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Abstract

Lack of data on the hydrogeochemistry of coastal aquifers around the south Caspian Sea warranted the present hydrochemical
and quality assessment studies. The study involving classical integrated methods, multivariate statistical analyses, and GIS
applications was carried out on the groundwater encountered in coastal Sari—-Neka plain, Mazandaran Province, Northern
Iran. The present survey indicates that the groundwater encountered at majority (~ 68%) of the sampling locations is of
Na*-S04%~ category and constitutes deep meteoric percolation type and the same at the remaining ~32% of the sampling
locations relates to Na*~HCO;~ category and belongs to shallow meteoric percolation class. The groundwater situated
at~64% and ~36% of the sampling locations belongs, respectively, to freshwater and brackish water categories. The ground-
water is specified by Na* > Ca?* > Mg?* > K* and HCO;~ > CI~> SO, > NO;". It pertains to Ca’*-Mg**-HCO;", mixed,
and Na*-C1~ hydrochemical facies. Reverse cation—anion-exchange process was found dominant at majority (~76%) of the
sampling sites. Dissolved solids were originated chiefly from connate brine water confined to the aquifer sedimentary beds,
dissolution of aquifer materials, ion-exchange, and different anthropogenic sources. Groundwater encountered at~71%
and ~27% of the bore well locations belongs to good and excellent categories of drinking water, while that at~73% of the
sampling locations pertains to (C3S1) irrigation water class of Richards (Diagnosis and improvement of saline and alkali
soils (USDA. Agriculture handbook, Vol. 60). U.S. Department of Agriculture, Washington DC, 1954). The results of the
present study are useful for planning sustainable management and protection of the groundwater in coastal areas, especially
around the Caspian Sea, and serve as a database for international researchers.

Keywords Hydrogeochemistry - Multivariate statistical analyses - Sources of dissolved solids - Groundwater quality - Sari—
Neka plain - Northern Iran

Introduction

In coastal regions of several countries (e.g., Spain, Greece,
Cyprus, Hong Kong, Turkey, Iran, Nigeria, Australia, USA,
and India), groundwater encountered in different geologi-
cal settings exhibits diversified hydrochemical features, and
quality-wise constitutes a few graded categories of water
meant for irrigation and drinking purposes. Furthermore, the
groundwater confined to coastal aquifers/alluvial plains are
exposed to diverse levels of salinization, and are attributed
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to the involvement of one or more terrain—specific con-
taminants (e.g., seawater, brine/saline water interfaced/
underlying fresh groundwater horizon, connate [palaeo-
marine] water trapped in aquifer rocks, and various pol-
lutants of anthropogenic origin) (Brown and Misut 2010;
Cheng and Ouazar 2003; Ergil 2000; Gholami et al. 2015;
Gilabert-Alarcén et al. 2018; Giménez and Morell 1997;
Jamshidzadeh 2020; Janardhana and Khairy 2019; Khairy
and Janardhana 2013, 2014; Kim et al. 2004; Kreitler 1993;
Liu et al. 2017; Ozler 2003; Petalas and Diamantis 1999;
Vandenbohede and Lebbe 2012).

Insufficient understanding of the hydrogeochemistry of
coastal aquifers around the south Caspian Sea makes it nec-
essary to do this survey. The present work deals with the
characterization, classification, and quality assessment of
the groundwater encountered in coastal alluvial plain from
Sari to Neka, in Mazandaran province, Northern Iran. The
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present investigation was carried out based on the classical
methods of interpretation of hydrochemical data, multivari-
ate statistical analyses of the physicochemical parameters
of the groundwater, and GIS techniques. The obtained data
provide details on the groundwater with respect to the phys-
icochemical characteristics, source-wise and salinity-wise
categorization, classifications, degree of evolution, natural
mechanisms controlling hydrochemistry, hydrochemical fea-
tures, ion-exchange processes, sources of dissolved solids,
and standard of groundwater for human consumption and
agricultural needs.

Materials and methods
Study area

The study region is located in a coastal plain land between
Sari and Neka townships in the eastern part of Mazandaran
province, Iran (Fig. la). The study area, designated as
Sari—Neka plain, is limited in the south by the foothills of
Alborz Mountain range and in the north by the Caspian Sea
coastline. The flow lines of the Siahroud river in the west
and Nekaroud river in the east were selected by the present
authors to demarcate the adjacent boundaries of the study
area. Sari-Neka plain (Fig. 1b) covers an area of ~ 985 km?

and extends from 36°32” to 36°527 latitudes and 52°56°
to 53°25” longitudes. The ground level elevation, near the
southern boundary, is about 136 m above mean sea level
(m.s.l.) and the same at the northern boundary is at an eleva-
tion of about 26 m below m.s.l. (i.e., at the present level of
the Caspian Sea). The coastal geomorphic features of the
Mazandaran Province include plateaus, alluvial fans, and
flood plains (Vahdati Daneshmand and Saidi 1991).

The study area consists of a thick sequence of uncon-
solidated-to-semi-consolidated marine, deltaic, and fluvial
deposits of Tertiary and Quaternary age. Sand and clay are
the major fractions of the sediments, with relatively lesser
amounts of silt and calcareous material. Exploratory bore
wells reveal the extension of the sedimentary beds to a
depth of more than 250 m (SazabShargh 2010). Jackson
et al. (2002) consider that the sedimentary formation of the
study area was possibly accumulated in the post-Oligocene
foreland basin setting of Caspian Sea. The study area was
developed consequently of the regression of the Caspian
Sea, which, at one period, protracted till the foothill region
of the Alborz mountains (Dewan and Famouri 1964). This
evolutionary feature of the study region indicates that the
sedimentary beds may hold a significant amount of palaeo-
marine water.

The groundwater flows from south to north. Near the
shoreline, the water table is encountered at a depth of 2-3 m
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Fig. 1 Location of the study area (a) and plan showing the groundwater sampling spots (bore well locations) in the study area (b)
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below the ground level and the same at the southern part of
the study region is encountered at a depth of 100-110 m
below the ground level. The precipitation in the territory
varies from 500 to 800 mm/year and the climate is essen-
tially sub-humid (Source: Iranian Meteorological Organi-
zation). The majority of the population makes use of the
groundwater for drinking purposes, while about 40% of the
agricultural activities are carried out utilizing the ground-
water (SazabShargh 2010).

Sampling and hydrochemical analysis

During the month of October 2017, 66 groundwater samples
were collected in duplicate at 66 bore wells of the ground-
water quality network of the Sari—Neka aquifer (Fig. 1b) by
the Mazandaran Regional Water Authority (MRWA) staff.
Before collecting the water samples, the water was pumped
out from bore wells for about 10 min to remove stagnant
groundwater. Prior to sampling, water was filtered through
0.45 Millipore membrane. Portable electrical conductivity
and pH meter (WWW COND 3401, Germany) were made
use of for measuring Electrical Conductivity (EC) and pH
of the groundwater at the sampling sites. Cation analysis
was done by acidifying 100 ml of filtered groundwater sam-
ple with nitric acid, while un-acidified groundwater sam-
ples were utilized for the analyses of anion contents. The
laboratory tasks were done during a week after sampling.
Chemical analysis of the groundwater samples, following
the standard procedure (APHA 1995), was accomplished at
MRWA, Sari city, Iran. Charge Balance Error (CBE) in each
sample as percent was computed following below mentioned
mathematical expression (Freeze and Cherry 1979) and were
well within the desirable limits of +5%:

cBC = (3 (zm) - X 7m,) /(3 (Zme) + X, 7m,) | x 100,

where Z is the ionic valance, m, is the molarity of cation
species, and m, is the molarity of anion species.

GIS analysis

The hard copy of the topographic map (1:25,000) of the
study area, published by the National Cartographic Center
of Iran, was digitized using ARCGIS 10.5 version software
for preparation of the base map of the study area. The exact
places of the sampling spots (i.e., bore well locations) were
determined in the field using Garmin GPSMAP 64sx, and
accurate placement of latitudes and longitudes was carried
out using a GIS platform. Plans showing the areal extent
of availability of the groundwater with desirable and per-
missible limits of the concentration of TDS, Ca**, Mg>™,
Na™, HCO;™, SO42_, CI, and NO;™ prescribed for potable
water by Institute of Standards and Industrial Research of

Iran (ISIRI) (2009) and the plan depicting the areal extent
of occurrence of three types of potable water (demarcated
based on the Water Quality Index) were created utilizing
ArcGIS software.

Multivariate statistical analysis

During the present study, SPSS (Version 18) software pack-
age was used to carry out multivariate statistical analyses of
the analytical data of 12 physicochemical variables (viz.,
EC, TDS, pH, TH, Ca**, Mg?*, Na*, K*, HCO,™, SO,*",
Cl7, and NO;") of the groundwater samples (n=66) of the
study area. The multivariate statistical analyses comprise:
(1) Computation of Spearman’s correlation coefficient matri-
ces to establish affinity between pairs of physicochemical
parameters in the samples for identification of various ori-
gins of dissolved solids in the groundwater, (2) Principal
Component Analysis (i.e., R-mode factor analysis) of the
analytical data to determine and decipher relationships
within physicochemical parameters of the groundwater and
to extract the agents controlling the chemistry of ground-
water (Davis 2002), and (3) Hierarchical Cluster Analysis
(HCA) of the hydrochemical variables using Ward's linkage
procedure (Ward 1963) to find multivariate resemblances
in groundwater chemistry and to group the objects (viz.,
physicochemical variables of the groundwater) into specific
domains, so that the entities within a domain are the same
but dissimilar compared to other clusters (Singh et al. 2005).

