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Access to clean water has been identified as one of the primary Sustainable Development
Goals. Rapid urbanization is going on in developing nations creating additional pressure
on water resources in most of these places which in turn also affects individuals which is
largely reliant on proper sanitation and drinking water quality. In addition, open sanitation
practice is becoming major public health problem in rural and in some urban areas in
India. Groundwater contamination by pathogenic bacteria sourced from both sanitation
system and surface water is becoming one of the major concerns now-a-days. The
residents of the Ganges river basin in India are already stressed with natural arsenic
pollution as well as other various types of water pollution, and microbial pollution from
sanitation is a new addition to it. A field-based hydrogeological investigation with the
identification of sanitation sites (surface and subsurface) was conducted in some parts
of the Ganges basin, in and around a lower order distributary river, River Churni in
West Bengal state, to identify the natural and human influences on sanitation drinking
water pollution in a highly populated part of South Asia. Groundwater was found to be
contaminated severely with total (TC) and fecal (FC) coliform bacteria. The abundance of
TC was found to be the highest in monsoon season (78%) than in pre-monsoon (48%)
and post-monsoon (29%) seasons. The results revealed that the groundwater samples
from shallow depths and close to sanitation sites were highly contaminated with coliform
bacteria than the deeper and higher distant (>~30 m distance) ones. Shallow groundwater
samples near to surface water (River Churni) source, other than sanitation sites, showed
elevated TC levels. The occurrence of coliform bacteria in studied groundwater samples
was observed to be positively correlated with conductivity, TDS, TOC, chloride, and
sulfate, while the abundance was restricted by pH and temperature of groundwater.
Thus, improper sanitation systems and contaminated surface water were identified as
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one of the major sources of pathogenic contamination of groundwater-sourced drinking
water in the studied area, whereas improper human practices further complicate the
scenario which needs to be managed properly.

Keywords: coliform contamination, groundwater, sanitation, Churni river, fecal coliform
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INTRODUCTION

Access to safe drinking water is one of the primary determining
factors toward environmental sustainability and improved public
health. Various physicochemical, hydrological, and biological
processes as well as human activities may influence the
availability and quality of safe water which is accessible to
the people. Groundwater is considered to be less prone to
pathogenic contamination as compared to surface water because
of natural filtration by the aquifer sand (Ravenscroft et al,
2017). However, recently groundwater has also been reported
to be contaminated mainly due to the absence of proper
waste management system, leakage from sewage pipes, open
defecation system, extraction of groundwater in excess, drilling
of wells in an unsuitable condition, low depth of water
table due to human activities, and mostly because of the
ignorance toward water conservation (Tripathi and Sharma,
2011; Das, 2019), which can cause a sudden outbreak of
waterborne diseases (Wang et al., 2014). In the Indian sub-
continent, 60% of the rural population use groundwater for
drinking purpose (Mukherjee et al., 2015). The consumption
of contaminated drinking water is the root cause of 80% of
diseases occurring globally, either through chemical imbalances
or microbial contamination (World Health Organization, 2004).
In developing nations including India, the scenario is particularly
concerning as a large number of people do not have access

to safe drinking water. Each year, nearly 2 million people die
from waterborne diseases in the developing nations, especially
children under the age of five (World Health Organization,
2008), mostly from diarrhea caused by coliform bacteria (Shar
et al, 2008). Among other microorganisms, the presence of
coliform bacteria in groundwater is one of the major threats
to human health and possesses the risk of an outbreak of
waterborne diseases.

Transportation of coliform bacteria from surface and
subsurface sources is dependent on various factors like the
specific hydrogeological settings, depth of tube well, tube well
construction, and the amount and intensity of precipitation
(Atherholt et al., 2017). Shallow groundwater is more vulnerable
than the deeper one because of the shorter vertical distance and
the attenuation of pathogenic bacteria depends on retention and
die-off in the flow path (van Geen et al., 2011). Recent fecal
contamination and the potential presence of pathogenic bacteria
in water can be detected by the presence of thermotolerant fecal
coliform bacteria, generally known as fecal indicator bacteria
(FIB) (Kostyla et al., 2015), especially Escherichia coli in water
because they are always found in untreated waste from humans
and other warm-blooded animals (Atherholt et al., 2017; Dayanti
et al., 2018). Potable water should contain <10 CFU of total
coliform (TC) and nearly no fecal coliform per 100 ml of water
(World Health Organization, 2004).
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The Indo-Gangetic-Brahmaputra basin is one of the largest
freshwater resources in the world, which is already threatened
by geogenic arsenic contamination in inland aquifers (Mukherjee
et al, 2015) and saltwater intrusion in coastal aquifers (Das
and Mukherjee, 2019). Against the backdrop of the geogenic
groundwater contamination and industrial pollution, improper
sanitation practices add another threat to the available freshwater
resources, which directly has an acute impact on human health
(Verhougstraetea et al., 2015). In India, more than 500 million of
its population are still practicing open defecation, resulting in the
unhealthy disposal of fecal waste in the vicinity of the drinking
water sources.

