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Abstract In this study, the distribution of heavy metals
(Co, Cr, Cu, Ni, Zn and Pb) in a sediment core from the
Ganga (Hooghly) River estuary has been investigated. The
data on concentrations of heavy metals, together with the
concentrations of Al, Fe, Mn, carbonate, organic carbon
(Corg) and nitrogen (N,,), have been used to understand (1)
the phase association of metals, (2) their geochemical
cycling in the sediment column and (3) if metals are
enriched by anthropogenic contributions. The metals show
significant positive correlations with Fe and Mn, indicating
that Fe-Mn oxyhydroxide phases are the major host of
metals in the sediment core. This observation together with
significant negative correlations of Fe, Mn and the heavy
metals with (C/N),,, provides the evidence for diagenetic
redistribution of metals in the sediment column and their
partitioning into the Fe—Mn oxyhydroxides. The increasing
upward exchangeable Mn concentrations and association of
metals with Fe and/or Mn in the exchangeable phases
provide the supporting evidence for digenetic remobiliza-
tion of the metals and their cycling with the Fe-Mn oxy-
hydroxides. Down-core variations of the metal
concentrations generally match with that of Mn and Fe.
The results of calculations for enrichment factors (EF)
show that EF > 1.5 for Pb in the sediment core, suggestive
of non-crustal sources. The elevated concentrations of Pb
with EF > 1.5 in the sediment samples of the effluent water
that drain into the estuary suggest that industries are an
important source of Pb to the Hooghly River estuary
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sediments. The results and observations of this study sug-
gest that an assessment of temporal variation of metal
pollution in estuaries will require understanding of phase
association and cycling of metals in the sediment column.
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Geochemical cycling

Introduction

Estuaries provide an environment where the compositions
of the dissolved and particulate loads are modified through
a number of biogeochemical processes. Specifically, the
metal concentrations of the riverine suspended sediments
are amended in the estuary via processes such as ion-ex-
change, adsorption—desorption and formation of
organometallic complexes (Lion et al. 1982; Hatje et al.
2003; Abrahim and Parker 2008; Du Laing et al. 2009). In
the sediment column, the metals may undergo further
redistribution through post-depositional processes such as
suboxic diagenesis (Robert et al. 2004; Audry et al. 2006;
Lesven et al. 2008). The imprints of all these changes may
be modified again by physical mixing via bioturbation and
sediment re-suspension (Krantzberg 1985; Widdows et al.
2004; Arzayus and Canuel 2005). Anthropogenic activities
also bring about changes in the cycling and distribution of
trace metals in estuaries, given that the industrial effluents
and urban wastewaters often encroach into the rivers and
estuaries (Benjamin and Honeyman 2000; Bianchi 2007
and references therein). The estuarine sediment cores,
therefore, can provide records of both natural and anthro-
pogenic supply of metals to estuaries. Deciphering of the
sources and processes contributing to the distribution of the
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metals, however, requires proper understanding of both
their phase association as well as cycling in the estuary.

This study forms a part of our ongoing investigation of
nutrient and trace metal cycling in the Ganga (Hooghly)
River estuary. The specific objectives of the present study
are (1) evaluation of the association of metals with various
phases in the sediment core, (2) understanding the geo-
chemical cycling of metals and (3) exploring if the down-
core metal concentrations are unaltered and could be used
to assess the impact of anthropogenic activity on the
estuary as a function of time. Determination of phase
association of metals not only provides an understanding of
sources and cycling of metals in the estuary but also has
implication for their mobility, bio-availability and potential
for environmental degradation. In particular, an effort has
been made to determine the relative role of clay minerals,
organic matter and Fe—Mn oxyhydroxides on the cycling of
metals in sediments. While the data on the concentrations
of metals in the sediment cores of the Hooghly estuary
have been reported earlier (Chatterjee et al. 2007; Banerjee
et al. 2012), understanding of metal cycling in the sediment
column and assessment of the role of post-depositional
processes on the distribution of metals in the sediment
column are lacking. These issues are addressed here based
on the data on concentrations of Fe, Mn, Co, and N, in
the sediment core. Considering that the Hooghly River
estuary receives considerable amount of discharge from the
industrial effluents and urban wastewater (Basu et al. 1970;
Gopalakrishnan et al. 1973; Bhattacharya et al. 1994;
Ghatak and Konar 1994; Sadhuram et al. 2005), it is
imperative to examine whether the concentrations of met-
als in the sediment column are influenced by anthropogenic
activities. This issue has been dealt with after careful
evaluation of phase association of metals and their cycling
particularly during diagenetic mobilization.

