0.836
Ca™* 0.722 0272 —0.341
Mg 0.550  0.647 —0.054
Na* 0966  0.038  0.111
K* 0242 0260 0.294
HCO;~ —0.021 —0.095 —0.633
SO,* 0329 0.622 —0.230
Cl 0966  0.060 0.191
NO;~ 0.091 0.888 —0.122
Cr 0.076  0.877  0.300
cr®* 0.111  0.857 0.303
Initial eigenvalues of variances in % 42.626 17.337 12.756

Cumulative % of variance 42.626 59.963 72.719

(0.722) and Mg2+ (0.550); and with weak positive load-
ings the parameter of SO,% (0.329). The second factor
(FA2) explains 17.337% of the total variance and in-
cludes with strong positive loadings the parameters of
NO; ™ (0.888), Cr (0.877), and Cr®" (0.857); with mod-
erate positive loading the parameters of Mg** (0.647)
and SO,> (0.622); and with weak positive loading the
parameter of EC (0.413). The third factor (FA3) explains
12.756% of the total variance and includes with strong
positive loading the parameter of pH (0.836), with mod-
erate negative loading the parameter of HCO; (—
0.633), with weak positive loadings the parameters of
Cr®* (0.303) and Cr (0.300), and with weak negative
loading the parameter of Ca®* (- 0.341).

Hierarchical cluster analysis

The groundwater samples were classified into three
main clusters by HCA as presented in dendrogram and
spatial distribution map of Fig. 4. Samples with rescaled
distance less than nine were grouped in the same cluster
in order to separate sample groups with similar
hydrochemical characteristics. Cluster 1 contains 20
samples, cluster 2 contains 44 samples, and cluster 3
contains only one sample. Cluster 1 includes samples
characterized by higher concentrations of Ca®*, Mg>*,
NOs -, CI, SO427, Cr, and Cr°" than the samples of

cluster 2 (Table 5). One sample which belongs to cluster
3 exhibits very high concentrations of CI” and Na*.

Soil geochemistry

In order to investigate the soil geochemistry of the
Psachna basin, 16 topsoil samples (5-20 cm) were col-
lected and analyzed (Table 6). The content of Cr ranged
from 1081 to 2196.3 mg kg ' (mean 1598.9 mg kg "),
of Ni from 599 to 1625 mg kg ' (mean 877.5 mg kg ™),
and of Co from 38.5 to 88.1 mg kg~ ' (mean
53 mg kg "), indicating the weathering of ultramafic
rocks. The content of P ranged from 436.4 to
2444 mg kg ' (mean 1156.6 mg kg ') showing the
impact of the use of P-bearing fertilizers.

Correlation analysis of soil samples

The Pearson correlation matrix of the topsoil samples of
the Psachna basin is given in Table 7. Of statistical
interest (p < 0.01) are the topsoil samples that presented
very strong positive correlation coefficient of Co—Ni
(#=0.97) and strong positive correlation coefficients
between As and Cu (»=0.76), P and Zn (»=0.75), Cr
and Ni (»=0.63), and Co and Cr (r=0.63).

Discussion
Hydrochemical characteristics of groundwater

Neutral to alkaline conditions of groundwater are in-
dicated by the measured pH values which are within
the guidelines values of 6.5-8.5 for drinking water
(WHO 2011). Such conditions are typical of aquifers
related to ultramafic and carbonate rocks (Barnes and
O’Neil 1969; Neal and Stanger 1983; Margiotta et al.
2012). EC, which is a measure of ionic strength of
natural water, is below 1500 uS cm ™' in the majority
of samples. EC exhibits statistically significant
(p <0.01) moderate to strong correlation coefficients
with the majority of the major ions (Table 3) due to the
presence of dissolved salts and the proximity of the
study area to the sea. The highest concentration of C1™
was observed along the coastline (Fig. 3a), indicating
a seawater intrusion regime possibly due to aquifer
overpumping for covering irrigational needs and the
very low thickness of the UZ.
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Fig. 4 Dendrogram and spatial distribution map of main clusters for the groundwater samples of the Psachna basin (analyzed herein)

The distribution patterns of major ions show
compositional variation in the groundwater samples.
As shown in Fig. 5a, the concentration of cations
and anions, according to median value, decreases in
order of abundance Ca®* > Mg** > Na* > K* and
HCO; > NO; > SO,* > CI, respectively.

