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Abstract

Metal pollution is a subject of growing concern as it affects the whole food chain of an ecosystem by bioaccumulation. Growing
industrialization and anthropogenic intervention have put tremendous pressure on self-sustaining ecosystems worldwide.
Sundarbans mangrove estuary, being a UNESCO World Heritage site, suffers severely from anthropogenic stress, urbanization,
ecotourism, overexploitation of natural resources and discharges of industrial as well as municipal waste products. Our study
unfolds the extent of metal pollution in the sediment of this estuarine mangrove ecosystem and also investigates the source and
distribution of these metals. Extensive samplings were performed during three major seasons, namely pre-monsoon, monsoon,
and post-monsoon for two consecutive years at ten sampling stations along the major river networks of the mangrove estuary.
Seasonal variations of these metals, physicochemical properties, and soil texture studies were performed to explore the sediment
quality of the study area. Positive correlation was observed between the pollutants and siltation. Several environmental indices
were investigated to explore the degree of metal pollution which revealed contamination of Cd, Cr, and Pb to cross the permitted
safe index in the study area. Pollution load index indicates the spatial as well as seasonal variation of eco toxic metal load along
the course of the rivers. Statistical analyses such as principal component analysis and correlation matrix identified different
sources for metal contamination. Almost 700 tannery industries are located in the upstream region of the rivers, and several small-
and large-scale battery industries seem to be the main possible source for Cd, Cr, and Pb pollution. Analysis of the results
indicates the alarming condition of this heritage site. The metal concentrations beyond toxicity thresholds are responsible for
gradual deterioration of this estuarine mangrove which may only be protected by developing sustainable management planning.
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Mangrove provides a number of ecological services including
protection to the coast against natural calamities such as cy-
clones and tsunamis, as well as conservation of the shore and
inland natural resources by preventing soil erosion. Apart
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declining mangrove biodiversity. In recent decades, the man-
grove wetland ecosystems are being converted into a large
pollution sink globally. Metal ions such as cadmium and lead
also accumulate in mangrove-associated shrimp, crab, and
fishes (Krishnamurti and Nair 1999). The extent of pollution
also stretches along the adjoining terrestrial habitat through
the food chain.

Mangrove forests have been overexploited globally and
rapid urbanization, aquaculture, deforestation and industri-
alization have adversely affected this important ecosystem.
In the last 50 years, nearly one third of the mangrove forests
have been lost (Alongi 2002). Mangroves fight against sev-
eral natural disasters like storms, floods, cyclones, tsunami,
soil erosion and diseases continuously. Earlier report re-
vealed the extent of diseases when reportedly 20% of the
ecologically vulnerable Heritiera fomes trees have been se-
verely affected by “top dying” disease in the Sundarbans of
Bangladesh (Spalding etal. 1997). Mangroves become more
susceptible to diseases with the increase of contaminants in
the soil. Metal accumulation in the sediment of mangrove
forest can cause dead roots of mangrove flora as was ob-
served in the mangroves of Western Australia (Alongi et al.
2004). A study on Futian National Nature Reserve, Shenzhen
Bay of China, revealed toxic metal contamination ranging
from medium to high with a remarkable concentration of
Cd and As (Li et al. 2016). They found the metal input de-
creased in the order of natural mangrove >restored mangrove
> mud flat, indicating the mangrove to be instrumental in the
accumulation and storage of metals in the sediment layers.
Metal pollution have also been found to affect the mangrove
ecosystem in Gulf of Kachchh, Gujarat (Kumar et al. 2015)
and the estuarine ecosystem of Dhamra estuary, Odisha,
India (Satapathy and Panda 2015). Elevated concentrations
of metals in soil and water have significant effect on food
chain. Primary producers tend to accumulate metal ions
which further passes on to the consumers via
biomagnification process (Duruibe et al. 2007). Biotoxic ef-
fects of the metals in human population have also been re-
ported. Although some common health effects like diarrhea,
vomiting, convulsion, anxiety, sleeplessness and skin irrita-
tion are related to metals at toxic concentration, each metal
ion has specific effects on human health. Cd can exhibit tox-
icity at a very low concentration and exposure to Cd causes
renal disorders. Cr [VI] exhibit greater toxicity compared to
Cr [IIT] and regular exposure to Cr causes irritation in respi-
ratory tract, irritative dermatitis, and chronic ulcer of skin
(Dayan and Paine 2001). Pb poisoning inhibits hemoglobin
synthesis, causes acute damage to central and peripheral ner-
vous system, and develops neuronal, abdominal, and cardio-
vascular diseases. The International Agency for Research on
Cancer (IARC) has classified Cd as “human carcinogen,” Pb
as “possible human carcinogen” and Cr to be the cause of rare
sinonasal cancer (Jarup 2003; Dayan and Paine 2001).

Sundarban is the largest single chunk of mangrove which is
also renowned for its enormous biodiversity. A huge number
of channels and creeks are connected altogether and form a
complex system of riverine network in this estuarine man-
grove ecosystem. The high tidal activity allows influx of a
huge amount of salt water in this region. Bidyadhari, Matla,
Thakuran and Saptamukhi are some of the most notable rivers
of the Indian Sundarbans. Upstream of its course, Bidyadhari
runs through mangrove transition zone where it meets the
waste canals of Calcutta Metropolitan Corporation (Saha
et al. 2001). The river carries the tannery effluents through
the mangrove, ultimately releasing in Bay of Bengal. We have
attempted to investigate the level of metal pollution in
Sundarbans; the sediment samples of the canal were collected
and analyzed. Increased deposition of effluents in the sedi-
ment enhances the pollution level of the mangrove ecosystem.
Due to the anthropogenic stress and release of industrial efflu-
ents in the upstream of these rivers, they carry significant
amount of pollutants to the estuary every year. Till now, no
in-depth study has been conducted relating the course of these
important rivers and the waste material they carry through the
Sundarban mangrove ecosystem. Previous studies on metal
contamination have been performed in the inhabited part of
Sundarbans (Saha et al. 2001; Akhand et al. 2016), but our
study attempts an in-depth analysis of metal deposition from
the interacting point of mangrove forests with the inhabited
part to the mouth of the riverine network where it meets the
Bay of Bengal. Seasonal variation of metal deposition along
with siltation and source identification of the pollutants are the
principal objectives of this study.

Material and methods
Study area

Sundarbans Mangrove Estuary is the largest tidal halophytic
tropical estuarine ecosystem of the Indian subcontinent. It
covers an area of 10,200 km? spreading over India
(4263 km? of reserve forest) and Bangladesh (5937 km? of
reserve forest) (Manna et al. 2012). The Indian part is bounded
by the Hooghly River in the west; the international border
between India and Bangladesh over Ichhamati, Raimangal,
and Harinbhanga rivers in the east; the Dampier-Hodges line,
drawn in 1829-1830, in the north and the Bay of Bengal in
the south (Danda and Sriskanthan 2011). The study area
covers an area of 4200 km? extending from 21° 35’ 00" N to
22°12' 00" N which covers a distance of 70 km and from 88°
15" 00" E to 88° 50" 00" E covering a distance of 60 km.
Among the river systems of Indian Sundarbans, Matla and
Bidyadhari run in south west direction and undoubtedly those
are the most important channels of Indian Sundarbans. Due to
siltation in upstream region, both of these rivers are deprived
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of sufficient fresh water connection (Manna et al. 2010). The
confluence of these two rivers divides the core area of
Sundarbans Project Tiger from the Buffer Region.
Saptamukhi is located in the extreme western part of
Sundarbans and flows towards the Bay of Bengal through the
mangrove transition zone on the west bank and Lothian Island
Wildlife Sanctuary on the other side. It is connected to the
Hooghly River through Muriganga and is susceptible to the
pollutants of Haldia, the largest port in this region and an in-
dustrial city having oil refineries and several heavy industries.
Thakuran flows between Matla and Saptamukhi through the
buffer region and is connected with Matla and Bidyadhari. A
sum total of ten sampling stations were selected for the study.
These stations are Gadkhali (S1), Bashirampur (S2), Jharkhali
(S3), Shahidnagar (S4), Bonnie Camp (S5), Kalash (S6),
Dhulibhasani (S7), Dhanchi (S8), Lothian (S9), and Shushnir
Char (S10). Among those stations S1, S2, and S4 are posi-
tioned on the bank of Bidyadhari River, S3 and S5 are located
on the riverside of Matla, S6 and S7 are influenced by
Bidyadhari-Matla riverine network, S8 resides on the bank of
Thakuran River, and the remaining S9 and S10 are located on
Saptamukhi riverbank (Fig. 1).

