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Abstract 
This paper deals with the assessment of main controls on groundwater chem-
istry in the aquifer system of Ooeides, Orestiada Region, NE Greece, contrib-
uting to the assessment of groundwater and surface water interaction, as well 
as water-rock interactions in the study area. Statistical analysis and relevant 
hydrochemical plots were employed in the analysis of groundwater samples 
from the study area during sampling campaigns for the years 2018, 2019 and 
2020. The process included the collection and analysis of hydrochemical, hy-
drological and hydrogeological information and data regarding the aquifer sys-
tem of the study area. Based on the statistical processing and the spatial analysis 
of the relevant results of the research, interesting and useful information 
emerged regarding: i) the recharge procedure of the aquifer from surface water 
of rivers and streams in the study area; ii) the relationship of groundwater com-
position with the type of rock through which water flows; iii) the impact on 
groundwater quality from anthropogenic activities (cultivation activities, mu-
nicipal waste). From the elaboration of all the above, interesting findings and 
suggestions came out, which are considered useful for the optimal manage-
ment of the hydrogeological regime of the study area. 
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1. Introduction 

According to Razi et al. (2024), groundwater’s geochemical content is influenced 
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by human actions at the surface, climate factors, and the quality of replenishment 
water. In addition, Dong and Gao (2022) report that human activities, industrial 
development, increased water demand due to population growth, and groundwa-
ter overexploitation alter the environment around groundwater, resulting in 
changes in the chemical components of groundwater. Liu et al. (2022) mention 
that natural causes play an important influence in the evolution of groundwater 
chemistry. Also, while manmade disturbances may have a significant impact on 
groundwater chemistry during comparatively short times, the natural exchange of 
atmospheric water, surface water, and groundwater typically takes place over a 
lengthy geological period.  

Razi et al. (2024) state that hydrogeochemical research has shown that a variety 
of geogenic factors can alter the chemical composition and general quality of 
groundwater as it moves from recharge to discharge zones (Dong & Gao, 2022; 
Liu et al., 2022). Because groundwater naturally interacts with rocks and soils, dif-
ferent minerals can be found in dissolved ions as well as non-ionic solutions (An-
sari et al., 2019). Thus, processes involving the interaction of water and rock, such 
as ion exchange, weathering, evaporation, and mineral dissolution, also influence 
the geochemistry of groundwater (Tesfamichael, 2011; Liu et al., 2022; Sunkari et 
al., 2022; Ribinu et al., 2023). 

The groundwater’s elemental concentration fluctuations are largely caused by 
geochemical processes such as adsorption, cation exchange, and the dissolution 
and precipitation of solids. Therefore, the concentrations of major ions in ground-
water can be used to determine the strength and type of water-rock interactions 
and chemical reactions (Elango & Kannan, 2007). 

Furthermore, Belkhiri et al. (2012) point out that hydrochemical processes pro-
vide a better understanding of the contribution of rock-water interactions and 
human influences on groundwater quality. 

Groundwater resources play the most important role in the supply of irrigation 
water to rural communities in Orestiada Region in Evros Prefecture, NE Greece, 
while surface water sources are related to rivers Evros and Ardas. The groundwa-
ter hydrochemical status of the hydrogeological system of Orestiada region is in-
vestigated using updated data in addition to information and data from previous 
relevant research in the wider study area (Diamantis & Pliakas, 2013; Government 
Gazette-GG 4680/Β'/29.12.2017; Papadopoulos & Romaidis, 2022; Adamidis et al., 
2023). This research work deals with the assessment of groundwater quality and 
main controls on groundwater chemistry in the aquifer system of Ooeides, Oresti-
ada Region contributing to the assessment of groundwater and surface water in-
teraction, as well as water-rock interactions in the study area focusing mainly on 
groundwater, which is considered the most influencing assessment factor. Statis-
tical analysis and relevant hydrochemical plots were employed in the analysis of 
groundwater samples from the study area during sampling campaigns for the 
years 2018, 2019 and 2020. From the elaboration of all the above, interesting 
findings and suggestions came out, which are considered useful for the optimal 
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management of the hydrogeological regime of the study area.  

2. Study Area, Geological and Hydrological Information 

The study area is located in River Evros Trough, Orestiada Region in Evros Pre-
fecture, NE Greece (Figure 1) covering a narrow land strip of 160 km2, called 
“Ooeides”, which in Greek means oval because of its shape, with variation of alti-
tude values from south to north: 22 m - 35 m. The eastern border is River Evros. 
Irrigation needs for rural activities are met by pumping of groundwater from over 
a hundred wells, then supplied through a pipe network. Three hundred and fifty 
(350) wells are located within the area with discharge flow values varying from 50 
to150 m3/h. The population of the settlements located at the western border of the 
study area amounts to 22994 people (census 2021), where water supply is covered 
by a network of wells outside the study area. The water of the study area is used 
exclusively for irrigation. The estimated quantities of water pumped in the years 
2018, 2019 2020 are 1.54 × 106 m3, 1.71 × 106 m3, 1.99 × 106 m3, respectively. 

The lithological composition of the study area is made up of Holocene alluvials, 
consisting of alternations of cobbles, sands, gravels and clays in interlocking ho-
rizons in vertical and horizontal sense creating a heterogeneity in the material 
(Figure 1) (Andronopoulos, 1977; Tsirambides et al., 1993; Koutles et al., 1995; 
Adamidis et al., 2022a). According to Adamidis et al. (2022b), the sedimentation 
of Plio-Plistocene represents the main formation of the study area. Located to the 
edges of River Ardas basin and the Neochori stream basin, continues submerged 
under the alluvial depositions.  