Materials and methods
The study area

The Ganga River originates in the Gangotri glacier that is
located in the western Himalaya. In the alluvial plains, the
Ganga River is fed by several tributaries that take their
course through the Himalaya. After flowing for more than
2000 km from its origin, the Ganga River bifurcates near
Rajmabhal at Farakka (Fig. 1a). The main distributary of the
Ganga, named Hooghly, flows toward the south and drains
into the Bay of Bengal (BoB). The annual rainfall during
the years 2009-2013 in areas around the Hooghly River
estuary varied from ~ 1310 to ~2300 mm (IMD 2013).
The southwest monsoon period (June—September) accounts
for about 80% of the annual rainfall in the catchment area.
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On its way from Farakka to the BoB, the Hooghly River
receives 1154 million L/day of industrial effluents and
urban wastewater (Sadhuram et al. 2005) from the highly
populated and industrial cities such as Kolkata, Haldia and
Howrah. The Hooghly River estuary is used as the navi-
gable waterway for two major ports (Kolkata and Haldia)
and for the Sundarbans islands. The estuary is likely to
have several potential sources of metals such as port
activity at Haldia and Kolkata, effluent discharges from a
variety of industries located adjacent to the estuary, e.g.,
tanneries, jute mills, pulp and paper mills, pesticide-man-
ufacturing plants, thermal power plants, small scale steel
industries, kilns, rubber factories, fertilizer plants, soap
factories, antibiotic plants and oil refineries (Sarkar et al.
2004; Saha et al. 2006; Banerjee et al. 2012). Pb can be
supplied to the estuary from the thermal power plant
located in the bank of the Rupnarayan River (Fig. 1b), oil
refineries in Haldia and vehicular emission from large
cities such as Kolkata (Chatterjee et al. 2007; Stephen-
Pichaimani et al. 2008). Leaching of paints from the boats,
trawlers and ships that operate in the Hooghly River can
also supply Pb and Zn. Jute mills and rubber factories are
known to discharge significant amount of Cu (Rice et al.
2002). Steel and chemical industries have been reported to
be the potential sources of Co and Ni (Jonathan and Ram
Mohan 2003).

Location of the sediment core, sampling and analysis

A gravity core (C1) of ~1.6 m length was raised during
the post-monsoon season (December 2013) from the
depositional meander of the Hooghly River channel. The
coring station (22°9'34.5”N and 88°8'49.6"E) is located on
the right bank of the channel that is opposite to Diamond
Harbour (Fig. 1b). The coring was carried out during the
low-tide period when the river bed was partially exposed.
The core was collected in a polyvinyl chloride (PVC) pipe
that was attached to the coring assembly and was sub-
sampled at every 3-cm depth interval. In addition to the
sediment core, two samples of surface sediments from the
channels that carry industrial effluent waters were also
collected near Haldia (Fig. 1b). The discharges from
industries located in and around Haldia flow through these
channels and eventually drain into the Hooghly River
estuary. Based on data on 2'°Pb excess activity, the rate of
sedimentation has been reported to be 3.2 mm/year at a
location adjacent to the coring location of this study (Core
H1, Banerjee et al. 2012; Fig. 1b). Considering that the
core H1 was collected from the eroding meander, whereas
the core C1 investigated in this study was collected from
the accreting meander, the maximum age of deposition for
1.6-m-long core Cl1 is about 500 years. The surface sedi-
ments at Diamond Harbour are characterized by clayey silt
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texture having ~90% silt + clay and ~ 10% sand (Sarkar
et al. 2004). In the sediments of the core S1 (Fig. 1b) that
was raised south of the core CI, silt 4+ clay was also
dominant (~70%), but the fraction of sand (29%) was
higher than that in the surface sediment (Chatterjee et al.
2007). Based on the XRD patterns (Sarkar et al. 2004), the
surface sediments were reported to comprise of quartz
(>30%), feldspars and mica (5-10%) and chlorite (<5%).

In the core C1, 18 samples were processed for analysis.
The sediment samples were dried at 70 °C in a hot air oven
and powdered to <100 mesh using an agate planetary disk
mill (Retsch RS200). About 1 g powder of each sample
was washed with 18.2 M-Q Milli-Q water to remove the
sea salts. Out of this, ~60 mg was processed for the acid
digestion, using either a microwave digestion system
(Anton Paar Multiwave 3000) or the Savillex® vials that
were kept heated on an Analab® hot block. The samples
were treated with 0.5 mL Merck suprapur® H,0, to oxi-
dize the organic matter before digesting them in an acid
mixture of HNO3, HCI and HF in the proportion of 3:1:3.
The certified reference materials of shale (SBC-1) and
granodiorite (GSP-2) and the procedural blanks were pro-
cessed in every batch of digestion. The digestion procedure
was replicated for two sediment samples.