To study the possible source area, sediment samples were
also collected from Bantala (P1), Bhojerhat (P2), and
Ghushighata (P3) during monsoon of 2016. These three sam-
pling sites are positioned along the canal (Fig. 1) carrying
metropolitan waste from Kolkata and the waste product from
Calcutta Leather Complex situated at Bhojerhat. The waste is
discharged in the river Bidyadhari at Ghushighata.

Sediment sample collection and analysis

Sediment samples were collected from all of the ten sampling
stations during pre-monsoon (March—-May), monsoon (June—
August) and post-monsoon (December—January) in the year
2014-2015 in triplicate manner. For each sample, three ran-
dom areas of 1 m? at minimum distance of 10 m were marked
and a layer of halfinch sediment was collected and mixed well
prior to the collection of final sediment sample in polypropyl-
ene bottles. These bottles were kept in iceboxes at 4 °C,
transported to the laboratory, and stored in —20 °C. In the
laboratory, sediment samples were thawed, air dried, crushed
and passed through 2 mm and 63 pm mesh sieve prior to
analysis of sediment quality parameters and element analysis
respectively.

Sediment texture analysis was done using Bouyoucos hy-
drometer. Air-dried sediment samples of 50 g were weighed
and soaked with distilled water and 5 ml 1(N) sodium
hexametaphophate for 15 min. Suspension was placed in a
1000-ml sedimentation cylinder and filled with distilled water
to 1000 ml mark. Suspension was mixed well and Bouyoucos
hydrometer was placed in the sedimentation cylinder.
Hydrometer readings were noted at 40 s and 2 h. Blank
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reading and temperature were also noted for further calcula-
tion and temperature correction (Anderson and Ingram 1993;
Day 1965).

To measure total organic carbon, 250 mg sediment sample
was taken in a 2-ml centrifuge tube and mixed with 5% sul-
furic acid and 5% phosphoric acid. It was then digested at
98 °C for 1 h and filtered through Whatman 1 filter paper.
Modified version of Walkley-Black procedure (1934) was
performed for the digestion procedure as described by
Mebius (1960). Inorganic carbon was drained out with the
filtrate and the remaining sediment containing only organic
carbon was air dried and weighed. It was finally used to mea-
sure the total organic carbon content in a TOC analyzer. Total
organic carbon was measured using Aurora 1030 TOC ana-
lyzer from O. I. Analytical. Sediment samples were mixed
with distilled water in 1:2.5 ratio to determine pH and conduc-
tivity (mS cm ") using HACH HQ40d portable multimeter.

For element analysis, 5 g of 63 um sieved sediment was
dissolved in 100 ml freshly prepared aqua regia and kept
overnight at room temperature for pre-digestion; the suspen-
sion was digested at 130 °C for 2 h in a digestion chamber
(Sastre et al. 2002) and filtered twice through Whatman 1 filter
paper (pore size 11 pm) and stored in volumetric glass bottle.
Final volume was corrected to 100 ml and stored at 4 °C. The
amounts of metal ions present in the samples were measured
in a Varian Atomic Absorption Spectrophotometer (Varian
Spectra AA240). Standard solutions were prepared with
1000 ppm MERCK standard solutions. For quality control,
CRM-SOIL-B Soil Solution B from High-Purity Standards
was analyzed. Recovery rate of the elements were found with-
in 80% to 110% which indicates satisfactory analytical accu-
racy for the analysis procedure.

Ecological indicators

We have selected and derived some relevant environmental
indices to estimate the pollution risk of this heritage site which
are explained in the following part:

Contamination factor

The level of contamination for a metal in a particular area is
expressed by contamination factor (CF). It is the ratio of mea-
sured concentration and background concentration of a pollut-
ant and calculated by the following formula:

CF = CmSample/ CmBackground

where C,,samplc 18 the concentration of a metal in sediment and
CBackground 18 the background concentration of that metal in
sediment (Hakanson 1980; Salah et al. 2012).
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Fig. 1 Map of the study area and possible source area of pollution

Enrichment factor

Enrichment factor (EF) indicates the status and degree of
contamination in an area for a particular metal. The EF
calculations compare each value with a given background
level, either from the local site, using older deposits
formed under similar conditions, but without anthropo-
genic impact, or from a regional or global average com-
position (Cato 1977). EF values were calculated using the
following formula (Sinex and Helz 1981):

EF = (Cm/Cl'ef)Sample/(Cm/cl‘ef)Background

where C,, is the concentration of the metal of interest and
Cier 18 the concentration of the reference metal. Iron was
chosen as the reference metal due to its dominating
presence.

Geo-accumulation index

Geo-accumulation index (/y,) is a quantitative indicator pro-
posed by Muller (1969). Enrichment of metal contamination

88°200"E 88°300"E 88°40'0"E 88°50'0"E 89°0'0"E

above baseline concentration was calculated using the /g,
value. The equation of geo-accumulation index is:

Igeo = Lng [Cmsample/(l's X CmBackground)]

where C,,sample 18 the concentration of a metal in sediment and
CuBackeround 18 the background concentration of that metal in
sediment.

Ecological risk factor

Ecological risk factor (Er;) was proposed by Hakanson (1980)
as metal ions have different toxicity levels. Thus, a toxicity
factor was important to access the risk factor associated with
different metal ions. The formulae to calculate Er; is:

Er P = Tr ,CF i
where 77; is toxic response factor of the substance i and CF; is
the contamination factor of substance i. Tr; values for Cd, Cr,

Cu, Ni, Pb, and Zn are 30, 2, 5, 5, 5, and 1 respectively
(Hakanson 1980; Jiang et al. 2017).
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Pollution load index

Pollution load index (PLI) signifies the cumulative pollution
load for all of the measured elements in a sampling station. As
the sediment samples were collected during three seasons, PL/
gives us the idea of seasonal difference in pollution load for
each sampling station. It was proposed by (Tomlinson et al.
1980) and PLI values were calculated using the following
formula:

PLI = {/CF, x CF, x CF3 x ... x CF,

where n is the number of metals and CF(; » 5 ) are the
contamination factors for different metal ions.

Nemerow pollution index

Nemerow pollution index (Py) is used to evaluate the com-
prehensive pollution status of sediment (Chen 2010; Yan et al.
2015). Metal ions are found in different concentrations at a
site; Py differs from the other pollution indices as it takes in
account the concentration maxima as well as the average con-
centration. It is measured by the following formula:

Py = \/CF* + CFpa’/2

where CF is the average of contamination factors and CF.
is the maximum contamination factor found for an element in
a sample.

Potential ecological risk index

Potential ecological risk index (R/) was proposed by
Hakanson (1980) for the better understanding of the threat
constituted by metal ions in surface sediment. Unlike other
ecological factors, it takes account on the toxicology of differ-
ent metals. The equation to calculate R/ was proposed by
Hakanson (1980).

RI:EH;Eri:z”;Tr,»-CF,«

where ER; is the potential ecological risk factor for a given
substance i.