Three stream basins drain into the western part of the study area; the northern 
one on the area of 69.10 km2 with a lithological basement mainly of conglomer-
ates, and the southern one on the area of 72.07 km2, which is developed on a base-
ment of conglomerates and sandstone. The central one is the basin of the Neo-
chorio stream with an area of 119,559 km2, which develops on alluvial basement. 
The values of the HORTON index, which index describes physical parameters of 
a drainage basin are less than 0.5 (0.07 for the northern, 0.09 for the Neochorio 
stream basin and 0.1 for the southern basin), so they are characterized as very 
elongated. In addition, due to the elongated shape, the water flow time within the 
basin increases and, in combination with the lithology of the basement, infiltra-
tion is favored. The alluvial deposits are included in the hydrological basin of the 
River Evros.  

Within the alluvial formations, with sharp vertical and lateral transitions of the 
grain size of the materials, and alternations of fine-grained and steep materials, 
unconfined and leaky confined aquifers develop (Figure 2, Figure 3). The pres-
ence of fine-grained impervious layers at various stratigraphic heights, although 
it may locally create a blockage of the flow in terms of its vertical component, does 
not cause a complete interruption of the hydraulic communication between the 
aquifers. The recharge of the alluvial formations is mainly ensured by the infiltra-
tion of river water, by the infiltration of the Plio-Pleistocene formation and 
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Pleistocene formations of sandstones and to a very small extent by the infiltration 
of precipitation (Diamantis & Pliakas, 2013). 

 

 
Figure 1. Study area, geological map of the study area (dashed red line), monitoring wells and settlements and cross sections axes 
A-A’ (Figure 2), B-B’ (Figure 3) (Greece map: https://en.m.wikipedia.org/wiki/File:Greece_location_map.svg). 

3. Materials and Methods 

The intention of this research work is to focus on the evaluation of surface water 
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and groundwater interactions, as well as water-rock interactions in the studied 
aquifer system coming up with results including data, information, findings, val-
uations and proposals, which are considered very useful for the development and 
management of groundwater and surface waters at the study area. The research 
hopes to contribute to the possible efforts for the conjunctive use and manage-
ment of groundwater and surface water in the wider area. 

 

 
Figure 2. Cross section north to south at the eastern boundary of the study area (A-A’ axis in Figure 1). 

 

 
Figure 3. Cross section north to south at the western boundary of the study area (B-B’ axis in Figure 1). 

3.1. Meteorological Data 

The evolution of groundwater potential is inextricably linked to the surface hy-
drology and mainly to the long-term course of rainfall. The hydrological condi-
tions of an area depend on two main factors, its climate and its geological struc-
ture. 

The meteorological data that were used in this paper concern the Meteoro-
logical Station of Orestiada which is included in the network of stations of the 
National Observatory of Athens, for the time period 10/2006 to 12/2020  
(http://stratus.meteo.noa.gr). Additional data were obtained from the POWER|DAVe 
(NASA) digital database for the period January 1981 to December 2020  
(https://power.larc.nasa.gov/beta/data-access-viewer/).  

The meteorological data concern the values of average monthly precipitation, 
average monthly temperature, maximum monthly temperature, minimum 
monthly temperature. The data were processed with the software Hydrognomon 
4. Figure 4 shows the locations of the meteorological station of Orestiada and the 
locations of the points for which data were received from POWER|DAVe (NASA). 
The latter are based on satellites and models and have proven to be accurate 
enough to provide reliable solar and meteorological data in areas where surface 
measurements are sparse or non-existent, such as in the study area.  
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Figure 4. Locations of meteorological stations. 

 
The data from the base POWER|DAVe (NASA) offer two unique features: they 

are global and generally continuous in time. For the study area they provide con-
tinuous data for the period 1981-2020. 

3.2. Groundwater Level Measurements and Groundwater 
Sampling 

In May/June and November/December, of each of three years 2018, 2019, 2020, 
groundwater level measurements were performed at thirty-six (36) wells. Addi-
tionally, in August, groundwater sampling from thirty (30) wells in the study area 
was performed, followed by chemical analyses. The relevant research included: i) 
groundwater level measurements and piezometric maps design (May and Decem-
ber) based on the relevant measurement data collected from the aforementioned 
monitoring network of thirty-six (36) wells, ii) groundwater sampling and chem-
ical analysis, and design of relevant hydrochemical diagrams and maps.  

Piezometric maps of the aquifer of the study area, which is characterized as 
leaky aquifer and, in places, unconfined aquifer, were designed using Simple 
Kriging geostatistical interpolation method (May and November 2018, May and 
December 2019, June and November 2020) (Figure 5, Figure 6).  
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Figure 5. Piezometric maps of the aquifer of the study area (groundwater level in m (a.s.l.) (a: May 2018; b: November 
2018; c: May 2019; d: December 2019). 
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Figure 6. Piezometric maps of the aquifer of the study area (groundwater level in m (a.s.l.) (a: June 2020; b: November 2020).  

 
In the context of the development of the conceptual model of the study area, 

hydrochemical research was carried out in a network of thirty (30) monitoring 
wells. Three groundwater sampling campaigns were performed in August of 2018, 
2019 and 2020. The relevant groundwater chemical analyses were carried out at 
the Laboratory of Engineering Geology and Groundwater Research, Department 
of Civil Engineering, DUTH. The chemical parameters examined were the follow-
ing: Ca2+, Mg2+, 2

4SO − , 3HCO− , 3
4PO − , 3NO− , 2NO− , 4NH+ , Cl− , Electrical 

Conductivity (EC), Total Dissolved Solids (TDS), pH, K+, Na+, Fe2+, Mn2+.  

4. Results and Discussion 

Figure 7 shows the spatial distribution of the mean annual precipitation in the 
study area, as well as in the watersheds of the streams flowing into the study 
area. 

