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Abstract Four sediment cores were collected from

selected locations of Sundarbans mangroves and

Hooghly estuary, northeast coast of India to establish
210Pb geochronology and trace metal distribution in

sediments. Core sites were chosen to reflect a matrix of

variable anthropogenic input and hydrological condi-

tions. The vertical distribution of 210Pbxs (210Pbto-

tal–
226Ra) provided reliable geochronological age to

calculate the mass accumulation rates and historic

trace element inputs and their variations. The mass

accumulation rates ranged from 0.41 g cm-2 year-1

(estuarine region) to 0.66 g cm-2 year-1 (mangrove

region). Both in mangroves and estuarine systems,

Fe–Mn oxy-hydroxides are observed to be a major

controlling factor for trace metal accumulation when

compared to organic carbon. Core collected from

Hooghly estuary shows less contamination when

compared to the mangrove region due to high energy

and mostly coarse grained. Fe-normalized enrichment

factors (EFs) of trace metals were calculated based on

crustal trace element abundances. The EFs are typically

[1 for Cd, Pb, Co, and Cu indicating that these metals

are highly enriched while other metals such as Zn, Ni,

Cr, and Mn show no enrichment or depletion. Both

Sundarbans mangroves and Hooghly estuary have

been receiving considerable pollution loads from

anthropogenic sources such as industrial, domestic,

and shipping activities in recent times, indicating high

concentration of metals in the top few layers. This

study suggests that the variation in trace metals content

with depth or between mangrove and estuarine system

results largely from metal input due to anthropogenic

activities rather than diagenetic processes.

Keywords Sundarbans mangroves � Hooghly

estuary � 210Pb dating � Mass accumulation rates �
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Introduction

The diffusion of toxic metals in the environment as

the result of anthropogenic activities poses an

increasing risk for ecosystems (Lichtfouse et al.

2005). Many studies have been carried out in coastal

environment on cycling of trace metals, because of

their toxicity, bio-accumulation capacity, and persis-

tent nature (Tam and Wong 2000; Ip et al. 2004;

Marchand et al. 2006; Janaki-Raman et al. 2007; Liu

et al. 2009; Zhang et al. 2010). The atmospheric cycle

of heavy metals has been highly dependent upon

climate during pre-industrial period. Trace metals are

not biologically or chemically degradable, thus they

may either accumulate locally or get carried away

further through rivers (Marchand et al. 2006). In the
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natural environment, trace metal distribution depends

on various parameters like redox potential of water

and sediments, organic content, grain size, Fe, and/or

Mn oxy-hydroxides (Guo et al. 1997; Dong et al.

2000; Mounier et al. 2001).

The Ganges–Brahmaputra delta is one of the

world’s largest delta (80,000 km2) and densely

populated low-lying and highly vulnerable coastal

environment, formed from sediments deposited by

three major rivers, the Ganges, Brahmaputra, and

Meghna (Kuehl et al. 1997; Ramesh et al. 2009;

Stanley and Hait 2000). The delta harbors the largest

single continuous tract of diverse mangrove forest,

Sundarbans mangroves (Hussain and Acharya 1994;

Stanley and Hait 2000). Mangrove and estuarine

ecosystems may act as a sink for trace metals because

of their variable physical and chemical properties

(Yuan et al. 2010). The waterlogged mangrove

sediments are anoxic and reduced in nature (Defew

et al. 2005; Marchand et al. 2006) due to good supply

of sulfide ions and decomposing organic matter in the

sediments (Janaki-Raman et al. 2007).

The dissolved and particulate loads of rivers

represent quantitatively the most important input into

the oceans. The global flux of sediment is 14 billion

metric tons year-1 (Syvitski et al. 2005). The rivers

from southeast Asia alone contribute 25–30% of the

total sediment discharge to the oceans and are the

largest producer of fluvial sediment (Milliman et al.

1995; Syvitski et al. 2005). Several studies have

estimated the suspended sediment loads of the

Ganges river to vary between 485 and 1,600 million

tons year-1 (Milliman and Meade 1983). Recent

studies have shown that the Ganges carries 262

million tons year-1 sediment that is much lower than

the published values because of either interannual

variability or construction of dam (Farakka barrage

built in 1974) as observed by Stephanie 2007.

Hooghly is the largest estuary of river Ganges in

the northeast coast of India. Many mangroves and

coastal ecosystems over the world are close to urban

development areas (Tam and Wong 2000; MacFar-

lane and Burchett 2002; Preda and Cox 2002) and are

impacted by urban and industrial runoff, which

contains trace metals in the dissolved or particulate

form. The Sundarbans mangroves and Hooghly

estuary are close to metropolis Kolkata (Calcutta)

and under direct anthropogenic influence on trace

metal contamination (Sarkar et al. 2004).

