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Abstract Groundwater is acknowledged to be a reliable
source for agricultural activities in arid and semi-arid regions.
An assessment of the suitability of groundwater for agricul-
tural usage was carried out on the Amol–Babol Plain, Iran,
where agriculture is the dominant economic activity. Ground-
water samples were collected from 154 wells during the wet
and dry seasons in 2009. The sodium percentage, sodium
adsorption ratio, residual sodium carbonate, magnesium haz-
ard, and Kelly’s ratios were used as indicators for the water
quality. Geostatistical technique of ordinary kriging method
was used to create spatial distribution maps. The thematic
maps of salinity hazard, sodium adsorption ratio, and sodium
percentage indicated an increasing trend of concentration from
the western and southern areas to the east and north-east of the
plain. The maps also show that the groundwater quality de-
creases gradually from the west and south sides to the north-
eastern side. There is also no significant change in seasonal
variation of water quality parameters.
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Introduction

Groundwater is the most reliable water resource, especially in
arid and semi-arid regions like Iran (Jalali 2007; Neshat et al.
2013). Agriculture is a dominant activity on the Amol–Babol
Plain in the north of Iran, in which 85 % of the area is covered
by agricultural land. The large expanse of agricultural land,
which is used to provide food for the growing population, is
highly dependent on the availability of irrigation water. More-
over, thousands wells have been constructed by farmers to
supply groundwater for irrigation. Over-extraction of ground-
water had presented several problems, such as reduced well
yield, and saline water intrusion (Khashogji and Maghraby
2013). The quality of irrigation water directly affects the
physical and chemical structure in soil and has a significant
influence on crop production (Simsek and Gunduz 2007). The
poor quality of irrigation water may be attributed to the high
concentration of ions and trace elements, such as heavy metals
in the soil and water. An excessive content of ions and trace
elements may affect the fertility of the soil (Nishanthiny et al.
2010). Groundwater quality can be affected by numerous
types of human activity such as agricultural, residential, in-
dustrial, and municipal activities (Nas and Berktay 2010). The
variety and extent of groundwater chemical composition
could also be influenced by natural processes such as evapo-
ration, cation exchange, dissociation of minerals, mixing of
water, rock weathering, and human activities (Appelo and
Postma 1993). The geochemistry of soil (Zuane 1990) and
the geological history of rocks (Walton 1970) have a signifi-
cant impact on the chemical contamination of groundwater.
Therefore, any groundwater suitability assessment for agricul-
ture should include their chemical composition (Khodapanah
et al. 2009). Groundwater consists of major cations and an-
ions, such as sodium (Na+), calcium (Ca2+), potassium (K+),
magnesium (Mg2+), chloride (Cl−), sulfate (SO4

2−), and bicar-
bonate (HCO3

−), which directly influence the water quality.
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Ions in water may accumulate in the soil and subsequently
degrade the quality of water which will have a damaging
effect on agricultural production (Simsek and Gunduz 2007).
Several researchers calculated chemical indices, such as sodi-
um percentage (Na%), sodium adsorption ratio (SAR), resid-
ual sodium carbonate (RSC), magnesium hazard (MH), and
Kelly’s ratio to understand the water quality and utilitarian
aspects of groundwater for irrigation (Adhikary et al. 2011;
Ramesh and Elango 2012; Vasanthavigar et al. 2012; Al-Taani
2013). However, better results may be obtained by analyzing
chemistry of all the anions and cations rather than their indi-
vidual parameters (Hem 1985). One of the important require-
ments to undertake irrigation quality assessment is to produce
a specialised map to identify areas under pollution threat.
Irrigation water quality mapping has been proposed as a
valuable tool for the spatial distribution of assessment of the
quality index parameters and also for making a comparative
evaluation map (Adhikary et al. 2011). Combination of Geo-
graphic Information System (GIS) and geostatistical analysis
are becoming an important tool for environmental geochem-
istry studies (Pradhan 2009; Ayazi et al. 2010; Manap et al.
2012, 2013). Geostatistic is a technique that enables the anal-
ysis and prediction of continuous variables that are distributed
in space and time (Delgado et al. 2010). A geostatistical
techniques of kriging considers the spatial correlation between
the sample points and is used for mapping spatial variability
(Uyan and Cay 2010). Groundwater quality varies over time,
the role of temporal variation in groundwater quality param-
eters has been assessed in many studies (Enwright and Hudak
2009; Elci and Polat 2010; Kannel et al. 2008). Seasonal
variation of water quality data assessment is complicated
and requires statistical analysis of long-term data monitoring
of the data (Elci and Polat 2010). As the groundwater is the
main source of irrigation for the Amol–Babol Plain, the suit-
ability of water quality should be studied in greater detail. The
application of geostatistic to understand the spatial variation in
groundwater irrigation quality is crucial for management of
water resources for agricultural usages especially in the
Amol–Babol Plain. Thus, the main objective of this study is
to determine the groundwater quality for the purpose of irri-
gation, and to identify and classify groundwater quality zones
in the Amol–Babol Plain based on geostatistical techniques
and agricultural parameters.

Materials and methods

Study area

The Amol–Babol Plain is located in the northern region of
Mazandaran Province, in the north of Iran. The area lies
between latitudes 36° 16′ and 36° 47′ N and longitudes 52°
9′ and 52° 59′ E, covering an area of approximately 1,822 km2

(Fig. 1b). The altitude of the study area ranges from below sea
level near the Caspian Sea on the northern side to 970 m near
the Alborz Mountains on the southern side. The significant
drainage features of the Amol–Babol Plain are the Haraz, Babol
and Talar Rivers (Fig. 2). The climate is semi-arid with an
average annual rainfall of about 870 mm (Mazandaran 2010)
of which 40 % falls during the rainy season and 16.8 % falls
during the dry season. The moderate temperature is around
25 °C in the summer and 6 °C in the winter (Shahbazi and
Esmaeli-Sar 2009). The most significant economic activity is
agriculture. The cultivation of rice covers around 62 % of the
land followed 12 % of citrus orchard, and crops, such as wheat,
barley, beans and corn covers about 10 %. Only 25 % of the
cultivated area is devoted to semi-aquatic and dry land
(Fakharian 2010). Almost all of the domestic water and around
30 % of the irrigated water supply for agriculture are from
groundwater. From the hydrogeological points of view, the
Amol–Babol Plain consist of an unconfined aquifer that covers
94 % of the total plain, and a confined covers 50 % of the plain.