The normality of distribution of the physicochemical
variables in the groundwater was ensured by Kolmogo-
rov—Smirnov and Shapiro—Wilk tests (Nematollahi et al.
2018). The tests revealed that the P values of the analytical
data are less than 0.05, thus indicating the regular statistical
distribution of the physicochemical variables of the samples.

Estimation of water quality index

Groundwater's suitability for the domestic needs of the
study region was appraised from the calculated values of
Water Quality Index (WQI). The determination of WQI
is a ranking approach that represents the combined effect
of discrete physicochemical variables of natural waters on
the entire standard of freshwater (Mitra 1998). The WQI
of the groundwater samples were computed following the
procedure from the published literature (e.g., Saba and Umar
2016; Tarawneh et al. 2019).

The selection of the “Hydrochemical variables” for
computation of WQI was made based on their relative
significance in defining the water quality for drinking
consumption. During the present study, the analytical
results of 11 hydrochemical variables of the water sam-
ples, namely, pH, TH, TDS, Ca**, Mg**, Na*, K*, HCO,",
5042', CI7, and NO;~, were selected. The highest weight
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number, which is 5, was assigned to 6 hydrochemical
variables (viz., TDS, Ca**, Na*, K*, HCO,;~, and NO;")
as their higher concentration can cause significant dete-
rioration of quality of potable water. Weight number 4
was provided to pH as its values away from 7 indicate the
deteorated quality of the potable water. Weight number 3
was allocated to Mg?* and C17, as these hydrochemical
variables are known to cause less damage to the quality of
potable water. Weight number 2 was assigned to TH, as
its higher values can indicate limited deterioration of the
quality of potable water. The lowest weight number 1 was
allotted to SO,*~ as the latter is known to cause insignifi-
cant deterioration of quality of potable water (Sajil Kumar
et al. 2013). Weight numbers provided to the selected
hydrochemical variables are shown in Table 1.
Calculation of the value of "Relative Weight" (W,) of
the hydrochemical variables was carried out as stated by
the formula
W, = —t
l 221:1 w;
where w; is the weight number allotted to the ith hydrochem-
ical variable, W; is the “Relative weight” of the ith hydro-
chemical variable, and n is the whole number of selected
hydrochemical variables (n=11). The obtained values of
W, of the hydrochemical variables are provided in Table 1.
Computation of the value of "Quality rating” of the ith
hydrochemical variable (g;) was established using the fol-
lowing mathematical expression:

Table 1 “Weight” numbers and “relative weight” assigned to hydro-
chemical variables of the groundwater samples for computation of the
values of Water Quality Index of the groundwater samples

Hydrochemical Permissible limits Weight (w;) Relative
parameter (mg/1) ISIRI (2009) weight
W)

pH 6.5-9 4 0.093
TDS 1500 5 0.116
TH 500 2 0.047
Ca 300 5 0.116
Mg 150* 3 0.070
Na 200 5 0.116
K 200* 5 0.116
Cl 400 3 0.070
SO, 400 1 0.023
HCO; 600* 5 0.116
NO; 50 5 0.116

XW;=43 IW=1
*WHO (1997)
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where C; represents the concentration of ith hydrochemical
variable in the considered groundwater sample, and Si is
the permissible limit of the concentration of the ith hydro-
chemical variable as per the guidelines of ISIRI (2009) for
potable water.

Calculation of the value of "Sub-Index”of the ith hydro-
chemical variable (SI;) of the considered groundwater sam-
ples was carried out according to the following equation:

SI, =W, X q,.

Calculation of the value of WQI of the considered
groundwater sample was established using the following
equation:

WQI = 2 SI,.
i=1

Evaluation of the groundwater quality
for agricultural uses

Assessment of groundwater standard for agricultural use was
carried out on the basis of the values/ratings generated from
ten parameters and three parameter-based bivariate diagrams
devised by prominent investigators. The considered param-
eters and diagrams can reveal salinity- and alkalinity-related
and ion-specific hazards of irrigation waters to soil and veg-
etation. Table 2 provides the framework for the appraisal of
the groundwater quality for agricultural purposes.

Results and discussion
Physicochemical characteristics of groundwater

The pH values of the groundwater samples (n=66) vary
from 6.8 t0 9.1 (av.=7.3) and indicate that majority (~85%)
of samples are mildly alkaline (Table 3). The values of TDS
and EC of the groundwater vary, respectively, from 372 to
2595 mg/l (av.=1061 mg/l) and from 520 to 3630 puS/cm
(av.=1484 uS/cm). Total hardness (TH) of the groundwater
varies from 115 to 1285 mg/I (av. 339 mg/l). Based on the
classification proposed by Sawyer and McCarty (1967), the
groundwater at the majority (~74%) of the sampling loca-
tions can be designated as very hard class (TH > 300 mg/1).
At the remaining ~22% and ~ 4% of the sampling locations,
the groundwater belongs to hard water (TH: 150-300 mg/1)
and moderately hard water (TH: 75-150 mg/l) classes,
respectively. The groundwater, on average and in terms
of meq/l, is specified by Na*> Ca®*>Mg?* > K" and
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Table 2 Parameters and parameter-based bivariate diagrams devised for quality assessment of natural waters for irrigation purposes

Parameters and parameter-based bivariate diagrams

Reference

Salinity Hazard = Values of EC (uS/cm)
Sodium Adsorbtion Ratio (SAR) = ——

[ ca* +mg2t)
2

Residual Sodium Carbonate (RSC) = (CO;> + HCO;) — (Ca™ + Mg** + K)

Kelley’s Ratio (KR) = Na*/(Ca®* + Mg>™")

Exchangeable Sodium Percentage (ESP) = [100(—0.0126 + 0.01475 X SAR)]/[1 + (-0.0126 + 0.01475 + SAR)]

Percent Sodium (% Na) = [(Na* + K*) /(Ca®" + Mg** + K*)] x 100

Permeability Index (PI) = [(Na* + 1/HCO; ) /(Ca®* + Mg** + Na*)] x 100

Choloride Hazard (CH) = concentration of C1~
Bicarbonate Hazard (BH) = concentration of HCO;~
Magnesium Hazard (MH) = Mg?* /(Ca®* + Mg”*) x 100
Bivariate EC (uS/cm) versus %Na diagram

Bivariate PI versus (Tz"+Tz") diagram

Bivariate SAR versus EC (uS/cm) diagram

Richards (1954)
Bouwer (1978)

Lloyd and Heathcote (1985)
Kelley (1951)

Tijani (1994)

Wilcox (1955)

Doneen (1964)

Doneen (1964)

Mandel and Shiftan (1981)
Lloyd and Heathcote (1985)
Wilcox (1955)

Doneen (1964)

Richards (1954)

All ionic concentrations utilized for above calculation are stated in meq/l

HCO;™ > Cl™>S0,> >NO,". Average concentration
of individual cations to total concentration of cations is
45.07% Na*, 34.80% Ca*, 20.06% Mg**, and 0.06% K*.
On average, the anions are composed of 51.62% HCO;™,
30.14% CI7, 16.12% SO42_, and 2.11% NO;™. The average
concentration of (Na™+K") (6.76 meq/) is lower than that
of (Ca®* +Mg*") (8.02 meq/l) and the average concentra-
tion of (HCO;™ + SO42_) (10.10 meq/l) is higher than that
of (CI” +NO;7) (4.72 meq/1). The average concentration of
total ions (Tz™ +Tz*) equals 29.8 meg/1.

Classification of groundwater

Generally speaking, there are various classifications of
groundwater. The principal ones are based on: Cl-, SO,>~,
and HCO;™ contents; quantities of Base Exchange Index
(r1); quantities of Meteoric Genesis Index (r,); and concen-
tration of TDS (i.e., salinity).

Categorization of groundwater depending on CI~, SO,*",
and HCO;™ contents

Groundwaters, according to their CI™, SO42_, and HCO;™ con-
tents, can be classified as normal chloride (C1™ < 15 meq/l),
normal sulfate (SO42_<6 meq/l), and normal bicarbo-
nate (HCO;™ content between 2 and 7 meq/l) types (Soltan
1998). In 66 samples, 38 groundwater samples are affiliated
to chloride, sulfate, and bicarbonate water types. Out of the
66 groundwater samples, 65, 62, and 39 samples represent

normal chloride, normal sulfate, and normal bicarbonate types.
Furthermore, out of 66 samples, 62 samples belong to both
chloride and sulfate water types, 38 are related to both sulfate
and bicarbonate groups, and 39 belong to both chloride and
bicarbonate types. The above data show that the groundwa-
ter at~98% of the sampling sites belongs to chloride type,
at~94% of the sampling locations are of sulfate type, and
at~59% of the bore well locations belongs to bicarbonate

group.

Categorization of groundwater based on the base
exchange index (r,)

Base Exchange Index (r,) as the criterion, Matthess (1982)
grouped the groundwater into two categories viz, “Na*™-SO,>~
and “Na*-HCO; ™" types. The value of r, is arrived at with the
following expression:

r = (NaJr - Cl_) / SOi_ (concentrations of all ions in meq/1).

