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Abstract During the 1999–2002 water years, a
hydrogeological research project was carried out on
the unconfined aquifer of Trifilia in the Peloponnese.
Seawater intrusion due to overpumping, and
intensive use of fertilizers caused the groundwater
quality degradation that is a typical case for the
coastal aquifers in Greece. Isopiezometric maps
along with ion distribution balances, ion
distribution maps and factor analysis indicate the
existence of three zones of groundwater quality. In
the first zone of saline water, a cation exchange
process between the Ca2+ of sediments and the Na+

of groundwater contribute to the formation of the
water type Na+-Ca2+-Cl). In the second zone, which
is considered as a transition zone, dominate the
Ca2+-Na+-HCO3

)-Cl) water type. In the third zone
of Ca2+-HCO3

)-SO4
2) water type, relationships

among Ca2+, SO4
2), NO3

) and NH4 can be attributed
to the dissociation of ammonium nitrate and sulfate
fertilizers on one hand, and Ca2+ derivation from
cation exchange processes between water, rocks and
clay minerals, such as smectite and illite, on the
other.

Keywords Cation exchange Æ Nitrogenous fertilizers Æ
Nitrate contamination Æ Clay minerals Æ Factor
analysis Æ Seawater intrusion

Introduction

The study area lies in the Trifilia province of southwestern
Peloponnesus and covers a total area of 120 km2 (Fig. 1).
The mean annual air temperature is 16.3 �C, with a
minimum of 11.1 �C in February and a maximum of
25.7 �C in August. The mean annual precipitation at
Gargalianoi meteorological station is 784 mm (Panagop-
oulos and Lambrakis 2001). The dominant land use in the
area is cultivation of olives (83%), vegetables (12%, mainly
tomatoes and watermelons), and greenhouse crops (5%).
Irrigation demands within the coastal regions are covered
by exploiting the unconfined aquifer of Pleistocene sedi-
ments through a large number of shallow wells and deeper
boreholes.
A widespread agricultural practice in the area is the use of
inorganic fertilizers, which pollute the groundwater.
According to Sampatakakis and others (1994), the mean
annual amount of fertilizers applied in the Trifilia area is
1,850 Kg/ha. Compositions of these fertilizers have
changed during the last decades. In 1960, 70–80% of the
fertilizers were ammonium sulfate [(NH4)2SO4], 10–15%
was ammonium nitrate (NH4NO3), 10–15% was mixed
nitrogen (N), phosphorous (P) and potassium (K), and the
remaining 5–10% were trace elements. In 1970, these
values changed to 50–60, 25–30, 20–30 and 5–10%
respectively, while in 1980 the percentage contribution was
20–30, 30–40, 30–40 and 10%, respectively.
Nitrate contamination of groundwater is of environmental
concern. One of the main sources of contamination is the
high input of nitrogen fertilizers in intensive agriculture
(Roth and Fox 1990; Johnson and others 1991). Yadav
(1997) showed that 15% of the annually applied nitrogen
fertilizer, and even greater percentages of residual nitro-
gen, were leached into groundwater. This load contributes
to chemical, physical and biological processes.
When applying factor analysis to the hydrochemical data
of a coastal aquifer, Giménez (1994) found a factor with a
high correlation coefficient between Ca2+ and NO3

). He
explained this relationship as a result of processes devel-
oped after the application of nitrogenated fertilizers. These
processes add Ca2+ to the water as a consequence of a
likely ion exchange between NH4

+ and Ca2+. Comber and
others (1967) refer that NH4

+ derived from nitrogenous
fertilizer dissociation, can replace an equivalent quantity
of Ca2+ in the interlayers of clay minerals and then reaches
the aquifer. A number of similar observations for Ca2+,
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SO4
2), NO3

) and NH4
+ interrelations have been referred in

the literature (Ruiz and others 1990; Covelli and others
1998; Stigter and others 1998; Jeong 2001). In the hydro-
chemical study of a coastal karst aquifer located in Malia,
Greece (Lambrakis and Papatheodorou 2001), a similar
factor exhibited high positive loadings on Ca2+, Mg2+,
NH4

+, NO3
) and SO4

2), suggesting a nitrate contribution
of anthropogenic origin. Daskalaki (2002) studying the
hydrochemical character and quality of groundwater in
Greece, found a clear relationship between Ca2+ and NO3

)

in almost all the alluvial aquifers of Greece, and many
sedimentary and metamorphic carbonate aquifers of
Central and North Greece. Ca2+ was attributed to the
mineralogical composition of the aquifer, and NO3 to
agricultural activities.
The aim of this article is to examine the impact of inten-
sive land use and fertilizer application in western Trifilia of
Peloponnesus, Greece, and contribute to the interpretation
of the hydrochemical processes taking place in such
unconfined coastal aquifers.