The average thickness of alluvial deposits is around 90 m.
The thickness varies from 10 m in the northern region to
200m inthe Haraz homogenous sediment layer on the western
and southern side of the plain. There are approximately 6,634
deep and 61,496 shallow wells in the aquifers. The water
abstraction from Amol–Babol aquifers during 2008 to 2009
period was about 302 million m3 (Fakharian 2010; Table 1).
The groundwater level contours indicate that the general
groundwater flow direction in the aquifer is from the southern
(Alborz Mountains) to the northern side (Caspian Sea). The
highlands in the southern region of the study area consist of
Permian limestone, shale and marl of Drood, Ruteh and Nesan
Formations (Aghanabati 2004).

The northern side of the AlborzMountains consists of early
Jurassic sediment layers of sandstone, siltstone, and coal
seams and late Jurassic limestone. Quaternary deposits of
unconsolidated clay and sandy sediments are found in the
central area and on the north side of the plain (Fig. 2). River
alluvial, normally accrued by the weathering process has
formed the Haraz homogenous alluvial fan on the western
side of the study area near Amol City, and the Talar heteroge-
neous alluvial fans on the eastern side of the Amol–Babol
Plain (Jamab 1995). The heavy discharge rates of the Haraz
and Babol Rivers had washed fossil saline water between the
sediment layers to the Caspian Sea, and prevented seawater
intrusion of the coastal aquifer (Fakharian 2010). In the north-
eastern area, fossil saline water is still existed due to the weak
discharge rate of the Talar River.

Sample collections and preparations

Groundwater samples were collected from 154 wells during
October and November (wet season), and May and June (dry
season) in 2009. The temperature, pH, electrical conductivity
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(EC), and total dissolved solids (TDS) were measured imme-
diately after sampling using a multi-parameter WP600 series
meter. The water samples were collected after 10 min of
pumping, transferred into acid-washed polyethylene bottles
(APHA 2005; New Zealand S 1998a), and stored for less than
24 h at 4 °C before being transferred to the laboratory. The
concentration of potassium (K+), calcium (Ca2+), magnesium
(Mg2+), nitrate (NO3

− as N), sulfate (SO4
2−), carbonate (CO3

2

−), and bicarbonate (HCO3
−) were analyzed following the

standard methods (APHA 2005). The major cations of Ca2+

and Mg2+ were determined by titrimetry, sodium and potassi-
um by flame photometry. Bicarbonate values were measured
by acid titration, chloride concentration by AgNO3 titration
and sulfate was determined by spectro-photometer. Quality
controls and quality assurance were applied to obtain reliable
data by checking the blank samples and a calibration curve
was constructed for the elements. The accuracy of the results
was checked by calculating the ionic balance errors (Eq. 1)
(Appelo and Postma 1993), which were within ±5 %.

Error of ion balance ¼
X

cation−
X

anionX
cationþ

X
anion

� 100 ð1Þ

Geostatistical analysis

ArcGIS 9.3 (ESRI 2003) and geostatistical analyst ex-
tension were used for the kriging estimations, and gen-
eration of distribution maps. The ordinary kriging (OK)
method is an optimal geostatistical technique, that can
be applied for mapping groundwater quality where ob-
servations near to each point are more similar than
those far away (Sajil Kumar et al. 2011). In this meth-
od, the regionalized variable is assumed to be stationary
and is expressed as Eq. 2:

z xð Þ ¼ μþ ε xð Þ ð2Þ

Where μ is an unknown constant and is generally consid-
ered as the mean of the attribute values, and z (x) is the attribute
value at any location x with stochastic residual ε (x) with zero
mean (Adhikary et al. 2010). One of the advantages of the
kriging method is that it presents the possibility of interpola-
tion of the estimation error of the regionalized variables where
there is no initial measurement (Uyan and Cay 2010). This
feature offers a measure of the estimation precision and reli-
ability of the spatial variable distribution (Leuangthong et al.

Fig. 1 aMap of Iran and b land use scheme of the Amol–Babol Plain (Fakharian 2010)
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2004). The experimental variogram measures the average
degree of dissimilarity between an un-sampled point and a
nearby point, to represent the autocorrelation at different
distances. The correlation is site specific and should be used
with caution in different areas. The values of the experimental
semivariogram were calculated from the measured data using
the measure of moment approach (Eq. 3; Matheron 1965):

γ hð Þ ¼ 1

2 n hð Þ
Xn hð Þ

i¼1

z xi þ hð Þ−z xið Þ½ �2 ð3Þ

Where γ (h) is the semivariogram and is expressed as a
function of the magnitude of the lag distance, n (h) is the
number of observation pairs for xi and (xi+h) and z (xi) is the
variable at location xi.

Data exploration

Kriging provides the best interpolation results if the data are
normally distributed. The preliminary step of geostatistical
analysis is to determine the normality of data. If the data are
not normal or skewed, transformation should be undertaken to
normalize the data (ESRI 2003). Residual sodium carbonate
(RSC) and magnesium hazard (MH) showed a normal distrib-
uted, whereas, EC, sodium percentage, sodium adsorption
ratio, and Kelly’s ratio are not normally distributed. Therefore,
a log transformation was applied for these variables to con-
form them to a normal distribution. Trend analysis was under-
taken to determine the presence of any large-scale trends. If a
global trend is present, the trend needs to be removed to make
the data stationary and improve prediction errors (Adhikary
et al. 2011). However, the trend analysis did not show any
significant global trend for all parameters. Therefore, it was
not necessary to remove the trend prior to the estimation.

Fig. 2 Geology map of Amol–Babol Plain (Fakharian 2010)

Table 1 Total abstraction from groundwater from 2008 to 2009
(Fakharian 2010)

Water resource Number Annual discharge (MCM*) Percent (%)

Spring 142 19.5 5.3

Wells 68,130 342 94

Qantas 2 0.85 0.7

Total 68,274 302.15 100

*Million Cubic Meters

Arab J Geosci



Semivariogram fitting

Semivariance is a measure of the degree of spatial dependence
between samples. The semivariogram is a function that relates
the semivariance of the data points to the distance (ESRI
2003). Eleven different functions of circular, spherical,
tetraspherical, pentaspherical, exponential, Gaussian, rational
quadratic, hole effect, and K-Bessel. J-Bessel and stable
semivariogram models were evaluated in this study. The suit-
able models for fitness on the experimental variogram were
assessed by cross-validation (Mehrjardi et al. 2010). In order
to ensure the predictability of the theoretical model, prediction
performances were tested for all models (Jalali 2007). Cross-
validation helps to find which model provides the best pre-
diction. An accurate model is recognized by the mean error
(ME) and mean standardized error (MSE) being close to zero;
the root mean square error (RMSE) and average standardized
error (ASE) as small as possible and the root mean squared
standardized error (RMSSE) close to one (ESRI 2003). If the
average estimated prediction standard errors are close to the
root mean square, prediction error from cross-validation one
can be confident that the prediction standard errors are appro-
priate (ESRI 2003). After using different models for different
irrigated water quality parameters and based on the cross-
validation results, it was found the exponential, Gaussian
and K-Bessel were the most accurate models to be used in
the study area (Table 2). The nugget-sill ratio represented as a
percentage can be applied in the classification of the spatial
dependency of groundwater quality parameters (Uyan and
Cay 2010). The nugget variance (C0) represents the level of
random variation within the data (Cynthia et al. 2000).