@ Springer

Two hydrochemical types prevail in the Psachna
basin, namely the Mg—Ca-HCO; and the Mg—Ca—Cl,
showing that groundwater quality has been affected by
natural recharge and salinization, respectively.

The most remarkable characteristic in the study area
is the groundwater deterioration from NO; , Cr, and
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Table S Descriptive statistics of the three main clusters of HCA

Parameter Unit Cluster 1 (N=20 samples) Cluster 2 (N =44 samples) Cluster 3 (N=1 sample)
Mean Min Max Mean Min Max Mean Min Max

pH - 741 7.15 7.61 7.54 6.8 8.27 771 - -
EC uS cm! 1554.85 1069 2481 1000.11 334 1810 5129 - -
TDS mg L™ 1109.49 82928  1743.7 75822  197.62 12954 3237.32 - -
Ca** mg L™ 117.33 82.5 197.58 80.88 448 147.38 268 - -
Mg mg L™ 106.21 66.8 175 58.25 7.78 116 208 - —~
Na* mg L™ 48.59 24.9 99.5 38.58 93 186.8 604 - -
K* mg L™ 3.59 0.86 26.2 2.98 0.57 16.5 4.82 - -
HCO5~ mgL™! 334.69 246 48434 380.01 129 976 322 - -
S04 mg L™ 140.08 28.71 315 58.71 533 185 285 - -
cr mgL™! 105.1 39 369 72.89 8 294 1460 - -
NO;~ mg L™ 25391 76 540 66.71 47 159 85.5 - -
Cr g L™ 89.54 452 161.5 41.83 4 89.1 83.89 - -
crtt pg L 78.15 35.05 146 36.2 2 80.65 83.89 - -

Cr®*. The concentrations of NO5~ are high (mean value
124.60 mg L"), especially in the NW part of the study
area (Fig. 3¢), and 72.3% of collected samples exceeded
the maximum permissible level for drinking water
(50 mg L', WHO 2011). NO; are very mobile in
groundwater (Hem 1985); they generally result from
industrial wastewater discharges, urban domestic sew-
age, septic systems, human waste lagoons, animal feed-
lots, and animal wastes as well as the use of N-bearing
fertilizers (Panno et al. 2006; Zhang et al. 2014),
through complex processes such as nitrification (Weng
etal. 2017), which take place in the UZ, especially in the
soil, according to the following equation:

NH;" 4+ 20,—-NO5;~ 4+ 2H" + H,0

The Psachna basin is characterized by intense agricul-
tural activities accompanied by extensive use of N-bearing
fertilizers that could result in the high concentrations of
NO; ™ (up to 540 mg L") in groundwater.

The concentrations of Cr and Cr®" reach up to 161.5
and 146 pg L', respectively. Cr®*/Cr ratio is high, with
values ranging between 0.5 and 1; the statistically sig-
nificant (p < 0.01) very strong positive correlation coef-
ficient (0.98) between these two parameters indicates
that Cr®* is the predominant form of Cr in groundwater
(Fig. 5b), as also stated in previous studies (Megremi
2010a; Economou-Eliopoulos et al. 2014). More than
half (52.3%) of the groundwater samples analyzed

herein exceed the limit of 50 pug L™ for Cr concentration
in drinking water (WHO 2011). The origin of Cr and
Cr® in groundwater is mainly geogenic attributed to the
presence of ultramafic rocks and soils with Cr-bearing
minerals such as chromite, serpentine, chlorite, magne-
tite, and Fe-hydroxides (Megremi 2010a; Voutsis et al.
2015; Economou-Eliopoulos et al. 2017). The highest
concentration of Cr®" was recorded in the sampling sites
that the highest concentration of NO;~ was recorded, too
(Fig. 3¢, d), indicating a possible link between these two
parameters, which is discussed in detail below.

