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Abstract
This study aims to present a comparative assessment of hydrochemical characterization and groundwater quality in karst 
aquifers with the support of GIS which is essential to correlate the source of water with climate and geology, and to evaluate 
suitability of water for various uses. The study area is the Altinova region in Turkey where intensive agricultural activities 
prevail and travertine covers 85% of the study area. A total of 25 groundwater wells were monitored by seasonal field meas-
urements and extensive water quality analyses for a period of one year to establish correlation between groundwater quality, 
its source, regional climate, and geology. A comprehensive analysis was conducted to assess the groundwater's suitability 
for irrigation based on electrical conductivity, sodium adsorption ratio, sodium percentage, magnesium hazard, perme-
ability index, residual sodium bicarbonate, Kelly’s ratio, and an irrigation water quality (IWQ) index. This multi-parameter 
evaluation was further integrated with geospatial analysis using ArcGIS, providing a detailed spatial understanding of 
hydrochemical variations across the area. Major cations and anions dominance were identified as  Ca2+ >  Na+ >  Mg2+ >  K+ 
and  HCO3

− >  Cl− >  SO4
2−, respectively. Spatial mapping identified high concentrations of  Ca2+, TDS, TH, and  SO4

2− in 
non-karstic areas, occasionally exceeding WHO guidelines. Nitrate concentrations displayed varied spatial distribution. The 
SAR values generally matched C2-S1 and C3-S1 classes, suggesting medium to high salinity risks and low sodium pres-
ence. Based on the IWQ index and observed correlations with total dissolved solids, the groundwater in Altinova’s karstic 
aquifer is considered suitable for irrigation, with salinization largely due to ionic interactions and geology. The presented 
comparative assessment provides a holistic approach for understanding hydrochemical characteristics of karst aquifers, and 
analyzing the impacts of natural factors and anthropogenic pollution sources on groundwater quality.
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Introduction

Groundwater resources account for about one-third of the 
freshwater on the earth, and they play a key role in assuring 
food security for the increasing world population. Assess-
ment of the groundwater hydrochemical characteristics 
is vital to ensure minimum health hazards as well as to 

maintain the quality for various uses. Irrigation water qual-
ity has been intensively investigated worldwide by many 
researchers such as Kumar et al. (2007) and Kumar and 
Al (2009) for the Patiala and Muktsar districts of Punjab, 
India, Delgado et al. (2010) for the karstic area of Yuca-
tán in Mexico, Abbasnia et al. (2018) for some villages in 
Iran, Daanoba et al. (2019) for West Ghana and Zhang et al. 
(2019) for the Syr Darya River in Kazakhstan. In recent 
years, the focus around the globe was toward studying the 
effects of poor water quality on soil and crops’ yield. It is 
confirmed that highly saline–sodic water can affect the qual-
ity of soil by building soil salinity which in turn had adverse 
impacts on crop yields in many countries such as China and 
India (Pang et al. 2010; Adomako et al. 2011). Therefore, it 
is essential to ensure systematic monitoring of groundwa-
ter to prevent the deterioration of groundwater quality for 
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beneficial uses. Groundwater quality was commonly evalu-
ated using different irrigation water quality indices such 
as sodium adsorption ratio (SAR), magnesium adsorption 
ratio (MAR), total hardness (TH), sodium percentage (Na%), 
permeability index (PI), Kelly’s ratio (KR), Wilcox and US 
Salinity Laboratory (USSL) classifications (Zouahri et al. 
2015; Province et al. 2015; Houatmia et al. 2016) which 
focused on single or very few number of parameters. How-
ever, the irrigation quality and the impacts on soil character-
istics and crop yield is often a complex phenomenon which 
requires evaluation of the combined effect of many param-
eters (Ayers and Westcot 1985). Consequently, an irrigation 
water quality (IWQ) index was proposed by Simsek and 
Gunduz (2007) which takes into account five hazard groups 
of salinity, infiltration and permeability, specific ion toxic-
ity, trace element toxicity, and miscellaneous impacts on 
sensitive groups. This IWQ index was applied to assess the 
irrigation water quality of the Simav Plain located in west-
ern Anatolia, Turkey and proved to be a fairly simple and 
practical tool. Another water quality index was developed by 
Meireles et al. (2010) using multivariate factor and principal 
component analysis which reflected soil salinity and sodicity 
risks to plants. Recently, entrophy weighted irrigation water 
quality index (EIWQI) was proposed and applied on Bharalu 
River to assess water quality for irrigation using derived 
parameters such as PI, KR, MAR, SAR, soluble Na%, and 
residual sodium carbonate (Singh et al. 2019).

Evaluation of the hydrochemical characteristics of the 
groundwater is crucial for water management at the regional 
level (Ben and Kamel 2009; Rajmohan and Senthamilkumar 
2010; Aghazadeh and Mogaddam 2011; Sahraei and Nozar, 
2013; Wang 2013; Bian et al. 2018; Gidey 2018; Omonona 
et al. 2019). Investigation of the hydrochemistry of the major, 
minor, and trace elements, geospatial distribution mapping, 
and statistical analyses are powerful techniques to assess aqui-
fer pollution and address various natural and anthropogenic 
pollution sources affecting groundwater quality (El Alfy et al. 
2018; Owoyemi et al. 2019; Saha and Paul 2019). Karst sys-
tems are particularly vulnerable to pollution from residential, 
agricultural, and industrial activities. Furthermore, groundwa-
ter resources originating from karst aquifers are under extreme 
deployment and over abstraction, especially in the Mediter-
ranean region, due to adverse impacts of climate change. 
Therefore, effective land-use planning, proper groundwater 
management and conservation/adaptation plans are essen-
tial which should be based on a thorough hydrogeological 
characterization (Simsek et al. 2008). Hydrogeological and 
hydrogeochemical aspects of karst aquifers were commonly 
assessed using limited number of indices such as the use of 
USSL and Wilcox diagrams (Jebreen et al. 2018), mineral 
saturation indices, ion ratios, and oxygen isotope values (Liu 
et al. 2013) and irrigation suitability through SAR values 
(Nguyet et al. 2016). Consequently, this study aims to present 