Figure 8 shows the variation of the mean monthly precipitation, the relevant 
cumulative curve of precipitation and the mean monthly temperature values for 
the period 1981-2020. The maximum mean monthly precipitation value was rec-
orded in January 1995 with a value of 157 mm. The year with the highest mean 
value of spatial precipitation is 2014 with a value of 777.14 mm. The mean annual 
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spatial precipitation of 2018 is reduced by 1.14 mm compared to 2017. In 2019 it 
is reduced by 262.47 mm from 2018, while in 2020 it is increased by 22.41 mm 
from 2019 and in 2020 (456.71 mm) the mean spatial rainfall values are smaller 
than the value of 504.14 mm, which is the mean extended spatial height of precip-
itation in the study area. In the period 2019-2020, the annual amount of precipi-
tation corresponds to 62% - 68% of the annual precipitation in 2018.  

Figure 9 presents the mean monthly temperature in the period 1981-2020. Spa-
tial mean monthly temperature values range between 2.48˚C in January to 26.94˚C 
in July. In the period 1981-2020, the average maximum spatial temperature is 
noted in July 2012 with a value of 30.73˚C, with a minimum value of −3.00˚C in 
December 2011. The year with the highest mean temperature value is 2019 with a 
value of 15.91˚C and the year with the lowest mean annual temperature value is 
the year 1982 with 13.00˚C. The mean annual temperature changes in the period 
under study are an increase by 0.53˚C from 2017 to 2018, an increase by 0.56˚C 
from 2018 to 2019 and a decrease by 0.18˚C from 2019 to 2020. The mean annual 
temperature values in 2018 (15.35˚C), 2019 (15.91˚C) and 2020 (15.73˚C) are 
higher than the mean annual spatial temperature in the study area with a value of 
14.24˚C. 

From the analysis of the piezometric maps (Figure 5, Figure 6), it appears that 
the groundwater system is recharged constantly from the middle west part of the 
area. Groundwater flow direction is detected towards the Evros River and the 
alluvial deposits at the northern and southeastern boundary of the area, mainly. 
At the western boundary, the aquifer system is recharged by surface water from 
streams whose catchments are located within the conglomerates and sand-
stones.  

The statistical processing of the of chemical analysis results for the three time 
periods 2018, 2019, 2020 is presented in Table 1, which contains the minimum, 
maximum values, standard deviation and mean values of the main ions.  

In Table 1, values of standard deviation greater than the mean value in the con-
centrations of Fe2+, 3NO−  and 2NO−  ions are noted (in bold), expressing the 
origin of the ions from different sources apart from natural processes possibly 
from anthropogenic activities. 

In concentration data where standard deviation values greater than the mean 
are noted, as well as in concentrations of ions with possible anthropogenic causes, 
an independent samples T-test was performed with a null hypothesis that the 
mean concentration values are equal (Table 2). Rejecting the null hypothesis ex-
presses that the cause of the concentration value of the ion is some other cause 
than physical processes. The control was carried out for the concentrations of K+, 
Mn2+, 4NH+ , Cl− , 3NO− , 2NO− , 3

4PO −  ions with a 95% confidence interval 
value. 

The null hypothesis is rejected for the Fe2+, 4NH+  and 3
4PO −  samples of the 

2018-2019 periods, while for the 2019-2020 period, the null hypothesis is rejected 
for the concentrations of Fe2+ ions. It can therefore be considered that the causes 
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of Fe2+, 4NH+  and 3
4PO −  concentration values are also other than the natural 

processes within the aquifer in the period 2018-2019, as well as for the period 
2019-2020 for Fe2+.  
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Figure 7. Annual precipitation values distribution (upper: 2018, middle: 2019, lower: 2020). 

 

 
Figure 8. Mean monthly precipitation (upper) and cumulative curve of precipitation 
(lower) for the period 1981-2020. 
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Figure 9. Mean monthly temperature (oC) for the period 1981-2020. 

 
The correlation results of the hydrochemical parameters are presented in Table 

3. All hydrochemical parameters were standardized to z-scale as shown in Equa-
tion (1) below (Aruga et al., 1995; Avtar et al., 2011; Singh et al., 2018). This is a 
preliminary step to avoid variation range differences. Hydrochemical data are 
normally distributed (Liu et al., 2003; Singh et al., 2004; Ledesma-Ruiz et al., 2015). 
The relationship between hydrochemical parameters was examined by creating a 
correlation matrix accepting significance at the P < 0.01 level. 

  i
i

i

x x
z

stdv
−

=  (1) 

where, iz  is a standardized variable, ix  is the raw variable, x  is the mean 
value, and istdv  is the standard deviation. 

In the correlation matrix, Ca2+ shows a strong positive correlation with 3HCO−  
(0.89), Cl−  (0.73) and Mg2+ (0.74) in 2018. This relationship may indicate the 
dissolution of minerals (anhydrite, anorthosite) which are a source of Ca2+ (Mal-
enda, 2019). These correlations are not present in 2019, while in 2020 the correla-
tion reappears with 3HCO−  (0.91) and with Mg2+ (0.77). This relationship may 
indicate the dissolution of minerals (gypsum) which are a source of Ca2+. Mg2+ 
shows in all periods a stable positive correlation with 3HCO− . In the 2019 samples, 
it shows a positive correlation with 2

4SO −  (0.78) and in the 2020 samples with 

4NH+  (0.70). The correlation with 2
4SO − , suggests that these ions originate from 

anthropogenic contamination (Mu et al., 2015), such as sewage and sulfur depo-
sition from industrial processes (Zhang et al., 2016), as well as from geological 
factors, such as the occurrence/effect of sodium sulfate-bearing minerals in sedi-
mentary minerals (Salyapongse et al., 2022), as well as the presence of marls and 
gypsum. In 2018, samples Cl−  show a strong positive correlation with 3NO−  
(0.75) while in the 2019 samples Fe2+ showed a strong positive correlation with 
Mn2+. implying that groundwater may be contaminated by sewage and fertilizers 
(Hem, 1985; Choi, 1988). 