The sill (C0+C) shows the asymptote of the curve where
the structural variance attains its maximum value because it
remains constant (Delgado et al. 2010). The range indicates
the lag distance at which the semivariogram reaches the sill
value (Cynthia et al. 2000). If the ratio is less than 25 %, then

the variable has strong spatial dependence; if the ratio is
between 25 % and 75 %, the variable has moderate spatial
dependence, and if greater than 75%, the variables showweak
spatial dependence (Ahmadi and Sedghamiz 2007). In the
study area, the nugget–sill ratio indicates that except for the
SAR and Na% parameters in the dry season, which show
strong spatial dependency, other variables represent moderate
dependency in the dry and wet seasons (Table 3).

Statistical analysis

The statistical distribution of groundwater quality data was
tested using the one-sample Kolmogorov–Smirnov (K-S) test
(Helsel and Hirsch 2002). The K-S test is based on a simple
way to quantify the difference between the observed and
expected distribution. The data normality distribution can be
tested to confirm the results of data exploration analysis using
geostatistical technique (Table 4). If p value>α (α=0.05),
then it presents no difference between the data distribution
(normal distribution), and if the pvalue<α, then the data could
be non-normally distributed at the 95 % confidence level.

K-S test should be performed prior to the use of statistical
methods to consider the role of seasonal variation on the
quality of irrigation water. The paired sample t testwas applied
to the data that were normally distributed (Helsel and Hirsch
2002) and the sample size number must be greater than 30
samples in each group (Elci and Polat 2010). Non-parametric
tests, such as the Wilcoxon rank test, were applied for non-
normally distributed data, instead of the parametric test, such
as the paired sample t test (Helsel and Hirsch 2002). In the
application of both tests, if the p value<α (α=0.05), it indi-
cates that there is a significant difference between the concen-
tration of data over two seasons. Otherwise, if the p value>α,
it indicates that there is no significant difference between data
concentration in the both seasons.

Table 2 Cross-validation results
for ordinary kriging method Season Parameters Best fit model ME MSE RMSE ASE RMSSE

Dry Salinity index K-Bessel -3.98 -0.0213 370.4 348.3 1.088

SAR K-Bessel -0.045 0.8876 -0.077 0.817 1.097

Na% Exponential 0.0719 -0.0058 14.13 14.83 0.999

RSC Exponential -0.0007 -0.0000 3.461 3.195 1.084

MH Exponential 0.2836 0.01735 11.19 12.76 0.891

Kelly ratio K-Bessel 0.0879 -0.1138 1.314 0.722 1.447

Wet Salinity index K-Bessel -7.29 -0.0183 435.7 383.8 1.064

SAR K-Bessel -0.1131 -0.0483 2.608 2.941 1.001

Na% Gaussian 0.0978 -0.0001 14.45 16.31 0.919

RSC K-Bessel -0.0581 -0.0147 3.726 3.769 0.989

MH Exponential 0.0195 0.0012 12.27 12.15 1.010

Kelly ratio Exponential -0.0299 -0.0591 0.642 0.588 1.148
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Irrigation groundwater quality map construction

The irrigation quality maps were created to represent a general
view of suitability of the groundwater for agricultural activi-
ties. Themaps were produced by overlying interpolation maps
of the salinity index, SAR, Na%, RSC, MH, and Kelly’s ratio
from the results of the kriging method. Overlay analysis is a
common, widely used method for analyzing and evaluating
geospatial data in the GIS environment. The advantage of the
overlay method is its ability to match files for the same
geographic area, which enable visualization of the interactions
among the different data. The spatial integration for final
irrigationwater quality mappingwas carried out using ArcGIS
spatial Analyst extension.

Results and discussion

Statistical summary

The water quality standard of the Food and Agriculture Orga-
nization (FAO 1994) was used as the basis for the water quality
evaluation for agricultural purposes in this study (Table 5). The
pH values in the groundwater samples mostly vary within the
ranges of 6.4 to 7.8 and 6.3 to 7.8 during the dry and wet

seasons respectively. The groundwater pH values of most of the
samples are within the permissible limit of 6.5–8.5 (FAO
1994). Less than 3 % of the samples show pH values lower
than the water standard, which may indicate the slightly acidic
situation of groundwater due to the carbonate bedrock in some
parts of the study area. The values of electrical conductivity and
TDS are mostly attributed to the geochemical process, such as
ion exchange, evaporation, silicate weathering, rock water in-
teraction and also anthropogenic activities (Ramesh and Elango
2012). The EC values range from 618 to 3168 μs/cm and from
624 to 4378 μs/cm in the dry and wet seasons, respectively
(Table 5). In the dry season, 0.6 %, and in the wet season
1.94 % of the samples show that the EC value exceed the
permissible limit of 3,000 μs/cm (FAO 1994) in the study
area. The TDS means concentration is 2,459 mg/l in the
dry season, but increases to 3,122 mg/l in the wet sea-
son. Although, the mean values of the EC are lower than
the FAO (1994) standard limit of 2,000 mg/l, 1.27 % and
3.89 % of the samples represent TDS values above
the permissible limit in the dry and wet seasons, respec-
tively.