In the present study, sedimentation and distribu-

tion of trace metals were studied in sediment cores

collected from Sundarbans mangroves and Hooghly

estuary, northeast coast of India. This study examines

the pattern and source of contaminant deposition

along with the sediment accumulation rate in this

ecologically sensitive area.

Study area

Mangroves of India account for about 5% of the

world’s mangrove vegetation and are spread over an

area of about 6,740 km2 along the coastal states/union

territories of the country (Krishnamurthy et al. 1987;

Untawale 1987). Sundarbans accounts for over 10%

of the mangrove forests in the world, and a little less

than half of the total area under mangroves in India

(Ramesh et al. 2009) covering about 12,000 km2 of

mangrove forest and water (of which 1/3 lies in West

Bengal, India, and rest occurs along the Bangladesh

coast). This area is restricted within the latitudes

21�310N and 22�300N and longitude between 88�100E
and 89�510E. The eco-geography of this area is totally

dependent on tidal effect. The tidal action of the sea

inundates the whole of Sundarbans to varying depths,

pushing back silt to the channels and depositing there.

Sundarbans delta is one of the dynamic estuarine

deltas of the world. It is crisscrossed by water

channels that bring with them tons of sediments from

terrestrial sources and play a major role in the eroding

and accreting nature of this deltaic estuary (Gurmeet

2009). The lower delta plain is sensitive to change in

hydrodynamics, riverine input, and relative sea level.

The Sundarbans consists of low flat alluvial plains in

the active delta region. The sediments of this area

show limited grain-size variation (clay to coarse sand)

and firmness (soft to firm) (Banerjee 1998). The soil

pH averages 8.0 (Christensen 1984), and the mean

elevation of Indian Sundarbans above sea level is

about 3.30 m, and the mean highest high water level

(MHHW) and mean lowest high water level (MLHW)

are 5.94 and 0.94 m, respectively (Untawale 1987).

Hooghly estuary, the first deltaic offshoot of the

Ganges is located along latitude 21�400N and longitude

87�470E (Fig. 1). It is also known as the Hooghly–

Matlah estuarine system and lies in the state of West

Bengal. The Hooghly River, after traversing a consid-

erable distance inland, passes through the city of
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Kolkata that has a port located on its banks. Further

down, the estuary passes through Diamond Harbor

from where it fans out to about 4 km into a funnel-

shaped water body that spreads out to more than 20 km

before merging into Bay of Bengal (Estuaries of India

2002). The Hooghly is a globally significant estuary

and drains a catchment of 6 9 104 km2. The depth of

the water column varies from 10 to 15 m (Mukhopad-

hyay et al. 2006). Hooghly is a well-mixed estuary

because of shallow depth (average 6 m) and intense

tidal mixing (Sadhuram et al. 2005). The estuary gets

semidiurnal tides with a maximum range of 5.5 m at

spring and minimum 1.8 m at neap.

Despite the fact that Hooghly estuary has large

tidal amplitude, considerable mixing, dilution, and

flushing a gradual accumulation of toxic wastes and

progressive reduction in the freshwater flow over a

period of years have resulted in the deterioration of

aquatic environment. Sundarbans mangroves receive

increased quantity of agricultural runoff; domestic

sewage and industrial effluent from northern parts

and through many large and small channels of

Hooghly. In Hooghly estuary, the potential sources

of trace metals are mainly, port activity (Haldia and

Kolkata port), semi-treated wastes from varied

industries (tanneries, jute mills, pulp and paper mills,

pesticide manufacturing plants, thermal power plants,

Kilns, rubber, fertilizer, soap factories, antibiotic

plants), and oil refinery (Haldia) (Gopal and Chauhan

2006; De et al. 2010). These industries are considered

to be the major sources of metals like Cu, Zn, Cr, Co,

Ni, Pb, Cd, Fe, and Mn to the system.

The estuary lies adjacent to the Sundarbans man-

groves, but is largely separated from it by urbanization

and development along its banks. The exception is the

lower part of the estuary that is associated with

mangrove patches on the outskirts of Sundarbans.

This is significant in terms of this study because it

allows a direct comparison between two environments

broadly impacted by identical freshwater and marine

end members but with significantly different levels of

human impact. The geology, climate, geomorphology,

soil type of the Hooghly estuary are similar to the

adjacent Sundarbans mangrove forests.

