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Abstract Sustainable groundwater quality has become
a major concern for the agro-based country like Bangla-
desh. Integrated approaches of various irrigation water
quality indices and geostatistical modeling were applied
to evaluate the suitability and for spatial mapping of
groundwater quality of Faridpur District in central Ban-
gladesh. The irrigation water quality index (IWQI) re-
vealed that majority of the samples were suitable for
irrigation. Similar outcomes were recorded from other
indices including Na%, sodium adsorption ratio (SAR),
residual sodium bicarbonate (RSBC), total hardness
(TH), Kelley’s ratio (KR), and magnesium adsorption
ratio (MAR). Classifications based on Wilcox diagram
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and permeability index (PI) plot indicated a similar
conclusion wherein almost all the samples were safe
for agricultural uses without posing considerable effect
on the soil fertility and overall crop yield. Principal
component analysis (PCA) grouped the major cations
and anions into three principal components including
dissolution of calcite minerals, leaching of silicate sed-
iments, and ion exchange process. Spatial mapping of
IWQI identified that groundwater in the northern side of
Faridpur region were more suitable for irrigational uses
relative to central and southern side, possibly due to
gradients of domestic discharges and agricultural acti-
vates from north to south side. These findings would
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provide useful information to water distributors, man-
agers, and decision makers for taking adaptive measures
in irrigation water quality management systems.

Keywords Irrigation water quality - Geostatistics - Water
evaluation indices - Central Bangladesh

1 Introduction

Irrigation plays an important role to increase yield of
agricultural production and to maintain a continuous
supply of increased food demands for the expanding
world population. Sustainable yield of agricultural
products largely relies on proper management of
water quality used for irrigation. About 70% of total
irrigated area in Bangladesh depends on groundwa-
ter sources (Kinniburgh and Smedley 2001). None-
theless, contamination of groundwater by human
activates (e.g., agricultural development, rapid ur-
banization, and anthropogenic pollution) and/or in-
herent aquifer material composition is a matter of
serious concern (Rahman and Islam 2009; Rahman
et al. 2014a, b; Saha et al. 2016; Liu et al. 2017).
Thus, a continuous monitoring of regional ground-
water geochemistry to identify the degree of con-
tamination from various drivers is highly needed to
ensure a sustained crop-yield capacity of the agri-
cultural lands. A conceptual model for the contam-
ination of groundwater by human activates is shown
in Fig. 1. However, it is worthy to note that recharge
of groundwater occurs through lateral seepage of
river and canal water, infiltration of rain, flood,
and pond water, and also through the return flow

Fig. 1 A conceptual model for
the contamination of groundwater
by human activates (e.g.,
agricultural development, rapid
urbanization, and anthropogenic
pollution)
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of irrigated water from the agricultural fields
(Bhattacharya 2010).

Several index techniques are generally used in the
literature to assess water quality. Horton (1965) initially
proposed an integrated index of water quality. Since
then, many water quality indices have been reported
by several authors (e.g., Ayers 1977; Liou et al. 2004;
Simsek and Gunduz 2007; Boyacioglu 2007; Song and
Kim 2009; Hussain et al. 2012; Romanelli et al. 2012;
Bhuiyan et al. 2016). Debels et al. (2005) have used a
modified water quality index, which is composed of
physicochemical parameters for evaluating the quality
status of a river in central Chile. Simsek and Gunduz
(2007) have developed a GIS (Global information sys-
tem)-based irrigation water quality index (IWQI) by
combining well-known hydrochemical parameters
(electrical conductivity—EC, sodium adsorption ra-
tio—SAR, residual sodium bicarbonate—RSBC and
others) to assess the irrigation water quality of the Simav
Plain in Turkey. Subsequently, Romanelli et al. (2012)
have introduced IWQI by integrating hydrochemical,
hydrogeological, and topographic parameters (EC,
SAR, RSC, slops, hydraulic gradient, aquifer thickness)
to assess groundwater suitability for irrigation in Wet
Pampa Plain, Argentina. Recently, Bozdag (2015) has
used an analytic hierarchy process (AHP) integrated
with GIS to infer water quality for irrigation in central
Anatolia, Turkey.

