
Vol.:(0123456789)1 3

Environmental Earth Sciences (2021) 80:520 
https://doi.org/10.1007/s12665-021-09843-9

ORIGINAL ARTICLE

Saltwater intrusion in drinking water wells of Kordkuy, Iran: 
an integrated quantitative and graphical study

Esmaeil Ghezelsofloo1 · Mostafa Raghimi1 · Mojtaba G. Mahmoodlu2  · Aziz Rahimi‑Chakdel1 · 
Seyed Mohammad Seyed Khademi3

Received: 29 December 2020 / Accepted: 28 July 2021 / Published online: 10 August 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Seawater or saline water intrusion into coastal aquifers is one of the most challenging and widespread environmental problems 
that threaten the groundwater quality and sustainability. Extensive groundwater extraction in Kordkoy aquifer, mainly for 
municipality and agricultural development, has caused substantial seawater encroachment and upcoming of the deep saline 
water into the aquifer. This study was conducted to assess saline water intrusion into drinking water wells using hydrogeo-
chemical approaches (quantitative and graphical). For this purpose, 28 water samples were collected from drinking water 
wells over two seasons to analyze 16 water quality parameters. The results of five chemical indicators encompass chloride 
concentration, Na/Cl, Ca/Mg, and Cl/(HCO3 +  CO3) ratios, and BEX indices revealed that more than 60% of drinking water 
wells in the study area were influenced by seawater or saline water. Furthermore, reverse ion exchange and salinization 
are the dominant ionic processes in the aquifer. The chemical indicator results, on the whole, were supported by various 
graphical techniques such as the bivariate plots of Cl versus EC, TDS versus Na/(Na + Cl), total dissolved ions (TDI) versus 
other major ions together with Stiff, Piper, Durov, HFD, and Gibbs diagrams. Results showed that except one well, which 
was harmfully contaminated by saline water, the sampling water wells, on the whole, were divided into three homogeneous 
chemical classes; unaffected, slightly, and moderately influenced by saline water. Since the preliminary results of geophysi-
cal surveys in the study area revealed a layer having an electrical resistivity of less than 5–10 Ωm in an average depth of 
120 m, there is a quite high possibility of saline water intrusion from the subsurface layers due to high depth and discharge 
rate of some drinking wells.

Keywords Seawater intrusion · Coastal aquifer · Chemical indicators · Graphical approach

Introduction

Groundwater as a natural and precious resource plays a vital 
role in survival on the Earth and a key role in the existence 
of human society as well as in the growth and development 
of a country (Machiwal et al. 2018; Gopinath et al. 2019; 
Tiwari et al. 2019; Tran et al. 2020). Many coastal areas in 
the world contain dense populations, as these areas have 
food integrity and important economic activities such as 
urban development, trade, and touristic activities. These are 
factors that have attracted people to settle in these areas; 
consequently, the water demand for domestic consumption, 
agriculture, and industry has increased. For these above-
mentioned reasons, a large quantity of water has long been 
pumped. As a result, ae common phenomenon, so-called 
seawater intrusion and/or groundwater salinization, has 
occurred in many coastal areas worldwide (Shi and Jiao 

 * Mojtaba G. Mahmoodlu 
 m.g.mahmnoodlu@gmail.com

 Esmaeil Ghezelsofloo 
 ghezelsefloo@gmail.com

 Mostafa Raghimi 
 m.raghimi@gu.ac.ir

 Aziz Rahimi-Chakdel 
 a.rahimi@gu.ac.ir

 Seyed Mohammad Seyed Khademi 
 seidkhademi@gmail.com

1 Department of Geology, Golestan University, Gorgan, Iran
2 Watershed and Rangeland Management, Gonbad Kavous 

University, Gonbad Kavus, Iran
3 Department of Instrumental Analytical Chemistry, University 

of Duisburg-Essen, Duisburg, Germany

http://orcid.org/0000-0001-7016-1246
http://crossmark.crossref.org/dialog/?doi=10.1007/s12665-021-09843-9&domain=pdf


 Environmental Earth Sciences (2021) 80:520

1 3

520 Page 2 of 15

2014; Morgan and Werner 2015; Sae-Ju et al. 2018). How-
ever, anthropogenic activities contribute significantly to the 
deterioration of groundwater quality in coastal aquifers (Chi-
dambaram et al. 2018).

In general, seawater intrusion is an environmental phe-
nomenon in which the balance between salt water and 
fresh water is destroyed. The extent of seawater intrusion is 
mainly determined by three conditions: (1) the groundwa-
ter recharge rate, which depends on the infiltration capac-
ity, stochastic characteristics of rainfall, climate factors 
climate, and geographic conditions, (2) the permeability of 
the coastal aquifers materials, and (3) the overextraction of 
groundwater (Shi and Jiao 2014; Ma et al. 2019).

Groundwater sources are the single-most important sup-
ply for the production of drinking water in the study area 
(Kordkuy City). The raw water from water abstraction wells 
is only disinfected with chlorine in a tank before entering 
the water distribution system of Kordkuy City. Recently, 
the amount of water production by drinking water wells and 
subsequently the extraction of groundwater have increased 
due to an increase in population growth. This reason, along 
with agriculture expansion and consequently the uncon-
trolled abstraction of groundwater by agricultural wells 
in the region, has increased the salinity in some drinking 
water wells supplying freshwater to Kordkuy City. This has 
become a main concern of the Water and Wastewater Com-
pany of Kordkuy City.

Investigation of saltwater intrusion is essential for sustain-
able groundwater resource management along the coastal 
regions. Mainly understanding of the aquifer hydrological 
system and the interaction between groundwater and seawa-
ter is important. It also helps to determine saline/seawater 
intrusion pathways (Tomaszkiewicz et al. 2014; Gopinath 
et al. 2019; Tiwari et al. 2019). Hence, over a period of 
50 years, several international meetings have addressed the 
problem of marine intrusion (Saltwater Intrusion Meetings). 
Also, over the last century, a number of techniques have 
been extensively used to study saltwater intrusion including 
hydrogeochemistry and multivariate statistical approaches 
(Khadra and Stuyfzand 2016; Tran et al. 2020), geophysical 
methods (Kura et al. 2014; Paepen et al. 2018; Meyer et al. 
2019), modeling and geographical information studies (Hu 
and Xu 2016; Gopinath et al. 2019).

