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Abstract The chemical analysis of 129 groundwater
samples in the Kadkan area, Khorasan-e-Razavi Province,
NE of Iran was evaluated to determine the hydrochemical
processes, assessment of groundwater quality for irriga-
tion purposes, corrosiveness, and scaling potential of the
groundwater. Accordingly, the suitability of groundwater
for irrigation was evaluated based on the sodium adsorp-
tion ratio, residual sodium carbonate, sodium percent,
salinity hazard, and US Salinity Laboratory hazard dia-
gram. Based on the electrical conductivity and sodium
adsorption ratio, the dominant classes are C3—S1, C3-S2,
C2-S1, and C4-S2. According to the Wilcox plot, about
50 % of the samples fall in the “Excellent to Good” and
“Good to Permissible” classes. Besides, the Langelier
saturation index, Ryznar stability index (RSI), Larson—
Skold index, and Puckorius scaling index were evaluated
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for assessing the corrosiveness and scaling potential of the
groundwater. Corrosiveness and scaling indices stated
that the majority of samples are classified into
“Aggressive” and “Very Aggressive” category. In addi-
tion, chloride and sulfate interfere in 90 % of the samples.
Assessment of hydrochemical characteristics indicates
Na-Mg-Cl as the predominant hydrochemical type. Spa-
tial distribution of hydrochemical parameters indicates
that hydrochemical processes are influenced by geology
and hydrogeology of Kadkan aquifer. The Gibbs plots
gave an indication that groundwater chemistry in this area
may have acquired the chemistry mainly from evapora-
tion and mineral precipitation. Grouping the samples
based on Q-mode hierarchical cluster analysis helped to
more separation of similar samples. The R-mode HCA
grouped analyzed parameters into two groups based on
similarity of hydrochemical characteristics. As a result,
the samples collected in northern and southern parts of the
study area show the best quality (i.e., lowest salinity) for
some purposes such as irrigation and drinking.

Keywords Kadkan - Hydrochemical - Water quality -
Corrosiveness of water - Scaling potential -
Cluster analysis

Introduction

Throughout the world, sustainable socioeconomic de-
velopment of every community depends on the sustain-
ability of available water resources. Water of adequate
quantity and quality is required to meet growing
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household, industrial, and agricultural needs (Azaza
et al. 2011). Groundwater has become the major source
of water supply for domestic, industrial, and agricultural
sectors of many countries. Water shortages have become
an increasingly serious problem in Iran, especially in the
arid and semi-arid regions of Iran (Jalali 2006). Iran is
located in a semi-arid area with an average annual
precipitation less than one third of that of the world
(Baghvand et al. 2010). Continued population growth
in Iran is rapidly depleting groundwater supplies in
some areas. Groundwater is not only the major source
of drinking water and agriculture in Iran, but also sup-
plies more than 50 % of public water utilities and
accounts for almost all the water supply to rural house-
holds (Mahdavi 2007), and therefore, its contamination
has been recognized as one of the most serious problems
in Iran (Jalali 2005, 2007). The quality of groundwater
is as important as its quantity, owing to the suitability of
water for various purposes. Variation in groundwater
quality in an area is a function of physical and chemical
parameters that are greatly influenced by geological
formations and anthropogenic activities (Subramani
et al. 2005; Chin 2006). The chemical composition of
groundwater is controlled by many factors that include
composition of precipitation, geological structure and
mineralogy of the watersheds and aquifers, and geolog-
ical processes within the aquifer (Andre et al. 2005).
Among the sources of contamination, agriculture has
both direct and indirect effects on groundwater chemis-
try (Bohlke 2002; Jalali and Kolahchi 2008; Kvitek et al.
2009). Despite the importance of groundwater in Iran,
quality assessment of groundwater has received little
attention, and efforts to use hydrochemistry data to solve
particular problems are even less or nonexistent. There-
fore, hydrochemical analysis of the groundwater has
become a high priority concern.

The enhanced anthropogenic pressure together with
improved standards of living has substantially increased
the demand for water. Intense agricultural and urban
development has placed a high demand on groundwater
resources, especially in the Kadkan region, Khorasan-e-
Raavi Province, NE Iran (Fig. 1), and these resources
are now at greater risk of contamination. The increasing
exploitation due to farming frequently causes deteriora-
tion in water quality. Therefore, variations in natural and
human activities reflect spatial variations in the
hydrochemical parameters of the groundwater. The im-
portance of water quality in human health has also
recently attracted a great deal of interest (Pazand et al.
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2012). The evaluation and management of groundwater
resources require an understanding of hydrogeological
and hydrochemical properties of the aquifer (Umar et al.
2001). The importance of the groundwater in the area
should not be underestimated because they are sources
of water resource for drinking and agricultural purposes,
not only for the people living in this area, but also for
those who live in the surrounding areas.

Statistic techniques can be used to obtain relation-
ships between parameters and sampling sites to identify
the important factors and sources influencing ground-
water quality and to suggest useful tools for both man-
agement of water resources and monitoring of ground-
water quality (Singh et al. 2005; Papatheodorou et al.
2006; Shrestha and Kazama 2007; Omo-Irabor et al.
2008; Kvitek et al. 2009; Ravikumar and Somashekar
2012). In this paper, hydrochemical investigation and
different multivariate statistical techniques, such as spa-
tial analysis, and R and Q-mode hierarchical cluster
analysis (HCA), were used to identify groundwater
quality, groundwater geochemistry, and its suitability
for irrigation purposes in Kadkan plain.