The computed r; values of the water samples collected at 66
sampling sites are given in Table 4 and the same data are also
presented graphically in Fig. 2a. The r; values of the ground-
water samples at 44 bore well locations designate them as of
Na*—SO,*" type as their r, values are < 1. At the remaining
22 bore well locations, r; values of the groundwater samples
are> 1 and thus belong to Na*~HCO;~ group.
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Table 3 Physicochemical

Y SNo.* pH EC TDS TH Ca Mg Na K HCO; SO, Cl NO;

characteristics of the

groundwater samples (1= 66) 1 7.1 1838 1314 575 1202 668 1517 43 5186 1488 2304 62
2 74 3630 2595 655 2164 28.0 528.8 43 3539 6624 6523 496
3 72 1030 736 330 1102 134 805 43 3234 1248 780 62
4 74 1211 866 420 1403 170 828 43 4271 1152 709 124
5 78 520 372 130 40.1 73 575 20 915 960 532 00
6 6.9 3240 2317 1285 1904 1969 1494 51 366.1 873.6 2836 6.2
7 74 725 518 185 341 243 782 27 2441 528 674 62
8 75 866 619 350 80.2 365 345 3.1 2746 1008  63.8 6.2

9 74 2010 1437 580 130.3 620 1839 43 7322 1488 1595 1302
10 7 1456 1041 565 1002 766 69.0 43 4881 1104 141.8 31.0
11 7.3 2100 1502 190 50.1 158 367.8 43 6102 2448 166.6 18.6
12 72 1390 994 530 1503 377 713 43 518.6 57.6 1418 18.6
13 74 1310 937 520 100.2 656 575 43 4271 1872 709 434
14 72 1210 865 500 1503 304  46.0 43 4271 67.2 124.1 6.2
15 7.3 1102 788 440 1202 340 46.0 43 427.1 1104 532 6.2
16 69 1302 931 460 150.3 20.7 82.8 43 4271 1440 993 37.2
17 7.3 1196 855 510 1202 510 345 43 4271 1296 709 6.2
18 7 1077 770 465 1202 40.1 27.6 43 396.6 96.0 709 6.2
19 72 844 603 315 100.2 158 46.0 3.1 3478 57.6  46.1 124
20 75 1073 767 350 110.2 182 805 43 366.1 86.4 957 18.6
21 6.9 1758 1257 615 1503 583 1149 43 6102 1824 124.1 55.8
22 69 1139 814 440 150.3 15.8 529 43 488.1 76.8 532 0.0
23 72 1188 849 280 50.1 377 1379 43 4576 100.8 709 18.6
24 72 1234 882 455 1202 377  69.0 43 4576 480 922 6.2
25 7.7 820 586 255 80.2 134 690 3.1 2136 96.0  88.6 0.0
26 7 1018 728 250 90.2 6.1 1149 43 396.6 19.2  106.4 6.2
27 7 1326 948 475 110.2 486 805 43 5186 96.0  88.6 12.4
28 6.8 1580 1130 655 2064 340 575 43 5736 576 1773 6.2
29 7.3 1565 1119 420 1102 352 1609 43 5492 1632 1064 6.2
30 73 825 590 305 90.2 194 460 3.1 366.1 33.6  46.1 18.6
31 72 1022 731 410 1202 267 414 43 396.6 81.6  63.8 18.6
32 72 862 616 360 116.2 170 299 3.1 4149 9.6 496 248
33 73 816 583 300 100.2 122 460 3.1 396.6 192 355 18.6
34 7.1 930 665 360 80.2 389 460 3.5 366.1 28.8 83.6 310
35 75 791 566 205 60.1 134 851 27 366.1 19.2 425 0.0
36 7.3 1203 860 290 30.1 523 1379 43 4576 864  83.6 248
37 74 3020 2159 150 40.1 122 6207 5.1 854.2 672 514.1 0.0
38 7.4 2010 1437 200 60.1 122 3678 47 549.2 91.2 319.1 18.6
39 72 2060 1473 195 70.1 49 3793 47 7322 67.2 2482 0.0
40 6.9 1260 901 505 1202 498 529 43 6102 192 709 434
41 9.1 1864 1333 285 92.2 134 2874 43 1098 1440 475.1 0.0
42 7.5 1785 1276 430 80.2 559 2069 43 39.6 1728 2659 434
43 7 900 644 385 1102 267 27.6 3.1 4271 384 355 434
44 7.5 1503 1075 245 80.2 109 2299 43 3356 2064 1773 12.4
45 73 1387 992 475 116.2 450 920 43 5003 384 163.1 31.0
46 7.1 728 521 315 902 219 184 2.7 3356 240 355 18.6
47 72 1634 1168 620 1202 778 851 43 5064 1920 1347 558
48 72 1220 872 495 1002 595 483 43 5492 48.0 709 12.4
49 7.3 1468 1050 395 1002 352 1494 43 427.1 52.8 2234 18.6
50 6.9 1830 1308 630 140.3 68.1 1264 43 701.7 1344 1347 558
51 69 1236 884 460 1503 207 667 43 4820 672 993 31.0
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Table 3 (continued)

S.No.* pH EC TDS TH Ca Mg Na K HCO; SO, NO;

52 6.9 1348 964 310 90.2 207 160.9 43 4271 816 1595 372
53 72 1452 1038 465 1002 523 1149 43 5492 624 1418 310
54 7.6 1380 987 465 70.1 705 989 43 5186 52.8 1418 0.0
55 7.1 1330 951 355 1202 134 1379 43 396.6 624 1879 248
56 7 1249 893 415 1403 158 89.7 43 5492 9.6 1064  31.0
57 7.5 1537 1099 405 1002 37.7 1609 43 427.1 28.8 2659 18.6
58 74 2800 2002 115 30.1 9.7 5862 47 9763 2064 2659 0.0
59 74 2830 2023 210 50.1 207 551.8 0.0 7322 2928 3545 18.6
60 8 1178 842 175 30.1 243 1839 43 305.1 48.0 195.0 0.0
61 7.3 2040 1459 310 802 267 3219 43 396.6 816 4254 186
62 73 1729 1236 250 50.1 304 2759 43 6712 912 1418 0.0
63 7.3 1534 1097 405 1102  31.6 1609 82 396.6 57.6 2624  18.6
64 74 1885 1348 480 1002 559 2069 43 4576 1248 3013 124
65 74 2830 2023 305 60.1 377 5058 47 7322 2736 3687 186
66 7.3 1728 1236 450  170.3 6.1 1839 43 7322 33.6 1524 0.0
Ave 7.3 1484 1061 399 102.6 347 1525 4.1 469.8 1152 1591 19.5
Max 91 3630 2595 1285 2164 1969 620.7 82 9763 873.6 6523 130.2
Min 6.8 520 372 115 30.1 49 184 00 915 9.6 355 0.0

S. No* sample number; all ions, TH and TDS are in mg/l; EC in uS/cm

Categorization of groundwater depending on the values
of meteoric genesis index (r,):

Meteoric Genesis Index (r,) of the water samples gathered
from the study region was computed using the following
equation:

r, = [(Na* + K*) — CI7] /SO;™ (concentrations of all ions in meq/1).

The r, values of the water samples gathered at 66 sam-
pling sites are provided in (Table 4) and the same data are
presented in Fig. 2b. The results show that at 43 bore well
locations, the groundwater belongs to deep meteoric perco-
lation type (r, values < 1) and the groundwater at the remain-
ing 23 sampling sites is of shallow meteoric percolation type
(r, values> 1) (Soltan 1998).

Comparison of r; and r, values implies that at 43 sam-
pling sites, the groundwater is allied to Na*—SO,*~ type and
constitutes the deep meteoric percolation type. Out of the
remaining 23 sample locations, the groundwater at 22 loca-
tions related to “Na*~HCO; ™" type and conform to shallow
meteoric percolation type, and at BW No. 40 locations, the
groundwater is of N a+—SO42‘ type but constitutes shallow
meteoric percolation type. Based on the above information,
the groundwater encountered at a large number of the sam-
pling sites belongs to Na+—SO42_ type and constitutes deep
meteoric percolation type.

Categorization of groundwater depending on TDS
concentration

Davis and Wiest (1966) categorized natural waters based
on the concentration of Total Dissolved Solids (TDS) into
freshwater (TDS < 1000 mg/1), brackish water (TDS between
1000 and 10,000 mg/1), saline water (TDS between 10,000
and 1,00,000 mg/1), and brine water (TDS > 1,00,000 mg/1).
The water samples gathered at 66 sampling sites in the study
region belong to two types: freshwater and brackish water.
Freshwater type of groundwater appeared at 38 places,
whereas the brackish water type is found at 28 sites. Table 5
provides the locations of the bore wells yielding fresh and
brackish ground waters in the study area.