Hydrochemical analysis of groundwater can identify
the degree of contamination and allow us to understand
the suitability of water for agricultural, drinking, and
other uses. GIS-based spatial mapping of IWQ parame-
ters and indices can play a significant role in understand-
ing the possible contamination sources and identifying

Bed rock
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Fig.2 Location map showing the
sampling points (black dots) in
Faridpur, Bangladesh (inset) 25
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the extent of contaminated area (Dixon 2005). More-
over, geostatistical techniques can be used to predict the
status of water quality parameters at unmeasured loca-
tions. Among various geostatistical interpolation tech-
niques (e.g., kriging, inverse distance weighting), the
ordinary kriging (OK) that consider the spatial correla-
tion between the sample points is commonly accepted
and widely used interpolation method in hydrology and
soil science for spatial mapping (e.g., Isaaks and
Srivastava 1989; Goovaerts 1997; Webster and Oliver
2001; Kumari et al. 2013; Agca et al. 2014.

Although, many studies were conducted in different
regions of Bangladesh to assess the suitability of
groundwater for irrigation (Shammi et al. 2016;
Bhuiyan et al. 2014; Rahman et al. 2014a, b), a few

89°51'0"E

comprehensive assessments have been found in the
literature that incorporated major hydrochemical param-
eters including salinity hazard, permeability hazard,
specific ion toxicity, and miscellaneous effect. Besides,
GIS-integrated IWQ assessment has not done yet in a
wide range of area in central Bangladesh. Mapping of
IWQ parameters is a vital tool for monitoring spatial
variance of water quality.

Since groundwater is intensively used for irrigation
in Faridpur District (central part of Bangladesh), the
present study is designed to evaluate its irrigational
suitability utilizing an integrated approach including
hydrogeochemistry, multiple water quality indices,
geostatistical modeling, GIS-based mapping of IWQ
parameters, and IWQI.

@ Springer
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2 Materials and Methods
2.1 Study Area

The present study area, Faridpur upazila/sub-district is a
small administrative unit in Faridpur district of central
Bangladesh. Geographically, Faridpur is positioned at
22.50-23.55° N latitude and 89.15-90.40° E longitude.
Total area of this district is ~ 2072.72 km? and is
bounded by the Padma River to the north and east
(Fig. 2). Physiographical, the soil is highly fertile as this
region lies in the floodplain of the Padma River (also
called the Lower Ganges plain). Surface geology of
Faridpur consists of alluvial sands in the northern part
and deltaic sands and silts in the south. The alluvial
sands is part of the active floodplain of the Padma River
and oversteps the deltaic sand and slit deposits, which
crop out further south (Kinniburgh and Smedley 2001).
Bangladesh is characterized by tropical monsoon cli-
mate with ~ 85% of annual rainfall from May to Sep-
tember monsoon. This coincides with peak inflow of the
major rivers and annual flooding. Less than 5% of the
mean annual rainfall occurs dry season between No-
vember and March (Shahid 2010). Agricultural activates
during dry period with almost zero effective rainfall
depend entirely on groundwater irrigation. Thus, under-
standing the regional groundwater hydrochemistry is
critical (Bodrud-Doza et al. 2016). The economy of this
region is predominantly agri-based and groundwater is a
main source of irrigation water supply. However, house-
hold garbage and wastewater from small-scale indus-
tries (e.g., sugar and jute mills and plastic industries) are
major players for groundwater contamination in this
area.