The concentrations of Cd, Co, Cu, Fe, Ni, Pb, and
Zn in the groundwater samples analyzed herein are
all below the guideline values of WHO (2011), due
to the low solubility and mobility of these elements
in geochemical conditions such as those prevailing
in the study area (Hermann and Neumann-Mahlkau
1985; Smith and Huyck 1999). The concentration of
Mn is up to 25.53 pg L™'. The speciation of Mn in
aquatic environment, controlled by the prevailing
physical and chemical conditions, includes two ox-
idation states, the soluble Mn>* and the insoluble
Mn** (Homoncik et al. 2010). Given that manganese
oxides were found in the form of birnessite,
asbolane, and cryptomelane in the Euboea soils
(Economou-Eliopoulos et al. 2014), it might be pre-
sumed that dissolved Mn** in Euboea groundwater
is indicative of Cr’* oxidation according to the fol-
lowing equation (Bartlett and James 1979; Eary and
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Table 6 (continued)

P Pb  Zn

Ni

Cu

Co

Cd

NaZO KzO T102 P205 MnO CI'203 As
%

A1203 F6203 MgO CaO

%

Sio,
%

1D

% % % % mg mg mg mg mg mg mg mg mg

%

%o %

%

kg‘1 kg ! kg‘I kg‘1

kg‘1

kg‘1 kg‘I

kg‘1

kg‘1

38° 33

23° 38’

56.833"

21.095"

2444 16 77

16352 25.8 860

49.8

16.19 043 098 031 056 0.11 0.24 6.8 02

8.97

41.02 5.65 5.63

38° 34

E14 23°37

0.658"N

38° 32

8430" E

E15 23°38'

721 785.6 189 52

S51.8 13342 23

0.2

1.19 037 0.18 0.13 020 10.1

5.65 525 2128 0.33

348  6.79

48.993"

52.708"

599 13529 314 60

1717.3 242

38.5

82 04

19.02 05 0.84 029 031 0.09 0.25

6.09

4.88

38° 33 4225 5.08

El6 23°37

8590" N

49.689"

877.5 1156.6 189 633

599
1625

53 1598.9 29.2
1081

0.3

9.1

11.1

1.06 036 027 0.12 0.23

7.82 149.425 0.48
5.25

16.89 21.28

6.15
4.88
9.16

42.66 647

Mean

4364 6.8 39

13.5
2444

38.5

0.1

0.09 0.16

0.1

992 0.14 034 0.11

34.80 2.47

Min

314 78

2196.3 42.1

88.1

27 04

14 047 056 0.16 0.32

48.54 8.52 0.65

Max

Rai 1987; Richard and Bourg 1991; Fendorf and
Zasoski 1992).

Cr’" 4 1.5 5~MnOs(s) + H,O0—HCrO,~

+ 1.5Mn%" + H

The highest concentration of P is up to 107 ug L™'; P
is highly immobile in soils and hardly transported into
groundwater since it tends to be sorbed in minerals
(Holman et al. 2008). However, statistically significant
(p <0.01) moderate positive correlation coefficient (» =
0.51) between P and Cr in groundwater of the Psachna
basin was observed (Fig. 6), possibly suggesting a link
between elevated concentration of Cr and agricultural
activities since they result in soil enrichment in Cr
(Petrotou et al. 2012; Kelepertzis 2014).

Dominant hydrochemical processes affecting
groundwater quality

The hydrochemical characteristics of the groundwater of the
Psachna basin show that geogenic (water—rock interaction)
and anthropogenic (seawater intrusion, agriculture) influ-
ences determine the major ionic strength. Figure 7 illustrates
cross plots of (a) Na* vs. CI™, (b) Na*/CI") vs. EC, (c) (Ca**
+ Mg®") vs. Na*, (d) chloro-alkaline indices (CAIl and
CAD), (e) (Ca®* + Mg®") vs. HCO5, and (f) (Ca®* +
Mg2+) vs. (HCO;™ + SO,%) in order to evaluate the origin
of the major ions in groundwater. The linear relationship
and the statistically significant (p < 0.01) very strong corre-
lation coefficient (= 0.97) between Na* and CI” (Fig. 7a)in
the groundwater samples studied herein corroborate com-
mon origin. The majority of the groundwater samples are
below the 1:1 line showing that the reverse ion exchange is
the dominant geochemical process (Meybeck 1987; Zaidi
etal. 2015). A limited number of samples plotted above the
1:1 line indicate that silicate dissolution has additionally
affected the study area. The study area is a coastal basin
and groundwater is strongly affected by seawater intrusion.
The impact of seawater intrusion is further confirmed by the
statistically significant (p <0.01) moderate to very strong
positive correlation coefficients of CI —EC (r=10.87), CI —
TDS (r=0.80), CI —Ca* (r=0.64), CI -Mg** (r=0.54),
and CI'=SO,> (r=0.42) as presented in Table 3. The
physical parameters TDS and EC along with the major
elements Ca®*, Mg?*, Na*, CI, and SO,*" tend to increase
as the salinity of the groundwater increases indicating that
seawater intrusion results in enrichment of these elements in
groundwater. Na*/CI™ vs. EC cross plot is characterized by a
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Fig. 5 a, b Boxplots showing summary data for the groundwater samples of the Psachna basin (analyzed herein)