Selective extraction of the exchangeable fractions of the
sediment samples was carried out following the established
procedures (Gupta and Chen 1975; Kersten and Forstner
1986; Idriss and Ahmed 2013). Briefly, 10 ml 1N
ammonium acetate (Sigma Aldrich® >99.99% purity) was
added to ~0.5 g sample powder in the pre-cleaned cen-
trifuge tubes, which were subsequently placed over a
reciprocating shaker at 400 rpm for 16 h. The slurry was
centrifuged at 4000 rpm, and the supernatant was decanted.
The residue was washed with Milli-Q water; the washing
(water) was collected and added to the supernatant. Prior to
analysis on ICP-MS, the supernatant was dried and dis-
solved in 5% double distilled HNOj3. The procedural blanks
and sample replicates were also processed during selective
extraction of sediments samples.

The concentrations of major elements (Al, Fe, Mn) and
the heavy metals (Cr, Co, Cu, Ni, Zn, Pb) were measured
on a quadrupole ICP-MS (Thermoscientific X Series 2)
facility at IISER Kolkata. An internal standard of indium
(In) was used to correct for the instrumental drift during the
analysis. The average accuracy of the measurement was
determined by analyzing the certified reference material
GSP-2 (for major elements) and SBC-1 (for heavy metals).
The average measurement accuracy was within 7% for Al,
Fe and Mn and was 10-12% for Cu, Pb and Zn; and
15-20% for Co, Cr and Ni. Based on analyses of two
samples in replicates, the analytical precision was better
than 7% both for major elements and heavy metals except
Co and Cr, for which precision was better than 10%. The
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concentrations of the metals based on analysis of the
standard SBC-1, dissolved both in the microwave digestion
and in the Savillex® vials, agreed within 8%.

The exchangeable concentrations of Fe, Mn, Co, Cu and
Ni were measured on a quadrupole ICP-MS. Based on the
analysis of the reference standards IV-stock 1643 (Inor-
ganic Ventures®), BCR-610 (groundwater) and BCR-617
(artificial groundwater), the average measurement accuracy
was better than 12% for Fe and better than 7% for Mn, Co,
Ni and Cu. The results of replicate analyses show that the
average analytical precision was better than 8% for the
exchangeable concentrations. The exchangeable concen-
trations of Cr, Zn and Pb could not be determined due to
higher levels of these metals in the ammonium acetate that
was used for selective extraction.

Carbonate content of the samples were estimated by
leaching ~3 g of powder with 40 ml of 1.5 N HCl for 72 h.
Processing of four samples in replicates yielded the analyt-
ical precision of carbonate content that was better than 6%.
Organic carbon (C,,) and organic nitrogen (No) were
measured in the decarbonated samples on an elemental
analyzer (Flash 2000) attached to an isotope ratio mass
spectrometer (MAT 253, Thermo Scientific) via the conflo
interface at Physical Research Laboratory, Ahmedabad. The
mass spectrometer was calibrated by combusting a known
quantity of the standards. Cellulose (IAEA-CH-3; C con-
tent ~44.4%) and ammonium sulfate (IAEA-N-2; N con-
tent ~21.2%) were used as the standards for Ce and N,
respectively. The average precision of measurements based
on analysis of duplicate samples was better than 10%.

Results

The data on the concentrations of Al, Fe, Mn, carbonate
content, Cye, Ny, and heavy metals (Co, Cu, Ni, Cr, Pb
and Zn) are provided in Table 1. The mean concentrations
(with 1 SD) were 6.71 + 0.58 wt% for Al, 3.43 4+ 0.30
wt% for Fe, 657 £+ 62 ng/g for Mn, 0.70 & 0.03 wt% for
Corg» 0.033 £ 0.005 wt% for Ny, and 14 £ 2.9 wt% for
the carbonate content. The average metal concentrations
were 39 + 4 png/g for Cr, 13.8 & 1.6 pg/g for Co,
33 £ 5 pg/g for Ni, 27 + 4 pg/g for Cu, 69 £ 8 ng/g for
Zn and 28 + 3 pg/g for Pb. The highest concentrations of
Al, Fe, Mn, Co, Ni, Cu, Zn and Pb were observed in the
surface section (0-3 cm) of the core. The variability of the
major and trace elements in the sediment core was assessed
(Table 1) in terms of the relative range (RR) in percent and
the coefficients of variation (CV). The variability of the
major components, expressed as the relative range, was
33-72%. The values of RR varied from 29 to 48% for the
heavy metals. The values of CV are <10% for Al, Fe, Mn
and C,e, and <15% for the heavy metals.
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The concentrations of exchangeable Fe, Mn, Co, Ni and
Cu are given in Table 2. The mean Fe and Mn concen-
trations of the exchangeable phase were 70 + 10 pg/g and
32 £+ 5 pg/g, respectively. The exchangeable concentra-
tions of Co, Ni and Cu were in the range of 39-69 ng/g,
220-319 ng/g and 213-407 ng/g, respectively. The
exchangeable Mn concentrations constitute up to ~6% of
the bulk Mn concentrations, whereas the exchangeable Fe,
Co, Ni and Cu account for up to 1.5% of their respective
bulk concentrations.