Degree of evolution

The dissolved load in groundwater increases in proportion-
ate to its length of flow (Freeze and Cherry 1979) and anion
chemistry reveals the degree of its evolution in the subsur-
face environment (Chebotarev 1955). The average analyti-
cal data of the groundwater samples show relatively higher
levels of HCO;™ (7.77 meq/1) followed by CI™ (4.40 meq/1),
SO42_ (2.48 meq/l), and NO;~ (0.32 meq/l). Samples con-
taining bicarbonate as the principal anion, as in the present
case, imply the zone of dynamic groundwater movement and
least residence time.
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Fig.2 Base Exchange Index
(r1) (a) and Meteoric Genesis
Index (12) (b) of groundwater
samples

Table 5 Classification of the
groundwater encountered at the
bore well locations (n = 66)
based on TDS content

Fig. 3 Bivariate TDS versus
Gibbs’s ratio I diagram (a) and
TDS versus Gibbs’s ratio 11
diagrams (b)
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Natural mechanisms controlling hydrochemistry

Plots of hydrochemical data on graphs of TDS versus
Gibbs’s ratio I [(Na+ + K +)/(Na+ + K+ +Ca’")] and
TDS versus Gibbs’s ratio II [Cl_/(C1_+HCO32')] (Gibbs
1970) give a clue on the sources of dissolved solids in
the groundwater. These diagrams reveal the importance of
three major natural mechanisms controlling water chem-
istry, viz., mineral weathering, atmospheric precipitation,

@ Springer

and evaporation and fractional crystallization. On the
graph of TDS versus Gibbs’s ratio I (Table 4; Fig. 3a), the
samples plot mainly in the rock dominance and evapo-
ration dominance fields. On the bivariate TDS versus
Gibbs’s ratio II diagram (Table 4; Fig. 3b), the samples
plot mainly near and above the boundary lines of rock
dominance and evaporation dominance fields. The above
data indicate that the hydrochemistry of the groundwa-
ter is controlled mainly by rock weathering reactions and



Environmental Earth Sciences (2022) 81:3

Page110f25 3

Fig.4 Piper trilinear diagram
(Piper 1944) showing the
hydrochemical characteristics
and hydrochemical facies of the
groundwater samples

Cation facies
A Magnesum type

B Calcium type
C Sodium type

D No dominate type

Anion facies
E Sulfate type

F Bicarbonate type
G Chloride type

H No dominate type

Ca - Na+K HCO3+CO 3 — Cl
Calcium (Ca) Chloride (Cl)
CATIONS %meq/ ANIONS

minimally by evaporation processes (Khairy and Janard-
hana 2013; Sehnaz et al. 2020). The samples which did not
plot in the specified domains may indicate the influence of
anthropogenic sources (Adimalla and Venkatayogi 2017).

Hydrochemical facies

The plot of the Hydrochemical data of the groundwater sam-
ples (n=66) on Piper diagram (Piper, 1944) (Fig. 4) show
that, cation facies-wise, 16 samples are calcium type, 14
samples are sodium type, 7 samples are magnesium type,
and in 29 samples, none of the cations dominates. Anion
facies-wise, 28 samples are bicarbonate type, 12 samples
are chloride type, 1 sample is sulfate type, and in 25 sam-
ples, none of the anion ions dominates. Among the ground-
water samples, hydrochemical facies-wise, 27 samples
belong to Ca’>*-Mg?*-HCO," facies, 13 samples belong to
Na*—Cl~ facies, and 26 samples belong to mixed facies (i.c.,
Ca**Mg**—ClI™~ hydrochemical facies of Back, 1966).

lon-exchange reactions
It is observed that groundwater encountered at different loca-

tions of a given terrain, barring rare exceptions, participates
in ion-exchange reactions with clay minerals (exchanger) of

the aquifer matrix (Cardona et al. 2004). The type of ion-
exchange reaction (i.e., either direct cation-exchange reac-
tion or reverse cation—anion-exchange reaction) witnessed
by the water at a given location may vary seasonally, but
invariably depends on its hydrochemical composition.

Ion-exchange reactions witnessed by water at the 66 sam-
pling sites were evaluated based on the values of Chloro-
Alkaline Indices (CAI-I and II) of the groundwater samples.
The CAI values were computed according to the equations
provided by Schoeller (1977) and the obtained data are pro-
vided in Table 4. The data reveal that during the sampling
season, the water at 50 sampling sites was specified by nega-
tive CAI-I and II values implying the water in these loca-
tions was witnessing reverse cation—anion reaction. At the
remaining 16 sampling sites, the groundwater samples were
characterized by positive values of CAI-I and II and the lat-
ter designate direct cation-exchange reaction of waters with
clay minerals (exchanger) of the aquifer matrix.

It is well known that direct cation-exchange reaction pro-
vides a certain amount of alkalies while a similar amount
of alkaline earths is being removed from the groundwaters.
Reverse cation—anion-exchange reaction involves the addi-
tion of a certain amount of alkaline earths and simultaneous
removal of similar amount of alkalies from the groundwater.
In the study region, the ion-exchange reactions resulted in a

@ Springer



3 Page120f25

Environmental Earth Sciences (2022) 81:3

significant addition of alkaline earths and removal of simi-
lar amounts of alkalies. These data suggests that the ion-
exchange process can be considered as one among the few
sources of alkaline earths to the groundwater of the study
region (Jamshidzadeh 2020; Nematollahi et al. 2018).

Multivariate statistical analyses
Correlation matrix

Correlation analysis has a pivotal role in the hydrogeochemi-
cal investigation. The correlation matrix can demonstrate
the dependence between different parameters, thus revealing
the association between different variables and controlling
factors. A correlation coefficient near 1 or at 1 demonstrates
a good positive relationship and a correlation coefficient
around zero shows no relationship between two variables
at a significant level of p <0.05. Generally, the parameters
with > 0.7 show a strong correlation, and r between 0.5
and 0.7 indicates moderate correlation (Sehnaz et al. 2020).
The computed correlation matrices of the analyzed phys-
icochemical variables (n=12) of the groundwater samples
are provided in Table 6. Among the variables, EC shows
high positive correlation with TDS (0.99), Na* (0.81), and
CI~ (0.88), and moderate positive correlation with K (0.67),
HCO,™ (0.61), and SO,** (0.54). Likewise, TDS shows high
positive correlation with Na* (0.79), and C1~ (0.88) and
moderate positive correlation with K* (0.66), HCO;™ (0.58),
and SO,** (0.53). Na* shows high positive correlation with
Cl~ (0.86), moderate positive correlation with K*(0.54),
and weak positive correlation with HCO;~ (0.37) and
SO,2* (0.41). K* shows moderate positive correlation with
CI™ (0.63) and weak positive correlation with HCO;™ (0.47)
and SO,*~ (0.32). Mg>* shows weak positive correlation
with Ca®*(0.25), HCO;™ (0.23), and SO,*~ (0.24) and very

weak positive correlation with K+ (0.14). Ca** shows very
weak positive correlation with K* (0.15) and HCO;~ (0.11).
HCO;™ shows weak-to-very weak positive correlation with
K™ (0.47), Na* (0.37), Mg** (0.23), and Ca2*(0.11). Like-
wise, SO,>~ shows weak-to-very weak positive correlation
with K* (0.32), Na* (0.41), and Mg>* (0.24). C1~ shows
high-to-moderate positive correlation with Na™ (0.86) and
K* (0.63). The observed high positive correlation between
EC and TDS, high-to-moderate positive correlation between
Na*, K*, and Cl~ and their weak positive correlation with
Mg2+, HCO;7, and SO42_, and weak-to-very weak positive
correlation of Mg** with Ca?*, K*, HCO;™, and SO,*~ may
confirm the presence of connate saline water in the Quater-
nary deposits of the aquifer (Khairy and Janardhana 2013).

In groundwaters, a significant amount of alkaline earths
is derived essentially from mineral weathering/dissolution
aided by H,CO; and H,SO,, and in such cases, alkaline
earths (Ca*" + Mg?") exhibit very high-to-high positive
correlation with HCO;™ and SO,*". In the present study,
the alkaline earths were found to exhibit weak-to-extremely
weak correlation with HCO;™ and SO,>~. The observed
poor positive correlation of alkaline earths with genetically
related acids (i.e., HCO;™ and SO,*7) can be explained if
the net contributions of alkaline earths from ion-exchange
processes witnessed by the groundwater are considered.
As mentioned in the section of ion-exchange reactions, the
groundwater was found witnessing reverse cation—anion-
exchange reaction with exchanger (clay minerals) of the
aquifer matrix at 50 out of 66 groundwater sampling loca-
tions. This reverse cation—anion-exchange reaction at major-
ity of the sampling sites provided the significant concen-
tration of alkaline earths to the groundwater. Hence, the
observed weak-to-very weak positive correlation of alka-
line earths with HCO;™ and SO,*~ has to be attributed to

Tab|§6 Correlatiqn coefﬁ(fient EC pH TDS Ca2t Mg2+ Nat K+ HCO,~ 5042— ClI- NO;~
matrix of the physicochemical : :
variables of the groundwater EC 1.00
samples (n=66) pH 0.06 1.00

TDS 0.99* 0.06 1.00

TH 022 -046* 0.21 1.00

Ca** 008 -0.55* 0.09 0.81* 1.00

Mg** 023 -021 019 073 025° 1.00

Na* 0.81*  036* 0.79° -027° -032* -0.13 1.00

K* 0.67° -0.10 0.66* 0.19 0.15 0.14  0.54* 1.00

HCO;~ 0.61° -0.26" 058 0.24 0.11 023 037* 047" 1.00

SO,2 0.54* 0.7 053 0.6 0.02 024 041* 0.32% 0.13 1.00

ClI- 0.88* 0.22 0.88* 0.02 -0.09 0.06 086" 0.63" 0.33*  0.38* 1.00

NO;~ 0.14 -0.33* 0.10 0.40°  029° 0.40*° —0.06 —0.04 0.13 0.07 0.01 1.00

4Correlation is significant at the 0.01 level

PCorrelation is significant at the 0.05 level
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the significant derivation of alkaline earths from the ion-
exchange process.