2.2 Sample Collection and Analytical Procedure

A total of 180 samples (3 samples per sampling spot)
was collected from 60 sampling points (Fig. 2). A
portable global positioning system (GPS) meter
(Explorist 200, Magellan) was used for geographical
location of each sampling point (1 to 60). Groundwater
samples were collected randomly from the pumping
wells with variable depths from 14 to 204 m. Each well
was pumped until steady pH and electrical conductivity
were obtained. All water samples were collected in
prewashed high-density polypropylene (HDPP) bottles
following the standard method (APHA-AWWA-WEF
2005). The sample bottles were kept in a cooler box and
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shifted to our laboratory. All water samples were labeled
and then kept in freeze until chemical analysis.
Electrical conductivity (EC), pH, and total dissolved
solids (TDS) were recorded on field using a portable
Accumet electrode and Accumet Excel, XL50 (dual
channel pH/ion/conductivity) meter (Fisher Scientific,
Singapore). The pH meter was standardized daily using
a three-point calibration with pH 4 (SB101-500), pH 7
(SB107-500), and pH 10 (SB115-500) buffer solutions
(Fisher Scientific, USA) before taking a reading in
samples. Conductivity meter was calibrated with refer-
ence solution just prior to measuring EC. Concentra-
tions of major anions (Chloride—CI, Bicarbonate—
HCO; ", and Sulfate—S0,>") in water samples were
measured by an ion chromatograph (761 Compact IC,
Metrohm). Cation concentrations (i.e., Sodium—Na™,
Potassium—K*, Calcium—Ca®*, Magnesium—Mg**,
and Boron—B) were measured using inductively
coupled plasma mass spectrometry (Thermo Scientific
X-Series2 ICP-MS), which was linearly calibrated from
10 to 100 pg/L with custom multi-element standards
(SPEX CertiPrep, Inc., NJ, USA) before running the real
samples. All solutions were prepared using double dis-
tilled deionized water. The accuracy and precision of
analyzes were tested through running duplicate analyzes
on selected samples. Samples were diluted several times
if needed, and the relative standard deviations of mea-
sured major ions and elements were within + 3%.

2.3 Irrigation Water Quality Assessment
2.3.1 Irrigation Water Quality Index

The IWQI is based on linear relation of four groups of
IWQ parameters that are linked to form a unique index
value to assess the usability of irrigation water in the
study area. Based on the guidelines presented by Ayers
and Westcot (1985), four groups of IWQ parameters
such as salinity hazard, permeability hazard, specific
ion toxicity, and miscellaneous effect were selected
(supplementary information (SI); Table SI 1) for
interpreting our data. Detailed standard procedures for
estimating IWQI were adapted from Simsek and
Gunduz (2007). All parameters were given a weight
coefficient from the highest (4) to the lowest (1) points
in the technique (Table SI 2 and SI 3). Salinity hazard is
the highest priority factor, while the miscellaneous ef-
fects to sensitive crops are the least important factor in
IWQ assessment. Another two parameters, such as
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permeability hazard and specific ion toxicity are rated in
decreasing order according to importance for water
quality. The IWQI is calculated by the following equa-
tion (Eq. 1).

IWQI = ¥4 |G, (1)

where 7 is an incremental index and G represents the
contribution of each one of the four hazard categories
that are important to assess the quality of an irrigation
water resource. The values of G can be calculated using
the following equation (Eq. 2).

w
G= ;Zzzl”k (2)

where £k is an incremental index, 7 is the total number of
parameter available for the analysis, w is the weight
value of the groups, and r is the rating value of each
parameter (Table SI 2 and SI 3).

2.3.2 Irrigation Water Quality Parameters

The irrigation quality parameters were calculated using
the following equations (Egs. 3 to 9),

Total Hardness (TH) The total hardness (TH) in parts
per million (Todd 1980; Ragunath 1987) is calculated
by the following equation (Eq. 3).

TH = 2.497Ca*" + 4.11Mg*" (3)

Percentage of Sodium (Na%) The Na* in irrigation
water is usually denoted as Na% and can be determined
using Eq. 4 (Todd 1980).

Na*

Na% =
0 Na® + Ca2* + Mg?*

% 100 (4)

Sodium Adsorption Ratio According to US Salinity
Laboratory (Richards 1954), SAR is expressed as Eq.
5. The higher the SAR values in the water, the greater
the risk of Na*, which leads to the development of a
crop-unfriendly alkaline soil.

N +
SAR = 2 (5)

\/(Ca2+ + Mg*") /2

Permeability Index Based on soil permeability, which is
influenced by the presence of cations and anion in
irrigation water, Doneen (1964) and WHO (2004) de-
veloped a criterion to test the suitability of groundwater
for irrigational uses. The authors defined the permeabil-
ity index (PI) as follows:

Na* + /HCO;
Pl=— s x 100 (6)
Ca*" 4+ Mg”>" + Na*

Residual Sodium Bicarbonate The RSBC is expressed
as Eq. 7 (Gupta 1983)

RSBC = HCO;—Ca*" (7)

Kelley’s Ratio The Kelley’s ratio (KR) (Kelley 1963) is
obtained as described by Eq. 8.

Na*
KR e g )

Magnesium Adsorption Ratio The magnesium adsorp-
tion ratio (MAR) (Raghunath 1990), also known as
magnesium hazard (MH), which is calculated by Eq. 9.

