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Abstract
The Sundarban region—located from the Hooghly River in India's state of West Bengal to the Baleswar River in Bangla-
desh—renowned for its distinctive ecosystem and agricultural techniques, heavily depends on groundwater for irrigation 
purposes. However, concerns arise regarding the suitability of groundwater for sustainable agriculture in this vulnerable 
coastal zone. This systematic review aims to comprehensively evaluate the quality and appropriateness of groundwater and 
surface water for irrigation in the Sundarban region. By extensively searching scientific databases and relevant literature, 
we identified eighteen studies meeting our inclusion criteria. These studies encompassed hydrological, hydrochemical, and 
agronomic parameters, facilitating a thorough assessment of groundwater quality and its potential impacts on crop productiv-
ity. The review evaluates key parameters such as total hardness, residual sodium carbonate, potential salinity, permeability 
index, Kelly's ratio, sodium absorption ratio, corrosivity ratio, and chloroalkaline indices. The results revealed that irrigation 
water displays an alkaline nature, and both surface water and groundwater were unsuitable for irrigation due to exceedingly 
high-quality parameters beyond the standard limits. Nevertheless, groundwater exhibited favorable physiochemical proper-
ties. The review identifies critical research gaps and proposes future directions to enhance the understanding of groundwater 
suitability for irrigation in the Sundarban region. The findings emphasize the necessity of a multidisciplinary approach to 
ensure sustainable agricultural practices and safeguard the delicate ecosystem of the Sundarban region.
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Introduction

The Sundarban, a tide-dominated wetland, forms a com-
plex network of estuaries, tidal inlets, creeks, and islands. 
The region is crisscrossed by numerous rivers, giving 
rise to a tidal river system and estuaries (Chatterjee et al. 
2013). Nestled in the deltaic floodplains of the Ganges and 

Brahmaputra rivers, the Sundarban region is renowned for 
its unique mangrove ecosystem. It is a vital agricultural zone 
in South Asia (Manna et al. 2010). Spanning parts of Bang-
ladesh and India, the Sundarbans are home to a significant 
rural population whose livelihoods heavily depend on agri-
culture. Major rivers within the Indian Sundarban, such as 
Hooghly and Muriganga, are connected to the Himalayan 
glaciers through the Ganges. However, the Saptamukhi, 
Thakuran, Matla, Gosaba, and Harinbhanga rivers, being 
tide-fed, have lost their upstream connections with the Gan-
ges due to siltation and waste disposal from nearby urban 
centers (Mondal et al. 2013). Regrettably, the once produc-
tive Bidyadhari River, a branch of the Bhagirathi in the fif-
teenth and sixteenth centuries, is now heavily silted up and 
functions mainly as a sewage and excess precipitation outlet 
from Kolkata (Banerjee 2013).

Tidal water level variations have been observed across 
different stations, covering more than 3600  km2, includ-
ing the Saptamukhi, Thakuran, Matla, Bidya, Gomdi, 
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Harinbhanga, and Raimangal estuaries in the Indian Sunda-
rbans (Chatterjee et al. 2013).

Agriculture in this region relies heavily on groundwa-
ter resources for irrigation due to the limited availability 
of surface water (Jain et al. 2021). Groundwater, primarily 
extracted from shallow aquifers, raises concerns about its 
suitability for irrigation due to its complex hydrogeological 
characteristics and natural and anthropogenic contaminants 
in the area (Sahoo et al. 2021).

The hydrogeochemistry of the Sundarbans region 
emerges as a crucial factor in understanding the intricate 
interplay between groundwater composition, aquifer proper-
ties, and regional influences. Groundwater quality, a product 
of hydrogeochemical processes (Lakshmanan et al. 2003), 
is shaped by factors such as geochemistry (Mukherjee and 
Fryar 2008), aquifer characteristics (Verma et al. 2019; 
Kumar et al. 2022), and human activities (Zahid et al. 2006; 
Shamsudduha et al. 2009; Tauqeer et al. 2021). A study 
reported that the dominance of Ca-Mg-HCO3-rich waters in 
unconfined aquifers (Type I) contrasts with the Na-Cl hydro-
geochemical facies prevalent in semiconfined (Type II) and 
nearly confined multilayered aquifer subsystems (Type III) 
(Chakraborty et al. 2022). Noteworthy studies suggest that 
the hydrogeochemistry within the delta is governed by car-
bonate dissolution, silicate weathering, and cation exchange 
processes (Mukherjee and Fryar 2008). However, a gap per-
sists in understanding the regional-scale hydrogeochemical 
evolution pathways across the delta (Sikdar et al. 2001). 
The chemical composition of groundwater in the Sundar-
bans is intricately tied to rock–water interactions, seasonal 
variations, and anthropogenic activities. Processes, such 
as carbonate and silicate weathering, ion exchange, seawa-
ter intrusion, and anthropogenic influences, contribute to 
dynamic hydrogeochemistry (Mukherjee and Fryar 2008; 
Tauqeer et al. 2021; Kumar et al. 2022). This region exhibits 
dominant geochemical activities, with carbonate weather-
ing, silicate weathering, and ion and cation exchange play-
ing pivotal roles. The major ion chemistry, characterized by 
 Ca2+  >  HCO3