Factor analysis

Factor analysis is a multivariate statistical approach that can
be used for studying the correlation between a set of vari-
ables (Yu and He 2006). The esential objective of the factor
analysis is to discover the role of each variable and also
simplify the structure of the pure data. Kaiser—Meyer—Olkin
(KMO) Measure of Sampling Adequacy (MSA) is calcu-
lated in SPSS and is often used to distinguish if a dataset
is “suitable” for factor analysis. In this research, a KMO
value of 0.52 was attained, so the hydrochemical data are
proper to carry out Principal Component Analysis (PCA).
PCA was used as a factor analysis method with consider-
ing of varimax rotation technique and eigenvalue > 1(Yang
et al. 2016). Factor analysis of the analytical data of the
physicochemical variables of the groundwater brought to
light 4 factors with Eigenvalues > 1. These factors have been
extracted from the principal factor matrix after varimax rota-
tion. These independent factors account for 80.57% of the
total variance of the data set (Table 7). Factor-1 accounts for
31.19% of the total variance and has strong positive load-
ings of TDS (0.936), Na* (0.927), and CI~ (0.894), moder-
ate positive loadings of EC (0.680) and SO42_ (0.601) and
weak positive loading of HCO;™ (0.429) and very weak
positive loadings of K* (0.22) and Mg?* (0.12). The strong-
to-very weak positive loadings of Na*, Cl-, HCO;™, SO42',

Table 7 Principal and R-mode varimax-rotated factor loadings of the
physicochemical variables of the groundwater samples

Variables Varimax-rotated factor matrix
Factor-1 Factor-2 Factor-3 Factor-4

EC 0.663 0.171 0.125 0.600
pH 0.341 -0.316 —-0.692 -0.191
TDS 0.936 0.225 0.177 0.094
TH 0.001 0.969 0.144 0.122
Ca>* -0.121 0.742 0.261 0.051
Mgt 0.108 0.814 -0.013 0.140
Na* 0.930 -0.313 0.096 0.028
K* 0.234 0.310 0.537 -0.369
HCO;~ 0.424 -0.165 0.744 0.300
S0, 0.602 0.629 -0.219 0.065
ClI~ 0.916 0.044 —-0.064 -0.093
NO;~ 0.006 0.242 0.125 0.854
Eigenvalues 3.757 3.011 1.534 1.412
% Variance 31.312 25.089 12.782 11.769
Cumulative % 31.312 56.402 69.183 80.952

Extraction method: Principal component analysis; Rotation method:
Varimax with Kaiser normalization.

Dendrogram using Ward Linkage
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Fig.5 Dendrogram showing clustering of hydrogeochemical vari-
ables of the grouondwater samples

K*, and Mg?* of the Factor-1 may be related to connate
saline water of the sedimentary layers of the aquifer, which
now constitutes the admixed component of the groundwa-
ter. Factor-2 accounts for 25.2% of the total variance and
has strong positive loadings of TH (0.969), Mg** (0.809),
and Ca”" (0.742) and moderate positive loading of SO, >
(0.623). The high-to-moderate positive loadings of Ca2*,
Mg?*, and SO, 2 of the Factor-2 may indicate derivation of
significant concentration of alkaline earths from weathering
of carbonate minerals, including dolomite. Factor-3 accounts
for 12.74% of the total variance and has moderate positive
loadings of HCO;™ (0.742) and K* (0.550) and weak posi-
tive loading of Ca®* (0.253). The observed positive loadings
of HCO;™, K*, and Ca®* of the Factor-3 may indicate deri-
vation of a certain amount of K* of the groundwater from
weathering of K-bearing silicate minerals aided by carbonic
acid. Factor-4 accounts for 11.43% of the total variance, and
has strong positive loading of NO;™ (0.828) and moderate
positive loading of EC (0.567). High positive loading of
NO;™ of the Factor-4 may indicate the presence of the same
in the groundwater as a consequence of pollution caused by
anthropogenic inputs (e.g., nitrogenous fertilizers, industrial
effluents, human and animal waste, and bio-combustion).
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Cluster analysis

Cluster analysis performed on physicochemical variables of
the groundwater samples brought to light two major clusters
(Fig. 5). Cluster 1 consists of EC, pH, Na*, HCO;™, and
NO;™. Cluster 2 includes Ca**, Mg**, and SO, 2. Variables
of the cluster 1, especially Na™, HCO;™, and NO;™~, may
indicate their derivation from connate saline (palacomarine)
water of the sedimentary beds of the aquifer, weathering of
alkali feldspars aided by carbonic acid, and inputs of anthro-
pogenic sources, which include animal and human waste
and fertilizers. Variables of cluster 2 suggest an influx of
significant amounts of alkaline earths through dissolution
of carbonate minerals, including dolomite, aided by H,SO,.
The grouping of three variables of cluster 1 (i.e., Ca’",
Mg?*, and SO,~2) is consistent with the loadings of factor-2
of the factor analysis data provided earlier in the section of
Factor analysis.

Sources of dissolved solids in groundwater

In natural system dissolution of carbonate, silicate, and
sulfide minerals and consequent generation of HCO;",
SO,*" and H,SO, are represented by the following reactions:

Carbonate minerals + H,CO;(Carbonic acid) — HCOj (Bicarbonate) + Ca®t + Mg2+

(0
Silicate minerals + H,CO; — HCO; + Cations + H,;SO, + Clay minerals (2)

Pyrite + O + H,0 — SO; (sulfate) + Fe** + H* (3)

Carbonate minerals + H,SO,(sulfuric acid) —» HCOj + SO}~ + Ca’ + Mg”* + H*

“

Pyrite + O + H,0 + CO, » H,S0, + HCO; + Fe(OH), + H*.
&)

In ground waters of the study area, the carbonic acid
(H,CO;) played a predominant part in comparison to
sulfuric acid (H,SO,) during dissolution process as
could be made out from the average value of > 0.50 of
HCO;™/(HCO;~ " SO,*7) equivalent ratio (C-ratio; Brown
et al. 1996). The source of ClI™ ion could either be saline
water trapped in the basin or anthropogenic inputs or both.
The connate saline water, now admixed with the ground-
water, in reality, constitutes the Caspian seawater of Qua-
ternary age. The admixed connate water component of the
groundwater can provide a significant concentration of
Cl™ and Na* and relatively lesser quantities of other major
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ions to the groundwater. The amount of ionic load received
by the groundwater from the admixed component of the
connate saline water at any given location of the study area
depends on its quantity and hydrochemical composition.
The hydrochemical composition of the Caspian seawa-
ter of Quaternary age is not known, but it may not differ
significantly from the hydrochemical composition of the
present-day Caspian seawater. The present-day Caspian
seawater, on average, contains in (meq/l) Ca>* =44.00;
Mg?* =19.20; Na*=100.80; K*=2.60; HCO;™ = 3.40;
SO42_ =2.70; CI” =158.80 (Khairy and Janardhana 2013).

In the study area, anthropogenic inputs (from the
agricultural field and domestic wastewater) rendered the
groundwater at several localities significantly saline. For
example, six samples (BW nos. 2, 37, 38, 41, 59, and 61)
contain high concentration of C17, ranging from 319.1 to
652.3 mg/l (av.=456.75 mg/1) (Table 3). At these sites, the
water also contains elevated concentration of Na*, varying
from 206.9 to 620.7 mg/l (av.=433.15 mg/l) (Table 3).
The observed high concentrations of C1~ and Na™ at sev-
eral localities were possibly originated from anthropogenic
inputs.

High concentrations of Ca’* and Mg?* might have been
originated from three sources: mineral weathering, ion-
exchange process, and palaeomarine water in the basin.
During the weathering process, minerals belonging to both
carbonate and silicate mineral groups can provide alkaline
earths. Hence, it is necessary to identify the mineral group(s)
involved during weathering events, based on the hydrochem-
ical data of the groundwater samples.

Groundwater samples of the study area contain significant
concentration of sulfate and the latter may be considered
to indicate the participation of carbonate minerals during
weathering events. During mineral dissolution/weather-
ing process, Ca*" and Mg>* derived exclusively from the
dissolution of carbonates (calcite and/or dolomite) may be
recognized by comparing the theoretically deduced values
of Ca**/HCO,~, Mg**/HCO;~, Ca**/S0,*~, and Mg**/
S0,>~ molar ratios related to weathering of carbonates (mix-
tures of calcite and dolomite in proportions ranging from 0
to 100% of each mineral) which vary, respectively from 0.25
to 0.50, from 0 to 0.25, from 0.5 to 1.00, and from 0 to 0.50
(Khairy and Janardhana 2013).