Fig. 1 Map showing the location of sampling stations in Sundarbans mangroves and Hooghly estuary
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Materials and methods

Sampling

Four sediment cores were collected from Sundarbans

mangroves (S1, S2, S3) and Hooghly estuary (H1)

(Fig. 1) in June 2008 during low tide, in order to

determine the variation of mass accumulation of

sediments and vertical profile distribution of trace

metals. Average maximum corer penetration of 33 cm

was possible due to sediment and root compaction

beyond this point (S-1, 34 cm; S-2, 32 cm; S-3,

28 cm; H-1, 36 cm) (Table 1).

The sampling locations were selected based on

differences in hydrological conditions, varied anthro-

pogenic pressure, and feasibility of sampling. (a) S1

and S2 stations receive substantial input from Hoo-

ghly and Matlah through channels and also have

marine (Bay of Bengal) influence, (b) S3 region

(Sundarbans—core mangrove) receives input from

Matlah river and other upstream rivers and have less

tidal influence, (c) H1 is situated in a high energy

non-mangrove region of Hooghly with minimal

marine influence. This area is under direct anthropo-

genic influence of Kolkata city and Haldia. Figure 2

shows the sampling techniques and processing of

samples for different analyses.

Determination of trace metals, organic carbon,
210Pb and 226Ra in sediments

Analytical methods of trace metals, organic carbon,
210Pb and 226Ra in sediments are mentioned in

Table 2. For trace metal analysis, Sediment T

(NOAA/7) standard as reference material along with

analytical grade (MERCK, Germany) chemical stan-

dards for each element was used to check the

accuracy and precision of the instrument. Good to

excellent recoveries ranging from 93 to 101% were

obtained for the studied metals (Zn = 98%;

Cu = 95%; Cr = 99%; Ni = 99%; Co = 93%;

Fe = 99%; Mn = 98%; Pb = 100%; Cd = 101%)

indicating an overall good accuracy of the analysis.

Sediment accumulation rate model

For the present study, a simpler mathematical model

was used to calculate sediment accumulation follow-

ing Krishnaswamy et al. (1971) and Joshi and Ku

(1979). Provided that the sedimentation rate,

S(cm2 year-1) and the activity of the excess 210Pb

added to the surface sediments, Co, C(dpm gm-1) are

constant in time the distribution of excess 210Pb in

undisturbed sediments is governed by the relationship

ln C ¼ k=s Dþ ln Co

where Co, C, activities of excess 210Pb at the surface,

and depth D, respectively; k radioactive decay constant

for 210Pb (0.693/22.26 year-1); S sedimentation rate.

Statistical analysis

The data were analyzed by multivariate statistical

methods, including Pearson correlation matrix. Sta-

tistical analysis was performed using statistical

software SPSS version 16.0 for Windows. The results

Table 1 Core sample sites in Sundarbans mangroves and

Hooghly estuary

Core

samples

Core

depth

(cm)

Sampling location Latitude

longitude

S1 34 Khetromohanpur

(Sundarbans mangrove)

21�45.900N

88�21.560E

S2 32 Lothian Island

(Sundarbans mangrove)

21�42.410N

88�19.160E

S3 28 Sajnekhali

(Sundarbans mangrove)

22�07.610N

88�49.840E

H1 36 Nayachar Island

(Hooghly estuary)

22�01.020N

88�06.980E

Fig. 2 Sampling and sample processing techniques
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were analyzed to establish the natural processes and

to identify the sources of pollution.

Results and discussion

Mass accumulation and sedimentation rates

210Pb dating method has been widely used to estimate

the age of sediments and sedimentation rates for

modern sediments (Appleby and Oldfield 1978;

Towler and Smith 2000; Gonneeaa et al. 2004).

Figure 3 depicts the unsupported 210Pb activities of

the four cores (S1, S2, S3, and H1), which were

measured by excess 210Pb method. Sediment accu-

mulation rates were determined from 210Pbxs activ-

ities by subtracting the supported levels of 210Pb

activity from the total 226Ra measured.