a comparative assessment of hydrochemical characterization 
and groundwater quality in karst aquifers with the support of 
GIS which is essential to correlate the source of water with 
climate and geology, and to evaluate suitability of water for 
various uses. Karstic aquifers along the Mediterranean region 
of Turkey host significant amount of water that is primarily 
used for irrigation and domestic purposes. In Turkey, around 
70% of the water use is allocated to agriculture, therefore, 
assessment of groundwater quality for both irrigation and 
domestic uses is crucial for the management of groundwater 
resources. Antalya is one of the main agricultural cities in the 
Mediterranean region of Turkey with a leading greenhouse 
applications that covers 53% of the total area of greenhouses 
in the country (Yilmaz et al. 2005). Despite the existing inten-
sive agricultural practices, there is still little known about the 
irrigation water quality in the area. Furthermore, travertine 
karst regions of Antalya are facing variety of environmental 
pressures including the lack of proper wastewater collection 
system as well as the intensive and uncontrolled use of fertiliz-
ers and pesticides (Muhammetoglu et al. 2019). In some rural 
parts of Antalya province, municipal wastewater is directly 
discharged into the travertine aquifer via septic tanks causing 
contamination of groundwater resources. Likewise, this con-
tamination may pose great risks that may extend to the food 
chain through the direct contact with the irrigated water. The 
existing studies mainly focused on the assessment of ground-
water quality for domestic purposes in Antalya region. How-
ever, little is known about the agricultural water quality and 
its suitability for irrigation purposes. Therefore, this study was 
carried out over the karstic area of Altinova region of Antalya, 
located along the Mediterranean coast of Turkey, to assess 
the suitability of groundwater quality for irrigation by using 
several well-known irrigation water quality indices including 
the IWQ index. The novelty of the research study lies in its 
comprehensive evaluation of hydrochemical characteristics 
and groundwater quality in a karstic aquifer, based on several 
single and multi-parameter irrigation water quality indices 
such as SAR, Na%, residual sodium bicarbonate (RSB), PI, 
MAR, KR, and IWQ index. By conducting a comparative 
assessment of hydrochemical characterization and groundwa-
ter quality, the research contributes valuable insights into the 
suitability of groundwater for irrigation purposes in intense 
agricultural lands.

Materials and methods

Study area

Antalya is a metropolitan city located along the Mediter-
ranean coast in the southwest of Turkey (Fig. 1) and covers 
an area of 20,723  km2. The area of Altinova is surrounded 
by the Taurus Mountains at the southeastern Anatolia region 
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Fig. 1  Geographical location and topography of the study area
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and runs from the east to the western part of the Mediterra-
nean Sea. The pilot study area (PSA) of Altinova is located 
approximately 10 km northwest of Antalya City center. The 
PSA covers an area of approximately 74  km2 and is situated 
on a plain where the mountains recede southward forming 
flat areas of a travertine plateau. The area is in the north-
west border of Antalya international airport between the 
coordinates of 36°54′ and 37°2′ northern latitudes, 30°43′ 
and 30°50′ eastern longitudes. The topography of the region 
ranges between less than 50 m to more than 300 m above 
the mean sea level from the southern to the northern border, 
respectively (Fig. 1).

The study area is a home for farming activities where 
intensive agriculture in the form of greenhouses is prac-
ticed almost across the entire area and the total area of the 
greenhouses is estimated at 17.4  km2. Groundwater which 
recharges only during the rainy season (November–Febru-
ary) of the year is the main source of irrigation and most of 
the farmers have private water wells for irrigation. Indus-
trial and residential areas in the PSA also depend on the 
groundwater for their daily use. The main pervasive pol-
lutants in the PSA are from anthropogenic sources such as 
municipal wastewater discharged into the aquifer through 
septic tanks, fertilizers and pesticides used in agriculture in 
addition to domestic and industrial wastes. The PSA has a 
Mediterranean climate with mild, rainy winters, hot and dry 
summers. According to the meteorological data collected 
from the nearest meteorological station (Antalya Airport) 
for the years between 1994 and 2017, the average yearly 
precipitation of the PSA is about 1191.5 mm/year, while the 
mean and maximum air temperatures ranged between 25 and 
35 °C in summer and 14 to 17 °C in winter, respectively.

Geological and hydrogeological settings

The autochthonous and tertiary formation of the PSA is 
mainly composed of travertine, conglomerates, and allu-
vium of the Kursunlu formation. Approximately 63  km2 of 
the study area is covered by the karst travertine formation 
which accounts for about 85% of the PSA. The Kursunlu 
formation consists of conglomerates and sandstone which 
mostly covers the eastern part of the study area and accounts 
for approximately 14%. The third geological formation is the 
alluvium and conglomerates which cover only 1% as per the 
geological map of the study area (Fig. 2a). The thickness 
of the travertine varies between around 240 m in the upper 
plateau down to around 100 m in the lower plateau, while it 
is around 50 m in the northeastern part of Antalya (Efe et al. 
2008). The thickness of both the Kursunlu and the travertine 
formations in the PSA ranges between 30 and 180 m.

A total of 25 representative irrigation groundwater 
wells were chosen for monitoring of groundwater quality 
and depth to groundwater table at the PSA, as depicted in 

Fig. 1. According to hydrological measurements conducted 
in November 2015, February and May 2016, the average 
depth to groundwater table varied between 14.3 m and 
43.5 m (Muhammetoglu et al. 2017; Wani 2019). Based on 
the geotechnical investigations, yield of water wells varied 
between 1 and 100  m3/s, as reported during the time of drill-
ing (DSI 2005). Net recharge is estimated by around 44% 
of the precipitation in the karstic zone of the study area, 
whereas approximately 15% of the precipitation infiltrates 
to the aquifer in the non-karstic zone of the PSA (AMPR 
2016). The groundwater flows from the north to the south in 
the PSA as depicted in Fig. 2b (Wani 2019). The extended 
cross section of the PSA is presented in Fig. 2c.