The dependency on groundwater for drinking purposes needs
attention toward the necessity of groundwater quality monitoring
at regular intervals. The Nadia district is known to have actively
involved in surface water and groundwater interaction process in
terms of meteoric recharge and base flow to river in the favorable
aquifer-aquitard framework, which consists of medium-to-coarse
grain sand to silts (Mukherjee et al., 2008; Hussain et al., 2017).
Thus, in this pre-existing surface water-groundwater processes
and seasonal recharge, the role of sanitation and open defecation
in the microbial contamination of groundwater in the lower
Gangetic basin, particularly in the rural areas in district Nadia,
West Bengal, is rarely explored. It is also important to have
sound knowledge about the seasonal variation of groundwater
quality to understand the particular period of the year when
pollution load becomes high for the adaptation of suitable policy
to secure continuous supply of potable water throughout the
year. Based on the vulnerability of open defecation practices
in the rural areas of Nadia district, this study was conducted
to fingerprint the presence and source of human-dependent
pathogens in groundwater in various spatio-temporal scales. This
study builds the relationship between the distance of sanitation
construction from groundwater source and anthropogenic fecal
pollution of groundwater in the lower Ganges basin based on in
situ observation.

MATERIALS AND METHODS

Study Area

Both sides of the Churni river in Nadia district, West Bengal,
were selected for this study (Figure 1). The river originates from
the Mathavanga river, east of Krishnanagar, and flows through
Hanskhali and Ranaghat block of Nadia district throughout
56km and falls into the river Bhagirathi-Hooghly (Ganga)
between Shantipur and Chakdaha. Nadia district is a part of
western Bengal Basin, and the aquifer structure, consisting with
heterogeneous variability of sand, comprises of fine to medium-
to-coarse sand with clayey intercalations. Broadly, the aquifer-
aquitard framework of Nadia district changes from unconfined to
confined from the north to the south of the district. Southwestern
part has thick aquitard up to the maximum depth of 60m
bgl while it gets thin (10-15m) toward the eastern part of
the district, and it disappeared close to the Bangladesh border
(Mukherjee et al,, 2007). The aquifer is mainly consisting of
Fe-coated micaceous sand, silt, and clay with upward fining
sequence (Mukherjee et al, 2008). This area is mainly the

Holocene sedimentary successions of fluvial deposits by the
regional meandering of Bhagirathi—-Hooghly river (Mukherjee
et al., 2008). The aquifers (up to 250 m) are mainly constructed
by sands overlain by surface silty clay. This aquifer is named
as Sonar Bangla aquifer after Mukherjee et al. (2007). We have
presented five lithologs where different proportion of sand, with
silt and clay, is variably present across the depth (Figure 1d).
All of the presented lithologs are from the north of the study
area and are validated with the aquifer-aquitard framework of
Western Bengal basin proposed by Mukherjee et al. (2007). The
climate of Nadia has hot summer, high humidity all around
the year, well-distributed rainfall during the monsoon season.
The winter starts from the middle of November up to February
end. Maximum rainfall occurs during June to September which
constitutes about 78% of the total annual rainfall (AFR, 2014),
with the highest average in July-August. The average temperature
of this area ranges from 27 to 42°C with a maximum humidity of
96% (CDAP, 2014).

Collection and Preservation of Water

Samples

Sampling of groundwater and river water were done in January
2018 (post-monsoon), May-June 2018 (pre-monsoon), and
August-September 2018 (monsoon). Groundwater samples were
collected from 45 tube wells from either side of Churni river
course, as near to far distance from the river stream, and the
geographical coordinates were recorded by a handheld Global
Positioning System (GPS) (Etrex 10, GARMIN). River water
samples were also collected from 11 different locations from
upstream to downstream of Churni river within the stretch of
Nadia district, having an average distance of 5km between two
sampling points.

Groundwater samples were collected from the previously
mentioned public tube wells after flushing for 20 to 30 mins
to eliminate the stagnant water of the pipes. Preservation of
groundwater samples and field measurement were done by
following standard hydrochemical procedures (Wood, 1981;
Mukherjee and Fryar, 2008). About 0.22 pum filter paper was used
for the filtration of the collected samples (for chemical analysis)
in in situ conditions and collected in 15 ml glass bottles with 6
NH, SOy for the determination of total organic carbon (TOC)
and in 30 ml HDPE bottles with few drops of chloroform for
analysis of anions. For microbial analysis, water samples were
collected in sterilized polyethylene bottles and were taken to
the laboratory in isothermal boxes maintaining the temperature
at4°C.

In addition, information, such as well depth and numbers
of users of the wells, was also collected by interacting with the
local people. For assessing the sanitation impacts on groundwater
quality, the distances between latrines or closest sanitation
facilities and the tube well were also measured.

Sample Analysis

Temperature, conductivity, pH, TDS, and salinity of the water
samples were measured in situ during sample collection with
Hanna multi-parameter probe (HI929828). TOC was analyzed
in a total organic carbon analyzer (OI Analytical, Auroral030),
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FIGURE 1 | Study area map showing sampling locations of groundwater and river water. (a) Map of India showing Ganges basin and location of Nadia district, (b)
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and anions were analyzed in an ion chromatograph (Dionex
ICS 2100, Thermo Fisher) in the laboratory of School of
Environmental Science and Engineering, IIT, Kharagpur.