Mg2+

MAR =
Ca*™ + Mg

% 100 (9)

2.4 Geostatistical Modeling and Statistical Analysis

Ordinary kriging (OK) and semivariogram models were
used for spatial distribution of the groundwater param-
eters (Masoud 2014; Tapoglou et al. 2014). Out of
various kriging techniques, the OK method is used in
the present study of its simplicity and prediction accu-
racy in comparison to other Kriging methods (Gorai and
Kumar 2013). Different semivariogram models (e.g.,
linear, exponential and spherical) were tested and the
best-fitted theoretical semivariogram models for all
groundwater parameters were prepared based on
selecting the trial and error parameters. Predictive
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performances of the fitted models were checked based
on cross validation tests (Gorai and Kumar 2013). The
mean error (ME), mean square error (MSE), root mean
error (RMSE), average standard error (ASR), and root
mean square standardized error (RMSSE) values were
assessed to establish the fitted models performances.
After completing the cross validation process, kriging
maps were produced for a graphical representation of
distribution of the groundwater quality parameters.
These kriged maps were generated using the ArcGIS
10.2. All other statistical analyses were performed using
IBM-SPSS 19 for windows (IBM-SPSS Inc., Chicago,
IL, USA).

3 Results and Discussion
3.1 Characterization of Groundwater

General characteristics of physicochemical parameters
of groundwater for the study area are summarized in
Table 1, along with the IWQ standard values recom-
mended by Department of Environment (DoE) of Ban-
gladesh, University of California Committee of Consul-
tants (UCCC), and Food and Agriculture Organization
(FAO) (UCCC 1974; DoE 1997; FAO 1985). pH varied
from 6.38 to 10.02 with an average value of 7.53 = 0.77,
indicating slightly acidic (6.38) to strongly alkaline
(10.02) groundwater. Elevated pH levels beyond the
permissible limit (pH 8.33) indicate carbonate content
in the bed rocks. The EC values varied from 344 to
1760 ps/cm with a mean value of 788.87 + 242.83 us/
cm, which was quite lower than the Bangladesh stan-
dard of 2250 ps/cm (DoE 1997). The TDS ranged from
276.70 to 1298.40 mg/L with a mean value of
748.61 +198.28 mg/L. Based on the TDS classification,
all the groundwater samples were belonged to freshwa-
ter category (TDS < 1000 mg/L) (Freeze and Cherry
1979). Concentrations of Na*, K* Ca**, and Mg**
ranged from 5.10 to 175, 2.60 to 8.60, 34.80 to 190,
and 8.92 to 59.50 mg/L with the mean values of
35.34 £ 37.99, 5.00 = 1.36, 103.75 = 36.23, and
32.91 + 10.38 mg/L, respectively. The concentration of
dissolved anions such as C1, HCO5 , and SO,> varied
from 1.80 to 195, 0.02 to 0.40, 200 to 848, and 1.10 to
12.30 mg/L with the mean concentrations of
23.95 + 36.64, 0.12 £ 0.06, 542.36 = 130.71, and
5.26 + 2.40 mg/L, respectively (Table 1). The mean
value of B was 0.04 = 0.03 mg/L and it ranged from
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Table 1 Descriptive statistics of physicochemical properties of groundwater and comparison with different irrigation water quality standards

Irrigation water standards

Descriptive statistics

Parameters

FAO (1985)

DoE (1997) UCCC (1974)

Kurtosis

Skewness

Mean STD Variance

Max.

Min.

6.0-8.5
3000
2000
900

6.5-8.4
700-3000
450-2000
68-204

6.5-8.5
2250

0.56
3.