– >  Cl−  >  Na+  >  Mg2+  >  SO4
2−, underscores 

the complexity of hydrogeochemical interactions. Moreover, 
anthropogenic causes, including the agricultural practices 
and industrial waste, significantly impact groundwater geo-
chemistry. The use of diverse fertilizers alters the chemical 
composition during percolation, influencing concentrations 
of sulfate, halite, and gypsum in the aquifer (Refat Nasher 
and Humayan Ahmed 2021).

With this hydrogeochemistry, one of the primary chal-
lenges for agriculture in the Sundarban region, especially in 
cultivating rabi rice and other crops, is the scarcity of fresh 
surface water for irrigation, leading to extensive reliance on 
shallow tube wells (STWs) to extract groundwater. Surveys 
conducted between 2000 and 2014 have focused on STWs 
in the South and North 24 Parganas districts (Burman et al. 

2015). Similarly, in the Sundarban region of Bangladesh, 
tube wells are typically installed between 150 and 350 m 
deep. The interface between fresh and saline groundwater 
is usually between 200 and 300 m below ground level in the 
Khulna region, with the upper aquifer containing brackish 
to salty water (Worland et al. 2015). Additionally, saline 
pockets can be found in both shallow and deep aquifers 
due to the presence of paleo-brackish water trapped during 
rapid regressive events that occurred between 12,000 and 
10,000 years ago, following a transgression period between 
18,000 and 12,000 years ago (Jahan et al. 2022).

The proper management and conservation of groundwater 
resources in the Sundarban region are essential to sustain 
agriculture and support the livelihoods of the local popula-
tion while also ensuring the protection of the delicate man-
grove ecosystem.

In recent years, growing concerns have emerged regard-
ing the deteriorating quality of groundwater and surface 
water in the Sundarban region, characterized by elevated 
levels of salinity, iron, chloride, and other chemical param-
eters, as documented by several studies (Okereafor et al. 
2020; Ghirardelli et al. 2021). The intrusion of saline water 
from seawater, combined with the region's geological and 
hydrological factors, has led to the infiltration of saline water 
into aquifers, adversely impacting water quantity and quality 
(Hajji et al. 2022). Anthropogenic activities, including agri-
cultural practices, industrial discharge, and improper waste 
management, have further contributed to groundwater and 
surface water contamination with various chemicals (Khalid 
et al. 2018).

The unsuitability of groundwater and surface water affects 
crop productivity and yield and impacts soil health, water 
use efficiency, and overall agricultural system sustainabil-
ity. The heavy reliance on contaminated water sources for 
irrigation exacerbates these challenges, resulting in reduced 
crop production, heightened vulnerability to climate change, 
and potential long-term environmental degradation (Borsato 
et al. 2020).

To address these concerns and promote sustainable 
agricultural practices regarding groundwater and surface 
water quality, it is essential to evaluate the levels of various 
ions such as  Na+,  K+,  Mg2+,  Ca2+,  Cl−, and  HCO3

−, which 
influence parameters such as total hardness (TH), residual 
sodium carbonate (RSC), potential salinity (PS), permeabil-
ity index (PI), Kelly's ratio (KR), sodium absorption ratio 
(SAR), sodium percentage (Na%), corrosivity ratio (CR), 
and chloroalkaline indices (CAI). A comprehensive assess-
ment of hydrogeological, hydrochemical, and agronomic 
parameters can provide valuable insights into the current 
state of groundwater quality and its implications for irriga-
tion practices (Chen et al. 2020).

This review aims to address this knowledge gap by 
systematically analyzing the available literature on the 
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suitability of groundwater for irrigation in the Sundar-
ban region. It aims to synthesize and analyze previous 
research findings, assess the impact of groundwater 
quality on agricultural productivity, identify existing 
challenges, and propose potential mitigation strategies 
(Nath et al. 2021). By understanding the present state 
of groundwater and surface water suitability for irriga-
tion and addressing knowledge gaps, this review will 
contribute to developing sustainable water management 
practices and enhancing the resilience of agriculture in 
the Sundarbans. It will also provide valuable guidance 
to policymakers, researchers, and practitioners on the 
importance of integrating hydrological, hydrochemical, 
and agronomic perspectives to ensure the long-term sus-
tainability of agriculture in this ecologically fragile and 
socioeconomically significant region.