Magnesium is in the range of 7 to 310 mg/l and 5 to 100mg/
l in the dry and wet seasons, respectively. As evident from the
results, around 11.4 % of the samples for the dry season and
11.0 % of the samples for the wet season exceed the desirable

Table 3 Best-fitted variogram
models of irrigated water quality
and their parameters

Season Parameters Nugget (C0) Sill (C0+C) (C0/C0+C)*100 Range (km)

Dry Salinity index 0.0631 0.1381 45.6 49.3

SAR 0.2373 0.9372 25.1 40.8

Na% 0.0769 0.3172 24.2 19.3

RSC 8.4318 12.355 65.4 35.5

MH 0.0522 0.0846 61.4 19.3

Kelly ratio 0.4282 0.9772 43.1 32.1

Wet Salinity index 0.0715 0.1695 42.2 49.6

SAR 0.2574 0.8701 29.5 34.3

Na% 0.1809 0.2915 62.1 17.4

RSC 10.015 14.597 68.5 14.5

MH 100.10 131.91 75.8 47.1

Kelly ratio 0.3219 0.8484 37.9 27.6

Table 4 Kolmogorov–Smirnov test for data distribution

Parameter EC SAR Na% RSC MH Kelly ratio

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet

Mean 1,179.6 1,202.3 2.629 2.608 29.30 30.34 2.28 3.08 46.50 42.85 0.608 0.504

Std. deviation 446.7 558.1 2.893 3.912 17.62 16.47 3.44 3.75 12.10 12.39 1.405 0.689

P-value* 0.040 0.002 <0.0001 <0.0001 0.000 0.007 0.059 0.603 0.848 0.899 0.000 0.000

Data distribution Non-normal Non-normal Non-normal Normal Normal Non-normal

*α=0.05
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limit of 60 mg/l (FAO 1994). The major source of magnesium
in the groundwater is the ion exchange of minerals in rocks and
soils by water (Aghazadeh andAsghari 2010). TheMg/Ca ratio
is lower than 5 in the most parts of study area, which indicate
that the groundwater is affected by dissolution of limestone and
dolomite in the study area.

The potassium concentration in groundwater mostly in-
creases by the weathering of potash silicate minerals, the
application of potash fertilizers and the usage of surface water
for irrigation (Jain et al. 2010). The mean values of K+ vary
between 12.9 mg/l in the dry season to 20.8 mg/l in the wet
season. Both values exceed the FAO (1994) guidelines for the
maximum admissible limit of 2 mg/l. The nitrate concentra-
tion ranges from 0.1 to 39.4 mg/l in the dry season and from
0.01 to 20.00mg/l in the wet season. Among the 154 sampling
wells, 6.5% of samples in the dry season and 7.1% samples in
the wet season show nitrate concentration above the standard
limit of 10 mg/l (FAO 1994). In areas with intensive irrigation
activities similar to the Amol–Babol Plain, irregular utilization
of fertilization significantly influences the groundwater qual-
ity by the direct input of potassium and nitrate from fertilizers
and sewage ponds to groundwater.

The existence of shallow wells (depth<10 m), especially in
coastal area, could play an important role in the increase of the
K+ and NO3

− concentration in the groundwater. The bicarbon-
ate concentration varies from 10 to 1,000 mg/l in the dry season
and from 20 to 1,350mg/l in the wet season, which is more than
the 610 mg/l suggested by the FAO (1994) irrigation water
quality standard. Natural processes, such as the dissolution of
carbonate minerals and dissolution of the atmospheric and soil
CO2 could be the source of HCO3

− in the groundwater (Jeong
2001). The mean concentration of chlorides in the groundwater
during the dry season is 176.3 mg/l, which increases slightly to
188.7 mg/l during the wet season. In both seasons, the mean
values of Na+ and Cl− are under the permitted limits 920 Mg/l

and 1,063 Mg/l (FAO 1994), respectively. Silicate weathering,
seawater intrusion and fossil saline water could possibly be the
sources of the Na+ and Cl− in the study area.

Mapping groundwater quality for irrigation purpose

Salinity hazard/salinity index

The most influential water quality criterion on crop productivity
is the salinity index, which can be computed using the electrical
conductivity values (Ravikumar et al. 2011). The salts usually
originate from the dissolved minerals in the groundwater or from
a high saline water table (Simsek and Gunduz 2007).

Groundwater samples are mostly in classes ІІ and ІІІ (mod-
erate to high salinity) in the both seasons (Table 6). Moderate
salinity is not harmful to agricultural activities. However, high
salinity groundwater can be considered for the irrigation of
moderate and high salt-tolerant crops (Ravikumar et al. 2011).
Three samples in the dry season and one sample in the wet
season are categorized as class І , which is appropriate for high
salt-tolerant crops. None of the samples are classified in
classes, and І , which are unsuitable for irrigation.

Water with an EC value lower than 700 μs/cm is considered
as excellent to good quality for irrigation purposes (Table 6).
Approximately, 12.7 % and 11.6 % of the water samples are
classified as good quality in both seasons. The spatial distribu-
tion maps show that this class is situated in a limited area south-
west of Amol City in the west of the plain, in both seasons
(Fig. 4a, b). The majority of the samples (around 83 % in both
seasons) are considered as water with permissible quality,
which covers a wide area in the southern, western and northern
sides of the plain (Fig. 3).

No significant variation in the water salinity had been
observed in the central area using both seasons (Fig. 4a, b).
About 3.8 % of the samples in the dry season and 5.1 % of the

Table 5 Groundwater quality and their comparison with irrigation water standard (FAO 1994)

Descriptive statistics of dry season Descriptive statistics wet season Irrigation water standard

Parameters Union Min. Max. Mean Std. Deviation Min. Max. Mean Std. Deviation

pH – 6.41 7.86 6.94 0.28 6.3 7.8 6.8 0.22 6.5-8.4

EC μS/cm 618.5 3,168 1,156.6 439.19 624.3 4,378 1,188.9 532.1 3,000

TDS Mg/l 359.8 2,459 845.92 335.72 414.2 3,122 880.31 409.45 2,000

K+ Mg/l 1.00 172 12.941 21.033 1.00 110 20.816 21.704 2.00

Mg2+ Mg/l 7.00 310 41.42 26.163 5.00 100 37.727 16.287 60

Ca2+ Mg/l 11.00 200 77.293 29.517 11.0 190 84.019 34.533 400

HCO3
− Mg/l 10.00 1,000 400.37 150.56 20.0 1,350 512.2 219.05 610

SO4
2− Mg/l 0.00 175 81.515 42.553 0.00 175 88.013 41.683 1,240

Cl− Mg/l 22.00 475 176.38 113.35 34.0 490 188.78 114.18 1,063

Na+ Mg/l 10.04 568.64 76.345 88.382 10.07 574.3 76.797 89.25 920
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samples in the wet season belong to very high class of salinity.
The areas with very high water salinity extend to the north-
eastern side of the plain where the fossil saline water trapped
between the sedimentary layers and sediments is effectively
delineated with true resistivity ranges of 1–5 Ω/m and small
grain size heterogeneous layers (Fakharian 2010).

Based on the Wilcoxon signed rank test, the p value for EC
concentration is 0.783; this is significantly greater thanα=0.05,
which indicates that there is no difference between dry and wet
seasons for electrical conductivity concentrations in the study
area.