1.03

1.31

10.02 7.53 0.77 0.59

1760

6.38
344

276.7

pH

46

58,966.72
39,315.08

242.83
144391
1.86

788.77

EC (uS/cm)

400
60
1100
600
1000

133
91

2100
600

0.35
3.95
0.15
-0.12
-0.19
8.25
0.45
0.52
0.20

0.75
-0.12
0.68

0.39
0.11
2.70

0
2.13
1.19

1312.71
107.88
1342.83
0.001
17,085.93
5.71

198.28
38.00
10.39
36.64
0.03
130.71
2.40

748.61

35.35

5.01 1.37
103.75 36.23
32.92

23.96

0.04

542.37

5.27

1298.40
17

8.60
190
59.50
195
0.10
848
12.30

5.10
2.60
34.80
8.92
1.80
0.0
200
1.10

TDS (mg/L)
Na* (mg/L)
K* (mg/L)
Ca®* (mg/L)
Mg™* (mg/L)
Cl (mg/L)
HCO; (mg/L)
SO,” (mg/L)

B (mg/L)
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Fig. 3 Piper diagram shows Ca—
Mg-HCO; type water in the study
area

0.01 to 0.10 mg/L. The chronological order of major
cations were Ca”* > Na* > Mg”* > K*, and major anions
were HCO;™ > CI” > SO4>, respectively. Higher stan-
dard deviation of both EC and TDS indicated heteroge-
neity in groundwater hydrochemistry. Moreover, higher
concentration of HCO; ™~ and Ca®* ions suggested disso-
lution of carbonate mineral in groundwater.

A trilinear diagram (also known as Piper diagram)
developed by Piper is a very useful and popular method
for primary characterization of water quality (Piper
1944). The diamond shaped graph is used to represent
the composition of water with respect to both cations
and anions. This trilinear diagram suitably discloses the
similarity and differences among groundwater samples.
Figure 3 displays that Ca®*, Mg**, and HCO5 play a
vital role for defining ground water type. The Ca—Mg—
HCOj; type groundwater indicated dominance of alka-
line earth metal ions (Ca®*, Mg”*) and weak acid
(HCO5") rather than alkali metal ions (Na* and K*)
and strong acid (CI” and SO,*). Ca®* and Mg** might
have been contributed through dissolution of carbonate
content in bedrocks (Zhou et al. 2012). The results are
consistent with the findings for groundwater resources
in the northwestern part of Takurgaon District, Bangla-
desh (Bhuiyan et al. 2014). However, it has been sug-
gested that most of the major ions present in groundwa-
ter originated from natural sources in the study area.

——
Calcium (Ca)

40 60 80

Na+K HCOz+CO 3 ° ]

—
Chloride (Cl)
CATIONS %meq/l ANIONS

3.2 Evaluation of Groundwater Quality for Irrigation

The IWQI values were determined following the Eq. (1)
to evaluate the quality of the studied water for irrigation,
which is graphically shown in Fig. 4. Based on IWQ],
groundwater was classified into three classes, i.e., low,
medium, and high suitability water (Simsek and Gunduz
2007) (Table 2). This study revealed that ~ 70% ground-
water was suitable for irrigation purpose. Reversely, the
computed IWQI < 22 was observed in 18 locations (S3-
S4, S9, S11-S13, S15-S16, S20, S35, S38, S44-S48,
S50, and S58), demonstrating that 30% groundwater in
this region was classified as low suitability for irrigation
(Table 2). Thus, the groundwater extracted from those
locations should be used with caution.

EC and Na* are two important factors for classifying
IWQ. The presence of higher amount of salt in irrigation
water results in osmotic pressure in soil solution (Thorne
and Peterson 1954). In addition, salt affects the struc-
ture, texture, and permeability of soil and restrict the
growth of plants making the soil hard (Trivedy and Geol
1984). The values of EC in the groundwater samples
indicated that most of the sampling areas fall within the
category of good (48.33%) to fair (51.67%) for irriga-
tion purposes (Table 2). The Na% ranged from 2.13 to
55.34%, with a mean value of 14.97% (Fig. 4a). Ac-
cording to the classification of groundwater based on

@ Springer
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Fig. 4 Box plots show irrigation water indices in study area. Unit of RSBC, EC, and TH are mg/L, ps/cm, and mg/L, respectively

Na% (Table 2), 76.67% samples were belonged to the
category of “excellent”, while the rest of them were
occurred in “good (16.67%)” to “permissible
(6.67%)” categories. Classification of analyzed ground-
water based on EC and Na% following Wilcox (1955)
(Fig. 5) illustrated that 51.67% of water samples fall in
the group of “excellent to good”, while 48.33% of
samples belonged to the group of “good to permissible”
for irrigation. Hakim et al. (2009) and Rahman et al.
(2014a, b) also found similar groundwater quality
around northern and northwestern part of Bangladesh,
respectively.