The TDS values range in minimum values from 126 mg/L, with maximum val-
ues from 1197 to 1218 mg/L while the mean value ranges from 492 to 732 mg/L. 
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In the second sampling campaign there is an increase in TDS values compared to 
the first and third sampling. This may be due to the reduction of groundwater 
recharge from precipitation and surface water because in 2019, a decrease in the 
amount of precipitation and an increase in temperature were observed, so the TDS 
values may be affected by water-rock interaction. TDS values > 1000 mg/L which 
is a limit for fresh water is noted at a rate of 3% in the first period, 14% in the 
second and 7% on the third period. The pH values range from 6.61 to 8.36 with 
an average value of 7.37, indicating slightly acidic conditions. In the first period, 
the lowest values are noted and therefore the most acidic conditions. 
 

Table 1. Statistical processing of chemical analysis results (August 2018, 2019, 2020). 

 2018 2019 2020 
 Mean StdDv Min Max Mean StdDv Min Max Mean StdDv Min Max 

pH 7.25 0.33 6.61 7.90 7.45 0.18 7.06 7.71 7.43 0.31 6.71 8.36 

EC  757.97 381.90 195.00 1843.00 891.14 253.26 401.00 1285.00 772.63 259.03 378.00 1258.00 

TDS 492.68 248.24 126.75 1197.95 732.77 233.02 268.45 1218.11 659.11 253.97 282.90 1205.19 

Ca2+ 93.13 54.10 17.64 250.10 52.00 15.03 19.64 78.56 87.35 43.58 17.64 173.15 

Mg2+ 24.23 14.19 3.89 68.04 45.81 20.94 7.05 99.63 29.00 12.51 9.72 58.32 

Na+ 5.08 1.68 2.72 8.39 64.84 31.06 31.30 198.00 60.37 13.76 27.00 84.80 

K+ 3.02 1.60 1.00 8.10 4.43 5.22 1.00 30.00 2.79 1.11 1.23 5.50 

Mn2+ 1.34 1.41 0.20 6.50 2.16 1.91 bdl 6.80 1.80 1.31 bdl 4.90 

Fe2+ 0.17 0.19 bdl 0.69 0.84 1.00 bdl 3.28 0.27 1.03 bdl 5.40 

4NH+   0.30 0.42 bdl 1.98 0.63 0.63 0.02 1.95 0.50 0.29 0.13 1.54 

3HCO−   345.24 177.08 71.98 722.24 407.86 131.35 137.25 613.66 351.80 147.24 131.76 677.10 

Cl−   55.33 34.34 19.50 177.30 52.62 30.72 23.05 161.34 40.35 23.54 13.50 117.02 
2
4SO −   73.84 31.60 5.00 112.60 97.88 54.39 11.20 195.00 74.91 51.90 7.00 204.00 

3NO−   4.17 9.69 bdl 46.00 2.68 5.58 bdl 22.00 9.08 25.18 bdl 130.00 

2NO−   0.21 0.40 bdl 1.76 0.10 0.28 bdl 1.24 0.02 0.02 bdl 0.06 
3
4PO −   0.29 0.18 0.08 0.78 0.94 0.74 0.25 3.00 0.89 0.44 0.36 1.80 

bdl: below detection limit. 

 
Table 2. Independent Sample T-test. 

Ions 
2018-2019 2019-2020 

Lower Upper Control Lower Upper Control 

K+ −3.44 0.63 Ho = 0 −0.42 3.70 Ho = 0 

Mn2+ −1.71 0.07 Ho = 0 −0.53 1.25 Ho = 0 

Fe2+ −1.05 −0.29 Ho ≠ 0 0.02 1.12 Ho ≠ 0 

4NH+  −0.62 −0.05 Ho ≠ 0 −0.14 0.40 Ho = 0 

Cl−  −14.61 20.03 Ho = 0 −2.58 27.10 Ho = 0 

3NO−  −2.72 5.71 Ho = 0 −16.18 3.38 Ho = 0 

2NO−  −0.08 0.29 Ho = 0 −0.02 0.19 Ho = 0 
3
4PO −  −0.93 −0.36 Ho ≠ 0 −0.28 0.39 Ho = 0 
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As shown in Table 1, the concentration of cations in the samples of the first 
sampling follows the order Ca2+ > Mg2+ > Na+ > K+. In the 2019, 2020 sampling 
results the order Na+ > Mg2+ > Ca2+ > K+, Ca2+ > Na+ > Mg2+ > K+, Mg2+ > Ca2+ > 
Na+ > K+, and Mg2+ > Na+ > Ca2+ > K+ is followed. The order 3HCO−  > 2

4SO −  > 
Cl− , 3HCO−  > Cl−  > 2

4SO −  regarding concentration of the anions is followed 
in all sampling periods. The predominance of 3HCO−  strengthens the finding 
that the aquifer system is recharged by surface water of River Evros and streams. 
Changes in the order of cations and anions imply the different types of water 
within the study area and may indicate the difference in certain geochemical pro-
cesses (such as evaporation or water-rock interactions) occurring in different wa-
ter types. 
 

Table 3. Correlation Matrix (2018, 2019, 2020). 