Materials and methods

The impact of fertilizer application in western Trifilia was
investigated by studying the hydrogeology and hydro-
chemistry of the unconfined coastal aquifer. The inventory
of the water points indicated that more than 300 shallow
wells and deep boreholes exploit the aquifer. A series of 75

wells was used for piezometric measurements. Among
these, 35 sample points were defined for chemical analyses
(Fig. 2). Eight boreholes of the aquifer were tested for
hydraulic parameter determination, and three core sam-
ples were collected to determine mineralogical composi-
tion. Statistical processing of the groundwater chemical
analyses data was made using R-mode factor analysis.

Sampling and hydrochemical measurements
Sampling runs were undertaken biannually from May 1999
to October 2001. The samples were collected at the
well-pump outflow in two polyethylene bottles. All
samples were filtered on-site through 0.45 lm pore size
Millipore� filters. Unstable parameters such as pH, electric
conductivity (EC), dissolved oxygen (DO) and redox po-
tential (Eh), were determined on-site by using an ion/EC
meter with combined electrodes. The other analyses were
performed soon after collection in the Laboratory of Hy-
drogeology, University of Patras. The first sample of 0.5 L
volume was acidified with 2 ml of 65% HNO3 for cation
analysis. The second non-acidified aliquot (1 L) was used
to determine bicarbonates (HCO3

)) and chloride (Cl))
using Hach� titration kits. Sulfates (SO4

2)), nitrates
(NO3

)) and ammonium (NH4
+) were determined using a

spectrophotometer. Finally, the major cations Ca2+, Mg2+,
Na+ and K+ were determined by atomic absorption spec-
troscopy. The overall precision of the analyses is within
±5%. Processing of the data was carried out using a
software package developed in the Laboratory of Hy-
drogeology, University of Patras (Lambrakis 1991).
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Fig. 1
Geological map of western Trifilia (Perrier 1980,
Filiatra sheet)
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A statistical overview of the measured parameters is pre-
sented in Table 1 (May 2001).

Mineralogical composition
Three core samples (S1, S2, S3) were collected from the
Pleistocene sediments of the study area (Fig. 1). The
mineral compositions of the clay fraction (<2 lm)
extracted by sedimentation were determined by X-ray
diffraction (XRD) using a Philips PW1050/25 diffractom-
eter with Ni-filtered CuKa radiation. Oriented clay pow-
ders were prepared by the dropper method and were
scanned at 1� 2h/min from 3 to 30� 2h. For each <2 lm
specimen, clay minerals were identified from three XRD
patterns (air-dried at 25 �C, ethylene-glycol solvated, and
heated at 490 �C for 2h). X-ray diffractograms indicate
that smectite and illite minerals dominate the clay fraction
of the studied samples (Figs. 3, and 4). Calcite, quartz and
traces of plagioclase were also present.

Factor Analysis
R-mode factor analysis offers a comparison of relation-
ships among variables in terms of samples, and requires a
homogeneous population in order to be meaningful
without any important loss of information. Factor analysis
also allows us to determine the geographical distribution
of the resulting factors. Geological interpretation of the
factors gives insight into the main processes that may
control the distribution of hydrochemical parameters.
Following Davis (1986), R-mode factor analysis was ap-
plied to study the interrelations between the 13 variables
examined in the western Trifilia aquifer data-set for the
wet season (May) of the hydrological year 2001 (n=35
samples; Table 1). There are many recommendations for
selecting the optimum number of factors (‘‘amount’’ of
cumulative variance, Eigenvalues greater than 1, ‘‘scree
plot’’, etc.; Davis 1986; Reyment and Jöreskop 1993), but
the most straightforward solution to this problem is to
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Fig. 2
Inventory of well, boreholes and sampling sites