Monitoring of groundwater quality

The locations of the 25 monitoring wells were docu-
mented by means of GPS. The physicochemical charac-
teristics of the groundwater samples were determined by 
field measurements and laboratory analyses following 
the standard procedures. Four sessions of seasonal field 
measurements were conducted at the monitoring wells for 
temperature, salinity, specific conductivity (SC), pH, total 
dissolved solids (TDS), turbidity, and dissolved oxygen 
(DO) in August and November 2015, February and May 
2016 using the HACH HQ40d digital multi-parameter 
instrument and HACH 2100Q-is turbidity meter. Nitrate 
analyses were conducted in the laboratory of the Envi-
ronmental Engineering Department at Akdeniz University 
using the HACH DR5000 spectrophotometer and HACH 
Lange LCK 339 nitrate cuvette test (2.6-Dimethylphe-
nol, Standard method: EN 38405 D-2 method). Two ses-
sions of intensive water quality sampling were realized in 
November 2015 and May 2016 at all the monitoring wells 
for many physical, bacteriological and chemical param-
eters. The analyses of all parameters were conducted at 
the accredited Turkish Ministry of Health, Antalya Public 
Health Laboratory. Prior to sampling of groundwater, the 
well water was pumped multiple times to collect freshwa-
ter samples. The samples were obtained from private wells 
with sampling depths ranging from 14 to 44 m. Polyethyl-
ene bottles were initially cleaned by the groundwater itself 
through a threefold cleaning process before being used 
for collection. A volume of 2 L of groundwater was col-
lected for the analysis of ions and trace elements. To pre-
vent interference from atmospheric gases, all bottles were 
filled with groundwater and securely sealed with parafilm. 
Pre-sterilized 100 mL amber glass sample bottles were 
utilized for collecting samples for bacteriological param-
eters. The water samples were stored in a cooler box at a 
low temperature (approximately 4 °C) and kept in the dark 
until transported to the laboratory. Analysis of major ani-
ons/cations and trace elements was carried out using Ion 
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Chromatography and Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). Bicarbonate analysis employed 
titrimetric methods. Total coliform and Escherichia coli 
(E. coli) analyses were performed using the membrane 
filtration technique according to the TS EN ISO 9308-1 
method. Each water sample underwent triplicate analysis, 
with standards and blanks regularly dispersed in sample 
batches to ensure data quality. To ascertain the reliability 
of the analyses results, the ionic charge balance percentage 

criterion was performed for each well where the ionic bal-
ance error was generally within ± 5%.

Methodology of the study

The methodology employed in this study, as briefly outlined 
in Fig. 3, consists of three distinct phases. In the first phase, 
a monitoring study was conducted, involving both field 
measurements and comprehensive analyses of water quality 

Fig. 2  a Geological formation of the PSA, b groundwater flow direction and c extended cross section of the PSA (after Davraz 1998 as cited in 
Davraz et al. 2008)



 Environmental Earth Sciences (2024) 83:237237 Page 6 of 20

parameters. Subsequently, in the second phase, the evalua-
tion of monitoring study outcomes was undertaken through a 
comparative assessment. This involved the evaluation of irri-
gation water quality and the examination of hydrochemical 
facies, along with the classification of water quality based on 
USSL, Wilcox, and Doneen’s diagrams. Correlation analy-
sis of physicochemical parameters and the application of 
the irrigation water quality (IWQ) index were integral to 
this phase. The results obtained from the IWQ index were 
classified following the methodology proposed by Simsek 
and Gunduz (2007). In the final phase, spatial variations in 
groundwater quality parameters were thoroughly assessed 
utilizing a geospatial analysis tool within the GIS environ-
ment. The integration of GIS facilitated the coherent clas-
sification of regions with analogous water quality indices, 
thereby enhancing the visibility of spatial analyses and 
streamlining the decision-making processes for stakeholders.

Evaluation of irrigation water quality

The groundwater quality parameters used for assessing the 
suitability of groundwater for irrigation include Electrical 
Conductivity (EC), SAR, Na%, RSB, PI, MAR, KR and 
trace elements. Additionally, US Salinity Laboratory USSL 
diagram was plotted, based on computed SAR values and 
measured EC, to determine the suitability of the groundwa-
ter for irrigation. The groundwater suitability was computed 
for each monitoring well using the equations presented in 
Table 1. The concentrations of major anions and cations as 
percentages of milliequivalents per liter (meq/L) were plot-
ted in the Piper diagram (Piper 1944). This was done to give 
better understanding of the hydrochemical processes in the 
aquifer system and to identify groundwater type in the PSA.

The relationship between different physicochemical vari-
ables was determined using correlation analysis where the 
correlation coefficient (r) higher than 0.5 was classified as 
significant. The spatial variation of groundwater quality was 
assessed by geospatial analysis tool in the GIS environment. 

The spatial database was integrated using ArcGIS, in order 
to generate spatial distribution maps of the suitability indi-
ces. The spatial interpolation method employed to deline-
ate the distribution maps of groundwater parameters was 
ordinary kriging.

Irrigation water quality (IWQ) index

In this study, the IWQ index, developed by Simsek and Gun-
duz (2007) was applied where five groups of hazard includ-
ing (1) salinity, (2) permeability, (3) specific ion toxicity, 
(4) trace element toxicity and (5) miscellaneous impacts on 
sensitive groups were included (Tables 2 and 3). The water 
quality parameters of these groups were selected based on 
the guidelines presented by Ayers and Westcot (1985). These 
five groups of hazard were assigned a weight value from 
highest (5) to lowest (1), based on their significance in irri-
gation water quality. It is well established in the literature 
that the salinity hazard is a significant water quality factor 
that influences the soil permeability therefore a weight of 
(5) was assigned to the salinity hazard. On the other hand 

Fig. 3  Outline of the methodol-
ogy employed in this study Phase-1

Monitoring studies

Field measurements

Laboratory analyses

Phase-2
Evaluation of monitoring 

results

Hydrochemical  
characterization

Defining controlling 
mechanisms

Investigation of 
hydrochemical facies

Correlation analysis

Irrigation water quality 
assessment

Phase-3
GIS application

Geospatial variation of 
hydrochemical 

parameters

Geospatial variation of  
irrigation water quality 

indices

Table 1  The suitability indices for evaluating irrigation water quality

Suitability 
indices

Equations References

SAR SAR =
Na+

√

Ca+2+Mg+2

2

Richards (1954)

Na%
Na% =

(Na++K+)

(Ca+2+Mg+2+Na++K
+
)

Wilcox (1955)

PI
PI =

Na++
√

HCO−
3

(Ca+2+Mg+2+Na+)
× 100

Raghunath (1987)

RSB RSB =
(

HCO−
3
− Ca+2

) Raghunath (1987, 
Gupta (1983)

MAR
MAR =

(Mg+2)
(Ca+2+Mg+2)

× 100
Raghunath (1987)

KR
KR =

(Na+)
(Ca+2+Mg+2)

Kelley (1963)
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the least significant factor including the miscellaneous effect 
was given the lowest weight (1). To compute the IWQ index, 
the contribution of each parameter was considered and a 
suitable rating value was assigned. The general formula used 
in the calculation of IWQ index is given in Eq. 1 (Simsek 
and Gunduz 2007):