Materials and methods
Study area

The investigated area is located in the NE Iran and is
part of the Kadkan basin that lies between longitudes
58°35'20" to 59° 18' 50" E and latitudes 35° 27" 30" to
35° 49' 10” N with area occupies of about 1,490 km?
(Fig. 1). The area has a temperate to cold climate and
the air temperature is highest in July (21.3 °C) and
lowest in January (7.3 °C) with an annual average of
14.3 °C. The climate of the study area is semiarid and
its average annual rainfall is about 220 mm, wherein
80 % of it falls during the spring and winter seasons.
Groundwater is an important water resource for drink-
ing, agricultural, and industrial uses in the study area.
Low precipitation and overexploitation of groundwater
resources in recent years have caused an extensive
groundwater level decline in this plain prohibiting fur-
ther development of the aquifer. The topography of the
study area is the mixture of rugged mountains with flat
plains. Most of the study area is formed by recent
alluvium that consists of gravel fans and terraces
(Fig. 1). Late Cretaceous tectonized ophiolitic melange
(harzburgite, peridotite, diabase, serpentinite, splitic
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Fig. 1 Location and geological map of the study area (modified after Vaezi-Pour et al. 1991)

massive lavas, and pelagic limestone placed north to
northeast of Kadkan plain). In the north and west of the
basin, Tertiary volcanic rocks, including andesite (Eo-
cene age), associated with limestone and conglomerate
(Paleocene age), are distributed. Sedimentary units and
clastic facies, consisting of conglomerate, sandstone,
and marl with east—west trend, are located in the south
of the study area during the Cenozoic period (Figs. 1;
Vaezi-Pour et al. 1991).

According to groundwater level, the depth to water
table ranges from 10 to 177 m (Fig. 2). The groundwater
level map indicates that the deeper water table condi-
tions are in the SSW of the study area, whereas the
lowest water table conditions are close to the NNE of
the study area.

Sampling and analysis

Groundwater samples were collected from 129 region-
al deep wells (4 dug wells and 98 bore wells), spring
(11), and qganat (16) within the study area from 2011 to
2012. The selected wells, springs, and qanat are used
for agricultural and domestic purposes. The minimum

and maximum groundwater levels were 10 to 177 m
during the sampling period. The samples were collect-
ed after 10 min of pumping and stored in polyethylene
bottles. Immediately after sampling, pH, electrical con-
ductivity (EC), and total dissolved solids (TDS) were
measured in the field using a multi-parameter portable
meter (HATCH, Germany). Water samples collected in
the field were analyzed in the laboratory for cations
(Ca®*, Mg®", Na', and K*) and anions (HCO;, CO5°
o, SO427, and Cl) using the standard methods. Calci-
um (Ca®") and magnesium (Mg>") were determined
titrimetrically using standard EDTA. Chloride (Cl")
was determined by the standard AgNOs titration meth-
od. Carbonate (CO5>") and bicarbonate (HCO;") were
determined by titration with HCI. Sodium (Na") and
potassium (K") were measured by flame photometry,
and sulfate (SO4>") by spectrophotometric turbidimetry
(Rowell 1994; Table 1). In this study, SPSS 17 soft-
ware used for statistical analysis, AquaChem 3.7 pro-
gram for hydrochemical assessment, Arc GIS 9.3 for
spatial distribution maps of hydrochemical parameter,
and PHREEQC code for the determination of satura-
tion indices.
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Fig. 2 Hillshade map, piezometric map, and positions of piezometers of study area

Results and discussion
Groundwater chemistry

The chemical composition of groundwater is controlled
by geochemical processes during the water—mineral in-
teraction (Appelo and Postma 1996). The water quality
analyses included all major anions, cations, EC, TDS,
and pH. Statistical summary of the physical and chemical
parameters of Kadkan groundwater samples is presented
in Table 1. The overall groundwater EC and pH values of

Table 1 Statistical summary of the physical and chemical param-
eters of Kadkan groundwater samples

Parameter Minimum Maximum Mean Std. deviation
Ca (mg/l) 12 216.8 63.78 46.60
Na (mg/l) 6.9 1,402.4 37438  289.33
K (mg/l) 0.0 184 4.61 21.49
Mg (mg/l) 2.7 173.7 42.71 31.95
CO5 (mg/l) 0.00 42 6.44 10.6
HCO; (mg/l) 67.1 347.6 168.71 59.02
Cl (mg/l) 10.6 2,517 493.11  479.73
SO4(mg/l) 29 922 300.09 17143
pH 6.5 8.9 8.12 0.41
EC (uS/cm)  479.2 9,065 2,752.7  1,808.94
TDS (mg/l)  314.7 4,636.3 1,453.84  908.73
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the study area are ranging from 479.2 to 9,065 uS/cm
and 6.5 to 8.9, respectively. Total dissolved solids in the
study area vary between 314.7 and 4636.3 mg/l. In the
study area, the Na" and K concentrations in groundwa-
ter range from 6.9 to 1,402.4 and 0 to 184 mg/l, respec-
tively. During the water/rock interaction and rock
weathering, Mg>", HCO5, Ca®*, SO4*", and CI” can be
added to the groundwater. The concentrations of Mg>"
and HCO; ions found in the groundwater samples are
ranged from 2.7 to 173.7 and 67.1 to 347.6 mg/l, respec-
tively. The concentrations of Ca®" range from 12 to
216.8 mg/l, which is presumably derived from calcium
rich minerals like feldspars, pyroxenes, amphiboles, and
carbonate minerals. The concentrations of CI and SO427
increase from the recharge to discharge area and change
from 10.6 to 2517 and 29 to 922 mg/l, respectively.
Probably groundwater flow throughout evaporitic rocks
has caused the increment of the chloride and sulfate
concentration. The abundance of the major ions in
groundwater is in following order: Na* > Ca®" > Mg**
>K"and CI" > SO, > HCO; > CO5%