In this study region, the values of one or two of the
above-mentioned molar ratios (viz., Ca2+/HC03_, Ca**/
S0,*~, Mg**/HCO;~, and Mg**/SO,*") in 30 groundwater
samples are within the limits of the theoretically deduced
values (TDV) of molar ratios originated from the exclusive
dissolution of carbonates. For example, the values of Ca*/
HCO;™ molar ratio in seven samples vary from 0.25 to 0.42
(TDV =0.25 to 0.50). The values of Mg?*/HCO;~ molar
ratio in 20 samples range from 0.03 to 0.25 (TDV =0 to
0.25). The values of Ca’>*/S0O,*~ molar ratio in five samples
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vary from 0.52 to 0.93 (TDV =0.50 to 1.00). The values
of the Mg?*/SO,>~ molar ratio in nine samples vary from
0.17 t0 0.37 (TDV =0 to 0.50). These values of molar ratios
in the identified 30 groundwater samples support the deri-
vation of alkaline earths from the exclusive dissolution of
carbonates. Molar ratios of the remaining samples possibly
point to the derivation of alkaline earth from dissolution of
silicate rocks.

The presence of significant concentrations of HCO;™ in
the samples validates the participation of silicate minerals
during weathering process and they can further be con-
firmed from the values of certain molar ratios of the hydro-
chemical data. For example, the values of (Na™+K™*)/Tz",
(Ca®" +Mg?")/HCO,™, and (Ca*t +Mg?")/(Na™ +K™) molar
ratios reveal the dissolution of minerals of carbonate and/or
silicate groups (Sarin et al. 1989). In the present case, the
values (Table 4) of the above-mentioned molar ratios suggest
the chemical weathering of minerals of both silicate and car-
bonate groups as the source of alkaline earths (Singh et al.
2005). The plots of the values of Mg?*/Na* and Ca’*/Na*
molar ratios (Fig. 6) on the graph of Gaillardet et al. (1999)
indicate the effect of weathering of both carbonate and sili-
cate minerals in the course of the accession of cations (Singh
et al. 2012). Also, the groundwater witnessed an influx of
alkaline earth during the ion-exchange process.

The alkali content of the samples might have been origi-
nated from four sources: weathering of alkali feldspars,
ion-exchange processes, admixed connate saline water, and
anthropogenic inputs. The values of Na*/Cl~ molar ratio of
the samples were considered and it was found that 50 out of
66 samples have values > 1 implying significant participation

100
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Fig.6 Bivariate Mg>*/Na* versus Ca’*/Na* diagram (Gaillardet et al.
1999) showing the plots of the hydrochemical data of the groundwa-
ter samples

of alkali feldspars during weathering process (Stallard and
Edmond 1983; Meybeck 1987; Morgan and Stumm1996).
At the remaining 16 bore well sites, the water might have
acquired Na* + K* during the ion-exchange process.

Groundwater samples contain, on average, high concen-
tration of Na*t (av=152.50 mg/l) and low concentration of
K* (av=4.1 mg/l) among cations. The observed domination
of Na*t over K* and low concentration K* may be attributed
to the Na*-rich and K*- poor nature of the dissolved solids
in the connate saline water component of the groundwater
and anthropogenic inputs. Other reasons for the observed
difference in the concentrations of Na* and K include: high
mobility of Na™ vis-a-vis K* during mineral weathering
(Milliot 1970), ion-exchange process, and participation of a
limited amount of K-feldspars during weathering process in
comparison with Na-bearing aluminosilicates.

Suitability of the groundwater for drinking purpose

The suitability of the groundwater of the studty area for
drinking purpose was evaluated following two different
methods. The first method involved comparision of the val-
ues/concentrations of 11 physicochemical variables (viz.,
pH, TDS, TH, Ca®*, Mg**, Na™, K, HCO;™, SO,*~, CI",
and NO;") of the groundwater samples (Table 3) with the
permissible limits of the values/concentrations of the same
physicochemical variables prescribed by Institute of Stand-
ards and Industrial Research of Iran (ISIRI 2009) for potable
water (Table 8). The second method of evaluation was based
on the computed values of the water quality index (WQI) of
the groundwater samples.

The permissible limits of the values/concentrations of
physicochemical variables prescribed by ISIRI (2009)
for drinking water are: pH (6.5-9), TDS (1500 mg/l),
TH (500 mg/1), Ca** (300 mg/l), Mg** (150 mg/l),
Na* (200 mg/l), K* (200 mg/1), HCO;~ (600 mg/l),
SO,>™ (400 mg/1), C1~ (400 mg/1), and NO;~ (50 mg/l). In
the present studies, the values/concentrations of pH in 1
sample, TDS in 7 samples, TH in 14 samples, Mg** in 1
sample Na* in 14 samples, HCO;™ in 12 samples, SO~ in
2 samples, C1™ in 4 samples, and NO,™ in 4 samples exceed
the permissible limits prescribed by ISIRI (2009). Concen-
trations of Ca>* and K™ in all groundwater are within the
prescribed limits of the ISIRI (2009). Table 8 provides the
details of the groundwater samples having values/concentra-
tions of physicochemical variables exceeding the prescribed
limits suggested by ISIRI (2009).

Figure 7 shows the areal distribution of groundwater with
desirable and permissible limits of concentrations of Mg>*
(A), Na® (B), HCO;™ (C), SO,*~ (D), CI~ (E), NO;~ (F),
TDS (G), TH (H), and pH (I) recommended by ISIRI (2009).

The values of the WQI of the groundwater samples,
which were calculated based on the approach explained in

@ Springer



3 Page160of 25

Environmental Earth Sciences (2022) 81:3

Table 8 Assessment of the quality of the groundwater for drinking purpose based on the permissible limits of the hydrochemical variables pre-

scribed by ISIRI (2009) for potable water

Hydrochemical Desirable limits Maximum permissible Groundwater samples excceding maximum permissible limits (ISIRT 2009)
parameter (ISIRI 2009) limits (ISIRI 2009)
pH 6.5-8.5 6.5-9 Sample nos: 41
Total: 1 (~2%)
TDS 1000 mg/1 1500 mg/1 Sample nos: 2, 6, 11, 37, 58, 59, and 65
Total: 7 (~11%)
TH 200 mg/1 500 mg/l Sample nos: 1, 2, 6,9, 10, 12, 13, 14, 17, 21, 28, 40, 47, and 50
Total: 14 (~21%)
Ca** 300 mg/l 300 mg/l Nil
Mg>* 30 mg/l 150 * mg/1 Sample nos: 6
Total: 1 (~2%)
Na*t 200 mg/1 200 mg/l Sample nos: 2, 11, 37- 39, 41,42, 44, 58, 59, 61, 62, 64, and 65
Total: 14 (~21%)
K* - 200 mg/l Nil
HCO;~ 200* mg/1 600* mg/1 Sample nos: 9, 11, 21, 37, 39, 40, 50, 58, 59, 62, 65, and 66
Total: 12 (~18%)
S0, 250 mg/1 400 mg/1 Sample nos: 2 and 6
Total: 2 (~3%)
ClI~ 250 mg/l 400 mg/1 Sample nos: 2, 37, 41, and 61
Total: 4 (~6%)
NO5~ - 50 mg/1 Sample nos: 9, 21, 47, and 50
Total: 4 (~6%)
*WHO (1997)

the section of methodology, are provided in Table 9. In the
published literature (e.g., Tarawneh et al. 2019), the values
of WQI of waters are grouped into five classes, which cor-
respond to five types of potable water (Table 10). Details
of the groundwater samples belonging to the above-men-
tioned water classes are provided in Table 11. The obtained
data designate that, in the study region, groundwater fit-
ting to “excellent”, “good”, and “poor” water classes are
encountered, respectively, at 37, 28, and 1 sampling sites
(Table 10). Figure 8, which is prepared based on the values
of the WQI of the groundwater samples, shows the spatial
distribution of potable groundwater belonging to "excellent",
"good", and “poor” categories.

Suitability of water for irrigation

Criteria for judging the quality of water for irrigation needs
considered here are listed in Tables 9 and 12. The results
indicated certain limitations of the usage of the groundwater
for irrigation purposes.

Based on the amounts of Exchangeable Sodium Percent-
age (Tijani 1994), groundwater at~95% of the sampling
sites is suitable for irrigation needs (Table 12). Likewise, the
ratings provided by the graphs of the data PI versus T, + .
also suggest that the groundwater encountered at the major-
ity (i.e.,~86%) of the bore well locations belongs to the
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Class I category of irrigation water (Table 12). The values/
ratings of other parameters and bivariate diagrams brought
to light the following specific and valuable information on
the possible damage to soil and vegetation due to the excess
presence of certain ions/groups of ions in groundwater.

The values/ratings provided by Salinity hazard (Richards
1954) show that the region is devoid of excellent category
of irrigation water. Good quality groundwater for irriga-
tion purposes is encountered only at~5% of the bore well
locations. At the remaining ~85% and ~ 10% of the sites,
the water allied, respectively, to fair/medium and poor/bad
classes (Table 12). The data reveal high-to-very high salinity
encountered at majority (~95%) of the sampling sites.