Of the different techniques present for saltwater intrusion, 
the hydrogeochemistry method has been increasingly used 
to assess the saline water intrusion in the freshwater aqui-
fers of many coastal regions across the globe. Over the past 
several decades, a number of hydrogeochemistry studies on 
saltwater intrusion has been carried out by many researchers 
in different coastal aquifers over the world (Mercado 1985; 
Xue et al. 2000; Tomaszkiewicz et al. 2014; Llopis-Albert 
et al. 2016; Kanagaraj et al. 2018; Chidambaram et al. 2018; 
Gopinath et al. 2019; Tran et al. 2020).

Current literature lacks information about the deterio-
ration of groundwater quality and the possible saltwater 
intrusion in the study area. Therefore, the present study was 
performed to identify saltwater intrusion into drinking water 
wells drilled in the coastal aquifer of Kordkuy by applying 
various hydrogeochemical methods, together with geophysi-
cal profile tools over an area close to the coastal aquifer of 
Kordkuy City, Iran. The main objectives of the current study 
were to: (1) use several chemical indicators (e.g., chloride 
concentration, Na/Cl ratio, Simpson ratio, Ca/Mg ratio, Ca/
(HCO3 and  SO4, base exchange index), to distinguish sea 
water intrusion from other sources of salinity, (2) apply 
graphical approach (e.g., piper diagram, Durov diagram, 
hydrochemical facies evolution Diagram, and chloride con-
centration versus electrical conductivity) to identify saltwa-
ter intrusion into drinking water wells, and (3) determine 
and compare the statistical difference between the physico-
chemical parameters in the sampling wells in spring and fall.

Materials and methods

Study area

The study area, Kordkuy City, with a population of about 
71,000 people and an area of around 545 ha is located in 
the SE of Caspian Sea and the west of Golestan Province 
(Fig. 1). Similar to numerous cities on the Caspian plain, 
Kordkuy City is situated on alluvial fan, so that the altitude 
decreases from south (419 m) to north (− 21 m below sea 
level).

From a geological point of view, the study area is located 
in Gorgan–Rasht and East Alborz zones and geological 
formations from old to new consist of Gorgan-green-schist 
(most of the heights of the region include these rocks and 
belong to the Ordovician), Lar Formation (consists of 
brownish limestone and dolomite with the age of upper 
Jurassic), alluvial sediments (mainly silt and sand, and peat 
with Quaternary age) and loess (predominantly silt-sized 
sediment with Quaternary age that is formed by the accumu-
lation of wind-blown dust), respectively (Fig. 1).

Geophysical and hydrogeological study

Geoelectrical methods are applied to map the resistivity 
structure of the underground. Rock resistivity is of spe-
cial interest for hydrogeological purposes: it allows, e.g., 
to discriminate between (1) freshwater and salt water, (2) 
soft-rock sandy aquifers and clayey material, (3) hard rock 
porous/fractured aquifers and low-permeable claystones and 
marlstones, and (4) water-bearing fractured rock and its solid 
host rock (Ernstson and Kirsch 2006).
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Figure 2 depicts a profile with north–south extensions 
from Kordkuy to Bandar Turkmen cities that has been 
studied by the General Geophysics Company. As shown in 
Fig. 2, three layers with different electrical resistivity were 
identified in the study area. The first layer has an electrical 
resistivity of about 20 Ωm, which changes to 15 Ωm to the 
north. This layer is the most superficial layer and is located 
just below the study area (Ghezelsofloo, 2019). The second 
layer is thicker and with an electrical resistivity of about 

30 Ωm is located in the study area. However, its electrical 
resistivity increases to the south due to the aquifer recharge 
by the mountain front (50 Ωm). In contrast to the south, the 
electrical resistivity of the second layer diminishes to the 
north (less than 10 Ωm). The most probable reason for this 
can be the vicinity of mentioned layer to the Gorgan Gulf 
and subsequently saline water intrusion into it (Bouderbala 
and Remini 2014; Sae-Ju et al. 2018). The third layer starts 
from a depth of 100 m above the ground and apparently 

Fig.1  Geological map together 
with drinking (sampling) water 
wells

Fig. 2  Geoelectrical profile (a) together with the subsoil conditions of two existing boreholes along the geoelectric cross section in the study area
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forms the bedrock of the aquifer. Throughout most areas, 
the third layer has an electrical resistivity of less than 10 
Ωm, which decreases gradually to the north. One of the most 
important reasons for the reduction in the electrical resis-
tivity of the third layer is the presence of water with high 
salinity (Bouderbala and Remini 2014; Sae-Ju et al. 2018). 
This saline water can also be due to the intrusion of seawater 
or the remnants of saline water (trap saline water) that has 
not been well washed by the freshwater front after Alpine 
Orogeny and the rise of Alborz Mountain. Most probably, 
saline water remains in deep layers due to the high density 
(Ghezelsofloo 2019).

An iso-depth map of the aquifer bedrock revealed that the 
shape of the Kordkuy aquifer resembles a bowl (Fig. 3a), 
the depression of which almost corresponds to the middle 
parts of the plain and decreases in thickness to the north 
and south. The maximum thickness of the aquifer is in the 
alluvial fan and the river route. Geophysical studies have not 
been able to determine the bedrock in this area. This may be 
because of the presence of sediments containing saline water 
(fossil or /and tapped water) under the freshwater aquifer. In 
fact, the boundary between the freshwater aquifer and sedi-
ments containing saline water was not a lithological unit.

The average groundwater level map in 2019 is depicted in 
Fig. 3b using monthly water level measurements of obser-
vation wells in the study area. The maximum groundwater 
level is situated in the floodplain of alluvial fan in the south 
of Kordkuy plain, and it gradually decreases toward the 
center of the plain. Based on the groundwater level map, 
the direction of groundwater flow to the north is along the 
topographic slope. Groundwater inlet sections are located in 
the south and on the edge of Alborz heights. Output sections 
are situated in the north of the study area. Results revealed 

that the highest hydraulic gradient is in the southern part of 
the plain and the lowest hydraulic gradient is in the north-
west of the study area (Ghezelsofloo, 2019).

The maximum transmissivity in the northwest of the 
region is more than 1200  m2/day and the minimum in the 
south of the region is about 800   m2/day. Therefore, the 
amount of hydraulic conductivity (K) has a general trend 
in changes, so that the south of the plain (alluvial fan) due 
to the coarse-grained sand deposits has the highest amount, 
and to the north of the plain due to changes in grain size, the 
amount of K decreases. Also, the amount of storage coef-
ficient in the plain varies from 1 to 8%.