Spatial variation in groundwater chemistry

Spatial distribution of hydrochemical parameters in the
study area is shown in Fig. 3. As shown, the TDS, EC,
chloride, sulfate, sodium, and calcium amount increase
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from the east to the west (Fig. 3a—f), following the
decreasing trend of water table and far from the recharge
zone (Fig. 2), which affects a replenishing water rate,
and consequently, a water salt load. Carbonate, bicar-
bonate, and magnesium concentrations are higher in the
northern part of the Kadkan aquifer (Fig. 3g—i). The
absence of dolomitic and limestone units in this part of
the aquifer indicates the influence of the presence of
tectonized ophiolitic melange (harzburgite, peridotite,
and pelagic limestone) and leaching of these ions from
this unit (Fig. 1). Potassium amount in groundwater

samples is low and do not show a certain distribution
(Fig. 3j).

Hydrochemical facies

To know the hydrochemical regime of the study area,
the analytical values obtained from the groundwater
samples are plotted on Piper’s trilinear diagram (Piper
1944). Plotting the water samples on Piper’s trilinear
diagram (Fig. 4) reveal the analogies, dissimilarities,
and different types of waters in the study area. The
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Fig. 4 Classification diagram for
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concept of hydrochemical facies was developed in order
to understand and identify the water composition in
different classes. It clearly explains the variations or
domination of cation and anion concentrations. The
values obtained from the groundwater sample analysis
and their plot on the Piper’s trilinear diagram reveal that
the dominant cation is Na" and the anion is CI". Ac-
cording to Todd and Mays (2005), the results of
AquaChem program and position of samples on Pipre
diagram show that 30 different water types were found

Fig. 5 Spatial distribution of
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in the groundwater samples (Fig. 5 and Table 2). Na-
Mg-Cl and Na-Cl are predominate forms accounting
39.53 and 10 % of samples, respectively (Table 2).
Thus, based on the evolution of water types from the
recharge zone to discharge zone (bicarbonate — sulfate
— chloride), this evolution can be observed in the study
area. Figure 5 shows the spatial distribution of general
water types in the study area based on the inverse
distance weighting interpolation method. This figure
indicates that sulfate type, and in some cases,
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Table 2 Variation in hydrochemical facies in Kadkan plain, according to AquaChem program and position of samples on Pipre diagram

General water type Hydrochemical facies  No. of samples ~ Sample ID Percent
Bicarbonate Ca-Mg-Na-HCOs; 1 41 0.77
Na-Mg-Ca-HCO; 3 10, 24, 31 232
Na-Mg-HCO3 1 11 0.77
Mg-Na-Ca-HCO; 1 26 0.77
Mg-Ca-Na-HCO; 1 95 0.77
Sulfate Ca-Na-Mg-SO, 3 2,7,15 232
Ca-Mg-Na-SO4 1 13 0.77
Ca-Na-SO, 1 1 0.77
Ca-SO, 1 8 0.77
Na-Ca-Mg-Cl-SO, 2 18, 127 1.55
Na-Mg-Ca-SO, 4 4,6,16,18 3.10
Na-Mg-Ca-CI-SO, 2 23,34 1.55
Na-Mg-CI-SO4 5 25, 52,99, 106, 115 3.87
Na-Ca-CI-SO, 1 39 0.77
Na-CI-SO4 3 102, 107, 121 232
Mg-Na-Ca-SO, 3 5,21,30 232
Mg-Ca-Na-SO, 1 9 0.77
Mg-Na-Ca-CI-SO,4 1 43 0.77
Chloride Na-Mg-Ca-Cl 11 12, 35,49, 51, 57, 72, 86, 89,93, 111, 120 8.52
Na-Mg-Cl 51 19, 20, 22, 27, 33, 37, 42, 44-48, 53-57, 39.53
59-67, 69-72, 74, 75-88, 90, 92, 100,
18, 113, 125, 129
Na-Ca-Cl 5 32,40, 104, 116, 117 3.87
Na-Cl 14 3,38, 94,96-98, 105, 19, 114, 119, 10.85
122-124, 128
Na-Mg-S0,-Cl 1 28 0.77
Na-Ca-SO,4-Cl 1 29 0.77
Na-Ca-Mg-Cl 1 50 0.77
Mg-Na-Ca-SO,4-Cl 1 118 0.77
Mg-Na-Cl 1 126 0.77
Mixed type Na-Mg-Ca 1 14 0.77
(No cation—anion exceed 50 %) Mg-Na-Ca 1 375 0.77
Mg-Na 5 91,101, 103, 110, 112 3.87

bicarbonate type are found in the northern and southern
margins of the Kadkan plain and chloride type in the
central parts (Fig. 5). This is probably related to the
aquifer recharging by geological formation in the north-
ern and southern margins of this plain and low residence
time of groundwater in these parts. Probably more res-
idence time of groundwater or water—evaporitic min-
erals interaction in the central part of Kadkan plain can
also be other reasons for the presence of chloride type in
this part (Todd and Mays 2005; Merkel and Planer-
Friedrich 2008).