The microbial analysis was done in the PHED Water
Treatment Plant Laboratory, Haringhata, Nadia, within 24h
of sample collection. TC and E. coli were determined by

the membrane filtration method [American Public Health
Association (APHA), 2005] on chromogenic coliform agar.
Samples were filtered through 0.45-pm nitrocellulose filters
(diluted in requirement). The filter papers were then placed on
chromogenic coliform agar (CCA) plates and incubated at 37°C
(£1°C). After 24 hours of incubation, microbial colonies were

Frontiers in Water | www.frontiersin.org

June 2022 | Volume 4 | Article 875624


https://www.frontiersin.org/journals/water
https://www.frontiersin.org
https://www.frontiersin.org/journals/water#articles

Dey et al.

Groundwater Coliform Contamination in Bengal

enumerated and recorded as colony-forming units per 100 ml
of sample (CFU/100 ml). All the purple-colored colonies were
considered as total coliform, and bright blue-colored colonies on
the CCA plates were considered as E. coli.

Statistical Analysis

The principal component analysis was adapted for the reduction
in dimensionality of a larger data set of 13 variables of 45
groundwater samples in three seasons and for the identification
of the most influencing factor and the pattern of influence on the
occurrence of TC by using Xl-stat (version 8.1).

A univariate logistic regression model was used to identify the
significant covariates of TC and E. coli amount in groundwater
among the other hydrogeochemical and anthropogenic
parameters for all three seasons. The covariates that met the 95%
confidence interval were considered significant concerning TC
and E. coli amount. Univariate logistic regression was done using
the R studio.

RESULTS

Physicochemical Properties of

Groundwater

The summarized value of all physicochemical parameters of
the groundwater samples along with coliform contamination
is presented in Table1l. The average temperature of the
groundwater samples was 29.43, 27.18, and 23.26°C in pre-
monsoon, monsoon, and post-monsoon seasons, respectively. All
the water samples were alkaline with an average pH value of 7.54,
7.61, and 7.85 in pre-monsoon, monsoon, and post-monsoon
seasons, respectively. Conductivity was highest in post-monsoon
followed by monsoon and pre-monsoon seasons and the ranges
were 406-1,316, 413-1,066, and 409-1,894 |LS/cm, respectively.
Like conductivity, the TDS value was also highest in post-
monsoon and decreased in pre-monsoon season with an average
value of 314, 319, and 343 mg/L in pre-monsoon, monsoon, and
post-monsoon seasons, respectively. Organic carbon is generally
used by the microbes as a potential nutrient source; hence, it acts
as the indicator of the potentiality of water to be contaminated
by microbes. Total organic carbon was recorded highest in
monsoon followed by pre-monsoon and post-monsoon seasons
and ranged between 1.426 and 44.57, 1.637 and 61.713, and 0.566
and 24.88 mg/L, respectively, in pre-monsoon, monsoon, and
post-monsoon seasons.

Major anions, viz, chloride, sulfate, and nitrite, were
measured through ion chromatography to find out the effects
of these ions on the population growth of coliform bacteria.
Chloride concentration was highest in post-monsoon and
decreased in pre-monsoon and monsoon with an average value
of 36.21, 13.07, and 12. 02 mg/L, respectively, in three respective
seasons, but the NO, concentration was higher in monsoon than
in pre-monsoon and post-monsoon seasons while sulfate was
recorded highest in pre-monsoon and then decreased in post-
monsoon and monsoon season. The average value of nitrate and
sulfate was 4.12 and 9.52 mg/L in pre-monsoon, 4.36 and 9.07
mg/L in monsoon, and 2.41 and 7.58 mg/L in post-monsoon
season, respectively.

Seasonal Variation of Coliform in

Groundwater

Most of the groundwater samples were free of E. coli, although
significant numbers of TC were observed in a few samples
in all the seasons. TC in the groundwater was lowest in the
post-monsoon season and highest in the pre-monsoon season.
The most frequent contamination was detected in monsoon
and lowest in the post-monsoon period. The occurrence of TC
was highest in monsoon than in pre-monsoon season, and TC
count was higher in monsoon than pre-monsoon (Figure 2). An
increasing trend of TC has been observed from post-monsoon
to pre-monsoon and monsoon season. In post-monsoon, only
49% of the samples contained TC, whereas, in pre-monsoon
and monsoon season, 80 and 89% of the samples exhibited
TC among which 59, 61, and 87.5% in post-monsoon, pre-
monsoon, and monsoon season, respectively, contained TC
beyond the permissible limit of drinking water, that is, >10
CFU/100ml of water (World Health Organization, 2008). In
the post-monsoon season, fecal coliform (FC), primarily E.
coli, was found in only three groundwater samples; however,
in pre-monsoon and monsoon, it had been observed in eight
and five groundwater samples. In all the seasons, the highest
number of both TC and E. coli was observed in sample “S37”
(Hanskhali health center) where the latrine of the health center
was located within 1m to the tube well and the well depth
was ~35 m.