Discussion

In this section, the level and variability of the metal con-
centrations in core C1 are first compared with the reported
data in the upper continental crust (UCC) and average shale.
In addition, comparisons are also made with the reported
data in the sediment cores at locations that are adjacent to
the study area. Considering that the metal concentrations
are influenced by the major host phases such as the clay
minerals and the Fe-Mn oxyhydroxides, the variability of
the metal concentrations are discussed in conjunction with
that of Al, Fe and Mn. The mean concentrations of Pb and
Ni in core C1 are higher than the respective average values
in the UCC (Wedepohl 1995), whereas for the rest of the
trace metals, the measured concentrations in C1 are the
same as the UCC values within errors. The metal concen-
trations in the average shale (Turekian and Wedepohl 1961,

Table 1) are 38-131% higher than the corresponding
average metal concentrations in core C1. However, the
mean concentration of Pb in the core C1 (28 pg/g) is higher
than that in the average shale (20 pg/g). The observation of
higher metal concentrations in the average shale than in the
core Cl1 is not surprising given that in the average shale, the
concentrations of Al (8.83 wt%), Fe (4.72 wt%) and Mn
(850 mg/g) are higher than those in the core C1. The con-
centrations of Cu, Ni, Cr and Zn observed in this study, on
average, are similar to those reported by Banerjee et al.
(2012) for the sediment core H1 collected near Diamond
Harbour (Cr: 40.1 £+ 3 pg/g, Ni: 33.9 + 7 ng/g, Cu:
21.6 £ 4.5 ng/g, and Pb: 23.5 &+ 2 pg/g). However, aver-
age concentrations of Zn and Co in this study are ~25%
higher and ~20% lower, respectively, compared to the
average concentrations (Zn: 53.4 £ 5 pg/g, Co:
18 £ 1.9 pg/g) in the core H1 (Banerjee et al. 2012).
Overall agreement of metal concentrations between these
two studies is also consistent with the observation that the
average concentrations of Fe (2.9 & 04 wt%), Mn
(502 £ 52 pg/g) and Cye (0.5 &= 0.3 wt%) reported by
Banerjee et al. (2012) for the core H1 overlap within errors
with the corresponding mean concentrations in this study
(Table 1). It should be noted that the metal concentrations
in the sediment cores C1 (Table 1) and H1 (Banerjee et al.
2012) are generally lower compared to those reported for
the sediment cores (S1, S2 and S3) collected from the
Sundarbans mangrove forest (4149 pg/g for Cr, 20-26 ng/

Table 2 Exchangeable

concentrations of Fe, Mn, Co. Sample code Mean depth (cm) Fe (pg/g) Mn (pg/g) Co (ng/g) Ni (ng/g) Cu (ng/g)
Ni and Cu in sediment core (C1) C1/P1/Al 15 67 43 54 250 361
C1/P1/AS 13.5 53 41 46 234 247
C1/P1/A9 25.5 77 31 55 234 238
C1/P1/A14 40.5 61 28 48 229 224
C1/P1/A17 49.5 93 34 69 290 274
C1/P2/A1 51.5 57 25 39 220 213
C1/P2/A4 60.5 65 28 47 273 297
C1/P2/A7 69.5 73 25 50 248 256
C1/P2/A10 78.5 61 29 49 265 283
C1/P2/A13 87.5 78 25 44 227 215
C1/P2/A16 96.5 78 36 54 282 272
C1/P3/A1 101.5 65 30 46 254 284
C1/P3/A4 110.5 68 34 48 301 335
C1/P3/A7 119.5 71 39 54 319 407
C1/P3/A10 128.5 77 29 49 265 267
C1/P3/A13 137.5 70 33 51 276 298
C1/P3/A16 146.5 79 32 51 272 294
C1/P4/A4 160.5 64 33 46 271 319
Mean 70 32 50 262 285
lo 10 5 6 27 51
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g for Co, 44-56 pg/g for Ni, 3442 pg/g for Cu, 62-84 ng/
g for Zn and 29-34 ng/g for Pb; Banerjee et al. 2012).

The values of CV for the metals concentrations in core
C1 (Table 1) are similar to those reported by Banerjee et al.
(2012) for the sediment core H1 (CV < 20%). However,
the values of the relative range for Cu and Ni (75-85%)
were higher in the sediment core H1 (Banerjee et al. 2012).
The concentrations of the metals in the present study
(Table 1) are within the range of values reported by
Chatterjee et al. (2007) for sediment cores collected in and
around Kakdwip and Sagar Island (36-180 pg/g for Zn,
8-38 pg/g for Cu, 29-79 pg/g for Cr, 9-19 pg/g for Co,
12-50 pg/g for Ni and 14-34 pg/g for Pb).