Saturation indices

The saturation index (SI) values of minerals were cal-
culated using the PHREEQC Software and the equation
given below (Lloyd and Heathcote 1985) to evaluate the
degree of equilibrium between water and the respective
mineral and to understand the geochemical processes
governing hydrochemistry of groundwater in the area.

SI = log (II?P> (1)

Sp
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where IAP is ion activity product of the solution; K, is
the solubility product of the mineral or equilibrium
constant of the reaction considered at temperature T.
SI<0 indicates that the groundwater is undersaturated
with respect to a particular mineral which is present in
the geological formation either in insufficient amount or
the groundwater has a short residence time. SI>0 re-
flects that the groundwater is supersaturated with respect
to a particular mineral, i.e., incapable of dissolving more
of the mineral, and groundwater discharging from an
aquifer containing ample amount of the mineral with
sufficient residence time to reach equilibrium. The sat-
uration indices of specific mineral phases such as car-
bonate [dolomite, CaMg(CO3),; calcite, CaCO;; and
aragonite, CaCO5] and evaporate [gypsum, CaSOj,.
2H,0; and anhydrite, CaSO,4] minerals are presented
in Fig. 6. Results indicated that all samples were under-
saturated with respect to all mentioned phases, suggest-
ing that these phases have influenced the chemical com-
position of the study area (Fig. 6).

Mechanisms controlling groundwater chemistry

The concentration of dissolved ions in groundwater
samples is generally governed by lithology, nature of
geochemical reactions, and solubility of interaction
rocks. The functional sources of dissolved ions can be
broadly assessed by plotting the samples, according to
the variation in the ratio of Na/(Na+Ca) and Cl/(Cl+
HCO5) as a function of TDS (Gibbs 1970). A Gibbs plot

of data indicates that groundwater chemistry in this area
may have acquired its characteristics mainly from evap-
oration and mineral precipitation (Fig. 7). Precipitation
and rock-weathered materials derived from the underly-
ing rocks control the groundwater chemistry of water
samples. Evaporation greatly increases concentrations
of ions formed by chemical weathering, leading to
higher salinity.

Irrigation water quality parameters

The most important characteristics of irrigation water in
determining its quality and suitability are: (a) salinity
hazard or total concentration of soluble salt as measured
by EC and (b) sodium hazard or relative proportion of
sodium to other principal cations as expressed by sodi-
um adsorption ratio (SAR). In the past, the sodium
hazard has been expressed as percent sodium of total
cations. (c) Bicarbonate hazard or bicarbonate (HCO5 ")
concentration as related to the concentration of calcium
plus magnesium, and (d) boron hazard or concentration
of boron or other element that may be toxic (Ravikumar
and Somashekar 2012).

Salinity of water is inferred from the EC values, the
latter being the measure of sodium and total salt content
of the water. Based on the conductivity values, the
groundwater samples have been classified into various
classes (Handa 1969) and are given in Table 3. It is
found that samples are falling under “Medium” to “Ex
tensively High” salinity classes indicating that majority

Water Sample
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Saturation Indices (SI)
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Fig. 6 Saturation indices of minerals related to interactions with 129 groundwater samples in Kadkan plain
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Fig. 7 Mechanisms governing groundwater chemistry (after Gibbs 1970)

of the water samples are of permissible quality to not
suitable for irrigation. In determining the suitability of
groundwater for domestic and industrial purposes,

hardness is an important criterion as it is involved in
making the water hard. Water hardness has no known
adverse effects; however, it causes more consumption of

Table 3 Classification of groundwater on the basis of EC, total hardness, salinity hazard classes/EC, SAR/sodium hazard classes, Na%, and

RSC
Parameters Range Assessment/class No. of samples Percent
EC (uS/cm; Handa 1969) 0-250 Low (excellent quality) - -
251-750 Medium (good quality) 17 13.17
751-2,250 High (permissible quality) 56 4341
2,251-6,000 Very high 52 40.31
6,001-10,000 Extensively high 4 3.11
Total hardness as CaCOs 0-75 Soft 2 1.55
(mg/l; Sawyer and McCarthy 1967) 75-150 Moderately hard 10 7.75
150-300 Hard 58 44.96
>300 Very hard 59 45.74
Salinity hazard class/EC C1/100-250 Excellent - -
(uS/em; Richards 1954) €2/250-750 Good 13 10.07
C3/750-2250 Doubtful 59 45.73
C4 and C5/>2,250 Unsuitable 57 44.20
SAR (Todd 1959)/sodium hazard <10 Excellent/S1 125 96.90
classes (Richards 1954) 10-18 Good/S2 3 233
19-26 Doubtful (fair poor)/S3 1 0.77
>26 Unsuitable/S4 and S5 - -
Na% (Wilcox 1995) <20 Excellent 3 232
2040 Good 12 9.31
40-60 Permissible 18 13.95
60-80 Doubtful 79 61.24
>80 Unsuitable 17 13.18
RSC (epm) (Raghunath 2003) <1.25 Good 122 94.57
1.25-2.5 Doubtful 6 4.65
>2.5 Unsuitable 1 0.78
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detergents at the time of cleaning and some evidence
indicates its role in heart disease (Schroeder 1960). Hence,
classification of groundwater of the study area based on
hardness (Sawyer and McCarthy 1967) has been carried
and is presented in Table 3. Approximately most of the
samples fall under “Hard” and ““Very Hard” class.