Depth and Source Dependence Coliform

Distribution

The number of occurrence of coliform bacteria was observed
to be comparatively lower in deep tube well than the shallower
ones (Figure 3A). All the tube wells were grouped into three
depth categories, viz., A (up to 50m bgl), B (up to 85m bgl),
and C (up to 135m bgl). From the results, it was observed
that in pre-monsoon, all the groundwater samples had coliform
bacteria in shallower depth, whereas 85 and 62% of samples
were coliform contaminated in middle depth (B) and deep (C)
tube wells, respectively. In the other two seasons, a higher
frequency of coliform occurrence was noted, that is, 93% in a
shallow depth, 77% in middle depth, and 68% in deeper tube
wells in monsoon; 80% in shallower depth, 54% in middle
depth, and 31% in deeper tube wells in post-monsoon season,
respectively. From our study results, it was also observed that
the presence of coliform bacteria decreased with the increasing
distance of the tube wells from the sanitation site (Figure 3B).
The groundwater wells, from less than 35m away from the
sanitary point, contained more coliform bacteria than those
which were located far distant. Even in post-monsoon season,
no tube well located beyond 35-m distance from sanitation
site contained coliform bacteria. Interestingly, coliform count
was increasing with decreasing distance from the Churni river
(Figure 4). Groundwater samples collected near the Churni
river course exhibited higher TC and E. coli than those that
were collected far from the river course. The TC and E. coli
count of different points of the Churni river is presented in
Table 2.
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TABLE 1 | Statistical summary of the observed results of groundwater physicochemical parameters in different seasons.

Parameters Minimum Maximum Mean SE Mean St. dev
prm mon pom prm mon pom prm mon pom prm mon pom prm mon pom

Temp. (°C) 26.72 24.97 19.12 32.34 29.31 25.71 29.45 27.21 23.25 0.223 017 0.19 1.46 1.14 1.3
pH 7.14 71 6.13 8.030 8.12 8.36 7.56 7.56 777 0.026 0.034 0.065 0.17 0.226 0.44
Cond. 6.9 242.0 409.0 1316 1066 1894 606.0 630.6 667.6 32.5 22.6 37.6 215.5 150.2 252.6
TDS 126.0 121.0 204.0 658.0 533.0 947.0 310.1 314.3 333.6 14.7 11.3 18.8 97.2 74.9 126.3
TOC 1.43 1.64 0.566 44.56 61.71 24.9 10.43 15.90 6.59 1.41 2.26 0.88 9.38 14.99 5.903
Cl (mg/L) 1.25 1.75 1.03 85.93 78.58 241.9 13.07 12.02 36.21 2.79 2.18 6.25 18.48 14.43 41,983
NO» (mg/L) 0.276 0.081 1.05 7.035 18.95 32.37 412 4.363 7.58 0.145 0.51 1.38 0.96 3.264 8.74
SQO4 (mg/L) 0.29 0.29 1.04 40.74 49.48 2.76 9.52 9.07 2.41 2.80 1.61 0.07 12.83 10.65 0.46
TC (CFU/100 ml) 0 0 0 200 129 154 26.69 35.36 18.38 6.52 4.88 4.93 43.77 32.35 33.05
E. coli (CFU/100ml) 0 0 0 40 16 1 1.09 0.71 0.07 0.89 0.4 0.037 5.96 2.646 0.25
prm, pre-monsoon; mon, monsoon, pom, post-monsoon.

m Post-monsoon

m Monsoon

® Pre-monsoon

50 A
40
30 -
20 A
10 -

% occurrence of TC

0

TC count (CFU/ 100 ml)

FIGURE 2 | Percent occurrence of total coliform (TC) in groundwater samples in pre-monsoon, monsoon, and post-monsoon seasons.

%épm

above

Principal Component Analysis

From the entire data set, four principal components (PCs) in
each season were extracted after varimax rotation which has
eigen values more than 1. These PCs can explain 73.66, 67.83,
and 68.43% of the total variance cumulatively in pre-monsoon,
monsoon, and post-monsoon, respectively (Figure 5). After the
construction of PCA on these large data sets, it can be said that

the dimensionality of the observed data was reduced significantly
(p < 0.0001) as the Kaiser-Meyer-Olkin (KMO) test results were
0.547, 0.542, and 0.576 in three seasons, respectively. There was
a highly significant correlation among the variables in all seasons
(p < 0.0001) at a 95% confidence interval.

In pre-monsoon season, the first component (D1) accounts
for 30.66% of the total variance and loaded highly and positively
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TABLE 2 | Total coliform and E. coli concentration of Churni river in different seasons.