Table 1
Statistical overview of the hydrochemical data of the unconfined
aquifer (May 2001). Concentration is given in mg/L, otherwise
indicated

Parameter Min Max Average Standard
Deviation

n=35 samples
E.C (lS/cm) 885 4,080 1,634 727
PH 6.7 8.2 7.3 0.4
Eh (mV) 6 264 161 64
D.O 1.9 10.0 5.8 2.0
Ca2+ 89.3 340.8 182.2 56.8
Mg2+ 8.6 72.0 23.9 13.1
Na+ 35.1 437.2 117.3 106.5
K+ 1.2 18.0 5.3 4.3
HCO3

) 143.9 403.8 296.1 55.5
Cl) 19.2 844.0 213.1 219.9
SO4

2) 46.0 530.0 168.5 105.5
NO3

) 15.0 290.4 103.3 64.2
NH4

+ 0.00 3.73 1.03 1.12

Fig. 3
X-ray powder diffraction pattern of core sample S1 (<2 lm). n: air-
dried, gl: Ethylene glycolated, h: heated, S: smectite, I: illite, Q: quartz,
C: calcite, P: plagioclase
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extract as many factors as the ruling theory demands.
According to this criterion, three factors have been chosen
for this study, which together explain more than 76% of
the total variance (Table 2). Apart from Eh, all the other
parameters have high communality (0.65–0.98), which
shows that the 3-Factor model describes them well. The
correlation coefficients between variables and the factors
(loadings) are listed in Table 2.

Geological and hydrogeological
setting

The bedrock of the research area belongs to the Tripolis
Series and is composed of a thick sequence of Eocene and
dolomitic limestones overlain by Oligocene flysch (Perrier

1980). Pleistocene and Holocene deposits unconformably
overlie all of these sediments (Fig. 1). The Pleistocene
sediments host an extensive unconfined aquifer and are
comprised mainly of calcitic sandstone and marly lime-
stone, with a thickness ranging from 30 to 100 m, which
were deposited in a shallow marine environment.
The piezometric map (Fig. 5) provides a good description
of the aquifer and shows that the general groundwater flow
is SW towards the coast of the Ionian Sea. The aquifer
presents low hydraulic loads, close to zero or negative
levels, in its coastal sector. Towards the inland and to the
east, the water table has positive values that reach 93 m.
The hydraulic gradients are smaller in the west than the
east, and in the wider area of Filiatra and Marathopolis
vary between 1.2 and 2.5%. Eastwards, in the area of
Chochlasti, gradients are greater and vary between 5 and
7%. This is due to the smaller transmissivity in the eastern
part of the aquifer compared to the western part, as proved
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Table 2
Eigenvalues and factor loadings for the Varimax Rotated 3-Factors
Model

Variables Factor 1 Factor 2 Factor 3

pH )0.74
D.O 0.79
Eh 0.62
E.C 0.94
Ca2+ 0.88
Mg2+ 0.93
Na+ 0.97
K+ 0.89
HCO3

) )0.65
Cl) 0.96
SO4

2) 0.77
NO3

) 0.89
NH4

+ 0.81
Eigenvalues 5.1 3.0 1.8
% total

variance
39.4 23.4 13.8 Fig. 5

Piezometric map of the unconfined aquifer of Pleistocene deposits
(May 2001)

Fig. 4
X-ray powder diffraction pattern of core sample S2 (<2 lm). I: Illite,
Q: quartz, C: calcite
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by pumping tests. These tests show that transmissivity
varies between 4·10)3 m2/s and 4.9·10)2 m2/s in the
western part.
The water balance parameters have been computed based
on the procedures described by Thornthwaite and Mather
(1955). The potential evapotranspiration has been com-
puted based on temperature data using Thornthwaite’s
formula (1948). The average annual volume of actual
evapotranspiration is 23.5·106 m3 and corresponds to
48.1% of the annual precipitation. The mean annual
volume of the area’s surface runoff is 14.7·106 m3 and
corresponds to 30.2% of the mean annual precipitation,
while the remaining 10.6·106 m3 (21.7% of the mean
annual precipitation) is the recharge groundwater.
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Fig. 6
Piper plot showing the chemical types of groundwater in the
unconfined aquifer