Statistical analysis

Each sample was analyzed in triplicates and comparisons were
performed using the mean values. Pearson correlation matrix
and principal component analysis were performed using IBM
SPSS Statistics for Windows Version 20.0 (SPSS Inc.
Chicago, IL, USA). Color matrix for Pearson correlation ma-
trix result was created using MATLAB.
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Geostatistical analysis

Map of the study area and possible source area were created
using ArcMap 10.2 software. Basemaps from ArcGIS and
Google Earth have been used. Soil texture values were ana-
lyzed to identify the texture type in the soil texture triangle
proposed by United States Department of Agriculture (USDA
1987) (Fig. 2). The TAL software was used to create the sed-
iment texture triangle. It is imperative to study the geospatial
methods to understand the location of contaminants and to
trace the spatial distribution.

Result and discussion
Physicochemical parameters

The sediment of this area was found to be mildly alkaline. The
pH values were found to reach lowest during monsoon.
Average pH values of S1, S2, S3, S4, S5, S6, S7, S8, S9,
and S10 were 7.81+0.17, 7.81+0.16, 7.81£0.21, 7.81 +
0.18, 7.95+0.24, 7.82+0.19, 7.96 £0.21, 7.92+0.22, 7.96
+0.15, and 7.93 £0.15 respectively for three seasons
(Table 1). Sundarban mangrove estuary is a brackish water
ecosystem and the salinity of the sediment was found to be
in the range of 15.1-23.23 PSU during all the seasons.
During pre-monsoon, the salinity reaches its maximum
and during the other two seasons it remains compara-
tively lower. Station S4 shows the overall lowest salinity
throughout all seasons and station S10 shows the highest.
Huge variation was found in organic carbon concentrations
of the sediments. The overall TOC content ranges from 3.89
to 11.375%.

Sediment texture analysis

Sediment texture studies revealed higher percentage of sand
(particle diameter is between 0.06 and 2 mm) followed by silt
(particle diameter is between 0.002 and 0.06 mm), and clay
(particle diameter is < 0.002 mm) in the sediments. The pres-
ence of clay found to be similar in all three seasons with a very
small increase during monsoon. The changes were found
mainly in the sand and silt percentage. Silt percentage was
highest during post-monsoon followed by pre-monsoon
(Fig. 3). During monsoon, the presence of silt in the sediment
was found to be the lowest when sand was found to be the
highest. This phenomenon could be the effect of high water
level and tidal activity in this area. Sand was found to be the
major component of sediment samples but the smaller parti-
cles (silt and clay) were present in a considerably high per-
centage. Although the sediment components were found sim-
ilar during the 2 years of our study period, siltation was found
to be a little higher in 2015 than the previous year (Fig. 3). No
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Fig. 2 Textures of the soil
sediments analysed in the soil
quality triangle (USDA)

significant variation was observed in the sediment type
throughout the study area. Out of the 12 soil texture categories
proposed by USDA, all of the collected sediment samples
(S1-S10) were clustered in two categories, sandy loam and
loam (Fig. 2).
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Spatial distribution of metals, contamination factor,
and enrichment factor

This study was conducted on seven different metal ions during
three seasons. As background values of metal ions were not

Table 1 Sampling stations, coordinates, and physicochemical parameters

Sample No. Sampling stations Coordinates pH Salinity (PSU) Total organic carbon (%)

S1 Gadkhali 22°06'3 2.57" N 781 +£0.17 1895 +£2.22 511+ 14
88°46'22.22" E

S2 Bashirampur 22°05'16.52" N 7.81 £0.16 19.28 £2.2 741 +04
88°42' 14.03" E

S3 Jharkhali 22°01'07.61" N 7.81 £0.21 18.58 £ 1.79 6.54 +£2.24
88°40'56.19" E

S4 Sahidnagar 22° 00" 25.60" N 7.81 £0.18 18.05 + 1.93 8.06 + 0.49
88°42'13.94"E

S5 Bonnie camp 21°49'53.58" N 7.95+£0.24 19.28 +2.14 3.89 +£0.27
88°36'44.86" E

S6 Kalash 21°41'27.95" N 7.82+0.2 19.4 +£2.33 6.71 £1.82
88°34'05.76" E

S7 Dhulibhasani 21°37"40.84" N 7.96 £ 0.21 20.44 £2.54 8.04 £ 0.96
88°33'47.76" E

S8 Danchi 21°42'06.41" N 7.92 £0.22 20.09 +2.18 9.88 +£0.82
88°25'54.68" E

S9 Lothian 21°42'24.14" N 7.96 £ 0.15 20.22 +2.59 11.38 = 1.46
88° 18'40.84" E

S10 Sushnir Char 21°42'29.73" N 7.93 +0.15 20.47 + 2.49 9.59 +£0.79
88° 18" 04.99" E

P1 Bantala 22°31'35.84" N 7.10 + 0.04 2.78 £ 0.08 7.69 +£0.15
88°26'45.64" E

P2 Bhojerhat 22°29'53.39" N 7.17 £ 0.04 2.94 £ 0.05 8.54 £ 0.1
88°34'0.30" E

P3 Ghushighata 22°31'27.84"N 7.33 + 0.04 7.04 +£0.22 4.11 £ 0.05

88°41'26.90" E

n=18 (S1-S10) and n =3 (P1-P3) for pH, salinity, and total organic carbon

PSU practical salinity unit
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Fig. 3 Comparison of sand, silt and clay in percentage values during a pre-monsoon, b monsoon, and ¢ post-monsoon in the study area

available for this area, world surface rock average (Martin and
Meybeck 1979) values were used as background values
(Table 2). Fe concentration was found maximum as is expect-
ed and used to calculate enrichment factors. Among the other
metal ions, Cd, Cr, and Pb were found to occur at higher

concentration in the sediment when compared to background
values. To compare the metal concentration, we used the
Sediment Quality Guidelines described by United States
Environment Protection Agency (USEPA 1999) and
Canadian Council of Ministers of the Environment (CCME

Table 2  Comparison of metals in study area and possible source area with different international guidelines

Element Study area Possible source area Geochemical background International guidelines

Min  Max  Average Min  Max Average World® surface Mean® Shell WHO* USEPAY  CCME®

rock average Concentration DWQ SQG SQG

Cd 0.51 198 124 1.84 1676  11.34 0.2 0.3 0.003 0.6 0.6
Cr 84.67 491.73 255.64 168.87 1536.21 91533 71 90 0.05 25 373
Cu 1692 3676 2848 253 12455 8587 32 112 2 16 357
Ni 202 5098 3632 2389 3754 3228 49 68 0.02 16 -
Pb 11.67 529 3077 29.84 20327 12529 16 20 0.01 40 35
Zn 51.51 9797 7283  134.68 57147 443.81 127 95 - 110 123
Fe 22,710 46,867 33,101 21,716 29,970 25,744 35,900 46,700 - 30 -

Values are in ppm, drinking water quality values are in mg/l and other are in mg/kg, n =180 for study area and n =9 for possible source area

DWQ guidelines for drinking water quality, SOG sediment quality guideline
#Martin and Meybeck (1979)

o Raju et al. (2012)

¢ Worl Health Organization (2011)

9 United States Environment Protection Agency’s sediment quality guideline (SQG) (1999)
¢ Canadian Council of Ministers of the Environment (CCME)’s interim sediment quality guideline (SQG) (CCME 1999)
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1999). We have also referred and used the Guidelines for
Drinking Water Quality by World Health Organization
(2011) and mean shell concentration described by Raju et al.
(2012). The comparative study revealed extreme pollution
level of the possible source area. The study area contains
higher concentrations of Cd, Cr, and Ni compared to the
Sediment Quality Guideline described by USEPA (1999)
and CCME (1999). However, report by WHO (2011) explains
the potential threat of metal contamination in the drinking
water in the study area (Table 2) and the threshold level.

Maximum Cd concentration (1.977 mg/kg) was measured
at station S1 during pre-monsoon and minimum Cd concen-
tration (0.513 mg/kg) was found at station S5 during monsoon
(Table 3). During our study period, the highest Cd accumula-
tion was observed in the pre-monsoon whereas the lowest
accumulation was noted at monsoon (Table 3). CF values
show moderate to very high Cd contamination in the study
area and EF values mark moderate to significant enrichment
(Table 4, Suppl. Figs. S1 and S2).