Sampling point TC (CFU/100 ml) E. coli (CFU/100 ml)

PRM MON POM PRM MON POM
CR1 17,800 17,200 14,600 1,400 800 6
CR2 20,000 18,800 24,000 600 1,700 800
CR3 7,800 24,200 25,000 600 2,500 1,800
CR4 20,000 25,000 25,000 700 2,200 7,900
CR5 20,000 14,900 13,100 700 300 0
CR6 20,000 10,300 9,700 2,100 500 240
CR7 20,000 25,000 15,300 2,500 1,100 0
CR8 10,900 16,900 12,400 700 700 0
CR9 13,200 18,200 9,300 300 1,600 100
CR10 8,700 13,300 7,400 900 1,100 100
CR11 11,900 12,400 11,300 100 800 500

TC, total coliform.
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correlated with temperature, conductivity, TDS, sulfate, and TC
and negatively correlated with pH and depth of the tube wells.
The second component (D2) showed strong negative loading
with temperature, pH, TOC, the distance of the tube wells
from sanitation site, and depth of the tube wells and accounts
for 19.55% of the total variability. The third component (D3)
showed 13.31% variability with high positive loading of TOC
and nitrite and negative loading of chloride, sulfate, and distance
of the tube wells from sanitation site. The fourth component
(D4), which showed only 10.14% variability, has strong negative
loading with pH and positive with a depth of the tube wells.
In the monsoon season, component D1 showed high positive
loading with temperature, chloride, TDS, and chloride and
negative loading with pH and accounts for 23.09% of the total
variance. The second component (D2) showed 13.76% of the
total variance and has a positive loading with pH, chloride,
nitrite, sulfate, and depth of the tube wells and is highly negative
with TOC. The third component (D3) accounts for only 14.78%
having positive loading with TC and E. coli, whereas the fourth
component (D4) accounts for 16.19% of the total variability and
has strong positive loading with chloride and sulfate and negative
with a depth of the tube wells. The cumulative variability in a

post-monsoon season was 68.425%, where the four components
account for 21.1, 20.78, 16.42, and 10.11%, respectively. The first
component was highly and positively loaded with conductivity
and TDS and negatively with pH and depth of the tube wells.
The second component has positive loading with TC and E.
coli and negative with depth and distance of the tube wells.
The third component was positively loaded with TOC, chloride,
nitrite, sulfate, and depth of the tube wells. The fourth component
in the PCA of the post-monsoon season was positively loaded
with temperature, TOC, and distance of the tube wells from
sanitation site and negatively loaded with sulfate (Mukherjee
et al., 2009).

From the Pearson correlation analysis, it was observed that
conductivity, TDS, TOC, chloride, and sulfate have a positive
correlation with total and fecal coliform (E. coli) in both pre-
monsoon and post-monsoon season, but the correlation was not
significant in monsoon.

Univariate Logistic Regression

A univariate logistic regression model was used to identify the
significant covariates of TC and E. coli amount in groundwater
among other hydrogeochemical and anthropogenic parameters
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for all three seasons. The covariates that met 95% confidence
intervals were considered significant concerning TC and E. coli
amount. For the monsoon season, a significant covariate for TC
was ORP and bicarbonate for E. coli. Distance from the toilet,
well depth, and ORP was significant for TC, whereas carbonate
and groundwater levels were significant for E. coli for the post-
monsoon season. For the pre-monsoon season, distance from
toilet and depth of well were the significant covariates of TC, but
none of the variables were found to be significant covariate of
E. coli.

DISCUSSION

Seasonal Variation in Physicochemical

Parameters of Groundwater

The alkaline nature of the groundwater can be attributed to
the presence of hydroxides, carbonates, and bicarbonates (Sajil
Kumar et al., 2013). pH value was highest in monsoon season
and decreased gradually in post-monsoon and pre-monsoon
season, which was similar to the reported study of Frengsted
et al. (2001). This value of pH is very suitable for the healthy
growth of microorganisms (Banerjee and Gupta, 2010). Organic
carbon is generally used by the microbes as a potential nutrient
source; hence, it acts as the indicator of the potentiality of water
to be contaminated by microbes. The highest concentration
of TOC was recorded in the monsoon season because of the
decomposition of organic matter by rainwater in the moist
environment prevailing in this season and the low amount in
other seasons indicates the consumption of TOC by microbial
population present in the groundwater (Keesari et al., 2015).
Chloride concentration was recorded highest in post-monsoon
and decreased in pre-monsoon and monsoon. Generally, high
chloride content is attributed to enriched irrigational return flow
and intensive irrigational activities and possibly the higher rate
of mineralization during the monsoon season (Sajil Kumar et
al., 2013). All the water samples of this area can be grouped
under soft water because the chloride values were far less than
the permissible limit according to World Health Organization
(2008), that is, 600 mg/L (Table 3). A study of the source of
nitrite which is a good indicator of anthropogenic contamination,
using stable isotopic composition of water reported an elevated
nitrite concentration in the groundwater of this study area
which was sourced from onsite sanitation, sewage, and animal
manure (Elisante and Muzuka, 2016). Nitrite was recorded
highest in monsoon than other two seasons, and this fact can
be attributed to the seepage of wastewater with rain water
from the sewage system, septic tank, and agricultural land
surrounding the tube wells. Similar results of seasonal changes
in nitrite concentration in groundwater were reported earlier by
Rengaraj (1996); and Jhansilakshmi and Reddi (2014). Sulfate
concentration in this study was recorded highest in pre-monsoon
season than monsoon and post-monsoon probably due to
dilution effect with rainwater. The sulfate concentration of all the
groundwater samples was below the maximum permissible limit
for drinking purposes which is 250 mg/ L set up by World Health
Organization (2008).