2018 Ca2+ Mg2+ Na+ K+ Mn2+ Fe2+ 4NH+   3HCO−   Cl−   2
4SO −   3NO−   2NO−   3

4PO −   

Ca2+ 1.00             

Mg2+ 0.74 1.00            

Na+ 0.12 0.16 1.00           

K+ 0.44 0.33 −0.10 1.00          

Mn2+ 0.42 0.42 0.52 0.13 1.00         

Fe2+ 0.11 −0.10 0.15 −0.03 0.04 1.00        

4NH+  0.43 0.31 0.42 0.14 0.86 0.11 1.00       

3HCO−  0.89 0.75 0.36 0.28 0.61 0.10 0.56 1.00      

Cl−  0.73 0.68 −0.16 0.52 0.04 0.18 0.01 0.43 1.00     
2
4SO −  0.56 0.57 0.01 0.36 0.30 −0.10 0.33 0.38 0.48 1.00    

3NO−  0.51 0.50 −0.39 0.35 −0.17 −0.16 −0.13 0.18 0.75 0.39 1.00   

2NO−  0.18 0.15 0.34 0.02 0.44 0.40 0.37 0.32 0.03 0.02 −0.14 1.00  
3
4PO −  0.05 −0.03 0.16 0.14 0.04 −0.16 0.15 0.21 −0.26 −0.24 −0.09 0.00 1.00 

2019 Ca2+ Mg2+ Na+ K+ Mn2+ Fe2+ 4NH+  3HCO−  Cl−  2
4SO −  3NO−  2NO−  3

4PO −  

Ca2+ 1.00             

Mg2+ 0.41 1.00            

Na+ 0.19 0.34 1.00           

K+ 0.03 0.13 0.85 1.00          

Mn2+ 0.10 0.58 0.25 −0.01 1.00         

Fe2+ 0.04 0.33 0.23 0.05 0.80 1.00        

4NH+  −0.03 0.27 0.44 0.38 0.65 0.55 1.00       

3HCO−  0.58 0.71 0.57 0.33 0.60 0.43 0.56 1.00      

Cl−  0.18 0.32 0.73 0.69 −0.15 −0.13 0.12 0.35 1.00     
2
4SO −  0.52 0.78 0.35 0.15 0.56 0.53 0.16 0.63 0.25 1.00    

3NO−  −0.09 −0.04 −0.18 −0.06 −0.38 −0.39 −0.40 −0.44 0.17 −0.02 1.00   

2NO−  0.01 0.09 −0.04 −0.04 0.10 −0.09 0.22 0.26 0.03 −0.05 −0.16 1.00  
3
4PO −  0.00 0.43 0.62 0.60 0.52 0.58 0.68 0.56 0.37 0.36 −0.27 −0.13 1.00 
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Continued 

2020 Ca2+ Mg2+ Na+ K+ Mn2+ Fe2+ 4NH+  3HCO−  Cl−  2
4SO −  3NO−  2NO−  3

4PO −  

Ca2+ 1.00             

Mg2+ 0.77 1.00            

Na+ 0.45 0.41 1.00           

K+ 0.51 0.34 0.45 1.00          

Mn2+ 0.41 0.35 0.28 −0.09 1.00         

Fe2+ 0.03 0.02 −0.03 −0.18 0.48 1.00        

4NH+  0.64 0.70 0.24 0.34 0.40 0.23 1.00       

3HCO−  0.91 0.74 0.49 0.41 0.37 0.04 0.68 1.00      

Cl−  0.07 0.33 0.43 0.05 0.17 −0.14 −0.05 −0.02 1.00     
2
4SO −  0.77 0.69 0.34 0.60 0.15 0.04 0.66 0.61 0.09 1.00    

3NO−  0.26 0.10 0.25 0.14 0.44 −0.06 0.25 0.24 0.08 0.19 1.00   

2NO−  0.13 0.00 −0.21 0.04 0.26 0.15 0.05 0.03 −0.36 0.03 −0.03 1.00  
3
4PO −  −0.15 −0.02 −0.34 −0.09 0.03 0.42 0.01 −0.19 0.02 −0.01 0.00 0.35 1.00 

 
The quality of groundwater is determined mainly by the lithology of the geo-

logical formations through which it flows. Consequently, aquifers in different 
rocks represent waters of different hydrochemical types. Figure 10 shows the spa-
tial distribution of the hydrochemical types of groundwater based on the results 
of chemical analyzes for each sampling period, while Figure 11 presents spatial 
distribution of TDS values for each campaign. It is pointed out that Simple Kriging 
is the geostatistical interpolation method used to design all hydrochemical maps.  

Most of the 2018 groundwater samples at a rate of 92% are dominated by Ca–
HCO3, indicating the dominance of alkaline earth metals over alkalis (Ca2+ > 
Mg2+ > Na+ > K+), while 3% are of type fresh water Ca-Cl and 7% Ca-SO4. The 
samples in 2019 are of Ca-HCO3 type at a rate of 15%, of Mg-HCO3 fresh ground-
water type at a rate of 71% and of Na-HCO3 type at a rate of 14%, while the sam-
ples in 2020 are of Ca-HCO3 type at a rate of 74%, of Mg-HCO3 freshwater type 
at a rate of 7% and of Na-HCO3 type at a rate of 19%. Groundwater of Na-HCO3 
type with correspondingly high TDS values (1041.8 mg/L), confirm this ground-
water type had more time to interact with the rock matrix and the surrounding 
environment and are located at the contact of the alluvium with the sandstones in 
the southwestern part of the study area in the 2019 period. In an ordinary hydro-
chemical mechanism, groundwater from limestone belongs to the Ca-HCO3 hy-
drochemical type, while from dolomite to the Mg-HCO3 type. In cases where the 
carbonate rocks contain gypsum layers, the dominant type of water is Ca-Mg-
HCO3-SO4. The cations Ca2+, Mg2+, Na+ represent 74% of ions of 2018, 22% of 
2019 and 27% of 2020. The anions 3HCO− , Cl− , 2

4SO −  represent 26% of ions of 
2018, 76% of 2019 and 71% of 2020. It is remarkable that the 71% of cations of 
2018 represented by Ca2+, 7% and 13% of 2019, 2020 respectively. Additionally, 

3HCO−  represents the 20% of anions of 2018, 56% of 2019 and 53% of 2020. The 
groundwater of the alluvial show large quality variations, which are due to the 
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recharge conditions and the lithology of the formations within which it flows. 
They usually belong to the Ca-HCO3 hydrochemical type. Possible sources of Na+ 
result from ion exchange, in which clay minerals play the role of an exchanger.  