downward inclined trend line (Fig. 7b). Besides, the (Ca® +
Mg™*) vs. Na* cross plot (Fig. 7¢), in which the majority of
groundwater samples are plotted above the theoretically 2:1
line, suggests the replacement of Na* by Ca?* and/or Mg*".
The decrease of Na*/CI ™ ratio with increasing salinity (EC)
combined with Na* removal with simultaneous increase of
Ca®* and/or Mg”* points out that reverse ion exchange
process dominates over the evaporation process in the
Psachna basin. If the latter were the dominant process, a
constantratio of Na*/Cl™ with EC increase would have been
expected (Jankowski and Ian Acworth 1997; Zaidi et al.
2015). Indices of base exchange (IBE, Fig. 7d) show that
61.5% of the samples have positive values for both chloro-
alkaline indices, further supporting the hypothesis that

120 |

1

100

80 -

60

1

P(ugL?)

40 |

20 -

reverse ion exchange is dominant in the groundwater sam-
ples of the Psachna basin. Apart from seawater, minerals
might also contribute Ca®* and Mg** in the groundwater
since reverse ion exchange may occur in the presence of
clays with exchangeable Ca**/Mg?* according to the reac-
tion (Appelo and Postma 1996; El Yaouti et al. 2009; Fadili
et al. 2015; Hounslow 2018):

2Na™ + (Ca(l_y)ng> —X—(1 —y)Ca®"
+ yMg*" 4 Nay_x (0<y<1)
where X indicates the exchanging solid surface.

In the plot of (Ca** + Mg**) vs. HCO5, the majority
of samples are above the 1:1 line (Fig. 7e), indicating

R?=0.263

80

100 120 140 160 180

Cr(ugL?)

Fig. 6 Cross plot of P vs. Cr for the groundwater samples of the Psachna basin (analyzed herein)
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Mgh) vs. (HCO; + SO,%) for the groundwater samples of the Psachna basin (analyzed herein)

either the dissolution of carbonate minerals, or the re-
verse ion exchange process which should be balanced
by SO,>" and CI” (Zhang et al. 1995; Singh et al. 2013).
The deficiency of (Ca** + Mg**) relative to HCO5 in
some samples demands that excess negative charge of
bicarbonate alkalinity should be balanced by the alkalies

@ Springer

(Na* or K*) provided through water—rock interaction.
Dissolution of primary silicate minerals characterized
by alkaline earth metals is supported by the excess of
(HCO;™ + SO,%) over (Ca** + Mg**) (Fig. 7f) and the
simultaneous domination of HCO;  among the anions
(Rose 2002; Rajmohan and Elango 2004; Singh et al.
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2013). Carbon dioxide (CO,) enters the water through
equilibrium with the atmosphere, anoxic biodegradation
of organic matter, and root respiration in the UZ (Singh
et al. 2013). When dissolved in water, CO, (aq) readily
reacts to form carbonic acid (H,CO3). Silicate mineral
hydrolysis in the presence of H,COj3 occurs according to
the following equation (Nesbit and Wilson 1992;
Subramani et al. 2010):

Silicate minerals + H,CO3—-cations + H4SiO4 + HCO3~

The very weak correlation coefficients between ma-
jor ions and bicarbonates Na*~HCO; ™ (»=—10.04), K*—
HCO; (r=-0.09), Mg>*~HCO; (r=0.03), Ca**—
HCO;~ (r=-0.02), and (Ca** + Mg*")-HCO; (r=
0.01) indicate that the dissolution of the carbonate min-
erals (magnesite, calcite and dolomite) constitutes a
minor contribution to the dissolved major ions. As a
result, Ca”* and Mg?* are mostly derived by geogenic
processes such as reverse ion exchange, silicate mineral
dissolution, and anthropogenic pressures mainly related
to seawater intrusion. Irrigation water return flow and
the use of fertilizers might additionally provide Ca** and
Mg** (Mencib et al. 2016).