TABLE 3 | Acceptable limit of physicochemical parameters in drinking water.

Parameters Acceptable limit
Temp. 6-20°C (BIS)
pH 6.5-8.5 (BIS)
Conductivity 400 uS/cm (WHO)
TDS 500 mg/L (BIS)
Cl 250 mg/ L (BIS)
NO, 250 mg/ L (WHO)
SOy 200 mg/ L (BIS)
TC 0 CFU/100 ml (BIS)
E. coli 0 CFU/100 ml (BIS)

Role of Hydrogeological Conditions on

Occurrence of Total Coliform

Groundwater quality in terms of chemical composition is
dependent on local and regional geology. On the contrary,
meteoric recharge of groundwater also plays a crucial role in
its chemical compositions (Guler and Thyne, 2004; Sunne et
al., 2005). The occurrence of TC in groundwater is evidence of
filtration through aquifer sands to shallow water table, which
is a likelihood condition for the migration to shallow aquifer.
The contamination of groundwater TC is by 100 orders of
magnitudes lower than the surface water. The occurrence of TC
is high and frequent in shallow aquifers than the deep aquifers
because of retardation of and die-off along the long vertical
flow path. The number of occurrences of TC in groundwater
samples was highest in monsoon than in pre-monsoon season,
but abundance was higher in pre-monsoon than monsoon.
Richardson et al. (2009) also observed an increase in coliform
detection rates in groundwater in warm weather than in cold
while conducting a large survey of groundwater and surface water
in England, but the occurrence of TC and E. coli in groundwater
samples in monsoon over the other two seasons depicts that
microbial transport mechanism is season-dependent possibly
because of local groundwater recharge (Atherholt et al., 2017).
An increase in the groundwater TC concentration after rainfall
event in monsoon can be attributed to the vertical flushing of
bacteria when they are introduced to the vadose zone as well as
mobilization of the bacteria from the grain surface as both water
content and shear velocity increase in monsoon (DeNovio et al.,
2004; Pronk et al., 2007). The lithological configuration in the
respective study area is made up to lose to medium-to-coarse
grain sand in up to the depth of the study interest in this study
and is justifying the monsoonal mobilization of TC and E. coli
in groundwater (Figure 1d). Few earlier reports from England,
Scotland, and Canada also reported similar seasonal coliform
occurrence patterns in groundwater (Raina et al., 1999; Rutter
et al.,, 2000; Reid et al., 2003; Kostyla et al., 2015).

Richardson et al. (2009) demonstrated that the mechanism
behind the seasonal trend of coliform contamination may have
been influenced by seasonal agricultural practices and climatic
factors. Generally, the transport of bacteria to groundwater
through porous media in different seasons is controlled by three
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major processes, that is, straining, adsorption, and inactivation.
In dry periods, bacteria travel through the unsaturated zone
with mobile water and continuously interact with a gaseous and
solid phase which causes their temporary immobilization and the
bacteria remain trapped and inactive in the stagnant pore water
and the gas bubbles between soil particles. During heavy rainfall
in the monsoon season, the connectivity increases between
the mobile and immobile phases of water which activates the
bacterial cells and increases their migration toward underlying
groundwater (Ausland et al., 2002; Luczkiewicz and Quant,
2007). On the contrary, low-lying areas and depressions are
among the major recharge areas for groundwater which can
also act as a secondary point source of pathogenic contaminants
to shallow depth groundwater. In the monsoon season, heavy
rainfall washes out sanitary waste from over a vast area into
nearby low land or depressions from where pathogenic bacteria
get entry to the underlying shallow aquifer (Escamilla et al.,
2013). Inundation of land including the wellheads as a result
of heavy rainfall in monsoon can lead to the contamination
of surface water which can easily reach the groundwater in
inundated conditions (Luby et al., 2008). Previous studies
have also explained inundation as an important cause of
groundwater contamination (Godfrey et al., 2006). As coliform
is a group of thermotolerant bacteria, the abundance of TC
was found to be less at low temperature in post-monsoon, the
growth was enhanced, and reproduction rates became higher
in warm weather under favorable environmental conditions
(Bronikowski et al., 2001). An increase in coliform concentration
in summer than winter may be related to an increase in the
volume of groundwater extraction during warm weather. As
the groundwater extraction rate increases, the travel time of the
microorganisms from the source to the well becomes shorter and
thus reduces the rate of die-off (John and Rose, 2005; Atherholt
etal., 2017). Coliform-associated health hazard, mainly diarrhea,
is also found to outbreak in the wet season (Alexander and
Blackburn, 2013).