Water sampling and analysis

In current research, 14 drinking water wells were selected 
to investigate the intrusion of saline water into the coastal 
aquifer (Fig. 1). The majority of drinking water wells in 
Kordkuy City have been drilled in in the southern part of 
this city on the floodplain of alluvial fan. The average depth 
of the drinking water is about 170 m. The drinking wells are 
12 inches in diameter and have an average water production 
capacity of about 15 L/s per well. Drinking water supply 
wells in Kordkuy City mainly have different qualities.

The water samples were collected from the water sources 
using the sterile-polythene bottles of 600-ml capacity. 
Before sampling, bottles were washed with water of each 
sampling well to avoid any contamination. All water samples 
were collected in triplicate over spring and fall 2017. Then, 
the water samples were kept in a polyethylene bottle at 4 °C 
and transported to the Water and Wastewater Laboratory of 
Golestan Province for further laboratory analysis. Overall, 

Fig. 3  Bedrock iso-depth map 
(a), and iso-piezometric map 
(b) of the study area
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13 water physicochemical parameters were analyzed during 
the monitoring period (Table 1).

In this study, some parameters such as temperature (T), 
pH value, and electrical conductivity (EC) were determined 
in the field using a portable meter (WTW Multi 3430) and 
appropriate electrodes (WTW, Weilheim, Germany). The 
analytical procedures were developed following the Ameri-
can Public Health Association procedures (APHA 1995). 
The water samples were analyzed for bicarbonate  (HCO3

−) 
using acid titration method; chloride  (Cl−) using titration 
with silver nitrate  (AgNO3) as titrant; sulfate  (SO4

2−) meas-
ured by  BaCl2 method using spectrophotometer. Sodium 
 (Na+) and potassium  (K+) were analyzed using flame 
photometer. Calcium  (Ca2+) and magnesium  (Mg2+) were 
determined using the titration method. Nitrate  (NO3

−) 
concentration was estimated using a spectrophotometer 
(HACH, DR5000) following standard methods: cadmium 
redox and ascorbic acid with wavelength of 500 nm and 
890 nm. The fluoride concentration of groundwater samples 

was determined using Metrohm 861 advanced compact ion 
chromatograph using appropriate standards (Brindha and 
Elango 2013).

Hydrogeochemistry

Quantitative approach

Over the last decades, several chemical indicators have 
been applied to distinguish seawater intrusion from other 
sources of salinity. These, as well as a few other indicators 
are described below.

The main cause of high chloride (Cl) in coastal aquifers 
is most likely attributed to seawater intrusion. Bear (1999) 
stated that an elevated chloride concentration can be used 
as an indication that seawater intrusion or pollution has 
occurred. The amount of Cl in groundwater can be used 
as a basis to classify its type, whether the groundwater is 
pure fresh water or water with high salt content (F = fresh: 

Table 1  Physicochemical analysis of the selected drinking water well of Kordkuy in 2017

Here, anions, cations, TH, and TDS in mg/L, EC in µmho/cm, depth in meter, and Q in L/s)

Season Well Depth Q pH TH TDS EC Ca2+ Mg2+ Na+ K+ HCO3
− SO4

2− Cl− NO3
− F−

Spring 1 200 30 7.55 303 413 732 80.6 20.3 35.6 1.7 240 18.2 96.8 4.8 0.36
2 144 90 7.53 240 364 671 65.5 16.5 42 1.2 260 15.7 56.9 3.12 0.35
3 160 8.5 7.53 260 460 807 71.9 17.3 69 1.75 200 16.8 159.9 2.11 0.35
4 132 8 7.79 380 375 744 85.2 19.2 40.7 0.99 244 18.5 96.4 3.3 0.48
5 188 25 7.64 453 918 1776 145.8 34.8 172.2 2.6 236 18.4 452 3.8 1
6 198 18 8.01 357 956 1743 187.5 59.8 74 1.8 236 17.2 460.6 2.7 0.6
7 180 26 7.77 380 514 901 100.4 28.1 40.21 1.7 200 19.3 180.7 3.9 0.93
8 200 12 7.86 271 480 816 91.1 27 35.4 1.5 240 18.1 132.8 3.3 0.78
9 220 12 7.59 640 1453 2550 233.5 57 220.5 1.5 200 19.3 790 2.55 0.4

10 151 25 7.63 389 1110 2140 139.3 42.9 195 2.2 240 17 531 8.2 1
11 280 25 7.71 330 631 1107 95.8 20.4 112.6 2.1 236 18.6 235 13.5 0.6
12 130 12 7.92 235 494 866 80.8 20.6 65.1 1.15 204 19.7 164.4 15.6 0.74
13 200 6 7.95 230 254 468 55.3 12.8 13.2 0.67 220 15.3 15.19 3.8 0.3
14 200 15 7.85 272 511 951 97.9 18.6 76.2 1.75 272 19.4 158.1 9.11 0.42

Autumn 1 200 30 7.76 310 495 868 95 26.3 42.4 1.8 300 17.2 116.1 4.56 0
2 144 90 7.64 250 405 711 76.2 18 46 1.5 284 14.1 74.7 2.2 0.09
3 160 8.5 7.8 270 531 931 86.4 14.6 86.6 1.5 276 14.4 156 1.42 0
4 132 8 7.65 350 457 801 86 23 45 1.4 260 16.9 118.3 3 0.3
5 188 25 7.56 510 1045 1840 164 40 152 2.4 300 15 454 2.35 0.1
6 198 18 7.56 704 974 1709 183 56 75 1.65 268 16.4 433 2.73 0.24
7 180 26 7.58 415 627 1092 120 32 49 1.8 272 17.9 207 2.95 0.07
8 200 12 7.51 320 502 880 95 28 37 1.3 248 18.1 150.6 2.23 0
9 220 12 7.41 700 1559 2735 236 65 235 5.3 220 17.8 822 2.5 0.38

10 151 25 7.36 414 917 1582 120 34 150 5 292 18 363 12.7 0
11 280 25 7.45 334 663 1160 100 24 102 2.3 260 17.6 238 11.2 0
12 130 12 7.62 245 429 753 70 20 49 3.5 272 16.6 82 11.8 0
13 200 6 7.84 250 317 556 71.1 17.2 14.5 1.2 276 14.8 28.5 3.6 0.01
14 200 15 7.83 270 539 945 89.1 21.5 78 1.3 260 17.9 165 7.1 0.37
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Cl–\150  mg/L; Fb = fresh-brackish: 150–300  mg/L; 
B = brackish: 300–1000  mg/L; Bs = brackish-salt: 
1000–10,000  mg/L and S = salt: 10,000–20,000  mg/L) 
(Klassen et al. 2014; Sudaryanto and Naily 2017).