The highest Cr concentration (491.73 mg/kg) was found at
station S1 during pre-monsoon, whereas the minimum Cr
concentration (84.67 mg/kg) was observed at S10 during
monsoon (Table 3). Pre-monsoon appeared to be the season
with the highest Cr accumulation and monsoon was the sea-
son with the lowest. CF values of the sampling stations reveal
moderate to very high contamination (Suppl. Fig. S1). EF
values suggest minimal to significant enrichment in the sedi-
ments (Suppl. Fig. S2).

Pb concentration was found maximum (52.9 mg/kg) at
station S2 during post-monsoon and minimum (11.67 mg/kg)
at station S8 during pre-monsoon (Table 3). Station S2 shows
the highest average Pb concentration during the study period.
Monsoon appeared to be the season with lowest Pb accumu-
lation and post-monsoon was the season with highest. The EF’
values for Pb ranges from 0.919 to 3.933 indicating the sedi-
ment samples lies from minimum to moderate enrichment
category (Table 4). CF values indicate that the sampling sta-
tions lie in low, moderate, and considerable contamination
category (Suppl. Fig. S1).

Zn concentrations were found lower in all of the stations
than background values and the remaining metals show sim-
ilar concentrations to the background values (Tables 2 and 3).
EF values show deficiency to minimal enrichment for Cu, Ni,
and Zn in all of the stations (Suppl. Fig. S2). CF values refer
overall low contamination class for Cu, Ni, Zn, and Fe in the
study area (Suppl. Fig. S1). I, values reveal unpolluted na-
ture of the study site for Cu, Ni, Zn, and Fe (Fig. 4).

Among all the stations, Cr concentration was high in S1
and S2 throughout the study irrespective of seasons. The sta-
tions showing the highest Cr contamination were positioned at
the upper part of Bidyadhari River. Several tanneries and fish-
eries are positioned upstream of this region and their waste
materials along with the municipal waste of Kolkata

metropolitan area is released in the Bidyadhari River through
different canals (Saha et al. 2001).Various studies suggested
that Cr contamination is positively correlated with presence of
tannery industries as Cr-contaminated sludge is produced as a
byproduct of wastewater treatment (Apte et al. 2005).

EF and CF values suggest that among all pollutants, Cd is
the most significant one for the whole study area. Out of the
ten sampling stations, six stations were found to be highly
contaminated with Cd. Among these six stations, two are sit-
uated in the upstream of Bidyadhari, another two are influ-
enced by Matla and the remaining two are positioned on the
bank of Saptamukhi (Suppl. Fig. S1, Suppl. Fig. S2). The less
contaminated stations were found in the lower part of
Bidyadhari-Matla confluence and on the bank of Thakuran.
Previous studies suggest that Cd and Pb are released from the
industries like battery, electroplating, and tannery. Kolkata is
stationed in the upstream of Bidyadhari-Matla riverine net-
work and the city and its suburbs are hub to numerous
small-scale battery and electroplating industries (Roy et al.
2013; Samanta et al. 2005) as well as a huge number of
tanneries.

Pb contamination is found more or less same in the whole
study area and the reason might be various sources of the
contaminant. Pb contamination is caused by both municipal
waste and agricultural waste. Municipal and industrial waste
products were restricted to some specific area but agriculture
is done throughout the study area. Large extent of ecotourism
in boats and launch which use fossil fuel is also a governing
factor for Pb pollution (Jarup 2003; Duruibe et al. 2007).
Local people use motor boats for transportation and the burn-
ing of fossil fuel creates air pollution containing Pb which in
due course settled down in the sediment.