Source of Coliform Contamination

From our study, it was observed that shallow depth tube
wells nearer to sanitation site were more contaminated with
coliform bacteria than the deeper tube wells (Figure 3). High
concentrations of coliform bacteria in the domestic wells located
near latrines and septic tanks were reported earlier by Banerjee
(2011). There are several possible pathways for the pathogenic
contamination of groundwater from a sanitation source. Francy
et al. (2000) and Valenzuela et al. (2009) indicated that
microorganisms from onsite sanitation and sewage from animal
sheds come into contact with the groundwater by percolation
through aquifer media. If concrete platforms are absent around
hand-pumps and if the shallow depth tube wells are located in
the vicinity of potential contamination sources like septic tanks,
onsite sanitary land, and animal sheds, the contaminated water
could reach the underlying groundwater by percolation which
would consequently contaminate the groundwater by pathogenic
microorganism (Gupta et al., 2014). Fecal waste can also enter
the wells through unsealed annulus or subsurface leakage in
pipes (Morris et al., 2003). Another possible pathway of coliform

contamination is direct vertical infiltration of effluent from below
the sanitation site or latrines to the shallow unconfined aquifer
through the unsaturated zone above it (Escamilla et al., 2013).
From correlation analysis, the existence of a negative correlation
between TC contamination and the distance of the tube well
from sanitary latrines was also noticed (Figure 3). A negative
correlation was also observed between coliform bacteria and the
depth of the tube wells. From this result, it can be said that
pathogenic contamination of shallow groundwater is influenced
by surface contamination through some indirect pathways like
infiltration from the sanitation site or through lateral transport
due to leakage in the pipe (Knappett et al., 2012a,b). The coliform
counts were decreasing significantly with increasing depth of
the tube wells in all the seasons due to retention of bacteria
by soil particles and death of the microorganisms at a greater
depth as the environment becomes extremely hostile for life
with increasing depth (Bitton and Harvey, 1992; Graham and
Polizzotto, 2013; Keesari et al., 2015; Elisante and Muzuka, 2016).
In a study of Bangladesh, Knappett et al. (2012b) also observed
a continuous decrease in fecal indicator bacteria with a depth
of wells located near latrine ponds. This negative correlation
between TC count and the depth of the tube wells can also be
attributed to the sediment heterogeneity and some well-specific
processes like the growth of biofilm in the space between the
contamination source and the deeper aquifer that can filter out
bacterial cells from reaching the groundwater (Ferguson et al.,
2011). Different sources of groundwater coliform contamination
are described in Figure 6 through a schematic diagram with
seasonal statistical significance.

In our study, a few samples showed very low coliform
concentration despite being located near a sanitation site.
Sometimes, transportation of bacteria from the contaminated
source to fresh groundwater is prohibited by a “scum mat,” also
known as “bioactive layer” or “clogged zone” which automatically
develops around the contamination source due to blockage of soil
pore spaces by filtered out solids or swelling of clay minerals or
by the precipitating of insoluble salts. Such kind of biologically
active layer limits the movement of pathogenic bacteria either
through filtration or by killing them by antagonistic organisms
that reside in these zones (Graham and Polizzotto, 2013).

It was also observed from our study that higher TC
bacteria were present in the groundwater samples which were
collected from the tube wells nearer to the Churni river course
which was highest in monsoon season. Previously, coliform
contamination of groundwater, sourced from contaminated
surface water bodies like a pond and lakes, was reported
through a comparison between groundwater and surface water
stable isotopic composition study (Neumann et al., 2010;
van Geen et al,, 2011). In some rural villages, coliform was
reported to enter shallow groundwater through seepage from
canals (Knappett et al., 2011) and pit latrines (Shivendra and
Ramaraju, 2015). Knappett et al. (2012a,b), in their study of
input of fecal bacteria from the latrine-contaminated pond into
the wells in the sandy aquifer in Bangladesh, considered the
latrine-contaminated ponds as a significant source of coliform
contamination to the shallow confined aquifer adjacent to the
pond, with contamination being highest in early monsoon
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FIGURE 6 | Schematic diagram of groundwater coliform contamination from sanitation and contaminated surface water with statistical significance in different
seasons.

season. It is already evident that if a very small fraction of Nadia district has been declared as an open defecation-free
contaminated surface water is mixed with the groundwater, it  district in 2015 (The Hindu, 2015), poor sanitation infrastructure
can contaminate the groundwater beyond the permissible limit ~ and the location of sanitation sites are still affecting the
(Leber et al., 2011). From our study result also, it can be  groundwater quality at shallow depths observed from this study.
speculated that a high level of TC in the groundwater near the =~ The owner of the tube wells and the tube well drillers have a poor
river course can come through the river bed to the shallow aquifer =~ understanding of the groundwater system and contamination
as the river water was found to be highly contaminated with  pathways (observed from the filed survey), which leads to the
both TC bacteria and E. coli in all three seasons, being highest  installation of tube wells near the sanitation system or building

in monsoon. a sanitation facility near a tube well to easily access the water.