 

     

 
Figure 10. Spatial distribution of hydrochemical types of groundwater during sampling periods of 2018, 2019, 2020. 
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Figure 11. Spatial distribution of TDS for each campaign (2018, 2019, 2020). 
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As shown in Figure 11 and in Table 1, the TDS values of groundwater range 
from 126.75 mg/L to 1218.11 mg/L. It can be concluded that increasing trend of 
TDS value of groundwater occurs. The spatial distribution of TDS values as shown 
in Figure 11, are high in areas dominated by fine-grained materials (Figure 6). 
Due to the increased residence time of groundwater in the fine-grained materials 
and with the changes that occur in the rest of the aquifer resulting in a change in 
the hydrochemical state, ion exchange and mineral dissolution processes develop 
resulting in an increase in the TDS value. This is mainly due to the fact that the 
recharge of the aquifer system comes directly from surface water and precipitation 
is reduced. However, the groundwater is mainly freshwater with TDS < 1 g/L with 
exceedances in parts of the study area.  

The Piper diagram (Piper, 1944) is an important tool for understanding hydro-
chemical characteristics, hydrochemical types, and hydrochemical evolution in 
groundwater. The type of groundwater chemistry is relatively complex in the 
study area. The hydrochemical evolution of groundwater moves from magne-
sium-carbonate type and calcium-bicarbonate to mixed sodium-carbonate and 
sodium-chloride types (Figure 12). In the temporal evolution of the groundwater 
flow and the interaction with the rock, an increase in the concentrations of Mg2+ 
and Na+ cations is observed, which can be interpreted as water discharge from 
neighboring aquifers or from anthropogenic activities, taking into account the 
standard deviation values and the results of the independent sample T-test. 
Among anions, the concentrations of 3HCO−  predominate in relation to 2

4SO −  
and Cl−  express continuous recharge of the underground aquifer system from 
surface water and precipitation. 

 

 
Figure 12. Piper plot.  
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Major ion relationships were designed to interpret the hydrochemical processes 
and control mechanism of local groundwater. The ion ratio relationship can fur-
ther help to understand the process of water-rock interactions in this domain. 
Thus, according to the hydrochemistry data, ratio graphs of the major ion ratio 
were drawn (Figure 12). 

In Figure 13(a), the Na+/ Cl−  molar ratio is approximately 1, indicating that 
halite dissolution is the main contributor to the groundwater Na+ concentration. 
If this ratio is greater than 1, that means siliceous weathering or cation exchange 
is present, while if this ratio is less than 1, that represents an anthropogenic dis-
turbance. The groundwater samples of 2019, 2020 were along and greater than 1 
suggesting that halite dissolution, silicate weathering, and cation exchange are im-
portant sources of Na+. All samples of 2018 located lower than the 1:1 trend line 
suggesting anthropogenic inputs.  

 

 
Figure 13. Diagrams: (a) Na vs Cl (meq/L); (b) HCO3 + SO4 vs Ca + Mg (meq/L); (c) HCO3 vs Mg (meq/L); (d) 
HCO3 vs Ca (meq/L); (e) HCO3 vs K (meq/L); (f) chlorine-alkalinity index (CAI); (g) and (h) end diagrams. 
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In Figure 13(b), the plot of (Mg2+ + Ca2+) versus ( 3HCO−  + 2
4SO − ) determines 

if dissolution of carbonate and sulfate minerals is the main reaction in groundwa-
ter samples. Most of the groundwater samples lie along the 1:1 trend line, implying 
the occurrence of soluble carbonates and gypsum minerals. In the samples located 
in the left area of the diagram, a reverse exchange of cations occurs in the ground-
water, i.e. replacement of Na+ and K+ in the rock by Ca2+ and Mg2+ in the water. 
This procedure mainly concerns samples from the 2019 sampling period. 

The Mg2+ and 3HCO−  relationship diagram (Figure 13(c)) has been used to 
reveal the sources of Mg2+ and 3HCO−  in groundwater. If Mg2+ and 3HCO−  
come only from carbonate dissolution and weathering of amphibole, biotite and 
pyroxene, according to the chemical reactions, the ratio of 3HCO− /Mg2+ will be: 
dolomite (line 2:1), amphibole (line 7:5), biotite (line 5:8) and pyroxene (line 
1.7:0.7), respectively. The Mg2+ and 3HCO−  relationship is shown in Figure 
13(c), where almost all samples lie along the 7:5 line and the 1.7:0.7 line, indicating 
a source of dissolution of dolomite, biotite and pyroxene.  

Figure 13(d) presents graphs of Ca2+ and 3HCO− . The ratios between Ca2+ and 

3HCO−  as a result of mineral dissolution are 1:1 (limestone), 2:1 (dolomite and 
anorthite), 1.7:1 (pyroxene), 7:2 (amphibole). Figure 13(d) indicates that most 
water samples appear above the 1:1 line, indicating that 3HCO−  is greater than 
Ca2+ and that erosion of anorthite and dolomite is occurring. Water samples from 
2019 and 2020 lie along the 1:1 trend line, suggesting that the main source of Ca2+ 
and 3HCO−  is calcite weathering. 2018 water samples are below the 1:1 line, in-
dicating an excess of Ca2+. 2019 water samples appear between the 2:1 and 7:2 lines 
suggesting that the main source of Ca2+ and 3HCO−  is dolomite weathering, an-
orthite and pyroxene. 