Comparison of sediment quality with other UNESCO
World Heritage sites

Metal content in the sediment of our study area indicates sig-
nificantly high pollution in Sundarbans and East Kolkata
Wetland (Ramsar Site and a possible source area of metal
contamination in Sundarbans) compared to other UNESCO
World Heritage sites (Table 5). Among these areas, Donana
National Park of Spain reveals the highest level of metal pol-
lution. In 1998, Anzacollar mine released 4 million cubic me-
ter of acidic water and 2 million cubic meter of toxic mud
containing huge amount of metals in Agrio River. The con-
taminants finally found its way to the Donana National Park
through the Guadiamar River (Grimalt et al. 1999), which is
the probable source of huge amount of Cd, Cu, Pb, Zn, and Fe.
The Great Barrier Reef and Mackay region estuary of
Australia and Saloum delta of Senegal were found to be in
overall pristine condition (Haynes and Johnson 2000; Duke
et al. 2005; Bodin et al. 2013), although the concentration of
Fe in Saloum delta was found to be surprisingly low. All of the
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Table 3  Metal concentrations in the study area during three seasons
Stations Season Year Cd Cr Cu Ni Pb Zn Fe
S1 Pre-monsoon 2014 1.57 £0.12 491.73 + 1.8  36.76 £0.092 4641 + 045 33.73 +£1.17 51.51 £0.17 34,593.33 + 55.08
2015 1.98 £0.03 453.67 £8.95 31.32+0.05 42.15+0.23 4234 +£0.08 78.63 +0.25 35,520 + 130.77
Monsoon 2014 091 £0.06 26647 £4.02 20.68 £0.26 26.68 +0.22 24 +0.2 63.63 £3.61 28,040 + 721.73
2015 1.25+0.03 241.33+248 30.67£0.03 36.61 +£0.35 22.1+£0.36 70.67 +2.62 33,860 + 45.83
Post-monsoon 2014 1.63 +0.05 328.8 + 1.31 36.51 £0.06 46.16 £0.39 46.7+044 819+ 1.15 42930 + 199.75
2015 1.91+£0.06 459.33 +£0.68 3426+0.05 41.07+0.13 38.73 £0.61 71.45+0.15 34,826.67 = 172.43
S2 Pre-monsoon 2014 1.53 £0.08 437.6 +327 3287 +0.13 44.82+0.11 3593+1.6 5547+0.72 35,5550+ 1253
2015 1.94+0.02 451.83+3.21 3278+0.02 40.53+0.06 44.92+0.05 76.8+1.82 34,500 + 62.45
Monsoon 2014 1.1+£0.03 26633+0.76 2583 +025 3243+0.17 27.07+0.23 63.53 +13.6 31,036.67 + 582.27
2015 1.29+£0.02 234.67+133 31.07+0.02 3748+0.15 2371 £0.02 78.93 +0.81 30,693.33 + 47.26
Post-monsoon 2014 1.58 +£0.05 34027 +19  36.7+0.03 4632+0.1 529+035 7793+08  30,176.67 + 45.09
2015 1.95+0.06 42223+09  3427+0.06 4329+0.11 3413 +1.14 6747 £0.15 32,393.33 + 620.11
S3 Pre-monsoon 2014 1.31 +0.04 328.13 +2.57 31.02+0.05 4197 +0.11 33.67+£0.64 57.1+0.1 37,633.33 + 220.08
2015 1.69 £0.05 381.33+52  2934+0.03 32.89+0.14 42.6+026 86.23+0.47 34,603.33 + 85.05
Monsoon 2014 0.87 £0.04 187.33+2.57 2651 +0.04 30.84+0.1 26.73+0.38 724+03 29,733.33 + 81.45
2015 097 £0.07 170.53 +1.14 28.64 +022 33.12+0.05 21.8 £026 64.9+0.02  31,463.33 +45.09
Post-monsoon 2014 1.48 +0.04 265.6 + 1.4 32.16 £ 0.06  40.61 £0.15 36.67 + 0.68 72.63 +0.76 35,683.33 + 107.86
2015 1.48 £0.07 289.63 +1.82 3433 +£0.11 3828 +0.05 32.53 £0.76 66.17 +0.64 31,393.33 + 120.55
S4 Pre-monsoon 2014 1.31+£0.04 339.73 +£+295 2885+0.16 4433 +0.19 31.13+042 643 +02 35,536.67 + 72.34
2015 1.89£0.04 41533 +3.62 27.12+0.04 33.67+0.09 40.93 £0.38 79.13 +£0.25 40,246.67 = 102.14
Monsoon 2014 0.81 £0.03 18247 +2.83 2578 +£0.08 28.93 +0.08 28.87 +0.38 70.57 +0.25 30,162.67 + 6.81
2015 092 +£0.06 176.33 £3.06 27.31+0.04 31.64+0.05 20.17+04 6847 +0.25 31,103.33 £1914
Post-monsoon 2014 1.47 +£0.04 249.53 +7.07 3325+0.02 41.58+0.05 44.67 £0.38 76.27 +1.17 38,573.33 + 145.03
2015 1.55+0.04 2644+0.82 31.25+0.06 37.63+0.13 302+0.72 685+044  33,506.67 = 127.02
S5 Pre-monsoon 2014 1.61 £0.16 320.53 +7.17 17.56 £ 147 31.61 +242 4233 £0.64 74.87 £ 1.16  29,546.67 + 2300.46
2015 1.64 £0.03 430.33 £3.55 2834+0.03 35.83+0.04 4027 +£0.05 76.87 +1.36 35,213.33 + 37.86
Monsoon 2014 0.51+0.01 120.53+3.44 2235+027 27.53+0.07 2457+047 952+ 17.71 23,433.33 + 385.53
2015 0.56 £0.04 186.2 +6.1 29.11 £0.12  34.64 £ 037 20.7+£0.53 59.33 +1.34  29,903.33 + 100.66
Post-monsoon 2014 1.49 +0.06 18047 +£3.25 2996 +0.04 4323 +0.05 41.1+035 802+ 151  39,746.67 + 130.51
2015 127 £0.08 288.5+3.58 2249 +024 5098 +0.05 4553 +£0.5 66.13 +1.38 32,420 + 151
S6 Pre-monsoon 2014 1.34 +0.11 408.53 +8.63 1926+0.17 2532+35 324+1 72.13 +£2.51  24,703.33 + 1587.9
2015 1.67+0.03 381.5+278 277403 34.85+0.06 31.05+0.1 81.23+1.1  33,523.33 +160.73
Monsoon 2014 08+0.02 1634+174 29+02 3216 £0.18 26.7+0.75 97.97 +19.56 31,263.33 + 875.35
2015 0.74 £0.03 16647 £3.74 2788 +£0.09 344 +0.04 2457+0.76 66.8+044  32,453.33 +90.74
Post-monsoon 2014 1.12 +£0.06 242.87 +3.52 28.8 +0.01 3893 +£0.19 42.77+0.31 79.73 +£0.78 33,823.33 + 75.06
2015 1.02+0.02 2773 +1.71 3625 +0.16 46.05+0.34 352+0.69 6893+0.74 30,833.33 £61.1
S7 Pre-monsoon 2014 0.67 £0.04 173.07 +3.26 2577 +£0.04 3341 +0.13 21.6+ 1.11 51.63 £0.06 35,726.67 + 40.41
2015 1.36 £0.02 251.17 £ 6.51 28.65+0.08 36.51 £0.06 20.7 £0.1 80.37 £0.12 34,860 + 98.49
Monsoon 2014 0.78 £0.05 161.53+£0.58 1692 +0.04 24.15+045 1993 £0.12 57.53 +3.97 22,710 + 959.22
2015 0.71 £0.04 107.73 £2.44 26.86+0.03 32.74+0.03 21.73 £0.15 64.67 +0.15 28,470 + 88.88
Post-monsoon 2014 0.84 +0.03 197.4 +1.83  23.57+0.05 32.03+0.06 29.53 +0.32 78.67 + 1.0l  33,213.33 + 130.51
2015 0.89 £0.04 255.57+0.8  31.53+0.08 32.67+0.06 3253 +0.76 67.87 +£0.12 30,680 + 72.11
S8 Pre-monsoon 2014 139 +0.14 36747 £349 17.65+0.95 28.86+2.99 11.67+1.01 8547+ 1.77 28,490 + 1440.87
2015 1.57+0.05 190 + 1.32 26.66 £0.03 3457 +0.03 21.1+£095 722+184  36,453.33 +149.78
Monsoon 2014 0.52+0.03 96.13+0.61 2431 +0.04 2462+0.04 2247+047 9233 +1.1  32,176.67 + 1159
2015 0.63 £0.02 94.67+0.76  28.09 +£ 0.03 29.04 £ 0.03 16.83 £ 0.38 65.53 £ 0.81 30,200 + 40
Post-monsoon 2014 1.06 = 0.06 144 + 7.95 33.52+£0.02 3771 £0.09 2647 + 038 73.53 £0.45 38,733.33 £ 106.93
2015 1.11 £0.06 200.87 +1.29 32.84 £0.03 3328 +0.05 328 +£0.72 65+6.35 32,740 + 105.83
S9 Pre-monsoon 2014 1.49 +0.07 350.67 +£2.72 24.64 £0.08 37.96 + 0.66 17 + 0.35 68.8+095 36,410 + 530.28
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Table 3 (continued)

Stations Season Year Cd Cr Cu Ni Pb Zn Fe
2015 1.67 £0.05 228.17+£3.33 3247 +0.03 4037 +0.03 2557 =029 83.87 £0.47 34,570 + 95.39
Monsoon 2014 0.82+0.02 104.07 £1.63 21.07+0.03 31.58+0.04 28.63 +021 86.9 +0.1 33,183.33 +£213.85
2015 0.79 £0.03 10627 £2.32 2995+0.13 3739+0.06 21.5+04 63.83 £0.78 29,716.67 £ 116.76
Post-monsoon 2014 1.48 £0.03 12627 £6.66 3228 £0.06 4857 +£0.07 29.83 £0.4 7033 £ 0.68 46,866.67 = 178.98
2015 1.39 +£0.06 309.43 +10.21 33.62+0.16 5022 +0.32 34.67+0.12 81.67 £0.55 33,020 + 163.71
S10 Pre-monsoon 2014 1.25+0.06 176.67 +4.05 18.05+0.53 30.01 £2.09 324 +1 743 £ 1.1 30,753.33 + 2055.08
2015 147 £0.05 223.67 £5.11 29.06 £0.02 37.68 +0.06 38.87 =031 85.67 +0.51 35,666.67 + 106.93
Monsoon 2014 0.81 £0.05 109.53 +£0.81 2046 +£0.03 28.66 +0.02 2743 +031 885+0.26  29,556.67 + 130.13
2015 0.82+0.06 84.67+£3.92 2783 +0.07 202+0.08 2053+04 6503+181 28976.67+119.3
Post-monsoon 2014 1.21 £0.07 170 +3.29 30.13 £0.05 38.06 £0.09 27.53 +£0.32 74.1+0.61 38,833.33 + 106.93
2015 126 £0.03 2984 +£286  34.62+0.03 4421+001 41.67+042 68 +3.14 33,480 + 91.65

All values are in mg/kg, n =3 for each sample

remaining UNESCO World Heritage sites indicate metal
contamination. Banc d’Arguin of Mauritania, Belize
Barrier Reef of Belize, and Greater Blue Mountain of
Australia also reported to have high cadmium contamina-
tion (Nolting et al. 1999; Gibbs and Guerra 1997; Harrison
etal. 2003). High chromium contamination was recorded in
mangroves of New Caledonia, France (Marchand et al.
2010). The Belize Barrier Reef, Everglades National Park,
and Greater Blue Mountain have elevated amount of Cu in
their sediments. Ni concentration was found higher than the
toxic limit in mangroves of New Caledonia and the Great
Barrier Reef. The Belize Barrier Reef, Greater Blue
Mountain, and mangroves of New Caledonia reveal signif-
icant Zn pollution, whereas lead contamination was noted
in the Belize Barrier Reef, Everglades National Park of the
USA, Greater Blue Mountain of Australia, and Ha Long
Bay of Vietnam (Gibbs and Guerra 1997; Duan 2012;
Harrison et al. 2003; Ho et al. 2010). Worldwide compari-
son with other World Heritage sites clarifies the dire sce-
nario of our study area, Sundarbans.