The SAR is generally considered as an effective
groundwater evaluation index for irrigation as it is a
measure of sodium (or alkali) hazard to crops (Todd
1980). High SAR values indicate Ca®* or Mg>* substi-
tution for Na* in soil through cation exchange process.
This exchange process reduces the soil permeability and
restrict the circulation of air and water through soil
system. The calculated SAR values varied from 0.11
to 3.94 with a mean value of 0.79 (Fig. 4b). According
to US salinity diagram (Fig. 6), wherein SAR is used as
an index of sodium/alkalinity hazard (S) and EC is used
as an index of salinity hazard (C), 48.33% samples fall
in S1-C2 field (i.e., low alkalinity and medium salinity
hazards water that can be used to all types of soil without
the risk of moveable Na*) and 51.67% samples occurred
in S1-C3 field (i.e., low alkalinity and high salinity
hazards). The elevated salinity could be attributed to
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bedrock formation, saline soil, agricultural activities,
and close proximity to Padma River system that carries
domestic sewage and animal waste.

The PI values are plotted against total ionic content
on Doneen’s chart (Doneen 1964), where three water
types are used to explain the agricultural water quality
(Fig. 7). Class [ water type (> 75% of maximum perme-
ability) with low PI values is the best water quality for
irrigation, while class II water type (25-75% of maxi-
mum permeability) is considered as acceptable for irri-
gation. On the contrary, class III water type (< 25% of
maximum permeability) is unacceptable for irrigational
uses. The PI values of the groundwater samples ranged
from 27.47 to 83.43% with an average of 47.79%. (Fig.
4a). Results showed that 99.99% of the samples fall
under class I, indicating that Faridpur groundwater is
suitable for irrigation.

The water containing RSBC < 5, 5-10, and > 10 mg/
L is considered as safe, marginal, and unsatisfactory
categories, respectively (Gupta and Gupta 1987). The
RSBC values varied from 0.82 to 8.96 mg/L with an
average of 3.70 mg/L (Fig. 4a), indicating that the water
was suitable for irrigation purpose. About 80% samples
were in safe class (Table 2), while the rest belonged to
marginal class.

This study revealed the TH values from 157.67 to
685.06 mg/L with a mean value of 394.51 mg/L,
About 81.67% samples were belonged to a very hard
water category (Fig. 4c). On the other hand, KR
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Table 2 Classification of ground water quality for irrigation purpose in the study area

Index method Reference Range Water class Number of locations Percentage of sample
Na% Ramesh and Elango 2012 <20 Excellent 46 76.67
2040 Good 10 16.67
> 40-60 Permissible 4 6.67
> 60-80 Doubtful — —
> 80 Unsuitable - -
EC (ps/cm) Wilcox (1948) <250 Excellent (C1) 0
250-750 Good (C2) 29 48.33
>750-2250 Fair (C3) 31 51.67
> 2250 Poor (C4)
SAR Todd (1980) <10 Excellent (S1) 60 100
10-18 Good (S2) - -
> 18-26 Fair (S3) - -
>26 Poor (S4) - -
TH (ppm) Sawyer and McCarthy (1967) <75 Soft 0
75-150 Moderately hard 0 0
> 150-300 Hard 11 18.33
> 300 Very hard 49 81.67
RSBC (mg/L) Gupta and Gupta (1987) <5 Safe 48 80
5-10 Marginal 12 20
> 10 Unsatisfactory 0 0
KR Kelley (1963) <1 Excellent 59 98.33
>1 Excess level of Na* in water 1 1.67
MAR Gupta and Gupta (1987) <50 Excellent 53 88.33
> 50 Causes harmful effect to soil 7 11.67
Mg:Ca Ravikumar et al. 2011 <15 Safe 60 100
1.5-3.0 Moderate - -
>3.0 Unsafe - -
IWQI Simsek and Gunduz (2007) <22 Low suitability 18 30
22-37 Medium suitability 1 1.67
> 37 High suitability 41 68.33

exhibited a balance between Na®, Ca®*, and Mg**
ions in groundwater samples. KR ratio > 1 indicates
a surplus level of Na® in water samples. Kelley
(1963) suggested that the ratio for irrigation water
should not exceed 1. About 98.33% samples indicat-
ed excellent irrigation water quality considering KR
value (Table 2).