. ) Lo Local people have mere knowledge that the shallow groundwater
Implication for Safe Drinking Water and is being contaminated due to the proximity to the sanitation site.
Role of Population Use of shallow groundwater is evident in the respective

Access to safe water and basic sanitation, along with good  study area which is susceptible and contaminated with the TC.
health and wellbeing for all by 2030, has been identified as  As per our field survey, each of the wells has average 200
one of the primary goals by The United Nations Millennium  users with minimum 4 to maximum 600 person. With the
Plan for Sustainable Development (Dutta Gupta et al., 2019).  increasing population trend and having population density of
Over the past few decades or to be very specific in the last ~ 1,316/km? (as 2011 Indian census report) would create additional
few years, administrative authorities have implemented policies  increasing pressure on groundwater depletion, which would lead
for the development of millions of sanitation structures, but  to decline groundwater quality and quantity in the present day
their implications on groundwater quality or consequent health  and impending future.

effects are yet to be understood (Mukherjee et al., 2020). From The groundwater fecal contamination also depends on the
our study, it was clear that some physicochemical parameters  casing of tube wells, which could cause contamination directly
have a positive influence and some have a negative influence on  being transported to the groundwater from the nearby sources.
the growth and abundance of coliform bacteria in groundwater. ~ The unsafe concrete floor of a septic tank is highly vulnerable
Also, the occurrence and concentration of coliform bacteria vary ~ when the depth to water level is very low like in this study area.
seasonally. Among the total groundwater samples, 61% in pre-  Univariate logistic regression also shows a similarly significant
monsoon, 87.5% in monsoon, and 59% in the post-monsoon  negative relationship between distance from toilet and well depth
season have TC count over the permissible limit of 10 CFU/  with the TC, whereas groundwater level has a significant negative
100 ml of water (World Health Organization, 2008). Although  correlation with E. coli for the post-monsoon season.
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Fecal contamination sourced acute diarrhea was recorded highest
in the 1990s (212 cases in block Hanskhali) within the period
of 1990 to 2015. The “Swachh Bharat Abhiyan” was initiated
in 2014, and it was found that the acute diarrhea cases were
significantly reduced in each of the blocks in the year 2015
(Figure 7) (Mukherjee et al., 2019). However, this study shows
that the presence of TC in groundwater is significantly high
in the monsoon season than in the other. Although there are
presently no acute diarrhea cases in the study area, TC is present
in groundwater at an alarming level. Based on the results of
our study, it can be highlighted that the groundwater used for
drinking purposes in the study area was possibly unsafe by
coliform contamination due to (1) the lack of awareness among
the local people, (2) limited knowledge of local stakeholders
for drilling wells by maintaining the safe distance from the
sanitary sources, and (3) unwise site selection for construction
and improper infrastructure of the public and household latrines.
Thus, these findings indicate that our primary responsibility
would be to find out the potential risky sanitary sources around
the drinking water wells.

It is very convenient to build latrines in the vicinity of
tube wells for local community, but our study suggests that
improvement of sanitation infrastructure and spatial separation
of tube wells from sanitation sites can improve groundwater
quality. Therefore, detection of even a very low TC count in any
groundwater requires an affordable treatment process or supply
from an alternative source. Rainwater harvesting can be an
alternative source, but it is less accepted because of interruption

in the supply of freshwater throughout the year. The piped water
system, that is, providing treated and safe drinking water through
a pipeline to individual houses or the community level, is a
healthier option. Although in some areas of the district, PHED
(Public Health and Engineering Department, West Bengal) is
providing treated drinking water through the pipeline, which
is also arsenic-free, people in some rural areas are still using
such contaminated water which is causing serious threat to their
health like bloody diarrhea and watery diarrhea, particularly
among children.

CONCLUSION

Improper sanitation system has the potential to contaminate
microbially both groundwater and surface water. In our
study, we have demonstrated the seasonal changes in coliform
contamination of groundwater collected from both sides of
the Churni river course, Nadia, West Bengal. Most of the
groundwater samples were contaminated with TC in all the
seasons, whereas maximum samples were free of fecal coliform.
TC count was lowest in the post-monsoon season and highest
in the pre-monsoon season, but the detection rate of TC was
highest in monsoon than pre-monsoon season. Physicochemical
parameters like conductivity, TDS, TOC, chloride, and sulfate
have a positive correlation with total and fecal coliform
(E. coli) in both pre-monsoon and post-monsoon seasons,
while in monsoon the correlations were not significant.
From our observations, it can be said that the sources of
contamination were both from improper sanitation system and
the contaminated surface water because contamination was
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higher in the tube wells which was located closer to the sanitation
site and the highest TC bacteria were present in the groundwater
samples which were collected from the tube wells nearer to
the Churni river course. Coliform contamination also increased
with decreasing depth of the tube wells. Shallow tube wells
adjacent to the sanitation site were more susceptible to microbial
contamination than the deeper ones. The findings of our study
would be helpful to provide coliform-free drinking water in
the study area as well as the other parts of the world where a
large proportion of the population is primarily dependent on
groundwater as the primary source of drinking water.
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