The sediment cores exhibited a typical 210Pbxs

profile characterized by three distinct zones: a surface

mixed layer (SML), a middle inclined zone with

exponential radioactive decay, and a constant low

activity in the bottom layer. The activity profile of
210Pbxs appears to decrease monotonically with depth

and the irregular decrease in the middle layers, which

is influenced by physical mixing and bioturbation

(Fig. 3). The activity concentration in all cores ranges

between 0.27 and 3.85 dpm g-1, which is similar to

that in the Indian coastal deposits (Subramanian and

Mohanachandran 1997; Ramesh et al. 2002). Assum-

ing that sediment mixing is restricted to the surface

mixed layer, i.e., the mixing coefficient is zero below

the surface mixed layer (Nittrouer et al. 1984), a

linear sediment accumulation rate was calculated

from the gradient of 210Pbxs activity with depth in the

sediment column (Krishnaswamy et al. 1971;

Guinasso and Schink 1975; Nittrouer et al. 1979).

In this calculation, it was also assumed that a steady-

state supply of 210Pb to bottom layer and SML

coincided with the depth of 210Pb activity.

Sediment accumulation rates were highest in the

core site S2, 4.8 mm year-1, and all along the

Sundarbans mangroves and Hooghly estuary, ranging

from 3.0 to 4.8 mm year-1 (Table 3). This value is

consistent with previous studies in the same area by

Stanley and Hait (2000). At core site S3, 210Pbxs

activities are very low, which suggests that there has

been low net accumulation of sediment at this site

over the past several decades. Such scatter in 210Pbxs

may be expected here, since this site receives

comparatively less quantity of sediment load com-

pared to other mangrove sites as it is far from the

main source region and located in the back mangrove

region. Whereas H1 core site located in the Hooghly

estuary that receives large quantity of sediments

brought by Ganges River showed comparatively low

sedimentation rate (3.2 mm year-1) due to high

freshwater discharge, active shipping, and dredging.

The mass accumulation rates ranged between 0.41

and 0.72 g cm-2 year-1 indicating little vertical

mixing in the core site H1. Observations of mass

accumulation rates from the four core sites (Table 3)

indicate small-scale mixing processes (core site H1)

to large-scale sediment (core site S2). In addition, the

high mass accumulation rate is due to the frequent

exposure to tidal inundation and flocculation under

high saline conditions. The sediments at these sites

remain as slurry for a longer period compared to that

of rear mangrove and estuarine regions. The present

study indicates that the sedimentation and mass

accumulation rates of Sundarbans mangroves and

Hooghly estuary are in general comparable to the

Table 2 Methods adapted for the analysis of core sediment samples

Parameters Instrument used/method Reference

Trace metals (Fe, Zn, Co,

Ni, Pb, Cu, Mn, Cr, Cd)

Atomic Absorption Spectrometer (Perkin Elmer AA 800) Loring and

Rantala (1992)

Organic carbon (OC) Wet oxidation Gaudette

et al. (1974)
210Pb activity Alpha spectrometer with a surface barrier alpha detector coupled

to a photomultiplier tube (ECIL, India, RCS 4027A)

Flynn (1968)

226Ra activity Emanation method, Alpha spectrometer with a surface barrier alpha

detector coupled to a photomultiplier tube (ECIL, India, RCS 4027A)

Ku and Lin (1976)
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observations made for other mangrove ecosystems

worldwide (Table 4).

Vertical distribution of organic carbon

in sediments

Estuarine and coastal areas are characterized by high

productivity and account for about 80% of the organic

carbon being buried in recent sediments annually

(Ittekot 1993). The amount and origin of organic

carbon in mangrove sediments are mainly influenced

by both physical (e.g., tidal amplitude) and biological

(e.g., consumption, removal, degradation) factors

(Bouillon et al. 2003). Vertical profile distribution of

organic carbon (OC) was studied in sediment cores

collected from Hooghly estuary and Sundarbans

mangroves. Average values of sediment organic car-

bon (% dry weight) are shown in Table 5, and the

observed concentration of OC in estuarine core

(H1 = 0.49%) was lowest when compared to that

observed in mangrove region (S1, S2, and S3) that

ranges from 0.70 to 0.85% (Fig. 4). The values of OC

obtained in this study area are comparatively lower

than those reported (2.78%) for various tidal and

estuarine regions of southeast coast of India (Achyu-

than et al. 2002). Relatively low concentration of OC

in sediments is due to the nature of marine sedimen-

tation and mixing process in sediment–water interface

and also due to high microbial activity in this region,

which use the organic matter as nutrient source and

removes it from the system as CO2 (Canuel and

Martens 1993; Subramanian et al. 2001; Chatterjee

et al. 2007). All the cores collected showed relatively

low OC values in the top layers (0–6 cm) due to

regular inundation by tidal activities (Chatterjee et al.