Seasonal variation

The hydrology of Sundarban estuarine system is characterized
by high monsoonal precipitation and tidal interplay
(Bhattacharya 1988; Sarkar et al. 1985). The total estuary
system is governed by a dense network of intersecting creeks,
estuaries, inlets, and tidal water ways. During monsoon, run
off from a wide area including the cities Kolkata and Salt Lake
along with North 24 Parganas district creates a huge quantity
of metropolitan waste arising from industrial and domestic
sources. It is then carried through canals and discharged into
the outfall of the Bidyadhari River. During monsoon, the Cr
concentration remarkably decreases along the whole stretch of
the Bidyadhari River. Pb, Cd, and Cr concentrations get higher
in post-monsoon and follows till the pre-monsoon of the

following year (Table 3). Local pollution resulting from ram-
pant use of boats and vessels and agricultural and domestic
wastes throughout the year makes the situation even worse.
Monsoonal washout might reduce contamination but uninter-
rupted deposition of waste again increases the concentration
level of the metals. High rate of siltation also enhances the
probability of metal deposition in the sediment. In recent de-
cades, rapid siltation has been taking place in the small khals
and kharis of Sundarban estuarine system (Gour 2012) raising
the ecotoxicity of the environment.

Geo-accumulation index

The estuarine sediments show positive Iy, values for Cd,
Cu, and Pb (Fig. 4). Other studied elements reveal negative
Iye, values. The study site is moderately to strongly polluted
with Cd during pre-monsoon and moderately polluted dur-
ing monsoon. In post-monsoon S1, S2, S3, S4, and S10
show class 3 Iy, values and the other sites reveal class 2
g0 values for Cd (Table 4). In the case of Cr, S1 and S2 are
moderately to strongly polluted during pre-monsoon and
moderately polluted during monsoon and post-monsoon.
Most of the other stations have class 2 /¢, values during
pre-monsoon and post-monsoon and class 1 Iy, values dur-
ing monsoon. Stations S8, S9, and S10 have negative Iy,
values during monsoon. /,, values for Pb shows the study
site to be unpolluted to moderately polluted.

Pollution load index

From the PLI values, it was evident that stations S1 and
S2 are under severe pollution load (Fig. 5). Both of these
two stations reside along the Bidyadhari River and situat-
ed in the northern (upstream) part of our study area.
Station S9, positioned on the bank of the Saptamukhi
River, also reveal considerable pollution load (Table 4).
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Table 4 Different environmental

indices to monitor sediment Environmental indices

Index value Sediment quality

quality
Single indices

Contamination factor®

(CF)

Enrichment factor®

(EF)

Geo-accumulation Index®
(geo)

Ecological risk factor®
(ER))

Integrated indices
Nemerow pollution index?
Pw)

Potential ecological risk index*

(RD)

CF<1 Low contamination

1<CF<3 Moderate contamination
3<CF<6 Considerable contamination
CF>6 Very high contamination

EF<2 Deficiency to minimal enrichment
2<EF<5 Moderate enrichment

S<EF<20 Significant enrichment
20<EF<40 Very high enrichment

EF>40 Extremely high enrichment

L4 <0, class 0

0 Tyeo<1, class 1

1 <lyeo <2, class 2
2 <lyeo <3, class 3
3<lyeo<4, class 4
4<lyeo <5, class 5

Lyeo> 5, class 6

Unpolluted

From unpolluted to moderately polluted
Moderately polluted

From moderately to strongly polluted
Strongly polluted

From strongly to extremely polluted
Extremely polluted

ER; <40 Low potential ecological risk
40<ER;<80 Moderate potential ecological risk
80<ER;< 160 Considerable potential ecological risk
160<ER; <320 High potential ecological risk
ER;>320 Very high potential ecological risk
Py<1 Unpolluted

1<Py<25 Low pollution

2.5<Py<7 Moderate pollution

Pyn>T7 High pollution

RI< 150 Low ecological risk

150<RI <300 Moderate ecological risk
300<RI< 600 Considerable ecological risk
RI>600 Very high ecological risk

#Hakanson (1980)

> Mmolawa et al. (2011)
¢ Muller (1969)

4 Chen (2010)

The sampling stations S3, S4, S5, and S6, situated on the
bank of the Bidyadhari-Matla River network, have high
pollution load. A tendency of gradual decrease in PLI
towards the mouth of sea is noticeable as S7, S8, and
S10 have minimum pollution load (Fig. 5). All of these
stations are very close to the Bay of Bengal and subjected
to high tidal activity throughout the year. Seasonal varia-
tion of pollution load was similar in all of the stations.
Most of the stations reveal maximum pollution load dur-
ing pre-monsoon. During monsoon, pollution load was
minimum in all of our study area. Comparative analysis
of PLI values (Table 6) with other wetland system in the

@ Springer

world depicts alarming condition of the mangrove
ecosystem.

The PLI and the spatial distribution of metals show higher
concentration of Cr, Pb, and Cd in the sampling stations
situated at the upstream of the rivers. The studies also reveal
that station S7 which lies near the sea shows the lowest
contamination level among all the sampling sites. Situated
along the Saptamukhi River, stations S9 and S10 are
significantly contaminated. In this study, the riverine
network dominates the source of pollution in every sampling
station. Saha et al. (2001) evidenced metal pollution in the
sediment of Jagannath canal which further converge to the
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Fig. 4 Seasonal variation of geo-accumulation index (Zye,) for metal ions at each sampling station

ty, and adjacent areas of North 24

Salt Lake Ci
Parganas. Chowdhury and Maiti (2016) reported gradual in-

s

metropolitan

Bidyadhari River. Bhattacharya et al. (2014) estimated mer-

cury concentration in the Bidyadhari River at four different
stations. Alarming concentration of mercury was reported in

crease of Pb and Cd in the rivers of Sundarban due to fossil
fuel-operated boats for transport and rechargeable batteries.

Thus,

the water, which was contributed by the agricultural runoff,

it is evident that the city wastes carried by the rivers

industries, and Kolkata

sewage, and effluents from various
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B Monsoon 2015

BPre Monsoon 2015
Fig. 5 Seasonal variation of pollution load index (PLI), Nemerow pollution index (Py) and potential ecological risk index (R/) at each sampling station

Nemerow pollution index

are the major source of pollution whereas local discharges also

contribute place to place. These metal contaminations beyond
toxic threshold are the real threats to this vulnerable ecosystem

of Sundarbans.

According to Nemerow pollution index (Py), maximum

pollution in the estuarine ecosystem was found during

Table 7 Comparison of pollution

load index (PLI) and potential
ecological risk index (R/) in

PLI

Water systems

94.77-332.32

0.97-1.91

present study

Sundarbans Mangrove Delta, India,

different water systems (source:

Gati et al. 2016)

297.23-2635.39

94.8

1.46-5.501
1.04
na

East Kolkata Wetland, present study

Danube Delta, Romania

21.2-87.7
0.46-51.88

Calabrian Rivers, It

na

Yellow River Delta, China

33.7-116

na

China

Yangtze River Delta, China

Around Dhaka.

>

Hai He River Basin

68.2-246.9

322

na

0.51
0.82

0.5

Bangladesh

>

60.04
na

Bangladesh

Turag River,

Hugli Estuary, India

na

0.01

Benin River, Nigeria

na

1.15
0.71
0.73
0.23
4.54

Buckingham Canal, India
Dikrong River, India
Tigris River, Iraq

na

na

na

—0.79

Quiberon Bay, France

na

Vembanad Wetland System, India

na not available (indicates there were no data available regarding particular value in the cited reports)

pringer

Qs
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pre-monsoon followed by post-monsoon and monsoon
(Fig. 5). Though average Py values reveal moderate pol-
lution in the estuary; Stations S1, S2, and S4 reveal Py
values to reach over 7 during pre-monsoon and post-mon-
soon. Out of the ten sampling stations, only S5 and S8
indicate low pollution during monsoon. The minimum
and maximum Py values calculated in the mangrove es-
tuary are 2.01 and 7.34 respectively indicating low to high
pollution (Table 4). Py studies exhibit high pollution in
Bidyadhari, Matla and Saptamukhi riverbanks. Gradual
increase of Py indicates that the ecosystem is approaching
to be a highly polluted zone in near future.