For the purpose of diagnosis and classification, the
total concentration of soluble salts (salinity hazard) in
irrigation water can be expressed in terms of specific
conductance. Classification of groundwater based on
salinity hazard is presented in Table 3. It is found that
the majority of the samples were “Doubtful” to
“Unsuitable” for irrigation purposes. Another important
factor in water quality assessment is the sodium concen-
tration. Sodium concentration is important when evalu-
ating the suitability of groundwater for irrigation Gupta
etal. (2009). High concentrations of Na" are undesirable
in water because Na is adsorbed onto the soil cation
exchange sites, causing soil aggregates to disperse, re-
ducing its permeability (Jalali 2010). The SAR, which
indicates the effect of relative cation concentrations on
Na" accumulation in the soil, is used for evaluating the
sodicity of irrigation water. SAR is computed as

+
SAR— N (2)

Ca2+ + Mg2+
V 2

where all ionic concentrations are expressed in
milliequivalents per liter (meq/1). The classification of
groundwater samples from the study area with respect to
SAR (Todd 1959) is represented in Table 3. Almost the
majority of the SAR value of the samples is found to be
less than 10 and is classified as “Excellent” for irriga-
tion. On the basis of US Salinity Laboratory hazard
diagram (Fig. 8) plotted by correlating the sodium ab-
sorption ratio and electrical conductivity (after Richards
1954), water classes of more than half of the water
samples are (57.37 %) C3-S1, C3-S2, C2-S1, and
C4-S2, indicating “Medium” to “High” salinity/“Low”
to “Medium” sodium type, and 42.63 % of the samples
are C3-S3, C4-S3, and C4-S4 classes, indicating
“High” to “Very High” salinity/Medium” to “Very
High” sodium type.

Sodium content in irrigation waters involves ex-
change reactions with Ca®" and Mg®" of clay particles
of the soil, which in turn leads to the reduction of soil
permeability, internal drainage, and air circulation. So-
dium content in natural waters is expressed in terms of
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Fig. 8 US salinity hazard diagram samples (after Richards 1954)

percent sodium (%Na). %Na is calculated using the
following formula:

(Nat +K*) x 100
(Ca®* +Mg2t +Nat + K")

Na% = (3)

where the quantities of Ca?", Mg®*, Na*, and K" are
expressed in meg/l. The classification of groundwater
samples with respect to percent sodium is shown in
Table 3. As shown, the majority of the groundwater
samples (61 % of the samples) is “Doubtful” for irriga-
tion. A perusal of Wilcox’s (1995) diagram shows that
out of 129 samples, 15 samples are “Excellent to
Good,” 17 samples belong “Good to Permissible,” 34
samples fall in the “Permissible to Doubtful” class, 22
samples are “Doubtful to Unsuitable,” and 41 samples
belong to “Unsuitable” classes (Fig. 9).

The excess sum of CO;> and HCO; content in
groundwater over the sum of calcium and magnesium
content influences the suitability of water for irrigation.
This is expressed as residual sodium carbonate (RSC).
A high value of RSC in irrigation water leads to an
increase in the adsorption of sodium by soils (Eaton
1950). RSC is calculated using the following equation.
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Fig. 9 Percent sodium vs. EC plot (after Wilcox 1995)

RSC = (HCO; +CO3) — (Ca®" +Mg*")  (4)

where all ionic concentrations are expressed in meg/1.
According to the US Department of Agriculture (USDA
1954), water having more than 2.5mEgq/l of RSC is not
suitable for irrigation purposes. Groundwater of the
study area is classified on the basis of RSC and the
results are presented in Table 3. Accordingly, the major-
ity of the samples (94.5 %) belong to “Good” category
(Table 3). The negative RSC values indicate that dis-
solved CO;>~ and HCO;™ ions were less than that of
Ca*" and Mg*" ions.

Corrosiveness and scaling indices
Langelier saturation index (LSI)

Langelier saturation index (Langelier 1936) is a system
for estimating or predicting the amount or degree of
problems with lime scale, caused in a particular water
supply as it determines the corrosive or incrusting
ability of a water sample. In other words, it can be
used to predict the tendencies of water to precipitate or
dissolve calcium carbonate, the main parameter for

determining the corrosivity of water. According to
Langelier (1936), the corrosive action of water is
principally due to an excess of free CO, and its
interaction with calcium and magnesium carbonates.
In the presence of carbon dioxide, these salts are held
in solution as bicarbonates and for any given concen-
tration of calcium and magnesium, there is a corre-
sponding concentration of carbon dioxide to prevent
the decomposition of these bicarbonates back into
carbonates. Corrosion is accelerated by low pH values,
so that in water of low alkalinity and high free carbon
dioxide, the attack is much more rapid as compared to
water, which is high in alkalinity and low in carbon
dioxide content.