Sodium adsorption ratio (SAR)

Another significant water quality factor that influences the soil
permeability is the sodium adsorption ratio (SAR). The

sodium hazard in the irrigation water is measured by the
relative concentration of major cations, such as Na+, Ca2+,
and Mg2+ (Khodapanah et al. 2009). SAR is calculated using
the following equation (Hem 1985):

SAR ¼ Naþffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ca2þ þMg2þ

2

r ð4Þ

Where, all ionic concentrations are represented in meq/l.
A high concentration of SAR leads to the develop-

ment of an alkaline soil (Nishanthiny et al. 2010). The
soil will be hard and compact when dry and increasing-
ly impervious to water penetration (Nishanthiny et al.
2010). Therefore, the physical structure of soil will
degrade becoming unsuitable for plant growth. Todd

Fig. 3 Salinity index for the
groundwater samples of Amol-
Babol Plain

Table 6 Classification of waters based on EC (Handa 1969)

EC (μs/cm) Water salinity Percentage

Dry season Wet season p value*

0-250 Low (excellent quality) – –

251-750 Medium (good quality) 12.73 % 11.68 %

751-2,250 High (permissible quality) 83.43 % 83.11 %

2,251-6,000 Very high 3.82 % 5.19 %

6,001-10,000 Extensively high – – 0.783

10,001-20,000 Brines weak concentration – –

20,001-50,000 Brines moderate concentration – –

50,001-100,000 Brines high concentration – –

>100,000 Brines extremely high concentration – –

*Wilcoxon signed rank test, α=0.05
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(1959) suggested a classification for SAR concentrations
in groundwater for irrigation purposes (Table 7).

During the dry season, the SAR concentration of all
groundwater samples is classified as excellent in terms
of water quality (Table 7). In the wet season, the ma-
jority of samples are classified as excellent, except for
two samples that belong to the good category. The
results of the Wilcoxon signed rank test show that the
seasonal change of SAR is insignificant, with 95 %
confidence between both seasons in the Amol–Babol
Plain. The SAR concentration exhibits a similar trend
as that for the salinity index. There is a gradual increase
in the SAR values from the western and southern parts
to the north-eastern side of the plain. The excellent to

good water quality is distributed across an extensive
part of the study area.

Based on the U.S. Salinity diagram classification of irriga-
tion water (1954), the salinity hazard for groundwater is
classifiedas high to medium (Fig. 4). Most of the water sam-
ples belong to the C3–S1 group, representing the high salinity/
low sodium type, which is detrimental to crops (Khodapanah
et al. 2009). About 13 samples (8.28 %) in the dry season and
11 samples (7.14 %) in the wet season are in the
category of C2–S1, indicating the medium salinity/low
sodium type of irrigation water. Groundwater belonging
to this class can be used for irrigation activities without
any salinity control. 6.30 % and 5.19 % of water
samples are in the C3–S2 class in the dry and wet
seasons, respectively, indicating the high salinity/
medium sodium water type. This class cannot be used
on soil with restricted drainage (Ravikumar et al. 2011).
Approximately two samples from the dry season and
four samples from the wet season belong to the C4–
S2 class. High salinity/high sodium (C3–S3) and very
high salinity/high sodium is unsuitable for irrigation
without special management practice, but could be uti-
lized for salt tolerant plants on permeable soils with
special management practice (Khodapanah et al. 2009),
around three samples in the dry season and one sample
in the wet season belong to these classes.

Fig. 4 US salinity hazard
diagram (after Richards (1954))

Table 7 Classification of waters based on SAR values (Todd 1959)

SAR value Water quality Percentage P-value*

Dry season Wet season

< 10 Excellent 100 % 98.70 %

10-18 Good – 1.30 %

19-26 Doubtful – – 0.103

26 < Unsuitable – –

*Wilcoxon signed rank test, α=0.05
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Sodium percentage

The concentration of the sodium in irrigation water is also
known as the sodium percentage. The sodium percentage has
been used to classify the chemical composition of the ground-
water. Excess sodium in water will change the soil structure
and reduce soil permeability (Nishanthiny et al. 2010). Sodi-
um in high concentrations tend to be absorbed by clay grains,
displacing Mg2+ and Ca2+, which reduces the permeability of
soils (Ravikumar et al. 2011). The sodium percentage can be
calculated using Eq. 5 (Wilcox 1955):

Na% ¼ Naþ þ Kþð Þ � 100

Ca2þ þMg2þ þ Naþ þ Kþ ð5Þ

Where, all ionic concentrations are represented in meq/l.
Statistically, the seasonal change in sodium percent-

age concentrations is not significant in the study area.
The Wilcox (1995) classification of groundwater sam-
ples indicates that 36.9 % and 27.9 % of samples
belong to the excellent water quality category (Table 8
and Fig. 5). This group of samples is mostly concen-
trated on the western part of the plain, where Amol City
extends onto the Haraz alluvial fan. In the Haraz allu-
vial fan, geophysical investigation showed high true
resistivity (around 200 Ω/m) and high natural under-
ground drainage, which leads to the leaching of ions
in the discharge area and decreases groundwater salinity
on the western side of the Amol–Babol Plain. About
45.0 % and 50.0 % of water samples in the dry and wet
seasons are in the category of good to permissible for
irrigation purposes. The spatial variation shows that the
northern, north-western and some parts of the south and
center of the plain are prone to good to permissible
concentrations of Na% in the groundwater (Fig. 6).

It is observed that around 7.0 % of samples are
classified as doubtful to unsuitable for irrigation activi-
ties in both seasons and about 2.5 % of the wells have
an unsuitable quality for irrigation water in the Amol–
Babol Plain. The doubtful to unsuitable zones are dis-
tributed in a few areas in the center of the plain in the

Table 8 classification of waters based on sodium percent (Wilcox 1955)

Na% Water quality Percent P-value*

Dry season Wet season

<20 Excellent 36.9 % 27.9 %

20-40 Good 45.03 % 50.0 %

40-60 Permissible 10.19 % 11.0 % 0.435

60-80 Doubtful 7.0 % 7.7 %

>80 Unsuitable 0.6 % 0.6 %

*Wilcoxon signed rank test, α=0.05

Fig. 5 Suitability of groundwater
for irrigation in Wilcox diagram
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dry season and extend to the north-eastern side in both
seasons (Fig. 6).