Some research claimed that the ratio of Na/Cl can be 
utilized as an indication for seawater intrusion into coastal 
aquifers (e.g., Bear 1999; Klassen et al. 2014; Sudaryanto 
and Naily 2017). The ratios of Na/Cl are typically lower 
in wells intruded by seawater than in ocean water. As a 
result, the Na/Cl ratios less than 0.86 can represent the wells 
impacted by seawater intrusion. The Na/Cl ratios greater 
than one are typical of groundwater contaminated by anthro-
pogenic sources.

The Simpson ratio (or Revelle Index) described by Todd 
(2001) is the ratio of Cl/(HCO3 +  CO3) which is increasingly 
used to identify the degree of groundwater contamination by 
saline water (Simpson 1946). Based on the Simpson ratio, 
five classes were created to assess the level of contamina-
tion: first is good quality (< 0.5); second, slightly contami-
nated by saline water (0.5–1.3); third, moderately contami-
nated (1.3–2.8); fourth, injuriously contaminated (2.8–6.6), 
and highly contaminated (6.6–15.5) (Todd 2001; Klassen 
et al. 2014; Sudaryanto and Naily 2017).

An enrichment of Ca as the principal ion can also be 
used as an indicator of seawater intrusion into groundwater. 
High Ca/Mg and Ca/(HCO3 and  SO4) ratios may indicate 
the onset of SWI (Bear et al. 1999), whereas if the ratio is 
greater than one (> 1), it means that seawater intrusion has 
been occurred.

Base exchange index (BEX) can also be used to dis-
criminate whether an aquifer is undergoing salinization 
or freshening or has been freshened or salinized in the 
past. Among the different base exchange indices that have 
been compared and evaluated, Stuyfzand (2008) stated 
that the best index (for a dolomite free aquifer system) is 
BEX = Na + K + Mg − 1.0716 Cl (meq/L). A positive BEX 
represents freshening, a negative BEX indicates salinization 
and a BEX with a value of zero represents no base exchange 
(Stuyfzand 2008; Klassen et al. 2014; Sudaryanto and Naily 
2017). For dolomitic aquifers BEXD = Na + K − 0.8768 Cl 
(meq/L) is proposed.

Graphical approach

Piper diagram has been widely used to classify hydrochem-
ical facies on the basis of dominant ions (Piper 1944). It 
can be also used to identify the seawater intrusion, where 
chemical sample results are plotted based on the relative 
proportion major ions (Kelly 2006; Singaraja et al. 2012; 
Chidambaram et al. 2018). Generally, fresh groundwater 
samples will land near the area labeled as fresh water in 
the upper diamond, while pure seawater and or saline water 
will plot near the sea label (Kelly 2006). Water samples 

that result from conservative mixing (mixing without ionic 
exchange reactions) between fresh water and seawater would 
plot along the line labeled mixing. In general, once mixing 
occurs in the presence of aquifer materials, ion exchange 
reactions often occur between the groundwater and the 
aquifer material, which alters the chemical composition of 
the water. This change in chemical composition results in a 
deviation from the conservative mixing line on the piper dia-
gram, moving the point upward into the upper portion of the 
diamond shape during intrusion, and downward toward the 
lower portion of the diamond during freshening. Using this 
method, it is possible to deduce not only if a water sample is 
impacted by saline water intrusion, but also if the intrusion 
was getting worse (intrusion exchange) or better (freshen-
ing exchange) at the time the sample was taken. In contrast, 
Durov diagram is a composite plot consisting of two ternary 
diagrams where the milliequivalents percentages of the cati-
ons of interest were plotted against that of anions of interest; 
sides form a central rectangular, binary plot of total cation 
vs. total anion concentrations (Ravikumar et al. 2015b).

A hydrochemical facies evolution diagram (HFE‐dia-
gram) is a multi‐rectangular diagram, which is a useful tool 
in the interpretation of seawater intrusion processes (Fig. 4). 
This is a simple method for generating an HFE‐D plot. An 
HFE-D considers the percentage of the four most significant 
ions and their relationships, giving 16 possible hydrochemi-
cal facies (32 if  Mg2+ and  SO4

2− participate with  HCO3
− and 

 Ca2+). HFE‐Diagram is described, which can assist in the 
interpretation of marine intrusion processes through the rep-
resentation of the evolution of hydrochemical facies (Gimé-
nez‐Forcada 2010; Giménez‐Forcada 2019).

An elevated chloride concentration and electrical con-
ductivity (EC) value are the simplest indicators of seawater 
intrusion or salinization. Principally, EC is positively cor-
related with the concentration of ions, mainly Cl concentra-
tion. Hence, a plot between Cl vs. electrical conductivity 
(EC) can be used as a common graphical method to distin-
guish seawater intrusion or salinization. In general, three 
zones on a plot of Cl vs. EC are distinguished: freshwater 

Fig. 4  Variation of the Simpson ratio values (Cl/HCO3 +  CO3) in the 
sampling wells
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zone, mixing zone and intrusion zone. Groundwater samples 
with Cl exceeding 200 mg/L and EC exceeding ~ 1000 µS/
cm are most likely influenced by seawater intrusion. Ground-
water samples that are characterized by EC between 1000 
and 5000 µS/cm represent a mixing between fresh water 
and salt water. Samples with EC of more than 10,000 µS/
cm represent strong seawater influence (Lekshmi and Kani 
2017; Alfarrah and Walraevens 2018).