Materials and methods

Study area

Research articles have been reviewed that were carried out 
in the Sundarban region of India and Bangladesh for ground-
water and surface water analysis (as shown in Fig. 1). The 
neglected sections of the lower deltaic plain were exten-
sively developed into the Sundarban mangroves, starting 
from 1770 AD, by the rulers of British India's East India 
Company, aiming to profit from agricultural activities. The 
Sundarban in Bangladesh has been designated a UNESCO 
World Heritage Site and is situated in the southwestern 
part of the country, between latitudes 21° 39′ and 22° 30′ 
N and longitudes 89° 01′ and 89° 52′ E, as per the Interna-
tional Union for Conservation of Nature (IUCN) in 1997. 
The total area of the Sundarban is 10,000  km2, with 60% 
(6000  km2) falling within Bangladesh. Among its total area, 

Fig. 1  Research data collection sites of Indian and Bangladesh 
Sundarban. The white lines encircling islands denote the geographic 
boundaries, clearly illustrating the location of the Sundarban region. 

The inclusion of this map is integral to our study, as it visually con-
textualizes the source of research data on groundwater and surface 
water quality that was considered for this systematic review
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the Sundarban comprises 187,413 ha of aquatic bodies and 
414,259 hectares of land, accounting for 70% of the overall 
expanse.

Data search strategy, database, and keywords used

A comprehensive search of the literature was conducted to 
identify relevant studies on the suitability of groundwater 
and surface water for irrigation in the Sundarban region. 
The data search was performed using electronic data-
bases, including “Google Scholar,” “ScienceDirect,” and 
“PubMed” to enhance the search precision. The keywords 
used for data collection included “Sundarban,” “water 
resources,” “water quality,” “groundwater,” “surface 
water,” “physiochemical properties,” and “hydrochemi-
cal.” The collected articles were limited to those pub-
lished between 2011 and 2023 to ensure the relevance of 
the data. Included studies focused on water quality assess-
ment, physiochemical analysis, hydrochemical analysis, 
and agrochemical characteristics of groundwater and sur-
face water in the Sundarban region. Articles lacking proper 
data or full-text accessibility were excluded. Additionally, 

studies published before 2011 and those solely used for 
literature review without data analysis were not included.

Data collection and selection

The PRISMA chart was followed to meet the criteria of 
this systematic review (Heasley et al. 2021) (Fig. 2). Ini-
tially, approximately 250 articles were retrieved from the 
data search. After removing 40 duplicated downloads, 70 
articles were excluded based on the initial screening as 
they did not contain relevant data related to the physi-
ochemical properties of water in the Sundarban region. 
The remaining 140 articles underwent a thorough review, 
and 122 of them were excluded due to insufficient or insig-
nificant data. Finally, 18 articles were identified as primary 
sources for the study, containing valuable data related to 
water quality, physiochemical analysis, hydrochemical 
analysis, and agrochemical characteristics of water. Sup-
plementary files have been documented with all the pri-
mary data (Tables S1–S3). 

Fig. 2  Flow diagram (PRISMA 
chart) showing the selection 
and search process for data 
collection. Approximately 250 
articles were retrieved from the 
data search. After removing 
40 duplicated downloads, 70 
articles were excluded based on 
the initial screening as they did 
not contain relevant data related 
to the physiochemical proper-
ties of water in the Sundarban 
region. The remaining 140 
articles underwent a thorough 
review, and 122 of them were 
excluded due to insufficient 
or insignificant data. Finally, 
18 articles were identified as 
primary sources for the study

Data search from: PubMed, 

GoogleScholar, & ScienceDirect  

(n=250)

Repeated articles: (n=40)

Title and abstract reviewed

(n=210)

Those articles do not contain heavy 

metals or minerals. (n=70)

Article assessed for eligibility:

(n=140)

Final included articles:

(n=18)

Identification

Screening

Eligibility

Included

Articles removed due to 

irrelevant information (n=122)
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Data organization

Data synthesis and analysis

The selected articles were thoroughly analyzed and syn-
thesized to extract relevant information on the suitabil-
ity of groundwater and surface water for irrigation in the 
Sundarban region. The extracted data were then organized 
in tables (Tables S1–S3) to facilitate data presentation and 
comparison.

Quality assessment

The quality of the included studies was assessed to ensure 
the reliability and validity of the data. Quality assessment 
criteria included study design, sample size, data collection 
methods, and reporting clarity. Studies that met rigorous 
quality standards were given higher consideration in the data 
synthesis.

Data interpretation and conclusion

The findings from the selected articles were interpreted and 
discussed to provide a comprehensive review of the suit-
ability of groundwater and surface water for irrigation in the 
Sundarban region. The conclusions drawn from the data syn-
thesis will shed light on the current state of water resources 

and their implications for sustainable agricultural practices 
in the Sundarban region (Table 1).

Classification of water quality based on different 
parameters

The classification used in this study, indicating the suit-
ability of groundwater and surface water for irrigation, is 
presented in Table 2. Several parameters are used for the 
classification.