(1)IWQ Index =

5
∑

i=1

G
i,

where i is an incremental index and G represents the con-
tribution of each of the five hazard groups. The influence of 
each group of hazard G was calculated using Eq. 2.

where k is an incremental index, N is the total number of 
parameters for the calculation, w is the weight value of the 
selected groups, and r is the rating value of each parameter 

(2)G =

w

N

N
∑

k=1

r
k
,

Table 2  Irrigation water quality 
criteria classification (Simsek 
and Gunduz 2007)

* Represents surface irrigation

Hazard Parameter Weight Range Rating Suitability

Salinity hazard EC (μS/cm) 5 < 700 3 High
700–3000 2 Medium
> 3000 1 Low

Permeability SAR (meq/L) = 0–3 4 EC > 700 3 High
700–200 2 Medium
EC < 200 1 Low

SAR (meq/L) = 3–6 EC > 1200 3 High
EC > 1200–300 2 Medium
EC < 300 1 Low

SAR (meq/L) = 3–12 EC > 1900 3 High
1900–500 2 Medium
< 500 1 Low

SAR (meq/L) = 12–20 EC > 2900 3 High
2900–1300 2 Medium
< 1300 1 Low

SAR (meq/L) = 20–40 EC > 5000 3 High
5000–2900 2 Medium
< 2900 1 Low

Specific ion toxicity Sodium* (SAR) 3 < 3.0 3 High
3.0–9.0 2 Medium
> 9.0 1 Low

Chloride* (mg/L) < 140 3 High
140–350 2 Medium
> 350 1 Low

Boron (mg/L) < 0.7 3 High
0.7–3.0 2 Medium
> 3.0 1 Low

Trace element toxicity See Table 3 for details 2
Miscellaneous Nitrate–nitrogen (mg/L) 1 < 5 3 High

5–30 2 Medium
> 30 1 Low

Bicarbonate (mg/L) < 90 3 High
90–500 2 Medium
> 500 1 Low

pH 7.0 ≤ pH ≤ 8.0 3 High
6.5 ≤ pH < 7.0 and
8.0 < pH ≤ 8.5

2 Medium

pH < 6.5 or pH > 8.5 1 Low
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(Tables 2 and 3). Based on the computed total value of the 
index, the suitability evaluation is done according to the 
criteria presented by Simsek and Gunduz (2007) where the 
values of IWQ index < 22, 22 < IWQ index < 37 and IWQ 
index > 37 indicate low, medium and high suitability of 
water for irrigation, respectively. The details for generat-
ing irrigational suitability index values and grid process-
ing procedures in GIS are explained elsewhere (Simsek and 
Gunduz 2007).

Results and discussion

Hydrochemical characteristics of the groundwater

The descriptive statistics of the monitored parameters 
are presented in Table 4 along with the guideline levels 
of the World Health Organization (WHO) for drinking 
water quality (WHO 2006). The groundwater tempera-
ture (T) was in the range of 17.7–24 °C with an average 

Table 3  Classification for trace 
element toxicity (Simsek and 
Gunduz 2007)

Parameter Range (mg/L) Parameter Range(mg/L) Rating Suitability

Aluminum Al < 5.0 Iron Fe < 5.0 3 High
5.0 ≤ Al ≤ 20.0 5.0 ≤ Fe ≤ 20.0 2 Medium
Al > 20.0 Fe > 20.0 1 Low

Arsenic As < 0.1 Lead Pb < 5.0 3 High
0.1 ≤ As ≤ 2.0 5.0 ≤ Pb ≤ 10.0 2 Medium
As > 2.0 Pb > 10.0 1 Low

Cadmium Cd < 0.01 Manganese Mn < 0.2 3 High
0.01 ≤ Cd ≤ 0.05 0.2 ≤ Mn ≤ 10.0 2 Medium
Cd > 0.05 Mn > 10.0 1 Low

Chromium Cr < 0.1 Nickel Ni < 0.2 3 High
0.1 ≤ Cr ≤ 1.1 0.2 ≤ Ni ≤ 2.0 2 Medium
Cr > 1.0 Ni > 2.0 1 Low

Copper Cu < 0.2 Selenium Se < 0.01 3 High
0.2 ≤ Cu ≤ 5.0 0.01 ≤ Se ≤ 0.02 2 Medium
Cu > 5.0 Se > 0.02 1 Low

Fluoride F < 1.0 Zinc Zn < 2.0 3 High
1.0 ≤ F ≤ 15.0 2.0 ≤ Zn ≤ 10.0 2 Medium
F > 15.0 Zn > 10.0 1 Low

Table 4  Descriptive 
statistics for the monitored 
physicochemical parameters

* NSAG Number of samples above the guidelines of WHO. Min, Max, SD, TH, NA denote minimum, maxi-
mum, standard deviation, total hardness, and not applicable

Parameter Unit Mean Median SD Min Max WHO limit NSAG*

pH – 7.10 7.13 0.19 6.44 7.54 6.5–8.5 0
T °C 20.13 20.00 1.32 17.70 24.00 NA –
EC µS/cm 665.96 681.00 150.55 418.00 948.00 500–700 10
TDS mg/L 429.33 424.78 99.33 264.31 628.25 500 9
Ca2+ mg/L 111.98 104.14 21.52 75.60 161.95 200 0
Mg2+ mg/L 6.31 3.88 5.77 1.47 23.85 150 –
Na+ mg/L 12.52 12.30 5.89 4.85 24.14 200 0
NO3

− mg/L 45.75 48.13 30.73 0.20 128.30 50 12
K+ mg/L 1.14 0.83 0.92 0.31 3.62 200 0
SO4

2− mg/L 31.53 21.72 35.48 2.08 153.34 200 0
Cl− mg/L 20.00 16.08 12.00 2.94 53.96 250 0
HCO3