Statistical analysis

In this study, T test was implemented to determine and com-
pare the statistical difference between the physicochemical 
parameters in the sampling wells using Minitab statistical 
software. All data of physicochemical parameters were ana-
lyzed using completely randomized design. The assump-
tions of normality of data and equality of variances were 
first tested at the probability level of 5.0 percent. Then, T 
test and variance analysis were performed. The normality 
assumption of data was analyzed using the Anderson–Dar-
ling test. In this test, H0 assumption having non-normality of 
data with a probability of 95% is accepted if the calculated 
Pvalue is greater than or equal to 5.0%. While the calculated 
Pvalue is less than 5.0%, H0 assumption with a probability of 
95% is rejected and H1 assumption having non-normal data 
is accepted. The Levene tests were also used to determine 
the equality of variances at the probability level of 0.5%. 
Similar to Anderson–Darling test, if the calculated Pvalue is 
greater than or equal to 5.0%, then H0 assumption (equal-
ity of variances) with a probability of 95% is accepted and 
H1 assumption is rejected. When if the calculated Pvalue is 
less than 5.0%, H0 assumption with a probability of 95% 
is rejected and H1 assumption having equality of variances 
data is accepted.

Results and conclusions

Ionic process evaluation and ratio major ions

Statistical analysis of various chemical constituents in 
spring and fall seasons is given in Table 2. In this study, two 
assumptions of normality of data and similarity of variances 
were examined before performing the T test. Also, the sig-
nificance level of 0.05 was considered. Results revealed that 
there was no statistical difference between two treatments, 
spring and fall, (except for pH, Fe, and  SO4).

In general, calcium and bicarbonate ions are dominant in 
fresh groundwater resources among the major anions and 
cations, respectively, in both seasons. Sodium and chloride 
ions are in second place. Furthermore, chloride ion in the 
sampling wells ranges from 15.19 to 822 mg/L representing 

great variations in the concentration of this ion in the study 
area.

Literature shows that a basic criterion for saline water 
intrusion assessment in the coastal aquifers can be the 
chloride content in groundwater (e.g., Klassen et al. 2014; 
Sudaryanto and Naily 2017; Ma et al. 2019). The sampling 
wells based on the chloride concentration are divided into 
three groups; (I) fresh (35.7%), (II) fresh–brackish (35.7%), 
and (III) brackish (28.6%). These results are consistent with 
the findings of earlier studies on the chloride concentration 
of groundwater in coastal aquifers that observed the high 
concentration of chloride in monitoring wells and stated the 
main cause of high chloride in coastal aquifers is most likely 
attributed to seawater intrusion (Klassen et al 2014; Alfarrah 
and Walraevens 2018; Ma et al. 2019).

Results of the Na/Cl ratio in all water samples were found 
to be less than 0.85 (Table 3). Low Na/Cl combined with 
other chemical indicator (e.g., an elevated chloride concen-
tration.) also indicated that the aquifer had been intruded by 
seawater. Previous studies over several sites have reported 
similar results of the Na/Cl ratio representing a chemical 
indicators of saltwater intrusion (Klassen et al 2014; Nair 
et al. 2015; Lekshmi and Kani 2017). As given in Table 3, 
the Na/Cl ratio in well number 13 during spring was slightly 
larger than 0.85 (about 0.86). The location of well number 
13 (drilled in urban area) and probably infiltration of urban 
wastewater into groundwater may cause an increase in Na 
concentration. However, the Na/Cl ratio became less than 
0.85 (around 0.51) during fall.

The Simpson ratio (SR) was calculated and used to esti-
mate the extent of contamination of Kordkuy drinking water 
wells from seawater intrusion (Table 3). SR obtained allow 
dividing the Kordkuy drinking water well samples in almost 
four homogeneous chemical groups. The first group (group 
I) with SR < 0.5 shows a good quality of sampling wells 

Table 2  Results of T test for sampling well in spring and fall

Parameters Test for equal variances p value of T test

pH 0.550 0.046
TH − 0.437 0.407
TDS 0.965 0.772
EC 0.854 0.929
Ca 0.905 0.817
Mg 0.975 0.760
Na 0.837 0.928
K 0.132 0.097
HCO3 0.801 0.669
SO4 0.773 0.019
Cl 0.883 0.916
NO3 0.982 0.669
F 0.041 0.000
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and that there is no saline water intrusion occurred these 
wells (Fig. 4). In the study area, four wells (1, 2, 4, and 13) 
were unaffected by salt water. These are all (except W13) 
located in the margin of heights and close to groundwater 
inlet sections to the Kordkuy plain (Fig. 4). Despite the rela-
tively high depth and also location (in urban area) of well 
number 13, the pumping rate of well is relatively low (6 
L/s). This can be a reason for having a good water quality 
of the well. The second group (0.5 < SR < 1.3) contains six 
wells (42.86% of total wells) in the study area. The wells in 
group II were slightly influenced by saline water showing a 
mixture of fresh water and seawater. The wells in this group 
were distributed from the margin of heights to the north of 
study area. The third group with SR of 1.3 to 2.8 consists of 
three sampling wells (5, 6, and 10) representing.

Groundwater was moderately contaminated by saline 
water. Relatively high discharge rate of the wells in this 
group can be a possible reason for saltwater intrusion. The 
fourth group encompasses only one well which is injuriously 
contaminated by saline water. As shown in Fig. 4, well num-
ber 9 with SP of around 4.0 is the deepest well in the study 
area. This means that it is very close to bedrock of freshwa-
ter aquifer. Hence, there is quite a high possibility of saline 
water intrusion from the subsurface layers due to high depth 
of well. This can be a main reason for having high value of 
RI. Results for the Simpson ratio, on the whole, are consist-
ent with the earlier studies (Klassen et al 2014; Hounsinou 
2020; Putra et al. 2021).

As explained above, enrichment of Ca (Ca/Mg > 1) can 
indicate seawater intrusion (Bear et al. 1999). A total of 28 

samples were used to calculate the Ca/Mg ratio and all of 
the wells had Ca/Mg > 1. This results are consistent with the 
findings of Klassen et al (2014).

The cation exchange is one of the most important reac-
tions occurring in the coastal aquifers during saline water 
intrusion resulting in deficit of  Na+ and surplus of  Ca2+ as 
follows (Alfarrah and Walraevens 2018; Shin et al. 2020):

where X represents the natural exchanger in the reaction. 
Hence, the base exchange indices (BEX) are frequently 
used to distinguish salinization and freshening of an aquifer 
(Alfarrah and Walraevens 2018; Shin et al. 2020). Hence, 
we estimated the BEX, as an indicator of cation exchange 
related to salinization or freshening of the aquifer (Table 3). 
Results revealed that more than 64% of wells indicate nega-
tive value of BEX. Thus it seems that the composition of 
drinking water wells is a result of ion exchange due to intru-
sion of saline water.