Results and discussion

Physicochemical characteristics of groundwater 
and surface water for irrigation purposes

Various parameters were employed to assess the physio-
chemical properties of irrigation water, including pH, elec-
trical conductivity (EC), total dissolved solids (TDS), and 
chemical compositions determined by major ions and heavy 
metals. In this study, we specifically analyzed the physi-
ochemical properties of water with a focus on major cations, 
anions, pH, EC, and TDS.

The pH values of groundwater samples in the study area 
ranged from 3.52 to 9.99 mg/L, while surface water sam-
ples exhibited a broader pH range of 12.09 to 15.25 mg/L, 
as presented in Table 3. Notably, surface water displayed 

Table 1  Different indices/parameters used for the evaluation of water quality

Concentrations of all the ions expressed in meq/l

S. no. Index Symbol Equation Sources

1 Total Hardness (mg/L) TH TH = (2.5 × Ca2+) + (4.2 ×Mg2+) Todd and Mays (2005)
2 Residual Sodium Carbonate

(meq/L)
RSC RSC = (CO2−

3
+ HCO−

3
) − (Ca2+ +Mg2+) Eaton et al. (1995)

3 Potential Salinity (meq/L) PS PS = Cl− + (0.5 × SO2−
4
) Doneen (1964)

4 Permeability Index
(all the ion concentrations are expressed in meq/l)

PI
PI =

Na++
√

HCO−
3

Ca2++Mg2++Na+
× 100

Doneen (1964)

5 Kelly’s Ratio
(all the ion concentrations are expressed in meq/l)

KR KR =
Na+

Ca2++Mg2+
Kelley (1963)

6 Magnesium Hazard
(all the ion concentrations are expressed in meq/l)

MH MH =
Mg2+

Ca2++Mg2+
× 100 Szabolcs (1964)

7 Sodium Percentage
(all the ion concentrations are expressed in meq/l)

Na% NA(%) =
Na++K+

Ca2++Mg2++Na++K+ × 100 Todd and Mays (2005)

8 Sodium Absorption Ratio
(Na+,  Ca2+ and  Mg2+ are in meq/L)

SAR SAR =
Na+

√

1

2
(Ca2++Mg2+)

Allison (1964)

9 Corrosivity Ratio
(all the ion concentrations are expressed in meq/l)

CR
CR =

(Cl−∕35)+2(SO2−
4
∕96)

(CO2−
3
+HCO−

3
∕100)

Balasubramanian (1986)

10 Choroalkaline indices 1
(meq/L)

CAI1 CAI1 =
Cl−−(Na++K+)

Cl−
Schoeller (1977)

11 Choroalkaline indices 2
(meq/L)

CAI2 CAI2 =
Cl−−(Na++K+)

SO2−
4
+(CO−

3
+NO−

3
)

Schoeller (1977)
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an alkaline nature, as evidenced by its high pH level. Con-
versely, groundwater was deemed suitable for irrigation in 
this investigation. The alkaline nature of water corresponds 
to a higher pH level, which occurs when there is a significant 
concentration of hydroxide ions present in the water sample.

Electrical conductivity (EC) is a crucial factor for eval-
uating the suitability of irrigation water, as it reflects the 
presence of salts in the water, which can impact crop yield 
(Ayers and Wescott 1985; Bauder and Brock 2001). In this 
study, the EC values for surface water ranged from 3.27 to 
3567.95 μS/cm, while for groundwater, the range was 0.30 
to 270.50 μS/cm as presented in Table 3. According to the 
classification, irrigation water with an EC of 250 μS/cm is 
considered excellent, 250–750 μS/cm is considered good, 
and 750–2250 μS/cm is still acceptable (Ayers and Wescott 
1985) (Table 2). The findings of this study indicate that 
groundwater falls within the good category concerning EC, 
while surface water falls into the unsuitable category, mak-
ing it unsuitable for irrigation due to its higher EC levels.

Another important component affecting water quality in 
agriculture is total dissolved solids (TDS), which depend 
upon minerals and ions such as  Ca2+,  Mg2+,  Na+,  K+,  CO3

−
, 

 HCO3
−

,  Cl−,  SO4
2−, and  PO4

3− (Giri et al. 2022). The clas-
sification of water quality based on TDS is as follows: 
excellent for irrigation at less than 450 mg/L, good within 
450–2000 mg/L, and unsuitable greater than 2000 mg/L 
(EPA 2014) (Table 2).

The total dissolved solids (TDS) content in sur-
face water ranged from 1.32 to 2922.72 mg/L, while in 

groundwater, it ranged from 0.54 to 215.45 mg/L, as indi-
cated in Table 3. The study findings demonstrated that 
groundwater exhibited chemical ion concentrations within 
the excellent quality range for irrigation water. Conversely, 
surface water was deemed unsuitable for irrigation due to 
its TDS value exceeding the permissible limit. The higher 
TDS in surface water can be attributed to elevated concen-
trations of  Na+,  Cl−, and  HCO3

−, surpassing the accept-
able thresholds.