Potential ecological risk

Pollution level in mangrove forests all over the world has
exceeded the regulation limit for decades. Negligence and
lack of continuous monitoring in Sundarbans mangrove estu-
ary have pushed this ecosystem to a pollution sink. Ecological
risk factor (Er;) for Cd was found maximum among the metals
followed by Cr and Pb. Er; values for Cd ranges from 77
(monsoon, S5) to 296.5 (pre-monsoon, S1) indicating high
ecological risk (Table 4). Minimum and maximum Er; values
for Cr and Pb range from 2.385 to 13.85 and 3.646 to 16.531
respectively (Suppl. Fig. S3). Er; values for Cr and Pb de-
scribe low ecological risk due to low toxic response factor
(Tr,). Er; values describe ecological risk for a single element
but in reality all of the pollutants act together in an ecosystem.
Potential ecological risk index (R/) takes into account all pol-
lutants and hence a better tool to discuss potential ecological
risk in any ecosystem. R/ values of our study area notify
higher ecological risk during pre-monsoon and post-
monsoon (Fig. 5). The study area exhibits moderate level of
potential ecological risk (Table 4). When compared to other
wetland system (Gati et al. 2016), our study area illustrates
very high potential ecological risk (Table 6). Stations S1, S2,
and S4 demonstrated high potential ecological risk at some
point during pre-monsoon and post-monsoon. The down-
stream (southern) part of our study area reports low potential
ecological risk during monsoon evidencing better mangrove
health in the downstream region than the upstream region.
Mangrove plants and associated bacterial community
showed reduced growth rate when the metal concentration
was five times greater than pristine mangrove ecosystem
(Yim and Tam 1999). Cr, Pb, and Cd are known to have very
harsh effect on flora and fauna. The conserved floral and fau-
nal diversity of Sundarbans mangrove ecosystem may also be
affected by anthropogenic activity further leading to destruc-
tion of the habitat. In the last two decades, four islands
(Bedford, Lohachara, Kabasgadi, and Suparibhanga) of
Sundarbans mangrove estuary have been completely
destroyed due to sea level rising and soil erosion. Another
two islands (Ghoramara and Mousuni) are reported to be on
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the verge of extinction (Danda 2010) only due to indifferent
destruction of this estuarine ecosystem. Mangroves act as an-
chor to the soil against the tidal activity in coastal areas. Thus,
the loss of mangrove could cost the whole region from its
existence. Elevated metal concentration affects the food chain
also and several studies report the accumulation of metals in
amphibians and reptiles of Sundarbans. As studies suggests
that fiddler crab shows bioaccumulation potential in respect to
different levels of salt stress (O’Hara 1973). Akhand et al.
(2012) reported that Uca sp. and the amphibious detretivour,
mudskipper (Boleopthalmus sp.) can also accumulate elevated
concentrations of Cd, Cr, Pb, and Zn in their body if exposed
to tannery and municipal effluents at Indian Sundarbans. The
floral diversity of Sundarbans has already been transformed in
the last decades. Avicinnea sp. is reported as one of the most
tolerant mangrove species and their number have been in-
creased significantly in different areas of Sundarbans (Maiti
and Chowdhury 2013). On the other hand, Heritorria litoralis
which is locally called Sundari is becoming much rare in re-
cent time (Awal 2014). Various studies suggests that marine
turtles are seriously affected by metal pollution mainly Cd, Pb,
Ni, Mn, As, Se, and Al that affects their growth and the central
nervous system (Komoroske et al. 2011; Wennberg 1994).
Fishing is one of the important employments in Sundarbans
and fishes also accumulate a larger extent of metals like Cd,
Fe, Pb, and Zn in their tissues (Banerjee et al. 2016). Another
study has shown that tiger shrimp (Penaeus mondon) and
mullet (Liza parsica) have higher potential to accumulate
most of the metals at elevated concentrations (Guhathakurta
and Kaviraj 2000). Thus, there exists a number of direct and
indirect ways of human exposure to metal contamination.
Thus, elevated metal contamination is a significant risk factor
for this heritage ecosystem.

Pearson correlation study

Correlation study was performed between metal concentra-
tions, physicochemical parameters, and sediment texture com-
ponents. This study explains significant positive correlation
between siltation and metal ions (Fig. 6). Cd, Cr, Cu, Ni,
and Pb increase with siltation. Although no significant corre-
lation was found between clay and metals, salinity, pH, and
TOC values are found to be negatively correlated with metals.
Though a positive correlation was noted, our observations
illustrate the decreasing concentration of metals towards the
sea. Huge amount of litter fall in this area contributes to a
detritus ecosystem which increases the organic carbon content
in the water and the sediment. The mangrove forest is also
dense towards the sea and it justifies the distinct behavior of
TOC. Significant negative correlation was found between sa-
linity and Cr. pH has significant negative correlation with Cd,
Cr, and Cu. TOC bears significant negative correlation only
with Pb. Negative correlation was significant in the case of
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Fig. 6 Color matrix presentation

Sand

of Pearson correlation analysis.
Correlation is significant at *0.05
level and **0.01 level (two-
tailed)

sand with silt and clay. Hence, Cd, Cr, Cu, Ni, and Pb reveal
significant negative correlation with sand. Salinity has signif-
icant positive correlation with pH which describes increasing
salinity and pH along the rivers towards mouth of the sea. pH
and salinity have positive correlation with sand and negative
correlation with clay. In the case of the metal ions, significant
positive correlation was found between Cd, Cr, Cu, Ni, and
Pb.

-0.2
-0.4
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-0.8

-1

Multivariate analysis

To understand the source and the distribution of the metals,
principal component analysis (PCA) has been done with the
metal ions, pH, salinity, TOC, and sediment components.
PCA was done separately for three seasons to compare the
seasonal variation (Fig. 7). In all the three seasons, pH and
salinity was found close to each other. The main factor
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affecting these two components is the influx of sea water. Both
of these components show stability with minor changes during
monsoon as rainwater plays a significant role. TOC was found
closer to pH and salinity during pre-monsoon and monsoon,
although a distance is found during post-monsoon. The nega-
tive correlation between sand with smaller particles and metals
is evident in this analysis. Fe has a continuous high concen-
tration in the sediment and it positions itself close to other
metals in all the three seasons. Zn displays a completely dif-
ferent characteristic than the other metal ions. It is closer to
other pollutants during post-monsoon but has a great distance
during the other seasons. It might imply a different source of
Zn in our study area. The major pollutants (Cd, Cr, and Pb)
along with Ni and Cu are closely related with silt and clay.
Previous studies (Wahba and Zaghloul 2007; Zhuang and Gao
2014) reveal that the smaller particles in sediment attract much
more metal ions than the larger particles. Hence, the close
proximity of silt and clay with metal ions can explain the
situation. Previously, we found the metal concentrations to
be increased along with siltation. Silt, clay, and metals have
the same source in this region and that is the upstream part of
the rivers. The PCA analysis overall supports our hypothesis
about the source of metal pollution.