Graphical approach

In the current study, various graphical studies were used to 
identify saline water intrusion in Kordkuy aquifer. To evalu-
ate the dominant ion process (ion exchange and reverse ion 
exchange) in the aquifer, the ratio of sodium to total sodium 
and chloride versus total dissolved solids (TDS) was used 
(Fig. 5). In this diagram, the ratio of sodium to total sodium 
and chloride is the main factor in determining the ion 

(1)2Na
+
+ Ca − X2 → 2Na − X + Ca

2+
,

Table 3  The ratio of major ions 
of groundwater to determine 
saltwater intrusion

Well Na/Cl Cl/HCO3 +  CO3 Ca/Mg Na + K + Mg-1.071 
Cl

Spring Fall Spring Fall Spring Fall Spring Fall

1 0.37 0.37 0.40 0.39 3.97 3.61 0.34 0.55
2 0.74 0.62 0.22 0.26 3.97 4.23 1.49 1.26
3 0.43 0.56 0.80 0.57 4.16 5.92 − 0.36 0.29
4 0.42 0.38 0.40 0.46 4.44 3.74 0.46 0.31
5 0.38 0.33 1.92 1.51 4.19 4.10 − 3.23 − 3.75
6 0.16 0.17 1.95 1.62 3.14 3.27 − 5.71 − 5.16
7 0.22 0.24 0.90 0.76 3.57 3.75 − 1.35 − 1.44
8 0.27 0.25 0.55 0.61 3.37 3.39 − 0.21 − 0.60
9 0.28 0.29 3.95 3.74 4.10 3.63 − 9.52 − 9.11
10 0.37 0.41 2.21 1.24 3.25 3.53 − 4.97 − 1.52
11 0.48 0.43 1.00 0.92 4.70 4.17 − 0.47 − 0.72
12 0.40 0.60 0.81 0.30 3.92 3.50 − 0.41 1.39
13 0.87 0.51 0.07 0.10 4.32 4.13 1.18 1.21
14 0.48 0.47 0.58 0.63 5.26 4.14 0.11 0.21
Min 0.16 0.17 0.07 0.10 3.14 3.27 − 9.52 − 9.11
Max 0.87 0.62 3.95 3.74 5.26 5.92 1.49 1.39
Mean 0.43 0.40 1.24 1.06 4.05 4.02 − 1.92 − 1.55
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exchange process and vice versa ion exchange in the aquifer 
(Ravikumar et al. 2015a). A ratio of sodium ion to total 
sodium and chloride ions is less than 0.5 ( Na∕(Na + Cl)⟨0.5 ) 
indicates that the ion exchange process occurs in the aquifer, 
while a ratio of sodium ion to total sodium and chloride ions 
greater than 0.5 ( Na∕(Na + Cl)⟩0.5 ) indicates that reverse 
ion exchange is a dominant ionic process in the aquifer 
(Ravikumar et al. 2015a). Saline water intrusion into water 
resources is one of the most important factors that cause the 
reverse of the ion exchange process and ultimately saliniza-
tion of water. Based on the distribution of samples for both 
seasons (spring and fall) in Fig. 5, the reverse ion exchange 
is a dominant process in the aquifer. Also, the distribution 
pattern of the samples shows the tendency of the ground-
water to become saline and reach the chemical composition 
of seawater. This result is against that of Ravikumar et al. 
(2015a). They reported that ion exchange is a dominant pro-
cess in a region of Bangalore North Taluk, Karnataka, India.

Figure 6 shows three zones (normal, mixed and SWI) on 
a plot of Cl vs. EC. It shows that groundwater samples with 
Cl exceeding 200 mg/L and EC exceeding ~ 1000 μs/cm are 
most likely influenced SWI. The majority of well samples 
that fall within the mix and seawater intrusion zones are 
considered to be influenced by seawater intrusion. Results 
for the plot of Cl vs. EC, on the whole, are consistent with 
earlier studies (Klassen et al 2014; Lekshmi and Kani 2017; 
Alfarrah and Walraevens 2018).

Generally, the bivariate plots are used to determine the 
geochemical processes of groundwater. In this research, we 
further used the bivariate plots to identify saline water intru-
sion. Figure 7 shows the plots of total dissolved ions (TDI) 
versus other major ions for the Kordkuy drinking water 
wells. Results revealed a linear distribution with a strong 
correlation between sodium and/or chloride with TDI. This 
resulted in mixing saline with fresh waters or dissolution of 
halite in water. As shown in Fig. 7, extrapolation intersects 

the x-axis in sodium and chloride ions plots. This is a sign 
of the importance of these two parameter compared to other 
ions. Furthermore, geoelctrical results (see above) indi-
cated a layer having electrical resistivity of less than 10 Ω 
m. Therefore, mixing saline with fresh waters is the most 
probable reason for a linear distribution.

In addition to linear distribution, samples in all plots are 
grouped into three zones (A, B, and C) representing their 
chemical composition. The majority of wells are in zone 
A. Wells in this zone have two distinct characteristics: (1) 
calcium is the predominant cation and (2) TDI is less than 
1000 mg/L. Zone B consists of three wells (W5, W6, and 
W10) that is similar to the third group in Stiff diagram and/
or the Simpson ratio classifications. These wells show an 
increase in the concentration of chloride and sodium ions as 
well as TDS value. Zone C consists of only one well (W9) 
showing high concentration of sodium and chloride. Based 
on the chemical properties of wells located in zones B and 
C, the probability of saline water intrusion in wells 5, 6, 9, 
and 10 is higher than other wells in study area. These find-
ings are, on the whole, consistent with the earlier study on 
the assessment of seawater intrusion using hydrochemical 
technique (Sae-Ju et al. 2018).