2007). The cores collected from Sundarbans man-

groves (S1, S2, and S3) showed an increasing trend of

OC in the middle layers (8–20 cm) due to restricted

microbial activity in this anoxic or sub-oxic region

and also due to partial decomposition of leaf litters,

root exudates, and their preservation as burial in the

sediments (Jayaprakash et al. 2008). Overall asyn-

chronous distribution of OC with depth was observed

in both Sundarbans and Hooghly cores due to

mangrove root penetration at various depths coupled

with bioturbation activities and physical mixing

processes (Chatterjee et al. 2007, 2009).

Vertical distribution of Fe and Mn

The geochemical behavior of Fe and Mn is coupled

as both the metals are highly redox sensitive (Lacerda

et al. 1999; Mortimer and Rae 2000; Marchand et al.

Fig. 3 Vertical distribution of unsupported ln 210Pb activity in sediment cores

Table 3 Sedimentation and mass accumulation rates in

Sundarbans mangroves (S1, S2, and S3) and Hooghly estuary

(H1)

Core

code

Rate of sedimentation

(mm year-1)

Mass accumulation rate

(g cm-2 year-1)

S1 4.4 0.72

S2 4.8 0.78

S3 3.0 0.49

H1 3.2 0.41
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2006). Average concentrations and standard devia-

tions of Fe (%) and Mn (mg kg-1) obtained from

mangrove and estuarine core sediments are shown in

Table 5. Average Fe concentration was found to be

higher in mangrove sediments (3.75%) when

compared to estuarine sediments (2.86%). It could

be due to the differences in hydrodynamics, churning,

bioturbation, and navigation activities. Vertical pro-

file of Fe and Mn (Fig. 5a, b) in S2, S3, and H1 core

sites show similar trends and fairly close distribution

Table 5 Average values (X ± SD) of OC (%) and concentrations of Zn, Cu, Cr, Ni, Co, Mn, Pb, Cd (mg kg-1), Fe (%) in mangrove

and estuarine cores

Zn Cu Cr Ni Co Mn Pb Cd Fe (%) OC (%)

S2 (Mangrove) [n = 16]

Avg 84.23 38.00 42.98 50.86 25.80 611.76 28.67 1.57 3.85 0.85

SD 7.77 2.46 3.66 3.15 1.75 58.57 2.47 0.23 0.32 0.21

Min 69.51 33.17 37.52 44.93 22.37 513.95 22.93 1.22 3.20 0.51

Max 99.59 41.13 48.03 55.38 28.95 738.64 32.08 1.96 4.21 1.23

S1 (mangrove) [n = 17]

Avg 81.37 42.92 48.79 56.06 24.35 618.68 33.59 2.14 4.10 0.81

SD 6.06 2.10 5.76 4.26 4.45 90.88 2.44 0.35 0.44 0.25

Min 70.10 38.01 35.47 44.89 17.76 444.79 26.78 1.53 3.14 0.35

Max 91.43 46.51 56.70 62.02 31.46 754.09 36.28 2.70 4.59 1.21

S3 (mangrove) [n = 14]

Avg 61.95 34.25 40.62 44.15 20.31 492.16 28.59 1.93 3.31 0.70

SD 6.08 3.05 3.87 3.33 2.55 79.55 2.55 0.20 0.44 0.17

Min 49.10 31.08 35.17 39.92 15.14 364.37 23.69 1.68 2.24 0.43

Max 75.82 41.61 48.37 52.65 24.35 614.88 32.44 2.35 3.93 1.05

H1 (estuary) [n = 18]

Avg 53.42 21.64 40.11 33.97 18.23 502.42 23.45 2.01 2.86 0.49

SD 5.99 4.49 3.09 6.88 1.97 51.84 1.95 0.19 0.37 0.25

Min 45.69 14.77 33.54 22.49 14.46 425.15 20.36 1.65 2.14 0.08

Max 65.03 33.10 44.19 48.26 21.77 621.18 27.58 2.31 3.48 1.01

Table 4 Comparison of sediment accretion rates of Sundarbans mangroves and Hooghly estuary with some published values from

various estuarine and mangrove sediments

Location Method Rate of sedimentation

(mm year-1)

References

Sundarbans mangrove & Hooghly estuary 210Pb 3.0–4.8 Present study

Sundarbans mangrove & Hooghly estuary Radiocarbon 2.7–5.3 Stanley and Hait (2000)

Chesapeake Bay, US 210Pb 1.7–3.6 Stevenson et al. (1985)

Mexico mangroves 210Pb and 137Cs 2.4 Lynch et al. (1989)