− mg/L 279.99 280.00 64.16 132.80 439.20 150 24
Salinity ‰ 0.33 0.32 0.08 0.20 0.49 NA –
F− mg/L 0.08 0.06 0.04 0.04 0.17 5 0
TH mg/L as  CaCO3 307.88 298.18 66.76 195.13 440.71 200 24
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of 20.13 °C. According to Daanoba et al. (2019), such 
temperature values propose that there is no hydrothermal 
influence in the aquifer. The measured values of pH in the 
PSA varied between 6.44 and 7.54 with an average value 
of 7.10 which is classified as neutral to weak alkalinity. 
The EC and TDS values had wide ranges with average val-
ues of 665.96 µS/cm and 429.33 mg/L, respectively. The 
recommended guideline range for electrical conductivity 
(EC) was set between 500 and 700 µS/cm, where 40% of 
the groundwater samples exhibited measured EC values 
ranging from 418 to 948 µS/cm. Some of the monitoring 
wells exhibited elevated concentrations of TDS exceed-
ing the WHO guideline value of 500 mg/L. Dominance 
of major cations in the groundwater samples was in the 
order of  Ca2+ >  Na+ >  Mg2+ >  K+ and all the values were 
within the limits of WHO guidelines. The concentration 
of  Na+ and  K+ in the groundwater samples varied from 
4.85 to 24.14 mg/L and 0.31 to 3.62 mg/L with average 
values of 12.52 and 1.14 mg/L, respectively. The  K+ con-
centration in the groundwater samples was relatively low 
in the entire PSA. TH in the PSA ranges between 195.13 
and 440.71  mg/L as  CaCO3 with an average value of 
307.88 mg/L. Hardness is classified as soft (< 75 mg/L), 
moderate (between 75 and 150 mg/L), hard (between 150 
and 300 mg/L) and very hard (> 300 mg/L as  CaCO3). 
Accordingly, hardness level was classified as hard for 52% 
and very hard for 48% of groundwater samples in the PSA 
where  Ca2+ was the predominant cation resulting from the 
soil lithology and the strong dissolution of carbonate rocks. 
Although the high TH levels may not pose potential risk 
to public health, it is generally not preferred by the local 
people for drinking. The level of the key anions in the PSA 
was in the order of  HCO3

− >  Cl− >  SO4
2− and  HCO3

− was 
the main anion with a mean value of 278 mg/L. These 
high values of  HCO3

− might be due to the autochthonous 
nature of the PSA which is predominantly limestone and 
sandstones. The  F− concentrations were also relatively 
low ranging from 0.04 to 0.17 mg/L with a mean value of 
0.08 mg/L. The monitoring results showed that approxi-
mately 96% of the groundwater samples had high TH and 
 HCO3

− values which exceeded the guideline values of 
WHO. The monitoring results revealed high  NO3

− concen-
trations with a mean value of 45.75 mg/L, and occasional 
high values, exceeding 100 mg/L, at two monitoring wells 
namely K18 and K20. This high level of nitrate concen-
trations was more than twice the recommended guideline 
value of  NO3

− by the WHO. Approximately 48% of the 
groundwater samples exhibited high  NO3

− concentrations 
above the WHO standard of 50 mg/L which was mainly 
due to the disposal of municipal wastewater by septic 
tanks and intense use of fertilizers, posing serious risk 

to the groundwater quality (Muhammetoglu et al. 2017). 
The results of water quality analyses for trace elements is 
given in Table 5 where low concentrations of  As3+ were 
observed in general with an occasional maximum value 
of 26.42 µg/L.

Spatial distribution of hydrochemical parameters 
and coliform bacteria

The spatial distribution of the hydrochemical parameters 
and coliform bacteria are presented in Fig. 4 and Figure S1 
(in the Supplementary File). The spatial maps revealed 
that the non-karstic aquifer has higher levels of  Ca2+,  Na+, 
TDS, TH, and  SO4

−2 than the karstic part, where some of 
the monitoring results exceeded the WHO guidelines for 
drinking water.  NO3

− concentrations showed high spatial 
variations in the range of less than 1 mg/L to more than 
100 mg/L. High  NO3

− values were observed in 12 moni-
toring wells exceeding the acceptable limit of 50 mg/L. 
The highest nitrate levels were encountered mostly in the 
dense agricultural and residential areas which could be due 
to intensive usage of fertilizers and direct disposal of the 
municipal wastewater into the aquifer. High levels of EC 
(> 700 µS/cm), above the WHO guidelines, were observed 
in the monitoring wells of K1, K2, K3, K4, K19, K20, and 
K24 in the non-karstic formation. High levels of  F− and  K+ 
were observed in the southwestern part of the PSA within 
the karstic zone. Relatively high numbers of coliform bac-
teria were monitored in the entire PSA due to existence of 
many septic tanks where the maximum number of coli-
forms was analyzed as 3000 cfu/100 mL at the monitoring 
well of K11.

Mechanisms controlling water chemistry

The Gibbs diagram is a valuable tool for interpreting the 
geochemical processes influencing groundwater chemis-
try and understanding the hydrogeochemical evolution of 
groundwater systems. This diagram shows the relationship 
between TDS and Na + K/(Na + K + Ca) and represents the 
weight ratio of TDS to Cl/(Cl +  HCO3). The visualization 
of all samples in the rock dominance field in the Gibbs 
diagram shows that the factor that controls groundwater 
chemistry is the rock–water interaction (Fig. 5). This phe-
nomenon is indicative of potential rock weathering and 
mineral dissolution, both of which are likely contributing 
factors to the observed changes in water chemistry. The 
outcomes of these interactions emphasize the significance 
of understanding and considering the geological context 
when evaluating water quality and its associated chemical 
composition.
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Hydrochemical facies

Investigation of hydrochemical facies enhance the identifica-
tion of chemical processes occurring within the lithologic 
framework and the groundwater flow pattern through the 
aquifer systems (Piper 1944; Glynn and Plummer 2005). 
The Piper diagram and the Hydrochemical Facies Evolution-
Dominance (HFE-D) (Gimenez-Forcada 2010) method are 
well-known tools used in hydrochemical facies analysis. In 
the study of Mirzavand and Ghazban (2022), HFE-D method 
was applied to provide information on salinization and fresh-
ening processes for groundwater salinization in Kashan Plain 
aquifer in Iran. The choice between the Piper diagram and 
HFE-D method depends on the specific goals of the hydro-
chemical facies analysis. The HFE-D method is valuable 
for temporal analysis and a quantitative understanding of 
hydrochemical facies evolution while the Piper diagram is 
advantageous for clear and concise visual representation 
of water chemistry and comprehensive classification of 
dominant ions. As the Piper diagram is a well-established 

and widely used method for hydrochemical analysis, it was 
selected to examine the hydrochemical facies of groundwa-
ter in the PSA and the concentrations of major anions and 
cations were plotted in the Piper diagram (Fig. 6). The plot 
revealed that major hydrochemical facies of groundwater 
were dominated by bicarbonate type, calcium type and mag-
nesium bicarbonate type with an insignificant trace of chlo-
ride type whereas Na + K cation facies were not identified. 
There was no distinct difference in terms of hydrochemical 
facies for the monitoring wells in the karstic and non-karstic 
parts of the PSA due to similarities in chemical processes 
and composition. Generally,  CaHCO3 and  MgHCO3 facies 
were dominant within the PSA where most of the monitor-
ing wells were in the field of alkaline Earth metal  (Ca2+, 
 Mg2+) dominating over the alkalies  (Na+,  K+). It is impor-
tant to mention that similar water type was reported in an 
early study conducted at Antalya Basin, covering the PSA, 
by Davraz et al. (2008). Consequently, the dominant water 
type in the autochthonous karstic unit of Turkey (Antalya) 
is described as  CaHCO3 type.

