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Abstract

Deterioration of groundwater quality due to drastic human interventions is rising at an alarming rate particularly in lower- and
middle-income countries. Yet, limited research effort has been devoted to monitoring and ascertaining groundwater quality.
The present study develops a comprehensive irrigation water quality index (IWQI) for rating water quality of shallow and
deep aquifers in North Kurdufan province, Sudan. The new approach is developed to overcome the deficiencies of the exist-
ing irrigation indices and coming up with a unified decision for classifying water quality for irrigation purposes. Because
of these indices like permeability index (PI), sodium absorption ratio (SAR), etc., depending on specific elements, entirely
subjective, as well as the great variations in their results, particularly when classifying water quality. Thus, IWQI is created
based on eight indices that are generally used to evaluate irrigation water quality, plus three physicochemical parameters
have been proven an impact on water quality. The analytic hierarchy process (AHP) is applied to minimize the subjectivity
at assign parameter weights under multiple criteria decision analysis tools (MCDA). The spatial distribution of IWQI agrees
with the spatial distribution of the most parameters. The results of our approach reveal that the majority of samples are suit-
able for irrigation uses for both aquifers except few wells in the confined aquifer. Also, noted that there are very variations
in the irrigation indices results for classifying water quality. The comparison result showed that the new index robust, fair
calculations and has best classifying of water quality.
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Introduction

Agriculture is a key sector of the Sudanese economy, and
thus, attention to groundwater supplies and its monitoring,
especially areas where surface water resources are lacking.
Since the economy is heavily dependent on agriculture, good
Elsiddig Eldaw, Adam Khalifa Mohamed, and Yahaya Mahama quality of water for irrigation is essential. In recent dec-
are a Ph.D. candidate in Southwest Jiaotong University, and ades, foreign investments in the Agric sector have increased,
Tao Huang is a professor at the Faculty of Geosciences and . . .
. o . S especially in the northern and western states, which rely
Environmental Engineering, Southwest Jiaotong University. . .
mainly on groundwater sources and eventually affecting the

D4 Elsiddig Eldaw quality, as well as quantity of groundwater (Fragaszy and
siddigeldaw114@yahoo.com Closas 2016; Eldaw et al. 2020). Furthermore, the popula-
. tion increase, coupled with fast-growing industrial develop-

Faculty of Geosciences and Environmental Engineering, . . . . L
Southwest Jiaotong University, Chengdu 611756, China ment, is resulting in pollution mainly from human activities

to water sources (Nemcic¢-Jurec et al. 2019). Additionally,

College of Water and Environmental Engineering, Sudan . . .
secondary infections such as rocks erosion caused by mov-

University of Sciences and Technology, Khartoum 12304,

Sudan ing water from the excessive abstraction of water from the
3 School of Transportation and Logistics Engineering, aquifer (Eldaw et al. '2020). Hence, it has become neces-
Southwest Jiaotong University, Chengdu 611756, China sary, though challenging, for both the central and province

pielace ¢lloll ay .
Ay &) Springer


http://orcid.org/0000-0003-3829-3403
http://crossmark.crossref.org/dialog/?doi=10.1007/s13201-021-01443-z&domain=pdf

126 Page2o0of19

Applied Water Science (2021) 11:126

managers to ensure water quality for irrigation (Singh et al.
2009).

Irrigation water quality-related problems include salinity,
infiltration, toxicity, and miscellaneous (Ayers and Westcot
1985). These problems mostly arise from total dissolved
solids, major cations, and anions of water (Tiwari et al.
2017). A salinity problem happens when the salt stacks in
the zone of plant root with a concentration that leads to a
loss in productivity (Hao et al. 2017; Merouche et al. 2020).
The infiltration problem occurs when water stays on the soil
surface or infiltrates to the root zone with an insufficient
rate to maintain acceptable yields (Mostafazadeh-Fard et al.
2008). Toxicity problems happen if particular ions (sodium,
chloride, or boron) in the soil or water were taken up by the
crop and accumulate to high concentrations enough to cause
plant growth and hence reduced yields (Singh et al. 2018a).
The miscellaneous include problems related to irrigation
water quality, which happen with recurrence and eventu-
ally resulting in decrease water infiltration rate. Irrigation
water quality problems, nevertheless, are overwhelmingly
complex, and a set of problems may influence the crop more
severely than a single problem. The more complex the prob-
lem, the more complicated it is to formulate an appropriate
monitoring and assessment program (Singaraja et al. 2015;
Chadetrik 2018).

The main concern in developing a comprehensive irri-
gation water quality index is how to determine the proper
weights for various parameters considered. Many research-
ers who have developed different techniques of water quality
indicators (WQI) (Horton 1965; Prati et al. 1971; Dinius
1972; Dee et al. 1973; Walski and Parker 1974; Ribeiro et al.
2002), most of which are designed to evaluate water quality
for drinking purpose. Recently, Singh et al. (2018a) have
developed an overall index for categorization of irrigation
water quality based on Indian standards which set by the
Central Pollution Control Board. The guidelines of water
for irrigation use proposed by the Food and Agricultural
Organization of United Nations (FAO) (Ayers and Westcot
1985) are efficient and have been successfully applied to
assess the impact of common constituents in various water
sources. Each of these techniques selected the parameter
weight values by direct assignment methods. Moreover,
there is no consensus on the best way of determining param-
eter weights, nor is there agreement on a way to give real
weight directly. However, in the literature, the scholars have
unanimously agreed that the weights computed by applying
specific methods are more precise than the weights obtained
by the direct weight assignment methods based on the expert
opinion of the criteria significance in water quality (Sutadian
et al. 2016). So, in the proposed work, to further improve
the weights and reduce the possible errors of subjectivity,
Saaty’s Analytic Hierarchy Process method SAHP (Wu
et al. 2017) is employed. Since there are many inter-related
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parameters used in the assessment of irrigation water quality,
it is possible to estimate the appropriate weights for them
based on a multiple criteria decision analysis (MCDA)
(Sahani 2020). MCDA is applicable to a group decision-
making environment when it is impractical to formulate cri-
teria evaluation, i.e., it allows qualitative assessment, as well
as quantitative evaluation. MCDA is considered a useful tool
in resolving inconsistencies associated with the decision-
making process (Javanbarg et al. 2012; Chadetrik 2018;
Murmu et al. 2019). A SAHP is the most used MCDA tool,
which uses hierarchical structures to demonstrate the issue
and then improves priorities for the alternatives according
to the user decision (Sahani 2020).