A high content of Na* in irrigation waters can cause the
exchange of Na* in water with Ca>* and Mg?*in soil, and
this chemical activity can reduce the permeability and inter-
nal drainage in soils (Collins and Jenkins 1996; Saleh et al.
1999). Furthermore, the continued application of water with
high Na* and HCO;~ can also adversely affect the soil per-
meability (Doneen 1964; Davis and Wiest 1966; Raghunath
2007). Harmful effects of Na® in irrigation water are also
assessed from the values of % Na™, Kelley’s ratio, Perme-
ability Index as well from the graph of % Na* versus EC (uS/
cm) (Wilcox 1955). The classification of water concerning %
Na™* indicates that the groundwater at~27% of the sampling
locations is not suitable for irrigation purposes (Table 12).
According to the ratings of Kelley’s ratio, the groundwater
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encountered at~26% of the bore well locations is unsuit-
able (Table 12). Permeability Index data suggest that the
groundwater at~44% of the sampling locations is unsuit-
able (Table 12). The ratings generated from the plots of the
data on the Wilcox diagram indicate that the groundwater
encountered at~ 8%, ~ 10%, and 6% of the borewell locations
belongs to permissible to doubtful, doubtful to unsuitable,
and unsuitable categories of irrigation water, respectively
(Table 12). Thus, the ratings provided by % Na™*, Kelley’s
ratio and Wilcox diagram together indicate that the water
at~27% of the sampling sites is marginally suitable/not suit-
able, whereas ratings inferred from the Permeability Index
suggest that groundwater extracted from half of the sampling
sites is unfit for application in the agricultural field.

The quantity of HCO,™ and CO,*~ present in excess of
Ca?* and Mg?* tend to rise sodium ions in water (Eaton
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1950). The values of the related parameter Residual
sodium carbonate (RSC, Lloyd and Heathcote 1985)
at~7% and ~ 14% of the bore well sites belong, respec-
tively, to doubtful (marginal quality) (Singh et al. 2012)
and not suitable categories (Table 12). Bicarbonate in
excess in irrigation waters is considered as harmful to
soils. The ratings of the Bicarbonate hazard (Mandel and
Shiftan 1981) suggest that the groundwater at~71% of
the sampling locations may cause an increasing problem,
inducing alkalinity to the soil and at~27% of the well
locations’ severe problem (Table 12). The high content
of chloride in irrigation waters is also considered as det-
rimental to soils and plant growth. A high concentration
of chloride, combined with excess sodium, promotes the
formation of acidic soil. According to the values/ratings of
the chloride hazard, the groundwater encountered at ~20%
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Table 9 Values of the SNo WQI CH BH  SAR RSC ESP %Na KR MH PI

water quality index of the

groundwater samples and the 1 5545 650 850 275  -300 272 3685 057 4781 5257

;f‘ll;ffy‘if;i‘g;g;;‘sl‘;zgg 2 10690 1840 580 898  -730 1071 6382 176 1755  70.38

(n1=9) 3 3531 220 530 193  -130 156 3535 053 1666 5745
4 4201 200 700 176  -140 131 3063 043 1666  52.05
5 2046 150 150 219  —1.10 193 4951 096 23.07  73.03
6 80.00 800 600 181 -19.69 139 2051 025 6302  27.80
7 2783 190 400 250 030 237 4839 092 5404  76.06
8 3082 180 450 080 -250 -008 1841 021 4284 4261
9 9032 450 1200 332 040 351 4114 069 4395  58.49
10 5143 400 800 126 -330 060 2158 027 5574 4076
11 6501 470 1000 11.60 620 13.69 8091 421 3420 9678
12 4864 400 850 135 -210 072 2324 029 2923 43091
13 5041 200 7.00 110 -340 036 2006 024 5191  39.89
14 4062 350 700 089  —-300 006 1742 020 2499 3872
15 3764 150  7.00 095 —180 0.5 1934 023 3181  43.02
16 4942 280 700 168 -220 120 2873 039 1847 4879
17 3931 200 7.00 066 -320 -028 1363 015 41.16 3544
18 3629 200 650 056 -280 -044 1235 0.3 3547  35.71
19 3286 130 570 113 -060 040 24.82 032 2063  52.86
20 4005 270 600 187  -100 148 3402 050 2142  56.66
21 6548 350 1000 202 -230 168 2935 041 3901  47.8
23 3768 150 800 110  -080 036 2149 026 1477 4620
23 4301 200 750 358 190 387 5218 107 5534 7534
24 4085 260 750 141  —1.60 081 2547 033 3405 4743
25 2863 250 350 188 —1.60 149 3765 059 2156  60.13
26 3650 300 650  3.16 150 329 5054 100 999 7549
27 4484 250 850 161  —-100 1.0 2753 037 4209 4935
28 5024 500 940 098 -370 018 1661  0.19 2136 3568
29 4987 300 900 341 060 364 4584 083 3451 6494
30 3421 130 600 114  -0.10 043 2542 033 2622 5493
31 3856 180 650 089 —170 005 1889 022 2682 4350
32 3708 140 680 068 -040 -025 1608  0.18 1944 4597
33 3449 100 650 LIS 050 044 2574 033 1666  56.87
34 3918 250 600 105 —-120 029 2250 028 4443 4837
35 2965 120 600 258 190 249 4790 090 2682  78.84
36 4185 250 750 @ 3.52 170 379 5130 103 7413 74.07
37 89.14 1450 1400 22.04 1100 2381 9004 900 3332 10248
38 6557 900 900 1131 500 1336 8012 400 2499  95.00
39 64.13 700 1200 1181 810 1391 8099 423 1025  97.86
40 5185 200 1000 102  -0.10 025 1926 023 4058  44.06
41 5414 1340 180 740 -390 881 6886 219 1929  76.05
42 6229 750 650 434  -210 489 5144 105 5347  65.63
43 4186 100 700 061 -070 -036 1425 016 28.56 4321
44 4863 500 550 639 060 754 6735 204 1836  82.85
45 5122 460 820 183  -130 143 3019 042 3893  50.84
46 3126 100 550 045 -080 -060 1213 0.3 2856  44.30
47 6130 380 830 149  -410 092 2350 030 5160  40.88
48 4304 200 900 094 -090 0.3 1825 021 4948 4251
49 5000 630  7.00 327  -090 344 4555 082 3670  63.51
50 6841 380 1150 219  -1.10 193 30.80 044 4443  49.13
51 4732 280 790 135 -130 073 2465 032 1847  47.20
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Table 9 (continued)

S.No WQI CH BH SAR RSC ESP %Na KR MH PI

52 51.16 4.50 7.00 3.97 0.80 440 5341 1.13 2741 73.07
53 53.13 4.00 9.00 2.32 -0.30 2.11 3546 0.54 4622 55.95
54 44.07 4.00 8.50 1.99 -0.80 1.65 32.17 046  62.35 53.06
55 48.09 5.30 6.50 3.18 —-0.60 332 4625 0.84 1549 65.26
56 48.88 3.00 9.00 1.91 0.70 1.54  32.57 047  15.66 56.56
57 52.03 7.50 7.00 3.48 -1.10 372 46.74 0.86  38.26 63.88
58 83.99 750 16.00 23.77 1370 2526 9176 11.08 3477 106.12
59 85.68 10.00 12.00 16.56 7.80 18.81  85.10 571  40.46 97.39
60 38.75 5.50 5.00 6.05 1.50 7.11  69.85 229 5713 89.02
61 6425  12.00 6.50 7.95 0.30 947 6947 226 3547 81.93
62 54.37 400 11.00 7.59 6.00 9.03  70.78 2.40  49.99 90.10
63 51.66 7.40 6.50 3.48 -1.60 372 47.09 086  32.09 63.24
64 58.40 8.50 7.50 4.11 -2.10 458 48.69 094 4790 63.11
65 85.48 1040 12.00 12.59 5.90 1476 78.38 361 5081 90.62
66 55.44 430 12.00 3.71 3.00 412  47.39 0.89 5.55 67.43

WQI water quality index, CH chloride hazard (meq/l), BHbicarbonate hazard (megq/l), SAR sodium adsorp-
tion ratio, RSCresidual sodium carbonate, ESPexchangeable sodium percentage, %Napercent sodium,
KRKelley’sratio, MH magnesium hazard, P/ permeability index

Table 10 Classification of groundwater of the study area for drinking
purpose based on the range of values of water quality index of the
groundwater samples

WQI range Type of water No. of groundwater samples
(% of total number of sam-
ples)

<50 Excellent water 37 (~56%)

50-100 Good water 28 (~42%)

100-200 Poor water 1(~2%)

200-300 Very poor water -

>300 Unsuitable water -

Table 11 Assessment of the quality of groundwater for drinking pur-
pose based on the values of WQI of the groundwater samples

Groundwater sample nos. with the values of WQI in
bracket

Water qaulity

Excellent 3(35.1), 4 (42.1), 5 (20.5), 7 (27.8), 8 (30.8), 12
(48.6), 14 (40.6), 15 (37.6), 16 (49.4), 17 (39.3),
18 (36.2), 19 (32.8), 20 (40.0), 22 (37.7), 23
(43.0), 24 (40.8), 25 (28.6), 26 (36.5), 27 (44.8),
29 (49.9), 30 (34.2), 31 (38.6), 32 (37.1), 33
(34.5), 34 (39.2), 35 (29.6), 36 (41.8), 43 (41.9),
44 (48.6), 46 (31.3), 48 (43.0), 49 (49.9), 51
(47.3), 54 (44.1), 55 (48.1), 56 (48.9), and 60
(38.7)

1(55.4), 6 (80.0), 9 (90.3), 10 (51.4), 11 (65.0),
13 (50.4), 21 (65.05), 28 (50.2), 37 (89.1), 38
(65.6), 39 (64.1), 40 (51.8), 41 (54.1), 42 (62.3),
45 (51.2), 47 (61.3), 50 (68.4), 52 (51.2), 53
(53.1), 57 (52.0), 58 (84.0), 59 (85.6), 61 (64.2),
62 (54.3), 63 (51.6) 64 (58.4), 65 (85.5), and 66
(55.4)

2 (106.9)

Good

Poor
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Fig. 8 Plan showing the spatial variation of the quality of the ground-
water for drinking purpose based on the values of the Water Quality
Index (WQI) of the groundwater samples

and ~7% of the bore well locations belong, respectively,
good-to-hazardous, and hazardous-to-very hazardous cat-
egories of irrigation water (Table 12).