Sepetiba Bay mangroves 210Pb, 234Th and 7Be 1.1–1.8 Smoak and Patchineelam (1999)

Malaysian mangroves Artificial marker 6.4–14.6 Saad et al. (1999)

Pearl River estuary, China 210Pb 25 Ip et al. (2004)

Tijuana estuary, US 137Cs 7–12 Weis et al. (2001)

Sabine-Neches estuary, US 210Pb and 137Cs 1.0–11.4 Ravichandran (1994)

Krishna River basin 210Pb 5.5 Ramesh et al. (1988)

Tamirabarani estuary 210Pb 11 Ramesh et al. (2002)

Northern Australia mangrove Radiocarbon 6 Woodroffe (1990)
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pattern with OC clearly indicates Fe–Mn oxy-

hydroxides plays a major role in accumulating trace

metals from the overlying water column (Abu-Hilal

and Badran 1990; Chatterjee et al. 2007). However,

S1 core did not show the similar trend of OC with Fe

and Mn due to relatively high sedimentation and

partial decomposition of pollens and spores, which

are associated with coarse-grained sediment with

less surface area and less trace element adsorption

ability.

Fig. 4 Vertical profile

distribution of OC (%) in

S1, S2, S3, and H1 cores

Fig. 5 a Vertical profile

distribution of Fe (%) in S1,

S2, S3, and H1 cores.

b Vertical profile

distribution of Mn

(mg kg-1) in S1, S2, S3,

and H1 cores
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Vertical distribution of Cu, Zn, Cr, Co, Ni, Pb,

and Cd

The average concentrations and standard deviations

of Cu, Zn, Cr, Co, Ni, Pb, and Cd (mg kg-1) obtained

from mangrove and estuarine core sediments are

shown in Table 5. In Sundarbans mangroves and

Hooghly estuary, the average metal concentration in

the cores was in the following sequential order;

Fe [ Mn [ Zn [ Ni [ Cr [ Cu [ Pb [ Co [ Cd

and Fe[ Mn [ Zn [ Cr [ Ni[ Pb [ Cu [ Co [
Cd, respectively. The concentrations of trace metals

did not show pronounced variations between the

metals and between sites. The maximum average

concentration values for Cu, Cr, Pb, and Cd (mg kg-1)

were observed in S1 core site. Core site S1 and

S2 showed similar concentrations of trace metals,

whereas mangrove site S3 showed comparatively low

concentrations due to poor sediment accumulation,

and H1 located in high energy system showed the

least concentrations. In the present study, the elevated

concentrations of Zn and Cu (Fig. 5a, b) from bottom

to top in the all four cores could be attributed to the

increase in natural weathering of soil materials and

inputs from rapid industrial development and urban-

ization. Generally, increased surface runoff correlates

with the accumulation of rock-forming metals, like Fe.

No significant increase was observed in the concen-

tration of Fe in the sediment profile. It may be

concluded that the increase in trace metals in the core

sediments mainly come from extensive fishing activ-

ity, public boat services, domestic sewage release from

nearby areas, and other industrial waste discharge (Ip

et al. 2004; Gopal and Chauhan 2006; Chatterjee et al.

2007). In surface layer (0–8 cm), an increase in

concentrations of Pb at S3 site (Fig. 6f) showed

exchangeable fraction and in H1 core sites (4–18 cm)

(Fig. 6f) showed gradual increase due to additional Pb

precipitation around the redox boundaries (Lee and

Cundy 2001 and Janaki-Raman et al. 2007).

Statistical approach

To study the inter-elemental associations, Pearson

correlation coefficients of the trace metals were

computed for four cores separately (Table 6A, B).

In all the cores studied, trace metals and their inter

relationship showed strong correlation with Fe and

Mn and insignificant correlation with OC. Due to

relatively low concentration of OC in sediments, it

does not act as a carrier of metals, and therefore,

shows asynchronous distribution pattern with trace

metals. Adsorption of trace metals is associated with

Fe–Mn oxy-hydroxides precipitation, which plays a

major role in these systems (Buckley et al. 1995;

Zwolsman et al. 1996; Srinivasalu et al. 2008). Strong

inter-element relationships suggest that one common

process determines the sediment composition for all

trace metals. The strong positive correlation between

all the metals in S1, S2, and H1 cores reveals that

these metals are carried by industrial discharges,

fishing activities, and constant movement of fishing

and commercial boats into the nearby environment

(Chatterjee et al. 2007). In S2 core, the poor

association of Mn with other metals suggests that

Mn oxide may only be a minor host phase for these

metals in the mangrove environment (Marchand et al.