Several researchers were developed various indicators to
evaluate the quality of water destined for irrigation, includ-
ing electrical conductivity (EC), Sodium absorption ratio
(SAR), Kelly’s ratio (KR), sodium percentage (Na%), solu-
ble sodium percentage (SSP), residual sodium carbonate
(RSC),) magnesium hazards (MH), and permeability index
(PI) (Kelley 1941; Richards 1954; Wilcox 1955; Szabolcs
1964; Todd and Mays 1980; Selvam 2015; Singaraja et al.
2015; Sashikkumar et al. 2017). Furthermore, the param-
eters are entirely subjective and often incapable of precisely
determining the quality of irrigation water (Singh et al.
2018a). Additionally, many difficulties and inaccuracies
occur when using these parameters individually to classify
irrigation water. These approaches depend on specific water
contaminants and always faced with high uncertainties in
rating water quality particularly when there are major fluc-
tuations in the source water quality. Therefore, in order to
address these shortcomings, a comprehensive parameters-
based approach is developed to assess the suitability of
groundwater for irrigation. Also, our study aims for Identi-
fying the major contaminants which influence the groundwa-
ter quality and comparing the results of proposed approach
with the existing indexing methods. The proposed irrigation
water quality index (IWQI) helps to assess irrigation water
quality by converting large datasets into a distinct numerical
score by which the quality of irrigation water is described.
According to the proposed approach, irrigation water quality
can be categorized into five classes: excellent, good, moder-
ate, poor, and very poor in the same manner as supposed by
Horton and Singh et al. (Horton 1965; Singh et al. 2018a).
Also, the proposed index will assist in assessing the results
of individual parameters regarding water pollution status.

Materials and methods

Study area

The study is located in the middle part of North Kurdufan
Province, Sudan (Fig. 1) and extends between latitudes (12°
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Fig. 1 Location map of the study area along with sampling points (a) confined and (b) unconfined aquifers

57'48°’) to (14° 26’ 32°") N, and longitudes (29° 25’ 36”’) to
(31°22'05°’) E. The majority of people rely on rain for crop
irrigation in the rainy season, while there are few others who
use groundwater in the dry season using surface and sprin-
kler irrigation. Major crops grown in the district are peanuts,
millet, corn, hibiscus, tomato, wheat, gum Arabic trees, and
palm. The land use and land cover (LULC) of the study
area is shown in the Fig. 2. The raining season is between
June to October, with 80% of annual rainfall in July, August,
and September. Rains are in the form of showers of vari-
able intensity and duration. According to the 30-year rain-
fall means, the average annual varies from 100 to 400 mm,
with an average precipitation of 312 mm/year. The average
rainfall-runoff coefficient fluctuates between 0.2 and 3.75%.
Because of the torrential nature, topography, and soils (i.e.,
clayey), a large part of the rainwater flows over the ground
forming surface runoff. Precipitation flows through numer-
ous wadis towards the impoundments of El Ain and Baggara,
and further into Khor Abu Habil. Daily temperatures are
very high, varying between 26° and 40 °C, while a tem-
perature up to 46 °C is recorded once in a while. The rocks
beneath the surficial deposits (Pleistocene to Recent) in the
Province consist of the basement complex of Precambrian,
Nawa Series (upper Paleozoic), Nubian Series (Mesozoic),

and Um Ruwaba Series (Pliocene to Pleistocene) (Whiteman
1971). The general stratigraphic sequence starts from ground
surface to depth 49 m, which consist of shallow deposits,
fine to medium-grained sand and clayey. Um Ruwaba forma-
tions varying from depth 49 m up to 181 m are clays, clayey
sandy, and sand intercalated. The main aquifer starts from
a depth of 181 up to 480 m, which composed of sand and
gravel (Whiteman 1971). According to the drilling data, the
main aquifer at that location is a continuous media without
the existence of separated layers of clayey impermeable.
There are two aquifers in the study area: the upper aquifer
(shallow) is unconfined with thickness ranging from 30 to
100 m and 6 to 48 m in the southwest and northeast part,
respectively. The lower aquifer (deeper) is confined, sepa-
rated by a clay aquiclude layer of 70 m around Bara town
to 150-m-thickness at Um Ruwaba (Abdalla 2006). The
average aquifer parameters are found to be as follows: the
average transmissivity is 0.528 m/day, the average hydraulic
conductivity is 0.084 m/day, and the storability is 0.081.
The primary source of aquifer recharge in the study area
is the rainfall, which infiltrates and percolates during the
rainy season to the subterranean reservoirs, in addition to
the groundwater flow from another aquifer (Ali and Whiteley
1981). Observation wells records showed that the water level
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rises annually in the rainy season and decrease in February
to April, which represents the dry season.

Sampling and sample preprocessing

Fifty-two samples of groundwater are obtained from a bore-
hole and dug well in Bara basins, including deep aquifer (29
samples) and shallow aquifer (23 samples). At present, these
52 wells are the only wells available for monitoring and are
considered the main source of drinking and irrigation water
in the study area. The samples are collected from differ-
ent locations in a population and agricultural sites of North
Kurdufan State. The groundwater sampling is done after
2-3 min of pumping and repeated the samplings three once
per well. The samples are preserved in one-liter polyethyl-
ene bottles after a good cleaning, labeled before transported
and kept at a temperature below 4 °C until analyzed. The
pH, EC, and TDS parameters were measured in-situ. After
delivery to the laboratory, the samples are filtered through
a 0.45-um Millipore membrane filter to separate the sus-
pended sediments before analyzing. The data are collected
from January to December through 2 years 2017 and 2018
(Fig. 1) and statistically analyzed. It is noted that there was
no significant variation in analyzing groundwater samples,
so the average value of groundwater quality parameters is
considered in this study. The analytical methods adopted in
the laboratory to analyse water quality parameters are sum-
marized in Table 1. The collected samples are analyzed in
the College of Water and Environmental Engineering labora-
tory to determine the concentration of major cations (Ca*,
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Table 1 Represents the groundwater quality parameters and their
Analytical method in this study

Parameters Acronym Analytical method ~ Unit
pH Potentiometry/pH  dimensionless
probe
Electrical conduc-  EC Conductometry pmhos/cm
tivity

Calcium Ca*t Volumetric method mg/l
Magnesium Mg Volumetric method mg/l
Potassium K* Volumetric method mg/1
Sodium Na* Volumetric method mg/1
Chloride ClI~ Volumetric method mg/1
Sulfate SO, Volumetric method mg/l
Bicarbonate HCO;~  Volumetric method mg/l
Nitrate NO;s~ Spectrophotometry — mg/l

Mg?*, Na*, and K*) and anions (HCO,~, CI~, and SO,*"),
pH, EC, NO;™ and total dissolved solids (TDS).

Methodology

In this section, the new approach for irrigation water quality
assessment is briefly described in five stages as Fig. 3.

Step 1 Selection of the important irrigation water quality
parameters.