Fig. 7
Distribution map of the three different water types of the unconfined
aquifer

Table 3
Statistical hydrochemical overview of the three different groups (May 2001). Concentration is given in mg/L, otherwise indicated

Parameter Group 1 Group 2 Group 3

Average Std_Dev Average Std_Dev Average Std_Dev

n=8 samples n=14 samples n=13 samples

E.C (lS/cm) 2,292 539 1,435 428 1,442 869
PH 7.4 0.4 7.3 0.4 7.2 0.5
Eh (mV) 162 80 167 48 156 69
D.O 6.6 1.9 5.0 2.3 6.1 1.7
Ca2+ 180.3 40.6 158.3 34.3 209.3 73.8
Mg2+ 36.9 5.8 22.1 15.4 17.8 7.2
Na+ 274.6 87.6 85.6 41.2 68.2 90.6
K+ 11.0 4.3 4.4 2.7 3.3 3.2
HCO3

) 252.1 50.6 309.7 52.1 308.6 51.0
Cl) 555.3 148.9 145.5 87.1 112.0 177.7
SO4

2) 148.7 45.1 140.9 87.0 210.4 138.3
NO3

) 95.7 34.1 71.6 35.7 141.9 82.5
NH4

+ 1.06 1.16 0.63 0.76 1.43 1.34
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Results and discussion

Groundwater chemistry
Based on the Piper diagram (Fig. 6), three different water
types can be discerned in the study area. These are the
following: Na+-Ca2+-Cl) water type (Group 1), Ca2+-Na+-
HCO3

)-Cl) water type (Group 2) and Ca2+-HCO3
)-SO4

2)

water type (Group 3). Their distribution is shown in Fig. 7.
The Na+-Ca2+-Cl) water type occupies the coastal zone
(zone 1) and is dominated by Na+. The water samples of
this zone are characterized by higher electrical conduc-
tivity and Na+, K+, Mg2+ and Cl) concentrations compared
with samples from the two other types (Table 3). The
chloride distribution map (Fig. 8) shows three regions in
the coastal zone with high chloride concentrations (Filia-
tra, Agia Kyriaki, Marathopolis), while the highest con-
centration (844 mg/l) is found in the Marathopolis region.
The increased salinity of the groundwater in this zone
could be attributed to seawater intrusion due to the low
hydraulic load of the aquifer here. This low hydraulic load
(Fig. 5) is caused by the overexploitation of the aquifer to
meet increased irrigation demands and to the lack of
rational water management.
Seawater intrusion causes ion exchange phenomena be-
tween brackish water and the aquifer’s matrix. Presuming
that Ca2+ is the dominant ion, as is the case for the
sediments of the study area, the following equations can
describe the above-mentioned process (Appelo and
Postma 1993):

Naþ þ 1=2Ca� X2 ! Na� Xþ 1=2Ca� X2 ð1Þ

where X is the soil exchanger.
By calculating a composition based on conservative mix-
ing between seawater and freshwater of the area (Appelo
and Postma 1993), we obtained the concentration of the
different ions as deficits (negative numbers) and excesses
(positive numbers, Table 4), expressed as Dion=Cm – Cex,
where Cm is the measured concentration and Cex is the
concentration expected by freshwater – seawater conser-
vative mixing. Table 4 shows that all groups have excess in
Ca2+ concentration, while Na+ is obviously in deficit in the
first group and in excess in the other groups.
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Fig. 8
Chloride distribution map

Table 4
Recalculated water analyses of Table 3, showing the extent of reactions (cation exchange). Values in mmol/l

Parameter Group 1 Group 2 Group 3

Average Std_Dev Average Std_Dev Average Std_Dev

Dion n=8 samples n=14 samples n=13 samples

Ca2+ 3.34 1.51 2.39 0.69 3.34 1.72
Mg2+ )0.11 0.26 0.36 0.29 0.34 0.16
Na+ )2.20 1.28 0.24 0.91 0.22 0.45
K+ )0.18 0.08 0.01 0.06 0.02 0.04
HCO3

) 0.92 0.80 2.18 0.66 2.00 0.78
Cl)