The processes and factors that may be responsible for
the observed concentrations and distribution of metals in
the sediment column are: (1) the variation in the abun-
dance of host phases such as the clay minerals, Fe—-Mn
oxyhydroxides, organic matter and carbonate minerals, (2)
remobilization of one or more of these phases during
post-depositional diagenesis of sediments, (3) contribu-
tions from the anthropogenic activity and (4) change in
the rate of sedimentation. The last of the four factors
mentioned above can be ignored given that the rate of
sedimentation for the core H1 has been reported to be
more or less constant, at least for the last ~ 110 years
(Banerjee et al. 2012). The importance of the rest of the
three parameters/processes is assessed in the following
section by examining the relationship between the metal
concentrations with Fe, Mn, Al, C,, and carbonate con-
tents in the sediments. The inferences based on bulk
concentrations are further corroborated by using the dis-
tribution of major elements and heavy metals in the
exchangeable phases of the sediments.

Association and geochemical cycling of metals

It is observed that the heavy metals show strong correla-
tions (r > 0.90) with each other. Although some of the
metals, e.g., Cu, Ni and Co, usually behave similarly in soil
and sedimentary environments (Manta et al. 2002; Tume
et al. 2006; Chatterjee et al. 2007), strong inter-element
association of all the heavy metals indicate that the metals
are cycled mostly with a common phase. As suggested by
the results of this study and discussed later in this section,
the common phase that is relevant to the metal cycling is
inferred to be the Fe-Mn oxyhydroxides. Analogous to the
results of this study, significant positive correlations were
also observed among the metals in sediment cores from the
Hooghly estuary (Chatterjee et al. 2007; Banerjee et al.
2012), suggesting similar mode of cycling of metals in the
Hooghly estuary sediment columns.

The metals exhibit significant to strong positive corre-
lation with Fe (r: 0.63-0.79, Fig. 2, B1-B6) and Mn (7:

0.63-0.79, Fig. 2, C1-C6). This is suggestive of an asso-
ciation of metals with the Fe-Mn oxyhydroxide phases. In
order to assess whether the above-mentioned positive
correlation is due to the presence of microparticles of Fe or
other magnetic metals, a bar magnet was covered with a
transparent plastic sheet and was placed on the sediment
powders. The presence of magnetic particles was not
observed. It is essential to ascertain whether the association
of the heavy metals with the Fe—-Mn oxyhydroxides did
exist before sedimentation or was achieved during post-
depositional redistribution process. The results on the
suspended particulate matter indicate that Fe-Mn oxyhy-
droxides are more important than the clay minerals in
hosting the metals, particularly Co, Cu and Ni (Samanta
and Dalai 2016). This observation suggests that the asso-
ciation of the metals with the Fe—-Mn oxyhydroxides was
inherited, at least partially, in the estuarine water column.
Together, the data of the suspended particulate matter and
the sediment core suggest that the Fe-Mn oxyhydroxides
play a more important role than any other phase(s) in the
cycling of heavy metals in the Hooghly estuary. Redox-
cycling of metals during post-depositional diagenesis
(Zwolsman et al. 1993; Brown et al. 2000) may also have
contributed to the association of metals with Fe—-Mn oxy-
hydroxides. This aspect has been dealt in greater detail
later in this section. All the metals investigated in this study
show weak positive correlations (r < 0.36) with Al, an
indicator for the clay minerals (Fig. 2, A1-A6), thereby
indicating that the clay minerals are relatively less impor-
tant in hosting the metals in the sediments. Considering
that all the metals, except Zn, in the bed sediments col-
lected during the years 2012-2013 generally show signif-
icant to strong positive correlations with Al (r: 0.40-0.99,
Samanta 2017), it can be inferred that previous association
of the metals with the clay minerals, if any, has been
modified by post-depositional diagenesis during which the
metals seem to have partitioned into the Fe-Mn oxyhy-
droxide phases.

The carbonate concentrations do not show any signifi-
cant correlation with the metals. This is in line with the
knowledge that carbonate minerals are not a significant
host of metals (Chuong and Obbard 2006; Passos et al.
2010) and act as a diluent for the metals owing to their very
low metal concentrations (Loring 1991; Brumsack 2006). It
is also noteworthy that the metals exhibit weak negative
correlations with C,,, (r: —0.07 to —0.27, Fig. 2, D1-D6),
thereby indicating that they are unlikely to be associated
with the organic matter in the sediments as well. Consid-
ering that the metals are usually cycled with the organic
matter, particularly via formation of organometallic com-
plexes (Tessier et al. 1996; Santschi et al. 1997), the lack of
their association with C,, is intriguing. Low C,, con-
centrations in the Hooghly estuary core sediments has been
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Fig. 2 Covariation of heavy metal concentrations with Al, Fe, Mn,
Corg and (C/N),,,. Significant positive correlations of metals with Mn
and Fe, and significant negative correlations of metals with (C/N),