Stiff diagram patterns are very useful for a rapid visual 
comparison between water samples with different origin 
(Marqués et al. 2018). Similar to Simpson ratio, geometric 
shapes of Stiff diagrams obtained allow dividing the waters 
into four homogeneous chemical groups (Fig. 8). The first 
group consists of four wells with the dominant type of cal-
cium bicarbonate, showing good quality of groundwater and 
not affected by saline water. This seems obvious consider-
ing the proximity of the study area to the heights (recharge 
area). The second group encompasses six wells with around 
43% of total wells in the study area. The geometric shapes 
of Stiff diagrams together with their dominant water type 
(Ca–Cl) in this group show a mixture of fresh water and 

Fig. 5  Plot on the ratio of Na/Na + Cl versus TDS

Fig. 6  A plot of chloride (Cl) vs. electrical conductivity (EC) show-
ing normal groundwater conditions, saltwater intrusion, and mixing 
between the two
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seawater. As explained above, cation exchange is one of the 
most important reactions occurring in the coastal aquifers 
during saline water intrusion resulting in deficit of  Na+ and 
surplus of  Ca2+. Furthermore, the dominant  Na+ ions are 
adsorbed and  Ca2+ ions released, so that the resulting water 
type moves from Na–Cl to Ca–Cl, which is typical for salini-
zation (Alfarrah, and Walraevens 2018; Shin et al. 2020). 
The geometric shape of the Stiff diagrams in the third group 
is that of groundwater influenced by saline water. Similar to 
the SR results, the third group (including three wells 5, 6 and 
10) clearly shows an increase in Cl ions and subsequently 
salinity and TDS of sampling wells (Fig. 8). Drilling depth, 
high rate of discharge, and function of Khazar fault are pos-
sible reasons for the increase in Cl concentration in these 
wells. Despite similarity of Stiff polygon in well number 9 
with the third group, the value of TDS in this well is much 
greater than that of others wells. This can be a justifiable rea-
son to consider the well number 9 as a separate group (fourth 
group).

In general, the term hydrochemical facies is used to 
describe the bodies of groundwater in an aquifer that differ 
in their chemical composition. The facies are a function of 
the lithology, solution kinetics, and flow patterns of the aqui-
fer (Ravikumar and Somashekar 2011). To obtain the com-
positional trends and subsequent hydrochemical facies in 
groundwater and the mixing/migration path of the ground-
water composition (evolutionary path) with the seawater/
end solutions, Piper Diagram was further plotted using the 
major ions of sampling wells (Kelly 2006; Singaraja et al. 
2012; Chidambaram et al. 2018). Preliminary results of 
Piper diagrams revealed that the dominant facies observed 
in the groundwater are of Ca–Mg–HCO3 and Ca–Mg–Cl 
(Fig. 8a). Modified Piper diagram for saltwater intrusion 
purposed by Kelly (2006) revealed that majority of ground-
water samples was in the zone of slight intrusion. Moreover, 
some groundwater samples (9 and 10) clearly show saltwater 
intrusion. Also, a few water samples are placed in the zone 
of freshening (Fig. 9a).

Fig. 7  Bivariate plots of major ions and total dissolved ions (TDI) in spring and autumn
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Fig. 8  Stiff diagrams of groundwater of sampling wells

Fig. 9  Piper (a) and Durov (b) diagrams showing the hydrochemical types of groundwater and hydrochemical processes involved (Kelly 2006)
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In this research, the Durov diagram was used for a better 
interpretation of the hydrogeochemistry facies and saltwater 
intrusion of Kordkuy aquifer (Fig. 9b). Based on the water 
samples distribution on Durov diagram, there is only one 
direction of geochemical evolution for Kordkuy ground-
water. This ion evolution cycle is more consistent with 
the anion evolution cycle than the cation evolution cycle 
along the water flow path. The hydrogeochemical evolu-
tion of groundwater starts with the bicarbonate type in the 
recharge area (next to the highland margins) and ends with 
the chloride type in some wells. This trend can be clearly 
seen by increasing TDS of water samples in the rectangle 
part of Durov diagram. From the hydrogeochemical point of 
view, the described anion evolution sequence can be affected 
by two major variables: (1) the availability of the minerals 
and (2) the ability to dissolve the minerals. However, this 
evolution sequence can be altered by some factors such as 
the saltwater intrusion and/or the infiltration of urban and 
industrial wastewater into groundwater.

The HFE diagram as an alternative graphical diagram 
was applied to understand the hydrochemical facies as 
well as the spatiotemporal dynamics of the seawater intru-
sion process (Giménez‐Forcada 2010; Giménez‐Forcada 
2019). As shown in Fig. 10, HFE-D diagram shows four 
facies including MixCa–Cl, Ca–MixHCO3, Ca–HCO3, 
and Ca–Cl for spring. The total facies increases to eight 
(MixC–HCO3, MixCa–MixHCO3, Ca–MixHCO3, 
MixCa–MixCl, Ca–MixCl, MixCa–Cl, Ca–Cl, and 
MixNa–Cl) during fall season which shows more variety 
(Table 4). In the dry seasons, due to reduction in the aquifer 
recharge by the surface water and groundwater flow arising 
from the highlands, the water table and subsequently the 
pressure of the fresh water front become weaker (Fig. 10).

Aquifer physical situation, mineralogy of bedrock, saline 
water intrusion, and weather condition can affect surface 
water and groundwater chemistry. The Gibbs diagram is 
a very important tool to determine geochemical processes 
(Marandi and Shand 2018). Hence, to illustrate the natural 
mechanism controlling groundwater chemistry consisting 
of the rainfall dominance, rock weathering dominance, and 
evaporation and precipitation dominance, Gibbs (1970) sug-
gested two diagrams: (1) TDS versus  Na+/(Na+ +  Ca2+) for 
cations and (2) TDS versus  Cl−/(Cl− +  HCO3

−) for anions. 
In modified version of Gibbs diagram for identifying saline 
water intrusion, evaporation and precipitation process are 
replaced by seawater (Fig. 11). Results of Gibbs diagram 

Fig. 10  HFE diagram to identify saltwater intrusion in drinking water wells of Kordkoy City

Table 4  Phase and facies of wells during spring and fall

Well Phase Facies

Spring Fall Spring Fall

1 Intrus Intrus Ca–HCO3 Ca–HCO3

2 Fresh Fresh Ca–HCO3 Ca–HCO3

3 Intrus Fresh MixCa–Cl MixCa–MixHCO3

4 Intrus Intrus Ca–HCO3 Ca–HCO3

5 Intrus Intrus MixNa–Cl MixCa–Cl
6 Intrus Intrus Ca–Cl Ca–Cl
7 Intrus Intrus Ca–Cl Ca–Cl
8 Intrus Intrus Ca–MixHCO3 Ca–MixCl
9 Intrus Intrus MixCa–Cl MixCa–Cl
10 Intrus Fresh MixNa–Cl MixNa–Cl
11 Fresh Intrus MixNa–Cl MixCa–Cl
12 Intrus Fresh MixCa–Cl MixCa–HCO3

13 Intrus Intrus Ca–HCO3 Ca–HCO3

14 Intrus Intrus Ca–MixHCO3 MixCa–MixCl
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revealed that the mixing of saline and fresh waters has 
occurred within a significant number of wells. Also, based 
on the distribution pattern of drinking water wells in Gibbs 
diagram, there is a tendency to change the chemical com-
position of groundwater and reach seawater composition.