The presence of higher concentration of Mg** in
groundwater results in alkaline irrigation soil, which
in turn decreases the crop yielding capacity of soil.
MAR values in groundwater greater than 50% are
considered harmful for irrigation (Gupta and Gupta
1987; Raghunath 1990). The examined groundwater

samples showed MAR values between 21.4 and
61.4% with a mean value of 35.32% (Fig. 4a). About
88.33% of studied samples showed MAR values
< 50%, signifying no risk for soil and crop yield
(Table 2). This study showed that Mg®* and Ca®*
ratios varied from 0.16 to 0.95 with a mean value of
0.35. Similarly, Na* and Ca®* ratios ranged from 0.04
to 2.52 with an average value of 0.42 (Fig. 4b). In
both cases, ratios were < 3, suggesting no threat of
soil infiltration in using the studied groundwater
(Table 2). However, the values of various irrigation
water quality indices for each sampling points
(n = 60) are listed in Table SI 4.
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Fig. 5 Wilcox diagram shows the suitability of groundwater for using irrigation purpose

3.3 Principal Component Analysis component analysis (PCA) that allows to group them

based on their inherited properties. PCA was performed

In order to understand the geochemical processes and with an orthogonal Kaiser’s Varimax rotation to make

the sources of major anions and cations in the ground- the factors more interpretable without altering the un-

water, hydrochemical data were subjected to principal derlying mathematical structure (Mertler and Vannatta
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Fig. 7 Classification of irrigation B0
water based on permeability
index (PI)
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2005). Three principal components (PCs), with eigen-
values > 1 were extracted that represented 87.41% of the
total variance (Table 3). The first principal component
explaining 31.64% of the total variance is positively
loaded with EC, TDS, Caz+, and HCO; . This factor
defines the natural origin of the ions through dissolution
of calcite by carbonic acid. Among the analyzed cations
and anions, Ca®* and HCO;~ contributed the most and
grouped together in first PC. Both Ca** and HCO;~ are
very strongly correlated with EC [ (ca-ec)=0.51 and »
cosec) = 0.77)] as well as TDS [ (catps) = 0.58 and
» @mcos-tpsy = 0.96] at 95% confidence level. The
second PC explains 28.69% of the total variance and is
positively loaded with EC, Na*, and CI". This factor
explains the weathering of silicate sediments. Finally,
the third PC explaining 27.57% of the total variance was
positively loaded with K™ and Mg**, whereas negatively
with pH. This factor may represent the ion exchange of
K* and Mg®* for Ca* in clays and this exchange is
facilitated at less pH, i.e., acidic condition.

3.4 Semivariogram Modeling
The nugget/sill (N/S) ratio indicates the spatial de-

pendence of IWQ parameters. Three classifications
are used to explain the models: (i) strong spatial

Permeability Index (P1)

dependence (N/S ratio < 25%); (i) moderate spatial
dependence (N/S ratio is25-75%); and (iii) weak
spatial dependence (N/S ratio > 75%) (Shi et al.
2007). However, the experimental semivariogram
(binned sign) around the omnidirectional
semivariogram model (blue line) and the average of
semivariogram models (plus sign) are shown in Fig.
8. Subsequently, the exponential semivariogram
model was identified as the best-fitted models for
EC and SAR, while the circular semivariogram mod-
el fitted best for TH (Table 4). The Gaussian
semivariogram model was best-fitted for IWQI. The
major ranges varied from 3.09 to 7.88 km, where the
highest range was measured for SAR (7.39 km) and
the lowest for EC (3.09 km). The variation of ranges
may be related to topographic and geometric factors
of groundwater. Small-scale factors such as precipi-
tation, runoff, and fertilizer application may also
affect the variation of groundwater quality parame-
ters. According to ordinary kriging results, IWQI and
EC values showed a weak spatial dependence (See
Table 4 and also Fig. 8a, b), while SAR and TH
represented a moderate spatial dependence (See
Table 4 and also Fig. 8c, d). Thus, most of the
groundwater quality parameters exhibited less nugget
effects in the semivariogram shapes.
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Table 4 The most suitable characteristic of indices of best-fitted semivariogram models for groundwater parameters and their changes