The LSI value usually lies between —3 and +3. The
positive value of LSI indicates that the water is over or
super saturated, depositing CaCOj3 on the surface of metal
and corrosion rates will be negligible. A negative index
indicates that the water is under-saturated dissolving
CaCO; and will be considered as corrosive. The value
close to zero states that the water is at saturation (equilib-
rium). In other words, positive LSI values indicate that the
heavy deposition of calcium carbonate (e.g., calcite)
resulting in the formation of sludge and thin scales,
accounted with respect to the dissolution of calcium salt
contents as carbonates due to precipitation; while negative
LSI values accounts for slight corrosive nature in water
with a tendency to dissolve CaCOg, as a result of low
alkalinity and high free CO, content (Sasidhar and Vijay
Kumar 2008; Sivasankar and Ramachandramoorthy
2009; Ravikumar and Somashekar 2012). It can be
interpreted as the pH change required making water in
equilibrium. Langelier saturation index is calculated as the
difference between measured pH and pH at saturation
(pHs) of water with respect to calcium carbonate (i.e.,
calcite; Kumar et al. 2009) using the Eq. (5).

The saturation pH indicates the value attained when
all forms of alkalinity are adjusted to the point where the
water are just saturated with respect to calcium carbon-
ate (Davil et al. 2009). It can be calculated as:

pH(S> = (93 +a+ b) — (C + d), (6)

where pH=-log[H "]
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(log;o[TDS] — 1);
10

b = -13.12log;o(°C + 273) + 34.55;

¢ =log,, (Ca”as CaCO,, mg/L)- 0.4;

d=log,, (alkalinity as CaCO5, mg/L).

In the study area, the LSI values are given in Table 4
and illustrated through histograms (Fig. 10), showed that
58.92 % of the groundwater samples are supersaturated
containing positive LSI index with a tendency to deposit
CaCOj; and 41.08 % of the groundwater samples are
under-saturated containing negative LSI index, accounts
for its slight corrosive nature with a tendency to dissolve
CaCO; as a result of low alkalinity and high free CO,
content (Sivasankar and Ramachandramoorthy 2009).

Ryznar stability index (RSI)

Ryznar (1944) has designed an empirical method to
determine stability index for predicting scaling tenden-
cies of water. This index is often used in combination
with LSI to improve the accuracy in predicting the
scaling or corrosion tendencies of water towards mild

steel under the assumption that if water is scale forming,
corrosion rates will be negligible and waters that are not
scale forming are considered corrosive (Kannan 1991;
Ravikumar and Somashekar 2012). It can be calculated
like LSI as follows:

RSI = 2pH, — pH (7)

The result indicates that 86.82 % of the samples are
classified into “Aggressive” category and 12.40 % of
the samples are classified into “Very Aggressive
category.” Only one sample exhibits “No Scale”
forming tendency (Table 4 and Fig. 11).

Larson—Skold index (L-S index)

Larson—Skold index (Larson and Skold 1958) is used to
describe the corrosiveness of water. They found that
alkalinity tended to reduce the corrosion rates of mild
steel and postulated that it is a natural inhibitor that
participates in formation of an inhibitor film. Chloride
and sulfate were found to increase the corrosivity of
water. This effect is explained by the interference of
these anions in the formation of a natural inhibitor film.
The L-S index is the ratio of meg/l of sulfate and
chloride to the alkalinity in the form of bicarbonate

Table 4 LSI, RSI, L-S index, and PSI values of water samples in Kadkan plain

Parameters Range  Indication

No. of Samples Percent

LSI (saturation capacity) <0

Water is under-saturated with respect to CaCO5 and has a tendency 53 41.08

to remove existing CaCO; protective coatings in pipelines and equipment

0 Water is saturated (in equilibrium) with CaCOj3. A scale layer of - -
CaCQOgj is neither precipitated nor dissolved
>0 Water is supersaturated with respect to CaCO;5 and scale 76 58.92

forming may occur
RSI (scaling capacity) — <5.5 Heavy

5.5-6.2 Scale

6.2-6.8 No scale
6.8-8.5 Aggressive
>8.5 Very aggressive

L-SI index (interference <0.8 Not interfere
of Cland SO4) 0.8-1.2 May interfere
>1.2 Interfere

PSI (scaling capacity) — <5.5 Heavy
5.5-6.2 Scale
6.2-6.8 No scale
6.8-8.5 Aggressive
>8.5 Very aggressive

1 0.77
112 86.82
16 12.40
10 7.75
3 2.33
116 89.92
129 100
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Fig. 10 Evaluation of LSI for the groundwater samples in the study area

and carbonate (Jevaprabha et al. 2006; Ravikumar and
Somashekar 2012).

(so} +cr)

L-S Index = —————— .
(HCO3 +CO03")

(8)

The value of L-S index below 0.8 indicates that
chloride and sulfate do not interfere with natural inhib-
itor film formation while the value greater than 1.2 states
the tendency towards high corrosion. The value of L-S
index between 0.8 and 1.2 indicates that these ions may
interfere with natural film formations (Rabbani et al.
2008). In the study area, chloride and sulfate interfere
in 89.92 % of the samples, do not interfere with natural
film formation in 7.75 % of the samples and may

10.5

interfere with natural film formation in 2.33 % of the
samples (Table 4 and Fig. 12).