Residual sodium carbonate (RSC)

The residual sodium carbonate (RSC) is a valuable parameter
that has a significant effect on the suitability of water for

irrigation uses (Adhikary et al. 2011). The bicarbonate hazard
is generally described in terms of RSC. Water with a high
concentration of HCO3

− shows a tendency for calcium and
magnesium to participate as the water in the soil becomes
highly concentrated (Nishanthiny et al. 2010; Ravikumar et al.
2011). Therefore, the RSC was analyzed to determine the
hazardous effect of HCO3

− and CO3
2− on the irrigation water

Fig. 6 Spatial distribution of
sodium percent adry season and b
wet season
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quality (Sadashivaiah et al. 2008; Ramesh and Elango 2012).
The RSC is calculated by the following formula (Eq. 6; Eaton
1950):

RSC ¼ CO2−
3 þ HCO−

3

� �
− Ca2þ þMg2þ
� � ð6Þ

Where, all ionic concentrations are expressed in meq/l.
About 69 samples (43.94 %) in the dry and 81 samples

(52.59%) in the wet seasons show an RSC value of more than
2.50, indicates that the groundwater is unsuitable for irrigation
(Table 9). This is probably due to the influence of carbonate
rock dissolution, especially in the highland areas in the south-
ern side of the study area (Fig. 2). The interpolated image
reveals that the central part of the plain (between Amol and
Babol Cities) shows RSC values of unsuitable concentration,
in both seasons (Fig. 7).

The results of the paired sample t test show that the p
value for RSC is close to the confidence threshold of
0.05, which indicates the borderline significance of sea-
sonal changes in the study area. Therefore, the high
concentration of RSC in groundwater could reflect the
nature of the geological formation (especially related to
Permian and Jurassic limestone formations) with which
it has been in contact. Around 22.29 % and 16.23 % of
water samples belong to the doubtful category in the
dry and wet seasons, respectively.

The other 53 water samples (33.75 %) in the dry and 48
samples (31.16 %) in the wet seasons belong to the good
category in the Amol–Babol Plain. The areas extending to the
Haraz alluvial (western side) and Tallar alluvial (eastern side) are
under good to doubtful RSC concentrations for both seasons
(Fig. 7).

Magnesium hazard (MH)

Magnesium and calcium are necessary ions for plant
growth but a high concentration of Mg2+ affects the
soil aggregation and friability, and may decrease the
crop production (Ravikumar et al. 2011). A high con-
centration of Mg2+ is usually because of the presence of
exchangeable Na+ in irrigated soils. Equation 6 has been

suggested by (Doneen 1964) for specifing the magne-
sium hazard for irrigation water:

MH ¼ Mg2þ

Mg2þ þ Ca2þ
� 100 ð7Þ

In Amol–Babol Plain, around 38.2 % of samples in the dry
season and 28.6 % of samples in the wet season showed aMH
ratio of more than 50.0%, indicating its harmful effect on crop
yield. The study shows that this class covers a wide area in the
east and north-east sides of the plain and limited area on the
western side, in both seasons. The remaining samples include
61.8 % and 71.4 % in the dry and wet seasons, respectively,
which shows MH ratio below 50 % indicating the suitability
of water for irrigation uses. The paired sample t test was
applied to identify the role of seasonal variation in the MH
concentration in the study area. Since the pvalue is close to the
α value (p value=0.041, α=0.05), it could be concluded that
the magnesium hazard is influenced by seasonal changes.
However, the exact reason for the MH concentration is still
unknown.

Kelly’s ratio

Kelly’s ratio (Kelly 1940, 1951; Paliwal 1967) classifies irri-
gation water quality based on the level of Na+, Mg2+, and
Ca2+. The proposed KR value for irrigation water is given by
Eq. 9:

KR ¼ Naþ

Ca2þ þMg2þ
ð9Þ

Where, all the ionic concentration is represented in meq/l.
A Kelly’s ratio of more than one represents an excess level

of Na+ in water and unsuitable for irrigation purposes. There-
fore, water samples with a ratio of less than 1 are suitable for
irrigation usage. In the study area, around 80 % of samples in
both seasons present KR<1, indicating that the water is suit-
able for irrigation. The remaining samples, which include 20
samples (12.7 %) for the dry season and 18 samples (11.7 %)
for the wet season, show a KR of more than one in the Amol–
Babol Plain. For the Kelly’s ratio data, the p value is greater
than the α value (p=0.982>0.05). Therefore, the seasonal
difference is not statistically significant.

Irrigation groundwater quality map

The irrigation groundwater quality map shows that the
groundwater quality decreases gradually from the west and
south sides of the area to the east and north-eastern part of the
Amol–Babol plain (Fig. 8). Suitable water quality covers

Table 9 Groundwater quality based on RSC (after Richard (1954))

RSC (epm) Water quality Percent P-value*

Dry season Wet season

< 1.25 Good 33.75 31.16

1.25-2.50 Doubtful 22.29 16.23 0.057

2. 50 < Unsuitable 43.94 52.59

*Pried sample t-test, α=0.05
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about 709 (39 %) and 700 km2 (38.5 %) of the Amol–Babol
Plain in the dry and wet seasons, respectively. Suitable water
is found in the area around Amol City, which is situated on the
Haraz homogenous alluvial fan, and also at the Alborz High-
lands on the southern side of the plain (Fig. 8). Groundwater
with moderate-suitability extends to about 928 km2 (51.1 %)
in the dry season and to 976 km2 (53.7 %) in the wet season.

Groundwater belonging to this group covers some areas on the
northern, eastern and central side of the plain (Fig. 8). The
unsuitable groundwater quality covers around 157 km2

(8.6 %) and 165 km2 (9 %) on the north-eastern side in the
dry and wet seasons, respectively. In addition, the irrigation
groundwater quality map shows that there is no significant
variation of water quality during both seasons.

Fig. 7 Spatial distribution of
RSC a dry season and bwet
season
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Conclusion

The hydro chemical investigation undertaken shows that most of
the study area falls under the salinity hazard of medium and high,
which is mostly distributed on the north and north east of the
plain. This shows that the groundwater is subjected to seawater
intrusion and fossil saline water. The delineated zones with high

concentrations of RSC are mostly located on the southern and
central sides of the plain where groundwater has been influenced
by the dissolution of the carbonate rock formation of the Alborz
Highlands. No SAR problem was observed in the sampling well
during the study. From the Wilcox diagram, it is observed that
most of the groundwater samples are in good to permissible
limits in the wet and dry seasons in the study area.

Fig. 8 Groundwater irrigation
quality a dry season and bwet
season
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The suitable to moderate-suitable irrigation water is mainly
found in the western, southern and central parts of the study
area. The most suitable groundwater quality extends to the
Haraz alluvial fan on the western side of the plain. Generally,
the groundwater quality decreases from the west and south
sides to the east and north-eastern sides where the wells are
located in or around layers of fossil saline water and hetero-
geneous sediment layers of Talar alluvial fan and the southern
side of Babol City. It can be concluded that the seasonal
changes for all parameters, except magnesium hazard are not
statistically significant. However, the magnesium hazard and
residual sodium carbonate values show borderline significant
seasonal changes. Therefore, the concentration of these two
parameters could be influenced by the amount of precipitation
and evaporation during both seasons in the plain. Hence,
lithology, seawater intrusion, and land use patterns mostly
control the concentration of groundwater quality parameters
and seasonal variation has a less significant role on the
groundwater quality in the Amol–Babol Plain.