The factors related to the origin of Cr and Cr* in
groundwater of the Psachna basin were further investi-
gated by means of multivariate statistical analyses (FA
and HCA). According to FA, three factors explain the
groundwater chemistry of the Psachna basin. FA1 ex-
plains 42.626% of the total variance, containing four
examined parameters, i.e., EC, Na*, CI", and Ca>*. FA1
is related to the increased groundwater salinization
which occurs due to irrigation water return flow and
seawater intrusion in the study area. The process of
irrigation water return flow is common in agricultural
areas such as the Psachna basin where the cumulative
accumulation of corresponding ions in upper soil hori-
zons increases salinity, especially when exploitation rate
of groundwater used for irrigation is significantly higher
than the recharge of aquifer systems. FA2 explains
17.337% of the total variance, containing five parame-
ters NO; ", Cr, Cr®*, Mg?*, and SO, . It seems that FA2
indicates anthropogenic influences and is related to the
agricultural activities due to the excessive use of N-
bearing fertilizers which acts as a continuous source of
N in groundwater according to previous studies
(Stamatis et al. 2011; Remoundaki et al. 2016;
Koilakos 2017). Figure 8 presents the spatial

distribution of the scores of linear regression of FA2.
The highest scores of FA2 were recorded in the sam-
pling sites with the highest concentrations of NO;  and
Cr®* (Fig. 3¢, d). The co-occurrence of NO;~ and Cr®* in
the shallow aquifer (UZ <6.8 m, Gyftoulas et al. 2017)
of the Psachna basin is a result of intense fertilization
and irrigation water return flow (Vasileiou et al. 2014a;
Manning et al. 2015; Hausladen et al. 2018).

FA3 explains 12.756% of the total variance with two
parameters pH and HCO;  and is related with water—
rock interaction reactions, thus indicating dissolution of
carbonate minerals due to the hydrolysis of the HCO;
ion in water and/or the weathering of silicate minerals
(e.g., incongruent dissolution of clays).

HCA showed that the spatial distribution of the
groundwater samples of cluster 1 exhibits a similar
pattern with the spatial distribution of NO;~ and Cr®*
(Fig. 3c, d). Furthermore, the groundwater samples of
cluster 1 have higher concentrations of Ca®*, Mg**, CI',
SO42_, NO; , Cr, and Cr* than the groundwater sam-
ples of cluster 2, whereas the spatial distribution of
cluster 1 (Fig. 4) matches with the highest regression
scores of FA2 (Fig. 8) pointing the enhanced role of
anthropogenic activities in groundwater quality of the
study area. Cluster 3 has one sample with different
hydrochemical characteristics than the rest of ground-
water samples. The very high concentrations of TDS,
CI', and Na* in groundwater sample with high concen-
trations of Ca?*, Mg>*, and SO4* indicate the direct
influence of seawater intrusion.

The synergistic role of the use of fertilizers
in groundwater quality in the Psachna ultramafic
environment

As mentioned above, the influence of fertilization on the
groundwater geochemistry of the Psachna basin is
strongly recorded on the high NO5™ concentration. Be-
sides, the relationship between NOs ™ and other param-
eters, such as SO,%~, Mg**, Cr and Cr®*, HCOs ", and
TDS, further implies the role of the N-bearing fertilizers
to these parameters.
More specifically:

» The statistically significant (p < 0.01) moderate pos-
itive correlation coefficient (= 0.51) between SO4°
~and NO3™ concentrations in groundwater (Table 3,
Fig. 9) indicates fertilizers as a possible source of
SO4>” in groundwater in the Psachna basin.
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The statistically significant (»p <0.01) strong posi-
tive correlation coefficient (» = 0.66) of NO31Mg2+
and the strong correlation coefficient (»=0.71) and
the linear relationship between Mg** and (Cl™ +
NO;") (Fig. 10) imply that the origin of Mg** in
groundwater is a combined result of extensive use of
agrochemical products and seawater intrusion; the
domination of Mg2+ over (ClI" + NOs") indicates an
additional minor source of Mg”* in groundwater,
possibly related to the interaction between Mg-rich
rocks and groundwater.