Puckorius scaling index (PSI)

The Puckorius scaling index is used to account the
buffering capacity and the maximum quantity of precip-
itation that can form in bringing water to equilibrium
(Davil et al. 2009). The PSI index is calculated in a
manner similar to the Ryznar stability index, Puckorius
has used an equilibrium pH rather than the actual system
pH to account for the buffering effects. Conveniently,
the PSI uses the same numbering systems and general
interpretation as does the RSI (Sargaonkar and
Deshpande 2003; Ravikumar and Somashekar 2012).
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Fig. 11 Evaluation of RSI for the groundwater samples in the study area
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where pHcq=1.465l0g;o[74]+4.54.

The result indicated that all samples (100 %) are
classified into “Very Aggressive” category (Table 4
and Fig. 13).

Statistical screening of groundwater quality data
correlation matrix

Table 5 gives the correlation coefficient matrix for the
hydrochemical parameters. If the correlation coefficient

(7) is greater than 0.7, two parameters are considered to
be strongly correlated; whereas if the 7 value is between
0.5 and 0.7, it indicates a moderate correlation at a
significance level p<0.05 (Guey-Shin et al. 2011). Pa-
rameters having high degrees of correlations are EC and
TDS (r=0.99) because all of the dissolved components
cause increased ionic concentration, as well as increased
EC concentration. EC and TDS are highly related to Na"
(=0.96 and 0.97 respectively) and Cl* (»=0.97) but
moderately related to SO,* (=0.66 and 0.67, respec-
tively), Ca®" (r=0.60), K* (+=0.61), and Mg*>" (+=0.55
and 0.49, respectively). The results indicated that these
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Fig. 13 Evaluation of PSI for the groundwater samples in the study area
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Table 5 Correlation matrix of analyzed groundwater quality parameters

K Na Mg Ca HCO; Cl SO, TDS EC
K 1

Na 58 1

Mg 27 342 1

Ca 348 482 232 1

CO; -13 -25° -.04 —43°

HCO; -.09 -22° 28° -.397 17° 1

cl 66 97 417 54 -28° —24° 1

SO, 17 56° 49* .69° -30° —18° 50° 1

TDS 61° 97% 492 .60° -29° -.18° 97° 67 1

EC 61 96° 552 .60° -27° -.17 97 66° 99* 1

 Correlation is significant at the 0.01 level (two-tailed)
® Correlation is significant at the 0.05 level (two-tailed)

ions involve various physical and chemical reactions:
e.g., oxidation/reduction reactions and ion exchange in
groundwater aquifers, which suggest that the same fac-
tor strongly affect them (Rao 2002; Rao 2003). Ca*" and
SO4> have a relatively high correlation (#=0.69), re-
vealing that the calcium ion in groundwater comes
mainly from gypsum. Na" and CI also have high cor-
relation (r=0.97).

Multivariate analysis (cluster analysis)

Cluster analysis is a multivariate pattern recognition
technique that helps to identify natural groupings in data
sets. Detailed explanation of the technique is given by
Swan and Sandilands (1995) and by Davis (2002).

Cluster analysis is a multivariate pattern recognition
technique that helps to identify natural groupings in data
sets. Detailed explanation of the technique is given by
Swan and Sandilands (1995) and by Davis (2002). In
the present study, both Q-mode and R-mode HCA were
performed on the hydrochemical data. The R-mode
HCA was done to classify the parameters into groups
or facies based on their similarity with each other. In Q-
mode HCA, comparisons based on multiple parameters
from different samples are made and the samples
grouped in clusters according to their “similarity” to
each other, forming higher clusters step-by-step
(Alberto et al. 2001; Guler and Thyne 2004). Different
methods for calculating the similarity between samples/
clusters exist. Here, the relative similarities between the

Table 6 Position of water samples in various clustering states based on Q-mode HCA of samples

2 Clusters (1, 2)

3 Clusters (1, 2, 3)

4 Clusters (1, 2, 3, 4)

Cluster 1-18,20-26, 28-31, 33, 34, 36,37, 39, 1,2,4-6, 811, 13-16, 18, 21, 22, 24, 26,
29-31, 36, 39, 41, 42, 46, 48, 5052, 54-56,
59, 63-66, 6871, 73, 80, 83, 84, 89, 91,
129 93,95, 101-103, 110, 112

1 41-52, 54-56, 58-95, 98-103, 105—
108, 110-113, 115, 117-122, 124—

Cluster 19,27, 32, 35, 38, 40, 53, 57, 96,

1,2,4-6,8-11,13-16, 18,21, 22, 24,
26,29-31, 36, 39, 41, 42, 46, 48,
50-52, 54-56, 59, 6366, 68-71,
73, 80, 83, 84, 89, 91, 93, 95,
101-103, 110, 112

3,7,12,17,20,23,25,28,33,34,37,43-45,47, 3,20, 23, 25, 33, 37, 43-45, 77,
49, 58, 60-62, 67, 72, 74-79, 81, 82, 85-88,
90, 92, 94, 98-100, 105-108, 111, 113, 115,