The measured concentrations of chloride, sulfate, 
phosphate, bicarbonate, and nitrate in surface water sam-
ples ranged from 35.20–572.36 mg/L, 55.50–57.37 mg/L, 
1.15–1.47 mg/L, 0.03–419.83 mg/L, and 2.73–8.26 mg/L, 
respectively, as presented in Table  3. For groundwater 
samples, the concentrations of chloride, sulfate, phos-
phate, carbonate, bicarbonate, and nitrate were found to 
be within the ranges of 9.97–49.08 mg/L, 0.24–1.79 mg/L, 
0.100–14.92 mg/L, 0.0–0.35 mg/L, 0.23–141.26 mg/L, and 
0.15–1.84 mg/L, respectively, as shown in Tables 3 and 4.

As per the standards set by the World Health Organiza-
tion, the allowable limits for  Cl−,  SO4

2−,  PO4
3−,  HCO3

−, 
and  NO3

− in irrigation water are 250 mg/L, 200 mg/L, 
10 mg/L, 200 mg/L, and 50 mg/L, respectively, as shown 
in Table 2 (World Health Organization 2006). The study's 
results revealed that concentrations of salt ions in groundwa-
ter samples were within these established permissible limits. 
However, in surface water samples, the concentrations of 
 Cl− and  HCO3

− exceeded the standard permissible values set 
by the World Health Organization (2006) (Table 2).

Table 2  Classification of surface water and groundwater suitability for irrigation purposes based on different water quality indices (Kelley 1940; 
Wilcox 1948; Thorne 1954; Todd and Mays 1980). Table adapted from Giri et al. (2022)

Exc. Excellent, Go. Good, Perm. Permeability, Dou. Doubtful, UnSu Unsuitable, REP Reverse exchange process, DEP Direct exchange pro-
cess, V. Hard very hard, TH Total hardness, RSC Residual sodium carbonate, PS Potential salinity, PI Permeability index, KR Kelly’s ratio, SAR 
Sodium absorption ratio, MH Magnesium hazard, NA% Sodium percentage, CR Corrosivity ratio, CAI1 Chloroalkaline indices 1, CAI2 Chloro-
alkaline indices 2

S. no. Index Class

Exc Go Perm Dou Su UnSu REP DEP Soft Mode Hard V.Hard

1 pH – 6.5–8.4 – – – – – – – – – –
2 EC  < 250 250–750 750–2250 – – – – – – – – –
3 TDS  < 450 450–2250 – – –  > 2000 – – – – – –
4 TH – – – – – – – – 0–60 60–120 120–180  > 180
5 RSC/RA –  < 1.25 – 1.25–2.5 –  > 2.5 – – – – – –
6 PS – – – –  < 3  > 3 – – – – – –
7 PI – 25–75% – –  > 75%  < 25% – – – – – –
8 KR/KI – – – –  < 1  > 1 – – – – – –
9 MAR/MH – – – –  < 50  > 50 – – – – – –
10 %Na  < 20 20–40 40–60 60–80 –  > 80 – – – – – –
11 SAR  < 10 10–18 – 18–26 –  > 26 – – – – – –
12 CR – – – –  < 1  > 1 – – – – – –
13 CAI1 – – – – – – − tv  + tiv – – – –
14 CAI2 – – – – – – − tv  + tiv – – – –
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The concentrations of  Ca2+,  Mg2+, and  Na+ in sur-
face water samples ranged from 37.46–47.58  mg/L, 
48.23–48.39 mg/L, and 27.11–276.11 mg/L, respectively. 
In groundwater samples, the corresponding ranges were 
0.01–33.65 mg/L, 0.04–32.33 mg/L, and 0.25–41.85 mg/L, 
respectively, as presented in Table 3. For irrigation purposes, 
the acceptable limits for  Ca2+,  Mg2+, and  Na+ are 75 mg/L, 
30 mg/L, and 200 mg/L, respectively, as per (Singh et al. 
2020). The data indicate that all the various salt ion concen-
trations are within the standard permissible limits, except for 
 Na+, which slightly exceeds the prescribed value.

Evaluation of the suitability of groundwater 
and surface water for irrigation purposes

This review employed various parameters, including TH, 
RSC, PI, KR, SAR, CAI1, and CAI2, to evaluate the suit-
ability of groundwater and surface water for irrigation. The 
total hardness (TH) of water is influenced by the concentra-
tions of calcium and magnesium in both groundwater and 
surface water (Sengupta 2013). According to EPA (2014) 
classifications, water can be categorized as soft (0–60 mg/L), 
moderately hard (60–120 mg/L), hard (120–180 mg/L), or 
very hard (greater than 180 mg/L) (Table 2).