The very strong positive correlation coefficient (» =

0.81) and the linear relationship between TDS and
(NO; ™ + CI')/HCO; (Fig. 11) reveal the influence
of anthropogenic activities on water chemistry (Han
and Liu 2004; Jalali 2009), especially those related
with agriculture as reported in relevant studies
(Barzegar et al. 2016, 2017). The persistently posi-
tive and linear relationship of TDS with the major
ions (Table 3) is a further evidence of the impact of
intense use of N-bearing fertilizers that results in
homogenizing the contents of major dissolved ions

@ Springer

(Mencio et al. 2016) and creating a positive linear
relationship between NO;3  and major ions.

The statistically significant (p <0.01) strong posi-
tive correlation coefficients of NO; —Cr (r=0.65)
and NO; —Cr®" (= 0.65) (Fig. 12, Table 3) indicate
the synergistic role of N-bearing fertilizers to elevat-
ed Cr®* concentration in groundwater, as has been
mentioned by Mills et al. (2011) and Mills and
Goldhaber (2012). The proposed mechanism is that
nitrification (oxidation of NH,* to NOj3") results in
the production of excess H" and in turn soil acidifi-
cation, which favors the increased dissolution of
Cr’*; therefore, larger quantities of Cr’* become
subject to oxidation by geogenic and/or anthropo-
genic factors. A link between elevated Cr®* concen-
trations and agricultural activities has been reported
in previous studies in the Psachna basin (Vasileiou
et al. 2014a, b; Remoundaki et al. 2016; Megremi
et al. 2019) and in other similar areas as well
(Stamatis et al. 2011; Papadopoulos and Lappas
2014; Dermatas et al. 2015; Koilakos 2017;
Hausladen et al. 2018). NO, /NO3 is a potential
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Fig. 9 Cross plot of SO,*~ vs. NO5 for the groundwater samples of the Psachna basin (analyzed herein)
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Fig. 10 Cross plot of Mg** vs. (C1 + NOj5 ) for the groundwater samples of the Psachna basin (analyzed herein)
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significant redox couple which makes possible the
redox transformation of Cr’* into Cr®" in natural
aquatic environments (Richard and Bourg 1991;

In addition to N-bearing fertilizers, P-bearing fertil-
izers have, also, been reported to affect soil and ground-
i water geochemistry as they are potentially enriched in
Stamatis et al. 2011); however, the latter has yet to PHTE such as As, Cd, Co, Cr. Cu, Ni, Pb, and Zn (De

explain the lower standardp;t ential (EO).value forNO,- Lépez Camelo et al. 1997; Modaihsh et al. 2004; Chen
compared to that for Cr,0;” (Megremi et al. 2019). etal. 2007; Nziguheba and Smolders 2008; Molina et al.
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Fig. 12 Cross plot of Cr®" vs. NO5~ for the groundwater samples of the Psachna basin (analyzed herein)
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2009; Cheraghi et al. 2012; Jiao et al. 2012; Nacke et al.
2013; Kelepertzis 2014; Gupta et al. 2014; Kratz et al.
2016; Kriiger et al. 2017; Kourgialas et al. 2017; Da
Silva et al. 2017). In Table 8, the content of selected
PHTE of representative P-bearing fertilizers (P1, P2,
and P3) sold and applied in a Greek market along with
those fertilizers reported in previous studies worldwide
is given. Besides, the mean content of PHTE in different
types of P-bearing fertilizers mostly sold in Germany is
presented (Table 9; Kratz et al. 2016). As can be seen,
the content of each element in the fertilizers analyzed
exhibits a wide range of values from nondetectable ones
up to very high ones, highlighting the need of a more
targeted and detailed study on the fertilizers applied in
each specific area. The PHTE content of the P-bearing
fertilizers varies according to the source of the phos-
phates even if they are of the same type (Kratz et al.
2016). The available information on the PHTE content
in P-bearing fertilizers sold in Greece is very limited; a
future targeted research on this direction would clarify
the aforementioned issues and also contribute to the
harmonization of Greek legislation with the EU
directions.