attributed to efficient bioturbation and mixing (Banerjee
et al. 2012), and high microbial activity which converts
organic matter into CO, (Canuel and Martens 1993;
Subramanian et al. 2001; Chatterjee et al. 2007). It is thus
likely that the original metal-C,,, association, if any, has
been lost due to bioturbation, sediment re-suspension and
efficient mineralization of organic matter driven by
microbial activity. This inference is in line with the results
of Samanta et al. (2015) that brought out the importance of
degradation of organic matter as one of the major processes
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are evident. Correlations of metals with Al and C, are relatively
weak and insignificant. The correlation coefficients (r) and signif-
icance levels (p) are also given

in generating dissolved inorganic carbon (DIC) in the
Hooghly River estuary. Low values of C,, concentrations
and TN/TOC in the Hooghly estuary sediments prompted
Ray et al. (2015) to infer that intense mineralization and
transformation of organic matter (OM) in sediments
resulted in sedimentary OM that is significantly different
from those originally derived from their sources. Another
potential cause for the observed lack of metal-C,, corre-
lation could be post-depositional diagenesis. Both C,,, and
Nore are lost from the sediments during post-depositional
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suboxic diagenesis, with N, experiencing a greater loss
than C,, (Burdige and Martens 1988; Wakeham 2002;
Rojas and Silva 2005). As a result, the concentrations of
Corg and N, decrease, but the (C/N),,, ratio increases. The
rather low C,, concentrations (<0.76 wt%) and higher (C/
N)org ratios in core C1, compared to those reported for the
particulate matter and surface sediments of the Hooghly
River estuary (Sarkar et al. 2004; Ray et al. 2015) lend
credence to the inference that the sediments have been
subjected to post-depositional diagenetic processes.

Effect of post-depositional processes

It is well established that in the sediment column, oxygen
depletion results from oxidation of organic matter (Froelich
et al. 1979; Berner 1980; Holmer 1999; Lehmann et al.
2002). In the absence of free oxygen, a number of sedi-
mentary phases beginning with Mn oxides and followed by
Fe oxyhydroxides undergo reductive dissolution during
oxidation of organic carbon. The metals are consequently
released from the Fe-Mn oxyhydroxide phases (Audry
et al. 2006) and are re-precipitated in the zone where the
mobilized Fe and Mn are fixed. As mentioned earlier, both
Corg and N, are lost from sediments during diagenetic
degradation of organic matter, but their disproportionate
loss results in increased (C/N)o, during progressive dia-
genesis (Burdige and Martens 1988; Wakeham 2002; Rojas
and Silva 2005). Thus, the loss of Mn (and Fe) via dia-
genetic mobilization and increase of (C/N)y, would result
in a negative correlation between them in sediments sub-
jected to suboxic diagenesis. In this study, the observed
significant negative correlation of Mn (and Fe) with (C/
N)org (Fig. 3) provides evidence for the inference that
mobilization of Fe and Mn in sediments is concomitant
with the preferential loss of N, over C,,,, and increase of
(C/N)org during diagenesis. In the bed sediments, however,
weak positive correlation between Fe and (C/N)g, is
observed (r < 0.32, Samanta 2017). Together, these
observations suggest that the observed inverse correlation
of Mn and Fe with (C/N), is a result of post-depositional
diagenesis and is not inherited prior to sediment deposition.
In this study, the lack of typical diagenetic profiles, char-
acterized by systematic decrease of C, and N, with
depth (Rojas and Silva 2005), is most likely due to bio-
turbation, mixing and re-suspension of sediments in the
Hooghly estuary as reported in the earlier studies (Subra-
manian et al. 2001; Chatterjee et al. 2007; Banerjee et al.
2012).

As mentioned earlier, the concentrations of the metals
exhibit significant negative correlations (r =—0.63 to
—0.69) with (C/N),,, (Fig. 2, E1-E6). This observation
together with significant positive correlations of Fe and
Mn with the metals (Fig. 2, BI-B6, C1-C6) allows us to

45
=_0.78
PY p =0.002
4.0
Ly (0]
D (0]
% a5 oo d)CDO
e o} O 0 o
3.0 o®
O
25
r=-0.68
| p = 0.003
800 °
= (@) o O
o (0]
E °  ©
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4001 — , . : .
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org

Fig. 3 Variation of Mn and Fe with (C/N). Significant negative
correlations suggest that progressive loss of Mn and Fe from the
sediment during suboxic diagenesis is associated with an increase in
(C/N)ore. The surface sample (filled circle) has been excluded from
the regression analysis

infer that during diagenetic transformation of the organic
matter, the metals associated with the organic phases
have been mobilized and partitioned into the Fe—Mn
oxyhydroxides in the sediment column via re-precipita-
tion. The observation that the surface sample (0-3 cm) of
the core C1 has the highest concentrations of Fe, Mn and
all the metals except Cr (Table 1; Fig. 4) supports our
contention that the observed distribution pattern of met-
als is a result of mobilization of metals during diagenesis
and their re-precipitation in Fe—-Mn oxyhydroxides. The
signatures of diagenesis have been likely modified further
by processes of mixing driven by bioturbation and sedi-
ment re-suspension.