SO4
2) 1.06 1.51 0.94 0.55 1.65 1.08

NO3
) 1.70 0.65 1.32 0.76 1.98 1.44

NH4
+ 0.08 0.06 0.04 0.04 0.07 0.08
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Similar observations can be seen in Fig. 9a and b where the
straight line is the mixing line between the area’s sea and
fresh waters. Samples from the first zone belonging to the
first group show ion exchange phenomena as described
above, due to seawater intrusion.
The chemical composition of group 2 with water type
(Ca2+-Na+-HCO3

)-Cl)), is characterized mainly by the
dominance of Ca2+ and lower salt content compared to the
first water type. Groundwater becomes enriched with ions
such as Na+ and Cl) (Table 3) from dissolving minerals
that move along a flow line towards the sea.
The third group, water type Ca2+-HCO3

)-SO4
2), has sam-

ples with a chemical composition dominated by Ca2+ and

HCO3
) ions that characterizes fresher waters. Thus, zone

three can be considered as the recharge zone, while the
second zone can be considered as a transitional zone be-
tween fresh and saline water. The SO4

2) ion participation
in this group’s water type can be attributed to the con-
tamination of groundwater by fertilizers. Table 3 shows
that the maximum values of NO3

) concentrations also
belong to the samples of this group. The excess in Ca2+

concentrations can be attributed to ion exchange phe-
nomena due not to seawater intrusion, because the
hydraulic load is high and Na+ concentrations are also in
excess, but to NH4

+ ions due to extensive application of
fertilizers (Comber and others 1967; Ruiz and others 1990;
Gimenez 1994; Covelli and others 1998; Jeong 2001).

R-mode Factor Analysis
Following the application of R-mode Factor Analysis, a
three-factor model was produced that accounted for more
than 75% of the total variance (Table 2). Factor 1 accounts
for nearly 40% of the total variance and has high positive
(0.89–0.97) loadings for EC, Mg2+, Na+, K+ and Cl), and
moderate negative loading for HCO3

) (Table 2). The spa-
tial distribution of factor scores for factor 1 (Fig. 10a) has
a discernible pattern; the higher scores occur in the coastal
zone (zone 1 of Fig. 7), moderate scores are present in the
transitional zone (zone 2 of Fig. 7), and lower scores occur
in the aquifer’s recharge area (zone 3 of Fig. 7). This
particular pattern in conjunction with high positive load-
ings of EC, Mg2+, Na+, K+ and Cl), reflects the intrusion of
seawater in the coastal zone of the unconfined aquifer.
Factor 2 accounts for 23.4% of the data’s total variance and
exhibits high positive loadings (0.77–0.89) on Ca2+, SO4

2),
NO3

) and NH4
+ (Table 2). The spatial distribution of this

factor shows that the area with higher factor scores has an
elliptic shape and is located in Chochlasti region
(Fig. 10b). Together with the loading profile, this geo-
graphical pattern suggests that the second factor is a
contamination factor of anthropogenic origin (fertilizers).
Factor 3 accounts for 13.8% of the total variance. The
interrelationship between the variables associated with this
factor, dissolved oxygen (DO), Eh and pH, is well known
(Freeze and Cherry 1979).

Nitrate contamination
Due to extensive use of fertilizers in the area, the
groundwater contains an increased concentration of NO3

)

and NH4
+ (Fig. 11a, b), especially in the third zone (zone 3

of Fig. 7) of the aquifer (Table 3), with maximum values
seen in Chochlasti region (290.4 and 3.73 mg/l respec-
tively). Ca2+ and SO4

2) display a similar distribution pat-
tern to NO3

) and NH4
+ in the region of Chochlasti with

values of 340.8 and 460 mg/l respectively (Fig. 12a, b;
Table 3), suggesting close relationships between these
chemical species.
These characteristic chemical distribution patterns of the
groundwater are similar to the results of the R-mode factor
analysis shown in Fig. 10b. Nitrate, ammonium, calcium
and sulfate distribution maps (Figs. 11a, b; and 12a, b
respectively) also show higher concentrations of these ions
in the same region. The cross-plots in Fig. 13 support the
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Fig. 9a,b
Cross-plots of Na+ (a) and Ca2+ (b) concentrations vs. Cl) contents.
Lines indicate freshwater-seawater conservative mixing
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existence of strong relationships among these parameters
in zone 3 of the aquifer, as the correlation coefficient be-
tween Ca2+ and total nitrogen (NO3

)+NH4
+) is extremely

high (0.958), while the correlation coefficient between Ca2+

and SO4
2) is 0.757.