2006). In S3 and H1 cores, Cr showed no significant

correlation with other metals possibly due to different

processes like biological effects and external inputs

operating in the mangrove and adjacent estuarine

sediments. The differences in correlation among the

above metals reflect differential behaviors, which

require further examination. Significant correlations

of Cd with Ni, Pb, and Cu in S1 and S3 indicate the

industrial contribution of these metals into the

system.

Enrichment factor (EF)

Enrichment factor (EF) of individual metal is highly

variable depending upon the trace metal of interest

and place of study. The mean trace metal EF (EFm)

provides fine fingerprints of anthropogenic activities

over a period of time. It is an essential part of

geochemical studies to differentiate the sources of

trace metals whether from human activities or from

natural weathering. Several authors have successfully

used Fe to normalize heavy metal contaminants in

estuarine and mangrove sediments (Schiff and We-

isberg 1999; Neto et al. 2000; Mucha et al. 2003). In

the present study, Fe was used as a lithogenic

reference to differentiate between natural and anthro-

pogenic inputs. Enrichment factor was calculated for

each metal, as per Ergin et al. (1991).

EF ¼ ðMetal conc=Fe concÞ sample

ðMetal conc=Fe concÞ shale
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Wedepohl (1995) shale values were used as

background for the calculation of EFs as pristine

areas of Sundarbans mangroves lie in the inaccessible

Tiger Reserve. Previous studies conducted in this

system have also used Wedepohl shale values instead

of pristine background values (Chatterjee et al. 2007,

2009). Metals with EF values significantly higher

than 1 can be considered to be attributed to long

Fig. 6 a Vertical profiles of

Zn (mg kg-1) in S1, S2, S3,

and H1 cores. b Vertical

profiles of Cu (mg kg-1) in

S1, S2, S3, and H1 cores.

c Vertical profiles of Cr

(mg kg-1) in S1, S2, S3, and

H1 cores. d Vertical profiles

of Ni (mg kg-1) in S1, S2,

S3, and H1 cores. e Vertical

profiles of Co (mg kg-1) in

S1, S2, S3, and H1 cores.

f Vertical profiles of Pb

(mg kg-1) in S1, S2, S3, and

H1 cores. g Vertical profiles

of Cd (mg kg-1) in S1, S2,

S3, and H1 cores
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transportation phenomena from natural and/or anthro-

pogenic sources (Nolting et al. 1999) and not from

crustal background. The enrichment of trace metals

(Table 7) over the crustal values are in the following

order for mangrove cores (S2, S1, and S3)

Cd [ Pb [ Co [ Cu [ Ni [ Mn [ Zn [ Cr and

for estuarine core (H1) Cd [ Pb [ Co [ Mn [ -

Ni [ Cu [ Cr [ Zn indicating that the high values

(EF [ 1) are due to the anthropogenic addition of

metals to the system. All the cores studied showed

Fig. 6 continued
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high enrichment of Cd, Pb, Co, and Cu. High

enrichment of Cd suggests the presence of domestic

effluent discharge or dredging activity along the

international shipping zones (Batley and Brockbank

1990). An overall higher EF value for Pb shows

atmospheric deposition of Pb from power plant

operation, fly ash, and other industries and also from

constant movement of fishing boats (Chatterjee et al.

2007; Stephen-Pichaimani et al. 2008). High values

of Co could be due to the steel industry discharges

Fig. 6 continued

Table 6 (A) and (B) Pearson correlation matrix (r) for metals and OC (%) in four sediment cores (S1, n = 34; S2, n = 32; S3,

n = 28; H1, n = 36)

Fe Mn Zn Cr Co Ni Pb Cu Cd OC (%)

(A)

S1

Fe 1.00

Mn 0.90 1.00

Zn 0.85 0.65 1.00

Cr 0.49 0.38 0.51 1.00

Co 0.54 0.32 0.55 0.56 1.00

Ni 0.76 0.65 0.78 0.74 0.53 1.00

Pb 0.69 0.65 0.70 0.60 0.54 0.83 1.00

Cu 0.62 0.37 0.71 0.70 0.66 0.75 0.68 1.00

Cd 0.46 0.33 0.46 0.24 0.49 0.50 0.74 0.47 1.00

OC (%) 0.22 0.09 0.30 0.28 0.19 0.35 0.35 0.53 0.39 1.00

S2

Fe 1

Mn 0.09 1

Zn 0.74 0.06 1

Cr 0.63 0.38 0.63 1

Co 0.47 0.33 0.49 0.70 1

Ni 0.89 0.24 0.81 0.71 0.56 1

Pb 0.29 0.48 0.25 0.58 0.84 0.42 1

Cu 0.90 0.33 0.75 0.68 0.60 0.97 0.50 1

Cd 0.64 0.17 0.56 0.60 0.57 0.47 0.54 0.52 1

OC (%) -0.44 0.48 -0.46 -0.33 -0.03 -0.29 0.20 -0.22 -0.34 1
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and harbor activities (Jonathan and Ram Mohan