The IWQI is founded on the pH, chloride (Cl), nitrate
(NO3), (EC), (SAR), (KR), (Na%), (SSP), (RSC), (MH),
and (PI), so, their have been taken into consideration. The
parameters have been selected based on their importance
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in irrigation water and expected natural and anthropogenic
pollution in the study area.
Step2 Construction of pair-wise comparison matrix.
Selecting weights for the parameters is the most cru-
cial and challenging task, mainly due to the subjectivity
resulting from different expert opinions. Naturally, the
highest weight is assigned to the parameter that has the

) (TR
—————+((Comparison with pervious indices),

Fig. 3 Methodology flowcharts of the new approach (IWQI)

most significant influence in the irrigation water qual-
ity and vice-versa. We propose to assign weights based
on FAO guidelines (Ayers and Westcot 1985), literature
review, and judgment of the authors. To establish param-
eter weights, the pair-wise comparison matrix (PCM) has
been generated based on Saaty’s 1-9 scale (Table 2) (Saaty
1980). The scale of one means that the importance of the

Table 2 The score of relative

. Score
importance degree (Saaty 1980)

Importance

~N W=

9
24,68
(1/1 and 1/9)

Equal importance

Moderate importance

Strong importance

Very strong importance

Extreme importance

Between two adjacent judgments

The reciprocal values of 1 to 9 (1/1 and 1/9) are given to the factor
with less importance when compared to another factor more critical
than it
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factors compared is equal, while the scale of nine indicates
the most important factor compared with others (Zhang
et al. 2009). The comparison matrix is considered a diago-
nal matrix, i.e., the diagonal constituents of the matrix are
often 1. If the decision measure in the PCM is on the left
side of 1, then we complete the upper triangular matrix
with the actual decision value. On the other hand, when
the judgment value is found on the right side of one, then
the reciprocal value is considered. To complete the cells
of the lower triangular matrix, we taken the reciprocal
values of the upper diagonal matrix. Table 3 describes a
comparison matrix for the contributing parameters.

Step 3 Normalized weight for different parameters.

After preparing a PCM, the normalized weight of differ-
ent parameters is computed, which is a normalized Eigen-
vector of the matrix. This vector presents relative weights
between the factors compared (Table 4).

Step 4 Consistency check.

A subjective judgment consistency for the parameter
weight values can be examined by a consistency ratio (CR),
which can be estimated according to Eq. (1).

_a

CR =
RI

ey

where CI indicates the index of consistency, and RI means a
random index of consistency that can be calculated by using
the value determined by Saaty’s (Saaty 1980). The CI can be
estimated using Eq. 2.

max_1

Cl =
n—1

@)
where A, means largest Eigenvalue of the PCM, and n is
the matrix size.

Validating results of weight values: Here, the computed
parameter weights of the AHP model are validated to ascer-
tain their degree of consistency, where the maximum con-
sistency threshold is limited to 0.10. A consistency ratio of

Table 3 Pair-wise comparison

- pH Cr NO, EC SAR KR Na% SSp RSC MH PI
matrix
pH 1.000 0.200 0.200 0.125 0.111 0.143 0.167 0.167 0333 0.333 0.125
Cr 5.000 1.000 0.500 0250 0.250 0.500 0333 0.333 0.500 0.500 0.250
NO; 5000 2000 1.000 0.250 0.250 0.500 0.333 0.333 3.000 0.500 0.333
EC 9.000 4.000 4.000 1.000 1.000 3.000 3.000 3.000 4.000 6.000 2.000
SAR 8.000 4.000 4.000 1.000 1.000 3.000 2.000 2.000 4.000 5.000 1.000
KR 7.000 2.000 2.000 0333 0.333 1.000 0500 0.500 3.000 2.000 0.333
Na% 6.000 3.000 3.000 0.500 0.333 2.000 1.000 1.000 5.000 3.000 0.500
SSP  6.000 3.000 3.000 0.500 0.333 2.000 1.000 1.000 5.000 3.000 0.500
RSC 3.000 2.000 0.333 0250 0.250 0.333 0200 0.200 1.000 1.000 0.200
MH 5000 2.000 2.000 0200 0.167 0500 0333 0.333 1.000 1.000 0.250
PI 8.000 4.000 3.000 1.000 0.500 3.000 2.000 2.000 5.000 4.000 1.000
Table 4 Represents the final computation of weights and consistency vector using the AHP technique
pH CI- NO; EC SAR KR Na% SSpP RSC MH PI Weight Consist-
ency
Vector
pH 0.016 0.007 0.009 0.023 0.025 0.009 0.015 0.015 0.010 0.013 0.019 0.016 11.493
Cr 0.079 0.037 0.022 0.046 0.055 0.031 0.031 0.031 0.016 0.019 0.039 0.041 11.296
NO; 0.079 0.074 0.043 0.046 0.055 0.031 0.031 0.031 0.094 0.019 0.051 0.055 11.513
EC 0.143 0.147 0.174 0.185 0.221 0.188 0.276 0.276 0.126 0.228 0.308 0.227 11.823
SAR 0.127 0.147 0.174 0.185 0.221 0.188 0.184 0.184 0.126 0.190 0.154 0.188 11.781
KR 0.111 0.074 0.087 0.062 0.074 0.063 0.046 0.046 0.094 0.076 0.051 0.078 11.703
Na% 0.095 0.110 0.130 0.092 0.074 0.125 0.092 0.092 0.157 0.114 0.077 0.116 11911
SSP 0.095 0.110 0.130 0.092 0.074 0.125 0.092 0.092 0.157 0.114 0.077 0.116 11911
RSC 0.048 0.074 0.014 0.046 0.055 0.021 0.018 0.018 0.031 0.038 0.031 0.039 11.381
MH 0.079 0.074 0.087 0.037 0.037 0.031 0.031 0.031 0.031 0.038 0.039 0.051 11.643
PI 0.127 0.147 0.130 0.185 0.110 0.188 0.184 0.184 0.157 0.152 0.154 0.172 11.828
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less than 10% (CR <0.1) is considered sufficient for a deci-
sion. Otherwise, the comparison matrix will be reconsidered
from step two by making some adjustments, and the process
repeated until the desired maximum consistency value is
achieved. In the present study, the results of 4,,,, CI and
RI are determined as 11.662, 0.066, and 1.51, respectively,
and then the CR for the current judgments is calculated as
4.4% (< 10%). Consequently, the amount of conflict in the
judgment is acceptable (Saaty 1980; Sahani 2020), and the
relative weights computed under this percentage (4.4%) are
consistent for the next use (Table 4).

Step 5 Accumulation of sub-indices to develop a com-
prehensive index.