Acknowledgments The authors acknowledge the Soil and Water Pol-
lution Bureau of the Department of the Environment (DOE) in Iran for
their financial support through a contract with Amirkabir University of
Technology (AUT), Tehran, Iran. The financial support by DOE and the
laboratory data and analyses provided by AUT are gratefully acknowl-
edged. Special thanks are due to Mr. A. S. Mohammadlou for his sincere
cooperation in providing the data.

References

Adhikary P, Chandrasekharan H, Chakraborty D, Kamble K (2010)
Assessment of groundwater pollution in West Delhi, India using
geostatistical approach. Environ Monit Assess 167(1–4):599–615.
doi:10.1007/s10661-009-1076-5

Adhikary P, Dash C, Chandrasekharan H, Rajput T, Dubey S (2011)
Evaluation of groundwater quality for irrigation and drinking using
GIS and geostatistics in a peri-urban area of Delhi, India. Arab J
Geosci 1-12. doi:10.1007/s12517-011-0330-7

Aghanabati SA (2004) Geology of Iran. Geological Survey of Iran,
Tehran, Iran

Aghazadeh N, Asghari MA (2010) Assessment of Groundwater Quality
and its Suitability for Drinking and Agricultural Uses in the
Oshnavieh Area, Northwest of Iran. Journal of Environmental
Protection 01(01):30–40. doi:10.4236/jep.2010.11005

Ahmadi SH, Sedghamiz A (2007) Geostatistical Analysis of Spatial and
Temporal Variations of Groundwater Level. Environ Monit Assess
129:277–294

Al-Taani A (2013) Seasonal variations in water quality of Al-Wehda Dam
north of Jordan and water suitability for irrigation in summer. Arab J
Geosci 6(4):1131–1140. doi:10.1007/s12517-011-0428-y

APHA (2005) standard methods for the examination of water and
wastwater. vol (21st ed). American Public Health Association,
American Water Workes Association, Water Enviroonment federa-
tion, Washigton DC

Appelo CA, Postma D (1993) Geochemistry, groundwater and pollution.
Balkema, Rotterdam

Ayazi MH, Pirasteh S, Arvin A, Pradhan B, Nikouravan B, Mansor S
(2010) Disasters and risk reduction in groundwater: Zagros

Mountain Southwest Iran using geoinformatics techniques.
Disaster Advances 3(1):51–57

Cynthia SAW, JosephMW, Stephen RY (2000) Characterizing the spatial
structure of vegetation communities in the Mojave Desert using
geostatistical techniques. Comput Geosci 26:397–410

Delgado C, Pacheco J, Cabrera A, Batllori E, Orellana R, Bautista F
(2010) Quality of groundwater for irrigation in tropical karst envi-
ronment: The case of Yucatán,Mexico. AGRWater Manage 97(10):
1423–1433. doi:10.1016/j.agwat.2010.04.006

Doneen LD (1964) Notes on water quality in agriculture. Water Science
and Engineering, University of California, Davis

Eaton EM (1950) Significance of carbonate in irrigation water. Soil Sci
69:12–133

Elci A, Polat R (2010) Assessment of the statistical significance of
seasonal groundwater quality change in a karstic aquifer system
near Izmir-Turkey. Environ Monit Assess 172(1):445–462. doi:10.
1007/s10661-010-1346-2

Enwright N, Hudak P (2009) Spatial distribution of nitrate and related
factors in the high plains aquifer, Texas. Environ Geol 58:1541–
1548

ESRI (2003) Environmental Systems Research Institute, Using ArcGIS
geostatistical analyst USA

Fakharian K (2010) Hydrogeology report of Amol-Babol plain, Study of
prevention, control and reduce pollution of Amol- Babol aquifer.
(Persian ed.). Department of Environment of Iran, through a contract
with Amirkabir University of Technology

FAO (1994) Water quality for agriculture. Food and Agriculture
Organization of the United Nations, Rome

Handa BK (1969) Description and classification of media for hydro-
geochemical investigations. Paper presented at the In Symposium
on ground water studies in arid and semiarid regions, Roorkee

Helsel DR, Hirsch RM (2002) Statistical Methods in Water Resources:
Techniques of water-resources investigations of the United States
Geological Survey. In. USGS

Hem JD (1985) Study and interpretation of the chemical characteristics of
natural water USGS. Water Supply paper 2254:117–120

Jain CK, Bandyopadhyay A, Bhadra A (2010) Assessment of ground
water quality for drinking purpose, District Nainital, Uttarakhand,
India. Environ Monit Assess 663-676. doi:10.1007/s10661-009-
1031-5

Jalali M (2007) Salinization of groundwater in arid and semi-arid zones:
an example from Tajarak, western Iran. Environ Geol 52(6):1133–
1149. doi:10.1007/s00254-006-0551-3

Jamab (1995) Geological report of the comprehensive water plan of
Mazandaran. Jamab Consulting Co

Jeong CH (2001) Effect of landuse and urbanization on hydrochemistry
contamination of groundwater from Taejon area, Korea. J Hydrol
253:194–210

Kannel PR, Lee S, Lee Y-S (2008) Assessment of spatial–temporal
patterns of surface and ground water qualities and factors influenc-
ing management strategy of groundwater system in an urban river
corridor of Nepal. J Environ Manage 86(4):595–604

KellyWP (1940) Permissible composition and concentration of irrigation
waters. Proceedings of ASCE

Kelly WP (1951) Alkali soils—their formation, properties and reclama-
tion. Reinhold, New York

KhashogjiM,MaghrabyMS (2013) Evaluation of groundwater resources
for drinking and agricultural purposes, Abar AlMashi area, south Al
Madinah Al Munawarah City, Saudi Arabia. Arab J Geosci 6(10):
3929–3942. doi:10.1007/s12517-012-0649-8

Khodapanah L, Sulaiman WNA, Khodapanah N (2009) Groundwater
Quality Assessment for Different Purposes in Eshtehard District,
Tehran, Iran. European Journal of Scientific Research 36:543–553

Leuangthong O, McLennan JA, Deutsch CV (2004) Minimum accep-
tance criteria for geostatistical realizations. Natural Resources
Research 13:131–141