2003). Enrichment of Cu in the system could be from

rain washed impervious surfaces (combustion of

diesel and lubricating oils) into the riverine system.

Ganges River carries effluents from upstream indus-

trial belt (mainly rubber industry), which also

contains considerable quantity of Cu (Rice et al.

2002). In the present study, it is observed that some

metals such as Ni, Mn, Zn, and Cr show enrichment

factors less than unity. This indicates that these

metals are depleted relative to crustal abundance. The

depletion may be driven by the biological uptake of

these metals (Chatterjee et al. 2007; Chatterjee et al.

2009).

Conclusion

The sediment cores from selected locations of Sundar-

bans mangroves and Hooghly estuary reveal a wide

range in sedimentation rates (3.0–4.5 mm year-1) and

mass accumulation rates (0.41–0.78 g cm-2 year-1)

reflecting their respective locations. At core site S2

located within the Sundarbans mangroves, radionu-

clide inventories imply that sediment is effectively

focused, resulting in significantly elevated mass

Table 6 continued

Fe Mn Zn Cr Co Ni Pb Cu Cd OC (%)

(B)

S3

Fe 1.00

Mn 0.70 1.00

Zn 0.50 0.75 1.00

Cr 0.18 0.24 0.04 1.00

Co 0.51 0.68 0.74 -0.22 1.00

Ni 0.16 0.47 0.41 0.40 0.26 1.00

Pb 0.82 0.70 0.71 -0.10 0.82 0.20 1.00

Cu 0.21 0.53 0.26 0.54 0.34 0.87 0.22 1.00

Cd 0.22 0.07 0.08 0.29 0.15 0.54 0.34 0.50 1.00

OC (%) -0.21 -0.14 0.06 0.16 -0.42 0.06 -0.29 -0.14 -0.14 1.00

H1

Fe 1.00

Mn 0.74 1.00

Zn 0.62 0.75 1.00

Cr -0.18 -0.07 -0.16 1.00

Co 0.80 0.84 0.66 0.08 1.00

Ni 0.52 0.90 0.70 -0.13 0.62 1.00

Pb 0.56 0.62 0.59 -0.22 0.56 0.64 1.00

Cu 0.38 0.84 0.70 -0.09 0.56 0.94 0.56 1.00

Cd 0.58 0.56 0.45 -0.07 0.69 0.36 0.56 0.32 1.00

OC (%) 0.19 0.47 0.44 -0.18 0.43 0.42 0.58 0.46 0.38 1.00

Significant values are expressed in bold

Table 7 Fe-normalized enrichment factors of trace metals in

four sediment cores from * mangrove and ** estuarine region

Trace metal S2* S1* S3* H1**

Zn 0.86 0.79 0.73 0.74

Cu 1.04 1.11 1.08 0.80

Cr 0.59 0.63 0.64 0.75

Ni 0.92 0.95 0.92 0.83

Co 1.67 1.48 1.51 1.59

Pb 1.77 1.95 2.02 1.96

Cd 6.41 8.23 9.14 11.16

Mn 0.89 0.84 0.81 0.98
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accumulation rates. It is due to the frequent exposure to

the tidal inundation and flocculation under high saline

conditions. The sediment cores collected from four

sites provide an ongoing and historical record of

pollutant loading and anthropogenic impacts both in

mangroves and estuarine regions. The trace metals

mobilized from the sub-oxic reduced sediment zone re-

adsorbed onto Fe oxides, and at greater depths they co-

precipitated with Fe–Mn oxy-hydroxides. This process

plays a greater role in trace metal adsorption from these

systems than organic matter. Cd, Pb, Co, and Cu were

enriched in the sediments of both estuarine and

mangrove ecosystems, which have deleterious effects

on these sensitive ecosystems. These metals also pose

eco-toxicological risk through biomagnification ulti-

mately causing severe health risk to humans. The

results of our study suggest that an effective environ-

mental management is required to safeguard the health

of the ecosystems.
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