Table 5  The results of water quality analyses in Altinova for trace elements (all values are in µg/L)

Monitoring well Al As Cd Cr Cu F Fe Mn Ni Pb Se Zn

K1 42.51 1.30 < 0.012 1.54 < 2 70 232.74 11.45 2.87 0.04 0.37 51.32
K2 16.01 0.51 < 0.012 1.09 < 2 140 303.61 86.28 1.99 < 0.026 < 0.136 9.13
K3 3.50 8.82 0.019 1.22 < 2 155 89.86 7.40 1.38 0.04 0.57 16.63
K4 43.56 0.97 < 0.012 5.33 < 2 70 40.85 1.20 2.81 < 0.026 0.27 14.47
K5 3.59 1.24 < 0.012 1.59 < 2 45 6.97 0.23 2.30 0.05 0.16 2.22
K6 3.93 2.38 < 0.012 1.96 < 2 70 7.86 0.24 2.97 0.04 0.28 0.36
K7 5.74 2.00 < 0.012 1.81 < 2 60 10.15 0.42 2.61 0.07 0.24 8.96
K8 2.62 1.74 < 0.012 1.77 < 2 70 7.20 0.50 3.07 0.07 0.22 79.29
K9 15.82 1.10 0.017 2.05 < 2 145 16.02 0.55 2.74 0.03 0.55 80.91
K10 14.69 3.19 < 0.012 2.56 < 2 50 18.80 0.52 3.51 0.21 0.19 131.13
K11 4.20 1.25 < 0.012 1.37 < 2 55 6.60 0.21 2.79 < 0.026 0.16 111.06
K12 8.97 2.83 < 0.012 1.95 < 2 50 10.81 0.27 2.99 0.16 0.14 324.30
K13 2.04 2.73 < 0.012 1.86 < 2 50 16.62 3.53 2.70 0.05 0.14 5.84
K14 3.52 1.96 < 0.012 1.63 < 2 55 6.34 0.20 2.06 < 0.026 0.15 9.94
K15 3.35 1.92 < 0.012 2.07 < 2 60 9.70 0.27 3.02 0.05 0.15 91.64
K16 3.39 1.85 < 0.012 2.23 < 2 35 14.49 0.30 3.83 0.08 0.15 0.75
K17 8.86 1.83 < 0.012 1.28 < 2 45 10.74 0.30 1.79 0.05 0.13 69.02
K18 2.94 1.21 < 0.012 4.14 < 2 35 21.41 1.93 2.28  < 0.026 0.14 36.96
K19 8.83 0.28 0.024 3.71 < 2 40 11.61 0.31 2.00 0.05 0.37 39.07
K20 21.50 0.67 < 0.012 2.89 5 50 32.31 1.20 1.81 0.21 0.44 13.52
K21 2.44 26.42 < 0.012 2.79 < 2 65 9.16 0.51 3.21 < 0.026 0.23 0.64
K22 4.25 0.68 < 0.012 2.07 < 2 60 6.39 0.53 2.09 < 0.026 0.23 51.29
K23 7.01 0.71 < 0.012 1.48 < 2 90 8.51 0.31 1.47 0.08 1.09 3.24
K24 2.73 0.99 < 0.012 2.04 < 2 125 9.24 1.02 5.31 < 0.026 0.25 53.30
K25 53.89 2.65 < 0.012 1.29 < 2 35 32.91 0.72 1.98 < 0.026 0.17 51.32
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Correlation matrix

Correlation analysis is a useful tool to identify the relation-
ship between physicochemical characteristics of ground-
water and to elaborate the geochemical processes that con-
tribute to the groundwater mineralization and composition, 
as presented in Table S1 (in the Supplementary File). In 
general, the leaching of limestone is the main source of 
 Ca2+ and  Mg2+ ions present in the groundwater. Calcium 
ions can be also released from the cation exchange reactions 
(Kumar et al. 2009). The relationship between the ground 
elevation and EC was investigated for the PSA (Figure S2 
in the Supplementary File) where the results revealed that 
the EC in the water samples increased with the decrease of 
the elevation as the groundwater moved toward lower eleva-
tions in the south. These findings are in agreement with the 
study conducted in a similar environment at Nif Mountain 
by Simsek et al. (2008). In addition to the rock–water inter-
actions, agricultural activities including irrigation and fer-
tilizer usage in the PSA are likely the main factors affecting 
changes in groundwater quality and, consequently, impacting 
the EC level. According to the results of correlation analy-
sis, pH had significant correlation with EC, TDS, salinity 
and the ions of  Ca2+,  Na+ and  SO4−2. Additionally, high 
correlations were obtained between EC and many major 
ions including  Ca2+ (r = 0.9),  Mg2+ (r = 0.6),  Na+ (r = 0.8), 
 HCO3

− (r = 0.6), and  SO42− (r = 0.7) indicating a similar 
source for these parameters.

The correlation between  Ca2+ and  HCO3
− (r = 0.5) 

suggested that calcite was the main sources of  Ca2+ and 
 HCO3

− in the groundwater which was probably derived from 
carbonate weathering in the aquifer. Furthermore, a sig-
nificant correlation between  Ca2+ and  SO4

2− was observed 
(r = 0.7) indicating that calcium and sulfate were associ-
ated with mineralization of the groundwater in the PSA. 
This further suggested that the main source of  Ca2+ in the 
groundwater results from the dissolution of carbonate rocks 
(limestone) which is mostly related to Mesozoic units in 
the PSA.  HCO3

− exhibits a high correlation between both 
 Na+ (r = 0.7) and  Mg2+ (r = 0.6) implying the possible dis-
solution of carbonates rocks within the aquifer. The highest 
and positive correlations were observed between TDS and 
Salinity, EC and TDS, Salinity and EC (r = 1.0). The SAR 
values had a significant correlation with  Na+ (r = 1.0), EC 
and TDS (r = 0.8).