If 3HCO−  and K+ come mainly from the weathering of potassium feldspar (K-
feldspar) and biotite, the 3HCO− /K+ ratio is 1:1 (K-feldspar) and 5:2 (biotite), re-
spectively. As shown in Figure 13(e), all groundwater samples lie above the (1:1) 
line and the (5:2) line. This suggests that 3HCO−  is unnecessary in dissolution 
and that dissolution of potassium feldspar and biotite is rare in groundwater. 

3HCO−  came mainly from the weathering of albite, plagioclast and carbonate 
minerals. 

The chlorine-alkalinity index (CAI) is an important way to study cation ex-
change processes (Li et al., 2013; Huang et al., 2018). CAI-1 and CAI-2 are esti-
mated through the following equations (ion units in meq/L): 

 
( )+ +Cl - Na +K

CAI-1=
Cl

−

−
 (2) 

 
( )+ +

2 2 2
3 4 3 3

Cl - Na +K
CAI-2=

CO +SO +HCO +NO− − −

−

−  (3) 

If the chlorine-alkalinity index is less than 0, the normal cation exchange pro-
cess dominates the hydrochemistry. Conversely, if the index is positive, a reverse 
cation exchange process takes place. Figure 13(f) showed that all 2019 and 2020 
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samples had negative chlorine-alkalinity index values, suggesting that Na+ or K+ 
in the aquifer has been replaced by Ca2+ or Mg2+ in the groundwater equation. The 
2018 samples have positive index values, indicating a reverse cation exchange pro-
cess. The reaction of decreasing Ca2+ and Mg2+ concentrations and increasing Na+ 
concentration in groundwater is described by the following relationship (Hidalgo 
& Cruz-Sanjulián, 2001): 

( ) ( ) ( ) ( ) ( )2 2 2 22Na Clay Ca Mg  groundwater Ca Mg  Clay 2Na groundwater+ + + + ++ ↔ +  (4) 

Gaillardet et al. (1999) constructed an end-member diagram of the ion ratios 
between Ca2+, Mg2+, Na+ and HCO3 (molar concentration) to determine the in-
fluence of the three main rock types (silicate, carbonate and evaporite) on water-
rock interaction for the hydrochemical characteristics of an area. As shown in 
Figure 13(g) and Figure 13(h), the groundwater sampling points mainly fell 
within a silicate and carbonate control zone, indicating that the chemical compo-
sition of the groundwater was affected by the dissolution of silicate and carbonate 
minerals. 

The saturation index (SI) of a mineral can be estimated by the following equa-
tion: SI = log(IAP/KSP) (where IAP is the ion activity product for a mineral equi-
librium reaction and KSP is the solubility product of the mineral). PHREEQC soft-
ware was used to calculate SI values of minerals in groundwater (Parkhurst & Ap-
pelo, 1999). SI results indicate the trend of water-mineral chemical equilibrium 
during water-rock interaction. If unsaturated (SI < 0), the mineral will be contin-
uously eroded by groundwater. If it is supersaturated (SI > 0), the mineral will 
precipitate, and if SI is close to 0, the mineral phase will remain in equilibrium. 
According to the hydrochemistry data of the three periods, the saturation indices 
of specific minerals were calculated (Table 4). 
 

Table 4. Saturation Index of Calcite, Dolomite, Gypsum, Halite, Hematite for each of sampling campaign. 

 2018 2019 2020 

 mean max min mean max min mean max min 

SI_Calcite −1.81 1.69 −2.95 −2.00 −1.70 −2.52 −1.57 −0.23 −2.67 

SI_Dolomite −4.03 3.08 −6.05 −3.91 −3.30 −4.84 −3.43 −0.67 −5.14 

SI_Gypsum 0.65 1.10 −0.49 0.55 0.86 −0.36 0.58 1.22 −0.35 

SI_Halite −5.52 −5.13 −6.09 −4.45 −3.41 −5.00 −4.57 −3.92 −5.04 

SI Hematite 7.87 12.66 −10.00 6.20 11.23 −10.00 5.53 12.96 −10.00 

 
The minerals contained in the aquifer sediments are the first priority of the 

possible mineral phases. In shallow aquifers, CO2 and O2 are also considered as 
possible phases. In addition, cation exchanges between Ca2+ and Na+, Mg2+ and 
Na+ are very important during groundwater chemical evolution processes (Shen 
& Zhu, 1993). Clay minerals were considered as adsorbents for cation exchange. 

In all periods, the SI values of calcite, dolomite, gypsum and halite are negative. 
Therefore, these minerals are in a continuous process of dissolution, a fact that 

https://doi.org/10.4236/gep.2024.1211005


A. Adamidis et al. 
 

 

DOI: 10.4236/gep.2024.1211005 94 Journal of Geoscience and Environment Protection 
 

expresses the continuous renewal of water in the groundwater system that results 
in ion exchange processes described by the diagram of chloralkaline indicators. 

The SI values of the potential minerals calcite, dolomite, halite, were negatively 
correlated with TDS for 2018-2019 indicating that these minerals do not continue 
to dissolve along the flow path, while the SI of gypsum is positively correlated with 
TDS in 2018 indicating that the mineral continues to dissolve along the flow path 
and in 2019 is negatively correlated indicating that this mineral does not continue 
to dissolve along the flow path. In the period 2020, the SI values indicate hy-
pocalcified (insufficient amount of calcium) minerals while they are positively 
correlated with TDS indicating that in this period unlike previous periods, min-
erals continue to dissolve along the flow. Common iron oxides and oxyhydroxides 
found in sediments are ferrihydrite, goethite, lepidocrocite, and hematite, which 
are among the most stable iron oxides. In all periods the SI values of hematite were 
mainly positive. Additionally, they were positive correlated with TDS for 2018-
2019 but for 2020 were negatively correlated. Hematite precipitation often favors 
sulfate reduction. Hematite precipitation is noted in all sampling periods repre-
senting the oxidizing environment that dominates the underground aquifer sys-
tem. 