The study found that the TH values of surface water 
ranged from 296.21 to 322.21 mg/L, while groundwater TH 
varied from 219.9 to 0.21 mg/L (Table 5). Notably, the pre-
sent study demonstrated that the total hardness (TH) values 
fell under the hard category, with collected water samples 
containing elevated levels of  Ca2+ and  Mg2+ ions. These 
findings indicate that the water's hardness makes it unsuit-
able for irrigation purposes. In contrast, the groundwater in 
the Sundarbans region of Bangladesh exhibited a TH value 
falling in the soft category, rendering it suitable for irriga-
tion purposes.

Residual sodium bicarbonate (RSC) is a critical factor 
affecting the quality of irrigation water. When the concentra-
tion of carbonate  (CO3

2−) and bicarbonate  (HCO3
−) in water 

exceeds that of calcium  (Ca2+) and magnesium  (Mg2+), it 
can adversely impact water quality by promoting the precipi-
tation of calcium and magnesium. This, in turn, affects the 
physical characteristics of soils, leading to the breakdown 
of organic substances within the soil. The study found that 
the levels of  Na+ were high in water with sodium carbonate 
(Eaton et al. 1995; Mousazadeh et al. 2019).

As per the EPA (2014) guidelines, water with RSC values 
below 2.50 meq/L is suitable for irrigation, while values 
above 2.50 meq/L are considered unsuitable (Table 2). Posi-
tive RSC values in water samples indicate that the concentra-
tions of  Ca2+ and  Mg2+ are lower than those of  CO3

2− and 
 HCO3

−, while negative values indicate the reverse exchange 
process. The present study observed RSC values in sur-
face water ranging from -85.65 to 323.86 meq/L, while in Ta
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groundwater; the range was 75.62 to 0.18 meq/L (Table 5). 
In the Indian Sundarbans region, the RSC value of surface 
water was negative due to the higher concentration of  Ca2+ 
and  Mg2+ compared to  CO3

2− and  HCO3
−, while in Bang-

ladesh's Sundarban region, the surface water's RSC value 
was positive. The RSC values of groundwater were positive 
due to higher carbonate and bicarbonate ion concentrations. 
However, both surface and groundwater were found to be 
unsuitable for irrigation purposes.

Potential salinity (PS) is a crucial parameter used to 
assess the suitability of surface water and groundwater for 
irrigation, based on  Cl− and  SO4

2− concentrations (Tegegne 
et al. 2023). Salinity plays a significant role in soil quality; 
when it exceeds recommended levels, it adversely affects soil 
permeability, aeration, and structure, leading to soil harden-
ing and directly impacting plant growth (Ramesh and Elango 
2012; Singh et al. 2013). According to Doneen et al. (1964), 
a PS value less than 3 meq/L is suitable for irrigation, while 
values greater than 3 meq/L are considered unsuitable. In 
this study, the PS levels of surface water ranged from 63.03 
to 601.04 meq/L, while groundwater PS levels varied from 
49.98 to 0.29 meq/L (Table 5). The findings indicate that 
the PS value is higher than the permissible limit due to the 
high concentration of  Cl− and  SO4

2−, rendering the water 
unsuitable for irrigation.

Kelly's ratio (KR) is another vital water quality param-
eter used to assess the suitability of both groundwater and 
surface water for irrigation by comparing the levels of  Na+ 

against  Ca2+ and  Mg2+ ions. A KR value less than 1 is con-
sidered suitable, while a KR value greater than 1 indicates 
unsuitability for irrigation due to an excess of  Na+ in the 
collected samples (Kelley 1963). In this study, the KR lev-
els of surface water ranged from 48.95 to 54.19, while the 
groundwater KR levels varied from 33.58 to 26.29. The find-
ings reveal that the KR value in the collected water samples 
is greater than 1, rendering it unsuitable for irrigation due 
to the high concentration of  Na+.

The permeability index (PI) is a critical parameter for 
evaluating the quality of irrigation water in relation to soil 
for improved agriculture (Tegegne et al. 2023). According 
to (EPA 2014), water is categorized into Class I, Class II, 
and Class III based on the PI level, where Class I and II 
waters are considered good for irrigation with 75% or more 
maximum permeability, while Class III water is unsuitable 
with 25% maximum permeability (Table 2). In this study, 
the PI values for surface water ranged from 24.20 to 79.71%, 
and for groundwater, the PI was found to be in the range 
of 49.83% to 239.13% (Table 5). The findings demonstrate 
that both surface water and groundwater fall into the good 
category and can be utilized for irrigation purposes.