An overall irrigation water quality index can be developed
using the accumulated weight of the individual parameters
to obtain a single combined scale. For this purpose, the new
IWQI is generated by modifying an existing approaches
(Horton 1965; Singh et al. 2018a). We proposed to aggregate
the average weight of all parameters through the following
equation:

oI =Y W0, A3)
=1

where the W,Q; is the sub-index value of the ith water quality
parameter, W; is the relative weight associated with the ith
parameter, and Q; is the quality rating scale for each param-
eter. O, is estimated by the ratio of the monitored concentra-
tion of ith parameter to its respective permissible value for
irrigation uses according to (Kelley 1941; Richards 1954;
Wilcox 1955; SZABOLCS 1964; Todd and Mays 1980;
Ayers and Westcot 1985; WHO 2011) (Table 5), and the
results multiplied by 100 as Eq. 4.

Ci
0, = 3 * 100 4)

1

where C; is the measured concentration, calculated by
Eqgs. (5-11), and S, represents the standard permissible value
in milliequivalents per liter (meq/1) except pH (dimension-
less), CI" and NO;™ (mg/l) and EC (umhos/cm).

Equation (3) is applied to compute the IWQI using the
concentration of individual parameters as inputs. The equa-
tion suggested here is to limit the index to the range between
0 and 100. Through the estimated IWQI value, the water
quality for agricultural irrigation can be categorized into five
classes: excellent water (<25), good water (26-50), moder-
ate water (51-75), poor water (76-100), and very poor or
unqualified for irrigation purposes (>100) (Horton 1965;
Singh et al. 2018a). The water status corresponding to dif-
ferent IWQI values are pristine quality, acceptable, can be
used depending on soil and crop conditions, management
of water quality needed and unsuitable, respectively (Singh
et al. 2018a).

Data analysis

Descriptive statistic of physicochemical parameters of
groundwater samples (N=52) collected from study area
was carried out. Groundwater quality datasets were sub-
jected to two multivariate statistical techniques: pearson
correlation coefficient and principal component analysis
(PCA). The correlation coefficient is a relative quantita-
tive measure used to determine the direction and size of
the relationship between two variables (Karakus 2020). The
correlation coefficient takes a value between+ 1 and -1. A
correlation coefficient value (r) close to+1 or—1 means a
strong correlation between the two variables (Bikundia and
Mohan 2014). If the value is equal to zero, indicates that
no association. When (0 < r<0.5) means a weak correla-
tion between the two variables, (r>0.7) suggests a strong
relationship between the variables, and the r-value in range
of 0.5 to 0.7 denotes a moderate relationship (Kumar et al.
2006). Moreover, PCA is the most widely statistical crite-
rion used in hydrogeochemical studies. PCA was done to
decipher the sources of major ions that affect water qual-
ity (Singh et al. 2009, 2015). The data suitability is tested
using KMO (> 0.5) and Bartlett’s test of sphericity (p <0.05)
before implementing PCA, and tests outcome were satisfac-
tory for PCA (Kim et al. 2016). We are selected the principal

Table 5 The values calculated of relative weight (W;) of various irrigation water quality parameters and the permissible standard values notified
by to (Kelley 1941; Richards 1954; Wilcox 1955; SZABOLCS 1964; Todd and Mays 1980; Ayers and Westcot 1985; WHO 2011)

Parameter Allowable limit Weight Factor Parameter Allowable limit Weight factor
pH 8.5 0.016 Na% 60 0.116

Cr 354 0.041 SSP 50 0.116

NO; 30 0.055 RSC 2.5 0.039

EC 2000 0.227 MH 50 0.051

SAR 26 0.188 PI 100 0.172

KR 1 0.078

All parameter unit in meq/l except for EC (umhos/cm), NO; in (mg/1) and pH (dimensionless)
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components number based on the Eigenvalues that shouldn’t
less than 1 (Mena-Rivera et al. 2017; Singh et al. 2018b).

Results and Discussions
Geostatistical Evaluation Analysis
Pearson Correlation

Tables 6 and 7 depict the Pearson correlation coefficient
required to understand the important relationships among
the physicochemical variables of the groundwater samples.

For confined aquifer, the results show that pH has a very
weak correlation with the rest of the variables. This weak
correlation may be due to pollution from various origin such
as anthropogenic activities. Also, the pH values are within
the permissible limit of WHO and FAO set for irrigation
purposes (Ayers and Westcot 1985; Nemcic¢-Jurec et al.

2019). EC and TDS recorded a strong correlation with Ca
(r=0.83), TH (r=0.82), Cl (r=0.77), and Na (r=0.71) and
have a moderate correlation with Mg (r=0.59) and SO,
(r=0.54). The results here show that Ca, Mg, Na, and Cl
ions contribute more to the geochemical process that regu-
lates groundwater quality in the deep aquifer. The TH is
strongly correlated with Ca (r=0.98) and Mg (r=0.77) and
moderately correlated with CI (r=0.68) and SO, (r=0.57).
The strong correlation between the water hardness property
and cations (Ca and Mg) and the moderate correlation with
anions (Cl and SO,) indicate that the hardness in groundwa-
ter samples of the confined aquifer is mainly resulting from
the sulfate/chloride salts of calcium and magnesium, and it
is considered permanent hardness. A strong positive cor-
relation is also noticed between C1-SO, (r=0.74), Na-SO,
(r=0.73), Ca—Cl (r=0.70), and Na—ClI (r=0.70). A moder-
ate correlation is also observed between Ca-Mg (r=0.61),
Na-HCO; (r=0.61), and Ca-SO, (r=0.59). The moderate
correlation between SO, with Ca and Mg emphasizes the

Table6.Represe.nts the pH EC TDS Ca** Mg** Nat K* HCO; SO~ CI NO; TH
correlation matrix results
(Pearson) of physicochemical pH 1
para}meters in the studied deep EC 002 1
aquifer water samples
TDS  0.02 1.00%* 1
Ca**  0.09 0.83*%* 0.83%* |
Mg?*  0.17 0.59%* 0.59%% 0.61%* 1
Na* 0.12  0.71%% 0.71** 047*% 0.39*% 1
K* 0.03 -0.09 -0.09 -0.15 0.00 -0.15 1
HCO;~ 0.28 0.23 0.23 0.13 0.15 0.61*%* 0.04 1
SO~ 0.02 0.54% 0.54% 059%% 042% 0.73% -0.17 0.34 1
CI- -0.21 0.77#* 0.77*%% 0.70%* 0.45* 0.70¥* -0.08 0.28 0.74*%* 1
NO;~  -0.07 0.09 0.09 0.22 0.06 0.09 0.00 -0.08 0.21 0.19 1
TH 0.12  0.82%*% 0.82** (0.98*%* 0.77** 0.46* -0.11 0.12 0.57** 0.68** 0.20 1
*, *#*Correlation is significant at the 0.05 and 0.001 level (2-tailed), respectively
Table7.Represe'nts the pH EC TDS Ca** Mg»* Na* K' HCOy SO CI NO,” TH
correlation matrix results
(Pearson) of physicochemical pH 1
parameters i.n the studied EC 026 1
shallow aquifer water samples
TDS  -0.26 1** 1
Ca**  -0.05 0.56%* 0.56%*% 1
Mg?*  -0.12  0.73%% 0.73%% (0.82%* |
Na* -0.38  0.65%* 0.65** 038  0.46* 1
K* -0.02 0.06 006 023 0.06 -0.07 1
HCO;™ -0.32  0.88** 0.88** 0.39  0.54** 0.58** 0.12 1
SO,>  -0.42% 0.87%* 0.87%*% 038  0.48*% 0.57*% -0.06 0.82%* |
CI- -0.32 0.89%* 0.89%* 0.44* 0.64** (0.78*%* 0.04 0.82*%* 0.69** 1
NO;~ 0.05 0.62%* 0.62** 0.70** 0.74** 0.25 030 034 035 048 1
TH -0.09  0.66%* 0.66** 0.97**% 0.94** 043* 0.17 047* 044* 0.55%% 0.75%* 1