The average P content in the soil samples from the
Psachna basin (1156.5 mg kg ') is higher than in other
areas in Greece (e.g., 554 mg kg ' in Argolida,

800 mg kg ' in Ptolemais-Kozani), where P in soils
was attributed to the intense agricultural activities and
specifically the extended use of P-bearing fertilizers
(Petrotou et al. 2012; Kelepertzis 2014). Therefore, the
use of P-bearing fertilizers in the Psachna basin consti-
tutes the major source of the high content of P in soils
(up to 2444 mg kg '); furthermore, it might contribute
to the elevated concentrations of Cr in soils and ground-
water. P-bearing fertilizers have been also considered to
increase chromate desorption and, consequently, Cr®*
concentration in groundwater (Becquer et al. 2003).
The impact of P-bearing fertilizers in the soil geo-
chemistry of the Psachna basin could be also document-
ed on the elevated content of As (up to 11.1 mg kg "),
Cd (up to 0.4 mg kg "), Cu (up to 42.1 mg kg "), Pb (up
to 52.7 mg kg'), and Zn (up to 78 mg kg '); the
aforementioned elements are in similar levels with pre-
vious reported ones in agricultural soils of Greece being
related with P-bearing fertilizers (Petrotou et al. 2012;
Kelepertzis 2014). The statistically significant (p < 0.01)
strong positive correlation coefficients of P—Zn (r=
0.75) and As—Cu (r=0.76) in soils strengthen the afore-
mentioned hypothesis. Besides, the statistically signifi-
cant (p <0.01) very strong positive correlation coeffi-
cient of Co—Ni (= 0.97) and the statistically significant
(p <0.01) strong positive correlation coefficients of Cr—

Table 8 P-bearing fertilizer content (in mg kgfl) of As, Cd, Co, Cr, Cu, Ni, Pb, and Zn analyzed herein and reported in previous studies

worldwide

As Cd Co Cr Cu Ni Pb Zn
P1 8.7 11.1 <1 230 26 36 4 323
P2 20.8 <0.1 <0.2 <10 0.3 0.5 <0.1 16
P3 7.6 16.3 0.4 54.74 23.8 28.6 1.6 547
Argentina' na 0-56.8 na 10.4-72.7 2.8-182.6 7-26.9 5.1-30.7 8.8-180.6
USA? 0-21 0-163 na na na na na na
Brazil® 0.54-26.72 0.4-40.03 na 10.72-341.75 na na 0.35-102.46 na
Saudi Arabia®* na 22.7-36.8 na 199.9-410 na 52.8-85.2 11.2-324 na
Chile® 8.3-19.7 2.6-57.9 1.7-3.8 66.2-924 1.5-155 1.8-17.9 38223 28.6-883
Europe*6 7.6 74 na 89.5 na 14.8 29 166

na not available

*Mean values

'De Lopez Camelo et al. (1997)
2 Chen et al. (2007)

* Da Silva et al. (2017)
#Modaihsh et al. (2004)

° Molina et al. (2009)

6 Nziguheba and Smolders (2008)
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Table 9 Mean content of PHTE

(in mg kg ") in different types of Type of P-bearing fertilizer

As Cd Co Cr Cu Ni Pb Zn

P-bearing fertilizers sold in Ger-

many (Kratz et al. 2016) P (n=30)
PK (n=14)
NP (n=19)

NPK (n=67)

10.4 205 1.8 135 42.7 33.8 4.7 354
42 6.7 0.83 144 16.8 202 43 173
8.8 15.2 1.5 136 41.5 21.9 1.2 238
3 23 2.6 30.7 39 12.7 1.5 111

Ni (r=0.64) and Co—Cr (r = 0.63) suggest the influence
of the ultramafic rocks in the study area. On the other
hand, the statistically insignificant (p > 0.05) very weak
correlation coefficient of Cr—P (=0.05) implies that
additional Cr from P-bearing fertilizers, although in
soluble form, is very low compared to the high Cr input
from ultramafic rocks and soils. However, the exact mech-
anism according to which P-bearing fertilizers enhance Cr
mobilization has yet to be clarified. The presence of P has
been linked with the desorption of the anionic Cr®* sorbed
on the iron oxide surfaces (Gao and Mucci 2001; Becquer
et al. 2003; Zhang et al. 2004) and the subsequent release
of Cr in the aquatic environment. Phosphate ions act as
competitive adsorption ions with Cr®* (Chowdhury and
Yanful 2010). The anionic Cr®* is desorbed and PO,>~ are
absorbed, a mechanism that explains the generally low
concentrations of PO,>” in groundwaters and acts syner-
gistically in increasing Cr mobilization in a ultramafic-
dominated geological environment.