The magnesium hazard (MH) pertains to the proportion 
of magnesium absorption ratio (MAR) in water and indi-
cates water quality in terms of magnesium content, which is 
crucial for agricultural activities (Ayers and Wescott 1985; 
Joshi et al. 2009). An MH value below 50 is considered suit-
able for irrigation, while values higher than 50 are deemed 

Table 4  Mean values of heavy 
metals (mg/L) in groundwater 
and surface water in the 
Sundarban region

K Potassium, Mn Manganese, Fe Iron, Co Cobalt, Cd Cadmium, Cr Chromium, Ni Nickel, Ag Silver, Zn 
Zinc, Cu Copper, SO4

2− Sulfate, PO4
3− Phosphate, Pb Lead

Location K Mn Fe Co Cd Cr Ni Ag Zn Cu SO4
2− PO4

3− Pb

Surface water
Indian Sundarban 3.94 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 55.50 1.15 0.00
Bangladesh 18.70 0.09 2.35 0.00 0.00 0.05 0.01 0.01 0.04 0.01 57.37 1.47 0.01
Groundwater
Indian Sundarban 2.37 0.00 0.27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.79 14.92 0.00
Bangladesh 0.16 70.50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.24 0.10 0.00

Table 5  Different water quality indices estimated in groundwater and surface water of the Sundarban region of India and Bangladesh

TH Total hardness, RSC Residual sodium carbonate, PS Potential salinity, PI Permeability index, KR Kelly’s ratio, SAR Sodium absorption ratio, 
MH Magnesium hazard, Na% Sodium percentage, CR Corrosivity ratio, CAI1 Chloroalkaline indices 1, CAI2 Chloroalkaline indices 2

Location TH RSC PS PI KR SAR MH Na% CR CAI1 CAI2

Surface water
Indian Sundarban 296.21 -85.65 63.02 24.20 0.31 0.99 56.28 26.60 7213.00 0.11 0.07
Bangladesh 322.21 323.86 601.04 79.71 2.87 9.99 50.42 75.44 3.86 1632.60 4.22
Groundwater
Indian Sundarban 219.90 75.62 49.98 49.83 0.63 2.20 49.00 64.60 0.82 0.10 1.22
Bangladesh 0.21 0.18 0.29 239.13 5.00 1.78 81.93 195.23 4.26 -1.41 -1.60
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unsuitable for irrigation purposes (Ayers and Wescott 1985) 
(Table 2). MH levels in the surface water ranged from 56.28 
to 50.42, whereas MH levels in the ground water varied from 
49.00 to 80.00 (Table 5). The present study reveals unsuit-
ability for irrigation due to the high concentration of mag-
nesium  (Mg2+) in the collected water samples.

According to EPA (2014), the Na% was categorized into 
five classes: Class I (Excellent) with Na% less than 20, Class 
II (Good) with Na% between 20 and 40, Class III (Perme-
ability) with Na% between 40 and 60, and Class IV (Unsuit-
able) with Na% greater than 80. The Na% levels in surface 
water ranged from 26.60 to 75.44, while groundwater Na% 
varied from 64.60 to 195.23 (Table 5). Increasing  Na+ lev-
els can lead to soil becoming saline (due to  Na+ combining 
with  Cl−) or alkaline (due to  Na+ combining with  HCO3

−). 
This process, known as base exchange, removes  Ca2+ and 
 Mg2+ from clay particles and replaces them with  Na+, reduc-
ing soil permeability and promoting deflocculation (Kelley 
1963; Joshi et al. 2009; Abderamane et al. 2013). The study 
indicates that surface water falls within the “good” category, 
making it suitable for irrigation. However, groundwater 
exceeds the permissible limit, rendering it unsuitable for 
irrigation purposes.

SAR (sodium absorption ratio) is another significant 
water quality parameter related to Na% in surface water 
and groundwater for irrigation purposes (Batarseh et al. 
2021). According to EPA (2014), SAR can be classified into 
four categories: SAR less than 10 (Excellent), SAR 10–18 
(Good), SAR 18–26 (Doubtful), and SAR greater than 26 
(Unsuitable) (Table 2). The SAR values in surface water 
ranged from 0.99 to 9.99, while SAR in groundwater varied 
from 2.20 to 1.78. In the SAR parameter, higher  Na+ values 
replace  Ca2+ and  Mg2+ ions (Table 5). The study demon-
strates that both surface water and groundwater were suitable 
for irrigation purposes.

The corrosivity ratio (CR) for surface water in this 
review ranges from 7213.00 to 3.86, while groundwater's 
CR varies from 0.82 to 4.26 (Table 5). CR is an important 
indicator to determine the feasibility of water transporta-
tion through metal pipes. For water transportation through 
pipes, a CR value less than 1 shows the feasibility of water 
transport through metal pipes, while for CR values greater 
than 1, water is not transported through the metal pipe due 
to increasing corrosion (Aravindan et al. 2004; Shankar et al. 
2011; Giri et al. 2022). The present study showed that the 
CR value is less than 1 in the groundwater samples of India's 
Sundarbans region. In contrast, the remaining water samples 
have greater CR values, indicating that water should not be 
transported through the metal pipe.