* **Correlation is significant at the 0.05 and 0.001 level (2-tailed), respectively
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presence of limy magnesium materials in the groundwater
of confined aquifer (Singh et al. 2011).

The correlation coefficient results of groundwater
parameters for the shallow aquifer is displayed in Table 7.
pH shows a weak negative correlation with SO, (r=-0.42)
and very poor correlation with the rest of the variables. The
high positive association between EC and TDS observed
indicates that the EC is considered a measure of TDS in
the groundwater samples. EC and TDS show a strong posi-
tive correlation with Cl (r=0.89), HCO; (r=0.88), SO,
(r=0.87), and Mg (r=0.73) and moderate correlation
with TH (r=0.66), Na (r=0.65), NO; (r=0.62), and Ca
(r=0.56). TH is strongly correlated with Ca (r=0.97), Mg
(r=0.94), and NO; (r=0.75), moderately with C1 (r=0.55)
and a fairly moderate with HCO; (r=0.47), SO, (r=0.44),
and Na (r=0.43). A strong high correlation between TH
with cations (Ca and Mg) plus nitrate and weak correlation
with the bicarbonate and chloride indicate that the hardness
in groundwater of an unconfined aquifer is resulting from
the nitrate of the calcium and magnesium and is permanent
hardness. NOj is strongly correlated with Mg (r=0.74), and
Ca (r=0.70), and weakly with CI (r=0.48). Strong posi-
tive correlations are also showed between Ca—Mg (r=0.82),
Na—Cl (r=0.78), HCO; with (SO, and Cl) (»=0.82 for
both). Also, a moderate relationship is observed between
SO,~Cl (r=0.69), Mg—Cl (r=0.64), Na—HCO;, (r=0.58),
Na-SO, (r=0.57), and Mg-HCO; (r=0.54). The moderate
correlation between SO, and (Ca and Mg) emphasizes the
presence of limy magnesium materials in the North Kur-
dufan Province (Singh et al. 2011). A positive relationship
between sulfate and most elements suggests that the source
of sulfate is rocky weathering (Tiwari et al. 2017). Also, the
low ratios of Na*/C1~ (< 1.0) with a strong positive correla-
tion suggest that the source is halite and is mostly derived
by rock weathering (Tiwari et al. 2017).

Principal Component Analysis (PCA)

PCA is applied to determine and confirm what the major
ions related to groundwater pollution (Singh et al. 2018b).
Our results illustrate that the percentage of the total variance
of 68% and 83% of 10 original variables for the confined and
unconfined aquifers, respectively. The principal component
matrix is shown in the Table 8. The scree plot given in Fig. 4
demonstrates the eigenvalue for each principal component.
An obvious change in slope can be observed in the scree plot
after the third component.

For confined aquifer, three components exhibit for 43,
14, and 11 percent of the total variance (Fig. 4). From the
Table 8, it is observed that PC-I is statistically dominant,
contributes 43% of the total variance, and depicts an extreme
positive loading of TDS, CI~, Na*, Ca®*, SO,>, and Mg*".
PC-I in the confined aquifer is clearly a lithogenic compo-
nent, which interprets the dissolution of silicates. Similarly,
PC-2 accounts for 14% of the total variance. It has strong
positive load factor on the variables of pH, HCO;™, suggest-
ing that it is the inclusive measurement of alkalization of
the groundwater. Similarly, PC-3 has positive load factor
on Mg?* and K*.

For unconfined aquifer, three components exhibit for 54,
16, and 13 percent of the total variance (Fig. 4). From the
Table 8, it is observed that the PC-I contributes 54% of the
total variance and depicts very strong positive loading of
SO42", CI', TDS, HCO;", and Na™. It indicates that these
parameters which control the chemistry of groundwater by
weathering of silicate with limited contribution from anthro-
pogenic activities. Similarly, PC-2 accounts for 16% of the
total variance and shows strong loading of NO;™, Ca®", and
Mg?*. This component may be concerned with the anthropo-
genic sources, resulting from domestic and recharge from the
agricultural land. Similarly, PC-3 accounts for 13% of the

Table 8 Results of the principal

. Variables Confined Unconfined

component analysis (PCA) of

groundwater parameters PC-1 PC-II  PC-Il Communality PC-I PC-II  PC-IIl Communality
pH 0.074  0.701  -0.042 0.925 -0.346  0.653 0.324  0.625
TDS 0.883  -0.095 0.216 0.837 0.967 -0.034 0.108 0.947
Ca** 0.836  -0.220 0.203 0.874 0.688 0.545 -0.129 0.787
Mg>* 0.648 0.103 0.514 0.762 0.813 0425 -0.151 0.864
Na*t 0.845 0.247 -0.264 0.885 0.730  -0.335 -0.237 0.702
K* -0.164 0.305 0.563 0.543 0.120  0.133  0.930 0.897
HCO;~ 0434 0.676 -0.365 0.844 0.855 -0.247 0.307 0.886
SO, 0.820 -0.013 -0.176 0.720 0.827 -0.295 0.265 0.842
Crr 0.877 -0.205 0.040 0.891 0.898 -0.185 -0.060 0.845
NO;~ 0.254  -0.441 -0.425 0.560 0.651 -0.598 0.225 0.831
Eigenvalues 4341 1406 1.088 5382  1.574 1.296
% of variance 43 14 11 54 16 13
% of cumulative 43 57 68 54 70 83
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Fig.4 Scree plot of the eigenvalue for each component (a) confined and (b) unconfined aquifers

total variance. It has strong positive load factor on the vari-
able of K, indicating that the natural weathering controls
the groundwater system.