The results of selective extraction experiments
(Table 2) provide evidence for remobilization of Fe—-Mn
oxyhydroxide phases during suboxic diagenesis and the
resulting mobilization of the metals. First, the exchange-
able concentrations of Mn are significant, accounting for
up to ~6% of the bulk sediment concentrations, and
show an increasing upward trend in the top 50 cm of the
sediment core (Fig. 5). This observation suggests that a
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Fig. 4 Down-core variation of (C/N), and the concentrations of
Corg, Al, Fe, Mn and heavy metals. The patterns of variations of the
metal concentrations are more or less similar to that of Mn and Fe.
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Increasing upward trends are evident for the concentrations of Mn, Fe
and the heavy metals in the top ~50 cm
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Fig. 5 Down-core variation of the concentrations of the exchangeable Fe, Mn, Co, Ni and Cu. The increasing upward trend for the exchangeable

Mn is observed in the top ~50 cm

significant amount of Mn has been mobilized via reduc-
tion during suboxic diagenesis and precipitated in the
upper section of the core. The exchangeable Mn con-
centrations are consistent with the knowledge that in the
sedimentary redox sequence, Mn oxides are the first
among the phases undergoing reductive mobilization
(Stumm and Morgan 1981; Tromp et al. 1995; Emerson
and Hedges 2003). Second, the exchangeable Cu and Ni
show significant positive correlation with each other
(r=0.78) and are positively correlated with the
exchangeable Mn (r = 0.40-0.63). In addition, the
exchangeable Co shows significant positive correlation
(r = 0.75) with Fe. Thus, the data on the composition of
the exchangeable phase support our interpretation that the
investigated section of the sediment core C1 has been
subjected to mobilization of Fe, Mn and the metals driven
by suboxic diagenesis. The results and inferences men-
tioned above are in agreement with the findings of Tessier
et al. (1996) who observed that the trace metals bind onto
Fe—-Mn oxyhydroxides during diagenesis, and also with
the observation of Robert et al. (2004) that re-suspension
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of sediments and mud result in the adsorption of metals
onto Fe—-Mn oxyhydroxides.

Down-core variation and anthropogenic enrichment
of metals

The metal concentrations in the studied core section do not
show systematic variation trends for any of the metals
studied (Fig. 4). This lack of systematic variation trends
could have been caused by either one or a combination of
the following processes: (1) sediment mixing due to bio-
turbation and re-suspension of sediments and (2) post-de-
positional mobilization of elements. Thus, it is necessary to
understand the cause of variation of metal concentrations
before an assessment of source of metals can be made.
While sediment re-suspension and bioturbation can modify
the metal distribution patterns in the upper part of the core,
the lower part of the core is more likely to be influenced by
diagenetic mobilization. Interestingly, down-core varia-
tions of metal concentrations generally follow that of Mn
and Fe with a few exceptions (Fig. 4). This observation is
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consistent with the inference made earlier that the metals
are cycled mostly with the Fe—-Mn oxyhydroxide phases
during diagenesis.

It is noteworthy that analogous to Fe and Mn, the metal
concentrations show increasing upward patterns in the top
50 cm of the core. However, when normalized with Mn
and Fe, the observed increasing upward trends for the metal
concentrations disappear (Fig. 6). Such an observation
underscores the importance of understanding phase asso-
ciation and cycling of metals in the studies that are aimed
at evaluation of metal pollution by anthropogenic activi-
ties. In the following, the influence of anthropogenic
activity on metal concentrations in the core C1 has been
assessed by taking into account the strong association of
metals with Fe—Mn oxyhydroxide phases.

Enrichment factors (EF) help in assessing whether
metals are enriched over natural levels. The calculation of

concentrations with Fe or Al (Windom et al. 1989; Sharma
et al. 1999; Bresline and Sanudo-Wilhelmy 1999), and
comparing the normalized ratios in samples with those in
the average shale or the upper continental crust (UCC).
Considering that the metals are mostly cycled with Fe—-Mn
oxyhydroxides in the present study, the EF were calculated
as follows:

EF = (M/Fe)sample/ (M/Fe)avg.shale (1)

where M stands for any particular metal. The results of
calculations (Table 3) indicate that the values of EF fall in
the range of 1.0-1.5 within the errors for all of the metals
except for Pb for which EF > 1.5. Considering the uncer-
tainties of data and natural variability, an EF value of 1.5 or
more can be considered to be indicative of non-crustal
sources (Zhang and Liu 2002). Thus, enrichment of Pb
over crustal levels indicates contributions from anthro-