Groundwater quality assessment for irrigation 
purpose

Numerous indices were used in the literature for evaluating 
the groundwater suitability for irrigation usage where the 
investigation was based on various ions and cations. In this 

research study, the salinity level in terms of EC (Richard 
1954; Raghunath 1987) and many irrigation water quality 
indices including SAR, PI, MAR, KR, Na %, RSB, in addi-
tion to US Salinity Laboratory USSL diagram were used 
to assess the suitability of the groundwater in the PSA for 
irrigation purpose. The descriptive statistics of the irrigation 
water quality indices is shown in Table 6 for all the monitor-
ing wells in the PSA whereas the evaluation of groundwater 
quality for irrigational use is presented in Table 7.

SAR is a widely used indicator for measuring both sur-
face and groundwater suitability for irrigational use as it 
indicates the alkali/sodium hazard to crops. The excess  Na+ 
leads to the decrease in  Ca2+ and  Mg2+ since the soil  Na+ 
uptake can replace these ions. Food and Agriculture Organi-
zation (FAO) recommends the guideline value of SAR to be 
between 0 and 15 (Ayers and Westcot 1985). All the levels 
of SAR in the PSA were within the allowed range for irri-
gational use. The low SAR levels in the PSA might be asso-
ciated with the alkaline soil lithology. To further interpret 
the results, the computed SAR and the measured EC values 
were plotted in the USSL diagram (Fig. 7a) (Richards 1954). 
The results showed that the computed SAR values ranged 
from 0.14 to 0.56 with an average value of 0.30 where all 
the results were within C2-S1 and C3-S1 classes. 68% of the 
groundwater samples were within C2-S1 class indicating a 
low sodium hazard with medium salinity level, whereas the 
remaining 32% of the samples, which were within C3-S1 
class, indicated a relatively high salinity hazard with low 
sodium hazard.

Na% is extensively used for determining the suitability 
of groundwater for irrigation where high  Na+ level in water 
can negatively impact the soil permeability and, hence, limit 
the flow of air and water. Figure 7b shows the spots of the 
distinct groundwater types in the Wilcox diagram (Wilcox 
1955) where the groundwater samples were classified as 
excellent and good. According to Na% index, groundwater 
in the PSA is excellent for irrigation purpose. The Na% val-
ues varied from 4.59 to 13.47 with an average of 8.21. FAO 
recommends the guideline value of EC to be below 3000 µS/
cm (Ayers and Westcot 1985) and the EC values in the PSA 
showed a wide range between 418 and 948 µS/cm, suggest-
ing that the groundwater samples were within the accept-
able range for irrigation water quality (Ayers and Westcot 
1985). Approximately 68% of the groundwater samples had 
a good level of EC whereas the remaining 32% of samples, 
taken from the non-karstic area (monitoring wells of K1, 
K2, K9, K19, K20, K21, K23 and K24), had permissible 
values of EC between 750 and 950 µS/cm due to intense 
anthropogenic activities. From irrigation point of view, the 
results revealed that the current groundwater quality is safe 
and suitable for irrigation purpose in the karstic part of the 
PSA with limited to no sodium hazards. However, mixing 
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of groundwater with other sources of freshwater is highly 
recommended to reduce the salinity level for the non-karstic 
part of the PSA for irrigational use or groundwater in that 
part could be used to irrigate relatively high salt-tolerant 
plants.

MAR is also an essential index in evaluating the ground-
water suitability and MAR indicates a harmful impact on 
the soil when it exceeds 50 (Raghunath 1987). At the same 
level of salinity and SAR, adsorption of  Na+ by soil and 
clay minerals increases when the ratio of  Mg2+ to  Ca2+ 
increases, due to weak bonding energy of  Mg2+ compared 
with that of  Ca2+. The higher uptake of  Na+ occurs par-
ticularly if this ratio is greater than 4. The computed values 
of MAR in all the groundwater samples were in the range 
of 3.10–27.40 with an average of 7.80 (Table 6) which 
revealed that the groundwater is suitable for irrigation. KR 
is among the most important parameters for determining 
the hazardous effect of sodium on groundwater quality 
which indicates the balance among  Na+,  Ca2+, and  Mg2+ 
ions in water. Water samples with KR values greater than 1 
is considered unsuitable for irrigation. The values of KR in 
the groundwater samples were in the range of 0.046–0.150 
with an average value of 0.086 (Table 6) which revealed 
that the groundwater is suitable for irrigation. In case of PI, 
the groundwater samples were in the range of 29.20–48.36 
and they were classified as suitable for irrigation. Based 
on the relationship between PI values and total concentra-
tion of  Na+ and  HCO3

−, as plotted in the Doneen’s dia-
gram (1964), the groundwater quality was found as Class 
I, being suitable for irrigational use in almost all types of 
soil (Fig. 7c). The groundwater in the PSA showed a high 
level of quality and suitability for irrigation purpose based 
on the PI.

The spatial distribution maps of different irrigation 
water quality indices, as presented in Fig. 8, revealed 
that the groundwater in the PSA is suitable for irriga-
tion purpose in regard to all irrigation indices such as 
SAR, Na%, MAR, PI, KR, and RSB; whereas both good 
and permissible levels were obtained according to EC. 
The spatial distribution of SAR in the PSA was within 
the acceptable range, where the high values appeared 
in the west and southeast parts of the PSA. The spatial 
distribution map of Na% showed relatively high levels of 
 Na+ for the monitoring wells located at the southeastern 
and western parts of the PSA which is mainly due to the 
land-use activities.