The chloroalkaline index (CAI) is determined based on the 
chloride level  (Cl−), which plays a crucial role in regulating 
soil physical properties and photosynthesis in plants. However, 
elevated chloride levels beyond the optimal range can lead to 

soil degradation and plant toxicity (Giri et al. 2022). CAI1 and 
CAI2 indicate the ion exchange between water and rock. A 
positive CAI value suggests a direct exchange process between 
 Na+ and  K+ in water with  Mg2+ and  Ca2+ in rocks, while a 
negative value indicates the reverse process (Jafar Ahamed 
et al. 2013).

In surface water, CAI1 ranges from 0.11 to 1632.60 meq/L, 
while CAI1 in groundwater varies from 0.10 to − 1.41 meq/L 
(Table 5). For CAI2, surface water values range from 0.07 
to 4.22  meq/L, and groundwater values vary from 1.22 
to − 1.60 meq/L (Table 5). The study reveals that surface 
water has positive CAI1 and CAI2 values, indicating a direct 
exchange process between water and rock, with dissolved salts 
primarily originating from the host rock (Mousazadeh et al. 
2019). However, in groundwater samples from the Bangladesh 
Sundarbans region, both CAI1 and CAI2 values are negative. 
In contrast, Indian Sundarbans groundwater samples have 
positive CAI1 and CAI2 values, indicating a similar direct 
exchange process.

The Sundarbans' generally saline groundwater is relatively 
deep and is impacted by saline water intrusion from the sea. 
Another issue is that the frequency of cyclones in the Sunda-
rbans has been raised because of climate change and global 
warming, a continuing problem. Cyclones raise sea levels, 
which raise salinity levels in this region, impacting agricul-
ture. On the other hand, the Sundarban salinity is significantly 
influenced by the amount of freshwater moving upstream 
(Neogi et al. 2017). The variation is dependent on the local tide 
characteristics. In 2001 and 2002, it was determined that the 
greatest salinity was approximately 26 psu and that the post-
monsoon minimum salinity was approximately 5 psu. From 
the Sundarban east to the west, the soil's electrical conductivity 
rises spatially (Burman et al. 2019; Chowdhury et al. 2023).

Over the past three decades, the western sector of the 
mangrove-dominated Indian Sundarban has experienced a 
decline in the pH of surface water, decreasing at a rate of 
-0.015 per decade (Agarwal et al. 2023). This phenomenon 
is likely attributed to the increasing impact of anthropogenic 
factors in the region (Banerjee et al. 2017). On the other 
hand, in the eastern sector, water quality has shown signifi-
cant changes, with increase in temperatures, salinity, density, 
and reduced clarity over the same period. The rise in salinity 
to the east can be attributed to freshwater scarcity and tidal 
water influence. The combined effects of these factors have 
contributed to variations in pH and dissolved oxygen levels 
observed in the region (Gobler and Baumann 2016).

Conclusion

The systematic review on groundwater suitability for irri-
gation in the Sundarban region provides a comprehen-
sive assessment of hydrogeological, hydrochemical, and 
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agronomic factors influencing groundwater quality and its 
impact on agricultural sustainability. The findings reveal 
that both the surface and ground water were unsuitable for 
irrigation purposes due to higher levels of TH, RSC, PS, 
KR, MH, and CR. Meanwhile, both surface and ground 
water were suitable for irrigation purposes for PI, Na%, 
and SAR parameters. However, as most of the parameters 
show the unsuitability of both water sources for irriga-
tion purposes, both water sources are not suitable for irri-
gation purposes. This unsuitability impacts soil health, 
crop growth, and rural livelihoods. Mitigation measures 
may be explored, including rainwater harvesting, surface 
water reservoirs, and groundwater treatment techniques 
such as reverse osmosis and ion exchange. Agronomic 
practices, such as crop selection and irrigation schedul-
ing, can enhance resilience to poor groundwater quality. 
Research gaps persist, necessitating long-term monitoring 
studies. Integrated water resource management strategies 
and site-specific decision support systems are vital for sus-
tainable irrigation practices. The review underscores the 
urgent need for interdisciplinary approaches to safeguard 
the fragile ecosystem of the Sundarbans. Policymakers, 
researchers, and practitioners should collaborate on con-
text-specific strategies, considering socioeconomic reali-
ties and environmental sensitivities. This review supports 
evidence-based policies that enhance agricultural system 
sustainability and preserve Sundarbans' unique ecologi-
cal heritage by proposing practical solutions and bridging 
knowledge gaps. Prioritizing groundwater protection and 
restoration is imperative for securing local livelihoods and 
maintaining the region's ecological significance.
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