Variation and Spatial Distribution of the Parameters

Statistical analyses revealed that the seasonality data varia-
tions have an insignificant trend, so, in this study, the aver-
age value of groundwater quality parameters is considered.
Statistical analysis is regarded as an excellent tool to analyse
large amounts of data and report general trends. Accord-
ingly, the statistical summary of physicochemical param-
eters (pH, Cl, and NO;) and irrigation indices (EC, SAR,
KR, Na%, SSP, RSC, MH, and PI) of the groundwater is
displayed in Table 9, along with minimum (Min), maxi-
mum (Max), mean, and standard deviation (SD) measures.
The detailed discussion of statistical measures is provided
together with ArcGIS mapping in the following section for a
comprehensive study of spatial variability and the concentra-
tions of various parameters in both aquifers.

Physicochemical Parameters (pH, Cl, NO;)

The pH scale is used to determine the acidity or alkalinity
of water. The scale ranging from 0 to 14. If the water sam-
ple has a pH of less than seven considered acidity water,
while considered alkalinity water when the pH above 7
(Merouche et al. 2020). The groundwater quality of con-
fined and unconfined aquifers has relatively high pH in the
range of 6.9 to 9.1 and 8 to 9.4 with an average of 8.06
and 8.58, respectively, compared to the standard (Ayers and
Westcot 1985), which shows that the water is slightly basic-
ity in nature, while only one sample B15 has neutral pH
(Figs. 5 and 6). The relatively high pH values reveal that the

Pielase clla)l auan .
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groundwater tendency to dissolve the soil limestone result-
ing in the release of sodium and calcium, which progres-
sively increases pH value in groundwater (Venkatramanan
et al. 2017). Cl values in confined and unconfined aquifers
range between 10.6 to 258.8 and 12.05 to 124.07, respec-
tively. According to the chloride concentration, all samples
in both aquifers are acceptable for irrigation use (Ayers and
Westcot 1985). The minimum and maximum levels of NO;
are 3-89.1 and 1.86—47.33 mg/l in confined and unconfined
aquifers, respectively. Regarding nitrate; the statistical find-
ings indicate that 58.62% of groundwater samples in the
confined aquifer are suitable for irrigation purposes, and
41.38% samples are questionable, while all samples of the
unconfined aquifer are fit for irrigation use except the sam-
ples (D06, D15, and D21) (Ayers and Westcot 1985). It is
seen from Fig. 3 that the sites D15 and D21 lie in the middle
part and D06 in the northwestern part of the study area. The
slight high concentration of nitrates in the study area may be
explained to contamination from agricultural activities and
injection wells used to drain the wastewater, which increases
nitrate loading into the aquifer.

Irrigation Water Quality Indices

Many parameters are estimated to ensure reliable results for
the quality of irrigation water of the aquifers. These param-
eters include EC, SAR, KR, Na%, SSP, RSC, MH, and PI.
The parameters are mathematical expressions that convert
water quality concentrations component into a numeric
measure to describe the irrigation water quality. Figures 7
and 8 present the GIS interpolation maps of spatial distri-
bution for selected irrigation water quality parameters. The
results are calculated based on Egs. (5—11). Table 10 shows
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the standard limit of these parameters for the comparative
analysis.

Electrical Conductivity EC has essential impacts on the soil
structure and normal crop growth when irrigation water con-
tains high salinity (Nematollahi et al. 2016). The measured
EC values for the confined and unconfined aquifers vary
between 170 to 4400 and 144 to 2519 umhos/cm, respec-
tively. Concerning EC, the Wilcox classification (Wilcox
1955). showed that all groundwater samples are tolerable for
irrigation use except the sample B10 in the confined aquifer.
It is observed from Fig. 7 that the B10 sample lies in the
middle part of the study area. The high concentration of EC

may be attributed to either by the rocks weathering or the
use of artificial fertilizers.

Sodium Adsorption Ratio Sodium adsorption ratio (SAR)
is defined as in the Eq. (5), according to Richards (Rich-
ards 1954), where all ions unit in milliequivalent per liter
(meq/L).

Na*

5
/Ca®™ + Mg** ©)

SAR =
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«Fig. 7 Spatial distribution of GIS interpolation maps of the irrigation
quality evaluation indices results (EC, SAR, KR, Na%, SSP, RSC,
MH, and PI) in confined aquifer

SAR assesses the potential risk of salinization related to
water use. It determines the hazard degree on the plants that
are resulting from sodium and alkalinity (Todd and Mays
1980). From Figs. 7 and 8, it is observed that the ground-
water quality in both aquifers is suitable for irrigation based
on the SAR index.

Kelly’s Ratio Kelly’s ratio (KR) is defined as in the Eq. 6
(Kelley 1941), where all ions unit in milliequivalent per liter
(meq/L).

Na*

KR = Ca2+ + Mg2+ (6)

KR is another method to classify water for irrigation use.
It is calculated by taking into account the ratio of the sodium
ion to the ions of calcium and magnesium. Based on the KR
value, about 68.97% and 86.96% of samples in confined and
unconfined aquifers, respectively, are fit for irrigation use
(Figs. 7 and 8). It is also observed that the KR of the con-
fined aquifer is high in the western and southwestern parts,
which indicates that the water is unfit for irrigation purposes.

Sodium Percentage Sodium percentage (Na%) is defined
as in the Eq. 7 (Wilcox 1955), where all ions unit in mil-
liequivalent per liter (meq/L).

Nat + K+

Na% = — >
Ca”* + Mg™ + Na™ + K+

x 100 (7

Na% criteria is widely used to ensure the ground-
water suitability for agricultural irrigation. The irriga-
tion water quality in the confined aquifer is categories as
excellent (6.9%), good (31.03%), permissible (34.48%),
poor (24.14%), and unsuitable (3.45%) according to the
Na% index, while the samples in unconfined aquifer fall
under excellent (21.74%), good (34.78%), and permissible
(43.48%) (Figs. 7 and 8). Also, the results showed that the
sample categorized as unsuitable for irrigation use fall in
middle part of study area (B06).

Soluble Sodium Percentage Soluble sodium percentage
(SSP) is defined as in the Eq. 8 (Todd and Mays 1980),
where all ions unit in milliequivalent per liter (meq/L).

Na*

SSP = 3 >
Ca™ +Mg"* + Na*

x 100 (8)

The variation of the SSP index in the confined and
unconfined aquifer is 12.97-82.09 and 4.03-57.07, respec-
tively. It is seen that the SSP of the confined and uncon-
fined aquifers is high in the middle part of the map, which
means that the water of wells located in this part is not
suitable for irrigation (Figs. 7 and 8). According to the
SSP index, the statistical results indicate that 68.97% and
86.96% of samples in the confined and unconfined aqui-
fers categorise suitable for irrigation, while 31.03% and
13.04% are unsuitable for use, respectively.

Residual Sodium Carbonate Residual sodium carbonate
(RSC) is defined as in the Eq. 9 (Richards 1954; Singh
et al. 2013), where all ions unit in milliequivalent per liter
(meq/L).