The relatively higher concentrations of nitrates and
ammonium in zone 3 could be attributed to the intense
application of nitrogen fertilizers to the soil, mostly
NH4NO3 and (NH4)2SO4. Thus, the applied fertilizers move
through the unsaturated zone and infiltrate into the
aquifer. Nitrate and sulfate salts are very soluble in water
(over 10 g/l at 20 �C; Hatziioannou 1985) and thus disso-
ciate according to the following reactions:

NH4NO3 þ H2O! NH4OHþ H0 þ NO�3 ð2Þ

NH4ð Þ2SO4 þ 2H2O! 2NH4OHþ 2Hþ þ SO2�
4 ð3Þ

causing an increase of nitrate and sulfate concentrations,
which is facilitated by the oxidizing environment of the
aquifer. NH4OH is a weak base and dissociates according
to the following reaction (Hatziioannou 1985):

NH4OH$ NH�4 þ OH� ð4Þ

that causes an increase of ammonium concentration in the
aquifer.

The relative high concentration of Ca2+ in zone 3 and its
relationship with NH4

+ could be attributed to ion
exchange reactions between water, rock and the clay
minerals smectite and illite.
Due to the dominance of calcite in the Pleistocene sedi-
ments of the study area, it is reasonable to assume that
most of the interlayer sites of smectite were occupied by
Ca2+. In such an environment, Ca2+ could replace the ca-
tions which were originally present in the interlayer of
smectite. The high NH4

+ concentration in the water sam-
ples of zone 3, could promote the saturation of Ca-smectite
with NH4

+ because the replacing power of NH4
+ is greater

than that of Ca2+ (Grim 1968), according to the ion ex-
change reaction:

Ca - clay � 2NHþ4 $ 2NH4 - clayþ Ca2þ
aq:ð Þ ð5Þ

Thus, the interlayer Ca2+ cations of smectite are
‘‘exchanged out’’ and liberated in the groundwater.
This exchange of cations could explain the enrichment
of water samples of zone 3 in Ca2+ and the observed
positive correlation between Ca2+ and NH4

+. Illite may
also contribute to the enrichment of Ca2+ in the aquifer,
though to a lesser extent, due to its lower cation exchange
capacity.
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Fig. 10a,b
Spatial distribution of factor 1 (a) and factor
2 (b) in the study area
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Conclusions

The hydrogeological and hydrochemical study of the
western Trifilia region reveals marked seawater intrusion
in the unconfined aquifer of Pleistocene sediments in the
coastal zone, due to the reduction of the water level
below sea level caused by intensive pumping. As a result,
Na+, Ca2+ and Cl) ions dominate the groundwater
composition in this zone. Two further zones, the second
and third, were defined in the region. These two zones
lack direct sea influences on groundwater chemistry. Ion
balances showed that an excess of Ca2+ concentrations in
the water samples of the first zone can more or less be
equilibrated with Na+ and K+ concentrations that are in
deficit due to ion exchange phenomena caused by the
seawater intrusion. Ca2+ concentrations are still in excess
in water samples of the other two zones and present a
high correlation with nitrogen. The intensive land use
and the nitrogen-based fertilizers applied in the study
area have resulted in high nitrate, sulfate and ammonium
concentrations (290.4, 460 and 3.73 mg/l respectively) in
the groundwater of the third zone. It is suggested that
the hydrochemical composition of the groundwater is
influenced by cation exchange processes, which are
facilitated by the presence of the clay minerals smectite

and illite in the Pleistocene sediments of the unconfined
aquifer.
The high amount of NH4

+ in the water of zone 3,
coupled with its high replacing power, promotes the
saturation of smectite with NH4

+. Cations, e.g. Ca2+,
which were in the interlayers of smectite and, to a lesser
degree, illite, and that were subsequently substituted by
NH4

+, were liberated into the groundwater. This cation
exchange process leads to the high correlation between
Ca2+ and NH4

+ in samples contaminated by nitrates and
sulfates.
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