EF  generally involves normalization of metals  pogenic source(s). The results of calculations of EF based
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Fig. 6 Down-core variation of metal concentrations normalized to Fe and Mn. Note the disappearance of the increasing upward trends for heavy

metals that were observed in the top ~50 cm of the core (Fig. 4)
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Table 3 Fe normalized

enrichment factors (EF) for the Sample type EFcr EFco EFyi EFcy EFzn EFeo
metals in sedlrr'lent cores from Sediment core
the Hooghly River estuary and
in the surface sediment from the Core C1 0.60 + 0.04 1.00 £0.07 0.65 £0.06 0.83 +0.08 1.00 &= 0.08 1.95 £ 0.15
effluent channel Core H1?* 0.80 £ 0.19 1.71 £0.55 090 £ 049 0.88 +0.48 1.01 +£0.33 2.08 £ 0.55
Core S1° 094 £ 044 133 £0.76 0.69 £0.29 0.60 +0.32 1.18 £0.22 2.81 £ 1.24
Effluent sediment
Hooghly estuary 1.36 £ 0.03 1.19 £ 0.00 090 £ 0.12 1.04 £0.02 1.29 £0.19 5.65 + 4.24

2 Banerjee et al. (2012); °Chatterjee et al. (2007)

()
Fe/ sample

EF =
M

Fe/ Avg Shale

, where M is the concentration of a particular metal. The composition of average shale is

from Turekian and Wedepohl (1961)

Table 4 Heavy metal concentrations in the sediments of the effluent channels and water bodies located in the vicinity of the Hooghly River

estuary

Sediment type Source of wastewater Cr (ng/g) Co (ug/g) Ni (pg/g) Cu (ng/g) Zn (png/g)  Pb (nglg)
Effluent channel® Industrial/urban wastewater from Haldia 1036 20=£1 52+ 8 41 £ 1 108 £ 16 101 £ 74
Water body sediment” Domestic/urban wastewater from Kolkata na na na 41 £5 61 £9 32+2
Water body sediment® Domestic/urban wastewater from Kolkata 29 +29 na 25 +£7 54 £ 42 169 + 128 38 £ 37
Effluent channel® Domestic wastewater from North Kolkata 77 na na 30 141 51

na not available

? This study, ®Maiti and Banerjee (2012), “Kumar et al. (2011), dAdhikari et al. (2009)

on the reported data (Chatterjee et al. 2007; Banerjee et al.
2012) in the Hooghly estuary sediment cores (Table 3) also
show that EF > 1.5 for Pb, whereas for other metals
EF < 1.5. In order to evaluate the role of industrial supply
of metals to the estuary, the surface sediments collected
from the channels that carry industrial effluent was ana-
lyzed (Table 1). The effluent channel integrates discharges
from the industries such as the oil refineries, chemical and
automobile industries. Table 4 shows a compilation of data
from this study and previously reported data for metal
concentrations in sediments from channels of effluent
water and urban wastewaters that drain to the Hooghly
estuary. These data show that metals are generally enriched
in the sediments of the effluent water and wastewater
compared to the sediment cores. However, the calculation
of enrichment factors indicates that EF > 1.5 only for Pb in
the effluent sediments (Table 4). This observation is con-
sistent with those from the sediment cores.

Thus, the results of this study and reported data together
suggest that Pb is supplied by non-crustal sources to the
Hooghly estuary sediment core. The value of EF > 1.5 for
Pb in the effluent sediments indicates the industries in the
region could be a potential source of Pb. As mentioned
earlier (“The study area” section), Pb can be supplied to
the estuary from a number of sources such as the oil
refineries, thermal power plants, vehicular emission,
leaching of the paints on the ships, trawlers and boats used
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for navigations and fishing activity in the Hooghly estuary
(Chatterjee et al. 2007; Stephen-Pichaimani et al. 2008).

Conclusions

Detailed investigation of major elements, Copo, Nore and
heavy metals in a ~1.6 m long sediment core from the
Hooghly estuary has provided the following results and
observations.

The heavy metals show strong positive inter-element
correlations, suggestive of their cycling with a common
phase. Strong positive correlations of metals with Mn and
Fe, together with significant negative correlations of (C/
N)org ratio with the heavy metals, Mn and Fe indicate that
the metals have been mobilized and partitioned into the
Fe-Mn oxyhydroxides during diagenetic redistribution.
This inference draws strong support from positive corre-
lations of the heavy metals with Fe and Mn in the
exchangeable phases. The down-core variation of metal
concentrations is inferred to be a result of collective
influence of diagenetic mobilization and mixing driven by
sediment re-suspension and bioturbation.

The increasing upward trends of the metal concentra-
tions in the top 50 cm of the core disappear after normal-
ization of metal concentrations with Fe and Mn. This
observation emphasizes the importance of understanding
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phase association of metals in studies that are aimed at
evaluation of anthropogenic contribution of metals to the
estuarine sediments. The calculations of enrichment factors
indicate that only Pb is enriched in the sediment core over
crustal levels. Available information on the industries in
the studied region and observation of EF > 1.5 for Pb in
the effluent channel sediments suggest that industries could
be an important supplier of Pb to the Hooghly estuary
sediments.
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