RCS = (HCO; + CO3™) — (Ca™ + Mg™) )

If the concentration of alkaline metals is less than the
concentration of carbonate in irrigation water, the sodium
ion would bind with excess carbonate to form NaHCO,
and subsequently impact the soil texture. Thus, the result
of the relationship between alkaline metals and carbon-
ate is used for rating groundwater quality for irrigation
purposes. Table 10 and Figs. 7 and 8 show that the water
quality of both aquifers for the whole area is tolerable
except the D07 sample in the north part of map. The high
value of RSC in water may be caused by presence sodium
ion in the water in the form of sodium carbonate (Vesali
Naseh et al. 2018).

Magnesium Hazard Magnesium hazard (MH) is defined
as in the Eq. 10 (SZABOLCS 1964; Gowd 2005), where
all ions unit in milliequivalent per liter (meq/L).

2+

Mg

MH = —————~
Ca™ + Mg~

x 100 (10)

Generally, calcium and magnesium maintain the water
stability condition. Increasing magnesium amount in irri-
gation water would negatively affect the soils, rendering
them unfit for farming and declining the crop yield (Tiwari
et al. 2017). Figures 7 and 8 and Table 10 show that all
groundwater samples in the study area are categorized as
good water and safe to crops except four samples, which
are unacceptable for irrigation purposes. Three of them
belong to the confined aquifer, namely BO1, B13, and B19,
and one sample (D01) belongs to the unconfined aquifer.
All these samples are located in the middle part of the
study area.
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Permeability Index Permeability index (PI) is defined as
in the Eq. 11 (Singh et al. 2013), where all ions unit in
milliequivalent per liter (meq/L).

Na* +K* + 1/HCO;

PI = 5 >
Ca™t + Mg™" + Nat + K*

x 100

)

The PI is a proper indicator to assess the effect of soil
permeability caused by the deposition of bicarbonate of
compounds such as sodium, calcium, and magnesium. The
measured PI values for the confined and unconfined aqui-
fers vary between 23.98 to 144.04 and 32.62 to 92.65 meq/1,
respectively. Based on the PI value, it is found from Figs. 7
and 8 that the water quality of all samples is suitable for
irrigation use except the sample B29 in the confined aquifer.
In the geostatistical evaluation analysis section, the findings
indicate that the parameters of TDS, CI-, Nat, Ca’*, Mg?™,
pH, and HCO;™ are control the chemistry of groundwater.
Therefore, the high value of PI is caused by these water
variables suggesting that the natural weathering control the
groundwater system.

Wilcox Diagrams The groundwater samples data are plot-
ted on the Wilcox diagram (Wilcox 1955), which examines
the overall influence of the salinity and sodium hazards for
each location (Fig. 9). In terms of suitability for irrigation,
the Wilcox diagram categorizes the water quality into 16
zones based on the effects of salinity and sodium. The salin-
ity hazard (C umhos/cm) is divided into the low salinity
(Cl1,<250), medium (C2, 250-750), high (C3, 750-2250),
and very high salinity (C4,>2250), which are classified as
good, moderate, poor, and very poor water, respectively
(Bian et al. 2018). The sodium hazard (S pmhos/cm) can
be divided into low sodium hazard (S1, < 10), medium (S2,

10-18), high (S3, 18-26), and very high sodium (S4,>26)
hazard, which are referred to as good, moderate, poor, and
very poor water quality, respectively (Bian et al. 2018).

Figure 9a revealed seven categories of irrigation water
quality of confined aquifer: 6.9% samples in the C1-S1 zone
(B27 and B29), 41.38% in C2-S1 (B01-B5, B12, B13, B16,
B18, B19, B21 and B25), 3.45% in C2-S2 (B06), 37.93% in
C3-S1 (B07—B09, B11, B14, B17, B20, B22, B24, B26 and
B28), 3.45% in C3-S2 (B23), 3.45% in C3-S3 (B05), and
3.45% in C4-S1 (B10). Through Fig. 6a, it is seen that three
samples (BOS5, B10, and B23) are considered harmful for
irrigation use. The samples are located in the middle part of
study area. Moreover, the pollution in these sites can origi-
nate from either natural or anthropogenic sources. It is also
observed that the samples belonging to the confined aquifer
fall in the zone of low (86.21%), medium (10.34%), and high
(3.45%) according to sodium hazard. Figure 9b revealed four
categories of irrigation water quality of unconfined aquifer:
4.35% in the C1-S1 zone (D04), 34.78% in C2-S1 (D02,
D11—D13, D17, D18, D22, and D23), 56.52% in C3-S1
(D01, D03, D06, D08, D10, D13—D17, D19—D21), and
4.35% in C4-S1 (DO07). The results suggest that all sam-
ples belonging to the unconfined aquifer fall in the zone
of low hazard of sodium (S1), with good (4.35%), moder-
ate (34.78%), poor (56.52%), and very poor water (4.35%)
related to salinity hazard.

IWQI Assessment Through Figs. 5, 6, 7, 9), it is seen that
there are quite a number of variations in the results of indi-
vidual irrigation indices, which motivates the proposal of a
new index known as IWQI. The new approach takes a rela-
tively more significant number of parameters into account
to provide a comprehensive evaluation of groundwater qual-
ity for irrigation use. The proposed IWQI is applied on the
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groundwater samples for both aquifers, and accordingly, the
suitability for irrigation purposes is assessed. In this work,
we developed a Microsoft Excel 2016-based code to com-
pute the IWQI results. Table 9 shows the results of IWQI for
all groundwater samples of both aquifers.

The IWQI values in the current study are derived by
applying the water quality elements such as pH, Cl, NO;,
EC, SAR, KR, Na%, SSP, RSC, MH, and PI for each of
the 52 groundwater samples used. The estimated values of
IWQI vary from 17.98 to 121.65 and 19.08 to 85.14 (with
mean 62.52 and 50.80) for confined and unconfined aqui-
fers, respectively. The statistical results indicate that 3.45%
of groundwater samples in the confined aquifer are excel-
lent, 37.93% good, 31.03% moderate, 13.79% poor, and
13.79% of samples are very poor or unqualified for irrigation

purposes (Table 10). For unconfined aquifer, about 4.35% of
samples are excellent, 39.13% good, 43.48% moderate, and
13.04 are poor water (Table 10). The worst values of IWQI
for confined aquifer are 121.65, 120.56, 114.47, and 104.02,
which are found at station B06, B0O5, B23, and B29 and can
be attributed to rocky weathering (natural origin). Based on
the IWQI classification, the water quality in these stations
is poor and unsuitable for irrigation use. For unconfined
aquifer (shallow), at stations D08, D07, and D16, the IWQI
values are 85.14. 82.86, and 77.75, respectively, which are
fairly good. The water quality of these samples can be linked
to leaching of parameters from surface runoff like fertilizers
and pesticides (anthropogenic origin).