Mg?*-rich irrigation water can cause ill effects on clay
dispersion and hydraulic conductivity of soils, thus affecting
the agricultural produce in the region. The values of Mag-
nesium hazard (expressed as Mg**ratio—Lloyd and Heath-
cote 1985; Szabolcs and Darab, 1964) indicate that at~ 16%
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Table 12 Assessment of the quality of the groundwater for irrigation purpose based on the values/ratings of the irrigation water quality assessing

parameters (n=10) and parameter-based bivariate diagrams (n=3)

Parameters Rating Water class No of Parameters Rating ~ Water class No of
bore bore
wells wells

Salinity (EC(pS/cm)) <250 Excellent Nil Kelley's Ratio (KR) (Kel- <1 Suitable 49

(Richards 1954) 250-750  Good 3 ley 1951) >1 Unsuitable 17
750-2250 Fair/medium 56
> 2250 Poor/bad 7 Mg ratio (Lloyd and <50 Suitable 55
Heathcote 1985) >50  Unsuitable 11
Chloride hazard (CH) <5 Very good-to-good 48
(Doneen 1964) 5-10 Good to hazardous 13 PI (Doneen 1964) <60 Suitable 37
>10 5 >60 Unsuitable 29
PI vs. Total ions (Doneen ClassI  Class I 57
Bicarbonate hazard (Man- < 1.5 No problem 1 1964) ClassII  Class II
del and Shiftan 1981) 1585 Increasing problem 47 Class Il Clas sIII 5
>8.5 Severe problem 18
% Na VS. Ec (Wilcox Field 1  Excellent-to-good 3
SAR (Bouwer 1978) <6 No problem 53 1955) Field2  Good-to-permissible 47
6—9 Increasing problem Field 3  Permissible-to-doubtful 5
>9 Severe problem 7 Field4  Doubtful-to-unsuitable 7
Field 5  Unsuitable 4
RSC (Lloyd and Heathcote <1.25 Suitable 52
1985) 1.25—2.5 Doubtful 5 SAR vs. EC (Richards C2—S1 3
>2.5 Not suitable 9 1954) C3—S1 48
C3—S2 3
ESP (Tijani 1994) <15 Suitable 63 C3—S3 5
>15 Unsuitable 3 C4—S1 1
C4—S2 1
Percentage Sodium % Na <50 Suitable 48 C4—S3 2
(Wilcox 1955) >50 Not suitable 18 C4—S4 3

of the bore well locations, the groundwater belongs to the
unsuitable category of irrigation water (Table 12).

Plots of EC (salinity hazard) and SAR (alkalinity haz-
ard) values of the groundwater samples of the study area
on USSL diagram (Richard, 1954) (Fig. 9) reveal that the
groundwater at~78% and ~5% of the sampling locations
belongs, respectively, to C3-S1 and C2-S1 categories of
irrigation water (Table 12). Low sodic (S1) nature of the
groundwater indicates that it can be safely used in most
types of soils with little danger of development of harmful
levels of exchangeable sodium. However, water character-
ized by high (C3) and very high (C4) salinity prohibits its
use on fine-textured soils with minimal drainage. The data
obtained from the USSL diagram (Fig. 9) suggest that the

groundwater encountered at~95% and ~ 5% of the bore well
locations can be utilized for lands growing, respectively,
salt-tolerant and semi salt-tolerant crops.

Figure 10 provides details of spatial distribution of
groundwater belonging to seven identified irrigation water
classes of Richards (1954). In the study area, groundwater
belonging to C3-S1 irrigation water class of Richards (1954)
is widely encountered and is located at 48 out of 66 bore
well locations (Fig. 10). Groundwater encountered at NW
and NE regions of the study area belongs to essentially very
high saline irrigation water classes.
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Fig.9 U.S Salinity Laboratory diagram (Richards 1954) showing the
irrigation water classes of groundwater samples

Summary and conclusions

The amalgamation of geological knowledge, geochemical
data, and statistical treatment of the hydrochemical data was
made use of the classification, characterization, and evalu-
ation of the quality of water of coastal aquifer at Sari—Neka
region in Iran for drinking and irrigation needs. Source-wise,
groundwater of the studied region at about 68% of the bore
well locations constitutes Na*-SO42_ type and belongs to
deep meteoric percolation type. In about 30% of the bore
well locations, the groundwater constitutes Na*-HCO, ™~ type
and belongs to shallow meteoric percolation type. Salinity-
wise, at about 64% and at about 36% of the sampling sites,
the groundwater belongs to freshwater and brackish water

@ Springer

types, respectively. Molar concentrations of various ions
show that cations and anions abundances, respectively, are
Na*>Ca?" >Mg?** > K" and HCO;™ > Cl~> S0, >NO,".
Hydrochemical facies-wise, ~42%,~41%, and ~ 17% of the
samples belong, respectively, to Ca>*Mg?"HCO;~, mixed
(Ca**Mg?*ClI™; Back, 1996), and Na*-Cl™ facies.

The bicarbonate (HCO;™) content of the groundwater
appears to be generated owing to the carbonate and silicate
weathering process supplemented by carbonic acid and oxi-
dation of sulfide minerals. Sulfate (SO42_) content is prob-
ably related to the dissolution of carbonate minerals aided by
sulfuric acid (H,SO,) and oxidation of sulfide minerals. The
average value of C-ratio (0.78) of the groundwater samples
indicates the significant role played by the carbonic acid
(H,COs) during the weathering process. Cl~ content appears
to have two origins: palaecomarine water of the Quaternary
formations of the aquifer, now blended with the freshwater
and anthropogenic inputs. Alkaline earths were acquired
mainly from 3 sources: carbonate and silicate mineral weath-
ering process, and reverse cation—anion-exchange reaction
between groundwater and clay minerals of the aquifer and
palacomarine water. Alkalies were provided by feldspars,
direct cation-exchange reaction, connate saline water, and
anthropogenic inputs.

Water Quality Index (WQI) used as a tool to assess the
quality of the groundwater for drinking purposes indicated
excellent, good, and poor classes, respectively at 37, 28, and
1 sampling sites. Graphs of the hydrochemical data of the
groundwater samples on USSL diagram of Richards (1954)
indicate that about 95% of the samples belongs to highly
saline (C3) and very highly saline (C4), and alkalinity-wise,
low-to-very high sodic (S1 to S4) irrigation water classes,
thus implying that the groundwater is suitable for irrigation
of land growing salt-tolerant crops. In the remaining ~ 5% of
the sampling sites, groundwater belongs to (C2-S1) irriga-
tion water class and is suitable for the cultivation of semi-
salt-tolerant crops.

The present study provides a valuable example for under-
standing the phenomena of hydrochemical processes and
quality assessment of groundwater in parts of the Caspian
Sea coastal area that is encountered in five countries. Given
that, there are several causes for the deterioration of quality
of the groundwater. In terms of salinization, the groundwater
samples from the area could potentially represent a variety of
water types providing an opportunity to test the performance
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Fig. 10 Plan showing the spatial -
distribution of irrigation water Z. N 3 -
classes of Richards (1954) in c C . s o5
the study area S aspian sea o s i
= u i
< : i
%) 7 49 ]
2% 44 A 59 i
A * A64 i
37 i
1 i
: 29 !
- 7 . 23 A © 53 60 ‘gg i
/ A /
- ;2 i
Te) A 13 27 38 54 !
:r - ,,/ A A 48 A 7
$ 4 63 1
g s 51 A 7
{ 21 28 “ 61 4
{ A A *x f
\ ’
\ 9 36 {
! #“ :
\ + 18 Lo 50 55 {
! 18 N A i
Z * A i
\ A 25 57 i
= i A 456 ]
* | 4 42 i
> |A RE 2 435 o
« ; 17 22 o
_.' 7 20 45 A _J¥
g 40 4 - Legend
S A !
4 A8 16 22 46 D c2s1 + cas1
g A 14 A 32 o
z | A A 5
[ 437"
- , 19 31 3
g AN A 430 AN A c3s1 + 452
° A 33 7
S| T 12 i
Trses ~. ,?’S'J, o c3s2 X c4sy
"~ e
s
0 7.5 15
e  Km L cso . casg
530'E S3°5'E 53°10'E  53°015'E  53°20'E
of many of the available methodologies, including classic ~ Declarations

integrated hydrogeochemical methods, graphical and statisti-
cal techniques and GIS analysis for better understanding of
the hydrochemical system, and utilization and sustainable
management of the groundwater resources of the study area
in a more effective way.
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