78, 81, 85, 86, 88, 90, 92, 94,
99, 111, 117, 121, 124, 127-129

19, 27, 32, 35, 38, 40, 53, 57, 96, 97, 104, 109, 7, 12, 17, 28, 34, 47, 49, 58, 60-62,

67,72,74-76, 79, 82, 87, 98, 100,
105-108, 113, 115, 122, 125, 126

19, 27,32, 35, 38, 40, 53, 57, 96, 97,

2 97,104, 109, 114, 116, 123
117-122, 124-129
Cluster —
3 114, 116, 123
Cluster — _
4

104, 109, 114, 116, 123
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Fig. 14 Dendrogram showing
the results of the R-mode HCA of

parameters in the study area _9 ______
K -+
co3 -+
Mg -
Ca -+
HCO3 -+
Na  —++
Cl -+ +
S04 -+
TDS ------
EC -

samples were quantified using the Euclidean distance.
The Euclidean distance d,, between two points x and y
in dimensional space is given by:

1
2

P 2
=[S (10
j=1

where j defines each of the parameters. Ward’s method
was used to combine the clusters. This method is com-
monly applied in water chemistry investigations, e.g.,
by Farnham et al. (2002), Kuells et al. (2000), Alberto
et al. (2001), Guler and Thyne (2004), and Thyne et al.
(2004).

Grouping the variables based on two, three, and four
clusters classifications are presented in Table 6. This
table indicates the position and similarity degree of
water samples by change in the number of clusters. In
other words, this method helps to more separation of
similar samples from other samples. Increasing the clus-
ters leads to determination of more similar samples. So,
classifying the water samples in 4 clusters presents the
samples with more differentiation than 2 and 3 cluster-
ing states. Two groups include: (a) 30 samples (7, 12,
17,28, 34,47, 49, 58, 60-62, 67, 72, 74-76, 79, 82, 87,
98, 100, 105-108, 113, 115, 122, 125, and 126) and (b)
15 samples (19, 27, 32, 35, 38, 40, 53, 57, 96, 97, 104,
109, 114, 116, and 123) with the highest separation
indicate the most similarity. These samples often have
similar type and are located in the central parts of
Kadkan aquifer. The majority of the samples in these
groups have different features (less similarity) that re-
flect the effect of different factors.
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In the R-mode HCA, the dendrogram reveals that the
major portion of the examined physic-chemical compo-
nents are grouped into two main groups (Fig. 14). The
first group contains EC and TDS because all of the
dissolved components cause increased ionic concentra-
tion. All other ions fall within the second group which
represents similar features and natural backgrounds that
were affected by similar hydrochemical processes.

Conclusion

The quality, scaling potential,l and corrosiveness of
groundwater are evaluated in Kadkan area, northeastern
Iran. Predominant hydrochemical facie is Na-Mg-Cl for
the study area with C1” and Na" as the dominant anion
and cation, respectively. According to the PHREEQC
and Gibbs plots, evaporation and mineral precipitation
predominantly regulate the groundwater chemistry in
the study area. Spatial distribution of hydrochemical
parameters indicates that hydrochemical processes are
influenced by geology and hydrogeology of Kadkan
aquifer. Most of the samples in study area fall in the
“Suitable” and “Doubtful” range based on SAR and
%Na values, respectively. According to EC and SAR,
it is evident that more than half of the water samples
(57.37 %) are grouped within C3-S1, C3-S2, C2-S1,
and C4-S2, indicating “Medium” to “High” salinity/
“Low” to “Medium” sodium type, and 42.63 % of the
samples are C3—-S3, C4-S3, and C4-S4 classes, indicat-
ing “High” to “Very High” salinity/“Medium” to “Very
High” sodium type and need better drainage to over-
come salinity problem. From Wilcox plot, it is observed
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that about 50 % of the samples from the study area fall in
the “Excellent to Good” and “Good to Permissible”
classes while remaining samples are “Permissible to
Doubtful,” “Doubtful to Unsuitable,” and “Unsuitable”
classes for irrigation purpose. Calcium carbonate scale
potential indices such as the theoretical Langelier satu-
ration index stated that more than half of the groundwa-
ter samples have the positive value of index indicating
super saturation and low corrosiveness nature of water
towards mild steel. The Ryznar stability index has
underlined that 86 % of the samples are classified into
“Aggressive” category and remaining samples are clas-
sified into “Very Aggressive” category (except for one
sample). Based on the Larson—Skold index, chloride
and sulfate interfere in 90 % of the samples. The
Puckorius scaling index has classified all the samples
into “Very Aggressive” category. Results indicate that
the water samples collected at the northern and southern
margines of Kadkan alluvial aquifer (e.g., samples 11,
14,24,26,36,43,101, 103, 112, and 126) are in the best
quality conditions to the future uses such as irrigation
and drinking. The main reason for the better quality of
these samples is that these samples are located near the
aquifer recharging zones. Based on Q-mode and R-
mode HCA, the hydrochemistry of groundwater in
Kadkan aquifer is influenced by many factors, including
the water types, degree of dissolution, and similarity of
hydrochemical processes. The results indicate that com-
bination of different methods, such as those used in this
study, can make an accurate assessment of the quality of
groundwater for irrigation.
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