Identification of possible source area

Indian Sundarbans has the adjacent city of Kolkata as a pos-
sible source of pollution. Kolkata is the third most populous
city in India and plays a critical role in the economic activities
in eastern India. This area is a source of huge amount of met-
ropolitan and industrial waste. The upstream region of the
Bidyadhari River is well connected to the canals of East
Kolkata Wetland. Despite being a ramsar site, this area is cur-
rently being used as a dumping ground of the municipal waste.
This region also has several tanneries and battery industries.
There are nearly 350 tanneries in The Calcutta Leather
Complex (CLC) near Bantala. Although most of the tanneries
have been shifted to CLC, still there are nearly 350 legal and
illegal tanneries outside CLC (Dawn and Basu 2016; Vicziany
et al. 2017). The canals in this area collect municipal and
industrial (mainly tannery and battery) wastes at stations P1
and P2 and carry it to the Bidyadhari River at station P3.
Stations P1 and P2 reveal Cd concentration of 16.76 mg/kg

and 15.41 mg/kg which are very high compared to the back-
ground value (Table 7). CF, EF, Iy, and ERi values show
optimum level of contamination for Cd in these two stations
(Suppl. Table S2). However, P3 shows Cd concentration of
1.84 mg/kg and further reveals very high CF value, significant
EF category, class 3 Iy, value and high potential ecological
risk factor. Cr concentration in P1 and P2 were found to be
1040.91 mg/kg and 1536.21 mg/kg respectively (Table 7). P2
reveal highest concentration of Cr in our entire study area and
it also coincides with the position of CLC. These two stations
reveal very high CF and EF values and class 4 I, values for
Cr (Suppl. Table S2). Station P3 reveals Cr concentration of
168.87 mg/kg which is comparable to the amount of Cr found
in the mangrove estuary. P3 shows moderate CF and EF
values and class 1 Iy, value. Pb concentration in P1 and P2
were found 203.27 mg/kg and 142.76 mg/kg respectively
(Table 7). These two stations have very high CF and EF
values, moderate ER; values, and class 4 and class 3 /., values
respectively for Pb (Suppl. Table S2). Station P3 has Pb con-
centration of 29.84 mg/kg, moderate CF' and EF values, class
0 Zyeo value, and low ER; value. Stations P1 and P2 also show
high Cu and Zn concentration, moderate CF values, signifi-
cant EF values, and class 2 Iy, values (Suppl. Table S2),
whereas P3 shows concentrations of these metals near back-
ground level. PLI values at P1 and P2 demonstrate nearly five
times pollution load compared to the mangrove estuary
(Table 4, Table 7). This area reveals the highest PLI and R/
values (Table 6) in comparison to the other wetland systems in
the world. Massive Py and RI values of the whole possible
source area suggest very high potential risk to Sundarbans
situated in the downstream region. The waste canals have
metal gates which can separate solid wastes from the canal
(Vicziany et al. 2017), but prior joining to the Bidyadhari
River, the waste materials of the canal do not receive further
treatment. There are lock gates present at station P3 to control
the flow of the canal (Maiti and Chowdhury 2013). These
gates are kept closed during high tide so that the water from
the river does not overflow the waste canals. It is also reported
(Dawn and Basu 2016) that due to power cut or mechanical
issues, sometimes untreated wastes are also dumped in the
open canal from the CLC. Local people, mainly workers in
different tanneries of this area are prone to a number of dis-
eases like skin infection, lung disorder, eye irritation, and

Table 7  Metal concentrations and integrated indices in the possible source area

Possible source Cd Cr Cu Ni Pb Zn Fe PLI Py RI

area

P1 16.76 £ 1.3 104091 £ 1.5 12455+ 1.2 3542 +0.1 203.27+£29 62527 +0.3 2554545+ 04 5501 60.52 2635.39
P2 1541 £0.5 153621 £0.5 107.76 £ 0.6 37.54 £ 0.8 14276 £ 0.5 57147 +£0.5 21,71552 04 521 55.86 2425.12
P3 1.84+15 16887+0.7 253+0.1 23.89+04 29.84+03 134.68 0.6 29,970.36 + 04 146 13.88 297.23

All concentrations are in mg/kg, n =3 for each sample

@ Springer



Environ Sci Pollut Res (2018) 25:31326-31345

31343

breathing discomfort (Dawn and Basu 2016). Increasing metal
concentration in the sediment of Sundarbans poses a threat to
the population living in the area. We have previously
discussed that the waste canals dump the pollutants at station
P3, from where the Bidyadhari River carries it to the mangrove
estuary. Thus, the striking dissimilarity of metal pollution at P3
than P1 and P2 gives us enough reason to believe that the
municipal and industrial wastes of Kolkata is a major source
of toxic metal pollution of Sundarbans mangrove estuary.
Sundarbans attract a large number of visitors from India and
abroad each year because of its unique biodiversity. As a result,
the numbers of vessels, hotel, and lodges have increased sig-
nificantly in the last decade. Increased anthropogenic interven-
tion is also an additional component to the pollution status of
Sundarbans. As it is hard to impede the effect of industrial
waste or water transportation, only regular monitoring can be
a significant way out. The people of Sundarbans live an eco-
nomical marginalized life so it is not possible to implement
stringent law like restriction on fishing in conserved water,
forcing them not to be exposed to hazardous materials (Jalais
2010; Chowdhury and Maiti 2014). Only public awareness
and campaigning can convince the community regarding the
sustainable development and conservation of this ecosystem.

Socioeconomic status and health issues of local
population

Indian Sundarbans is home of nearly 4.5 million people and
43.32% of them live under the poverty level. The local population
is the worst sufferer of sea level rise and climate change. Apart
from their harsh life struggle and nutritional deficiency, inade-
quate healthcare facilities made the situation even worse
(Danda and Sriskanthan 2011). The main source of income of
this region is agriculture followed by fishing, collection of honey
and other goods from the mangrove forest, and ecotourism. Metal
pollution in soil and water is causing a serious threat to the local
population as agricultural products, fish, prawns, and crabs have
been reported to contain significant amount of metal ions (Dutta
et al. 2017; Mitra et al. 2012). Metal exposure in the upstream
region has resulted into serious health problems. Tannery workers
in East Kolkata Wetland have been found susceptible to skin
infection, breathing trouble, eye irritation, and lung disorders
(Dawn and Basu 2016). Ill-treated tannery and municipal waste
combined with anthropogenic stress, ecotourism, and common
practice of chemical fertilizer and pesticides are driving this
UNESCO World Heritage Site towards destruction.

Conclusion

The fragility of Sundarbans originates from its uniqueness. Thus,
to prevent its diversity from extinction, conservation of this man-
grove ecosystem is vital. In 2011, WWF published an article and

discussed on the management plans to restore the Indian
Sundarban Delta. It suggests creating a biosphere district and
laid a five step planning which can possibly restore and regen-
erate the mangrove ecosystem by 2050 (Danda and Sriskanthan
2011). In the year 2011, Government of India promulgated a
new Coastal Regulation Zone (CRZ) notification titled 2011
and implemented that with immediate effect. One of the impor-
tant parts of it was to consider Sundarbans as a Critically
Vulnerable Coastal Area (CVCA). A participatory management
action plan for individual CVCAs is supposed to be formulated
under this notification. That work is going on. The India
Integrated Coastal Zone Management (ICZM) funded by the
World Bank is actually a follower of that notification.
Incidentally, this work is a component of the India ICZM project.
This study ascertains the relation between seasonal variation of
metal concentration with siltation and hazardous waste materials
from industrial, municipal, and agricultural fields. The untreated
wastes coming from the upstream in addition with local wastes
has put together a pollution load on the sediment of Sundarbans.
It is not possible to close down all the tanneries and battery
industries. Thus, tannery managers and owners need to be en-
couraged to explore green chemistry for treatment of the hydes
rather than toxic chemicals. The Central Effluent Treatment Plant
(CETP) of Bantala leather complex needs to be monitored by the
regulatory authorities like the West Bengal Pollution Control
Board (WBPCB) and Central Pollution Control Board
(CPCB). There should be proper vigilance so that no untreated
effluent and tannery waste can be disposed directly to the mu-
nicipal sewage carrying canal (storm weather flow canal or SWF
canal) which is ultimately discharging to the Bay of Bengal
affecting the biodiversity of this estuarine mangrove forest.
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