Results of IWQ index

It is well known that comparative assessment based on sin-
gle or limited number of parameters cannot give in-depth 
characterization of the water quality for different uses. The 
current study investigated most of the well-known irrigation 
water quality indices for the PSA. However, IWQ index, 
which takes into account many parameters in addition to 
trace elements, was also applied to the PSA and the spatial 
distribution map of IWQ index was created based on the 
computed index values (Fig. 9). The computed IWQ index 
values were in the range of 38.98–40.64, where the suitabil-
ity is classified as high. The spatial analysis of IWQ index 
values revealed that all the PSA had high suitability class 
of irrigation with minor spatial differences. Consequently, 
based on the overall IWQ index values, the groundwater 
quality in the autochthonous formation of karstic and non-
karstic aquifer of the PSA was evaluated to be suitable for 
irrigational use. However, special care should be given 
toward protecting the groundwater resources from any 
potential deterioration particularly due to the current prac-
tices of the intensive use of agricultural fertilizers and the 
disposal of wastewater into the aquifer.

The parameters and irrigation water quality criteria clas-
sification of the IWQ index complies well with the criteria 
outlined in the Draft Regulation on “Quality of Irrigation 
Water and Reuse of Used Water” by the Turkish Ministry 
of Agriculture and Forestry. The General Irrigation Water 
Quality criteria given in the regulation comprises the same 
parameters presented in Tables 2 and 3 with three classes of 
use restrictions (no restriction, low-medium level of restric-
tion, high level of restriction). Therefore, IWQ index is a 
practical tool to evaluate multi parameters of groundwater 
quality in a single index value for irrigation water quality 
assessment.

Conclusion

Despite the significant role of karstic aquifers in supply-
ing water for both irrigation and domestic purposes in the 
Mediterranean region, there is a lack of knowledge regarding 
the quality of water used for irrigation, especially in areas 
like Antalya with intense agricultural practices. This study 
addresses this gap by employing various well-established 
irrigation water quality indices, including SAR, Na%, RSB, 
PI, MAR, KR, and the IWQ index. The study was applied 
in the PSA of Altinova region with an autochthonous karst 
aquifer. The PSA is covered with Cenozoic formation, 
composed of karstic travertine, alluvium of quaternary 

Fig. 4  Spatial distribution maps of the hydrochemical parameters and 
coliform bacteria [all parameters are measured in mg/L except Temp: 
Temperature (°C) and coliform bacteria (CFU/100 mL)]

◂
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Fig. 5  Gibbs diagrams a TDS versus Na + K/(Na + K + Ca), b TDS versus Cl/(Cl +  HCO3) (all parameters are in mg/L)

Fig. 6  Piper diagram of the 
groundwater samples
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and clay, sandstones, and conglomerate of tertiary forma-
tion. The dominance of the major cations and anions in the 
groundwater was as follow:  Ca2+ >  Na+ >  Mg2+ >  K+ and 
 HCO3

− >  Cl− >  SO42−. Generally, the dominant water type 
in the PSA was  CaHCO3 facies where most of the groundwa-
ter samples were in the field of alkaline Earth metals  (Ca2+, 
 Mg2+). According to the USSL diagram, the groundwater 
samples were within C2-S1 and C3-S1 classes, highlighting 
medium to high salinity hazard and low sodium content. 

Additionally, other irrigation water quality indices, such 
as Na%, MAR, PI, RSB, and KR showed that groundwa-
ter quality at the PSA is suitable for irrigational use. The 
calculated indices were all within the recommended limits 
of US Salinity Laboratory (USSL). The concentration of 
the physicochemical elements (cations and anions) were 
within the normal range of irrigation water quality. However, 
more attention toward the elevated levels of EC is required 
mainly in the non-karstic part of the PSA as high salinity 

Table 6  Descriptive statistics of 
irrigation water quality indices 
for the PSA

Descriptive statistics SAR PI Na% RSB MAR KR

Mean 0.30 40.95 8.21 − 1.00 7.80 0.086
Standard error 0.02 1.02 0.53 0.22 1.25 0.006
Median 0.29 42.08 7.93 − 0.88 4.74 0.083
Standard deviation 0.12 5.09 2.64 1.11 6.26 0.030
Sample variance 0.02 25.95 6.99 1.24 39.15 0.001
Range 0.42 19.16 8.88 4.72 24.30 0.104
Minimum 0.14 29.20 4.59 − 3.82 3.10 0.046
Maximum 0.56 48.36 13.47 0.90 27.40 0.150

Table 7  Results of irrigation 
water quality indices for the 
PSA

Parameter (unit) References Range Irrigation quality No of 
samples 
(%)

SAR Todd (1980), Richards (1954) < 10 Excellent—S1 100
10–18 Good—S2 0
19–26 Doubtful—S3 0
> 26 Unsuitable—S4 and S5 0

Na% (%) Wilcox (1955) < 20 Excellent 100
20–40 Good 0
40–60 Permissible 0
60–80 Doubtful 0
> 80 Unsuitable 0

RSB (meq/L) Raghunath (1987), Gupta (1983) < 5 Satisfactory 100
5–10 Marginal 0
> 10 Unsatisfactory 0

PI Raghunath (1987) < 60 Suitable 100
> 60 Unsuitable 0

MAR Raghunath (1987) < 50 Suitable 100
> 50 Unsuitable 0

KR Kelley (1963) < 1 Suitable 100
1–2 Marginal suitable 0
> 2 Unsuitable 0

EC (μS/cm) Richards (1954), Raghunath (1987) < 250 Excellent 0
250–750 Good 68
750–2000 Permissible 32
2000–3000 Doubtful 0
> 3000 Unsuitable 0



 Environmental Earth Sciences (2024) 83:237237 Page 16 of 20

can negatively affect the soil and crops. Major cations and 
anions have a strong relationship with the TDS indicating 
that the salinization of groundwater is due to the increased 
ionic concentration resulting from the interactions between 
the groundwater and the geological formation. In case of 
IWQ index, the groundwater in the PSA was evaluated to 
have high suitability for irrigational use. Comparatively high 
levels of  NO3

−, TDS, EC, TH,  HCO3
−, and coliform bacteria 

were monitored in the intense agricultural areas and residen-
tial areas that lack proper wastewater collection and disposal 

systems. In conclusion, hydrochemical characterization and 
assessment of groundwater are essential processes that pro-
vide insights into the quality, quantity, and sustainability of 
groundwater resources. The use of stable nitrogen isotopes 
(15N:14N) is recommended for future research studies aimed 
at distinguishing between natural/anthropogenic sources of 
nitrate, understanding nitrogen transformation processes, 
exploring temporal variability and comprehending ground-
water flow dynamics.

Fig. 7  Classification of groundwater quality based on a USSL diagram, b Wilcox diagram and c Doneen’s diagram
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Fig. 8  Spatial distribution maps of the applied irrigation water quality indices for the PSA
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