It should be mentioned here that the number of
topsoil samples analyzed herein is limited and that the
soil geochemistry in the present context is used in order
to additionally evaluate groundwater geochemistry. Be-
sides, for reasons of comparison with existing literature
data, only topsoils were studied. A future research might
focus on the detailed study of both topsoils and subsoils
and the geochemical processes that take place in differ-
ent soil depths with emphasis on the mobilization of
PHTE of fertilizers.

Conclusions

Co-evaluating geological, geochemical,
hydrogeological, and hydrochemical data for the
Psachna basin, central Euboea, Greece, by means of
(a) hydrochemical cross plots of major ions; (b) spatial
distribution maps of CI~, Mg®*, NO; ", and Cr®*; and (c)
multivariate statistical analyses such as factor analysis
and hierarchical cluster analysis of groundwater geo-
chemistry showed that groundwater quality is strongly

@ Springer

affected by the ultramafic geological environment with
anthropogenic activities and mainly the agricultural
ones acting synergistically.

The main characteristics of the Psachna groundwa-
ters are the alkaline pH; the two dominant
hydrochemical water types, namely the Mg—Ca—-HCO;
and the Mg—Ca—Cl; and the deterioration by elevated
concentrations of NO5, Cr, and Cr®" which in many
cases exceed the maximum permitted level of 50 mg L™
for drinking water (WHO 2011). The concentration of
cations and anions decreases in order of abundance Ca**
>Mg”* > Na*>K*and HCO;” >NO; >S0,* >CI,
respectively.

The major factors that control the hydrochemistry of
the study area are reverse ion exchange, dissolution of
silicate minerals, and intense agricultural activities (fer-
tilization and irrigation water return flow). According to
FA, three factors explain 73.2% of the total variance of
data. FA1 (salinity factor) contained high loadings of
Na*, CI", EC, Ca**, SO,>", and Mg**; FA2 (fertilization
factor) contained high loadings of NO;~, Cr, Cr®*,
Mg2+, SO42_, and EC; and FA3 (water-rock interaction
factor) has high loadings of pH, HCO; , Ca2+, Cr, and
Cr®". HCA classified the groundwater samples of the
study area into three main clusters separating an area in
which the impact of anthropogenic activities is more
intense, and the concentrations of Cr, Cr®*, and NO;~
in groundwater exhibit similar spatial distribution pat-
terns. Strong correlation of NO; —Cr and NO; —Cr*" in
groundwater further points to the synergistic role of N-
bearing fertilizers in groundwater quality and specifical-
ly the elevated concentration of Cr and Cr®*. Besides,
the strong positive correlation between NO3~ and other
parameters such as SO, and Mg®" in groundwater
samples and the very high content of P, up to
2444 mg kg ', in soil samples of the Psachna basin,
implies the synergistic, although commonly neglected,
role of the use of fertilizers in groundwater quality.

Considering all the above, the use of fertilizers seems
to have a complex role in groundwater quality, the main
aspects of which are as follows:
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(a) The increased dissolution of geogenic Cr** due to
nitrification and soil acidification caused by N-
bearing fertilizers (anthropogenic factor contribut-
ing to the oxidation of geogenic Cr), a mechanism
proposed by Mills et al. (2011)

(b) The increased chromate desorption caused by P-
bearing fertilizers, a mechanism proposed by
Becquer et al. (2003), enhancing Cr mobilization
from soils to groundwater and subsequent Cr oxi-
dation to C**

(c¢) The additional anthropogenic source of Cr and
other PHTE from P-bearing fertilizers, although
of minor contribution compared to the geogenic
Cr input

The above-described impact of the use of fertilizers
in groundwater geochemistry would omit its synergistic
role in an environment poor in geogenic Cr; it is exactly
the presence of ultramafic rocks and soils that favor the
elevated concentration of Cr which is further intensified
by the agricultural activities.

Future studies that focus on the exact type and quan-
tities of the fertilizers applied to the Psachna soils, on the
chemical composition of the P-bearing fertilizers with
emphasis placed on PHTE as well as on the mechanism
which results in elevated Cr°* concentration in ground-
water need to be carried out in order to elucidate their
role and, subsequently, to constitute a base for applying
the best practices for land use management with respect
to the local agriculture-based economy.
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