Increasing economic development, increasing human population and acceler-
ating urbanization have led to increasingly negative impacts on the groundwater 
environment (Xiong et al., 2020). Anthropogenic inputs have thus become an im-
portant factor affecting the chemical composition of groundwater in many parts 
of the world (Eslami et al., 2019).  

Groundwater in areas affected by intense human activities tend to contain in-
creased amounts of Cl− , 3NO−  and 2

4SO −  (Fan et al., 2014; Xiao et al., 2016). 
Although Cl− and 2

4SO −  in groundwater may come from dissolution of evapo-
rites (halite and gypsum, respectively), oxidation of sulphides or human industrial 
activities, 3NO−  in groundwater comes mainly from agricultural activities and 
domestic sewage. Contaminated groundwater generally exhibits higher Cl− /Na+ 
and 3NO− /Na+ molar ratios (Fan et al., 2014). Therefore, the nitrate content of a 
water body can reflect the degree of impact of human activities on the aquatic 
environment. 

In general, water systems polluted by human activities are characterized by 
higher molar ratios of Cl− /Na+ vs 3NO− /Na+.  

Figure 14 shows that in most of the groundwater sampling points, agricultural 
activities contribute the largest proportion to the concentration of 2

4SO −  in the 
groundwater. 

Also, the effect of 3NO−  from agricultural activities or municipal wastewater is 
small but continuous throughout the sampling periods. The anthropogenic inputs 
of nitrates, according to the relationship 3NO− /Ca2+ vs 2

4SO − /Ca2+, are related to 
the parts of the study area recharged by the Evros River at the eastern boundary 
of the study area (Figure 15). In addition, they are related to the location of the 
Wastewater Treatment Plant of the Municipality of Orestiada and to the settle-
ments in the southern part of the area. 
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Figure 14. Molar ratios of the 3NO− /Ca2+ vs 2

4SO − /Ca2+ (upper) and Cl− /Na+ vs 3NO− /Na+) 
(lower). 
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Figure 15. Anthropogenic inputs spatial analysis for 2018, 2019, 2020 (red colour represents municipality wastewaters influence. 
Green represents sulphates from agricultural activities). 
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5. Conclusion 

This research work contributes to the evaluation of surface water and groundwa-
ter interactions, as well as water-rock interactions in the aquifer system of 
Ooeides, Orestiada Region, NE Greece, by assessing the quality of groundwater 
and the primary controls on groundwater chemistry in the study area. During 
sampling campaigns for the years 2018, 2019, and 2020, groundwater samples 
from the research region were analyzed using statistical analysis along with ap-
propriate hydrochemical plots.  

The hydrochemical evolution of groundwater, based on the Pipper diagram, 
moves from magnesium-carbonate type to mixed sodium-carbonate and sodium-
chloride types. So, in 2018, groundwater samples, at a rate of 92%, are dominated 
by Ca-HCO3, in 2019, at a rate of 71%, are dominated by Mg-HCO3, and finally 
in 2020, the rate of 74% are Ca-HCO3 type. In the first period, the groundwater 
type evolves from Ca-HCO3 water to Ca-Mg-HCO3 type. Precipitation infiltrates 
into the aquifer forming an acidic environment with the water-rock interaction 
leading to the dissolution of carbonates. In the following period, when there is a 
decrease in the annual amount of precipitation, the groundwater type evolves 
from Ca-Mg-HCO3 to Na-HCO3 type. In the third period, the evolution from Ca-
Mg-HCO3 to Na-HCO3 type continues with a shift of the fresh groundwater. 

In all periods the SI values of calcite, dolomite, gypsum and halite are negative. 
Therefore, these minerals are in a continuous process of dissolution, a fact that 
expresses the continuous renewal of water in the groundwater system that results 
in ion exchange processes described by the diagram of chloralkaline indicators. 
Additionally, hematite precipitation in all sampling periods represents the oxidiz-
ing environment that dominates the groundwater system. 

Agricultural activities contribute the largest percentage to the 2
4SO −  concen-

tration in groundwater, while the effect of 3NO−  from agricultural activities or 
municipal wastewater is small but continuous throughout the sampling periods. 
The anthropogenic inputs of nitrates, according to the relationship 3NO− /Ca2+ vs 

2
4SO − /Ca2+, are related to the parts of the study area that are recharged by the 

Evros River at the eastern boundary of the study area, as well as to the location of 
the Wastewater Treatment Plant of the Municipality of Orestiada and with the 
settlements in the southern part of the area. 

The changes in the amount of precipitation affect the mechanism of ground-
water hydrochemistry, although the participation of precipitation in the recharge 
of the aquifer is small. With the decrease of precipitation in the year 2019 by 
262.47 mm, it is estimated that water from neighboring aquifers enters the studied 
aquifer taking into account the hydrochemical ratios diagrams.  

The conjunctive use and the management of surface water and groundwater are 
a key factor for the development of the study area, taking into account the intense 
irrigation use due to the agricultural activities developed in the area. The investi-
gation of the tectonic structures related to the groundwater flow and the recharge 
from neighboring and underlying aquifers, as well as the calculation of the 
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hydrological balance of the watersheds of the streams in the study area, are pro-
posed to be the next stages of the research in the wider area. 
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