Conclusion

Intensive groundwater abstraction from Kordkoy aquifer, 
mainly for municipality and agricultural development, has 
caused substantial seawater encroachment and upcoming of 
the deep saline water into the Kordkoy shallow aquifer. This 
study was conducted to assess saltwater intrusion in the fresh 
water aquifer using hydrogeochemical approach (quantita-
tive and graphical approaches).

Statistical analysis results of various physicochemical 
parameters using the T test revealed that there was no statis-
tical difference between the two treatments, spring and fall 
seasons, (except for pH, Fe, and  SO4). Results of the Na/
Cl ratio together with Ca/Mg in all water samples indicated 
that all wells have been affected by seawater intrusion, as the 
ratios were greater than 0.86 and 1 for all of the sampling 
wells, respectively. Remarkable variation in the chloride 
concentration was observed in the study area. The sampling 
wells using the chloride concentration as a basic indicator 
were divided into three groups of fresh, fresh–brackish, and 
brackish. In contrast to the classification of water samples 
using chloride concentration, the sampling water wells were 
divided into four homogeneous chemical classes using the 
Simpson ratio (SR). The first class having SR < 0.5 shows 
a good quality of sampling wells and is subsequently unaf-
fected by saline water. About 42.86% of the total wells were 
slightly influenced by saline water (0.5 < SR < 1.3) show-
ing a mixture of fresh water and seawater. The third group 
having SR of 1.3 to 2.8 consists of three sampling wells 
representing that groundwater was moderately contaminated 
by saline water. The fourth group encompasses well number 

9, which is harmfully contaminated by saline water. High 
drilling depth and discharge rate of the wells in the two 
last groups can be a possible reason for saltwater intrusion. 
Results of BEX as a useful indicator to distinguish saliniza-
tion and freshening of an aquifer revealed that the composi-
tion of around 64% of water wells is a result of ion exchange 
due to intrusion of saline water.

Plot on the ratio of Na/Na + Cl versus TDS indicated that 
the reverse ion exchange is a dominant ionic process in the 
aquifer. Also, the distribution pattern shows the tendency of 
the groundwater to become saline and reach the chemical 
composition of seawater. The majority of well samples were 
in three zones of normal, mixed and seawater intrusion zones 
on the plot of Cl vs. EC. The plots of TDI versus other major 
ions for the Kordkuy drinking water wells revealed possible 
mixing of saline water with fresh waters or dissolution of 
halite in the aquifer. Also, the water samples in all plots are 
grouped into three zones (A, B, and C) representing their 
chemical composition similar to the plot of Cl vs. EC.

Similar to the results of the Simpson ratio, the geometric 
shapes of Stiff diagrams obtained allow dividing the waters 
into four homogeneous chemical groups. Except the first 
group which has good quality of groundwater, the other 
groups show different mixture of saline water with fresh 
groundwater (Ca–Cl to Na–Cl types). This is because of the 
cation exchange process occurring in the coastal aquifers 
during salinewater intrusion. The cation exchange process 
caused a deficit of  Na+ and surplus of  Ca2+. Furthermore, 
the dominant  Na+ ions are adsorbed by the natural exchanger 
(clay minerals) and  Ca2+ ions released, so that the resulting 
water type moves from Na–Cl to Ca–Cl, which is typical 
for salinization.

Results of Piper and Durov diagram indicated that the 
majority of groundwater samples are landed in the zone of 
slightly intrusion. However, a few water samples are placed 
in the zone of fresh and intrusion zones. Groundwater facies 
in the study area alters from Ca–Mg–HCO3 to Ca–Mg–Cl. 
Also, the hydrogeochemical evolution of groundwater starts 
with the bicarbonate type in the recharge area (next to the 
highland margins) and ends with the chloride type in some 
wells. In general, the described anion evolution sequence 
can be affected by two major variables: (1) the availability 
of the minerals and (2) the ability to dissolve the miner-
als. Moreover, the evolution sequence can be altered by 
some factors such as saltwater intrusion and/or the infiltra-
tion of urban and industrial wastewater into groundwater. 
Results of Na/Cl ratio showed that the saltwater intrusion 
is the most likely reason for altering the groundwater facies 
and subsequently the hydrogeochemical evolution. The 
HFE diagram as an alternative graphical diagram shows 
four facies including MixCa–Cl, Ca–MixHCO3, Ca–HCO3, 
and Ca–Cl for spring, while the total facies increases to 
eight (MixCa–HCO3, MixCa–MixHCO3, Ca–MixHCO3, 

fig. 11  Gibbs diagram of drinking water wells in Kordkoy aquifer
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MixCa–MixCl, Ca–MixCl, MixCa–Cl, Ca–Cl, and 
MixNa–Cl) during fall season which shows more variety. In 
the dry seasons, due to the reduction in the aquifer recharge 
by the surface water and groundwater flow arising from the 
highlands, the water table and subsequently the pressure of 
the fresh water front become weaker.

Gibbs diagram revealed that the mixing of saline and 
fresh waters had occurred in a significant number of wells. 
Also, based on the distribution pattern of drinking water 
wells in Gibbs diagram, there is a tendency to change the 
chemical composition of groundwater and reach seawater 
composition.

Since, preliminary results of geophysical investigations in 
the study area revealed a layer having electrical resistivity of 
less than 10 Ω m, there is a potential risk for the intrusion of 
deep saline water (beneath fresh aquifer) into fresh waters. 
Hence, to minimize or prevent saline water intrusion and 
subsequently deterioration of groundwater quality, viable 
solutions for the prevention of saline water intrusion into 
the freshwater aquifer can be reducing the discharge rate of 
the drinking water wells, drilling new wells in the floodplain 
of alluvial fan in the study area and skimming well with a 
horizontal collector system.
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