Indices Fitted model type Nugget ~ Major range (km) Sill

Nugget/sill Lagsize ME ~ RMSE MSE

RMSSE ASE

EC Exponential 69,030.14 3.09

SAR  Exponential 0.587 7.39 0.851
TH Circular 3819.23  3.65 9900.31
IWQI  Gaussian 6.71 7.19 7.42

69,030.14 1.00

387.01 0.16  229.09 0.00 0.82 280.35
0.690 924.862 0.006 0.772 0.005 0.864  0.906
0.39 45647 089  99.00 0.01 1.03 95.59
0.90 899.76. —0.03 230 —-0.01 0.85 2.75

ME mean error, RMSE root mean square error, MSE mean standardized error, RMSSE root mean square standardized error, ASE average

standard error

9a). The IWQI map demonstrated a decreasing trend
from the northeast to southeast direction in the study
area. The medium IWQI values were found near Padma
River, which was located to the north and northeast parts
of central Bangladesh. The low scores of IWQI value
(i.e., low suitability) were observed in the southern and
central parts of the study area, probably due to the
influence of domestic sewage discharges, effective
leaching of ions, over-exploitation of groundwater, and
agricultural impact (Sahu and Sikdar 2008).

On the other hand, EC demonstrated an increasing
trend from the southwest to the northeast direction in
the study area (Fig. 9b). The higher values of EC

(a)

wal
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[ 2019-2254
I 2254 -24.04
B 24.04-24.99
Il 2499265

SAR

0.11-0.33
| 0.33-0.40
I 040-062
I 062-138
I 1 38-394

were found in the northern portion. Major Padma
River system might have influenced the point sources
of EC in groundwater. The spatial map of SAR ex-
hibited higher values in the central and southern part,
but opposite in northern part of the study area (Fig.
9¢). On the contrary, the spatial map of TH values
revealed a complex spatial variability and pattern in
different directions (Fig. 9d). It shows a decreasing
trend from the Southwest toward the center part and
an increasing trend from center toward the northeast
part of the study area. Moderate spatial dependence
has found in the TH values based on semivariogram
studies. The higher TH values in the study area may

EC (uS/cm)
344 - 548.05
| 548.05 - 672.47
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Fig. 9 Spatial distribution maps of IWQI (a), EC (b), SAR (c), and TH (d) in groundwater of Faridpur District, central Bangladesh
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be linked to excess use of lime on land and its
transition through hydraulic connection of ground-
water with river water. Weathering of limestone, sed-
imentary rock, and Ca-bearing minerals may also
cause higher value of TH. This finding is in good
agreement with the result of Bahar and Reza (2010),
who conducted the groundwater quality study in
southeastern Bangladesh.

4 Conclusion

Several water quality indices and geostatistical model-
ing were utilized to explore the suitability of groundwa-
ter for irrigational uses and for spatial mapping of water
quality in Faridpur District (central Bangladesh). The
order of abundance of cations in studied groundwater
samples were Ca®* > Na* > Mg”* > K*, and major
anions were HCO5; > CI > SO42_. Based on IWQ], it
was observed that ~ 70% of the samples belonged to
high suitability water type, whereas 30% exhibited low
suitability type for irrigational uses. Results of EC,
Na%, and SAR inferred that majority of the groundwa-
ter samples belonged to “excellent to good” classes for
irrigation uses. Most of all the groundwater samples
were classified as safe for irrigation based on RSBC,
TH, KR, and MAR. Wilcox diagram-aided classifica-
tion of water suggested that groundwater in Faridpur
region were permissible for agricultural uses. Similar
result was inferred by the total ionic content vs. PI plot,
wherein all the samples were belonged to class I water
type (i.e., > 75% of maximum permeability). The results
of PCA among the major anions, cations, pH, EC, and
TDS identified three PC explaining 87.41% of the total
variance. Dissolution of calcite minerals, leaching of
silicate sediments, and ion exchange mechanism were
identified as probable causes for clustering the data into
three PC. The spatial analysis of IWQI identified high
suitability groundwater in the northern side, while the
low suitability water in the central and southern parts of
Faridpur region. This may be attributed to the gradients
of domestic sewage discharges, and agricultural acti-
vates from northern to south side of Faridpur district.
Since the IWQI map showed the spatial distribution of
groundwater quality in the Faridpur region, decision
makers can easily find most appropriate locations for
drilling wells in order to extract suitable irrigation water
to maintain existing soil productivity with the benefit of
high crop yield.
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