The spatial distribution of IWQI clearly agrees with the
spatial distribution of the parameters (Fig. 10). Our approach

Table 9 Main descriptive statistics of parameters and IWQI method in the studied irrigation water under different aquifer types in North Kurdu-

fan

Aquifer pH Cl NO;, EC SAR KR Na% SSP RSC MH PI IWQI

Confined (N=29) Min 6.90 10.60 3.00 170 0.18 0.15 1462 1297 -204 1.00 23.98 17.98
Max 9.10 258.80 89.10 4400 7.39 458 82.81 82.09 1.85 78.04  144.04  121.65
Mean  8.06 90.72  31.69 925 2.12 122 47.03 4545 -2.87 32.05 72.60 62.52
SD 0.46 63.34 2444 779 1.56 1.13  19.71 20.00 5.48 15.20 25.95 28.66

Unconfined (N=23) Min 8.00 12.05 1.86 144 0.08 0.04 6.30 4.03 -5.72 24091 32.62 19.08
Max 940 124.07 4733 2519 285 133 57.68 57.07 333 51.40 92.65 85.14
Mean  8.58 5579 17.64 978 1.16 0.58 34.18 3280 -1.21  40.00 62.64 50.80
SD 0.32 36.34 11.70 536 0.77 0.38 1562 1643 1.78 6.76 16.31 18.78

All parameters unit in Meq/l, except the EC (umhos/cm), Cl and NO; in (mg/l) and pH (dimensionless)

Table 10 Rating of the groundwater samples utilized for irrigation based on the EC, SAR, KR, Na%, SSP, RSC, MH, PI indices, and a new

approach
Model Range Water Category Samples % Model  Range Water Category Samples %
Confined  Unconfined Confined  Unconfined

EC <250 Excellent 6.90 4.35 SSP <50 Good 68.97 86.96
250-750 Good 44.83 34.78 >50 Unsuitable 31.03 13.04
750-2000 Permissible 44.83 56.52 RSC <2.5 Suitable 100 95.65
2000-3000  Poor 0 4.35 2.5-5 Unsuitable 0 4.35
>3000 Unsuitable 3.45 0 >5 Harmful 0 0

SAR 0-10 Excellent 100 100 MH <50 Good 89.66 95.65
10-18 Good 0 0 >50 Unsuitable 10.34 4.35
18-26 Fair 0 0 PI <80 Good 58.62 86.96
>26 Unsuitable 0 0 80-100 Moderate 24.14 13.04

KR <1 Suitable 68.97 86.96 100-120  Poor 13.79 0
>1 Unsuitable 31.03 13.04 > 120 Unsuitable 3.45 0

Na% 0-20 Excellent 6.90 21.74 IWQI <25 Excellent 3.45 4.35
2040 Good 31.03 34.78 26-50 Good 37.93 39.13
40-60 Permissible 34.48 43.48 51-75 Moderate 31.03 43.48
60-80 Poor 24.14 0 76-100 Poor 13.79 13.03
>80 Unsuitable 345 0 > 100 Very poor 13.79 0
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Fig. 10 Spatial distribution of GIS interpolation maps of the IWQI in the confined and unconfined aquifers

is also in harmony with the KR, Na%, and SSP in terms
of the worst samples for confined and unconfined aquifers,
which are BO6 and D08 samples, respectively. It is also
found that the result of IWQI is similar to that of KR, Na%,
SSP, and PI in terms of best sample for the confined aquifer
(B24), and also in agreement with SAR, KR, Na%, and SSP
for the unconfined aquifer (D11). It can be seen from Fig. 10
that the IWQI for the confined aquifer is fairly high and very
high in the middle part of the area. Besides, it noticed that
the IWQI for the unconfined aquifer is low in the southern
part, slightly high in the northern part, and relatively high
in the middle part of the study area. It is obvious from these
results that the groundwater of both aquifers in the southern
portion of the study area has much better quality and accept-
able for irrigation use than that of the north.

Conclusion The present study was conducted to develop a
an effective way to evaluate groundwater quality for irri-
gation purposes in the case study of North Kurdufan State,
Sudan. The new index was developed based on eleven irri-
gation water parameters. It is applied to set up the irriga-
tion indices combined with AHP and ArcGIS technology
to determine the weight of every index and zoning of the
irrigation water quality level. AHP was applied to provide
criteria and sort weight based on multiple criteria decision
analysis tools (MCDA). Fifty-two groundwater samples
were obtained from two aquifers and analyzed for their
physicochemical characteristics. Geostatistical evaluation
indicated that weathering of silicate with limited contri-
bution from anthropogenic activities controls the chem-

istry of the aquifer system. Also, the results showed that
the ions (Ca’*, Na*, Mg?*, CI, and SO,?") are the major
contributors in the geochemical process that regulates
groundwater quality in the confined aquifer. Whereas, the
(Ca**, Na*, Mg**, ClI, HCO;™, SO,*~ and NO;") are the
major contributors in the geochemical process that regu-
lates groundwater quality in the unconfined aquifer.

According to the results of irrigation indices and overall
IWQI index, the majority of samples for both aquifers are
admissible for irrigation purposes except for a few. Gen-
erally, irrigation water from the confined aquifer contains
more chemical contaminants than those from the uncon-
fined aquifer. It was also observed that the middle part
of the study area is more contaminated compared to the
rest. The proposed IWQI was compared with the existing
indexing methods which are widely used in the literature,
and the following conclusions are drawn;

— The spatial distribution of IWQI is in complete agree-
ment with the parameters spatial distribution.

— This approach reduces the subjectivity at assign param-
eter weights and improves understanding of water qual-
ity classification.

— Itis also noted that there are extensive variations in the
results of existing irrigation evaluation indices.

It is expected that the method suggested in this paper
may help in assessing irrigation water quality and helpful
to the agricultural engineers, environmental managers in
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evaluation, monitoring, and control of the irrigation water
system.

Recommendations

— From the results discussed hitherto, various remedia-
tion measures for irrigation water should be taken to
reduce the possibility of salinity problems and soil deg-
radation.

— Environmental attention, such as systematic quality con-
trol and adoption of water abstraction plan is crucial to
guarantee sufficient protection for the aquifers.

— Continuous monitoring and the rigorous analysis of mon-
itoring data are also necessary to conserve and preserve
the quality of groundwater around this area.

— Beside high concentration of nitrates: Instituting regu-
lations for limiting the excessive use of pesticides and
fertilizers for agricultural, because surface water and
groundwater are mostly overlapping, thus runoff can
contaminate both.

— The study concluded that natural pollution is an essential
source of pollution in the region due to over pumping
from wells. Therefore, we recommend that rainwater har-
vesting work be carried out in the region for domestic
and agricultural, as well as the construction of injection
wells to feed underground reservoirs.
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