Arab J Geosci

http://dx.doi.org/10.1007/s10661-009-1076-5
http://dx.doi.org/10.1007/s12517-011-0330-7
http://dx.doi.org/10.4236/jep.2010.11005
http://dx.doi.org/10.1007/s12517-011-0428-y
http://dx.doi.org/10.1016/j.agwat.2010.04.006
http://dx.doi.org/10.1007/s10661-010-1346-2
http://dx.doi.org/10.1007/s10661-010-1346-2
http://dx.doi.org/10.1007/s10661-009-1031-5
http://dx.doi.org/10.1007/s10661-009-1031-5
http://dx.doi.org/10.1007/s00254-006-0551-3
http://dx.doi.org/10.1007/s12517-012-0649-8


Manap MA, Nampak H, Pradhan B, Lee S, Sulaiman WNA, Ramli MF
(2012) Application of probabilistic-based frequency ratio model in
groundwater potential mapping using remote sensing data and GIS.
Arab J Geosci: 1–14

Manap MA, Sulaiman WNA, Ramli MF, Pradhan B, Surip N (2013) A
knowledge-driven GIS modeling technique for groundwater poten-
tial mapping at the Upper Langat Basin,Malaysia. Arab J Geosci: 1–
17

Matheron G (1965) Les variables régionalisées et leur estimation.
Masson, Paris

Mazandaran Meteorology (2010) http://www.mazandaranmet.ir
Mehrjardi MZ, Mehrjardi R, Akbarzadeh A (2010) Evaluation of

Geostatistical Techniques for Mapping Spatial Distribution of Soil
PH, Salinity and Plant Cover Affected by Environmental Factors in
Southern Iran. Notulae, Scientia Biologicae: 92–103

Nas B, Berktay A (2010) Groundwater quality mapping in urban ground-
water using GIS. Environ Monit Assess 160(1–4):215–227. doi:10.
1007/s10661-008-0689-4

Neshat A, Pradhan B, Pirasteh S, Shafri H (2013) Estimating groundwater
vulnerability to pollution using a modified DRASTIC model in the
Kerman agricultural area, Iran. Environmental Earth Sciences: 1–13.
doi:10.1007/s12665-013-2690-7

New Zealand S (1998a) Water Quality - Sampling. Part 1: Guidance on
the Design of Sampling Programmes, Sampling Techniques and the
Preservation and Handling of Samples. Tandards New Zealand,
Wellington, New Zealand

Nishanthiny CS, Thushyanthy M, Barathithasan T, Saravanan S (2010)
Irrigationwater quality based on hydro chemical analysis, Jaffna, Sri
Lanka. American-Eurasian J Agric & Environ Sci 7(1):100–102

Paliwal KV (1967) Effect of gypsum application on the quality of
irrigation waters. The Madras Agricultural Journal 59:646–647

Pradhan B (2009) Groundwater potential zonation for basaltic watersheds
using satellite remote sensing data and GIS techniques. Cent Eur J
Geosci 1(1):120–129. doi:10.2478/v10085-009-0008-5

Ramesh K, Elango L (2012) Groundwater quality and its suitability for
domestic and agricultural use in Tondiar river basin, Tamil Nadu,
India. Environ Monit Assess 184(6):3887–3899. doi:10.1007/
s10661-011-2231-3

Ravikumar P, Somashekar R, Angami M (2011) Hydrochemistry and
evaluation of groundwater suitability for irrigation and drinking
purposes in the Markandeya River basin, Belgaum District,
Karnataka State, India. Environ Monit Assess 173(1):459–487.
doi:10.1007/s10661-010-1399-2

Richards LA (1954) Diagnosis and improvement of saline and alkaline
soils. US Department of Agriculture hand book, US Salinity
Laboratory

Sadashivaiah C, Ramakrishnaiah C, Ranganna G (2008) Hydrochemical
analysis and evaluation of groundwater quality in Tumkur Taluk,
Karnataka State, India. IJERPH 5(3):158–164

Sajil Kumar PJ, Jegathambal P, James EJ (2011) Multivariate and
geostatistical analysis of groundwater quality in Palar river basin.
International Journal of Geology 5(4):108–119

Shahbazi A, Esmaeli-Sar A (2009) Groundwater quality assessment in
nirth of Iran: a case study of the Mazandaran province. World
Sciences Journal 5:92–97 ((environment))

Simsek C, Gunduz O (2007) IWQ Index: A GIS-Integrated Technique to
Assess Irrigation Water Quality. Environ Monit Assess 128(1):277–
300. doi:10.1007/s10661-006-9312-8

Todd DK (1959) Groundwater hydrology. Wiley, New York
UyanM, Cay T (2010) Geostatistical Methods forMapping Groundwater

Nitrate Concentration, 2010, Paper presented at the 3rd International
Conference on Cartography and GIS 15–20 June, 2010. Nessebar,
Bulgaria

Vasanthavigar M, Srinivasamoorthy K, Rajiv Ganthi R, Vijayaraghavan
K, Sarma VS (2012) Characterisation and quality assessment of
groundwater with a special emphasis on irrigation utility:
Thirumanimuttar sub-basin, Tamil Nadu, India. Arab J Geosci
5(2):245–258. doi:10.1007/s12517-010-0190-6

Walton WC (1970) Groundwater resources evaluation. McGraw-Hill,
New York

Wilcox LV (1955) Classification and use of irrigation waters USDA
Circular No. 969

Wilcox LV (1995) Classif ication and use of irrigation waters. US
Department of Agricultur, Washington

Zuane JD (1990) Drinking water quality: Standards and control. Van
Nostrand Reinhold, New York

Arab J Geosci

http://www.mazandaranmet.ir/
http://dx.doi.org/10.1007/s10661-008-0689-4
http://dx.doi.org/10.1007/s10661-008-0689-4
http://dx.doi.org/10.1007/s12665-013-2690-7
http://dx.doi.org/10.2478/v10085-009-0008-5
http://dx.doi.org/10.1007/s10661-011-2231-3
http://dx.doi.org/10.1007/s10661-011-2231-3
http://dx.doi.org/10.1007/s10661-010-1399-2
http://dx.doi.org/10.1007/s10661-006-9312-8
http://dx.doi.org/10.1007/s12517-010-0190-6

	Groundwater irrigation quality mapping using geostatistical techniques in Amol–Babol Plain, Iran
	Abstract
	Introduction
	Materials and methods
	Study area
	Sample collections and preparations
	Geostatistical analysis
	Data exploration
	Semivariogram fitting

	Statistical analysis
	Irrigation groundwater quality map construction

	Results and discussion
	Statistical summary
	Mapping groundwater quality for irrigation purpose
	Salinity hazard/salinity index
	Sodium adsorption ratio (SAR)
	Sodium percentage
	Residual sodium carbonate (RSC)
	Magnesium hazard (MH)
	Kelly’s ratio

	Irrigation groundwater quality map

	Conclusion
	References


